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Physiological Concept of Pain Mechanism 

Peripheral Mechanism

S e n s o ry  e x p e r ie n c e  b e g in s  w i t h  th e  a c t iv a t io n  o f  s e n s o ry  re c e p to rs  

a nd  th e ir  p r im a r y  a f fe re n t n e u ro n s . A c c o rd in g  to  J o h anne s  M i i l l e r ’ s 

d o c tr in e  o f  S p e c if ic  N e rv e  E n e rg ie s , d i f fe r e n t  s e n sa tio n s  a re  p ro d u c e d  

f o l lo w in g  th e  a c t iv a t io n  o f  d i f fe r e n t  s p e c if ic  ty p e s  o f  s e n s o ry  re c e p to rs  

( M ü l le r  1 8 4 0 -2 )  a n d  th e  re m a in d e r  o f  th e ir  s e n s o ry  c h a n n e ls . F o r  

e x a m p le , s t im u la t io n  o f  th e  s e n so ry  re t in a  re s u lts  in  a v is u a l e x p e r ie n c e ,  

w h e th e r  th e  s t im u lu s  is  l ig h t  o r  m e c h a n ic a l d e fo rm a t io n  o f  th e  eye . T h e  

s e n s o ry  re c e p to rs  th a t  a re  re s p o n s ib le  fo r  d e te c t in g  s t im u l i  th a t d a m age  o r  

th re a te n  to  d a m a g e  t is s u e  are k n o w n  as n o c ic e p to rs  (S h e r r in g to n  1 9 06 ).  

S h e r r in g to n  p ro p o s e d  th e  e x is te n c e  o f  n o c ic e p to rs  lo n g  b e fo re  th e y  w e re  

a c tu a l ly  d e m o n s tra te d  in  a n im a ls  ( Ig g o  1959 ; I r iu c h i j im a  a n d  Z o t te rm a n  

1960 ; B e s s o u  a n d  P e r l 1 9 6 9 ) a n d  in  h u m a n s  ( T o re b jo r k  1 9 74 )

A c t iv a t io n  o f  n o c ic e p to rs  re s u lts  in  p a in , w h e th e r  th e  n o c ic e p to rs  

are s t im u la te d  b y  n a tu ra l fo rm s  o f  n o x io u s  s t im u l i ,  in c lu d in g  s tro n g  

m e c h a n ic a l,  th e rm a l a n d  c h e m ic a l s t im u l i  (M e y e r  a n d  C a m p b e l l 1 9 8 1 ; 

V a n  H ees  a n d  G y b le s  1 9 8 1 ; L a M o t te  e t a l. 1 9 9 1 ) o r  b y  e le c t r ic a l  

s t im u la t io n  o f  t h e i r  a x o n s  (T o re b jb r k  a n d  H a l l in  1 9 7 3 ; O c h a o  a n d  
T o r e b jo r k  1 9 8 9 ).

T h e  p ro c e s s  b y  w h ic h  s e n so ry  re c e p to rs  a re  a c t iv a te d  is  c a lle d  

s e n s o ry  t r a n s d u c t io n . T h e  e ve n ts  in v o lv e d  in  t r a n s d u c t io n  in  n o c ic e p to rs
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are c o m p le x  a n d  in c lu d e  a lte ra t io n s  in  th e  e n v ir o n m e n t a ro u n d  

n o c ic e p t iv e  te rm in a ls  a n d  re spon se s  o f  th e se  te rm in a ls  to  m e c h a n ic a l 

(m e c h a n ic a l n o c ic e p to r s ) ,  m e c h a n ic a l a n d  th e rm a l (m e c h a n o - th e rm a l 

re c e p to rs )  o r  m e c h a n ic a l,  th e rm a l a n d  c h e m ic a l e n e rg y  ( p o ly m o d a l  

n o c ic e p to rs )  (B e lm o te  1 9 9 6 ). D i f f e r e n t  c la sses  o f  n o c ic e p to rs  m a y  

re s p o n d  to  ju s t  o n e  o f  th e se  fo rm s  o f  e n e rg y  o r  th e y  m a y  b e  a c t iv a te d  b y  

tw o  o r  m o re . F o r  e x a m p le , p o ly m o d a l n o c ic e p to rs  re s p o n d  to  a l l  th re e .  

T ra n s d u c t io n  o f  m e c h a n ic a l fo rc e s  is  l i k e ly  to  d e p e n d  o n  th e  o p e n in g  o f  

m e c h a n ic a l ly  s e n s it iv e  m e m b ra n e  c h a n n e ls  e ith e r  b y  te n s io n  a p p lie d  

d ir e c t ly  to  th e  m e m b ra n e  o r  b y  a c t iv a t io n  o f  s e co n d  m e s s e n g e r s y s tem s  

(B e lm o te  1 9 9 6 ). C h e m ic a l sub s ta n ce s  m a y  h a ve  a n o n - s p e c if ic a t io n  o n  

th e  m e m b ra n e s  o f  n o c ic e p to rs  o r  th e y  m a y  in te ra c t  w i t h  s p e c if ic  

m e m b ra n e  re c e p to r  m o le c u le s . M a n y  i r r i t a n t  s u b s ta n ce s  h a v e  a n o n ­

s p e c if ic  a c t io n  th a t d e p o la r iz e s  n o c ic e p to rs  te rm in a ls . A n  e x a m p le  o f  a 

m e m b ra n e  re c e p to r -m e d ia te d  e v e n t is  th e  o p e n in g  o f  l ig a n d -g a te d  c a t io n  

ch a n n e ls  in  re sp o n se  to  b in d in g  o f  5 - h y d r o x y t r y p ta m in e  ( 5 -H T ;  

s e ro to n in )  to  5 -H T 3 re c e p to rs  o n  n o c ic e p to rs . A n o th e r  e x a m p le  is  th e  

a c t iv a t io n  o f  v a n i l lo id  re c e p to rs  (V R 1  re c e p to rs )  b y  c a p s a ic in . H o w e v e r ,

V R 1  re c e p to rs  a re  a ls o  a c t iv a te d  b y  h ea t, a n d  so these  re c e p to rs  m a y  p la y  

a m a jo r  r o le  in  th e rm a l n o c ic e p t io n ;  in  a d d it io n ,  th e  re sp o n se s  o f  V R 1  

re c e p to rs  a re  m o d u la te d  b y  p H , a n d  so th e y  m a y  be  in v o lv e d  in  th e  

in c re a se  in  p a in  th a t o c c u rs  as tis s u e  p H  is  lo w e re d  (T o m in a g a  e t al.

1 9 98 ). A  th i r d  m e c h a n is m  th a t m a y  c o n tr ib u te  to  n o c ic e p t iv e  t r a n s d u c t io n  

is  th e  a c t iv a t io n  o f  G -p ro te in  c o u p le d  m e m b ra n e  re c e p to rs  w h ic h  in it ia te  

a ca scade  o f  s e co n d  m e sse n g e r e ve n ts  th a t m a y  a lte r  th e  e x c i t a b i l i t y  o f  

n o c ic e p to rs  te rm in a ls ,  f o r  e x a m p le  b y  p h o s p h o r y la t io n  o f  io n  c h a n n e ls .

S e con d  a n d  th i r d  m e s s e n g e r cascades are  a ls o  in v o lv e d  in  lo n g e r  te rm  

e ve n ts  in  w h ic h  n o c ic e p to rs  u n d e rg o  p la s t ic  c h ange s  in  th e i r  p ro p e r t ie s .
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T h e  in i t ia t io n  o f  n e rv e  im p u ls e s  in  n o c ic e p to rs  is  in  re s p o n se  to  th e  

d e v e lo p m e n t o f  a re c e p to r  ( o r  g e n e ra to r)  p o te n t ia l,  a d e p o la r iz a t io n  th a t  

m a y  e x c e e d  th re s h o ld  f o r  th e  g e n e ra t io n  o f  n e rv e  im p u ls e s  (B e lm o t te  

1996 ). T h e  a b i l i t y  o f  th e  re c e p to r  p o te n t ia l to  t r ig g e r  n e rv e  im p u ls e s  can  

be  a ffe c te d  n o t  o n ly  b y  th e  t ra n s d u c t io n  e ve n ts  a lre a d y  m e n t io n e d , b u t  

a ls o  b y  ch a ng e s  in  e x t r a c e l lu la r  p o ta s s iu m  c o n c e n tra t io n , th e  a c t iv i t y  o f  

th e  N a +- K + p u m p , and  a lte ra t io n s  in  v o lta g e -g a te d  N a +, K + a n d  C a 2+ 

c h a n n e ls , F o r  in s ta n c e , th e  d is c h a rg e s  o f  n o c ic e p to rs  c a n  b e  p re v e n te d  b y  

a d m in is t r a t io n  o f  lo c a l a n e s th e t ic s  o r , in  e x p e r im e n ta l p re p a ra t io n s , o f  

te t r o d o to x in ,  w h ic h  b lo c k  v o lta g e -g a te d  N a + c h a n n e ls . H o w e v e r ,  

te t r o d o to x in  m a y  be  in - e f f e c t iv e  i f  n o c ic e p to rs  c o n ta in  te t r o d o to x in -  

re s is ta n t s o d iu m  c h a n n e ls  (G o ld  e t a l. 1 9 96 ).

P r im a r y  a f fe r e n t  n o c ic e p to rs  h a ve  e ith e r  s m a ll m y e l in a te d  A Ô  o r  

u n m y e lin a te d  c a xo n s . B y  c o n tra s t, s e n s it iv e  c u ta n e o u s  

m e c h a n o re c e p to rs  a re  o f te n  s u p p lie d  b y  la rg e  m y e l in a te d  A [3  f ib e rs ,  and  

m u s c le  s tre tc h  re c e p to rs  a re  in n e rv a te d  b y  la rg e s t m y e l in a te d  g ro u p  I  

f ib e rs  ( W i l l i s  a n d  C o g g e s h a ll 1 9 91 ). A c t iv a t io n  o f  c u ta n e o u s  AÔ  

n o c ic e p to rs  re s u lts  in  a se n sa tio n  o f  p r ic k in g  o r  s h a rp  p a in , w h e re a s  

a c t iv a t io n  o f  c u ta n e o u s  c n o c ic e p to rs  cau sed  b u rn in g  o r  d u l l  p a in . T h e se  

a re  a ls o  te rm  “ f i s t ”  a n d  “ s e c o n d ”  p a in , s in ce  p r ic k in g  p a in  o c c u rs  a t a 

s h o r te r  la te n c y  a f te r  a s t im u lu s  th a n  does  b u rn in g  p a in  ( L e w is  1 942 ; 

T re e d e  e t a l. 1 9 9 5 ) . O n  th e  o th e r  h a n d , a c t iv a t io n  o f  th e  n o c ic e p to r s  th a t  

s u p p ly  m u s c le  o r  o th e r  deep  s o m a tic  s t ru c tu re s , s u ch  as jo in t s ,  fa s c ia  a n d  

b o n e , re s u lts  in  a c h in g  o r  c ra m p in g  p a in  ( L e w is  1 9 4 2 ; M e n s e  1 993 ; 

S c h ib le  a n d  G ru b b  1 9 93 ). N o c ic e p to rs  a re  a ls o  fo u n d  in  v is c e ra  (N e ss  

and  G e b h a r t 1 9 90 ; C e rv e ro  1 9 94 ). T h e se  are  m o re  d i f f i c u l t  to  s tu d y  in  

h u m a n s  th a n  a re  c u ta n e o u s  n o c ic e p to rs . H o w e v e r ,  th e i r  p ro p e r t ie s  h a ve  

been  d e lin e a te d  in  e x p e r im e n ta l s tu d ie s .
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A lt h o u g h  m a n y  n o c ic e p to r s  re s p o n d  to  s t ro n g  m e c h a n ic a l s t im u l i ,  

som e  do  n o t. T h e se  h a v e  b e en  te rm e d  “ s i le n t ”  n o c ic e p to rs  (S c h a ib le  and  

S c h id t 1 9 8 5 ; S c h m id t  e t a l. 1 9 94 ). S i le n t  n o c ic e p to rs  ca n  u n d e rg o  a 

p ro ce s s  o f  p e r ip h e ra l s e n s it iz a t io n . T h is  p ro ce ss  re s u lts  in  th e ir  b e c o m in g  

h ig h ly  re s p o n s iv e  to  e v e n  w e a k  m e c h a n ic a l s t im u l i .  P e r ip h e ra l 

s e n s it iz a t io n  is  o f te n  a s s o c ia te d  w i t h  t is s u e  in ju r y  a n d  in f la m m a t io n  and  

re s u lts  f r o m  e x p o s u re  o f  n o c ic e p to rs  e n d in g s  to  in f la m m a to r y  agen ts ,  

su ch  as p ro s ta g la n d in s , b r a d y k in in ,  h is ta m in e , A T P ,  c y to k in e s  and  5 - 

h y d ro x y t r y p ta m in e .  In f la m m a to r y  a gen ts  can  b e  re le a s e d  b y  n e u ro n s ,  

m a s t c e l l  a n d  p la te le ts , o r  th e y  ca n  be  d e r iv e d  f r o m  th e  b lo o d  o r  re le a se d  

f r o m  m a c ro p h a g e s  th a t e n te r  t is s u e  f r o m  th e  b lo o d . O th e r  w a y s  in  w h ic h  

th e  s e n s i t iv i t y  o f  n o c ic e p to rs  ca n  be  e n h a n ce d  in c lu d e  a lo w e re d  p H ,  

re le a se  o f  n i t r i c  o x id e  o r  o th e r  fre e  ra d ic a ls , an  in c re a s e d  e x t r a - c e l lu la r  

p o ta s s iu m  c o n c e n t ra t io n  a n d  u p  re g u la t io n  o f  n e rv e  g r o w th  fa c to r  (K re s s  

and  R eeh  1 9 9 6 ). N o c ic e p to r  te rm in a ls  a re  a ls o  l i k e ly  to  re s p o n d  to  

n e u ro tra n s m it te rs  re le a se d  in  th e  v ic in i t y  o f  th e  n e rv e  f ib e rs ,  s in c e  a 

n u m b e r  o f  ty p e s  o f  n e u ro t ra n s m it te r  re c e p to rs  a re  fo u n d  o n  p e r ip h e ra l  

n e rv e  f ib e rs  (C o g g e s h a ll a n d  C a r lto n  1 997 ).

