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Studies on the Role of Actin Micro filam ents la the Action of V asopressin in
T o ad  U r in a ry  B la d d e r  

by

M ir ile e  L e s l ie  P e a r l  

T h e s is  A d v iso r , P r o f e s s o r  A nn T a y lo r

V a s o p re s s in  -(V P ) induced  w a te r  m o v em en t a c r o s s  toad u r in a ry  b la d d e r  

e p ith e liu m  (TUBE) w as in h ib ited  by d ih y d ro c y to c h a la s in  B, s u g g e s tin g  th a t a c tin  

p lay s  a  ro le  in  the  V P re s p o n s e . An a c t in - l ik e  p ro te in  w as th e r e fo r e  iso la te d  

fro m  TU B E. C ru d e  e x t r a c ts  o f  iso la te d  c e lls  show  a  p ro m in e n t band  on SDS 

g e ls  that c o m ig ra te s  w ith  ra b b it  m u sc le  a c tin . T h is  f ra c tio n  w as p u r if ie d  on 

D E A E -c e llu lo se  and the p o ly m e riz e d  p e lle t  r e s u l t in g  f ro m  the  co lu m n  s te p  

w as h ig h ly  e n r ic h e d  in  the 45, 000 d a lto n  com ponen t. T h is  m a te r ia l  w as f u r ­

th e r  p u r if ie d  on  S ep h ad ex  G -150 . E le c tro n  m ic ro s c o p y  (EM) o f  p o ly m e riz e d , 

n eg a tiv e ly  s ta in e d  s a m p le s  d e r iv e d  f ro m  su c h  e x t r a c ts  r e v e a le d  5 0 -7 0  A f i la ­

m en ts  s im i l a r  to th o se  fo rm e d  by ra b b it  a c tin . In s e c tio n e d  m a te r ia l ,  m any 

su c h  f ila m e n ts  w e re  s e e n  in  the a p ic a l su b p la s m a le m m a l re g io n  o f w hole 

TU BE c e l ls .  W hen b la d d e rs  w e re  g ly c e r in a te d  and  su b se q u e n tly  ex p o sed  to 

heavy  m e ro m y o s in  (HMM), EM  o f th is  re g io n  re v e a le d  f ila m e n ts  d e c o ra te d  

w ith  a r ro w h e a d  f ig u re s  s im i l a r  to  th o se  fo rm e d  by HMM and ra b b it  a c tin .

H M M -d eco ra ted  f ila m e n ts  w e re  a ls o  s e e n  in  the sm o o th  m u sc le  la y e r  o f  toad 

b la d d e r s .  T h e se  f in d in g s  a r e  c o n s is te n t  w ith  th e  co n cep t th a t 1) an  a c t in - l ik e  

p ro te in  is  a  m a jo r  co m p o n en t o f TU BE c e l l s ; and 2) an  a c t in - l ik e  p ro te in  m ay  

p lay  a  fu n c tio n a l ro le  in  V P -in d u ce d  w a te r  m o v em en t.
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Ah, i t  is  the  fau lt o f o u r  s c ie n c e  
th a t  i t  w an ts  to ex p la in  a ll;  and if  
i t  ex p la in  not, then  i t  s a y s  th e re  
is  noth ing  to ex p la in . But y e t we 
s e e  a ro u n d  us e v e ry  day  the  g row th  
o f new b e lie fs ,  w hich  th ink  th e m ­
s e lv e s  new; and w hich  a r e  y e t bu t 
the  old , w hich  p re te n d  to be  young - 
l ik e  the fin e  la d ie s  a t  the  o p e ra . *

*D ra c u la , B ra m  S to k e r  (1897). T em p o  B ooks, New Y ork , 1979, p. 256.
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INTRODUCTION

A ctin  is  th e  m a jo r  p ro te in  o f  b o th  s t r i a te d  and sm o o th  m u s c le . In s k e le ­

ta l  m u sc le , a c tin  f ila m e n ts  50 -  70 A in  d ia m e te r  in te r a c t  w ith  th e  A T P a se  o f  

p a r a l le l  m y o sin  f ila m e n ts  and p ro v id e  th e  f o rc e -g e n e ra t in g  m e c h a n ism  w hich  

is  th e  b a s is  o f  m u s c le  c o n tra c tio n . A s im i l a r  s itu a tio n  p e r ta in s  in  sm o o th  

m u sc le , a lthough  th e  s t r u c tu r a l  re la t io n s h ip s  b e tw een  a c tin  and m y o s in  h av e  

not y e t b ee n  c le a r ly  defin ed . M uscle  a c t in  has  b e e n  e x te n s iv e ly  c h a r a c te r iz e d  

o v e r  the  y e a r s ,  and a  g r e a t  d e a l o f in fo rm a tio n  is  a v a ila b le  ab o u t i ts  s t r u c tu r e  

and in te ra c t io n s  w ith  m y o sin  and r e g u la to ry  m u sc le  p ro te in s  (64, 141, 142),

T h e  m o le c u la r  b a s is  o f  th e  m o tili ty  and c o n tra c t i l i ty  o f  n o n m u sc le  c e l ls  

Is no t so  w ell u n d e rs to o d . H ow ever, th e  in v e s tig a tio n s  o f th e  l a s t  d e cad e  have 

c le a r ly  show n th a t  th e  m o v em en ts  o f c e l ls ,  and in  m any  c a s e s  o f  th e i r  c o n s ti­

tu e n t o rg a n e lle s , a r e  m e d ia te d  th ro u g h  the o rg a n iz e d  a c tiv ity  o f c o n tra c t i le  

p ro te in s  and m ic ro tu b u le s  (47, 115, 125). M icro  f ila m e n ts  c o m p o se d  o f  a c t in -  

lik e  p ro te in  su b u n its  a r e  p r e s e n t  in  a ll e u k a ry o tic  c e lls  (115) and a r e  b e lie v e d  

to in te ra c t ,  in  m an y  c a s e s ,  w ith  m y o sin  (25) and e le m e n ts  o f c a lc iu m -b a s e d  

re g u la to ry  m e c h a n ism s  (25, 38). T h e se  in te ra c t io n s  o f n o n m u sc le  c o n tra c t i le  

p ro te in s  th e re b y  fo rm  th e  b a s is  o f  c e l lu la r  p r o c e s s e s  c o n tro llin g  c e l l  sh ap e  

(25) and c e l lu la r  m o til i ty  (25, 134). In  n o n m u sc le  c e l ls ,  a c tin  f ila m e n ts  a r e  

c lo s e ly  a s s o c ia te d  w ith  c e l l  m e m b ra n e s  (26, 103, 122) and a p p e a r  to  be  o f 

c r i t i c a l  im p o r ta n c e  in  re g u la tin g  th e i r  s u r f a c e  to p o g ra p h y  (26, 139), T he 

c o o p e ra tiv e  fun c tio n in g  o f m ic ro f i la m e n ts  and m ic ro tu b u le s  h a s  b e e n  im p lic a te d  

in  re g u la tio n  o f  th e  s p a tia l  d is tr ib u tio n  and la t e r a l  m o b ility  o f  s u r f a c e  re c e p ­

to r s  on ly m p h o cy te s  and f ib ro b la s ts  (39, 137); and th e s e  o rg a n e l le s  m a y  p lay  

a  c o o p e ra tiv e  ro le  in  s u r f a c e  p r o c e s s e s  su ch  a s  the  capp ing  o f an tib o d ie s  (26,
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39). T he fu n c tio n a l in te g r i ty  o f  m ic ro f ila m e n ts  is  a lso  n e c e s s a r y  fo r  e x o - 

and en d o cy to s is  (4. 39).

The n eu ro h y p o p h y sea l h o rm o n e , v a s o p re s s in ,  h a s  tw o m a jo r  c e l lu la r  

a c tio n s . It in flu en c es  sm o o th  m u s c le  c o n tra c t i l i ty  (5), and i t  p ro m o te s  t r a n s -  

c e l lu la r  w a te r  m o v em en t in  re s p o n s iv e  e p ith e lia l  t i s s u e s  (53, 57, 77). T h is  

l a t t e r  a c tio n  u n d e r l ie s  i ts  p r im a r y  p h y s io lo g ica l ro le , w h ich  is  th e  re g u la tio n  

o f  w a te r  b a la n c e  (7, 53). M ic ro f ila m e n ts  (50 -  70 A and 100 A d ia m e te r )  and 

a ls o  m ic ro  tu b u le s  a r e  know n to  be  p r e s e n t  in  v a s o p re s s in - s e n s i t iv e  e p ith e lia l  

c e l ls ,  a s  in  o th e r  n o n m u sc le  c e l ls .  In  th e  p a s t  few y e a r s ,  s e v e r a l  la b o ra to ­

r ie s  have p ro v id e d  ev id e n ce  th a t v a s o p re s s in - s t im u la te d  o s m o tic  w a te r  m o v e ­

m e n t (the h y d ro sm o tic  re sp o n s e )  is  d ep en d en t on  the s t r u c tu r a l  a n d /o r  fu n c­

t io n a l in te g r i ty  o f th e s e  c y to sk e le ta l e le m e n ts .  T h u s , ag en ts  th a t in te r a c t  

w ith  tu b u lin  and d is ru p t  m ic ro tu b u le s , su c h  a s  c o lc h ic in e , v in b la s tin e  and p o -  

d ophy llo tox in , in h ib it the  a c tio n  of v a s o p re s s in  on  w a te r  m o v em en t in  am p h i­

b ia n  e p ith e lia  (36, 130, 131, 133), T h e re  is  conv incing  ev id en ce  th a t  th e  in ­

h ib ito ry  e f fe c ts  o f  th e s e  a g en ts  a r e  due to th e i r  in te ra c t io n  w ith  tubu lin  (a n d / 

o r  c y to p la sm ic  m ic ro tu b u le s )  w ith in  th e  e p ith e lia l  c e l l s .  S im ila r ly , c y to c h a -  

la s in  B, an  a g en t w hich in h ib its  m any c e l lu la r  p r o c e s s e s  d ep en d en t o n  a  fu n c­

t io n a lly  in ta c t  m ic ro f i la m e n t  n e tw ork , s p e c if ic a lly  im p a ir s  v a s o p re s s in -  (and 

o x y to c in -)  s tim u la te d  w a te r  flow  in  a n u ra n  u r in a r y  b la d d e r  (19, 29, 51, 130, 

132). Though d a ta  o b ta in ed  f ro m  e x p e r im e n ts  w ith  c y to c h a la s in  B m u s t be  in ­

t e r p re te d  w ith  cau tio n , one m ay  re a so n a b ly  co n c lu d e  f ro m  r e c e n t  w o rk  in  th is  

f ie ld  (16, 17, 89), th a t th e  50 -  70 A m ic ro f i la m e n ts  p r e s e n t  In  to ad  b la d d e r

e p ith e lia l  c e l ls  (24, 109) m a y  p a r t ic ip a te  in  th e  h y d ro sm o tic  a c tio n  o f th e
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h o rm o n e  (19, 29, 51, 130, 132).

T h e  s p e c if ic i ty  o f  the in te ra c t io n  b e tw een  c y to c h a la s in  B and  a c tin  

m lc ro f i la m e n ts  in  n o n m u sc le  c e l ls  h a s  long  b een  a  s u b je c t  o f c o n tro v e rs y . In ­

d eed , th e  d ru g  h a s  b e e n  show n a lso  to  in te r f e r e  w ith  th e  t r a n s p o r t  o f  h e x o se s  

and  n u c le o s id e s  a c r o s s  th e  p la s m a  m e m b ra n e s  o f  m an y  c e l l  ty p es  (75, 114). 

R e c en tly , a  new c y to c h a la s in  an a lo g u e , d ih y d ro c y to c h a la s in  B (H2 CB), has  

b e e n  d ev e lo p ed  (87). E x p e rim e n ts  in  v a r io u s  c e l l  ty p es  in d ic a te  th a t  th is  d ru g  

in te r f e r e s  in  a  s im i la r  fa sh io n  to c y to c h a la s in  B w ith  n o n m u sc le  c e l l  fu n c tio n s  

re q u ir in g  ac tin , bu t th a t i t  has  no e ffe c t on h e x o se  o r  n u c le o s id e  t r a n s p o r t  (9, 

87).

T h e  a v a ila b il i ty  o f th is  agen t now m a k es  i t  p o s s ib le  to  s p e c if ic a l ly  te s t  

the h y p o th es is  th a t a c tin -c o n ta in in g  m ic ro  f ila m e n ts  a r e  Involved  in  th e  h y d ro s ­

m o tic  a c tio n  o f v a s o p re s s in .  H ow ever, an  a c t in - l ik e  p ro te in  h as  n e v e r  b ee n  

iso la te d  fro m , n o r  s p e c if ic a lly  lo c a liz e d  w ith in , the  ta r g e t  c e l ls  o f v a s o p r e s s in -  

s e n s i t iv e  e p ith e lia .

T h e  s tu d ie s  p re s e n te d  below  a r e  c o n c e rn e d  w ith  the  ro le  o f a c tin  m ic r o ­

f ila m e n ts  in  m e d ia tin g  th e  h y d ro sm o tic  re s p o n s e  to v a s o p re s s in  in  th e  u r in a ry  

b la d d e r  o f  th e  toad . T h e  find ings c o v e r  th r e e  a r e a s :  1) fu n c tio n a l s tu d ie s  on 

th e  in h ib itio n  o f  v a s o p re s s in - in d u c e d  w a te r  m o v em en t by  d ih y d ro c y to c h a la s in  

B in d ic a te  th a t  th is  d ru g  is  e ffe c tiv e  in  in h ib itin g  the  h y d ro sm o tic  re s p o n s e  in  

th e  toad  u r in a ry  b la d d e r ; 2) b io c h e m ic a l s tu d ie s  p ro v id e  ev id e n c e  th a t an  

a c t in - l ik e  p ro te in  w hich  fo rm s  50 -  70 A m lc ro f ila m e n ts  i s  a  m a jo r  c o n s ti­

tu en t o f th e  b la d d e r  e p i th e lia l  c e l ls ;  and  3) m o rp h o lo g ic a l s tu d ie s  o f  the  i n t e r ­

a c tio n  o f  b la d d e r  e p ith e lia l  c e l l  m ic ro f i la m e n ts  w ith  h eav y  m e ro m y o s in  p ro ­
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v id e  uneq u iv o ca l ev id en ce  th a t  a c tin  is  p r e s e n t  in  the b la d d e r  ep ith e liu m , and 

g ive in fo rm a tio n  abou t i ts  lo c a liz a tio n  w ith in  th e  e p ith e lia l  c e l l s .

T he R ole o f  V a s o p re s s in  in O sm o re g u la tio n  and Its  

C e llu la r  M ech an ism  o f  A ctio n  

T h e  re g u la tio n  o f  in te rn a l  w a te r  b a la n c e , in c lu d in g  the  o s m o la li ty  and, 

to so m e  ex ten t, th e  vo lum e o f  body  f lu id s , is  m e d ia te d , in  t e r r e s t r i a l  v e r t e ­

b r a te s ,  th ro u g h  th e  a c tio n  o f v a s o p re s s in  (a n tid iu re tic  h o rm o n e ). T h is  o c ta -  

p ep tid e  i s  m a n u fa c tu re d  in  th e  l a t e r a l  and v e n tro m e d ia l h y p o th a lam u s (119). 

P ro je c tio n s  o f the h y p o th a la m ic  n u c le i, w hich  p a s s  th ro u g h  th e  p i tu i ta ry  s ta lk , 

t r a n s p o r t  h o rm o n e -c o n ta in in g  v e s ic le s  to s to r a g e  s i te s  in  th e  n eu ro h y p o p h y sis . 

U n d er co n d itio n s  o f h y p e ro s m o la r i ty , o r  d u r in g  e p iso d e s  o f a c u te  v o lu m e d e ­

p le tio n , th e  a c tiv a tio n  o f s e n s i t iv e  c e l ls  in  th e  s u p ra o p tic  n u c le u s , p e rh a p s  

d i r e c t ly  by o sm o tic  sh r in k a g e , s ig n a ls  th e  n eu ro h y p o p h y sis  to r e le a s e  v a s o ­

p r e s s in  in to  th e  p e r ip h e ra l  c ir c u la t io n  (119). Upon r e le a s e ,  v a s o p re s s in  c i r ­

c u la te s  a t a  c o n c e n tra tio n  o f 10- *2 -  1 0 ~ ^  M and e v e n tu a lly  b inds to s p e c if ic  

r e c e p to rs  on  the p la s m a  m e m b ra n e s  o f  i ts  ta r g e t  c e lls  (72). T h e  c o n c e r te d  

e v en ts  re s u lt in g  fro m  the  a c tio n  o f v a s o p re s s in  s e rv e  a s  lin k s  in  th e  s e r v o -  

r e g u la to ry  m e c h a n ism  th a t fu n c tio n s  to m a in ta in  a  n o rm a l e f fe c tiv e  c i r c u la ­

tin g  b lood vo lu m e. T h e  h o rm o n e  c a u s e s  th e  c o n tra c tio n  o f so m e  sm o o th  m u s ­

c le s  and th e  re la x a tio n  of o th e rs  (5). I ts  e f fe c ts  on  th e  e p ith e lia l  t i s s u e s  o f 

th e  m a m m a lia n  k id n ey  (7, 8, 34), and on th e  u r in a ry  b la d d e rs  and s k in  o f a m ­

p h ib ia n s  (8, 62, 82), lead  to  the  a b so rp tio n  o f w a te r  (and, in  m a m m a ls , to  

th e  p ro d u c tio n  o f c o n c e n tra te d  u r in e )  a c c o rd in g  to  o s m o tic  n e c e s s ity .
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S tu d ies  o f the m e c h a n ism  o f a c tio n  *>f v a s o p re s s in  in  r e n a l  t a r g e t  t i s ­

s u e s  a r e  c o m p lica ted  by th e  p ro b le m s  e n c o u n te re d  in  d ea lin g  w ith  so  c o m p lex  

an  o rg a n  as  th e  k id n ey . F o r  th is  re a so n , th e  am p h ib ian  u r in a ry  b la d d e r  and  

s k in  have bee .i e x te n s iv e ly  em p lo y ed  as  m o d el e p ith e lia l  s y s te m s .  In fo rm a tio n  

abou t th e  c e l lu la r  m e c h a n ism  o f a c tio n  o f v a s o p re s s in  h as  la rg e ly  b e en  o b ta in ed  

th ro u g h  th e  u se  o f toad and f ro g  b la d d e r  as  e x p e r im e n ta l  s y s te m s .  T he d a ta  

thus o b ta in ed  have, in  la r g e  p a r t ,  a id ed  in  d ev e lo p in g  an  u n d e rs ta n d in g  o f  th e  

fu n c tio n s  o f the  m a m m a lia n  d is ta l  n ep h ro n . T h e  in fo rm a tio n  d e r iv e d  f ro m  the 

p r e s e n t  s tu d ie s  m ay  th e re fo re  be ex p ec ted  to p ro v id e  in s ig h ts  in to  the m e c h a n ­

is m  o f a c tio n  o f v a s o p re s s in  in  h o rm o n e -s e n s i t iv e  c e lls  o f m a m m a lia n  a s  w ell 

as  am p h ib ian  o r ig in . To f a c i l i ta te  u n d e rs ta n d in g  o f th e  d e v e lo p m en t o f id e a s  

in  th is  fie ld , the  d is c u s s io n  o f the  c e l lu la r  a c tio n  o f v a s o p re s s in  w hich fo llow s 

w ill c o n s id e r  d a ta  o b ta in ed  f ro m  th e  u s e  o f  s e n s i t iv e  a n u ra n  e p ith e lia l  s y s te m s ,  

su p p le m en te d  w ith  r e le v a n t in fo rm a tio n  f ro m  s tu d ie s  o f  m a m m a lia n  re n a l 

t i s s u e s .

B io c h e m ic a l P a th w ay s  in  V a s o p re s s in  A ction  

T he c e l lu la r  a c tio n  o f v a s o p re s s in  i s  in itia te d  by h o rm o n e  b in d in g  to  

re sp o n s iv e  e p ith e lia l  c e l l s .  T he lo c a liz a tio n  o f th e  v a s o p re s s in  r e c e p to r  to  

b a s o la te r a l  c e ll m e m b ra n e s  w as o r ig in a lly  in fe r r e d  f ro m  the  f a c t  th a t, u n d e r  

p h y s io lo g ic a l co n d itio n s , th e  h o rm o n e  is  on ly  e ffe c tiv e  w hen p re s e n te d  to  th e  

s e r o s a l  s id e  o f i ts  ta r g e t  e p ith e lia l  c e l ls  (11, 77, 32), S tro n g e r  ev id en ce  fo r  

th is  h y p o th e s is  h a s  com e fro m  re c e n t  s tu d ie s  o f  can in e  r e n a l  m e d u lla ry  m e m ­

b ra n e s  ex am in ed  a f te r  s e p a ra t io n  by f re e - f lo w  e le c t ro p h o re s is  (123), E n z y -
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m a tte  a n a ly s is  o f f ra c t io n s  o b ta in ed  by th is  m eth o d  in d ic a te d  th a t  v a s o p r e s s in -  

s e n s i t iv e  ad en y la te  c y c la s e  a c tiv ity  w as p r e s e n t  o n ly  in  th e  m e m b ra n e  f ra c t io n  

id e n tif ied  as  b e in g  d e r iv e d  fro m  th e  b a s o la te ra l  p la s m a  m e m b ra n e s  o f  th e  m e ­

d u lla ry  e p ith e lia l  c e l ls  (123).

T he co n cep t th a t  v a s o p re s s in  a c ts  by  a l te r in g  c y c lic  ad e n o s in e  m o n o p h o s­

p h a te  (cAM P) le v e ls  in  toad  b la d d e r  e p ith e liu m  w as o r ig in a lly  p ro p o se d  by O r -  

lo ff and H a n d le r  (107, 108), who show ed th a t  ad d itio n  o f cA M P o r  th eo p h y llin e  

to iso la te d  toad  b la d d e rs  m im ick ed  the  v a s o p re s s in  re s p o n s e . S u b sequen tly , 

H an d le r  e t a l ,  (52) d e m o n s tra te d  th a t v a s o p re s s in  in c r e a s e s  in t r a c e l lu la r  cA M P 

le v e ls  in  w hole toad  b la d d e rs ;  and th e s e  find ings h av e  b e e n  c o n f irm e d  in  p r e ­

p a ra tio n s  o f iso la te d  e p ith e lia l  c e lls  (106). R ec en t e x p e r im e n ts  in  toad  b la d ­

d e r  (151, 152) and r e n a l  m e d u lla  (153) h av e  now p ro v id ed  ev id en c e  th a t the 

v a s o p re s s in - s t im u la te d  in c r e a s e  in  cA M P is  m o d u la ted  (dam ped) th ro u g h  fee d ­

b a ck  re g u la tio n  in v o lv in g  p ro s ta g la n d in s . A p p a ren tly , v a s o p re s s in  c a u s e s  an  

in c r e a s e  in  th e  s y n th e s is  o f p ro s ta g la n d in  E 2 , and th is  in  tu rn  is  b e liev e d  to 

r e g u la te  cA M P p ro d u c tio n  th ro u g h  in h ib itio n  o f v a s o p re s s in - s e n s i t iv e  ad en y ­

la te  c y c la s e  a c tiv ity  (151-153).

It i s  g e n e ra lly  a c c e p te d  th a t cA M P e x e r ts  i t s  e f fe c ts  by  a c tiv a tio n  of 

p ro te in  k in a se s  (80). In v a s o p re s s in - s e n s i t iv e  e p ith e lia ,  e le m e n ts  o f o n e  o r  

m o re  cA M P -d ep en d en t p ro te in  k in a se  s y s te m (s )  hav e  a ls o  b e e n  d e s c r ib e d  (31,

36, 40, 67, 73, 123). J a r d  and B a s ttd e  (67) f i r s t  o b ta in ed  ev id en ce  fo r  a  

p ro te in  k in a se  in  toad  b la d d e r  e p i th e lia l  c e l ls ,  u s in g  exogenous h is to rie s  a s  an  

a c c e p to r ;  l a t e r  s tu d ie s  by K ir c h b e rg e r  e t  a l. (73) and D o u sa  e t  a l. (36) d em o n ­

s t r a te d  cA M P -d ep en d en t p ro te in  k in a s e  a c tiv ity  in  a  so lu b le  f ra c t io n  o f toad
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b la d d e r  e p ith e lia l  c e l ls  and In re n a l  m e d u lla ry  p la s m a  m e m b ra n e s ,  r e s p e c t iv e ­

ly . T h e se  w o rk e rs  show ed th a t  p h o sp h o ry la tio n  o f exogenous s u b s t r a te s  w as 

in c re a s e d  In the p re s e n c e  o f cA M P, In c o n tra s t ,  D eL o ren zo  and G re e n g a rd  

(31) and o th e rs  (40) found th a t p o h sp h o ry la tio n  o f a  s p e c if ic  m e m b ra n e  p ro te in  

(p ro te in  D) (32) f ro m  toad b la d d e r  w as d e c re a s e d  a f te r  e x p o s u re  to  cA M P, a p p a r ­

e n tly  th ro u g h  the  a c tio n  o f  a sp e c if ic  m e m b ra n e -a s s o c ia te d  cA M P -d ep en d en t 

p h o sp h a ta se . P ro te in  D (P -5 0 ) w as l a t e r  d e m o n s tra te d  by G re e n g a rd  and c o -  

w o rk e rs  in  a  w ide v a r ie ty  of c e l l  types (32). S c h w a rtz  e t a l, (123\ u s in g  r e n a l  

m e d u lla ry  m e m b ra n e s  p u rif ied  by f r e e  flow  e le c t r o p h o re s is ,  d e s c r ib e d  a  cA M P - 

m ed ia te d  s e lf -p h o sp h o ry la tin g  s y s te m  c o n s is tin g  o f a  p ro te in  k in a se  and su b ­

s t r a t e  a s s o c ia te d  w ith  the lu m in a l p la s m a  m e m b ra n e  f ra c t io n . H ow ever, th e s e  

w o rk e rs  w e re  u n ab le  to d e m o n s tra te  any cA M P -d ep en d en t p h o sp h a ta se  a c tiv ity  

in  th is  s y s te m . R ecen tly , H uang (63) h a s  c h a r a c te r iz e d  c A M P -d ep en d en t p ro ­

te in  k in a s e  in  r e n a l  m e d u lla ry  t is s u e , and h a s  d e m o n s tra te d  bo th  T ype I and 

T ype II k in a se s  in  the  so lu b le  f ra c tio n , to g e th e r  w ith  cA M P -d ep en d en t k in a se s  

w hich  w e re  m e m b ra n e -b o u n d . B oth so lu b le  and p a r t ic u la te  f ra c t io n s  c o n ta in ed  

k in a se s  w hich  w e re  s e lf -p h o sp h o ry la tin g . F u r th e r  w o rk  on  the  m e m b ra n e -  

bound s e lf -p h o sp h o ry la tin g  (T>pe II) k in a se  re v e a le d  th a t i t  c o n s is te d  of 

a c a ta ly t ic  and re g u la to ry  su b u n it, and  th a t  the l a t t e r  a p p e a re d  to  b e  

id e n tic a l w ith  P ro te in  D. In the p re s e n c e  o f cA M P, the  c a ta ly t ic  su b ­

u n it p h o sp h o ry la te d  i ts  r e g u la to ry  su b u n it; and th e  l a t t e r  (p ro te in  D) w as su b ­

se q u e n tly  d e p h o sp h o ry la te d  by the  p h o sp h a ta se  d e s c r ib e d  by  D e L o ren zo  e t  a l.

(31, 32). T h u s , cA M P w as show n to c o n tro l ne t d e p h o sp h o ry la tio n  o f p ro te in
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D a t th e  s u b s t r a te  le v e l, i. e . , cA M P -d ep en d en t p h o sp h o ry la tio n  o f p ro te in  D 

re n d e re d  th is  p ro te in  s u sc e p tib le  to  th e  a c tio n  o f th e  p h o sp h a ta se  w hich  h ad  

o r ig in a l ly  b e e n  o b s e rv e d  in  th e  e a r l i e r  s tu d ie s  by D e L o re n z o  e t  a l. In su m , 

th e s e  s tu d ie s  d e m o n s tra tin g  cA M P -d ep en d en t a c tiv a tio n  o f  p ro te in  k in a s e s  In 

v a s o p re s s in - s e n s i t iv e  s y s te m s  show  th a t w h ile  su c h  a  pathw ay p lay s  a  ro le  in  

the  a c tio n  o f  th is  h o rm o n e , th e  p r e c i s e  r e la t io n s h ip  o f p ro te in  k in a se  a c t iv a ­

tio n  to  the  seq u e n c e  o f e v e n ts  le a d in g  to  h o rm o n e -in d u c e d  c h a n g e s  in  m e m b ra n e  

p e rm e a b il ity  re m a in s  to  be  d e te rm in e d .

In am p h ib ian  u r in a ry  b la d d e r  v a s o p re s s in  (and exogenous cA M P) in ­

c r e a s e s  th e  p e rm e a b il ity  of the  a p ic a l e p i th e lia l  c e l l  m e m b ra n e  to  w a te r  and  

a lso  to  so d iu m , u r e a  and c e r ta in  o th e r  s m a ll  m o le c u le s  {8, 34). T h e se  e f fe c ts  

a r e  m ed ia te d  by s e p a ra te  p a th w a y s , and can  be d if fe re n tia l ly  in h ib ite d  d u r in g  

th e  c o u r s e  of t r a n s p o r t  e x p e r im e n ts .  T h u s , h o rm o n e -s t im u la te d  w a te r  m o v e­

m en t is  b locked  by m ethohexital<84) and by c o lc h ic in e  and c y to c h a la s in  B (130), 

w h ile  so d iu m  and  u r e a  t r a n s p o r t  a r e  u n a ffec ted  (19, 29, 130). S im ila r ly , h o r ­

m o n e -s tim u la te d  so d iu m  t r a n s p o r t  c a n  be b lo ck ed  by t r e a tm e n t  of th e  b la d d e r  

w ith  a m ilo r id e  (13), w ithout any  e ffe c t on th e  h y d ro e m o tic  r e s p o n s e .  F in a lly , 

in cu b a tio n  of b la d d e rs  w ith  p h lo re tin  (83) in h ib its  h o rm o n e -s t im u la te d  u r e a  

t r a n s p o r t  w ithout a ffe c tin g  th e  in c r e a s e  in  th e  t r a n s p o r t  o f w a te r  o r  so d iu m .

T h e su b je c t o f th is  th e s is  is  p r im a r i ly  c o n c e rn e d  w ith  th e  c e l lu la r  pathw ay 

le a d in g  to  in c r e a s e d  w a te r  p e rm e a b il ity  o f th e  a p ic a l  m e m b ra n e  of b la d d e r  

e p i th e lia l  c e l l s ,  and  th e  d a ta  a v a ila b le  c o n c e rn in g  th e  a c tiv a tio n  of th is  

t r a n s p o r t  pathw ay w ill now be d is c u s s e d  in  d e ta il .
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M ech an ism  of W a te r  P e rm e a tio n

C la s s ic a l  s tu d ie s  by H ev esy  e t  a l .  (62) and  K o e fo e d -Jo h n se n  and  

U ssin g  (77) o f th e  is o la te d  am p h ib ian  sk in  show ed  th a t the  d iffu s io n a l flow  o f 

w a te r  m e a s u re d  a s  th e  iso to p ic  flux  o f D2 O in  th e  p r e s e n c e  of v a s o p re s s in  w as 

in su ff ic ie n t to  acco u n t fo r  th e  o b s e rv e d  r a te  of o sm o tic  w a te r  m o v em en t w hen 

th e  sk in  w as ex p o sed  bo th  to  h o rm o n e  and  an  o sm o tic  g ra d ie n t .  T h e se  a u th o rs  

co n c lu d ed  th a t  a  m e c h a n ism  of bulk flow  m u s t th e r e fo r e  be o p e ra tin g  to  acco u n t 

f o r  th e  r a te  of o sm o tic  w a te r  m o v em en t. A n d e rse n  and  U ss in g ( 6 ) l a t e r  p o s tu ­

la te d  th a t  a  d iffu s io n a l and  bulk  flow  b a r r i e r  w e re  p r e s e n t  in  s e r i e s  in  th e  sk in  

to  acco u n t f o r  th e  sp e c if ic i ty  of a c tio n  o f v a s o p re s s in  on  w a te r  m o v e m en t. Sub­

se q u e n tly , H ays and  L e a f (57) c a r r i e d  ou t s im i la r  s tu d ie s  in  th e  to ad  b la d d e r  

and  a r r iv e d  a t  s im i la r  c o n c lu s io n s .

H ow ever, q u e s tio n s  abou t th e  n a tu re  o f w a te r  p e rm e a tio n  th ro u g h  th e s e  

m e m b ra n e s  s t i l l  r e m a in e d . T he bulk flow  h y p o th e s is  w as q u e s tio n e d  w ith  th e  

d is c o v e ry  th a t  a s ig n if ic a n t in c r e a s e  in  th e  r a t e  of w a te r  d iffu s io n  th ro u g h  f ro g  

sk in  co u ld  be ach ie v ed  by v ig o ro u s  s t i r r i n g  of th e  so lu tio n s  b a th in g  th e  e x p e r i ­

m e n ta l m e m b ra n e , and  th a t  u n d e r  th e s e  co n d itio n s , d iffu s io n a l flow  c lo se ly  

a p p ro x im a te d  th e  o b s e rv e d  r a te  of o sm o tic  w a te r  flow  (27). E x p e r im e n ts  by 

C a s s  and  F in k e ls te in  (21) on lip id  b i la y e r s  f u r th e r  re v e a le d  th a t  e lim in a tin g  

th e  e ffec t of an  u n s t i r r e d  f lu id  la y e r  fac in g  th e  a r t i f i c ia l  m e m b ra n e  a llow ed  

th e  r a te  o f d iffu s io n a l w a te r  p e rm e a b il ity  to  a p p ro x im a te  th e  r a te  o f o s m o tic  

w a te r  t r a n s f e r .  T he c o n c lu s io n s  of th e se  w o rk e rs  w e re  s u b s ta n tia te d  in  ex ­

p e r im e n ts  in  the to ad  b la d d e r  by H ays and  F ra n k !  (58), w hich  d e m o n s tra te d  

th a t  w ith  ra p id  s t i r r in g ,  h o rm o n e -s t im u la te d  d iffu s io n a l w a te r  flow  a p p ro x i­
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m a te d  th a t  a ch ie v e d  in th e  p r e s e n c e  of an o s m o tic  g ra d ie n t .  T h e se  a u th o rs  

th e r e fo r e  su g g e s te d  th a t  i t  w as not n e c e s s a r y  to  p o s tu la te  e i th e r  a  d u a l b a r ­

r i e r  o r  th e  e x is te n c e  of la rg e  aq u eo u s p o re s  in  th e  lu m in a l m e m b ra n e  o f v a so ­

p r e s s in - s e n s i t iv e  e p ith e lia .  W ith th e  su b se q u en t d e m o n s tra tio n  th a t  u r e a  t r a n s ­

p o r t  could  be d is s o c ia te d  f ro m  w a te r  m o v em en t (83), th e  p o re  th e o ry , a s  o r i ­

g in a lly  s ta te d , b e c a m e  co m p le te ly  u n ten ab le . H ays e t a l .  (59) f in a lly  co n c lu d ed  

th a t  th e  v a s o p re s s in - in d u c e d  t r a n s f e r  of w a te r  co u ld  o c c u r  th ro u g h  a  s y s te m  of 

p o re s  no l a r g e r  th a n  2 A, i . e . , s lig h tly  l a r g e r  th an  th e  ra d iu s  of th e  w a te r  

m o le c u le , bu t s m a l le r  than  th a t  of u re a .

On th e  b a s is  of s tu d ie s  on  n o n -e le c tro ly te  p e rm e a b il ity  of to ad  b la d d e rs , 

P ie t r a s  e t a l .  ( I l l ,  112) su g g e s te d  th a t  v a s o p re s s in  m ig h t c a u se  a n o n sp e c ific  

in c r e a s e  in  th e  f lu id ity  of th e  lip id  b i la y e r  of the  m e m b ra n e , th u s  re d u c in g  i ts  

r e s i s ta n c e  to  w a te r  flow . In te s t in g  th is  h y p o th e s is , F in k e ls te in  (41) found 

th a t in c re a s in g  th e  f lu id ity  o f a r t i f ic ia l  lip id  b i la y e r s  led  to  p ro p o r tio n a l in ­

c r e a s e s  in  th e  p e rm e a b il i ty  to  w a te r  and to  a l l  h y d ro p h ilic  m o le c u le s . How­

e v e r ,  v a s o p re s s in  t r e a tm e n t  o f to ad  b la d d e rs  p ro d u ced  la rg e  in c r e a s e s  in  th e  

d iffu s io n a l p e rm e a b il i ty  to  w a te r  w ith  only  m o d e s t in c r e a s e s  in  th e  d iffu s io n  of 

o th e r  h y d ro p h ilic  m o le c u le s . W ith th is  ev id en ce  th a t  v a s o p re s s in  co u ld  not 

a l t e r  th e  r a te  o f w a te r  p e rm e a b il i ty  s im p ly  by inducing  a  n o n sp ec ific  in c r e a s e  

in  m e m b ra n e  f lu id ity , F in k e ls te in  (42) re a c h e d  th e  s a m e  c o n c lu s io n  a s  H ays 

e t a l .  (59), v iz: th a t  in  th e  r e s t in g  to a d  b la d d e r , w a te r  t r a v e r s e d  th e  lu m in a l 

m e m b ra n e  p r im a r i ly  th ro u g h  p o re s  hav in g  d im e n s io n s  no t m uch l a r g e r  th an  

th e  w a te r  m o lecu le  (about 2  A), and  th a t  v a s o p re s s in  in c r e a s e d  th e  n u m b e r , 

but p ro b a b ly  not th e  s iz e ,  of p o re s  a v a ila b le  f o r  t r a n s p o r t .
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W hile th e s e  s tu d ie s  of th e  b io p h y s ic a l a s p e c ts  o f w a te r  m o v em en t 

th ro u g h  m e m b ra n e s  p ro v id e  l i t t l e  d i r e c t  ev id e n ce  c o n c e rn in g  th e  c e l lu la r  

m e c h a n ism  of v a s o p re s s in - s t im u la te d  o sm o tic  w a te r  flow , th ey  do r e v e a l  

so m e  o f th e  c h a r a c te r i s t i c s  th a t  m u s t be c o n s id e re d  a s  a  p a r t  of any m o d el of 

w a te r  flow . T hus w h a te v e r  th e  in te rm e d ia te  c e l lu la r  s te p s  le a d in g  to  en h an ced  

w a te r  flow in  th e  h o rm o n e -s tim u la te d  s ta te ,  they  m u s t p ro v id e  a d is c r e te  and 

sp e c if ic  pathw ay  by w hich w a te r  t r a v e r s e s  th e  a p ic a l  c e l l  m e m b ra n e  o f s e n s i ­

tiv e  t i s s u e s ,  in the a b se n c e  o f so lu te  flow .

C e l lu la r  E v e n ts  in  th e  A ctio n  o f V a s o p re s s in  

A lthough th e  e x a c t m e c h a n ism  by w hich  v a s o p re s s in  s e le c t iv e ly  in ­

c r e a s e s  th e  w a te r  p e rm e a b il ity  o f s e n s i t iv e  e p ith e lia l  m e m b ra n e s  i s  not known, 

in v e s tig a tio n s  in to  th is  p ro b le m  h av e  p ro v id e d  m uch  in fo rm a tio n  about th e  

c e l lu la r  e v e n ts  o c c u r r in g  b e tw een  v a s o p re s s in  s tim u la tio n  o f p ro te in  k in a se  

a c tiv ity  and  th e  u ltim a te  p e rm e a b il i ty  change a t  th e  a p ic a l  m e m b ra n e .

R ou te  of W a te r  M ovem ent 

E v id en c e  th a t t r a n s e p i th e l ia l  w a te r  m ovem en t o c c u r re d  th ro u g h  r a th e r  

th an  betw een  th e  e p ith e lia l  c e l ls  o f th e  f ro g  sk in , and  th a t  th e  a p ic a l m e m b ra n e  

i s  th e  r a te - l im i t in g  b a r r i e r ,  c a m e  o r ig in a lly  f ro m  e x p e r im e n ts  by M acR obbie 

and  Us s in g  (93) and P e a ch ey  e t. a l .  (109). T h e se  in v e s t ig a to r s  o b s e rv e d  th a t e x p o su re  

to  th e  h o rm o n e , in th e  p r e s e n c e  of a  d ilu te  m u c o sa l m ed iu m , c a u se d  th e  e p ith e ­

l ia l  c e l l s  to  s w e ll.  In o th e r  e x p e r im e n ts ,  H ays e t a l .  (57) show ed  th a t  th e  

n o n -in u lin  s p a c e  of to a d  b la d d e r  e p ith e lia l  c e l ls  in c r e a s e d  by n e a r ly  50% a f te r  

s tim u la tio n  w ith  v a s o p re s s in .  L a te r  e x p e r im e n ts  by D iB ona e t a l .  (35) d e -
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m o n s tra te d  th a t th e  g r a n u la r  c e ll w as th e  s p e c if ic  ro u te  o f v a s o p re s s in -  

s tim u la te d  o sm o tic  w a te r  m o v em en t in  the toad  b la d d e r , s in c e  on ly  th e s e  c e lls  

sw e lle d  w hen fixed  in  th e  p re s e n c e  o f  an  o sm o tic  g ra d ie n t  fa v o rin g  m u c o sa l to 

s e r o s a l  w a te r  flow , w h e re a s  a l l  th e  c e l ls  sw e lle d  in  th e  p r e s e n c e  o f a  r e v e r s e  

o sm o tic  g ra d ie n t.  E v a lu a tio n  by th e se  c r i t e r i a  p ro v id ed  ev id e n c e  f o r  the  hy­

p o th e s is  th a t  w a te r  m oved o s m o tic a lly  th ro u g h  the  g r a n u la r  c e l l ,  and did  s o  

a t  a  r a te  th a t d ep en d ed  on the  o sm o tic  g ra d ie n t  and on th e  s p e c if ic  w a te r  p e r ­

m e a b ility  o f th e  g r a n u la r  c e ll  a p ic a l m e m b ra n e .

