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Summary Calcium s t o r e  of the sk inned  f i b e r s  of the  g u i n e a - p i g  p o r t a l  v e i n ,  
pulmonary a r t e r y  and t a e n i a  caec i  c o n s i s t e d  of two c l a s s e s :  one wi th  both  Ca- 
induced  Ca r e l e a s e  (CICR) and i n o s i t o l  1 , 4 , 5 - t r i s p h o s p h a t e  ( I P ~ ) - i n d u c e d  Ca 
r e l e a s e  (IICR) mechanisms ( S a )  and the  o the r  on ly  wi th  IICR mechanism ( S ~ ) .  
Ryanodine,  a p p l i e d  d u r i n g  the  CICR was a c t i v a t e d ,  locked the CICR channe l s  
open, bu t  the  drug had p r a c t i c a l l y  no e f f e c t  on the IICR mechanism. Thus, 
a f t e r  the  ryanod ine  t r e a t m e n t  the  Ca s t o r e  wi th  the CICR ( S a )  l o s t  i t s  capac-  
i t y  to  hold  Ca. Changes in  the a g o n i s t - e v o k e d  c o n t r a c t i o n  of i n t a c t  muscle 
due to the  ryanod ine  t r e a t m e n t  suggest  t h a t  a g o n i s t s  r e l e a s e  Ca from Sa  which 
produces the  i n i t i a l  phase of c o n t r a c t u r e s .  © ~988 Ao~d~mio Press, Znc. 

Ryanodine,  a p l a n t  a l k a l o i d ,  has been shown to act  on the Ca r e l e a s e  

channe l s  of the  f ragmented sa rcop lasmic  r e t i c u l u m s  of s k e l e t a l  muscle and to 

lock  the  channe l s  i n  an open s t a t e  (1 ,2 ) .  Thus a f t e r  ryanod ine  t r e a t m e n t  Ca 

i s  kept  r e l e a s e d  from the sa rcop lasmic  r e t i c u l u m ,  and the  r e s u l t i n g  i n c r e a s e  

in  the  i n t r a c e l l u l a r  Ca c o n c e n t r a t i o n  e x p l a i n s  c o n t r a c t u r e  of the  muscle ,  a 

wel l -known e f f e c t  of the  drug on s k e l e t a l  muscle.  However, the mechanism of 

the  e f f e c t  of the  drug on smooth muscle has not  been wel l  e l u c i d a t e d .  In  the  

p r e s e n t  s tudy ,  the e f f e c t  of ryanodine  on the smooth muscle Ca s t o r e  was exam- 

ined  u s i n g  sk inned  f i b e r s  of g u i n e a - p i g  t a e n i a ,  p o r t a l  v e i n  and pulmonary 

a r t e r y .  The r e s u l t s  showed t h a t  the drug locked the CICR channe l s  open in  

accordance  with i t s  e f f e c t  on the s k e l e t a l  muscle c o u n t e r p a r t ,  bu t  i t  had no 

e f f e c t  on the  IICR mechanism. The d i s c r i m i n a t i n g  e f f e c t  of the drug was used 

in  the  i n t a c t  smooth muscle exper iments  to de te rmine  the p h y s i o l o g i c a l  s i g n i f -  

i c ance  of the  r y a n o d i n e - s e n s i t i v e  Ca s t o r e  in  a g o n i s t - i n d u c e d  c o n t r a c t u r e s .  

ABBREVIATIONS. CICR, Ca- induced Ca r e l e a s e ;  IP~, i n o s i t o l  1 , 4 , 5 - t r i s p h o s p h a t e ;  
IICR, IP~ - induced  Ca r e l e a s e ;  EGTA, e t h y l e n e g l y c o l - b i s ( f l  - a mi noe t hy l  e t h e r )  
N , N , N ' , N ' - t e t r a a c e t i c  ac id .  
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METHODS 

Thin f i b r e  bund le s ,  wid ths  150-250zm f o r  t a e n i a  c a e c i  or t h i c k n e s s  ~ 7 0 ~ m  
and wid th  ~ 3 0 0 z m  f o r  v a s c u l a r  smooth musc les ,  were c a r e f u l l y  o b t a i n e d  from 
the  r e s p e c t i v e  t i s s u e s  of  g u i n e a - p i g .  Skinned f i b r e  e x p e r i m e n t s .  Methods 
have been d e s c r i b e d  e l s e w h e r e  (3) .  B r i e f l y ,  f i b r e  bundles  were c h e m i c a l l y  
sk inned  by saponin  ( 5 0 z g / m l ,  30 min) in  a r e l a x i n g  s o l u t i o n  and were p l a c e d  
in  a c a p i l l a r y  c u v e t t e .  Ca r e l e a s e d  from the  f i b r e  upon a p p l i c a t i o n  of  
c a f f e i n e  and /o r  IP~ was measured u s i n g  m i c r o f l u o r o m e t r y  of  f u r a - 2 .  Tens ion  
measurement .  I n t a c t  f i b r e  bundles  were h e l d  h o r i z o n t a l l y ,  one end b e i n g  con- 

