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Summary

The aims o f  t h i s  work were to  i n v e s t i g a t e  some o f  th e  mechanisms 

u n d e r ly in g  th e  deve lopm ent o f  e p i l e p t i f o r m  a c t i v i t y  by s tu d y in g  th e  

changes i n  evoked p o t e n t i a l  c h a r a c t e r i s t i c s  t h a t  o c c u r r e d  i n  th e  in  

v iv o  p e n i c i l l i n  model o f  f o c a l  e p i l e p s y  and t o  u s e  any such  f i n d i n g s  

as  a  means o f  f u r t h e r  i n v e s t i g a t i o n  i n t o  th e  r o l e  o f  th e  d i f f e r e n t  

e x c i t a t o r y  r e c e p t o r s  i n  t h i s  abnorm al a c t i v i t y .  E xper im en ts  

were pe rfo rm ed  on 93 male w i s t a r  r a t s  a n a e s t h e t i s e d  w i th  u r e th a n e  

(.1. 9 g /k g ;  i n t r a p e r i t o n e a l l y )  . The e l e c t r o c o r t i c o g r a m  (ECoG) 

and i n t r a c o r t i c a l  a c t i v i t y  was c o n t i n u a l l y  m o n i to re d  w h i l s t  

p e n i c i l l i n  was e l e c t r o p h o r e t i c a l l y  e j e c t e d  i n t o  t h e  n e o c o r te x  

i n  o r d e r  to  p roduce  e p i l e p t i f o r m  a c t i v i t y .

I n v e s t i g a t i o n s  i n t o  th e  mechanisms o f  e p i l e p t i f o r m  a c t i v i t y , v 

u s in g  b o th  i n - v i t r o  and in - v i v o  m odels  o f  f o c a l  e p i l e p s y ,  have 

on th e  w ho le ,  c o n c e n t r a t e d  on t h e  e s t a b l i s h e d  fo c u s  and th e  

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

t h e  form  o f  t h e  e x t r a c e l l u l a r l y  r e c o r d e d  e p i l e p t i c  s p ik e  o r  

t h e  i n t r a c e l l u l a r l y  r e c o r d e d  pa roxysm al d e p o l a r i s a t i o n  s h i f t *

(PDS). A d i s a d v a n ta g e  o f  such  an a p p ro ach  i s  t h a t  i t  c a n n o t  

y i e l d  any i n f o r m a t io n  as  to  any changes i n  c o r t i c a l  a c t i v i t y  

t h a t  may be o c c u r r in g  b e f o r e  th e  a p p e a ra n c e  o f  th e  e s t a b l i s h e d  

e p i l e p t i c  f o c u s ;  a l th o u g h  t h e  p r o c e s s e s  u n d e r ly in g  th e  g r o s s  

m a n i f e s t a t i o n s  o f  e p i l e p s y  can be s t u d i e d ,  t h o s e  t h a t  l e a d  to  

such  a s t a t e  c a n n o t .  I n  t h i s  s tu d y  I  have  used  evoked 

c o r t i c a l  a c t i v i t y  to  f o l l o w  any changes t h a t  may be o c c u r r in g  i n  

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

o c c u r s .  Evoked p o t e n t i a l s  can p r o v id e  an i n d i c a t i o n  as  to  

th e  o v e r a l l  s t a t e  o f  c o r t i c a l  e x c i t a b i l i t y ;  any changes i n
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c o r t i c a l  e x c i t a b i l i t y  b e in g  r e f l e c t e d  by a p p r o p r i a t e  changes  

i n  evoked  a c t i v i t y .

D ur ing  t h e  deve lopm ent o f  th e  a c u te  p e n i c i l l i n  e p i l e p t i f o r m  

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

w ere  d e f i n e d  by th e  i n v e s t i g a t i o n  o f  th e  chan g in g  c h a r a c t e r ­

i s t i c s  o f ‘‘so m a to sen so ry  evoked p o t e n t i a l s  (SEPs) and 

p o t e n t i a l s  evoked by d i r e c t  c o r t i c a l  s t i m u l a t i o n  (DCS).

