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ABSTRACT

S p e c i f i c  a n im a l b e h a v io u r a l  m ode ls a re  em ployed to  e v a lu a te  

n e u r o le p t ic s  w h ich  m igh t be u s e f u l  c l i n i c a l l y .  These  d ru g s  a re  

known to  in f lu e n c e  n e u r o t r a n s m is s io n  i n  the  c e n t r a l  n e rvo u s  

sy ste m . The c o n d it io n e d  a v o id a n c e  b e h a v io u r a l  m odel was ch o se n  

a s  a  s u i t a b le  sy s te m  in  w h ich  to  s tu d y  the e f f e c t s  o f  

p s y c h o a c t iv e  d ru g s  on n e u r o t r a n s m it t e r s  in  th e  b r a in .  T h is  s tu d y  

w as d e s ig n e d  to  make co m p a r iso n s  o f  n e u r o t r a n s m it te r  r e le a s e  

p a t t e r n s  i n  b r a in  s u p e r fu s a t e s  fro m  a n im a ls  su b je c te d  to  

d i f f e r e n t  b e h a v io u r a l  s t r a t e g i e s .  T hese  in c lu d e d  n a iv e  r a t s ,  

r a t s  whose b e h a v io u r  had been m o d if ie d  by a v o id a n c e -e sc a p e  

t r a i n i n g  s c h e d u le s ,  and r a t s  whose c o n d i t io n in g  had been  

e x t in g u is h e d  by d ru g  tre a tm e n t.  The d ru g s  ch o se n  f o r  t h i s  s tu d y  

were tra z o d o n e  (100  m g /k g ) and h a lo p e r id o l  (0 .1  m g /k g ) ;  b o th  

e x t in g u is h e d  th e  c o n d it io n e d  re sp o n se  le a v in g  th e  e scap e  re sp o n se  

i n t a c t .

A m o d if ie d  b r a in  s l i c e r  was u se d  to  o b t a in  t i s s u e  from  two 

r e g io n s  o f  the  b r a in  e s t a b l i s h e d  in  r e p o r t s  o f s t e r e o t a x ic  

l e s i o n i n g  e x p e r im e n ts  a s  b e in g  im p l ic a t e d  i n  c o n d it io n e d  

a v o id a n c e  b e h a v io u r .  S u p e r fu se d  s l i c e s  were e l e c t r i c a l l y  

s t im u la t e d  i n  a s p e c i f i c a l l y  d e s ig n e d  cham ber w ith  m ic ro g o ld  

e le c t r o d e s .  N o r a d r e n a l in e ,  dopam ine and d ih y d r o x y p h e n y la c e t ic  

a c id  i n  s u p e r fu s a t e  f r a c t i o n s  were m easured  u s in g  h ig h  

p e rfo rm an ce  l i q u i d  ch ro m ato grap h y  w ith  e le c t r o c h e m ic a l  d e t e c t io n .

E x p e r im e n ts  on s l i c e s  p re lo a d e d  w ith  t r i t i a t e d  dopam ine  

e s t a b l i s h e d  the c o n d i t io n s  f o r  su b se q u e n t s t u d ie s  o f the  r e le a s e  

o f  endogenous n e u r o t r a n s m it t e r s .  A f t e r  s e r i a l  s t im u la t io n  

r e le a s e  o f  the  r a d io l a b e l  was foun d  to  be Ca2+  dependent, a

c r i t e r i o n  f o r  n e u r o t r a n s m is s io n .  T razo d o n e  cau se d  a s i g n i f i c a n t
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in c r e a s e  i n  ^H -dopam ine  r e le a s e d  fro m  th e  s l i c e s  by e l e c t r i c a l  

s t im u la t i o n .  P r e l im in a r y  s t u d ie s  w ith  h a lo p e r id o l  showed a  

d e c re a se  i n  ^H-dopamine r e le a s e .

S t u d ie s  on e l e c t r i c a l l y  s t im u la t e d  r e le a s e  o f  n o r a d r e n a l in e  

and dopam ine from corticolimbic and corticostriatal showed:

1. I n  a l l  b r a in  s l i c e s  -  a s i g n i f i c a n t  in c r e a s e  o v e r  b a s a l  

( n o n - s t im u la t e d )  r e le a s e .

2 . I n  b r a in  s l i c e s  fro m  c o n d it io n e d  r a t s  com pared w ith  b r a in  

s l i c e s  from  n a iv e  r a t s  -  a s i g n i f i c a n t  d e c re a se .

3 . I n  b r a in  s l i c e s  fro m  r a t s  w ith  c o n d i t io n in g  e x t in g u is h e d

( a )  by tra zo d o n e  -  a  s i g n i f i c a n t  in c r e a s e  o v e r  c o n d it io n e d  r a t  

b r a in  r e le a s e  f i g u r e s ,  the  n a iv e  p a t t e r n  was r e - e s t a b l i s h e d .

(b )  by h a lo p e r id o l  -  a s i g n i f i c a n t  r e d u c t io n  in  dopam ine r e le a s e d  

fro m  one o f  th e  r e g io n s  o f  the  b r a in  i n  co m p a r iso n  w ith  the  

c o n d it io n e d  mode.

T h is  s tu d y  i n d ic a t e s  th a t  c o n d i t io n in g  may be c o r r e la t e d  

w it h  ch an ge s i n  dopam ine and n o r a d r e n a l in e  r e le a s e  p a t t e r n s  in  

s p e c i f i c  a re a s  o f  r a t  b r a in .  These  m o d i f ic a t io n s  a p p e a r  to  be 

r e v e r s ib le  by t r a z o d o n e  b u t n o t by h a lo p e r id o l ,  even th o u gh  bo th  

d ru g s  e x t in g u is h e d  the  le a rn e d  r e s p o n se .  I n  the  l i g h t  o f  th e se  

r e s u l t s  p o s s ib le  d i f f e r e n c e s  in  the  m echanism s o f  p s y c h o a c t iv e  

d ru g  a c t io n  a re  d is c u s s e d .
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SECT IO N  1: GENERAL INTRODUCTION

The in t r o d u c t io n  o f  c h lo rp ro m a z in e  in t o  p s y c h ia t r i c  th e ra p y  

was a m ost im p o r ta n t  ad van ce , and r e s u l t e d  i n  th e  deve lopm ent o f  

a w ho le  new e ra  o f  p s y c h o t r o p ic  d ru g s  w h ich  in  tu rn  have  shed  

l i g h t  on a s p e c t s  o f  th e  n e u r o p h y s io lo g y  and p a t h o p h y s io lo g y  o f  

th e  c e n t r a l  n e rvo u s  sy ste m .

The p s y c h o a c t iv e  p r o p e r t ie s  o f  th e se  d ru g s  were te s t e d  u s in g  

s p e c i f i c  a n im a l b e h a v io u r  m ode ls su ch  a s the c o n d it io n e d  

a v o id a n c e  b e h a v io u r a l  sy ste m . T h ese  d ru g s  were su b s e q u e n t ly  used  

i n  c l i n i c a l  t r i a l s  a f t e r  w h ich  th e y  were p r e s c r ib e d  

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

The ad van ce s in  the  u n d e r s t a n d in g  o f the  mode o f a c t io n  o f  

th e se  d ru g s  depended upon th e  d is c o v e r y  o f  n e u r o t r a n s m it t e r s ,  

n e u ro n a l pathw ays and the  e s t a b l is h m e n t  o f  the  sy n a p se  and  

n e u r o t r a n s m is s io n .  T h is  le d  to  th e  i d e n t i f i c a t i o n  o f v e s i c l e s  

and p re  and p o s t  s y n a p t ic  membranes se p a ra te d  by a s y n a p t ic  

c l e f t .  On th e  b a s i s  o f th e  p re se n c e  o f  s y n a p t ic  v e s i c l e s  came 

th e  p r o p o s i t i o n  o f  th e  'q u a n t a l '  a s p e c t  o f t r a n s m it t e r  r e le a s e

i

and th e  mode o f  c h e m ic a l t r a n s m is s io n .  From s t u d ie s  o f s y n a p t ic  

t r a n s m is s io n  e v o lv e d  the  id e a s  o f m o d u la t io n  o f r e le a s e  and the  

su b se q u e n t deve lopm ent o f  th e se  id e a s  by means o f  d r u g s .  I n i t i a l  

s t u d ie s  o f  r e le a s e  m echanism s and the  in f lu e n c e  o f d ru g s  on t h i s  

r e le a s e  were done u s in g  t i s s u e  p re lo a d e d  w ith  r a d io l a b e l le d  am ine  

and  s u b se q u e n t ly  r e le a s e d  u s in g  e l e c t r i c a l  o r  c h e m ic a l s t im u l i .  

From  th e se  s t u d ie s  a ro s e  th e  " r e c e p t o r  b lo c k a d e "  and " c o u p l in g  

b lo c k a d e "  t h e o r ie s  o f  a n t ip s y c h o t i c  d ru g  a c t io n .  W ith  the  

deve lopm ent o f  s e n s i t i v e  te c h n iq u e s  f o r  the  e s t im a t io n  o f 

c a te c h o la m in e s ,  endogenous t r a n s m it t e r  r e le a s e  s t u d ie s  became

p o s s ib le .
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The a im  o f  t h i s  p r o je c t  was to  s tu d y  how c o n d i t io n in g  may be 

c o r r e la t e d  w ith  ch an ge s in  dopam ine and n o r a d r e n a l in e  r e le a s e  

p a t t e r n s  i n  s p e c i f i c  a re a s  o f r a t  b r a in  and how h a lo p e r id o l  and  

tra z o d o n e  may in f lu e n c e  t h i s  r e le a s e .

H i s t o r i c a l  a c c o u n t  o f  p s y c h o a c t iv e  d ru g s

A g e n ts  u se d  i n  th e  tre a tm e n t  o f p s y c h ia t r i c  d i s o r d e r s  a re  

o f te n  d e s c r ib e d  a s  p s y c h o a c t iv e .  P s y c h o a c t iv e  a g e n t s  w h ich  a l t e r  

c e n t r a l  n e rv o u s  sy s te m  (C N S) f u n c t io n  in c lu d e  b o th  p s y c h o to x ic  

and p s y c h o t r o p ic  s u b s ta n c e s .  P s y c h o t o x ic  s u b s ta n c e s  a re  n a t u r a l  

p ro d u c ts  and h e r b a l  e x t r a c t s  u se d  m a in ly  f o r  p le a s u r e  p u rp o se s  

w hereas the  p s y c h o t r o p ic  d ru g s  a re  u sed  f o r  p s y c h ia t r i c  

c o n d i t io n s .  P ro d u c t s  such  a s  o p io id s ,  a lc o h o l ,  c a n n a b is  and 

to b a c c o  form ed p a r t  o f a n c ie n t  f o l k l o r e  in  many p a r t s  o f the  

w o r ld ,  e s p e c i a l l y  w ith  r e s p e c t  to  r e l i g i o u s  p r a c t ic e s .  These  

su b s ta n c e s  had l im i t e d  t h e r a p e u t ic  u se  u n t i l  re c e n t  t im e s .  Over  

1500 compounds h ave  been d e s c r ib e d  p r im a r i l y  a s  p s y c h o a c t iv e  

(U s d in ,  1 97 8 ).

The u se  o f  p s y c h o a c t iv e  d ru g s  by many d i f f e r e n t  c u l t u r e s  

go e s  back  in t o  a n c ie n t  t im e s .  F o r  exam ple, som a, w h ich  i s  a 

h a l lu c in o g e n ic  fu n g u s ,  h as  been t r a c e d  back  to  th e  t im e s  o f the  

e a r l i e s t  A ry a n  in v a d e r s  o f  In d i a ,  and i s  r e p e a te d ly  r e fe r r e d  to  

i n  th e  V ed as w h ich  a re  r e l i g i o u s  H in d u  w r i t i n g s  com posed between  

th e  15th  and 5 th  c e n t u r ie s  B .C .  A ld o u s  H u x le y  (1 9 3 2 ),  in  h i s  

book B ra v e  New W o r ld ,  g iv e s  th e  name soma to  h i s  f i c t i o n a l  

' s o c i a l *  d ru g  o f  th e  f u t u r e .  C a n n a b is  can be t r a c e d  back  a t  

l e a s t  8000 y e a r s ,  and co ca  le a v e s  were foun d  i n  th e  e a r ly  mummy 

b u n d le s  i n  P e ru . Com m enting on The O d y sse y , presum ed to  be 

w r i t t e n  by Homer i n  900 B . C . ,  b o th  Sch m e id e be rg  (1 9 1 8 ) and Lew in  

(1920 ) b e l ie v e  t h a t  the d r in k  H e le n  gave  to  T e le m ach u s, 

P e i s i s t r a t u s  and M e n e la u s  in  S p a r t a ,  c o n ta in e d  opium . The d r in k



was g iv e n  i n  o rd e r  to  a l l e v i a t e  a sa d  and s o r r o w fu l  a tm o sp h e re ,  

engendered  d u r in g  d i s c u s s i o n s  a b o u t O d y sse u s, who had f a i l e d  to  

r e t u r n  fro m  th e  T r o ja n  w ar. Homer d e s c r ib e s  i t  a s  f o l lo w s :

"Then H e le n , d a u g h te r  o f  Z e u s ,  to o k  o th e r  c o u n s e l.  

S t r a ig h t a w a y  she  c a s t  i n t o  th e  w ine  o f  w h ich  th e y  were 

d r in k in g  a d ru g  to  q u it  a l l  p a in  and s t r i f e ,  and b r in g  

f o r g e t f u ln e s s  o f e v e ry  i l l .  Who so  sh o u ld  d r in k  t h i s  

down, when i t  i s  m in g le d  in  th e  bow l, w ou ld  not in  the  

c o u rse  o f  th a t  day l e t  a t e a r  f a l l  down o v e r  h i s  

ch e e k s, no , n o t th ou gh  h i s  m other and f a t h e r  sh o u ld  l i e  

th e re  dead , o r  th o u gh  b e fo re  h i s  fa c e  men s h o u ld  s l a y  

w ith  the  sw ord  h i s  b ro th e r  o r  d ea r  son , and h i s  own 

eyes b e h o ld  i t . "  Homer, The O d y sse y  IV ,  2 2 0 -2 2 3 .

T r a n s la t e d  by A. T . M u rra y .

M an drak e , an a l k a l o id  o f  th e  S o la n a c e a e  p la n t  f a m i ly ,  i s  a 

p s y c h o a c t iv e  a g e n t  w h ich  i n  l a r g e  d o se s  cau se d  m e n ta l 

a b e r r a t io n s ,  bu t i n  s m a l l  d o se s  was u sed  to  combat d e p r e s s iv e  

s t a t e s  w ith  s u i c i d a l  te n d e n c ie s  and fo rm s o f m otor  

h y p e r e x c i t a b i l i t y .  F o r  th e se  re a so n s  M andrake  was th o u gh t to  be 

a "d r u g  f o r  i n s a n i t y " .  Homer a l s o  d e s c r ib e s  a n o th e r  d ru g  w h ich  

Lew in  (1 9 2 0 ) b e l ie v e s  to  be the  m andrake ro o t  (m a n d r a g o r a ) . The 

go d s  a re  s a id  t o  have  se n t  Herm es (A r g e ip h o n te s )  w ith  the m agic  

d ru g  to  p r o t e c t  O d y sse u s  a g a in s t  C i r c e .  O d y sse u s  d e s c r ib e s  the  

e ven t a s

" . . .  So  s a y in g ,  A r g e ip h o n te s  gave  me the  h e rb , d ra w in g  

i t  fro m  th e  g ro u n d , and sh o w in g  me i t s  n a tu re .  A t the  

ro o t  i s  was b la c k ,  but i t s  f lo w e r  was l i k e  m i lk .  M o ly  

th e  g o d s  c a l l  i t ,  and i t  i s  h ard  f o r  m orta lm en  to  d ig ;  

b u t w ith  the  go d s a l l  t h in g s  a re  p o s s i b l e . "  Homer, The 

O d ysse y  X , 3 0 2 -3 0 7 . T r a n s la t e d  by A. T .M u rra y .
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The u se  o f  p s y c h o a c t iv e  d ru g s  e v o lv e d  a lo n g  two p a th w ays.

The f i r s t  was in  th e  u se  o f  th e  d ru g  to  m o d ify  n o rm a l b e h a v io u r  

and to  p rod uce  a l t e r e d  s t a t e s  o f  f e e l i n g  f o r  r e l i g i o u s ,  

c e re m o n ia l o r  r e c r e a t io n a l  p u rp o s e s .  The se co n d  was to  a l l e v i a t e  

m e n ta l i l l n e s s .  I n  1845, M oreau  de T o u rs  s u g g e s t e d  th a t  h a s h is h  

i n t o x i c a t i o n  p ro v id e d  a m odel p s y c h o s i s  u s e f u l  in  the  s tu d y  o f  

i n s a n i t y .  I t  was t h i r t y  y e a r s  l a t e r  th a t  F reud  s u g g e s te d  the  

p o t e n t i a l  u se  o f  c o c a in e  in  p h arm aco th e rap y . Soon  a f t e r  F r e u d 's  

s tu d y  w ith  c o c a in e ,  K r a e p e l in  foun ded  the  f i r s t  l a b o r a t o r y  o f  

c l i n i c a l  p sy c h o p h a rm a c o lo gy  i n  D o rp a t ,  where he e v a lu a te d  

p s y c h o lo g ic a l  e f f e c t s  o f  d ru g s  in  man. Sen  & B o se  (1931 )  

p u b l is h e d  the  f i r s t  re p o r t  on the  use  o f  R a u w o lf ia  s e r p e n t in a  in  

th e  t re a tm e n t  o f  i n s a n i t y .  T h is  was fo l lo w e d  by  th e  use  o f 

i n s u l i n  sh o c k  i n  1933, le p t a z o l - in d u c e d  c o n v u ls io n s  in  1934, and 

e le c t r o c o n v u l s iv e  th e ra p y  i n  1937 f o r  th e  tre a tm e n t o f b o th  

d e p r e s s io n  and s c h iz o p h r e n ia .  I n  1938 H offm an  s y n t h e s is e d  

l y s e r g i c  a c id  d ie t h y la m id e  (L S D ) and d is c o v e r e d  i t s  

p s y c h o a c t i v i t y  i n  1943 when he happened to  in h a le  some.

H i s t o r i c a l  p rece d en ce  w ith  r e s p e c t  to  th e  a n t ip s y c h o t i c s  

sh o u ld  be g iv e n  t o  th e  u se  o f  th e  R a u w o lf ia  p la n t  in  the  

tre a tm e n t o f  i n s a n i t y  (S e n  & B o se ,  1 9 3 1 ). The a c t i v e  p r in c ip l e ,  

r e s e r p in e ,  was e x t r a c t e d  from  R a u w o lf ia  s e r p e n t in a ,  and f i r s t  

used  i n  a  c l i n i c a l  t r i ^ l  by K l i n e  (1 9 5 8 ).  P u re  r e s e r p in e  was 

l a t e r  s y n t h e s i s e d  by R . B. Woodward in  the  U n ite d  S t a t e s .  

R e se rp in e ^  i n  i t s  a b i l i t y  to  d e p le te  m onoam ines from  v e s i c u la r  

s t o r a g e  s i t e s  i n  n e u ro n s , e x e r t s  a n t ip s y c h o t i c  e f f e c t s  w h ich  a re  

weak and o f t e n  a s s o c ia t e d  w ith  se v e re  s id e  e f f e c t s  w h ich  in c lu d e  

e x c e s s iv e  s a l i v a t i o n ,  d ia r r h o e a  and s e d a t io n .

I n  1893, A u g u s t  H e in r ic h  B e rn th se n  s y n t h e s i s e d  

p h e n o th ia z in e ,  o r  th io d ip h e n y la m in e ,  by h e a t in g  d ip h e n y la m in e  

w ith  s u lp h u r ,  an  e ve n t t h a t  was d e s t in e d  to  r e v o lu t i o n i s e



p s y c h ia t r y .  A bout th e  same tim e  in  189b, E m il  K r a e p e l in  a s  c i t e d  

by C a ld w e l l  (1978 ) d e f in e d  the  p s y c h ia t r i c  syndrom e w h ich  he 

c a l l e d  'd e m e n t ia  p r a e c o x ' and  w h ich  i s  now c a l l e d  s c h iz o p h r e n ia .  

P h e n o th ia z in e  was th e  p r o g e n i t o r  o f a g rou p  o f  d ru g s  th a t  have  

s in c e  been d e m o n stra te d  t o  be o f  v a lu e  in  th e  tre a tm e n t o f  

s c h iz o p h r e n ia ,  e s p e c i a l l y  c h lo rp ro m a z in e .

P r i o r  to  the  s y n t h e s i s  o f  c h lo rp ro m a z in e ,  p ro m e th az in e , (a n  

a n t ih i s t a m in e )  was in t r o d u c e d  in t o  s u r g e r y  i n  1949, by L a b o r i t  a s  

a centrally acting autonomic drug to mitigate against shock. in 

1950, P a u l  C h a r p e n t ie r  s y n t h e s i s e d  c h lo rp ro m a z in e ,  57 y e a r s  a f t e r  

B e rn th se n  f i r s t  s y n t h e s i s e d  p h e n o th ia z in e .  P a u l  C h a r p e n t ie r  se n t  

sa m p le s  o f  c h lo rp ro m a z in e  to  the  p h a r m a c o lo g is t  Simone 

C o u r v o i s ie r .  C o u r v o i s ie r ,  F o u rn e l,  D u c ro t ,  K o ls k y  & K o e t s c h e t ,

(1 9 5 3 ) p u b l is h e d  a  paper on the  d ru g  l i s t i n g  an  am az in g  number o f 

a c t i o n s ,  i n c lu d in g  g a n g l i o l y t i c ,  a d r e n o ly t ic ,  a n t i f i b r i l l a t o r y , 

a n t io e d e m a to u s , a n t i p y r e t i c ,  a n t i s h o c k ,  a n t ic o n v u ls a n t ,  

a n t ie m e t ic  and th e  i n h i b i t i o n  o f  c o n d it io n e d  r e f le x e s .  L a b o r i t ,  

H uguenard  & A lluaum e  (1 9 5 2 ) a s  c i t e d  by C a ld w e l l  (1 9 7 8 ),  n o te d  

t h a t  c h lo rp ro m a z in e  by i t s e l f  d id  n o t ca u se  a l o s s  o f  

c o n s c io u s n e s s  but p roduced  o n ly  a ten den cy  to  s le e p  and a marked  

la c k  o f  i n t e r e s t  i n  what was g o in g  on. These  c e n t r a l  e f f e c t s  

became known a s  " a t a r a c t i c "  m ean in g  u n tro u b le d  o r  n e u r o le p t ic ,  a 

te rm  in t r o d u c e d  i n  the  e a r ly  1 9 5 0 's  by D e la y  & D e n ik e r ,  n e u ro n ,  

m ean in g  n e rve , and l e p s i s ,  m ean ing s e iz u r e .  L a b o r i t ,  Hamon,

P a r a in e  and  V e l lu z ,  a t  a m e e t in g  o f  th e  S o c ie t e  

M e d ic o -P s y c h o lo g iq u e  in  P a r i s  i n  1952, d e s c r ib e d  the  b e n e f i c i a l  

e f f e c t s  o f  c h lo rp ro m a z in e  i n  a m an ic  p a t ie n t  (Sw aze y, 1 97 8 ).

T h is  was fo l lo w e d  by a r e p o r t  by D e la y  & D e n ik e r ,  (1 9 5 2 ) a s  c i t e d  

by B a ld e s s a r i n i  (1 9 8 0 ) on th e  tre a tm e n t o f  m e n ta l i l l n e s s  by 

c h lo rp ro m a z  i n e .

I n  th e  y e a r s  t h a t  fo l lo w e d  th e  d is c o v e r y  o f  c h lo rp ro m a z in e ,

16
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many s t r u c t u r a l  a n a lo g u e s  s i m i l a r  to  c li lo rp ro m a z in e  were 

s y n t h e s i s e d .  They were f i r s t  t e s t e d  u s in g  a n im a l b e h a v io u r  m odel 

s y s te m s ,  and s u b s e q u e n t ly  i n  c l i n i c a l  t r i a l s  a f t e r  w h ich  they  

were p r e s c r ib e d  t h e r a p e u t ic a l l y .  P a r t i c u l a r l y  im p o r ta n t  in  t h i s  

r e g a r d  i s  th e  w ork o f  J a n s se n  w o rk in g  i n  B e lg iu m  in  the  1 9 5 0 's  

w ith  a grou p  o f  p e t h id in e  a n a lo g u e s  in  the hope o f d e v e lo p in g  an 

im proved  a n a l g e s i c  a g e n t .  He fo u n d  th a t  p ro p io p h e n o n e s  had  

a n a l g e s i c  e f f e c t s ,  bu t the  a d d i t io n  o f  one m eth y len e  gro u p  

produced  a b u tyrop h e n on e  w ith  q u it e  un expected  n e u r o le p t ic  and 

a n a l g e s i c  e f f e c t s  i n  a n im a ls .  M o d i f i c a t i o n  o f the  b u tyrop h e n on e  

s t r u c t u r e  le d  to  th e  deve lopm ent o f  a n e u r o le p t ic  w ith  p o te n cy  

s i m i l a r  to  th e  p ip e r a z in e  p h e n o th ia z in e s  o r  th io x a n t h e n e s . I n  

1958 th e  f i r s t  o f  th e se  p r o d u c t s ,  h a lo p e r id o l ,  became a v a i l a b le  

i n  c l i n i c a l  p s y c h ia t r y  (J a n s s e n  & Van  B e v e r, 1 9 7 8 ).

A n im a l m od e ls f o r  s c r e e n in g  d ru g s

S in c e  th e  a d v e n t o f  n e u r o le p t ic s ,  s e v e r a l  a tte m p ts  have  been  

made in  the  f i e l d  o f  p sy c h o p h a rm a c o lo g y , to  f in d  a s p e c i f i c  

a n im a l m odel o f  hum an p s y c h o s i s ,  w h ich  w ou ld  f u n c t io n  b o th  a s  a 

r e l i a b l e  p r e d ic t o r  o f  n e u r o le p t ic  a c t i v i t y  and a s  a t o o l  to  

f u r t h e r  o u r u n d e r s t a n d in g  o f th e  mode o f a c t io n  o f p s y c h o a c t iv e  

d r u g s .  N e e d le s s  to  sa y  such  a  b e h a v io u r a l  m odel h as not been  

fo u n d . P sy c h o se s  can  m a n ife s t  th e m se lv e s  by d is t u r b a n c e s  in  

in t e r p e r s o n a l  r e l a t i o n s h ip s ,  i n t e r n a l  c o n f l i c t ,  a n x ie t y  and  

d e p r e s s io n  o f t e n  r e v e a le d  o n ly  th ro u g h  v e r b a l iz a t i o n .  Such  

e s s e n t i a l  c h a r a c t e r i s t i c s  o f  human m e n ta l d is e a s e  can n o t be 

re p ro d u ce d  i n  a n im a ls .  How ever, th e re  e x i s t  s e v e r a l  a n im a l t e s t s  

w h ich  a re  u sed  to  s c re e n  f o r  p o t e n t i a l  n e u r o le p t ic  a c t i v i t y .

Once th e  p r o p e r t ie s  o f  the  d ru g  have  been e s t a b l i s h e d  in  a n im a l 

t e s t s ,  new s t r u c t u r a l l y  a n a lo g o u s  com pounds w ith  s i m i l a r  a c t io n s

can  be s y n t h e s i s e d .  Such  a n im a l t e s t s  in c lu d e  i n h i b i t i o n  o f



c o n d it io n e d  a v o id a n c e  r e s p o n s e s ,  i n h i b i t i o n  o f  e x p lo r a t o r y  

b e h a v io u r ,  i n h i b i t i o n  o f  e le c t ro e n c e p h a lo g ra m  (EEG ) a r o u s a l ,  

a n ta g o n is m  o f  b r a in  dopam ine, n e u r o le p t ic - in d u c e d  c a t a le p s y ,  

p t o s i s  and s e d a t io n  (J a n s s e n  & Van  B e v e r , 1 9 7 8 ). A lth o u g h  the  

s tu d y  o f  th e  a c t io n  o f  d ru g s  on a n im a l b e h a v io u r  h a s  not y ie ld e d  

much e n lig h te n m e n t  w ith  r e s p e c t  to  th e  mode o f a c t io n  o f d ru g s  in  

ab n o rm a l human b e h a v io u r ,  su ch  s t u d ie s  have le d  to  s c r e e n in g  

p ro c e d u re s  f o r  s e le c t i o n  o f  d ru g s  i n  the  tre a tm e n t o f  m e n ta l 

i l l n e s s .

The b e h a v io u r a l  e f f e c t s  o f p s y c h o a c t iv e  d ru g s  a re  s t u d ie d  

u s in g  te c h n iq u e s  b a se d  on c o n d it io n e d  r e a c t io n s .  T hese  

te c h n iq u e s ,  a lth o u g h  o r i g i n a l l y  d e r iv e d  from  P a v lo v 's  c l a s s i c a l  

e x p e r im e n ts ,  do no t con fo rm  to  the  o r i g i n a l  w ith  re g a rd  to  

s t im u l i  p re se n te d  and re s p o n se s  e l i c i t e d .  The s c r e e n in g  

p ro ce d u re  m ost commonly u sed  f o r  the  e v a lu a t io n  o f  n e u r o le p t ic  

d ru g s  h a s  been the  c o n d it io n e d  a v o id a n c e  b e h a v io u r a l  m odel (p81  

o f  t h i s  t h e s i s ) .

N e u ro n s, n e u r o t r a n s m it t e r s  and  t h e i r  pathw ays

A dvan ce s i n  ou r u n d e r s ta n d in g  o f the  mode o f  a c t io n  o f such  

d ru g s  was dependent upon i n s i g h t  in t o  how the  b r a in  w orked. The 

d is c o v e r y  o f  n e u r o t r a n s m it t e r s ,  the  m app ing o f  the  n e u ron s  

c o n t a in in g  them, fo l lo w e d  by an a p p r e c ia t io n  o f  th e  im p o rta n ce  o f 

th e  sy n a p se ,  l a i d  the  fo u n d a t io n  f o r  p r o g r e s s  in  our  

u n d e r s t a n d in g  o f  n e u r o le p t ic  d ru g  a c t io n .  The d is c o v e r y  o f th e se  

n e u r o t r a n s m it t e r s  was due to  th e  deve lopm ent o f v e ry  s e n s i t i v e  

and s p e c i f i c  h is t o c h e m ic a l  f lu o r e s c e n c e  te c h n iq u e s  u sed  f o r  the  

d e m o n s t ra t io n  o f  the  e x is t e n c e  o f  dopam ine (D A ) ,  n o r a d r e n a l in e  

(N A) and 5 -h y d ro x y tr y p ta m in e  (5 -H T ) i n  th e  CNS. T h is  te c h n iq u e  

was in t r o d u c e d  in t o  n e u ro c h e m is try  by F a lc k  (1 9 6 2 ).  The method  

i s  b a sed  on th e  p r in c ip l e  th a t  am in es can  be t r a n s fo rm e d  in t o

18
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i n t e n s e ly  f lu o r e s c e n t  i s o q u in o l in e  d e r i v a t i v e s  by c o n d e n sa t io n  

w ith  fo rm a ld e h yd e  g a s .

The dopam ine r e a c t io n  w ou ld  b e : -

D O P A M IN E

+  H CH O  --------- ^

+  F O R M A L D E H Y D E — >

+  h 2 o

6. 7. Dihydroxy 1. 2, 3,4-tetrahydrcMSoquinoline

Using the Falck and Hillarp technique (Falck, Hillarp,

Thiem e & T o rp ,  1 9 6 2 ), D a h ls t r o m  & Fuxe  (1964 ) fo u n d  th a t  nerve

c e l l  b o d ie s  i n  the  low er b ra in s te m , c o n ta in e d  low  c o n c e n t r a t io n s

o f  c a te c h o la m in e s  and 5 -H T . The c e l l  c y to p la sm

f lu o r e s c e d  w e a k ly ,  p r i n c i p a l l y  in  th e  p e r in u c le a r  zone . The

n e rve  c e l l  b o d ie s  gave  r i s e  to  t h in  u n m y e lin a te d  f i b r e s  w h ich

d iv id e d  in t o  f in e  t e r m in a l  b ra n c h e s  on r e a c h in g  the  a re a  o f  the

brain to be innervated. The fluorescence in terminals was

c o n c e n tr a te d  in  s m a l l  e n la rg e m e n ts  o f the  t e r m in a l  b ra n ch e s

$

c a l l e d  ' v a r i c o s i t i e s ' ;  th e se  a l s o  o c c u r  on th e  axon  i t s e l f .  From  

e v id e n c e  p ro v id e d  by m ic r o s c o p ic  s t u d ie s ,  am in es were shown to  be 

p re s e n t  i n  g r a n u le s  o r  v e s i c l e s  i n s id e  th e  v a r i c o s i t i e s  (p 2 8 ).  

D a h ls t r o m  & Fuxe (1 9 64 ) d e s c r ib e d  the  d i s t r i b u t i o n  o f  

c a te c h o la m in e  neu ron  g ro u p s  and c l a s s i f i e d  them p r im a r i l y  on the  

b a s i s  o f  t o p o g r a p h ic a l  and m o r p h o lo g ic a l  e v id e n c e ,  in t o  tw e lv e  

g ro u p s ,  d e s ig n a t e d  A l - 1 2 .  These  c e l l  g ro u p s  o c c u r  in  the  m e d u lla  

o b lo n g a ta ,  p o n s, m e se n ce p h a lon , c a u d a l th a lam u s and m e d io b a sa l  

h y p o th a la m u s. L a t e r  two neuron  g ro u p s  A13 and A14 were foun d .

A13 in  the  zona in c e r t a  and the  c a u d a l h yp o th a lam u s (F u xe ,

H o k fe lt  & U n g e r s t e d t ,  1 9 6 9 ), and A14 i n  th e  p e r i v e n t r i c u la r  g ra y



m a tte r  o f  th e  a n t e r io r  h y p o th a lam u s and p r e o p t ic  r e g io n s  

(B jo r k lu n d  & N o b in , 1 97 3 ).

Using the Falck & Hillarp technique alone, it was not 

possible to localise low levels of catecholamines in the axons.

I n  o rd e r  to  t r a c e  c a te c h o la m in e s  in  a x o n s, m e c h a n ic a l (Anden, 

D a h ls t r o m , Fuxe, L a r s s o n ,  O lso n  & U n g e r s te d t ,  1966) and c h e m ic a l  

l e s i o n i n g  s t u d ie s  u s in g  6 -h yd ro x yd o p am in e  (U n g e r s t e d t ,  1971) had  

to  be a p p l ie d .  R e s u l t s  from  th e se  s t u d ie s ,  to g e th e r  w ith  the  

F a lc k  & H i l l a r p  te c h n iq u e ,  p ro v id e d  c o a r s e  p ic t u r e s  o f  c h e m ic a l  

p ath w ays in  the  i n t a c t  a n im a l.

W ith  the  in t r o d u c t io n  o f  the  im m u n o h is to ch e m ica l te c h n iq u e s

o f  G e f fe n ,  L i v e t t  & R u sh  (1 9 6 9 ) i t  became p o s s ib le  to

d i f f e r e n t i a t e  betw een dopam ine, n o r a d r e n a l in e ,  and 5HT a t  the

c e l l u l a r  l e v e l ,  and to  t r a c e  t h e i r  pathw ays a lo n g  t h e i r  e n t i r e

le n g t h  i n  th e  i n t a c t  a n im a l.  The im m u n o h is to ch e m ica l te c h n iq u e

b ase d  on the  a b i l i t y  o f  a n t ib o d y  m o le c u le s  to  b in d  s p e c i f i c

s u b s ta n c e s  ( a n t ig e n s )  in v o lv e d  th e  u se  o f  a n t ise ru m  a g a in s t  the

c a te c h o la m in e  b io s y n t h e t i c  enzyme d o p am in e -|3 -h yd ro xy la se  (D|3H)

and the adrenergic vesicle protein chromagranin. Thus, neurons

which contain only tyrosine hydroxylase and aromatic L-amino acid
. amine

d e c a r b o x y la s e  but n o t DpH and p h e n y le th a n o ]£ -N -m e th y lt ra n s fe ra se  

(PNMT) p ro b a b ly  r e p r e s e n t  DA n e u ro n s. I f ,  in  a d d i t io n ,  the  

n e u ro n s  c o n t a in  D|3H b u t n o t PNMT th e  n e u ron s p ro b a b ly  c o n t a in  NA 

a s  th e  t r a n s m it t e r .  I f  th e  n e u ron s c o n t a in  a l l  the  fo u r  enzymes 

i n  th e  c a te c h o la m in e  s y n t h e s i s  th e  neuron  p r o b a b ly  c o n t a in s  

a d r e n a l in e .  T h is  te c h n iq u e  a llo w e d  a more p r e c i s e  

n e u ro a n a to m ic a l i d e n t i f i c a t i o n  o f m on oam in e rg ic  c e l l  b o d ie s  and 

t h e i r  f i b r e  t r a c t s  th an  the  c o n v e n t io n a l  h is t o c h e m ic a l  

t e c h n iq u e s .

A r e l a t i v e l y  new te c h n iq u e  f o r  m o r p h o lo g ic a l  i d e n t i f i c a t i o n  

and m app in g  o f  t r a n s m i t t e r  s p e c i f i c  n e u ro n a l sy s te m s h as been the



a u t o r a d io g r a p h ic  te c h n iq u e  (H o k f e lt  & L ju n g d a h l,  1 9 7 1 ). I t  i s  

b ase d  on the  f i n d in g  th a t  one o f  the  b io c h e m ic a l ly  s p e c i a l i s e d  

p r o p e r t ie s  o f  a c a t e c h o la m in e r g ic  neuron  i s  i t s  a b i l i t y  to  

s e l e c t i v e l y  ta k e  up the  t r a n s m it t e r  su b s ta n c e  by means o f  a 

s p e c i f i c  h i g h - a f f i n i t y  t r a n s p o r t  m echanism . T h is  te c h n iq u e  has  

been rev iew ed  by Iv e r s e n  (1 9 7 8 ).

The d a ta  on th e  n o r a d r e n e r g ic  and d o p a m in e rg ic  n e u ro n a l  

path w ays d e s c r ib e d  be low  have  been b a sed  on use  o f  th e  

im m u n o h is to ch e ra ica l te c h n iq u e  (G e f fe n  e t a l ,  1969; l l o k le l t ,  Fuxe 

& G o ld s t e in ,  1975) a u t o r a d io g r a p h ic  t r a c in g  s t u d ie s  ( H o k f e l t  & 

L ju n g d a h l,  1971) and in fo r m a t io n  d e r iv e d  u s in g  th e  fo rm a ld e h yd e  

and g l y o x y l i c  a c id  f lu o r e s c e n c e  te c h n iq u e s  ( F a ic k  e t a l ,  1962; 

L i n d v a l l  & B j o r k lu n d ,  1974) i n  c o m b in a t io n  w ith  l e s i o n i n g  s t u d ie s  

(Anden  e t a l ,  1 9 6 6 ).

F ig u r e  1 show s th e  a s c e n d in g  f o r e b r a in  dopam ine n e u ro n a l  

sy s te m s .  N eu ron s w h ich  s y n t h e s i s e  dopam ine a re  foun d  in  the  

m e se n ce p h a lo n , th e  d ie n c e p h a lo n  and th e  te le n c e p h a lo n .  The  

m e se n c e p h a lic  d o p a m in e rg ic  c e l l s  have  been d e s c r ib e d  a s fo rm in g  

th re e  c e l l  g r o u p s ,  A8, A9 and A10. The c e l l s  o f  th e  A8 g ro u p  a re  

lo c a t e d  in  the  m e se n c e p h a lic  r e t i c u l a r  fo r m a t io n .  T h is  g ro u p  

m erges v e n t r o m e d ia l ly  w ith  th e  A9 g ro u p ,  foun d  i n ’th e  zona  

com pacta  p a r t  o f  th e  s u b s t a n t ia  n i g r a .  The A10 gro u p  i s  l im i t e d  

v e n t r a l l y  by th e  in t e r p e d u n c u la r  n u c le u s .  D o p a m in e rg ic  c e l l  

g ro u p s  A l l ,  A12, A13 and A14 have  been re c o g n is e d  in  th e  

d ie n c e p h a lo n  (B j o r k lu n d  & N o b in ,  1 9 7 3 ). C e l l s  o f  th e  A l l  g ro u p  

a re  lo c a t e d  i n  th e  c a u d a l h y p o th a la m ic  p e r i v e n t r i c u la r  r e g io n ,  

d o r s a l  t o  th e  i n f u n d ib u l a r  n u c le u s ,  w h ich  c o n t a in s  m ost o f  the  

c e l l s  o f  the  A12 g ro u p . Group A13 i s  lo c a te d  in  th e  zona  

i n c e r t a ,  w hereas th e  A14 g ro u p  c o n s t i t u t e  a r o s t r a l  c o n t in u a t io n  

o f  th e  A12 g ro u p . The d o p a m in e rg ic  c e l l s  in  the o u te r  zone o f  

the  o l f a c t o r y  b u lb  a re  d e s ig n a te d  A15.
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Saggital representation of the principal dopamine (DA) 

pathways in the rat brain
(M o d if ie d  f ro m  U n ge rsted t, 1971 )

F IG  1: Show s th e  n i g o s t r i a t a l  p a th w ays ( - )  fro m  th e  s u b s t a n t ia
n i g r a  ( c e l l  b o d ie s  A8 and  A 1 0 ).  The m e so lim b i?  p a th w ays ( -------)
o r i g i n a t e  fro m  th e  A10 c e l l  b o d y . The " s h o r t "  t u b e r o -  
i n f u n d ib u la r  DA n e u ro n s ( . . . . )  have  t h e i r  c e l l  b o d ie s  in  th e  
a r c u a te  n u c le u s  (A 12 ) in  th e  h y p o th a la m u s. (T ak e n  from  L i v e t t ,  

1973)

FlG. Saggital representation of the rat brain, showing the principal 
ascending and descending N A  pathways

Locus
cooruleus

F IG  2: Shown a re  th e  c e l l  b o d ie s  in  th e  lo c u s  c o e r u le u s  (A 6)
g i v i n g  r i s e  t o  p a th w ays ( ----- ) i n n e r v a t in g  th e  c o r t i c a l  r e g io n s .
The d o r s a l  b u n d le  w h ich  a r i s e s  from  A6 a l s o  in n e r v a t e s  a re a s  o f  
th e  am ygda la  and  a n t e r io r  h y p o th a la m u s, s h o r t  d e sc e n d in g  pathw ay  
in n e r v a t e s  th e  lo w e r  b r a in - s t e m . ( - )  a re  th e  p a th w a ys a r i s i n g  from  
th e  A1 c e l l  g r o u p .  a re  pathw ays fro m  A 5 and  A7 c e l l
g r o u p s .  P a th w ays a r i s i n g  fro m  Ah c e l l  g ro u p  se n d  axo n s to w ard s  
th e  Ao g ro u p . (P h o to g ra p h  ta k e n  from  L i v e t t ,  1973.)
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The A8 and  A9 g ro u p s  g i v e  r i s e  to  a l a r g e  pathw ay th a t  

a sc e n d s  i n  th e  l a t e r a l  h y p o th a la m ic  a re a  from  w here i t s  f i b r e s  

d iv e r g e  d o r s a l l y  and l a t e r a l l y .  T hese  f i b r e s  t r a v e r s e  the  

i n t e r n a l  c a p s u le  and fa n  ou t i n  th e  cau d a te  n u c le u s  and the  

putam en where th e y  form  a d en se  n e tw ork  o f  t e r m in a l s .  T h is  i s  

the  n i g r o s t r i a t a l  d o p a m in e rg ic  s y s t e m . Some o f  the  f i b r e s  o f  

t h i s  sy s te m  a l s o  e n te r  th e  a m y g d a lo id  n u c le u s .  The second  

sy ste m , th e  m e so lim b ic  d o p a m in e rg ic  sy ste m  o r i g i n a t e s  m a in ly  from  

th e  A10 c e l l  g r o u p s .  T h e ir  f i b r e s  a scen d  m e d ia l t o  the  

n i g r o s t r i a t a l  sy ste m  in  the  m e d ia l f o r e b r a in  b u n d le  and a re  

d i s t r ib u t e d  to  th e  f o l l o w in g  t e le n c e p h a l ic  s t r u c t u r e s ;  n u c le u s  o f  

th e  s t r i a  t e r m in a l i s ,  the  o l f a c t o r y  t u b e r c le ,  th e  n u c le u s  

accum bens, th e  l a t e r a l  s e p t a l  n u c le u s  and p a r t s  o f  the  f r o n t a l ,  

c in g u la t e  and e n t o r h in a l  c o r te x .

The t u b e r o - in f u n d ib u la r  d o p a m in e rg ic  sy s te m  i s  the  t h i r d  

d o p a m in e rg ic  sy s te m  w h ich  a r i s e s  from  c e l l s  o f  th e  A12 g ro u p .

The axo n s o f  th e se  c e l l s  p a s s  to  th e  r o s t r o v e n t r a l  p a r t  o f the  

in fu n d ib u lu m  and in n e r v a te  th e  e x t e r n a l  l a y e r  o f  the  m edian  

em inence.

The c e l l s  o f  g ro u p s  A l l ,  A13 and A14 g iv e  r i s e  to  

s h o r t , in t r a d ie n c e p h a l i c  p r o j e c t io n s  w h ich  have  bden d e s ig n a te d  

th e  in c e r t o -h y p o t h a la m ic  d o p a m in e rg ic  sy ste m .

The n o r a d r e n e r g ic  p a th w ays have  been mapped by f lu o r e s c e n c e  

h is t o c h e m is t r y  and by b io c h e m ic a l a n a l y s i s  a f t e r  s e le c t i v e  

l e s i o n s  i n  th e  b r a in  (D a h ls t r o m  & Fuxe, 1964; U n g e r s t e d t ,  1 9 7 1 ).

F ig u r e  2 show s b o th  d e s c e n d in g  and a s c e n d in g  NA p a th w ays.  

There  a re  tw o d e s c e n d in g  p a th w a ys, th e  f i r s t  d e s c e n d in g  NA f i b r e s  

o r i g in a t e  i n  th e  m ost c a u d a l g ro u p  o f  the  c e l l  b o d ie s ,  A l ,  and  

run  down i n  th e  a n t e r io r  and l a t e r a l  f u n i c u l i  to  in n e r v a te  th e  

g ra y  m a tte r  o f  the  s p i n a l  c o rd ,  the  o th e r  d e s c e n d in g  pathw ay  

o r i g in a t e s  i n  th e  A6 lo c u s  c o e r u le u s  neuron  b o d ie s ,  and
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in n e r v a t e s  th e  lo w e r b r a in  stem  n u c le i .

The a s c e n d in g  NA p a th w ays co m p r ise  a d o r s a l  and a v e n t r a l  

bundle o f  a x o n s .  The dorsal bundle originates in Lhe lower locus 

c o e r u le u s  A6 and in n e r v a t e s  th e  c o r te x ,  h ip pocam pus and the  

c e re b e llu m . The v e n t r a l  b u n d le  o r i g in a t e s  in  th e  c e l l  g ro u p s  A 1 , 

A2, A5 and A7 in  the  pons and m e d u lla  o b lo n g a ta  and g iv e s  r i s e  to  

p ath w ays in n e r v a t in g  th e  lo w e r  b ra in ste m , h y p o th a lam u s and l im b ic  

sy ste m . A n o th e r  pathw ay a r i s e s  in  the A4 c e l l  g ro u p  and se n d s  

axo n s to w a rd s  th e  A6 g ro u p . T h ese  axo n s p r o b a b ly  merge w ith  the  

o th e r  a s c e n d in g  axo n s to  p r o v id e  t e r m in a ls  to  th e  m e d ia l b r a in  

stem  and  c e re b e llu m . The e lu c id a t io n  o f  the  m onoam ines and t h e i r  

p a th w ays, was fo l lo w e d  by i n t e n s iv e  s t u d ie s  o n .th e  r o le s  p la y e d  

by th e se  am in es i n  CNS f u n c t io n s .  C o n s id e r a b le  e v id e n c e  h as been  

a ccu m u la te d  i d e n t i f y i n g  th e se  monoam ines a s n e u r o t r a n s m it t e r s  in  

th e  n e rv o u s  sy s te m  ( C a r l s s o n ,  1967; B loom  & G iarraan , 1 96 8 ). The  

i d e n t i f i c a t i o n  and m app in g  o f  th e se  n e u r o t r a n s m it t e r s  le d  to  

q u e s t io n s  c o n c e r n in g  t h e i r  in v o lv e m e n t  in  th e  p r o c e s s  o f  

n e u r o t r a n s m is s io n .

H i s t o r i c a l  co n ce p t o f  c h e m ic a l t r a n s m is s io n

The co n ce p t o f  c h e m ic a l n e u r o t r a n s m is s io n  a s  c i t e d  by 

Von  E u le r  (1 9 8 1 ) d a te s  b ack  to  1877 when Du B o is-R e ym o n d  

e x p re s se d  th e  id e a  t h a t  n e rve  e f f e c t  on m u sc le  was due e i t h e r  to  

a c h e m ic a l s e c r e t io n  o r  e l s e  had to  be e l e c t r i c .  He even  

s u g g e s te d  t h a t  l a c t i c  a c id  and ammonia m igh t f u n c t io n  a s  

n e u r o t r a n s m it t e r s .

I n  1904 E l l i o t t  p ro p o se d  th a t '* a d r e n a l in e  m igh t  th en  be the  

c h e m ic a l s t im u la n t  l i b e r a t e d  on each  o c c a s io n  when the  im p u lse  

a r r i v e s  a t  th e  p e rip h e ry '.’ T h is  p r o p o s a l  was made a s  a r e s u l t  o f  

h i s  s t u d ie s  on the  in n e r v a t io n  o f  the  b la d d e r  and u r e th r a  in  the

c a t .  He foun d  a p a r a l l e l i s m  betw een the  e f f e c t  o f  a d r e n a l in e  and
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s t im u la t i o n  o f  th e  s y m p a th e t ic  n e rv e , t h i s  led  h im  to  s u g g e s t  

th e  id e a  o f  a r e le a s e  o f  a d r e n a l in e  in  the  p e r ip h e ry  a s a r e s u l t  

o f  n e rve  im p u ls e s .

I t  was no t u n t i l  the  c l a s s i c  e x p e r im e n ts  o f  Loew i i n  1921 on 

f r o g  h e a r t s  th a t  th e  co n ce p t o f  c h e m ic a l t r a n s m is s io n  was 

e s t a b l i s h e d .  The e x p e r im e n ts  o f  Loew i (1 9 21 ) d e m o n stra te d  the  

r e le a s e  o f  V a g u s s t o f f  (w h ich  was l a t e r  shown to  be a c e t y l c h o l in e  

[A C H ]) o r  A c c e le r a n s s t o f f  ( l a t e r  shown to  be a d r e n a l in e )  on  

s t im u la t i o n  o f  f r o g  c a r d ia c  n e rv e s  e i t h e r  s lo w ed  o r a c c e le r a t e d ,  

r e s p e c t iv e ly ,  when a d m in is t e r e d  to  a second  i s o l a t e d  f r o g  h e a r t .  

L o e w i 's  fu n d a m e n ta l e x p e r im e n t c o n s is t e d  o f  i s o l a t i n g  h e a r t s  o f  

two f r o g s ,  the  f i r s t  w ith  i t s  n e rv e s  and the  se con d  w it h o u t .  The 

h e a r t s  were th e n  a t ta c h e d  to  S t r a u b  c a n n u la e  f i l l e d  w ith  R in g e r  

s o l u t i o n .  The v a g u s  n e rve  o f  the  f i r s t  h e a r t  was then  

e l e c t r i c a l l y  s t im u la t e d  and th e  R in g e r  s o l u t i o n  th e n  t r a n s f e r r e d  

to  th e  se con d  h e a r t .  T h is  i n  tu rn  s lo w ed  the  beat o f the  secon d  

h e a r t  a s  i f  i t s  v a g u s  had been s t im u la t e d  (due  to  V a g u s s t o f f ) .

An o b j e c t io n  r a i s e d  to  L o e w i 's  exp e rim en t was th a t  in  h i s  

e x p e r im e n ts  b o th  th e  v a g u s  and the  s y m p a th e t ic  n e rv e s  were  

s t im u la t e d ,  y e t  the  r e s u l t  was a s lo w in g  o f the  h e a r t .  The 

re a so n  f o r  t h i s  i s  r e la t e d  to  s e a s o n a l  ch an ge s in  th e  s e n s i t i v i t y  

o f  th e  a m p h ib ia n  h e a r t .  S t im u la t io n  o f  the  v a g o - s y m p a th e t ic  

n e rve  t r a c t  le a d s  to  c a r d ia c  a c c e le r a t io n  o n ly  in  the  s p r in g ,  and  

Loew i made use  o f  t h i s  phenomenon to  d e m o n stra te  in  the s p r in g  o f  

1921 t h a t  th e  f l u i d  w h ich  b ath ed  the  h e a r t  c o n ta in e d  an  

'A c c e l e r a n s s t o f f ' .  I t  i s  im p o r ta n t  to  n o te  th a t  the  f r o g  i s  an  

e x c e p t io n  i n  t h a t  i t  r e le a s e s  a d r e n a l in e  from  sy m p a th e t ic  n e rv e s  

w hereas m ost o th e r  s p e c ie s  r e le a s e  n o r a d r e n a l in e .  I t  was 

d i f f i c u l t  f o r  L o e w i 's  op p o n e n ts  to  b e l ie v e  h i s  s im p le  r e a s o n in g  

t h a t ,  i f  on s t im u la t in g  the  n e rve  the  re sp o n se  o f the  o rg a n  was 

i n h i b i t o r y ,  th e  su b s ta n c e  l ib e r a t e d  was in h ib it o r y ^  w h i le ,  i f  the
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e f f e c t  was e x c i t a t o r y  th e  su b s ta n c e  was e x c i t a t o r y .  The  

i n h i b i t o r y  s u b s ta n c e  V a g u s s t o f f  was l a t e r  shown to  be 

a c e t y l c h o l in e  and A c c e le r a n s s t o f f  was i d e n t i f i e d  a s  a d r e n a l in e .  

T h is  e xp e r im en t became the  fo u n d a t io n  o f  the  th e o ry  o f c h e m ic a l  

t r a n s m is s io n  i n  th e  n e rv o u s  sy ste m .

A prerequisite tor the action oi a chemical neurot ranstiiLLLer 

i s  th e  e x is t e n c e  o f  " r e c e p t o r s "  on th e  r e a c t in g  c e l l s ,  w h ich  a re  

s p e c i f i c  f o r  the  r e le a s e d  t r a n s m it t e r ,  w ith  the  a b i l i t y  to  

t r a n s f e r  th e  c h e m ic a l s i g n a l  to  th e  t a r g e t  c e l l .  The deve lopm ent  

o f  t h i s  co n cep t was due to  L a n g le y 's  w ork on n ic o t in e  ( L a n g le y ,  

1906) From h i s  i n v e s t i g a t i o n s  on th e  e f f e c t  o f  c u ra re  on 

n i c o t i n i c  s t im u la t io n  o f  s k e le t a l  m u sc le  he p o s t u la t e d  a  s p e c i f i c  

r e c o g n i t io n  s i t e  -  th e  " r e c e p t iv e  s u b s t a n c e " ,  th e  o c c u p a t io n  o f  

w h ic h , can  i n i t i a t e  o r  i n h i b i t  r e s p o n s e s ,  by r e s p o n d in g  to  

d i f f e r e n t  ty p e s  o f  m o le c u le s ,  e i t h e r  o f  an e x c i t a t o r y  o r  

i n h i b i t o r y  n a tu re .

I n  o rd e r  to  d i s c u s s  t r a n s m it t e r  a c t io n  a t  th e  m o le c u la r  

l e v e l  the  m orp h o logy  o f  the  sy n a p se  w i l l  be d e s c r ib e d  to g e th e r  

w ith  a d e f i n i t i o n  o f  s y n a p t ic  t r a n s m is s io n .  A d e t a i le d  a n a l y s i s  

o f  th e  sy n a p se  h a s  been done by P ap a s & P u rp u ra  (1 9 7 2 ).  The word  

sy n a p se  was o r i g i n a l l y  u sed  to  mean " th e  s u r f a c e  o f  s e p a r a t io n  

betw een n e u r o n s " ,  ( S h e r r in g t o n ,  1 9 0 6 ). I t  i s  now c le a r  th a t  

th e re  a re  two modes o f  s y n a p t ic  t r a n s m is s io n ;  c h e m ic a l and  

e le c t r o t o n ic .  I t  i s  w e l l  e s t a b l i s h e d  th a t  t r a n s m is s io n  a t  m ost 

s y n a p se s  i n  th e  CNS o f  v e r t e b r a t e s  i s  c h e m ic a l ly  m e d ia te d .  

E le c t r o t o n ic  sy n a p se s  e x h ib i t  two c h a r a c t e r i s t i c s  w h ich  

d i s t i n g u i s h  them m o r p h o lo g ic a l ly  from  c h e m ic a l s y n a p s e s .  F i r s t ,  

th e  s y n a p t ic  c l e f t  o f su ch  s y n a p s e s ,  i f  p r e s e n t ,  i s  v e ry  s m a l l .  

S e c o n d ly ,  th e  a re a  o f c lo s e  a p p o s i t i o n  e x h ib i t s  a sym m e tric  

a p p e a ran ce . In  the  m am m alian CNS th e re  a re  o n ly  a few r e g io n s  a t  

w h ich  e le c t r o t o n ic  s y n a p se s  have  been d e m o n stra te d . One o f th e se
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r e g io n s  i s  th e  m e se n c e p h a lic  t r i g e m in a l  n u c le u s  ( H in r ic h s e n  & 

L a rra m e n d i,  1 9 7 0 ). In  t h i s  t h e s i s  o n ly  c h e m ic a l t r a n s m is s io n  

w i l l  be d is c u s s e d .

A d i s t i n c t  s y n a p t ic  c l e f t  i s  p re se n t  a t m ost c h e m ic a l ly  

t r a n s m i t t in g  sy n a p se s  when v iew ed  under the  e le c t r o n  m ic ro sc o p e .  

T h is  s e p a r a te s  th e  p re  and p o s t  s y n a p t ic  membranes and p r o v id e s  

m o r p h o lo g ic a l  e v id e n c e  f o r  the  p h y s io l o g i c a l  d i s t i n c t i v e n e s s  o f  

p re  and p o s t  s y n a p t ic  e le m e n ts  ( E c c le s ,  1 96 4 ). The p r e s y n a p t ic  

e lem ent c o n t a in s  a number o f s t r u c t u r e s ,  th e se  in c lu d e  g ly c o g e n  

p a r t i c l e s ,  m ito c h o n d r ia  and t u b u la r  e le m en ts o f e n d o p la sm ic  

r e t ic u lu m .  The m ost o u t s t a n d in g  fe a t u r e  o f  th e  p r e s y n a p t ic  

t e r m in a l s  i s  t h a t  th e y  c o n t a in  s y n a p t ic  v e s i c l e s .  These  v e s i c l e s  

a re  c lu s t e r e d  c lo s e  to  th e  p r e s y n a p t ic  membrane. The p r e s y n a p t ic  

com ponent may be an  axon  t e r m in a l  w h ich  sy n a p se s  w ith  a d e n d r ite ,  

c e l l  body o r  an  axo n , th u s  fo rm in g  a x o - d e n d r i t i c ,  a x o -s o m a t ic  or  

a x o -a x o n a l s y n a p s e s .  The axon  need not n e c e s s a r i l y  be the  

p r e s y n a p t ic  com ponent, and i t  i s  p o s s ib le  to  have  

d e n d r o - d e n d r i t ic ,  s o m a t o -d e n d r i t ic  and so m a to -so m a t ic  s y n a p se s .

The p o s t s y n a p t ic  membrane " s e n s e s "  th e  p re se n c e  o f  a 

c h e m ic a l n e u r o t r a n s m it t e r  by means o f  r e c e p to r s  t h a t ,  somehow, 

m o d u la te  i t s  p e r m e a b i l i t y  to  in o r g a n ic  io n s .  The f i r s t  p o s t  

s y n a p t ic  s p e c i a l i s a t i o n  to  be foun d  was d e s c r ib e d  by P a la d e  

(1 9 54 ) and P a la y  (1 9 5 6 ) a s  " l o c a l i s e d  t h ic k e n in g "  o f the  

p o s t s y n a p t ic  membrane. P a la y  (1 9 5 8 ) i l l u s t r a t e s  th a t  su ch  

t h ic k e n in g s  l i e  d i r e c t l y  o p p o s it e  th e  p r e s y n a p t ic  dense  m a t e r ia l  

i n  CNS s y n a p se s  and c o n s id e re d  them to  be p o s t s y n a p t ic  components 

o f  th e  's y n a p t i c  c o m p le x '.  D eeper c y t o p la s m ic  s t r u c t u r e s  a re  

a s s o c ia t e d  w ith  th e  p o s t s y n a p t ic  dense  m a t e r ia l  in  c e r t a in  

s y n a p s e s .  T a x i  (1 9 6 1 ),  w o rk in g  on f r o g  s y m p a th e t ic  n e rve  

s y n a p s e s ,  foun d  a secon d  dense  s t r a tu m  se p a ra te d  from  the  p o s t  

s y n a p t ic  d e n s i t i e s  by w isp y  f i la m e n t o u s  m a t e r ia l .
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I n  d i f f e r e n t  s y n a p se s  the  dense  fu z z  under th e  p o s t s y n a p t ic  

membrane v a r ie s  i n  t h ic k n e s s .  G ray  (1 9 5 9 ),  u s in g  osm ium  

t e t r o x id e  f i x a t i o n  and b lo c k  s t a i n i n g  i n  an e t h a n o l ic  s o lu t i o n  o f  

p h o s p h o t u n g s t ic  a c id ,  no ted  th a t  in  the  c e r e b r a l  c o r te x  the dense  

fu z z  (w h ich  can  be s t a in e d  s e l e c t i v e l y  w ith o u t  s t a i n i n g  the p o s t  

s y n a p t ic  m em brane), under p o s t s y n a p t ic  r e g io n s  i s  t h ic k e r  a t  

p o s t s y n a p t ic  r e g io n s  o f  d e n d r i t i c  s p in e s  th a n  i t  i s  a t  

p o s t s y n a p t ic  s i t e s  on n e u ro n a l c e l l  b o d ie s .  He p ro p o se d  th a t  in  

th e  c e r e b r a l  c o r te x  two ty p e s  o f  s y n a p t ic  com p lexes c o u ld  be 

d i s t i n g u i s h e d  -  Type  1 -  c h a r a c t e r i s e d  by t h i c k  p o s t s y n a p t ic  

den se  m a t e r ia l  t h a t  c o v e r s  a  r e l a t i v e l y  la r g e  a re a  and by a 

r e l a t i v e l y  b ro ad  s y n a p t ic  c l e f t  c o n t a in in g  a p ro m in e n t  

in te r m e d ia te  den se  l i n e ,  and a ty p e  I I  com plex  c h a r a c t e r i s e d  by a 

th in n e r  p o s t s y n a p t ic  dense  m a t e r ia l  c o v e r in g  a r e l a t i v e l y  s m a l l  

a re a  and by a n a rro w e r  s y n a p t ic  c l e f t  w ith o u t  a p rom in en t dense  

l i n e .  The s y n a p t ic  com p lexes on d e n d r i t i c  s p in e s  a re  ty p e  I  and  

th o se  on n e u ro n a l c e l l  b o d ie s  o r  m a in stre am  d e n d r i t e s  a s  type  

I I .  How ever, i n  many r e g io n s  o f  th e  CNS, s y n a p se s  have  s in c e  been  

foun d  w h ich  do n o t f i t  a l l  th e  c r i t e r i a  f o r  ty p e  I  o r  ty p e  I I  

(G ra y  & G u i l l e r y ,  1 9 6 6 ).

V e s i c le s

The p re se n ce  o f  v e s i c l e s  in  th e  p r e s y n a p t ic  t e r m in a l  and the  

d im e n s io n s  o f the  c l e f t  s e p a r a t in g  the  p re  and p o s t  s y n a p t ic  

membranes a t  th e  j u n c t io n a l  r e g io n  were o f  m ost im m ediate  

i n t e r e s t  w ith  r e g a r d  to  c h e m ic a l t r a n s m is s io n .  S j j is t r a n d  (1953 )  

d e s c r ib e d  g r a n u le s  i n  th e  s y n a p t ic  kn o b s o f  th e  g u in e a - p ig  

r e t in a .  P a la d e  (1 9 5 4 ),  P a la y  (1954 ; 1956) and F e rn an d e z -M o ra n  

(1 9 5 7 ) n o te d  th e  p re se n c e  o f v e s i c l e s  in  th e  mam m alian CNS. 

R o b e r t so n  (1 9 56 ) d e s c r ib e d  v e s i c l e s  a t  the  n e u ro m u sc u la r  

ju n c t io n .  The te rm  's y n a p t i c  v e s i c l e s '  was c o in e d  by De R o b e r t is



& B e n n e tt  (1954 ; 1955) s t u d y in g  f r o g  sy m p a th e t ic  g a n g l i a  and 

earthw orm  ne rve  co rd  n e u r o p i l .  The im p l i c a t io n  o f  s y n a p t ic  

v e s i c l e s  i n  th e  t r a n s p o r t  o f a c h e m ic a l t r a n s m it t e r  su ch  a s  

a c e t y l c h o l in e  to  the  p r e s y n a p t ic  membrane was made by De R o b e r t is  

& B e n n e tt  (1 9 5 5 ) and by D e l C a s t i l l o  & K a tz  (1 9 5 5 ) and P a la y  

(1 9 5 6 ).

S y n a p t ic  v e s i c l e s  i n  th e  CNS o f  v e r t e b r a t e s  can  be 

s u b d iv id e d  in t o  a g r a n u la r  and d e n se -c o re d  v a r i e t i e s  ( g r a n u la r ) .  

A g r a n u la r  s y n a p t ic  v e s i c l e s  a re  s p h e r i c a l ,  about 4 0 -5 0  nm in  

d ia m e te r  w ith  a c le a r  c e n t r a l  zone and a re  the  m ost commonly 

e n co u n te re d  v e s i c l e s  in  th e  n e rve  t e r m in a ls  s t u d ie d  in  the  CNS.

Dense  co re  v e s i c l e s  a re  g e n e r a l l y  d iv id e d  in t o  .s m a ll (4 0 -6 0  nm 

d ia m e te r )  and l a r g e  (8 0 -1 0 0  nm d ia m e te r )  and a re  foun d  m a in ly  in  

th e  p e r ip h e r a l  n e rvo u s  sy ste m  (W o lfe ,  P o t t e r ,  R ic h a r d s o n  &

A x e lr o d ,  1962; H o k f e l t ,  1968; T ra n z e r ,  Thoenen, S n ip e s  &

R ic h a r d s ,  1 96 9 ).

The den se  c o re  v e s i c l e s  e n co u n te re d  in  th e  CNS were o f  the  

o rd e r  o f  6 0 -15 0  nm i n  d ia m e te r  ( S o l t e l o ,  197 1 ).

N o r a d r e n a l in e  i s  s t o r e d  i n  l a r g e  dense  co re d  v e s i c l e s  ( l a r g e  

v e s i c l e s )  and s m a l l  dense  co re d  v e s i c l e s  ( s m a l l  v e s i c l e s ) .  L a rg e  

d en se  co re d  v e s i c l e s  were o r i g i n a l l y  i s o l a t e d  fro m  b o v in e  s p le n ic  

n erve  by Von E u le r  & H i l l a r p  (1 9 5 6 ).

S y n t h e s i s  and M e ta b o l is m  o f  C a te c h o la m in e s  in  th e  B r a in

The c a te c h o la m in e s  a re  s y n t h e s i s e d  from  th e  am ino a c id  

L - t y r o s in e .  Once i n s id e  the  neu ron  L - t y r o s in e  i s  h y d r o x y la te d  to  

L -3 -4 -d ih y d r o x y p h e n y la la n in e  (L -D 0 P A ) by t y r o s in e  h y d r o x y la s e ,

(a n  enzyme r e q u i r in g  m o le c u la r  o x yge n , fe r r o u s  io n s  and a 

t e t r a h y d r o p t e r id in e  c o f a c t o r ) .  T h is  i s  the  r a t e - l i m i t i n g  s te p  in  

the  s y n t h e s i s  o f  c a te c h o la m in e s .  L-DOPA  i s  d e c a rb o x y la te d  by 

D0PA d e c a r b o x y la s e  to  dopam ine. N o ra d re n e r g ic  t e r m in a ls  c o n ta in  

dopam ine |3 h y d r o x y la s e  w h ich  c o n v e r t s  dopam ine in t o

29
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n o r a d r e n a l in e .  V a r io u s  m e t a b o l i t e s  a r i s e  from  each  o f  the  

c a te c h o la m in e s  and th e se  a re  form ed in  r e a c t io n s  m e d ia te d  

p r i n c i p a l l y  by two enzym es; monoam ine o x id a se  (MAO) and  

c a t e c h o l-O -m e t h y 1 - t r a n s fe r a s e  (CO M T). F ig u r e  3 show s both  

s y n t h e s i s  and m e ta b o lism  o f  NA and DA.O nce s y n t h e s i s e d ,  the  

c a te c h o la m in e s  a re  s t o re d  in  v e s i c l e s  a t  ne rve  e n d in g s .