E x o - and E n d o c y to s is  

M any h o rm o n e -d e p e n d e n t e v en ts  have b ee n  re c e n tly  d e m o n s tra te d  to o c ­

c u r  a t  th e  a p ic a l s u r f a c e  of the g r a n u la r  c e l l .  M asu r and c o w o rk e rs  f i r s t  show ed 

th a t both  e x o - and en d o cy to s is  a r e  s tim u la te d  in  the  p r e s e n c e  o f h o rm o n e  {99, 

100). In p a r t ic u la r ,  they  o b se rv e d  in c r e a s e d  e x o c y to s is  o f m e m b ra n e - l im ite d  

g ra n u le s  a f te r  h o rm o n e  t re a tm e n t  o f iso la te d  to ad  b la d d e rs  (100), T h e se  w o rk ­

e r s  th e r e fo re  su g g e s te d  th a t v a s o p re s s in  (o r cA M P )-in d u ced  ch an g es  in  m e m ­

b ra n e  p e rm e a b il ity  m ig h t be the  r e s u l t  o f a d d itio n  to th e  a p ic a l  m e m b ra n e  o f the 

co n ten ts  a n d /o r  m e m b ra n e s  o f the  g ra n u le s  by a  m e c h a n ism  of g ra n u le  fu sio n . 

F u r th e r  w o rk  by G ronow iez e t  a l. (50) h as  now show n the m ag n itu d e  and tim e  

c o u rs e  o f the s e q u e n tia l  s tim u la tio n  o f e x o -  and en d o c y to s is  in  the toad  b la d d e r . 

P r io r  to th e  o n s e t  o f  h o rm o n e -s t im u la te d  e n d o c y to s is , th e re  is  an  e ffe c tiv e  doub­

lin g  o f  th e  am oun t o f  lu m in a l m e m b ra n e  o f the  g r a n u la r  c e l l s .  T h e se  s tu d ie s  

th e r e fo re  p ro v id e  co n v in c in g  ev id en ce  fo r  th e  ad d itio n  o f m e m b ra n e  to  th e  

a p ic a l a s p e c t o f th e  g r a n u la r  c e l ls ,  th a t  m ay  p lay  a  ro le  in  th e  v a s o p r e s s in -

12



dep en d en t in c r e a s e d  p e rm e a b il i ty  a t  th is  s i te .

O th e r  w o rk e rs  h av e  show n th a t  v a s o p re s s in  s tim u la te s  th e  r e le a s e  o f 

" ly so s o m a l"  h y d ro la s e s  a t th e  m u c o sa l s u r f a c e  o f th e  f ro g  b la d d e r  ( 1 1 2 ). 

P ie t r a s  e t a l  (113) found th a t  c o lc h ic in e , but no t lu m ic o lc h ic in e , in h ib its  th e  

a p p e a ra n c e  of ly so so m a l h y d ro la se s  in  th e  m u c o sa l f lu id  o f v a s o p re s s in  -  

t r e a te d  f ro g  b la d d e r s .  T h e se  w o rk e rs  a ls o  show ed th a t  th e  h o rm o n e -s e n s i t iv e  

r e d is t r ib u t io n  of co n c a n a v a lin  A binding  s i te s  on th e  a p ic a l  m e m b ra n e s  of 

b la d d e r  e p ith e lia l  c e l ls  w as in h ib ited  in  b la d d e rs  in cu b a ted  w ith  c o lch ic in e  

(113). It i s  n o tew o rth y  th a t  both th is  phenom enon , and  th e  ex o - and  e n d o cy to - 

t ic  e v e n ts  d e s c r ib e d  above (99, 100) a r e  b lo ck ed  if  b la d d e rs  a r e  p r e - t r e a t e d  

w ith  c o lc h ic in e  (50).

A n u m b e r  o f re c e n t s tu d ie s  w ith  th e  s c an n in g e le c tro n  m ic ro s c o p e  h av e  

d e m o n s tra te d  th a t  v a s o p re s s in  in d u ces  ch an g es  in  s u r fa c e  m o rp h o lo g y  o f to ad  

b la d d e r  e p ith e lia l  c e l l s .  A fte r  e x p o su re  to  th e  h o rm o n e  th e  r id g e - l ik e  m ic ro ­

v il l i ,  ty p ic a l of g r a n u la r  c e l ls  in  th e  r e s t in g  s ta te ,  a r e  t r a n s f o rm e d  in to  in ­

d iv id u a l, f in g e r - l ik e  p ro je c t io n s  (28, 51, 102).

In tra m e m b ra n o u s  P a r t ic le  A g g re g a te s  

In th e  p a s t  5 y e a r s ,  a  n u m b e r of f r e e z e - f r a c tu r e  s tu d ie s  of am p h ib ian  

u r in a ry  b la d d e r  h av e  p ro v id e d  d ire c t  ev id en ce  fo r  th e  a p p e a ra n c e  o f new  m e m ­

b ra n e  co m p o n en ts  in  th e  g r a n u la r  c e l l  a p ic a l m e m b ra n e  a f te r  e x p o s u re  to  v a s o ­

p r e s s in  (23, 6 8 , 69, 140). T h e  o r ig in a l  find ing  by C h e v a lie r  e t  a l .  (23) of a n  

in c r e a s e  in  sp e c if ic  in tra m e m b ra n o u s  p a r t ic le  a g g re g a te s  in  th e  P  fa c e  o f 

a p ic a l  m e m b ra n e s  of f ro g  b la d d e rs  ex p o sed  to h o rm o n e  o r  cA M P h a s  been
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c o n f irm e d  in  th e  to a d  b la d d e r  (6 8 ). K a c h a d o ria n  and  c o w o rk e rs  (6 8 , 69) h av e  

found th a t  a  l in e a r  c o r re la t io n  e x is ts  b e tw een  th e  freq u e n c y  o f p a r t ic le  a g g re ­

g a te s  an d  o sm o tic  w a te r  flow , a lth o u g h  a g g re g a te s  a r e  p r e s e n t  ev en  in  th e  

a b se n c e  o f w a te r  flow . T h e se  f in d in g s  have le d  to th e  v iew  th a t  th e  p a r t ic le  

a g g re g a te s  a r e  a s s o c ia te d  w ith  th e  in c r e a s e  Ln w a te r  p e rm e a b il ity  in d u ced  by 

th e  h o rm o n e , an d  m ay  ev en  c o n ta in  th e  c h a n n e ls  th ro u g h  w hich  w a te r  m o v es 

a c r o s s  th e  m e m b ra n e  (69). T he a p p e a ra n c e  of new in tra m e m b ra n o u s  p a r t ic le  

a g g re g a te s  is  in h ib ite d  if  t i s s u e s  a r e  p r e t r e a te d  w ith  e i th e r  c o lc h ic in e  o r  c y to -  

c h a la s in  B (69),

M o re  r e c e n t  in v e s tig a tio n  in to  th e  o r ig in  of th e  in tra m e m b ra n o u s  p a r t i ­

c le  a g g re g a te s  h a s  u n co v e re d  th e  e x is te n c e  of a new  c la s s  of c y to p la sm ic  

v e s ic le s  in  th e  a p ic a l  reg io n s  of th e  g r a n u la r  e p i th e lia l  c e l l s .  T h e se  v e s ic le s  

co n ta in  (p re fo rm e d )  p a r t ic le  a g g re g a te s  s im i la r  to th o se  found in  f r e e z e -  

f r a c tu r e  r e p l ic a s  of a p ic a l m e m b ra n e s  of both r e s t in g  and h o rm o n e -s t im u la te d  

b la d d e rs  (140), and  a r e  found in  both  c o n tro l  and  h o rm o n e - tr e a te d  p re p a ra t io n s .  

P r e l im in a ry  ev id en ce  s u g g e s ts  th a t  th e  in tra m e m b ra n o u s  p a r t ic le s  in  the  

lu m in al m e m b ra n e  o f h o r m o n e - tr e a te d  b la d d e rs  m ay a r i s e  by ad d itio n  of 

v e s ic le  m e m b ra n e  co n ta in in g  th e  p re fo rm e d  a g g re g a te s  f ro m  th is  c y to p la sm ic  

s to r e  (140). T h u s , the  ad d itio n  (and d e le tio n ) of new  m e m b ra n o u s  m a te r ia l  to  

th e  a p ic a l s u r f a c e  of v a s o p re s s in - s e n s i t iv e  e p ith e lia  a p p e a r s  to  be c r u c ia l  to  

th e  d e v e lo p m e n t, m a in te n a n c e  and  d e c lin e  of in c r e a s e d  p e rm e a b il i ty ,  a s  w as 

o r ig in a l ly  p o s tu la te d  by M a su r e t a l .  (lOO)and ex ten d ed  by th e  r e s u l t s  of r e c e n t  

f r e e z e - f r a c tu r e  s tu d ie s  (23, 6 8 ,6 9 ) .
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M ic ro tu b u le s  and  M ic ro f ila m e n ts  

O v e r  th e  la s t  s e v e ra l  y e a r s  m any w o rk e rs  h a v e  in v e s tig a te d  th e  ro le  

o f th e  c y to p la sm ic  o rg a n e l le s ,  m ic ro tu b u le s  and m ic ro  f ila m e n ts ,  in  th e  c e l lu ­

l a r  a c tio n  of v a s o p re s s in .  T h e se  o rg a n e lle s  h av e  b een  d e m o n s tra te d  to  p lay  

a  c r u c ia l  ro le  in  th e  c o n tro l  of s u r f a c e  e v e n ts , m e m b ra n e  p a r t ic le  d is tr ib u tio n  

an d  e x o - and  en d o c y to s is  in  m any  c e l ls  (125).

T h e  s e le c t iv e  In h ib itio n  of th e  h y d ro sm o tic  r e s p o n s e  to  v a s o p re s s in  by 

th e  a n tim ito tic  ag en t, c o lc h ic in e , in  a n u ran  t i s s u e s  h a s  been  w ell d o cu m en ted  

by T a y lo r  and c o w o rk e rs  (117, 130, 132, 133, 147) and o th e r s  (19, 54). T he 

c o n c e n tra tio n  d ep en d en ce , s p e c if ic i ty ,  and  tim e  and te m p e r a tu re  d ep en d en ce  

fo r  th is  in h ib itio n  c o r r e la te  w ell w ith  d a ta  on th e  in te ra c t io n  of c o lc h ic in e  w ith  

b ra in  and  to a d  b la d d e r  tu b u lin s  (133). No in h ib itio n  of h o rm o n e -in d u c e d  w a te r  

flux  w as found w ith  lu m ic o lc h ic in e , an is o m e r  th a t  does not in te r a c t  w ith  

tu b u lin  o r  m ic ro tu b u le s . M o rp h o lo g ica l s tu d ie s  d e s ig n e d  to  c o m p a re  th e  n u m ­

b e r  of m ic ro tu b u le s  in c o lc h ic in e - t re a te d  to a d  b la d d e rs  w ith  th o se  in th e i r  

u n tre a te d  c o n tro ls ,  show ed a d o se -d e p e n d e n t re d u c tio n  in  the vo lum e d en s ity  o f 

a s s e m b le d  m ic ro tu b u le s  in  th e  c o lc h ic in e - t re a te d  t i s s u e  (117). T he m ic ro ­

tu b u le  d i s r u p te r s ,  v in b la s tin e  and podophy llo tox in  (130, 131) and  n o co d azo le  

(60) hav e  s im i la r  e f fe c ts  on v a s o p re s s in - in d u c e d  h y d ro sm o tic  w a te r  flow .

T h e  b ind ing  of c o lc h ic in e  to th e  39, 000 x  g su p e rn a ta n t f ra c t io n  of to ad  

b la d d e r  e p i th e lia l  c e l l s  h a s  a ls o  b een  in v e s tig a te d  (147). In is o la te d  e p ith e lia l  

c e l l  p r e p a ra t io n s ,  o v e r  98% of th e  to ta l  b ind ing  a c tiv ity  of ^ H -c o lc h ic in e  w as 

found in  th e  s u p e rn a ta n t,  w ith  l e s s  th an  2 % re c o v e re d  in  th e  p a r t ic u la te  f r a c ­

t io n . C o m p a riso n  of the  b in d in g p r o p e r t ie s  of th e  so lu b le  c o lc h ic in e -b in d in g
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f r a c t io n  f ro m  to a d  b la d d e r  w ith  th o se  of p u r if ie d  s a m p le s  of c h ick  b ra in  tu b u ­

lin  re v e a le d  th a t  th e s e  p r e p a ra t io n s  b eh av ed  id e n tic a lly  in  th e i r  a b il i ty  to  bind 

c o lc h ic in e  (147).

A s m en tio n ed  abo v e , c ^ ic h ic in e  h a s  a lso  b een  show n to  in h ib it both 

h o rm o n e -d e p e n d e n t g ra n u le  e x o c y to s is  (50) and ly so so m a l en zy m e  r e le a s e  

(113), a s  w ell a s  th e  a p p e a ra n c e  of a p ic a l m e m b ra n e  in tra m e m b ra n o u s  p a r t i ­

c le  a g g re g a te s  in  th e  g r a n u la r  e p ith e lia l  c e l l s  (69).

T ak en  to g e th e r ,  th e s e  d a ta  s tro n g ly  su p p o rt th e  h y p o th e s is  th a t  c o lc h i­

c in e  im p a ir s  th e  r e s p o n s e  to  v a s o p re s s in  by in te ra c t in g  w ith  tu b u lin , d i s ­

ru p tin g  c y to p la sm ic  m ic ro tu b u le s  and  p re v e n tin g  th e  h o rm o n e -in d u c e d  ev en ts  

a t  th e  lu m in a l m e m b ra n e .

M ic ro f ila m e n ts

T h e n o tio n  th a t  m ic  ro f i la m e n ts  m ay  p lay  a  fu n c tio n a l ro le  in  th e  a c tio n  

of v a s o p re s s in  i s  b a s e d  la rg e ly  on e x p e r im e n ts  u s in g  c y to c h a la s in  B (CB).

T h e  e ffe c t of th is  d ru g  upon w a te r ,  so d iu m  and  u r e a  t r a n s p o r t  h a s  been  te s te d  

in  both  f ro g  and  to ad  u r in a ry  b la d d e r  (19, 29, 33, 51, 130, 132). F u n c tio n a l 

s tu d ie s  o f th e  e ffe c t o f th e  d ru g  on  o x y to c in -  o r  v a s o p re s s in - s e n s i t iv e  w a te r  

and  so lu te  t r a n s p o r t  in  th e s e  t i s s u e s  in d ic a te  th a t  h o rm o n e -d ep e n d e n t w a te r  

flow  is  s p e c if ic a lly  and  r e v e r s ib ly  in h ib ited  by c y to c h a la s in  B (19, 29, 33, 

130). (N e ith e r  b a s a l  n o r  h o rm o n e -s t im u la te d  so d iu m  t r a n s p o r t  is  a ffec te d  

by th e  d ru g , a lthough  in  tw o s tu d ie s  (19, 29) th e  d ru g  c a u se d  a  d e c r e a s e  in  

p o te n tia l d iffe re n c e  a c r o s s  th e  t i s s u e . )
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C o m p a riso n  of th e  ex te n t o f in h ib ition  o f h o rm o n e -in d u c e d  w a te r  m o v e­

m en t by c y to c h a la s in  B r e p o r te d  by d iffe re n t la b o r a to r ie s  show s c o n s id e ra b le  

v a r ia t io n . F o r  e x am p le , in  Bufo m a r in u s  T a y lo r  e t a l .  (131) found an  in h ib i­

tio n  o f 20% w ith  a  d ru g  d o se  of 5 ^ g / r a l ,  w h ile  D eS ousa  (33) r e p o r te d  85-100%  

in h ib itio n  w ith  a d o se  of 1 t i g / m l .  D o s e - re s p o n s e  d a ta  f ro m  T a y lo r  e t a l .  (132), 

on th e  e ffe c t o f CB in  th e  C o lom bian  to ad  (Bufo m a r in u s ) , in d ica te d  a  l in e a r  

c o r r e la t io n  b e tw een  th e  d o se  of CB and th e  in h ib itio n  o f th e  h y d ro sm o tic  r e ­

sp o n se  up to  an  in h ib itio n  of 60% w ith  50 CB, th e  m ax im u m  c o n c e n tra tio n  

t e s te d .  A d o u b le - re c ip ro c a l  p lo t of th e s e  d a ta  in d ic a te d  th a t  th e  d ru g  w as in ­

te r a c t in g  w ith  a  s in g le  a ffin ity  c la s s  of b in d in g  s i te s  hav in g  a n  a p p a re n t in ­

h ib itio n  c o n s ta n t of 3 x 10" 5 M. T h e se  d a ta  c o r re s p o n d  c lo se ly  to th e  low  

affin ity  b ind ing  s i te  o r ig in a lly  d e s c r ib e d  by L in  e t a l .  (87) in  s tu d ie s  of CB 

b ind ing  and in h ib itio n  of m ic ro f i la m e n t- r e la te d  c e ll  m o v em en t.

M o rp h o lo g ica l s tu d ie s  of a n u ra n  b la d d e r  fo llow ing  e x p o s u re  to  CB have 

a lso  g iven  v a r ia b le  r e s u l t s .  T h u s , d if fe r in g  e f fe c ts  on c y to p la sm ic  and  m ic ro ­

v illu s  fin e  s t r u c tu r e  and  m ic ro f i la m e n t o rg a n iz a tio n  h av e  b een  r e p o r te d  by 

v a r io u s  in v e s t ig a to r s  (19, 29). O n th e  o th e r  hand , scan n in g  e le c tro n  m ic ro ­

sco p e  s tu d ie s  (29, 51) h av e  c o n s is te n t ly  show n th a t  th e  a p p e a ra n c e  of the  a p ic a l  

m e m b ra n e  is  m in im a lly  d is to r te d  by e x p o su re  to  C B , o r  CB and  v a s o p re s s in ,  

in  th e  a b se n c e  o f w a te r  flow . H ow ever, in  C B - tre a te d  b la d d e rs ,  w hen an  

o s m o tic  g ra d ie n t ,  and h en ce  w a te r  flow , w as p r e s e n t ,  the  n o rm a l t r a n s f o r m a ­

tio n  o f th e  g r a n u la r  c e l l  m ic ro v i l l i  (28, 51, 102) w as b lo ck ed ; in s te a d  th e s e  

c e l ls  a p p e a re d  f la tte n e d  and e s s e n t ia l ly  devo id  of m ic ro v il l i  (29, 51).
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In  su m , th e s e  e x p e r im e n ts  on a n u ra n  e p ith e liu m  su p p o rt th e  no tion  th a t  

m ic ro f i la m e n ts  p a r t ic ip a te  in  e ffe c tin g  th e  v a s o p re s s in - in d u c e d  w a te r  p e r m e a ­

b ility  c h an g e . C o n ce iv ab ly , th e s e  c y to s k e le ta l  e le m e n ts  m ay  p lay  a  ro le  in  

th e  p r o c e s s e s  le a d in g  to  the  in s e r t io n  of sp e c if ic  in tra m e m b ra n o u s  p a r t ic le s  

a n d /o r  g ra n u le s  in to  th e  g r a n u la r  c e l l  a p ic a l m e m b ra n e .

It h a s  been  te m p tin g  to  s p e c u la te  th a t  th e  e f fe c ts  of CB in  in h ib itin g  

v a s o p re s s in - in d u c e d  o sm o tic  w a te r  flux  a r e  due to  i t s  d is ru p tio n  of m ic ro ­

f ila m e n ts  w ith in  th e  e p ith e l ia l  c e l l s .  H ow ever, s e v e r a l  p ro b le m s  in  in t e r ­

p re t in g  the d a ta  h av e  p re v e n te d  p r e c i s e  e lu c id a tio n  of th e  n a tu re  of th is  e ffe c t. 

S tu d ies  of m any d iffe re n t c e l l  fun c tio n s  hav e  show n th a t th e  e f fe c ts  of c y to ­

c h a la s in  B m ay  be m e d ia ted  th ro u g h  a t le a s t  tw o m a jo r  a ffin ity  c l a s s e s  of 

b ind ing  s i te s  (87). D oses of CB below  5 x 10~6M block th e  u p tak e  o f h e x o se s , 

an d  in  so m e  c a s e s  n u c le o s id e s , in  m any c e l l  ty p e s ; th e s e  e f fe c ts  a r e  m e d ia te d

by th e  h ig h -a ff ln ity  b ind ing  s i te  fo r  th e  d ru g . At c o n c e n tra tio n s  of 5 x 10“ ®M 

-5to  5 x  10 M, h o w ev e r, m ic ro f i la m e n t- r e la te d  fu n c tio n s  a r e  a lso  in h ib ited . 

T h e re fo re ,  in  o r d e r  to  im p lic a te  m ic ro f ila m e n ts  in  any c e l l  fu n c tio n  s e n s it iv e  

to  c y to c h a la s in  B, i t  i s  n e c e s s a ry  to  ru le  ou t th e  in v o lv em en t of b ind ing  s i te s  

n o t r e la te d  to  m ic ro f i la m e n ts ,  e . g . , ones s im i la r  to  th o se  r e la te d  to  h ex o se  

t r a n s p o r t .

R ec en tly , T in e t a l .  (8 8 ) have p r e p a re d  and  p u r if ie d  a  re d u c e d  c y to c h a la ­

s in  d e r iv a t iv e ,  d ih y d ro c y to c h a la s in  B (HgCB) by re d u c tio n  of th e  n a tiv e  m old  

m e ta b o lite  w ith  so d iu m  b o ro h y d rid e  and e th a n o l. (D ih y d ro c y to c h a la s in  B w as
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an a ly z e d  by m a s s  sp e c tro s c o p y  and found to  be re d u c e d  a c r o s s  th e  double 

bond b e tw een  C 2  and C 3  (F ig u re  1 ).) H CB h a s  b een  u se d  to  d is tin g u is h  b e t -  

w een  m ic ro f i la m e n t- r e la te d  and  h ex o se  t r a n s p o r t - r e l a t e d  b ind ing  s i t e s .  W hen 

th is  d ru g  w as em p lo y ed  on th e  s a m e  re d  b lood  c e ll  a s s a y  in  w hich  a  d o s e -  

d ep en d en t in h ib itio n  o f g lu co se  t r a n s p o r t  h ad  b een  d e m o n s tra te d  w ith  c y to ­

c h a la s in  B (85), no in h ib itio n  by th e  re d u c e d  d e r iv a tiv e  w as found, and H 2 CB 

did  not d isp la c e  t r i t i a t e d  c y to c h a la s in  B fro m  th e  m e m b ra n e . Y et im p o rtan tly , 

HgCB w as show n to  be a s  e ffe c tiv e  a s  CB in  a ffe c tin g  c e ll  m o tility  and  m o rp h o ­

logy; th u s ,  H2 CB in h ib ited  c lo t r e t r a c t io n  of hum an  p la te le t s ,  c y to p la sm ic  

s tr e a m in g  in  E lode a , and  c y to k in e s is  in  f e r t i l iz e d  s e a  u rc h in  e g g s -  - a l l  m ic ro ­

f i la m e n t- r e la te d  fu n c tio n s  n o rm a lly  in h ib ite d  by CB (9, 8 6 ). M ost re c e n tly , 

s tu d ie s  w ith  H2 CB hav e  p e rm it te d  th e  id e n tif ic a tio n  of sp e c if ic  m e m b ra n e -  

a s s o c ia te d  c y to c h a la s in -b in d in g  s i t e s  r e la te d  to  a c tin  m ic ro f i la m e n ts  (see  

D isc u ss io n ) .

T h e  s tu d ie s  to  be p re s e n te d  h e re  w e re  d e s ig n e d  to  f u r th e r  in v e s tig a te  

th e  p o s s ib i l i ty  th a t th e  5 0 -7 0  A m ic ro f i la m e n ts  in  e p i th e lia l  c e l ls  o f th e  to a d  

u r in a ry  b la d d e r  m ay  p lay  a  ro le  in  th e  s tim u la tio n  and  m a in te n a n c e  of w a te r  

m o v em en t induced  by v a s o p re s s in .  F u n c tio n a l s tu d ie s  a r e  p re s e n te d  th a t 

d e m o n s tra te  in h ib it io n  of v a s o p re s s in - s t im u la te d  w a te r  m o v em en t by d ih y d ro ­

c y to c h a la s in  B, th a t  is  s im i la r  to  th a t o b s e rv e d  w ith  th e  l e s s  sp e c if ic  c y to ­

c h a la s in  B ; b io c h e m ic a l s tu d ie s  o f an  a c t in - l ik e  p ro te in  f ro m  is o la te d  b la d d e r  

e p i th e lia l  c e l ls  show  th a t th is  p ro te in  is  s im i la r  to  o th e r  n o n m u sc le  a c t in s ;  

m o rp h o lo g ic a l s tu d ie s  of b la d d e rs  t r e a te d  w ith  heavy  m e ro m y o s in  w ill d i r e c t ly
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F ig . 1. C h e m ic a l s t r u c tu r e s  o f c y to c h a la s in  B (CB) and th e  re d u ce d  d e r iv a ­

tiv e , d ih y d ro c y to c h a ls in  B (HgCB). E x p o su re  o f  CB to  so d iu m  b o ro h y d rid e  

and  e th an o l r e s u l t s  in  re d u c tio n  o f th e  double  bond a c r o s s  c 2  and C 3 .
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d e m o n s tra te  th e  e x is te n c e  of a c tin  in  th e  e p ith e lia l  c e l l s  a s  w e ll a s  p ro v id e  

c lu e s  to  th e  s ta te  of o rg a n iz a tio n  of th e  m ic ro f i la m e n ts  w ith in  th e m .
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METHODS

FUNCTIONAL STUDIES

M e a su re m e n t o f  O sm o tic  W a te r  M ovem ent: S tu d ies  w ith  D ihydro  cy to ­
c h a la s in  B

O sm o tic  w a te r  m o v em en t w as m e a s u re d  u s in g  th e  g r a v im e tr ic  m ethod  

o f  B en tley  (11), F e m a le  D o m in ican  to ad s  (Bufo m a r in u s ,  N a tio n a l R e a g e n ts , 

B r id g e p o r t, C o n n .) w e re  double p ithed  and th e  h e m ib la d d e rs  w e re  e x c is e d  and 

a tta c h e d  to g la s s  tubing . A f te r  m ounting , th e  b la d d e rs  w e re  e a ch  w ash ed  fo u r  

t im e s  in  d e io n ized  w a te r  and th e n  filled  w ith  5 m l o f d e io n ized  w a te r .  T he 

e x p e r im e n ta l  h e m ib la d d e r  and i ts  p a ire d  c o n tro l w e re  e ac h  p la c ed  in to  a  25 m l 

ba th  o f R in g e r 's  so lu tio n  co n ta in in g  Na, 114; C l, 120; K, 3 .4 ,  HCO 3 , 2 .4 ;  

and C a, 1. 78 m E q /L . T he o s m o la l i ty  o f th e  so lu tio n  w as 209 m O s m /L  and 

the  in i t ia l  pH w as 8 . 0, T h e  so lu tio n  w as co n tin u o u sly  bubb led  w ith  a i r ,  and 

th is  c a u se d  the  pH to in c r e a s e  to a  f in a l v a lu e  o f 8 . 5 a f te r  s e v e ra l  m in u te s .

A ll s tu d ie s  w e re  c a r r ie d  ou t a t  23°C , A f te r  im m e rs io n  in  R in g e r 's  so lu tio n , 

the  h e m ib la d d e rs  w e re  w eighed  on a  M e ttle r  H35 b a la n c e  e v e ry  15 m in fo r  

1 h to  e s ta b lis h  a  b a s e lin e  r a te  o f w a te r  flow . (W eight lo s s  is  ta k e n  as  a d i­

r e c t  m e a s u re  o f w a te r  f lo w .) A t th e  end o f  th is  p e r io d , an  a liq u o t o f d ih y d ro ­

c y to c h a la s in  B (H2 CB) w as added  to the s e r o s a l  b a th in g  m ed iu m  o f  e a c h  ex ­

p e r im e n ta l  h e m ib la d d e r . A n e q u iv a len t vo lum e o f d im e th y l su lfo x id e  (DMSO), 

not ex ceed in g  0 . 2% o f th e  to ta l b a th  vo lu m e, w as added to  e a ch  c o n tro l h e m i­

b la d d e r  in  a  s im i la r  fa sh io n . T h e  b la d d e rs  w e re  then  in cu b a ted  30 m in , w ith  

w eig h in g s each  30 m in , to m o n ito r  the  e ffe c t o f H2 CB on the  b a s a l  r a te  o f 

w a te r  flow . A f te r  th is  in cu b a tio n  p e r io d , a rg in in e  v a s o p re s s in  w as added  to
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th e  s e r o s a l  m ed iu m  b a th in g  e a c h  h e m ib la d d e r  to a  f in a l c o n c e n tra tio n  o f 2 0  m l ' /  

m l. O sm o tic  w a te r  m o v em en t w as m e a s u re d  at 15 m in  in te rv a ls  f o r  1  h r .

M e a su re m e n t o f th e  E ffe c tiv e  O sm o tic  G ra d ie n t 

In  o r d e r  to  m o n ito r  th e  e ffe c t o f H 2 C B  on th e  o sm o tic  g ra d ie n t to  w hich  

th e  h e m ib la d d e rs  w e re  ex p o sed , a liq u o ts  o f  both th e  m u c o sa l and  s e r o s a l  so lu ­

t io n s  w e re  re m o v e d  f ro m  each  e x p e r im e n ta l  and c o n tro l h e m ib la d d e r  a t  th e  

end  o f th e  90 m in  in cu b a tio n  p e r io d , p r i o r  to  ad d itio n  of h o rm o n e , fo r  m e a s u r e ­

m en t of o s m o la l i ty .  Two h u n d red  m ic r o l i t e r s  w as re m o v e d , and  th e  f lu id  w as 

r e p la c e d  e a c h  t im e  w ith  2 0 0  p i of th e  a p p ro p r ia te  so lu tio n  (e ith e r  d e io n iz e d  

w a te r  o r  R in g e r 's  so lu tio n ) . A f te r  th e  ad d itio n  of v a s o p re s s in ,  s im i la r  a l i ­

q u o ts  w e re  re m o v e d  f o r  m e a s u re m e n ts  of o s m o la lity  ( A dvanced  In s tru m e n ts ,  

N eedham  H e ig h ts , M a s s .)  a f te r  e ach  15 m in  w eigh ing  in the e x p e r im e n ta l  

h e m ib la d d e rs , and  a f te r  th e  30 and  60 m in  w eigh ings in  th e  c o n tro ls .  T h e  

e ffe c tiv e  o sm o tic  g ra d ie n t  w as c a lc u la te d  f ro m  th e  m ean  o f th e  d if fe re n c e s  in  

o s m o la lity  of th e  s e r o s a l  and m u c o sa l b a th in g  so lu tio n s  f o r  e ach  in d iv id u a l 

h e m ib la d d e r .

C a lc u la tio n s

O sm o tic  w a te r  flow  w as c a lc u la te d  f o r  each  h e m ib la d d e r  b e fo re  and  

a f te r  v a s o p re s s in  t r e a tm e n t .  W a te r  m o v em en t w a s  d e te rm in e d  a s  th e  m ean  

flow  f o r  th e  90 m in  in cu b a tio n  p e r io d  p r io r  to  the ad d itio n  of h o rm o n e , and  fo r  

th e  60 m in  p e r io d  w hich  fo llow ed  th e  a d d itio n  of v a s o p re s s in .  S ince th e  g r a ­

d ie n t d is s ip a te d  on ly  a f te r  in it ia t io n  of h o rm o n e -in d u c e d  w a te r  flow , th e  r e s u l t s  

a r e  e x p re s s e d  in  m g /m in /m O s m  fo r  th is  p e r io d  o n ly . In h ib itio n  of v a s o p re s s in -  

in d u ced  o sm o tic  w a te r  flow  w as c a lc u la te d  a s  the r a t io  of e x p e r im e n ta l  to  c o n -
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t r o i  flow s e x p re s s e d  a s  above, s u b tra c te d  f ro m  u n ity , and m u ltip lie d  by 1 0 0  

to  g ive  th e  p e rc e n t  in h ib itio n  fo r  each  e x p e r im e n ta l  h e m ib la d d e r  r e la t iv e  to  

i ts  p a i r e d  c o n tro l .  T h e  m ean  in h ib itio n  of th e  r e s p o n s e  to  v a s o p re s s in  p lu s  

o r  m in u s  th e  s ta n d a rd  e r r o r  of th e  m e a n  w as c a lc u la te d  f o r  e a c h  c o n c e n tra tio n  

o f  H 2 CB u s e d . T h e  s ta t i s t ic a l  s ig n if ic a n c e  of the  in h ib itio n  of w a te r  m o v em en t 

w as e s tim a te d  u s in g  S tu d en t's  t - t e s t  f o r  p a i r e d  d a ta .

D ih y d ro c y to c h a la s in  B 

D ih y d ro c y to c h a la s in  B w as a  g e n e ro u s  g ift f ro m  P ro f . S. L in , D e p a r t­

m e n t of B io p h y s ic s , Jo h n s  H opkins U n iv e rs ity , B a lt im o re , M d. To 2 . 1 m g 

of th e  p u r if ie d , ly o p h iliz e d  po w d er, p r e p a re d  in P ro f .  L in 's  la b o ra to ry ,

420 p i of DMSO (F is h e r )  w as ad d ed . T h is  r e s u l te d  in  a s to c k  so lu tio n  of 

H_CB o f 5 m g /m l .  T he so lu tio n  w as s to r e d  a t  4 °C . F o r  e a c h  e x p e r im e n t,
id

25 o r  50 p i  o f s to ck  so lu tio n  w as added  to  th e  s e r o s a l  b a thing m ed ium  of each  

e x p e r im e n ta l  h e m ib la d d e r . E q u iv a len t q u a n ti t ie s  of DMSO w e re  added  to  the  

c o n tro ls .

B IO CH EM ICA L STUDIES 

P ro te in  D e te rm in a tio n s  

In a l l  c a s e s  w h e re  an  e s tim a te  of p ro te in  c o n c e n tra tio n  w as n e c e s s a r y ,  

th e  fo llow ing  m eth o d , ad ap ted  a f te r  L ow ry  e t  a l. (91) w as u se d .

F o u r  s to c k  so lu tio n s  w e re  k ep t, c o n s is t in g  of: 1) bovine s e ru m  a lb u m in  

(BSA), 1 m g /m l in  w a te r ,  s to r e d  at 4 °C ; 2) 2 % CuSO^, s to r e d  a t 23°C ; 3) 1% 

9  o d iu m -p o ta s s iu m - ta r t  r a te ,  s to r e d  a t  23°C ; and 4) 2% so d iu m  c a rb o n a te , 

s to r e d  a t 2 3 °C . A s ta n d a rd  c u rv e  of th e  c o n c e n tra tio n  of BSA w as c o n s tru c te d
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each  t im e  e s t im a te s  of p ro te in  c o n c e n tra tio n  w as d e te rm in e d . T he p ro c e d u re  

w as ru n  a s  fo llo w s:

Z e ro , 10, 25, 50, 75, 100 p i (and o c c a s io n a lly  200 p i) of BSA w as p ip e tte d  in to  

in d iv id u a l 13 x  100 m m  g la s s  c u l tu re  tu b e s ,  and th e  volum e a d ju s te d  in  each  

c a s e  to  200 p 1 by th e  ad d itio n  of 0 . 1 N NaOH a s  n e c e s s a r y .  T h e se  a liq u o ts  

p ro v id e d  c o n c e n tra tio n s  of p ro te in  eq u a l to  0, 0 .0 5 , 0 .1 3 , 0 .2 5 ,  0 .3 7 , 0 .5  

and 1 .0  m g /m l.  T ubes co n ta in in g  a liq u o ts  of unknow ns c o n ta in in g  p ro te in  w e re  

p re p a re d  s im i la r ly .  At th is  t im e ,  2 0 0  p i  of each  of 29c CuSO^ and 19c N a -K - 

t a r t r a t e  w e re  m ix ed , and to  th is  so lu tio n  w a s  slow ly  added  1 0  m l 2 % N a 2 C 0 3 . 

O ne m i l l i l i t e r  of th e  r e s u l t in g  lig h t b lue so lu tio n  w as p ip e tte d  f ro m  a 5 m l 

p ip e tte  in to  each  a s s a y  tu b e . T he m ix tu re s  w e re  th en  v o r te x e d  and  a llow ed  to  

in c u b a te  fo r  10 m in . D u rin g  th e  in cu b a tio n  p e r io d , an a liq u o t o f 2 N F o lin  

re a g e n t (Sigm a) w as m ix ed  w ith  an eq u a l vo lum e of w a te r .  O ne h u n d red  m ic r o ­

l i t e r s  o f the  r e s u l t in g  1 N F o lin  re a g e n t w as th en  added  to  each  a s s a y  tu b e , and 

th e  s a m p le s  w e re  w e ll v o r te x e d . A f te r  an in cu b a tio n  p e r io d  of a t le a s t  30 m in  

bu t no t ex ceed in g  2  h, th e  o p tic a l d e n s ity  of both  s ta n d a rd  and  unknow n so lu tio n s  

w e re  r e a d  at 750 a m  on a  Z e is s  PM Q II s p e c tro p h o to m e te r ,  u s in g  d e io n ized  

w a te r  a s  a  b lan k .

A fte r  s u b tra c t in g  a  m e a s u re d  v a lu e  a s  th e  b lank , o b ta in ed  f ro m  th e  o p ti­

c a l d e n s ity  of th e  s ta n d a rd  s a m p le  f ro m  w hich  p ro te in  w as o m itte d , a  s ta n d a rd  

c u rv e  w as c o n s tru c te d  f ro m  th e  known c o n c e n tra tio n s  o f th e  BSA so lu tio n s . 

P o in ts  w e re  p lo tte d  and  th e  c u rv e  c o n s tru c te d  by eye  w h e re  p o s s ib le ,  and by 

le a s t  s q u a re s  r e g r e s s io n  a n a ly s is  w h en ev e r s c a t te r  in  th e  p o in ts  m ad e  th is  

t r e a tm e n t  of th e  d a ta  n e c e s s a r y .  E s t im a te s  of p ro te in  c o n c e n tra tio n s  in  th e
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unknow ns w e re  m ad e  by s u b tra c tin g  th e  b lank  v a lu e  f ro m  th e  O .D . re a d in g  

f o r  e a c h  s a m p le  and  c o m p a r in g  th i s  re a d in g  to  th e  s ta n d a rd  c u rv e .  T h is  m e th o d  

w as  found to  be h igh ly  re p ro d u c ib le  both  f ro m  s ta n d a rd  c u rv e  to  s ta n d a rd  c u rv e , 

and  f ro m  d u p lic a te  a n d /o r  r e p e a te d  m e a s u re m e n ts  m ad e  on  th e  unknow ns. In 

c a s e s  w h e re  th e  unknow ns c o n ta in e d  so  m uch  p ro te in  th a t th ey  w e re  e i th e r  off 

th e  s ta n d a rd  BSA c u rv e  o r  w ay Into th e  n o n lin e a r  p o r tio n  o f th e  c u rv e ,  th e  

c o n c e n tra te d  s a m p le  w as  d ilu te d  1 : 1  w ith  w a te r  p r io r  to  re a d in g  in  th e  s p e c ­

t ro p h o to m e te r .  A ll in c u b a tio n s  and  m e a s u re m e n ts  w e re  m ad e  a t  2 3 °C .

A s ta n d a rd  c u rv e  of p ro te in  c o n c e n tra tio n s  w as in c lu d ed  e a c h  t im e  m e a ­

s u re m e n ts  o f p ro te in  c o n c e n tra tio n s  w e re  m a d e . In  o r d e r  to  know th e  d e g re e  

to  w hich  th e  e s t im a te s  of p ro te in  c o n c e n tra tio n  v a r ie d  f ro m  ru n  to  ru n , five  

s ta n d a rd  c u rv e s  ru n  o v e r  a 2  y e a r  p e r io d  w e re  c h o se n  a t ra n d o m , and  th e  m ean  

an d  s ta n d a rd  e r r o r  of th e  m ean  w e re  c o m p u ted . T h e se  d a ta  a r e  show n in  

T a b le  1.

C o n e . ° * D * “ ° * D*BL M ean  ± S .E .
1 2 3 4 5

.0 5 . 1 0 2 . 1 0 0 .098 .0 9 0 . 1 1 2 . 100 ±  .0 0 4

, 13 . 196 .2 1 4 .2 5 5 .2 4 0 .2 4 9 .3 2 1  ± .0 1 1

.2 5 .3 4 5 .3 7 5 .316 .4 2 4 .4 6 5 .3 8 5  ±  .0 2 7

.37 .4 7 8 .531 .5 3 2 .517 . 555 .5 2 3  ± .0 1 3

.5 0 .6 0 8 .6 6 5 .7 4 0 .6 5 9 .7 5 7 . 6 8 6  ±  . 028

W hen th e s e  v a lu e s  w e re  su b je c te d  to  l in e a r  r e g r e s s io n  a n a ly s is ,  th e  

lin e  d e te rm in e d  by th e  eq u a tio n  y = 1 .28x + 0 .0 5 2 5  r e s u l te d .  T h e  p o in ts  w e re  

p lo tte d  a s  show n in  F ig . 2, and  g av e  a  c o r r e la t io n  c o e ff ic ie n t o f r 2  = . 9985
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AVERAGE STANDARD PROTEIN 
DETERMINATIONS 

1977 -1979

c
O
LO

_i
m

Q
Oi
Q

.7
y = I 8 0 8 X  + . 0 5 2 5  

r * = 9 9 8 5
. 6

5

A

3

.2

.4 .5320

m g / m l  B S A

F ig , 2. R e g re s s io n  a n a ly s is  o f s ta n d a rd  p ro te in  e s tim a tio n s  to d e te rm in e  

re p ro d u c ib il i ty  o f  the  m e th o d . P o in ts  r e p r e s e n t  th e  m e a n  ±  the s ta n d a rd  

e r r o r  o f th e  m e a n  fo r  5 d e te rm in a tio n s  s e le c te d  a t  ran d o m  o v e r  a  tw o -y e a r  

p e r io d .
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w ith r e s p e c t  to  th e  r e g r e s s io n  lin e . T h u s , p ro te in  c o n c e n tra tio n  f ro m  e x p e r i ­

m e n ts  c a r r i e d  ou t e a r ly  in  th e  c o u r s e  o f th e  w o rk  a r e  c o m p a ra b le  to  th o se  

m e a s u re d  a t  a  l a t e r  t im e .

