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A b stract

C e llu la r  E vents A sso c ia ted  w ith  th e  S tim u la tio n  o f  Sodium Transport 

by A ldosterone in  th e  Toad Urinary Bladder

by

Irw in M. Reich  

A dvisor: W alter N. S c o t t ,  M.D.

A technique i s  d escr ib ed  fo r  th e  preparation  from toad urinary bladder  

mucosal c e l l s  of a fr a c t io n  enriched  in  plasma membranes. E lectron  

m icroscopy r e v e a ls  a membrane preparation  composed prim arily  o f  v e s ic l e s ;  

enzym atic c h a r a c te r iz a t io n  shows a co n s id e r a b le  enrichment in  p u ta tiv e  

plasma membrane a s so c ia te d  enzymes; and p rep aration  o f membranes from 

b lad d ers whose a p ic a l membranes were r a d io - io d in a te d  (w ith  la c to p er o x id a se )  

shows a great enrichment o f is o to p e - la b e l le d  p r o te in s .

The a c t iv e  rau cosa-to -serosa  sodium tra n sp o rt i s  b e lie v e d  to  be v ia  a 

t r a n s c e l lu la r  (ra th er  than p a r a c e llu la r )  pathway, and in d ir e c t  ev idence  

p o in ts  to an in c r e a se  i n  th e mucosal c e l l  a p ic a l plasma membrane Na 

conductance as being th e  predominant m ediator o f  th e  in crea sed  sh ort  

c ir c u i t  current (SCC) ob served  in  response to  a ld o stero n e  (A ld o); another  

p o s s i b i l i t y  i s  in creased  Na-K ATPase a c t iv i t y  in  the s e r o s a l membrane. 

D irec t ev idence fo r  Aldo—induced p r o te in s  (AIP) has r e c e n tly  been found, 

but has not been w e l l - l o c a l i z e d  to  s u b c e llu la r  o r g a n e l le s .  The p resen t  

stu d y  u ses  the method fo r  preparing plasma membranes in  order to  

in v e s t ig a t e  whether exp osu re to  m in e r a lo c o r tic o id s  r e s u lt s  in  b ioch em ica l 

changes in t h i s  f r a c t io n .



U sing d o u b le -la b e led  iso to p e  te ch n iq u es , i t  can be shown th a t a ld o stero n e  

induces th e  s y n th e s is  o f  s e v e r a l p r o te in s  in  th e  m itoch on d ria -r ich  (MR) 

c e l l s  o f  th e  to a d 's  u rin ary  b lad d er . In cu bation  w ith  hormone proceeded  

fo r  3 1 /4 -4  h o u rs, fo llo w in g  which induced p r o te in s  were id e n t i f i e d  in  both  

th e plasma membrane (mol wt = 1 7 0 ,0 0 0 , 8 5 ,0 0 0 , and 12 ,000) and th e c y to s o l  

(mol wt « 3 6 ,0 0 0 , 1 2 ,0 0 0 , and 6 ,0 0 0 ) .  S in ce th e  in cu b ation  period

corresponds to  th e  tim e fo r  th e  hormone to  cause a maximal r i s e  in  SCC, the  

p ro te in s  appear to  be r e la t e d ,  a t  l e a s t  tem p o ra lly , w ith  s t e r o id -c o n tr o l le d  

sodium tr a n sp o r t. Both th e  hormone-induced r i s e  in  SCC and th e appearance 

o f s p e c i f i c a l ly  sy n th es ized  p r o te in s  are b locked  by cycloh ex im id e.

2 -m e th y l-2 -[p -( l,2 ,3 ,4 -te tr a h y d r o - l-n a p h th y l)p h e n o x y ]p r o p io n ic  a c id  

(TPIA), an a c e ty l  CoA ca rb o x y la se  in h ib it o r ,  b lo ck s th e  A ldo-induced  

in c r e a se  in  t r a n s e p it h e l ia l  sodium tr a n sp o r t . To examine th e  requirem ent 

fo r  ongoing fatty"  a c id  s y n th e s is  an d /or e lo n g a tio n  in  th e  A ldo-induced  

a lt e r a t io n  o f  c e l lu la r  p r o te in  m etabolism , th e e f f e c t  o f  TPIA has been  

examined in  d o u b le -la b e led  amino a c id  in co rp o ra tio n  experim ents. TPIA 

i t s e l f  i s  shown to  have no e f f e c t  on the p a ttern  o f p r o te in  la b e l in g  in  

e i th e r  th e  s o lu b le  or th e  plasma membrane-enriched f r a c t io n .  However, 

in h ib it io n  o f  f a t t y  a c id  s y n th e s is  s e l e c t iv e l y  in h ib i t s  th e  A ldo-induced  

in co rp o ra tio n  o f  amino a c id s  in to  membrane p r o te in s  w ith ou t a l t e r in g  the  

la b e l in g  o f  s o lu b le  c e l l  p r o te in . These membrane p ro te in s  have m olecular  

w eigh ts very  s im ila r  to  th e  A IP's d escr ib ed  above. These r e s u lt s  in d ic a te  

th a t ongoing fa t t y  a c id  s y n th e s is  i s  requ ired  fo r  th e  hormone-induced  

changes in  plasma membrane p r o te in  m etabolism  r e la te d  to  sodium tra n sp o r t.
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I .  L ite r a tu r e  Review

A. The Amphibian Urinary Bladder as a Model fo r  th e Mammalian D is ta l  

Nephron.

I t  was f i r s t  dem onstrated in  th e  1950 's th a t toads (Bufo r e g u la r is )  

and b u l l  frogs (Rana ca te sb e ia n a ) reabsorb f lu id  from t h e ir  urinary  

bladders in  resp on se to  neurohypophyseal hormones r e le a se d  during  

dehydration  (Ewer, 1952; Sawyer and S c h is g a l l ,  1956 ). L eaf, Anderson, and 

Page (1958) dem onstrated th a t th e  urinary  b ladders i s o la t e d  from Bufo bufo  

and B. marinus a c t iv e ly  tra n sp o rt sodium from th e  mucosal (u r in ary ) s id e  to  

th e  s e r o s a l (b lood ) s id e ,  and th a t t h is  tra n sp o r t i s  s t im u la ted  by 

neurohypophyseal hormones. S im u ltan eou sly , B en tley  (1958) dem onstrated  

th a t exposure o f  the s e r o s a l s id e  o f  th e b ladders o f  B. marinus to  

a n t id iu r e t ic  hormone (ADH) r e su lte d  in  th e  alm ost immediate s t im u la tio n  o f  

th e osm otic movement o f  w ater a c r o ss  th e  t i s s u e ,  thus e s ta b lis h in g  th e  

bladder as a research  to o l  fo r  stu d y in g  th e  tran sp ort p ro p e r tie s  o f  th e  

mammalian d i s t a l  tu b u le .

Leaf and h is  c o lle a g u e s  concluded th a t th e  b a s e l in e  tran sp ort o f  Na by 

th e b ladder i s  a c t iv e  a f t e r  ob serv in g  th a t r a d io iso to p e s  o f  Na move more 

ra p id ly  from th e mucosa to  th e se r o sa  than v ic e  v e r s a , and th a t t h i s  occurs  

when th e Na co n cen tra tio n s  are  equal on both s id e s  o f  the t i s s u e  (Leaf e t  

a l ,  1958; Leaf and Dempsey, 1960). Transport i s  thus a g a in s t  the  

e lec tr o c h e m ic a l g r a d ie n t , and i s  reduced by m etab olic  in h ib ito r s  or  

in h ib ito r s  o f  Na-K ATPase. In th e  p r o c e ss , a p o te n t ia l  d if fe r e n c e  (PD) i s  

e s ta b lis h e d  a cro ss  th e  membrane due to  th e  d if fe r e n c e  in  Na co n cen tra tio n s  

between th e  two s id e s .  The s e r o s a l s id e  i s  e l e c t r o p o s i t iv e  by as much as



120 mV under b a s e lin e  c o n d it io n s . E le c t r ic a l  current can be a p p lied  a c r o ss  

th e  membrane, and when t h i s  cu rrent i s  such th a t th e  spontaneously  

generated  PD i s  reduced to  z e r o , i t  i s  termed th e  s h o r t - c ir c u i t  current 

(SCC) (U ssin g  and Zerahn, 1951). L e a f 's  group determ ined th e  SCC to be 

equal to  th e n et r a te  o f  Na tran sport under a v a r ie ty  o f  c o n d it io n s , 

e s ta b lis h in g  th e  SCC as a r e la t iv e ly  sim p le  means o f  measuring Na tran sp ort  

in  th e toad b lad d er , o b v ia t in g  th e  n e c e s s i t y  o f  u s in g  sodium is o to p e s .

Another landmark advance was made by Crabbe (1961a, b) who demonstrated  

th e s t im u la t io n  o f  sodium tran sp ort in  th e  toad b lad d er in  resp on se to 

a ld o stero n e  (A ld o ). As opposed to  th e  prompt response observed w ith  ADH, 

t h is  resp on se was c h a ra c te r ize d  by a la t e n t  period  o f  90 m inutes, and the  

passage o f  3 hours b e fo re  maximal Na tra n sp o rt occu rred . The stim u la tio n  

o f  Na tra n sp o r t was observed  a t  p h y s io lo g ic  c o n c e n tr a tio n s  o f  hormone (10-8  

to  10-9 M) and p e r s is te d  fo r  6 -8  h ou rs. T h is work provided th e  foundation  

fo r  subsequent s tu d ie s  design ed  to  e lu c id a te  th e mechanism o f a c t io n  of 

Aldo ( c . f . ,  Edelman, Bogoroch and P o r te r , 1963; Sharp and L ea f, 1 9 6 4 ).

The toad b ladder c o n s is t s  o f  a s in g le  la y e r  o f  mucosal c e l l s  supported  

by co n n ectiv e  t i s s u e  and smooth m u scle . The e p i t h e l ia l  c e l l s  can be 

c l a s s i f i e d  accord in g  to  th e ir  morphology in to  four ty p e s , of which the  

"granular" (G) c e l l s  and "m itochrondria-rich"  (MR) c e l l s  account for  

approxim ately 80% and 15%, r e s p e c t iv e ly  (C hoi, 1963) in  Dominican toad s. 

There are a ls o  a sm a ll number o f  mucous s e c r e t in g  c e l l s  and b a s a l c e l l s .  

Both th e MR and G c e l l  tr a v e r se  th e  e p i t h e l ia l  membrane, and a re  thus in  

co n ta c t w ith  both th e  u rin ary  su rfa ce  and basement membrane o f th e  t is s u e  

(DiBona, C ivan, and L ea f, 1969a). Each MR c e l l  i s  adjacent to and
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surrounded by an array o f  granular c e l l s .  I t  i s  o f  in t e r e s t  th a t th e  

arrangement o f  mucosal c e l l s  i s  somewhat d if f e r e n t  in  th e  b u llfr o g  b lad d er, 

which i s  p h y s io lo g ic a l ly  s im ila r  to  th e  toad b ladder w ith  re sp e c t to  

hormone r e sp o n s iv e n e ss . In  t h is  t i s s u e  th e  b a sa l c e l l s  "cup” under th e  

granular c e l l s  in  such a way th a t th e  granular c e l l s  are never in  co n ta ct  

w ith  th e s e r o s a l su r fa c e  o f  th e  basement membrane (Strum and Danon, 1974 ). 

A u n ify in g  theory o f  th e  mechanisms o f  hormonal resp o n siv en ess  in  th ese  

t i s s u e s  should  attem pt to  take both o f  th e se  anatomic c o n fig u r a tio n s  in to  

account.
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B. The Proposed Mechanisms o f  A ldo-induced S tim u la tio n  o f  Sodium Transport

A ldosterone i s  th e  most p oten t o f  th e c o r t ic o s te r o id s  in  i t s  e f f e c t s  on 

t r a n s e p it h e l ia l  sodium and potassium  f lu x e s .  I t s  primary s i t e  o f  a c t io n  in  

mammals i s  th e  kidney d i s t a l  tu b u le  (Vander e t  a l ,  1 9 5 8 ), where Na+ . 

reab sorp tion  i s  e f f e c te d  w h ile  H+ and K+ s e c r e t io n  are  enhanced. The 

hormone a ls o  a f f e c t s  ion  tran sp ort in  th e c o lo n , sw eat g la n d s , and s a liv a r y  

g la n d s.

The major hyp otheses concerning th e  mode o f s t im u la t io n  o f  Na tran sp ort  

by Aldo a re  based on th e  presumption th a t th e  hormone cau ses th e  appearance 

o f  new c e l lu la r  p r o te in s .  This i s  an outgrowth o f  th e  dem onstration  th at  

th ere  i s  a la t e n t  period  o f  90 m inutes b efo re  th e  A ldo-induced in c r e a se  in  

SCC i s  o serv ed , su g g e st in g  th a t tr a n s c r ip t io n  and tr a n s la t io n  must f i r s t  

occur (Crabbe, 1961b). I t  was su bseq u en tly  confirm ed th a t th e  

hormone-induced in c r e a se  in  Na tran sp ort could  be b locked  by e i th e r  

puromycin or actinom ycin  D (Edelman, Bogoroch and P o rter , 1963; W illiam son , 

1963; P o r te r , Bogoroch, and Edelfnan, 1964) (F ig . 1 ) .  Three p o s s ib le  

fu n c t io n a l r o le s  fo r  th e  A ldo-induced p r o te in (s )  (AIP) are g en era lly  

co n sid ered : (1) th e  AIP may be a plasma membrane component on th e lum inal

(u r in e ) s id e  a c t in g  as a "sodium permease” , low erin g  th e  r e s is ta n c e  to  Na 

en try  in to  th e c e l l  (2) th e  AIP may be th e Na-K ATPase, or  a component o f  

t h i s  enzyme, on th e s e r o s a l (b lood) s id e  o f  th e t i s s u e ,  thus in c r e a s in g  th e  

a c t iv e  e x tr u s io n  o f  Na from th e  c e l l  (3) th e  AIP may be a m itochondria l 

enzym e(s) which r e s u lt s  in  th e  form ation o f  ATP fee d in g  in to  th e  Na-K 

s e r o s a l  pump, thus in d ir e c t ly  r e s u lt in g  in  th e in crea sed  e x tr u s io n  o f  Na
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From Edelman,  Bogoroch and Porter, PNAS 50:1169.1963

Figure 1. St im ula t ion  o f  Na transport  across  the toad urinary bladder by 

a ld os terone .  Following a pre- incubat ion  of  1  ̂ 1 / 2  hours ,  bladders were 

incubated in aerated amphibian Ringer's  s o lu t io n  conta in ing  g lucose  for 2 

hours. A s i g n i f i c a n t  increase  in SCC (Na transport )  was observed,  

sugges t in g  an energy -regu ir in g  process .  Aldosterone was then added to the 

serosa l  bath r e s u l t i n g  in a marked in crease  in SCC a f t e r  1 1 / 2  hours,

alchough paired t i s s u e s  incubated with puromycin as well  e x h ib i t e d  a

decrease iri SCC. From Edelman, Bogoroch,  and Porter ,  196o.
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from th e  c e l l  (F ig . 2 ) .  I t  I s  q u ite  p o s s ib le  th a t none o f  th e se  mechanisms 

o p era tes  e x c lu s iv e ly ,  but th a t some com bination o f  th e se  enzymes i s  under 

the c o n tr o l o f  th e  s t e r o id .

In co n s id e r in g  th e se  th r e e  mechanisms, i t '  i s  apparent th a t they  can be 

viewed as o f f e r in g  two fundamental a l t e r n a t iv e s ,  i . e . ,  e i th e r  th e hormone 

a c ts  by f a c i l i t a t i n g  th e  en try  o f  Na in to  th e  c e l l  from the u rin ary  f lu id ,  

and/or i t  a c ts  p r im arily  by enhancing e x tr u s io n  o f  Na s e r o s a l ly .  The 

f i r s t  p rocess in v o lv e s  p a ss iv e  ion  tr a n s fe r  down an e lec tro ch em ica l 

g r a d ie n t , but i s  assumed to  be dependent on th e  presence o f  s p e c i f i c  

lo w -r e s is ta n c e  s i t e s  on th e  lum inal plasma membrane. The second p rocess  

im p lie s  a c t iv e  tra n sp o rt s in c e  th e  ion  involvem ent i s  a g a in s t  an 

e lec tr o c h e m ic a l g r a d ie n t , and th e  a c t iv e  Na pump i s  b e lie v e d  to  be lo c a te d  

on th e s e r o s a l  s id e .  S itu a ted  between th e  lum inal en try  s i t e s  and 

th e s e r o s a l pump i s  con sid ered  to  be th e  "Na pool" aw a itin g  tra n sp o r t, 

which may a ls o  serv e  to  fu n c t io n a lly  coo rd in a te  th e  mucosal and 

s e r o s a l tra n sp o r tin g  mechanisms. For exam ple, i t  i s  p o s s ib le  th a t an 

in c r e a se  in  the Na p ool may s t im u la te  th e Na- pump, or th a t an 

independent in c r e a se  in  th e a c t i v i t y  o f  th e  Na-pump may r e s u lt  in  an 

in crea sed  r a te  o f  Na en try  in to  th e c e l l  from th e  u r in e  s id e .  Thus the  

mucosal and s e r o s a l  tran sp ort p ro cesses  may not be fu n c tio n in g  

independently  o f  each o th e r . In  order to  ga in  fu r th er  in s ig h t  in to  t h is  

q u e s tio n , measurements have been made o f  th e  s i z e  o f  th e  in term ed ia te  "Na 

tran sp ort pool"; however, i t  has proven d i f f i c u l t  to  draw r e l ia b le  

c o n c lu s io n s  from th e se  d a ta .
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Figure P. Proposed mechanisms fo r  the s t im u la t io n  o f  sodium transport  by 

a ld o s tero n e .  The a ld o s tero n e -re cep to r  complex in the nucleus unmasks 

t r a n s c r i p t i o n ,  and the mRNA codes for  a ldosterone- induced p r o t e i n ( s ) .  

These may enhance a c t iv e  sodium extrus ion from the c e l l  e i t h e r  d i r e c t l y  

("Ha pump") or i n d i r e c t l y  (mitochondrial  enzymes leading  to  increased  

ATP/ADP), or the prote in  may a c t  on the apical  s id e  as a sodium "permease".



Among th e problems In  In te r p r e ta t io n  o f  Na pool measurements I s  con­

tro v er sy  over whether the observed e lec tro ch em ica l g ra d ien t i s  adequate 

fo r  th e  occurrence o f  d if f u s io n a l  en try  o f  Na a cro ss  th e mucosa; i f  i t  i s  

n o t , i t  may be n ecessary  to  a l t e r  th e  model to  in c lu d e  an a c t iv e  Na pump 

lo c a te d  a p ic a l ly .  A second problem i s  th a t o f  th e  measured "Na p oo l" , i . e .  

the Na supposedly  a w a itin g  tra n sp o r t; some o f  th e  sodium may have a lread y  

crossed  th e Na-pump and would th e r e fo r e  be moving out o f  the c e l l  by 

d if fu s io n  ra th er than by a c t iv e  tran sp ort (Zerahn, 1969; F inn, 1976 ). The 

te c h n ic a l methods th a t have been used to  measure th e  Na pool exp erim en ta lly  

have been prey to  t h i s  c r i t ic i s m  (Leaf and MacKnight, 1972). These 

tech n iq u es in c lu d e  measurement o f  t o t a l  Na con ten t by flam e photometry or  

e q u il ib r a t io n  o f  a sodium iso to p e  in  th e mucosal f lu id  b ath in g  s o lu t io n  

w ith  in t r a c e l lu la r  Na ( c . f .  Sharp and L eaf, 1964a; Crabbe and DeWeer, 

1969). Measurements o f  th e  Na tran sp ort pool have a ls o  been made u s in g  

i s o la t e d  e p i t h e l ia l  c e l l s  ra th er  than in ta c t  t i s s u e s  (L ipton and Edelman, 

1971; H andler, P resto n , and O r lo f f ,  1972 ). O b jection s may a ls o  be ra ise d  

to  t h i s  approach, however, because th e p ost Na-pump tran sp ort pool cou ld  be 

in t r a c e l lu la r ,  and because s tu d ie s  in v o lv in g  i s o la t e d  c e l l s  may be " le s s  

p h y sio lo g ic "  than experim ents u s in g  in ta c t  t i s s u e s .

Crabbe' (1974) attem pted to  measure th e s i z e  o f  th e  Na tran sp ort pool 

k in e t ic s 1"y by exp osin g  th e  m ucosal s id e  o f  th e  b ladder to  a s o lu t io n  

co n ta in in g  a sodium r a d io iso to p e , q u ick ly  removing t h is  s o lu t io n  (tim e  

z e r o ) , and m easuring the r a te  o f  e f f lu x  o f  is o to p e  in to  th e  s e r o s a l  

s o lu t io n .  The e f f lu x  appeared to  have a rapid  component (p o o l A)
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con sid ered  to  be th e  tra n sp o rt p o o l, and a slow  component (p oo l B)

con sid ered  to  be in a c c e s s ib le  to  th e  tran sp ort p r o c e s se s . By e x tr a p o la tio n  

o f  th e r a te  o f  Na e f f lu x  to  tim e z e r o , th e  s i z e  o f  th e  Na tra n sp o rt pool 

(p oo l A) was e s tim a ted . I t  appeared th a t exposure to  Aldo did n ot a f f e c t  

th e s i z e  o f  th e  Na tra n sp o rt p o o l, which su g g ested  to  Crabbe' th a t the

hormone in c r e a se s  SCC by a mechanism o th er  than s t im u la tio n  o f th e  s e r o s a l  

Na pump. However, th e  author conceded th a t even w ith  th e se  k in e t ic

measurements i t  cou ld  n o t be assured  th a t a l l  o f  th e  sodium in  tran sp ort  

pool i s  proxim al to  th e Na-pump.

Another approach has been used by MacKnight, C ivan, and Leaf (1975 a ) ,  

who scraped mucosal c e l l s  from th e  b ladder and measured th e amount o f  

in t r a c e l lu la r  sodium r a d io iso to p e  a f t e r  e i th e r  th e  mucosal or  s e r o s a l  

su r fa c e  o f  th e  t i s s u e  had been exposed to  r a d io a c tiv e  sodium. 

Approxim ately 20% o f th e  in t r a c e l lu la r  pool e q u ilib r a te d  w ith  th e  iso to p e  

when a p p lied  to  th e  m ucosal s u r fa c e , and approxim ately 80% e q u ilib r a te d

w ith  th e  is o to p e  when a p p lied  to  th e  s e r o s a l su r fa c e . In a fo llow -u p  study  

th e in t r a c e l lu la r  sodium pool was found to  be in creased  in  s i z e  a f t e r  the  

t i s s u e  was exposed to  ouabain , and th e increm ent in  sodium apparently  

o r ig in a te d  from th e  m ucosal su r fa c e  (MacKnight, C ivan, and L ea f, 1975b). 

These data support th e  concept o f  p a ss iv e  d if fu s io n  o f  sodium a t  the  

lum inal su r fa ce  w ith  the p resen ce o f  an Na-K pump a t the s e r o s a l  b lad d er .
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C. C e llu la r  Events A sso c ia ted  w ith  th e  A ldosterone Response

In 1963 W illiam son observed  th a t by I n h ib it in g  th e  tr a n s c r ip t io n  o f  DNA 

w ith  Actinom ycin D, th e a n t in a tr iu r e t ic  a c t io n  o f  Aldo cou ld  be b locked  

(W illiam son , 1963 ). ( I n t e r e s t in g ly ,  th e  k a l iu r e t ic  e f f e c t  was u n in flu en ced  

by t h is  p r o to c o l) .  A lso in  th a t y e a r , Edelman, Bogoroch and P orter  

dem onstrated th a t puromycin blocked th e  A ldo-induced in c r e a se  in  SCC (which 

r e f l e c t s  Na tra n sp o r t) a cross  th e  toad b ladder (Edelman, Bogoroch, and

P o rte r , 1963). Thus, in d ir e c t  ev id en ce began to  accum ulate th a t the Na

tran sp ort e f f e c t  o f  Aldo in  mammalian kidney and toad b la d d er , i f  not th e K 

tran sp ort e f f e c t ,  was dependent on p ro te in  s y n th e s is  beg in n in g  a t  the

tr a n s c r ip t io n a l l e v e l  (K arlson , 1963).

Data supporting  t h is  ev id en ce fo r  A ldo-induced unmasking o f  tr a n sc r ip t io n  

was ob tained  by C a stle s  and W illiam son who dem onstrated in  th e  ra t kidney  

the sy n th e s is  o f  RNA in  response to  Aldo (C a st le s  and W illiam son, 1965; 

1967). Fim ognari, F a n e s t i l ,  and Edelman, a ls o  working w ith  r a t k idney, 

dem onstrated in creased  s y n th e s is  o f  new p ro te in s  in  response to  the

hormone, and a ls o  showed th a t A ctinom ycin D b lock s th e A ld o-regu la ted  

a n t in a tr iu r e s is  (F im ognari, F a n e s t i l , '  and Edelman, 1967). The l a t t e r  

e f f e c t  was su b seq u en tly  confirm ed in  dogs ( L i f s c h i t z ,  S c h r ie r , and Edelman, 

1973).

The p ic tu r e  thus emerging su ggested  th a t a ld o ste r o n e  had a mechanism o f  

a c t io n  s im ila r  to  th a t which had been worked out fo r  o th er  s te r o id  

hormones, e .g .  e s t r a d io l ,  d ih y d r o te s to ste r o n e , and p rogesteron e (F ig  3 ) .