The f i r s t  i n d i c a t i o n  t h a t  two s e p a r a t e  p h a s e s  o f  c o r t i c a l  

h y p e r e x c i t a b i l i t y  m igh t  e x i s t  a ro s e  from  th e  d i f f e r e n c e s  

be tw een  th e  waveforms o f  enhanced  evoked p o t e n t i a l s  d u r in g  

th e  deve lopm en t o f  th e  e p i l e p t i f o r m  f o c u s .  Sm all c o n c e n t r a t io n 's  

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

-1 0 0  nA) r e s u l t e d  i n  t h e  enhancem ent o f  t h e  a m p l i tu d e  o f  

evoked p o t e n t i a l s  (up to  t h r e e  t im es  p r e - d r u g  l e v e l s ) ,  w i th  

no change i n  t h e  waveform ( p h a s e  I ) ;  t h e  enhanced  p o t e n t i a l s  

w ere  v e ry  s i m i l a r  i n  a p p e a ra n c e  to  norm al evoked p o t e n t i a l s . ^  

Phase  I  u s u a l l y  o c c u r r e d  w i t h i n  f i v e  to  t e n  m in u te s  a f t e r  th e  

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

sp o n ta n e o u s  e p i l e p t i f o r m  s p i k i n g .  L a rg e r  c o n c e n t r a t i o n s  o f  

p e n i c i l l i n  ( e j e c t e d  by e l e c t r o p h o r e t i c  c u r r e n t s  g r e a t e r  th a n  

-1 5 0  nA) r e s u l t e d  i n  an enhancem ent o f  d u r a t i o n  (up to  t h r e e  

t im e s  t h e  p r e - d r u g  l e v e l s )  as w e l l  as  f u r t h e r  i n c r e a s e s  i n  t h e  

a m p l i tu d e  (up t o  n in e  t im es  p r e - d r u g  l e v e l s )  o f  evoked 

p o t e n t i a l s  (phase  I I ) .  Phase  I I  was a s s o c i a t e d  w i th  t h e  o n s e t  

o f  sp o n ta n e o u s  e p i l e p t i f o r m  s p i k e s ,  which were v e r y  s i m i l a r  

i n  a p p e a ra n c e  to  t h e  enhanced  evoked p o t e n t i a l s  i n  p h a se  I I .
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The c o n c e p t  o f  two p h a s e s  i n  p e n i c i l l i n  e p i l e p t o g e n e s i s  

was f u r t h e r  s u b s t a n t i a t e d  by t h e  f i n d i n g s  t h a t  th e  r e f r a c t o r y  

p e r i o d  o f  t h e  p o t e n t i a l s  enhanced  by sm a l l  d o se s  o f  p e n i c i l l i n  

(p h ase  I )  was t h e  same as  th e  r e f r a c t o r y  p e r i o d  o f  norm al 

p o t e n t i a l s  ( l e s s  th a n  100 ms f o r  SEPs and 40 ms f o r  DEPs).

However th e  r e f r a c t o r y  p e r i o d  o f  enhanced  evoked p o t e n t i a l s  

i n  phase  I I  was much g r e a t e r  ( i n  e x c e s s  o f  300 ms) th a n  t h a t  

o f ’b o th  norm al p o t e n t i a l s  and evoked p o t e n t i a l s  i n  p h ase  I I .

The s t im u lu s  s t r e n g t h  r e s p o n s e  r e l a t i o n s h i p  o f  norm al 

evoked p o t e n t i a l s  and evoked p o t e n t i a l s  i n  p h ase  I  were v e ry  

s i m i l a r  to  one a n o th e r  and b o th  fo l lo w e d  a s ig m o id a l  r e l a t i o n — 

s h ip .  The s t im u lu s  s t r e n g t h  r e s p o n s e  r e l a t i o n s h i p  o f  evoked 

p o t e n t i a l s  i n  phase  I I ,  which was v e r y  n e a r l y  a  sq u a re  

wave r e l a t i o n s h i p ,  was v e ry  d i f f e r e n t  from  t h a t  o f  evoked 

p o t e n t i a l s  i n  p h ase  I  and norm al evoked p o t e n t i a l s .