D a h ls t r o m  and H a g g e n d a l (1 9 6 6 ),  i n  e s t im a t in g  th e  NA co n te n t  

o f  c e l l  b o d ie s  o f  one p a i r  o f  c e r v i c a l  g a n g l i a  o f  the  c a t ,  and  

th e  NA c o n te n t  o f  th e  a re a  (n e c k  and head t i s s u e )  in n e r v a te d  by 

the  g a n g l i a ,  foun d  the d i s t r i b u t i o n  o f  NA between th e  c e l l  b o d ie s  

and th e  t e r m in a l s  was i n  th e  r a t i o  1 :3 0 0 . The e s t im a t io n  of NA 

c o n te n t  i n  th e  s m a l l  and l a r g e  v e s i c l e s  were b ased  on 

f lu o r o m e t r ic  te c h n iq u e s .

F i l l e n z  (1 9 7 2 ) and F i l l e n z  & P o l l a r d  (1 9 7 6 ),  w o rk in g  on  

d i f f e r e n t  s y m p a th e t ic  n e rve  t e r m in a l s ,  p ro v id e d  e v id e n c e  to  

s u g g e s t  th a t  th e  s m a l l  v e s i c l e s  a re  not a hom ogenous p o p u la t io n .  

T h e ir  s t u d ie s  w ere c a r r ie d  ou t u s in g  d ic h ro m a te  and perm anganate  

o x id a t io n  and th e  q u a n t i t a t i v e  a n a l y s i s  o f the  co re  s i z e  o f th e  

s m a l l  v e s i c l e s  i n  V a r io u s  s y m p a th e t ic  n erve  t e r m in a l s .  In  

s y m p a th e t ic  n e rve  t e r m in a ls  o f  d i f f e r e n t  o r g a n s  ( th e s e  in c lu d e d  

th e  v a s  d e fe r e n s ,  s p le e n  and h e a r t  v e n t r i c l e  o f  the  r a t  ) the  

a u th o r s  foun d  t h a t  the  mean co re  volum e and the  co re  s iz e  

d i s t r i b u t i o n  o f  v e s i c l e s  d i f f e r e d .  F i l l e n z ,  Howe & W est (1976 ) 

a l s o  showed th a t  th e  NA c o n te n t  o f the  v e s i c l e s  in  the  nerve  

t e r m in a l s  o f  th e  r a t  h e a r t ,  f o l lo w in g  i n h i b i t i o n  o f  monoamine 

o x id a s e  and a d m in i s t r a t io n  o f  n o r a d r e n a l in e ,  was r e la t e d  to  the  

co re  s i z e  o f  th e  s m a l l  v e s i c l e s .  T h is  s tu d y  showed th a t  the  

s m a l l  v e s i c l e s  were h e te ro g e n e o u s  w ith  r e s p e c t  to  n o ra d r e n a lin e  

c o n te n t .  I n  a d r e n e r g ic  n e u ro n s , la r g e  den se  co re d  v e s i c l e s  were 

p re s e n t  in  b o th  th e  body o f  th e  axon  and in  the  t e r m in a l s ,  the  

s m a l l  den se  co re d  v e s i c l e s  were foun d  m a in ly  in  th e  te r m in a ls
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(T r a n z e r ,  1 9 7 3 ). The e x a c t  f u n c t io n  o f  the  s m a l l  and la r g e  

v e s i c l e s  i s  no t v e ry  c le a r .  N e ls o n  & M o l l i n o f f  (1 9 76 ) showed 

th a t  la r g e  v e s i c l e s  f u n c t io n  a s  a u x i l i a r y  s t o r a g e  s i t e s .

F i l l e n z  and Howe (1 9 7 1 ) showed th a t  la r g e  and s m a l l  v e s i c l e s  

p a r t i c i p a t e  i n  NA r e le a s e .

About the  same tim e  a s  G r i l l o  & P a la y  (1 9 6 2 ) r e p o r te d  

h e t e r o g e n e it y  o f  NA v e s i c l e s ,  T re n d e le n b u rg  (1 9 6 1 ) in v e s t i g a t e d  

the  sym p ath om im e tic  a c t io n  o f  ty ra m in e .  He foun d  th a t  e l e c t r i c a l  

s t im u la t io n  and ty ra m in e  tre a tm e n t evoked v e ry  s i m i l a r  r e s p o n se s  

i n  c a t  n i c t a t i n g  membrane. P re tre a tm e n t  o f the  a n im a l w ith  

r e s e r p in e  e q u a l ly  red u ce d  th e  re s p o n se s  evoked  by nerve  

s t im u la t io n  o r  ty ra m in e  t re a tm e n t.  He d e c id e d 1 th a t  n erve  

s t im u la t i o n  and ty ra m in e  tre a tm e n t were o p e r a t in g  on the  same NA 

p o o l.  He posed  th e  q u e s t io n  a s  to  why a  r e d u c t io n  o f  the  

re sp o n se  to  ty ra m in e  c o u ld  o n ly  be o b se rve d  a f t e r  pronounced  

d e p le t io n  o f  the  s t o r e s  by r e s e r p in e ,  and p o s t u la t e d  two p o o ls  o f  

NA, one m o b i l i s e d  by r e s e r p in e  (B )  and one much l e s s  a f f e c t e d  

(A ) .

Su b se q u e n t s t u d ie s  o f  C ro u t ,  M u sk in s  & T re n d e le n b e rg  (1 9 6 2 )  

on th e  e f f e c t  o f  ty ra m in e  on g u in e a - p ig  a t r i a  su p p o rte d  

T r e n d e le n b e rg ’ s  w ork . They foun d  th a t  i t  r e q u ire d  o v e r  90% 

d e p le t io n  by r e s e r p in e  o f  th e  NA s t o r e s  o f g u in e a - p ig  a t r i a  

b e fo re  th e  sym p a th o m im e tic  a c t io n  o f  ty ra m in e  on a t r i a  c o u ld  be 

s i g n i f i c a n t l y  re d u ce d . They deduced th e re  were two s t o r e s  o f  NA, 

one o f  w h ich  was im p o r ta n t  f o r  th e  a c t io n  o f  ty ra m in e .

F u rth e rm o re  NA s t o r e s  c o u ld  be r e f i l l e d  by a d d in g  NA to  the  a t r i a  

p r e p a r a t io n s  and th e  a c t io n  o f  ty ram in e  c o u ld  be r e s t o r e d ,  even  

when the  o b se rve d  c o n te n t  o f  NA f o l lo w in g  r e f i l l i n g  was 2 .2%  o f  

n o rm a l.

K o p in ,  B re e se ,  K r a u s s  & W e ise  (1 9 68 ) le n t  f u r t h e r  su p p o r t  to  

t h i s  h y p o t h e s is  w ith  r e s u l t s  o b ta in e d  from  e x p e r im e n ts  on ca t
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s p le e n  p e r fu s a t e  w ith  t y r o s in e  (NA p r e c u r s o r ) .  On r a p id  

s t im u la t i o n  o f  the  s p le n ic  n e rve  the s p e c i f i c  a c t i v i t y  o f the  

*-^C-NA r e le a s e d  in t o  th e  p e r fu s a t e  was foun d  to  be h ig h e r  th an  

t h a t  foun d  i n  th e  s p le e n  t i s s u e ,  s u g g e s t in g  th a t  new ly  

s y n t h e s i s e d  ^ C - N A  was r e le a s e d  from  th e  " a v a i l a b l e "  p o o l.  When 

s p le e n s  were t r e a t e d  w ith  ^H -NA, a f t e r  s t im u la t io n ,  the  s p e c i f i c  

a c t i v i t y  o f  the  r e le a s e d  ^H -N A  was i n i t i a l l y  s i m i l a r  to  th a t  in  

th e  s p le e n ,  s u g g e s t in g  e q u i l i b r a t i o n  w ith  a l l  p o o ls  o f NA. A f t e r  

c o n t in u o u s  n e rve  s t im u la t i o n  how ever, the  s p e c i f i c  a c t i v i t y  o f 

th e  p e r f u s a t e s  f e l l  to  one t h i r d  o f th a t  foun d  in  the  s p le e n ,  

s u g g e s t in g  th a t  th e  im m e d ia te ly  a v a i l a b le  s t o r e s  had been  

d e p le te d .

By  th e  1970s th e  c o n ce p t o f  a s m a l l  r e a d i l y  r e le a s a b le  NA 

p o o l  and a l a r g e  r e s e r v e  p o o l was w e l l  e s t a b l i s h e d .  T h ie r r y ,  

B la n c  & G lo w in s k i  (1 9 7 1 ) i n v e s t i g a t e d  the  p o s s i b i l i t y  th a t  the  

s m a l l  NA p o o l may be com posed o f new ly s y n t h e s i s e d  NA. To t e s t  

t h i s  h y p o t h e s is  th e y  c a r r ie d  o u t a s e r ie s  o f  e x p e r im e n ts .  U s in g  

th e  i n t r a c i s t e r n a l  r o u te  th e y  in j e c t e d  r a t s  w ith  NA and 

t y r o s in e ,  and 5 h oQ rs l a t e r  k i l l e d  the  a n im a ls  and a n a ly s e d  the  

b r a in  s te m s. B o th  s u b s ta n c e s  r e s u l t e d  in  the  same b ip h a s i c  

d is a p p e a ra n c e  o f  th e  l a b e l  fro m  th e  t i s s u e .  P h a se  I  o c c u rre d  

a f t e r  15 -30  m in u te s  and ph ase  I I  a f t e r  180-260  m in u te s .  From  

th e se  d a ta  th e y  p o s t u la t e d  a  s h o r t  l i f e  com partm ent (A ) and a 

lo n g e r  l i f e  com partm ent ( B ) ,  th u s  e v id e n c e  f o r  co m p a rtm e n ta tio n  

i n  th e  b r a in  em erged. I n  f u r t h e r  e x p e r im e n ts  a s t r e s s  o f sh o r t  

d u r a t io n  (15  m in u te s )  in d u ce d  by e l e c t r i c  sh o c k s  to  the  fe e t  was 

foun d  to  in c r e a s e  th e  u t i l i s a t i o n  o f new ly  tak e n  up or

new ly  s y n t h e s i s e d  fro m  ^ n -^ y r o s in e ,  h a v in g  no e f f e c t  on the  

^H-NA s t o r e d  f o r  a lo n g e r  p e r io d .  How ever, i n  p ro lo n g e d  

a p p l i c a t i o n  o f  s t r e s s  (180  m in u te s )  u t i l i s a t i o n  was

in c r e a s e d  from  b o th  com partm ents.
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A s y e t  no s y n t h e s i s  o f id e a s  had emerged r e l a t i n g  v e s i c u la r  

h e t e r o g e n e it y  w ith  two (o r  m ore) s t o r a g e  p o o ls  o f n o r a d r e n a l in e .  

F i l l e n z  t* Howe (1 9 7 1 ) were in t e r e s t e d  in  t r a n s m it t e r  r e le a s e  from  

v e s i c u l a r  s t o r e s .  They s t u d ie d  h e a r t s  o f n o rm a l and  

phenoxybenzam ine  t r e a t e d  r a t s .  Phenoxybenzam ine  was u sed  becau se  

i t  in c r e a s e s  r e f le x  s t im u la t io n  o f  s y m p a th e t ic  nerve  a c t i v i t y  

(D o n ta s  & N ic k e r s o n ,  1 9 5 7 ). A  r e d u c t io n  i n  NA s t o r e d  i n  the  

v e s i c l e  w ou ld  th e r e fo r e  be ta k e n  a s  a m easure o f t r a n s m it t e r  

r e le a s e .  Th ese  w o rk e rs  i s o l a t e d  two g ro u p s  o f  v e s i c l e s  from  

n o rm a l and t r e a t e d  r a t  h e a r t  m u sc le  p r e p a r a t io n s ,  u s in g  su c ro s e  

d e n s i t y  g r a d ie n t  c e n t r i f u g a t i o n  te c h n iq u e s .  They foun d  th a t  both  

g ro u p s  o f  v e s i c l e s  from  phenoxybenzam ine  t r e a t e d  r a t s  were NA 

d e p le te d ,  bu t t h a t  the  s m a l le s t  v e s i c l e s  showed g r e a t e r  

d e p le t io n .  Thus e v id e n c e  was p ro v id e d  th a t  p e r ip h e r a l l y  a t  

l e a s t ,  the  s m a l l  v e s i c l e  n o r a d r e n e r g ic  p o o l c o n ta in e d  the  most 

e a s i l y  m o b i l i s e d  n e u r o t r a n s m it t e r .

E v id e n c e  f o r  th e  two com partm ent th e o ry  h a s  been am assed  f o r  

NA i n  the  p e r ip h e r a l  sy s te m . Such  com partm ents o f  t r a n s m i t t e r s  

have  a l s o  been e s t a b l i s h e d  f o r  CNS t r a n s m it t e r s  such  a s  ACH, DA 

and 5HT. The co m p a rtm e n ta tio n  o f  DA in  s t r i a t a l  n e rve  t e r m in a ls  

i s  a c o n t r o v e r s i a l  i s s u e  (C o s t a ,  C a r e n z i,  Cheney, G u id o t t i ,  

R a c a g n i & Z i v k o v ic ,  1974; G lo w in s k i ,  1 97 4 ). C o s ta  et a l  (1 9 74 )  

assum ed a s i n g l e  open com partm ent f o r  th e  s y n t h e s i s  o f  DA from  

in t r a v e n o u s ly  a d m in is t e r e d  r a d io a c t iv e  t y r o s in e  and c a l c u l a t i n g  

th e  tu rn o v e r  r a t e s  f o r  DA. The term  't u r n o v e r *  i s  em ployed to  

d e s c r ib e  an e s t im a te  o r  an in d e x  o f the  r a t e  a t  w h ich  th e  

c a te c h o la m in e s  i n  th e  b r a in  a re  b e in g  u t i l i z e d .  The tim e  co u rse  

o f  th e  s p e c i f i c  a c t i v i t y  o f  DOPA was the  same as th a t  o f  t y r o s in e  

i n  s t r i a t a l  t i s s u e  bu t from  t h i s  e v id e n c e  i t  i s  no t p o s s ib le  to  

c o n c lu d e  a s  to  w hether o r  no t s y n t h e s i s  o f  DA o c c u r s  in  one

s p e c i f i c  com partm ent.
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The m ain  argum ent o f  G lo w in s k i  (1 9 74 ) f o r  the  p o s s ib le  

e x is t e n c e  o f  two s t r i a t a l  DA p o o ls  i s  the  o b s e r v a t io n  o f a 

b ip h a s i c  d e c l in e  o f  the  am ine f o l lo w in g  i n t r a p e r i t o n e a l  in j e c t io n  

o f  the  D A - s y n t h e s is  in h ib i t o r , o C - m e t h y l - p - t y r o s in e .

K o r f ,  G r a s d i j k  & W e s te r in k  (1 9 7 6 ),  u s in g  e l e c t r i c a l  

s t im u la t io n  o f  the  n i g r o s t r i a t a l  d o p a m in e rg ic  pathw ay o f  the r a t  

a l s o  fo u n d  a b ip h a s i c  d e c l in e  o f s t r i a t a l  DA. I n  

p r o b e n e c id - t r e a t e d  a n im a ls ,  DA l e v e l s  rem ained unchanged  d u r in g  

s t im u la t io n .  How ever, a f t e r  tre a tm e n t w it h o C - m e t h y l -p - t y r o s in e ,  

DA l e v e l s  i n  the  s t r ia t u m  d e c l in e d  b i p h a s i c a l l y .  The f i r s t  r a p id  

p h ase  was co n ce rn e d  w ith  a p o o l o f  DA o f  abo u t 20%, and t h i s  

m ig h t r e p re se n t  a r e le a s a b le  p o o l .  T h is  b ip h a ^ ic  d e c l in e  was 

a l s o  o b se rve d  by J a v o y  & G lo w in s k i  (1 9 7 1 ).  They in je c t e d  r a t s  

w ith o G -m e th y 1 p t y r o s in e  and foun d  the  d is a p p e a ra n c e  o f DA in  the  

s t r ia t u m  o c c u rre d  i n  two p h a s e s ,  and su g g e s te d  t h a t  t h i s  may 

c o r re sp o n d  to  am ine u t i l i z a t i o n  in  b o th  the ' f u n c t i o n a l '  and a 

m ain  s t o r a g e  com partm ent in  d o p a m in e rg ic  t e r m in a l s .  K o r f ,  R o th  & 

A g h a ja n ia n  (1973 ) p ro v id e d  e v id e n c e  f o r  the two com partm ent 

s t o r a g e  o f NA in  th e  b jra in . They fo u n d  th a t  a f t e r  a d m in i s t r a t io n  

o f  o c - m e t h y l - p - t y r o s in e  th e re  was a b ip h a s ic  d e c l in e  o f  NA in  the  

c e r e b r a l  c o r t e x  d u r in g  s t im u la t io n  o f  the  lo c u s  c o e r u le u s .  They  

e x p la in e d  th e se  r e s u l t s  by a s su m in g  th a t  NA in  the  n e rve  

t e r m in a l s  was s t o r e d  i n  two d i f f e r e n t  com partm ents, one th a t  i s  

r e a d i l y  r e le a s a b le  and one th a t  i s  n o t .

A n o th e r  e x p la n a t io n  o f  the  b ip h a s i c  d e c l in e  o f  NA in  the  

c e r e b r a l  c o r te x  a f t e r  s t im u la t io n  o f  the  lo c u s  c o e r u le u s  c o u ld  be 

a t r a n s y n a p t ic  r e g u la t i o n  o f  the  t r a n s m it t e r  r e le a s e .  T h is  was 

e x p la in e d  by p o s t u la t i n g  th a t  a f t e r  i n i t i a l  r e le a s e  o f NA a 

r a p id l y  a c t in g  p o s t  s y n a p t ic  fe e d b a c k  m echanism  may be i n i t i a t e d .
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M echan ism s o f  t r a n s m it t e r  r e le a s e

Many w o rk e rs  have  s t u d ie d  m echanism s o f  n e u r o t r a n s m it t e r  

r e le a s e .  A g e n e r a l l y  a c c e p te d  th e o ry  f o r  th e  r e le a s e  o f  

m onoam ines i s  the  p r o c e s s  o f e x o c y t o s i s .  T h is  p r o c e s s  in v o lv e s  

th e  a tta ch m e n t and f u s io n  o f  v e s i c u l a r  membranes to  th e  c e l l  

membrane, fo l lo w e d  by an o p e n in g  o f  the  o u te r  membrane and  

e m p ty in g  o f  th e  s o lu b le  c o n te n t s  o f  th e  v e s i c l e  i n t o  the  

e x t r a c e l l u l a r  s y n a p t ic  sp a c e .  T h is  has been e s t a b l i s h e d  from  

e v id e n c e  p ro v id e d  by e x p e r im e n ts  c a r r ie d  o u t m o s t ly  a t  the  

n e u ro m u sc u la r  j u n c t io n .

C u r re n t  h y p o th e se s  c o n c e r n in g  th e  r e le a s e  o f  c a te c h o la m in e s  

were d e v e lo p e d  a f t e r  o b s e r v a t io n s  made by V o n -E u le r  and U l l l a r p  

(1 9 5 6 ) t h a t  c a te c h o la m in e s  a re  s t o r e d  in  g r a n u la r  v e s i c l e s  in  the  

a d r e n a l m e d u lla ,  and in  n o r a d r e n e r g ic  n e rve s  su ch  a s  the  b o v in e  

s p le n i c  n e rv e .

De R o b e r t i s  & Vaz F e r v e i r a  (1 9 5 7 ),  from  t h e i r  s t u d ie s  on the  

a d r e n a l  m e d u lla  u s in g  e le c t r o n  m ic ro sc o p y  te c h n iq u e s ,  s u g g e s te d  

th a t  r e le a s e  may o c c u r  v i a  e x o c y t o s i s .  C o u p lan d  (1 9 6 5 ) p ro v id e d  

e le c t r o n  m ic r o s c o p ic  e v id e n c e  f o r  e x o c y t o s i s .  Sm ith  & W in k le r  

(1 9 72 ) p o s t u la t e d  s e v e r a l  m echan ism s w hereby r e le a s e  o f a 

t r a n s m it t e r  can  o c c u r .  These  m echanism s a re  d iv id e d  in t o  two 

modes o f  t r a n s m it t e r  r e le a s e  and a re :

1. r e le a s e  o c c u r in g  v i a  th e  c y t o s o l .

2. r e le a s e  o c c u r r in g  d i r e c t l y  from  v e s i c l e s .

R e le a s e  v i a  th e  c y t o s o l  i s  h i g h ly  u n l i k e l y  and e v id e n c e  a g a in s t  

su ch  r e le a s e  h a s  been p ro v id e d  b e low . The m ost a c c e p te d  

h y p o t h e s is  o f r e le a s e  i s  th a t  o f e x o c y t o s i s  o r  th e  v e s ic u la r  

h y p o t h e s is .  M o st o f the e v id e n c e  f o r  the v e s i c u l a r  h y p o th e s is  

h as been p ro v id e d  u s in g  the  n e u ro m u sc u la r  j u n c t io n ,  and such



r e le a s e  m echan ism s have  n o t been f u l l y  e s t a b l i s h e d  i n  the  CNS.

R e le a se  from  c h ro m a f f in  c e l l s  o f  the  a d r e n a l m e d u lla  was 

th o u g h t to  o c c u r  by e x o c y t o s i s ,  b ecau se  b e s id e s  c a te c h o la m in e s ,  

h ig h  m o le c u la r  w e ig h t  p r o t e in s  (c h ro m o g ra n in s  and dopam ine [3 

h y d r o x y la s e ,  th e  c o n s t i t u e n t s  o f  the  c h ro m a f f in  g r a n u le s ) ,  were 

r e le a s e d  in t o  the  c l e f t .  How ever, t y r o s in e  h y d r o x y la s e  and  

l a c t a t e  d e h y d ro g e n a se  were n o t r e le a s e d  a s  th e y  a re  not 

c o n s t i t u e n t s  o f th e  c h ro m a f f in  g r a n u le  but a re  p re s e n t  in  the  

c y t o s o l  (S m ith  & W in k le r ,  1 97 2 ).

M ech an ism  o f  NA r e le a s e  v i a  th e  c y t o s o l

L a rg e  am ounts o f  NA have  been shown to  b,e s t o r e d  f r e e  in  th e  

c y t o s o l .  I n  e x p e r im e n ts  on s y m p a t h e t ic a l ly  in n e r v a te d  t i s s u e ,  

tre a tm e n t o f  an a n im a l w ith  r e s e r p in e  caused  the  d e p le t io n  o f  NA 

fro m  th e  v e s i c l e .  T rea tm en t w ith  monoamine o x id a s e  i n h i b i t o r  

p re v e n te d  the breakdow n o f  NA and th u s ,  an in c r e a s e  in  c y t o s o l  NA 

was o b se rv e d . S m ith  & W in k le r  (1 9 7 2 ) have s u g g e s te d  p o s s ib le  

m echanism s o f  r e le a s e  v i a  the  c y t o s o l ,  where r e le a s e  can  o c c u r  by 

the  d e s t r u c t io n  o f  th e  s t o r a g e  com p lex, o r  by th e  i n h i b i t i o n  o f 

th e  a c t i v e  u p tak e  o f th e  am ine in t o  v e s i c l e s .  O th e r  m echanism s 

may in v o lv e  l o s s  o f  NA from  th e  v e s i c l e  in t o  th e  c y t o s o l ,  and 

a c r o s s  the  c e l l  membrane s p o n ta n e o u s ly .  S p o n tan e o u s  r e le a s e  from  

th e  c y t o s o l  d i f f e r s  from  q u a n t a l  r e le a s e  from  the  nerve  

t e r m in a l s ,  f o r  exam p le , sp o n ta n e o u s  e f f l u x  i s  s lo w e r  th an  r e le a s e  

evoked  by n e rve  s t im u la t io n .  L in d m ar & L o f f e lh o l z  (1972 ) found  

th a t  sp o n ta n e o u s  r e le a s e  o f NA in  the ne rve  t e r m in a ls  o f the  

h e a r t  i s  te m p e ra tu re  dependent w hereas r e le a s e  in d u ce d  by 

e l e c t r i c a l  s t im u la t i o n  i s  n o t .  I n  a n im a ls  t r e a t e d  w ith  

r e s e r p in e ,  b u t n o t MAO i n h i b i t o r ,  the  NA l o s t  fro m  the  v e s i c le s  

in t o  th e  c y t o s o l  i s  d e s tro y e d  by the  MAO o f  the  m ito c h o n d r ia  and 

le a v e s  th e  t e r m in a l s  a s  m e t a b o l i t e s ,  w hereas a f t e r  e l e c t r i c a l
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s t im u la t io n  NA r e le a s e d  i s  foun d  a s  NA (K o p in ,  1 9 7 2 ). I t  i s

a c c e p te d  th a t  r e le a s e  v ia  th e  c y t o s o l  i s  p o s s ib le  but o c c u r s  o n ly  

th ro u g h  a d m in i s t r a t io n  o f d ru g s  o r  sp o n ta n e o u s ly ,  NA r e le a s e d  by 

e l e c t r i c a l  s t im u la t i o n  does n o t seem to  go v i a  the  c y t o s o l ,  

o th e rw ise  i t  w ou ld  be 'r e l e a s e d '  a s  NA m e t a b o l i t e s .

M echan ism  o f  r e le a s e  v i a  th e  v e s i c l e s

The f i r s t  u n d e r s t a n d in g  o f  the  m echanism s u n d e r ly in g  the  

s e c r e t io n  o f  c h e m ic a l n e u r o t r a n s m it t e r s  came from  the  s t u d ie s  of 

B e rn a rd  K a tz  and c o l le a g u e s .  D is c o v e r y  o f the  sp o n ta n e o u s ly  

o c c u r r in g  m in ia t u r e  e n d -p la t e  p o t e n t i a l s  ( F a t t  & K a t z ,  1952) a t  

th e  f r o g  n e u ro m u sc u la r  j u n c t io n  le d  to  the fo r m u la t io n  o f the  

quantum  h y p o t h e s is  by d e l  C a s t i l l o  & K a tz  (1 9 5 4 b ).  I n t r a c e l l u l a r  

r e c o r d in g s  were made from  th e  e n d -p la t e  r e g io n s  o f s i n g l e  m u sc le  

f i b r e s  o f  i s o l a t e d  f r o g  n e rv e -m u sc le  p r e p a r a t io n  and the  

e n d -p la t e  p o t e n t i a l  p roduced  by m otor nerve  s t im u la t io n  was 

m easured. The e x p e r im e n ts  e s t a b l i s h e d  th a t  m in ia t u r e  e n d -p la t e  

p o t e n t i a l s  (m epps) o b se rve d  to  o c c u r  sp o n ta n e o u s ly  a t  th e  

n e u ro m u sc u la r  j u n c t io n  were due to  th e  r e le a s e  o f m u lt im o le c u la r  

am ounts o r  q u an ta  o f  a c e t y l c h o l in e  (A C H ). These  q u an ta  were  

shown to  o r i g i n a t e  fro m  th e  p r e s y n a p t ic  e n d in g s  and to  be 

e q u iv a le n t  i n  s i z e  to  the  b a s ic  u n i t  o f t r a n s m it t e r  r e le a s e ,  

t h e r e fo r e  th e  end p la t e  p o t e n t i a l  (e p p ) was made up o f s e v e r a l  

m epps. D e l C a s t i l l o  & K a tz  (1 9 54 b ) e x p la in e d  th e  m u l t ip le  

r e l a t i o n s h ip  o f  epp and mepp by a s su m in g  th a t  the  t r a n s m it t e r  

r e le a s e  i s  d e r iv e d  from  many s m a l l  s t o r a g e  p a c k a g e s  or v e s i c l e s ,  

r a t h e r  th a n  one la r g e  r e s e r v o i r ,  th u s  one quantum  o f  t r a n s m it t e r  

re p re se n te d  the  c o n te n ts  o f  one v e s i c l e .

H e u se r ,  R e e se , D e n n is ,  J a n , Y . ,  J an , L .  & E v a n s  (1 9 7 9 ),  

u s in g  f re e z e  f r a c t u r e  te c h n iq u e s  fo l lo w e d  by e le c t r o n  m ic ro sc o p y ,  

foun d  a c lo s e  c o r r e la t i o n  betw een th e  d e t e c t a b le  e x o c y t o t ic  s i t e



and q u a n ta l  r e le a s e  m easured  e l e c t r o p h y s i o l o g i c a l l y ,  hence  

p r o v id in g  s t r o n g  e v id e n c e  t h a t  t r a n s m it t e r  r e le a s e  in v o lv e s  

e x o c y t o s i s .  They u sed  a m achine  th a t  was a b le  to  f re e z e  t i s s u e s  

by c o n ta c t  w ith  a s u p e r - c o ld  m e ta l b lo c k ,  w h ich  a l s o  had a t im in g  

c i r c u i t  a b le  to  t r i g g e r  s t im u la t i o n  o f  the  f r o g  n e u ro m u sc u la r  

j u n c t io n  i n  the  l a s t  few m i l l i s e c o n d s  b e fo re  b e in g  f r o z e n .  N erve  

t e r m in a l s  were f r o z e n  d u r in g  t r a n s m it t e r  r e le a s e  and s y n a p t ic  

v e s i c l e s  were seen  in  the  a c t  o f e x o c y t o s i s .  They used  

4 -a m in o p y r id in e  to  in c r e a s e  th e  number o f t r a n s m it t e r  q u an ta  

d is c h a r g e d  w ith  each  n e rve  im p u ls e  and found  th a t  the  number o f  

e x o c y t o t ic  v e s i c l e s  c a u gh t by q u ic k - f r e e z in g  in c r e a s e d  

co m m e n su ra te ly , i n d i c a t i n g  th a t  one v e s i c l e  u n d e rgo e s  e x o c y t o s i s  

f o r  each  quantum  t h a t  i s  d is c h a r g e d .

The p re se n c e  o f  s o lu b le  v e s i c u l a r  p r o t e in s  in  the  p e r f u s a t e s  

o f  s t im u la t e d ,  s y m p a t h e t ic a l ly  in n e r v a te d  o r g a n s  w ou ld  s u g g e s t  

r e le a s e  by e x o c y t o s i s .  U s in g  enzyme a s s a y  m ethods, G e w irtz  &

K o p in  (1 9 7 0 ) d e m o n stra te d  C a ^  dependent r e le a s e  o f D|3H on 

s t im u la t io n  o f  the  c a t  s p le n i c  n e rv e .  G e ffe n  & L i v e t t  (1 9 7 1 ),  

u s in g  im m u n o lo g ic a l m ethods, showed the  r e le a s e  o f  b o th  D|3H and 

c h ro m o g ra n in  from  the  s p le e n s  o f  s e v e r a l  s p e c ie s .  T y r o s in e  

h y d r o x y la s e  and dopa d e c a r b o x y la s e  foun d  in  th e  c y to p la sm  a re  not 

r e le a s e d  upon s t im u la t io n  o f  th e  s p le n ic  ne rve  (S m ith ,  De P o t t e r ,  

Moerm an, De S c h a e p d ry v e r ,  1 9 7 0 ). T h is  e v id e n c e  s t r o n g ly  

i n d ic a t e s  th a t  r e le a s e  o c c u r s  v i a  e x o c y t o s i s .  S m ith  et a l  (1 9 70 )  

a l s o  showed th a t  dopa d e c a r b o x y la s e  i n  s p i t e  o f  b e in g  a s m a l le r  

m o le c u le  th a n  e i t h e r  D{3H and c h ro m a g ra n in , was no t r e le a s e d ,  

s u g g e s t in g  t h a t  r e le a s e  d id  n o t o c c u r  v i a  th e  c y to p la sm  or th a t  

th e  e n t i r e  i n t r a c e l l u l a r  c o n te n t s  le ak e d  out n o n - s p e c i f i c a l l y .

L u cy  (1 9 7 0 ) s u g g e s t e d  th a t  th e  su sp e c te d  f u s i o n  between  

v e s i c u l a r  and p la sm a  membrane d u r in g  e x o c y t o s i s  may be due to  the  

p re se n ce  o f  l y s o l e c i t h i n  ( p a lm i t o y lg ly c e r o p h o s p h o r y lc h o l in e ) .
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T h is  le d  to  th e  h y p o t h e s is  t h a t  th e  re a rran ge m e n t o f the  

b im o le c u la r  l e a f l e t  form  o f  p h o s p h o l ip id s  in  membranes to  a 

m ic e l la r  form , by l y s o l e c i t h i n ,  e n a b le s  the  membranes to  fu s e .

The m echanism  in v o lv e d  i n  the c r e a t io n  o f  an o p e n in g  o f the  

c e l l  membranes o r  in  the  t h in n in g  ou t o f the  membrane 

( f e n e s t r a t i o n )  to  e x p e l the  v e s i c u l a r  co n te n t i s  s t i l l  not 

c le a r .  Kanno & L o e w e n ste in  (1 9 6 6 ) showed t h a t  D{3H and 

c h ro m o gran in  w h ich  a re  s m a l l  p r o t e in s  can c r o s s  t i g h t  j u n c t io n s  

between c e l l s ,  s u g g e s t in g  a ra ic ro p o re  fo rm a t io n  d u r in g  

f e n e s t r a t io n  to  a l lo w  the  p a s s a g e  o f l a r g e r  v e s i c l e s .

E v id e n c e  f o r  d i f f e r e n t  p o o ls  o f  ACH does n o t com p ly  w ith  the  

v e s i c l e  h y p o t h e s is

ACH e x i s t s  in  c e n t r a l  n e u ro n s i n  th re e  fo rm s, f re e  ACH, 

l a b i le - b o u n d  ACH and s t a b le -b o u n d  ACH (W h it t a k e r ,  1959;

W h it t a k e r ,  M ic h a e ls o n  & K i r k l a n d ,  1964; M a rc h b a n k s, 1 9 6 8 ). F re e  

ACH e x i s t s  i n  the  c y to p la sm  o f  the  neuron , and may be lo c a te d  in  

th e  p e r ik a r y o n  o r  axo n . S ta b le -b o u n d  ACH s u r v iv e s  h y p o to n ic  

tre a tm e n t and i s  p re se n t  i n  s y n a p t ic  v e s i c l e s ,  w hereas the  

la b i le - b o u n d  form  f a i l s  to  s u r v iv e  t h i s  tre a tm e n t and i s  

d e s t ro y e d  i n  th e  ab sen ce  o f a c h o l in e  e s t e r a s e  i n h i b i t o r .  L a b i l e  

bound ACH o c c u r s  p re d o m in a n t ly  i n  the  c y to p la sm  o f the  te r m in a l .

C h a k r in  & W h it t a k e r  (1 9 69 ) and W h it t a k e r  (1 9 7 0 ) foun d  th a t  

th e  th re e  k in d s  o f  ACH d i f f e r e d  in  s p e c i f i c  r a d i o a c t i v i t y  

f o l lo w in g  i n j e c t i o n  o f  r a d io a c t iv e  c h o l in e  i n  v iv o ,  s u g g e s t in g  

th a t  th e y  c o u ld  no t have a r i s e n  from  a s i n g l e  hom ogeneous p o o l.

T h e ir  s t u d ie s  s u g g e s t  th re e  d i s t i n c t  p o o ls  o f  ACH.

The v e s i c u l a r  h y p o t h e s is  o f t r a n s m it t e r  r e le a s e  does no t 

c o n s id e r  th e  o th e r  p o o ls  o f  ACH. I f  th e re  i s  some dynam ic  

i n t e r a c t io n  betw een the  d i f f e r e n t  p o o ls ,  th e  v e s i c u l a r  p o o l need  

not n e c e s s a r i l y  ta k e  p a r t  in  the  f i n a l  s t a g e  i n  the  r e le a s e  o f
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th e  t r a n s m it t e r .  The co n ce p t o f th re e  p o o ls  o f  ACH has a r i s e n  

from  s t u d ie s  u s in g  CNS m a t e r ia l .  O r i g i n a l l y  e v id e n c e  f o r  the  

v e s i c l e  h y p o t h e s is  o f  t r a n s m it t e r  r e le a s e  was b ased  on s t u d ie s  

c a r r ie d  ou t on the  n e u ro m u sc u la r  ju n c t io n  (N M J ). A s the  

n e u ro m u sc u la r  ju n c t io n  i s  d i f f i c u l t  to  f r a c t i o n a t e ,  the  

d i s t r i b u t i o n  o f  ACH betw een d i f f e r e n t  p o o ls  i s  u n c e r t a in .  I t  i s  

im p o r ta n t  to  q u e s t io n  w h e th e r th e  t r a n s m is s io n  p ro c e s s  i s  the  

same i n  CNS sy n a p se s  a s  i n  n e u ro m u sc u la r  j u n c t io n s .  Q u a n ta l  

n e u r o t r a n s m is s io n  h a s  no t been c a t e g o r i c a l l y  d e m o n stra te d  f o r  

th e  m am m alian c e n t r a l  s y n a p se .

F a te  o f  v e s i c l e s  a f t e r  r e le a s e

I t  i s  r a t i o n a l  to  assum e th a t  v e s i c l e  membrane m a t e r ia l  

c a n n o t keep a d d in g  to  the  c e l l  membrane. An a p p ro a ch  f o r  

o b t a in in g  d i r e c t  e v id e n c e  f o r  v e s i c le  r e c y c l i n g  in  the n e ar  

fu t u r e  i s  l i k e l y  to  be the  a p p l i c a t i o n  o f  im m unochem ica l 

m ethods. A p r e c o n d it io n  f o r  the  s u c c e s s  o f  im m unochem ical 

s t u d ie s  i s  the  e x is te n c e  o f  f r a c t i o n s  o f pu re  a n t ig e n s  ( s y n a p t ic  

v e s i c l e s  and ( o r )  s y n a p t i c  p la sm a  membranes o r  com ponents d e r iv e d  

fro m  them ) e i t h e r  f o r  r a i s i n g  a n t ib o d ie s  o r  f o r  su b se q u e n t  

t e s t i n g  o f  th e  s p e c i f i c i t y  o f  a n t i s e r a  o b ta in e d .  W h it t a k e r  &

S t a d le r  (1 9 8 0 ) o b ta in e d  i n i t i a l  s u c c e s s  u s in g  s y n a p t ic  v e s i c u l a r  

a n t ig e n s  d e r iv e d  fro m  th e  e l e c t r i c  o rg a n  v e s i c l e s  o f T o rp e do ,  

w h ich  bound s p e c i f i c a l l y  to  n e rve  t e r m in a ls  in  the b r a in s  o f a 

number o f  v e r t e b r a t e s .  T h is  te c h n iq u e  can  be d e ve lo p e d  f u r t h e r  

t o  e lu c id a t e  the  f a t e  o f v e s i c l e s  a f t e r  e x o c y t o s i s  o f the  

i n t r a v e s i c u l a r  m a t e r ia l .

Zimmerman, S t a d le r  & W h it t a k e r  (1 9 8 1 ) su g g e s te d  a m odel f o r  

r e c y c l i n g  o f  s y n a p t ic  v e s i c l e s  a t  the  c h o l i n e r g i c  ne rve  

t e r m in a l s .  The a u th o r s  s t im u la t e d  the c h o l i n e r g i c  n e rve  t e r m in a l  

o f the  T orpedo  e l e c t r i c  o r g a n  a t  a low  fre q u e n c y  and o b se rve d
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t h a t  a t  th e  o n se t  o f  s t im u la t io n  th e  s y n a p t ic  v e s i c l e s  became 

h e te ro g e n e o u s .  U s in g  f in e  s t r u c t u r a l ,  b io c h e m ic a l and p h y s ic a l  

m ethods i t  h a s  been shown th a t  w h i l s t  m ost v e s i c l e s  a re  in  a 

r e s t i n g  s t a t e ,  some w ou ld  have  a l r e a d y  r e le a s e d  t h e i r  v e s i c u la r  

c o n te n t  and been r e c y c le d .  V e s i c l e s  a re  th e n  p re lo a d e d  w ith  

new ly  s y n t h e s is e d  ACH and a d e n o s in e  t r ip h o s p h a t e  (A T P ),  and the  

c o n te n t s  a re  r e le a s e d  i n  p re fe re n c e  to  th o se  o f  the  r e s t i n g  

v e s i c l e s .  C o n tin u e d  s t im u la t io n  w ou ld  cau se  the  r e s t i n g  v e s i c le s  

to  be a c t iv a t e d  and r e c y c le d .  Zimmerman, e t a l  (1 9 8 1 ) s u g g e s t  

t h a t  v e s i c l e s  c o n t a in in g  new ly s y n t h e s i s e d  ACH l i e  c lo s e  to  the  

c e l l  membrane and a s  a r e s u l t  o f  s t im u lu s - in d u c e d  i n f l u x  o f Ca2+  

i o n s ,  v e s i c l e s  r e le a s e  th e  ACH and a re  th en  r e c y c le d .

E x p e r im e n ts  o f  Zimmermann e t a l  (1 9 81 ) on th e  Torpedo  e l e c t r i c  

o rg a n s  s u g g e s t  th a t  in c r e a s in g  the  s t im u lu s  fre q u e n c y  o r  d u r a t io n  

a t  f i r s t  c a u se s  a  d e p le t io n  o f th e  t r a n s m it t e r  w h i l s t  v e s i c l e  

r e c y c l i n g  c o n t in u e s .  E v e n t u a l ly ,  e n d o c y to s is  o f membranes ( i . e .  

r e c y c l i n g  o f  v e s i c l e s )  does no t f o l lo w  e x o c y t o s i s  o f Ach and 

th e re  i s  a d e p le t io n  o f  v e s i c l e s .

I t  h a s  been -su g g e s te d  by S m ith  e t a l  (1 9 70 ) th a t  the  

membranes o f th e  l a r g e  n o r a d r e n e r g ic  v e s i c l e s  a re  a l s o  r e t r ie v e d  

a f t e r  e x o c y t o s i s  o f  th e  n e u r o t r a n s m it t e r  and c o n t r ib u t e  to  the  

fo r m a t io n  o f  s m a l l  n o r a d r e n e r g ic  v e s i c l e s .  I f  t h i s  i s  so ,  then  

th e  s m a l l  NA v e s i c l e s  sh o u ld  c o n t a in  Dj3H and B i s b y ,  F i l l e n z  & 

S m ith  (1 9 73 ) have  foun d  t h i s  to  be the  c a se  in  th e  s m a l l  v e s i c le s  

i n  th e  n e rve  t e r m in a l s  o f  the  r a t  v a s  d e fe r e n s .  T r a n z e r  (1973 ) 

s u g g e s t e d  th a t  th e re  a re  s m a l l  NA v e s i c l e s  w h ich  do n o t c o n ta in  

D|3H and th e se  may be d e r iv e d  fro m  c i s t e r n a e  o f  the  sm ooth  

e n d o p la sm ic  r e t ic u lu m .  U s in g  p e r o x id a s e - c h a s e  te c h n iq u e s  H euser  

& R e e se  (1 9 73 ) a l s o  p ro p o se d  th a t  s y n a p t ic  v e s i c l e s  a re  

in c o r p o r a t e d  in t o  the  c e l l  membrane and r e c y c le d  by an  

e n d o c y to t ic  p r o c e s s .



Ceccarelli, Hurlbut & M u n r o  (1972) on the basis of

peroxidase u p tak e  s t u d ie s  backed  up the  id e a  th a t  new ly

s y n t h e s i s e d  t r a n s m it t e r  was p r e f e r e n t i a l l y  r e le a s e d ,  th a t  

v e s i c l e s  empty by te m p ora ry  f u s io n  w ith  the p r e s y n a p t ic  t e r m in a l ,  

and  a re  r e t r ie v e d  and rem a in  in  the  v i c i n i t y  o f  the  t e r m in a l  f o r  

r e f i l l i n g  and r e -u s e .  Van H e r re v e ld  61 T ru b a tch  (L97!>), u s in g  

r a p id  f r e e z in g  te c h n iq u e s  w ith  e le c t r o n m ic r o s c o p y  a f t e r  K.C1 

s t im u la t io n  o f f r o g  b r a in ,  p ro v id e d  e v id e n c e  s u p p o r t in g  the  

e x p e r im e n ts  o f  C e c c a r e l l i  e t a l  (1 9 7 2 ).  The a u th o r s  o b se rve d  

th a t  in  the r e s t i n g  s t a t e  the v e s i c l e s  are  round and c lo s e  to  the  

c e l l  membrane; on s t im u la t i o n  w ith  p o ta s s iu m  c h lo r id e  and the  

r e s u l t i n g  Ca^+  i n f l u x ,  the v e s i c l e s  become e lo n g a te d  and fu se  

w ith  th e  p r e s y n a p t ic  t e r m in a l  membrane and squeeze  ou t t h e i r  

c o n te n t s  in t o  the  s y n a p t ic  gap . A f t e r  r e le a s e  o f the c o n te n t s  

th e  v e s i c l e s  a re  r e f i l l e d  w ith  c y t o p la s m ic  f l u i d  and move away 

fro m  the  r e le a s e  s i t e ,  (s e e  F ig u r e  4 b e lo w ). These  o b s e r v a t io n s  

were n o t seen  in  u n s t im u la t e d  b r a in  o r  th o se  th a t  had not been 

b ath ed  i n  Ca^+  d e p le te d  m edia.

F I G 4 :  A p o s s ib le  sequence o f  t r a n s m it t e r  r e le a s e  and
v e s i c l e  r e c y c l i n g .  (Taken  from  T rau b ach  & Van H a r r e v e ld ,
1981.)



R o le  o f  Câ ~*~ i n  th e  r e le a s e  p r o c e s s

Lon g b e fo re  E l l i o t ' s  (1 9 0 4 ) e n u n c ia t io n  o f the  co n ce p t o f  

c h e m ic a l n e u r o t r a n s m is s io n  L o cke  (1 8 9 4 ) a s  c i t e d  by H arve y  &

M a c in t o s h  (1 9 4 0 ) r e c o g n is e d  th a t  c a lc iu m  io n s  were r e q u ire d  f o r  

n e u ro m u sc u la r  t r a n s m is s io n .  L o ck e  foun d  th a t  a m u sc le  w ou ld  not 

respond to nerve stimulation after L-2 hours Ln a calcium 

d e f i c i e n t  medium, a lth o u g h  i t  w ou ld  s t i l l  c o n t r a c t  upon d i r e c t  

s t im u la t io n .

The c l a s s i c a l  s tu d y  o f  H a rve y  & M a c in to s h  (1 9 40 )  

su b se q u e n t ly  showed t h a t ,  i n  s y m p a th e t ic  g a n g l i a ,  C a 2+ io n s  a re  

re q u ire d  f o r  a c e t y l c h o l in e  (ACH) r e le a s e .  The a u th o r s  u sed  the  

e s e r in i s e d  i s o l a t e d  p e r fu se d  c e r v i c a l  s y m p a th e t ic  g a n g l io n  o f the  

c a t  and a s s a y e d  th e  o u tp u t o f ACH. T h e ir  e xp e r im en t showed th a t  

i n  th e  a b sen ce  o f  c a lc iu m  th e re  was no r e le a s e  o f a c e t y l c h o l in e  

fro m  p r e g a n g l io n ic  n e rve  e n d in g s ,  e i t h e r  d u r in g  e l e c t r i c a l  

s t im u la t io n  o f  th e  s y m p a th e t ic  t ru n k  o r  a f t e r  a p p l i c a t i o n  o f  

p o ta s s iu m .

I t  was e s t a b l i s h e d  by d e l  C a s t i l l o  & K a tz  (1 9 5 4 a ) and  

d e l  C a s t i l l o  & S t a r k  (1 9 5 2 ),  w o rk in g  on th e  f r o g  n e u ro m u sc u la r  

j u n c t io n ,  th a t  when the c o n c e n t r a t io n  o f c a lc iu m  was low , o r  the  

m agnesium  c o n c e n t r a t io n  h ig h ,  th e  end p la t e  p o t e n t i a l  was reduced  

to  a m in im a l a m p litu d e  and became i d e n t i c a l  in  s i z e  and shape  to  

th e  s p o n ta n e o u s ly  o c c u r r in g  m in ia t u r e  e n d -p la t e  p o t e n t i a l s .

The d is c o v e r y  o f  q u a n ta l r e le a s e  o f ACH was made a t  the same 

tim e  a s  th e  d is c o v e r y  o f v e s i c l e s  a t  s y n a p t ic  n e rve  te r m in a ls  

(De R o b e r t is  & B e n n e t t ,  1954; 1955) (se e  p38 o f  t h i s  t h e s i s ) .

K u f f l e r  (1 9 4 4 ) showed th a t  a t  th e  f r o g  n e u ro m u sc u la r  ju n c t io n  i f  

th e  t i s s u e  was d e p r iv e d  o f  C a2+ th e re  was a d e c re a se  in  e n d -p la te  

p o t e n t i a l  re c o rd e d  e x t r a c e l l u l a r l y , w h i l s t  the  n e rv e s  c o u ld  s t i l l  

con du ct im p u ls e s  and the  s e n s i t i v i t y  o f the  e n d -p la t e  to  a p p l ie d  

ACH was n o t d im in is h e d .  K u f f l e r  co n c lu d e d  th a t  th e  m ajor e f f e c t
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o f  c a lc iu m  d e p r iv a t io n  was due to  a d e c re a se  i n  t r a n s m it t e r  

r e le a s e ,  d e l  C a s t i l l o  & S t a r k  (1 9 5 2 ) co n firm e d  t h i s  r e s u l t  a t  

th e  f r o g  n e u ro m u sc u la r  ju n c t io n  u s in g  i n t r a c e l l u l a r  r e c o r d in g

te c h n iq u e s .

K a tz  & M i l e d i  (1 9 65 ) and K a tz  & M i l e d i  (1 9 6 7 b ),  w o rk in g  on 

th e  m yon e u ra l j u n c t io n s  o f  the  f r o g ' s  s a r t o r iu s  m u sc le  p ro v id e d  

d i r e c t  e v id e n c e  t h a t  the  a c t io n  o f  c a lc iu m  i s  on th e  r e le a s e  

p r o c e s s  and n o t m e d ia te d  by a l t e r a t i o n s  in  im p u lse  c o n d u c t io n  

th ro u g h  th e  d i s t a l  n e rve  t e r m in a l s .  They showed th a t  when Ca^+  

was p re s e n t  a t  the  tim e  o f d e p o la r i s a t i o n  ACH r e le a s e  c o u ld  be 

t r i g g e r e d  by f o c a l  c u r r e n t  p u l s e s  w ith o u t  n e rve  im p u ls e s .  T h is  

le d  to  the  e n u n c ia t io n  o f the  "C a lc iu m  H y p o t h e s i s " .  The 

h y p o t h e s is  was b a se d  on th e  p o s t u la t i o n  th a t  d e p o la r i s a t i o n

c a u se s  a s e le c t i v e  in c r e a s e  in  the  p e r m e a b i l i t y  o f the

2+ 2+p r e s y n a p t ic  t e r m in a l  p la sm a  membrane to  Ca , s o  th a t  Ca th e n  

e n te r s  the  t e r m in a l  and moves down a  s te e p  e le c t r o c h e m ic a l  

g r a d ie n t .  The r i s e  i n  the  i n t r a c e l l u l a r  Ca th e n  c a u se s  the  

f u s io n  o f  th e  s y n a p t ic  v e s i c l e  membrane w ith  the  p la sm a  membrane 

by an unknown m echanism  and th e  v e s i c u l a r  c o n te n t s  a re  e x tru d e d  

in t o  the  s y n a p t ic  c l e f t  p r o b a b ly  v i a  e x o c y t o s i s  (se e  p39 o f  t h i s  

t h e s i s ) .

The c a lc iu m  h y p o th e s is  h a s  been v e r i f i e d  by e x p e r im e n ts  on 

th e  s q u id  g i a n t  sy n a p se .  K a tz  & M i l e d i  (1 9 6 7 b );  K a tz  & M i l e d i  

(1 9 6 9 );  K u san o , L iv e n g o o d  & Werman (1967 ) foun d  th a t  

d e p o la r i s a t i o n  o f  t e t r o d o t o x in -b lo c k e d  t e r m in a ls  s u f f i c e d  to  

t r i g g e r  an  in c r e a s e  i n  Ca^+  co n d u c ta n ce  and r e le a s e  o f ACH. I t  

appeared  t h a t  a s  t e t r o d o t o x in  b lo c k e d  the  so d iu m  c h a n n e ls ,  sod ium  

i n f l u x  was n o t e s s e n t i a l  f o r  t r a n s m it t e r  r e le a s e .  The s iz e  o f  

th e  d e p o la r i s a t io n - in d u c e d  in w ard  c u r r e n t  and th e  amount o f  

t r a n s m it t e r  r e le a s e d  depended upon the  c o n c e n t r a t io n  o f Ca^+  in  

th e  b a t h in g  m ed ia . K a tz  & M i l e d i  (1 9 69 ) c a r r ie d  o u t th e se  

e x p e r im e n ts  on the  g ia n t  sy n a p se  in  th e  s t e l l a t e  g a n g l io n  o f the



s q u id .  They foun d  th a t  th e  a b o l i t i o n  o f  n e rve  im p u ls e s  by 

t e t r o d o t o x in  does no t p re v e n t th e  r e le a s e  o f  ACH fro m  n e rve  

e n d in g s  i n  re sp o n se  to  a l o c a l l y  in d u ce d  a c t io n  p o t e n t i a l .  The  

l o c a l  re sp o n se  was e l i c i t e d  fro m  the  te r m in a l  p a r t s  o f  the  

p r e s y n a p t ic  axon  a f t e r  i n t r a c e l l u l a r  i n j e c t io n  o f  t e t r a e t h y l  

ammonium io n s  (T E A ).  These  s t u d ie s  p ro v id e d  f u r t h e r  e v id e n c e  to  

show t h a t  d e p o la r i s a t i o n  le a d s  to  t r a n s m it t e r  r e le a s e  v i a  in w ard  

movement o f  c a lc iu m  io n s ,  and t h a t  the  o p e n in g  up o f  'c a lc iu m  

g a t e s '  a t  s p e c i f i c  s i t e s  o f  r e le a s e  i s  n o t p re v e n te d  by ' 

t e t r o d o t o x in .

L l i n a s  & N ic h o ls o n  (1 9 7 5 ) p r o v id e d  f u r t h e r  su p p o r t  f o r  th e  

c a lc iu m  h y p o t h e s i s .  T h e ir  s t u d ie s  were c a r r ie d  ou t u s in g  th e  

c a lc iu m  s e n s i t i v e  p h o to p r o t e in  A e q u o r in  to  d e m o n stra te  d i r e c t l y  

th e  a s s o c i a t i o n  between th e  r i s e  i n  i n t r a c e l l u l a r  c a lc iu m  and  

t r a n s m it t e r  r e le a s e .  T h e ir  s t u d ie s  were c a r r ie d  o u t on th e  

s q u id ,  w here A e q u o r in  was in j e c t e d  in t o  the  s q u id  p r e s y n a p t ic  

t e r m in a l s ,  and th e  d e p o la r i s a t i o n  in d u ce d  in c r e a s e  in  

i n t r a c e l l u l a r  c a lc iu m  was m easured  by the  in c r e a s e d  l i g h t  

o u tp u t .  T h ese  e x p e r im e n ts  p ro ve d  t h a t  i n  o rd e r  to  t r i g g e r  

t r a n s m it t e r  r e le a s e  a  r i s e  i n  i n t r a c e l l u l a r  c a lc iu m  was 

n e c e s s a ry .

D o u g la s  & R u b in  (1 9 6 1 ),  w o rk in g  on s e c r e t io n  from  th e  

a d r e n a l  m e d u lla ,  a l s o  showed t h a t  C a ^  was r e q u ir e d  f o r  

t r a n s m it t e r  s e c r e t io n .  They c o in e d  the  term  s t im u lu s - s e c r e t io n  

’ c o u p l in g '  w here d e p o la r i s a t i o n  le a d s  to  Ca^+  u p ta k e  and th en

s e c r e t io n  o f  t r a n s m it t e r  ( o r  hormone in  t h i s  c a s e ) .

The m am m alian c e n t r a l  s y n a p s e s ,  due to  t h e i r  c o m p le x ity  and  

s m a l l  s i z e ,  p ro v e  d i f f i c u l t  a s  m a t e r ia l  f o r  th e  s t im u lu s  

s e c r e t io n  c o u p l in g  s t u d ie s  t h a t  have  been d e s c r ib e d  f o r  th e  

n e u ro m u sc u la r  j u n c t io n  . The sy n a p to so m a l p r e p a r a t io n  (G ra y  & 

W h it t a k e r ,  1962) h a s  been u se d  by B la u s t e in  (1 9 7 5 ) to  s tu d y  

n e u r o t r a n s m it t e r



r e le a s e ,  u s in g  h ig h  p o ta s s iu m  io n  c o n c e n t r a t io n s  a s  a s t im u lu s .

O X
The syn ap to so m e s ta k e  up Ca and r e le a s e  n e u r o t r a n s m it t e r  

s u b s ta n c e s  in  a Ca -d e p e n d e n t m anner. R a p id  f i l t r a t i o n  

te c h n iq u e s  (K re u g e r ,  M o rd e c a i & B la u s t e in ,  1980) have  a l s o  been  

em ployed  to  s tu d y  th e  p r o p e r t ie s  o f  c a lc iu m  c h a n n e ls  by m e a su r in g  

^**Ca^+  u p ta k e  i n  r a t  b r a in  synap tosom e  p r e p a r a t io n s  (N ach sh e n  & 

B la u s t e in ,  1 9 8 0 ). B a ld e s s a r i n i  & K o p in  (1 9 6 6 ),  u s in g  b r a in  

s l i c e s ,  showed th a t  e l e c t r i c  f i e l d  s t im u la t io n  o f  the  s l i c e s  

t r i g g e r e d  th e  Ca^+ -d e p e n d e n t r e le a s e  o f  ^ H -n o ra d re n a lin e '.

R e le a s e  o f  p re lo a d e d  ^H -dopam ine  in  b r a in  s l i c e s  by e l e c t r i c a l  

s t im u la t i o n  h a s  a l s o  shown to  be C a ^  io n  dependent (F a rn e b o  & 

Hanjjerger, 1 97 1 ).

The m echanism  f o r  Ca^+  e n t r y  s t u d ie d  on th e  sq u id  sy n a p se

94-s u g g e s te d  th a t  the  p r o c e s s  was m a n ife s te d  a s  an e x t e r n a l  Ca^  

dependent n e t in w a rd  c u r r e n t  (K a tz  & M i l e d i ,  1969) w h ich  i s  

a s s o c ia t e d  w ith  a r i s e  i n  i n t r a c e l l u l a r  Ca^+  ( L l i n a s  & N ic h o ls o n ,  

1 9 7 5 ). D e p o la r i s a t i o n  t r i g g e r s  th e  o p e n in g  o f  Ca^+  s e le c t i v e  

c h a n n e ls  w h ich  a re  no t a f f e c t e d  by t e t r o d o t o x in  (K a tz  & M i l e d i ,  

1 9 6 9 ).

C a lc iu m  c h a n n e l

C a lc iu m  c h a n n e ls  a re  m o le c u la r  s t r u c t u r e s  th a t  s e l e c t i v e l y  

a l lo w  Ca^+  io n s  to  c r o s s  th e  membrane i n  re s p o n se  to  a 

d e p o la r i s a t i o n  o f  the  membrane. Upon d e p o la r i s a t i o n  the  Ca^+  

c h a n n e l opens and a l lo w s  Ca^“** t o  move in t o  th e  c e l l ,  t h i s  

movement i s  a p a s s iv e  p r o c e s s  d r iv e n  by th e  Ca e le c t r o c h e m ic a l  

g r a d ie n t .  I n t r a c e l l u l a r  [Ca^+ ]^ i s  u s u a l l y  l e s s  th a n  one 

m i l l i o n t h  o f  the  e x t r a c e l l u l a r  c a lc iu m  [Ca^+ )o *  T here  i s  

c o n s id e r a b le  v a r i a t i o n  i n  the  p r o p e r t ie s  o f  Ca^+  

c h a n n e ls  foun d  in  d i f f e r e n t  m em branes, and t h e r e fo r e  th e  Ca^+  

c h a n n e ls  may a l s o  d i f f e r  i n  m o le c u la r  s t r u c t u r e  (H a g iw a ra  &



B y e r ly ,  1 9 8 3 ).

Ca^+  c h a n n e ls  have been foun d  in  a lm o st  a l l  e x c i t a b le  

t i s s u e s .  A s  y e t  no su b s ta n c e  e x i s t s  w h ich  s p e c i f i c a l l y  b lo c k s

X  O  i

th e  c a lc iu m  ch a n n e l a s  t e t r o d o t o x in  does th e  Na c h a n n e l.  Ca^

9 +  9 I
c u r r e n t s  a re  b lo c k e d  by p o ly v a le n t  m e ta l io n s  e . g .  Cd^ , Mn and  

a l s o  Mg^+ . The o th e r  Ca^+  b lo c k e r  i s  the  d ru g  v e r a p a m il.

S t u d ie s  by De L o re n z o  (1 9 8 2 ) showed t h a t  th e  Ca^+  r e c e p to r

\
p r o t e in  i n  the  b r a in  t i s s u e  c a l le d  c a lm o d u lin  may be in v o lv e d  in  

n e u r o s e c r e t io n .  C a lm o d u lin  i s  th o u g h t to  r e g u la t e  the  e f f e c t s  o f 

Ca^+  a t  th e  sy n a p se  and i s  p re s e n t  on s y n a p t ic  v e s i c l e s .  U s in g  

p r e p a r a t io n s  o f  s y n a p t ic  v e s i c l e s  (De L o re n z o  & Freedm an, 1977, 

1978) the  r e s p o n s iv e n e s s  o f th e se  v e s i c l e s  was fo u n d  to  depend on  

b o th  th e  b in d in g  o f  endogenous c a lm o d u lin  t o  th e  v e s i c l e  membrane 

and the  s t a b i l i s a t i o n  o f the  enzyme sy ste m s in v o lv e d  in  m e d ia t in g

O r
th e  e f f e c t s  o f  Ca on v e s i c l e  f u n c t io n  (De L o re n z o ,  1 9 8 0 ).

De L o re n z o , Freedm an, Yohe & M auer (1 9 79 ) d e v e lo p e d  a  te c h n iq u e  

to  remove endogenous v e s ic le - b o u n d  c a lm o d u lin  fro m  th e  v e s i c l e  

membrane w ith o u t  s i g n i f i c a n t l y  a l t e r i n g  the  n e u r o t r a n s m it t e r  

c o n te n t  o f  th e  v e s i c l e s .  T h is  p r e p a r a t io n  was th e n  u sed  to  s tu d y  

th e  e f f e c t  o f  c a lm o d u lin  on Ca^+  s t im u la t e d  v e s i c l e  

n e u r o t r a n s m it t e r  r e le a s e .  De L o re n z o  e t a l  (1 9 7 9 ) showed th a t  

e f f e c t s  o f  Ca^+  on v e s i c l e  n e u r o t r a n s m is s io n  were dependent on 

c a lm o d u lin  and i n h ib i t e d  by t r i f l u o p e r a z in e ,  a c a lm o d u lin  

i n h i b i t o r .  Ca^+  e n t r y  in t o  syn ap to so m e s in d u ce d  u s in g  the  Ca^+  

io n o p h o re  A23187 was a l s o  i n h ib i t e d  w ith  t r i f l u o p e r a z in e .  I t  

app eared  t h a t  t r i f l u o p e r a z in e  was a c t in g  by d i r e c t l y  i n h i b i t i n g  

th e  Ca^+ - s t im u la t e d  sy s te m  w i t h in  th e  ne rve  t e r m in a l .  I t  a p p e a rs  

fro m  th e se  s t u d ie s  th a t  c a lm o d u lin  p la y s  a r o le  in

n e u r o s e c r e t io n .



Study of synap t i c  m o d u l a t i o n

The s tu d y  o f  s y n a p t ic  m o d u la t io n  o f  t r a n s m it t e r  r e le a s e  i n  

th e  CNS p r e s e n t s  w ith  d i f f i c u l t i e s  due to  th e  c o m p le x ity  o f  

n e u ro n a l o r g a n i s a t i o n .  C e n t r a l  c a te c h o la m in e  c o n t a in in g  

v a r i c o s i t i e s  a re  w i t h in  th e  re a ch  o f  many o th e r  n e u r o t r a n s m it t e r  

s u b s ta n c e s .  N e u r o t r a n s m it t e r s  may be r e le a s e d  from  n e rve  e n d in g s  

t h a t  im p in ge  upon th e  v a r i c o s i t i e s  fo rm in g  a x o -a x o n ic  sy n a p se s  o r  

may be r e le a s e d  fro m  d e n d r i t e s  (G ro v e s ,  W i ls o n ,  Young & Rebec, 

1 9 7 5 ). A  d ru g , i n  in f lu e n c in g  t r a n s m it t e r  r e le a s e ,  in s t e a d  o f  

a c t in g  d i r e c t l y  on c a te c h o la m in e r g ic  v a r i c o s i t i e s ,  may f i r s t  a c t  

on n e ig h b o u r in g  t e r m in a l s  o r  d e n d r i t e s ,  o r  on th e  c e l l  b o d ie s  

fro m  w h ich  th e y  p r o j e c t ,  o r  on g l i a l  c e l l s .  N e u r o t r a n s m it t e r  

r e le a s e  and th e  su b se q u e n t e x t r a p o la t io n  o f  s y n a p t ic  m o d u la t io n  

o f  the  r e le a s e  by means o f  d r u g s ,  can  be s t u d ie d  u s in g  v a r io u s  

te c h n iq u e s .  T h ese  te c h n iq u e s  i n  th e  CNS in c lu d e  th e  u se  o f :

1. b r a in  s l i c e s

2. sy n a p to so m a l p r e p a r a t io n s

3. i n  v iv o  e x p e r im e n ts  on s m a l l  b r a in  a re a s  u s in g  p u s h - p u l l  

c a n n u la  te c h n iq u e s .

The b e s t  m ethod f o r  s t u d y in g  n e u r o t r a n s m it t e r  r e le a s e  i s  to  

d e te rm in e  th e  o v e r f lo w  o f  th e  t r a n s m it t e r  and i t s  m e t a b o l i t e s  

fro m  th e  t i s s u e  i n t o  the  s u p e r f u s io n  m ed ia . I n  t h i s  manner the  

e f f e c t  o f  d ru g s  on t r a n s m it t e r  r e le a s e  can  be s t u d ie d .

B r a in  s l i c e s

M o st  i n v e s t i g a t i o n s  on c e n t r a l  p r e s y n a p t ic  m echanism s have  

been c a r r ie d  ou t u s in g  b r a in  s l i c e s .  Num erous r e fe r e n c e s  can  be 

foun d  to  s t u d ie s  on m am m alian b r a in  s l i c e s  (K e rk u t  & W h ea l, 1981; 

M c l lw a in ,  1975; E l l i o t t ,  1 9 6 9 ). I n  u s in g  b r a in  s l i c e s  w h ich  

c o n t a in  axon  t e r m in a ls  and no t c e l l  b o d ie s ,  the  p o s s i b i l i t y  o f  

the  d ru g  a f f e c t i n g  the  f i r i n g  r a t e  o f  the  n e u ro n s can  be



e l im in a t e d .  F o r  exam ple, s t r i a t a l  s l i c e s  can  be u sed  to  s tu d y  

dopam ine r e le a s e  w ith o u t  in t e r f e r e n c e  from  the  c e l l  b o d ie s  in  the  

p a r s  co m p acts  o f  th e  s u b s t a n t ia  n i g r a .  The a d v a n ta g e  o f  s l i c e  

p r e p a r a t io n s  i s  th a t  th e y  p e rm it  th e  s e le c t i o n  o f  s p e c i f i c  a re a s  

o f  th e  b r a in .  The o th e r  a d v a n ta g e  i s  th a t  th e  s u p e r f u s io n  o f  

t h in  s l i c e s  a l lo w s  one to  s tu d y  th e  e f f e c t s  o f  d ru g s  a t  th e  

o r g a n is e d  c e l l u l a r  le v e l  by m o n it o r in g  d ru g - in d u c e d  r e le a s e  o r  

b lo c k a d e  o f  r e le a s e  o f s u b s ta n c e s  in t o  the  s u p e r f u s a t e .  M c l lw a in  

and h i s  g ro u p  c a r r ie d  o u t th e  m ost d e t a i le d  s tu d y  on b r a in  s l i c e  

m e ta b o lism  and th e y  d e ve lo p e d  a  te c h n iq u e  o f  s l i c i n g  w hereby a 

s l i c e  rem a ined  v ia b le  f o r  s e v e r a l  h o u rs  (M c l lw a in ,  1961; M c l lw a in  

& R o d n ig h t ,  1962; M c l lw a in  & B a t c h e la r d ,  1 9 7 6 ). S in c e  th e  1 9 2 0 's  

many b io c h e m ic a l s t u d ie s  have  been c a r r ie d  o u t on the  b r a in .

