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My t h r e e  y e a r  s o j o u r n  in G l a s g o w  has b e e n  a m e m o r a b l e  

e x p e r i e n c e ,  an d  my  t h a n k s  a r e  d u e  to t h o s e  p e o p l e  w h o  h e l p e d  

m a k e  my  s t a y  h e r e  so e n j o y a b l e .

F i r s t l y ,  I w o u l d  like to t h a n k  P r o f e s s o r  J.S. G i l l e s p i e  for 

g i v i n g  me the o p p o r t u n i t y  of w o r k i n g  in his d e p a r t m e n t ,  and 

for c o - s u p e r v i s i n g  my  p r o j e c t .

I am p a r t i c u l a r l y  g r a t e f u l  to Dr. D a v i d  P o l l o c k  for his 

c o n s t a n t  i n t e r e s t  in, an d  e n t h u s i a s t i c  s u p e r v i s i o n  of my 

w o r k .  I a l s o  v a l u e  his f r i e n d s h i p  and the k i n d n e s s  s h o w n  to 

me t h r o u g h o u t  m y  s t a y  in G l a s g o w .

I ha d  the p l e a s u r e  of w o r k i n g  w i t h  two f r i e n d s  w h o  a l w a y s  
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F o r s y t h  w h o  a d d e d  c o l o u r  to my v o c a b u l a r y  and s t o p p e d  me 

f i d g e t t i n g ;  and Dr. S t e p h e n  J. B o y l e ,  s u p p o r t e r  of lost 

c a u s e s ,  w h o  f i n a l l y  c o n v i n c e d  me that G l a s g o w  is m i l e s  

b e t t e r ......... t h a n  F i n d o c h t y .

I a p p r e c i a t e  the e x c e l l e n t  t e c h n i c a l  a s s i s t a n c e  o f f e r e d  by 

b o t h  M i s s  H a n n a h  M c C a f f e r y  and Mr. J o h n  T h o m s o n .  I am a l s o  

g r a t e f u l  for t h e i r  i n t e r e s t  s h o w n  in my  w e l f a r e ,  and w o u l d  

t h a n k  t h e m  b o t h  to s t o p  s m o k i n g .

I w i s h  to t h a n k  M rs. S h e n g  H o n g  for u n s e l f i s h l y  s h a r i n g  

m a t e r i a l s  and e q u i p m e n t ,  an d  for h e r  s t i m u l a t i n g  t h o u g h t s  

and d i s c u s s i o n  .

My  t h a n k s  a l s o  go to all m e m b e r s  of t e a c h i n g  and t e c h n i c a l  

s t a f f  in the d e p a r t m e n t  of p h a r m a c o l o g y  w h o  a s s i s t e d  me in 

some w a y  d u r i n g  the c o u r s e  of this p r o j e c t ,  and for m a k i n g  

me feel so w e l c o m e .

T h a n k s  are a l s o  due to Dr. H. E l d e r  and c o l l e a g u e s  for



p r e p a r i n g  the e l e c t r o n  m i c r o g r a p h s ,  and the M e d i c a l  

I l l u s t r a t i o n  U n i t  for d r a w i n g  the f i g u r e s .

F i n a l l y  I w o u l d  l ike to t h a n k  m y  b r o t h e r  S t u a r t ,  for 

p r o v i d i n g  f ood and s h e l t e r ,  and my p a r e n t s  for t h e i r  

f i n a n c i a l  s u p p o r t  and for h a v i n g  s o m e  f a i t h  in J u n i o r .

I a c k n o w l e d g e  f i n a n c i a l  s u p p o r t  g i v e n  by the M e d i c a l  

R e s e a r c h  C o u n c i l .
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p h o s p h a t i d y 1 i n o s i t o 1 h y d r o l y s i s  in rat a o r t i c  r i n g s  
p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e ,  p o t a s s i u m  c h l o r i d e ,  or 
p h o r b o l  1 2 - m y r i s t a t e  1 3 - a c e t a t e  (PMA).
P r o c .  E u r .  S y m p o s i u m  on  S m o o t h  M u s c l e  (in J o u r n a l  of 
M u s c l e  R e s e a r c h ) ,  (in p r e s s ) .

5. M o r r i s o n  K . J .  and P o l l o c k  D. ( 1 9 8 8 ) .
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B r . J. P h a r m a c o l .  ( A b s t r a c t ) ,  (in p r e s s ) .

6. M c K e n z i e  F., M o r r i s o n  K . J .  and P o l l o c k  D. 
H y p e r t e n s i o n - i n d u c e d  c h a n g e s  in the s e n s i t i v i t y  and 
b i o c h e m i c a l  c o u p l i n g  m e c h a n i s m s  of v a s c u l a r  s m o o t h  
m u s e l e  .
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ton e ,  c G M P  l e v e l s  an d  p h o s p h a t i d y 1 i n o s i t o 1 h y d r o l y s i s  in 
rat a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  d i f f e r e n t  c o n t r a c t i l e  
a g e n t s  .
J. P h a r m a c o l .  E xp. T h e r .  ( s u b m i t t e d )
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A b b r e v i a t  ions 

C o m m o n l y  u s e d  

l i s t e d  b e l o w : 

A D P  

A T P

c y c l i c  A M P

c y c l i c  GM P

[ C a 2 + ] i

D A G

D M S O

G p r o t e i n  

G T P

I n s ( 1 , 4 , 5 ) P 3 

KC1

Ptd OH

Ptd Ins

P I P

P I P 2

4tX-PDD

P M A

T C A

a b b r e v i a t i o n s  u s e d  t h r o u g h o u t  this t h e s i s  ar e

a d e n o s i n e  5 ’ d i p h o s p h a t e

- a d e n o s i n e  5' t r i p h o s p h a t e

- c y c l i c  a d e n o s i n e  3'5' m o n o p h o s p h a t e  

c y c l i c  g u a n o s i n e  3*5* m o n o p h o s p h a t e

- c y t o s o l i c  f r e e  c a l c i u m  c o n c e n t r a t i o n

- 1 , 2 - d i a c y l g l y c e r o l

- d i m e t h y l s u l p h o x i d e

g u a n i n e  n u c l e o t i d e - b i n d i n g  r e g u l a t o r y  

p r o t e i n

g u a n o s i n e  5' t r i p h o s p h a t e  

i n o s i t o l  1 , 4 , 5 - t r i s p h o s p h a t e  

p o t a s s i u m  c h l o r i d e  

r e l a t i v e  m o l e c u l a r  m a s s  

o r t h o p h o s p h a t e

- p h o s p h a t i d i c  a c i d

p h o s p h a t i d y 1 i n o s i t o 1

p h o s p h a t i d y l i n o s i t o l  4 - p h o s p h a t e

p h o s p h a t i d y 1 i n o s i t o 1 4 , 5 - b i s p h o s p h a t e

- 4 a l p h a  p h o r b o l  12, 1 3 - d i d e c a n o a t e  

p h o r b o l  1 2 - m y r i s t a t e  1 3 - a c e t a t e  

t r i c h l o r o a c e t i c  a c i d
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T h i s  s t u d y  e x a m i n e d  v a s c u l a r  s m o o t h  m u s c l e  r e l a x a t i o n  in rat 

i s o l a t e d  a o r t i c  r i n g s  a n d  r e l a t e d  m e c h a n i c a l  r e s p o n s e s  of 

t i s s u e s  to the c a u s a t i v e  i n t r a c e l l u l a r  e v e n t s .

Th e  m a i n  a r e a s  of r e s e a r c h  i n v e s t i g a t e d  w e r e :

(i) v a s c u l a r  r e l a x a t i o n  i n d u c e d  b y  the b o v i n e  i n h i b i t o r y  

factor;
(ii) the e f f e c t s  of the c o n t r a c t i l e  a g e n t s  u s e d  to r a i s e  

m u s c l e  t o n e  on the d e g r e e  a n d  n a t u r e  of v a s c u l a r  r e l a x a t i o n ;  

and

(iii) v a s c u l a r  r e l a x a t i o n  in a o r t i c  r i n g s  f r o m  s p o n t a n e o u s l y  

h y p e r t e n s i v e  r a t s  ( SHR).

T h e  p r i n c i p a l  r e s u l t s  o b t a i n e d  in t his s t u d y  ar e  s u m m a r i s e d  

be l o w :

1) The b o v i n e  i n h i b i t o r y  f a c t o r  i n d u c e d  w e a k  e n d o t h e l i u m -

i n d e p e n d e n t  r e l a x a t i o n s  of ra t  a o r t i c  r i n g s  p r e c o n t r a c t e d
— Rw i t h  n o r a d r e n a l i n e  (1.6 x 10 M).

2) The i n h i b i t o r y  f a c t o r  (lOO^il) c o m p l e t e l y  i n h i b i t e d  m u s c l e
— Rt o n e  r a i s e d  w i t h  n o r a d r e n a l i n e  (1.6 x 10 M) in r a b b i t  

a o r t i c  s t r i p s .

T h e  r e l a x a n t  e f f i c a c y  of th e  i n h i b i t o r y  f a c t o r  m a y  t h e r e f o r e  

be s p e c i e s - d e p e n d e n t .

3) A c e t y l c h o l i n e  (10 ^M) a n d  s o d i u m  n i t r o p r u s s i d e  ( 1 0 ~ ^ M )  

i n d u c e d  a p p r o x i m a t e l y  the s a m e  d e g r e e  of r e l a x a t i o n  of
— Ra o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  (1.6 x 10 M).



4) S o d i u m  n i t r o p r u s s i d e  ( 1 0 ~ 8M) i n d u c e d  l e v e l s  of c y c l i c  G M P  

th a t  w e r e  1 0 - f o l d  h i g h e r  t h a n  t h o s e  i n d u c e d  by a c e t y l c h o l i n e  

( 1 0 " 5M ) .

5) T h e  i n h i b i t o r y  f a c t o r  (200jil) d i d  n o t  s i g n i f i c a n t l y  

i n c r e a s e  l e v e l s  of c y c l i c  G M P  a s s o c i a t e d  w i t h  w e a k  v a s c u l a r  

re 1 axa t i o n .

6) A c e t y l c h o l i n e  an d  s o d i u m  n i t r o p r u s s i d e , at c o n c e n t r a t i o n s  

t h a t  i n d u c e d  the s a m e  d e g r e e  of r e l a x a t i o n  as the i n h i b i t o r y  

f a c t o r  (200^il), d i d  n o t  s i g n i f i c a n t l y  i n c r e a s e  l e v e l s  of 

c y c l i c  G M P .

7) S o d i u m  n i t r o p r u s s i d e  i n d u c e d  a l m o s t  c o m p l e t e  i n h i b i t i o n
— ftof m u s c l e  t o n e  r a i s e d  w i t h  n o r a d r e n a l i n e  ( 1.6 x 10 M) 

w i t h o u t  i n c r e a s i n g  l e v e l s  of c y c l i c  GMP.

T h e s e  r e s u l t s  s u g g e s t  t h a t  the a b s o l u t e  l e v e l s  of c y c l i c  GM P  

m e a s u r e d  d u r i n g  v a s c u l a r  r e l a x a t i o n  m a y  be of less 

i m p o r t a n c e  t h a n  s o m e  o t h e r  i n t r a c e l l u l a r  p a r a m e t e r .

8) A c e t y l c h o l i n e  a n d  s o d i u m  n i t r o p r u s s i d e  i n d u c e d  w e a k e r  

r e l a x a t i o n s  of a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  K C 1  ( 2 0 m M )  

th a n  of t i s s u e s  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e

(1.6 x 1 0 " 8 M ) .

9) A c e t y l c h o l i n e  ( 1 0 ” ^M) a n d  s o d i u m  n i t r o p r u s s i d e  ( 1 0 _ 8 M) 

i n d u c e d  s m a l l e r  i n c r e a s e s  in th e  l e v e l s  of c y c l i c  G M P  in 

t i s s u e s  p r e c o n t r a c t e d  w i t h  K C 1  ( 2 0 m M )  t h a n  in t i s s u e s
— ftp r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  (1.6 x 10 M ) .



10) A c e t y l c h o l i n e  and s o d i u m  n i t r o p r u s s i d e  i n d u c e d  w e a k e r  

r e l a x a t i o n s  of a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  p h o r b o l  12- 

m y r i s t a t e  1 3 - a c e t a t e  (PMA) (5 x 10 7M) t h a n  of a o r t i c  r i n g s  

p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  (2 x 1 0 ” 7M).

11) T h e  l e v e l s  of c y c l i c  G M P  i n d u c e d  by a c e t y l c h o l i n e  

( 1 0 ~ ^ M )  and s o d i u m  n i t r o p r u s s i d e  ( 1 0 ~ 8M) in t i s s u e s  

p r e c o n t r a c t e d  w i t h  P M A  (5 x 10 7M) w e r e  s i g n i f i c a n t l y  

s m a l l e r  t h a n  in t i s s u e s  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  

( 2 x 1 0 ” 7 M ) .

T h e s e  r e s u l t s  c o n t r a d i c t  f i n d i n g s  3 ) - 7 )  an d  s h o w  t h a t  the 

a b s o l u t e  l e v e l s  of c y c l i c  G M P  m e a s u r e d  d u r i n g  v a s c u l a r  

r e l a x a t i o n  a r e  r e l a t e d  to the d e g r e e  of s m o o t h  m u s c l e  

r e l a x a t i o n .

12) N o r a d r e n a l i n e  i n d u c e d  c o n c e n t r a t i o n - d e p e n d e n t  i n c r e a s e s  

in the r a t e  of h y d r o l y s i s  of Pt d  Ins, m o n i t o r e d  by m e a s u r i n g  

the l e v e l s  of Ptd OH.

13) K C 1  (30raM) and P M A  (5 x 1 0 - 7 M) d i d  n o t  s i g n i f i c a n t l y  

i n c r e a s e  the r a t e  of Pt d  Ins h y d r o l y s i s .

14) A c e t y l c h o l i n e  ( 1 0 ” ^M) an d  s o d i u m  n i t r o p r u s s i d e  (10"~8M) 

r e s p e c t i v e l y ,  s i g n i f i c a n t l y  d e c r e a s e d  the r a t e  of Ptd Ins 

h y d r o l y s i s  i n d u c e d  by  n o r a d r e n a l i n e  (2 x 10 7M).

15) A c e t y l c h o l i n e  ( 1 0 ” ^M) an d  s o d i u m  n i t r o p r u s s i d e  (10""8M) 

d i d  n o t  s i g n i f i c a n t l y  a l t e r  the r a t e  of Ptd Ins h y d r o l y s i s  

m e a s u r e d  in r e s p o n s e  to K C 1  ( 3 0 m M )  or P M A  (5 x 1 0 - 7 M).

T h e s e  r e s u l t s  s u g g e s t  t h a t  h y d r o l y s i s  of P t d  Ins m a y  f i r s t



be n e c e s s a r y  b e f o r e  p o t e n t  v a s o r e l a x a t i o n s  of a o r t i c  r i n g s  

a s s o c i a t e d  w i t h  i n c r e a s e d  l e v e l s  of c y c l i c  G M P  can be 

d e m o n s  t r a t e d .

16) T h r o u g h o u t  this s t u d y ,  s o d i u m  n i t r o p r u s s i d e  i n d u c e d  

s i g n i f i c a n t l y  g r e a t e r  r e l a x a t i o n s  t h a n  a c e t y l c h o l i n e  of 

p r e c o n t r a c t e d  a o r t i c  r i n g s .  T h i s  p h e n o m e n o n  w a s  p a r t i c u l a r l y  

m a r k e d  in a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  P M A  (5 x 1 0 ~ ^ M ) .

17) N i t r i c  o x i d e ,  w h i c h  is the t e r m i n a l  m e d i a t o r  of v a s c u l a r  

r e l a x a t i o n s  i n d u c e d  by b o t h  a c e t y l c h o l i n e  and s o d i u m

n i t r o p r u s s i d e , i n d u c e d  p o w e r f u l ,  c o n c e n t r a t i o n - d e p e n d e n t ,  

e n d o t h e  1 i u m - i n d e p e n d e n t  an d  t r a n s i e n t  r e l a x a t i o n s  of a o r t i c  

r i n g s  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  (2 x 1 0 ” ^M).

18) N i t r i c  o x i d e - i n d u c e d  r e l a x a t i o n s  of a o r t i c  r i n g s  

p r e c o n t r a c t e d  w i t h  P M A  (5 x 1 0 - ^M) w e r e  d i m i n i s h e d  to the 

s a m e  e x t e n t  as t h o s e  i n d u c e d  by a c e t y l c h o l i n e .

19) T h e  l e v e l  of c y c l i c  G M P  i n d u c e d  by n i t r i c  o x i d e  

(3 x 1 ( T 6M) w a s  s i g n i f i c a n t l y  s m a l l e r  in t i s s u e s  

p r e c o n t r a c t e d  w i t h  P M A  (5 x 1 0 ” ^M) t h a n  in t i s s u e s  

p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  (2 x 10 ^M).

T h e s e  r e s u l t s  s u g g e s t  t h a t  PMA, p r o b a b l y  v i a  p r o t e i n  k i n a s e  

C, m a y  h a v e  i n h i b i t e d  the r e l a x a n t  m e c h a n i s m s  a c t i v a t e d  by 

a c e t y l c h o l i n e  an d  n i t r i c  o x i d e  in v a s c u l a r  s m o o t h  m u s c l e  

c e l l s .  T h e r e f o r e ,  the g r e a t e r  r e l a x a n t  e f f e c t  of s o d i u m  

n i t r o p r u s s i d e  in t i s s u e s  p r e c o n t r a c t e d  w i t h  P M A  m a y  be 

a t t r i b u t e d  to an a d d i t i o n a l  m e c h a n i s m  of a c t i o n .



20) N o r a d r e n a l i n e  and K C 1  i n d u c e d  c o n c e n t r a t i o n - d e p e n d e n t  

c o n t r a c t i o n s  of a o r t i c  r i n g s  f r o m  SHR t h a t  w e r e  

s i g n i f i c a n t l y  s m a l l e r  t h a n  t h o s e  i n d u c e d  in a o r t i c  r i n g s  

f r o m  n o r m o t e n s i v e  W K Y  r a t s .  T h i s  is c o n s i s t e n t  w i t h  the 

h i g h e r  r e s t i n g  t e n s i o n  r e c o r d e d  in SHR a o r t i c  r i n g s  t h a n  in 

W K Y  a o r t i c  r i n g s  an d  s u g g e s t s  t h a t  the a o r t i c  r i n g s  w e r e  not 

c a p a b l e  of d e v e l o p i n g  f u r t h e r  s u b s t a n t i a l  t e n s i o n .

21) Th e  b a s a l  r a t e  of Ptd Ins h y d r o l y s i s  m e a s u r e d  in SHR 

a o r t i c  r i n g s  w a s  s i g n i f i c a n t l y  h i g h e r  t h a n  t hat m e a s u r e d  in 

W K Y  a o r t i c  r i n g s .  N o r a d r e n a l i n e  (2 x 10 ^M) did no t  f u r t h e r  

i n c r e a s e  the r a t e  of Ptd Ins h y d r o l y s i s .

22) At h i g h  c o n c e n t r a t i o n s  ( 1 0 ~ ^ M ) ,  s o d i u m  n i t r o p r u s s i d e  

i n d u c e d  s i g n i f i c a n t l y  g r e a t e r  r e l a x a t i o n s  of SH R  a o r t i c  

r i n g s  t h a n  of W K Y  a o r t i c  r i n g s .  T h i s  e f f e c t  w a s  r e f l e c t e d  in 

s i g n i f i c a n t l y  h i g h e r  l e v e l s  of c y c l i c  GMP.



I N T R O D U C T I O N



I n d i v i d u a l  c e l l s  are the b a s i c  u n i t s  of b o t h  the s t r u c t u r e  

and the f u n c t i o n  of l i v i n g  o r g a n i s m s .  In the c o u r s e  of 

e v o l u t i o n ,  c e l l s  h a v e  d e v e l o p e d  c h a r a c t e r i s t i c s  w h i c h  a r i s e  

d u r i n g  c e l l u l a r  d i f f e r e n t i a t i o n ,  and h a v e  r e s u l t e d  in the 

a d a p t a t i o n  of c e r t a i n  c e l l s  for p a r t i c u l a r  r o l e s .  F o u r  m a j o r  

c a t e g o r i e s  of d i f f e r e n t i a t e d  c e l l  t y p e s  ar e  r e c o g n i s e d ,  

b a s e d  on the t y p e  of f u n c t i o n  t h e y  p e r f o r m  or on t h e i r  

e m b r y o n i c  o r i g i n s :  (i) n e r v e  c e l l s ;  (ii) m u s c l e  c e l l s ;  (iii)

e p i t h e l i a l  c e l l s ;  and (iv) c o n n e c t i v e  t i s s u e  c e l l s .  

A s s o c i a t i o n  of d i f f e r e n t i a t e d  c e l l s  of s i m i l a r  t ype r e s u l t s  

in the f o r m a t i o n  of r a u l t i c e l l u l a r  t i s s u e s  w h i c h  c o r r e s p o n d  

to the f our c a t e g o r i e s  of d i f f e r e n t i a t e d  c e l l  t y p e s .  All 

o t h e r  t i s s u e s  a n d  o r g a n s  ar e  c o m p o s e d  of t h e s e  m a i n  t i s s u e  

types .
M u s c l e  t i s s u e  is s p e c i a l i s e d  to c o n t r a c t  an d  this p r o p e r t y  

m a y  be e x p r e s s e d  as m o v e m e n t  or for c e .  M o v e m e n t  is a 

c h a r a c t e r i s t i c  of all l i v i n g  c e l l s  and is the r e s u l t  of 

f o r c e s  g e n e r a t e d  by the c o n v e r s i o n  of c h e m i c a l  e n e r g y  into 

m e c h a n i c a l  e n e r g y .  T h i s  c e l l u l a r  f o r c e - g e n e r a t i n g  a p p a r a t u s  

w a s  p r e s e n t  at an e a r l y  s t a g e  in b i o l o g i c a l  e v o l u t i o n ,  and  

the s p e c i a l i s e d  n a t u r e  of m u s c l e  c e l l s  is m e r e l y  an 

e x t e n s i o n  a n d  m o d i f i c a t i o n  of t his b a s i c  m e c h a n i s m  c o m m o n  to 

all c e l l s .  T h e  f u n c t i o n  of m u s c l e  is as a s o u r c e  of 

m o v e m e n t ,  e i t h e r  for l o c o m o t i o n ,  by its a c t i o n s  on the b o n e s  

of the s k e l e t o n ,  or for i n t e r n a l  m o t i l i t y ,  by its c o n t r o l  

o v e r  the d i a m e t e r  of b l o o d  v e s s e l s  and h o l l o w  o r g a n s .  T h r e e  

typ e s  of m u s c l e  t i s s u e s  c a n  be d i s t i n g u i s h e d  on the b a s i s  of 

s t r u c t u r e  a n d  c o n t r a c t i l e  p r o p e r t i e s :  (i) s k e l e t a l  or

s t r i a t e d  m u s c l e  a t t a c h e d  p r i n c i p a l l y  to the b o n e s  of the



s k e l e t o n ;  (ii) c a r d i a c  m u s c l e  w h i c h  is p r e s e n t  e x c l u s i v e l y  

in the w a l l s  of the h e a r t ;  and (iii) v i s c e r a l  or s m o o t h  

m u s c l e  w h i c h  is f o u n d  p r e d o m i n a n t l y  in the v i s c e r a  or 

i n t e r n a l  o r g a n s .  S m o o t h  m u s c l e  m a y  a l s o  be p r e s e n t  in the 

w a l l s  of b l o o d  v e s s e l s ,  w i t h  the e x c e p t i o n  of c a p i l l a r i e s ,  

and in the s p l e e n .

V a s c u l a r  s m o o t h  m u s c l e

T h e  b a s i c  s t r u c t u r e  of an a r t e r y  is s h o w n  in f i g u r e  1. All 

b l o o d  v e s s e l s  c o m p r i s e  this f u n d a m e n t a l  a r r a n g e m e n t ,  a 

p a r t i c u l a r  b l o o d  v e s s e l  b e i n g  c h a r a c t e r i s e d  by  the 

p r o p o r t i o n  of e a c h  c o n s t i t u e n t .  T h e  m o r p h o l o g y  and 

p h y s i o l o g y  of v a s c u l a r  s m o o t h  m u s c l e  h a v e  b e e n  e x t e n s i v e l y  

r e s e a r c h e d  an d  c o m p r e h e n s i v e l y  r e v i e w e d  by, a m o n g  o t h e r s ,  

F u r c h g o t t  ( 1 9 5 5 ) ,  B o h r  ( 1 9 6 4 ) ,  S o m l y o  and S o m l y o  ( 1 9 6 8 ) ,  and 

G a b e l l a  ( 1 9 8 1 ) .  T h e  r o l e  of v a s c u l a r  s m o o t h  m u s c l e  in the 

r e g u l a t i o n  of b l o o d  p r e s s u r e  a n d  f l o w  has b e e n  r e c o g n i s e d  

for m a n y  y e a r s .  T h e  e x i s t e n c e  of the b l o o d  c i r c u l a t i o n  was 

f i r s t  r e p o r t e d  by W i l l i a m  H a r v e y  in 1621 ( H a r v e y ,  1621; 

c i t e d  by B o w m a n  and R a n d ,  1 9 8 0 ) ,  a n d  s o o n  a f t e r ,  its 

f u n c t i o n  in the s u p p l y  of o x y g e n  and n u t r i e n t s  to the 

t i s s u e s ,  a n d  the r e m o v a l  of c a r b o n  d i o x i d e  a n d  m e t a b o l i t e s  

to the o r g a n s  of e x c r e t i o n ,  w a s  d e s c r i b e d  ( B o w m a n  and R a n d ,  

198 0 ) .  T h e  m a i n t e n a n c e  of the b l o o d  c i r c u l a t i o n ,  a n d  h e n c e  

o p t i m a l  c o n d i t i o n s  for c e l l u l a r  f u n c t i o n ,  is d e p e n d e n t  on 

b o t h  the r h y t h m i c  b e a t i n g  of the h e a r t  an d  the r e s i s t a n c e  to 

b l o o d  f l o w  e x e r t e d  by the b l o o d  v e s s e l s .  T h e s e  two f a c t o r s  

t o g e t h e r ,  r e g u l a t e  the a r t e r i a l  b l o o d  p r e s s u r e .  T h e  t o t a l  

p e r i p h e r a l  r e s i s t a n c e  to the f l o w  of b l o o d  is d e p e n d e n t  on 

the l e v e l  of v a s c u l a r  t o n e  e x e r t e d  by the r e s i s t a n c e  

v e s s e l s .  V a s c u l a r  s m o o t h  m u s c l e  is s p e c i a l i s e d  to m a i n t a i n



Endo the 1 i a 1 cell layer

T unica intima

T unica m e di a
T u n i c a  a d v e n t i t i a

F i g u r e  1 .
D i a g r a m a t i c  r e p r e s e n t a t i o n  of the c o n s t i t u e n t  l a y e r s  of a 
t y p i c a l  a r t e r y .  T h e  a o r t a  c o n t a i n s  c o n c e n t r i c a l l y  a r r a n g e d  
s m o o t h  m u s c l e  c e l l s  and b u n d l e s  of e l a s t i n  f i b r e s  in the 
t u n i c a  m e d i a ,  a n d  an e x t e n s i v e  e l a s t i c  l a m i n a  b e t w e e n  the 
m e d i a  a n d  the a d v e n t i t i a .



tone, an d  in c o n t r a s t  w i t h  s k e l e t a l  m u s c l e ,  it is w e l l  

s u i t e d  for m a i n t a i n i n g  t e n s i o n  for l o n g  p e r i o d s  of t i m e  w i t h  

o n l y  m i n i m a l  e n e r g y  e x p e n d i t u r e .  V a s c u l a r  t o n e  m a y  be 

d e f i n e d  as the d e g r e e  of m u s c l e  c o n t r a c t i o n  m a i n t a i n e d  by 

the b l o o d  v e s s e l  ( M o r g a n ,  198 7 )  an d  is i n f l u e n c e d  by a 

m u l t i p l i c i t y  of f a c t o r s  ( V a n h o u t t e ,  1 9 7 8 ) .  D e p e n d i n g  on the 

n a t u r e  of t h e s e  s t i m u l i ,  v a s c u l a r  t o n e  m a y  e i t h e r  be 

e x t r i n s i c  or i n t r i n s i c  in n a t u r e .  E x t r i n s i c  t o n e  is c a u s e d  

by  e x t e r n a l  f a c t o r s  s u c h  as n e u r o t r a n s m i t t e r s , v a s o a c t i v e  

s u b s t a n c e s  and p h a r m a c o l o g i c a l  a g e n t s .  I n t r i n s i c  tone 

h o w e v e r ,  is p r o d u c e d  by f a c t o r s  i n t r i n s i c  to the c e l l  i t s e l f  

eg. s t r u c t u r e  of v e s s e l  w a l l ,  c e l l  p e r m e a b i l i t y ,  and ca n  be 

o b s e r v e d  in i s o l a t e d  s m o o t h  m u s c l e  p r e p a r a t i o n s  e v e n  in the 

p r e s e n c e  of n e u r o t r a n s m i t t e r  a n t a g o n i s t s  ( M o r g a n ,  19 8 7 ) .

Th e  u l t i m a t e  d e t e r m i n a n t  of v a s c u l a r  s m o o t h  m u s c l e  tone
O  ^

h o w e v e r ,  is the r a t e  or m a g n i t u d e  of c a l c i u m  ion (Ca ) 

t r a n s p o r t  a c r o s s  the s m o o t h  m u s c l e  c e l l  m e m b r a n e  (Bohr,
9 + f19 6 3 ) .  The r e q u i r e m e n t  of Ca for c e l l  f u n c t i o n  has l ong

b e e n  r e c o g n i s e d  ( R i n g e r ,  1 8 8 3 )  and s i n c e  c o n t r a c t i o n  of

v a s c u l a r  s m o o t h  m u s c l e  is s e c o n d a r y  to a r i s e  in the

c y t o s o l i c  free C a ̂  + c o n c e n t r a t i o n  ( [ C a ^ + ] ^ ) ( B o l t o n ,  1979 ;

J o n e s ,  19 8 1 ) ,  the v a s c u l a r  e f f e c t s  of all v a s o c o n s t r i c t o r

and v a s o d i l a t o r  s t i m u l i  m a y  be m e d i a t e d  t h r o u g h  a l t e r a t i o n s

in the [ C a ^ + ]^ a v a i l a b l e  to the c o n t r a c t i l e  p r o t e i n s  (Bohr,

1963). I n d e e d ,  in c a r d i o v a s c u l a r  d i s o r d e r s  s u c h  as

h y p e r t e n s i o n  a n d  m y o c a r d i a l  i s c h a e m i a ,  i n c r e a s e d  v a s c u l a r
2 +t o n e  is a s s o c i a t e d  w i t h  an e l e v a t e d  [Ca ( Cohn, 1 9 83).

2 ̂The c o m m o n  d e p e n d e n c e  on [Ca for m u s c l e  c o n t r a c t i o n  is

q u a l i t a t i v e l y  a p p l i c a b l e  to all v a s c u l a r  s m o o t h  m u s c l e ,  

a l t h o u g h  q u a n t i t a t i v e  d i f f e r e n c e s  do e x i s t  w h i c h  m a y  a c c o u n t
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for the h e t e r o g e n e i t y  of v a s c u l a r  r e a c t i v i t y .  T h e  

i n d i v i d u a l i t y  of the r e s p o n s i v e n e s s  and p h a r m a c o l o g y  of 

v a s c u l a r  s m o o t h  m u s c l e  v a r i e s  w i t h  the s p e c i e s ,  t h a t  p a r t  of 

the c i r c u l a t o r y  s y s t e m  c h o s e n  for s t u d y ,  an d  in the i s o l a t e d  

p r e p a r a t i o n ,  the e x p e r i m e n t a l  c o n d i t i o n s  u s e d .  In g e n e r a l ,  

t h o s e  f a c t o r s  t h a t  a f f e c t  v a s c u l a r  t o n e  m a y  e i t h e r  be 

p h y s i c a l  or c h e m i c a l  in n a t u r e .  T h o s e  p h y s i c a l  

c o n s i d e r a t i o n s  i n c l u d e  the s t r u c t u r a l  a n d  a n a t o m i c a l  

a r r a n g e m e n t  of the b l o o d  v e s s e l  w a l l ,  l e n g t h - t e n s i o n  

r e l a t i o n s h i p  of s m o o t h  m u s c l e ,  t e m p e r a t u r e ,  and o s m o l a r i t y  

of the b a t h i n g  m e d i u m .  C h e m i c a l  f a c t o r s  ar e  m o r e  n u m e r o u s  

a n d  c a n  be n e u r o n a l  in o r i g i n  or c o n t a i n e d  in the 

c i r c u l a t i n g  b l o o d .  T h e  v a s c u l a r  e n d o t h e l i u m  p l a y s  an 

i m p o r t a n t  r o l e  in the m o d u l a t i o n  of v a s c u l a r  s m o o t h  m u s c l e  

r e a c t i v i t y  and m a y  e x h i b i t  p r o p e r t i e s  f r o m  b o t h  c a t e g o r i e s .  

F a c t o r s  t h a t  a f f e c t  v a s c u l a r  s m o o t h  m u s c l e  tone 

P h y s i c a l  f a c t o r s

Th e  p r i n c i p a l  p h y s i c a l  i n f l u e n c e s  on v a s c u l a r  t one are the 

c o m p o s i t i o n a l  a r r a n g e m e n t  of the v a s c u l a r  w a l l  an d  the 

l e n g t h - t e n s i o n  r e l a t i o n s h i p  of the v a s c u l a r  s m o o t h  m u s c l e .

( i ) S t r u c t u r e  an d  a n a t o m i c a l  a r r a n g e m e n t  of b l o o d  v e s s e l  

w a  11

T h e  s t r u c t u r e  an d  t i s s u e  c o m p o s i t i o n  of a b l o o d  v e s s e l  w a l l  

a r e  r e l a t e d  to its f u n c t i o n .  F o r  e x a m p l e ,  the a o r t a  and 

l a r g e  a r t e r i e s  a r e  t h i c k - w a l l e d  v e s s e l s  c o n t a i n i n g  a h i g h  

p r o p o r t i o n  of e l a s t i n  w h i c h  a l l o w s  t h e s e  v e s s e l s  to act as 

p r e s s u r e  r e s e r v o i r s  for m a i n t a i n i n g  b l o o d  f l o w  d i s t r i b u t i o n .  

In c o n t r a s t ,  t h i n - w a l l e d  a r t e r i o l e s  w h i c h  r e g u l a t e  the f l o w  

of b l o o d  f r o m  the a r t e r i a l  s y s t e m  i n t o  the c a p i l l a r i e s ,  are 

p r i n c i p a l l y  c o m p o s e d  of c i r c u l a r l y - d i s p o s e d  a n d  s t r o n g l y -
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d e v e l o p e d  s m o o t h  m u s c l e  f i b r e s .  T h e  d e g r e e  of v a s c u l a r  t one 

e x e r t e d  by  a b l o o d  v e s s e l  is d e p e n d e n t  on the r e l a t i v e  

p r o p o r t i o n  of s m o o t h  m u s c l e  c e l l s  to c o n n e c t i v e  t i s s u e ,  w i t h  

r e s p e c t  to the t h i c k n e s s  of the v e s s e l  w a l l .  T h i s  

a r r a n g e m e n t  i n f l u e n c e s  the a c c e s s  of n e u r o t r a n s m i t t e r s  and 

v a s o a c t i v e  a g e n t s  to r e c e p t o r  s i t e s  and to the m e c h a n i s m s  of 

d e a c t i v a t i o n  ( V a n h o u t t e ,  1 9 7 8 ) .  In 1949, G o l d s t e i n  f i r s t  

p r o p o s e d  t h a t  the b i n d i n g  of d r u g s  to n o n - r e c e p t o r  s i t e s  m a y  

e f f e c t i v e l y  r e d u c e  the d r u g  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 r e c e p t o r .  F u r t h e r m o r e ,  G i l l e s p i e  ( 1 9 6 6 ) ,  s u g g e s t e d  the 

e x i s t e n c e  of " s i l e n t  r e c e p t o r s ” for n o r a d r e n a l i n e ,  w i t h i n  

the g r o u n d  p l e x u s  of c o n n e c t i v e  t i s s u e .  T h e s e  r e c e p t o r s  do 

not g i v e  r i s e  to a t i s s u e  r e s p o n s e  b u t  m a y  r e d u c e  the 

r e s p o n s e  of the e f f e c t o r  c e l l .  In the r a b b i t  e a r  a r t e r y  and 

rat tail, p r e p a r a t i o n s  w i t h  a h i g h  c o n t e n t  of c o l l a g e n  and 

e l a s t i c  t i s s u e ,  o x y t e t r a c y c 1 ine has b e e n  s h o w n  to i n h i b i t  

the b i n d i n g  of c a t e c h o l a m i n e s  to c o l l a g e n  and e l a s t i n ,  and 

p o t e n t i a t e  the r e s p o n s e  to n o r a d r e n a l i n e  and a d r e n e r g i c  

n e r v e  s t i m u l a t i o n  ( P o w i s ,  1 9 7 3 ) .  H o w e v e r  a t i s s u e  w i t h  a low 

c o n t e n t  of c o l l a g e n  and e l a s t i n ,  the rat a n o c o c c y g e u s , w a s  

l ess s u s c e p t i b l e  to the p o t e n t i a t i n g  e f f e c t s  of 

o x y t e t r a c y c 1 ine . I n h i b i t i o n  of the e n z y m e  c a t e c h o 1 - 0 - m e t h y  1 

t r a n s f e r a s e  ( C O M T )  ha s  b e e n  d e m o n s t r a t e d  to c a u s e  m a r k e d  

s u p e r s e n s i t i v i t y  to, a n d  i n c r e a s e d  m a x i m u m  r e l a x a t i o n  

i n d u c e d  by, i s o p r e n a l i n e  in the d o g  s a p h e n o u s  v e i n  

( G u i m a r a e s  ji_t a 1 . , 1975 ). T h i s  e f f e c t  w a s  d i r e c t l y  

p r o p o r t i o n a l  to the m a s s  of s m o o t h  m u s c l e  c e l l s .

( i i ) L e n g t h - t e n s i o n  r e l a t i o n s h i p

In 1902, B a y l i s s  f i r s t  r e p o r t e d  t hat i n c r e a s e d  s t r e t c h  of 

v a s c u l a r  s m o o t h  m u s c l e  m a y  l e a d  to i n c r e a s e d  v a s c u l a r  tone.
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I n d e e d ,  s t r e t c h i n g  of b o t h  a r t e r i a l  and v e n o u s  s m o o t h  m u s c l e  

r e s u l t s  in an i n c r e a s e  in m u s c l e  l e n g t h  w h i c h  is a c c o m p a n i e d  

by an i n c r e a s e  in m u s c l e  t e n s i o n .  T h i s  p a s s i v e  r e l a t i o n s h i p  

is du e  to the v a r i o u s  c o n s t i t u e n t  v i s c o u s  e l a s t i c  p r o p e r t i e s  

of the v a s c u l a r  w a l l ,  s u c h  as e l a s t i n ,  c o l l a g e n ,  a n d  s m o o t h  

m u s c l e  ( A l t u r a  and A l t u r a ,  1978) and ha s  b e e n  d e m o n s t r a t e d  

in n u m e r o u s  m a m m a l i a n  i s o l a t e d  b l o o d  v e s s e l s  ( S p e d e n ,  1960; 

H e r l i h y  a n d  M u r p h y ,  1973 ; P e i p e r  e_t a_l. , 1 9 7 3 ) .  An a c t i v e  

l e n g t h - t e n s i o n  r e l a t i o n s h i p  h a s  a l s o  b e e n  d e m o n s t r a t e d  in 

the r a b b i t  e a r  a r t e r y  ( U c h i d a  e t a 1 ., 1 9 6 7 ) ,  i s o l a t e d  

a r t e r i o l e s  a n d  m i c r o v e s s e l s  of the rat m e s e n t e r y  (Baez,

1969) and in the f r o g  m e s e n t e r i c  m i c r o c i r c u l a t i o n  (Gore, 

19 7 2 ) .  M o r e  r e c e n t l y ,  the r o l e  of the e n d o t h e l i u m  in 

s t r e t c h - i n d u c e d  v a s c u l a r  t o n e  h a s  b e e n  s t u d i e d .  E n d o t h e l i a l  

c e l l s  f o r m  a c o n t i n u o u s  l a y e r  l i n i n g  the e n t i r e  v a s c u l a r  

s y s t e m  and are s u b j e c t e d  to w a l l  s h e a r  s t r e s s e s  that d e v e l o p  

w h e n  b l o o d  m o v e s  t h r o u g h  the v e s s e l s  (Lansraan, 1 9 8 8 ) .  It ha s  

t h e r e f o r e  b e e n  p r o p o s e d  t h a t  the e n d o t h e l i u m  m a y  act as a 

t r a n s d u c e r  of h a e m o d y n a m i c  f o r c e s  to r e g u l a t e  the l o c a l  

r e l e a s e  of v a s o a c t i v e  s u b s t a n c e s  i n v o l v e d  in the c o n t r o l  of 

b l o o d  p r e s s u r e  by c h a n g i n g  v a s c u l a r  ton e .  I n d e e d ,  w a l l  s h e a r  

s t r e s s  has b e e n  s h o w n  to a f f e c t  the f u n c t i o n s  of e n d o t h e l i a l  

c e l l s  ( D e F o r r e s t  and H o l l i s ,  1978; F r a n g o s  e t a 1 . , 1985 ).

T h e  m e c h a n i s m  of this p r o c e s s  r e m a i n s  u n c l e a r .  H o w e v e r ,  a 

K + - s e l e c t i v e , s h e a r  s t r e s s  a c t i v a t e d  t r a n s m e m b r a n e  c u r r e n t  

has r e c e n t l y  b e e n  d e m o n s t r a t e d  in c u l t u r e d  e n d o t h e l i a l  

c e l l s ,  w h i c h  m a y  h e l p  e x p l a i n  the p h e n o m e n o n  ( O l e s e n  e t a 1 ., 

1988) .

C h e m i c a l  f a c t o r s

A w i d e  v a r i e t y  of c h e m i c a l  a g e n t s  a f f e c t  v a s c u l a r  tone, and
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are p r i n c i p a l l y  n e u r o n a l  in o r i g i n  or v a s o a c t i v e  s u b s t a n c e s  

c o n t a i n e d  in the c i r c u l a t i n g  b l o o d  or p r o d u c e d  by the 

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

e x t r i n s i c  v a s c u l a r  t o n e  w h i c h  is s u p e r i m p o s e d  on the b a s a l  

or i n t r i n s i c  t o n e  t hat is g e n e r a t e d  by the p h y s i c a l  

p r o p e r t i e s  of the s m o o t h  m u s c l e  an d  its e n v i r o n m e n t .  

M o d u l a t i o n  of v a s c u l a r  t o n e  by c h e m i c a l  s t i m u l i ,  o t h e r  t h a n  

t h o s e  p r o d u c e d  by the e n d o t h e l i a l  c e l l s ,  is m e d i a t e d  by 

s t i m u l a t i o n  of r e c e p t o r s  or " r e c o g n i t i o n  s i t e s "  l o c a t e d  on 

the c e l l  m e m b r a n e s  of e n d o t h e l i a l  or v a s c u l a r  s m o o t h  m u s c l e  

c e l l s .

( i ) I n n e r v a t i o n  of v a s c u l a r  s m o o t h  m u s c l e  

The n e r v e s  that i n n e r v a t e  b l o o d  v e s s e l s ,  the v a s o m o t o r  

n e r v e s ,  b e l o n g  to the s y m p a t h e t i c  ( t h o r a c o l u m b a r )  d i v i s i o n  

of the a u t o n o m i c  n e r v o u s  s y s t e m  and w e r e  f i r s t  d e s c r i b e d  by 

C l a u d e  B e r n a r d  ( B e r n a r d ,  1852; c i t e d  by D e t w e i l e r ,  1 9 7 8 ) .

Th e  p r i n c i p a l  n e u r o t r a n s m i t t e r  r e l e a s e d  on e l e c t r i c a l  

s t i m u l a t i o n  of t h e s e  n e r v e s  is n o r a d r e n a l i n e  w h i c h  i n d u c e s  

v a s o c o n s t r i c t i o n .  T h e  p r e c a p i l l a r y  a r t e r i o l e s  in s k e l e t a l  

m u s c l e  in m a n y  s p e c i e s ,  i n c l u d i n g  m an, r e c e i v e  a c h o l i n e r g i c  

s y m p a t h e t i c  i n n e r v a t i o n .  E l e c t r i c a l  s t i m u l a t i o n  of t h e s e  

n e r v e s  r e l e a s e s  a c e t y l c h o l i n e  w h i c h  i n d u c e s  v a s o d i l a t a t i o n .  

H o w e v e r  n e u r o g e n i c  a l t e r a t i o n s  in v a s c u l a r  t o n e  are 

p r e d o m i n a n t l y  p r o d u c e d  by c h a n g e s  in the a c t i v i t y  of 

s y m p a t h e t i c  a d r e n e r g i c  n e r v e s  ( B e v a n  and Su, 1 9 7 3 ) .  I n d e e d  

m o s t  c h e m i c a l ,  p h y s i c a l  and p h a r m a c o l o g i c a l  f a c t o r s  that 

c o n t r o l  v a s c u l a r  t o n e  a l s o  m o d u l a t e  a c t i v i t y  of the 

n e u r o t r a n s m i t t e r  r e l e a s e d  at the n e u r o e f f e c t o r  j u n c t i o n  

(Ra n d  e_t ji_l . , 1976 ; V a n h o u t t e ,  1977 ; 19 8 0 ) .  M o r e o v e r ,

f u n c t i o n a l  c h a n g e s  in v a s c u l a r  s m o o t h  m u s c l e  a s s o c i a t e d  w i t h



-8-

h y p e r t e n s  i o n , m a y  be i n i t i a t e d  by a l t e r a t i o n s  in this 

n e u r o g e n i c  c o n t r o l  of v a s c u l a r  r e a c t i v i t y  ( W i n q u i s t  e t al., 

19 8 2 ) .  F u r t h e r m o r e ,  the d e n s i t y  of a d r e n e r g i c  i n n e r v a t i o n  

and d e g r e e  of p e n e t r a t i o n  of the n e r v e  e n d i n g s  i n t o  the 

s m o o t h  m u s c l e  l a y e r s  are i m p o r t a n t  c o n s i d e r a t i o n s .  N e r v e s  do 

no t  p e n e t r a t e  b e y o n d  the a d v e n t i t i a - m e d i a  b o r d e r  in m o s t  

a r t e r i e s ,  w h e r e a s  in v e i n s  t h e y  i n n e r v a t e  the d e e p  m e d i a l  

s m o o t h  m u s c l e  l a y e r s  ( B e v a n  and Su, 1 973 ; L j u n g  et a 1 ., 

1 9 7 5 ) .  A d i f f e r e n t i a l  r e a c t i v i t y  to n o r a d r e n a l i n e  h a s  b e e n  

d e m o n s t r a t e d  in the c a r o t i d  a r t e r y  of the s h e e p ,  in w h i c h  

the a d r e n e r g i c  n e r v e  f i b r e s  ar e  r e s t r i c t e d  to the o u t e r  

l a y e r s  of s m o o t h  m u s c l e  ( K e a t i n g e  and T o r r i e ,  1 9 7 6 ) .  T h i s  

e f f e c t  m a y  be c a u s e d  by d i f f e r e n c e s  in e l e c t r i c a l  

c h a r a c t e r i s t i c s  b e t w e e n  m u s c l e  c e l l s  t h a t  r e c e i v e  a 

d i f f e r e n t  s y m p a t h e t i c  i n n e r v a t i o n  ( M e k a t a  and K e a t i n g e ,  

1975). H o w e v e r ,  u l t i m a t e l y  it is the c o n c e n t r a t i o n  of 

n o r a d r e n a l i n e  at the r e c e p t o r  s i t e s  on v a s c u l a r  s m o o t h  

m u s c l e  c e l l  m e m b r a n e s  t h a t  d e t e r m i n e s  the i n f l u e n c e  of the 

s y m p a t h e t i c  i n n e r v a t i o n  on v a s c u l a r  tone. In a d r e n e r g i c a  1 1 y 

i n n e r v a t e d  b l o o d  v e s s e l s ,  e n d o g e n o u s l y  r e l e a s e d ,  or 

e x o g e n o u s l y  a d d e d  n o r a d r e n a l i n e  m a y  s t i m u l a t e  a d r e n o c e p t o r s  

l o c a t e d  on the a d r e n e r g i c  n e r v e  t e r m i n a l  (p r e - j u n c t i o n a 1 

a d r e n o c e p t o r s ) ,  an d  a d r e n o c e p t o r s  s i t u a t e d  on the v a s c u l a r  

s m o o t h  m u s c l e  c e l l s  (p o s t - j u n c t i o n a l  a d r e n o c e p t o r s ) .  P r e -  

and p o s t - j u n c t i o n a 1 a l p h a - a d r e n o c e p t o r s  d i f f e r  in t h e i r  

p h a r m a c o l o g y  and f u n c t i o n .  P r e - j u n c t i o n a l  a l p h a -  

a d r e n o c e p t o r  s m e d i a t e  the r e g u l a t i o n  of t r a n s m i t t e r  r e l e a s e  

f r o m  a d r e n e r g i c  n e r v e  e n d i n g s ,  w h e r e a s  p o s t - j u n c t i o n a 1 

a l p h a - a d r e n o c e p t o r s  m e d i a t e  c o n t r a c t i o n  of v a s c u l a r  s m o o t h  

m u s c l e  ( S o m l y o  and S o m l y o ,  1970; S t j a r n e  an d  G r i p e ,  1973;
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S t a r k e  e t a 1 . , 1 9 7 5 ) .  P r e - j u n c t i o n a 1 a l p h a - a d r e n o c e p t o r s  

h a v e  b e e n  c a t e g o r i s e d  as a l p h a 2 - a d r e n o c e p t o r s  an d  the p o s t ­

j u n c t i o n a l  a 1p h a - a d r e n o c e p t o r s  m a y  be e i t h e r  a l p h a ^ -  or 

a l p h a j - a d r e n o c e p t o r s  ( L a n g e r ,  1974 ; S t a r k e  e_t a_l . , 1975 ; 

W i k b e r g ,  1 9 7 9 ) .  It has b e e n  s u g g e s t e d  for the rat i s o l a t e d  

a o r t a ,  t h a t  the p o s t - j u n c t i o n a 1 a l p h a - a d r e n o c e p t o r s  

m e d i a t i n g  v a s o c o n s t r i c t i o n  m a y  p o s s e s s  c h a r a c t e r i s t i c s  of 

b o t h  a l p h a ^ -  and a l p h a 2 " a d r e n o c e p t o r s  ( R u f f o l o  e_t ja_l . , 1981;

198 2 ) .  H o w e v e r ,  c o n t r a c t i o n s  of rat a o r t i c  s t r i p s  i n d u c e d  by 

the s e l e c t i v e  a l p h a 2 ~ a d r e n o c e p t o r  a g o n i s t s  B - H T  9 2 0  and UK 

14, 304 w e r e  s h o w n  to be m e d i a t e d  by a l p h a ^ - a d r e n o c e p t o r s  , 

s u g g e s t i n g  that p o s t s y n a p t i c  a l p h a - a d r e n o c e p t o r s  s h o u l d  be 

c l a s s i f i e d  as a h o m o g e n e o u s  p o p u l a t i o n  of a l p h a ^ -  

a d r e n o c e p t o r s  ( B e c k e r i n g h  ert a 1 . , 1 984).