T h e  s e n s it iz a t io n  p ro ce s s  in  p r im a r y  a f fe re n t n o c ic e p to rs  re s u lts  

f r o m  th e  a c t iv a t io n  o f  s e co n d  m e sse n ge r s y s tem s  in  re s p o n se  to  e x p o s u re  

o f  th e  n e rv e  e n d in g s  to  in f la m m a to r y  m e d ia to rs  (B e v a n  1 9 9 6 ). F o r  

e x a m p le , b r a d y k in in  a c t in g  o n  th e  b r a d y k in in  B 2 re c e p to r  a c t iv a te s  

p h o s p h o lip a s e  c and  p h o s p h o lip a s e  A 2. P h o s p h o lip a s e  c a c t iv a t io n  

t r ig g e rs  s e v e ra l in t r a c e l lu la r  m e ta b o lic  cascades  in v o lv in g  in c re a se s  in  

th e  in t r a c e l lu la r  o f  C a 2+, in o s it o l  t r ip h o s p h a te , d ia c y l - g ly c e r o l,  n i t r ic  

o x id e  a n d  c G M P . P ro te in  k in a s e  c is  a c t iv a te d  a n d  i t  p h o s p h o ry lâ te s  a 

v a r ie ty  o f  p r o te in s ,  in c lu d in g  io n  c h a n n e l p ro te in s . P h o s p h o lip a s e  A 2 

causes an  in c re a s e  in  a ra c h id o n ic  a c id  a n d  s u b s e q u e n t ly  th e  s y n th e s is  o f  

p ro s ta g la n d in s . P ro s ta g la n d in s  a n d  o th e r  e ic o s a n o id s  d e p e n d  o n  s y n th e s is
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b y  c y c lo o x y g e n a s e  ( n o w  se p a ra te d  in to  C O X -1 ,  th e  c o n s t i tu t iv e  is o fo rm  

and  C O X -2 ,  th e  in d u c ib le  fo rm ;  M c C o rm a c k  1 9 94 ). I n h ib i t io n  o f  

c y c lo o x y g e n a s e  in  p e r ip h e ra l t is s u e  is  one  m e c h a n is m  o f  a c t io n  o f  n o n ­

s te ro id a l a n t i - in f la m m a to r y  d ru g s  (N S A ID s ;  K re s s  a n d  R e e h  1 9 96 ),  

a lth o u g h  o th e r  m e c h a n is m  ( in c lu d in g  a c e n tra l a c t io n )  a re  a ls o  l i k e ly  

(M c C o rm a c k  1 9 94 ). A d d i t io n a l  se co n d  m e s se n g e r s y s te m  ca n  be  

t r ig g e re d  b y  o th e r  a gen ts . F o r  e x a m p le , th e  c A M P /p r o te in  k in a s e  s y s te m  

is  a c t iv a te d  o r  in h ib i te d  b y  s e v e ra l d i f fe r e n t  G -p ro te in  c o u p le d  re c e p to rs  

th a t in te ra c t w i t h  5 -H T ,  o p io id s  a n d  o th e r  subs tan ces .

N e u ro g e n ic  in f la m m a t io n  d epend s  o n  th e  re le a se  o f  su b s ta n ce s  

f r o m  n e rv e  e n d in g s  (G e p p e t t i a n d  H o lz e r  1 9 96 ). S ig n s  o f  n e u ro g e n ic  

in f la m m a t io n  in c lu d e  s w e l l in g ,  re dness , w a rm th  a n d  p a in  ( th e  c la s s ic a l 

s ig n s  o f  in f la m m a t io n :  tu m o r ,  r u b o r , c a lo r  and  d o lo r ) .  T h e  f i r s t  th re e  are  

cau sed  b y  p la s m a  e x tra v a s a t io n  a n d  v a s o d i la t io n  ( L e w is  1 9 27 ; G e p p e tt i 
and  H o lz e r  1 9 96 ).
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Central Mechanisms

Central Mechanisms of Nociceptive Transmission

N o c ic e p t iv e  n e u ro n s  in  th e  d o rs a l h o rn  a re  g e n e ra lly  c la s s if ie d  as 

n o c ic e p t iv e - s p e c i f ic  (N S )  o r  as w id e  d y n a m ic  ra n g e  ( W D R )  n e u ro n s ,  

ba sed  o n  th e i r  re sp o n se s  to  m e c h a n ic a l s t im u la t io n  o n  s k in  (M a n d e l l  

1966 ; W i l l i s  1 9 85 ; P r ic e  1 9 88 ; W i l l i s  a n d  C o g g e s h a ll 1 9 9 1 ). N S  n e u ro n s  

re s p o n d  o n ly  ( o r  p r im a r y )  to  n o x io u s  s t im u l i .  W D R  c e lls  re s p o n d  b e s t to  

n o x io u s  s t im u l i ,  b u t  th e y  a re  a ls o  e x c ite d  b y  th e  a c t iv a t io n  o f  s e n s it iv e  

m e c h a n o re c e p to rs , s u ch  as h a ir  f o l l i c le  a ffe re n ts . D o r s a l h o rn  n o c ic e p t iv e  

n e u ro n s  in c lu d e  in te m e u ro n s  a n d  p r o je c t io n  n e u ro n . N o c ic e p t iv e  

in te m e u ro n s  m a y  b e lo n g  to  n e u ra l c ir c u i ts  th a t a f fe c t  s e n s o ry  p ro c e s s in g  

o r  s p in a l re f le x e s , s u ch  as th e  f le x o r  w i th d ra w a l r e f le x .  T h e  p r o je c t io n  

n e u ro n s  t r a n s m it  n o c ic e p t iv e  in fo rm a t io n  to  th e  b ra in ,  w h e re  i t  is  

in te rp re te d  as p a in . A s c e n d in g  s p in a l c o rd  s e n s o ry  tra c ts  th a t t r a n s m it  

s o m a t ic  a n d  v is c e ra l n o c ic e p t iv e  in fo rm a t io n  to  th e  b ra in  in c lu d e  th e  

s p in o th a la m ic ,  s p in o re t ic u la r ,  a n d  s p in o m e s e n c e p h a lic  tra c ts  in  th e  

a n te ro la te ra l q u a d ra n t a n d  c o m p o n e n ts  o f  th e  p o s ts y n a p t ic  d o rs a l c o lu m n  

p a th w a y  a n d  th e  s p in o c e rv ic a l t r a c t in  th e  d o rs a l p a r t  o f  th e  c o rd  ( W i l l i s  

and  C o g g e s h a ll 1 9 9 1 ). T h e  m a in  p a th w a y  th a t s ig n a ls  p a in  in  h u m a n s  is  

g e n e ra lly  c o n s id e re d  to  b e  th e  s p in o th a la m ic  tra c t. H o w e v e r ,  th e re  is  n o w  

e v id e n c e  th a t, a lth o u g h  th e  s p in o th a lm ic  t r a c t  c o n tr ib u te s  to  v is c e ra l p a in ,  

i t  m a y  n o t b e  th e  m a in  p a th w a y  th a t se rve s  th is  p u rp o s e . In s te a d , th e  

s p in o th a la m ic  t r a c t  m a y  p la y  a m o re  im p o r ta n t  r o le  s ig n a l in g  cu ta n e ou s  
a nd  deep  s o m a t ic  p a in .

P ro lo n g e d  o r  re p e a te d  n o x io u s  s t im u la t io n  c a n  re s u lt  in  

s e n s it iz a t io n  o f  c e n tra l n o c ic e p t iv e  n e u ro n s ; a p ro ce s s  o f te n  te rm e d  

c e n tra l s e n s it iz a t io n  ( W i l l i s  1 994 ). C e n tra l s e n s it iz a t io n  m a y  la s t fo r
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h o u rs . A  m o d e l th a t  has  p ro v e d  u s e fu l f o r  th e  e x a m in a t io n  o f  th e  

m e c h a n is m  o f  c e n tra l s e n s it iz a t io n  is  th e  in c re a s e d  re spo n se s  o f  

s p in o th a la m ic  t r a c t  n e u ro n s  to  m e c h a n ic a l s t im u l i  a p p l ie d  to  th e  s k in  

f o l lo w in g  in t r a d e rm a l in je c t io n  o f  c a p s a ic in  (S im o n e  e t a l. 1 9 91 ; 

D o u g h e r ty  a n d  W i l l i s  1 9 92 ). T h e  e n h a n ce d  re spo n se s  r e f le c t  e n h a n ce d  

re spon se s  to  e x c i ta to r y  a m in o  a c id s  (D o u g h e r ty  a n d  W i l l i s  1 9 9 2 ) and  a 

s im u lta n e o u s  r e d u c t io n  in  re spon se s  to  in h ib i t o r y  a m in o  a c id s  ( L in  e t al. 
1996b ).

C e n tra l s e n s it iz a t io n  f o l lo w in g  in t r a d e rm a l in je c t io n  o f  c a p s a ic in  

appea rs  to  b e  t r ig g e re d  b y  th e  c o m b in e d  re le a se  o f  e x c i ta to r y  a m in o  a c id s  

a nd  s u b s ta n ce  P (S P ) a n d  p e rh a p s  o th e r  p e p t id e s  (D o u g h e r ty  a n d  W i l l i s  

1991 ; D o u g h e r ty  e t al. 1 9 92 ; 1 9 9 4 ), r e s u lt in g  in  th e  a c t iv a t io n  o f  se ve ra l 

se co n d  m e s s e n g e r s y s te m s  ( L in  e t al. 1996a ; 1 9 97 ; S lu k a  a n d  W i l l i s  

1997 ). T h e  s tep s  le a d in g  to  c e n tra l s e n s it iz a t io n  in c lu d e  th e  a c t iv a t io n  o f  

N M D A  re c e p to rs , w i t h  th e  c o n s e q u e n t in f lu x  o f  C a 2+ io n s , a n d  a c t iv a t io n  

o f  G -p r o te in  c o u p le d  re c e p to rs , su ch  as N K i  (s u b s ta n ce  P ) re c e p to rs ,  

f o l lo w in g  b y  in c re a s e  in  le v e ls  o f  c y c l ic  n u c le o t id e s , re le a se  o f  n i t r ic  

o x id e , a n d  a c t iv a t io n  o f  s e ve ra l p r o te in  k in a se s , in c lu d in g  p ro te in  k in a s e  

c , p ro te in  k in a s e  G  a n d  p ro te in  k in a s e  A .
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Central Nervous System Mechanism of Pain Modulation

T h e  p e rc e p t io n  o f  p a in  is  e v o k e d  b y  s t im u l i  th a t  a re  s u f f ic ie n t  o r  

n e a r ly  s u f f ic ie n t  to  p ro d u c e  tis s u e  d am age  a n d  a t le a s t in  h u m a n  

p s y c h o p h y s ic a l s tu d ie s . T h e re  is  a d ire c t  r e la t io n s h ip  b e tw e e n  s t im u lu s  

in te n s ity  a n d  re p o r te d  p a in  in te n s ity .  T h is  r e la t io n s h ip  c a n  b e  h ig h ly  

v a r ia b le ,  p a r t ic u la r ly  in  c l in ic a l  s itu a t io n s . T h e  v a r ia b i l i t y  d e p e n d s  o n  

b o th  p e r ip h e ra l a n d  c e n tra l n e rv o u s  s y s te m  fa c to rs . F o r  e x a m p le , p a in  

th re s h o ld s  to  m e c h a n ic a l s t im u la t io n  ca n  b e  d r a m a t ic a l ly  lo w e re d  in  an  

a rea  o f  in f la m m a t io n  b y  th e  s e n s it iz a t io n  o f  p r im a r y  a f fe re n ts . L o n g -  

la s t in g  in c re a se s  in  e x c i t a b i l i t y  o f  n o c ire s p o n s iv e  d o rs a l h o rn  n e u ro n s  

m a y  a ls o  c o n t r ib u te  to  th e  lo w e r in g  o f  p a in  th re s h o ld . I n  a d d i t io n  to  th e  

p la s t ic i t y  o f  a f fe r e n t  p a in  p a th w a y s  th a t is  in d u c e d  b y  p ro lo n g e d  o r  

re p e a te d  n o x io u s  s t im u l i ,  fa c to rs  su ch  as a ro u sa l, a t te n t io n  a n d  e m o t io n a l 

s tress , w h ic h  c le a r ly  in v o lv e  c e n tra l n e rv o u s  s y s te m  (C N S )  m e c h a n is m ,  

p r o fo u n d ly  a lte r  re spo n se s  to  n o x io u s  s t im u l i .  F o r  e x a m p le , t r a u m a t ic  

in ju r ie s  s u s ta in e d  d u r in g  a th le t ic  c o m p e t it io n s  o r  c o m b a t a re  o f te n  

i n i t i a l l y  re p o r te d  as b e in g  r e la t iv e ly  p a in le s s . In  o th e r  c ir c u m s ta n c e s ,  

th ese  sam e  in ju r ie s  a re  e x t re m e ly  p a in fu l .  T h e  w e ig h t  o f  e v id e n c e  

in d ic a te s  th a t ch a n g e s  in  p a in  re sponses  due  to  a ro u s a l, a t te n t io n  and  

s tress re s u lt  f r o m  th e  a c t io n  o f  m o d u la to r y  n e tw o rk s  th a t c o n t r o l th e  

t r a n s m is s io n  o f  n o c ic e p t iv e  m essages  in  th e  C N S .
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Serotonin

S e ro to n in  ( 5 -H T ) ,  a b io g e n ic  a m in e  w i t h  w id e  d is t r ib u t io n  o n  b o th  

th e  p la n t  a n d  a n im a l k in g d o m s , is  th e  v a s o c o n s tr ic to r  s u b s ta n ce  in  s e ru m  

w h ic h  w a s  id e n t i f ie d ,  c r y s ta l l iz e d  a n d  n a m e d  b y  R a p p o r t  e t al. in  1948 . 

W h ile  in d e p e n d e n t ly  c h a ra c te r iz in g  th e  su b s ta n ce  th a t g iv e s  th e  

e n te ro c h ro m a f fm  c e lls  o f  th e  g a s tro in te s t in a l m u c o s a  th e i r  u n iq u e  

h is to c h e m ic a l p r o p e r ty ,  E rs p a m e r  (1 9 5 6 )  fo u n d  th a t th is  c o m p o u n d  w a s

5 -h y d r o x y t r y p ta m in e  a n d  w a s  id e n t ic a l to  s e ro to n in . T h e  s t ru c tu re  o f  5 -  

H T  is  s h o w n  in  F ig u re  [2 - 1 ] .  T h e  c o m b in a t io n  o f  th e  h y d r o x y l  g ro u p  in  

th e  5 p o s i t io n  o f  th e  in d o le  n u c le u s  a n d  a p r im a r y  a m in e  n i t r o g e n  s e rv in g  

as a p ro to n  a c c e p to r  a t p h y s io lo g ic a l p H  m a ke s  5 -H T  a h y d r o p h i l ic  

su b s ta n ce . A s  su ch , i t  does n o t pass th e  l ip o p h i l ic  b lo o d  b r a in  re a d i ly .  

T h u s , its  d is c o v e ry  in  th e  b ra in  in d ic a te d  th a t 5 -H T  w a s  b e in g  

s y n th e s iz e d  in  th e  b ra in ,  w h e re  i t  m ig h t  p la y  an  im p o r ta n t  r o le  in  b ra in  

fu n c t io n .  I n  h u m a n , 9 0 %  o f  th e  5 -H T  is  fo u n d  in  th e  e n te ro c h ro m a f fm  

c e lls  o f  th e  g a s t ro in te s t in a l m u co sa . T h e  re m a in d e r  is  fo u n d  in  p la te le ts  

and  th e  c e n tra l n e rv o u s  s y s te m  (S jo e rd sm a  e t a h , 1 9 70 ).

T h e  s e ro to n e rg ic  n e u ro n a l s y s te m  is  u n iq u e ly  o rg a n iz e  w i t h  c e lls  

o f  o r ig in  in  th e  b ra in s te m  a nd  s p in a l c o rd . I n  a d d it io n ,  th e re  a re  

s e ro to n e rg ic  n e u ro n s  th a t o r ig in a te  f r o m  th e  m id b r a in  ra p h e  a n d  in n e rv a te  

c e re b ra l b lo o d  ve s se ls . W h e n  a c t iv a te d , th e se  n e u ro n s  ch a n g e  c e re b ra l  

b lo o d  f lo w  (L a n c e , 1 9 9 2 ). S p e c if ic  5 -H T  re c e p to r  s u b ty p e s  a re  lo c a liz e d  

to  th e  v a s c u la r  s tru c tu re s  in n e rv a te d  b y  s e ro to n e rg ic  n e u ro n s  (L a n c e ,

1 9 92 ).

