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PREFACE

An u n d e r s t a n d i n g  o f  t h e  s t e r e o s p e c i f i c i t y  o f  t h e  

t r a n s p o r t  p r o c e s s e s  f o r  amino a c i d  n e u r o t r a n s m i t t e r s  

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

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

g e n eo u s  n e rv o u s  t i s s u e s . T h is  s tu d y  was i n i t i a t e d  

w i t h  t h e  p u rp o se  o f  e s t a b l i s h i n g  t h e  s t e r e o c h e m i c a l  

c r i t e r i a  f o r  s u b s t r a t e s  f o r  amino a c i d  t r a n s p o r t  

p r o c e s s e s  i n  n e r v e  e n d i n g s . U s in g  a n a lo g u e s  o f  

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

b u t y r i c  a c i d  (GABA) some o f  t h e  l i m i t a t i o n s  im posed  

on s u b s t r a t e s  f o r  th e  h ig h  a f f i n i t y  GABA u p ta k e  

m echanism  were e s t a b l i s h e d .

D u r in g  t h e  c o u r s e  o f  t h i s  s tu d y  i t  was found  t h a t  

t h e  p o r p h y r i n  p r e c u r s o r  5 - a m i n o l a e v u l i n i c  a c i d  (6-ALA) 

e x h i b i t e d  p o t e n t  e f f e c t s  on GABA and g lu ta m a te  u p ta k e  

and  e f f l u x  i n  r a t  b r a i n  s y n a p to s o m e s . 6-ALA i s  a

5 -c a rb o n  c h a in  a n a lo g u e  o f  GABA. The d e m o n s t r a t io n  

t h a t  6 -ALA i n h i b i t e d  s t i m u l a t e d  GABA r e l e a s e  and 

t h a t  t h i s  e f f e c t  was p r e v e n t e d  by t h e  GABA r e c e p t o r  

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

s u g g e s t i o n  t h a t  GABA r e l e a s e  i s  s u b j e c t  t o  n e g a t i v e  

fe e d b a c k  c o n t r o l  v i a  GABA a u t o r e c e p t o r s .  T h is  

h y p o t h e s i s  has  now been  c o n f i rm e d  by s e v e r a l  

i n v e s t i g a t o r s .



i i .

The r o l e  o f  6-ALA i n  t h e  p a t h o g e n e s i s  o f  t h e  n e u r a l  

d y s f u n c t io n  i n  t h e  a c u te  p o r p h y r i c  a t t a c k  i s  

d i s c u s s e d .

S in c e  t h e  p h a rm a co lo g y  o f  t h e  GABA a n to r e c e p , .o r  i s  

c o m p le te ly  unknown, i t  was d e c id e d  t o  i n v e s t i g a t e  

t h e  e f f e c t  o f  s e v e r a l  known GABA a g o n i s t s  on 

s t i m u l a t e d  GABA r e l e a s e . T hese  s t u d i e s  have  

s u g g e s t e d  t h a t  t h e  a u t o r e c e p t o r s  a r e  p h a rm a c o lo g ic ­

a l l y  i d e n t i c a l  t o  t h e  p o s t s y n a p t i c  GABA r e c e p t o r s  

a n d ,  f u r t h e r ,  t h a t  r e l e a s e  o f  GABA i s  r e g u l a t e d  

d i r e c t l y  v i a  a c t i v a t i o n  o f  t h e s e  r e c e p t o r s . T h is

i s  t h e  f i r s t  t im e  t h a t  su c h  a  r e l a t i o n s h i p  h a s  been  

d e m o n s t r a te d  f o r  any GABA r e c e p t o r - m e d i a t e d  e f f e c t .
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ABSTRACT

The e f f e c t  o f  a num ber o f  GABA a n a lo g u e s  on t h e
3

r e l e a s e  o f  p r e l o a d e d  H-GABA from  r a t  c o r t i c a l  

sy n ap to so m es  was ex am ined . Of t h e s e  o n ly  L - 2 , 4~ 

d i a m i n o b u ty r i c  a c i d  (DABA) and 6-ALA s t i m u l a t e d  

e f f l u x  t o  any s i g n i f i c a n t  e x t e n t .  (3-A lanine was 

a weak s t i m u l a n t  o f  r e l e a s e  w h i le  L - o m i t h i n e  

( th e  5 - c a r b o n  c h a in  a n a lo g u e  o f  P;?\BA) f L-homo­

c y s t e i n e  and L - m e th io n in e  w ere  i n a c t i v e . These  

r e s u l t s  c o n f i r m  t h e  i d e a  t h a t  DABA e;- chan ges  

p r i m a r i l y  w i th  n e u r o n a l  p o o ls  o f  GABA and $ -  

a l a n i n e  w i th  g l i a l  p o o l s . In  a d d i t i o n ,  i t  a p p e a r s  

t h a t  t h e  l e n g t h  o f  t h s  h y d ro c a rb o n  c h a in  i s  o f  

im p o r ta n c e  i n  d e te r m in in g  t h e  e x t e n t  t o  w hich  a 

GABA a n a lo g u e  i n t e r a c t s  w i th  t h e  n e u r o n a l  h ig h  

a f f i n i t y  GABA t r a n s p o r t  s i t e .  The u p p e r  l im it:  o f  

s e p a r a t i o n  o f  z w i t t e r i o n i c  c e n t r e s  i s  h i g h e r  

a t  n e u r o n a l  t h a n  a t  g l i a l  s i t e s .

6-ALA a t  c o n c e n t r a t i o n s  above  10 e x h i b i t f  m arked 

e f f e c t s  on h ig h  a f f i n i t y  GABA and g lu tam ate , t r a n s ­

p o r t  i n  n e rv e  e n d in g s .  S in c e  i n f l u x  o f  6-ALA i n t o  

th e  mammalian b r a i n  ic; known t o  be  l i m i t e d ,  t h e s e  

e f f e c t s  a r e  u n l i k e l y  t o  be  r e s p o n s i b l e  f o r  t h e  n e u ­

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

t h e  h e r e d i t a r y  h e p a t i c  p o r p h y r i a s .
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A t low c o n c e n t r a t i o n s  (10 ®M), 8-ALA was fo un d  t o
4- Q

i n h i b i t  t h e  K - s t i m u l a t e d  r e l e a s e  o f  p r e l o a d e d  H- 

GABA from  r a t  c o r t i c a l  s y n a p to s o m e s . T h is  e f f e c t  

was p r e v e n t e d  by t h e  GABA r e c e p t o r  a n t a g o n i s t s  

b i c u c u l l i n e  and  p i c r o t o x i n .  T hese r e s u l t s  s u g g e s t  

t h e  e x i s t e n c e  o f  b i c u c u l l i n e - s e n s i t i v e  i n h i b i t o r y  

GABA a u t o r e c e p t o r s  and im p ly  t h a t  5-ALA i s  a p o t e n t  

a g o n i s t  a t  t h e s e  r e c e p t o r s . I n h i b i t i o n  o f  

s t i m u l a t e d  GABA r e l e a s e  i s  e v i d e n t  a t  5-ALA c o n ­

c e n t r a t i o n s  w e l l  be low  t h o s e  a l r e a d y  r e c o r d e d  in  

t h e  CSF o f  p a t i e n t s  d u r in g  a c u t e  p o r p h y r i c  a t t a c k s . 

T h u s , i n t e r f e r e n c e  w i th  GABA f u n c t i o n  in  t h e  b r a i n  

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

p s y c h i a t r i c  m a n i f e s t a t i o n s  o f  t h e  a c u t e  p o r p h y r i c  

a t t a c k .

The p h a r m a c o lo g ic a l  s p e c i f i c i t y  o f  t h e  GABA a u t o ­

r e c e p t o r s  r e m a in s  unknown. i t h e  f i n a l  p a r t  o f  

t h i s  s t u d y , t h e  e f f e c t  o f  a  num ber o f  known GABA 

a g o n i s t s  (m usc im ol, PSA, i s o g u v a c in e  and THIP) on 

s t i m u l a t e d  GABA r e l e a s e  was e x am in e d . A good 

c o r r e l a t i o n  b e tw e e n  th e  p o te n c v  o f  t h e  d ru g s  a t  

a u t o r e c e p t o r s  and t h e i r  p o te n c y  i n  i n h i b i t i n g
3

s p e c i f i c  H-GABA b i n d in g  t o  ' j la sm a

membranes was fo u n d .  T hese  s u g g e s t  t h a t

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



t h e  s i t e  l a b e l l e d  w i th  ^H-GABA i n  c o n v e n t io n a l  

b i n d in g  s t u d i e s .  In  a d d i t i o n , i t  was shown t h a t  

i n h i b i t i o n  o f  GABA r e l e a s e  i s  c o r r e l a t e d  d i r e c t l y  

w i th  GABA r e c e p t o r  o c cu p a n cy . T h is  i m p l i e s  a 

c l o s e  c o u p l in g  o f  t h e  a u t o r e c e p t o r s  t o  t h e  e f f e c t o r  

m echanism  and s u g g e s t s  a l a c k  o f  " s p a r e "  a u t o ­

r e c e p t o r s .  Such a r e l a t i o n s h i p  be tw een  a 

r e c e p t o r  -  m e d ia te d  e f f e c t  and r e c e p t o r  o ccup an cy  

h a s  n o t  p r e v i o u s l y  been  d e m o n s t r a te d  f o r  any GABA- 

m e d ia te d  e f f e c t .
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1.

CHAPTER 1 

INTRODUCTION

1 .1  Amino a c i d  no.u ro t ra n t i i i i i t tu r . r3 : g e n e r a l  

c o n s i d e r a t i o n s .

E x te n s iv e  s tu d y  i n  r e c e n t  y e a r s  h a s  s u g g e s te d  

t h a t  s e v e r a l  amino a c id s  m ig h t  s e r v e  as n e u r o -  

t r a n s m i t t e r s  i n  th e  mammnlian CNS. Amino a c id  

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

compounds y -a m in o b u ty r ic  a c i d  (GABA) and g l y c i n e ,  

and t h e  e x c i t a t o r y  amino a c id s  L -g lu ta m a te  and 

L - a s p a r t a t e  ( f o r  a r e v ie w  se e  C u r t i s  and J o h n s to n ,  

1974) .  In  th e  p r e s e n t  s t u d y ,  a s p e c t s  o f  t h e  up ­

t a k e  o f  GABA and g lu ta m a te  i n t o  n e rv e  t e r m i n a l s  

and t h e i r  r e l e a s e  from t h e  n e rv e  e n d in g s  on v a r io u s  

s t i m u l i  w ere  exam ined ,

GABA i s  r e g a r d e d  as an i m p o r t a n t  i n h i b i t o r y  n e u r o -  

t r a n s m i t t e r  f u n c t i o n i n g  th r o u g h o u t  th e  mammalian 

CNS (se e  R o b e r ts  e t  a l . ,  1976) .  Sm all i n t e r ­

n e u r o n s ,  such  as G o l g i - t y p e - I I  n e u ro n s  and b a s k e t  

c e l l s ,  i n  th e  n e o c o r t e x ,  c e r e b e l lu m ,  hippocampus 

and th a la m u s  a p p e a r  t o  be t h e  m ajo r  c a t e g o r i e s  u f 

n e rv e  c e l l s  w hich r e l e a s e  GABA (Bloom and I v e r s e n ,  

1971; I v e r s e . i  and Bloom, 1972;  u o t e l o  e t  a l . ,

19 72;  L ju n g d a h l  .m i .v k t • -11 , I ' f ' /J;  i i jungdah l

e t  a l . , 1973) .
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I n  a d d i t i o n , GABA has  b een  l o c a l i s e d  i n  th e  s p i n a l  

c o rd  o f  th e  r a t  ( I v e r s e n  and Bloom, 1972) and th e  

c a t  (L ju n g d ah l and H o k f e l t ,  1973) by e l e c t r o n -  

m ic r o s c o p ic  a u to r a d io g r a p h y .  GABA i s  s y n t h e s i z e d  

i n  GABA e r g i c  n e rv e  t e r m i n a l s  by t h e  enzyme 

g lu ta m a te  d e c a rb o x y la s e  (E.G.  4 . 1 . 1 . 1 5 ) ( S a l g a n i c o f f  

and De R o b e r t i s ,  1965; B a la z s  e t  a l . ,  1966;

Fonnum eh a l . ,  1970; Fonnum and W alberg , 1973; 

M cLaughlin e t  a l . ,  1974; S e l l s t r o m  e t  a l . , 1975) ;  

i t  i s  r e l e a s e d  i n  r e s p o n s e  t o  n e rv e  s t i m u l a t i o n ,  

and removed from t h e  s y n a p t i c  c l e f t  by a h ig h  

a f f i n i t y  u p ta k e  sy s te m  p r e s e n t  i n  t h e  n e rv e  

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

p o s t - s y n a p t i c  n e u r o n a l  p e r i k a r y a  ( I v e r s e n  and N e a l ,  

196 8; H o k fe l t  and L ju n g d a h l ,  19 70; Bloom and 

I v e r s e n ,  1971; 'Term and B am berger , 1971; S to rm - 

M a th is e n ,  1975) .  A lthou gh  t h e  p o i n t  i s  c o n t r a -  

v e r s i a l ,  t h i s  h ig h  a f f i n i t y  u p ta k e  sy s te m  i s  

th o u g h t  t o  be  t h e  m a jo r  m echanism  whereby t h e  

p o s t s y n a p t i c  a c t i o n  o f  GABA i s  t e r m in a t e d  

( I v e r s e n  and J o h n s to n ,  1 9 7 1 ) .  F i n a l l y ,  GABA 

m e tab o l ism  t o  s u c c i n i c  se m ia ld e h y d e  i s  c a t a l y s e d  

by t h e  enzyme G A B A :a-ke tog lu tam ate  t r a n s a m in a s e  

(GABA-T, and th e  o x i d a t i o n  o f  s u c c i n i c  sem i­

a ld e h y d e  to  s u c c i n i c  a c i d  i s  c a t a l y s e d  by s u c c i n i c  

s e m ia ld e h y d e  d e h y d ro g e n ase  (M cllw ain  and B a c h e la rd ,  

1 9 7 1 ) .
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The pa thw ay : a - k e t o g l u t a r a t e  ^ g lu ta m a te  ■* GABA -» 

s u c c i n i c  se m ia ld e h y d e  + s u c c i n a t e  i s  known as  

t h e  GABA s h u n t , and a c c o u n ts  f o r  some 10% o f  

c e r e b r a l  o x i d a t i v e  m e ta b o l ism  (M cllw ain  and 

B a c h e la r d ,  1 9 7 1 ) .

The m ost c o n v in c in g  e v id e n c e  t h a t  GABA i s  an 

i n h i b i t o r y  t r a n s m i t t e r  i n  t h e  mammalian b r a i n  has  

been o b t a i n e d  th ro u g h  m i c r o i o n t o p h o r e t i c  e x p e r i ­

m ents  and i n t r a c e l l u l a r  r e c o r d i n g  s t u d i e s .  

A d m in is te r e d  from m i c r o p i p e t t e s , GABA d e p r e s s e s  

t h e  f i r i n g  o f  c o r t i c a l  n e u ro n s  o f  s e v e r a l  s p e c i e s  

(K rn je v ic  and P h i l l i s ,  1963; C raw fo rd  and C u r t i s , 

1964; B isc o e  e t  a l . ,  1972; C la r k e  and H i l l , 

1972; S i l l i t t o ,  1975) .  D e p re s s io n  o f  f i r i n g  

o f  c o r t i c a l  n e u ro n s  by GABA i s  accom pan ied  by mem­

b ra n e  h y p e r p o l a r i z a t i o n  and an i n c r e a s e  i n  

membrane c o n d u c ta n c e , p r i n c i p a l l y  t o  Cl (K rn je v ic  

and S c h w a r tz , 1967; D r e i f u s s  e t  a l . ,  1969) .

In  t h e s e  r e s p e c t s  t h e  a c t i o n  o f  GABA re s e m b le s  t h a t  

o f  t h e  t r a n s m i t t e r  r e l e a s e d  by i n h i b i t o r y  n e u ro n s  

a c t i v a t e d  by a s t im u lu s  to  th e  c o r t i c a l  s u r f a c e  

(K rn je v ic  and S c h w a r tz , 1967) .
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The s p e c i f i c i t y  and p h a rm a c o lo g ic a l  r e l e v a n c e  o f  

t h e s e  phenomena were d e m o n s tr a te d  i n  o t h e r  

e l e c t r o p h y s i o l o g i c a l  e x p e r im e n ts  i n  w hich  i t  was 

found  t h a t  t h e  c o n v u ls a n t s  p i c r o t o x i n  and b i c u c u l l i n e  

c o u ld  s e l e c t i v e l y  b lo c k  n e u ro n a l  i<_ ip o n s e s  t o  - 

GABA a t  c o n c e n t r a t i o n s  w hich  have l i t t l e  o r  no 

e f f e c t  on i n h i b i t i o n  in d u c e d  by o t h e r  amino 

a c i d s  ( C u r t i s  e t  a l . , 1971 ) .  In  a d d i t i o n ,  GABA 

i s  s t r o n g l y  i m p l i c a t e d  as bhe t r a n s m i t t e r  

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

s p i n a l  c o rd  ( R o b e r t s ,  1975) ;  i t  i s  th o u g h t  to  

a c t  t h ro u g h  a d e p o l a r i s a t i o n  o f  p r im a ry  a f f e r e n t  

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

o f  q u a n ta  o f  e x c i t a t o r y  t r a n s m i t t e r  (T akeuch i and 

T a k e u c h i ,  1966; R o b e r t s ,  1975) .

The t h e o r y  o f  c h e m ic a l  t r a n s m i s s i o n ,  f i r s t  s u g g e s t ­

ed  by E l l i o t  i n  1904 and e s t a b l i s h e d  by t h e  

i n v e s t i g a t i o n s  o f  Loewi (1921) and D ale  e t  a l . ,

( 1936) ,  p r e s u p p o s e s  t h e  e x i s t e n c e  o f  r e c e p t i v e  

s i t e s  on o r  i n  p o s t s y n a p t i c  membranes w hich  b in d  

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

t e r m i n a l s .
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The i n t e r a c t i o n  o f  t r a n s m i t t e r  w i th  r e c e p t o r  

t r i g g e r s  t h e  e v e n t s  l e a d i n g  t o  t h e  membrane 

changes  u n d e r l y i n g  n e rv o u s  t r a n s m i s s i o n .  In  

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

t a t e d  t h e  d i r e c t  b i o c h e m i c a l  d e m o n s t r a t i o n  o f  . 

r e c e p t o r  s i t e s  f o r  a v a r i e t y  o f  n e u r o t r a n s m i t t e r s  

i n  t h e  mammalian b r a i n  (Snyde r ,  19 78 ) .  Using 

r a d i o l a b e l l e d  GABA, GABA b i n d i n g  s i t e s  h a v in g  

r e c e p t o r - l i k e  p r o p e r t i e s  have b een  m easu red  i n  

membranes p r e p a r e d  from r a t  and b o v in e  b r a i n s  

(Zukin e t  a l . , 1974; Young e t  a l . ,  1976;

Wong and H o m g , 1977 ; L e s t e r  and P e c k , 1978) .
3

The b i n d i n g  o f  h GABA t o  i t s  e f f e c t o r  r e c e p t o r  

s i t e  d i f f e r s  from b i n d i n g  t o  t h e  t r a n s p o r t  

c a r r i e r  i n  t h a t  i t  i s  Na+- i n d e p e n d e n t  (Enna and 

S n y d e r ,  1977) and i s  masked i n  f r e s h l y  p r e p a r e d  

r a t  b r a i n  membranes by an a c i d i c  p r o t e i n  assumed 

t o  be an endogenous  m o d u la to r  o f  t h e  GABA r e c e p t o r  

(G u id ob t i  e t  a l . ,  1978; T o f fa n o  e t  a l . , 19 7 8 ) .  

E x t e n s i v e  wash ing  o f  t h e  membrane p r e p a r a t i o n s  o r  

t r e a t m e n t  w i th  t h e  d e t e r g e n t  T r i t o n  X-100 removes 

t h i s  endogenous i n h i b i t o r  and e x p o se s  t h e  p o p u l ­

a t i o n  o f  h ig h  a f f i n i t y  GABA b i n d i n g  s i t e s  (Enna 

and S n y d e r , 1977; Wong and Horng, 1977) .
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C a r e f u l  b i o c h e m i c a l  s t u d i e s  have r e v e a l e d  t h a t  

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

t h e  a f f i n i t y  o f  t h e  GABA r e c e p t o r  r e c o g n i t i o n  

s i t e  i n  a n o n - c o m p e t i t i v e  f a s h i o n ,  s u g g e s t i n g  

t h a t  t h e  m o d u la t o r  i n t e r a c t s  w i t h  a membrane - 

component  t o  p ro d u c e  an a l l o s t e r i c  change i n  

t h e  c o n f o r m a t io n  o f  t h e  r e c e p t o r  s i t e  (T offano  

e t  a l . , 1978) .  I t  i s  i n t e r e s t i n g  t o  n o t e

t h a t  d ru g s  o f  t h e  b e n z o d i a z e p i n e  c l a s s  c o m p e t i t i v e l y  

i n h i b i t  t h e  b i n d i n g  o f  t h i s  m o d u la to r  t o  i t s  s i t e  

and t h u s  f a c i l i t a t e  GABA e r g i c  t r a n s m i s s i o n  

( G u i d o t t i  e t  a l . , 197 8 ) .

H e u r i s t i c a l l y , t h e  GABA r e c e p t o r  may be c o n c e p t ­

u a l i z e d  as  p o s s e s s i n g  a t  l e a s t  two f u n c t i o n a l  

s i t e s .  One i s  t h e  r e c o g n i t i o n  s i t e  t o  which  t h e  

n e u r o t r a n s m i t t e r  a t t a c h e s  and t h e  o t h e r  i s  t h e  

io n o p h o re  which ,when  a c t i v a t e d ,  a l lo w s  f o r  t h e  

p a s s a g e  o f  C l~ io n s  (De F e u d i s , 1977; Horng and 

Wong, 1979; O lsen  e t  a l . , 1979) .  The e x i s t e n c e  

o f  s e p a r a t e  s i t e s  i s  s u g g e s t e d  by t h e  f a c t  t h a t  

c o n v u l s a n t s  such  as  p i c r o t o x i n , t u t i n  and t e t r a -  

m e t h y l e n e d i s u l f o t e t r a m i n e , which a r e  known t o

a n t a g o n i s e  t h e  a c t i o n  o f  GABA on n e u r o n a l  membranes 

do n o t  i n t e r f e r e  w i t h  t h e  a t t a c h m e n t  o f  GABA t o  

t h e  r e c o g n i t i o n  s i t e , b u t  r a t h e r  a p p e a r  t o  compete
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w i t h  Cl a t  t h e  i o n o p h o r e . ( Tah'euchi  and T a k e u c h i , 

196 9; Zukin e t  a l . , 1974; Enna e t  a l . , 1977; 

O lsen  e t  a l . , 19 7 9 ) .  R e c e n t l y ,  O lse n  e t  a l . , 

(1979) have r e p o r t e d  a b i o c h e m i c a l  method f o r  

l a b e l l i n g  t h e  GABA r e c e p t o r  io n o p h o r e  i n  b r a i n -
3

t i s s u e  u s i n g  H - d i h y d r o p i c r o t o x i n i n  as  a l i g a n d .  

U s ing  t h i s  a s s a y ,  t h e s e  i n v e s t i g a t o r s  examined 

a s e r i e s  o f  b a r b i t u r a t e s  and found  t h a t  t h e s e  

a g e n t s  a r e  c a p a b le  o f  i n t e r a c t i n g  w i t h  t h e  d i h y d r o -  

p i c r o t o x i n i n  b i n d i n g  s i t e  and m ig h t  p o t e n t i a t e  

GABA r e s p o n s e s  by f a c i l i t a t i n g  i o n  c o n d u c ta n c e  

t h r o u g h  t h e  io n o p h o r e  (T icku and O l s e n ,  1978) .

I f  t h i s  h y p o t h e s i s  i s  c o r r e c t ,  i t  would p r o v i d e  

a  b i o c h e m i c a l  mechanism o f  a c t i o n  f o r  t h e  e l e c t r o -  

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

t u r a t e s  p r o l o n g  GABA e r g i c  r e s p o n s e s  i n  a v a r i e t y  

o f  n e u r o n a l  sy s te m s  ( N i c o l l ,  1975; Ransom and 

B a r k e r ,  1976; Bowery and Dray ,  1978;  T s u c h iy a  

and Fukushima,  1978) . D e s p i t e  t h e s e  d e t a i l e d  

s t u d i e s , t h e  m o l e c u l a r  mechanisms whereby t h e  

i n t e r a c t i o n  o f  GABA w i t h  i t s  r e c e p t o r  s i t e  opens 

t h e  Cl i o n o p h o r e  rem a in  unknown.

Al though  t h e  e v id e n c e  f o r  a t r a n s m i t t e r  r o l e  o f  

L - g lu t a m a te  i s  n o t  n e a r l y  as  c o n v in c in g  as  t h a t  

s u p p o r t i n g  t h e  r o l e  o f  GABA i n  t r a n s m i s s i o n ,



t h e r e  i s  s u f f i c i e n t  i n f o r m a t i o n  t o  make such  a 

f u n c t i o n  seem p r o b a b l e  ( f o r  a r e v ie w  see  C u r t i s  

and J o h n s t o n , 1974) .

G lu tam ate  i s  i n c o r p o r a t e d  i n t o  p r o t e i n s  and p e p t i d e s , 

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

( a lo n g  w i t h  g lu ta m in e )  t o  t h e  r e g u l a t i o n  o f  ammonia 

l e v e l s  and t h e  c o n t r o l  o f  o s m o t i c  o r  a n i o n i c  b a l a n c e , 

s e r v e s  as  a p r e c u r s o r  f o r  GABA and f o r  v a r i o u s  Krebs 

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

i t u e n t  o f  a t  l e a s t  two i m p o r t a n t  c o f a c t o r s  ( g l u t a ­

t h i o n e  and f o l i c  a c i d ) . In  v iew o f  t h e s e  many r o l e s ,  

i t  i s  n o t  s u r p r i s i n g  t h a t  g l u t a m a t e  i s  t h e  most  abun­

d a n t  amino a c i d  i n  t h e  a d u l t  mammalian CNS and shows 

a f a i r l y  even d i s t r i b u t i o n  (C o s ta  e t  a l . , 1979) .

These  c o n s i d e r a t i o n s , p l u s  t h e  f a c t  t h a t  g lu ta m a te  

e x c i t e s  v i r t u a l l y  a l l  n e u ro n e s  so  f a r  t e s t e d  i n  v i v o  

( J o h n s o n , 1 9 7 2 ) ,  have made th e  d e f i n i t i o n  o f  s p e c i f i c  

g lu ta x n e rg ic  pa thw ays  i n  t h e  mammalian CNS e x t r e m e l y  

d i f f i c u l t .  In  t h e  s p i n a l  c o rd  o f  t h e  c a t , t h e  h i g h  

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

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

m ig h t  be t h e  t r a n s m i t t e r  o f  some p r im a ry  a f f e r e n t s  

(D a v id o f f  e t  a l . , 1967; J o h n s o n , 1972;  19 7 7 ) .  D o r s a l  

r o o t  s e c t i o n , how ever ,  had  l i t t l e  e f f e c t  on d o r s a l  

h o rn  g l u t a m a t e  l e v e l s  ( J o h n s o n , 1977) ,



I t  i s  p o s s i b l e  t h a t  g l u t  airier g i c  p r i m a r y  a f f e r e n t  

t e r m i n a l s  c o n t a i n  o n ly  a v e ry  sm a l l  f r a c t i o n  o f  

t h e  t o t a l  g l u t a m a t e  w i t h i n  he c o r d ;  i r  t h i s  i s  

t h e  c a s e , one would n o t  e x p e c t  a s i g n i f i c a n t  

d e c r e a s e  i n  d o r s a l  h o rn  g l u t a m a t e  l e v e l s  on s e c t i o n ­

i n g  o f  t h e  d o r s a l  r o o t s .

I n t r a c e r e b r a l  i n f e c t i o n  o f  n e o n a t a l  h a m s te r s  w i th  

a s p e c i f i c  r a t  p a r v o v i r u s  r e s u l t s  i n  t h e  s e l e c t i v e  

l o s s  o f  more t h a n  90% o f  t h e  c e r e b e l l a r  g r a n u l e  

c e l l s  (Young e t _ a l . , 1 974) .  T h is  i s  a s s o c i a t e d  

w i th  a marked f a l l  i n  c e r e b e l l a r  g l u t a m a t e  l e v e l s  

and a r e d u c t i o n  i n  t h e  u p ta k e  o f  g l u t a m a t e  by 

c e r e b e l l a r  homogenates  (Young e t  a l . , 1974) . 

C e r e b e l l a r  g l u t a m a t e  l e v e l s  i n  t h e  r a t  a r e  

s i g n i f i c a n t l y  r e d u c e d  by X - i r r a d i a t i o n  which  i s  

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

number o f  g r a n u l e  c e l l s  (V a lcana  e t  a l . 7 1972), - 

and c e r e b e l l a r  g l u t a m a t e  l e v e l s  a r e  a l s o  low i n  

m u ta n t  mice h a v in g  a r e d u c e d  n u r b e r  o f  g r a n u l e  

c e l l s  (Hudson e t  a l . , 1976; R o f f l e r - T a r l o v  and 

Sidman, 1 978) .  These  o b s e r v a t i o n s  a l l

s u g g e s t  t h a t  t h e  g r a n u l e  c e l l  s y n a p s e s  w i th  

P u r k i n j e  c e l l  d e n d r i t e s  may be g l u t a m e r g i c .



In  t h e  r a t , l e s i o n s  o f  c o r t i c o s t r i a t a l  pa thw ays  

p ro d u ce  a s i g n i f i c a n t  r e d u c t i o n  i n  t h e  u p t a k e  o f  

g l u t a m a t e  by t i s s u e  from t h e  c a u d a te - p u ta m e n  

(Me Geer e t  a l . , 1 9 7 7 ) ,  and f r o n t a l  c o r t i c a l  

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

mate l e v e l s  (Kim e t  a l . , 1 9 " 7 ) . T n is  s u g g e s t s  

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

pa thw ay .

I n  t h e  h ippocam pa l  f o r m a t i o n ,  e v id e n c e  h as  been  

o b t a i n e d  s u g g e s t i n g  t h a t  t h e  p e r f o r a n t  p a th w ay ,  

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

a r e a s  CA3 and 4 may u t i l i s e  j  ru tam a te  as  a t r a n s ­

m i t t e r  s u b s t a n c e  (N ad le r  a t  .-1 . , 1976; S t  .rm- 

M a th is e n ,  1977; Hambercar  t  a l .  , 197 8 ) .  In  

a d d i t i o n ,  t h e  s u b s t a n t i a l  r e d u c t i o n  i n  th e  l e v e l s  

o f  g l u t a m a t e  i n  t h e  g u i n e a  yog o l f a c t o r y  c o r t e x  

f o l l o w i n g  rem oval  o f  t h e  o 1* a c t : r y  b u lb  s u g g e s t s  

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

o l f a c t o r y  t r a c t  (Harvey e t  a l . - 1975) , and ,  

s i m i l a r l y , c hang es  i n  t h e  g l u t a m t a  c o n t e n t  o f  

t h e  c e r e b r a l  c o r t e x  a l t e r  u n d e r c u t t i n g  may be 

a s s o c i a t e d  w i t h  t h e  d e s t r u c t i o n  o f  a f f e r e n t  

g l u t a m e r g i c  p a thw ays  (Koyama and J a s p e r ,  1977) .



I n  common w i t h  o t h e r  amino a c i d  t r a n s m i t t e r  

c a n d i d a t e s , G lu tam a te  can  be shown t o  e n t e r  

n e u r a l  t i s s u e  by b o th  a  h ig h  a f f i n i t y  and a low 

a f f i n i t y  t r a n s p o r t  sy s te m  (Cox and B r a d f o r d ,  1978) .  

The c h a r a c t e r i s t i c s  and p o s s i b l e  r o l e s  o f  t h e s e  

t r a n s p o r t  sy s te m s  w i l l  be d i s c u s s e d  l a t e r .

S e v e r a l  i n v e s t i g a t o r s  have t r i e d  t o  d e m o n s t r a t e  

t h e  e x i s t e n c e  o f  s p e c i f i c  r e c e p t o r  s i t e s  f o r  

g l u t a m a t e  by u s i n g  l i g a n d  b i n d i n g  t e c h n i q u e s  

( J o h n s to n ,  1 9 7 9 ) .  U n t i l  r e c e n t l y , h o w e v e r , t h e  

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

which may be e i t h e r  p o s t s y n a p t i c  r e c e p t o r s  o r  

u p t a k e  s i t e s , and t h e  l a c k  o f  s p e c i f i c  a g e n t s  

t o  i n h i b i t  one o r  t h e  o t h e r  c l a s s  o f  s i t e s , 

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

s p e c i f i c  g l u t a m a t e  r e c e p t o r s . In  t h e  p a s t  few 

y e a r s  s e v e r a l  r e p o r t s  have a p p e a re d  d e s c r i b i n g  Na+-  

i n d e p e n d e n t  b i n d i n g  o f  H - g lu ta m a te  t o  b r a i n  

membranes ( F o s t e r  and R o b e r t s ,  1978; Baudry and 

Lynch,  1979a;  b ) . T h is  b i n d i n g  a p p e a r s  t o  

e x h i b i t  s e v e r a l  c h a r a c t e r i s t i c s  o f  b i n d i n g  t o  

p o s t s y n a p t i c  r e c e p t o r  s i t e s  a n d ,  as  w i t h  o t h e r  

n e u r o t r a n s m i t t e r s  (Young and S n y d e r ,  1974;  Enna 

and Sn y d e r ,  1977; Mohler  and okada  , 1978;  T s a i



and Lo£k.;Wit::, 19 78) i s  r e g u l a t e d  by s e v e r a l  i o n s  

m onova len t  c a t i o n s  d e c r e a s e  b i n d i n g ,  w h i l e  

c e r t a i n  d iv a le n t :  c a t i o n s  enhance  b i n d i n g  ( Baudry 

an i Lynch, 19 79b) .