I t  was t h e r e f o r e  c o n c lu d ed  t h a t  t h e  u n d e r ly in g  a c t i v i t y  « 

i n  phase  I  o f  p e n i c i l l i n  e p i l e p t o g e n e s i s  was no d i f f e r e n t  from  

norm al a c t i v i t y .  However, th e  a c t i v i t y  u n d e r ly in g  evoked 

p o t e n t i a l s  i n  phase  I I  was d i f f e r e n t  from  t h a t  o f  b o th  phase  I  

and norm al a c t i v i t y .

The c r i t i c a l  mass o f  c o r t e x  r e q u i r e d  t o  g e n e r a t e  t h e  d i f f e r e n t  

p h a s e s  o f  p e n i c i l l i n  e p i l e p t o g e n e s i s  was i n v e s t i g a t e d  by th e  s u b - p i a l  

i s o l a t i o n  o f  ’b l o c k s '  o f  c o r t e x  o f  d i f f e r e n t  d im e n s io n s .  I t  was found t h a t  

a  t h r e s h o l d  mass o f  c o r t e x  ( a b o u t  0 . 6  x 0 . 6  mm on th e  c o r t i c a l  s u r f a c e )  was
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n e c e s s a r y  f o r  t h e  g e n e r a t i o n  o f  b o t h  p h ase  I  and phase  I I  of 

e p i l e p t o g e n e s i s . Any mass o f  c o r t e x  s m a l l e r  th a n  th e  t h r e s h o l d  

d id  n o t  g e n e r a t e  any enhancem ent o f  evoked p o t e n t i a l s ,  

a l th o u g h  norm al p o t e n t i a l s  c o u ld  be e voked . On no o c c a s s io n  

was a p a r t i c u l a r  volume o f  c o r t e x  a b le  t o  su p p o r t  o n ly  phase  I 

w i th o u t  phase  I I .  T h e r e f o r e ,  t h e  c o r t i c a l  mass re q u i re m e n t  o f  

b o th  phase  I  and phase  I I  was t h e  same and g r e a t e r  th an  th e  

r e q u i r e m e n ts  o f  norm al a c t i v i t y .

The s i m i l a r i t y  b e tw een  t h e  p h y s i o l o g i c a l  c h a r a c t e r i s t i c s  o f  

phase  I and norm al evoked p o t e n t i a l s  im p l ie d  t h a t  th e  

e x c i t a t o r y  r e c e p t o r  mechanisms m e d ia t in g  t h e  u n d e r ly in g  

a c t i v i t y  m igh t  a l s o  be th e  same ( k a i n a t e / q u i s q u a l a t e  

r e c e p t o r s ) .  The a c t i v i t y  u n d e r ly in g  phase  I I  o f  p e n i c i l l i n  

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

a c t i v i t y  and d i f f e r e n c e s  form normal and phase  I a c t i v i t y ,  

m igh t be  m ed ia te d  by a d i f f e r e n t  group o f  e x c i t a t o r y  r e c e p t o r s  

(N-Methyl-D-As p a r t  a t e  r e c e p t o r s ;  NMDA) . T h e r e f o r e ,  t h e  

p h a rm a c o lo g ic a l  b a s i s  o f  t h e  p h ases  o f  h y p e r e x c i t a b i l i t y  was 

i n v e s t i g a t e d .  Both phase  I  and phase  I I  enhancem ent o f  evoked 

p o t e n t i a l s  was b lo c k e d  by th e  NMDA r e c e p to r  a n t a g o n i s t s ,  

k e ta m in e  and 2 ,5  amino p h o s p h o n o v a le r ic  a c id  (APV) . T h is  

im p l ie d  t h e r e f o r e ,  t h a t  a l l  hype re x c  i t  a b i l i t y  in  th e  