O tto  W arb u rg  in t ro d u c e d  th e  t i s s u e  s l i c e  te c h n iq u e  a s  a  method  

f o r  s t u d y in g ,  by s im p le  and e a s i l y  c o n t r o l le d  i n  v i t r o  m ethods, 

th e  m e ta b o lism  o f t i s s u e s  o f  w h ich  the  s t r u c t u r e  had no t been  

e x t e n s iv e ly  d is r u p t e d .  The d is a d v a n t a g e  o f  th e  s l i c e  p r e p a r a t io n  

i s  th a t  th e  t i s s u e  i s  no t i n  a n o rm a l s t a t e  b e cau se  i t  i s  

s e p a r a te d  fro m  i t s  n o rm a l in p u t s .  W h o lly  in t e g r a t e d  s y n a p t ic  

e v e n ts  a re  l o s t  a s  w e l l  a s  t o n ic  e x c i t a t o r y  and i n h i b i t o r y  

i n f lu e n c e s .  T h is  means th a t  a l th o u g h  one can  s t u d y  the  l o c a l  

e ve n t t a k in g  p la c e  i n  a s p e c i f i e d  a n a to m ic a l s i t e  i t  w ou ld  be 

d i f f i c u l t  to  d i r e c t l y  r e la t e  th e  s i t u a t i o n  to  an  i n  v iv o  

c o n d i t io n .  I n  th e  p r e p a r a t io n  and m a n ip u la t io n  o f b r a in  t i s s u e  

s l i c e s ,  damage to  the  s u p e r f i c i a l  la y e r s  o f  c e l l s  i s  i n e v i t a b le .  

C e l l u l a r  p r o c e s s e s  a re  se v e re d  and c e l l s  may u n d e rgo  

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

c i r c u i t r y  b e cau se  c e l l  in p u t -o u t p u t  o r ie n t a t io n  i s  not c o n ta in e d  

w it h in  th e  la m e l la  o f  th e  s l i c e .

S w e l l in g  o f  s l i c e s  w h ich  i n d ic a t e s  t i s s u e  damage h a s  been  

e x t e n s iv e ly  s t u d ie d .  S w e l l in g  was d e f in e d  by V a ro n  and M c l lw a in



(1 9 61 ) a s  o c c u r r in g  i n  th re e  p h a s e s .  F i r s t  a  t h in  f i lm  o f  K r e b 's  

a d h e re s  t o  th e  s l i c e s ,  th e n  a l a r g e  s w e l l in g  a p p e a r s  d u r in g  

p r e p a r a t io n  o f  s l i c e s  a t  a r a t e  o f 2 .4  p l/1 0 0  m g/m in , a p r o c e s s  

w h ich  i s  n o t r e v e r s ib le  i n  s p i t e  o f  su b se q u e n t in c u b a t io n  in  

o x y ge n a te d  p h y s io l o g i c a l  medium. T h is  maybe a s s o c ia t e d  w ith  

i n t r a c e l l u l a r  ch an ge s a s  th e re  i s  no change  i n  i n u l i n  sp a c e .  

F i n a l l y ,  s lo w  s w e l l i n g  o c c u r s  on in c u b a t io n  a t  a  r a t e  o f 0 .1  p i /  

1 0 0  m g/m in  and p r o b a b ly  a s s o c ia t e d  w ith  e x t r a c e l l u l a r  s w e l l in g  

s in c e  i n u l i n  sp ace  i s  in c r e a s e d  on in c u b a t io n .  T h is  c o n t r ib u t e s  

to  a 28% in c r e a s e  i n  s l i c e  w e ig h t  pe r h o u r. U s in g  s w o lle n  

s l i c e s ,  and s l i c e s  i n  w h ich  s w e l l i n g  h as been p re v e n te d  by 

d e x t ra n ,  B a n a y -S c h w a r tz ,  G e r g e ly  & L a j t h a  (1 9 7 4 ) showed th a t  

s w e l l i n g  does n o t im p a ir  th e  a b i l i t y  to  t r a n s p o r t  am ino a c id s .

G a r f i n k e l ,  Lon don , Dzubow & N i c k la s  (1 9 7 5 ) p ro v id e d  

in f o r m a t io n  to  show th a t  b r a in  s l i c e s  were a s  v i a b le  a s  the  

i n t a c t  b r a in  by th e  u se  o f a  com puter m odel o f  in te r m e d ia r y  

m e ta b o lism . D a ta  o b ta in e d  from  in  v iv o  s t u d ie s  showed th a t  

m e ta b o lism  i s  d iv id e d  betw een two com partm ents. I n  o rd e r  to  

m atch the  d a ta  o b ta in e d  un der i n  v iv o  c o n d i t io n s  th e y  had to  have  

an a d d i t i o n a l  com partm ent w h ich  co rre sp o n d e d  t o  b r a in  t i s s u e  

damaged d u r in g  p r e p a r a t io n .  However the o r g a n i s a t io n  o f  

m e ta b o lism  was l a r g e l y  unchanged  and th e re  was an o v e r a l l  

s i m i l a r i t y  betw een in  v iv o  m e ta b o lism  and m e ta b o lism  in  s l i c e s .

I n  m ost s t u d ie s  o f  p r e s y n a p t ic  r e g u la t io n ,  th e  

n e u r o t r a n s m it t e r  s t o r e s  i n  b r a in  s l i c e s  have  been la b e l l e d  by 

means o f  r a d io a c t iv e  dopam ine o r n o r a d r e n a l in e ;  i n  th e  c a se  o f  

dopam ine r e le a s e  s t u d ie s ,  s l i c e s  have  a l s o  been in c u b a te d  w ith  

r a d io a c t iv e  t y r o s in e .  I t  i s  p o s s ib le  th a t  i n  th e  s tu d y  o f  

p re lo a d e d  c a te c h o la m in e s ,  the  l a b e l  may be ta k e n  up in t o  c e l l s  

o th e r  th a n  th o se  c o n t a in in g  the  endogenous t r a n s m it t e r ,  and  

th e r e fo r e  c o u ld  be r e le a s e d  upon s t im u la t io n  from  in a p p r o p r ia t e



cells.

Cohen (1 9 74 ) c a r r ie d  ou t a s y s t e m a t ic  e le c t r o n  m ic r o s c o p ic  

s tu d y  o f  s w e l l i n g  i n  r e l a t i o n  to  th e  t h ic k n e s s  o f  mouse b r a in  

s l i c e .  S l i c e s  g r e a t e r  th a n  0 .3  mm c o n s is t e d  o f  an o u te r  la y e r  o f  

'd am a ge d ’ t i s s u e  and an  i n t a c t  c o re .  S l i c e s  l e s s  th an  0 .1 7  mm 

c o n s is t e d  e n t i r e l y  o f damaged t i s s u e .  I n  b o th  c a s e s  the  damaged 

t i s s u e  w as more s u s c e p t ib le  to  s w e l l i n g  and le a k a g e .  S t u d ie s  o f  

M c l lw a in  and B a c h e la rd  (1 9 7 6 ) and M c l lw a in  (1 9 7 5 ) sum m arise  th e  

a b i l i t y  o f  b r a in  s l i c e s  t o  m a in ta in  n o rm a l m e ta b o lic  p r o c e s s e s  in  

v i t r o .  They n o te  th a t  even w ith o u t  e x o g e n o u s ly  added m e ta b o l ic  

s u b s t r a t e ,  o xyge n  i s  a b so rb e d  and c a rb o n  d io x id e  e v o lv e d .  I n  

g e n e r a l ,  r e s p i r a t i o n  r a t e s  a re  ab o u t h a l f  o f th o se  o c c u r r in g  in  

v iv o  and t h i s  i s  in d e p e n d e n t o f s l i c e  s i z e .  P h y s i o l o g i c a l  

s t u d ie s  a l s o  show th a t  b r a in  s l i c e s  a re  d u r a b le  and v ia b le  in  

v i t r o .  I n t r a c e l l u l a r  r e c o r d in g s  o r i g i n a l l y  done by Yamamoto & 

M c l lw a in  (1 9 6 6 ),  d e m o n stra te  th a t  s l i c e s  can  a c t i v e l y  m a in t a in  

membrane p o t e n t i a l s  o f  ab o u t 60 mV, n o rm a l s y n a p t ic  phenomena 

su ch  a s  p o s t s y n a p t ic  p o t e n t i a l s  f o l lo w in g  s t im u la t io n  o c c u r  and  

e l e c t r i c a l  a c t i v i t y  s p re a d s  to  an a p p r e c ia b le  p o r t io n  o f the  

s l i c e .

To w hat e x te n t  th e  r e le a s e  o f  p re lo a d e d  la b e l l e d  t r a n s m it t e r  

i s  a k in  to  endogenous t r a n s m it t e r  r e le a s e  i s  n o t c le a r .

G lo w in s k i  (1 9 75 ) d e s c r ib e s  n e rve  e n d in g s  a s  c o n t a in in g  a t  l e a s t  

two p o o ls  o f  c a te c h o la m in e s  w ith  d i f f e r e n t  dynam ic  p r o p e r t ie s .  A 

new ly  s y n t h e s i s e d  o r r e c e n t ly  ta k e n  up t r a n s m it t e r  f i r s t  e n te r s  a 

" f u n c t i o n a l ” p o o l from  w h ich  m a jo r r e le a s e  o c c u r s .  W ith  t im e ,  

th e  p o s s i b i l i t y  o f  the  t r a n s m it t e r  m o le c u le  b e in g  r e le a s e d  

d e c l in e s  and i t  i s  s t o r e d  i n  a " r e s e r v e "  p o o l,  w h ich  c o n t r ib u t e s  

t o  r e le a s e  when an  in c r e a s e d  r a t e  o f  n e u ro n a l f i r i n g  

( s t im u la t i o n )  o c c u r s .  A s  th e  p r e in c u b a t io n  tim e  w ith  the  

l a b e l l e d  t r a n s m it t e r  f o r  s l i c e s  i s  ab o u t t h i r t y - f o r t y  m in u te s  and



t h i r t y  m in u te s  f o r  s u p e r f u s io n  o r  'w a s h o u t ', th e  o v e r f lo w  o f  

l a b e l l e d  t r a n s m it t e r  w i l l  p re d o m in a n t ly  o r i g i n a t e  from  th e  

r e s e r v e  p o o l.  How th e  m o d u la t io n  o f  t r a n s m it t e r  r e le a s e  fro m  the  

f u n c t i o n a l  and r e s e r v e  p o o ls  may o r  may n o t d i f f e r  i s  n o t c le a r .  

S tu d y  o f  endogenous t r a n s m it t e r  r e le a s e  may c l a r i f y  th e se  

p ro b le m s.

The b a s a l  r e le a s e  o f  l a b e l l e d  n o r a d r e n a l in e  i s  not a f f e c t e d  

by t e t r o d o t o x in  ( B a l d e s s a r i n i ,  1975) no r by o m is s io n  o f Ca^+  

(T au b e , S t a r k e  & B o r o w s k i,  1 9 7 7 ). E l e c t r i c a l l y  s t im u la t e d  evoked  

r e le a s e  i s  c o m p le te ly  a b o l is h e d  by t e t r o d o t o x in  o r  la c k  o f  

c a lc iu m .

The b a s a l  r e le a s e  o f  ^H-dopamine i s  m a rk e d ly  reduced  d u r in g  

s u p e r f u s io n  w ith  t e t r o d o t o x in  o r  i n  a Ca^+  f r e e  m edia  (D ism u k e s  &

o
M u ld e r ,  1 9 7 7 ). The e l e c t r i c a l l y  evoked  r e le a s e  o f  JH-DA i s  

c o m p le te ly  c a lc iu m  io n  dependent and b lo c k e d  by t e t r o d o t o x in  

(F a rn e b o , 1971; D ism u ke s & M u ld e r ,  1 9 7 7 ). I t  a p p e a rs  t h a t  b a s a l  

r e le a s e  o f  NA and DA have d i f f e r e n t  c h a r a c t e r i s t i c s .

R e le a s e  u s in g  sy n a p to so m e s

The te c h n iq u e  f o r  p r e p a r in g  syn ap to so m e s i n  o rd e r  to  s tu d y  

t r a n s m it t e r  r e le a s e  h a s  been rev ie w e d  by B r a d fo r d  (1 9 7 5 ).

R e le a s e  o f endogenous and p re lo a d e d  t r a n s m it t e r  can  be m easured , 

u s in g  e l e c t r i c a l  s t im u la t i o n ,  h ig h  p o ta s s iu m  and v e r a t r id in e  a s  

s t im u la t i n g  a g e n t s .  I t  i s  s u g g e s te d  th a t  syn ap to so m e s c o u ld  

o f f e r  th e  p o s s i b i l i t y  o f  s t u d y in g  d ru g  e f f e c t s  p u r e ly  on th e  

p r e s y n a p t ic  t e r m in a l s ,  how ever, some syn ap to so m e s have been shown 

by J o n e s  (1 9 75 ) t o  be s t i l l  a t ta c h e d  to  p o s t s y n a p t ic  membranes 

and s i t e  o f  d ru g  a c t io n  may involve e i t h e r  o r  b o th .

I n  v iv o  e x p e r im e n ts  to  s tu d y  t r a n s m it t e r  r e le a s e

The r e le a s e  o f  t r a n s m it t e r  in  s m a l l  b r a in  a re a s  h a s  been

s t u d ie d  i n  v iv o  u s in g  p u s h - p u l l  c a n n u la  te c h n iq u e s  ( B a r t h o l i n i



S t a d le r ,  Gadea C i r i a  & L lo y d ,  1976; N ie o u l lo n ,  Cheramy & 

G lo w in s k i ,  1977).

The r e s u l t s  o f  th e  e f f e c t  o f  d ru g s  on th e  r e le a s e  o f  

t r a n s m it t e r  i n  v iv o  a re  more d i f f i c u l t  to  in t e r p r e t  th a n  th e  

r e s u l t s  o b ta in e d  u s in g  s l i c e s  o r  sy n a p to so m a l p r e p a r a t io n s .  

N e io u l lo n  e t a l  (1 9 7 7 ),  e s t im a te d  th e  evoked r e le a s e  o f th e  

t r a n s m it t e r  fro m  th e  n e rve  e n d in g s  by e l e c t r i c a l l y  s t im u la t in g  

c a te c h o la m in e r g ic  c e l l  b o d ie s  i n  v iv o .  The e f f e c t  o f d ru g s  on 

t h i s  r e le a s e  c o u ld  be e x p la in e d  a s  b e in g  p r e s y n a p t ic ,  how ever the  

e x t e r n a l  s t im u lu s  i s  su p e r im p o se d  upon t o t a l  endogenous a c t i v i t y  

and many f a c t o r s  c o u ld  be c o n t r ib u t in g  to  the  m o d u la t io n  o f the  

r e le a s e .

D i f f e r e n t  ty p e s  o f  n e g a t iv e  m o d u la t io n  o f  t r a n s m it t e r  r e le a s e  

I n  s t u d ie s  o f  s y n a p t ic  t r a n s m is s io n ,  m o d u la t io n  o f  

t r a n s m it t e r  r e le a s e  ta k e s  a p ro m in e n t p o s i t i o n .  Three  ty p e s  o f  

n e g a t iv e  m o d u la t io n  o f  t r a n s m it t e r  r e le a s e  can  o c c u r .  T h ese  

in c lu d e  p r e s y n a p t ic ,  t r a n s y n a p t ic  and n o n sy n a p t ic  m o d u la t io n .

See  F ig u r e s  a - c  b e lo w .

FIG a: Presynaptic autoinhibition



T h is  ty p e  o f  m o d u la t io n  i s  c h a r a c t e r i s e d  by a u t o in h ib i t i o n  where  

t r a n s m it t e r  r e le a s e d  from  a v a r i c o s i t y  i n h i b i t s  f u r t h e r  r e le a s e  

fro m  th e  same v a r i c o s i t y .
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FIG b: Transsynaptic modulation

A t r a n s - s y n a p t i c  m o d u la to r  i s  a su b s ta n c e  form ed by and 

r e le a s e d  fro m  a  p o s t s y n a p t ic  c e l l  w h ich  h a s the  c a p a c i t y  to  

i n h i b i t  the  r e le a s e  o f  the  t r a n s m it t e r  from  the  p r e s y n a p t ic  nerve  

e n d in g s .

In  n o n - s y n a p t ic  m o d u la t io n ,  one se t  o f n e u ron s d e c re a se s  the  

in f lu e n c e  o f  a n o th e r  s e t .  The i n h i b i t o r y  a ge n t o r  th e  m o d u la to r  

i s  r e le a s e d  fro m  axon  t e r m in a ls  a t  a d is t a n c e  from  e f f e c t o r  c e l l s  

and d i f f u s e s  o v e r  some m ic ro m e tre s  to  e x e r t  i t s  i n h i b i t o r y  e f f e c t



on a n e i g h b o u r i n g  neuron.

M o d u la t io n  o f  NA r e le a s e  v i a  p r e s y n a p t ic o l - a d r e n o c e p t o r s

I t  was r e p o r te d  i n  1957 by Brown & G i l l e s p i e  th a t  

phenoxybenzam ine  enhanced  th e  o v e r f lo w  o f  n o r a d r e n a l in e  r e le a s e d  

by e l e c t r i c a l  s t im u la t io n  o f  th e  p o s t g a n g l io n i c  s y m p a th e t ic  

f i b r e s  to  th e  s p le e n .  I n i t i a l l y  t h i s  e f f e c t  was th o u g h t  to  be 

due to  the  b lo c k  o f  o ( . -a d re n o c e p to r s  on the  e f f e c t o r  o r g a n .  When 

i t  was fo u n d  t h a t  phenoxybenzam ine  i n h i b i t s  n e u ro n a l a n d .e x t r a  

n e u ro n a l r e -u p ta k e  o f  NA ( H e r t t in g ,  1965; Iv e r s e n ,  1965; 

E i s e n f e ld ,  A x e lr o d  & K r a k o f f ,  1967) i t  was s u g g e s te d  th a t  the  

d ru g  e f f e c t  was due to  th e  i n h i b i t i o n  o f  r e -u p ta k e .

C o c a in e ,  known to  i n h i b i t  n e u ro n a l u p tak e  o f NA w ith o u t  

b lo c k in g  c > C -a d re n o re c e p to rs ,  was t e s t e d  on the  p e r fu se d  s p le e n  

p r e p a r a t io n  and f a i l e d  to  in c r e a s e  th e  s t im u la t io n  evoked  r e le a s e  

o f  NA even a t  c o n c e n t r a t io n s  a t  w h ich  m axim al I n h i b i t i o n  o f  

n e u ro n a l u p ta k e  o f  NA i s  o b ta in e d  ( B la k e le y ,  Brow n & F e r r y ,

1 9 6 3 ). These  r e s u l t s  r e fu te d  th e  v ie w  th a t  th e  in c r e a s e  in  

s t im u la t io n - e v o k e d  t r a n s m it t e r  o v e r f lo w  i n  th e  p re se n c e  o f  

phenoxybenzam ine  was due to  th e  i n h i b i t i o n  o f n e u ro n a l up tak e  o f  

NA.

H a v in g  e x c lu d e d  i n h i b i t i o n  o f  e n zy m atic  d e g r a d a t io n  and 

i n h i b i t i o n  o f  r e -u p ta k e  a s  e x p la n a t io n s  f o r  th e  e f f e c t  o f  

phenoxybenzam ine, H a g g e n d a l (1 9 6 9 ) and H e d q v is t  (1 9 6 9 ) p ro p o se d  

t h a t  th e  d ru g  m igh t  in c r e a s e  r e le a s e  p e r im p u lse  e i t h e r  by a  

d i r e c t  a c t io n  on n e rve  t e r m in a l s  o r  by the e x is t e n c e  o f a 

t r a n s - s y n a p t i c  r e g u la t i o n  f o r  th e  r e le a s e  o f  NA w hereby  

t r a n s m it t e r  o u tp u t w ou ld  be c o n t r o l le d  by the  a c t i v i t y  o f the  

e f f e c t o r  c e l l .  How ever, th e  t r a n s - s y n a p t i c  fe e d b a c k  h y p o t h e s is  

was r u le d  ou t when i t  was fo u n d  th a t  o C - a d r e n o ly t ic  d ru g s  a l s o  

in c r e a s e  th e  o v e r f lo w  o f  NA fro m  g u in e a - p ig  a t r i a  (M c C u llo c h ,



Rand & S t o r y ,  1 9 7 2 ),  r a b b i t  h e a r t  ( S t a r k e ,  M o n te l & Schum ann,

1971) and c a t  h e a r t  (F a ra h  & L a n g e r ,  1974) p r e p a r a t io n s  where the  

a d re n o c e p to r s  t h a t  m e d ia te  th e  re sp o n se  o f  th e  e f f e c t o r  o r g a n  a re  

o f  th e  [3 -type.

I n  1971 K i r p e k a r  & P u ig ,  w o rk in g  on th e  p e r fu se d  c a t  s p le e n ,  

p ro p o se d  t h a t  -

"NA  r e le a s e d  by n e rve  s t im u la t i o n  a c t s  on p r e s y n a p t ic  

s i t e s  t o  i n h i b i t  i t s  own r e le a s e  by a  n e g a t iv e  fe e d b a c k  

m echanism . A d re n o c e p to r  b lo c k in g  a g e n t s  enhance  th e  NA 

o v e r f lo w  from  s p le e n  b e cau se  th e y  remove t h i s  

a u t o in h ib i t i o n  by b lo c k in g  th e  p r e s y n a p t ic  <X s i t e s . "

T h e re fo re  a c c o r d in g  to  t h i s  p r o p o s a l ,  p r e s y n a p t ic  

a d re n o c e p to r s  a re  in v o lv e d  i n  th e  r e g u la t io n  o f  NA r e le a s e  

th ro u g h  a n e g a t iv e  fe e d b a c k  m echanism  m e d ia te d  by the  t r a n s m it t e r  

i t s e l f  (E n e ro ,  L a n g e r ,  R o t h l i n  & S t e fa n o ,  1972; L a n g e r ,  1977;

S t a r k e ,  1 9 7 7 ).

Once NA r e le a s e  e l i c i t e d  by n e rve  s t im u la t io n  re a c h e s  a  

th r e s h o ld  c o n c e n t r a t io n  i n  th e  s y n a p t ic  c l e f t ,  i t  a c t i v a t e s  

p r e s y n a p t ic O C a d re n o c e p to r s  t r i g g e r i n g  a  n e g a t iv e  fe e d b a c k  

m echanism  th a t  i n h i b i t s  f u r t h e r  r e le a s e  o f the  n e u r o t r a n s m it t e r  

(L a n g e r ,  1 9 7 3 ). I n  su p p o r t  o f  t h i s  h y p o t h e s is  i t  was shown t h a t  

o C ad re n o ce p to r  a g o n i s t s  i n h i b i t  NA r e le a s e  e l i c i t e d  d u r in g  n e rve  

s t im u la t i o n  (K i r k p e k a r ,  F u r c h g o t t ,  Wakade & P r a t ,  1973; S t a r k e ,

Endo , Taube & B o ro w s k i,  1975; L a n g e r ,  D u b o c o v ic h  & C e lu c h ,  1975) 

w h ile  an  in c r e a s e  i n  th e  s t im u la t io n - e v o k e d  r e le a s e  o f NA i s  

o b ta in e d  i n  th e  p re se n c e  o f o C a d re n o c e p to r  b lo c k in g  a g e n ts  (E n e ro  

e t a l ,  1972; S t a r k e ,  M o n te l & Schum ann, 1 9 7 1 ). The e f f e c t s  a re  

o b se rv e d  i r r e s p e c t i v e  o f  th e  oCor |3 n a tu re  o f the  p o s t - s y n a p t ic  

a d re n o c e p to r .

The r e g u la t io n  o f  n e u r o t r a n s m it t e r  r e le a s e  by p r e s y n a p t ic  

a d re n o c e p to r  i s  c a lc iu m  io n  dependent ( S t j a r n e ,  1973; S t a r k e  &
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M o n te l,  1974) and th e  m echanism  i s  o p e r a t io n a l  a t  low  and 

in te r m e d ia te  f r e q u e n c ie s  (D u b o c o v ic h  & L a n g e r ,  1 9 7 6 ).

The term  p r e s y n a p t ic  a u to re c e p to r  i s  u sed  f o r  r e c e p to r s  th a t  

a re  p r o b a b ly  lo c a te d  on axon  t e r m in a ls  and in v o lv e d  in  the  

r e g u la t i o n  o f  the  Ca2+ dependent r e le a s e  o f a n e u r o t r a n s r a it te r  by 

the  t r a n s m it t e r  i t s e l f .  How p r e s y n a p t ic  a u to r e c e p to r s  m od u la te  

r e le a s e  i s  n o t c le a r ,  a p o s s ib le  c lu e  i s  th e  in v o lv e m e n t o f  

c a lc iu m ,  a s  o n ly  C a2+“ dependent m ode ls o f r e le a s e  a re  m o d u la ted .

In  th e  r a b b i t  h e a r t ,  o x y m e ta z o lin e  d e c r e a s e s ,  w hereas  

p h e n to la m in e  in c r e a s e s  th e  C a2+ dependent r e le a s e  o f NA e l i c i t e d  

by e l e c t r i c a l  n e rve  s t im u la t i o n ,  o r  by h ig h  K+ , but no t the  Ca2+ 

in d e p e n d e n t b a s a l  e f f l u x ,  n o r the  Ca - in d e p e n d e n t  r e le a s e  evoked  

by ty ra m in e  ( S t a r k e  & M o n t e l,  1 9 7 4 ). A u to re c e p to r  a c t i v a t i o n  

seem to  make l e s s  Ca2+ a v a i l a b le  f o r  t r a n s m it t e r  r e le a s e .  The 

d e c re a se  o f  s t im u lu s -e v o k e d  r e le a s e  o f a t r a n s m it t e r  may be due 

f i r s t l y  to  a b lo c k  in  the  c o n d u c t io n  o f a c t io n  p o t e n t i a l  to  the  

axon  t e r m in a l s ,  hence few er t e r m in a l s  open t h e i r  g a te s  f o r  Ca^+  

i o n s .  S e c o n d ly  i t  i s  p o s s ib le  th a t  even th ou gh  the axon  

t e r m in a l s  a re  in v a d e d  by th e  a c t io n  p o t e n t i a l ,  th e y  a l lo w  l e s s  

Ca2+ e n t r y  and e le c t r o s e c r e t o r y  c o u p l in g  in  each  i n d i v i d u a l  

t e r m in a l  i s  d e p re s se d .  I n  th e  p re se n ce  o f  h ig h  K+ , when a d ru g  

re d u ce s  the  t r a n s m it t e r  r e le a s e ,  the  f i r s t  p o s s i b i l i t y  can be 

e x c lu d e d  b e cau se  h ig h  K+  d e p o la r i s e s  a l l  axo n s s im u lt a n e o u s ly  and 

a c t io n  p o t e n t i a l s  w h ich  a re  s e n s i t i v e  to  t e t r o d o t o x in  do not 

c o n t r ib u t e  to  r e le a s e .

G o t h e r t ,  P o h l & W ehking (1 9 7 9 ) found  th a t  r e le a s e  o f NA 

c o u ld  be p rod uce d  by r e - in t r o d u c t io n  o f Ca^+  a f t e r  e x p o su re  o f  

th e  t i s s u e  to  C a2+ f r e e  m ed ia , p ro v id e d  the  t i s s u e  i s  k e p t  

d e p o la r i s e d  w ith  h ig h  K+ . P r e s y n a p t ic  r e c e p to r  a n t a g o n is t s

in c r e a s e ,  and a g o n i s t s  d e c re a se  t h i s  Ca2+ dependent r e le a s e  o f  

NA, p re su m a b ly  b e cau se  Ca2+ io n s  e n te r  th ro u g h
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p o t e n t i a l - s e n s i t i v e  c h a n n e ls .  T h is  experim en t s u p p o r t s  the  id e a

th a t  a u to r e c e p to r s  a re  somehow l in k e d  to  v o lt a g e  c o n t r o l le d  

9-4-Ca^ - c h a n n e l s .

The p r e s y n a p t ic  n e g a t iv e  fe e d b ac k  m echanism  f o r  NA r e q u ir e s  

a t h r e s h o ld  c o n c e n t r a t io n  o f  the  t r a n s m it t e r  r e le a s e d  by n e rve  

im p u ls e s  in t o  the  s y n a p t ic  ga p . When r e s e r p in e  i s  used  to  

d e p le te  th e  endogenous NA s t o r e s  th e  e f f e c t i v e n e s s  o f  

phenoxybenzam ine  in  e n h a n c in g  th e  ^H-NA r e le a s e  i s  reduced  (E n e ro  

& L a n g e r ,  1 9 7 3 ).

Ran d , S t o r y ,  A l le n ,  G lo v e r  & M c C u llo c h  (1 9 7 3 ) foun d  th a t  in  

g u in e a - p ig  a t r i a  on e l e c t r i c a l  s t im u la t io n ,  th e  o v e r f lo w  o f NA 

per p u ls e  d e c re a se s  w ith  s u c c e s s iv e  p u ls e s  a n d •t h i s  e f f e c t  i s  

re v e r s e d  by phenoxybenzam ine. S t a r k e  (1 9 77 ) s u g g e s t e d  t h i s  may 

be due to  g r e a t e r  b lo c k a d e  o f  a u to r e c e p to r s  by the  a n t a g o n is t .

I n  s u p p o r t  o f  t h i s  th e o ry  Baumann & K o e l la ,  (1 9 8 0 ) foun d  t h a t  in  

c o r t i c a l  s l i c e s  o f the  r a t  th e re  w as, o ve r  a fre q u e n c y  ran ge  o f

0 .2 -1 .6 h z ,  a d e c re a se  i n  NA r e le a s e d  pe r p u ls e  w ith  i n c r e a s in g  

fre q u e n c y .  The a g o n i s t  clomdine t o t a l l y  b lo c k e d  r e le a s e  per  

p u ls e  w it h  in c r e a s in g  f re q u e n c y  a s  th e  e f f e c t s  o f  NA r e le a s e d  and  

the  a g o n i s t  were a d d i t i v e .  The p r e s y n a p t ic  a u t o r e g u la t o r y  th e o ry  

r e s t s  on two s e p a r a te  f i n d in g s .  T h ese  a re  t h a t  phenoxybenzam ine, 

a n c x - r e c e p t o r  a n t a g o n is t ,  in c r e a s e s  the  s t im u la t e d  r e le a s e  o f  

l a b e l l e d  n o r a d r e n a l in e  w hereas exogenou s n o r a d r e n a l in e  i n h i b i t s  

t h i s  r e le a s e .  I t  I s  s u g g e s te d  th a t  a s i n g l e  u n i t  m o d u la te s  

w hether i t  i s  o c c u p ie d  by an a g o n i s t  o r  an a n t a g o n is t .  R e s u l t s  

o b ta in e d  by K a l s n e r  (1 9 7 9 ) do no t su p p o r t  su ch  an  u n i t a r y  

h y p o t h e s is  o f p r e s y n a p t ic  m o d u la t io n .  I n  h i s  e x p e r im e n ts  on th e  

g u in e a - p ig  v a s  d e fe r e n s ,  he foun d  th a t  upon s i n g l e  p u ls e  

s t im u la t io n ,  when no m o d u la t io n  o f ~*H-NA r e le a s e  can  o c c u r,  

phenoxybenzam ine  enhanced  the  r e le a s e  o f  p re lo a d e d  ^H-NA.

Rand, S t o r y ,  A l l e n ,  G lo v e r  & M c C u llo c h  (1 9 7 3 ),  u s in g  the
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g u in e a - p ig  a t r i a ,  foun d  th a t  phenoxybenzam ine d id  no t in c r e a s e  

the  e f f l u x  o f  t r i t i u m  a f t e r  s i n g l e  p u ls e  a d m in i s t r a t io n .  W hether  

the  o b s e r v a t io n s  fro m  th e se  two e x p e r im e n ts  v a r y  due to  d i f f e r e n t  

o rg a n s  o r  to  d i f f e r e n t  e x p e r im e n ta l p ro c e d u re s  i s  not c le a r .

K a l s n e r  (1 9 80 ) l a t e r  s u g g e s te d  th a t  exogen ou s NA and  

phenoxybenzam ine  w orked by d i f f e r e n t  m echan ism s. U s in g  a te sL  

sy s te m  w hereby he in c r e a s e d  th e  f r e q u e n c ie s  o f  s t im u la t i o n  o f  the  

v a s  d e fe re n s  a t  two d i f f e r e n t  p u ls e  r a t e s  ( 1 0  and 50 p u l s e s )  he 

fo u n d  t h a t  a s  the  fre q u e n c y  in c r e a s e d  phenoxybenzam ine had a 

d im in is h in g  e f f e c t  on ^H-NA r e le a s e  i r r e s p e c t i v e  o f p u ls e  r a t e .  

The d e p r e s s io n  o f  ^H -N A  r e le a s e  by exogenous NA was in d ep e n d e n t  

o f  fre q u e n c y ,  but p u ls e  r a t e  dependent (50% d e p r e s s io n  a t  10  

p u ls e s  and 30% a t  50 p u l s e s ) .  On th e  b a s i s  o f  th e se  d i f f e r e n c e s  

K a ls n e r  s u g g e s te d  th a t  b o th  su b s ta n c e s  w ork by d i f f e r e n t  

m echan ism s o r  a t  d i f f e r e n t  s i t e s .

How ever, th e re  i s  f u r t h e r  e v id e n c e  in  th e  l i t e r a t u r e  th a t  

p r e s y n a p t ic  m o d u la t io n  o f  NA r e le a s e  i s  f re q u e n c y  depen den t.

Brown & G i l l e s p i e  (1 9 5 7 ) foun d  th a t  a t  a fre q u e n c y  o f  10 

p u l s e s / s e c  th e o ^  b lo c k in g  a g e n t  d ib e n am in e  ca u se d  an in c r e a s e  in  

NA r e le a s e ,  but at 30 p u l s e s / s e c  r e le a s e  was not enhanced.

K ir p e k a r  & C e rv o n i (1 9 6 3 ),  u s in g  phenoxybenzam ine, c o n firm e d  th a t  

a t  30 p u l s e s / s e c  NA r e le a s e  was not enhanced, w hereas a t  lo w e r  

f r e q u e n c ie s  i t  w as. o t - r e c e p t o r  a g o n i s t s  a re  more e f f e c t i v e  in  

r e d u c in g  re sp o n se s  to  s y m p a th e t ic  n e rve  s t im u la t io n  a t low  

f r e q u e n c ie s  th a n  a t  h ig h  f r e q u e n c ie s .  A rm stro n g  & B o u ra  (1 9 73 ) 

fo u n d  th a t  the  in c r e a s e d  h e a r t  r a te  o f p ith e d  r a t s  cau se d  by 

s y m p a th e t ic  n e rve  s t im u la t i o n  was d e p re sse d  by c lo n id in e  a t  

f r e q u e n c ie s  o f  0 .2 5 -1  Hz but no t s i g n i f i c a n t l y  changed  a t  

f r e q u e n c ie s  o f  2 -8  Hz. S t a r k e ,  M o n te l,  G ayk  & M e rk e r  (1974 )  

fo u n d  t h a t  in  s u p e r fu s e d  s t r i p s  o f r a b b i t  pu lm onary  a r t e r y  the



i n h i b i t i o n  cau se d  by c lo n id in e  was g r e a t e r  a t  a fre q u e n c y  o f 2 Hz 

th a n  a t  a h ig h  s t im u la t i o n  fre q u e n cy  o f  8 Hz. From th e se  s t u d ie s  

and the  c o n t r o v e r s i a l  r e s u l t s  o f  K a l s n e r  i t  i s  no t c le a r  to  what 

e x te n t  m o d u la t io n  o f  r e le a s e  i s  f re q u e n c y  dependent.

C a lc iu m  and p r e s y n a p t ic  e v e n ts

A s  p r e v io u s ly  d is c u s s e d  the  f l u x  o f  Ca^+  io n s  in t o  the  

i n t r a c e l l u l a r  p r e s y n a p t ic  t e r m in a l  i s  an e s s e n t i a l  e lem ent in  

n e u ro n a l s e c r e t io n  o f  a t r a n s m it t e r  (p 4 4 ).

S t im u la t io n  o f  th e  f r o g  n e u ro m u sc u la r  j u n c t io n  by a s i n g l e  

im p u lse  o r  a b r i e f  t r a i n  c a u se s  su b se q u e n t im p u ls e s  to  r e le a s e  

in c r e a s e d  am ounts o f  t r a n s m it t e r  ( d e l  C a s t i l l o .  & K a t z ,  1 95 4 b ).

T h is  phenomenon i s  r e fe r r e d  to  a s  f a c i l i t a t i o n .  K a tz  & M i l e d i  

(1 9 6 5 ) p ro p o se d  f a c i l i t a t i o n  to  be due to  each n e rve  im p u ls e  

l e a v in g  some c a lc iu m  bound to  an a c t i v e  i n t e r n a l  s i t e ;  t h i s  bound  

c a lc iu m  w ou ld  be added to  by the c a lc iu m  bound d u r in g  su b se q u e n t  

im p u ls e s  th e re b y  i n c r e a s in g  t r a n s m it t e r  r e le a s e .

F a c i l i t a t i o n  i s  su p p o se d  to  o c c u r  up to  2 Hz fre q u e n c y  o f  

s t im u la t i o n  and m o d u la t io n  between 2 and 4 Hz; beyond t h i s  no 

m o d u la t io n  o f  t r a n s m it t e r  r e le a s e  i s  th o u gh t to  o c c u r, due to  

h ig h  i n t r a c e l l u l a r  Ca^+  io n s  c a u s in g  d e s e n s i t i s a t i o n  o f  

p r e s y n a p t ic  r e c e p to r s  ( S t a r k e ,  1 97 7 ).

The outcom e o f  K a l s n e r ' s  s t u d ie s  u s in g  s i n g l e  p u ls e  

s t im u la t io n ,  was t o  q u e s t io n  the  u n i t a r y  h y p o th e s is  o f  

p r e s y n a p t ic  m o d u la t io n .  He f u r t h e r  q u e s t io n e d  the  r o le  o f  bound  

c a lc iu m  i n  p r e s y n a p t ic  m o d u la t io n .  K a l s n e r  (1 9 8 1 ) c a r r ie d  out a 

s e r ie s  o f  e x p e r im e n ts  on g u in e a - p ig  a t r i a  (p re lo a d e d  w ith  ^H -NA) 

i n  w h ich  he v a r ie d  b o th  the  C a2+ c o n c e n t r a t io n s  in  the K r e b s '  

s o l u t i o n ,  and th e  f r e q u e n c ie s  o f  s t im u la t io n .  He e x p e c te d  to  

f i n d  t h a t  u s in g  red uce d  c a lc iu m  K r e b s ' , and a c r o s s  the  w hole
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ran ge  o f  f r e q u e n c ie s  (1 H z-15  Hz) o f  s t im u la t io n  th e re  w ou ld  be
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in c r e a s e d  i n h i b i t i o n  o f  t r i t i u m  r e le a s e  in  the  p re se n ce  o f 

e xoge n ou s NA a s  th e re  w ou ld  be i n s u f f i c i e n t  in f lo w  o f  Ca to  

s w it c h  o f f  th e  r e g u la t o r .  A t h ig h  fre q u e n c y  o f s t im u la t io n ,  

f u r t h e r  i n h i b i t i o n  o f  t r i t i u m  o v e r f lo w  by exogenous NA sh o u ld  

have  been o b se rv e d . How ever, he fo u n d  i n h i b i t i o n  to  be c o n s ta n t  

th ro u g h o u t  the ran ge  o f  f r e q u e n c ie s  em ployed.

W ith  s t a n d a rd  c a lc iu m  K r e b s ' K a l s n e r  exp ected  reduced  

i n h i b i t i o n  a c r o s s  the  ran ge  o f  f r e q u e n c ie s  a s  now s u f f i c i e n t  Ca^+  

was a v a i l a b le  f o r  d e s e n s i t i s a t i o n .  He foun d  g r e a t e r  i n h i b i t i o n  

o f  t r i t i u m  r e le a s e  by exogenou s NA a t  low  fre q u e n cy  s t im u la t io n ,  

b u t a t  h ig h  fre q u e n c y  th e  i n h i b i t i o n  d e c l in e d  a s  e x p e c te d . W ith  

h ig h  c a lc iu m  K r e b s 1 m o d u la t io n  w ou ld  no t be e xp ected  a t  any  

fre q u e n c y  i f  the  c a lc iu m  d e s e n s i t i s a t i o n  s t o r y  was t r u e .  K a l s n e r

O  i

fo u n d  s i m i l a r  p a t t e r n s  to  the  s t a n d a rd  Ca K r e b s ' p a t t e r n .  I t  

may be c o n c lu d e d  t h a t  th e  r o le  o f c a lc iu m  in  m o d u la t io n

2+m echanism s i s  n o t c le a r .  I t  sh o u ld  be no ted  th a t  i f  Ca i s  an 

e s s e n t i a l  e lem ent i n  n e u ro n a l s e c r e t io n  o f a t r a n s m it t e r ,  then

Q  »_

e x p e r im e n ts  o f  K a l s n e r  in  reduced  C az K r e b s ' need to  be 

q u e s t io n e d .  I t  i s  'q u i t e  p o s s ib le  th a t  h i s  o b se rve d  r e s u l t s  may

2+be due to  a la c k  o f  th r e s h o ld  l e v e l s  o f  Ca •

The e x a c t  s i t e s  and i o n i c  and b io c h e m ic a l m echanism s  

in v o lv e d  in  the  m o d u la t io n  o f  p r e s y n a p t ic  NA r e le a s e  a re  not 

c o m p le te ly  u n d e r s to o d .  T h is  i s  p a r t l y  due to  th e  a n a t o m ic a l  

c o m p le x ity  o f  n e rve  t e r m in a l s .  A t  p re s e n t  i t  i s  n o t known  

w h e th e r each  v a r i c o s i t y  i s  in v a d e d  by a  n e rve  im p u lse  and th a t  

t r a n s m i t t e r s  a re  s e c r e t e d  from  each  v a r i c o s i t y .

A g r e a t  d e a l  o f  w ork s t i l l  n eeds to  be done i n  o rd e r  to  

u n d e r s ta n d  the r o le  o f  p r e s y n a p t ic  r e g u la t io n  in  su ch  h ig h ly  

b ran ch e d  and v a r i c o s e  t e r m in a l s .  The e le c t r o p h y s io lo g y  o f a 

s i n g l e  "b o u to n -e n -  p a s sa g e  te r m in a l* ’ and d i s t r i b u t i o n  o f



p r e s y n a p t ic  s i t e s  w i t h in  i t  and i t s  r e l a t i o n s h ip  to  a 

n e ig h b o u r in g  t e r m in a l  may h e lp  u n d e r s ta n d  p r e s y n a p t ic  r e g u la t io n .

E v id e n c e  f o r  p r e s y n a p t ic c <  a d re n o c e p to r s  in  the  CNS

Farn eb o  & H am berger (1 9 7 1 );  S t a r k e ,  Endo, Taube & B o ro w sk i  

(1 9 7 5 );  Taube, S t a r k e  & B o ro w sk i (1 9 7 7 ) have p rovLded  e v id e n c e  to  

show th a t  n o r a d r e n a l in e  a g o n i s t s  red uce  the r e le a s e  o f  

3H -m onoam ines from  b r a in  s l i c e s  upon e l e c t r i c a l  s t im u la t io n .

D ism u ke s & M u ld e r  (1 9 7 6 ) p ro v id e d  e v id e n c e  th a t  o x y m e ta z o lin e , an 

P r e c e p t o r  a g o n i s t  re d u c e s ,  and p h e n to la m in e , a n o C re c e p to r  

a n t a g o n is t  in c r e a s e s  d e p o la r i s a t io n - in d u c e d  r e le a s e  o f from

s u p e r fu s e d  n e o c o r t i c a l  s l i c e s  o f the  r a t  in  a (dose-dependent 

manner ( u s in g  p o t a s s iu m  and e l e c t r i c a l  s t im u la t i o n ) .

P r e s y n a p t ic  dopam ine  r e c e p to r s

The m echan ism s in v o lv e d  i n  th e  r e g u la t io n  o f  DA r e le a s e  a re  

c o n t r o v e r s i a l .  F a rn e b o  & H am berger i n  1971 r e p o r te d  th a t  r a t  

s t r i a t a l  s l i c e s  p re lo a d e d  w ith  ^h -D A , when e l e c t r i c a l l y  

s t im u la t e d  i n  th e  p re se n c e  o f th e  dopam ine r e c e p to r  a g o n i s t  

apom orph ine  red uce d  the  evoked  r e le a s e  o f  t r i t iu m ,  w hereas the  

a n t a g o n is t s  c h lo rp ro m a z in e  ( IC T ^ m ) a n d p im o z id e  ( io ~ ^ M ) in c r e a s e d  

i t .  On the  b a s i s  o f  t h i s  e v id e n c e  th e y  p ro p o se d  the  co n ce p t th a t  

DA r e le a s e  i n  th e  CNS i s  m od u lated  by dopam ine r e c e p t o r s ,  

p r o b a b ly  lo c a t e d  on the  d o p a m in e rg ic  n e rve  t e r m in a l .  A y e a r  

l a t e r  i t  was d e m o n stra te d  by C a r l s s o n ,  K e h r, L i n d q v i s t ,  M agn u sso n  

& A ta c k  (1 9 72 ) and K e h r, C a r l s s o n ,  L in d q v i s t ,  M ag n u sso n  & A ta c k  

(1 9 7 2 ),  t h a t  th e  dopam ine r e le a s e d  c o n t r o l s  th e  r a t e  o f dopam ine  

s y n t h e s i s  by a c t i v a t i o n  o f  p r e s y n a p t ic  dopam ine a u to r e c e p to r s  

lo c a t e d  i n  n e rve  t e r m in a l s  o f c e n t r a l  d o p a m in e rg ic  n e u ro n s.

S e v e r a l  g ro u p s  o f  w o rk e rs  foun d  t h a t  they  c o u ld  not re p ro d u ce  

r e s u l t s  o b ta in e d  by Farn ebo  & H am berger (1 9 7 1 ).  D ism u k e s  &
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M u ld e r  (1 9 7 7 ),  u s in g  s t r i a t a l  s l i c e s  p re lo a d e d  w ith  -^H-DA found  

th a t  apom orph ine  d id  no t have any a f f e c t  on the  evoked  r e le a s e  o f  

t r i t iu m .  Seeman & Lee  (1 9 7 5 ),  D israukes & M u ld e r  (1 9 7 7 ) and 

I v e r s e n ,  R o g a n o v s k i  & M i l l e r ,  (1 9 7 6 ) found  th a t  s e v e r a l  

n e u r o le p t ic s  ca u se d  a d e c re a se  i n  th e  s t im u lu s  evoked  r e le a s e  o f  

t r i t i u m .  Seeinan & Lee (1 9 75 ) and D ism ukes in M u ld e r  (1 9 7 7 ) used  

b r a in  s l i c e s  and s t im u la t e d  th e  r e le a s e  o f ^H -DA  by e l e c t r i c a l  

m ethods, w hereas Iv e r s e n  e t a l  (1 9 7 6 ) used  s t r i a t a l  syn ap to so m e s  

s t im u la t e d  by p r o t o v e r a t r in e .  Seeman & Lee (1 9 7 5 ) and D ism u k e s & 

M u ld e r  (1 9 7 7 ) r e p l i c a t e d  the  e x p e r im e n ta l p ro ce d u re  o f  F arn ebo  & 

H am berger (1 9 7 1 ) u s in g  s t r i a t a l  s l i c e s  and e l e c t r i c a l  

s t im u la t io n .  I n  s p i t e  o f a d h e r in g  a s  c lo s e ly  a s  p o s s ib le  to  a 

s i n g l e  e x p e r im e n ta l p ro ce d u re  th e  r e s u l t s  p rod uce d  by th e se  two 

g ro u p s  o f  w o rk e rs  were no t q u it e  c o n s i s t e n t .  D ism u k e s & M u ld e r  

(1 9 7 7 ) fo u n d  t h a t  th e  h a lo p e r id o l  c o n c e n t r a t io n s  w h ich  i n h ib i t e d  

th e  s t im u la t i o n  evoked  r e le a s e  o f  t r i t i u m  by 50% ( I C 5 Q) were  

d i f f e r e n t  fro m  th o se  o b ta in e d  by Seeman & Lee (1 9 7 5 ).  D ism u ke s & 

M u ld e r  (1 9 7 7 ) fo u n d  the  IC ^ q f o r  h a lo p e r id o l  to  be 2 x  10 ^M. 

Seeman & Lee (19751  foun d  IC ^ q f o r  h a lo p e r id o l  to  be 10~^m . I C 5 Q 

f o r  h a lo p e r id o l  o b ta in e d  by Iv e r s e n  & a l  (1 9 7 6 ),  u s in g  a 

sy n a p to so m a l p r e p a r a t io n ,  was fo u n d  to  be 2 x  1 0 “ 6 S s i m i l a r  to  

th e  r e s u l t  o b ta in e d  by D ism u ke s & M u ld e r  (1 9 7 7 ).

W e s t f a l l ,  B e s so n ,  G i o r g u i e f f  & G lo w in s k i  (1 9 7 6 ),  u s in g  the  

method f o r  c o n t in u o u s ly  s u p e r f u s in g  s t r i a t a l  s l i c e s  w ith  

H - t y r o s in e  and c a u s in g  a p o t a s s iu m  c h lo r id e  (50mM) evoked  

r e le a s e  o f  ^H -DA, foun d  s i m i l a r  i n h i b i t o r  e f f e c t s  o f n e u r o le p t ic s  

t o  th o se  o f  F a rn e b o  & H am berger (1 9 7 1 ).  I n  th e  p re se n c e  o f  

f lu p h e n a z in e  ( 1 0 ” 7M) and b e n z tro p in e  ( 1 0 “ 6M) th e  p o ta s s iu m  evoked  

r e le a s e  o f  DA was in c r e a s e d .  When both  d ru g s  were  

a d m in is t e r e d  to g e th e r  t h e i r  e f f e c t s  were a d d i t i v e .  The



e f f e c t  o f  b e n z tro p in e  may be due to  i n h i b i t i o n  o f  re -u p ta k e  o f  

dopam ine. How ever, f lu p h e n a z in e  i s  a weak u p tak e  i n h i b i t o r  and 

i t s  e f f e c t  may be f a c i l i t a t o r y .

The c o n t r a d ic t o r y  r e s u l t s  o b ta in e d  by d i f f e r e n t  g ro u p s  o f  

w o rk e rs  a re  d i f f i c u l t  to  e x p la in .  D i f f e r e n c e s  i n  d i s s e c t i o n  and  

preparation of brain slices and different experimental procedures 

may be a d d i t i v e  i n  p ro d u c in g  in c o m p a t ib le  r e s u l t s .  D ism u kes ix 

M u ld e r  (1 9 77 ) su gge ste d th a t the  c o n t r a d ic t o r y  r e s u l t s  may r e s u l t  

i f  p r e - s y n a p t i c  r e c e p to r s  m o d u la te  r e le a s e ,  a s  th e se  r e c e p to r s  

may be lo c a t e d  away from  n e rve  e n d in g s  and t h e r e fo r e  the c u t t in g  

o f  s l i c e s  becomes a c r i t i c a l  f a c t o r .

P h a r m a c o lo g ic a l  c h a r a c t e r i s t i c s  o f  p r e s y n a p t ic  dopam ine  

a u to r e c e p to r s

W e s t f a l l ,  & a l  (1 9 76 ) s u g g e s t e d  th a t  th e  s y n t h e s i s  and 

r e le a s e  o f  dopam ine do n o t f o l lo w  the  same c o u r se ,  th e r e fo r e  

w hether th e  r e c e p to r s  m o d u la t in g  th e  r e le a s e  o f  dopam ine and 

th o se  c o n t r o l l i n g  the  s y n t h e s i s  o f  the  t r a n s m it t e r  a re  the same 

rem a in s an  open q u e s t io n .  F u rth e rm o re  i t  i s  no t known w hether  

th e  c e l l  body dopam ine a u to r e c e p to r s  th a t  m o d u la te  the  f i r i n g  o f  

th e  dopam ine n e u ro n s and th o se  r e c e p to r s  th a t  m o d u la te  s y n t h e s i s  

and r e le a s e  i n  the  ne rve  t e r m in a l  a re  the same. I n h i b i t i o n  o f  

th e  d o p a m in e rg ic  c e l l  a c t i v i t y  h a s  been d e m o n stra te d  a f t e r  

io n t o p h o r e t ic  a p p l i c a t i o n  o f  dopam ine, apom orph ine  and 

b ro m o c r ip t in e .  The i n h i b i t i o n  o f  the  d o p a m in e rg ic  f i r i n g  

o b ta in e d  by io n t o p h o r e t ic  a p p l i c a t i o n  o f dopam ine a g o n i s t s  was 

b lo c k e d  by a n t a g o n i s t s  o f  th e  p h e n o th ia z in e  s e r ie s  (A g h a ja n ia n  & 

Bunney, 1977; Bannon, G ra c e , Bunney & R o th , 1 9 8 0 ). The r e s u l t s  

s u g g e s t  th e  p o s s ib le  e x is t e n c e  o f DA r e c e p t o r s ,  n o t o n ly  in  the  

t e r m in a l s ,  but a l s o  a t  the  s o m a -d e n d r it ic  r e g io n s  o f  the

d o p a m in e rg ic  n e u ro n s. The dopam ine a u to r e c e p to r s  in  the



n i g r o s t r i a t a l  d o p a m in e rg ic  neu ron  a re  no t a s s o c ia t e d  w ith  the  

dopam ine s e n s i t i v e  a d e n y la t e - c y c la s e  (K e b a b ia n  & S a a v e d ra ,  1976; 

K ru e g e r ,  F o rn , W a lt e r s ,  R o th  & G re e n ga rd , 1 9 7 6 ). T h is  e v id e n c e  

w ou ld  fa v o u r  the  v ie w  th a t  th e se  p r e s y n a p t ic  a u to r e c e p to r s  

c o r re sp o n d  t o  th e  D2  su b ty p e  o f  dopam ine r e c e p to r s  a s  c l a s s i f i e d  

by K e b a b ia n  f* C a in e  (1 9 7 9 ).

In f lu e n c e  o f  th e  fre q u e n c y  o f  n e rve  s t im u la t io n  on the  

p r e s y n a p t ic  a u t o r e g u la t io n  o f  dopam ine r e le a s e

P r e s y n a p t ic  a u t o r e g u la t io n  o f  DA r e le a s e  h a s a l s o  been foun d  

to  be fre q u e n c y  d ep e n d e n t. K am a l, A r b i l l a  & L a n g e r ,  in  

u n p u b lish e d  o b s e r v a t io n s ,  foun d  th a t  in  s l i c e s ,  o f r a b b i t  c a u d a te  

n u c le u s  p re lo a d e d  w ith  ^h -D A  th e  i n h i b i t i o n  o f^ H -D A  r e le a s e  by

0 .1  pM apom orph ine  was more p ronounced  a t  a fre q u e n c y  o f 3 Hz

O
th a n  a t  10 Hz and th e  f a c i l i t a t i o n  o f JH -DA  r e le a s e  by h a lo p e r id o l  

(0 .0 1  pM) was o n ly  o b se rve d  a t  3 Hz.

T h ese  r e s u l t s  s u g g e s t  th a t  m o d u la t io n  o f  DA r e le a s e  th ro u g h  

p r e s y n a p t ic  a u to r e c e p to r s  i s  l e s s  e f f e c t i v e  a t  h ig h  f r e q u e n c ie s  

o f s t im u la t io n .  H ow ever, a t h r e s h o ld  c o n c e n t r a t io n  o f  DA a t  the  

s y n a p t ic  gap i s  n e c e s sa ry  to  t r i g g e r  the d i s i n h i b i t o r y  e f f e c t  o f  

DA r e c e p to r  a n t a g o n i s t s .  To su p p o r t  t h i s  s u g g e s t io n ,  A r b i l l a ,  

L a n g e r  and Lehmann (1 9 8 1 ) foun d  t h a t ,  in  the  c a t  c au d a te  s l i c e s  

th e  DA r e c e p to r  a n t a g o n is t  s u l p i r i d e  was l e s s  e f f e c t i v e  in  

f a c i l i t a t i n g  the  r e le a s e  o f  dopam ine e l i c i t e d  a t  1 Hz th a n  a t  

3 Hz.

The ab sen ce  o f  p r e s y n a p t ic  r e g u la t io n  o f DA r e le a s e  a t  h ig h  

f r e q u e n c ie s  o f  s t im u la t i o n  i s  a k in  to  th e  r e g u la t io n  o f  NA 

r e le a s e  th ro u g h  p r e s y n a p t ic  ° -(ra d re n o c e p to rs . Brown & G i l l e s p i e  

(1 9 5 7 );  K ir k p e k a r  & C e rv o n i (1 9 63 ) have shown reduced  

e f f e c t i v e n e s s  o f  cx ^ a d re n o ce p to r  b lo c k in g  a g e n t s  in  e n h a n c in g  NA 

r e le a s e  a t  h ig h  f r e q u e n c ie s  o f s t im u la t io n .  T h is  v iew  on the
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fre q u e n c y  dependence o f  r e le a s e  h a s  been opposed  by K a l s n e r  (se e  

p60 o f  t h i s  t h e s i s ) .

E f f e c t  o f  c h r o n ic  tre a tm e n t w ith  n e u r o le p t ic s  on th e  s e n s i t i v i t y  

o f  th e  p r e s y n a p t ic  a u to r e c e p to r s  m o d u la t in g  DA r e le a s e

P r e s y n a p t ic  dopam ine a u to r e c e p to r s  m o d u la t in g  r e le a s e  have  

been shown to  u n d e rgo  ch an ge s in  s e n s i t i v i t y  a f t e r  c h r o n ic  

tre a tm e n t w ith  n e u r o le p t ic s  known to  b lo c k  p o s t s y n a p t ic  

r e c e p t o r s .  A r b i l l a ,  Nowak & L a n g e r  (1 9 8 2 ) fo u n d  th a t  a f t e r  

c h r o n ic  tre a tm e n t o f r a b b i t s  w ith  h a lo p e r id o l  f o r  f o u r  w eeks, the  

i n h i b i t i o n  o f  r e le a s e  o f  p re lo a d e d  ^H -DA  from  s l i c e s  o f  c a u d a te  

n u c le u s  i n  the  p re se n c e  o f  apom orph ine  was m ark e d ly  in c r e a s e d .

The r e s u l t s  s u g g e s t  th e  deve lopm ent o f p r e s y n a p t ic  r e c e p to r  

s u p e r s e n s i t i v i t y  to  the  i n h i b i t o r y  e f f e c t  o f  apom orph ine  on the

o
r e le a s e  o f  J H -D A . C o n v e r s e ly ,  c h r o n ic  h a lo p e r id o l  tre a tm e n t was 

foun d  to  r e s u l t  i n  s u b s e n s i t i v i t y  o f  the  dopam ine a u to r e c e p to r s  

to  th e  f a c i l i t a t o r y  a f f e c t  o f S - S u l p i r i d e  on t r a n s m it t e r  r e le a s e  

(u n p u b lis h e d  r e s u l t s  by Nowak, A r b i l l a  & L a n g e r ) .  C h ro n ic  

n e u r o le p t ic  tre a tm e n t a l s o  c a u se s  ch an ge s i n  th e  s e n s i t i v i t y  o f  

th e  p o s t s y n a p t ic  DA r e c e p to r s  ( M u l le r  & Seeman, 1 97 8 ).

I t  i s  p o s s ib le  t h a t  s u p e r s e n s i t i v i t y  o f  p r e s y n a p t ic  DA  

r e c e p to r s  to  a g o n i s t s  d eve lo p e d  d u r in g  c h ro n ic  h a lo p e r id o l  

t re a tm e n t  may enhance  th e  p r e s y n a p t ic  a u t o r e g u la t io n  o f  

d o p a m in e rg ic  t r a n s m is s io n .  I n  the  tre a tm e n t o f  p sy c h o se s  t h i s  

e f f e c t  w ou ld  c o n t r ib u t e  to w ard s  a r e d u c t io n  i n  d o p a m in e rg ic  

a c t i v i t y .  I t  i s  no t c le a r  how p r e s y n a p t ic  DA r e c e p to r  

s u p e r s e n s i t i v i t y  may r e l a t e  to  p o s t s y n a p t ic  DA re c e p to r  

s e n s i t i v i t y .
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D e n d r i t i c  r e le a s e  o f  dopam ine

The f i r s t  d a ta  s u g g e s t in g  d e n d r i t i c  r e le a s e  o f  DA was 

re p o r te d  by G e f fe n ,  J e s s e l l ,  C u e l lo  & Iv e r s e n  i n  1976. F ig u r e  5 

i l l u s t r a t e s  the  d o p a m in e rg ic  n i g r o s t r i a t a l  pathw ay. The p a r s  

com p acts o f  th e  s u b s t a n t ia  n i g r a  c o n t a in s  m a in ly  c e l l  b o d ie s  

w hereas th e  p a r s  r e t i c u l a t a  i s  r i c h  in  d o p a m in e -c o n ta in in g  

d e n d r i t e s .  The t e r m in a l  d e n d r i t e s  o f the  DA n e u ro n s a re  v a r ic o s e  

i n  n a tu re  and c o n t a in  c l u s t e r s  o f  v e s i c l e s  (H a jd u , U a s s le r  & B ak ,  

1 9 7 3 ). G e f fe n  & a l  (1 9 7 6 ) showed t h a t  th e  r e le a s e  o f  p re lo a d e d  

3 h -D A  from  s l i c e s  o f  the  s u b s t a n t ia  n i g r a  u s in g  h ig h  p o ta s s iu m ,  

was c a lc iu m  io n  d e p e n d an t. The r e le a s e  was more p ronounced  in  

s l i c e s  p re p a re d  fro m  th e  p a r s  r e t i c u l a t a  th an  th o se  from  the  p a rs  

com pacta .

In  v iv o  d e n d r i t i c  r e le a s e  o f  DA h as been exam ined u s in g  

c a n n u la  te c h n iq u e s  ( N ie o u l lo n ,  Cheramy & G lo w in s k i ,  1 9 7 7 ). T h is  

method in v o lv e d  th e  i n s e r t i o n  o f  a p u s h - p u l l  c a n n u la  in t o  th e  

c a t ' s  s u b s t a n t i a  n i g r a  and c o n t in u o u s  s u p e r fu s io n  w ith  a r t i f i c i a l  

c e r e b r o s p in a l  f l u i d  c o n t a in in g  t y r o s in e  ( th e  p r e c u r s o r  o f  D A ),  

th e  r e le a s e  o f  the  s y n t h e s i s e d  ^H-DA i s  then  m easured in  the  

s u p e r f u s in g  m ed ia . The ^ li-DA  r e le a s e  in d uce d  by p o ta s s iu m

O . *
c h lo r id e  was foun d  to  be C a ^  d ep e n d e n t. The sp o n ta n e o u s  r e le a s e  

o f  ^H-DA from  d e n d r i t e s  was n o t reduced  by t e t r o d o t o x in ,  w h ich  i s  

i n  c o n t r a s t  to  th e  r e le a s e  o f  ^H -DA  from  th e  c a u d a te  n u c le u s  

w h ich  i s  m ark e d ly  reduced  by t e t r o d o t o x in .  The e f f e c t  on 

d e n d r i t i c  r e le a s e  i n d ic a t e s  t h a t  f a s t  sod ium  c h a n n e ls  a re  no t  

in v o lv e d  i n  the  sp o n ta n e o u s  r e le a s e  o f  th e  ^ H - la b e l le d  

t r a n s m it t e r  fro m  d e n d r i t e s .

N e u ro n a l p a th w ays w h ich  p r o je c t  to  the  s u b s t a n t ia  n ig r a  a re  

shown to  in f lu e n c e  d i r e c t l y  o r  i n d i r e c t l y  th e  r e le a s e  o f DA from  

d e n d r i t e s .  Bunney, A g h a ja n ia n  & R o th  (1 9 73 ) showed the  e x is t e n c e  

o f  DA r e c e p to r s  on d e n d r i t e s  i n  th e  r a t  s u b s t a n t ia
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c  =  p a r s  c o m p a c t s ?

Nucleus 
interpedincularis = p a r s  r e t i c u l a t a

F I G  5 :  D i a g r a m  s h o w i n g  d o p a m i n e r g i c  n i g r o  s t r i a t a l  p a t h w a y .
C e l l  b o d i e s  o f  d o p a m i n e r g i c  n e u r o n s  a r e  c o n f i n e d  t o  t h e  p a r s  
c o m p a c t a  w i t h  a  s e g r e g a t i o n  o f  t h e i r  a x o n a l  a n d  d e n d r i t i c  
p r o c e s s e s  a s  show n m a g n i f i e d  * .  T h e  d e n d r i t e s  o f  t h e  n e u r o n s  
r a d i a t e  v e n t r o m e d i a l l y  i n t o  t h e  p a r s  r e t i c u l a t a  w h e r e a s  t h e  
a x o n s  p r o j e c t  t o  t h e  c o r p u s  s t r i a t u m  ( r o s t r o m e d i a l l y ) .  Som e 
d e n d r i t e s  m ay  b e  s e e n  i n  t h e  p a r s  c o m p a c t a .  ( M o d i f i e d  f r o m  
G e f f e n ,  J e s s e l ,  C u e l l o  & I v e r s e n  ( 1 9 7 6 ) )
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n i g r a .  S y s te m ic  a p p l i c a t i o n  o f  apom orph ine  reduced  th e  f i r i n g  

r a t e  o f  DA c e l l s  and t h i s  e f f e c t  c o u ld  be p re v e n te d  u s in g  

n e u r o le p t ic s  (A g h a ja n ia n  & Bunney, 1 9 7 7 ).

G ro v e s ,  W i ls o n ,  Young & Rebec (1 9 7 5 ) o b se rve d  th a t  th e  

a p p l i c a t i o n  o f  h a lo p e r id o l  in t o  th e  p a r s  com pacta , p rod uce d  an  

in c r e a s e  i n  n e u ro n a l f i r i n g  r a t e s  o f  the  d o p a m in e rg ic  n e u ro n s  

th e r e .  They e x p la in e d  t h i s  in c r e a s e  i n  n e u ro n a l f i r i n g  r a t e  

a s  r e s u l t i n g  from  the  b lo c k a d e  o f an i n t r i n s i c  d o p a m in e rg ic  

i n h i b i t o r y  m echan ism  i n  the  s u b s t a n t i a  n ig r a .  I n  a d d i t io n ,  they  

n o te d  th a t  the  a p p l i c a t i o n  o f am phetam ine to  the  p a r s  com pacta  

w ou ld  c a u se  an  i n h i b i t i o n  o f  f i r i n g  o f  d o p a m in e rg ic  n e u ro n s , the  

d o p a m in e rg ic  n e u ro n s b e in g  i n h ib i t e d  by DA r e le a s e d  from  t h e i r  

own d e n d r i t e s  i n  re sp o n se  to  am phetam ine a d m in i s t r a t io n .

DA r e le a s e d  from  d e n d r i t e s  h as been shown to  r e g u la t e  

p r e s y n a p t ic  r e le a s e  o f  gamma a m in o b u t y r ic  a c id  (GABA) from  

t e r m in a ls  o f  th e  s t r i a t o - n i g r a l  GABA n e u ro n s, th e  DA r e c e p to r s  

a s s o c ia t e d  w ith  DA s e n s i t i v e  a d e n y la te  c y c la s e  a re  in v o lv e d  (V an  

d e r  Heyden, Venema & K o r f ,  1980) and a re  lo c a te d  on the  GABA 

t e r m in a l s  i n  th e  n i g r a l  r e g io n .

DA e x e r t s  an e x c i t a t o r y  e f f e c t  on the n ig r o t h a la m ic  n e u ron s  

w h ich  c o n t r ib u t e  to  a  p r e s y n a p t ic  n e u ro n a l lo o p  by w h ich  

d e n d r i t i c  DA in  one s u b s t a n t ia  n i g r a  in f lu e n c e s  the  a c t i v i t y  o f  

th e  c o n t r a l a t e r a l  n i g r o s t r i a t a l  d o p a m in e rg ic  n e u ro n s (Cheram y, 

L e v ie l  & G lo w in s k i ,  1 98 1 ).