n e c t e d  to  a s t r a i n g a u g e  t r a n s d u c e r  (hE801, Akers ) .  S o l u t i o n  change was accom- 
p l i s h e d  by t r a n s f e r r i n g  the  p r e p a r a t i o n  from a w e l l  to  ano the r  each c o n t a i n i n g  
an a p p r o p r i a t e  s o l u t i o n .  Exper iments  were c a r r i e d  out a t  20-22°C. 

RESULTS AND DISCUSSION 

F i g u r e  1A-C compares the  Ca r e l e a s e  from the  s t o r e  in  a sk inned  f i b e r  of  

t a e n i a  upon a p p l i c a t i o n  of  e i t h e r  50 mM c a f f e i n e  (upper t r a c e s }  or 10ZM IP~ 

( lower  t r a c e s }  b e f o r e  and a f t e r  ryanod ine  t r e a t m e n t .  Befo re  each t r a c e ,  the  

s t o r e  had been loaded  wi th  Ca, a t  pea 6 f o r  180 s in  the  p r e s e n c e  of  4 mM 

MgATP. ATP then  was washed to  avo id  r eup t ake  of  Ca d u r i n g  subsequent  Ca 

r e l e a s e ,  so t h a t  the  amount of  Ca r e l e a s e d  i n d i c a t e d  the  maximum amount of  Ca 

r e l e a s a b l e  under  each c o n d i t i o n .  I t  has been shown (3) t h a t  the  Ca s t o r e  of  

A B C 

caf caf caf 

_Y ,j- 
IF3 IP3 IP3 0-I 

30s 

D 

CICR IICR IICR 

Fig.  1 h-~, Ca dependent f luorescence i n t ens i t y  change of fura-2 (30.5#M) 
immersing a skinned f ibe r  of taenia .  Ca was re leased from the s tore  by the 
appl ica t ion  at the arrow head of e i the r  50 mM caf fe ine  (upper t races)  or 10ZM 
IP~ (lower t r aces ) .  A, Control. B, After treatment of 30~M ryanodine with 
10~M IP3 at pCa 7 for 120 s. C, After addi t ional  treatment of ryanodine with 
50 mM-caffeine at pCa 5.7 for 120 s. Ver t ica l  bar indica tes  0.1 of the 
maximum fluorescence change. D, Scheme of compartments of the Ca s tore  in 
smooth muscle c e l l s .  
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t a e n i a  c o n s i s t s  of two c l a s s e s  as s c h e m a t i c a l l y  shown in  F ig .  1D. A p a r t  of 

the  s t o r e  ( S a )  responds to both  c a f f e i n e  and IP~. Since c a f f e i n e  r e l e a s e s  Ca 

by enhanc ing  the  CICR, Sa has both  CICR and IICR mechanisms. The r e s t  of the  

s t o r e  (S~)  responds  on ly  to  IPa, and i t  l acks  the CICR mechanism. In  accord-  

ance wi th  t h i s  n o t i o n ,  the  amount of Ca r e l e a s e d  by the a p p l i c a t i o n  of IP~ (or 

IP~+ca f f e ine )  was about twice as l a rge  as t h a t  by c a f f e i n e  a lone  be fo re  the  

ryanod ine  t r e a t m e n t  {Fig. 14).  Q u a l i t a t i v e l y  s i m i l a r  h e t e r o g e n e i t y  was found 

in  o the r  smooth muscles ,  a l though the f r a c t i o n  of Sa was d i f f e r e n t :  about 

40~, 5~ and 60% in  t a e n i a  c a e c i ,  p o r t a l  v e i n  and pulmonary a r t e r y ,  r e s p e c -  

t i v e l y .  

When ryanod ine  was a p p l i e d  fo r  120 s, between A and B, i n  the  p resence  of 

30zM IP~ and 100 nM Ca 2÷, a c o n d i t i o n  t h a t  would s t r o n g l y  a c t i v a t e  the  IICR 

mechanism (3) ,  i t  f a i l e d  to show any a p p r e c i a b l e  a f t e r - e f f e c t  {Fig. 1 A vs .  