As form ulated by O'M alley (1 9 7 1 ), s t e r o id  hormones en ter  th e ta r g e t  c e l l  

and combine w ith  s p e c i f i c  charged recep to r  p ro te in s  in  th e c y t o s o l .  The
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p en etra tio n  o f  th e  hormone through th e  plasma membrane i s  p o s tu la te d  to  be 

u n re la ted  to  c d r r ie r  m o lec u le s . A fte r  b in d in g , th e  recep to r  p ro te in s  

undergo a transform ation  in  which t h e ir  sed im en ta tio n  c o e f f i c i e n t  i s  

s ig n i f ic a n t ly  a lt e r e d .  This tran sform ation  i s  fo llo w ed  by th e  m igration  o f  

th e  receptor-horm one complex to  th e  n u cleu s where i t  i s  bound by a c id ic  

chrom atin. T ran scr ip tio n  o f  m essenger RNA e n su es , which r e s u lt s  in  th e  

tr a n s la t io n  o f  s p e c i f i c  c e l lu la r  p r o te in s .  Other RNA s p e c ie s  o f te n  appear 

as w e l l .  The n ew ly -sy n th esized  p r o te in s  are th e  u lt im a te  m ediators o f  the  

hormone's e f f e c t s .
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Figure 3. O'Malley's  general scheme for  s t e r o i d  c e l l u l a r  physio logy .  

S te r o id s  permeate the c e l l  membrane and combine with cy toso l  receptors .  

The hormone- recep tor  complex i s  "transformed" and miqrates to  the nucleus  

where one subunit  binds to  a c i d i c  chromatin and the second subunit  binds 

d i r e c t l y  to  DMA. Transcr ipt ion  o f  mRNA f o l l o w s ,  which i s  exported to  

polysomes and t r a n s l a t i o n  o f  e f f e c t o r  prote ins  occurs .  In the case o f  

a ld o s te r o n e ,  the r e s u l t  (by unknown mechanisms) i s  increased sodium 

t ran sp or t .



I .  The A ldosterone R eceptors

Pursuing th e p o stu la ted  mechanism fo r  A ldo, Edelman and h is  c o lle a g u e s  

performed experim ents d esign ed  to  e lu c id a te  th e nature o f  th e  Aldo recep tor  

p r o te in s . They showed th a t a s t e a d y -s ta te  l e v e l  o f  Aldo was ach ieved  In

th e  toad b ladder 30 m inutes a f t e r  exposure to  hormone, but th a t th ere  was a

90 minute la t e n t  period  b efo re  a horm one-stim ulated  In crease  in  SCC was 

noted (Edelman, Bogoroch, and P o r te r , 1963 ). I n te r e s t in g ly ,  removal o f  the  

hormone a f t e r  th e  i n i t i a l  exposure d id  not a l t e r  e i th e r  th e  k in e t ic s  or th e  

magnitude o f  th e resp o n se . T his su g g ested  th a t an ea r ly  event in  th e Aldo 

ta r g e t c e l l  i s  h igh  a f f in iy  b in d in g  by a r e c ep to r . Sharp, Komack, and Leaf 

(1966) su bseq u en tly  found two sa tu r a b le  b in d in g  s i t e s ,  one o f  which was 

high  a f f i n i t y  (Kd=6.7 x 1 0 -1 1M), th e  o th er  ch a ra cte r ize d  by a low er a f f in iy  

(Kd=10-10M). However, th e  h igh  a f f in iy  s i t e s  were so  few (9 x 1 0 -1 4 /g  

t i s s u e )  th a t they  were sa tu r a ted  a t  co n cen tra tio n s  o f  Aldo con sid ered  to  be 

s u b -p h y s io lo g ic a l.  The number o f  th e  lo w e r - a f f in i t y  s i t e s  was alm ost two 

orders o f  magnitude g r e a te r . The authors a ls o  examined th e e f f e c t s  o f  

variou s in h ib ito r s  on th e  A ld o-b in d in g , and found both s i t e s  to  be

" s p e c if ic " ,  i . e . ,  3H-Aldo was n ot d isp la c e d  by n o n -s te r o id s , and the

s te r o id  w ith  which th e  g r e a te s t  degree o f  d isp lacem ent was ob ta in ed  was 

u n lab eled  Aldo.

Snart (1 9 6 7 ), u s in g  methods s im ila r  to  th o se  o f  Sharp, Komack and L eaf, 

found th ree  b in d in g  s i t e s .  S i t e  A, (w ith  a K d=l.9x10-11 , n = 9 x l0 - ll
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m oles/kg t i s s u e )  was s im ila r  to  th e  low er a f f i n i t y  s i t e  o f  Sharp, Komack, 

and L eaf. S i t e  B had a very  low a f f i n i t y  (Kd=4.84x10-7) and was con sid ered  

to  be a c o r t i s o l  b ind ing s i t e .  S i t e  C, w ith  even l e s s  a f f i n i t y  (K d=10-4), 

was con sid ered  to  be a n o n -s p e c if ic  b ind ing  s i t e .

In  an e f f o r t  to  l o c a l i z e  th e A ldo-b ind ing  w ith in  th e  toad b ladder ta r g e t  

c e l l s ,  A u s ie llo  and Sharp (1968) d isru p ted  th e  n u c le i  o f  the b ladder  

e p i t h e l ia l  c e l l s  w ith  d e terg e n ts  and osm otic shock . They found b in d in g  

s i t e s  numbering 3 x l0 -1 2 /g  t i s s u e  which were 60% sa tu r a te d  a t  an Aldo 

co n cen tra tio n  o f  10-7M. A lb e r t i  and Sharp (1969) continued  th e se  e f f o r t s ,  

i s o la t in g  th ree  A ldo-b ind ing  m acrom olecular com plexes from toad b ladder  

n u c le i .  Bound 3H-Aldo was d is s o c ia te d  from th e  com plexes by p ron ase, but 

not by DNAase or RNAase, thus id e n t ify in g  th e m acrom olecules as p r o te in s .  

One o f  th e se  com plexes d is s o c ia te d  ra p id ly  and was found to  have th e same 

number o f  b ind ing  s i t e s ,  as w e ll  as s im ila r  m in e r a lo c o r tic o id  s p e c i f i c i t y ,  

as th e  low er a f f i n i t y  s i t e  p rev io u s ly  d escr ib ed  by Sharp, Komack, and L eaf. 

The rem aining two m acrom olecular com plexes were u n sa tu ra b le  and apparently  

n o n - s p e c i f ic .  Attem pts to  i s o l a t e  th e A ldo-b inding complex were 

u n su c c e ss fu l. In a search  fo r  o th er  A ldo-b inding s i t e s ,  e p i t h e l ia l  c e l l  

homogenates were p u r if ie d  by d i f f e r e n t i a l  su cro se  grad ien t c e n tr ifu g a t io n ,  

and c y to s o l  b in d in g  g r e a te r  than n u c lea r  b ind ing  was found. However, t h is  

b in d in g  was con sid ered  to  be due to  "leakage" o f  n u clear b in d in g  com plexes 

in to  th e  cytoplasm  in  view  o f  th e  la c k  o f  c y to s o l  b in d in g  seen  when 

e x tr a c tio n s  were performed in  co ld  T r is  b u ffe r  or 0.4M KC1.

16



To fu rth er  c h a r a c te r iz e  th e  A ld o-b in d in g  in  th e  toad b ladder n u c le i ,  

A lb e r t i and Sharp (1970) compared t h i s  b ind ing  to  th a t in  th e  t i s s u e s

in  which in c r e a se s  in  SCC are ob ta in ed  in  resp on se to  A ldo. The

A ldo-b inding in  th e  toad b ladder n u c le i  was th ree  tim es g rea ter  than 

th a t in  the e p i t h e l ia l  n u c le i  o f  human c o lo n , f i v e  tim es g rea te r  than th a t

in  toad c o lo n , and ten  tim es g rea te r  than th a t in  ra t c o lo n . H alf th e

A ldo-b inding in  th e  toad b ladder d is s o c ia te d  in  two h ou rs. The b ind ing  

in  th e  ra t co lo n  n u c le i  appeared to  be l e s s  m in era lo co r tico id  s p e c i f i c  

than th a t o f th e  o th er  t i s s u e s .

F a n e s t i l  and Edelman (1966) extended th e se  s tu d ie s  to  mammalian k idney. 

A drenalectom ized r a ts  were in je c te d  w ith  3H-Aldo, su bsequently  

nephrectom ized , and th e  re n a l c e l l s  were fr a c t io n a te d  in to  s u b c e llu la r  

com ponents. I t  was found th a t Aldo was s p e c i f i c a l l y  bound in  th e n u c le u s ,  

a co n c lu s io n  based on th e  s a t u r a b i l i t y  o f  th e  b ind ing  in  th e  nucleus and on 

th e a b i l i t y  o f  9 a - f lu o r o c o r t is o l , another poten t m in e r a lo c o r tic o id , to  

d is p la c e  the A ldo. N on -m in era locortico id  s t e r o id s ,  e . g . ,  c o r t i s o l  or 

e s t r a d io l ,  cou ld  n ot be s u b s t itu te d  fo r  th e 9 a - f lu o r o c o r t is o l .  The n u clear  

rec ep to rs  were h a lf - s a tu r a te d  a t  an Aldo co n cen tra tio n  o f  6xl0-9M and were 

id e n t i f i e d  as p r o te in s .  Scatchard p lo t  a n a ly s is  o f  th e  data f a i le d  to  

y ie ld  a s t r a ig h t  l i n e ,  su g g e st in g  th a t more than one b ind ing  s i t e  m oiety  

was in v o lv e d . S in ce  s t e r o id  b ind ing in  th e n u cleu s fo llo w s  cy top lasm ic  

b in d in g  in  th e  proposed mechanism, Edelman*s group sought to  dem onstrate  

A ldo-b ind ing in  th e  c y to s o l  as w e ll  (Funder, Feldman and Edelman, 1972 ). 

They s u c c e s s fu l ly  showed th a t in  ra t kidney c e l l s  Aldo i s  s p e c i f i c a l ly  

bound to  s o lu b le  rec ep to rs  in  th e  c y t o s o l .
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Marver e t  a l  (1972) a ls o  dem onstrated cy top lasm ic  recep to rs  in  ra t k idney, 

and th e ir  a n a ly s is  o f  th e  horm one-receptor complex sed im en tation  in  d e n s ity  

g ra d ie n ts  su g g ested  a " transform ation” o f  th e  charged cy top lasm ic r e c e p to r .

This fo llo w s  th e proposed gen era l scheme fo r  s te r o id  rec ep to rs  as s ta te d  by 

O'M alley (1 9 7 1 ) . S u bseq u en tly , Marver and her c o lle a g u e s  were a b le  to  show 

th a t th e  A ld o -c y to so l recep to r  complex form ation in  th e  kidney i s  

c o m p e tit iv e ly  in h ib ite d  by sp iro n o la c to n es  (Marver e t  a l ,  19 7 4 ). The 

a b i l i t y  o f  v a r io u s  sp iro n o la c to n es  to  b lock  th e  A ld o -recep tor  b in d in g  

d ir e c t ly  c o r r e la te d  w ith  th e  potency o f  each compound in  b lo ck in g  the  

e f f e c t s  o f  a ld o ste r o n e  on u rin ary  Na:K r a t io s .  Furtherm ore, th e  la b e le d  

sp ir o n o la c to n e  bound by th e  k idneys was q u a n t ita t iv e ly  s im ila r  to  the  

b in d in g  c a p a c ity  fo r  la b e le d  a ld o s te r o n e , and i t  appeared th a t th e  same 

c la s s e s  o f  s i t e s  were in v o lv e d .

In  a study d esign ed  to  fu r th er  lo c a l i z e  th e  i n i t i a l  c e l lu la r  even ts  in  

response to  A ldo, S a p ir s te in  and S co tt (1975) incubated  in ta c t  toad  

b lad d ers w ith  3H-Aldo, fo llow ed  by p rep a ra tiv e  sep a ra tio n  o f  th e  

m itoch on d ria -r ich  (MR) and granular (G) c e l l s  on F ic o l l  grad ien ts  (S c o t t ,  

S a p ir s te in , and Yoder, 1 9 7 4 ). The c e l l s  were so n ic a te d  and th e q u a n tity  o f  

la b e le d  s te r o id  bound by ammonium s u lf a t e - p r e c ip i t a b le  p ro te in  was 

measured. The r e s u l t s  in d ic a te d  th a t s p e c i f i c  3H-Aldo b in d in g  was lim ite d  

to  th e  MR c e l l .  The 3H-Aldo b ind ing  was e x te n s iv e ly  d isp la c e d  by DOCA, a 

p oten t m in era lo co r tico id  in  th e  toad b lad d er , but c o r t i s o l  d isp la c e d  

th e a ld o ste r o n e  by on ly  24%. The granular c e l l s  appeared to  e x h ib it  

s p e c i f i c  3 H -co r tico stero n e  b in d in g . When th e  n u c le i  were recovered  in ta c t
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fo r  s tu d y , i t  was found th a t th e  MR c e l l  n u c le i  con ta in ed  over tw ice  as  

much d isp la c e a b le  Aldo as th e  cy top lasm ic  fr a c t io n ;  h igh  co n cen tra tio n s  o f  

u n lab eled  hormone d isp la c e d  v ir t u a l ly  a l l  th e n u c lea r  3H-Aldo. 

I n te r e s t in g ly ,  th e  MR c e l l  A ld o-b in d in g  was s ig n i f ic a n t ly  g rea ter  in  th e  

summer months, which may be r e la te d  to  th e  o ften -o b se rv ed  sea so n a l 

v a r ia t io n s  in  resp o n siv en ess  o f  th e  t o t a l  b lad d er to  m in e r a lo c o r tic o id s .

R ecen tly , Agarwal (1975) has rep orted  i s o la t in g  Aldo recep to rs  

from r a t k id n ey . The m in e r a lo c o r tic o id  recep to rs  were sep a ra b le  from th e  

g lu c o c o r t ic o id  r e c e p to r s , e x h ib ite d  a monomeric m olecular w eigh t o f  67,000  

d a lto n s , but p rim arily  e x is te d  a s  a h igh -m olecu lar w eigh t aggregate  

(Agarwal, 1976).
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I I .  A ldosterone-Induced  T ra n scr ip tio n  o f  RNA

As noted  p r e v io u s ly , actinom ycin  D b lo ck s th e  e f f e c t s  o f Aldo on 

sodium e x c r e tio n  in  adrenalectom ized  r a ts  (W illiam son , 1963) and in h ib it s  

th e hormone's e f f e c t s  on SCC in  th e in  v i t r o  toad b ladder (Edelman, 

Bogroch, and P o rter , 1 9 6 3 ). These s tu d ie s  were extended by Crabbe' and 

DeWeer (1964) who showed th a t th e  drug b locked  th e  Aldo e f f e c t  on Na 

tran sp ort in  both th e  to a d 's  sk in  and u rin ary  b ladder whether ad m in istered  

in  v iv o  or in  v i t r o .  The f i r s t  d ir e c t  ev id en ce fo r  A ld o -d irec te d  

tr a n s c r ip t io n  was recorded by Edelman, Bogoroch and P orter  (1964) who 

dem onstrated a modest in c r e a se  in  th e  in co rp o ra tio n  o f  3H -uridine in to  toad  

blad d er RNA b efo re  and d uring  th e  period  o f  in crea sed  SCC. However, th e se  

r e s u lt s  were com plicated  by th e  u se  o f  an Aldo co n cen tra tio n  approaching  

th e  g lu c o c o r tic o id  ran ge, and by the f in d in g  th a t p rogesteron e a ls o  

in crea sed  RNA s y n th e s is  a f t e r  3 hou rs. Edelman's group a ls o  observed  that 

s ig n i f ic a n t  in c r e a se s  in  th e  la b e l in g  o f  RNA could  be found b io ch em ica lly  

o n ly  a f t e r  90 m in u tes , correspond ing to  th e la t e n t  period  fo r  th e  

A ldo-induced s t im u la tio n  o f  SCC (P o r te r , Bogoroch and Edelman, 1964 ).

Rousseau and Crabbe' (1968) incubated  toad b ladders in  th e p resen ce o f  

Aldo and 3H -u rid in e, and found th a t  a s  compared to  c o n tr o l t i s s u e s ,  the  

hormone e f fe c te d  an in c r e a se  in  in co rp o ra tio n  o f  u r id in e  in to  ra p id ly  

la b e le d  RNA, and th a t most o f  th e  ra p id ly  la b e le d  RNA was in  th e  reg io n  o f  

h e te r o d isp e r se  n u clear  RNA (HnRNA). S im u lta n eo u sly , th e  same group found 

in crea sed  3H -uridine in co r p o r a tio n  in to  RNA in  response to  Aldo even when
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sodium was la c k in g  from th e  mucosal b a th , su g g estin g  th a t the  

horm one-d irected  RNA s y n th e s is  may be Independent o f  sodium tran sp ort  

(DeWeer and C rabbe', 1 9 6 8 ) . They estim ated  th e  h a l f - l i v e s  o f  th e  

actinom ycin  D—blocked in term e d ia tes  and th e  purom ycin-blocked in term ed ia tes  

a t 150 m inutes and 90 m in u tes, r e s p e c t iv e ly .  These experim ents were 

marred, however, p r in c ip a l ly  by th e  u se  o f  g lu c o c o r t ic o id  co n cen tra tio n s  o f  

Aldo (5xlO-6M ). N e v e r th e le s s , th e  m in e r a lo c o r tic o id  s p e c i f i c i t y  o f  th e  

horm one-induced RNA s y n th e s is  was confirm ed by Hutchinson and P orter  (1970) 

who showed th a t a f t e r  in cu b a tin g  t i s s u e s  in  th e  presence o f  Aldo and 

3 H -u rid in e , th e  A ld o -d irec te d  in c r e a se  in  RNA over co n tr o l t i s s u e s  was 

b lock ed  by sp iro n o la c to n e  (5 0 0 :1 ) .  The horm one-in fluenced  in c r e a se s  in  

la b e le d  RNA obtained  from th e  n u clear and p o st-m ito ch o n d r ia l fr a c t io n s  were 

10% and 14%, r e s p e c t iv e ly .

Edelman's group subsequently  extended th e s e  s tu d ie s  to  th e  ra t k idney, 

showing in creased  in co rp o ra tio n  o f  th e  u r id in e  precursor o r o t ic  a c id  in to  

RNA obtained  from kidney homogenates from adrenalectom ized  r a ts  th a t had 

been in je c te d  w ith  A ld o . In  th e se  experim ents th e g r e a te s t  amount o f  

la b e le d  RNA was found in  th e  n u c le u s , and th e  la b e l in g  was u n a ffe c ted  by 

e s t r a d io l  (F im ognari, F a n e s t i l ,  and Edelman, 1967 ). A lso  u s in g  ra t k id n ey , 

C a st le s  and W illiam son (1964) found an A ld o -d irec te d  in c r e a se  in  th e  

in co rp o ra tio n  o f  la b e le d  u r id in e  in to  RNA, a lthough  th e  t o t a l  amount o f  RNA 

was a ls o  in c r e a se d .
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I t  should  be mentioned th a t th e e f f o r t s  o f  some research  groups to  

dem onstrate a s t im u la tio n  o f  RNA s y n th e s is  in  response to  Aldo met w ith  

f a i lu r e .  U sing both m in era lo co r tico id  and g lu c o c o r t ic o id  co n cen tra tio n s  o f  

th e  hormone, Sharp and Komack cou ld  not dem onstrate an in c r e a se  in  3H-RNA 

over c o n tr o l u n t i l  a f t e r  4 hours o f  in cu b ation  w ith  10-5 M A ldo. B a se lin e  

RNA s y n th e s is  in  th e  toad b ladder was examined by Vancura, Sharp and Malt 

(1971) who found th a t 18S and 28S rRNA were not la b e le d  u n t i l  8 hours a f t e r  

3H -uridine was added to  th e in cu b ation  medium. Exposure to  Aldo (5xlO-7M) 

was not observed to  produce a s ig n i f ic a n t  change in  3H -uridine  

in co rp o ra tio n  in  any fr a c t io n  o f  RNA s tu d ie d . The authors su g g ested  th a t  

th e modest in c r e a se s  in  RNA la b e l in g  reported  by o th ers  may have been due 

to  b a c te r ia l  contam ination  o f  th e  t i s s u e s  and /or th e u se  o f  g lu c o c o r t ic o id  

co n cen tra tio n s  o f  hormone. Rousseau and Crabbe1 (1972) found th a t Aldo 

(5xl0-6M ) in creased  t o t a l  RNA s y n th e s is  a f t e r  1 and 3 hours (a lthough  not 

a t 2 h o u r s ) . However, th e  hormone had no e f f e c t  on the r e la t iv e  su cro se  

grad ien t p r o f i le s  o f  p h en o l-ex tra c te d  whole c e l l  RNA, and polysom al RNA 

s y n th e s is  was unchanged a f t e r  150 m inutes o f  in cu b a tio n . Furthermore, no 

e f f e c t  o f  Aldo was observed  regard ing th e monosome/polysome r a t io  or the  

uptake o f  la b e le d  amino a c id s  in to  th e  r ibosom es. I t  was su ggested  th a t  

observed in c r e a se s  in  R N A -labeling in  response to  Aldo may have been due to  

in crea sed  uptake by th e  m ucosal c e l l s  o f  th e  3H -u rid in e.

T his l a s t  o b je c t io n  was s p e c i f i c a l ly  addressed  by H utchinson and 

P orter (1975) who showed th a t th e  in c r e a se  in  n u clear  RNA s p e c i f i c  

r a d io a c t iv ity  in  e p i t h e l ia l  c e l l s  scraped  from toad b ladders a f t e r  b r ie f
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treatm ent w ith  Aldo (7xlO-7M) r e su lte d  from th e  c o n tr ib u tio n  o f  endogenous, 

ra th er  than exogenous, p recu rso r . T heir c o n c lu s io n  was reached on th e  b a s is  

o f  e s t im a te s  o f  th e  r e la t iv e  c o n tr ib u tio n s  o f  exogenous and endogenous 

precursor a f t e r  comparing th e  r a te s  o f  in co rp o ra tio n  o f  3H -urid ine in to  

n u clear  RNA a t  two d if f e r e n t  exogenous c o n c e n tr a t io n s . The authors  

supported t h e ir  co n c lu s io n  o f  A ldo-induced a c c e le r a te d  RNA turnover by 

dem onstrating a s ig n i f ic a n t  d ecrea se  in  3H -urid ine c o n cen tra tio n  o f  the  

precursor pool o f  p re la b e led  c e l l s  fo llo w in g  u n la b e led  u r id in e  ch ase . 

S p e c i f i c a l ly ,  they found no ev idence fo r  Aldo in c r e a s in g  th e  uptake o f  

la b e le d  u r id in e  in to  th e a c id - s o lu b le  p o o l. T h is study was th e r e fo r e  

p a r t ic u la r ly  notew orthy because i t  ru led  ou t th e  p o s s i b i l i t y  th a t th e  

enhanced in co rp o ra tio n  o f  la b e l  in to  RNA was due to  s te r o id -in d u c e d  

in crea sed  c e l lu la r  uptake o f  u r id in e .

Other recen t s tu d ie s  have improved on th e  previous rep o rts  by u s in g  

la r g e r  amounts o f  3H -urid ine and by th e  u t i l i z a t i o n  o f  a f f i n i t y  chromatog­

raphy fo r  c o l le c t in g  RNA. R o ss ie r , W ilce , and Edelman (1974) were a b le  to  

dem onstrate a d ir e c t  c o r r e la t io n  between th e  f r a c t io n a l  change in  SCC a f t e r  

180 m inutes exposure to  Aldo and th e  f r a c t io n a l  change o f  th e  s p e c i f i c  

a c t iv i t y  o f  th e  cy top lasm ic  9-12S RNA (an a r b itr a r y  mean RNA fr a c t io n ) .  

Aldo in crea sed  th e  in co rp o ra tio n  o f  la b e le d  u r id in e  in to  9-18S  

nonm ethylated RNA, c h a r a c t e r is t ic  o f  mRNA. These o b serv a tio n s  were 

supported by a n a ly s is  o f  p o ly (A )-r ic h  RNA is o la t e d  by o l ig o ( d T ) - c e l lu lo s e  

chromatography, and the la b e l in g  o f  th e se  RNA s p e c ie s  was decreased  by th e  

a d d itio n  o f  sp iro n o la c to n e  (SC-9420) to  th e  A ld o -co n ta in in g  b a th . These
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data  supported the in fe r e n c e  th a t th e  in d u ctio n  o f  mRNA s y n th e s is  m ediates  

th e  a c t io n  o f  Aldo on Na tr a n sp o r t. S c o tt  and S a p ir s te in  (1974) confirmed  

th a t th e  A ldo-induced  la b e le d  RNA e x h ib it s  an a f f i n i t y  fo r  poly(dT) and 

p o ly (d U ), presumably due to  th e  presence o f  poly(dA) in  th e  term inus o f  the  

mRNA m o lec u le . This group su bsequently  combined t h is  approach w ith  th e ir  

method o f p r e p a r a tiv e ly  sep a ra tin g  th e m itoch on d ria -r ich  (MR) c e l l s  and th e  

granular (G) c e l l s  on F ic o l l  g r a d ie n ts , and found th a t the in creased  

la b e l in g  o f  mRNA fo llo w in g  Aldo was lim ite d  to  th e  MR c e l l s  (S c o tt  e t  a l ,  

1978). The la b e l in g  o f RNA peaked a t  approxim ately 90 m inutes a f t e r  

treatm ent w ith  hormone, fo llo w in g  which th e mRNA was ra p id ly  degraded in to  

sm a lle r  fragm ents.

