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A b slra c l

Functional  In te rac t ions  in S m o o th  M usc le

by

S h e r i  Keitz 

A d v i s o r s :  Roman O sm an  Ph.D.

J o s e p h  Goldfarb Ph.D.

Saul  Maayani  Ph.D.

V as cu la r  sm o o th  m u s c l e  to n e  is m o d u la te d  in vivo by the 

fu n c t io n a l  in t e r a c t io n  of a  v a r i e ty  of v a s o c o n s t r i c t o r  a n d  

v as o d i l a to r  stimuli.  E n d o g e n o u s  s u b s t a n c e s  (e.g.  ep in ep h r in e )  

s i m u l t a n e o u s l y  a c t i v a t e  c t - a d r e n e r g i c  r e c e p t o r s  ( a - A R )  

el icit ing c o n t ra c t i o n  a n d  B -a d re n e rg i c  r e c e p t o r s  (B-AR) which  

re lax  t h e  m u s c l e .  Th is  s tu d y  c h a r a c t e r i z e s  th e  B -ad ren e rg ic  

r e s p o n s e  in t h e  i s o l a t e d  r ab b i t  a o r t a  p r e c o n t r a c t e d  with 

p h e n y l e p h r i n e  (P E )  or  5HT.  T h e  B - a d r e n e r g i c  a g o n i s t  

i s o p r o t e r e n o l  (ISO)  p r o d u c e s  a  b i p h a s i c  r e s p o n s e  t h a t  is 

c o m p o s e d  of a  rapid re laxation  fol lowed by a  s low er  regain ing  

of t e n s i o n  w h ic h  is i d e n t i f i e d  a s  d e s e n s i t i z a t i o n .  An 

e x p lo ra to ry  kine t ic  m o d e l  th a t  d e s c r i b e s  bo th  re la x a t io n  a n d  

d e s e n s i t i z a t i o n  ( a s  s im p le  e x p o n e n t i a l  f u n c t io n s )  p r o v id e s  a  

g o o d  fit to the  ex p e r im en ta l  d a t a .  T h e  five p a r a m e t e r s  u s e d  to 

d e s c r i b e  t h e  ISO r e s p o n s e  a re :  the  o b s e r v e d  ra te  c o n s t a n t s  for



re laxa t ion  a n d  d e s e n s i t i z a t i o n  (krei a n d  kdes). t h e  m a g n i t u d e s  

of t h e  c h a n g e s  in tens ion  for the  two p r o c e s s e s  (R a n d  D ), a n d  

th e  o b s e r v e d  de lay  in th e  o n s e t  of d e s en s i t i z a t io n  r e s p o n s e ,  td  

T h e  krel a n d  f r a c t i o n a l  r e l a x a t i o n  w e r e  d e p e n d e n t  on  

c o n c e n t r a t i o n  of IS O  in a  s a t u r a b l e  m a n n e r  in r in g s  

p r e c o n t r a c te d  with 1 pM PE (EC50 -  0 .017  pM a n d  0 .0 6 7  pM , 

re spec t ive ly ) .  No c o n c e n t r a t i o n  d e p e n d e n c e s  w e r e  o b s e r v e d  

for kdes. f r a c t i o n a l  d e s e n s i t i z a t i o n  (D/R) a n d  td ( a v e r a g e  

v a l u e s  ± SEM a r e  (4.7 ± .0 .2 )*10‘3 s e c 1 ; 0 .83 ± 0.02;  191 ± 6 

s e c ,  r e s p e c t iv e l y ) .  This  work  d e m o n s t r a t e s  t h a t  a  k ine t ic  

a n a l y s i s  is n e c e s s a r y  to p roperly  e s t i m a t e  the  p a r a m e t e r s  tha t  

d e s c r i b e  t h e  r e la xa t ion  r e s p o n s e  to ISO  w h e n  r e la x a t io n  is 

a c c o m p a n i e d  by s i m u l t a n e o u s  d e s e n s i t i z a t io n .

T h e  B - a d r e n e r g i c  r e s p o n s e  p a r a m e t e r s  w e r e  a l s o  

c h a r a c t e r i z e d  in a o r t i c  r in g s  p r e c o n t r a c t e d  with  v a r i o u s  

c o n c e n t r a t i o n s  of P E  or 5HT a n d  u n d e r  co n d i t io n s  th a t  var ied  

the  eff icacy of the  con t rac t i le  agonis t .  T h e  krei a n d  f rac t ional  

r e l a x a t i o n  w e r e  both  inve rse ly  re l a t e d  to th e  c o n c e n t r a t i o n  of 

PE. T he  k rei w a s  a l s o  inversely  r e la ted  to th e  c o n c e n t r a t i o n  of 

5HT, h o w e v e r ,  t h e  f rac t iona l  r e l a x a t i o n  c h a n g e d  little with 

5 H T  c o n c e n t r a t i o n  ( R / C ~ 0 . 8 ) .  A l t h o u g h  f r a c t i o n a l  

d e s e n s i t i z a t i o n  (D/R) s h o w e d  no d e p e n d e n c e ,  k d e s  a n d  td  w e re  

d e p e n d e n t  on  th e  c o n c e n t r a t i o n  of PE or  5HT in a  s a t u r a b l e  

m a n n e r  a n d  a l s o  v a ry e d  with th e  ef f icacy  of t h e  co n t ra c t i l e



agonis t ,  k d e s  i n c r e a s e s  with inc reas ing  c o n c e n t r a t i o n  of PE or 

5HT (EC50= 0 .43  pM or 0 .08 pM in th e  p r e s e n c e  of P E  a n d  5HT 

r e s p e c t i v e l y )  a n d  with  i n c r e a s i n g  e f f i c a c y  w h e r e a s  t d  

d e c r e a s e s  u n d e r  t h e s e  s a m e  c o n d i t i o n s .  T h e  lack  of 

d e p e n d e n c e  of k d e s  a n d  td  on the  co n ce n t ra t io n  of ISO a n d  the  

d e p e n d e n c e  of t h e s e  p a r a m e t e r s  on th e  co n ce n t ra t io n  of P E  or 

5H T a n d  on  c o n t r a c t i l e  e f f ic acy  s u g g e s t  t h a t  t h e r e  is a  

r e l a t io n s h ip  b e t w e e n  e v e n t s  th a t  m e d i a t e  co n t ra c t i o n  a n d  13- 

AR d e s e n s i t i z a t i o n .
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A b b r e v i a t i o n s
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c x - A R a - a d r e n e r g i c  r e c e p t o r

(3-AR B - a d r e n e rg i c  r e c e p t o r

B-ARK B -a d re n e rg i c  r e c e p to r  k i n a s e

Bay K Bay K 8644

BUF B u f o te n in

cAMP cyclic AMP

CRC c o n c e n t r a t i o n  r e s p o n s e  cu rv e

DHP d i h y d r o p y r i d i n e

DMT N,N dimethyl  t ry p tam in e

D*R d r u g - r e c e p t o r  c o m p le x

s t im u la to ry  G T P -b in d in g  pro te in

HA h i s t a m i n e

ISO i s o p r o t e r e n o l

NIF n i f e d i p i n e

PE p h e n y l e p h r i n e

PKC protein k in a se  C

PKA protein k in a s e  A

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

QUIP q u i p a z i n e

5HT s e r o t o n i n



INTRODUCTION.

F ew  r e c e p t o r s  h a v e  b e e n  m o re  ex ten s iv e ly  s tu d ie d  than  

t h e  G - a d re n e rg ic  r e c e p t o r  (G-AR). G-ARs a r e  p r e s e n t  in a  

v a r ie ty  of bio logical  s y s t e m s  w h e r e  th e y  m e d i a t e  a  d i v e r s e  

r a n g e  of physio logic r e s p o n s e s .  Fu r the rm ore ,  th e  G-AR is a  

p ro to ty p e  for s tu dy ing  h o rm o n a l  ac t iva t ion  of adeny ly l  c y c l a s e  

(AC), r e c e p to r :G T P -b in d in g  protein  (G-pro tein)  in t e ra c t io n s  a n d  

r e c e p t o r  d e s e n s i t i z a t i o n .  O v e r  th e  p a s t  two d e c a d e s ,  th e  

m o l e c u l a r  e v e n t s  t h a t  l e a d  to t h e  ac t iv a t io n  of  t h e  G-AR- 

l inked  AC a n d  t h e  a t t e n u a t i o n  of t h a t  a c t i v a t i o n ,  h a v e  

c o n t r i b u te d  g rea t ly  to th e  u n d e r s t a n d i n g  of s ignal l ing  s y s t e m s  

th a t  e m p lo y  G p ro te in s  a s  t r a n s d u c in g  e l e m e n t s .  Fu r the rm ore ,  

G-ARs m e d i a t e  i m p o r t a n t  p h y s i o l o g i c  p r o c e s s e s  s u c h  a s  

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

con t ra c t i l i ty  a n d  b o th  G-AR a g o n i s t s  a n d  a n t a g o n i s t s  a r e  

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

The m o lecu la r even ts  lead in g  to ac tiva tio n  o f AC, the  

ro le  o f G T P -b in d in g  pro te ins: T h e  hormonal ly  r e g u la te d  AC is 

c o m p o s e d  of t h r e e  s e p a r a t e  c o m p o n e n t s :  t h e  m e m b r a n e  

r e c e p to r  (e.g.  th e  G-AR), th e  s t imula tory G protein  (Gs ) a n d  the  

c a t a ly t i c  unit  (C) of t h e  a d e n y l y l  c y c l a s e  e n z y m e .  T h e  

s t i m u l a t o r y  G T P  b in d in g  p r o t e i n  is a  h e t e r o t r i m e r :  t h e  

s t im u la to ry  a - s u b u n i t  ( a s ), a n d  th e  G a n d  y subun i ts .  T h e  a s 

c o n t a i n s  a  g u a n i n e  n u c l e o t id e  b inding  si te .  In t h e  in ac t ive



form of G s , G D P  is b o u n d  to ocs . Act ivat ion o c c u r s  u p o n  

d is soc ia t ion  of G D P  a n d  s u b s e q u e n t  binding of G T P  to a s It is 

t h e  ro le  of t h e  a c t iv a t e d  m e m b r a n e  r e c e p to r  to fac i l i tate  this 

c h a n g e ,  ac t in g  ve ry  m u c h  like a  c a t a l y s t  to s p e e d  up  th e  

o th e rw is e  slow d is soc ia t ion  of G DP.  G T P  binding p r o m o t e s  the 

d i s s o c i a t i o n  of the  a - s u b u n i t  of G s from th e  R*y c o m p l e x  

w hich  r e m a i n s  e m b e d d e d  in t h e  m e m b r a n e .  T h e  R a n d  y 

s u b u n i t s  a r e  tightly a s s o c i a t e d  a n d  c a n  only b e  s e p a r a t e d  u n d e r  

d e n a t u r in g  cond i t ions .  T h e  6 a n d  y s u b u n i t s  a r e  t h o u g h t  to 

inhibit t h e  a c t io n s  of a  s w h e n  the  h e t e ro t r im e r  is in tact  a n d  

a l so  to a n c h o r  the  protein in the  m e m b r a n e .  T h e  d is soc ia t ion  

of t h e  he t e ro t r im e r  a p p e a r s  to b e  t h e  ra te  limiting s t e p  in the  

p r o c e s s  of AC a c t iv a t io n  a n d  a l lo w s  a  s to a c t i v a t e  the  

ca ta ly t ic  subun i t .  Inact ivat ion of a  s is b ro u g h t  a b o u t  by the 

h y d r o ly s i s  of  G T P  to G D P  a n d  t h e  r e a s s o c i a t i o n  of th e  

h e t e r o t r i m e r i c  a  Ry s u b u n i t  ( r e v i e w e d  in G i l m a n ,  1 9 8 6 ;  

Levitzki , 1987 ;  Iy e n g a r  a n d  B i rn b a u m e r ,  1987 ;  W e i s s  e t  a l . ,

1 9 8 8 ) .

The k in e tic  fe a tu re s  o f A C  ac tiva tio n , the  co llis io n - 

coup ling  m o d e l: A kinetic s tudy  of th e  act iva t ion of AC by the 

R-AR in tu rk e y  e r y t h r o c y t e s  w a s  d o n e  by T o lk o v s k y  a n d  

Levitzki ( 1 9 7 8 ,1 9 8 1 ;  Tolkovsky  e t  al . ,  1982) .  By focus ing  on 

th e  t e m p o ra l  a s p e c t  of cAMP a c c u m u la t io n ,  they  d e m o n s t r a t e d  

th a t  t h e r e  w a s  a  lag t ime prior to t h e  a c c u m u la t io n  of cAMP
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a n d  tha t  this lag t ime could  b e  d e c r e a s e d  up to a  limiting va lue  

by in c re a s in g  th e  c o n c e n t r a t i o n  of B-adrene rg ic  agon i s t .  T hus ,  

t h e  lag t ime w a s  d e p e n d e n t  on th e  c o n c e n t r a t io n  of a g o n i s t  in 

a  s a t u r a b l e  m a n n e r .  T h e  a u t h o r s  d e m o n s t r a t e d  t h a t  th is  

b e h a v i o r  w a s  c o n s i s t e n t  with a  k ine t ic  m o d e l  in w h ich  th e  

s lo w  a c t iv a t io n  of a n  e f f ec to r  by t h e  d r u g * r e c e p t o r  c o m p le x  

(D«R) w a s  t h e  rate-l imit ing s tep .

Tolkovsky a n d  Levitzki de r ived  an  o b s e r v e d  ra te  c o n s t a n t  

for thi s  p r o c e s s  by in tegra t ing  t h e  c u r v e s  th a t  d e s c r i b e d  the  

c A M P  a c c u m u l a t i o n .  T h i s  o b s e r v e d  r a t e  c o n s t a n t  w a s  

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

m a n n e r  a n d  d i s p la y e d  a  l inear  d e p e n d e n c e  on  th e  total  n u m b e r  

of r e c e p t o r s  which  w a s  d e m o n s t r a t e d  by us ing  a n  i r revers ib le  

B - a d r e n e r g i c  a n t a g o n i s t ) .  B e c a u s e  a  r a t e  c o n s t a n t  a l w a y s  

re f le c t s  t h e  rate-l imit ing s t e p  of a  p r o c e s s ,  th e  s l o w e s t  s t e p  

in t h e  p r o c e s s  of cA M P fo rmat ion  w a s  p o s t u l a t e d  to b e  th e  

ac t iva t ion  of t h e  ef fec to r  by D*R.

T h e  isola t ion of spec if ic  c o m p o n e n t s  of th e  AC-linked  B- 

AR a l low ed  this  mode l  to b e  d e s c r i b e d  explicitly. T h e  e f fec tor  

c a n  b e  explicitly de f in e d  a s  th e  G S*C c o m p lex .  T h e  a c t iv a t e d  

rece p to r ,  ac t ing  a s  a  ca t a ly s t  for the  ac t iva t ion  of th e  G S*C, 

only briefly fo rm s  a  lo o s e  c o m p le x  with G S*C a n d  th e r e f o r e  

m ay  ac t iva te  m o re  than  o n e  G S*C complex .  T h e  G S*C act ivat ion 

is a  first o rd e r  p r o c e s s  a n d  th e  r a t e  c o n s t a n t  of this  p r o c e s s
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d e p e n d s  l inearly on  th e  total  n u m b e r  of r e c e p t o r s  (Levitzki , 

1987) .  This  ca ta ly t ic  p r o c e s s  h a s  b e e n  t e r m e d  th e  'coll is ion 

c o u p l in g '  m o d e l ;  it iden t i f i e s  t h e  r a t e  limit ing s t e p  of th e  

acc u m u la t io n  of cA MP a s  act ivat ion of the  G s .

A tten u atio n  o f A C  activation , d esen s itiza tio n  o f the  B- 

A R :  A t tenua t ion  of r e s p o n s i v e n e s s  in th e  c o n t in u e d  p r e s e n c e

of a g o n i s t  is a  widely r e c o g n i z e d  form of regu la t ion  of s ignal  

t r a n s d u c t io n  p a t h w a y s .  The  d e c r e a s e  in r e s p o n s i v e n e s s  of the  

3-AR h a s  s e r v e d  a s  t h e  p r im ary  m o d e l  for  t h e  s t u d y  of 

r e c e p t o r  d e s e n s i t i z a t i o n .  S ib ley  et.  al (1984)  s u g g e s t e d  tha t  

r e c e p t o r  p h o s p h o r y l a t i o n  is c o r r e l a t e d  with a  d e c r e a s e  in 

adeny ly l  c y c l a s e  act ivity in tu rkey  e ry th ro c y te s  a n d  b e g a n  the  

c on t inu ing  s e a r c h  for th e  identity of t h e  k in a s e ( s )  r e s p o n s i b l e  

for d e s e n s i t i z a t i o n  in vivo. S u b s e q u e n t l y  t h e  6-AR h a s  b e e n  

s h o w n  to b e  p h o s p h o r y l a t e d  by a t  l e a s t  3 d is t inc t  k in a s e s :  6- 

a d r e n e r g i c  r e c e p t o r  k i n a s e  ((3-ARK; B e n o v i c  e t  al . ,  1986) ,  

c A M P - d e p e n d e n t  p ro te in  k i n a s e  (PKA; B e n o v ic  e t  al.,  1985 ;  

Bouvie r  e t  al., 1987),  a n d  protein k in a se  C (PKC; Bouvier  e t  al., 

1987) .  T h e r e  is still c o n s i d e r a b l e  d e b a t e  c o n c e r n i n g  which  

k in a s e ( s )  m e d i a t e  6 - a d r e n e r g i c  d e s e n s i t i z a t i o n .

6-ARK is a  cA M P i n d e p e n d e n t  k i n a s e  t h a t  spec if ica l ly  

p h o s p h o r y l a t e s  t h e  a g o n i s t - o c c u p ie d  6-AR a s  well a s  s e v e r a l  

o t h e r  r e c e p t o r s  c o u p l e d  to adeny ly l  c y c l a s e  (B en o v ic  e t  al.,  

1986).  6-ARK h a s  b e e n  h y p o th e s i z e d  to p h o s p h o r y la t e  t h e  6-
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AR a n d  th e r e b y  m e d ia t e  h o m o l o g o u s  d e s e n s i t i z a t io n .  In o n e  

s c h e m e  t h a t  is p r o p o s e d  to e x p la in  (3-AR d e s e n s i t i z a t i o n ,  

h o m o l o g o u s  ( r e c e p t o r  speci f ic)  d e s e n s i t i z a t i o n  of t h e  B-AR is 

th o u g h t  to b e  ini tiated by the  t rans loca t ion  of B-ARK from the  

cy toso l  to th e  p l a s m a  m e m b r a n e  ( S t r a s s e r  e t  al.,  1986b).  O n c e  

t r a n s l o c a t e d  to the  m e m b r a n e ,  B-ARK a p p e a r s  to p h o s p h o ry la t e  

th e  a c t iv a t e d  form of t h e  r e c e p to r ,  i.e., t h e  r e c e p to r  o c c u p i e d  

by a n  a g o n i s t  (Benovic,  1986).  The  p h o s p h o ry la t e d  r e c e p to r  is 

fu n c t io n a l ly  u n c o u p l e d  f rom  G s a n d  t h e r e b y  i n c a p a b l e  of 

ac t iva t ing  t h e  adeny ly l  c y c l a s e  s y s t e m .  S u b s e q u e n t l y ,  t h e  

p h o s p h o r y l a t e d  r e c e p to r s  a r e  s e q u e s t e r e d  into the  cel l cy toso l .  

T h e  in te rn a l i zed  r e c e p t o r s  a r e  d e p h o s p h o r y l a t e d  a n d  c a n  b e  

recyc led  b a c k  into the  m e m b r a n e .  With long e x p o s u r e  t im es  to 

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

B e n o v i c ,  1 9 8 8 ;  F i s h m a n  a n d  P e r k i n s ,  1 9 8 8 ;  S ib l e y  a n d  

Lefkowitz,  1987) .

S e v e r a l  a t t e m p t s  h a v e  b e e n  m a d e  to e s t a b l i s h  t h e  

i m p o r t a n c e  of B-ARK in h o m o l o g o u s  d e s e n s i t i z a t io n .  Bouvie r  

e t  al .  ( 1 9 8 8 )  s h o w e d  th a t  t h e  r e m o v a l  of p o s s i b l e  B-ARK 

p h o s p h o r y l a t i o n  s i t e s  f rom t h e  B-2 AR d e l a y e d  b u t  did not  

abo l i sh  d e sen s i t i z a t io n  (def ined  a s  lo s s  of AC activity). L o h s e  

e t  al. (1989)  u s e d  r e ce n t ly  d e s c r i b e d  inhibi tors  of B-ARK in 

p e r m e a b i l i z e d  h u m a n  e p i d e r m o i d  c a r c i n o m a  A431 c e l l s  to 

i n h i b i t  B -A R  p h o s p h o r y l a t i o n  a n d  d e s e n s i t i z a t i o n .
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F u r th e rm o re ,  inhibi tors  of c A M P - d e p e n d e n t  pro te in  k i n a s e  a n d  

p ro te in  k i n a s e  C (e .g .  H7) w e r e  no t  e f fec t ive  inh ib i tors  of 

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

(L ohse  e t  al. 1989).  T h e s e  f indings s u p p o r t  th e  h y p o th e s i s  tha t  

B-AR d e s e n s i t i z a t i o n  in s o m e  s y s t e m s  m a y  b e  l a rg e ly  

m e d ia te d  th rough  the  ac t ions  of 13-ARK a n d  not via PKA or PKC.

In c o n t r a s t ,  o t h e r  s t u d i e s  s u g g e s t  im p o r ta n t  r o l e s  for 

PK A  a n d  P K C  in a g o n i s t - i n d u c e d  f3-AR r e g u l a t i o n .  

I n v e s t i g a t o r s  h a v e  i m p l i c a t e d  PK A  in h e t e r o l o g o u s  

d e s e n s i t i z a t i o n  of ad en y ly l  c y c l a s e  in S 4 9  l y m p h o m a  ce l l s  

(Sibley et  al., 1984;  Clark et  al., 1988) a n d  PKC h a s  b e e n  show n 

in m a n y  s t u d i e s  to d e c r e a s e  B-AR in d u c e d  adeny ly l  c y c l a s e  

act ivity ( Y a m a s h i t a  e t  al.,  1987;  T o e w s  e t  al.,  1987;  Hui a n d  

Y u ,1989)  T o e w s  e t  al. (1987)  s h o w e d  tha t  the  PKC ac tiva tor ,  

PMA, cou ld  le ad  to a  d e c r e a s e  in adenyly l  c y c l a s e  act ivity in 

1321N1 h u m a n  a s t r o c y t o m a  ce l l s  b u t  t h a t  th is  d e c r e a s e  in 

a d e n y l y l  c y c l a s e  ac t ivi ty  h a s  d i f f e re n t  c h a r a c t e r i s t i c s  t h a n  

d ese n s i t i z a t io n  induc ed  by ISO in the  s a m e  cel ls .  T o e w s  e t  al. 

p r o p o s e d  th a t  PMA t r e a t m e n t  r e su l t s  in d e s e n s i t i z a t i o n  tha t  is 

p r e s u m a b l y  m e d i a t e d  th ro u g h  p h o s p h o ry la t io n  of the  B-AR but 

o c c u r s  w i thou t  in te rna li za t ion  a n d  which is no t  spec i f i c  for a  

pa r t i cu la r  r e c e p to r  w h e r e a s  ISO i n d u c e s  h o m o l o g o u s  ( r e c e p to r  

sp e c i f i c )  p h o s p h o r y l a t i o n  a n d  in t e rn a l i z a t i o n  of t h e  B-AR. 

T h u s  it follows tha t  th e  com bina t ion  of PMA + ISO would  lead
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to a  g r e a t e r  d e s e n s i t i z a t io n  th a n  e i ther  a g e n t  a l o n e  in this  cell 

l ine. Y a m a s h i t a  e t  al.  (1987)  c o n f i rm e d  th a t  PMA in d u c e d  

d e s e n s i t i z a t io n  w a s  e n h a n c e d  by ISO act iva t ion of the  B-AR.

A ctivation  o f 3 -A R 's  in a functional system : In s m o o t h  

m u s c l e  p r e p a r a t i o n s ,  t h e  r e s p o n s e  to th e  B -ad rene rg ic  a g o n i s t  

i s o p ro te re n o l  (ISO) is re laxation  of p r e c o n t r a c t e d  t i s s u e .  Van 

d e n  Brink  (1 9 7 3 )  d e s c r i b e d  fu n c t io n a l  a n t a g o n i s m  a s  t h e  

i n v e r s e  re la t ionsh ip  b e t w e e n  th e  d e g r e e  of re laxa tion  i n d u c e d  

by ISO ( m e a s u r e d  a s  inhibition of cont rac t i le  r e s p o n s e )  a n d  the 

level  of c o n t ra c t i o n  el ic i t ed  by m e t h a c h o l i n e  or  h i s t a m in e  in 

t h e  g u i n e a  pig t r a c h e a .  This  i n v e r s e  re la t io n sh ip  h a s  b e e n  

d e s c r i b e d  by m a n y  i n v e s t i g a t o r s  in t r a c h e 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  (Van d e n  Brink, 1973;  B u c k n e r  a n d  Saini ,  1975;  

Torphy e t  al., 1983).  T h e  functional  a n t a g o n i s m  h a s  b e e n  m o s t  

of ten  c h a r a c t e r i z e d  by c h a n g e s  in the  p a r a m e t e r s  tha t  d e s c r i b e  

t h e  s t e a d y  s t a t e  c o n c e n t r a t i o n  r e s p o n s e  c u r v e s  for t h e  

r e l a x a n t  e f fec t  of ISO (i.e., an  i n c r e a s e  in EC50 v a lu e  a n d  a  

d e c r e a s e  in Em ax a s  t h e  co n c e n t ra t i o n  of m usca r in ic  a g o n i s t  is 

i n c r e a s e d ) .

F u r t h e r m o r e ,  t h e r e  a r e  n u m e r o u s  r e p o r t s  t h a t  t h e  

r e l a x a n t  e f fec t  of ISO v a r i e s  with t h e  identi ty a s  well a s  th e  

c o n c e n t r a t i o n  of th e  a g o n i s t  el icit ing th e  con t ra c t i l e  r e s p o n s e  

(Torphy ,  1984 ;  Van  A m s t e r d a m ,  1989) .  In t r a c h e a l  s m o o t h  

m u s c le ,  ISO or P G E 2 in d u c e d  re laxa tion  w a s  c o n s i s te n t ly  l e a s t
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e f fec t iv e  a t  high  c o n c e n t r a t i o n s  of t h e  m u s c a r i n i c  a g o n i s t s ,  

a ce ty lc ho l ine  a n d  m e th a c h o l in e  a n d  w a s  m o s t  ef fec t ive  a t  high 

c o n c e n t r a t i o n s  of HA, 5H T a n d  leuko t r iene  D4 (R usse l l ,  1984;  

Torphy ,  1984;  M a d is o n  e t  al.,  1989 ;  Van  A m s t e r d a m  e t  al.,

1 9 8 9 ) .

The p re s e n t investigation: B -ad ren erg ic  resp o n se  in the  

ra b b it a o rta  p re p a ra tio n :  P r e v i o u s  s t u d i e s  of  f u n c t i o n a l

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

w h e r e  t h e  re laxa tion  r e s p o n s e  to ISO is s t a b l e  for up  to 30 

m i n u t e s  ( u n p u b l i s h e d  o b s e r v a t i o n ) .  H o w e v e r ,  in t h e  rabb i t  

a o r t a  p r e p a r a t i o n ,  d e s e n s i t i z a t i o n  of  t h e  B-AR c a n  b e  

v isua l ized  a s  a  rapid l o s s  of ISO in d u c ed  re laxation  r e s p o n s e .  

T h u s ,  t h e  r a b b i t  a o r t a  p r e p a r a t i o n  p r e s e n t s  a  u n i q u e  

o p p o r tu n i ty  to s tu d y  b o th  t h e  fu n c t io n a l  r e s p o n s e  to ISO  

(re laxation)  a n d  th e  lo s s  of this  r e s p o n s e  ( d e s e n s i t i z a t io n )  in 

a n  i n t a c t  t i s s u e  p r e p a r a t i o n  w h e r e  fu n c t io n a l  i n t e r a c t i o n s  

b e t w e e n  a c t iv a t e d  rece p to r :e f fec to r  s y s t e m s  c a n  b e  o b s e r v e d .

I r epor t  h e r e  on  my inves t iga t ions  on  th e  kine t ics  of the  

ISO  i n d u c e d  r e l a x a t io n  a n d  d e s e n s i t i z a t i o n  in t h e  i s o l a t e d  

rabbit  ao r ta .  A heur is t ic  kinetic m ode l  w a s  d e v e l o p e d  in o rde r  

to s e p a r a t e  t h e s e  two r e s p o n s e s .  T h e  p a r a m e t e r s  of the  model  

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

d e s e n s i t i z a t i o n  a s  well  a s  t h r e e  k ine t ic  p a r a m e t e r s :  t h e  

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

d e l a y  or  lag t ime tha t  o c c u r s  following ISO addit ion be fo re  the  

o n s e t  of d e s e n s i t i z a t i o n .  T h e  p a r a m e t e r s  w e r e  c h a r a c t e r i z e d  

with r e s p e c t  to s e v e r a l  f ac to r s :  th e  c o n c e n t r a t i o n  of t h e  B- 

a d r e n e r g i c  a g o n i s t  ISO, t h e  c o n c e n t r a t i o n  of a g o n i s t  el iciting 

th e  c o n t ra c t io n  (e i ther  p h e n y l e p h r in e  or  5HT),  a n d  th e  eff icacy 

of  t h e  a g o n i s t  e l i c i t ing  c o n t r a c t i o n .  S p e c i f i c a l l y ,  t h e  

d e p e n d e n c i e s  of t h e  kine t ic  p a r a m e t e r s  of t h e  m o d e l  on  the  

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

h y p o t h e s e s  to explain  the  o b s e r v e d  r e s p o n s e s .
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V a s c u la r  s m o o th  m u s c le  to n e  is r e g u la te d  in vivo by time 

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

v a s o c o n s t r i c t io n  a n d  vasod i la t ion .  T h e s e  o p p o s in g  r e s p o n s e s  

c a n  b e  s tud ied  us ing a n  intact  sm o o th  m u s c l e  p rep a ra t io n  s uch  

a s  th e  i s o la ted  rabb it  ao r ta .  T h e  g o a l  of th is  work  w a s  to 

q u a n t i t a t e  t h e  f u n c t i o n a l  a n t a g o n i s m  b e t w e e n  a 

v a s o c o n s t r i c t o r ,  p h e n y l e p h r i n e  (P E )  a n d  a  v a s o d i l a t o r ,  

i s o p ro te re n o l  (ISO).  T h e  s i m u l t a n e o u s  d e s e n s i t i z a t i o n  of the  

IB-adrenergic r e c e p t o r  (13-AR) m a k e s  th e  q u a n t i t a t io n  of this  

f u n c t io n a l  a n t a g o n i s m  i m p o s s i b l e  u s in g  on ly  s t e a d y  s t a t e  

m e a s u r e m e n t s .  T he re fo re ,  it w a s  n e c e s s a r y  to apply  a  kinet ic 

a p p r o a c h  to s tudy  th e  functional  a n t a g o n i s m .