A p a r t  f r o m  its  r o le  as n e u ro tra n s m it te r  in  th e  C N S , 5 -H T  appea rs  

to  a c t as a m o d u la to r ,  a l te r in g  th e  le v e l o f  s e n s o ry  re s p o n s iv e n e s s  o r  

m o to r  a c t iv i t y  b u t  n o t  a c tu a l ly  m e d ia t in g  th e  re spo n se s  (B o a d le -B ib e r ,
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1993 ). 5 -H T  has b e e n  im p l ic a te d  in  c o n t r o l l in g  fe e d in g  b e h a v io r ,  th e rm o ­

re g u la t io n ,  s e x u a l b e h a v io r ,  s le e p , and  p a in  m o d u la t io n  ( L e o n a rd ,  1 9 92 ).

Figure [2-1] C h e m ic a l s t ru c tu re  o f  5 - h y d r o x y t r p ta m in e  (5-HT)

Serotonin Synthesis and Metabolism

N e u ro n s  a n d  e n te ro c h ro m a f f in  c e lls  s y n th e s iz e  5 -H T  f r o m  the  

a m in o  a c id , L - t r y p to p h a n ,  w h i le  p la te le ts  a c q u ire  i t  f r o m  th e  b lo o d  

(S jo e rd s m a  ed  a l. ,  1 9 70 ). T h e  b io s y n th e s is  a n d  c a ta b o lis m  o f  5 -H T  a re  

s h o w n  in  f ig u re  [2 - 2 ] ,  T h e  f i r s t  s tep  in  b io s y n th e s is  is  c a ta ly z e d  b y  th e  

e n z ym e  t r y p to p h a n  5 -h y d ro x y la s e  ( th e  r a te - l im i t in g  e n z y m e ) , w h ic h  

c o n v e r ts  L - t r y p to p h a n  to  5 -h y d r o x y t r y p to p h a n  ( 5 -H T P ) .  5 -H T P  is  

d e c a rb o x y la te d  to  5 -H T  b y  th e  n o n s p e c if ic  a ro m a t ic  L - a m in o  a c id  

d e c a rb o x y la s e . In  n e u ro n s , 5 -H T  is  ta k e n  u p  in to  s e c re to ry  g ra n u le s  a n d  

s to re d . I n  m a n , 5 -H T  is  m a in ly  o x id a t iv e ly  d e a m in a te d  b y  m o n o a m in e  

o x id a s e  ( M A O )  to  fo rm  5 -h y d ro x y in d o le -a c te ta ld e h y d e . T h e  a ld e h y d e  is  

r a p id ly  d e g ra d e d  b y  d e h y d ro g e n a s e  to  5 -h y d r o x y - in d o le a c e t ic  a c id  (5 -  
H IA A ) ,  th e  m a jo r  m e ta b o l i te  o f  5 -H T .

5 -H T  s y n th e s is  is  re g u la te d  b y  m o d u la t in g  th e  ra te  o f  c o n v e rs io n  o f  

L - t r y p to p h a n  to  5 -H T P . T h e  c o n c e n tra t io n  o f  t r y p to p h a n  is  s u b s a tu ra t in g  

f o r  t r y p to p h a n  f o r  t r y p to p h a n  h y d ro x y la s e . A d m in is t r a t io n  o f  e x o g e n o u s



14

t r y p to p h a n  le a d s  to  a r is e  in  b ra in  le v e ls  o f  t r y p to p h a n  a n d  as in c re a s e  in  

5 -H T  s y n th e s is  in  ra ts  (B o a d le -B ib e r ,  1 9 93 ). T h is  e f fe c t  d e p e n d s  o n  th e  

ra te  o f  f i r i n g  o f  th e  5 -H T  n e u ro n  a n d  does n o t  o c c u r  i f  f i r i n g  ra te s  a re  

re d u c e d . E le c t r ic a l s t im u la t io n  e nhances  5 -H T  p r o d u c t io n  b y  in c re a s in g  

t r y p to p h a n  h y d ro x y la s e  a c t iv i t y ,  m o s t l i k e ly  b y  e n z ym e s  

p h o s p h o ry la t io n .  A c t iv a t io n  o f  s o m a to d e n d r it ic  5 - H T ia  a u to - re c e p to r  

in h ib i t s  n e u ro n a l f i r i n g  a n d  5 -H T  s y n th e s is  a n d  re le a se  o f  5 -H T  in  th e  

absence  o f  a n y  e f fe c t  o n  f i r i n g  ra te  (B o a d le -B ib e r ,  1 9 93 ).

5 -H T  e x is ts  in  s e v e ra l p o o ls , a n d  n e w ly  s y n th e s iz e d  5 -H T  is  

p r e fe r e n t ia l ly  re le a se d  f r o m  th e  s to ra g e  v e s ic le s  in  re sp o n se  to  n e u ro n a l 

s t im u la t io n .  M a n y  re c e p to rs  h a ve  been  c lo n e d  a n d  th e ir  a m in o  a c id  

sequen ce  a n d  te r t ia r y  s tru c tu re  e s ta b lis h e d  (P e ro u tk a , 1 9 9 3 ).

tryptophan
hydroxylase

NH,
s '

aromatic
amino acid decarboxylase

Figure [2-2] B io s y n th e s is  o f  5 - h y d ro x y t r p ta m in e  ( 5 -H T )
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The Role of5-HT in Pain

P a in  is  a c o m p le x ,  in t r ic a te  n e u ro c h e m ic a l p ro c e s s  in v o lv in g  

n e u ro t ra n s m it te r  a n d  o th e r  m o le c u le s  a c t in g  in  b o th  p e r ip h e ra l a n d  c e n tra l 

p a in  s ig n a l in g  p a th w a y s . S im i la r ly ,  m u lt ip le  n e u ro t ra n s m it te rs  a re  

in v o lv e d  in  m o s t n e u ro lo g ic  a n d  n e u ro p s y c h ia tr ie  d is o rd e rs  in c lu d in g  

d e p re s s io n . T h u s , s e v e ra l n e u ro c h e m ic a ls  seem  to  be  in v o lv e d  in  th e  

o v e r la p p in g  o f  th e  p h e n o m e n a  o f  p a in  a n d  d e p re s s io n . 5 -H T  has e m e rg e d  

as a n e u ro t ra n s m it te r  th a t a ppea rs  to  b e  in v o lv e d  in  b o th  p a in  a n d  

d e p re s s io n . 5 -H T  is  p re s e n t in  v i r t u a l ly  e v e ry  o rg a n  s y s te m  in  th e  b o d y .  

S e ro to n e rg ic  n e u ro n s  h a v e  b e en  s h o w n  to  e x e r t an  in h ib i t o r y  e f fe c t  o n  

n o ra d re n e rg ic  n e u ro n s . I t  has k n o w n  th a t 5 -H T  p a th w a y s  a re  p re s e n t in  

th e  p r e f r o n ta l c o r te x  a n d  th e  l im b ic  s y s te m  ( th e  a reas k n o w n  to  be  

in v o lv e d  in  m o o d  d is o rd e rs , in c lu d in g  d e p re s s io n ) .

S e ro to n e rg ic  n e u ro n s  are a ls o  in v o lv e d  in  a w e l l- d e s c r ib e d  p a in -  

m o d u la t in g  c i r c u i t  th a t in c lu d e s  th e  a m y g d a la , p e r ia q u e d u c ta l g ra y  

(P A G ) ,  d o rs o la te ra l p o n t in e  te g m e n tu m  (D L P T ) ,  a n d  r o s t r o v e n t ra l  

m e d u lla  ( R V M ) .  A c c o r d in g  to  th is  m o d e l, c e l ls  in  th e  P A G  p ro je c t  

p r im a r i ly  to  R V M  c e lls  th a t in  tu r n  a c t o n  th e  s p in a l d o rs a l h o rn . W h e n  

a c t iv a te d , R V M  n e u ro n s  in h ib i t  p a in  se n so ry  p ro c e s s in g , p re s u m a b ly  b y  

i n h ib i t in g  th e  d o rs a l h o rn  c e lls  th a t a re  r e c e iv in g  p a in  in fo rm a t io n .  

T h ro u g h  d e s c e n d in g  p ro je c t io n s ,  th is  c i r c u i t  c o n t r o ls  s p in a l p a in ­

s ig n a lin g  m e c h a n is m s  as w e l l  as d o rs a l h o rn  p a in  t r a n s m is s io n  a n d  is  an  

e n d o g e n o u s  m e c h a n is m  o f  p a in  r e l ie f .  I n  m u lt ip le  s tu d ie s  in  ro d e n ts ,  

F ie ld s  e t a l, 1991 h a v e  s h o w n  th a t 5 -H T  is  im p o r ta n t  n e u ro t r a n s m it te r  in  
th is  p a in -m o d u la t in g  c i r c u i t .  A l l  p a in  is  n o t c re a te d  e q u a l, h o w e v e r .  

S ha rp , s ta b b in g  p a in  a n d  d u l l  a c h in g  p a in  in v o lv e  d i f f e r e n t  n e u ra l 

p a th w a y s . U n d e r  n o rm a l c irc u m s ta n c e s , an  a cu te  p a in  w i l l  b e  t r a n s m it te d  

to  th e  b r a in  a n d  w i l l  th e n  b e  re s o lv e d  in  p a r t d ue  to  th e  e n d o g e n o u s  p a in -
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m o d u la t in g  s y s te m . In  p e rs is te n t p a in , h o w e v e r , r e s o lu t io n  d oes  n o t  ta k e  

p la c e . In s te a d , p la s t ic  c h a nge s  ta k e  p la c e  in  th e  n e u ra l p a th w a y s  in v o lv e d  

in  t r a n s m it t in g  a c u te  p a in . S e v e ra l o th e r  a n im a l s tu d ie s  fu r th e r  s u p p o r t th e  

im p o r ta n t  r o le  o f  5 -H T  in  th e  p ro ce ss  o f  p a in  m o d u la t io n .  M o le c u le s  th a t  

b lo c k  th e  s y n th e s is  o f  5 -H T  h a v e  b e en  s h o w n  to  in h ib i t  a n tid e p re s s a n t-  

m e d ia te d  p a in  r e l i e f  in  m ic e . In  re la te d  re se a rch , d e p le t io n  o f  c e n tra l 

s e ro to n e rg ic  s y s te m s  has b e e n  s h o w n  to  b lo c k  a n t id e p re s s a n t-m e d ia te d  

p a in  r e l i e f  in  m ic e . 5 -H T  is  l ik e w is e  im p o r ta n t  f o r  th e  fu n c t io n in g  o f  th e  

e n d o g e n o u s  p a in -s u p p re s s in g  d e s c e n d in g  p ro je c t io n s  d e s c r ib e d  o r ig in a l ly  

b y  F ie ld s  a n d  B a s b a u m  1978 . N o rm a l ly ,  as p a r t o f  a n e g a t iv e  fe e d b a c k  

lo o p , th e  o u tp u t o f  th e  p a in - t r a n s m is s io n  n e u ro n s  h e lp s  a c t iv a te  th e  p a in -  

s u p p re s s io n  s y s te m . T h e  P A G , D L P T ,  a n d  R V M  a re  th e  k e y  re g io n s  o f  

th e  b ra in  in v o lv e d  in  th is  d e s c e n d in g  p a in  m o d u la t io n .  R e s e a rc h  s h o w s  

th a t le s io n s  m a d e  to  these  a reas o f  th e  b ra in  b lo c k  p a in  r e l ie f  a s s o c ia te d  

w i t h  th e  a n t id e p re s s a n t c lo m ip ra m in e .  F u r th e rm o re , w i t h in  th e  s p in a l c o rd  

i t s e l f ,  a c t iv a t io n  o f  s e ro to n e rg ic  re c e p to rs  a ls o  p ro d u c e s  p a in  r e l ie f .

Serotonin Depletion and Painful Syndrome

P re v io u s  s tu d ie s  h a ve  s h o w n  th a t s e ve ra l c l in ic a l  c o n d it io n s  a re  

a s so c ia te d  w i t h  lo w  5 -H T  s ta te . F o r  in s ta n c e , m ig ra in e  a tta c k s  h a v e  b e en  

s h o w n  to  c o in c id e  w i t h  a dec rease  in  p la te le t  5 -H T  le v e l a n d  in c re a s e  in  

n it ra te  m e ta b o li te s  in  ju g u la r  v e n o u s  b lo o d  (F e r r a r i e t a l. , 1 9 89 ). 

A lt e r a t io n  o f  5 -H T  has b e en  p ro p o s e d  to  u n d e r l ie  th e  d e v e lo p m e n t o f  

f ib r o m y a lg ia  ( F M ) .  T h is  h y p o th e s is  is  b a sed  o n  th e  f o l lo w in g  f in d in g s :  

(1 )  re d u c e d  p la s m a  le v e ls  o f  b o th  t r y p to p h a n  (T R P )  a n d  5 -H T  (S t ra tz  e t 

ah , 1 9 9 3 ); ( 2 )  lo w e re d  le v e ls  o f  th e  5 -H T  m e ta b o l i te  5 - H IA A  in  

c e re b ro s p in a l f l u i d  (C S F ) (R u s s e ll e t a l ,  1 9 9 2 ); (3 )  in c re a s e d  C S F  le v e ls  

o f  k y n u re n in e  ( K Y N )  (R u s s e ll,  1 9 9 6 ); (4 )  an  in v e rs e  r e la t io n s h ip  a m o n g
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le v e ls  o f  T R P , 5 -H T ,  o r  5 - H IA A  w i t h  c l in ic a l  m easu re s  o f  p a in , b u t a 

p o s it iv e  c o r re la t io n  b e tw e e n  K Y N  le v e ls  a n d  p a in  p e rc e p t io n  

(M o ld o fs k y ,  1 9 8 2 ; R u s s e ll e t a h , 1 992 ; S c h w a rz  e t a h , 1 9 9 9 ); (5 )  lo w e re d  

5 -H T  a c t iv i t y  b y  a d m in is t r a t io n  o f  p a ra - c h lo ro p h e n y la la n in e  (P C P A ; a 

c e n t r a l ly  a c t in g  in h ib i t o r  o f  th e  k e y  e n z y m e  in  5 -H T  s y n th e s is )  e v o k in g  a 

p a in  s y n d ro m e  s im i la r  to  th e  c l in ic a l  s y m p to m a to lo g y  o f  F M  

(S ic u te r i ,1 9 9 2 ) ;  a n d  (6 )  th e  e f f ic a c y  o f  t r i c y c l ic  a n tid e p re s s a n ts , w h ic h  

a c t as 5 -H T  a n d  n o re p in e p h r in e  re u p ta k e  in h ib i to r s ,  in  th e  t re a tm e n t o f  

F M  ( A r n o ld  e t a h , 2 0 0 0 ) .

The Technique to Deplete 5-HT Level in This Study 

Effects of para-chlorophyenylalanine (PCPA)

P re l im in a r y  c h a ra c te r iz a t io n  o f  t r y p to p h a n  h y d ro x y la s e  e n z ym e s  

has ju s t  b e e n  c o m p le te d  w h e n  K o e  a n d  W e is s m a n  19 66  re p o r te d  th a t  

P C P A  ca u se d  a s tro n g , lo n g - la s t in g  d e p le t io n  o f  5 -H T  f r o m  a v a r ie t y  o f  

a n im a l tis s u e s . T h is  w a s  p a r t ic u la r ly  s t r in k in g  in  th e  b ra in  w h e re  a s in g le  

dose  re s u lte d  in  s ig n if ic a n t  d e p le t io n  f o r  p e r io d s  o f  t im e  u p  to  2 w e e k s . 