( i i ) V a s o a c t i v e  a g e n t s  an d  the e n d o t h e l i u m

Th e  v a s c u l a r  e n d o t h e l i u m  is the l a y e r  of s q u a m o u s  e p i t h e l i a l  

c e l l s  t hat l i n e s  the e n t i r e  c i r c u l a t o r y  s y s t e m .  The 

e n d o t h e l i u m  p e r f o r m s  m u l t i p l e  f u n c t i o n s  w h i c h  i n c l u d e  

r e g u l a t i o n  of p l a s m a  l i p i d s ,  c a p i l l a r y  t r a n s p o r t  and 

p a r t i c i p a t i o n  in h a e m o s t a s i s  ( R o b e r t s o n  Jr. and R o s e n ,  1978; 

V a n h o u t t e  e t a 1 ., 1 9 8 6 ) .  F u r t h e r m o r e ,  a n d  p r e s e n t l y  the

s u b j e c t  of i n t e n s e  r e s e a r c h ,  the e n d o t h e l i a l  l a y e r  m o d u l a t e s  

the r e a c t i v i t y  of v a s c u l a r  s m o o t h  m u s c l e .  T h i s  r e g u l a t o r y  

f u n c t i o n  is a c c o m p l i s h e d  t h r o u g h  two m a i n  m e c h a n i s m s  (i) the 

e n d o t h e l i u m  i m p o s e s  a p h y s i c a l  b a r r i e r  b e t w e e n  t h o s e  

v a s o a c t i v e  a g e n t s  c i r c u l a t i n g  in the b l o o d ,  and the s m o o t h  

m u s c l e  c e l l s  and; (ii) the e n d o t h e l i a l  c e l l s  are a c t i v e l y  

i n v o l v e d  in the e x t r a c t i o n  and m e t a b o l i s m  of c i r c u l a t i n g  

v a s o a c t i v e  s u b s t a n c e s ,  as w e l l  as in the s e c r e t i o n  of 

e x c i t a t o r y  and i n h i b i t o r y  m e d i a t o r s  of v a s c u l a r  t o n e  in
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r e s p o n s e  to v a s o a c t i v e  s t i m u l i  ( V a n h o u t t e  ejt a_l. , 198 6 ) .

T h e  c u r r e n t  i n t e r e s t  in the r o l e  of e n d o t h e l i a l  c e l l s  in 

v a s c u l a r  s m o o t h  m u s c l e  r e s p o n s i v e n e s s  b e g a n  in 1 9 8 0  w h e n  

F u r c h g o t t  a n d  Z a w a d z k i  f i r s t  r e p o r t e d  t hat a c e t y l c h o l i n e  

c o u l d  i n d u c e  v a s o d i l a t a t i o n  of r a b b i t  i s o l a t e d  a o r t i c  r i n g s  

( F u r c h g o t t  an d  Z a w a d z k i ,  1 9 8 0 a ) .  T h i s  e f f e c t  w a s  s h o w n  to be 

c r i t i c a l l y  d e p e n d e n t  on the p r e s e n c e  of f u n c t i o n a l  

e n d o t h e l i a l  c e l l s  and ha s  s u b s e q u e n t l y  b e e n  d e m o n s t r a t e d  in 

n u m e r o u s  m a m m a l i a n  a r t e r i e s  ( C h a n d  and A l t u r a ,  1981; Lee, 

1982 ; C o h e n  e t a 1 ., 1 9 8 3 a ) ,  s m a l l  d i a m e t e r  r e s i s t a n c e  

v e s s e l s  ( O w e n  and B e v a n ,  1985) an d  v e n o u s  p r e p a r a t i o n s  (De 

M e y  and V a n h o u t t e ,  1 9 8 2 ) .  V a s o d i l a t a t i o n  is t h o u g h t  to be 

m e d i a t e d  v i a  a c t i v a t i o n  of e n d o t h e l i a l  m u s c a r i n i c  r e c e p t o r s  

( E g l e n  and W h i t i n g ,  1985; R u b a n y i  and V a n h o u t t e ,  1 9 8 5 a ) ,  

a l t h o u g h  the e x a c t  l o c a t i o n  of t h e s e  r e c e p t o r s  has p r o v e d  

c o n t r o v e r s i a l  ( S t e p h e n s o n  and S u m m e r s ,  1 9 8 7 ) .  S t i m u l a t i o n  of 

m u s c a r i n i c  r e c e p t o r s  r e s u l t s  in the g e n e r a t i o n  a n d / o r  

r e l e a s e  of a d i f f u s a b l e  s u b s t a n c e ( s )  w h i c h  e x e r t s  an 

i n h i b i t o r y  a c t i o n  on s m o o t h  m u s c l e  c e l l s  (eg. F u r c h g o t t  and 

Z a w a d z k i ,  1 980a; v a n  de V o o r d e  and L e u s e n ,  1 983 ; G r i f f i t h  e t 

a l ., 1 9 8 4 ) .  T h i s  u n i d e n t i f i e d  v a s o d i l a t o r  s u b s t a n c e ( s )  was

t e r m e d  " t h e  e n d o t h e l i u m - d e r i v e d  r e l a x i n g  f a c t o r  (s)" or 

" E D R F "  ( F u r c h g o t t  and Z a w a d z k i ,  1 9 8 0 a ) .  O n c e  it was 

e s t a b l i s h e d  t h a t  v a s c u l a r  s m o o t h  m u s c l e  t o n e  c o u l d  be 

r e g u l a t e d  by a p o t e n t  e n d o t h e l i a l  s u b s t a n c e (s ) , the s e a r c h  

for its i d e n t i t y  b e g a n .  I n i t i a l l y  m u c h  a t t e n t i o n  f o c u s s e d  on 

the m e t a b o l i c  p r o d u c t s  of a r a c h i d o n i c  aci d ,  w i t h  the 

o b s e r v a t i o n  t h a t  q u i n a c r i n e ,  an i n h i b i t o r  of p h o s p h o 1 i p a s e  

A 2  , c o u l d  p r e v e n t  the r e l e a s e  of the E D R F  ( G r i f f i t h  e_t a 1 . , 

1984) and a l s o  the e n d o t h e l i u m - d e p e n d e n t  v a s o r e l a x a t i o n s
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o b s e r v e d  in v a r i o u s  b l o o d  v e s s e l s  (eg. C h e r r y  et_ a_l. , 1982 ; 

De M e y  e t a 1 ., 1982 ; S i n g e r  and P e a c h ,  1 9 8 3 ) .  F u r t h e r m o r e ,  

a p o s s i b l e  r o l e  for v a s o d i l a t o r  p r o s t a n o i d s  w a s  p r o p o s e d  

( F u r c h g o t t  and Z a w a d z k i ,  1 9 8 0 a , b ) .  H o w e v e r ,  i n t e r p r e t a t i o n  

of r e s u l t s  f r o m  t h e s e  e x p e r i m e n t s  w a s  c o m p l i c a t e d  by the 

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

u s e d  and t h e r e f o r e  p r o v e d  i n c o n c l u s i v e  ( r e v i e w e d  by 

F u r c h g o t t ,  19 8 3 ) .  In 1987, F u r c h g o t t  f i r s t  p r o p o s e d  t hat the 

E D R F  is n i t r i c  o x i d e  (NO) ( F u r c h g o t t ,  1 9 8 7 ) .  T h i s  h a s  s i n c e  

b e e n  s u p p o r t e d  by o t h e r  w o r k e r s  ( P a l m e r  e t a 1 . , 1987 ). 

H o w e v e r ,  the p o s s i b i l i t y  s t i l l  r e m a i n s  t h a t  t h e r e  e x i s t  

o t h e r  E D R F 's w h i c h  m a y  be a p r o d u c t  of a r a c h i d o n i c  a c i d  

m e t a b o l i s m  t h r o u g h  the P 4 5 0  p a t h w a y  ( R u b a n y i  and V a n h o u t t e ,  

1 9 8 7 ) .  A l s o ,  a n o t h e r  n i t r o g e n  d e r i v a t i v e ,  a m m o n i a ,  (NHg), is 

p r e s e n t l y  an a t t r a c t i v e  c a n d i d a t e  for the i d e n t i t y  of 

a n o t h e r  E D R F  ( V a n h o u t t e ,  1 9 8 7 ) .

In the c o u r s e  of the s e a r c h  for the i d e n t i t y  of the E D R F  it 

b e c a m e  a p p a r e n t  that it s h a r e s  m a n y  i m p o r t a n t  p r o p e r t i e s  

w i t h  the p u t a t i v e  t r a n s m i t t e r  of the n o n - a d r e n e r g i c , n o n -  

c h o l i n e r g i c  ( N ANC) i n n e r v a t i o n  of the b o v i n e  r e t r a c t o r  p e n i s  

m u s c l e  (BRP) ( r e v i e w e d  by G i l l e s p i e ,  1 9 8 7 ) .  T h i s  s o - c a l l e d  

" i n h i b i t o r y  f a c t o r "  w a s  f i r s t  d e s c r i b e d  by A m b a c h e  e_t a 1 , 

( 1 9 7 5 ) ,  w h o  r e p o r t e d  the p r e s e n c e  of a s m o o t h  m u s c l e  

r e l a x a n t  in a c i d  e x t r a c t s  of the BRP. T h e  i n h i b i t o r y  f a c t o r  

ha s  s i n c e  b e e n  s h o w n  to be a p o w e r f u l  r e l a x a n t  of n u m e r o u s  

i s o l a t e d  b l o o d  v e s s e l s  ( B o w m a n  e t a 1 ., 1 9 8 1 ) .  F u r t h e r m o r e ,

E D R F - l i k e  a c t i v i t y  r e l e a s e d  f r o m  b o v i n e  a o r t i c  e n d o t h e l i a l  

c e l l s  is s i m i l a r  to the i n h i b i t o r y  f a c t o r  in that t h e y  b o t h  

r e q u i r e  a c i d  a c t i v a t i o n  ( M u r r a y  ejt a_l_. , 1986 ). T h i s ,  and

o t h e r  s i m i l a r i t i e s  led F u r c h g o t t  (1 9 8 7 )  to d r a w  c o m p a r i s o n s
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b e t w e e n  the E D R F  an d the i n h i b i t o r y  f a c t o r  an d to s u g g e s t  

t ha t the i n a c t i v e  f o r m  of the i n h i b i t o r y  f a c t o r  is n i t r i t e  

f r o m  w h i c h  the a c t i v e  s p e c i e s ,  n i t r i c  o x i d e ,  is g e n e r a t e d  by 

a ci d . S t u d i e s  on c u l t u r e d  b o v i n e  e n d o t h e l i a l  c e l l s  s u p p o r t  

this h y p o t h e s i s  a l t h o u g h  the a c t i v e  s p e c i e s  is p r o b a b l y  

s t a b i l i s e d  by s ome  o t h e r  u n i d e n t i f i e d  c o n s t i t u e n t  of the 

e x t r a c t  ( M a r t i n  e_t ji_l. , 1 9 8 8 ).

T h e  m e d i a t o r s  of h a e m o s t a s i s  m a y  m o d u l a t e  v a s c u l a r  

r e a c t i v i t y  eg. t h r o m b i n  (De M e y  £_t a_l. , 1 98 2 ; De M e y  and

V a n h o u t t e ,  1982; K u , 1982 ; R a p o p o r t  e t a 1 . , 1984); 

a g g r e g a t i n g  p l a t e l e t s ,  if t on e  is f i r s t  r a i s e d  w i t h  

p r o s t a g l a n d i n  F 2 CX, ( C o h e n  e_t a 1 . , 1 9 8 3 a , b ;  H o u s t o n  e_t a 1 . , 

1985; H o u s t o n  and V a n h o u t t e ,  1 9 8 5 ) ;  s e r o t o n i n  v i a  

s t i m u l a t i o n  of S ^ - s e r o t o n e r g i c  r e c e p t o r s  ( C o c k s  and A n g u s ,  

1983; C o h e n  e t a 1 ., 1 9 8 3 a , b ;  H o u s t o n  e t a 1 . , 1985 ); 

a d e n o s i n e  5' d i p h o s p h a t e  (ADP) a nd  a d e n o s i n e  5' t r i p h o s p h a t e  

(ATP) (De M e y  e t a 1 ., 1982; De M e y  and V a n h o u t t e ,  1982;

G o r d o n  and M a r t i n ,  1 98 3a ; H o u s t o n  e_t a_l . , 1985 ); and

p l a t e l e t  a c t i v a t i n g  f a c t o r  ( PA F) , p r o b a b l y  v i a  a n o n ­

s p e c i f i c  a c t i o n  ( K a m i t a n i  e t a 1 . , 1984 ; V a n h o u t t e  and

H o u s  ton , 19 8 5 ).

V a r i o u s  h o r m o n e s  and  a u t o c o i d s  c i r c u l a t i n g  in the b l o o d  can 

a l s o  r e g u l a t e  v a s c u l a r  r e a c t i v i t y  eg. n o r a d r e n a l i n e  and 

s e l e c t i v e  a l p h a 2 - a d r e n o c e p t o r  a g o n i s t s  ( C o c k s  and A n g u s ,  

1983; M i l l e r  an d V a n h o u t t e ,  19 8 4) ; a nd  n o r a d r e n a l i n e  and 

i s o p r e n a l i n e  v i a  s t i m u l a t i o n  of b e t a - a d r e n o c e p t o r s  ( R u b a n y i  

and V a n h o u t t e ,  1 9 8 5 b ) .  T h i s  l a t t e r  e f f e c t  h o w e v e r ,  m a y  not 

o n l y  be a t t r i b u t e d  to a c t i v a t i o n  of e n d o t h e l i a l  b e t a -  

a d r e n o c e p t o r s  b ut  a l s o  to the b a s a l  r e l e a s e  of the EDRF. 

T h e r e f o r e  the p r e s e n c e  of e n d o t h e l i a l  a d r e n o c e p t o r s  m a y
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a c c o u n t  for the v a s o d i l a t o r y  e f f e c t s  of c a t e c h o l a m i n e s  in 

c e r t a i n  v a s c u l a r  b e d s  and i n d e e d ,  r e m o v a l  of the e n d o t h e l i u m  

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

s t i m u l a t i o n  of a l p h a - a d r e n o c e p t o r s  l o c a t e d  on the v a s c u l a r  

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

of e n d o t h e l i u m ,  n o n - s e l e c t i v e  a l p h a - a d r e n o c e p t o r  a g o n i s t s ,  

an d in p a r t i c u l a r  n o r a d r e n a l i n e  a nd  a d r e n a l i n e ,  i n d u c e  

e n h a n c e d  v a s o c o n s t r i c t i o n  ( A l l a n  e_t a 1 . , 1 98 3 ; F o r t e s  et

a 1 . , 1983; C a r r i e r  and W h i t e ,  1985 ; G o d f r a i n d  ^_t a_l . , 1985 ). 

E n d o t h e l i u m - d e p e n d e n t  v a s o r e l a x a t i o n s  h a v e  n o w  b e e n  

d e m o n s t r a t e d  in b l o o d  v e s s e l s  in r e s p o n s e  to s e v e r a l  o t h e r  

s u b s t a n c e s  p r e s e n t  n o r m a l l y  or p a t h o l o g i c a l l y  in b l o o d :  

a n g i o t e n s i n  II (Toda, 1 9 84 ) ;  b r a d y k i n i n  ( A l t u r a  and C h a n d  , 

1981; C h a n d  and A l t u r a ,  1981; C h e r r y  e_t a 1 . , 1982; R e g o l i  e t 

a 1 . , 1982 ; G o r d o n  and M a r t i n ,  1 9 8 3 b ) ;  h i s t a m i n e  v i a

a c t i v a t i o n  of H ^ - h i s t a m i n e r g i c  r e c e p t o r s  ( R a p o p o r t  and 

M u r a d ,  1 98 3a ;  v a n  de V o o r d e  and  L e u s e n ,  1983; D a v i e s  and 

W i l l i a m s ,  1984 ; S a t o h  and I nu i,  1984 );  s u b s t a n c e  P ( A n g u s  e t 

a 1 . , 1983 ); v a s o a c t i v e  i n t e s t i n a l  p e p t i d e  ( D a v i e s  and

W i l l i a m s ,  1 98 4) ; v a s o p r e s s i n  a n d the r e l a t e d  p e p t i d e  

o x y t o c i n ,  v i a  s t i m u l a t i o n  of r e c e p t o r s  ( K a t u s i c  e t a 1 .,

1 9 8 4 a , b ) ;  a nd  c a l c i t o n i n  g e n e - r e l a t e d  p e p t i d e  ( B r a i n  e_t a 1 . , 

1985 ) .

In a d d i t i o n  to m e d i a t i n g  v a s o d i l a t a t i o n ,  e n d o t h e l i a l  c e l l s  

h a v e  b e e n  i m p l i c a t e d  in th e f a c i l i t a t i o n  of c o n t r a c t i l e  

r e s p o n s e s  of v a s c u l a r  s m o o t h  m u s c l e  ( H i c k e y  e t a 1 ., 1985 ).

I n d e e d ,  r e c e n t l y  an e n d o t h e l i u m - d e r i v e d  2 1 - r e s i d u e  

v a s o c o n s t r i c t o r  p e p t i d e ,  e n d o t h e l i n ,  has b e e n  i s o l a t e d  and 

c h a r a c t e r i s e d  f r o m  c u l t u r e d  e n d o t h e l i a l  c e l l s  ( Y a n a g i s a w a  e t 

al . , 1 98 8 ) .
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S t i m u l u s  r e s p o n s e  c o u p l i n g

R e g u l a t i o n  of v a s c u l a r  t o n e  by  n e u r o t r a n s m i t t e r s  and

v a s o a c t i v e  a g e n t s  is u l t i m a t e l y  e f f e c t e d  b y a l t e r a t i o n s  in 
9 +the [Ca ]^. E x t e r n a l  c h e m i c a l  s t i m u l i  c o n f e r  t h e i r

i n f o r m a t i o n  on v a s c u l a r  s m o o t h  m u s c l e  c e l l s ,  in c o m m o n  w i t h

o t h e r  c e l l  t y p e s ,  b y i n t e r a c t i n g  w i t h  s p e c i f i c  c e l l  s u r f a c e

r e c e p t o r s  r e s u l t i n g  in the g e n e r a t i o n  of a c o r r e s p o n d i n g

i n t r a c e l l u l a r  s i g n a l .  It is t his  s i g n a l  th at  m e d i a t e s  the

c e l l u l a r  r e s p o n s e .  T he  p l a s m a  m e m b r a n e  h o w e v e r ,  f o rm s  a

b a r r i e r  to the i n w a r d  f l o w  of i n f o r m a t i o n ,  b ut  the p r e s e n c e

of m e m b r a n e  t r a n s d u c t i o n  m e c h a n i s m s  is t h o u g h t  to t r a n s l a t e

t h e s e  e x t e r n a l  s t i m u l i  i n t o  i n t e r n a l  c h e m i c a l  s i g n a l s  in a

p r o c e s s  c a l l e d  s t i m u l u s - r e s p o n s e  c o u p l i n g  (see f i g u r e  2)

( B e r r i d g e ,  1 9 8 1) . T h e s e  s i g n a l s  ar e c a r r i e d  by " s e c o n d

m e s s e n g e r s "  w h i c h  m a y  e i t h e r  r e m a i n  in the m e m b r a n e  or

d i f f u s e  t h r o u g h o u t  the c e l l  and  c o m b i n e  w i t h  " a c c e p t o r s "  to

m o d u l a t e  the a c t i v i t y  of k e y  b i o c h e m i c a l  r e a c t i o n s  that

r e g u l a t e  the c e l l u l a r  r e s p o n s e .  F o l l o w i n g  b i n d i n g  of its

a g o n i s t ,  the c e l l  s u r f a c e  r e c e p t o r  a s s o c i a t e s  w i t h  s p e c i f i c

t r a n s d u c t i o n  p r o t e i n s ;  t h e s e  g u a n i n e  n u c l e o t i d e - b i n d i n g

r e g u l a t o r y  p r o t e i n s ,  "G" p r o t e i n s ,  b e c o m e  a c t i v e  u p o n

b i n d i n g  of g u a n o s i n e  t r i p h o s p h a t e  ( GTP) a nd  s t i m u l a t e  an

" a m p l i f i e r "  e n z y m e  l o c a t e d  on the i n n e r  f ac e  of the m e m b r a n e

t h a t c a t a l y s e s  the c o n v e r s i o n  of p r e c u r s o r  m o l e c u l e s  i nto

s e c o n d  m e s s e n g e r s .  T h o s e  s e c o n d  m e s s e n g e r s  c u r r e n t l y

i d e n t i f i e d  as b e i n g  g e n e r a t e d  by  t hi s m e c h a n i s m  an d of

i m p o r t a n c e  in v a s c u l a r  s m o o t h  m u s c l e  r e a c t i v i t y  ar e c y c l i c

a d e n o s i n e  3*5* m o n o p h o s p h a t e  ( c y c l i c  A M P ) ,  the p r o d u c t s  of

i n o s i t o l  p h o s p h o l i p i d  m e t a b o l i s m ,  1 , 2 - d i a c y l g l y c e r o l  (DAG)
9 4"an d 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 n s ( 1 , 4 , 5 ) Pg ) and Ca
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( B e r r i d g e ,  1 9 8 5 ) .  Th e  m e s s e n g e r  r o l e  of C a ^ + is v i r t u a l l y  

u n i v e r s a l  in a n i m a l  c e l l s  an d is p e r f o r m e d  in c o n c e r t  w i t h

the o t h e r  i n t r a c e l l u l a r  m e s s e n g e r s .
2 + 2 +Ca and Ca h o m e o s t a s i s

2 +T h e  Ca m e s s e n g e r  s y s t e m  o p e r a t e s  v i a  two d i s t i n c t

b r a n c h e s :  (i) a c a l m o d u l i n  (CaM) b r a n c h  t ha t  is a c t i v a t e d  by
2 +a t r a n s i e n t  r i s e  in [Ca a nd  is r e s p o n s i b l e  for the

i n i t i a l  p h a s e  of the c e l l u l a r  r e s p o n s e ;  and (ii) a p r o t e i n

k i n a s e  C b r a n c h  t h at  is a c t i v a t e d  by b o t h  the r i s e  in 
2 ̂[Ca ] ^ and  D A G  c o n t e n t  of the c e l l  m e m b r a n e ,  and is

r e s p o n s i b l e  for the s u s t a i n e d  p h a s e  of c ell  r e s p o n s e .
2 +T h e  e x t r a c e l l u l a r  c o n c e n t r a t i o n  of Ca is n o r m a l l y  h e l d  at 

a p p r o x i m a t e l y  lOOO^iM, w h e r e a s  in the u n s t i m u l a t e d  c e l l,  the
2 4.[Ca is m a i n t a i n e d  b e t w e e n  0 . 1 - 0 . 2  ^iM ( R a s m u s s e n ,  1 9 83 ) .

2 +Th e  t o t a l  c e l l u l a r  Ca c o n t e n t  h o w e v e r ,  is m u c h  h i g h e r ,  the
2 +m a j o r i t y  of this  Ca b e i n g  s e q u e s t e r e d  in i n t r a c e l l u l a r

o r g a n e l l e s  s u c h  as m i t o c h o n d r i a ,  s a r c o p l a s m i c  r e t i c u l u m ,
2 +g o l g i  a p p a r a t u s  an d  n u c l e i .  Ca m a y  a l s o  be b o u n d  to 

p r o t e i n s ,  m e m b r a n e s  or o t h e r  c e l l u l a r  c o n s t i t u e n t s  ( I r v i n e ,  

1 986) .

T he  p l a s m a  m e m b r a n e  is p r i n c i p a l l y  r e s p o n s i b l e  for 
2 +m a i n t a i n i n g  Ca h o m e o s t a s i s .  H o w e v e r ,  a r o l e  for 

i n t r a c e l l u l a r  m e m b r a n e s  is b e c o m i n g  i n c r e a s i n g l y  a p p a r e n t  

( R a s m u s s e n  a nd B a r r e t t ,  1 9 8 4 ) .

R o l e  of p l a s m a  m e m b r a n e
2 +T he  m a i n t e n a n c e  of c e l l u l a r  Ca h o m e o s t a s i s  is d e p e n d e n t  on

2 +the p l a s m a  m e m b r a n e .  Th e  lo w  r e s t i n g  Ca p e r m e a b i l i t y  of

this m e m b r a n e  ( B o r l e ,  1 98 1) a nd  the p r e s e n c e  of a h i g h
2 + 2 + 2 + c a p a c i t y ,  h i g h  a f f i n i t y  Ca pu mp , a Ca - M g  - A T P a s e ,  w h i c h

e x t r u d e s  C a ^ + f r o m  the c e l l  c y t o s o l  i n t o the e x t r a c e l l u l a r
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s p a c e  ( G i m b l e  ejt a_l. , 1982; N i g g l i  e_t a_l. , 1982; S m a l l w o o d

et a 1 . , 1 9 8 3 ) ,  m a i n t a i n  the l a r g e  C a ^ + c o n c e n t r a t i o n

g r a d i e n t  a c r o s s  the p l a s m a  m e m b r a n e  at low m e t a b o l i c  c o s t .

C e l l  a c t i v a t i o n  is p a r t l y  m e d i a t e d  by the a c t i v e ,  i n w a r d  
2 +m o v e m e n t  of Ca a c r o s s  the p l a s m a  m e m b r a n e ,  w h i c h  p e r m i t s

2 +the u s e  of e x t r a c e l l u l a r  Ca as an i n t r a c e l l u l a r  m e d i a t o r

of c e l l  f u n c t i o n  ( R a s m u s s e n  a nd  B a r r e t t ,  1 98 4 ) .  I n f l u x  of
2 + . 2 +Ca m a y  o c c u r  v i a  two m a i n  t y p e s  of Ca c h a n n e l

c a t e g o r i s e d  b y the n a t u r e  of the e x c i t a t o r y  s t i m u l u s

r e q u i r e d  to o p e n  t h e m  ( B o l t o n ,  1979; R e u t e r ,  19 8 3) : (i) the

p o t e n t i a l  o p e r a t e d  (v o 1 t a g e - s e n s i t i v e ) (POC) c h a n n e l  is

s e n s i t i v e  to c h a n g e s  in the t r a n s m e m b r a n e  p o t e n t i a l ,  w h e r e a s

(ii) a c t i v i t y  of the r e c e p t o r - o p e r a t e d  c h a n n e l  (ROC) a p p e a r s

to be d e p e n d e n t  on s p e c i f i c  p l a s m a  m e m b r a n e  r e c e p t o r s .  A

t h i r d  c l a s s  of n o n - s e l e c t i v e  an d  s t r e t c h - s e n s i t v e  ion
2 +c h a n n e l ,  w h i c h  is p e r m e a b l e  to Ca , ha s  b e e n  r e p o r t e d  in

b o t h  s k e l e t a l  ( G u h a r a y  and S a c h s ,  19 84 ) and e n d o t h e l i a l
2 +c e l l s  ( L a n s m a n  e_t a_l . , 1 9 8 7 ) .  Ca m a y  a l s o  e n t e r  the c e ll

v i a  the N a + c h a n n e l ,  an d be a c t i v e l y  e x t r u d e d  by a N a + - C a ^ + 

e x c h a n g e  p a t h w a y  w h i c h  is d r i v e n  by the e l e c t r o c h e m i c a l  

p o t e n t i a l  of the N a + g r a d i e n t  a c r o s s  the c e l l  m e m b r a n e  

( B l a u s t e i n ,  1 97 4 ).

R o l e  of i n t r a c e l l u l a r  m e m b r a n e s

T w o  o t h e r  m e m b r a n e s  ar e  i n v o l v e d  in the r e g u l a t i o n  of

[ C a ^ + ]^: the m e m b r a n e  of the s a r c o p l a s m i c  r e t i c u l u m  and  the

i n n e r  m i t o c h o n d r i a l  m e m b r a n e  ( R a s m u s s e n  an d B a r r e t t ,  1 9 8 4 ).

B o t h  of t h e s e  m e m b r a n e s  h a v e  p u m p - l e a k  s y s t e m s  o r i e n t e d  s u ch
2 +t h a t t h e r e  is a c t i v e  e x t r u s i o n  of Ca from, a nd  p a s s i v e

l e a k  of C a ^ + b a c k  i n t o  the c y t o s o l .  T h e  m i t o c h o n d r i a l
2 +m e m b r a n e  s e r v e s  two f u n c t i o n s :  at low  [Ca it a l l o w s  the
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9 +s t a b i l i s a t i o n  of [Ca at a n e w  h i g h e r  l e v el ,  w h e r e a s  at
2 +h i g h  [Ca ]^, m i t o c h o n d r i a  s e r v e  as a r e s e r v o i r  for the

s t o r a g e  of C a ^ + d u r i n g  p e r i o d s  of e x c e s s i v e  c e l l u l a r  C a ^ +

a c c u m u l a t i o n .  In c o m m o n  w i t h  the e n d o p l a s m i c  r e t i c u l u m  in

o t h e r  c e l l  t yp e s,  the s a r c o p l a s m i c  r e t i c u l u m  in v a s c u l a r
2 +s m o o t h  m u s c l e  c e l l s ,  is a s o u r c e  of Ca as an i n t r a c e l l u l a r  

m e d i a t o r  of c e ll  f u n c t i o n  d u r i n g  the i n i t i a l  p h a s e  of cell 

a c t i v a t i o n  ( D e t h  and V a n  B r e e m e n ,  1977; C a u v i n  e t a 1 .,

1 98 2) .

M e m b r a n e  t r a n s d u c t i o n  p r o c e s s e s

B o t h  the a d e n y l a t e  c y c l a s e  s y s t e m  for s y n t h e s i s  of c y c l i c  

A M P  and the p h o s p h o l i p a s e  C e n z y m e  s y s t e m  for g e n e r a t i o n  of 

D A G  and I n s ( l , 4 , 5 ) P ^  are  t h o u g h t  to s h a r e  the s ame  b a s i c  

m e m b r a n e  t r a n s d u c t i o n  a p p a r a t u s :  a s p e c i f i c  p l a s m a  m e m b r a n e

r e c e p t o r ,  a g u a n i n e  n u c l e o t i d e - d e p e n d e n t  r e g u l a t o r y  p r o t e i n  

(G p r o t e i n )  a nd  a c a t a l y t i c  c o m p o n e n t  ( T a y l o r  an d M e r r i t t ,  

19 86 ) .

B o t h  of t h e s e  r e c e p t o r  c o u p l i n g  s y s t e m s  are c l o s e l y
2 +a s s o c i a t e d  w i t h  r e g u l a t i o n  of Ca m e t a b o l i s m .  T he  n a t u r e  of 

b o t h  the r e c e p t o r s  and the e n z y m i c  m o i e t y ,  d i f f e r s  in the 

two s y s t e m s .  Th e  s i m i l a r i t y  b e t w e e n  t h e s e  r e c e p t o r  c o u p l i n g  

m e c h a n i s m s  is in the a p p a r e n t  m a n d a t o r y  r o l e  of a G p r o t e i n .  

G p r o t e i n s

T h e  e f f e c t  of r e c e p t o r  a c t i v a t i o n  on the a d e n y l a t e  c y c l a s e  

s i g n a l l i n g  p a t h w a y  is m e d i a t e d  b y two d i s t i n c t  G p r o t e i n s ,

G g an d G^, w h i c h  r e g u l a t e  the s t i m u l a t i o n  and  i n h i b i t i o n  of 

a d e n y l a t e  c y c l a s e  a c t i v i t y  r e s p e c t i v e l y  ( H e l m r e i c h  and 

P f e u f f e r ,  1 9 8 5 ) .  G g and G^ a re  s t r u c t u r a l l y  s i m i l a r  

h e t e r o t r i m e r s  c o m p r i s i n g  a l a r g e r  a l p h a  s u b u n i t  ( 4 1 - 4 5 , 0 0 0  

M r ), an d two s m a l l e r  s u b u n i t s :  b e t a  ( 3 5 , 0 0 0  M r ) a nd g a m m a
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( 1 0 , 0 0 0  M r ) ( G i l m a n ,  1 9 84 ) .  It a p p e a r s  t h at  the b e t a  and 

g a m m a  s u b u n i t s  c o e x i s t  as a b e t a - g a m m a  c o m p l e x  and are 

s i m i l a r  in b o t h  G p r o t e i n s .  T h i s  s u g g e s t s  that the 

d i f f e r e n c e s  b e t w e e n  G g an d  G^ are  p r i m a r i l y  in t h e i r  a l p h a  

s u b u n i t s .  O c c u p a t i o n  of the s t i m u l a t o r y  r e c e p t o r ,  R g by  an 

a g o n i s t ,  i n d u c e s  a c o n f o r m a t i o n a l  c h a n g e  t h at  is t r a n s m i t t e d  

t h r o u g h  the m e m b r a n e  to G g w h i c h  b e c o m e s  m o r e  s u s c e p t i b l e  to 

b i n d i n g  of g u a n o s i n e  t r i p h o s p h a t e  ( GTP ).  G T P  b i n d i n g  o c c u r s  

on the a l p h a  s u b u n i t ,  d i s p l a c i n g  GDP, and  c o n s t i t u t e s  the 

"on r e a c t i o n "  w h i c h  r e s u l t s  in the d i s s o c i a t i o n  of G g i nto 

its a l p h a  a nd  b e t a - g a m m a  s u b u n i t s .  T h e h i g h  a f f i n i t y  of 

r e c e p t o r  R g for a g o n i s t s  is g e n e r a l l y  r e d u c e d  by G T P - G g 

b i n d i n g .  T he  d i s s o c i a t e d  G T P - b o u n d  a l p h a  s u b u n i t  d i r e c t l y  

s t i m u l a t e s  a d e n y l a t e  c y c l a s e  r e s u l t i n g  in i n c r e a s e d  c A M P  

f o r m a t i o n .  Th e s u b u n i t s  r e m a i n  d i s s o c i a t e d  for as l o n g  as 

GT P  is b o u n d  to the a l p h a  s u b u n i t .  On h y d r o l y s i s  of G T P by 

an i n t r i n s i c  G T P - a s e ,  the s u b u n i t s  r e a s s o c i a t e  an d this 

c o n s t i t u t e s  the "o ff  r e a c t i o n " .  I n h i b i t i o n  of a d e n y l a t e  

c y c l a s e  a c t i v i t y  v i a  a c t i v a t i o n  of G^ i n d u c e d  by i n h i b i t o r y  

a g o n i s t s ,  is e s s e n t i a l l y  a n a l o g o u s  to t ha t  for s t i m u l a t i o n  

of the e n z y m e .  H o w e v e r ,  an a d d i t i o n a l  m e c h a n i s m  ha s  b e e n  

p r o p o s e d  w h e r e b y  l i b e r a t e d  b e t a - g a m m a  s u b u n i t s  of G^ 

a t t e n u a t e  the a c t i v a t i o n  of G g ( H i l d e b r a n d t  e t a 1 ., 1984;

K a t a d a  e_t a_l. , 1 98 4) , b u t  t his  m e c h a n i s m  m a y  o n l y  o p e r a t e

u n d e r  r e s t i n g  c o n d i t i o n s  ( B i r n b a u m e r ,  1 98 7 ).

A c t i v a t i o n  of the e n z y m e  p h o s p h o l i p a s e  C has a l s o  b e e n  s h o w n  

to be m e d i a t e d  v i a  a G p r o t e i n  (Gp) ( H a s l a m  a n d D a v i d s o n ,  

1984; B l a c k m o r e  e t a 1 ., 1 985  ; L i t o s c h  an d F a i n ,  1 9 8 6 ) .  The 

i d e n t i t y  of Gp h o w e v e r  r e m a i n s  u n k n o w n  ( C o c k c r o f t ,  19 87 ) .
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C a t a l y t i c  c o m p o n e n t  

A d e n y l a t e  c y c l a s e

A d e n y l a t e  c y c l a s e  has b e e n  i s o l a t e d  f r o m  the m y o c a r d i u m  of 

the r a b b i t ,  a n d i d e n t i f i e d  as a g l y c o p r o t e i n  ( 1 5 0 , 0 0 0  M r ) 

w h i c h  t r a v e r s e s  the p l a s m a  m e m b r a n e  ( P f e u f f e r  e t a 1 ., 1 985  ).

T h i s  e n z y m e  c a t a l y s e s  the c o n v e r s i o n  of M g . A T P  i n t o  c y c l i c  

AMP.

P h o s p h o 1 i p a s e  C an d i n o s i t o l  p h o s p h o l i p i d  m e t a b o l i s m  

I n o s i t o l - c o n t a i n i n g  l i p i d s  r e p r e s e n t  a p p r o x i m a t e l y  5% of the 

t o t a l  p h o s p h o l i p i d  c o n t e n t  of m o s t  m a m m a l i a n  c e l l s  ( M a r c u s  

e t a 1 . , 1969 ). P h o s p h a t i d y 1 i n o s i t o 1 (Ptd Ins) is the m a j o r

i n o s i t o l  p h o s p h o l i p i d  ( a p p r o x i m a t e l y  9 0 %  of t o t a l )  and 

a l t h o u g h  the m o r e  p h o s p h o r y l a t e d  d e r i v a t i v e s  p h o s p h a t i d y l  

i n o s i t o l  4 - p h o s p h a t e  ( PIP) a n d p h o s p h a t i d y 1 i n o s i t o 1 4 , 5 -  

b i s p h o s p h a t e  ( P I P 2 ) ar e  p r e s e n t  in m u c h  s m a l l e r  q u a n t i t i e s ,  

t h e y  h a v e  a r a p i d  m e t a b o l i c  t u r n o v e r .  T h e s e  l i p i d s  are 

c o l l e c t i v e l y  t e r m e d  the p h o s p h o i n o s i t i d e s . S t i m u l a t i o n  of 

C a ^ + - m o b i 1 i s i n g  r e c e p t o r s  i n i t i a l l y  r e s u l t s  in the 

a c t i v a t i o n  of p h o s p h o l i p a s e  C (p h o s p h o i n o s i t i d e  

p h o s p h o d i e s t e r a s e ) ,  w h i c h  c a t a l y s e s  the h y d r o l y s i s  of P I P 2  

i nt o D A G  and I n s ( l , 4 , 5 ) P 3  ( M i c h e l l  e_t a_l. , 1 9 8 1) .  E n h a n c e d

r a t e  of m e t a b o l i s m  of the p h o s p h o i n o s i t i d e s  is c a l l e d  the 

Ptd Ins ( " P I" )  r e s p o n s e  a nd  h as  b e e n  o b s e r v e d  in n u m e r o u s  

t i s s u e s  in r e s p o n s e  to a g o n i s t  s t i m u l a t i o n  ( r e v i e w e d  by 

H o k i n ,  1 9 8 5 ) .  T h e  p h o s p h o i n o s i t i d e  c y c l e  is s h o w n  in f i g u r e  

3. T h e c y c l i c a l  m e t a b o l i s m  of the p h o s p h o i n o s i t i d e s  i n v o v e s

(i) the s e q u e n t i a l  d e p h o s p h o r y l a t i o n  of the i n o s i t o l  

p h o s p h a t e s  to f o r m  free m y o - i n o s i t o l  and (ii) the s e q u e n t i a l  

a c t i o n  of D A G  k i n a s e  an d C T P - P t d  OH c i t i d y l  t r a n s f e r a s e  to 

f o r m  C D P - D G  w h i c h  c o m b i n e s  w i t h  m y o - i n o s i t o l  to f o r m  Ptd
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Ins . T h e  u n d e r s t a n d i n g  of p h o s p h o i n o s i t i d e  m e t a b o l i s m  has 

b e e n  f u r t h e r  c o m p l i c a t e d  by the d i s c o v e r y  of c y c l i c ,  a nd  

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

p h o s p h a t e s .  T h e s e  n e w - f o u n d  m e t a b o l i t e s  ar e g e n e r a t e d  

r e s p e c t i v e l y  f r o m  the p h o s p h o l i p a s e  C c a t a l y s e d  h y d r o l y s i s  

of p h o s p h o i n o s i t  ides ( W i l s o n  e_t a_l. , 1 9 8 5 a ) ,  a nd  the 

s e q u e n t i a l  p h o s p h o r y l a t i o n  of I n s ( l , 4 , 5 ) P g  ( B a t t y  e_t a 1 . , 

1985; M i c h e l l ,  1986) .

C y c l i c  G M P

A n o t h e r  c y c l i c  n u c l e o t i d e ,  c y c l i c  3*5* g u a n o s i n e  

m o n o p h o s p h a t e  ( c y c l i c  G M P) ,  h as  e m e r g e d  as one  of the few 

f u n d a m e n t a l  s e c o n d  m e s s e n g e r s .  T h e  s y n t h e s i s  of c y c l i c  G MP 

is c a t a l y s e d  b y the e n z y m e  g u a n y l a t e  c y c l a s e  w h i c h  is 

a p p a r e n t l y  n o t  d i r e c t l y  r e g u l a t e d  by  G p r o t e i n s .  H o w e v e r ,  in 

c e r t a i n  c e l l  s y s t e m s  the a c t i v i t y  of g u a n y l a t e  c y c l a s e  m a y  

be i n f l u e n c e d  by the s t i m u l a t i o n  of p h o s p h o i n o s i t i d e  

h y d r o l y s i s  ( B e r r i d g e ,  1 9 85 ) .  M u c h  of the w o r k  on g u a n y l a t e  

c y c l a s e  s t r u c t u r e ,  r e g u l a t i o n  an d  f u n c t i o n  has b e e n  c a r r i e d  

ou t in t i s s u e s  o t h e r  t h a n  v a s c u l a r  s m o o t h  m u s c l e ,  a l t h o u g h  

t h e r e  are  s t r o n g  s i m i l a r i t i e s  in the c h a r a c t e r i s t i c s  of 

g u a n y l a t e  c y c l a s e  b e t w e e n  d i f f e r e n t  t i s s u e  t y p e s  ( H a r d m a n ,  

1 98 4 ) .  G u a n y l a t e  c y c l a s e  a c t i v i t y  ha s b e e n  r e p o r t e d  in 

n e a r l y  al l  c e l l  t y p e s  s t u d i e d .  T h e r e  a r e two f o r m s  of the 

e n z y m e :  (i) a s o l u b l e  ( c y t o s o l i c )  form; a nd (ii) a

p a r t i c u l a t e  ( m e m b r a n e - a s s o c i a t e d )  form. T h e s e  i s o z y m e s  can 

c o e x i s t  in the s a me  cel l,  and i n d e e d  f r o m  s t u d i e s  on the 

s u b c e l l u l a r  d i s t r i b u t i o n  of g u a n y l a t e  c y c l a s e ,  it is c l e a r  

t ha t t h e r e  a re  at l e a s t  two f o r m s  of the e n z y m e  in m o s t  c e ll  

t y p e s  ( W a l d m a n  and  M u r a d ,  1 98 7 ) .  P a r t i c u l a t e  g u a n y l a t e  

c y c l a s e  is d i s t r i b u t e d  in m o s t  i n t r a c e l l u l a r  o r g a n e l l e s  in a
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v a r i e t y  of t i s s u e s  and p h y l a  (eg. Kirnura and M u r a d ,  1 975 ; 

S c h u l t z  an d K l u m p p ,  1 98 0) , a l t h o u g h  c o m p a r t m e n t a  1 i s a t i o n  of 

the s o l u b l e  e n z y m e  r e m a i n s  u n d e t e r m i n e d .  A c t i v a t i o n  of 

s o l u b l e  g u a n y l a t e  c y c l a s e  is of m a j o r  i m p o r t a n c e  in the 

m o d u l a t i o n  of v a s c u l a r  r e a c t i v i t y ,  a l t h o u g h  a f a m i l y  of 

a t r i a l  p e p t i d e s ,  a t r i o p e p t i n s , i n v o l v e d  in the r e g u l a t i o n  of 

e l e c t r o l y t e  b a l a n c e  an d b l o o d  p r e s s u r e ,  s t i m u l a t e  

p a r t i c u l a t e  g u a n y l a t e  c y c l a s e  e x c l u s i v e l y ,  in v a s c u l a r  

t i s s u e s  ( W a l d m a n  e_t a_]L. , 1 984 ; W i n q u i s t  e_t̂  ja_l . , 1984 ). The

s o l u b l e  e n z y m e  is p r o b a b l y  a d i m e r i c  p r o t e i n  w i t h  two 

i d e n t i c a l  s u b u n i t s ,  and a m o l e c u l a r  w e i g h t  of a p p r o x i m a t e l y  

1 5 0 , 0 0 0  M r ( B r a u g h l e r  e_t a_l . , 1979 ; L e w i c k i  e_t a_l . , 1 98 0) .

H o w e v e r ,  t h e r e  is d i s a g r e e m e n t  on the c o m p o s i t i o n  of the 

e n z y m e  ( G a r b e r s ,  1979 ; Z w i l l e r  e t a 1 . , 1 9 8 1) .  P a r t i c u l a t e  

g u a n y l a t e  c y c l a s e  is of g r e a t e r  m o l e c u l a r  w e i g h t ,  2 00 - 

300, 000 M r ( W a l d m a n  e_t a 1 . , 19 83 ) b u t it is n o t  k n o w n  if it

e x i s t s  in the m e m b r a n e  as a m o n o -  or d i m e r i c  e n t i t y .  T h e 

c a t a l y t i c  c o n v e r s i o n  of M g . G T P  i n t o  c y c l i c  GM P  o c c u r s  v i a  

d i s p l a c e m e n t  of the n u c l e o t i d e  p y r o p h o s p h a t e  g r o u p  by the 

3 * - h y d r o x y l  g r o u p  on the r i b o s e  m o l e c u l e  ( S e n t e r  ^ t  a 1 ., 

19 83 ) .