S D S -P o ly a c ry la m id e  G el E le c tro p h o re s is  

F o r  g e n e ra l  a n a ly tic a l  p u rp o s e s  th ro u g h o u t th is  w o rk , S D S -p o ly a c ry la m id e  

c y lin d r ic a l  g e ls ,  fo rm e d  in  p h o sp h a te  b u ffe r  a f te r  th e  m eth o d  o f W eb er and  

O sb o rn  (143), w e re  u s e d . In m o s t c a s e s ,  th e  a c ry la m id e  c o n c e n tra tio n  in  th e  

g e l w as k e p t a t  5%, a s  th is  d en s ity  gave a  good s e p a ra t io n  of th e  m o le c u la r  

w eig h t s p e c ie s  o f i n t e r e s t .  O c c a s io n a lly , a s  fo r  th e  id e n tif ic a tio n  of th e  low 

m o le c u la r  w eig h t l ig h t c h a in s  of r a b b it  m y o sin , i t  w as n e c e s s a r y  to  in c r e a s e  

th e  d e n s ity  o f th e  g e ls  to  10% a c ry la m id e . In a l l  o th e r  c a s e s ,  5% g e ls  w e re  

u s e d .

S tock  S o lu tions

G el b u ffe r  (double s tre n g th )

0 .1  M P h o sp h a te  b u ffe r , pH 7 . 0 

1.0%  Sodium  la u ry l  s u lfa te  

S am p le  b u ffe r

0 .0 1  M Sodium  p h o sp h a te , pH 7 .2 .

1.0%  Sodium  la u ry l  s u lfa te  

1 . 0 % P -m e rc a p to e th a n o l

A c ry la m id e  s to c k  (10%) 3 7 :1=  a c ry la m id e :m e th y le n e  b is  

2 2 .2  g  A c ry la m id e
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0 .6  g M eth y len e  b is  a c ry la m id e  

to  1 0 0  m l w ith  d e io n ized  w a te r  

Sta in in g  so lu tio n

1. 125 g (0.25% ) C o o m assie  B r i l l ia n t  B lue 

227 m l m e th an o l

46 m l G la c ia l a c e tic  a c id

M ethano l w as added  to  th e  C o o m a ss ie  p o w d er, and th e  m ix tu re  w as 

s t i r r e d .  T he a c e t ic  ac id  w as slow ly  added  w ith  s t i r r in g ,  and th e  m ix tu re  w as 

m ad e  up  to  500 m l w ith  d e io n ized  w a te r .  S ta in ing  so lu tio n  w as s to re d  a t  23°C  

f o r  up to  s e v e ra l  m onths and  r e u s e d  each  t im e  g e ls  w e re  ru n .

D e s ta in in g  so lu tio n  

5% M ethano l 

7 . 59c G la c ia l a c e t ic  ac id  

8 7 . 5% w a te r  

P r e p a ra t io n  of ge ls

T w elve  7 x  130 m m  g e l tu b e s  w e re  so ak ed  in  a c id , r in s e d  w ith  d e io n ized  

w a te r  and  d r ie d . F if te e n  m i l l i l t e r s  of doub le  s tr e n g th  g e l b u ffe r  w as p ip e tte d  

in to  a  125 m l E r le n m e y e r  f la sk . To th is  w as added  6 .7 5  m l each  of s to c k  

a c ry la m id e  and w a te r .  T he m ix tu re  w as s w ir le d ,  and th e n  d e g a s se d  fo r  10 

m in  by su c tio n  f ro m  a  w a te r  a s p i r a to r .  D u rin g  th is  t im e  th e  gel tubeB w e re  

p la c e d  in  a  s ta n d  and  s tra ig h te n e d  by e y e . Tw o m i l l i l i t e r s  of a  15 m g /m l 

so lu tio n  of am m o n iu m  p e r s u lf a te  w as p r e p a re d ,  and  tw o 1  m l s y r in g e s  eq u ip p ed  

w ith  25 gage n e e d le s  w hich  had  b een  b en t w e re  f i l le d  w ith  w a te r .  T he a c r y la -
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m id e  so lu tio n  w as c a re fu l ly  re m o v e d  fro m  th e  a s p i r a to r ,  and  1 .5  m l of th e  

p e r s u l f a te  so lu tio n  w as p ip e tte d  in to  th e  f la s k . F o r ty - f iv e  m ic r o l i t e r s  o f 

N ,N ,N \N '- te t r a m e th y le th y le n e d ia m in e  (TEM ED ) w as th en  p ip e tte d  in to  the  

m ix tu re ,  and th e  f la sk  w as g en tly  s w ir le d  to  m ix  th e  r e a g e n ts .  T he g e l-  

fo rm in g  m ix tu re  w as th en  tak e n  up in to  a  50 m l sy r in g e  f it te d  w ith P . E . 90 

tu b in g . T h e  ge l tu b e s  w e re  f i l le d  f ro m  th e  sy r in g e  up to  about 1. 5 cm  fro m  

th e  to p s  of th e  tu b e s .  W a te r  f ro m  th e  1 m l sy r in g e  b a lan ced  on to p  of th e  g e l 

tu b e  w as a llow ed  to  d r ip  down th e  s id e  o f th e  tu b e  to  f la tte n  th e  g e l m e n isc u s  

a s  i t  fo rm e d . A fte r  s e v e r a l  m in u te s  th e  g e ls  w e re  to p p ed  up w ith w a te r , 

c o v e re d  w ith  P a r a f i lm ,  and s to r e d  on th e  b en ch . T en  p e r c ^ r t  g e ls  w e re  m ade 

in  th e  s a m e  m a n n e r , ex c ep t th a t  1 3 .5  m l s to c k  a c ry la m id e  w as u se d , and 

w a te r  w as o m itte d  f ro m  th e  g e l m ix tu re .  S a m p le s  f o r  ge l e le c t ro p h o re s is  

w e re  p r e p a re d  in  th e  fo llow ing  m a n n e r: in to  13 x 100 m m  c u ltu re  tu b e s  w e re  

ad d ed  5 p i  p -m e rc a p to e th a n o l ,  5 p i  0 .05%  B ro m p h en o l b lue tra c k in g  dye, 50 p i 

g e l s a m p le  b u f fe r  and  enough en zy m e g ra d e  s u c ro s e  to  m ak e  th e  so lu tio n  m uch 

m o re  d e n se  th an  th e  g e l r u n n in g b u ffe r . F iv e  to  fifty  m ic r o l i t e r s  of each  of 

th e  s a m p le s  w e re  th e n  ad d ed . T he tu b e s  w e re  v o r te x e d  and  h e a te d  in  a  bo iling  

w a te r  b a th  f o r  1 - 2  m in  to  in s u re  th a t  th e  p ro te in  w as su ff ic ie n tly  co m p lex ed  

w ith  SDS. S a m p le s  w e re  th e n  la y e re d  on to p  of th e  ge l tu b e s  w hich h ad  been  

p la c e d  in  th e  g e l a p p a ra tu s .  T h e  tu b e s  w e re  topped  up w ith  s in g le  s tre n g th  

g e l b u ffe r , and th e  r e s e r v o i r s  w e re  f i l le d  w ith  th e  re m a in in g  b u ffe r . E le c ­

t r o d e s  w e re  a t ta c h e d , and  th e  w ire s  w e re  co n n ec ted  to  th e  ou tp u t of a  B io  R ad 

m o d el 400 ge l e le c t ro p h o re s is  a p p a ra tu s .  S am p les  w e re  a llow ed  to  e n te r  th e  

g e l a t  a  c u r r e n t  o f 2 m A /tu b e . A fte r  abou t 30 m in , th e  c u r r e n t  w as in c r e a s e d
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to  7 m A /tu b e , and th e  g e ls  w e re  e le c tro p h o re s e d  4 -5  h in  th e  c o n s ta n t c u r ­

re n t  m ode u n til th e  t r a c k in g  dye had  t r a v e le d  2 /3  -  3 /4  down th e  len g th  o f th e  

gel tu b e .

G e ls  w e re  re m o v e d  f ro m  th e  tu b e s  by r im m in g  th e  in s id e  of th e  g e l tu b e  

w ith  a  s t r e a m  of w a te r  fro m  a s y r in g e  f it te d  w ith  a  b lun t n e e d le . T he e je c te d  

g e ls  fe l l  in to  a  p an  o f w a te r ,  and w e re  su b se q u en tly  p la c e d  in to  s ta in in g  tu b e s  

(Bio Rad), w hich  f itte d  in to  1. 5 x 15 cm  te s t  tu b e s  f il le d  w ith  a  so lu tio n  of C oo­

m a s s ie  B r i l l ia n t  B lu e . G els  w e re  so ak ed  in  th is  so lu tio n  fo r  2 -1 2  h , w hich 

s e rv e d  to  fix  th e  p ro te in s  w ith in  th e  g e ls ,  a s  w e ll a s  s ta in  th e m . T he g e ls  

w e re  th en  w ash ed  in  d e s ta in in g  so lu tio n s , and fin a lly  p la c e d  in  th e  d iffu s io n  

d e s ta in e r  (Bio Rad) fo r  a t le a s t  48 h , o r  u n til th e  back g ro u n d  c le a r e d .  Upon 

o c c a s io n , to  d e te c t th e  p r e s e n c e  of m in o r  b an d s, g e ls  re m o v e d  f ro m  th e  d e ­

s ta in e r  w e re  r e s ta in e d  and d e s ta in e d  a  seco n d  t im e .  G e ls  w e re  su b seq u en tly  

sc a n n e d  on a  Jo y c e  L oeb l C h ro m o sc a n  d e n s ito m e te r  a n d /o r  p h o to g ra p h ed .

G els  th e m s e lv e s  w ere  s to r e d  in  cap p ed  tu b e s  in  7.5%  a c e t ic  a c id .

T he r e la t iv e  m o b ili t ie s  of th e  v a r io u s  m o le c u la r  w eigh t s p e c ie s  on 5% 

S D S -P 0 4  g e ls  w as c a lc u la te d  by th e  m ethod  of W eb er and  O sb o rn  (143) a c c o rd ­

in g  to  th e  fo llow ing  eq u a tio n :

M ob ility  (M) = L ength  f r o 1 1 1 to p  of gel to  p ro te in  band  ^
L eng th  o f g e l a f te r  d e s ta in in g

L eng th  of g e l b e fo re  d e s ta in in g ____________
L en g th  f ro m  to p  o f g e l to  dye f ro n t

A c c o rd in g  to  th is  eq u a tio n , a  p ro te in  w hich  d o e s  n o t m ig ra te  a t a l l  in  th is  g e l

s y s te m  w ould h av e  a m o b ility  of 0 , w h ile  a  p ro te in  th a t  m ig ra te s  w ith  th e  dye

f ro n t w ould  h av e  a  m o b ility  eq u a l to  th e  ra t io  of len g th s  o f th e  g e ls  b e fo re  and
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a f te r  d e s ta in in g .

S ta n d a rd  so lu tio n s  of a c tin , m y o sin , and  tu b ulin  w e re  in c lu d ed  in  e ach  

e x p e r im e n ta l  g e l ru n . W hile th e  m o b ility  of any p ro te in  in  th i s  B ystem  in ­

c r e a s e d  s lig h tly  w ith  in c r e a s e d  lo ad in g  of p ro te in  on th e  g e l, th e  ban d s o f in ­

t e r e s t  w e re  a lw ay s su ff ic ie n tly  s e p a ra te  f ro m  e a ch  o th e r  so  th a t  d if fe re n c e s  

in  m o b ility  due to  d if fe re n t g e l lo ad in g s  did no t becom e a  p ro b le m . In g e n e ra l ,  

it w as found th a t  r a b b it  a c tin  m ig ra te d  in  th is  s y s te m  w ith  an e le c tro p h o re t ic  

m o b ility  of 0 .7 ,  b ra in  tu b u lin  had  a  m o b ility  of 0 .6 3 , and r a b b i t  m u sc le  m y o sin  

h eav y  c h a in s  m ig ra te d  w ith  a  m o b ility  of 0. 16. W hen th e s e  v a lu es  w e re  p lo tte d  

a g a in s t th e  lo g a r ith m s  o f the  m o le c u la r  w eig h ts  o f each  of th e s e  p ro te in s , th e  

r e s u l t in g  lin e , g e n e ra te d  by le a s t  s q u a re s  r e g r e s s io n  a n a ly s is ,  i s  th a t  g iven  

by th e  eq u a tio n , y = -0 .8 1 7  x + 4 .4 9 .  T he d a ta  p o in ts  w e re  f it te d  to  th is  lin e  

w ith  a  c o r re la t io n  c o e ff ic ie n t of .9 9 9 4 , in d ic a tin g  a  l in e a r  s e p a ra t io n  of a  

la rg e  m o le c u la r  w eigh t ran g e  u s in g  th is  g e l s j 's te m . T h e se  s ta t i s t i c s  a r e  

show n p lo tted  F ig . 3.

M yosin  AT P a s e  A ssa y s

M y o sin  A T P a se  a c tiv ity  w as m e a s u re d  by the  m e th o d  o f M a rs h  (98), a s  

m o d ifie d  by P u sz k in  (116).

T h e  fo llow ing  s to c k  so lu tio n s  w e re  k ep t s to r e d  a t  4 °: 50 m M  im id a z o le , 

pH 7 .0 ;  10 m M  M g C ^ ; 10 m M  C aC l^ ; 3 M KC1; 20 mM e th y le n e d ia m in e  t e t r a -  

a c e t ic  a c id  (ED TA); 2 0 % tr ic h lo r o a c e t ic  a c id  (TCA ); a c id  m o ly b d a te ; and  

so d iu m  c i t r a te .  To p r e p a re  a c id  m o ly b d a te , 20g so d iu m  m o ly b d a te  w as  m ixed  

w ith  d e io n iz ed  w a te r ,  and  50 m l c o n c e n tra te d  HC1 w as ad d ed  s lo w ly  to  th e
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ELECTROPHORETIC MOBILITY OF STANDARD 
PROTEINS ON 5% SOS GELS

MW 4 3 0 0 0  (Actin).7
MW 5 5 0 0 0  (Tubulin)

6

5

lo  4

3
Y--0.QI7 x + 4 .4 9  
r2 = . 9 9 9 4

2
MW 2 0 0 , 0 0 0  

(Myosin)

5.55.04.5
L o g  M W

F ig . 3. S e p a ra tio n  o f p ro te in s  by m o le c u la r  w eigh t o n  5% S D S -p h o sp h a te  

g e ls .  M ob ility  c a lc u la te d  a s  in  (143) is  p lo tte d  a s  a  fu n c tio n  o f  th e  lo g a r ith m  

o f  th e  m o le c u la r  w e ig h t o f  e ac h  p ro te in . P o in ts  r e p r e s e n t  th e  m e a n  ± th e  

s ta n d a rd  e r r o r  o f th e  m e a n  f o r  5 d e te rm in a tio n s .
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s t i r r i n g  m ix tu re .  T he so lu tio n  w as th en  b ro u g h t up to  500 m l w ith  d e io n ized  

w a te r .  F o r  th e  so d iu m  c i t r a te  so lu tio n , 200 g of th e  d ih y d ra te  w as m ix ed  

w ith  w a te r  and t i t r a t e d  to  pH 7 ,0  w ith  c o n c e n tra te d  HC1. T he m ix tu re  w as 

m ade up to  1 L , n -B u ta n o l w as r e d is t i l le d  f ro m  th e  r e a g e n t-g ra d e  b o ttle  

and  s to re d  r e f r ig e r a te d .  M ethanol w as  k ep t a t  2 3 °C . T w eaty  m il l im o la r  A T P  

n e u tra l iz e d  w ith  im id a z o le  w as s to r e d  f ro z e n . A ll A T P a se  a c t iv i t ie s  w e re  ru n  

in  d u p lic a te  u s in g  s e p a ra te  b la n k s . B lan k s  w e re  p r e p a re d  e x a c tly  th e  s a m e  

way a s  the e x p e r im e n ta l  s a m p le s  ex cep t th a t  th e  sa m p le  p ro te in  w as added  

a f te r  th e  re a c t io n  had been  s to p p ed .

E ach  a s s a y  tu b e  re c e iv e d  0. 5 m l im id a z o le , and  100 p i  of e i th e r  M g C ^

o r  C aC l , depend ing  on w h e th e r  th e  m a g n es iu m  o r  c a lc iu m  A T P a se  a c tiv ity
2

o f m y o sin  w as be ing  te s te d .  F o r  K+-E D T A  a c tiv ity , 0 .2  m l 3M KC1 and 100 p i 

20 mM EDTA w as p ip e tte d  in to  th e  tu b e . F iv e  to  te n  m ic ro g ra m s  of m y o sin  o r  

t e s t  m a te r ia l  w as ad d ed , and  th e  tu b e s  w e re  v o r te x e d . At p r e c is e  10 s e c  in te r ' 

v a ls ,  100 p i  of 20 mM A T P  w as added  to  each  tu b e , w hich  w as th en  p lac e d  in  a 

37°C  w a te r  b a th . P r e c i s e  tim in g  of th e  in cu b a tio n  p e r io d  w as found to  be a  

c r i t i c a l  f a c to r  in  o b ta in in g  a c c e p ta b le  d u p lic a te  v a lu e s  of A T P a se  a c tiv ity . T he 

s a m p le s  w e re  in cu b a ted  fo r  30 m in , and  th e  re a c t io n  w as s to p p ed  by th e  a d d i­

tio n  (again  a t  10 s e c  in te rv a ls )  o f 0 .4  m l TCA to  each  tu b e . T h e  tu b e s  w e re  

th e n  v o r te x e d  and  p la ce d  on  ic e .  P ro te in  w as added  to  th e  b lan k s  a t  th is  t im e .  

O ne m i l l i l i t e r  o f s a m p le  w as th en  added  to  2 m l of r e d is t i l le d  bu tano l and 200 p i 

m o ly b d a te , w hich  h ad  b een  p ip e tte d  in to  f r e s h  tu b e s .  E ach  tu b e  w as th e n  v o r ­

te x e d  fo r  10 s e c  to  e x t r a c t  f r e e  p h o sp h a te  in to  th e  bu tano l p h a s e .  T hen  0 .4  m l 

of c i t r a te  so lu tio n  w as added  to  co m p lex  th e  re m a in in g  A T P  and A D P. T h e
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n u c le o t id e -c i tr a te  co m p lex  w as th e n  e x tra c te d  in to  w a te r  by th e  ad d itio n  of 

1 .4  m l H20  to  each  s a m p le .  T he s a m p le s  w e re  v o r te x e d , and  th e  bu tano l 

la y e r ,  c o n t a i n i n g  th e  U V -a b so rb in g  p h o sp h a te -m o ly b d a te  co m p lex , w as p i ­

p e tte d  in to  a  f r e s h  g la s s  t e s t  tu b e . Two h u n d red  m ic ro  l i t e r s  of m e th an o l w as 

added  to  each  tu b e  to  c la r i fy  any c lo u d in e ss  (which can  r e s u l t  f ro m  t r a c e s  o f 

w a te r  in  th e  h y d ro p h o b ic  m ed iu m ), and  th e  a b s o rb a n c e  of th e  co m p lex  w as  m e a ­

s u re d  a t 310 nm  in  a  Z e is s  PMQ n  s p e c tro p h o to m e te r  u s in g  q u a r tz  c u v e tte s .

T he c o n c e n tra tio n  of p h o sp h a te  l ib e ra te d  by the a c tio n  o f th e  m y o sin  A T P a se  

w as d e te rm in e d  by c o m p a r in g  v a lu es  o b ta in ed  in  th e  e x p e r im e n ta l  a s s a y  m ix ­

tu re  w ith  th o se  d e r iv e d  fro m  a s ta n d a rd  c u rv e  c o n s tru c te d  fo r  known co n c e n ­

t r a t io n s  of KH2 PO 4 . T h e  s ta n d a rd  c u rv e  is  d e p ic te d  in  F ig . 4.

P re p a ra t io n  of S tock P ro te in s

R ab b it P s o a s  M u sc le  A ctin  

A s to ck  of m u sc le  a c tin  w as m a in ta in e d  as  a  s ta n d a rd  f o r  g e l e le c t r o ­

p h o r e s is ,  e le c tro n  m ic ro s c o p y , and  c a l ib ra t io n  of c o lu m n s . It w as p re p a re d  

a s  d e s c r ib e d  below , f ro m  an ac e to n e  p o w d er, a s  ad ap ted  fo r  u s e  in  th e  p h y s io ­

logy c la s s  a t th e  M a rin e  B io lo g ica l L a b o ra to r ie s  ^ IB L ), W oods H ole, M a ss ., 

an d  co m m u n ica te d  to  m e by M o o se k e r  (104).

P r e p a ra t io n

A 3 -4  lb  w h ite  New Z e a lan d  ra b b it  (T r ip le  -  R R a b b itry , M anesquan ,

N . J . )  w as k il le d  by c e r v ic a l  d is lo c a tio n  o r  p e n to b a rb ita l  in je c tio n . T h e  p so a s  

m u s c le s  w e re  d is s e c te d  aw ay and  p la c e d  in  ic e - c o ld  0 .9%  s a l in e .  C onnec tive
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F ig . 4 . R e g re s s io n  a n a ly s is  o f s ta n d a rd  c u rv e  g e n e ra te d  to  e s t im a te  A T P a se  

a c tiv ity  by m e a s u r in g  th e  l ib e ra t io n  o f  in o rg a n ic  p h o sp h a te . A s sa y s  w e re  ru n  

a s  d e s c r ib e d  in  m e th o d s  e x c e p t th a t p ro te in  w as o m itte d  and  v a ry in g  c o n c e n tra ­

tio n s  o f  KH 2 PO 4  w e re  in c lu d ed  in  th e  re a c t io n  m ix tu re . T h e  a b s o rb a n c e  a t 

310 nm  is  p lo tted  as  a  fu n c tio n  o f  th e  c o n c e n tra tio n  o f K H gPO ^ added  to  th e  

a s s a y  tu b e .

3 6



t i s s u e  w as re m o v e d  and th e  m u sc le  w as  m inced  an d  w e ig h ed . M u sc le  w as 

h o m o g en ized  by th r e e  10 s e c  b u r s ts  of a  W aring  b le n d e r  in  th r e e  vo lu m es of 

c o ld  m y o sin  e x tra c t io n  b u ffe r :  0 .5  M K C l, 0 .1  M K 2 H P 0 4 , pH 7 .0 .

T he m ix tu re  w as f u r th e r  e x tra c te d  in  the  c o ld  fo r  10 m in  and  th e n  ce n ­

tr i fu g e d  f o r  20 m in  in  a  S o rv a ll  R C -2 r e f r ig e r a te d  c e n tr ifu g e  a t 16,000 R PM  

{31, 000 x g). T he s u p e rn a ta n t ,  c o n ta i n in g s o lu b iliz e d  m y o sin  and  a c to m y o s in , 

w a s  d is c a rd e d , and  200 m l ic e -c o ld  w a te r  w as ad d ed  to  th e  p e l le t s .  T h e  pH 

w a s  a d ju s te d  to  8 .2  -  8 .4  w ith  1 M N a 2 COy, and th e  m ix tu re  w as ag a in  c e n t r i ­

fu g ed  at 16, 000 R P M . T he s u p e rn a ta n t w as d is c a rd e d  and  a f u r th e r  200 m l 

d e io n iz ed  w a te r  w as added  to  th e  p e l le ts .  The p r o c e s s  w as  re p e a te d  (u su a lly  

2 o r  3 t im e s )  u n til th e  p e l le ts  began to  s w e ll .  A p p ro x im a te ly  250 m l co ld  

a c e to n e  w as th en  added  to  th e  f in a l p e l le t ,  and th e  e x tr a c t  w as s t i r r e d  in  a c e ­

to n e  in th e  cold ro o m  fo r  20 m in . T he m ix tu re  w a s  f i l te r e d  th ro u g h  W hatm an 

N o. 1 p a p e r  on a B u ch n e r fu n n e l, and th e  ace to n e  p o w d er re m a in in g  on  th e  f i l ­

t e r  w as e x tr a c te d  w ith  a  s e c o n d  250 m l volum e o f a c e to n e . A f te r  f i l te r in g  a  

s e c o n d  t im e ,  the  ac e to n e  p o w d e r  w as rem o v ed  to  P a ra f i lm , lig h tly  c o v e re d , 

an d  a llow ed  to  d ry  o v e rn ig h t u n d e r  a fu m e hood a t  23°C .

The a c e to n e  p o w d er w as  u se d  th e  fo llow ing  day  fo r  p r e p a ra t io n  of p u r i ­

f ie d  ac tin  by th e  m ethod  of S pudich  e t a l .  (129), m o d ified  fo r  u s e  in  th e  M BL 

p h y sio lo g y  c o u r s e .  The m e th o d  d e s c r ib e d  below  d ep en d s upon th e  ab ility  o f 

th e  p ro te in  to  u n d erg o  th e  G -  F  t r a n s fo rm a tio n  in  so lu tio n s  of v a ry in g  io n ic  

s tr e n g th .

A f te r  w ash in g  th e  a c e to n e  p ow der in  c h lo ro fo rm  and  a llo w in g  it to  d ry , 

i t  w a s  m ix ed  w ith  co ld  a c tin  e x tra c tio n  b u ffe r , 2 0  m l /g  p o w d er, and  e x tr a c te d
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a s  the  m o n o m e r fo r  30 m in  in  th e  co ld . T h e  e x tr a c t io n  b u ffe r  c o n ta in ed  20 m M  

T r is -H C l,  0 .2  m M  A T P , 0. 5 m M  d ith io th re i to l  (D TT), 0 .2  m M  C aC l 2 , pH 8 . 0 

a t 23°C . T he m ix tu re  w as th en  c e n tr ifu g e d  a t 16, 000 R M P fo r  20 m in , and th e  

s u p e rn a ta n t  w as f i l te r e d  th ro u g h  g la s s  w ool in to  a  g ra d u a te d  c y lin d e r .  T he 

so lu b le  G ac tin  w as th en  m a d e  50 m M  in  K Cl and 2 m M  in  M gC l2  by add ing  2. 5 

m L  2 M K Cl and 0. 2 m l 1 M M g C ^  p e r  100 m l o f e x tr a c t ,  r e s p e c t iv e ly .  T he 

m ix tu re  w as then  s t i r r e d  and le f t  to  p o ly m e riz e  on th e  bench  a t  23°C  w ith o u t 

s t i r r i n g  fo r  45 m in . T he p a r t ia l ly  p o ly m e riz e d  a c tin  w as th en  re m o v ed  to  the  

co ld  ro o m  fo r  a f u r th e r  45 m in  w ithou t s t i r r i n g .  A f te r  th is  t im e  the  a c tin  W'as 

m ad e  0, 8  M in  K C l and s t i r r e d  in  th e  cold  ro o m  fo r  45 m in . T he e x p o s u re  to  

h igh  s a l t  a t the  end of th e  in cu b a tio n  p e rio d  s e rv e d  to s o lu b iliz e  tro p o m y o s in  

aw ay fro m  the  p o lim serized  a c tin . T h e  s a m p le  w a s  then  c e n tr ifu g e d  a t  35, 000 

R M P (80, 000 x  g) fo r  3 h in  a  Spinco  M odel L u l tra c e n tr i fu g e , u s in g  a  No. 40 

r o to r .  T h e  p e lle te d  a c tin  w as w ash ed  in  a c tin  e x tra c tio n  b u ffe r  and th e n  h o m o ­

g en ized  u s in g  a D ounce h o m o g e n iz e r  w ith  a  t ig h t- f i t t in g  p e s tle  in  a p p ro x . 20 m l 

o f the  s a m e  b u ffe r  u n til a  hom ogeneous su sp e n s io n  w as o b ta in ed . T he a c tin  w as 

th e n  d e p o ly m e riz e d  by d ia ly s is  a g a in s t th r e e  2  L  ch an g es  o f b u f fe r  o v e r  a  3  day  

p e r io d . T h e  so lu b iliz e d  a c tin  W’as  f in a lly  th en  c la r i f ie d  by  c e n tr ifu g a tio n  a t  

35, 000 R P M  f o r  1 h . A liq u o ts  w e re  tak en  fo r  a n a ly s is  o f p ro te in  c o n c e n tra ­

tio n  and fo r  S D S -p o ly a c ry la m id e  g e l e le c t r o p h o re s is .

T h e  p u r if ie d  a c tin  w as ly o p h ilized  (T h e rm o -V a c  F D /P o r t ,  C opiague,

L . L ) and s to r e d  d e s s ic a te d  in  5 m g a liq u o ts  a t  -1 5 °C . T y p ic a lly , 50 g  m u sc le  

y ie ld e d  5 0 -7 0  m g o f  p u r if ie d  a c tin .
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C h a ra c te r iz a t io n  

R ab b it m u sc le  a c tin  is o la te d  a s  d e s c r ib e d  w as c h a r a c te r iz e d  by  1) 

a s c e r ta in in g  i ts  m o b ility  on S D S -p o ly a c ry lam id e  g e ls ;  2 } e s ta b lis h in g  i ts  

a b ili ty  to  fo rm  f ila m e n ts  u n d e r  a p p ro p r ia te  co n d itio n s  a s  m o n ito re d  by  e le c ­

tro n  m ic ro sc o p y ; and 3) a s sa y in g  i ts  a b ili ty  to a c tiv a te  a c tin -d e p e n d e n t, 

m a g n e s iu m -a c tiv a te d  A T P a se  o f  p u r if ie d  ra b b it  m u sc le  m y o sin .

A c tin  iso la te d  by th is  m ethod  m ig ra te d  a s  a  s in g le  band o n  5% SD S- 

p o ly a c ry la m id e  g e ls , and c o m ig ra te d  w ith  a c tin  Iso la te d  by a  s im i l a r  m eth o d  

in th e  la b o ra to ry  of D r . S o li B e r l  (not show n). In th is  g e l s y s te m , th e  a c tin  

h a s  an  R f v a lu e  o f abou t 0. 70.

F ig u re  5 is  an  e le c tro n  m ic ro g ra p h  o f n eg a tiv e ly  s ta in e d  f ila m e n ts  

fo rm e d  by the  p u r if ie d  ra b b it  a c tin . T h e se  w e re  p re p a re d  by p o ly m e riz in g  th e  

p ro te in  in  a  so lu tio n  co n ta in in g  0 .1  M KCl and 2 m M  M gC l2 . A c tin  f ila m e n ts  

have a  d ia m e te r  o f b e tw een  50 to  70 A, and a  c h a r a c te r i s t i c  b ead ed  a p p e a r ­

an ce . F ro m  th is  m ic ro g ra p h  i t  can  a ls o  be  s e e n  th a t  th e  a c tin  f ila m e n ts  tend  

to a s s o c ia te  a lo n g sid e  ea c h  o th e r .

T a b le  2 show s th a t  th is  a c tin  i s  c ap a b le  o f  a c tiv a tin g  the  m a g n e s iu m -  

s tim u la te d  A T P a se  a c tiv ity  o f  ra b b it  m u sc le  m y o s in . A n a liq u o t o f a c tin  w as 

p o ly m e riz e d  and su b se q u e n tly  added in  4 fold e x c e s s  (m g /m g ) to m y o s in  in  

th e  a s s a y  tu b e . T he m ix tu re  w as a s sa y e d  as  d e s c r ib e d  in  S ec tio n  IV.
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F ig . 5. E le c tro n  m ic ro g ra p h  o f p u r if ie d  ra b b it  m u sc le  a c tin  a f te r  p o ly m e r iz a ­

tio n  and n eg a tiv e  s ta in in g  w ith  u ra n y l a c e ta te ,  x  136, 500
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Table 2, A ctin-activated Mg4-*"-ATPase A ctivity of

M u sc le  M yosin
- J - - |

Mg -A T P a s e , p M /m in /m g  m y o sin  

+ 2 0  me a c tin  - a c t in

M yosin, 5 . 5pg 0 ,2 7  0. 03

T h e se  d a ta  in d ic a te  th a t the  p ro te in  p u r if ie d  as  d e s c r ib e d  above has 

th e  p h y s ic a l p r o p e r t ie s  a s s o c ia te d  •with p u rif ie d  ra b b it  s k e le ta l  m u s c le  a c tin .

R ab b it M u scle  M yosin 

R ab b it m u sc le  m y o sin  w as u se d  a s  a s ta n d a rd  p ro te in  f o r  g e l e le c t r o ­

p h o re s is ,  fo r  o c c a s io n a l e v a lu a tio n  o f A T P a se  a c tiv ity  s tim u la te d  by  toad  

b la d d e r  a c tin  p re p a ra t io n s ,  and fo r  th e  p re p a ra t io n  of heavy  m e ro m y o s in  (HMM).

P r e p a ra t io n

T he p ro te in  w as p re p a re d  by  th e  m ethod  ad ap ted  f ro m  K ie lle y  e t  a l,

(71) as  u sed  In th e  physio lo g y  c o u rs e  a t th e  M BL. T h e  flow s h e e t  f o r  th is  

p ro c e d u re  w as g iven  to  m e  by M o o sek e r  and is  d e s c r ib e d  h e re  (104). T he 

m ethod  d ep en d s on  th e  s e le c t iv e  s o lu b ili ty  of m y o s in  In h igh  and low  s a l t  s o lu ­

tio n s , and i t s  b e h a v io r  in  so lu tio n s  o f  v a ry in g  am m onium  s u lfa te  co n ten t.

In it ia l  s te p s  in  the  iso la tio n  p ro c e d u re  w e re  id e n tic a l to th o se  d e s c r ib e d  

fo r  th e  is o la t io n  o f ra b b it  m u s c le  a c tin . A p p ro x im a te ly  50 g o f p s o a s  m u sc le  

w as  d is s e c te d  f ro m  a  w h ite  New Z ea lan d  ra b b it  a s  p re v io u s ly  d e s c r ib e d .

M inced  m u s c le , w ashed  in  0. 9% s a lin e , w as  h o m o g en ized  by th r e e  10 s e c  

b u r s t s  in  a  W a rin g  b le n d e r  in  th r e e  v o lu m es o f ic e -c o ld  m y o sin  e x tr a c t io n  

b u ffe r  co n ta in in g  0. 5 M K C l, 0, 1 M K 2 HPO^, pH 7. 0. A ll su b se q u e n t p r o c e -
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d u re s  w e re  p e r fo rm e d  a t 4 °C . T h e  ho m o g en ized  m u sc le  w as f i r s t  in cu b a ted  

in  e x tra c t io n  b u ffe r  fo r  10 m in  to so lu b liz e  the m y o sin . T he e x t r a c t  w as th e n  

c e n tr ifu g e d  in  a  S o rv a ll RC 2 r e f r ig e r a te d  c e n tr ifu g e  a t 20, 000 R P M  <48, 000 x  

g). T h e  s u p e rn a ta n t w as u sed  fo r  iso la tio n  o f m y o s in ; w hen needed , th e  p e l le t  

w as sav ed  fo r  l a t e r  e x tr a c t io n  o f ra b b it  m u sc le  a c tin .

T he s u p e rn a ta n t co n ta in in g  m y o sin  w as a d ju s te d  to  pH 6 . 6  -  6 . 8  w ith  

0 . 5 M a c e tic  ac id , and th e  v o lu m e w'as m e a s u re d . T he s a m p le  w as th en  s lo w ly  

d ilu ted  w ith  1 0  v o lu m es  o f ic e -c o ld  w a te r  w hich  wfa s  d r ip p e d  in to  th e  m y o s in  

so lu tio n  f ro m  a  s e p a ra to r y  funnel, w h ile  th e  m ix tu re  w as co n tin u o u sly  s t i r r e d .  

A f te r  a llow ing  the  p ro te in  to s e t t le  to th e  b o tto m  o f  th e  f la sk , a s  m u ch  flu id  a s  

p o s s ib le  w as p o u red  off, and th e  p re c ip i ta te d  m y o s in  wras  th e n  c e n tr ifu g e d  a t 

10, 000 R P M  (10, 400 x  g) fo r  20 m in . T he s u p e rn a ta n t w as d is c a rd e d , and th e  

m y o sin  wras  d is so lv e d  in  2 M KCl, 50 m M  im id a z o le , pH 7. 0 , a llow ing  1 m l p e r  

g ra m  o f m y o s in . T h is  p ro c e d u re  w as d e s ig n e d  to  g ive  a fin a l KCl c o n c e n tra tio n  

o f abou t 1 M. T he pH o f th e  so lu tio n  w as m e a s u re d  and w hen n e c e s s a ry  a d ju s t­

ed to  6 . 7 -  6 . 8  w ith  1 M NaHCC>3 . T he m ix tu re  w as  th en  d ilu te d  w ith  one 

vo lum e o f w a te r  in  o r d e r  to o b ta in  a  KCl c o n c e n tra tio n  o f 0. 5 M. T he m ix ­

tu r e  w as then  c a re fu lly  d ilu te d  w ith  w a te r  to  o b ta in  a  fin a l KCl c o n c e n tra tio n  

o f 0. 28 M. T h is  p ro c e d u re  allow ed the  s e le c t iv e  p re c ip i ta t io n  o f any  a c to -  

m y o sin  p r e s e n t  w h ile  le a v in g  th e  u n co m p lex ed  m y o sin  in  the so lu b le  fo rm .

T he m ix tu re  w as c e n tr ifu g e d  ag a in  a t 20, 000 R P M  fo r  30 m in , and th e  p e lle t  

w as d is c a rd e d . T he s u p e rn a ta n t,  co n ta in in g  th e  d is so lv e d  m y o sin , w as th en  

p re c ip i ta te d  by  th e  ad d itio n  o f  7 v o lu m es  o f d is t i l le d  w a te r .  T h e  m y o s in  w as
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sp u n  a t  10, 000 R P M  fo r  20 m in , and th is  t im e  the  su p e rn a ta n t w as d is c a rd e d . 

T h e  m y o s in -c o n ta in in g  p e lle t  w as  w eighed  and  d is so lv e d  in  2, 0 M K C l, 50 m M  

im id a z o le , pH 7. 0, and th e  m ix tu re  w as c o r r e c te d  w ith  w a te r  to  g iv e  a  fina l 

KCl c o n c e n tra tio n  o f 0, 5 M K C l in  th e  so lu tio n .

M yosin  w as e x tra c te d  fro m  th is  m ix tu re  by ( N H ^ S C ^  p re c ip ita tio n . 

Cold, s a tu r a te d  am m o n iu m  s u lfa te  co n ta in in g  10 m M  EDTA w as added  to  a 

c o n c e n tra tio n  o f 40% w ith  s t i r r i n g .  T h is  am ounted  to  the  ad d itio n  o f  2 /3  v o lu m e 

(N H ^^SO ^ to  one v o lu m e o f m y o s in  so lu tio n . T h e  m ix tu re  w as c e n tr ifu g e d  a t  

15, 000 R P M  fo r  20 m in , and th e  p e lle t  w as d is c a rd e d .  A m m onium  s u lfa te  

w as added to  th e  s u p e rn a ta n t  to  b r in g  th e  m y o sin  so lu tio n  up to 50% s a tu ra t io n . 

T h is  w as ach iev ed  by adding a  fu r th e r  1 /5  vo lum e o f am m o n iu m  s u lfa te .  T he 

m ix tu re  w as allow ed  to s ta n d  on ice  f o r  s e v e r a l  m in u te s  u n til  no fu r th e r  p r e c i ­

p ita tio n  o f m y o sin  w as o b s e rv e d , and w as th e n  c e n tr ifu g e d  a t 15, 000 R P M  

(27, 000 x g). The su p e rn a ta n t w as d is c a rd e d , and th e  p e lle t  co n ta in in g  p u rif ie d  

m y o s in  w as d is so lv e d  in  th e  s m a l le s t  p o s s ib le  am ount 0. 5 M K Cl, 20 m M  im i­

d a z o le . T he m ix tu re  w as d ia ly ze d  o v e rn ig h t a g a in s t 2 L  o f 0. 5 M K C l, 20 m M  

im id a z o le , 2 m M  d tth io th re ito l ,  10 m M  EDTA to e l im in a te  th e  (NH^J^SO^. T he 

nex t m o rn in g  the m y o sin  w as c la r i f ie d  by c e n tr ifu g a tio n  a t  15, 000 R P M ; th e  

s u p e rn a ta n t w as m ad e  50% in  g ly c e ro l  and th e  p ro te in  w’a s  s to r e d  a t  -1 5 °C  in  

th is  so lu tio n .

C h a ra c te r iz a t io n

R a b b it m u s c le  m y o sin  p re p a re d  a s  d e s c r ib e d  w as c h a r a c te r iz e d  1) by 

a s c e r ta in in g  its  b e h a v io r  on S D S -p o ly a c ry lam id e  g e ls ;  2) by o b s e rv in g  e le c ­

t r o n  m ic ro g ra p h s  o f  n eg a tiv e ly  s ta in e d  m y o s in  f ila m e n ts ;  and 3) by te s t in g  i t s
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in t r in s ic  A T P a s e  a c t iv i t ie s .

W hen 5% S D S -p o ly a c ry lam id e  g e ls  o f  ra b b it  m u sc le  m y so in , iso la te d  

by the  p ro c e d u re  d e s c r ib e d  above, w e re  ru n  u s in g  as  a s ta n d a rd , a u th e n tic  

m y o s in  p re p a re d  in  th e  la b o ra to ry  o f P ro f . Soil B e r l, th e  heavy  c h a in  of 

b o th  th e s e  m y o s in s  c o m ig ra te d  in  th is  g e l s y s te m , and had  a m o b ility  o f  0 . 16 

(not show n). L ig h t ch a in s  w e re  not re so lv e d  on th e se  g e ls  s in c e  5% g e ls  o f 

th is  type do not re s o lv e  th e  low  m o le c u la r  w eig h t l ig h t c h a i r s .  T e n  p e rc e n t  

g e ls  o f m y o sin  ru n  to d e te rm in e  the  p r e s e n c e  o f lig h t c h a in s  re v e a le d , in  a d d i­

tio n  to th e  heavy  ch a in , a 25, 000 d a lto n  s p e c ie s  only (not show-n), L o w er 

m o le c u la r  w eig h t lig h t ch a in s  w e re  not re so lv e d  b e c a u se  the  g e l w as not s u ff i­

c ie n tly  loaded  to d e te c t th e i r  p re s e n c e  by s ta in in g  w ith  C o o m a ss ie  B r i l l ia n t  

B lu e .

W hen m y o sin  i s  in cu b a ted  a t a  n e u tra l pH in  0.1 M K C l, b ip o la r  f i la ­

m e n ts  a r e  fo rm e d  th a t  a r e  v is ib le  in  the  e le c tro n  m ic ro s c o p e . F ig u re  6  is  an 

e le c tro n  m ic ro g ra p h  o f a  n eg a tiv e ly  s ta in e d  s a m p le  o f m y o sin  in cu b a ted  in  th is  

m a n n e r . F ila m e n ts  s im i la r  to  th o se  d e s c r ib e d  by H uxley a r e  th e  on ly  v is ib le  

s t r u c tu r e s  p r e s e n t  in  th e s e  s a m p le s  (65).