Tiiere a r e  m a jo r  t e c h n i c  >L d i f f i c u l t i e s  i n  i n v e s t ­

i g a t i n g  t h e  i o n i c  met .nisra o f  t h e  s y n a p t i c  e x c i ­

t a t i o n  o f  c e n t r a l  n e u ro n e s  i n  v i v o , l a r g e l y  

b e c a u se  o f  t h e  s o m a t i c  and d e n d r i t i c  l o c a t i o n  

o f  e x c i t a t o r y  sy n a p se s  ( C u r t i s ,  1979) .  Conse­

q u e n t l y ,  t h e  i o n i c  b a s i s  o f  g l u t a r a t e - i n d u c e d  

e x c i t a t i o n  i s  n o t  f u l l y  e l u c i d a t e d .  The r e v e r ­

s i b l e  d e p o l a r i s a t i o n  o f  s p i n a l ,  c o r t i c a l  and 

c a u d a t e  n e u ro n e s  by g l u t a m a t e  i s  accompanied  by 

an i n c r e a s e  i n  membrane c o n d u c t a n c e ,  and t h e  

m easured  r e v e r s a l  p o t e n t i a l  i s  c o n s i s t e n t  w i th  

an I n c r e a s e d  membrane p e r m e a b i l i t y  t o  b o t h  Na+ 

and K+ i o n s  ( C u r t i s  e t  a l . , 1960a;  C u r t i s .  1965; 

K r n j e v i c  and S c h w a r tz ,  1967; Z i e g l g a n s b e r g e r  

and P u l l ,  1973; M c L e n n a n ,  1975; B e r n a r d !  

e t  a l . ,  1976) .  The in v o lv e m e n t  o f  Cl~ i o n s  

seems u n l i k e l y  ( C u r t i s ,  1 9 7 9 ) ,  s i n c e  t e t r o -  

d o t o x in  does n o t  b l o c k  t h e  d e p o l a r i s a t i o n ,  t h e  

uodium p e r m e a b i l i t y  i n c r e a s e  d i f f e r s  from t h a t  

a s s o c i a t e d  w i th  a c t i o n  p o t e n t i a l s  (Curt.it; e t  a l .  ,
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1972; Z i e g l g a n s b e r y e r  and P u i l , 1972) .  F u r t h e r
+s u p p o r t  f o r  t h e  p a r t i c i p a t i o n  o f  Na io n s  i s  p r o v i ­

ded by t h e  f i n d i n g  t h a t  t h e  d e p o l a r i s a t i o n  o f  

c u l t u r e d  human an-i r a t  s p i n a l  n e u ro n e s  by glu tar tu . tu  

can be  a b o l i s h e d  r e v e r s ^ b l y  by r e p l a c e m e n t  o f  e x t r a ­

c e l l u l a r  sodium w i t h  c h o l i n e  (H o s l i  e t  a l . , 1976) .

The e x c i t a t o r y  e f f e c t  o f  g l u t a m a t e  on s p i n a l  n e u ro n s  

i s  en h an ced  by p - m e r c u r i p h e n y l s u l f o n a t e , an i n h i b i t o r  

o f  t h e  u p t a k e  o f  g l u t a m a t e  i n t o  c e r e b r o c o r t i c a l  

s l i c e s  ( C u r t i s  e t  a l .  , 1970; B a l c a r  and Cohnstoix,

1972a ,  1973) .  T h i s  would t e n d  t o  s u g g e s t  t h a t  th e  

d e p o l a r i z a t i o n  i s  n o t  g e n e r a t e d  by a c a r r i e r - l i n k e d  

t r a n s p o r t  o f  Na+ and amino a c i d c  ( C u r t i s  e t  a l . , 19 7 0  

a n d t h a t  u p t a k e  i s ,  i n  f a c t ,  a m a jo r  mechanism t e r m ­

i n a t i n g  t h e  e f f e c t  o f  g l u t a m a t e  (Cox and B r a d f o r d ,

1978) .

A number o f  a g e n t s  which  a r e  p o w e r f u l  c a l c iu m  c h e l a ­

t o r s  f a i l  t o  e x c i t e  n e u r o n s ,  s u g g e s t i n g  t h a t  t h e  

e x c i t a t i o n  p ro d u c e d  by g l u t a m a t e  i s  n o t  m ere ly  a 

co n seq u e n ce  o f  a  l o w e r i n g  o f  t h e  e x t r a c e l l u l a r  Ca" 

c o n c e n t r a t i o n  due t o  c h e l a t i o n  o f  Ca2+ by g l u t a m a t e  

( C u r t i s  e t  a l . ,  1960b) .  The i n t e r a c t i o n  between 

g l u t a m a t e  and e x t e r n a l  membrane r e c e p t o r s  may, however ,  

i n i t i a t e  a Na"1" p e r m e a b i l i t y  i n c r e a s e  by d i s p l a c i n g  

Ca2+ from c r i t i c a l  membrane s i t e s  ( C u r t i s  and W atk in s ,  

1960) .
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T h u s , many e x p e r i m e n t a l  r e s u l t s  s u g g e s t  t h a t  t h e  

i o n i c  mechanism o f  t h e  d e p o l a r i s a t i o n  o f  n e u ro n e s  

by g l u t a m a t e  i n  v iv o  may be i d e n t i c a l  t o  that :  

p r o d u c e d  by a s y n a p t i c a l l y  r e l e a s e d  t r a n s m i t t e r .

In  one r e c e n t  s t u d y  how ever ,  a  d i s c r e p a n c y  

b e tw een  t h e  r e v e r s a l  p o t e n t i a l s  f o r  s y n a p t i c  and 

g l u t a m a t e  d e p o l a r i s a t i o n s  o f  c u l t u r e d  mouse s p i n a l  

n e u r o n e s  s u g g e s t s  d i f f e r e n t  i o n i c  mechanisms 

(Ransom e t  a l . , 1 977) .

1 .2  Uptake o f  GABA and g l u t a m a t e  i n t o  n e rv o u s  

t i s s u e .

Amino a c i d s  l i k e l y  t o  have  a t r a n s m i t t e r  

f u n c t i o n  i n  t h e  CNS can u s u a l l y  be shown 

t o  e n t e r  n e rv o u s  t i s s u e s  by b o t h  a h ig h  

a f f i n i t y  ( a p p a r e n t  Km = l-50yM) and a low 

a f f i n i t y  ( a p p a r e n t  Km = O.l-l.OmM) t r a n s p o r t  

sy s te m ,  w h e rea s  n o n - t r a n s m i t t e r  amino a c i d s  

a p p e a r  t o  p o s s e s s  o n ly  t h e  low a f f i n i t y  

sy s tem  ( I v e r s e n  gnd N e a l ,  1968;  J o h n s to n  

and I v e r s e n ,  1971; Logan and S n y d e r ,  1971;

1972? B a l c a r  and J o h n s t o n ,  19 72 ) .  Such h ig h  

a f f i n i t y  sy s te m s  have  been  d e s c r i b e d  f o r  GABA 

( I v e r s e n  and N e a l ,  19 6 8 ) ,  g l u t a m a t e  (Logan 

and S n y d e r ,  1971; 197 2 ) ,  g l y c i n e  (Neal and 

P i c k l e s ,  1969; Logan and S n y d e r ,  1971; 1972) ,  

a s p a r t a t e  (Logan and S n y d e r ,  1972) and 

t a u r i n e  (Kaczmarek and D a v iso n ,  1972) .



The t r a n s p o r t  sy s te m s  f o r  g l y c i n e  a r e  o f  

p a r t i c u l a r  i n t e r e s t .  G ly c in e  i s  an 

i n h i b i t o r y  t r a n s m i t t e r  i n  t h e  mammalian 

s p i n a l  c o rd  b u t  n o t  i n  t h e  c e r e b r a l  c o r t e x  

( C u r t i s  and J o h n s t o n , 1974) and i s  accumu­

l a t e d  by a low a f f i n i t y  t r a n s p o r t  sy s te m  i n  

b o t h  t i s s u e s  ( Jo h n s to n  and I v e r s e n ,  1971) .

A h ig h  a f f i n i t y  sy s tem  f o r  g l y c i n e  i s  d e t e c t ­

a b l e  o n ly  i n  t h e  s p i n a l  c o r d  ( J o h n s to n  and 

I v e r s e n , 19 7 1 ) .  I t  t h e r e f o r e  seems r e a s o n ­

a b l e  t o  c o n n e c t  h i g h  a f f i n i t y  amino a c i d  

u p t a k e  w i t h  some spe  \L .. r o l e  r e l a t e d  t o  t h e  

t r a n s m i t t e r  f u n c t i o n  v r  t h e s e  compounds (Cox 

and B r a d f o r d ,  19 7 8 ) .  The c h a r a c t e r i s t i c s  

and p o s s i b l e  r o l e s  o f  t h e  h i g h  a f f i n i t y  

t r a n s p o r t  sy s te m s  f o r  GABA and g l u t a m a t e  w i l l  

be d i s c u s s e d  i n  some d e t a i l .

1 . 2 . 1 .  Dependence o f  h i g h  a f f i n i t y  u p ta k e  

on Na+ : t h e  r o l e  o f  o t h e r  i o n s .

The h i g h  a f f i n i t y  u p t a k e  o f  GABA and g l u t a ­

mate  i s  a b s o l u t e l y  d e p en d e n t  on t h e  p r e s e n c e  

o f  Na+ i n  t h e  e x t e r n a l  medium ( I v e r s e n , 19 71; 

197 3; K u h a r , 1973; B e n n e t t  e t  a l . ,  19 74; 

K a n n e r , 1978;  Kavtner and S h a r o n ,  1978) «
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In  a v a r i e t y  o f  b r a i n  p r e p a r a t i o n s , t h i s  

t r a n s p o r t  a p p e a r s  t o  be a c t i v e , t e m p e r a t u r e  

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

p o i s o n s , such  as  2 , 4 - d i n i t r o p h e n o l  and c y a n i d e ,  

which  i n t e r f e r e  w i t h  i n t r a c e l l u l a r  ATP s y n t h e s i s , 

as  w e l l  as  by t h e  i n h i b i t o r  o f  t h e  (Na+" + K+)

-ATPase o u a b a in  (Varon e t  a l . , 1964;  Wein­

s t e i n  e t _ a l . , 1965;  S t r a s b e r g  and E l l i o t t ,

1967; I v e r s e n  and N e a l ,  1968;  Kuriyama 

e t  a l . , 1969; White  and Keen, 1970; B a l c a r  

and J o h n s t o n , 1972; M a r t in  and S m i t h , 1972) .

I t  has  been  s u g g e s t e d  t h a t  t h e  p a r t i c i p a t i o n  

o f  t h e  (Na+ + K+)-ATPase i n  t r a n s p o r t  i s  i n -
vj- -J-

d i r e c t  and t h a t , i n  f a c t ,  t h e  Na and a l s o  K 

g r a d i e n t s  a c r o s s  t h e  membranes o f  p r e s y n a p t i c  

n e r v e  t e r m i n a l s  and g l i a l  c e l l s  may r e p r e s e n t  

t h e  im m ed ia te  d r i v i n g  f o r c e s  f o r  a c t i v e  n e u r o -  

t r a n s m i t t e r  u p t a k e  (Bogdanski  e t  a l . , 1968;

M a r t in  and S m i t h , 19 72; M a r t i n ,  1973; _H o l t z  

and C o y l e , 19 74 ) .  T h is  i s  i n  a c c o rd a n c e  w i t h  

t h e  g e n e r a l  h y p o t h e s i s  t h a t  s o l u t e  a c c u m u la t io n  

can  be a c h i e v e d  by c o - t r a n s p o r t  w i t h  i o n s  

which  move down t h e i r  e l e c t r o c h e m i c a l  p o t e n t ­

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

(Riggs e t  a l . , 1958) .

R e c e n t l y , s t u d i e s  on t h e  a c t i v e  u p t a k e  o f  

GABA and g l u t a m a t e  i n t o  membrane v e s i c l e s

*
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have l e n t  s t r o n g  s u p p o r t  t o  t h i s  c o n c e p t  

o f  n e u r o t r a n s m i t t e r  t r a n s p o r t  i n  t h e  

mammalian CNS (K an ner , 1978; Kanner and 

S h a ro n ,  197 8 ) .  A c t iv e  t r a n s p o r t  o f  b o th  

GABA and g l u t a m a t e  was a b s o l u t e l y  d e p e n d e n t  

on e x t e r n a l  Na+ and c o u ld  be  d r i v e n  by., 

a r t i f i c i a l l y  imposed Na+ g r a d i e n t s  (o u t  > 

in )  and K+ g r a d i e n t s  ( i n  > o u t ) ( K a n n e r ,  197 8; 

Kanner and S h a ro n ,  1 9 7 8 ) .  S u r p r i s i n g l y , GABA 

t r a n s p o r t  was a l s o  a b s o l u t e l y  d e p e n d e n t  on 

t h e  p r e s e n c e  o f  e x t e r n a l  sm a l l  m on o va len t  

a n io n s  (K a n n e r , 1978) w h i l e  g l u t a m a t e  t r a n s ­

p o r t  had no such  r e q u i r e m e n t  (Kanner and 

S h a r o n ,  197 8 ) .  The s o l e  s o u r c e  o f  e n e rg y  i n  

t h e s e  e x p e r i m e n t s  was t h a t  o f  t h e  a r t i f i c i a l l y  

imposed t ransm em brane  i o n  g r a d i e n t s  and u n d e r  

t h e s e  c o n d i t i o n s , t r a n s p o r t  was n o t  i n h i b i t e d  

by o u a b a i n .  These r e s u l t s  im ply  t h a t  t h e  

r o l e  o f  t h e  (Na+ + K+)-ATPase i n  h ig h  a f f i n i t y  

amino a c i d  t r a n s p o r t  i n  i n t a c t  synap tosom es  i s  

i n d i r e c t ;  n a m e ly , i t  c r e a t e s  t ransm em brane

io n  g r a d i e n t s . F u r t h e r  s u p p o r t  f o r  a
+ 4*se c o n d a r y  r o l e  o f  t h e  (Na + K ) -ATPase s tems 

from t h e  f i n d i n g  t h a t  K+ i s  n o t  n e c e s s a r y  f o r  

GABA o r  g l u t a m a t e  t r a n s p o r t  i n  membrane 

v e s i c l e s  i n  which a r t i f i c i a l  Na"1 g r a d i e n t s  

have been  c r e a t e d  (K a n n e r , 19 78; Kanner and 

S h a r o n , 1978) .
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I n  s t u d i e s  w i t h  i n t a c t  s y n a p to s o m e s , a K+ 

r e q u i r e m e n t  was r e p o r t e d  (M ar t in  and S m i t h ,

1972; M a r t i n , 19 7 6 ) .  These  r e s u l t s  s u g g e s t  

t h a t  K+ i s  r e q u i r e d  i n  t h e  p r o c e s s  by which  

t h e  Na+ g r a d i e n t  i s  c r e a t e d ,  b u t  n o t  i n  t h e  

a c t u a l  t r a n s l o c a t i o n  o f  GABA o r  g l u t a m a t e .

The p r e c i s e  r o l e  o f  Na+ i n  amino a c i d  t r a n s ­

m i t t e r  t r a n s p o r t  r em a in s  unknown. In  t h e  

c a se  o f  GABA, t h e r e  i s  s t r o n g  e v id e n c e  f o r  

a mechanism i n  which t h e  b i n d i n g  o f  GABA t o
4-

t h e  t r a n s p o r t  c a r r i e r  i s  a c t i v a t e d  by Na 

( W e i n s t e i n , e t _ a l . , 1 9 6 5 ) .  The s a t u r a t i o n  

k i n e t i c s  o f  t h e  sy s te m  w i t h  r e s p e c t  t o  Na+ 

and GABA s u g g e s t  t h a t  t h e  t r a n s p o r t  c a r r i e r  

may c o n t a i n  two o r  more Na+ s i t e s  which  i n t e r ­

a c t  c o o p e r a t i v e l y  w h i l e  i n v o l v i n g  o n ly  one 

s i t e  f o r  GABA ( M a r t in ,  1973; 19 76; B l a u -

s t e i n  and K in g ,  1976) .  The r o l e  o f  C l"  

i n  GABA t r a n s p o r t  rem a in s  e n t i r e l y  s p e c u l a t i v e  

(K ann er , 1978) .

1 . 2 . 2 .  Homo- and h e t e r o e x c h a n g e .

H i g h - a f f i n i t y  u p t a k e  o f  r e l e a s e d  n e u r o a c t i v e  

amino a c i d s  h as  b e e n  i n t e r p r e t e d  as t h e  means 

whereby t h e  p o s t s y n a p b i c  a c t i o n  o f  t h e s e  com­

pounds i s  t e r m i n a t e d  ( I v e r s e n  and J o h n s t o n , 19 7 1 ) .



In  f a c t  t h e  d i s c o v e r y  o f  a h i g h  a f f i n i t y  

t r a n s p o r t  sy s te m  f o r  an amine a c i d  i n  n e r ­

vous t i s s u e  has  b een  t a k e n  as  s u p p o r t i n g  

a n e u r o t r a n s m i t t e r  f u n c t i o n  f o r  t h e  compound. 

However , s i n c e  t h e  d i s c o v e r y  by Levi  and 

R a i t e r i  (1974) t h a t  u n l a b e l l e d  t r a n s m i t t e r  

amino a c i d  can exchange  w i t h  l a b e l l e d  t r a n s ­

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

p h y s i o l o g i c a l  s i g n i f i c a n c e  o f  h i g h  a f f i n i t y  

u p t a k e  and i t s  r o l e  i n  s y n a p t i c  t r a n s m i s s i o n  

p r o c e s s e s  have been  t h e  s u b j e c t  o f  much c o n ­

t r o v e r s y  ( R a i t e r i  e t  a l . , 1975;  Benjamin 

and Q u a s t e i ,  1976; Cox and B r a d f o r d ,  1978; 

Okamoto and Namina, 19 7 8 ) .  I f  synap tosom es

a r e  p r e l a b e l l e d  w i t h  low c o n c e n t r a t i o n s  o f
3 3H-GABA o r  H - g lu t a m a te  and s u p e r f u s e d ,  t h e

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

t o  t h e  s u p e r f u s i o n  medium w i l l  i n c r e a s e  e f f l u x  

o f  l a b e l  from t h e  synap to so m es  i n  a s a t u r a b l e ,  

c o n c e n t r a t i o n - d e p e n d e n t  manner  (Levi  and 

R a i t e r i , 1974;  R a i t e r i  e t  a l . , 1975; Levi  

e t  a l . , 1976) .  T h is  s u g g e s t s  t h a t  exogenous 

amino a c i d  i s  a b l e  t o  ex change  w i t h  an en d o ­

genous p o o l  o f  t h e  compound. Only i n  t h e  

c a s e  o f  g l y c i n e  (A pr ison  and McBride,  1973;

Levi  and R a i t e r i ,  1975) h as  n e t  u p t a k e  o f  

amino a c i d  been  d e m o n s t r a t e d  a t  low c o n c e n t r ­

a t i o n s  o f  s u b s t r a t e  ( i n  t h e  h i g h  a f f i n i t y  r a n g e ) .
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Net u p t a k e  o f  GABA h as  been  o b s e r v e d  i n  

r a t  b r a i n  s l i c e s  e x p o sed  t o  200uM GABA 

( I v e r s e n  and N e a l ,  196 8 ) ,  b u t ,  a t  t h i s  

c o n c e n t r a t i o n ,  low a f f i n i t y  t r a n s p o r t  c o u ld  

p r o b a b l y  a c c o u n t  f o r  t h e  u p t a k e . In  s y n a p t o -  

somes d e p l e t e d  o f  endogenous  GABA, n e t  h ig h  

a f f i n i t y  u p t a k e  o f  l a b e l l e d  GABA may o c c u r  

(Ryan and R o s k o s k i , 1 9 77 ) ;  however ,  s i n c e

e s t i m a t e s  o f  t h e  c o n c e n t r a t i o n  o f  GABA i n  

GABAergic t e r m i n a l s  v a ry  from 50-150mM 

(Fonnum and W alberg ,  19 7 3 ) ,  i t  i s  v e r y  

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

p r e s y n a p t i c  GABA s t o r e s  c o u l d  o c c u r  as  a 

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

c o n s e q u e n t l y  t h i s  s i t u a t i o n  i s  r a t h e r  a r t i ­

f i c i a l .

H e te ro ex c h a n g e  be tw een  endogenous and exo ­

genous p o o l s  o f  d i f f e r e n t  amino a c i d s  may 

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

f o r  GABA and g lu ta m a te  ( R a i t e r i  e t  a l . , 1975; 

Levi  e t  a l . ,  1976 ; Okamoto and Namima, 1978) . 

As w i l l  be d i s c u s s e d  l a t e r ,  t h i s  mechanism 

p r o v i d e s  a u s e f u l  e x p e r i m e n t a l  t o o l  f o r  

exam in ing  t h e  s t e r e o s p e c i f i c i t y  o f  t h e  amino 

a c i d  b i n d i n g  s i t e  on t h e  t r a n s p o r t  c a r r i e r .



Net u p ta k e  o f  GABA h as  been  o b s e r v e d  i n  

r a t  b r a i n  s l i c e s  e x p o sed  t o  200uM GABA 

( I v e r s e n  and N e a l ,  1 9 6 8 ) ,  b u t ,  a t  t h i s  

c o n c e n t r a t i o n ,  low a f f i n i t y  t r a n s p o r t  c o u ld  

p r o b a b l y  a c c o u n t  f o r  t h e  u p t a k e .  In  s y n a p t o -  

somes d e p l e t e d  o f  endogenous GABA, n e t  h ig h  

a f f i n i t y  u p ta k e  o f  l a b e l l e d  GABA may o c c u r  

(Ryan and R o s k o s k i ,  1 9 7 7 ) ;  how ever ,  s i n c e  

e s t i m a t e s  o f  t h e  c o n c e n t r a t i o n  o f  GABA i n  

GABAergic t e r m i n a l s  v a ry  from BO-lSOmM 

(Fonnum and W alb e rg ,  19 7 3 ) ,  i t  i s  v e ry  

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

p r e s y n a p t i c  GABA s t o r e s  c o u ld  o c c u r  as a 

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

c o n s e q u e n t l y  t h i s  s i t u a t i o n  i s  r a t h e r  a r t i ­

f i c i a l  .

Heberoexchange  be tw een  endogenous and ex o ­

genous p o o l s  o f  d i f f e r e n t  amino a c i d s  may 

a l s o  o c c u r  t h r o u g h  t h e  h ig h  a f f i n i t y  c a r r i e r s  

f o r  GABA and g lu ta m a te  ( R a i t e r i  e t  a l . , 1975; 

Levi  e t  a l . ,  1976; Okamoto and Namima, 197 8 ) .  

As w i l l  be  d i s c u s s e d  l a t e r ,  t h i s  mechanism 

p r o v i d e s  a u s e f u l  e x p e r i m e n t a l  t o o l  f o r  

e x am in in g  t h e  s t e r e o s p e c i f i c i t y  o f  t h e  amino 

a c i d  b i n d i n g  s i t e  on t h e  t r a n s p o r t  c a r r i e r .



In  a d d i t i o n , t h i s  has  a b e a r i n g  on i n h i b i t i o n  

s t u d i e s  where  a p p a r e n t  i n h i b i t i o n  o f  h ig h  

a f f i n i t y  GABA ( Jo h n s to n  e t  a l . , 1975; 1976a,  

b ; 1977; K r o g s g a a r d - L a r s c n ,  e t  a l . , 1975; K ro g s -

g a a r d - L a r s e n ,  1978) and g l u t a m a t e  ( B a lc a r  and 

J o h n s t o n , 1972a,  b ; 1973;  R o b e r ts  and W a t k i n s ,

1975) u p t a k e  by a n a l o g u e s  may m e r e ly  r e p r e s e n t  

c o m p e t i t i o n  f o r  t h e  exchange  mechanism be tw een  

t h e  a p p a r e n t  i n h i b i t o r  and t h e  exogenous  l a b e l l e d  

s u b s t r a t e .

I t  i s  c o n c e i v a b l e  i n  t h e  c a s e  o f  g l u t a m a t e  t h a t  

t h e  s t i m u l a t i o n  o f  e f f l u x  o f  sy n a p to so m a l  l a b e l l e d  

t r a n s m i t t e r  by c o ld  amino a c i d  c o u ld  be e x p l a i n e d  

by g l u t a m a t e - i n d u c e d  sy n a p to so m a l  d e p o l a r i s a t i o n  

(Cox and B r a d f o r d ,  19 7 8 ) .  The minimum c o n c e n t r a ­

t i o n  o f  g l u t a m a t e  r e q u i r e d  t o  in d u c e  endogenous 

g l u t a m a t e  r e l e a s e  (10yM) (Levi  e t  a l . , 1976) i s  r 

how ever ,  f a r  lo w er  t h a n  t h e  t h r e s h o l d  o f  n e u r o n a l  

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

mate ( a b o u t  200HM)(Gibson & M c l lw a in , 1965) .  Thus,  

t h i s  mechanism seems u n l i k e l y .

R e c e n t l y ,  a t h e o r e t i c a l  c o n s i d e r a t i o n  o f  t h e  

f o r c e s  c o n t r o l l i n g  t h e  d i s t r i b u t i o n  o f  GABA a c r o s s  

th e  sy n a p to so m a l  membrane h a s  s u g g e s t e d  t h a t ,  i n  

i n t a c t  n e rv o u s  t i s s u e , c o n c e n t r a t i v e  u p t a k e  o f  

GABA beg s i n  t h e  ra n g e  o f  10 e x t e r n a l  GABA 

( S e l l s t r o i  e t  a l .  , 1976) .
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T his  i s  i n  t h e  ran g e  o f  t h e  a p p a r e n t  Km f o r  

h i g h  a f f i n i t y  GABA t r a n s p o r t  (Honn and Ham- 

» e r g e r , 1973; Somoza e t  a l . , 1977;  H i t z e -  

mann and Loh, 1978) .  I n  a d d i t i o n , compounds 

which  a p p a r e n t l y  i n h i b i t  t h e  u p t a k e  o f  GABA 

u n d e r  i n  v i t r o  c o n d i t i o n s  enhance  t h e  

i n h i b i t o r y  a c t i o n  o f  e l e c t r o p h o n e t i c a l l y  

a d m i n i s t e r e d  GABA and GABA a g o n i s t s  on s p i n a l  

n e u ro n e s  and c e r e b e l l a r  P u r k i n j e  c e l l s  i n  

a n a e s t h e t i s e d  c a t s  ( C u r t i s  e t  a l . , 1970; 1976;  

19 77; K rogsgaL, r d - L a r s e n ,  e t  a l . , 1975;

Lodge e t  a l . , 1977; 1978) .  S i m i l a r l y , 

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

known t o  b l o c k  u p ta k e  o f  g l u t a m a t e  i n t o  c e r e -  

b r o c o r t i c a l  s l i c e s  ( B a lc a r d  and J o h n s t o n ,

19 72a; 19 73; C u r t i s  e t  a l . , 1970) enh an ces  

t h e  e x c i t a t o r y  a c t i o n  o f  g l u t a m a t e  on c a t  

Renshaw c e l l s  and s p i n a l  i n t e r n e u r o n e s  (Cox 

and B r a d f o r d ,  19 78 ) .  The c o n c l u s i o n  to .  be 

drawn from t h e s e  r e s u l t s  i s  t h a t  h i g h  a f f ­

i n i t y  t r a n s p o r t  p r o c e s s e s  a r e  i m p o r t a n t  

f o r  t h e  m a in t e n a n c e  o f  low e x t r a n e u r o n a l  

c o n c e n t r a t i o n s  o f  t r a n s m i t t e r  amino a c i d s .

T h is  does n o t  n e c e s s a r i l y  imply  a r o l e  f o r  

h ig h  a f f i n i t y  u p ta k e  i n  l i m i t i n g  t h e  a c t i o n  

o f  o y n a p t i c a l l y  r e l e a s e d  t r a n s m i t t e r  i n  v i v o .
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if nomoiixchange douu occur in vivo, i t  is 

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

' •■•••isteful process. A p u r e l y  h y p o t h e t i c a l  

n a t i o n  might invoke some metabolic role 

phenomenon. Thus, homoexchange 

j. . --ov i d e  a mechanism for the shunting 

oi t r a n s m i t t e r  from a r e l e a s a b l e  transmitter 

p o o l  to :;i non-re leas able metabolic pool; 

presumably th e  homoexchange process would have 

t o  bo e n e r g e t i c a l l y  more favourable than the 

direct intrasynaptosomai transfer from one

l...u 1 to the other. Interestingly, i t  has 

boon demons sated that exogenous glutamate 

will exchange  w i t h  p r e l o a d e d  endogenous 

y ln ta m a te  i n  t h e  p r e s e n c e  o f  o u a b a in  which  

specifically i n h i b i t s  high a f f i n i t y  gluua- 

ibe uptake (Benjamin and Quastel, 1976) .

This  suggsintij  t h e  e x i s t e n c e  o f  two s e p a r a t e  

jyutomn which  can  be activated i n d e p e n d e n t l y .

Cl . i r i y  ,n - c u l d  m e d ia t e  a  m e t a b o l i c  r o l e  

m  l t h "  cth'.r a r o l e  r e l a t e d  t o  s y n a p t i c  

\ r i n . : m j s s b , n .  Howevery K a i t e r i  o t  a l . ,

h iv.! r"purt"d bhat. . uab iin  .Icon a f f e c t

Y
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1.2.3. 3tereospecl£icit^ of nigh affinity

amino acid transport.

The high affinity uptake mechanisms which 

exist in neurones and glial cells for amln „ 

acid transmitters are characterised by-a 

marked degree of substrate specificity. Th -■ 

specificities of the neuronal rransp^rt 

systems for GAB A and glutamate have Lu-.-r 

elucidated largely by examining the effect:- 

of various aiiui- xfues on {&} high affinity 

neuronal transmitter upLf; (b)

of transmitter from brain prcpsrafiunc

by beterr^xchunge diffusions. This aspect 

of amino acid .transmit r-.u: transport will be 

discussed in dntai2 in a 1 iter auction of  

this the sit;.

R e l e a s e  oil GAD A and  g l u t a m a t e  ^rom n c i v : u r  

t i s s u e s .

Although much is known abou„ i'\c la>i'.M.i o 

neurotransmitters from peripheral nervej, 

very little  b"' comparison i.;; Hn-.'-v,n .ibont tiK 

rolease process in hr iLn.



This  h as  been  d u e , i n  p a r t , t o  t e c h n i c a l  

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

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

b r a i n  s l i c e s . I n  such  p r e p a r a t i o n s  t h e  

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

i s  l i m i t e d  by t h e  lo n g  d i s t a n c e s  o v e r  7h i c h  

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

d u r i n g  which c a t a b o l i s m  o r  r e u p t a k e  c o u ld  

v.ake p l a c e . In  a d d i t i o n , m a n i p u l a t i o n s  o f  

'/.he im m edia te  e x t r a c e l l u l a r  e n v i ro n m e n t  c a n n o t  

be a c h i e v e d  r a p i d l y  o r  a c c u r a t e l y  making 

d e t a i l e d  k i n e t i c  a n a l y s i s  a lm o s t  m e a n i n g l e s s .  

Many o f  t h e s e  d i f f i c u l t i e s  have been  o b v i a t e d  

by t h e  u s r  o f  synap tso m es  as an e x p e r i m e n t a l  

sy s te m  f o r  t h e  s t u d y  o f  n e u r o t r a n s m i t t e r  

r e l e a s e  i n  b r a i n  ( B l a u s t e i n ,  e t  a l . , 3972;

De B e l l e r o c h e  and B r a d f o r d ,  1972a ,  b ;  B ra d ­

f o r d ,  e t  a l . , 1973; Levy e t  a l . , 1973) .

R e le a s e  from sy nap tosom es  can be s t u d i e d  

i n d e p e n d e n t l y  o f  m u l t i n e u r o n a l  o r  n e u r a l -  

g l i a l  i n t e r a c t i o n s , s u b s t a n c e s  can be r a p i d l y  

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

b a r r i e r s , and r e l e a s e d  t r a n s m i t t e r  can be 

c o l l e c t e d  q u i c k l y  and d i r e c t l y ,  T h u s , 

b o t h  t h e  t r a n s m i t t e r  s u b s t a n c e  and th e  

r e l e a s e  p r o c e s s  can be q u a n t i t a t i v e l y  a n a l y s e / .
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1 . ^ . 1 .  D e p o l a r i s a t i o n - i n d u c e d  r e l e a s e  o f  

GAB A.

The r e l e a s e  u, p r e v i o u s l y  a c c u m u la te d  GABA 

from a number o f  b r a i n  p r e p a r a t i o n s  shows 

many o f  t h e  c h a r a c t e r i s t i c s  a s s o c i a t e d  w i th  

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

R e le a s e  can be  evoked  by i n c r e a s i n g  t h e  

e x t e r n a l  K+ c o n c e n t r a t i o n , by v e r a t r i d i n e  a n d , 

i n  some c a s e s ,  by e l e c t r i c a l  s t i m u l a t i o n , and 

h as  a  ve ry  m a rk e d , b u t  n o t  a b s o l u t e , r e q u i r e ­

ment  f o r  Ca^+ (Machiyumu, e t  a l . , 967;

t i r i n i v a s a n ,  e t  a l . , 1_'G9; Benj,. In  and 

Q u a s t e l , 1972; B l a u s t e i n , e t  a l . , 1971;

De B e l l e r o c h e  and B r a d f o r d ,  1972a ,  b ;  Levy, 

e t  a l . , 19 73; • Tappaz and P a c h ec o ,  197 3;

IT ’l d e r  and S n y d e r ,  1974; D a v i e s , e t  a l . , 1975; 

H o lz ,  •75 ; R a i t e r i , e t  a l . , 1975; Cotman, 

e t  a l . , 197u ; aodl u rn  , e t  a l .  , 1976; -

O l s e n , e t  a l . , 1977; V a r g a s ,  e t  a l . , 1977) .  