B). Ne i the r  d id  t r e a t m e n t  wi th  ryanodine  in  the absence of both Ca and IPa 

show any e f f e c t  (not  shown). However, i f  3 0 z ~  ryanod ine  was a p p l i e d  aga in ,  

between B and C, for  120 s i n  the  p resence  of Ca (pCa 5.7)  and 50 r~l c a f f e i n e  

to a c t i v a t e  the  CICR, the  c a f f e i n e - r e l e a s a b l e  f r a c t i o n  decreased  to almost  

n u l l  and the  amount of Ca r e l e a s e d  by IPa decreased  by some 40~ (4 vs .  C). 

The same r e s u l t s  have been o b t a i n e d  with I~M ryanod ine  and 10 mM c a f f e i n e  a t  

pCa 5 .7 .  These r e s u l t s  suggest  t h a t  the CICR channe l s  i n  smooth muscle were 

locked  open by ryanod ine  as in  s k e l e t a l  muscle,  and the Ca s t o r e  wi th  t h i s  Ca 

r e l e a s e  mechanism ( S a )  l o s t  i t s  c a p a c i t y  to hold Ca i n s i d e .  The r e s u l t s  a l so  

show t h a t  ryanod ine  ac t s  on the CICR channe l s  on ly  when they are  open, and 

t h a t  i t  does not  have any a p p r e c i a b l e  e f f e c t  on the IICR channe l s  even i f  the  

drug i s  a p p l i e d  when these  channe l s  are open. S i m i l a r  r e s u l t s  have been ob- 

t a i n e d  i n  sk inned  f i b r e  bundles  of the v a s c u l a r  smooth musc les .  We a l so  found 

t h a t  the  e f f e c t  of ryanod ine  was p r a c t i c a l l y  i r r e v e r s i b l e  a t  20°C  and the  

t r a c e s  shown in  Fig .  1 B and C were in  f a c t  o b t a i n e d  a f t e r  ryanod ine  had been 

washed. However, i f  the  f i b e r  was washed at  37°C, the  e f f e c t  of ryanod ine  

could  be mos t ly  removed in  h a l f  an hour or so. 
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Then we s t u d i e d  e f f e c t s  of  ryanod ine  on c o n t r a c t i o n s  of  i n t a c t  muscle 

p r e p a r a t i o n s ,  because  the  d i s c r i m i n a t i n g  a c t i o n  of  ryanod ine  may be u s e f u l  as 

a t o o l  to  remove the  f u n c t i o n  of  a c e r t a i n  p a r t  of  the  i n t r a c e l l u l a r  Ca s t o r e  

( S a )  in  i n t a c t  c e l l s .  We cou ld  obse rve  c o n t r a c t i o n s  r e p e a t e d l y  evoked e i t h e r  

by a h igh-K s o l u t i o n  or  by an a g o n i s t  ( c a rbacho l  or  n o r a d r e n a l i n e )  in  the  

c o n t i n u e d  p r e s e n c e  of  30~M ryanod ine .  The f i r s t  c a f f e i n e  (25 ~ )  c o n t r a c t u r e  

in  the  p r e s e n c e  of  30#M ryanod ine  was e x a c t l y  the  same as t h a t  in  the  absence  

of  t he  drug.  However, the  f o l l o w i n g  a p p l i c a t i o n s  of  c a f f e i n e  a lmost  f a i l e d  to  

e l i c i t  c o n t r a c t i o n  even a f t e r  the  wi thd rawa l  of  r yanod ine ,  a l b e i t  the  muscle  

can s t i l l  respond wi th  a c o n t r a c t i o n  to  a high-K s o l u t i o n .  These r e s u l t s  

sugges t  t h a t  ryanod ine  a c t s  on the  CICR channe l s  only  when they  a re  open (as 

t he  r e s u l t  of  the  c a f f e i n e  a p p l i c a t i o n )  and l o c k  them in  an open s t a t e  as in  

sk inned  f i b e r s .  I n a b i l i t y  of  K- and a g o n i s t - c o n t r a c t u r e s  to  make ryanod ine  

e f f e c t i v e  s u g g e s t s  t h a t  the  CICR i s  on ly  p o o r l y  a c t i v a t e d  in  t h e s e  c o n t r a c -  

t u r e s  as compared wi th  c a f f e i n e  c o n t r a c t u r e s ,  a l t hough  the  magni tude of  the  

c o n t r a c t i o n s  was s i m i l a r  or even g r e a t e r  than t h a t  wi th  c a f f e i n e .  Un l ike  in  