T h re e  ty p es  o f A T P a se  a c tiv ity  have b e e n  d e m o n s tra te d  in  m y o sin  (14) 

T ab le  3 d e m o n s tra te s  th a t  th e  K +-ED TA  and C a ^ - s t im u la te d  A T P a s e  a c t iv i t ie s  

a r e  p r e s e n t  in  s a m p le s  o f th is  p u r if ie d  p ro te in . M g+"f-a c t iv a te d  A T P a se  w as 

d e m o n s tra te d  on ly  w hen  a  4 fold  e x c e s s  o f a c tin  w as added  to  th e  a s s a y  m ix ­

tu r e .

T a k en  to g e th e r , th e  r e s u l ts  f ro m  g e l e le c t r o p h o re s is ,  e le c tro n  m ic ro -
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F ig . 6 . E le c tro n  m ic ro g ra p h  of p u r if ie d  ra b b it  m u s c le  m y o sin  a f te r  in cu b a tio n  

in  0. 1 M KCl and n e g a tiv e  s ta in in g  w ith  u ra n y l a c e ta te ,  x  6 8 , 500
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sco p y  and m e a s u re m e n t o f th e  A T P a se  a c tiv ity  o f p u r if ie d  m y o s in  in d ic a te d  

th a t the  m o le c u le  w as is o la te d  in ta c t  and f r e e  f ro m  c o n ta m in a tio n  by m u sc le  

a c tin .

T a b le  3. A T P a se  A c tiv ity  o f R ab b it M u sc le  M yosin  

D a te  A c tiv ity . p M /m in /m g  m y o sin __________________

K+EDTA C a ++ -  ,  ++ Mg M g -^  + A

1 0 /3 1 /7 7 0 .2 6 0 . 0 1 0 .2 3

1 2 /7 /7 7 0 .5 0 0 . 0 1 0 . 2 0

1 2 /2 0 /7 7 0 .2 7 0 . 0 0 0. 17

1 2 /2 2 /7 7 1. 32 0. 84

1 2 /2 7 /7 7 1 .2 4 0 . 6 6

1 2 /2 3 /7 8 0. 70 0 .4 6 0. 03 0. 27

(See M yosin  A T P a s e  A c tiv itie s  S ec tio n  f o r  d e ta ils )

H eavy m e ro m y o s in  (HMM) w as p re p a re d  by th e  m eth o d  o f  Low ey 

and Cohen (90), a s  ad ap ted  fo r  u se  in  th e  M BL p h y sio lo g y  c o u rs e .  T he p r o c e ­

d u re  w as co m m u n ic a ted  to  m e  by M o o sek e r  and is  d e s c r ib e d  h e r e  (104). T h is  

m eth o d  d ep en d s upon th e  c o n tro lle d  d ig e s tio n  of m y o s in  by t ry p s in  to  y ie ld  

1) HMM, w h ich  c o n ta in s  th e  a c tin -b in d in g  and  A T P a se  a c t iv i t ie s  o f m y o sin , 

and 2) l ig h t m e ro m y o s in  (LM M ), w hich  co n ta in s  th e  m y o sin  t a i l s .  T h e se  

f ra g m e n ts  a r e  th e n  is o la te d  a c c o rd in g  to th e i r  s o lu b ili ty  d if fe re n c e s  in  s o lu ­

tio n s  o f v a ry in g  io n ic  s t r e n th .

T ry p tic  D ig es tio n  

F iv e  m i l l ig ra m s  o f bov ine  p a n c re a t ic  t ry p s in  (S igm a ty p e  XU, tw ice  

c ry s ta l l iz e d )  w as d is so lv e d  in  10 m l o f 0. 001 N H C l, to  g ive  a  c o n c e n tra tio n  o f
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0. 5 m g /m l .  F iv e  m il l ig ra m s  o f so y b ean  t ry p s in  in h ib i to r  (S igm a type  1 -e) 

w as d is so lv e d  in  5 m l o f w a te r , and th e  pH w as a d ju s te d  to  7, 4 w ith  0 .1  N 

NaOH. T he c o n c e n tra tio n  of in h ib ito r  w as 1. 0 m g /m l.  A n a liq u o t o f m y o sin , 

a p p ro x im a te ly  eq u iv a le n t to 13 m g /m l,  w as d is so lv e d  in  0. 1 M so d iu m  p h o s­

p h a te  b u ffe r , 0. 5 M K C l, pH 7. 0, One v o lum e o f t ry p s in  w as added  to  10 

v o lu m es of m y o sin , and th e  m ix tu re  w as s t i r r e d  f o r  5 m in  a t 23°C , th e  r e a c ­

tion  w as s to p p ed  by add ing  one vo lum e o f so y b ean  t ry p s in  in h ib ito r  and p la c in g  

th e  t e s t  tube in  an  ic e  bath .

Iso la tio n  of HMM 

T he try p t ic  d ig e s t  w as p laced  in to  d ia ly s is  a g a in s t 7 m M  im id a zo le ,

0, 75 m M  p -m e rc a p to -e th a n o l ,  pH 7. 0 ,in  o r d e r  to p r e c ip i ta te  th e  LM M  to g e th e r  

w ith  any  u n d ig es ted  p ro te in . T he s a m p le  w as th en  c e n tr ifu g e d  f o r  30 m in  a t  

35, 000 R PM  (80, 000 x g). T he s u p e rn a ta n t  co n ta in in g  the HMM w as su b je c te d  

to  am m o n iu m  s u lfa te  t r e a tm e n t  and th e  4 0 -5 5 % am m onium  s u lfa te -p re c ip i ta b le  

f ra c t io n  w as c o lle c te d . T h e  HMM w as th en  d is so lv e d  in  a  s m a ll  am oun t o f 

10 m M  im id a z o le  b u ffe r , pH 7. 0, and the m ix tu re  w as d ia ly zed  o v e rn ig h t to  

re m o v e  th e  am m o n iu m  s u lfa te .  T he p u r if ie d  HMM w as c la r if ie d  by c e n t r i ­

fu g a tio n  a t 35, 000 R P M . T he f ra g m e n t w as e i th e r  u se d  im m e d ia te ly  o r  

m ix ed  w ith  2 m g en zy m e g ra d e  s u c ro s e  p e r  m l o f HMM, ly o p h ilized , and 

s to r e d  a t  -1 5 °C .

C h a ra c te r iz a t io n  o f  HMM 

HMM w as a s sa y e d  by i t s  a b il i ty  to  fo rm  c h a r a c te r i s t i c  a rro w h e a d  

f ig u re s  w hen  in cu b a ted  w ith  p re fo rm e d  a c tin  f ila m e n ts  (65). T h e  a r ro w h e a d -  

fo rm in g  in te ra c t io n  o f  a c tin  w ith  HMM is  d ep ic te d  in  F ig u re  7. HMM bound
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F ig . 7. E le c tro n  m ic ro g ra p h  o f p u r if ie d  r a b b i t  m u sc le  a c tin  f ila m e n ts  a f te r  

in c u b a tio n  w ith  h eav y  m e ro m y o s in  p r e p a re d  fro m  p u r if ie d  r a b b i t  m u sc le  

m y o sin ; n eg a tiv e  s ta in in g  w ith  u ra n y l a c e ta te .  x  136, 500
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to ra b b it  a c tin  w ith  a  p e r io d ic ity  o f 320 ± 2 0  A, in  f a i r  a g re e m e n t w ith  th e  

f ig u re  o f 366 ±  15 A g iven  by H uxley (65) fo r  the acto -H M M  in te ra c t io n  in  n e­

g a tiv e ly  s ta in e d  s p e c im e n s . T h e  a r ro w h e a d s  w e re  d isp la c e d  i f  the  acto-H M M  

w as su b se q u e n tly  r in s e d  in  6  m M  n e u tra liz e d  A T P  (c. f. F ig u re s  27, 37, r e ­

v e r s ib i l i ty  in  to ad  b la d d e r  sm o o th  m u sc le  and e p ith e lia l  c e l ls ) .

Iso la tio n  o f  A ctin  f ro m  T oad B la d d e r  E p ith e lia l  C e lls  

Iso la tio n  o f E p ith e lia l  C e lls  

E p ith e lia l  c e lls  w e re  iso la te d  f ro m  b la d d e rs  as  d e s c r ib e d  in  S a p ir s te in  

e t  a l. (121a). F e m a le  Bufo m a r ln u s  to ad s  w e re  doubly  p ith ed  and th e  h e m ib la d -  

d e r s  w e re  d is s e c te d  ou t and p la ce d  in  a  b e a k e r  co n ta in in g  b ic a rb o n a te  b u ffe re d  

R in g e r 's  so lu tio n  o f the fo llow ing  co m p o sitio n : N aCl 111 m M , NaHCOg 2 .5  m M , 

KCl 3 .4  m M  and C aC lg 0. 89 m M , pH 8 , 1, a t  2 5°C . H e m ib la d d e rs  w e re  tie d  to  

th e  o u tle ts  o f  L u e r  L ock s y r in g e  tip s  (A. H. T h o m a s , P h ila d e lp h ia , P a . ) w ith  

s u rg ic a l  s ilk , and th e  bags w e re  f illed  w ith  abou t 5 m l o f  R inger* s  so lu tio n  

o f the s a m e  c o m p o s itio n  e x c ep t th a t  th e  c a lc iu m  w as re m o v e d  and 2, 0 m M  

e th y le n e d ia m in e te tra a e e t ic  ac id  (EDTA) w as added to  the  so lu tio n . T he so lu tio n  

w as t i t r a te d  to  pH 8 .2  w ith  NaOH. H em ib lad d e rs  w e re  a tta c h e d  to  s y r in g e s  

and p lac ed  in  a  b e a k e r  c o n ta in in g  abou t 2 0 0  m l o f  th e  E D T A -R inger*  s so lu tio n , 

g a s se d  w ith  a i r ,  and allow ed  to in cu b a te  a t  ro o m  te m p e ra tu re ,  abou t 23°C , fo r  

45 m in . A t th e  end o f th is  p e r io d  a  fewr m i l l i l i t e r s  o f so lu tio n  w as a s p ir a te d  

f ro m  each  h e m ib la d d e r , and th e  h e m ib la d d e rs  w e re  g en tly  m a ssa g e d  to  d e ta c h  

th e  lo o sen e d  e p ith e lia l  c e l ls ,  T h e  a s p ir a te d  flu id  w as th e n  re tu rn e d  to th e  

b la d d e r  b ag  and  th e  e n t i r e  co n ten ts  o f  th e  h e m ib la d d e r  f in a lly  a s p ir a te d ,  and
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p la ce d  In  40 m l p la s t ic  c e n tr ifu g e  tu b e s  on ic e .  T h e  b a g s  w e re  w ash ed  w ith 

a  few  m i l l i l i t e r s  o f E D T A -R inger*  s so lu tio n , and the  w ash  w as added to  the 

c e n tr ifu g e  tu b e s . S u b seq u en t p ro c e d u re s  w e re  p e r fo rm e d  a t  4°C .

T h e is o la te d  e p ith e lia l  c e l ls  w e re  th e n  c e n tr ifu g e d  in  a  S o rv a ll RC2 

r e f r ig e r a te d  c e n tr ifu g e  a t 3500 R PM  (1500 x  g) fo r  20 m in . T he s u p e rn a ta n t 

w as d is c a rd e d  and th e  p e lle te d  c e l ls  re su sp e n d e d  in  a  few  m i l l i te r s  of R in g e r 's  

so lu tio n  co n ta in in g  0. 89 m M  c a lc iu m  fro m  w hich  the ED TA  w as o m itte d . The 

p e lle t  w as g e n tly  a s p ir a te d  s e v e r a l  t im e s  w ith  a  P a s te u r  p ip e tte  to  su sp en d  and 

s e p a r a te  the  c e l ls .  T h e  s e p a ra te d  c e lls  wras  w-ashed by  c e n tr ifu g a tio n  in  a  

t a r e d  c e n tr ifu g e  tu b e  a t  3500 R P M  in  a t  l e a s t  20 m l o f th e  c a lc iu m -  co n ta in in g  

R in g e r 's  so lu tio n . T h e  s u p e rn a ta n t  w as a g a in  d is c a rd e d  and th e  t e s t  tu b e  

c o n ta in in g  th e  e p ith e lia l  c e lls  wra s  w eig h ed . C e lls  w e re  s to r e d  f ro z e n  a t  

-1 5 °C , u n d e r  N 2 . C e lls  w e re  u sed  w ith in  1-21 days o f iso la tio n . No d if f e r ­

e n c e s  b e tw een  f re s h ly  iso la te d  and B tored  c e lls  w e re  d e te c te d  d u rin g  s u b s e ­

quent is o la tio n  of a c t in - l ik e  p ro te in .

E x tra c tio n  of toad  b la d d e r  a c tin  

T h e  m ethod  w hich  fo llo w s, ad ap ted  f ro m  G ordon e t  a l . (48), w as  the  

f in a l m ethod  adopted  and w as s c a le d  down by ab o u t 1 0 0  fo ld  fo r  u s e  w ith  s m a ll 

v o lu m es o f s ta r t in g  m a te r ia l .

Iso la te d  toad  b la d d e r  e p i th e lia l  c e l ls  w e re  thaw ed and re su sp e n d e d  in  

one v o lu m e o f  e x tr a c t io n  b u ffe r , b u f fe r  G (48), w hich  co n ta in ed  3 m M  im id a ­

z o le , S ig m a  g ra d e  I (pH  7. 5); 0. 1 m M  C aC lg i 0- 5 m M  A T P ; and 0. 75 m M  

(3- m e r  cap to  -  e th an o l, and  to  w hich  0 .1  m M  p h en y lm e th y lsu lfo n y lflu o rid e  

(PM SF) and 0 .2%  A p ro tin in  (T ra sy lo l)  w e re  added  to in h ib it  p ro te o ly s is .  T he
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m ix tu re  w as  h o m ogen ized  w ith  th re e  10 s e c  b u r s ts  o f  an  MSE U ltra so n ic  

D is in te g ra to r  ( In s tru m e n ta tio n  A s s o c ia te s ,  I n c . , N. Y . , N. Y . ), and the  h o m o - 

g enate  w as c e n tr ifu g e d  a t 35, 000 R P M  (80, 000 x g) in  the  No. 40 ro to r  o f a  

Spinco M odel L u l t ra c e n tr i fu g e .  T he h ig h -sp e e d  s u p e rn a ta n t o b ta in ed  in  th is  

m a n n e r  w as c h ro m a to g ra p h e d  on  D E A E -c e llu lo se  w ith in  a  few' h o u rs  o f i ts  

p re p a ra t io n , as  o u tlin ed  by G ordon  e t  a l .  (48).

DEA E -c e l lu lo s e  c h ro m a to g ra p h y  

D ie th y la m in o e th y l c e l lu lo s e  ion  ex ch an g e  r e s in  w as p u rc h a se d  f ro m  

W hatm an (D E-32) and  sw e lle d  a c c o rd in g  to  th e  p ack ag e  d ire c t io n s .  S w elled  

r e s in  w as r e s to r e d  r e f r ig e r a te d  in  w -ater at pH 9. 5. A f r e s h  D EA E co lu m n  

w as p re p a re d  24-48  h  b e fo re  e a c h  e x tra c tio n . T en  g ra m s  o f  sw e lle d  D EA E w as 

wreighed o u t. T he r e s in  w'as so ak ed  in s a tu r a te d  NaCl fo r  a t le a s t  30 m in , r in s e d , 

and  f i l te r e d  tw ice  w ith  abou t 80 m l d e io n ized  w a te r  in  a  B u ch n e r funnel. T he 

w ashed  r e s in  w as then  added to  7. 5 m l b u ffe r  D (48), 10 m M  im id a z o le  (pH 7. 5); 

0 . 1  mM C a C l2 ; 0. 5 m M  A T P ; 0 . 75 m M  p -m e rc a p to -e th a n o l;  0 . 1  m M  K C l, T he 

pH of the m ix tu re  w as a d ju s te d  to 7. 5 w ith  HC1, and 0. 50 g A T P  (sod ium  s a lt)  

w as  then  added  as  th e  d ry  pow 'der. (It w as n e c e s s a ry  to  s a tu r a te  th e  co lu m n  

w ith  A T P  to  avoid d e n a tu r in g  th e  a c t i n . ) DEAE w as allow ed  to  e q u il ib ra te  w ith  

A T P  a t 2 3°C  f o r  15 m in  w ith  in te rm it te n t  s t i r r in g .  T h e  m ix tu re  w as a g a in  

t i t r a te d  to  pH 7. 5 w ith  NaOH, and the r e s in  w as p o u re d  in to  a B io R ad  d i s ­

p o sab le  c o lu m n  to  a  b ed  h e ig h t o f abou t 8  x  0. 7 cm . T h e  b ed  v o lu m e w as 

3 .1  cm®. T h e  co lu m n  w as re m o v e d  to  th e  co ld  ro o m  and  a llow ed  to e q u ili­

b r a te  o v e rn ig h t w ith  b u ffe r  D. A ll su b se q u e n t p ro c e d u re s  w e re  p e r fo rm e d  

a t  4°C.
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D u rin g  p re p a ra t io n  o f h ig h -sp e e d  s u p e rn a ta n t, 3 m l o f b u f fe r  G w as 

p a s se d  in to  th e  D EA E co lum n  to f a c i l i ta te  the  ten d en cy  o f  th e  a c t in - l ik e  p r o ­

te in  to  b ind  the  io n  e x c h a n g e r  a s  th e  m o n o m e r. T he s a m p le  s u p e rn a ta n t 

(3 -4  m l) w as th e n  ap p lied  to  the  co lum n  fo llow ed by  a n o th e r  3 m l b u f fe r  G.

F iv e  m i l l i l i t e r s  b u ffe r  D co n ta in in g  0 , 1  M K C l w as th e n  p a s s e d  th ro u g h  the  

co lum n. L a s tly , th ir ty  m i l l i l i t e r s o f  a  0 .1  to 0. 5 M KCl s o lu tio n  in  b u f fe r  D 

w as ap p lied  as  a  g ra d ie n t to  e lu te  th e  a c t in - l ik e  p ro te in  f ro m  th e  co lum n . 

F ra c t io n s  o f about 1 m l w e re  co lle c te d  in an LKB m in if ra c tio n  c o lle c to r .  P r o ­

te in  e lu tio n  w as m o n ito re d  by m e a s u r in g  th e  a b so rb a n c e  o f the f ra c t io n s  a t 

290nm .(A 2go  w as ch o sen  in  o r d e r  to m in im iz e  th e  com ponen t due to n u c leo ­

tid e . ) T he KCl g ra d ie n t w as m o n ito re d  by m e a s u r in g  th e  co n d u c tan ce  o f  the 

f ra c tio n s  w ith  a  type  CDM 2 e c o n d u c tiv ity  m e te r  (R a d io m e te r , C openhagen).

P o ly m e r iz a t io n  of a c t in - l ik e  p ro te in  

In itia lly , to  lo c a liz e  a c t in - l ik e  p ro te in  in  th e  e lu tio n  p a t te r n  o f th e  

D EAE co lum n, a liq u o ts  o f  s e le c te d  f ra c tio n s  w e re  an a ly zed  by S D S -p o ly a c ry la ­

m id e  g e ls ,  T h e  a p p ro p r ia te  f ra c t io n s  co n ta in in g  th e  45, 000 d a lto n  p ro te in  

w e re  pooled , an  a liq u o t w as f ro z e n  fo r  a n a ly s is ,  and th e  pooled  s a m p le  w as 

p re p a re d  fo r  p o ly m e riz a tio n  by d ia ly s is  a g a in s t b u ffe r  G co n ta in in g  0 .1  M 

KCl and 2 m M  M gC lg. A f te r  o v e rn ig h t d ia ly s is  th e  s a m p le  w as allow ed  to  

in cu b a te  a t  2 3 °C fo r  2 h . T h e  p o ly m e riz e d  s a m p le  w as th e n  c e n tr ifu g e d  a t 

35, 000 R P M  (81, 000 x  g) a t  25°C  fo r  3 h in  th e  T i 50 r o to r  o f a  B eck m an  

L -2 6 5 -B  u lt ra c e n tr i fu g e . The c loudy , g e la tin o u s  p e lle t  w as h o m o g en ized  in  

a s m a ll  v o lu m e o f  b u f fe r  G p lu s  0, 02% NaNg and d ia ly zed  3 d ay s  a g a in s t  a t 

l e a s t  th r e e  ch an g es  o f  d ia ly s is  b u f fe r  in  o r d e r  to  d e p o ly m e riz e  th e  p ro te in .
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T he s a m p le  w as th en  c la r i f ie d  by c e n tr ifu g a tio n  a t  35, 000 R P M  fo r  1 h in  the  

No, 40 r o to r  o f  th e  S p inco  M odel L u l t ra c e n tr i fu g e .  T he c la r if ie d  su p e rn a ta n t 

w as th en  u se d  f o r  e le c tro n  m ic ro sc o p y  of a c tin  f ila m e n ts ;  in  one e x p e r im e n t, 

th is  s u p e rn a ta n t w as f u r th e r  p u r if ie d  by g e l f i l t r a t io n  on G150 S ephadex , a s  

d e s c r ib e d  by G ordon  e t a l . (48).

P r e p a ra t io n  o f  G -150  co lum n

One g ra m  S ephadex  G -150 (P h a rm a c ia  F in e  C h e m ic a ls , U p p sa la , 

Sw eden) w as w eighed  ou t and p laced  in  a b e a k e r  th a t co n ta in ed  b u ffe r  G, 3 mM  

im id a z o le  (pH 7. 5), 0, 5 m M  A T P , 0. 75 m M  p -m e rc a p to -e th a n o l ,  0 .1  m M  

C aC l2 > p lus 0. 02^ NaNg. T he r e s in  w as allow ed  to sw e ll fo r  th re e  day s , a t 

ro o m  te m p e ra tu re .  T he so lu tio n  w as p e r io d ic a l ly  changed , and a t th is  t im e  

th e  f in e s  th a t  d id  not s e t t l e  w ith in  ab o u t 15 m in  o f hav in g  s t i r r e d  th e  s u s p e n ­

s io n  w e re  d e c a n te d . T he sw e lle d  r e s in  w as th en  d e g a s se d  in  b u ffe r  G fo r  

s e v e ra l  h o u rs  in  a  w a te r  a s p i r a to r ,  and the  r e s in  w as r e f r ig e ra te d .

A Bio R ad d isp o s a b le  co lu m n  (0. 9 x  15 cm ) w as f itted  w ith  P E  90 tub ing  

co nnected  to  i t s  o u tle t by a  f it t in g  m ad e  fro m  a  1 0 0  p i  d isp o s a b le  p ip e tte  tip .

A t ig h t s e a l  w as ach iev ed  a t th is  end by  a tta c h in g  th e  sa w e d -o ff  end o f the  

p ip e tte  t ip  to  the co lu m n  o u tle t  w ith  m e lte d  ca n d le  ivax. T h e  co lu m n  w as f ille d  

half-w Tay w ith  co ld  b u ffe r  G, and w hen a l l  th e  b u b b les  w e re  f lu sh ed  o u t o f th e  

tub ing , th e  o u tle t  w as c lo se d . To a c h ie v e  u n ifo rm  p ack in g , a l l  th e  r e s in  w as 

p o u re d  in to  th e  co lu m n  a t one tim e , by a tta c h in g  a  r e s e r v o i r  a t i t s  to p  end . T he 

r e s in  w as a llo w ed  to  s e t t l e  to  the  b o tto m  o f th e  co lu m n  u n til  I t  had  gone about 

o n e - th ird  o f th e  w ay; a t  th is  t im e  th e  co lum n o u tle t  w as opened and  the  r e s in
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allow ed  to s e t t le  w ith  b u f fe r  m oving  th ro u g h  i t .  T he u n ifo rm ity  o f th e  p ack in g  

w as ch eck ed  by p a s s in g  a l ig h t beh in d  the  co lu m n  and o b s e rv in g  th e  bed  th ro u g h  

th e  l ig h t. W hen no bubb les  o r  o th e r  in c o n s is te n c ie s  w e re  o b s e rv e d , a  c o rk  

s to p p e r  f itted  w ith  P E  90 tu b in g  w as f itted  to  th e  to p  o f th e  co lu m n , and the  

pack ed  co lum n  w as allow ed  to e q u il ib ra te  a t  4°C  in  b u ffe r  G.

T he flow  w as s e t  a t  abou t 1. 0 m l/h ,  and c a lib ra te d  w ith  ra b b it  a c tin  

(see  R e s u lts ) .

C h ro m a to g ra p h y  o f a c t in - l ik e  p ro te in  on G -150 S ephadex  

T h e  c la r i f ie d  s u p e rn a ta n t r e t r ie v e d  a f te r  one c y c le  o f p o ly m e riz a tio n  

w as ap p lied  to th e  gel f i l t r a t io n  co lum n  and e lu te d  in  b u f fe r  G. F ra c t io n s  o f 

0. 5 m l w e re  c o lle c te d  e v e ry  30 m in  on an  LKB m in if ra c tio n  c o lle c to r .  T he 

a b s o rb a n c e  of th e  e fflu en t wras  m o n ito re d  a t  A 2 9 q, and  th o se  f ra c t io n s  w hich  

e lu te d  fro m  th e  co lu m n  in  th e  s a m e  p o s itio n  as  ra b b it  s k e le ta l  m u sc le  a c tin  

w e re  p o o led . T h e  e lu tio n  p a t te rn  o f to ad  a c t in - l ik e  p ro te in  w as c o m p a re d  w ith  

th a t  o f au th en tic  ra b b it  a c tin , and th e s e  d a ta  a r e  show n in  R e s u l ts .  T he poo led  

f ra c t io n s  w e re  c o n c e n tra te d  by d ia ly s is  a g a in s t d ry  S ephadex , and a liq u o ts  w e re  

ta k e n  fo r  m e a s u re m e n t  o f  p ro te in  co n ten t and  fo r  SDS g e ls .

T h e  re m a in in g  poo led  s a m p le  w as d la ly z ed  o v e rn ig h t in  a  p o ly m e riz in g  

m ed iu m  (25 m M  im id a z o le , pH 7. 0, 0 .1  M K C l, 2 m M  M gC l2) to  p r e p a r e  th e  

p ro te in  fo r  e le c tro n  m ic ro s c o p y . S a m p le s  o f p o ly m e riz e d  p ro te in  w e re  ap p lied  

to c a rb o n -c o a te d  g r id s  and n eg a tiv e ly  s ta in e d . T h e  g r id s  w e re  th e n  ex am in ed  

in  th e  e le c tro n  m ic ro s c o p e  to  a s c e r ta in  th e  p r e s e n c e  o f a c tin  f ila m e n ts .
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M O RPH O LO G ICA L STUDIES

G ly c e r ln a tio n  and H eavy M e ro m y o s in  T re a tm e n t  o f  T oad  U r in a ry  

B la d d e r s .

T h e  m ethod  f o r  in  s i tu  a r ro w h e a d - la b e l in g  o f  to ad  b la d d e r  a c tin  w ith  

heavy  m e ro m y o s in  (HMM) w as m o d ified  f ro m  th e  tech n iq u e  o f Ish ik aw a e t  a l.

(6 6 ). T h is  p ro c e d u re  r e l ie s  on th e  in cu b a tio n  o f e x p e r im e n ta l  t i s s u e s  w ith 

g ly c e ro l to r e n d e r  th e  c e l l  m e m b ra n e s  p e rm e a b le  to  HMM. To m od ify  th e  

p ro c e d u re  fo r  u s e  in  th e  toad  b la d d e r , i t  w as n e c e s s a ry  only  to d e c r e a s e  th e  

d u ra t io n  o f the  g ly c e ro l in cu b a tio n  p e r io d , and to in c lu d e  c a lc iu m  in  a ll  in c u ­

b a tio n  m ix tu re s ,in  o r d e r  to p r e s e r v e  m in im u m  in te g r i ty  o f  th e  t i s s u e  d u rin g  

s a m p le  p re p a ra t io n . T he ad d itio n  o f c a lc iu m  did  not in te r f e r e  w ith  th e  b in d in g  

o f HMM to a c tin  o f  e i th e r  e p ith e lia l  c e ll  o r  sm o o th  m u s c le  o r ig in .

G ly c e r ln a tio n  o f  toad  b la d d e rs  w as c a r r ie d  o u t in  5 m M  so d iu m  p h o sp h a te  

b u ffe r , pH 7, 0, th a t  co n ta in ed  in  ad d itio n , 2 m M  M gC l2, 0 .1  m M  CaC lg and 

0. 1 M K C l. S e v e ra l  h u n d red  m i l l i l i t e r s  o f th is  so lu tio n  w as m ix ed  w ith  g ly c e ro l  

(B ak er) to  m ak e  so lu tio n s  o f 5%, 25% and 50% g ly c e ro l .  T h e se  w e re  s to r e d  a t  

4 °C  p r io r  to  u s e .  H eavy m e ro m y o s in , e i th e r  f re s h ly  p re p a re d  o r  re c o n s ti tu te d  

f ro m  th e  ly o p h iliz e d  pow der, w as d ia ly zed  a g a in s t th e  g ly c e r ln a tio n  b u ffe r  and 

r e c la r i f ie d  by c e n tr ifu g a tio n  im m e d ia te ly  b e fo re  u s e . T h e  HMM w as u s e d  a t  

^ c o n c e n tra tio n s  o f  b e tw een  2, 5 and 5 m g /m l.

F o r  e a c h  e x p e r im e n t, two to ad s  w e re  p ith ed  and th e i r  b la d d e rs  e x c is e d . 

F o r  co n v en ien ce  o f  hand ling , the  b la d d e r  open in g s w e re  tie d  to  th e  o u tle ts  o f  

L u e r  L ock  s y r in g e  tip  a d a p te r s ,  a s  d e s c r ib e d  p re v io u s ly . A ll in cu b a tio n s  w e re  

p e r fo rm e d  a t  4 °C . T h e  b la d d e rs  w e re  r in s e d  s e v e r a l  t im e s  w ith  co ld  g ly c e r i -

55



n a tio n  b u ffe r , and b o th  e x p e r im e n ta l  and c o n tro l h e m ib la d d e rs  w e re  th en  

in cu b a ted  in  g ra d e d  g ly c e ro ls .  In e a r ly  e x p e r im e n ts ,  th e  in i t ia l  in cu b a tio n  

w as p e r fo rm e d  in  50% g ly c e ro l f o r  4 h . T h is  w as fo llow ed by in c u b a tin g  the  

h e m ib la d d e rs  fo r  1 h e a c h  in  25% and 5% g ly c e ro l  so lu tio n s  fo r  a  to ta l  in c u ­

b a tio n  t im e  o f 6  h . In l a t e r  e x p e r im e n ts , i t  w as found th a t  o p tim a l t i s s u e  

p r e s e r v a t io n  w as ach iev ed  i f  the h e m ib la d d e rs  iv e re  in cu b a ted  in  g ra d e d  g ly ­

c e ro ls  in  bo th  th e  in c re a s in g  and d e c re a s in g  d ire c t io n s ,  a s  d e s c r ib e d  below .

E ach  h e m ib la d d e r  w as f ille d  w ith  5 m l 5%  g ly c e ro l and su sp e n d e d  in  

25 m l o f th e  s a m e  so lu tio n . A fte r  1 h th e  so lu tio n s  w e re  changed  to 25%, g ly c e r  

o l and th e  b la d d e rs  ag a in  in cu b a ted  fo r  1 h. T h e  so lu tio n s  w e re  th en  re p la c e d  

w ith  50% g ly c e ro l,  and th e  in cu b a tio n  w as co n tin u ed  fo r  2 h , H e m ib la d d e rs  

w e re  then  in cu b a ted  in  25% and 5% g ly c e ro l fo r  1 h e a ch ; th u s  th e  to ta l  t im e  

o f e x p o s u re  to g ly c e ro l w as m a in ta in e d  a t 6  h .

A f te r  g ly c e ro l in cu b a tio n , th e  ap ex  o f e a c h  h e m ib la d d e r  (about 1. 5 cm  

in  d ia m e te r )  w as cu t off and allow ed  to  fa ll in to  a  P e t r i  d ish  co n ta in in g  g ly -  

c e r in a t io n  b u ffe r . E a ch  h e m ib la d d e r  ap ex  wras  r in s e d  in  th is  b u ffe r  and cu t 

in to  4 s e g m e n ts . E ach  s e g m e n t w as p la c ed  in  a  te s t  tu b e  co n ta in in g  e i th e r  

1) HMM, 2. 5 -  5. 0 m g . m l in  g ly c e r ln a tio n  b u ffe r , 2) HMM to  w h ich  6  m M  

n e u tra liz e d  A T P  h ad  b een  added  as  a  c o n tro l  to  in h ib it th e  acto -H M M  in t e r ­

a c tio n  (65, 6 6 ), 3 )6  m M  A T P  in  g ly c e r ln a tio n  b u ffe r , o r  4) g ly c e r in a tio n  

b u f fe r  a lo n e . B la d d e rs  w e re  in cu b a ted  in  th e s e  so lu tio n s  o v e rn ig h t a t  4°C , 

E ach  p o r tio n  o f  b la d d e r  t i s s u e  w as th en  w ash ed  in  g ly c e r in a tio n  b u ffe r  (to 

re m o v e  e x c e s s  HMM), ffxed in  glu t a r  a ld eh y d e  (see  below ) and p ro c e s s e d  fo r  

o b s e rv a tio n  by th in  s e c tio n  t r a n s m is s io n  e le c tro n  m ic ro sc o p y ,
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S am p le  P r e p a r a t io n  fo r  E le c tro n  M ic ro sc o p y  

T h in  S ec tio n  E le c tro n  M ic ro s  copy

B la d d e r  t is s u e  w as p re p a re d  fo r  th in  s e c t io n  e le c tro n  m ic ro s c o p y  by 

a  m ethod  m o d ified  f ro m  th e  p ro c e d u re  u sed  by M a ro v itz  e t  a l. (97). T h is  p ro c e d u re  

w as ad ap ted  fo r  u s e  in  th e  toad  b la d d e r  by d e c re a s in g  the  c o n c e n tra tio n  o f  

g lu ta ra ld e h y d e  to  0, 8 % in  th e  in it ia l  f ix a tio n  m ed iu m . F o r  o b s e rv a tio n  o f  b la d ­

d e r  t i s s u e  t r e a te d  w ith  g ly c e ro l  and HMM, 0. 2%  ta n n ic  ac id  w as a lso  in c lu d ed  

in  the  in i t ia l  f ix a tio n  so lu tio n , as th is  t r e a tm e n t  b e t te r  p r e s e r v e s  a c tin  f i la ­

m e n ts , and en h an ces  th e  v is ib ility ' o f a r ro w h e a d s  fo rm ed  by th e  in te ra c t io n  o f 

a c tin  w ith  HMM (10). G ly c e r in a te d  s a m p le s  w e re  fixed  a t 4 °C . A ll o th e r  f ix a ­

tio n s  w e re  p e r fo rm e d  a t ro o m  te m p e ra tu re .

F ix a tio n

S a m p le s  w e re  w e ll r in s e d  in  c a co d y lic  ac id  b u ffe r , 0. 1 M, pH 7. 0.

R in sed  b la d d e rs  w e re  th e n  in cu b a ted  a t  l e a s t  4 h  in  m ed iu m  c o n ta in in g  0. 8 % 

g lu ta ra ld e h y d e  (Ladd R e s e a rc h  In d u s tr ie s ,  B u rlin g to n , V t . ) b u ffe red  w ith

0. 1 M c a co d y lic  a c id , pH 7. 0, and in  so m e  c a s e s  0. 2% ta n n ic  a c id . S p ec im en s  

w e re  th en  w e ll r in s e d  in  2  ch an g es  o f  e x c e s s  caco d y lic  ac id  b u ffe r  and f in a lly  

t r e a te d  fo r  1 0  m in  (g ly c e rin a te d  s a m p le s )  o r  1  h  ( in tac t t is s u e )  in  1 . 0 % O sO ^ 

in  0. 1 M c a co d y lic  ac id  b u f fe r  a t  ro o m  te m p e ra tu re .  T h e  o sm iu m  w as s to r e d  

a t -1 5 °C ,

D eh y d ra tio n

T h e o sm ic a te d  s a m p le s  w e re  ag a in  r in s e d  in  c ac o d y lic  a c id  b u f fe r  and 

d e h y d ra te d  in  g ra d e d  e th a n o ls . T he p ro c e d u re  fo r  d e h y d ra tio n  Inc luded  two
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10 m in  p e r io d s , one each  in  50% and 75% a b so lu te  e th an o l, fo llow ed by one 

15 m in  p e r io d  in  8 8 % e th a n o l. T h e  s p e c im e n s  w e re  th en  r in s e d  tw ice  in  100% 

e th an o l and in cu b a ted  fo r  th re e  c o n se c u tiv e  2 0  m in  p e r io d s  in  th is  so lv e n t. 

S am p les  w e re  th e n  in cu b a ted  fo r  th re e  20 m in  p e r io d s  in  p ro p y le n e  o x id e .

E m bedd ing

Epoxy r e s in  fo r  em b ed m en t of s a m p le s  fo r  t r a n s m is s io n  e le c tro n  

m ic ro s c o p y  w as o b ta in ed  f ro m  L add  R e s e a rc h  In d u s tr ie s .  S tock  r e s in  w as 

p re p a re d  in 50 m l b a tc h e s  a f te r  th e  m ethod  o f L u ft (92) and s to r e d  a t  -1 5 °C  

u n til  u s e .  To 19. 75 m l Epon w as added 17. 50 m l DDSA (Ladd), and th e  m ix tu re  

w as allowTed to  s t i r  15 m in . A t th is  t im e  10 m l o f NMA (Ladd) h a r d e n e r  w as 

added  to th e  r e s in ,  and th is  w as fo llow ed by the  ad d itio n  o f  2 m l D B P  (d ibutyl 

p h th a la te ) . T he m ix tu re  w as a llow ed  to  s t i r  a  f u r th e r  30 m in  b e fo re  th e  a d d i­

tio n  o f D M P 30 (L add). T he c o m p le te  m ix tu re  w as s t i r r e d  f o r  30 m in  b e fo re  i t  

w'as s to r e d  in  a  p la s t ic  c o n ta in e r  a t -1 5 °C .

S am p les  th a t  had  b e e n  d e h y d ra te d  th ro u g h  p ro p y le n e  ox ide  w e re  t r a n s ­

f e r r e d  to  a m ix tu re  c o n ta in in g  1 : 1  p ro p y le n e  o x id e :ep o a , and allow ed  to  in cu b a te  

on  th e  b en ch  o v e rn ig h t. C aps w e re  le f t  lo o se ly  c o v e r in g  th e  s a m p le s  to  a llow  

th e  p ro p y le n e  o x id e  to  e v a p o ra te . T h e  nex t m o rn in g , s a m p le s  w e re  t r a n s ­

f e r r e d  to  ro o m  te m p e r a tu re  Epon, and  fin a lly  em b ed d ed  in  f ia t  m o ld s  in  a  

f r e s h  change o f  E pon. T he m ix tu re  w as c u re d  a t  60°C  fo r  a t l e a s t  24 h.

S ec tio n in g

S ilv e r  to  gold s e c tio n s  w e re  cu t on a  S o rv a ll  M T -2B  u lt ra m ic ro to m e  

u s in g  g la s s  o r  d iam o n d  k n iv e s . S ec tio n s  w e re  s ta in e d  fo r  10 m in  in  s a tu ra te d
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u ra n y l a c e ta te  and fo r  15 m in  in  R ey n o ld s le a d  c i t r a te  (118) and ex am in ed  on 

a Z e is s  M odel 9S2 e le c tro n  m ic ro s c o p e  o p e ra te d  a t 60 KV.

N eg ativ e ly  S ta in ed  S am p les

M orpho log ic  o b s e rv a tio n  o f the s t r u c tu r e s  fo rm ed  by so lu tio n s  o f con ­

t r a c t i l e  p ro te in s  w e re  m a d e  by t r a n s m is s io n  e le c tro n  m ic ro s c o p y  o f unfixed  

s p e c im e n s  a f te r  th e  m ethod  of S ch w artz  e t  a l. (124), s im i la r  to  th a t  d e s c r ib e d  

by H uxley (65),

A ctin  w as d ia ly zed  o v e rn ig h t in  25 m M  T r is  HC1, pH 7. 0; 0. 1 M KC1;

2 m M  M gCl2 ; m y o sin  o r  HMM w as d ia ly zed  in  10 m M  im id a z o le , 0. 75 m M  

p -m e rc a p to -e th a n o l  and c la r if ie d  by c e n tr ifu g a tio n  ju s t  p r io r  to  u se . S o lu tions 

o f p ro te in  w e re  p re p a re d  co n ta in in g  0. 2 m g /m l a c tin  o r  m y o s in  and 0. 4 m g /m l 

HMM.

C o p p er EM  g r id s ,  200-300 m e sh  (Ladd) w e re  co a ted  w ith  a  th in  f ilm  

o f co llo d io n  and s ta b i l iz e d  by an  800 A th ick  co a tin g  o f  c o llo id a l c a rb o n . G rid s  

w e re  s to r e d  a t 23°C  u n til  u se , and w e re  u s e d  w ith in  3 m o n th s  o f p re p a ra t io n .

F o r  o b s e rv a t io n  o f  a c tin  f ila m e n ts , a  d ro p  o f  th e  a c tin -c o n ta in in g  s o lu ­

tio n  w as p laced  on a  c lean  s h e e t  o f P a r a f i lm ,  and a  g r id  w as f lo a ted  co a te d  s id e  

dow n on  th e  d ro p  o f so lu tio n . T he g r id  w as le f t  in  p la c e  fo r  2 m in  and th en  

r in s e d  by d ipp ing  th e  g r id  10-15  tim e s  in  a  so lu tio n  o f 25 m M  T r is  HC1, pH 

7. 0; 0. 1 M KC1; 2 m M  M gCl2 . T h e  g r id  w as th en  flo a ted  on a d ro p  o f 1% 

aqueous u ra n y l a c e ta te  w h ich  had b e e n  s to r e d  a t  4 ° C ,b ro u g h t to  ro o m  te m p e r a ­

tu r e  and  p a s s e d  th ro u g h  a  M illip o re  f i l t e r  ju s t  p r io r  to  u s e . A f te r  in cu b a tio n  in  

u ra n y l a c e ta te  fo r  2  m in , th e  g r id  w as rem o v ed , and the  edge w as b lo tte d  w ith  

a  s m a l l  p ie c e  o f f i l t e r  p a p e r  to draw 7 o ff  e x c e s s  s ta in .  A s im i la r  p ro c e d u re
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was carried  out for observation of myosin filam ents.