When e f f l u x  i s  s t i m u l a t e d  by i n c r e a s e d  e x t e r ­

n a l  K+ c o n c e n t r a t i o n , v e r a t r i d i n u  >r t h e  

c a l c iu m  io n o p h o r e  A23187, t h e  p r o c e s s  i.j 

s t r o n g l y  Ca^ - d e p e n d e n t  ( S r i n i v a s a n ,  s t  a l . , 

196*9; Benjamin  and Q u a s t e l , 1972 ; Mulder  

and S n y d e r ,  1974; D a v i e s , e t  a l . , 1975; 

R a i t e r i ,  e t  a l . , 1975; R ed b u rn , e t  a l . , 197 6 ) .
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These t h r e e  a g e n t s  (K+ , v e r a t r i d i n e  and 

A2 3187) a c t  by d i s t i n c t l y  d i f f e r e n t  mechan­

isms , b u t  l e a d  t o  a common a c t i o n :  an i n c -
2 +r e a s e  i n  membrane p e r m e a b i l i t y  t o  Ca

High c o n c e n t r a t i o n s  o f  K+ d e p o l a r i s e  t h e

membrane o f  t h e  n e rv e  e n d in g  by r e d u c i n g

t h e  e l e c t r o c h e m i c a l  g r a d i e n t ,  and t h i s  i n
2+t u r n  i n c r e a s e s  t h e  p e r m e a b i l i t y  t o  Ca 

(G o ld r rn g  and B l a u s t e i n ,  19 7 3 ) .  V e r a t r i ­

d in e  i n c r e a s e s  p e r m e a b i l i t y  t o  Na+ , l e a d i n g  

t o  membrane d e p o l a r i s a t i o n  and hence  

i n c r e a s e d  Ca^+ p e r m e a b i l i t y  ( U l b r i c n t , 1969; 

G o ld r in g  and B l a u s t e i n ,  1 9 7 3 ) ,  and A23187

i n s e r t s  i n t o  t h e  membrane and c r e a t e s  new 
2 +Ca c h a n n e l s  (P ressm an ,  19 7 3 ) .  Thus ,  t h e s e

t h r e e  t r e a t m e n t s  i n c r e a s e  Ca^+ p e r m e a b i l i t y

and a l l  en hance  t h e  r a t a  o f  e f f l u x  o f  p r e -

lo a d e d  GABA. C u r r e n t  e v id e n c e  s u p p o r t s

t h e  t h e o r y  t h a t  an i n c r e a s e  i n  t h e  i n t r a -
2 +c e l l u l a r  c o n c e n t r a t i o n  o f  Ca i s  a n e c e s s a r y  

and s u f f i c i e n t  r e q u i s i t e  f o r  i n d u c i n g  t r a n s ­

m i t t e r  s e c r e t i o n  ( L l i n a s  and N i c h o l s o n ,  1975) .

C o n s i s t e n t  w i t h  a r e l e a s e  p r o c e s s  l i m i t e d  by 

a Ca2+ i n f l u x  c o n t r o l l e d  by membrane d e p o l a ­

r i s a t i o n  i s  t h e  f i n d i n g  t h a t  i n c r e a s e s  i n  Ca2 f  

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

p r o c e s s  i n  t h e  p r e s e n c e  o f  55mM K+ (Cotman, 

e t  a l . , 1976)
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When t h e  d e p o l a r i s a - c i o n - l i n i t e d  i n f l u x  o f

Ca^+ i s  b y - p a s s e d  w i t h  A23187, r e l e a s e

i n c r e a s e s  l i n e a r l y  w i t h  t h e  lo g  [Ca^+]

(Cotman, e t  a l . ,  1976 ; R e d b u rn , e t  a l . ,

19 76 ) .  T h is  s i t u a t i o n  may r e p r e s e n t  a
2+r e l a t i v e l y  d i r e c t  Ca - r e l e a s e  s i t e  i n t e r ­

a c t i o n  . The n o t i o n  o f  a r e l e a s e  s i t e  (X) 

w i t h  which  Ca^+ i n t e r a c t s

(Ca2+ + X  1 Ca2+ X)
•s----------

h a s  been  a p p l i e d  i n  a n a lo g y  t o  a  M i c h a e l i s -  

Menton a n a l y s i s  o f  s t e a d y  s t a t e  enzyme 

k i n e t i c s  (J e n k i n s o n , 1957; Dodge and 

Raham im off , 1 9 6 7 ) .  F o r  a r e a c t i o n

nCa2+ + X ------  ̂ Ca2+ X
'x 11

t h e  maximum s l o p e  o f  t h e  r e l a t i o n s h i p  In 

r e l e a s e  vs I n  [Ca2+] o e s t i m a t e s  t h e  p a r a ­

m e t e r  n (Cotman, e t  a l . , 19 7 6 ) .  L i n e a r ­

i t y  o f  r e l e a s e  w i t h  l o g  [Ca2+] 0 h a s  been- 

d e s c r i b e d  f o r  o t h e r  sy s te m s  (H ubbard , 1961; 

K i r k e p a r  and Misu ,  1967) and p r o b a b l y  r e p ­

r e s e n t s  a r e c e p t o r  m e d ia t e d  e v e n t .

2 +The e f f e c t  o f  Ca on t h e  r e l e a s e  o f  GABA 

i s  a n t a g o n i s e d  by Mn2+ and Mg2+ (Levy, e t  a l . , 

19 73; 1974; Cotman, e t  a l . , 1976; R e d b u rn ,

e t  a l . , 19 76) w h i l e  t h e  a l k a l i n e  e a r t h s



When t h e  d e p o l a r i s a t i o n - l i m i t e d  i n f l u x  o f  
2 +Ca i s  b y - p a s s e d  w i t h  A23187, r e l e a s e

n i
i n c r e a s e s  l i n e a r l y  w i t h  t h e  log  [Ca ]

(Cotman, e t  a l . , 1976; R e d b u rn , e t  a l . ,

1976) .  T h is  s i t u a t i o n  may r e p r e s e n t  a
2+r e l a t i v e l y  d i r e c t  Ca - r e l e a s e  s i t e  i n t e r ­

a c t i o n  . The n o t i o n  o f  a r e l e a s e  s i t e  (X) 

w i t h  which  Ca^+ i n t e r a c t s

(Ca2+ + X   1 Ca2+ X)

has  b een  a p p l i e d  i n  a n a lo g y  t o  a M i c h a e l i s -  

Menton a n a l y s i s  o f  s t e a d y  s t a t e  enzyme 

k i n e t i c s  (J e n k i n s o n , 1957; Dodge and 

Raham im off , 1 9 6 7 ) .  F o r  a  r e a c t i o n

nCa2+ + X ------  ̂ Ca2+ X
x  n

t h e  maximum s l o p e  o f  t h e  r e l a t i o n s h i p  In
24 -

r e l e a s e  vs In  [Ca ] e s t i m a t e s  t h e  p a r a ­

m e t e r  n (Cotman, e t  a l . , 1976) .  L i n e a r -
2 +i t y  o f  r e l e a s e  w i t h  l o g  [Ca JQ has  been- 

d e s c r i b e d  f o r  o t h e r  sy s te m s  (Hubbard,  1961; 

K i r k e p a r  and M isu ,  1967) and p r o b a b l y  r e p ­

r e s e n t s  a r e c e p t o r  m e d i a t e d  e v e n t .

The e f f e c t  o f  Ca2+ on t h e  r e l e a s e  o f  GABA 

i s  a n t a g o n i s e d  by Mn2+ and Mg2+ (Levy, e t  a l  

19 73; 1974; Cotman, e t  a l . , 1976;  Redburn

e t  a l . , 19 76) w h i l e  t h e  a l k a l i n e  e a r t h s



S r ^ + and Ba^+ s u b s t i t u t e  f o r  Ca^+ i n  s t i m ­

u l a t i n g  s e c r e t i o n  (Cotman, e t  a l . , 1976; 

R e d b u rn , e t  a l . ,  1976) .  This  f e a t u r e  

a p p e a r s  t o  L a  c h a r a c t e r i s t i c  o f  many 

s t i m u l u s - s e c r e t i o n  c o u p l i n g  sy s te m s  

(Douglas and R ub in ,  1964; E lm g v i s t  and 

Fe ldman,  19 65 ) .  The o r d e r i n g  o f  a l k a l i n e  

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

i s  < Ca^+ < S r^ + < Ba^*1 which  i s  i n

genu ment w i t h  t h a t  s&sn f o r  p e r i ­

p h e r a l  i u s - s e c r e t i o n  c o u p l i n g  sys tem s

(Douglas and R u b in , 1 96 4 ) .  The d i f f e r e n c e s  

i n  d i v a l e n t  c a t i o n  r e l e a s e - s t i m u l i ~ i n g  e f f i ­

c ac y  a r e  p r o b a b l y  b a s e d  on d i f f e r e n c e s  

i n  membrane p e r m e a t io n  and i n t r a c e l l u l a r  

b i n d i n g  s i t e  a f f i n i t i e s  (B l io c h ,  e t  a l . ,

1968) .

i.i. 2  +  *T hus ,  i n  s i t u a t i o n s  where  Mn and Mg a n t -

a g o n iz e  t h e  e f f e c t  o f  Ca" on GABA r e l e a s e

i n  d e p o l a r i s i n g  s o l u t i o n s , t h e y  a r e  t h o u g h t
2 +t o  compete  w i t h  Ca f o r  p r e v ’/ ' M p t i c  pvi :'i~ 

e a t i o n  s i t e s  (Balnave  and Gage, 1973; Cooke , 

e t  a l . , 1973) .
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A sse ssm e n t  o f  t h e  r o l e  o f  Ca^+ i n  GABA

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

o b s e r v a t i o n  t h a t ,  w h i l e  f o r  a g iv e n

[Ca^+] o i n c r e a s e s  m  [K+ ] q a lw ays  i n c r e a s e

r e l e a s e  o f  GABA, GABA r e l e a s e  i n  t h e  p r e -  
+se n c e  o f  [K ] lo w er  t h a n  55mM a p p a r e n t l y

d e c r e a s e s ,  r a t h e r  th a n  r e a c h e s  an a s y m p to t e ,

w i t h  h i g h e r  [Ca2+Jo (Levy e t  a l . ,  1974) .

T h is  phenomenon h a s  been  te rm ed  ,,Ca2+-

a u t o i n h i b i t i o n " . Three  p o s s i b l e  mechanisms

can be s u g g e s t e d  t o  e x p l a i n  Ca2+- a u t o i n -

h i b i t i o n  o f  GABA r e l e a s e :
2 +a) Ca may d e c r e a s e  i t s  own membrane

p e r m e a b i l i t y ;
? +b) C a '  or.ce h a v in g  p e r m e a t e d ,  may d e c ­

r e a s e  i t s  own a b i l i t y  t o  prom ote

r e l e a s e ,  and 
2 +c) Ca may p a r t i a l l y  r e v e r s e  t h e  d e p o l ­

a r i z i n g  e f f e c t s  o f  K+ t h e r e b y  i n d i r ­

e c t l y  d e c r e a s i n g  i t s  own membrane 

p e r m e a b i l i t y .

I t  i s  n o t e w o r th y  h e r o ,  t h a t  Ca2+~ au to in ~  

h i b i t i o n  has  boon o b s e r v e d  f o r  GABA 

r e l e a s e ,  b u t  n o t  f o r  t h e  n o r a d r e n a l i n e  

sy s te m  (Cotman e t  a l . , 19 7 6 ) ,  a d i s t i n c t ­

i o n  n o t  accom odated  a p r i o r i  by any o f  

t h e s e  a l t e r n a t i v e s .

A
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I n  a d d i t i o n , i t  c a n n o t  be assumed t h a t  t h e  

e f f e c t  o f  K+ i s  m e d ia t e d  v i a  d e p o l a r i s a t i o n  

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

t r i d i u e  do n o t  s t i m u l a t e  Ca^+- i n d e p e n d e n t  

r e l e a s e  (R ed bu m ,  1978) . I t  i s  p r o b a b l e  
 ̂+ * + t h a t  t h e  Ca" - i n d e p e n d e n t  component o f  K -  

s t i m u l a t e d  sy n a p to so m a l  GABA r e l e a s e  s tem s 

from g l i a l  c o n t a m i n a t i o n  o f  t h e  p r e p a r a t i o n ,  

o r  from v e s i c l e s  d e r i v e d  from n o n - s y n a p t i c  

a r e a s  o f  ax on s .  C a lc iu m - i n d e p e n d e n t  r e l ­

e a s e  o f  o t h e r  n e u r o t r a n s m i t t e r s  h a s  b een  

r e p o r t e d  from such  a r e a s  (W ein re ich  and 

Hammerschlag,  1 97 5 ) .

The p r o f i l e  o f  C a ^ ^ -d e p e n d e n t  r e l e a s e  o f  

GABA a p p e a r s  t o  be b i p h a s i c ,  c h a r a c t e r i s e d  

by a peak  s e e n  a t  t h e  e a r l i e s t  t im e s  r e s o l v ­

a b l e  (0 . 3 - 0 . 6  s)  f o l lo w e d  by a s u s t a i n e d  

p l a t e a u  (Redbum  e t  a l . ,  1976) .  T h is  i-s 

r e m i n i s c e n t  o f  th e  s y n a p t i c  f a t i g u e  o b s e r v e d  

when t h e  n e u ro m u s c u la r  j u n c t i o n  (E lm q v is t  

and Feldman, 1966) o r  a d r e n a l  m e d u l l a  

(Las towecka  and T r i f a r o ,  1974) i s  c h e m ic a l l y  

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

o f  b r a i n  s l i c e s  o r  m o toneurons  ( S r i n i v a s a n  

e t  a l . , 1969) .



R e c e n t l y , d a t a  have  been  o b t a i n e d  which 

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

r e  l e  .-.sable t r a n s m i t t e r  p o o l  o f  GAB A which
2 + + i s  r a p i d l y  d e p l e t e d  by Ca - d e p e n d e n t  K -

s t i m u l a t i o n  (Levy e t  a l . ,  1 9 7 6 ) .  The 

r e m a in in g  t r a n s m i t t e r  does n o t  r e d i s t r i b u t e  

f r e e l y  from s t o r a g e  p o o l s  i n t o  t h e  r e a d i l y  

r e l e a s a b l e  p o o l  (Levy e t  a l , , 1976) . It: 

i s  c o n c e i v a b l e  t h a t  t h e  b i p h a s i c  p r o f i l e  o f  

GAB A r e l e a s e  i s  due t o  a  r a p i d  d e p l e t i o n  o f  

t h e  t r a n s m i t t e r  p o o l  f o l l o w e d  by s low r e ­

d i s t r i b u t i o n  o f  GABA from t h e  s t o r a g e  p o o l  

t o  t h e  t r a n s m i t t e r  p o o l  from where  i t  i s  

r e l e a s e d .

A n o th e r  l i n e  o f  e v id e n c e  l i n k s  Ca^+ t r a n s p o r t

i n t i m a t e l y  w i t h  GABA s t i m u l u s - s e c r e t i o n

c o u p l i n g  p r o c e s s e s .  The i n o r g a n i c  dye

ru th e n iu m  r e d  i s  a s p e c i f i c  i n h i b i t o r  o f  
2 +Ca t r a n s p o r t  and b i n d i n g  i n  i s o l a t e d  s u b -  

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

(Moore, 19 71; V a s i n g t c n ,  1972; Reed and 

B ygrave ,  1 9 7 4 ) ,  synap tosom es  (Swanson e t  a l . , 

19 74; Goddard and R o b inso n ,  1976; Kaminoi 

e t  a l . ,  19 76; V i c k e r s  and D o w d a l l , 19 76) 

and s y n a p t i c  p la sm a  membranes (Madeira  and 

Antunes-M adc .r ia ,  19 73) .
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Ruthenium r e d  p r o d u c e s  a s i g n i f i c a n t  i n -
2+h i b i t i o n  o f  t h e  Ca - s t i m u l a i .  d r e l e a s e  o f

GABA i n  K+- d e p o l a r i s e d  synap tosom es  a lm o s t
2 +c e r t a i n l y  by b l o c k i n g  t h e  u p t a k e  o f  Ca

i n t o  t h e  synap tosom es  (T ap ia  and M e za -R u iz ,

197 7 ) .  A l s o ,  s e v e r a l  d ru g s  such  as t h e

b e n z o d i a z e p i n e s  (Olsen  e t  a l . , 1977) ,

p h e n o thd ,az ines  and t r i c y c l i c  a n t i d e p r e s s a n t s

(Moss e t  a l . , 1974; Lahdesmaki e t  a l . ,
2 +1975) a r e  p o t e n t  i n h i b i t o r s  o f  Ca - d e p e n d e n t  

GABA r e l e a s e . The i n h i b i t i o n  o f  GABA 

r e l e a s e  by c h lo r p r o m a z in e  o c c u r s  a t  f a i r l y  

low c o n c e n t r a t i o n s  (O lsen  e t  a l . , 1977) 

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

ved t o  i n h i b i t  c a t e c h o la m in e  r e l e a s e  (Seeman 

and L e e , 1975) .  Thus ,  t h e  i n h i b i t o r y  

e f f e c t s  o f  such  a g e n t s  on t h e  r e l e a s e  o f  

t r a n s m i t t e r s  a r e  n o t  l i m i t e d  t o ,  n o r  s p e c i f i c  

f o r ,  any one t r a n s m i t t e r  and t h e r e f o r e  may 

I n v o l v e  g e n e r a l  mechanisms common t o  many 

s t i m u l u s - s e c r e t i o n  c o u p l i n g  p r o c e s s e s .

Thi:; i n h i b i t i o n  o f  r e l e a s e  i s  l i k e l y  t o  o c c u r  

af; t h e  l e v e l  o£ a) t h e  r e g u l a t i o n  o f  membrane

p o t e n t i a l  (and i n d i r e c t l y  Ca2+ p e r m e a b i l i t y ) ,
2 +o r  b) d i r e c t  r e g u l a t i o n  o f  Ca p e r m e a b i l i t y  

(Hubbard,  19 7 0 ) .
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I t  u; '..iiy t  i au  i . t r  c o n c e n t r a t i o n s
‘fo f  thtii.'.o '.iru't..: :.i v i n h i b i t  Ha - d e p e n d e n t  

w/iUA h r - - m i t  .in ' / i r i u n u  n e u r a l  t . lmsues 

( rx'f>r:i'.*n .ill11 .I'- , L!')71; O lsen  e t  a l . .

I '77) .

2+Thv i:.. • Ja - d e p e n d e n t  s t i m u l u s -

■ u’c r . ’t i. 'i: •uj.-liuyi p r o c e s s  w i t h  a  h ig h

..a. Lin i. t.y vjh ' - d e p e n d e n t  u p t a k e  sy s te m  i s  w e l l  

out:.u- Li ishou koi i number o f  n e u r o t r a n s m i t t e r s  

i n / i x l i n g  . (Mulder  and S n y d e r ,  1974;

MuL..;er a t  a l . , 1974) , There  i s  , how ever ,

n ..-videncti f o r  a f i g h t  c o u p l i n g  o f  t h e  u p -  

t  - .;tvi r e l e a s e  m ec h an ism s . R e le a s e  i s
' X i

.L.. ted by 'In*" * which, has  l i t t l e  e f f e c t  G ”  

t;:,*. ,-iKfe ui ' ; tnc  ab sence  o f  Na i n  t h e  medium 

iruiLbi t .  u p t a k e , b u t  h a s  l i t t l e  e f f e c t  on t h e  

r- . Leativ -t p r e v i o u s l y  a c c u m u la te d  GABA 

f :«•d.biirti, Lc<78) . These  d a t a  seem t o  s u g g e s t  

i : -irk i ; .ia.l t .anuous c o n t r o l  o v e r  b o th  

pr* . The two p r o c e s s e s  must  be

i ndj .rocl . ly  l i n k e d , h o w e v e r , i n  t h a t  th e y  

:ihar« .4 dummon f  rannm.i t t e i  p o o l  and t h e  

r e s p e c t i v e  r a t e : ;  o f  u p t a k e  o r  r e l e a s e  m u i t  

he u.l.timal;i-i.'ly - lependeni upon the  s i z e  o f

M I,, i l  »>1 ,

#
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In  sunvutiry; i t  i s  e n v i s a g e d  t h a t  t h e  e n t r y  

o f  Ca^+ from t h e  medium i n t o  t h e  c y to p lasm  

o f  n e rv e  e n d in g s  i s  t h e  i n i t a l  e v e n t  t r i g g e r ­

in g  t h e  r e l e a s e  o f  GABA, and i t  i s  p o s s i b l e  

t h a t  t h e  i n t r a t e r m i n a l  m i t o c h o n d r i a  m ig h t

p l a y  a r o l e  i n  t h e  rem ova l  o f  e x c e s s  cy to~
04

p l a s m i c  Ca when t h e  d e p o l a r i s a t i o n  c e a s e s  

(Alnaes and Rahamimoff ,  1975;  P a rd ucz  and 

J o o ,  1976 ; V ic k e r s  and D o w d a l l , 1976) .

U n f o r t u n a t e l y ,  t h e r e  a r e  some d i s c r e p a n c i e s
24 -

i n  t h e  Ca -d ep e n d en c y  o f  GABA e f f l u x  when 

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

s t u d i e s  a r e  c o n s i d e r e d . C o n t r o l l e d  e l e c t ­

r i c a l  s t i m u l a t i o n  o f  r a t  b r a i n  c o r t e x  s l i c e s  

h a s  been  shown t o  r e l e a s e , by a  p r o c e s s  t h a t  

h a s  a b s o l u t e  dependency  on Ca^+ , r a d i o a c t i v e  

n o r a d r e n a l i n e , a c e t y l c h o l i n e , 5-h y d r o x y -  

t r y p t a m i n e , p - ty r a m in e  , dopamine and oc topam ine  

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

s e r i n e , a -  and 0 - a l a n i n e , h i s t i d i n e , hcmo- 

c a r n o s i n e , 0 - p h e n y l e t h y l a m i n e  o r  a -a m in o -  

i s o b u t y r a t c  (Somogyi and S z e r b , 1972: Orrego

e t  a l . , 1974; 1976; Orrego and M irand a ,

1976) .

r ■mnifi i Ting



I n  a d d i t i o n ,  Redburn e t  a l . ,  (1976) were
2 +u n a b le  t o  evoke Ca ' - d e p e n d e n t  r e l e a s e  o f  

GABA from e i t h e r  r a t  o r  r a b b i t  sy n a p to so m e u , 

a l t h o u g h  B r a d f o r d  e t  a l . , (19 72) have 

r e p o r t e d  Ca^+- d e p e n d e n t  r e l e a s e  w i t h  e l e c t ­

r i c a l  s t i m u l a t i o n  from r a b b i t  b u t  n o t  from 

r a t  s y n a p to so m a l  s u s p e n s i o n s . Beds o f  r a t  

c o r t i c a l  synap tosom es  i n c u b a t e d  i n  g r i d  

e l e c t r o d e s  d i d ,  how ever ,  d e m o n s t r a t e  Ca^+-  

d e p e n d e n t  r e l e a s e  o f  GABA on e l e c t r i c a l  

s t i m u l a t i o n  (De B e l l e r o c h e  and B r a d f o r d ,

19 7 2 a ) . L a b e l l e d  GABA i s  n o t  r e l e a s e d

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

c o r t e x  s l i c e s  i n  t h e  a b sen c e  o f  a m in o o x y a c e t i  

a c i d  (AOAA)(Orrego and M iran da ,  19 7 6 ) ,  and

when r e l e a s e  i s  i n d u c e d  by su ch  s t i m u l i  i n
2 +t h e  p r e s e n c e  o f  AOAA t h e r e  i s  r o  Ca -  

dependency ( S r i n i v a s a n  e t  a l . , 1 9 6 9 ) .  As 

m e n t io n e d  a b o v e , t h e  a c c u r a t e  a s s e s s m e n t  

o f  r e l e a s e  phenomena i n  b r a i n  s l i c e s  i s  

con fou n ded  by t h e  r e l a t i v e l y  g r e a t  d i s t a n c e s  

o v e r  which t h e  r e l e a s e d  compound must  d i f f u s e  

b e f o r e  m easurement  i s  p o s s i b l e  -  t h i s  e n t a i l s  

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

t r a n s m i t t e r . I n  a d d i t i o n , t h e  p r e s e n c e  o f  

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

t i o n  o f  r e l e a s e  d a t a .



3 7 .

G l i a  do r e s p o n d  t o  K+- d e p o l a r i s a t i o n ,

t h e  r e l e a s e  o f  GABA showing o n ly  a ]ow Ca^+-

dependency  (Bowery and Brown, 1972; Minchin

and I v e r s e n ,  1974; M in ch in ,  1975; Minchin

and Nordmann, 19 7 5 ) .  I t  i s  e n t i r e l y
2  "hc o n c e i v a b l e  t h a t  Ca - i n d e p e n d e n t  r e l e a s e  o f  

GABA e l i c i t e d  by e l e c t r i c a l  s t i m u l a t i o n  o f  

s l i c e s  o r i g i n a t e s  f rom n o n - n e u r o n a l  s t o r e s .

D a ta  d e r i v e d  from K+- d e p o l a r i s a t i o n  e x p e r im ­

e n t s  s h o u l d ,  how ever ,  a l s o  be  i n t e r p r e t e d
4-w i t h  c a u t i o n .  E l e v a t e d  e x t r a c e l l u l a r  K , 

a s i d e  from i n c r e a s i n g  t h e  e f f l u x  o f  p u t a t i v e  

t r a n s m i t t e r s  such  as GABA, g l u t a m a t e ,  a s p a r t a t e  

and g l y c i n e ,  h a s  b een  shown t o  r e l e a s e  amino 

a c i d s  such  as  g l u t a m i n e ,  a l a n i n e ,  l e u c i n e  

and a - a m i n o i s o b u t y r a t e  f o r  which  no t r a n s ­

m i t t e r  r o l e  seems p l a u s i b l e  ( R o b e r t s ,  1974; 

V argas  and O r r e g o ,  19 7 6 ) .  I n  a d d i t i o n - ,  K-1" 

h as  a l s o  been  r e p o r t e d  t o  i n c r e a s e  a -a m in o ­

i s o b u t y r a t e  e f f l u x  from r a t  s t r i a t e d  m usc le  

(K ip n is  and P a r r i s h ,  1965) .  These  r e s u l t s  

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

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

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

c o n s i d e r a b l y  r e d u c e  i t s  s p e c i f i c i t y .



As d i s c u s s e d  by Douglas  (1968) and Rubin 

(19 70) an a b s o l u t e  r e q u i r e m e n t  f o r  Ca has  

b e en  d e s c r i b e d  f o r  a l l  v e s i c l e - c o n t a i n i n g  

e x o c y t o t i c  s e c r e t i o n  s y s t e m s . S u b c e l l u l a r  

d i s t r i b u t i o n  s t u d i e s , h o w e v e r , s u g g e s t  t h a t  

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

compar tm ent  and i s  n o t  r e l e a s e d  from v e s i c l e s  

w i t h i n  t h e  n e r v e  t e r m i n a l  (Mangan and 

W h i t t a k e r , 1966; De B e l l e r o c h e  and B ra d ­

f o r d ,  13 73) , The q u e s t i o n  o f  why a s o l u ­

b l e  c y t o p l a s m i c  c o n s t i t u e n t  such  as  GABA 
2 4*r e q u i r e s  Ca f o r  i t s  r e l e a s e  u n d e r  c e r t a i n  

c i r c u m s t a n c e s , b u t  n o t  i n  o t h e r s , rem a ins  t o  

be a nsw ered .

1 . 3 . 2 .  D e p o l a r i s a t i o n - i n d u c e d  r e l e a s e  o f  

g l u t a m a t e .

Many o f  t h e  g e n e r a l  p o i n t s  d i s c u s s e d  above 

i n  r e l a t i o n  t o  GABA r e l e a s e  s t u d i e s  app ly  

e q u a l l y  t o  g l u t a m a t e  r e l e a s e . N eu ron a l  

d e p o l a r i s a t i o n , in d u c e d  by i n c r e a s e d  e x t r a -  

c e l l u l a r  K o r  e l e c t r i c a l  p u l s e s , c a u s e s  

r e l e a s e  o f  p r e l o a d e d  g l u t a m a t e  from s l i c e s  

o f  co rp u s  s t r i a t u m /  c e r e b r a l  c o r t e x  and 

o l f a c t o r y  c o r t e x  (Katz o t  a l . , 1969;  A rn-  

f r e d  and H e r t s ,  1971; M a tsu i  and Yamamoto, 

1975) .
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In  a d d i t i o n ,  t h e  r e l e a s e  o f  endogenous 

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

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

f o r m a t io n  h a s  been  d e m o n s t r a t e d  i n  v iv o  

( J a s p e r  and  Koyama, 1969) and  r e l e a s e  from 

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

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

h a s  been shown i n  v i t r o  ( B r a d f o r d  and 

R i c h a r d s ,  1976) .  A l s o ,  e l e c t r i c a l

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

a n a e s t h e t i s e d  r a t s  h a s  been  shown t o  r e l e a s e  

g l u t a m a t e  and g lu ta m in e  from t h e  c o n t r a ­

l a t e r a l  s e n s o r i m o t o r  c o r t e x ,  w h i l e  p h o t i c -  

s t i m u l a t i o n  o f  t h e  eyes  s p e c i f i c a l l y  

i n c r e a s e d  g l u t a m a t e  r e l e a s e  from t h e  v i s u a l  

c o r t e x  i n  t h e  same p r e p a r a t i o n  (Abdul-Ghani 

e t  a l . , 19 7 9 ) .  R e le a s e  o f  endogenous 

g l u t a m a t e  from synap to so m es  can be  in d u c e d  

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

e x t r a c e l l u l a r  K+ , o r  v e r a t r i n e  ( B r a d f o r d ,

1970; Do B e l l e r o c h e  and B r a d f o r d ,  1972a;  

B r a d fo r d  e t  a l . , 1973; Wedege e t  a l . , 1977) .

As i n  t h e  e a s e  o f  GABA, s t i m u l a t e d  g l u t a m a t e
2 +r e l e a s e  shows a marked Ca - d e p e n d e n c e .

Thus,  K+-ev o k e d  r e l e a s e  o f  endogenous g l u t a ­

mate from c o r t i c a l ,  s p i n a l  o r  h y p o th a l a m ic



2 4-synap tosom es  i s  a b o l i s h e d  i n  Ca - d e f i c i e n t  

medium c o n t a i n i n g  EGTA (De B e l l e r o c h e  and 

B r a d f o r d ,  1972a;  B r a d f o r d  e t  a l . , 1973; 

Osborne e t  a l . ,  19 7 3 ) .  However, 

e l e c t r i c a l l y  s t i m u l a t e d  g l u t a m a t e  r e l e a s e  i s  

n o t  a b o l i s h e d  even  i n  t h e  p r e s e n c e  o f  EGTA 

(De B e l l e r o c h e  and B r a d f o r d ,  1972a) s u g g e s t ­

i n g  t h a t  some o f  th e  e l e c t r i c a l l y  in d u c e d
2 +

r e l e a s e  o c c u r s  by a Ca - i n d e p e n d e n t  mech­

an ism .  A g a i n , such  r e l e a s e  p r o b a b l y  

o c c u r s  from n o n - n e u r o n a l  e l e m e n t s .  R e le a s e  

o f  p r e l o a d e d  (Matsui  and Yamamoto, 1975) and 

endogenous (B r a d f o r d  and R i c h a r d s ,  1976) 

g l u t a m a t e  in d u c e d  by e l e c t r i c a l  s t i m u l a t i o n

o f  t h e  l a t e r a l  o l f a c t o r y  t r a c t  i s  s t r o n g l y
2 + +Ca - d e p e n d e n t  as  i s  t h e  K -  and v e r a t r i n e -

i n d u c e d  r e l e a s e  o f  g l u t a m a t e  from s l i c e s  o f

d e n t a t e  g y ru s  (N a d le r  e t  a l . , 197 7 ) .

The g l u t a m a t e  r e l e a s e d  by h i g h  K+ o r  v e r a -  

t r i n e  a p p e a r s  t o  be d e r i v e d  from t h e  c y t o ­

p l a s m i c  g l u t a m a t e  p o o l  (Cox and B r a d f o r d ,  

1978) .  A g a in ,  t h e  p r e c i s e  r o l e  o f  Ca^+ i n  

s u p p o r t i n g  t h e  n o n - v e s i c u l a r  r e l e a s e  o f  

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



R e c e n t ly  i t  h a s  been  r e p o r t e d  t h a t

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

p r i m a r i l y  from g lu ta m in e  r a t h e r  t h a n  g l u c o s e

(B r a d f o r d  e t  a l . , 1978; Cotman and Hamberg-

e r ,  1978; Hamberger  e t  a l . , 19 7 8 ) .  . .This

s u g g e s t s  t h a t  g lu t a m in e  m ig h t  be u s e f u l  i n

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

i n  n e u ’ones  and synap tosom es  (Cox and

B r a d f o r d ,  197 8 ) .  H o p e f u l l y ,  s t u d i e s  o f

r e l e a s e  from s p e c i f i c  t r a n s m i t t e r  p o o l s

w i l l  y i e l d  some i n f o r m a t i o n  on t h e  f u n c t i o n  
2+

o f  Ca i n  amino a c i d  t r a n s m i t t e r  s t i m u l u s -  

s e c r e t i o n  c o u p l i n g  p r o c e s s e s .

1 . 3 . 3 .  R e g u l a t i o n  o f  r e l e a s e  v i a  a u t o ­

r e c e p t o r s  .

There  i s  c o n s i d e r a b l e  e \  l e n c e ,  i n  b o th  t h e  

p e r i p h e r a l  and c e n t r a l  n e rv o u s  sy s tem s  t h a t  

p r e s y n a p t i c  ^  r e c e p t o r s  m o d u la te  n o r ­

a d r e n a l i n e  r e l e  .'id in d u c e d  by  b o t h  e l e c t r i c a l  

and K+ s t i m u l a t i o n ;  oc-- .gonists  i n h i b i t  and ec- 

a n t a g o n i s t s  f a c i l i t a t e  t h i s  r e l e a s e  (Farnebo  

and Hamberger ,  1971; Danger e t  a l . , 1972; 

S t a r k e  and M o n te l ,  1973; De P o t t e r  e t  a l . , 

19 74; Dismukes and M ulder ,  1976; D anger ,

1978) .
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S i m i l a r  c o n t r o l  mechanisms a l s o  o c c u r  i n  

d o p a m in e rg ic  ( S t a r k e  and Monte1 ,  1973;

C a r l s s o n ,  1975;  Roth e t  a l . , 1975; Seeman 

and L e e , 19 75;  I v e r s e n  e t  a l . ,  1976) and 

c h o l i n e r g i c  (Szerb  and Somogyi, 19 73) n e u r o n e s .  