T h e ir  w o r k  s h o w e d  th a t th is  c o m p o u n d  w a s  p ro b a b ly  a c t in g  v ia  in h ib i t io n  

o f  t r y p to p h a n  h y d ro x y la s e . U s in g  s o lu b le  e n z ym e  p re p a ra t io n s  f r o m  ra t  

b ra in  o r  b e e f  p in e a l,  th e y  fo u n d  P C P A  to  be  a m o d e ra te ly  s t ro n g  su b s tra te  

c o m p e t i t iv e  in h ib i t o r .  I t  d id  n o t a ppea r, h o w e v e r , th a t th is  in h ib i t io n  w as  

s u f f ic ie n t  to  e x p la in  th e  lo n g - la s t in g  5 -H T  d e p le t io n  a f te r  a s in g le  dose  o f  

d ru g . A n  e x p e r im e n t w a s  d o n e  in v o lv in g  in  v iv o  a d m in is t r a t io n  o f  d ru g  to  

ra ts . A  s in g le  dose  o f  3 0 0  m g /k g  b o d y  w e ig h t  o f  P C P A  w a s  a d m in is te re d ;  

th e  a n im a ls  w e re  s a c r i f ic e d  a t v a r io u s  p e r io d s  o f  t im e  a n d  th e  b ra in s te m  

c o n te n t o f  P C P A  p h e n y la la n in e , s e ro to n in , a nd  t r y p to p h a n  h y d ro x y la s e  

m e asu re d . P C P A  e n te re d  th e  b ra in  r a p id ly  b u t w i t h in  1 d a y  h a d  d e c lin e d
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to  le v e ls  th a t w o u ld  cause  n o  s ig n if ic a n t  in h ib i t io n  o f  th e  e n z y m e  in  th e  in  
v itro  assay . T h e  t r y p to p h a n  h y d ro x y la s e  le v e ls  f e l l  r a p id ly  b u t re m a in e d  

e s s e n t ia lly  b e lo w  le v e l o f  d e te c t io n  f o r  a p p ro x im a te ly  4  d a ys  a n d  th e n  

s ta r te d  s lo w ly  to  r e tu rn  to w a rd  n o rm a l d u r in g  th e  s u c c e e d in g  w e e k . T h e  

change s  in  s e ro to n in  a p p ro x im a te ly  p a ra l le le d  th o s e  in  t r y p to p h a n  

h y d ro x y la s e  b u t  w e re  n o t  as d ra m a tic . I n  1 970 , C u rz o n  a n d  G re e n  w e re  

in je c te d  in t r a p e r i to n e a l ly  w i t h  100  m g k g '1 o f  D - o r  L - P C P A  a n d  k i l l e d  2 4  

h  la te r . T h e  re s u lt  s h o w e d  t im e  co u rs e  o f  th e  e f fe c t  o f  b o th  is o m e rs  o n  

b ra in  5 -H T  a n d  5 - H IA A  le v e ls . B ra in  5 -H T  a n d  5 - H IA A  le v e ls  d e c re a se d  

m a x im a l ly  to  a b o u t 7 5 %  o f  th e  c o n t r o l v a lu e s  7 2  h  a f te r  t re a tm e n t a nd  

re m a in e d  th e re  f o r  m o re  th a n  144 h .
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T h e  5 - H T 2 re c e p to r  f a m i ly  c u r r e n t ly  a c c o m m o d a te s  th re e  re c e p to r  

su b ty p e s , 5 -H T 2A, 5 -H T 2B a n d  5 -H T 2c re c e p to rs , w h ic h  a re  s im i la r  in  

te rm s  o f  t h e i r  m o le c u la r  s t ru c tu re , p h a rm a c o lo g y  a n d  s ig n a l t r a n s d u c t io n  

p a th w a y s . I n  re c e n t n o m e n c la tu re  u p d a te s  (H u m p h re y  e t a h , 1 9 9 3 ; H o y e r  

e t a l. ,  1 9 9 4 ;) , th e  5 -H T 2A re c e p to r  w a s  a lig n e d  w i t h  th e  5 -H T  D  re c e p to r  

(a ls o  c a l le d  5 - H T 2)  o r ig in a l ly  d e f in e d  b y  G a d d u m  a n d  P ic a r e l l i  ( 1 9 5 7 )  as 

m e d ia t in g  c o n tra c t io n s  in  th e  g u in e a  p ig  i le u m . In  a d d it io n ,  th e  5 -H T 2C 

a p p e lla t io n  re p la c e d  5 - H T ic  to  c a r ry  th e  la t te r  re c e p to r  f r o m  th e  5 -H T ]  to  

th e  5 -H T 2 r e c e p to r  fa m i ly ,  a lso  th e  5 -H T 2B re c e p to r  c la s s i f ic a t io n  to o k  o n  

th e  p ro p e r t ie s  o f  w h a t  w a s  p r e v io u s ly  c la s s if ie d  as th e  5 -H T 2- l ik e  

re c e p to r  in  th e  s to m a c h  fu n d u s  (a ls o  c a l le d  5 -H T 2F a n d  S R L  re c e p to r ) .  

T h e  a m in o  a c id  sequen ce s  o f  th e  5 -H T 2 re c e p to r  f a m i ly  h a ve  a h ig h  

deg re e  o f  h o m o lo g y  w i t h in  th e  se ven  tra n s -m e m b ra n e  d o m a in s  b u t  th e y  

a re  s t r u c tu r a l ly  d is t in c t  f r o m  o th e r  5 -H T  re c e p to rs  (B a x te r  e t a l. ,  1 9 95 ). A  

c h a ra c te r is t ic  o f  a l l  genes in  th e  5 -H T 2 re c e p to r  f a m i ly  is  th a t th e y  h a ve  

e ith e r  tw o  in t r o n s  ( in  th e  case o f  b o th  th e  5 -H T 2A a n d  5 - H T 2B re c e p to rs )  

o r  th re e  in t r o n s  ( 5 -H T 2C re c e p to rs )  in  th e  c o d in g  se q uen ce  ( Y u  e t a l ,  

1991 ; C h e n  e t a l. ,  1 9 92 ; S ta m  e t a l. , 1 9 92 ), a n d  a l l a re  c o u p le d  p o s i t iv e ly  

to  p h o s p h o lip a s e  c  a nd  m o b i l iz e  in t r a c e l lu la r  c a lc iu m .

T h e  re c e p to rs  a re  w e l l  c h a ra c te r iz e d  a t th e  m o le c u la r  le v e l a nd  

th e ir  d is t r ib u t io n  in  th e  b r a in  is  e s ta b lis h e d  ( a lth o u g h  le v e ls  o f  th e  5 -H T 2B 

re c e p to r  seem  lo w ) .  T h e  d e v e lo p m e n t o f  s e le c t iv e  re c e p to r  a n ta g o n is ts  is  

a t an  a d v a n c e d  s tage  b u t  th e re  is  a n e ed  f o r  s e le c t iv e  a g o n is ts . S om e  5 -  

H T 2 re c e p to r  a n ta g o n is ts  a re  c u r re n t ly  u n d e rg o in g  c l in ic a l  a sse ssm en t as 

p o te n t ia l tre a tm e n ts  f o r  a ra n g e  o f  C N S  d is o rd e rs  in c lu d in g  

s c h iz o p h re n ia , a n x ie ty ,  s le e p  a n d  fe e d in g  d is o rd e rs , a n d  m ig r a in e  (B a x te r  
e t a l. , 1 9 95 ).

5-HT2a Receptor
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T h e  b ra in  5-HT2A re c e p to r  w a s  in i t i a l l y  d e te c te d  in  ra t  c o r t ic a l  

m e m b ra n e s  as a b in d in g  s ite  w i t h  h ig h  a f f in i t y  f o r  [3 H ] - s p ip e ro n e ,  a 

r e la t iv e ly  lo w  (m ic r o m o la r )  a f f i n i t y  f o r  5 -H T ,  b u t  w i t h  a p h a rm a c o lo g ic a l  

p r o f i le  o f  a 5 - H T  re c e p to r  (L e y s e n  e t a h , 1 978 ; P e ro u tk a  a n d  S n y d e r ,  

1979 ). A l t h o u g h  th is  re c e p to r  w a s  o r ig in a l ly  te rm e d  th e  5 - H T 2 re c e p to r  

(P e ro u tk a  a n d  S n y d e r , 1 9 7 9 ), i t  has n o w  b e en  a t t r ib u te d  to  th e  5 -  H T 2A 

re c e p to r  c la s s if ic a t io n .

5-HT2a Receptor structure

B y  th e  m id - 1 9 8 0 ’ ร i t  h a d  a lre a d y  b e en  re c o g n iz e d  th a t th e  5 -H T 2 

and  5 -H T ic  re c e p to rs  ( o ld  n o m e n c la tu re )  had  s im i la r  p h a rm a c o lo g ic a l  

p ro p e r t ie s  a n d  s e co n d  m e sse n g e r s y s tem s , a nd  th a t th e  re c e p to rs  w e re  

p ro b a b ly  s t r u c tu r a l ly  re la te d . B o th  th e  ra t a n d  h u m a n  5 -H T 2A re c e p to r  

genes w e re  is o la te d  b y  h o m o lo g o u s  s c re e n in g  v e r y  s h o r t ly  f o l lo w in g  th e  

f i r s t  re p o r ts  o f  th e  5 -H T 2C (n o w  5 -H T 2C re c e p to r  s e q uen ce  (P r i tc h e t t  e t 

ah , 1 988 ; J u l iu s  e t a h , 1 990 ). T h e  h u m a n  5 -H T 2A re c e p to r  is  lo c a te d  o n  

c h ro m o s o m e  13 q  14—q 2 1 a n d  has a r e la t iv e ly  h ig h  a m in o  a c id  sequence  

id e n t i t y  w i t h  th e  h u m a n  5 -H T 2C re c e p to r , a lth o u g h  th is  is  lo w e r  w h e n  

c o m p a re d  w i t h  th e  h u m a n  5 -H T 2B re c e p to r . T h e  h u m a n  5 -H T 2A 

re c e p to r  is  8 7 %  h o m o lo g o u s  w i t h  its  ra t c o u n te rp a r t . T h e  a m in o  a c id  

sequen ce  o f  th e  5 -H T 2A re c e p to r  has p o te n t ia l s ite s  f o r  g ly c o s y la t io n  (5 ) ,  

p h o s p h o r y la t io n  (1 1 )  a n d  p a lm i to y la t io n  (1 )  (S a ltz m a n  e t a h , 1 9 91 ). 

E x p e r im e n ts  in v o lv in g  s ite -d ire c te d  m u ta g e n e s is  h a v e  id e n t i f ie d  

in d iv id u a l a m in o  a c id  re s id u e s  w h ic h  h a ve  m a jo r  e f fe c ts  o n  th e  l ig a n d  
b in d in g  a n d  e f fe c to r  c o u p l in g  p ro p e r t ie s  o f  th e  5 -H T 2A re c e p to r  (B o e s s  

and  M a r t in ,  1 994 ; S a u d o u  and  H e n , 1994 ; B a x te r  e t a h , 1 9 95 ).
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T h e  C N S  d is t r ib u t io n  o f  5 -H T 2A re c e p to r  has  b e e n  m a p p e d  

e x te n s iv e ly  b y  re c e p to r  a u to ra d io g ra p h y , in  s i tu  h y b r id is a t io n  a n d , m o re  

r e c e n t ly ,  im m u n o - c y to c h e m is t r y .  R e c e p to r  a u to ra d io g ra p h y  s tu d ie s  u s in g  

[3 H ]- s p ip e ro n e , [3 H ] - k e ta n s e r in ,  [1 2 5 IJ -D O I a n d  m o re  r e c e n t ly  [ 3 H ] -  

M D L  1 0 0 9 0 7  as ra d io l ig a n d s , f in d  h ig h  le v e ls  o f  5 - H T 2A b in d in g  s ite s  in  

m a n y  fo r e b r a in  re g io n s , b u t  p a r t ic u la r ly  c o r t ic a l a reas (n e o c o r te x ,  

e n to rh in a l a n d  p y r i f o r m  c o r te x , c la u s tru m ) , c a u d a te  n u c le u s , n u c le u s  

a c c u m b e n s , o l fa c to r y  tu b e rc le  a n d  h ip p o c a m p u s , o f  a l l  s p e c ie s  s tu d ie d  

(P a zo s  e t a h , 1 9 85 , 1 987 ; L o 'p e z -G im e 'n e z  e t a h , 1 9 97 ). T h e re  is  a 

g e n e ra lly  c lo s e  c o n c o rd a n c e  b e tw e e n  th e  d is t r ib u t io n  o f  5 - H T 2A b in d in g  

s ite s , 5 -H T 2A m R N A  a n d  5 -H T 2A re c e p to r - l ik e  im m u n o r e a c t iv i t y  

(M e n g o d  e t a l. ,  1 9 90a ; M o r i la k  e t a h , 1 993 , 1 994 ; P o m p e ia n o  e t ah , 

1994 ; B u rn e t e t a h , 1 9 95 ), s u g g e s t in g  th a t th e  c e lls  e x p re s s in g  5 -H T 2A 

re c e p to rs  a re  lo c a te d  in  th e  re g io n  w h e re  th e  re c e p to rs  a re  p re s e n t (a n d  

p o s ts y n a p t ic  to  th e  5 -H T  n e u ro n ) . A  n u m b e r  o f  5 - H T 2A-s e le c t iv e  

ra d io l ig a n d s  a re  c u r r e n t ly  u n d e r  d e v e lo p m e n t f o r  im a g in g  5 -H T 2A 

re c e p to rs  in  h u m a n s , o ne  o f  th e  m o s t p r o m is in g  b e in g  th e  P E T  l ig a n d  

[ 1 1 C ] - M D L  1 0 0 9 0 7  ( L u n d k v is t  e t ah , 1 996 ; I t o  e t a h , 1 9 9 8 ) .V a r io u s  

s tu d ie s  h a v e  in v e s t ig a te d  th e  c e l lu la r  lo c a t io n  o f  th e  5 - H T 2A re c e p to r  in  

th e  b ra in . S o  fa r  5 -  H T 2A re c e p to r - l ik e  im m u n o r e a c t iv i t y  o r  5 - H T 2A 

m R N A  h a v e  b e e n  fo u n d  in  n e u ro n s  ( M o r i la k  e t a h , 1 9 93 , 1 994 ; 

P o m p e ia n o  e t a h , 1 994 ; B u m e t  e t a h ,1 9 95 ), a l th o u g h  th e  re c e p to r  is  

e xp re s s e d  in  c u ltu r e d  a s tro c y te s  and  g l io m a  c e lls  (e .g . D e e c h e r  e t a h , 
1993 ; M e l le r  e t a h , 1 997 ). C o n v e rg in g  e v id e n c e  f r o m  

im m u n o c y to c h e m ic a l,  in s i tu  h y b r id is a t io n  a n d  re c e p to r  a u to ra d io g ra p h y  

s tu d ie s  su gge s ts  th a t  in  v a r io u s  b ra in  a reas in c lu d in g  c o r te x ,  th e  5 -H T 2A 

re c e p to r  is  lo c a te d  o n  lo c a l (G A B A e r g ic )  in te m e u ro n s  (F ra n c is  e t ah ,

5-HT2a Receptor Distribution
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1992 ; M o r i la k  e t a l. ,  1 9 93 , 1 9 9 4 ; B u m e t  e t a l. ,  1 9 9 5 ; see a ls o  S h e ld o n  

and  A g h a ja n ia n ,  1 9 9 1 ). R e c e n t d a ta  f r o m  in s i tu  h y b r id is a t io n  s tu d ie s  

a ls o  in d ic a te  th e  p re se n ce  o f  5 -H T 2A re c e p to r  in  c o r t ic a l p y r a m id a l  

( p ro je c t io n )  n e u ro n e s  (B u m e t  e t a h , 1 995 ; W r ig h t  e t a h , 1 9 9 5 ), w h ic h  a re  

k n o w n  to  b e  g lu ta m a te rg ic .  I t  is  re p o r te d  th a t 5 - H T 2A re c e p to r - l ik e  

im m u n o r e a c t iv i t y  m a y  be  lo c a te d  in  c h o l in e rg ic  n e u ro n s  in  th e  b a sa l 

fo re b ra in  a n d  s p e c if ic  n u c le i in  th e  b ra in  s tem  ( M o r i la k  e t a h , 1 9 93 ). T h e  

s tu d y  o f  Z h a n g  e t ah in  th e  y e a r  2001  s h o w e d  th e  u p - r e g u la t io n  o f  5 -  

H T 2A re c e p to r  in  c a r ra g e e n a n - in d u c e d  in f la m m a t io n  in  p a in - re la te d  areas  

in  C N S  b y  u s in g  in  s i tu  h y b r id iz a t io n  te c h n iq u e .