Most r e c e n t ly ,  s tu d ie s  have been ca rr ied  out to  fu r th er  a s s e s s  the  

r o le s  o f  p o ly (A )(+ ) and p o ly (A )( - )  in  RNA in  th e  response to  Aldo (R o ss ie r ,  

G aggeler, and R o ss ie r , 1 9 7 8 ). 3 '-d eoxyad en osin e in h ib ite d  up to  80% o f  th e

in co r p o r a tio n  o f  3H -uridine in to  p o ly (A )(+ ) mRNA o f toad b ladder mucosal 

c e l l s ,  w h ile  th e  drug o n ly  p a r t ia l ly  in h ib ite d  th e  A ldo-induced s t im u la tio n  

o f  SCC. A ctinom ycin D had s im ila r  e f f e c t s  on 3H -urid ine in co r p o r a tio n , but 

a ls o  t o t a l l y  b locked th e  hormone stim u la ted  in c r e a se  in  Na tr a n sp o r t. The 

two drugs d if f e r e d  in  th a t  3 ' -d eoxyad en osin e, in  c o n tr a s t  to  Actinom ycin D, 

f a i l e d  to  in h ib i t  poly(A ) ( - )  RNA sed im entlng  between 4S and 18S. T his RNA 

s p e c ie s  i s  l i k e l y  to  be p o ly (A )(- )  mRNA (J e lin e k  e t  a l ,  1 9 7 3 ). The authors 

th e r e fo r e  concluded th a t an in ta c t  poly  (A) ( - )  mRNA pathway i s  n ecessary  in  

order to  o b ta in  a com plete m in e r a lo c o r tic o id  e f f e c t .
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In summary, d ir e c t  as w e ll  as in d ir e c t  ev id en ce has accum ulated th a t  

Aldo induces th e  s y n th e s is  o f  mRNA, ap p aren tly  an ea r ly  req u ired  event in  

th e  s t im u la t io n  o f  Na tran sp ort by th e  hormone. The toad b ladder has 

proven to  be an in v a lu a b le  a id  fo r  stu d y in g  t h i s  e f f e c t .  However, many o f  

th e  s tu d ie s  have been hampered by p o s s ib le  b a c te r ia l  contam ination  o f  th e  

t i s s u e ' s  mucosa, by th e  sm a ll number o f  c e l l s  th a t th e  b la d d e r 's  s in g le  

e p i t h e l ia l  la y e r  can p rov id e fo r  a n a ly s is ,  and by th e  la ck  o f  re c o g n itio n  

th a t on ly  m in e r a lo c o r t ic o id  co n cen tra tio n s  o f  hormone should  be used . 

L a s t ly ,  th e r e  i s  emerging ev id en ce  th a t on ly  th e  MR c e l l s ,  a lim ite d  

p o p u la tio n , i n i t i a t e  th e  resp on se to  th e  s te r o id  w ith  mRNA In d u ctio n .
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I I I .  A ldosterone-Induced  P ro te in s

A. D em onstration o f  hormone-induced p ro te in s  

The ev idence fo r  a ld o stero n e-in d u ced  mRNA im p lie s  th e  presence o f  

A ldo-induced p r o te in (s )  (A IP ), but th e  d ir e c t  dem onstration  o f  th ese  

p r o te in s  has proven to  be q u ite  d i f f i c u l t .  The f i r s t  rep ort o f  

a ld ostero n e-in d u ced  in co rp o ra tio n  o f  amino a c id s  in to  a p ro te in  o f  toad  

bladder mucosal c e l l s  (m ol. w t .s=12,000) did not appear u n t i l  1974 (Benjamin 

and S in g er , 19 7 4 ), but t h is  study  was open to  c r i t ic i s m  on a t l e a s t  3 

p o in ts :  (1) th e s y n th e s is  o f  th e  p r o te in  could  not be induced by

dexam ethasone, a p o ten t m in e r a lo c o r tic o id  in  th e  toad b ladder (2) 

g lu c o c o r t ic o id  c o n cen tra tio n s  o f  Aldo were used (10—6M) (3) th e  sy n th e s is

o f  th e  observed p ro te in  may not have been m in e r a lo c o r tic o id —s p e c i f i c ,  s in c e  

in s u l in  was s im ila r ly  e f f e c t i v e  in  inducing th e  in co rp o ra tio n  o f  amino 

a c id s  in to  th e  p u ta tiv e  AIP. No attem pt was made to  determ ine the  

s u b c e llu la r  lo c a l iz a t io n  o f  th e  AIP which was found upon a n a ly s is  o f  a 

sample obtained  a f t e r  s o lu b i l i z a t io n  o f  e n t ir e  mucosal c e l l s .

U sing a d o u b le - la b e l p r o to c o l, S c o tt  and S a p ir s te in  (1975a) dem onstrated  

th e  presence o f  s e v e r a l A IP 's . Hemibladders were incubated  in  th e  presence  

o f  35S-m eth ion ine and p h y s io lo g ic  co n cen tra tio n s  o f  Aldo (2xlO-8M) fo r  2 

h ou rs, w h ile  paired hem ibladders were incubated  in  th e presence o f  

3H -m ethionine. The two s e t s  o f  t i s s u e s  were then m ixed, th e  MR and G c e l l s  

were removed and sep arated  (S c o t t ,  S a p ir s te in , and Yoder, 1 9 7 4 ), th e c e l l s
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were so n ica ted  and th e " so lub le"  p ro te in s  were analyzed by ex c lu s io n  g e l  

chromatography and i s o e l e c t r i c  fo c u s in g . Upon a n a ly s is  o f  th e  35S/3H r a t io  

in  each e lu te d  f r a c t io n ,  s tero id -in d u ced  p ro te in s  having m olecular w eigh ts  

ranging from 17,000 to  3 8 ,0 0 0 , were id e n t i f i e d  e x c lu s iv e ly  in  the MR c e l l s .  

When the c e l l s  were e x tra c te d  w ith  m ethanol-chloroform  so lv e n t  to  o b ta in  

th e  membrane p r o te o lip id  fr a c t io n  (Soto  e t  a l ,  1969 ), p r o te o lip id s  were 

a lso  found to  have been s p e c i f i c a l ly  sy n th e s iz e d  in  response to  Aldo 

e x c lu s iv e ly  in  th e  MR c e l l s  (S c o tt  and S a p ir s te in , 1975b). Furthermore, 

t h i s  fr a c t io n  bound r a d io a c tiv e  a m ilo r id e , su g g estin g  th a t th e  AIP(s) may 

be th e  sodium "permease" a llu d ed  to  e a r l i e r ,  c o n tr o ll in g  th e  lum inal in f lu x  

o f  th e  ion  in to  th e  c e l l s .  The authors concluded th a t th e  toad b ladder MR 

c e l l s  respond to  a ld o s te r o n e  w ith  th e  s y n th e s is  o f  p ro te in s  d e te c ta b le  in  

th e  " so lu b le"  and p r o te o lip id  f r a c t io n s ,  and th a t th e  membrane p ro te in s  may 

rep resen t sodium ion  ch an n els .

R ecen tly , Law and Edelman (1978a) a p p lied  th e d o u b le - la b e l techn ique to  

examine the A ld o -resp o n siv en ess  o f  ra t k id n ey s. One hour a f t e r  ad ren a l-  

ectom ized  r a ts  were in je c te d  w ith  hormone, th e  anim als were k i l l e d  and 

nephrectom ized , and th e  ren a l m edu llary , c o r t i c a l  and p a p illa r y  s l i c e s  were 

incubated  in  th e p resen ce o f  e i th e r  (3H) or  (35S )-m eth ion in e fo r  2 hou rs. 

F ollow in g  in cu b a tio n , hormone-exposed and c o n tr o l t i s s u e s  were combined, 

and th e  c e l l s  were homogenized and s u b c e llu la r ly  fr a c tio n a te d  by 

d i f f e r e n t i a l  c e n tr ifu g a t io n . P olyacrylam ide g e l a n a ly s is  o f  the  

t r ic h lo r o a c e t ic  a c id -p r e c ip ita b le  p ro te in s  from th e  m edullary c y to s o l  

rev ea led  th at Aldo s ig n i f i c a n t ly  in crea sed  m eth ionine in co rp o ra tio n  in to  a t
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l e a s t  one p ro te in  wih a m olecu lar w eigh t o f  approxim ately 3 1 ,0 0 0 . T his 

e f f e c t  was In h ib ite d  by th e pretreatm ent o f th e r a ts  w ith  e ith e r  

actinom ycin  D or s p ir o la c to n e  (SC -26304). These r e s u lt s  were con sid ered  to  

be su p p o rtiv e  o f  th e  r e s u l t s  ob ta in ed  by S c o tt  and S a p erste in  (1975a) in  

th e  toad b lad d er.

U sing a s im ila r  exp erim en ta l approach, Law and Edelman (1978b) examined 

th e  p o s s i b i l i t y  th a t an im portant enzyme sy n th e s iz e d  in  resp on se to  Aldo 

may be m itoch on d ria l c i t r a t e  sy n th a se  (E .C . 4 . 1 .3 . 7 ) .  The ren a l enzyme was 

is o la t e d  by ATP-sepharose column chromatography and im m unoprecipitation  

w ith  s p e c i f i c  an tiserum , or  by polyacry lam ide g e l  e le c tr o p h o r e s is  (PAGE). 

M ethionine in co rp o ra tio n  in to  ren a l c i t r a t e  syn th ase  in  response to  th e  

hormone was in creased  by 55% in  th e  im m unoprecip ita tes, and by 43% in  th e  

enzyme peak reso lv e d  by PAGE. No s im ila r  e f f f e c t  was found in  resp on se to  

an equim olar dose o f  dexam ethasone, and th e resp on se (a s  determ ined by PAGE 

a n a ly s is )  was in h ib ite d  by e i th e r  actinom ycin  D or s p ir o la c to n e  (SC -26304). 

When th e experim ental p ro to co l was m od ified  so  th a t  la b e le d  m ethionine was 

in je c te d  in  v iv o  s im u lta n eo u sly  w ith  th e  hormone, Aldo was found to  augment 

m ethionine in co rp o ra tio n  in to  ren a l c i t r a t e  sy n th a se  by 55%. Amino a c id  

in co rp o ra tio n  in to  th e  h e p a tic  enzyme was unchanged. These o b serv a tio n s o f  

in crea sed  ren a l c i t r a t e  syn th a se  a c t iv i t y  were p o s tu la te d  as r e f l e c t in g  a 

horm one-controlled  m odulation o f  th e  " a v a ila b le"  ATP/ADP which cou ld  a l t e r  

both sodium conductance and a c t iv e  sodium tran sp ort (L ip ton  and Edelman, 

1971).
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B. Function  o f  th e  a ld o stero n e-in d u ced  p r o te in s

Although th e  AIP i s  u s u a lly  con sid ered  to  be a sodium "permease", a 

Na-K ATPase component, or  a r a t e - l im it in g  m itoch on d ria l enzyme, th e  

p o s s i b i l i t y  th a t A lP 's  e x i s t  which are  not d ir e c t ly  in v o lv ed  in  th e se  

mechanisms cannot be d isco u n ted . There i s  a ls o  no reason  to  su sp ect th a t  

th e AIP has e x c lu s iv e ly  one fu n c t io n .

1. The sodium "permease" theory  i s  supported by th e  d ata  from th e  

measurements o f  th e  "Na tran sp ort p oo l" . T his ev id en ce has been  

review ed in  a prev ious s e c t io n .  However, in te r p r e ta t io n  o f  th e se  

experim ents i s  hazardous fo r  th e  reasons re fe r r e d  t o ,  and i t  i s  th e r e fo r e  

d i f f i c u l t  to  make an u n eq u ivoca l co n c lu s io n  th a t th e r e s u l t s  dem onstrate  

th e  v a l i d i t y  o f  th e  "permease" th eo ry .

One approach to  dem onstrating th e p resen ce o f  a sodium "permease" 

u t i l i z e s  a m ilo r id e , an a cy lg u a n id in e  d iu r e t ic  whose a c t io n  i s  to  in h ib it  

th e  in f lu x  o f  sodium through th e  a p ic a l  membrane (B e n tle y , 1968; C uthbert, 

1974). The toad b ladder ep ith e liu m  binds a m ilo r id e  r e v e r s ib ly  and in  a 

sa tu r a b le  p ro cess  which ap p aren tly  d ir e c t ly  c o r r e la te s  w ith  th e  b lockade o f  

sodium in f lu x  in to  th e  c e l l .  I t  has a lso  been shown th a t su p p ressin g  

endogenous Aldo s e c r e t io n  by immersing toads in  s a l in e  reduces th e  number 

o f a m ilo r id e  b in d in g  s i t e s  in  th e  e x c ise d  b ladders by o n e -th ir d , whereas 

th e  number o f  b in d in g  s i t e s  doubles a f t e r  th e se  t i s s u e s  are exposed to  

hormone. These s te r o id  e f f e c t s  are a b o lish ed  by e i th e r  cycloh exim id e or
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actinom ycin  D, and no s im ila r  changes are observed  in  response to  

v a so p r e ss in . The d ata  provide s tro n g  ev id en ce th a t an im portant a c t io n  o f  

Aldo i s  to  s t im u la te  sodium in f lu x  from the lum inal s id e ,  although they do 

not prove th a t th e  AIP i s  th e  permease i t s e l f ,  ra th er  than a membrane 

component which a l t e r s  th e  membrane conform ation in  a manner such th a t th e  

a c tu a l permease i s  more a c c e s s ib le  to  th e a p ic a l  s u r fa c e . Dem onstration o f  

id e n t i t y  o f  th e  AIP w ith  an Na permease aw a its  i s o la t io n  and preparation  o f  

th e  AIP, w ith  th e  subsequent o b serv a tio n  th a t in s e r t io n  o f  th e  AIP in to  an 

a r t i f i c i a l  membrane r e s u l t s  in  a so d iu m -sp e c if ic  augm entation o f ion  

perm eation.

2 . W hile i t  may be t h e o r e t ic a l ly  sim p le  and a t t r a c t iv e  to  a s c r ib e  a 

r o le  fo r  an AIP as an Na-K ATPase component, a ttem pts a t  dem onstrating such 

an e f f e c t  have been u n su c c e ss fu l. Bonting and Canady (1964) were n ot a b le  

to  r e v e a l any e f f e c t  o f  Aldo on Na-K ATPase a c t i v i t y  w h ile  m onitoring th e  

c h a r a c t e r is t ic  r i s e  in  SCC across th e  toad b la d d er . Aldo (10-7M) causes a 

35% in c r e a se  in  oxygen consum ption in  the toad b la d d er , but no c o r r e la t in g  

in c r e a se  in  th e amount o f  Na-K ATPase in  th e  t i s s u e  homogenates can be 

found when measured a t  hourly  in te r v a ls  a f t e r  exposure to  hormone, up to  

th e  tim e o f  maximal SCC (D alton  and S n art, 19 7 0 ). In an attem pt to  

determ ine whether Aldo e f f e c t s  a change in  th e  c h a r a c te r is t ic s  o f  t h i s  

enzyme, ra th er than th e  t o t a l  amount, H i l l ,  C ortas , and W alser (1973) 

developed  a more s e n s i t iv e  ATPase assay  than th o se  p rev io u s ly  a v a ila b le .  

These In v e s t ig a to r s  examined a v a r ie ty  o f  c o n d it io n s , in c lu d in g

p re-treatm en t o f  th e  toads w ith  e i th e r  w ater or s a l in e ,  or  overn igh t
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in cu b a tio n  o f  th e  b lad d ers in  s a l in e , and measured th e subsequent response  

to  A ldo. No s ig n i f ic a n t  changes in  e i th e r  th e  t o t a l  amount o f  Na-K ATPase 

or in  th e  k in e t ic s  o f  th e  r e a c tio n  were observed under any s e t  o f  

c o n d it io n s . When th e  enzyme a c t i v i t i e s  a t  low sodium co n cen tra tio n s  in  th e  

c o n tr o l and horm one-treated  t i s s u e s  were compared by H i l l  p lo t  a n a ly s is  

they were found to  be id e n t ic a l .  I t  remains p o s s ib le  th a t th e  assay  o f  

enzyme a c t iv i t y  in  th e  in t a c t  ep ith e liu m  may not c o r r e la te  w ith  th a t in  

t i s s u e  homogenates; on b a la n ce , however, th e se  data  c o n s t i tu te  good

s u g g e s t iv e  ev idence th a t th e  in d u ction  o f  an Na-K ATPase component i s  not a

s ig n i f ic a n t  m ediating event in  th e  a c t io n  o f  A ldo.

3 . D irec t ev idence th a t Aldo may induce the sy n th e s is  o f  a

t r ic a r b o x y lic  a c id  (TCA) c y c le  in term ed ia te  has been ob ta in ed  r e c e n t ly  (Law 

and Edelman, 1978a, b ) , and has been review ed in  a previous s e c t io n .  The

b a s is  fo r  th e se  experim ents was th e o b serv a tio n  by K irsten  e t  a l  (1968) 

th a t Aldo (10-7M) in crea sed  th e  c i t r a t e  syn th ase  a c t iv i t y  in  th e  toad  

bladder by 25% two hours a f t e r  trea tm en t, and th a t th e enzyme a c t i v i t i e s  o f  

i s o c i t r a t e  dehydrogenase, g lu tam ate dehydrogenase, g lu ta m a te -o x a lo a ce ty l 

transam inase, and m alate dehydrogenase were a ls o  in cr ea se d . These changes 

were n ot s im ila r ly  observed  in  enzymes not in vo lved  in  th e  TCA c y c le ,  

in c lu d in g  l a c t i c  dehydrogenase, and th e e f f e c t s  were in h ib ite d  by 

actinom ycin  D or puromycin. The in c r e a se  in  c i t r a t e  syn th ase  a c t iv i t y  was 

not a secondary r e s u lt  o f  Na tr a n sp o r t, as in d ic a te d  by th e  independence o f  

enzyme a c t iv i t y  from th e  presence o f  sodium in  th e  mucosal bath; 

furtherm ore, th e  e f f e c t  o f  Aldo on c i t r a t e  sy n th a se  a c t iv i t y  c o r r e la te d  

w e ll  w ith  th e  horm one's s t im u la t io n  o f  SCC.
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In d ir e c t  support fo r  t h is  concept o f  A ldo-m ediated s t im u la tio n  o f  the  

TCA c y c le  r e a c t io n s  was ob ta in ed  by K irchberger e t  a l  (1968) who used th e  

r a te  o f  gen era tion  o f  14C02 from g lu co se  la b e le d  a t  e i th e r  C -l or C-6 to  

show th a t Aldo decreased  th e  a c t iv i t y  o f  th e  p en tose  shunt pathway in  th e  

toad b ladder w h ile  s im u lta n eo u sly  in c r e a s in g  th e  o x id a tio n  o f  g lu co se  by 

th e TCA c y c le .  T his e f f e c t  was s e n s i t iv e  to  actinom ycin  D, although the  

drug i t s e l f  d id  not a f f e c t  th e  p en tose  phosphate pathway. These 

experim ents corroborated  th e  r e s u lt s  o f  K irsten  e t  a l  (1968) in  th a t the  

h orm on a lly -con tro lled  m etab o lic  changes e x h ib ite d  a s im ila r  tim e cou rse and 

dose-dependency as th e  s t e r o id ’s s t im u la t io n  o f  SCC, and th e  e f f e c t s  were 

unchanged when sodium was removed from th e mucosal b ath .

The p o s s i b i l i t y  o f  an Aldo e f f e c t  in  toad b ladder mucosal c e l l s  upon 

the amount o f  s u c c in ic  dehydrogenase has a ls o  been in v e s t ig a te d  (D alton  

and S n a rt, 1970). A fter  3 hours o f  exposure to  hormone, no in c r e a se  

in  enzyme l e v e l s  was d e te c te d , d e s p ite  a 35% in c r e a se  in  th e oxygen  

consumption o f  the t i s s u e .

4 .  The urinary b ladders o f  Colombian toads in  v iv o  and in  v i t r o  can  

respond to  Aldo w ith  an in c r e a se  in  th e  r a te  o f  a c id i f i c a t io n  o f  th e u r in e  

(S c o tt  e t  a l ,  1 9 7 0 ), a lthough toads ob ta in ed  from th e  Dominican R epublic do 

not appear to  share t h i s  p rop erty . T his in t e r e s t in g  fu n c tio n  i s  g en era lly  

a scr ib ed  to  carbonic anhydrase a c t iv i t y  in  th e  t i s s u e ,  as s ig n i f ic a n t  

amounts o f  t h i s  enzyme have been found in  th e  toad b lad d er ep ith e liu m  and 

th e  e f f e c t  i s  in h ib ite d  by acetazo lam id e (S c o tt  e t  a l ,  1970 ). There are
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th ree  forms o f  carb on ic anhydrase in  th e  b ladder mucosal c e l l s ,  each w ith  a 

d is t in c t iv e  i s o e l e c t r i c  p o in t , and th e enzyme appears to  be id e n t ic a l  to  

i t s  toad ery th ro c y te  cou n terp art although i t  i s  p o s s ib le  th a t a 

membrane-bound form o f  th e  enzyme a ls o  e x i s t s  (S c o tt  and S k ip sk i, 1979). 

W hile actinom ycin  D does not b lock  th e  e f f e c t s  o f  Aldo on urinary  

a c id i f ic a t io n  in  th e  mammalian kidney ( L i f s c h i t z ,  S c h r ie r , and Edelman,

1973), t h i s  response in  th e  toad b ladder i s  s e n s i t iv e  to  cyclohexim ide  

(Ludens and F a n e s t i l ,  1974 ). The im p lic a t io n  i s  th a t Aldo may s t im u la te  

th e s y n th e s is  o f  carb on ic  anhydrase, a p rocess which may e i th e r  be 

independent o f  th e  hormone's s t im u la tio n  o f  SCC, or  which may be r e la te d  

in d ir e c t ly ,  e . g . ,  a c id i f ic a t io n  o f  th e  m icro-environm ent o f  th e  lum inal 

a sp ect o f  th e  membrane may modify th e  p erm ea b ility  o f  th e  membrane to  

sodium. However, a ttem p ts to  d ir e c t ly  dem onstrate th e s t im u la tio n  o f  

carbon ic anhydrase s y n th e s is  in  response to  Aldo have been u n su c c e ss fu l  

(R eich , S k ip sk i, and S c o t t ,  1979 ).

5 . Because Aldo and v a so p r e ss in  o f te n  a c t  in  co n cer t on th e d i s t a l  

tu b u le  in  v iv o ,  t h e ir  combined a c t io n s  have a ls o  been s tu d ied  u s in g  the in  

v it r o  toad b lad d er. Both th e sodium tran sp ort response to  ADIi in  t h is  

t i s s u e  ( F a n e s t i l ,  P orter and Edelman, 1967) and th e hydro-osm otic response  

(H andler, P resto n , and O r lo f f ,  1969) have been reputed to  be augmented by 

Aldo. Extended s tu d ie s  o f  th e hydro-osm otic e f f e c t  a ls o  showed th a t an 

in crea sed  resp on se i s  noted  when A ld o -trea ted  b ladders are exposed to  

exogenous c y c l ic  AMP (cAMP), which su ggested  a common m ed iating  s te p  d i s t a l  

to  th e  s t im u la tio n  o f  a d en y la te  c y c la s e .  S t o f f ,  H andler, and O r lo ff  (1972)
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determ ined th a t b ladders stim u la ted  by ASH responded w ith  g r e a te r  in c r e a se s  

in  t is s u e  cAMP when p r e -tr e a te d  w ith  A ldo, as compared to  c o n tr o ls .  The 

e f f e c t s  o f  Aldo on cAMP p h osp h od iesterase  were su bseq u en tly  found by S to f f  

e t  a l  (1973) to  be 20% decreased  in  toad b ladder hom ogenates. However, 

w h ile  t h i s  was an attem pt to  determ ine whether th e  cAMP in c r e a se  in  

response to  th e  s te r o id  was secondary to  in creased  s y n th e s is  or decreased  

d egra d a tio n , the cAMP p h osp h od iesterase  l e v e l s  were measured on ly  a f t e r  24 

hours o f  exposure to  A ldo, whereas th e maximal hormonal e f f e c t  on sodium  

tran sp ort occurs a t  approxim ately 3 hours a f t e r  a d d itio n  o f  s t e r o id .

More recen t d ata  c a s t s  some doubt on th e s y n e r g e s t ic  r o le  th a t Aldo may 

play  w ith  v a so p ress in  w ith  re sp e c t to  sodium tr a n sp o r t . The SCC response  

o f  th e s te r o id - tr e a te d  t i s s u e s  was the same a s  th e c o n tr o ls  when the data  

was expressed  as p ercen tage in c r e a se  over b a s e lin e  v a lu e s  a f t e r  a d d itio n  o f  

p ep tid e  (Debnam, H ew itt, and S n a rt, 1975 ). In f a c t ,  when th e  o r ig in a l  data  

o f F a n e s t i l ,  P o r te r , and Edelman (1967) are analyzed  in  t h i s  manner, th e ir  

co n c lu s io n  th a t Aldo augments th e ADH-induced in c r e a se  in  sodium tran sport  

was not confirm ed. Debnam e t  a l  a ls o  determ ined th a t th e  in  v it r o  

hydro-osm otic synergism  between Aldo and neurohypophyseal hormones i s  on ly  

observed a t  low co n cen tra tio n s  o f  p e p tid e , not a t  h igh d o se s .