W hen p u r if ie d  a c tin  w as r e a c te d  w ith  HMM, th e  g r id  w as in cu b a ted  on 

a  d ro p  o f the  a c tin  so lu tio n , as  above, and r in s e d .  It w as th e n  p la ce d  on a  

d ro p  o f HMM, and allow ed  to in cu b a te  fo r  2 m in . T he g r id  w as th e n  r in s e d  

f r e e  of e x c e s s  HMM by d ipp ing  it  in  50 m M  T r is ,  pH 7. 5; 0. 1 M KCl and 

s ta in e d  as  u s u a l  in  19c u ra n y l a c e ta te .

O b se rv a tio n s  w e re  m ad e  e i th e r  on a  P h il l ip s  300 e le c t r o n  m ic ro s c o p e  

o p e ra te d  a t an  a c c e le r a t in g  v o ltag e  o f 80 KY o r  on  a  Z e is s  M odel 9S2 e le c tro n  

m ic ro s c o p e  o p e ra te d  a t 60 KV.
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RESU LTS

I. E ffe c t o f D ih y d ro c v to c h a la s jn  B on O sm o tic  W a te r  M ovem ent in  Iso la te d  

T oad  B la d d e rs .

T oad  u r in a ry  b la d d e rs  w e re  ex p o sed  to d ih y d ro c y to c h a la s in  B (H2 CB) to 

d e te rm in e  w h e th e r  o r  no t the  e ffec t o f th is  ag en t upon v a s o p re s s in - in d u c e d  

o s m o tic  w a te r  flow  w as s im i la r  to  th a t  o f CB.

E ffe c t on B a s a l  W a te r  Flow  

T he r e s u l t s  o f  a  90 m in  e x p o s u re  o f p a ire d  h e m ib la d d e rs  to  e i th e r  5 

o r  1 0  p g /m l  (1 0 . 6  and 2 1 . 2  pM ) HgCB on th e  b a s a l  r a te  o f w a te r  flow  in  th e  

a b se n c e  of v a s o p re s s in  a r e  show n in  T a b le  4. H 2 CB had  no d e m o n s tra b le  

e f fe c t  on th e  b a s a l  r a te  o f o s m o tic  w a te r  flow  a c r o s s  the b la d d e r s .  A s show n 

in  T a b le  4, in  b la d d e rs  ex p o sed  to e i th e r  5 o r  10 p g /m l  H^CB, th e  b a s a l  r a te  

o f w a te r  m o v em en t w as not s ig n if ic a n tly  d if fe re n t f ro m  th a t  in  th e i r  p a ire d  

c o n tro ls  ex p o sed  to 0. 1% o r  0. 2% DMSO. T hus, b la d d e rs  ex p o sed  to  0 . 1% 

DMSO lo s t  an  a v e ra g e  o f  0. 73 ± 0. 08 m g /m in  c o m p a re d  w ith  0. 63 ± 0. 07 m g /  

m in  lo s t  by h e m ib la d d e rs  ex p o sed  to  H 2 CB in  DMSO (n=3, n. s . ). C o n tro l 

b la d d e rs  re c e iv in g  0. 2% DMSO lo s t  an a v e ra g e  o f  1. 5 ±  0. 06 m g /m in  c o m p a re d  

w ith  2. 0 ±  0. 3 m g /m in  lo s t  by e x p e r im e n ta l  h e m ib la d d e rs  re c e iv in g  HgCB in  

0 . 2% DMSO (n=3, n. s . ). T h e se  d a ta  in d ic a te  th a t e x p o s u re  to  DMSO c a u se d  

an in c r e a s e  in  th e  b a s a l  r a te  o f w a te r  flow  a c r o s s  th e  b la d d e rs  o v e r  th a t  w hich  

is  n o rm a lly  o b s e rv e d  (T a y lo r  and P e a r l ,  u n p u b lish ed  o b se rv a tio n ) . A lthough 

in  th e  e x p e r im e n ts  in  w hich  0. 2% DMSO w as u se d , th e re  w as a  ten d e n c y  fo r  

th e  e x p e r im e n ta l  h e m ib la d d e rs  to  h av e  a  g r e a te r  r a te  o f b a s a l  w a te r  m o v em e n t 

th an  th e  c o n tro ls ,  ev en  in  th is  s m a l l  s a m p le  th e r e  w as no c o n s is te n t  d if fe re n c e
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T able  4. Effect of PthydrocytochalaB in B and DMSO on B asal

O sm otic W ater Movement

Incubation conditions W ater flow, m g/m in  
DMSO HoCB

A verage w ater flow, m g /m in  
DMSO H0CB

0.1% DMSO o r  10. 6  jjM H2CB
in DMSO

0. 6

1. 0

0 .7

0.8

0, 73 ± 0. 13 0.63 ± 0 .12

p<0. 8, n. S.

0.6 0 .4

0 .2% DMSO o r  21. 2 pM H2CB
in DMSO

1 . 6

1.3

3. 0

1 .7

1 .5  ±  0. 06 2 ,0  ± 0 . 3

p<0. 5, n. s.

1 . 6 1 .3



in  th e  r a te  o f  w a te r  t r a n s f e r  b e tw een  e x p e r im e n ta l  and  c o n tro l h e m ib la d d e r s .

E ffe c t on V a s o p re s s in - In d u c e d  W a te r  Flow  

The e f fe c t  o f HgCB on the  h y d ro sm o tic  r e s p o n s e  to 20 m U /m l v a s o p re s s in  

is  show n in  F ig u re  8 and T a b le  5. In cu b a tio n  o f  h e m ib la d d e rs  in  H 2 CB f o r  

90 m in  p r io r  to th e  ad d itio n  o f  v a s o p re s s in  re s u l te d  in  a  m a rk e d  in h ib i t io n  of 

th e  r e s p o n s e  to  the  h o rm o n e  in  a ll o f  the  h e m ib la d d e rs  te s te d . F ig u re  8 d e ­

p ic ts  th e  re sp o n s e  to  v a s o p re s s in  in  3 p a i r s  o f h e m ib la d d e rs  in  w hich  o n e  m em ­

b e r  o f  each  p a i r  had  been  ex p o sed  to 10 ^ g /m l  HgCB fo r  90 m in .

T he in h ib itio n  induced  by H^CB w as d o se -d e p e n d e n t. B e c a u se  e x p o s u re  

o f b la d d e rs  to  HgCB re s u l te d  in  a  p r o g re s s iv e  lo s s  o f the  o sm o tic  g r a d ie n t  

a c r o s s  the  b la d d e r , the  d e g re e  o f  in h ib itio n  o f v a s o p re s s in - s t im u la te d  w a te r  

flow  w as e s tim a te d  by n o rm a liz in g  w a te r  flow  to th e  a v e ra g e  o sm o tic  g ra d ie n t  

to  w hich th e  b la d d e rs  w e re  ex p o sed  d u r in g  th e  60 m in  p e r io d  fo llow ing  ch a lle n g e  

w ith  h o rm o n e  (se e  M ethods). A s show n in  T a b le  5, th e  m ean  in h ib itio n  o f  v aso ­

p r e s s in - s t im u la te d  o sm o tic  w a te r  flow  wras  20. 9 ±  2. 8% (n=3, p< 0 . 02) a n d  43 .9  

± 3 .1%  (n=3, p< 0. 001) fo r  b la d d e rs  ex p o sed  to 10. 6 /iM  and 21. 2 fiM I ^ C B ,

re s p e c tiv e ly .

n .  I so la tio n  and P u r if ic a t io n  o f A c tin - lik e  P r o te in  f ro m  Toad B la d d e r  E p ith e lia l  

C e lls

P r e l im in a r y  a p p ro ac h e s

H artw jg  and S to ss  e l P ro c e d u re  

In it ia l  a t te m p ts  to  p u r ify  a c tin  f ro m  e x t r a c ts  o f  is o la te d  toad  b la d d e r  

e p ith e lia l  c e lls  w e re  m ad e  u s in g  th e  m eth o d  d ev elo p ed  by H a rtw lg  and S to s s  el
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EFFECT OF DIHYDROCYTOCHALASIN B 
ON VP-INDUCED OSMOTIC WATER MOVEMENT

80

70

60c

0 2 % OMSO

o* 30
4>

20

V P

0 15 30
Time from addition  of vasopress in , mm.

45 60

F ig . 8. W a te r  lo s s  in  m g /m in  f ro m  p a ire d  h e m ib la d d e rs  in  th e  p r e s e n c e  and 

a b se n c e  o f H ,C B  is  p lo tted  a s  a  fu n c tio n  o f tim e  fo llow ing  th e  a d d itio n  of 

20 m U /m l v a s o p re s s in  to  th e  s e r o s a l  so lu tio n  b a th in g  e a c h  h e m ib la d d e r .
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Table 5. Effect o f D ihydrocytochalaain B on V asopressin -S tim ulated  W ater Movement

Incubation conditions Mean grad ien t, m O sm /kg IIpO W ater flow, m g /m jn /m O sm /k g  H2 O % Inhibition 
DMSO H2CB DMSO H2CB 1-E /C xlO O

0.1%  DMSO o r  10.6 pM  H CB
in DMSO

205

205

164

175

0.238

0.219

0. 196 

0.202

26. 1 

16.4

209 194 0. 232 0 . 202 20.3

01Cl

A verage inhibition, %

0. 2% DMSO o r  21 .2  pM H-CB
in  DMSO

230

219

223

192

205

223

0. 196 

0. 271 

0.294

0.117 

0.159 

0.147

20. 9 ±  2. 53

p<0.  02

40 .3

41.3 

50.1

A verage inhibition, % 

P

43. 9 ± 3. 13

p<0. 001



(55) fo r  th e  p u r if ic a tio n  o f a c tin  f ro m  m a c ro p h a g e s . In th e  p ro c e d u re  u sed  by 

th e s e  in v e s t ig a to r s ,  m a c ro p h a g e s  w e re  m ix ed  w ith  2 v o lu m es  of a  lo w  s a l t  b u f­

f e r  c o n ta in in g  0. 34 M s u c ro s e ,  10 m M  D T T, 0. 5 m M  A T P , 1 m M  ED TA , and 

20 m M  T r is - m a le a te ,  pH 7. 0. T he c e lls  w e re  h o m o g en ized  in  th is  m ed iu m , 

and a  100, 000 x  g s u p e rn a ta n t w as p re p a re d .  T he e x t r a c t  s u p e rn a ta n t w as 

m ad e  0, 075 M in  KC1 and 0, 002 M in  M gC l2 and w as in cu b a ted  a t 25°C  fo r  1. 5 h 

to  a llow  th e  a c tin  to p o ly m e riz e . T he e x t r a c t  w as th en  c e n tr ifu g e d  a t  12, 000 

x g  fo r  10 m in ; th is  p ro c e d u re  p e lle te d  th e  a c tin  com plexed  w ith  a h igh  m o le ­

c u la r  w eig h t a c tin -b in d in g  p ro te in .  W hen th e  p e l le t  wra s  d is so lv e d  in  0. 6 M 

KCl and c e n tr ifu g e d  a t 80, 000 x g  f o r  3 h, the  a c tin  p e lle te d  le av in g  an a c t in -  

b in d in g  p ro te in  in  th e  s u p e rn a ta n t,  A c tin  w as then  s u b je c te d  to  two co m p le te  

c y c le s  o f p o ly m e riz a tio n . H a rtw ig  and S to ss e l (55) r e p o r te d  th a t  h ig h ly  p u r i­

f ied  a c tin  could  be  is o la te d  fro m  m a c ro p h a g e s  u s in g  th e s e  p ro c e d u re s .

A cco rd in g ly , an  id e n tic a l  m eth o d  w as f i r s t  em ployed  in  an  a tte m p t to  

i s o la te  a c tin  f ro m  toad  b la d d e r  e p ith e lia l  c e l ls .  In a p ilo t e x p e r im e n t, c e l ls  

w e re  is o la te d  fro m  10 to ad s  fo llow ing  e x p o su re  to  ED TA, as  d e s c r ib e d  in  

M ethods. T he c e l ls  w e re  f i r s t  h o m o g en ized  in  low  s a l t  b u ffe r , and th e n  su b ­

je c te d  to  th e  v a r io u s  e x tra c tio n  p ro c e d u re s  d e s c r ib e d  above. At e a c h  p u r if ic a ­

tio n  s te p , a liq u o ts  w e re  tak en  fo r  g e l e le c tro p h o re s is  and p ro te in  e s tim a tio n s .  

A n a ly s is  o f 5% S D S -p o ly a c ry la m id e  g e ls  s ta in e d  w ith  C o o m a ss ie  B r i l l ia n t  B lue 

re v e a le d  th a t  a  d e n se  band  o o m ig ra tin g  w ith  a u th e n tic  r a b b it  m u s c le  a c tin
m

(45, 000 d a lto n s)  w as p r e s e n t  in  th e  in i t ia l  h igh sp e ed  s u p e rn a ta n t,  i . e . ,  th is  

s p e c ie s  w as a  m a jo r  co m p o n en t o f th e  so lu b le  f ra c t io n  o f th e  e p i th e lia l  c e l ls .
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H ow ever, u n lik e  th e  s itu a tio n  in  m a c ro p h a g e s  r e p o r te d  by H a rtw ig  and S to ss e l, 

th e  to a d  b la d d e r  m a te r ia l  re m a in e d  in  th e  s u p e rn a ta n t a f te r  th e  12, 000 x  g  

s p in  (d a ta  no t show n),

A m ethod  f re q u e n tly  em p lo y ed  to  p e lle t  p o ly m e riz e d  a c tin  is  c e n tr ifu g a ­

tio n  a t  80, 000 x  g  fo r  3 h a t  4°C  (115). T h e re fo re ,  to  d e te rm in e  w h e th e r  the  

s p e c ie s  c o m !g ra tin g  w ith  r a b b it  m u sc le  a c tin  w ould p e lle t  a f te r  c e n tr ifu g a tio n  

a t  h igh  sp eed , th e  H a rtw ig  and S to s s e l  p ro c e d u re  w as re p e a te d  u s in g  th is  m o d i­

f ic a tio n  in  p la c e  o f th e  12, 000 x g sp in . D e n s i to m e te r  t r a c in g s  o f 5% SD S- 

p o ly a c ry la m id e  g e ls  o f th e  s u p e rn a ta n t and p e lle te d  f ra c tio n s  r e s u l t in g  f ro m  

su ch  a  p re p a ra t io n  a r e  show n in  F ig u re  9. T h e se  s c a n s  show  th a t  so m e  o f the 

m a te r ia l  c o m ig ra tin g  w ith  ra b b it  a c tin  w as in d eed  re c o v e re d  in  th e  p o s t- p o ly m e r -  

iz a tio n , h ig h -sp e e d  p e lle t ,  a lthough  th e  m a jo r  p ro p o r tio n  o f th is  m a te r ia l  B till 

re m a in e d  in  th e  s u p e rn a ta n t  f ra c tio n .

It s e e m e d  p o s s ib le  th a t  th e  low  y ie ld  o f  p e lle te d  m a te r ia l  w as due to  a  

f a i lu re  to  m a in ta in  a  c r i t i c a l  c o n c e n tra tio n  o f G a c tin  d u r in g  th e  p o ly m e r iz a tio n  

p r o c e s s .  I t  w as th e r e fo r e  d ec id ed  to  re d u c e  th e  vo lum e o f e x tr a c t io n  b u ffe r  in  

w hich th e  c e l ls  w e re  h o m o g en ized , to  fa v o r  th e  G -  F  t r a n s fo rm a tio n  and p r e ­

su m ab ly , th e r e fo re ,  th e  p o ly m e riz a tio n  o f  a c tin  f ro m  th e  h ig h -s p e e d  s u p e rn a ­

ta n t.  W hen th is  w as  done, h o w ev e r, th e r e  w as s t i l l  no f u r th e r  e n r ic h m e n t o f 

th e  45, 000 d a lto n  p ro te in . A n o u tlin e  o f th is  m o d ified  p ro c e d u re  i s  show n in  

F ig u re  10. G el s a m p le s  f ro m  su c h  an  e x p e r im e n t a r e  show n in  F ig u re  11.

T h e se  g e ls  w e re  ru n  on  a liq u o ts  ta k e n  f ro m  th e  s u p e rn a ta n t and p e lle te d  m a te r ­

ia l  fo llow ing  p o ly m e riz a tio n  in  K C l and M g and c e n tr ifu g a tio n  a t  h igh  sp e ed .
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TOAD BLADDER ACTIN ISOLATION
(Modified after Hartwig et al.)

8 0 , 0 0 0  xg pellet
- - -  8 0 ,0 0 0  xg supernatant

e
c
O
in
rO

<

Top Bottom

M o b i l i ty  

J.Biol. Chem. 1975. 2 5 0 .  5 6 9 6

F ig . 9. D e n s i to m e r  tr a c in g s  o f 5% SDS g e ls  o f p o ly m e riz e d  p e l le t  and s u p e r ­

n a ta n t o f  toad  b la d d e r  a c t in - l ik e  p ro te in  p re p a re d  by th e  m eth o d  o f  H a rtw ig  e t 

a l .  (55). T h e  a r ro w  in d ic a te s  th e  e le c t r o p h o re t ic  p o s itio n  o f ra b b it  m u sc le  

a c tin . E le c tro p h o re s is  w as p e r fo rm e d  in  p h o sp h a te  b u ffe r , a s  d e s c r ib e d  by 

W e b e r  e t  a l .  (143). G e ls  w e re  s ta in e d  in  C o o m a ss ie  b r i l l ia n t  b lu e , and 

sc a n n e d  a t  550 nm ,
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Figure 10

T oad  B la d d e r  A c tin  Iso la tio n  (m odified  a f te r  
H a rtw ig  e t  a l . )

Iso la te d  e p ith e lia l  c e l ls

H om ogen ize  in  1 vol. e x tra c tio n  b u ffe r
0. 34 M s u c ro s e
1. 0 m M  D T T
0. 5 m M  A T P
1. 0 m M  EDTA
20 m M  T r i s  m a le a te , pH 7. 0 

C e n tr i ia g e  80, 000 x  g  fo r  1 h

P o ly m e r iz e  1. 5 h a t  23°C  in  
0 .1  M K Cl 
2. 0 m M  Mg Cl 2  

C e n tr ifu g e  80, 000 x g fo r  3 h

H om ogen ize  in  
0. 2 m M  A T P
0. 5 m M  fJ -m e rc a p to -e th a n o l 
0 . 2  m M  C aC lg
2. 0 m M  T r is -H C l, pH 8. 0 

D ia ly ze  3 day s
C en tr ifu g e  a t 80, 000 x  g  fo r  3 h

p e l le t h ig h -s p e e d  s u p e rn a ta n t

p o s t-p o ly m e r iz a tio n  p e lle t s u p e rn a ta n t

p e lle t C la r if ie d  s u p e rn a ta n t

P o ly m e r iz e  in  
0. 1 M K Cl
2. 0 m M  M gCl2

EM
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F ig . 11. 5% SDS g e ls  o f  a c t ln - l ik e  p ro te in  p r e p a re d  by  th e  m e th o d  o u tlin e d  

in  F ig . 10. T h e  h igh  sp e e d  s u p e rn a ta n t  w as ex p o sed  to  p o ly m e riz in g  c o n d itio n s  

and c e n tr ifu g e d  a t  80, 000 x  g  f o r  3 h  a t  4 °C . 1) S u p e rn a ta n t; 2) p e l le t  r e c o v e re d

a f te r  p o ly m e riz a tio n ; 3) s ta n d a rd  ra b b it  m u s c le  a c tin .
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It is  c l e a r  th a t  d e s p ite  th e  re d u c tio n  in  v o lu m e o f  th e  e x tr a c t io n  b u ffe r , m o s t 

o f th e  45, 000 d a lto n  b and  d id  not p e lle t ,  b u t re m a in e d  in  th e  s u p e rn a ta n t  f r a c ­

tio n . (T his o c c u r re d  ev en  though th e  e x tr a c t  s u p e rn a ta n t,  co n ta in in g  7. 2 m g /  

m l p ro te in , w ould g re a t ly  hav e  fa v o re d  the  p o ly m e riz a tio n  o f a c tin  fro m  a p r e ­

p a ra t io n  o f s k e le ta l  m u sc le , s in c e  a  c r i t i c a l  c o n c e n tra tio n  o f only  0. 02 m g /m l 

i s  n e c e s s a ry  (1 ).)

A s m a ll  g e la tin o u s  p e l le t  ( s im i la r  in  a p p e a ra n c e  to  the p e l le t  th a t  c an  be 

c o lle c te d  f ro m  th e  c e n tr ifu g a tio n  o f p o ly m e riz e d  ra b b it ac tin ) w as r e t r ie v e d  

a f te r  th e  3 h o u r  h ig h -sp e e d  sp in , and th is  m a te r ia l  co n ta in ed  a  s m a l l  f ra c t io n  

o f 45, 000 d a lto n  p ro te in  (see  F ig . 11, g e l 2). T he p e lle t  w as h o m o g en ized  in  

low  s a l t  b u ffe r , d ia ly z e d  a g a in s t th is  d e p o ly m e riz in g  m ed iu m , and  r e c e n t r i ­

fuged a t h igh  sp ee d , T h e  45, 000 d a lto n  b and  w as re c o v e re d  in  th e  c la r if ie d  

s u p e rn a ta n t  c o m p r is in g  2 o f th e  p ro te in  co n ta in ed  in  the  in i t ia l  h igh  

sp e e d  su p e rn a ta n t.  T h e  g e l p a t te r n  o f th e  c la r if ie d  su p e rn a ta n t w as a lso  not 

s u b s ta n tia l ly  d if fe re n t f ro m  th a t  o f F ig u re  11, g e l 2, d e m o n s tra tin g  th a t th e  

45, 000 d a lto n  p ro te in  am ounted  to  on ly  a  s m a l l  f ra c tio n  o f  th is  2%,

To d e te rm in e  w h e th e r  th is  s a m p le  w ould fo rm  a c t in - l ik e  f ila m e n ts  v is ib le  

in  th e  e le c tro n  m ic ro s c o p e , the c la r i f ie d  p ro te in  s o lu tio n  w as re in c u b a te d  in  

p o ly m e riz in g  m ed iu m , and an  a liq u o t w as ex am in ed  by e le c tro n  m ic ro s c o p y  

a f te r  n eg a tiv e  s ta in in g  w ith  u ra n y l a c e ta te  (see  M ethods fo r  d e ta i ls ) .  T h e  r e ­

s u lts  o f  th is  o b s e rv a t io n  re v e a le d  th a t  no f ila m e n ts  w e re  p r e s e n t  in  th e  s a m p le , 

a lthough  f ila m e n ts  w e re  o b s e rv e d  in  s a m p le s  o f r a b b it  m u s c le  a c tin  p o ly m e riz e d  

in  an  id e n tic a l  m a n n e r , and o b s e rv e d  a t  th e  s a m e  t im e . T h u s, e i th e r  a c t in  w as

not p r e s e n t  in  th e  s a m p le , o r  i t  w as p r e s e n t  in  an  u n p o ly m e riz e d  b u t n e v e r ­
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th e le s s  a g g re g a te d  and s e d im e n ta b le  fo rm .

A lthough th e  r e s u l t s  o f  th e s e  e x p e r im e n ts  d e m o n s tra te d  th a t  toad  b la d d e r  

e p ith e lia l  c e l ls  co n ta in ed  a  Boluble p ro te in  w ith  th e  e le c tro p h o re t ic  m o b ility  o f 

a c tin  on SDS g e ls , they  a ls o  c le a r ly  show ed th a t  i t  w as no t p o s s ib le  to  fu r th e r  

p u r ify  th is  p ro te in  by p o ly m e riz a tio n  fro m  the  c ru d e , h ig h -sp e e d  s u p e rn a ta n t.  

In ab ility  to  p o ly m e riz e  a  s ig n if ic a n t f ra c tio n  o f a c tin  f ro m  s im i la r  c ru d e  s u p e r ­

n a tan t f ra c tio n s  h a s  b een  a  p ro b le m  in  the  p u r if ic a tio n  o f a c tin  f ro m  m any  types 

o f  n o n m u sc le  c e lls  (se e  48). The f a i lu r e  to p o ly m e riz e  a c tin  f ro m  n o n m u sc le  

c e lls  h as  b e e n  a ttr ib u te d  to the p r e s e n c e  o f a c tin -b in d in g  p ro te in s  th a t  a c t  as 

n a tu ra l  in h ib ito rs  o f a c tin  p o ly m e riz a tio n  (20, 95, 135). In c e r ta in  in s ta n c e s  

th e s e  a c tin -b in d in g  p ro te in s  have b e en  id e n tif ie d  (20, 95, 135). T h e ir  ro le s  in  

in te ra c t in g  w ith  a c tin  a r e  p re s e n tly  u n d e r  in v e s tig a tio n  and w ill be  d is c u s s e d  

below .

E x tra c tio n  f ro m  A ceto n e  P o w d e r

T he p o s s ib il i ty  w as su g g e s te d  th a t  s u c c e s s fu l  p u r if ic a t io n  o f toad 

b la d d e r  a c tin  m ig h t be ach iev ed  u s in g  an  ac e to n e  p o w d er, on th e  th e o ry  that 

w h a te v e r  f a c to r  w as in h ib itin g  th e  p o ly m e riz a tio n  m ig h t b e  d e n a tu re d  by  th e  

a ce to n e  t r e a tm e n t ,  le a v in g  th e  a c tin  f r e e  to p o ly m e riz e * , T h e  m eth o d  th a t  w as 

u sed  fo r  a c e to n e  e x tr a c t io n  o f  a c tin  f ro m  is o la te d  toad  b la d d e r  e p i th e l ia l  c e l ls  

w as  m o d ified  f ro m  th e  p ro c e d u re s  u se d  by Spudich  and W att (129) fo r  th e  e x t r a c ­

tio n  o f ra b b it  m u sc le  a c tin , and f ro m  th a t  o f  Y ang and P e rd u e  (150) fo r  th e  ex ­

t r a c t io n  o f a c tin  f ro m  c u ltu re d  c h ick  e m b ry o  f ib ro b la s ts .  T h e  p ro c e d u re  d e ­

d ev elo p ed  fo r  toad  b la d d e r  is  s u m m a r iz e d  in  F ig u re  12,

* M . M o o se k e r , p e r s o n a l  co m m u n ica tio n
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Figure 12

I so la tio n  o f T oad B la d d e r  A c tin - lik e  P ro te in  f ro m  A cetone  P o w d e r

50 m g  A ce to n e  P o w d e r

I------------
P e l le t  ( P ^

E x tr a c t  30 m in  in  1 m l 
0. 5 m M  A T P
0. 5 m M  (3-m e re a p  to -e th a n o l 
0 . 2  m M  C aC l2
20 m M  T r i s - C l  pH 7. 5 

C e n tr ifu g e  10, 000 x  g fo r  10 m in

r ~
P4

1
Sui>ernatant (S i)

80, 000 x  g fo r  1 h

b.

0. 1 M KCl
1 m M  M gCl2
2 h 25°C

0, 6 M KCl 
30 m in
80, 000 x g fo r  3 h, 4°C

P j  -  P o ly m e riz e d  P e l le t

H om ogen ize  in  
0. 2 m M  A T P  
0. 5 m M  (3 -m erca p to -  

e th an o l 
0 . 2 m M  C aC l2 
20 m M  T r i s - C l  
pH 8. 0 

D ia ly z e  72 h , 4°C  
80, 000 x  g, 1 h

 1

S4
C la r if ie d  s u p e rn a ta n t

I
P ro te in s G els EM
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C ells  w e re  c o lle c te d  fro m  12 to a d s  in  th e  u s u a l  fa sh io n , w ash ed  o n ce  

In c a lc iu m -c o n ta in in g  R in g e r 's  so lu tio n , and re su sp e n d e d  in  a  s m a l l  v o lu m e  

o f R inger* s . T he c e ll  s u sp e n s io n  w as added  to ab o u t 100 m l co ld  a c e to n e  and 

s t i r r e d  a t  4°C  fo r  30 m in . In so lu b le  m a te r ia l  w as c o lle c te d  on  a  B u ch n e r  fun­

nel, and  the ac e to n e  t re a tm e n t  w as re p e a te d . T h e  re s id u e  r e m a in in g  on f i l t e r  

p a p e r  a f te r  tw o a c e to n e  t r e a tm e n ts  w as d r ie d  o v e rn ig h t a t -1 5 °C  u n d e r  vacuum . 

T h is  m a te r ia l  w as u sed  fo r  th e  e x tr a c t io n  o f a c tin  on  th e  fo llow ing  day . T h e  

e x tr a c t io n  p ro c e d u re  w as s im i la r  to  th a t p re s e n te d  above  (H artw ig  p ro c e d u re ) , 

in  th a t  i t  invo lved  the  so lu b iliz a tio n  of a c tin  in  a  low  s a l t  b u ffe r , and  p u r if ic a tio n  

by c e n tr ifu g a tio n  fo llow ed  by c y c le s  o f  p o ly m e riz a tio n . M o d ifica tio n s  in c lu d ed  

the  o m is s io n  o f s u c r o s e  In th e  e x tra c tio n  b u ffe r , w hich  co n ta in ed  20 m M  T r t s -  

HCl, pH 7. 5; 0. 5 m M  A T P ; 0. 5 m M  p -m e rc a p to -e th a n o l;  and 0. 2 m M  C aC l 2  

(see  F ig u re  12).

S D S -p o ly a c ry la m id e  g e ls  o f th is  e x tr a c t io n  a r e  show n in  F ig u re  13. A l­

though a  p ro te in  w ith  the  e le c tro p h o re t ic  m o b ility  o f a c tin  w as p ro g re s s iv e ly  

e n r ic h e d  d u rin g  th is  p ro c e d u re , m o s t o f th e  45, 000 d a lto n  band  ag a in  re m a in e d  

a s s o c ia te d  w ith  th e  s u p e rn a ta n t  w hen c e n tr ifu g e d  a f te r  in cu b a tio n  in  p o ly m e r iz ­

ing  m ed iu m . P r o te in  c o n c e n tra tio n s  d e te rm in e d  fo r  th is  e x tr a c t io n  re v e a le d  

th a t  o u t o f 8  m g  p ro te in  in  th e  s ta r t in g  m a te r ia l ,  on ly  0 . 06 m g p ro te in  w as r e ­

c o v e re d  in  the  f in a l s u p e rn a ta n t  (S4). A bout o n e -h a lf  th e  p ro te in  re m a in e d  in  

th e  p o s t-p o ly m e r iz a tio n  s u p e rn a ta n t  (S3), r e p re s e n t in g  a  re c o v e ry  o f  0. 75% o f  

th e  to ta l  so lu b le  p ro te in , s im i la r  to th a t  o b ta in ed  b y  o th e r s  (se e  below ).

T h e  c la r i f ie d  s u p e rn a ta n t  (S4) w as ex p o sed  to p o ly m e riz in g  m ed iu m
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F ig . 13, 5% SDS g e ls  d e r iv e d  f ro m  th e  p ro c e d u re  o u tlin ed  in  F ig . 12. C om ­

p a r is o n  o f g e ls  5{Sg) and 6 (P 3 ) r e v e a l  th a t a lm o s t none o f the 45, 000 d a lto n  

band  s e d im e n te d  a f te r  e x p o su re  to  p o ly m e riz in g  m ed iu m . Gel 7 (S^) w as ru n  

a f te r  c o n c e n tra tin g  the  s a m p le ;  h e re ,  a  l ig h t 45, 000 d a lto n  b and  is  v is ib le ;  

G el 8  i s  s ta n d a rd  ra b b it  m u sc le  a c tin .
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(0 .1  M K C l, 2 m M  M gCl in  20 m M  T r is -H C l,  pH 8, 0, 0. 2 m M  A T P , 0. 5 m M  

P -m e rc a p to -e th a n o l,  0. 2 m M  C aC lg), and s a m p le s  t r a n s f e r r e d  to g r id s  In  

p r e p a ra t io n  fo r  e le c tro n  m ic ro sc o p y . Som e s a m p le s  w e re  t r e a te d  w ith  HMM. 

C o n tro l s a m p le s  o f p o ly m e riz e d  ra b b it  a c tin , w ith  and w ith o u t HMM, w e re  p r e ­

p a re d  s im i la r ly .  E le c tro n  m ic ro s c o p y  o f th e  ra b b it  a c tin  s a m p le s  re v e a le d  

th a t  f ila m e n ts  and H M M -d eco ra ted  a r ro w h e a d s  w e re  p r e s e n t  in  the  c o n tro l  r a b ­

b i t  a c tin  s a m p le s .  H ow ever, no f ila m e n ts  o r  ev id en ce  o f HMM d e c o ra t io n  w e re  

o b s e rv e d  in  th e  toad  b la d d e r  s a m p le s .  C o rre sp o n d in g ly , SDS g e ls  o f th is  s a m ­

p le  (S4) re v e a le d  th a t l i t t l e  45, 000 d a lto n  p ro te in  w as re c o v e re d  in  th is  s a m p le .

Iso la tio n  o f A c tln - lik e  P ro te in  by C olum n C h ro m ato g ra p h y  

B oth th e  iso la tio n  p ro c e d u re s  u sed  so  f a r  in  th is  w o rk  h a v e  d ep en d ed  upon 

th e  K C l-in d u ced  p o ly m e riz a tio n  o f a c tin  f ro m  a  c ru d e , h ig h -sp e e d  s u p e rn a ta n t  

<55), o r  f ro m  a  so lu b iliz e d , a c e to n e -p re c ip i ta b le  f ra c t io n  d e r iv e d  fro m  w hole 

c e l ls  (150), In o th e r  s y s te m s ,  e . g . ,  m a c ro p h a g e s  (55), th e se  m e th o d s  e m ­

ployed 3 0 -  100 g o f  p ack ed  c e l ls  a s  s ta r t in g  m a te r ia l  and y ie ld ed  p u r if ie d  p ro te in  

am o u n tin g  to l e s s  th an  2. 5% o f the  e s tim a te d  am o u n t o f c e l l  a c tin  ( se e  48), T he 

g r e a te s t  l o s s e s  of p ro te in  in  th e s e  p ro c e d u re s  a p p a re n tly  o c c u r re d  d u r in g  th e  

p o ly m e riz a tio n  s te p ,w ith  m o s t o f the  45, 000 d a lto n  b and  re m a in in g  in  an u n ­

se d im e n ta b le  fo rm  (2, 55, 150, s e e  48). A lthough i t  has  n e v e r  b e en  co n c lu ­

s iv e ly  show n th a t  a c tin  acco u n ts  fo r  a ll  o f th e  lo w -s a l t  e x tr a c ta b le ,  45, 000 

d a lto n  m a te r ia l  in  n o n m u sc le  c e lls ,  th e r e  is  now c o n s id e ra b le  ev id en ce  th a t 

m u ch  o f th e  a c tin  in  th e s e  c e l ls  is  k e p t in  a  n o n -p o ly m e riz a b le  fo rm  (135, 136), 

co m p lex ed  w ith  a c tin -b in d in g  p ro te in s .  In so m e  c a s e s ,  su ch  p ro te in s  th a t  in -
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h lb i t  a c tin  p o ly m e riz a tio n  have b e e n  id e n tif ie d  (20, 95, 135, s e e  b e lo w ). T h e r e ­

fo re , In  th e  to ad  b la d d e r , b e c a u se  of the  r e la t iv e ly  s m a l l  am oun t o f a v a ila b le  

s ta r t in g  m a te r ia l ,  and b e c a u s e  la r g e  lo s s e s  w e re  to be  ex p ec ted  d u r in g  p o ly ­

m e r iz a t io n  o f  a  c ru d e  s u p e rn a ta n t,  i t  s e e m e d  d e s ir a b le  to u s e  a  p ro c e d u re  f o r  

is o la tio n  o f to ad  b la d d e r  a c tin  th a t d id  not depend  on  p o ly m e riz a tio n  a s  th e  

in i t ia l  p u r if ic a t io n  s te p .

Such  a  p ro c e d u re  h a s  been  d e s c r ib e d  by G ordon  e t  a l . (48) fo r  the  p u r i f i ­

c a tio n  o f  a c t in  f ro m  A can th am o eb a . T h is  m ethod  r e l ie s  upon the  s e le c t iv e  r e ­

te n tio n  o f  a c t in  on D E A E -ce llu lo se  in  so lu tio n s  o f low  io n ic  s tre n g th . A c t in -  

b in d in g  p ro te in s  p re su m a b ly  e lu te  b e fo re  a c tin , le a v in g  the l a t t e r  a v a ila b le  fo r  

p o ly m e r iz a tio n  a f te r  c o lle c tio n  in  th e  e fflu en t f ro m  a  KCl g ra d ie n t .  Ion e x ­

change  c h ro m a to g ra p h y  i s  fo llow ed by one cy c le  o f  p o ly m e riz a tio n , and s u b s e ­

q u en t g e l f i l t r a t io n  on G -150  Sephadex.

In o r d e r  to ad ap t th is  m ethod  fo r  u s e  in  th e  to ad  b la d d e r , i t  w as n e c e s s a r y  

to  s c a le  dow n the  v o lu m es  u sed  by abou t two o r d e r s  o f m ag n itu d e . T h e  p r e p a r a ­

tion  o f  D E A E -c e llu lo se  io n  exchange and G -150 S ephadex  g e l f i l t r a t io n  c o lu m n s  

a r e  d e s c r ib e d  in  M ethods, as  i s  th e  c o m p le te  d e s c r ip t io n  o f the  p u r if ic a tio n  

p ro c e d u re .  F ig u re  14 o u tlin e s  the  p u r if ic a tio n  o f toad  b la d d e r  a c tin  by th is  

m e th o d .

D E A E -C ellu Io se  C h ro m a to g ra p h y  

E p ith e l ia l  c e lls  w e re  iso la te d  in  the u su a l fa sh io n  f ro m  10-20 to a d s , h o m o ­

g en ized  by so n ica tio n , and  th e  45 , 000 d a lto n  p ro te in  w as e x tr a c te d  in to  the  

80, 000 x  g s u p e rn a ta n t. T h is  s a m p le  w as ap p lied  to  D E A E -c e llu lo se  and th e
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F ig . 14.iso la tio n  o f T oad  B la d d e r  A ctin  by C olum n C h ro m a to g ra p h y
(a f te r  G ordon  e t  a l , )

Iso la te d  C e lls

I
P e U e t

A pply to  D E A E -c e llu lo se
0. 1 M K C l; 0. 1 -0 . 5 M KCl g ra d ie n t

0. 19 -  0. 24 M KCl f ra c tio n s

D ia ly ze  o v e rn ig h t a g a in s t
3 m M  Im id az o le , pH 7. 5; 0 .1  m M  C aC l2 
0. 5 m M  A T P ; 0. 75 m M  - p - m e r c a p to -  
e th an o l; 0. 1 M K C l; 2. 0 m M  M gClg 

P o ly m e r iz e  a t  23°C  fo r  2 h 
C e n tr ifu g e  a t 80, 000 x  g  fo r  3 h  a t  23°C

P o s t  p o ly m e riz a tio n  p e l le t  S u p e rn a ta n t

H om ogen ize  in  1 vo l
3 m M  im id a z o le , pH 7. 5; 0 .1  m M  C aC lg
0. 5 m M  A T P ; 0. 75 m M  P -m e rc a p to -e th a n o l
1. 0 m M  P M SF; 0. 2% T ra s y lo l  

C e n tr ifu g e  80, 000 x  g  fo r  1 h
---------------------------T

S u p e rn a ta n t

P e i le t

H om ogen ize  in
3 m M  Im id az o le , pH 7. 5; 0. 1 m M  C aC U ;
0. 5 m M  A T P ; 0, 75 m M  p -m e rc a p to -e tn a n o l  

D ia ly ze  3 day s
C en tr ifu g e  a t  80, 000 x  g  fo r  1 h a t  4°C

 r
S u p e rn a ta n t

L p p ly  to  G -150  S ephadex

P e a k  I P e a k  n  
(Actin)
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co lu m n  w as e lu te d  w ith  s u c c e s s iv e  so lu tio n s  co n ta in in g  no K C l. 0, 1 M KCl, 

and a l in e a r  0. 1 -  0. 5 M KCl g ra d ie n t. D e te rm in a tio n s  o f the  o p tic a l d e n s it ie s  

o f  th e  e lu ted  f ra c tio n s  and th e i r  c o n d u c tiv itie s  w e re  m ad e , and SDS g e ls  o f  s e ­

le c te d  f ra c tio n s  w e re  ru n  to  d e te rm in e  the p o s itio n  o f th e  45, 000 d a lto n  band.

F ig u re  15 A show s the  e lu tio n  p ro f i le  o f r a b b it  a c tin  f ro m  D E A E -c e llu ­

lo s e .  F ig u re  15 B show s th e  e lu tio n  p a t te rn  o f a  ty p ic a l toad b la d d e r  e x p e r i ­

m e n t. SDS g e ls  o f f ra c t io n s  e lu te d  f ro m  the  co lu m n  a r e  p re s e n te d  in  F ig u re  

16. C o m p a riso n  o f th e se  d a ta  re v e a ls  th a t th e  45, 000 d a lto n  com ponen t p r e ­

s e n t  in  the  in it ia l  h ig h -sp e e d  s u p e rn a ta n t  w as s e le c t iv e ly  re ta in e d  on the 

co lu m n , e lu tin g  in  a  s in g le , b ro a d  peak  th a t c o r re s p o n d e d  to th e  e lu tio n  p a t­

te r n  o f  a u th e n tic  ra b b it  m u sc le  a c tin . B oth  th e se  p ro te in s  e lu ted  in  the KCl 

g ra d ie n t  a t  co n d u c tiv itie s  b e tw een  abou t 7. 5 and 15 mS c o r re s p o n d in g  to 0 .1 9 -  

0, 24 M K C l. T h e se  d a ta  a r e  in good a g re e m e n t w ith  th o se  p u b lish ed  by G ordon  

e t  a l. fo r  th e  e lu tio n  o f  A can th am o eb a  a c tin .