Ip s i la te r a l lu m b a r  d o rs a l s p in a l h o rn

F ig u r e  [2 - 3 ]  T h e  e x p re s s io n  o f  5 -H T 2A re c e p to r  m R N A  in  r a ts ’ s p in a l  

c o rd  ( L 4 - L 5 )  3 h o u rs  a f te r  c a rra g e e na n  in je c t io n  to  th e  r a ts ’ h in d  p a w
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c o n t r o l c a rra g e e n a n

Ip s i la te r a l N u c le u s  R a p he  M a g n u s

Figure [2-4] T h e  e x p re s s io n  o f  5 -H T 2A re c e p to r  m R N A  in  r a ts ’ ip s i la te r a l  

n u c le u s  ra p h e  m a g n u s  3 h o u rs  a f te r  c a rra g e e n a n  in je c t io n  to  th e  ra ts ’ h in d  
p a w .

c o n tro l c a rra g e e na n

Ip s i la te r a l v e n tro la te ra l P e r ia q u e d u c ta l G ra y

Figure [2 - 5 ]  T h e  e x p re s s io n  o f  5-HT2A re c e p to r  m R N A  in  r a ts ’ 

v e n tr o la te r a l p e r ia q u e d u c ta l g ra y  3 h o u rs  a f te r  c a r ra g e e n a n  in je c t io n  to  
th e  ra ts ’ h in d  p a w .

*
 * *•; 9 -47 ***
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c o n tro l c a r ra g e e n a n

B ila te r a l D o rs a l R a p he  N u c le u s

Figure [2 - 6 ]  T h e  e x p re s s io n  o f  5 -H T 2A re c e p to r  m R N A  in  r a ts ’ b i la te r a l  
d o rs a l ra p h e  n u c le u s  3 h o u rs  a f te r  c a r ra g e e na n  in je c t io n  to  th e  r a ts ’ h in d  
p a w .

I t  has b e e n  n o te d  th a t th e  d is t r ib u t io n  o f  5 -H T 2A b in d in g  s ite s  

appea rs  to  m a p  o n to  th e  d is t r ib u t io n  o f  5 -H T  a xo n s  a r r iv in g  f r o m  th e  

D R N  (B lu e  e t a h , 1 9 88 ). F o r  e x a m p le  in  th e  ra t, th e  D R N  5 -H T  

in n e r v a t io n  o f  th e  f r o n ta l c o r te x  seem s to  f o l lo w  th e  la m in a r  d is t r ib u t io n  

o f  5-HT2a b in d in g  s ite s  in  th is  re g io n . T h a t 5 -H T 2A re c e p to rs  re c e iv e  a 

s e le c t iv e  in n e r v a t io n  f r o m  D R N , h o w e v e r , m a y  n o t  g e n e ra liz e  to  o th e r  

re g io n s . T h u s , i t  has  been  fo u n d  in  e le c t r o p h y s io lo g ic a l e x p e r im e n ts  th a t  

5 - H T 2A re c e p to r -m e d ia te d  re sponses  in  th e  p r e f r o n ta l c o r te x  can  be  

e v o k e d  b y  s t im u la t io n  o f  th e  M R N
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T h e  5 - H T 2 f a m i ly  o f  re c e p to rs  is  c h a ra c te r iz e d  b y  a r e la t iv e ly  lo w  

a f f in i t y  f o r  5 -H T ,  a h ig h  a f f in i t y  f o r  th e  5 -H T 2  re c e p to r  a g o n is t , D O I ,  a nd  

i ts  s t ru c tu ra l a n a lo g u e s  (D O B ,  D O M ) ,  a n d  a h ig h  a f f in i t y  f o r  v a r io u s  5 -  

H T 2 re c e p to r  a n ta g o n is ts , in c lu d in g  r i ta n s e r in  a n d  IC I  1 7 0 8 0 9 . U n t i l  

r e c e n t ly ,  i t  has b e e n  d i f f i c u l t  to  d is c r im in a te  b e tw e e n  th e  5 -H T 2 fa m i ly  

m e m b e rs ; a l th o u g h  k e ta n s e r in  a n d  s p ip e ro n e  are a b o u t tw o  o rd e rs  o f  

m a g n itu d e  m o re  s e le c t iv e  f o r  th e  5 -H T 2A v e rs u s  5 -H T 2B:2c re c e p to rs ,  

th e se  d ru g s  h a v e  a f f in i t y  f o r  o th e r  m o n o a m in e  re c e p to rs . H o w e v e r ,  a 

n u m b e r  o f  s e le c t iv e  a n ta g o n is ts  a re  n o w  a v a ila b le  w h ic h  g re a t ly  a id  th e  

d e lin e a t io n  o f  th e  5 -H T 2 re c e p to rs  in  b o th  in v itro  a n d  in v iv o  m o d e ls  

(B a x te r  e t a l. ,  1 9 95 ). M D L  1 0 0907  is  a n e w ly  d e v e lo p e d , p o te n t and  

s e le c t iv e  a n ta g o n is t o f  th e  5 -H T 2A re c e p to r  w h ic h  has  lo w e r  a f f i n i t y  fo r  

th e  5 -H T 2C re c e p to r  o r  o th e r  re c e p to rs  (S o re n s e n  e t a l. ,  1 9 9 3 ; K e h n e  e t 

a l., 1 9 96 ). D is c r im in a t io n  o f  th e  5 -H T 2A re c e p to r  f r o m  o th e r  m e m b e rs  o f  

th e  5 -H T 2 re c e p to r  f a m i ly  has a ls o  b e c o m e  c o n s id e ra b ly  m o re  

s t ra ig h t fo rw a rd  b y  th e  d e v e lo p m e n t o f  a n ta g o n is ts  w h ic h  d is t in g u is h  

b e tw e e n  5 - H T 2A a n d  5 - H T 2C:2B re c e p to rs  (S B  2 0 0  6 4 6 A  a n d  S B  2 0 6  5 5 3 )  

and  m o re  r e c e n t ly  b y  th e  a r r iv a l o f  p o te n t a n ta g o n is ts  w i t h  s e le c t iv i t y  fo r  

b o th  5 -H T 2B (S B  2 0 4  7 4 1 )  a nd  5 -H T 2C re c e p to rs  (S B  2 4 2  0 8 4  a n d  R S -  

102 2 2 1 )  (B a x te r  e t a l . , 1 9 95 ; B a x te r ,  1 9 96 ; K e n n e t t  e t a l. ,  1 9 96a ,b , 

1 997a ,b ; B o n h a u s  e t a l. , 1 9 9 7 ). A t  p re s e n t, th e re  is  n o  s u ita b ly  s e le c t iv e  

a g o n is t f o r  th e  5 - H T 2 re c e p to r  s u b ty p e s  a lth o u g h  c e r ta in  t r y p ta m in e  

a n a lo g u e s  ( in  p a r t ic u la r  B W  7 2 3 C 8 6  a n d  5 -m e th o x y t r y p ta m in e )  h a ve  
som e  s e le c t iv i t y  f o r  th e  5 - H T 2B re c e p to r  in  in v itro  p re p a ra t io n s  (B a x te r  

e t a l. , 1 9 95 ; B a x te r ,  1 9 96 ). A n  a g o n is t, R O  6 0 -0 1 7 5 , w i t h  s e le c t iv i t y  f o r  

th e  5 -H T 2C re c e p to r  w a s  re c e n t ly  re p o r te d  ( M i l la n  e t a l. ,  1 9 97 ).

5-HT2a Receptor Pharmacology
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Functional Effects Mediated via The 5-HT2A Receptor 

Second Messenger Responses

A l l  th re e  5 -H T 2 re c e p to r  s u b ty p e s  c o u p le  p o s i t iv e ly  to  

p h o s p h o lip a s e  c  a n d  le a d  to  in c re a s e d  a c c u m u la t io n  o f  in o s it o l  

p h o sp h a te s  a n d  in t r a c e l lu la r  C a 2+ (B o e ss  and  M a r t in ,  1 9 9 4 ; S a n d e rs -B u s h  

and  C a n to n , 1 9 9 5 ). S t im u la t io n  o f  th e  5 -H T 2A re c e p to r  h a s  b e en  

d e m o n s tra te d  to  a c t iv a te  p h o s p h o lip a s e  c  in  b o th  h e te ro lo g o u s  

e x p re s s io n  s y s te m s  (P r i tc h e t t  e t a l. , 19 8 8 a ,b ; J u liu s  e t a h , 1 9 90 ; S ta m  e t 

ah , 1 9 9 2 ) a n d  b r a in  t is s u e  (C o n n  a n d  S a n d e rs -B u s h , 1 9 8 4 ; G o d f r e y  e t ah , 

1 9 88 ), v ia  G -p r o te in  c o u p l in g  (S a n d e rs -B u s h  and  C a n to n , 1 9 9 5 ). I n  these  

se co n d  m e s s e n g e r s tu d ie s , D O I ,  D O B  a nd  D O M  (a n d  L S D )  h a v e  p a r t ia l  

a g o n is t p ro p e r t ie s  (S a n d e rs -B u s h  e t a h , 1 9 88 ). T h e  n o n -s e le c t iv e  5 -H T 2 

re c e p to r  a g o n is ts , m C P P  a n d  T F M P P , h a ve  e ve n  lo w e r  e f f ic a c y  and  

u s u a l ly  d is p la y  o n ly  5 -H T 2A re c e p to r  a n ta g o n is t a c t iv i t y  in  fu n c t io n a l  

m o d e ls  (C o n n  a n d  S a n d e rs -B u s h , 1986 ; G r o te w ie l e t a h , 1 9 9 4 ). A l l  5 -  

H T 2 re c e p to rs  d e s e n s it iz e  f o l lo w in g  p ro lo n g e d  e x p o s u re  to  5 -H T  and  

o th e r  a g o n is ts  (S a n d e rs -B u s h , 1 9 90 ), a lth o u g h  th e  s e n s i t iv i t y  to  a g o n is ts  

and  m e c h a n is m s  u n d e r ly in g  d e s e n s it iz a t io n  o f  e a ch  s u b ty p e  ( p a r t ic u la r ly  

5 - H T 2a  v e rs u s  5 - H T 2c ) m a y  be  d i f fe r e n t  ( B r id d o n  e t a h , 1 9 9 5 ). A  c u r io u s  

p ro p e r ty  o f  5 - H T 2A re c e p to rs  is  th a t in  s om e  in v itro  a n d  in  v iv o  m o d e ls  

th e y  d o w n - re g u la te  in  th e  fa ce  o f  c o n s ta n t e x p o s u re  to  c e r ta in  a n ta g o n is ts  

(m ia n s e r in , s p ip e ro n e  a n d  m e s u le rg in e )  (e .g . S a n d e rs -B u s h , 1 9 9 0 ; R o th  

and  C ia ra n e l lo ,  1 9 9 1 ; G ro te w ie l a n d  S a n d e rs -B u s h , 1 9 9 4 ). O n e  o f  s e ve ra l 

e x p la n a t io n s  p u t  fo rw a rd  to  a c c o u n t f o r  th is  p h e n o m e n o n  is  th a t  u n d e r  

c e r ta in  c o n d it io n s ,  5 -H T 2A re c e p to rs  a re  c o n s t i tu t iv e ly  a c t iv e , a n d  th a t  

som e  o f  th e  l ig a n d s  a c t as in v e rs e  a g o n is ts . O f  c u r re n t in te re s t is  e v id e n c e  

th a t s t im u la t io n  o f  th e  5 -H T 2A re c e p to r  causes a c t iv a t io n  o f  a b io c h e m ic a l
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cascade  le a d in g  to  a lte re d  e x p re s s io n  o f  a n u m b e r  o f  genes  in c lu d in g  th a t  

o f  b ra in - d e r iv e d  n e u ro t r o p h ic  fa c to r  ( B D N F )  (V a id y a  e t a h , 1 9 97 ). T h e se  

change s  m a y  b e  l in k e d  a t le a s t in  p a r t  to  th e  in c re a s e  in  e x p re s s io n  o f  

B D N F  seen  f o l lo w in g  re p e a te d  tre a tm e n t w i t h  a n tid e p re s s a n ts  (D u m a n  e t 

ah , 1 9 97 ). T h e re  is  th e  e x c i t in g  b u t  as y e t u n p ro v e n  p o s s ib i l i t y  th a t th e  

la t te r  ch a n g e s  le a d  to  a lte re d  s y n a p t ic  c o n n e c t iv i ty  in  th e  b ra in ,  a n d  th a t  

th is  m a y  e v e n  c o n tr ib u te  to  th e  th e ra p e u t ic  e f fe c t  o f  a n tid e p re s s a n ts .