R e c e n t l y , s t r o n g  e v id e n c e  h a s  b e en  p r o v i d e d  

f o r  t h e  e x i s t e n c e  o f  b i c u c u l l i n e - s e n s i t i v e  

GABA a u t o r e c e p t o r s  which  e x e r t  n e g a t i v e  

fe e d b a c k  c o n t r o l  o v e r  GABA r e l e a s e  from GABA- 

e r g i c  n e r v e  t e r m i n a l s  ( M i t c h e l l  and M a r t i n , 

1978; S n o d g r a s s , 19 7 8 ) .  Based  on

d i f f e r e n c e s  i n  a f f i n i t y  f o r  a - r e c e p t o r  a g o n i s t s  

and a n t a g o n i s t s  a s u b c l a s s i f i c a t i o n  o f  a -  

a d r e n o r e c e p t o r s  i n t o  a-j_ ( p o s t - s y n a p t i c )  and 

(*2 ( p r e s y n a p t i c )  h a s  been  p o s t u l a t e d  and 

g e n e r a l l y  a c c e p t e d  (Danger ,  19 74 ) .  To d a t e  

t h e  pha rm aco logy  o f  GABA a u t o r e c e p t o r s  

renuii.ns unknown. E l u c i d a t i o n  o f  any d i f f ­

e r e n c e s  i n  t h e  a f f i n i t i e s  o f  GABA a u t o r e c e p ­

t o r s  and p o s t s y n a p t i c  r e c e p t o r s  f o r  GABA 

a g o n i s t s  and a n t a g o n i s t s  i s  o f  p r im e  im p or­

t a n c e  b o t h  i n  d e l i n e a t i n g  t h e  f u n c t i o n  o f  t h e  

a u t o r e r » v ' t o r s  and i n  t h e  m a n i p u l a t i o n  o f  

/ s t e m s  i n  t h e  b r a i n  f o r  t h e r a -  

pe s o n s .



4 3 .

1 . 3 . 4 .  P o s s i b l e  r o l e  o f  p r e s y n a p t i c  

membrane p h o s p h o r y l a t i o n  i n  

r e g u l a t i n g  r e l e a s e .

I t  i s  w e l l  e s t a b l i s h e d  t h a t  s y n a p t i c  p la sm a  

membranes from mammalian b r a i n  c o n t a i n  a 

bound p r o t e i n  k i n a s e  which  c a t a l y s e s  t h e  

p h o s p h o r y l a t i o n  o f  endogenous  membrane 

p r o t e i n s  and wnich i s  s t i m u l a t e d  by c y c l i c -  

AMP (W el le r  and R o d n ig h t ,  19 70; 1973;

Ueda e t  a l . , 19 7 3 ) .  R e c e n t l y  i t  h a s  been  

shown t h a t  t h e  k i n a s e  a c t i v i t y  i s  a s s o c i a t e d  

l a r g e l y  w i t h  t h e  p r e s y n a p t i c  p la sm a  membrane 

( W e l le r ,  1977) and t h a t  cyclic-AMP s t i m u l a t e d  

p h o s p h o r y l a t i o n  o f  p r e s y n a p t i c  membrane 

p r o t e i n s  r e s u l t s  i n  a d e c r e a s e d  membrane 

n e a b i l i t y  t o  C a '+ w i t h o u t  a f f e c t i n g  t h e  

p e r m e a b i l i t y  t o  Na+ o r  K*1" (W e l le r  and Morgan, 

1 9 / 7 ) .  As d i s c u s s e d  ab ov e ,  r e l e a s e  o f  a 

v a r i e t y  o f  n e u r o t r a n s m i t t e r s  i s  known t o  be 

d e p e n d e n t  on Ca2+ i n f l u x  (Hubbard, 1970) .

T h is  s u g g e s t s  t h a t  membrane p r o t e i n  p h o s p h o r y ­

l a t i o n  m ig h t  p l a y  an i m p o r t a n t  r o l e  i n  

r e g u l a t i n g  t h e  r e l e a s e  o f  t r a n s m i t t e r s  from 

n e r v e  e n d in g s .



4 4 .

R e c e n t l y , Brennan  and C a n t r i l l  (1 9 8 0 a , b) 

have  r e p o r t e d  t h a t  i n c u b a t i o n  o f  s y n a p t o -  

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

m ark e d ly  r e d u c e s  t h e  Ca - d e p e n d e n t  comp­

o n e n t  o f  t h e  K ^ " -s t im u la ted  r e l e a s e  o f  p r e -  

lo a d e d  GABA; t h e  a c c u m u la t io n  o f  ^H-GABA 

by t h e  n e rv e  e n d in g s  i s  n o t  s i g n i f i c a n t l y  

a f f e c t e d  by p h o s p h o r y l a t i o n .  These 

r e s u l t s  im ply  t h a t  t h e  Ca^+ c h a n n e l  a f f e c t e d  

by membrane p h o s p h o r y l a t i o n  i s  t h e  one 

c o n c e rn e d  w i t h  r e g u l a t i o n  o f  GABA r e l e a s e  

on d e p o l a r i s a t i o n  o f  t h e  n e r v e  t e r m i n a l ,  

and t h a t  p h o s p h o r y l a t i o n  and d e p h o sp h o ry ­

l a t i o n  o f  p r e s y n a p t i c  membrane components  

i s  a p o t e n t i a l  mechanism f o r  t h e  c o n t r o l  o f  

t r a n s m i t t e r  r e l e a s e .  Such a mechanism 

would be  a f f e c t e d  by a g e n t s  and t r e a t m e n t s  

known t o  a l t e r  i n t r a c e l l u l a r  cyclic-AMP 

c o n c e n t r a t i o n s .  P r e l i m i n a r y  d a t a  s u g g e s t  

t h a t  ATP :nd i t s  m e t a b o l i t e s  may a l s o  a l t e r  

t h e  h ig h  a f f i n i t y  u p t a k e  o f  g l u t a m a t e  i n  

s y n a p t s  from whole r a t  b r a i n  (Warner

e t  a l .  , ' t  .
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F i n a l l y ,  C a ^ ' i t s e l f  i s  known t o  r e g u l a t e  

t h e  a c t i v i t y  o f  a p r o t e i n  k i n a s e  i n  b r a i n
2+membranes (G re en g a rd ,  19 78 ) .  I f  t h e  Ca 

d e p e n d e n t  p h o s p h o r y l a t i o n  o f  membrane 

components  a l t e r s  membrane p e r m e a b i l i t y  t o  

Ca2+ t h i s  would p r o v i d e  a mechanism f o r  Ca2+-  

a u t o i n h i b i t i o n  o f  GABA r e l e a s e  s i n c e  Ca<1'+ 

would e f f e c t i v e l y  be c o n t r o l l i n g  i t s  own 

p erm ea tio n .

* t*
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'  ;
Fin i l l y , C i" j . t . t ieli  Lti Known u ,  r u i j u l a t u  

t iv ’ a c t i v i t y  •<! -i p r o t e i n  k i n a s e  i n  b r a i n  

ntuinbranes i G r e e n g a r d , .1978) . I f  t h e  Ca2+-  

d ep en d e n t  p h o s p h o r y l a t i o n  o f  membrane 

components  a l t e r s  membrane p e r m e a b i l i t y  t o  

i.’a 2’1 t h i s  would  p r o v i d e  a mechanism f o r  Ca2+-  

. m t o i n h i b i t i o n  o f  GABA r e l e a s e  s i n c e  Ca 

would, e f f e c t i v e l y  be c o n t r o l l i n g  i t s  own 

p e r m e a t i o n .



CHAPTER 2

MATERIALS AND METHODS

2 . 1 .  C hem ica ls

The f o l l o w i n g  compounds were o b t a i n e d  from t h e  

Sigma C hem ica l  Company, S t .  L o u i s , MO, U.S.A. 

d -A lan in e

Y -A m inobu tyr ic  a c i d  (GABA)

6- A m i n o l a e v u l i n i c  a c i d  ( 6-ALA)

A m inooxyace t ic  a c i d  (AOAA)

(+ ) - B i c u c u l l i n e

( + ) - 2 , 4 - D i a m i n o b u ty r i c  a c i d  (DABA)

L -G lu tam ic  a c i d  

L-Hom ocyste ine  

L -M eth io n ine  

L - O m i t h i n e  

P i c r o t o x i n

The f o l l o w i n g  GABA a g o n i s t s  were g i f t s  from 

Dr. P .  K r o g s g a a r d - L a r s o n ,  C openhagen .

5 - A m i n o m e th y l - 3 - i s o x a z o l o l  (muscimol) 

P i p e r i d i n e - 4 - s u l p h o n i c  a c i d  (PSA)

4 , 5 , 6 , 7 - T e t r a h y d r o i s o x a z o l o - ( 5 , 4 , -C )p y r i d i n - 3 - o l  

(THIP) ,

1 , 2 , 3 ,  6 ' - T e t r a h y d r o p y r i d i n e - 4 - c a r b o x y l i c  a c i d  

( i s o g u v a c i n e ) .



A l l  o t h e r  c h e m ic a l s  were  o f  A n a l a r  r e a g e n t  

g r a d e  o b t a i n e d  c o m m e r c ia l ly .

2 . 2 .  R a d i o l a b e l l e d  compounds

[ 2 , 3 - “j.] GABA, s p e c i f i c  a c t i v i t y  54 Ci/mmol;

L - [U -" ^ e ]  g l u t a m i c  a c i d ,  s p e c i f i c  a c t i v i t y  290mC.i/ 

mrnf1; [ 4 -^ ^ C ] - 6 -ALA, s p e c i f i c  a c t i v i t y  54mCi/mmol

were o b t a i n e d  from t h e  R a d io c h e m ic a l  C e n t r e ,

Amersham, Bucks ,  U.K.

2 . 3 .  P r e p a r a t i o n  o f  s y n a p t o s o m e s .

Synaptosomes were  p r e p a r e d  from t h e  c e r e b r a l  c o r t i c e s  

o f  a d u l t  male and  fem a le  W i s t a r  r a t s  ( f e d  on o r d i n a r y  

l a b o r a t o r y  d i e t ,  Epol)  by t h e  method o f  Gray and 

W h i t t a k e r  (1962) as  m o d i f i e d  by Marchbanks (19 7 5 ) .

A l l  p r o c e d u r e s  were  c a r r i e d  o u t  a t  4°C. T i s s u e  

was homogenised  w i t h  30 s t r o k e s  i n  a hand  g l a s s  

h o m o g en ise r  ( r a d i a l  c l e a r a n c e  0.25mm) i n  10 volumes 

o f  i c e - c o l d  0.32M s u c r o s e .  The homogenate  was 

c e n t r i f u g e d  a t  lOOOg x 10 m in u te s  i n  a Beckman SW 

2 7 .1  s w in g - o u t  c e n t r i f u g e  r o t o r .  The p e l l e t  was d i s ­

c a r d e d  and  t h e  s u p e r n a t a n t  c e n t r i f u g e d  a t  1 0 , 0 0 0 g x 

20 m i n u t e s .  The r e s u l t i n g  m i t o c h o n d r i a l - s y n a p t o ­

somal p e l l e t  was r e s u s p e n d e d  i n  2ml 0.32M s u c r o s e  

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

d e n s i t y  g r a d i e n t  o f  0.8M s u c r o s e  (5ml) on 1.2M 

J r o s e  (5ml) .



G r a d i e n t s  were  c e n t r i f u g e d  a t  5 7 ,000g x 120 min­

u t e s .  Synaptosomes h a r v e s t e d  from t h e  0.8M -  

1.2M i n t e r f a c e  were d i l u t e d  s l o w l y  1 : 1 w i t h  

0.32M s u c r o s e , g i v i n g  an o s m o l a r i t y  o f  0 .6 - 0 .8 M  

and c e n t r i f u g e d  a t  2 0 ,0L0g x 20 m i n u t e s .  The 

p e l l e t s  were t h e n  d i s p e r s e d  i n  0.32M g l u c o s e  t o  

g iv e  a  p r o t e i n  c o n c e n t r a t i o n  o f  a b o u t  5mg/ml 

(Lowry e t  a l . , 1951) and a l l o w e d  t o  r e c o v e r  a t  

4°C f o r  15 m i n u t e s .

Sucrose  s o l u t i o n s  h a v in g  a d e n s i t y  e q u a l  t o  t h a t  

o f  synap tosom es  (1 .0-1 .2M ) a r e  hyperosm. l a r .  In  

o r d e r  t o  p r e v e n t  e x p o s u re  t o  h y p e r  o s m o l a r i t y  a 

number o f  w o rk e r s  have  u sed  t h e  p o l y d e x t r a n  

F i c o l l  as a s u b s t i t u t e  f o r  s u c r o s e  (Kurokawa e t  

a l . , 1965;  A b d e l - L a t i f ,  1966;  P o t t e r ,  196 8 ; 

Garey e t  a l . , 19 72 ) .  I t  h a s  been  c la im e d  t h a t

t h e  m e t a b o l i c  p r o p e r t i e s  and morphology o f  the_ 

p a r t i c l e s  a r e  s u p e r i o r  a f t e r  i s o l a t i o n  on a 

F i c o l l  g r a d i e n t  ( P o t t e r ,  19 68 ) .  A l though  few 

s y s t e m a t i c  s t u d i e s  have been  d o n e , Kurokawa e t  a l  

(1965) n o t e d  a 20% l o s s  o f  a c e t y l c h o l i n e  as  a 

r e s u l t  o f  e x p o s u r e  t o  h i g h  s u c r o s e  c o n c e n t r a t i o n s
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As f a r  as  m e ta b o l i s m  i s  c o n c e rn e d ,  p r o t e i n  

s y n t h e s i s  (compare Morgan and A u s t i n , 1968 w i t h  

A n t i l i o  e t  a l . ,  1968) and c a r r i e r  m e d i a t e d  c h o l i n e  

t r a n s p o r t  (M archbanks , 1968) i n  synap tosom es  a r e  

l i t t l e  a f f e c t e d  by e x p o s u r e  t o  h y p e r - o s m o t i c  cond­

i t i o n s .  In  a d d i t i o n , F i c o l l  s o l u t i o n s  must  be p r e -  

d i a l y s e d ,  o r  p r e c i p i t a t e d  w i t h  e t h a n o l  t o  remove 

s a l t .  They a r e  more v i s c o u s  t h a n  s u c r o s e  s o l u t i o n s  

o f  e q u i v a l e n t  d e n s i t y  and t h u s  t h e  t im e  t a k e n  i n  t h e  

c e n t r i f u g e  t o  a p p ro ach  s e d i m e n t a t i o n  e q u i l i b r i u m  i s  

much l e n g t h e n e d .  I n  t h e  a b sen c e  o f  any p ro v e n  

b e n e f i t  i n  t ’ ~ use  o f  F i c o l l , t h e  p r e p a r a t i o n  o f  

sy n a p to so r  ;* 11 e s t a b l i s h e d  t e c h n i q u e s  u t i l i s i n g

s u c r o s e  was . r ed .

2 . 4 .  Uptake o f  r a d i o l a b e l l e d  amino a c i d s  by 

synaptosom e p r e p a r a t i o n s .

3
2 . 4 . 1 .  Uptake o f  H-GABA by synaptosom e 

s u s p e n s i o n s .

For  t h e  p r e l o a d i n g  o f  sy nap tosom es  p r i o r  t o  

s u p e r f u s i o n  s t u d i e s , t h e  method o f  R a i t e r i  

e t  a l . , (1975) was u s e d .  P o r t i o n s  o f  f r e s h  

sy n a p to so m a l  p e l l e t s  r e s u s p e n d e d  i n  0.32M 

g l u c o s e  ( p r o t e i n  c o n c e n t r a t i o n  a b o u t  5mg/ml) 

were  d i l u t e d  1 :1 0  w i t h  i c e - c o l d  i n c u b a t i o n  

medium ( f i n a l  c o n c e n t r a t i o n s  : 128mM NaCl;
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5mM KCl; 2 . 7mM CaCl2 ; 1 , 2mM MgSO^; lOmM

T r is -H C l  b u f f e r  a t  pH 7 . 3 5 ) .  A m inooxyace t ic

a c i d  was added t o  a f i n a l  c o n c e n t r a t i o n  o f  0 .1  

mM t o  p r e v e n t  GABA c a t a b o l i s m  ( I v e r s e n  and 

J o h n s t o n ,  1971; Levy e t  a l . , 1973;

M inchin  and I v e r s e n ,  1974; Hammerstad and 

L y t l e ,  1976) .  One-ml a l i q u o t s  o f  t h e  s u s p ­

e n s i o n  were p r e i n c u b a t e d  a t  37°C f o r  15 m in u te s  

i n  a  s h a k i n g  w a t e r  b a t h  i n  an a i r  a tm o sp h e re .  

{2 ,3-^H] GABA o f  s p e c i f i c  a c t i v i t y  54 Ci/mmol 

was d i l u t e d  w i t h  u n l a b e l l e d  GABA t o  g iv e  a 

s p e c i f i c  a c t i v i t y  o f  10 Ci/mmol and a s m a l l  

volume (1 /1 0 0  o f  t h e  f i n a l  volume) added t o  

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

o f  0.5yM. I n c u b a t i o n  was c o n t i n u e d  f o r  a

f u r t h e r  10 m i n u t e s . The p e r c e n t a g e  u p ta k e  
3o f  H-GABA by t h e  sy nap tosom es  was d e te r m in e d  

as f o l l o w s : i n c u b a t i o n  was c a r r i e d  o u t  i n ­

c e n t r i f u g e  t u b e s .  At t h e  end  o f  t h e  10 

m inu te  p e r i o d ,  t h e  s u s p e n s i o n  was spun a t  

60 ,000g  x 10  m in u te s  and t h e  r a t i o  o f  r a d i o ­

a c t i v i t y  i n  th» s y n a p to so m a l  p e l l e t  t o  t h a t  

f r e e  i n  t h e  s p e r n a t a n t ,  was c a l c u l a t e d .

w
i/i
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5mM KC1; 2 . 7mM C a C l , ;  1.2iuM MgS04 ; lOmM 

T r i s -H C l  b u f f e r  a t  pH 7 . 3 5 ) .  A m inooxyace t ic

a c i d  was added  t o  a f i n a l  c o n c e n t r a t i o n  o f  0 . 1  

mM t o  p r e v e n t  GABA c a t a b o l i s m  ( I v e r s e n  and 

J o h n s t o n , 19 71; Levy e t  a l . ,  1973;

M inchin  and I v e r s e n , 1974; Hammerstad and

L y t l e , 19 7 6 ) .  One-ml a l i q u o t s  o f  t h e  s u s p ­

e n s i o n  v. —r e  p r e i n c u b a t e d  a t  37°C f o r  15 m in u te s  

i n  a s h a k i n g  w a t e r  b a t h  i n  an a i r  a tm o s p h e r e . 

[ 2 , 3 - % ]  GABA o f  s p e c i f i c  a c t i v i t y  54 Ci/mmol 

was d i l u t e d  w i t h  u n l a b e l l e d  GABA t o  g i v e  a 

s p e c i f i c  a c t i v i t y  o f  10 Ci/mmol and a  sm a l l  

volume (1 /100  o f  t h e  f i n a l  volume) added t o  

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

o f  0.5yM„ I n c u b a t i o n  was c o n t i n u e d  f o r  a 

fur the* .  10 m i n u t e s . The p e r c e n t a g e  u p ta k e
3

o f  H-GABA by t h e  sy nap tosom es  was d e te r m in e d  

as f o l l o w s : i n c u b a t i o n  was c a r r i e d  o u t  in- 

c e n t r i f u g e  t u b e s .  At t h e  end  o f  t h e  10 

m in u te  p e r i o d ,  t h e  s u s p e n s i o n  was spun a t  

60 ,000g  x 10 m inu teb  and t h e  r a t i o  o f  r a d i o ­

a c t i v i t y  i n  t h e  sy n a p to so m a l  p e l l e t  t o  t h a t  

f r e e  i n  t h e  s u p e r n a t a n t ,  was c a l c u l a t e d .
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Then t h e  synap tosom es  were  l y z e d  by r e s u s p e n d -  

i n g  t h e  p e l l e t  i n  d i s t i l l e d  w a t e r ;  t h e  t u b e s  

were  a g a i n  spun and t h e  r a t i o  o f  r a d i o a c t i v i t y  

i n  t h e  membrane p e l l e t  t o  t h a t  f r e e  i n  t h e  

s u p e r n a t a n t  d e t e r m i n e d .  A p p r o x i m a t e l y -90% 

o f  t h e  s u p p l i e d  r a d i o l a b e l l e d  GABA was found  

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

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

95% c o u ld  be  r e c o v e r e d  i n  t h e  s u p e r n a t a n t  

a f t e r  h y p o t o n i c  l y s i s  o f  t h e  synap tosom es  

w h i l e  l e s s  t h a n  5% rem a in e d  a s s o c i a t e d  w i t h  

t h e  membranes . A l th ou g h  i t  i s  p o s s i b l e  t h a t  

some r e d i s t r i b u t i o n  o f  GABA b e tw een  membrane 

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

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

t h e  a c c u m u la te d  GABA was l o c a l i s e d  p r e d o m i n a n t l y  

i n  t h e  c y to p la s m .

I n  e x p e r i m e n t s  exam in in g  t h e  uptalee o f  GABA 

by t h e  n e r v e  e n d i n g s , a l i q u o t s  o f  s y n a p t o ­

somes were p r e i n c u b a t e d  a s  d e s c r i b e d  above.

^H-GABA a t  a s p e c i f i c  a c t i v i t y  o f  2Ci/inmol 

was added t o  t h e  t u b e s  t o  a c o n c e n t r a t i o n  o f  

O.SpM.
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I n c u b a t i o n  was c o n t i n u e d  f o r  a 10 m in u te  p e r i o d  

a f t e r  which  t h e  a l i q u o t s  were  p o u re d  o n to  M i l l i -  

p o r e  f i l t e r s  (0.45ym p o re )  r e s t i n g  on t h e  b o t to m s  

o f  t h e  w e l l s  o f  a M i l l i p o r e  3025 sa m p l in g  m an i­

f o l d .  The i n c u b a t i o n  medium was drawn o f f  

u n d e r  vacuum and t h e  f i l t e r s  washed w i t h  2 x 3ml 

o f  i n c u b a t i o n  medium w i t h i n  30 s e c o n d s .

C o n t r o l  e x p e r i m e n t s  t o  a c c o u n t  f o r  r a d i o ­

a c t i v i t y  t r a p p e d  n o n - s p e c i f i c a l l y  i n  t h e  p o r e s  

o f  t h e  f i l t e r s  were  c a r r i e d  o u t . The f i l t e r s  

w ere  s o l u b i l i z e d  i n  10ml o f  Aquagel  I  l i q u i d  

s c i n t i l l a n t  (Chemlab) and c o u n te d  i n  a P a c k a r d  

T r i - C a r b  S p e c t r o m e t e r  a t  37% e f f i c i e n c y .  

R a d i o a c t i v i t y  r e m a in in g  on t h e  f i l t e r s  minus
3

t h e  c o n t r o l  was d e f i n e d  as H-GABA t a k e n  up.

The t e c h n i q u e  o f  f i l t r a t i o n  as  a method f o r
t  V

s e p a r a t i n g  synap tosom es  from t h e  i n c u n a t i o n  

medium may be c r i t i c i s e d ,  s i n c e  u p ta k e  i s  

l i k e l y  t o  be u n d e r e s t i m a t e d  i f  t h e  sy s te m  

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

R e s u l t s  o b t a i n e d  u s i n g  t h i s  method a r e  however 

i n  c l o s e  a c c o rd a n c e  w i t h  t h o s e  p u b l i s h e d  u s i n g  

c e n t r i f u g a t i o n  t e c h n i q u e s  (Somoza e t  a l . ,  1977) .
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2 . 4 . 2 .  E f f e c t  o f  6-ALA on sy n a p to so m a l  

GABA u p t a k e .

In  e x p e r i m e n t s  ex am in in g  t h e  e f f e c t  o f  th e  

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

5-ALA) on ^H-GABA u p t a k e , 5 -ALA, a t  v a r i o u s  

c o n c e n t r a t i o n s , was added t o  t h e  i n c u b a t i o n  

medium and t h e  sy nap tosom es  e q u i l i b r a t e d  f o r  

15 m in u te s  i n  t h e  p r e s e n c e  o f  6-ALA b e f o r e
3

t h e  a c  l l t i o n  o f  H-GABA. U p t a k e  w a s  t e r m i n a t e d  

a f t e r  10  m i n u t e s  b y  f i l t r a t i o n  ( a s  d e s c r i b e d  i n

2 . 4 . 1 . ) .

2 . 4 . 3 .  Uptake o f  " ^ C - g lu t a m a te  by synaptosom e 

s u s p e n s i o n s .

F o r  t h e  p r e l o a d i n g  o f  synap tosom es  p r i o r  t o  

s u p e r f u s i o n  s t u d i e s , 1 ml a l i q u o t s  o f  s y n a p t o ­

some s u s p e n s i o n s  were  p r e i n c u b a t e d  f o r  15_ m in ­

u t e s  a t  37°C as  d e s c r i b e d  above f o r  p r e l e a d i n g  

w i t h  ^H-GABA. A s m a l l  volume (1 /100  o f  t h e  

f i n a l  volume) o f  a s o l u t i o n  c o n t a i n i n g  a known 

c o n c e n t r a t i o n  o f  L - [ U - ^ C ]  g l u t a m a t e  a t  

s p e c i f i c  a c t i v i t y  290mCi/mmol was added t o  

t h e  i n c u b a t i o n  t u b e s  t o  g iv e  a f i n a l  concen ­

t r a t i o n  i n  t h e  t u b e  o f  G.SyM. I n c u b a t i o n  

was c o n t i n u e d  f o r  a f u r t h e r  t e n  m in u t e s .



54.

In  e x p e r i m e n t s  e x am in ing  t h e  v p t a k e  o f  g l u t a ­

mate by t h e  n e r v e  e n d i n g s , a l i q u o t s  o f  s y n a p t o -  

somes were  p r e i n c u b a t e d  as d e s c r i b e d  above .  

"^^C-glutamate a t  a s p e c i f i c  a c t i v i t y  o f  290mCi/ 

mmol r  s added t o  t h e  t u b e s  t o  a c o n c e n t r a t i o n  

o f  0.5uM ^"^e-g lu tam ate  and u n l a b e l l e d  ' 

g l u t a m a t e  was added t o  g iv e  a f i n a l  c o n c e n t r ­

a t i o n  o f  g l u t a m a t e  i n  t h e  ra n g e  0 .5~50.0yM. 

I n c u b a t i o n  was c o n t i n u e d  f o r  a 10 m in u te  

p e r i o d  a f t e r  which  t h e  r e a c t i o n  was t e r m i n a t e d  

by r a p i d  f i l t r a t i o n  on M L l i ip o re  f i l t e r s  as 

d e s c r i b e d  above .  A g a in ,  c o n t r o l  e x p e r i m e n t s  

t o  a c c o u n t  f o r  r a d i o a c t i v i t y  t r a p p e d  no n -  

s p e c i f i c a l l y  i n  t h e  p o r e s  o f  t h e  f i l t e r s  were 

c a r r i e d  o u t .  The f i l t e r s  were s o l u b i l i z e d  

i n  10ml o f  Aquagel  I  and c o u n te d  i n  a P a c k a rd  

T r i - C a r b  s p e c t r o m e t e r  a t  74% e f f i c i e n c y .

R a d i o a c t i v i t y  r e m a in i n g  on t h e  f i l t e r s  minus
14t h e  c o n t r o l  was d e f i n e d  as C - g lu ta m a te  t a k e n  

up.

2 . 4 . 4 .  M etabo l ism  o f  " ^ C - g lu t a m a te  bv 

s y n a p to so m a l  s u s p e n s i o n s .

A f t e r  t h e  10 m inu te  l o a d i n g  i n c u b a t i o n ,  a l i q u o t s  

o i  synap tosom es  were c e n t r i f u g e d  a t  60000g X 

10 min and t h e  p e l l e t s  l y z e d  by r e s u s p e n d i n g  

i n  2ml d i s t i l l e d  w a t e r .
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The s u s p e n s i o n  was a g a in  c e n t r i f u g e d ,  and 

50)al a l i q u o t s  o f  t h e  s u p e r n a t a n t  a p p l i e d  t o  

s i l i c a  g e l  TLC p l a t e s  which  were d e v e lo p e d  

i n  n - b u t a n o l  : a c e t i c  a c i d  : w a t e r ,  8 0 :2 0 :2 0  

(by v o l u m e ) . Under t h e s e  c o n d i t i o n s ,  93.5% 

o f  t h e  r e c o v e r e d  r a d i o a c t i v i t y  c o -c h r o m a to -  

g r a p h e d  w i t h  a u t h e n t i c  ‘̂ C - g l u t a m a t e .

2 . 4 . 5 .  E f f e c t  o f  5-ALA on sy n a p to so m a l  ^ C -  

g l u t a m a t e  u p t a k e .

I n  some e x p e r i m e n t s  exam in ing  t h e  e f f e c t  o f

6-ALA on " ^ C - g lu t a m a te  u p t a k e , 6-ALA a t  

v a r i o u s  c o n c e n t r a t i o n s , was added t o  t h e  

i n c u b a t i o n  medium and t h e  synap tosom es  

e q u i l i b r a t e d  f o r  15 m in u te s  i n  t h e  p r e s e n c e  

o f  6-ALA b e f o r e  t h e  a d d i t i o n  o f  ^ ^ C - g lu t a m a te .

I n  o t h e r  e x p e r i m e n t s , 6-ALA was added t o g e t h e r  

w i t h  ^ C - g l u t a m a t e  a f t e r  t h e  p r e i n c u b a t i o n  

p e r i o d .  Uptake was t e r m i n a t e d  a f t e r  10 

m in u te s  by f i l t r a t i o n .

2 . 4 . 6 .  Uptake o f  '^C-S-ALA by synaptosom e 

s u s p e n s i o n s .

A l i q u o t s  o f  synaptosom e s u s p e n s i o n s  were 

p r e i n c u b a t e d  f o r  15 m in u te s  a t  37°C as 

d e s c r i b e d  above .
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TV' ^utipenui''>n v/:u; iq a in  c e n t r i f u g e d ,  • £nd 

:3i.>!i 1 aliquot;!.-; o f  t h e  s u p e r n a t a n t  a p p l i e d  uv 

..vi 1 l e a  g e l  Tl'iC p l a t e s  which  were  d e v e lo p e d  

in  i i-buhanoJ : a c e t i c  a c i d  : w a t e r ,  8 0 :2 0 :2 0  

(,i V volume) . Under t h e s e  c o n d i t i o n s , 93.5%

' i th e  r e c o v e r e d  r a d i o a c t i v i t y  c o -c h r o m a to -  

a r a p h e d  .vl f.ii a n lu ie t i t ie  - g l u t a m a t e .

142 . 4 . 5 .  t i f l e e t  o f  ■'••-ALA on sy n a p to so m a l  C- 

g l u t a m a t c  u p t a k e .

l a  Uviau e x p e r i m e n t s  ex am in ing  t h e  e f f e c t  o f  

-ALA on "^C-glut .amate  u p t a k e , 6-ALA a t  

v a r i o u s  c o n c e n t r a t i o n s , was added t o  t h e  

i n c u b a t i o n  medium and t h e  synap tosom es  

e q u i l i b r a t e d  f o r  15 m in u te s  i n  t h e  p r e s e n c e  

u i  .-ALA b e f o r e  t h e  a d d i t i o n  o f  ^ C - g l u t a m a t e . 

l a  o t h e r  e x p e r i m e n t s , 6-ALA was added  t o g e t h e r  

wi t h  - g l u t a m a t e  a f t e r  t h e  p r e i n c u b a t i o n  

p e r i o d .  Uptake was t e r m i n a t e d  a f t e r  10 

m in u te s  by f i l t r a t i o n .

. 4. b . Uptakv. o f  '"^C-o-ALA by synaptosom e 

h uaponn.i nm

A liquotB  or  aynaptotiome s u s p e n s i o n s  were 

,.ri-!.iti(3vU)Mb*ii i;. ,r I.!j m in u te s  at. 37°C as

i< - -rl! ' -a jioY'. .
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A s m a l l  volume (1 /100  o f  t h e  f i n a l  volume) of 

a s o l u t i o n  c o n t a i n i n g  a known c o n c e n t r a t i o n  o f  

[ 4 - ^ C ]  6 -ALA a t  s p e c i f i c  a c t i v i t y  54mCi/mmo! 

was added t o  t h e  i n c u b a t i o n  t u b e s  t o  a 

c o n c e n t r a t i o n  o f  0 . 5]uM "^C-S-ALA and u n l a b e l l e d  

8-ALA was added t o  g iv e  a f i n a l  c o n c e n t r a t i o n  

o f  6-ALA i n  t h e  ra n g e  0 .5-100pM. I n c u b a t i o n  

was c o n t i n u e d  f o r  a t im e  p e r i o d  i n  t h e  ra n g e  

10 -30  m i n u t e s . The r e a c t i o n  was t e r m i n a t e d  

by r a p i d  f i l t r a t i o n  on M i l l i p o r e  f i l t e r s  as 

d e s c r i b e d  above .  A g a i n , c o n t r o l  e x p e r im e n t s  

t o  a c c o u n t  f o r  r a d i o a c t i v i t y  t r a p p e d  n o n -  

s p e c i f i c a l l y  i n  t h e  p o r e s  o f  t h e  f i l t e r s  were 

c a r r i e d  o u t .  The f i l t e r s  were  s o l u b i l i z e d  i n  

10ml o f  Aquagel  I  and c o u n te d  i n  a  P a c k a rd  

T r i - C a r b  s p e c t r o m e t e r  a t  74% e f f i c i e n c y . 

R a d i o a c t i v i t y  r e m a in in g  on th e  f i l t e r s  minus 

t h e  c o n t r o l  was d e f i n e d  as  "^C-o-ALA t a k e n  up.

2 . 5 .  S u p e r f u s i o n  s t u d i e s .

2 . 5 . 1 .  The a p p a r a t u s .

The m easurement  o f  t h e  r e l e a s e  o f  n e u r o ­

t r a n s m i t t e r  s u b s t a n c e s  from s l i c e s  o r  s u b -  

c e l l u l a r  f r a c t i o n s  o f  n e rv o u s  t i s s u e  has  

b een  co nfounded  by t h e  p r e s e n c e  i v a ry  

a c t i v e  t r a n s p o r t  s y s t e m s .



These uptake processes are responsible  f o r  the removal 

of  the  released substance from the  surrounding medium 

before an accurate  measurement of r e lease  can be made.

Thus, the  appearance o f  t r a n sm i t te r  in the  medium a f t e r  

a sp e c i f i c  treatment  may be in te rp r e te d  as r e l e a se ;  a l t e r ­

n a t iv e ly ,  i n h ib i t io n  o f  the reuptake o f  spontaneously r e ­

leased substance would produce the  same net  e f f e c t .  Recently 

t h i s  problem has been overcome by the  development of  a 

superfusion apparatus shown to minimize reuptake of  re leased  

t r a n s m i t t e r  by the  continuous removal o f  the medium t o ­

gether  with the  released t r a n s m i t t e r ' (Rai te r i  e t  a l . ,  1974; 

1975). This apparatus consis ts  o f  a chamber a t  the  bottom 

of  which r e s t s  a Mi H i  pore f i l t e r  onto which the  synapto- 

somes are  bedded by f i l t r a t i o n .  Batches o f  medium are th°n 

passed over the synaptosome beds and f rac t io n s  co l lec ted .  