T h e  functional  r e s p o n s e  to 13-AR ac t iva t ion  in v a s c u l a r  

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

F u rchgo t t  a n d  B h a d r a k o m  (1953) a n d  o th e r s  (Dorevi tch,  1968;  

F le i s c h  e t  al,  1 9 7 0 ,  F le i sc h  a n d  Titus  1972 ;  F le i s c h  a n d  

F looker ,  1 9 7 6 ;  T u r l a p a t y ,  1 9 7 5 )  d e s c r i b e d  th e  r e l a x a t i o n  

r e s p o n s e  to ISO in t h e  rabb i t  a o r t a  p r e c o n t r a c t e d  with a  

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

n o re p in e p h r in e  or  ep in ep h r in e .  Furchgott  (1953) a n d  Flei sch et  

al. (1970)  noted ,  however ,  tha t  the  CRC to ISO w a s  b iphasic;  at  

low c o n c e n t r a t i o n s  t h e  t i s s u e  r e l a x e d  with e a c h  add i t ion  of 

ISO, a n d  a t  h ighe r  c o n c e n t r a t i o n s  of ISO  a  c o n t ra c t io n  w a s



o b s e r v e d .  This lo ss  of relaxat ion  a t  h igher  c o n c e n t r a t i o n s  w a s  

a t t r ibu ted  to t h e  ac t iva t ion  of th e  a - a d r e n e r g i c  r e c e p t o r  ( a -  

AR) in sp i te  of the  fact  tha t  it o c c u r r e d  in th e  p r e s e n c e  of the  

a  -A R  b l o c k e r ,  p h e n t o l a m i n e  ( F l e i s c h ,  1 9 7 0 ) .  T h e  

d e s e n s i t i z a t i o n  r e s p o n s e  in i t ia ted  by ISO  in s m o o t h  m u s c l e  

w a s  not  invoked a s  the  exp lana t ion  of the  o b s e r v e d  con t rac t ion  

a t  h ighe r  c o n c e n t r a t i o n s  of ISO.

D esens i t i z a t ion  of the  G-AR h a s  b e e n  ex tens ive ly  s tu d ie d  

in cell cu l tu re  w h e r e  the  c o n t in u e d  p r e s e n c e  of a g o n i s t  h a s  

b e e n  s h o w n  to i n d u c e  a  h o m o l o g o u s  ( r e c e p t o r  sp e c i f i c )  

d e s e n s i t i z a t i o n  ( rev iew ed  in Benov ic  e t  a l . ,1988 ;  F i s h m a n  a n d  

P erk ins ,  1988) .  Multiple m e c h a n i s m s  h a v e  b e e n  im plica ted  in 

t h e  lo s s  of r e s p o n s i v e n e s s  to a g o n i s t s  from s t u d i e s  in av ian  

e r y t h r o c y t e s  ( S t a d e l  e t  al . ,  1 981 ) ,  h a m s t e r  s m o o t h  m u s c l e  

ce l l s  (B en o v ic  e t  al.,  1986) or  S -4 9  m o u s e  ly m p h o m a  ce l l s  

( S t r a s s e r  e t  a l . ,  1 9 8 6 a ) .  D e s e n s i t i z a t i o n  w a s  a l s o  

d e m o n s t r a t e d  in vivo in rat  lung following ISO adm in is t ra t ion  

( S t r a s s e r  et .  a l . ,  1 984 )  a n d  in v a s c u l a r  s m o o t h  m u s c l e  

fo l low ing  p r o l o n g e d  e p i n e p h r i n e  in fu s io n  ( T s u j i m o to  a n d  

Hoffman,  1984) .

H o m o lo g o u s  d esen s i t i z a t io n  of the  13-AR m a y  b e  ini tiated 

by th e  t r a n s lo c a t io n  of a  k i n a s e  ca l led  (3-adrenergic  r e c e p to r  

k i n a s e  ((3-ARK) from th e  c y to s o l  to t h e  p l a s m a  m e m b r a n e  

(B e n o v ic  1 9 8 6 ,  S t r a s s e r  1986) .  O n c e  t r a n s l o c a t e d  to th e
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m e m b r a n e ,  G-ARK a p p e a r s  to p h o s p h o r y l a t e  the  ac t iv a t e d  form 

of t h e  r e c e p t o r ,  i.e. ,  t h e  r e c e p t o r  o c c u p i e d  by a n  a g o n i s t  

( B e n o v i c  e t  al . ,  1 9 8 6 ) .  T h e  p h o s p h o r y l a t e d  r e c e p t o r  is 

fu n c t i o n a l l y  u n c o u p l e d  f rom G s a n d  t h e r e b y  i n c a p a b l e  of

a c t iv a t in g  th e  a d en y ly l  c y c l a s e  s y s t e m .  S u b s e q u e n t l y ,  t h e  

p h o s p h o r y l a t e d  r e c e p to r s  a r e  s e q u e s t e r e d  into the  cel l cy toso l .  

T h e  in t e rn a l i zed  r e c e p t o r s  a r e  d e p h o s p h o r y l a t e d  a n d  c a n  b e  

recyc led  b a c k  into th e  m e m b r a n e .  With long e x p o s u r e  t imes  to

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

B e n o v i c ,  1 9 8 8 ;  F i s h m a n  a n d  P e r k i n s ,  1 9 8 8 ;  S ib l e y  a n d  

Lefkowitz,  1987) .  F u r th e r m o re ,  d e s p i t e  t h e  fac t  t h a t  m a n y  

bio logical  a c t i o n s  m e d i a t e d  by ac t iva t ion  of th e  G-AR requ i re  

cAM P,  t h e  p h o s p h o ry la t io n  e v e n t  is no t  d e p e n d e n t  on  cAM P 

( S t r a s s e r  e t  al . ,  1 9 8 6 a ) .  T h i s  w ork  s u g g e s t s  t h a t  t h e  

r e l a x a t i o n  a n d  d e s e n s i t i z a t i o n  p r o c e s s e s  a r e  e l i c i t e d  v ia  

i n d e p e n d e n t  p a t h w a y s  following ac t iva t ion  of t h e  G-AR.

In th e  p r e s e n t  work  w e  h a v e  e x p l o re d  a  kinet ic  m o d e l  

n e c e s s a r y  to q u a n t i t a t e  the  b ipha s ic  r e s p o n s e  to ISO o b s e r v e d  

in t h e  rabb i t  a o r t a  p r e p a r a t i o n .  This  a p p r o a c h  p r o v i d e s  a

rel iable m e th o d  for t h e  es t im a t ion  of p a r a m e t e r s  th a t  d e s c r i b e  

th e  r e s p o n s e s  to G -a d re n e rg ic  a g o n i s t s  in thi s  s y s t e m  a n d  

s e r v e s  a s  the  b a s i s  for th e  formulat ion of a  m e c h a n i s t i c  model  

for th e  o b s e r v e d  funct iona l  a n t a g o n i s m  a n d  d e s e n s i t i z a t io n .
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METHODS 

Tissue preparation.

M ale  N ew  Z e a l a n d  White R a b b i t s  w e igh ing  b e t w e e n  

1 . 4 - 1 . 8  kg.  (A c e  A n im a ls ,  Inc. ,  B o y e r t o w n  PA) w e r e  

sacr i f iced  by C O 2 a sphyx ia t ion  a n d  th e  tho rac ic  a o r t a e  w e re  

rapidly exc i sed .  T h e  a o r t a e  w e re  c l e a n e d  by mount ing  them  

on  a  p ipe t  a n d  r em ov ing  fat a n d  c o n n e c t i v e  t i s s u e .  T h e  

a d v e n t i t i a s  w e r e  r e m o v e d  by d i s s e c t io n  with t h e  a id  of a  

d i s s e c t i n g  m i c r o s c o p e  (C lancy  a n d  M a a y a n i ,  1985) .  T h e  

a d v e n t i t i a  f r ee  a o r t a e  w e r e  s t o r e d  o v e rn ig h t  ( 12 -14  h) a t  

r o o m  t e m p e r a t u r e  in K r e b s - b i c a r b o n a t e  bu f fe r  s a t u r a t e d  

with 9 5 %  0 2 - 5 %  C O 2 . T he  t i s s u e s  w e re  cu t  into 4-6  r ings 

0 . 5 - 0 . 6  c m  in w id th  w h ic h  w e r e  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  s t e e l  h o o k s  in 20-ml o r g a n  b a t h s .  T h e  b a t h s  

c o n t a in e d  K re b s -b i c a rb o n a t e  buffer  b u b b le d  with 9 5 %  0 2 - 5 %  

C O 2 to maintain a  pH of 7.4 ± 0.2 a t  36° ± 1 °C. The  t i s s u e s  

w e r e  initially s e t  to ~2 g te n s io n  a n d  a l low ed  to relax until 

a  s t a b l e  t e n s i o n  w a s  m a i n t a i n e d .  T h e  m i n i m u m  

s tab i l iza t ion  t ime w a s  1 hour .  O n c e  res t ing  t e n s i o n  w a s  

s tab i l ized ,  b a s e l i n e  t e n s i o n  w a s  s e t  to a  fo rce  b e t w e e n  1 

a n d  2 g. All r ings  w e r e  p r im e d  tw ice  by  el ici t ing  a  

con t rac t ion  with 10 pM PE.  D rugs  w e r e  r e m o v e d  from the  

ba th  by dra in ing a n d  replacing th e  buffer.



S o lu tion s .

K r e b s - b i c a r b o n a t e  b u f f e r  c o n t a i n e d  t h e  fo l lowing  

c o m p o n e n t s  (in mM) in g l a s s  disti lled water :  NaCI, 110;  KCI, 

5; M g S 0 4, 1.2; CaCI2, 2.35;  KH2P 0 4 , 1.2; N a H C 0 3) 25; g lucose ,  

11; N a 2EDTA, 0.03.

C he m ic a ls .

( - ) l s o p r o t e r e n o l  p h o s p h a t e ,  ( ± ) p r o p r a n o l o l * H  C I ; 

( S ig m a ,  St .  Louis ,  MO); All o t h e r  c h e m i c a l s  w e r e  of 

analyt ical  g r a d e  a s  prev ious ly  repo r te d  (Clancy a n d  M aayani ,  

1 9 8 5 ) .

Sequential responses to ISO.

Figure  1 s h o w s  a  typical r e s p o n s e  to ISO. At th e  e n d  

of t h e  d e s e n s i t i z a t i o n ,  w h e n  t i s s u e  t e n s io n  r e a c h e d  s t e a d y  

s t a t e ,  t h e  t i s s u e  w a s  w a s h e d  t h r e e  t im e s  a n d  left to r e s t  

for o n e  hour  to al low for r ecove ry  of r e s p o n s i v e n e s s .  This 

pe rm i t t e d  s e v e r a l  s e q u e n t i a l  a s s a y s  to b e  r e c o r d e d  on  the  

s a m e  aor t i c  ring (n=50  r ings  from 13 an im a ls ) .  S e q u e n t i a l  

conce n t ra t ion  r e s p o n s e  c u rv e s  (CRC) to ISO w e re  o b ta in e d  in 

th e  p r e s e n c e  of 1 pM PE  (Fig. 5). T h e  o r d e r  of t e s t ing  

v a r i o u s  c o n c e n t r a t i o n s  of  I S O  w a s  r a n d o m i z e d .
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E s t i m a t e s  of ECso,  Emax a n d  s lo p e  indices  (n) w e r e  o b ta in ed  

by fitting t h e  logistic e q u a t io n :

E = Emax/ ( 1 + ( E C 50/[D])n ) (1)

to t h e  m e a n s  of o b s e r v e d  r e s p o n s e s  (E) a s  a  function 

of d rug  c o n ce n t ra t io n  [D],

Collection of data points.

I som et r ic  c o n t ra c t i o n s  w e r e  m e a s u r e d  with G r a s s  F T03C 

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  c o n n e c t e d  to t h e  G r a s s  

po lygraph  m ode l  7 D. S igna l s  from the  J6  ou tpu t  of the  G r a s s  

d r iv e r  am p l i f i e r  w e r e  fed  t h r o u g h  a  c u s t o m  m a d e  s ig n a l  

co n d i t io n e r  to a n  8 c h a n n e l ,  8 bit, ana log- to -d ig i ta l  c o n v e r t e r  

c o n t r o l l e d  with  a n  A p p le  l i e  c o m p u t e r .  D a t a  p o i n t s  

c o r r e s p o n d in g  to t ens ion  w e re  co l lec ted  a t  a  f r e q u e n c y  of 0 .04  

- 1 Hz. T h e  f requency  of sampl ing  w a s  c h o s e n  accord ing  to the 

c o n d i t io n s  of a  pa r t i cu la r  trial a n d  cou ld  b e  c h a n g e d  a t  any  

t im e  dur ing  a  trial. E a c h  d a t a  po in t  is t h e  a v e r a g e  of 8 

s a m p l e s  co l lec ted  a t  a  f r eq u en cy  of 6 6 6  kiloHz.

T h e  d a t a  p o in t s  w e r e  s t o r e d  on  a  f loppy  d i s k  for 

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

g r a p h i c a l l y  o n  t h e  c o m p u t e r  m o n i to r .  Fig.  1 s h o w s  a

r e p r e s e n t a t i v e  g r a p h  of d a t a  p o in t s  i l lu s tra t ing  c h a n g e s  in 

t i s s u e  t e n s i o n  with t ime in a  s ing le  aor t ic  ring. Digital v a l u e s  

of  m u s c l e  t e n s i o n  w e r e  t r a n s f e r r e d  to a  S u n  3 / 1 1 0
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w o r k s t a t i o n  for  n o n - l i n e a r  a n a l y s e s  with t h e  P R O P H E T  II 

c o m p u t e r  p ro g ram .

The kinetic model;

Figure  1 s h o w s  a  typical b ip h a s ic  r e s p o n s e  to ISO in an  

ao r t i c  r ing p r e c o n t r a c t e d  with P E .  T h e  r e s p o n s e  to ISO  

c o n s i s t s  of a n  initial lo s s  of t e n s i o n  ( r e la x a t io n )  w hich  is 

f o l lo w ed  by a  r e g a i n in g  of t e n s i o n  ( d e s e n s i t i z a t i o n ) .  W e  

d e v e l o p e d  a  p h e n o m e n o lo g ic  kinetic mode l  which d e s c r i b e s  the  

B -a d re n e rg i c  r e s p o n s e  a s  two tem pora l ly  di s t inc t  p r o c e s s e s  : 

re laxa t ion ,  which  b e g i n s  a t  th e  t ime of a d m in is t r a t io n  of ISO 

a n d  d e s e n s i t i z a t io n  which  is s e e n  a f te r  a  d e l a y  (td). As the 

two p r o c e s s e s  w e r e  s e p a r a t e d  in t ime,  t h e  re laxation  r e s p o n s e  

a n d  t h e  d e s e n s i t i z a t i o n  r e s p o n s e  w e r e  d e s c r i b e d  by two 

s e p a r a t e  e q u a t io n s .  T h e  p a r a m e t e r s  u s e d  to d e s c r i b e  t h e  (3- 

a d re n e rg i c  r e s p o n s e s  a r e  s u m m a r i z e d  in the  s c h e m e  in Fig. 2A.

T h e  relaxat ion  r e s p o n s e  w a s  d e s c r i b e d  a s  a n  exp o n en t ia l  

d e c a y  th a t  b e g in s  a t  th e  o b s e r v e d  p e a k  level of th e  con t rac t i le  

r e s p o n s e  (C )  a n d  r e a c h e s  a  limiting v a lu e  of R ( g )  a t  s t e a d y  

s ta t e .  T h e  relaxa tion  is d e s c r ib e d  by the  following equa t ion :

T = C - R ( 1- e ( - k rei * »)) ( 2 )

w h e r e  T is t h e  o b s e r v e d  t i s s u e  t e n s i o n ,  C is t h e  initial 

c o n t r a c t i o n ,  R t h e  ISO in d u c e d  r e laxa t ion ,  a n d  k rei is the
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o b s e r v e d  r a t e  c o n s t a n t  for relaxat ion a n d  t is th e  t ime e l a p s e d  

s i n c e  t h e  a d d i t io n  of ISO. C w a s  m e a s u r e d  f ro m  t h e  

e x p e r i m e n t a l  curve .  The  v a lu e s  for R a n d  k rei w e r e  e s t i m a t e d  

by fitting e x p e r i m e n t a l  d a t a  to this  m o d e l  with a  n o n - l in e a r  

r e g r e s s i o n  p r o c e d u r e .

T h e  d e s e n s i t i z a t i o n  r e s p o n s e  w a s  a l s o  m o d e l l e d  a s  a  

s im p le  e x p o n e n t i a l  i n c r e a s e  in t e n s io n  with th e  add i t ion  of a  

p a r a m e t e r ,  t d ,  w h ich  d e s c r i b e s  t h e  d e l a y  t im e  from th e  

add it ion  of ISO to the  o n s e t  of the  d esens i t i z a t ion :

T = P + D( 1- e(*kdes * (H d)>) ( 3 )

w h e r e  T is the  o b s e r v e d  t i s s u e  te ns ion ,  P is th e  p la t e a u  

from which  th e  regain ing  of t en s ion  beg in s ,  D is th e  m a g n i tu d e  

of t h e  ISO in d u c e d  d e s e n s i t i z a t i o n  a n d  k d e s  is th e  o b s e r v e d  

r a t e  c o n s t a n t  for  d e s e n s i t i z a t i o n .  T h e  va l id  d o m a i n  of 

eq u a t io n  3 is only for t>td- The  v a lu e s  of D, k d e s .  a n d  td w e r e  

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

p la t e a u ,  P, w a s  m e a s u r e d  from th e  tracing.

It c a n  b e  inferred from Fig. 2 tha t  w h e n  td  a p p r o a c h e s  

z e ro  (i.e. w h e n  th e  d e sen s i t i z a t io n  r e s p o n s e  b e g i n s  b e fo re  th e  

r e l a x a t io n  r e s p o n s e  h a s  r e a c h e d  its m a x im u m )  w e  c a n  no 

l o n g e r  a c c u r a t e l y  m e a s u r e  th e  v a lu e  of P direc t ly  from th e  

t rac ing.  R a the r ,  P m u s t  b e  c a l c u la te d  with a  t ime d e p e n d e n t  

e q u a t i o n .  As P r e p r e s e n t s  t h e  t e n s i o n  f ro m  w h ic h  

d esen s i t i z a t io n  beg ins ,  it c a n  b e  d e s c r ib e d  by eq .  2. T here fo re ,
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w h e n  td  a p p r o a c h e s  ze ro ,  the  en t ire  t racing m u s t  b e  d e s c r i b e d  

by a  s ing le  e q u a t io n  in which P is r e p l a c e d  by eq .  2 ( show n  

sch em a t ic a l ly  in Fig. 2B):

T= C - R (1 -e ( 'k rei * *>) + D (1 -e(*k d . s  **>) (3)

T h e  v a l u e s  of R, k rei . D, kdes. a n d  td w e r e  e s t i m a t e d  

us ing  a  non l inea r  fitting p r o c e d u r e  w h e r e a s  C w a s  m e a s u r e d  

from t h e  e x p e r im en ta l  cu rve .  At long t imes ,  w h e n  th e  s y s t e m  

r e a c h e s  s t e a d y  s t a t e ,  t h e  eq u a t io n  r e d u c e s  to a  s u m m a t io n  of 

c o n s t a n t s  with  c o r r e c t  s i g n s  ( r e l a x a t i o n  - n e g a t i v e  a n d  

d e s e n s i t i z a t i o n  -posi t ive) .  Th is  y ie lds  t h e  final o b s e r v e d  level 

of cont rac t ion ,  F (i.e. F = C - R + D).

All of th e  d a t a  w e r e  e v a l u a t e d  initially with Eq.  2 a n d  3. 

H ow e ve r ,  w h e n  th e  d e s e n s i t i z a t io n  r e s p o n s e  b e g in s  b e fo re  the  

re laxation  h a s  r e a c h e d  s t e a d y  s t a t e  (i.e. w h e n  td  is l e s s  than  5 

or  6 t i m e s  th e  half- life for  r e l a x a t io n  (T1/ 2 ), Eq. 2  a n d  3 

u n d e r e s t i m a t e  all of t h e  p a r a m e t e r s  th a t  d e s c r i b e  t h e  ISO  

r e s p o n s e  (Fig. 2B).  T h e r e f o re ,  Eq.  3 w a s  u s e d  to m ode l  

e x p e r i m e n t s  in which  td < 5 t im e s  t h e  half-life for re laxa t ion  

( T 1/2 -  In2/kr e i). In the  fitting, td  w a s  c o n s t r a i n e d  to b e  >0 

a n d  R w a s  co n s t r a in e d  to b e  < C. In o rd e r  to c o m p a r e  different  

r ings ,  t h e  e x t e n t  of r e l a x a t io n ,  is d e s c r i b e d  a s  f r a c t io n a l  

re la x a t io n ,  R/C. Likewise,  th e  d e s e n s i t i z a t io n  is r e p r e s e n t e d  

a s  frac t iona l  d e s e n s i t i z a t i o n ,  D/R.
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T h e  kinetic model  d o e s  not  inc lude  a  te rm to d e s c r ib e  the 

r e s e n s i t i z a t i o n  p r o c e s s .  R e s e n s i t i z a t i o n  c a n  o c c u r  s in c e  the  

b i p h a s i c  r e s p o n s e  to ISO  is c o m p le t e ly  r e s t o r e d  6 0  m i n u te s  

a f te r  re tu rn ing  t h e  t i s s u e  to res t ing  s t a t e  by w a s h i n g  of PE 

a n d  ISO, h o w ev e r ,  re sens i t i za t ion  m a y  not  o c c u r  in t i s s u e  tha t  

is a c t iv a ted  with PE. If ISO w a s  r e m o v e d  by s e v e ra l  w a s h e s  

o v e r  a  60  m in u te  pe r iod  with buffer  c o n ta in in g  1 pM PE to 

m a in ta in  th e  s a m e  level of con t rac t ion ,  r e s p o n s i v e n e s s  to ISO 

w a s  n o t  r e s t o r e d  e v e n  af te r  m o re  th a n  an  hour  from th e  first 

w a s h  (n= 12  r ings  from 3 a n im a ls ) .  This  s u g g e s t s  th a t  in 

t i s s u e s  c o n t i n u o u s l y  a c t i v a t e d  by P E ,  t h e  d e s e n s i t i z a t i o n  

p r o c e s s  is no t  c o m p l i c a t e d  by s i m u l t a n e o u s  r e s e n s i t i z a t i o n .  

This  f inding is p r e s e n t ly  u n d e r  invest igat ion .



RESULTS

ISO induced response in precontracted aorta

T h e  e x p o s u r e  of aor t ic  r ings  to 1 pM ISO  for s e v e r a l  

m i n u te s  p r o d u c e d  no m e a s u r a b l e  e f fec t  on  b a s a l  t i s s u e  tone .  

T h e r e f o r e ,  t h e  r e s p o n s e  to IS O  w a s  v i s u a l i z e d  a s  t h e  

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

con t ra c t ion  w a s  e v o k e d  by the  addit ion of PE to the  o rg a n  bath.  

During th e  t ime req u i re d  to a s s a y  th e  r e s p o n s e s  to ISO (<30 

min.),  t h e  con t rac t i le  r e s p o n s e  to PE w a s  s t a b l e  on th e  s a m e  

t i s s u e  a n d  r ep roduc ib le  o v e r  th e  c o u r s e  of th e  e x p e r i m e n t s  (8 

to 12 hours ) .

A s i n g l e  c o n c e n t r a t i o n  of IS O  e l i c i t e d  a  b i p h a s i c  

r e s p o n s e  in aor t i c  r ings p r e c o n t r a c t e d  with PE (Fig. 1). In this 

s e r i e s  of e x p e r i m e n t s ,  q u a n t i t a t i v e  a n a l y s i s  w a s  d o n e  by 

fitting te n s io n  d a t a  po in ts  exclusively  to Eq (2) a n d  (3) (i.e. td 

w a s  a l w a y s  > 5 hal f- l ives  of re laxation) .  H o w e v e r ,  in o th e r  

work which will b e  d e s c r ib e d  in s u b s e q u e n t  r ep o r t s  Eq. . 4 w a s  

u s e d  (Methods) .  Figure  3 s h o w s  a  r e p r e s e n t a t i v e  fit w h e r e  the 

r e laxa t ion  a n d  d e s e n s i t i z a t i o n  a p p e a r  a s  2 tem pora l ly  d is t inc t  

po r t ions  of th e  r e s p o n s e  tha t  a r e  s e p a r a t e d  by a  lag t ime.  In 

th i s  trial, t h e  first 61 d a t a  po in t s  w e r e  fit to t h e  m o d e l  tha t  

d e s c r i b e s  the  relaxat ion r e s p o n s e  (Eq. 2) a n d  th e  last  41 poin ts  

w e r e  fit to t h e  m o d e l  t h a t  d e s c r i b e s  t h e  d e s e n s i t i z a t i o n
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r e s p o n s e  (Eq.  3). T h e  midd le  2 5  po in t s  (in th e  s h a d e d  a r e a )  

w e r e  not  u s e d .  For all fits r2>0.96  a n d  p< 0 .05  w e re  c o n s id e r e d  

s i g n i f i c a n t .

C o n c e n tra t io n  d e p en d e n ce  of ISO induced  

relaxat ion
D u e  to th e  s i m u l t a n e o u s  o c c u r r e n c e  of re la x a t io n  a n d  

d e s e n s i t i z a t i o n ,  t h e  re laxa t ion  r e s p o n s e  c a n n o t  b e  a c c u r a t e l y  

q u a n t i t a t e d  from a cum ula t ive  CRC (Fig. 4). T h ere fo re  a  s e r i e s  

of s in g le  IS O  c o n c e n t r a t i o n s  w a s  t e s t e d  s e q u e n t i a l l y  in an  

a o r t i c  r ing.  Fig.  5 i l l u s t r a t e s  a  r e p r e s e n t a t i v e  s e r i e s  of 

r e s p o n s e s  to  v a r i o u s  c o n c e n t r a t i o n s  of IS O  f rom  five 

c o n s e c u t i v e  trials.  T h e  p re c o n t ra c t io n  p r o d u c e d  by 1 pM P E  

s h o w e d  minimal var ia t ion  b e t w e e n  trials.

C R C ' s  to IS O  w e r e  p e r f o r m e d  in t h e  a o r t i c  r ings  

p r e c o n t r a c t e d  with a  c o n s t a n t  c o n c e n t r a t i o n  of P E  (1pM).  At 

th is  c o n c e n t r a t i o n  of PE,  th e  v a l u e s  of bo th  p a r a m e t e r s  tha t  

d e s c r i b e  t h e  r e l a x a t i o n  r e s p o n s e ,  R /C  a n d  k rel. w e r e  

d e p e n d e n t  on conce n t ra t ion  of ISO in a  s a tu r a b l e  m a n n e r  (Fig. 

6).  T h e  p a r a m e t e r s  w e re  o b t a in e d  from fitting th e  m e a n s  of 

th e  d a t a  po in ts  to t h e  logistic equa t ion  (Eq. 1). The  p a r a m e t e r s  

a re :  for R/C, E C 50 = 0 .067  pM; (R/C)""ax = 0 .75  (i.e., ISO  can  

relax only 7 5 %  of th e  con t rac t ion  in d u c ed  by this  co n ce n t r a t io n  

of P E ) ;  s l o p e  index=1 .1  a n d  for  k rei, E C 50  = 0 . 0 1 7  pM;
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(k re i )max= 0 .044  s e c 1 ; s lope  index = 1.0 ± 0 .2  (n=16 r ings from 

6 an im als ) .  T h e  poin t  a t  th e  h ig h e s t  c o n ce n t ra t io n  of ISO (10 

pM) w a s  o m i t t e d  in t h e  fit of t h e  p o in t s  to t h e  logist ic  

e q u a t i o n .  At th i s  c o n c e n t r a t i o n ,  it is p o s s i b l e  th a t  n o n ­

spec i f ic  e f f ec t s  of ISO (e.g.  ac t ion  on  r e c e p t o r s  o th e r  th a n  13- 

AR) m a y  c o n t r i b u t e  to th e  de v ia t io n  of th is  po in t  from th e  

c u r v e .

Characterization of ISO-induced desensitization

After  e x p o s u r e  of the t i s s u e  to ISO c o n c e n t r a t i o n s  >1pM, 

a  s u b s e q u e n t  e x p o s u r e  of th e  a o r t a  to ISO h a d  no signif icant  

e f fec t  on  t i s s u e  t e n s io n  (Fig. 7). H ow e ve r ,  addi t ion of 4 mM 

N a N 0 2  el ic i t ed  a  rap id  a n d  s t a b l e  r e laxa t ion .  F u r th e r m o re ,  

a g e n t s  t h a t  r a i s e  c y c l i c -A M P  leve ls ,  i s o b u t y l m e t h y l x a n t h i n e  

(10 pM) a n d  forskolin (10 pM),  similarly r e l a x e d  a  p r e p a ra t io n  

tha t  w a s  u n r e s p o n s iv e  to ISO (not shown) .  T h e s e  d a t a  s u g g e s t  

th a t  the  lo s s  of r e s p o n s i v e n e s s  to ISO is not  d u e  to a  lo s s  in 

th e  t i s s u e ' s  ability to relax,  bu t  r a th e r  d u e  to d e s e n s i t i z a t i o n  

of th e  r e s p o n s e  to ISO.

P re in cu b a t io n  with 1 pM (±) proprano lo l  (30 min) b locked  

t h e  r e s p o n s e  to 1 pM ISO  (n = 2 4  r ings  from 6 a n i m a l s ) .  

F u r t h e r m o r e ,  a d d i t io n  of 1 pM p r o p r a n o lo l  w h e n  th e  IS O  

i n d u c e d  r e s p o n s e  r e a c h e d  s t e a d y  s t a t e  a t  t h e  e n d  of t h e  

d e s e n s i t i z a t i o n  r e t u r n e d  t h e  t i s s u e  t e n s i o n  to t h e  l eve l
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p r o d u c e d  by PE a lo n e  prior to the  addi t ion of ISO (n=12  r ings 

from 3 a n im a ls ;  not  shown) .

To s h o w  th a t  lo s s  of t i s s u e  r e s p o n s i v e n e s s  to ISO w a s  

no t  so le ly  d u e  to d e g r a d a t i o n  of ISO or r e l e a s e  of a  s t a b l e  

e n d o g e n o u s  I3-AR a n ta g o n i s t ,  the  buffer  solut ion  w a s  co l lec ted  

from a n  o r g a n  ba th  a t  the  e n d  of an  a s s a y  a n d  w a s  t e s t e d  on a 

f r e s h  t i s s u e .  T h e  f r e s h  t i s s u e  w a s  p r e c o n t r a c t e d  with th e  

s a m e  c o n c e n t r a t i o n  of P E  (1 pM) a n d  o n c e  c o n t r a c t i o n  

s tab i l i z ed ,  t h e  buffer  w a s  r e p l a c e d  with t h e  c o l l e c t e d  buffer  

con ta in ing  PE (1 pM) a n d  ISO (1 pM). A b iphas ic  r e s p o n s e  w a s  

o b s e r v e d :  r e l a x a t i o n  f o l l o w e d  by l o s s  of  t h e  r e l a x a t i o n  

r e s p o n s e  (n=4  repe t i t ions  from 2 an imals ) .  T h e  r e s p o n s e s  to 

ISO in t h e  pair  of r ings w e r e  quali tat ively similar .

Dependence of desensitization on ISO concentration.

At ISO  c o n c e n t r a t i o n s  be low  0 .03  pM, th e  c h a n g e s  in 

t i s s u e  t o n e  w e r e  too  sm al l  to al low a c c u r a t e  or  s ta t is t i ca l ly  

sign if icant  e s t i m a t e s  of p a r a m e t e r s  for D or kdes- T he  v a lu e s  

of t h e  tw o  p a r a m e t e r s  t h a t  d e s c r i b e  t h e  d e s e n s i t i z a t i o n  

r e s p o n s e ,  D/R, a n d  kdes. s h o w  no d e p e n d e n c e  on conce n t ra t ion  

of ISO for c o n c e n t r a t i o n s  0 .03 pM a n d  above .  In this range ,  the 

a v e r a g e  D/R is 0 .83  ± 0 .02  (n=63 repet i t ions  from 6 an imals ) .

In o th e r  w ords ,  8 3 %  of the  relaxation r e s p o n s e  is d e s e n s i t i z e d .  

T h e  a v e r a g e  k d e s  is (4.7 ± 0 .2)*10 3 s e c 1 o ver  a  r a n g e  of ISO 

c o n c e n t r a t i o n s  v a ry in g  f rom  0 . 0 3  pM to 10 pM ( n = 6 7



rep e t i t io n s  from 6 a n im a ls ) .  T h e  p a r a m e t e r  td  w a s  a l so  not

d e p e n d e n t  on  con c e n t ra t i o n  of ISO. The  a v e r a g e  td is 191 ± 6 

s e c o n d s  for ISO c o n c e n t r a t i o n s  ranging  from 0.01 pM to 10 pM 

(n=73  repet i t ions  from 6 an im als ) .
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DISCUSSION.