C y c l i c  n u c l e o t i d e s  are  i n a c t i v a t e d  by p h o s p h o d i e s t e r a s e s .

T h e  a c t i o n  of the e n z y m e  c y c l i c  3 1 , 5 ’- n u c l e o t i d e  

p h o s p h o d i e s t e r a s e ,  w h i c h  c a t a l y s e s  the m e t a b o l i s m  of c y c l i c  

AMP i n t o 5 ’-AMP, w a s  f i r s t  d e s c r i b e d  ( B u t c h e r  and 

S u t h e r l a n d ,  1 96 2 ),  and it is n o w  c l e a r  t ha t  t h e r e  are 

m u l t i p l e  f o r m s  of p h o s p h o d i e s t e r a s e s  e x h i b i t i n g  

c h a r a c t e r i s t i c  s u b s t r a t e  a f f i n i t i e s ,  k i n e t i c  b e h a v i o u r ,  

m o l e c u l a r  s i z e  an d s e n s i t i v i t i e s  to a c t i v a t o r s  ( S t r a d a  and 

T h o m p s o n ,  1 9 7 8 ) .  T h r e e  g e n e r a l  g r o u p s  of c y c l i c  n u c l e o t i d e
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p h o s p h o d i e s t e r a s e s  are r e c o g n i s e d  an d c an  be c l e a r l y

s e p a r a t e d  by D E A E - c e l l u l o s e  c h r o m a t o g r a p h y  ( H i d a k a  et a l . ,

1 97 7 ):  (i) c y c l i c  G MP  p h o s p h o d i e s t e r a s e  (FI) has  a h i g h e r

a f f i n i t y  for c y c l i c  G M P  t h a n for c y c l i c  A M P  an d h y d r o l y s e s

p r i n c i p a l l y  c y c l i c  GMP, e v e n  at lo w s u b s t r a t e  l e v e l s ;  (ii)
2 +Ca - p h o s p h o d i e s t e r a s e  (FII) p r e f e r e n t i a l l y  h y d r o l y s e s  

c y c l i c  G M P  and r e q u i r e s  C a ^ + and c a l m o d u l i n  (CaM) for its 

a c t i v i t y ;  and  (iii) c y c l i c  A M P  p h o s p h o d i e s t e r a s e  (F i ll ) is a 

s p e c i f i c  c y c l i c  A MP  p h o s p h o d i e s t e r a s e .

R e g u l a t i o n  of g u a n y l a t e  c y c l a s e

A c t i v a t i o n  of s o l u b l e  g u a n y l a t e  c y c l a s e  wa s  f i r s t  r e p o r t e d  

f r o m  s t u d i e s  on the k i n e t i c  p r o p e r t i e s  of the s o l u b l e  and 

p a r t i c u l a t e  f o r m s  of the e n z y m e ,  in r e s p o n s e  to the G T P - a s e  

i n h i b i t o r ,  s o d i u m  a z i d e  ( K i m u r a  e_t a 1 . , 1 975  ). S i n c e  then, a 

d i v e r s e  g r o u p  of n i t r o g e n - c o n t a i n i n g  o r g a n i c  an d i n o r g a n i c  

c o m p o u n d s  has b e e n  f o u n d  to s t i m u l a t e  this e n z y m e  ( r e v i e w e d  

by I g n a r r o  and K a d o w i t z ,  1 98 5 ) .  U n d e r  the a p p r o p r i a t e  

c o n d i t i o n s ,  all of t h e s e  c o m p o u n d s  are p o t e n t i a l  s o u r c e s  of 

n i t r i c  o x i d e ,  w h i c h  has b e e n  i m p l i c a t e d  as the p r o x i m a l  

a c t i v a t o r  of s o l u b l e  g u a n y l a t e  c y c l a s e ,  an d w h i c h  m a y  

r e p r e s e n t  a c o m m o n  p a t h w a y  for r e g u l a t i o n  of e n z y m e  a c t i v i t y  

b y t h e s e  a g e n t s  ( M u r a d  et a 1 ., 1 978 ; M i t t a l  an d M u r a d ,

1 9 7 7 a ) .  T h e  g e n e r a t i o n  of n i t r i c  o x i d e  m a y  o c c u r  

e n z y m a t i c a l l y  or n o n - e n z y m a t i c a l l y  f r o m  t h e s e  p r e c u r s o r  

c o m p o u n d s  ( M u r a d  ejt £l^. , 1 9 78 ) .  T h e s e  n i t r o g e n - c o n t a i n i n g

c o m p o u n d s  c an  a l s o  r e l a x  v a s c u l a r  and  n o n - v a s c u l a r  s m o o t h  

m u s c l e  a nd ar e t h e r e f o r e  c a l l e d  " n i t r o v a s o d i l a t o r s "  and 

i n c l u d e  h y d r o x y l a m i n e , n i t r o g l y c e r i n ,  s o d i u m  n i t r o p r u s s i d e  

and n i t r o s a m i n e s  ( I g n a r r o  an d K a d o w i t z ,  1 9 85 ) .  F u r t h e r m o r e ,  

s t i m u l a t i o n  of s o l u b l e  g u a n y l a t e  c y c l a s e  a c t i v i t y  ca n  o c c u r
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in r e s p o n s e  to e n d o t h e l i u m - d e p e n d e n t  v a s o d i l a t o r s  v i a  the 

E D R F  w h i c h  h as  n o w  b e e n  i d e n t i f i e d  as n i t r i c  o x i d e  ( P a l m e r  

6 1 a 1 ., 1 9 8 7 ) .  O b s e r v a t i o n s  th at  o x i d i s i n g  a g e n t s  i n h i b i t e d ,  

a nd  r e d u c i n g  a g e n t s  p r o m o t e d  the a c t i v a t i o n  of g u a n y l a t e  

c y c l a s e  by  n i t r o v a s o d i l a t o r s , s u g g e s t e d  t ha t a c t i v a t i o n  of 

the e n z y m e  p r o b a b l y  i n v o l v e s  s e v e r a l  o x i d a t i o n - r e d u c t i o n  

r e a c t i o n s  ( K i m u r a  e_t a_l. , 1975 ; B r a u g h l e r  e_t jrl. , 1979 ).

O x i d i s i n g  a g e n t s  a nd  o x y g e n  c o u l d  p r e v e n t  e n z y m e  a c t i v a t i o n  

by  c o n v e r t i n g  n i t r i c  o x i d e  to o t h e r  less e f f i c a c i o u s  o x i d e s  

of n i t r o g e n  eg. n i t r o g e n  d i o x i d e ,  w h e r e a s  r e d u c i n g  a g e n t s  

c o u l d  p r o m o t e  a c t i v a t i o n  by p r e v e n t i n g  this o x i d a t i o n  

( K a t s u k i  e_t _a_l. , 197 7) .

B o t h  c y c l i c  A M P  and c y c l i c  G M P  ca n  be f o r m e d  by  the a c t i o n  

of s o l u b l e  g u a n y l a t e  c y c l a s e  in r e s p o n s e  to

n i t r o v a s o d i 1 a t o r s . I n d e e d  G T P  has b e e n  s h o w n  to i n h i b i t  the 

f o r m a t i o n  of c y c l i c  A MP, a nd  c o n v e r s e l y ,  A T P  i n h i b i t  c y c l i c  

G M P  f o r m a t i o n  ( M i t t a l  and M u r a d ,  1 9 7 7 b ) .  T h e  p h y s i o l o g i c a l  

r e l e v a n c e  of this a l t e r n a t i v e  m e c h a n i s m  for c y c l i c  A M P  

s y n t h e s i s  r e m a i n s  o b s c u r e .

T h e  p r i n c i p a l  s e c o n d  m e s s e n g e r s  t hat  m e d i a t e  v a s c u l a r  s m o o t h

m u s c l e  r e s p o n s i v e n e s s  are: c y c l i c  AMP, c y c l i c  GMP,

I n s ( 1 , A , 5 ) P g , DAG, and C a ^ + . T h e  E D R F  and e n d o t h e l i n  m a y

a l s o  be r e g a r d e d  to p e r f o r m  a " m e s s e n g e r - l i k e "  ro le .

V a s c u l a r  t o n e  is the r e s u l t a n t  of s m o o t h  m u s c l e  c o n t r a c t i o n
2 +an d  r e l a x a t i o n ,  a nd  is d e t e r m i n e d  by the [Ca ]^ . M u s c l e

2 +c o n t r a c t i o n  is m e d i a t e d  by i n c r e a s e d  [Ca ] ^ , w h e r e a s
2 +r e l a x a t i o n  is a s s o c i a t e d  w i t h  a l o w e r i n g  of [Ca ]• and

»

c o m p l e x  i n t e r a c t i o n s  b e t w e e n  s e c o n d  m e s s e n g e r s ,  i n c l u d i n g  

C a 2 + , r e g u l a t e  this [ C a 2 + ] •. In s t u d y i n g  the b a s i c  

i n t r a c e l l u l a r  e v e n t s  that l ea d to v a s c u l a r  r e l a x a t i o n ,  it is
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i m p o r t  an t to a l s o  c o n s i d e r  the u n d e r l y i n g  c o u p l i n g  

m e c h a n i s m s  t ha t m e d i a t e  s m o o t h  m u s c l e  c o n t r a c t i o n ,  b e c a u s e  

v a s o r e l a x a t i o n  is u s u a l l y  e x a m i n e d  in p r e c o n t r a c t e d  t i s s u e s  

and the two p r o c e s s e s  are c l o s e l y  l i n k e d  t h r o u g h  the c o m m o n  

f u n c t i o n s  of the s e c o n d  m e s s e n g e r  s y s t e m .  M o r e o v e r ,  the 

d e g r e e  of v a s c u l a r  r e l a x a t i o n  m a y  be d e p e n d e n t  on the n a t u r e  

of the c o n t r a c t i l e  a g e n t  u s e d  to r a i s e  m u s c l e  t o ne  an d the 

i n t r a c e l l u l a r  m e c h a n i s m  i n v o l v e d  ( F u r c h g o t t ,  1 98 3) . 

C o n t r a c t i o n

C o n t r a c t i o n  of v a s c u l a r  s m o o t h  m u s c l e  is p r e d o m i n a n t l y
2 +m e d i a t e d  v i a  s t i m u l a t i o n  of Ca - m o b i l i s i n g  r e c e p t o r s .  T hi s

r e s u l t s  in an a c c e l e r a t e d  m e t a b o l i s m  of p h o s p h o i n o s i t i d e s

(npi»i r e s p o n s e )  a nd the r a p i d  g e n e r a t i o n  of D A G  and

I n s ( l , 4 , 5 ) P g  ( B e r r i d g e ,  1981; M i c h e l l  e t a 1 ., 1 98 1) , w h i c h

b o t h  s a t i s f y  the c r i t e r i a  for a s e c o n d  m e s s e n g e r  f u n c t i o n

( B e r r i d g e ,  19 8 4) . Th e Ptd Ins r e s p o n s e  i n i t i a t e s  a

b i f u r c a t i n g  s i g n a l  p a t h w a y ,  l e a d i n g  to m u s c l e  c o n t r a c t i o n
2 +v i a  two m a i n  m e c h a n i s m s :  (i) the Ca - C a M  p a t h w a y ;  and (ii)

a c t i v a t i o n  of p r o t e i n  k i n a s e  C. B o t h  of t h e s e  p a t h w a y s  

r e s u l t  in the p h o s p h o r y l a t i o n  of the c o n t r a c t i l e  p r o t e i n s .  

D A G

DAG, f o r m e d  t r a n s i e n t l y  by the a c t i o n  of p h o s p h o l i p a s e  C on

the p o l y p h o s p h o i n o s i t i d e s ,  a c t i v a t e s  a l i p i d - d e p e n d e n t

p r o t e i n  k i n a s e ,  p r o t e i n  k i n a s e  C, c a u s i n g  the

p h o s p h o r y l a t i o n  of s p e c i f i c  t a r g e t  p r o t e i n s  ( T a k a i  j?_t a 1 . ,

1979; N i s h i z u k a ,  1 98 3) .  P r o t e i n  k i n a s e  C, w h i c h  is

d i s t r i b u t e d  in m o s t  t i s s u e s ,  i n c l u d i n g  v a s c u l a r  s m o o t h
2 +m u s c l e  (Kuo e t a 1 ., 1 98 0) ,  r e q u i r e s  Ca and

p h o s p h a t i d y l s e r i n e  as c o f a c t o r s  for a c t i v a t i o n  by DAG.

F u r t h e r m o r e ,  the C a 2+ r e q u i r e m e n t  of p r o t e i n  k i n a s e  C is
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m a r k e d l y  r e d u c e d  in the p r e s e n c e  of DAG, and is t h e r e f o r e
9 +a c t i v e  at r e s t i n g  [Ca^ ] i# P r o t e i n  k i n a s e  C has b e e n  

i m p l i c a t e d  in the a c t i v a t i o n  of s m o o t h  m u s c l e  c o n t r a c t i o n  

s i n c e  it c an  p h o s p h o r y l a t e  a t h r e o n i n  r e s i d u e  of the 

r e g u l a t o r y  l i g h t  c h a i n s  (E nd o e_t aJL. , 1 982 ; N a k a  e_t a l . , 

19 8 3) . M o r e o v e r ,  it has  b e e n  p o s t u l a t e d  t hat a c t i v a t i o n  of 

p r o t e i n  k i n a s e  C is s o l e l y  r e s p o n s i b l e  for s u s t a i n e d  m u s c l e  

c o n t r a c t i o n  ( D e Fe o  and M o r g a n ,  1985; P a r k  and R a s m u s s e n ,  

1985; C h a t t e r j e e  and T e j a d a ,  1986), a l t h o u g h  this has p r o v e d  

c o n t e n t i o u s  ( K h a l i l  and v a n  B r e e m e n ,  1 98 8) . T he  e f f e c t s  of 

e n d o g e n o u s  D A G  can be m i m i c k e d  by t u m o u r - p r o m o t i n g  p h o r b o l  

e s t e r s  s u c h  as p h o r b o l  1 2 - m y r i s t a t e  1 3 - a c e t a t e  (PMA) 

( C a s t a g n a  e_t a 1 . , 1982 ).  T h e s e  p h o r b o l  e s t e r s  ar e t h o u g h t  to

i n t e r c a l a t e  i nto  the c e l l m e m b r a n e  and s u b s t i t u t e  for DAG, 

p e r m a n e n t l y  a c t i v a t i n g  p r o t e i n  k i n a s e  C ( K i k k a w a  e t a 1.,

1983) .

I n s ( 1 , 4 , 5 ) Pg

M i c h e l l ,  1975, f i r s t  p r o p o s e d  that a g o n i s t - i n d u c e d

h y d r o l y s i s  of p h o s p h o i n o s i t i d e s  m a y  be r e s p o n s i b l e  for

m o b i l i s i n g  C a 2 + . C o n s i s t e n t  w i t h  this h y p o t h e s i s  are the

o b s e r v a t i o n s ,  in v a r i o u s  t i s s u e s ,  t hat  the a c t i v i t y  of

p h o s p h o l i p a s e  C d oe s  n ot  c h a n g e  s i g n i f i c a n t l y  o v e r  a
2 +p h y s i o l o g i c a l  r a n g e  of [Ca ]^, s u g g e s t i n g  t hat  a g o n i s t

s t i m u l a t e d  b r e a k d o w n  of i n o s i t o l  l i p i d s  p r e c e d e s  a n y

i n c r e a s e  in [ C a 2 + ]^ ( J o n e s  and M i c h e l l ,  1975; F a i n  and

B e r r i d g e ,  1979; I r v i n e  e_t a_l. , 19 8 4) .  T he  f i r s t  r e p o r t  that
2 +I n s ( 1 , 4 , 5 ) Pg m o b i l i s e s  i n t r a c e l l u l a r  Ca c a m e  f r o m  s t u d i e s

on the r e l e a s e  of C a 2+ f r o m  the e n d o p l a s m i c  r e t i c u l u m  of

p e r m e a b i 1 i s e d p a n c r e a t i c  c e l l s  ( S t r e b  e t a 1 ., 1 98 3 ).
2 +I n s ( 1 , 4 , 5 ) P g - i n d u c e d  r e l e a s e  of Ca f r o m  a n o n -
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mi t o c h o n d r i a  1 s t o r e  has s i n c e  b e e n  d e m o n s t r a t e d  in v a s c u l a r

s m o o t h  m u s c l e  ( C a p p o n i  e_t a_l. , 1985; N a b i k a  e_t a_l. , 1985 ).

M o r e o v e r ,  this s o u r c e  of C a ^ + has b e e n  i d e n t i f i e d  as the

s a r c o p l a s m i c  r e t i c u l u m  ( K o v a r s k i  e_t a_l. , 1985 ). I n d e e d  
2 +r e l e a s e  of Ca i n d u c e d  by I n s ( l , 4 , 5 ) P g  has b e e n  c o r r e l a t e d

w i t h  v a s c u l a r  s m o o t h  m u s c l e  c o n t r a c t i o n  b o t h  in v i v o  and in

v i t r o  ( S o m l y o  e_t a_l. , 1985 ; W a l k e r  e_t aA. , 1987 ).
2 +S t i m u l a t i o n  of Ca r e l e a s e  by I n s ( l , 4 , 5 ) P g  f r o m  the

s a r c o p l a s m i c  r e t i c u l u m  is e v o k e d  by the o p e n i n g  of a
2 +r e c e p t o r - l i n k e d  Ca - c h a n n e l  in the m e m b r a n e  of the

s a r c o p l a s m i c  r e t i c u l u m  ( P r e n t k i  e_t a_l. , 1984 ; M u a l l e n  et

a 1 . , 1985 ; B i n g h a m  S m i t h  e_t a_l. , 1 985 ).  S t a b l e  GT P a n a l o g u e s

m i m i c  a nd  e n h a n c e  the e f f e c t  of I n s ( 1 , 4 , 5 ) P g , s u g g e s t i n g  the

p r e s e n c e  of a G p r o t e i n  in the r e c e p t o r  c o u p l i n g  m e c h a n i s m

( D a w s o n  e_t _a_l. , 1986). The  c y c l i c  d e r i v a t i v e  of

I n s ( 1 , 4 , 5 ) Pg , 1,2 ( c y c l i c )  4 , 5 - t r i s p h o s p h a t e , is al so
2 +t h o u g h t  to be a p o t e n t  s t i m u l a t o r  of Ca r e l e a s e  f r om  the

s a r c o p l a s m i c  r e t i c u l u m  ( W i l s o n  e t a 1 ., 1 9 8 5 b ) .  In a d d i t i o n
2 + • to the r e l e a s e  of Ca f r o m the s a r c o p l a s m i c  r e t i c u l u m ,

2 +t h e r e  m a y  be r e l e a s e  of Ca f r o m  p l a s m a  m e m b r a n e - b o u n d  

s t o r e s  i nto  the c y t o s o l  ( B u c k l e y  and H a w t h o r n e ,  1972).

It is n o w  e s t a b l i s h e d  that I n s ( l , 4 , 5 ) P g  s t i m u l a t e s  r e l e a s e  

of C a 2+ f r o m  the s a r c o p l a s m i c  r e t i c u l u m ,  m e d i a t i n g  the 

i n i t i a l  p h a s e  of 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 .  H o w e v e r ,  

p r o l o n g e d  m u s c l e  c o n t r a c t i o n  r e q u i r e s  a m a i n t a i n e d  e l e v a t i o n  

of [ C a ^ + ]^ and  is e f f e c t e d  by an i n c r e a s e  in the p l a s m a  

m e m b r a n e  C a 2+ p e r m e a b i l i t y  ( B e r r i d g e  and I r v i n e ,  1 98 4 ).  The 

d e t a i l e d  n a t u r e  of this c h a n g e  in m e m b r a n e  p e r m e a b i l i t y  

h o w e v e r ,  is c o n t r o v e r s i a l .  O r i g i n a l l y  it w as  t h o u g h t  that 

the p r o d u c t  of DAG p h o s p h o r y l a t i o n ,  p h o s p h a t i d i c  a c id  (Ptd
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OH), m a y  act as a C a 2+ i o n o p h o r e  ( T y s on  e_t a±. , 1976  ). 

H o w e v e r ,  this e f f e c t  was p r o b a b l y  due to l y s o - P t d  OH ( B e n t o n  

e t a_l_. , 19 8 2) .  M o r e  r e c e n t l y ,  it has b e e n  s h o w n  that 

I n s ( 1 , 4 , 5 ) Pg c a u s e s  i n f l u x  of C a 2 + t h r o u g h  a s p e c i f i c  

r e c e p t o r - o p e r a t e d  C a 2+ c h a n n e l  (Ku no  and G a r d n e r ,  1 987 ).  

P u t n e y ,  1986, has a l s o  p r o p o s e d  a r ol e for I n s ( l , 4 , 5 ) P g  in 

the i n w a r d  f lu x of C a 2 + . F u r t h e r m o r e ,  i n o s i t o l  1 , 3 , 4 , 5  

t e t r a k i s p h o s p h a t e  (I n s ( 1 , 3 , 4 , 5 ) P ^ ) has b e e n  s u g g e s t e d  to 

s t i m u l a t e  t r a n s l o c a t i o n  of e x t r a c e l l u l a r  C a 2+ i nto  the c ell 

c y t o s o l  ( I r v i n e  and M o or ,  1 986 ).  E l e v a t i o n  of [ C a 2 + ]i is 

d e t e c t e d  by the C a 2 + - r e c e p t o r  p r o t e i n ,  CaM, w h i c h  b i n d s  C a 2+ 

and t h e n  f o r m s  an a c t i v e  c o m p l e x  w i t h  m y o s i n  l i g h t  c h a i n  

k i n a s e  ( ML CK ) ( A d e l s t e i n  and K l e e,  1 9 81 ). T h i s  c o m p l e x  

a c t i v a t e s  the a c t o m y o s i n  c o n t r a c t i l e  s y s t e m  vi a 

p h o s p h o r y l a t i o n  of the r e g u l a t o r y  m y o s i n  l i g h t  ch ai n , 

r e s u l t i n g  in s m o o t h  m u s c l e  c o n t r a c t i o n  ( R u e g g,  1988 ). 

C o n t r a c t i o n  of s m o o t h  m u s c l e  has a l s o  b e e n  r e p o r t e d  to be 

a s s o c i a t e d  w i t h  i n c r e a s e d  t i s s u e  l e v e l s  of c y c l i c  GMP  

( r e v i e w e d  by R a p o p o r t  and M u r a d ,  1 9 83 b ) .  I n d e e d ,  in the 

b o v i n e  c o r o n a r y  a r t e r y ,  i n c r e a s e d  l e v e l s  of c y c l i c  GMP 

a c c o m p a n i e d  c o n t r a c t i o n  in a t i m e -  and c o n c e n t r a t i o n -  

d e p e n d e n t  m a n n e r  ( K u k o v e t z  e_t a_l. , 1 98 2 ).  H o w e v e r ,  f rom 

e x p e r i m e n t s  s t u d y i n g  the t e m p o r a l  r e l a t i o n s h i p  b e t w e e n  

f o r m a t i o n  of c y c l i c  G MP  and m u s c l e  c o n t r a c t i o n ,  it a p p e a r s  

t ha t  c o n t r a c t i o n  p r e c e d e s  e l e v a t i o n  of c y c l i c  GM P  l e v e l s  

( F i s c u s  an d D y e r,  1981) . It has  b e e n  p r o p o s e d  t h e r e f o r e ,  

t ha t  c y c l i c  G M P  m a y  ac t as a f e e d b a c k  i n h i b i t o r  of 

c o n t r a c t i o n  ( K u k o v e t z  e t a 1 ., 1982 ).

R e l a x a t  ion

B o t h  the [ C a 2 + ] i and the s e n s i t i v i t y  of the c o n t r a c t i l e



-28-

2 + •a p p a r a t u s  to Ca m  s m o o t h  m u s c l e ,  m a y  be c o n t r o l l e d  by the 

c y c l i c  n u c l e o t i d e s ,  c y c l i c  A M P  and c y c l i c  GMP ( r e v i e w e d  by 

H a r d m a n ,  19 8A ).  It a p p e a r s  that t h e se  c y c l i c  n u c l e o t i d e s  act 

v i a  c y c l i c  n u c l e o t i d e - d e p e n d e n t  p r o t e i n  k i n a s e s  to a l t e r  the 

p h o s p h o r y l a t i o n  p a t t e r n  of a d i v e r s e  r a n g e  of t a r g e t  

p r o t e i n s .

S m o o t h  m u s c l e  r e l a x a t i o n  i n d u c e d  by b e t a - a d r e n o c e p t o r

a g o n i s t s  a nd  o t h e r  a g e n t s ,  i n c l u d i n g  c y c l i c  n u c l e o t i d e

p h o s p h o d i e s t e r a s e s ,  m a y  be m e d i a t e d  by c y c l i c  A M P  ( r e v i e w e d

by K r a m e r  and H a r d m a n ,  1980; H a r d m a n ,  1 9 81 ) .  Th e  f i r s t  c l e a r

e v i d e n c e  for the i n v o l v e m e n t  of c y c l i c  A M P c am e  f r o m

e x p e r i m e n t s  in w h i c h  c y c l i c  AMP, i n j e c t e d  i nt o  s m o o t h  m u s c l e

c e l l s ,  i n d u c e d  r e l a x a t i o n  ( S c h e i d  e t a 1 ., 19 7 9) . The

m e c h a n i s m  of this r e l a x a t i o n  is t h o u g h t  to i n v o l v e  the

p h o s p h o r y l a t i o n  and i n h i b i t i o n  of M L C K , v i a  a c y c l i c  A M P -

d e p e n d e n t  p r o t e i n  k i n a s e  (de L a n e r o l l e  ejt a_l. , 1 98 A) .

F u r t h e r m o r e ,  the p r o t e i n s  of the c e l l  m e m b r a n e ,  and  the

p r o t e i n  p h o s p h o l a m b a n  of the s a r c o p l a s m i c  r e t i c u l u m ,  m a y
2 +s i m i l a r l y  be p h o s p h o r y 1 a t e d , r e d u c i n g  the [Ca by the

2 ̂f o l l o w i n g  m e c h a n i s m s :  (i) i n h i b i t i o n  of Ca i n f l u x  t h r o u g h

C a 2 + c h a n n e l s  ( M e i s h e r i  and v a n  B r e e m e n ,  1 982 );  (ii)
0 +p r o m o t i o n  of Ca e x t r u s i o n  t h r o u g h  the c e ll  m e m b r a n e  

( B u l b r i n g  an d de n H e r t o g ,  1980 );  and (iii) e n h a n c e m e n t  of 

the u p t a k e  of C a 2+ into the s a r c o p l a s m i c  r e t i c u l u m  ( M u e l l e r  

a nd  v a n  B r e e m e n ,  1979).

It is n o w  g e n e r a l l y  a c c e p t e d  t hat v a s c u l a r  s m o o t h  m u s c l e  

r e l a x a t i o n  i n d u c e d  by n i t r o v a s o d i 1 a t o r s , e n d o t h e l i u m -  

d e p e n d e n t  v a s o r e l a x a n t s  and the a t r i o p e p t i n s , is m e d i a t e d  by 

i n c r e a s e d  l e v e l s  of c y c l i c  G MP ( R a p o p o r t  and M u r a d ,  1983b; 

W i n q u i s t ,  19 8 5) . I n d e ed ,  the e f f e c t s  of t h e s e  r e l a x a n t s  on



-29-

c y c l i c  GM P l e v e l s  are a s s o c i a t e d  w i t h  v a s c u l a r  r e l a x a t i o n  in 

a t i m e -  and  c o n c e n t r a t i o n - d e p e n d e n t  m a n n e r  ( R a p o p o r t  et a l . , 

1 98 3  ; W a l d m a n  ejt a_l. , 1984; W i n q u i  s t e ±  a_l. , 1 984 ). 

F u r t h e r m o r e ,  n i t r o v a s o d i l a t o r s  and the a t r i o p e p t i n s  i n d u c e  

v a s c u l a r  r e l a x a t i o n  and i n c r e a s e  l e v e l s  of c y c l i c  G M P  e v e n  

in the a b s e n c e  of e n d o t h e l i u m  ( W i n q u i s t ,  1 985 ),  w h e r e a s  the 

e f f e c t  of e n d o t h e l i u m - d e p e n d e n t  v a s o r e l a x a n t s  on m u s c l e  t on e 

a nd  c y c l i c  GMP  l e v e ls  r e q u i r e s  f u n c t i o n a l  e n d o t h e l i a l  c e l l s  

( R a p o p o r t  e t a 1 . , 198 3) . The  m e c h a n i s m  by w h i c h  c y c l i c  GMP 

m e d i a t e s  v a s c u l a r  s m o o t h  m u s c l e  r e l a x a t i o n  is no t w e l l  

u n d e r s t o o d .  T h e r e  is c o n s i d e r a b l e  e v i d e n c e  h o w e v e r ,  to 

s u g g e s t  t h a t c y c l i c  GMP a c ts  v i a  c y c l i c  G M P - d e p e n d e n t  

p r o t e i n  k i n a s e s  to (i) d i r e c t l y  a l t e r  p r o t e i n  

p h o s p h o r y l a t i o n  and d e p h o s p h o r y l a t i o n  of M L C K  ( R a p o p o r t  and
n «

M u r a d ,  1 9 8 3 b )  and (ii) r e d u c e  l e v e l s  of [Ca ( M o r g a n  and

M o r g a n ,  1 9 84 ) .  Th is  l a t t e r  e f f e c t  m a y  r e s u l t  in r e d u c e d
9 +p h o s p h o r y l a t i o n  of the c o n t r a c t i l e  p r o t e i n s  by the Ca - C a M  

s i g n a l  p a t h w a y .  T h e r e f o r e ,  c y c l i c  G M P -  and c y c l i c  A M P -  

m e d i a t e d  v a s o r e 1 a x a t i o n s  a p p e a r  to be s i m i l a r  in n a t u r e ,  

a l t h o u g h  in the rat ao r ta , d i s t i n c t  d i f f e r e n c e s  b e t w e e n  the 

two s y s t e m s  h a v e  b e e n  d e m o n s t r a t e d  ( R a p o p o r t  e t a 1 ., 1982;

L i n c o n  and F i s h e r - S i m p s o n , 1 983 ).  T he  d e t a i l s  of c y c l i c  G M P -

m e d i a t e d  v a s o d i l a t a t i o n  h o w e v e r ,  r e m a i n  u n c l e a r .
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A i m s  of s t u d y

T h e  g e n e r a l  a im s of this s t u d y  w e r e  to e x a m i n e  the 

m e c h a n i s m s  l e a d i n g  to s m o o t h  m u s c l e  r e l a x a t i o n  in rat 

v a s c u l a t u r e .  The  d e s c e n d i n g  t h o r a c i c  a o r t a  of the rat 

p r o v i d e d  a c o n v e n i e n t  m o d e l  for v a s c u l a r  s m o o t h  m u s c l e ,  

s i n c e  this t i s s u e  b o t h  p o s s e s s e s  p r o p e r t i e s  of c o n d u c t i n g  

v e s s e l s  an d  m a y  be m a n i p u l a t e d  e x p e r i m e n t a l l y .  In this 

l a t t e r  r e s p e c t ,  the v a s c u l a r  e n d o t h e l i u m  m a y  e a s i l y  be 

r e m o v e d ,  an d m e c h a n i c a l  and b i o c h e m i c a l  m e a s u r e m e n t s  m a d e .  

F u r t h e r m o r e ,  g e n e t i c  c o n t r o l  of rat b r e e d i n g  g i v e s  r is e to 

s t a n d a r d i s e d  p r e p a r a t i o n s  of n o r m a l  and p a t h o l o g i c a l  a n i m a l s  

an d so r e p r o d u c i b l e  r e s u l t s  m a y  be o b t a i n e d .

In p a r t i c u l a r ,  this s t u d y  set out to e x a m i n e :

(1) the n a t u r e  of v a s o d i l a t a t i o n  i n d u c e d  b y the b o v i n e  

i n h i b i t o r y  f a c t o r  and to c o m p a r e  the c h a r a c t e r i s t i c s  of 

r e l a x a t i o n  w i t h  t h o se  i n d u c e d  by o t h e r  r e l a x a n t s .  

V a s o d i l a t a t i o n  w as  c o r r e l a t e d  w i t h  t i s s u e  c y c l i c  GM P l e vel s;

(2) the e f f e c t  of the c o n t r a c t i l e  a g e n t  u s e d  to r a i s e  m u s c l e  

t o n e a nd the u n d e r l y i n g  m e c h a n i s m  i n v o l v e d ,  on the d e g r e e  

a nd  n a t u r e  of v a s o r e l a x a t i o n  i n d u c e d  by b o t h  e n d o t h e l i u m -  

d e p e n d e n t ,  a nd e n d o t h e l i u m - i n d e p e n d e n t  v a s o d i l a t o r s .  Th e 

i n t r a c e l l u l a r  c h a n g e s  that m e d i a t e d  the v a s c u l a r  r e s p o n s e  

w e r e  m e a s u r e d :  (i) the r a t e  of Ptd Ins h y d r o l y s i s  a s s o c i a t e d

w i t h  s m o o t h  m u s c l e  c o n t r a c t i o n ,  and (ii) the l e v e l s  of 

c y c l i c  G M P  a s s o c i a t e d  w i t h  v a s o d i l a t a t i o n ;

(3) the v a s c u l a r  r e s p o n s i v e n e s s  to b o t h  c o n t r a c t i l e  and 

r e l a x a n t  a g e n t s  u n d e r  p a t h o p h y s i o l o g i c a l  c o n d i t i o n s .  The 

d i s o r d e r  c h o s e n  for s t u d y  was h y p e r t e n s i o n  and was  e x a m i n e d  

in s p o n t a n e o u s l y  h y p e r t e n s i v e  rats. A g a i n  the i n t r a c e l l u l a r  

c o r r e l a t e s  w e r e  m e a s u r e d .
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E x p e r i m e n t a l  A n i m a l s

In g e n e r a l ,  a d u l t  m a l e  W i s t a r  rats ( 2 0 0 - 3 0 0 g )  w e r e  u s e d  

t h r o u g h o u t  this s tu d y.  H o w e v e r ,  in c e r t a i n  e x p e r i m e n t s  m a l e  

r a ts  g e n e t i c a l l y  p r e d i s p o s e d  to h y p e r t e n s i o n ,  s p o n t a n e o u s l y  

h y p e r t e n s i v e  r at s (SHR), a n d n o r m o t e n s i v e  w i s t a r  k y o t o  (WKY) 

r at s w e r e  u s e d.  Al so , in on e  e x p e r i m e n t ,  a m a l e  N e w  Z e a l a n d  

r a b b i t  ( 3 . 5 k g )  wa s  u s e d.  All  a n i m a l s  w e r e  h o u s e d  in a 

c o n t r o l l e d  e n v i r o n m e n t  u n d e r  c o n d i t i o n s  of a c i r c a d i a n  c y c l e  

of l i g h t  a n d d a r k  (l ig ht : 0 6 3 0 - 1 8 3 0 h r s .), an d a l l o w e d  tap 

w a t e r  and  food ( L a b s u r e  C R M  d i e t ) _a_d 1 ib i turn. The  a m b i e n t  

t e m p e r a t u r e  wa s m a i n t a i n e d  b e t w e e n  1 8 - 2 2  .

D i s s e c t i o n  of a o r t a

T he  d i s s e c t i o n  p r o c e d u r e  wa s  b a s i c a l l y  the s ame  for the rat 

an d r a b b i t .  R a t s  and the r a b b i t  w e r e  k i l l e d  by s t u n n i n g  and 

e x s a n g u i n a t i o n . T he  c h e s t  w a l l  w a s cut a l o n g  the raidline and 

the t h o r a c i c  c a v i t y  e x p o s e d .  Th e  lung s,  i n f e r i o r  v e n a  c a v a  

an d o e s o p h a g u s  w e r e  e x c i s e d  r e v e a l i n g  the d e s c e n d i n g  

t h o r a c i c  a o r t a  a t t a c h e d  to the d i s t a l  w a l l  of the t h o r a c i c  

c a v i t y .  Th e  a o r t a  was c l e a r e d  of a d h e r i n g  fat and c o n n e c t i v e  

t i s s u e ,  c a r e f u l l y  r e m o v e d  f r o m  the t h o r a c i c  c a v i t y  and 

g e n t l y  w a s h e d  in a b e a k e r  c o n t a i n i n g  m o d i f i e d  K r e b s  

b i c a r b o n a t e  b u f f e r  (2°^), s i m i l a r  to that f i r s t  d e s c r i b e d  by 

K r e b s  an d H e n s e l e i t  ( 1 93 2) ,  w i t h  the f o l l o w i n g  c o m p o s i t i o n ;  

(mM): N a C l ,  118.5; KC1, A . 75; C a C l 2 , 2.5; M g S 0 4 . 7 H 2 0, 1.0; 

K H 2 P 0 4 , 1.2; N a H C 0 3 , 25.0; g l u c o s e ,  22.2.

M e c h a n i c a l  r e s p o n s e s  of t i s s u e s  in o r g a n  b a t h

( i ) P r e p a r a t i o n  of a o r t i c  r i n g s

T w o p a i r s  of t r a n s v e r s e  a o r t i c  r i n g s  ( 2 - 3 m m  in l e n g t h )  w e r e  

cut f r o m  e a c h  a o r t a ,  w e i g h e d  a nd s u s p e n d e d  b e t w e e n  s t a i n l e s s
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s t e e l  w i r e  h o o k s  u n d e r  a r e s t i n g  t e n s i o n  of 2g in 2 5 ml  o r g a n  

b a t h s  (see f i g u r e  A). C a r e  was t a k e n  at all t i m es  to p r o t e c t  

the e n d o t h e l i u m  f r o m  d a m a g e .  T he  t i s s u e s  w e r e  b a t h e d  in 

K r e b s  b i c a r b o n a t e  b u f f e r  at 3 7°^  and g a s s e d  c o n t i n u o u s l y  

w i t h  a m i x t u r e  of 9 5% 0 2 / 5% C 0 2 . I s o m e t r i c  t e n s i o n  was 

r e c o r d e d  u s i n g  S t a t h a m  f o r c e  d i s p l a c e m e n t  t r a n s d u c e r s  and 

d i s p l a y e d  on e i t h e r  a L i n s e i s  r e c o r d e r  or G r as s  p o l y g r a p h  

( m o d e l  7 P C P B ) .  The  t i s s u e s  w e r e  a l l o w e d  to e q u i l i b r a t e  for 

60 m i n u t e s  p r i o r  to the s t a r t  of e x p e r i m e n t s ,  d u r i n g  w h i c h  

t i m e  the r e s t i n g  t e n s i o n  w a s m a i n t a i n e d  at 2g and the 

t i s s u e s  w e r e  w a s h e d  t wic e.

( i i ) P r e p a r a t i o n  of a o r t i c  s p i r a l  s t r i p s

T r a n s v e r s e  a o r t i c  r i n g s  w e r e  f i r s t  p r e p a r e d  as d e t a i l e d  

a b o v e ,  and p o s i t i o n e d  o v e r  the end  of a w o o d e n  s t i c k.  A 

c o n t i n u o u s  cut wa s  m a d e  at A5° i nto  the a o r t i c  r i n g  w h i l e  

s l o w l y  t u r n i n g  the s t i c k  in a c l o c k w i s e  d i r e c t i o n .  A f t e r  

w e i g h i n g ,  e a c h  a o r t i c  s t r i p  w as  s e c u r e d  at one en d to a 

g l a s s  h o o k  in a 2 5m l o r g a n  b a t h  and a t t a c h e d ,  by t h r e a d ,  at 

the o t h e r  e nd  to a S t a t h a m  f o r ce  d i s p l a c e m e n t  t r a n s d u c e r .  A 

r e s t i n g  t e n s i o n  of lg wa s a p p l i e d  to the t i s s u e s  w h i c h  w e r e  

e x p o s e d  to the s am e e x p e r i m e n t a l  c o n d i t i o n s  as the a o r t i c  

r i n g s  .

( i i i ) R e m o v a l  of e n d o t h e l i a l  c e l l s

In c e r t a i n  e x p e r i m e n t s ,  the e n d o t h e l i u m  wa s r e m o v e d  

m e c h a n i c a l l y  f r o m  a o r t i c  r i n g s  by  g e n t l y  r u b b i n g  the i n t i m a l  

s u r f a c e  w i t h  a w o o d e n  s t i c k  ( F u r c h g o t t  and  Z a w a d z k i ,  1 9 8 0 a ) .  

S u c c e s s f u l  r e m o v a l  of, or d a m a g e  to the e n d o t h e l i a l  c e l l s  

w a s  r o u t i n e l y  e s t a b l i s h e d  by the i n a b i l i t y  of a c e t y l c h o l i n e  

to r e l a x  p r e c o n t r a c t e d  a o r t i c  r i n gs  t r e a t e d  in this m a n n e r  

( F u r c h g o t t  an d Z a w a d z k i ,  1 9 8 0 a ) .  H o w e v e r ,  in p r e l i m i n a r y



Force d i sp l a c e m e n t  
t ran s d u c er R e c o r d e r

T hread
Clamp

O v e r f l o wkrebs Wate r

A o r t i c  ring s u s p e n d e d  b et w e e n  two wire hooks

F i g u r e  A .
A p p a r a t u s  for r e c o r d i n g  m e c h a n i c a l  r e s p o n s e s  of a o r t i c  
r i n g s .  A s i m i l a r  a p p a r a t u s  w as  u s e d  for r e c o r d i n g  m e c h a n i c a l  
r e s p o n s e s  of a o r t i c  s t r i p s  (see t ext for e x p l a n a t i o n ) .
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e x p e r i m e n t s ,  the s u c c e s s f u l  r e m o v a l  of e n d o t h e l i a l  c e l l s  was 

d e t e r m i n e d  b y e l e c t r o n  m i c r o s c o p y  (see p h o t o g r a p h s  1 and 2). 

(i v ) A d d i t i o n  of d r u gs

A ll d r u g s  w e r e  a d d e d  in v o l u m e s  not e x c e e d i n g  0 . 3 m l ,  and the 

d r u g  c o n c e n t r a t i o n  w as  e x p r e s s e d  as the fi na l d i l u t i o n  in 

the o r g a n  b a t h .  C u m u l a t i v e  c o n c e n t r a t i o n - r e s p o n s e  g r a p h s  

w e r e  o b t a i n e d  for e a c h  c o n t r a c t i l e  a g e n t  a nd v a s o r e l a x a n t .  

T h e  d e g r e e  of s m o o t h  m u s c l e  r e l a x a t i o n  i n d u c e d  by e a c h  

v a s o d i l a t o r  w as  e x p r e s s e d  as a % of the m a x i m u m  c o n t r a c t i o n  

e l i c i t e d  b y the c o n t r a c t i l e  a g e n t  ( E C 5Q or E C 7Q 

c o n c e n t r a t i o n ) .

M e a s u r e m e n t  of c y c l i c  GMP

( i ) E x p e r i m e n  t a 1

In m o s t  e x p e r i m e n t s ,  c y c l i c  G MP  le v el s w e r e  m e a s u r e d  in 

a o r t i c  r i n g s  in w h i c h  m e c h a n i c a l  r e s p o n s e s  h ad  b e e n  

r e c o r d e d .  H o w e v e r ,  in c e r t a i n  e x p e r i m e n t s  a o r t i c  r i n gs  w e r e  

h e l d  by a w i r e  h oo k , u n d e r  no a p p l i e d  t e n s i o n ,  in i n c u b a t i o n  

f l a s k s .  At i n t e r v a l s  f o l l o w i n g  the a d d i t i o n  of d r u g s  the 

a o r t i c  r i n g s ,  w h i l e  s t i l l  h e l d  by w i r e  h o o k s ,  w e r e  r e m o v e d  

f r o m  the o r g a n  b a t h s  or i n c u b a t i o n  f l a s k s  and f r o z e n  in 

l i q u i d  n i t r o g e n .  T h is  s te p  wa s  p e r f o r m e d  in less t ha n  2 

s e c o n d s  .

( i i ) E x t r a c t i o n  of c y c l i c  GMP

T he  f r o z e n  a o r t i c  r i n gs  w e r e  d e p r o t e i n i s e d  by e x t r a c t i o n  in 

t r i c h l o r o a c e t i c  a c id  ( T . C . A . )  (1.6ml; 5 % w / v ) .  A f t e r  a p e r i o d

of 2h rs  . the t i s s u e s  w e r e  d e t a c h e d  f r om  the w i r e  h o o k s ,  re- 

i m m e r s e d  in T . C . A .  and h a n d  h o m o g e n i s e d  u s i n g  P o t t e r -  

E l v e h j e m  g l a s s — g l a s s  h o m o g e n i s e r s . The t i s s u e  h o m o g e n a t e s  

w e r e  t h e n  left for a f u r t h e r  18 hrs. at 4 . H o m o g e n i s a t i o n

wa s t h o u g h t  to b r e a k  d o w n  the t i s s u e  s t r u c t u r e  and i n c r e a s e
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the surface area across which T.C.A. could permeate and

therefore facilitate extraction of cyclic GMP. However, it

has been reported that tissue homogenisation does not

significantly increase the yield of cyclic GMP during acid

extraction (Bowman and Drummond, 1984). In contrast with

this finding, the present study found that homogenisation of

aortic rings during acid extraction did increase the

recovery of cyclic GMP (see figure 5).

The samples were vortex-mixed and centrifuged (lOOOg; 
o C5mins . ; 4 ) to remove any non-acid-soluble tissue

components. The cyclic GMP content of a fraction of the 

supernatant (400jil) was extracted by washing four times 

with three volumes of water-saturated ether. Any remaining 

ether was evaporated by placing the sample tubes in a water 

bath at 80°^ for 2 minutes. The samples (300jul) were 

neutralised with sodium acetate buffer (lOO^il; 200mM; 

pH6.2), vortex-mixed and stored at 4°^ until required.

(iii) Radioimmune assay

Tissue cyclic GMP levels were measured using a commercially 

available cyclic GMP radioimmune assay kit (Amersham 

International, UK). The assay was based on the competitive 

binding between unlabelled cyclic GMP and a fixed quantity 

of the tritium- ([3H])-labelled cyclic nucleotide to an 

antiserum which has high specificity and affinity for cyclic 

GMP.
Authentic cyclic GMP standard concentrations (0.06-8 

p m o l e s /1O O p 1 ) were prepared in sodium acetate buffer (50mM; 

p H 5 .0) . Samples of both standard and unknown tissue 

concentrations of cyclic GMP (lOOjil) were acetylated by the 

addition of a freshly prepared mixture of acetic anhydride



P h o t o g r a p h 1 .
A s c a n n i n g  e l e c t r o n  m i c r o g r a p h  of a s e g m e n t  of rat a o r t a ,  
w i t h  i n t a c t  e n d o t h e l i u m ,  f i x e d  in g l u t a r a l d e h y d e  ( 1 0 0 0  x 
m a g n i f i c a t i o n ;  l u m i n a l  s u r f a c e ) .  L a y e r s  of s m o o t h  m u s c l e  
c e l l s  ar e c o m p r e s s e d ,  g i v i n g  a f o l d e d  a p p e a r a n c e .  T h i s  m ay  
be c a u s e d  by s h r i n k a g e  of the t i s s u e  in the f i x a n t .  
P l a t e l e t s  ar e  s e e n  a d h e r e d  to the e n d o t h e l i a l  s u r f a c e .