I t  i s  s t i l l  n o t  c le a r  i f  DA r e le a s e d  fro m  d e n d r i t e s  a c t s  a t  

a d is t a n c e  from  i t s  r e le a s e  s i t e s .  Im p o r ta n t  q u e s t io n s  

c o n c e r n in g  d e n d r i t i c  r e le a s e  have  s t i l l  n o t been answ ered . These  

in c lu d e  the  s t o r a g e  o f  the  t r a n s m i t t e r ,  and e v e n ts  c o n t r ib u t in g  

t o  th e  r e le a s e  p ro c e d u re . I n  th e  p a r s  r e t i c u l a t a ,  

d e n d r o - d e n d r i t ic  sy n a p se s  (W i l s o n ,  G ro ve s & F i f k o v a ,  1977) and



d e n d ro -a x o n ic  j u n c t io n s  ( H a t t o r i ,  M cGeer & M cG eer, 1979) have  

been o b se rv e d , t h e r e fo r e  a c le a r  m o r p h o lo g ic a l  b a s i s  needs to  be 

e s t a b l i s h e d  i n  th e  c o n n e c t io n s  betw een d o p a m in e rg ic  d e n d r i t e s  and 

n i g r a l  neu ron s and the  a f f e r e n t  f i b r e s .

The n i g r o s t r i a t a l  d o p a m in e rg ic  n e u ro n s i n  t h e i r  f u n c t io n  a s  

p r o c e s s o r s  o f  in f o r m a t io n  w i t h in  the  b a s a l  g a n g l i a  c o n t r ib u t e  no t  

o n ly  by f i l t e r i n g  in f o r m a t io n  d e l iv e r e d  to  th e  s t r i a t u m  by 

a f f e r e n t  pa thw ays su ch  a s  the  c o r t i c o  and t h a la m o s t r i a t a l  

n e u ro n s, b u t a l s o  by p r o c e s s in g  in f o r m a t io n  w i t h in  th e  s u b s t a n t ia  

n i g r a .

N e u r o t r a n s m it te r  r e le a s e  s t u d ie s  i n  v i t r o

Werman (1 9 6 6 ),  i n  h i s  a r t i c l e  on th e  c r i t e r i a  f o r  

i d e n t i f i c a t i o n  o f  a  n e u r o t r a n s m it t e r ,  s t r e s s e d  th e  im p o r ta n c e  o f  

th e  d e m o n s t ra t io n  o f  c a lc iu m  io n  dependent r e le a s e  o f  the  

t r a n s m it t e r .  T h is  c r i t e r i o n  in v o lv e s  th re e  i n t e r r e la t e d  

c o n c e p t s ,  th e  p h y s i o l o g i c a l  s t im u la t i o n  o f  th e  p r e s y n a p t ic  

n e u ro n , the  r e le a s e  o f  the  t r a n s m i t t e r  and the  dependency o f t h i s  

r e le a s e  on c a lc iu m  io n s .

M c l lw a in 's  e x t e n s iv e  s t u d ie s  on b r a in  s l i c e s  (1 9 6 3 ),  sh o w in g  

t h a t  th e y  w ou ld  re m a in  v ia b le  f o r  s e v e r a l  h o u rs  when m a in ta in e d  

i n  o x yge n a te d  p h y s io l o g i c a l  s a l i n e ,  le d  to  t h e i r  e x t e n s iv e  use  

f o r  th e  s tu d y  o f  n e u r o t r a n s m it t e r  r e le a s e .

These  p ro c e d u re s  in v o lv e d  th e  p r e lo a d in g  o f  b r a in  s l i c e s  

w ith  ^ - t r a n s m i t t e r  su ch  a s  ^ H -n o r a d r e n a l in e  and "w ash  o f f "  o f  

e x c e s s  la b e l  by a c o n t in u o u s  s u p e r f u s io n  sy ste m  and the  

su b se q u e n t c o l l e c t i o n  o f  th e  r e le a s e d  t r i t i u m  i n  th e  s u p e r fu s a t e  

f r a c t i o n s .  The r e le a s e  o f  ^H—n o r a d r e n a l in e  and ^H—dopam ine from  

b r a in  s l i c e s  was s t u d ie d  by B a ld e s s a r i n i  & K o p in  (1 9 6 7 ) and  

F arn eb o  & H am berger (1 9 7 1 ) and foun d  to  be c a lc iu m  io n  dependent.

T h ere  a re  s e v e r a l  means o f  in d u c in g  t r a n s m it t e r  r e le a s e ,  the



two methods d e s c r i b e d  below include: 1. elec t r i c a l  stimulation.

2. p o ta s s iu m - in d u c e d  s t im u la t io n .

E l e c t r i c a l  s t im u la t i o n

E l e c t r i c a l  s t im u la t i o n  h a s  been th e  m ost fa v o u re d  method o f 

r e le a s i n g  t r a n s m i t t e r s ,  p r o b a b ly  due to  i t  b e in g  more a k in  to  

n o rm a l n e rve  a c t i v i t y  and a l s o  b e cau se  i t  r e le a s e s  o n ly  su sp e c te d  

t r a n s m it t e r  s u b s t a n c e s ,  B a ld e s s a r i n i  & K o p in  (1 9 6 7 ) and no t  

n o n - t r a n s m it t e r  s u b s ta n c e s ,  (H o p k in  & N e a l,  1971; Ham m erstad & 

C u t le r ,  1 972 ).

A p o s s ib le  d raw b ack , nam ely  th e  r a i s e d  te m p e ra tu re  i n  the  

e le c t r o d e  cham ber cau se d  by e l e c t r i c a l  s t im u la t io n  was shown by 

B a ld e s s a r i n i  & K o p in  (1 9 66 ) n o t to  a f f e c t  th e  r e le a s e  o f  

^ H -n o r a d r e n a l in e .  They d e m o n stra te d  th a t  when the  te m p e ra tu re  o f  

th e  b a th  was r a i s e d  fro m  37° to  40°C th e re  were i n s i g n i f i c a n t  

d i f f e r e n c e s  i n  th e  am ounts o f  ^ H -n o ra d re n a lin e  r e le a s e d  from  

b r a in  s l i c e s .

The m e ta ls  g e n e r a l l y  u sed  a s  e le c t r o d e  m a t e r ia l  a re  g o ld ,  

p la t in u m  and s i l v e r .  T hese  m e ta ls  have  been e x t e n s iv e ly  s t u d ie d  

by M c l lw a in  (1 9 63 ) in  m e ta b o lic  e x p e r im e n ts .  E le c t r o d e  m a t e r ia l  

n eeds to  be c a r e f u l l y  s e le c t e d  when i t  i s  to  f u n c t io n  i n  

p h y s i o l o g i c a l  s a l i n e  i n  w h ich  m e ta b o l ic  chan ge s in  s u p e r fu s e d  

s l i c e s  a re  to  be m easured . S i l v e r  h a s  been u sed  f o r  r e c o r d in g  

p o t e n t i a l s  i n  e l e c t r o p h y s io l o g i c a l  e x p e r im e n ts ;  un de r th e se  

c ir c u m s ta n c e s  d e le t e r io u s  e f f e c t s  o f  s i l v e r  have  n o t been seen .  

How ever, i f  p u l s e s  o f  a l t e r n a t in g  c u r re n t  o f 1 0 0 /se c ,  5V and

0.3m s a re  a p p l ie d  t o  s i l v e r  e le c t r o d e s  in  p h y s io l o g i c a l  s a l i n e ,  

th e y  u n d e rgo  ' c h l o r i d i n g '  w h ich  i s  a fo rm a t io n  o f  s i l v e r  c h lo r id e  

( A g C l )  on t h e i r  s u r f a c e .

I n  n e u ro c h e m ic a l s t u d ie s ,  p la t in u m  i s  no t a  v e ry  d e s i r a b le  

m e ta l f o r  u se ,  b e cau se  o f i t s  f u n c t io n  a s  a c a t a l y s t  i n  aqueous



s o l u t i o n  a t  room te m p e ra tu re . P la t in u m  i s  p a r t i c u l a r l y  a c t iv e  a s  

a c a t a l y s t  when e l e c t r i c a l l y  s t im u la t e d ,  s t im u la t i n g  p u ls e s  o r  

c u r r e n t s  n o rm a lly  u se d  i n  e l e c t r o p h y s io l o g i c a l  e x p e r im e n ts  a re  

a b le  to  c a t a ly s e  o x id a t io n  o f  g lu c o s e  in  o x y ge n a te d  b ic a r b o n a te  

s a l i n e .  G o ld  h a s  been foun d  to  be a s u i t a b le  m a t e r ia l  f o r  

n e u ro c h e m ic a l s t u d ie s ,  a s  no d e le t e r io u s  e f f e c t s  have  been seen  

on a p p l i c a t i o n  o f  s in e w ave  a l t e r n a t in g  c u r r e n t s  to  g o ld  

e le c t r o d e s  i n  o x y ge n a te d  g lu c o s e  s a l i n e .  M c l lw a in  (1 9 7 5 ) d id  no t  

o b se rv e  any  i n t e r a c t io n  betw een th e  g o ld  e le c t r o d e s  and 

b ic a r b o n a te  s a l i n e  on e x a m in a t io n  o f  oxygen  u p ta k e ,  s u b s t r a t e  

u t i l i s a t i o n  and a c id  fo r m a t io n ,  a f t e r  a p e r io d  o f  e l e c t r i c a l  

s t im u la t io n .

The m e ta b o l ic  e f f e c t  o f  e l e c t r i c a l  s t im u la t i o n  o f b r a in  

t i s s u e s  h as been d e s c r ib e d  by M c l lw a in  (1975 ) a s :

1. E l e c t r i c a l  s t im u la t i o n  m o m e n ta r ily  a l t e r s  th e  e l e c t r i c a l  

c h a rg e  a t  p o la r i s e d  membranes o f  the  com ponent c e l l s  in  the  

t i s s u e .

2. These  membranes re sp o n d  w ith  t r a n s i t o r y  in c r e a s e  i n  

p e r m e a b i l i t y  to  Na+  a l l o w in g  g r e a t e r  Na+  e n t r y .  T h is  

a c c e n tu a te s  the  d e p o la r i s a t i o n  caused  by th e  i n i t i a l  

p e r m e a b i l i t y  change  and su b s e q u e n t ly  c a u se s  in c r e a s e d  

p e r m e a b i l i t y  to  K+  w h ich  le a v e s  the c e l l s  and th u s  the  

membrane r e g a in s  i t s  n e g a t iv e  c h a rge .

* j .

3. S lo w ly ,  w ith  the  u t i l i s a t i o n  o f  ATP, Na movements a re  

r e v e r s e d .

4. The b y -p r o d u c t s  o f  ATP u t i l i s a t i o n ,  ADP and in o r g a n ic  

p h o sp h a te s  th e n  a c c e le r a t e  th e  o x id a t iv e  and g l y c o l y t i c  

p r o c e s s e s  o f  p h o s p h o r y la t io n  w h ich  r e s u l t  i n  the  

r e s y n t h e s i s  o f  ATP.



P o t a s s i u m - i n d u c e d  d e p o l a r i s a t i o n

H ig h  e x t r a c e l l u l a r  c o n c e n t r a t io n s  o f p o ta s s iu m  a re  

f r e q u e n t ly  u sed  a s  a s u b s t i t u t e  f o r  e l e c t r i c a l  s t im u la t i o n  and a s  

a c o n v e n ie n t  means o f  r e le a s in g  known o r  p u t a t iv e  

n e u r o t r a n s m it t e r s  (H i l lm a n  & M c l lw a in ,  1 9 6 1 ). M ann, Tennenbaum  & 

Q u a s te l  (1 9 39 ) f i r s t  u sed  h ig h  e x t r a c e l l u l a r  c o n c e n t r a t io n s  

o f  p o ta s s iu m  f o r  r e le a s i n g  e ndogenous a c e t y lc h o l in e  fro m  b r a in  

s l i c e s .  The e f f e c t s  o f  h ig h  K+  i n  in d u c in g  r e le a s e  o f  

t r a n s m i t t e r s  i s  com p lex , and b e s id e s  d e p o la r i s i n g  m em branes, h ig h  

K+  h a s  shown to  c a u se  an in c r e a s e  o f th e  i n f l u x  o f  sod ium  and  

c a lc iu m  io n s  and c a u se  b r a in  t i s s u e  to  s w e l l  (A r n f r e d  & H e r tz ,  

1 9 7 1 ). The d egre e  o f  t i s s u e  s w e l l i n g  in d u ce d  by e l e c t r i c a l  

s t im u la t io n  i s  much lo w e r th a n  t h a t  due to  h ig h  c o n c e n t r a t io n s  o f 

p o ta s s iu m  (K e e se y , W a llg r e e n  & M c l lw a in ,  1 9 6 5 ). A t  h ig h  

p o ta s s iu m  c o n c e n t r a t io n  the  s p e c i f i c i t y  to  r e le a s e  

t r a n s m i t t e r - l i k e  s u b s ta n c e s  i s  l o s t  (M u ld e r  & S n y d e r , 1 9 7 4 ).  

V a r g a s  & O rre g o  (1 9 7 6 ) c a r r ie d  o u t s t u d ie s  on s u p e r fu s e d  

n e o c o r t i c a l  s l i c e s  to  show i f  r e le a s e  u s in g  h ig h  p o ta s s iu m  was a 

s p e c i f i c  means f o r  in d u c in g  t r a n s m i t t e r  r e le a s e  from  c e n t r a l  

n e u ro n s. They u se d  h ig h  p o ta s s iu m  to  r e le a s e  ^H-NA -  a known 

t r a n s m it t e r  and a m in o is o b u t y r a te  ( A IB )  a known

n o n - t r a n s m it t e r .  T h e ir  r e s u l t s  showed th a t  b o th  ^H-NA and  

*-^C -A IB  a re  r e le a s e d  a t  50mM K+  c o n c e n t r a t io n  a lt h o u g h  th e  

r e le a s e  o f  ^ C - A I B  i s  much s m a l le r  th a n  th a t  o f  ^H -N A. T h u s, the  

u se  o f  h ig h  K+  h a s  more l im i t e d  s p e c i f i c i t y  th a n  e l e c t r i c a l  

s t im u la t io n  (O r r e g o ,  J a n k e le v ic h ,  C e r u t i  & F e r r e r a ,  1 9 7 4 ).

V a r g a s  & O rre g o  (1 9 7 6 ) fo u n d  th e  K+  s t im u la t e d  r e le a s e  o f  

■ ^H-NA to  be Ca^+  i ° n d epen den t. They in t e r p r e t e d  t h i s  e f f e c t  a s  

b e in g  due to  h ig h  K+  c a u s in g  an  in c r e a s e d  c a lc iu m  i n f l u x  le a d in g

O  i

t o  in c r e a s e d  c o n c e n t r a t io n  o f  Ca^ io n s  in  the  c y to p la sm  o f n e rve  

e n d in g  ( I s h i d a  & Y on eda , 1 9 7 4 ), th u s  t r i g g e r i n g  t r a n s m i t t e r



s e c r e t io n .  The r e le a s e  o f  ^ C - A I B  was no t Ca^+  d ep e n d e n t, and 

th e  e f f e c t  d i f f i c u l t  to  i n t e r p r e t .  The o r i g i n s  o f the  r e le a s e d  

l^ C - A IB  was no t c le a r ,  i t  may have  been r e le a s e d  from  n e u ro n s or  

g l i a l  c e l l s .  H ig h  p o ta s s iu m  can  r e le a s e  c y t o p la s m ic  p o o l s  o f  NA 

GABA (V a r g a s ,  de L o re n z o  & O rre g o ,  1977) and a c e t y l c h o l in e  

( C o l l i e r  & K a t z ,  1 9 7 1 ).

In t r o d u c t io n  to  d ru g s  u se d

D ru g s  w h ich  in f lu e n c e  human CNS f u n c t io n s  and a n im a l  

b e h a v io u r  a p p e a r  t o  a c t  by i n t e r f e r i n g  w ith  c e n t r a l  monoam ine  

n e u r o t r a n s m is s io n .  Th ese  d ru g s  can  th e r e fo r e  be u sed  a s  t o o l s  

f o r  e lu c i d a t in g  th e  r o le s  o f  m onoam ines in  m e d ia t in g  d i f f e r e n t  

k in d s  o f  b e h a v io u r  (Dews & M o rse ,  1961; Cook & K e l le h e r ,  1963; 

H e rz , 1 96 0 ).

D ru g s  u sed  i n  t h i s  i n v e s t i g a t i o n  were h a lo p e r id o l  and  

tra z o d o n e . H a lo p e r id o l  was ch ose n  b e cau se  i t  i s  a t y p i c a l  

a n t ip s y c h o t i c  d ru g  w id e ly  u sed  in  c l i n i c a l  p r a c t ic e .  T razo d o n e  

was ch ose n  b e cau se  i t  i s  an u n u su a l d ru g  in  th a t  a lth o u g h  u sed  a s  

an a n t id e p r e s s a n t ,  i t  e x t in g u is h e s  th e  c o n d it io n e d  a v o id a n c e  

re sp o n se  i n  the  r a t ,  i n  a manner s i m i l a r  to  an a n t ip s y c h o t i c .

H a lo p e r id o l

H a lo p e r id o l ,  a  b u ty ro p h e n o n e , was f i r s t  s y n t h e s i s e d  i n  1956 

by J a n s se n  and h i s  c o l le a g u e s  i n  B e lg iu m  (J a n s se n ,  

van  d e r  W e s te r in g h ,  J age n e a u , Domoen, H erm ans, v an  D a e le ,  

S c h e l le k e n ,  van  d e r  E yck e n  & N ie m e ge e rs ,  1 95 9 ).

A f t e r  i n i t i a l  a n im a l s t u d ie s  th e  d ru g  was f i r s t  g iv e n  to  

p a t ie n t s  a t  th e  p s y c h ia t r i c  c l i n i c  o f  L ie g e  U n iv e r s i t y  by D iv r y ,  

Bobou , C o l l a r d ,  P in c h a r d  & N o ls  (1 9 5 8 ).  The r e s u l t s  o f  t h i s  

p i l o t  t r i a l  foun d  the  d ru g  to  be h ig h ly  e f f e c t i v e  a s  a 

p sych o m o to r s e d a t iv e  w i t h in  5 -15  m in u te s  o f  in t r a v e n o u s  i n j e c t i o n
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a t  d o se s  o f  3 -1 5  mg and th e  e f f e c t  l a s t e d  f o r  3 -5  h o u r s .  

H a lo p e r id o l  became the  d ru g  o f  c h o ic e  i n  th e  em ergency tre a tm e n t  

o f  p sych o m o to r  a g i t a t i o n .

A f t e r  t h i s  i n i t i a l  p i l o t  t r i a l  on h a lo p e r id o l  s e v e r a l  t r i a l s  

were o r g a n is e d  i n  w e ste rn  E u ro p e  and th e  f i r s t  m e e t in g  on 

h a lo p e r id o l  was o r g a n is e d  i n  B e e rse  i n  1959. W it h in  two y e a r s  o f  

t h i s  sym posium  th e  d ru g  came in t o  u se  i n  p s y c h ia t r i c  c l i n i c s  in  

m ost w e s te rn  E u ro p e an  c o u n t r ie s .

P h a rm aco lo gy  o f  h a lo p e r id o l

The c h e m ic a l s t r u c t u r e  o f  h a lo p e r id o l  i s  shown be low .

Hu loper idol: 4 ' -fluoro-4 -[4 -hydroxy -4 - 
(4-chlorophcnyl)piperidino]butyrophcnone

H a lo p e r id o l  i s  a t y p i c a l  p o te n t  n e u r o le p t ic  d ru g  o r  m ajor  

t r a n q u i l l i s e r .  The l i t e r a t u r e  on the  p h arm a co lo gy  o f h a lo p e r id o l  

i s  e x t e n s iv e ,  and i t s  p h a rm a co lo g y  w i l l  o n ly  be d e s c r ib e d  

b r i e f l y .  The m ost common e f f e c t  o f n e u r o le p t ic s  a p p e a rs  to  be 

th e  i n h i b i t i o n  o f  d o p a m in e rg ic  n e u r o t r a n s m is s io n ,  by b lo c k a d e  o f  

p o s t s y n a p t i c  DA r e c e p t o r s .  Lon g  term  use  o f n e u r o le p t ic s  o f t e n  

c a u se s  t a r d iv e  d y s k in e s ia  and t h i s  h a s  been s u g g e s te d  a s  b e in g  

due to  s u p e r s e n s i t i v i t y  o f  the  p o s t s y n a p t ic  DA r e c e p to r s  

(Y a rb ro u g h ,  1 9 7 5 ). T h is  s u p e r s e n s i t i v i t y  may be a s  a  r e s u l t  o f  

p r o lo n g e d  d is u s e  o f  the  r e c e p t o r s .  B e s id e s  b lo c k in g  p o s t s y n a p t ic  

DA r e c e p t o r s ,  n e u r o le p t ic s  have  been shown to  b lo c k  p r e s y n a p t ic  

DA r e c e p t o r s  (p64 o f  t h i s  t h e s i s ) .  H a lo p e r id o l  has p o w e r fu l  

s u r f a c e  t e n s io n  r e d u c in g  p r o p e r t ie s ,  a t  1 0 -7 m  c o n c e n t r a t io n ,  i t

Cl



w i l l  fo rm  a m o n o laye r  on w a te r  o r  w a t e r - l i p i d  in t e r p h a s e s  in  a 

m anner s i m i l a r  to  d e t e r g e n t s  (Seem an & B i a l y ,  1 9 6 3 ). T h ere  

e x i s t s  f o r  n e u r o le p t ic s ,  a c o r r e la t i o n  betw een n e u r o le p t ic  

p o te n c y  ( t h a t  i s  th e  d o se  in j e c t e d  in t o  an  a n im a l f o r  o b t a in in g  a  

g iv e n  n e u r o le p t ic  e f f e c t )  and s u r f a c e  t e n s io n  lo w e r in g  a c t i v i t y .  

T h is  e f f e c t  s u g g e s t s  th a t  the  m echanism  o f  a c t io n  o f  h a lo p e r id o l  

i n v o lv e s  th e  fo r m a t io n  o f  m o n o la ye rs  on b i o l o g i c a l  s t r u c t u r e s .  

H a lo p e r id o l  i s  a l s o  known to  have  a n t ie m e t ic  a c t io n  (J a n s s e n ,  

N ie m e ge e rs  & S c h e l le k e n s ,  1 9 6 5 ). R a d io a c t iv e  h a lo p e r id o l  

(0 .1  mg) g iv e n  o r a l l y  to  S p ra g u e -D a w le y  r a t s  (200  g )  was foun d  to  

be m a x im a lly  a b so rb e d  w i t h in  3 to  5 h o u rs  and m a in ly  e x c re te d  v i a  

th e  u r in e  and fa e c e s  w i t h in  72 h o u r s .  H a lo p e r id o l  i s  m e ta b o lis e d  

by an  N - d e a lk y la t i o n  r e a c t io n ,  th e  r e s u l t a n t  f ra g m e n ts  can  be 

c o n ju g a te d  w ith  g lu c u r o n ic  a c id  and i t  i s  b e l ie v e d  th a t  a l l  the  

m e t a b o l i t e s  o f  h a lo p e r id o l  a re  i n a c t i v e  (F o rsm an  & Ohman, 1 9 7 7 ).  

H a lo p e r id o l  s e l e c t i v e l y  i n h i b i t s  c o n d it io n e d  a v o id a n c e  

b e h a v io u r  w h i l s t  le a v in g  the  u n c o n d it io n e d  e scap e  re sp o n se  

i n t a c t .

T razod on e

T raz o d o n e , c h e m ic a l ly  2 - [ 3 - [ 4 - ( 3 - c h lo r o p h e n y l ) -  

l - p i p e r a z i n y l ] p r o p y l ] - l , 2 , 4 - t r i a z o lo [ 4 , 3 - a ]  p y r id in - 3 ( 2 H )  one, i s  

a  new a n t id e p r e s s a n t  w ith  a m o le c u la r  w e ig h t  o f  4 0 8 .3 3 . I t s  

c h e m ic a l s t r u c t u r e  i s  shown be low .

T r a z o d o n e  h y d r o c h l o r i d e  2 - ( 3 - J m - c h l o r o p h e n y l ) 
1 - p i p e r a z i n y l ]  propyl]- 1,2,4 -  t r i a z o l o L ^ - a ] p y n d i n - 3 ( 2 H )  one



S i l v e s t r i n i  (1 9 6 7 ) r e v e a le d  t h a t  tra zo d o n e  d e f i n i t e l y  had  

CNS a c t i v i t y .  I t  i s  c u r r e n t ly  m arketed  a s  an a n t id e p r e s s a n t  in  

G re a t  B r i t a i n  un der th e  name M o l ip a x in .  T razo d o n e  has a  u n iq u e  

sp e c tru m  o f  p h a r m a c o lo g ic a l  a c t i v i t y  s in c e  i t  does no t re se m b le  

known d ru g s  b e lo n g in g  t o  any  o f  the  th re e  m ajor p s y c h o t r o p ic  

c l a s s e s ,  nam ely a n t id e p r e s s a n t s ,  a n t ip s y c h o t i c s  o r  a n x i o l y t i c s .

A n im a l s t u d ie s  show th a t  a lth o u g h  i t  i s  u sed  a s  an  

a n t id e p r e s s a n t  in  man i t  does n o t p o s s e s s  m ost o f the  e f f e c t s  

re g a rd e d  a s  b e in g  t y p i c a l  o f  a n t id e p r e s s a n t s .  U n l ik e  t r i c y c l i c  

a n t id e p r e s s a n t s ,  i t  does n o t have  a n t i r e s e r p in e  a c t i v i t y ,  does  

n o t p o t e n t ia t e  m e th y lam p h e ta m in e -in d u ce d  a n o r e x ia  o r  p o t e n t ia t e  

th e  e f f e c t s  o f  c a te c h o la m in e s  on L -d o p a .  (D om ino , 1974; 

G a r a t t i n i ,  1974; K oe , 1976; Lon go  & S c o t t i  de C a r o l i s ,  1 9 7 4 ).

I t  i s  n o t a  monoamine o x id a s e  i n h i b i t o r  o r  an a n t i c h o l i n e r g i c  

a g e n t  (P e c k n o ld ,  R i t z o l u  & Ban , 1 9 7 6 ). T razo d o n e  p o s s e s s e s  

n e u r o le p t ic  p r o p e r t ie s  i n  th a t  i t  re d u ce s sp o n ta n e o u s  m otor  

a c t i v i t y  and e x p lo r a t o r y  b e h a v io u r  and b lo c k s  r e s p o n se s  to  

p a in f u l  s t im u l i  and c o n d it io n e d  a v o id a n c e  re s p o n se s  a t  d o se s  

w h ich  do no t a f f e c t  th e  u n c o n d it io n e d  re sp o n se  (A n g e lu c c i  &

B o l le ,  1974; G a t t i ,  1974; S i l v e s t r i n i ,  C i o l i ,  B u r b e r i  & C a ta n e se ,  

1 9 6 8 ). B u t u n l ik e  n e u r o le p t ic s ,  i t  h a s  o n ly  weak h y p o th e rm ic  

a c t i v i t y ,  does no t i n h i b i t  aporaorph ine  o r  am p h e tam in e -in d u ce d  

s t e r e o ty p e d  b e h a v io u r  o r  p o s s e s s  c a t a le p t o g e n ic  a c t i v i t y ,  even in  

h ig h e r  d o se s  (D o m in o ,1974; Lon go  & S c o t t i  de C a r o l i s ,  1974; 

S i l v e s t r i n i  e t a l ,  1 9 6 8 ). T razo d o n e  o c c u p ie s  c o r t i c a l  2 

r e c e p t o r s  and enh an ces n o r a d r e n a l in e  e f f l u x  fro m  s l i c e s  o f  r a t  

o c c i p i t a l  c o r t e x  (C le m e n ts -J e w e ry ,  R ob son  & C h id le y ,  1 9 8 0 ).  

G a r a t t i n i  (1 9 74 ) p rod uce d  d a ta  to  show th a t  tra z o d o n e  d e c re a se s  

th e  l e v e l s  o f  b r a in  n o r a d r e n a l in e  i n  r a t s .  The r e d u c t io n  o f



n o r a d r e n a l in e  i n  th e  r a t  b r a in  i s  n o t accom pan ied  by any change  

i n  th e  m a jo r  m e ta b o l i t e  o f  n o r a d r e n a l in e  th a t  i s  

3 -m e th o x y -4 -h y d r o x y p h e n y lg ly c o l (MHPG) s u lp h a t e  (S c h a u b e rg ,  

S c h i ld k r a u t ,  B re e se  & K o p in ,  1 9 6 8 ). I n  r a t s  g iv e n  p ro b e n e c id  ( t o  

i n h i b i t  t r a n s p o r t  o f  th e  m e t a b o l i t e )  th e re  i s  an  in c r e a s e  in  

M H P G -su lp h a te  i n  th e  tra z o d o n e  t r e a t e d  r a t s .  G a r a t t i n i  (1 9 7 4 ),  

i n  s t u d y in g  n o r a d r e n a l in e  u p tak e  m echanism s by i n j e c t in g  

^ H -n o ra d re n a lin e  i n t r a v e n t r i c u l a r l y  b e fo re  and a f t e r  

a d m in i s t r a t io n  o f  tra z o d o n e  50 m g/kg  i . p . ,  fo u n d  a c c u m u la t io n  o f  

n o r a d r e n a l in e  to  be c o n f in e d  to  the  b r a in  stem . L ik e  

d e s ip r a m in e ,  tra z o d o n e  i n h i b i t s  th e  accu m m u la t io n  o f NA in  th e  

w ho le  b r a in  by c a u s in g  an in c r e a s e  o f  n o rm e ta n e p h rin e , w ith o u t  

any change  i n  th e  d eam in a te d  a c id  m e t a b o l i t e s .

The e f f e c t  o f  tra z o d o n e  on b r a in  le v e l s  o f  

5 - h y d r o x y in d o la c e t ic  a c id  (5 H IA A ) ,  5 -h y d ro x y tr y p ta m in e  (5 H T ),  

n o r a d r e n a l in e  and dopam ine were s t u d ie d  by A n g e lu c c i  & B o l l e  

(1 9 7 4 ).  They fo u n d  t h a t  a t  low  d o se s  tra zo d o n e  re d u ce s  5 -H IA A ,  

w h i l s t  a t  h ig h e r  d o se s  i t  d e c re a se s  5H IAA  and in c r e a s e s  5HT.

T razo d o n e  (B a ra n ,  M a j,  Rogoz  & S k u z a , 1979) i n h i b i t s  the  

h e a d - t w it c h  re sp o n se  t o  5-HTP o r  5 -m e th o x y try p ta m in e , t r y p t a m in e -  

in d u c e d  c o n v u ls io n s  and th e  h y p o th e rm ia  p roduced  by v a r io u s  5-HT  

a g o n i s t s .  T h is  p o te n t  c e n t r a l  5-HT a n t a g o n is t  a c t i v i t y  h a s  a l s o  

been o b se rv e d  f o r  o th e r  a n t id e p r e s s a n t s  e . g .  m ia n s e r in  (M a j,  

S o w in sk a , B a ra n ,  G a n c a ro z y k  & Raw low , 1 9 7 8 ). Compounds sh o w in g  

p o te n t  5 -H T  a n t a g o n is t  a c t i v i t y  a re  th o se  u sed  t h e r a p e u t ic a l l y  in  

th e  tre a tm e n t o f  a n x i e t y - a g i t a t i o n ,  but w hether the c l i n i c a l  u se  

o f  tra z o d o n e  i s  r e la t e d  to  i t s  5 -H T  a n t a g o n is t  a c t io n  h a s  no t  

been e lu c id a t e d .

S t e f a n in i ,  F a d o a , P o rce d d u  & G e s sa  (1 9 7 6 ) i n v e s t i g a t e d  

w hethe r tra z o d o n e  s h a r e s  w ith  n e u r o le p t ic s  and n a r c o t ic  

a n a l g e s i c s  ( L a v e r t y  & Sharm an, 1965) th e  p r o p e r ty  o f s t im u la t in g



dopam ine s y n t h e s i s .  T h e ir  r e s u l t s  showed th a t  tra z o d o n e  

in c r e a s e d  h o m o v a n i l l i c  a c id  (H VA) and d ih y d r o x y p h e n y la c e t ic  a c id  

(DOPAC) l e v e l s  i n  the  r a t  b r a in .  A t  25 m g/kg  th e re  was a 96% 

in c r e a s e  i n  HVA and a 56% in c r e a s e  i n  DOPAC. A t  do se  l e v e l s  o f  

25 -10 0  m g/kg  t ra z o d o n e  does no t in f lu e n c e  dopam ine  

c o n c e n t r a t io n s .  I t  can  be c o n c lu d e d  from  th e  a u t h o r s '  r e s u l t s  

t h a t  tra z o d o n e  s h a re s  w ith  n e u r o le p t ic s  th e  c a p a c i t y  o f  

i n c r e a s in g  b r a in  dopam ine m e t a b o l i t e s .  The th e o ry  p ro p o se d  by 

N yb ack  & S e d v a l l  (1 9 6 8 ),  f o r  the  n e u r o le p t ic s  may p ro v id e  an  

e x p la n a t io n  o f  the  in c r e a s e  in  dopam ine s y n t h e s i s .  A b lo c k  o f  

dopam ine r e c e p to r s  by tra z o d o n e  c o u ld ,  by a co m p e n sa to ry  fe e d b ack  

re s p o n se ,  in c r e a s e  the  s y n t h e s i s  o f  dopam ine. A s a l r e a d y  

m e n tio n e d , tra z o d o n e  does no t c a u se  c a t a le p s y ,  i n  a manner 

s i m i l a r  to  c lo z a p in e .

S t e f a n in i  e t  a l  (1 9 7 6 ) s u g g e s t e d  th a t  th e  d i s s o c i a t i o n  o f  

th e  in c r e a s e d  dopam ine tu rn o v e r  fro m  the  c a t a le p t o g e n ic  e f f e c t  

may l i e  i n  th e  f a c t  t h a t  t ra z o d o n e  in d u c e d  b lo c k a d e  o f the  

dopam ine r e c e p to r s  from  n e rve  t e r m in a l s  i s  overcom e by in c r e a s e d  

l i b e r a t i o n  o f  dopam ine from  n e rve  t e r m in a l s .  A s i m i l a r  th e o ry  

was p ro p o se d  by B a r t h o l i n i ,  H a e fe le y ,  J a l f r e ,  K e l l e r  & P le t c h e r  

(1 9 7 2 ) f o r  c lo z a p in e .

S u lp i r i d e  a l s o  s t im u la t e s  dopam ine tu rn o v e r  w ith o u t  c a u s in g  

c a t a le p s y  (T a g l ia m o n t e ,  De M o n t is ,  O l ia n a s ,  V a r g iu ,  C o r s i n i  & 

G e s sa ,  1 9 7 5 ). A th e o ry  s i m i l a r  t o  T a g lia m o n te  et a l  (1 9 7 5 ) can  

be p ro p o se d  f o r  t r a z o d o n e . I t  i s  p o s s ib le  th a t  tra z o d o n e  

s t im u la t i o n  o f  dopam ine s y n t h e s i s  i s  in d ep e n d e n t o f the  b lo c k a d e  

o f  p o s t s y n a p t ic  dopam ine r e c e p t o r s .  A s  C a r l s s o n  (1 9 75 ) 

s u g g e s t e d ,  i t  i s  p o s s ib l e  t h a t  th e se  s u b s ta n c e s  b lo c k  th e  

p o s t u la t e d  p r e - s y n a p t ic  r e c e p to r s  a t  th e  dopam ine n e rve  t e r m in a ls  

th e re b y  p r e v e n t in g  th e  i n h i b i t o r y  c o n t r o l  o f i t s  own s y n t h e s i s .

From  th e  d a ta  a v a i l a b le  t h i s  f a r  i t  i s  no t c le a r  how



trazo d o n e  acts. It is still not k n o w n  w h e t h e r  its effects on 5HT

o r  on th e  c a te c h o la m in e r g ic  sy s te m s  a re  r e la t e d  to  i t s  c l i n i c a l  

u se  a s  an  a n t id e p r e s s a n t .

I t  i s  d i f f i c u l t  to  c o r r e la t e  any one o f  th e  b io c h e m ic a l  

ch an ge s o b se rv e d  i n  th e  b r a in  w ith  th e  p h a r m a c o lo g ic a l  e f f e c t s  o f  

t ra z o d o n e . I f  t ra z o d o n e  i n h i b i t s  5HT u p tak e  (Y a tm a tsu ,  K an eko , 

Y a m a n is h i,  K i t a h a r a  & O h tak e , 1974; C a s sa n o ,  C a s t r o g io v a n n i  & 

C o n t i ,  1974) in  the  b r a in ,  t h i s  may e x p la in  th e  t o t a l  in c r e a s e  i n  

s le e p in g  tim e  o b se rv e d  in  a n im a ls  a f t e r  tra z o d o n e  tre a tm e n t.

T razo d o n e , when g iv e n  o r a l l y  to  man, i s  r a p i d l y  and a lm o st  

c o m p le te ly  a b so rb e d  (J a u c h , K o p i t a r  & P ro x ,  1 9 7 6 ). I n  non­

s t a r v i n g  v o lu n t e e r s  50 mg g iv e n  o r a l l y  p roduced  peak serum  l e v e l s  

w it h in  120 m in u te s  ( A l l o r i t a l ,  1975 u n p u b lis h e d  r e p o r t ) .  P la sm a  

h a l f l i f e  o f l a b e l l e d  tra z o d o n e  was foun d  to  be betw een 1 h our  

i n i t i a l l y  to  13 h o u r s  i n  non s t a r v i n g  v o lu n t e e r s  (J a u c h  e t a l ,  

1 9 7 6 ). The d ru g  i s  m e ta b o lis e d  and e x c re te d  v i a  the  u r in e  and 

f a e c e s  and i t s  m e t a b o l i t e s  have  no c l i n i c a l  im p o r ta n c e .



SECTION 2: B E H A V I O U R A L  MET H O D S

2 .1 .  In t r o d u c t io n

The s tu d y  o f  th e  p s y c h o t r o p ic  p r o p e r t ie s  o f  new d ru g s  h as  

met w ith  th e  p ro b le m  o f  d e v e lo p in g  s u i t a b le  e v a lu a t iv e  m ethods 

i n  a n im a ls  and th e  a d d i t i o n a l  p ro b le m  i s  the  re le v a n c e  o f  th e se  

f i n d in g s  to  man. M e th ods u sed  i n  s t u d y in g  th e  b e h a v io u r a l  

e f f e c t s  o f  p s y c h o t r o p ic  d ru g s  a re  based  on c o n d it io n e d  

reactions; these methods, ulLhough derived In principle 1rom a 

c l a s s i c  P a v lo v ia n  e x p e r im e n t, show l i t t l e  c o n fo rm ity  to  the  

o r i g i n a l  w ith  r e g a r d  to  s t im u l i  p re se n te d  o r  re s p o n se s  e l i c i t e d .  

The method em ployed  to  c h a r a c t e r i s e  the  m ajor t r a n q u i l i s i n g  d ru g s  

h as been th e  c o n d it io n e d  a v o id a n c e  b e h a v io u r a l  sy ste m .

H i s t o r y  o f  c o n d i t io n in g

The term  c o n d i t io n in g  r e f e r s  to  two p ro c e d u re s ,  known a s  

c l a s s i c a l  c o n d i t io n in g  and in s t r u m e n t a l  c o n d i t io n in g .  The term s  

c l a s s i c a l  and in s t r u m e n t a l  c o n d i t io n in g  were f i r s t  in t r o d u c e d  

i n t o  th e  l i t e r a t u r e ' by H i l g a r d  & M a r q u is  (1 9 4 0 ).  The h i s t o r y  o f  

c l a s s i c a l  c o n d i t io n in g  i s  d om in a te d  by the e a r ly  w ork o f P a v lo v  

(1 8 4 9 -1 9 3 6 ),  and in s t r u m e n t a l  c o n d i t io n in g  p ro c e d u re s  stem  from  

th e  w ork o f  T h o rn d ik e  & B e k h te re v .  I t  was w h i l s t  s t u d y in g  

d ig e s t i v e  g la n d s  th a t  P a v lo v  came a c r o s s  the  phenomenon o f  

c o n d i t io n in g .  P a v lo v  o b se rve d  a s  e a r ly  a s  1880, t h a t  sham  

f e e d in g ,  in  w h ich  fo o d  p a s se d  th ro u g h  an o e so p h a g e a l f i s t u l a  and  

n o t to  the  stom ach , s t i l l  p rod uce d  g a s t r i c  s e c r e t io n .  T h is  le d  

h im  to  s u g g e s t  t h a t  th e  s t im u la t i o n  p ro v id e d  by th e  t a s t e  o f  fo o d  

and th e  a c t  o f  s w a llo w in g  in f lu e n c e d  the  stom ach , c a u s in g  

’ p s y c h ic  s e c r e t i o n 1. T h is  ty p e  o f  experim en t needed s u r g i c a l  

s k i l l s  and was t e d io u s ,  so  P a v lo v  s t a r t e d  w ork i n v o lv in g  s a l i v a r y

s e c r e t io n  w h ich  was e a s ie r  to  m easure.
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The f i r s t  e xp e r im en t on s a l i v a r y  s e c r e t io n  by P a v lo v  was 

c ru d e , i t  in v o lv e d  sh o w in g  a dog a p ie c e  o f  b re a d , and e v id e n c e  

f o r  c o n d i t io n in g  was the  s a l i v a t i o n  cau se d  by s i g h t  o f fo o d  p r io r  

to  e a t in g .  These  s t u d ie s  were l a t e r  fo l lo w e d  by the  u se  o f  a 

c o n d i t io n in g  s t im u lu s  su ch  a s  a b e l l  to  c a u se  s a l i v a t i o n .  P a v lo v  

p la c e d  fo o d  i n  a d o g 's  mouth and o b se rve d  th a t  s a l i v a t i o n  

o c c u r re d .  (The  fo o d  i s  term ed th e  u n c o n d it io n e d  s t im u lu s  UCS, 

and s a l i v a t i o n  the  u n c o n d it io n e d  r e f le x  o r  re sp o n se  U C R .) Then  

P a v lo v  ra n g  a b e l l  j u s t  p r io r  to  fo o d  p r e s e n t a t io n ,  and a f t e r  a 

few t r i a l s  th e  dog s a l i v a t e d  a t  the  sound o f the  b e l l .  (The b e l l  

i s  term ed th e  c o n d i t io n in g  s t im u lu s  CS -  th e  d o g 's  re sp o n se  the  

c o n d it io n e d  re sp o n se  C R . )  An a s s o c i a t i o n  betw een the fo o d  and  

th e  b e l l  was e s t a b l i s h e d  so  th a t  the  re sp o n se  o r i g i n a l l y  made to  

fo o d  was th e n  made to  the  b e l l .  P a v lo v 's  s t u d ie s  were f i r s t  

p u b l i s h e d  i n  1899 a s  a t h e s i s  e n t i t l e d  "O b s e r v a t io n s  upon  

s a l i v a r y  s e c r e t io n s "  ( P a v lo v ,  1 9 2 7 ). P a v lo v 's  e x p e r im e n ta l w ork  

was l im i t e d  t o  th e  s a l i v a r y  re sp o n se  o f  d o gs  b u t th e  term s he 

used  i n  d e a l in g  w ith  h i s  d a ta  a re  th o se  c u r r e n t ly  u sed  i n  

d i s c u s s i o n  o f  a l l  trypes o f  c o n d i t io n in g :  c o n d it io n e d  and 

u n c o n d it io n e d  s t im u l i ,  r e in fo r c e m e n t ,  e x t in c t i o n ,  

d i s c r im in a t i o n .  I n  1906, P a v lo v ,  a t  C h a r in g  C r o s s  H o s p i t a l ,  gave  

th e  H u x le y  le c t u r e  e n t i t l e d  "The S c i e n t i f i c  I n v e s t i g a t i o n  o f th e  

P s y c h i c a l  F a c u l t ie s  o r  P r o c e s s e s  in  the  H ig h e r  A n im a ls " .

I n  a  t y p i c a l  in s t r u m e n t a l  c o n d i t io n in g  e xp e r im en t a r a t  i s  

p la c e d  i n  a sound  p ro o f  com partm ent w ith  a b a r ,  w h ich  when 

p re s se d  p ro d u c e s  fo o d .  W ith  p r a c t ic e ,  the  re sp o n se  o f  p r e s s in g  

th e  b a r  became p a r t  o f  the  r a t ' s  b e h a v io u r  a s  lo n g  a s  he was 

h u n gry  and re c e iv e d  fo o d  f o r  p r e s s in g  the le v e r .  B e k h t e r e v 's  

c o n t r ib u t io n  to  c o n d i t io n in g  p ro c e d u re s  was th ro u g h  h i s  

s y s t e m a t ic  s tu d y  o f  a s s o c i a t i o n - r e f l e x e s .  In  h i s  e x p e r im e n ts  

w ith  d o g s ,  he s t u d ie d  th e  w ith d ra w a l o f  a  paw and r e s p i r a t o r y



r e s p o n se s  evoked  by e l e c t r i c  sh o c k  s t im u la t io n .  The t r a in in g  

p ro c e d u re s  d e r iv e d  fro m  th e  w ork o f  B e k h te re v  (1 9 3 2 ) and 

T h o rn d ik e  (1 9 11 ) d i f f e r  from  P a v lo v ia n  p ro c e d u re s  in  th a t  the  

s u b j e c t ' s  b e h a v io u r  was in s t r u m e n t a l  to  the  p r o d u c t io n  o f rew ard  

o r  a v o id a n c e  o f  p u n ish m e n t. Hence the  term  in s t r u m e n t a l  

c o n d i t io n in g .  A d i s t i n c t i o n  i s  made between c l a s s i c a l  and 

in s t r u m e n t a l  c o n d i t io n in g  i n  th a t  c l a s s i c a l  c o n d i t io n in g  i s  

b a s i c a l l y  a p ro c e s s  o f a s s o c i a t i o n  by c o n t i g u i t y  w hereas  

in s t r u m e n t a l  c o n d i t io n in g  o p e ra te s  on th e  e n v iro n m e n t. T a b le  1 

show s the  term s u sed  f o r  c l a s s i c a l  and in s t r u m e n t a l  c o n d i t io n in g  

by s e v e r a l  d i f f e r e n t  w o rk e r s .

To d i s t i n g u i s h  betw een a v a r ie t y  o f  in s t r u m e n t a l  

c o n d i t io n in g  p ro c e d u re s ,  T h o rn d ik e  (1 9 1 1 ) u se d  the  term s a n n o y e rs  

and s a t i s f i e r s  o r  n e g a t iv e  and p o s i t i v e  r e in f o r c e r s .  By the  u se  

o f  p o s i t i v e  r e in fo rc e m e n t  a  rew ard  t r a i n i n g  p ro ce d u re  can  be 

d e s ig n e d  where the  a n im a l g e t s  a rew ard ( fo o d )  a f t e r  p ro d u c in g  a 

c o r r e c t  re sp o n se .  N e g a t iv e  r e in f o r c e r s  le a d  to  a v o id a n c e  

t r a i n i n g  p ro c e d u re s  where an  a n im a l le a r n s  to  a v o id  an e l e c t r i c  

sh o c k  by re s p o n d in g  't o  ,a w a rn in g  s i g n a l ,  f o r  exam ple , the  

c o n d it io n e d  a v o id a n c e  b e h a v io u r a l  p a ra d ig m . A d i s t i n c t i o n  can  be 

made by c o n s id e r in g  w hether re in fo rc e m e n t  i s  c o n t in g e n t  upon the  

o c c u rre n c e  o f  the  c o n d it io n e d  re s p o n se .  In  c l a s s i c a l  

c o n d i t io n in g  th e  u n c o n d it io n e d  re sp o n se  o c c u r s  w hether o r  no t a 

c o n d it io n e d  re sp o n se  o c c u r s .  By c o n t r a s t  i n  in s t r u m e n t a l  

c o n d i t io n in g  the  c o n d it io n e d  re sp o n se  m ust o c c u r  i f  rew ard i s  to  

be o b ta in e d  o r  pun ish m en t a v o id e d .  The d i s t i n c t i o n  betw een  

c l a s s i c a l  and in s t r u m e n t a l  c o n d i t io n in g  p ro c e d u re s  i s  b ased  on 

th e  con seq uence  o f th e  c o n d it io n e d  re sp o n se .  S k in n e r  (1 9 3 8 )  

o b se rv e d  th a t  un der n a t u r a l  c o n d i t io n s  an a n im a l makes two k in d s  

o f  b e h a v io u r a l  r e s p o n s e s ,  E L IC IT E D  and EM ITTED , and s u g g e s te d  an  

h y p o t h e s is  th a t  th e se  two fo rm s o f b e h a v io u r  a re  su b je c t
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A u t h o r ( s ) Term f o r  c l a s s i c a l  c o n d i t i o n in g Term  f o r  in s t r u m e n ta l  c o n d it io n in g

T h o rn d ik e  (1 9 11 ) A s s o c i a t i v e  s h i f t i n g T r ia l - a n d - e r r o r  le a r n in g

M i l l e r  & K o n o r s k i  (1 9 2 8 );  
K o n o r s k i  & M i l l e r  (1 9 3 7 a , 1937b)

Type I Type I I

S k in n e r  (1 9 37 ) Type S ,  o r  R e sp o n d e n t Type R, o r  O p eran t

S c h lo s b e r g  (1 9 37 ) C o n d i t io n in g S u c c e s s  le a r n in g

H i l g a r d  & M a r q u is  (1 9 4 0 ) C l a s s i c a l  c o n d i t i o n in g In s t r u m e n t a l  c o n d it io n in g

Mow rer (1 9 47 ) C o n d i t io n in g P ro b le m  s o l v i n g

TABLE 1: Term s used  by d i f f e r e n t  a u th o r s  f o r  c l a s s i c a l  and in s t r u m e n t a l  c o n d i t i o n in g .  (T a k e n  from  H i lg a r d  & M a r q u is ,
1 9 4 0 .)



r e s p e c t iv e ly  to  re sp o n d e n t or typ e  S ( c l a s s i c a l )  and o p e ra n t or  

Type R ( in s t r u m e n t a l )  c o n d i t io n in g .

E l i c i t e d  r e s p o n se s  a re  th o se  th a t  can  be in d u ce d  r e l i a b l y  by 

a s p e c i f i c  s t im u lu s  and under n o rm a l c o n d i t io n s  o n ly  by th a t  

s t im u lu s  o r  one v e ry  s i m i l a r  to  i t .  Such  re s p o n se s  a re  

r e f le x i v e ,  f o r  exam p le , w ith d ra w a l o f  a lim b  to  a  p a in f u l  

s t im u lu s  o r  s a l i v a t i o n  to  fo o d .  E l i c i t e d  re s p o n se s  a re  p r e c i s e ly  

d e te rm in e d  by th e  p r o p e r t ie s  o f  th e  e l i c i t i n g  s t im u lu s  ( i t s  

fre q u e n c y  o f  p r e s e n t a t io n ,  d u r a t io n  and i n t e n s i t y )  and a re  

o b j e c t iv e ly  q u a n t i f ie d  by t h e i r  la t e n c y  o f  o n se t ,  and the  

a m p litu d e  and i n t e n s i t y  o f  e l i c i t i n g  s t im u lu s  r e q u ire d  to  in d u ce  

them. E m itte d  re s p o n se s  by c o n t r a s t ,  a re  not in d u ce d  by any  

i d e n t i f i a b l e  s t im u lu s .  I f  a r a t  i s  p la c e d  i n  a s m a l l  cham ber 

w ith  a le v e r  on th e  w a l l ,  the  r a t  e m its  a  w ho le  v a r ie t y  o f  

r e s p o n s e s ,  none o f  w h ich  i s  o b v io u s ly  e l i c i t e d  by s t im u lu s  in  the  

e n v iro n m e n t. The le v e r  i s  co n n e c te d  so  th a t  when i t  i s  p re s se d  a 

fo o d  rew ard  d ro p s  i n t o  the  ca g e . A t  f i r s t  th e  r a t  m a n ip u la te s  

th e  le v e r  by chance  but the  fo o d  rew ard  r e in f o r c e s  the  e m itte d  

re s p o n se .

B o th  e l i c i t e d  and e m itte d  re s p o n se s  may be m o d if ie d  by  

c o n d i t io n in g ,  and i t  i s  g e n e r a l l y  a c c e p te d  th a t  e l i c i t e d  

re s p o n se s  a re  m ost e a s i l y  c o n d it io n e d  c l a s s i c a l l y  and e m itte d  

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

I t  was s u g g e s t e d  by M i l l e r  & K o n o r s k i  (1 9 2 8 ),  and by S k in n e r  

(1 9 3 5 ) t h a t  in s t r u m e n t a l  c o n d i t io n in g  be c o n s id e re d  a s  b e in g  

d i s t i n c t  from  c l a s s i c a l  c o n d i t io n in g .  The d i f f e r e n c e s  in  t h e i r  

v ie w p o in t  h a s  been d is c u s s e d  i n  s e v e r a l  p a p e rs  (K o n o r s k i  &

M i l l e r ,  1937a, 1937b; S k in n e r ,  1 9 3 7 ). An im p o r ta n t  d i f f e r e n c e  

betw een th e  two ty p e s  o f  c o n d i t io n in g  i s  th a t  in  m ost c a se s  

c l a s s i c a l l y  c o n d i t io n a b le  r e s p o n se s  a re  ' i n v o lu n t a r y '  r e sp o n se s  

o f th e  au to n o m ic  n e rv o u s  sy s te m  and t h a t  in s t r u m e n t a l ly
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c o n d i t io n a b le  r e s p o n se s  a re  'v o lu n t a r y '  r e sp o n se s  o f the  c e n t r a l  

n e rvo u s  sy ste m .

M eth o ds u sed  to  s tu d y  th e  c o n d it io n e d  a v o id a n c e  re sp o n se

The g ro w in g  re q u ire m e n t f o r  t r a n q u i l l i s e r s  and n e u r o le p t ic s  

i n  c l i n i c a l  p s y c h ia t r y  le d  to  th e  im provem ent o f e v a lu a t iv e  

b e h a v io u r a l  te c h n iq u e s  a lr e a d y  i n  u se  i n  p h y s io l o g i c a l  s t u d ie s .  

The b e h a v io u r a l  te c h n iq u e s  c o n s id e r e d  were th o se  th a t  in v o lv e  the  

q u a n t i t a t i v e  m easurem ent o f  a d egre e  o f  d e c o n d it io n in g  o f  a 

p a r t i c u l a r  in d u ce d  b e h a v io u r  b ro u g h t  about by p s y c h o t r o p ic  d ru g s  

( C o u r v o i s i e r ,  F o u rn e l,  D u c ro t ,  K o ls k y  & K o e t s c h e t ,  1953; Cook & 

W e id le y ,  1 95 7 ).

S e v e r a l  b e h a v io u r a l  te c h n iq u e s  a re  u sed  to  s tu d y  c o n d it io n e d  

a v o id a n c e  r e s p o n s e s .  These  m ethods in c lu d e :

( a )  s h u t t le  box i . e .  h o r iz o n t a l  ro u te  o f e scap e

(b )  p o le -ju m p  i . e .  v e r t i c a l  e sc a p e  re sp o n se s

( c )  a v o id a n c e  re sp o n se s  d e r iv e d  from  f re e  o p e ra n t b e h a v io u r .  

These  m ethods w i l l  be d e s c r ib e d  b r i e f l y .

( a )  The s h u t t le  box , w h ich  makes u se  o f  a  h o r iz o r l t a l  r o u te  o f  

e scap e  was f i r s t  d e s c r ib e d  by W arner (1 9 3 2 ),  a s  the  " b a r r i e r  

c r o s s in g  r e s p o n s e "  w h ich  r e q u ir e s  th e  a n im a l i n  a c o n t r o l le d  

s i t u a t i o n  to  move fro m  one p a r t  o f  the  cage  to  a v o id  pu n ish m en t.  

The cage  was a two com partm ent box w ith  a g r i d  f l o o r ,  th e  w a rn in g  

s i g n a l  a b u z z e r, and the e l e c t r i c  sh o c k  was g iv e n  th ro u g h  the  

g r i d  f l o o r .  T h is  was th e  u n c o n d it io n e d  s t im u lu s .  The a n im a l was 

ta u g h t  to  a v o id  sh o c k  by ju m p in g  from  one com partm ent a c r o s s  a 

low  h u r d le  d i v i d i n g  th e  box.

The s h u t t le  box, som etim es m o d if ie d ,  h as been used  by many 

w o rk e rs .  G e l lh o r n ,  K e s s le r  & M in a t o y a  (1 9 4 3 ),  and K e s s le r  &



G e l lh o r n  (1 9 5 3 ) m o d if ie d  th e  sy s te m  by r e p la c in g  the  h u rd le  by a 

w a l l  w ith  an o p e n in g  and u s in g  a v i s u a l  c o n d i t io n in g  s t im u lu s  

in s t e a d  o f  an o r d in a r y  s t im u lu s .  In  t h i s  t h e s i s  the  s h u t t le  box  

was ch o se n  a s  the  b e h a v io u r a l  te c h n iq u e  to  s tu d y  c o n d it io n e d  

a v o id a n c e  re s p o n se s  and the  su b se q u e n t e f f e c t  o f  h a lo p e r id o l  and  

tra z o d o n e  on the  c o n d it io n e d  b e h a v io u r .

(b )  V e r t i c a l  e scap e  r e s p o n se s  ( p o le  jum p)

T h is  m ethod in v o lv e s  th e  t r a i n i n g  o f  r a t s  to  c l im b  a rope a f t e r  

an a u d it o r y  c o n d it io n e d  s t im u lu s  in  o rd e r  to  a v o id  an e l e c t r i c  

sh o c k  r e c e iv e d  fro m  th e  g r id d e d  f l o o r  o f  the  c a g e . T h is  method  

was d e s c r ib e d  by W in te r  & F la t a k e r  (1949; 1951) where r a t s  were  

t r a in e d  to  c l im b  a rope  in  o rd e r  to  o b t a in  fo o d  and C o u r v o i s ie r  

e t a l  (1 9 5 3 ) m o d if ie d  the  method to  t e s t  c h lo rp ro m a z in e .

( c )  F re e  o p e ra n t b e h a v io u r  m o d if ie d  to  p roduce  a v o id a n c e  

re s p o n se s

T h is  in v o lv e s  the  m o d i f ic a t io n  o f  S k in n e r ’ s  o p e ra n t b e h a v io u r  i n  

w h ic h , in s t e a d  o f  w o rk in g  f o r  a  rew ard , a n im a ls  a re  w arned to  

a v o id  a  sh o c k  by p r e s s in g  a b a r  o r  t u r n in g  a w hee l (D in sm o o r  & 

H u gh e s, 1956; S idm an, 1 9 5 3 ). H a r r i s o n  & T ra c y  (1 9 5 5 ) em ployed a 

h ig h  f re q u e n c y  a u d it o r y  s t im u lu s  w h ich  was c o n s t a n t ly  p re se n t  

u n le s s  le v e r  p r e s s in g  p roduced  a  p e r io d  o f  s i l e n c e .  These  

te c h n iq u e s  have  been ad a p te d  by Owen, V e rh ave  & R o b b in s  (1 9 5 7 )  

f o r  p h a r m a c o lo g ic a l  s t u d ie s  on d ru g s  su ch  a s  c h lo rp ro m a z in e  and  

m orph in e .

S p e c i f i c i t y  o f  a c t io n  o f  d ru g s

What i s  th e  v a lu e  o f  th e  c o n d it io n e d  a v o id a n c e  re sp o n se  to  

t e s t  a s p e c i f i c  d ru g  e f f e c t ?  One s p e c i f i c  d ru g  e f f e c t  i s  the  

i n h i b i t i o n  o f  th e  c o n d it io n e d  a v o id a n c e  re sp o n se  w h i l s t  an



u n c o n d it io n e d  re sp o n se  ( i . e .  e scap e  from  an  a v e r s iv e  s t im u lu s )  i s  

r e t a in e d ,  s p e c i f i c  becau se  o n ly  c e r t a in  ty p e s  o f  d ru g s  a re  a b le  

to  i n h i b i t  th e  c o n d it io n e d  a v o id a n c e  re sp o n se  e . g .  n e u r o le p t ic s .  

Cook & W e id le y  (1 9 5 7 ) t e s t e d  a c t i v e  s u b s ta n c e s  su ch  a s  

c h lo rp ro m a z in e  and r e s e r p in e .  D ru g s  su ch  a s  b a r b i t u r a t e s  f a i l e d  

to  p roduce  any i n h i b i t i o n  o f  the  c o n d it io n e d  a v o id a n c e  re sp o n se .

The e f f e c t s  o f  n e u r o le p t ic s  on th e  c o n d it io n e d  a v o id a n c e  

re sp o n se  have  been s t u d ie d  by many i n v e s t i g a t o r s  and e x t in c t io n  

i s  c o n s id e re d  an e s s e n t i a l  c h a r a c t e r i s t i c  o f  th e se  d ru g s .

M a f f i i  (1 9 5 9 ) e x p re sse d  t h i s  s p e c i f i c i t y  n u m e r ic a l ly  a s  

r a t i o s  o f  d ru g  d o se s  w h ich  i n h i b i t  c o n d it io n e d  and u n c o n d it io n e d  

re s p o n se s  by 50% ( I D 5 0 's )  and p re se n te d  a n o th e r  means o f  

c l a s s i f i c a t i o n  o f th e se  d r u g s .  C l i n i c a l  f i n d in g s  s t r o n g ly  f a v o u r  

th e  co n cep t o f  s p e c i f i c  i n h i b i t i o n ,  a s  d ru g s  su ch  a s  

c h lo rp ro m a z in e  and r e s e r p in e  a re  i n  some in s t a n c e s  a n t ip s y c h o t i c s  

i f  no t u n i fo r m ly  a n t i s c h iz o p h r e n ic ,  w hereas the b a r b i t u r a t e s  a re  

n o t a n t ip s y c h o t i c ,  but s e d a t iv e .

A s w ith  m ost c o n c e p t s ,  th e  v a l i d i t y  o f the  c o n c e p t ,o f  

s p e c i f i c  i n h i b i t i o n  i n  c o n t r a s t  to  s e d a t iv e  e f f e c t s  h as been  

d o u b ted . N ie s c h u lz ,  H o ffm ann, P o p e n d ik e r  & Schaum acher (1 9 5 7 ),  

N ie s c h u l t ,  H o ffm an n  & P o p e n d ik e r  (1 9 5 8 ),  a s  c i t e d  by H erz  (1 9 6 0 )  

u s in g  th e  w h e e l - t u r n in g  m ethod, c o u ld  not f in d  a  dose  w h ich  

i n h ib i t e d  th e  c o n d it io n e d  a v o id a n c e  re sp o n se  w ith o u t  a f f e c t i n g  

th eun con d ition ed  r e s p o n s e s ,  and p roduced  r e s u l t s  to  show th a t  

th e re  were no s i g n i f i c a n t  d i f f e r e n c e s  between th e  c h lo rp ro m a z in e  

gro u p  o f  d ru g s  and the  b a r b i t u r a t e s .  I n  1959, a s  c i t e d  by Herz  

(1 9 6 0 ),  K lu p p  & K ie s e r ,  u s in g  a m o d if ie d  S k i n n e r 's  box and bo th  

p o s i t i v e  (re w a rd )  and n e g a t iv e  (p u n ish m e n t) r e in fo r c e d  re sp o n se s  

found  no s i g n i f i c a n t  d i f f e r e n c e  betw een th e  two g ro u p s  o f d ru g s .

A n o th e r  argum ent put fo rw a rd  i s  the  p o s s i b i l i t y  o f a m otor  

d e f i c i t  com ponent, p e rh a p s  by w eakness o r  r e d u c t io n  o f m usc le



to n e , i n  th e  i n h i b i t i o n  o f  th e  c o n d it io n e d  a v o id a n c e  re sp o n se  by 

th e se  compounds (A d e r  & C l i n k ,  1957; M i l l e r ,  M urphy & M ir s k y ,  

1957; Jen ny  & H e a ly ,  1 9 5 9 ). How ever, i f  th e  e sc ap e  re sp o n se  

rem a in s i n t a c t ,  m otor d e f i c i t  can n o t be c a u s in g  the  i n h i b i t i o n  o f  

th e  a v o id a n c e  re sp o n se .  I n  s p i t e  o f  the above  d is c r e p a n c ie s  in  

th e  d a ta  w ith  r e s p e c t  to  c o n d it io n e d  a v o id a n c e  i n h i b i t i o n ,  the  

b u lk  o f  e v id e n c e  show s c o n s i s t e n t l y  th a t  d ru g s  l i k e  

c h lo rp ro m a z in e ,  tra zo d o n e  and h a lo p e r id o l  have a  s p e c i f i c  d ru g  

a c t io n .  Num erous s t u d ie s  u s in g  d i f f e r e n t  m ethods and many 

d i f f e r e n t  c o n d i t io n s  o f  i n v e s t i g a t i o n s  show a d e f i n i t e  d i f f e r e n c e  

betw een s p e c i f i c  and n o n - s p e c i f i c  d ru g s  (C o ok  & K e l le h e r ,  1 9 6 3 ).  

Some r e p o r t s  s u g g e s t  th a t  i n h i b i t i o n  o f c o n d it io n e d  a v o id a n c e  

re sp o n se  may be due to  a f e a r - r e d u c in g  e f f e c t  o f  the  d ru g  (M ow rer  

& Lam oreaux, 1946) but th e re  i s  o ve rw h e lm in g  e v id e n c e  c o n t r a r y  to  

t h i s  f e a r  r e d u c t io n  h y p o t h e s i s .

1. The e a se  w ith  w h ich  th e  a n im a ls  p e rfo rm  th e  re sp o n se s  re n d e rs  

i t  u n l i k e l y  th a t  f e a r  and a n x ie t y  w ^puld  be the m o t iv a to r  

(N ie s c h u lz  e t  a l ,  1958)

2. I n  th e  e x p e r im e n ts  o f  J a c o b se n  & Sonne (1 9 5 5 ) on s t r e s s  

in d u ce d  b e h a v io u r ,  the  r e d u c t io n  in  t e n s io n  i s  accom pan ied  by an  

in c r e a s e  i n  re sp o n se  to  th e  c o n d it io n e d  s t im u lu s .

3. M eprobam ate  d oe s n o t i n h i b i t  the  c o n d it io n e d  a v o id a n c e  

re sp o n se  a lth o u g h  i t  i s  u sed  w id e ly  in  man f o r  a n x ie t y  and 

t e n s io n  r e d u c in g  e f f e c t s .

4 . The f a c t  t h a t  th e  p e rfo rm a n ce  o f  a p o s i t i v e l y  r e in fo r c e d  

c o n d it io n e d  re sp o n se  i s  a l s o  d e c re a se d  a rg u e s  a g a in s t  the  fe a r  

h y p o th e s is  (J o h n , W enze l & T s c h i r g i ,  1958;



R io p e l le  & P f e i f f e r ,  1 9 5 8 ). M urphee , Jenny & P f e i f f e r  (1 9 5 9 ),  a s  

c i t e d  by H erz  (1 9 6 0 ),  a s s o c ia t e d  the  i n h i b i t i o n  o f th e  

c o n d it io n e d  a v o id a n c e  re sp o n se  w ith  a n t i  s c h iz o p h r e n ic  po ten cy  o f  

d ru g s .  They s t a t e d  th a t  "o n e  sh o u ld  n o te , th a t  o f  a l l  the  

p h a r m a c o lo g ic a l  t e s t s  u sed  f o r  th e  d is c o v e r y  o f  

a n t i  s c h iz o p h r e n ic  d ru g s ,  the  i n h i b i t i o n  o f the c o n d it io n e d  

a v o id a n c e  re sp o n se  i s  the  m ost q u a n t i t a t i v e " .  C o u r v o i s ie r  (1 9 56 )  

a l s o  s u g g e s te d  a c lo s e  r e l a t i o n s h ip  between d e c o n d it io n in g  

a c t i v i t y  and  u s e f u ln e s s  o f  th e se  d ru g s  in  th e  c l i n i c .