p e n i c i l l i n  e p i l e p t i f o r m  fo c u s  was m ed ia ted  by NMDA r e c e p t o r s ;  

a r e d u c t i o n  in  no rm al  GABAergic i n h i b i t i o n  by p e n i c i l l i n  

r e s u l t e d  in  h y p e r e x c i t  a b i l i t y  m ed ia ted  by NMDA r e c e p t o r s .  The
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e p i l e p t i f o r m  a c t i v i t y  r e s u l t i n g  from th e  a c t i o n  o f  s t r y c h n i n e  

was a l s o  b lo c k e d  by NMDA a n t a g o n i s t s .  T h e r e f o r e ,  a g e n e r a l  

r e d u c t i o n  o f  c o r t i c a l  i n h i b i t i o n  r e s u l t e d  in  hype rex c  i t  a b i l i t y  

w hich  i s ,  a t  l e a s t  in  t h e s e  two p r o c e d u r e s ,  m ed ia ted  th ro u g h  

t h e  a c t i v a t i o n  o f  NMDA r e c e p t o r s .
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LITERATURE REVIEW

WHAT IS EPILEPSY?

D e f in in g  e p i l e p s y  has  n e v e r  b e e n  an e a sy  t a s k .  A 

m e c h a n is t ic  d e f i n i t i o n ,  ' . . . a  s t a t e  p roduced  by an abnorm al 

e x c e s s iv e  n e u ro n a l  d i s c h a r g e  w i t h in  t h e  c e n t r a l  n e rv o u s  

s y s te m '  ( P e n f i e ld  and J a s p e r ,  1954), i s  p e rh a p s  th e  s im p le s t  

d e f i n i t i o n ,  a l th o u g h  what i s  abnorm al and w hat i s  e x c e s s iv e  in  

th e  c e n t r a l  n e rv o u s  sys tem  i s  open t o  de b a t e .  The

' s e i z u r e ' t h e r e f o r e ,  i s  a consequence  o f  w h ere ,  when and how 

th e  e x c e s s iv e  n e u ro n a l  d i s c h a r g e  o c c u rs  and in  a sy s tem  as

c o m p l ic a te d  a s  t h e  human c e n t r a l  n e rv o u s  sy s tem  a m u l t i t u d e  o f  

d i f f e r e n t  ty p e s  o f  ' s e i z u r e '  w i l l  i n e v i t a b l y  occu r  when 

d i f f e r e n t  p a r t s  o f  t h e  b r a i n  a r e  i n v o lv e d .  The c o m p l ic a te d  and 

long  l i s t  o f  t h e  ty p e s  o f  e p i l e p s y  (Bancaud e t  a l . ,  1981) o n ly  

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

c o n d i t i o n  w hich can  p r e s e n t  i t s e l f  in  so many d i f f e r e n t  fo rm s.

C o n d i t io n s  o r i g i n a t i n g  w i t h i n  t h e  b r a i n  have always been  

s u b j e c t  t o  f e a r s ,  m is u n d e r s t a n d in g s ,  and deep s u s p i c i o n s .  

Nowhere has t h i s  been  more e v id e n t  th a n  in  t h e  common 

a t t i t u d e s  to w a rd s  t h e  s u f f e r e r s  o f  e p i l e p s y .  Even to d a y ,  many 

p e o p le  r e g a r d  a p e r s o n  who s u f f e r s  from e p i l e p s y  as  somehow 

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

o v e r s i m p l i f i e d  and e x t r e m e ly  m is le a d in g  d e i f i n i t i o n s  of
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e p i l e p s y ,  such  as  t h a t  g iv e n  in  The C onc ise  Oxford  D ic to n a ry ;  

'N ervous  d i s e a s e  i n  w hich  p a t i e n t  f a l l s  t o  ground u n c o n s c io u s  

I t  i s  w o r th  p a u s in g  t h e r e f o r e ,  t o  r e f l e c t  b r i e f l y  on 

some o f  t h e  a t t i t u d e s  to w a rd s  e p i l e p s y  th ro u g h  th e  a g e s .