This system involves several d i f f i c u l t i e s .  F i r s t l y ,  the 

volume o f  medium in the  chamber i s  cons tan t ly  changing; 

secondly, the in troduct ion of  a new batch of  medium in to  

the chamber would be expected to d is rup t  the synaptosome 

bed and so produce incons is ten t  r e s u l t s .



The a l t e r n a t i v e  o f  r e p l e n i s h i n g  medium when t h e  

chamber i s  n o t  q u i t e  empty would r e s u l t  i n  t h e  

m ix ing  o f  c o n t r o l  and t e s t  m edia  w i t h  i r r e -  

p r e d u c i b l e  r e s u l t s . (This  l a t t e r  p rob lem  

can e v i d e n t l y  be  overcome i f  t h e  synap tosom e 

beds  a r e  p a c k e d  t i g h t l y  by v i g o r o u s  f i l t r a t i o n  -  

B r a d f o r d ,  H.F.  p e r s o n a l  c o m m u n ic a t io n ) .

The a p p a r a t u s  used  i n  t h e  e x p e r i m e n t s  d e s c r i b e d  

h e r e  was d e s i g n e d  f o r  t h e  s u p e r f u s i o n , a t  

c o n s t a n t  volume o f  s u b c e l l u l a r  p a r t i c l e s  o r  

whole  b r a i n  s l i c e s . The chamber d e p i c t e d  i n  

F i g .  1 c o n s i s t s  o f  a c e n t r a l  b a r r e l  o f  

m ach ined  p e r s p e x  which i s  sc rew ed  i n t o  two 

i d e n t i c a l  p e r s p e x  e n d p i e c e s . Each end p i e c e  

i s  f i t t e d  w i t h  a M i l l i p o r e  25mm f i l t e r  s u p p o r t  

f r i t  and a r u b b e r  "0" r i n g  ( M i l l i p o r e )  t o  

s e a l  t h e  c o n n e c t i o n .  The o u t l e t  o f  the- e n d -  

p i e c e  i s  m achine  t o  g i v e  minimum dead  v o lu m e .

The a p p a r a t u s  can be u se d  i n  t h e  c o n v e n t i o n a l  

manner t o  s u p e r f u s e  a b ed  o f  s u b c e l l u l a r  

p a r t i c l e s  ( such  as synap tosom es )  r e s t i n g  on 

t h e  lo w er  M i l l i p o r e  f i l t e r .  In  t h i s  mode, 

an a p p r o p r i a t e  volume o f  medium can be i n t r o ­

duced i n t o  t h e  chamber and t h e  volume t h e r e ­

a f t e r  k e p t  c o n s t a n t  s i n c e  t h e  a p p a r a t u s  i s



FIGURE 1.



FIGURE 1-

Diagram o f  t h e  c o n s t r u c t i o n  o f  t h e  p e r s r  

s u p e r f u s i o n  a p p a r a t u s  i n  c r o s s  s e c t i o n .  

A l l  d im e n s io n s  a r e  b a s e d  on th e  25mm 

M i l l i p o r e  f i l t e r  shown a t  ( c ) .

Rubber "0" r i n g s  a r e  shown (b) t o g e t h e r  

w i t h  t h e  M i l l i p o r e  s u p p o r t  f r i t s  ( a ) .



a i r t i g h t . I t  i s  a l s o  p o s s i b l e  t o  s u p e r f u s e  

whole t i s s u e  s l i c e s  a g a i n s t  g r a v i t y  by pump­

in g  t h e  medium i n t o  t h e  chamber from t h e  b o t to m  

o f  t h e  a p p a r a t u s  and d raw in g  i t  c u t  o f  t h e  t o p . 

Such upward d i s p l a c e m e n t  o f  t h e  medium keeps  

t h e  t i s s u e  p r e p a r a t i o n  i n  s u s p e n s i o n  and 

p r e v e n t s  b lo c k a g e  o f  t h e  l o w e r  f i l t e r , a 

p ro b lem  o f t e n  e n c o u n t e r e d  i n  s u p e r f u s i o n  o f  

t i s s u e  s l i c e s  by c o n v e n t i o n a l  t e c h n i q u e s .

S in c e  i t  i s  n e c e s s a r y  t o  f i l l  t h e  chamber 

c o m p le t e ly  w i t h  medium when o p e r a t i n g  i n  t h i s  

mode, t h e  volume o f  t h e  chamber can be 

v a r i e d  by a l t e r i n g  t h e  l e n g t h  o f  t h e  b a r r e l .

An a p p a r a t u s  c o n s i s t i n g  o f  f o u r  chambers  o f  

t h e  ty p e  d e s c r i b e d  above a r r a n g e d  i n  p a r a l l e l  

( P l a t e  1) h a s  been  u se d  e x t e n s i v e l y  i n  t h e  

i n v e s t i g a t i o n  o f  t h e  e f f l u x  o f  GABA and - 

g l u t a m a t e  from sy n a p to s o m o s . In  a d d i t i o n ,  

t h e  a p p a r a t u s  h as  b e en  u sed  t o  m o n i to r  t h e  

r e l e a s e  o f  l a b e l l e d  n o r a d r e n a l i n e  from hypo­

t h a l a m i c  s l i c e s  (Klugman e t  a l . ,  u n p u b l i s h e d  

r e s u l t s ) »



PLATE 1



PLATE 1.

Complete s u p e r f u s i o n  a p p a r a t u s  c o n s i s t i n g  o f  

4 chambers a r r a n g e d  i n  p a r a l l e l ,  as  u s e d  i n  

e x p e r im e n t s  t o  examine n e u r o t r a n s m i t t e r  

r e l e a s e .



2 . 5 . 2 .  The t e c h n i q u e .

A l i q u o t s  o f  p r e l o a d e d  synap tosom es  were 

l a y e r e d  on M i l l i p o r e  f i l t e r s  (0.45um p o re )  

r e s t i n g  on f i l t e r  s u p p o r t s  c o n s t i t u t i n g  t h e  

bo t tom s  o f  f o u r  p a r a l l e l  s u p e r f u s i o n  chambers 

o f  t h e  t y p e  d e s c r i b e d  above ,  and m a i n t a i n e d  

a t  37°C i n  a p r e c i s i o n  i n c u b a t o r .  The 

chambers were c o n n e c te d  t o  a m u l t i c h a n n e l  

p e r i s t a l t i c  pump, t h e  e x c e s s  medium drawn 

o f f  a t  maximum f low  r a t e ,  and t h e  f i l t e r s  

washed w i t h  10ml o f  c o n t r o l  s u p e r f u s i o n  medium 

( c o n c e n t r a t i o n s  : 128mM NaCl; 5mM KC1;

2 . 7mM CaClgf 1 . 2mM MgSO,; 30mM g l u c o s e ;

lOmM T r i s - H C l  b u f f e r  a t  pH 7 . 3 5 ) .  I n  

e x p e r i m e n t s  i n v o l v i n g  GABA, t h e  medium a l s o  

c o n t a i n e d  O.lmM a m in o o x y a c e t i c  a c i d  t o  

p r e v e n t  GABA c a t a b o l i s m  ( I v e r s o n  and J o h n s t o n ,  

1971; Levy e t  a l . ,  1973;  Minchin  and I v e r ­

s o n ,  1974;  Hammerstad and L y t l e ,  1976) .

The i lo w  r a t e  was a d j u s t e d  t o  0 . 5 m l /m in u te  

and 1 -m in u te  f r a c t i o n s  were c o l l e c t e d  d i r e c t l y  

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

f u s i o n  was c o n t i n u e d  f o r  10 m in u te s  w i t h  

c o n t r o l  medium t o  e s t a b l i s h  a b a s e l i n e  r a t e  

o f  l a b e l l e d  amino a c i d  e f f l u x ;  t h e  c o n t r o l
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medium was th e n  ex changed  f o r  t h e  t e s t  medium, 

and s u p e r f u s i o n  c o n t i n u e d  f o r  a f u r t h e r  15 

m i n u t e s . Aquagel  I  l i q u i d  s c i n t i l l a n t  (Chem- 

l a b ) , 5ml,  was added t o  each  v i a l  and t h e  

r a d i o a c t i v i t y  o f  t h e  v i a l s  c o u n te d  i n  a
3

P a c k a rd  T r i - C a r b  a p a c t r o m e t e r  ( H, 37% e f f i c i e n c y  

' ^ C , 7 4 u a f f i c - e n c y )  . F i l t e r s  were  s o l u b i l i s e d  

„n 10ml c f  Aquagal  I  and c o u n te d  s i m i l a r l y ,  

d t im v . l a t i o n  o f  r e l e a s e  was c a l c u l a t e d  as t h e  

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

l i n e  i n s t i m u l a t e d  l e v e l .

" t  was c o n s i d e r e d  t h a t  s u p e r f u s i o n  u n d e r  t h e  

c H a i t i a n s  d e s c r i b e d  a b o v e  m in im iz ed  r e u p t a k e  

c f r e l e a s e d  t r a :  e m i t t e r  s i n c e  i n c r e a s i n g  t h e  

f , :  r a t e  t h r o  a  t h e  chamber t o  1 . Oml/minute

■j..a i n c r e a . : ^  t h e  r a d i o a c t i v i t y  c a p t u r e d  

u r  ur..~t t i m e .

2 . 6 ,  _ r a t  i o n  o f  w h o l e  b r a i n  s y n a p t i c  p lasm a

n u n l r in c s .

S y n a p t i c  it2n b r a n eu ware p r e t  _ired from t u e  whole  b r a i n t  

a d u l t  r a l e  and fem ale  Wit t a r  r a t s  ( f e d  on an 

o r d i n a r y  l a b o r a t o r y  d i e t ,  Euol)  by t h e  method o f  

Enna and Snyder  (19 75 ) .



Hats  were k i l l e d  by s t u n n i n g  and t h e  whole b r a i n s  

removed i n t o  15 volumes o f  i c e - c o l d  0.32M s u c r o s e  

and homogenized w i t h  30 s t r o k e s  i n  a hand g l a s s  

h o m o g en ize r  ( r a d i a l  c l e a r a n c e , 0.25mm). A l l  

p r o c e d u r e s  were c a r r i e d  o u t  a t  4°C . The homo- 

g e n a t e  was c e n t r i f u g e d  a t  lOOOg x 10 m i n u t e s ; t h e  

p e l l e t  was d i s c a r d e d  and t h e  s u p e r n a t a n t  f l u i d  was 

c e n t r i f u g e d  a t  2 0 ,000g x 20 m i n u t e s .  The c ru d e  

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

i n  d i s t i l l e d  w a t e r  and d i s p e r s e d  w i t h  a Brinkman 

P o l y t r o n  PT-10 ( s e t t i n g  6) f o r  30 s e c o n d s . The 

s u s p e n s i o n  was c e n t r i f u g e d  a t  SOOOg x 20 m i n u t e s . 

The s u p e r n a t a n t  f l u i d  was c o l l e c t e d  and t h e  

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

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

c o l l e c t  t h e  upp e r  l a y e r .  T h is  s u s p e n s i o n  was 

t h e n  c e n t r i f u g e d  a t  4SOOOg x 20 m i n u t e s . The 

f i n a l  c ru d e  s y n a p t i c  membrane p e l l e t s  were r e ­

su sp en d e d  i n  d i s t i l l e d  w a t e r  and r e c e n t r i f u g e d  

a t  4 SOOOg x 20 m i n u t e s . The membranes were 

t h e n  s t o r e d  a t  -20°C f o r  a t  l e a s t  18 h o u r s ,  b u t  

n o t  l o n g e r  t h a n  30 d a y s .

2 . 7 .  GABA r e c e p t o r  b i n d i n g  s t u d i e s .

F ro zen  p e l l e t s  o f  s y n a p t i c  membranes were
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rasiiKE'-didGd I n  d i s t i l l e d  w a t e r ,  m a i n t a i n e d  a t  

2.1"0'': f o r  3.0 m in u te s  and c e n t r i f u g e d  a t  48000g  

20 m in u te s .  The p e l l e t s  were t h e n  su spend ed  

iii. :‘•OniM T r i s - c i t r i e  a c i d  b u f f e r  (pH 7 .1 )  t o  

g i a  p r o t e i n  c o n c e n t r a t i o n  o f  0 . 4 - 0 . 6mg/ml 

v j'>wrv e t  a l .  , 1951) . Two ml a l i q u o t s  o f  t h e  

. uo p e n s i o n  w e r e  i n c u b a t e d  i n  t r i p l i c a t e  a t  4 ° C  •

!:' m in u te s  i n  t h e  p r e s e n c e  o f  ^H-GABA ( s p e c i f i c  

• . c t iX ' i t y  54 Gi/mmul) i n  t h e  c o n c e n t r a t i o n  ran g e

2-lOnM, and i n  t h e  p r e s e n c e  o r  a b sen c e  o f  

u u l a b e l l e d  GABA o r  b i c u c u l l i n e  a t  c o n c e n t r a t i o n s  

up t o  ImM. The r e a c t i o n  was t e r m i n a t e d  by r a p i d  

f i l t r a t j  t h r o u g h  Whatman GF/B g l a s s  m i c r o f i b r e  

r l i t e r s  and t h e  f i l t e r s  washed w i t h i n  10 seconds  

w i t h  2 x 5ml a l i q u o t s  o f  i c e - c o l d  b u f f e r ,  

t i l t a r s  were  d i s i n t e g r a t e d  by v i g o r o u s  s h a k in g  i n  

himl Aquagel  I  l i q u i d  s c i n t i l l a n t  (Chemlab) and 

oou. d i n  a P a c k a r d  T r i - C a r b  2660 s p e c t r o m e t e r  

w i th  a u to m a t i c  quench c o r r e c t i o n . S p e c i f i c  

■’H-GABA b i n d i n g  was c a l c u l a t e d  as t h e  d i f  f e r e n c e  

be tw een  t o t a l  b i n d i n g  and b i n d i n g  i n  t h e  p r e s e n c e  

if XmM u n l a b e l l e d  GABA o r  b i c u c u l l i n e . The e f f e c t  

■••I: (S-AX.A on wi+- i n d e p e n d e n t  ^H-GABA b i n d i n g  was 

d e te rm in e d  u s in g  6-ALA a t  c o n c e n t r a t i o n s  up t o  

5mM no t h e  d i s p l a c e r .



CHAPTKR 3 

RESULTS

3 . 1 .  E f f e c t  o f  GAB A a n a lo g u e s  on t h e  e f f l u x  oi:
3

p r e l o a d e d  H-GABA from s y n a p to s o m e s .

3 . 1 . 1 .  U n l a b e l l e d  GABA ( F i g . 2 ) .

U n l a b e l l e d  GABA a t  a c o n c e n t r a t i o n  o f  ImM 

i n  t h e  t e s t  s u p e r f u s i o n  medium s t i m u l a t e d
3

t ^ e  e f f l u x  o f  H-GABA from p r e l o a d e d  r a t  

c o r t i c a l  synap tosom es  by 705 -  60% (mean 

-  s . e . m .  n = 3) . The homo ex change mechanisp. 

'•'as m ax im a l ly  s t i m u l a t e d  by ImM GABA s i n c e  

i n c r e a s i n g  t h e  c o n c e n t r a t i o n  t o  5mM d i d  n o t  

e l i c i t  a g r e a t  s t i i r  1 a t i o n  c f  e f f l u x  o f  

l a b e l .  These r e s u l t s  were  i n  a cc o rd a n c e  

w i t h  t h o s e  o f  R a i t e r i  e t  a l . , (1975) .

3 . 1 . 2 .  3- A la n in e  ( F i g . 2 ) .

3 - A la n in e  a t  a c o n c e n t r a t i o n  o f  ImM
3

s t i m u l a t e d  H-GABA r e l e a s e  from t h e  p r e l f h u t ,  

synap tosom es  by 210 -  40% (mean -  s . e . m .  n -■ 

T h u s , a t  a c o n c e n t r a t i o n  a t  which  e;-:nhang6: 

w i t h  u n l a b e l l e d  GABA was maxim al ,  P -a lav i ine  

s t i m u l a t e d  exchange  t o  a b o u t  38% o f  maximum-
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FIGURE 2.

S t i m u l a t i o n  o f  ^H-GABA e f f l u x  by GABA a n a l o g u e s . 

Shown i s  a p l o t  o f  p e r c e n t a g e  change i n  e f f l u x  

( b a s e l i n e  e f f l u x  = 100%) a g a i n s t  f r a c t i o n  

number. The a rrow  r e p r e s e n t s  t h e  c h a n g e -o v e r  

from p l a i n  medium t o  t h e  t e s t  medium c o n t a i n i n g  

t h e  GABA a n a lo g u e s  (ImM) l i s t e d  be low .

The f i r s t  few f r a c t i o n s  were  v e r y  v a r i a b l e  i n  each  

c a s e  and . '  n o t  shown. Each c u rv e  i s  -an 

a v e r a g e  o f  '5 s u p e r f u s i o n  e x p e r i m e n t s .

V a r i a t i o n  be tw een  i n d i v i d u a l  c u r v e s  was l e s s  

t h a n  13% o f  t h e  mean. A , GABA; # ,  DABA;

0 ,  0 - a l a n i n e ;  □ ,  L - o r n i t h i n e ;  □ ,  L - h o m o c y s t e in e , 

□  , L - m e t h i o n i n e ; 88 , c o n t r o l .

S u p e r f u s i o n  r a t e  : O .S m l /m in u te .



70.

FIGURE 2.

S t i m u l a t i o n  o f  ^H-GABA e f f l u x  by GABA a n a l o g u e s .  

Shown i s  a p l o t  o f  p e r c e n t a g e  change i n  e f f l u x  

( b a s e l i n e  e f f l u x  = 100%) a g a i n s t  f r a c t i o n  

number. The arrow r e p r e s e n t s  t h e  c h a n g e -o v e r  

from p l a i n  medium t o  t h e  t e s t  medium c o n t a i n i n g  

t h e  GABA a n a lo g u e s  (ImM) l i s t e d  be low .

The f i r s t  few f r a c t i o n s  were  v e r y  v a r i a b l e  i n  each  

c a s e  and a r e  n o t  shown. Each cu rv e  i s  an 

a v e r a g e  o f  3 s u p e r f u s i o n  e x p e r i m e n t s .

V a r i a t i o n  be tw een  i n d i v i d u a l  c u r v e s  was l e s s  

t h a n  13% o f  t h e  mean. A , GABA; • ,  DABA;

0,  {B-alanine;  □ ,  L - o r n i t h i n e ;  D ,  L - h o m o c y s t e i n e , 

□  , L - m e t h i o n i n e ; M r c o n t r o l .

S u p e r f u s i o n  r a t e  : O .S m l /m in u te .



7 1 .

T h is  f i n d i n g  s u p p o r t e d  t h a t  o f  R a i t e r i  e t  a l . , 

(1975) .

3 . 1 . 3 .  DABA ( F i g . 2 ) .

'(+) -2 , 4 - D i a m i n o b u ty r i c  a c i d  (DABA) a t  a. con-
"3

c e n t r a t i o n  o f  ImM s t i m u l a t e d  H-GABA r  l e a s e  

by 655 -  55% (mean ~ s . e . m . , n = 3 ) .  By co n ­

t r a s t  w i t h  B - a l a n i n e , DABA a t  ImM p ro d u c e d  a
•2

s t r i k i n g  s t i m u l a t i o n  o f  H-GABA e f f l u x ;  a b o u t  

94% o f  t h e  maximal  s t i m u l a t i o n .

3 . 1 . 4 .  L - O r n i t h i n e , L -h u m o c y s te in e  and 

L - m e th io n in e  ( F i g . 2 ) .

L - O m i t h i n e , an amino a c i d  one m e th y len e  group 

l o n g e r  t h a n  DABA, t h e  e . . - . i t a t o r y  amino a c i d  

L -h o m o c y s te in e  and i t s  a n a lo g u e  L - m e th io n in e  

p ro d u c e d  no s t i m u l a t i o n  o f  3H-GABA e f f l u x  from 

p r e l o a d e d  synap tosom es  a t  a c o n c e n t r a t i o n  o f  

ImM.

3 . 1 . 5 .  6 -ALA

6-ALA i s  an omega amino a c i d  w i t h  a 5 ca rbon  

c h a i n  s i m i l a r  i n  s t r u c t u r e  t o  GABA, and f i t s  

w i t h i n  t h e  g u i d e l i n e s  o f  McGeer e t  a l . , (1961) 

as a GABA a n a l o g u e .
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High c o n c e n t r a t i o n s  o f  6-ALA ( 0 .7 5 - 5  .OinM) i n  

t h e  s u p e r f u s i o n  medium p ro d u c e d  v e r y  marked 

s t i m u l a t i o n  o f  H-GABA e f f l u x  from p r e l o a d e d  

synap tosom es  ( F i g . 3 ) .  The maximum s t i m u l -
3

a t i o n  o f  H-GABA r e l e a s e  o b t a i n a b l e  by 

s u p e r f u s i o n  w i t h  u n l a b e l l e d  GABA i s  705 -  60% 

(mean -  s . e . m. ,  n = 3) a t  a c o n c e n t r a t i o n  

o f  ImM ( F i g , 2 ) .  6-ALA a t  c o n c e n t r a t i o n s  o f

ImM and 5mM s t i m u l a t e d  ^H-GABA e f f l u x  by 

826 -  61.5% and 1356 -  32.9% r e s p e c t i v e l y  

(mean -  s . e . m . ,  n = 3 ) .  However, low 

c o n c e n t r a t i o n s  o f  6 -ALA ( 0 . 1 - 0 . 5mM) p r o d u c e d  

v e ry  l i t t l e  s t i m u l a t i o n  o f  ^H-GABA e f f l u x  

( F i g . 3 ) ,  c o n s i d e r a b l y  l e s s  th a n  t h a t  p ro d u ce d  

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

GABA ( R a i t e r i  e t  a l . , 19 7 5 ) .

3 .2  P o t a s s i u m - s t i m u l a t e d  r e l e a s e  o r  GABA from* 

synaptosom e s u s p e n s i o n s

3 . 2 . 1 .  E f f e c t  o f  r a i s e d  e x t r a c e l l u l a r  K+
3

on H-GABA r e l e a s e .

Membrane d e p o l a r i s a t i o n  i n d u c e d  by 55mM K+ 

(u s in g  KC1) i n  t h e  s u p e r f u s i o n  medium
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FIGURE 3.

S t i m u l a t i o n  o f  ^H-GABA e f f l u x  by 6-ALA.

Shown i s  a p l o t  o f  p e r c e n t a g e  change

i n  e f f l u x  ( b a s e l i n e  e f f l u x  = 100%) a g a i n s t

f r a c t i o n  number. The a rrow r e p r e s e n t s  t h e

c h a n g e -o v e r  from p l a i n  medium t o  t h e  t e s t

medium c o n t a i n i n g  : —--------, c o n t r o l ;

O.lmM 5-ALA; — *— • — , 0 .2 5mM 6-ALA;

—  — -----  -   , O.SmM 6—ALA;  f 0 .  75mM 6—ALA,
____________  / l.OmM 5- A L A ; ___________, 5.0mM 6-ALA.

The f i r s t  f r a c t i o n s  were v e ry  v a r i a b l e  i n  e ac h  

c a s e  and a r e  n o t  shown. Each c u rv e  i s  an 

a v e r a g e  o f  3 e x p e r i m e n t s , and t h e  v a lu e s  a r e  t h e  

maximum s t i m u l a t i o n  (mean -  s . e . m . ,  n = 3) 

e l i c i t e d  by th°. t e s t  medium. S u p e r f u s i o n  r a t e  

was 0 . 5 m l/m in u te  and 0 .5m l  f r a c t i o n s  were 

c o l l e c t e d .  The c u r v e s  p a s s  th r o u g h  e v e r y  

e x p e r i m e n t a l  p o i n t ;  how ever ,  t h e s e  have n o t  

b e en  shown f o r  r e a s o n s  o f  c l a r i t y .
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s t i m u l a t e d  ^H-GABA r e l e a s e  by 188 -  26.9%

(mean -  s . e . m . ,  n = 6 ) ( P i g . 4 ) .

3 . 2 . 2 .  C a lc iu m -d e p en d e n ce  o f  K"^-s t im ula ted  

^H-GABA r e l e a s e .

p  i
Omission  o f  Ca from t h e  medium o r  s u b s t i t ­

u t i o n  o f  Mg^+ f o r  Ca^+i n  t h e  medium d i d  n o t  

s i g n i f i c a n t l y  a f f e c t  b a s a l  r e l e a s e  o f  r a d i o ­

a c t i v i t y  c a l c u l a t e d  as % t o t a l  t i s s u e  s t o r e s  

r e l e a s e d  p e r  one m in u te  f r a c t i o n  (0 .5 7  -  

0 .068%, mean -  s . e . m . ,  n = 7 ) .  P o t a s s iu m  

(5 5 m M )-s t im u la ted  r e l e a s e  o f  JH-GABA w a s , 

how ever ,  r e d u c e d  by 76 -  2.2% (n = 4) i n  

Ca^+-  f r e e  medium ( F i g . 4 ) .  T h is  i n d i c a t e d

t h a t  some 76% o f  K+- s t i m u l a t e d  r e l e a s e  was 
2+Ca - d e p e n d e n t . These r e s u l t s  a r e  i n  c l o s e  

a c c o rd a n c e  w i t h  t h o s e  o f  Okamoto and Namima 

(1978) .

3 . 2 . 3 .  E f f e c t  o f  <5-ALA on K+- s t i m u l a t e d  

^H-GABA r e l e a s e .

5-ALA re d u c e d  t h e  K+ (5 5 m M )-s t im u la ted  r e l e a s e
3

o f  H-GABA from t h e  n e rv e  e n d in g s  i n  a d o s e -  

d e p en d e n t  f a s h i o n  ( F i g . 5 ) .
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FIGURE 4.

q
S t i m u l a t i o n  o f  ' n-GABA r e l e a s e  e l i c i t e d  by 55mM 

+
K . The a rrow  r e p r e s e n t s  t h e  c h a n g e -o v e r  from 

p l a i n  medium t o  t e s t  medium c o n t a i n i n g  55mM K+ 

i n  t h e  p r e s e n c e  (®) o r  a b se n c e  (0) o f  2 . 7mM Ca^+ . 

Curves a r e  t h e  mean o f  6 (e) o r  4 (0) e x p e r i m e n t s .  

S t a n d a r d  e r r o r s  l e s s  t h a n  10% o f  t h e  mean.
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FIGURE 5.

4-

A d o s e - r e s p o n s e  c u rv e  f o r  t h e  i n h i b i t i o n  o f  K'

(55mM)-induced GABA r e l e a s e  by 6-ALA. The

h o r i z o n t a l  a x i s  g i v e s  c o n c e n t r a t i o n  o f  8-ALA "
-6(x 10 M) on a l o g a r i t h m i c  s c a l e . R e p r e s e n te d  

on t h e  v e r t i c a l  a x i s  i s  t h e  % i n h i b i t i o n  o f  K+-  

s t i m u l a t e d  GABA r e l e a s e . Each p o i n t  i s  t h e  

mean % i n h i b i t i o n  -  s . e . m .  (n = 4 ) .  The cu rve  

i s  t h e  b e s t  f i t  t o  t h e  d a t a  by t h e  method o f  

2 e a s t  s q u a r e s  ( r  = 0 . 9 7 ) .  I t  was n o t

p o s s i b l e  t o  p ro d u ce  100% i n h i b i t i o n  o f  t h e  

s t i m u l a t e d  r e l e a s e  , as 5-ALA a lo n e  a t  c o n c e n ­

t r a t i o n s  > 1 0 0 tM c a u se d  i n c r e a s e d  e f f l u x  o f  

r a d i o a c t i v i t y  from t h e  synap tosom es  ( F i g . 3 ) .



The r e d u c t i o n  was s i g n i f i c a n t  a t  a 5-ALA 

c o n c e n t r a t i o n  o f  luM, and a t  a c o n c e n t r a t i o n  

o f  lOOyM, 75% o f  t h e  s t i m u l a t e d  r e l e a s e  was 

a b o l i s h e d .  In  a d d i t i o n ,  i t  was found  t h a t  

a c o m b in a t io n  o f  ImM 6-ALA and 55mM K+ i n  t h e  

s u p e r f u s i o n  medium p ro d u c e d  a 21.5% r e d u c t i o n  

i n  t h e  s t i m u l a t i o n  due t o  ImM 5-ALA a lo n e  and 

d e l a y e d  t h e  o c c u r r e n c e  o f  t h e  p eak  by a b o u t  

4 f r a c t i o n s  ( F i g . 6 ) .  The same e f f e c t s  were 

o b s e r v e d  when t h e  K c o n c e n t r a t i o n  was r a i s e d  

u s i n g  p o t a s s i u m  s u l p h a t e  i n s t e a d  o f  p o t a s s i u m  

c h l o r i d e  and t h u s  seemed t o  be i n d e p e n d e n t  o f  

t h e  e x t e r n a l  c h l o r i d e  c o n c e n t r a t i o n .  The 

c o n c e n t r a t i o n  o f  6 -ALA which  i n h i b i t e d  50% 

o f  t h e  K+- s t i m u l a t e d  GAB A r e l e a s e  w. 11 .5  -  

0.87yM (d e te r m in e d  by l o g - p r o b i t  a n a l y s i s  o f  

t h e  b e s t  l i n e  f i t  shown i n  P i g . 5 ) .

3 . 2 . 4 .  S-ALA-induced i n h i b i t i o n  o f  GABA

r e l e a s e  p r e v e n t e d  by GABA r e c e p t o r  

a n t a g o n i s t s .

6-ALA h as  b een  tih-^wn t o  d e c r e a s e  t h e  membrane 

r e s i s t a n c e  o f  th e  c r a y f i s h  s t r e t c h  r e c e p t o r  

n e u ro n ,  p r o b a b l y  by i n c r e a s i n g  t h e  Cl*" c o n d u c t  

anco o f  t h e  membrane ( D i c h t e r  e t  a l . , 197 7 ) .

In  t h i s  r e s p e c t  i t  mimics t h e  p o s t s y n a p t i c  

a c t i o n  o f  GABA (TaHeuchi and T a k e u c h i , 1966) .
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FIGURE 6 .

E f f e c t s  o f  6 -ALA on K ^ - s t i m u l a t e d  ^H-GABA 

r e l e a s e . Shown i s  a p l o t  o f  p e r c e n t a g e  change 

i n  e f f l u x  ( b a s e l i n e  e f f l u x  = 100%) a g a i n s t  

f r a c t i o n  number.  The a rrow  r e p r e s e n t s  t h e  

c h a n g e - o v e r  from p l a i n  medium t o  t h e  t e s t

medium c o n t a i n i n g  :  , c o n t r o l ;

-----------f 55mM K+.     O.lmM 6-ALA;

.----- .  O.lmM 5-ALA and 55mM K+ ; --------------- ,

l.OmM 6-ALA; ------- , l.OmM 5-ALA and 55mM K+ .

The f i r s t  few f r a c t i o n s  were  v e r y  v a r i a b l e  i n  

each  c a s e  and a r e  n o t  shown. Each cu rv e  i s  

an a v e ra g e  o f  3 e x p e r i m e n t s , and t h e  v a l u e s  a r e  

t h e  maximum s t i m u l a t i o n  (mean -  s . e . m . )  e l i c i t e d  

by t h e  t e s t  medi uiix S u p e r f u s i o n  r a t e  was

0 .5 m l / m in u t e  and 0 .5 m l  f r a c t i o n s  were c o l l e c t e d .  

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

however ,  t h e s e  have  n o t  been  shown f o r  r e a s o n s  

o f  c l a r i t y .

i * m m 3 r o a a < i a r o s i



C l e a r l y  t h e  e f f e c t  on GABA r e l e a s e  d e s c r i b e d  

above i s  e x p l i c a b l e  on t h e  b a s i s  c'z 6-ALA 

i n t e r a c t i n g  w i t h  p r e s y n a p t i c  GABA r e c e p t o r s  

l e a d i n g  t o  an i n c r e a s e d  c h l o r i d e  c o n d u c tan c e  

o f  t h e  membrane. I t  was t h e r e f o r e  d e c i d e d  

t o  examine t h e  e f f e c t  o f  known GABA r e c e p t o r  

a n t a g o n i s t s  on t h i s  phenomenon,

In  a l l  c a s e s ,  t h e  r e d u c t i o n  o f  K+~ s t i m u l a t e d  
3

H-GABA r e l e a s e  by 5-ALA was p r e v e n t e d  by t h e  

GABA r e c e p t o r  a n t a g o n i s t s  b i c u c u l l i n e  o r  

p i c r o t o x i n  (10 ®M)(Table 1 ) .  T h is  demon­

s t r a t i o n  t h a t  a compound can a l t e r  r e l e a s e  o f  

GABA i n  an a p p r o p r i a t e  f a s h i o n  and t h a t  t h e  

e f f e c t  i s  a n t a g o n i z e d  by known GABA r e c e p t o r  

a n t a g o n i s t s  i s  s t r o n g  e v id e n c e  f o r  t h e  

e x i s t e n c e  o f  GABA a u t o r e c e p t o r s  which can- 

m od u la te  GABA r e l e a s e . R e c e n t l y r e v id e n c e  

s u p p o r t i n g  t h i s  c o n c e p t  h a s  been  p r e s e n t e d  

( M i t c h e l l  and M a r t in ,  19 78; S n o d g r a s s ,  1978) .

6-ALA a t  lyM o r  10yM e x h i b i t e d  no e f f e c t s  on t h e  

b a s a l  r e l e a s e  o f  GABA a l t h o u g h , a t  ICOyM,

GABA e f f l u x  was s l i g h t l y  s t i m u l a t e d  ( F i g . 3 ) .



TABLE 1

Drug e f f e c t s  on t h e  K - s t i m u l a t e d  r e l e a s e  o f  GABA 
from p r e l o a d e d  s y n a p to s o m e s .