6 . W hile i t  i s  w id e ly  accepted  th a t th e  e f f e c t s  o f  ADH are m ediated by 

c y c l ic  AMP (O rlo ff and H andler, 19 6 2 ), th e  fu n ctio n  o f  t h i s  "second 

m essenger" remains u n c la r i f ie d .  Although th ere  have been va r io u s rep orts  

th a t cAMP s t im u la te s  p ro te in  k in ase  a c t iv i t y  in  amphibian b ladders (Jard
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and B a stid e , 1970; K irchberger, e t  a l ,  1972) and mammalian kidney (Dousa e t  

a l ,  19 7 2 ), DeLorenzo e t  a l  (1973) have found th a t cAMP d ecreases  th e net 

e x ten t to  which a s p e c i f i c  toad b ladder membrane p ro te in  (p r o te in  D) I s  

p hosphorylated , an e f f e c t  secondary to  an Increased  r a te  o f

dephosphorylation  (DeLorenzo and Greengard, 1 9 7 3 ). Liu and Greengard 

(1974) in v e s t ig a te d  th e e f f e c t s  o f  Aldo on phosphatase a c t iv i t y  in  th e toad  

bladder and found i t  to  be in cr ea se d . S in ce t h i s  response was in h ib ite d  by 

actinom ycin  D and cycloh exim id e (as w e ll  as by s p ir o n o la c to n e ) , they  

h yp oth esized  th a t Aldo induces the s y n th e s is  o f  a phosphatase enzyme which 

a c ts  w ith  cAMP to  c o n tr o l th e  degree o f  p h osphorylation  o f  p ro te in  D, and 

thereby r e g u la te s  th e  r a te  o f  sodium tr a n sp o r t . Other d a ta , however, 

showing th a t v a so p r e ss in  s im ila r ly  d ecrea ses  membrane p ro te in  

p h osphorylation  (Ferguson and T w ite, 1 9 7 4 ), su g g e sts  th a t the

dephosphorylated  p ro te in  i s  in vo lved  in  th e  r e g u la tio n  o f  the

h o rm on a lly -con tro lled  hydro-osm otic f lu x  ra th er  than th e  n a t r i f e r ic  

resp o n se .

7 . Goodman e t  a l  (1971) dem onstrated th a t ,  in  th e  toad b la d d er , Aldo 

in c r e a se s  th e  con version  o f  14C-pyruvate in to  f a t t y  a c id s ,  enhances th e  

in co rp o ra tio n  o f  newly sy n th es ized  l i p i d  in to  th e  2 -p o s it io n  o f  

p h o sp h o lip id s , and in c r e a se s  th e  w eigh t percentage o f  s e v e r a l lo n g -ch a in  

p olyunsaturated  f a t t y  a c id s  in  th e  ph osp h olip id  fr a c t io n  o f  th e  t i s s u e  

l i p i d s .  T his study c o n s t itu te d  th e  f i r s t  d ir e c t  ev idence th a t a 

fundamental a c t io n  o f  th e  hormone may be to  a l t e r  th e  f a t t y  a c id  m etabolism  

o f membrane p h o sp h o lip id s. I t  was su bseq u en tly  dem onstrated th a t Aldo
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s p e c i f i c a l l y  enhances both th e  e lo n g a tio n  and d esa tu r a tio n  o f  o l e i c  a c id  

and th e  r e c y c lin g  o f  14C -acetyl-C oA d erived  from 1 4 C -o le ic  a c id  in to  

membrane p hospholip id  f a t t y  a c id s  in  toad b ladder exposed to  hormone fo r  

four hours (Goodman, Wong and Rasmussen, 1975 ). In support o f  th e se  d a ta , 

Lien e t  a l  showed th a t 2 -m e th y l-2 (p -[1 ,2 ,3 ,4 ,- te tr a h y d r o - l-n a p h th y l]  

p h en oxy)-p rop ion ic ac id  (TPIA, an in h ib ito r  o f  acetyl-C oA  ca rb o x y la se , 

(F ig . 4) b locked  A ld o 's  s t im u la t io n  o f  sodium tran sp ort in  th e  toad b ladder  

(w ith out e f f e c t  on b a sa l sodium tra n sp o rt) when added to  th e mucosal s id e .  

The drug a ls o  in h ib ite d  th e hormone-induced s t im u la tio n  o f  l i p i d  s y n th e s is  

and th e c o in c id e n t in c r e a se  in  w eigh t percentage o f  ph osp h olip id  lo n g -ch a in  

p olyu n satu rated  f a t t y  a c id s .  TPIA i t s e l f  had no e f f e c t  on p ro te in  or RNA 

s y n th e s is .  Subsequently i t  was shown th a t in h ib ito r s  o f  p ro te in  and RNA 

s y n th e s is  b lock  th e  s te r o id  induced changes in  membrane fa t ty  a c id  

m etabolism .

P hospholipase A2 has been shown to  sh orten  th e  la t e n t  period  th a t i s  

c h a r a c te r is t ic  o f  th e  s t im u la t io n  o f  SCC by Aldo (Goodman e t  a l ,  1971 ), and 

ph osp h olipase C s im u la te s  th e  e f f e c t s  o f  Aldo upon sodium tran sp ort in  th e  

fro g  sk in  (Y orio and B e n tle y , 1976). Thus, sodium tran sp ort in  amphibian 

e p i t h e l ia  appears to  be dependent on th e  f a t t y  a c id  com position  o f  membrane 

p h o sp h o lip id s , su g g e st in g  th a t th e  A ldo-induced p ro te in s  may be enzymes 

in v o lv ed  in  r e g u la tin g  th e  com position  and turnover o f  th e se  p h o sp h o lip id s. 

T his fu n ctio n  o f  th e  A IP(s) may or may not be e x c lu s iv e  o f  a d ir e c t  r o le  o f  

hormone-induced p r o te in s  a c t in g  d ir e c t ly  in  th e  membrane tra n sp o rt p r o c e ss .
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C. L o c a liz a t io n  o f  th e  a ld o s te r o n e  response

S in ce  th e  granular c e l l s  o f  th e  toad b ladder mucosal ep ith e liu m  account 

fo r  approxim ately 80% o f  th e  c e l l s , w h ile  th e  m itoch on d ria -r ich  c e l l s  

com prise on ly  approxim ately 20%, th e former have g e n e r a lly  been assumed to  

be the c e l l s  d ir e c t ly  in v o lv ed  in  th e  hormone resp on ses o f  th e  t i s s u e .  

A fter  exposure o f  th e  b ladder to  v a so p r e ss in , th e  granular c e l l s  appear 

sw o llen  and th e apparent d e n s ity  o f  th e  granular c e l l s  d ecrea ses  i f  the  

mucosal s o lu t io n  i s  hypotonic to  th e  s e r o s a l  s o lu t io n ,  c o r r e la t in g  w ith  the  

hormone-induced f lu x  o f  h ypoton ic s o lu t io n  through th e t i s s u e  (DiBona, 

C ivan, and L ea f, 1969b). With re sp e c t to  sodium tr a n sp o r t , however, o th er  

in v e s t ig a to r s  have found th e  MR c e l l s  to  be more s e n s i t iv e  than the G c e l l s  

to  am photericin  B-induced changes in  sodium uptake and a c t iv e  sodium  

tran sp ort (S a la d in o , B e n tle y , and Trump, 19 6 9 ), which was a s so c ia te d  w ith  

condensation  o f  m itoch on d ria l m a tr ic e s . Depending on w hether th e  sodium  

iso to p e  was i n i t i a l l y  p laced  on th e  mucosal or s e r o s a l  s u r fa c e , d isp a r a te  

% results o f  la b e l in g  o f  in t r a c e l lu la r  sodium a re  obtained  (MacKnight, 

C ivan, and L ea f, 1975a). Two pathways fo r  sodium tran sp ort have been  

proposed to  e x p la in  th e  d a ta . These o b serv a tio n s  may a ls o  be exp la in ed  on 

th e  b a s is  o f  p a r t it io n  o f  fu n c tio n  o f  th e  v a r io u s  c e l l  ty p es .

V oute, Hanni, and Ammann (1972) found th a t in  both  th e  fro g  sk in  and 

toad b ladder e p i t h e l ia ,  o n ly  th e  MR c e l l  responded in  a c h a r a c te r is t ic  

fa sh io n  to  v a r ia t io n s  in  sodium load  and to  s t im u la t io n  by p a ren tera l 

a ld o s te r o n e . In sod ium -rich  medium th e  MR c e l l s  became f la s k l ik e  in  shape,
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and th e cytoplasm  became p olych rom atic . In a ld o s te r o n e -s tim u la te d  t i s s u e s ,  

th e  MR c e l l  cytoplasm  became engorged w ith  m itochondria , ribosom es became 

very abundant, and th e  lum inal p o le  o f  th e  c e l l s  was c h a ra c te r ize d  by a 

la r g e  number o f  sm all v e s i c l e s  and th e  form ation o f  m ic r o v i l l i  extend ing  

in to  th e  lumen o f  th e  b lad d er .

Further s tu d ie s  on c e l lu la r  fu n c tio n  were made p o s s ib le  by th e  d evelop ­

ment o f  a techn ique to  p r e p a r a tiv e ly  sep a ra te  th e  MR and G c e l l s .  Hays e t  

a l  (1965) had shown th a t i f  b lad d ers were incubated  in  a ca lc iu m -free

medium, fr e e  in ta c t  e p i t h e l ia l  c e l l s  would detach  from t h e ir  su p p ortive

basement membrane. These c e l l s  were fu n c t io n a l,  as measured by t h e ir

in c r e a se  in  oxygen consumption in  response to  v a so p r e ss in . S a p ir s te in  and 

S c o tt  (1973) confirm ed th e  v ia b i l i y  o f  th e se  c e l l s  by dem onstrating an 

ADH-induced in c r e a se  in  in t r a c e l lu la r  cAMP l e v e l s .  U sing t h is

method to  o b ta in  fu n c t io n a l,  d isa g g reg a ted  mucosal c e l l s ,  S c o t t ,  

S a p ir s te in  and Yoder (1974) sep arated  th e c e l l s  by c e n tr ifu g a t io n  in

d isco n tin u o u s F ic o l l  d e n s ity  g r a d ie n ts . Bands o f  m ater ia l 

sed im enting  a t d i f f e r e n t  l e v e l s  o f  th e  g rad ien t were d i f f e r e n t i a l ly

en rich ed  in  MR and G c e l l s ,  as determ ined by e le c tr o n  m icroscopy. The

v a l id i t y  o f  th e  teh cn iq u e was su bseq u en tly  confirm ed by Handler and 

P reston  (1 9 7 6 ).

The f i r s t  a p p lic a t io n  o f t h i s  approach was th e  dem onstration  th a t

although th e  cAMP le v e l s  in  th e  sep arated  c e l l s  were s im ila r  to  th o se  in  

th e unseparated d isa g g reg a ted  c e l l s , v a so p ress in  caused an in cr ea se  in  th e  

cAMP le v e l s  o f  th e  MR c e l l s  e x c lu s iv e ly  (S c o t t ,  S a p ir s te in ,  and Yoder,
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1974). These r e s u lt s  su ggested  th a t th e I n i t i a l  s te p  in  th e ADH tran sp ort  

e f f e c t  was lo c a l iz e d  to  th e  MR c e l l s .  Supporting t h i s  co n c lu s io n  was th e  

o b serv a tio n  by Strum and Danon (1974) th a t in  th e  in ta c t  frog  urinary  

bladder (a  t i s s u e  s im ila r ly  resp o n siv e  to  ADH and a ld o s te r o n e ) ,  the  

granular c e l l s  are not d ir e c t ly  a c c e s s ib le  to  th e  basement membrane. 

However, Handler and P reston  (1976) sep arated  th e  MR and G c e l l s  from th e  

toad b ladder and found th a t ADH had an in c o n s is te n t  e f f e c t  upon the  

in t r a c e l lu la r  cAMP l e v e l s ,  and th a t homogenates o f  both th e  MR and G c e l l s  

e x h ib ite d  in creased  a d en y la te  c y c la s e  a c t i v i t y  in  resp on se to  ADH. These 

r e s u lt s  ra ise d  th e p o s s i b i l i t y  th a t s ig n i f ic a n t  c e l l  damage may be 

occu rrin g  during th e  cou rse  o f  c e l l  s e p a r a t io n , a lthough th e  process o f
i

hom ogenization g r o s s ly  a l t e r s  th e  p r o p e r tie s  o f  th e  ADH-stimulated 

ad en y la te  c y c la se  (Bar e t  a l ,  1970).

S in ce  th e  c e l lu la r  even ts in  the toad b ladder resp on se to  ADH appeared 

to  be segrega ted  accord in g  to  c e l lu la r  m orphology, i t  seemed reason ab le to  

in v e s t ig a te  th e  p o s s i b i l i t y  o f  c e l lu la r  p a r t it io n  o f  fu n ctio n  in  th e  

t i s s u e ' s  response to  Aldo as w e l l .  S a p ir s te in  and S c o tt  (1975) exposed th e  

in ta c t  t i s s u e  to  3H-Aldo, sep arated  th e MR and G c e l l s ,  and found th e  

d is p la c e a b le  la b e le d  Aldo to  be p resen t o n ly  in  th e  MR c e l l s .  These d a ta  

su ggested  th a t although th e  nature o f  th e  c e l lu la r  even ts in  th e  

s t im u la tio n  o f  sodium tran sp ort by v a so p r e ss in  and Aldo appear to  be  

fundam entally d i f f e r e n t ,  in  both ca se s  th e i n i t i a l  s te p  was apparently  

lo c a l iz e d  to  the MR c e l l s .  T his f in d in g  was aga in  c o n s is te n t  w ith  th e  

morphology o f  the horm one-responsive b u llfr o g  b ladder (Strum and Danon,

1974).
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The problem rem ained, however, to  l o c a l i z e  th e  subsequent s te p s  

m ediating the e f f e c t s  o f  th e  hormones. A d i s t in c t  p o s s i b i l i t y  i s  th a t a t  

l e a s t  some o f  th e  hormone-induced changes a s so c ia te d  w ith  e i th e r  sodium or  

hydro-osm otic f lu x  are  in  th e  G c e l l s ,  s in c e  th e se  c e l l s  com prise 80% o f  

th e  mucosal ep ith e liu m . D avis e t  a l  (1974) showed th a t in  th e in ta c t  

bladder th e great m a jo r ity  o f  G c e l l s  are contiguous w ith  an MR c e l l  in  

forming a s t e l l a t e  array o f  G c e l l s  around a c e n tr a l MR c e l l .  These 

o b serv a tio n s  were in te r p r e te d  as su pp orting  the h y p o th e sis  th a t the c e l l  

typ es may be fu n c tio n in g  in  a co o p era tiv e  manner. Goodman e t  a l  (1975) 

attem pted to  l o c a l i z e  in t r a c e l lu la r  cAMP w ith  im m unoflourescent tech n iq u es  

and were unable to  dem onstrate th a t cAMP was l im ite d  to  th e  MR c e l l s .  One 

in te r p r e ta t io n  o ffe r e d  fo r  th e appearance o f  cAMP in  G c e l l s  fo llo w in g  ADH 

was th a t i t  was due to  th e  m igration  o f  v a so p ressin -in d u ced  cAMP from the  

MR c e l l s  to  th e  G c e l l s ,  thus p rovid in g  a means o f  in t e r c e l lu la r  

com m unication.

In an ex ten sio n  o f  t h e ir  Aldo s t u d ie s ,  Brown and S co tt (1976) have 

found ev id en ce th a t th e A ldo-induced mRNA appears e x c lu s iv e ly  in  th e  MR 

c e l l s ,  and th e  same la b o ra to ry  has shown th a t A ldo-induced c y to s o l p ro te in s  

s im ila r ly  are  found o n ly  in  th e  MR c e l l s  (S c o tt  and S a p ir s te in , 1975a; s e e  

ab o v e). Furthermore, th ere  i s  ev id en ce th a t new membrane p r o te o lip id s  are  

sy n th e s iz e d  in  resp on se to  A ldo, and th a t th e se  c e l lu la r  components a ls o  

can on ly  be is o la t e d  from MR c e l l  e x tr a c ts  (S c o tt  and S a p ir s te in , 1975b; 

s e e  a b o v e).  Thus th ere  appears to  be ample reason  to  b e l ie v e  th a t th ere  i s  

s ig n i f ic a n t  p a r t it io n in g  o f  c e l lu la r  fu n ctio n  in  th e  toad b ladder response  

to  Aldo as w e ll  as to  v a so p r e s s in .
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II. Introduction

The ev idence th a t exposure o f  th e  toad b ladder to  a ld o stero n e  r e s u lt s  

in  th e  sy n th e s is  o f  new c y to s o l  and membrane p ro te in s  has been review ed  

(p reced ing  s e c t io n s ) .  In d ir e c t  ev id en ce  favors th e  th e o r ie s  th a t the  

A ldo-induced p ro te in s  (AIP*s) may be e i th e r  m itoch on d ria l enzymes or a 

plasma membrane component, a lthough o th er  p o s s i b i l i t i e s  e x i s t .  D irec t  

ev id en ce  fo r  th e  e x is te n c e  o f  th e se  p ro te in s  has been very  d i f f i c u l t  to  

o b ta in , although r e c e n t ly  a rep ort has appeared dem onstrating th e  s y n th e s is  

o f c i t r a t e  syn th ase  in  a ra t k idney m itoch on d ria l p rep aration  in  response  

to  Aldo (Law and Edelman, 1978 ). I f  an AIP i s  a plasma membrane component, 

i t  i s  l i k e ly  to  be a "sodium permease" on th e lum inal a sp ec t o f  the c e l l ,

or p o s s ib ly  an Na-K ATPase component on th e  s e r o s a l s id e .  S in ce attem pts

a t dem onstration  o f such p r o te in s  from whole c e l l  or whole t i s s u e

homogenates have been u n su c c e s s fu l,  and s in c e  th e se  approaches would

re g a r d le ss  y ie ld  no in form ation  concerning su b c e llu la r  lo c a l iz a t io n  o f  the  

AIP, th e  f i r s t  o b je c t iv e  o f  th e  p resen t work was to  o b ta in  a t is s u e

fr a c t io n  enriched  in  plasma membranes. This p u r if ie d  fr a c t io n  could  then  

be used to  attem pt to  dem onstrate and lo c a l i z e  on AIP.

Although Hays and Barland (1966) b r ie f ly  d escr ib ed  a tech n iq u e fo r  the

p rep aration  o f  plasma membranes from toad u rin ary  b lad d er , th e  procedures  

a v a ila b le  a t  th a t tim e p laced  l im ita t io n s  on th e  p u r ity  and y ie ld  o f  

membranes. The t i s s u e  fr a c t io n  they  ob ta in ed  was en rich ed  on ly  3 .9  fo ld  in  

Na-K ATPase, and no measurements o f  marker enzymes fo r  p o s s ib le
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contam inating o r g a n e lle s  were rep orted . The tech n iq u e o f  s u b c e llu la r  

fr a c t io n a t io n  has been co n sid era b ly  re fin e d  and developed  in  recen t years  

(W allach and S ch m id t-U llr ich , 1977) and th e  p resen t work rep resen ts  an

e f f o r t  to  u se  th e se  newer approaches to  o b ta in  a fr a c t io n  o f  toad b ladder  

mucosal c e l l s  th a t i s  s ig n i f i c a n t ly  more enriched  in  plasma membranes.

Once a s a t is f a c t o r y  tech n iq u e fo r  th e i s o la t i o n  o f  plasma membranes was 

a ch iev ed , i t  became p o s s ib le  to  attem pt to  id e n t i f y  an AIP in  t h is  t i s s u e  

f r a c t io n .  For t h is  purpose a d o u b le - la b e l experim ental approach was used;  

th u s , hem ibladders or d isa g g reg a ted  c e l l s  were incubated  in  th e  p resen ce o f  

Aldo (8xlO-8M) and e i th e r  (35S )-m eth ion in e or a m ixture o f  (1 4 C )-la b e led  

amino a c id s ,  w h ile  c o n tr o l t i s s u e s  were incubated  w ith  d ilu e n t  and e ith e r  

(3H )-m ethionine or (3H)-amino a c id s .  The is o to p e s  used in  th e  c o n tr o l and 

experim ental t i s s u e s  were reversed  a t  reg u la r  in t e r v a l s .  In s e v e r a l  

exp erim en ts, c o n tr o l t i s s u e s  were exposed to  Aldo p lu s cyc loh ex im id e , 

ra th er  than d i lu e n t .  T is su e s  were then combined, MR and G c e l l s  were 

sep a ra ted , and th e  c e l l s  were used to  prepare plasma membranes which were 

s o lu b i l i z e d ,  e le c tr o p h o r e se d , and analyzed  fo r  th e  p resen ce o f  peaks in  the  

(14C/3H) or (35S /3H ), which would be in d ic a t iv e  o f  s t im u la tio n  o f  s p e c i f i c  

p ro te in  s y n th e s is .

S im ilar  experim ents were c a rr ied  out u s in g  TPIA, an in h ib ito r  o f  f a t ty  

a c id  s y n th e s is ,  to  fu r th e r  examine th e  in h ib it io n  o f  A ld o 's  sodium  

tran sp ort e f f e c t s  by t h i s  agent (Goodman, Wong, and Rasmussen, 19 7 5 ). This 

drug cou ld  a fe c t  th e  in co rp o ra tio n  o f  th e  AIP in to  th e  plasma membrane, i f
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th e  AIP were a p r o te o lip id  or l ip o p r o te in  or i f  a s p e c i f i c  membrane l i p i d  

m ilieu  i s  req u ired . T issu es  were incubed in  th e  p resen ce o f  hormone, TPIA, 

and (14C)-amino a c id s ,  w h ile  c o n tr o l b ladders were exposed to  s t e r o id  a lo n e  

and ( 3H)-amino a c id s .  T is su e s  were combined and plasma membranes were 

prepared and examined fo r  th e  p o s s ib le  su p p ression  o f  th e  appearance o f  

A IP(s) by TPIA.
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III. Materials and Methods

A. P reparation  o f  a T issu e  F raction  Enriched in  Plasma Membranes

I .  P reparation  o f  toad b ladder musocal c e l l s :  Urinary hem ibladders from

f i f t y  fem ale toads (Bufo marinus) o f  Dominican o r ig in  were mounted as sacs  

on L u er-lock  sy r in g e s  and were f i l l e d  w ith  and immersed in  R in ger's  

s o lu t io n  (pH = 7.2-7 .6) whose com position  ( in  mM) was: NaCI, 85; KC1, 4;

NaHC03, 1 7 .5 ; KH2P04, 0 .8 ;  EDTA, 1; and g lu c o se , 10 . ("EDTA-Ringer's"

s o lu t io n ) . F ollow ing in cu b a tio n  fo r  45 m inutes a t  room tem perature the

d isa g g reg a ted  mucosal c e l l s  were removed by g e n tly  ex p ress in g  th e  mucosal 

f lu id  from the sa cs  in to  a s y r in g e , and sedim ented a t  800xg fo r  15 min.

The c e l l s  were suspended in  8 ml o f  b u ffe r  c o n ta in in g  5mM HEPES 

(pH=7.2 - 7 .4 ) ,  0.25mM MgC12, and 250mM su cro se  (b u ffe r  A ).

i i .  I so la t io n ' o f  a plasma membrane-enriched fr a c t io n :  T his procedure, a

m o d ific a tio n  o f  th e  approach o f  Wallach and Kamat (1 9 6 4 ), i s  o u t lin e d  in  

F igure 5 . The su sp en sion  o f  mucosal c e l l s  was e q u ilib r a te d  for  30 m inutes 

w ith  n itro g en  a t  1500 p s i  in  a Parr "bomb" (Parr In stru m en ts, M oline, 1 1 1 .)  

and d isru p ted  by n itro g en  c a v i ta t io n .  A ll subsequent s te p s  were performed 

at Cf C. EDTA was added to  th e  homogenate to  a f in a l  co n cen tra tio n  o f  1 mM. 

The homogenate was c e n tr ifu g e d  a t  5 ,000xg fo r  15 m inutes in  a S o r v a ll RC2-B 

c e n tr ifu g e  to  y ie ld  a p e l l e t  c o n ta in in g  n u c le i ,  g ra n u le s , ly so so m es, and

m itochondria ("m itochondria l p e l l e t " ) . The supernatant was cen tr ifu g e d  a t  

195,000xg fo r  2 h r . in  a Beckman 42 .1  ro to r  (Beckman Instru m en ts, I n c . ,
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PREPARATION OF PLASMA. MEMBRANES 
Toad Bladder mucosal cells are removed and collected

800xg, 15 minutest
Cell Pellet is suspended in Buffer A (250mM sucrose, 0.25mM MgCl„,

5 mM Hepes, pH 7.4).
tCells disrupted by nitrogen-cavitation,

Homogenate made ImM in EDTA

f 5,000xg, 20 minutes

"Mitochondrial" Supernatant
Pellet

f
195,000xg, 2 hrs.