E x t in c t i o n

I f  the  c o n d it io n e d  s t im u lu s  (b u z z e r )  c o n t in u e s  to  be 

p re se n te d  to  c o n d it io n e d  a n im a ls ,  unaccom pan ied  by th e  r e in f o r c e r  

( s h o c k ) ,  th e  c o n d it io n e d  re sp o n se  p r o g r e s s i v e ly  d e c re a se s  -  t h i s  

i s  c a l l e d  e x t in c t i o n .  The l o s s  o f  the  c o n d it io n e d  re sp o n se  i s  

n o t in s t a n t a n e o u s ;  c o n d it io n e d  re s p o n se s  s lo w ly  d im in is h  w ith  

t im e . C o n d it io n e d  p e c k in g  r e s p o n s e s  in  p ig e o n s  have  been shown  

t o  be m a in ta in e d  f o r  fo u r  y e a r s  ( S k in n e r ,  1950) and the  

c o n d it io n e d  m otor R e sp on se  i n  sheep  h a s  been shown to  be r e t a in e d  

f o r  two y e a r s  ( L id d e l ,  James & A n d e rso n , 1 93 4 ). C o n d it io n e d  

a v o id a n c e  re sp o n se  i n  W is t a r  r a t s  have  been shown* to  be 

m a in ta in e d  f o r  th e  e n t i r e  p e r io d  o f  t h e i r  l i v e s  (u n p u b lis h e d  

o b s e r v a t i o n s ) .

2 .2  M a t e r i a l s  and m ethods

M a t e r i a l s

1. R a t  s t r a i n

i )  W i s t a r  -  a lb in o  s t r a i n  male,250g 

i i )  L o n g  E v a n s  -  hooded s t r a i n .  "

The r a t s  o f  b o th  s t r a i n s  were in -b r e d ,  s p e c i f i e d  p a th o ge n



f r e e  (S P F )  e q u iv a le n t  to  c a te g o r y  3 s t a r  o f th e  la b o r a t o r y  a n im a l  

c e n tre  a c c r e d i t a t io n  scheme w ith  re fe re n c e  to  the  a c c r e d i t a t io n  

and r e c o g n i t io n  scheme f o r  s u p p l i e r s  o f la b o r a t o r y  a n im a ls ,  (MRC 

M an u a l S e r ie s  No. 1 (1 9 7 4 ).  MRC C a r l s h a l t o n ,  S u r r e y ,  U .K ) .

The r a t s  were m a in ta in e d  un de r c o n v e n t io n a l  h o u s in g  d u r in g  

the  e x p e r im e n ta t io n  p e r io d .  A maximum o f s i x  r a t s  per cage  were 

housed  i n  p l a s t i c  c a g e s ,  s i z e  56 x  38 x l 8  cms w ith  s t a i n l e s s  

s t e e l  w ire  to p s  and s t a i n l e s s  s t e e l  g r id d e d  f l o o r s .  The c a g e s  

were c le a n e d  w e e k ly .

Food and w a te r  were p ro v id e d  ad l i b i t u m . The fo o d  c o n s is t e d  

o f  s t a n d a rd  c o m m e rc ia lly  s u p p l ie d  p e l l e t s  (L a b s u r e ,  A g r a r ia n  

H ouse , C a s t le  S t r e e t ,  P o o le ) .

The rooms were k e p t a t  a te m p e ra tu re  o f 22 ±  l°c, under  

o r d in a r y  l i g h t i n g  w ith  12 h o u rs  on and o f f  p h a se . The h u m id ity  

was m a in ta in e d  a t  50% w it h  1 5 -20  v e n t i l a t i o n  ch an ge s  per h o u r.

2 . S h u t t t le - b o x  (U go . B a s t i l e ,  M i l a n )  ( F ig u r e  6 )

3. E t h a n o l  10% s o l u t i o n

4 . H a lo p e r id o l  (5m g/m l a m p o u le s) SERENASE

5. T razod on e  (1 0 0 ,mg c a p s u le s )  M O L IP A X IN

P r o t o c o l  f o r  th e  c o n d it io n e d -a v o id a n c e  b e h a v io u r a l  s c h e d u le  

R a t s  were t r a in e d  to  a v o id  an e l e c t r i c  sh o ck  in  an  

a u t o m a t ic a l ly  c o n t r o l le d  tw o-com partm ent s h u t t le  box ( F i g .  6 ) by 

m ov in g  from  one com partm ent t o  th e  o th e r  d u r in g  3 .8  se co n d s  o f  

b u zze r  w a rn in g .  I f  th e  r a t  d id  no t re sp on d  to  th e  b u zze r  i t  was 

g iv e n  an  e l e c t r i c  sh o c k  p ro v id e d  th ro u g h  the g r i d  f l o o r  o f the  

box. The sh o c k  (u n c o n d it io n e d  s t im u lu s )  te rm in a te d  im m e d ia te ly  

upon the  movement o f  the  r a t  in t o  the  o th e r  com p artm en t. The 

e x p e r im e n ta l s e s s i o n  c o n s is t e d  o f  1 0  t r i a l s  and l a s t e d  f o r  a 

p e r io d  o f  5 m in u te s .  A tim ed  p r o t o c o l  i s  shown ( F i g .  7 ) .



92

23 sec. 0

I ntertrial 
^  period

3.8sec.

Recorded waiting time of trial 
_________ period

3 1 .7  seconds 
Intertrial + trial period

Shock
B u zze r

7sec.

F IG  7: T im ed p r o t o c o l  f o r  th e  c o n d it io n e d  a v o id a n c e  t r i a l
s c h e d u le .



1. T h e  rat was pla c e d  into the s h u t t l e - b o x  and a l l o w e d  to get

accustom ed  to  the  e n v iro n m en t f o r  a  p e r io d  o f  5 m in u te s .

2 . The a p p a ra tu s  was sw itc h e d  on, the  re q u ire d  sh o c k  (0 .2  mA) 

and a c o u s t i c  s t im u l i  were ch o se n . A t o t a l  o f  10 t r i a l s  were 

c a r r ie d  ou t each  d ay .

3. Each  t r i a l  la s t e d  a p e r io d  o f  3 .8  se co n d s and the  sh o ck  th a t  

fo l lo w e d  la s t e d  f o r  4 .9  se c o n d s .  The t r i a l  sequence  h as been  

i l l u s t r a t e d  i n  F ig u r e  7.

The p a ra m e te rs  s c o r e d  on a  tim e  b a s i s  w ere:

1. C o n d it io n e d  a v o id a n c e  re sp o n se  (CAR) i f  the  r a t  re sp on d e d  to  

th e  b u z z e r, b e fo re  the  e l e c t r i c a l  s t im u lu s  came on.

2. U n c o n d it io n e d  e scap e  re sp o n se  (U ER ) i f  the r a t  moved to  the  

o t h e r  com partm ent d u r in g  th e  sh o c k  p e r io d .

3. E sc a p e  f a i l u r e  CEF). i f  the  r a t  f a i l e d  to  e scap e  th e  sh o c k .

4 . Non s i g n a l  movement (NSM) i f  th e  r a t  moved w ith o u t  p r io r  

s t im u lu s .

5. U r in a t io n  and d e f a e c a t io n  were re c o rd e d

A t the  end o f  th e  e x p e r im e n ta l s e s s io n  the  s h u t t le - b o x  was 

t h o r o u g h ly  c le a n e d  w ith  e th a n o l (1 0 % ).  D a i l y  r e c o rd s  were k e p t  

o f  th e  fo o d  and w a te r  in t a k e  p e r cage  o f s i x  r a t s .  I n d i v i d u a l  

r a t  body w e ig h t s  were a l s o  re c o rd e d  th ro u g h o u t  th e  e x p e r im e n t.  

E ach  r a t  was b ro u g h t  in t o  the  t r a i n i n g  room s e p a r a t e ly  in  o rd e r  

f o r  them n o t to  be d is t u r b e d  by the  sound  o f  the  b u z z e r.



94

D o s in g  p ro c e d u re s

H a lo p e r id o l  was a d m in is t e r e d  i n  0 .5  ml o f s a l i n e  i n t r a  

p e r i t o n e a l l y . T razod on e  was d i s s o lv e d  in t o  s a l i n e  and 0 .5  m l o f  

th e  r e q u ire d  dose  a d m in is te r e d  i n t r a  p e r i t o n e a l l y .

P ro ce d u re  f o r  th e  s e le c t i o n  o f  c o n d it io n e d  r a t s

A  r a t  was s e le c t e d  a s  b e in g  c o n d it io n e d  a f t e r  14 d a y s  o f 

c o n d i t io n in g ,  on the  b a s i s  o f  p e r fo rm in g  the  c o n d it io n e d  

a v o id a n c e  re s p o n s e s  w i t h in  an a v e ra g e  o f  3 .8  se c o n d s  (a v e ra g e  o f  

1 0  t r i a l s )  o r  l e s s .

2 .3 .  E x p e r im e n ta l p ro ce d u re

2 .3 .  1. S e le c t i o n  o f  r a t  s t r a i n  f o r  c o n d i t io n in g  e x p e r im e n ts  

I n i t i a l  e x p e r im e n ts  were c a r r ie d  ou t to  s e le c t  a r a t  s t r a i n

w h ich  w ou ld  be s u i t a b le  f o r  t r a i n i n g  on the  c o n d it io n e d  a v o id a n c e  

b e h a v io u r a l  sy s te m . Tw e lve  L o n g  E v a n s  and 8 W is t a r s  were t r a in e d  

f o r  a p e r io d  o f  14 d a y s .

2 .3 .  2. A c u te  tre a tm e n t  o f  c o n d it io n e d  W is t a r s  w ith  h a lo p e r id o l  

E x p e r im e n ts  were c a r r ie d  o u t on 7 c o n d it io n e d  W is t a r s  to

s tu d y  th e  in f lu e n c e  o f h a lo p e r id o l  on the  c o n d it io n e d  a v o id a n c e  

re sp o n se .  A d o s e -r e s p o n s e  e f f e c t  o f  h a lo p e r id o l  on the  

c o n d it io n e d  re sp o n se  was p e rfo rm e d  in  o rd e r  to  f in d  a dose  th a t  

w ou ld  e x t in g u i s h  th e  c o n d it io n e d  re sp o n se  w h i l s t  le a v in g  the  

e scap e  re sp o n se  i n t a c t .

R a t s  were in j e c t e d  w ith  h a lo p e r id o l  ( i . p )  i n  th e  d o se  ran ge  

o f  0 .01  mg -  0 .1 5  m g/kg  body w e ig h t .  The dose  o f h a lo p e r id o l  

g iv e n  p e r  day was ran do m ise d  s t a r t i n g  w ith  h ig h e r  r a t h e r  th an  

lo w e r d o se s  so  a ’ b u i ld - u p '  e f f e c t  o f  h a lo p e r id o l  was p re v e n te d .  

Each  d o se  o f  h a lo p e r id o l  was g iv e n  a f t e r  two d ay s  o f  n o n -d ru g



treatment.

A f t e r  d ru g  tre a tm e n t r a t s  were te s t e d  f i r s t  f o r  a v o id a n c e  

and th e n  f o r  e sc ap e  b e h a v io u r  a t  0 , 1, 2 , 4 , 6 , 8  and 24 h o u r s .  

When r a t s  were te s t e d  f o r  a v o id a n c e  f o r  a p e r io d  o f  1U t r i a l s  the  

e l e c t r i c  s t im u lu s  was sw itc h e d  o f f ,  le a v in g  th e  b u zze r  s i g n a l  

on. When te s t e d  f o r  e scap e  re sp o n se  f o r  a p e r io d  o f  2 t r i a l s ,  

th e  b u zze r  s i g n a l  was sw itc h e d  o f f ,  le a v in g  th e  e l e c t r i c  

s t im u lu s  on. The w a i t in g  t im e s  f o r  a v o id a n c e  and e scap e  

re s p o n se s  f o r  each  r a t  were re c o rd e d .

2 .3 .3 .  C h ro n ic  tre a tm e n t  o f  c o n d it io n e d  W i s t a r s  w ith  

h a lo p e r id o l  ( U . l  m g /k g )

Seven  c o n d it io n e d  W is t a r s  were t r e a t e d  w ith  0 .1  m g/kg  o f 

h a lo p e r id o l  ( i . p . )  o ve r  a  p e r io d  o f  26 d a y s .  A f t e r  the  f i r s t  21 

d a y s  o f  d ru g  t re a tm e n t,  th e  tre a tm e n t was s to p p e d  f o r  a p e r io d  o f  

6 d ay s  and resum ed on th e  2 8 th  day f o r  a f u r t h e r  3 d a y s .

R a t s  were te s t e d  f o r  a v o id a n c e  and e sc a p e  b e h a v io u r  2 h o u rs  

a f t e r  d ru g  a d m in i s t r a t io n  and t h i s  was done p e r i o d i c a l l y  d u r in g  

th e  e x p e r im e n ta l s e s s io n .

2 .3 .4 .  A cu te  tre a tm e n t  o f  c o n d it io n e d  W is t a r s  w ith  tra z o d o n e  

A f t e r  14 d ays o f  t r a i n i n g ,  10 c o n d it io n e d  r a t s  were a c u t e ly

t r e a t e d  i n  a d o se -d e p e n d e n t manner w ith  tra z o d o n e  (5  mg -  

140 m g /k g ) .  The e x p e r im e n ts  were c a r r ie d  out to  s tu d y  the  

in f lu e n c e  o f  tra z o d o n e  on th e  c o n d it io n e d  a v o id a n c e  re sp o n se .

R a t s  were in je c t e d  i . p .  w ith  in c re m e n ta l d o se s  o f tra zo d o n e  and 

each  day  o f  d ru g  tre a tm e n t was fo l lo w e d  by a " r e s t ” day.

R a t s  were te s t e d  f o r  c o n d it io n e d  and e scap e  re sp o n se s  a t  0 , 

1, 2 , 4 , 6 and 24 h o u r s  a f t e r  each  tre a tm e n t.



2.3.5. C hronic treatment of con d i t i o n e d  W i s t a r  w i t h  trazo d o n e

( 1 0 0  m g /k g )

Ten c o n d it io n e d  W is t a r s  were c h r o n i c a l l y  t r e a t e d  w ith  

tra z o d o n e  (100 m g/k g ) f o r  a  p e r io d  o f  32 d a y s .  R a t s  were te s t e d  

f o r  a v o id a n c e  ( 1 0  t r i a l s )  and e sc a p e  ( 2  t r i a l s )  b e h a v io u r  1 h our  

a f t e r  d ru g  a d m in i s t r a t io n  and t h i s  was done p e r i o d i c a l l y  d u r in g  

th e  e x p e r im e n ta l s e s s i o n  ( s e e  F i g .  1 2 ).

2 .3 .6 .  E f f e c t  o f  h a lo p e r id o l  (0 .1  m g/k g ) and tra z o d o n e

( 1 0 0  m g /k g ) on th e  fo o d  and w a te r  co n su m p tio n  o f  th e  

c o n d it io n e d  r a t s

D a i l y  fo o d  and w a te r  in t a k e  o f the  r a t s  was re co rd e d  o v e r  

th e  w hole  e x p e r im e n ta l p e r io d .  The f i r s t  14 d a y s  o f the  

e x p e r im e n ta l p e r io d  were d r u g - f r e e  i . e .  when th e  r a t s  were b e in g  

c o n d it io n e d .  C h ro n ic  tre a tm e n t w ith  e i t h e r  tra zo d o n e  (100  m g/k g )  

o r  h a lo p e r id o l  (0 .1  m g/k g ) commenced on day 15.

2 .4 .  R e s u l t s  and d i s c u s s i o n

2 .4 .1 .  R a t  s t r a i n  s e le c t e d  f o r  c o n d i t io n in g

I n i t i a l l y  8  W is t a r s  and tw e lv e  Lon g  E v a n s  were t r a in e d  f o r  a 

p e r io d  o f  14 d ay s  in  the  c o n d it io n e d  a v o id a n c e  sy s te m . These  

e x p e r im e n ts  p rod uce d  r e s u l t s  to  show th a t  80% o f  th e  W is t a r s  

c o u ld  be c o n d it io n e d  w i t h in  14 d ay s o f t r a i n i n g  w hereas o n ly  50% 

o f  L o n g  E v a n s  c o u ld  be s u c c e s s f u l l y  c o n d it io n e d  w it h in  the  same 

tim e  p e r io d ,  t h e r e fo r e  W i s t a r s  were s e le c t e d  f o r  a l l  su b se q u e n t  

c o n d i t io n in g  s t u d ie s .

F ig u r e  8 ( p l0 3 )  shows the  r e s u l t s  o f  e x p e r im e n ts  in  w h ich  60 

r a t s  were s u c c e s s f u l l y  t r a in e d  o v e r  a 1 4 -d a y  p e r io d .  R a t s  w h ich  

f a i l e d  to  a c q u ir e  c o n d it io n e d  b e h a v io u r  a f t e r  12  d ays o f  t r a in in g  

were e l im in a t e d  fro m  th e  s c h e d u le .  I n  th e  a n a l y s i s  o f  the  l a r g e r



gro u p  o f  W is t a r  r a t s  t r a in e d ,  i t  was foun d  t h a t  80% o r  more were 

s u c c e s s f u l l y  c o n d it io n e d .

The c o n d it io n e d  re sp o n se  was a c q u ire d  a f t e r  9 d a y s  o f

(3yrs)
t r a i n i n g  and was m a in ta in e d  th ro u g h o u t  the  l i f e ^ o f  a l l  r a t s  w h ich  

were n o t s u b je c te d  to  any d ru g  t r e a tm e n ts .  I t  i s  w orth  n o t in g  

t h a t  th o se  r a t s  w h ich  f a i l e d  to  le a r n  c o u ld  be i d e n t i f i e d  w i t h in  

th e  f i r s t  few  d a y s  o f  the  t r a i n i n g  sc h e d u le  a s  t h e i r  b e h a v io u r  

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

O ver th e  e x p e r im e n ta l p e r io d ,  even th ou gh  th e  g e n e t ic  s t r a i n  o f  

r a t s  was c o n s t a n t ,  th e re  were b a tc h  to  b a tc h  v a r i a t i o n s  w ith  

r e s p e c t  to  s u c c e s s  r a t e s .  T h is  was th o u gh t to  be due to  o p e r a to r  

f a c t o r s ,  and th e r e fo r e  one o p e r a t o r  con du cted  th e  t r a in in g  f o r  

s p e c i f i c  s c h e d u le s .

2 .4 .2 .  A cu te  tre a tm e n t  w ith  h a lo p e r id o l

I n  F ig u r e  9 ( p l0 4 )  and T a b le  2 (p l0 5 )  the  r e s u l t s  o f  a 

d o s e -r e s p o n s e  e f f e c t  o f h a lo p e r id o l  on the  c o n d it io n e d  re sp o n se  

a re  shown. Seven  r a t s  were ran dom ly  in je c t e d  ( i . p . )  w ith  v a r y in g  

d o se s  o f  h a lo p e r id o l  and t e s t e d  ( i . e .  w ith o u t  th e  sh o c k )  f o r  the  

c o n d it io n e d  re sp o n se  a t  2 h o u r  i n t e r v a l s  o ve r  a 24 hou r p e r io d .  

R e s u l t s  show t h a t  th e  e x t in c t i o n  o f  the  c o n d it io n e d  re s p o n se s  

c o r r e la t e d  d i r e c t l y  w ith  th e  d ru g  d o se . R e s u l t s  a l s o  show t h a t  

th e  e x t in c t i o n  o f  th e  c o n d it io n e d  re sp o n se  i s  o n ly  te m p o ra ry ,  

t h a t  the  c o n d it io n e d  re sp o n se  r e t u r n s  w i t h in  th e  24 h ou r p e r io d  

a t  a l l  d o se  l e v e l s  t e s t e d .  The maximum e f f e c t  o f  th e  d ru g  seemed  

to  be reach ed  by th e  e ig h t h  h ou r and to  d is a p p e a r  by the  

tw en ty  f o u r t h  h o u r . SEM were no t in c lu d e d  i n  F ig u r e  9 f o r  the  

p u rp o se s  o f  c l a r i t y .  T a b le  2 show s the  SEM o f  th e  w a i t in g  

t im e s .  E ach  r a t  was t e s t e d  f o r  10 t r i a l s  and th e  d a ta  show the  

v a r i a t i o n  among 7 r a t s .  A t  no do se  le v e l s  o f h a lo p e r id o l  was the  

u n c o n d it io n e d  e sc a p e  re sp o n se  a f f e c t e d  (T a b le  3 p l0 6 ) .



D i s c u s s i o n

The e n t i r e  e x p e r im en t was con du cted  o v e r  14 d a y s .  Each  d ay ,  

7 r a t s  were d o se d , n o t in c r e m e n t a l ly ,  but ran dom ly  w ith  the  d ru g ,  

fo l lo w e d  by a " r e s t "  d ay . T h is  e x p e r im e n ta l d e s ig n  was 

f o r t u i t o u s ;  what was aim ed f o r  was a s u i t a b le  d o se  w h ich  d id  no t  

se d a te  th e  a n im a ls .  How ever, a t  no d o se  were th e  r a t s  se d a te d  a s  

m easured  by u n c o n d it io n e d  e sc a p e  re sp o n se  s u c c e s s e s ,  th e r e fo r e  

low , medium and h ig h  d o se s  were ran dom ly  g iv e n  and 0 . 1  m g/kg  

s e le c t e d .  (S u b se q u e n t d o se  re sp o n se  c u rv e s  f o r  tra zo d o n e  were  

con du cte d  s im p ly  on a  do se  in c r e m e n ta l b a s i s . )

H a lo p e r id o l  im p a ir s  th e  c o n d it io n e d  a v o id a n c e  re sp o n se  in  

r a t s  i n  a d o s e - r e la t e d  manner but does no t a f f e c t  th e  

u n c o n d it io n e d  e sc a p e  r e s p o n se ,  w h ich  re m a in s i n t a c t  a t  a l l  dose  

l e v e l s .  Thus a d e c o n d it io n in g  e f f e c t  i s  a c h ie v e d  w h ich  i s  

s p e c i f i c  f o r  a v o id a n c e  r e s p o n d in g .  T h a t th e  e x t in c t i o n  o f  

a v o id a n c e  i s  o n ly  te m p o ra ry  and r e t u r n s  w i t h in  24 h o u rs  was a l s o  

re p o r te d  by F re g n a n  & C h i e l i  (1 9 8 0 ).  I t  i s  c le a r  th a t  th e  e f f e c t  

o f  h a lo p e r id o l  in  c o n d it io n e d  r a t s  was on the  r e c a l l  p r o c e s s .  

C o n d i t io n in g  i t s e l f  i . e .  th e  le a r n t  b e h a v io u r ,  was perm anent a s  

the  r a t s  d id  no t lo s e  a v o id a n c e  re s p o n d in g  o v e r  the e n t i r e  

d u r a t io n  o f  t h e i r  l i v e s .

2 .4 .3 .  C h ro n ic  h a lo p e r id o l  tre a tm e n t

A s  shown i n  F ig u r e  10 ( p l0 7 )  d a i l y  d o s in g  w ith  h a lo p e r id o l  

(0 .1  m g /k g )  o v e r  32 d a y s  r e s u l t e d  in  a g ra d e d  in c r e a s e  i n  the  

a v e ra g e  w a i t i n g  tim e  s i g n i f y i n g  th a t  the  r a t s  a re  r e s p o n d in g  more 

s lo w ly  to  th e  c o n d i t io n in g  s t im u lu s  w ith  c h r o n ic  d ru g  tre a tm e n t.  

A s w ith  a c u te  tre a tm e n t t h i s  d e c o n d it io n in g  was te m p o ra ry  a s  

shown i n  F ig u r e  10. A f t e r  d ru g  w ith d ra w a l th e  c o n d it io n e d  

re sp o n se  r e t u r n s  u n t i l  d o s in g  was recommenced. How ever, a f t e r  

re su m p t io n  o f  d o s in g  th e  e x t in c t i o n  o f  the  c o n d it io n e d  re sp o n se
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was enhanced  when com pared w ith  a v e ra g e  w a i t in g  t im e s  a c h ie v e d  on 

day  1 .

D i s c u s s i o n

D u r in g  th e  c o u rse  o f  d a i l y  tre a tm e n t w ith  h a lo p e r id o l  the  

e f f e c t  on the  a v o id a n c e  re sp o n se  g r a d u a l l y  became g r e a t e r  and  

re a ch e d  a maximum a t  22 d a y s .  T h is  m ax im al re sp o n se  was 

in c r e a s e d  a f t e r  4 d ay s  o f  i n t e r r u p t io n  o f the  tre a tm e n t,  when the  

a n im a ls  were r e - c h a l le n g e d  w ith  f u r t h e r  tre a tm e n t w ith  the  d ru g .  

T h is  p o t e n t ia t e d  e f f e c t  on the  c o n d it io n e d  a v o id a n c e  re sp o n se  may 

be due to  a  s u p e r s e n s i t iv e  re sp o n se  to  h a lo p e r id o l .  T h is  

s u g g e s t io n  was made by F re g n a n  & C h i e l i  (1 9 8 0 ) who foun d  the  same 

e f f e c t  o f  h a lo p e r id o l  on r a t s  c o n d it io n e d  a s  in  t h i s  sy ste m .

These  r e s u l t s  a re  in  c o n t r a s t  to  r e s u l t s  o b ta in e d  by  

D a n n e sk io ld -S a m s o e  & P e d e rse n  (1 9 7 6 ),  and M i l l e r  N ie ls e n ,  

F j a l l a n d ,  P e d e rse n  & Nym ark (1 9 7 4 ).  D a n n e sk o ild -S a m s0 e  &

P e d e rse n  (1 9 7 6 ) fo u n d  t h a t  c o n d it io n e d  r a t s  p r e t re a te d  w ith  

h a lo p e r id o l  ( 1 0  m g/k g ) when t e s t e d  f o r  a v o id a n c e  re s p o n d in g  

showed a weakened i n h i b i t i o n  o f the  a v o id a n c e  re sp o n se  when 

com pared w ith  r a t s  no t p r e - t r e a t e d  w ith  h a lo p e r id o l .  T h e re fo re  

more o f  th e  d ru g  was r e q u ir e d  i n  o rd e r  to  p ro d u ce  a g r e a t e r  

d e gre e  o f  th e  i n h i b i t i o n  o f  the  CAR.

R a t s  n o n -p r e t r e a te d  w it h  h a lo p e r id o l  showed 92% i n h i b i t i o n  

o f  th e  CAR, w hereas a f t e r  12 d ays o f p r e - t r e a tm e n t  w ith  

h a lo p e r id o l  ( 1 0  m g /k g ) t h i s  i n h i b i t i o n  was reduced  to  60%.

These  a u th o r s  how ever, do no t show the e f f e c t  o f  su ch  a h ig h  

d o se  on th e  UER. I t  i s  p o s s ib le  th a t  th e  i n h i b i t i o n  o f the  CAR 

may be due to  the r a t s  b e in g  se d a te d ,  at l a r g e r  d o se s  u se d . The  

c o n t r a s t in g  co n ce p t o f  t o le r a n c e  i s  e x p la in e d  a s  b e in g  due to  

some p h a r m a c o lo g ic a l  a c t i v i t y  o f  the  n e u r o le p t ic  upon re p e a te d  

a d m in i s t r a t io n ,  o r  t o  a s u p e r s e n s i t i v i t y  o f  th e  d o p a m in e rg ic
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r e c e p t o r s  to w ard s s p e c i f i c  a g o n i s t s  d u r in g  th e  w ith d ra w a l p e r io d  

f o l l o w in g  p ro lo n g e d  d a i l y  tre a tm e n t w ith  the  n e u r o le p t ic ,  and  

t h e r e fo r e  r e q u i r in g  more o f  i t  to  p rod uce  the  same amount o f  

i n h i b i t i o n .

2 .4 .4 .  A c u te  t re a tm e n t  w ith  tra z o d o n e

I n  F ig u r e  11 ( p l0 8 )  and T a b le  4 (p l0 9 )  th e  r e s u l t s  o f a  

d o s e -r e s p o n s e  e f f e c t  o f  tra z o d o n e  on the  c o n d it io n e d  a v o id a n c e  

re s p o n se  a re  shown. Ten r a t s  were in j e c t e d  i . p .  w ith  in c re m e n ta l  

d o se s  o f  tra zo d o n e  r a n g in g  from  5 m g/kg  -  100 m g/k g . The e f f e c t  

o f  th e  d ru g  on th e  c o n d it io n e d  re sp o n se  a t  a l l  dose  ra n g e s  was 

m axim a l a t  1 h o u r. R e s u l t s  show th a t  the e x t in c t io n  o f  the  

c o n d it io n e d  re sp o n se  c o r r e la t e d  d i r e c t l y  w ith  th e  d ru g  d o se . The  

e x t i n c t i o n  was te m p o ra ry  and the  c o n d it io n e d  re sp o n se  re tu rn e d  by 

th e  s i x t h  h o u r.

A t a l l  d o se  r a n g e s  th e  u n c o n d i t io n a l  e scap e  re sp o n se  

rem a in ed  i n t a c t  and t h i s  i s  shown in  T a b le  5 ( p l l O ) .  T a b le  4 

show s th e  e f f e c t  o f  tra z o d o n e  on the  mean c o n d it io n e d  a v o id a n c e  

re s p o n se  ±  SEM, w h ich  a re  e x c lu d e d  fro m  F ig u r e  11 f o r  c l a r i t y .

D i s c u s s i o n

T h is  e x p e r im e n t, con du cte d  o v e r  16 d a y s ,  showed a s i m i l a r  

i n h i b i t i o n  o f  the  CAR se e n  w ith  a c u te  h a lo p e r id o l  d o s in g .  G a t t i  

(1 9 7 4 ) r e p o rte d  an i n h i b i t i o n  o f  CAR by o r a l  tra zo d o n e  

(100  m g /k g ) .  I n  t h i s  w ork, o r a l  d o s in g  f a i l e d  to  p rod uce  a  

te m p o ra ry  l o s s  o f  th e  le a rn e d  r e s p o n se .  How ever, i t  was no t  

known when the  w a te r  was consumed and t h e r e fo r e  th e  tim e  ch ose n  

to  t e s t  f o r  t h i s  re sp o n se  m igh t  have been in a p p r o p r ia t e ,  

e s p e c i a l l y  a s  d e c o n d it io n in g  o c c u r s  1 h o u r  a f t e r  i . p .  d o s in g  

( o r a l  a d m in i s t r a t io n  o f  50 mg o f  tra z o d o n e  in  f a s t i n g  human 

v o lu n t e e r s  p rod uce d  peak  serum  l e v e l s  o f  the  d ru g  w i t h in  30
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m in u te s ,  M cLean B a i r d  e t  a l ,  1976 u n p u b lish e d  r e p o r t ) .  The  

te m p o ra ry  l o s s  o f  the  le a rn e d  re s p o n se  i s  s i m i l a r  to  th a t  

a c h ie v e d  w ith  h a lo p e r id o l .  I t  a p p e a ^ s C T ^ m ^ Q a l l  o f  the  le a rn e d  

re sp o n se  i s  a f f e c t e d  by tra z o d o n e .

2 .4 .5 .  C h ro n ic  t re a tm e n t  w ith  t r a z o d o 1

A g ro u p  o f  10 r a t s  were t r e a t e d  ( d a i l y ^ 'i^ f t h '  tra zo d o n e  

100 m g/kg i . p .  o v e r  a 32 day p e r io d .  A s shown in  F ig u r e  12 

( p i l l )  an  in c r e a s e  i n  th e  a v e ra g e  w a i t in g  tim e  o c c u rre d ,  

s i g n i f y i n g  the l o s s  o f  the  c o n d it io n e d  a v o id a n c e  re s p o n se .  The 

u n c o n d it io n e d  e sc a p e  re sp o n se  rem a ined  in t a c t  i n  tra z o d o n e  

t r e a t e d  r a t s .  The c o n d it io n e d  re sp o n se  was m a x im a lly  

e x t in g u is h e d  fro m  th e  s t a r t  o f th e  e xp e r im en t and rem ained  

c o n s ta n t  o ve r  the  c o u rse  o f  t r e a tm e n t.

D i s c u s s io n

T h is  e f f e c t  o f  tra zo d o n e  was u n l i k e  t h a t  o f  h a lo p e r id o l  

as it p o t e n t ia t e d  th e  e x t in c t io n  o f  CAR th ro u g h o u t  the  p e r io d  o f  

t re a tm e n t.  T h is  e f f e c t  may be due to  s e d a t io n  a t  100 m g/kg  dose  

l e v e l ,  but t h i s  seem s u n l i k e l y  a s  th e  UER was no t a f f e c t e d .  A  

t o le r a n c e  to w ard s n e u r o le p t ic s  w h ich  a p p e a rs  w ith  h ig h  d o se s  o f  

some d ru g s ,  i . e .  h a lo p e r id o l  (D a n n e sk i^ ld -S a m so e  & P e d e rse n ,  

1976) i s  no t shown by tra z o d o n e . T raz o d o n e , l i k e  th e  

n e u r o le p t ic s ,  h a s  th e  a b i l i t y  to  i n h i b i t  th e  CAR a t  d o se s  w h ich  

do n o t a l t e r  th e  u n c o n d it io n e d  re s p o n se .  T h is  e f f e c t  o f  

tra z o d o n e  was a l s o  shown by G a t t i  (1 9 7 4 ) u s in g  th e  m o d if ie d  

d is c r im in a t e d  c o n t in u o u s  le v e r  p r e s s in g  a v o id a n c e  te c h n iq u e  o f 

S idm an . The a u th o r s  showed a 55% i n h i b i t i o n  o f th e  a v o id a n c e  

re sp o n se  and 20% d e c re a se  o f the  UR u s in g  100 m g/kg  o f  tra zo d o n e  

( o r a l  r o u t e ) .



2.4.6. Effect of h a l o p e r l d o l  (0.1 mg/kg) and t r a z o d o n e

( 1 0 0  m g /k g ) on th e  fo o d  and w a te r  co n su m p tio n  o f  the  

c o n d it io n e d  r a t s

R e s u l t s

D u r in g  th e  14 d ays o f  t r a i n i n g ,  the  re co rd e d  fo o d  and w a te r  

in t a k e  o f  th e  r a t s  was n o t a l t e r e d  by c h r o n ic  tre a tm e n t  w ith  

h a lo p e r id o l  (0 .1  m g/kg ) and t ra z o d o n e  (100 m g/k g ) F ig u r e  13 

( P112).

R e s u l t s  show t h a t  th e  d ru g s  were not a f f e c t i n g  thesenorm al 

b o d i l y  f u n c t io n s  o f  the  r a t s .

C o n c lu s io n s

W is t a r  r a t s  were m ost e f f e c t i v e l y  c o n d it io n e d  in  t h i s  

o p e ra n t a v o id a n c e /e s c a p e  sy s te m . A cu te  d ru g  tre a tm e n t  showed 

t h a t  th e  e x t in c t i o n  o f  the  le a r n e d  re sp o n se  was d o se  dependent 

b u t te m p o ra ry , and th a t  by 24 h o u rs  a f t e r  d o s in g  the  c o n d it io n e d  

re sp o n se  had re tu rn e d .  The u n c o n d it io n e d  e scap e  re sp o n se  

rem ained  i n t a c t  i r r e s p e c t i v e  o f  d ru g  o r  dose  l e v e l .  P a t t e r n s  o f  

e x t in c t i o n  w ith  c h r o n ic  h a lo p e r id o l  and tra z o d o n e  d i f f e r e d .  The  

n e u ro c h e m ic a l b a s i s  f o r  th e  i n t e r p r e t a t io n  o f th e se  o b s e r v a t io n s  

w i l l  be d is c u s s e d  l a t e r .
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F IG  8 : C o n d it io n e d  a v o id a n c e  re s p o n se  p r o f i l e  o f  W is t a r s
s u c c e s s f u l l y  c o n d it io n e d .  A b c i s s a  s c a le :  num ber o f  d ay s o f  
t r a i n i n g .  O r d in a t e  s c a le :  a v e ra g e  w a i t i n g  t im e  o f  10 t r i a l s  
p e r  r a t  p e r  d ay . Each  p o in t  o  i s  th e  mean -  s . e .  o f  60 W is t a r  
r a t s .
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F IG  9 : D o se  r e s p o n s e  cu rve  f o r  h a lo p e r id o l .  Each  p o in t  i s  th e  a v e r a g e  mean 
w a i t i n g  t im e  ( i . e .  o f  10 t r i a l s  p e r  r a t )  f o r  a t o t a l  o f  7  r a t s ,  s .e .m .  h a s  
b e en  o m it t e d  f o r  c l a r i o y  and have been shown in  T a b le  2.



TABLE 2

Number o f  h o u rs  a f t e r d o s in g

Dose  o f  
h a lo p e r id o l

0  hour 1 h o u r 2 h o u r s 4 h o u rs 6 h o u rs 8  h o u r s 24 h o u r s

0 . 1  m g/kg 2.07 ±  0 .49 1 .93  ±  0 .2 8 2 .0 5  ±  0 .2 6 - - - 1 .40 ±  0 .38

0 .025  m g/kg 1.41 ±  0 .1 0 1 .44  ±  0 .1 5 2 . 0 0  ±  0 . 2 2 - - 1 .4 9  ±  0 .1 4 1.62 ±  0 . 1 0

0 .0 5  m g/kg 1.69 ±  0 .15 5 .2 2  ±  0 .3 8 4 .3 2  ±  0 .9 1 4 .69  ±  1 .04 3.77  ±  1 .25 - 1.95 ±  0 .16

0 .075  m g/kg 1.58 ±  0 .17 7 .3 4  ±  0 .3 0 6 .0 8  ±  0 .7 9 4 .4 0  ±  0 .9 5 2 .59  ±  0 .36 2 . 0 0  ±  0 . 1 0 1.80 ±  0 .16

0 . 1  m g/kg 1.95 ±  0 .19 7 .2 2  ±  0 .2 6 6 .5 6  ±  0 .7 8 7 .31  ±  0 .8 3 3 .9 0  ±  1 .04 3 .7 1  ±  0 .9 1 1.80  ±  0 .15

0 .1 5  m g/kg 1.79 ±  0 .2 4 7 .7 2  ±  0 .0 4 7 .4 4  ±  0 .31 6 .9 7  ±  0 .6 6 6 .16  ±  0 .9 0 4 .0 6  ±  0 .8 3 2.55  ±  0 .2 0

0 . 2 0  m g/kg 1.81 ±  0 .2 3 8 .0 7  ±  0 .1 4 8 .0 2  ±  0 .0 4 7 .3 9  ±  0 .5 5 6 .61  ±  0 .4 2 5 .6 6  ±  0 .8 7 1 .50  ±  0 .12

TABLE 2: E f f e c t  o f v a r y in g  d o se s  o f  h a lo p e r id o l  on the  c o n d it io n e d  re sp o n se  o f the  r a t s .  E ach  f i g u r e  in  seconds i s  the
a v e ra g e  w a i t in g  tim e  (10  t r i a l s  p e r  r a t )  f o r  a t o t a l  o f  7 r a t s  *  s .e .m .



Number o f hoursj a f t e r  d o s in g

D ose  o f  
h a lo p e r id o l

0  h o u r 1 h ou r 2 h o u rs 4 h o u rs 6  h o u r s 8  h o u rs

0 . 1  m g/kg - - - - - -

0 .025  m g/kg - - - - - -

0 .05  m g/kg - A . 35 ±  0 .19 4 .7 1  ±  0 .4 0 4 .2 0  ±  0 .2 0 4 .0 5  ±  0 .03 -

0 .0 75  m g/kg - 4 .3 2  ±  0 .16 4 .5 1  ±  0 .1 9 - - -

0 . 1  m g/kg - 4 .6 2  ±  0 .27 4 .2 8  ±  0 .4 9 4 .6 2  ±  0 .2 7 4 .0 1  ±  0 .01 4.18  ±  0 .06

0 .15  m g/kg - 4 .5 4  ±  0 .26 5 .37  ±  0 .3 9 4 .6 1  ±  0 .3 5 4 .2 8  ±  0 .21 4 .18  ±  0 .10

0 . 2 0  m g/kg - 4 .5 4  ±  0 .26 4 .8 0  ±  0 .27 5 .05  ±  0 .27 4 .6 0  ±  0 .3 2 4 .64  ±  0 .35

unconditioned
TABLE 3: E f f e c t  o f  v a r y in g  d o se s  o f  h a lo p e r id o l  on th e ^ e sca p e  re sp o n se  o f r a t s  ( i n  s e c o n d s ) ,
th e  mean o f  two e scap e  re s p o n se s  m easured  in  se co n d s  f o r  7 r a t s  *  s .e .m .

Each  p o in t  in  se co n d s i s
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F IG  10: E f f e c t  o f  h a lo p e r id o l  (0 .1  m g/kg  i . p )  on CAR and UER t e s t e d
2 h o u rs  a f t e r  d ru g  a d m in i s t r a t io n .  A b c is s a :  num ber o f  d ay s o f  
h a lo p e r id o l  t r e a t m e n t// / /  . E ach  p o in t  O i s  th e  a v e ra g e  mean 
w a i t in g  t im e  o f  10  t r i a l s  p e r  r a t  f o r  a  number o f  7  r a t s  ± s .e .m .  
E ach  p o i n t y  i s  th e  mean ± s . e .  o f  7 r a t s .
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F IG  11: D o se  r e s p o n s e  cu rv e  f o r  t ra z o d o n e . Each  p o in t  i s  th e  a v e r a g e
w a i t i n g  t im e  ( i . e .  1 0  t r i a l s  p e r  r a t  p e r  day ) f o r  a  t o t a l  o f  1 0  r a t s ,  s .e .m .  
h a s  been  o m it t e d  f o r  c l a r i t y  and have  been in c lu d e d  in  th e  d a ta  i n  T a b le  1+.



* Number o f  hours3 a f t e r d o s in g

D ose  o f  
h a lo p e r id o l

0 hour 1 h o u r 2 h o u rs 4 hours 6 h o u rs 24 h o u rs

5 m g/kg  
( i . p . )

1.45 ±  0 .19 1 .9 1 ±  0 .2 1 3 .1 8  ±  0 .89 3 .05 ±  1 .02 3 .4 7 ±  1 .22 2 .5 0 ±  0 .12

10 m g/kg  
( i . p . )

1 .52 ±  0 .13 2 .4 5 ±  0 .9 75 3 .01  ±  o .9 5 3 .44 ±  1 .02 3 .1 3 ±  1 .10 2 .8 5 ±  0 .12

20 m g/kg  
( i . p . )

1 .95 ±  0 .20 3 .9 1 ±  0 .2 4 3 .03  ±  1.17 3.23 ±  0 .8 0 2 .2 7 ±  0 .3 0 1 .30 ±  0 .20

40 m g/kg  
( i . p . )

1.88 ±  0 .17 6.21 ±  0 .9 6 4 .8 5  ±  1.17 3.77 ±  1 .08 2 .8 7 *  0 .8 9 1 .95 ±  0 .16

80 m g/kg  
( i . p . )

1 .38 ±  0 .09 5 .6 0 ±  0 .9 6 3 .5 5  ±  0 .9 3 3 .34 ±  1 .05 2.66 ±  0 .1 8 1 .3 0 ±  0 .1 0

100 m g/kg  
( i . p . )

1 .96 ±  0 .21 6 .9 9 ±  0 .59 4 .67  ±  0 .77 4 .4 3 ±  1 .10 3 .5 5 ±  0 .8 1 1 .55 ±  0 .1 0

120 m g/kg  
( i . p . )

1 .55 ±  0 .1 2 7 .2 6 ±  0 .3 5 6 .0 3  ±  0 .8 8 4 .08 ±  0 .88 2 .9 4 ±  0 .4 0 1 .75 ±  0 .2 0

140 m g/kg  
( i . p . )

1 .61 ±  0 .07 7 .2 0 ±  0 .5 2 5 .6 0  ±  0 .81 4 .39 ±  0 .99 3 .4 8 i  0 .4 4 2 .2 5 ±  0 .15

TABLE 4: E f f e c t  o f  v a r y in g  d o se s  o f t r a z o d o n e  on th e  c o n d it io n e d  re sp o n se  o f the r a t s .  E ach  f i g u r e  ( i n  se c o n d s )  i s  th e
a v e ra g e  mean w a i t in g  t im e  (10 t r i a l s  p e r  r a t )  f o r  a  t o t a l  o f  10 r a t s  *  s .e .m .



No. of hours after dc)sing

D ose  o f  
tra zo d o n e

0 hou r 1 h our 2 h o u r s 4 h o u rs 6 h o u r s

5 m g/kg — - — - —

10 m g/kg — - - - -

20 m g/kg - - - - -

40 m g/kg - 4 .8 0  ±  0 .1 7 - - -

80 m g/kg — 4 .26  ±  0 .1 1 - - -

100 m g/kg - 4 .4 5  ±  0 .1 8 - - -

120 m g/kg - 4 .65  ±  0 .1 6 4 .4 6  ±  0 .3 2 — -

140 m g/kg — '4 . 2 1  ±  0 .1 3 4 .3 3  ±  0 .1 8 - -

TABLE 5: E f f e c t  o f v a r y in g  d o se s  o f t r a z o d o n e  on th e  e scap e  re sp o n se  o f  r a t s .
Each  p o in t  i s  th e  mean e scap e  re sp o n se  ( i n  se c o n d s )  o f  10 r a t s  i  s .e .m .
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F I G  1 2 :  E f f e c t  o f  t r a z o d o n e  ( 1 0 0  m g / k g  i . p )  o n  CAR a n d  UER t e s t e d
a f t e r  1 h o u r  o f  d r u g  a d m i n i s t r a t i o n .  A h c i s s a :  n u m b e r  o f  d a y s  o f  
d r u g  t r e a t m e n t E a c h  p o i n t  O  i s  t h e  a v e r a g e  w a i t i n g  t i m e  o f  
10 t r i a l s  p e r  r a t  f o r  a  n u m b e r  o f  10  r a t s  ± s . e  E a c h  p o i n t  •  i s  
t h e  m ean  ± s . e  o f  10 r a t s .
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•  Water intake

Trazodone (100 mg/kg)
r - u  1 3 :  E f f e c t  o f  h a l c p e r i d o l  ( 0 . 1  m g / k g )  a n d  t r a z o d o n e  ( 1 0 0  m g / k g )  o n  t h e  f o o d  a n d  w a t e r  i n t a k e  o f  c o n d i t i o n e d  r a t s .
: : em b er  o f  r a t s  on  t r a z o d o n e  t r e a t m e n t  w e r e  1 0 ,  t h o s e  on h a l o p e r i d o l  t r e a t m e n t  w e r e  7 .  A b c i s s a  s c a l e  s h o w s  t h e  num ber 
o f  d a y s  c f  h a l o p e r i d o l  t r e a t m e n t y / / ,  a n d  t r a z o d o n e  t r e a t m e n t -9 9 4 4  . s . e . m .  w e r e  o m i t t e d  f o r  c l a r i t y .
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SECT ION  3: STUDY OF TRANSM ITTER RELEASE U SIN G  S L IC E S  PRELQADED

WITH RAD IO LABELLED  AM INES

3 .1 .  In t r o d u c t io n  to  m ethods

I n  o rd e r  to  e s t a b l i s h  a p ro c e d u re  f o r  the  s tu d y  o f  

endogenous r e le a s e  o f  n e u r o t r a n s m it t e r s ,  i n i t i a l  e x p e r im e n ts  were 

c a r r ie d  ou t by p r e lo a d in g  b r a in  t i s s u e  s l i c e s  w it h  a  

r a d i o l a b e l le d  am ine and s u b s e q u e n t ly  r e le a s in g  th e  r a d io l a b e l  by 

e l e c t r i c a l  s t im u la t i o n .  T h is  te c h n iq u e  was f i r s t  d e s c r ib e d  by 

B a ld e s s a r i n i  & K o p in  (1 9 6 6 ) and m o d if ie d  on s e v e r a l  o c c a s io n s  

s in c e  (D ism u k e s  & M u ld e r ,  1 9 7 7 ). The p ro ce d u re  i n  t h i s  t h e s i s  

em ployed  ^H -dopam ine  f o r  p r e lo a d in g  th e  s l i c e  s e c t io n s  d u r in g  a 

p r e l im in a r y  in c u b a t io n  p e r io d ,  s u p e r f u s io n  o f  th e  s l i c e  s e c t io n s  

to  remove e x c e s s  l a b e l  and su b se q u e n t r e le a s e  o f  th e  t r i t i u m  by 

e l e c t r i c a l  s t im u la t i o n .  The s l i c e  s e c t io n s  were e l e c t r i c a l l y  

s t im u la t e d  on two o c c a s io n s  and the  s u p e r fu s a t e  f r a c t i o n  

c o l le c t e d  a t  1 m in u te  i n t e r v a l s  th ro u g h o u t th e  e x p e r im e n ta l  

p e r io d .

I n i t i a l  e x p e r im e n ts  were c a r r ie d  out in  the  p re se n ce  and  

ab se n ce  o f  C a C l2 i n  th e  s u p e r f u s io n  m edia to  e s t a b l i s h  the  

c a lc iu m  io n  dependency o f  ^H-dopamine r e le a s e .

The d ru g s  tra z o d o n e  and h a lo p e r id o l ,  were un der t e s t  in  the  

c o n d it io n e d  a v o id a n c e  b e h a v io u r a l  sy ste m . P a r a l l e l  i n  v i t r o  

s t u d ie s  on b r a in  s l i c e s  were d e s ig n e d  to  m easure  any  p o s s ib le  

e f f e c t  o f  th e se  d ru g s  on e l e c t r i c a l l y  s t im u la t e d  r e le a s e  o f  

p re lo a d e d  t r i t i a t e d  n e u r o t r a n s m it t e r s .  S u b se q u e n t ly  c o m p a r iso n s  

c o u ld  be made between d ru g  e f f e c t s  on p re lo a d e d  n e u r o t r a n s m it t e r  

r e le a s e  and d ru g  e f f e c t s  on endogenous n e u r o t r a n s m it t e r  r e le a s e ,

r e le a s e  i n  b o th  c a se s  b e in g  a c h ie v e d  by e l e c t r i c a l  s t im u la t io n .



T e ch n e tiu m  ( T c ^ m) ,  a £)- e m i t t in g  is o t o p e  w ith  a h a l f  l i f e  o f  

6 h o u r s ,  was added to  the  s u p e r f u s io n  m edia in  o rd e r  to  m o n ito r  

th e  volum e o f  s u p e r fu s a t e  i n  each  1 m inu te  c o l l e c t i o n .  T h is  i s  

i s  f u l l y  e x p la in e d  in  the  s e c t io n  on a n a l y s i s  o f  d a ta  p l 2 1 .

3 .2 .  M a t e r i a l s  and method

A l l  c h e m ic a ls  p u rch a se d  were A n a la r  g ra d e .  S u b s ta n c e s  

p u rc h a se d  from  B r i t i s h  D ru g  H ouse ( B .D . H . )  C h e m ic a ls  L t d . ,  P o o le ,  

E n g la n d  w ere: c a lc iu m  c h lo r id e  d ih y d r a t e  (C a C l2 2 ^ 0 ) ,  p o ta s s iu m  

c h lo r id e  (K C 1 ),  sod ium  c h lo r id e  ( N a C l ) ,  m agnesium  su lp h a t e  

(M g / S 0 4 ) .7 H 2 0 ) , p o ta s s iu m  d ih y d ro g e n  o r th o p h o sp h a te  (KH2 PO4 ) ,  

D - g lu c o s e ,  L - a s c o r b i c  a c id ,  and m agnesium  c h lo r id e  ( M g C ^ ) *

Sod ium  h yd ro ge n  c a rb o n a te  (NaH CC^) was p u rc h a se d  from  H o p k in  & 

W i l l i a m s .

P a r g y l in e  was p u rch a se d  fro m  the  S igm a  C h e m ic a ls  Company, 

M i c e l l a r  NE240 s c i n t i l l a t i o n  c o c k t a i l  from  G & G C h e m ic a ls  and 

te c h n e t iu m  fro m  th e  D epartm en t o f N u c le a r  M e d ic in e ,  C h a r in g  C r o s s  

H o s p i t a l .  S u p e r fu s a te  a p p a ra tu s  c o n s is t e d  o f a G ra n t  In s t ru m e n t  

w a te r  b a th  Type SB2X, G ra n t  In s t r u m e n t s ,  B a r r in g t o n ,  C am b rid ge ,  

s i z e  4 8 .5  x  24 x  2 .5  cm; W a tso n  and M arlow  p e r i s t a l t i c  pump; 

t r a n s f e r  b a th ; F e n to n  L e w is  d o u b le  c h a n n e l s t im u la t o r ,  two 500 ml 

r e s e r v o i r  f l a s k s ;  8 -c h a n n e l c o n s ta n t  c u r re n t  s t im u la t o r  a d a p to r ;  

o s c i l l o s c o p e s ;  0 . 2  m l volum e g o ld  e le c t r o d e  cham bers; s i l i c o n e  

t u b in g .

M a t e r i a l s  f o r  th e  a c r y l i c  m ould were De T re y  Z e lg a n  a l g i n a t e  

and r a p id  r e p a i r  a c r y l i c  o b ta in e d  from  C o t t r e l l  & C o . ,  C h a r lo t t e  

S t r e e t ,  London .

M ethod: S u p e r fu s io n  sy s te m

A d ia g r a m a t ic  r e p r e s e n t a t io n  o f  the  a p p a ra tu s  f o r  

s u p e r fu s io n  o f  b r a in  s l i c e s  i s  shown in  F ig u r e  14 (p ! 2 3 ) .



115

The e le c t r o d e  cham ber (made by C h a r in g  C r o s s  H o s p i t a l  

w o rk sh o p ) and a c r o s s  s e c t io n  r e p r e s e n t a t io n  a re  shown in  

F ig u r e  15 ( p l2 4 ) .

The e le c t r o d e  chamber c o n s i s t s  o f two e le c t r o d e s  10 mm a p a r t  

w ith  a cham ber volum e o f  0 .2  m l. G o ld  was u sed  a s  the  e le c t r o d e  

m a t e r ia l  due to  the  p ro b le m s a s s o c ia t e d  w ith  p la t in u m  and s i l v e r ,  

( s e e  p71) w h ich  a re  a l t e r n a t i v e  m a t e r ia l s  u sed  in  

e le c t r o p h y s io l o g i c a l  e x p e r im e n ts .

The e le c t r o d e  cham bers a re  clam ped and low ere d  h o r iz o n t a l l y  

i n t o  th e  G r a n t 's  w a te r  b a th  m a in ta in e d  a t  37°C.

The K r e b 's  b ic a r b o n a te  s a l i n e  c o n ta in e d  i n  500 m l f l a s k s ,  

was d e l iv e r e d  to  the e le c t r o d e  cham bers v ia  s i l i c o n e  rub b er  

t u b in g  by means o f a W a tso n -M a r lo w  m ic r o p e r fu s io n  pump. The f lo w  

r a t e  was m a in ta in e d  a t  0 .4  m l/m in . T h is  f lo w  r a t e  was a c c u r a t e ly  

d e te rm in e d  by th e  u se  o f t e c h n it iu m  i n  th e  s u p e r f u s io n  m edia.

E ach  1 m in u te  sam p le  was c o l le c t e d ,  coun ted  and the f lo w  pe r  

m in u te  d e te rm in e d  u s in g  a com puter programme (d e s c r ib e d  in  d e t a i l  

i n  th e  s e c t io n  on a n a l y s i s  o f  d a t a ) .

S u p e r fu s io n  m ed ia

The p h y s i o l o g i c a l  medium u sed  was K r e b 's  b ic a r b o n a te  s a l i n e  

a t  pH 7 .4  and composed o f  N aC l (120  mM), KC1 (4 .7 5  mM),

KH2 P04 (1 .2  mM), C a C l2 (2 .6  m M), NaHC03 (25  m M), M gS04

(1 .2  m M), g lu c o s e  (10  mM), 2mCi p e r m l o f  T c ^ m added to  5 l i t r e s

o f  s u p e r f u s in g  m ed ia .

D u r in g  th e  in c u b a t io n  o f  s l i c e s  p r io r  to  s u p e r fu s io n  

a s c o r b ic  a c id  (0 .1  m g/m l) an a n t io x id a n t  and p a r g y l in e  (1 0 - ^M) a s  

a m e ta b o lic  i n h i b i t o r  were added. The medium was p r e - g a s s e d  w ith  

95%02 /5%C02 f o r  45 m in u te s  b e fo re  com m encing the e x p e r im e n t.  

D u r in g  th e  e x p e r im e n t K r e b 's  b ic a r b o n a te  s a l i n e  was g a s se d  w ith  

95%02 /5%C02 » b u b b le d  in t o  the  r e s e r v o i r  and m a in ta in e d
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d u r in g  th e  s u p e r f u s io n  p e r io d .

Methodology for the preparation ol brain slices

P r e p a r a t io n  o f  b r a in  s l i c e s  

( a )  P r i n c i p le

The s t e r e o t a x ic  a t l a s  o f  Thom pson (1978 ) m o d if ie d  from  the  

M a sso p u s t  a t l a s ,  e s t a b l i s h e d  th a t  e le c t r o c o a g u la t i v e  l e s i o n s  in  

s e le c t e d  r e g io n s  o f  th e  r a t  b r a in ,  cau se d  a d e f i c i t  o f a c t iv e  

a v o id a n c e  b e h a v io u r  in  c o n d it io n e d  a n im a ls .

S l i c e s  were s e le c t e d  from  th o se  r e g io n s  o f  th e  b r a in  

e s t a b l i s h e d  a s  r e s p o n s ib le  f o r  the  c o n d it io n e d  a v o id a n c e  

b e h a v io u r  (Thom pson, 1 9 7 8 ).

U s in g  th e  i n f e r i o r  c o l l i c u l u s  a s  a z e ro  r e fe r e n c e  p o in t  ( s e e  

F ig u r e  16 ) th re e  s l i c e s  were o b ta in e d  (Se e  F ig u r e s  17, 18, 1 9 ),  

s t a in e d  w ith  Sudan  b la c k  and com pared w ith  s l i c e s  in  the  

M a s s o p u s t  A t l a s  (M a s s o p u s t ,  1961) w h ich  have a c o r re s p o n d in g  

r e fe re n c e  d e s ig n a t io n  (se e  b e lo w ).  These  s l i c e s  were l a b e l l e d  

S 9 , S13 and S14 .

A m o d if ie d  b r a in  s l i c e r  (Brow n & H a l l i w e l l ,  1981) was u sed  

to  c u t  r e p r o d u c ib le  c o r o n a l  s l i c e s  from  s p e c i f i c  r e g io n s  o f  the  

b r a in .

S l i c e  t h ic k n e s s

S l i c e s  u sed  were 600p. T h is  t h ic k n e s s  was foun d  to  be 

a p p r o p r ia t e  f o r  e l e c t r o p h y s io l o g i c a l  e x p e r im e n ts .  The t h ic k e r  

th e  s l i c e ,  the  more d i f f i c u l t  i t  i s  to  e n su re  a s u f f i c i e n t  O2 

s u p p ly  t o  a l l  c e l l s  w i t h in  th e  s l i c e .  S l i c e s  o f  700p a re  s t i l l  

p h y s i o l o g i c a l l y  v i a b le  and have  been u sed  s u c c e s s f u l l y  where lo n g  

term  a c t i v i t y  o f  th e  s l i c e  h as been re co rd e d  (W h ite ,  N a d le r  & 

Cotm an, 1 9 7 8 ).
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B r a in  s l i c e r

The b r a in  s l i c e r  ( F ig u r e  20 p l2 5 )  was m o d if ie d  by d e s ig n in g  

a g u i l l o t i n e  a t ta c h e d  to  s t e e l  p o le s  (34 cm h ig h )  a lo n g s id e  th e  

b a se , w ith  a screw  gauge  w it h  0 .7 2  mm p i t c h .  T h is  p e rm it s  

a c c u r a t e  s l i c i n g  a s p e c i f i c  d is t a n c e  away fro m  a p r e s e t  ze ro  

r e fe re n c e  p o in t .  The g u i l l o t i n e  was dropped  on to  a b r a in  

su p p o r te d  by an  a g a r  m ould fro m  a  d is t a n c e  o f  11 cm. T h is  

a v o id e d  damage to  the t i s s u e  a s  the  b la d e  cu t s t r a i g h t  th ro u g h  

th e  a g a r  w ith o u t  b o u n c in g  b ack  a s i t  w ould  i f  a M c lw a in  b r a in  

ch opper were u se d .

P r e p a r a t io n  o f  th e  a g a r  m ould

1. S e v e r a l  a c r y l i c  m ode ls o f  f r e s h  b r a in s  ( r a t s  w e ig h in g  

1 5 0 g -3 0 0 g ) were p re p a re d  from  a 20% s o lu t i o n  o f  a l g i n a t e .  T h is  

s o l u t i o n  was pou red  in t o  a f l e x i b l e  p l a s t i c i n e  c o n t a in e r  and the  

b r a in  was embedded in  the  a l g i n a t e  w ith  the d o r s a l  s u r fa c e  

up w ard s. When th e  a l g i n a t e  had s o l i d i f i e d  th e  b r a in  was 

rem oved. R a p id  r e p a i r  a c r y l i c  was th en  poured  in t o  the  

im p r e s s io n  made by th e  b r a in  i n  th e  a l g in a t e .  A. s m a l l  s t e e l  

h a n d le  was h e ld  j u s t  p r o j e c t in g  in t o  the a c r y l i c  s o l u t i o n  u n t i l  

the  a c r y l i c  s o l i d i f i e d .  A f t e r  5 m in u te s the  a c r y l i c  b r a in  m ould  

was removed and su b se q u e n t ly  u sed  to  make an im p r e s s io n  in  the  

a g a r .

2. T h is  m odel was u sed  to  make an  a g a r  m ould o f  th e  low er h a l f  of 

the  b r a in ,  w h ich  a c t s  a s  a su p p o r t  f o r  su b se q u e n t s l i c i n g  o f  

f r e s h  b r a in s .

3 . The a g a r  m ould was p re p a re d  by d i s s o l v i n g  4g o f a g a r  in t o  

100 m l d i s t i l l e d  w a te r  c o n ta in e d  in  a  beaker (4% s o l u t i o n ) .  The 

s o lu t i o n  was h e a te d  f o r  15 m in u te s  w h i l s t  s t i r r i n g .  The



d i s s o lv e d  a g a r  s o l u t i o n  was th e n  poured  in t o  a r e c t a n g u la r  

p l a s t i c i n e  c o n ta in e r  ( s i z e  8 x 3 x 3  cm) to  a d ep th  o f  2 .5  cm.

The a c r y l i c  b r a in  mould o f the  a p p r o p r ia t e  s i z e  (a t t a c h e d  to  a 

h a n d le )  was h e ld  1 cm above  the  b ase  o f  the  c o n t a in e r  u n t i l  th e  

a g a r  s o l i d i f i e d .  When the  a g a r  mould had s o l i d i f i e d ,  the a c r y l i c  

b r a in  m ould  was g e n t ly  removed from  the  b lo c k  u s in g  a f in e  

s p a t u la  t o  c u t  a round  th e  edge  o f the  a c r y l i c  m ou ld . The rem o va l 

o f  the  a c r y l i c  mould le a v e s  an im p r in t  o f the  v e n t r a l  p a r t  o f the  

b r a in ,  w h ich  a c t s  a s  a  su p p o r t  f o r  th e  f r e s h  b r a in  and hence f o r  

the  su b se q u e n t s l i c i n g  p ro c e d u re .  The a g a r  b lo c k  was then  f ix e d  

o n to  th e  b r a in  s l i c e r  u s in g  warm l i q u i d  a g a r  s o l u t i o n  p la c e d  in t o  

a r i n g  on the  base  o f  the  s l i c e r  ( F ig u r e  20 p l2 5 ) .

S l i c i n g  p ro ce d u re

D i s s e c t i o n  o f  th e  r a t  b r a in

R a t s  were d e c a p it a t e d  by a g u i l l o t i n e  and t h e i r  b r a in s  were 

d is s e c t e d  a c c o r d in g  to  M c l lw a in  (1 9 7 5 ).  The s k in  above  the s k u l l  

was removed w ith  s c i s s o r s  to  exp ose  th e  c ran iu m  and a cu t made 

a lo n g  th e  s a g i t t a l  s u tu r e .  The o c c i p i t a l  bone was removed w ith  

bone f o r c e p s  by a s e r ie s  o f  s h o r t  n ib b l i n g  c u t s  a s  f a r  fo rw a rd  a s  

th e  p a r i e t o - o c c i p i t a l  s u t u r e .  The p a r i e t a l  bones were removed by 

p r i s i n g  upw ards u n t i l  a b re a k  o c c u rre d  a lo n g  th e  s a g i t t a l  su tu r e  

o f  the  c ran iu m  and the f r o n t a l  bones were removed in  a s i m i l a r  

m anner. By means o f  a s p a t u la  th e  b r a in  was g e n t ly  removed from  

the  b a se  o f  the  c a v i t y  s t a r t i n g  a t  the  r o s t r a l  end and the o p t ic  

t r a c t s  and c r a n i a l  n e rv e s  c u t .  The b r a in  was th e n  p la c e d  on the  

a g a r  m ould f ix e d  on the  b a se  o f  the  b r a in  s l i c e r .

S l i c i n g

The b la d e  was l i n e d  up w ith  th e  m id p o in t  o f  the  p in e a l  g la n d
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and a t h r e e - q u a r t e r  tu rn  o f  the  m ic ro  gauge  l in e d  the  b la d e  w ith  

th e  m id p o in t  o f  th e  i n f e r i o r  c o l l i c u l u s .  T h is  was the  z e ro  

r e fe re n c e  p o in t  d e s ig n a te d  F = 0 (s e e  F ig u r e  16 p l2 6 ) .  Three  

s l i c e s  ( 0 . 6  mm t h ic k )  were s e le c t e d  f o r  su b se q u e n t  

n e u r o t r a n s m it t e r  r e le a s e  s t u d ie s .  The s l i c e s  were d e s ig n a te d  S9 , 

S13 and S1 4 , S9 b e in g  the  c o r t i c o l im b ic  s l i c e  and S13 and S14  

b e in g  th e  c o r t i c o s t r i a t a l  s l i c e s  ( s e e  F i g .  17, p l2 7 ;  F i g  18, 

p l2 8 ;  F i g  19, p l2 9 ) .  S l i c e s  were removed from  the  b la d e  by a 

s p a t u la  m o iste n e d  by K r e b s ' and th en  p la c e d  in  a p e t r i  d i s h  

c o n t a in in g  K r e b s '.  D u r in g  t h i s  p ro ce d u re  the  s u p p o r t in g  a g a r  

d e tach e d  i t s e l f .

R e fe re n c e  in  
th e  p re s e n t  
s t u d ie s

No. o f  tu r n s  o f  
th e  screw  gu age  
fro m  the  z e ro  
p o in t  F = 0 M a s s o p u s t  re fe re n c e

S9 F = 5.7  mm 8  t u r n s F = 4 .5  mm

S13 F = 7.7  mm 9 7 /8  tu r n s F = 6 .5  mm

S14 F = 8 .4  mm 10 3 /4  tu r n s F = 7 .2  mm

Each  s l i c e  was th e n  cu t a lo n g  the  m id l in e  to  o b t a in  two h a l f  

s e c t i o n s ,  each  h a l f  was w e ighed  on a t h in  g l a s s  q l id e  p r io r  to  

r e le a s e  s t u d ie s .  U s in g  t h i s  te c h n iq u e  o f s l i c i n g  i t  was p o s s ib le  

t o  o b t a in  s l i c e s  a c c u r a t e ly  from  the  d e s ir e d  r e g io n .

P r e lo a d in g  and s u p e r f u s in g  b r a in  s l i c e s

The ^H -dopam ine  r e le a s e  s t u d ie s  were c a r r ie d  out on 

c o r t i c o s t r i a t a l  s l i c e s  S13 and S14 . E ach  s l i c e  was cu t a lo n g  the  

m id l in e  and d e s ig n a te d  S e c t io n  3 and S e c t io n  4 f o r  the  p o r t io n s  

o b ta in e d  fro m  S13 and S e c t io n  5 and  S e c t io n  6 f o r  th o se  p o r t io n s  

o b ta in e d  from  S14 . T h ro u gh o u t t h i s  w ork the  term  " s e c t io n "  

r e f e r s  to  a b r a in  s l i c e  cu t  a lo n g  the m id l in e  to  o b t a in
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two h a lv e s .  P r i o r  to  s u p e r fu s io n ,  s l i c e  s e c t io n s  were in c u b a te d  

i n  5 ml o f  K r e b s ' b ic a r b o n a te  s a l i n e  c o n t a in in g  c o ld  dopam ine  

10“ ^M, p a r g y l in e ,  (1 0 "^ M ) ,  ^H-dopamine (25  p C i )  and a s c o r b ic  a c id  

(0 .1  m g/m l) a t  37°C f o r  45 m in u te s ,  b e in g  c o n s t a n t ly  g a s s e d  w ith  

95% 0 2 /5% C02 .