Drug p r e s e n t I n d u c e d  r e l e a s e  Mean d rug
(% I n c r e a s e  
o v e r  b a s e l i n e  
c o n t r o l )

e f f e c t  
on in d u c e d  
r e l e a s e

55mM K-1" a lo n e  (6)

10""4M 6-ALA a lo n e  (4)

55mM K+ + 10""4M 6-ALA (4)

55miM K+ + 1CT4M 6-ALA + 
10 b i c u c u l l i n e  (4)

55mM K+ + 10'"5M 6-ALA (4)

55mM K+ + 10- 5 M 6-ALA + 
10 p i c r o t o x i n  (4)

55mM K+ + 10™6M 5-ALA (4)

55mM K+ + 10™6M 6-ALA 
10 b i c u c u l l i n e  (4)

1 8 8  =  2 6 . 9

23 9.9
+48 -  6 .4*

191 -  13 .2

92 -  13 .5*  

187 -  10 .2

163 + 7.5**

197 -  1 3 .1

- 7 4 . 5 %

1 . 6 %

-51.1% 

-  0.5%

- 1 3 . 0 %  

+  4 . 8 5
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TABLE I

R e le a s e  e x p e r i m e n t s  w e i _ c a r r i e d  o u t  as  d e s c r i b e d  

i n  2 . 5 . 2 .  The v a l u e s  i n  p a r e n t h e s e s  i n d i c a t e  t h e  

nuinl-T o f  t im e s  t h e  e x p e r i m e n t a l  c o n d i t i o n s  i n  t h e  

f i r s t  column were  r e p e a t e d .  B a s e l i n e  e f f l u x  was 

c a l c u l a t e d  as % t o t a l  t i s s u e  s t o r e s  r e l e a s e d - p e r  

f r a c t i o n  (0 .57  -  0.068%, n = 7 ) .  The secon d  

column r e f e r s  t o  t h e  % i n c r e a s e  i n  e f f l u x  o v e r  

t h i s  c o n t r o l  b a s e l i n e  l e v e l ;  i n  each  c a s e  t h e
J .
- s . e . m .  i s  g i v e n .  S t a t i s t i c a l  s i g n i f i c a n c e

c a l c u l a t e d  u s i n g  t h e  t w o - s i d e d  s t u d e n t  t - t  ?

The t h i r d  column r e p r e s e n t s  t h e  a v e ra g e  d r u g -

i n d  iced  change compared v, 1 th  t h e  r e l e a s e  c au sed

by 55ml>l K+ a l o n e .  5 -ALA a t  c o n c e n t r a t i o n s  <
“ 410 M h ad  no e f f e c t  on t h e  b a s a l  r e l e a s e  o f  

r a d i o a c t i v i t y  f rom t h e  s y n a p to s o m e s . B i c u c u l l i n e  

and p i n r o t o x i n  a lo n e  (10 o r  10 ^M) d i d  n o t  

f a c i l i t a t e  t h e  r e l e a s e  o f  GABA, p resum ab ly  

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

any GABA as i t  way r e l e a s e d .  I n  t h e  ab sence  o f  

n e g a t i v e  f e e d b ac k  o f f o o t s  t o  a n t a g o n i s e ,  t h e  GABA 

r e c e p t o r  a n ta g o n i s t : -  had  no e f  f e c t  on L a n a i  

e f f l u x .

* P : 0 . 0 0 1 ,  s i g n i f i c a n t  d i f f e r e n c e  freni 55mM K+ 
a l o n e .

* *  P  <  0 . 0 S ,  s i g n i f i c a n t  u l i l o r e n c e f r o m  5 5 m M

a l o n e .



86,.

N e i t h e r  b i c u c u l l i n e  n o r  p i c r o t o x i n  a lo n e  

(10 o r  10 ^M) m o d i f i e d  t h e  b a s a l  r e l e a s e  

o f  r a d i o a c t i v i t y  i n  t h e  c o n d i t i o n s  u se d  h e r e .

T h is  i s  e x p e c t e d  s i n c e  i t  i s  b e l i e v e d  t h a t  any 

GABA r e l e a s e d  from t h e  t i s s u e  i s  r a p i d l y  

removed from t h e  s u p e r f u s i o n  chamber by t h e  

f low  o f  medium. The c o n c e n t r a t i o n  o f  GABA 

i n  t h e  medium does n o t  t h e r e f o r e  r e a c h  t h e  

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

r e c e p t o r s  and hence  t h e  b i c u c u l l i n e  o r  p i c r o ­

t o x i n  has  no n e g a t i v e  f e e d b a c k  e f f e c t s  t o  

a n t a g o n i z e .

3 . 3 .  E f fe c t ,  o f  GABA a g o n i s t s  on K+- s t i m u l a t e d  GABA 

r e l e a s e  from s y n a p t o s o m e s ; p r e v e n t i o n  by 

GABA r e c e p t o r  a n t a g o n i s t s .

As d i s c u s s e d  i n  t h e  I n t r o d u c t i o n , bhe re  i s  now c o n s i d e r ­

a b le  e v id e n c e  s u g g e s t i n g  t h a t  bhe r e l e a s e  o f  s e v e r a l  

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

on p r e s y n a p t i c  n e r v e  t e r m i n a l s  ( L a n g e r , 19 7 8 ) .

C l a s s i c a l  p o s t s y n a p t i c  r e c e p t o r  a g o n i s t s  and a n t a g o n i s t s  

have v a r y i n g  d e g r e e s  o f  a f f i n i t y  f o r  t h e  c o r r e s p o n d i n g  

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

be tw een  p r e s y n a p t i c  and p o s t s y n a p t i c  r e c e p t o r  

sy s te m s  may open up t h e  p o s s i b i l i t y  o f  s e l e c t i v e  

a c t i v a t i o n  o r  b lo c k a d e  o f  one o r  o t h e r  c l a s s  o f  

4. e cep t o r  by drugs,.



S in c e  t h e  p h a rm aco lo g y  o f  t h e  GABA a u t o r e c e p t o r  

v i s  a v i s  t h e  p o s t s y n a p t i c  r e c e p t o r  i s  c o m p le t e ly  

unknown, a c o l l a b o r a t i v e  s t u d y  was s t a r t e d  w i t h  

Dr. P. K r o g s g a a r d - L a r s e n  (Copenhagen) t o  examine 

t h e  e f f e c t s  o f  a r a n g e  o f  known GABA a g o n i s t s  on 

K - s t i m u l a t e d  GABA r e l e a s e  and t o  compare t h e i r  

p o t e n c y  i n  i n h i b i t i n g  r e l e a s e  w i t h  t h e i r  p o te n c y
3

i n  i n h i b i t i n g  s p e c i f i c  H-GABA b i n d i n g  t o  r a t  

c o r t i c a l  s y n a p t i c  p la sm a  membranes .

Muscimol,  p i p e r i d i n e - 4 - s u l p h o n i c  a c i d  (PSA), i s o -  

g u v a c in e  and 4 , 5 , 6 , 7  -  t e t r a h y d r o i s o x a z o l o - ( 5 ,4 -c )  

p y r i d i n - 3 - o l  (THIP) a r e  p o t e n t  GABA r e c e p t o r  

a g o n i s t s  ( B r a e s t r u p  e t  a l . , 1979;  K r o g s g a a r d -  

L a r se n  e t  a l . , 1979) . A l l  r e d u c e d  t h e  ^ - s t i m u l ­

a t e d  r e l e a s e  o f  p r e l o a d e d  ^H-GABA from r a t  c o r t i c a l  

syn ap to scm es  i n  a  d o s e - d e p e n d e n t  f a s h i o n  ( F i g . 7 ) .

I n  e v e r y  c a s e , a t  e v e r y  drug  c o n c e n t r a t i o n  t e s t e i ., 

t h e  r e d u c t i o n  i n  K ^"-s t im u la ted  r e l e a s e  was p r e v e n t e d  

by b i c u c u l l i n e  and p i c r o t o x i n  (10 Si) (Table  2) . 

A ga in ,  t h e  d e m o n s t r a t i o n  t h a t  a g o n i s t  d ru gs  modify  

GABA r e l e a s e  a p p r o p r i a t e l y  and t h a t  t h e  e f f e c t  i s  

p r e v e n t e d  by s p e c i f i c  r e c e p t o r  a n t a g o n i s t s  i s  

e v id e n c e  f o r  a r e c e p t o r - m e d i a t e d  phenomenon.
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FIGURE 7.

D o s e - r e s p o n s e  c u r v e s  f o r  t h e  i n h i b i t i o n  o f

K+ (55mM)-induced GABA r e l e a s e  by GABA

a g o n i s t s . The h o r i z o n t a l  axes  g iv e
-9c o n c e n t r a t i o n s  o f  a g o n i s t s  (X 10 M) on a

l o g a r i t h m i c  s c a l e . R e p r e s e n t e d  on t h e

v e r t i c a l  a x i s  i s  t h e  3 i n h i b i t i o n  o f  K+-

s t i m u l a t e d  GABA r e l e a s e . Each p o i n t  i s

t h e  mean % i n h i b i t i o n  -  s . e . m .  (n = 4 ) .

The c u r v e s  a r e  t h e  b e s t  f i t s  t o  t h e  d a t a
2

by t h e  method o f  l e a s t  s q u a r e s  ( r  > 0 . 9 8 ) .



T A D L L  J
■fOASA a g o n i s t  u f f e o t s  vn tli-i %' - s t i m u l a t e d  r e l e a s e  o f  

vAEA from p ru lo . id u J  jynaeL. ' jum -

Drug p r e s e n t

3 5 l i u  ' .  1 ■ -IV - ( u  )

- 7
10 M muscimol 
a lo n e  *4^

, ,  ,,4
. - -  it ■

10 muscimol  (4)

55mM 11" T
-fi

10 'M muscimol -t- 
lo  b icu cu llin e  (J »

53mM K* +
“ 83 x 10 M muscimv^ (I) 

:5mM i r  +
-R

3 x 10 M muscimol  4 
10 p i c r o t o x i n  (2)

” 85 :< !.t) M mutioimoj (4) 

55mM K* 4
:j  x  1 0  n m su im o  i 4 

LO b i c u c u l l i n e  («.',)

In d u c e d  r e l e a s e
(?) increase 
over baseline 
control)

1 8 0  -  2 6 . 9  

1 2  -  4 . 9

1)7 -  11 .1*

1 : ' 4  ±  1 3 . 7

8 8  -  7 . 6 *

1 9 7  -  9 . 4

11 -  4 .9*

2' I'j -  I t . b

Mean drug 
effect on 
induced 
release

-  4 3 %  

+  3 %

-  6 4 %  

+  5 %

-  7 2 %

4 9%
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TABL% L ( c o n t d . )

In d u c e  r e  l e a s t  
(% I n c r e a s e  
o v e r  b a s e l i n e  
c o n t r o l )

Mean d rug  
e f f e c t  on 
i n d u c e d  
r e l e a s e

55mM K +
— 710 M muscimol (4)

47 -  6 .7* -  75%

55mM K +
- 7

10 M Muscimol +
10 p i c r o t o x i n  (2)

184 -  7 .2 -  2 %

55mI4 K + 
1C"8M PSA (4)

154 -  3 .9*** -  18'

55mM K +
10_8M PSA +
10 8M p i c r o t o x i n  (2)

190 ~ 11 .7 + V<.

55mM K+ -i- 
3 x 10“ SM PSA (4)

100 -  5 .6 * -  47?

55mM K+ +
3 x 10“ 8 M PSA +
10 8M b i c u c u l l i n e  (2)

199 -  1 8 .2 +  6 %

I

55mM K + 
r x 10“ °M PSA (4)

86 -  6 . 1* -  5 4 %

55mM K +
5 x 10™8M PSA + 
10- 6 M p i c r o t o x i n  (2)

179 - 1 2 . 1 -  5%



TABLE 2 ( c o n td . ) 9

55mM K+ +
10™7M PSA (4)

55mM K+ +
1 0 " 7M P S A  +
10 6M b i c u c u l l i n e  (2)

5!5mM K+ +
10 i s o g u v a c i n e  (4)

55mM K+ +
10 i s o g u v a c i n e  +
10 b i c u c u l l i n e  (2)

55mM K+ -r
5 x 10 i s o g u v a c i n e  (4)

55mM K+ +
5 x 10 i s o g u v a c i n e  +
10 p i c r o t o x i n  (2)

55mM K+ i 
- 7

10 M i s o g u v a c i n e  (4)

55mM K+ +
-710 M i s o g u v a c i n e  +

10 b i c u c u l l i n e  (2)

55mM K+ +
-7

5 x 10 M i s o g u v a c i n e  (4)

In d u ce d  r e l e a s e  
(% i n c r e a s e  
o v e r  b a s e l i n e  
c o n t r o l )

42 ~ 11 .9*

192 -  5 .6

150 -  14 .3*** 

175 -  9 .2

108 -  16 .2*  

19 4 -  2 0 .1

68 -  7 .8*

184 -  1 2 .0

32 ± 5 .1 *

Mean d rug  
e f f e c t  on 
in d u c e d  
r e l e a s e

-  78%

+  2 %

-  2 0 % 

-  7%

-  43% 

+ 3%

-  64%

-  2 %

-  8 3 %
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TABLE 2 ( c o n t d . )

55mM K+ +
- 7

5 x 10 M i s o g u v a c i n e  + 
10 p i c r o t o x i n  (2)

55mM K+ +
10~8M THIP (4)

55mM K+ +
10” 8M THIP +
10 p i c r o t o x i n  (2)

55mM K+ +
5 x 1 0 " 8M THIP (4)

55mM K+ + ,
5 x 10™8M THIP +
10 b i c u c u l l i n e  (2)

55mM K+ +
10™7M THIP (4)

55mM K+ +
10™7M THIP +
10 p i c r o t o x i n  (2)

55mM K+ +
5 x 10™7M THIP (4)

55mM K+ +
5 x 10™7M THIP +
10 b i c u c u l l i n e  (2)

In du ce  r e l e a s e  Mean d ru g
(% i n c r e a s e  e f f e c t  on
o v e r  b a s e l i n e  i n d u c e d  
c o n t r o l )  r e l e a s e

1 6 9 - 1 3 . 6  -  108

1 6 7 - 1 4 . 6  -  11%

196 -  5 .5  + 4%

118 -  14 .8**  -  37%

197 -  9 .6  ' + 4 %

98 -  5 .0 *  -  48%

177 -  8 .4  -  6%

5 1 - 9 . 1 *  -  73%

197 -  1 7 .7  + 5%
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TABLE

Condi

*

* *

* * *

t i o n s  as d e s c r i b e d  i n  t h e  l e g e n d  t o  T a b le  1.

P < 0 .0 0 1 ,  s i g n i f i c a n t  d i f f e r e n c e  from 55mM K* 
a l o n e .
P < 0 ,0 1 ,  s i g n i f i c a n t  d i f f e r e n c e  from 55mM K+ 
a l o n e .
P < 0 .0 5 ,  s i g n i f i c a n t  d i f f e r e n c e  from 55mM K-1" 
a l o n e .



-f.
The IC 50 v a l u e s  f o r  t h e  d rug s  In  i n h i b i t i n g  K -  

s t i m u l a t e d  GABA r e l e a s e  a r e  shown i n  T ab le  3.

PSA, i s o g u v a c i n e  and THIP a t  c o n c e n t r a t i o n s  up t o

IpM e x h i b i t e d  no e f f e c t s  on t h e  b a s a l  r e l e a s e  o f

H-GABA. However,  musc im ol ,  a t  c o n c e n t r a t i o n s

o f  O.luM and ab ov e ,  s t i m u l a t e d  GABA e f f l u x  i n  a

d o s e - d e p e n d e n t  f a s h i o n  ( F i g . 8 ) .  The ICg0 v a lu e

f o r  i n h i b i t i o n  o f  s t i m u l a t e d  GABA r e l e a s e  by

muscimol i s  t h e r e f o r e  l i k e l y  t o  be o v e r e s t i m a t e d ,

s i n c e  i t  i s  d i f f i c u l t  t o  c o r r e c t  f o r  t h i s  combined

e f f e c t .  A g a in ,  n e i t h e r  b i c u c u l l i n e  n o r  p i c r o -
- 6t o x i n  a lo n e  (10 M) m o d i f i e d  b a s a l  r e l e a s e  o f  

r a d i o a c t i v i t y .

A l l  t h e  GABA a g o n i s t s  u se d  i n  t h i s  s t u d y  i n h i b i t e d  

^H-GABA b i n d i n g  t o  h i g h  a f f i n i t y  r e c e p t o r  s i t e s  

i n  s y n a p t i c  p la sm a  membranes f rom  r a t  c e r e b r a l  

c o r t e x  (K ro g s g a a rd -L a r s e n  e t  a l . , 1979;  K rogs -  

g a a r d - L a r s e n , u n p u b l i s h e d  r e s u l t s ) . The ICg0 

v a l u e s  f o r  t h e  compounds a re  l i s t e d  i n  T a b le  3.

The o r d e r  o f  p o te n c y  o f  t h e  compounds i n  i n h i b i t i n g  

GABA r e c e p t o r  b i n d i n g  was t h e  same as t h a t  f o r  

i n h i b i t i n g  K+- s t i m u l a t e d  GABA r e l e a s e .



TABLE 3.

I n h i b i t i o n  o f  K+ (5 5m M )-s t im u la ted  ^H-GABA r e l e a s e
3

from synap tosom es  and s p e c i f i c  H-GABA b i n d i n g  i n  

s y n a p t i c  p la sm a  membranes by GABA a g o n i s t s .

ICgo (nM)

GABA r e l e a s e  GABA b i n d i n g

Muscimol 16 + 3 6 ± 0 .2

PSA 36 ± 4 34 2

I s o g u v a c i n e 49 ± 5 37 3

THIP 110 t 8 131 ■!* 5

"mmuaef.nwumfttniLMi
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TABLE 3.

IC^q v a l u e s  f o r  t h e  i n h i b i t i o n  o f  K ^ - s t i m u l a t e d  

GABA r e l e a s e  were c a l c u l a t e d  f rom a b e s t  f i t  l i n e  

t o  t h e  d a t a  (F. ig.7)  by l o g - p r o b i t  a n a l y s i s . S odium-
3

i n d e p e n d e n t  b i n d i n g  o f  H-GABA t o  membranes i s o ­

l a t e d  from i  t  c e r e b r a l  c o r t e x  was s t u d i e d  a t  4°C 

i n  T r i s - c i t r a t e  b u f f e r  ( K r o g s g a a r d -L a r s e n  e t  a l . , 

1979) The IGg0 was e s t im a te ? '  by v a r y i n g  t h e

c o n c e n t r a t i o n  o v e r  a  ra n g e  o f  v a l  les u s i n g  4 d a t a  

p o i n t s  f o r  each  o f  f o u r  i n h i b i t o r  c o n c e n t r a t i o n s  

and c a l c u l a t i n g  t h e  l i n e  o f  b e s t  f i t  f o r  a l o g -  

p r o b i t  p l o t  ( B a l c a r  e t  a l . ,  197 6 ) .  R e s u l t s

a r e  means -  s . e . m .  o f  4 i n d e p e n d e n t  e x p e r i m e n t s .

wawatsmo
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FIGURE 8

3S t i m u l a t i o n  o f  H-GABA e f f l u x  by m u sc im o l . Shown 

i s  a p l o t  o f  p e r c e n t a g e  change i n  e f f l u x  ( b a s e l i n e  

e f f l u x  = 100%) a g a i n s t  f r a c t i o n  number. The 

a rrow  r e p r e s e n t s  t h e  c h a n g e - o v e r  from p l a i n  

medium t o  t h e  t e s t  medium c o n t a i n i n g :

• ,  0 . 1 uM m usc im ol ;  0 ,  0.5uM m u s c i m o l , 1 . 0 y M  

m uscimol;  A , c o n t r o l .  Each c u rv e  i s  an a v e ra g e  

o f  4 e x p e r i m e n t s ; v a r i a t i o n  be tw een  i n d i v i d u a l  

c u r v e s  was l e s s  t h a n  10%.
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I n  a d d i t i o n ,  t h e r e  was a good a b s o l u t e  c o r r e l a t i o n  

be tween  r e c e p t o r  occupancy  ( i e . t h e  c o n c e n t r a t i o n  

o f  a g o n i s t  t h a t  d i s p l a c e s  50% o f  t h e  s p e c i f i c  GABA 

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

GABA r e l e a s e  ( F i g . 9 ) .

The d a t a  shown i n  T ab le  3 s u g g e s t  t h a t  t h e  GABA
3a u t o r e c e p t o r s  and t h e  r e c e p t o r s  l a b e l l e d  by H- 

GABA i n  s y n a p t i c  p la sm a  membranes a r e  i d e n t i c a l  

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

compounds t e s t e d  a r e  c o n c e rn e d .  T h is  i s  o f  

c o n s i d e r a b l e  s i g n i f i c a n c e  s i n c e  i t  i m p l i e s  t h a t
•3 3

i n  b i n d i n g  s t u d i e s  u s i n g  H-GABA o r  H- muscimol 

( S n o d g r a s s , 1978) b o t h  p r e -  and p o s t s y n a p t i c  GABA 

r e c e p t o r  s i t e s  a r e  l a b e l l e d .  The i n t e r p r e t a t i o n  

o r  such  s t u d i e s  m us t  t h e r e f o r e  t a k e  c o g n i s a n c e  

o f  t h i c  f a c t .

To d a t e ,  a  s c r i c t  q u a n t i t a t i v e  .om par isen  be tw een  

t h e  r e s u l t s  o f  b i n d i n g  s t u d i e s  .vif n e u r o p h y s i o l o g -  

i c a l  d a t a  h a s  p r o v e d  d i f f i c u l t .  ‘ h i s  i s  due t o  

t h e  i m p o s s i b i l i t y  o f  p r e c i s e  re--u . l i o n  o f  d rug

c o n c e n t r a t i o n s  i n  t h e  o x t r a c e l l  u l a . 1 f l u i d  d u r i n g  

m ic r o e l e c t r o p h o r e t :L c  e x p e r i m e n t s  .
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Jo  rave .la id, on liefr.v/e&.n ivABiX r e c e p t o r  occupancy  and 

i n h i b i t i o n  o f  K - s t i m u l a t e d  GABA r e l e a s e  f o r  4 

GABA a g o n i s t s .  0 ,  m usc im ol ;  0 ,  PSA; A , i s o -  

g u v a c in e ;  A , TH1P. L in e  f i t t e d  t o  t h e

d a t a  by r e g r e s s i o n  a n a l y s i s  u s i n g  t h e  method o f
2l e a s t  s q u a r e s .  ( r  ' =  0 . 9 9 ) .



T h u s , t h e  r e s u l t s  d e s c r i b e d  above p r o v i d e  t h e  f i r s t  

d i r e c t  c o r r e l a t i o n  be tw een  a GABA r e c e p t o r - m e d i a t e d  

e f f e c t  and r e c e p t o r  occupancy .

3 . 4 .  GABA r e c e p t o r  b i n d i n g  s t u d i e s .

3 . 4 . 1 .  S o d iu m - in d e p e n d e n t  b i n d i n g  o f

GABA t o  s y n a p t i c  p la sm a  membranes.

3
B in d in g  f  H-GABA t o  s y n a p t i c  p la sm a  mem­

b r a n e s  f rom whole  r a t  b r a i n  was d e te r m in e d  

as d e s c r i b e d  i n  2 . 7 . 1 .

S p e c i f i c  ^H-GABA b i n d i n g  was s a t u r a b l e  w i t h
3

i n c r e a s i n g  H-GABA c o n c e n t r a t i o n  ( F i g . 1 0 ) .
3

B in d in g  was h a l f - m a x i m a l  a t  a H-GABA con­

c e n t r a t i o n  o f  2 . 7nM and maximal a t  7.2nM.

The c o n c e n t r a t i o n  o f  u n l a b e l l e d  GABA th a t ,  

i n h i b i t e d  50% o f  t h e  s p e c i f i c  b i n d i n g  (ICg_) 

was 0.25uM ( F i g . 1 1 ) .  S c a t c h a r d  a n a l y s i s  

( F i g . 12) showed a s i n g l e  c l a s s  o f  GABA 

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

(Kd) o f  7 .2  -  1.35nM (mean -  s . e . m . ,  n = 3 ) .  

The maximum b i n d i n g  v a lu e  (B max) was 1 7 .1  

-  0 . 8 1  fmol/mg p r o t e i n  (mean -  s . e . m . ,  n ~ 3
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FIGURE 10.

S a t u r a b i l i t y  o f  Na+- in d ep e n d en t .  "^H-GABA b i n d i n g  

t o  r a t  s y n a p to so m a l  m em branes . F rozen  s y n a p t o ­

somal membranes were p r e p a r e d  and a s s a y e d  f o r  

r e c e p t o r  b i n d i n g  as  d e s c r i b e d  i n  2 . 7 .  The 

r e c e p t o r  b i n d i n g  a s s a y  was c o n d u c te d  i n  t h e
3

p r e s e n c e  o f  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  H-GABA 

u s i n g  ImM u n l a b e l l e d  GABA (•)  o r  ImM 6-ALA (0) 

as d i s p l a c e r . Each p o i n t  i s  t h e  mean -  s . e . m .  

o f  3 e x p e r i m e n t s .
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FIGURE 11.

3
D isp la ce m e n t  o f  s p e c i f i c  H-GABA b i n d i n g  by 

u n l a b e l l e d  GABA ( # ) c (+) b i c u c u l l i n e  (a) and 

6-ALA ( 0 ) .  The s t a n d a r d  r e c e p t o r  a s s a y  as 

d e s c r i b e d  i n  2 . 7 .  was c a r r i e d  o u t  u s i n g  8nM 

“'H-GABA and v a r y i n g  c o n c e n t r a t i o n s  o f  d i s p l a c e r .  

Each p o i n t  i s  t h e  mean -  s . e . m .  o f  3 e x p e r i m e n t s .
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FIGURE 12.

S c a t c h a r d  a n a l y s i s  o f  t h e  b i n d i n g  o f  H-GABA t o  

r a t  s y n a p to so m a l  membranes . B in d in g  was m easu red  

as  d e s c r i b e d  i n  2 .7 .  a f t e r  a 5 m in u te  i n c u b a t i o n  

w i t h v a r y i n g  c o n c e n t r a t i o n s  o f  H-GABA a lo n e  o r  

w i t h  ImM u n l a b e l l e d  GABA (•)  o r  ImM 5-ALA (0) as 

d i s p l a c e r .  I n  t h e  f igu re ,  s p e c i f i c a l l y  bound 

l i g a n d  (B) i s  p l o t t e d  as a f u n c t i o n  o f  bound 

l i g a n d  o v e r  f r e e  l i g a n d  ( ® / p ) • Each p o i n t  i s  

t h e  mean — s . e . m .  o f  t h r e e  e x p e r i m e n t s .
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3 . 4 . 2 .  E f f e c t  o f  5-ALA on GABA r e c e p t o r  

b i n d i n g .

When S-ALA (ImM) was u se d  t o  d i s p l a c e  H- 

GABA bound t o  s y n a p t i c  p l a s m a  m em branes ,
3

s p e c i f i c  H-GABA b i n d i n g  was s a t u r a b l e  a t  a 

l e v e l  o f  15% lo w e r  t h a n  t h a t  o b t a i n e d  u s i n g  

u n l a b e l l e d  GABA (Im M )(F ig .1 0 ) .  5-ALA was

found  t o  be  q u i t e  a p o t e n t  d i s p l a c e r  o f  s p e c ­

i f i c  ^H-GABA b i n d i n g ,  w i t h  an IC^q v a l u e  o f  

7 . 5pM ( F i ~ . 1 1 ) .  S c a t c h a r d  a n a l y s i s  ( F i g . 12) 

o f  ^H-GABA b i n d i n g  u s i n g  6-ALA (ImM) as d i s ­

p l a c e r  r e v e a l e d  a s i n g l e  p o p u l a t i o n  o f  GABA 

b i n d i n g  s i t e s  w i t h  a  Kd o f  7 .5  -  l . lOnM 

(mean -  s . e . m . ,  n  = 3) and a Bmax o f  13 .9  -  

0 . 5 0  fmol/mg p r o t e i n  (mean -  s . e . m . ,  n = 3 ) .

The ICg0 v a l u e  o f  7 .5  -  0.82yM (mean ~ s . e . m . , 

n = 3) f o r  6-ALA i n  i n h i b i t i n g  s p e c i f i c  ^H- 

GABA b i n d i n g  c o r r e l a t e s  q u i t e  w e l l  w i t h  t h e  

ICg0 o f  1 1 .5  -  0 . 8 7 uM f o r  <5-ALA i n  i n h i b i t i n g  

K+- s t i m u l a t e d  GABA r e l e a s e  ( F i g . 5 ) .  T h u s , 

as f a r  as f i v e  compounds a r e  c o n c e r n e d ,  t h e r e  

a p p e a r s  t o  be no p h a r m a c o l o g i c a l  d i f f e r e n c e  

be tw een  t h e  GABA a u t o r e c e p t o r  and t h e  s i t e
3

l a b e l l e d  by H-GABA i n  s y n a p t i c  membranes 

(Table  4) .



TABLE 4.

I n h i b i t i o n  o f  K+ (55mM) - s t i m u l a t e d  ^H-GABA
3

r e l e a s e  from synap tsom es  and s p e c i f i c  ' H-GABA 

b i n d i n g  i n  s y n a p t i c  p lasm a  membranes by GABA 

a g o n i s t s .

IC 50 (nM)

GABA ro ,  ‘ib e  GABA b i n d i n g

Muscimol 16 + 3 6 ± 0 .2

P S A 36 + 4 34 t 2

I s o g u v a c i n e 49 + 5 37 3

THIP 110 + 8 131 ± 5

--ALA 11500 ± 870 7500 + 820
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FIGURE 13.

K i n e t i c  a n a l y s i s  o f  t h e  u p t a k e  o f  l a b e l l e d  GABA 

i n t o  r a t  c e r e b r a l  s y n a p to s o m e s . The u p ta k e  was

m easu red  as  d e s c r i b e d  i n  2 . 4 . 1 .  a f t e r  a 10 m in­

u t e  i n c u b a t i o n  w i t h  v a r y i n g  c o n c e n t r a t i o n s  o f
3

H-GABA. I n  e x p e r i m e n t s  ex am in ing  t h e  e f f e c t s
3

o f  8-ALA on u p t a k e  o f  H-GABA, synap tosom es  were

p r e i n c u b a t e d  i n  t h e  p r e s e n c e  o f  5-ALA f o r  15 min­

u t e s  b e f o r e  a d d i t i o n  o f  0.5yM ^H-GABA. I n  t h i s  

E a d i e - H o f s t e e  p l o t ,  t h e  u p tak e  r a t e  (v) i s  

p l o t t e d  as  a  f u n c t i o n  o f  t h e  u p t a k e  r a t e  o v e r  

t h e  GABA c o n c e n t r a t i o n  (V/ [ S ] ) .  Each p o i n t  i s

t h e  mean o f  a t  l e a s t  8 e x p e r i m e n t s  and t h e  l i n e s

r e p r e s e n t  t h e  b e s t  f i t  t o  t h e  d a t a  by t h e  method 

o f  l e a s t  s q u a r e s . S t a n d a r d  e r r o r  b a r s  a r e  

shown where t h e s e  a r e  g r e a t e r  t h a n  t h e  s i z e  o f  

t h e  p o i n t s .  Key: #,  c o n t r o l  medium; 0 ,  "0.15

mM 6-ALA; A, Q,75mM 5-ALA.
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3 . 6 .  E f f e c t  o f  5 -ALA on s y n a p to s o m a l  ^H-GABA 

u p ta l c e .

P r e i n c u b a t i o n  o f  synap'cosomes i n  t h e  p r e s e n c e  o f

low c o n c e n t r a t i o n s  o f  6-ALA ( 0 . 0 5 - 0 . 25mM) had  no
3

a p p r e c i a b l e  e f f e c t  on H-GABA u p t a k e  ( F i g . 1 4 ) . •  

C o n c e n t r a t i o n s  i n  t h e  ra n g e  o f  0 .5-2 .0mM, how ever ,
3

m ark e d ly  i n h i b i t e d  H-GABA a c c u m u la t io n  by t h e  

n e r v e  e n d i n g s .  The i n h i b i t i o n  was maximal a t  

0.5mM (63%) and a f u r t h e r  i n c r e a s e  i n  o-ALA con­

c e n t r a t i o n  up t o  2mM was u n a b le  t o  e f f e c t  g r e a t e r  

i n h i b i t i o n .  At a o-ALA c o n c e n t r a t i o n  o f  0.75mM, 

t h e  i n h i b i t i o n  was o f  a  c o m p e t i t i v e  mode and t h e  

E a d i e - H o f s t e e  p l o t  y i e l d e d  a Ki f o r  6-ALA o f  467iaM 

( F i g . 1 3 ) .

3 . 7 .  E f f l u x  o'" p r e l o a d e d  " ^ C - g lu t a m a te  from 

sy n a p to s o m e s .

3 . 7 . 1 .  Homoexchange be tw een  e x t e r n a l  u n l a b e l l e d  

g l u t a m a t e  and t h e  l a b e l l e d  p o o l .

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

medium s t i m u l a t e d  t h e  e f f l u x  o f  p r e l o a d e d  

■ ^ C -g lu tam a te  i n  a d o s e - d e p e n d e n t  f a s h i o n  

( F i g . 1 5 ) .  P resum ab ly  t h i s  e f f l u x  o f  "^C- 

g l u t a m a t e  was m e d ia t e d  v i a  a homoexchange 

mechanism (Levi  and R a i t e r i , 1974) .



F I G U R E  1 4 .
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FIGURE 14.

E f f e c t  o f  e i g h t  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  5-ALA 
3

on H-GABA u p ta k e  i n t o  t h e  synaptosom e f r a c t i o n  

o f  r a t  c e r e b r a l  c o r t e x .  Uptake was m easu red  as  

d e s c r i b e d  i n  2 . 4 . 2 .  f o l l o w i n g  p r e i n c u b a t i o n  i n  

t h e  p r e s e n c e  o f  5-ALA. The p o i n t s  a r e  means 

-  s . e . m .  o± 4 i n d e p e n d e n t  e x p e r i m e n t s .
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FIGURE 15.

S t i m u l a t i o n  o f  " ^ C - g lu t a m a te  e f f l u x  from p r e -  

lo a d e d  s y n a p to s o m e s . Shown i s  t h e  p e r c e n t a g e  

change i n  e f f l u x  ( b a s e l i n e  e f f l u x  = 100%) a g a i n s t  

f r a c t i o n  number. The ar row  r e p r e s e n t s  t h e  

c h a n g e -o v e r  from p l a i n  medium t o  t h e  t e s t  medium 

c o n t a i n i n g :  V , c o n t r o l  medium; S,  0,75mM

g l u t a m a t e ;  0 ,  l.OmM g l u t a m a t e ;  -----  5.0mii

g l u t a m a t e .  The f i r s t  few f r a c t i o n s  were v e ry  

v a r i a b l e  i n  e ac h  c a se  and a r e  n o t  shown. Each 

c u rv e  i s  an a v e ra g e  o f  3 s u p e r f u s i o n  e x p e r i m e n t s . 

V a r i a t i o n  be tw een  i n d i v i d u a l  c u rv e s  was l e s s  

t h a n  103 o f  t h e  mean.
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3 . 7 . 2 .  E f f e c t  o f  .j-ALA on 14C--glutamate

e f f l u x  from p r e l o a d e d  s y n a p to s o m e s .