Cytosol Crude Microsomal Pellet suspended in Buffer B
(ImM MgCl , 5mM Hepes, pH 8.2)

ILayered onto 28% Dextran T-70 in Buffer B

\300,000xg, 3 1/2 hrs. (SW 50.1 rotor)

Dextran Pellet Plasma Membranes at interface of Dextran barrier

Figure 5. Flow-diagram for  the preparation o f  plasma membranes from toad 

urinary bladder mucosal c e l l s .  See t e x t  for  d e t a i l s .
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F u lle r to n , Ca.) to  o b ta in  a c y to so l fr a c t io n  and a crude microsomal p e l l e t ;  

th e  l a t t e r  was suspended in  1 ml o f  b u ffe r  B (5 mm HEPES, 1 mm MgC12 

pH=8.2) and was layered  over  28.5% dextran  T-70 (Pharm acia, I n c .)  in  b u ffe r  

B (d e n s ity  = 1 .134 g /cm 3). A fter  c e n tr ifu g a t io n  in  an SW-50.1 ro to r  a t  

50,000 rpm fo r  3 1 /2  h r . ,  (g  max a 300,000xg) two fr a c t io n s  were c o l le c t e d :  

a b ila y e r e d  (but n on -sep arab le) in te r fa c e  a t  th e  b u ffe r -d ex tra n  b a r r ie r  

u lt im a te ly  d es ig n a ted  as th e  plasma membrane f r a c t io n ,  and a p e l l e t .  Each 

f r a c t io n  was washed tw ice  in  b u ffe r  B, p e l le te d  by c e n tr ifu g a t io n  a t  

195,000xg fo r  90 m in u tes, and then s to r e d  in  b u ffe r  B a t -28oC p r io r  to  

enzyme d e term in a tio n s . P reparations used fo r  e le c tr o n  m icroscopy were 

f ix e d  im m ediately in  m od ified  K am ovsky’ s s o lu t io n  (2% paraform aldehyde, 

2.5% g lu ta ra ld eh y d e , and 0.1M sodium c a c o d y la te , pH =7.2).

i i i .  Enzyme d eterm in a tio n s: 5 '-n u c le o t id a se  ( 5 ' -r ib o n u c le o t id e  phospho-

h y d ro la se , EC 3 .1 .3 .5 )  was measured accord in g  to  th e  method o f  

W idnell (1 9 6 9 ) . F ina l co n cen tra tio n s  in  th e in cu b a tio n  m ixture were 3 mM 

MgC12, 2 .5  mM 5'-AMP, 20 mM g ly c in e  (pH=8.5) and th e  t i s s u e  sample

con ta in ed  25-100 ug p r o te in . The t o t a l  r e a c tio n  volume was 0 .5  ml and 

r e a c tio n s  were continued  a t  25oC fo r  one hour b e fo re  term in ation  by th e  

a d d itio n  o f  an equal volume o f  20% t r ic h lo r o a c e t ic  a c id  and c h i l l in g  o f  th e  

sample on i c e .  The m ixture was cen tr ifu g e d  a t  lOOOxg fo r  5 m inutes and 

in o rg a n ic  phosphate was measured in  th e  supernatant by th e  method o f  Chen, 

Toribara and Warner (1 9 5 6 ).
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G lucose-6-phophatase (EC 3 .1 .3 .9 )  was measured by th e method o f  N ord lie  

and Arion (1 9 6 6 ) . Each assay  tube con ta in ed  0 .3  ml o f  100 mM ca co d y la te  

(pH =6.5), 0 .1  ml o f  150 mM sodium g lu co se  6-phosphate, 25-100ug p ro te in  and 

w ater to  a f in a l  volume o f  0 .5  m l.

Cytochome c o x id a se  (EC 1 .9 .3 .1 )  was measured as d escr ib ed  by Smith 

(1 9 5 5 ). The r e a c t io n  v e s s e l  (c u v e tte )  contained  25-100 ug p r o te in , 50 u l  

fr e s h ly  reduced cytochrome c ,  and 50 mm KH2P04 (pH 7 .3 )  in  a t o t a l  volume 

o f 1 m l. Absorbance a t  550 nm was recorded on a G ilford  model 220 

record in g  sp ectrophotom eter.

P ro te in  was determ ined accord ing to  Lowry, Rosebrough, Farr, and 

Randall (1 9 5 1 ).

i v .  P reparation  o f  sam ples fo r  e le c tr o n  m icroscopy: A fter  f ix a t io n  o f  the  

sample in  K arnovsky's s o lu t io n  a t  room temperatue fo r  one hour, th e sam ples 

were p o s t - f ix e d  in  1% 0s04 in  0 .1  m Na2HP04 (pH=7.4) fo r  1 hour a t  OoC 

(P alade 19 5 2 ), dehydrated in  a graded s e r ie s  o f  eth an ol and embedded in  

epon (L u ft , 1961 ). S i lv e r  to  gray s e c t io n s  were cu t w ith  a diamond k n ife  

on a Porter-Blum  MT2B microtome and examined in  a P h i l l ip s  201 e le c tr o n  

m icroscope.

v .  L actop eroxid ase-1251  la b e l l in g  o f  mucosal c e l l s :  S ix ty  hem ibladders 

were f i l l e d  w ith  R in ger's  s o lu t io n  and bathed in  R inger’ s s o lu t io n  

co n ta in in g  10-8M v a so p ressin  fo r  20 m in u tes. To la b e l  the a p ic a l membranes
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o f  in ta c t  hem ibladders, la b e l in g  s o lu t io n  was prepared j u s t  p r io r  to  u se;  

Enzymes were weighed d ry . L actoperoxidase co n cen tra tio n s  used ranged from

.02  mg/ml to  .01 mg/ml. Glucose o x id a se  was one h a lf  to  one th ird  o f  the

la c to p e r o x id a se  by w e ig h t. 1251 was purchased in  20 mCi l o t s  as Nal251 

d is s o lv e d  in  about 40 u l  o f  0 .1  NaOH. Upon breaking th e  s e a l  th e  volume 

was brought up to  200 u l  w ith  d e io n ized  w ater and overlayed  w ith  benzene. 

A tr a c e  o f  th e  dye phenol red was g e n e r a lly  added to  th e  1251 s o lu t io n  as a 

s a fe ty  m easure. Three ml o f  th e  la b e l in g  s o lu t io n  was added to  each 

hem ibladder, which was incubated w ith  a e r a tio n  in  th e  p resen ce o f  10-8M 

v a so p ressin  ( s e r o s a l bath) fo r  15-20 m in u tes. The mucosal s o lu t io n  

con ta in ed  g lu co se  o x id a se , 0 .03  mg/ml; la c to p e r o x id a se , 0 .0 9  mg/ml; and 

N a(125I) (New England N uclear, 17 C i/m g), 10-7M. The hot s o lu t io n  was 

removed and the b ladder f i l l e d  w ith  3mM co ld  N a l, u su a lly  in  EDTA-Ringers 

fo r  one m inute. They were n ex t r in sed  w ith  EDTA-Ringers and then f i l l e d  

w ith  and immersed in  EDTA-Ringers to  remove th e c e l l s .  F ollow ing a 45 

minute in cu b a tio n , th e  d isaggrega ted  c e l l s  were c o l le c t e d  and plasma 

membranes were prepared as d escrib ed  above.

v i .  R eso lu tion  o f  p r o te in s :  Membrane p e l l e t s  were s o lu b i l iz e d  in  2%

sodium dodecyl s u l f a t e  (SDS), 2% m ercaptoethanol, and 8M u rea , and were 

so n ic a te d  fo r  10 seconds a t ic e  tem perature in  a Branson Model L so n ic a to r  

(Branson Son ic Power C o ., Danbury, C t . ) ,  fo llow ed  by h e a tin g  a t lOOoC fo r  5 

m in u tes. A fter  c o o lin g  to  room tem perature, th e se  sam ples, and a liq u o ts  o f  

c y to s o l  were la yered  upon 8.0% polyacrylam ide g e ls  co n ta in in g  0.16% SDS. 

The g e ls  were then e lectro p h o resed  fo r  6 hours a t 5 mA/tube, s ta in e d  w ith  

Amido B lack o v e r n ig h t , fo llow ed  by d e s ta in in g  in  m eth a n o l/a c e tic  a c id /w a ter
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(5 0 :8 :5 0 ) .  A fter  d e s ta in in g , the g e ls  were o p t ic a l ly  scanned In a Canalco 

Model J g e l  scan n er . In experim ents where th e plasma membranes were 

la b e le d  w ith  1251, th e  r a d io a c t iv i t i e s  o f  whole s u b c e llu la r  fr a c t io n s  or  

a liq u o ts  th e r e o f  were measured in  a S ea r le  Gamma Counter Model 1185 p rior  

to  e le c tr o p h o r e s is  o f  th e  sam ple, o b ta in in g  a counting e f f ic ie n c y  o f  66%.
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B. I d e n t i f ic a t io n  o f  A ldosterone-Induced  P r o te in s

i .  Incubation  o f  I s o la te d  Mucosal C e lls  (A ldosterone v s .  C o n tr o l)!  

F if ty  fem ale toads (Bufo marinus) o f  Dominican o r ig in  w ere p a r t ia l ly  

immersed in  a s o lu t io n  o f  0.6% NaCl fo r  3-5  days to  su p p ress  th e  s e c r e t io n  

o f  endogenous A ldo. Paired  hem ibladders were d is s e c t e d  from p ith ed  toads  

and mounted as sa c s  on L u er-lock  s y r in g e s . Mucosal c e l l s  were removed from 

th e  u rin ary  b lad d ers by in cu b a tin g  th e  t i s s u e s  in  R in g er 's  s o lu t io n  lack in g  

ca lciu m  and co n ta in in g  85 mM NaCl, 4 mM KC1, 17 .5  mM NaHC03, 0 .8  mM KH2P04,

0 .8  mM MgS04, 10 mM g lu c o se , and 1 mM EDTA. The mucosal c e l l s  were d iv id ed  

in to  two a liq u o ts  and incubated  in  5 ml o f  R in g e r 's  s o lu t io n  co n ta in in g  1 .5  

mM CaC12 and la c k in g  EDTA ("C alcium -R ingers"); one bath a ls o  co n ta in ed  7 x 

10-8M A ldo. A fter  45 m in u tes , amino a c id s  la b e le d  w ith  one is o to p e  ( e . g . ,

35S 250-400 uCi) were added to  th e c o n tr o l bath  and th e  same amino a c id s

la b e le d  w ith  another n u c lid e  ( e . g . ,  3H, 250-400 uCi) were added to the Aldo 

b ath ; th e com binations used were 3H- v s .  35S-m ethionine or a  m ixture o f

(3H)-amino a c id s  v s .  a m ixture o f  (14C)-amino a c id s .  The r e s u lt s  obtained  

were independent o f  th e  ch o ic e  o f  la b e le d  amino acids for the two b a th s .  

The la b e le d  amino a c id s  ob ta in ed  from New England N uclear C o., B oston, 

Mass, were: (3 H )-la b e led  L-amino a c id s  (NET-250) and ( 14C )-labeled  amino

a c id s  (NEC-445) or (3H )-m eth ionine (NET-061X) and (35S )-m eth ion in e  

(NEG-009T). Incubation  proceeded a t o t a l  o f 3 1 /2  h ou rs, fo llo w in g  which 

th e  d isagg reg a ted  m ucosal c e l l s  from each s e t  o f  b lad d ers were c o l le c t e d ,  

combined, and sedim ented a t  800xg fo r  15 m inutes. In some exp er im en ts, th e  

c e l l s  were suspended in  24 ml EDTA—R in g e r 's , and MR and G c e l l s  were

sep arated  on g ra d ien ts  o f  F ic o l l  as d escr ib ed  b elow .
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i i .  S eparation  o f  M itochondria-R ich and Granular C e lls :  Two ml o f  the

c e l l  su sp en sion  from the two s e t s  o f  hem ibladders were la y ered  sep a r a te ly  

over each o f  tw elve  d iscon tin u ou s g ra d ien ts  o f  F ico*ll-400 (Pharmacia, 

P iscataw ay, N .J .)  and cen tr ifu g e d  a t  27 ,000 RPM fo r  45 m inutes u s in g  

Beckman SW-27 ro to rs  a t  4oC as p rev io u s ly  d escr ib ed  (S c o t t ,  S a p ir s te in , and 

Yoder, 19 7 4 ), except th a t 100 mM EGTA was s u b s t itu te d  fo r  EDTA in  th e  

R in g er 's  s o lu t io n  used in  th e  p rep aration  o f  th e  F i c o l l .  The bands o f  

m a ter ia l co n ta in in g  MR c e l l s  (g ra d ien t d e n s ity  =■ 1 .035 g/cm3) and G c e l l s  

(1 .0 6 7  g/cm3) were removed s e p a r a te ly , d ilu te d  w ith  R in ger's  s o lu t io n  

co n ta in in g  1 .5  mM calcium  and la c k in g  EDTA or EGTA (calc iurar-R inger's), and 

sed im ented .

i i i .  S u b c e llu la r  F ra c tio n a tio n : Each s e t  o f  c e l l s  was d isru p ted  by

n itro g en  c a v ita t io n  and cen tr ifu g e d  a t  10,000xg fo r  15 min to  y ie ld  a crude 

"m itochondrial"  p e l l e t .  The supernatant was used to  prepare a c y to s o l  

fr a c t io n  and a m icrosom al p e l l e t .  The l a t t e r  was used fo r  th e preparation  

o f  a fr a c t io n  enriched  in  plasma membranes, sep arated  from endoplasm ic 

reticu lu m  as d escr ib ed  in  S ec tio n  11A.

i v .  S o lu b il iz a t io n  and E lec tro p h o res is  o f  Membranes: Membrane p e l l e t s  

were s o lu b i l iz e d  in  2% SDS, 2% m ercaptoethanol, and 8M u rea , as d escr ib ed  

in  S ec tio n  IIIA -V I. These sam ples and c y to s o l  a liq u o ts  were s im ila r ly  

e lec tro p h o resed  as p rev io u s ly  d escr ib ed . A fter  o p t ic a l  scan n in g , th e  g e ls  

were cu t in to  approxim ately e ig h ty  1 nan s l i c e s ,  and each s l i c e  was

52



incubated  overn ight a t  50oC in  v ia l s  co n ta in in g  0 .5  ml o f  90% Beckman 

T issu e  S o lu b il iz e r .  Upon retu rn in g  to  room tem perature, 10 ml o f  a 

to lu en e-b a sed  s c i n t i l l a t i o n  f lu id  was added to  each v i a l ,  and th e  

r a d io a c t iv ity  was determ ined in  a Beckman LS-9000 L iquid  S c in t i l la t io n  

co u n ter . T his technique a fford ed  uniform  cou n tin g  e f f e c ie n c ie s  o f  38-42% 

fo r  (3H) and 84-85% fo r  (14C) or (3 5 S ) .

v .  Incubation  o f  I n ta c t  Hemibladders (Aldo v s .  Aldo p lus C yclohexim ide,

and Aldo + Cyclohexim ide v s .  C o n tro l): F if ty  fem ale Bufo marinus were

p a r t ia l ly  immersed in  a s o lu t io n  o f  0.6% NaCl fo r  3 -5  days to  suppress  

th e s e c r e t io n  o f  endogenous a ld o s te r o n e . Paired hem ibladders were

d is s e c te d  from p ithed  to a d s , mounted as sa cs  on L u er-lock  s y r in g e s , and the  

t i s s u e s  were f i l l e d  w ith  and immersed in  ca lc iu m -R in g er 's  s o lu t io n .  

A ld osteron e ("Aldo v s .  Aldo + C yclohexim ide") a t a co n cen tra tio n  o f  7 x

10-8M, or d ilu e n t  ("C ontrol v s .  Aldo + C yclohexim ide") was added to  th e

s e r o s a l  bath and 15 m inutes l a t e r  a m ixture o f  amino a c id s  la b e le d  w ith  

(3H) (250-400 uCi) was added. Paired  hem ibladders used  as c o n tr o ls  were 

incubated  in  th e  p resen ce o f  a s im ila r  co n cen tra tio n  o f  Aldo and

(3 H )-la b e led  amino a c id s ,  a f t e r  a 15 m inute p re -in cu b a tio n  w ith  

cycloh exim id e (1 u g /lm l b a th ) . The la b e le d  amino a c id s  ob ta in ed  from New

England N uclear C o ., B oston , Mass, were (3 H )-la b e led  L-amino a c id s

(NET-250) and (1 4 C )-la b e led  L-amino a c id s  (NEC-445). Incubation  w ith

hormone proceeded fo r  3 1 /2  h ou rs, a f t e r  which th e  t i s s u e s  were r in se d  in  

R in g er 's  s o lu t io n ,  fo llow ed  by immersion in  a bath  o f  EDTA-Ringer' s

s o lu t io n .  The mucosal s o lu t io n s  were then a ls o  changed to  EDTA-Ringer' s .
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F ollow ing in cu b ation  fo r  45 m inutes a t  room tem perature the d isaggrega ted  

n u cosa l c e l l s  from th e two s e t s  o f  b ladders were c o l le c t e d  and combined, 

sedim ented a t  800xg fo r  15 m in u tes, suspended in  24 ml EDTA-Ringer's, and 

sep arated  on g ra d ien ts  o f  F ic o l l  as d escr ib ed  above. S u b c e llu la r  

fr a c t io n a t io n ,  s o lu b i l iz a t io n  and e le c tr o p h o r e s is  o f  membrane p e l l e t s  were 

performed as d escrib ed  in  th e  previous s e c t io n s .

A s im ila r  procedure was used fo r  C ontrol vs C ontrol exp erim en ts, except 

th a t n e ith e r  s e t  o f  hem ibladders was exposed to  hormone.

v i .  Incubation  o f  In ta c t  Hemibladders (Aldo + TPIA v s .  A ldo, 

TPIA v s .  C o n tro l, and TPIA + Aldo v s .  C o n tro l): Forty in ta c t  hem ibladders

were f i l l e d  w ith  approxim ately 3 ml C alcium -R inger's s o lu t io n  co n ta in in g  2 

mM TPIA ( f in a l  co n cen tra tio n ) in  0.3% v /v  Me2S0, w h ile  paired  t i s s u e s  were 

f i l l e d  w ith  C alcium -R inger's co n ta in in g  Me2S0 d i lu e n t .  Both s e t s  o f  

t i s s u e s  were incubated in  baths o f  C a lcium -R in ger's. A fter  2 h ou rs, Aldo 

(7 x 10-8M) was added to  both s e r o s a l b a th s , and 45 m inutes l a t e r ,  a 

m ixture o f  3H -labeled  amino a c id s  was added to  one b a th , and a s im ila r  

m ixture o f  14C -labeled  amino a c id s  to  th e  o th e r  bath ("Aldo +  TPIA vs 

A ldo"). F ollow ing th r e e  a d d it io n a l hours o f  in cu b a tio n , th e b ladders were 

r in se d , immersed in  EDTA-Ringer's and th e mucosal c e l l s  removed. The 

mucosal c e l l s  from th e two s e t s  o f  t i s s u e s  were m ixed, d isr u p te d , and 

fr a c t io n a te d  as d escr ib ed  above. The s u b c e llu la r  components were analyzed  

by SDS-acrylamide e le c tr o p h o r e s is .

A s im ila r  p r o to c o l was fo llo w ed  fo r  th e co n tr o l experim ents. In one 

c o n tr o l experim ent ("TPIA vs C o n tro l" ), one s e t  o f  hem ibladders was exposed  

to  2 mM TPIA ( in  Me2S0) in  th e mucosal bath fo r  2 hou rs. A fter  45 m inutes,
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3H-ami.no a c id s  were added to  th e  s e r o s a l  bath and in cu b ation  proceeded fo r  

an a d d it io n a l 3 h ou rs. Paired hem ibladders were exposed to  mucosal Me2S0 

d ilu e n t  fo r  2 hou rs, fo llo w ed  by a d d itio n  o f  14C-amino a c id s  45 m inutes 

a f t e r  th e  s e r o s a l bath was changed. Three hours l a t e r  a l l  b ladders were 

r in s e d , immersed in  EDTA-Ringer's, and th e mucosal c e l l s  from both s e t s  

were removed and combined. S u b c e llu la r  fr a c t io n a t io n  and a n a ly s is  by 

e le c tr o p h o r e s is  proceeded as d escr ib ed  above. In th e second co n tro l 

experim ent ("TPIA + Aldo vs Control") an id e n t ic a l  procedure was ca rr ied  

o u t , excep t th a t th e  fr e sh  s e r o s a l bath o f  th e  TPIA-exposed hem ibladders 

contained  7 x 10-8M A ldo.
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IV. R esu lts

A. P reparation  o f  a Plasma Membrane Enriched F raction

i .  Recovery o f  T o ta l C e ll P ro te in : The d is t r ib u t io n  o f  p ro te in  w ith in  

th e su b c e llu la r  fr a c t io n s  i s  g iven  in  T able 1. Approxim ately h a lf  the  

t o t a l  c e l l  p ro te in  was recovered  in  th e 195,000xg su p ern atan t, w h ile  th e  

5,000xg  "m itochondrial"  p e l le t"  rep resen ts  th e  la r g e s t  amount o f  p ro te in  in  

a membranous f r a c t io n .  The m a ter ia l recovered  from th e  dextran  in t e r f a c e ,  

which i s  enriched  in  plasma membranes, accounted fo r  approxim ately 1.5% of 

th e t o t a l  p ro te in  in  th e  i n i t i a l  homogenate.

i i .  Enzyme A c t iv i t i e s  o f  S u b c e llu la r  F ra c tio n s: Table 2 p resen ts  th e  

d ata  from th e enzyme a ssa y s  o f  th e  va r io u s f r a c t io n s .  The plasma membrane 

fr a c t io n  i s  enriched  1 1 -fo ld  in  5 '-n u c le o t id a s e  a c t iv i t y  r e la t iv e  to  the  

i n i t i a l  homogenate. The plasma membranes co n ta in  on ly  1% o f the t o t a l  

g lu co se-6 -p h o sp h a ta se  and 0.3% o f  th e  t o t a l  cytochrome o x id a se  a c t iv i t y  

w h ile  over 16% o f th e  t o t a l  recovered  5*-n u c le o t id a s e  i s  in  th e plasma 

membrane fr a c t io n .

i i i .  E lectron  M icroscopy o f  S u b c e llu la r  F ra c tio n s: F igures 6A-C show

th e 5 ,000xg p e l l e t ,  dextran in te r fa c e  (plasma membranes), and dextran  

p e l l e t ,  r e s p e c t iv e ly ,  ob ta in ed  from a p rep aration  o f  mucosal c e l l s .  

Photom icrographs o f  th e  5,000xg p e l l e t  dem onstrate in ta c t  n u c le i ,  g ra n u le s ,
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PROFILE OF SUBCELLULAR FRACTIONS*

Fraction Protein (ug. Total) % of Total

Homogenate 56,538
Mitochondrial Pellet 20,325 36.2
Microsomal Pellet 5,825 10.3
Plasma Membrane 810 1.5
Supernatant 28,388 50.1

Recovery 98.1

*Values represent the means from 1* experiments.

\

Table 1.
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TABLE 2

ENZYMATIC PROFILE OF SUBCELLULAR FRACTIONS OF TOAD BLADDER MUCOSAL CELLS

F raction Glucose- 
Sp. Act.^»-*

-6-Pase^-
Tot. A ct.^

Cytochrome Oxidase^ 
Sp. T ot. A ct.

5 ' -N u cleo tid ase^
Sp. A ct.^*^ T ot. A ct.

Homogenate 42 .6 2410.1 2 .44 136 .3 6 .4 361.8

M itochondrial P e l le t 4 3 .7 889.2 6 .26 127.1 7 .4 150 .4

Microsomal P e l le t 50 .9 296.5 3 .66 1 5 .2 20 .1 117 .1

Plasma Membrane 31 .7 2 5 .7 0 .4 9 0 .4 72.2 58 .5

Supernatant 39 .0 1107.6 0 0 1 .0 28 .4

Recovery (%) 96.2 104.9 97 .9

Enrichment^ 0 .7 4 0 .20 11 .3

1— A ll v a lu es  rep resen t th e means from 4 experim ents.
2— S p e c if ic  A c t iv ity  = ug Pi/mg p ro te in /h ou r
3— Values are g iven  as Sp. A ct. x 10^
4— T ota l A c t iv ity  = (Sp. A c t .) (T o ta l p ro te in  in  th a t fr a c t io n )
5— Enrichment = (Plasma Membrane Sp. A ct.)/(H om ogenate Sp. A c t .)



»

Figure 6.  Electron micrographs o f  the s u b c e l l u l a r  f r a c t i o n s  obtained in 

the preparation o f  plasma membranes. A. 10,000xg p e l l e t  B. Dextran 

i n t e r f a c e .  C. Dextran p e l l e t .
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lysosom es and m itoch on d ria . The p e l l e t  from th e  sed im en tation  in  Dextran  

T-70 c o n s is t s  o f  membranous m a ter ia l w ith  rough microsomes as the  

predominant id e n t i f i a b le  s p e c ie s .  The plasma membrane fr a c t io n ,  ob ta in ed  

from th e Dextran in t e r f a c e ,  y ie ld e d  membrane fragm ents in c lu d in g  v e s i c l e s ,  

tu b u le s , and v a cu o les  fr e e  o f  any rec o g n iza b le  o r g a n e l le s .  The 

photomicrographs su g g est th a t hom ogenization  by n itr o g e n -c a v ita t io n  

d isr u p ts  th e c e l l  membrane but le a v e s  most in t r a c e l lu la r  o r g a n e lle s  in t a c t .  

This in c r e a se s  th e  l ik e lih o o d  th a t the is o la t e d  membrane v e s ic l e s  are  

d erived  p rim arily  from th e  plasma membrane.

i v .  1251-R adio iod inated  plasma membranes were prepared from mucosal 

c e l l s  whose a p ic a l  su r fa c e s  had been c a t a ly t i c a l l y  ra d io io d in a ted  in  the  

in ta c t  b ladder (F igure 7 ) .  The r e s u lt s  o f  a r e p r e se n ta t iv e  experim ent 

are shown in  Table 3 . The s p e c i f i c  a c t i v i t y  o f  (1251) in  th e  plasma 

membrane fr a c t io n  i s  20 tim es g rea ter  than th a t in  th e  5 ,000xg  

p e l l e t ,  and i s  in crea sed  5 - fo ld  over th e dextran  p e l l e t .  Over 27% 

o f th e  t o t a l  membrane-bound r a d io a c t iv ity  was recovered  in  th e  

plasma membrane p rep a ra tio n .

v . R eso lu tio n  o f  P r o te in s:  F igure 8 shows th e  p a ttern s ob ta in ed  by

o p t ic a l  d e n s ity  scanning o f  th e  m a ter ia l ob ta in ed  from th e "m itochondrial 

p e l l e t " ,  th e  dextran in t e r f a c e ,  th e  dextran  p e l l e t ,  and th e c y t o s o l .  