P o ly m e r iz a t io n  C ycle  

F ra c t io n s  co n ta in in g  the 45, 000 d a lto n  band w e re  su b se q u e n tly  pooled and 

d ia ly z e d  o v e rn ig h t a g a in s t p o ly m e riz in g  m ed iu m  (3 m M  im id az o le , pH 7 .5 ;

0 .1  m M  C a C ^ ;  0. 5 m M  A T P ; 0. 75 m M  (J -m e rc a p to -e th a n o l, 0 .1  M KCl,

2 m M  M g C ^ ). T he s a m p le  w as then  rem o v ed  fro m  th e  co ld  ro o m  and allow ed  

to in cu b a te  2 h a t 23°C . A fte r  c e n tr ifu g a tio n  a t th is  te m p e r a tu re  fo r  3 h a t 

80, 000 x  g, a  s m a ll  g e la tin o u s  p e l le t  w as re c o v e re d . (T his m a te r ia l  con ­

ta in ed  th e  p o ly m e riz e d  a c t in - l ik e  p ro te in ) .  T he p e lle t  w as ho m o g en ized  in  

a  s m a l l  v o lu m e o f d e p o ly m e riz in g  m ed iu m  (as above b u t K C l and M g w e re  e x -
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F ig . 15A. E lu tio n  p a t te r n  o f  ra b b it  a c tin  f ro m  D EAE c e llu lo s e .  A c tin , 2 m g  

w as ho m o g en ized  In 1 m l b u ffe r  (3 m M  im id a z o le , 0. 5 m M  A T P , 0 .1  m M  

C a C ^ .  0. 75 m M  p -m e rc a p to -e th a n o l ,  pH 7 .5 , b u f fe r  G, s e e  M ethods) and 

ap p lied  to  D EA E c e llu lo se  s a tu r a te d  w ith  A T P  th a t w as e q u il ib ra te d  in  10 m M  

im id a z o le , 0. 1 m M  C aC l2 , 0. 5 m M  A T P , 0. 75 m M  (3-m e rc a p to -e th a n o l, 0. 1 M 

KCl b u f fe r  D, s e e  M ethods). P r io r  to  s a m p le  ap p lica tio n , 1 m l b u f fe r  G w as 

ap p lied  to  th e  co lu m n , and a  seco n d  m l b u ffe r  G w as ap p lied  a f te r  th e  s a m p le . 

T he p ro te in  w as e lu te d  w ith  a  few m l o f  b u ffe r  D and th en  w ith  30 m l  o f  a  0. 1 - 

0. 5 M KCl g ra d ie n t  in  b u f fe r  D. F ra c t io n s  o f  0. 5 m l w e re  c o lle c te d . T h e  a b ­

s o rb a n c e  o f each  f ra c tio n  w as m o n ito re d  a t  290 tim, and the  co n d u c tiv ity  o f the  

g ra d ie n t w as m o n ito re d  to d e te rm in e  the p o s itio n  o f the  p ro te in  in  th e  KCl 

g ra d ie n t.

F ig , 15B. E lu tio n  p a t te rn  o f toad  b la d d e r  a c t in - l ik e  p ro te in  f ro m  D EA E 

c e llu lo se . A bout 5 m l o f h ig h -s p e e d  s u p e rn a ta n t  w as ap p lied  to the co lu m n  

e q u ilib ra te d  as  in  the leg en d  to F ig . 15A. F ra c t io n s  w e re  c o lle c te d  a lso  a s  

d e s c r ib e d  above.
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F ig . 16. SDS g e ls  o f  s e le c te d  f ra c t io n s  f ro m  D EA E c e l lu lo s e  c h ro m a to g ra p h y  

o f  to ad  b la d d e r  e p i th e lia l  c e l l s .  A c tin - lik e  p ro te in  e lu ted  w ith  th e  KC1 g ra d ie n t .
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eluded  and 0. 02% NaN^ w as added), and d ia ly z ed  a g a in s t s e v e r a l  ch an g es  o f 

th is  so lu tio n  fo r  3 d ay s . A t th is  tim e  th e  s a m p le  w as c e n tr ifu g e d  a t 80, 000 x 

g  fo r  1 h a t  4°C  to  s e d im e n t any  a c t in - l ik e  p ro te in  th a t  had  not d e p o ly m e rlz e d , 

a long  w ith  any  im p u r i t ie s  th a t had  c o se d im e n te d  d u r in g  c e n tr ifu g a tio n  o f  th e  

p o ly m e riz e d  p ro te in . T he c la r if ie d ,  d e p o ly m e riz e d  p ro te in  w as th e n  e i th e r  

f u r th e r  p u r if ie d  on  S ephadex  G -150 (as d e s c r ib e d  in  M ethods) o r  u s e d  d i r e c t ly  

fo r  e le c tro n  m ic ro sc o p y .

F ig u re  17 show s 5% SDS g e ls  f ro m  an e x tra c tio n  in  w hich S ephadex  c h ro ­

m a to g ra p h y  w as not p e r fo rm e d . C o m p a r iso n  o f th e  g e ls  r e v e a ls  th a t  th e  

45, 000 d a lto n  co m p o n en t p r e s e n t  in  the h ig h -s p e e d  s u p e rn a ta n t  is  s ig n if ic a n tly  

e n r ic h e d  d u r in g  c h ro m a to g ra p h y  on D E A E -c e llu lo se  and by one c y c le  of p o ly ­

m e r iz a tio n , H ow ever, s e v e ra l  co n ta m in an ts  re m a in  in  the  p u r if ie d  s a m p le . 

T he m o s t p ro m in e n t o f th e se  b e in g  a  p ro te in  w ith  the  e le c tro p h o re t ic  m o b ility  

o f m y osin , and a  seco n d  s p e c ie s  w ith  an  a p p a re n t m o le c u la r  w eigh t of a p p ro x i­

m a te ly  107, 000 (M = 0. 38) d a lto n s .

C h ro m ato g ra p h y  o f T oad B la d d e r  A c tin - lik e  P ro te in  o n

G -150  S ephadex

T h e c la r i f ie d  s u p e rn a ta n t w as ap p lied  to  the S ephadex  co lu m n  in  d e p o ly -  

m e r lz in g  m ed iu m  and e lu te d  w ith  the  s a m e  b u ffe r . F ig u re  18 sho w s th e  e lu ­

tio n  p ro f i le s  o f ra b b it  a c tin  and toad b la d d e r  a c t in - l ik e  p ro te in  f ro m  th is  

co lu m n . R ab b it a c tin  e lu ted  in  two p eak s  (se e  L egend  to  F ig . 18). The to ad  

b la d d e r  p ro te in  a lso  e lu te d  In 2 p e a k s . T h e se  r e s u l t s  c o r re s p o n d  w ell w ith  

th o se  p u b lish ed  by  G ordon  e t  a l. (48) and o th e r s  (3) in  th a t  a c t in  d id  not e lu te
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1

F ig  17. SDS g e ls  p ro f i le  o f p u r if ic a tio n  o f to ad  b la d d e r  a c tin - lik e  p ro te in .

1) 84 p g  h ig h -sp e e d  s u p e rn a ta n t;  2) 48 p g  o f pooled f ra c tio n s  re c o v e re d  fro m  

D E A E -c e llu lo se ; 3) 36 p g  of m a te r ia l  re c o v e re d  a f te r  one c y c le  o f p o ly m e r i­

z a tio n ; 4) s ta n d a rd  ra b b it  a c tin  (45, 000 d a lto n s)  and m y o sin  heavy  ch a in s  

(200, 000 d a lto n s), and p u r if ie d  b ra in  tu b u lin  (55, 000 d a lto n s) .
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Chromatography of Actin 
on G15 0  Sephodex

0.3

Rabbit  muscle
0.2

CVJ

o

0.22 -

0.18

Toad b ladder

006

0.02

Fraction number

F ig . IS . E lu tio n  p a t te rn s  o f r a b b i t  m u sc le  a c tin  and toad  b la d d e r  a c t in - l ik e  

p r o te in  on G -150  S ephadex . B ab b it m u sc le :  2 m g  o f p u r if ie d  ly o p h iliz e d  a c tin  

w as h o m o g en ized  in  1 m l B u ffe r  G (see  F ig . 15A) + 0. 02% NaNg and  ap p lied  

d i r e c t ly  to  th e  0 .9  x  15 cm  co lu m n . 0. 5 m l f ra c t io n s  w e re  c o lle c te d  e v e ry  

30 m in . F r a c t io n s  3 -5  p re su m a b ly  co n ta in in g  o lig o m e r ic  a c tin  e lu ted  w ith  th e  

void  v o lu m e (3). T oad  b la d d e r :  0. 5 m g p ro te in  w as ap p lied  to th e  co lu m n  in  

0. 8 m l B u ffe r  G. E lu tio n  w as the  s a m e  a s  fo r  r a b b it  a c tin . P e a k  I e lu te d  w ith 

th e  vo id  v o lu m e ; P e ak  n  c o n ta in ed  a c t in - l ik e  p ro te in .
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f ro m  th e  co lum n as  a  s h a rp  p eak . Gel e le c t ro p h o re s is  o f s a m p le s  f ro m  e a ch  

p eak  re c o v e re d  f ro m  th e  toad  b la d d e r  s a m p le  re v e a le d  th a t th e  se co n d  p eak  

co n ta in ed  th e  m a jo r  p ro p o r tio n  o f th e  45, 000 d a lto n  b and .

In F ig u re  19 a r e  d ep ic ted  g e ls  o f an e x tr a c t io n  w hich  w as s im i l a r  to  th a t 

show n in  F ig u re  17, b u t in c lu d ed  S ephadex  g e l f i l t r a t io n .  E x a m in a tio n  o f g e ls  

f ro m  a liq u o ts  o f p eak s  I and n o f th e  S ephadex  co lu m n  show s th a t  th e  a c t in - l ik e  

p ro te in  w as f u r th e r  p u r if ie d  by  th is  t r e a tm e n t  (peak  II) w hile  th e  h ig h e r -m o le -
i

c u la r  w eigh t co n tam in a n ts  w e re  la rg e ly  r e t r ie v e d  in  P e a k  I. T h e  m a jo r  m o le ­

c u la r  w eigh t s p e c ie s  e lu tin g  w ith  a c t in - l ik e  p ro te in  had a p p a re n t m o le c u la r  

w eig h ts  o f 79, 000 (M = 0. 49) and 93, 000 (M = 0. 43) d a lto n s , c o m p a re d  w ith  

69, 000, 93, 000 and 107, 000 (M = 0. 54, 0. 43, and 0 .3 8 , r e sp e c tiv e ly )  e lu ted  

in  P e a k  I.

F ila m e n t F o rm a tio n  

W hen th e  c la r i f ie d  s u p e rn a ta n t o b ta in ed  f ro m  toad  b la d d e r  e p ith e lia l  c e ll 

e x t r a c ts  a f te r  io n  ex ch an g e  c h ro m a to g ra p h y  and o n e  c y c le  o f  p o ly m e riz a tio n  

w as d ia ly ze d  a g a in s t p o ly m e riz a tio n  m ed iu m  and a llow ed  to in c u b a te  f o r  1 o r  

2 h a t  room  te m p e ra tu re ,  f ila m e n ts  fo rm e d  th a t  w e re  v is ib le  in  th e  e le c tro n  

m ic ro s c o p e . N eg a tiv e ly  s ta in e d  s a m p le s  p re p a re d  as  d e s c r ib e d  in  M ethods 

w e re  ex am in ed , and in  e v e ry  p re p a ra t io n , n u m e ro u s  5 0 -7 0  A f ila m e n ts  w e re  

s e e n . An e le c tro n  m ic ro g ra p h  o f one o f th e se  p re p a ra t io n s  is  show n in  

F ig u re  20. T h e se  f ila m e n ts  had the  c h a r a c te r is t ic a l ly  b ead ed  a p p e a ra n c e  of 

a c tin  f i la m e n ts , ami th e  in te r - b e a d  d is ta n c e  m e a s u re d  ab o u t 50 A, c lo s e  to 

th e  v a lu e  o f  55 A g iv en  by H uxley (65) and f o r  th e  s iz e  o f th e  b ead ed  m o n o m e r
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F ig . 19. P u r if ic a t io n  o f toad  b la d d e r  a c t in - l ik e  p ro te in  by  c h ro m a to g ra p h y  on  

D E A E -c e llu o se  and G -1 5 0  S ephadex . 1) 86 ;ig  h ig h  sp ee d  s u p e rn a ta n t;  2) 48 fig 

f ra c t io n s  3 1 -3 6 ; 3) 36 f ig  m a te r ia l  r e c o v e re d  in  p e l le t  a f te r  p o ly m e riz a tio n ;

4) 32 f ig  m a te r ia l  r e c o v e re d  in  s u p e rn a ta n t a f te r  d e p o ly m e riz a tio n ; 5) 10 fig 

P e a k  I re c o v e re d  f ro m  G -150  S ephadex ; 6) 10 fig P e a k  n  fro m  G -150  S ep h a­

dex ; 7) S ta n d a rd  ac tin , tu b u lin , m y o sin .
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F ig . 20. E le c tro n  m ic ro g ra p h  o f n e g a tiv e ly  s ta in e d  toad  b la d d e r  a c t in - l ik e  

p ro te in  p u r if ie d  by DE A E -c e l lu lo s e  and one c y c le  o f p o ly m e riz a tio n . B eaded  

f ila m e n ts  (a r ro w s )  hav e  th e  d ia m e te r  and a p p e a ra n c e  o f  a c tin  (a rro w s) . 

T h ic k -b ip o la r  f ila m e n ts  a p p e a r  m y o s in - l ik e  (*) x  136, 500



c o m p r is in g  th e  a c tin  f ila m e n t. M a te r ia l  th a t  c o p u r if ie s  w ith  to ad  b la d d e r  

a c t in - l ik e  p ro te in  is  a ls o  p re s e n t  in  th is  e le c tro n  m ic ro g ra p h . M uch o f  the  

m a te r ia l  co n tam in a tin g  th is  s a m p le  h as  th e  a p p e a ra n c e  c h a r a c te r i s t i c  o f 

m y o sin  f ila m e n ts .

A ttem p ts  to d e c o ra te  to ad  b la d d e r  a c t in - l ik e  p ro te in  p r e p a re d  by th is  

m ethod  r e s u l te d  in  no d is c e rn ib le  b ind ing . T h e  p o s s ib le  re a s o n s  fo r  f a i lu r e  

to  d e c o ra te  th is  a c tin  p r e p a ra t io n  w ill b e  p re s e n te d  in  th e  D is c u ss io n . A 

fu r th e r  a tte m p t a t  HMM d e c o ra tio n  w as m ad e  w ith  m a te r ia l  th a t had b een  f u r ­

th e r  p u r if ie d  b y  g e l f i l t r a t io n .

A liquo ts  of both  p eak s  e lu ted  fro m  th e  S ephadex  co lu m n  w e re  s u b je c te d  

to p o ly m e riz a tio n  in p re p a ra t io n  fo r  e le c tro n  m ic ro sc o p y . E le c tro n  m ic ro ­

g ra p h s  o f  th e se  s a m p le s  a r e  show n in  F ig u re s  21 th ro u g h  23. A 

m ic ro g ra p h  fro m  P e a k  I is  p re s e n te d  in F ig u re  21. T h is  m a te r ia l  fo rm ed  

v e ry  few f ila m e n ts ;  th e  m a jo r ity  o f th e  p ro te in  in  th e  s a m p le  s e e m e d  to h av e  

no obvious m o rp h o lo g ic  c h a r a c te r i s t i c s .  No ch an g es  in  th e  m o rp h o lo g y  o f th is  

s a m p le  w as o b s e rv e d  a f te r  t r e a tm e n t  w ith  HMM.

F ig u re  22 d e p ic ts  p o ly m e riz e d  m a te r ia l  fo rm e d  fro m  P e a k  n  o f th e  ge l 

f i l t r a t io n  co lu m n . A c tin - lik e  f ila m e n ts  c an  b e  s e e n  w hich  a r e  s im i l a r  to th o se  

d e s c r ib e d  above, th a t  w e re  fo rm e d  fro m  s a m p le s  ta k en  p r io r  to  S ephadex  

c h ro m a to g ra p h y . No m y o s in - lik e  f ila m e n ts  w e re  o b se rv e d  in  th is  p re p a ra t io n .

F ig u re  23 show s th e  r e s u l t  o f In cu b a tin g  s a m p le s  f ro m  P e a k  n  w ith  HMM. 

No 5 0 -7 0  A f ila m e n ts  a r e  now v is ib le  and the  s a m p le  h a s  ta k e n  on th e  a p p e a ra n c e  

o f  a f ilam en to u s  n e tw o rk . No d is c e rn ib le  a rro w h e a d  f ig u re s  w ith  q u a n tif ia b le
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F ig . 21. E le c tro n  m ic ro g ra p h  o f  P e a k  I f ro m  G -150 S ep h ad ex  co lu m n  a f te r  

e x p o su re  to p o ly m e riz in g  co n d itio n s . F ew  f ila m e n ts  a r e  a p p a r e n t ;  SDS g e ls  

o f th is  p e a k  show  l i t t l e  45, 000 d a lto n  m a te r ia l .  O nly a g g re g a te d  g lobs a p p e a r  

to b e  p r e s e n t ,  x  139, 600
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F igures 22 and 23
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F ig , 22. E le c tro n  m ic ro g ra p h  o f  n eg a tiv e ly  s ta in e d  p r e p a ra t io n  o f  P e a k  H 

f ro m  G -150  S ephadex  a f te r  e x p o s u re  to p o ly m e riz in g  m ed iu m . A f in e  ne tw o rk  

o f  n e g a tiv e ly  s ta in e d  f ila m e n ts  w ith  th e  a p p e a ra n c e  o f a c tin  i s  v is ib le . Few  

o th e r  s t r u c tu r e s  a r e  a p p a re n t in  th is  m ic ro g ra p h , x  139, 600

F ig . 23. S am e as  in  F ig . 22 b u t t r e a te d  w ith  HMM. N ote th e  th ic k e n e d  

a p p e a ra n c e  o f the  f i la m e n t n e tw o rk s  th ro u g h  w hich in d iv id u a l a c t in - l ik e  

f ila m e n ts  c an  s o m e tim e s  be o b s e rv e d , x  139, 600
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d im e n s io n s  a r e  o b s e rv e d , a lthough  i t  is  c le a r  th a t  H M M -tre a tm e n t h as  had 

so m e  e ffe c t on  th is  m a te r ia l .

E s t im a te s  o f  A ctin  C on ten t and Y ields 

T h e  c o n te n t o f  a c tin  in  n o n m u sc le  c e l ls  h a s  b een  e s tim a te d  a t  b e tw een  

5 and 10% o f th e  to ta l  c e l l  p ro te in  (144). E s t im a te s  o f the  a c tin  co n ten t o f toad 

b la d d e r  e p ith e lia l  c e l ls  w e re  m ade u s in g  d a ta  o b ta in ed  f ro m  SDS g e ls ,  D e n s i-  

to m e tr ic  t r a c in g s  w e re  m ad e  o f in i t ia l  h ig h -s p e e d  s u p e rn a ta n ts  p re p a re d  d u r in g  

e x tr a c t io n  o f a c t in - l ik e  p ro te in  b y  the  m ethod  o f  G ordon  (48). X e ro x  c o p ie s  

o f  th e  s c a n s  w e re  c u t o u t and w eighed  on  a  M e ttle r  b a la n c e . T h e  w eig h t o f the  

a c tin  band  w as d iv id ed  by th e  w eig h t o f th e  e n t i r e  cu t ou t s c a n , and th is  f ig u re  

w as n o rm a liz e d  to  the  f ra c tio n  o f to ta l p ro te in  co n ta in ed  in  th e  s u p e rn a ta n t  

f ra c tio n . M e a su re m e n ts  m ad e  f ro m  two s e p a r a te  e x tr a c t io n s  g av e  f ig u re s  o f 

10 and 12%, re sp e c t iv e ly ,  fo r  th e  p ro p o r tio n  o f  to ta l p ro te in  r e p re s e n te d  by th e  

45, 000 d a lto n  com ponen t.

T h e se  f ig u re s  w e re  u sed  to  c o n s tru c t  a  ta b le  o f  th e o re t ic a l  and o b se rv e d  

y ie ld s  f o r  th e  v a r io u s  e x tra c tio n  m eth o d s  u sed  (T ab le  6 , s e e  p. 94 fo r  legend).

T a b le  6. T h e o re t ic a l  and O b se rv ed  Y ie lds o f A c tin - lik e  P ro te in
E x tra c tio n
M ethod

H igh-Speed Sup. 
T o ta l P ro te in  (mg)

F in a l P r o ­
te in  (mg)

% Y ield  
P ro te in

% Y ield A ctin  
(if p u re )*

M odified  H a rtw ig 23. 0 0 .4 2 17+

A ceto n e 7 .2 0, 06 0. 83 11 +

D EAE 1 2 7 .3 0. 18 0. 66 15+

2 22. 1 0 .3 1 1 .4 14+

3 38, 0 1*2 4 .1 31 +

D EA E ■+■ G -150 3 4 .4 0 .1 + + 0 . 2 9 2 . 9
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* T h e o re t ic a l  100% y ie ld  o f a c t in - l ik e  p ro te in  w as e s tim a te d  a s su m in g  a c tin  

acco u n ts  fo r  10% o f the p ro te in  p r e s e n t  in  th e  h ig h -s p e e d  su p e rn a ta n t.

+ A c tu a l y ie ld  o f a c tin  w as r e a l ly  m uch  lo w e r  th an  th is  due to the  la r g e  num ­

b e r  o f o th e r  p ro te in s  co n tam in a tin g  th e  f in a l s a m p le .

++ T h e  lo s s  o f 43, 000 d a lto n  p ro te in  o c c u r re d  d u r in g  c h ro m a to g ra p h y  on G -150 

S ephadex , b e c a u se  o f th e  d if f ic u ltie s  e n c o u n te re d  in  q u a n tita tiv e ly  r e c o v e r in g  

th e  a lre a d y  tin y  v o lu m e o f s a m p le  ap p lied .

m. In  S itu  L a b e lin g  o f A ctin  F ila m e n ts  w ith  H eavy M ero m y o s in

T o d e te rm in e  u n eq u iv o ca lly  w h e th e r  a c tin  w as p r e s e n t  in  toad  b la d d e r  

e p ith e lia l  c e l ls ,  th e  m ethod  o f in  s itu  la b e lin g  o f  a c tin  w ith  heavy  m e ro m y o s in  

(HMM) w as em p lo y ed . T he p ro c e d u re  fo r  g ly c e r ln a tio n  o f t i s s u e  and s u b s e ­

qu en t in cu b a tio n  w ith  HMM w as d ev e lo p ed  by  H uxley u s in g  m u sc le  t i s s u e  (65) and 

m od ified  by Ish ik aw a  e t  a l. .who ex ten d ed  th e  tech n iq u e  to d e m o n s tra te  a c tin  f i la ­

m e n ts  in  n o n m u sc le  c e lls  (66).

Iso la te d  toad  b la d d e rs  w e re  in cu b a ted  in  g ra d e d  g ly c e ro ls  and ex p o sed  

to  HMM. In c o n tro l e x p e r im e n ts , e i th e r  HMM w as o m itte d  o r  6 m M  n e u tra ­

liz e d  A T P  w as in c lu d ed  in  the  HMM in cu b a tio n  m ix tu re . T he d e ta i ls  o f th is  

p ro c e d u re  a r e  d e s c r ib e d  in  M ethods, B la d d e r  se g m e n ts  w e re  then  fixed  in  

g lu ta ra ld e h y d e  co n ta in in g  0. 2 % ta n n ic  ac id . (In c lu s io n  o f ta n n ic  a c id  in  th e  

p r im a r y  f ix a tiv e  h a s  b e e n  show n by  B egg  e t  a l.(lO ) to en h an ce  th e  p h o to g ra p h ic  

a p p e a ra n c e  o f  a r ro w h e a d s  fo rm e d  by  th e  in te ra c t io n  o f  a c tin  w ith  H M M .) T h e  

s a m p le s  w e re  su b se q u e n tly  em bedded  in  E pon and th in  s e c tio n s  o f  bo th  e p ith e ­

l ia l  c e l ls  and sm o o th  m u sc le  w e re  th e n  ex am in ed  b y  t r a n s m is s io n  e le c tro n
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m ic ro s c o p y .

T he m o rp h o lo g ic  fin e  s t r u c tu r e  o f th e  in ta c t  toad  u r in a ry  b la d d e r  h a s  

b e e n  d e s c r ib e d  (19, 24, 109). F ig 2 4  is  a t r a n s m is s io n  e le c t r o n  m ic ro g ra p h  o f 

a  th in  s e c tio n  o f a  ty p ic a l  in ta c t  b la d d e r  p re p a ra t io n . A la y e r  of e p ith e lia l  

c e l ls  fa c e s  th e  lu m e n  o f the  b la d d e r , and is  s e p a ra te d  a t  i ts  b a s a l  s u r f a c e  

f ro m  su p p o rtin g  t i s s u e s  by a  b a s e m e n t m e m b ra n e . T h e se  s t r u c tu r e s  r e s t  

upon  a  su b m u c o sa  in  w hich  c o lla g e n  f ib r i l s  and an  o c c a s io n a l f ib ro b la s t  can  

be s e e n . A la y e r  o f sm o o th  m u sc le  c e l ls  u n d e r lie s  the c o llag en  la y e r ,  w hich  

i s  c o v e re d , a t  th e  s e r o s a l  s u r f a c e  o f  the b la d d e r , by an  in c o m p le te  la y e r  o f 

m e so th e liu m  (not show n).

In th is  m ic ro g ra p h , th re e  ty p es  o f e p ith e lia l  c e l l s  c an  be s e e n . G ra n u la r  

(G) c e l ls ,  w hich  acco u n t fo r  80-90%  o f th e  c e lls  in  th e  e p ith e liu m , c o n ta c t bo th  

the lu m en  and the  b a s e m e n t m e m b ra n e , and can  be  id e n tif ie d  by th e i r  n u m ero u s  

s h o r t  m ic ro v il l i  and by th e  e le c tro n -d e n s e ,  m e m b ra n e - l im ite d  g ra n u le s  a t 

t h e i r  a p ic a l s u r f a c e .  M ito c h o n d r ia - r ic h  c e lls  m ak e  up 5-10%  o f the  c e l ls  in  

th e  ep ith e liu m  (24, 109) and a r e  id en tified  by the long , f in g e r - l ik e  m ic ro v il l i  

a t  th e i r  a p ic a l s u r fa c e  and n u m ero u s  m ito c h o n d ria  th a t in  so m e  s e c tio n s  h av e  

an  e lo n g a ted  a p p e a ra n c e . T h is  c e l l  type a lso  sp a n s  th e  e n t i r e  ep ith e liu m , 

h av in g  its  b a s a l  s u r f a c e  ab u ttin g  the  b a s e m e n t m e m b ra n e . In  c o n tr a s t ,  b a s a l  

e p i th e lia l  c e l ls  do  no t c o n ta c t the b la d d e r  lu m e n  b u t l ie  b e tw een  the  b a s e m e n t 

m e m b ra n e  and o th e r  e p ith e lia l  c e l ls ,  T y p ica lly , b a s a l  c e l ls  h av e  lo n g  o r  

m u ltt- lo b e d  n u c le i w hich  occupy  a  la r g e  p ro p o r tio n  o f the c e l l  c y to p la sm .

95



Figure 24
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F ig u re  25



F ig . 24. T ra n s m is s io n  e le c tro n  m ic ro g ra p h  o f s e c tio n  o f n o rm a l toad  b la d d e r . 

The ep ith e liu m  show s g ra n u la r  c e lls  (G) co n ta in in g  n u m ero u s  e le c tro n -d e n s e  

g ra n u le s  (a rrow ), m ito c h o n d ria - r ic h  c e lls  (M) and b a s a l c e lls  <B). C ollagen  

(Co) s e p a ra te s  the e p ith e lia l b a se m e n t m em b ra n e  fro m  th e  sm oo th  m u sc le  

l a y e r  (S), x 9, 500

A ll m ic ro g ra p h s  a r e  o f th in  se c tio n s  s ta in e d  w ith u ran y l a c e ta te  and lead  

c i t r a te  a s  d e s c r ib e d  in  M ethods.

F ig . 25. E le c tro n  m ic ro g ra p h  of a p ic a l reg io n  f ro m  se c tio n  o f g r a n u la r  ep ith e ­

l ia l  c e ll .  T he m ic ro v il l i  and ap ica l c o r t ic a l  re g io n  co n ta in  a  d en se  m ic ro f l la -  

m en t netw ork  (mf). M e m b ra n e -lim ite d  g ra n u le s  (G) and a  m ic ro tu b u le  se g ­

m en t (mt) a r e  lo c a te d  in the a p ic a l cy to p lasm , a s  a r e  v e s ic le s  of rough  (rE ) 

and sm o o th  (sE ) re tic u lu m , and f re e  r ib o so m e s . A ju n c tio n a l co m p lex  c o n s is t­

ing  of a  zonula occ ludens (zo) and p a r t  o f a  m acu la  ad h e re n s  (ma) a r e  a lso  v is ib le ; 

bund les o f 100 A fila m e n ts  (a rro w s) a lso  o c c u r  in  th e  ap ic a l cy to p lasm , x 57, 500



R esu lts  o f  HMM L abeling  of E p ith e lia l C e lls  

T he G ra n u la r  C ell

F ig u re  25 Is  a  high pow er e le c tro n  m ic ro g ra p h  o f the  ap ica l re g io n  o f a  

g ra n u la r  e p ith e lia l c e ll  (from  an  u n tre a te d  b la d d e r) . T he ap ica l s u r fa c e  o f  the 

c e ll  show s th e  c h a ra c te r is t ic a l ly  w ebbed ap p e a ra n c e  of the  m ic ro v il l i .  Sub­

tend ing  th is  s u r fa c e  is  a  m ic ro  f ilam en to u s netw ork  hav ing  a  fuzzy a p p ea ra n c e  

th a t c o n s is ts  o f a p p a re n tly  ran d o m ly  o r ie n te d  (o r in  so m e  se c tio n s , o r ie n te d )  

f ila m e n ts . M easu rem en ts  m ad e  on o r ie n te d  f ila m e n ts  have d e m o n s tra te d  th e ir  

d ia m e te r  to  be  50-70  A, s im i la r  to th a t d e s c r ib e d  fo r  a c tin  f ila m e n ts . In the 

su b ja c en t cy to p la sm  a r e  p ro m in en t 100 A f ila m e n ts , (In o th e r  ep ith e lia l c e lls ,  

such  fila m en ts  have been  id en tified  as p r e k e ra t in  (45).) A m ic ro tu b u le  s e g ­

m ent th a t c o u rse s  th rough  th e  ap ica l cy to p la sm  h as  one end em bedded in  th e  

ap ica l su b p la sm a le m m a l re g io n  ( te rm in a l w eb).

U nderneath , and em bedded in, the c o r t ic a l  m lc ro f lla m e n t netw ork , a r e  

the m e m b ra n e -lim ite d  g ra n u le s  (fo r w hich th e  c e ll  is  nam ed) and a lso  v a r io u s  

types o f u n id en tified  v e s ic le s .  Som e of th e  l a t t e r  m ay  co n s titu te  c is te rn a e  of 

sm o o th  en d o p lasm ic  re tic u lu m , and o th e rs  m ay  b e  endocy tic  v e s ic le s  ( 99 ), 

O ccasio n a l m ito ch o n d ria  a re  a lso  p re s e n t  in  th e  a p ic a l cy to p lasm , a s  w ell as  

c is te rn a e  of rough and sm o o th  en d o p lasm ic  re tic u lu m , and n u m erous f r e e  

r ib o so m e s .

T he ap ica l re g io n  o f a  g ra n u la r  c e l l  f ro m  a  g ly c e r in a te d  c o n tro l toad 

b la d d e r  p re p a ra t io n  is  show n in  F ig u re  26. E x ten s iv e  d is ru p tio n  o f th e  n o rm a l 

m orpho logy  has  o c c u rre d , b u t th e  ap ic a l m e m b ra n e  w ith  i ts  c o r t ic a l  f ilam en ­

tous la y e r  i s  s t i l l  c le a r ly  id en tifiab le , and a p p e a rs  to  be  continuous w ith  the
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Figure 26



F ig u re  27



F ig . 26. A p ical reg io n  o f a  g ly c e r in a te d  c o n tro l g ra n u la r  e p ith e lia l c e ll .  

M ic ro v illi (mV) co n ta in  e le c tro n -d e n s e  f ilam en to u s  m a te r ia l  (f), and th e  

ap ica l s u rfa c e  is  co v ered  by th e  g ly co ca ly x  (g). N um erous v e s ic u la te d  s t r u c ­

tu re s  and 100 A filam en ts  (a rro w s) a r e  p r e s e n t  in  the a p ic a l cy to p la sm , 

x  57, 500

F ig . 27. A pical reg io n  o f a  g ly c e r in a te d  g ra n u la r  c e ll t re a te d  w ith  HMM 

and A T P  (as c o n tro l fo r  HMM). V es icu la ted  o rg a n e lle s  a p p e a r  em bedded  in  

a  netw ork  of 100 A fila m e n ts  (a rro w s) and lig h tly  s ta in e d  50-70  A filam e n ts  

w ith th e  beaded  s t r u c tu r e  o f a c tin  (*). Som e v e s ic le s  a p p e a r  to  h av e  a ttach ed  

r ib o so m es  (R) and m ay  thus r e p re s e n t  rough e n d o p la sm ic  re tic u lu m , 

x  114,000
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m ic ro v illu s  c o re . T he m ic ro v il l i  a r e  th row n Into  fo lds (p licae), and in  th is  

m ic ro g ra p h , th e  g ly co ca ly x  su rro u n d in g  th e  a p ic a l m e m b ra n e  has  b e e n  w ell 

p re s e rv e d . It m ay  be noted th a t th e  m orp h o lo g ic  a p p e a ra n c e  o f the g ly co ca ly x  

d iffe rs  fro m  th a t o f the fine  f ilam en to u s fu zz  com posing  th e  su b p la sm a le m m a l 

m ic ro f ila m e n t netw ork . N um erous u n id en tifiab le  g ra n u le s  and v e s ic le s  a re  

p re s e n t  in the  cy to p lasm  and a p p e a r  to b e  en m esh ed  In a  p ro m in en t netw ork  

of ran d o m ly  o r ie n te d  100 A filam en ts .

F ig u re  27 Is a  h ig h e r  pow er m ic ro g ra p h  of th e  ap ica l reg io n  of a  g ra n u la r  

c e ll  f ro m  a  c o n tro l p re p a ra tio n  tre a te d  w ith  g ly c e ro l and w ith  HMM in  the  p re ­

se n c e  o f 6 m M  A T P . N um erous g ra n u la r  and v e s ic u la r  o rg a n e lle s  a r e  again  

v is ib le  and a p p e a r  to b e  em bedded  in  the c y to sk e le ta l m a tr ix , a s  in  th e  g ly c e r i­

nated  c o n tro l show n in  F ig u re  26. C lo se  o b se rv a tio n  of th is  h igh  pow er m ic ro ­

g rap h  re v e a ls  th a t two types o f f ila m e n ts  a r e  p re s e n t.  The d a rk ly  s ta in e d  100 A 

f ila m en ts , w hich a p p e a r  both  in d iv id u a lly  and in  ran d o m ly  o r ie n te d  bu n d les, 

c r i s s - c r o s s  the  e n t ire  fie ld . Upon c lo se  in sp ec tio n , a  seco n d  c la s s  o f f ila m en ts , 

hav ing  a  d ia m e te r  about o n e -h a lf  th a t o f the 100 A f ila m en ts , i . e . , 50 A can  

be o b se rv e d . T h e se  f ila m e n ts  do not s ta in  as  d a rk ly  as  th e  100 A f ilam e n ts .

T his f ig u re  re v e a ls  th a t th e se  f ilam en ts  w ith  a  d ia m e te r  of be tw een  50 and 70 A 

a r e  beaded . T hey a r e  s e e n  to fo rm  an  in te rc o n n ec tin g  n e tw ork  w ith  the 100 A 

f ilam en ts  and o th e r  o rg a n e lle s  in  th is  c o n tro l m ic ro g ra p h .

T he e ffec ts  o f HMM incubation  o f g ly c e r in a te d  toad b la d d e rs  a r e  show n 

in  the  m ic ro g ra p h s  of g ra n u la r  c e lls  p re se n te d  in  F ig u re s  28 th ro u g h  30.

F ig u re  28 is  the  a p ic a l re g io n  o f a  g ra n u la r  c e l l  f ro m  a  g ly c e r in a te d  

b la d d e r  t re a te d  w ith  HMM in w hich th e  lu m in a l s u rfa c e  is
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Figure 28
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Figure 28 A and B
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F ig . 28 A .A pical re g io n  o f g ly c e rin a te d  g ra n u la r  c e ll  t r e a te d  w ith  HMM.

C o rtic a l a c tin  m ic ro  f ilam en ts  fo rm  a  d e c o ra ted  netw ork . A rro w h e a d -d e c o ra te d  

fila m e n ts  a r e  a s so c ia te d  w ith  th e  m ic ro v illi ,  and ap ica l m e m b ra n e  (a rro w s) and 

with cy to p la sm ic  m e m b ra n e - lim ite d  o rg a n e lle s  (s ta r re d ) . 100 A f ila m e n ts  do not 

b ind  HMM. x 57, 500

F lg .2 8 £ .  show s d e c o ra te d  m ic ro v illu s  and a s so c ia te d  te rm in a l  web re g io n  a t 

h ig h e r  m ag n ifica tio n . H M M -decora ted  a c tin  f ila m e n t ne tw ork  is  c le a r ly  v is ib le  

In the m ic ro v illu s  c o re  and a sso c ia te d  w ith  th e  ap ica l m e m b ra n e , x  115, 000 

F ig , 28C . show s s ta r r e d  a r e a  a t h ig h e r  m ag n ifica tio n . A rro w h e a d -d e c o ra te d  

f ilam en ts  a r e  a s so c ia te d  w ith th e  m e m b ra n e  su rro u n d in g  a  c y to p la sm ic  o rg a n e lle , 

x  115, 000.
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v is ib le . N um erous cy to p la sm ic  g ra n u le s  and v e s ic le s  a r e  a lso  se e n . T h e  m i­

c ro v ill i  and su b p la sm a lem m a l reg io n s  co n ta in  ran d o m ly  o r ie n te d  a r ro w h e a d -  

d e c o ra te d  f ilam en ts  c h a r a c te r is t ic  o f  th e  acto-H M M  in te ra c tio n . T h e se  s t r u c ­

tu re s  a r e  p ro m in en t in  the  m ic ro v illu s  c o re s  and a p p a ren tly  ex tend  fro m  th e  

m e m b ra n e  in to  the  ap ica l cy to p lasm . T he p re se n c e  of acto-H M M  a rro w h e a d s  

In th is  p re p a ra t io n  can  be  view ed to b e t te r  advan tage in  F ig u re s  28 B and C. 

F ig u re  28 B show s a  high pow er view  of a  s h e a re d  m ic ro v illu s  and the su b ­

p la sm a le m m a l c o r t ic a l  reg io n ; d e c o ra te d  m ic ro  f ilam en ts  a p p e a r  to be  

a s so c ia te d  w ith the m ic ro v illu s  m e m b ra n e  and to  fo rm  a  la ttic e w o rk  w ith in  the  

m ic ro v illu s  c o re . In c a s e s  w h e re  the o r ie n ta tio n  of the  d e c o ra te d  f ila m en ts  

can  be d isc e rn e d , row s o f a rro w h e a d s  o rig in a tin g  fro m  the m em b ra n e  c an  b e  

o b se rv e d  poin ting  e i th e r  aw ay from  o r  tow ard  th e  in te r io r  o f  th e  m ic ro v illu s .

T he a s so c ia tio n  o f ac tin  m ic ro f ila m e n ts  w ith  o rg a n e lle s  is  d ep ic ted  in  F ig u re  

28 C.

T h is  f ig u re  a lso  show s the a rro w h e a d -d e c o ra te d  m ic ro f ila m e n ts  w hich 

m ak e  up a  la rg e  p ro p o rtio n  o f the  cy to p la sm  in  the  ap ica l su b p la sm a le m m a l 

( te rm in a l web) reg io n . In th is  m ic ro g ra p h  (F ig u re  28) i t  is not p o ss ib le  to 

d is tin g u ish  w ith c e r ta in ly  the  o r ie n ta tio n  o f th e se  c y to p la sm ic  H M M -decora ted  

f ila m e n ts . H ow ever, i t  i s  c le a r  th a t th e se  f ila m e n ts  fo rm  a  fib ro u s  la ttic e w o rk  

in  the  cy to p lasm , su rro u n d in g  g ra n u le s  and v e s ic le s  p re s e n t  in  the a r e a  of 

the  e p ith e lia l c e ll .  It is  no tew orthy  th a t 100 A fila m e n ts  a r e  p r e s e n t  in  the  

s u b c o r tic a l  cy to p lasm  bu t a r e  not d e c o ra te d  w ith HMM.

A s im i la r  s itu a tio n  e x is ts  in the  g ra n u la r  c e ll  show n in  F ig u re  29. T h is  

m ic ro g ra p h  show s th e  b a s o la te ra l  s u rfa c e  o f a  g ra n u la r  e p ith e lia l c e l ls .  A rro w -
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Figure 30
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F ig . 29. B a s o la te ra l  s u rfa c e  of a  g ly c e r in a te d  g ra n u la r  e p ith e lia l  c e ll  t re a te d  

w ith  HMM. T he n u cleu s and in te rd ig ita te d  a r e a  o f a  n e ig h b o rin g  c e ll (I) a r e  

v is ib le . D e c o ra te d  a c tin  f ilam en ts  c o u rse  b en ea th  the m e m b ra n e  to  w hich  they  

o c c a s io n a lly  a p p e a r  to  b e  a ttach ed  (a rro w s) . D ire c tio n s  o f in d iv id u a l a r ro w ­

h ead s can  b e  d isc e rn e d , x 114, 000.