In v a s c u l a r  s m o o t h  m u s c l e ,  t h e  r e la xa t ion  r e s p o n s e  to 

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

d e s e n s i t i z a t i o n .  Th i s  c o m p l i c a t i o n  n e c e s s i t a t e s  a  k in e t ic  

a n a l y s i s  of t h e  o b s e r v e d  d a t a  for s e v e r a l  r e a s o n s .  First,  the  

addit ion of ISO to a  p r e c o n t r a c t e d  aor t i c  ring yie lds  two rapid 

r e s p o n s e s ,  r e l a x a t i o n  a n d  d e s e n s i t i z a t i o n ,  t h a t  a l t e r  t i s s u e  

to n e  in o p p o s in g  d i rec t ions .  W h e n  t h e s e  r e s p o n s e s  o v e r l a p  in 

t ime,  t h e  t i s s u e  t e n s i o n  d o e s  not  r e a c h  a  s t e a d y  s t a t e  until 

bo th  p r o c e s s e s  a r e  c o m p le t e ly  f in ished .  In o t h e r  w o rd s ,  no 

poin t  on  th e  c u r v e  c a n  b e  t a k e n  a s  a  re l i ab le  s t e a d y  s t a t e  

relaxat ion  r e s p o n s e .  T hus ,  b e c a u s e  th e  re laxation  r e s p o n s e  to 

a  B - a d r e n e rg i c  a g o n i s t  is a t t e n u a t e d  by d e s e n s i t i z a t i o n ,  the  

r e s p o n s e  p a r a m e t e r s  will b e  u n d e r e s t i m a t e d  if d e s e n s i t i z a t i o n  

is n o t  t a k e n  into a c c o u n t .  Final ly,  in t h e  p r e s e n c e  of 

d e s e n s i t i z a t i o n ,  t h e  r e l a x a t io n  r e s p o n s e  will f a d e  with t ime 

a p p r o a c h i n g  a  f ixed level  of c o n t ra c t i o n  which  s e e m s  to b e  

i n d e p e n d e n t  of th e  c o n d i t io n s  of t h e  s y s t e m .  For  e x a m p l e ,  

r e g a r d l e s s  of t h e  c o n c e n t r a t i o n  of  IS O  in th i s  s y s t e m  

f r a c t io n a l  d e s e n s i t i z a t i o n  w a s  - 8 0 - 8 5 % .  C le a r ly  a  k ine t ic  

a n a l y s i s  is e s s e n t i a l ;  t h e  o b s e r v e d  r a t e  c o n s t a n t  for  t h e  

p r o c e s s e s  of re laxation  a n d  d e s e n s i t i z a t io n  would  b e  e x p e c t e d  

to re f lec t  t h e  c h a r a c t e r i s t i c s  of t h e  s y s t e m .  An ex p lo ra to ry  

k in e t i c  m o d e l  w a s  t h e r e f o r e  f o r m u l a t e d  to d e s c r i b e  t h e



re laxa t ion  a n d  d e s e n s i t i z a t i o n  c o m p o n e n t s  of t h e  f3-adrenergic 

r e s p o n s e  s e p a r a t e ly .

Left (1986)  d e v e l o p e d  a  theo re t ica l  m ode l  to p red ic t  the  

p o ten t ia l  e r r o r s  in e s t im a t io n  of r e s p o n s e  p a r a m e t e r s  by th e  

s i m u l t a n e o u s  o c c u r r e n c e  of r e c e p to r  d e s e n s i t i z a t i o n  in s m o o th  

m u sc le .  In Left 's mode l ,  d e s e n s i t i z a t io n  is d e s c r i b e d  in t e rm s  

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

r e c e p to r  c o m p lex  (i.e. t h e re  is no resens i t i za t ion  in th e  model) .  

This  e x p lo ra to ry  m ode l  w a s  u s e d  to c o n s t r u c t  s im u la t io n s  of 

r e s p o n s e s  u n d e r  v a r io u s  co n d i t io n s  but  w a s  n e v e r  t e s t e d  by 

fitting it to e x p e r i m e n t a l  d a t a .  In s u b s e q u e n t  w ork  (Left, 

1 9 8 8 )  t h e  a u t h o r  c o m p a r e d  s i m u l a t e d  c u r v e s  w i th  

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

d e s e n s i t i z 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  e l i c i t e d  by 

s e r o to n i n  (5HT) in th e  rabbit  a o r t a  a n d  g u i n e a  pig t r a c h e a .  

H ow ever ,  no a t t e m p t  w a s  m a d e  to e s t i m a t e  the  p a r a m e t e r s  of 

t h e  m o d e l  t h a t  w ou ld  fit t h e  d a t a  a n d  t h e r e f o r e ,  only  a  

qua l i ta t ive  c o m p a r i s o n  b e t w e e n  t h e  s im u la te d  c u r v e s  a n d  th e  

e x p e r i m e n t a l  c u r v e s  w a s  s h o w n .  T h e  e x p l o r a t o r y  k ine t ic  

mode l  p r e s e n t e d  h e r e  e s t i m a t e s  the  o b s e r v e d  p a r a m e t e r s ,  e .g. ,  

leve ls  of r e s p o n s e  a n d  ra te  c o n s t a n t s ,  direct ly from t h e  d a t a .  

T h e  s u b s e q u e n t  e x p l o r a t i o n  of t h e i r  d e p e n d e n c e  on  t h e  

c o n c e n t r a t i o n  of t h e  a g o n i s t  p ro v id e s  ins ight  into th e  p o s s i b l e  

m e c h a n i s m s  of re laxation  a n d  d e s e n s i t i z a t io n  r e s p o n s e s .
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T h e  i n a d e q u a c y  of t h e  s t e a d y  s t a t e  a n a l y s i s  of th e  

r e l a x a t i o n  r e s p o n s e  to IS O  w i th o u t  c o n s i d e r a t i o n  of B- 

a d r e n e r g i c  d e s e n s i t i z a t io n  is i l lustrated in the  c u m u la t iv e  C R C  

s h o w n  in Fig. 4 a n d  in th e  inverted  U - s h a p e d  C R C s  tha t  h a v e  

b e e n  prev ious ly  r e p o r te d  in hel ical ly c u t  tho rac ic  aor t i c  s tr ips  

f rom t h e  rabbit  (Fu rchgo t t ,  1953;  F le isch ,  1970 ,  F le i sch  a n d  

H o o k e r ,  1976) .  It is im p o ss ib l e  to d i s t in g u is h  c o n c e n t r a t i o n  

d e p e n d e n t  p h e n o m e n a  from t ime d e p e n d e n t  p h e n o m e n a  us ing 

s u c h  a  protoco l .  F u r th e rm o re ,  no information c a n  b e  g a i n e d  

c o n c e r n in g  the  d e s e n s i t i z a t io n  p r o c e s s .  As s h o w n  in Fig. 6A, 

t h e  k in e t i c  c h a r a c t e r i z a t i o n  t h a t  t a k e s  into a c c o u n t  t h e  

d e s e n s i t i z a t i o n  p r o c e s s  y i e ld s  a  m o n o t o n i c  C R C  for t h e  

r e la x an t  effec t  of ISO (E C 50 -  0 .067  pM). It shou ld  b e  kep t  in 

mind  th a t  t h e s e  e x p e r i m e n t s  w e re  ca r r i ed  out  in th e  p r e s e n c e  

of a  f ixed c o n c e n t r a t i o n  of PE; th e  p a r a m e t e r s  th a t  d e s c r i b e  

t h e  C R C  for t h e  r e l a x a n t  ef fec t  of ISO h a v e  b e e n  s h o w n  to 

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

co n t ra c t io n  (Torphy e t  al.,  1983).

T h e  a p p a r e n t  ra t e  c o n s t a n t  for t h e  r e laxa t ion  r e s p o n s e  

(krei) s h o w s  a  s a t u r a b l e  d e p e n d e n c e  on  th e  c o n c e n t r a t i o n  of 

IS O  ( E C 50  = 0 . 0 1 7  pM).  A ra te  c o n s t a n t  re f lec ts  the  r a te  

limiting s t e p  a long  th e  p a t h w a y  for r e s p o n s e  g e n e r a t i o n .  In a  

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

g e n e r a t i o n  of a  s t e a d y  s t a t e  r e s p o n s e  is m e a s u r e d  in minu tes )



it is r e a s o n a b l e  to a s s u m e  t h a t  t h e  f o r m a t i o n  of t h e

d ru g * re c e p t o r  c o m p le x  (D«R) is f a s t e r  th a n  th e  g e n e r a t i o n  of

th e  r e s p o n s e  a n d  th e re fo re ,  it is no t  rate-l imit ing.  T hus ,  the

s a t u r a b l e  d e p e n d e n c e  of k rei o n  t h e  c o n c e n t r a t i o n  of ISO 

s u g g e s t s  th a t  t h e  rate-l imit ing s t e p  is b e y o n d  th e  b inding  of 

a g o n i s t  to t h e  r e c e p to r ,  p e r h a p s  t h e  ac t iva t ion  of a n  e f fec to r  

m e c h a n i s m .

In c h a r a c t e r i z i n g  th e  ton ic  po r t ion  of t h e  c o n t r a c t i l e  

r e s p o n s e  to PE in the  rabbit  aor ta ,  Cory et.  al (1984)  s u g g e s t e d  

th a t  P E  a c t i v a t e d  t h e  a  -AR to form a  D*R which  in turn,  

p a r t i c i p a t e s  in a  s low  in te rac t ion  with a n  e f f ec to r  which  is 

t h e  r a t e  limiting s t e p .  This  w a s  in d i c a te d  by t h e  s a t u r a b l e  

d e p e n d e n c e  of th e  o b s e r v e d  ra te  c o n s t a n t  for th e  o n s e t  of the

ton ic  c o n t r a c t i o n  (k0 bs) on c o n c e n t r a t i o n  of PE. T h u s ,  th e

s imilar  d e p e n d e n c e  of k r e i on th e  c o n c e n t r a t i o n  of ISO m ay

a l s o  s u g g e s t  tha t  k r e i r e p r e s e n t s  th e  in te rac t ion  of t h e  D*R

with  a n  e f f e c t o r  to p r o d u c e  t h e  r e l a x a t i o n  r e s p o n s e .  

F u r th e rm o re ,  th e  affinity of th e  D»R for the  ef fec to r  h a s  b e e n  

s u g g e s t e d  a s  a  molecu la r  definition of d rug  eff icacy (Black a n d  

Leff, 1983)  a n d  in th e  c a s e  w h e r e  ac t ivat ion of t h e  e f fec tor  is 

rate-limit ing,  t h e  m ax im al  v a lu e  of th e  o b s e r v e d  r a t e  c o n s t a n t  

of a  r e s p o n s e  (k0 b s max* h a s  b e e n  s u g g e s t e d  a s  a  kinet ic  

defini t ion of d rug  ef f icacy (Cory e t  a l . , 1 9 8 4 ,1 9 8 6 ) .  T he re fo re ,
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it is r e a s o n a b l e  to s u g g e s t  tha t  k re i m ax  m ay  a l s o  re f lec t  the  

eff icacy of d r u g s  on th e  B-AR sys tem .

O n e  p o s s i b l e  ex p la n a t io n  for th e  d a t a  p r e s e n t e d  in this 

repor t  is tha t  ISO  o c c u p i e s  the  B-AR to form D«R a n d  th e  rate 

limiting s t e p  invo lves  th e  slow act ivat ion  of G s by D*R. O n c e  

ac t iva ted ,  the  a s subunit  d i s s o c i a t e s  from G s a n d  a c t iv a t e s  the 

ca ta ly t ic  unit of adenyly l  c y c l a s e .  Adenylyl  c y c l a s e  c a t a l y z e s  

t h e  c o n v e r s io n  of ATP to cAMP which is a s s o c i a t e d  with the 

r e laxa t ion  r e s p o n s e .  This  p r o p o s e d  m e c h a n i s m  is c o n s i s t e n t  

with f ind ings  f rom kinetic s tu d i e s  tha t  p ro b e d  th e  coupl ing  of 

t h e  B-AR to adenyly l  c y c l a s e  in cel ls.  To lkovsky a n d  Levitzki 

u s e d  a  kinetic a p p r o a c h  to e x a m in e  the  m e c h a n i s m  of coupl ing 

of t h e  B-AR to  t h e  a d e n y l y l  c y c l a s e  e n z y m e  in tu rk e y  

e ry th r o c y te  m e m b r a n e s  (Tolkovsky a n d  Levitski,  1978 ,  1981;  

Tolkovsky,  1983) .  T h e s e  s tu d ie s  s u g g e s t  tha t  t h e  ra te  limiting 

s t e p  in act ivat ion  of adenylyl  c y c l a s e  is the  act ivat ion of G s by 

t h e  D«R c o m p le x .  In re la t ing  th e  rate- l imit ing s t e p  of  the  

r e l a x a t io n  r e s p o n s e  in t h e  rabb i t  a o r t a  to th e  g e n e r a t i o n  of 

cAM P in th e  tu rkey  e ry th rocy te ,  w e  m a k e  the  a s s u m p t i o n  tha t  

no s t e p  b e y o n d  th e  format ion  of cAMP is rate-limiting.

T h e  kinet ic  m o d e l  d e s c r i b e d  in th is  work a l so  a l low ed  

c h a r a c t e r i z a t i o n  of t h e  ISO  i n d u c e d  d e s e n s i t i z a t i o n .  The  

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

c o n c e n t r a t i o n  r e s p o n s e  cu rv e  (Fig 4) is d u e  to t h e  o c c u r r e n c e
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of d e s e n s i t i z a t i o n  of t h e  B-AR. A t r a n s i e n t  r e l a x a t io n  w a s  

s e e n  a t  eve ry  c o n c e n t r a t io n  of ISO tha t  p r o d u c e d  a  re laxation  

r e s p o n s e .  This  loss  of re laxa tion w a s  not  d u e  to d e g r a d a t io n  of 

ISO a n d  w a s  m e d i a t e d  by a  p roprano lo l  s e n s i t i v e  si te .  T h e  

reg a in in g  of t e n s io n  w a s  no t  d u e  to s e n s i t i z a t i o n  of t h e  PE 

in d u c e d  con t rac t ion  a n d  o c c u r r e d  e v e n  at  c o n c e n t r a t i o n s  of ISO 

m o r e  t h a n  2 o r d e r s  of m a g n i t u d e  b e lo w  r e p o r t e d  act ivi ty of 

ISO on the  a - A R  (Fle isch  et . al.,  1970).  F u r th e rm o re ,  o n c e  a  

d o s e  of ISO (1pM or  h ighe r )  h a s  p r o d u c e d  t h e  b i p h a s i c  

r e s p o n s e ,  no add i t iona l  d o s e  of ISO would  relax th e  t i s s u e .  

This  a t t e n u a t io n  of r e s p o n s i v e n e s s  to a n  a g o n i s t  is c o n s i s t e n t  

with d e s e n s i t i z a t i o n .

T h e  m a g n i tu d e  of d e s e n s i t i z a t i o n  (D) c h a n g e s  with e a c h  

c o n c e n t r a t i o n  of ISO. H ow ever ,  th e  fract ion of th e  re laxation  

th a t  is lost d u e  to d e s e n s i t i z a t io n  (D /R) a p p r o a c h e s  a  f ixed 

limit; in this  s y s t e m ,  - 8 0 - 8 5 %  of t h e  r e laxa t ion  r e s p o n s e  is 

lost  d u e  to d e s e n s i t i z a t i o n  r e g a r d l e s s  of t h e  c o n c e n t r a t i o n  of 

ISO. T hus ,  in th e  rabbit  a o r t a  p re p a ra t io n ,  th e  v a l u e  of the  

f r a c t i o n a l  d e s e n s i t i z a t i o n  c a n n o t  b e  u s e d  fo r  t h e  

c h a r a c t e r i z a t i o n  of t h e  d e s e n s i t i z a t i o n  r e s p o n s e .

O u r  r e s u l t s  s h o w  t h a t  t h e r e  is no d e p e n d e n c e  of th e  

o b s e r v e d  r a t e  c o n s t a n t  for  d e s e n s i t i z a t i o n ,  kdes> o n th e  

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

(0 .03  pM - 10 pM). T h u s ,  in this  c o n c e n t r a t i o n  r a n g e ,  th e



d e s e n s i t i z a t io n  is a  z e ro  o rde r  p r o c e s s .  This  might b e  d u e  to 

th e  s a tu r a t io n  of 8-ARK a t  c o n c e n t r a t i o n s  of ISO be low  t h o s e  

th a t  c o u ld  b e  q u a n t i t a t e d  in this  s y s t e m .  It implies  th a t  th e  

K m for 8-ARK is smal l  relat ive  to t h e  s u b s t r a t e  c o n c e n t r a t i o n  

(i.e., t h e  c o n c e n t r a t i o n  of o c c u p ie d  8-ARs).  Alternatively,  ze ro  

o r d e r  k ine t ics  wou ld  a l so  b e  o b s e r v e d  if th e  r a te  limiting s t e p  

w e r e  t h e  t r a n s l o c a t i o n  of 8-ARK from t h e  c y t o s o l  to th e  

m e m b r a n e .  S u c h  a  p r o c e s s  w a s  o b s e r v e d  a s  a  n e c e s s a r y  s tep  in 

induc ing  8-AR d e s e n s i t i z a t i o n  in ce l l s  ( S t r a s s e r  e t  al.,  1986b) .  

B e c a u s e  t d  m a y  r e p r e s e n t  t h e  d e l a y  in t h e  o n s e t  of 

d e s e n s i t i z a t i o n  d u e  to a  t r a n s lo c a t io n  p r o c e s s ,  it might  a l so  

exp la in  th e  lack  of d e p e n d e n c e  of td  on  the  c o n c e n t r a t i o n  of 

ISO.  A n o th e r  possibi l i ty  is tha t  d e s e n s i t i z a t i o n  is r e l a t e d  to 

th e  par t i c ipa t ion  of a n o t h e r  k in a s e ,  p e r h a p s  in add i t ion  to  8- 

ARK, th a t  wou ld  not  d e p e n d  on th e  c o n c e n t r a t i o n  of ISO but  

r a th e r  on  a n o t h e r  s ignal  tha t  is g e n e r a t e d  in t h e  p r e c o n t r a c t e d  

t i s s u e .  S t u d i e s  to c h a r a c t e r i z e  th e  d e p e n d e n c e  of k d e s  on the 

s t im u lu s  for co n t ra c t i o n  a r e  in p r o g r e s s .

In s u m m a r y ,  a g o n i s t  el ici ted re laxa t ion  m e d i a t e d  by th e  

8-AR a n d  d e s e n s i t i z a t i o n  of t h e  8-AR c a n  b e  v i s u a l i z e d  a s  

t im e  d e p e n d e n t  c h a n g e s  in t o n e  in t h e  rabb i t  a o r t a .  An 

exp lo ra to ry  kinet ic  m ode l  w a s  d e v e l o p e d  a n d  u s e d  to s e p a r a t e  

t h e  r e l a x a t i o n  a n d  d e s e n s i t i z a t i o n  r e s p o n s e s  a n d  to 

c h a r a c t e r i z e  t h e  d e p e n d e n c e  of t h e  8 - a d r e n e r g i c  r e s p o n s e



p a r a m e t e r s  on  t h e  c o n c e n t r a t i o n  of ISO. Kinet ic  a n a l y s i s  

s u g g e s t s  t h a t  t h e  r a t e - l im i t i n g  s t e p  for  t h e  r e l a x a t i o n  

r e s p o n s e  m ay  b e  the  act ivat ion of G s by the  D*R com plex  which 

u l t im a te ly  l e a d s  to a c t iv a t io n  of ad en y ly l  c y c l a s e .  It a l s o  

s u g g e s t s  th a t  t h e  e f f icacy  of a  13-adrenergic a g o n i s t  m a y  be  

r e l a t e d  to t h e  m a x im a l  r a t e  c o n s t a n t  for  t h e  o n s e t  of 

r e l a x a t i o n .  S u b s e q u e n t  r e p o r t s  will f u r th e r  e l u c i d a t e  th e  

p o s s i b l e  r a t e -d e te rm in in g  s t e p  for th e  d e s e n s i t i z a t i o n  p r o c e s s  

which  in this  s y s t e m  m a y  b e  r e l a t e d  to di f ferent  in tracel lu lar  

stimuli th a t  a c t iv a te  k i n a s e s  o th e r  than  13-ARK.



F igu res  for p a p e r  I 

F igure  1

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

pro tocol  for th e  g e n e r a t i o n  of th e  b ip h a s ic  r e s p o n s e  to ISO in 

t h e  i so la ted  rabbit  ao r ta .  Dots ind ica te  t ime of d rug  addit ion.  

C o n t ra c t io n  w a s  el ici ted with PE (1 pM) prior  to th e  add it ion 

of ISO  (1 pM) to elicit  t h e  r e l a x a t i o n  a n d  d e s e n s i t i z a t i o n  

r e s p o n s e s .  The  r a te  of col lect ion w a s  1 point  ev e ry  3 s e c  for 

t h e  du ra t ion  of the  trial.
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Figure 2

A. S c h e m a t i c  dep ic t ion  of t h e  o b s e r v e d  a n d  c a l c u la te d  

t ime d e p e n d e n t  r e s p o n s e s  to PE a n d  ISO w h e n  th e  re laxa tion 

a n d  d e s e n s i t i z a t i o n  p r o c e s s e s  a p p e a r  s e p a r a t e d  in t ime ( s e e  

M e thods ) .  T h e  sol id  c u rv e  r e p r e s e n t s  o b s e r v e d  c h a n g e s  in 

t i s s u e  t e n s i o n  fol lowing th e  add i t ion  of PE  a n d  IS O  to the  

o rg an  ba th  a t  the  do ts .  W h e n  th e  two p r o c e s s e s  a p p e a r  to be  

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

ap p ro x im a te  the  o b s e r v e d  c h a n g e s  in t i s sue  tens ion .  The  de lay  

t ime from th e  add i t ion  of ISO to th e  o n s e t  of d e s e n s i t i z a t io n  

is d e f in e d  a s  t d  T h e  level of co n t ra c t io n  from which the  

d e s e n s i t i z a t io n  p r o c e s s  b e g i n s  (i.e. the  p la t e a u ) ,  P is o b t a in e d  

direc t ly  from th e  trac ing .

B. S c h e m a t i c  dep ic t ion  of o b s e r v e d  a n d  c a l c u la te d  t ime 

d e p e n d e n t  r e s p o n s e s  to PE a n d  ISO. The  solid cu rve  r e p r e s e n t s  

o b s e r v e d  c h a n g e s  in t i s s u e  tens ion  following th e  addi t ion of PE 

a n d  ISO  to t h e  o r g a n  ba th  at  th e  do ts .  T h e  d o t t e d  c u r v e s  

r e p r e s e n t  t h e  c a l c u l a t e d  r e s p o n s e s  t h a t  r e s u l t  f rom  

m a th e m a t i c a l  s e p a r a t i o n  of t h e  r e laxa t ion  r e s p o n s e  from the  

d e s e n s i t i z a t i o n  r e s p o n s e  ( s e e  text) .  C (g) is a n  o b s e r v e d  

p a r a m e t e r  th a t  r e p r e s e n t s  initial c o n t ra c t i o n  while  R (g )  a n d  

D (g )  a r e  t h e  c a l c u l a t e d  m a g n i t u d e s  of t h e  r e l a x a t io n  a n d  

d e s e n s i t i z a t i o n  p r o c e s s e s  respec t ive ly .  T h e  r a te  c o n s t a n t s  of 

the  two p r o c e s s e s  a r e  k re i ( m i n 1) a n d  k(jes  ( m i n 1).



I
i

Tim
e

Tension above baseline



TJ
m

Tim
e

T en sio n  a b o v e  b a se lin e

l< -

>►!



3 9

Figure 3

A re p re s e n t a t i v e  b iphas ic  r e s p o n s e  to ISO (0.2 pM) in the 

p r e s e n c e  of P E  (1 pM; p recon t rac t ion  not  show n) .  T h e  first 61 

poin ts  of the  cu rv e  w e r e  fitted to Eq. (2) ( s e e  M ethods) :  R= 4 .8  

g,  kre i = 0 .0 3 7  s e c -1 r2 =0.99.  T h e  final 41 po in ts  of t h e  cu rv e  

w e re  fitted to Eq (3): D= 4 .8  g, kpes = 0 .0 0 3 6  s e c 1, t d = 2 3 7 . 0 1  1 

sec .  r2 = 0.99.  The middle poin ts  ( in the  s h a d e d  a r e a )  w e re  not  

u sed .
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Figure  4

R e p r e s e n t a t i v e  trac ing  of a n  original po ly g rap h  r eco rd ing  

d e m o n s t r a t in g  th e  product ion of a  cumula t ive  CR C  to ISO in the  

p r e s e n c e  of P E  (1 pM). ISO w a s  a d d e d  to the  ba th  to c r e a t e  

c u m u l a t i v e  c o n c e n t r a t i o n s  (in pM) i n d i c a t e d  a t  e a c h  do t .  

S imilar  r e su l t s  w e r e  o b ta in e d  in 9 repe t i t ions  from 5 an im a ls .
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F igure  5

A c h a r a c t e r i s t i c  k in e t ic  prof i l e  of t h e  r e s p o n s e s  to 

d i f fe ren t  c o n c e n t r a t i o n s  of  ISO  in a  ring of rabb i t  a o r t a  in 

which  t e n s i o n  w a s  p r o d u c e d  by PE  (1 pM; p r e c o n t r a c t i o n  not  

sh o w n ) .  T h e  d r u g s  w e r e  w a s h e d  ou t  a f te r  th e  t i s s u e  te n s io n  

r e a c h e d  s t e a d y  s t a t e  a n d  th e  t i s s u e  w a s  a l low ed  to relax for 

6 0  m i n u t e s  to a l low  for  r e s e n s i t i z a t i o n  b e f o r e  t h e  n e x t  

addit ion of PE. ISO c o n c e n t r a t i o n s  for the  p roduc t ion  of e a c h  

cu rv e  a r e  l is ted a b o v e  e a c h  curve .  T h e  o rd e r  of t e s t ing  ISO 

c o n c e n t r a t i o n s  w a s  r a n d o m i z e d .  P o in t s  s h o w n  w e r e  digi tal ly 

r e c o r d e d  us ing  a n  Apple lie c o m p u t e r  ( s e e  M e thods ) .  Similar  

e x p e r i m e n t s  w e r e  p e r f o r m e d  o n  22  r ings  of a o r t a  f rom 8 

a n i m a l s .
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Figure 6

6A: A r e p r e s e n t a t i v e  log c o n c e n t r a t i o n  r e s p o n s e  c u r v e  

for  t h e  f rac t iona l  r e l a x a t io n  ( R / C )  p r o d u c e d  by ISO  in the  

rabbit  ao r ta .  T h e  r ings w e re  p r e c o n t r a c t e d  with P E  (1 pM).  

E ac h  point  r e p r e s e n t s  th e  m e a n  ±SEM (n=16  repe t i t ions  from 6 

r abb i t s ) .  T h e  c u rv e ,  o b t a i n e d  from fitting t h e  m e a n  d a t a  

po in ts  to eq u a t io n  1 h a s  a n  EC50 of 0 .067pM, an  E m ax  of 0. .75  

a n d  a  s lope  index of 1.14.
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6B: The  d e p e n d e n c e  of the  ra te  c o n s t a n t  for the  o n s e t  of 

th e  re laxation  r e s p o n s e  (krei) on [ISO]. E ac h  point  r e p r e s e n t s  

m e a n  ± SEM (n= 16 repe t i t ions  from 6  rabbit s ) .  T h e  cu rv e  

o b t a i n e d  from fitting t h e  d a t a  to Eq (4) h a s  a n  E C 50  of 

0 . 0 1 7pM, a n  k reimax of 0 .044  s e c 1 a n d  a  s lo p e  index of 0.98.  

T h e  point  a t  10pM ISO w a s  omitted  from the  fitting p ro c e d u re .
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Fig. 7

R e p r e s e n t a t i v e  tr ac ing  of a n  original p o ly g rap h  record ing  

of a n  ao r t ic  ring p r e c o n t r a c t e d  with P E  (1 pM) a n d  r e l a x e d  

with IS O  (10 pM) d e m o n s t r a t i n g  th e  lack  of r e s p o n s e  to a  

s e c o n d  add it ion  of ISO (10 pM; n=G repe t i t ions  from 3 rabbits)  

S im i la r  r e s u l t s  w e r e  o b t a i n e d  w h e n  th e  first c o n c e n t r a t i o n  of 

ISO w a s  1pM (d a ta  not  s how n;  n=5 repet i t ions  from 2 rabbits).  

T h e  s u b s e q u e n t  addition of 4 mM N a N 0 2  to the  p repa ra t ion  led 

to s t a b l e  r e l a x a t io n  of t h e  t i s s u e  (n = 2  r e p e t i t i o n s  from 2 

r a b b i t s ) .
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p a p e r  II

Functional Interactions in Smooth Muscle: The effect of 

contractile agonists on the kinetics of ISO-induced relaxation and

desensitization.

Sheri A. Keitz1 , R om an O s m a n 1 2 ,Joseph  G oldfarb1 and  Saul Maayani 1 3

d e p a r t m e n t s  of Pharmacology. 2 Physiology and  Biophysics, and  

3Anesthesiology of The Mount Sinai School of Medicine of the City University of

New York, N.Y., 10029



F u n c t io n a l  a n t a g o n i s m  in t h e  rabb i t  a o r t a  p r e p a r a t i o n  

w a s  ini t ial ly d e s c r i b e d  a s  IS O  i n d u c e d  r e l a x a t i o n  of 

p r e c o n t r a c t e d  t i s s u e  (F u rch g o t t  a n d  B h a d ra k o n ,  1953 ;  Fle isch 

e t  a l . , 1 9 7 0 ) .  A k ine t ic  a n a l y s i s  of t h e  r e s p o n s e  to 

i s o p r o t e r e n o l  ( IS O )  in 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  with 

p h e n y l e p h r in e  (PE)  h a s  recen t ly  b e e n  p r e s e n t e d  (Keitz e t  al., 

p a p e r  I). U n d e r  t h e s e  cond i t ions ,  t h e  r e s p o n s e  to ISO  w a s  

b ip h a s i c  a n d  c o n s i s t e d  of a  re laxa t ion  fol lowed by a  regain ing  

of t e n s io n  which  w a s  identif ied a s  d es en s i t i z a t io n .  D ue  to the  

s i m u l t a n e o u s  o c c u r r e n c e  of  t h e s e  two p r o c e s s e s ,  a  kine t ic  

a n a l y s i s  of t h e  t i m e - d e p e n d e n t  r e s p o n s e s  w a s  n e c e s s a r y  to 

s e p a r a t e  t h e  r e laxa t ion  p r o c e s s  from d e s e n s i t i z a t io n .

T h e  kine t ic  a p p r o a c h  e n a b l e d  a  full c h a r a c t e r i z a t i o n  of 

t h e  tw o  o b s e r v e d  r e s p o n s e s ,  i . e . ,  r e l a x a t i o n  a n d  

d e s e n s i t i z a t io n  a n d  th e  d e p e n d e n c e  of th e  p a r a m e t e r s  on  the  

c o n c e n t r a t i o n  of ISO. T h e  r e la xa t ion  r e s p o n s e  p a r a m e t e r s  

s h o w e d  a  s a t u r a b l e  d e p e n d e n c e  on  th e  c o n c e n t r a t io n  of ISO. 

T h e  p a r a m e t e r s  th a t  d e s c r i b e  t h e  d e s e n s i t i z a t i o n  r e s p o n s e  

s h o w e d  no a p p a r e n t  d e p e n d e n c e  on the  c o n c e n t r a t i o n  of ISO. 

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

co n c e n t ra t io n  of PE a n d  th e re  a r e  n u m e r o u s  r epo r t s  th a t  s o m e  

of th e  p a r a m e t e r s  tha t  d e s c r i b e  the  relaxation r e s p o n s e  to ISO 

in t r a c h e a l  s m o o th  m u s c le  (i.e. E C 50 a n d  Em ax) d e p e n d  on the 

c o n c e n t r a t i o n  a n d  identity of t h e  con t rac t i le  a g e n t s  (V an  Den



Brink, 1973;  Russel l ,  1984;  Torphy e t  al., 1986;  M adison  e t  al., 

1 9 8 9 ;  B u c k n e r  a n d  S a in i ,  1 9 7 5 ;  T o rp h y ,  1 983 ) .  T h u s  w e  

ex p lo re d  th e  d e p e n d e n c e  of th e  relaxat ion  r e s p o n s e  to ISO on 

t h e  c o n c e n t r a t i o n  a n d  iden t i ty  of t h e  c o n t r a c t i l e  a g e n t .  