Electrophysiological Responses

5-F IT 2 re c e p to r  a c t iv a t io n  re s u lts  in  n e u ro n a l e x c ita t io n  in  a v a r ie ty  

o f  b ra in  re g io n s . A l t h o u g h  fe w  o f  th e se  re spon se s  h a v e  b e en  a n a ly z e d  

u s in g  n e w ly  a v a ila b le  5 -H T 2 re c e p to r  s u b ty p e -s e le c t iv e  a g e n ts , e v id e n c e  

sugge s ts  th a t in  s o m e  o f  these  cases th e  re spon se s  are  m e d ia te d  b y  th e  5 -  

HT2a re c e p to r  w h i le  o th e rs  in v o lv e  th e  5 -H T 2C re c e p to r  (A g h a ja n ia n ,  

1995 ). C le a r  e v id e n c e  fo r  a 5 -H T 2A re c e p to r -m e d ia te d  e x c i ta t io n  in  th e  

c o r te x  c o m e s  f r o m  in t r a c e l lu la r  re c o rd in g s  o f  in te m e u ro n s  in  s lic e s  o f  ra t  

n y r i f o rm  c o r te x . T h u s , th e  5 -H T - in d u c e d  a c t iv a t io n  o f  th e se  c e lls  is  

b lo c k e d  b y  b o th  s e le c t iv e  ( M D L  1 0 0 9 0 7 ) and  n o n -s e le c t iv e  5 -H T 2A 

re c e p to r  a n ta g o n is ts  (S h e ld o n  a n d  A g h a ja n ia n , 1 9 9 1 ; M a re k  and  

A g h a ja n ia n , 1 9 94 ). F u r th e rm o re , L S D  a n d  D O I  a re p o te n t b u t  p a r t ia l  

a g o n is ts  in  th is  p re p a ra t io n  (M a re k  and  A g h a ja n ia n , 1 9 9 6 ). 5 -H T - in d u c e d  

n e u ro n a l d e p o la r iz a t io n s  h a ve  a ls o  been  d e te c te d  in  s lic e  p re p a ra t io n s  o f  

th e  n u c le u s  a c c u m b e n s  (N o r th  a n d  U c h im u ra ,  1 9 89 ), n e o c o r te x  (A ra n e d a  

a nd  A n d ra d e , 1 9 91 ; A g h a ja n ia n  and  M a re k ,  1 9 9 7 ), d e n ta te  g y ru s  o f  th e  

h ip p o c a m p u s  (P ig u e t a n d  G a lv a n , 1 9 94 ), a n d  a l l h a ve  th e  

p h a rm a c o lo g ic a l c h a ra c te r is t ic s  w h ic h  b e a r th e  h a l lm a r k  o f  th e  5 -H T 2A 

re c e p to r . T h e  e x c i ta to r y  re spon se s  to  5 -H T 2A re c e p to r  a c t iv a t io n  a re  

a s so c ia te d  w i t h  a r e d u c t io n  o f  p o ta s s iu m  c o n d u c ta n c e s  (A g h a ja n ia n
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1 9 95 ), a lth o u g h  w h e th e r  th e  p h o s p h o in o s it id e  s ig n a l in g  p a th w a y  has a 

r o le  in  th is  e f fe c t  is  n o t  c e r ta in . E le c t r o p h y s io lo g ic a l s tu d ie s  a lso  

im p l ic a te  th e  5 -H T 2 re c e p to r  in  th e  re g u la t io n  o f  n o ra d re n e rg ic  n e u ro n s  in  

th e  lo c u s  c o e ru le u s  ( L C ) .  E v id e n c e  f r o m  re c o rd in g s  in  a n a e s th e t iz e d  ra ts  

sugge s ts  th a t  5 -H T 2 re c e p to r  a c t iv a t io n  re s u lts  in  b o th  th e  fa c i l i t a t io n  o f  

s e n s o ry -e v o k e d  a c t iv a t io n  o f  n o ra d re n e rg ic  n e u ro n s , a n d  in h ib i t io n  o f  

t h e ir  s p o n ta n e o u s  a c t iv i t y  (A g h a ja n ia n , 1 9 9 5 ). T h e  in h ib i t o r y  e f fe c t  o f  5 -  

H T 2 re c e p to r  a c t iv a t io n  o n  n o ra d re n e rg ic  t ra n s m is s io n  has a ls o  b e e n  

d e te c te d  in  m ic r o d ia ly s is  s tu d ie s  w h ic h  d e m o n s tra te  a dec re a se  in  

n o ra d re n a lin e  re le a se  in  ra t h ip p o c a m p u s  f o l lo w in g  a d m in is t r a t io n  o f  

D O I  a n d  D O B ,  a n d  th e  re v e rs a l o f  th is  e f fe c t  b y  r i ta n s e r in  a n d  s p ip e ro n e  

(D o n e  a n d  S ha rp , 1 9 92 ). T h e re  is  e v id e n c e  f r o m  m ic r o d ia ly s is  s tu d ie s  in  

th e  a w a k e d  ra t  th a t 5 -H T 2 re c e p to r  a n ta g o n is ts  in c re a se  n o ra d re n a lin e  

re le a se  (D o n e  a n d  S ha rp , 1 9 94 ). A l t h o u g h  e a r l ie r  d a ta  in d ic a te s  th a t th e  

p h a rm a c o lo g y  o f  th e  5 -H T 2 re c e p to r  m o d u la t in g  n o ra d re n a lin e  is  o f  5 -  

H T 2a  s u b ty p e , th is  id e a  needs re a p p ra is a l in  v ie w  o f  n e w  f in d in g s  th a t  

5 H T 2C a n ta g o n is ts  in c re a s e  n o n a d re n a lin e  in  m ic r o d ia ly s is  e x p e r im e n ts  

( M i l la n  e t a h , 1 9 98 ) T h e  e ffe c ts  o f  5 -H T 2 re c e p to r  a c t iv a t io n  o n  

n o ra d re n e rg ic  n e u ro n s  a re  l i k e ly  to  be  in d ir e c t ,  p o s s ib ly  in v o lv in g  

a ffe re n ts  to  th e  L C  f r o m  th e  b ra in  s tem  (G o re a  e t ah , 1 9 9 1 ; A g h a ja n ia n ,  

1995 ). In te r e s t in g ly ,  th e re  is  e v id e n c e  f o r  a 5 -H T 2  re c e p to r -m e d ia te d  

e x c ita t io n  o f  n e u ro n s  in  th e  n u c le u s  p re p o s itu s  h y p o g lo s s i w h ic h  is  a 

m a jo r  s o u rc e  o f  in h ib i t o r y  in p u t  to  th e  L C  (B o b k e r ,  1 9 94 ).
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Behavioral and Other Physiological Responses

T h e  b e h a v io r a l e f fe c ts  o f  5 -H T 2 re c e p to r  a g o n is ts  in  ro d e n ts  a re  

m a n y , r a n g in g  f r o m  change s  in  b o th  u n c o n d it io n e d  (e .g . in c re a s e d  m o to r  

a c t iv i t y  a n d  h y p e r th e rm ia )  a n d  c o n d it io n e d  re spo n se s  (e .g . p u n is h e d  

re s p o n d in g , d ru g  d is c r im in a t io n )  (G le n n o n  a n d  L u c k i ,  1 9 8 8 ; K o e k  e t a l. ,  

1992 ). T h e  d e lin e a t io n  o f  th e  in v o lv e m e n t  o f  s p e c if ic  5 -H T 2 re c e p to r  

s u b ty p e s  in  th e se  b e h a v io rs  has n o t  been  s t r a ig h t fo rw a rd  d u e  to  th e  fa c t  

th a t m o s t 5 - H T 2 re c e p to r  a g o n is ts  s tu d ie d  so fa r , a re  n o t  s e le c t iv e .  

N e v e r th e le s s  c e r ta in  b e h a v io rs  ca n  be  a t t r ib u te d , w i t h  s o m e  d e g re e  o f  

c o n f id e n c e , to  a c t iv a t io n  o f  e ith e r  5 -H T 2A o r  5 -H T 2C re c e p to rs . H e a d  

tw itc h e s  (m ic e )  a n d  w e t  d o g  shakes ( ra ts )  in d u c e d  b y  d ru g s  su ch  as D O I  

and  its  s t ru c tu ra l a n a lo g u e s , as w e l l  as 5 -H T  re le a s in g  a gen ts  a n d  

p re c u rs o rs  l ik e  5 -H T P , h a ve  lo n g  been  th o u g h t to  be  m e d ia te d  v ia  a 

re c e p to r  o f  th e  5 - H T 2 ty p e  G re e n  and  H e a l, 1 9 85 ). I t  n o w  seem s c le a r  th a t  

th is  re s p o n se  is  5 - H T 2A re c e p to r -m e d ia te d . T h u s , th e  p o te n c y  w i t h  w h ic h  

5 -H T 2 a n ta g o n is ts  in h ib i t  a g o n is t- in d u c e d  h e ad  shakes  c lo s e ly  c o r re la te s  

w ith  th e i r  a f f in i t y  f o r  th e  5 -H T 2A b in d in g  s ite  b u t n o t o th e r  b in d in g  s ite s , 

in c lu d in g  th e  5 - H T 2C b in d in g  s ite  ( A m t  e t a l-, 1 9 84 ; S c h re ib e r  e t a l. ,  

1995 ). F u r th e rm o re , 5 - H T 2A re c e p to r  s e le c t iv e  a n ta g o n is ts  s u ch  as M D L  

1 0 09 0 7  in h ib i t  th e  h e ad  shake  re spon se  w h i le  5 -H T 2B:2c re c e p to r  

s e le c t iv e  a n ta g o n is ts  (S B  2 0 0  6 4 6 A )  d o  n o t  (K e n n e t t  e t a l. ,  1 9 94 ; 

S c h re ib e r  e t a l. ,  1 9 95 ). I t  s h o u ld  be  p o in te d  o u t, h o w e v e r , th a t th e  use  o f  

th is  m o d e l as a n  in v iv o  te s t o f  5 -H T 2A re c e p to r  p h a rm a c o lo g y  is  

c o m p lic a te d  b y  th e  fa c t  i t  is  s e n s it iv e  to  d ru g s  a c t iv e  o n  o th e r  t r a n s m it te r  

re c e p to rs  ( 5 -H T i  a n d  c a te c h o la m in e  re c e p to rs , in  p a r t ic u la r )  w h ic h  

p re s u m a b ly  in te ra c t  in d i r e c t ly  w i t h  th e  n e u ra l p a th w a y s  e x p re s s in g  th e  

head sh a ke : tw i t c h  re s p o n se  (K o e k  e t a l., 1 992 ).

A c t iv a t io n  o f  th e  5 -H T 2 re c e p to r  le ads  to  a d is c r im in a t iv e  s t im u lu s
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in  ra ts . F o r  e x a m p le , a n im a ls  t ra in e d  to  d is c r im in a te  5 -H T 2 re c e p to r  

a g o n is ts  s u c h  as D O M ,  re c o g n iz e  its  s t ru c tu ra l d e r iv a t iv e s  (D O I ,  D O B )  

b u t n o  5 -H T i re c e p to r  a g o n is ts  (G le n n o n  a n d  L u c k i ,  1 9 88 ). T h e  D O M  

s t im u lu s  is  b lo c k e d  b y  5 -H T 2 re c e p to r  a n ta g o n is ts  s u ch  as k e ta n s e r in  and  

L Y  5 3 8 5 7 , s u g g e s t in g  th a t th e  d is c r im in a t iv e  cu e  is  5 - H T 2A re c e p to r -  

m e d ia te d . R e c e n t d a ta  s h o w  th a t th e  p o te n c y  o f  5 - H T 2 re c e p to r  

a n ta g o n is ts  to  b lo c k  th e  D O M  cue  c o rre la te s  s t r o n g ly  w i t h  th e i r  a f f in i t y  

f o r  th e  5 -H T 2A b u t  n o t  5 -H T 2C b in d in g  s ite  ( F io r e l la  e t a h , 1 9 95 ). I n  

a d d it io n  th e re  is  a s ig n if ic a n t  c o r re la t io n  b e tw e e n  th e  p o te n c y  o f  a w id e  

ra n g e  o f  5 - H T 2 re c e p to r  a g o n is ts  in  th e  D O M  d is c r im in a t io n  m o d e l and  

th e ir  a f f in i t y  f o r  th e  5 -H T 2A b in d in g  s ite  (G le n n o n , 1 9 9 0 ). T h e  n o n -  

s e le c t iv e  5 - H T 2 re c e p to r  a g o n is t , m C P P , a ls o  e v o k e s  a d is c r im in a t iv e  

s t im u lu s  in  ra ts , b u t  th is  appea rs  to  in v o lv e  a d o p a m in e rg ic  m e c h a n is m  

and  n o t 5 -H T 2 o r  o th e r  5 -H T  re c e p to rs  (B o u rs o n  e t a h , 1 9 96 ).

A n  a g o n is t a c t io n  a t 5 -H T 2 re c e p to rs  is  l i k e ly  to  be  in v o lv e d  in  

h a llu c in o g e n ic  m e c h a n is m s  s in ce  th e re  is  a c lo s e  c o r re la t io n  b e tw e e n  th e  

h u m a n  h a llu c in o g e n ic  p o te n c y  o f  5 -H T 2 re c e p to r  a g o n is ts  a n d  th e ir  

a f f in i t y  f o r  th e  5 - H T 2 b in d in g  s ite s  (G le n n o n , 1 9 9 0 ). A l t h o u g h  th is  

c o r re la t io n  f i t t e d  b e s t f o r  th e  5 -H T 2A b in d in g  s ite , 5 -H T 2c s ite s  w e re  a ls o  

s t ro n g ly  c o r re la te d . D e s p ite  th e  la t te r  c o r re la t io n ,  i t  has  b e e n  a rg u e d  th a t  

th e  5 -H T 2C re c e p to r  m a y  n o t be  im p o r ta n t  as m C P P , w h ic h  a c ts  as a 5 -  

H T 2c a g o n is t in  m a n y  m o d e ls  is  n o t an  h a llu c in o g e n  in  h u m a n s . 

H o w e v e r ,  th is  a rg u m e n t is  c o m p lic a te d  b y  th e  fa c t  th a t  m C P P  has 5 -H T 2A 

re c e p to r  a n ta g o n is t p ro p e r t ie s  in  som e  m o d e ls . C u r r e n t ly  th e re  is  

c o n s id e ra b le  in te re s t in  th e  ro le  o f  th e  5 -H T 2A re c e p to r  in  a n t ip s y c h o t ic  

d ru g  a c t io n . T h is  in te re s t is  ba sed  o n  m a n y  f in d in g s  in c lu d in g  th e  

r e la t io n s h ip  b e tw e e n  5 -H T 2A re c e p to r  and  h a llu c in o g e n s  d is c u s s e d  a b o v e ; 

a lso  c lo z a p in e , o la n z e p in e  and  o th e r  a ty p ic a l a n t ip s y c h o t ic  d ru g s  h a ve  

h ig h  a f f in i t y  f o r  th e  5 -H T 2A b in d in g  s ite  e .g . (L e y s e n  e t a h , 1 9 9 3 ) , a n d  th e
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e v id e n c e  o f  an  a s s o c ia t io n  b e tw e e n  s c h iz o p h re n ia  a n d  t re a tm e n t o u tc o m e  

a nd  c e r ta in  p o ly m o r p h ic  v a r ia n ts  o f  th e  5 -H T 2A re c e p to r  (B u s a t to  a n d  

K e rw in ,  1 9 9 7 ). M o re o v e r ,  s e le c t iv e  5 -H T 2A re c e p to r  a n ta g o n is ts  

( e s p e c ia l ly  M D L  1 0 0 9 0 7 )  a p p e a r to  be  a c t iv e  in  a n im a l m o d e ls  p re d ic t iv e  

o f  a ty p ic a l a n t ip s y c h o t ic  a c t io n  (K e h n e  e t a h , 1 9 96 ). W h e th e r  s e le c t iv e  5 -  

H T 2A re c e p to r  a n ta g o n is ts  a re  as c l in ic a l ly  e f fe c t iv e  as a n t ip s y c h o t ic s  

c o m p a re d  to  th e  a v a ila b le  m ix e d  5 -H T 2:d o p a m in e  re c e p to r  a n ta g o n is ts  

(e .g . s e r t in d o le , r is p e r id o n e )  is  c le a r ly  a c r i t ic a l  q u e s t io n . F in a l ly ,  o th e r  

re spon se s  to  5 -H T 2 re c e p to r  a g o n is ts  th a t m a y  be  m e d ia te d  b y  th e  5 -H T 2A 

re c e p to r  in c lu d e  h y p e r th e rm ia  (G u d e ls k y  e t a l. ,  1 9 8 6 ), a nd  

n e u ro e n d o c r in e  re spo n se s  s u ch  as in c re a se d  s e c re t io n  o f  c o r t is o l ,  A C T H ,  

r e n in  a n d  p r o la c t in  (e .g . F u l le r ,  1996 ; V a n  de  K a r  e t a h , 1 9 96 ). T h e  

fu n c t io n a l e f fe c ts  a s s o c ia te d  w i t h  a c t iv a t io n  o f  c e n tra l 5 - H T 2A re c e p to rs  

are  s u m m a r iz e d  in  T a b le  [2 -2 ] ,
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Table [2 - 1 ]  A f f i n i t y  (pA n ) o f  v a r io u s  l ig a n d s  fo r  5 -H T 2 re c e p to rs