s k e l e t a l  musc le ,  smooth muscles  d id  not  show i r r e v e r s i b l e  c o n t r a c t u r e  a f t e r  

the  ryanod ine  t r e a t m e n t .  This  i s  p robab ly  because  r e l e a s e d  Ca was e x t r u d e d  

from the  c e l l  as s u g g e s t e d  by the  45Ca e f f l u x  exper iment  (4) or  s e q u e s t e r e d  by 

a r y a n o d i n e - i n s e n s i t i v e  Ca poo l .  The e f f e c t  of  ryanod ine  s t a y e d  a t  l e a s t  a 

few hours  a f t e r  the  wi thd rawa l  of  the  drug a t  2 0 ~ ,  but  was mos t ly  removed 

a f t e r  an i n c u b a t i o n  a t  37~  f o r  40 min or so.  

F i g u r e  2 shows the  t e n s i o n  r e c o r d s  of  i n t a c t  f i b e r  bund le s .  The l e f t  

hand s i d e  and the  middle  t r a c e s  were o b t a i n e d  b e f o r e  and a f t e r  ryanod ine  

t r e a t m e n t ,  r e s p e c t i v e l y .  The ryanod ine  t r e a t m e n t  was c a r r i e d  out w i th  30~M 

of the  drug in  the  f o l l o w i n g  sequence :  4 min p r e t r e a t m e n t ,  2 min t r e a t m e n t  in  

the  p r e s e n c e  of  25 mM c a f f e i n e  and removal  of  both a g e n t s .  The r i g h t  hand 

s i d e  t r a c e s  show the  d i f f e r e n c e  between the  t e n s i o n  t r a c e s  b e f o r e  and a f t e r  

t he  ryanod ine  t r e a t m e n t  ( l e f t  - m i d d l e ) .  C a f f e i n e  c o n t r a c t u r e s  in  t a e n i a  a r e  

shown in  A and was g r e a t l y  d i m i n i s h e d  a f t e r  the  ryanod ine  t r e a t m e n t  as a l r e a d y  

d e s c r i b e d .  S i m i l a r  r e s u l t s  were o b t a i n e d  in  both  p o r t a l  v e i n  and pulmonary 
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before after difference 

A A 

D 

Fig .  2 Tension t r a c e s  of i n t a c t  smooth muscle bundles  b e f o r e  ( l e f t )  and a f t e r  
{middle) the  t r e a t m e n t  of 30zM ryanodine  wi th  25 mM c a f f e i n e .  Traces  on the  
r i g h t  r e p r e s e n t  the  d i f f e r e n c e s  of t e n s i o n  t r a c e s  { l e f t  - midd le ) .  Cont rac -  
t i o n s  were evoked by 25 mM c a f f e i n e  (h, t a e n i a ) ,  10~M c a r b a c h o l  (B, t a e n i a ) ,  
or IOzM n o r a d r e n a l i n e  (C_ and E_, p o r t a l  v e i n ;  D, pulmonary a r t e r y ) .  A-__DD, 2 mM 
e x t r a c e l l u l a r  Ca. In E Ca was omi t t ed  from the  b a t h i n g  s o l u t i o n s  and 5 m• 
EGTA was added. Ca f f e ine  and a g o n i s t s  were app l i ed  a t  the  arrow heads .  Hor i -  
z o n t a l  c a l i b r a t i o n s ,  60 s.  V e r t i c a l  ba r s  i n d i c a t e  lmN(A,B,C_~,_E) or 0 .1  mN(D_). 

a r t e r y ,  l O z M  c a r b a c h o l - e v o k e d  c o n t r a c t i o n s  of  t a e n i a  a r e  shown i n  B. The 

l a g  t i m e  b e t w e e n  t h e  a g o n i s t  a p p l i c a t i o n  and  t h e  r i s e  o f  t e n s i o n  was 

i n c r e a s e d ,  t h e  r a t e  o f  t e n s i o n  r i s e  was s l o w e r  b u t  t h e  p e a k  t e n s i o n  was a l m o s t  

t h e  same.  T h e s e  c h a n g e s  a r e  r e f l e c t e d  i n  t h e  d i f f e r e n c e  t r a c e  w h i c h  h a s  a 

s h a r p  r i s e  and  a s l ow  r e t u r n  t o  n e a r  z e r o .  l O z ~  n o r a d r e n a l i n e - i n d u c e d  

c o n t r a c t i o n  i n  p o r t a l  v e i n  (C) had  an i n i t i a l  t r a n s i e n t  p e a k  f o l l o w e d  b y  a 

s u s t a i n e d  p l a t e a u  o f  a s i m i l a r  m a g n i t u d e .  The r y a n o d i n e  t r e a t m e n t  seemed  t o  