Twenty to  t h ir t y  d i s t in c t  p r o te in s  were re so lv e d  fo r  each su b c e llu la r  

f r a c t io n ,  and th e  unique p a ttern s  ob ta in ed  fo r  each fr a c t io n  supports the  

v a l id i t y  o f  th e  fr a c t io n a t io n  tech n iq u e . The p a ttern s ob ta in ed  e x h ib ite d  a 

high  degree o f  r e p r o d u c ib i l ity .



.Protein

Mucosa! flu id M ucosa! fluid Mucosa! fluid

C ell
m em b ran e

Figure 7.  Iod inat ion  o f  plasma membrane p r o te in s .  The exposed ty r o s in e  

residues  of  e x t e r i o r  membrane prote ins  combine with a c a t a l y t i c  s i t e  on the  

lac toperox idase  enzyme. Via the reduction o f  hydrogen peroxide to  hydroxyl 

io n s ,  iod id e  i s  s imultaneous ly  ox id ized  and the ty r o s in e  aromatic ring i s  

ox id ized  at a carbon adjacent  to  the hydroxyl group.

62



TABLE 3.  LACTOPEROXIDASE- 125I LABELING OF TOAD BLADDER MUCOSAL CELLS*

% of  Membrane-Bound Sp. Act.
Fraction CPM R a d io a c t iv i ty  (CPM/yq Prote in)

"Plasma Membranes" 7 ,067 ,150  27 .2  8818.3

"Mitochondrial P e l l e t"  9 ,018 ,500  34 .7  447.3

Dextran P e l l e t  9 ,886 ,950  38.1 1716.7

*In t h i s  experiment 84.9% o f  the r a d i o a c t i v i t y  in the i n i t i a l  homogenate 
was recovered .
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Figure 8 . Resolutior: of  nrotoins  by polyacrylamide gel e l e c t r o p h o r e s i s  

(PAGD). Membrane p e l l e t s  were suspended in PC SOS, 2" mercaptoethanol, and 

Gil urea,  so n ic a te d ,  anti heated in a water bath a t  lQOoC for  !3 n in .  After  

returning  to  roon ten perature ,  ll i luq protein  o f  these  samples and a s im i l a r  

a l i q u o t  of cy toso l  were layered over P".' SDS-polyacrylamicle ge l s  and 

e lec tro p h o res ed  for  H hours at  PnA/nel . The ge l s  were then s ta ined  with l r' 

Amido Black,  desta ined wih 7G a c e t i c  acid  in r>P|r'- methanol,  and o p t i c a l l y  

scanned at ftfn pm. A. 10,n00xn p e l l e t .  B. Plasma membranes. C. Cytosol  

D . Dextran p e l l e t .
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B. I d e n t i f ic a t io n  o f  A ldosterone-Induced  P ro te in s

i .  A ldosterone v s .  C ontrol: The r e s u l t s  o f  a t y p ic a l  experim ent are

shown in  F igures 9 -1 3 . F ollow ing an in cu b ation  in  which 35S-m eth ionine was 

added to  the "Aldo" b a th , th e  plasma membrane fr a c t io n  was prepared and 

analyzed  by e le c tr o p h o r e s is .  The p rep aration  from MR c e l l s  (F ig . 9-_shows 

th ree  peaks in  th e  r a t io  (35S/3H) corresponding to  p ro te in s  w ith  m olecular  

w eigh ts o f  approxim ately 1 7 0 ,0 0 0 , 8 5 ,0 0 0 , and 12,000 d a lto n s . F igure 10 

i l l u s t r a t e s  th e e le c tr o p h o r e t ic  a n a ly s is  o f  th e  plasma-membrane fr a c t io n  

from th e  G c e l l s  o f  th e  same experim ent, and no s im ila r  peak in  th e  r a t io  

i s  ob served . The e x c e l le n t  r e s o lu t io n  o f  membrane p ro te in s  ob ta in ed  in  

th e se  experim ents i s  shown in  F igures 11 and 12 . Figure 11 i l l u s t r a t e s  th e  

p a ttern  ob ta in ed  fo r  th e  MR c e l l  p rep a ra tio n , and dem onstrates th a t th e  

r a t io  peaks a t  170,000 and 85 ,0 0 0  d a lto n s  correspond to  p o rtio n s o f  the  

g e ls  co n ta in in g  s ig n i f ic a n t  amounts o f  p r o te in , although th e  low m olecular  

w eight peak corresponds to  a g e l s e c t io n  w ith  r e la t iv e ly  l i t t l e  p r o te in . A 

s im ila r ,  a lthough not id e n t ic a l  p a tte r n , was ob ta in ed  upon o p t ic a l  d en siy  

scanning o f  th e  plasma membrane g e l derived  from th e  G c e l l s  o f  th e  same 

experim ents (F ig . 1 2 ) .

P revious dem onstration  o f  th e  A ldo-induced  p r o te in  in  th e  MR c e l l  

in d ic a te d  th e e x is te n c e  in  the s o lu b le  fr a c t io n  o f  induced p ro te in s  w ith  

m olecular w eigh ts ranging from approxim ately 17 ,000 to  38 ,000  ( 4 ) .  In the  

experim ent d escr ib ed  h e r e , p rep aration  o f  th e  s u b c e llu la r  fr a c t io n s  and
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Figure P. Aldosterone-induced incorporation  o f  methionine in to  plasma

membranes o f  mitochondria-rich  (MR) mucosal c e l l s .  I so la ted  c e l l s  were 

trea ted  with 7xin-HM aldosterone fo r  45 min . ,  fo l low ing  which 

(355)-methionine  was added to  the bath fo r  an addit iona l  3 -hr .  in cubat ion .  

C el l s  from fo r ty  paired tiemibladders were tr e a te d  i d e n t i c a l l y  except  they

were not exposed t o  hromone, and ( 3l l)-methionine was added to  the bath.

The "A!do" and control  c e l l s  were combined and HR and G c e l l s  were

separated on Ficol  1 g r a d ie n ts .  Plasma membranes were prepared from the HR 

c e l l s ,  s o l u b i l i z e d ,  and analyzed on 3 % polyacrylamide-  SDS g e l s  which were 

s l i c e d  and the 35S/3H r a t io  was measured in each s l i c e .
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Figure 10. Aldosterone-induced incorporat ion  o f  methionine in to  plasma 

membranes o f  granular (G) mucosal c e l l s .  Resul ts  shown are for  the plasma 

membranes obtained from the G c e l l s  o f  the same experiment descr ibed  in  

Figure 3 .  This s u b c e l l u l a r  f r a c t i o n  was handled in a manner id e n t ic a l  to  

that  o f  the MR c e l l  preparat ion .
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Figuure 11. Analys is  o f  the plasma membranes obtained from MR c e l l s  ("Aldo 

vs .  Control").  The 35S/3H r a t io  as measured in each gel s l i c e  by 

radioassay  (top s c a l e )  i s  a l igned  with the o p t ic a l  d e n s i ty  scan o f  the same 

gel before i t  was cut  (bottom s c a l e ) .
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Figure 12. Analys is  o f  the plasma membranes obtained from the G c e l l s  

("Aldo v s .  Control").  Shown are the r e s u l t s  from 35S/3II radioassay  of  

ind iv idua l  gel s l i c e s  (top s c a l e )  and o p t ic a l  d en s i ty  scanning pr ior  to  gel 

s l i c i n g  (bottom s c a l e )  o f  the same g e l .  These data were obtained upon 

a n a ly s i s  o f  the plasma membrane preparation from the G c e l l s  o f  the same 

experiment i l l u s t r a t e d  in Figures 3 -10 .
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Figure 13. Aldosterone- induced incorporat ion  of  amino ac ids in to  cytosol  

p r o te in s .  In ta c t  hemibladders were exposed to  7xlO-OM a ldosterone  for  a 

45-min.  in cu b at ion ,  fo l lowed by the add it ion  o f  500uCi o f  a mixture o f  

(14C)- labeled  amino a c i d s .  Forty paired t i s s u e s  were simultaneously  

incubated with d i lu e n t  fo r  45 m in . ,  fo l lowed by the addit ion  o f  250uCi of  

(3H)-amino a c i d s .  After  a 3-hr add it ion a l  incubat ion p er iod ,  the two s e t s  

o f  hemibladders were combined, and the c e l l s  were removed and disrupted by 

nitrogen  c a v i t a t i o n .  The supernatant obtained by c e n tr i fu g in g  the 

homogenate at  195 ,000xg for  2 hrs .  was analyzed on P.?' polyacrylamide-SDS 

The r a d i o a c t i v i t y  was then determined in each gel s l i c e .
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a n a ly s is  o f  th e  c y to s o l  by a more s e n s i t iv e  method (SDS-acrylam ide 

e le c tr o p h o r e s is ) , in d ic a te d  th ere  were th r e e  A ldo-induced p ro te in s

(MW=36,000, and 12,000 and 6 ,000  d a lto n s)  in  t h is  fr a c t io n  (F igure 1 3 ).
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i i .  Aldo v s .  Aldo + C yclohexim ide: F igure 14 shows th e  r e s u lt s  o f  a

t y p ic a l  experim ent. "In t h i s  p a r tic u la r  experim ent (3H)-amino a c id s  were 

added to  th e  A ld o -co n ta in in g  b a th , but s im ila r  r e s u l t s  are ob tained  when 

th e n u c lid e s  are  rev e rsed . The major r a t io  peaks correspond to  m olecular  

w eigh ts o f  170 ,000 , 110 ,000 , and 85 ,000  d a lto n s .

The plasma membrane fr a c t io n  from th e G c e l l s  i s  shown in  F ig . 15.

T his p rep aration  co n ta in s  more in corporated  r a d io a c t iv ity  than the MR c e l l  

p rep a ra tio n , in d ic a t in g  th a t th e c e l l s  were a c t iv e ly  sy n th e s iz in g  p r o te in . 

However, the b a s e lin e  n u c lid e  r a t io  i s  s im ila r  to  th a t fo r  the MR c e l l s ,  

su g g e st in g  a s im ila r  b a sa l l e v e l  o f  p ro te in  s y n th e s is ,  and the high  

measures o f  r a d io a c t iv ity  appearing in  th e  p r o te in -  co n ta in in g  s l i c e s  

dem onstrate th a t both c e l l  ty p es  were a c t iv e ly  s y n th e s iz in g  p r o te in s .  

However, in  no d is c r e t e  g e l s e c t io n  d id  th e  n u c lid e  r a t io  in cr ea se  

s ig n i f ic a n t ly  above th e b a s e l in e .  These r e s u lt s  in d ic a te  th a t Aldo did  not 

s p e c i f i c a l l y  induce th e s y n th e s is  o f  plasma membrane p ro te in s  in  the  

d isag g reg a ted  G c e l l s .

A n a ly s is  o f  th e  "m itochondrial" fr a c t io n  o f  th e  MR c e l l  showed the  

p resen ce o f  an induced p ro te in  o f  la r g e  m olecular w e ig h t, and a p ro te in  

w ith  a m olecular w eight o f  approxim ately 85 ,000  d a lto n s  (F ig . 1 6 ) . Because 

enzym atic a n a ly s is  o f  t h i s  f r a c t io n  showed i t  was contam inated w ith  plasma 

membrane fragm ents, i t  i s  p o s s ib le  th a t t h i s  in c r e a se  in  n u c lid e  r a t io  

r e f l e c t s  contam ination  o f  t h is  10,000xg p e l l e t  w ith  plasma membranes
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Figure 14. Aldosterone-induced incorporation  o f  amino acids  in to  MR c e l l  

plasma membranes. In tac t  hemibladders were tr e a te d  with 7xlO-PM 

aldosterone  for  15 m in . ,  fo l low ing  which (31-1)-amino acids  were added to  the 

bath for  a to ta l  incubat ion period o f  3 1/2 hrs .  F i f ty  paired t i s s u e s  were 

pre-incubated fo r  15 minutes with cycloheximide (1 ug/ml) and otherwise  

t rea ted  i d e n t i c a l l y  except  for  incubat ion with (14C)-amino a c id s .  After  

in cu b at ion ,  the two s e t s  o f  t i s s u e s  were combined, and MR and R c e l l s  were 

separated on Ficol  1 g r a d ie n ts .  Plasma membranes were prepared from each 

c e l l  t y p e ,  s o l u b i l i z e d ,  and analyzed on T> polyacrylamide g e l s  which were 

s l i c e d  and the (31I/14C) r a t io  was measured.
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Figure IF. Aldosterone-induced incorporation  o f  amino acids in to  G c e l l  

plasma membranes. I l l u s t r a t e d  i s  the a n a ly s i s  o f  the plasma membrane 

f r a c t i o n  obtained from the G c e l l s  o f  the same experiment descr ibed  in 

Figure 13.
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Figure IF. Aldosterone- induced incorporat ion  o f  amino acids in to  prote ins  

of  the in,000xq p e l l e t  o f  the HR c e l l s .  These r e s u l t s  were obtained for  

the same experiment descr ibed  in Figure 13.  In the preparat ion o f  the FIR 

c e l l  plasma membranes, the p e l l e t  obtained  by c e n tr i fu g i n g  the homogenate 

at  10,000xg for  15 min. was analyzed by the same PAGE system. This t i s s u e  

f r a c t i o n ,  c o n s i s t i n g  primari ly  o f  mitochondria ,  i s  a l s o  known to  contain  

contaminating plasma membrane fragments as well  as n u c l e i ,  gran u les ,  and 

other  large  o r g a n e l l e s .
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co n ta in in g  induced p r o te in . The corresponding 10,000xg p e l l e t  from th e G 

c e l l s  showed no s im ila r  peaks in  n u c lid e  r a t io  (F ig . 1 7 ) . In a d d it io n ,  

a n a ly s is  o f  th e  dextran p e l l e t ,  or "rough ER" f r a c t io n , ob ta in ed  from the  

MR c e l l s  shows an in c r e a se  in  th e  n u c lid e  r a t io  corresponding to  p ro te in s  

w ith  estim ated  m olecular w eigh ts o f  170,000 and 85 ,000  (F ig . 1 8 ) . This 

fr a c t io n  i s  a ls o  known by enzym atic data  to  co n ta in  plasma membrane 

fragm ents (S e c t io n  IVA), and th e r e fo r e  may be r e f l e c t in g  th e p resen ce o f  

induced p ro te in s  in  th e  plasma membranes. Again th e corresponding "rough 

ER" fr a c t io n  from th e G c e l l s  showed no s im ila r  peaks in  n u c lid e  r a t io  

(F ig . 1 9 ) , supporting  th e  co n c lu sio n  th at no s p e c i f i c a l ly  hormone-induced  

p r o te in s  are presen t in  th e se  c e l l s .

S im ila r  a n a ly s is  o f  th e  c y to s o l fr a c t io n  o f  th e  MR c e l l s  dem onstrated  

th e  presence o f  th ree  induced p r o te in s ,  w ith  m olecular w eigh ts o f  approxi­

m ately 3 6 ,0 0 0 , 12,000 and 6 ,000  d a lto n s  (F ig . 2 0 ) . The G c e l l  p rep aration  

showed no s im ila r  peaks in  th e n u c lid e  r a t io  (F ig . 2 1 ) .

F igure 22 i l l u s t r a t e s  th e  r e s u l t s  ob tained  upon d o u b le - iso to p e  a n a ly s is  

o f  th e  c y to s o l  and plasma membrane fr a c t io n s  from th e  c o n tr o l exp erim en ts, 

"Aldo + C yclohexim ide v s .  C ontro l."  None o f  th e se  g e ls  e x h ib ite d  a reg ion  

o f c le a r  departure from th e  b a s e lin e  s im ila r  in  magnitude to  th a t observed  

fo r  th e  "Aldo v s .  Aldo + Cyclohexim ide" experim ent. T his experim ent was 

performed to  e lim in a te  in  part th e  p o s s i b i l i t y  th a t cycloh ex im id e may have 

r e s u lte d  in  the r a t io  peaks observed in  F ig s . 14 and 20 .
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Figure 17. Aldosterone- induced incorporation  o f  amino ac ids  in to  prote ins  

o f  the 10,000xg p e l l e t  o f  the G c e l l s .  The r e s u l t s  shown are for  the same 

experiment descr ibed  in Fig .  13. Shown i s  the PAGE a n a ly s i s  o f  the  

membrane p e l l e t  obtained oy c e n t r i f u g i n g  the G c e l l  homogenate at  10,000xg

fo r  15 min.
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Figure 13. Aldosterone-induced incorporat ion o f  amino acids  in to  prote ins  

o f  the MR c e l l  dextran p e l l e t .  Shown are the r e s u l t s  obtained upon PAGE 

a n a ly s i s  o f  the p e l l e t  obtained by c e n t r i f u g i n g  the suspended microsomal 

p e l l e t  on a 23.5?' Dextran s o l u t i o n  a t  300,n00xg for  3 1/2 hrs ("rough ER" 

f r a c t i o n ) .  Although t h i s  f ra c t io n  c o n s i s t s  primari ly  o f  endoplasmic

re ti culum v e s i c l e s  and Golgi membranes, i t  i s  known to  contain  some 

contaminating plasma membrane fragments.
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Figure 19. Aldosterone- induced incorporation o f  amino acids  in to  prote ins  

o f  the G c e l l  dextran p e l l e t .  I l l u s t r a t e d  are the r e s u l t s  o f  PAGE a n a lys i s  

o f  the dextran p e l l e t  obtained from the G c e l l s  o f  the same experiment  

descr ibed  in Figure 13.
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Figure 20.  Aldosterone- induced incorporation  o f  amino ac ids  in to  cytosol  

p rote in s  o f  the MR c e l l s .  These r e s u l t s  were obtained upon PAGE a n a ly s i s  

o f  the 195,000xn supernatant o f  the HR c e l l s  from the same experiment  

described  in Figure 13.
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Figure 21. Aldosterone-induced incorporation  o f  amino acids  in to  cy toso l  

prote in s  o f  G c e l l s .  Shown are the r e s u l t s  obtained upon PAGE a n a ly s i s  o f  

the 195,000xo supernatant o f  the G c e l l s  from the same experiment descr ibed  

in Figure 13.
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Figure 22.  E f fec ts  o f  a ldos terone  + cycloheximide on the incorporation o f  

amino acids  in to  cy toso l  and plasma membrane p r o te in s .  In tac t  hemibladders  

were pre-incubated for  15 minutes with cycloheximide (1 ug/ml) fo l lowed  by 

the addit ion  o f  a ldosterone  (7x10-311) to the serosa l  bath.  F i f teen  minutes 

l a t e r ,  (14C)-amino acids  were added to the bath.  Paired t i s s u e s  were 

incubated with d i l u e n t  ra ther  than hormone or drug,  fol lowed  by the  

addit ion  o f  (3H)- labe led  amino a c i d s .  3 1 /2  hours a f t e r  the addit ion  o f  

hormone the c e l l s  from a l l  bladders were h arves ted ,  HR and 0 c e l l s  were 

separated on Ficol  1 g r a d ie n t s ,  plasma membranes were prepared and a cy toso l  

f r a c t i o n  was obtained .  These f r a c t i o n s  were analyzed on 3% polyacrylamide

g e l s  which were s l i c e d  for  rad ioassay .
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The r e s u l t s  o f  th e  "Control v s .  Control" experim ents are I l lu s t r a t e d  in  

F igures 2 3 -2 6 . To e lim in a te  th e  p o s s i b i l i t y  th a t th e  p rev io u s ly  observed  

r a t io  peaks may have been due to  d if fe r e n c e s  in h eren t in  th e  com m ercially  

a v a ila b le  amino a c id  m ix tu res , t i s s u e s  were incubated  in  th e  presence o f  

amino a c id  m ixtures above; n e ith e r  hormone nor cyclohexim ide was added. 

A n a ly s is  o f  th e  plasma membrane and c y to s o l  f r a c t io n s  from th e MR and G 

c e l l s  rev ea led  no. s ig n i f ic a n t  d e v ia t io n s  in  th e 3H/14C r a t io  from the  

b a s e l in e .
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Figure 2 3 . Incorporation o f  amino ac ids  in to  HR c e l l  plasma membrane 

p r o t e in s .  T issues  were incubated with d i lu e n t  ( to  s im ulate  cycloheximide)  

for  IF min . ,  fo l lowed by the ad d it ion  to  both th ese  and paired t i s s u e s  o f  a 

second a l iq u o t  o f  d i lu e n t  ( to  s im ula te  Aldo).  F i f teen  minutes l a t e r ,

(Tll)-anino acids were added to  h a l f  the s erosa l  b ath s ,  and (lAC)-amino

acids  were added to  the baths o f  the matched hemibladders.  After  an

add i t ion a l  incubat ion o f  3 I/*- hours ,  the c e l l s  were harves ted ,  combined,  

HR and G c e l l s  were s ep ara ted ,  and plasma membranes were prepared.  These 

were s o l u b i l i z e d ,  analyzed on ?>% polyscylamide g e l s ,  and each gel was 

s l i c e d  for  rad iosassay .
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Figure 24. Incorporation o f  amino acids in to  G c e l l  plasma membrane 

p r o te in s .  These r e s u l t s  t/ere obtained upon PAGE a n a ly s i s  o f  the G c e l l s

from the same experiment descr ibed  in the preceding f i g u r e .
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Figure 25.  Incorporat ion o f  amino a icds  in to  MR c e l l  c y to s o l  p ro te in s .  

Tiie r e s u l t s  shown are for  the PAGE a n a ly s i s  o f  the 195,00Dxg supernatant  

obtained from the MR c e l l s  o f  the same experiment descr ibed  in Figure 23.
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Fiqure 26. Incorporat ion o f  amino ac ids  in to  G c e l l  cy toso l  p r o te in s .  

I l l u s t r a t e d  are the data obtained upon PAGE a n a ly s i s  o f  the 195,000xg  

supernatant from the G c e l l s  o f  the same experiment descr ibed  in Fiqure 23.
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i i i .  A ldosterone v s .  A ldosterone + TPIA: In th e  s p e c i f i c  experim ent

d escr ib ed  h e r e , th e hem ibladders exposed to  TPIA and a ld o stero n e  were 

incubated  in  th e presence o f  (14C)-amino a c id s ,  w h ile  th o se  tr e a te d  w ith  

hormone a lon e  were exposed to  (3H)-amino a c id s .  Thus, i f  TPIA b locked  the  

appearance o f  hormone-induced p ro te in s  in  a g iven  f r a c t io n ,  peaks would be 

noted in  the 3H/14C r a t io .

As shown in  Figure 27 , TPIA caused four pronounced changes in  th e  n u c lid e  

r a t io ,  in d ic a t in g  a marked red u ction  in  th e A ldo-induced in corp ora tion  in to  

th e plasma membrane o f  r a d io a c t iv e ly  la b e le d  p r o te in s .  Three o f  the  

a f fe c te d  p ro te in s  had m olecular w eigh ts corresponding w e ll to  the  

A ldo-induced p ro te in  i l lu s t r a t e d  in  F ig s . 9 and 13 (m ol. w ts . = 170 ,0 0 0 ,

8 5 ,0 0 0 , and 6 ,000  d a lto n s ) .  In a d d it io n , th ere  i s  a peak in  th e  3H/14C 

r a t io  corresponding to  a p r o te in  o f  m olecular w eight o f  32 ,000  d a lto n s .  

O p tica l d e n s ity  scanning o f  t h is  g e l p r ior  to  s l i c i n g  dem onstrates th a t the  

r a t io  peaks occur in  g e l p o rtio n s w ith  s ig n i f ic a n t  p ro te in  con ten t (F ig .  

2 8 ) . Upon a n a ly s is  o f  th e  "m itochondrial p e l l e t " ,  th e  appearance o f  one 

p ro te in  w ith  a m olecular w eigh t o f  approxim ately 95,000 was a f fe c te d  by 

TPIA (F ig . 2 9 ) . However, a n a ly s is  o f  th e  " cy toso l"  fr a c t io n  (F ig . 30) o f

th e se  mucosal c e l l s  rev ea led  no s ig n if ic a n t  s h i f t s  in  th e n u c lid e  r a t io ,

in d ic a t in g  th a t TPIA d id  not n o tic e a b ly  a l t e r  th e A ldo-induced

in co rp o ra tio n  o f  amino a c id s  in to  c y to s o l  p r o te in s .
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Figure P.7. E f fec t s  o f  TPIA on the a ld o s te r o n o - in f lu e n c e d  incorporation  o f  

amino acids  in to  plasma membrane p r o te in s .  Forty hemibladders were 

incubated in Pinner 's  s o l u t i o n  for  ? hours ,  to mucosal s o lu t io n  con ta in in g  

° inf! t p ia  in 0 . 3 C(, ( v /v )  DHSO, w hi le  the mucosal bath o f  paired t i s s u e s  

contained DMSn d i lu e n t  a lon e .  Aide (7x l ' l - T )  was then added to  a l l  serosa l  

b a t h s .  F o r ty - f iv e  minutes l a t e r ,  ( IdC)-amino acids were added to  the  

serosal baths o f ' t h e  TPIA-treated t i s s u e s ,  and t h e i r  matched pairs  were 

incubated with ( PI I)-ami no a c i d s .  After an addit iona l  ?, hours of  

in cu bat ion ,  c e l l s  from the two s e t s  o f  t i s s u e s  wore c o l l e c t e d ,  mixed,  

disrupted by n i trogen  c a v i t a t i o n ,  and plasma membranes were prepared.  The 

membrane p e l l e t  was s o l u b i l i z e d ,  analyzed by PAGE, the gel was s l i c e d  and 

the GII/14C r a t io  was measured.