5 - H T 2 A 5 -H T 2B 5 -H T 2C
5 -H T 2a  re c e p to r  
S p ip e ro n e 8 .8 5 .5 5 .9
M D L  100  9 0 7 9 .4 n .d . 6 .9
K e ta n s e r in 8 .9 5 .4 7 .0
5 -H T 2b re c e p to r  
5 -M e O T 7 .4 a 8 .8a 6 .2 a
a -M e th y l - 5 -H T 6 .1 a 8 .4a 7 .3 a
S B  2 0 4 4 7 4 1 B 5 .3 7 .8 B 6 .0
B W  7 2 3 C 8 6 B 5 .4 a 7 .9 a B 6 .9
5 -H T 2C re c e p to r  
S B  2 4 2 0 8 4 6 .8 7 .0 9 .0
R S - 102221 6 .0 6.1 8 .4
R O  6 0 -0 1 7 5 6 .0 5 .8 8 .8
5 -H T 2B:2c 
re c e p to rs  
S B  2 0 0 6 4 6 A 5 .2 7 .5 6 .9
m C P P 6 .7 7 .4a 7 .8
S B  2 0 6 5 5 3 5 .8 8 .9 7 .9
N o n -s e le c t iv e  
L Y  5 3 8 5 7 7 .3 8 .2 8.1
IC I  1 70809 9.1 n .d . 8 .3
R ita n s e r in 8 .8 8.3 8 .9
M ia n s e r in 8.1 7 .3 8 .0
D O I 7 .3a 7 .4a 7 .8 a

a p E C 5 0  v a lu e  f o r  a g o n is t. 5 -M e O T , 5 -m e th o x y t r y p ta m in e ;  n .d . ,  n o t  

d e te rm in e d . D a ta  w e re  ta k e n  f r o m  B a x te r  e t a l. ( 1 9 9 5 )  w i t h  a d d it io n s  

f r o m  B o n h a u s  e t a l. (1 9 9 7 ) ,  M i l la n  e t a l. ( 1 9 9 7 )  a n d  K e n n e t t  e t a l. 
(1 9 9 6 a ,b , 1 9 9 7 a ,b ) .
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Table [2-2] S u m m a ry  o f  th e  fu n c t io n a l re spo n se s  a s s o c ia te d  w i t h  

a c t iv a t io n  o f  th e  b r a in  5 -H T 2A re c e p to r

Level Response Mechanism
C e l lu la r P h o s p h a t id y l in o s it id e  tu r n o v e r P o s t

E le c t r o p h y s io lo g ic a l N e u ro n a l d e p o la r is a t io n P o s t

B e h a v io ra l H e a d  tw i t c h  (m o u se ) P o s t

W e t  d o g  shake  ( ra t) P o s t

H y p e r th e rm ia P o s t

D is c r im in a t iv e  s t im u lu s P o s t

N e u ro c h e m ic a l N o ra d re n a lin e  re le a se P o s t

N e u ro e n d o c r in e C o r t is o l P o s t

A C T H P os t
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Behavioral Studies of 5-HT2A Receptor in Pain

S e v e ra l s tu d ie s  s h o w e d  th e  c o n tro v e rs ia l ro le s  o f  5-HT2A re c e p to r  

in  p a in fu l  s ta te . F ro m  th e  s tu d ie s , th e re  m a y  c la s s ify  th e  p a in fu l  c o n d i t io n  

in to  2 m o d e ls  as in f la m m a to r y  a n d  n e u ro p a th ic  p a in  m o d e ls .

Inflammatory Pain Models

I n  y e a r  2 0 0 1 , K jo r s v ik  e t a l. re p o r te d  th a t  a c t iv a t io n  o f  s p in a l  

s e ro to n in 2A/2c re c e p to r  ( 5 -H T 2A/2c re c e p to r )  a u g m e n ts  n o c ic e p t iv e  
re spo n se  in  th e  ra ts . T h e y  u se d  fo rm a l in  te s t to  d e te rm in e  th e  e f fe c t  o f  5 -  

H T 2A/2C a g o n is t , ( + ) - l - 2 - ( 2 ,  5 - d im e th o x y - 4 - io d o p h e n y l) - 2  a m in o p ro p a n e  

(D O I ,  0 .01  m M  in  15 p i )  o r  a n ta g o n is t, k e ta n s e r in  0 .1 r a M  in  15 p i.  T h e y  

fo u n d  an  in c re a s e d  o f  b o th  e a r ly  and  la te  phase  o f  fo rm a l in  in v o lv e  p a in ­

l ik e  b e h a v io r  in  D O I  t re a tm e n t , w h i le  k e ta n s e r in  t re a tm e n t s u p p re sse d  

th o se  b e h a v io rs . T h e re fo re , th e y  su g ge s te d  th a t 5 -H T 2A/2c re c e p to r  

in c re a se s  th e  s p in a l a f fe re n t n o c ic e p t iv e  im p u ls e  in d u c e d  b y  p e r ip h e ra l 

in f la m m a t io n .
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Figure [2-7] T h e  e f fe c t  o f  5 -H T 2A a g o n is t ( D O I )  o r  a n ta g o n is t  

(K e ta n s e r in )  o n  fa v o r in g  a n d  l i f t i n g  b e h a v io rs  in  fo rm a l in  te s t.
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I n  a d d it io n ,  O k a m o to  e t a l. ,  (2 0 0 2 )  in v e s t ig a te d  th e  e f fe c t  o f  

p e r ip h e ra l in f la m m a t io n  o n  th e  th e rm a l h y p e ra lg e s ia  a n d  th e  r o le  o f  5 -  

H T 2a  re c e p to r  in  in f la m m a to r y  p a in  c o n d it io n .  T h e  c o m p le te  F re u n d ’ s 

a d ju v a n t ( C F A )  w a s  in t r o d u c e d  in to  h in d  p a w . T h e  p a w  w ith d r a w a l te s t  

w a s  c o n d u c te d  f o r  18 d a ys . I t  w a s  fo u n d  th a t th e  o ra l a d m in is t r a t io n  o f  5 -  

H T 2a  re c e p to r  a n ta g o n is t ; S a rp o g re la te  H C 1  c o u ld  re d u c e  th e  d if fe re n c e  

o f  th e  p a w  w i th d r a w a l la te n c y  b e tw e e n  th e  h in d  l im b s .

o นิ cท

2

เ­
อ
-1
-2

-3
-4

CFA injection

๐นิ ô)
c(น
$ร  -5-
ร  -6 .

-7-
- 8 -

-9-

Sarpogrelate HCl 10 mg/kg 
+ CFA (ท=9)
Sarpogrelate HCl 1 mg/kg 
+ CFA (ท=9)
Vehicle + CFA (ท=9)

-2 -1 10 11 12

Day after CFA injection

F ig u r e  [2 - 8 ]  T h e  e f fe c t  o f  5 -H T 2A re c e p to r  a n ta g o n is t , S a rp o g re la te  H C 1 , 

o n  th e rm a l h y p e ra lg e s ia  u s in g  th e  p a w  w ith d r a w a l te s t a f te r  C F A - in d u c e d  

p e r ip h e ra l in f la m m a t io n .
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Neuropathic Pain Models

I t  w a s  fo u n d  th e  c o n tro v e rs ia l ro le  o f  5 -H T 2A re c e p to r  in  

n e u ro p a th ic  p a in  c o n d it io n .  O b a ta  e t a l. ( 2 0 0 1 )  u se d  th e  c h r o n ic  s p in a l 

n e rv e  l ig a t io n  as a m o d e l o f  n e u ro p a th ic  p a in . T h e  V o n  F re y  h a ir  te s t w a s  

p e r fo rm e d  to  d e te rm in e  th e  re spon se  o f  th e  m e c h a n ic a l th re s h o ld . T h is  

te s t r e f le c te d  th e  a l lo d y n ie  c o n d i t io n  o f  th e  a n im a ls . T h e  s p in a l n e rv e s  

( L 5 - L 6 )  w e re  l ig a te d  f o r  10 days . T h e y  fo u n d  th a t  in t r a th e c a l ly  

a d m in is t r a t io n  o f  D O I  (1 0 -1 0 0  p g )  in c re a se d  th e  m e c h a n ic a l th re s h o ld  in  

dose  d e p e n d e n t m a n n e r.

DOI

Figure [2 -9 ]  T h e  e f fe c t  o f  D O I ,  5 -H T 2A a g o n is t o n  m e c h a n ic a l th re s h o ld  
in  V o n  F re y  h a ir  te s t a f te r  th e  c h ro n ic  n e rv e  l ig a t io n .
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M o re o v e r ,  O k a m o to  e t a l. ,  (2 0 0 2 )  a ls o  p e r fo rm e d  th e  c h ro n ic  

c o n s t r ic t io n  in ju r y  (C C I ) - in d u c e d  n e u ro p a th ic  c o n d i t io n  to  in v e s t ig a te  th e  

e f fe c t  o f  p e r ip h e ra l in f la m m a t io n  o n  th e  th e rm a l h y p e ra lg e s ia  a n d  th e  ro le  

o f  5-HT2a re c e p to r . T h e y  fo u n d  th a t S a rp o g re la te  HC1 fa i le d  to  a lte r  th e  

p a w  w i th d r a w a l la te n c y  b e tw e e n  th e  h in d  l im b s . T h e y  s u g g e s te d  th a t 5 -  

HT2a r e c e p to r  d oes  n o t  h a v e  a ro le  in  th e rm a l h y p e ra lg e s ia  in  n e u ro p a th ic  

p a in  c o n d it io n .

C C I su rge ry

F ig u r e  [2 - 1 0 ]  T h e  e f fe c t  o f  S a rp o g re la te  H C 1 , 5 -H T 2A a n ta g o n is t o n  th e  

th e rm a l h y p e ra lg e s ia  u s in g  p a w  w ith d r a w a l te s t a f te r  th e  c h ro n ic  
c o n s t r ic t io n  in ju r y  m o d e l.
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Behavioral Models of Nociception

T h e  s tu d y  o f  p a in  in  a w a ke  a n im a ls  ra is e s  e th ic a l,  p h i lo s o p h ic a l,  

a nd  te c h n ic a l p ro b le m s . P h i lo s o p h ic a l ly ,  th e re  is  th e  p r o b le m  th a t p a in  

c a n n o t be  m o n ito r e d  d i r e c t ly  in  a n im a ls , b u t  c a n  o n ly  e s t im a te  b y  

e x a m in in g  th e i r  re spon se s  to  n o c ic e p t iv e  s t im u l i ;  h o w e v e r , su ch  

re spon se s  d o  n o t  n e c e s s a r ily  m e a n  th a t th e re  is  a c o n c o m ita n t  se n sa tio n .  

T h e  ty p e s  o f  n o c ic e p t iv e  s t im u l i  ( e le c t r ic a l ,  th e rm a l,  m e c h a n ic a l,  o r  

c h e m ic a l)  th a t  h a v e  b e en  u se d  in  d i f fe r e n t  p a in  m o d e ls  a re  a c c e p te d  th a t  

n o n e  is  id e a l ( L e  B a rs  e t a l., 2 0 0 1 )  H o w e v e r  c h e m ic a l s t im u l i  p r o b a b ly  

m o s t c lo s e ly  m im ic  a c u te  c l in ic a l  p a in .

B e h a v io ra l s tu d ie s  o f  p a in  a re  d is t in g u is h e d  in to  th e  s t im u lu s  and  

th e  re spo n se . C h e m ic a l s t im u la t io n  in v o lv in g  th e  a d m in is t r a t io n  o f  

a lg o g e n ic  a g e n t re p re se n ts  a s lo w  o r  v e r y  s lo w , fo rm  o f  s t im u la t io n .  In  

th is  re s p e c t, c h e m ic a l s t im u l i  a re  c le a r ly  d i f fe r e n t  f r o m  o th e r  fo rm s  o f  

s t im u la t io n .  T h e y  are  p ro g re s s iv e , a re  o f  lo n g e r  d u ra t io n ,  a n d  h a v e  an  

in e s c a p a b le  c h a ra c te r  o n ce  th e y  h a ve  been  a p p lie d . A s  a re s u lt ,  t y p ic a l  

r e f le x e s  w h ic h  n e ce s s ita te  a m in im u m  le v e l o f  s y n c h ro n iz a t io n  o f  a c t iv i t y  

in  p r im a r y  a f fe re n t ,  a re  n o t  p ro d u c e d  b y  th e se  s t im u l i  (  G i lc h r is t  e t a l ,  
1996 ; Y e o m a n s  e t a l ., 1 9 96 )

T h e  re sp o n se s  o f  th e  s t im u l i  a re  w id e  s p e c tru m  ra n g in g  due  to  th e  

o p t im u m . T h e  ra n g in g  a re  f r o m  th e  m o s t e le m e n ta ry  re f le x e s  to  fa r  m o re  

in te g ra te d  b e h a v io rs  s u ch  w o u n d  l ic k in g ,  escape  o r  a v o id a n c e . I n  a lm o s t  

e v e ry  case , i t  is  a m o to r  re spo n se  th a t is  m o n ito re d .

T h e  m e a s u re m e n ts  o f  p a in  le v e l m a y  be  c la s s if ie d  in to  tw o  m a jo r  

g ro u p s ; u se  o f  s h o r t - d u ra t io n  s t im u l i  (P h a s ic  p a in )  a n d  o f  lo n g -d u ra t io n  

s t im u l i  ( T o n ic  p a in ) .  T h e  P h a s ic  p a in  is  c o m m o n ly  u se d , a n d  ca n  be  

c la s s if ie d  b y  th e  n a tu re  o f  th e  s t im u lu s , be i t  th e rm a l,  m e c h a n ic a l,  o r  

e le c t r ic a l.
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The Test Based on the Short-duration stimuli

I n  th is  c h a p te r , i t  o n ly  m e n t io n e d  th e  te s t b a se d  o n  th e  th e rm a l  

s t im u l i .  T h e  te s t b a se d  o n  th e  u se  o f  th e rm a l s t im u l i  a re  w id e ly  u sed . In  

te s ts  in v o lv in g  th e rm a l s t im u l i ,  i t  is  a lw a y s  th e  s k in  th a t  is  s t im u la te d .  