Con t rac t ion  w a s  el ici ted by ac t iva t ing e i the r  t h e  a -A R  or 5 HT2 

r e c e p to r  with PE  or 5HT respect ive ly .

W e  h a v e  p rev ious ly  r e p o r t e d  th a t  n e i th e r  th e  frac t iona l  

d e s e n s i t i z a t i o n  n o r  t h e  o b s e r v e d  r a t e  c o n s t a n t  fo r  

d e s e n s i t i z a t io n  w e re  d e p e n d e n t  on  the  c o n c e n t r a t i o n  of ISO in 

t h e  r a n g e  of 0 .0 3 jiM to 10 pM ISO (Keitz e t  al.,  p a p e r  I). O n e  

p o s s i b l e  e x p la n a t io n  for th is  lack of d e p e n d e n c e  u n d e r  t h e s e  

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

primar i ly  by a  s t im u lu s  g e n e r a t e d  by t h e  c o n t r a c t i l e  a g e n t  

r a th e r  th a n  by the  s t im ulus  g e n e r a t e d  by o c c u p a n c y  of th e  B- 

AR. There fore ,  in t h e  cur ren t  work w e  exp lo red  th e  d e p e n d e n c e  

of  t h e  d e s e n s i t i z a t i o n  r e s p o n s e  p a r a m e t e r s  o n  t h e  

c o n c e n t r a t i o n  of th e  con t rac t i le  a g e n t .
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METHODS.
Tissue preparation.

Male  N ew  Z e a l a n d  Whi te  R a b b i t s  w e ig h in g  b e t w e e n  

1 . 4 - 1 . 8  kg. (A ce  A n im a ls ,  Inc. ,  B o y e r t o w n  PA) w e r e  

sacr i f iced  by C O 2 a sphyxia t ion  a n d  th e  tho rac ic  a o r t a e  w e re  

rapidly e x c i s e d  a n d  p r e p a r e d  a s  prev ious ly  d e s c r i b e d  (Keitz 

et  al.,  p a p e r  I). T h e  t i s s u e s  w e r e  cu t  into 4-6  r ings 0 .5 -0 .6  

c m  in width which w e r e  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  s tee l  

h o o k s  in 20-ml  o r g a n  b a th s .  The  b a t h s  c o n t a i n e d  K rebs -  

b i c a r b o n a te  buffer  b u b b le d  with 9 5 %  0 2 - 5 %  C O 2 to mainta in  

a  pH of 7.4 ± 0 .2  a t  36° ± 1 °C. The  t i s s u e s  w e r e  initially 

s e t  to  ~2 g t e n s i o n  a n d  a l low ed  to re lax  until a  s t a b l e  

t e n s i o n  w a s  m a in ta i n e d .  T h e  m in im um  s tab i l i z a t ion  t ime 

w a s  1 hour.  O n c e  res t ing  te n s io n  w a s  s tab i l ized ,  b a s e l i n e  

t e n s io n  w a s  s e t  to a  fo rce  b e t w e e n  1 a n d  2 g. All r ings 

w e r e  p r im ed  twice by eliciting a  con t ra c t ion  with 10 pM PE. 

Drugs  w e r e  r e m o v e d  from the  ba th  by drain ing a n d  replacing  

th e  buffer.



S olutions.

K r e b s - b i c a r b o n a t e  b u f f e r  c o n t a i n e d  t h e  fo l low ing  

c o m p o n e n t s  (in mM) in g l a s s  distilled water :  NaCI, 110;  KCI, 

5; M g S 0 4l 1.2; CaCI2 , 2.35;  KH2P 0 4 . 1.2; N a H C 0 3 , 25; g lucose ,  

11; N a 2 EDTA, 0 .03 .  For  t h o s e  trials  in which  c o n t ra c t io n  

w a s  el ici t ed with 4 0  mM KCI, th e  following c o m p o n e n t s  of 

t h e  K r e b s - b i c a r b o n a t e  buffer  w e r e  modif ied  (in mM): NaCI,  

74.8;  KCI, 40.

Chemicals.,
5-HT*HCI (5HT); isopro te reno l  p h o s p h a t e  (ISO) [Sigma, 

St.  Louis, MO]; All o the r  c h e m ic a l s  w e r e  of analyt ical  g r a d e  

a s  prev ious ly  re p o r te d  (Clancy,  1985).

Responses to ISO.

In o r d e r  to t e s t  th e  e f f ec t s  of varying th e  n a t u r e  of 

t h e  a g o n i s t  e l ic i t ing  c o n t r a c t i o n  o n  t h e  B - a d r e n e r g i c  

r e s p o n s e  p a r a m e t e r s ,  r e s p o n s e s  to ISO w e r e  o b ta in e d  in the 

p r e s e n c e  of e q u i a c t i v e  d o s e s  (i.e.,  d o s e s  t h a t  elicit  t h e  

s a m e  i n c r e a s e  in te ns ion)  of PE,  5-HT, HA or KCI (Fig. 1). 

T h e  r e s p o n s e s  to PE ,  5HT a n d  KCI w e r e  s t a b l e  for th e  

dura t ion  of th e  trial, w h e r e a s  th e  con t rac t ion  in d u c e d  by HA 

s h o w e d  l o s s  of t e n s i o n  with t ime.  F u r t h e r m o r e ,  t h e  

d e p e n d e n c e  of th e  con t rac t ion  on th e  c o n c e n t r a t i o n  of KCI 

w a s  very  s t e e p  re s u l t in g  only  in t h r e s h o l d  or  m a x im a l
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co n t ra c t i o n s  by manipu la t ion  of th e  KCI in th e  buffer. Thus ,  

a  full c h a r a c t e r i z a t i o n  of  IS O  r e s p o n s i v e n e s s  in t h e  

p r e s e n c e  of va ry ing  c o n c e n t r a t i o n s  of KCI c o u ld  n o t  b e  

o b s e r v e d .  T h e re fo re ,  t h e  d e p e n d e n c e  of the  p a r a m e t e r s  of 

t h e  r e s p o n s e  to ISO on co n ce n t ra t io n  of the  a g o n i s t  eliciting 

con t rac t ion  w a s  s tu d ie d  only for PE  a n d  5HT. T h e  o rd e r  of 

t e s t i n g  v a r i o u s  c o n c e n t r a t i o n s  of P E  o r  5 H T  w a s  

r a n d o m iz e d .  At the  e n d  of the  d e s e n s i t i z a t io n ,  w h e n  t i s s u e  

te n s io n  r e a c h e d  s t e a d y  s ta t e ,  the  d r u g s  w e r e  w a s h e d  out  by 

r ep lac ing  th e  buffer  t h r e e  t im es  a n d  th e  t i s s u e  w a s  left to 

r e s t  for  o n e  h o u r  to a l low  for  c o m p l e t e  r e c o v e r y  of 

r e s p o n s i v e n e s s .

T h e  B -ad rene rg ic  r e s p o n s e  p a r a m e t e r s  for 0 .3  pM ISO 

w e r e  d e t e r m i n e d  a t  c o n c e n t r a t i o n s  of e i t h e r  P E  o r  5HT 

r ang ing  from 0 .0 3 p M  to 10pM. T h e  e f fec t  of vary ing  the  

c o n c e n t r a t i o n  of  P E  o n  t h e  B - a d r e n e r g i c  r e s p o n s e  

p a r a m e t e r s  on the  concen t ra t ion  of PE or 5HT w a s  c o m p a r e d  

to t h a t  of vary ing  th e  c o n c e n t r a t i o n  of 5HT o v e r  a  s imilar  

r a n g e  of o c c u p a n c i e s  e x p r e s s e d  a s  the  ratio of [drug]/KA for 

e a c h  agon i s t .  T h e  r a n g e  of v a l u e s  of [drug]/KA for P E  w a s  

~0.1 to 4 0  a n d  for 5HT th e  r a n g e  w a s  ~0 .4  to 100.  T h e  

v a l u e s  for t h e  K a ' s  w e r e  d e t e r m i n e d  in t h e  rabb i t  a o r t a  

p r e p a r a t i o n  (Chris t  e t  al. , in p r e s s ) .  T h e  m e a n  effect ,  E, 

w a s  d e t e r m i n e d  for e a c h  c o n c e n t r a t i o n  of d rug ,  D, a n d  the



5 7

m e a n  v a l u e s  w e r e  fit to th e  logist ic e q u a t io n  for e s t im a t io n  

of E C 50 , Emax a n d  s lo p e  indices  (n):

E - E m a x / ( 1+( EC5o/[D])n ) (1)
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Collection of data points.

Isom et r ic  c o n t ra c t i o n s  w e r e  m e a s u r e d  with G r a s s  F T03C 

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  c o n n e c t e d  to t h e  G r a s s  

po lygraph  model  7D. D a ta  po in ts  co r re s p o n d in g  to ten s ion  w e re  

c o l l e c t e d  a t  a  f r e q u e n c y  of 0 .04  - 1 Hz a n d  s to r e d  on floppy 

d i s k  for  s u b s e q u e n t  a n a l y s i s  a s  w a s  p r e v io u s ly  d e s c r i b e d  

(Keitz e t  al.,  p a p e r  I). Digital v a l u e s  of m u s c l e  t e n s io n  w e re  

t r a n s f e r r e d  to  a  S u n  3 / 1 1 0  w o r k s t a t i o n  for n o n - l i n e a r

a n a l y s e s  with the  P R O P H E T  II c o m p u te r  program.

The kinetic model:

T h e  re laxa tion a n d  d es en s i t i z a t io n  r e s p o n s e s  to ISO w e re  

s e p a r a t e d  us ing  a  m o d e l  p r ev ious ly  d e s c r i b e d  (Keitz e t  al.,

p a p e r  I). T h e  r e l a x a t i o n  r e s p o n s e  w a s  m o d e l e d  a s  an  

ex p o n e n t i a l  d e c a y :

T = C - R ( 1- e(-krei * 0) ( 2 )

w h e r e  T is t h e  o b s e r v e d  t i s s u e  t e n s i o n ,  C - t h e  ini t ial  

c o n t r a c t i o n ,  R th e  m a g n i tu d e  of th e  ISO in d u c e d  re laxation ,  

k r e l - t h e  o b s e r v e d  r a te  c o n s t a n t  for re laxa t ion  a n d  t- t h e  t ime 

e l a p s e d  s in c e  th e  addi t ion of ISO. C w a s  m e a s u r e d  from th e  

e x p e r i m e n t a l  c u r v e  im m edia te ly  b e fo re  th e  addi t ion  of ISO to 

t h e  ba th .  T h e  v a l u e s  for  R, a n d  k rei w e r e  e s t i m a t e d  by
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f itting e x p e r i m e n t a l  d a t a  to th i s  m o d e l  with a  n o n - l i n e a r  

r e g r e s s i o n  p ro c e d u r e .

T h e  d e s e n s i t i z a t i o n  r e s p o n s e  w a s  a l s o  m o d e l e d  a s  a  

s im ple  e x p o n e n t i a l  i n c r e a s e  in tens ion :

T = P + D( 1- e ( -kde. * (Md))) ( 3 )

w h e r e  T is the  o b s e r v e d  t i s s u e  te ns ion ,  P is the  p la teau  

from which th e  regain ing  of t ens ion  beg ins ,  D is th e  m a g n i tu d e  

of the  ISO i n d u c e d  d e s e n s i t i z a t io n ,  k d e s  is th e  o b s e r v e d  ra te  

c o n s t a n t  for d e s e n s i t i z a t i o n  a n d  td  is t im e  fo l lowing th e  

addit ion  of ISO b e fo re  d e s e n s i t i z a t io n  is o b s e r v e d .  T h e  valid 

d o m a in  of e q u a t io n  3 is only for t>td.  T h e  v a l u e s  of D, k d e s .  

a n d  td w e r e  e s t i m a t e d  us ing  a  n o n l i n e a r  fitting p r o c e d u r e  

w h e r e a s  the  p la teau ,  P, w a s  m e a s u r e d .

W h e n  td  a p p r o a c h e s  z e ro  (i.e. w h e n  th e  d e s e n s i t i z a t i o n  

r e s p o n s e  b e g i n s  b e fo re  th e  re laxa tion r e s p o n s e  h a s  r e a c h e d  its 

m a x im u m )  th e  en t i r e  t rac ing  m u s t  b e  d e s c r i b e d  by a  s ing le

equa t ion  in which P is r ep laced  by eq.2.

T= C - R (1-e(‘ k rei * ')) + D (1 -e (-k d«s **)) (4)

All of th e  d a t a  w e r e  e v a l u a t e d  initially with Eq. 2 a n d  3.

W h e n  td w a s  < 5 t i m e s  th e  half-life for r e l a x a t io n  (T 1/2 = 

I n 2 / k re i), all t h e  p a r a m e t e r s  w e r e  r e c a l c u l a t e d  us ing  e q u a t io n  

4  a n d  t h e s e  v a l u e s  w e r e  u s e d  for s u b s e q u e n t  ana ly s i s .  In the  

fitting, td  w a s  c o n s t r a i n e d  to be  >0 a n d  R w a s  c o n s t r a i n e d  to
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b e  < C.  In o r d e r  to c o m p a r e  d if fe ren t  r ings,  t h e  e x t e n t  of 

r e l a x a t i o n ,  is d e s c r i b e d  a s  f r a c t i o n a l  r e l a x a t i o n ,  R / C .  

L ik e w is e ,  t h e  d e s e n s i t i z a t i o n  is r e p r e s e n t e d  a s  f r a c t io n a l  

d e s e n s i t i z a t i o n ,  D /R .
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RESULTS.

ISO (1 pM) induc ed  both  a  re laxation  a n d  d ese n s i t i z a t io n  

r e s p o n s e  in all r ings  p r e c o n t r a c t e d  by four different  a g e n t s :  PE 

(n -  54 repe t i t ions  from 16 an im a ls ) ,  5HT (n=42  repe t i t ions  

from 14 an im als ) ,  HA (n=12 repe t i t ions  from 2 an im a ls )  or  KCI 

(n -  24  repet i t ions  from 5 an imals ) .  Hov 'ever ,  a s  s h o w n  in Fig. 

1, t h e  p ro to typ ica l  r e s p o n s e s  for  e a c h  of t h e s e  c o n t ra c t i l e  

a g e n t s  a p p e a r e d  q u a n t i t a t i v e l y  d i f f e re n t .  T h e  c o n t r a c t i o n  

el ici ted by HA fa d e d  within t h e  t ime it took to c o m p l e t e  a  trial 

a n d  th e  r e s p o n s e  c u r v e  to KCI w a s  too  s t e e p  to al low full 

c h a r a c t e r i z a t i o n  of t h e  IS O  r e s p o n s e s  o v e r  a  r a n g e  of 

co n t ra c t i o n s .  T he re fo re ,  the  d e p e n d e n c e  of th e  ISO r e s p o n s e  

p a r a m e t e r s  on th e  c o n c e n t r a t i o n  of th e  con t ra c t i l e  a g e n t  w a s  

only s tud ied  in t i s s u e s  p r e c o n t r a c te d  with P E  or 5HT.

T ab le  I s u m m a r i z e s  t h e  c h a r a c t e r i s t i c s  of IS O  in d u c e d  

r e l a x a t i o n  a n d  d e s e n s i t i z a t i o n  in t h e  r a b b i t  a o r t a  

p r e c o n t r a c t e d  with 1 pM 5HT. For the  p u r p o s e  of co m p a r i s o n ,  

th e  s a m e  c h a ra c te r i s t i c s  o b ta in e d  in th e  p r e s e n c e  of 1 pM PE 

a s  th e  con t ra c t i l e  a g e n t  a r e  p r e s e n t e d  in t h e  t a b le  a s  well. 

Clearly,  t h e  b eh av io r  of th e  (3-adrenergic  r e s p o n s e  p a r a m e t e r s  

a s  a  function of the  c o n c e n t r a t i o n  of ISO is s imi lar  r e g a r d l e s s  

of w h e th e r  the r ings  w e r e  p r e c o n t r a c t e d  with 1 pM P E  or with 

1 pM 5HT. Spec if ica l ly,  in bo th  c a s e s  t h e  p a r a m e t e r s  tha t  

d e s c r i b e  t h e  re laxation  r e s p o n s e ,  i.e., f rac t ional  re laxa tion  a n d
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kre i ,  w e r e  s a t u r a b l e  with r e s p e c t  to ISO c o n c e n t r a t i o n ,  while 

t h e  p a r a m e t e r s  t h a t  d e s c r i b e  t h e  d e s e n s i t i z a t i o n  r e s p o n s e ,  

frac t iona l  d e s e n s i t i z a t i o n ,  i.e., k d e s  a n d  td ,  w e r e  in sens i t ive  to 

c h a n g e s  in t h e  c o n c e n t r a t i o n  of ISO. It b e a r s  e m p h a s i s  tha t  

th e  a p p a r e n t  c om m ona l i ty  b e t w e e n  ISO r e s p o n s e  p a r a m e t e r s  in 

th e  p r e s e n c e  of PE  or 5HT lies in th e  similar  t r e n d s  r a the r  than  

in t h e  num erica l  v a l u e s  of the  p a r a m e t e r s  a s  t h e s e  v a l u e s  will 

c h a n g e  by al ter ing th e  c o n c e n t r a t io n  of th e  con t rac t i l e  a g o n i s t  

(Torphy ,  1983).

ISO i n d u c e d  r e l a xa t i on ;  d e p e n d e n c e  an  L lia  

c o n c e n t r a t i o n  an d  ident i ty  of t he  a g o n i s t  e l i c i t i ng

c o n tra c t io n .

A re p r e s e n t a t i v e  s e r i e s  of relaxat ion  r e s p o n s e s  to ISO in 

a  ring p r e c o n t r a c t e d  with d ifferent  PE c o n c e n t r a t i o n s  is s h o w n  

in Fig.  2. T h e  d e s e n s i t i z a t i o n  r e s p o n s e  for  th is  s e r i e s  of 

c u r v e s  is not  s h o w n  b e c a u s e  th e  td  w a s  > 5 (t-|/2 )rel, a n d  thus  

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

s i m u l t a n e o u s  d e s e n s i t i z a t i o n  w hich  c o u l d  b e  d e s c r i b e d  by 

e q u a t i o n  2 ( s e e  M e th o d s ) .  This  r e p r e s e n t a t i v e  e x a m p l e ,  is 

c h a r a c t e r i s t i c  of t h e  g e n e r a l  b e h a v i o r ;  b o th  t h e  f r ac t io n a l  

r e laxa t ion  (R /C )  a n d  th e  o b s e r v e d  r a te  c o n s t a n t  for relaxat ion  

(krel) d e c r e a s e  with in c re as in g  o c c u p a n c y  of the  a- i-AR ( s e e  

in se t  in Fig. 2).



Fig.  3 i l lu s t r a t e s  t h e  r e l a t i o n s h ip  b e t w e e n  t h e  m e a n  

frac t ional  r e laxa t ion  i n d u c e d  by ISO a n d  th e  c o n c e n t r a t i o n  of 

t h e  con t rac t i l e  a g e n t ,  PE or 5HT, e x p r e s s e d  a s  mul t ip les of its 

K a ' s . T h e r e  is a  c l e a r  d i f f e r e n c e  b e t w e e n  t h e  f rac t iona l  

re laxa t ion  p r o d u c e d  by ISO in th e  p r e s e n c e  of 5H T a n d  th a t  

o b s e r v e d  in t h e  p r e s e n c e  of PE. ISO p r o d u c e s  - 8 0 %  relaxation 

a t  a  5HT co n c e n t ra t i o n  tha t  c o r r e s p o n d e s  to 2 8 %  o c c u p a n c y  of 

th e  5HT2 recep to r .  H owever ,  e v e n  a t  9 9 %  o c c u p a n c y  of the  

5 H T 2 recep to r ,  the  relaxation re m a in e d  g r e a t e r  th a n  70%.  . In

c o n t r a s t ,  ISO in d u c e s  a n  a l m o s t  c o m p l e t e  re laxa t ion  a t  2 5 %  

o c c u p a n c y  of the  a -A R .  H owever ,  a s  th e  o c c u p a n c y  i n c r e a s e s  

to 9 8 % ,  the  frac t ional  re laxa tion is d im in ished  to 31%.

T h e  r a t e  c o n s t a n t  for r e l a x a t io n ,  k r ei .  s h o w s  a  l e s s  

d ram a t ic  d e p e n d e n c e  on the  o c c u p a n c y  of the  a i - A R  a n d  5HT2 

r e c e p to r .  As  s h o w n  in T a b l e  II, i n c re a s in g  th e  c o n c e n t r a t i o n  

( o c c u p a n c y )  of PE or 5H T r e d u c e d  th e  r a t e  c o n s t a n t .  T h e s e  

c o n c l u s i o n s  a r e  s u p p o r t e d  by o n e  w a y  A na lys is  of V a r i a n c e  

(ANOVAR) with r e p e a t e d  m e a s u r e s  of k r e l  from c o n s e c u t i v e  

tr ials on  th e  s a m e  aor t ic  ring which w a s  s ignif icant  (p<0.005) .  

All s u b s e t s  of d a t a  from a  total  of 2 4  r ings  from 6 a n i m a l s  

th a t  w e r e  t e s t e d  by ANOVAR s h o w e d  a  s igni f icant  c h a n g e  in 

krel with c o n c e n t r a t i o n  of t h e  con t rac t i le  a g e n t  (p<.0.05).
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ISO induced desensitization; dependence on the 

concentration and identity of the ag o n is t e l i c i t in g 

c o n tra c t io n .

T h e  frac t ional  d e s e n s i t i z a t i o n  (D/R) d o e s  not  c h a n g e  a s  

a  function of t h e  o c c u p a n c y  of th e  a  i -AR or 5 HT2 r e c e p to r .  

T h e  a v e r a g e  D/R is 0.93 ± 0 .055  in the  p r e s e n c e  of P E  (n = 50 

repe t i t ions  from 6 an im als )  a n d  0.81 ± 0 .03  in th e  p r e s e n c e  of 

5H T (n -  6 2  rep e t i t i o n s  from 6 a n i m a l s )  e v e n  th o u g h  the  

[drug]/KA w a s  var ied  from 0.3 to 40  for PE a n d  0.3 to 100 for 

5HT. H ow ever ,  at  the  lowes t  co n c e n t ra t i o n  of 5HT w h e n  the  

s t a r t i n g  t e n s i o n  w a s  sm a l l  pr io r  to t h e  a d d i t i o n  of ISO  

([drug]/KA <0 .3 ;  d a t a  not  sh o w n ) ,  the  r e g e n e r a t i o n  of t e n s io n  

fo l lowing t h e  ISO  i n d u c e d  r e l a x a t i o n  o f ten  e x c e e d e d  th e  

sta rt ing te n s io n  (i.e., D/R>1).

In c o n t ra s t ,  t h e  r a t e  c o n s t a n t  for d e s e n s i t i z a t i o n ,  k d  es> 

w a s  d e p e n d e n t  on the  [drug]/KA in a  s a tu r a b l e  m a n n e r  w hen  the  

t i s s u e  w a s  c o n t ra c te d  with e i ther  PE or 5HT. T h e  d e p e n d e n c e  i 

sh o w n  in Fig. 4,  however ,  the  v a lu e s  of [drug]/f<A a t  which k d e s  

r e a c h e s  half its m ax im al  v a lu e  c a n n o t  b e  c o n s i d e r e d  dif ferent  

for  th e  two c u r v e s  b e c a u s e  th e  9 5 %  c o n f i d e n c e  in terva ls  for 

t h e  v a l u e s  of midpoin ts  ( e x p r e s s e d  a s  E C so/K a for P E  or 5HT) 

o v e r l a p .

T h e  d e p e n d e n c e  of td  on  o c c u p a n c y  of th e  con t ra c t i l e  

r e c e p to r  is s h o w n  in Fig. 5. T he  td  s h o w s  a  d e p e n d e n c e  on
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o c c u p a n c y ,  i.e., on [drug]/KA. The  t<j d e c r e a s e s  by approx im ate ly  

fourfold a s  th e  c o n c e n t r a t i o n  of P E  is i n c r e a s e d  from 0 .4  to 

13.5 t im es  its Ka for the  a i - A R .  Much le s s  c h a n g e  in td o c c u r s  

o v e r  a  s imilar  r a n g e  of 5HT c o n c e n t r a t i o n s  w h e r e  the  d e c r e a s e  

is only  a p p ro x im a te ly  twofold.
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DISCUSSION.

C o n c e n tra tio n  R e s p o n s e  C u rv e s  to IS O  in rings  

p re c o n tra c te d  with P E  o r 5H T: T h e  func t iona l  a n t a g o n i s m

p r o d u c e d  by ISO on var ious  t i s s u e s  w a s  p r e c o n t r a c t e d  with PE 

or 5HT is quali tat ively similar. In the  p r e s e n c e  of e i ther  P E  or 

5HT, t h e  re laxat ion p a r a m e t e r s  d i s p la y e d  s a tu r a b l e  d e p e n d e n c e  

w h e r e a s  th e  d e s e n s i t i z a t i o n  p a r a m e t e r s  w e r e  i n d e p e n d e n t  of 

ISO c o n c e n t r a t i o n .  This  similarity s u g g e s t s  th a t  P E  a n d  5HT 

p r o d u c e  s im i l a r  c o n t r a c t i l e  s t im ul i  t h a t  a r e  fu n c t i o n a l l y  

a n t a g o n i z e d  by ISO. S u c h  a  co n c lu s io n  is c o n s i s t e n t  with the 

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

c o n t r a c t i o n s  el ici ted by ac t iva t ion  of e i t h e r  t h e  a i - A R  or the  

5 H T 2 r e c e p to r .  For  e x a m p le ,  bo th  P E  a n d  5H T i n d u c e  a 

t r a n s i e n t  p h a s i c  c o n t ra c t i o n  th a t  is fo l lowed by a  s u s t a i n e d  

tonic con t rac t ion  in the  rabbit aor ta .  In both  c a s e s ,  the  p h a s ic  

c o n t r a c t i o n  is a s s o c i a t e d  with t h e  r e l e a s e  of in t r a c e l lu la r  

ca lc ium  s t o r e s  while t h e  tonic c o n t ra c t io n  is d u e  to i n c r e a s e  

in th e  influx of ca lc ium  (Khalil a n d  v a n B r e e m a n ,  1988;  Cory  et 

a l . , 1984 ,  1986) .  F u r the rm ore ,  bo th  the  underly ing m e c h a n i s m  

of t h e s e  c o n t ra c t i o n s  for both  a - a d r e n e r g i c  a g o n i s t s  (Abdel-  

Latif, 1986) a n d  5HT a g o n i s t s  (Roth  e t  al.,  1986)  is r e la ted  to 

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

s m o o th  m u s c l e  p r e p a ra t io n s .  T h e r e  is a c c u m u la t in g  e v i d e n c e  

t h a t  PI t u r n o v e r  is t h e  c o n s e q u e n c e  of t h e  a c t iv a t io n  of



p h o s p h o l i p a s e  C. T h e  m edia t ing  s p e c i e s  b e t w e e n  th e  rece p to r  

a n d  PLC is G s .  Thus ,  t h e  s a t u r a b l e  d e p e n d e n c e  of the  ra te  

c o n s t a n t  for r e l a x a t i o n  on t h e  c o n c e n t r a t i o n  of IS O  m a y  

s u g g e s t  t h a t  t h e  rate-l imit ing s t e p  for t h e  r e la xa t ion  p r o c e s s  

is ac t iva t ion  of a n  e f fec to r ,  p e r h a p s  ac t iva t ion  of G s by the  

D*R com plex  (Keitz et. al, p a p e r  I).

T h e  lack of d e p e n d e n c e  of th e  d e s en s i t i z a t io n  p a r a m e t e r s  

on  th e  c o n c e n t r a t i o n  of ISO is inc ons i s t en t  with th e  h y p o th e s i s  

th a t  (3-ARK m e d i a t e s  d e s e n s i t i z a t i o n  in this  s y s t e m  (Keitz e t  

al .,  p a p e r  I). This  lack  of d e p e n d e n c e  w a s  s e e n  in r ings  

p r e c o n t r a c t e d  with e i ther  PE or 5HT a n d  is c o n s i s t e n t  with the  

h y p o t h e s i s  t h a t  a  k i n a s e  o t h e r  t h a n  (3-ARK is m e d ia t i n g  

d e s e n s i t i z a t i o n  in this  s y s t e m .

Fractional re laxation  induced  by IS O : d ep en d en ce  on the 

ag o n is t fo r contraction: Func t iona l  a n t a g o n i s m ,  d e m o n s t r a t e d

a s  t h e  IS O  in d u c e d  r e laxa t ion  of p r e c o n t r a c t e d  ao r t ic  r ings,  

s h o w s  a n  i n v e r s e  r e l a t i o n s h ip  to t h e  c o n c e n t r a t i o n  of th e  

c o n t r a c t i l e  a g e n t .  T h u s ,  in t h e  p r e s e n c e  of i n c r e a s i n g  

c o n c e n t r a t i o n s  of PE, t h e  r e l a x a n t  e f fec t  of ISO d e c r e a s e s .  

S imilar  b e h a v i o r  w a s  r e p o r t e d  in i s o la ted  a i rw ay  p r e p a r a t i o n s  

(Van d e n  Brink, 1973;  B u ck n e r  a n d  Saini ,  1974;  Torphy,  1983).  

For e x a m p le ,  Torphy e t  al. (1983) s h o w e d  tha t  the  EC50 of the 

r e l a x a n t  r e s p o n s e  to ISO  i n c r e a s e d  by 5 0 0  fold w h e n  th e  

c o n c e n t r a t i o n  of m e t h a c h o l in e  w a s  i n c r e a s e d  from 0 .0 3  pM to
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3 |iM. The  relaxat ion  to ISO could  b e  a b o l i s h e d  com ple te ly  by 

in c re a s in g  th e  c o n c e n t r a t i o n  of m e th a c h o l in e  to 30  pM.

This  i n v e r s e  re la t io n sh ip  c a n  b e  u n d e r s t o o d  in t e r m s  of 

M a c k a y ' s  m o d e l  for func t iona l  i n t e r a c t i o n s  (1981) .  M a c k a y  

d e s c r i b e s  t h e  e v e n t s  th a t  t r a n s l a t e  r e c e p t o r  o c c u p a n c y  into 

r e s p o n s e  a s  a  c h a in  of s timuli with th e  "final" s t im u lu s  be ing  

th e  e v e n t s  in t h e  s y s t e m  th a t  a r e  direct ly  r e s p o n s i b l e  for the  

o b s e r v e d  s t a t e  of t h e  cel l or  t i s s u e .  W h e n  m o r e  th a n  o n e  

r e c e p t o r  is a c t i v a t e d ,  e a c h  p r o d u c e s  a  c h a in  of stimuli tha t

m a y  in te rac t  a t  a  n u m b e r  of po in ts  a long  the  s t im u lus  cha in ,  

t h e  s im p l e s t  in te rac t ion  be ing  a n  add i t ive  o n e ,  a l t h o u g h  n o n ­

add i t ive  in te rac t io n s  a r e  a l so  poss ib le .

In t h e  r a b b i t  a o r t a  p r e p a r a t i o n ,  t h e  s t a t e  t h a t  is

m e a s u r e d  is t i s s u e  to n e  in g r a m s  of t e n s i o n  a b o v e  b a s e l in e .  

E a c h  level of to n e  is a s s o c i a t e d  with its own "final" s t im ulus  

w h ich  is t h e  re s u l t  of a n  in te rac t ion  b e t w e e n  t h e  c h a i n  of 

st imuli for c o n t ra c t io n  init iated by PE a n d  the  c h a in  of stimuli 

for  r e l a x a t i o n  in i t ia ted  by  ISO. O n e  p o s s i b l e  i n t e r a c t io n  

b e t w e e n  t h e  st imuli  e l ic i t ed  by P E  a n d  IS O  is p r e s e n t e d

s c h e m a t i c a l l y  in f igure 6.