High c o n c e n t r a t i o n s  o f  6-ALA ( 0 . /5-5.OmM) 

p ro d u c e d  s i g n i f i c a n t  s t i m u l a t i o n  o f  ^ C ~  

g l u t a m a t e  e f f l u x  ( F i g . 1 6 ) .  No s t i m u l a t i o n  

o f  e f f l u x  was o b t a i n e d  a t  6-ALA c o n c e n t r a t i o n s  

o f  0.5mM o r  lo w e r .  I n  a d d i t i o n ,  t h e  p r e s e n c e  

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

medium e l i c i t e d  g r e a t e r  s t i m u l a t i o n  o f  e f f l u x  

t h a n  d i d  t h e  c o r r e s p o n d i n g  c o n c e n t r a t i o n s  o f

5-ALA (compare F i g s .  15 and 1 6 ) .  These 

f i n d i n g s  c o n t r a s t  w i t h  t h e  e f f e c t s  o f  6-ALA 

on ^H-GABA e f f l u x  from p r e l o a d e d  synap tosom es  

( 3 . 1 . 5 . ) ;  h e r e  h i g h  c o n c e n t r a t i o n s  o f  6-ALA 

( 0 . 7 5 - 5 .OmM) p ro d u c e d  v e r y  marked s t i m u l a t i o n
3

o f  H-GABA e f f l u x ,  g r e a t e r  t h a n  t h a t  o b t a i n ­

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

GABA and t h e  s t i m u l a t i o n  was s t i l l  s i g n i f i c a n t  

a t  a 5-ALA c o n c e n t r a t i o n  o f  O.lmM.

3 . 8 .  P o t a s s i u m - s t i m u l a t e d  r e l e a s e  o f  g l u t a m a t e  from 

s y n a p to s o m e a .

+3 . 8 . 1 .  E f f e c t  o f  r a i s e d  e x t r a c e l l u l a r  K on 

■ ^ C -g lu tam a tc  r e l e a s e .

Membrane d e p o l a r i s a t i o n  in d u c e d  by 55mM K+ i n  

t h e  s u p e r f u s i o n  medium s t i m u l a t e d  ^ C - g l u t a m a t e
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FIGURE 16.

S t i m u l a t i o n  o f  ^ C - g l u t a r  i t e  e f f l u x  f i_m p r e l o a d e d  

s y n a p t o s o m e s . Shown i  t h e  p e r c e n t a g e  change i n  

e f f l u x  ( b a s e l i n e  e f f l u x  = 100%) a g a i n s t  f r a c t i o n  

number. The a rrow  r e p r e s e n t s  t h e  c h a n g e -o v e r  from 

p l a i n  medium t o  t h e  t e s t  medium c o n t a i n i n g :

T,  c o n t r o l  medium; V, 0 . 7 5mM 5-ALA; 9 , l.OmM 6-ALA 

— , 5,0mM 6-ALA; H  , 55mM K+ ; □  , 55ruvl K+ and

O.lmM 5-ALA; 0 ,  55ml-l K+ and 1 . OmM 6-ALA.

The f i r s t  few f r a c t i o n s  were v e r y  v a r i a b l e  i n  each  

c a s e  and a re  n o t  shown. Each c u rv e  i s  an a v e ra g e  

o f  3 s u p e r f u s i o n  e x p e r i m e n t s . V a r i a t i o n  be tw een  

i n d i v i d u a l  c u rv e s  was l e s s  t h a n  10% o f  t h e  mean.
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r e l e a s e  by 105 -  41 (mean -  s . a . m . ,  n -  3)

( F i g . 1 6 ) .

'* .8 .2 .  E f f e c t  o f  6-ALA on K+- s t i m u l a t e d  

^ C - g l u t a m a t e .

6-ALA a t  c o n c e n t r a t i o n s  up t o  1.■ fmM d i d  n o t  

s i g n i f i c a n t l y  a f f e  : t  t l  a s t i m u l a t i o n  o f  ■L̂ C- 

g l u t a m a t e  r e l e a s e  due t o  SEntl (F ig .  16) .

T h is  c o n t r a s t s  w i t  i th*_ r e d u c t i o n  o f  K+-  

s t i m u l a t e d  r e l e a c -  : f  wH-Gtf3A p r o d u c e d  by 

6-ALA a t  low c o n c e n t r a t i o n s .

3 .9 .  Uptake o f  ^^C-glut_»: .. re by s y n a p t ;  tome s u s p ­

e n s i o n s  .

A ccu m u la t ion  o f  Lut... v..-. . y s y n a p . . :somes was

m easu red  o v e r  a ran g e  o f  j : t t o  a t r a t i o n s  from 0 .5 - 
50uM as'  d e s c r i b e d  in  .2. , 3 .  An a p p a r e n t  Km o f  

9.8PM was c a l c u l a t  e - f r c “I . d a t a  shewn i n  t i n  

E a d i e - H o f s t e e  p l o t  , F i g . 1 7 ) .  T h e re  i s  some d i s p a r i t y  

i n  t h e  Km v a l u e s  t  o r t o d  £ , r  g l u t a m a t e  t r a n s p  o r t  

i n  . a r i o u s  n e r v e  t _  ,3uc p r e p a r a t i o n s .  Lovi  and 

R a i t e r i  (1973) oL-fc i n e d  c n ly  a low a f f i n i t y  compo­

n e n t  (Km = 0 .  4mM) f o r  up 1,01.0 i n t o  b r a i n  s l i c e s  from 

a d u l t  r a t s , b u t  o b s e r v e d  u h ig h  a f f i n i t y  u p ta k e  

p r o c e s s  f o r  g l u t a m a t e  (Km • 31 M) i n  ' m i n i - s l i c e s 1 

o r  p r i s m s .
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FIGURE 1 7 .

K i n e t i c  a n a l y s i "  o f  t h e  u p ta k e  o f  l a b e l l e d  

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

The u p ta k e  was m easu red  as d e s c r i b e d  i n  2 . 4 : 3 .  

a f t e r  a 10 m in u te  ' j u b a t i o n  w i t h  v a r y i n g  

c o n c e n t r a t i o n s  o i  ^ C - g l u t a m a t e . In  e x p e r im e n t s  

ex am in ing  t h e  e f f e c t  o f  5-ALA on u p ta k e  o f  ^^C- 

g l u t a m a t e  t h e  same e f f e c t  was o b s e r v e d  when 

synap tosom es were  p r e i n c u b a t e d  i n  t h e  p r e s e n c e  

o f  5-ALA and when 6-ALA was a .ded s i m u l t a n e o u s l y  

w i t h  - g l u t a m a t e  a f t e r  p r e  i n  cub a t  i o n . In  

t h i s  E a d i e - H o f s t e e  p l o t , t h e  u p t a k e  r a t e  (V ) 

i s  p l o t t e d  as  a f u n c t i o n  o f  t h e  u p ta k e  r a t e  o v e r  

the  g l u t a m a t e  c o n c e n t r a t i o n  (v / [ s ' ] )  • Each p o i n t  

i s  t h e  mean o f  a t  l e a s t  8 e x p e r i m e n t s  and t h e  

l i n e s  r e p r e s e n t  t h e  b e s t  f i t  t o  t h e  d a t a  by t h e  

method o f  l e a s t  s q u a r e s . S t a n d a r d  e r r o r  b a r s  

a r e  shown where t h e s e  a i e  g r e a t e r  t h a n  t h e  s i z e  

o f  t h e  p o i n t s .  6 ,  c o n t r o l  medium; A , 0 . 15mM 

6-ALA; A,0.75mM 6-ALA.
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A Km v a l u e  o f  2 0 yM has  been  r e p o r t e d  f o r  g l u t a m a t e

u p ta k e  i n t o  r a t  c o r t e x  s l i c e s  (B a lc a r  and J o h n s t o n ,

1972a) and one o f  2 9 . 8 yM f o r  u p t a k e  i n t o  t h e  c ru d e

s y n a p to so m a l  f r a ^ c i o n  from r a t  c o r t e x  (Ta.ka.gaki,

1978) .

3 . 1 0 .  E f f e c t  o f  6-ALA on sy n a p to so m a l  ^ C -  

g l u t a m a t e  u p t a k e .

The e f f e c t  o f  6-ALA on " ^ C - g lu t a m a te  a c c u m u la t io n  

was examined o v e r  a  r a n g e  o f  c o n c e n t r a t i o n s  up t o  

2 .OmM ( P i g . 1 8 ) .  The p r e s e n c e  o f  6-ALA m arked ly  

i n h i b i t e d  u p t a k e  o f  " ^ C - g l u t a m a t e ,  and t h e  i n h i b i ­

t i o n  was maximal  a t  a 6-ALA c o n c e n t r a t i o n  o f  2 . OmM.

The same e f f e c t  was o b s e r v e d  when synap tosom es  were  

p r e i n c u b a t e d  i n  t h e  p r e s e n c e  o f  6-ALA and when 

6-ALA was added s i m u l t a n e o u s l y  w i t h  ‘̂ C - g i u r a m a t e  

a f t e r  p r e i n c u b a t i o n .  K i n e t i c  a n a l y s i s  ( F i g . 17) 

showed t h a t  t h e  i n h i b i t i o n  was o f  a  n o n - c o m p e t i t i v e  

t y p e . There  i s  a d i s c r e p a n c y  i n  t h e  v a l u e s  o f  th e  

i n h i b i t i o n  c o n s t a n t  (Ki) c a l c u l a t e d  f rom t h e  d a t a  

o f  F i g .  1 7 .  At ct 6-ALA c o n c e n t r a t i o n  o f  O.lSmM, 

a Ki o f  170 M was o b t a i n e d ,  w u r le  a t  a  6-ALA 

c o n c e n t r a t i o n  o f  0 . 75yM a v a l u e  o f  350yM was 

o b t a i n e d .  The r e a s o n s  f o r  t h i s  d i f f e r e n c e  a r e  

n o t  c l e a r .
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FIGURE 18.

E f f e c t  o f  seven  v a r y i n g  c o n c e n t r a t i o n s  o f  6-ALA 

on ^ ^ C -g lu ta m a te  u p t a k e  (.0. 5yM) i n t o  t h e  s y n a p t o -  

some f r a c t i o n  o f  r a t  c e r e b r a l  c o r t e x .  Uptake 

was m easu red  as d e s c r i b e d  i n  2 . 4 . 3 .  f o l l o w i n g  

p r e i n c u b a t i o n  i n  t h e  p r e s e n c e  o f  6-ALA. The 

p o i n t s  a r e  means -  s . e . m .  o f  4 i n d e p e n d e n t  

e x p e r i m e n t s .



3 .1 1 .  Uptake o f  "^c-5-ALA by synaptosom e 

s u s p e n s i o n s .

Synaptosomes were  i n c u b a t e d  i n  t h e  p r e s e n c e  o f  a 

r a n g e  o f  c o n c e n t r a t i o n s  o f  "^C-S-ALA ( 0 .5 - 1 0 0  M) 

f o r  a r a n g e  o f  t im e  p e r i o d s  (10-30  m in u te s )  as 

d e s c r i b e d  i n  2 . 4 . 6 .  T here  was no d e t e c t a b l e  

a c c u m u la t io n  o f  r a d i o a c t i v i t y  by t h e  synap to som es  

when compared t o  c o n t r o l  e x p e r i m e n t s  a c c o u n t i n g  

f o r  n o n s p e c i f i c  b i n d i n g  t o  t h e  M i l l i p o r e  f i l t e r s .



CHAPTER 4 

DISCUSSION

4 . 1 .  S t e r e o s p e c i f i c i t y  o f  t h e  n e u r o n a l  GABA 

t r a n s p o r t  mechanism.

An i m p o r t a n t  p ro b lem  i n  e l u c i d a t i n g  t h e  p r e c i s e  

r o l e s  o f  GABA i n  t h e  mammalian b r a i n  i s  t h e  

e x i s t e n c e  o f  m u l t i p l e  p o o l s  o f  GABA which  makes 

i t  d i f f i c u l t  t o  d e te r m in e  t h e  o r i g i n  o f  GABA 

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

t r a n s m i t t e r  r e l e a s e  a f t e r  n e rv o u s  s t i m u l a t i o n .

For  example  , i t  i s  c l e a r  t h a t ,  i n  many a r e a s  o f  

t h e  b r a i n , GABA i s  a c c u m u la te d  by g l i a l  c e l l s  i n  

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

n e rv o u s  s y s t e m ,  GABA u p ta k e  a p p e a r s  t o  be a 

p r o p e r t y  o f  g l i a l  c e l l s  e x c l u s i v e l y  (Schon and 

K e l l y ,  1 9 7 4 a , b ) . I t  i s  t h u s  n o t  p o s s i b l e  t o  

s p e c i f i c a l l y  l a b e l  n e u r o n a l  GABA p o o l s  u t i l i z i n g  

u p ta k e  p r o c e s s e s  i n  h e t e r o g e n e o u s  t i s s u e s .

A l though  t h e  t r a n s p o r t  p r o c e s s e s  f o r  GABA i n  

n e u ro n e s  and g l i a  have  r e m a r k a b ly  s i m i l a r  p r o p e r ­

t i e s  , t h e  use  o f  GABA a n a lo g u e s  as p r o b e s  f o r  t h e  

s t e r e o s p e c i f i c i t y  o f  t h e s e  p r o c e s s e s  has  y i e l d e d  

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

imposed on s u b s t r a t e s  f o r  t h e  s y s t e m s .



C l e a r  d i f f e r e n c e s  have been  d e m o n s t r a t e d  be tw een  

th e  n e u r o n a l  and g l i a l  sys tem s  i n  t h e  mammalian 

CNS and h o p e f u l l y  t h e s e  w i l l  be  u s e f u l  i n  t h e  

l a b e l l i n g  o f  s p e c i f i c  p o o l s  o f  GABA.

Much o f  t h e  i n f o r m a t i o n  on s t e r e o s p e c i f i c i t y  o f  

t r a n s p o r t  has  b e en  d e r i v e d  by e x am in in g  th e  

e f f e c t s  o f  a n a lo g u e s  on (a) h i g h  a f f i n i t y  GABA 

u p t a k e ,  and (b) r e l e a s e  o f  GABA from v a r i o u s  b r a i n  

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

R a i t e r i  e t  a l . , (1975) t e s t e d  a wide ra n g e  o f  

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

a l a n i n e ,  a c e t y l c h o l i n e ,  n o r a d r e n a l i n e  and 5 -hydroxy  

t r y p t a m i n e  and fou n d  them t o  have  no e f f e c t  on t h e
3

r e l e a s e  o f  H-GABA from r a t  b r a i n  synap tosom es  up

t o  a c o n c e n t r a t i o n  o f  10 o n ly  u n l a b e l l e d

GABA and y - a m i n o - B - h y d r o x y b u ty r i c  a c i d  s t i m u l a t e d

r e l e a s e  t o  any a p p r e c i a b l e  e x t e n t .  To t h i s  l i s t

may be added  t h e  GABA a n a lo g u e  L - 2 , 4 - d i a m in o -

b u t y r i c  a c i d  (DABA) b u t  n o t  i t s  5 - c a r b o n  c h a in

a n a lo g u e  L - o r n i t h i n e  n o r  t h e  s u l p h u r  c o n t a i n i n g

amino a c i d s  L -h o m o c y s te in e  and L - m e th io n in e  ( F i g . 2)

DABA i s  a lm o s t  as  e f f e c t i v e  as u n l a b e l l e d  GABA
3i t s e l f  i n  s t i m u l a t i n g  H-GABA r e l e a s e  from r a t  

b r a i n  sy n a p to so m e s ,  w h i l e  0 - a l a n i n e ,  a 3 -c a rb o n
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c h a i n  a n a lo g u e  o f  GABA, h as  o n ly  a s 3 I g h t  s t i m u l ­

a t o r y  e f f e c t  on n e u r o n a l  GABA r e l e a s e  ( F i g . 2 and 

s e e  a l s o  R a i t e r i  e t  a l . , 1 9 7 5 ) . '  DABA i s  a p o t e n t  

i n h i b i t o r  o f  GABA u p ta k e  i n  r a t  c o r t i c a l  s l i c e s  

w h i l e  0 - a l a n i n e  h as  l i t t l e  i n h i b i t o r y  e f f e c t  • 

( I v e r s e n  and J o h n s t o n , 19 7 1 ) ;  t h e  r e v e r s e  i s  t r u e  

i n  t h e  c a s e  o f  GABA u p ta k e  i n t o  t h e  g l i a l  c e l l s  o f  

r a t  d o r s a l  r o o t  g a n g l i a ,  8 - a l a n i n e  b e i n g  a much 

more p o t e n t  i n h i b i t o r  o f  t h i s  p r o c e s s  t h a n  DABA 

(Schon and K e l l y ,  1 9 7 4 b ) . 3- A l a n i n e  p ro d u c e s

a marked s t i m u l a t i o n  o f  GABA e f f l u x  from p e r i p h e r a l  

g l i a l  c e l l s ,  w h i l e  DABA iy  l e s s  e f f e c t i v e  i n  

s t i m u l a t i n g  r e l e a s e  (M in c h in , 19 7 5 ) .  These 

r e s u l t s , p l u s  t h e  o b s e r v a t i o n  t h a t  DABA c a u s e s  a 

marked e f f l u x  o f  GABA from r a t  c o r t i c a l  s l i c e s  i n  

which  GABA i s  l o c a l i s e d  p r e d o m i n a n t l y  i n  n e rv e  

t e r m i n a l s  (Bloom and I v e r s e n , 1971; I v e r s e n  and 

Bloom, 1972) w h i l e  8 - a l a n i n e  does n o t  (Hammerstad 

and L y t l e , 1976) p r o v i d e s  s t r o n g  e v id e n c e  f o r  t h e  

s u g g e s t i o n  t h a t  DABA exchang es  p r i m a r i l y  w i th  

n e u r o n a l  p o o l s  o f  GABA and 3 - a l a n i n e  w i t h  t h e  

g l i a l  p o o l ,

The above r e s u l t s  s u g g e s t  t h a t  t h e  l e n g t h  o f  t h e  

h y d ro c a rb o n  c h a i n  i s  o f  i m p o r t a n c e  i n  d e t e r m i n i n g  

t h e  d e g re e  t o  which  an amino a c i d  ana logue  o f



o f  GABA i s  exchanged  w i t h  GABA by t h e  n e u r o n a l  

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

t i o n  o f  t h e  c h a in  by one m e th y len e  group  r e d u c e s  

o r  t o t a l l y  a b o l i s h e s  e x c h a n g e .

R e c e n t l y  i t  has  been  shown t h a t  a c o n f o r m a t i o n a l l y  

r e s t r i c t e d  s t r u c t u r a l  a n a lo g u e  o f  GABA, c i s - 1 , 3 -  

a m i n o c y c l o h e x a n e c a r b o x y l i c  a c i d  (ACHC), which 

i n h i b i t s  GABA t r a n s p o r t  i n  s l i c e s  o f  c e r e b r a l  

c o r t e x  i n  a l i n e a r l y  c o m p e t i t i v e  f a s h i o n  (B e a r t  

e t  a l . , 19 72) s e l e c t i v e l y  i n h i b i t s  n e u r o n a l

t r a n s p o r t  o f  GABA and h as  l i t t l e  o r  no  e f f e c t  on 

t r a n s p o r t  o f  GABA i n t o  g l i a l  c e l l s  (Bowery e t  a l . ,  

1376; N e a l  and Bowery,  197 7 ) .  I t  i s  a l s o  

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

o f  GABA from n e u r o n a l  b u t  n o t  g l i a l  GABA p o o l s  

(Bowery e t  a l . ,  1976) . A s i m i l a r  p i c t u r e  has  

e m e r g e d  w i t h  r e s p e c t  t o  ( - ) n i p e c o t i c  a c i d  and i t s  

a n a lo g u e s  g u v a c in e  ( 1 , 2 , 5 , 6 ~ t e t r a h y d r o p y r i d i n e - 3 -  

c a r b o x y l i e  a c id )  and ( - ) - c i s - 4 - h y d r o x y n i p e c o t i c  

a c i d .  These  compounds a r e  a l l  p o t e n t  and 

s u b s t r a t e - c o m p e t i t i v e  i n h i b i t o r s  o f  GABA u p ta k e  in  

r a t  c o r t i c a l  s l i c e s  ( J o h n s to n  e t  a l . ,  1975; 

K r o g s g a a r d - L a r s e n  >md J o h n s t o n ,  1975; J o h n s to n  

e t  a l . , 1976 a , b ;  K r o g s g a a r d - L a r s e n ,  1978) .
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The mechanism o f  i n h i b i t i o n  o f  GABA u p ta k e  by 

t h e s e  compounds a p p e a r s  t o  be i d e n t i c a l  t o  t h a t  o f  

DABA; a l l  a c t  as n o n - c o m p e t i t i v e  i n h i b i t o r s  when 

p r e i n -  'abated w i t h  t h e  t i s s u e  and as c o m p e t i t i v e  

i n h i b i t o r s  when added a t  t h e  same t im e  as  GABA 

(Simon and M a r t i n ,  1973; J o h n s t o n  e t _ a l . , 197 6 a ) .  

I n t e r e s t i n g l y ,  t h e r e  a r e  no s i g n i f i c a n t  r e g i o n a l  o r  

s p e c i e s  d i f f e r e n c e s  i n  t h e  a c t i o n  o f  t h e s e  i n h i b i ­

t o r s  on GABA u p t a k e  (Lodge e t  a l , ,  19 7 6 ) .  The 

s t r u c t u r a l  s p e c i f i c i t y  o f  t h e  GABA u p ta k e  sy s te m  

h as  been  f u r t h e r  e l u c i d a t e d  v i a  s t r u c t u r e - a c t i v i t y  

s t u d i e s  on a number o f  compounds r e l a t e d  t o  n i p e c ­

o t i c  a c i d .  Very m in o r  a l t e r a t i o n s  i n  s t r u c t u r e  

r e n d e r  t h e  compounds i n a c t i v e  w i t h  r e s p e c t  t o  

GABA u p ta k e  ( K r o g s g a a r d - L a r s e n , 1 9 7 8 ) .  Based  on 

t h e s e  r e s u l t s ,  i t  may be  c o n c lu d e d  t h a t  ACHC, 

n i p e c o t i c  a c i d ,  g u v a c in e  and c i s - 4 - h y d r o x y n i p e c o t i c  

a c i d  r e f l e c t  t h e  c o n fo r m a t io n  o f  GABA i n  which  i t  

i s  t r a n s p o r t e d  by i t s  c a r r i e r .  T h is  conform ­

a t i o n  i s  c l e a r l y  d i f f e r e n t  t o  t h a t  i n  which  GABA 

i n t e r a c t s  w i t h  i t s  r e c e p t o r s  s i n c e  m usc im ol ,  PSA, 

i s o g u v a c i n e  and THXP, a l l  p o t e n t  GABA r e c e p t o r  

a g o n i s t s , a re  v e ry  weak o r  i n a c t i v e  w i t h  r e s p e c t  

t o  GABA u p ta k e  ( B e a r t  e t  a l . ,  1972; K ro g s g a a rd -  

L a rse n  1978) .

i
f



3

I n  a d d i t i o n , o n ly  muscimol s t i m u l a t e s  H-GABA 

e f f l u x  from p r e l o a d e d  synap to so m es  t o  any s i g n i f i ­

c a n t  e x t e n t  ( F i g . 8 ) ,  PSA, i s o g u v a c i n e  and THIP 

b e in g  c o m p l e t e ly  i n a c t i v e .

I n  aqueous s o l u t i o n ,  ACHC i s  l i k e l y  t o  e x i s t  as 

t h e  z w i t t e r i o n i c  form a n d ,  f rom pK m e a s u r e m e n t s , 

i t  has  been  c o n c lu d e d  t h a t  t h e  m o le c u le  e x i s t s  

p r e d o m i n a n t l y  i n  t h e  d i e q u a t o r i a l  c o n fo r m a t io n  

(H ew gi l l  and J e f f r i e s , 19 55 ) .  I n  t h i s  con fo rm a­

t i o n ,  t h e  compound r e p r e s e n t s  a p a r t i a l l y  r e s t r i c t  

e d ,  p a r t i a l l y  f o l d e d  a n a lo g u e  £ GABA where t h e  

s e p a r a t i o n  o f  z w i t t e r i o n i c  c e n t r e s  (mean o f  t h e  

two N . . . 0  d i s t a n c e s )  i s  a p p r o x i m a t e ly  5 .6 A. The 

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

s t r u c t u r e  o f  B - a l a n i n e  i s  a p p r o x i m a t e l y  3 . 8 A 

(Jo se  and P a u t , 1965) .  As d i s c u s s e d  a b o v e ,

B - a l a n i n e  i n h i b i t s  m a in ly  g l i a l  u p t a k e  o f  GABA, 

w h i l e  n i p e c o t i c  a c i d  i s  more t h a n  an o r d e r  o f  

m ag n i tu de  more p o t e n t  as an i n h i b i t o r  o f  n e u r o n a l  

GABA u p ta k e  ( J o h n s to n  e t  a l . , 1 9 7 6 a ) . I t  would 

seem t h e r e f o r e  t h a t  t h e  s e l e c t i v i t y  o f  i n h i b i t o r s  

o f  n e u r o n a l  GABA u p ta k e  i s  p r o b a b l y  r e l a t e d  t o  

t h e  s e p a r a t a  n o f  t h e i r  z w i t t e r i o n i c  c e n t r e s  and 

t h a t  t h e  uppe l i m i t  o f  t h i s  s e p a r a t i o n  f o r
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i n t e r a c t i o n  a t  g l i a l  u p ta k e  s i t e s  i s  low er  t h a n  

t h a t  a t  n e u r o n a l  u p t a k e  s i t e s  (Bowery e t  a l ■, 1976)„ 

T h is  i s  f u r t h e r  s u p p o r t e d  by t h e  f a c t  t h a t  4-amino- 

t e t r o l i c  a c i d ,  i n  which  t h e  z w i t t e r i o n i c  c e n t r e s  

have a minimum s e p a r a t i o n  o f  5 .5A ,  i s  a l s o  a se le - -  • 

c t i v e  i n h i b i t o r  o f  n e u r o n a l  GABA u p ta k e  (Bowery 

e t  a l . , 1 9 7 6 ) .  N i p e c o t i c  a c i d ,  l i k e  ACHC, a l s o

a d o p ts  t h e  c h a i r  c o n fo r m a t io n  i n  b o t h  t h e  s o l i d  

s t a t e  and aqueous s o l u t i o n , b u t  h a s  a s m a l l e r  

s e p a r a t i o n  o f  c h a r g e d  c e n t r e s  o f  a p p r o x im a te ly  

4 .5  (Bowery e t  a l . , 19 7 6 ) .  I t  i n t e r a c t s  w i t h  

b o t h  n e u r o n a l  and g l i a l  t r a n s p o r t  s i t e s  f o r  GABA, 

a l t h o u g h  much more s t r o n g l y  w i t h  t h e  n e u r o n a l  s i t e  

( J o h n s to n  e t  a l . , 1 9 7 6 a ) . W hatever  t h e  lo w er  

l i m i t  o r  s e p a r a t i o n  o f  z w i t t e r i o n i c  c e n t r e s  may

b e , t h e  u p p e r  l i m i t  imposes a v e ry  na r row  ra n g e  on

t h e  sy s te m  s i n c e  L - o r n i t h i n e , t h e  5 - c a r b o n  c h a in  

a n a lo g u e  o f  DABA, i s  c o m p l e t e ly  i n a c t i v e  w i th
3

r e s p e c t  t o  h e t e r o e x c h a n g e  w i t h  H-GABA i n  s y n a p t o -  

somes ( F i g . 2 ) .

4 . 2 .  E f f e c t  o f  6-ALA on amino a c i d  t r a n s m i t t e r  

t r a n s p o r t .

The p o r p h y r i n  p r e c u r s o r  6- a m i n o l a c v u l i n i c  a c i d  

(6-ALA) i s  an omega amino a c i d  w i t h  a 5- c a r b o n

c h a i n  s i m i l a r  i n  s t r u c t u r e  t o  GABA* •



i nfcuracfcion at g l i a l  upt.;h<> n i t e s  is lo w e r  ».han 

that at nevronal uptake Bites (Bowery e t  a l . , 1976) 

'I'hiB in ’- e r  s u p p o r t e d  by t h e  f a c t  t h a t  4-amino-

• . i r< n which the z w i t t e r i o n i c  c e n t r e s

h.ivo , ’ r e p a r a t i o n  o f  5 .5A ,  i s  a l s o  a s e l e -

J t i v v  i n h i b i t . . .  of n e u r o n a l  GAB A u p ta k e  (Bowe; y 

cL a l . . , 1976) . N i p e c o t i c  a c i d ,  l i k e  ACHC, a l s o

Adopt;; t h e  chair c o n fo r m a t io n  i n  b o t h  t h e  s o l i d  

sta4--‘ and aqueous s o l u t i o n ,  b u t  has  a s m a l l e r  

v̂:_ 'iratinn o £  charged c e n t r e s  o f  a p p r o x i m a t e ly  

4. ;Bowery e t  a l . , 1976). I t  i n t e r a c t s  w i t h

n e u r o n a l  and g l i a l  t r a n s p o r t  s i t e s  f o r  GAB A, 

. i l ’-'Lcugh much more s t r o n g l y  w i t h  t h e  n e u r o n a l  s i t e  

■'J -uiiBton e t  al,, 1976a) , W hatever  t h e  lo w e r  

Limit  o f  separation o f  z w i t t e r i o n i c  c e n t r e s  may 

L" , t h e  u p p e r  l i m i t  imposes  a v e ry  na r ro w  ra n g e  on 

uystQiu s i n c e  L - o r n i t h i n e » t h e  5 - c a r b o n  c h a in  

analogue  o f  DABA, i s  c o m p l e t e ly  i n a c t i v e  w i th
3

r ‘Spoc+„ t o  h e te r o e x c h a n g e  w i t h  H-GABA i n  s y n a p t o -  

; wwas ( F i g . 2 ) .

4 . 2 .  E f f e c t  o f  5-ALA on amino a c i d  t r a n s m i t t e r  

t r a n s p o r t .

The. p o r p h y r i n  p r e c u r s o r  6 -am ino l  a e v u l i n i c  a c i d  

(ci-ALA) i s  an omega amino a c i d  w i t h  a  5 -cp rb o n  

c h a i n  s i m i l a r  i n  s t r u c t u r e  t o  GAB A- » ;•



I t  f i t s  w i t h i n  t h e  g u i d e l i n e s  o f  McGeer e t  . t l . ,

(1961) as a GABA a n a l o g u e . C o n s e q u e n t l y , tnu  

e f f e c t  o f  5-ALA on GABA t r a n s p o r t  i n  r a t  b r u i n  

synap tosom es  was exam ined .  At h i g h  c o n c e n t r a t i o n s  

(0. 75ntM and above) 6-ALA p ro d u c e d  marked s t i m u l a t i o n
•3

o f  H-GABA e f f l u x  from p r o l o a d e d  synap tosom es  

( F i g . 3 ) .  T h is  s t i m u l a t i o n  e x c e e d e d  t h e  maximum 

o b t a i n a b l e  by homoexchange w i t h  u n l a b e l l e d  GABA 

( F i g . 2 ) .  At lo w e r  c o n c e n t r a t i o n s  o f  6-ALA ( o . 1.- 

Q.SmM) t h e  s t i m u l a t i o n  wuo low er  khan t h a t  . l i r i t w .  

by s i m i l a r  c o n c e n t r a t i o n s  :*£ u n lab e .^ ' ; '/.* A.

6-ALA h a s  been  shown t o  i n h i b i t  th e  K ) -

ATPa se  i s o l a t e d  f rom r e d  b l o o d  c e l l o  and from 

r a b b i t  b r a i n  a l t h o u g h  i t  does  n o t  i n h i b i t  t h e  

(Na+t  K+) -ATPa s e i n  i n t a c t  r e d  c e l l  ' ' g h o s t s "

(Becker  e t  a l . , 1 9 7 1 ) .  I n h i b i t i o n  o f  t h e  sy n a p ­

to so m a l  (Na++ IC+) -ATPa s e  by 10 .u a b a in  p ro d u c e s  

a p p r o x i m a t e ly  a 100% i n c r e a s  in  H-GABA e f f l u x  

( R a i t e r i  e t  a l . , 1 975) ;  c o n s e q u e n t l y ,  i t  i s  n o t
‘3

p o s s i b l e  t h a t  th e  l a r g e  e f f l u x  o f  * H-GABA e l i c i t e d  

by h i g h  c o n c e n t r a t i o n s  o f  iS-ALA i s  due s o l o  ly t o 

i n h i b i t i o n  o f  t h e  (Na* + K*1") -ATPiiiv*.



o
<5-ALA p r o d u c e s  maximum i n h i b i t i o n  o f  H-GABA

u p ta k e  a t  a c o n c e n t r a t i o n  o f  O.SmM ( F i g . 14)

a l t h o u g h  t h e  v e ry  s t r o n g  s t i m u l a t o r y  e f f e c t  o f  
3

6-ALA on H-GABA r e l e a s e  o n ly  becomes e v i d e n t  a t  

c o n c e n t r a t i o n s  o f  0.75mM and above ;  t h e r e  i s  

t h u s  some d i s p a r i t y  be tw een  t h e  c o n c e n t r a t i o n  a t  

which 6-ALA i n h i b i t s  ^H-GABAuptake and t h a t  a t  

which  i t  m arked ly  s t i m u l a t e s  r e l e a s e .  N ever­

t h e l e s s ,  t h e  f a c t  t h a t  5-ALA c o m p e t i t i v e l y  i n h i b i t s  

‘H-GABA u p ta k e  i n t o  sy nap tosom es  ( F i g . 13) s u g g e s t s  

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

be m e d i a t e d  by an exchange  be tw een  sy n a p to so m a l
3
H-GABA and e x t e r n a l  5-ALA, a l t h o u g h  t h e  m agn i tude  

o f  t h e  e f f e c t  a t  h i g h  5-ALA c o n c e n t r a t i o n s  c a n n o t  

be e x p l a i n e d  i n  te rm s  o f  t h e  GABA t r a n s p o r t  

mechanism a lo n e  o r  by i n h i b i t i o n  o f  sp n a p to so m a l  

(Na r + K+)-ATPase o r  by a summation o f  t h e  two.