A f t e r  45 m in u te s  o f  in c u b a t io n  s l i c e  s e c t io n s  were

t r a n s f e r r e d  to  fo u r  e le c t r o d e  cham bers w ith  a f in e  s p a t u la  and 

s u p e r fu s e d  f o r  a  f u r t h e r  40 m in u te s  to  remove e x c e s s  l a b e l  on the  

s u r f a c e  o f  th e  s l i c e s .  S l i c e  s e c t io n s  were then  o b se rve d  under  

d i f f e r e n t  c o n d i t io n s .

3 .3 .  E x p e r im e n ta l p ro c e d u re s

3 .3 . 1 .  Ca^ io n  dependency o f  r e le a s e

3
The b a s a l  r e le a s e  o f  li-d op am in e  in  the ab sen ce  and p re se n ce  

o f  Ca io n s  i n  th e  s u p e r f u s io n  m edia  was s t u d ie d .  S u b se q u e n t ly

3
th e  s t im u la t e d  r e le a s e  o f  H -dopam ine  in  the  ab sen ce  and p re se n c e  

o f  Ca^+  i n  th e  s u p e r f u s io n  m edia on f i r s t  (S ^ )  and se con d  ( S 2 ) 

s t im u la t i o n s  was o b se rv e d .

3 .3 .2 .  The s t im u la t e d  r e le a s e  o f  ^H -dopam ine  in  the  ab sen ce  (S ^ )  

and i n  the  p re se n c e  ( S 2 ) o f  t ra z o d o n e  (1 0 ” ^M) i n  th e  s u p e r f u s io n  

medium was s t u d ie d .

3 .3 .3 .  The r e le a s e  o f  3 H -dopam ine  in  the  absen ce  ( S ^ ) and  

p re se n c e  ( S 2 ) o f  h a lo p e r id o l  (10~^M ) i n  th e  s u p e r f u s io n  medium  

was s t u d ie d .

S l i c e s  were s t im u la t e d  f o r  a two m inu te  p e r io d  u s in g  sq u a re  

wave p u l s e s  o f  a l t e r n a t in g  p o l a r i t y  (2m s, 10Hz and 20mA). The

v o l t a g e  a c r o s s  each  e le c t r o d e  was m o n ito re d  w ith  o s c i l l o s c o p e s .
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E ach  m in u te  a  s u p e r fu s a t e  sam p le  was c o l le c t e d  and f i r s t  

cou n te d  f o r  T c ^ m and then  f i v e  d ay s l a t e r  f o r  t r i t i u m  a f t e r  the  

a d d i t i o n  t o  th e  s c i n t i l l a t i o n  v i a l  o f  5 m l o f  M i c e l l a r  NE 240 

s c i n t i l l a t i o n  c o c k t a i l .  The r a d i o a c t i v i t y  o f the  s u p e r fu s a te  was 

d e te rm in e d  by l i q u i d  s c i n t i l l a t i o n  c o u n t in g  u s in g  a  l i q u i d  

s c i n t i l l a t i o n  sp e c tro m e te r .

A t  th e  end o f  th e  e x p e r im en t each  b r a in  s l i c e  s e c t io n  was 

removed from  th e  e le c t r o d e  cham ber, hom ogen ised  i n  1 ml o f  PCA

0 .2 N  and 0 .2  m l o f  the  hom ogenate  p la c e d  in t o  a s c i n t i l l a t i o n  

v i a l  c o n t a in in g  M i c e l l a r  NE 240 s c i n t i l l a t i o n  c o c k t a i l  and 

co u n te d  f o r  t r i t i u m  a c t i v i t y .

3 .4 .  M eth ods f o r  a n a l y s i s  and p r e s e n t a t io n  o f  r e le a s e  d a ta

R e s u l t s  o f  th e  p re lo a d e d  dopam ine r e le a s e  e x p e r im e n ts  

a re  e x p re s se d  a s  f o l lo w s :

c p s  r e le a s e d  upon s t im u la t i o n - b a s a l  r e le a s e  ,
— ----------------------- --------------------------------------------- :---------  x  1 0 0  = % o f  t o t a l

c p s  r e m a in in g  i n  the  t i s s u e  r a d i o a c t i v i t y
r e le a s e d  upon  
th e  s t im u la t io n

The r e s u l t s  a re  g r a p h i c a l l y  p re s e n te d  a s  e f f l u x  c u r v e s  p lo t t e d  

a g a in s t  tim e  ( a b s c i s s a ) .

One m in u te  s u p e r fu s a t e  f r a c t i o n s  were c o l le c t e d .  The e x ac t  

volum e c o l le c t e d  was e s t im a te d  by c o u n t in g  T c ^ m in  each  v i a l .

The volum e o f  s u p e r fu s a t e  c o l le c t e d  p e r  m in u te  was c a lc u la t e d  

fro m  th e  known c o u n ts  o f  1 m l s t a n d a r d  T c ^ m in  th e  s u p e r f u s io n  

medium. A com puter programm e was d e v is e d  in  o rd e r  to  p e rfo rm  the  

c a l c u l a t i o n s ,  t a k in g  in t o  c o n s id e r a t io n  the decay  c o r r e c t io n  f o r  

each  one m in u te  sam p le  c o l le c t e d  o v e r  a 40 m in u te  p e r io d  f o r  each  

s l i c e  s e c t io n .  A f t e r  a 7 day p e r io d ,  sam p le s were then  cou n ted  

f o r  t r i t i u m .  The com puter program m e ( I I )  was th en  u se d  to
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c a l c u la t e  t r i t i u m  c o u n ts  p e r second  pe r u n i t  vo lum e o f 

s u p e r fu s a t e  (s e e  a p p e n d ix  f o r  com puter p rogram m es).

E a c h  s l i c e  s e c t io n  (w hen s t im u la t e d )  was s t im u la t e d  tw ic e .  

The f i r s t  2 m in u te s  p e r io d  o f  s t im u la t io n  term ed S^ , and the  

secon d  2 m in u te s  p e r io d  o f  s t im u la t io n  term ed S 2 « The e f f e c t  

o f  a  d ru g  was a lw a y s  t e s t e d  o u t  on th e  se con d  s t im u la t i o n  

p e r io d .  The r e s u l t s  o f  S i  and  S 2 were th e n  e x p re s se d  a s  a 

r a t i o  o f  S 2 / S 1 .

B a c k g ro u n d  v a lu e s  f o r  the  s c i n t i l l a t i o n  c o u n te r  were 

e s t im a te d  by c o u n t in g  0 .5  m l o f  K r e b 's  b ic a r b o n a te  s a l i n e ,  t h i s  

v a lu e  was su b s e q u e n t ly  s u b t r a c t e d  from  a l l  r a d i o a c t i v i t y  

r e a d in g s .

The t o t a l  t i s s u e  r a d i o a c t i v i t y  a t  the  o n se t  o f  s t im u la t io n  

was e s t im a te d  by c a l c u l a t i n g  the  t o t a l  f r a c t i o n a l  r a d i o a c t i v i t y  

r e le a s e d  and a d d in g  t h i s  to  th e  re m a in in g  t i s s u e  a c t i v i t y  in  the  

s l i c e  a t  the  end o f  the  e x p e r im e n t.

C o r r e c t io n  o f  s u p e r fu s a t e  vo lu m e s u s in g  T c ^ m

F ig u r e  21 ( p l3 0 )  show s an exam ple  o f  d a t a  o b ta in e d  from  a 

s l i c e  f o r  a  r e le a s e  e x p e r im en t b e fo re  and a f t e r  c o r r e c t io n  f o r  

vo lum e. I n  th e  p re s e n t  s t u d ie s  i t  was foun d  t h a t  the  c o r r e c t io n  

f o r  volum e was n e c e s s a ry  due to  the  s l i g h t l y  d i f f e r i n g  f lo w  r a t e s  

fro m  e ach  e le c t r o d e  cham ber and th e  p re se n ce  o f  'b u b b le s '  i n  the  

o u t f lo w  o f  th e  s u p e r fu s io n  sy s te m  w h ich  m igh t ca u se  v a r i a t i o n  in  

volum e i n  each  one m in u te  sam p le  c o l l e c t i o n  (0 .4  m l a p p ro x ) .



M e t h o d o lo g ic a l  R e s u l t s
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FIG 20: Brain slicer.



Fig 16 A PARASAGITTAL SECTION OF THE ENTIRE BRAIN 
(RAT WEIGHT 200g) 1mm LATERAL TO THE MIDLINE
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A B  Basilar nucleus o f  the amygdala 

A C  Central nucltut o f  the amygdala 

A L  Lateral nucleus o f the amygdala 

A M  Medial nucleu 1 of the amygdala 

C A A  Anrerior commissure. anterior d iv ivon  

C A T  Anterior commissure. temporal division 

C A U  Caudate nuclmjt 
C C  Corpu I callosum  

C f  Colum n of the form*

C G  Control grey m ot tor 

C H O  Optic chioom  

C l In  for tor colliculus

C IN  Intomol coptulo 

C L A  Clou strum  

C N  Cingulum

C O  Cortical nuclous of the amygdala

C S U  Superior colliculus

CT Treperord b ody

D  Dontoto nuclous of cerebellum

O B  Diagonal bond o f B roco

D M  OorsomodioI hypothalam ic nuclous

F B L  Medial forobroin bundle, lotorol division ISoo F BM )

F B M  Medial forobroin bundle

F E  Fndorhinol groove

F F Fields, o f  Foret

F R H  Rhinol fissure

H Hippocompus
H L  Lotorol hobenulor nucleus
M Medial nucleer group of die thalamus

M E O  Medulla

N A C  Nucleus occum bens o f die septum  

N C  N o o c o rn *

N L  Reticular nuclous o f  the tholomus 

PC Precommissural spetoi fibers 

P T C  Pyriform  corse*

S  Septet region

TO  Offectory tubercle
T O L  Lateral oUertory tract

V  Ventral nucleer group of the thalamus

VO A Mommillotho/am*: tract
V L  Lateral ventncle

V M  Ventromedial hypothalam ic nucleus

Key to abbreviations

FIG 7 RAT BRAIN  S L IC E  (S  9)
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A B  Basilar nucleus o f tbs amygdala

A C  Cantral nucleus o f tbs amygdala

AL Lateral nucleus o f tbs amygdala

A M  Medial nucleus of tbs amygdala

C A A  Anterior commissure. anterior division

C A T  Anterior commissure. lamporal d ivision

C A U  Caudate nucleus
C C  Corpus callosum
C F  Colum n of dig fornix

CG  Centra! Qr*y matter

C H O  Optic chiasm

Cl Interior colliculus

C iN  Internal capsule
C L A  C  leu strum

C N  Cingulum

C O  Cortical nucleus o f  fha amygdala

C SU  Sup gnor colliculus

C T  Traps to  id body

D  Dentate nucleus of cerebellum

D B  Diagonal band o f tiroes

O M  Don om sd ia l hypothalam ic nuclsus

F B L  Medial torebram bundls. lateral division (S ss  FBMJ

F B M  Medial torebram bund ls

FE  Endorhm al groove

F F  fields of f o r  si

F R H  Rhinal fissure

H Hippocsm pus

h  L L s  tsrsl habenular nuclsus

M  Medial nuclear group o f tbs thalamus

M E D  Medulla

N A C  Nuclsus sccum bsns o f  tbs ssptum  

N C  Nsocorxsx

N L  Reticular nuclsus of tbs tbslsmus 

PC  Precommissural %>etaJ tibsrs 

P Y C  Pyriform  c o rn s  

S  Ssptsl rsgion 
TO  Olfsctory tubs re Is 

T O L  L 4 tsrsl offsetory if set

V  Ventral nuc issr group of tbs tbslsmus 

V D A  Mammilla thalamic tract

V  L L stars! van trie Is
V M  Vantromsdial hypothalam ic nuclsus

Key to abbreviations

F IG : 18 RAT BRAIN S L IC E  (S  13)



A B  Besiler nucleus of the emygdele

A C  Cenirel nucleus o f  the emygdele

AL  Lateral nucleus o f  the emygdele
A M  Mechel nucleus o f the emygdele

C A A  Anterior commissure, entenor division

C A T  Anterior commissure, tempore! division
C A U  Ceudete nucleus
C C  Corpus cellosum

CF Colum n of the tormx
C G  Cenirel grey metier

C H Q  Optic chiesm

C l Inferior colliculus

C lN  Interne! cep sole

C L A  Cleu strum

C N  Cingulum

C O  Corvee! nucleus of the emygdele

C S U  Superior colliculus

C T  Ttepe/oid body

0  Oentete nucleus of cerebellum

D B  Diegona! bend o f B roca

D M  Dorsomediel hypothelemic nucleus
F B L  Mediel torebrem bundle, leterel division (See FB M j

F B M  M od iel forebrem bundle
F E  fndorhm el groove
F F  fie ld s o f fore!

F R h  Rhine! fissure 

H htppocem pus 

H L Leterel hebenuler nucleus

M  Mediel nucleer group of the thelemus 

M E D  Medulle

N A C  Nucleus eccumbens o f the septum  

N C  Neocorte*
N L  Revculer nucleus o f the thelemus

PC Precommissural spots! fibers

P Y C  Pyriform  cortex

S  Septs! region
TO  Qlfectory tubercle

T O L  Lstore! olfactory tract

V  Ventre! nucleer group of the thelemus

V D A  M em m illotheism * tract

V L  Latere! ventricle
V M  Ventromedial hypothelem ic nucleus

Key to abbreviations

C lN

FIG  19  HAT BRAIN  S L IC E  (S  14)
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—  Counts/min/unit vol.
—  Counts/min without correction for vol.

Time in mins

F IG  21: G raph  d e m o n s t r a t in g  r e le a s e  d a ta  b e fo re *  and  a f t e r
c o r r e c t io n  f o r  vo lum e  u s in g  T c 99in in  th e  s u p e r f u s io n  medium.
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3 .5 .  R e s u l t s

3 .5 .1 .  Ca^+  io n  dependency o f  r e le a s e

F ig u re s  2Z23(pl33) i l l u s t r a t e s  the  Ca^+  io n  dependency o f

^H -dopam ine  r e le a s e .  I n  the  ab sen ce  o f  Ca^+  i n  the  s u p e r f u s io n  

m edia on e l e c L r i c a l  s t im u la t io n  th e re  was no r e le a s e  o f  

^H -dopam ine  above th e  b a s a l .  R e le a s e  o f t r i t i u m  i n  th e  ab sen ce  

o f  Ca^+  was foun d  to  be o f  the  o rd e r  o f  0 .001%  (n  = 9 ) .  F ig u r e  

23 ( p l3 4 )  show s the  r e le a s e  o f p re lo a d e d  ^H-DA from  

c o r t i c o s t r i a t a l  s l i c e s  upon e l e c t r i c a l  s t im u la t io n  in  the  

p re se n c e  o f  Ca^+  i o n s ,  i n  th e  s u p e r fu s a t e .  The r e le a s e  i s  

p lo t t e d  a s  c o u n ts / se c o n d  on a u n i t  volum e b a s i s  c a lc u la t e d  from  

T c " m d a t a .

T a b le  6 ( p l3 5 )  shows th a t  upon e l e c t r i c a l  s t im u la t io n  the  

r e le a s e  on f i r s t  ( S ^ )  and se con d  ( S £ )  s t im u la t io n s  i s  

s i g n i f i c a n t l y  g r e a t e r  th an  the b a s a l  r e le a s e  f i g u r e s .

F u rth e rm o re  under c o n t r o l  c o n d i t io n s ,  th e re  i s  no s i g n i f i c a n t  

d if f e r e n c e  betw een the  f i r s t  and secon d  e l e c t r i c a l  s t im u la t io n s ,  

n = 1 2 . '

T h u s, su b se q u e n t e x p e r im e n ts  to  t e s t  the  e f f e c t  o f d ru g s  on 

s t im u la t e d  r e le a s e  were co n du cte d  by a d d i t io n  o f  the  d ru g  to  the  

s u p e r f u s in g  medium j u s t  p r io r  to  S 2 »

3 .5 .2 .  The e f f e c t  o f  tra z o d o n e  10~^M on ^H -dopam ine  r e le a s e  

T a b le  6 show s the  r e s u l t s  o f  th e  e f f e c t  o f  tra zo d o n e  on the

S 2 / S 1 r a t i o s .  T razod on e  was s u p e r fu s e d  o ve r  the  s l i c e s  p r io r  to  

th e  se con d  s t im u la t io n .  The d a ta  show s th a t  th e re  i s  a 

s i g n i f i c a n t  d i f f e r e n c e  (p £ 0 . 0 0 1 ) between the f i r s t  and second  

s t im u la t i o n s .  The r a t i o s  o f S2 / S i  i n  th e  p re se n ce  o f no rm al 

K r e b s ' and in  the  p re se n c e  o f  tra z o d o n e  were a l s o  s i g n i f i c a n t l y  

d i f f e r e n t  (p ^ O .O O l) .  F ig u r e  24 ( p l3 6 )  show s th e  e f f e c t  o f
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3 .5 .3 .  The e f f e c t  o f  h a lo p e r id o l  (10  'M )  on JH -dopam ine  r e le a s e  

T a b le  6 show s the  p r e l im in a r y  d a ta  f o r  the  in f lu e n c e  o f

h a l o p e r i d o l  o n  J H-DA r e l e a s e .  I n i t i a l  r e s u l t s  sh o w  t h a t  t h e r e  i s  

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

h a l o p e r i d o l .  T h e s e  r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h o s e  o b t a i n e d  by 

S e e m a n  & L e e  ( 1 9 7 5 ) .  H o w e v e r ,  n o  f i n a l  c o n c l u s i o n  c a n  b e  d ra w n  

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

trazo d o n e  on e l e c t r i c a l l y  s t i m u l a t e d  release of ^H-dopamine.
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F I G  2 2 : £ + R a t  b r a i n  c o r t i c o s t r i a t a l  s l i c e s  p r e l o a d e d  w i t h  H - d o p a n i n e  a n d  s u p e r f u s e d  
w i t h  C a  f r e e  K r e b s ’ b i c a r b o n a t e  s a l i n e .
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T A B L E  6

R e l e a s e  o f  ^ H - d o p a m in e  on e l e c t r i c a l  s t i m u l a t i o n  i n  t h e  p r e s e n c e  

o f  c a l c i u m  i o n s ,  t r a z o d o n e  a n d  h a l o p e r i d o l

51  =  t h e  p e r c e n t a g e  r a d i o a c t i v i t y  r e l e a s e d  a t  t h e  f i r s t  tw o

m i n u t e s  p e r i o d  o f  s t i m u l a t i o n  ( 1 0 H Z , 2 m s ,  2 0  M A ). T h i s  

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

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

52  =  t h e  p e r c e n t a g e  r a d i o a c t i v i t y  r e l e a s e d  a t  t h e  s e c o n d  tw o

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

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

o n s e t  o f  s t i m u l a t i o n .

B a s a l  r e l e a s e  f i g u r e s  a r e  i n  t h e  o r d e r  o f  0 . 0 0 1 4  ^  0 . 0 0 0 5  ( n  =  1 5 )

CONDITION S i S2 S 2 / S i

S l i c e s  s u p e r f u s e d  w i t h  
n o r m a l  K r e b s '

n  =  12 
x  =  1 . 4 4 6  
SEM = 0 . 1 9

n =  12 
x  =  1 . 2 7 1  
SEM =  0 . 1 8

n =  12 
x  =  0 . 9 4  
SEM =  0 . 0 8

S l i c e s  s u p e r f u s e d  w i t h  
n o r m a l  K r e b s '  
c o n t a i n i n g  t r a z o d o n e

n =  6 
x  =  0 . 7 2 4  
SEM =  0 . 1 7

n =  6 
x  =  5 . 2 3 9  
SEM =  1 . 3 8

n =  6 
x  =  5 . 3 8 8  
SEM =  1 . 0 2

S l i c e s  s u p e r f u s e d  w i t h  
n o r m a l  K r e b s '  
c o n t a i n i n g  h a l o p e r i d o l

n  =  3 
x  =  0 . 5 5 9

n  =  2 
x  =  0 . 3 5

n =  2 
x  =  0 . 4 7

S t u d e n t  t  -  t e s t  s h o w s  t h a t  t h e r e  i s  a  h i g h l y  s i g n i f i c a n t  

d i f f e r e n c e  p 0 . 0 0 1  b e t w e e n  t h e  r a t i o s  o f  S 2/ S 1 i n  t h e  p r e s e n c e  o f  

n o r m a l  K r e b s '  a n d  t h e  r a t i o s  o f  S 2 / S 1 i n  t h e  p r e s e n c e  o f  K r e b s '

c o n t a i n i n g  t r a z o d o n e .



^*IG 2k:  R a t  b r a in  c o r t i c o s t r i a t a l  s l i c e ,  p re lo a d e d  w ith
~n -dopam ine  and s u p e r fu s e d  w ith  K r e b s ' b ic a r b o n a t e  
s a l i n e  w ith  and w ith o u t  tra z o d o n e  ( 1 0“ ^m ) .
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3 .6 .  D i s c u s s i o n

E l e c t r i c a l  s t im u la t io n  g r e a t l y  enhances th e  "o v e r f lo w "  o f  

r a d i o a c t i v i t y  from  b r a in  s l i c e s  p re in c u b a te d  w ith  r a d io a c t i v e ly  

l a b e l l e d  m onoam ines ( B a ld e s s a r i n i  & K o p in ,  1967; Farn ebo  &

*) i
H am berger, 1 9 7 1 ). The s t im u la t io n - in d u c e d  o v e r f lo w  i s  Ca 

dependent and s e n s i t i v e  to  t e t r o d o t o x in ,  w h ich  b lo c k s  p r o p a g a t io n  

o f  n erve  im p u ls e s  (F a rn e b o , 1971; Kao, I9 b 6 ) .  There  I s  th e r e fo r e  

re a so n  to  b e l ie v e  th a t  th e  s t im u la t io n - e v o k e d  r e le a s e  i s  s i m i l a r  

to  th a t  o c c u r in g  un der p h y s i o l o g i c a l  c o n d i t io n s .  T h is  te c h n iq u e  

h a s  been u sed  to  s tu d y  the  mode o f  a c t io n  o f  p s y c h o a c t iv e  d ru g s .

The a im  o f  th e  % - D A  r e le a s e  exp e rim en t was to  e s t a b l i s h  a 

m e th o d o lo gy  f o r  the  r e le a s e  o f  endogenous am in es and to  e v a lu a te  

th e  e f f e c t s  o f  tra zo d o n e  and h a lo p e r id o l  on th e  r e le a s e  o f 

r a d i o l a b e l  fro m  s l i c e s  i n  th e  sy s te m . The r e s u l t s  from  th e se  

e x p e r im e n ts  depend on th e  v a r i a b i l i t y  o f  each  c o n s t i t u e n t  o f  the  

sy s te m  n a m e ly : -

( a )  the  s l i c e

(b )  a n  e f f e c t i v e  e l e c t r i c a l  s t im u lu s

( c )  s u p e r fu s a t e  vo lum e.

A s l i c e  t h ic k n e s s  o f  0 .6  mm was chosen  f o r  th e se  

e x p e r im e n ts .  R e p ro d u c ib le  i n t a c t  s l i c e s  were o b ta in e d  w h ich  

c o u ld  be cu t in t o  h a l f  s e c t i o n s ,  w e ighed  and s u b se q u e n t ly  

s t im u la t e d .  Damaged s l i c e  s e c t io n s  c h a r a c t e r i s t i c a l l y  showed  

m a ss iv e  e f f l u x  o f  r a d i o l a b e l  and an i r r e g u l a r  b a s e l in e  v a lu e .  

S l i c e  S9 fro m  th e  c o r t i c o l im b i c  a re a  o f the  b r a in ,  was the m ost 

d i f f i c u l t  t o  cu t due to  th e  v e n t r i c u la r  sp a c e s  i n  the b r a in ,  and



0 . 6  mm t h ic k n e s s  was th e  minimum w ith  w h ich  i t  was p o s s ib le  to  

w ork, so  f o r  c o n s is t e n c y  t h i s  t h ic k n e s s  was a l s o  ch osen  f o r  

c o r t i c o s t r i a t a l  s l i c e  s t u d ie s .

E v id e n c e  p ro v id e d  by Cohen (1 9 7 4 ) showed th a t  cu t s l i c e s  had  

0 .17  mm o f  damaged t i s s u e ;  s l i c e s  0 .3 5  mm o r  more t h i c k  w ould  

have  an  in n e r  co re  o f  undam aged t i s s u e ,  w h ich  was b io c h e m ic a l ly  

and e l e c t r o p h y s i o l o g i c a l l y  v i a b le .

A m a jo r p rob lem  e n co u n te re d  in  e l e c t r i c a l  s t im u la t io n  o f  

s l i c e s  were s m a l l  " b u b b le s "  w h ich  accu m u la te d  in  the  e le c t r o d e  

cham ber and p re v e n te d  the  p a s sa g e  o f the  c u r r e n t .  V a r io u s  

a tte m p ts  were made to  e l im in a t e  th e se  (T p ie c e s  in  the p e r f u s io n  

t u b in g ,  e f f e c t i v e  te m p e ra tu re  c o n t r o l ,  m in ia t u r i s e d  s in t e r e d  

g l a s s  a e r a t o r s ) ,  none o f th e se  t o t a l l y  e l im in a t e d  the  p rob lem .

In d e e d  the  m in ia t u r i s e d  g l a s s  s in t e r e d  a e r a t o r s  e x a c e rb a te d  the  

s i t u a t i o n !  F i n a l l y  th e  cham bers were con n e cte d  to  an 

o s c i l l o s c o p e  w h ich  m o n ito re d  the  v o l t a g e  a c r o s s  each one and  

showed w hether the  s l i c e  was e f f e c t i v e l y  s t im u la t e d .  T h ose  

s l i c e s  n o t s t im u la t e d  were abandoned .

The s u p e r fu s a t e  volum e was m o n ito re d  u s in g  T C ^ m  a s  s l i g h t  

d i f f e r e n c e s  i n  the  f lo w  r a t e  and s m a l l  b u b b le s  in  the  o u t f lo w  

m ig h t c o n t r ib u t e  to  v a r i a t i o n s  in  the  vo lum e. A l l  the  p re lo a d e d  

r a d io l a b e l le d  am ine r e le a s e  d a ta  was c o r re c te d  to  u n it  vo lum e.

I n  th e  s tu d y  o f  b a s a l  r e le a s e  and s t im u la t e d  r e le a s e  in  the  

p re se n c e  and ab sen ce  o f  Ca^+ » i t  was c l e a r l y  e s t a b l i s h e d  th a t  

r e le a s e  was c a lc iu m  io n  dependent ( P a t e l  & T u r n b u l l ,  1 98 2b ).

T h is  i s  one c r i t e r i o n  t h a t ,  t h i s  i s  v e s i c u la r  r e le a s e ,  and not 

n o n - s p e c i f i c  r e le a s e  from  o th e r  s t o r e s .  F u rth e rm o re  i f  t h i s  i s  

th e  c a se ,  i t  i s  more th a n  p o s s ib le  th a t  the p re lo a d e d  

r a d io l a b e l le d  dopam ine i s  e x c h a n g in g  w ith  endogenous v e s i c u l a r  

dopam ine.

I t  i s  p o s s ib le  th a t  th e  r e le a s e  o f p re lo a d e d  r a d io l a b e l  i s

138
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dependent on the  fre q u e n c y  o f  s t im u la t io n .  The s t im u la t io n  

p a ra m e te rs  ch ose n  in  th e se  ^H-DA r e le a s e  s t u d ie s  were 10 Hz, 2 ms 

and 20 mA. I t  was s u g g e s te d  by Rand, S t o r y ,  A l l e n ,  G lo v e r  & 

M c C u llo c h  (1 9 7 3 ) t h a t  an in c r e a s e  i n  fre q u e n c y  ( 0 . 1 - 1 .6  H z )

p rod uce d  a d e c re a se  i n  r e le a s e  p e r p u ls e .

It is possible that release of ^H-DA in the presence of 

h a lo p e r id o l  (1 0 ” ^M) i s  no t enhanced  in  th e se  p re s e n t  e x p e r im e n ts  

b e cau se  o f  the  h ig h  fre q u e n c y  o f  s t im u la t io n  u se d . How ever, 

e x p e r im e n ts  c a r r ie d  ou t by F a rn eb o  & H am berger (1 9 7 1 ),  who a l s o  

u se d  h ig h  f r e q u e n c ie s  o f  s t im u la t io n ,  found  th a t  th e y  had an  

enhanced r e le a s e  i n  th e  p re se n c e  o f h a lo p e r id o l .  I f  fre q u e n c y  

dependence was an im p o r ta n t  f a c t o r  in  the m o d u la t io n  o f  r e le a s e ,  

i t  i s  d i f f i c u l t  to  e x p la in  why the  r e le a s e  o f  -^H-DA in  the  

p re se n c e  o f  tra z o d o n e  i s  g r e a t l y  enhanced. I t  w ou ld  ap p ear  th a t  

fre q u e n c y  o f  s t im u la t i o n  i s  n o t th e  p r in c ip a l f a c t o r  c o n t r o l l i n g  

r e le a s e .

F u r t h e r  c o n fu s in g  e v id e n c e  was re p o r te d  by K a l s n e r  (1980 )  

and A r b i l l a ,  L a n g e r  & Lehman (1 9 8 1 ).  K a l s n e r ’ s  s t u d ie s  on the  

r e le a s e  o f  ^H -DA  fro m  g u in e a - p ig  v a s  d e fe re n s  s u g g e s t  th a t  

r e le a s e  o f  ^H-DA i s  no t fre q u e n c y  dependent (p60  o f the  t h e s i s ) .  

How ever, a s  m ention ed  p r e v io u s ly ,  A r b i l l a  e t a l  (1 9 81 ) foun d  th a t  

th e  r e le a s e  o f  ^H-DA from  c a t  c a u d a te  s l i c e s  in  the  p re se n ce  o f  

th e  n e u r o le p t ic  s u l p i r i d e  was l e s s  e f f e c t i v e l y  f a c i l i t a t e d  a t  

1 Hz th a n  a t  3 Hz b e cau se  a t  the  h ig h e r  fre q u e n c y  th e re  w ou ld  be 

more dopam ine r e le a s e d .

Rand e t a l  (1 9 7 3 ) a l s o  foun d  th a t  phenoxybenzam ine d id  not 

in c r e a s e  th e  e f f l u x  o f  t r i t i u m  a f t e r  s i n g l e  p u ls e  a d m in i s t r a t io n  

i n  the  g u in e a - p ig  a t r i a  (p59 o f  the  t h e s i s ) .

To what e x te n t  fre q u e n c y  p la y s  a r o le  i n  th e  m o d u la t io n  o f  

^H-DA r e le a s e  in  th e se  s l i c e  s t u d ie s  i s  under re v ie w . C u r r e n t ly  

e x p e r im e n ts  i n v e s t i g a t i n g  th e  r o le  o f  v a r y in g  fre q u e n c y  in



r e l a t i o n  to release are u n der test.

The o th e r  p o s s ib le  e x p la n a t io n  o f  the  r e s u l t  may r e la t e  to  

th e  o b s e r v a t io n  by S t a r k e ,  Re im ann, Z u m ste in  & H e r t t in g  (1 9 78 )  

t h a t  h a lo p e r id o l  i s  r e t a in e d  i n  th e  s i l i c o n e  t u b in g  u se d  in  the  

s u p e r f u s io n  a p p a r a t u s .  S t a r k e  e t a l  (1 9 78 ) fo u n d  th a t  s i l i c o n e  

t u b in g  r e t a in e d  h a lo p e r id o l  and in t e r f e r e d  w ith  su b se q u e n t  

e x p e r im e n ts .  U s in g  3 H - h a lo p e r id o l  th e y  v e r i f i e d  the  

c o n ta m in a t io n  o f s i l i c o n e  t u b in g s .  They p e r fu se d  s i l i c o n e  t u b in g  

w ith  3 H - h a lo p e r id o l ,  w ashed them s u b se q u e n t ly  f o r  18 h o u rs  and 

i d e n t i f i e d  the r a d io a c t iv e  co n ta m in a n t as h a lo p e r id o l  by t h in  

l a y e r  c h ro m a to g ra p h y . The a u th o r s  s u g g e s t  th a t  p a r t  o f the  

d is c r e p a n c ie s  in  the  l i t e r a t u r e  c o n c e rn in g  d o p a m in e rg ic  

m o d u la t io n  o f  DA r e le a s e  may be due to  the r e t e n t io n  in  

s u p e r f u s io n  t u b in g  o f n e u r o le p t ic  d ru g s  w h ich  a re  s u b se q u e n t ly  

e x t r a c t e d  by s lo w  e lu t io n  and th e n  in t e r f e r e  w ith  su b se q u e n t  

e x p e r im e n ts .  The a u th o r s  showed th a t  t h i s  e f f e c t  does no t o c c u r  

w ith  V i t r o n  tu b in g .  They o b se rve d  th a t  when s i l i c o n e  tu b e s  had 

been p r e v io u s ly  exposed  to  h a lo p e r id o l  the  S 2 / S 1 f o r  3 H-DA  

r e le a s e  fro m  c a u d a te  s l i c e s  in  the  p re se n ce  o f  apom orph ine  was

0 .9 6  ±  0 .0 6 ,  w hereas i f  the  e xp e r im en t was re p e a te d  w ith  tu b in g  

exposed  o n ly  to  h a lo p e r id o l  s o lv e n t  th e  S 2 / S 1 r a t i o  was 

0 .2 4  ±  0 .0 4 .  Thus h a lo p e r id o l  r e t a in e d  in  the  t u b in g  p re ve n te d  

th e  o b s e r v a t io n  o f  the  e f f e c t  o f  apom orph ine  on the  r e le a s e  o f  

3 H-DA.

The r e s u l t s  showed th a t  tra zo d o n e  enhanced th e  s t im u la t e d  

r e le a s e  o f  p re lo a d e d  3 R~DA in  c o r t i c o s t r i a t a l  s l i c e  s e c t io n s .  

S t e f a n in i ,  F add a , P o rce d d u  & G e s sa  (1 9 7 6 ) showed th a t  trazo d o n e  

i s  c a p a b le  o f  in c r e a s in g  DA tu rn o v e r  p o s s ib l y  by in c r e a s in g  DA 

s y n t h e s i s .  A t  d o se  l e v e l s  o f  25 -10 0  m g/kg  g iv e n  i . p .  the  

c o n c e n t r a t io n  o f  b o th  D0PAC and HVA were in c r e a s e d  w ith o u t  

a f f e c t i n g  th e  c o n c e n t r a t io n  o f  dopam ine in  th e  b r a in  ( i . e .
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in c r e a s e d  t u r n o v e r ) .  T h u s, in  v i t r o  s t u d ie s  showed th a t  

tra z o d o n e  a f f e c t s  dopam ine s y n t h e s i s  and tu rn o v e r .  In  v i t r o  

s t u d ie s  a l s o  showed t h a t  tra z o d o n e  enh an ces th e  r e le a s e  o f  

dopam ine on e l e c t r i c a l  s t im u la t i o n  o f  s l i c e s  p re lo a d e d  w ith  H-DA  

( P a t e l  & T u r n b u l l ,  1 9 8 2 a ). Th ese  r e s u l t s  may be e x p la in e d  by the  

p r e s y n a p t ic  dopam ine r e c e p to r  b lo c k a d e  th e o ry .  T h is  w ou ld  

a cco u n t f o r  th e  h i g h ly  s i g n i f i c a n t  r e le a s e  o f  t r i t i u m  by 

t ra z o d o n e .

E x p la n a t io n s  f o r  th e  in f lu e n c e  o f  a n t ip s y c h o t i c s  on th e  r e le a s e  

o f  t r i t i a t e d  dopam ine

There  a re  b a s i c a l l y  two ty p e s  o f th e o ry  e x p la in in g  

n e u r o le p t ic  d ru g  a c t io n s -

Th ese  a re  the "dopam ine  r e c e p to r  b lo c k a d e "  and the  " c o u p l in g  

b lo c k a d e "  h y p o t h e s i s .  C a r l s s o n  & L in d q v i s t  (1 9 63 ) o b se rve d  th a t  

a n t ip s y c h o t i c s  su ch  a s  c h lo rp ro m a z in e  and h a lo p e r id o l  in c r e a s e  

th e  tu rn o v e r  o f dopam ine in  b r a in  t i s s u e .

T h e ir  e x p e r im e n ts  were c a r r ie d  out on m ice ; h a lo p e r id o l  or 

c h lo rp ro m a z in e  g iv e n  one h ou r a f t e r  an in j e c t io n  o f  n ia la m id e  to  

i n h i b i t  monoamine o x id a s e  a c t i v i t y ,  were shown to  enhance the  

a c c u m u la t io n  o f  the  O -m e th y la te d  m e t a b o l i t e s  norm etam ephrine  and 

3 -m e th o x y ty ra m in e , w ith o u t  in f lu e n c in g  the t o t a l  l e v e l s  o f the  

c a te c h o la m in e s  th e m se lv e s .  The a u th o r s  su g g e s te d  th a t  a p o s s ib le  

m echanism  f o r  c h lo rp ro m a z in e  and h a lo p e r id o l  was the b lo c k a d e  o f  

m o n o am in e rg ic  r e c e p to r s  in  the  b r a in ,  r e s u l t i n g  in  the  

co m p e n sa to ry  a c t i v a t i o n  o f m o n o am in e rg ic  n euron s ( i . e .  in c r e a s e d  

f i r i n g ) .  T h is  a c t i v a t i o n  w ou ld  th en  le a d  to  an in c r e a s e d  

s y n t h e s i s  and r e le a s e  o f  m onoam ines and a s a con sequence  to  

in c r e a s e d  fo r m a t io n  o f  monoamine m e t a b o l i t e s .  L a t e r ,  Bunney, 

W a lt e r s ,  R o th  & A g h a ja n ia n  (1 9 7 3 ) showed th a t  the  in c r e a s e d  

f i r i n g  r a t e  o f DA c e l l s  i n  th e  s u b s t a n t ia  n ig r a  was r e v e r s e d  by



142

th e  dopam ine a g o n i s t  am phetam ine. O th e r  w o rk e rs  showed th a t  

am phetam ine g iv e n  a lo n e  d e c re a se d  the  f i r i n g  r a t e  o f  d o p a m in e rg ic  

c e l l s  and t h i s  i s  c o n s i s t e n t  w ith  the  e v id e n c e  th a t

am phetam ine p rom otes p r e s y n a p t ic  r e le a s e  and b lo c k s  re u p ta k e  o f  

DA ( C a r l s s o n ,  Fu xe , H am berger, L i n d q v i s t ,  1 96 6 ). By c a u s in g  a 

p o s t s y n a p t ic  a c c u m u la t io n  o f  dopam ine a t  r e c e p to r  s i t e s ,  a 

fe e d b a c k  i n h i b i t i o n  o f  dopam ine n e u ro n s m igh t o c c u r .

A pom orph in e , a  DA a g o n i s t ,  d e c re a se s  the s t im u la t e d  r e le a s e

q

o f  JH -DA  and t h i s  e f f e c t  may a l s o  be e x p la in e d  by r e c e p to r  

b lo c k a d e  h y p o t h e s is  ( S t a r k e ,  R e im ann , Z u m ste in  & H e r t t in g ,  1 97 8 ).

T h is  th e o ry  how ever, does no t ta k e  in t o  a c c o u n t the  f a c t  

t h a t  th e re  i s  no d i r e c t  q u a n t i t a t i v e  r e l a t i o n s h ip  betw een any o f  

th e se  n e u r o le p t ic  a c t io n s  and t h e i r  a n t ip s y c h o t i c  p o t e n c ie s  in  

th e  c l i n i c  (J a n s s e n ,  N e im e ge ers & S c h e l le k e n s ,  1 9 6 5 ). The  

b u tyrop h en on es, h a lo p e r id o l  and s p i r o p e r id o l  a re  2 0 - 1 0 0  t im e s  more 

p o te n t  c l i n i c a l l y  th a n  c h lo rp ro m a z in e  (C P Z ) ,  y e t  a re  e q u a l to  o r  

w eaker th a n  CPZ i n  b lo c k in g  dopam ine s e n s i t i v e  a d e n y la te  c y c la s e  

(K e b a b ia n ,  P e t z o ld  & G re e n g a rd , 1 9 7 2 ).

Seeman & Lee (1 9 7 5 ),  in  t h e i r  c o u p l in g - b lo c k a d e  h y p o th e s is  

o f  n e u r o le p t ic  a c t io n ,  p ro v id e d  e v id e n c e  sh o w in g  a c o r r e la t i o n  

betw een the  c l i n i c a l  p o te n cy  o f  n e u r o le p t ic s  and t h e i r  a b i l i t y  to  

i n h i b i t  the  s t im u lu s - in d u c e d  r e le a s e  o f  dopam ine in  r a t  s t r i a t a l  

s l i c e s .

The c o u p l in g - b lo c k a d e  h y p o t h e s is  o f n e u r o le p t ic  a c t io n  

r e c o g n is e s  th a t  n e u r o le p t ic s  a re  f a t  s o lu b le  and s u r f a c e  a c t iv e  

d ru g s  w h ich  r e a d i l y  a ccu m u la te  i n  c e l l  membranes (Seem an & B a i l y ,  

1 9 6 3 ). T h is  w ou ld  le a d  to  membrane e x p a n s io n  and hence the  

b lo c k in g  o f  n e rve  membrane im p u ls e s  ( C o u r v o is ie r  e t a l ,  1953 ).

The above  e f f e c t  w ou ld  d i s p la c e  th e  membrane a s s o c ia t e d  Ca2+  

and enhance th e  sp o n ta n e o u s  r e le a s e  o f t r a n s m it t e r  and m od u la te  

th e  c o u p l in g  betw een im p u ls e s  and n e u r o s e c r e t io n  (Seem an, 1972;
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Seeman & Le e , 1974; Q u a s t e l,  H a c k e tt  & Okam oto, 1 9 7 2 ).

Seeman & Lee (1 9 7 4 ) s t u d ie d  th e  e l e c t r i c a l l y  s t im u la t e d

O
r e le a s e  o f  JH -DA  on r a t  n e o s t r i a t a l  s l i c e s  u s in g  a m o d if ie d  

method o f  Fa rn eb o  & Ham berger (1 9 7 1 ) .  T h e ir  r e s u l t s  showed th a t  

n e u r o le p t ic  i n h i b i t i o n  o f  the  s t im u la t e d  r e le a s e  o f  H -dopam ine , 

d i r e c t l y  c o r r e la t e d  w ith  t h e i r  c l i n i c a l  a n t ip s y c h o t i c  e f f e c t .

They c o n c lu d e d  t h a t  th e  p o s s ib le  m echanism s u n d e r ly in g

O
n e u r o le p t ic  i n h i b i t i o n  o f im p u ls e - t r i g g e r e d  r e le a s e  o f  JH-DA may 

be t h r e e f o ld .

1 . The n e u r o le p t ic s  m igh t be i n h i b i t i n g  n e rve  im p u lse  

c o n d u c t io n .  S m a ll  d ia m e te r  f i b r e s  a re  p a r t i c u l a r l y  v u ln e r a b le  to  

th e  b lo c k in g  a c t io n s  o f n e u r o le p t ic s  (S ta im a n  & Seem an, 1 97 4 ),  

e s p e c i a l l y  b e cau se  d o p a m in e rg ic  n e u ro n s a re  s m a l l  0 .2  pm) 

( S o l t e l o ,  1 9 7 1 ). The t h r e s h o ld  c o n c e n t r a t io n  o f  n e u r o le p t ic  a t  

w h ich  th e  ^H-DA r e le a s e  i n h i b i t i o n  commenced was the  same 

c o n c e n t r a t io n  a s  w ou ld  be foun d  i n  the  p la sm a  o f  p a t ie n t s  b e in g  

r e t r e a t e d  w ith  n e u r o le p t ic s  (Seem an, S ta im a n  & Chau-W ong, 1974 ).

S in c e  a n a e s t h e t ic s  a c t u a l l y  in c r e a s e  the  f i r i n g  r a t e  o f 

n i g r a l  dopam ine n e u ro n s (Bunney e t a l ,  1973), im p u lse  i n h i b i t i o n  

by n e u r o le p t ic s ,  i f  i t  e x i s t s  in  s t r i a t a l  t i s s u e ,  c o u ld  o c c u r  in  

th e  s m a l l  p r e s y n a p t ic  d o p a m in e rg ic  neuron  t e r m in a l s ;  the  

n e u r o le p t ic  and a n a e s t h e t ic - in d u c e d  in c r e a s e  in  n i g r a l  neuron  

f i r i n g  r a t e  m ig h t ,  i n  f a c t , a r i s e  by n e u ro n a l fe e d b a c k  a s  a 

con seq uence  o f  p r e s y n a p t ic  d e p r e s s io n  by n e u r o le p t ic s .

2 . N e u r o le p t ic s  may be b lo c k in g  p r e s y n a p t ic  r e c e p to r s  to  b lo c k  

n e g a t iv e  fe e d b a c k  m echanism s but t h i s  w ou ld  cau se  an in c r e a s e  in  

DA r e le a s e  a s  shown by Farn ebo  & H am berger (1 9 7 1 ).  The

c o n c e n t r a t io n  o f  th e  d ru g  w h ich  b lo c k s  p r e s y n a p t ic  r e c e p to r s  

how ever, does no t c o r r e la t e  w ith  th e  c l i n i c a l  p o te n c y .
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3. The n e u r o le p t ic s  may be i n h i b i t i n g  the c o u p l in g  between the  

im p u lse  and the  n e u r o s e c r e t io n  o f  DA by i n t e r f e r i n g  w ith  the  Ca^+  

i n f l u x  in  p r e s y n a p t ic  n e rve  t e r m in a l s  (Seeraan, 1972; Q u a s te l  

e t a l ,  1 97 2 ).

Num erous p a p e rs  have been p u b l is h e d  s u p p o r t in g  b o th  the  

re c e p to r  b lo c k a d e  and c o u p l in g  b lo c k a d e  th e o ry  o f n e u r o le p t ic  

a c t io n ,  b u t w h a te ve r  th e  m echan ism  f o r  n e u r o le p t ic  i n h i b i t i o n  o f 

s t im u la t e d  ^H -dopam ine  r e le a s e ,  a p r e s y n a p t ic  s i t e  o f n e u r o le p t ic  

a c t io n  can  e x p la in  many o f th e  n e u r o le p t ic  e f f e c t s  in  the b r a in .

Seeman & Lee (1 9 74 ) e x p la in  th e  i n h i b i t i o n  o f s t im u la t e d  

JU -D A  r e le a s e  by th e  f o l lo w in g  sequen ce  o f e v e n t s :

i )  The n e u r o le p t ic  may f i r s t  p a r t i a l l y  i n h i b i t  

im p u ls e - s e c r e t io n  c o u p l in g  in  the  dopam ine p r e t e r m in a l.

i i )  L e s s  DA r e le a s e d  by im p u lse  w ou ld  d i s i n h i b i t  t y r o s in e  

h y d r o x y la s e  v i a  p r e s y n a p t ic  r e c e p t o r s  w h ils t  e l i c i t i n g  n e u ro n a l  

fe e d b a c k  a c t i v a t i o n  o f  n i g r a l  n e u ron  f i r i n g .

i i i )  The f i r i n g  in c r e a s e  w ou ld  a c t i v a t e  t y r o s in e  h y d r o x y la s e  

( Z iv k o v ic  & C o s t a ,  1974) and more dopam ine p e r quantum  w ould  be 

r e le a s e d  even th o u gh  not e v e ry  im p u ls e  may be r e a c h in g  the f i n a l  

t e r m in a l .  The ne t e f f e c t  o f  a l l  th e se  a c t io n s  to g e th e r  w ith  the  

s m a l l  but s i g n i f i c a n t  n e u r o le p t ic  enhancem ent o f  sp o n ta n e o u s  DA 

r e le a s e ,  may le a d  to  in c r e a s e d  DA tu rn o v e r  (Anden, C o r r o d i ,  Fuxe  

& U n g e r s t e d t ,  1971; M ^ l l e r - N ie l s o n ,  F j a l l a n d ,  P e d e rso n  & Nym ark, 

1 9 7 4 ).

The r e s u l t s  o f  the  p re se n t  s t u d ie s  sh o w in g  th e  e f f e c t  o f 

h a lo p e r id o l  on ^H -DA  r e le a s e  may be e x p la in e d  by th e  above  s e r ie s  

o f  e v e n ts  o f  th e  c o u p l in g  r e c e p to r  b lo c k a d e  th e o ry .
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I t  can  be co n c lu d e d  th a t  th e re  i s  no p r e c i s e  e x p la n a t io n  f o r  

th e  mode o f  a c t io n  o f  n e u r o le p t ic s .  The r e c e p to r -b lo c k a d e  and  

the  c o u p l in g  b lo c k a d e  th e o ry ,  b o th  su p p o rte d  by num erous 

p u b l i c a t i o n s ,  t r y  to  p ro v id e  a p o s s ib le  m echanism .



1 4 6

SECT IO N  4: STUDY OF ENDOGENOUS NEUROTRANSMITTER RELEASE

4 .1 .  In t r o d u c t io n

One c r i t e r i o n  to  be s a t i s f i e d  by p u t a t iv e  n e u r o t r a n s r a it te r s  

i s  th a t  th e y  a re  r e le a s e d  in  re sp o n se  to  ( e l e c t r i c a l )  

s t im u la t io n .  M o st  r e le a s e  s t u d ie s  in v o lv e  th e  u se  o f  a 

p r e v io u s ly  ta k e n  up i s o t o p i c a l l y  la b e l l e d  compound ( B a ld e s s a r i n i  

& K o p in ,  1966) b e cau se  o f  th e  d i f f i c u l t i e s  in  m e a su r in g  v e ry  

s m a l l  a b s o lu t e  am ounts o f  endogenous t r a n s m it t e r  r e le a s e d .

A lth o u g h  a g r e a t  d e a l  o f  d a t a  h a s  been g e n e ra te d  u s in g  

p r e - l a b e l l i n g  p ro c e d u re s ,  i t  i s  n o t known to  what e x te n t the  

r e le a s e  o f  e ndogenous am ine p a r a l l e l s  th a t  o f  th e  p r e - l a b e l l i n g  

p ro c e d u re s .  I t  i s  p o s s ib le  th a t  p r e - l a b e l l i n g  may be 

n o n - s p e c i f i c .  R a d io la b e l le d  am ine may be ta k e n  up by n e u ro n s  

w h ich  do n o t n o rm a lly  u se  the  am ine a s  a t r a n s m it t e r ,  o r may no t  

be e v e n ly  d i s t r i b u t e d  w i t h in  th e  r e le a s a b le  e ndogenous p o o l.  The  

m e ta b o lic  t r a n s fo r m a t io n  o f  the  am ine may r e s u l t  in  r e le a s e  o f  

r a d i o l a b e l le d  m e t a b o l i t e s ,  n o t th e  t r a n s m it t e r  i t s e l f .

M easurem ent o f  the  r e le a s e  o f  endogenous am in es by s e n s i t i v e  

te c h n iq u e s  su ch  a s  h ig h  p e rfo rm an ce  l i q u i d  c h ro m ato grap h y  (H PLC) 

e l im in a t e s  th e se  p o t e n t i a l  p ro b le m s and a l lo w s  the  s im u lta n e o u s  

e s t im a t io n  o f  n o r a d r e n a l in e ,  dopam ine and DOPAC.

Endogenous n o r a d r e n a l in e  and dopam ine r e le a s e  s t u d ie s  have  

been c a r r ie d  o u t  u s in g  p o ta s s iu m  c h lo r id e  and d -am phetam ine  

s t im u la t i o n  (K a n t & M e y e rn o f f ,  1 9 7 8 ), The endogenous am ines  

r e le a s e d  b e in g  m easured  by r a d io e n z y m a t ic  a s s a y .  A s  a lr e a d y  

d is c u s s e d ,  th e re  a re  a number o f  d i f f i c u l t i e s  w h ich  a r i s e  when 

co m p a r in g  r e le a s e  d a ta  u s in g  e l e c t r i c a l  and  KC1 s t im u la t io n .  

How ever, th e se  a u th o r s  r e p o r t  a s i g n i f i c a n t  in c r e a s e  o f  dopam ine  

and n o r a d r e n a l in e  r e le a s e d  i n  s e v e r a l  b r a in  r e g io n s  exam ined,



a l s o  th e  r e le a s e  f i g u r e  in  n g /g  o f t i s s u e  were s i g n i f i c a n t l y  

g r e a t e r  th a n  th o se  re p o rte d  i n  t h i s  t h e s i s .  An e x p la n a t io n  may 

l i e  i n  th e  d i f f e r e n t  m echan ism s o f  r e le a s e  th a t  may be in v o lv e d  

u s in g  th e  two d i f f e r e n t  modes o f  s t im u la t io n  and in  the  s l i c e  

p r e p a r a t io n s  em ployed.

I n  t h i s  t h e s i s  the  e n d o g e n o u s ly  r e le a s e d  NA, DA and DOPAC 

were a s sa y e d  u s in g  h ig h  p e rfo rm an ce  l i q u i d  ch ro m ato grap h y  ( p l5 2 ) .

4 .2 .  P r i n c i p l e s  o f  c a te c h o la m in e  a s s a y

B o th  s p e c t r o p h o t o f lu o r o m e t r ic  a s s a y  te c h n iq u e s  and 

r a d io e n z y m a t ic  a s s a y  were t r i e d  to  e s t im a te  low  le v e l s  (p g  

am oun ts) o f s t a n d a rd  a m in e s . B o th  te c h n iq u e s 1 p roved  to  be 

u n s u i t a b le  f o r  th e  e s t im a t io n  o f  pg  am ounts o f am ines and b o th  

te c h n iq u e s  w i l l  be c r i t i c a l l y  e v a lu a te d  b r i e f l y .  HPLC p roved  to  

be th e  m ost s u i t a b le  te c h n iq u e  f o r  the  e s t im a t io n  o f pg am ounts 

o f  DA, NA and DOPAC, and was u sed  to  e s t im a te  th e se  s u b s ta n c e s  in  

b o th  s u p e r fu s a t e  and t i s s u e  sa m p le s .

4 .2 .1 .  S p e c tro p h o 'to f  lu o r o m e t r ic  a s s a y

The e s t im a t io n  o f  c a te c h o la m in e s  was b ased  on the  p r o d u c t io n  

o f a f lu o r e s c e n t  d e r i v a t i v e  by means o f  o x id a t io n  and su b se q u e n t  

c h e m ic a l re a rra n g e m e n t. The two m ost w id e ly  u sed  c h e m ic a l  

p ro c e d u re s  f o r  e s t im a t io n  o f  c a te c h o la m in e s  in v o lv e  c o n v e r s io n  o f  

c a te c h o la m in e s  to  f lu o r e s c e n t  p ro d u c ts  e i t h e r  by o x id a t io n  u s in g  

th e  h y d r o x y in d o le  r e a c t io n  ( C a r l s s o n  ix W a ld e ck , 1958) o r  by 

c o n d e n s a t io n  o f  o x id is e d  c a te c h o la m in e s  w ith  e th y le n e d ia m in e  

d ih y d r o c h lo r id e  so  c a l le d  EDD r e a c t io n  (Anden, R o o s, & W e r d in iu s ,  

1 96 3 ).

The p u r i f i c a t i o n  and c o n c e n t r a t io n  o f  c a te c h o la m in e s  i s  

a c h ie v e d  by co lum n s e p a r a t io n  te c h n iq u e s  u s in g  Dowex 50 and

147
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a lu m in a .  (U d e n fr ie n d ,  1969; Sharm an, 1971; W e il-M a lh e r b e ,  1971; 

A n to n  & S a y re ,  1 96 2 ). Once se p a ra te d ,  f lu o r o m e t r ic  d e t e r m in a t io n  

o f  i n d i v i d u a l  f lu o r e s c e n t  p ro d u c ts  can  be c a r r ie d  o u t .  The  

t r ih y d r o x y in d o le  r e a c t io n  f o r  a d r e n a l in e  and n o r a d r e n a l in e  

( V a l o r i ,  B r u n o r i ,  R e n z in i  & C o re a ,  1 97 0 ), was u sed  in  t h i s  w ork  

t o  e s t im a te  n o r a d r e n a l in e  le v e l  in  s ta n d a rd  s o l u t i o n s .

The p r in c ip l e  o f th e  h y d r o x y in d o le  method in v o lv e s  the  

o x id a t io n  o f  the  c a te c h o la m in e s  f i r s t  to  the  c o r re s p o n d in g  

chrom es and th en  the  re a rran ge m e n t o f f lu o r e s c e n t  lu t in e s  in  a 

s t r o n g ly  a l k a l i n e  medium. F ig u r e  25 shows the  c o n v e r s io n  o f the  

c a te c h o la m in e s  to  t h e i r  r e s p e c t iv e  h y d r o x y in d o le  f lu o r o p h o r e s .

The f i g u r e  i s  a v e ry  s i m p l i f i e d  r e p r e s e n t a t io n ’ o f  the  c h e m is t r y  

o f  th e  r e a c t io n  w h ich  h a s  been a fo c u s  o f num erous 

i n v e s t i g a t i o n s .  The r e a c t io n  i s  t y p i c a l  o f  a typ e  w h ich  o c c u r s  

when f e r r i c y a n id e  i s  u sed  a s  o x id a n t .  H y d ro x y in d o le  a s s a y s  a s a 

gro u p  a re  s p e c i f i c  f o r  compounds h a v in g  a 2 - (4 -h y d r o x y p h e n y l)  

e th y la m in e  n u c le u s  and t h e r e fo r e  a l a r g e  number o f  compounds w ith  

c e r t a in  s t r u c t u r a l  s i m i l a r i t i e s  can  be c o n v e rte d  to  f lu o r e s c e n t  

h y d r o x y in d o le s . T h ere  a re  how ever, a  number o f v a r i a b le s  in  the  

h y d r o x y in d o le  a s s a y  s c h e d u le  su ch  a s  o x id a t io n ,  pH, use  o f a  

c a t a l y s t ,  typ e  o f  o x id a n t ,  tim e  a llo w e d  f o r  o x id a t io n ,  ty p e s  o f 

r e d u c in g /  s t a b i l i s i n g  a g e n ts  m ixed w ith  sod ium  h y d ro x id e ,  and  

t h e i r  c o n c e n t r a t io n s ,  tim e  a llo w e d  f o r  t a u t o m e r is a t io n ,  the  pH a t  

w h ich  f lu o r e s c e n c e  i s  re c o rd e d , the tim e  r e q u ire d ,  a l l  o f w h ich  

in f lu e n c e  m ax im a l deve lopm ent o f f lu o r e s c e n c e  a t  the  o p t im a l  

w a v e le n g th s  (L a v e r t y  & T a y lo r ,  1 9 6 5 ).
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The f lu o r e s c e n c e  o f  th e  r e a c t io n  p ro d u c t  i n  t h i s  r e a c t io n  

needs to  be s t a b i l i s e d  by th e  a d d i t io n  o f an a n t io x id a n t .  The 

a n t io x id a n t  u sed  n o rm a lly  and in t r o d u c e d  by Lund (1 9 4 9 ) was 

a s c o r b ic  a c id .  How ever, a s c o r b ic  a c id  was foun d  to  g iv e  r i s e  to  

h ig h  b la n k s  when e s t im a t in g  s m a l l  am ounts o f  c a te c h o la m in e s .

T h is  i s  b e cau se  i n  a l k a l i n e  s o l u t i o n s  a s c o r b ic  a c id  g iv e s  r i s e  to  

f lu o r e s c e n t  o x id a t io n  p r o d u c t s  w h ich  cau se  th e  h ig h  b la n k  

r e a d in g s .  V a l o r i  e t a l  (1 9 7 0 ) foun d  th a t  a f r e s h ly  p re p a re d  

s o l u t i o n  o f  0 .5%  2 ,3 -d im e r c a p t o p r o p r a n o l  (B A L ) i n  a sod ium  

s u lp h i t e  s o l u t i o n  c o n t a in in g  5 gm Na2 SO3 . 7 H2 0  i n  10 ml w a te r  

gave  a v e ry  s a t i s f a c t o r y  r e s u l t ,  th e  l u t in e  f lu o r e s c e n c e  was 

foun d  to  be a s  h ig h  a s  w ith  a s c o r b ic  a c id  but fh e  b la n k  v a lu e s  

were s m a l le r  and more s t a b le .  How ever, t h i s  p r e p a r a t io n  had 

draw backs i n  th a t  c le a r  s o l u t i o n s  o f  BAL c o u ld  no t be o b ta in e d ,  

r e s u l t i n g  i n  d i f f e r i n g  q u e n c h in g  and v a r ia b le  b la n k  v a lu e s .  

F i n a l l y ,  th e  a u th o r s  foun d  10% BAL in  a 25% fo rm a ld e h yd e  s o l u t i o n  

i n  th e  ab se n ce  o f  o th e r  a n t io x id a n t s  to  be a s u i t a b le  s o lu t i o n ,  

a s  fo rm a ld e h yd e  in c r e a s e d  the  s o l u b i l i t y  o f BAL in  w a te r.

The m ethod o f  V a l o r i ,  e t a l  (1 9 7 0 ) was u sed  to  m easure  

n o r a d r e n a l in e  l e v e l s  in  s t a n d a r d s .  The method was found  to  be 

s e n s i t i v e  i n  th e  ng ra n ge .

Due to  the  la c k  o f  s e n s i t i v i t y  o ve r  the ran ge  re q u ire d  f o r  

the  e s t im a t io n  o f  monoamine r e le a s e  from  d i s c r e t e  b r a in  r e g io n s  

th e  s p e c t r o p h o t o f lu o r o m e t r ic  a s s a y  was not used  in  the  p re s e n t  

w ork.

4 .2 .2 .  R a d io e n z y m a t ic  a s s a y

S e v e r a l  r a d io e n z y m a t ic  m ethods f o r  the a s s a y  o f  

c a te c h o la m in e s  have  been d e s c r ib e d  i n  re c e n t y e a r s .  B e fo re  the  

adve n t o f  h ig h  p e rfo rm an ce  l i q u i d  ch ro m ato grap h y , r a d io e n z y m a t ic  

a s s a y  te c h n iq u e s  were m ost p o p u la r  s in c e  th e y  a l lo w  the
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m easurem ent o f c a te c h o la m in e s  in  t i s s u e  and body f l u i d s  w ith  h ig h  

a c c u ra c y  and s e n s i t i v i t y  a s  com pared w ith  the c o n v e n t io n a l  

f lu o r o m e t r ic  m ethods. The a s s a y  em p loys th e  3 -0 -m e t h y la t io n  o f  

m onoam ines by means o f  r a d io l a b e l le d  S -a d e n o s y l  m e th io n in e  in  the  

p re se n ce  o f  the  enzyme c a te c h o l-O -m e th y l t r a n s f e r a s e  (COMT). 

Eng lem an , P o r tn o y  & L o v e n b e rg  (1 9 6 8 ) and N ik o d i j e v ik ,  D a ly  & 

C r e v e l in g  (1 9 6 9 ) r e p o r te d  th e  f i r s t  a tte m p t to  u se  COMT f o r  the  

d e t e r m in a t io n  o f  c a te c h o la m in e s  from  p la sm a  and t i s s u e  ( h e a r t )  

r e s p e c t iv e ly .  T h is  a p p ro a ch  was f u r t h e r  d e v e lo p e d  by C o y le  & 

H enry  (1 9 7 3 );  C u e l lo ,  H i le y  & Iv e r s e n  (1 9 7 3 ),  to  m easure  

c a te c h o la m in e s  from  t i s s u e .

P r i n c i p l e  o f  th e  a s s a y

F o r  dopam ine, n o r a d r e n a l in e  and a d r e n a l in e  the d e r i v a t i v e s  

w h ich  r e s u l t  from  th e  O -m e th y la t io n  by COMT a re  

3 -m e th o x y ty ra m in e , n o rm e ta n e p h rin e  and m e tan e p h rin e  

r e s p e c t i v e ly .  The e n z y m at ic  r e a c t io n  w h ich  p ro c e e d s  fo r  

c a te c h o la m in e s  i s  shown in  F ig u r e  26.

The O -m e th y la te d  d e r i v a t i v e s  from  s t a n d a r d s  and b i o l o g i c a l  

sa m p le s  o b ta in e d  from  the e n z y m at ic  in c u b a t io n  a re  e x t r a c t e d ,  

se p a ra te d  and th e  r a d i o a c t i v i t y  cou n ted  by l i q u i d  s c i n t i l l a t i o n  

sp e c tro m e try .  The i n i t i a l  amount o f  the c a te c h o la m in e s  p re s e n t  

a s  s u b s t r a t e s  in  th e  unknown sa m p le s  i s  in f e r r e d  from  the  

r a d i o a c t i v i t y  o b ta in e d  f o r  the  c o r re s p o n d in g  O -m e th y la te d  

p r o d u c t .

The r a d io e n z y m a t ic  a s s a y  was t r i e d  a s  a  te c h n iq u e  to  

e s t im a te  c a te c h o la m in e s  and DOPAC. The a s s a y  te c h n iq u e  u sed  was 

th a t  o f  S a i l e r  & Z igm ond (1 9 7 8 ).

S e v e r a l  d i f f i c u l t i e s  were e n co u n te re d  i n  t r y in g  to  make the  

a s s a y  o p e ra b le  f o r  the  p u rp o se  o f  t h i s  t h e s i s .

The d i f f i c u l t i e s  were e s p e c i a l l y  due to  th e  need to  a s s a y



C a te c h o la m in e s  (Dopam ine  
( DA ) n o r a d r e n a l in e  
(NA) and  a d r e n a l in e  
(A ) )

0 - m e t h y l a t e d  d e r i v a t i v e s  
( m e t h o x y t r a m i n e  ( M l ) ,  
n o r m e t a n e p h r i n e  (NM) a n d  

m e t h a n e p h r i n e  (M) )

F I G  2 6 :  P r i n c i p l e  o f  t h e  r a d i o e n z y m a t i c  r e a c t i o n .  C o n v e r s i o n ^ o f  c a t e c h o l  t o  
o - m e t h y l a t e d  d e r i v a t i v e s .  CH _, r a d i o l a b e l l e d  m e t h y l  g r o u p  ( i f  ) ;  SAMe, s - a d e n o s y l  
m e t h i o n i n e ;  COMT; c a t e c h o l  - o - m e t h y l t r a n s f e r a s e ; R i s  -C H p -CH -NHp f o r  DA a n d  
M I,  -CH 0H-CH2 -NH f o r  NA a n d  NM, -CH OH-CHp -NH-CH f o r  A a n d  M. ^ ( M o d i f i e d  f r o m  
C u e l l o ,  1979.1 J



152

c a t e c h o ls  in  la r g e  vo lum es o f  K r e b s ' s o l u t i o n  . The i n t e r - a s s a y  

v a r i a t i o n s  were g r e a t  and no t i n  the  l e a s t  d e p e n d a b le . The  

c o m p le x ity  in t r o d u c e d  in t o  the  a s s a y  was due to :

i )  b a tc h  to  b a tc h  v a r i a t i o n  in  COMT p r e p a r a t io n ;

i i )  th e  i n h i b i t o r y  a c t io n  o f  Ca^+  on COMT;

i i i )  v a r i a t i o n  in  p r e p a r a t io n  o f  3 H - S -a d e n o s y l  m e th io n in e  by 

d i f f e r e n t  f ir m s

i v )  v a r i a t i o n  i n  d u p l ic a t e  sa m p le s .

D i f f i c u l t i e s  were met in  s o l v i n g  a s p e c i f i c  p rob lem  th a t  may 

have  c o n t r ib u te d  to  a p a r t i c u l a r  a s s a y .  The a s s a y  te c h n iq u e  o f  

S a i l e r  & Z igm ond (1 9 7 8 ) was t r i e d  u s in g  s e v e r a l  d i f f e r e n t  

p r e p a r a t io n s  o f  COMT to  g iv e  m ax im al re sp o n se ,  u se  was made o f  

e t h y le n e g ly c o l t a t r a a c e t i c  a c id  (EG TA) to  ta k e  up the  Ca^+  p re s e n t

O i.

i n  K r e b s ' w h ich  i n h ib i t e d  COMT and a t  the  same tim e  Mg io n s  

were in c r e a s e d ,  a c o - f a c t o r  f o r  COMT a c t i v i t y .  a d e n o s y l  

m e th io n in e  p re p a re d  by New E n g la n d  N u c le a r ,  Sou tham pton , a l le g e d  

t o  be p u re r  was a ls 'o  t r i e d .  S a t i s f a c t o r y  r e s u l t s  were not 

o b ta in e d  u s in g  the r a d io e n z y m a t ic  a s s a y  and the  te c h n iq u e  was 

abandoned in  f a v o u r  o f h ig h  p r e s s u r e  l i q u i d  ch ro m ato grap h y .