In a n  a d d i t i v e  m o d e l ,  t h e  a r r o w s  in Fig. 6 w o u ld

r e p r e s e n t  a n  add i t ive  in terac t ion  a n d  the  s u m m a t io n  of stimuli 

wou ld  d e t e r m i n e  t h e  level  of t i s s u e  tone .  T h e  s h a p e  of th e  

re laxa t ion  will d e p e n d  on  th e  s t im ulus  for c o n t ra c t i o n  a n d  its



i n t e r a c t i o n  with  t h e  s t i m u l u s  for r e l a x a t i o n .  I n d e e d ,  t h e  

d e p e n d e n c e  of th e  fract ional  relaxa tion  on  th e  c o n c e n t r a t io n  of 

5HT w a s  different  from th e  d e p e n d e n c e  o b s e r v e d  with P E  over  

a  s imi lar  r a n g e  of o c c u p a n c i e s  ( s e e  Fig. 3). This  is c o n s i s t e n t  

with p r e v io u s  r e p o r t s  tha t  th e  r e l a x a n t  e f fec t  of ISO d e p e n d s  

on  t h e  iden t i ty  a s  well a s  c o n c e n t r a t i o n  of t h e  a g o n i s t  

el ici t ing t h e  c o n t ra c t i l e  r e s p o n s e  (T orphy  e t  al .,  1 9 8 3 ;  Van 

A m s t e r d a m  e t  al . ,  1989) .  Spec i f ica l ly ,  in t r a c h e a l  s m o o t h  

m u s c l e ,  ISO or P G E 2 in d u c e d  s m a l l e r  f rac t ional  r e laxa t ion  a t  

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

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

r e l a x a t i o n  a t  m a x i m a l  c o n c e n t r a t i o n s  of HA, 5 H T  a n d

l e u k o t r i e n e  D4 (Russe l l ,  1984;  Torphy ,  1984 ;  M adison  e t  al.,

1989;  Van A m s te r d a m  e t  al., 1989).

In v iew of M a c k a y ' s  model ,  if t h e  func t iona l  in te rac t ion  

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

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

r e laxa t ion  r e s p o n s e  bu t  a l so  a f f e c t s  th e  con t ra c t i l e  r e s p o n s e .  

T h e r e f o r e ,  t h e  d i f f e r e n c e  in t h e  ISO  i n d u c e d  f r a c t i o n a l  

re laxation  cou ld  b e  exp la ined  by a  differential e f fec t  of ISO  on 

the  cont rac t ion  p r o d u c e d  by PE vs  5HT. For exam ple ,  ISO might 

i n d u c e  a  g r e a t e r  d e c r e a s e  in the  eff icacy  of 5HT than  in the 

efficacy of PE.  Thus ,  in the  p r e s e n c e  of ISO, 5HT is co n v e r t e d  

to  a  pa r t i a l  a g o n i s t ,  w h e r e a s  P E  r e m a i n s  a  full a g o n i s t .
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T h e r e f o re ,  th e  f rac t iona l  r e laxa t ion  wou ld  b e  g r e a t e r  in the  

p r e s e n c e  of 5HT than  PE.

F igure  3 c a n  b e  c o n s i d e r e d  a  C R C  to P E  or 5HT in the  

p r e s e n c e  of a  s in g le  c o n c e n t r a t i o n  of ISO. At v e ry  high 

c o n c e n t r a t i o n s  of  PE, t h e  f rac t iona l  re laxation  is smal l  or  the  

c o n t r a c t i o n  is a l t e r e d  little by t h e  ad d i t io n  of ISO. T h e  

re laxan t  effec t  of ISO h a s  b e e n  sh o w n  to a p p r o a c h  z e ro  a t  very 

high co n c e n t r a t i o n s  of PE (Torphy e t  al.,  1983).  The  C R C  to PE 

r e a c h e s  its m a x im u m  w h e n  th e  con t rac t ion  r e a c h e s  its original 

level without  a n y  ISO. Thus ,  the  C RC to PE in Fig. 3 r e p r e s e n t s  

a  shift to th e  r ight with little c h a n g e  in th e  maxim al r e s p o n s e  

( th e  r e p o r t e d  E C 50  for P E  in d u c e d  co n t ra c t i o n  in th e  rabbit  

a o r t a  in t h e  a b s e n c e  of ISO is 0 .24  pM or 0 .33  x K a ; Christ  et  

al., in p re s s ) .  Alternatively,  the  C R C  to 5HT s h o w n  in the  s a m e  

figure s h o w s  a  d e c r e a s e  in the  maximal  r e s p o n s e ,  which s e e m s  

to b e  s a t u r a t e d  a t  ~ 3 0 %  re m a in in g  c o n t ra c t io n  ( the  r e p o r te d  

E C 50  for 5HT in d u c e d  c o n t ra c t io n  in th e  rabb i t  a o r t a  in th e  

a b s e n c e  of ISO is 0.074jiM or 0 .28  x Ka ; Christ e t  al., in p ress ) .  

This  possibi li ty cou ld  b e  t e s t e d  by th e  p roduc t ion  of full C R C s  

to 5HT a n d  PE in the  p r e s e n c e  of inc reas ing  c o n c e n t r a t i o n s  of 

ISO. W e  would pred ic t  on the  b a s i s  of this h y p o th e s i s  tha t  the  

C R C  to P E  would  simply shift in paral lel  to t h e  right, w h e r e a s  

the  CRC to 5HT would b e  shif ted dow nward .



Alte rna tive ly ,  t h e  d i f f e r e n c e s  in ISO  i n d u c e d  f rac t iona l  

re laxa tion  cou ld  b e  ex p la in e d  by s e v e r a l  dif ferent  m e c h a n i s m s :  

1- A s e c o n d  m e s s e n g e r  invo lved  in t h e  con t ra c t i l e  r e s p o n s e  

th a t  is g e n e r a t e d  by th e  ac t iva t ion  of t h e  a i - A R  or  5 HT2 

r e c e p t o r  might  p lay  a  role in t h e  r e laxa t ion  of p r e c o n t r a c t e d  

t i s s u e .  T h e  dif ferential  p roduc t ion  of this  s e c o n d  m e s s e n g e r  

by a - a d r e n e r g i c  or  5HT a g o n i s t s  m igh t  c o r r e l a t e  with th e  

di f ferent ia l  r e l a x a n t  e f fec t  of ISO in r ings  p r e c o n t r a c t e d  with 

PE or 5HT. For ex a m p le ,  Van A m s te rd a m  et  al. (1989)  s h o w e d  

t h a t  v a ry in g  t h e  c o n c e n t r a t i o n  of h i s t a m i n e  or  m u s c a r i n i c  

a g o n i s t s  p r o d u c e d  a l t e r a t i o n s  in t h e  I S O - i n d u c e d  r e l a x a n t  

r e s p o n s e .  T h e s e  a l te ra t ions  in the  r e s p o n s e  to ISO w e r e  be t te r  

c o r r e l a t e d  with c h a n g e s  in PI m e ta b o l i s m  th a n  with level  of 

con t rac t ion .  2- A m e d ia to r  tha t  is g e n e r a t e d  by th e  act ivat ion 

of the  a i - A R  or 5 HT2 r e ce p to r  bu t  tha t  d o e s  not  play  a  role in 

t h e  c o n t ra c t i l e  p r o c e s s  might  a l t e r  t h e  ISO r e l a x a n t  ef fect .  

For  e x a m p le ,  act ivat ion of both  t h e  a i - A R  a n d  5 HT2 r e c e p t o r  

h a v e  b e e n  a s s o c i a t e d  with t h e  s t im u la t io n  of p ro s t a c y c l in  

r e l e a s e  in s m o o t h  m u s c l e  p r e p a r a t i o n s  inc lud ing  s t r ip s  of 

s a p h e n o u s  vein a s  well a s  rabbit  a o r t a  s m o o th  m u s c l e  ce l l s  in 

cu l tu re  ( B o e y n a e m s  e t  al.,  1987;  K okkas  a n d  B o e y n a e m s ,  1988). 

F u r th e rm o re ,  Hiraffuji e t  al. (1987) s h o w e d  tha t  5HT p r o d u c e d  

p r o s t a c y c l in  r e l e a s e  a t  a  lower  r a n g e  of o c c u p a n c i e s  t h a n  

n o re p in e p h r in e  in th e  rat a o r t a  s m o o th  m u s c l e  p r e p a ra t io n .  If



p r o s t a c y c l i n e  w a s  invo lved  in p r o d u c in g  a  c h a n g e  in th e  

r e s p o n s e  to ISO, t h e n  t h e  d if fe ren t ia l  p r o d u c t i o n  of th is  

m e s s e n g e r  by  PE  vs  5H T  might  a c c o u n t  for t h e  o b s e r v e d  

d i f f e r e n c e s .  3- P E  or 5HT m a y  a c t i v a t e  r e c e p t o r s  w h ich  

in terac t  direct ly with the  adenyly l  c y c l a s e  e n z y m e  a n d  th e re b y  

e i t h e r  i n c r e a s e  or  d e c r e a s e  t h e  r e l a x a n t  e f f e c t  of ISO. 

Although t h e r e  is e v i d e n c e  in t h e  l i terature tha t  s u g g e s t s  tha t  

t h e  d i f f e r e n c e s  in th e  r e laxa t ion  r e s p o n s e  to ISO c o u ld  be  

e x p l a i n e d  by a  d i rec t  in te rac t ion  (e i the r  pos i t ive  or  n e g a t iv e  

c o u p l in g )  of t h e  r e c e p t o r  m e d ia t i n g  c o n t r a c t i o n  with t h e  

adeny ly l  c y c l a s e  s y s t e m  (Torphy e t  al . ,  1985 ,  J o n e s  et .  al, 

1987;  Treve th ick  e t  al., 1984 ,  1986;  S u m n e r  e t  al., 1989),  it is 

u n l i k e ly  t h a t  t h i s  i n t e r a c t i o n  is  r e s p o n s i b l e  fo r  t h e  

d i f f e r e n c e s  in ISO r e s p o n s i v e n e s s  in t h e  rabb it  a o r t a .  T he  

r e c e p t o r  pop u la t io n  in t h e  rabbi t  a o r t a  w a s  s u g g e s t e d  to be  

h o m o g e n e o u s  5HT2 (Clancy et  al., 1985) which is not known to 

b e  c o u p l e d  to AC in this  s y s t e m .  Although t h e r e  is a  smal l  

popu la t ion  of 0C2 -AR in th e  a o r t a  which is nega t ive ly  c o u p le d  

to AC, P E  is th ough t  to b e  a  relatively se lec t ive  ag o n i s t  for the 

a  1 -AR. F u r the rm ore ,  act ivat ion of the  cx2 -AR in th e  a o r t a  h a s  

b e e n  s h o w n  to con t ra c t  th e  t i s s u e  by a  m e c h a n i s m  tha t  is not 

well u n d e r s t o o d .

The ra te  co n stan t fo r re la x a tio n : d e p e n d e n c e  on the  

a g o n is t for contraction : In the  p r e s e n t  s tudy,  c h a n g e s  in krel .
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a  kinet ic p a r a m e te r ,  w e re  d e s c r ib e d  o ver  a  r a n g e  of PE or 5HT 

c o n c e n t r a t i o n s  in a d d i t i o n  to c h a n g e s  in t h e  f r a c t i o n a l  

r e la xa t ion  ( tab le  II). A l though  the  d e p e n d e n c e  of frac t ional  

r e laxa t ion  on  th e  c o n c e n t r a t i o n  of a g o n i s t  for co n t ra c t io n  w a s  

di f feren t  for PE  than  for 5HT, th e  d e p e n d e n c e  of k rei cm the  

c o n c e n t r a t io n  of con t rac t i le  a g o n i s t  w a s  th e  s a m e  for 5HT a n d  

PE.  W h e n  th e  c o n c e n t r a t i o n  of ISO el icit ing r e laxa t ion  w a s  

kept  c o n s t a n t  (0.3 pM ISO) a n d  the  o c c u p a n c y  of th e  a  i -AR or 

5 H T 2 r e c e p t o r  w a s  i n c r e a s e d ,  th e  k r e i d e c r e a s e d .  If it is 

a s s u m e d  tha t  the  n u m b e r  of B-ARs d o e s  not  c h a n g e  a n d  the  

affinity of ISO for the  B-AR is not  a l t e re d  by PE  or 5HT, then  

a n y  c h a n g e  in the  ISO r e s p o n s e  m u s t  reflect  a  c h a n g e  in the  

ef f icacy of th e  r e s p o n s e .

T h e  ra te  c o n s t a n t  for t h e  o n s e t  of con t ra c t ion ,  k0 b s max 

w a s  s h o w n  to b e  r e la ted  to eff icacy (Cory e t  al. 1984,  1986).  

Similarly,  kreimax m ay  h a v e  th e  s a m e  re la t ionsh ip .  Although,  

th is  w o rk  w a s  not  p e r f o r m e d  a t  kr e im a x , t h e  r e l a t i o n s h i p  

b e t w e e n  ef f icacy  a n d  k rei is th rough  a  s a tu r a b l e  c o n c e n t r a t i o n  

d e p e n d e n c e .  T h ere fo re ,  the  c h a n g e s  in kreimax s h o u ld  reflect 

c h a n g e s  in eff icacy.  If kre imax is re la ted  to a n  ef f icacy term, 

then  a  d e c r e a s e  in the  eff icacy of th e  r e s p o n s e  would  resu lt  in 

a  d o w n w a rd  ra the r  than  paral lel  shift in the  ISO CRC.
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W e  w a n t e d  to e x a m i n e  if a n  addi t ive m ode l  cou ld  exp lain  the  

f inding t h a t  t h e r e  w a s  a n  i n v e r s e  re l a t io n s h ip  b e t w e e n  th e  r a t e  

c o n s t a n t  for  re la x a t io n  a n d  th e  c o n c e n t r a t i o n  of a g o n i s t  el icit ing 

c o n t r a c t i o n .  A c o m p l e t e ,  t im e  d e p e n d e n t  d e s c r i p t i o n  of t h e  

func t iona l  in t e r a c t i o n s  th a t  o c c u r  in th is  c o m p l e x  s y s t e m  w ou ld  

r e q u i r e  f o u r - d i m e n s i o n s  b e c a u s e  t h e  t e n s i o n  t h a t  w e  o b s e r v e d  

d e p e n d s  on  th e  following va r ia b le s :  1- the s t im u lus  for  con t rac t ion

th a t  is el ici ted by PE or 5HT prior  to th e  addi t ion  of ISO; 2- the  

s t im u lus  for re laxat ion;  a n d  3- t ime.  B e c a u s e  in ou r  e x p e r i m e n t s  

t h e  s t im u lu s  for re laxa t ion  r e m a i n e d  c o n s t a n t ,  a  t h r e e - d im e n s i o n a l  

plot  s h o u ld  suf f ice ( i l lus tra ted s c h e m a t ic a l ly  in Fig. 7).

A hyperbo l i c  r e la t ionsh ip  b e t w e e n  t o n e  a n d  the .  s t im u lus  for 

c o n t r a c t i o n  is d e p i c t e d  on  o n e  s e t  of t h e  a x e s  (B lack  a n d  Leff, 

1983).  T h e  s a t u r a b l e  m u s c l e  t o n e  d e p e n d s  on  th e  i n c r e a s e  in th e  

s t i m u l u s  for  c o n t r a c t i o n  w h ic h  r e f l e c t s  t h e  i n c r e a s e  in t h e  

c o n c e n t r a t i o n  of th e  con t ra c t i l e  a g o n i s t  (P E  or 5-HT).  While th e  

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

c o n t r a c t i l e  s t im u lu s ,  t h e  h y p e rb o l i c  r e l a t i o n s h ip  is of  a  g e n e r a l  

n a t u r e  a n d  s h o u ld  hold for a  c o m b i n e d  s t im u lus  s u c h  a s  th e  o n e  

a r is ing  from th e  formulat ion of funct iona l  a n t a g o n i s m  (M ackay;  s e e  

Fig. 6). In s u c h  a  c a s e  the  result ing s t im u lus  is t h e  a l g e b ra i c  s u m  

of t h e  in d iv id u a l  o p p o s i n g  s t imuli  for  c o n t r a c t i o n  a n d  for  

re laxa t ion .  Specif ical ly,  in th e  e x p e r i m e n t s  d e s c r i b e d  in this  work,
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a t  a  par t i cu la r  s t im ulus  for con t rac t ion  th e  t i s s u e  r e a c h e s  a  s t e a d y  

s t a t e  to n e  b e fo re  th e  addi t ion  of ISO. T h e  s u b s e q u e n t  addi t ion  of 

ISO  l e a d s  to a  t ime d e p e n d e n t  re laxa t ion  i l lus trated  in t h e  o th e r  

s e t  of a x e s  a s  a  d e c r e a s e  in t o n e  with t ime.  This  would  c o r r e s p o n d  

to a  t im e  d e p e n d e n t  d e v e l o p m e n t  of t h e  re lax ing  s t im u lu s  which  

fu nc t iona l ly  a n t a g o n i z e s  th e  c o n s t a n t  c o n t r a c t i l e  s t im u lu s .  T h e  

r e l a x a t i o n  is s h o w n  for  t h r e e  d i f f e r e n t  l e v e l s  of t o n e  w hich  

c o r r e s p o n d  to t h r e e  d i f fe ren t  s t imuli  for c o n t r a c t i o n .  C o n s i s t e n t  

with o u r  r e s u l t s  ( s e e  a b o v e )  t h e  r e l a x a t io n  is s l o w e s t  a t  high 

stimuli a n d  b e c o m e s  f a s t e r  a s  t h e  s t im ulus  d e c r e a s e s .

B e c a u s e  of t h e  h y p e rb o l i c  r e l a t i o n s h ip  b e t w e e n  t o n e  a n d  

s t im u lus  the  ra t e  of re laxation  (i.e., t h e  c h a n g e  in to n e  with time) 

will s h o w  an  in v e rs e  d e p e n d e n c e  on  th e  total s t im ulus  a n d  a  direc t  

d e p e n d e n c e  on  the  ra te  of its c h a n g e .  As th e  conce n t ra t ion  of the 

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

i n c r e a s e s  a n d  its c o n t r i b u t i o n  to t h e  to ta l  s t i m u l u s  b e c o m e s  

la rger .  S in c e  a t  e a c h  c o n c e n t r a t i o n  of th e  con t ra c t i l e  a g o n i s t  the  

s t im u lus  for re laxa t ion  is c o n s t a n t  th e  a p p a r e n t  r a t e  c o n s t a n t  for 

re laxa t ion  s h o u ld  s h o w  a n  in v e rs e  d e p e n d e n c e  on  the  s t im ulus  for 

c o n t ra c t i o n  In d e e d ,  th is  d e p e n d e n c e  is r e f lec ted  in t h e  a p p a r e n t  

r a t e  c o n s t a n t  for re laxation  tha t  w a s  m e a s u r e d  in this  work.

D esensitization  o f the 8 -A R : dep en d en ce  on the stim ulus  

fo r c o n tra c tio n :  T h e  c u r r e n t  work  co n f i rm s  o u r  p r e v io u s
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o b s e r v a t i o n s  t h a t  t h e  f r ac t iona l  d e s e n s i t i z a t i o n ,  t h e  s t e a d y  

s t a t e  m e a s u r e  of t h e  d e s e n s i t i z a t i o n  a p p r o a c h e s  a  f ixed limit 

w h ic h  is i n d e p e n d e n t  of  t h e  c o n c e n t r a t i o n  of e i t h e r  t h e  

c o n t ra c t i l e  or  t h e  re laxing a g o n i s t  (Keitz e t  al.,  p a p e r s  I a n d  

II). T h e re fo re ,  th e  s t e a d y  s t a t e  m e a s u r e  of d e s e n s i t i z a t i o n  is 

n o t  a n  a p p r o p r i a t e  p a r a m e t e r  to  c h a r a c t e r i z e  t h e  

d e s e n s i t i z a t i o n  r e s p o n s e .

In c o n t r a s t  to  t h e  s t e a d y  s t a t e  m e a s u r e  of  

d e s e n s i t i z a t i o n ,  th e  two kinetic  p a r a m e t e r s ,  td  a n d  k d e s .  w e r © 

both  d e p e n d e n t  on the  c o n c e n t r a t i o n  of th e  con t rac t i le  a g o n i s t  

in a  s a tu r a b l e  m a n n e r .  B e c a u s e  the  td  is the  t ime for the  o n s e t  

of d e s e n s i t i z a t i o n ,  its i n v e r s e  will re f lec t  a n  a p p a r e n t  ra t e  

c o n s t a n t  th a t  d e s c r i b e s  this  p r o c e s s .  It follows tha t  both  the  

r a t e  c o n s t a n t s  for  t h e  o n s e t  a n d  for t h e  d e v e l o p m e n t  of 13- 

a d r e n e r g i c  d e s e n s i t i z a t i o n  r e s p o n s e  d e p e n d  on  th e  ac t iva t ion  

of t h e  a i - A R  or  th e  5 HT2 r ecep to r .  In t h e  p r e s e n c e  of e i ther  

PE or 5HT, the  td  d e c r e a s e d  (i.e. t h e  a p p a r e n t  ra t e  c o n s t a n t  

i n c r e a s e s )  to a  limiting v a lu e  with in c re a s in g  c o n c e n t r a t i o n  of 

t h e  con t rac t i le  agon i s t .  F u r th e rm o re ,  th e  c u rv e  th a t  d e s c r i b e s  

the  d e p e n d e n c e  of td  on the  conce n t ra t ion  of 5HT is to the  left 

of  t h e  c u r v e  t h a t  d e s c r i b e s  t d  a s  a  f u n c t io n  of PE  

c o n c e n t r a t i o n .  T h e  re l a t iv e  p o s i t i o n s  of t h e  c u r v e s  t h a t  

d e s c r i b e  k d e s  a s  a  function of the  c o n ce n t ra t i o n  of PE or  5HT 

a r e  th e  s a m e  a s  for td- T h e s e  c u r v e s  s u g g e s t  tha t  5HT is m ore
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e f f i c a c i o u s  t h a n  P E  in b o t h  in i t i a t ing  a n d  f a c i l i t a t i n g  

d e s e n s i t i z a t io n  of t h e  G-AR.

T h e  o c c u r r e n c e  of a  lag-t im e p r e c e d in g  th e  o n s e t  of a  

r e s p o n s e  a n d  th e  s a tu r a b l e  d e p e n d e n c e  of tha t  lag t ime on the 

c o n c e n t r a t i o n  of a n  a g o n i s t  w a s  p r e v io u s l y  d e s c r i b e d  by 

T o lkovsky  a n d  Levitsky (1978 ,  1981 ,  1982)  w h o  s tu d ie d  the  

A C - l in k e d  (3-AR in tu r k e y  e r y t h r o c y t e s .  T o l k o v s k y  a n d  

Levi tsky  s h o w e d  t h a t  th e  lag t im e  for t h e  a c c u m u l a t i o n  of 

cAMP a n d  the  o b s e r v e d  rate  c o n s t a n t  for the  o n s e t  of the  cAMP 

acc u m u la t io n  w e r e  d e p e n d e n t  on th e  co n c e n t r a t i o n  of ISO in a 

s a t u r a b l e  m a n n e r .  F u r t h e r m o r e ,  t h e s e  a u t h o r s  a l s o  

d e m o n s t r a t e d  a  l inear  re la t ionsh ip  b e t w e e n  th e  to ta l  n u m b e r  

of r e c e p t o r s  a n d  t h e  o b s e r v e d  r a t e  c o n s t a n t  for  t h e  

a c c u m u la t io n  of cAMP.  T hey  s u g g e s t e d  tha t  t h e  g e n e r a t i o n  of 

the  r e s p o n s e  (cAMP accum ula t ion )  w a s  d e p e n d e n t  on th e  (3-AR 

m e d i a t e d  ac t iva t ion  of a n  ef fec to r .  In th e  rabb it  a o r t a  we 

s imilarly  d e m o n s t r a t e  t h a t  b o th  t h e  o b s e r v e d  r a t e  c o n s t a n t  

a n d  d e l a y  t i m e  for  t h e  o n s e t  of t h e  G - a d r e n e r g i c  

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

co n c e n t ra t io n .  H ow ever ,  the agon ist in this s tudy  m e d i a t e s  the 

c o n t r a c t i l e  r e s p o n s e  whi le  the re sp o n s e  tha t  is m e a s u r e d  is 

the  o n s e t  of th e  d es en s i t i z a t io n  of th e  G-AR. Thus ,  a  m o d e  of 

in t e r a c t io n  b e t w e e n  t h e  s t i m u l u s  for c o n t r a c t i o n  a n d  th e
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m olecu la r  e v e n t s  tha t  le ad  to G-AR d e s e n s i t i z a t io n  n e e d s  to be  

e l u c i d a t e d .

In th e  rabb i t  a o r t a ,  ac t iva t ion  of th e  a i - A R  or 5 H T2

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

e v en tu a l ly  c a u s e s  t h e  ac t iva t ion  of PKC by the  g e n e r a t i o n  of 

d i a c y l g l y c e r o l  a n d  e l e v a t i o n  of C a 2+ le v e ls  in t h e  cel l.  

B e c a u s e  the  td a n d  k d e s  d e p e n d  on the  o c c u p a n c y  of t h e s e  Pl- 

linked r e c e p to r s  (fig. 4) a n d  do  not  d e p e n d  on the  o c c u p a n c y  of 

t h e  G-AR w e  p r o p o s e  t h a t  t h e  r a t e  l imit ing  s t e p  for  

d e s e n s i t i z a t i o n  of t h e  G-AR m a y  b e  a  P K C - m e d i a t e d  

p h o s p h o ry la t io n  of th e  G-AR.

T h e r e  is c o n s i d e r a b l e  s u p p o r t  in t h e  l i te ra tu re  for th e

h y p o t h e s i s  t h a t  th e  G-AR d e s e n s i t i z a t i o n  is m e d i a t e d  via  a  

p h o s p h o r y l a t i o n  e v e n t .  T h e  G-AR h a s  b e e n  s h o w n  to b e  

p h o s p h o r y l a t e d  by a t  l e a s t  3 d ist inct  k in a s e s :  G-ARK (Benovic  

et  al. ,  1986) ,  c A M P - d e p e n d e n t  prote in  k in a s e  (PKA; Benovic  et 

al .,  1985 ;  Bouv ie r  e t  al. ,  1987) ,  a n d  pro te in  k i n a s e  C (PKC; 

Bouvie r  et  al.,  1987). H owever ,  the  is a  con t inu ing  s e a r c h  for

th e  identity of th e  k in a s e ( s )  r e s p o n s ib l e  for d e s e n s i t i z a t i o n  in

v ivo  did not  ye t  p rovide  an  unequ ivoca l  a n s w e r .  T h e re  is little 

d o u b t  th a t  G-ARK c a n  speci f ical ly  p h o s p h o r y l a t e  t h e  a g o n i s t -  

o c c u p i e d  G-AR a s  well a s  s e v e r a l  o t h e r  r e c e p t o r s  c o u p l e d  to 

adeny ly l  c y c l a s e  (Benov ic  e t  al.,  1986;  Bouvie r  e t  al.,  1988) .  

H o w e v e r ,  o th e r  s t u d i e s  a l s o  s u g g e s t  im por tan t  ro le s  for PKA
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(Sibley e t  al., 1984;  Clark e t  al.,  1988)  a n d  PKC (Y a m a s h i t a  e t  

al.,  1987 ;  T o e w s  e t  al .,  1987;  Hui a n d  Yu ,1989)  in ag o n i s t -  

i n d u c e d  I3-AR re g u la t io n .  T h e  f ind ings  r e p o r t e d  h e r e  a r e

c o n s i s t e n t  with a  role for PKC in th e  d e s e n s i t i z a t io n  r e s p o n s e .

T h e  r e p o r t s  in t h e  l i te ra tu re  th a t  a r e  m o s t  r e l e v a n t  to 

t h e  c u r r e n t  w ork  h a v e  f o c u s e d  on  t h e  c o n t r i b u t i o n s  of t h e  

va r io u s  k i n a s e s  to th e  modu la t ion  of r e s p o n s e s  in which  m o re  

t h a n  o n e  e f fec to r  p a t h w a y  is a c t iv a t e d  s im u l ta n e o u s ly  (e.g.  PI 

t u r n o v e r  a s  well a s  adeny ly l  c y c l a s e ) .  T o e w s  e t  al. (1987)  

s h o w e d  tha t  the  com bina t ion  of PMA (an  ac t iva tor  or  PKC) a n d  

ISO l e a d s  to a  g r e a t e r  d e s e n s i t i z a t io n  t h a n  e i th e r  a g e n t  a l o n e  

in a  h u m a n  a s t r o c y t o m a  cel l line. Y a m a s h i t a  e t  al.  (1987)  

conf i rm ed  tha t  PMA induced  d e s en s i t i z a t io n  is e n h a n c e d  by ISO 

ac t iva t ion  of t h e  6-AR. T h e s e  e f fec t s  of PMA a r e  part icularly 

r e l e v a n t  in c o n s id e r a t io n  of t h e  work  p r e s e n t e d  h e r e  b e c a u s e  

th e  r e s p o n s e  to ISO is a l w a y s  v i s u a l ized  in aor t i c  r ings  th a t  

h a v e  b e e n  p r e c o n t r a c t e d  e i t h e r  with P E  or  5H T a n d  a r e  

c o n s i s t e n t  with t h e  h y p o t h e s i s  th a t  th e  d e s e n s i t i z a t i o n  in this  

s y s t e m  m ay  b e  m e d ia te d  in par t  by PKC.

In s u m m a r y ,  t h e  r e l a x a n t  e f fec t  of ISO in p r e c o n t r a c t e d  

rabbit  a o r t a  d e p e n d s  on both  th e  identity a n d  th e  co n c e n t r a t io n  

of t h e  a g o n i s t  el ici t ing  c o n t r a c t i o n .  T h e  n a t u r e  of th i s  

inte rac t ion  m u s t  b e  e x a m in e d  in fu r ther  detai l  to e l u c id a t e  the  

m o l e c u la r  s t e p s  in t h e  m e c h a n i s m  of func t iona l  in t e r a c t io n s .
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H o w e v e r ,  w e  c a n  c o n c l u d e  a t  this  s t a g e  th a t  s u c h  functional  

in te rac t ions  m ay  b e  addi t ive b a s e d  on the  in v e rs e  d e p e n d e n c e  

of th e  k r e i o n the  o c c u p a n c y  of the  a i - A R  or  5 HT2 r e c e p to r .  