The e f f e c t s  o f  6-ALA on amino a c i d  t r a n s p o r t  

p r o c e s s e s  i n  n e r v e  -•'ndings a r e  n o t  s p e c i f i c  f o r  

t h e  GABA sy s te m .  Thus ,  h i g h  c o n c e n t r a t i o n s  o f

5-ALA ( 0 . 75mM and above) p r o d u c e d  marked s t i m u l a ­

t i o n  o f  ^ "^e -g lu tam ate  e f f l u x  f rom p r e l o a d e d  

synap tosom es  ( F i g . 1 6 ) .  I n  t h i s  c a s e  how ever ,  

t h e  s t i m u l a t i o n  was lo w e r  t h a n  t h a t  p ro d u c e d  by 

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

( F i g . 1 5 ) .



o
0 -  AT,A  p ro d u c e s  m a x i m u m  i n h i b i t i o n  o f  H - G A B A  

uptai ' t .  a t  a  c o n c e n t r a t i o n  o f  0 . 5mM (F ig .  14) 

a l t h o u g h  ' o v e ry  s t r o n g  s t i m u l a t o r y  e f f e c t  o f

5-ALA on ' H-UiiDA r e l e a s e  o n l y  becomes e v i d e n t  a t  

c o n c e n t r a t i o n s  o f  0 . 75mM and a b o v e ; t h e r e  i s  

t h u s  some d i s p a r i t y  be tw een  t h e  c o n c e n t r a t i o n  a t  

v h i c h  5 - A L A  i n h i b i t s  ^ H - G A B A u p t a k e  a n d  t h a t  a t  

which  i t  m ark e d ly  s t i m u l a t e s  r e l e a s e . N ever­

t h e l e s s  , t h e  f a c t  t h a t  o -ALA c o m p e t i t i v e l y  i n h i b i t s
3
H-GABA u p ta k e  i n t o  sy nap tosom es  ( F i g . 13) s u g g e s t s  

t h a t  a p a n  o f  i t n  s t r o n g  s t i m u l a t o r y  o f f e e t  m igh t  

be m e d ia t e d  by an exch "o be  twee;; ’y n a p to so m a l  

"^H-GABA and e x t e r n a l  6-ALA, a l t l n .  /jii t h e  m agn i tude  

o f  t h e  e f f e c t  a t  h ig h  c-ALA c o n c e n t r a t i o n s  c a n n o t  

be e x p l a i n e d  i n  te rm s  o f  th e  GABA t r a n s p o r t  

mechanism a l o n e  o r  by i n h i b i t i o n  o f  sy n a p to so m a l  
+ +” i  + K ) -ATPase o r  by a summation o f  t h e  tw o .

The e f f e c t s  o f  '-ALA >n amino a '1  t r a n s p o r t  

p r o c e s s e s  i n  n e r v e  u :v ! : ritts a r e  n o t  s p e c i f i c  f o r  

t h e  GABA sy s te m .  T h u s , h i g h  c o n c e n t r a t i o n s  o f

5-ALA ( 0 . 75mM and above)  p ro d u c e d  marked s t i m u l a ­

t i o n  o f  " ^ C - g lu t a m a te  e f f l u x  from p r e lo a d e i l  

synap tosom es  ( F i g . 1 6 ) .  I n  t h i s  c a s e  h o w e v e r , 

t h e  s t i m u l a t i o n  was lo w e r  t h a n  t h a t  p ro d u c e d  by 

e q u i v a l e n t  c o n c e n t r a t i o n s  o f  u n l a b e l l e d  g lu ta m a te
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14I n  a d d i t i o n ,  u p t a k e  o f  C - g lu ta m a te  i n t o  n e r v e  

e n d in g s  was i n h i b i t e d  by 6-ALA ( F i g . 18) i n  a 

n o n - c o m p e t i t i v e  f a s h i o n  ( F i g *17).

The f i n d i n g  t h a t  6-ALA i t s e l f  i s  n o t  a c c u m u la te d  

by synap tosom es  s u g g e s t s  t h a t  d ' -ALA-s t im ula ted  

r e l e a s e  o f  t r a n s m i t t e r  amino a c i d s  i s  u n l i k e l y  t o  

be m e d ia t e d  v i a  an exchange  mechanism, s i n c e  

exchange  o f  b o th  GABA and g l u t a m a t e  i s  a s s o c i a t e d  

w i t h  t h e  h i g h - a f f i n i t y  t r a n s p o r t  sy s te m s  f o r  t h e s e  

compounds (Levi and R a i t e r i , 1974;  Simon e t  a l . ,

19 74;  Ryan and R o s k o s k i , 19 77 ) .

I n  v iew o f  t h e  r e l a t i v e l y  h i g h  c o n c e n t r a t i o n s  o f

5-ALA r e q u i r e d  t o  p ro d u ce  e f f e c t s  on t r a n s m i t t e r  

u p ta k e  and r e l e a s e , and i.he Lack o f  s p e c i f i c i t y  

o f  t h e  compound w i t h  r e s p e c t  t o  t h e  t r a n s m i t t e r ,  

i t  i s  p o s s i b l e  t h a t  o-ALA e x e r t s  i t s  e f f e c t s  v i a  

some n o n s p e c i f i c  m e t a b o l i c  a c t i v i t y . A l t e r n a t i v e l y ,  

s i n c e  6 -ALA re s e m b le s  b o t h  GABA and g l u t a m a t e  

s t r u c t u r a l l y ,  i t  i s  p o s s i b l e  t h a t  5-ALA b i n d s  t o  

o r  n e a r  t h e  e x t e r n a l  components  o f  t h e  t r a n s p o r t  

s i t e s  and i n h i b i t s  amino a c i d  t r a n s p o r t  b u t  i s  

n o t  i t s e l f  t r a n s l o c a t e d  a c r o s s  t h e  membrane.

Such s u g g e s t i o n s  a r e  e n t i r e l y  s p e c u l a t i v e .
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4 . 3 .  5-ALA i s  an a g o n i s t  a t  GABA a u t o r e c e p t o r s .

6-ALA h as  b e e n  shown t o  d e c r e a s e  t h e  membrane 

r e s i s t a n c e  o f  t h e  c r a y f i s h  s t r e t c h  r e c e p t o r  n e u r o n ,  

p r o b a b l y  by i n c r e a s i n g  t h e  Cl c o n d u c ta n c e  o f  t h e  

membrane ( D i c h t e r  a t  a l . , 1 9 7 7 ) .  I n  t h i s  r e s p e c t  

i t  mimics t h e  p o s t s y n a p t i c  a c t i o n  c f  GABA 

(Takeuchi  and T a k e u c h i ,  1 9 6 6 ) .  S in c e  t h e  s t a t e  

o f  d e p o l a r i s a t i o n  o f  t h e  s y n a p to s o m a l  membrane can 

d i r e c t l y  c o n t r o l  t h e  r e l e a s e  o f  GABA i n  t h e  p r e s e n c e  

o f  Ca^+ by c o n t r o l l i n g  Ca^+i n £ l u x  ( Cotman e t  a l . ,  

1976) , i t  was d e c i d e d  t o  i n v e s t i g a t e  t h e  e f f e c t  o f
3

d-ALA on H-GABA r e l e a s e  in d u c e d  by a  d e p o l a r i s i n g

c o n c e n t r a t i o n  o f  K+ (55mM). 8-ALA r e d u c e d  t h e
+ 3K - s t i m u l a t e d  r e l e a s e  o f  H-GABA from t h e  n e rv e

e n d in g s  i n  a d o s e - d e p e n d e n t  f a s h i o n  ( F i g . 5 ) .

The r e d u c t i o n  was s i g n i f i c a n t  a t  a 6-ALA c o n ce n ­

t r a t i o n  o f  lyM, and a t  a c o n c e n t r a t i o n  o f  IOOjjM,

75% o f  t h e  s t i m u l a t e d  r e l e a s e  was a b o l i s h e d .

T h is  e f f e c t  o f  6-ALA was s p e c i f i c  f o r  GABA r e l e a s e ,  

s i n c e  6-ALA a t  c o n c e n t r a t i o n s  up t o  l.QmM d i d  n o t  

a f f e c t  K "^ -s t im u la ted  r e l e a s e  o f  " ^ C - g lu t a m a te  

from t h e  same p r e p a r a t i o n  ( F i g . 1 6 ) .  In  a l l  

c a s e s  t h e  r e d u c t i o n  o f  K ^"-s t im u la ted  GABA r e l e a s e  

i n d u c e d  by 6-ALA was p r e v e n t e d  by b i c u c u l l i n e  

and p i c r o t o x i n  (Table  1 ) .



T his  f i n d i n g  t h a t  a compound can a l t e r  GABA 

r e l e a s e  i n  an a p p r o p r i a t e  f a s h i o n  and t h a t  t h e  

e f f e c t  i s  p r e v e n t e d  by known GABA r e c e p t o r  a n t a ­

g o n i s t s  i s  e v id e n c e  f o r  t h e  e x i s t e n c e  o f  p r e -  

s y n a p t i c  GABA r e c e p t o r s  (GABA a u t o r e c e p t o r s ) - 

c a p a b le  o f  r e g u l a t i n g  GABA r e l e a s e  t h r o u g h  a 

n e g a t i v e  f e e d b a c k  c o n t r o l  p a th w ay .  S i m i l a r  

c o n t r o l  mechanisms a r e  t h o u g h t  t o  o c c u r  i n  a d r e n ­

e r g i c  (Farnebo  and Bamberger ,  19 71; L an ge r  e t  a l . 

1972; S t a r k e  and Monte1 , 19 73;  De P o t t e r  e t  a l . 

1974; Dismukes and M ulder ,  1976; L an g e r ,  1 9 7 8 ) ,  

d o p a m in e rg ic  ( S t a r k e  and M o n te l ,  1973? C a r l s s o n , 

1975? Roth e t  a l . , 1975 ; Seaman and L e e , 1975 ? 

I v e r s e n  e t  a l . ,  1976) and c h o l i n e r g i c  (Sze rb  and 

Somogyi , 1 9 7 3 ) ,  n e u r o n e s . R e c e n t l y , e v id e n c e  

s u p p o r t i n g  t h e  e x i s t e n c e  o f  GABA a u b o r e c e p t o r s  h as  

b e en  p u b l i s h e d  ( M i t c h e l l  and M a r t i n ,  1978;

S n o d g r a s s , 19 78 ) .

4 . 4 .  A mechanism f o r  t h e  n e u r a l  d y s f u n c t i o n  i n  

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

Acute a t t a c k s  o f  t h e  h e r e d i t a r y  h e p a t i c  p o r p h y r i a s  

a r e  f r e q u e n t l y  accompanied  by n e u r o p s y c h i a t r i c  

symptoms.



The p r e s e n t a t i o n  o f  n e rv o u s  s y s te m  in v o lv e m e n t  

v a r i e s ;  i n  d e c r e a s i n g  o r d e r  o f  f r e q u e n c y ,  t h e r e  

may be  m oto r  n e u r o p a t h y ,  c o n f u s i o n ,  p s y c h i a t r i c  

m a n i f e s t a t i o n s , h y p e r e x c i t a b i l i t y  and e p i l e p t i c -  

t y p e  s e i z u r e s  ( B a l e s , 19 63 ) .  P s y c h i a t r i c  .

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

i n s o m n ia  and an o r g a n i c  b r a i n  syndromes (T schudy , 

1974) . A l tho u gh  t h e  a e t i o l o g y  o f  t h e  n e u r a l

d y s f v  ; t h e  a c u t e  a t t a c k  i s  unknown,

sever . -  n ism s  may be s u g g e s t e d  a t  a  n e u r o ­

c h e m ic a l  l e v e l . I t  i s  p o s s i b l e  t h a t  p o r p h y r in  

p r e c u r s o r s , w h ich  a re  p r o d u c e d  i n  • 'xcess  by t h e  

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

n e rv o u s  sy s te m  and e x e r t  d i r e c t  n e u r o t o x i c  

e f f e c t s ; a l t e r n a t i v e l y , a m e t a b o l i c  d e f e c t  i n  

haem b i o s y n t h e s i s  i n  n e r v e  c e l l s  m igh t  r e s u l t  i n  

a f u n c t i o n a l  h a e m o p r o te in  d e f i c i e n c y  which  

becomes c r i t i c a l  a t  t h e  t im e  o f  t h e  a c u t e  a t t a c k .

In  s u p p o r t  o f  t h e  f i r s t  h y p o t h e s i s , t h e r e  i s  good 

e v i d e n c e , from t h e  c a s e  r e p o r t c  o f  many ; a t i e n t s  

i n  a c u t e  p o r p h y r i c  e p i s o d e s , t h u ! t h e  n s e t  o f  

n e u r o l o g i c a l  symptoms i s  accompanied  by r a i s e d  

e x c r e t i o n  o f  6-ALA d i c k e r ,  1 9 7 2 ) .  In  a d d i t i o n ,  

t h e r e  a p p e a r s  t o  be a rough  c o r r e l a t i o n  be tween  

t h e  l e v e l  o f  p r e c u r s o r  e x c r e t i o n  and c l i n i c a l  

s e v e r i t y  (Ackner e t a l . ,  19 6 1 ) .
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A s t r i k i n g  f e a t u r e  o f  t h e  h e p a t i c  p o r p h y r i a s  i s  t h e  

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

p h a se  o f  t h e  c o n d i t i o n  as opposed  t o  h i g h  l e v e l s  

o f  6 -ALA p r e s e n t  i n  t h e  b lo o d  and u r i n e  d u r i n g  

t h e  a c u t e  p h a s e  w i t h  d e c r e a s e d  e x c r e t i o n  a lways 

accompanying o r  p r e c e d i n g  c l i n i c a l  improvement 

(B a le s  e t  a l . , 1^63; 1971) .

E a r l y  s t u d i e s  on t h e  p o s s i b l e  n e u r o t o x i c i t y  o f

6-ALA c o n d u c te d  i n  v i v o  o r  on i s o l a t e d  o rg a n s  

have been  s u b j e c t  t o  some c o n t r o v e r s y .  S e v e r a l  

o f  t h e s e  i n v e s t i g a t i o n s  have  s u g g e s t e d  t h a t  8-ALA 

i s  p h a r m a c o l o g i c a l l y  i n e r t  (G oldberg  e t  a l .„ 1954; 

J a r r e t t  et. a l . , 19 56; Marcus e t  a l . ,  19 70;

S h a n ley  e t  a l . ,  1 9 7 2 ) .  However,  t h e s e  s t u d i e s  

can now be c r i t i c i z e d  o n  a number o f  p o i n t s .

In  t h e  e x p e r im e n t s  w i t h  i s o l a t e d  o r g a n s ,  v e ry  low 

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

l i m i t e d  p h y s i o l o g i c a l  p a r a m e t e r s  (Goldberg  e t  a " . ,  

1954; J a r r e t t  e t  a l . , 1 9 5 6 ) .  The i n  v iv o  

e x p e r i m e n t s  (Marcus e t  a l . ,  1970;  S h a n ley  e t  a l . ,  

19 72) were c o n d u c te d  o v e r  a r e l a t i v e l y  s h o r t  

p e r i o d  o f  t i m e , t h e  l e v e l s  o f  8-ALA were  n o t  

m easu red  i n  t h e  p l a s m a ,  and n e i t h e r  the  u p ta k e  

i n t o  t h e  CMS n o r  t h e  r a t e  o f  c l e a r a n c e  by t h e  

k id n e y s  was t a k e n  i n t o  a c c o u n t .
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In  o t h e r  s t u d i e s  c o n d u c te d  i n  v i v o , e v id e n c e  f o r  

n eu rc  o x i c  e f f e c t s  h a s  been  r e p o r t e d .  E x p e r i ­

ments i n  which t h e  p o r p h y r i n o g e n i c  d ru g  a l l y l i s o -  

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

i n g  i n  i n c r e a s e d  e x c r e t i o n  o f  6-ALA, have  shown 

e f f e c t s  such  as  deep s l e e p  (Biempica  e t  a l . , 1967) 

weakness  and a t a x i a  i n v o l v i n g  t h e  r e a r  l e g s  

(Y uw iler  e t  a l . ,  1 9 7 0 ) ,  i n c r e a s e d  s u s c e p t i b i l i t y  

t o  i s o n i c o t i n y l  h y d r a z i d e - i n d u c e d  c o n v u l s i o n s  

(Kosower and Rock, 1968) and a c u t e  f l a c c i d  p a r e s i s  

i n  p a n t o t h e n a t e  d e f i c i e n t  r a t s  (De M a t t e i s  and 

R i n d n g to n , 1 9 6 2 ) .  I n  a d d i t i o n , r e c e n t  work

i n  which  6-ALA was a d m i n i s t e r e d  c h r o n i c a l l y  and 

a c u t e l y  t o  r a t s  and mice (M cG il l ion  e t  a l . , 19 73) 

o r  i n j e c t e d  d i r e c t l y  i n t o  t h e  CNS o f  r a t s  

(Shan ley  e t  a l . ,  1975) h a s  d e m o n s t r a t e d  c o n v in c in g  

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

I n  a d d i t i o n  t o  t h e s e  b e h a v i o u r a l  e f f e c t s ,  t h e  

mechanism o f  which  i s  unknown, 6-ALA h a s  been  

shown t o  have a wide v a r i e t y  o f  p h a r m a c o l o g i c a l  

a c t i o n s  i n  v i t r o . T h u s , 6-ALA i n h i b i t s  t r a n s ­

m i t t e r  r e l e a s e  a t  t h e  n e u ro m u s c u la r  j u n c t i o n  

(Feldman e t  a l . , 1968? 19 7 1 ) ,  i n h i b i t s  v e n t r a l  

and d o r s a l  r o o t  r e s p o n s e s  and d e p r e s s e s  d o r s a l  

r o o t  p o t e n t i a l s  i n  t h e  f r o g  s p i n a l  c o rd
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(Loots  e t  a l . , 1 9 7 5 ) ,  and d e p o l a r i s e s  f r o g  m usc le  

f i b r e s  (Becker  e t  a l . ,  1 9 7 5 ) .  These f i n d i n g s  

may be e x p l i c a b l e  on t h e  b a s i s  o f  a n o n s p e c i f i c  

m e t a b o l i c  a c t i o n  o f  5-ALA su ch  as i n h i b i t i o n  o f  

t h e  (Na++ K+)-ATPase (Becker  e t  a l . ,  19 71 ) ,  •

In  two r e c e n t  i n d e p e n d e n t  s t u d i e s , 6 -ALA h a s  been  

shown t o  mimic t h e  p o s t s y n a p t i c  a c t i o n  o f  GABA 

on t h e  c r a y f i s h  s t r e t c h  r e c e p t o r  n e u ro n e  ( D i c h t e r  

e t  a l . , 1977) and on m otoneurons  and p r im a ry  

a f f e r e n t s  i n  t h e  f r o g  s p i n a l  c o r d  ( N i c o l l ,  1976) .  

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

was e x t r e m e l y  s e n s i t i v e  t o  5-ALA which was o n ly  

s l i g h t l y  l e s s  e f f e c t i v e  t h a n  GABA i n  i n h i b i t i n g  

sp o n ta n e o u s  a c t i v i t y . To d a t e , t h e r e  has  been  

no s y s t e m a t i c  s t u d y  o f  t h e  e f f e c t s  o f  6-ALA on 

GABAergic and g l u t a m e r g i c  sy s te m s  i n  t h e  mamma­

l i a n  CNS.

In  t h i s  s t u d y ,  i t  has b een  shown t h a t  6-ALA i s  

c a p a b le  o f  a f f e c t ; ng t h e  u p t a k e  and e f f l u x  o f  

GABA and g l u t a m a t e  i n  n e r v e  e n d in g s  i n  v i t r o ; 

t h e s e  e f f e c t s  o c c u r  o n ly  a t  r e l a t i v e l y  h ig h  

c o n c e n t r a t i o n s  o f  o-ALA ( a t  l e a s t  100yM).



I n  an i m p r e s s i v e  s e r i e s  o f  e x p e r i m e n t s ,  S h an ley  

a t  a l . /  (1975) d e m o n s t r a t e d  t h a t  6-ALA does  n o t

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

a n im a l s  i n  a n y t h i n g  e x c e p t  t r a c e  a m o u n ts . The 

h i g h e s t  l e v e l s  o f  5-ALA r e c o r d e d  i n  t h e  c e r e b r o ­

s p i n a l  f l u i d  (CSF) o f  p a t i e n t s  d u r i n g  a c u t e  

p o r p h y r i c  a t t a c k s  a r e  i n  t h e  ra n g e  16-20pM 

(Sweeney e t  a l . 1 9 7 0 ) .  At t h e s e  low c o n c e n t r a t i o n s ,

6-ALA c o u ld  n o t  be e x p e c t e d  t o  p ro d u ce  any e f f e c t s  

on amino a c i d  t r a n s m i t t e r  t r a n s p o r t  s y s t e m s .

E x p e r im e n ts  d e s c r i b e d  h e r e  h a v e , how ever ,  demon­

s t r a t e d  t h a t  5-ALA can i n h i b i t  t h e  s t i m u l a t e d  

r e l e a s e  o f  GABA p r o b a b l y  by a c t i n g  as  an a g o n i s t  

a t  GABA a u t o r e c e p t o r s . T h i s  e f f e c t  i s  e v i d e n t  

a t  low c o n c e n t r a t i o n s  o f  6-ALA (ICgQ -  11.5uM) 

wh.i.ch a r e  w e l l  w i t h i n  t h e  r  ange o f  c o n c e n t r a t i o n s  

o b t a i n a b l e  i n  t h e  CSF o f  e x p e r i m e n t a l  an im a ls  

(M cG i l l ion  e t  a l . ,  1974) and t h o s e  r e c o r d e d  i n  

t h e  CSF o f  p a t i e n t s  d u r i n g  a c u t e  a t t a c k s  o f  

p o r p h y r i a  c h a r a c t e r i z e d  by h y p e r e x c i t a b i l i t y  and 

c o n v u l s i o n s  (Sweeney e t  a l . , 19 7 0 ) .  I n  t h i s  

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

d e f i c i e n c y  o f  GABA has  b e en  i m p l i c a t e d  i n  t h e  

p a t h o g e n e s i s  o f  e p i l e p t i c  c o n v u l s i o n s  (Van G e ld e r
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v\ ) i i r to ia  , 1972 ; uii G e ld e r  e t  a l .  , 1972; 

a n d  J o s e p h ,  1 H 7 3 ;  R i b a k  e t  a l . ,  1 9 7 9 ) .

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

n o t e d  i n  p a t i e n t s  w i t h  t h e  h i g h e s t  l e v e l s  o f  

- A L A  i n  t h e  CSF a r e  e x p l i c a b l e  s o l e l y  on t h e  

:,uia c.f r e d u c e d  GABA-mediated i n h i b i t i o n  i n  t h e  

':u' , we c a n n o t  e x p l a i n  t h e  e n t i r e  s p e c tu r m  o f  

’ie,rvous sy ;■. i n v o lv e m e n t  i n  p o r p h y r i a  on such

:: b a e .  . The d i s e a s e  h a s  f e a t u r e s  o f  a  c h r o n i c  

d e g e n e r a t i v e  d i s o r d e r  i n  which  c e n t r a l  d e m y e l in a -  

- m g  l e s i o n s  (Gibson and G o l d b e r g , 1956) and 1 

•_ - imary a x o n a l  damage (Sweeney e t  a l . , 19 70) may 

;>q n o t e d .  1 would l i k e  t o  p r o p o s e  t h a t  t h e  

sym ptomato logy  o f  th e  a c u t e  a t t a c k  i s  e x p l i c a b l e  

Ln some m easure  by a d i r e c t  n e u r o t o x i c  mechanism 

i n v o l v i n g  6 - A L A  and t h a t  t n i s  i s  su p e r im p o s e d  on 

an u n d e r l y i n g  m e t a b o l i c  d e f e c t  (as y e t  u n d e f in e d )  

which  a c c o u n t s  f o r  t h e  d e g e n e r a t i v e  f e a t u r e s  o f  

k h e  d i s e a s e .

4 . 5 ,  G A B A  a u t o r o c u p t o r s ,

4 . 5 . 1 ,  Pharm aco logy  o f  GABA a u t o r e c e p t o r s .

A w  a  r e s u l t  o f  t h ' 3  w o r k  d e s c r i b e d  a b o v e  a n d  

* i , - i t  o f  M i t c h e l l  a n d  M a r t i n  (1978) a n d
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S n o d grass  (1978) t h e  e x i s t e n c e  o f  r e c e p t o r s  

c a p a b le  o f  e x e r t i n g  an i n h i b i t o r y  e f f e c t  on 

GABA r e l e a s e  has  be ,n f i r m l y  e s t a b l i s h e d  

S i n c e , i n  t h e  a d r e n e r g i c  and d o p a m in e rg ic  

s y s t e m s ,  c l a s s i c a l  p o s t s y n a p t i c  r e c e p t o r  

a g o n i s t s  and a n t a g o n i s t s  have v a r y i n g  d e g r e e s  

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

i t  i s  l i k e l y  t h a t  s i m i l a r  d i f f e r e n c e s  i n  

a f f i n i t y  f o r  a g o n i s t s  and a n t a g o n i s t s  w i l l  

d i f f e r e n t i a t e  p r e -  and p o s t - s y n a p t i c  GABA 

r e c e p t o r s . I n  t h e  s t u d i e s  d e s c r i b e d  h e r e  

no d i f f e r e n c e s  c o u ld  be  d e t e c t e d  i n  t h e  p o t e n ­

c i e s  o f  f i v e  a g o n i s t s  i n  i n h i b i t i n g  GABA
4*r e l e a s e  and i n h i b i t i n g  h i g h  a f f i n i t y  Na -

3
i n d e p e n d e n t  H-GABA b i n d i n g  t o  s y n a p t i c  

membranes (T ab le  4 ) .  I n  a d d i t i o n ,  GABA 

a u t o r e c e p t o r s  were  shown t o  be  b i c u c u l l i n e -  

and p i c r o t o x i n - s e n s i t i v e  (T ab les  1 and 2)

I t  would t h u s  a p p e a r  t h a t  t h e  a u t o r e c e p t o r s

a r e  i d e n t i c a l  p h a r m a c o l o g i c a l l y  w i t h  t h e  s i t e s
3  3l a b e l l e d  by H-GABA o r  H-muscimol (S n o d g ra ss ,

19 78) i n  s y n a p t i c  membranes,  a t  l e a s t  a s  f a r

as t h e  compounds t e s t e d  a r e  c o n c e rn e d .
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R e c e n t l y , i t  has  b een  s u g g e s t e d  t h a t  two 

c l a s s e s  o f  b i c u c u l l i n e - s e n s i t i v e  GABA b i n d ­

i n g  s i * u s  e x i s t  i n  t h e  CNS ( B r a e s t r u p  e t  a l . ,

19 79; K a rob a th  e t  a l . ,  1 9 7 9 ) .  One o f  

t h e s e  i s  c o u p le d  t o  a b e n z o d i a z e p i n e  r e c e p t o r  

and  may d i f f e r e n t i a t e  a  con t inuum  o f  p u r e  

and p a r t i a l  GABA a g o n i s t s , w h i l e  t h e  o t h e r ,  

wh ich  does n o t  a c t i v a t e  b e n z o d i a z e p i n e  b i n d i n g ,  

p o s s e s s e s  no such s e l e c t i v i t y  ( B r a e s t r u p  e t  a l . ,  

1979) . I t  i s  n o t e w o r th y  h e r e  t h a t  t h e

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

a g o n i s t s  i s  e v i d e n t  i n  f r e s h  t i s s u e ; t h i s  

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

t h e  l i g a n d s  and i s  n o t  masked by t h e  endogenous 

i n h i b i t o r  o f  GABA b i n d i n g  d e s c r i b e d  by G u i d o t t i  

e t  a l . ,  (1978) and T o f fa n o  e t  a l . , (1978) .

S in c e  b e n z o d i a z e p i n e s  compete  w i t h  t h e  modula­

t o r  f o r  b i n d i n g  t o  i t s  s i t e ,  ( G u i d o t t i  e t  a l . ,  

1978) i t  a p p e a r s  t h a t  t h o s e  GABA r e c e p t o r s  

ch a r e  m o d u la ted  by t h e  i n h i b i t o r  a r e  a l s o  

t h o s e  l i n k e d  t o  t h e  b e n z o d i a z e p i n e  m o d u la to r  

b i n d i n g  a c t i v i t y .  T h is  would s u g g e s t  t h a t  

t h e  GABA a u t o r e c e p t o r s  c o r r e s p o n d  t o  t h o s e  

GABA r e c e p t o r s  n o t  l i n k e d  t o  b e n z o d i a z e p i n e  

r e c e p t o r s  and hence  n o t  s u b j e c t  t o  i n h i b i t o r  

m o d u la t io n .



The s i t u a t i o n  i s  f u r t h e r  c o m p l i c a t e d  by a 

v e r y  r e c e n t  d e s c r i p t i o n  o f  b i c u c u l l i n e -  

i n s  e n s i t i v e  GABA r e c e p t o r s  p r e s e n t  on t h e  

t e r m i n a l s  o f  n e u ro n e s  i n  t h e  p e r i p h e r a l  

n e rv o u s  sy s te m  (Bowery and Hudson, 1979; 

Brown and H i g g i n s ,  1979) and CNS (Bowery 

e t  a l . ,  19 8 0 ) .  A c t i v a t i o n  o f  t h e s e

r e c e p t o r s  r e s u l t s  i n  an i n h i b i t i o n  o f  t h e  

s t i m u l a t e d  r e l e a s e  o f  n o r a d r e n a l i n e  from 

r a t  a t r i a  and a c e t y l c h o l i n e  from p r e g a n g l i o ­

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

g a n g l i o n  (Bowery and Hudson, 1979; Brown 

and H i g g i n s ,  19 79) and o f  n o r a d r e n a l i n e ,  

dopamine and 5 - h y d r o x y t r y p t a n d  n s  f rom b r a i n  

s l i c e s  (Bowery e t  a l . ,  19 8 0 ) .  These  e f f e c t s  

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

GABA a n t a g o n i s t s .  In  a d d i t i o n ,  t h e  GABA 

a g o n i s t  3 -  am inopropane  s u l p h o n i c  a c i d  

which  i s  a t  l e a s t  as  a c t i v e  as GABA a t  

b i c u c u l l i n e - s e n s i t i v c  s i t e s  ( C u r t i s  e t  a l . , 

1961; Bowery and Brown, 19 74; Mohler  and 

Okada,  1978) i s  i n a c t i v e  a t  t h i s  r e c e p t o r  

(Bowery and Hudson, 19 79; Brown and 

H i g g i n s ,  19 79; Bowery e t  a l . , 1980);
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by c o n t r a s t , ( -)  b a c l o f e n , which  i s  i n a c t i v e  

a t  b i c u c u l l i n e - s e n s i c i v e  s i t e s  ( C u r t i s  e t  a l . ,

1974; Fox e t  a l . ,  19 78 ) ,  i s  as a c t i v e  as 

GABA i n  r e d u c i n g  s t  .m ula ted  t r a n s m i t t e r  o u t p u t  

(Bowery e t  a l , 19 7 9 ) ,

T hus ,  t h e r e  a r e  two c l a s s e s  o f  b i c u c u l l i n e  -  

s e n s i t i v e  GABA s i t e s  -  t h e  c o n v e n t i o n a l  p o s t -  

s y n a p t i c  r e c e p t o r  and t h e  a u t o r e c e p t o r .  As 

f a r  as i s  known t h e s e  a r e  i d e n t i c a l  p h a rm a c o l ­

o g i c a l l y ,  a l t h o u g h  t h e  fo rm e r  i s  p r o b a b l y  c o u p le d  

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

n o t .  I n  a d d i t i o n ,  t h e r e  a r e  p r e s y n a p t i c  GABA 

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

e r g i c  and s e r o t o n i n e r g i c  n e r v e  t e r m i n a l s .  These 

d i f f e r  from t h e  f i r s t  t . /o  i n  t h a t  t h e y  a r e  

b i c u c u l  ' . i n e - i n s e n s i t i v e  and show a d i f f e r e n t  

a f f i n i t y  f o r  known GABA a g o n i s t s  t o  t h a t  shown 

by t h e  c o n v e n t i o n a l  r e c e p t o r s .

4 . 5 . 2 .  I n h i b i t i o n  o f  GABA r e l e a s e  i s  c o r r e l a t e d  

w i t h  GABA r e c e p t o r  o ccupancy .

The d a t a  shown i n  T ab le  4 s u g g e s t  a good a b s o l u t e  

c o r r e l a t i o n  be tw een  r e c e p t o r  occupancy  by
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a g o n i s t  d ru g s  and i n h i b i t i o n  o f  s t i m u l a t e d  

GABA r e l e a s e . T h is  i s  o f  g r e a t  im p o r ta n c e  

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

c o r r e l a t e  an e f f e c t  w i t h  occupancy  o f  

r e c e p t o r  s i t e s  m e d i a t i n g  t h a t  e f f e c t .  T h is

d e m o n s t r a t i o n  p r o v i d e s  e v id e n c e  f o r  t h e  

d i r e c t  c o u p l i n g  o f  GABA a u t o r e c e p t o r s  t o  t h e  

e f f e c t o r  mechanism -  p re su m ab ly  a Cl i o n o -  

p h o re  s i n c e  t h e  e f f e c t  i s  b l o c k e d  by p i c r o -  

t o x i n  -  and shows f u r t h e r  t h a t  t h i s  mechanism 

can be  m o d i f i e d  by d r u g s .

4 . 6 .  C o n c lu s io n

S t r o n g  e v id e n c e  h as  b een  p r o v i d e d  f o r  t h e  e x i s t e n c e  

o f  GABA a u t o r e c e p t o r s  p h a r m a c o l o g i c a l l y  i d e n t i c a l
3

t o  t h e  s i t e s  l a b e l l e d  by H-GABA i n  s y n a p t i c  p la sm a  

membranes and w i d e ly  assumed t o  r e p r e s e n t  t h e  p o s t -  

s y n a p t i c  GABA r e c e p t o r .  The p o r h y r i n  p r e c u r s o r

6-ALA i s  a p o t e n t  a g o n i s t  a t  t h e s e  a u t o r e c e p t o r s  

and t h i s  mechanism may w e l l  e x p l a i n  some o f  t h e  

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

a t t a c k .  O th e r  e f f e c t s  o i  6-ALA on amino a c i d  

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



t h e  r a n g e  r e c o r d e d  i n  t h e  CSF o f  p a t i e n t s  d u r i n g  

a c u t e  p o r p h y r i c  a t t a c k s . F u r t h e r ,  i t  has  been  

shown t h a t  t h e r e  i s  a good c o r r e l a t i o n  be tw een  

r e c e p t o r  occupancy  by a number o f  GABA a g o n i s t s  

and i n h i b i t i o n  o f  s t i m u l a t e d  GABA r e l e a s e . T h is  

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

t h e  e f f e c t o r  mechanism -  p r o b a b l y  a Cl i o n o p h o r e .
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