4 .2 .3 .  H ig h  p e rfo rm an ce  l i q u i d  c h ro m ato grap h y  (H PLC )

The e a r l i e s t  exam ple  o f a l i q u i d  c h ro m a to g ra p h ic  s e p a r a t io n  

i s  c r e d it e d  to  the  R u s s ia n  b o t a n i s t  T sw e tt  who, in  1903, a s  c i t e d  

by P ry d e  & G i lb e r t  (1 9 7 9 ) se p a ra te d  p la n t  p igm e n ts  by a b s o r p t io n  

ch ro m ato grap h y  f o r  w h ich  p u rp o se  he u sed  a c h a lk  co lum n. The 

f i r s t  r e a l  s t im u lu s  w h ich  lau n ch e d  s e v e r a l  fo rm s o f  

ch ro m ato grap h y  and p ro v id e d  th e  b a s i s  o f m odern in s t r u m e n t a l,  

h ig h  e f f i c i e n c y  m eth ods, o ccu re d  when, i n  1941 M a r t in  & Sy n ge  

p u b l is h e d  a m ost f a r - s e e in g  p a p e r. I n  t h i s  p ap e r  th e y  d e s c r ib e d
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th e  d is c o v e r y  o f  l i q u i d - l i q u i d  p a r t i t i o n  ch ro m ato grap h y  and l a i d  

th e  fo u n d a t io n  o f  g a s - l i q u i d  ch ro m ato grap h y  by s u g g e s t in g  " th e  

m ov in g  ph ase  c o u ld  be re p la c e d  by a g a s " ,  and th a t  o f h ig h  

p e rfo rm an ce  l i q u i d  ch ro m ato grap h y  (H P L C ).  The p r e d ic t io n  f o r  

HPLC was " t h u s  the  s m a l le s t  h e ig h t  e q u iv a le n t  to  a t h e o r e t i c a l  

p la t e  sh o u ld  be o b t a in a b le  u s in g  s m a l l  p a r t i c l e  s i z e s  and a h ig h  

p r e s s u r e  d i f f e r e n c e  a c r o s s  the  le n g t h s  o f  the  co lu m n ". M o st o f  

th e  deve lopm ent w ith  r e s p e c t  to  HPLC o c c u rre d  in  the m id -6 0 s .

C h ro m ato grap h y  i s  th e  method o f  s e p a r a t in g  com ponents o f a 

m ix tu re  w h ich  depends on the  a f f i n i t y  o f the  v a r io u s  s o lu t e  

m o le c u le s  f o r  the  s t a t io n a r y  and th e  m ov ing  p h ase , w h ate ve r  they  

may be. C l a s s i f i c a t i o n  o f  c h ro m a to g ra p h ic  m ethods depends on the  

ty p e  o f  s t a t io n a r y  and m o b iie  p h a se s  u sed , the  form  o f t h e i r  

p r e s e n t a t io n  and th e  d i f f e r e n t  m echanism s w h ich  c o n t r o l  t h e i r  

s e p a r a t io n .  F o r  exam p le , l i q u i d - s o l i d  ( a d s o r p t io n )  

ch ro m ato grap h y , i n  w h ich  the  s t a t io n a r y  phase  i s  a s o l i d  

a d so rb e n t  w h ich  may be packed  in  a co lum n, sp re a d  on a p la t e ,  o r  

im p re g n a te d  in t o  p o ro u s  paper w ith  f ix e d  a c t iv e  s i t e s  ( e . g .  

a lu m in a )  on to  w h ich  th e  i n t e r a c t io n s  o f  th e  s o lu t e s  o c c u r .  I n  

l i q u i d - l i q u i d  ch ro m ato grap h y  the  s o lu t e  m o le c u le s  d i s t r i b u t e  

th e m se lv e s  betw een two im m is c ib le  l i q u i d  p h ase s  a c c o r d in g  to  

t h e i r  r e l a t i v e  s o l u b i l i t i e s .  I n  g a s -c h ro m a to g ra p h y  the  m ov ing  

p h a se  i s  re p la c e d  by a g a s .

I n  HPLC the  s t a t io n a r y  phase  in v o lv e s  the use  o f  s m a l le r  

p a r t i c l e s  and a l i q u i d  m o b ile  p h ase ; s u i t a b le  f lo w  r a t e s  a re  

a c h ie v e d  by pum ping un der p r e s s u r e .  A p p ro p r ia t e  d e t e c t io n  

sy s te m s  a re  em ployed to  show when the  se p a ra te d  com ponents e lu t e  

o f f  the  co lum n. W ith  the deve lopm ent o f  new m ic r o p a r t ic u la t e  

r e s in s  f o r  e i t h e r  io n  exchange  o r  r e v e r s e d -p h a se  ch ro m ato grap h y ,  

HPLC h as become one o f  the  m ost w id e ly  used  m ethods f o r  the  

d e te r m in a t io n  o f  c a te c h o la m in e s  and t h e i r  m e t a b o l i t e s .
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R e v e rse  ph ase  ch ro m ato grap h y  i s  the  term  u sed  when the  

s t a t io n a r y  p h ase  i s  n o n -p o la r  and th e  m o b ile  ph ase  i s  p o la r .  I n  

io n  exchange  ch ro m ato g rap h y , th e  c h ro m a to g ra p h ic  su p p o r t  c o n ta in s  

io n s  w h ich  a re  c a p a b le  o f  b e in g  exchanged  w ith  i o n i c  s o lu t e s  in  

th e  m o b ile  p h a se .

M o st o f  th e  HPLC m ethods u se  e i t h e r  e le c t r o c h e m ic a l  

d e t e c t io n  d i r e c t l y  ( K e l l e r ,  Oke, M e f fo r d  & Adam s, 1976;

K i s s i n g e r ,  1977) o r  f lu o r e s c e n c e  d e t e c t io n  a f t e r  d e r i v a t i s a t i o n .

F o r  c a te c h o la m in e s  d e r i v a t i s a t i o n  may be a c h ie v e d  w ith

h
o r t ^ p h t h a ld ia ld e h y d e  (D a v ie s ,  G e h rk e , G ehrke J r . ,  Cunn ingham ,

Kuo, G e h a rd t ,  J o h n so n  & W i l l i a m s ,  1 9 7 8 ), o x id a t io n  to  the  

t r ih y d r o x y in d o le s  ( Y u i ,  Ito k a w a  & K a w a i,  1980), o r  the  n a t iv e  

f lu o r e s c e n c e  o f  th e  compounds (A n d e rso n  & P u rd y , 1 9 7 9 ).

L iq u id  ch ro m ato grap h y  w ith  e l e c t r i c a l  d e t e c t io n  p r o v id e s  a  

r a p id ,  s e n s i t i v e  and s p e c i f i c  te c h n iq u e  f o r  the  a s s a y  o f  

n e u r o t r a n s m it t e r  monoam ines and t h e i r  m e t a b o l i t e s .

E le c t r o c h e m ic a l  te c h n iq u e s  were f i r s t  a p p l ie d  to  c h ro m a to g ra p h ic  

d e t e c t io n  by Kem ula  (1 9 52 ) a s  c i t e d  by M e ffo rd  (1 9 8 1 ) .  L i t t l e  

u se  was made o f th e  te c h n iq u e  u n t i l  i t  was r e f in e d  and a p p l ie d  to  

th e  a n a l y s i s  o f  c a te c h o la m in e s  and a s c o r b ic  a c id  by Adams & 

c o -w o rk e rs  ( K i s s i n g e r ,  R e fsh a u g e ,  D r e i l i n g  & Adam s, 1 9 7 3 ).

E le c t r o c h e m ic a l  d e t e c t io n  can  be a c h ie v e d  by means o f d i r e c t  

o x id a t io n  o r  r e d u c t io n ,  but in  p r a c t ic e  f o r  the  a n a l y s i s  o f 

b io g e n ic  am in es o n ly  o x id a t iv e  p r o c e s s e s  a re  u se d .

P r i n c i p l e s  o f  e le c t r o c h e m ic a l  d e t e c t io n

A compound m ust have e le c t r o c h e m ic a l  a c t i v i t y  f o r  i t  to  be 

am enable  t o  e le c t r o c h e m ic a l  d e t e c t io n ,  th a t  i s  the  compound must 

be a b le  to  r e a r r a n g e  i n  such  a way a s  to  accom m odate the  l o s s  or 

g a in  o f one o r  more e le c t r o n s .  The rea rran ge m e n t needs to  o ccu r  

w it h in  c e r t a in  p o t e n t i a l  l i m i t s  w h ich  a re  d e te rm in e d  by the



e le c t r o d e  m a t e r ia l  and the  b u lk  p r o p e r t ie s  o f  th e  s o lv e n t  in  

w h ich  the  e le c t r o d e  i s  p la c e d .  I n  th e o ry ,  the  e le c t r o c h e m ic a l  

o x id a t io n  can  be c a r r ie d  ou t a t  any in e r t  e le c t r o d e .  P la t in u m ,  

g o ld  and c a rb o n  a re  t y p i c a l  i n e r t  m a t e r ia l s  u sed  f o r  t h i s  

p u rp o se . How ever, p la t in u m  and g o ld  un dergo  f a i r l y  e a sy  s u r fa c e  

o x id a t io n  and t h i s  in v o lv e s  th e  p a s s a g e  o f e le c t r o c h e m ic a l  

c u r r e n t s ,  even  i n  th e  ab sen ce  o f  a n a ly s a b le  s p e c ie s  in  s o lu t i o n .  

T h is  i s  known a s  the  r e s id u a l  c u r r e n t ,  w h ich , w h i l s t  b e in g  s m a l l  

can  amount to  a n o is e  le v e l  f a r  in  e x c e ss  o f th e  c u r re n t  

r e p r e s e n t in g  o x id a t io n  o f b r a in  t i s s u e  m onoam ines. C a rb o n  p a s te  

e le c t r o d e s  w h ich  a re  made o f h ig h  p u r i t y  g r a p h i t e  m ixed in t o  a 

p a s te  w ith  an  in e r t  l i q u i d  o r  g l a s s y  c a r b o n -e le c t r o d e s  se rv e  a s  

e le c t r o d e  s u r f a c e s  w ith  e x tre m e ly  low  r e s id u a l  c u r r e n t .  The 

p o t e n t i a l  l i m i t s  f o r  ca rb o n  e le c t r o d e s  in  aqueous s o lv e n t s  a re  

a p p ro x im a te ly  +  2V to  -0 .8  t o  -1 0 V  w ith  A g -A g C l re fe re n c e  

e le c t r o d e .  N e a r ly  a l l  a ro m a t ic  am in es and p h e n o ls  a re  o x id is e d  

w it h in  th e se  p o t e n t i a l  l i m i t s .  The p ro c e s s  o f  e le c t r o c h e m ic a l  

o x id a t io n  c o n v e r t s  th e  p h e n o lic  compounds to  q u in o n e s .  T h is  i s  

d e m o n stra te d  i n  F ig u re .  27 f o r :

( a )  c a te c h o la m in e s

( b )  0 -m e t h y la te d  c a t e c h o l  m e t a b o l i t e s .

F ig u r e  27

F i g .  27: T y p ic a l  2 e le c t r o n  o x id a t iv e  m echanism s f o r  ( a )  
c a te c h o la m in e s ;  ( b )  2 e le c t r o n  o x id a t iv e  m echanism s f o r  
0 -m e th y la te d  c a t e c h o l  m e t a b o l i t e s .



156

D u r in g  th e  o x id a t io n  p r o c e s s  two e le c t r o n s  a re  l o s t  to  the  

d e t e c t o r  e le c t r o d e ,  th u s  p r o v id in g  the  b a s i s  f o r  d e t e c t io n  f o r  

th e se  com pounds. O -M e th y la te d  m e t a b o l i t e s  o f  c a te c h o la m in e s  a re  

more d i f f i c u l t  to  o x id i s e ,  s in c e  th e  O -m e th y l g ro u p  makes the  

r e a c t io n  ( F ig u r e  2 7 ) more d i f f i c u l t .  The m ethoxy gro u p  m ust be 

c le a v e d  and t h i s  r e q u ir e s  a  much h ig h e r  e n e rgy  o f  a c t i v a t i o n  and 

t h e r e fo r e  a h ig h e r  e le c t r o c h e m ic a l  p o t e n t i a l .

The c u r r e n t  w h ich  i s  d e r iv e d  from  the  a b s t r a c t io n  o f th e se  

e le c t r o n s  i s  p r o p o r t io n a l  to  the  c o n c e n t r a t io n  o f  the  s p e c ie s  in  

s o l u t i o n  (s e e  F ig u r e s  31 and 32 i n  R e s u l t s  S e c t io n ) .

U se s  o f  HPLC

The d e t e r m in a t io n  o f  c a te c h o la m in e s  i n  r a t  b r a in  t i s s u e  was 

one o f  th e  e a r l i e s t  a p p l i c a t i o n s  o f  HPLC w ith  e le c t r o c h e m ic a l  

d e t e c t io n  ( K i s s i n g e r  e t  a l ,  1 9 7 3 ). A m o d if ie d  and im proved  

te c h n iq u e  was l a t e r  p u b l is h e d  by K e l l e r  e t a l  (1 9 7 6 ).  M o st o f  

th e  a n a ly s e s  have  depended upon an a lu m in a  e x t r a c t io n  (A n to n  & 

S a y re ,  1962) w h ich , by a b s o r p t io n  o n to  a lu m in a ,  s e p a ra te s  

c a t e c h o l - l i k e  compQunds from  any  m e th o x y la te d  m e t a b o l i t e s .  I t  i s  

a l s o  a p r e c o n c e n t r a t io n  s t e p ;  th e  c a te c h o l  compounds a re  next  

d e so rb e d  in t o  a m ic ro -v o lu m e  o f  a c id .  The com pounds a re  then  

se p a ra te d  u s in g  HPLC. HPLC i s  co lum n ch ro m ato grap h y  in  w h ich  

v e ry  s m a l l  p a r t i c l e  s i z e  s t a t io n a r y  p h a se s  ( r e s i n s )  a re  u sed  so  

th a t  s e p a r a t io n s  may be a c h ie v e d  w ith  s h o r t  co lum ns and r a p id  

e lu t io n .  Such  co lum ns do n o t o p e ra te  w ith  g r a v i t y  f lo w  o f  

e lu e n t ,  bu t a lw a y s  r e q u ir e  p r e s s u r e  pum ping. The d e s ig n a t io n  

HPLC i s  o f t e n  ta k e n  to  mean h ig h  p r e s s u r e  l i q u i d  ch ro m ato grap h y .  

M ost m ethods f o r  HPLC u se  m ic r o p a r t ic u la t e  r e v e r s e  phase  HPLC 

( F e l i c e ,  F e l i c e  & K i s s i n g e r ,  1978; M e f fo r d ,  1 9 8 1 ).
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R e v e rse  ph ase  ch ro m ato grap h y

R e v e rse  phase  ch ro m ato grap h y  in v o lv e s  the  u se  o f a n o n -p o la r  

s t a t io n a r y  ph ase  i n  c o n ju n c t io n  w ith  a p o la r  m o b ile  p h a se , a 

te c h n iq u e  in t ro d u c e d  by Howard & M a r t in  (1 9 5 0 ).  The m ost common 

method f o r  p e r fo rm in g  th e se  s e p a r a t io n s  has been the  u se  o f a 

h y d ro c a rb o n  bonded s u r fa c e  in  c o n ju n c t io n  w ith  a r e l a t i v e l y  

n o n -p o la r  e lu e n t  su ch  a s  m e th an o l. The p o la r  m o le c u le s  have  

l i t t l e  a f f i n i t y  f o r  the  n o n -p o la r  h y d ro p h o b ic  su p p o r t ,  and a re  

e lu t e d  f a i r l y  r a p id l y  by the  aqueous m o b ile  p h ase . The most 

common bonded h y d ro c a rb o n  p h ase  a re  the  o c t a d e c y l s i l y l  g ro u p s  

( C i g H s y S i ) .  The m echanism  o f  reve rse  phase  ch ro m ato grap h y  has  

n o t been s a t i s f a c t o r i l y  w orked o u t .  Sod ium  o c t y l s u lp h a t e  (S O S )  

i s  u sed  a s  an  " i o n  p a i r i n g "  re a g e n t  i n  re v e r s e  phase  

c h ro m ato g rap h y . The f u n c t io n  o f  the  io n  p a i r i n g  re a ge n t i s  to  

in c r e a s e  th e  r e t e n t io n  t im e s  o f  the  am ines p re su m a b ly  by 

p r o v id in g  a  p o la r  ( i o n i c  p h a se )  by th e -S O ^ -  g ro u p s  on the  

n o n -p o la r  C^g c h a in  o f th e  o c t a d e c y l s i l y l  g r o u p s .  T h is  w ou ld  

h e lp  to  r e t a in  th e  p o s i t i v e l y  c h a rge d  NH2 o f  the  am ines and t h i s  

i s  p re su m a b ly  why DOPAC i s  no t a f f e c t e d  by SOS. The r e l a t i v e l y  

n o n -p o la r  a sp e c t  o f m e th an o l w ou ld  d i s p la c e  the  n o n -p o la r  a sp e c t  

o f  th e  am in e s.

T here  a re  many a d v a n ta g e s  to  the  use  o f m ic r o p a r t ic u la t e  

r e v e r s e  ph ase  HPLC. Th ese  a re  b e t t e r  b a tc h  to  b a tc h  

r e p r o d u c i b i l i t y ,  and b e t t e r  r e s o lu t io n s  and f a s t e r  tu rn o v e r  o f  

sa m p le s  a s  a r e s u l t  o f  s h o r t e r  r e t e n t io n  t im e s ,  e s p e c i a l l y  w ith  

the  u se  o f  s m a l le r  co lu m n s. The d is a d v a n t a g e s  o f  re v e r s e  phase  

sy s te m  a re  t h a t  th e  s m a l le r  p a r t i c l e  s i z e  r e q u ir e s  h ig h e r  

p r e s s u r e s  f o r  o p e r a t io n  and t h e r e fo r e  a more c o s t l y  pum ping and  

i n j e c t i o n  sy ste m .

The d i f f i c u l t y  in  e s t im a t in g  c a te c h o la m in e  m e t a b o l i t e s  l i e s  

in  th e  e x t r a c t io n  p ro c e d u re . E x c e p t  f o r  DOPAC, th e  o th e r



m e t a b o l i t e s  are not absor b e d  on alumina.

The HPLC sy ste m  and the m a t e r ia l  f o r  HPLC w i l l  be f u r t h e r  

d e s c r ib e d  on page  161.

4 .3 .  E x p e r im e n ta l p ro ce d u re  f o r  th e  1 ) r e le a s e  o f  endogenous

m onoam ines from  r a t  b r a in  s l i c e s ;  2 ) the  e s t im a t io n  by HPLC

o f  DA, NA and DOPAC

H a v in g  e s t a b l i s h e d  the  m e th o d o lo gy  o f  ^H -dopam ine r e le a s e  

( s e e  S e c t io n  I I I ) ,  th e  te c h n iq u e  was a p p l ie d  to  the  s tu d y  of 

endogenous t r a n s m it t e r  r e le a s e .

A t  th e  o n se t  o f  the  e xp e r im en t the  w e igh t  and number o f the  

r a t  was re c o rd e d . The r a t  was g u i l l o t i n e d  and b r a in  s l i c e s  were 

o b ta in e d  a c c o r d in g  to  the  p ro ce d u re  d e s c r ib e d  in  S e c t io n  I I I .

The s l i c e s  u sed  f o r  the endogenous dopam ine and  

n o r a d r e n a l in e  r e le a s e  s t u d ie s  were S9 , S13 and S1 4 . Each  s l i c e  

was cu t a lo n g  the m id l in e  in t o  two s l i c e  s e c t io n s  and la b e l l e d  

s l i c e  S e c t io n  1 -6  a s  f o l lo w s :

Each  s l i c e  s e c t io n  was ran dom ly  s e le c t e d  f o r  tre a tm e n t,  in  

o rd e r  to  e l im in a t e  any  ch an ge s in  th e  r e le a s e  p a t te r n  due to  

p o s s ib le  d i f f e r e n c e s  in  the  l e f t  and r i g h t  h e m isp h e re s .  Each  

s l i c e  s e c t io n  was w e igh ed  and pu t in t o  t e s t - t u b e s

C o r t i c o l im b ic  s l i c e

C o r t i c o s t r i a t a l  s l i c e s



c o n t a in in g  5 m l o f  K r e b 's  s o l u t i o n  w ith  p a r g y l in e  (1 0 “ ^M) and  

a s c o r b ic  a c id  (0 .1  m g /m l). The s l i c e  s e c t io n s  were then  

in c u b a te d  f o r  40 m in u te s  a t  37°C w ith  95% 0 2 / 5 % CO2 b u b b l in g  

th ro u g h  th e  s o lu t i o n .  A t  th e  end o f  the  40 m in u te s ,  the  s l i c e  

s e c t io n s  were removed and each  one p la c e d  in t o  an e le c t r o d e  

cham ber.

The s l i c e  s e c t io n s  were th en  su p e r fu se d  w ith  o x y ge n a te d  

K r e b ’ s  s o l u t i o n  f o r  a p e r io d  o f  15 m in u te s  a t  a f lo w  r a te  o f

0 .3  ml pe r m in u te . The s u p e r f u s io n  a p p a ra tu s  i s  d e s c r ib e d  in  

d e t a i l  i n  S e c t io n  I I I  o f  t h i s  t h e s i s .  A t th e  end o f 15 m in u te s  

o f  s u p e r f u s io n  a 1 0  m in u te  s u p e r fu s a t e  f r a c t i o n  was c o l le c t e d  

fro m  each  s l i c e  s e c t io n  p r io r  to  e l e c t r i c a l  s t im u la t io n .  To each  

1 0  m in u te  s u p e r fu s a t e  f r a c t i o n  was added 60 p i  o f  

d ih y d ro x y b e n z y la m in e  (DHBA) (1  n g / 5 0 p l ) ,  th e  i n t e r n a l  s t a n d a rd .  

The sa m p le s  were c o l le c t e d  i n  o rd e r  to  d e te rm in e  the  b a s a l  

r e le a s e  o f  n e u r o t r a n s m it t e r s  and D0PAG c o n te n t i n  the  s u p e r fu s a t e  

f r a c t i o n .  A t  th e  end o f  th e  10 m in u te s  the  s l i c e  s e c t io n s  were 

e l e c t r i c a l l y  s t im u la t e d  f o r  2 m in u t e s ' a t  10HZ , 2ms and 20mA and 

a f u r t h e r  1 0  m inu te ' s u p e r fu s a t e  f r a c t i o n  c o l le c t e d  to  w h ich  was 

added 60 p i  o f  DHBA ( l n g / 5 0 p l ) .  The r e le a s e  o f n e u r o t r a n s m it t e r s  

on f i r s t  s t im u la t i o n  (S ^ )  w as d e te rm in e d  i n  th e se  s u p e r fu s a te  

f r a c t i o n s .

S l i c e  s e c t io n s  were then  s u p e r fu s e d  f o r  a f u r t h e r  10 m in u te s  

b e fo re  th e  2 nd s t im u la t io n  ( e l e c t r i c a l  p a ra m e te rs  a s  f o r  S ^ ) ,  and 

a g a in  a 10 m in u te  f r a c t i o n  c o l le c t e d  and to  each  a  60 p i  o f DHBA 

(1  n g / 5 0 p l )  added.

The sa m p le s  were im m e d ia te ly  s t o re d  a t -8 0 ° C  u n t i l  

e x t r a c t io n  on a lu m in a .  The s l i c e  s e c t io n s  were su p e r fu s e d  f o r  a 

f u r t h e r  1 0  m in u te s  b e fo re  th e  rem o va l o f  the  s l i c e  s e c t io n s  from  

th e  e le c t r o d e  cham bers. S l i c e  s e c t io n s  were th e n  s o n ic a te d  in  

1 m l o f  0 .2N  PCA. 350 p i  o f  each  hom ogen ised  s l i c e  s e c t io n  was
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p la c e d  in t o  an E p p e n d o rf  tube  c o n t a in in g  100 p i  o f  DHBA 

(1  n g / 5 0 p l )  and s t o r e d  a t  -8 0 ° C  u n t i l  e x t r a c t io n  on a lu m in a ,  the  

e s t im a t io n  o f  NA, DA and DOPAC was th en  co n d u c te d  u s in g  HPLC.

En dogen o us DA, NA and DOPAC r e le a s e  s t u d ie s  were co n du cte d  

on b r a in  s l i c e  s e c t io n s  o f  r a t s  ta k e n  from  f i v e  tre a tm e n t  

g r o u p s .  These  tre a tm e n t g ro u p s  were d e s ig n a te d  A -E .  A t the  end 

o f  each  r e le a s e  e x p e r im e n t the  c o n te n t  o f  DA, NA and DOPAC in  the  

s l i c e  s e c t io n s  was e s t im a te d .  E s t im a t io n s  o f  DA, NA and DOPAC in  

b o th  s u p e r fu s a t e  f r a c t i o n s  and i n  th e  b r a in  s l i c e  s e c t io n s  were 

c a r r ie d  o u t u s in g  HPLC ( p l6 1 ) .

B r a in  s l i c e  s e c t io n  o f  n a iv e  r a t s  (G rou p  A )

N a iv e  r a t  b r a in s  (n  = 7 ) were u se d  to  s tu d y  endogenous NA,

DA and DOPAC r e le a s e  from  c o r t i c o l im b ic  and c o r t i c o s t r i a t a l  s l i c e  

s e c t i o n s .

B r a in  s l i c e  s e c t io n s  fro m  c o n d it io n e d  r a t s  (G ro u p  B )

R a t s  (n  = 7 ) were c o n d it io n e d  on the c o n d it io n e d  a v o id a n c e  

b e h a v io u r a l  sy s te m . Th ese  r a t s  were u sed  to  s tu d y  th e  r e le a s e  o f  

DA, NA and DOPAC fro m  c o r t i c o l im b ic  and c o r t i c o s t r i a t a l  b r a in  

r e g io n s .

B r a in  s l i c e  s e c t io n s  from  c o n d it io n e d  r a t s  c h r o n i c a l l y  t r e a t e d  

w ith  h a lo p e r id o l  (0 .1  m g /k g ) (G rou p  C)

C o n d it io n e d  r a t s  (n  = 7 ) were t r e a t e d  o v e r  a 32 d ay  p e r io d  

w ith  h a lo p e r id o l  (0 .1  m g /k g ) .  A t the  end o f the  tre a tm e n t p e r io d  

th e  r a t s  were s a c r i f i c e d  2 h o u rs  a f t e r  th e  l a s t  d ru g  t r e a tm e n t.  

The r e le a s e  o f  DA, NA and DOPAC was th en  s t u d ie d  from  

c o r t i c o l im b i c  and c o r t i c o s t r i a t a l  b r a in  r e g io n s .
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B r a in  s l i c e  s e c t io n s  fro m  c o n d it io n e d  r a t s  c h r o n i c a l l y  t r e a t e d  

w it h  tra z o d o n e  (100  m g /k g ) (G ro u p  D )

C o n d it io n e d  r a t s  (n  = 6 ) were t r e a t e d  o v e r  a 32 day  p e r io d  

w ith  tra zo d o n e  (100 m g /k g ) .  A t the  end o f  the  tre a tm e n t p e r io d  

th e  r a t s  were s a c r i f i c e d  2 h o u rs  a f t e r  the  l a s t  d ru g  tre a tm e n t.  

The release of UA, NA and DOPAC was then studied from 

c o r t i c o l im b ic  and c o r t i c o s t r i a t a l  b r a in  r e g io n s .

B r a in  s l i c e  s e c t io n s  fro m  n a iv e  r a t s  c h r o n i c a l l y  t r e a t e d  w ith  

h a lo p e r id o l  (0 .1  m g /k g ) (G ro u p  E )

N a iv e  r a t s  (n  = 6 ) w ere t r e a t e d  w ith  h a lo p e r id o l  (0 .1  m g /k g )  

o v e r  a  32 day p e r io d .  R a t s  were s a c r i f i c e d  2 h o u rs  a f t e r  the  

l a s t  d ru g  tre a tm e n t and DA , NA and DOPAC r e le a s e  from  

c o r t i c o l im b i c  and c o r t i c o s t r i a t a l  s l i c e s  w as e s t im a te d .

HPLC sy ste m : m a t e r ia l s  and m ethods

F ig u r e  28 show s a s im p le  d ia g ra m  o f th e  b a s ic  com ponents o f  

an  HPLC sy ste m . T h is  c o n s i s t s  o f  a low  p u ls e  pum ping sy ste m  w ith  

a p r e s s u r e  maximum o f  4000 p s i ,  an e s s e n t i a l l y  z e ro  dead volum e  

sam p le  i n j e c t i o n  sy s te m , a s u i t a b le  c h ro m a to g ra p h ic  co lum n, a 

d e t e c t o r  sy s te m  w it h  a d e v ic e  to  a p p ly  a p o t e n t i a l  to  the  

d e t e c t o r  e le c t r o d e  and m o n ito r  f a r a d a ic  c u r r e n t ,  and a f lo w  c h a r t  

r e c o rd e r .

C i t r i c  a c id ,  so d iu m  a c e t a t e ,  h y d r o c h lo r ic  a c id ,  and  

p e r c h lo r i c  a c id  a l l  a n a l y t i c a l  re a g e n t  (A n a la r )  g ra d e ,  were  

p u rc h a se d  from  B r i t i s h  D ru g  House (BDH) C h e m ic a ls  L t d . ,  P o o le .  

M e th a n o l (HPLC g r a d e )  was p u rch a se d  fro m  R a th b u rn  C h e m ic a ls  L t d . , 

P e e b le s s h i r e .  Sod ium  o c t y l s u lp h a t e  was p u rch a se d  from  Eastm an  

K odak  C o . ,  R o c h e s te r ,  and  a lu m in a  (W oelm N -D C ) fro m  Woelm Pharm a  

Eschw ege , Germ any. C h e m ic a ls  p u rch a se d  from  S igm a  C h e m ic a ls ,  

P o o le ,  and o f  Analar g r a d e ,  were dopam ine (3 -h y d ro x y ty ra m in e
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F IG  2 8 :  F l o v  d i a g r a m  o f  HPLC a p p a r a t u s  1 )  s o l v e n t ;  2 )  p u m p ;  3 )  p u l s e  d a m p n e r  

M  p r e  c o lu m n  t o  c l e a n  t h e  s o l v e n t ;  5 )  i n j e c t i o n  p o r t ;  7) d e t e c t o r  e l e c t r o d e ;  
8) a m p e r o m e t r i c  c o n t r o l l e r  ( a m p l i f i e r ) ;  9 ) c h a r t  r e c o r d e r .  6)column
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h y d r o c h lo r id e ) ,  e t h y le n e d ia m in e t e t r a a c e t ic  a c id  (ED TA ) d iso d iu m  

s a l t ;  L -* a r te re n o l ( n o r a d r e n a l in e )  b i t a r t r a t e ;

3 , 4 , d ih y d r o x y p h e n y la c e t ic  a c id ;  3 ,4 -d ih y d ro x y b e n z y la m in e  (S ig m a  

g r a d e ) ;  L -e p in e p h r in e  ( a d r e n a l in e )  and T R IS  (h y d ro x y m e th y l)  

am inom ethane ( b u f f e r  re a g e n t  g r a d e ) .  24 p ODS p u rc h a se d  from  

HPLC T e c h n o lo g y ,  M a c c le s f i e ld ,  C h e s h ir e .

A p p a ra tu s  u sed  f o r  HPLC

Pum ping sy s te m

A C o n s ta m e tr ic  I  ( d u a l  h ead ) pump from  L a b o r a to r y  D a ta  

C o n t r o l ,  was u se d . A p reco lum n  c o n t a in in g  25 p ODS was u sed  in  

o r d e r  to  c le a n  th e  s o lv e n t .  T h is  was p o s i t io n e d  betw een the pump 

and th e  sam p le  in j e c t o r  and a l s o  se rv e d  a s a p u ls e  dam pner.

In j e c t i o n  sy s te m

A Rheodyne 7125 i n j e c t i o n  v a lv e  p u rch a se d  from  Anachem was 

u se d .  I n j e c t i o n  v a lv e s  o p e ra te  by lo a d in g  a sam p le  lo o p  w h ile  

th e  m o b ile  p h ase  i s  pumped v i a  a b y p a s s  sy ste m  to  the  co lum n.

The Rheodyne in j e c t i o n  v a lv e  h a s  an e x t e r n a l  r e p la c e a b le  lo o p  and 

by means o f  a le v e r  th e  f lo w  can  be sw itc h e d  th ro u g h  t h i s  lo o p ,  

c a r r y in g  w ith  i t  th e  sam p le  s o l u t i o n  on to  the  co lum n. V e ry  

r e p r o d u c ib le  i n j e c t i o n s  a re  p o s s ib le  w ith  t h i s  system ^ a 

c r i t e r i o n  w h ich  i s  v e ry  im p o r ta n t  in  q u a n t i t a t i v e  w ork . An 

e x c e s s  o f  sam p le  was in j e c t e d  to  e n su re  th a t  th e  50 p i  lo o p  was 

c o m p le te ly  f u l l .  F ig u r e  29 show s th e  o p e r a t io n a l  b a s i s  f o r  the  

v a lv e  i n j e c t o r .
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Load Inject

F I G  2 9 :  V a l v e  i n j e c t o r  f o r  HPLC ( t a k e n  f r o m
P r y d e  & G i l b e r t ,  1 9 7 9 ) *

Colum n u sed

A H y p e r s i l  3 ji O c t a d e c y l s i l y l  (O DS) colum n 100 x  5 mm was 

u se d . The h y p e r s i l  r e s in  was m an u fa c tu re d  by Shan don, R un corn ,  

C h e s h ire  and the  colum n was packed  and s u p p l ie d  by HPLC 

T e c h n o lo g y  L im it e d ,  M a c c le s f i e ld ,  C h e s h ir e ,  U .K .

S o lv e n t  sy s te m

C a te c h o la m in e s  and DOPAC were se p a ra te d  u s in g  a  s o lv e n t  

c o n s i s t i n g  o f  c i t r i c  a c id  (0 .1 M ),  sod ium  a c e t a t e  (0 .0 2 5 M ), sod ium  

o c t y l  s u lp h a t e  ( 2 5 m g / l i t r e ) , e t h y le n e d ia m in e t e t r a a c e t ic  a c id  

(ED TA ) (50m g/ l i t r e )  and m e th an o l (3% v / v )  (pH  o f s o lv e n t  was 

2 . 6 ) .  A f lo w  r a t e  o f  1 .0  m l/m in  was m a in ta in e d .  T h ro u gh  

e x p e r ie n c e  i t  was foun d  th a t  each  colum n needed s l i g h t  v a r i a t i o n  

i n  the  s o lv e n t  c o m p o s it io n  in  o rd e r  to  m a in ta in  the r e t e n t io n  

t im e s  o f  each  s u b s ta n c e ,  m ost p r o b a b ly  r e la t e d  to  the  p a c k in g  o f

th e  co lum n. M a n ip u la t io n  o f  the  m eth an o l and i o n - p a i r i n g  re a ge n t
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sod ium  o c t y l  s u lp h a t e  a s  w e l l  a s  pH can  s o lv e  many o f the  

p ro b le m s a s s o c ia t e d  w ith  d i f f e r e n t  b a tc h e s  o f  co lu m n s.

M e th a n o l i s  th e  s o lv e n t  g e n e r a l l y  u sed  w it h  g l a s s y  ca rb o n  

e le c t r o d e s .  In c r e a s in g  the  m e th an o l c o n te n t o f  the  s o lv e n t  

d e c re a se s  th e  co lum n r e t e n t io n  t im e s  o f a l l  am in es  

p r o p o r t i o n a l l y ,  g e n e r a l l y  w ith o u t  a l t e r i n g  the e lu t io n  o rd e r .

The u se  o f  the  o c t y l  s u lp h a t e  a s  m e n tio n e d , a l lo w s  s e le c t i v e  

m a n ip u la t io n  o f the  r e t e n t io n  c h a r a c t e r i s t i c s  o f the am ines and 

DOPAC. In c r e a s in g  the  amount o f  o c t y l  s u lp h a t e  in c r e a s e s  the  

r e t e n t io n  t im e s  o f  am in es w h i l s t  le a v in g  the  DOPAC u n a f fe c te d ,  in  

t h i s  m anner e lu t io n  o rd e r  can  be m a n ip u la te d .  Once the  d e s ir e d  

o rd e r  o f  e lu t io n  i s  a t t a in e d  th e  m eth an o l c o n te n t  may be a l t e r e d  

to  change  th e  r e t e n t io n  t im e s  o f  a l l  com pounds, w h i l s t  r e t a in in g  

r e s o lu t io n  and o rd e r  o f  e lu t io n .

D e te c to r  sy s te m

An A m p erom e tric  d e t e c t o r  was u sed  f o r  e l e c t r i c a l  d e t e c t io n .  

T h is  was p u rch a se d  from  B i o a n a l y t i c a l  Sy ste m s ( L a f a y e t t e  In d . ,  

U SA ). F ig u r e  30 show s th e  d e t e c t o r  and re fe re n c e  e le c t r o d e  

d e s ig n .  U n der 1 .0  m l/m in  f lo w  r a t e  and a p o t e n t i a l  o f  0 .7V  the  

g l a s s  c a rb o n  e le c t r o d e  o x id i s e s  1-5% o f  the  s p e c ih s  o f  i n t e r e s t  

p re s e n t  i n  th e  s o l u t i o n .  The g l a s s y  c a rb o n  e le c t r o d e  i s  p a r t  o f  

a c h a n n e l w a l l  form ed  by a f lu r o c a r b o n  g a s k e t  betw een two in e r t  

p l a s t i c  b lo c k s  (se e  F ig u r e  30 )

C h a r t  r e c o rd e r

A s t a n d a r d  S e rv o g o r  Z io  s u p p l ie d  by L a b d a ta  In s t ru m e n t  

S e r v ic e s  L im it e d ,  C a m b rid ge , E n g la n d  was u se d . The re c o rd e r  

re co rd e d  th e  v o l t a g e  put ou t by the  am p erom e tric  d e t e c t o r .  The  

v o l t a g e  i s  a f u n c t io n  o f  the  c u r r e n t  p roduced  a t  the  e le c t r o d e  

th e re b y  c o n v e r t in g  NA in t o  v o l t s .  The e le c t r o n i c  c o n t r o l l e r
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F IG  30: D ia g ra m  o f  th e  d e t e c t o r  and  r e fe r e n c e  e le c t r o d e .
(Taken  from  M e f fo r d ,  1981)



c o n v e r t s  t h i s  c u r r e n t  ( i n  the  nA ra n g e ) in t o  v o l t s  w h ich  feed  

i n t o  th e  c h a r t  r e c o rd e r .

P ro c e d u re s  u se d  f o r  a n a l y s i s  o f  HPLC d a ta  

C h ro m a to g ra p h ic  p a ra m e te rs

The colum n c a p a c i t y  r a t i o  k* o r  the  k '  v a lu e  o f  a s o lu t e  i s  

th e  u s u a l  method o f  i n d i c a t i n g  s o lu t e  r e t e n t io n .  The k '  v a lu e s  

are obtained from the elution chromatogram by

k* = t r  -  to  
to

w here t r  i s  the  r e t e n t io n  tim e  o f the  g iv e n  peak  and to  i s  the  

r e t e n t io n  tim e  o f  the  s o lv e n t  peak . S t r i c t l y  sp e a k in g ,  r e t e n t io n  

vo lum e, r a t h e r  th a n  r e t e n t io n  t im e s ,  sh o u ld  be u sed  f o r  

c h ro m a to g ra p h ic  c a l c u l a t i o n s ,  b e cau se  they  ta k e  in t o  a c c o u n t any  

ch an ge s  i n  th e  peak  e . g .  peak b ro a d e n in g .  How ever, i f  c o n s ta n t  

f lo w  r a t e s  can  be assum ed then  r e t e n t io n  t im e s  a re  c o n v e n ie n t  to  

u se  and can  be o b ta in e d  d i r e c t l y  from  the  chrom atogram .

/

I d e n t i f i c a t i o n  o f  th e  dopam ine, n o r a d r e n a l in e ,  and  DQPAC p e aks  

The m onoam ines and DOPAC peaks i n  the  sam p le  e lu t io n  

ch rom atogram  were i d e n t i f i e d  by t h e i r  h a v in g  th e  same k ' v a lu e s  

a s  s t a n d a r d s .  S ta n d a rd  c u rv e s  to  each  su b s ta n c e  o f in t e r e s t  were  

o b ta in e d  in  two c o n c e n t r a t io n  ra n g e s  shown in  F ig u r e  31, 32. The 

a c c u ra c y  o f  the  HPLC sy ste m  was go ve rn e d  by the  a b i l i t y  to  

c a l i b r a t e  the  sy s te m  u s in g  the s t a n d a r d s  in  the  two c o n c e n t r a t io n  

r a n g e s .  A s ta n d a rd  s o l u t i o n  o f the  am ine o f i n t e r e s t  was a l s o  

added to  th e  unknown t i s s u e  sam p le  to  show th a t  th e re  was no 

d i s t o r t i o n  o f  the  shape  o f  the  unknown peak and th a t  the  two 

p e ak s were t h e r e fo r e  i d e n t i c a l ,  t h i s  p ro ce d u re  was not done  

r o u t in e l y .

167
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A n a ly s i s  o f  th e  e lu t io n  ch rom atogram s

Q u a n t i t a t iv e  a n a l y s i s  was c a r r ie d  out by m e a su r in g  peak  

h e ig h t .  U s in g  th e  peak h e ig h t  o f  a known amount o f  the i n t e r n a l  

s t a n d a rd  ( d ih y d ro x y b e n z y la m in e )  DHBA s im p le  r e c o v e r ie s  th ro u g h  

a lu m in a  were c a lc u la t e d  and a c c o u n te d  f o r .  The re c o v e ry  th ro u g h  

a lu m in a  was shown to  be 52.59%  ±  0 . 6 8 % ( s . e . m . )  and n = 577.

P r e p a r a t io n  o f  sa m p le s  f o r  a n a l y s i s  on HPLC

/

P r e p a r a t io n  o f  a lu m in a

A lu m in a  was p re p a re d  a c c o r d in g  to  A n to n  & S a y re  (1 9 6 2 ).

A lu m in a  (200 g )  was added to  one l i t r e  HCL (2M ) and the  

m ix tu re  b o i le d  f o r  20 m in u te s ,  w ith  c o n s ta n t  s t i r r i n g .  The 

m ix tu re  was then  c o o le d ,  f i l t e r e d  th ro u g h  a s in t e r e d  g l a s s  fu n n e l  

and th e  r e s id u a l  a lu m in a  washed w ith  15 l i t r e s  o f  d e io n is e d  

(d o u b le  g l a s s )  d i s t i l l e d  w a te r  o v e r  two d a y s .  The a lu m in a  was 

th e n  d r ie d  a t  200°C f o r  f o u r  h o u rs  and s t o r e d  a t  30 -50°C  in  a 

d e s ic c a t o r .

Sam p le  p r e p a r a t io n

The method f o r  e x t r a c t io n  o f c a te c h o la m in e s  ‘(dopam ine  and 

n o r a d r e n a l in e )  and DOPAC fro m  b r a in  s l i c e  s e c t io n  s u p e r fu s a t e s  

was a c c o r d in g  to  M e f fo r d  (1 9 8 1 ).  T h is  e x t r a c t io n  p ro ce d u re  was 

m o d if ie d  f o r  the  e x t r a c t io n  o f  DA, NA and DOPAC from  s l i c e  

s e c t i o n  s u p e r f u s a t e s .

F o l lo w in g  an  endogenous monoamine r e le a s e  e x p e r im en t to  each  

3ml s u p e r fu s a t e  f r a c t i o n  c o l le c t e d ,  was added 6 0 p l o f  DBHA 

(1  n g /5 0  p i ) .  Th ese  sa m p le s  were th e n  s t o re d  u n t i l  su b se q u e n t  

a n a l y s i s .

The b r a in  s l i c e  s e c t io n s  were s o n ic a te d  i n  1 ml o f  0 .2N  

PCA. 350 p i  o f  t h i s  hom ogenate was t r a n s f e r r e d  in t o  E p p e n d o rf



169

tu b e s  and 100 p i  o f  DHBA (1  n g /5 0  p i ) ,  was added. The sam p le s  

were s t o r e d  a t  -8 0 ° C  u n t i l  f u r t h e r  a n a l y s i s .

S u p e r fu s a te  e x t r a c t io n s

The f o l lo w in g  p ro c e d u re , c a r r ie d  out on i c e ,  was fo l lo w e d  

f o r  th e  e x t r a c t io n  o f  DA, NA and DOPAC.

1 . To th e  3m l b r a in  s l i c e  s u p e r fu s a t e  f r a c t i o n  c o n t a in in g  60 p i  

o f  DHBA (1 n g /5 0  p i )  3 0 0 p l o f  1M T r i s  b u f f e r  pH 8 . 6  and lOmg o f  

a lu m in a  ( a c id -w a s h e d )  were added.

2 . The sam p le  was m ixed  by a r o t a r y  s t i r r e r  f o r  15 m in u te s  to  

e n su re  com p le te  a d s o r b t io n  o f  c a te c h o la m in e s  and DOPAC o n to  the  

a lu m in a .

3 . The tu b e s  were th e n  c e n t r i f u g e d  a t  2 ,0 0 0  RPM (lO O O g) i n  a 

c o o le d  c e n t r i f u g e  (MSE S c i e n t i f i c  C o o l s p in ) ,  f o r  a p e r io d  o f 3 

m in u te s ,  and th e  su p e r n a ta n t  th e n  a s p i r a t e d .

4 . The a lu m in a  p e l l e t  was th e n  w ashed by a d d in g  1 .5m l o f  

d e io n is e d  d i s t i l l e d  w a te r  and s t i r r i n g ,  p ip p e t t in g  in t o  an  

E p p e n d o rf  tu b e  and c e n t r i f u g i n g  a g a in  f o r  3 m in u te s .  The  

su p e rn a ta n t  was th en  removed by a s p i r a t i o n ,  t a k in g  ca re  no t to  

to u c h  th e  a lu m in a  a t  th e  bo ttom  o f  th e  tu b e .

5 . To th e  a lu m in a ,  6 0 p l  o f  0 .2 N  PCA was th en  added to  d e so rb  the  

c a t e c h o la m in e s .

6 . The sam p le  was th e n  c e n t r i f u g e d  a t  3 ,5 0 0  RPM (2 6 0 0 g ) f o r  15

m in u te s .



7. 5 0 p l o f  th e  sam p le  ( i . e .  th e  s u p e r n a t a n t ) ,  t a k in g  ca re  not to  

to u c h  th e  a lu m in a ,  was in j e c t e d  in t o  the  HPLC sy ste m  u s in g  a 

H a m ilto n  s y r in g e .

B r a in  s l i c e  hom ogenates e x t r a c t io n s

The p ro c e d u re  was the  same a s  f o r  b r a in  s l i c e  s u p e r fu s a t e s  

e x ce p t a t :

S te p  1 To 3 5 0 p l o f  the  hom ogenate  c o n t a in in g  lO O p l o f the  

i n t e r n a l  s t a n d a r d ,  was added 1 .0 m l o f  0 .5M  TRJLS b u f fe r  ph 8 . 6  and  

1 0  mg o f  a lu m in a .

A t  s te p  5 The c a te c h o la m in e s  were d e so rb e d  in t o  lO O p l o f 0 .2 N  

PCA and 50 p i  in j e c t e d  in t o  the  HPLC sy ste m . , A l l  the  s t e p s  in  

th e  e x t r a c t io n  p ro c e d u re s  f o r  b o th  s u p e r fu s a t e  and b r a in  s l i c e  

hom ogenate  sa m p le s  a re  shown in  the  f lo w  c h a r t  on p l7 1 .

A n a l y s i s  o f  d a ta

The a m in e s , AD ( a d r e n a l in e )  NA, DA, and th e  m e t a b o l i t e s  

DOPAC and th e  i n t e r n a l  s t a n d a rd  DHBA' were i d e n t i f i e d  a c c o r d in g  to  

t h e i r  r e t e n t io n  t im e s  (Se e  ch rom atogram  be low  F ig u r e  33.33b)

Once i d e n t i f i e d  the  peak h e ig h t  o f  each  su b s ta n c e  was 

m easured . The peak h e ig h t  a x i s  was c a l ib r a t e d  to  c o r re sp o n d  to  

th e  p ico a m p e re s  o f  c u r re n t  g e n e ra te d .

On th e  A m p h oro m etric  D e t e c t o r  th e  c u r re n t  i n  the  ran ge  o f  

1 nA to  100 nA f o r  1 v o l t  c o u ld  be s e t .  1 nA on the d e t e c t o r  i s  

e q u iv a le n t  to  1 v o l t  f u l l  s c a le  d e f le c t i o n  (F SD ) on the  c h a r t  

r e c o rd e r .  Due to  the  need to  in c r e a s e  s e n s i t i v i t y  (2  f o ld )  the  

FSD on th e  d e t e c t o r  was 0 .5  v o l t ,  t h i s  meant th a t  1 nA ran ge  on 

th e  d e t e c t o r  w ou ld  be 0 .5  nA FSD on the c h a r t  r e c o rd e r .

The re s p o n s e s  o f  am ines and DOPAC were a s  f o l lo w s :  DA 

187.7  pA /pm ole  NA 2 8 7 .5pA /pm ole  DOPAC 247 pA /pm ole  DHBA 

170.2 pA /pm o le .
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FLOW CHART OF SAMPLE PREPARATION FOR A N A LY S IS  OF 
DA, NA and POPAC

STEP 1

STEP 2 

STEP 3

STEP 4 

STEP 5 

STEP 6

B r a in  s l i c e  s u p e r fu s a t e s  B r a in  s l i c e  hom ogen ates

3m l s u p e r fu s a t e  f r a c t i o n

+

6 0 p l  o f  ln g / 5 0 p l  DHBA

+

3 0 0 p l o f  1M T R IS  b u f f e r  
ph 8 . 6

+

3 5 0 p l b r a in  s l i c e  
hom ogenate

+

lO O p l o f  ln g / 5 0 p l  DHBA

+

lm l o f  0 .5M  T R IS  
ph 8 . 6

+

1 0  mg a lu m in a

I_____
1 0  mg a lu m in a

m ix f o r  15 m in u te s  on r o t a r y  m ix tu re

c e n t r i f u g e  f o r  3 m in u te s  a t  2 ,000  RPM (lO O O g)

a lu m in a  w ashed w ith  1 .5m l d i s t  
d e io n is e d  w a te r ,  c e n t r i f u g e d  a t  

2 ,000  RPM f o r  3 m in u te s and  
s u p e r n a ta n t  a s p i r a t e d

D e so rb  c a te c h o la m in e  +  D0PAC D e so rb  c a te O h o la m in e  +  
i n t o  6 0 p l  o f  0 .2NPCH  DOPAC in t o  lO O p l

0 .2  NPCA

C e n t r i f u g e  a t  3 ,500  RPM (2 6 0 0 g ) fo r  15 
m in u te s

In j e c t  5 0 p l  in t o  HPCL sy ste m



F i g  3 3 :  C h ro m ato grap h ic  r e s o l u t i o n  o f  (A) 1 ng s t a n d a r d  s o l u t i o n  o f  monoamines,
DOPAC and i n t e r n a l  s t a n d a r d  DHBA; (B )  b r a i n  s l i c e  s u p e r f u s a t e  ( b a s a l  r e l e a s e ) ;  
(C) b r a i n  s l i c e  s u p e r f u s a t e ( s t i m u l a t e d  r e l e a s e ) ;  (D) b r a i n  s l i c e  h om ogenate .  
1) N o r a d r e n a l in e  ( 2 . 5 ' ) .  2 )  A d r e n a l in e  ( M . 3 ’ ) .  3)  D ih y dro xy b en zy lam in e  ( 5 . 0 * ) .
4)  D ih y d r o x y p h e n y la c e t ic  a c i d  ( 7 . 0 * )  and 5 )  Dopamine ( 8 . 6 ’ ) .  F i g u r e s  in  
b r a c k e t s  a r e  r e t e n t i o n  t i m e s  i n  m in u t e s .

A

t
Detector 

re sp o n se  
(5 n A )

10 5 6
a

Tim e
(m in s)

In je c t io n  5 0 mi x.
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FIG 3 3 b  Chromatographic resolution of 1 ng standard solution of 
monoamines, DOPAC and internal standard DHBA. 1) Noradrenaline 
( 2 . 5 ’ K  2)  Adrenaline ( U . 3 * ) .  3)  Dihydroxybenzylamine ( 5 . 0 ' ) .
b ) Dihydroxyphenylacetic acid (7-O') and 5)  Dopamine (8.6*)• 
Figures in brackets are retention times in minutes.
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B e fo re  a n a l y s i s  o f s u p e r fu s a t e  and t i s s u e  sa m p le s ,  dose  

re sp o n se  c u rv e s  t o  DA, NA, DOPAC and DHBA was c a r r ie d  out 

( F ig u r e s  32, 3 3 ) .  The d o se  re sp o n se  c u rv e s  were o b ta in e d  in  two 

ra n g e s  1 -1000  pg and 1 -10  n g .  T h is  was to  e n su re  th a t  the  HPLC 

sy s te m  c o u ld  a s s a y  s u b s ta n c e s  b o th  i n  the  s e n s i t i v e  ( f o r  

s u p e r fu s a t e  e s t im a t io n s )  and no rm a l t i s s u e  r a n g e s .

The i n t e r n a l  s ta n d a rd  DHBA was added to  each  s u p e r fu s a t e  and  

t i s s u e  sam p le  to  a cco u n t f o r  p e rc e n ta g e  re c o v e ry  th ro u g h  a lu m in a .

B e fo re  a n a l y s i s  o f sa m p le s ,  a s ta n d a rd  1 ^ng/30 p i  m ix o f  AD, 

NA, DA, DHBA, DOPAC was a lw a y s  chrom atogram m ed, t h i s  was done 

r e g u la r l y  a f t e r  a n a l y s i s  o f  12 sa m p le s .

The c u r r e n t  g e n e ra te d  by an am ine in  th e .s a m p le  was then  

d iv id e d  by the  c u r re n t  g e n e ra te d  by the  s t a n d a rd  1 ng o f  the  

am ine to  g iv e  th e  c o n c e n t r a t io n  o f th e  am ine in  the  sam ple  b e fo re  

a c c o u n t in g  f o r  re c o v e ry  th ro u g h  a lu m in a .

pA c u r r e n t  g e n e ra te d  by DA in  a sam p le  
pA c u r re n t  g e n e ra te d  by DA i n  1 ng  s ta n d a rd

= n g  o f  DA in  sam ple

The ng o f  DA i n  the  sam ple  c o u ld  then  be c o n v e r te d  to  the a c t u a l  

DA in  th e  sam p le  a f t e r  a c c o u n t in g  f o r  re c o v e ry  th ro u g h  a lu m in a  

o b ta in e d  u s in g  DHBA i n  the  sa m p le . T h e re fo re :

ng  o f  DA in  sam ple  
% o f  re c o v e ry  th ro u g h  a lu m in a

a c t u a l  DA i n  the  sam ple

4 .4 .  R e s u l t s

1. S i g n i f i c a n t  r e le a s e  on e l e c t r i c a l  s t im u la t io n

E l e c t r i c a l  s t im u la t io n  o f  r a t  b r a in  s l i c e  s e c t io n s  from  

c o r t i c o l im b ic  and c o r t i c o s t r i a t a l  a re a s  show th a t  f o r  most s l i c e  

s e c t io n s  and f o r  a l l  c o n d i t io n s  h i g h ly  s i g n i f i c a n t  r e le a s e  o f 

n o r a d r e n a l in e  and dopam ine o c c u r re d  and th a t  b a s a l  r e le a s e



f i g u r e s  were c o n s ta n t  th ro u g h o u t  th e  p e r io d  o f  th e  e xp e r im en t  

( F ig u r e s  34 a - d ) .  Two c o n s e c u t iv e  p e r io d s  o f  s t im u la t io n  S]̂  

and S 2 were c a r r ie d  o u t .  R e le a s e  i n  a l l  th e  f i g u r e s  and t a b le s  

a re  p re se n te d  f o r  b o th  p e r io d s  o f  s t im u la t io n s .  I t  s h o u ld  be 

n o te d  th a t  i n  F ig u r e  34 ( a )  f o r  tre a tm e n t C, th a t  S \  f i g u r e s  were  

n o t s i g n i f i c a n t l y  d i f f e r e n t  from  b a s a l  l e v e l s  w hereas a s  e xpected  

S 2 f i g u r e  showed a s i g n i f i c a n t  d i f f e r e n c e .

2. C o m p a r iso n s  o f  th e  r e le a s e  o f  e ndogenous NA and DA fro m  b r a in  

s l i c e  s e c t io n s  o f  n a iv e  and  c o n d it io n e d  r a t s

The r e le a s e  o f  endogenous dopam ine and n o r a d r e n a l in e  was 

m easured  i n  b r a in  s l i c e  s u p e r fu s a t e s  fro m  n a iv e  and c o n d it io n e d  

r a t s .  F ig u r e  35 show s the  r e s u l t s  o b ta in e d  a f t e r  e l e c t r i c a l  

s t im u la t i o n  o f  b r a in  s e c t io n s  e x p re s se d  on a t i s s u e  w e ig h t  

b a s i s .  I t  was se e n  th a t  in  c o n d it io n e d  a n im a ls  s i g n i f i c a n t  

r e d u c t io n  i n  r e le a s e  o f  b o th  n e u r o t r a n s m it t e r s  fro m  b o th  r e g io n s  

i s  a p p a re n t .  F o r  co n ve n ie n ce  T a b le  7 shows r e le a s e  f i g u r e s  on 

1 s t  s t im u la t io n  o n ly .  S tu d e n t  t - t e s t s  in d ic a t e  a  s i g n i f i c a n t  

d e c re a se  i n  n e u r o t r a n s m it t e r  r e le a s e  from  s l i c e s  o f c o n d it io n e d  

r a t  b r a in s  (p ^ O .O O l) .  I t  ap p eared  t h a t  th e  c o n d i t io n in g  

program m e in f lu e n c e d  the  amount o f  n e u r o t r a n s m it t e r  r e le a s e d .

3 T o t a l  n e u r o t r a n s m it t e r  c o n c e n t r a t io n s  i n  b r a in  s l i c e  s e c t io n s  

T o t a l  n e u r o t r a n s m it t e r  c o n c e n t r a t io n s  re m a in in g  i n  a l l  the  

s l i c e  s e c t io n s  and f o r  a l l  t re a tm e n ts  a re  shown in  T a b le  8 .

S e v e r a l  p o in t s  em erged from  t h i s  t a b le .

A . The dopam ine c o n te n t  o f  the  c o r t i c o s t r i a t a l  s l i c e  s e c t io n s  was 

f i v e  t im e s  th a t  o f  c o r t i c o l im b ic  s l i c e  s e c t io n s  in  a l l
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t r e a t m e n t s .



B . I n  co m p a r in g  N A IV E  w ith  CONDIT IONED a n im a ls  th e  t o t a l  t i s s u e  

v a lu e  f o r  n e u r o t r a n s m it t e r s  NA and DA a re  n o t s i g n i f i c a n t l y  

d i f f e r e n t  a f t e r  tre a tm e n t  when s l i c e  s e c t io n s  from  th e  same a re a s  

a re  com pared.

4 . P e rc e n ta g e  r e le a s e  f i g u r e s  f o r  DA and NA c a lc u la t e d  w ith  

r e s p e c t  t o  t o t a l  am ine c o n te n t  i n  s l i c e  s e c t io n  o f  n a iv e  and  

c o n d it io n e d  r a t s

When % r e le a s e  f i g u r e s  a re  exam ined  (T a b le  9 ) s e v e r a l  p o in t s  

em erged.

The p e rc e n ta g e  o f  dopam ine r e le a s e d  fro m  c o r t i c o s t r i a t a l  

s l i c e  s e c t io n s  was s m a l le r  th a n  th a t  r e le a s e d  from  c o r t i c o l im b ic  

s l i c e s ,  even th o u gh  th e re  was s i g n i f i c a n t l y  more dopam ine p re se n t  

(T a b le  8 ) .

When c o m p a r iso n s  a re  made betw een c o n d it io n e d  and n a iv e  r a t s  

p e rc e n ta g e  r e le a s e  f i g u r e s  i n  T a b le  9 , a  lo w e r p e rc e n ta g e  o f  

n e u r o t r a n s m it t e r  was r e le a s e d  from  th e  c o n d it io n e d  r a t s ,  when 

com pared w ith  r e le a s e  f i g u r e s  from  n a iv e  r a t s  b r a in  s l i c e  

s e c t i o n s .  T h is  h o ld s  f o r  b o th  a re a s  o f  r a t  b r a in .

I t  a p p e a rs  th a t  the  c o n d i t io n in g  programm e r e s u l t e d  in  a 

d e c re a se  i n  th e  p e rc e n ta g e  o f n e u r o t r a n s m it t e r  r e le a s e d ,  t h a t  i s ,  

th e  t o t a l  am ine f i g u r e  rem ained  c o n s ta n t  bu t l e s s  

n e u r o t r a n s m it t e r  was m o b i l i s e d  when r a t s  had  been su b je c te d  to  a 

c o n d i t io n in g  program m e.

5. R e s u l t s  f o r  th e  e f f e c t  o f  c h r o n ic  h a lo p e r id o l  tre a tm e n t  o f  

c o n d it io n e d  r a t s  (T re a tm e n t C )

When c o n d it io n e d  r a t s  were t r e a t e d  w ith  h a lo p e r id o l  t h i s  

r e s u l t e d  i n  te m p ora ry  e x t in c t i o n  o f th e  le a rn e d  re s p o n se .  The  

e f f e c t  o f  In  v iv o  d ru g  tre a tm e n t on i n  v i t r o  n e u r o t r a n s m it t e r  

r e le a s e  p a t t e r n s  i s  shown in  T a b le  10. One c le a r  cu t r e s u l t
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em erged. H a lo p e r id o l  s i g n i f i c a n t l y  reduced  dopam ine r e le a s e  in  

c o r t i c o l im b i c  s l i c e s  (p ^ O .O O l) .  N e u r o t r a n s m it te r  r e le a s e  

p r o f i l e s  i n  c o r t i c o s t r i a t a l  s l i c e s  showed no s i g n i f i c a n t  

d i f f e r e n c e s  between c o n d i t io n in g  and h a lo p e r id o l  t re a tm e n t.  The  

r e le a s e  o f  NA from  c o r t i c o l im b i c  s l i c e s  upon 1 s t  and 2nd 

s t im u la t i o n s  y ie ld e d  an  e q u iv o c a l  r e s u l t .

6 . T rea tm e n t E (n a iv e  +  h a lo p e r id o l  t r e a t e d )  com pared w ith  

tre a tm e n t  A ( n a i v e )

T a b le  11 shows the  r e s u l t s  o b ta in e d  in  s t u d ie s  in  n a iv e  r a t s  

t r e a t e d  c h r o n i c a l l y  w ith  h a lo p e r id o l .  No s i g n i f i c a n t  d i f f e r e n c e s  

i n  r e le a s e  p a t t e r n s  were o b ta in e d  e xcep t in  c o r t i c o s t r i a t a l  

s l i c e  s e c t io n s  where a s i g n i f i c a n t  d e c re a se  i n  n o r a d r e n a l in e  

r e le a s e  was o b ta in e d .

The n o r a d r e n a l in e  r e le a s e  p a t t e r n s  were s u s c e p t ib le  to  

h a lo p e r id o l  tre a tm e n t i n  n a iv e  r a t s  w hereas dopam ine r e le a s e  

p a t t e r n s  were s u s c e p t ib le  to  h a lo p e r id o l  tre a tm e n t  i n  c o n d it io n e d  

r a t s  ( F ig u r e  34)

7. T re a tm e n t D ( c o n d it io n e d  r a t s  t r e a t e d  w it h  t r a z o d o n e )

When c o n d it io n e d  r a t s  were t r e a t e d  w ith  tra z o d o n e  t h i s  

r e s u l t e d  i n  te m p ora ry  e x t in c t i o n  o f the  le a rn e d  re s p o n se .  The  

e f f e c t  o f  i n  v iv o  d ru g  t re a tm e n t  on i n  v i t r o  n e u r o t r a n s m it t e r  

r e le a s e  i s  shown i n  F ig u r e  36. T h is  r e s u l t  show s th a t  tra z o d o n e  

s i g n i f i c a n t l y  in c r e a s e s  th e  r e le a s e  o f n o r a d r e n a l in e  and dopam ine  

fro m  b o th  r e g io n s  o f  the  b r a in .  The e f f e c t  o f  tra z o d o n e  on th e  

r e le a s e  o f  endogenous dopam ine p a r a l l e l s  th e  e f f e c t  o f  t h i s  d ru g  

on the  r e le a s e  o f p re lo a d e d  r a d io la b e l le d  dopam ine. The r e le a s e

o
o f  j h -D A  was s i g n i f i c a n t l y  enhanced  by t ra z o d o n e  ( S e c t io n  I I I ) .  

F u r t h e r  e x a m in a t io n  o f  th e  d a ta  s u g g e s t s  th a t  tra zo d o n e  tre a tm e n t  

r e e s t a b l i s h e s  the  r e le a s e  p a t t e r n  shown by n a iv e  r a t s '  b r a in
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s l i c e  s e c t io n s  ( t re a tm e n t  A ) .  F ig u r e  36.

6 . R e s u l t s  o f  DQPAC r e le a s e

DOPAC e s t im a t io n s  i n  b r a in  s u p e r fu s a t e s  fro m  a l l  t r e a tm e n ts  

a re  shown i n  T a b le  12. The m ost im p o r ta n t  o b s e r v a t io n  was th a t  

th e  in c r e a s e  i n  s u p e r fu s a t e  DOPAC l e v e l s  a s  a r e s u l t  o f  S]̂  and  

S 2 s t im u la t i o n  p e r io d s  was h i g h ly  s i g n i f i c a n t .  There  was a 

v e ry  l a r g e  v a r i a t i o n  in  th e  f i g u r e s  f o r  th e  r e le a s e  o f  DOPAC ( s e e  

SEM T a b le  12 ) u n l ik e  SEM f o r  NA and DA. The r e le a s e  o f DOPAC 

fro m  c o r t i c o s t r i a t a l  s l i c e  s e c t io n s  i s  g r e a t e r  th a n  from  

c o r t i c o l im b i c  s l i c e  s e c t io n s .

The t o t a l  l e v e l s  o f  DOPAC in  th e  c o r t i c o s t r i a t a l  s l i c e  

s e c t io n s  i n  a l l  t re a tm e n ts  a re  a l s o  h ig h e r  th an  in  the  

c o r t i c o l im b i c  s l i c e  s e c t io n s  (T a b le  1 2 ) .
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F I G  3 1 :  S t a n d a r d  c u r v e s  t o  d o p a m i n e
( 2 a ;  2 b )  i n  tw o  c o n c e n t r a t i o n  r a n g e s

( 2 b )

( 1 a ;  1 b )  a n d  n o r a d r e n a l i n e  
( a )  50-1000  p g  ( b )  1 - 1 0  n g .
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F I G  3 2 :  S t a n d a r d  c u r v e s  t o  DHE
i n  tw o  c o n c e n t r a t i o n  r a n g e s  ( a )

( t o )

( 3 a ;  3 b )  a n d  DOPAC ( t o ;  t o )  
5 0 - 1 0 0 0  p g  ( b )  1 - 1 0  n g .
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F I G  3*+ ( a - d ) :  T h e  r e l e a s e  o f  e n d o g e n o u s  n e u r o t r a n s m ^ t t e r s
( n o r a d r e n a l i n e  a n d  d o p a m i n e )  f r o m  c o r t i c o l i m b i c  a n d  c o r t i c o s t r i a t a l
s l i c e  s e c t i o n s  f r o m  t r e a t m e n t  g r o u p s  A - E .
A =  B r a i n  s l i c e  s e c t i o n s  f r o m  n a i v e  r a t s .
B =  B r a i n  s l i c e  s e c t i o n s  f r o m  c o n d i t i o n e d  o n l y  r a t s .
C =  B r a i n  s l i c e  s e c t i o n s  f r o m  c o n d i t i o n s  r a t s  c h r o n i c a l l y  t r e a t e d  

w i t h  h a l o p e r i d o l  ( 0 . 1  m g / k g ) .
D =  B r a i n  s l i c e  s e c t i o n s  f r o m  c o n d i t i o n e d  r a t s  c h r o n i c a l l y  t r e a t e d  

w i t h  t r a z o d o n e  ( 1 0 0  m g / k g ) .
E =  B r a i n  s l i c e  s e c t i o n s  f r o m  n a i v e  r a t s  c h r o n i c a l l y  t r e a t e d  w i t h

h a l o p e r i d o l  ( 0 . 1  m g / k g ) .  ___
B a s a l  r e l e a s e  = □ ,  1 s t  s t i m u l a t i o n  =  ^ \ ,  2 n d  s t i m u l a t i o n  =  — . 
T h e  p r o b a b i l i t y  o f  t h e  d i f f e r e n c e s  b e t w e e n  b a s a l  a n d  s t i m u l a t e d  
w e r e  c a l c u l a t e d  u s i n g  s t u d e n t  t - t e s t  p < 0 . 0 0 1 .