P h o t o g r a p h  2 .
A s c a n n i n g  e l e c t r o n  m i c r o g r a p h  of a s e g m e n t  of rat a o r t a ,  
w i t h  d a m a g e d  e n d o t h e l i u m ,  f i x e d  in g l u t a r a l d e h y d e  ( 10 0 0 x 
m a g n i f i c a t i o n ;  l u m i n a l  s u r f a c e ) .  A g a i n ,  the l a y e r s  of s m o o t h  
m u s c l e  c e l l s  a re c o m p r e s s e d ,  g i v i n g  a f o l d e d  a p p e a r a n c e  t ha t 
m a y  be c a u s e d  by t i s s u e  s h r i n k a g e  in the f i x a n t .  R e m n a n t s  of 
the e n d o t h e l i u m  c an  be se en , a l t h o u g h  v e r y  fe w p l a t e l e t s  
r e m a i n  a d h e r e d  to the l u m i n a l  s u r f a c e  (c.f. p h o t o g r a p h  1).
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F i g u r e  5 .
E f f e c t  of s o d i u m  n i t r o p r u s s i d e  (10 M) on l e v e l s  of c y c l i c  
GMP. A o r t i c  r i n g s  w e r e  e x p o s e d  to s o d i u m  n i t r o p r u s s i d e  
a l o n e ,  for 60s.. D u r i n g  a c i d  e x t r a c t i o n  of c y c l i c  GMP, 
t i s s u e s  w e r e  e i t h e r  h o m o g e n i s e d  ( s h a d e d )  or left 
u n h o m o g e n i s e d  ( u n s h a d e d ) .  The lev e l  of c y c l i c  G M P  i n d u c e d  by 
s o d i u m  n i t r o p r u s s i d e  was s i g n i f i c a n t l y  h i g h e r  in t i s s u e s  
t h a t  w e r e  h o m o g e n i s e d  t h a n  in t i s s u e s  that w e r e  
u n h o m o g e n i s e d .  (** p < 0 . 0 1 ) .  (n<6).



and t r i e  thy l a m i n e , 1:2 by v o l u m e  (5jil) ( F r a n d s e n  and

K r i s h n a ,  1 9 7 6 ) .  The s a m p l e s  w e r e  i m m e d i a t e l y  v o r t e x - m i x e d .

T h i s  a c e t y l a t i o n  p r o c e s s  i n c r e a s e d  the s e n s i t i v i t y  of the

a s s a y  (see f i g u r e  7). [3H ]- l a b e l l e d  c y c l i c  G M P  (50^1) was

t h e n  a d d e d  to e a c h  s a m p l e ,  f o l l o w e d  by a n t i - c y c l i c  GMP

a n t i s e r u m  (50jil). S a m p l e s  w e r e  v o r t e x - m i x e d  and i n c u b a t e d  
o Cfor 1 6 h r s .  at 4 . F o l l o w i n g  this i n c u b a t i o n  p e r i o d ,  i c e -

c o l d  a m m o n i u m  s u l p h a t e  (1ml) wa s  a d d e d  to e a c h  s a m p l e  and 

th e n  m i x e d .  T h e  s a m p l e s  w e r e  a l l o w e d  to s t a n d  for 5 m i n u t e s  

a f t e r  the a d d i t i o n  of a m m o n i u m  s u l p h a t e  to the last s a m p l e ,  

b e f o r e  c e n t r i f u g i n g  (lOOOg; 5 m i ns.; 4 o C ). The s u p e r n a t a n t  

was d e c a n t e d  and the a s s a y  t u b e s  i n v e r t e d  on a t i s s u e  to 

d r a i n .  T h e  n e c k s  of the a s s a y  t u bes w e r e  c a r e f u l l y  w i p e d  to 

r e m o v e  a n y  r e m a i n i n g  s u p e r n a t a n t .  C o l d  d i s t i l l e d  w a t e r  

( 1 . 1 m l )  w a s  t h e n  a d d e d  to e a c h  tube and v o r t e x - m i x e d  u n t i l  

the p r e c i p i t a t e  ha d  d i s s o l v e d .  S a m p l e s  (1ml) w e r e  

t r a n s f e r r e d  f r o m  the a s s a y  tub e s  to p l a s t i c  c o u n t i n g  v i a l s  

c o n t a i n i n g  a w a t e r - m i s c i b l e  s c i n t i l l a n t  ( E c o s c i n t ;  10ml), 

and a n t i b o d y  b o u n d  [ H ] - c y c l i c  GMP was m e a s u r e d  by c o u n t i n g  

for 5 m i n u t e s  in a P a c k a r d  L i q u i d  S c i n t i l l a t i o n  C o u n t e r .  

S t a n d a r d  c a l i b r a t i o n  c u r v e s  w e r e  d e t e r m i n e d  in e a c h  

e x p e r i m e n t  a n d  p l o t t e d  as r a d i o a c t i v i t y  b o u n d  ( c . p . m . )  

a g a i n s t  c o n c e n t r a t i o n  of c y c l i c  GMP ( f i g u r e  6) or as C o /c x 

a g a i n s t  c o n c e n t r a t i o n  of c y c l i c  GM P  w h e r e  C Q and C x 

r e p r e s e n t  the a m o u n t  of [3H ] - c y c l i c  G M P  b o u n d  in the a b s e n c  

an d  p r e s e n c e  of u n l a b e l l e d  c y c l i c  GMP r e s p e c t i v e l y  ( f i g u r e  

7). T h e  c o n c e n t r a t i o n s  of c y c l i c  G M P  in u n k n o w n  s a m p l e s  

( 1 0 Ô i 1) w e r e  d e t e r m i n e d  by  r e f e r e n c e  to the c a l i b r a t i o n  

c u r v e .  T h e  c o n c e n t r a t i o n  of c y c l i c  GM P  in the o r i g i n a l  

s a m p l e  ( 1 . 6 m l )  w a s  e x p r e s s e d  in p m o l . m g  1 of t i s s u e ,  and
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F i g u r e  6 .
T y p i c a l  s t a n d a r d  c u r v e  s h o w i n g  r a d i o a c t i v i t y  b o u n d  ( c . p . m . )  
for k n o w n  c o n c e n t r a t i o n s  of c y c l i c  GMP d u r i n g  r a d i o i m m u n e  
a s s a y  (see t ext for e x p l a n a t i o n ) .
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F i g ure 7 .
S t a n d a r d  c a l i b r a t i o n  g r a p h s  o b t a i n e d  for k n o w n  
c o n c e n t r a t i o n s  of c y c l i c  G M P  d u r i n g  r a d i o i m m u n e  a s s a y .  The 
a b i l i t i e s  of a c e t y l a t e d  c y c l i c  G M P  (#) and n o n - a c e t y l a t e d  
c y c l i c  G M P  (O) to c o m p e t e  w i t h  [ ^ H ] - c y c l i c  GM P  for b i n d i n g  
to s p e c i f i c  a n t i - c y c l i c  GMP a n t i s e r u m  w e r e  m e a s u r e d  (see 
t e x t  for d e t a i l s ) .  A c e t y l a t i o n  of c y c l i c  GM P  i n c r e a s e d  the 
C 0 /Cx r a t i o  a n d  the s e n s i t i v i t y  of the a s s a y .
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c a l c u l a t e d  u s i n g  the f o l l o w i n g  m e t h o d :

(1) c o n c e n t r a t i o n  of c y c l i c  GMP in lOOjil m u l t i p l i e d  by 16 

g i v e s  c o n c e n t r a t i o n  of c y c l i c  GMP in s a m p l e  tube

(p m o 1 . t u b e ” *).

(2) c o n c e n t r a t i o n  of c y c l i c  GM P  in s a m p l e  tube d i v i d e d  

b y  w e i g h t  of a o r t i c  r i n g  (mg) g i v e s  c o n c e n t r a t i o n  of 

c y c l i c  G M P  per w e i g h t  of t i s s u e  (p m o 1 . rag” 1 ).

I n o s i t o l  P h o s p h o l i p i d  s t u d i e s

( i ) E x p e  r i m e n  t a 1

A g o n i s t - i n d u c e d  h y d r o l y s i s  of p h o s p h o l i p i d s  was m o n i t o r e d  by
o 9m e a s u r i n g  the f o r m a t i o n  of [J P ] - P t d  OH in a o r t i c  rin g s

Q 9
p r e l a b e l l e d  w i t h  [ P ]- o r t h o p h o s p h a t e  (-Pi). A o r t i c  r i n g s  

w e r e  p r e p a r e d  as p r e v i o u s l y  d e s c r i b e d  and i n c u b a t e d  ( 3 7 o C ;
9 .

1 2 0 m i n s . )  in Ca - f r e e ,  p h o s p h a t e - f r e e  H e p e s 1 b u f f e r
q 9  _ 1

c o n t a i n i n g  c a r r i e r - f r e e  [ P ] - P i  ( 2 p C i . m l  ). H e p e s  b u f f e r  

w a s  of the f o l l o w i n g  c o m p o s i t i o n ;  (mM): N a C l  111.4; KC1,

4.7; M g C l 2 » 1.2; g l u c o s e  11.1; H E P E S ,  10.1; pH a d j u s t e d  to
o 9

7.4 w i t h  N a O H  (IN). E x c e s s  [ P ] - P i  was r e m o v e d  by w a s h i n g
* n

e a c h  t i s s u e  o n c e  w i t h  H e p e s 1 b u f f e r  (4 ) and t hen a f u r t h e r

t h r e e  t i m e s  w i t h  m o d i f i e d  K r e b s ’ b u f f e r  (4 o C ). P r e l i m i n a r y
9 +e x p e r i m e n t s  w e r e  c o n d u c t e d  u s i n g  Ca - f r e e  K r e b s '  b u f f e r .  

R e a c t i o n s  w e r e  i n i t i a t e d  by the a d d i t i o n  of a g o n i s t ( s )  or 

v e h i c l e  a n d  t e r m i n a t e d  by  r a p i d l y  f r e e z i n g  a o r t i c  r i n g s  in 

l i q u i d  n i t r o g e n  b e f o r e  t r a n s f e r r i n g  to g l a s s  t u b e s  

c o n t a i n i n g  4 m l  of c h l o r o f o r m / m e t h a n o l / l O M - H C l  ( 2 5 : 5 0 : 4 ,  by 

v o l u m e )  at r o o m  t e m p e r a t u r e  and v o r t e x  m i x i n g  ( L l o y d  e t a 1 . , 

1 9 7 2 ) .  T h e  a o r t i c  r i n g s  w e r e  t hen h a n d  h o m o g e n i s e d .

( i i ) E x t r a c t i o n

P h o s p h o l i p i d s  w e r e  e x t r a c t e d  u s i n g  a m o d i f i c a t i o n  of the 

m e t h o d  of L l o y d  e t a 1 , ( 1972 ). C h l o r o f o r m  and d i s t i l l e d
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w a t e r  in e q u a l  v o l u m e s  ( 1 . 2 5 m l ) ,  w e r e  a d d e d  to the 

h o m o g e n a t e  and m i x e d  t h o r o u g h l y .  The s a m p l e s  w e r e  

c e n t r i f u g e d  (lOOOg; 5 m i n s .; 4 o C ) w h i c h  c a u s e d  a p a r t i t i o n i n g  

of two d i s t i n c t  p h a s e s  w i t h  a p r o t e i n  i n t e r f a c e .  The lower, 

o r g a n i c  p h a s e  wa s  r e m o v e d  by  P a s t e u r  p i p e t t e  to a d r y i n g  

b o t t l e  a n d  d r i e d  u n d e r  o x y g e n - f r e e  n i t r o g e n  at 4 5 o C . The  

d r y i n g  b o t t l e  was then s e a l e d  and k ept on ice for not m o r e  

t h a n  16 hr s . .

(iii) S e p a r a t i o n  of l i p i d s

Th e  p h o s p h o l i p i d s  w e r e  s e p a r a t e d  by two d i m e n s i o n a l  thin 

l a y e r  c h r o m a t o g r a p h y  ( t . l . c . )  ( Y a v i n  and Z u t r a ,  1977).

S i l i c a  gel t . l . c .  p l a t e s  ( 1 0 c m  x 10cm) w e r e  m a r k e d  2c m  x 2 c m  

f r o m  the l o w e r  left e d g e  and 5pg of c a r r i e r  Ptd OH was 

s p o t t e d .  T h e  p l a t e s  w e r e  r u n  in the f i r s t  d i m e n s i o n  in a 

b a s i c  s o l v e n t  s y s t e m  of c h l o r o f o r m / m e t h a n o l / 4 0 7 ,  m e t h y l a m i n e  

( 1 3 0 : 6 0 : 1 5 : ,  by v o l u m e ) .  A c i d i c  p h o s p h o l i p i d s  s u c h  as Ptd 

Ins and Ptd OH w e r e  r e t a r d e d  by the b a s i c  n a t u r e  of this 

s o l v e n t  m e d i u m .  The s o l v e n t  fro n t  was a l l o w e d  to run to a 

d i s t a n c e  of l - 2 c m  f r o m  the top of the p l a t e .  The t. l . c .  

p l a t e s  w e r e  r e m o v e d  f r o m  the s o l v e n t ,  d r i e d  u n d e r  w a r m  air, 

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

n e u t r a l i s e  the m e t h y l a m i n e  and d r i e d  s e q u e n t i a l l y  u n d e r  w a r m  

an d  c o o l  air. T h e  p l a t e s  w e r e  t hen w a s h e d  in the s e c o n d  

d i m e n s i o n  in an a c i d i c  s o l v e n t  c o m p r i s i n g  d i e t h y l e t h e r / 

a c e t i c  a c i d  (19:1, by v o l u m e )  and d r i e d  u n d e r  c o o l  air. The  

l i p i d s  w e r e  s e p a r a t e d  in a s o l v e n t  s y s t e m  of 

c h l o r o f o r m / a c e t o n e / m e t h a n o l / a c e t i c  a c i d / d i s t i 1 led w a t e r  

( 1 0 : 4 : 2 : 3 : 1 ,  by v o l u m e )  in the s e c o n d  d i m e n s i o n .  T h e  s o l v e n t  

f r o n t  w a s  a l l o w e d  to run the s a m e  d i s t a n c e  as the a c i d i c  

w a s h  .



-38-

( i v ) D e t e c t i o n  and m e a s u r e m e n t  of p h o s p h o l i p i d s  

T h e  p l a t e s  w e r e  d r i e d  u n d e r  c o o l  air for a p e r i o d  of not 

less t h a n  30 m i n u t e s  b e f o r e  p l a c i n g  in i o d i n e  v a p o u r  to 

v i s u a l i s e  the p h o s p h o l i p i d s  (see f i g u r e  8). Th e  s p o t s  

c o r r e s p o n d i n g  to Ptd OH w e r e  s c r a p e d  i nto s c i n t i l l a t i o n  

v i a l s  c o n t a i n i n g  E c o s c i n t  (5ral) and c o u n t e d  in a P a c k a r d

L i q u i d  S c i n t i l l a t i o n  C o u n t e r .  T h e  l e v e l s  of Ptd OH w e r e
—  1 ^9e x p r e s s e d  as c . p . m . . m g  of t i s s u e .  C h a n g e s  in [ P ] - P t d  OH

r e f l e c t  c h a n g e s  in Ptd OH c o n c e n t r a t i o n  ( H o l m s e n  et a 1 . ,

198 4 )  and the DA G  p r e c u r s o r  of Ptd OH is p r o b a b l y  d e r i v e d

f r o m  the h y d r o l y s i s  of p h o s p h o i n o s i t i d e s  ( M a c I n t y r e  and

P o l l o c k  , 1 9 83).

M e s u r e m e n t  of rat b l o o d  p r e s s u r e

B l o o d  p r e s s u r e  m e a s u r e m e n t s  w e r e  c o n d u c t e d  in the B l o o d  

P r e s s u r e  U n i t ,  W e s t e r n  I n f i r m a r y ,  G l a s g o w .  S y s t o l i c  b l o o d  

p r e s s u r e  w a s  m e a s u r e d  in c o n s c i o u s  a n i m a l s  by a t a i l - c u f f  

m e t h o d  u s i n g  a g a r t n e r  c u f f  b l o o d  p r e s s u r e  r e c o r d e r  ( m o d e l 

800 S ,  W and W E l e c t r o n i c s ,  B a s e l ,  S w i t z e r l a n d ) .

R a t s  w e r e  f a m i l i a r i s e d  w i t h  the r e c o r d i n g  e q u i p m e n t ,  and 

t h e n  h o u s e d  in a c o n s t a n t  t e m p e r a t u r e  c h a m b e r  (36°^;

1 5 m i n s . )  p r i o r  to b l o o d  p r e s s u r e  m e a s u r e m e n t .

M a t e r  ials

Th e  f o l l o w i n g  d r u g s  and r e a g e n t s  w e r e  u s e d  in this s tudy: 

a c e t y l c h o l i n e  c h l o r i d e  and c a r b a m y l c h o 1 ine c h l o r i d e  (bo t h  

S i g m a ) ;  H E P E S  ( S i g m a ) ;  M & B  2 2 9 4 8  ( k i n d l y  s u p p l i e d  by Dr. W. 

M a r t i n ,  D e p a r t m e n t  of P h a r m a c o l o g y ,  Th e  U n i v e r s i t y ,

G l a s g o w ) ;  L - n o r a d r e n a l i n e  b i t a r t r a t e  ( K o c h - L i g h t ) ;  4&- 

p h o r b o l  1 2 , 1 3 - d i d e c a n o a t e  ( 4 t X P D D ) ,  p h o r b o l  1 2 - m y r i s t a t e  13- 

a c e t a t e  ( PMA), and c a r r i e r  p h o s p h a t i d i c  a c i d  (all S i g m a ) ; 

p r a z o s i n  h y d r o c h l o r i d e  ( P f i z e r ) ;  and s o d i u m  n i t r o p r u s s i d e



F i g u r e  8 .
S c h e m a t i c  r e p r e s e n t a t i o n  of the m a j o r  p h o s p h o l i p i d s  
s e p a r a t e d  by t w o - d i m e n s i o n a l  t h i n  l a y e r  c h r o m a t o g r a p h y  (see 
t ext for d e t a i l s ) .

P h o s p h o l i p i d s  v i s u a l i s e d  by i o d i n e  s t a i n i n g  w e r e :  
p h o s p h a t i d i c  a c i d  (Ptd OH); p h o s p h a t i d y 1 i n o s i t o 1 (Ptd Ins); 
p h o s p h a t i d y 1 s e r i n e  (PS); p h o s p h a t i d y l c h o l i n e  (PC); 
p h o s p h a t i d y l e t h a n o l a m i n e  (PE); s p h i n g o m y e l i n  (SPM); l y s o -  
p h o s p h a t i d y l e t h a n o l a m i n e  (LPE); and n e u t r a l  l i p i d s  (NL).
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(A n a l a r ).

In g e n e r a l ,  d r u g s  w e r e  d i s s o l v e d  in 0 . 9 %  s a l i n e  and f r e s h l y
—  2m a d e  up  as s t o c k  s o l u t i o n s  of 10 M b e f o r e  e a c h  e x p e r i m e n t .

M & B  2 2 9 4 8  has a low s o l u b i l i t y  in w a t e r  (0 . 1 % )  and was

d i s s o l v e d  (5%) in e t h a n o l .  P M A  an d  4 ° * PD D  w e r e  d i s s o l v e d  in

d i m e  t h y l s u l p h o x i d e  (D M S O ) ,  g i v i n g  s t o c k  s o l u t i o n s  of 1.6 x 
- 310 M, f r o m  w h i c h  a p p r o p r i a t e  d i l u t i o n s  w e r e  m a d e .  The 

c o n c e n t r a t i o n  of D M S O  in the o r g a n  b a t h  did not e x c e e d  

0 . 0 5 % .  B o t h  P M A  and 4 £ < P D D  w e r e  p r o t e c t e d  f r o m  li g h t .

C y c l i c  GM P  r a d i o i m m u n e  a s s a y  k i t s  w e r e  s u p p l i e d  by A m e r s h a m  

I n t e r n a t i o n a l  ( A m e r s h a m  U . K . ) ,  and c a r r i e r - f r e e  [ P]-

o r t h o p h o s p h a t e  (P^) was o b t a i n e d  f r o m  the R e g i o n a l  I s o t o p e  

D i s p e n s a r y ,  W e s t e r n  I n f i r m a r y ,  G l a s g o w ,  U.K.

P r e p a r a t i o n  of b o v i n e  i n h i b i t o r y  f a c t o r

The m e t h o d  u s e d  to p r e p a r e  e x t r a c t s  of b o v i n e  i n h i b i t o r y  

f a c t o r  w a s  e s s e n t i a l l y  t h a t  d e s c r i b e d  by A m b a c h e  e t a 1 , 

( 1 9 7 5 )  as m o d i f i e d  by G i l l e s p i e  and M a r t i n  (1 9 8 0 ) .  B r i e f l y ,  

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

w i t h  g l a s s  b e a d s  in a c h i l l e d  m o r t a r  and p e s t l e  and then 

s t i r r e d ,  w h i l e  s l o w l y  a d d i n g  m e t h a n o l  (5 v o l u m e s ) ,  in an 

M . S . E .  b l e n d e r .  Th e  e x t r a c t  w a s  f i l t e r e d  ( W h a t m a n ' s  no. 1 

f i l t e r  p a p e r )  u n d e r  r e d u c e d  p r e s s u r e  in a B u c h n e r  f u n n e l ,  

a n d  the f i l t r a t e  t r a n s f e r r e d  to p l a s t i c  c e n t r i f u g e  tubes, 

b e f o r e  c h i l l i n g  in l i q u i d  n i t r o g e n  to p r e c i p i t a t e  

p h o s p h o l i p i d s .  T h e  p r e c i p i t a t i o n  of p h o s p h o l i p i d s  was
_ n

c o m p l e t e d  b y  c e n t r i f u g a t i o n  ( 4 0 0 0 g ;  l O m i n s . ;  4 ). The

s u p e r n a t a n t  wa s  d e c a n t e d  t h r o u g h  a Sep. Pak . ,  b r i e f l y  

d e g a s s e d  u s i n g  a s u c t i o n  p u m p  and t h e n  a p p l i e d  to a f r e s h l y  

p a c k e d  B i o - R a d  A n i o n  e x c h a n g e  r e s i n  ( 2 0 0 - 4 0 0  m e s h  f o r m a t e  

f o r m ) .  Th e  e x c h a n g e  c o l u m n  wa s  t h e n  w a s h e d  w i t h  cold
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d i s t i l l e d  w a t e r .  The e x t r a c t  wa s  e l u t e d  f r o m  the c o l u m n  w i t h  

s o d i u m  n i t r a t e  ( 1 5 0 m M )  an d  d e t e c t e d  at 2 5 4 n m  by an 

a b s o r b a n c e  d e t e c t o r ,  c o l l e c t e d  in w e i g h e d  a m p o u l e s  and 

f r e e z e - d r i e d  o v e r n i g h t .  At t his s t a g e  the e x t r a c t  wa s  a dry, 

w h i t e  p o w d e r .  Th e  e x t r a c t  w a s  t h e n  d i s s o l v e d  in c old 

d i s t i l l e d  w a t e r  to g i v e  a s t a n d a r d  p r e p a r a t i o n  of 2 0jig.ml- ^. 

T h e  b o v i n e  i n h i b i t o r y  f a c t o r  r e q u i r e s  a c i d  a c t i v a t i o n  for 

b i o l o g i c a l  a c t i v i t y  ( G i l l e s p i e  and M a r t i n ,  1980) and 

t h e r e f o r e  the e x t r a c t ,  w h i c h  w a s  an a l k a l i n e  s o l u t i o n  at 

t his s t a g e ,  w a s  a c i d i f i e d  to p H 2 . 0  w i t h  H C 1  (IN) for 10 

m i n u t e s ,  b e f o r e  n e u t r a l i s i n g  w i t h  N a O H  (IN). T h e  e x t r a c t  wa s  

s t o r e d  on ice and u s e d  w i t h i n  4 h r s . .

P r e p a r a t i o n  of n i t r i c  o x i d e  s o l u t i o n

N i t r i c  o x i d e  gas ( 0 . 2ml; B r i t i s h  Gas) w a s  r e m o v e d  by s y r i n g e  

f r o m  a s i l i c o n e  r u b b e r  t u b e  c o n n e c t e d  to a c y l i n d e r  at one 

end, and i m m e r s e d  in w a t e r  at the o t h e r  end. T h e  gas w a s 

r a p i d l y  i n j e c t e d  i n t o  a C l i n b r i t i c  b o t t l e ,  s e a l e d  w i t h  a 

s i l i c o n e  r u b b e r  s e p t u m  and c o n t a i n i n g  s a l i n e  ( 5 9 . 6 m l )  w h i c h  

h a d  b e e n  d e o x y g e n a t e d  by b u b b l i n g  w i t h  h e l i u m  for 1 hr..

T h i s  g a v e  a s t o c k  s o l u t i o n  of 1.5 x 10 ^M t h a t  w a s  s t a b l e  

for a p p r o x i m a t e l y  8 hrs . .

A n a l y s i s  of r e s u l t s

R e s u l t s  are e x p r e s s e d  as m e a n  + s t a n d a r d  e r r o r  of the m e a n  

( S . E . M . ) .  G r o u p s  of d a t a  w e r e  c o m p a r e d  s t a t i s t i c a l l y  u s i n g  

the s t u d e n t ' s  t - t e s t  and p r o b a b i l i t y  (p) v a l u e s  of less t h a n  

0 . 0 5  w e r e  t a k e n  to be s i g n i f i c a n t .
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Se c t ion One : V a s o r e l a x a t o n  i n d u c e d  by b o v i n e  i n h i b i t o r y 

f a c t o r  in rat a o r t i c  r i n g s  

Th e  a i m  of this s e r i e s  of e x p e r i m e n t s  w a s  to c h a r a c t e r i s e  

the n a t u r e  of s m o o t h  m u s c l e  r e l a x a t i o n  i n d u c e d  by the b o v i n e  

i n h i b i t o r y  f a c t o r  in rat i s o l a t e d  a o r t i c  r i n g s .  V a s c u l a r  

r e l a x a t i o n  i n d u c e d  by the i n h i b i t o r y  f a c t o r ,  w a s  c o m p a r e d  

w i t h  t hat i n d u c e d  by o t h e r  v a s o r e l a x a n t s ,  in an a t t e m p t  to 

d e t e r m i n e  the c h e m i c a l  i d e n t i t y  of this i n h i b i t o r y  

s u b s t a n c e .  The c h a r a c t e r i s t i c s  of v a s c u l a r  r e l a x a t i o n  

i n d u c e d  by the i n h i b i t o r y  f a c t o r  w e r e  c o m p a r e d  w i t h  t h o s e  

i n d u c e d  by the e n d o t h e l i u m - d e p e n d e n t  r e l a x a n t ,  

a c e t y l c h o l i n e ,  and the e n d o t h e l i u m - i n d e p e n d e n t  r e l a x a n t ,  

s o d i u m  n i t r o p r u s s i d e .  T w o  p r i n c i p a l  p a r a m e t e r s  w e r e  

m e a s u r e d :  (i) the d e g r e e  of s m o o t h  m u s c l e  r e l a x a t i o n ;  and

(ii) the t i s s u e  l e v e l s  of c y c l i c  G M P  i n d u c e d  by the 

v a s o r e l a x a n t s  .

P a r t  O n e : P r e l i m i n a r y  e x p e r i m e n t s  on v a s c u l a r  s m o o t h  m u s c l e

c o n t r a c t i o n

N o r a d r e n a l i n e  i n d u c e d  c o n c e n t r a t i o n - d e p e n d e n t  c o n t r a c t i o n s  

of a o r t i c  r i n g s  b o t h  in the p r e s e n c e  and a b s e n c e  of 

e n d o t h e l i u m  (fig. 9). N o r a d r e n a l i n e  i n d u c e d  g r e a t e r  

c o n t r a c t i o n s  of a o r t i c  r i n g s  in the a b s e n c e  of e n d o t h e l i u m .  

Th e  E C cjq c o n c e n t r a t i o n  of n o r a d r e n a l i n e  for m u s c l e  

c o n t r a c t i o n  in the p r e s e n c e  of e n d o t h e l i u m  w a s  d e t e r m i n e d  to 

be 1.6 x 1 0 " 8M.

The tirae-course of m u s c l e  t o n e  d e v e l o p m e n t  i n d u c e d  by
—  8n o r a d r e n a l i n e  (1.6 x 10 M) in the p r e s e n c e  of e n d o t h e l i u m  

is s h o w n  in f i g u r e  10. M u s c l e  t o n e  s t a b i l i s e d  a f t e r  5 m i n s ..
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P a r t  T w o : V a s c u l a r  r e l a x a t i o n  i n d u c e d  by b o v i n e  i n h i b i t o r y 

f a c t o r

S m o o t h  m u s c l e  r e l a x a t i o n s  i n d u c e d  by a c e t y l c h o l i n e ,

i n h i b i t o r y  f a c t o r  and s o d i u m  n i t r o p r u s s i d e  w e r e  s t u d i e d  in
—  Ra o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  (1.6 x 10 M) 

for 5 m ins . , b o t h  in the p r e s e n c e  and a b s e n c e  of endotheliu.m 

( f i g u r e  11).

A c e t y 1 c h o 1 i n e - i n d u c e d  r e l a x a t i o n s  w e r e  c o n f i r m e d  to be 

e n d o t h e l i u m - d e p e n d e n t ,  an d  i n h i b i t o r y  f a c t o r -  and s o d i u m  

n i t r o p r u s s i d e - i n d u e e d  r e l a x a t i o n s  w e r e  c o n f i r m e d  to be 

e n d o t h e l i u m - i n d e p e n d e n t  ( f i g u r e  11).

V a s c u l a r  r e l a x a t i o n s  i n d u c e d  by a c e t y l c h o l i n e ,  i n h i b i t o r y  

f a c t o r  and s o d i u m  n i t r o p r u s s i d e  are s h o w n  q u a n t i t a t i v e l y  in 

c o n c e n t r a t i o n - r e s p o n s e  g r a p h s  in f i g u r e s  12 and 13.

C a r b a c h o l - i n d u c e d  r e l a x a t i o n s  are s h o w n  for c o m p a r i s o n  w i t h

t h o s e  p r o d u c e d  by a c e t y l c h o l i n e .  In the p r e s e n c e  of 

e n d o t h e l i u m  ( f i g u r e  12), a c e t y l c h o l i n e  w a s  m a r g i n a l l y  m o r e  

p o t e n t  t h a n  c a r b a c h o l  at i n d u c i n g  m u s c l e  r e l a x a t i o n ,  

a l t h o u g h  this e f f e c t  w a s  no t  s t a t i s t i c a l l y  s i g n i f i c a n t .  B o t h 

d r u g s  i n d u c e d  the s ame d e g r e e  of m a x i m u m  r e l a x a t i o n .  R e m o v a l  

of the e n d o t h e l i u m  ( f i g u r e  13), a b o l i s h e d  r e l a x a t i o n s  

i n d u c e d  by b o t h  a c e t y l c h o l i n e  and c a r b a c h o l  but did not

a f f e c t  r e l a x a t i o n s  i n d u c e d  by i n h i b i t o r y  f a c t o r  and s o d i u m

ni t r o p r u s  side.

The l e v e l s  of c y c l i c  G M P  a s s o c i a t e d  w i t h  d r u g - i n d u c e d  

c h a n g e s  in m u s c l e  t o n e  w e r e  m e a s u r e d  in t i s s u e s  in w h i c h  the 

m e c h a n i c a l  r e s p o n s e s  ha d  b e e n  r e c o r d e d .  N o r a d r e n a l i n e  

(1.6 x 10 ~ ® M ;  5 m i n s . )  a l o n e ,  d i d  n o t  s i g n i f i c a n t l y  a l t e r  

l e v e l s  of c y c l i c  G M P  f r o m  t h o s e  m e a s u r e d  in c o n t r o l  t i s s u e s  

( f i g u r e l A ) .
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The e f f e c t s  of a c e t y l c h o l i n e  (10""^M), s o d i u m  n i t r o p r u s s i d e  

(10 ^M) and i n h i b i t o r y  f a c t o r  ( 2 0 0 p l )  on l e v e l s  of c y c l i c  

GMP, in r e l a t i o n  to the d e g r e e  of m u s c l e  r e l a x a t i o n ,  are 

s h o w n  in f i g u r e s  15, 16, and 17 r e s p e c t i v e l y .

A c e t y l c h o l i n e  (10 ^M) ( f i g u r e  15) i n d u c e d  a l m o s t  c o m p l e t e  

i n h i b i t i o n  of m u s c l e  t one i n d u c e d  by n o r a d r e n a l i n e
_ O

(1.6 x 10 M; 5 m i n s .), and a 1 0 - f o l d  i n c r e a s e  in the lev e l  

of c y c l i c  GMP. T h i s  m a x i m u m  l e v e l  of c y c l i c  GM P  wa s  a t t a i n e d  

a f t e r  30s. e x p o s u r e  of a o r t i c  r i n g s  to a c e t y l c h o l i n e  

(10 ^M). T h e  d e v e l o p m e n t  b u t  not the m a i n t e n a n c e  of m u s c l e  

r e l a x a t i o n  wa s  a s s o c i a t e d  w i t h  i n c r e a s e d  l e v e l s  of c y c l i c  

G M P  .

S o d i u m  n i t r o p r u s s i d e  ( 1 0 ~ ^ M )  ( f i g u r e  16) i n d u c e d  c o m p l e t e

i n h i b i t i o n  of m u s c l e  t o n e  i n d u c e d  by n o r a d r e n a l i n e  
— R(1.6 x 10 M; 5 m i n s . ) ,  and a 1 0 0 - f o l d  i n c r e a s e  in the l e v e l  

of c y c l i c  GMP. T h i s  m a x i m u m  l e v e l  of c y c l i c  G M P  wa s  a t t a i n e d  

a f t e r  60s. e x p o s u r e  of a o r t i c  r i n g s  to s o d i u m  n i t r o p r u s s i d e  

( 1 0 - ^M). B o t h  the d e v e l o p m e n t  and m a i n t e n a n c e  of m u s c l e  

r e l a x a t i o n  w e r e  a s s o c i a t e d  w i t h  i n c r e a s e d  l e v e l s  of c y c l i c  

G M P  .

I n h i b i t o r y  f a c t o r  (200jil) ( f i g u r e  17) i n d u c e d  a 25% m a x i m u m  

r e l a x a t i o n  of a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  

(1.6 x 1 0 ” ^M; 5 m i n s . ) .  T h i s  e f f e c t  was no t  a s s o c i a t e d  w i t h  

s i g n i f i c a n t  c h a n g e s  in the l e v e l s  of c y c l i c  GMP. 

A c e t y l c h o l i n e  ( 1 0 ~ ^ M )  and s o d i u m  n i t r o p r u s s i d e  ( 1 0 ~ ^ M )  

i n d u c e d  a p p r o x i m a t e l y  the s a m e  d e g r e e  of v a s c u l a r  

r e l a x a t i o n ,  a l t h o u g h  the l e v e l  of c y c l i c  G M P  i n d u c e d  by 

s o d i u m  n i t r o p r u s s i d e  (10 ^M) wa s  1 0 - f o l d  h i g h e r  t h a n  that 

i n d u c e d  by a c e t y l c h o l i n e  ( 1 0 “ 5M) ( f i g u r e  18 and t a b l e  1). 

A c e t y l c h o l i n e  and s o d i u m  n i t r o p r u s s i d e ,  at c o n c e n t r a t i o n s
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t hat i n d u c e d  the same d e g r e e  of r e l a x a t i o n  as that i n d u c e d  

by i n h i b i t o r y  f a c t o r  ( 2 0 Ô i 1 ) , di d  not s i g n i f i c a n t l y  i n c r e a s e  

l e v e l s  of c y c l i c  G M P  ( f i g u r e s  19 and 20).

S o d i u m  n i t r o p r u s s i d e  i n d u c e d  a l m o s t  c o m p l e t e  i n h i b i t i o n  of 

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

c y c l i c  GM P  ( f i g u r e  20).

L e v e l s  of c y c l i c  GM P  i n d u c e d  by a c e t y l c h o l i n e  ( 1 0 ” ̂  M ; 30s.)

and s o d i u m  n i t r o p r u s s i d e  ( 1 0 - 8 M; 60s.) r e s p e c t i v e l y ,  w e r e

n o t  s i g n i f i c a n t l y  d i f f e r e n t  b e t w e e n  t i s s u e s  e x p o s e d  to t h e s e  

r e l a x a n t s  a l o n e ,  or p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  

(1.6 x 1 0 - 8 M; 5 m i n s . )  ( f i g u r e  21).

N o r a d r e n a l i n e  i n d u c e d  c o n c e n t r a t i o n - d e p e n d e n t  c o n t r a c t i o n s  

of rat a o r t i c  s t r i p s  ( f i g u r e  22). The E C ^ q c o n c e n t r a t i o n  of 

n o r a d r e n a l i n e  for m u s c l e  c o n t r a c t i o n  wa s  d e t e r m i n e d  to be 

1.2 x 1 0 " 8 M.

Th e  d e g r e e  of m u s c l e  r e l a x a t i o n s  i n d u c e d  by i n h i b i t o r y  

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

s t r i p s ,  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  ( E C ^ q 

c o n c e n t r a t i o n s )  ( f i g u r e  23a).

I n h i b i t o r y  f a c t o r  (100;il) i n d u c e d  c o m p l e t e  i n h i b i t i o n  of
— 8m u s c l e  t one r a i s e d  w i t h  n o r a d r e n a l i n e  (1.6 x 10 M) in 

r a b b i t  a o r t i c  s t r i p s  ( f i g u r e  23b).
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Concentration-response graph for vasorelaxants
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F i g u r e  12 .
C o n c e n t r a t i o n - r e s p o n s e  g r a p h s  for v a s o r e l a x a n t s  in the 
p r e s e n c e  of e n d o t h e l i u m .  T h e  d e g r e e  of m u s c l e  r e l a x a t i o n  was 
r e c o r d e d  and e x p r e s s e d  as a % of the c o n t r a c t i o n  e l i c i t e d  by 
n o r a d r e n a l i n e  (1.6 x 10 ®M). Th e  e f f e c t s  of a c e t y l c h o l i n e  
(ACh) (•) , c a r b a c h o l  (□) , i n h i b i t o r y  f a c t o r  (IF) (■), and 
s o d i u m  n i t r o p r u s s i d e  (SNP) ( O ) are s h o w n .  (n=6).
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F i g ure 1 3 .
C o n c e n t r a t i o n - r e s p o n s e  g r a p h s  for v a s o r e l a x a n t s  in the 
a b s e n c e  of e n d o t h e l i u m .  T h e  d e g r e e  of m u s c l e  r e l a x a t i o n  w a s  
r e c o r d e d  a n d  e x p r e s s e d  as a % of the c o n t r a c t i o n  e l i c i t e d  by 
n o r a d r e n a l i n e  (1.6 x 1 0 ” M). T h e  e f f e c t s  of a c e t y l c h o l i n e  
(■) , c a r b a c h o l  (□) , i n h i b i t o r y  f a c t o r  (•) and s o d i u m  
n i t r o p r u s s i d e  (O) are s h o w n .  R e m o v a l  of the e n d o t h e l i u m  
a b o l i s h e d  the r e l a x a t i o n s  i n d u c e d  by a c e t y l c h o l i n e  and 
c a r b a c h o l .  R e l a x a t i o n s  i n d u c e d  by i n h i b i t o r y  f a c t o r  and 
s o d i u m  n i t r o p r u s s i d e  w e r e  u n a f f e c t e d  (c.f. f i g u r e  12).
(n = 6 ) .
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F i g u r e  1 4 . _
E f f e c t  of n o r a d r e n a l i n e  (NA) (1.6 x 1 0 ” M) on l e v e l s  of 
c y c l i c  G M P  in the p r e s e n c e  (+EC) and a b s e n c e  (-EC) of 
e n d o t h e l i u m .  C o n t r o l  t i s s u e s  w e r e  e x p o s e d  to s a l i n e  ( 5 m i n s . )  
and t e s t  t i s s u e s  to n o r a d r e n a l i n e  ( 5 m i n s . ) .  N o r a d r e n a l i n e  
did n o t  s i g n i f i c a n t l y  a l t e r  t i s s u e  l e v e l s  of c y c l i c  GMP.
( n = 6 ) .
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F i g ur e  15 .
Tirae-courses of v a s c u l a r  r e l a x a t i o n  (Q) and l e v e l s  of c y c l i c  
G M P  (•) i n d u c e d  by a c e t y l c h o l i n e  (10 M) in a o r t i c  r i n g s  in 
the p r e s e n c e  of e n d o t h e l i u m .  T h e  d e g r e e  of m u s c l e  r e l a x a t i o n  
w a s  r e c o r d e d  and e x p r e s s e d  as a % of the c o n t r a c t i o n  
e l i c i t e d  by  n o r a d r e n a l i n e  (1.6 x 1 0 ” ®M). V a s c u l a r  r e l a x a t i o n  
wa s  p r e c e d e d  by a r i s e  in the l e v e l  of c y c l i c  GMP. The 
d e v e l o p m e n t ,  bu t  no t  the m a i n t e n a n c e  of r e l a x a t i o n  wa s  
a s s o c i a t e d  w i t h  i n c r e a s e d  l e v e l s  of c y c l i c  GMP. (n^T6) .
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Fi g u r e  1 6 .
Tirae-courses of v a s c u l a r  r e l a x a t i o n  ( O ) and l e v e l s  of c y c l i c  
G M P  (# ) i n d u c e d  by s o d i u m  n i t r o p r u s s i d e  (10 M) in a o r t i c  
r i n g s .  T h e  d e g r e e  of m u s c l e  r e l a x a t i o n  w a s  r e c o r d e d  and 
e x p r e s s e d  as a % of the c o n t r a c t i o n  e l i c i t e d  by 
n o r a d r e n a l i n e  (1.6 x 10 M). V a s c u l a r  r e l a x a t i o n  wa s
p r e c e d e d  by  a r i s e  in the l e v e l  of c y c l i c  G M P  (this e f f e c t  
is b e t t e r  s e e n  in the i n s e t  w h i c h  s h o w s  a m a g n i f i c a t i o n  of 
v a s c u l a r  r e s p o n s e s  r e c o r d e d  in the f i r s t  20s. e x p o s u r e  of 
t i s s u e s  to s o d i u m  n i t r o p r u s s i d e  ) . Th e  d e v e l o p m e n t  and 
m a i n t e n a n c e  of r e l a x a t i o n  w e r e  a s s o c i a t e d  w i t h  i n c r e a s e d  
l e v e l s  of c y c l i c  GMP. (n{6).
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F i g ure 1 7 .
T i m e - c o u r s e s  of v a s c u l a r  r e l a x a t i o n  (O) and l e v e l s  of c y c l i c  
G M P  (#) i n d u c e d  by i n h i b i t o r y  f a c t o r  (2 0 0 ^ 1  of a s t a n d a r d  
p r e p a r a t i o n )  in a o r t i c  r i n g s .  T h e  d e g r e e  of m u s c l e  
r e l a x a t i o n  wa s  r e c o r d e d  and e x p r e s s e d  as a % of the 
c o n t r a c t i o n  e l i c i t e d  by n o r a d r e n a l i n e  (1.6 x 1 0 “ M). The 
i n h i b i t o r y  f a c t o r  i n d u c e d  a m a x i m u m  r e l a x a t i o n  of 25%. T h i s 
e f f e c t  wa s  not a s s o c i a t e d  w i t h  c h a n g e s  in the l e v e l s  of 
c y c l i c  GMP. (n{6).
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F i g ure 1 8 .
C o m p a r i s o n  of the m a x i m u m  l e v e l s  of c y c l i c  GM P  i n d u c e d  by 
a c e t y l c h o l i n e  (ACh) ( 1 0 “ 5 M ) , i n h i b i t o r y  f a c t o r  ( 2 0 0 ^ 1 )  and 
s o d i u m  n i t r o p r u s s i d e  ( 1 0 " 6 m ). T h e  l e v e l s  of c y c l i c  GMP 
i n d u c e d  by a c e t y l c h o l i n e  and s o d i u m  n i t r o p r u s s i d e  w e r e  
s i g n i f i c a n t l y  h i g h e r  t h a n  t h o s e  m e a s u r e d  in c o n t r o l  t i s s u e s  
(*** p C O . O O l ) .  S o d i u m  n i t r o p r u s s i d e  i n d u c e d  a s i g n i f i c a n t l y  
h i g h e r  l e v e l  of c y c l i c  G M P  t h a n  that i n d u c e d  by 
a c e t y l c h o l i n e  (*** p < 0 . 0 0 1 ) .  (n<6).



T a b l e  1 .
C o m p a r i s o n  of m a x i m u m  d e g r e e s  of r e l a x a t i o n  and m a x i m u m  
l e v e l s  of c y c l i c  G M P  i n d u c e d  by a c e t y l c h o l i n e  (ACh), s o d i u m  
n i t r o p r u s s i d e  (SNP) and i n h i b i t o r y  f a c t o r  (IF). S o d i u m  
n i t r o p r u s s i d e  (10 M) i n d u c e d  a p p r o x i m a t e l y  the s a m e  d e g r e e  
of r e l a x a t i o n  as that i n d u c e d  by a c e t y l c h o l i n e  ( 1 0 ~ ^ M ) .  
H o w e v e r ,  the l e v e l s  of c y c l i c  G M P  i n d u c e d  by s o d i u m  
n i t r o p r u s s i d e  w e r e  1 0 - f o l d  h i g h e r  t h a n  t h o s e  i n d u c e d  by 
a c e t y l c h o l i n e  (*** p < 0 . 0 0 1 ) .  (n^6).

M A X I M U M M A X I M U M
% R E L A X A T I O N C Y C L I C  G M P  L E V E L S

A C h (1 0 " 5M) 9 6 . 8  + 3.2 324 . 7 + 435 .3

S N P ( 1 0 " 6M) 1 0 0 . 0  ±  0.9 3 3 5 0 . 9  ± 4 3 7 . 5 * * *

I F (2 0 0 u 1) 2 6 . 6  + 3.8 3 2.6 ± 3.6
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F i g ure 19 .
C o n c e n t r a t i o n - r e s p o n s e  g r a p h s  for a c e t y l c h o l i n e  in a o r t i c  
r i n g s  in the p r e s e n c e  of e n d o t h e l i u m .  The e f f e c t s  of 
a c e t y l c h o l i n e  on v a s c u l a r  r e l a x a t i o n  (•) and l e v e l s  of 
c y c l i c  G M P  ( O ) are s h o w n .  T h e  d e g r e e  of m u s c l e  r e l a x a t i o n  
was r e c o r d e d  and e x p r e s s e d  as a % of the c o n t r a c t i o n  
e l i c i t e d  by n o r a d r e n a l i n e  (1.6 x 1 0 ~ ® M ) .  (n{6).
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F i g u r e  2 0 .
C o n c e n t r a t i o n - r e s p o n s e  g r a p h s  for s o d i u m  n i t r o p r u s s i d e  in 
a o r t i c  r i n g s .  Th e  e f f e c t s  of s o d i u m  n i t r o p r u s s i d e  on 
v a s c u l a r  r e l a x a t i o n  (•) and l e v e l s  of c y c l i c  G M P  (O ) are 
s h o w n .  Th e  d e g r e e  of m u s c l e  r e l a x a t i o n  w a s  r e c o r d e d  and 
e x p r e s s e d  as a % of the c o n t r a c t i o n  e l i c i t e d  by 
n o r a d r e n a l i n e  (1.6 x 10"”®M). S o d i u m  n i t r o p r u s s i d e  i n d u c e d  
p o w e r f u l  r e l a x a t i o n s  at c o n c e n t r a t i o n s  that did not 
s i g n i f i c a n t l y  i n c r e a s e  l e v e l s  of c y c l i c  GMP. (n{6).
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F i g ur e  21 .
E f f e c t s  of a c e t y l c h o l i n e  (ACh) (10""^M) and s o d i u m  
n i t r o p r u s s i d e  (SNP) ( 1 0 ~ ^ M )  on l e v e l s  of c y c l i c  GMP. A o r t i c  
r i n g s  w e r e  e x p o s e d  to e i t h e r  a c e t y l c h o l i n e  or s o d i u m  
n i t r o p r u s s i d e  a l o n e ,  or a f t e r  h a v i n g  b e e n  p r e c o n t r a c t e d  w i t h  
n o r a d r e n a l i n e  (NA) (1.6 x 1 0 ~ ® M ) .  T h e  a b i l i t i e s  of 
a c e t y l c h o l i n e  and s o d i u m  n i t r o p r u s s i d e  to i n c r e a s e  l e v e l s  of 
c y c l i c  G M P  w e r e  no t  d e p e n d e n t  on t i s s u e s  b e i n g  p r e c o n t r a c t e d  
w i t h  n o r a d r e n a l i n e .  T h e  e n d o t h e l i u m  was i n t a c t .  (n=6).
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F i g ur e  2 2 .
C o n c e n t r a t i o n - r e s p o n s e  g r a p h  for n o r a d r e n a l i n e  in a o r t i c  
s t r i p s  in the p r e s e n c e  of e n d o t h e l i u m .  M u s c l e  t e n s i o n  was  
r e c o r d e d  . (n = 6 ) .
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Fi g ure 2 3 a .
C o n c e n t r a t i o n - r e s p o n s e  g r a p h s  for i n h i b i t o r y  f a c t o r  in 
a o r t i c  r i n g s  (O) a n d  a o r t i c  s t r i p s  (•) in the p r e s e n c e  of 
e n d o t h e l i u m .  T h e  d e g r e e  of m u s c l e  r e l a x a t i o n  w a s  r e c o r d e d  
a n d  e x p r e s s e d  as a % of the c o n t r a c t i o n  e l i c i t e d  by 
n o r a d r e n a l i n e  ( E C ^ q c o n c e n t r a t i o n s ) .  I n h i b i t o r y  f a c t o r  
i n d u c e d  s i m i l a r  w e a k  r e l a x a t i o n s  of b o t h  a o r t i c  r i n g s  and 
a o r t i c  s t r i p s .  (n=6).
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F i g u r e  2 3 b .
T y p i c a l  m e c h a n i c a l  r e s p o n s e  of r a b b i t  a o r t i c  r i n g  in the 
p r e s e n c e  of e n d o t h e l i u m .  M u s c l e  t o n e  w a s  r a i s e d  w i t h  
n o r a d r e n a l i n e  (1.6 x 1 0 _ 8 M). I n h i b i t o r y  f a c t o r  (IF) (lOO^il) 
i n d u c e d  c o m p l e t e  i n h i b i t i o n  of m u s c l e  tone.
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S e c t i o n  Two: E f f e c t s  of c o n t r a c t i l e  a g e n t s  on the d e g r e e  of 

v a s c u l a r  s m o o t h  m u s c l e  r e l a x a t i o n  

In this s e r i e s  of e x p e r i m e n t s ,  the e f f e c t s  of the 

c o n t r a c t i l e  a g e n t s  u s e d  to r a i s e  m u s c l e  t one on the d e g r e e  

of v a s c u l a r  r e l a x a t i o n  w e r e  e x a m i n e d .  T h r e e  p a r a m e t e r s  w e r e  

m e a s u r e d :  (i) the d e g r e e  of s m o o t h  m u s c l e  r e l a x a t i o n ;  (ii)

the t i s s u e  l e v e l s  of c y c l i c  G M P  i n d u c e d  by the 

v a s o r e l a x a n t s ;  and (iii) the r a t e s  of p h o s p h a t i d y 1 i n o s i t o 1 

(Ptd Ins) h y d r o l y s i s  a s s o c i a t e d  w i t h  d r u g - i n d u c e d  m u s c l e  

tone .