F u r t h e r m o r e ,  t h e  d e p e n d e n c e  of  t h e  r a t e  c o n s t a n t  for  

d e s e n s i t i z a t i o n  on  th e  c o n c e n t r a t i o n  of c o n t r a c t i l e  a g o n i s t  

s u g g e s t s  a n  im por tan t  role for P K C -m e d i a t e d  p h o s p h o ry la t io n  

of the  G-AR in the  p r o c e s s  of d e sens i t i z a t ion .
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F ig u re s  for p a p e r  II 

T ab le  I

C h a r a c t e r i s t i c s  of t h e  r e s p o n s e s  to IS O  in t i s s u e s  

p r e c o n t r a c t e d  with e i ther  1 pM P E  or 1 pM 5HT. T h e  s u m m a r y  

of r e s u l t s  d e s c r i b i n g  t h e  r e l a x a t i o n  a n d  d e s e n s i t i z a t i o n  

r e s p o n s e s  in the  p r e s e n c e  of PE w a s  a d a p t e d  from Keitz e t  a l . , 

p a p e r  I.
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Table I: C h a r a c t e r i s t i c s  o f  r e la x a t io n  a n d  d e s e n s i t i z a t i o n

Response

Relaxation in the 
presence of 5HT

Desensitization in 
the presence of 5HT

Relaxation in the 
presence of PE

Steady-Sta te
Parameters

R/C (fractional re laxation) 
show s a  saturable dependence  
on (ISO).
E C 50 -  0 .062 pM;
Emax “ 0 .716; 
s lope index -  0.96

(n -  6 rings from 3 rabbits)

D/R (fractional 
desensitiza tion) show s 
minimal c h a n g e  over (ISO) 
(from 0.1 to 10 pM). 
avg. D/R = 0.77± 0 .06

(n -  16 repetitions from 3 
r a b b i t s )

R/C (fractional re laxation) 
shows a  saturable dependence  
on (ISO).
E C s o  « 0 .07  pM;
Emax ” 0.8;
s lope index = 1.26

Kinetic Parameters

k re i  (o b se rv ed  ra te  co n s tan t  
for relaxation) sh o w s  a 
saturable  d e p e n d e n c e  on (ISO). 
E C 50 = 0 .017  pM;
Emax = 0.044 s e c  ^ ; 
s lope  index = 1.23

(n -  6 rings from 3 rabbits)

k d e s  (observed  rate constan t  
for desensit iza tion) show s 
minimal c h a n g e  over (ISO) 
(from 0 .03 to 10 pM). 
avg. k d e s  = (8.1 ±0 .6 )*103

(n = 23 repetit ions from 3 
r a b b i t s )

td shows no dependence  on 
(ISO).
avg. td = 65 ± 13 s e c s

(n -  22 repetit ions from 3 
r a b b i t s )

krei (o b se rv ed  ra te  co n s tan t  
for relaxation) sh o w s  a 
saturable  d e p e n d e n c e  on (ISO). 
E C 50 = 0 .023  pM;
Emax = 0.046 s e c  ^ ; 
s lope index = 1.01

Desensitization in 
the presence of PE

D/R (fractional 
desensitiza tion) show s 
minimal c h a n g e  over (ISO) 
(from 0.1 to 10 pM). 
avg. D/R = 0.83± 0 .02

k d e s  (observed  rate  constan t  
for desensit iza tion) show s 
minimal c h a n g e  over  [ISO] 
(from 0.03  to 10 pM). 
avg. k d e s  = (4 .7 ± 0 .2 )* 1 03

td shows no dependence  on 
(ISO).
avg. td = 191 ± 6  s e c s
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Figure 1:

R e p r e s e n t a t i v e  ISO in d u c e d  r e s p o n s e s  in p a i r e d  ao r t ic  r ings  

f rom th e  s a m e  an imal.  T i s s u e s  w e r e  c o n t r a c t e d  to t h e  s a m e  

level of tone  (~6-7 g ram s)  by 1 pM PE, 10 pM 5HT, 30 pM HA or 

4 0  mM KCI. 1pM ISO w a s  a d d e d  in e a c h  trac ing  a t  t h e  dot.  

T r i a l s  u s in g  HA w e r e  p e r f o r m e d  in t h e  p r e s e n c e  of 1pM 

tiotidine to block HA action on the  H2 r e cep to r .
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Figure  2:

T h e  ef fec t  of c h a n g i n g  PE c o n c e n t r a t i o n  on  the  re laxat ion 

r e s p o n s e  to 0 .3  pM ISO in a  s ingle  ring of rabbit  ao r ta .  The  

d a t a  po in t s  w e r e  co l lec ted  by c o m p u t e r  a n d  fitted to e q u a t io n  

3 (r2 >0 .98)  for  th e  e s t im a t io n  of th e  p a r a m e t e r s  R a n d  k r e i 

(M ethods ) .  T h e  ta b le  in se t  g ive s  th e  v a l u e s  for th e  m e a s u r e d  

c o n t r a c t i o n  (C ) ,  t h e  f it ted p a r a m e t e r  k rel a n d  th e  f rac t ional  

r e l a x a t i o n  ( R / C )  for  t h e  fo u r  c u r v e s  s h o w n .  T h e  

d e s e n s i t i z a t io n  r e s p o n s e  for e a c h  cu rv e  is not  show n .
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Figure  3

T h e  d e p e n d e n c e  of th e  frac t ional  re laxation  (R/C) on the  

c o n c e n t r a t i o n  of P E  or  5HT. C o n c e n t r a t i o n s  of c o n t ra c t i l e  

a g o n i s t s  a r e  r e p r e s e n t e d  a s  [drug]/KA- T h e  B -A d ren e rg ic  

r e s p o n s e s  w e r e  e l ic i ted  by t h e  add i t ion  of ISO (0 .3  pM) to 

p r e c o n t r a c t e d  r ings  of rabb i t  a o r t a .  T h e  o p e n  s q u a r e s  a r e  

r e s p o n s e s  in t h e  p r e s e n c e  of P E  a n d  th e  c l o s e d  d i a m o n d s  a r e  

r e s p o n s e s  in th e  p r e s e n c e  of 5HT. T h e  po in ts  r e p r e s e n t  m e a n  

f rac t iona l  r e s p o n s e s  ± S .E .M .  of th e  o b s e r v e d  d a t a  from (n) 

repe t i t ions  in aor t i c  r ings t a k e n  from 6 rabb i t s  in t h e  p r e s e n c e  

of PE a n d  3 rabb i t s  in th e  p r e s e n c e  of 5HT. T h e  (n) for the  

c l o s e d  d i a m o n d s  a r e  r ep o r te d  a b o v e  th e  poin ts ,  a n d  th e  (n) for 

t h e  o p e n  s q u a r e s  below th e  points . R/C in the  p r e s e n c e  of 5HT 

w a s  a s s a y e d  in the  p r e s e n c e  of BHC (15 pM) to b lock 5HT 's  

ac t ion on the  a  i -A R .
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Tab le  II

A r e p r e s e n t a t i v e  s u b s e t  of  d a t a  i l l u s t r a t i n g  t h e  

re la t ionsh ip  b e t w e e n  k r e i a n d  frac t ional  o c c u p a n c y  ([drug]/KA). 

Kinet ic  p a r a m e t e r s  w e r e  e s t i m a t e d  from fitting t h e  r e s p o n s e  

c u r v e s  to eq .  1 or  eq .  3 (M ethods) .  For  all fits r2 >.98. n 

r e p r e s e n t s  th e  n u m b e r  of r ings  inc luded  in t h e  r e p r e s e n t a t i v e  

ANOVAR.



Table  II

R e la t ionsh ip  be tw een  krel and  fd rua l /K ^

[ d r u g ] [d r u g ] /K A n M e a n  k rei ±
( t iM ) S E M  (s e c -1)

P E *
0 .3 0 . 4 0 5 8 0 .049  ± 0 .004
1 .0 1 .3 5 8 0 .0 4 6  ± 0 .005
1 0 1 3 .5 8 0 .044  ± 0 .006

5 H T * *
0.1 0 . 3 8 5 8 0 .0 5 6  ± 0 .007
0 .3 1 .1 6 8 0 .047  ± 0 .006
1.0 3 . 8 5 8 0 .0 4 2  ± 0 .005
1 0 3 8 . 5 8 0 .0 3 8  ± 0 .006

*ANOVAR show ed  significant effects of changing 
co n cen tra t ion  in e a c h  individual ring (p=0.0003)

"ANOVAR show ed  significant effects of changing 
co n cen tra t ion  in e a c h  individual ring (p=0 .0001 )
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Figure  4

T h e  d e p e n d e n c e  of th e  ra t e  c o n s t a n t  for d e s e n s i t i z a t i o n  

(kdes)  on  the  fract ion of r e c e p to r s  o c c u p ie d  by P E  or  5HT. All 

r e s p o n s e s  a r e  to 0.3 pM ISO. The  o p e n  s q u a r e s  a r e  r e s p o n s e s  

to ISO  in t h e  p r e s e n c e  of PE a n d  th e  c l o s e d  d i a m o n d s  a r e  

r e s p o n s e s  in th e  p r e s e n c e  of 5HT. T h e  po in ts  r e p r e s e n t  m e a n  

frac t ional  r e s p o n s e s  ± S .E .M. of t h e  o b s e r v e d  d a t a  from (n) 

r e p e t i t i o n s  in a o r t i c  r i n g s  t a k e n  f rom 3 r a b b i t s .  T h e  

p a r a m e t e r s  of the  CRC in the  p r e s e n c e  of PE a r e  Emax = 0 .0044  

± .0004 ,  E C 50  = 0 .43  pM ± 0 .09  pM a n d  n= 1.3 ± 0.36.  The  

p a r a m e t e r s  of t h e  C R C  in th e  p r e s e n c e  of 5HT a r e  Em a x = 

0 .0 0 5 0  ± .0005,  EC 50  -  0 .08  pM ± 0 .03  pM a n d  n= 0 .93  ± 0.5. 

For both  c u rv e s  r2 > 0.99.
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Figure  5

T h e  d e p e n d e n c e  of t<j on th e  c o n c e n t r a t i o n  of P E  (open  

s q u a r e s )  o r  5H T ( c l o s e d  d i a m o n d s ) .  C o n c e n t r a t i o n s  a r e  

e x p r e s s e d  a s  [drug]/KA. R e s p o n s e s  w e re  to 0.3 pM ISO. Values  

a r e  th e  m e a n  td ±S.E.M.  V a lues  w e re  taken  from (n) repe ti t ions 

from aor t i c  r ings  of 6 rabbits .  T h e  (n) for the  c l o s e d  d i a m o n d s  

is r e p o r te d  be low e a c h  point,  a n d  the  (n) for th e  o p e n  s q u a r e s  

is a b o v e  e a c h  point.
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Figure  6

S c h e m e  of fu nc t iona l  in terac t ion:  a  p o s s i b l e  in te rac t ion  

b e t w e e n  th e  c h a in  of stimuli p r o d u c e d  by IS O ’s  ac t iva t ion  of 

th e  8-AR a n d  P E ' s  act ivat ion  of the  oc-AR. Activation of e a c h  

r e c e p t o r  l e a d s  to a  c h a in  of st imuli  th a t  in t e ra c t  a t  s o m e  

po in t .  In t h i s  e x a m p l e ,  t h e  st im uli  for  r e l a x a t i o n  a n d  

c o n t r a c t i o n  a r e  a d d i t i v e  r e s u l t i n g  in o n e  s i n g l e  "final" 

s t im u lus  tha t  is r e s p o n s ib l e  for th e  final o b s e r v e d  t i s s u e  tone .  

T h e  func t iona l  re la t io n s h ip  b e t w e e n  t h e  "final" s t im u lu s  a n d  

t h e  o b s e r v e d  t o n e  is hyperbo l ic  a n d  t h e  s l o p e  f ac to r  of this  

cu rv e  r e p r e s e n t s  the  k re|. ( a d a p t e d  from Mackay ,  1981).
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Figure  7

T h r e e  d im e n s io n a l  plot  of func t iona l  in t e ra c t io n s  in th e  

rabbit  a o r t a  m ode l :  a  s c h e m a t i c  d i a g r a m  i l lustrat ing t h r e e  of

th e  four  v a r i a b l e s  th a t  d e s c r i b e  t h e  functional  i n t e r a c t io n s  in 

this  intact  t i s sue .  The  ax i s  d e p i c t  the  following v a r ia b le s :  1- 

the  s t im u lus  for con t ra c t ion ;  2- t i s s u e  tone ;  a n d  3- t ime.  T h e  

s t im u lu s  for  r e laxa t ion  is no t  s h o w n  a s  it r e m a i n e d  c o n s t a n t  

th r o u g h o u t  t h e  e x p e r i m e n t s .





9 9

p a p e r  III

Functional interactions in Smooth M uscle: T h e e f f e c t s  of  

a lte r in g  c o n tr a c t i le  e f f i c a c y  o n  IS O -in d u ced  r e la x a t io n  an d

d e s e n s i t i z a t i o n

Sheri A. Keitz1, R om an O s m a n 1 2 ,Joseph  G oldfarb1 and  Saul Maayani 13

1 D epartm ents  of Pharmacology, 2 Physiology and  Biophysics, and

3Anesthesiology of The Mount Sinai School of Medicine of the City University of

New York, N.Y., 10029
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F unct iona l  in te rac t ions  c a n  b e  p ro b e d  in i so la ted  t i s s u e s  

by  s i m u l t a n e o u s  a c t iv a t io n  of d i s t i n c t  m e m b r a n e  r e c e p t o r s  

which  in te rac t  in e i th e r  a n  a n t a g o n i s t i c  or  syne rg is t i c  m a n n e r .  

In th e  rabbit  a o r t a  s u c h  in te rac t ions  c a n  b e  v isua l ized  a s  t ime 

d e p e n d e n t  c h a n g e s  in m u s c l e  t o n e .  In th i s  s y s t e m  a  

con t ra c t ion  p r o d u c e d  by p h en y le p h r in e  (PE) or s e ro ton in  (5HT) 

c a n  b e  funct ional ly  a n t a g o n i z e d  by i so p ro te re n o l  (ISO) ac t ing  

on th e  G-AR (Keitz et  a l . , p a p e r s  I a n d  II). W e  h a v e  previously 

r e p o r t e d  th a t  this  functiona l  a n t a g o n i s m  is a c c o m p a n i e d  by a  

d e s e n s i t i z a t i o n  th a t  is v i s u a l i z e d  a s  a  r eg a in in g  of t e n s io n .  

T h i s  b i p h a s i c  r e s p o n s e  to  I S O  ( i . e . ,  r e l a x a t i o n  a n d  

d e s e n s i t i z a t i o n )  w a s  q u a n t i t a t e d  us ing  a n  e x p lo ra to ry  kine t ic  

m o d e l  w h ich  s e p a r a t e d  t h e  r e l a x a t i o n  a n d  d e s e n s i t i z a t i o n  

r e s p o n s e s  (Keitz et  al., p a p e r  I).

In p rev ious  work  w e  e x a m in e d  the  d e p e n d e n c e  of the  G- 

a d r e n e r g i c  re laxa t ion  a n d  d e s e n s i t i z a t i o n  on th e  c o n c e n t r a t i o n  

of ISO in t h e  p r e s e n c e  of a  fixed co n c e n t ra t i o n  of P E  or 5HT 

(Keitz e t  al.,  p a p e r  I). W e  a l so  q u a n t i t a t e d  th e  d e p e n d e n c e  of 

th e  r e s p o n s e s  m e d i a t e d  by ac t iva t ion  of th e  G-AR by 0.3  pM 

ISO  on t h e  c o n c e n t r a t i o n  of con t ra c t i l e  a g e n t  (e i the r  PE or 

5HT; K eitz  e t  al . ,  p a p e r  II). T h e  r e l a x a t i o n  r e s p o n s e  

p a r a m e t e r s ,  f rac t ional  re laxation  a n d  k rei. w e r e  d e p e n d e n t  on 

th e  c o n c e n t r a t i o n  of ISO  in a  s a t u r a b l e  m a n n e r  a n d  inversely



r e l a t e d  to t h e  c o n c e n t r a t i o n  of P E  or  5HT. H o w e v e r ,  the  

r e l a x a n t  e f f e c t  of IS O  w a s  c o n s i d e r a b l y  g r e a t e r  in r ings  

c o n t r a c t e d  with h igh c o n c e n t r a t i o n s  of  5H T  t h a n  in r ings  

c o n t r a c t e d  with high c o n c e n t r a t i o n s  of PE (Keitz e t  al., p a p e r  

II). O n e  p o s s ib le  e x p lana t ion  th a t  w a s  p r e s e n t e d  (Keitz e t  al., 

p a p e r  II) for th e  d i f fe rence  in th e  d e p e n d e n c e  of th e  fract ional  

r e laxa t ion  on  P E  v s  5HT w a s  th a t  ISO differential ly a l t e r s  the  

e f f ic acy  of  th e  s y s t e m s .  T h u s ,  bo th  a g o n i s t s  b e c a m e  l e s s  

e f f i c a c i o u s ,  b u t  P E  r e t a i n e d  its c h a r a c t e r i s t i c s  a s  a  full 

a g o n i s t  while 5HT a p p e a r e d  a s  a  partial agon is t .  B e c a u s e  it is 

difficult to c o m p a r e  e f f icac ie s  of r e s p o n s e s  th a t  a r e  m e d i a t e d  

t h r o u g h  t h e  ac t iva t ion  of d if fe ren t  m e m b r a n e  r e c e p t o r s ,  w e  

chose to study the dep en d en ce  o f the fractional re laxatio n  on 

chang es in efficacy in a  single receptor system .

T h e  d e s e n s i t i z a t i o n  p a r a m e t e r s ,  k d e s  a n d  t < j ,  w e re  found  

to b e  i n d e p e n d e n t  of t h e  c o n c e n t r a t i o n  of IS O  (Keitz e t  al.,  

p a p e r  I) b u t  d e p e n d e d  on  t h e  c o n c e n t r a t i o n  of c o n t ra c t i l e  

a g o n i s t  in a  s a t u r a b l e  m a n n e r  (Keitz e t  al., p a p e r  II). This  

s u g g e s t e d  tha t  t h e  d e s e n s i t i z a t i o n  of (3-AR d e p e n d e d  on  the  

ac t iva t ion  of the  a i - A R  or 5 HT2 r e c e p to r  a n d  th e  p roduc t ion  of 

a  s t i m u l u s  for c o n t ra c t io n .  T h e r e f o re ,  a n o th e r g o a l o f this 

work w as to ch arac te rize  the effects o f changes in contractile  

efficacy  on the desensitization  response.
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The co n cep t o f e fficacy: S t e p h e n s o n  (1956)  in t ro d u c e d  

th e  c o n c e p t  of e ff ic a c y  a s  th e  c ap a c i ty  of a  d rug  to initiate a  

r e s p o n s e .  S t e p h e n s o n  m a d e  a n  a t t e m p t  to  d e f i n e  t h e  

r e l a t i o n s h i p  b e t w e e n  s t im u lu s ,  w h ich  w a s  p r o p o r t i o n a l  to 

o c c u p a n c y ,  a n d  p h a r m a c o l o g i c a l  r e s p o n s e .  T h e  re la t ionsh ip ,  

th a t  w a s  e x p r e s s e d  a s  ' e q u a l  st imuli yield e q u a l  r e s p o n s e s ' ,  

l e a d s  logica l ly to  t h e  c o n c l u s i o n  t h a t  d r u g s  with d i f f e re n t  

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

n u m b e r  of r e c e p to r s  to p r o d u c e  eq u a l  stimuli.  T h e  condit ion  of 

' e q u a l  stimuli  p r o d u c e  e q u a l  r e s p o n s e s '  ( the  'null '  cond i t ion )  

l e a d s  only to t h e  defini t ion of a  re la t ive  s c a l e  of e f f ic ac ie s  

r a t h e r  t h a n  to a n  a b s o l u t e  s c a l e .  T h e  r e l a t iv e  s c a l e  of 

e f f i c a c ie s  is a  d i r ec t  r e s u l t  from t h e  e x p e r i m e n t a l  co n d i t io n s  

w h ic h  r e q u i r e  t h a t  m e a s u r e m e n t s  of t w o  a g o n i s t s  with 

d if fe ren t  e f f ic ac ie s  will b e  p e r fo rm e d  on  th e  s a m e  s y s t e m  to 

sa t i s fy  t h e  null cond i t ion .  T h e  null cond i t ion  d o e s  not  al low 

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

d i f f e r e n t  r e c e p t o r s  (eg .  a i - A R  or  5 HT2 r e c e p to r ) .  T h e s e  

i n a d e q u a c i e s  s t e m  from t h e  lack of a  c h e m ic a l  identity for th e  

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

b e t w e e n  th e  s t im ulus  a n d  th e  effect .

T h e  o p e r a t i o n a l  m o d e l  of B la c k  a n d  Leff  ( 1 9 8 3 )  

d e m o n s t r a t e d  t h a t  a  hyperbo l i c  re la t io n sh ip  b e t w e e n  s t im u lus  

a n d  e f f e c t  is a  n e c e s s a r y  o u t c o m e  f rom t h e  o b s e r v e d
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h y p e r b o l i c  n a t u r e  of  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  

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

In t h e  rela t ively  r e c e n t  formulat ion of t h e  o p e ra t io n a l m o d e l 

o f agon ist action  by Black a n d  Left eff icacy h a s  b e e n  identif ied 

with a  p a r a m e t e r ,  Kf=, tha t  r e l a t e s  to a  spec i f ic  m e c h a n i s m :

th e  t r a n s d u c t io n  of t h e  a g o n i s t - r e c e p t o r  c o m p le x ,  AR, into a 

p h a r m a c o l o g i c a l  ef fec t .  Efficacy,  n a m e d  in th i s  m o d e l  t h e  

' t r a n s d u c e r  ratio' , a s s u m e d  th e  form: t= [ R o ] /K £ ,  w h e r e  [Ro] is 

the  total n u m b e r  of r e c e p to r s  a n d  is d e f in e d  ope ra t iona l ly

a s  t h e  c o n c e n t r a t i o n  of t h e  a g o n i s t - r e c e p t o r  c o m p l e x  th a t  

yie lds  ha l f-maximal r e s p o n s e .  Black’s  h a s  a  c l e a r  m e a n in g

in well u n d e r s t o o d  r e s p o n s i v e  s y s t e m s  s u c h  a s  th e  ac t iva t ion  

of a d e n y l a t e  c y c l a s e  by (J -adrenerg ic  a g o n i s t s  (D e L e a n  e t  al.,  

1978) .  In s u c h  s y s t e m s  b e c o m e s  t h e  affini ty of t h e  

a g o n i s t - r e c e p t o r  co m p le x  for t h e  e f fec to r  a n d  t h u s  a c q u i r e s  a  

well d e f i n e d  c h e m i c a l  identi ty .  F u r t h e r m o r e ,  t h e  e f f i c a c y  

te rm, x, is r e la ted  to th e  maxim al r e s p o n s e  (a; i.e.  a s s y m p t o t e )  

by t h e  fol lowing e q u a t io n :  x=a / (1 - a)  . H ow ever ,  it is u n c l e a r  

w h e t h e r  x, t h e  t r a n s d u c e r  rat io  c a n  b e  u s e d  to c o m p a r e  

r e s p o n s e s  t h a t  w e r e  e l i c i t e d  by a c t i v a t i o n  of d i f f e r e n t  

r e c e p t o r  s y s t e m s .

The co n cep t o f e fficacy  in an  in tact tissue p rep ara tio n : 

In a n  in tac t  t i s s u e  p r e p a r a t i o n  th e  p h a r m a c o l o g i c  e f f e c t  is 

m e a s u r e d  a s  a  funct ion of t h e  c o n c e n t r a t i o n  of  t h e  a g o n i s t .
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D e t a i l e d  m o d e l s  h a v e  b e e n  c o n s t r u c t e d  to d e s c r i b e  th e  

o c c u p a n c y  of th e  r e c e p to r  a n d  the  act ivat ion of th e  e f fec to r  by 

t h e  d r u g * r e c e p t o r  c o m p l e x  a s  t h e  f irs t  c o n s e q u e n c e  of 

o c c u p a n c y  of  th e  r e c e p to r  by an  agon i s t .  H owever ,  m u c h  le ss  

is k n o w n  a b o u t  t h e  t r a n s l a t io n  of th a t  initial s ig n a l  into an  

in t e g ra te d  r e s p o n s e  in a  t i s s u e  p repara t ion .  This  is b e c a u s e  in 

m a n y  c a s e s  only a  port ion of th e  e v e n t s  tha t  o c c u r  following 

r e c e p t o r  ac t iva t ion  a r e  known. T hus ,  th e  t r a n s d u c e r  s e r v e s  of 

a s  a  'b lac k  b o x ’ th a t  c o m p r i s e s  all t h e  s t e p s ,  k n o w n  a n d  

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

o b s e r v e d  r e s p o n s e .

F o r tuna te ly ,  d e t a i l e d  k n o w le d g e  of t h e  s t e p s  th a t  r e la te  

s t im u lu s  to r e s p o n s e  is not  n e c e s s a r y  for t h e  qua n t i t a t io n  of 

d r u g  e f f e c t s .  F o r  d r u g s  ac t in g  th r o u g h  t h e  s a m e  r e c e p t o r  

s y s t e m ,  the  null condit ion  c a n  be  u s e d  to c o m p a r e  eq u a l  s t a t e s  

t h e r e b y  c a n c e l l i n g  t h e  e f f e c t s  of t h e  " u n k n o w n ” s t e p s  by 

a s s u m i n g  th a t  they  a r e  equa l .  F u r the rm ore ,  the  eff icacy of the 

t r a n s d u c t io n  c a n  b e  con t ro l led  e i th e r  a t  e a r ly  or  la te  s t a g e s  

within th e  b lack  box. For e x a m p le ,  a  s e r i e s  of partial  a g o n i s t s  

with vary ing  e f f icac ie s  r e p r e s e n t  c h a n g e s  a t  a n  ea r ly  po in t  of 

t r a n s l a t i o n  of o c c u p a n c y  to s t im u lus .  O n  t h e  o t h e r  h a n d ,  

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

p roduc t ion  of con t rac t i l e  r e s p o n s e  by al ter ing th e  C a 2+ f luxes  

a n d  t h e  r e su l t ing  C a 2+ c o n c e n t r a t i o n  in t h e  cell.  T h u s ,  th e
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final g o a l o f this work w as to study the d ep en d en ce  o f the 8- 

ad ren erg ic  re laxatio n  a n d  desensitization  response p aram eters  

on the contractile  e fficacy  by varying e fficacy  in two ways  

th a t a d d res s  very  d iffe re n t po in ts  a lo n g  the p a th w a y  from  

r e c e p to r  o c c u p a n c y  to f in a l  re s p o n s e .  In o n e  s e t  of 

e x p e r i m e n t s ,  t h e  avai lab i l i ty  of a  l a rg e  n u m b e r  of  5 H T 2 

a g o n i s t s  of vary ing eff icacy a l low ed  th e  s tudy  of the  r e s p o n s e  

to ISO in the  p r e s e n c e  of equal  o c c u p a n c i e s  of a  s e r i e s  of 5 HT2 

a g o n i s t s  (S to l l ak  a n d  F u rchgo t t ,  1983;  C lancy  a n d  M aayan i ,  

1985;  Cory  e t  al.,  1986).  In a n o t h e r  s e t  of e x p e r i m e n t s ,  the  

con t rac t i l e  ef f icacy w a s  a l t e r e d  by th e  addi t ion  of t h e  ca lc ium 

c h a n n e l  act ivator ,  Bay K 8 6 4 4  (Bay K) a n d  th e  ca lc ium c h a n n e l  

inhibitor,  n if ed ip ine  (NIF).
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METHODS. 

Tissue preparation.

M ale  N ew  Z e a l a n d  W hi te  R a b b i t s  w e ig h in g  b e t w e e n  

1 . 4 - 1 . 8  kg.  ( A c e  A n im a ls ,  Inc. ,  B o y e r t o w n  PA) w e r e  

sacr i f iced  by C O 2 a sphyx ia t ion  a n d  th e  thorac ic  a o r t a e  w e re  

rapidly e x c i s e d  a n d  p r e p a r e d  a s  prev ious ly  d e s c r i b e d  (Keitz 

e t  al.,  p a p e r  I). The  t i s s u e s  w e r e  cu t  into 4 -6  r ings  0 .5 -0 .6  

c m  in width which w e r e  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  s tee l  

h o o k s  in 20-ml o rg a n  b a th s .  T he  b a t h s  c o n t a i n e d  K rebs-  

b ic a r b o n a te  buffer  b u bb le d  with 9 5 %  0 2 - 5 %  C O 2 to mainta in  

a  pH of 7.4 ± 0 .2  a t  36° ± 1 °C. The  t i s s u e s  w e r e  initially 

s e t  to ~2 g t e n s i o n  a n d  a l lo w ed  to re lax  until a  s t a b l e  

t e n s i o n  w a s  m a in t a i n e d .  T h e  m in im um  s tab i l i z a t ion  t ime 

w a s  1 hour.  O n c e  re s t ing  te n s io n  w a s  s tab i l ized ,  b a s e l i n e  

te n s io n  w a s  s e t  to a  force  b e t w e e n  1 a n d  2 g. All r ings 

w e r e  p r im ed  tw ice by eliciting a  con t rac t ion  with 10 pM PE. 

D rugs  w e r e  r e m o v e d  from the  ba th  by draining a n d  rep lacing 

th e  buffer .

Ss!UtiQll3x

K r e b s - b i c a r b o n a t e  b u f f e r  c o n t a i n e d  t h e  fo l lowing  

c o m p o n e n t s  (in mM) in g l a s s  disti lled water :  NaCI,  110;  KCI, 

5; M g S 0 4l 1.2; CaCI2, 2.35;  KH2P 0 4 , 1.2; N a H C 0 3 , 25; g lucose ,  

11; N a2EDTA, 0.03.
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C hem ica ls .

T h e  following d r u g s  w e r e  u s e d  ( a b b rev ia t io n s ) :  N,N

d im e th y l  5 - h y d r o x y t r y p t a m i n e  (B ufo ten in ;  BUF) a n d  N,N 

d i m e t h y l  t r y p t a m i n e  (DMT); [NIDA]; 2 - ( 1 - p i p e r a z i n y l )  

qu ino l ine  (qu ipaz ine ;  QUIP)  [Miles L ab o ra to r ie s  Inc., Elkhart,  

Ind .] ;  B e n e x t r a m i n e  t e t r a h y d r o c h l o r i d e  (BH C) [Aldrich 

C h e m ic a l  Co . ,  M i lw aukee ,  Wl]; ( - ) l s o p ro te re n o l  p h o s p h a t e ;  

(ISO) [S igma ,  St. Louis, MO]; All o th e r  c h e m i c a l s  w e r e  of 

analyt ical  g r a d e  a s  previous ly  r epor ted  (Clancy  a n d  M aayani ,

1 9 8 5 ) .

Responses to ISO in rings precontracted with a 

series of 5HT^ agonists with varying efficacy.

E a c h  a o r t i c  r ing w a s  c o n t r a c t e d  by  a  s a t u r a t i n g  

c o n c e n t r a t i o n  of o n e  of th e  5HT2 a g o n i s t s  (10 pM 5HT a n d  

2 0  pM e a c h  of DMT, BUF, QUIP) .  In t h e s e  p r e c o n t r a c t e d  

r ings,  a  r e laxa t ion  r e s p o n s e  w a s  i n d u c e d  by 0 .3  pM ISO. 

Figure  1 s h o w s  a  typical s e r i e s  of ISO r e s p o n s e s  on t i s s u e s  

p r e c o n t r a c t e d  with v a r io u s  5HT2 agon is t s .  At the  e n d  of the  

d e s e n s i t i z a t i o n  in e a c h  trial, w h e n  t i s s u e  t e n s i o n  r e a c h e d  

s t e a d y  s t a t e ,  t h e  t i s s u e  w a s  w a s h e d  th r e e  t im es  a n d  left to 

r e s t  for  o n e  ho u r  to al low for r e c o v e ry  of r e s p o n s i v e n e s s .  

All t r i a l s  w e r e  c o n d u c t e d  a f t e r  e x p o s u r e  to 15 pM 

b e n e x t r a m i n e  t e t r a h y d r o c h l o r i d e  (BHC) for 30  m i n u t e s  to
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block a g o n i s t  ac t ion  on  th e  a - a d r e n e r g i c  r e c e p t o r  ( a -A R )  . 

B l o c k a d e  of t h e  a - A R  w a s  c o n f i r m e d  by  l a c k  of  

r e s p o n s i v e n e s s  to 10 pM PE.

A l though  all d r u g s  w e r e  t e s t e d  in e v e r y  r ing,  t h e  

r e s p o n s e  to DMT w a s  too  small  in r ings  from t h r e e  of the  

six a n i m a l s  t e s t e d  to al low a  rel iable  e s t im a t io n  of t h e  13- 

a d r e n e r g i c  r e s p o n s e  p a r a m e t e r s .  Fo r  e a c h  a g o n i s t ,  t h e  

intr insic  act ivi ty w a s  d e t e r m i n e d  r e la t ive  to t h e  r e s p o n s e  

to 5HT in t h e  s a m e  ring. In m o s t  r ings,  r e s p o n s e s  to ISO in 

t h e  p r e s e n c e  of 5HT w e r e  t e s t e d  tw ice  to a s s u r e  th a t  the  

t i s s u e  w a s  still v iab le  a n d  th a t  t h e  par t ial  a g o n i s t s  w e r e  

a d e q u a t e l y  w a s h e d  from th e  t i s sue .  In t h e s e  r ings,  t h e  first 

t rial  in t h e  p r e s e n c e  of  5 H T  w a s  a l w a y s  u s e d  for 

d e t e r m i n a t i o n  of in tr ins ic  act ivi ty.