( a )  D o p a m in e  r e l e a s e  f r o m  c o r t i c o l i m b i c  s l i c e  s e c t i o n s .
( b )  D o p a m in e  r e l e a s e  f r o m  c o r t i c o s t r i a t a l  s l i c e  s e c t i o n s .
( c )  N o r a d r e n a l i n e  r e l e a s e  f r o m  c o r t i c o l i m b i c  s l i c e  s e c t i o n s .
( d )  N o r a d r e n a l i n e  r e l e a s e  f r o m  c o r t i c o s t r i a t a l  s l i c e  s e c t i o n s .



Treatm ent
o f

r a t s

B r a in
r e g io n

Amount o f  DA r e le a s e d  in  
r e l a t i o n  to  th e  t o t a l  e x p re s se d  

a s  a p e rc e n ta g e

Amount o f  NA r e le a s e d  in  
r e l a t i o n  to  the t o t a l  e x p re sse d  

a s a p e rce n tage

1 s t  s t im u la t i o n 2 nd s t im u la t i o n 1 s t  s t im u la t io n 2 nd s t im u la t io n

A C o r t ic o l im b ic 2 .4 5  % 2.71% 2.71% 4.61%
(n = 8 ) (n = 6 ) (n = 8 ) (n = 6 )

N a ive
C o r t i c o s t r i a t a l 0 .50% 0.64% 3.32% 3.63%

(n = 1 4 ) (n = 8 ) (n =15 ) (n = 9 )

B C o r t i c o l im b ic 1 .52% 1 . 1 0 % 0.83% 1 . 0 0 %
(n = 7 ) (n=7 ) (n = 6 ) ( n * 6 )

C o n d it io n e d
C o r t i c o s t r i a t a l 0 .26% 0.23% 0.33% 1.71%

(n = 1 0 ) (n = 8 ) (n = 8 ) (n = 7 )

TABLE 9 : Amount o f  DA and NA r e le a se d  from  s l i c e  s e c t io n s  in  r e l a t i o n  to  the  t o t a l  s l i c e  am ine co n te n t e x p re sse d  a s a
p e rc e n ta g e .



Naive Conditioned

F i g  3 5 a )  R e l e a s e  o f  e n d o g e n o u s  n o r a d r e n a l i n e  f r o m  c o r t i c o l i m b i c  
( C L )  a n d  c o r t i c o s t r i a t a l  ( C S )  s l i c e  s e c t i o n s  f r o m  n a i v e  (A )  a n d  
c o n d i t i o n e d  ( B )  r a t  b r a i n s .  B a r s  r e p r e s e n t  s . e . m .  K S j  =
• r e l e a s e  on f i r s t  s t i m u l a t i o n .  E3 =  r e l e a s e  o n  s e c o n d  s t i m u l a t i o n .

F i g  3 5 b )  R e l e a s e  o f  e n d o g e n o u s  d o p a m i n e  f r o m  c o r t i c o l i m b i c  ( C L )  
a n d  c o r t i c o s t r i a t a l  ( C S )  s l i c e  s e c t i o n s  f r o m  n a i v e  (A )  a n d  
c o n d i t i o n e d  ( B )  r a t  b r a i n s .  s  =  r e l e a s e  on f i r s t  s t i m u l a t i o n .

£Z3 =  r e l e a s e  on  s e c o n d  s t i m u l a t i o n .
B a r s  r e p r e s e n t  S . e . m .



B r a in
r e g io n

n g / g  o f  dopam ine  r e le a s e d  
a f t e r  s u b t r a c t io n  o f  th e  

b a s a l  r e le a s e

n g / g  o f n o ra d r e n a lin e  r e le a s e d  
a f t e r  s u b s t r a c t io n  o f the  

b a s a l  r e le a s e

1 0 .40  +  0 .9 0 11.48 ±  1 .50

C o r t ic o l im b ic
N a iv e n = 8 n = 8

r a t s 1 0 . 1 2  ±  1 . 0 0 10.46 ±  0 .86
C o r t i c o s t r i a t a l

n  = 14 n = 21

7 .45  ±  0 .4 6 4 .83  ±  0 .45
C o r t i c o l im b ic

C o n d it io n e d n = 7p* n = 6 p*

r a t s 6 .2 3  ±  0 .8 9 3 .60  ±  0 .90

C o r t i c o s t r i a t a l
n  = lO p * n = 13p*

TABLE 7: Endogenous r e le a s e  o f  n o ra d r e n a lin e  and dopam ine from  b r a in  s l i c e s  o f  n a iv e  and c o n d it io n e d  r a t s .  Each  number
i s  a mean ±  s .e .m . o f  n (num ber) s l i c e s .  P *  i s  th e  s i g n i f i c a n c e  o f  th e  d i f f e r e n c e  i n  th e  r e le a s e  o f  am ines from  b r a in  
s l i c e s  o f  c o n d it io n e d  r a t s  when compared w ith  the b r a in  s l i c e s  fro m  n a iv e  r a t s . p *<  o- o o i



T A B L E  8

(A ) (B ) (C ) (D ) (E )
C o n d it io n e d C o n d it io n e d N a iv e

S u b sta n c e B r a in + + +
r e g io n N a iv e C o n d it io n e d h a lo p e r id o l trazo d o n e h a lo p e r id o l

t r e a t e d tre a te d t r e a t e d
( 0 . 1  m g /k g ) ( 1 . 0 0  m g/kg) ( 0 . 1  m g /k g )

C o r t ic o l im b ic 425 ±  42 489 ±  47 476 ±  69 521 409

Dopam ine
(n  = 9 ) “ (n  = 6 ) (n  = 7) (n  = 4) (n  = 4 )

C o r t i c o s t r i a t a l 1992 ±  199 2362 ±  157 1812 ±  138 2427 ±  200 2563 ±  198
(n  = 19) (n  = 1 0 ) (n  = 16) (n  = 8 ) (n  = 8 )

C o r t ic o l im b ic 423 ±  29 589 ±  53 459 ±  64 532 ±  60 556 ±  38

N o r a d r e n a l in e
(n  -  8 ) (n  -  8 ) ( n  = 7) (n  = 6 ) (n  = 6 )

C o r t i c o s t r i a t a l 323 ±  19 337 ±  48 422 ±  28 478 468 ±  38
(n  = 1 2 ) (n  = 7) (n  = 14) (n  = 5) (n  = 1 0 )

C o r t i c o l im b ic 76 ±  12 152 136 ±  12 27 40

DOPAC
(n  = 6 ) (n  = 4 ) (n  = 6 ) (n  = 3) (n  = 4 )

C o r t i c o s t r i a t a l 170 ±  20 205 ±  21 170 ±  25 184 ±  29 186 ±  25
(n  = 15) (n  = 1 1 ) (n  -  6 ) (n  = 8 ) (n  = 8 )

TABLE 8 : The t o t a l  DA, NA and  DOPAC c o n te n t in  c o r t i c o l im b ic  and c o r t i c o s t r i a t a l  s l i c e s ,  in  n g /g  o f f r e s h  t i s s u e  *  sem.



T rea tm en t B T re a tm e n t C
C o n d it io n e d H a lo p e r id o l  t r e a t e d

DOPAMINE
RELEASE

(n  = 7) (n  = 6 )

C o r t i c o l im b ic 7 .45  ±  0 .4 4  ( S i ) 1 .47  ±  0 .1 6  ( S i ) *
s l i c e

s e c t io n s 5 .4 4  ±  0 .6 0  ( S 2 ) 2 .8 0  ±  0 .3 5  ( S 2 ) *

NORADRENALINE
RELEASE

(n  = 6 ) (n  = 6 )

C o r t i c o l im b ic 4 .8 6  ±  0 .4 5  ( S x ) 4 .2 3  ±  0 .5 7  ( S i ) * *
s l i c e s

6 .45  ±  0 .6 4  ( S 2 ) 3 .6 3  ±  0 .4 4  ( S 2 ) * *

TABLE 10: Dopam ine and n o ra d r e n a lin e  r e le a s e d  fro m  c o r t i c o l i m b i c  s l i c e
s e c t io n s  from  tre a tm e n t g ro u p s  c o n d it io n e d  (B )  and c o n d i t io n e d  and  
h a lo p e r id o l  (C )  t r e a t e d .  Each  f i g u r e  i s  th e  mean *  s .e .m .  e x p re s se d  in  
n g / g  o f  f r e s h  t i s s u e  w e ig h t .  and  S 2 a re  1 s t  and 2 nd s t im u la t i o n s  
r e s p e c t iv e ly .

**T h e  v a r i a t i o n  in  S]_ and S 2 f i g u r e s  y i e l d  an e q u iv o c a l  r e s u l t s .
*  S i g n i f i c a n t  d e c re a se  in  r e le a s e  c a lc u la t e d  u s in g  S tu d e n ts  t - t e s t
p=<0.001.



Treatm ent
o f

r a t s

B r a in
r e g io n

exam ined

n g  o f  dopam ine r e le a s e d  
p e r  g  o f  f r e s h  t i s s u e

ng o f n o r a d r e n a l in e  re le a se d  
p e r  g  o f  f r e s h  t i s s u e

1 s t  s t im u la t i o n 2 nd s t im u la t i o n 1 s t  s t im u la t i o n 2 nd s t im u la t io n

A C o r t i c o l im b ic 1 0 .A ±  0 .9 0  
(n = 8 ) .

11.55  ±  0 .9 9  
(n = 6 )

11.48 ±  1 .54  
(n = 8 )

1 6 .9 8  ±  1.60 
( n - 6 )

n a iv e
C o r t i c o s t r i a t a l 1 0 . 1 2  ±  1 . 0 0  

(n = 1 4 )
12.92  ±  1 .50  

(n = 8 )
10.46  ±  0 . 8 6  

(n = 1 5 )
1 1 .73  ±  0.91 

(n -9 )

E
n a iv e

+
h a lo p e r id o l  

t r e a t e d  
0 . 1  m g/kg

C o r t i c o l im b ic 11 .31  ±  2 . AO 
(n = 5 )

8 . 6 6  ±  0 .1 8  
(n = 6 )

10 .50  ±  1 .3 0  
(n * 7 )

1 2 .88  ±  1.94 
(n = 6 )

C o r t i c o s t r i a t a l 1 1 .99  ±  1 .55  
(n = 7 )

8 .67  ±  0 .8 0  
( n -9 )

4 .9 8  ±  0 .3 9  
(n = 6 )

5 .4 8  ±  0.71  
( n - 8 ) * 4 ,

TABLE 11: R e le a se  o f  endogenous dopam ine and n o r a d r e n a l in e  from  b r a in  s l i c e  s e c t io n s  o f n a iv e  (A )  and n a iv e  and
h a lo p e r id o l  t r e a t e d  (E )  r a t s .  Each  f i g u r e  i s  a mean *  se n .  * - p  ^ 0 .0 0 1 .  ^  A rro w  d e n o te s a .d e c re a se .
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C o n d i t i o n e d
a n d

a n d

F i g  36a )  R e l e a s e  o f  e n d o g e n o u s  n o r a d r e n a l i n e  f r o m  c o r t i c o l i m b i c  ( C L )  
a n d  c o r t i c o s t r i a t a l  ( C S )  s l i c e  s e c t i o n s  o f  c o n d i t i o n e d  ( B ) , 
c o n d i t i o n e d  a n d  t r a z o d o n e  t r e a t e d  (D )  a n d  n a i v e  (A )  r a t  b r a i n s .

F i g  3 6 b )  R e l e a s e  o f  e n d o g e n o u s  d o p a m i n e  f r o m  c o r t i c o l i m b i c  ( C L )  a n d  
c o r t i c o s t r i a t a l  ( C S )  s l i c e  s e c t i o n s  o f  c o n d i t i o n e d  ( B ) , c o n d i t i o n e d  
a n d  t r a z o d o n e  t r e a t e d  (D )  a n d  n a i v e  (A )  r a t  b r a i n s .

SSJ =  r e l e a s e  on f i r s t  s t i m u l a t i o n ,  a -  r e l e a s e  o n  s e c o n d  s t i m u l a t i o n .
B a r s  r e p r e s e n t  s . e . m .



TABLE 12

S l i c e  r e g io n
DOPAC

b a s a l  r e le a s e  
n g / g  o f  t i s s u e

1 s t  s t im .  
n g /g  o f t i s s u e

2 nd s t im .  
n g / g  o f  t i s s u e

Treatm ent g ro u p s  
o f r a t s

C o r t ic o l im b ic 0 .0 87  ±  0 .007  
n = 7

10.09  ±  1.83  
n = 13

6 .7 6  ±  1 .5 4  
n = 11 (A )

N a ive
C o r t i c o s t r i a t a l 0 .2 1  ±  0 .0 3  

n = 19
25 .40  ±  3 .44  

n = 19
23 .87  ±  5 .9 6  

n = 2 0

C o r t i c o l im b ic 0 .4 3  ±  0 .1 9  
n = 3

15.66 ±  5 
n = 11

15 .21  ±  8 . 0 0  

n = 9 (B )
C o n d it io n e d

C o r t i c o s t r i a t a l 0 . 2 0  ±  0 . 0 2  

n = 5
18.71 ±  3 .15  

n = 15
14.88  ±  3 .4 6  

n = 11

C o r t ic o l im b ic 0 . 1 1  ±  0 .0 1 6  
n = 7

3 .44  ±  0 .89  
n -  5

3 .1 0  ±  1 .25  
n = 5

(C )
C o n d it io n e d

+
h a lo p e r id o l  t r e a t e d  

( 0 . 1  m g/k g )
C o r t i c o s t r i a t a l 0 .2 9  ±  0 .0 5  

n = 11

26.02  ±  6 .36  
n = 18

2 6 .5 5  ±  6 .7 3  
n = 24

C o r t ic o l im b ic 0 . 1 1  

n = 5
7 .40  
n = 4

4 .9 0  ±  0 .8 4  
n = 5

(D )
C o n d it io n e d

+
tra z o d o n e  t r e a t e d  

( 1 0 0  m g/k g )
C o r t i c o s t r i a t a l 0 . 2 0  ±  0 .0 2 5  

n = 5
34 .70  ±  12.96  

n = 11

2 4 .3 5  ±  6 .4 1  
n = 14

C o r t ic o l im b ic 0 . 1 1  ±  0 . 0 2  

n = 5
7 .26  ±  2 .73  

n *  9
5 .7 4  ±  0 .6 4  

n = 5
(E )

N a iv e
+

h a lo p e r id o l  t r e a te d  
( 0 . 1  m g /k g )

C o r t i c o s t r i a t a l 0 .3 5  ±  0 .0 6  
n = 9

28.18  ±  5 .30  
n = 17

2 0 . 2 2  ±  4 .6 4  
n = 15

DOPAC l e v e l s  i n  c o r t i c o s t r i a t a l  and c o r t i c o l im b i c  s l i c e s  in  a l l  tre a tm e n t g r o u p s .
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4 .5 .  D i s c u s s io n

L i t e r a t u r e  on the  e l e c t r i c a l l y  s t im u la t e d  r e le a s e  o f  

endogenous am in es from  s m a l l  s l i c e s  o f  b r a in  t i s s u e  i s  s c a r c e .  

T here  were p ro b le m s o f  d e t e c t io n  p r i o r  to  th e  a d v e n t o f s e n s i t i v e  

te c h n iq u e s  (su c h  a s  HPLC) f o r  th e  e s t im a t io n  o f  p ic o g ra m  am ounts 

o f  a m in e s , e s p e c i a l l y  i n  la r g e  s u p e r fu s a t e  f r a c t i o n s .  A f u r t h e r  

c o m p l ic a t in g  f a c t o r  w as, and i s ,  the  d i f f i c u l t y  a s s o c ia t e d  w ith  

e l e c t r i c a l  s t im u la t i o n  p ro c e d u re s .  The r e le a s e  o f  endogenous  

am in es from  b r a in  s l i c e s  by h ig h  p o ta s s iu m  c h lo r id e  

c o n c e n t r a t io n s  h a s  been r e p o r te d  from  v a r io u s  l a b o r a t o r i e s .

A s s a y  te c h n iq u e s  in c lu d e  HPLC and ra d io e n z y m a t ic  a s s a y  on s l i c e  

p e r f u s a t e s .  The t a b le  be low  com pares d a ta  from  th re e  g ro u p s  o f  

w o rk e r s .  B a s a l  r e le a s e  and s t im u la t e d  r e le a s e  f i g u r e s  f o r  

dopam ine o n ly  a re  show n, a s  th e  a r e a s  from  w h ich  NA r e le a s e  was 

s t u d ie d  a re  no t com p arab le  between the  th re e  g ro u p s .

A u th o r s S l i c e  r e g io n S t im u lu s B a s a l
r e le a s e

S t im u la t e d
r e le a s e

K a n t & M e y e rn o ff  

(1 9 7 8 )
S t r i a t a l 55 mM K C I 280 p g / g 4 f o ld  

in c r e a s e
B e n n e t t  e t  a l  
(1 9 8 1 )

S t r i a t a l 55 mM K C I 169 p g / g 17 f o ld  
in c r e a s e

T h is  w ork C o r t i c o s t r i a t a l E l e c t r i c a l l y
s t im u la t e d

3.7  n g / g 4 f o ld  
in c r e a s e

The o rd e r  o f  b a s a l  r e le a s e  and s t im u la t e d  r e le a s e  o f  

dopam ine i s  d i f f e r e n t  in  th e  e l e c t r i c a l l y  s t im u la t e d  mode. I t  i s  

p o s s ib le  t h a t  th e  KC1 r e le a s e s  DA fro m  com partm ents w h ich  a re  

d i f f e r e n t  from  th o se  m o b i l i s a b le  by e l e c t r i c a l  s t im u la t io n .

T h ese  a re  a n a ly s e s  fro m  r e g io n s  o f  th e  b r a in  w h ich  a re  p a r t i a l l y  

in c lu d e d  in  the p re s e n t  s l i c e s .  I t  i s  d i f f i c u l t  to  com pare d a ta  

i n  t h i s  t h e s i s  w ith  f i g u r e s  o b ta in e d  by o th e r  w o rk e rs  b e cau se  the  

s l i c e  c h a r a c t e r i s t i c s ,  nam ely method o f  s l i c i n g ,  a re a  o f the  

b r a in  s t u d ie d ,  t h ic k n e s s ,  s u p e r f u s io n  te c h n iq u e s ,  a re  so  

d i f f e r e n t .  S l i c e s  o b ta in e d  by K an t & M e y e rh o ff  (1 9 7 8 ) were

0 .3  mm x  0 .3  mm, c u t  u s in g  a M c l lw a in  ch op p e r, w hereas th o se  o f  

B e n n e t t ,  M a rsd e n , Sh a rp  & S t o l z ,  (1 9 8 1 ) were 0 .5  mm x 0 .5  mm 

o b ta in e d  u s in g  an  ’ e g g  s l i c e r ’ te c h n iq u e .  S l i c e s  u sed  in  t h i s
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s tu d y  were 0 .6  mm t h i c k  and the  s e c t io n s  a p p ro x im a te ly  5 mm in  

d ia m e te r .  E x p la n a t io n s  f o r  a p p a re n t d i f f e r e n c e s  may l i e  in  the  

ty p e  o f  s t im u lu s  and i n  th e  p e r io d  o f  s t im u la t io n .  I n  n a iv e  

r a t s ,  t o t a l  am ine m easurem ents in  the  two a re a s  o f the  b r a in  

showed t h a t  a lth o u g h  th e re  was 5 t im e s  more DA i n  the  

c o r t i c o s t r i a t a l  s l i c e  th an  in  the c o r t i c o l im b ic  s l i c e ,  l e s s  DA 

was m o b i l i s e d  (0 .5 %  a p p ro x im a te ly  a s  com pared w ith  2 .5%  T a b le  

9 ) .  T h is  s u g g e s t s  th a t  th e re  maybe s t o r e s  o f DA not m o b i l i s a b le  

by e l e c t r i c a l  s t im u la t io n .

C o n d i t io n in g  s i g n i f i c a n t l y  reduced  DA and ftA r e le a s e d  from  

th e  c o r t i c o l im b i c  s l i c e s  (T a b le  9 ) .  A s  shown i n  T a b le  8 , the  

t o t a l  am ine f i g u r e s  f o r  n a iv e  and c o n d it io n e d  tre a tm e n t g ro u p s  

a re  no t s i g n i f i c a n t l y  d i f f e r e n t  from  one a n o th e r ,  th e r e fo r e  

c o n d i t io n in g  in  some way ap p ea r  to  a l t e r  the  e ase  w ith  w h ich  

th e se  am in es can  be m o b i l i s e d .  The d a ta  f o r  n o r a d r e n a l in e  a re  

no t a s  c o n v in c in g  a s  th a t  f o r  dopam ine, when the  c o r t i c o s t r i a t a l  

d a ta  a re  exam ined, and f u r t h e r  w ork needs to  be done to  more 

t i g h t l y  c h a r a c t e r i s e  the  r e g io n s  o f  the  b r a in  exam ined in  the  

c o r t i c o s t r i a t a l  s l i c e s  by c o r in g  S13 and S14 s l i c e s  and r e p e a t in g  

t h i s  e x p e r im e n t.

The r e d u c t io n  o f  am in es r e le a s e d  a f t e r  c o n d i t io n in g  

tre a tm e n t maybe r e la t e d  to  the o b s e r v a t io n  th a t  r a t s ,  once  

c o n d it io n e d ,  rem a in  c o n d it io n e d  i n d e f i n i t e l y  w ith o u t  

re in fo r c e m e n t .  I t  i s  a p p a re n t th a t  some perm anent a l t e r a t i o n  in  

th e  CNS needs to  o c c u r  f o r  t h i s  to  happen. I t  w ou ld  be 

s h o r t s i g h t e d  to  assum e th a t  t h i s  a l t e r a t i o n  r e la t e s  to  the  

r e l e a s i b i l i t y  o f NA and DA o n ly .  There  may be s e v e r a l  o th e r  

f a c t o r s  w h ich  a re  i n f lu e n c in g  t h i s  r e le a s e .  The e f f e c t  c o u ld  be 

due to  n e u ro m o d u la t io n  by su b s ta n c e s  su ch  a s  gamma a m in o b u ty r ic  

a c id  (G ABA) o r  an a l t e r a t i o n  in  th e  5HT l e v e l s ,  o r even p e p t id e s ,  

now c o n s id e r e d  to  be in v o lv e d  in  memory p r o c e s s e s .
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When c o n d it io n e d  r a t s  were t r e a t e d  w ith  h a lo p e r id o l ,  (an d  

t h e i r  b e h a v io u r  e x t in g u is h e d )  a d e c re a se  in  the r e le a s e  o f  DA 

from  r a t  b r a in  c o r t i c o l im b i c  s l i c e s  was o b se rve d . T o t a l  am ine  

l e v e l s  i n  th e  s l i c e s  d id  n o t a p p e a r  to  be s i g n i f i c a n t l y  a l t e r e d  

by d ru g  t re a tm e n t.  The d ru g  th u s  may be s a id  to  in f lu e n c e  

" r e l e a s i b i l i t y " ,  i n  the  same d i r e c t i o n  a s  was o b se rve d  when n a iv e  

and c o n d it io n e d  r a t  b r a in  s l i c e  r e le a s e  f i g u r e s  were com pared

i . e .  a  r e d u c t io n  i n  r e le a s e d  am ine o c c u r s .

The r e s u l t s  fro m  c o r t i c o s t r i a t a l  s l i c e s  a f t e r  h a lo p e r id o l  

tre a tm e n t  showed no change  i n  DA o r  NA r e l e a s i b i l i t y ,  but a s t h i s  

s l i c e  a p p e a r s  to  have  a s i g n i f i c a n t  " u n r e le a s a b le "  p o o l o f  DA, a 

more d e f in e d  s l i c e  i s  d e s i r a b le  b e fo re  any d i s c u s s i o n  o f r e le a s e  

p a t t e r n  ch an ge s s u b s e r v in g  c o n d i t io n in g ,  and su b se q u e n t  

m o d i f ic a t io n  by d ru g s  (w h ich  e x t in g u i s h  su ch  c o n d it io n e d  

b e h a v io u r ) ,  can  be j u s t i f i e d .

T h a t h a lo p e r id o l  i s  a c t in g  on a "m o d if ie d  r e le a s a b le  p o o l "  

i s  su p p o r te d  by th e  la c k  o f  e f f e c t  o f  h a lo p e r id o l  on DA r e le a s e  

from  n a iv e  u n tre a te d  r a t s .  An e x p la n a t io n  o f  h a lo p e r id o l  e f f e c t s  

i n  te rm s o f  r e c e p t o r s  can n o t u t i l i s e  th e  r e c e p to r  b lo c k a d e  

th e o ry .  I t  i s  p o s s ib le  th a t  h a lo p e r id o l  i s  a f f e c t i n g  r e le a s e  

i n d i r e c t l y  a s  i t  i s  a l r e a d y  a c t in g  on a r e le a s e  p a t t e r n  m o d if ie d  

by c o n d i t io n in g .  The e f f e c t  o f  h a lo p e r id o l  on NA r e le a s e  shows an  

anom aly  ( s e e  T a b le  9 ) .  The NA r e s u l t s  were e q u iv o c a l  f o r  

t e c h n ic a l  r e a s o n s ,  a s s o c ia t e d  w ith  S i  and S 2 s t im u la t i o n s ;  

m o d i f i c a t io n s  to  th e  s u p e r f u s io n  sy s te m  and s m a l l  e le c t r o d e  

cham ber d e s ig n s  a re  underw ay to  e l im in a t e  the  p ro b le m s o f  

'b u b b le s '  w h ich  a re  a m ajor ca u se  o f  d i s t o r t i o n  o f  f i g u r e s  f o r  

and S2*

The in c r e a s e  o b se rv e d  i n  DA and NA r e le a s e d  from  b r a in  

s l i c e  s e c t io n s  o f  tra z o d o n e  t r e a t e d  r a t s  shows a d r a m a t i c a l ly  

d i f f e r e n t  d ru g  e f f e c t  fro m  th a t  r e p o r te d  f o r  h a lo p e r id o l .  B o th
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d ru g s  e x t in g u i s h  c o n d i t io n in g ,  but t h e i r  e f f e c t s  a t  the  m o le c u la r  

l e v e l  ap p e a r  to  be o p p o s it e .  The a b i l i t y  o f  tra zo d o n e  to  enhance  

r e le a s e  o f  DA show s the  same e f f e c t  on endogenous am ine r e le a s e ,  

a s  was re p o r te d  f o r  p re lo a d e d  ^H-DA r e le a s e  ( p l3 1 ) .

I t  i s  p o s s ib le  th a t  th e  b lo c k in g  e f f e c t  o f  tra zo d o n e  on 

p r e s y n a p t ic  dopam ine r e c e p to r s  in c r e a s e d  DA and NA r e le a s e  from  

t h e i r  r e s p e c t iv e  p r e s y n a p t ic  s i t e s .

A f t e r  tra zo d o n e  tre a tm e n t the  r e le a s e  p a t t e r n s  w h ich  em erged  

r e f le c t e d  th e  o r i g i n a l  r e le a s e  p a t t e r n  shown by n a iv e  r a t s .  The  

d e c o n d it io n in g  e f f e c t  o f  tra z o d o n e  may r e - e s t a b l i s h  the  

r e le a s a b le  p o o ls  o f  n e u r o t r a n s m it t e r  w h ich  have been su p p re s se d  

o r  i n h ib i t e d  a s  a r e s u l t  o f the  c o n d i t io n in g  p r o c e s s .

( H a lo p e r id o l  a p p e a rs  to  a c t  d i f f e r e n t l y . )  The e f f e c t  o f  

t ra z o d o n e  on n a iv e  r a t s '  b r a in  r e le a s e  p a t t e r n s  i s  c u r r e n t ly  

un d e r t e s t .

The DOPAC r e s u l t s  p re se n te d  in  T a b le  12 (p l8 8 )  showed th a t  

b a s a l  r e le a s e  was c o n s i s t e n t l y  v e ry  low  from  a l l  s l i c e  s e c t io n s  

and a l l  t r e a tm e n ts .  A s  th e  s l i c e  s e c t io n s  were p re in c u b a te d  w ith  

th e  i r r e v e r s i b l e  monoamine o x id a s e  i n h i b i t o r s  (M A O I),  p a r g y l in e  

l i t t l e  chan ge  i n  DOPAC le v e l s  had been e x p e c te d . However upon  

e l e c t r i c a l  s t im u la t io n ,  DOPAC appeared  to  be " r e le a s e d "  in  

a s s o c i a t i o n  w ith  DA and NA in t o  the  s u p e r fu s a te  f r a c t i o n s ,  

a lth o u g h  v a r i a t i o n s  i n  SEM were v e ry  w ide  ( u n l i k e  th o se  f o r  NA 

and D A ).  F u rth e rm o re , s i g n i f i c a n t l y  more DOPAC was r e le a s e d  from  

c o r t i c o s t r i a t a l  s l i c e  s e c t io n s  w h ich  were seen  to  p o s s e s s  5 t im e s  

more DA th a n  in  c o r t i c o l im b i c  s l i c e  s e c t i o n s .  I t  i s  p o s s ib le  

t h a t  e l e c t r i c a l  s t im u la t i o n  un der th e se  c o n d i t io n s  may r e s u l t  in  

a d i s s o c i a t i o n  o f  the  MAOI from  i t s  enzyme. E le v a te d  DOPAC 

v a lu e s  may r e s u l t  fro m  th e  re -u p ta k e  o f r e le a s e d  DA and i t s  

su b se q u e n t c o n v e r s io n  to  DOPAC by th e  MAO. In  f u t u r e ,  o th e r  MAOI 

w i l l  be t e s t e d  and t h e i r  e f f i c a c y  m o n ito re d  by m e a su r in g  DOPAC
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and HVA l e v e l s  i n  s u p e r f u s a t e s . A n o th e r  m o d i f ic a t io n  in te n d e d  i s  

th e  a d d i t io n  o f MAOI to  th e  s u p e r f u s in g  f l u i d  th ro u g h o u t the  

e x p e r im e n t.

F u tu re  s t u d ie s

1. I n  o rd e r  to  v e r i f y  th a t  e l e c t r i c a l l y  s t im u la t e d  r e le a s e  o f  

endogenous am ine i s  s t r i c t l y  a n a lo g o u s  to  in  v iv o  s y n a p t ic  

r e le a s e ,  the  dependence o f  endogenous NA and DA r e le a s e  on 

c a lc iu m  io n s  needs to  be e s t a b l i s h e d .

\

2 . I n  th e  p a r t i c u l a r  te c h n iq u e  o f  s l i c i n g  a s  d e s c r ib e d  in  t h i s  

t h e s i s ,  i n e v i t a b l y  s w e l l i n g  o c c u r s .  I t  w ou ld  be p r e fe r a b le  f o r  

r e le a s e  d a ta  to  be e x p re sse d  on a s l i c e  p r o t e in  b a s i s  r a t h e r  th an  

f r e s h  s l i c e  w e ig h t  b a s i s .

3 . I t  h a s  been p o s t u la t e d  th a t  c o n d i t io n in g  r e s u l t e d  in  a 

'r e d u c e d  r e le a s a b le  p o o l '  o f  n e u r o t r a n s m it t e r s  and th a t  tra z o d o n e  

r e - e s t a b l i s h e d  the  p a t t e r n  o f  r e le a s e  foun d  in  the  n a iv e  a n im a l.  

The e f f e c t  o f  tra zo d o n e  on th e  r e le a s e  o f NA and DA from  n a iv e  

b r a in  s l i c e  s e c t io n s  i s  un der i n v e s t i g a t i o n  in  o rd e r  to  d e f in e  

r e l e a s a b i l i t y  more t i g h t l y .

4 . The c o r t i c a l  t i s s u e  c o n t r ib u t io n  to  the s l i c e s  from  s p e c i f i c  

a re a s  o f  r a t  b r a in  has c o m p lic a te d  th e  in t e r p r e t a t io n  o f  

r e s u l t s .  A s u i t a b le  c o r in g  d e v ic e  i s  now a v a i l a b le  and fu t u r e  

s t u d ie s  w i l l  be co n du cte d  on s l i c e s  w ith  a more h ig h ly  d e f in e d  

n e u ro a n a to m ic a l c o n s t i t u t i o n .

5. W ith  ex ten ded  HPLC f a c i l i t i e s  f u r t h e r  r e le a s e  s t u d ie s  w i l l  

be c a r r ie d  ou t w ith  re fe re n c e  to  5HT w h ich  p la y s  an in t im a te  p a r t  

i n  th e  n e u r o t r a n s m it t e r  b a la n c e  in  l im b ic  and s t r i a t a l  s y s te m s .
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T razo d o n e  i s  known to  b lo c k  5HT r e c e p t o r s ,  and th e r e fo r e  a deeper  

u n d e r s ta n d in g  o f  i t s  mode o f  a c t io n  n e c e s s i t a t e s  the  i n c lu s i o n  o f

5HT e s t im a t io n s  i n  f u t u r e  r e le a s e  s t u d ie s .
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SECTION  5: GENERAL D ISC U SS IO N

Many o f  th e  d ru g s  i n f lu e n c in g  human m e n ta l f u n c t io n s  and  

a n im a l b e h a v io u r  a p p e a r  to  a c t  by i n t e r f e r i n g  w it h  c e n t r a l  

monoamine n e u r o t r a n s m is s io n .  O ve r  th e  p a s t  20 y e a r s  e v id e n ce  h a s  

a ccu m u la te d  i m p l i c a t in g  th e se  m onoam ines a s  n e u r o t r a n s m it t e r s  i n  

th e  n e rv o u s  sy ste m . I n  t h i s  t h e s i s  an o r i g i n a l  a p p ro a ch  was 

ad o p te d  r e l a t i n g  n e u r o t r a n s m is s io n  to  c o n d it io n e d  b e h a v io u r  and  

how t h i s  may be m o d if ie d  u s in g  p s y c h o a c t iv e  d r u g s .

An i d e a l  a n t ip s y c h o t i c  d ru g  w ou ld  be one w h ich  w ou ld  

a n t a g o n is e  p s y c h o t ic  b e h a v io u r ,  b u t no t n o rm a l b e h a v io u r ,  so  th a t  

th e re  w ou ld  be an e l im in a t io n  o f  p s y c h o t ic  b e h a v io u r  and a 

re p la ce m e n t o f  i t  by n o rm a l b e h a v io u r .  F o r  t h i s  re a so n  the  

e f f e c t  o f  d ru g s  on b o th  n o rm a l and abn orm al ( c o n d it io n e d )  r a t  

b e h a v io u r  h a s  been s t u d ie d .

The u se  o f  th e  c o n d it io n e d  a v o id a n c e  b e h a v io u r a l  sy ste m  to  

c o n d i t io n  r a t s  in d u c e d  a le a r n e d  re sp o n se  w h ich  was a p p a r e n t ly  

perm anent. T h is  le a rn e d  re sp o n se  was in d u ce d  in  a h ig h ly  

c ir c u m s c r ib e d  e n v iro n m en t un de r th e  c o n t r o l  o f  th e  o p e r a to r  and  

each  i n d i v i d u a l  r a t  had to  re sp o n d  w it h in  the  same e n v iro n m e n ta l  

c o n f in e s .  T h is  a r t i f i c i a l l y  in d u ce d  le a rn e d  b e h a v io u r  can  be 

sc h e d u le d  e x a c t ly  a s r e q u ire d  and t h i s  may be done by a l t e r i n g  

th e  t im in g  o f  each  s t im u lu s .  A random  i n t e r t r i a l  p e r io d  m igh t  be 

an  a p p r o p r ia t e  m o d i f ic a t io n  to  e n su re  th a t  any u n re c o g n ise d  

s t im u lu s  was ran d o m ise d . The c o n t r o l le d  c o n d it io n e d  re sp o n se  o f  

th e  r a t  was su p e r im p o se d  upon i t s  n a t u r a l  r e s p o n se ,  w h ich  i s  to  

e sc a p e . U nder th e se  c o n d i t io n s ,  a  b e h a v io u r a l  c o n d it io n e d  

re sp o n se  was in d u ce d  w h ich  was a f f e c t e d  s p e c i f i c a l l y  by 

n e u r o le p t ic s  w h ich  m o d ify  th e  a r t i f i c i a l l y  in d u ce d  b e h a v io u r ,  

w ith o u t  a f f e c t i n g  the n a t u r a l  e scap e  re sp o n se .  Th ese  d ru g s  m ust 

be a f f e c t i n g  th e  m ic ro e n v iro n m e n ts  o f  th o se  r e g io n s  o f  the  b r a in
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w h ich  have  been p e rm a n e n tly  a d ju s t e d  i n  o rd e r  t o  a t t a i n  a 

s p e c i f i c  b e h a v io u r  w h ich  i s  im p r in te d  from  in c e p t io n .  These  

p a t t e r n s  o f  b e h a v io u r  may be m e d ia te d  by d i f f e r e n t  f u n c t io n s .  

T here  was d i s p a r i t y  betw een th e  e f f e c t s  o f c h r o n ic  h a lo p e r id o l  

and c h r o n ic  tra z o d o n e  tre a tm e n t on a v o id a n c e  r e s p o n d in g .  

H a lo p e r id o l  tre a tm e n t r e s u l t e d  i n  a  g rad e d  in c r e a s e  i n  the  

a v e ra g e  w a i t in g  t im e  s i g n i f y i n g  t h a t  th e  r a t s  were re s p o n d in g  

more s lo w ly  to  the  c o n d i t io n in g  s t im u lu s ,  w hereas tra z o d o n e  

tre a tm e n t r e s u l t e d  i n  th e  c o n d it io n e d  re sp o n se  b e in g  m a x im a lly  

e x t in g u is h e d  from  th e  s t a r t  o f  th e  e xp erim en t and re m a in in g  

so  o v e r  th e  p e r io d  o f  t r e a tm e n t.  T h is  m igh t r e la t e  to  

d i f f e r e n c e s  i n  th e  b i o a v a i l a b i l i t y  o f  the  two d ru g s  in  th e  CNS. 

(100 t im e s  more tra z o d o n e  i s  r e q u ire d  to  e x t in g u i s h  the  re sp o n se ,  

b u t th e  e x t in c t i o n  i s  a c h ie v e d  w i t h in  a much s h o r t e r  p e r io d  o f  

t im e ) .  The m echan ism s by w h ich  th e  d ru g s  m o d ify  le a rn e d  

b e h a v io u r  may be d i f f e r e n t  ( f o r  exam p le , i t  i s  known th a t  

tra z o d o n e  i s  a p o w e r fu l 5HT b lo c k e r ) .

I n  t h i s  t h e s i s  the  a re a s  o f  th e  b r a in  in v e s t i g a t e d  were  

th o se  shown by Thom pson (1 9 78 ) t o  be a s s o c ia t e d  w ith  a le a rn e d  

re s p o n se .  He le s io n e d  s p e c i f i c  a re a s  o f the  b r a in s  o f a n im a ls  

w h ich  had a t t a in e d  a le a rn e d  re sp o n se  and showed t h a t  le a r n in g  

w as s u b se q u e n t ly  l o s t .  These  l e s i o n i n g  s t u d ie s  may have  w iped  

o u t th e  'm em ory' o f  th e  le a rn e d  re s p o n se ,  w hereas i n  t h i s  s tu d y  

o n ly  r e c a l l  was t e m p o r a r i ly  a f f e c t e d .  T h is  i s  an im p o r ta n t  

d i s t i n c t i o n  to  be made. F u rth e rm o re  i t  i s  no t p o s s ib le  to  sa y  i f  

memory and r e c a l l  a re  su b se rv e d  by the  same c h e m ic a l c o r r e la t e s  

w h ich  i n t e r a c t  to  p rod u ce  th e  c o n d it io n e d  a v o id a n c e  re sp o n se .

The r e le a s e  o f  endogenous am in e s was m easured  in  c o n d it io n e d  

r a t s  c h r o n i c a l l y  t r e a t e d  w ith  th e  d ru g ; th e se  r a t s  were  

s a c r i f i c e d  a t  th e  tim e  o f  t o t a l  e x t in c t i o n  o f  th e  r e c a l l  o f  

le a rn e d  b e h a v io u r .  C o n d it io n e d  r a t s  a c u t e ly  t r e a t e d  w ith  d ru g s
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were n o t s t u d ie d .  Such  a s tu d y  o f  th e  c h e m ic a l c o r r e la t e s  

u n d e r ly in g  b e h a v io u r  from  the  tim e  o f  e x t in c t i o n  th ro u g h  th e  24 

h o u rs  b e fo re  t o t a l  r e c a l l  r e -e m e rg e s ,  w ou ld  shed  l i g h t  on the  

c o r r e la t i o n  between b e h a v io u r  and r e l e a s a b i l i t y  o f  s p e c i f i c  

t r a n s m i t t e r s .  Thus any  e f f e c t  r e s u l t i n g  from  d ru g s  a c c u m u la t in g  

i n  th e  CNS w ou ld  be a v o id e d .

To a n a ly s e  th e  in f lu e n c e  o f  th e  two d ru g s  on th e  r e le a s e  o f  

n e u r o t r a n s m it t e r s  from  s p e c i f i c  a re a s  o f the  b r a in ,  two 

n e u r o t r a n s m it t e r  r e le a s e  sy s te m s  were em ployed, nam ely  th e  

p re lo a d e d  r a d io l a b e l le d  n e u r o t r a n s m it t e r  s t u d ie s  and the  

e ndogenous DA, NA and DOPAC r e le a s e  s t u d ie s .  M o s t  o f th e  s t u d ie s  

c a r r ie d  ou t to  e v a lu a te  the  m echanism  o f p s y c h o a c t iv e  d ru g s  on 

t r a n s m it t e r  r e le a s e  have  u t i l i s e d  p re lo a d e d  l a b e l l e d  am in es p r io r  

to  s t im u la t i o n .  U s in g  th e se  te c h n iq u e s ,  t h e o r ie s  f o r  the  

m o d u la t io n  o f  am ine r e le a s e  have  been s u g g e s t e d .  How ever the  

i n t e r p r e t a t io n s  o f  the  d a ta  u s in g  p re lo a d e d  t i s s u e  r e q u ir e  

a s su m p t io n s  w h ich  a re  no t e n co u n te re d  i n  endogenous am ine r e le a s e  

s t u d ie s .  These  a s su m p t io n s  a re  th a t  the  l a b e l l e d  am ine m ixe s  

u n ifo r m ly  and p r o p o r t io n a t e ly  w ith  a l l  p o o ls  w i t h in  the  n e rve  

t e r m in a l s  and th a t  the l a b e l l e d  am ine i s  ta k e n  up s e l e c t i v e l y  by 

i t s  own t e r m in a l .  T here  a re  d a ta  w h ich  s u g g e s t  th a t  l a b e l l e d  

am in es may be ta k e n  up by n e u ron s th a t  do n o t n o rm a lly  c o n t a in  

th e  am ine (S n y d e r  & C o y le ,  1 9 6 9 ). Th ese  s t u d ie s  s u g g e s t  th a t  the  

r e le a s e  o f  l a b e l l e d  am ines may no t be com p arab le  to  th a t  o f th e  

e n d o g e n o u s ly  r e le a s e d  a m in e s. How ever, a s w ith  a l l  c o n c e p t s ,  

a l t e r n a t i v e  e v id e n c e  h as been p rod uce d  f o r  exam ple  by de Langden  

and M u ld e r  (1 9 7 9 ) who showed t h a t  ^H -DA  i s  o n ly  ta k e n  up in  v i t r o  

by s t r u c t u r e s  w h ich  o th e r  s t u d ie s  s u g g e s t  c o n t a in  d o p a m in e rg ic  

t e r m in a l s .  T h e ir  s t u d ie s  showed th a t  i n  s t r i a t a l  hom ogenates  

o n ly  th e  s y n a p to so m a l f r a c t i o n  w ou ld  a ccu m u la te  ^H -DA, 

fu r th e rm o re ,  90% i s  n o t m e ta b o lis e d  even in  th e  ab se n ce  o f



monoamine o x id a s e  i n h i b i t o r s ,  s u g g e s t in g  t h a t  i t  i s  c o n ta in e d  in  

a p o o l o f  'b ou n d * v e s i c u l a r  dopam ine r a t h e r  th a n  in  a p o o l o f  

f r e e  c y t o p la s m ic  dopam ine.

I n  th e  p re lo a d e d  ^H -dopam ine  r e le a s e  s t u d ie s  t ra z o d o n e  

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

w hereas h a lo p e r id o l  p roduced  a d e c re a se  in  t r i t i u m  r e le a s e .  I t  

i s  n o t  p o s s ib le  to  make d i r e c t  c o m p a r iso n s  betw een th e se  r e s u l t s  

and th o se  o b ta in e d  f o r  the  r e le a s e  o f  endogenous DA from  b r a in  

s l i c e s  o f  c o n d it io n e d  r a t s  c h r o n i c a l l y  t r e a t e d  w ith  h a lo p e r id o l  

o r  tra z o d o n e  b e cau se  ^H-DA may n o t be ta k e n  up in t o  d o p a m in e rg ic  

t e r m in a l s  and th e r e fo r e  n o t co m p arab le  t o  e ndogenous DA r e le a s e .  

S e c o n d ly  a s  the  r e s u l t s  show, th e  n a iv e  r a t  can n o t be com pared  

w ith  th e  c o n d it io n e d  r a t  a s  t h e i r  r e l e a s i b i l i t y  p a t t e r n s  a re  

d i f f e r e n t .  T h is  i n t e r e s t i n g  new f i n d in g  needs f u r t h e r  

i n v e s t i g a t i o n .

The r e s u l t s  from  endogenous n e u r o t r a n s m it t e r  r e le a s e  s t u d ie s  

showed t h a t  c o n d i t io n in g  a lo n e  changed  th e  r e le a s e  p a t t e r n  o f  

b o th  DA and NA (d e c re a se d  r e le a s e ) .  I t  c o u ld  be a rg u e d  th a t  the  

l e a r n in g  p r o c e s s  h as  p roduced  a 'p e rm a n e n t ' chan ge  i n  the  

m ic ro e n v iro n m e n t o f  s p e c i f i c  p a r t s  o f the  b r a in .  How ever, 

t ra z o d o n e  (w h ich  e x t in g u is h e d  th e  le a rn e d  re s p o n s e )  

r e - e s t a b l i s h e d  the  n a iv e  p a t t e r n  from  b o th  a re a s  o f  r a t  b r a in  

( in c r e a s e d  r e le a s e ) .  The t ra z o d o n e  r e s u l t s ,  i n  b o th  r e le a s e  

sy s te m s ,  f o l lo w  the  same p a t t e r n  (enhanced  r e le a s e  o f  D A ).  

H a lo p e r id o l ,  how ever, s e l e c t i v e l y  reduced  DA r e le a s e  in  

c o r t i c o l im b i c  a re a s  (CF tra zo d o n e  w h ich  in c r e a s e d  DA r e le a s e ) .

I t  i s  c le a r  t h a t  no g e n e r a l  s ta te m e n t can  be made abo u t the  

r e l a t i o n s h ip  between the  e f f e c t s  o f  th e se  d ru g s  on c o n d it io n e d  

b e h a v io u r  and r e le a s e  p a t t e r n s  i n  b r a in  s l i c e s ,  but i t  can  be 

s t a t e d  th a t  le a r n in g  may be r e f le c t e d  in  an a l t e r a t i o n  in  r e le a s e

p a t t e r n s  w h ich  can  be re v e r s e d  by tra zo d o n e  tre a tm e n t when n a iv e



p a t t e r n s  a re  r e - e s t a b l i s h e d .  W ith  h a lo p e r id o l  th e  f u r t h e r  

i n h i b i t i o n  o f  endogenous r e le a s e  a p p e a rs  to  a m p l i f y  ch an ge s  

b ro u g h t  a b o u t by c o n d i t io n in g .  I t  w ou ld  be n a iv e  to  b e l ie v e  th a t  

o n ly  DA and NA r e le a s e  were in f lu e n c e d  by c o n d i t io n in g  and d ru g  

t r e a tm e n t.  O th e r  t r a n s m it t e r s  su ch  a s  5HT and m o d u la to r s  su ch  a s  

GABA may be p la y in g  an a c t i v e  r o le .  These  o r i g i n a l  o b s e r v a t io n s  

have  le d  to  f u r t h e r  s t u d ie s  on th e  c o n d it io n e d  b r a in .

I n  th e  e a r l i e r  p a r t  o f  th e  t h e s i s  the  co n ce p t o f  p r e s y n a p t ic  

r e c e p to r s  and th e  c o n t r o l  o f  n e u r o t r a n s m it t e r  r e le a s e  h a s  been  

in t r o d u c e d .  I t  seems c le a r  th a t  b e s id e s  the  c h e m ic a l  

p o s t s y n a p t ic  r e c e p t o r s  w h ich  m e d ia te  e f f e c t o r  r e s p o n se s  th e re  may 

a l s o  be p re s e n t  on the  p r e s y n a p t ic  e le m en ts  r e c e p t o r s  w h ich  a c t  

to  m o d u la te  p r e s y n a p t ic  n e u r o t r a n s m it t e r  r e le a s e ,  t h i s  u l t im a t e l y  

p r o d u c in g  th e  e f f e c t o r  re sp o n se  ( i . e .  c o n d it io n e d  b e h a v io u r ) .  I t  

may be t h a t  th e  o b se rv e d  ch an ge s  i n  r e le a s e  p a t t e r n s  b ro u gh t  

ab o u t by c o n d i t io n in g  o r  d ru g  tre a tm e n t a re  m od u la ted  v i a  

p r e s y n a p t ic  r e c e p t o r s .  U s in g  co re d  s l i c e s  e x p e r im e n ts  a re  

in te n d e d  to  o b se rv e  the n e u r o t r a n s m it t e r  r e le a s e  p a t t e r n s  o ve r  

th e  14 day  p e r io d  o f  t r a i n i n g  s t a r t i n g  from  day 1 , t o  e s t a b l i s h  

w hether the  d e c re a se  i n  n e u r o t r a n s m it t e r  r e le a s e  o c c u r s  a s  the  

l e a r n in g  s k i l l  i s  a c q u ir e d .

S t u d ie s  a re  a t  p re se n t  b e in g  c a r r ie d  ou t i n  t h i s  l a b o r a t o r y  

to  see  i f  th e  a c t u a l  c o n d i t io n in g  'p a th w a y ' p r o c e s s  may be t r a c e d  

u s in g  th e  2 -d e o x y g lu c o s e  (2DG ) te c h n iq u e  ( S o k o lo f f ,  R e iv i c h ,  

Kennedy, D e s R o s ie r s ,  P a t la k ,  P e t t ig r e w ,  S a k u rd a  & S h in o h a r a ,  

1 9 7 7 ). T h is  te c h n iq u e  in v o lv e s  the  t a i l  v e in  i n j e c t i o n  o f  

r a d io a c t iv e  2DG w h ic h , once i t  e n te r s  the  a c t i v e  s i t e  in  the  r a t  

CNS i s  p re v e n te d  from  b e in g  m e ta b o lis e d  any f u r t h e r  and th e r e fo r e  

c o u ld  be d e te c te d  i n  th e  b r a in  s e c t io n s  by a u to r a d io g r a p h y .

W ith  t h i s  te c h n iq u e  i t  may be p o s s ib le  to  l o c a l i s e  th o se  a re a s  o f 

the b r a in  in v o lv e d  i n  c o n d i t io n in g  i f  th e se  r e g io n s  a re  more
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m e t a b o l i c a l l y  a c t i v e  th a n  n o rm a l.

R e s u l t s  from  the  c o n d it io n e d  a v o id a n c e  sy s te m  p o se s  th e  

p ro b le m  w he the r th e  u se  o f  p o s i t i v e  r e in fo rc e m e n t  o r  rew ard  

t r a i n i n g  p ro c e d u re s  w ou ld  p rod u ce  s i m i l a r  r e le a s e  p a t t e r n s .  I f  

' l e a r n i n g '  i n  a o p e ra n t  c o n d i t io n in g  sy ste m  i s  u n i v e r s a l  w ith  

r e s p e c t  to  i t s  c h e m ic a l c o r r e la t e s ,  d i f f e r e n t  a re a s  o f  the  b r a in  

more f i n e l y  l o c a l i s e d ,  f o r  exam ple  h ip p o cam p a l s l i c e s ,  m igh t be 

i n v e s t i g a t e d  and l i g h t  shed  on th e  b io c h e m ic a l b a s i s  o f memory 

and r e c a l l .  F u rth e rm o re  th e  a n a l y s i s  o f  n e u r o le p t ic  d ru g  a c t io n  

on r e le a s e  p a t t e r n s  in  v a r io u s  p a r t s  o f the  b r a in  w i l l  e n la r g e  

th e  p r o f i l e  o f  d a ta  on m echanism s o f  n e u r o le p t ic  d ru g  a c t io n .

I n  c o n c lu s io n ,  a lth o u g h  DA and NA r e le a s e  h a s been shown to  

be a f f e c t e d  by c o n d i t io n in g  and f u r t h e r  m o d u la ted  by p s y c h o a c t iv e  

d r u g s ,  the  r e l a t i v e  im p o rta n c e  o f  DA and NA f o r  th e se  f u n c t io n s  

needs a d d i t i o n a l  c l a r i f i c a t i o n .  Such  a c l a r i f i c a t i o n  i s  ham pered  

by th e  i n t e r a c t io n  o f th e se  t r a n s m it t e r s  w ith  v a r io u s  o th e r  

t r a n s m i t t e r s  and n e u ro m o d u la to r s .  I n  the  CNS a t  l e a s t  20 

p u t a t iv e  t r a n s m i t t e r s  have  been shown to  e x i s t ,  many o f th e se  may 

have  p r e s y n a p t ic  a u t o r e g u la t o r y  f u n c t io n s  and c o u ld  ta k e  p a r t  in  

a f f e c t i n g  even  the  s im p le s t  fo rm  o f  a re sp o n se .  I t  i s  no t  

p o s s ib le  t o  p r e d ic t  how th e se  t r a n s m it t e r s  may be i n t e r a c t in g  to  

in d u c e  the  c o n d it io n e d  re sp o n se  and the  manner i n  w h ich  they  may 

be a f f e c t i n g  th e  r e le a s e  o f NA and DA from  th o s e  r e g io n s  o f  th e  

b r a in .

Many s t u d ie s  have  shown th e  i n t e r a c t io n s  betw een th e  v a r io u s  

t r a n s m it t e r  sy s te m s .  Some o f  th e se  a re  e n k e p h a lin s ,  i n h i b i t i n g  

a c e t y l c h o l in e  and dopam ine r e le a s e  from  the  s t r ia t u m  

(S u b ra m a n ia n , M it z n e g g  & S p r u g a l ,  Dom schke, Dom schke, Wunch & 

D e m lin g , 1 9 7 7 ), dopam ine in c r e a s in g  GABA r e le a s e  fro m  r a t  

s u b s t a n t ia  n i g r a  (R e u b i,  I v e r s e n ,  J e s s e l l ,  1 9 7 7 ), GABA 

s t im u la t in g  NA r e le a s e  from  o c c i p i t a l  c o r te x  ( A r b i l l a  & L a n g e r ,
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1 9 7 8 ), and  g lu ta m a te  s t im u la t i n g  DA r e le a s e  fro m  the  r a t  s t r ia t u m  

( G io r g u i e f f ,  Kernel & G lo w in s k i ,  1 97 7 ).

The d i f f i c u l t i e s  o f  u n d e r s t a n d in g  th e  f u n c t io n a l  

i n t e r a c t io n s  between n e u ro c h e m ic a l e v e n ts  i n  th e  b r a in  and  

b e h a v io u r  a re  immense. The a s s o c i a t i o n  o f  one o r  two 

n e u r o t r a n s m it t e r s  w ith  b e h a v io u r  i s  much to o  r e s t r i c t i v e .  W ith  

th e  d eve lopm ent o f  s e n s i t i v e  te c h n iq u e s  f o r  th e  s im u lta n e o u s  

a n a l y s i s  o f  s e v e r a l  n e u r o t r a n s m it t e r s  i t  may become p o s s ib le  to  

s tu d y  th e  in t e r a c t io n s  betw een th e se  s u b s ta n c e s ,  and c o r r e la t e

su ch  in t e r a c t io n s  w ith  b e h a v io u r .
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Appendix: Computer programmes for 
analysis of release data. 
(See Section III)
(Written in fortran).



1 C# HASH 20/07/81U CPS $ VOLUME UITH DECAY CORRECTION
2 PROGRAM HASH
3 DIMENSION T(4)fIDC2),CH(3,4),C<4),CJ(3)
4 DIMENSION B U F (100)
5 DATA IT/1HY/
6 C DECAY FACTOR (6 HOUR HALF-LIFE, IN MINUTES)
7 X=0.693/360.
8 IP=3
9 ' CALL OFRU(12,10HDATA/HASH.,BUF,J)

10 WRITE(1,10)
11 10 FORMAT(17HNUMBER OF SAMPLES)
12 READ(1,ON
13 WRITE(1,15)
14 15 FORMAT(' VOLUME OF STANDARDS ')
15 READ(1,*) SVOL
16 WRITE(1,20)
17 20 FORMAT(14HCHANNEL NUMBER)
18 READ (1, O H
19 C READ IN BACKGROUND
20 DO 6 J=1,2
21 READ(IP,50) ID,T(J)f(CH(I,J),I=1,3)
22 6 C(J)=CH(M,J)/T(J)
23 BKG=(C(1)+ C (2))/2.
24 C READ IN STANDARDS
25 210 DO 8 J=1,2
26 READ(IP,50) ID,T(J>,(CH(I,J ) ,1 = 1 ,3)
27 8 C(J)=CH(M,J)/T(J)
28 STD=(C(1 )+C(2))/2.
29 TIME=0.
30 N=N+2
31 WRITE(9,240) BKG, STD,SVOL
32 240 FORHAT(1 H I ,// ' BACKGROUND = ,F10.3,12 X , STANDARD
33 + (C.P.S.)'/' STD. VOL =',F5.2, M L . ' I l l  ' NO.

' ,F10:3
ID C'

fV>
-Cr



34 + OUNTING TIME C.P.S'
35 + ,' DECAY CORR. C.P.S VOLUME
36 C NOW READ IN THE SAMPLES AND DO CALCULATION
37 DO 100 J=1,N
38 READ(IP,50) ID,FT,(CJ(I),I=1,3)
3? 50 FORHAT(2A2,F8.2,3F7.0)
40 CC=CJ(M)/FT
41 TIHE=TIME+FT/60.
42 DF=EXP(-TIME*X)
43 CPS=CC/DF
44 VOL=SVOL*CPS/STD
45 WRITE(9,150) J,ID,FT,CC,DF,CF‘S,VOL
46 URITE(12,155) J,ID,VOL
47 155 F0RHAT(2X,I3,3X.2A2,F11.3)
48 150 F0RMAT(2X,I3,3X,2A2,5X,5F11.3)
4? 100 CONTINUE
50 V 0 L = -1 0.
51 WRITE(12.155) J,ID,VOL
52 U RIT E (1,160)
53 160 FORMAT(' ANOTHER GROUP ON THIS TAPE ??')
54 READ(1,162) IJ
55 162 FORMAT(A 1 )
56 IF(IJ.EQ.IY) GOTO 200
57 URITE(12,155) J,ID,VOL
58 ENDFILE 12
5? STOP
60 200 U RIT E <1,10)
61 R EA D d ,* )  N
62 WRITE(1,20)
63 REAIX1,*) M
64 GOTO 210
65 END

))

Z\[
Z



VOLUME DATA1 C» HASH2 14/07/81G COMBINE H-3 AND TC-
2 PROGRAM HASH2
3 DIMENSION BUF(200)fIALN<60,4)
4 DIMENSION BUF2(200)
5 DIMENSION TC(60),CLB<60),CLM<60) ,VOL(60)
6 DIMENSION CJ(3),IB(2)
? DIMENSION F RED(200)
3 CALL OFRO(12,10HDATA/HASH.,BUF,J)
9 URITE<1,10)

10 10 FORMAT( ' TRITIUM CHANNEL ?')
11 READd,*) IC
12 C READ BACKGROUND, AND SKIP SAMPLES 3 l 4
13 15 READ(3,50) ID,FT,(CJ(I),1=1,3)
14 BKG=CJ(IC)/FT
15 READ(3*50) ID,FT,(CJCI),1=1,3)
16 BKG=(BKG+CJ(IC)/FT)/2.
17 C SKIP 3 i 4
18 17 DO 20 J =1 ,2
19 20 READ(3,50) ID
20 C NOU MOVE THROUGH SAMPLES IN GROUPS
21 K=0
22 30 K=K+1
23 READ(12,52) IN,ID,VOL(K)
24 52 F0RMAT(2X,I3,3X,2A2,F11.3)
25 IFdVOL(K).LT.0.).AND.(K,EQ.1)) STOP
26 IF(VOL(K ).LT.0.) GOTO 56
27 IALN(K,1) = ID( 1)
28 IALN(K,2)=ID(2)
29 C READ H-3 VALUE
30 READ(3,50) ID,FT,(CJ(I),1=1,3)
31 IALN<K,3)=ID(1)
32 IALN(K,4)=ID(2)
33 50 FORHAT(2A2,F8.2,3F7.0)

rv)
Jr
uo



34
35
36
37
38
3?
40
41
42
43
44
45
46
47
48
4?
50
51
52
53
54
55
56
57
58
5?
60
61
62
63
64
65
66

CC=CJ(IC)/FT 
TC(K)=CC 
GOTO 30 

56 K=K-3
C UE NOU HAVE A GROUP OF K SAMPLES 
C
C PROCESS THIS GROUP OF SAMPLES
C

SUN=0.
URITE(9,110)
DO 60 J = 1,K 
CLB(J)=TC(J)-BkG 
TC(J)=CLB(J)

60 SUM=SUri +VOL < J )
AVGL=SUM/FLOAT(K )
DO 70 J=1,K
IF(VQL(J).LT.AVQL) GOTO 65 

C VOL GREATER THAN AVERAGE, PASS FORWARD 
C=CLB(J)*AVQL/VOL<J)
CLB(J + 1 )=CLB(J+1 >+CLB(J)-C 
GOTO 66

C VOL LESS THAN AVERAGE, BORROU
65 IF(J+1.GE.K) GOTO 64

CBORR=CLB(J + 1 J*(AVOL-VQL(J))/VOL(J+1)
C=CLB(J)+CBORR 
CLB(J+1>=CLB(J+1 )-CBORR 
GOTO 66 

64 C=CLB(J )
66 CONTINUE

VOL(J + 1)=VOL(J+1)+ V 0 L (J)-AVQL 
CLH(J)=C
URITE(9,100)(IALN(J,L),L=1 ,4) ,TC(J),VOL(J ),AVOL,CLB(J ),CLM(J) 

70 CONTINUE

tTtr
S



COUNTS HE AN V67 110 FORMAT < ' 1 TC-NQ. H3-N0.
68 + , R R  C. NET COUNTS')
69 100 FORMAT(4X,2A2,2X,2A2r7F10.3)
70 C
71 C NOU PLOT THE GRAPH
72 C
73 CALL ORIGC00,200,BUF2,400)
74 CALL MOVE(0,600)
75 CALL JOIN(0,0)
76 CALL JOIN(800,0)
77 A M A X = -100
73 DO 105 J=1,K
79 IF(AHAX.LT.CLM( J ) ) ArtAX*=CLM (J )
30 105 CONTINUE
31 SC=450./AMAX
82 DO 120 J=1,K
83 IX=35*J
84 IY=CLH(JMSC
85 CALL MOVE(IX-2,1Y-2)
86 CALL J0IN(IX+2,IY+2)
87 CALL HOVE(IX-2,IY+2)
88 CALL JOIN(IX + 2,1Y—2)
89 120 CONTINUE
90 CALL DRAW
91 GOTO 17
92 END

VOL CO'

i\)J=r



[From the Proceedings o f the Physiological Society, 0-7 November 1081 
Journal o f Physiology, 324, 12P]

A modified procedure for electrically stimulating brain slices from conditioned rats
By H. D. L. P a t e l  and J. M. T u r n b u l l . Department of Pharmacology, Charing Cross 
Hospital Medical School, St Dunstan's Road, London W6 8RP

Putative antipsychotic drugs are commonly evaluated in rats conditioned to 
respond to specific stimuli. We have employed this system to correlate the effect of 
drugs on conditioned behaviour with neurotransmitter changes in brain slices.

A modified version of a brain sheer (Brown & Halliwell, 1981) is used to cut 
reproducible coronal slices from specific regions of the rat brain. Regions selected were 
those demonstrated by stereotaxic lesioning procedures to be involved in conditioned 
avoidance learning mechanisms (Thompson, 1978). Each test slice is transferred to 
a micro-electrode chamber, superfused with Krebs bicarbonate saline and stimulated 
for a 2 min period via gold electrodes, using square wave impulses of alternating 
polarity (10 sec, 2 msec, 20 mA). One of the released transmitters, dopamine, is 
estimated by radioenzymic assay.

In order to test the Ca2+-dependence of this depolarization-induced release, we 
preloaded slices with [3H]dopamine and carried out experiments with and without 
Ca2+ in the superfusing medium. The volume of each superfusate fraction was 
monitored using MTcm. The results show that this electrically-stimulated release of 
[sH]dopamine is Ca2+-dependent. This technique provides a useful tool to study the 
influence of haloperidol and trazodone on the release of neurotransmitters from naive 
and conditioned rats.

Our thanks to K. Jeyasingh for advice and help with "T cra measurements (Department of 
Nuclear Medicine).
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THE EFFECTS OF TRAZODQNE ON THE ELECTRICALLY STIMULATED RAT BRAIN 
SLICES PRELOADED WITH (3h ) DOPAMINE

H.D.L. Patel and J.M. Turnbull, Department of Pharmacology, Charing Cross Hospital 
Medical School, St. Dunstan's Road, London W6 8RP. Introduced by J.B.E. Baker.
Trazodone has an unusual spectrum of pharmacological activity, and there appear to 
be discrepancies in published data with respect to brain dopamine levels (Stefanini 
et al, 1976 ; Boissier et al, 1974). However, it is agreed that, in common with 
neuroleptics, it eliminates the conditioned response, leaving the escape response 
intact in the classical avoidance escape paradigm (Gatti, 1973) which suggests that 
dopaminergic tracts are involved.
The release of tritium from brain slices pre-incubated with^H dopamine by 
electrical stimulation has been studied by several investigators, e.g. (Dismukes 4 
Mulder, 1977'. To study the effect of trazodone o^ electrically mobilisable 
radiolabel from rat striatal slices preloaded with dopamine, an improved 
system was recently developed principally for studying the effects of neuroleptics 
on endogenous dopamine release in conditioned rats (unpublished material'.
A modified version of a brain slicer (Brown 4 Halliwell, 1981) was used to obtain 
reproducible coronal slices from striatal regions. Each test slice in a micro 
electrode chamber (0.2ml' received 2 min. periods of stimulation via gold 
electrodes by square impulses of alternating polarity (10's, 2ms, 20mA). The 
volume of eluate in each superfusate fraction was2 monitored using standard yyTcm 
Experiments were carried out with and without^Ca in the superfusing2 media to 
test the dependency of electrically induced n dopamine release on Ca^ , generally 
regarded as essential for depolarisation induced release. Results are calculated 
on the basis of the total tissue radioactivity at the onset of stimulation. The 
percentage release of tritium from slices superfused with bicarbonate saline 
containing Ca^+ was 0.9129^ 0.3386 (n=9) first stimulation and 0.7006 + 0.4553 
(n=5), second stimulation. Tor slices superfused with calcium-free solution the 
figures were 0.0012 + 0.0015 (n=4' .first stimulation, and 0.0007 + 0.0012 (n=5), 
second stimulation. The results strongly suggest that the release is Cat 
dependent. To measure the effect of trazodone on slices preloaded with . H 
dopamine, electrically evoked release in the absence of the drug established 
control release levels. Subsequently the drug was added to the superfusing medium 
(0.024mM' prior to the second electrical stimulation. Control release levels were 
0.8855+ 0.4586 vn=4'. In the presence of trazodone the release levels were 
6.024+ 3.3945 (n=4'.
Preliminary results show that in our modified system, significant release of 
radiolabel was calcium ion dependent and trazodone apparently increased the 
proportion of electrically mobilisable dopamine or its metabolites. These 
results contribute to the puzzle of the pharmacological actions of trazodone on 
brain dopamine, but do not clarify the issue. The influence of drugs such as 
trazodone on releasable endogenous dopamine in naive and conditioned animals is 
currently under test.
Thanks to K. Jeyasingh for advice and help with measurements (Department of 
Nuclear Medicine).
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