T he se  te s ts  d o  n o t  in v o lv e  v is c e ra l o r  m u s c u lo s k e le ta l t is s u e s . H o w e v e r ,  

i t  is  im p o r ta n t  th a t r a d ia n t h e a t a ls o  s t im u la te s  th e rm o - re c e p to r ,  a n d  th a t, 

c o n s e q u e n t ly , th e  a p p l ic a t io n  o f  a ra m p e d  th e rm a l s t im u lu s  w i l l  r e s u lt  in  

an  o rg a n iz e d  a n d  u n a lte ra b le  sequence  o f  a c t iv a t io n ,  n a m e ly  th e rm o ­

re c e p to rs , th e n  th e rm o - re c e p to r  p lu s  n o c ic e p to rs , th e n  n o c ic e p to r s  a lo n e ,  

and  f in a l ly  ( p o s s ib ly )  n o c ic e p to rs  p lu s  “ p a ra d o x ic a l c o ld ”  re c e p to rs  (L e  

B a rs , 2 0 0 1 )  F ig u re  [2 - 3 ]

In  p ra c t ic e ,  th e  a n im a l w ith d ra w s  i t s e l f  q u ic k ly  f r o m  th e  s t im u lu s ,  

and  th e re fo re  o n ly  th e  f i r s t  p a r t  o f  th is  s c e n a r io  ta ke s  p la c e . T h e  so u rc e  o f  

n o c ic e p t iv e  s t im u la t io n  can  be  d is ta n t f r o m  its  ta rg e t (e .g ., r a d ia n t h e a t 

f r o m  a la m p )  o r  ca n  be  in  d ire c t  c o n ta c t w i t h  th e  s k in . R a d ia n t h e a t 

c o n s t itu te s  a r e la t iv e ly  s e le c t iv e  s t im u lu s  f o r  n o c ic e p to rs  a n d  has an  

a d va n ta g e  o v e r  th e  o th e r  m o d e s  o f  th e rm a l s t im u la t io n  in  th a t i t  p ro d u c e s  

n o  ta c t i le  s t im u lu s .

T h re e  te s ts  b a sed  o n  th e rm a l s t im u l i  ( h o t  p la te , t a i l  f l i c k  a n d  p a w  

w ith d ra w a l te s t)  a re  w e l l- k n o w n .  T h e  s u ita b le  te s t f o r  p e r ip h e ra l  

in f la m m a to r y  p a in  m o d e l is  p a w  w ith d r a w a l te s t w h ic h  w a s  a d a p te d  f r o m  

th e  t a i l - f l i c k  te s t.
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c  warm c- polymoda! r«c*t>!Offc n&àkxptom

F ig u r e  [2 - 1 1 ]  D ia g ra m m a t ic  re p re s e n ta t io n  o f  th e  a c t iv i t y  e v o k e d  in  

c u ta n e o u s  re c e p to rs  b y  d i f fe r e n t  te m p e ra tu re s  a p p lie d  to  th e  s k in  (H e n s e l,  

1973 ; D u c la u x  a n d  K e n s h a lo , 1 9 80 ; M e y e r  e t a l ., 1 9 94 ; T re e d e  e t a l ,  
1 9 95 ). W h e n  th e  te m p e ra tu re  is  g r a d u a lly  in c re a s e d  f r o m  th e  n o rm a l  

v a lu e  fo r  th e  s k in  (a ro u n d  30°c w i t h  an  a m b ie n t te m p e ra tu re  o f  2 0 °C )  to  

w i th in  th e  n o x io u s  ra n g e , th e re  is  a su c ce s s iv e  a c t iv a t io n  o f  th e rm o ­

re c e p to rs  a n d  th e n  C -  a n d  A  - p o ly m o d a l n o c ic e p to rs . A t  th e  h ig h e s t  

te m p e ra tu re s , h ig h - th r e s h o ld  m e c h a n o - re c e p to rs  a n d  c o ld  re c e p to rs  a re  

a ls o  a c t iv a te d . O n  th e  b a s is  o f  th e  re c ru i tm e n t o f  th e se  d i f fe r e n t  re c e p to rs ,  

fo u r  s u c c e s s iv e  p e r io d s  s h o w n  in  A ,  B , a n d  c ca n  be  d e f in e d : 1) th e rm o ­

re c e p to rs ; 2 )  th e rm o - re c e p to rs  and  C -p o ly m o d a l n o c ic e p to rs ; 3 )  C -  a n d  A  

- p o ly m o d a l n o c ic e p to rs ; a n d  4 ) p o ly m o d a l n o c ic e p to rs , h ig h - th r e s h o ld  

m e c h a n o re c e p to rs , a n d  c o ld  re c e p to rs .

In  1941 D ’ A m o u r  a n d  S m ith  a p p lie d  th e rm a l r a d ia t io n  to  th e  ta i l  o f  

an  a n im a l a n d  i t  p r o v o k e d  th e  w ith d ra w a l o f  th e  t a i l  b y  a b r ie f  v ig o ro u s  

m o v e m e n t. T h is  m e th o d  w a s  m o d if ie d  b y  H a rg re a v e s  a n d  c o -w o rk e rs  in  

1988 . H id e  p a w s  o f  th e  a n im a ls  w e re  u se d  in s te a d  o f  th e  ta i l .  T h is  te s t  
o ffe r s  th e  a d v a n ta g e  th a t i t  does n o t in v o lv e  th e  p re -e m in e n t o rg a n  o f  

th e rm o re g u la t io n  in  ra ts  a n d  m ic e , i.e . th e  ta i l .  O n e  c a n  im p ro v e  th e  te s t 

b y  m in im iz in g  v a r ia t io n s  in  th e  b a s e lin e  te m p e ra tu re  o f  th e  s k in  

(G a lb ra i th  e t a h , 1 9 93 ; D i r ig  e t a h , 1 997 ). W i t h  th e  a im  o f  s tu d y in g
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h y p e ra lg é s ie  p h e n o m e n a  r e s u lt in g  f r o m  in f la m m a t io n ,  H a rg re a v e s  e t a l. 

(1 9 8 8 )  h a d  an  in s p ir e d  id e a  f o r  s u p p le m e n t in g  th e  m o d e l o f  R a n d a l l a n d  

S e lit to  (1 9 5 7 ) : r a d ia n t  h e a t w a s  a p p lie d  to  a p a w  th a t h a d  a lre a d y  b e en  

in f la m e d  b y  a s u b c u ta n e o u s  in je c t io n  o f  c a r ra g e e n in . F o r  th is  p u rp o s e ,  

in f la m m a t io n  c a n  a lso  b e  p ro d u c e d  b y  e x p o s u re  to  u l t r a v io le t  ra y s  

(P e rk in s  e t a h , 1 9 9 3 ). O n e  a d va n ta g e  in  th e se  te s ts  is  th a t  h e a t is  a p p lie d  

( to  th e  p la n ta r  s u r fa c e  o f  th e  fo o t )  o f  a f r e e ly  m o v in g  a n im a l.  H o w e v e r ,  

th e re  is  a d is a d v a n ta g e  in  th a t th e  p o s it io n  o f  th e  le g  b e c o m e s  a fa c to r  

s in c e  th e  b a c k g ro u n d  le v e l o f  a c t iv i t y  in  th e  f le x o r s  v a r ie s  w i t h  th e  

p o s i t io n  o f  th e  a n im a l.

Y e o m a n s  a n d  P r o u d f i t  (1 9 9 4 , 1 9 96 ) and  Y e o m a n s  e t a l. (1 9 9 6 b )  

s tu d ie d  th e  w i th d r a w a l o f  th e  h in d  p a w  in  th e  a n e s th e t iz e d  ra t a n d  cam e  

to  th e  f o l lo w in g  c o n c lu s io n s : w h e n  th e  h e a t in g  s lo p e  is  s teep  ( 6 .5 ° c /s ) ,  

th e  p a w  w i th d r a w a l r e a c t io n  t im e  is  s h o r t a n d  th e  s k in  s u r fa c e  

te m p e ra tu re  re a ch e s  a h ig h  le v e l,  s u g g e s t in g  A  f ib e rs  a re  a c t iv a te d ; w h e n  

th e  h e a t in g  is  s lo w  ( l ° c / s ) ,  th e  re a c t io n  t im e  is  lo n g e r  a n d  s k in  

te m p e ra tu re  in c re a se s  le ss , a c t iv a t in g  o n ly  c  f ib e rs . M o rp h in e  is  fa r  m o re  

a c t iv e  in  th e  s e c o n d  th a n  in  th e  f i r s t  o f  these  te s ts  ( L u  e t a l., 1 9 97 ).
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The Test Based on the Long-duration stimuli

Basically, these tests involve using an irritant, algogenic chemical 
agent as the nociceptive stimulus. They differ from the vast majority o f 
other tests in that they abandon the principle o f determining the 
nociceptive threshold and involve a quantitative approach to the behavior 
observed after the application o f a stimulus with a potency that is going to 
vary with time. They can be thought o f as a kind o f model for tonic pain. 
However, they are not models for chronic pain because their duration is 
only in the order o f some tens o f minutes.

The main types o f behavioral test based on such stimuli use 
intradermal or intraperitoneal injections. The use o f intra-arterial or 
intradental bradykinin is less common (Guzman et al., 1964; Deffenu et 
al., 1966; Lim  and Guzman, 1968; Foong et a l, 1982), although 
intracapsular (jaw) injections o f algogenic substances have also been used 
recently in pharmacological studies o f pain in nonbehavioral models in 
which the animals are anesthetized (Broton and Sessle, 1988; Yu et al., 
1994, 1995, 1996). In addition, there are behavioral tests that use the 
intracapsular administration of urate crystals, Freund’s adjuvant, or 
carrageenin, but these are related to models o f chronic inflammatory pain 
(Okuda et al., 1984; Otsuki et al., 1986; Coderre and W all, 1987; Butler 
et al., 1992; Tonussi and Ferreira, 1992).

The most commonly used substance for intradermal injections is 
formalin (the “ formalin test” ). The term fo rm a lin  usually means a 37% 
solution o f formaldehyde.

Less commonly used are hypertonic saline (Lewis and Kellgren, 
1939; Hwang and Wilcox, 1986), ethylene diamine tetra-acetic acid 
(Teiger, 1976), Freund’s adjuvant (Iadarola et al., 1988), capsaicin 
(Sakurada et al., 1992), and bee sting (Larivie're and Melzack, 1996).
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Other substances have been tested but w ith less success (Wheeler-Aceto 
et ah, 1990).

A 0.5 to 15% solution o f formalin injected into the dorsal surface 
o f the rat forepaw provokes a painful behavior that can be assessed on a 
four-level scale related to posture: 0, normal posture; 1, with the injected 
paw remaining on the ground but not supporting the animal; 2, with the 
injected paw clearly raised; and 3, with the injected paw being licked, 
nibbled, or shaken (Dubuisson and Dennis, 1977). The response is given 
a mark, and the results are expressed either continuously per unit o f time 
or at regular time intervals when several animals are observed 
sequentially (Abbott et ah, 1999). Each level on this scale can be 
weighted to optimize the test (Coderre et al., 1993; Abbott et al., 1995; 
Watson et al., 1997). This method has also been used in the mouse, cat, 
and monkey (Dubuisson and Dennis, 1977; Alreja et ah, 1984; Hunskaar 
et a l, 1985; Murray et al., 1988; Tjolsen et al., 1992). The measured 
parameter can also be the number o f licks or twitches o f the paw per unit 
o f time (Wheeler-Aceto and Cowan, 1991), the cumulative time spent 
biting/licking the paw (Sufka et ah, 1998), or even a measure o f the 
overall agitation o f the animal obtained by a strain gauge coupled to the 
cage (Jett and Michelson, 1996). Such specific behaviors resulting from 
an injection o f formalin can be captured automatically by a camera 
attached to a computer; in this way, the effects o f a pharmacological 
substance on such motor activity can be identified, analyzed, and 
uncoupled from antinociceptive effects (Jourdan et al., 1997). This test 
has been adapted for use in the trigeminal region (Clavelou et ah, 1989, 
1995).

In the rat and the mouse, intraplantar injections o f formalin 
produce a biphasic behavioral reaction. This behavior consists o f an 
in itia l phase, occurring about 3 min after the injection, and then after a
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quiescent period, a second phase between the 20th and 30th minutes. The 
intensities o f these behaviors are dependent on the concentration o f 
formalin that is administered (Rosland et al., 1990; A loisi et al., 1995; 
Clavelou et al., 1995). The first phase results essentially from the direct 
stimulation o f nociceptors, whereas the second involves a period o f 
sensitization during which inflammatory phenomena occur. The central 
or peripheral origin o f this second phase has been the subject o f debate 
(Tjolsen et al., 1992). For some, the second phase results from central 
processes triggered by the neuronal activation during the first phase 
(Coderre et al., 1993). However, this hypothesis seems unlikely not only 
because formalin provokes biphasic activity in afferent fibers (McCall et 
a l, 1996; Puig and Sorkin, 1996), but even more so because the blocking 
o f the first phase by substances with rapid actions (e.g., subcutaneous 
lidocaine or intravenous remifentanil) does not suppress the second phase 
(Dallel et al., 1995; Taylor et al., 1995, 1997). Thus, the second phase 
cannot be interpreted as a consequence o f the first; it clearly also 
originates from peripheral mechanisms.

Opioid analgesics seem to be antinociceptive for both phases, 
although the second is more sensitive to these substances. In contrast, 
NSAIDs such as indomethacin seem to suppress only the second phase 
(Hunskaar and Hole, 1987; Shibata et al., 1989; Malmberg and Yaksh, 
1992; Jourdan et al., 1997), especially when the formalin is injected in 
high concentrations (Yashpal and Coderre, 1998).

Another model o f tonic cutaneous pain has been proposed recently. 
This test involves mimicking postoperative pain triggered by a cutaneous 
incision (Brennan et al., 1996; Zahn et al., 1997).
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c-fos as an Indicator of Neuronal Activity

c-fos gene and its product, Fos protein are involved in the signal 
transduction cascade that is responsible for the intracellular changes 
provoked by extracellular events. One possible way o f mechanism is that 
Fos may contribute to long-term modulation o f spinal nociceptive 
processes by involvement in the changes in spinal nociceptive circuits 
that lead to increased sensitivity to noxious stimuli (“ hyperalgesia” ) or 
non-noxious stimuli (“ allodynia” ) (Harris A, 1998).

Neurons expressing c-fos typically locate in laminae I and II, and 
laminae V  and V I o f the dorsal horn, which neurons correspond to the 
terminal fields o f primary nociceptive afferent fibers and to the 
distribution o f noci-responsive neurons. In 1996, Ma and W oolf 
investigated changing in spinal c-fos expression in rats given an injection 
o f CFA. Rats treated with CFA showed pain-related response to non- 
noxious stimuli applied to the injected paw. Interestingly, in treated rats, 
the level and laminar distribution o f c-fos  expression induced by non- 
noxious stimulation was reported to resemble that induced by noxious 
stimuli. In contrast, it was found that analgesic drugs including morphine 
suppressed the expression o f c-fos in spinal cord (Presley et al., 1990). 
From the evidence above, it might claim that c-fos  has a role in spinal 
nociceptive transmission.

To investigate nociceptive processing, studies o f c-fos  expression 
focused on not only spinal cord, but also in the brain. B u llitt (1989) 
examined Fos expression in the brainstem, hypothalamus, and thalamus 
in rats subjected to noxious mechanical stimulation or noxious thermal 
stimulation. It was found that these forms o f noxious stimulation induced 
Fos expression in the dorsal reticular nucleus, central gray, dorsal raphe,
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parabrachial nucleus, inferior colliculus, lateral hypothamus, and the 
midline and intralaminar thalamic nuclei.

Each o f these studies has confirmed the relationship between 
nociception and c-fos  expression, thus adding to the body o f evidence 
establishing (Harris, 1998) this as a valid tool for the study o f the neural 
correlates o f nociception.
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In summary, the following experiments were used three procedures 
to determine the roles o f 5-HT2A receptor in pain pathways.

1. Observed behavioral study
This procedure aims at determining the complex behaviors o f the 

rats. The expression o f those behaviors may implicate the overall 
physiological mechanism.

2. Paw withdrawal test
This procedure aims at determining the spinal reflex. The paw 

withdrawal latency determines the tolerance to noxious heat stimuli.

3. Immunohistochemical Study
This procedure aims at determining the cortical activity. The 

number o f Fos expression may indicate the central sensitization.
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