Responses to ISO in rings precontracted with 

PE or 5HT; the effect of calcium channel active 

drugs.

A cont ro l  trial c o n s i s t e d  of el icit ing a  co n t ra c t i o n  by 

P E  or  5HT a n d  th e  s u b s e q u e n t  addit ion of 0.3 pM ISO to 

i nduc e  re laxation  a n d  d e s e n s i t i z a t io n .  T h e  t i s s u e  w a s  th e n  

w a s h e d  t h r e e  t im e s  in d rug  f ree  buffer  for  30  m in u te s  a n d  

in c u b a te d  for a n  addi t ional  30  m inu te s  with e i ther  1 pM NIF 

or 0.3 pM Bay K b e fo re  r epea t ing  th e  trial in the  p r e s e n c e  of 

NIF or  Bay K. The  concentra t ion  of PE or 5HT w a s  1 pM in the
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t r ials  t e s t in g  t h e  e f f ec t s  of NIF. T h e  c o n c e n t r a t i o n  of PE 

w a s  0.1 pM in t h e  trials te s t ing  th e  e f fec t s  of Bay K while 

t h e  c o n c e n t r a t i o n  of 5H T w a s  0 . 0 6  | iM in t h e s e  tr ials .  

B e c a u s e  NIF a n d  Bay K w e r e  not  eas i ly  w a s h e d  from the  

t i s s u e ,  e a c h  r ing w a s  e x p o s e d  on ly  to o n e  of  t h e  

d ihydropyr id ines  (DHP) a n d  w a s  not u s e d  for further  te st ing.  

Thus ,  e a c h  ring s e r v e d  a s  its own control .  P a r a m e t e r s  w e re  

c o m p a r e d  u s in g  a  p a i r e d  t - t e s t  with p < 0 . 0 5  c o n s i d e r e d  

s i g n i f i c a n t .

S ta t is t ic s .

F or  t h o s e  e x p e r i m e n t s  in which  t h e  s e r i e s  of 5 H T 2 

a g o n i s t s  w e r e  t e s t e d ,  r e s p o n s e  p a r a m e t e r s  f ro m  

c o n s e c u t i v e  trials  on  t h e  s a m e  aort ic  r ings  w e r e  c o m p a r e d .  

O n e  w a y  A n a ly s i s  of V a r i a n c e  (ANOVA) w a s  p e r f o r m e d  

b e f o r e  mul t ip le  c o m p a r i s o n s  w e r e  d o n e  to c o m p a r e  t h e  

d i f fe ren t  g r o u p s .  Multiple c o m p a r i s o n s  w e r e  m a d e  us ing  

p a i r e d  t - t e s t s  with the  s ig n i f i can ce  level  a d j u s t e d  with t h e  

Bonfer ron i  c o r re c t io n  (Krauth,  1988).

For t h o s e  e x p e r i m e n t s  in which r e s p o n s e s  to ISO w e re  

t e s t e d  in r ings c o n t r a c t e d  with PE or 5HT in t h e  p r e s e n c e  

a n d  a b s e n c e  of t h e  ca lc ium  c h a n n e l  a c t iv e  d r u g s ,  p a i r e d  

s a m p l e s  w e r e  c o m p a r e d  us ing  p a i re d  t - t e s t s .  A v a l u e  of 

p < 0 .0 5  w a s  c o n s i d e r e d  signif icant .



Collection of data points.

I som et r ic  c o n t ra c t i o n s  w e r e  m e a s u r e d  with G r a s s  F T03C 

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  c o n n e c t e d  to t h e  G r a s s  

po lygraph  model  7D. D a ta  poin ts  co r re s p o n d in g  to t ens ion  w e re  

c o l l e c t e d  a t  a  f r e q u e n c y  of 0 .04  - 1 Hz a n d  s to r e d  on  f loppy 

d i sk  for  s u b s e q u e n t  a n a l y s i s  a s  w a s  p r e v io u s l y  d e s c r i b e d  

(Keitz e t  al.,  p a p e r  I). Digital v a l u e s  of m u s c l e  t e n s i o n  w e r e  

t r a n s f e r r e d  to a  S u n  3 / 1 1 0  w o r k s t a t i o n  for  n o n - l i n e a r  

a n a l y s e s  with the  P R O P H E T  II c o m p u te r  program.

The kinetic model:

T h e  relaxat ion  a n d  d esen s i t i z a t io n  r e s p o n s e s  to ISO w e r e  

s e p a r a t e d  us ing  a  m o d e l  p r ev ious ly  d e s c r i b e d  (Keitz et  al.,

p a p e r  I). T h e  r e l a x a t i o n  r e s p o n s e  w a s  m o d e l e d  a s  a n  

e x p o n e n t i a l  d e c a y :

T = C - R ( 1- e ( -kr«i * »)) ( 1 )

w h e r e  T is t h e  o b s e r v e d  t i s s u e  t e n s i o n ,  C - t h e  ini t ial

c o n t r a c t i o n ,  R th e  m a g n i t u d e  of th e  ISO in d u c e d  re laxa t ion ,

k r e l - t h e  o b s e r v e d  r a t e  c o n s t a n t  for re laxa t ion  a n d  t- th e  t ime 

e l a p s e d  s in c e  the  add it ion of ISO. C w a s  m e a s u r e d  from th e  

e x p e r i m e n t a l  c u r v e  im m ed ia te ly  b e fo re  t h e  add i t ion  of ISO  to 

t h e  b a th .  T h e  v a l u e s  for  R,  a n d  k rei w e r e  e s t i m a t e d  by



f it ting e x p e r i m e n t a l  d a t a  to th is  m o d e l  with a  n o n - l i n e a r  

r e g r e s s i o n  p ro c e d u r e .

T h e  d e s e n s i t i z a t i o n  r e s p o n s e  w a s  a l s o  m o d e l e d  a s  a  

s im p le  e x p o n en t ia l  i n c r e a s e  in tens ion :

T = P + D( 1- e (-kd . .  * (*-«d>)) ( 2 )

w h e r e  T is the  o b s e r v e d  t i s s u e  te n s io n ,  P is th e  p la t e a u  

from which  th e  regaining of tens ion  beg ins ,  D is th e  m a g n i tu d e  

of t h e  ISO in d u c e d  d e s e n s i t i z a t io n ,  k d e s  is th e  o b s e r v e d  ra te  

c o n s t a n t  for d e s e n s i t i z a t i o n  a n d  t d  is t i m e  fo l lowing th e  

add i t ion  of ISO b e fo re  d e s e n s i t i z a t io n  is o b s e r v e d .  T h e  valid 

d o m a in  of e q u a t io n  3 is only for t>td- T h e  v a l u e s  of D, k d e s -  

a n d  td w e r e  e s t i m a t e d  us ing  a  n o n l i n e a r  fitting p r o c e d u r e  

w h e r e a s  th e  p la teau ,  P, w a s  m e a s u r e d .

W h e n  td  a p p r o a c h e s  z e ro  (i.e. w h e n  th e  d e s e n s i t i z a t i o n  

r e s p o n s e  b e g in s  befo re  th e  re laxat ion r e s p o n s e  h a s  r e a c h e d  its 

m a x im u m )  th e  en t i r e  t r ac ing  m u s t  b e  d e s c r i b e d  by a  s ing le

eq u a t io n  in which P is r ep la ced  by eq.1.

T= C - R (1-e(-k rei * *)) + D (1 -e (-k de. **)) (3)

All of t h e  d a t a  w e r e  e v a l u a t e d  initially with Eq.  1 a n d  2.

W h e n  td  w a s  < 5 t i m e s  t h e  half-life for  r e laxa t ion  (T 1/2 = 

I n 2 / k re i), all t h e  p a r a m e t e r s  w e r e  r e c a l c u l a t e d  us ing  e q u a t io n  

3 a n d  t h e s e  v a l u e s  w e r e  u s e d  for s u b s e q u e n t  ana ly s i s .  In the  

fitting, td w a s  c o n s t r a i n e d  to b e  >0 a n d  R w a s  c o n s t r a i n e d  to



b e  < C .  In o r d e r  to c o m p a r e  d i f fe ren t  r ings ,  t h e  e x t e n t  of 

r e l a x a t i o n ,  is d e s c r i b e d  a s  f r a c t i o n a l  r e l a x a t i o n ,  R / C .  

L ik e w is e ,  t h e  d e s e n s i t i z a t i o n  is r e p r e s e n t e d  a s  f r a c t io n a l  

d e s e n s i t i z a t i o n ,  D /R .



RESULTS.

DMT, BUF, Q U IP  a n d  5HT c o n t ra c t  th e  rabbit  a o r t a  via 

a c t iv a t io n  of 5 H T 2 r e c e p t o r  (S to l lak  a n d  F u rc h g o t t ,  1983 ;  

C la n c y  a n d  M aayan i ,  1985;  Cory e t  al.,  1986) .  T h e  intrinsic 

act iv i t ies  ( a )  h a v e  b e e n  d e t e r m i n e d  for t h e s e  a g o n i s t s  relat ive 

to 5HT: a o M T  = 0 .1 5 ± 0 .0 2  (n=5 r ings  from 3 rabbits) ,  c c b u f  =

0.46  ±0 .04  (n=16  r ings from 6 rabbits) ,  a n d  c x q u i p  = 0 .69±0 .03 ;  

( n = 1 6  r e p e t i t i o n s  f rom 6 r abb i t s ) .  T h e s e  intr insic ac t iv i t ies  

a r e  similar  to t h o s e  p rev ious ly  d e t e r m i n e d  in th e  rabbit  a o r t a  

p rep a ra t io n  (Cory e t  al., 1986;  Clancy ,  1987).

C haracterization of the relaxation response to 

ISO in tissue precontracted with agonists of varying  

intrinsic activity. A r e p r e s e n t a t i v e  e x a m p l e  of t h e  ac t io n  

of IS O  in a  r a b b i t  ao r t i c  ring c o n t r a c t e d  with s a t u r a t i n g  

c o n c e n t r a t i o n s  of DMT, BUF, QUIP a n d  5HT is il lustrated in Fig.

1. T h e  b iphas ic  r e s p o n s e ,  s e e n  clear ly in e a c h  of the  t rac ings ,  

is c o m p o s e d  of a n  initial re laxa t ion  fo l lowed by a  s u b s e q u e n t  

r ega in ing  of t ens ion .

T h e  m e a n  v a l u e s  of th e  f rac t ional  re laxa tion  in d u c e d  by 

0.3 pM ISO in t i s s u e s  c o n t r a c t e d  with t h e s e  four a g o n i s t s  a r e  

s h o w n  in Fig. 2A. C lear ly ,  t h e  e x t e n t  of  t h e  f r a c t io n a l  

r e l a x a t i o n  d e p e n d s  o n  t h e  in t r in s i c  a c t iv i t y  ( a )  of t h e  

con t rac t i le  agon is t .  ISO is a b l e  to relax th e  t i s s u e  to b a s e l i n e
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t e n s i o n  w h e n  t h e  t i s s u e  is c o n t r a c t e d  with DMT, th e  a g o n i s t  

with t h e  low es t  a .  As th e  intrinsic activity of th e  con t rac t i le  

a g o n i s t  i n c r e a s e s ,  t h e  f rac t iona l  re l a x a t io n  d e c r e a s e s  to a 

v a l u e  of a p p r o x i m a t e l y  0 .6  for  5HT, t h e  a g o n i s t  with t h e  

h i g h e s t  a.  R e s u l t s  from r ings  for which  d a t a  w e r e  ava i l a b l e  

for  all fou r  a g o n i s t s  s h o w e d  a  s ig n i f i c a n t  r a n k  o r d e r  of 

re laxa t ion  th a t  d e p e n d s  on  eff icacy.  T h e  only signif icant  rank  

o r d e r  of fract ional  re laxation  from the  c o m p le t e  d a t a  w a s  tha t  

QUIP a n d  5HT relaxed  le ss  than  DMT a n d  BUF (ANOVA, p < 0 .0 0 0 1 ; 

t - t e s t s  with B o n fe r ro n ie  c o r re c t io n  p< 0 .0 5 ) .  P a i r e d  a n a l y s i s  

for t h o s e  r ings in which d a t a  w e r e  ava i lab le  for BUF, QUIP  a n d  

5H T (n=16) s h o w e d  tha t  the  rank o rd e r  of fract ional  relaxat ion  

is QUIP< 5HT< BUF (p<0.05 with bonfe rronie  correct ion).

T h e  r a t e  c o n s t a n t  for  IS O  i n d u c e d  r e l a x a t io n ,  k r e i, 

s h o w e d  no a p p a r e n t  d e p e n d e n c e  on  th e  intrinsic activity of the  

c o n t ra c t i l e  a g o n i s t  (Fig. 2B). A v e r a g e  v a l u e s  for k r e i in the  

p r e s e n c e  of s a tu r a t in g  c o n c e n t r a t i o n s  of t h e  con t rac t i le  a g e n t  

a re :  DMT: 0 .0 3 7  ± 0 .009  s e c 1 (n=5 r ings  from 3 rabbit s) ;  BUF: 

0.051 ± 0 .0 0 4  s e c 1 (n=17  r ings  from 6 rabbit s) ;  QUIP: 0 .0 3 4 ±  

0 .0 0 3  s e c 1 (n=16  r ings from 6 rabbits) ;  a n d  5HT: 0 .0 4 4 ±  0 .0 0 2  

s e c * 1 (n=32  r ings  from 6 rabbits)  r espec t ive ly  (ANOVA p>0.05) .  

R e s u l t s  from r ings  in which bo th  BUF a n d  5HT w e r e  t e s t e d  

(n=17) s h o w e d  a  s ignif icant  d i f f e re nce  b e t w e e n  5HT a n d  BUF 

( p a i r e d  t - t e s t  p<0 .05) .



1 1 5

Characterization of the desensitization response  

to ISO in t issue precontracted with agonists  of 

varying efficacy. Frac t iona l  d e s e n s i t i z a t i o n  in t h e  p r e s e n c e  

of a g o n i s t s  of vary ing  intr insic act ivi ty is s h o w n  in Fig. 3A. 

T h e  r e s u l t s  from e x p e r i m e n t s  in which all four a g o n i s t s  w e r e  

t e s t e d  o n  t h e  s a m e  r ing  i n d i c a t e  t h a t  t h e  f r a c t i o n a l  

d e s e n s i t i z a t io n  d e p e n d s  on th e  eff icacy of t h e  d rug  (ANOVAR, 

p< 0 .05) .  T h e  frac t iona l  d e s e n s i t i z a t i o n  in th e  p r e s e n c e  of a  

s a tu r a t in g  c o n c e n t r a t i o n  of 5HT is - 0 .8 .  This  v a lu e  is s imilar  

to t h e  v a l u e s  for  f r a c t i o n a l  d e s e n s i t i z a t i o n  p r e v i o u s l y  

o b s e r v e d  ( s e e  Keitz e t  al., p a p e r  I a n d  II). At the  low r a n g e  of 

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

i n d u c e d  by ISO is g r e a t e r  th a n  1. Q UIP  s h o w s  a n  u n u s u a l  

b e h a v i o r ;  in s p i t e  of  its l o w e r  e f f i c a c y ,  a  s a t u r a t i n g  

c o n c e n t r a t i o n  of Q U IP  l e a d s  to a  f rac t ional  d e s e n s i t i z a t i o n  of 

- 0 . 6  of t h e  ISO r e s p o n s e .  T h e  o b s e r v e d  rank  o r d e r  of th e  

fract ional  d e s e n s i t i z a t io n  is DMT~BUF>5HT>QUIP(p<0 .05) .

T h e  o b s e r v e d  r a t e  c o n s t a n t  for d e s e n s i t i z a t i o n ,  k d e s .  

a l s o  d e p e n d s  on  th e  intrinsic act ivity of t h e  a g o n i s t  el iciting 

c o n t r a c t i o n  (F ig .  3B; (ANO V AR, p < . 0 2 ) .  R e s u l t s  f rom 

e x p e r i m e n t s  in w hich  all d r u g s  w e r e  t e s t e d  s h o w  t h a t  t h e  

v a l u e s  for k d e s .  in t h e  p r e s e n c e  of DMT a n d  BU F w e r e  

signif icant ly  s m a l l e r  th a n  t h o s e  in th e  p r e s e n c e  of Q U IP  a n d  

5HT (p<0.05).  Fu r therm ore ,  t h o s e  r ings in which bo th  BUF a n d
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5H T w e r e  t e s t e d  ( n - 1 6 )  kdes w a s  signif icant ly  l a rg e r  in the  

p r e s e n c e  of 5H T th a n  in t h e  p r e s e n c e  of BUF (p a i r e d  t - t e s t  

p<0.05).  The o b s e rv e d  rank order  of kdes  is DMT<BUF<QUIP<5HT.

R e s u l t s  from e x p e r i m e n t s  in which all d r u g s  w e re  t e s t e d  

on t h e  s a m e  aor t ic  ring s u g g e s t  th a t  t h e r e  w a s  a  s ignif icant  

d e p e n d e n c e  of td  on th e  intrinsic activity of the  d rug  (ANOVAR 

p<0.02).  T h e  a v e r a g e  v a l u e s  s h o w n  in Fig. 3C  s u g g e s t  tha t  the 

td  in t h e  p r e s e n c e  of DMT (236±50 ,n= 5  r ings),  BUF (217 ± 16, 

n - 1 7  r ings) a n d  QUIP (221± 18, n - 1 6  r ings)  w e r e  similar  while 

td in r ings  c o n t r a c t e d  with 5H T (111 ±10 ,  n = 3 2  r ings)  w a s  

s ign i f ican t ly  s m a l l e r  (p<0 .05) .

Effects of NIF on the response to ISO in tissue  

precontracted with PE or 5HT. T a b l e  I s u m m a r i z e s  th e  

e f f e c t  of  NIF on  th e  p a r a m e t e r s  t h a t  d e s c r i b e  c o n t r a c t i o n  

e l i c i t e d  by e i t h e r  PE  o r  5 H T  a n d  t h e  r e l a x a t i o n  a n d  

d e s e n s i t i z a t io n  induc ed  by 0 .3  pM ISO. Quali tat ively th e  ef fec t  

of NIF on  th e  p a r a m e t e r s  th a t  d e s c r i b e  t h e  c o n t ra c t i o n  a n d  

re laxa t ion  p r o c e s s e s  is t h e  s a m e  r e g a r d l e s s  of w h e t h e r  th e  

c on t rac t ion  w a s  elicited by PE or by 5HT. H owever ,  t h e r e  w a s  

no  c o n s i s t e n t  e f fec t  of NIF on th e  d e s e n s i t i z a t i o n  p a r a m e t e r s  

in r ings  c o n t r a c t e d  with P E  or 5HT. R e p r e s e n t a t i v e  c u r v e s  

s h o w in g  th e  e f f ec t s  of NIF on th e  r e s p o n s e  to ISO in t i s s u e  

p r e c o n t r a c t e d  with PE  a r e  s h o w n  in Fig. 4. T h e  d a t a  po in t s  

w e r e  fitted to e q u a t io n s  1 a n d  2.



The  m e a n  con t rac t ion  el ici ted by e i ther  1 pM PE or 1 pM

5HT w a s  d e c r e a s e d  by NIF. T h e  m e a n  contract ion induced  by PE

in t h e  p r e s e n c e  of 1 pM NIF w a s  4 8 %  of t h e  c o n t ro l  

con t rac t ion .  T h e  add it ion of NIF a l so  signif icantly r e d u c e d  the  

m e a n  con t rac t ion  to 1pM 5HT, h o w e v e r  in this  c a s e  th e  m e a n  

con t rac t ion  for th e  contro l  in th e  p r e s e n c e  of NIF w a s  6 7 %  of 

th e  con t ro l  c o n t ra c t i o n .

In add it ion,  th e  ISO in d u c e d  r e s p o n s e s  w e r e  a f f ec ted  by 

NIF.  T h u s ,  t h e  f r a c t io n a l  r e l a x a t i o n  ( R / C)  a n d  t h e  r a te  

c o n s t a n t  for  re laxation  w e r e  i n c r e a s e d  by NIF. T h e  frac t ional  

d e s e n s i t i z a t i o n  in th e  p r e s e n c e  of 1pM P E  or 1pM 5FIT w a s  

d e c r e a s e d  signif icantly.  T h e  ra t e  c o n s t a n t  for d e s e n s i t i z a t io n  

w a s  a l s o  d e c r e a s e d  by NIF in r ings p r e c o n t r a c t e d  with P E  but

not  in r ings  p r e c o n t r a c t e d  with 5HT.  Similarly,  th e  t d  w a s

signif icantly i n c r e a s e d  by NIF in r ings  p r e c o n t r a c t e d  with PE 

but  not  in t h o s e  p r e c o n t r a c t e d  with 5FIT.

Effects of Bay K on the response to ISO in tissue 

precontracted with PE or 5HT. T a b l e  II s u m m a r i z e s  th e  

e f fec t  of B ay  K o n  t h e  p a r a m e t e r s  th a t  d e s c r i b e  co n t ra c t io n  

el icited by e i ther  0.1 pM PE or  0 .06  pM 5HT. T h e  effec t  of Bay 

K on th e  relaxat ion  a n d  d e s en s i t i z a t io n  induc ed  by 0.3 pM ISO 

is a l s o  s h o w n .  T h e  e f fec t  of Bay K on  th e  p a r a m e t e r s  th a t  

d e s c r i b e  t h e  c o n t r a c t i o n  a n d  r e l a x a t i o n  p r o c e s s e s  is 

qua l i ta t ive ly  t h e  s a m e  r e g a r d l e s s  of w h e t h e r  t h e  c o n t ra c t i o n
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w a s  el ici ted by PE or  5HT. H owever ,  the  ef fec ts  of Bay K on 

th e  d e s e n s i t i z a t i o n  p a r a m e t e r s  in r ings  p r e c o n t r a c t e d  with PE 

or by 5HT w e r e  not c o n s i s te n t .  R e p r e s e n t a t i v e  c u r v e s  showing  

th e  e f fec t s  of 0.3 pM Bay K on th e  r e s p o n s e  to ISO in t i s s u e  

p r e c o n t r a c t e d  with PE  a r e  s h o w n  in Fig. 5. T h e  d a t a  po in ts  

w e r e  fitted to e q u a t io n s  1 a n d  2.

T h e  addit ion  of 0.3  pM Bay K significantly i n c r e a s e d  the  

m e a n  con t rac t ion  to 0.1 pM P E  a n d  to 0 .03 pM 5HT. For r ings 

c o n t r a c t e d  with e i t h e r  PE o r  5HT,  t h e  f rac t iona l  r e l a x a t io n  

(R/C) w a s  not  c h a n g e d  while the  ra t e  c o n s t a n t  for re laxation  

w a s  s ig n i f ican t ly  d e c r e a s e d .  Bay  K (0 .3  pM) s ignif ican tly  

d e c r e a s e d  th e  fract ional  d e s e n s i t i z a t io n  in the  p r e s e n c e  of 0.1 

pM P E  from c o m p l e t e  d e s e n s i t i z a t io n  to ~ 0 .8  b u t  not in the  

p r e s e n c e  of 5HT. In r ings p r e c o n t r a c t e d  with e i ther  PE or 5HT, 

th e re  w a s  no signif icant  effec t  of Bay K on k ^ e s  o r t d -
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DJSQUSSIQ-N
T h e  g e n e r a t i o n  of a  r e c e p t o r - m e d i a t e d  r e s p o n s e  is 

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

in t e r a c t i o n :  a g o n i s t  aff ini ty a n d  e f f icacy .  A g o n i s t  affini ty 

d e s c r i b e s  t h e  t i g h t n e s s  of d r u g  b ind ing  to t h e  r e c e p t o r  

w h e r e a s  a g o n i s t  ef f icacy  r e p r e s e n t s  th e  ef f ic iency of t h e  D*R 

c o m p le x  in ac t iva t ing  th e  e f fec to r  m e c h a n i s m  to p r o d u c e  the  

final r e s p o n s e .  In a  c h em ica l  r e p re s e n t a t i o n ,  ef f icacy  c a n  be  

c o n s i d e r e d  th e  affinity of th e  D«R c o m p lex  to a  t r a n s d u c e r  or 

a n  e f fec to r  (Black a n d  Leff, 1983).  In s uch  a  formulat ion the  

a g o n i s t  affinity a n d  e f f icacy  d e f in e  t h e  re l a t io n s h ip  b e t w e e n  

d ru g  c o n c e n t r a t i o n  a n d  r e s p o n s e .  F u r th e r m o re ,  b e c a u s e  of 

the ir  s imilar  c h e m ic a l  n a tu re  the  s a m e  r e s p o n s e  level c a n  b e  

a c h i e v e d  e i the r  by a  c h a n g e  in th e  conce n t ra t ion  of the  ag o n i s t  

which  a l t e r s  th e  o c c u p a n c y  of t h e  recep to r ,  or  by a  c h a n g e  in 

eff icacy,  e .g .  by th e  u s e  of a  partial agonist .

W e  h a v e  s h o w n  th a t  a  c o n t ra c t i o n  of t h e  rabbit  a o r t a  

el icited by P E  or 5HT c a n  be  re laxed  by the  addi t ion of ISO a n d  

th a t  th is  r e l a x a t io n  is fo l lowed  by a  d e s e n s i t i z a t i o n  of th e  

r e lax ing  r e s p o n s e  (Keitz e t  al . ,  p a p e r  I). T h e  r e l a x a t io n  

r e s p o n s e  is d e p e n d e n t  upon  the  c o n c e n t r a t i o n  a n d  the  identity 

of c o n t ra c t i l e  a g o n i s t  (Keitz e t  al.,  p a p e r  II). W e  h a v e  a l so  

s h o w n  t h a t  t h e  ISO r e s p o n s e  p a r a m e t e r s  in p r e c o n t r a c t e d  

rabbit  ao r t i c  s t r ip s  d e p e n d  on t h e  o c c u p a n c y  of th e  r e c e p to r
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m edia t ing  con t rac t ion  o v e r  a  r a n g e  of o c c u p a n c i e s  of th e  5 HT2 

re c e p to r  or  the  a -A R .  T h e  d e p e n d e n c i e s  of t h e s e  p a r a m e t e r s  

o n  th e  o c c u p a n c y  of t h e  r e c e p to r  m ed ia t ing  co n t ra c t i o n  cou ld  

b e  e x p la in e d  by s e v e r a l  t y p e s  of funct iona l  in te rac t ions .  O n e  

of t h e  e x p l a n a t i o n s  for th e  funct ional  in terac t ion  is b a s e d  on 

M a c k a y ' s  m o d e l  in w hich  th e  r e laxa t ion  is a f f e c t e d  by th e  

s t i m u l u s  fo r  c o n t r a c t i o n  ( S c ) in a n  a d d i t i v e  f a s h i o n .  

Su rp r is ing ly ,  S c a l s o  a f f ec ted  the  d e s e n s i t i z a t io n  which led us  

to s u g g e s t  tha t  a  k in a s e  o th e r  than  B-ARK m ay  b e  involved in 

t h e  d e s e n s i t i z a t i o n  of th e  B-AR.

For  a  g iv e n  r e c e p to r - e f f e c t o r  s y s t e m ,  t h e  s t im u lu s  for 

con t ra c t ion  c a n  b e  var ied  in d e p en d en t ly  of r e c e p to r  o c c u p a n c y  

by a l te r ing  t h e  e f f icacy  of t h e  s y s t e m .  T h e  i m p o r t a n c e  of 

s tudy ing  th e  d e p e n d e n c e  of th e  B-AR r e s p o n s e s  (i.e., relaxat ion 

a n d  d e s e n s i t i z a t io n )  on th e  eff icacy  of t h e  con t rac t i le  a g e n t  is 

th a t  a lo n g  t h e  t r a n s d u c t io n  p a t h w a y  t h a t  t r a n s l a t e s  r e c e p t o r  

ac t iva t ion  into a n  in t eg ra te d  r e s p o n s e .  T he re fo re ,  it might  be  

p o s s i b l e  to identify th e  par t  of th e  S c (i.e. early or  la te  in the  

s t im ulus  chain)  tha t  wou ld  a l te r  the  ISO r e s p o n s e .

The use o f a  series  o f 5H T 2 a g o n is ts  w ith vary ing  

efficac ies : A ccord ing  to th e  m ode l  of Black a n d  Leff (1983;

s e e  In t roduc t ion ) ,  t h e  r e s p o n s e  el ic i t ed  by d i f f e re n t  par t i a l  

a g o n i s t s  d e p e n d s  on  t h e  affinity of t h e  D*R c o m p le x  for th e  

e f fec to r .  B e c a u s e  th is  p ro p e r ty  a f f ec t s  th is  r e s p o n s e  in t h e
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s a m e  w ay  a s  r e c e p to r  o c c u p a n c y ,  vary ing  th e  ef f icacy  of the  

con t rac t i le  a g o n i s t  by th is  m e t h o d  would  b e  e x p e c t e d  to resu lt  

in a l t e r a t i o n s  in 6 - a d r e n e r g i c  r e s p o n s e  s imi la r  to t h o s e  s e e n  

with va ry ing  o c c u p a n c y  of t h e  5HT2 rece p to r .  In thi s  s tudy ,  

t h e  5H T2 a g o n i s t s  w e r e  r a n k e d  by the ir  in tr insic  ac t iv i t i e s  

with r e s p e c t  to 5HT, which  a l s o  c o r r e s p o n d s  to t h e  s a m e  

ranking  b a s e d  on  th e  eff icacy te rm, x, a s  de f ined  in Black a n d  

Leff (1983) .

C o n s i s t e n t  with t h e  i n v e r s e  r e l a t i o n s h i p  t h a t  w a s  

o b s e r v e d  b e t w e e n  th e  c o n c e n t r a t i o n  of th e  con t ra c t i l e  a g o n i s t  

a n d  f r a c t i o n a l  r e l a x a t i o n ,  w e  f ind  t h a t  t h e  f r a c t i o n a l  

r e laxa t ion  in t h e  p r e s e n c e  of a n  a g o n i s t  with lower  ef f icacy is 

g r e a t e r  t h a n  th a t  in t h e  p r e s e n c e  of a  full a g o n i s t  (e .g.  5HT). 

T h e  f inding th a t  t h e  f rac t ional  r e laxa t ion  in r ings  c o n t r a c t e d  

with Q U IP  w a s  l e s s  t h a n  in r ings  c o n t r a c t e d  with 5H T  w a s  

u n e x p e c t e d .  T h e  fract ional  re laxation  in th e  p r e s e n c e  of QUIP  

( R / C ~ 0 . 6 )  c a n n o t  b e  a c c o u n t e d  for so lely on  th e  b a s i s  of a  

c h a n g e  in eff icacy.  P e r h a p s  this  re f lec ts  a  no n s p e c i f i c  effec t  

of Q U IP  th a t  m a y  b e  a f fec t ing  th e  f rac t iona l  r e l a x a t io n  not  

th rough  a  c h a n g e  in efficacy a lone .

F rom th e  d a t a  a c c u m u l a t e d  in this  work, it a p p e a r s  tha t  

t h e  ra t e  c o n s t a n t  for re laxation ,  k rei. d o e s  not  d e p e n d  on  the  

ef f icacy  of t h e  5 HT2 agon is t .  This is surpr is ing  in view of the  

finding tha t  k rei d e c r e a s e d  by inc reas ing  the  o c c u p a n c y  of the
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a - A R  or 5 H T2 r ecep to r .  T h e  k r e i in t h e  p r e s e n c e  of BUF is 

i n d e e d  s ignif icantly  h ig h e r  t h a n  in t h e  p r e s e n c e  of 5HT a s  

would  b e  e x p e c t e d  for a n  a g o n i s t  of lower ef f icacy th a n  5HT. 