Part O n e : P r e l i m i n a r y  e x p e r i m e n t s  on v a s c u l a r  s m o o t h  m u s c l e

c o n t r a c t i o n s  i n d u c e d  by KC1 

K C 1  i n d u c e d  c o n c e n t r a t i o n - d e p e n d e n t  c o n t r a c t i o n s  of a o r t i c  

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

( f i g u r e s  24 an d  25). K C 1  i n d u c e d  m u s c l e  c o n t r a c t i o n s  o v e r  a 

n a r r o w e r  c o n c e n t r a t i o n  r a n g e ,  and at h i g h e r  c o n c e n t r a t i o n s ,  

t h a n  n o r a d r e n a l i n e  ( f i g u r e  24). In the p r e s e n c e  of 

e n d o t h e l i u m ,  the E C ^ q c o n c e n t r a t i o n  of KC 1  for m u s c l e  

c o n t r a c t i o n  w a s  d e t e r m i n e d  to be 2 0 m M  ( f i g u r e  24). Als o ,  the 

E C y q c o n c e n t r a t i o n  of K C 1  wa s  d e t e r m i n e d  to be 30mM. R e m o v a l  

of the e n d o t h e l i u m  did n o t  s i g n i f i c a n t l y  a l t e r  K C l - i n d u c e d  

c o n t r a c t i o n s  of a o r t i c  r i n g s  ( f i g u r e  25).

In g e n e r a l ,  p r a z o s i n  ( 1 0 - 8 M) di d  n o t  a f f e c t  K C l - i n d u c e d  

c o n t r a c t i o n s  of a o r t i c  r i n g s  ( f i g u r e  26). H o w e v e r ,  p r a z o s i n  

did s i g n i f i c a n t l y  r e d u c e  K C l - i n d u c e d  c o n t r a c t i o n s  at the 

h i g h e s t  c o n c e n t r a t i o n  of K C 1  ( 9 0 m M ) .  T i s s u e s  w e r e  e x p o s e d  to 

p r a z o s i n  ( 1 0 - 8 M) for 10 m i n u t e s  p r i o r  to the a d d i t i o n  of 

KC1 .

Th e  tirae-course of m u s c l e  c o n t r a c t i o n  i n d u c e d  by KC1 (20mM) 

is s h o w n  in f i g u r e  27. M u s c l e  tone s t a b i l i s e d  a f t e r  5mins . .
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F i g ur e  2 4 .
C o n c e n t r a t i o n - r e s p o n s e  g r a p h  for K C 1  (O) in a o r t i c  r i n g s  in 
the p r e s e n c e  of e n d o t h e l i u m .  M u s c l e  t e n s i o n  wa s  r e c o r d e d .  
The e f f e c t  of n o r a d r e n a l i n e  (#) is s h o w n  for c o m p a r i s o n .
(n = 6) .
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F i g u r e  2 5 .
C o n c e n t r a t i o n - r e s p o n s e  g r a p h s  for K C 1  in a o r t i c  r i n g s  in the 
p r e s e n c e  (#) an d  a b s e n c e  (O) of e n d o t h e l i u m .  M u s c l e  t e n s i o n  
was r e c o r d e d .  K C l - i n d u c e d  c o n t r a c t i o n s  of a o r t i c  r i n g s  w e r e  
s i m i l a r  in the p r e s e n c e  or a b s e n c e  of e n d o t h e l i u m .  (n=6).
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F i g ur e  26 .
C o n c e n t r a t i o n - r e s p o n s e  g r a p h s  for K C 1  in a o r t i c  r i n g s  in 
p r e s e n c e  (O) and a b s e n c e  (#) of p r a z o s i n  (10 M). M u s c l e
t e n s i o n  w a s  r e c o r d e d .  P r a z o s i n  o n l y  s i g n i f i c a n t l y  r e d u c e d  
m u s c l e  c o n t r a c t i o n  i n d u c e d  by the h i g h e s t  c o n c e n t r a t i o n  o 
KC1. (* p < 0 . 0 5 ) .  T h e  e n d o t h e l i u m  was i n t a c t .  (n=6).

the
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F i g ur e  2 7 .
T i m e - c o u r s e  of K C l - i n d u c e d  c o n t r a c t i o n  of a o r t i c  r i n g s  in 
the p r e s e n c e  of e n d o t h e l i u m .  Th e  E C ^ q c o n c e n t r a t i o n  of KC1 
wa s  u s e d  ( 2 0 m M ) .  M u s c l e  t o n e  s t a b i l i s e d  a f t e r  5 m i n s .. (n=6).
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P a r t  T w o : V a s c u l a r  s m o o t h  m u s c l e  r e l a x a t i o n s  of a o r t i c  r i n g s  

p r e c o n t r a c t e d  w i t h  KC1 

S m o o t h  m u s c l e  r e l a x a t i o n s  i n d u c e d  by a c e t y l c h o l i n e  and 

s o d i u m  n i t r o p r u s s i d e  w e r e  s t u d i e d  in a o r t i c  r i n g s  

p r e c o n t r a c t e d  w i t h  K C 1  (20 m M )  for 5 m i n s ., in the p r e s e n c e  of 

e n d o t h e l i u m  ( f i g u r e  28).

V a s c u l a r  r e l a x a t i o n s  i n d u c e d  by a c e t y l c h o l i n e  and s o d i u m  

n i t r o p r u s s i d e  ar e  s h o w n  q u a n t i t a t i v e l y  in c o n c e n t r a t i o n -  

r e s p o n s e  g r a p h s  ( f i g u r e s  29 and 30).

A c e t y l c h o l i n e  and s o d i u m  n i t r o p r u s s i d e  i n d u c e d  s i g n i f i c a n t l y  

w e a k e r  r e l a x a t i o n s  of a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  KC1 

(20mM) t h a n  of a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e

(1.6 x 1 0 ~ ® M )  in f i g u r e s  29 and 30.

KC 1  (20mM; 5 m i n s . )  did n o t  s i g n i f i c a n t l y  a l t e r  l e v e l s  of 

c y c l i c  G M P  f r o m  t h o s e  m e a s u r e d  in c o n t r o l  t i s s u e s  e x p o s e d  to

s a l i n e  ( 5 m i n s . ) ,  b o t h  in the p r e s e n c e  and a b s e n c e  of

e n d o t h e l i u m  ( f i g u r e  31).

A c e t y l c h o l i n e  ( 1 0 ” ^M; 30s.) s i g n i f i c a n t l y  i n c r e a s e d  l e v e l s

of c y c l i c  GM P  in a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h
— ftn o r a d r e n a l i n e  (1.6 x 10 M; 5 m i n s .), bu t  no t  in t i s s u e s  

p r e c o n t r a c t e d  w i t h  KC1 (20mM; 5rains.) ( f i g u r e  32).

Th e  l e v e l  of c y c l i c  G M P  m e a s u r e d  in t i s s u e s  p r e c o n t r a c t e d  

w i t h  K C 1  (20mM; 5 m i n s .), t h e n  r e l a x e d  by a c e t y l c h o l i n e  

(10"^M; 30s . )  w a s  s i g n i f i c a n t l y  s m a l l e r  t h a n  in t i s s u e s
— Op r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  (1.6 x 10 M; 5 m i n s . )  a l o n e  

( f i g u r e  32).

S o d i u m  n i t r o p r u s s i d e  ( 1 0 ~ ^ M ;  60s . )  s i g n i f i c a n t l y  i n c r e a s e d

l e v e l s  of c y c l i c  GM P  b o t h  in a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h
— Rn o r a d r e n a l i n e  (1.6 x 10 M; 5 m i n s . )  and a o r t i c  r i n g s  

p r e c o n t r a c t e d  w i t h  K C 1  (20mM; 5 m i n s )  ( f i g u r e  33).
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T h e  l e v e l  of c y c l i c  G M P  i n d u c e d  by s o d i u m  n i t r o p r u s s i d e

( 1 0 ” ^M; 6 0 s.) w a s  s i g n i f i c a n t l y  s m a l l e r  in t i s s u e s

p r e c o n t r a c t e d  w i t h  KC 1  (20mM; 5 m i n s . )  t h a n  in t i s s u e s
— 8p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  (1.6 x 10 M; 5 m i n s . )  

( f i g u r e  33).
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Fi g ure 2 9 .
C o n c e n t r a t i o n - r e s p o n s e  g r a p h s  for a c e t y l c h o l i n e  in a o r t i c  
r i n g s  in the p r e s e n c e  of e n d o t h e l i u m .  Th e  d e g r e e  of m u s c l e  
r e l a x a t i o n  w a s  r e c o r d e d  and e x p r e s s e d  as a % of the 
c o n t r a c t i o n  e l i c i t e d  by n o r a d r e n a l i n e  (1.6 x 10 ®M) (O), or
KC1 ( 2 0 m M )  (•). A c e t y l c h o l i n e  i n d u c e d  s i g n i f i c a n t l y  w e a k e r
r e l a x a t i o n s  of a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  K C 1  t han of 
a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e .  (* p < 0 . 0 5 ,  
*** p C O . O O l  ) . (n-6) .
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F i g u r e  30 .
C o n c e n t r a t i o n - r e s p o n s e  g r a p h s  for s o d i u m  n i t r o p r u s s i d e  in 
a o r t i c  r i n g s .  Th e  d e g r e e  of m u s c l e  r e l a x a t i o n  w a s  r e c o r d e d  
and e x p r e s s e d  as a % of the c o n t r a c t i o n  e l i c i t e d  by 
n o r a d r e n a l i n e  (1.6 x 10" M) (O) or K C 1  ( 2 0 m M )  (•). S o d i u m
n i t r o p r u s s i d e  i n d u c e d  s i g n i f i c a n t l y  w e a k e r  r e l a x a t i o n s  of 
a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  K C 1  t h a n  of a o r t i c  r i n g s  
p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e .  (** p < 0 . 0 1 ,  *** p < 0 . 0 0 1 )  
( n = 6 ) .



Control Control K C l ( E C r n ) K C l ( E C r n )
+ E .C . -E.C. + E .C . - E .C .

F i g ur e  31 .
E f f e c t  of KC1 on l e v e l s  of c y c l i c  GM P  in p r e s e n c e  (+EC) and 
a b s e n c e  (-EC) of e n d o t h e l i u m .  C o n t r o l  t i s s u e s  w e r e  e x p o s e d  
to s a l i n e  ( 5 m i n s .) and t e s t  t i s s u e s  to KC 1  ( 5 m i n s .). K C 1  did 
n o t  s i g n i f i c a n t l y  a l t e r  l e v e l s  of c y c l i c  GMP. (n=6).
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F i g ur e  3 2 .
E f f e c t s  of a c e t y l c h o l i n e  (ACh) ( 1 0 ~ ^ M )  on l e v e l s  of c y c l i c  
G M P  in a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  (NA) 
(1.6 x 10" M) or K C 1  ( 2 0 m M ) .  T i s s u e s  w e r e  e x p o s e d  to 
n o r a d r e n a l i n e  ( 5 m i n s .), or K C 1  ( 5 m i n s .), or n o r a d r e n a l i n e  
( 5 m i n s . )  f o l l o w e d  by a c e t y l c h o l i n e  (30s . ) ,  or KC1 ( 5 m i n s .) 
f o l l o w e d  by a c e t y l c h o l i n e  ( 3 0 s . ) .  N o r a d r e n a l i n e  and KC1 
a l o n e  did n o t  i n d u c e  h i g h  l e v e l s  of c y c l i c  GMP.
A c e t y l c h o l i n e  s i g n i f i c a n t l y  i n c r e a s e d  l e v e l s  of c y c l i c  G M P  
o n l y  in t i s s u e s  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  (* p < 0 . 0 5 ) .  
The l e v e l  of c y c l i c  G M P  i n d u c e d  by a c e t y l c h o l i n e  was 
s i g n i f i c a n t l y  s m a l l e r  in t i s s u e s  p r e c o n t r a c t e d  w i t h  KC1 t h a n  
in t i s s u e s  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e .  (*** p < 0 . 0 0 1 ) .  
Th e  e n d o t h e l i u m  was i n t a c t .  (n=6).
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F i g u r e  33 .
E f f e c t s  of s o d i u m  n i t r o p r u s s i d e  (SNP) (10 M) on l e v e l s  of 
c y c l i c  G M P  in a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  
(NA) (1.6 x 1 0 - 8 M) or KC 1  ( 2 0 m M ) .  T i s s u e s  w e r e  e x p o s e d  to 
n o r a d r e n a l i n e  ( 5 m i n s .), or K C 1  ( 5 m i n s .), or n o r a d r e n a l i n e  
( 5 m i n s . )  f o l l o w e d  by s o d i u m  n i t r o p r u s s i d e  ( 6 0 s . ) ,  or KC1 
( 5 m i n s . )  f o l l o w e d  by s o d i u m  n i t r o p r u s s i d e  (6 0 s . ) .  
N o r a d r e n a l i n e  and K C 1  a l o n e  di d  no t  i n d u c e  h i g h  l e v e l s  of 
c y c l i c  GMP. S o d i u m  n i t r o p r u s s i d e  s i g n i f i c a n t l y  i n c r e a s e d  
l e v e l s  of c y c l i c  G M P  (* p < 0 . 0 5 ,  ** p < 0 . 0 1 ) .  T h e  i n c r e a s e  in 
the l e v e l  of c y c l i c  GM P  i n d u c e d  by s o d i u m  n i t r o p r u s s i d e  w a s  
s i g n i f i c a n t l y  s m a l l e r  in t i s s u e s  p r e c o n t r a c t e d  w i t h  KC 1  t h a n  
in t i s s u e s  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  (** p < 0 . 0 1 ) .
(n=6).
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P a r t  T h r e e  : E f f e c t s  of a c e t y l c h o l i n e  and s o d i u m

n i t r o p r u s s i d e  on the r a t e s  of Ptd Ins 

h y d r o l y s i s  a s s o c i a t e d  w i t h  s m o o t h  m u s c l e  

c o n t r a c t i o n s  of a o r t i c  r i n g s  

T h e  t i m e - c o u r s e  of n o r a d r e n a l i n e - i n d u c e d  f o r m a t i o n  of Ptd OH 

is s h o w n  in f i g u r e  34. N o r a d r e n a l i n e  ( 1 0 ” ^M) i n d u c e d  an 

i n i t i a l  r a p i d  f o r m a t i o n  of Ptd OH. The l e v e l s  of Ptd OH 

s t a b i l i s e d  a f t e r  5mins.

N o r a d r e n a l i n e  i n d u c e d  a c o n c e n t r a t i o n - d e p e n d e n t  i n c r e a s e  in 

the l e v e l s  of Ptd OH, b o t h  in the p r e s e n c e  and a b s e n c e  of 

e n d o t h e l i u m  ( f i g u r e  35). At a n y  one c o n c e n t r a t i o n  of 

n o r a d r e n a l i n e ,  r e m o v a l  of the e n d o t h e l i u m  did not 

s i g n i f i c a n t l y  i n c r e a s e  the l e v e l s  of Ptd OH ( f i g u r e  35).
o .R e m o v a l  of Ca ( 2 . 5 m M )  f r o m  the b a t h i n g  m e d i u m ,  K r e b s  

b i c a r b o n a t e  b u f f e r ,  did n o t  s i g n i f i c a n t l y  a l t e r  the l e v e l s

of Ptd OH m e a s u r e d  in c o n t r o l  t i s s u e s  e x p o s e d  to s a l i n e  

( 5 m i n s . )  or in test t i s s u e s  e x p o s e d  to n o r a d r e n a l i n e

(2 x 1 0 ” ^M; 5 m i n s . )  ( f i g u r e  36). N o r a d r e n a l i n e  (2 x 10 ;

5 m i n s . )  i n d u c e d  a s i g n i f i c a n t  i n c r e a s e  in the l e v e l s  of Ptd 

OH a b o v e  the c o n t r o l  v a l u e s ,  b o t h  in the p r e s e n c e  and 

a b s e n c e  of C a ^ + ( 2 . 5 m M ) .

A c e t y l c h o l i n e  ( 1 0 "^M; 30s . )  s i g n i f i c a n t l y  r e d u c e d  the lev e l

of Ptd OH b e l o w  that i n d u c e d  by n o r a d r e n a l i n e  (2 x 10 

5 m i n s . )  w h e t h e r  a d d e d  a f t e r  or b e f o r e  n o r a d r e n a l i n e  ( f i g u r e  

37) .

S o d i u m  n i t r o p r u s s i d e  ( 1 0 ” ^M; 6 0 s . )  s i g n i f i c a n t l y  r e d u c e d  the

l e v e l  of Ptd OH b e l o w  t h a t  i n d u c e d  by n o r a d r e n a l i n e  

(2 x 10~^M; 5 m i n s . )  w h e t h e r  a d d e d  a f t e r  or b e f o r e  

n o r a d r e n a l i n e  ( f i g u r e  38).

K C 1  (30mM; 5 m i n s .) did n o t  s i g n i f i c a n t l y  i n c r e a s e  the lev e l
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of Ptd OH a b o v e  t hat m e a s u r e d  in c o n t r o l  t i s s u e s  e x p o s e d  to 

s a l i n e  ( 5 m i n s . )  ( f i g u r e  39).

A c e t y l c h o l i n e  ( 1 0 _ ^M; 30s.) and s o d i u m  n i t r o p r u s s i d e  (10" ^ M ;

6 0 s.) r e s p e c t i v e l y ,  did n o t  s i g n i f i c a n t l y  a l t e r  the l e v e l s  

of Ptd OH m e a s u r e d  in a o r t i c  r i n g s  e x p o s e d  to K C 1  (30mM; 

5 m i n s .) w h e t h e r  a d d e d  a f t e r  or b e f o r e  K C 1  ( f i g u r e  39).
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Fi g ur e  3 4 .
T i m e - c o u r s e  of f o r m a t i o n  of Ptd OH i n d u c e d  by n o r a d r e n a l i n e  
( 1 0 -ZfM) in a o r t i c  r i n g s  in the p r e s e n c e  of e n d o t h e l i u m .  
H y d r o l y s i s  of Ptd Ins w a s  m o n i t o r e d  by m e a s u r i n g  the l e v e l s  
of Ptd OH. T h e  l e v e l  of Pt d  OH s t a b i l i s e d  a f t e r  5 m i n s ..
(n = 4 ) .
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F i g ur e  3 5 .
C o n c e n t r a t i o n - r e s p o n s e  h i s t o g r a m  for n o r a d r e n a l i n e  in the 
p r e s e n c e  ( u n s h a d e d )  and a b s e n c e  ( s h a d e d )  of e n d o t h e l i u m .  
H y d r o l y s i s  of Ptd Ins wa s  m o n i t o r e d  by m e a s u r i n g  the l e v e l s  
of Ptd OH. T i s s u e s  w e r e  e x p o s e d  to n o r a d r e n a l i n e  for 5 m i n s .. 
N o r a d r e n a l i n e  i n d u c e d  a c o n c e n t r a t i o n - d e p e n d e n t  i n c r e a s e  in 
the l e v e l s  of Ptd OH. At a n y  on e  c o n c e n t r a t i o n  of 
n o r a d r e n a l i n e ,  r e m o v a l  of e n d o t h e l i u m  did n o t  s i g n i f i c a n t l y  
i n c r e a s e  the l e v e l  of Ptd OH. (n=4).
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F i g ur e  3 6 .
E f f e c t s  of n o r a d r e n a l i n e (ECyQ: 2 x 1 0 ” ^M) on the r a te 
Ptd Ins h y d r o l y s i s  in the p r e s e n c e  and a b s e n c e  of Ca 
( 2 . 5 m M ) .  H y d r o l y s i s  of Ptd Ins w a s  m o n i t o r e d  by  m e a s u r i n g  
the l e v e l s  of Ptd OH. T i s s u e s  w e r e  e x p o s e d  to n o r a d r e n a l i n e  
for 5 m i n s . .  B o t h  in the p r e s e n c e  and a b s e n c e  of Ca + , 
n o r a d r e n a l i n e  i n d u c e d  s i g n i f i c a n t  i n c r e a s e s  in the l e v e l s  of 
Ptd OH  a b o v e  c o n t r o l  v a l u e s .  R e m o v a l  of Ca f r o m  the 
b a t h i n g  m e d i u m  did n o t  s i g n i f i c a n t l y  a l t e r  the c o n t r o l ,  or 
n o r a d r e n a 1 i n e - i n d u e e d  Ptd OH l e v e l s .  (** p < 0 . 0 1 ) .  (n=4).

o f



Effect of acetylcholine on NA-induced PI hydrolysis.

1200-

Control

F i g ur e  3 7 .
E f f e c t  of a c e t y l c h o l i n e  (ACh) ( 1 0 ~ ^ M )  on the r a t e  of Ptd Ins 
h y d r o l y s i s  i n d u c e d  by n o r a d r e n a l i n e  (NA) (2 x 1 0 ~ ^ M ) .  
H y d r o l y s i s  of Ptd Ins w a s  m o n i t o r e d  by m e a s u r i n g  the l e v e l s  
of Ptd OH. C o n t r o l  t i s s u e s  w e r e  e x p o s e d  to s a l i n e  ( 5 m i n s .), 
and t e s t  t i s s u e s  to n o r a d r e n a l i n e  ( 5 m i n s . )  or n o r a d r e n a l i n e  
( 5 m i n s . )  a n d  a c e t y l c h o l i n e  ( 3 0 s e c . ) .  N o r a d r e n a l i n e  a l o n e  
s i g n i f i c a n t l y  i n c r e a s e d  the l e v e l  of Ptd OH a b o v e  the 
c o n t r o l  v a l u e  (*** p < 0 . 0 0 1 ) .  A c e t y l c h o l i n e ,  w h e t h e r  a d d e d  
a f t e r  or b e f o r e  n o r a d r e n a l i n e ,  s i g n i f i c a n t l y  r e d u c e d  the 
l e v e l  of Ptd OH b e l o w  t hat i n d u c e d  by n o r a d r e n a l i n e  a l o n e .  
(** p < 0 . 0 1 ) .  T h e  e n d o t h e l i u m  w a s  i n t a c t .  (n=4).
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F i g u r e  3 8 .
E f f e c t  of s o d i u m  n i t r o p r u s s i d e  (SNP) (10~ M) on the r a t e  of 
Ptd Ins h y d r o l y s i s  i n d u c e d  by n o r a d r e n a l i n e  (NA)
(2 x 1 0 ' 7M ) . H y d r o l y s i s  of Ptd Ins w a s  m o n i t o r e d  by 
m e a s u r i n g  the l e v e l s  of Ptd OH. C o n t r o l  t i s s u e s  w e r e  e x p o s e d  
to s a l i n e  ( 5 m i n s .), and t e s t  t i s s u e s  to n o r a d r e n a l i n e  
( 5 m i n s .) or n o r a d r e n a l i n e  ( 5 m i n s .) and s o d i u m  n i t r o p r u s s i d e  
( 6 0 s e c . ) .  N o r a d r e n a l i n e  a l o n e  s i g n i f i c a n t l y  i n c r e a s e d  the 
l e v e l  of Ptd OH a b o v e  the c o n t r o l  v a l u e  (*** p < 0 . 0 0 1 ) .
S o d i u m  n i t r p r u s s i d e , w h e t h e r  a d d e d  a f t e r  or b e f o r e  
n o r a d r e n a l i n e ,  s i g n i f i c a n t l y  r e d u c e d  the l e v e l  of Ptd OH 
b e l o w  t h a t  i n d u c e d  by n o r a d r e n a l i n e  a l o n e  (*** p < 0 . 0 0 1 ) .
(n = A ) .



Effect of acetylcholine and sodium nitroprusside on 
KCI-induced PI hydrolysis.
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F i g u r e  3 9 .
E f f e c t s  of a c e t y l c h o l i n e  (ACh) ( 1 0 ~ ^ M )  an d  s o d i u m
n i t r o p r u s s i d e  (SNP) ( 1 0 ~ ^ M )  on the r a t e  of Ptd Ins
h y d r o l y s i s  i n d u c e d  by K C l  (ECyQt 3 0 m M ) .  H y d r o l y s i s  of Ptd 
Ins w a s  m o n i t o r e d  by m e a s u r i n g  the l e v e l s  of Ptd OH. C o n t r o l
t i s s u e s  w e r e  e x p o s e d  to s a l i n e  ( 5 m i n s . ) ,  and t est t i s s u e s  to
K C l  ( 5 m i n s . )  or KC l  ( 5 m i n s . )  and e i t h e r  a c e t y l c h o l i n e  
( 3 0 s e c . )  or s o d i u m  n i t r o p r u s s i d e  ( 6 0 s e c . ) .  K C l  a l o n e  did n o t  
s i g n i f i c a n t l y  i n c r e a s e  the l e v e l  of Ptd OH. A c e t y l c h o l i n e  
and s o d i u m  n i t r o p r u s s i d e ,  w h e t h e r  a d d e d  a f t e r  or b e f o r e  KCl, 
di d  no t  s i g n i f i c a n t l y  r e d u c e  the l e v e l  of Ptd OH  b e l o w  t h a t  
i n d u c e d  by KC l  a l o n e .  T h e  e n d o t h e l i u m  wa s  i n t a c t .  (n=4).
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P a r t  F o u r  : P r e l i m i n a r y  e x p e r i m e n t s  on the e f f e c t s  of p h o r b o l  

e s t e r s  on v a s c u l a r  s m o o t h  m u s c l e  tone 

N o r a d r e n a l i n e  i n d u c e d  c o n c e n t r a t i o n - d e p e n d e n t  c o n t r a c t i o n s  

of a o r t i c  r i n g s  b o t h  in the a b s e n c e  and p r e s e n c e  of DMSO,  

0 . 0 5 %  ( f i g u r e  40). D M S O  d i d  n o t  s i g n i f i c a n t l y  a l t e r  

c o n t r a c t i o n s  of a o r t i c  r i n g s  i n d u c e d  by n o r a d r e n a l i n e .  The 

E C y q c o n c e n t r a t i o n  of n o r a d r e n a l i n e  for m u s c l e  c o n t r a c t i o n  

in the p r e s e n c e  of DMS O ,  0 . 0 5 %  w a s  d e t e r m i n e d  to be 

2 x 1 0 - 7 M. D M S O  is the v e h i c l e  for the p h o r b o l  e s t e r s  P M A  

and 4<xPDD.

B o t h  n o r a d r e n a l i n e ,  in the p r e s e n c e  of D M S O  0 . 0 5 % ,  and PM A  

i n d u c e d  c o n c e n t r a t i o n - d e p e n d e n t  c o n t r a c t i o n s  of a o r t i c  r i n g s  

in the p r e s e n c e  and a b s e n c e  of e n d o t h e l i u m  ( f i g u r e s  41 and 

42). Th e  E C g Q  c o n c e n t r a t i o n  of P M A  for m u s c l e  c o n t r a c t i o n  in 

the p r e s e n c e  of e n d o t h e l i u m  w a s  d e t e r m i n e d  to be 5 x 10 7M. 

In the p r e s e n c e  of e n d o t h e l i u m ,  the E C y Q  c o n c e n t r a t i o n  of 

n o r a d r e n a l i n e  in the p r e s e n c e  of D M SO, 0 . 0 5 % ,  and the E C q q  

c o n c e n t r a t i o n  of P M A  w e r e  e q u i p o t e n t  ( f i g u r e  41).

R e m o v a l  of the e n d o t h e l i u m  did n o t  s i g n i f i c a n t l y  a l t e r  

m u s c l e  c o n t r a c t i o n s  i n d u c e d  by P M A  ( f i g u r e  42).

PM A  (5 x 1 0 - 7 M) i n d u c e d  a s l o w l y - d e v e l o p i n g  c o n t r a c t i o n  of 

a o r t i c  r i n g s  in the p r e s e n c e  of e n d o t h e l i u m  ( f i g u r e  43). 

M u s c l e  t o n e  s t a b i l i s e d  a f t e r  a p p r o x i m a t e l y  4 5 m i n s .  ( f i g u r e s  

4 3 a n d  44 ) .

N o r a d r e n a l i n e  i n d u c e d  c o n c e n t r a t i o n - d e p e n d e n t  c o n t r a c t i o n s  

of a o r t i c  r i n g s  in the p r e s e n c e  of DMS O ,  0 . 0 5 % ,  and in the 

p r e s e n c e  of 4 & P D D  (10"~^M) ( f i g u r e  45). 4&<PDD did no t  

s i g n i f i c a n t l y  a l t e r  n o r a d r e n a l i n e - i n d u c e d  m u s c l e  

c o n t r a c t i o n s  of a o r t i c  r i n g s .

P M A  s i g n i f i c a n t l y  r e d u c e d  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 s
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of a o r t i c  r i n g s  in a c o n c e n t r a t i o n - d e p e n d e n t  m a n n e r  ( f i g u r e  

46). PMA, at h i g h e r  c o n c e n t r a t i o n s ,  i n c r e a s e d  m u s c l e  tone. 

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 s  w e r e  m e a s u r e d  f r o m  the 

l e v e l  of t o n e  i n d u c e d  by P M A  a l o n e .
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F i g u r e  4 0 .
C o n c e n t r a t i o n - r e s p o n s e  g r a p h s  for n o r a d r e n a l i n e  in a o r t i c  
r i n g s  in the p r e s e n c e  ( O ) and a b s e n c e  (#) of D M S O ,  0 . 0 5 % .  
M u s c l e  t e n s i o n  w a s  r e c o r d e d .  D M S O  did n o t  a f f e c t  
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 s  of a o r t i c  r i n g s .  The 
e n d o t h e l i u m  w a s  i n t a c t .  (n=4).
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F i g u r e  4 1 .
C o n c e n t r a t i o n - r e s p o n s e  g r a p h s  for n o r a d r e n a l i n e  in a o r t i c  
r i n g s  in the p r e s e n c e  of D M S O ,  0 . 0 5 % ( # )  a n d  for P M A  ( O ). 
D M S O  is the v e h i c l e  for PMA. M u s c l e  t e n s i o n  w a s  r e c o r d e d .  
T h e  e n d o t h e l i u m  w a s  i n t a c t .  (n=4).
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F i g u r e  4 2 .
C o n c e n t  r a t i o n - r e s p o n s e  g r a p h s  for n o r a d r e n a l i n e  in a o r t i c  
r i n g s  in the p r e s e n c e  of D M S O ,  0 . 0 5 %  (•) and for P M A  ( O ) . 
D M S O  is the v e h i c l e  for PMA. M u s c l e  t e n s i o n  wa s  r e c o r d e d .  
Th e  e n d o t h e l i u m  w a s  r e m o v e d .  R e m o v a l  of the e n d o t h e l i u m  did 
n o t  s i g n i f i c a n t l y  a l t e r  c o n t r a c t i o n s  i n d u c e d  by 
n o r a d r e n a l i n e  or P M A  (c.f. f i g u r e  Al). ( n =4).
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F i g u re  44 .
T i m e - c o u r s e  of P M A - i n d u c e d  c o n t r a c t i o n  of a o r t i c  r i n g s .  The 
E C g0 c o n c e n t r a t i o n  of P M A  w a s  u s e d  (5 x 10 M). M u s c l e  t one
s t a b i l i s e d  a f t e r  4 5 m i n s . .  T h e  e n d o t h e l i u m  wa s i n t a c t .  (n=6) .
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F i g u re  A 5 .
C o n c e n t  r a t i o n - r e s p o n s e  g r a p h s  for n o r a d r e n a l i n e  in the 
p r e s e n c e  of D M S O,  0 o0 5 %  (•) or 4c*PDD (10 M) (O) . M u s c l e  
t e n s i o n  w as  r e c o r d e d .  A K P D D  d id  n o t  a f f e c t  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 s  of a o r t i c  r i n g s .  T h e e n d o t h e l i u m  was 
i n t a c t .  (n= 6) .
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F i g u r e  A 6 .
C o n c e n t r a t i o n - r e s p o n s e  g r a p h s  for n o r a d r e n a l i n e  in the 
p r e s e n c e  of D M S O ,  0 . 0 5 %  (•) or P M A  (10~ M ) ( 0 ) ,  or P MA  
(10 M) (■ ), or P M A  (10 M) (□). M u s c l e  t e n s i o n  was 
r e c o r d e d .  N o r a d r e n a l i n e  i n d u c e d  s m a l l e r  c o n t r a c t i o n s  of 
a o r t i c  r i n g s  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  of PMA. The 
e n d o t h e l i u m  w a s  i n t a c t .  (n=6; * p < 0 . 0 5 ,  ** p < 0 . 0 1 ,  *** 
p < 0 . 0 0 1 ;  p v a l u e s  i n d i c a t e  s t a t i s t i c a l  d i f f e r e n c e s  b e t w e e n  
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 s  in the p r e s e n c e  of PM A 
and 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 s  in the p r e s e n c e  of 
D M S O , 0 . 0 5 % ) .
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P a r t  F i v e  : V a s c u l a r  s m o o t h  m u s c l e  r e l a x a t i o n s  in a o r t i c  

r i n g s  p r e c o n t r a c t e d  w i t h  P M A  

A c e t y l c h o l i n e  i n d u c e d  c o n c e n t r a t i o n - d e p e n d e n t  r e l a x a t i o n s  of 

a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  (2 x 10 ~^ M ) 

b o t h  in the a b s e n c e  and p r e s e n c e  of D M SO , 0 . 0 5 %  ( f i g u r e  47). 

D M S O  did n o t  s i g n i f i c a n t l y  a l t e r  m u s c l e  r e l a x a t i o n s  i n d u c e d  

by a c e t y l c h o l i n e .

S i m i l a r l y  s o d i u m  n i t r o p r u s s i d e  i n d u c e d  c o n c e n t r a t i o n -  

d e p e n d e n t  r e l a x a t i o n s  of a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  

n o r a d r e n a l i n e  (2 x 1 0 ” ^M) b o t h  in the a b s e n c e  an d p r e s e n c e  

of DM SO , 0 . 0 5 %  ( f i g u r e  48). D M S O  d id  no t  s i g n i f i c a n t l y  a l t e r  

m u s c l e  r e l a x a t i o n s  i n d u c e d  by s o d i u m  n i t r o p r u s s i d e .

V a s c u l a r  s m o o t h  m u s c l e  r e l a x a t i o n s  i n d u c e d  by a c e t y l c h o l i n e  

and s o d i u m  n i t r o p r u s s i d e  w e r e  s t u d i e d  in a o r t i c  r i ng s 

p r e c o n t r a c t e d  w i t h  P M A  (5 x 1 0 ” ^M) in the p r e s e n c e  of 

e n d o t h e l i u m  ( f i g u r e  49).

V a s c u l a r  r e l a x a t i o n s  i n d u c e d  by  a c e t y l c h o l i n e  and s o d i u m  

n i t r o p r u s s i d e  ar e s h o w n  q u a n t i t a t i v e l y  in c o n c e n t r a t i o n -  

r e s p o n s e  g r a p h s  in f i g u r e s  50 and 51.

A c e t y l c h o l i n e  i n d u c e d  s i g n i f i c a n t l y  w e a k e r  r e l a x a t i o n s  of 

a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  P M A  (5 x 10 ^M) t h an  of 

a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  (2 x 10 ^M) 

( f i g u r e  50). A c e t y l c h o l i n e  i n d u c e d  2 5%  m a x i m u m  r e l a x a t i o n  of 

a o r t i c  r i n g s .

S o d i u m  n i t r o p r u s s i d e  i n d u c e d  s i g n i f i c a n t l y  w e a k e r  

r e l a x a t i o n s  of a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  PMA 

(5 x 1 0 ~ ^ M )  t h an  of a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  

n o r a d r e n a l i n e  (2 x 1 0 ~ ^ M )  ( f i g u r e  51). S o d i u m  n i t r o p r u s s i d e  

i n d u c e d  60 %  r e l a x a t i o n  of a o r t i c  ri n gs .

A c e t y l c h o l i n e  ( 1 0 ” ^M; 3 0s .)  s i g n i f i c a n t l y  i n c r e a s e d  l e v e l s
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of c y c l i c  G M P  in t i s s u e s  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  

(2 x 10 ^M; 5 m i n s .) ( f i g u r e  52), bu t  n ot  in t i s s u e s  

p r e c o n t r a c t e d  w i t h  P M A  (5 x 1 0 ” ^M; 4 5 m i n s 0 ). T h e l e v el  of 

c y c l i c  G MP  m e a s u r e d  in t i s s u e s  p r e c o n t r a c t e d  w i t h  P MA 

(5 x 1 0~ ^M ; 4 5 m i n s . )  f o l l o w e d  by e x p o s u r e  to a c e t y l c h o l i n e  

( 1 0 ” ^M; 30 s. )  w a s  s i g n i f i c a n t l y  s m a l l e r  t h a n  t h at  i n d u c e d  by

a c e t y l c h o l i n e  ( 10 ~^ M;  3 0 s .)  in t i s s u e s  p r e c o n t r a c t e d  w i t h

n o r a d r e n a l i n e  (2 x 10~ ^M ; 5 m i n s .).

S o d i u m  n i t r o p r u s s i d e  ( 1 0 ~ ^M ;  6 0s . ) s i g n i f i c a n t l y  i n c r e a s e d

l e v e l s  of c y c l i c  G MP  b o t h  in t i s s u e s  p r e c o n t r a c t e d  w i t h  

n o r a d r e n a l i n e  (2 x 10~ ^M ; 5 m i n s . )  and in t i s s u e s  

p r e c o n t r a c t e d  w i t h  P M A  (5 x 10 ^M; 4 5 m i n s . )  ( f i g u r e  52). T he 

l e v e l  of c y c l i c  G MP  i n d u c e d  by s o d i u m  n i t r o p r u s s i d e  ( 1 0 “ ^M; 

60 s. ) was  s i g n i f i c a n t l y  s m a l l e r  in t i s s u e s  p r e c o n t r a c t e d  

w i t h  P M A  (5 x 1 0 ” ^M; 4 5 m i n s . )  t h a n  in t i s s u e s  p r e c o n t r a c t e d  

w i t h  n o r a d r e n a l i n e  (2 x 10 ^M) ( f i g u r e  52).
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F i g u r e  47 .
C o n c e n t r a t i o n - r e s p o n s e  g r a p h s  for a c e t y l c h o l i n e  in the 
p r e s e n c e  (O) and a b s e n c e  (•) of D M S O ,  0 . 0 5 % .  T he  d e g r e e  of 
m u s c l e  r e l a x a t i o n  w as  r e c o r d e d  and e x p r e s s e d  as a % of the 
c o n t r a c t i o n  e l i c i t e d  by n o r a d r e n a l i n e  (2 x 10 M). D M S O  did
no t a f f e c t  a c e t y l c h o l i n e - i n d u c e d  r e l a x a t i o n .  T h e  e n d o t h e l i u m  
w a s i n t a c  t . (n = 6 ) .
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F i g u r e  4 8 .
C o n e e n t r a t i o n - r e s p o n s e  g r a p h s  for s o d i u m  n i t r o p r u s s i d e  in 
p r e s e n c e  ( O )  an d a b s e n c e  (•) of D M S O,  0 . 0 5 % .  T he  d e g r e e  of 
m u s c l e  r e l a x a t i o n  w as r e c o r d e d  and e x p r e s s e d  as a % of the 
c o n t r a c t i o n  e l i c i t e d  by n o r a d r e n a l i n e  (2 x 1 0 - ^M). D M S O  did 
no t  a f f e c t  s o d i u m  n i t r o p r u s s i d e - i n d u c e d  r e l a x a t i o n .  (n= 6) .
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Concentration - response graph for Acetylcholine
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F i g ure 50 .
C o n c e n t r a t i o n - r e s p o n s e  g r a p h s  for a c e t y l c h o l i n e  in a o r t i c  
r i n g s .  T h e  d e g r e e  of m u s c l e  r e l a x a t i o n  w a s  r e c o r d e d  and 
e x p r e s s e d  as a % of the c o n t r a c t i o n  e l i c i t e d  by 
n o r a d r e n a l i n e  (2 x 10 M) ( O ) , or P M A (5 x 10 M) (•). 
A c e t y l c h o l i n e  i n d u c e d  s i g n i f i c a n t l y  w e a k e r  r e l a x a t i o n s  of 
a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  P M A  t ha n of a o r t i c  r i n g s  
p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e .  ( * p < 0 . 0 5 ,  ** p < 0 . 0 1 ,  
p < 0 . 0 0 1 ) .  T h e  e n d o t h e l i u m  w a s  i n t a c t .  ( n= 6) .

* * *



Concentration - response graph for Sodium nitroprusside 
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F i g u r e  5 1 .
C o n c e n t  r a t i o n - r e s p o n s e  g r a p h s  for s o d i u m  n i t r o p r u s s i d e  in 
a o r t i c  r i n g s .  T h e d e g r e e  of m u s c l e  r e l a x a t i o n  w a s  r e c o r d e d  
and e x p r e s s e d  as a % of the c o n t r a c t i o n  e l i c i t e d  by 
n o r a d r e n a l i n e  (2 x 1 0 “ ^M) ( O ) , or P MA  (5 x 1 0 “ ^M) (•). 
S o d i u m  n i t r o p r u s s i d e  i n d u c e d  s i g n i f i c a n t l y  w e a k e r  
r e l a x a t i o n s  of a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  P M A  t han  of 
a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e .  (* p < 0 . 0 5 ,  
p< 0 . 0 1 ) .  (n= 6) .
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F i g u r e  5 2 .
E f f e c t s  of a c e t y l c h o l i n e  (A Ch ) (10

** *

NA PMA NA PMA
+ + + +ACh ACh SNP SNP

► (10" 5M) and sod ium

ith n o r a d r e n a l i n e
c GMP  
(NA)

in
-7 - ‘ - T(2 x 10 M) or P M A  (5 x 10 M). T i s s u e s  w e r e  e x p o s e d  to

a o r t i c  r i n g s  p r e c o n t r a c t e d  
x 1 0 " 7M) or P M A  (5 x 

n o r a d r e n a l i n e  ( 5 m i n s . ) ,  or P M A  ( 4 5 m i n s . ) ,  or n o r a d r e n a l i n e  
( 5 m i n s . )  f o l l o w e d  by  e i t h e r  a c e t y l c h o l i n e  ( 3 0 s. )  or s o d i u m  
n i t r o p r u s s i d e  ( 60 s . ) ,  or P M A  ( 4 5 m i n s . )  f o l l o w e d  by e i t h e r  
a c e t y l c h o l i n e  (3 0 s. ) or s o d i u m  n i t r o p r u s s i d e  ( 6 0 s . ).  
N o r a d r e n a l i n e  a nd  P M A  d i d  n o t  i n d u c e  h i g h  l e v e l s  of c y c l i c  
GMP. A c e t y l c h o l i n e  s i g n i f i c a n t l y  i n c r e a s e d  l e v e l s  of c y c l i c  
G M P  o n l y  in t i s s u e s  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  (*** 
p < 0 . 0 0 1 ) .  T h e  l e v e l  of c y c l i c  G M P  i n d u c e d  by  a c e t y l c h o l i n e  
w as  s i g n i f i c a n t l y  s m a l l e r  in t i s s u e s  p r e c o n t r a c t e d  w i t h  P MA  
t ha n in t i s s u e s  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  (*** 
p < 0 . 0 0 1 ) .  S o d i u m  n i t r o p r u s s i d e  s i g n i f i c a n t l y  i n c r e a s e d  
l e v e l s  of c y c l i c  G M P  (*** p < 0 . 0 0 1 ) .  T h e  l e v e l  of c y c l i c  GM P 
i n d u c e d  b y s o d i u m  n i t r o p r u s s i d e  w a s  s i g n i f i c a n t l y  s m a l l e r  in 
t i s s u e s  p r e c o n t r a c t e d  w i t h  P M A  t ha n in t i s s u e s  p r e c o n t r a c t e d  
w i t h  n o r a d r e n a l i n e  (* p< 0 . 0 5 ) . ( n=*6 ) .
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P a r t  S i x : E f f e c t s  of a c e t y l c h o l i n e  and  s o d i u m  n i t r o p r u s s i d e

on the r a t e s  of Ptd Ins h y d r o l y s i s  a s s o c i a t e d  w i t h  

P M A - i n d u c e d  c o n t r a c t i o n  of a o r t i c  r i n g s  

P M A  (5 x 10 7M; 4 5 m i n s . )  d id  n o t  s i g n i f i c a n t l y  i n c r e a s e  the 

l e v e l  of Ptd OH a b o v e  t h a t  m e a s u r e d  in c o n t r o l  t i s s u e s  

e x p o s e d  to D M S O  (0 .0 5% ; 4 5 m i n s . )  ( f i g u r e  53).

A c e t y l c h o l i n e  (10""^M; 3 0 s. ) and s o d i u m  n i t r o p r u s s i d e  (10"~^M; 

60 s. ) r e s p e c t i v e l y ,  di d n o t  s i g n i f i c a n t l y  r e d u c e  the l e v e l  

of Ptd OH b e l o w  t ha t m e a s u r e d  in t i s s u e s  e x p o s e d  to P M A  

(5 x 1 0 - 7 M; 4 5 m i n s . )  a l o n e  ( f i g u r e  53).
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F i g u re  5 3 .
E f f e c t s  of a c e t y l c h o l i n e  (ACh) ( 1 0 ~ ^ M )  and  s o d i u m  
n i t r o p r u s s i d e  (SNP) ( 1 0 ” ^M) on the r a t e  of Ptd Ins 
h y d r o l y s i s  i n d u c e d  by P M A  (5 x 1 0 _ ^M). H y d r o l y s i s  of Ptd Ins 
wa s  m o n i t o r e d  by m e a s u r i n g  l e v e l s  of Ptd  OH. C o n t r o l  t i s s u e s  
w e r e  e x p o s e d  to D M SO ,  0 . 0 5 %  ( 4 5 m i n s . )  an d t est  t i s s u e s  to 
PM A  ( 4 5 m i n s  . ), or PM A ( 4 5 m i n s . )  and e i t h e r  a c e t y l c h o l i n e  
( 3 0 s e c . )  or s o d i u m  n i t r o p r u s s i d e  ( 6 0 s e c . ) .  P M A  a l o n e  di d not 
s i g n i f i c a n t l y  i n c r e a s e  the l e v e l  of Ptd  OH a b o v e  the c o n t r o l  
v a l u e .  A c e t y l c h o l i n e  and  s o d i u m  n i t r o p r u s s i d e  di d no t 
s i g n i f i c a n t l y  a l t e r  the l e v e l  of P td  OH i n d u c e d  by PMA. Th e 
e n d o t h e l i u m  w a s  i n t a c t .  ( n=4 ).
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P a rt  S e v e n : V a s c u l a r  r e l a x a t i o n s  i n d u c e d  by a c e t y l c h o l i n e  

a nd  n i t r i c  o x i d e  in a o r t i c  r i n g s  

p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  or PM A 

In a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  P M A  (5 x 1 0 - 7 M), 

a c e t y l c h o l i n e  i n d u c e d  s i g n i f i c a n t l y  w e a k e r  r e l a x a t i o n s  t ha n 

t h o s e  i n d u c e d  by s o d i u m  n i t r o p r u s s i d e  ( f i g u r e  54).