F ig , 30. A p ical s u r fa c e  o f a  g ra n u la r  e p ith e lia l c e l l  t re a te d  w ith  HMM. Un­

d e rly in g  th e  b la d d e r  lu m en  (L) in  the a p ica l c y to p la sm , a  n e tw o rk  of HM M - 

d e c o ra te d  a c tin  f ila m e n ts  (F) is  a s so c ia te d  w ith  a  m e m b ra n e - lim ite d  e le c tro n -  

d e n se  g ra n u la r  s t r u c tu r e ,  x 114, 000
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h e a d -d e c o ra te d  f ila m e n ts  c o u r s e  b e n ea th  th e  m e m b ra n e  and  a p p e a r  In  c lo s e  

a s s o c ia t io n  w ith  th e  m e m b ra n e  in  c e r ta in  a r e a s .  D e c o ra te d  a c t in  f ila m e n ts  

a lso  a p p e a r  to  be  a s s o c ia te d  w ith  th e  m e m b ra n e s  l im it in g  c y to p la sm ic  o rg a n ­

e l le s .  In th is  m ic ro g ra p h  th e  s p e c if ic  o r ie n ta tio n  o f  the d e c o ra te d  f ila m e n ts  

can  be  d e te rm in e d . F ila m e n ts  w ith  row s o f a r ro w h e a d s  p o in tin g  in  v a r io u s  d i­

re c t io n s  can  be  o b s e rv e d . H ow ever, a l l  the  a r ro w h e a d s  o f a  s in g le  f ila m e n t 

a lw ays h av e  th e  s a m e  o r ie n ta tio n , a s  i s  c h a r a c te r i s t i c  o f  H M M -deco  ra te d  

p re p a ra t io n s  o f  a c tin  f ila m e n ts  f ro m  a ll  c e l l  ty p e s  (65, 66, 94).

T h e  a s s o c ia t io n  o f a c tin  f ila m e n ts  w ith  o rg a n e lle  m e m b ra n e s  is  ag a in  

a p p a re n t in  F ig u re  30, U n d erly in g  the  a p ic a l p la s m a  m e m b ra n e  o f th is  g ra n u ­

l a r  c e l l  t r e a te d  w ith  HMM is  a  g ra n u le  s u rro u n d e d  by  a  n e tw o rk  o f  a r ro w h e a d -  

d e c o ra te d  a c tin  f i la m e n ts .  100 A f ila m e n ts  a r e  a lso  p ro m in e n t in  th is  m ic r o ­

g ra p h  bu t do not d e c o ra te  w ith  HMM.

O th e r  E p ith e lia l  C e lls  

H M M -deco ra te d  f ila m e n ts  w e re  o b s e rv e d  in  a ll ty p es  o f  to ad  b la d d e r  e p ith e ­

l i a l  c e l l s .  H ow ever, th e  g ly c e r in a tio n  p ro c e d u re  to w hich th e  b la d d e rs  w e re  

su b je c te d  r e s u l te d  in  too e x te n s iv e  a  d is ru p tio n  o f c e l lu la r  e le m e n ts  to  a llow  d e­

ta i le d  c h a r a c te r iz a t io n  o f th e  m ic ro f i la m e n ts  in  c e l ls  o th e r  th an  th e  g r a n u la r  c e l ls ,

M lto c h o n d ria -R lc h  C e ll 

F ig u re  31 i s  a  m ic ro g ra p h  show ing  th e  n o rm a l m o rp h o lo g y  o f  th e  a p ic a l  

re g io n  o f  a  m ito c h o n d r ia - r ic h  (MR) c e l l .  T he m ic ro v i l l i  a r e  lo n g e r  th a n  th o se  

o f  th e  g r a n u la r  c e ll ,  b u t th e i r  c o re s  h av e  a  s im i l a r  f in e ly  f ila m e n to u s  a p p e a ra n c e . 

T he a p ic a l  b o u n d a ry  o f  th is  c e ll  i s  h ig h ly  I r r e g u la r ;  th e  te r m in a l  w eb a r e a  con­

ta in s  n u m ero u s  v e s ic le s  o f  v a ry in g  s iz e s .  Few  100 A f ila m e n ts  a r e  v is ib le .
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F ig . 31. N orm al m orphology  o f an u n tre a te d  MR c e ll .  T he a p ic a l s u r fa c e  

c o n s is ts  o f n u m erous m ic ro v il l i  and v e s ic le s  (V). M icro tu b u le  seg m e n ts  

(a rro w s) a r e  em bedded In th e  ap ica l m ic ro  f ilam en to u s  m a tr ix .  In the  cy to ­

p lasm , m ito c h o n d ria  (M) have b een  se c tio n e d  along bo th  t r a n s v e r s e  and long i­

tud ina l ax e s . A c e n tr io le  (C) and e le c tro n -d e n s e  g ra n u le s  (G) a r e  a lso  p re se n t,  

a long  w ith  r ib o so m es  (R). T he b a s o la te ra l  m e m b ra n e  is  in te rd ig ita te d  w ith 

th a t o f a  ne ighboring  c e ll ,  r ic h  in  100 A f ila m e n ts . A d e sm o so m e  (ma) o c c u rs  

in  th is  reg io n , x  57, 500
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T he c e n tra l  cy to p lasm , co n ta in s  abundant m ito ch o n d ria  th a t a p p e a r  to  b e  e m ­

bedded in  a  filam en to u s  m a tr ix .

A fte r  th e  g ly c e r in a tio n  p ro c e d u re ,a n  o c c a s io n a l MR c e ll  can  be te n ta tiv e ­

ly  id en tified . F ig u re  32 A show s the  a p ic a l reg io n  o f su ch  a  c e ll  (id en tified  by  

i t s  n a rro w  lu m in a l b o rd e r , ty p ic a l o f  th is  c e ll type). The m ic ro v i l la r  reg io n  

o f th is  c e ll  h as  b een  d is ru p te d  by the g ly c e ro l tre a tm e n t, bu t th e  ju n c tio n a l 

co m p lex es by  w hich i t  is  a ttach ed  to n e ighboring  c e lls  a r e  c le a r ly  v is ib le .

T he ap ica l m e m b ra n e  a p p e a rs  to have b illow ed out, fo rm in g , a s  i t  w e re , a  

g ian t m ic ro v il lu s . The a p ica l cy to p la sm  co n ta in s  a  ne tw ork  of d e c o ra te d  f ila ­

m en ts , w hich ap p ea r  to  be a ttach ed  to  the p la sm a  m em b ra n e  in  so m e  a r e a s .  

Som e d e c o ra te d  f ilam en ts  a lso  a r e  a s so c ia te d  w ith the tig h t ju n c tio n . F ig u re  

32 B show s th is  a r e a  a t  h ig h e r  m ag n ifica tio n . H M M -decora ted  f ila m en ts  a re  

c le a r ly  d e m o n s tra te d  w ith th e  p e r io d ic  a rro w h ead  s t r u c tu r e  c h a r a c te r is t ic  of 

th e  acto-H M M  in te ra c tio n . W here they  a r e  a ttach ed  to the  m em b ra n e , th e se  

f ilam en ts  s e e m  to  po in t away fro m  the  su rfa c e .

F ig u re  33 show s a  c e n tra l  a r e a  o f the  sa m e  ep ith e lia l c e ll. T he h eav ily  

v e s ic u la te d  cy to p la sm  a p p e a rs  to  co n ta in  a  s im i la r  H M M -decora ted  f ilam en to u s 

netw ork .

B a sa l C e lls

T he n o rm a l m o rp h o lo g ica l a p p e a ra n c e  of a  b a s a l  ep ith e lia l c e ll is  dem on­

s tr a te d  by the  m ic ro g ra p h  in  F ig u re  34, T h is  c e ll o v e r l ie s  the  b a se m e n t m e m ­

b ra n e  o f  the  ep ith e liu m , bu t u n lik e  th e  g ra n u la r  o r  m ito c h o n d r ia - r ic h  c e ll ,  does 

not co n tac t the lu m in a l s u rfa c e . Its ap ic a l a sp e c t in s te a d  fo rm s  an  In te rd ig ita ted
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Figure 32 A
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Figure 32 B
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Figure 33
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F ig . 32 A. A pical reg io n  of a  te n ta tiv e ly  iden tified  MH c e ll  t re a te d  w ith  

g ly c e ro l and HMM. T h e ap ica l c y to p la sm  ap p ea rs  to c o n s is t  a lm o s t  e n tire ly  

o f a  ne tw ork  of H M M -decora ted  f ila m e n ts  fo rm ing  a  la ttic ew o rk  a ttach ed  In 

so m e  p la c e s  to th e  p la sm a  m e m b ra n e . A few u n d e c o ra te d  100 A fila m e n ts  

a r e  a lso  v is ib le  in  th e  ap ica l cy to p la sm  (F). D eco ra ted  f ila m e n ts  a p p e a r  to 

b e  a s so c ia te d  w ith th e  zonu la  o cc lu d en s  (zo). x  57, 500

F ig . 32 B show s a p ic a l reg io n  a t h ig h e r  m agnifica tion . H M M -d eco ra ted  f i la ­

m en ts  a r e  a s so c ia te d  w ith the  p la s m a  m em b ra n e . A rro w s point to  the  d i r e c ­

tio n  of f ila m e n t d e co ra tio n , x  115, 000

F ig . 33. C e n tra l cy to p la sm  of sa m e  ( ?) MR c e ll  d e c o ra te d  w ith  HMM. N et­

w ork  of d e c o ra ted  a c tin  f ila m e n ts  (F) ap p ea rs  to  b e  a s so c ia te d  w ith v e s ic u la te d  

o rg a n e lle s . O th e r 100 A fila m e n ts  (a rro w s) do n o t d e c o ra te  w ith  HMM. 

x  115, 000
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Figure 34
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Figure 35
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F ig , 34. N orm al m orpho logy  of a  b a s a l  e p ith e lia l ce ll. T h e  ap ica l s u rfa c e  

(A) is  in te rd ig ita te d  w ith  th e  b a s o la te ra l  m e m b ra n e  o f a  n e ighboring  e p ith e lia l 

c e ll;  the  b a s a l  s u r f a c e  r e s t s  on the  b a se m e n t m em b ra n e  (B). T he cy to p lasm  

su rro u n d in g  the p ro m in en t nucleus (N) co n ta in s  100 A fila m e n ts  cu t in  lo n g i­

tu d in a l (L), and t r a n s v e r s e  (T) and ob lique (O) s e c tio n s . N um erous v e s ic le s  

(V), in c lu d in g  a  co a ted  v e s ic le  (a rro w ) a r e  a p p a re n t in  the  b a s a l  cy to p lasm . 

T he p e r in u c le a r  cy to p la sm  h as  a  g ra n u la r  a p p e a ra n c e  and co n ta in s  m any  f re e  

r ib o so m e s , x 57, 500

F ig . 35. P o r tio n  o f a  b a s a l  c e ll  t re a te d  w ith g ly c e ro l and HMM. T h is  ce ll 

w as re la t iv e ly  w ell p re s e rv e d , although i ts  ap ica l s u r fa c e  h as  d e tach ed  fro m  

the neig h b o rin g  g ra n u la r  c e ll .  P ro m in e n t 100 A fila m e n ts  a r e  s e e n  in  the 

cy to p lasm  w hich do no t d e c o ra te  w ith HMM. T he p e r in u c le a r  reg io n  con ta in s 

a  la t t ic e  o f H M M -decora ted  a c tin  f ila m e n ts  (F ), x 57, 500
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s t r u c tu r e  w ith the  m e m b ra n e s  o f o th e r  e p ith e lia l c e lls  (24), The nucleus is  

p ro m in en t and e longated , and a p p e a rs  to  occupy a  la rg e  p ro p o rtio n  o f the  c e ll 

vo lum e. T he cy to p la sm  is  c h a ra c te r iz e d  by a  g ra n u la r  m a tr ix  In  w hich  bundles 

o f 100 A filam en ts  can  be  o b se rv e d  cut In long itu d in a l, ob lique, and c ro s s  s e c ­

tio n s . T h e se  do not d e c o ra te  w ith HMM. O ccas io n a l m ito ch o n d ria  occupy  the 

p e r in u c le a r  reg io n . V e s ic le s  in c lud ing  coated  v e s ic le s  a r e  abundant In  the 

a r e a  o f  the  b a s a l p la sm a  m e m b ra n e . T h e se  a r e  b e lie v ed  to  b e  fo rm ed  by pi no - 

cy tic  ev en ts  a t th is  s u r fa c e  (99).

A p o rtio n  of a  b a s a l c e l l  fro m  a  b la d d e r  t r e a te d  w ith g ly c e ro l and HMM 

is  show n in  F ig u re  35, An ex ten s iv e  a r r a y  o f 100 A filam en ts  w ith in  th is  c e ll 

is  c le a r ly  d e m o n s tra te d  and o ccu p ies  m uch  o f the c e ll cy to p lasm . T h e se  f ila ­

m en ts  do not d e c o ra te  w ith  HMM. H ow ever, the  p e r in u c le a r  reg io n  now con­

ta in s  a  p ro m in en t ne tw o rk  of H M M -decora ted  f ila m e n ts , w hich ag a in  fo rm  a 

la ttic e w o rk  a r ra n g e m e n t. A rra y s  o f su c h  d e c o ra te d  f ilam en ts  w e re  re p ea te d ly  

o b se rv e d  in  b a s a l e p ith e lia l c e lls  o f H M M -trea ted  toad  b la d d e rs .

Sm ooth M uscle  C ells  

B ec a u se  g ly c e r in a tio n  and H M M -trea tm en t w e re  p e rfo rm e d  on w hole toad 

b la d d e rs , i t  w as p o ss ib le  to  u se  the r e s u l ts  o f HMM in te ra c tio n  w ith  the  b la d d e r  

sm o o th  m u sc le  a s  an  in te rn a l  co n tro l.

F tg u re  36 show s an  a r e a  o f  sm o o th  m u sc le  fro m  a toad b la d d e r  not ex ­

po sed  to g ly c e ro l. The d en se  pack ing  o f the m u sc le  f ila m e n ts  d e m o n s tra te s  

the  n o rm a l m orpho logy  o f th is  c e ll  type.

F ig u re  37 show s th e  m orphology  of a  co n tro l p re p a ra t io n  tre a te d  w ith
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F ig u re  36



Figure 37
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Figure 38 A
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Figure 38 B
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F ig . 36. N o rm a l m o rp h o lo g y  o f b la d d e r  sm o o th  m u sc le . T h e  c y to p la sm  is  

d e n se ly  f ila m e n to u s , and  th e  m u s c le  f ila m e n ts  h av e  b e e n  c u t in  t r a n s v e r s e  (T) 

and o b liq u e  (O) s e c t io n s ,  x  57, 500.

F ig . 37. M orphology  o f  g ly c e r in a te d  b la d d e r  sm o o th  m u s c le  t r e a te d  w ith  

HMM and 6 m M  A T P  (as HMM c o n tro l) . T he c y to p la sm  is  m u ch  le s s  d e n se  

th an  in  th e  u su a l EM  p re p a ra t io n , a s  a  r e s u l t  o f the  g ly c e ro l  t r e a tm e n t .  M us­

c le  f ila m e n ts  h av e  b e e n  w e ll p r e s e r v e d ,  and a r e  c u t  m a in ly  in  lo n g itu d in a l 

s e c t io n s ,  x  57, 500

F ig . 38. B la d d e r  sm o o th  m u sc le  t r e a te d  w ith  g ly c e ro l and HMM, T h e d e n s ity  

o f th e  c y to p la sm  h as  b e e n  en h an ced  by HMM b in d in g  to  the a c tin  f ila m e n ts .

A. M ic ro g ra p h  a t  m a g n if ic a tio n  c o m p a ra b le  to th o se  o f  F ig s .  36 and 37. 

show ing  ro w s o f d e c o ra te d  f ila m e n ts  (F). B und les  o f c o lla g e n  (C) h av e  b e e n  

s e c tio n e d  t r a n s v e r s e ly ,  x 57, 500

B. H igh p o w er m ic ro g ra p h  o f d e c o ra te d  sm o o th  m u sc le . T h e  a r ro w h e a d -  

d e c o ra te d  f ila m e n ts  a r e  p ro m in e n tly  d e m o n s tra te d , occupy ing  the  e n t i r e  

f ie ld , x  178, 000
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HMM and 6 m M  A T P . M uch of th e  n o rm a l s t r u c tu r e  is  d is ru p te d  by the  

g ly c e ro l t r e a tm e n t .  H ow ever, the  m u sc le  f ila m e n ts  h av e  b e e n  re a so n a b ly  w e ll 

p r e s e r v e d .  No HMM d e c o ra tio n  Is v is ib le  in  th is  c o n tro l m ic ro g ra p h .

F ig u re  38 A show s a  s im i la r  p r e p a ra t io n  o f toad  b la d d e r  sm o o th  m u sc le  

t re a te d  w ith  HMM in  the a b sen ce  o f A T P . T he c y to p la sm  h as  b e co m e  m uch  

m o re  d en se , due to th e  b in d in g  o f HMM to  th e  m u sc le  a c tin  f ila m e n ts . T he 

ro w s o f a r ro w h e a d -d e c o ra te d  f ila m e n ts  c an  be  s e e n  to b e t t e r  a d v an tag e  in  the 

h ig h e r  p o w er m ic ro g ra p h  in  F ig u re  38 B.

D im en sio n s  o f T oad  B la d d e r  A cto-H M M  

T he p e r io d ic ity  o f the  b in d in g  of HMM to a c tin  f ila m e n ts  in  e p ith e lia l  

c e l ls  w as m e a s u re d , and the  r e s u l ts  a r e  p re se n te d  in  T a b le  7. T he h e a d - to -  

head  sp a c in g  o f the  m y o sin  f ra g m e n ts  w as found to o c c u r  w ith  a  p e r io d ic ity  of 

342 ±  8. 27 A, and the  w id th  o f the  d e c o ra te d  f ila m e n ts  w as 270 ± 8. 71 A, B oth 

o f th e se  e s t im a te s  a r e  in  good a g re e m e n t w ith  p u b lish ed  v a lu e s  fo r  th e  d im e n ­

s io n s  o f d e c o ra te d  f ila m e n ts  o f bo th  m u sc le  and n o n m u sc le  o r ig in s  (10, 65). 

T h e re  w as no d iffe re n c e  in  the d im e n s io n s  o f d e c o ra te d  f ila m e n ts  f ro m  sm o o th  

m u sc le  c e l ls  w hen they  w e re  c o m p a re d  w ith  th o se  o f e p ith e lia l  o r ig in .
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T a b le  7. F i la m e n t P e r io d ic i ty  and W idth  o f T oad  B la d d e r  E p ith e lia l
C e ll A cto-H M M

F ila m e n t A rro w h ea d  P e r io d ic i ty ,  A A rro w h e a d  W idth , A

1 311 278

2 311 244

3 289 200

4 344 278

5 356 311

6 333 278

7 356 289

8 356 289

9 356 300

10 388 256

11 377 278

12 333 244

X=342±8. 27 A

X^270±8. 71 A

M e a su re m e n ts  w e re  m ad e  on g ly c e r in a te d  b la d d e rs  t r e a te d  w ith  HMM. 

A ll m e a s u re m e n ts  w e re  tak en  f ro m  m ic ro g ra p h s  a t a  m a g n ific a tio n  o f 90, 000, 

u s in g  a  m ic ro m e te r  loupe  w ith  0. 1 m m  d iv is io n s .
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DISCUSSION

T he s tu d ie s  d e s c r ib e d  h e re in  h av e  d e m o n s tra te d  th a t  d ih y d ro c y to c h a la -  

s in  B in h ib its  v a s o p re s s in - s t im u la te d  w a te r  m o v em en t in  toad  u r in a ry  b la d d e r  

and th a t th e  c o n tr a c t i le  p ro te in , a c tin , i s  p r e s e n t  in  th e  b la d d e r  e p ith e lia l  

c e l l s .  In v iew  o f r e c e n t  d a ta  on  th e  s p e c if ic i ty  o f  the in te ra c t io n  b e tw een  c y to -  

c h a la s in s  and a c tin , th e se  d a ta  s u g g e s t  th a t  to a d  b la d d e r  e p ith e lia l  c e ll  a c tin  

p lay s  a fu n c tio n a l ro le  in  th e  h o rm o n e -in d u c e d  in c r e a s e  in  w a te r  p e rm e a b il i ty .

I. F u n c tio n a l S tu d ies  w ith  D ih y d ro c y to c h a la s ln  B .

T h e p r e s e n t  s e r i e s  o f s tu d ie s  in d ic a te s  th a t H2 CB is  as  e ffe c tiv e  as  CB 

in  in h ib itin g  the  h y d ro sm o tic  r e s p o n s e  to  v a s o p re s s in  in  th e  to ad  b la d d e r .  A t 

c o n c e n tra tio n s  o f 5 j ig /m l  and 10 j i g /m l  (10. 6 and 21. 2 jiM ), I ^ C B  red u c e d  

h o rm o n e -s t im u la te d  w a te r  flow  by 21 and 43%, re s p e c t iv e ly .  T h e se  v a lu e s  

c o r re s p o n d  c lo se ly  to  th o se  o b ta in ed  by  T a y lo r  e t  a l .  (132) fo r  in h ib itio n  o f 

th e  re s p o n s e  to v a s o p re s s in  by  CB in  th e  toad  b la d d e r . S in ce  i t  is  know n th a t  

H 2 CB does not a ffe c t h e x o se  t r a n s p o r t  (86), th e se  find ings d e m o n s tra te  th a t 

in h ib itio n  o f v a s o p re s s in - in d u c e d  w a te r  m o v em en t by  th e se  m a c ro lid e  a n t i­

b io t ic s  c an  not be m e d ia te d  th ro u g h  b in d in g  s i t e s  s im i la r  to th o se  d e s c r ib e d  

in  s tu d ie s  o f th e  in h ib itio n  o f h ex o se  t r a n s p o r t  by c y to c h a la s in  B.

T h e  r e s u l ts  o f th e  fu n c tio n a l s tu d ie s  w ith  H ^CB e s s e n t ia l ly  p a ra l le le d  

th o se  p re v io u s ly  d e s c r ib e d  fo r  th e  e f fe c t  o f CB in  th e  a n u ra n  b la d d e r  (19, 29, 

33, 130, 132). In th e  s m a ll  s a m p le  s tu d ie d  (n=3), H2 CB a t 5 j i g / m l  d id  not 

s ig n if ic a n tly  in c r e a s e  b a s a l  w a te r  m o v em en t beyond th e  s lig h t  in c r e a s e  in  th is  

p a r a m e te r  induced  in  p a ire d  c o n tro ls  by  DMSO a lo n e ; h o w ev e r, a t th e  h ig h e r
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c o n c e n tr a t io n  u sed  (10 p g /m l)  a  t re n d  to w ard  in c r e a s e d  b a s a l  w a te r  flow  w as 

no ted .

U pon tre a tm e n t  w ith  v a s o p re s s in ,  th e  h e m ib la d d e rs  in cu b a ted  In H 2 CB 

show ed  a  p r o g re s s iv e  in c r e a s e  in  th e  o s m o la lity  o f th e ir  m u c o sa l so lu tio n s . A 

s im i l a r  o b s e rv a t io n  was a ls o  noted by T a y lo r  e t a l .  (130, 132). Such a  le a k a g e  of 

ions in to  th e  m u c o sa l b a th in g  m ed ium , and h en ce  re d u c tio n  in  th e  o s m o tic  g r a ­

d ien t, m ay , in  p a r t, a cco u n t fo r  th e  d is c re p a n c y  in  p u b lish ed  v a lu e s  o f the  e f ­

fe c t iv e n e s s  o f  CB in in h ib itin g  the  v a s o p re s s in  re s p o n s e  (se e  In tro d u c tio n ). If 

in cu b a tio n  o f  b la d d e rs  In CB re s u l te d  in a q u a n tita tiv e ly  s im i la r  am oun t of io n ic  

le a k a g e  in to  th e  m u co sa l so lu tio n  in  the s tu d ie s  r e p o r te d  by D eS ousa  e t  a l. (33), 

th en  the  e f fe c tiv e  o sm o tic  g ra d ie n t d u r in g  th e  v a s o p re s s in  re sp o n s e  w ould a lso  

h av e  b e e n  d im in ish e d . S in ce  no c o r r e c t io n  w as m ad e  in  DeSousa* s  s tu d ie s  fo r  

lo s s  o f  th e  o s m o tic  d r iv in g  fo rc e , th e  in h ib ito ry  e f fe c tiv e n e s s  o f CB w ould h av e  

b e e n  o v e re s t im a te d .

T h e  r e s u l t s  of the  p r e s e n t  s tu d ie s  w ith  H 0 CB s u g g e s t th a t  a c t in - r e la te d  

b in d in g  s i t e s  a r e  involved in  c y to c h a la s in  in h ib itio n  o f v a s o p re s s in - s t im u la te d  

w a te r  flow . A vailab le  ev id e n c e  on  the  in h ib itio n  o f c e ll  m o til i ty  by c y to c h a la s in s  

h as  led  to th e  h y p o th esis  th a t  th e se  d ru g s  I n te r f e r e  w ith  a c tin  In  n o n m u sc le  c e l ls .  

D if f ic u ltie s  in  in te rp re tin g  d a ta  w ith  c y to c h a la s in  B hav e  s te m m e d  f ro m  th e  fa c t  

th a t u n til  re c e n tly ,  a  d i r e c t  e ffe c t o f  c y to c h a la s in  B upon a c tin  had  no t b e e n  s a t i s ­

f a c to r i ly  d e m o n s tra te d . H ow ever, re c e n tly , a  g ro u p  o f e le g a n t s tu d ie s  on the 

in te ra c t io n  o f  nonm uscle  a c tin  w ith  c y to c h a la s in s  by  L in  e t  a l  (88, 89), and 

o th e r s  (16, 17), h as  begun to sh ed  s o m e  lig h t on  the  s p e c if ic  b ind ing  p r o p e r ­

t ie s  o f  th e  c y to c h a la s in s .
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T h e d ev e lo p m en t o f HgCB p e rm itte d  L in  and c o w o rk e rs  to  is o la te  and 

c h a r a c te r iz e  a c t in - r e la te d  c y to c h a la s in  b ind ing  s i te s  in  e x t r a c ts  o f  hu m an  

e ry th ro c y te  g h o s ts  (88, 89) and bovine b r a in  (44). A high m o le c u la r  w eig h t 

co m p lex  w as iso la te d  f ro m  e x tr a c ts  o f  e ry th ro c y te  g h o s ts .  T h is  co m p lex  

co n ta in ed  ac tin , s p e c tr in ,  and o th e r  m in o r  co m p o n en ts , in c lu d in g  two p o ly ­

p e p tid e s  w ith  the  e le c tro p h o re t ic  m o b ility  o f e ry th ro c y te  band  4 .1 .  T he c o m ­

p lex  bound CB and H_CB in  th e  s u b m ic ro m o la r  ran g e  (89), and th is  b ind ing
m t

w as u n affec ted  in  th e  p r e s e n c e  o f g lu c o se . W hen th is  m a te r ia l  w as added  to 

a  low s a l t  so lu tio n  o f m o n o m e ric  (G) ac tio , th e  v is c o s ity  o f the  so lu tio n  in ­

c re a s e d , and e le c tro n  m ic ro s c o p y  o f the n eg a tiv e ly  s ta in e d  s o lu tio n  re v e a le d  

th e  p re s e n c e  o f (F) a c tin  f ila m e n ts , i . e .  , the  co m p lex  induced  p o ly m e riz a tio n .

The h igh  m o le c u la r  w eig h t c o m p lex  a p p e a re d  to p a r t ic ip a te  on ly  in  the in i t ia ­

tio n  o f  a c tin  p o ly m e riz a tio n , s in c e  le s s  th an  1 p g  o f co m p lex  c o n v e rte d  0. 4 m g 

o f  G a c t in  to the  f ila m e n to u s  fo rm . A n in c r e a s e  in  th e  co m p lex  to a c tin  r a t io  

re s u l te d  only in  an  in c r e a s e  o f the r a te  a t  w hich the a c tin  p o ly m e riz e d ; th e  

f in a l e x te n t of p o ly m e riz a tio n  re m a in e d  unchanged . T h e  a b ili ty  o f  th is  c o m p lex  

to in i t ia te  p o ly m e riz a tio n  w as  b locked  in  the  p re s e n c e  o f c y to c h a la s in s . B in d ­

ing  s tu d ie s  p e r fo rm e d  w ith  the  m ix tu re  show ed th a t th e  c y to c h a la s in -b in d in g  co m ­

p le x  b e c a m e  a s s o c ia te d  w ith  the  a c tin  d u r in g  p o ly m e riz a tio n . F u r th e rm o re ,  i t  

w as show n th a t p o ly m e r iz a tio n  in  the p r e s e n c e  o f c y to c h a la s in  B, C, E o r  d ih y d ro -  

c y to c b a la s in  B w as In h ib ited  to the  re la t iv e  e x te n t o f  e a c h  o f  th e s e  c o n g e n e r 's  

c a p a b ility  to  im p a ir  c e ll m o t i l i ty - r e la te d  fu n c tio n s . T hus, i t  a p p e a re d  th a t  

c y to c h a la s in s  s p e c if ic a lly  in h ib ited  p o ly m e riz a tio n  o f  a c tin  in it ia te d  by th is  

m e m b ra n e -b o u n d  co m p lex . T h e se  au th o rs  th e r e fo re  su g g e s te d  th a t the  m e m -
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b r a n e -a s s o c ia te d  c y to c h a la s in  b in d in g  co m p le x  m ay  m e d ia te  so m e  o r  a l l  o f th e  

e f fe c ts  o f  th e s e  d ru g s  upon  m o t i l i ty - r e la te d  fu n c tio n s .

T h e  d a ta  o f  L in  and  c o w o rk e rs  h av e  now b e e n  c o n firm e d  and  ex ten d ed  

in  re c e n t  s tu d ie s  by B r e n n e r  and  K orn  (16). T h e se  in v e s t ig a to r s  is o la te d  a  

s im i l a r  s p e c t r in - a c t in  c o m p lex  f ro m  sh e e p  e ry th ro c y te  m e m b ra n e s , and 

show ed th a t the  co m p lex , co m p o sed  o n ly  o f  th e s e  two p ro te in s ,  w as  s u ff ic ie n t 

to  n u c lea te  a c tin  p o ly m e riz a tio n  in  low io n ic  s tr e n g th  m ed iu m . P o ly m e r iz a t io n  

o f  G a c tin  by th e  s p e c t r in - a c t in  co m p lex  w as in h ib ite d  by s u b s to ic h io m e tr ic  

c o n c e n tra tio n s  o f c y to c h a la s in  D, in  a  m a n n e r  s im i l a r  to  th a t  d e s c r ib e d  by L in  

e t  a l. In te re s tin g ly , the  p o ly m e riz a tio n  o f a c tin  by th is  c o m p le x  w as a lso  

in h ib ite d  in  th e  p r e s e n c e  o f th e  a c tin -b in d in g  p ro te in , p ro f il in  (16). T h e se  

a u th o rs  have now su g g e s te d  th a t  a c tin  p o ly m e r iz a tio n  o c c u rs  by a  t r e a d m il l  

p r o c e s s  s im i la r  to th a t  d e s c r ib e d  by M arg o lis  and W ilso n  (96) fo r  m ic ro tu b u le s , 

and th a t  c y to c h a la s in s  in h ib it a c tin  p o ly m e riz a tio n  by b ind ing  to  the  p o ly m e r iz ­

in g  end o f the a c tin  f ila m e n t. T h e se  r e s u l t s  hav e  b een  f u r th e r  s u b s ta n tia te d  

by w o rk  o f B ro w n  and  S pudich  (17), who found th a t  a c tin  p o ly m e riz a tio n  w as 

b lo ck ed  in  th e  p r e s e n c e  o f s u b m ic ro m o la r  c o n c e n tra tio n s  o f  c y to c h a la s in  D . 

T ak en  to g e th e r , th e s e  s tu d ie s  th e r e fo r e  c o n c lu s iv e ly  d e m o n s tra te  a  s p e c if ic  

in te ra c t io n  b e tw een  a c t in  f ila m e n ts  and c y to c h a la s in . (F o r  a  re c e n t  rev iew , 

s e e  B ra y  (15)).

In  th e  lig h t o f th e s e  r e c e n t  s tu d ie s  on  th e  s p e c if ic  e ffe c t o f c y to c h a la ­

s in s  on a c tin  p o ly m e r iz a tio n , the  r e s u l t s  o f  s tu d ie s  w ith  CB in  th e  toad  b la d ­

d e r  c an  be  r e a s s e s s e d .  T h e  e x p e r im e n ts  w ith  HgCB d e s c r ib e d  h e r e ,  p e r m it  

th e  co n c lu s io n  th a t  in h ib itio n  o f  th e  v a s o p re s s in  r e s p o n s e  by  th e  c y to c h a la s in s
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i s  d ep en d en t upon  th e i r  in te ra c t io n  w ith  a c tin , 

n .  B io c h em ic a l S tu d ies

Iso la tio n  o f  A c tin - lik e  P ro te in  

T h e  b io c h e m ic a l s tu d ie s  d e s c r ib e d  above re v e a le d  th a t  I so la te d  e p ith e ­

l ia l  c e l ls  o f th e  to ad  u r in a r y  b la d d e r  co n ta in  a  low  io n ic  s tr e n g th  so lu b le  s p e ­

c ie s  w ith  th e  e le c tro p h o re t ic  m o b ility  o f  ra b b it  m u s c le  a c tin ,w h ic h  a c c o u n ts  

fo r  abou t 10 p e rc e n t  o f  th e  so lu b le  p ro te in  o f th e s e  c e l l s .

A tte m p ts  a t  f u r th e r  p u r if ic a tio n  o f  th is  p u ta tiv e  a c t in - l ik e  p ro te in  u s in g  

m eth o d s  w hich  re q u ire d  th a t  i t  p o ly m e r iz e  f ro m  e i th e r  low io n ic  s tre n g th  e x ­

t r a c t s  o r  fro m  an  a ce to n e  p o w d er d id  not g ive  any  a p p re c ia b le  e n r ic h m e n t (as 

w ould h av e  b ee n  ex p ec ted  o f m u sc le  a c tin  in cu b a ted  u n d e r  th e s e  c o n d itio n s). 

In sp e c tio n  o f SDS g e ls  o f s a m p le s  p r e p a re d  bo th  by th e  m eth o d  o f H a rtw ig  and 

S to s s e l  (55), and a f te r  a ce to n e  e x tr a c t io n  (129, 150), r e v e a le d  th a t  s e v e r a l  

o th e r  m o le c u la r  w eig h t s p e c ie s  c o p u rif ie d  w ith  th e  45, 000 d a lto n  band  (F ig s .

11, 13). T h e re  i s  a  g ro w in g  l i t e r a t u r e  on th e  p r e s e n c e ,  in  n o n m u sc le  c e l ls ,  

o f an  u n p o ly m e riz a b le  fo rm  o f  a c tin  th a t  i s  co m p lex ed  w ith  o th e r  ( ? a c t in -  

b ind ing) p ro te in s  (20, 55, 70, 95, 135). T hus, i t  s e e m e d  lik e ly  th a t  f a ilu re  

to  p o ly m e riz e  th e  p ro te in  p r e p a re d  by th e s e  m e th o d s  m ay  h av e  o c c u r re d  

b e c a u s e  o f th e  p r e s e n c e  o f  one o f th e  co p u rify tn g  s p e c ie s .

T h e  m eth o d  o f  G o rd o n  e t  a l. (48) w as th e r e fo r e  em p lo y ed  in  an  a tte m p t 

to  s e p a r a te  an  a c tin -c o n ta in ln g  f ra c t io n  f r e e  o f  p o s s ib le  b in d in g  p ro te in s ,  p r io r  

to th e  p o ly m e riz a tio n . T h is  p ro c e d u re  a ffo rd ed  c o n s id e ra b le  e n r ic h m e n t o f  

th e  toad  b la d d e r  a c t in - l ik e  p ro te in  b e fo re  p o ly m e riz a tio n .
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D u rin g  an  a v e ra g e  e x p e r im e n t, abou t 30 ± 4 m g  o f h igh  sp e ed  s u p e rn a ­

tan t w as ap p lied  to th e  DEA E co lu m n , and 6. 4 ±  2 m g  (21%) w as r e c o v e re d  in  

th e  poo led  f ra c t io n s  co n ta in in g  th e  45, 000 d a l to n  band . W hen the  poo led  f r a c ­

tio n s  co n ta in in g  th e  45, 000 d a lto n  p ro te in  w e re  su b seq u e n tly  in cu b a ted  in  p o ly ­

m e r iz in g  m ed iu m , b e tw een  15 and 20% o f the  p ro te in  re c o v e re d  f ro m  D E A E - 

c e l lu lo s e  b e c a m e  s e d im e n ta b le . T h is  r e p re s e n te d  a  m u ch  h ig h e r  y ie ld  o f toad 

b la d d e r  a c t in - l ik e  p ro te in  th an  w ith  e i th e r  o f the  o th e r  two m e th o d s  u se d . P r e ­

su m ab ly , th e r e fo re ,  so m e  in h ib ito r  o f  p o ly m e riz a tio n  w as r e le a s e d  fro m  the  

io n  ex ch an g e  co lu m n  a t low  io n ic  s tre n g th , and c a m e  off in  th e  e a r ly  p eak s  

(F ig s . 15B, 16), w h e re a s  th e  a c t in - l ik e  p ro te in  w as re ta in e d  u n til  the co lu m n  

w as e lu ted  w ith  h igh  ion ic  s tr e n g th  b u f fe r  (0 .1 9  -  0. 24 M KCl, F ig . 15B).

T h e se  r e s u l ts  c lo s e ly  p a ra l le le d  th o se  o b ta in ed  by  G ordon  e t  a l .  (48) fo r  D E A E - 

c e llu lo se  c h ro m a to g ra p h y  o f A can th am o eb a  a c tin . T h u s , th e s e  w o rk e rs  r e ­

c o v e re d  15% o f th e  p ro te in  ap p lied  to th e  D EA E co lu m n  in  th e  a c tin -c o n ta in in g  

f ra c tio n s , o f w hich  27% w as a g a in  re c o v e re d  a f te r  one c y c le  o f  p o ly m e riz a tio n . 

T h a t th e  e n t i r e  e x tr a c t io n  p ro c e d u re  p ro v ed  e x tre m e ly  s u c c e s s fu l  In  p u rify in g  

toad  b la d d e r  a c t in - l ik e  p ro te in  is  c l e a r  fro m  th e  SDS g e l p a t te r n  o f p ro te in  

re c o v e re d  u s in g  th is  m ethod  (F ig s . 17, 18).

T h e  a c t in - l ik e  p ro te in  th u s  is o la te d  fo rm e d  f ila m e n ts  a f te r  in cu b a tio n  

o f the  p u r if ie d  p ro te in  in  p o ly m e riz in g  m ed iu m . T he d ia m e te r  o f the  f ila m e n ts  

w as 50-70  A, th e  s a m e  a s  th a t r e p o r te d  fo r  a c tin s  iso la te d  f ro m  a  v a r ie ty  o f 

n o n m u sc le  s o u rc e s  (115). T he f ila m e n ts  w e re  co m p o sed  o f e le m e n ts  h av in g  

a  b ead ed  a p p e a ra n c e ; in  m u sc le  a c tin , th is  m o rp h o lo g y  is  s a id  to  a r i s e  f ro m
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th e  a s s o c ia t io n  o f th e  g lo b u la r  m o n o m e rs  In fo rm in g  th e  f ila m e n to u s  s t r u c tu r e  

(65). T h e  in d iv id u a l b e a d s  o c c u r re d  ab o u t e v e ry  50 A, c lo s e  to  th e  v a lu e  of 

55 A re p o r te d  by  H uxley (65) fo r  th e  sp a c in g  o f  m o n o m e rs  in  f ila m e n ts  p o ly ­

m e r iz e d  f ro m  is o la te d  ra b b it  m u s c le  a c tin .

W hen th is  f ra c t io n  w as in cu b a ted  w ith  heavy  m e ro m y o s in  p r e p a re d  f ro m  

r a b b i t  m u sc le , no a r ro w h e a d - la b e le d  f ig u re s  could  be  d is c e rn e d  upon  e le c tro n  

m ic ro s c o p e  o b s e rv a t io n  o f n eg a tiv e ly  s ta in e d  s a m p le s .  H o w ev er, th is  r e s u l t  

w as not s u rp r is in g ,  s in c e  th e  a c t in - l ik e  p ro te in  had  no t b e e n  p u r if ie d  to  h o m o ­

g e n e ity .

F u r th e r  p u r if ic a t io n  o f the  to ad  b la d d e r  a c t in - l ik e  p ro te in  u s in g  co lu m n  

c h ro m a to g ra p h y  on G -150 S ephadex  w as th e r e fo r e  a tte m p te d . T h is  g e l f i l t r a ­

tio n  s te p  w as em p lo y ed  in  th e  m ethod  o f  G ordon  e t  a l.  { 48 } in  o r d e r  to  r e ­

m o v e  h igh  m o le c u la r  w e ig h t c o n ta m in a n ts  f ro m  th e  a c tin . T h e  toad  b la d d e r  

s a m p le  w as ap p lied  to  a  0. 9 x 15 cm  S ep h ad ex  co lu m n  a f te r  one cy c le  o f 

p o ly m e riz a tio n . P ro te in  e lu te d  in  two m a jo r  p e a k s ; a  s h a rp  p e a k  m ig ra te d  

w ith  th e  ex c lu d ed  v o lu m e of th e  co lu m n , and a  seco n d , b ro a d e r  p eak  e lu te d  

a t the  s a m e  p o s itio n  as  m o n o m e ric  ra b b it  m u sc le  a c tin . T h e se  r e s u l t s  c o r r e s ­

pond w ell to  th o se  o b ta in ed  by G ordon  e t  a l.  (48) and o th e r s  (3), in  th a t  the 

a c t in - l ik e  p ro te in  e lu te d  f ro m  th e  co lu m n  as  a  b ro a d , s lo w ly  r is in g  p eak  w hich  

th e n  ra p id ly  d e c lin e d . Only abou t 60% o f  th e  p ro te in  a p p lie d  to th e  co lu m n  w as 

re c o v e re d  in  th e s e  two p e a k s ; h o w ev er, only  0. 8 m l o f s a m p le  co n ta in in g  

ab o u t 0. 5 m g  p ro te in  h ad  b e e n  ap p lied . T h e  r e la t iv e ly  low  re c o v e ry  o f p ro ­

te in  w as r e la te d  to th e  fa c t  th a t  th e  s iz e  o f th e  c o lu m n  w as not o p tim a l f o r  th e  

s m a ll  am ount o f  s a m p le  av a ila b le .
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E x a m in a tio n  o f  th e  C o o m a s s ie -B lu e  s ta in e d  g e ls  o f  b o th  co lu m n  p e a k s  

(F ig . 19) re v e a le d  r e la t iv e ly  good s e p a ra t io n  b e tw een  a c t in - l ik e  p ro te in  and 

h ig h e r  m o le c u la r  w e ig h t s p e c ie s .  T h re e  m a jo r  s p e c ie s  (in  a d d itio n  to  a  s m a l l  

am o u n t o f a c t in - l ik e  p ro te in )  w e re  p r e s e n t  in  th e  f ra c t io n s  e lu tin g  w ith  the void 

v o lu m e (peak I), hav ing  m o b ili t ie s  o f  0. 38, 0. 43, and 0. 54 (c o m p a re d  w ith  

0, 70 fo r  a c tin ) . T h e se  r e p re s e n te d  a p p a re n t m o le c u la r  w e ig h ts  o f  107f 000,

95, 000 and 69, 000 d a lto n s , r e s p e c t iv e ly .  G els  c o r re s p o n d in g  to p ro te in  e lu te d  

in  th e  m o le c u la r  w eig h t ra n g e  o f a c tin  (P ea k  II) show ed o n e  m a jo r  b an d , w h ich  

c o m ig ra te d  w ith  au th en tic  ra b b it  m u s c le  a c tin . Two m in o r  b an d s  w e re  a ls o  

p r e s e n t  on th e s e  g e ls , and had m o b il i t ie s  o f 0 .4 3  and 0 ,4 9  (95, 000 and  79, 000 

d a lto n s ) . T h e se  w e re  p r e s e n t  in  p eak  I in  g r e a te r  am o u n t. W hile  i t  is  not 

p o s s ib le  to id e n tify  th e  p ro te in s  th a t  e lu te d  e i th e r  w ith  a c tin  o r  f ro m  p ea k  I, 

i t  is  o f  i n t e r e s t  th a t p ro te in s  hav in g  m o le c u la r  w e ig h ts  o f 70, 000, 95, 000 and  

105, 000 d a lto n s  h av e  b e e n  id en tif ied  in  is o la te d  p re p a ra t io n s  o f in te s t in a l  

b ru s h  b o rd e r  m ic ro v i l l i  and a r e  know n to be  c lo s e ly  a s s o c ia te d  w ith  a c tin  

f ro m  th is  s o u rc e  (105).