89



2.0

1.8

1.6

1.4

3H / '4C 
ratio 12

1.0 

0.8

I I  
I I  
II 11 11 11 11 11I III I I

J l
V

0.6

0 20 40 60 80
Slice No.

Figure 2'’ . Liffocts o f  TPIA on a ldos terone- induced  plasma membrane 

p r o t e i n s .  The 3M/14C r a t io  as measured in each s l i c e  by radioassay  (top  

s c a l e )  i s  compared with the o p t ic a l  d e n s i ty  scan o f  the same gel before  i t  

was s l i c e d  (bottom s c a l e ) .
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Figure I’!1. E f fec t s  o f  TPIA on the a ld o s t e r o n e - in f lu e n c e d  incorporation o f  

amino acids  in to  prote in s  o f  the in ,000xg  p a l l e t .  These r e s u l t s  are from 

the sane experiment descr ibed  in Figure 23.  I l l u s t r a t e d  i s  the PAGE 

a n a ly s i s  o f  the membrane p e l l e t  obtained by c e n t r i f u g i n g  the hornogenate at 

in ,000xg fo r  15 n in .
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Figure 30.  E f fe c t s  o f  TPIA on the a ld o s t e r o n e - in f lu e n c e d  incorporation  o f  

amino acids  in to  cy toso l  p r o te in s .  The r e s u l t s  shown were obtained up„t. 

raUE a n a ly s i s  o f  the 1^5,330x0 supernatant from the same experiment  

descr ibed  in Figure 23.
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i v .  TPIA v s .  C ontrol; TPIA + Aldo v s .  C ontrol: F raction s analyzed

were the plasma membranes, th e  "m itochondrial p e l l e t " ,  and th e  c y to s o l  

p ro te in s  (F ig s .  3 1 -3 6 ) . In n e ith e r  o f  th e se  c o n tr o l experim ents d id  any o f  

th e analyzed fr a c t io n s  show a c le a r  s h i f t  in  n u c lid e  r a t io  from the  

b a s e l in e ,  in d ic a t in g  th a t th e  e f f e c t s  o f  TPIA per s e  cannot account fo r  the  

peaks observed in  F ig s . 2 7 -2 9 .
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Figure 31.  e f f e c t s  o f  TPIA on the incorporat ion  o f  amirio acids in to  plasma 

membrane p r o te in s .  A procedure id e n t i c a l  to th a t  descr ibed  in Figure 27 

was used ,  except that  DMSO d i lu e n t  rather  than ^hormone was added to a l l  

serosa l  baths 2 hours a f t e r  the i n i t i a l  incubat ion with TPIA had commenced. 

(3H)-anino acids  were added to the serosa l  bath o f  the TPIA-treated  

t i s s u e s ,  and (lACj-anino ac ids  were added to the serosa l  bath o f  the  

matched p a ir s .  After  a to t a l  incubation o f  3 .73 hours ,  c e l l s  from the two 

s e t s  o f  t i s s u e s  were removed, combined, d isrupted  by nitrogen c a v i t a t i o n ,  

and plasma membranes y e  re  prepared.  The membrane p e l l e t  was analyzed by 

PAfC, the gel was s l i c e d ,  and the 311/1 -̂C r a t io  was measurer!.
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Figure IP. E f fe c t s  o f  TPIA on the incorporation  o f  amino ac ids  in to  

"mitochondrial p e l l e t "  p r o t e in s .  These data were obtained upon PAGE

a n a ly s i s  o f  the n,GGGxn p e l l e t  from the same experiment descr ibed  in the 

precedinn f ig u r e .
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Figure .13. F f f e c t s  o f  TPIA on the incorporation o f  anino ac ids  in to  

c y t o s o l  p r o te in s .  I l l u s t r a t e d  are the r e s u l t s  obtained upon PAHF a n a ly s i s  

o f  the supernatant from the same experiment descr ibed  in Figure
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Figure ?/-. l i f f ec t s  o f  TPIA + Aldosterone on the incorporation o f  anino  

acids in to  plasma membrane p r o te in s .  The experimental  protocol  v.'as 

id e n t i c a l  to the descr ibed  in Finn re 31,  except  th a t  w hi le  one set. o f  

t i s s u e s  was incubated with TPIA, a ld o ,  and (3H)-amino a c i d s ,  the matched 

pairs  were exposed only to  d i lu e n t  and (l^C)-amino acids  at  the appropriate  

t imes .  Incubation proceeded F.73 hours,  fo l low inn  which c e l l s  from a l l  

bladders were h a rves ted ,  n i x e d , d isrupted  by n itrogen  c a v i t a t i o n ,  and 

piasma membranes were prepared. The membrane p e l l e t  was s o l u b i l i z e d  and, 

analyzed on an n>% polyacryl  amide gel which was cut and the 3N/1AC r a t io  was 

measured in each s l i c e .
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obtained  upon PAGE a n a ly s i s  o f  the lO.QOOxci p e l l e t  from the sane experiment

d escr ib ed  in Figure :0 /1
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Figure X .  E f fec ts  o f  TPIA + Aldosterone on the incorporation o f  ami no 

acids in to  cytoso l  p r o t e in s .  These r e s u l t s  were obtained upon PAGE 

a n a ly s i s  o f  the supernatant from the experiment descr ibed  in

Figure ?/•.
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V. Discussion

A. In 1966, Hays and Hariand published  a method fo r  th e preparation  o f  

a plasma-membrane enriched  fr a c t io n  from toad b ladder mucosal c e l l s .  

However, more recen t tech n iq u es have a fford ed  th e  means o f  both enhancing  

th e fr a c t io n  p u r if ic a t io n  and d ecrea sin g  th e v a r ia b i l iy  in  th e r e s u lt s  

ob ta in ed  from experim ent to  experim ent. For exam ple, th e  current work 

re p la c e s  Dounce hom ogenization w ith  th e  more r e l ia b le  method o f  n itro g en  

c a v ita t io n .  A second major d if fe r e n c e  i s  th e  u se  o f  th e  "microsomal" 

fr a c t io n  ra th er  than th e  "m itochondrial"  fr a c t io n  as th e  crude p e l l e t  from 

which th e plasma membranes are o b ta in ed . I t  a ls o  became n ecessary  to  

d e v is e  a techn ique s u it a b le  fo r  c e l l s  ob ta ined  by d isa g g reg a tio n  w ith  EDTA 

and su sp en sion  as opposed to  mucosal c e l l s  sim ply scraped from the b ladder. 

Furthermore, th e  d is tr ib u t io n s  o f  c e r ta in  "marker" enzymes and 1 2 5 1 -la b e led  

a p ic a l membranes amongst th e v a r io u s  f r a c t io n s  have now been documented.

The approach o f  W allach and Kamat (1 9 6 4 ), o r ig in a l ly  ap p lied  to  E hrlich  

a s c i t e s  tumor c e l l s ,  has s in c e  been s u c c e s s fu l ly  expanded to  ob ta in  plasma 

membranes from a v a r ie ty  o f  c e l l  su sp en sion s as w e ll  as s o l id  t i s s u e s ,  

in c lu d in g  p ig  lym phocytes (F erber, R esch, Wallach and Imm, 1 9 7 2 ), c a l f  

th yro id  (Stanbury and L a ffe r ty , 1 9 6 8 ), ra t l i v e r  (Graham, H iggins and 

Green, 1968) and ra t a d ip o cy tes  (Avruch and W allach, 1971). The d isru p tio n  

o f c e l l s  by n itr o g e n -c a v ita t io n  in  is o to n ic  su cro se  co n ta in in g  0 .2 5  mM 

MgC12 apparently  s t a b i l i z e s  in te r n a l membranes (W allach and Schm idt- 

U llr ic h ,  1977). N itrogen  c a v ita t io n  i s  a h ig h ly  rep rod u cib le  method o f
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d isr u p tin g  c e l l s  because 1) th e  fo r c e s  a c t in g  to  d isru p t th e  c e l l s  are  

id e n t ic a l  fo r  each c e l l  in  th e su sp en sio n , 2) th e m ilieu  i s  is o so m o tic , and

3) th ere  i s  no danger o f  lo c a l  h e a t in g , such as may occur in  a b ra siv e

tech n iq u es . And as shown in  F igure 6A, th e  la r g e r  in t r a c e l lu la r  o r g a n e lle s  

remain la r g e ly  in ta c t  and may be recovered  by d i f f e r e n t ia l  c e n tr ifu g a t io n  

in  th e "m itochondrial"  f r a c t io n .  The plasma membrane, on the o th er  hand, 

i s  fragmented in to  v e s i c l e s  which sedim ent p rim arily  in  th e "microsomal"

fr a c t io n .  T his fr a c t io n  can then be sep arated  in to  i t s  component plasma 

membrane v e s ic l e s  and endoplasm ic reticu lu m  v e s ic l e s  in  a dextran s o lu t io n ,  

provided th e s o lu t io n  i s  c a r e f u l ly  t i t r a t e d  to  o b ta in  p r e c ise  co n d itio n s  o f  

pH, io n ic  s tr e n g th , and d e n s ity  (S teck , S trau ss and W allach, 1970).

Among th e  problems a r i s in g  in  th e p rep aration  o f  plasma membranes from  

toad bladder mucosal c e l l s  i s  th e  p au city  o f  c e l l s  a v a ila b le  fo r  s tu d y . 

F if ty  toads y ie ld  on ly  approxim ately 10^ c e l l s ,  two orders o f  magnitude 

l e s s  than most authors u se  in  i s o la t io n  o f  plasma membranes, r e g a r d le ss  o f  

th e method employed ( c f .  Ferber e t  a l . ,  1972 ). This r e s u lt s  in  a y ie ld  o f  

on ly  810 ug p r o te in , on th e  average , in  th e plasma membranes 

prepared. Hays and Barland (1966) reported  th at 1% o f  th e  t o t a l  

homogenate p ro te in  was recovered  in  th e plasma membrane f r a c t io n .  This 

va lu e  i s  s im ila r  to  th a t ob ta in ed  in  p rep aration s from o th er  t i s s u e s  ( c f .  

Marx e t  a l . ,  1972, Ferber e t  a l . ,  1972, and N e v i l le ,  1974) and to  the

p resen t f ig u r e  o f  1.5%.
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Both g lu co se -6 -p h o sp h a ta se  and cytochrome c o x id a se  a c t iv i t y  were re­

duced in  th e  plasma membrane f r a c t io n .  The marked red u ction  in  cytochrome 

c o x id a se  a c t iv i t y  i s  c o n s is te n t  w ith  th e  e le c tr o n  m icrographic ev idence  

th a t th e  m itochondria were l e f t  la r g e ly  in ta c t  by n itro g en  c a v ita t io n  and 

th a t th ere  were no r e c o g n iz a b le  m itochondria presen t in  th e plasma 

membrane f r a c t io n .  Although th e  red u ction  in  th e  s p e c i f i c  a c t iv i t y  o f  

g lu co se-6 -p h o sp h a ta se  was not as g r e a t , th e  a c t iv i t y  i s  l e s s  than 

o n e -h a lf  th a t o f  th e  5 '-n u c le o t id a s e  s p e c i f i c  a c t iv i t y  and rep resen ts  a 

red u ction  r e la t iv e  to  th e  i n i t i a l  homogenate; the s p e c i f i c  a c t iv i t y  o f  

5 ' -n u c le o t id a s e ,  on th e  o th er  hand, i s  s ig n i f ic a n t ly  in creased  over th a t in  

th e  homogenate. I t  i s  p o s s ib le  th a t some g lu co se-6 -p h o sp h a ta se  a c t iv i t y  

may be endogenous to  th e in  plasma membrane, or th a t g lu cose-6 -p h osp h ate  

may serv e  as a su b s tr a te  to  5 '-n u c le o t id a s e .  This problem has been 

reviewed by N e v i l le  (1 9 7 4 ).

L a cto p ero x id a se -ca ta ly zed  io d in a t io n  has been shown to  be an e f f e c t iv e  

tech n iq u e fo r  the la b e l in g  o f  membrane p ro te in s  exposed to  th e  aqueous 

m ilieu  ( P h i l l ip s  and M orrison, 1970). R adioautographic ev id en ce has been 

presen ted  (Strum and Edelman, 1973) showing th a t no in te r io r  c e l l  p ro te in s  

in  th e toad b ladder m ucosal c e l l  are  la b e l le d  by t h is  method. The same 

study dem onstrated th a t p r o te in s  in  th e  a p ic a l p o tio n  o f  th e  toad bladder  

mucosal c e l l s  can be ra d io io d in a ted  w ithout l o s s  o f  tran sp ort fu n c tio n . 

Furthermore, t h is  io d in a t io n  i s  q u a n t ita t iv e ly  in creased  in  bladders 

exposed to  an a n t id iu r e t ic  hormone (S c o tt  and S la t in ,  1979). T his approach 

was th e r e fo r e  u t i l i z e d  to  c o v a le n t ly  la b e l  th e  plasma membrane p ro te in s  and 

q u a n tita te  t h e ir  reco v ery . The r e s u lt s  support th e  d ata  ob tained  by 

enzym atic a s s a y s , showing recovery o f  over 27% o f  th e  plasma membranes in  a 

s ig n i f i c a n t ly  enriched  f r a c t io n .
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In summary, a tech n iq u e has been d ev ised  fo r  i s o la t in g  plasma membranes 

from toad b ladder mucosal c e l l s ,  which g iv e s  h ig h ly  enriched  preparations  

o f plasma membranes, as ev idenced  by enzym atic and m orphologic a s sa y s .
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B. S c o tt  and S a p ir s te in  (1975) used in ta c t  b ladders to  dem onstrate A ldo- 

induced in co rp o ra tio n  o f  amino a c id s  in to  m ucosal c e l l  p r o te in s . The 

e f f e c t  was l im ite d  to  a sm all f r a c t io n  o f  c e l l s  enriched  in  MR c e l l s  . In 

th e  i n i t i a l  experim ents d escr ib ed  in  t h is  s e c t io n  th e  co n cen tra tio n  o f  

la b e le d  amino a c id  (and th e  amount o f  is o to p e  in corporated  in to  p ro te in ) i s  

in creased  by u s in g  th e  d isag g reg a ted  mucosal c e l l s  in  a sm all volume o f  

in cu b ation  medium fo r  th e  la b e l in g  experim ents. The iso to p e  was thus 

in crea sed  by approxim ately 1 0 0 -fo ld , g iv in g  g r e a te r  s e n s i t i v i t y  to  the  

e n t ir e  procedure, and th e  r e s u lt s  showed th a t a ld o stero n e  induces the  

s y n th e s is  o f  a t  l e a s t  two membrane p r o te in s ,  which can be lo c a l iz e d  to  a 

t i s s u e  fr a c t io n  o f  th e  MR c e l l s  enriched  in  plasma membranes.

The data d escr ib ed  in  th e subsequent s e c t io n  show th a t th e  hormone- 

induced p r o te in s  can be id e n t i f i e d  in  th e  plasma membranes when in ta c t  

bladders are incubated  in  th e  presence o f  a m ixture o f  la b e le d  amino a c id s ,  

and th a t th e  appearance o f  th e se  p ro te in s  i s  b locked  by e ith e r  

cyclohexim ide or TPIA. The l a t t e r  i s  an in h ib ito r  o f  f a t ty  ac id  s y n th e s is .  

These s tu d ie s  a ls o  show th a t when in ta c t  b ladders are incubated  w ith  A ldo, 

th e  s p e c i f i c  p ro te in s  sy n th e s iz e d  may be fu r th er  lo c a l iz e d  to  th e  plasma 

membranes o f  the MR c e l l s ,  and th a t t h i s  e f f e c t  i s  c y c lo h e x im id e -s e n s it iv e .

The fr a c t io n  o f  MR c e l l s  enriched  in  plasma membranes con ta in ed  th ree  

p r o te in s  whose s y n th e s is  was ap p aren tly  induced by A ldo. The la b e l in g  o f  

th e se  p ro te in s  was independent o f  th e  com bination o f  iso to p e s  used and was 

in h ib ite d  by cyclo h ex im id e . I t  i s  p o s s ib le  th a t th e  85 ,000  and 170,000  

d a lto n  peaks may rep resen t a monomer-dimer r e la t io n s h ip .
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In co n tr a s t  to  th e Aldo v s .  C ontrol and TPIA s t u d ie s ,  th e  A ldosterone  

, v s .  A ldosterone + C yclohexim ide experim ent a ls o  shows an is o to p e  r a t io  peak 

in  a p ro te in  o f 110,000 d a lto n s . W hile i t  i s  p o s s ib le  th a t t h is  may 

rep resen t an A ldo-induced p ro te in  h ith e r to  u n id e n t if ie d ,  a n a ly s is  o f  th e  

t i s s u e  fr a c t io n  enriched  in  endoplasm ic reticu lu m  (but known by enzym atic 

a ssa y s  to  a d d it io n a lly  co n ta in  some plasma membrane v e s i c l e s )  showed th a t

t h is  r a t io  peak was absen t w h ile  th e  two a t  170,000 and 85 ,000  remained

prom inent. T herefore, i t  i s  more l i k e l y  th a t t h is  peak rep resen ts  a

p r o te o ly s is  fragment o f  th e  la r g e r  hormone-induced p r o te in . Second ly , the  

data  f a i le d  to  show a s ig n i f ic a n t  iso to p e  r a t io  in c r e a se  a t MW = 6 ,000  

d a lto n s  or 12 ,000 d a lto n s , where such peaks were p rev io u s ly  noted under 

d if f e r e n t  experim ental c o n d it io n s . In the e a r l ie r  s t u d ie s ,  however, th ese  

peaks were v a r ia b le  and were alw ays noted  in  g e l  s l i c e s  whose con ten t o f  

p ro te in  and la b e le d  amino a c id s ,  in  o p t ic a l  d e n s ity  and in  CPM, were low .

The p resen t data  th e r e fo r e  la r g e ly  s u b s ta n t ia te  th e p rev ious r e s u lt s  in  

id e n t ify in g  major A ldo-induced p r o te in s  o f  m ol. w ts . 170,000 and 85 ,000 in  

the plasma membranes o f  th e  MR c e l l s .

A n a ly s is  o f  th e  c y to s o l  p r o te in s  showed th e  presence o f  th ree  induced  

p r o te in s ,  w ith  m olecular w eigh ts o f  approxim ately 3 6 ,0 0 0 , 12 ,000 and 6 ,000  

d a lto n s . These p ro te in s  apparently  correspond to  th e  p r o te in s  d escrib ed  by 

S c o tt  and S a p ir s te in  (1975) as having m olecu lr w eigh ts ranging from 

approxim ately 38 ,000  to  17 ,000  d a lto n s . The tech n iq u es o f  t i s s u e  la b e l in g  

and a n a ly s is  h ere  are co n sid era b ly  improved and g iv e  a more accu rate  

r e s o lu t io n  o f  th e  la b e le d  p r o te in s .
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C. Brown (1978) has p a r t ia l ly  ch a ra cter ized  the A ldo-induced mRNA in  

th e  toad b ladder and has estim ated  th e  m olecular w eigh ts to  be expected  for  

th e tr a n s la te d  p r o te in s .  For RNA s p e c ie s  sed im enting  a t  25S, 18S, 12S and 

7S, th e  corresponding p ro te in s  would be 162,500 d a lto n s , 84 ,500  d a lto n s ,

26 ,000 d a lto n s , and 6 ,500  d a lto n s . These rough e s tim a te s  are based on 

c e r ta in  assum ptions: (1) each mRNA co n ta in s  a poly(A ) segment o f  150

re s id u e s  (50 ,0 0 0  d a l t o n s ) , (2) th e  average n u c le o t id e  m olecular

w eight i s  333 d a lto n s (1000 per cod on ), and (3) the mean m olecular w eight 

o f  th e  amino a c id  r e s id u e s  i s  130g/m ole. The m olecular w eigh ts o f  

th e A ldo-induced p ro te in s  in  th e  p resen t work correspond remarkably 

w e ll to  th e se  p r e d ic t io n s , c le a r ly  w ith in  th e l im it s  o f  

measurement and e s tim a tio n  e r r o r s . U sing a rab b it r e t ic u lo c y te  c e l l - f r e e  

tr a n s la t io n  system , S c o tt  e t  a l  (1978) have ch a ra cte r ize d  p ro te in s  coded 

fo r  by p a r t ia l ly  p u r if ie d  A ldo-induced mRNA. The major tr a n s la t io n  

product had a m olecular w eigh t o f  168,000 d a lto n s , aga in  c o r r e la t in g  w e ll  

w ith  Brown's p r e d ic tio n s  and w ith  th e  p ro te in s  p r e se n tly  d e sc r ib e d .

The A ldo-induced membrane p ro te in s  appear to  be l ip o p r o te in s  or p ro teo -  

l i p i d s .  S a p ir s te in  (1975) ch a ra cter ized  low m olecular w eight A IP's in  the  

toad b lad d er , and was a b le  to  dem onstrate an induced p r o te o lip id  from th e  

membrane fr a c t io n  o f  th e  MR c e l l s .  He su ggested  th a t t h is  p ro te in  may be 

id e n t ic a l  w ith  a s o lu b le  A ldo-induced  p ro te in  th a t he ch a ra cte r ize d  w ith  

m olecular w eight 32 -3 6 ,0 0 0  d a lto n s  s in c e  p r o te o lip id s  are u su a lly  found as 

p ro te in s  o f  3 0 -40 ,000  d a lto n s , and i t  i s  p o s s ib le  th a t  a p r o te o lip id  may 

e x i s t  in  a w a te r -so lu b le  form. A d e lip id a te d  p r o te o lip id  may be converted
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to  a w a te r -so lu b le  s p e c ie  which s t i l l  r e ta in s  s o lu b i l i t y  in  

chloroform -m ethanol s o lv e n t  (F o lc h -P i, 1972). The p resen t work 

dem onstrates th a t th e  appearance o f  va r io u s AIP's in  th e toad b ladder  

mucosal c e l l  plasma membrane can be in h ib ite d  w ith  TPIA, an a c e ty l  CoA 

carb o x y la se  in h ib ito r .  This drug has been shown to  prevent th e

hormone-induced a lt e r a t io n s  in  both sodium tran sp ort and membrane l i p i d  

s tr u c tu r e  (L ien , Goodman, and Rasmussen, 1975 ). TPIA had been p rev io u sly  

shown to  have no e f f e c t  on the in co rp o ra tio n  o f  la b e le d  amino a c id s  in to  

p ro te in  ( i b i d ) , which has now been confirm ed. When con sid ered  to g e th e r , 

th e se  data in d ic a te  th a t ongoing f a t t y  a c id  s y n th e s is  and/or e lo n g a tio n  i s  

req u ired  fo r  th e  s te r o id -in d u c e d  a lt e r a t io n  in  plasma membrane p ro te in  

m etabolism  to  occu r.

In h ib it io n  o f  f a t t y  a c id  s y n th e s is  and e lo n g a tio n  r e s u lte d  in  d im inished  

la b e l in g  o f  four plasma membrane p r o te in s  (1 7 0 ,0 0 0 , 8 5 ,0 0 0 , 3 2 ,0 0 0 , and

6 ,000  d a lto n s ) .  W hile TPIA b lock s both th e A ldo-induced s t im u la tio n  o f  Na 

tran sp ort and th e s t e r o id ' s  e f f e c t s  on membrane l i p i d  s tr u c tu r e , in cu b ation  

o f t i s s u e s  w ith  a m ilo r id e  r e s u lt s  on ly  in  a b lockage o f  th e  hormone-induced  

in c r e a se  in  SCC, presumably by p reven tin g  sodium entry  a t  th e  lum inal 

membrane; the l a t t e r  drug does not a f f e c t  th e  A ldo-induced changes in  

membrane l i p i d s .  I t  th e r e fo r e  appears th a t th e  A ldo-induced changes in  

membrane l ip id  s tr u c tu r e  are not secondary to  in creased  sodium tr a n sp o r t, 

but are  in stea d  a primary change in  m etabolism  which may w e ll  be in vo lv ed  

in  m ed iating  th e s t e r o id ' s  e f f e c t s  on t r a n s c e l lu la r  sodium tr a n sp o r t.
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However, th e  p r e c is e  r e la t io n s h ip  between th e  A ldo-induced changes in  

membrane l ip d  m etabolism  and the s t e r o id ' s  e f f e c t s  on p ro te in  turnover  

remain u n reso lv ed . I t  i s  p o s s ib le ,  fo r  exam ple, th a t Aldo i s  inducing the  

s y n th e s is  o f  l ip o p r o t e in s ,  i . e . ,  th a t A IP's are sy n th e s iz e d  a t  th e  l e v e l  o f  

th e  endoplasm ic re ticu lu m , complex w ith  s p e c i f i c  boundary l i p i d ,  and are  

tran sp orted  and in s e r te d  in to  th e  plasma membrane. A lte r n a t iv e ly ,  a 

primary a lt e r a t io n  in  membrane l i p i d  m ilie u  could  a f f e c t  th e  r a te  o f  entry  

o f A IP 's (which are n ot in h e r e n tly  bound to  l i p i d s )  in to  th e plasma 

membrane.

The b ioch em istry  o f  th e  A IP's i s  q u ite  l i k e l y  r e f l e c t in g  th e  s p e c i f i c  

mechanisms by which Aldo in c r e a se s  tr a n s c e l lu la r  sodium tr a n sp o r t. 

T h eories concerning th e se  mechanisms may u lt im a te ly  be d iv id ed  in to  two 

b a s ic  p ro p o sa ls: Aldo in c r e a se s  membrane sodium p erm eab ility  and /or the

a c t iv i t y  o f  th e  "sodium pump". Thus, th e  hormone may a c t by in d u cin g  the  

s y n th e s is  o f  p ro te in s  which se r v e  e i th e r  as membrane sodium channels and/or  

as components o f  th e  s e r o s a l  sodium -potassium  ATPase. Both o f  th ese  

mechanisms are c le a r ly  com patib le  w ith  th e  p resen t f in d in g s  th at  

Aldo induces th e s y n th e s is  o f  p ro te in s  which are in corporated  in to  the  

plasma membrane.