V a s c u l a r  r e l a x a t i o n s  i n d u c e d  by a c e t y l c h o l i n e  an d n i t r i c  

o x i d e  w e r e  s t u d i e d  in a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  

n o r a d r e n a l i n e  (2 x 1 0 ” 7M) or P M A  (5 x 1 0 ” 7M) in the p r e s e n c e  

of e n d o t h e l i u m  ( f i g u r e s  55 a n d 56).

N i t r i c  o x i d e  i n d u c e d  r a p i d l y - d e v e l o p i n g  b ut  t r a n s i e n t  

r e l a x a t i o n s  of a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  

(2 x 1 0 " 7M) ( f i g u r e  55).

N i t r i c  o x i d e  i n d u c e d  s l o w l y - d e v e l o p i n g  and t r a n s i e n t  

r e l a x a t i o n s  of a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  PM A 

(5 x 1 0 " 7M) ( f i g u r e  56).

V a s c u l a r  r e l a x a t i o n s  i n d u c e d  by a c e t y l c h o l i n e  and  n i t r i c  

o x i d e  ar e s h o w n  q u a n t i t a t i v e l y  in c o n c e n t r a t i o n - r e s p o n s e  

g r a p h s  ( f i g u r e  57).

B o t h  a c e t y l c h o l i n e  and n i t r i c  o x i d e  i n d u c e d  p o w e r f u l  

c o n c e n t r a t i o n - d e p e n d e n t  r e l a x a t i o n s  of a o r t i c  r i n g s  

p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  (2 x 10 7M) ( f i g u r e  57). 

O v e r  the c o n c e n t r a t i o n  r a n g e  s t u d i e d ,  n i t r i c  o x i d e - i n d u c e d  

r e l a x a t i o n s  w e r e  n ot  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  t h os e 

i n d u c e d  by a c e t y l c h o l i n e .  B o t h  a c e t y l c h o l i n e  and  n i t r i c  

o x i d e  i n d u c e d  s i g n i f i c a n t l y  w e a k e r  r e l a x a t i o n s  of a o r t i c  

r i n g s  p r e c o n t r a c t e d  w i t h  P M A  (5 x 10 7M ) . A g a i n ,  o v e r  the 

c o n c e n t r a t i o n  r a n g e  s t u d i e d ,  n i t r i c  o x i d e - i n d u c e d  

r e l a x a t i o n s  w e r e  no t  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  t h o s e  

i n d u c e d  by a c e t y l c h o l i n e .
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N i t  r i c o x i d e - i n d u c e d  r e l a x a t i o n s  of a o r t i c  r i n gs 

p r e c o n t r a c t e d  w i t h  e i t h e r  n o r a d r e n a l i n e  (2 x 1 0 _ 7 M) or P M A  

(5 x 1 0 " 7M ) , w e r e  n ot  s i g n i f i c a n t l y  a l t e r e d  by r e m o v a l  of 

the e n d o t h e l i u m  ( f i g u r e  58).

A c e t y l c h o l i n e  (10""^M; 3 0 s . ) s i g n i f i c a n t l y  i n c r e a s e d  l e v e l s

of c y c l i c  G M P  in t i s s u e s  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  

(2 x 1 0 ” 7M; 5 m i n s . )  ( f i g u r e  59). H o w e v e r ,  a c e t y l c h o l i n e  

( 1 0 ~ ^ M )  d id n o t  s i g n i f i c a n t l y  i n c r e a s e  l e v e l s  of c y c l i c  G MP 

in t i s s u e s  p r e c o n t r a c t e d  w i t h  P M A  (5 x 1 0 ” 7M; 4 5 m i n s . ) .  Th e 

l e ve l  of c y c l i c  G M P  m e a s u r e d  in t i s s u e s  p r e c o n t r a c t e d  w i t h  

P MA  (5 x 1 0 - 7 M; 4 5 m i n s . )  w a s  s i g n i f i c a n t l y  s m a l l e r  t h a n  in 

t i s s u e s  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  (2 x 1 0 - 7 M;

5 m i n s . ) .  In c o m p a r i s o n ,  n i t r i c  o x i d e  (3 x 10~^M; 20s .)

s i g n i f i c a n t l y  i n c r e a s e d  l e v e l s  of c y c l i c  G M P  b o t h  in t i s s u e s  

p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  (2 x 1 0 - 7 M; 5 m i n s .) or P MA 

(5 x 1 0 - 7 M; 4 5 m i n s . ) .  H o w e v e r ,  the l e v e l  of c y c l i c  GM P 

i n d u c e d  by n i t r i c  o x i d e  (3 x l O^ ^M ; 2 0 s .)  wa s  s i g n i f i c a n t l y  

s m a l l e r  in t i s s u e s  p r e c o n t r a c t e d  w i t h  P M A  (5 x 10 7M; 

4 5 m i n s . )  t ha n  in t i s s u e s  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  

(2 x 1 0 ~ 7M; 5 m i n s . ) .



Concentration-response graph for acetylcholine and 
sodium nitroprusside
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F i g u re  5 4 .
C o n c e n t r a t i o n - r e s p o n s e  g r a p h s  for a c e t y l c h o l i n e  (ACh) (O) 
and s o d i u m  n i t r o p r u s s i d e  ( SNP) (#) in a o r t i c  r i n g s .  The 
d e g r e e  of m u s c l e  r e l a x a t i o n  w a s  r e c o r d e d  a nd e x p r e s s e d  as a 
% of the c o n t r a c t i o n  e l i c i t e d  by P M A (5 x 1 0 ” M). 
A c e t y l c h o l i n e  i n d u c e d  s i g n i f i c a n t l y  w e a k e r  r e l a x a t i o n s  t h an 
s o d i u m  n i t r o p r u s s i d e .  (* p < 0 . 0 5 ,  ** p < 0 . 0 1 ) .  T he  e n d o t h e l i u m  
wa s i n t a c t .  (n=6 ).
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Concentration-response graph for acetylcholine and nitric oxide.
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FJ.gu r e  57 .
C o n c e n t r a t i o n - r e s p o n s e  g r a p h s  for a c e t y l c h o l i n e  (ACh) (O) 
and n i t r i c  o x i d e  (NO) (#) in a o r t i c  r i n g s .  T he  d e g r e e  of 
m u s c l e  r e l a x a t i o n  w a s r e c o r d e d  and e x p r e s s e d  as a % of the 
c o n t r a c t i o n  e l i c i t e d  b y n o r a d r e n a l i n e  (2 x 10 M) (- - -), 
or P M A  (5 x 10 M) (—— ). T h e  e f f e c t  of n i t r i c  o x i d e  was 
s i m i l a r  to t h at  of a c e t y l c h o l i n e .  A c e t y l c h o l i n e  and  n i t r i c  
o x i d e  i n d u c e d  s i g n i f i c a n t l y  w e a k e r  r e l a x a t i o n s  of t i s s u e s  
p r e c o n t r a c t e d  w i t h  P M A  t h a n of t i s s u e s  p r e c o n t r a c t e d  w i t h  
n o r a d r e n a l i n e .  (* p < 0 . 0 5 ,  ** p < 0 . 0 1 ,  *** p < 0 . 0 0 1 ) .  Th e 
e n d o t h e l i u m  w a s  i n t a c t .  ( n=6 ).
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F i g ur e 58 .
C o n c e n t r a t i o n - r e s p o n s e  g r a p h s  for n i t r i c  o x i d e  in a o r t i c  
r i n g s .  Th e  d e g r e e  of m u s c l e  r e l a x a t i o n  w a s  r e c o r d e d  and 
e x p r e s s e d  as a % of the c o n t r a c t i o n  e l i c i t e d  by 
n o r a d r e n a l i n e  (2 x 10 M) or PM A  (5 x 1 0 ” M). M u s c l e  tone 
w a s r a i s e d  w i t h  e i t h e r  n o r a d r e n a l i n e ,  in the p r e s e n c e  (•) or 
a b s e n c e  (O) of e n d o t h e l i u m ,  or PMA, in the p r e s e n c e  (■) or 
a b s e n c e  (□ ) of e n d o t h e l i u m .  N i t r i c  o x i d e - i n d u c e d  r e l a x a t i o n  
w as  e n d o t h e l i u m - i n d e p e n d e n t .  N i t r i c  o x i d e  w as  s i g n i f i c a n t l y  
less a b l e  to r e l a x  a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  P M A  t han 
a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e .  (* p < 0 . 0 5 ,  ** 
p < 0 . 0 1 ,  ***  p < 0 . 0 0 1 ) .  (n = 6 ) .
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F i g u r e  59 .
E f f e c t s  of a c e t y l c h o l i n e  (AC h)  (10 M) and n i t r i c  o x i d e  (NO) 
(3 x 10 M) on l e v e l s  of c y c l i c  G M P in a o r t i c  r i n g s  
p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  (NA) (2 x 10 M) or PMA 
(5 x 1 0 ” 7M ) . N o r a d r e n a l i n e  an d P MA  a l o n e ,  di d  no t i n d u c e  
h i g h  l e v e l s  of c y c l i c  G MP. A c e t y l c h o l i n e  s i g n i f i c a n t l y  
i n c r e a s e d  l e v e l s  of c y c l i c  G M P o n l y  in t i s s u e s  p r e c o n t r a c t e d  
w i t h  n o r a d r e n a l i n e  (*** p < 0 . 0 0 1 ) .  N i t r i c  o x i d e  s i g n i f i c a n t l y  
i n c r e a s e d  l e v e l s  of c y c l i c  G M P  (*** p < 0 . 0 0 1 ) .  Th e  l e v e l s  of 
c y c l i c  G M P  i n d u c e d  b y a c e t y l c h o l i n e  an d  n i t r i c  o x i d e  w e r e  
s i g n i f i c a n t l y  s m a l l e r  in t i s s u e s  p r e c o n t r a c t e d  w i t h  P M A  t ha n 
in t i s s u e s  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e .  (** * p < 0 . 0 0 1 ) .  
Th e e n d o t h e l i u m  w a s  i n t a c t .  (n=6 ).
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P a r t  E i g h t  : E f f e c t s  of n i t r i c  o x i d e  on the r a t e  of Ptd Ins 

h y d r o l y s i s  a s s o c i a t e d  w i t h  v a s c u l a r  s m o o t h  

m u s c l e  c o n t r a c t i o n  i n d u c e d  by  n o r a d r e n a l i n e  or 

P MA

N i t r i c  o x i d e  (3 x 1 0 - ^M; 2 0 s . ) s i g n i f i c a n t l y  r e d u c e d  the

l e v e l  of Ptd OH b e l o w  t h a t  m e a s u r e d  in the p r e s e n c e  of 

n o r a d r e n a l i n e  (2 x 10"*7M; 5 m i n s . ) ,  w h e t h e r  a d d e d  a f t e r  or 

b e f o r e  n o r a d r e n a l i n e  ( f i g u r e  60).

N i t r i c  o x i d e  (3 x 1 0 “ ^M; 2 0 s .)  d id  no t  s i g n i f i c a n t l y  r e d u c e

the l e v e l  of Ptd OH b e l o w  t h a t  m e a s u r e d  in the p r e s e n c e  of 

PM A  (5 x 1 0 ~ 7M; 4 5 m i n s . ) ,  w h e t h e r  a d d e d  a f t e r  or b e f o r e  P MA  

( f i g u r e  61).



Effect of nitric oxide on NA-induced PI hydrolysis

F i g ur e 6 0 .
E f f e c t  of n i t r i c  o x i d e  (NO) (3 x l O ^ ^ M )  on the r a t e  of Ptd 
Ins h y d r o l y s i s  i n d u c e d  by  n o r a d r e n a l i n e  (NA) (2 x 1 0 ~ ^ M ) .  
H y d r o l y s i s  of Ptd Ins w a s  m o n i t o r e d  by m e a s u r i n g  the l e v e l s  
of Pt d OH. C o n t r o l  t i s s u e s  w e r e  e x p o s e d  to s a l i n e  ( 5 m i n s .), 
an d t e st  t i s s u e s  to n o r a d r e n a l i n e  ( 5 m i n s . )  or n o r a d r e n a l i n e  
( 5 m i n s . )  a n d  n i t r i c  o x i d e  ( 2 0 s e c . ) .  N o r a d r e n a l i n e  a l o ne , 
s i g n i f i c a n t l y  i n c r e a s e d  the l e v e l  of Ptd OH a b o v e  the 
c o n t r o l  v a l u e  (***  p < 0 . 0 0 1 ) .  N i t r i c  o x i d e ,  w h e t h e r  a d d e d  
a f t e r  or b e f o r e  n o r a d r e n a l i n e ,  s i g n i f i c a n t l y  r e d u c e d  the 
l e v e l  of Pt d OH b e l o w  t hat  i n d u c e d  by n o r a d r e n a l i n e  a l o n e  ( 
p < 0  . 0 5, ** p < 0 . 0 1 ) .  (n = A ) .
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F i g u re  61 .
E f f e c t  of n i t r i c  o x i d e  (NO) (3 x 10 ^ M ) on t h e ^ r a t e  of Ptd 
Ins h y d r o l y s i s  in the p r e s e n c e  of P M A  (5 x 10 M).
H y d r o l y s i s  of Ptd Ins w a s  m o n i t o r e d  by m e a s u r i n g  the l ev e l 
of Ptd OH. C o n t r o l  t i s s u e s  w e r e  e x p o s e d  to D M SO ,  0 . 0 5 %  (45 
m i n s .). T e s t  t i s s u e s  w e r e  e x p o s e d  to P MA  ( 4 5 m i n s „ )  and 
n i t r i c  o x i d e  ( 2 0 s . ) .  P M A  a l o n e  di d  no t  s i g n i f i c a n t l y  
i n c r e a s e  the l e v e l  of Ptd OH a b o v e  the c o n t r o l  v a l u e .  N i t r i c  
o x i d e ,  w h e t h e r  a d d e d  a f t e r  or b e f o r e  PMA, did  not 
s i g n i f i c a n t l y  r e d u c e  the l e v e l  of Ptd OH b e l o w  t hat m e a s u r e d  
in the p r e s e n c e  of P M A  a l o n e .  (n=4).
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S e c t i o n  T h r e e  : V a s c u l a r  r e l a x a t i o n  of a o r t i c  r i n g s  f ro m 

s p o n t a n e o u s l y  h y p e r t e n s i v e  r a t s (SHR)

In t his s e r i e s  of e x p e r i m e n t s ,  v a s c u l a r  r e l a x a t i o n  was 

s t u d i e d  in a o r t i c  r i n g s  f r o m  s p o n t a n e o u s l y  h y p e r t e n s i v e  rats 

( SHR) an d n o r m o t e n s i v e  w i s t a r  k y o t o  (WKY) ra ts . T h r e e  

p a r a m e t e r s  w e r e  m e a s u r e d :  (i) the d e g r e e  of s m o o t h  m u s c l e

r e l a x a t i o n ;  (ii) the l e v e l s  of c y c l i c  G M P  i n d u c e d  by the 

v a s o r e l a x a n t s ;  and (iii) the r a t e s  of Ptd Ins h y d r o l y s i s  

i n d u c e d  by n o r a d r e n a l i n e .

T h e s e  e x p e r i m e n t s  w e r e  c a r r i e d  ou t w i t h  the a s s i s t a n c e  of 

M i s s  F i o n a  M c K e n z i e .

P a r t  O n e : M e a s u r e m e n t  of b l o o d  p r e s s u r e s  of SHR and W K Y 

rats

Th e  a v e r a g e  s y s t o l i c  b l o o d  p r e s s u r e  of SHR w as  s i g n i f i c a n t l y  

h i g h e r  t h a n  t hat  of W K Y  r a t s ( t a b l e  2).



T a b l e  2.
S y s t o l i c  b l o o d  p r e s s u r e  m e a s u r e d  in c o n s c i o u s  r a t s u s i n g  the 
t a i l - c u f f  m e t h o d .

R AT B L O O D  P R E S S U R E  (mmHg ) 
(± S . E . M . )

SHR 2 1 0 . 0  ± 6 . 5 * * *

W K Y 1 4 6 . 6  ± 7.2

Th e  b l o o d  p r e s s u r e  m e a s u r e d  in SHR w a s s i g n i f i c a n t l y  h i g h e r  
t h an  t hat  m e a s u r e d  in W K Y  n o r m o t e n s i v e  r ats (*** p < 0 . 0 0 1 ) .
(n^4  ) .
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P a rt  T w o : P r e l i m i n a r y  e x p e r i m e n t s  on v a s c u l a r  s m o o t h  m u s c l e

c o n t r a c t i o n s  i n d u c e d  by n o r a d r e n a l i n e  and K C 1 in 

a o r t i c  r i n g s  f r o m  SHR and W K Y  rats 

T he b a s a l  t on e  d e v e l o p e d  b y a o r t i c  r i n g s  f r om  SHR w as  h i g h e r  

t h an  t hat  d e v e l o p e d  by a o r t i c  r i n g s  f r o m  W K Y  rats. 

N o r a d r e n a l i n e  i n d u c e d  c o n c e n t r a t i o n - d e p e n d e n t  c o n t r a c t i o n s  

of a o r t i c  r i n g s  f r o m  b o t h  SH R and W K Y  rats ( f i g u r e  62). The 

E C cjq c o n c e n t r a t i o n  of n o r a d r e n a l i n e  for m u s c l e  c o n t r a c t i o n  

w as  d e t e r m i n e d  to be 1 0 ” ^M. N o r a d r e n a l i n e  i n d u c e d  

s i g n i f i c a n t l y  s m a l l e r  c o n t r a c t i o n s  of a o r t i c  r i n g s  f r o m  SHR, 

t h an  f r o m  W K Y  rats ( f i g u r e  62).

KC 1  i n d u c e d  c o n c e n t r a t i o n - d e p e n d e n t  c o n t r a c t i o n s  of a o r t i c  

r i n g s  f r o m  b o t h  SHR  and W K Y  r at s  ( f i g u r e  63). KC 1  i n d u c e d  

s i g n i f i c a n t l y  s m a l l e r  c o n t r a c t i o n s  of a o r t i c  r i n g s  f r om  SHR, 

t ha n f r o m  W K Y  r at s ( f i g u r e  63).
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F i g u r e  6 2 .
C o n c e n t r a t i o n - r e s p o n s e  g r a p h s  for n o r a d r e n a l i n e  in a o r t i c  
r i n g s  f r o m  S HR  (-— ) and W K Y  (---) ra ts . M u s c l e  t e n s i o n  w as 
r e c o r d e d .  N o r a d r e n a l i n e  i n d u c e d  s i g n i f i c a n t l y  s m a l l e r  
c o n t r a c t i o n s  in t i s s u e s  f r o m  SH R t ha n  in t i s s u e s  f ro m  W K Y  
r ats. (** p < 0 . 0 1 ,  *** p < 0 . 0 0 1 ) .  T h e  e n d o t h e l i u m  w a s  i n t a c t  
(n=6).
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F i g ur e  6 3 .
C o n c e n t r a t i o n - r e s p o n s e  g r a p h s  for K C 1  in a o r t i c  r i n g s  f r o m  
SHR (#) an d  W K Y  (O) rat s .  M u s c l e  t e n s i o n  w a s  r e c o r d e d .  KCl 
i n d u c e d  s i g n i f i c a n t l y  s m a l l e r  c o n t r a c t i o n s  in t i s s u e s  f r o m  
SHR t h a n  in t i s s u e s  f r o m  W K Y  rats. (*** p < 0 . 0 0 1 ) .  The 
e n d o t h e l i u m  w a s  i n t a c t .  ( n=6).
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P a r t  T h r e e : V a s c u l a r  r e l a x a t i o n s  of a o r t i c  r i n g s  f r o m  SHR 

and W K Y  rats

A c e t y l c h o l i n e  i n d u c e d  c o n c e n t r a t i o n - d e p e n d e n t  r e l a x a t i o n s  of

a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  ( 1 0 ~ ^ M )  f r o m

b o t h  SHR and W K Y  rats ( f i g u r e  64). A c e t y 1 c h o 1 i n e - i n d u c e d

r e l a x a t i o n s  of a o r t i c  r i n g s  w e r e  no t  s i g n i f i c a n t l y  d i f f e r e n t

b e t w e e n  t i s s u e s  f r o m  SHR and W K Y  rats.

S o d i u m  n i t r o p r u s s i d e  i n d u c e d  c o n c e n t r a t i o n - d e p e n d e n t

r e l a x a t i o n s  of a o r t i c  r i n g s ,  p r e c o n t r a c t e d  w i t h

n o r a d r e n a l i n e  ( 1 0 ~ ^ M ) ,  f r o m  b o t h  SHR and W K Y  r ats ( f i g u r e
—  ft65). At lo w  c o n c e n t r a t i o n s  (10 M), s o d i u m  n i t r o p r u s s i d e

i n d u c e d  s i g n i f i c a n t l y  w e a k e r  r e l a x a t i o n s  of a o r t i c  r i n g s  

f r o m  SHR, t h a n  of a o r t i c  r i n g s  f r o m  W K Y  rat s .  H o w e v e r ,  at 

h i g h e r  c o n c e n t r a t i o n s  ( 1 0 ~ ^ M ) ,  s o d i u m  n i t r o p r u s s i d e  i n d u c e d  

s i g n i f i c a n t l y  g r e a t e r  r e l a x a t i o n s  of a o r t i c  r i n g s  f r o m  SHR 

t h a n  of a o r t i c  r i n g s  f r o m  W K Y  rats.

S o d i u m  n i t r o p r u s s i d e  i n d u c e d  c o n c e n t r a t i o n - d e p e n d e n t  

r e l a x a t i o n s  of a o r t i c  r i n g s  f r o m  SHR b o t h  in the p r e s e n c e  

and a b s e n c e  of M & B  2 2 9 4 8  ( 1 0 ” ^M) ( f i g u r e  66). M & B  2 2 9 4 8  did 

n o t  s i g n i f i c a n t l y  a l t e r  r e l a x a t i o n s  i n d u c e d  by s o d i u m  

n i t r o p r u s s i d e .  E t h a n o l ,  the v e h i c l e  for M & B  2 2 9 4 8 ,  di d  not  

a f f e c t  r e l a x a t i o n s  i n d u c e d  b y  s o d i u m  n i t r o p r u s s i d e  (not 

s h o w n ) .  In a o r t i c  r i n g s ,  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e ,  

f r o m  b o t h  SHR and W K Y  r a ts, s o d i u m  n i t r o p r u s s i d e  (10 ^M; 

60s.) s i g n i f i c a n t l y  i n c r e a s e d  l e v e l s  of c y c l i c  G M P  a b o v e  

t h o s e  m e a s u r e d  in c o n t r o l  t i s s u e s  e x p o s e d  to n o r a d r e n a l i n e  

a l o n e  ( f i g u r e  67). H o w e v e r ,  the l e v e l  of c y c l i c  G M P  i n d u c e d  

by s o d i u m  n i t r o p r u s s i d e  (10 ^M) in a o r t i c  r i n g s  f r o m  SHR was 

s i g n i f i c a n t l y  g r e a t e r  t h a n  t h a t  i n d u c e d  in a o r t i c  r i n g s  f r o m  

W K Y  rats.
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F i g u r e  64.
C o n c e n t r a t i o n - r e s p o n s e  g r a p h s  for a c e t y l c h o l i n e  in a o r t i c  
r i n g s  f r o m  SH R  (#) and W K Y  r a t s  (O). Th e  d e g r e e  of m u s c l e  
r e l a x a t i o n  wa s  r e c o r d e d  and e x p r e s s e d  as a % of the 
c o n t r a c t i o n  e l i c i t e d  by n o r a d r e n a l i n e  ( E C ^ q : 1 0 ~ ^ M ) .
A c e t y 1 c h o 1 i n e - i n d u e e d  r e l a x a t i o n s  w e r e  n o t  s i g n i f i c a n t l y  
d i f f e r e n t  b e t w e e n  a o r t i c  r i n g s  f r o m  SHR and W K Y  rats. (n=6)
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Fi g u r e  6 5 .
C o n c e n t r a t i o n - r e s p o n s e  g r a p h s  for s o d i u m  n i t r o p r u s s i d e  in 
a o r t i c  r i n g s  f r o m  SHR (---) an d  W K Y  r ats (— ). T h e  d e g r e e  of 
m u s c l e  r e l a x a t i o n  w a s  r e c o r d e d  and e x p r e s s e d  as a % of the 
c o n t r a c t i o n  e l i c i t e d  by n o r a d r e n a l i n e  ( E C ^ q : 1 0 ” M). At low
c o n c e n t r a t i o n s ,  s o d i u m  n i t r o p r u s s i d e  i n d u c e d  s i g n i f i c a n t l y  
w e a k e r  r e l a x a t i o n s  in SHR t h a n  in W K Y  t i s s u e s  (** p < 0 . 0 1 ) .  
H o w e v e r ,  at h i g h e r  c o n c e n t r a t i o n s ,  s o d i u m  n i t r o p r u s s i d e  
i n d u c e d  s i g n i f i c a n t l y  g r e a t e r  r e l a x a t i o n s  in SHR t han in W K Y  
t i s s u e s .  (* p < 0 . 0 5 ) .  (n=6).
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F i g u r e  6 6 .
C o n c e n t r a t i o n - r e s p o n s e  g r a p h s  for s o d i u m  n i t r o p r u s s i d e  in 
a o r t i c  r i n g s  f r o m  SHR, in the a b s e n c e  (•) an d  p r e s e n c e  (O) 
of M & B  2 2 9 4 8  ( 1 0 ~ ^ M ) .  S o d i u m  n i t r o p r u s s i d e - i n d u c e d  
r e l a x a t i o n s  w e r e  u n a f f e c t e d  by M & B  2 2 9 4 8 .  ( n=6).



Effect of sodium nitroprusside on levels of cGMP
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FJ.gu r e  67 .
E f f e c t  of s o d i u m  n i t r o p r u s s i d e  on l e v e l s  of c y c l i c  G M P  in 
a o r t i c  r i n g s ,  f r o m  SHR and W K Y  rats, p r e c o n t r a c t e d  w i t h  
n o r a d r e n a l i n e  ( 1 0 ” ^M). S o d i u m  n i t r o p r u s s i d e  s i g n i f i c a n t l y  
i n c r e a s e d  l e v e l s  of c y c l i c  G M P  a b o v e  c o n t r o l  v a l u e s  in 
t i s s u e s  f r o m  b o t h  SHR and W K Y  r ats (** p < 0 . 0 1 ) .  H o w e v e r ,  
s o d i u m  n i t r o p r u s s i d e  i n d u c e d  a s i g n i f i c a n t l y  h i g h e r  l e v e l  of 
c y c l i c  G M P  in t i s s u e s  f r o m  SH R  t h a n  in t i s s u e s  f r o m  W K Y  r ats  
(* p < 0 .05). (n = 6).
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P a r t  F o u r  : E f f e c t s  of n o r a d r e n a l i n e  on the r a t e s  of Ptd Ins 

h y d r o l y s i s  in a o r t i c  r i n g s  f r o m  SHR and W K Y  rats 

N o r a d r e n a l i n e  (2 x 10 ^M) i n d u c e d  a s i g n i f i c a n t  i n c r e a s e  in 

the l e v e l  of Ptd OH a b o v e  the c o n t r o l  v a l u e  in a o r t i c  r i n g s  

f r o m  W K Y  r a t s  ( f i g u r e  68). T h e  l e v e l  of Ptd OH was 

s i g n i f i c a n t l y  h i g h e r  in c o n t r o l  t i s s u e s  e x p o s e d  to s a l i n e ,  

f r o m  SHR, t h a n  the l e v e l  of Ptd OH m e a s u r e d  in c o n t r o l  

t i s s u e s  f r o m  W K Y  rats. N o r a d r e n a l i n e  did n o t  s i g n i f i c a n t l y  

i n c r e a s e  the l e v e l  of Ptd OH a b o v e  the c o n t r o l  v a l u e  in SHR.



Effect of noradrenaline on PI hydrolysis
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F i g ur e  6 8 .
E f f e c t  of n o r a d r e n a l i n e  (NA) (2 x 1 0 ” ^M) on the r a t e  of Ptd 
Ins h y d r o l y s i s  in a o r t i c  r i n g s  f r o m  SHR and W K Y  rats. 
H y d r o l y s i s  of Ptd Ins w a s  m o n i t o r e d  by m e a s u r i n g  the l e v e l s  
of Ptd OH. C o n t r o l  t i s s u e s  w e r e  e x p o s e d  to s a l i n e  ( 5 m i n s .), 
and t e s t  t i s s u e s  to n o r a d r e n a l i n e  ( 5 m i n s . ) .  N o r a d r e n a l i n e  
i n d u c e d  a s i g n i f i c a n t  i n c r e a s e  in the l e v e l  of Ptd OH a b o v e  
the c o n t r o l  v a l u e  in t i s s u e s  f r o m  W K Y  r a t s  (** p < 0 . 0 1 ) .  The  
l e v e l  of Pt d  OH in SHR c o n t r o l  t i s s u e s  wa s  s i g n i f i c a n t l y  
h i g h e r  t h a n  t hat in W K Y  c o n t r o l  t i s s u e s  (** p < 0 . 0 1 ) .  
N o r a d r e n a l i n e  d i d  n o t  i n c r e a s e  the l e v e l  of Ptd OH a b o v e  the 
c o n t r o l  v a l u e  in SHR t i s s u e s .  (n=4).



D I S C U S S I O N



T h e  d e g r e e  of v a s c u l a r  s m o o t h  m u s c l e  tone e x e r t e d  by a b l o o d  

v e s s e l ,  is the r e s u l t a n t  of b o t h  s m o o t h  m u s c l e  c o n t r a c t i o n  

and r e l a x a t i o n .  Th e  d e t a i l e d  m e c h a n i s m s  of v a s c u l a r  

r e l a x a t i o n  h o w e v e r ,  are p o o r l y  u n d e r s t o o d ,  and p r e s e n t  

o p p o r t u n i t i e s  for f u r t h e r  i n v e s t i g a t i o n .

In t his s t u d y ,  rat i s o l a t e d  a o r t i c  r i n g s  w e r e  u s e d  to 

e x a m i n e  s m o o t h  m u s c l e  r e l a x a t i o n ,  s i n c e  this t i s s u e  p r o v i d e d  

a c o n v e n i e n t  s y s t e m  for b o t h  m e c h a n i c a l  r e c o r d i n g  and 

b i o c h e m i c a l  m e a s u r e m e n t s .  T h r o u g h o u t  this s t u d y ,  b o t h  s m o o t h  

m u s c l e  c o n t r a c t i o n  and r e l a x a t i o n  w e r e  r e c o r d e d ,  and r e l a t e d  

to the i n t r a c e l l u l a r  b i o c h e m i c a l  c h a n g e s  t hat a c c o m p a n i e d  

the d e v e l o p m e n t  or i n h i b i t i o n  of m u s c l e  tone. In m o s t  

e x p e r i m e n t s ,  the b i o c h e m i c a l  c o r r e l a t e s  of m u s c l e  t e n s i o n  

w e r e  m e a s u r e d  in t i s s u e s  in w h i c h  the m e c h a n i c a l  r e s p o n s e s  

h a d  b e e n  r e c o r d e d .  T h i s  a p p r o a c h  a l l o w e d  a c l o s e r  a n a l y s i s  

of the r e l a t i o n s h i p  b e t w e e n  m u s c l e  t e n s i o n  and the c a u s a t i v e  

i n t r a c e l l u l a r  e v e n t s .

T h i s  s t u d y  was d i v i d e d  i n t o  t h r e e  g e n e r a l  s e c t i o n s ,  a l t h o u g h  

i n t e r p r e t a t i o n  of d a t a  and s u b s e q u e n t  d e v e l o p m e n t  of i d e a s  

w e r e  n o t  c o n f i n e d  to a n y  o n e  p a r t i c u l a r  s e r i e s  of 

e x p e r i m e n t s .  T h e  a r e a s  of r e s e a r c h  w e r e :

(i) v a s c u l a r  r e l a x a t i o n  i n d u c e d  by the b o v i n e  i n h i b i t o r y  

f a c t o r ;

(ii) the e f f e c t s  of the c o n t r a c t i l e  a g e n t s  u s e d  to r a i s e  

m u s c l e  t o n e  on the d e g r e e  and n a t u r e  of v a s c u l a r  r e l a x a t i o n ;  

and

(iii) v a s c u l a r  r e l a x a t i o n  of i s o l a t e d  a o r t i c  r i n g s  from 

s p o n t a n e o u s l y  h y p e r t e n s i v e  rats.
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S e c t i o n  One

It is n o w  w e l l  e s t a b l i s h e d  t hat v a s c u l a r  s m o o t h  m u s c l e  

r e l a x a t i o n  i n d u c e d  by n i t r o v a s o d i 1 a t o r s  and e n d o t h e l i u m -  

d e p e n d e n t  r e l a x a n t s , is m e d i a t e d  by c y c l i c  G M P  ( r e v i e w e d  by 

R a p o p o r t  and M u r a d ,  1 9 8 3 b ) .  F u r t h e r m o r e ,  an i n h i b i t o r y  

f a c t o r  e x t r a c t e d  f r o m  the b o v i n e  r e t r a c t o r  p e n i s  m u s c l e  has 

b e e n  s h o w n  to r e l a x  v a r i o u s  a r t e r i a l  s m o o t h  m u s c l e  

p r e p a r a t i o n s  in n u m e r o u s  s p e c i e s ,  i n c l u d i n g  the rat ( B o w m a n  

e t a 1 . , 1 9 8 1 ) .  T h i s  r e l a x a n t  e f f e c t  m a y  a l s o  be m e d i a t e d  by

c y c l i c  G M P  ( B o w m a n  and D r u m m o n d ,  1 984). Th e  r e s u l t s  

p r e s e n t e d  in this c u r r e n t  s t u d y ,  to a l a r g e  e x t e n t  c o n f i r m  

t h e s e  p r e v i o u s  f i n d i n g s ,  a l t h o u g h  i m p o r t a n t  and f u n d a m e n t a l  

d i f f e r e n c e s  are r e p o r t e d .

A c e t y l c h o l i n e  and s o d i u m  n i t r o p r u s s i d e  w e r e  c o n f i r m e d  to 

i n d u c e  e n d o t h e l i u m - d e p e n d e n t  and e n d o t h e l i u m - i n d e p e n d e n t  

r e l a x a t i o n s  r e s p e c t i v e l y ,  of rat i s o l a t e d  a o r t i c  r i n g s  

p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  ( f i g u r e  11). T h e s e  r e l a x a n t  

e f f e c t s  w e r e  a s s o c i a t e d  w i t h  i n c r e a s e d  l e v e l s  of c y c l i c  G M P  

in a c o n c e n t r a t i o n -  and t i m e - d e p e n d e n t  m a n n e r ,  and are in 

a g r e e m e n t  w i t h  the c o m m o n  h y p o t h e s i s  for v a s c u l a r  s m o o t h  

m u s c l e  r e l a x a t i o n  ( f i g u r e s  12, 13, 15 an d  16). H o w e v e r ,  the

b o v i n e  i n h i b i t o r y  f a c t o r ,  a s m o o t h  m u s c l e  r e l a x a n t ,  i n d u c e d  

m u c h  w e a k e r  r e l a x a t i o n s  of b o t h  rat a o r t i c  r i n g s  and s t r i p s  

p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e ,  bu t  i n d u c e d  c o m p l e t e  

i n h i b i t i o n  of m u s c l e  t o n e  r a i s e d  w i t h  n o r a d r e n a l i n e  in 

r a b b i t  a o r t i c  s t r i p s  ( f i g u r e s  12, 13, 23a an d  2 3 b). The w e a k  

r e l a x a n t  e f f e c t s  of the i n h i b i t o r y  f a c t o r  in rat a o r t a  

c o n t r a s t  w i t h  o t h e r  s t u d i e s  in w h i c h  the i n h i b i t o r y  f a c t o r  

i n d u c e d  p o t e n t ,  c o n c e n t r a t i o n - d e p e n d e n t  r e l a x a t i o n s  of rat 

a o r t i c  s t r i p s  ( B o w m a n  e t a 1 . , 1981).
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F u r t h e r m o r e ,  r e l a x a t i o n s  of rat a o r t i c  r i n g s  i n d u c e d  by the 

i n h i b i t o r y  f a c t o r  w e r e  no t  a s s o c i a t e d  w i t h  i n c r e a s e d  l e v e l s  

of c y c l i c  G M P  ( f i g u r e  17). T h i s  r e s u l t  w a s  u n e x p e c t e d  s i n c e  

i n h i b i t o r y  f a c t o r - i n d u c e d  r e l a x a t i o n s  of the b o v i n e  

r e t r a c t o r  p e n i s  m u s c l e  w e r e  a s s o c i a t e d  w i t h  i n c r e a s e d  l e v e l s  

of c y c l i c  G M P  ( B o w m a n  and D r u m m o n d ,  1 9 84).

S e v e r a l  e x p l a n a t i o n s  m a y  a c c o u n t  for the w e a k  r e l a x a t i o n s  of 

rat a o r t i c  r i n g s  i n d u c e d  by  the i n h i b i t o r y  f a c t o r  in this 

s t u d y ,  an d  the a p p a r e n t  i n a b i l i t y  to i n c r e a s e  l e v e l s  of 

c y c l i c  G M P  a s s o c i a t e d  w i t h  s m o o t h  m u s c l e  r e l a x a t i o n .

F i r s t l y ,  the e f f i c a c y  of the i n h i b i t o r y  f a c t o r  m a y  be 

s p e c i e s  d e p e n d e n t .  In this s t u d y ,  i d e n t i c a l  s a m p l e s  f r o m  an 

a l i q u o t  of the s a m e  e x t r a c t  p r o d u c e d  w e a k  r e l a x a t i o n s  of rat 

a o r t i c  r i n g s  and s t r i p s ,  b u t  i n d u c e d  c o m p l e t e  i n h i b i t i o n  of 

m u s c l e  t o n e  r a i s e d  w i t h  n o r a d r e n a l i n e  in r a b b i t  a o r t i c  

s t r i p s  ( f i g u r e s  23a and 2 3 b). S i n c e  the c o n d i t i o n s  in e a c h  

e x p e r i m e n t  w e r e  a p p a r e n t l y  i d e n t i c a l ,  this h e t e r o g e n e i t y  of 

v a s c u l a r  r e s p o n s i v e n e s s  to the i n h i b i t o r y  f a c t o r  m a y  be 

s p e c i e s - r e l a t e d .  Th e  d i f f e r e n t i a l  r e a c t i v i t y  to the 

i n h i b i t o r y  f a c t o r  in the rat and the r a b b i t  m a y  be e x p l a i n e d  

by d i f f e r e n c e s  in the a c t i v i t i e s  of the e n z y m e s  g u a n y l a t e  

c y c l a s e  and c y c l i c  G M P  p h o s p h o d i e s t e r a s e s  in the two 

s p e c i e s .  T h e r e  is s o m e  e v i d e n c e  to s u g g e s t  t h a t  the 

a c t i v i t i e s  of t h e s e  e n z y m e s  d i f f e r  in the rat and the 

r a b b i t :  in rat a o r t a ,  a c e t y l c h o l i n e  i n d u c e d  l e v e l s  of c y c l i c

G M P  t hat w e r e  n o t  m a i n t a i n e d  w i t h  p r o l o n g e d  r e l a x a t i o n  

( f i g u r e  15; R a p o p o r t  e_t £j_. , 19 8 3 ) ,  w h e r e a s  in r a b b i t  a o r t a ,

a c e t y l c h o l i n e  i n c r e a s e d  c y c l i c  GMP l e v e l s  t hat r e m a i n e d  

e l e v a t e d  w i t h  c o n t i n u e d  r e l a x a t i o n  ( F u r c h g o t t  e t a 1 . , 1984 ).

T h i s  s u g g e s t s  t hat p o s s i b l y  the a c t i v i t i e s  of c y c l i c  GMP
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p h o s p h o d i e s t e r a s e s  are h i g h e r  in rat t h a n  in r a b b i t  ao r t a , 

and this m a y  p r e v e n t  i n c r e a s e d  l e v e l s  of c y c l i c  GM P  and 

m u s c l e  r e l a x a t i o n  i n d u c e d  by the i n h i b i t o r y  f a c t o r .  H o w e v e r ,  

the r e l a x a n t  e f f e c t s  of a c e t y l c h o l i n e  and s o d i u m  

n i t r o p r u s s i d e  w o u l d  a l s o  be i n f l u e n c e d  by the a c t i o n s  of 

c y c l i c  G M P  p h o s p h o d i e s t e r a s e s .  It w o u l d  t h e r e f o r e  be 

i n t e r e s t i n g  to r e p e a t  the p r e s e n t  s e r i e s  of e x p e r i m e n t s  

u s i n g  r a b b i t  a o r t i c  r i n g s  to d e t e r m i n e  if the p o t e n t  

r e l a x a t i o n s  i n d u c e d  by the i n h i b i t o r y  f a c t o r  are a s s o c i a t e d  

w i t h  i n c r e a s e d  l e v e l s  of c y c l i c  G M P  and e x h i b i t  a t e m p o r a l  

r e l a t  i o n s h i p .

A l t h o u g h  i n h i b i t o r y  f a c t o r - i n d u c e d  r e l a x a t i o n  of b o v i n e  

r e t r a c t o r  p e n i s  m u s c l e  w a s  a s s o c i a t e d  w i t h  i n c r e a s e d  l e v e l s  

of c y c l i c  G M P  ( B o w m a n  and D r u m m o n d ,  1 9 84), it m a y  be 

u n r e a s o n a b l e  to e x p e c t  t h a t  the i n h i b i t o r y  f a c t o r  w o u l d  a l s o  

i n c r e a s e  l e v e l s  of c y c l i c  G M P  a s s o c i a t e d  w i t h  r e l a x a t i o n  of 

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

m a y  be the e n d o g e n o u s  i n h i b i t o r y  t r a n s m i t t e r  of the N A N C  

i n n e r v a t i o n  of the b o v i n e  r e t r a c t o r  p e n i s  m u s c l e  ( A m b a c h e  e t 

a 1 . , 1 975 ) and t h e r e f o r e  m a y  be e x p e c t e d  to be m o r e  s t a b l e

in t his t i s s u e  t h a n  in rat a o r t a ,  s i n c e  the f u n c t i o n  of a 

n e u r o t r a n s m i t t e r  is d e p e n d e n t  on at l e a s t  t r a n s i e n t  

s t a b i l i t y .  F u r t h e r m o r e ,  t h e r e  is s t r o n g  e v i d e n c e ,  f r o m  o t h e r  

w o r k ,  to s u g g e s t  t hat the i n h i b i t o r y  f a c t o r  is n i t r i t e  f r o m  

w h i c h  n i t r i c  o x i d e  is r e l e a s e d  on a c i d  a c t i v a t i o n  ( M a r t i n  e t 

a 1 . , 1988 ) and the low e f f i c a c y  of the i n h i b i t o r y  f a c t o r  in

rat a o r t a  m a y  be du e  to the a b i l i t y  of this t i s s u e  to 

g e n e r a t e  f r e e  r a d i c a l s  s u c h  as s u p e r o x i d e  (C> 2 ) t hat can

o x i d i s e  a n d  i n a c t i v a t e  the i n h i b i t o r y  f a c t o r .  It w o u l d  

t h e r e f o r e  be i n t e r e s t i n g  to c o m p a r e  the r e l a x a n t  e f f e c t s  of
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the i n h i b i t o r y  f a c t o r  in rat and r a b b i t  a o r t i c  r i n g s  b o t h  in 

the a b s e n c e  and p r e s e n c e  of s u p e r o x i d e  d i s m u t a s e ,  a 

s c a v e n g e r  of s u p e r o x i d e  t h a t  c a t a l y s e s  the r a p i d  d i s m u t a t i o n  

of s u p e r o x i d e  to o x y g e n  and h y d r o g e n  p e r o x i d e .

T h e  t e c h n i q u e  u s e d  to m e a s u r e  t i s s u e  l e v e l s  of c y c l i c  GMP 

m a y  h a v e  d e t e r m i n e d  the r e s u l t s  o b t a i n e d .  In this s t u d y ,  the 

l e v e l s  of c y c l i c  GM P  in a o r t i c  r i n g s  w e r e  m e a s u r e d  by 

r a d i o i m m u n e  a s s a y  u s i n g  a c o m m e r c i a l l y  a v a i l a b l e  kit. In 

m o s t  e x p e r i m e n t s ,  c y c l i c  GM P  l e v e l s  w e r e  m e a s u r e d  in t i s s u e s  

in w h i c h  the m e c h a n i c a l  r e s p o n s e s  had b e e n  r e c o r d e d ,  and 

a l t h o u g h  t his t e c h n i q u e  m a y  p e r m i t  c l e a r e r  i n t e r p r e t a t i o n s  

of the r e l a t i o n s h i p  b e t w e e n  m u s c l e  t e n s i o n  and l e v e l s  of 

c y c l i c  GMP, s i n c e  b o t h  p a r a m e t e r s  w e r e  m e a s u r e d  in the same 

t i s s u e s ,  p r a c t i c a l  c o n s i d e r a t i o n s  m a y  l i m i t  the e x t e n t  to 

w h i c h  the a n a l y s i s  c a n  be d e v e l o p e d .  Fo r  e x a m p l e ,  p r i o r  to 

the p r o c e s s  of c y c l i c  G M P  e x t r a c t i o n ,  a o r t i c  r i n g s  in w h i c h  

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

f o r c e  t r a n s d u c e r s  and r e m o v e d  f r o m  o r g a n  b a t h s  b e f o r e  

f r e e z i n g  in l i q u i d  n i t r o g e n .  T h e  t r a n s f e r  of t i s s u e s  was 

c a r r i e d  ou t  in less t h a n  2s., b u t  this t ime p e r i o d  m a y  h a v e  

b e e n  s u f f i c i e n t  for c y c l i c  GM P  p h o s p h o d i e s t e r a s e s  to 

h y d r o l y s e  c y c l i c  G M P  to 5 ' - G M P ,  b e f o r e  b e i n g  i n a c t i v a t e d  by 

f r e e z i n g .  H o w e v e r ,  t his w a s  a s t a n d a r d  p r o c e d u r e  u s e d  

t h r o u g h o u t  the s t u d y  and a p p l i e d  to o t h e r  v a s o r e l a x a n t s  t hat 

i n d u c e d  d e t e c t a b l y  h i g h  l e v e l s  of c y c l i c  GMP. A c o m p a r i s o n  

b e t w e e n  d i f f e r e n t  r e l a x a n t s  t h e r e f o r e ,  is v a l i d .  Th e  

i n f o r m a t i o n  d e r i v e d  f r o m  t h e s e  e x p e r i m e n t s  h o w e v e r ,  w o u l d  

h a v e  b e e n  m o r e  r e p r e s e n t a t i v e  of the a c t u a l  c h a n g e s  in 

t i s s u e  c y c l i c  G M P  l e v e l s  if i n s t a n t a n e o u s  f r e e z i n g  of a o r t i c  

r i n g s  at the d e s i r e d  time, ha d  o c c u r r e d .  P e r h a p s  the
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a d o p t i o n  of " d r o p - d o w n "  o r g a n  b a t h s  t hat a l l o w  r a p i d

f r e e z i n g  of a o r t i c  r i n g s  w h i l e  t hey are s t i l l  a t t a c h e d  to

f o r c e  t r a n s d u c e r s  and e x e r t i n g  a p a r t i c u l a r  d e g r e e  of m u s c l e  

t e n s i o n  (eg. I g n a r r o  e_t a_l. , 1 984), w o u l d  h a v e  b e e n  an 

i m p r o v e m e n t  on the t e c h n i q u e  use d .