S am p le s  o f b o th  p ea k s  e lu ted  f ro m  G -150  S ep h ad ex  w e re  d ia ly z e d

a g a in s t  0. 1 M KCl, 2 m M  M gCl and o b s e rv e d  by e le c tro n  m ic ro s c o p y  o f n e -
2

g a tiv e ly  s ta in e d  g r id s .  No a c t in - l ik e  f ila m e n ts  w e re  o b s e rv e d  in  s a m p le s  f ro m  

p e ak  I. On th e  o th e r  hand , e le c tro n  m ic ro s c o p y  o f g r id s  f ro m  p eak  n  r e ­

v e a led  f ila m e n ts  h av in g  th e  d ia m e te r  and  b ead ed  a p p e a ra n c e  o f  a c tin .

H eavy  m e ro m y o s in  b in d in g  s tu d ie s  w e re  a tte m p te d  u s in g  s a m p le s  f ro m  

b o th  co lum n  p e a k s . A s ex p ec ted , th e  p ro te in  e lu tin g  in  th e  h igh  m o le c u la r
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w eig h t ra n g e  (peak I) show ed no e v id e n c e  o f b in d in g . S u rp r is in g ly , no c le a r  

ev id en ce  o f  a r ro w h e a d  fo rm a tio n s  w as v is ib le  in  th e  s a m p le  e lu tin g  in  th e  

m o le c u la r  w eigh t ra n g e  o f  a c tin  (peak  II) e i th e r .  T h e  f a i lu r e  to o b s e rv e  

a r ro w h e a d - la b e le d  f ila m e n ts  in  s a m p le s  fro m  p eak  n  is  so m ew h a t u n s e tt l in g , 

s in c e  a c tin s  o f a ll  know n o r ig in s  re a d ily  b ind  th is  m y o sin  f ra g m e n t u n d e r  

s im i la r  e x p e r im e n ta l  co n d itio n s  (65, 124), and b e c a u se  d e fin ite  b in d in g  w as 

o b se rv e d  in  th e  c o n tro l s a m p le s  c o n ta in in g  a  m ix tu re  o f  r a b b it  m u sc le  a c t in  

and HMM ex am in ed  a t the s a m e  t im e . It is  q u ite  p o s s ib le , h o w ev er, th a t  the  

acto -H M M  fo rm ed  fro m  the  toad  b la d d e r  s a m p le s  w as h id d en  by th e  p re s e n c e  

o f  c o n ta m in a n ts  in  the toad  b la d d e r  a c t in - l ik e  p ro te in  s a m p le  (v ide  s u p ra ) .  Any 

p ro te in s  co p u rify in g  w ith  a c tin  th ro u g h o u t the e n t i r e  p u r if ic a tio n  p ro c e d u re  

w ould p ro b a b ly  h av e  b een  r a th e r  tigh tly  bound to  ac tin , and m ig h t th e r e fo r e  

have o b s c u re d  any a r ro w h e a d s  fo rm ed  in  th e s e  s a m p le s .  T h u s, e i th e r  an  

a c tin -b in d in g  p ro te in  o r  p e rh a p s  p ro te o ly tic  f ra g m e n ts  o f a  m y o s in - l ik e  p ro ­

te in  m ay  h av e  in te r f e r e d  w ith  th e  v isu a liz a tio n  o f  HMM b in d in g . It is  u n lik e ly  

th a t  th e  b in d in g  r e a c t io n  w ould h a v e  b e e n  a l to g e th e r  p re v e n te d , s in c e  the  a c t in -  

lik e  p ro te in  w as p r e s e n t  in  l a r g e  e x c e s s  o v e r  the o th e r  m o le c u la r  w eig h t s p e ­

c ie s  c o n tam in a tin g  the  s a m p le . Indeed , th e re  w as so m e  change in  th e  a p p e a r ­

a n ce  o f th e  m a te r ia l  on  th e  g r id s  a f t e r  in cu b a tio n  w ith  HMM (cf. F ig s .22 and 

2 3 ).

U n fo rtu n a te ly , b e c a u se  o f  th e  s m a l l  a m o u n t o f m a te r ia l  th a t  w as r e ­

c o v e ra b le  in  th e s e  e x p e r im e n ts , i t  w as not p o s s ib le  to a t te m p t f u r th e r  b io ­

c h e m ic a l c h a r a c te r iz a t io n  o f th e  toad  b la d d e r  a c t in - l ik e  p ro te in . T h e se  l im ite d  

r e s u l t s  o f a c tin  p u r if ic a tio n  f ro m  iso la te d  toad  b la d d e r  e p ith e lia l  c e l ls  c a n  only
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show , th e re fo re ,  th a t a  p ro te in  is  p r e s e n t  w ith in  th e  e p ith e lia l  c e l ls  th a t  1) h a s  

the  e le c tro p h o re t ic  m o b ility  o f  a c tin  on  SDS g e ls ;  2) h a s  s o lu tio n  p r o p e r t ie s  

s im i l a r  to  a c tin  f ro m  o th e r  n o n m u sc le  s o u rc e s ,  as  a s s e s s e d  b y  i t s  b e h a v io r  

in  h igh  and low s a l t  m e d ia ; and 3) is  c ap ab le  o f u n d e rg o in g  th e  G -  F  t r a n s ­

fo rm a tio n  w hen th e  p u r if ie d  p ro te in  i s  in cu b a ted  u n d e r  co n d itio n s  s im i l a r  to  

th o se  w hich  t r a n s fo rm  m u s c le  a c tin  in to  f ila m e n ts .

W hile th e se  r e s u l ts  do not a llow  one to s ta t e  u n eq u iv o ca lly  th a t  the  p r o ­

te in  w hich  w as iso la te d  a c tu a lly  w as ac tin , enough s im i la r i t i e s  e x is t  b e tw een  

the  p ro te in  in  th e  p u r if ie d  sa m p le  and a c tin  f ro m  s k e le ta l  m u sc le  to su g g e s t  

th a t the  two a r e  v e ry  s im i l a r  in th e i r  m o le c u la r  w eig h t and io n ic  and c h e m ic a l 

p r o p e r t ie s .  T a k en  to g e th e r  w ith  th e  r e s u l ts  of p u r if ic a t io n  s tu d ie s  o f m any  

n o n m u sc le  a c tin s  (2, 48, 55, 56, 149), th e se  r e s u l t s  a ls o  d e m o n s tr a te  s im i ­

l a r i t i e s  in  th e  n a tu re  o f th e  p ro te in  is o la te d  f ro m  toad  b la d d e r  and  a c tin s  i s o ­

la te d  f ro m  a  w ide v a r ie ty  o f  n o n m u sc le  s o u rc e s  (2, 78, 115). It is  th u s  q u ite  

l ik e ly  th a t  th is  p ro te in  r e p r e s e n ts  a  to ad  b la d d e r  e p ith e lia l  c e l l  a c t in  th a t is  

s im i la r  to  a c tin s  w hich  h av e  b e e n  d e s c r ib e d  in  o th e r  n o n m u sc le  c e l l s .

E v id en ce  fo r  a  T oad  B la d d e r  M y o sin -lik e  P r o te in  

T he r e s u l t s  o f p u r if ic a tio n  o f a c t in - l ik e  p ro te in  f ro m  is o la te d  to ad  

b la d d e r  e p i th e lia l  c e l ls  in d ic a te  th a t o th e r  c o n tra c t i le  p ro te in s  m ay  a ls o  o c c u r  

in  th e se  c e l l s .  T h u s, in  th e s e  s tu d ie s , so m e  ev id e n ce  w as c o in c id e n ta lly  ob­

ta in e d  th a t  a  m y o s in - lik e  p ro te in  w as p r e s e n t  in  the toad  b la d d e r  f r a c t io n s .

In th is  r e g a rd ,  g e l e le c tro p h o re s is  o f s a m p le s  p r e p a re d  by  th e  

m eth o d  o f G ordon  e t  a l. (48) re v e a le d  th a t  a  200, 000 d a lto n  p o ly p ep tid e
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(F ig . 18) w as p r e s e n t  in  th e  toad  b la d d e r  e x t r a c ts .  C o rre sp o n d in g ly , e le c t r o n  

m ic ro g ra p h s  o f  th e  re p o ly m e riz e d  a c t in - l ik e  p ro te in  a f te r  p u r if ic a tio n  by c h ro ­

m a to g ra p h y  on  D E A E -c e llu lo se  and one c y c le  o f p o ly m e riz a tio n  re v e a le d  b i ­

p o la r ,  m y o s in - lik e  f ila m e n to u s  s t r u c tu r e s ,  in  ad d itio n  to  F  a c t in  (F ig . 20). 

T h e se  d a ta  th e r e fo r e  in d ic a te  th a t a  p ro te in  s im i la r  to m y o sin  m ay  h av e  b e e n  

p r e s e n t  in  th e  s a m p le . C o n tam in a tio n  o f th e  s a m p le  by  a  m y o s in - l ik e  p ro te in  

w ould a ls o  acco u n t fo r  th e  in a b ili ty  to b ind  HMM to th e se  a c t in - l ik e  f ila m e n ts , 

s in c e  m y o sin  w ould co m p ete  w ith  HMM fo r  b in d in g  s i te s  o n  a c tin .

T h e  p r e s e n c e  o f a  m y o s in - l ik e  p ro te in  in  to ad  b la d d e r  e p i th e lia l  c e l ls  

w as f u r th e r  su g g e s te d  fro m  m e a s u re m e n ts  o f m y o s in  A T P a se  a c tiv ity  m ad e  o n  

an  e a r ly  s a m p le  o f p a r t ia l ly  p u r if ie d  a c t in - l ik e  p ro te in . A f ra c t io n  c o n ta in in g  

a  45, 000 d a lto n  s p e c ie s  p re p a re d  by th e  m eth o d  o f H artw ig  e t a l .  (55) w as u se d  

in  an  A T P a s e  a s s a y  to  d e te rm in e  w h e th e r  th e  f ra c t io n  cou ld  a c tiv a te  th e  M g- 

A T P a se  a c tiv ity  o f m u sc le  m y o sin . U n fo rtu n a te ly , r e s u l ts  o f s im u lta n e o u s  

c o n tro l a s s a y s  re v e a le d  th a t  th is  b a tc h  of m y o sin  had  lo s t  i t s  a c t in - s t im u la ta b le  

A T P a se  a c tiv ity . H ow ever, s a m p le s  co n ta in in g  e i th e r  toad  p ro te in  p lu s  ra b b it  

m y o sin , o r  to ad  p ro te in  a lo n e , e x h ib ited  a  s m a l l  b u t re p ro d u c ib le  M g -A T P a se  

a c tiv ity , am o u n tin g  to 0, 02 ± 0, 002 p M /m in /m g  to ta l p ro te in , t f  th is  r e p r e ­

s e n te d  A T P a se  a c tiv ity  o f an  endogenous m y o s in  c o n ta m in a tin g  th e  toad  b la d d e r  

"actin '*  p re p a ra t io n , th e  q u a n tita tiv e  va lue  o f  the  m y o sin  A T P a se  a c tiv ity  w ould 

h av e  b e e n  g r e a t ly  u n d e re s tim a te d , s in c e  th e  m y o s in - l ik e  co m p o n en t w ould hav e  

r e p re s e n te d  on ly  a  m in o r  p ro p o r tio n  o f  th e  to ta l  p ro te in  in  th e  s a m p le .  H ow ever, 

i t  is  a ls o  p o s s ib le  th a t  th is  a c tiv ity  cou ld  h a v e  a r i s e n  f ro m  a  n o n -m y o s in  

A T P a se .
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T ak en  to g e th e r , th e s e  fin d in g s  a r e  a t  l e a s t  c o n s is te n t  w ith  th e  hypo­

th e s is  th a t  a  c o m p le te  a c to m y o s in  s y s te m  is  p r e s e n t  in  to ad  b la d d e r  e p ith e lia l  

c e l l s .

HI. M o rp h o lo g ica l S tu d ie s : In  s i tu  L ab e lin g  w ith  HMM

E a r ly  e le c tro n  m ic ro s c o p ic  s tu d ie s  on to ad  b la d d e r  e p ith e lia l  c e l ls  by 

Choi (24) and P e ac h e y  e t  a l. {109) re v e a le d  th a t th e  c o r t ic a l  s u b p la s m a le m m a l re g io n  

o f  th e se  c e l ls  is  c o n s titu te d  o f  an  a r r a y  o f f ila m e n ts  th a t  a p p e a r  ra n d o m ly  

d is p e r s e d ,  w ith  in d iv id u a l d ia m e te r s  b e tw een  50 and 70 A. In l a t e r  s tu d ie s ,  

C a ra s s o  e t  a l .  (19) d e s c r ib e d  bo th  5 0 -7 0  A and 100 A m ic ro f i la m e n ts  in  e p ith e ­

l ia l  c e l ls  o f  the  f ro g  u r in a r y  b la d d e r . Such an  a r r a y  o f c o r t ic a l  m ic ro f i la m e n ts  

is  now know n to be  a fe a tu re  com m on  to  m o s t e u k a ry o tic  c e l ls .  In m any  c a s e s ,  

h eav y  m e ro m y o s in  b in d in g  s tu d ie s  h av e  d e m o n s tra te d  th a t th e  f ilam e n to u s  

c o r te x  is  co m p o sed , in  la r g e  p a r t ,  o f  a c tin  (10, 22, 66, 103, 121, 126). T h is  

fin d in g  h a s  now b een  c o n firm e d  in  the  e p ith e lia l  c e l ls  o f  th e  toad  b la d d e r .

G ly c e r in  T re a tm e n t 

T h e  tech n iq u e  a v a ila b le  f o r  h eav y  m e ro m y o s in  la b e lin g  r e q u ir e s  th a t  

c e l ls  be  m ad e  p e rm e a b le  to th e  m y o s in  fr a g m en t, F o r  w o rk  a t  the  e le c tro n  

m ic ro s c o p e  le v e l, th is  i s  u su a lly  a c c o m p lish e d  by in cu b a tin g  t i s s u e s  w ith  

g ly c e r in  p r io r  to  e x p o su re  to  HMM (66). T h e  in c u b a tio n  b u ffe r  u sed  in  th e  

g ly c e r ln a t io n  p ro c e d u re  is  s im i l a r  in  io n ic  s tr e n g th  and c o m p o s itio n  to  po ly ­

m e r iz a t io n  so lu tio n s  u s e d  in  th e  p u r if ic a tio n  o f a c tin , and  sh o u ld  s ta b i l iz e  

th e  u l t r a s t r u c tu r e  o f  c y to s k e le ta l  e le m e n ts , in c lu d in g  p o ly m e riz e d  a c tin ,

100 A f ila m e n ts  and s t r u c tu r e s  w ith  w hich  they  m ay  b e  a s s o c ia te d , su c h  as
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m e m b ra n e s  (26, 43, 94, 101, 136, 139) and  c y to p la sm ic  o rg a n e lle s  (124, 148), 

H ow ever, g ly c e r ln a tio n  r e n d e r s  th e  m e m b ra n e s  p e rm e a b le  to  m o le c u le s  a t le a s t  

as  la r g e  as  HMM (about 150, 000 d a lto n s) and a llo w s v a r io u s  c y to p la sm ic  e le ­

m e n ts , in c lu d in g  u n p o ly m e riz e d  a c tin  (18, M. P e a r l ,  u n p u b lish ed  o b se rv a tio n ) , 

and tu b u lin  (125) to  d iffu se  o u t o f the  c e l ls .  T he co m b in ed  e ffe c ts  o f  the  g ly c e r -  

in a tio n  b u ffe r  to  s ta b i l iz e  m ic ro  f ila m e n ts , w h ile  a llow ing  lo s s  o f o th e r  cy to ­

p la s m ic  e le m e n ts , th u s  en h an ces  th e  v is ib i l i ty  o f  50 -70  A and  100 A m ic ro f l la -  

m e n ts  in  th e se  p re p a ra t io n s .

In g ly c e r in a te d  c o n tro l p re p a ra t io n s  not t r e a te d  w ith  HMM, o r  ex p o sed  

to  HMM in  th e  p r e s e n c e  o f  6 m M  A T P , th e  toad  b la d d e r  g r a n u la r  e p ith e lia l  

c e l ls  w e re  s e e n  to  co n ta in  lig h tly  s ta in e d  f ila m e n ts  th a t m e a s u re d  50 -  60 A 

in  d ia m e te r .  T h e se  f ila m e n ts  w e re  o fte n  a s s o c ia te d  w ith  d a r k e r  s ta in in g  f i la ­

m e n ts  m e a s u r in g  100 A. C lu s te rs  o f a c t in - l ik e  and 100 A f ila m e n ts  w e re  m o s t  

co m m o n ly  o b s e rv e d  in  p e r ip h e ra l  a r e a s  o f  th e  c e l l  c y to p la sm . A c tin - lik e  

f ila m e n ts  a lso  co m p o sed  th e  c o re s  o f the  b ro ad , r id g e - l ik e  m ic ro v i l l i  o f  th e s e  

c e l l s .  T h e  f in g e r lik e  p ro je c tio n s  th a t fo rm  the  l a t e r a l  in te rd ig ita t io n s  b e tw een  

th e  e p ith e lia l  c e l ls  w e re  c h a r a c te r iz e d  by both  5 0 -6 0  A and 100 A f i la m e n ts .

It is  no tew orthy  th a t  5 0 -6 0  A f ila m e n ts  o c c u r re d  in  a ll ty p e s  o f e p ith e lia l  c e l l s .

In  b a s a l  c e l l s ,  p ro m in e n t c lu s te r s  o f  5 0 -6 0  A f ila m e n ts  w e re  o b s e rv e d  in  th e  

p e r in u c le a r  cy to p la sm .

T he 50 -  60 A f ila m e n ts  th a t fo rm  p a r t  o f th e  c o r t ic a l  m a t r ix  o f the  

toad  b la d d e r  e p ith e lia l  c e l ls  a p p e a re d  to  b e  s h o r t ,  b ra n c h in g  f ila m e n ts  th a t 

fo rm e d  p o ly h e d ra l s t r u c tu r e s  w ith  o th e r , m o s t l ik e ly  p ro te in , co m p o n en ts  o f 

th e  c y to sk e le to n . Such p o ly h e d ra l a r r a y s  w e re  o ften  s e e n  in  im a g e s  o f s e c -
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t io n s  c u t ta n g e n tia l to  the  e p i th e lia l  c e l l  c o r te x , o r  in  p e r in u c le a r  re g io n s  of 

th e  c y to p la sm . T he s id e s  o f  the p o ly h ed ro n s  a p p e a re d  to  be  co m p o sed  o f  a c t in -  

l ik e  f ila m e n ts  and 100 A f ila m e n ts , w h ile  th e i r  v e r t ic e s  w e re  v isu a liz e d  as  d a r ­

k e r  s ta in in g , g lo b u la r  s t r u c tu r e s .

H eavy M ero m y o s in  D e c o ra te d  B la d d e rs

O b se rv a tio n s  m a d e  on b la d d e r  t i s s u e  t r e a te d  w ith  HMM c o n firm e d  th e  

h y p o th e s is  th a t  th e  5 0 -6 0  A f ila m e n ts  in  th e  e p ith e lia l  c e lls  w e re  co m p o se d  o f 

a c tin . H M M -d eco ra ted  f ila m e n ts  w e re  id e n tif ie d  in  a ll ty p es  o f  to ad  b la d d e r  

e p i th e lia l  c e l l s .

In g r a n u la r  c e l ls ,  a c tin -c o n ta in in g  f ila m e n ts  w e re  d e m o n s tra te d  to  o c c u r  

in  abundance in  c o r t ic a l  re g io n s  o f  th e  c e l ls .  In m an y  in s ta n c e s ,  a r ro w h e a d -  

d e c o ra te d  f ila m e n ts  a p p e a re d  to  co n n ec t th e  c e l l  m e m b ra n e s  to  o rg a n e l le s ,  and 

to o th e r  f ila m e n to u s  s t r u c tu r e s  w ith in  the  p e r ip h e ra l  c y to p la sm . N u m ero u s  

a r ro w h e a d -d e c o ra te d  f ila m e n ts  w e re  a lso  o b s e rv e d  to  m ak e  up a  la r g e  p ro p o r ­

tio n  o f th e  c y to p la sm  ab u ttin g  the  m e m b ra n e s  o f th e  la te r a l  in te rd ig i ta t io n s .

It w as not p o s s ib le  to  id en tify  the  m ito c h o n d r ia - r ic h  c e l ls  w ith  c o m ­

p le te  c e r ta in ty .  H ow ever, th o se  te n ta tiv e ly  id e n tif ie d  as  su ch  c e l ls  w e re  e x ­

t r e m e ly  r ic h  in  f ila m e n ts  w hich  fo rm e d  a  d e c o ra te d  la t t ic e w o rk  in  bo th  th e  

a p ic a l and c e n t r a l  c y to p la sm . U nlike th e  c a s e  in  th e  g r a n u la r  c e ll ,  th e  a p ic a l 

f ila m e n to u s  n e tw o rk  o f  th is  c e l l  ty p e  w as re m a rk a b ly  devoid  o f  100 A f ila m e n ts . 

In s tea d , th e  f ila m e n ts  o f  th e  c o r t ic a l  la t t ic e  a p p e a re d  to  be co m p o se d  a lm o s t  

e n t i r e ly  o f a c tin  (F ig , 32).

B a sa l c e l ls  w e re  id e n tif ie d  a c c o rd in g  to  t h e i r  p o s it io n  in  th e  e p i th e l ia l
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c e l l  la y e r , by  th e i r  c h a r a c te r i s t i c  sh ap e , and by  th e  p re s e n c e  o f  p ro m in e n t 

b u n d le s  o f  100 A f ila m e n ts  (24, 79, 109). T h e  b a s a l  c e l l s  a ls o  co n ta in ed  a  

p ro m in e n t la t t ic e w o rk  o f  50 -  60 A f ila m e n ts  in  th e i r  p e r in u c le a r  reg io n , th a t 

fo rm e d  d e c o ra te d  a r r a y s  o f  a r ro w h e a d s  in  b la d d e rs  th a t w e re  t r e a te d  w ith  HMM, 

C o m p a riso n s  w ith  O th e r  S tu d ie s  on  Toad B la d d e r  A c tin  

In a  re c e n t  s tu d y , K raeh en b u h l and c o w o rk e rs  re p o r te d  th a t  e p ith e lia l  

c e l ls  o f th e  to ad  u r in a ry  b la d d e r  b in d  f lu o re s c e n t  a n t i - a c t in  a n tib o d ie s  (79).

T h e ir  r e s u l t s  th e re fo re  d e m o n s tra te d , a t th e  lig h t m ic ro s c o p e  le v e l ,  th a t  th e  

b la d d e r  e p ith e lia l  c e l ls  co n ta in  a c tin . In  a  com pan ion  s tu d y  of i s o la te d  e p ith e ­

l ia l  c e l ls ,  s e p a ra te d  by c e n tr ifu g a tio n  on  a  d e n s ity  g ra d ie n t  (120), th e s e  w o r­

k e r s  p ro v id e d  ev id en ce  th a t  th e  b a s a l  e p i th e lia l  c e ll  la y e r  i s  c o m p o se d  o f two 

p o p u la tio n s  o f c e l ls  th o se  w hich in c o rp o ra te d  t r i t ia te d  th y m id in e  and  w e re  

th e r e fo r e  t r u e  b a s a l c e l l s ,  and th o se  w hich  d id  not ta k e  up th y m id in e , bu t 

w h ich  co n ta in ed  a  p ro m in e n t a r r a y  o f 100 A f ila m e n ts  (m ic ro f i la m e n t- r ic h  

c e l ls ) .  T he s tu d y  by  K raeh en b u h l e t  a l. (79) f u r th e r  d e m o n s tra te d  th a t  the 

g r e a t  p ro p o r tio n  of f lu o re s c e n t  a n t i - a c t in  an tib o d y  w as bound to th e s e  m ic ro ­

f i la m e n t - r ic h  b a s a l c e l l s .

T h e  r e s u l t s  p re s e n te d  h e r e  c o n f irm ,a t  th e  lev e l o f th e  e le c t r o n  m ic ro ­

sc o p e , th e  f lu o re s c e n t  an tibody  s tu d ie s  o f K raeh en b u h l e t a l .  (79) in  th a t  

b a s a l  c e l l s  co n ta in in g  n u m ero u s  100 A f ila m e n ts  a lso  co n ta in ed  a c tin ; how ­

e v e r ,  in  th is  type  of p re p a ra t io n  i t  w as no t p o s s ib le  to  id e n tify  two p o p u la tio n s  

o f  b a s a l ly  lo c a te d  e p ith e lia l  c e l l s .  T h e  r e s u l t s  o f the p r e s e n t  s tu d y  d if f e r  

f ro m  th o se  o f  K raeh en b u h l and c o w o rk e rs  in  th a t  p ro m in e n t a r r a y s  o f a c tin  

f ila m e n ts  w e re  o b s e rv e d  in  a l l  ty p es  o f b la d d e r  e p ith e lia l  c e l ls ,  w h e re a s
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in  K raeh en b u h lf s s tu d y  l i t t le  f lu o re s c e n t  an tibody  w as bound by th e  m ito -  

c o n d r ia - r ic h  o r  g r a n u la r  c e l ls  (79).

T he d if fe re n c e s  b e tw een  th e  two s e ts  o f  r e s u l ts  m ay  h av e  a r i s e n  f ro m  

th e  u se  o f d if f e re n t  m eth o d s to  so lu b il iz e  th e  c e l l  m e m b ra n e s . B oth  g ly c e r in  

t re a tm e n t  and fix a tio n  fo r  im m u n o flu o re sc e n c e  s ta in in g  (1:1 e th a n o l:e th e r)  o pen  

c e ll m e m b ra n e s  to th e  p a s sa g e  o f  h ig h  m o le c u la r  w eig h t p o ly p e p tid e s . T h u s, 

th e  u n p o ly m e riz e d  a c tin  (as w ell a s  o th e r  so lu b le  co m p o n en ts) a r e  lo s t  f ro m  

e p ith e lia l c e lls  d u r in g  th e i r  p r e p a ra t io n . In  th e  s tu d ie s  p re s e n te d  h e re ,  th e  

g ly c e r ln a tio n  b u ffe r  (KCl, p h o sp h a te ) w as d e s ig n e d  to p r e s e r v e  th e  in te g r i ty  

o f p o ly m e riz e d  a c tin ; in  th e  f lu o re s c e n t  s tu d y , fixed  c e l ls  w e re  re h y d ra te d  

in  an u n sp e c if ie d  p h o s p h a te -s a lin e  b u f fe r .  T h u s, the  d is c re p a n c y  b e tw een  

th e se  two s tu d ie s  m ay  be  due to  a  r e la t iv e ly  l a r g e r  lo s s  o f  a c tin  f ro m  g ra n u la r  

and m ito c h o n d r ia - r ic h  c e lls  in  th e  im m u n o flu o re sc e n c e  s tu d y . U sin g  th is  

a s su m p tio n , i t  is  not s u r p r i s in g  th a t  th e s e  w o rk e rs  found a  r e la t iv e ly  g r e a te r  

am ount o f a c t in  in  th e  b a s a l  e p ith e lia l  c e l ls .  A c tin  in  the  m ito c h o n d r ia - r ic h  

and g r a n u la r  c e l ls  a p p e a re d  to b e  lo c a te d  p r im a r i ly  in  th e  p e r ip h e ra l  cy to ­

p la sm  in  bo th  th e s e  s tu d ie s , w h ile  th a t  in  th e  b a s a l  c e l ls  o c c u r re d  p r im a r i ly  

in  the  p e r in u c le a r  re g io n  in  the H M M -trea ted  b la d d e r s .  In bo th  c a s e s  100 A 

f ila m e n ts  a p p e a r  to  h av e  b e e n  r e la t iv e ly  w e ll p r e s e r v e d .  U n d er th e s e  co n d i­

tio n s , i f  lo s s  o f  u n p o ly m e riz e d  (and d e p o ly m e riz e d )  a c tin  w e re  to  o c c u r  by 

d iffu s io n  th ro u g h  th e  c e ll  m e m b ra n e , m o re  a c tin  w ould h av e  b e e n  p re fe r e n t ia l ly  

lo s t  f ro m  c o r t ic a l  re g io n s  not p ro te c te d  b y  100 A f ila m e n ts  th a n  f ro m  c e n tra l  

(p e r in u c le a r)  a r e a s  o f  th e  c y to p la sm , w h e re  a c tin  w ould h av e  b e e n  s ta b il iz e d  

by its  a s s o c ia t io n  w ith  the 100 A f ila m e n t p ro te in (s ) .
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O rg a n iz a tio n  o f th e  M ic ro f ila m e n t L a tt ic e  

T he m o s t  s tr ik in g  find ing  in  th e se  g ly c e r ln a tio n  s tu d ie s  w as th e  co n ­

f ig u ra tio n  of th e  a c tin  f ila m e n ts . In s tead  of th e  " s t r e s s  f ib e r s "  c h a r a c te r i s t i c  

o f a c tiv e ly  m o tile  c u ltu re d  c e l ls  (61, 66, 81), o r  th e  lo n g  ac tin  f ib e r s  o f  m u s ­

c le , the a c tin  f ila m e n ts  o f c e r ta in  a r e a s  o f the toad  b la d d e r  e p i th e lia l  c e lls  

w e re  o fte n  o rg a n iz e d  in to  a  la t t ic e w o rk  in  bo th  c o n tro l and H M M -trea ted  p r e ­

p a ra t io n s .  T he f ila m e n ts  th e m se lv e s  w e re  r a th e r  s h o r t  and te rm in a te d  in  th e  

c y to p la sm , co n n ec ted  w ith  o th e r  a c tin  o r  100 A f ila m e n ts , a n d /o r  w ith  m e m ­

b ra n e s ,  To d is c o v e r  w h e th e r  th is  phenom enon  r e a l ly  o c c u r re d  as  o ften  as 

w as tho u g h t, a  ran d o m  sa m p le  o f d e c o ra te d  f ila m e n ts  f ro m  fo u r p re p a ra t io n s  

w as m e a s u re d  to o b ta in  an e s t im a te  of th e  a v e ra g e  len g th s  of the f ila m e n ts . 

T h e se  d a ta  a r e  p re s e n te d  in  T a b le  8.

T a b le  8. A v e ra g e  L en g th s o f H M M -D eco ra te d  F ila m e n ts  

P re p .  No. L ength  o f f ila m e n ts , m m  (x 30, 800)

1 5. 2 6 .3 7 .8 6. 8

2 11. 5 6 .0 8. 1 9. 0

3 7. 0 5. 0 6. 1 5. 5

4 5. 0 9 .9 8. 9 7 .5

T he m e a n  and s ta n d a rd  d ev ia tio n  o f th e  m e a n  w e re  c a lc u la te d  f ro m  the d a ta , T he 

len g th s  o f the d e c o ra te d  f ila m e n ts  a v e ra g e d  240 ± 1 6  nm . It s e e m s  q u ite  u n ­

lik e ly  th a t  su c h  c o n s is te n c y  in  f ila m e n t len g th  cou ld  h av e  b e en  c a u se d  b y  an  

a r t i f a c t  o f  s e c tio n in g , p a r t ic u la r ly  w hen  d e c o ra te d  sm o o th  m u sc le  f ila m e n ts
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s o m e tim e s  in  th e  s a m e  se c tio n , had  th e  lo n g  a p p e a ra n c e  a s s o c ia te d  w ith  a c tin  

f ila m e n ts  f ro m  m u s c le  c e l l s .

C o r re la t io n s  and C o n c lu sio n s  

T he C y to sk e le ta l L a ttic e  

O v e r  the  p a s t  s e v e r a l  y e a r s ,  m any  w o rk e rs  have d e s c r ib e d  th e  b io ­

c h e m ic a l and m o rp h o lo g ic a l c h a r a c te r i s t i c s  o f  c y to sk e le ta l  e le m e n ts  in  non­

m u sc le  c e l ls  (1, 47, 115). F ila m e n to u s  n e tw o rk s  co m p o sed  o f a c tin  and o th e r  

p ro te in s  h av e  b e e n  d e m o n s tra te d  in  the c y to p la sm  o f m any  k in d s  o f  c e l l s .  T o ­

g e th e r  w ith  m ic ro tu b u le s , th e s e  n o n m u sc le  c o n tr a c t i le  p ro te in s  p lay  a  d u a l ro le  

to  s ta b i l iz e  c e ll  sh ap e  and to fo rm  the b a s is  o f  a  c o n tr a c t i le  s y s te m  w hich fu n c ­

tio n s  to m o v e  o rg a n e lle s  a n d /o r  m e m b ra n e s  w ith in  the  c e l l s .  T he e m e rg in g  

ev id en ce  f ro m  su ch  s tu d ie s  s u g g e s ts  th a t th e  f ila m e n t n e tw o rk s  and m ic ro ­

tu b u le s  m ay  c o r re s p o n d  to p a r t  o f th e  " m ic r o t r a b e c u la r  l a t t ic e " ,r e p o r te d  by 

W olosow ick  and P o r te r  (148), th a t  is  lik e ly  to c o n s ti tu te  th e  c y to p la sm ic  

m a t r ix  (o r  g ro u n d  su b s ta n c e )  o f a ll  c e l l s .  A cco rd in g  to W olosow ick  and 

P o r t e r  (148), th e  l a t t ic e  fo rm s  a  th re e -d im e n s io n a l  n e tw o rk  w hich  s u p p o r ts  

th e  c y to p la sm ic  o rg a n e lle s  su sp en d ed  w ith in  th e  m a tr ix , and is  bounded  by  

a m o rp h o u s  m a te r ia l  s u b ja c e n t to the  p la s m a  m e m b ra n e  f ro m  w hich  it  a p p e a rs  

to  a r i s e .  In  s e v e ra l  in s ta n c e s ,  o rg a n e lle  m o v em e n t h a s  b e e n  d e m o n s tra te d  

to be d ep en d en t upon the fu n c tio n a l in te g r i ty  o f e le m e n ts  w ith in  th e  s t r u c tu r a l  

m a t r ix  (se e  a r t ic le  by P o r te r  in  r e f .  47).

M ic ro f lla m e n t-m e m b ra n e  A s so c ia tio n s  

T h e re  is  now am p le  e v id e n c e  d e m o n s tra tin g  an  in tim a te  a s s o c ia t io n  

b e tw een  a c tin  m ic ro f i la m e n ts  and c e ll  m e m b ra n e s  in  a  w ide v a r ie ty  o f c e ll
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ty p e s  (47). F o r  ex am p le , M e tu z a ls  and c o w o rk e rs  (101) hav e  show n th a t th e  

f ila m e n to u s  c o r te x  a r i s in g  f ro m  th e  p la s m a  m e m b ra n e  o f th e  sq u id  g ia n t axon 

i s  co m p o sed  o f a c tin -c o n ta in in g  f ila m e n ts . In e p ith e lia l  c e l ls ,  M oos ek e  r  e t  a l .  

(103, 105) h a v e  d e te rm in e d  th a t  a c tin  f ila m e n ts  c o m p r is e  th e  m a jo r  p ro p o rtio n  

o f p ro te in  in  the c o re s  o f in te s t in a l  b r u s h  b o r d e r  m ic ro v i l l i ;  the  f ila m e n t 

b u n d les  a r e  a tta c h e d  to  th e  m ic ro v il lu s  m e m b ra n e  a t bo th  th e i r  a p ic a l and  

l a t e r a l  a s p e c ts .  A c tin  f ila m e n ts  a r e  a ls o  know n to  be a s s o c ia te d  w ith  ly m p h o ­

c y te  (26, 43, 76) and ch o ro id  p lex u s  (94) m e m b ra n e s .

H ow ever, i t  is  not know n w h e th e r  a l l  th e  a c tin  a s s o c ia te d  w ith  c e l l  m e m ­

b ra n e s  i s  in  a  f ilam en to u s  fo rm . R e c e n t w ork  by T iln ey  and c o w o rk e rs  (135, 

136) h a s  d e m o n s tra te d  th a t a c tin  a s so c ia te d  w ith  th e  m e m b ra n e s  o f c e r ta in  

s p e rm  m ay  e x is t  in  an o lig o m e ric  fo rm , co m p lex ed  w ith  an  a c tln -b in d in g  p r o ­

te in ,p ro f il in ;  th e  p ro f i l - a c t in  co m p lex  is  no t co m p e ten t to  p o ly m e riz e . (A ctin  

h a s  a lso  b e e n  is o la te d  f ro m  p a n c re a s  (95) and c a lf  th y m u s and s p le e n  (20) 

a s s o c ia te d  w ith  b ind ing  p ro te in s .  ) In c e r ta in  fu n c tio n a l s ta te s ,  the  a c tin  m ay  

b e  d is s o c ia te d  f ro m  its  b in d in g  p ro te in , th e  in h ib ito ry  e ffe c t upon p o ly m e r iz a ­

tio n  r e v e r s e d  and f ila m e n ts  fo rm e d  (135, 136). F u r th e rm o re ,  a c c o rd in g  to  

r e c e n t  d a ta  o f B re n n e r  and K o rn  (16) su ch  p ro te in s  a r e  c a p a b le  o f in h ib itin g  

a c tin  p o ly m e riz a tio n  n o rm a lly  induced  by  the  m e m b ra n e -b o u n d  c y to c h a la s in -  

b in d in g  co m p lex  o f e ry th ro c y te s .  In su m , th e s e  s tu d ie s  p ro v id e  e v id en c e  th a t 

c e l l  m e m b ra n e s  m ay  p lay  a ro le  in  c o n tro llin g  m e m b ra n e -a s s o c ia te d  a c tin  

p o ly m e riz a tio n  In m an y  c e l ls .

T h u s , th e  p r e s e n t  f in d in g s  in  th e  to ad  b la d d e r  a r e  p a r t ic u la r ly  e x c itin g  

in  lig h t o f  th e  re c e n t  r e s u l t s  o f  L in  and c o w o rk e rs  (86, 88, 98) and o th e r s
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(16, 17, 44). C o n s id e re d  to g e th e r  w ith  th e s e  s tu d ie s ,  one m ay  co n c lu d e  th a t  

to ad  b la d d e r  e p ith e lia l  c e ll  a c tin  i s  a t  l e a s t  p r e s e n t  in  a r e a s  w h e re  i t  m ay  p lay  

a  ro le  in  a l te r in g  a p ic a l m e m b ra n e  fu n c tio n  and thus m ay  b e  o f  c r i t i c a l  im p o r ­

ta n c e  in  m e d ia tin g  th e  h y d ro sm o tic  re s p o n s e  to v a s o p re s s in .  T h e se  s tu d ie s  in  

th e  toad  b la d d e r  hav e  th e r e fo r e  p ro v id e d  th e  g ro u n d w o rk  upon  w h ich  th is  hypo­

th e s is  m ay  be  f u r th e r  in v e s tig a te d . It i s  te m p tin g  to sp e c u la te  th a t  v a s o p re s s in  

(and cA M P) m ay  c o n tro l  th e  in s e r t io n  o f th e  in tra m e m b ra n o u s  p a r t ic le s  in to  

the a p ic a l m e m b ra n e  o f the  g r a n u la r  c e l l  by a  p r o c e s s  w hich  lo c a lly  a l te r s  

a c tin  p o ly m e riz a tio n  a t th is  s i te .  C on ce iv ab ly , th is  could  o c c u r  th ro u g h  the 

a c tio n  o f a  m e m b ra n e -b o u n d  c y to c h a la s in -b in d in g  co m p lex  su ch  as  th a t  d e s ­

c r ib e d  above in  e ry th ro c y te s  and bovine b r a in  (16, 17, 44, 86, 88, 89).

T h e  d a ta  p re s e n te d  in  th is  th e s is  show  th a t a c tin  is  p r e s e n t  in  toad  b la d ­

d e r  e p ith e lia l  c e l ls  in  bo th  p o ly m e riz a b le  and n o n p o ly m e rlz a b le  fo rm s  and th a t  

a c tin  f ila m e n ts  a r e  a s s o c ia te d  in  th is  t i s s u e  w ith  the  c y to p la sm , m e m b ra n e s , 

and  m e m b ra n e - l im ite d  o rg a n e l le s .  T a k en  to g e th e r  w ith  the  d e m o n s tra tio n  

th a t  d ih y d ro c y to c h a la s in  B In h ib its  v a s o p re s s in - s t im u la te d  w a te r  t r a n s f e r  

a c r o s s  th e  to a d  b la d d e r , and th a t  th e  c y to c h a la s in s  in te ra c t  s p e c if ic a l ly  w ith  

a c tin  (16, 17, 44, 86, 88, 89), th e se  f in d in g s  s u p p o r t  the  h y p o th e s is  th a t 

a c tin  m ic ro f i la m e n ts  p lay  a  fu n c tio n a l ro le  in  m e d ia tin g  th e  h y d ro sm o tic  

r e s p o n s e  to  v a s o p re s s in .
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