H o w e v e r ,  if w e  e l im ina te  Q U IP  from o u r  c o n s id e r a t io n  ( a s  it 

a p p e a r s  to h a v e  o t h e r  a c t i o n s  a s  d e s c r i b e d  a b o v e ) ,  w e  c a n  

a t t r ibu te  t h e  b e h a v io r  of DMT to its very low eff icacy.  It is 

e x p e c t e d  th a t  DMT would  h a v e  a  very  smal l  r a t e  c o n s t a n t  for 

the  o n s e t  of the  cont rac t ion  r e s p o n s e  (Cory e t  al. 1986).  If the 

c o n t r a c t i o n  did  n o t  r e a c h  a  s t e a d y  s t a t e  w h e n  th e  ISO  w a s  

a d d e d ,  t h e n  th e  relaxation p r o c e s s  could  h a v e  b e e n  com pl ica ted  

by t h e  s i m u l t a n e o u s  c o n t r a c t i o n .  T h u s ,  k r e | w o u ld  b e  

u n d e r e s t i m a t e d  a n d  h a v e  a  l a rge  er ro r  b a r  a s s o c i a t e d  with its 

v a l u e .

In s u m m a r y ,  t h e  c h a n g e s  in t h e  r e l a x a t io n  r e s p o n s e  

p a r a m e t e r s  th a t  w e r e  a s s o c i a t e d  with 5HT a g o n i s t s  of varying 

e f f i c a c i e s  a r e  c o n s i s t e n t  with c h a n g e s  t h a t  w e r e  o b s e r v e d  

with vary ing  o c c u p a n c y  of t h e  r e c e p t o r s  elicit ing co n t ra c t i o n .  

T h u s  th e  functional  in te rac t ions  d e p e n d  on  th e  S c a n d  not  only 

on  th e  o c c u p a n c y  of th e  r e c e p to r  m edia t ing  con t rac t ion .

The e ffe c t o f varying e fficacy  o f the contractile  agon ist 

on the desensitization  response p aram eters . T h e  d e p e n d e n c e  

of k d e s  a n d  t d  on th e  eff icacy  of th e  par t ial  a g o n i s t s  eliciting 

co n t ra c t i o n  is a s  e x p e c t e d  b a s e d  on o u r  ea r l i e r  work  which 

s h o w e d  a  p a r a l l e l  d e p e n d e n c e  of  k d e s  a n d  t d  o n  t h e
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c o n c e n t r a t i o n  of t h e  con t rac t i le  a g o n i s t  (Keitz e t  al .,  p a p e r  II). 

T hus ,  a n  i n c r e a s e  in con t rac t i le  eff icacy  l e a d s  to a n  i n c r e a s e  

in k d e s  a n d  a  d e c r e a s e  in t d  As with t h e  ISO  in d u c e d  

r e l a x a t i o n ,  t h e  d e p e n d e n c e  of k d e s  a n d  t d  o n  c o n t r a c t i l e  

e f f ic acy  d e m o n s t r a t e  t h a t  t h e  o n s e t  of B-AR d e s e n s i t i z a t i o n  

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

r ece p to r  a n d  not  mere ly  on  its o c c u p a n c y .

T h e s e  f in d in g s  s u p p o r t  t h e  h y p o t h e s i s  t h a t  t h e  ISO 

in d u c e d  d e s e n s i t i z a t i o n  r e s p o n s e  in t h e  p r e c o n t r a c t e d  rabbit  

ao r t a  p rep a ra t io n  might  b e  m e d ia te d  by protein  k in a s e  C (PKC). 

PKC r e q u i r e s  C a 2+ fcr  its ac t iva t ion  a n d  d iacy lg lycero l  (DG) 

c a n  i n c r e a s e  th e  affinity of this  e n z y m e  for C a 2+ ( N i s h i z u k a ,

1986).  In this  s tu d y  both  the  leve ls  of C a 2+ a n d  of DG w e re  

m o d u l a t e d  by us ing  a  varie ty  of part ia l  a g o n i s t s  a t  th e  5HT2 

recep to r .  T hus ,  s u p p o r t e d  by th e  resu l t s  from p rev io u s  repor ts  

(Keitz e t  al.,  p a p e r s  I a n d  II), t h e s e  f indings s u g g e s t  tha t  PKC 

p lays  a n  im por tan t  role in the  regu la t ion of B-AR function.

The e ffe c t o f ca lc iu m  c h a n n e l a c tiv e  d rugs  on the  

c o n tra c tile  re sp o n s e  a n d  on the  IS O  re la x a tio n  resp o n se  

p a ra m e te rs . Unlike th e  s e r i e s  of partial  5HT2 a g o n i s t s  which 

vary  in t h e  e f f icacy  of ac t iva t ing  t h e  e f f e c to r  p a t h w a y ,  th e  

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

p r o c e s s  of c o n t ra c t i o n  by their  e f fec t s  on  C a 2+ influx. Bay K 

a n d  NIF al te r  C a 2+ influx by binding to th e  ca lc ium c h a n n e l  a n d
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al ter ing t h e  m e a n  c h a n n e l  o p e n in g  t ime;  Bay K i n c r e a s e s  the  

m e a n  o p e n i n g  t ime a n d  NIF s h o r t e n s  t h e  m e a n  o p e n in g  t ime.  

C o n s e q u e n t ly ,  Bay K e n h a n c e s  con t rac t ion  while NIF inhibits it.

T h e  a l te ra t ion  in con t rac t i le  ef f icacy p r o d u c e d  by Bay K 

o r  NIF is r e f l e c t e d  in t h e  c o n t r a c t i l e  t e n s i o n .  B ay  K 

s ig n i f i c a n t l y  i n c r e a s e d  t h e  c o n t r a c t i l e  r e s p o n s e  a n d  NIF 

signif icantly d e c r e a s e d  it c o m p a r e d  to control .  T h e s e  c h a n g e s  

a r e  c o n s i s t e n t  with e n h a n c e m e n t  of c o n t r a c t i l e  e f f icacy  by 

Bay K a n d  a t ten u a t io n  of cont rac t i le  eff icacy by NIF.

D e s p i t e  t h e  s ign i f ican t  c h a n g e s  in level  of c o n t r a c t i o n  

th a t  w e r e  i n d u c e d  by th e  ca lc ium  c h a n n e l  ac t ive  a g e n t s ,  t h e  

s t u d i e s  c o n c e r n i n g  t h e  e f f e c t s  of t h e s e  d r u g s  o n  th e  B- 

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

e x p e r i m e n t a l  w ork  is n e c e s s a r y  to a n s w e r  t h e  q u e s t i o n  of 

w h e t h e r  a  c h a n g e  in c o n t r a c t i l e  e f f ic acy  by  m a n ip u la t i n g  

c a l c iu m  e n t ry  w o u ld  p r o d u c e  a l t e r a t i o n s  in t h e  B - a d r e n e rg i c  

r e s p o n s e  p a r a m e t e r s  a n d  w h e th e r  they  a r e  c o n s i s t e n t  with the  

c h a n g e s  o b s e r v e d  with  a l t e r a t i o n s  in o c c u p a n c y  of t h e  

con t rac t i le  r e c e p t o r s  or with th e  u s e  of part ial 5HT a g o n i s t s .

F or  all e x p e r i m e n t s  us ing  t h e  c a l c iu m  c h a n n e l  a c t iv e  

d ru g s ,  th e  k rei s h o w e d  c h a n g e s  c o n s i s t e n t  with t h e  a l t e r a t io n s  

s e e n  w h e n  ef f icacy w a s  m a n ip u la ted  us ing  part ial a g o n i s t s .  In 

t h e  r ings  c o n t r a c t e d  with PE or 5HT, the  k r e i i n c r e a s e d  w h e n  

eff icacy w a s  d e c r e a s e d  by NIF a n d  d e c r e a s e d  w h e n  th e  eff icacy
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w a s  in c r e a s e d  by Bay K. Fur therm ore ,  the  reduct ion  in eff icacy 

p ro d u c e d  by NIF l e a d s  to a  s ignif icant  in c r e a s e  in R /C  in t h o s e  

r ings  p r e c o n t r a c t e d  with PE. T h e  k d e s  a n d  td  w e r e  a l s o  

signif icant ly  a l t e r e d  by NIF in aor t ic  r ings  p r e c o n t r a c t e d  with 

P E  ( t a b l e  I). T h e s e  r e s u l t s  in d ica te  t h a t  t h e  in t e r a c t io n  

b e t w e e n  t h e  s t im u lu s  for  c o n t r a c t io n  a n d  r e laxa t ion  in t e ra c t  

a f te r  t h e  en t ry  of C a 2+ into the  cell.  Also, t h e s e  f indings  a r e  

c o n s i s t e n t  with  o u r  c o n c l u s i o n s  from t h e  pa r t i a l  a g o n i s t  

s t u d i e s  t h a t  P K C  a c t i v a t e d  by  C a 2+ m a y  m e d i a t e  

d e s e n s i t i z a t i o n  by p h o s p h o ry la t in g  the  (3-AR.
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F igu res  for p a p e r  III 

Figure 1:

ISO in d u c e d  relaxat ion  a n d  d e s e n s i t i z a t io n  in aor t i c  r ings 

p r e c o n t r a c t e d  with a  s e r i e s  of  5H T a g o n i s t s .  C o m p u t e r  

c o l l e c t e d  d a t a  p o i n t s  f r o m  s e q u e n t i a l  t r i a l s  in a  

r e p r e s e n t a t i v e  aor t ic  ring s h o w in g  the  c h a n g e s  in t i s s u e  to n e  

following th e  add i t ion  of 0 .3  pM ISO to r ings  p r e c o n t r a c t e d  

with s a tu r a t in g  c o n c e n t r a t i o n s  of 5HT (10 pM),  Q UIP  (20pM),  

BUF (20pM) or DMT (20pM).  All r ings w e r e  t r e a t e d  with 15pM 

BHC to p re v e n t  ag o n i s t  act ion  on the  a - a d r e n e r g i c  recep to r .  At 

th e  e n d  of e a c h  trial all d r u g s  w e re  w a s h e d  from the  t i s s u e  by 

d ra in ing  a n d  rep lac ing  th e  buffer . T h e re  w a s  a  pe r iod  of o n e  

ho u r  b e t w e e n  trials.
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Figure  2:

A: M e a n  f ract ional  re laxa t ion  vs  intr insic act ivi ty of the  

5 H T 2 agon i s t .  V a lu e s  p r e s e n t e d  a r e  m e a n  r e s p o n s e s  ± SEM 

from (n) repe t i t ions  from 3 rabb i t s  for DMT a n d  6 rabb i t s  for 

t h e  o th e r  3 ag o n i s t s .

B: M e a n  kre i v s  intr insic act ivi ty of th e  5 HT2 a g o n i s t .  

V a l u e s  p r e s e n t e d  a r e  m e a n  r e s p o n s e s  ± S E M  from (n) 

repe t i t ions  from 3 rabb i t s  for DMT a n d  6 rabb it s  for th e  o the r  

3 a g o n i s t s .
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Figure 3

A: M e a n  f r ac t iona l  d e s e n s i t i z a t i o n  v s  in tr ins ic act ivity

of th e  5HT2 agon i s t .  V a lu e s  p r e s e n t e d  a r e  m e a n  r e s p o n s e s  ± 

SEM from (n) repe t i t ions  from 3 rabb i t s  for DMT a n d  6 rabbit s  

for t h e  o th e r  3 ag o n i s t s .

B: M e a n  kdes  vs  intrinsic act ivity of th e  5 HT2 a g o n i s t .  

V a l u e s  p r e s e n t e d  a r e  m e a n  r e s p o n s e s  ± S E M  from (n)

repe t i t ions  from 3 rabb it s  for DMT a n d  6 rabbit s  for the  o the r  

3 a g o n i s t s .

C: M e a n  td vs  intr insic act ivi ty of t h e  5 HT2 a g o n i s t .

V a l u e s  p r e s e n t e d  a r e  m e a n  r e s p o n s e s  ± S E M  from (n)

repe t i t ions  from 3 rabb i t s  for DMT a n d  6 rabb i t s  for t h e  o th e r  

3 a g o n i s t s .
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Tab le  I:

Effect  of NIF on  PE (1 jiM) a n d  5HT (1 pM) in d u c e d  

co n t r a c t io n  a n d  th e  p a r a m e t e r s  of t h e  B -a d re n e rg i c  r e s p o n s e .  

R e s p o n s e s  to 0 .3pM  ISO  w e r e  t e s t e d  in t i s s u e  p r e c o n t r a c t e d  

with e i th e r  P E  or 5HT. All r ings  w e r e  t e s t e d  initially in th e  

a b s e n c e  of  NIF a n d  s u b s e q u e n t l y  fo l low ing  3 0  m i n u t e  

in c u b a t io n  with 1 pM NIF. P a r a m e t e r s  w e r e  e s t i m a t e d  by 

fitting t h e  c o m p u t e r  c o l l e c t e d  d a t a  po in t s  from th e  o b s e r v e d  

ISO r e s p o n s e  c u r v e s  to e q u a t io n s  1 a n d  2 or  3 (M ethods) .  For 

all fits r2 > 0 .97 .

‘ s ig n i f ican t ly  d i f f e r e n t  f rom c o n t ro l  with p < 0 . 0 5 .  All 

p a r a m e t e r s  w e r e  c o m p a r e d  us ing a  p a i re d  t- test .



PE induced

P a r a m e t e r C o n tr o l

C (g) 

P /C  

krel  ( s e c ' 1) 

D/R  

kdes  ( s ec - 1) 

td ( sec)

5 . 2 ± 0 . 3  
( n =  1 1 )

0 . 6 8 ± 0 . 0 4
( n = 1 1 )

0 . 0 3 7 ± 0 . 0 0 3  
( n = 1 1 )

0 . 8 0 ± 0 . 2 7  
( n = 1 0 )

( 5 . 0 ± 0 . 4 ) x 1  O' 3 
(n = 1 0 )

2 2 5 1 1 3  
( n = 1 0 )

Table I

MntractiQn

NIF

2 . 5 2 1 0 . 3 *
(n = 1 1 )

0 . 7 6 1 0 . 0 2 *
(n = 1 1)

0 . 0 4 6 1 0 . 0 0 3 *
(n = 1 1 )

0 . 4 6 1 0 . 3 1 *
(n = 1 0 )

( 4 . 0 i 0 . 3 ) x 1  O ' 3 * 
( n = 1 0 )

2 6 3 1 1 8 *
( n = 1 0 )

5HT induced  

C o n tr o l

6 . 810.6 
(n  = 1 1 )

0 . 5 0 1 0 . 0 4  
( n  = 9)

0 . 0 4 8 1 0 . 0 0 2  
( n  = 1 1 )

0 . 8 0 1 0 . 4  
(n  = 1 0 )

( 8 . 0 1 1 .0 ) x 1 0 3 
(n  = 1 0 )

7 1 1 1 3  
(n  = 1 0 )

contraction

NIF

4 . 4 1 0 . 5 *  
(n  = 1 1 )

0 . 6 1 1 0 . 0 6  
( n  = 9)

0 . 0 5 5 1 0 . 0 0 3 *  
( n =1 1 )

0 . 6 2 1 0 . 0 5 *
(n  = 1 0 )

9 . 0 1 1 .0 )x1  O' 3 
( n = 1 0 )

6 2 1 1 6  
(n  = 1 0 )
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Figure 4:

E f fec t  of NIF o n  t h e  r e s p o n s e  to IS O  in a  ring 

p r e c o n t r a c t e d  with 1 pM PE.  P o in t s  s h o w n  a r e  c o m p u t e r  

c o l l e c t e d  d a t a  p o i n t s  ( s e e  M e t h o d s )  a n d  w e r e  f i t ted  to 

e q u a t i o n s  1 (for t h e  r e l a x a t io n  r e s p o n s e s )  a n d  2 (for t h e  

d e s e n s i t i z a t io n  r e s p o n s e ) .  In th e  e x a m p l e s  s h o w n ,  r2>0 .99  for 

all fits. T h e  a v e r a g e  v a l u e s  of the  fitted p a r a m e t e r s ,  R, k rei, 

D, kdes  a n d  t<j u n d e r  t h e s e  co n d i t io n s  a r e  s u m m a r i z e d  in th e  

ta b le  I.
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T a b le  II:

Effect of Bay K on PE (0.1 pM) a n d  5HT (0.06 pM) induced  

con t rac t ion  a n d  th e  p a r a m e t e r s  of t h e  6 - a d re n e rg i c  r e s p o n s e .  . 

All r ings  w e r e  t e s t e d  initially in t h e  a b s e n c e  of B ay  K a n d  

s u b s e q u e n t l y  following 30  minu te  incuba t ion  with 0 .3  pM Bay 

K. P a r a m e t e r s  w e r e  e s t i m a t e d  by  f it ting t h e  c o m p u t e r  

co l lec ted  d a t a  po in ts  from the  o b s e r v e d  ISO r e s p o n s e  c u r v e s  to 

e q u a t io n s  1 a n d  2 or  3 (Methods).  For all fits r2 > 0.97.

‘ s ign i f ican t ly  d i f f e re n t  from co n t ro l  with p < 0 . 0 5 .  All 

p a r a m e t e r s  w e re  c o m p a r e d  us ing a  pa i red  t- test.



Table

PE induced  contraction

P a r a m e t e r  C o n tr o l  Bay K

C(g) 4 . 5 ± . 4  
( n = 1 6)

6.1 ±.6* 
( n = 16 )

R /C 0 . 6 9 ± . 0 4  
( n = 1 4)

0 . 7 2 ± . 0 4  
( n = 1 4 )

k rei ( s e c - 1) 0 . 0 4 ± 0 . 0 0 2  
( n = 1 3)

0 . 0 2 4 ± 0 . 0 0 2 *  
(n  = 1 3)

D /R 1 . 0 7 ± 0 . 0 4  
(n  = 7)

0 . 8 7 ± 0 . 0 4 *  
(n  = 7)

kdes  ( s e c 1) ( 3 . 0 ± 0 . 3 ) x 1  O ' 3 
(n  = 7)

( 7 . 0 ± 2 . 0 ) x 1  O' 
(n  = 7)

td  (s e c ) 1 7 4 ± 2 9  
(n = 8)

2 7 4 ± 4 0  
(n  = 8)

5HT induced  contraction

C o n tr o l

4 . 3 ± 0 . 7  
(n  = 5)

0 . 7 5 ± 0 . 0 7  
(n  = 5)

0 . 0 4 ± 0 . 0 1  
( n  = 5)

1.1 2 ± 0 . 0 6  
( n  = 5)

( 4 . 0 ± 1 .0) * 1 0 ' 3
(n  = 5)

1 3 9 ± 3 6  
(n= 5)

Bay K

6 . 0 ± 0 . 9 *
(n  = 5)

0 . 6 3 ± 0 . 0 4  
(n  = 5)

0 . 0 3 1  ± 0 . 0 0 7 *  
(n  = 5)

1 , 2 2 ± 0 . 0 8  
( n  = 5)

( 5 . 0 ± 1 . 0 ) * 1 0 -  
(n  = 5)

1 7 7 ± 1 6 
(n  = 5 )



Figure  5:

Ef fec t  of Bay  K on  th e  r e s p o n s e  to ISO  in a  ring 

p r e c o n t r a c t e d  with 0.1 pM PE.  P o in t s  s h o w n  a r e  c o m p u t e r  

c o l l e c t e d  d a t a  p o i n t s  ( s e e  M e t h o d s )  a n d  w e r e  f i t ted  to 

e q u a t i o n s  1 (for t h e  r e l a x a t io n  r e s p o n s e s )  a n d  2 (for th e  

d e s e n s i t i z a t io n  r e s p o n s e ) .  In the  e x a m p l e s  s how n ,  r2 >0.99  for 

all fits. T h e  a v e r a g e  v a l u e s  of th e  fitted p a r a m e t e r s ,  R, k re i, 

D, k d e s  a n d  td u n d e r  t h e s e  cond i t ions  a r e  s u m m a r i z e d  in the  

t a b le  II.
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DISCUSSION

S u m m ary  o f results a n d  conclusions:

1. T h e  r e s p o n s e  to ISO c a n  b e  a c c u ra te ly  d e s c r i b e d  by 5 

p a r a m e t e r s :  R, th e  m a g n i tu d e  of relaxa tion,  D, t h e  m a g n i tu d e  

of d e s e n s i t i z a t i o n ,  t h e  o b s e r v e d  r a t e  c o n s t a n t s  of t h e s e  two 

p r o c e s s e s ,  krei a n d  kdes. a n d  a n  add i t iona l  kinet ic  p a r a m e t e r  

th a t  d e s c r i b e s  th e  d e lay  in th e  o n s e t  of d e s e n s i t i z a t io n ,  td

2. In o r d e r  to c o m p a r e  d ifferent  r ings  a n d  b e c a u s e  the  

relaxat ion d e p e n d s  on the  con t rac t ion  a n d  c a n n o t  e x c e e d  it, the 

e x t e n t  of re laxation  is d e s c r i b e d  a s  f rac t ional  re laxation ,  R/C.  

L ik e w is e ,  t h e  d e s e n s i t i z a t i o n  is r e p r e s e n t e d  a s  f r a c t io n a l  

d e s e n s i t i z a t i o n ,  D/R.

3. O n ly  t h e  r e l a x a t i o n  r e s p o n s e  p a r a m e t e r s  w e r e  

d e p e n d e n t  on  th e  con c e n t ra t i o n  of ISO a t  a  fixed con c e n t ra t i o n  

of e i t h e r  P E  or 5HT.  Both  f rac t iona l  re l a x a t io n  a n d  k rei 

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

w h e r e a s  t h e  t h r e e  d e s e n s i t i z a t i o n  p a r a m e t e r s  w e r e  

i n d e p e n d e n t  of ISO concen t ra t ion .

4. T h e  r e s p o n s e  to a  c o n s t a n t  c o n c e n t r a t io n  of ISO w a s  

q u a n t i t a t i v e l y  d i f f e r e n t  in t h e  p r e s e n c e  of e q u i a c t i v e  

c o n c e n t ra t io n s  of PE, 5HT, HA or KCI.

5.  All p a r a m e t e r s  w e r e  a l t e r e d  by  c h a n g e s  in 

c o n c e n t r a t i o n  of t h e  a g o n i s t s  el iciting con t rac t ion .  At a  f ixed 

c o n c e n t r a t i o n  of ISO, R/C s h o w e d  a  s t e e p  c o n c e n t r a t i o n
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d e p e n d e n c e  on  th e  co n ce n t ra t io n  of PE. R / C  d e c r e a s e d  from 

- 1 . 0  to - 0 . 2  a s  P E  c o n c e n t r a t i o n  i n c r e a s e d .  Alte rna tive ly  

t h e r e  w a s  minimal c h a n g e  in R / C  ( -0 .7 )  over  a  s imilar  r a n g e  in 

5H T  c o n c e n t r a t i o n s .  T h e  r a t e  c o n s t a n t  for  r e l a x a t io n  w a s  

d e c r e a s e d  with inc reas ing  conce n t ra t ion  of e i the r  PE o r  5HT.

T h e  f rac t ional  d e s e n s i t i z a t i o n  s h o w e d  little c h a n g e  o v e r  

a  r a n g e  of P E  or 5H T c o n c e n t r a t i o n s ,  w h e r e a s  t h e  k inet ic  

p a r a m e t e r s  k d e s  a n d  td  s h o w e d  a  sa tu ra b l e  d e p e n d e n c e  on the 

c o n c e n t r a t i o n  of con t rac t i le  agon is t .  T h e  k d e s  i n c r e a s e d  with 

i n c r e a s i n g  c o n c e n t r a t i o n  of  P E  or 5H T  w h e r e a s  t h e  td  

d e c r e a s e d  w i th  i n c r e a s i n g  c o n c e n t r a t i o n  of  c o n t r a c t i l e  

a g o n i s t .

6.  T h e  re laxa t ion  r e s p o n s e  w a s  a l t e red  by  c h a n g i n g  the  

e f f icacy  of t h e  con t ra c t i l e  a g o n i s t .  T h e  f rac t ional  r e laxa t ion  

w a s  g r e a t e r  in t i s s u e s  p r e c o n t r a c t e d  with t h e  5HT2 par t ial  

a g o n i s t s  (DMT a n d  BUF) than  in t i s s u e s  p re c o n t ra c te d  with 5HT. 

R / C  w a s  a l s o  g r e a t e r  in r ings  c o n t r a c t e d  with PE following 

NIF t r e a t m e n t  th a n  in cont rol  r ings  c o n t r a c t e d  with P E  a lo n e .  

T h e  k r e i  w a s  d e c r e a s e d  by i n c r e a s i n g  e f f i c a c y  with  t h e  

ca lc ium  c h a n n e l  act ivator ,  Bay K in th e  p r e s e n c e  of e i th e r  PE 

or  5H T a n d  i n c r e a s e d  w h e n  NIF w a s  u s e d  to d e c r e a s e  th e  

c o n t r a c t i l e  e f f i c a c y .

7. Both t h e  r a te  c o n s t a n t  for  d e s e n s i t i z a t i o n  a n d  th e  td 

w e r e  a l t e r e d  by a  c h a n g e  in con t rac t i le  ef f icacy  us ing v a r ious
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5 H T 2 agon is t s .  The  k d e s  w a s  g r e a t e s t  for 5HT a n d  le ss  for DMT 

a n d  BUF w h e r e a s  th e  td  w a s  sm a l l e s t  for 5HT a n d  g r e a t e s t  for 

DMT and  BUF.

8. T h e  s a tu r a b l e  d e p e n d e n c e  of k rei on the  c o n ce n t ra t io n  

of ISO  s u g g e s t e d  tha t  th e  rate-limit ing s t e p  of t h e  re laxa t ion  

p r o c e s s  w a s  ac t iva t ion  of a n  e f f e c to r  by t h e  d r u g - r e c e p t o r  

c o m p le x .

9. W e  c o n c l u d e  tha t  the  regain ing  of t e n s io n  tha t  follows 

ISO in d u c e d  relaxat ion  is an  a t ten u a t io n  of r e s p o n s e  d u e  to 8- 

AR d e s e n s i t i z a t i o n .

10. T h e  f inding th a t  t h e  f rac t iona l  d e s e n s i t i z a t i o n  w a s  

minimally  a l t e r e d  by all t h e  c o n d i t i o n s  t e s t e d  in thi s  work  

w h i le  t h e  r a t e  c o n s t a n t  for d e s e n s i t i z a t i o n  a n d  t d  w e r e  

a l t e r e d  by c h a n g i n g  c o n d i t io n s  d e m o n s t r a t e s  th a t  t h e  k inet ic  

p a r a m e t e r s  a r e  m o r e  s u i t a b l e  fo r  c h a r a c t e r i z i n g  a  

d e s e n s i t i z a t i o n  p r o c e s s  in this  s y s t e m .

11.  W e  c o n c l u d e  t h a t  t h e  s o l e  d e t e r m i n a n t  of t h e  

r e s p o n s e  to ISO in p r e c o n t r a c te d  t i s s u e  is not  a b s o lu t e  level of 

t i s s u e  t o n e  a s  t h e  r e s p o n s e s  w e r e  d i f f e r e n t  in r i n g s  

p r e c o n t r a c t e d  to t h e  s a m e  level  of t o n e  by fou r  d i f f e re n t  

p r o t o c o l s .

12. W e  c o n c l u d e  from th e  lack  of d e p e n d e n c e  of the  

k i n e t i c  d e s e n s i t i z a t i o n  p a r a m e t e r s ,  kdes a n d  td, on the  

c o n c e n t r a t i o n  of ISO a n d  the  d e p e n d e n c e  of t h e s e  p a r a m e t e r s



on  th e  co n c e n t ra t i o n  of PE a n d  5HT tha t  the  d e s e n s i t i z a t io n  in 

this  s y s t e m  is unlikely to b e  primarily m e d ia te d  by 13-ARK. W e 

s u g g e s t  th a t  t h e  d e s e n s i t i z a t i o n  is m e d i a t e d  by a  s t im u lu s  

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

phosphory la t ion  by PKC.
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Discuss ion:

T h e  d e p e n d e n c e  of th e  G-adrenerg ic  r e s p o n s e  p a r a m e t e r s  

o n  c o n t r a c t i l e  e f f i c a c y  is a n  i l lu s t r a t io n  of  f u n c t i o n a l  

i n t e r a c t i o n s  in a  s m o o t h  m u s c l e  s y s t e m :  th e  s tim u lus  for

c o n tra c t io n  (S c)  e l ici ted by ac t iva t ion  of the  a - A R  or  5 H T 2 

r e c e p to r  a f f e c t s  t h e  r e la x a t io n  a s  well a s  the  d e s e n s i t i z a t io n  

in d u c ed  by th e  ac t ion  of ISO a t  the  G-AR. This work p rov ides  

a n  in t e r e s t i n g  p e r s p e c t i v e  a b o u t  s i m u l t a n e o u s  ac t iv a t io n  of 

dist inct  m e m b r a n e  r e c e p t o r s  in a  func tional  s y s t e m  b e c a u s e  it 

i l lu s t r a t e s  d i f f e re n t  m o d e s  of in t e r a c t io n s  b e t w e e n  r e c e p t o r s  

a n d  e f f e c t o r s .  O f ten ,  func t iona l  in t e r a c t io n s  a r e  t h o u g h t  to 

o c c u r  b e t w e e n  stimuli p r o d u c e d  by d if feren t  e f fec to r  s y s t e m s .  

O n e  c l a s s i c a l  e x a m p l e  of this  type  of func tional  in te rac t ion  is 

il lustrated in this p a p e r  a n d  in p a p e r s  1 a n d  II a s  the  functional  

a n t a g o n i s m  b e t w e e n  th e  ISO in d u c e d  r e laxa t ion  of a n  aor t ic  

ring a n d  t h e  co n t ra c t i o n  el ici ted by PE via th e  a - A R .  This 

functional  a n t a g o n i s m  is th o u g h t  to o c c u r  via in t e r a c t io n s  a t  

t h e  level  of  t h e  s t im u lu s  c h a in ;  i.e. t h e  i n t e r a c t i o n s  o c c u r  

a f t e r  r e c e p t o r  a c t iv a t io n  or  b e t w e e n  t h e  r e s p e c t i v e  st imuli  

(Keitz e t  al . ,  p a p e r  II). In c o n t ra s t ,  t h e  m odu la t ion  of G-AR 

d e s e n s i t i z a t i o n  is likely to o c c u r  via p h o sp h o ry la t io n  of th e  G- 

AR by PKC ( p a p e r  II). Activat ion of PKC is el ici ted by th e  

s t im u lus  for  c o n t ra c t i o n  ac t ing  a t  two dif ferent  s t a g e s  of th e  

r e s p o n s e  g e n e r a t i o n  p r o c e s s ;  a t  a n  ea r ly  s t a g e  th ro u g h  the
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activa t ion  of the  r e c e p to r  a n d  g e n e r a t i o n  of DG a n d  a t  a  later  

s t a g e  th ro u g h  th e  m odu la t ion  of C a 2+ leve ls  in th e  cell. This 

r e p r e s e n t s  a n  a t t e n u a t io n  of r e c e p to r  function by th e  ac t ion  of 

a  s t im u lus  on this  recep to r .

T h e r e  is e v i d e n c e  in th e  l i te rature to s u p p o r t  th e  notion 

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

a n t a g o n i s t i c  r e c e p t o r s .  Fo r  e x a m p l e ,  t h e  pur if ied  c a t a ly t ic  

s u bun i t  of PKC is ab l e  to p h o s p h o ry la t e  the  purified B2 -AR a n d  

th e  pur if ied c a t a ly t ic  s u b u n i t  of PKA c a n  p h o s p h o r y l a t e  the  

a i - A R  (Bouvie r  e t  a l . , 1987) .  F u r th e rm o re ,  th e  ac t iva t ion  of 

m u s c a r i n i c  Mi r e c e p t o r s  in d i s s o c i a t e d  c a r d i a c  m y o c y t e s ,  

w h ich  a r e  c o u p l e d  to PI m e t a b o l i s m ,  i n d u c e s  t i m e  a n 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 d i s t r i b u t io n  of B i - A R s  from th e  

m e m b r a n e  to t h e  c y to s o l  f rac t ion  ( C o n s t a n t i n o s  a n d  L imas ,  

1985) .  This  f inding is c o n s i s t e n t  with in te rna l iza t ion  of the  

B-ARs.  In t h e  p r e s e n t  s tu d y  PKC is a c t i v a t e d  a s  p a r t  of a  

con t rac t i l e  r e s p o n s e  in an  in tact tissue  a n d  all p a r a m e t e r s  of 

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

r e s p o n s e s  r e f l e c t e d  a s  c h a n g e s  in t i s s u e  t o n e .  Th i s  

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

s t i m u l u s : r e c e p t o r  c r o s s t a l k .
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