In this s t u d y ,  e x t r a c t i o n  of c y c l i c  G M P  was d e m o n s t r a t e d  to

be m o r e  e f f i c i e n t  f o l l o w i n g  t i s s u e  h o m o g e n i s a t i o n  ( f i g u r e  

5). H o m o g e n i s a t i o n  of a o r t i c  r i n g s  was t h o u g h t  to i n c r e a s e  

the s u r f a c e  a r e a  a c r o s s  w h i c h  the a c i d  e x t r a c t a n t  c o u l d  

p e r m e a t e  and thus i n c r e a s e  the y i e l d  of d e t e c t a b l e  c y c l i c  

GMP. H o w e v e r ,  this r e s u l t  c o n t r a s t s  w i t h  the f i n d i n g s  of 

B o w m a n  and D r u m m o n d ,  1984, w h o  r e p o r t e d  t hat t i s s u e  

h o m o g e n i s a t i o n  d u r i n g  a c i d  e x t r a c t i o n  did n o t  s i g n i f i c a n t l y  

i n c r e a s e  the y i e l d  of c y c l i c  GMP. T h e r e f o r e ,  e x t r a c t i o n  of 

c y c l i c  GMP, in this p r e s e n t  s t u d y ,  u n d e r  a p p a r e n t l y  o p t i m a l  

c o n d i t i o n s ,  d i d  n o t  r e s u l t  in i n c r e a s e d  l e v e l s  of c y c l i c  G M P  

in r e s p o n s e  to the i n h i b i t o r y  f a c t o r  d u r i n g  v a s c u l a r  

r e l a x a t  ion .

It m u s t  be a p p r e c i a t e d  t h a t  the t o t a l  t i s s u e  c y c l i c  GMP 

c o n t e n t  e x i s t s  in d i s t i n c t  i n t r a c e l l u l a r  c o m p a r t m e n t s  

( W a l d m a n  and M u r a d ,  1 9 8 7 ) .  F u r t h e r m o r e ,  t i s s u e  

h o m o g e n i s a t i o n  and a c i d  e x t r a c t i o n  m a y  y i e l d  c o n c e n t r a t i o n s  

of c y c l i c  G M P  that o r i g i n a t e  f r o m  d i f f e r e n t  p o o l s .

T h e r e f o r e ,  a l t h o u g h  the e x t r a c t i o n  m e t h o d  u s e d  m a y  m a x i m i s e  

the y i e l d  of c y c l i c  G M P  o b t a i n e d ,  it d o e s  n o t  d i s t i n g u i s h  

b e t w e e n  d i f f e r e n t  p o o l s  of c y c l i c  G M P  and t his m a y  o b s c u r e  

the a c t u a l  c h a n g e s  in c y c l i c  G M P  f o r m a t i o n  if the c h a n g e s  

o c c u r  in o n l y  o n e  of the c o m p a r t m e n t s .

T h r o u g h o u t  t his s t u d y ,  t i s s u e  l e v e l s  of c y c l i c  GM P  w e r e  

m e a s u r e d  by a r a d i o i m m u n e  a s s a y  b a s e d  on the c o m p e t i t i v e
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b i n d i n g  b e t w e e n  u n l a b e l l e d  c y c l i c  GM P  and [3 H ] - 1 a b e 1 led 

c y c l i c  G M P  to an a n t i s e r u m  w i t h  h i g h  a f f i n i t y  and 

s p e c i f i c i t y  for c y c l i c  GMP. Th e  l e v e l s  of c y c l i c  GMP 

m e a s u r e d  in all e x p e r i m e n t s  w e r e  w i t h i n  the d e t e c t i o n  l i m i t s  

s p e c i f i e d  for the a s s a y  kit. F u r t h e r m o r e ,  the s t a n d a r d  

r a d i o i m m u n e  a s s a y  p r o c e d u r e  w a s  m o d i f i e d  in that a c e t y l a t i o n  

of c o l d  c y c l i c  GMP i n c r e a s e d  the s e n s i t i v i t y  of the a s s a y  

( f i g u r e  7). By u s i n g  [3H], a ̂  e m i t t e r ,  as the i s o t o p e  la b e l ,  

the r a d i o i m m u n e  a s s a y  p r o v i d e d  a c o n v e n i e n t ,  h i g h l y  

r e p r o d u c i b l e  a n d  s afe m e a n s  of m e a s u r i n g  c y c l i c  GMP. [* 3 3 l]- 

l a b e l l e d  c y c l i c  G M P  is c o m m o n l y  u s e d  in the m e a s u r e m e n t  of
1 o r

c y c l i c  G M P  l e v e l s ,  bu t  a l t h o u g h  [ I ]  is a m o r e  e n e r g e t i c  

e m i t t e r  of r a d i o a c t i v i t y ,  g i v i n g  r i s e  to a m o r e  s e n s i t i v e  

a s s a y ,  the a b s o l u t e  r e s o l u t i o n  of t i s s u e  l e v e l s  of c y c l i c
1 9 c

G M P  w o u l d  n o t  be e n h a n c e d .  F u r t h e r m o r e ,  the u s e  of [ I]-

l a b e l l e d  c y c l i c  G M P  in the m e a s u r e m e n t  of t i s s u e  l e v e l s  of 

c y c l i c  G M P  h a s  b e e n  r e p o r t e d  to g i v e  v a r i a b l e  

r e p r o d u c i b i l i t y  (Shaw, p e r s o n a l  c o m m u n i c a t i o n ) .

D e s p i t e  the i n a b i l i t y  of the i n h i b i t o r y  f a c t o r  to i n c r e a s e  

l e v e l s  of c y c l i c  G M P  a s s o c i a t e d  w i t h  v a s c u l a r  r e l a x a t i o n  of 

rat a o r t i c  r i n g s ,  a r o l e  for c y c l i c  G M P  c a n n o t  be c o m p l e t e l y  

e x c l u d e d  f r o m  the i n t e r p r e t a t i o n  of the r e s u l t s .  T h i s  s t u d y  

p r e s e n t s  r e s u l t s  t h a t  s u g g e s t  t hat the a b s o l u t e  l e v e l s  of 

c y c l i c  G M P  m e a s u r e d  d u r i n g  v a s c u l a r  r e l a x a t i o n  of rat a o r t i c  

r i n g s  m a y  be of less i m p o r t a n c e  t h a n  s o m e  o t h e r  m e c h a n i s t i c  

i n d i c a t o r  s u c h  as the r a t e  of t u r n o v e r  of c y c l i c  GMP. A l s o , 

o t h e r  w o r k  h a s  s h o w n  t hat t h e r e  m a y  be a c l o s e  l i n k  b e t w e e n  

m e m b r a n e  h y p e r p o 1 a r i s a t i o n  and the f o r m a t i o n  of c y c l i c  G M P 

d u r i n g  v a s c u l a r  r e l a x a t i o n  ( R a p o p o r t  e t a 1 ., 1985 ), and this

a l s o  r e q u i r e s  c o n s i d e r a t i o n .
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16). H o w e v e r ,  o n l y  the i n i t i a l  d e v e l o p m e n t ,  but not 

m a i n t e n a n c e  of s m o o t h  m u s c l e  r e l a x a t i o n  i n d u c e d  by 

a c e t y l c h o l i n e ,  c l o s e l y  p a r a l l e l e d  i n c r e a s e d  l e v e l s  of c y c l i c  

G M P  ( f i g u r e  15). T h i s  c o n f i r m s  o t h e r  r e p o r t s  ( R a p o p o r t  et 

a l ., 1 9 8 3 ) ,  an d  s u g g e s t s  t h a t  i n c r e a s e d  l e v e l s  of c y c l i c  GMP

m a y  m e d i a t e  the e a r l y  d e v e l o p m e n t  of m u s c l e  r e l a x a t i o n .  

H o w e v e r ,  the r a p i d  d e c r e a s e  in c y c l i c  G M P  l e v e l s  w h i l e  

a c e t y 1 c h o 1 i n e - i n d u e e d  r e l a x a t i o n  wa s  w e l l  m a i n t a i n e d  ( f i g u r e  

15), s u g g e s t s  t hat i n t r a c e l l u l a r  m e c h a n i s m s ,  f o l l o w i n g  the 

f o r m a t i o n  of c y c l i c  GM P  are r e s p o n s i b l e  for m a i n t a i n i n g  

r e l a x a t i o n .  O t h e r  p o s s i b l e  e x p l a n a t i o n s  for the d r a m a t i c  

d e c r e a s e  in c y c l i c  GM P  l e v e l s  a f t e r  30s. e x p o s u r e  to 

a c e t y l c h o l i n e  are: (i) c y c l i c  GM P  was b e i n g  e x t r u d e d  f r o m  

the s m o o t h  m u s c l e  c e l l s ;  an d  (ii) c y c l i c  G M P  w a s  h y d r o l y s e d  

by h i g h l y  a c t i v e  p h o s p h o d i e s t e r a s e s .  T h e  f i r s t  of t h e s e  two 

e x p l a n a t i o n s  s e e m s  u n l i k e l y  s i n c e  c y c l i c  G M P  w o u l d  p r o b a b l y  

t ake s e v e r a l  m i n u t e s  to t r a v e r s e  the p l a s m a  m e m b r a n e  (eg. 

R a s h a t w a r  et al., 1987) and f a l l s  in the l e v e l s  of c y c l i c  

GM P  a r e  m e a s u r e d  a f t e r  o n l y  30s. ( f i g u r e  15). T h e  s e c o n d  

p o s s i b i l i t y  is a m o r e  f e a s i b l e  e x p l a n a t i o n  of the r e s u l t s  

an d  r e q u i r e s  f u r t h e r  i n v e s t i g a t i o n .  It is t e m p t i n g  to 

s p e c u l a t e  on the e f f e c t  of c y c l i c  GM P  p h o s p h o d i e s t e r a s e  

i n h i b i t i o n  on a c e t y l c h o l i n e - i n d u c e d  r e l a x a t i o n s  an d  c y c l i c  

G M P  l e v e l s  in rat a o r t i c  r i n g s :  i n h i b i t i o n  of c y c l i c  G M P

p h o s p h o d i e s t e r a s e s  m a y  r e d u c e  the E C ^ q c o n c e n t r a t i o n  of 

a c e t y l c h o l i n e  for m u s c l e  r e l a x a t i o n  and i n c r e a s e  the l e v e l s  

of c y c l i c  GMP, w h i c h  m a y  r e m a i n  e l e v a t e d  for a l o n g e r  

p e r i o d .  T h e  w o r k  of S o u n e s s  e t a 1 ., ( 1987 ) a p p e a r s  to

s u p p o r t  t h i s  h y p o t h e s i s .

In c o n t r a s t  w i t h  the e f f e c t s  of a c e t y l c h o l i n e ,  the l e v e l s  of
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c y c l i c  G M P  i n d u c e d  by s o d i u m  n i t r o p r u s s i d e  ( 1 0 “ 6M), c l o s e l y  

p a r a l l e l e d  b o t h  the d e v e l o p m e n t ,  and for s o m e  time, the 

m a i n t e n a n c e  of v a s c u l a r  r e l a x a t i o n  ( f i g u r e  16). S o d i u m  

n i t r o p r u s s i d e  is a p o t e n t  s t i m u l a t o r  of g u a n y l a t e  c y c l a s e  

a c t i v i t y  a n d  the l a r g e  i n c r e a s e s  in l e v e l s  of c y c l i c  G M P  and 

t h e i r  p r o l o n g e d  e l e v a t i o n  m a y  be a c c o u n t e d  for by  s a t u r a t i o n  

of c y c l i c  G M P  p h o s p h o d i e s t e r a s e s  w h i c h  w e r e  u n a b l e  to 

h y d r o l y s e  the h i g h  c o n c e n t r a t i o n  of c y c l i c  GMP.

The d i f f e r e n c e  in the l e v e l s  of c y c l i c  G M P  i n d u c e d  by s o d i u m  

n i t r o p r u s s i d e  and a c e t y l c h o l i n e  m a y  a l s o  be a c c o u n t e d  for by 

d i f f e r e n c e s  in the m e c h a n i s m s  l e a d i n g  to s t i m u l a t i o n  of 

g u a n y l a t e  c y c l a s e  a c t i v i t y .  T h e  r e l a x a n t  e f f e c t s  of 

a c e t y l c h o l i n e  ar e  b e l i e v e d  to be r e c e p t o r - m e d i a t e d  

( F u r c h g o t t  and Z a w a d z k i ,  1 9 8 0 a )  and i n v o l v e  the s y n t h e s i s  

a n d / o r  r e l e a s e  of the E D R F .  It m a y  be p r o p o s e d  t hat this is 

an o r d e r e d  p r o c e s s  t hat is r e g u l a t e d  at v a r i o u s  s i t e s  by 

o t h e r  i n t r a c e l l u l a r  m e c h a n i s m s .  S o d i u m  n i t r o p r u s s i d e - i n d u e e d  

r e l a x a t i o n s  h o w e v e r ,  i n v o l v e  the d i f f u s i o n  of the r e l a x a n t  

a c r o s s  the p l a s m a  m e m b r a n e ,  a f t e r  w h i c h  n i t r i c  o x i d e  is 

t h o u g h t  to be s p o n t a n e o u s l y  g e n e r a t e d  v i a  an S - n i t r o s o t h i o 1 

i n t e r m e d i a t e  ( I g n a r r o  and K a d o w i t z ,  19 8 5 ) .  T h i s  p r o c e s s  

w o u l d  a p p e a r  to be a m o r e  r a p i d  but c r u d e  m e a n s  of 

s t i m u l a t i n g  g u a n y l a t e  c y c l a s e  a c t i v i t y  a n d  m a y  p a r t i a l l y  

e x p l a i n  the d i f f e r e n t  p o t e n c i e s  of a c e t y l c h o l i n e  and s o d i u m  

n i t r o p r u s s i d e  in i n c r e a s i n g  l e v e l s  of c y c l i c  GMP.

S e c t i o n  Tw o

R e l a x a t i o n  of i s o l a t e d  a r t e r i a l  s m o o t h  m u s c l e  p r e p a r a t i o n s  

is u s u a l l y  s t u d i e d  in t i s s u e s  w h i c h  h a v e  b e e n  p r e c o n t r a c t e d  

w i t h  s o m e  c o n t r a c t i l e  a g e n t  or p r o c e d u r e .  F u r t h e r m o r e ,
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v a s c u l a r  t o n e  is a r e s u l t a n t  of the two o p p o s i n g  m e c h a n i c a l  

p r o c e s s e s  of m u s c l e  c o n t r a c t i o n  and r e l a x a t i o n .  T h e r e f o r e ,  

the e f f e c t s  of the c o n t r a c t i l e  a g e n t s  u s e d  to r a i s e  m u s c l e  

t one on the d e g r e e  and n a t u r e  of v a s c u l a r  r e l a x a t i o n  of rat 

a o r t i c  r i n g s  w e r e  s t u d i e d .  U s i n g  this a p p r o a c h ,  it w a s  h o p e d  

to f u r t h e r  e l u c i d a t e  the m e c h a n i s m s  of s m o o t h  m u s c l e  

r e l a x a t  i o n .

In this s t u d y ,  t h r e e  c o n t r a c t i l e  a g e n t s  w e r e  c o m p a r e d :  

n o r a d r e n a l i n e ,  KC 1  and the t u m o u r - p r o m o t i n g  p h o r b o l  e s t e r  

P M A .

N o r a d r e n a 1 i n e - i n d u c e d  c o n t r a c t i o n s  of rat a o r t i c  r i n g s  w e r e

a s s o c i a t e d  w i t h  e n h a n c e d  h y d r o y l s i s  of Ptd Ins ( f i g u r e s  34-

38). T h i s  e f f e c t  w a s  c o n s i s t e n t  w i t h  the l i t e r a t u r e  and is

b e l i e v e d  to be m e d i a t e d  by a l p h a ^ - a d r e n o c e p t o r s  ( V i l l a l o b o s -

M o l i n a  e t a 1 ., 1982 ). H o w e v e r ,  the a c t i o n s  of n o r a d r e n a l i n e

on p o s t - j u n c t i o n a l  a l p h a 2 - a d r e n o c e p t o r s  and b e t a -

a d r e n o c e p t o r s  m u s t  a l s o  be c o n s i d e r e d .  S t i m u l a t i o n  of

a 1 p h a £ r e n o c e p t o r s , l o c a t e d  on v a s c u l a r  s m o o t h  m u s c l e ,  by
2 +n o r a d r e n a l i n e ,  e l i c i t s  a Ca i n f l u x  t h r o u g h  r e c e p t o r -  

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

p o t e n t i a l  ( H o n d e g h e m  and K a t z u n g ,  1986), b u t  is not 

a s s o c i a t e d  w i t h  a c c e l e r a t e d  Ptd Ins h y d r o l y s i s  (Rue g g ,

1 9 8 8 ) .  In rat a o r t a ,  it h a s  b e e n  p r o p o s e d  t h a t  the p o s t ­

j u n c t i o n a l  a 1 p h a - a d r e n o c e p t o r s  m e d i a t i n g  v a s o c o n s t r i c t i o n  

m a y  p o s s e s s  c h a r a c t e r i s t i c s  of b o t h  a l p h a ^ -  an d  a l p h a 2 _ 

a d r e n o c e p t o r s  ( R u f f o l o  et a 1 ., 1981; 19 8 2 ) .  H o w e v e r ,  m o r e

r e c e n t  w o r k  in t his f i e l d  s u g g e s t s  t hat p o s t - j u n c t i o n a l  

a 1p h a - a d r e n o c e p t o r s  in rat a o r t a  s h o u l d  be c l a s s i f i e d  as a 

h o m o g e n e o u s  p o p u l a t i o n  of a l p h a ^ - a d r e n o c e p t o r s  ( B e c k e r i n g h  

e t al., 1984; C h i u  e_t a_l. , 1 9 8 6 ) .  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 s  of rat a o r t i c  r i n g s  m a y  t h e r e f o r e  be r e g a r d e d  

to be m e d i a t e d  by a l p h a ^ - a d r e n o c e p t o r s . A l p h a ^ - a d r e n o c e p t o r -  

m e d i a t e d  c o n t r a c t i o n s  w i l l ,  h o w e v e r ,  be c o u n t e r a c t e d  to some 

d e g r e e  by s m o o t h  m u s c l e  r e l a x a t i o n  m e d i a t e d  by b e t a 2 “ 

a d r e n o c e p t o r  a c t i v a t i o n  by  n o r a d r e n a l i n e .  T h i s  e f f e c t  is 

m e d i a t e d  by c y c l i c  A M P  ( H a r d m a n ,  1981). T h i s  s t u d y  did n o t 

m e a s u r e  t i s s u e  l e v e l s  of c y c l i c  A M P  s i n c e  l e v e l s  of this 

c y c l i c  n u c l e o t i d e  did n o t  c h a n g e  d u r i n g  v a s c u l a r  r e l a x a t i o n  

i n d u c e d  b y  n i t r o v a s o d i l a t o r s  and e n d o t h e l i u m - d e p e n d e n t  

r e l a x a n t s  ( R a p o p o r t  e_t a_l_. , 19 8 3 ) .  H o w e v e r ,  it w o u l d  be 

i n t e r e s t i n g  to m e a s u r e  the l e v e l s  of c y c l i c  A M P  a s s o c i a t e d  

w i t h  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 s  of a o r t i c  r i n g s  in 

the p r e s e n c e  an d  a b s e n c e  of a b e t a - a d r e n o c e p t o r  a n t a g o n i s t  

to d e t e r m i n e  the r ole of b e t a - a d r e n o c e p t o r s  in c o n t r a c t i o n s  

of a o r t i c  r i n g s  i n d u c e d  by n o r a d r e n a l i n e .  In o r d e r  to 

m i n i m i s e  a n y  n o n - a l p h a ^ - a d r e n o c e p t o r - m e d i a t e d  e f f e c t s  on the 

t e n s i o n  d e v e l o p e d  by rat a o r t i c  ri n g s ,  it w o u l d  h a v e  b e e n  

m o r e  p r u d e n t  to u s e  a s e l e c t i v e  a l p h a ^ - a d r e n o c e p t o r  a g o n i s t  

eg. p h e n y l e p h r i n e  i n s t e a d  of n o r a d r e n a l i n e .

In t his s t u d y ,  the m u s c l e  t e n s i o n  d e v e l o p e d  by rat a o r t i c  

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

t r a n s d u c e r s  ( f i g u r e  4) and s t a n d a r d  m e t h o d s  c o m m o n l y  c i t e d  

in the l i t e r a t u r e ,  w e r e  e m p l o y e d  in the p r e p a r a t i o n  of 

a o r t i c  r i n g s  or s t r i p s  for m e c h a n i c a l  r e c o r d i n g  (eg. M a r t i n  

e_t £l_. , 1 9 8 6 ) .  H o w e v e r ,  c e r t a i n  of t h e s e  e x p e r i m e n t a l

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

t h e r e f o r e  r e q u i r e  f u r t h e r  d i s c u s s i o n .

T r u e  i s o m e t r i c  t e n s i o n  is r e c o r d e d  in t i s s u e s  t h a t  c o n t r a c t  

w i t h o u t  s h o r t e n i n g  of the m u s c l e  f i b r e s .  T h i s  is a t t a i n e d  

w h e n  the o p p o s i n g  f orce, the a p p l i e d  t e n s i o n ,  e x c e e d s  that
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t e n s i o n  d e v e l o p e d  by the t i s s u e ,  w i t h o u t  o v e r - s t r e t c h i n g  the 

m u s c l e  f i b r e s .  In this s t u d y ,  r e s t i n g  t e n s i o n s  of 2g and lg 

w e r e  a p p l i e d  to a o r t i c  r i n g s  and s t r i p s  r e s p e c t i v e l y ,  and 

t h e s e  e x c e e d e d  the t e n s i o n  d e v e l o p e d  by the t i s s u e s  ( f i g u r e s  

9, 22, 25, 41 and 42).

A n o t h e r  f a c t o r  w h i c h  m a y  h a v e  i n f l u e n c e d  the e x p e r i m e n t a l  

r e s u l t s  w a s  the c o n t r a c t i l e  v i a b i l i t y  of the t i s s u e  w h e n  

s u s p e n d e d  b e t w e e n  two w i r e  h o o k s  in an o r g a n  b a t h  for 

m e c h a n i c a l  r e c o r d i n g .  It w a s  i m p o r t a n t  d u r i n g  the 

p r e p a r a t i o n  of t i s s u e s  for b o t h  m e c h a n i c a l  and b i o c h e m i c a l  

m e a s u r e m e n t s ,  to m a i n t a i n  a f u n c t i o n a l  e n d o t h e l i u m ,  u n l e s s  

o t h e r w i s e  d e s i r e d .  It is to be e x p e c t e d  that no m a t t e r  h o w  

c a r e f u l l y  the t i s s u e s  w e r e  p r e p a r e d ,  s o m e  d a m a g e  to the 

v a s c u l a r  e n d o t h e l i u m  w o u l d  o c c u r  w h e n  the t i s s u e s  w e r e  

s u s p e n d e d  b e t w e e n  w i r e  h o o k s  in the o r g a n  b a t h s .  H o w e v e r ,  

this w a s  a s t a n d a r d  p r o c e d u r e  u s e d  t h r o u g h o u t  the s t u d y  and 

a p p l i e d  to a l l  e x p e r i m e n t s ,  and t h e r e f o r e  a v a l i d  c o m p a r i s o n  

b e t w e e n  e x p e r i m e n t s  was p o s s i b l e .  F u r t h e r m o r e  it has b e e n  

r e p o r t e d  t h a t  o n l y  a f r a c t i o n  of the e n d o t h e l i a l  l a y e r  n e e d  

be i n t a c t  for c o m p l e t e  r e l a x a t i o n  of a o r t i c  r i n g s  i n d u c e d  by 

e n d o t h e l i u m - d e p e n d e n t  r e l a x a n t s  ( P e a c h  e t a 1 ., 1985 ). It m a y

a l s o  be a s s u m e d  t h e r e f o r e ,  t h a t  a s i m i l a r  f r a c t i o n  of 

e n d o t h e l i a l  c e l l s  w o u l d  i n f l u e n c e  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 s .  T h e r e f o r e ,  m i n o r  d a m a g e  to the v a s c u l a r  

e n d o t h e l i u m  w o u l d  n o t  s i g n i f i c a n t l y  a f f e c t  the r e s u l t s  

o b t a i n e d  .

R e m o v a l  of the e n d o t h e l i u m ,  by r u b b i n g  w i t h  a w o o d e n  st i c k ,  

w a s  f o u n d  to be a s a t i s f a c t o r y  m e t h o d  as c o n f i r m e d  by 

e l e c t r o n  m i c r o s c o p y  ( p h o t o g r a p h s  1 and 2) and the 

a b o l i s h m e n t  of a c e t y l c h o l i n e - i n d u c e d  r e l a x a t i o n s  ( f i g u r e s  11
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and 13). H o w e v e r ,  d u r i n g  r u b b i n g  of a o r t i c  r i n g s ,  c a r e  was 

t a k e n  to a v o i d  d a m a g e  to the s m o o t h  m u s c l e  l a y e r s ,  w h i c h  may  

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

n o r a d r e n a l i n e  or o t h e r  c o n t r a c t i l e  a g e n t s .

E q u i l i b r a t i o n  of t i s s u e s  for 6 0 m i n s .  p r i o r  to the s t a r t  of 

e x p e r i m e n t s  w a s  n e c e s s a r y  to a l l o w  the r e - e s t a b l i s h m e n t  of 

ion c o n c e n t r a t i o n  g r a d i e n t s  and m e t a b o l i c  p r o c e s s e s ,  

f o l l o w i n g  d i s s e c t i o n  of the t i s s u e s  f r o m  the a n i m a l .  

N o r a d r e n a l i n e  i n d u c e d  v a r i a b l e  c o n t r a c t i o n s  w h e n  t i s s u e s  

w e r e  n o t  a l l o w e d  to e q u i l i b r a t e  (not s h o w n ) .

In t his s t u d y ,  c o n t r a c t i o n s  of a o r t i c  r i n g s  w e r e  a l s o  

i n d u c e d  by  KC 1  and P M A . T h e s e  c o n t r a c t i o n s  w e r e  not 

r e c e p t o r - m e d i a t e d  ( J o nes, 1981; C h a t t e r j e e  and T e j a d a ,  1986) 

an d  w e r e  n o t  a s s o c i a t e d  w i t h  e n h a n c e d  h y d r o l y s i s  of Ptd Ins 

( f i g u r e s  39 and 53). K C l - i n d u c e d  c o n t r a c t i o n s  w e r e ,  for the 

m o s t  p a r t ,  u n a f f e c t e d  by the a l p h a ^ - a d r e n o c e p t o r  a n t a g o n i s t ,  

p r a z o s i n  ( 1 0 ” ^M) ( f i g u r e  26). H o w e v e r ,  p r a z o s i n  did 

s i g n i f i c a n t l y  r e d u c e  c o n t r a c t i o n s  e l i c i t e d  by the h i g h e s t  

c o n c e n t r a t i o n  of KC1 ( 9 0 m M ) .  T h i s  c o n t r a s t s  w i t h  f i n d i n g s  

t h a t  c o n t r a c t i o n s  of a o r t i c  r i n g s  i n d u c e d  by K C 1  at low 

c o n c e n t r a t i o n s  ( 8 - 1 2 m M )  w e r e  d i m i n i s h e d  by the a l p h a ^ -  

a d r e n o c e p t o r  a n t a g o n i s t ,  p h e n t o l a m i n e , but w e r e  u n a f f e c t e d  

at h i g h e r  c o n c e n t r a t i o n s  of K C 1  ( > 1 6 m M )  ( S o l t i s  and 

K a t o v i c h ,  1 9 8 5 ) .  T h i s  e f f e c t  m a y  be a t t r i b u t e d  to n o n ­

s p e c i f i c  a c t i o n s  of p h e n t o l a m i n e . F r o m  the p r e s e n t  s t u d y  

t h e r e f o r e ,  it c a n  be c o n c l u d e d  that KC1, at p h y s i o l o g i c a l  

c o n c e n t r a t i o n s ,  d i d  n o t  r e l e a s e  n o r a d r e n a l i n e  f r o m  

a d r e n e r g i c  n e r v e  t e r m i n a l s  by d e p o l a r i s i n g  the n e r v e  

m e m b r a n e .  C o n s i s t e n t  w i t h  this v i e w  is the low r a t e  of Ptd 

Ins h y d r o l y s i s  m e a s u r e d  in r e s p o n s e  to KC 1  ( f i g u r e  39) s i n c e
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n o r a d r e n a l i n e  a l o n e ,  a c c e l e r a t e d  Ptd Ins h y d r o l y s i s  (eg. 

f i g u r e  35). F u r t h e r m o r e ,  the rat t h o r a c i c  a o r t a  has a s p a r s e  

a d r e n e r g i c  i n n e r v a t i o n  ( K u c h i i  ejt a_l. , 1973 ), and t h e r e f o r e

an y  K C l - i n d u c e d  r e l e a s e  of n o r a d r e n a l i n e  w o u l d  p r o d u c e  o n l y  

a m i n o r  c o n t r i b u t i o n  to the c o n t r a c t i o n s  r e c o r d e d .

T h e r e f o r e ,  s u b s e q u e n t  e x p e r i m e n t s  i n v o l v i n g  K C l - i n d u c e d  

c o n t r a c t i o n s  of a o r t i c  r i n g s  w e r e  not c o n d u c t e d  in the 

p r e s e n c e  of p r a z o s i n .

Th e  m e t h o d  u s e d  in this s t u d y  to m o n i t o r  a g o n i s t - i n d u c e d  

h y d r o l y s i s  of p h o s p h o i n o s i t i d e s , wa s  the m e a s u r e m e n t  of 

[ P ]- o r t h o p h o s p h a t e  i n c o r p o r a t i o n  i nto Ptd OH. T h i s  

t e c h n i q u e  g a v e  an i n d i r e c t  m e a s u r e  of d e c r e a s e s  in the 

l e v e l s  of the p a r e n t  i n o s i t o l  p h o s p h o l i p i d ,  Pt d  Ins, PIP, or 

P I P 2 . H o w e v e r ,  the l i m i t a t i o n s  of this t e c h n i q u e  m u s t  be 

r e c o g n i s e d :
o o(i) the i n c r e a s e  in l e v e l s  of [ P ] - P t d  OH is a s e c o n d a r y  

e v e n t  f o l l o w i n g  the i n i t i a l  h y d r o l y s i s  of i n o s i t o l  

p h o s p h o l i p i d s .  F u r t h e r m o r e ,  Ptd OH is an i n t e r m e d i a t e  

m e t a b o l i t e ,  b e i n g  f o r m e d  f r o m  DAG, and in t u r n  s e r v i n g  as a 

p r e c u r s o r  for the f o r m a t i o n  of Ptd Ins. Th e  l e v e l s  of Ptd OH 

m a y  t h e r e f o r e  f l u c t u a t e .

(ii) P t d  O H  is m a i n l y  f o r m e d  by the a c t i o n  of p h o s p h o 1 i p a s e  

C on the p h o s p h o i n o s i t i d e s . H o w e v e r ,  two m i n o r  m e c h a n i s m s ,  

i n d e p e n d e n t  of the p h o s p h o i n o s i t i d e  c y c l e ,  m a y  a f f e c t  the 

m e a s u r e d  l e v e l s  of [3 2 P ] - P t d  OH: a) an e n z y m e ,  t r i g l y c e r i d e

l i p a s e ,  c a n  a l s o  g e n e r a t e  DAG, f r o m  w h i c h  Ptd OH  is f o r m e d ;  

and b) de n o v o  s y n t h e s i s  of Ptd OH m a y  o c c u r ,  a l t h o u g h  this 

is b e l i e v e d  to be a r e l a t i v e l y  s l o w  p r o c e s s  ( N e u f e l d  and 

M a j e r u s ,  1 9 8 3 )  and m a y  n o t  i n t e r f e r e  w i t h  the l e v e l s  of 

[3 2 P ] - P t d  OH m e a s u r e d  in this s t u d y .
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It m a y  t h e r e f o r e  be a s s u m e d  that in this s t u d y  i n c r e a s e d
o o

l e v e l s  of [ P ] - P t d  OH r e f l e c t e d  i n c r e a s e d  m a s s  of Ptd OH,
o 2

and t hat a c c u m u l a t i o n  of [ P ] - P t d  OH r e p r e s e n t e d  a g o n i s t -  

s t i m u l a t e d  h y d r o l y s i s  of p h o s p h o i n o s i t i d e s  ( H o l m s e n  et al., 

1984 ) .

An i n c r e a s i n g l y  p o p u l a r  t e c h n i q u e  for m o n i t o r i n g  the 

h y d r o l y s i s  of p h o s p h o i n o s i t i d e s , is the m e a s u r e m e n t  of 

i n o s i t o l  p h o s p h a t e s  ( B e r r i d g e  e_t a_l . , 1 9 8 3 ) .  T h i s  is a 

s i m p l e r  t e c h n i q u e ,  and w h e n  u s e d  in the p r e s e n c e  of l i t h i u m  

to i n h i b i t  the e n z y m e  i n o s i t o l  p h o s p h a t e  p h o s p h a t a s e ,  g i v e s  

a d i r e c t  m e a s u r e  of the h y d r o l y t i c  p r o d u c t s  of the 

p h o s p h o i n o s i t i d e s  . It w o u l d  be w o r t h w h i l e  to r e p e a t  c e r t a i n  

e x p e r i m e n t s  c a r r i e d  out in this s t u d y  u s i n g  this a l t e r n a t i v e  

t e c h n i q u e  for the m e a s u r e m e n t  of p h o s p h o i n o s i t i d e  

h y d r o l y s  i s .

Th e  r e s u l t s  p r e s e n t e d  in this s t u d y ,  c l e a r l y  s h o w  that 

a c e t y l c h o l i n e  and s o d i u m  n i t r o p r u s s i d e  i n d u c e d  w e a k e r  

r e l a x a t i o n s  of a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  KC1, t h a n  of 

a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  ( f i g u r e s  28-

30). T h i s  f i n d i n g  is c o n s i s t e n t  w i t h  the w o r k  of G o d f r a i n d ,

1986, w h o  s h o w e d  t h a t  an a n a l o g u e  of c y c l i c  GMP, 8 - b r o m o
2 +c y c l i c  GMP, d i d  n o t  i n h i b i t  the i n f l u x  of Ca t h r o u g h  

p o t e n t i a l - o p e r a t e d  c h a n n e l s  a c t i v a t e d  by K C 1  d u r i n g  m u s c l e  

c o n t r a c t i o n .  A l s o  c o n s i s t e n t  w i t h  this v i e w  a r e  the 

o b s e r v a t i o n s  in this s t u d y  t h a t  K C l - i n d u c e d  c o n t r a c t i o n s  of 

a o r t i c  r i n g s  an d  a s s o c i a t e d  l e v e l s  of c y c l i c  G M P  w e r e  

u n a f f e c t e d  by the r e m o v a l  of the e n d o t h e l i u m  ( f i g u r e s  25 and

31). T h i s  s u g g e s t s  t hat b a s a l  r e l e a s e  of the E D R F  ( M a r t i n  e_t 

al . , 1 9 8 6 ) ,  a c t i n g  v i a  c y c l i c  GMP, d o e s  n o t  a f f e c t  the 

i n t r a c e l l u l a r  m e c h a n i s m s  m e d i a t i n g  K C l - i n d u c e d  c o n t r a c t i o n s .
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Th e  w e a k  r e l a x a t i o n s  i n d u c e d  by a c e t y l c h o l i n e  and s o d i u m  

n i t r o p r u s s i d e  w e r e  r e f l e c t e d  in s m a l l  r i s e s  in c y c l i c  GMP 

and t his f i n d i n g  is in a c c o r d a n c e  w i t h  the v i e w  that it is 

the a b s o l u t e  l e v e l  of c y c l i c  G M P  that d e t e r m i n e s  the d e g r e e  

of v a s c u l a r  r e l a x a t i o n .  T h i s  c o n t r a d i c t s  p r e v i o u s  r e s u l t s  in 

t his s t u d y  ( f i g u r e s  17, 19 a n d  20), that s u g g e s t e d  that 

o t h e r  i n t r a c e l l u l a r  m e c h a n i s m s  m a y  m e d i a t e  s m o o t h  m u s c l e  

r e l a x a t i o n .

S i m i l a r l y ,  a c e t y l c h o l i n e  and s o d i u m  n i t r o p r u s s i d e  i n d u c e d  

w e a k e r  r e l a x a t i o n s  of a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  PMA, 

t h a n  of a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  

( f i g u r e s  4 9 - 5 1 ) .  A g a i n  t h e s e  w e a k e r  r e l a x a t i o n s  w e r e  

a s s o c i a t e d  w i t h  s m a l l e r  i n c r e a s e s  in the l e v e l s  of c y c l i c  

GM P  ( f i g u r e  52). F u r t h e r m o r e ,  the low r a t e  of Ptd Ins 

h y d r o l y s i s  m e a s u r e d  in r e s p o n s e  to KC 1  or P M A  was not  

a l t e r e d  by e i t h e r  a c e t y l c h o l i n e  ( 1 0 - 3 M) or s o d i u m  

n i t r o p r u s s i d e  ( 1 0 ~ ^ M )  ( f i g u r e s  39 and 53). H o w e v e r ,  

a c c e l e r a t e d  Ptd Ins h y d r o l y s i s  i n d u c e d  by n o r a d r e n a l i n e  w a s 

i n h i b i t e d  by b o t h  a c e t y l c h o l i n e  (10 3M) and s o d i u m  

n i t r o p r u s s i d e  (10 ^M) ( f i g u r e s  37 and 38), s u g g e s t i n g  that 

v a s c u l a r  r e l a x a t i o n  m a y  be c a u s e d  by i n h i b i t i o n  of the Ptd 

Ins r e s p o n s e  by c y c l i c  G M P  and is in a g r e e m e n t  w i t h  the w o r k  

of R a p o p o r t  ( 1 9 8 6 ) .  F u r t h e r m o r e ,  in the a b s e n c e  of 

e n d o t h e l i u m ,  n o r a d r e n a l i n e  i n d u c e d  g r e a t e r  c o n t r a c t i o n s  of 

a o r t i c  r i n g s  ( f i g u r e  9) b u t  this e f f e c t  w a s  n o t  a s s o c i a t e d  

w i t h  d e c r e a s e d  l e v e l s  of c y c l i c  G M P  ( f i g u r e  14). I n d e e d ,  

r e m o v a l  of the v a s c u l a r  e n d o t h e l i u m ,  the s o u r c e  of the E D R F , 

d i d  not, s i g n i f i c a n t l y  e n h a n c e  the r a t e  of Ptd Ins 

h y d r o l y s i s  ( f i g u r e  35).

T h e r e  is e v i d e n c e  in the l i t e r a t u r e  to s u g g e s t  that the
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b a s a l  r e l e a s e  of the E D R F , a c t i n g  v i a  c y c l i c  GMP, e x e r t s  an 

i n h i b i t o r y  e f f e c t  on v a s c u l a r  t one ( M a r t i n  e_t _al. , 1986).  

R e m o v a l  of the e n d o t h e l i u m  r e m o v e s  the s o u r c e  of the E D R F  

and t h e r e f o r e  a b o l i s h e s  the i n h i b i t o r y  e f f e c t  on 

n o r a d r e n a  1 i n e - i n d u c e d  c o n t r a c t i o n s .  M e c h a n i c a l  r e s u l t s  

o b t a i n e d  in this s t u d y  ( f i g u r e  9) p a r t i a l l y  c o r r o b o r a t e  this 

e x p l a n a t i o n .  H o w e v e r ,  s i n c e  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 s  of a o r t i c  r i n g s ,  b o t h  in the p r e s e n c e  and 

a b s e n c e  of e n d o t h e l i u m ,  w e r e  n o t  a s s o c i a t e d  w i t h  c h a n g e s  in 

the l e v e l s  of c y c l i c  GMP, the p o s s i b i l i t y  e x i s t s  that b a s a l  

r e l e a s e  of the E D R F  d o e s  n o t  e x e r t  an i n h i b i t o r y  e f f e c t  on 

s m o o t h  m u s c l e  t one by i n c r e a s i n g  c y c l i c  G M P  l e v e l s .  

C o n s i s t e n t  w i t h  this v i e w  w a s  the m e a s u r e m e n t  of s i m i l a r  

l e v e l s  of c y c l i c  G M P  in c o n t r o l  t i s s u e s  e x p o s e d  to s a l i n e  in 

the p r e s e n c e  an d  a b s e n c e  of e n d o t h e l i u m  ( f i g u r e  14).

It m a y  be p r o p o s e d  f r o m  t h e s e  r e s u l t s  that for p o t e n t  

v a s c u l a r  r e l a x a t i o n ,  a s s o c i a t e d  w i t h  s u b s t a n t i a l  i n c r e a s e s  

in the l e v e l s  of c y c l i c  GMP, to be d e m o n s t r a t e d  in rat 

a o r t i c  r i n g s ,  e n h a n c e d  h y d r o l y s i s  of Ptd Ins is f i r s t  

n e c e s s a r y .  C o n s i s t e n t  w i t h  this h y p o t h e s i s  is the 

o b s e r v a t i o n  in p i g  a o r t i c  s m o o t h  m u s c l e  that

p h o s p h o i n o s i t i d e s  w e r e  r e q u i r e d  for m a x i m a l  s t i m u l a t i o n  of

the p l a s m a l e m m a l  C a 2 + - M g 2 + - A T P a s e  by p r o t e i n  k i n a s e  G,
2 ,

a c t i v a t e d  b y  c y c l i c  GMP, in r e d u c i n g  [Ca ]  ̂ d u r i n g  m u s c l e  

r e l a x a t i o n  ( V r o l i x  e_t a 1 . , 19 8 8 ) .

I n h i b i t i o n  of n o r a d r e n a l i n e - i n d u c e d  m u s c l e  t one by c y c l i c  

GMP, m a y  o c c u r  v i a  m u l t i p l e  p a t h w a y s .  It has b e e n  p r o p o s e d  

t h a t  c y c l i c  G M P  m a y  i n h i b i t  a l p h a ^ - a d r e n o c e p t o r  m e d i a t e d  

v a s c u l a r  c o n t r a c t i o n  by: (i) p h o s p h o r y l a t i n g  and i n h i b i t i n g

m y o s i n  l i g h t  c h a i n  k i n a s e  (M L C K )  v i a  c y c l i c  G M P - d e p e n d e n t
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p r o t e i n  k i n a s e  ( N i s h i k a w a  et a 1 ., 1984); and (ii) r e d u c i n g

[Ca by  a c c e l e r a t i o n  of Ca + e x t r u s i o n  t h r o u g h  the

s a r c o l e m m a  ( P o p e s c u  et al., 1985), or i n h i b i t i o n  of C a 2+

r e l e a s e  f r o m  i n t r a c e l l u l a r  C a 2+ s t o r e s  ( R a p o p o r t ,  19 8 6 ) ,  or
2 +i n h i b i t i o n  of Ca^ i n f l u x  i n t o  the c e l l s  ( T a y l o r  and

M e i s h e r i ,  1 9 8 6 ) .  In t i s s u e s  p r e c o n t r a c t e d  w i t h  e i t h e r  K C 1  or

PMA, the w e a k e r  r e l a x a t i o n s  r e c o r d e d  m a y  be a c c o u n t e d  for by

a l i m i t e d  n u m b e r  of s i t e s  of i n h i b i t i o n  for c y c l i c  GMP. For

e x a m p l e ,  in t i s s u e s  p r e c o n t r a c t e d  w i t h  KC1, i n c r e a s e d  m u s c l e
9 +to n e  is p r e d o m i n a n t l y  c a u s e d  by an i n f l u x  of Ca t h r o u g h

p o t e n t i a l - o p e r a t e d  c h a n n e l s .  T h e s e  c h a n n e l s  are i n s e n s i t i v e

to c y c l i c  GM P  ( G o d f r a i n d ,  19 8 6 ) ,  and t h e r e f o r e  the w e a k e r

r e l a x a t i o n s  r e c o r d e d  m a y  be c a u s e d  o n l y  by c y c l i c  G M P -
2 +s t i m u l a t e d  e x t r u s i o n  of Ca t h r o u g h  the s a r c o l e m m a  and

i n h i b i t i o n  of M L C K  r e s u l t i n g  in d e p h o s p h o r y l a t i o n  of m y o s i n

l i g h t  c h a i n s .  S i m i l a r l y ,  in t i s s u e s  p r e c o n t r a c t e d  w i t h  PMA,

m u s c l e  r e l a x a t i o n  m a y  be d u e  to i n h i b i t i o n  of M L C K  by c y c l i c

G M P - d e p e n d e n t  p r o t e i n  k i n a s e  s i n c e  c o n t r a c t i o n  is m e d i a t e d

by p h o s p h o r y l a t i o n  of the l i g h t  c h a i n s  by p r o t e i n  k i n a s e  C

( A k s o y  e_t a_l. , 19 8 3 ) .  It is u n c e r t a i n  w h e t h e r  c y c l i c  GMP
9 +w o u l d  a f f e c t  Ca m e t a b o l i s m  in t i s s u e s  p r e c o n t r a c t e d  w i t h

2 +PMA, s i n c e  t h e r e  is s o m e  d o u b t  as to i n c r e a s e d  [Ca 

a s s o c i a t e d  w i t h  P M A - i n d u c e d  c o n t r a c t i o n  ( S y b e r t z  et a 1 . , 

1986; K h a l i l  a n d  v a n  B r e e m e n ,  1988).

T h e  w e a k  r e l a x a t i o n s  i n d u c e d  by a c e t y l c h o l i n e  and s o d i u m  

n i t r o p r u s s i d e  of a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  K C 1  or PMA 

ar e  c o n s i s t e n t  w i t h  the c u r r e n t  u n d e r s t a n d i n g  of s m o o t h  

m u s c l e  c o n t r a c t i o n  and r e l a x a t i o n .  H o w e v e r ,  the r e a s o n s  for 

the a s s o c i a t e d  s m a l l  r i s e s  in c y c l i c  G M P  l e v e l s  r e m a i n  

o b s c u r e .  It m a y  be s p e c u l a t e d  that KC1, or PMA, d u r i n g
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m u s c l e  c o n t r a c t i o n ,  g a v e  r i s e  to c o n d i t i o n s  w i t h i n  the c e l l s

t h a t  a l t e r e d  the a c t i v i t i e s  of the e n z y m e s  g u a n y l a t e  c y c l a s e

and c y c l i c  G M P  p h o s p h o d i e s t e r a s e s ,  and thus p r e v e n t e d

i n c r e a s e s  in c y c l i c  GMP. In this r e s p e c t ,  e l e v a t i o n  of 
2 +[Ca (in the jiM r a n g e )  h a s  b e e n  s h o w n  to d i r e c t l y  i n h i b i t

g u a n y l a t e  c y c l a s e  ( G r e u t t e r  e_t a_l. , 198 0 ) .  T h i s  e x p l a n a t i o n  

h o w e v e r ,  r e q u i r e s  f u r t h e r  i n v e s t i g a t i o n .  T h e r e f o r e ,  l o w e r  

l e v e l s  of c y c l i c  G M P  t o g e t h e r  w i t h  a l i m i t e d  n u m b e r  of s i t e s  

of i n h i b i t o r y  a c t i o n  for c y c l i c  GMP, due to the n a t u r e  of 

the m e c h a n i s m s  of c o n t r a c t i o n ,  m a y  e x p l a i n  the w e a k  

r e l a x a t i o n s  o b s e r v e d  in t i s s u e s  p r e c o n t r a c t e d  w i t h  K C 1  or 

PMA.

H o w e v e r ,  in c o n t r a s t  w i t h  this e x p l a n a t i o n  are the 

o b s e r v a t i o n s  t h a t  a c e t y l c h o l i n e  (10""^M) and s o d i u m  

n i t r o p r u s s i d e  ( 1 0 ~ ^ M )  i n c r e a s e d  l e v e l s  of c y c l i c  G M P  to the 

s a m e  e x t e n t  in t i s s u e s  n o t  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  

as in t i s s u e s  p r e c o n t r a c t e d  w i t h  n o r a d r e n a l i n e  ( f i g u r e  21). 

F u r t h e r m o r e ,  a c e t y l c h o l i n e  ( 1 0 ” ^M) and s o d i u m  n i t r o p r u s s i d e  

( 1 0 ” 6M) i n h i b i t e d  n o r a d r e n a l i n e - i n d u c e d  Ptd Ins h y d r o l y s i s  

in a o r t i c  r i n g s  w h e n  a d d e d  to the a s s a y  t u b e s  p r i o r  to 

n o r a d r e n a l i n e  ( f i g u r e s  37 and 38).