S in ce  membrane p r o te in s  fu n c tio n in g  as io n  channels would be in te g r a te d  

in to  th e  lum inal a sp ec t o f  th e  membrane w h ile  p r o te in s  th a t were components 

o f  an Na-K pump would be lo c a te d  on th e  s e r o s a l s id e ,  i t  might be p o s s ib le  

to  r e s o lv e  t h is  i s s u e  by fr e e - f lo w  e le c tr o p h o r e s is .  This approach cou ld
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be used to  sep a ra te  plasma membrane v e i c l e s  in to  th o se  d erived  from the  

a p ic a l membrane and th o se  d erived  from th e s e r o s a l membrane. However, the  

techn ique i s  exp en sive and not w id ely  a v a ila b le .  An in d ir e c t  s o lu t io n  to  

t h is  q u estio n  may be sought by em ploying th e 1 2 5 1 -la cto p ero x id a se  la b e l in g  

techn ique d escr ib ed  in  th e  Methods s e c t io n  fo r  la b e l in g  the a p ic a l plasma 

membrane p r o te in s .  I f  la b e l in g  were performed a f t e r  the t i s s u e s  were 

exposed to  A ldo, in creased  1 2 5 1 -la b e lin g  o f  th e s p e c i f i c  plasma membrane 

p r o te in s  whose s y n th e s is  i s  induced by Aldo would su g g est th a t th e AIP's 

were lum inal plasma membrane p r o te in s ,  thus presumably a c t in g  as Na 

"pores". However, n e g a tiv e  r e s u lt s  would not r e so lv e  th e is s u e  s in c e  th ere  

could  be a t  l e a s t  th ree  p o s s ib le  a l t e r n a t iv e s :  (1) th e  AIP's are se r o s a l

p r o te in s  and 1 2 5 1 -la b e lin g  i s  th e r e fo r e  not in c r e a se d , (2) th e  A IP's are  

a p ic a l plasma membrane p r o te in s  but are " in ter io r "  p ro te in s  and are not 

exposed to  th e  lumen, (3) the A IP's may be " ex ter ior"  a p ic a l p ro te in s  but 

la ck in g  s u f f i c i e n t  exposed ty r o s in e  re s id u es  to  e x h ib it  a q u a n t ita t iv e ly  

s ig n if ic a n t  d if fe r e n c e  in  1 2 5 1 -la b e lin g  from c o n tr o ls .  Although t h is  

approach has been tr ie d  (R eich and S la t in ,  unpublished d a ta ) , th e r e s u lt s  

w ere, u n fo r tu n a te ly , in c o n c lu s iv e . A th ird  approach to  th e q u estio n  o f  

whether th e  A IP's are  lum inal or s e r o s a l p ro te in s  may l i e  in  th e  

developm ent o f  a c e l l - f r e e  t r a n s la t io n  system  from which q u a n t ita t iv e  

amounts o f  A IP's could  be prepared. I t  might then be p o s s ib le  to  determ ine 

th e c h a r a c te r is t ic s  o f  a m ilo r id e -b in d in g  to  th e se  p r o te in s .  S in ce  

a m ilor id e  appears to  a c t  by b lo ck in g  Na entry in to  lum inal ion  ch a n n e ls , a 

low d is s o c ia t io n  con stan t fo r  am iloride-A IP  b ind ing  would su g g est th a t the  

p r o te in s  are  th e se  a p ic a l Na c o n d u its . A d d it io n a lly , i t  might be p o s s ib le
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to  in co rp o ra te  A IP's in to  a r t i f i c i a l  v e s ic l e s  and measure th e change in  Na 

f lu x  a cro ss  th e  membrane.

Evidence th at an AIP may be an Na-K ATPase has been review ed in  s e c t io n  

IB . Most in v e s t ig a to r s  have not been a b le  to  dem onstrate an in c r e a se  in  

e i th e r  th e  t o t a l  amount or th e  a c t iv i t y  o f  th e  enzyme fo llo w in g  treatm ent 

w ith  A ldo. In c o n tr a s t ,  Schmidt e t  a l  (1975) found a prompt in c r e a se  in  

Na-K ATPase a c t iv i t y  in  th e  th ic k  ascending limb o f  adrenalectom ized  ra t  

kidneys fo llo w in g  in  v iv o  in je c t io n  w ith  Aldo; t h is  rapid  enzyme 

a c t iv a t io n  was com p lete ly  in h ib ite d  by actinom ycin  D and cycloh ex im id e. 

However, i t  i s  not c le a r  why th e ir  data revea led  a return  to  b a s e lin e  

enzyme a c t iv i t y  a f t e r  on ly  one hour p o s t - in je c t io n ,  which would not be 

expected  fo r  a ty p ic a l  Aldo resp o n se .

Much o f  th e  data  from measurements o f  th e  "Na tran sp ort pool" tends to  

support th e concept o f  th e  AIP fu n c tio n in g  as a sodium io n  channel (s e e  

s e c t io n  IB ) . T his i s  supported by experim ents in  which a m ilor id e  has been  

shown to  bind to  o n e -th ir d  few er s i t e s  in  b ladders from salt-im m ersed  

(A ldo-suppressed) to a d s , c o n s is t e n t  w ith  th e  d ru g 's  e f f e c t s  on d im in ish in g  

th e  A ldo-induced s t im u la tio n  o f  sh ort c i r c u i t  cu rren t. In th ese  

experim ents in  C u th b ert's  la b o r a to r y , Aldo in crea sed  th e  number o f  

a m ilorid e b ind ing  s i t e s  in  is o la t e d  toad b ladder mucosal c e l l s  by 115%, an 

e f f e c t  which was prevented  by actinom ycin  D and cyclohexim ide (Cuthbert and 

Shum, 1975 ). The average increm ent in  (14C )am iloride la b e l in g  o f  th e  c e l l s  

in  th e  presence o f  hormone was 44%, s im ila r  to  the in c r e a se  in  Na tran sp ort
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(52%) observed w ith  same co n cen tra tio n  o f  Aldo (5xlO-7M ). I t  was concluded  

th a t  Aldo e i th e r  s t im u la te s  th e  de novo s y n th e s is  o f  sodium ion  

t r a n s lo c a t in g  s i t e s ,  or i t  induces a p ro te in  which a c ts  to  expose la t e n t  

ch an n els a lread y  in  th e  a p ic a l plasma membrane. U n fo r tu n a te ly , the

p r o p o r t io n a lity  between th e  number o f  mucosal en try  s i t e s  ' and

t r a n s e p it h e l ia l  tran sp ort could  not be determ ined; i f  t h i s  were known, i t  

would a llo w  one to  e s t im a te  whether th e in d u ctio n  o f  such s i t e s  s u f f ic e d  to  

account fo r  A ld o 's  s t im u la tio n  o f  SCC, or whether another mechanism 

(in cre a se d  s e r o s a l a c t iv e  Na pumping, w hether d ir e c t ly  or in d ir e c t ly )  must 

be im p lica ted .

The in tr ig u in g  f in d in g  th a t p h osp h o lipase  C, when p laced  on th e corium  

s id e  o f  fro g  s k in , in c r e a se s  transmembrane SCC tends to  support th e "Na 

pore" theory  (Yorioand B e n tle y , 19 7 6 ). T his amphibian ep ith e liu m  in cr ea se s  

Na tran sp ort in  resp on se to  Aldo in  a manner s im ila r  to  th e toad b lad d er , 

w h ile  th e  enzyme s p e c i f i c a l l y  c le a v e s  p h o sp h a tid y lch o lin e  a t  i t s  e s te r  

l in k a g e . When u n id ir e c t io n a l Na f lu x e s  were s tu d ied  u s in g  22Na, on ly  in f lu x  

was found to  have in c r e a se d . S in ce th e e f f e c t s  o f  p h osp h olipase C and Aldo 

on SCC were a d d it iv e ,  i t  appeared th a t t h e ir  p r e c is e  s i t e s  o f  a c t io n  may be 

d i f f e r e n t ,  although th e authors su ggested  th a t th e  mechanisms may be q u ite  

s im ila r .

A h ig h ly  p u r if ie d  p rep ara tion  o f  Na-K ATPase from toad kidney has 

r e c e n t ly  been ob ta in ed  (G eering and R o ss ie r , 1979 ). W hile rep orts had

p r e v io u s ly  appeared c h a r a c te r iz in g  th e enzyme a c t iv i t y  from amphibian
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t i s s u e s ,  in c lu d in g  toad b lad d er , under variou s c o n d it io n s , none had 

ach ieved  as a high a degree o f  s p e c i f i c  a c t iv i t y  nor been a b le  to  estim a te  

th e  m olecular w eight o f  the enzym e  su b u n its  ( c . f .  Corntos and W alser, 1971; 

Park and Hong, 1976). Upon SDS-polyacrylam ide g e l e le c tr o p h o r e s is  o f  the  

enzyme, Geering and R o ssier  observed th ree  bands o f  p r o te in , a t  116 ,0 0 0 ,

62 ,000  and 26,000 d a lto n s . The 116,000 d a lto n  p ro te in  was th e  most 

prom inent, and was id e n t i f i e d  as th e c a t a ly t i c  subun it by phosphorylation  

w ith  y-[32P]A TP in  th e presence o f  sodium. The l e s s  prominent 62 ,000

d a lto n  p ro te in  s ta in e d  fo r  g ly c o p r o te in s . I t  appeared th a t th e 3 bands may 

have been primary a g grega tes formed by th e su b u n its  o f  Na-K ATPase, 

su g g e st in g  an in ta c t  enzyme m olecular w eight o f  approxim ately 200,000  

d a lto n s . However, none o f  th e se  m olecu lar w eigh ts corresponds to  any o f  

th e  membrane p ro te in s  in  th e p resen t study th a t were found to  be 

s p e c i f i c a l ly  sy n th esized  in  response to  A ldo. (An ex cep tio n  i s  th e  110,000  

d a lto n  p ro te in  found in  th e  "Aldo v s .  Aldo + C yclohexim ide" experim ent 

plasma membrane fr a c t io n  s e c t io n  IVB; however, as d iscu sse d  e a r l i e r ,  in  no 

oth er  experim ent was th e  p ro te in  found to  have a d i f f e r e n t i a l ly  in creased  

in co rp o ra tio n  o f  la b e le d  amino a c id s  in  response to  hormone.) Taken

to g e th e r , th e  data th e r e fo r e  in d ic a te  th a t th e d ir e c t  s y n th e s is  o f  Na-K 

ATPase i s  probably not a s ig n i f ic a n t  m ediating s te p  in  th e e f f e c t s  o f  Aldo 

on t r a n s e p ith e l ia l  Na tr a n sp o r t.

However, th ere  i s  ev idence from se v e r a l la b o r a to r ie s  th a t th e a c t iv i t y  

o f the s e r o s a l sodium pump a f f e c t s  th e  en try  o f  sodium at th e  a p ic a l

su r fa c e . In h ib it io n  o f  th e  pump w ith  ouabain d ecrea ses  th e  sodium uptake
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a t th e  mucosal su r fa c e  o f  fro g  s k in , toad s k in , and toad b ladder (B ib er , 

1971; L arsen , 1973; F inn , 1975 ). Reuss and Finn (1975) a lso  showed th a t a 

d ecrea se  in  the s e r o s a l transmembrane p o te n t ia l  fo llo w s  th a t o f  th e  mucosal 

transmembrane p o te n t ia l  w ith in  l e s s  than 25 m illis e c o n d s  a f t e r  th e a d d itio n  

o f  a m ilo r id e  t o ,  or th e  removal o f  sodium from, th e mucosal su r fa c e . These 

d ata  le d  th e authors to  conclude th a t th e mucosal and s e r o s a l borders may 

w e ll  " sign a l"  each o th er  in  some manner. Cuthbert and Shum (1977) extended  

th e se  s t u d ie s ,  u s in g  fr o g  s k in , to  dem onstrate th a t as th e  in tr a c e l lu la r  

sodium co n cen tra tio n  i s  ra ise d  fo llo w in g  ouabain treatm ent o f  th e  s e r o sa ,  

s i t e s  fo r  sodium entry  became in c r e a s in g ly  u n a v a ila b le  as measured by 

(14G )am iloride b in d in g . Ouabain had no s ig n i f ic a n t  e f f e c t  on th e a f f in i t y  

o f  a m ilor id e  b in d in g . T his d if f e r e d  from the e f f e c t s  o f  low erin g  mucosal 

bath Na co n cen tra tio n  to  5% o f norm al, which was a s so c ia te d  w ith  a f a l l  in  

SCC to  17% o f  norm al, and an apparent f iv e f o ld  in c r e a se  in  th e a f f i n i t y  o f  

a m ilo r id e . In e i th e r  c a s e ,  however, th ere  appeared to  be r e g u la tio n  by 

p o s i t iv e  feedback , i . e . ,  Na in f lu x  i s  reduced when th e  in t r a c e l lu la r  

co n cen tra tio n  i s  in c r e a se d . C le a r ly , th e  ex ten t to  which th e se  reg u la tin g  

mechanisms are a f fe c te d  by Aldo i s  a c r i t i c a l  and as y e t  u n reso lved  

q u e stio n .

The fu n ctio n  o f  th e  A ldo-induced c y to s o l  p ro te in s  i s  u n c le a r . Not 

s u r p r is in g ly ,  th e ir  s y n th e s is  was not in h ib ite d  by TPIA, su g g e stin g  th at  

th ey  have few in h eren t l ip id  components ( s e c t io n  IVB). Although i t  i s  

n e v e r th e le s s  s t i l l  p o s s ib le  th a t they  are s o lu b le  forms o f  p r o te o l ip id s , as 

d iscu sse d  above, t h is  ex p la n a tio n  does not appear l i k e l y .  A lte r n a t iv e ly ,
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th ey  may rep resen t h y d ro p h ilic  membrane p r o te in s  whose hydrophobic l i p i d  

m o ie tie s  have not y e t  been a tta ch ed . Another ex p la n a tio n  i s  th a t they may 

be s o lu b le  m itoch on d ria l enzymes weich thus c o n tr ib u te  to  ATP p rod u ction , 

in d ir e c t ly  c o n tr ib u tin g  to  th e  Na-K ATPase pump. Of in t e r e s t  i s  recen t  

ev id en ce  concerning ca lm od u lin , a cy top lasm ic  p ro te in  o f  human red blood  

c e l l s  th a t appears to  r e g u la te  a membrane bound Ca-Mg ATPase pump. This 

p r o te in  has a m olecular w eigh t o f  approxim ately 17 ,000 d a lto n s  and i s  

r e a d ily  s o lu b le .  I t  appears to  in te r a c t  w ith  th e  cy top lasm ic  fa ce  o f  th e  

plasma membrane to  m odulate a c t iv e  ca lciu m  tran sp ort (Larsen and V in cen z i, 

1979). The A ldo-induced c y to s o l  p ro te in s  may be fu n c tio n in g  in  a s im ila r  

fa sh io n .
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D. The p r e c is e  lo c u s  o f  a c t io n  o f  th e  A ldo-induced p r o te in s  i s  s t i l l  

u n s e t t le d ,  although i t  i s  b e lie v e d  th a t sodium tr a v e r se s  th e  ep ith eliu m  

(m u cosa -to -serosa ) v ia  a t r a n s c e l lu la r  pathway (MacKnight, L ea f, and Civan, 

1971). Leaf (1965) su g g ested  th a t serosa -to -m u cosa  f lu x e s  o f  Na, K, and Cl 

are v ia  channels sep a ra te  from a c t iv e  Na tran sport in  the o p p o site  

d ir e c t io n .  Evidence has s in c e  accum ulated th a t l i t t l e ,  i f  any, sodium  

en te r s  th e  c e l l s  from th e s e r o s a l  s id e ,  and th a t in  th e serosa-to -m u cosa  

d ir e c t io n  Na, K, and Cl a l l  tr a v e r se  a common, p a r a c e llu la r  pathway (S a ito ,

L ie f ,  and E ss ig , 1974; Beauwens and A l-A w qati, 19 7 6 ). This pathway appears

to  be the space between th e  mucosal c e l l s  a t th e  l e v e l  o f  th e  a p ic a l  

ju n c tio n  (DiBona and C ivan, 1973); in  f a c t ,  th e  authors were in c lin e d  to  

su g g est  th a t th e terms " t ig h t  ju n ctio n "  and "zonula occludens"  be rep laced  

by th e  term " lim it in g  ju n ction "  to  more a c c u r a te ly  portray th e  p h y s io lo g ic  

fu n ctio n  (as opposed to  p u rely  anatom ic co n fig u r a tio n ) o f  t h i s  s tr u c tu r e .  

S in ce th e  r e c y c lin g  o f  sodium through th e  a c t iv e  tran sp ort pathway has 

s in c e  been shown to  be n e g l ig ib le  (Beauwens and A l-A w qati, 1976 ), th e  

above f in d in g s  th a t serosa -to -m u cos Na f lu x  was v ia  a p a r a c e llu la r  pathway 

and th a t t h is  channel was d i f f e r e n t  from th e a c t iv e  Na tran sp ort pathway 

a l l  supported th e  co n c lu s io n  th a t t r a n s e p it h e l ia l  a c t iv e  Na tran sport  

(m u cosa -to -serosa ) in  th e  toad b ladder i s  v ia  a tr a n s c e l lu la r  pathway. 

T his c o n s t itu te d  an im portant b a s is  fo r  th e  approach used in  th e cu rrent

work, i . e . ,  a ttem p tin g  to  c h a r a c te r iz e  changes in  th e  mucosal c e l l  plasma

membranes which might w e ll  prove to  be a c r u c ia l  l im it in g  b a r r ie r  in  a c t iv e  

Na tra n sp o r t.
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There appears to  be a degree o f  p a r t it io n in g  o f  p h y s io lo g ic  fu n ctio n  

among th e v a r io u s  m orphologic c e l l  typ es o f  th e  b lad d er . For exam ple, i t  

i s  g e n e r a lly  agreed th a t urinary  a c id i f ic a t io n  in  Colombian toads i s

m ediated v ia  th e MR c e l l s  (F r a z ie r , 1978; Rosen, O liv e r , and S te in m etz , 

1974). An im portant rem aining q u estio n  i s  which c e l l  type c o n s t itu te s  the  

primary pathway fo r  Na conductance. Evidence has been review ed th a t th e MR 

c e l l  appears to  m ediate a t  l e a s t  the i n i t i a l  even ts in  the e p ith e liu m 's  

resp on se to  Aldo ( s e c t io n  IC ). B r ie f ly ,  S a la d in o , B e n tle y , and Trump 

(1969) f i r s t  su ggested  th a t th e  MR c e l l s  might be in v o lv ed  in  th e  Aldo 

response a f t e r  they found th a t am photericin  B in crea sed  SCC across th e  toad  

bladder in  a manner th a t appeared to  be tem porarily  com patib le w ith  

observed s t r ik in g  changes in  MR c e l l  morphology. Both m orphologic and 

b iochem ica l s tu d ie s  have s in c e  supported th e c o n c lu s io n . Thus, Voute, 

Hanni, and Amman (1972) u s in g  b ladders and sk in s  from both fro g s and toads 

have found changes in  th e morphology o f  th e  MR c e l l  as w e ll  as a 

q u a n t ita t iv e  in c r e a se  in  th e ir  number a f t e r  hormone trea tm en t. Nerve 

endings in  th e ep ith e liu m  proper o f  fro g  sk in  are found in  th e

v ic in i t y  o f  MR c e l l s  (W hitear, 1974 ). S a p ir s te in  and S c o tt  (1975) have 

shown th a t c y to s o l  recep to rs  fo r  Aldo are found e x c lu s iv e ly  in  the  

MR c e l l s ,  and th a t A ldo-induced p ro te in s  may be id e n t i f ie d  e x c lu s iv e ly  in  

a t i s s u e  fr a c t io n  enriched  in  MR c e l l s  (S c o tt  and S a p ir s te in , 1975a).

These r e s u lt s  were supported by th e  i s o la t io n  and c h a r a c te r iz a t io n  o f  

A ldo-induced mRNA obtained  from MR c e l l s  (S c o tt  e t  a l ,  1978 ). In 

a d d it io n , th ere  i s  su g g e s t iv e  b io p h y s ic a l ev id en ce  as w e l l .  The SCC 

measured a c r o ss  th e  u rin ary  b ladder o f  th e  a q u a tic  u ro d e le  Amphiuma i s
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approxim ately 20uAmp/cm2 as compared to  th e b a s e lin e  SCC a cro ss  th e toad  

b lad d er o f approxim ately 80-150 uAmp/cm2 (M ullen, e t  a l ,  1976 ). I t  may be 

s ig n i f ic a n t  th a t on ly  5% o f  th e  mucosal ep ith e liu m  o f  the  

u rod ele  b ladder i s  composed o f  MR c e l l s ,  a s compared to  20% o f th e  mucosal 

c e l l s  o f  the toad b lad d er . Thus i t  i s  p o s s ib le  th a t a q u a n tita t iv e  

r e la t io n s h ip  e x i s t s  between th e  p rop ortion  o f  MR c e l l s  in  an ep ith e liu m  

and th e measured Na tr a n sp o r t.

Some debate s t i l l  e x i s t s ,  however, over th e  b a s ic  h i s t o lo g ic  s tr u c tu r e  

o f th e  toad b lad d er . In an ea r ly  tra n sm issio n  e le c tr o n  m icroscope stu d y , 

Choi (1963) concluded th a t both th e MR and G c e l l s  must be con sid ered  as 

ca n d id a tes fo r  m ediation  o f  a c t iv e  Na tr a n sp o r t , A subsequent scanning EM 

in v e s t ig a t io n  rev ea led  th e  G c e l l s  to  be in  " c lo s e  con tact"  w ith  th e  MR 

c e l l s  in  a s t e l l a t e  a rra y , u s u a lly  in  a r a t io  o f  3 or  4 G c e l l s  fo r  each MR 

c e l l  (Danon, Strum, and Edelman, 1974 ). R arely was an MR c e l l  in  co n ta c t  

w ith  on ly  2 G c e l l s .  T his arrangement su ggested  a p o s s ib le  p h y s io lo g ic  

fu n c t io n a l "communication" between th e  d i f f e r e n t  c e l l  ty p e s . Further 

ev id en ce  fo r  th e p o s s i b i l i t y  o f  in t e r c e l lu la r  coop era tion  was o ffe r e d  by a 

study o f  th e  b u llfr o g  b la d d er , in  which i t  was observed th a t the granular  

c e l l s  were never in  co n ta c t w ith  th e  basement membrane, although MR c e l l s  

were o c c a s io n a lly  seen  touch ing t h i s  s tr u c tu r e . In a d d it io n , W hitear's  

f in d in g  th a t nerve term in a ls  ju s t  beneath th e basement membrane were in  

c lo s e  proxim ity on ly  to  th e  MR c e l l s  was confirm ed (Strum and Damon, 1974). 

However, a recen t rep ort by DiBona (1978) em ploying d i f f e r e n t ia l  

in te r fe r e n c e -c o n tr a s t  EM tak es is s u e  w ith  some o f  th e se  prevous 

o b se r v a tio n s . He found th a t th e  " ro se tte"  arrangement o f  G c e l l s  around MR
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c e l l s  was in c o n s ta n t , and th a t 35% of the granular c e l l s  from b ladders o f  

Dominican froads made no c o n ta c t  w ith a m itoch on d ria -r ich  c e l l .  C learly  

th e se  are  im portant p o in ts  which must be reso lv e d  b efo re  th e f u l l  nature o f  

both b a sa l and h orm on a lly -in flu en ced  Na tra n sp o rt in  t h is  t i s s u e  can be  

com p lete ly  understood .

The cu rrent work supports th e  ev id en ce  in  favor o f  th e  m itoch on d ria -rich  

c e l l  p la y in g  an im portant r o le  in  th e response o f  th e  toad b ladder to  A ldo. 

Incubation  o f  t i s s u e s  wih s te r o id  was term inated a f t e r  3 1 /4 -4  h r s . ,  the

tim e o f  maximal SCC, in  ord er to  in v e s t ig a te  th e  presence o f  b iochem ica l 

changes which might c o r r e la te  (a t  l e a s t  tem p orally ) w ith  sodium tra n sp o r t.  

A n a ly s is  o f  th e  plasma membranes d erived  from th e  ep ith e liu m  c o n s is te n t ly  

revea led  th a t in creased  amino a c id  in co rp o ra tio n  in to  s p e c i f i c  membrane 

p r o te in s  was l im ite d  to  th e MR c e l l .  A d d it io n a lly , a ld o  appeared to  induce  

th e s y n th e s is  o f  low er m olecu lar w eigh t c y to s o l  p r o te in s ,  aga in  on ly  in  the  

MR c e l l .  These data extend th ose  of S a p ir s te in  and S co tt (1975) and S c o tt  

e t  a l  (1978) in  dem onstrating th a t major b iochem ica l changes in  RNA and 

p r o te in  m etabolism  occur in  th e  MR c e l l  in  response to  m in e r a lo c o r tic o id .  

I t  i s  p o s s ib le  th a t th e se  ev en ts  c o n s t i t u t e  i n i t i a t i n g  s te p s  in  th e Na 

tran sp ort p rocess which i s  u lt im a te ly  m ediated through th e  granular c e l l s  

v ia  in t e r c e l lu la r  co o p era tio n , or e l s e  th a t horm onally-induced a c t iv e  Na 

fu r th er  stu d y .
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