a f f e c t  m a i n l y  t h e  i n i t i a l  c o m p o n e n t .  N o r a d r e n a l i n e  ( l O ~ M )  e v o k e d  a p h a s i c  

c o n t r a c t i o n  i n  p u l m o n a r y  a r t e r y  s t r i p  (D).  I t  was a c c o m p a n i e d  by  a t o n i c  

c o m p o n e n t  o f  v a r i a b l e  s i z e ,  b u t  u s u a l l y  t h e  t o n i c  componen t  h a d  a much s m a l l e r  

m a g n i t u d e  t h a n  t h e  p h a s i c  one .  The r y a n o d i n e  t r e a t m e n t  seemed  t o  s u p p r e s s  

m a i n l y  t h e  p h a s i c  c o m p o n e n t .  I t  s h o u l d  be  k e p t  i n  mind  t h a t  t h e  d i f f e r e n c e  i n  
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the  t e n s i o n  t r a c e s  would not  be l i n e a r l y  r e l a t e d  to the amount of Ca 

m o b i l i z e d .  Even so, i t  seems r e a s o n a b l e  to  conclude  from the  above e x p e r i -  

ments t h a t  Ca r e l e a s e  from the  ryanod ine  s e n s i t i v e  s t o r e  ( S a )  p a r t i c i p a t e s  a t  

l e a s t  i n  the  i n i t i a l  phase of the  a g o n i s t - e v o k e d  c o n t r a c t i o n s  and t h i s  i s  

q u i t e  i m p o r t a n t  i n  pulmonary a r t e r y  a l though  i t s  c o n t r i b u t i o n  i s  l e s s  i n  

t a e n i a  and in  p o r t a l  v e i n .  

I t  i s  we l l  known t h a t  a g o n i s t s  evoke t r a n s i e n t  c o n t r a c t i o n s  of smooth 

muscle in  the  absence of e x t r a c e l l u l a r  Ca (5) as reproduced here  fo r  the  case 

of p o r t a l  v e i n  (Fig .  2E l e f t ) .  This  seems main ly  due to Ca r e l e a s e  from the  

ryanod ine  s e n s i t i v e  component ( S a ) ,  because  a f t e r  the  ryanod ine  t r e a t m e n t  the  

a g o n i s t - i n d u c e d  c o n t r a c t i o n  in  p o r t a l  v e i n  was g r e a t l y  d i m i n i s h e d  (Fig .  2E 

midd le )  even though S a occupied  on ly  5~ of the t o t a l  s t o r e  in  t h i s  muscle .  

The s u p p r e s s i o n  of the  c o n t r a c t i o n  was almost  complete i n  t a e n i a  and pulmonary 

a r t e r y  (no t  shown). R e s u l t s  o b t a i n e d  in  sk inned  f i b e r s  sugges t  t h a t  r ya nod i ne  

would have d e p l e t e d  on ly  a p a r t  of the Ca s t o r e  ( S a )  and t h e r e  was a c o n s i d -  

e r a b l e  amount of s t o r e  ( S ~ )  l e f t  which had the  IICR mechanism. I f  the  second 

messenger  fo r  the  a g o n i s t  i s  indeed  IP~ as has been sugges ted  i n  many o the r  

c e l l s  (6) ,  then  why a g o n i s t s  d id  not  r e l e a s e  Ca from Sfl i n  the absence of 

e x t r a c e l t u l a r  Ca? One of the  p o s s i b i l i t i e s  i s  t h a t  e i t h e r  IP3 does no t  reach  

~B i n  a g o n i s t - i n d u c e d  c o n t r a c t i o n s  or IP~ i s  no t  used as the  second 

messenger .  Another  p o s s i b i l i t y  i s  t h a t  the IICR in  Sfl r e q u i r e s  e x t r a c e l l u l a r  

Ca. S ince  the  IICR has been shown to be dependent  on Ca c o n c e n t r a t i o n  nea r  

pCa 7 (3) ,  i t  i s  p o s s i b l e  t h a t  IP3 r e l e a s e s  Ca from S~ on ly  when t h e r e  i s  

s u f f i c i e n t  Ca i n f l u x  to keep the  Ca c o n c e n t r a t i o n  in  the v i c i n i t y  of the  s t o r e  

h l g h e r  than  a c e r t a i n  c r i t i c a l  l e v e l .  There could  be c e r t a i n l y  o t he r  

p o s s i b i l i t i e s  and t h i s  impor t an t  problem awai t s  f u r t h e r  c l a r i f i c a t i o n .  
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