T h r o u g h o u t  t his s t u d y ,  it w a s  n o t e d  t hat s o d i u m  

n i t r o p r u s s i d e  i n d u c e d  m o r e  p o w e r f u l  r e l a x a t i o n s  of a o r t i c  

r i n g s  t h a n  t h o s e  i n d u c e d  by a c e t y l c h o l i n e  ( f i g u r e s  11, 12,

2 8 - 3 0 ,  an d  54). T h i s  e f f e c t  w a s  p a r t i c u l a r l y  i n t e r e s t i n g  in 

t i s s u e s  p r e c o n t r a c t e d  w i t h  P M A  ( f i g u r e  54) an d  m a y  be 

a c c o u n t e d  for by the f o l l o w i n g  e x p l a n a t i o n s  (i) s o d i u m  

n i t r o p r u s s i d e  e x h i b i t s  d u a l  v a s o r e l a x a n t  a c t i o n s ;  in 

a d d i t i o n  to b e i n g  a p o t e n t  s t i m u l a t o r  of g u a n y l a t e  c y c l a s e ,  

s o d i u m  n i t r o p r u s s i d e  has b e e n  s h o w n  to h y p e r p o l a r i s e



v a s c u l a r  s m o o t h  m u s c l e  c e l l  m e m b r a n e s  a n d / o r  a c t i v a t e  the 

Na -K - A T P  as e ( R a p o p o r t  e t a 1 ., 1985 ); a n d / o r  (ii) s y n t h e s i s  

a n d / o r  r e l e a s e  of the E D R F  m a y  be i n h i b i t e d  by t u m o u r -  

p r o m o t i n g  p h o r b o l  e s t e r s  by a m e c h a n i s m  t hat i n v o l v e s  

a c t i v a t i o n  of e n d o t h e l i a l  p r o t e i n  k i n a s e  C and 

p h o s p h o r y l a t i o n  of the G T P  b i n d i n g  p r o t e i n ,  G^ ( W e i n h e i m e r  

e t a 1 ., 19 8 6 ).

T h i s  l a t t e r  p o s s i b i l i t y  w a s  i n v e s t i g a t e d  in the c u r r e n t  

s t u d y .  T h e  r e s u l t s  o b t a i n e d  s u g g e s t  that the s y n t h e s i s  

a n d / o r  r e l e a s e  of the E D R F  i n d u c e d  by a c e t y l c h o l i n e  m a y  h a v e  

b e e n  i n h i b i t e d  by PMA, b u t  this e f f e c t  did n o t  i n v o l v e  

s t i m u l a t i o n  of e n d o t h e l i a l  p r o t e i n  k i n a s e  C. T h i s  can be 

c o n c l u d e d  f r o m  e x p e r i m e n t s  c o m p a r i n g  the a b i l i t i e s  of 

a c e t y l c h o l i n e  and n i t r i c  o x i d e  to r e l a x  a o r t i c  r i n g s  

p r e c o n t r a c t e d  w i t h  e i t h e r  n o r a d r e n a l i n e  or PMA. N i t r i c  

o x i d e ,  i d e n t i f i e d  as one of the E D R F  ' s ( P a l m e r  e_t a 1 . ,

1 9 8 7 ) ,  w a s  c o n f i r m e d  to i n d u c e  e n d o t h e l i u m - i n d e p e n d e n t  

r e l a x a t i o n s  ( f i g u r e  58). B o t h  a c e t y l c h o l i n e  and n i t r i c  o x i d e  

i n d u c e d  p o w e r f u l  r e l a x a t i o n s  of a o r t i c  r i n g s  p r e c o n t r a c t e d  

w i t h  n o r a d r e n a l i n e  ( f i g u r e s  55 and 57). T h e s e  r e l a x a t i o n s  

w e r e  a s s o c i a t e d  w i t h  i n c r e a s e d  l e v e l s  of c y c l i c  G M P  ( f i g u r e  

59). N i t r i c  o x i d e  i n d u c e d  t r a n s i e n t  r e l a x a t i o n s  t h a t  w e r e  

r a p i d  in o n s e t  ( f i g u r e  55). T h i s  m a y  be e x p l a i n e d  by the 

p r e s e n c e  of f r e e  r a d i c a l s  (eg. s u p e r o x i d e )  p r e s e n t  in the 

t i s s u e s  a n d  o r g a n  b a t h s  t h a t  i n a c t i v a t e d  n i t r i c  o x i d e .  

H o w e v e r ,  in t i s s u e s  p r e c o n t r a c t e d  w i t h  PMA, a c e t y l c h o l i n e  

and n i t r i c  o x i d e  i n d u c e d  w e a k e r  r e l a x a t i o n s  ( f i g u r e s  56 and 

57) t hat w e r e  a s s o c i a t e d  w i t h  s i g n i f i c a n t l y  s m a l l e r  

i n c r e a s e s  in the l e v e l s  of c y c l i c  GM P  ( f i g u r e  59). T h i s  is 

c o n s i s t e n t  w i t h  o t h e r  r e s u l t s  in this s t u d y .  A g a i n  n i t r i c
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o x i d e  i n d u c e d  t r a n s i e n t  r e l a x a t i o n s  tha t w e r e  s l o w e r  in 

o n s e t  ( f i g u r e  56). If P M A  w e r e  i n h i b i t i n g  the s y n t h e s i s  

a n d / o r  r e l e a s e  of the E D R F  s t i m u l a t e d  by a c e t y l c h o l i n e ,  v i a  

a c t i v a t i o n  of e n d o t h e l i a l  p r o t e i n  k i n a s e  C, it m i g h t  be 

e x p e c t e d  t h a t  a c e t y l c h o l i n e - i n d u c e d  r e l a x a t i o n s  w o u l d  be 

d i m i n i s h e d ,  b u t r e l a x a t i o n s  i n d u c e d  by n i t r i c  o x i d e  w o u l d  be 

u n a f f e c t e d  by PMA. H o w e v e r ,  b o t h  a c e t y l c h o l i n e -  a nd n i t r i c  

o x i d e - i n d u c e d  r e l a x a t i o n s  w e r e  i n h i b i t e d  to a p p r o x i m a t e l y  

the s am e  e x t e n t  ( f i g u r e  57), an d  so the e f f e c t s  of P M A 

a p p e a r  to be e x e r t e d  in v a s c u l a r  s m o o t h  m u s c l e  c e l l s  r a t h e r  

t h a n  in the e n d o t h e l i u m .  It c a n n o t  be c o m p l e t e l y  e x c l u d e d  

f r o m  t h e s e  r e s u l t s  h o w e v e r ,  t h at  PM A  wa s s t i m u l a t i n g  an 

e n d o t h e l i a l  p r o t e i n  k i n a s e  C, s i n c e  this e f f e c t  m a y  h a v e  

b e e n  m a s k e d  by the m o r e  p r e d o m i n a n t  a c t i o n s  of P M A  in 

v a s c u l a r  s m o o t h  m u s c l e  c e l l s .  Th e p o s s i b i l i t y  that P M A  was  

i n h i b i t i n g  the a c t i o n s  of n i t r i c  o x i d e  in the e n d o t h e l i u m  

c an  be e x c l u d e d  h o w e v e r ,  s i n c e  s i m i l a r  r e s u l t s  w e r e  o b t a i n e d  

in b o t h  the p r e s e n c e  and a b s e n c e  of e n d o t h e l i u m  ( f i g u r e  58). 

S i n c e  the r e l a x a n t  e f f e c t s  of s o d i u m  n i t r o p r u s s i d e  are 

m e d i a t e d  by n i t r i c  o x i d e  ( I g n a r r o  and K a d o w i t z , 1 985 ),  and

n i t r i c  o x i d e - i n d u c e d  r e l a x a t i o n s  w e r e  d i m i n i s h e d  to 

a p p r o x i m a t e l y  the s am e e x t e n t  as t h o s e  r e l a x a t i o n s  i n d u c e d  

by  a c e t y l c h o l i n e ,  in a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  P M A  

( f i g u r e s  56 and  57), it m a y  be p r o p o s e d  t h at  p a r t  of the 

s o d i u m  n i t r o p r u s s i d e - i n d u c e d  r e l a x a t i o n s  of a o r t i c  r i n g s  

p r e c o n t r a c t e d  w i t h  PM A  w as m e d i a t e d  by an a l t e r n a t i v e  

m e c h a n i s m ,  s u c h  as m e m b r a n e  h y p e r p o l a r i s a t i o n  ( R a p o p o r t  e t 

a_l . , 1 985  ). H o w e v e r ,  for a m o r e  c o m p r e h e n s i v e  a n a l y s i s  of

t his p h e n o m e n o n ,  a d e t a i l e d  c o m p a r i s o n  b e t w e e n  r e l a x a t i o n s  

i n d u c e d  by s o d i u m  n i t r o p r u s s i d e  a nd n i t r i c  o x i d e  is
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n e c e s s a r y .  In this r e s p e c t ,  it is i n t e r e s t i n g  to s p e c u l a t e  

w h e t h e r  the b o v i n e  i n h i b i t o r y  f a ct or ,  w h i c h  d i d n o t  i n c r e a s e  

l e v e l s  of c y c l i c  GMP  in rat a o r t a ,  m a y  i n d u c e  v a s c u l a r  

r e l a x a t i o n  v i a  m e m b r a n e  h y p e r p o l a r i s a t i o n .

S e c t i o n  T h r e e

E s s e n t i a l  h y p e r t e n s i o n  is a s s o c i a t e d  w i t h  e l e v a t e d  s y s t e m i c  

a r t e r i a l  b l o o d  p r e s s u r e  a nd  is c a u s e d  by an i n c r e a s e d  

p e r i p h e r a l  r e s i s t a n c e .  T h e  m e c h a n i s m s  m e d i a t i n g  this 

i n c r e a s e  in p e r i p h e r a l  r e s i s t a n c e ,  h o w e v e r ,  are  p o o r l y  

u n d e r s t o o d  and h a v e  g i v e n  r i s e  to c o n f l i c t i n g  r e p o r t s  on the 

m e c h a n i s m s  of h y p e r t e n s i o n .  F or  e x a m p l e ,  s u p e r s e n s i t i v i t y  

and s u b s e n s i t i v i t y  h a v e  b o t h  b e e n  r e c o r d e d  in r e s p o n s e  to 

v a s o c o n s t r i c t o r  and  v a s o d i l a t o r  a g e n t s  in h y p e r t e n s i v e  

a n i m a l s  ( r e v i e w e d  by W i n q u i s t  et a 1 ., 1 9 82 ) .  In m o s t  of

t h e s e  s t u d i e s  o n l y  m e c h a n i c a l  r e s p o n s e s  w e r e  r e c o r d e d  and 

the c a u s a t i v e  i n t r a c e l l u l a r  e v e n t s  w e r e  n ot  m e a s u r e d .  It is 

c l e a r  f r o m  t h e s e  s t u d i e s  t h at  the v a r i a b i l i t y  of r e s u l t s  

o b t a i n e d  m a y  be due to the m o d e l  and tirae-course of 

h y p e r t e n s i o n  c h o s e n ,  as w e l l  as the t i s s u e  and t e c h n i q u e  

u s e d  for r e c o r d i n g .  T he  m e c h a n i s m s  of a c t i o n  of the a g o n i s t s  

i n v e s t i g a t e d  m a y  a l s o  h a v e  a f f e c t e d  the r e s u l t s  o b t a i n e d .

T he  c u r r e n t  s e r i e s  of e x p e r i m e n t s  t h e r e f o r e ,  e x a m i n e d  the 

m e c h a n i s m s  of h y p e r t e n s i o n  in o n l y  one  m o d e l  of 

h y p e r t e n s i o n ,  an d r e l a t e d  the m e c h a n i c a l  r e s p o n s e s  of 

t i s s u e s  to the u n d e r l y i n g  b i o c h e m i c a l  c h a n g e s .  U s i n g  this 

a p p r o a c h ,  it w a s  h o p e d  to g a i n  a b e t t e r  u n d e r s t a n d i n g  of 

v a s c u l a r  r e s p o n s i v e n e s s  in h y p e r t e n s i o n .  T he  m o d e l  of 

h y p e r t e n s i o n  c h o s e n  for s t u d y  w as  that o b s e r v e d  in 

s p o n t a n e o u s l y  h y p e r t e n s i v e  r a t s (SHR), w h i c h  w e r e
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g e n e t i c a l l y  p r e d i s p o s e d  to this c o n d i t i o n  an d w e r e  i n d e e d  

c o n f i r m e d  to be h y p e r t e n s i v e  in r e l a t i o n  to n o r m o t e n s i v e  

w i s t a r  k y o t o  (W K Y ) c o n t r o l  r a t s (t a bl e  2).

N o r a d r e n a l i n e  i n d u c e d  m u c h  w e a k e r  c o n t r a c t i o n s  of a o r t i c  

r i n g s  f r o m  SHR t h a n of a o r t i c  r i n g s  f r o m  n o r m o t e n s i v e  W K Y  

c o n t r o l  r a t s  ( f i g u r e  62). T h i s  f i n d i n g  is c o n s i s t e n t  w i t h  

the w o r k  of T e m p l e t o n  et a 1 , ( 1 987 ).  H o w e v e r ,  o t h e r  r e s u l t s

h a v e  s h o w n  a s u p e r s e n s i t i v i t y  to n o r a d r e n a l i n e  (Kubo, 19 79 ) . 

Th e  w e a k  c o n t r a c t i o n s  e l i c i t e d  by n o r a d r e n a l i n e  in a o r t i c  

r i n g s  f r o m  SHR, m a y  be r e l a t e d  to the h i g h e r  r e s t i n g  t e n s i o n  

d e v e l o p e d  by  t h e s e  t i s s u e s  c o m p a r e d  w i t h  t h a t r e c o r d e d  in 

a o r t i c  r i n g s  f r o m  W K Y  c o n t r o l  rat s.  It m a y  be p r o p o s e d  

t h e r e f o r e ,  t h a t  SHR a o r t i c  r i n g s  w e r e  i n c a p a b l e  of 

d e v e l o p i n g  f u r t h e r  s u b s t a n t i a l  t e n s i o n  in r e s p o n s e  to 

n o r a d r e n a l i n e  s i n c e  the t i s s u e s  w e r e  a l r e a d y  p a r t i a l l y  

c o n t r a c t e d .  T h i s  v i e w  is c o n s i s t e n t  w i t h  the h i g h  b a s a l  r at e 

of Ptd Ins h y d r o l y s i s  m e a s u r e d  in SHR a o r t i c  r i n g s ,  and the 

i n a b i l i t y  of n o r a d r e n a l i n e  to f u r t h e r  e n h a n c e  this r a t e of 

h y d r o l y s i s  ( f i g u r e  68).

S i m i l a r l y ,  K C 1  i n d u c e d  m u c h  w e a k e r  c o n t r a c t i o n s  of SHR 

a o r t i c  r i n g s  t h a n  of W K Y  a o r t i c  r i n g s .  A l t h o u g h  c o n t r a c t i o n s  

of a o r t i c  r i n g s  e l i c i t e d  b y K C1, as o b s e r v e d  in t i s s u e s  f r o m  

m a l e  w i s t a r  r a ts , w e r e  n o t  a s s o c i a t e d  w i t h  an e n h a n c e d  r a t e  

of P td  Ins h y d r o l y s i s  ( f i g u r e  39), the w e a k  c o n t r a c t i o n s  of 

SHR a o r t i c  r i n g s  i n d u c e d  b y K C1, m a y  a l s o  be e x p l a i n e d  by 

the h i g h  r e s t i n g  t e n s i o n  an d e l e v a t e d  r a t e  of Pt d Ins 

h y d r o l y s i s .  T h e r e f o r e ,  in the " r e s t i n g "  c o n d i t i o n  of SHR 

a o r t i c  r i n g s ,  the c o n t r a c t i l e  p r o t e i n s  m a y  h a v e  b e e n  

p a r t i a l l y  p h o s p h o r y l a t e d  and KC1, a c t i n g  v i a  p o t e n t i a l -  

o p e r a t e d  C a ^ + c h a n n e l s ,  c o u l d  n ot  f u r t h e r  a c t i v a t e  the
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c o n t r a c t i l e  a p p a r a t u s .  H o w e v e r ,  it w o u l d  h a v e  b e e n

i n t e r e s t i n g  to m e a s u r e  the e f f e c t  of KC1  on the r a t e  of Ptd

Ins h y d r o l y s i s  in b o t h  SHR and W K Y  a o r t i c  r i n g s.

It is n o t  k n o w n  if the e n h a n c e d  r at e  of Pt d Ins h y d r o l y s i s

in SHR a o r t i c  r i n g s  in the " r e s t i n g "  s t a t e  is a c a u s e  or an

e f f e c t  of h y p e r t e n s i o n .  It is p o s s i b l e  tha t i n c r e a s e d  
2 +[Ca a s s o c i a t e d  w i t h  h y p e r t e n s i o n  w o u l d  s t i m u l a t e  Pt d Ins

h y d r o l y s i s ,  s i n c e  the a c t i v i t y  of p h o s p h o l i p a s e  C is C a ^ + - 

s e n s i t i v e  (A b d e 1 - L a t i f , 1 9 8 6) .  F u r t h e r m o r e ,  it is 

i n t e r e s t i n g  to s p e c u l a t e  as to the e x i s t e n c e  of an 

e n d o g e n o u s  l i g a n d  that, u n d e r  the c o n d i t i o n s  of 

h y p e r t e n s i o n ,  s t i m u l a t e s  t his  a c c e l e r a t e d  h y d r o l y s i s  of Ptd 

Ins. A p o s s i b l e  c a n d i d a t e  is the p l a t e l e t - d e r i v e d  g r o w t h  

f a c t o r  ( P D G F )  w h i c h  ha s b e e n  s h o w n  to s t i m u l a t e  Ptd Ins 

h y d r o l y s i s  in S w i s s  3T3 c e l l s  ( B e r r i d g e  ejt ji_l. , 1984) and 

i n d u c e  v a s c u l a r  s m o o t h  m u s c l e  c e l l  p r o l i f e r a t i o n  v i t r o  

(eg. R o s s  e t a 1 . , 197 4) .

I n c r e a s e d  p e r i p h e r a l  r e s i s t a n c e  o b s e r v e d  in h y p e r t e n s i o n  is 

b e l i e v e d  to be p a r t i a l l y  c a u s e d  by i n c r e a s e d  b l o o d  v e s s e l  

w a l l  t h i c k n e s s  a s s o c i a t e d  w i t h  s m o o t h  m u s c l e  h y p e r t r o p h y  

( r e v i e w e d  by F o l k o w ,  1 9 78 ) .  T h i s  c h a r a c t e r i s t i c  of 

h y p e r t e n s i o n  m a y  be of i m p o r t a n c e  in the m e t h o d  u s e d  to 

r e c o r d  m e c h a n i c a l  r e s p o n s e s  of v a s c u l a r  t i s s u e s  f r o m 

h y p e r t e n s i v e  a n i m a l s .  I n d e e d  m a n y  c o n f l i c t i n g  r e p o r t s  on 

v a s c u l a r  r e a c t i v i t y  in h y p e r t e n s i v e  a n i m a l s  m a y  be e x p l a i n e d  

by the n a t u r e  of the m e c h a n i c a l  m e a s u r e m e n t s  r e c o r d e d  and 

n o t  the p a t h o p h y s i o l o g i c a l  and b i o c h e m i c a l  c h a n g e s  in the 

t i s s u e s .  F or  e x a m p l e ,  s u p e r s e n s i t i v i t y  to c o n t r a c t i l e  a g e n t s  

w a s  r e p o r t e d  in m a n y  s t u d i e s  t ha t r e c o r d e d  p e r f u s i o n  

p r e s s u r e  in w h o l e  a n i m a l ,  or i s o l a t e d  v a s c u l a r  p r e p a r a t i o n s
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(eg. C o l l i s  and V a n h o u t t e ,  1 97 7 ).  The  p e r f u s i o n  p r e s s u r e  

r e c o r d e d  in a b l o o d  v e s s e l  is d e t e r m i n e d  by the l aw  of 

L a p l a c e ,  w h i c h  s ta t es :

P = T / r ,

w h e r e  P is the p e r f u s i o n  p r e s s u r e ;  T is the w a l l  t e n s i o n ;  

and r is the r a d i u s  of the l u me n .  In h y p e r t e n s i o n  t h e r e  is 

an i n c r e a s e  in the w a l l  t h i c k n e s s :l u m e n  r a t i o ,  d u e  m a i n l y  to 

s m o o t h  m u s c l e  h y p e r t r o p h y .  Th e  d i a m e t e r  of the b l o o d  v e s s e l  

is t h e r e f o r e  d e c r e a s e d  an d t h e r e  is a g r e a t e r  c h a n g e  in 

r e s i s t a n c e  p r o d u c e d  by a g i v e n  d e g r e e  of m u s c l e  c o n t r a c t i o n  

in the v e s s e l  w a l l .  H o w e v e r ,  w h e n  m u s c l e  t e n s i o n  is r e c o r d e d  

d i r e c t l y  in i s o l a t e d  v a s c u l a r  p r e p a r a t i o n s ,  the c o n t r a c t i o n  

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

m a y  be l ess e f f i c i e n t ,  r e s u l t i n g  in s m a l l e r  i n c r e a s e s  in 

t e n s i o n .  It w o u l d  t h e r e f o r e  be i n t e r e s t i n g  to c o m p a r e  

v a s c u l a r  r e s p o n s i v e n e s s  in b o t h  p e r f u s e d  b l o o d  v e s s e l s  and 

i s o l a t e d  t i s s u e  p r e p a r a t i o n s  f r o m  the s am e a n i m a l .

S o d i u m  n i t r o p r u s s i d e  i n d u c e d  c o n c e n t r a t i o n - d e p e n d e n t  

r e l a x a t i o n s  of b o t h  SHR and W K Y  a o r t i c  r i n g s  p r e c o n t r a c t e d  

w i t h  n o r a d r e n a l i n e  ( f i g u r e  65). At low c o n c e n t r a t i o n s ,  

( 1 0 “ ^M) s o d i u m  n i t r o p r u s s i d e  i n d u c e d  w e a k e r  r e l a x a t i o n s  of 

SHR a o r t i c  r i n g s  t h an  of W K Y  t i s s u e s .  It m a y  be s u g g e s t e d  

t ha t the r e l a x a n t  e f f e c t  of s o d i u m  n i t r o p r u s s i d e  at low 

c o n c e n t r a t i o n s  w as  a t t e n u a t e d  by h i g h l y  a c t i v e  c y c l i c  G MP 

p h o s p h o d i e s t e r a s e s  in SHR  a o r t i c  r i n g s  t hat r a p i d l y  

h y d r o l y s e d  c y c l i c  GMP. H o w e v e r ,  the e f f e c t  of 

p h o s p h o d i e s t e r a s e  i n h i b i t i o n  on the l e v e l s  of c y c l i c  GM P 

i n d u c e d  b y  s o d i u m  n i t r o p r u s s i d e  at low c o n c e n t r a t i o n s  in SHR 

a o r t i c  r i n g s  r e m a i n s  to be d e t e r m i n e d .  H o w e v e r ,  in this 

s t u d y  the c y c l i c  G M P  p h o s p h o d i e s t e r a s e  i n h i b i t o r  M & B  2 2 9 4 8
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(10 M) d id  n o t  a f f e c t  s o d i u m  n i t r o p r u s s i d e — i n d u e e d  

r e l a x a t i o n s  of SHR a o r t i c  r i n g s  p r e c o n t r a c t e d  w i t h  

n o r a d r e n a l i n e  ( f i g u r e  66).

At h i g h e r  c o n c e n t r a t i o n s ,  (10 ^M) , s o d i u m  n i t r o p r u s s i d e  

i n d u c e d  m o r e  p o w e r f u l  r e l a x a t i o n s  of SHR a o r t i c  r i n g s  t ha n 

of W K Y  a o r t i c  r i n g s  ( f i g u r e  65). This e f f e c t  w a s  a s s o c i a t e d  

w i t h  a s i g n i f i c a n t l y  g r e a t e r  i n c r e a s e  in the l e v e l s  of 

c y c l i c  G M P  in SHR a o r t i c  r i n g s  t han  in W K Y  t i s s u e s  ( f i g u r e  

67). It is p o s s i b l e  that this g r e a t e r  i n c r e a s e  in c y c l i c  GM P 

l e v e l s  a l o n e ,  a c c o u n t e d  for the m o r e  p o w e r f u l  r e l a x a t i o n s  

i n d u c e d  by  s o d i u m  n i t r o p r u s s i d e  in SHR a o r t i c  r i n g s.

H o w e v e r ,  a h y p e r p o 1 a r i s i n g  e f f e c t  of s o d i u m  n i t r o p r u s s i d e  on 

the c e l l  m e m b r a n e  m u s t  a l s o  be c o n s i d e r e d  s i n c e  R a p o p o r t  et 

a 1 , ( 1 985 ) s h o w e d  t hat i n h i b i t i o n  of NA + -K + A T P a s e  d e c r e a s e d

the r i s e  in c y c l i c  GMP l e v e l s  i n d u c e d  by s o d i u m  

n i t r o p r u s s i d e  ( 1 0 ~ ^ M ) ,  b u t n o t  the l e v e l s  of c y c l i c  G MP  

i n d u c e d  b y  s o d i u m  n i t r o p r u s s i d e  (10 ^M). F u r t h e r m o r e ,  this 

e f f e c t  w a s  d e p e n d e n t  on t i s s u e  p r e c o n t r a c t i o n  w i t h  

n o r a d r e n a l i n e .  T h e s e  f i n d i n g s  s u g g e s t  that a c t i v a t i o n  of 

N a + - K + A T P a s e  a n d / o r  m e m b r a n e  h y p e r p o 1 a r i s a t i o n  o c c u r r e d  at 

h i g h  c o n c e n t r a t i o n s  of s o d i u m  n i t r o p r u s s i d e , 10 ^M, and was

in s o m e w a y  l i n k e d  w i t h  the f o r m a t i o n  of c y c l i c  GMP.

N i t r o v a s o d i l a t o r s  h o w e v e r ,  h a v e  b e e n  s h o w n  no t to 

h y p e r p o 1 a r i s e  v a s c u l a r  s m o o t h  m u s c l e  ( K u r i y a m a  et a 1 .,

1 98 2) .

T h r o u g h o u t  th is  s t ud y ,  m e c h a n i c a l  r e s p o n s e s  of rat a o r t i c  

r i n g s  w e r e  r e l a t e d  to u n d e r l y i n g  b i o c h e m i c a l  c h a n g e s .  T h i s 

a p p r o a c h  a l l o w e d  a w i d e r  i n t e r p r e t a t i o n  of the r e s u l t s  

o b t a i n e d  a n d  r a i s e d  m a n y  m o r e  q u e s t i o n s  on the m e c h a n i s m s
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i n v o l v e d  in the r e g u l a t i o n  of v a s c u l a r  tone. T he  i m p o r t a n c e  

of m e m b r a n e  p e r m e a b i l i t y  in the r e g u l a t i o n  of c y c l i c  GM P 

s y n t h e s i s  d u r i n g  v a s c u l a r  r e l a x a t i o n  has n o w  b e e n  f u l l y  

r e c o g n i s e d  ( R a p o p o r t  e_t a 1 . , 1985 ), and o n l y  w h e n

m e c h a n i c a l ,  b i o c h e m i c a l  an d  e l e c t r o - p h a r m a c o l o g i c a l  

m e a s u r e m e n t s  ar e r e l a t e d  to e a c h  o th er ,  w i l l  a m o r e  c o m p l e t e  

u n d e r s t a n d i n g  of v a s u l a r  s m o o t h  m u s c l e  r e a c t i v i t y  be 

a t t a i n e d .
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J. P h y s i o l .  366 , 1 5 3 - 1 7 5  .

K r a m e r  G.L. and H a r d m a n  J.G. (1 980).
C y c l i c  n u c l e o t i d e s  and b l o o d  v e s s e l  c o n t r a c t i o n .  In: 
H a n d b o o k  o f p h y s  i o l o g y : the c a r d i o v a s c u l a r  sys tem II,
v a s c u l a r  s m o o  th mus c l e , e ds . B ohr  D.F .,  S o m l y o  A.P. and 
S p a r k s  H .V . pp 1 7 9 - 1 9 9 .  B e t h e s d a ;  The A m e r i c a n  P h y s i o l o g y  
S o c i e t y .

K r e b s  H . A . and H e n s e l e i t  K. ( 19 32).
U n t e r  s u c h u n g e n  u b e r  di e h a r n s t o f f b i l d u n g  im t i e r k o r p e r . 
H o p p e - S e y l e r s  Z. P h y s i o l .  C h e m .  2 1 0 , 3 3-6 6.

Ku D.D . ( 1 9 8 2)  .
C o r o n a r y  v a s c u l a r  r e a c t i v i t y  a f t e r  a c u t e  m y o c a r d i a l  
is c h e m i a .
S c i e n c e  218, 5 7 6 - 5 7 8 .

K u b o  T. ( 1 9 7 9 ) .
I n c r e a s e d  p r e s s o r  r e s p o n s e s  to p r e s s o r  a g e n t s  in 
s p o n t a n e o u s l y  h y p e r t e n s i v e  rats.
Can . J. P h y s i o l .  P h a r m a c o l .  5 7 , 5 9- 6 4 .

K u c h i i  M., S h i b a t a  S. and M o r i  J. (1 973).
P h a r m a c o l o g i c a l  n a t u r e  of a d r e n e r g i c  i n n e r v a t i o n  in rat 
a o r t a .
C o m p .  G en.  P h a r m a c o l .  _4, 1 3 1 - 1 3 8 .
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K u k o v e t z  W . R . ,  H o l z m a n n  S. and P b c h  G. ( 19 82 ).
F u n c t i o n  of c y c l i c  G M P  in a c e t y l c h o l i n e - i n d u c e d  c o n t r a c t i o n  
of c o r o n a r y  s m o o t h  m u s c l e .
N a u n y n - S c h m i e d e b e r g *s A r c h .  P h a r m a c o l .  319 , 2 9 - 3 3 .

K u n o  M. a n d  G a r d n e r  P. ( 1 9 8 7) .
Ion c h a n n e l s  a c t i v a t e d  by i n o s i t o l  1 , 4 , 5 - t r i s p h o s p h a t e  in 
p l a s m a  m e m b r a n e  of h u m a n  T - l y m p h o c y t e s .
N a t u r e  3 2 6 , 3 0 1 - 3 0 4 .

K u o  J.F .,  A n d e r s s o n  R . G . G . ,  W i s e  B.C., M a c k e r l o v a  L., 
S a l o m o n s  son I., B r a c k e t t  N . L. ,  K a t o h  N., S h o j i  M. a nd  W r e n n  
R. W.  ( 1 9 8 0 ) .
C a l c i u m - d e p e n d e n t  p r o t e i n  k i n a s e :  w i d e s p r e a d  o c c u r r e n c e  in 
v a r i o u s  t i s s u e s  and  p h y l a  of the a n i m a l  k i n g d o m  and 
c o m p a r i s o n  of e f f e c t s  of p h o s p h o l i p i d ,  c a l m o d u l i n ,  and 
t r i f l u o p e r a z i n e .
P r o c.  N a t l .  A c a d .  Sci. U S A  J77 , 7 0 3 9 - 7 0 4 3  .

Kuriyaraa H., Ito Y., S u z u k i  H., K i t a m u r a  K. and I toh  T.
( 198 2)  .
F a c t o r s  m o d i f y i n g  c o n t r a c t i o n - r e l a x a t i o n  c y c l e  in v a s c u l a r  
s m o o t h  m u s c l e s .
Am. J. P h y s i o l .  24 3 , H 6 4 1 - H 6 6 2 .

L a n g e r  S.Z. ( 1 97 4 ) .
P r e s y n a p t i c  r e g u l a t i o n  of c a t e c h o l a m i n e  r e l e a s e .
B i o c h e m .  P h a r m a c o l .  23_, 1 7 9 3 - 1 8 0 0 .

L a n s m a n  J .B. (1 9 88 ).
G o i n g  w i t h  the flow.
N a t u r e  3 3 1 , 4 8 1 - 4 8 2 .

L a n s m a n  J . B .,  H a l l a m  T.J . a nd R i n k  T.J. ( 19 8 7) .
S i n g l e  s t r e t c h - a c t i v a t e d  ion c h a n n e l s  in v a s c u l a r  
e n d o t h e l i a l  c e l l s  as m e c h a n o t r a n s d u c e r s  ?
N a t u r e  32 5 , 8 1 1 - 8 1 3 .

Le e  T .J.  ( 1 98 2 ) .
C h o l i n e r g i c  m e c h a n i s m  in the l a r g e  cat c e r e b r a l  a r t e r y .
C i r c .  R es .  _5_0 , 8 7 0 - 8 7 9  .

L e w i c k i  J . A .,  B r a n d w e i n  H . J . ,  W a l d m a n  S.A. and M u r a d  F. 
(198°).
P u r i f i e d  g u a n y l a t e  c y c l a s e :  c h a r a c t e r i z a t i o n ,  i o d i n a t i o n  and
p r e p a r a t i o n  of m o n o c l o n a l  a n t i b o d i e s .
J. C y c l i c  N u c l e o t i d e  Res. _6 , 2 8 3 - 2 9 6 .

L i n c o l n  T . M . a nd F i s h e r - S i m p s o n  V. (1 98 3) .
A c o m p a r i s o n  of the e f f e c t s  of f o r s k o l i n  an d n i t r o p r u s s i d e  
on c y c l i c  n u c l e o t i d e s  a n d r e l a x a t i o n  in the rat a o r t a .
Fed. P r o c .  ^_2, 898.

L i t o s c h  I. a nd  F a i n  J.F. ( 19 8 6) .
R e g u l a t i o n  of p h o s p h o i n o s i t i d e  b r e a k d o w n  b y g u a n i n e  
n u c l e o t i d e s .
L i f e  Sci. 39, 1 8 7 - 1 9 4 .
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L j u n g  B., B e v a n  J .A., P e g r a m  B.L., P u r d y  R.E. and Su M. 
( 197 5)  .
V a s o m o t o r  n e r v e  c o n t r o l  of i s o l a t e d  a r t e r i e s  and v e i n s .  
A c t a ,  p h y s i o l ,  s c a nd .  5 0 6 - 5 1 6  .

L l o y d  J . V. ,  N i s h i z a w a  E.E., H a i d a r  J. and M u s t a r d  J.F. 
( 1 9 7 2 ) . > 32
C h a n g e s  in P - l a b e l l i n g  of p l a t e l e t  p h o s p h o l i p i d s  in 
r e s p o n s e  to A DP.
Br . J. H a e m a t o l .  23 , 5 7 1 - 5 8 5  .

M a c I n t y r e  D.E.  and P o l l o c k  W .K.  ( 19 83).
P l a t e l e t - a c t i v a t i n g  f a c t o r  s t i m u l a t e s  p h o s p h a t i d y 1 i n o s i t o 1 
t u r n o v e r  in h u m a n  p l a t e l e t s .
B i o c h e m .  J. 2 1 2 , 4 3 3 - 4 3 7 .

M a r c u s  A . J . ,  U l l m a n  H .L.  and S a f i e r  L.B. ( 19 69) .
L i p i d  c o m p o s i t i o n  of s u b c e l l u l a r  p a r t i c l e s  of h u m a n  b l o o d  
p l a t e l e t s  .
J. L i p i d  R e s.  _1_0, 1 0 8 - 1 1 4 .

M a r t i n  W., F u r c h g o t t  R . F . ,  V i l l a n i  G.M. and J o t h i a n a n d a n  D.
( 1 9 86 )  .
D e p r e s s i o n  of c o n t r a c t i l e  r e s p o n s e s  in rat a o r t a  by 
s p o n t a n e o u s l y  r e l e a s e d  e n d o t h e l i u m - d e r i v e d  r e l a x i n g  f a c t o r .  
J. P h a r m a c o l .  E xp . T h e r.  2 3 7 , 5 2 9 - 5 3 8 .

M a r t i n  W., S m i t h  J.A., L e w i s  M .J. and H e n d e r s o n  A.H. ( 1 9 8 8 ) .  
E v i d e n c e  t h at  i n h i b i t o r y  f a c t o r  e x t r a c t e d  f r o m  b o v i n e  
r e t r a c t o r  p e n i s  is n i t r i t e ,  w h o s e  a c i d - a c t i v a t e d  d e r i v a t i v e  
is s t a b i l i z e d  n i t r i c  o x i d e .
Br . J. P h a r m a c o l .  _9_3 , 5 7 9 - 5 8 6  .

M e i s h e r i  K .D .  a nd  v a n  B r e e m e n  C. (19 82 ).
E f f e c t s  of ^5- a d r e n e r g i c  s t i m u l a t i o n  on c a l c i u m  m o v e m e n t s  in 
r a b b i t  a o r t i c  s m o o t h  m u s c l e :  r e l a t i o n s h i p  w i t h  c y c l i c  AMP.
J. P h y s i o l .  3 3 1 , 4 2 9 - 4 4 1 .

M e k a t a  F. and K e a t i n g e  W . R . (1 97 5) .
E l e c t r i c a l  b e h a v i o u r  of i n n e r  and o u t e r  s m o o t h  m u s c l e  of 
s h e e p  c a r o t i d  a r t e r y .
N a t u r e  2 5 8 , 5 3 4 - 5 3 5 .

M i c h e l l  B. ( 1 9 8 6 ) .
I n o s i t o l  p h o s p h a t e s .  P r o f u s i o n  and c o n f u s i o n .
N a t u r e  3 1 9 , 1 7 6 - 1 7 7 .

M i c h e l l  R . H . ,  K i r k  C. J. , J o n e s  L.M .,  D o w n e s  C.P. and C r e b a  
J.A. ( 1 9 8 1 ) .
T he  s t i m u l a t i o n  of i n o s i t o l  l i p i d  m e t a b o l i s m  that 
a c c o m p a n i e s  c a l c i u m  m o b i l i z a t i o n  in s t i m u l a t e d  c e l l s: 
d e f i n e d  c h a r a c t e r i s t i c s  and u n a n s w e r e d  q u e s t i o n s .
P h i l .  T r a n s .  R. Soc. L o n d .  B 2 9 6 , 1 2 3 - 1 3 8 .

M i l l e r  V .M .  and V a n h o u t t e  P.M. ( 19 84 ).
M u s c u l a r  a n d  e n d o t h e l i a l  r e s p o n s i v e n e s s  to a l p h a 2 **a d r e n e r g i c  
a c t i v a t i o n  in c a n i n e  b l o o d  v e s s e l s .
P h y s i o l o g i s t  27 , 282.
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M i t t a l  C . K . an d M u r a d  F. ( 19 77 a) .
P r o p e r t i e s  and  o x i d a t i v e  r e g u l a t i o n  of g u a n y l a t e  c y c l a s e .
J. C y c l i c  N u c l e o t i d e  R es.  _3 , 3 8 1 - 3 9 1  .

M i t t a l  C. K.  an d M u r a d  F. ( 1 9 7 7 b ) .
F o r m a t i o n  of a d e n o s i n e  3 * : 5 1- m o n o p h o s p h a t e  by p r e p a r a t i o n s  
of g u a n y l a t e  c y c l a s e  f r o m  rat l i v er  and o t h e r  t i s s u e s .
J. B i o l .  C h e m .  252 1 3 1 3 6 - 3 1 4 0 .

M o r g a n  K .G.  (1 98 7) .
C a l c i u m  and  v a s c u l a r  s m o o t h  m u s c l e  tone.
Am. J. M e d .  82 ( s u p p l  3B), 9 -15.

M o r g a n  J .P. and  M o r g n  K.G. ( 19 84 ).
A l t e r a t i o n  of c y t o p l a s m i c  i o n i z e d  c a l c i u m  l e v e l s  in s m o o t h  
m u s c l e  by v a s o d i l a t o r s  in the f er ret .
J. P h y s i o l .  3 5 7 , 5 3 9 - 5 5 1 .

M u a l l e m  S., S c h o e f f i e l d  M., P a n d o l  S. and Sa ch s  G. ( 19 8 5) . 
I n o s i t o l  t r i s p h o s p h a t e  m o d i f i c a t i o n  of ion t r a n s p o r t  in 
r o u g h  e n d o p l a s m i c  r e t i c u l u m .
P r o c.  N a t l .  A c a d .  Sci. U S A  82, 4 4 3 3 - 4 4 3 7 .

M u e l l e r  E. an d  v a n  B r e e m e n  C. (1979).
R o l e  of i n t r a c e l l u a r  C a ^ + s e q u e s t r a t i o n  in ̂ - a d r e n e r g i c  
r e l a x a t i o n  of a s m o o t h  m u s c l e .
N a t u r e  2 8 1 , 6 8 2 - 6 8 3 .

M u r a d  F., M i t t a l  C .K . , A r n o l d  W . P .,  K a t s u k i  S. and Kiraura H. 
( 1 9 7 8 ).
G u a n y l a t e  c y c l a s e :  a c t i v a t i o n  by az i de , n i t r o  c o m p o u n d s ,  
n i t r i c  o x i d e ,  an d  h y d r o x y l  r a d i c a l  and  i n h i b i t i o n  by 
h e m o g l o b i n  an d m y o g l o b i n .
Ad v.  C y c l i c  N u c l e o t i d e  R es . 9_t 145-1 58 .

M u r r a y  J . L .,  F r i d o v i c h  I., M a k h o u l  R.G. and H a g e n  P.O.
( 1986  ) .
S t a b i l i z a t i o n  and p a r t i a l  c h a r a c t e r i z a t i o n  of e n d o t h e l i u m -  
d e r i v e d  r e l a x i n g  f a c t o r  f r o m  c u l t u r e d  b o v i n e  a o r t i c  
e n d o t h e l i a l  c e l l s .
B i o c h e m .  B i o p h y s .  Res. C o m m u n .  1 4 1 , 6 8 9 - 6 9 6 .

N a b i k a  T., V e l l e t r i  P. A. , L o v e n b e r g  W. and B e a v e n  M.A.
( 1 9 8 5) .
I n c r e a s e  in c y t o s o l i c  c a l c i u m  and p h o s p h o i n o s i t i d e  
m e t a b o l i s m  i n d u c e d  by a n g i o t e n s i n  II an d [A r g ]v a s o p r e s s i n  in 
v a s c u l a r  s m o o t h  m u s c l e  c e l l s .
J. B i o l .  C h e m .  2 6 0 , 4 6 6 1 - 4 6 7 0 .

N a k a  M., N i s h i k a w a  M., A d e l s t e i n  R.S. and H i d a k a  H. ( 1 98 3 ).  
P h o r b o l  e s t e r - i n d u c e d  a c t i v a t i o n  of h u m a n  p l a t e l e t s  is 
a s s o c i a t e d  w i t h  p r o t e i n  k i n a s e  C p h o s p h o r y l a t i o n  of m y o s i n  
l i g h t  c h a i n s .
N a t u r e  3 0 6 , 4 9 0 - 4 9 2 .

N e u f e l d  E .J . a nd  M a j e r u s  P.W. ( 19 83).
A r a c h i d o n a t e  r e l e a s e  and p h o s p h a t i d i c  a c i d  t u r n o v e r  in 
s t i m u l a t e d  h u m a n  p l a t e l e t s .
J. B i o l .  C h e m .  2 5 8, 2 4 6 1 - 2 4 6 7 .
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N i g g l i  V., S i g e l ^ E .  and C a r a f o l i  E. (19 82 ).
Th e  p u r i f i e d  Ca + p u m p  of h u m a n  e r y t h r o c y t e  m e m b r a n e s  
c a t a l y z e s  an e l e c t r o n e u t r a l  Ca - H + e x c h a n g e  in 
r e c o n s t i t u t e d  l i p o s o m a l  s y s t e m s .
J. B i o l .  C h e m .  2 5 7 , 2 3 5 0 - 2 3 5 6 .

N i s h i k a w a  M . , de L a n e r o l l e  P., L i n c o l n  T.M. and A d e l s t e i n  
R . S . ( 1 9 8 4 ) .
P h o s p h o r y l a t i o n  of m a m m a l i a n  m y o s i n  l i gh t  c h a i n  k i n a s e s  by 
the c a t a l y t i c  s u b u n i t  of c y c l i c  A M P - d e p e n d e n t  p r o t e i n  k i n a s e  
an d by c y c l i c  G M P - d e p e n d e n t  p r o t e i n  k i n a s e .
J. B i o l .  C h e m .  2 5 9 , 8 4 2 9 - 8 4 3 6 .

N i s h i z u k a  Y. ( 19 83) .
P h o s p h o l i p i d  d e g r a d a t i o n  and  s i g n a l  t r a n s l a t i o n  for p r o t e i n  
p h o s p h o r y l a t i o n .
T r e n d s  B i o c h e m .  Sci. 8, 1 3-1 6.

O l e s e n  S.P., C l a p h a m  D.E. a nd D a v i e s  P.F. ( 1 988 ).  
H a e m o d y n a m i c  s h e a r  s t r e s s  a c t i v a t e s  a K + c u r r e n t  in v a s c u l a r  
e n d o t h e l i a l  c e l l s .
N a t u r e  3 3 1 , 1 6 8 - 1 7 0 .

O w e n  M .P .  an d  B e v a n  J.A. ( 1 98 5) .
A c e t y l c h o l i n e  i n d u c e d  e n d o t h e l i a l - d e p e n d e n t  v a s o d i l a t i o n  
i n c r e a s e s  as a r t e r y  d i a m e t e r  d e c r e a s e s  in the r a b b i t  ear. 
E x p e r i e n t i a  4_1_, 1 0 5 7 - 1 0 5 8  .

P a l m e r  R . M . J . ,  F e r r i g e  A.G. and M o n c a d a  S. (198 7)
N i t r i c  o x i d e  r e l e a s e  a c c o u n t s  for the b i o l o g i c a l  a c t i v i t y  of 
e n d o t h e l i u m - d e r i v e d  r e l a x i n g  f ac t or .
N a t u r e  3 2 7 , 5 2 4 - 5 2 6 .

P a r k  S. an d R a s m u s s e n  H. ( 19 8 5) .
A c t i v a t i o n  of t r a c h e a l  s m o o t h  m u s c l e  c o n t r a c t i o n :  s y n e r g i s m2 +  •b e t w e e n  Ca and a c t i v a t o r s  of p r o t e i n  k i n a s e  C.
P r oc .  N a t l .  A c a d .  Sci. U S A  8^, 8 8 3 5 - 8 8 4 0 .

P e a c h  M . J . ,  S i n g e r  H .A. a nd  L o e b  A.L. ( 1 98 5) .
M e c h a n i s m s  of e n d o t h e l i u m - d e p e n d e n t  v a s c u l a r  s m o o t h  m u s c l e  
r e l a x a t i o n .
B i o c h e m .  P h a r m a c o l .  j^4 , 1 8 6 7 - 1 8 7 4  .

P e i p e r  U., S c h m i d t  E., L a v e n  R. and G r i e b e l  L. ( 1 9 7 3 ).
L e n g t h - t e n s i o n  r e l a t i o n s h i p s  in r e s t i n g  and a c t i v a t e d  
v a s c u l a r  s m o o t h  m u s c l e  f i b r e s .
P f l u g e r s  A r c h .  3 4 0 , 1 1 3 - 1 2 2 .

P f e u f f e r  E., D r e h e r  R . M .,  M e t z g e r  H. and P f e u f f e r  T. ( 19 8 5) . 
C a t a l y t i c  u n i t  of a d e n l y a t e  c y c l a s e :  p u r i f i c a t i o n  and 
i d e n t i f i c a t i o n  by a f f i n i t y  c r o s s  l i n k i n g .
P r o c . N a t l .  A c a d .  Sci. U S A  3 0 8 6 - 3 0 9 0 .

P o p e s c u  L . M . ,  P a n o i u  C., H i n e s c u  M. and N u t u  0. ( 1 98 5) .
T h e  m e c h a n i s m  of c G M P - i n d u c e d  r e l a x a t i o n  in v a s c u l a r  s m o o t h  
m u s c l e  .
E u r . J. P h a r m a c o l .  107, 3 9 3 - 3 9 4 .
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P o w i s  G . ( 19 73).
B i n d i n g  of c a t e c h o l a m i n e s  to c o n n e c t i v e  t i s s u e  and the 
e f f e c t  u p o n  the r e p o n s e s  of b l o o d  v e s s e l s  to n o r a d r e n a l i n e  
a nd to n e r v e  s t i m u l a t i o n .
J. P h y s i o l .  2 34 , 1 4 5 - 1 6 2  .
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