HISTORICAL PERSPECTIVES ON EPILEPSY

The commonly h e ld  v iew  o f  e p i l e p s y ,  u n t i l  r e l a t i v e l y  

r e c e n t l y ,  has b e e n  o f  a  d i s e a s e  w i th  o r i g i n s  in  t h e  unknown, 

s p i r i t u a l  w orld ;  t h i s  ' s a c r e d  d i s e a s e '  was s e n t  upon an 

i n d i v i d u a l  by p a r t i c u l a r  d e i t i e s  as  a  form o f  p u n ishm en t,  o r  

was seen  as th e  work o f  demons, o r  even a r e t r i b u t i o n  f o r  s in s  

com m itted  a g a i n s t  S e le n e ,  t h e  moon g o d d e s s .  W hatever th e  

c a u s e ,  t h e  u n d e r ly in g  b e l i e f  was o f  an i n f l i c t i o n  o r  

p o s s e s s i o n  by some 'p o w er '  g r e a t e r  th a n  man. I n e v i t a b l y ,  th e  

c u r e s  f o r  such  a d i s e a s e  c o u ld  o n ly  have been  th ro u g h  

s u p e r s t i t i o u s  o r  m ag ica l  r e m e d ie s ,  w hich in c lu d e d  th e  d r in k in g  

o f  human b lo o d ,  t h e  consum ption  o f  b u r n t  human bones and o t h e r  

su ch  d e l i g h t s  (Temkin, 1971) .

The e a r l i e s t  r e c o rd e d  com prehens ive  t e x t  on e p i l e p s y  i s  one 

o f  t h e  books o f  th e  H ip p o c r a t i c  c o l l e c t i o n  o f  m ed ica l  

w r i t i n g s ,  'On t h e  Sacred  D i s e a s e '  ( c i r c a  400 BC) , in  w hich i t  

was s t a t e d  t h a t  t h e  u n d e r ly in g  c a u se  o f  t h e  d i s e a s e  was p u r e l y  

a p h y s i c a l  phenomenon o r i g i n a t i n g  w i t h i n  t h e  b r a i n  and t h a t  

t h e  ' s a c r e d  d i s e a s e '  was no more s a c r e d  th a n  any o t h e r .  In th e  

l i g h t  o f  t h e  commonly h e ld  b e l i e f s  o f  t h a t  t im e ,  t h e s e  

w r i t i n g s  r e p r e s e n t e d  a m ajor  s t e p  fo rw ard  in  moving away from 

a s u p e r n a t u r a l  tow ards  a m ed ic a l  and s c i e n t i f i c  view o f  

e p i l e p s y .
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Such p r o g r e s s  in  th o u g h t  c o n t in u e d  i n t o  t h e  t h i r d  and 

second c e n t u r i e s  BC, when some p h y s i c i a n s  c o n s id e r e d  one of 

t h e  c a u se s  o f  e p i l e p s y  t o  be a p h y s i c a l  i n s u l t  t o  th e  

m eninges. Galen i n s i s t e d  t h a t  e p i l e p s y  was due t o  an 

' a f f e c t i o n 1 o f  t h e  b r a i n  e i t h e r  a r i s i n g  w i t h in  t h e  b r a i n  

i t s e l f ,  o r  was a s e c o n d a ry  e f f e c t ,  r e s u l t i n g  from d i s e a s e  o f  

a n o th e r  p a r t  o f  t h e  body . A c u r e  f o r  t h e  l a t t e r  was t o  l i g a t e  

t h a t  p a r t  o f  th e  body t o  p re v e n t  th e  a f f e c t e d  humors r e a c h in g  

th e  r e s t  o f  t h e  body o r  t h e  b r a i n .  O th e r  rem ed ies  in c lu d e d  

t r e p h i n i n g  o f  th e  s k u l l  and b l e e d in g  a t  v a r io u s  p o i n t s  to  

d i s p e r s e  t h e  bad humors t h a t  had c o l l e c t e d  in  t h e  b r a i n .

The e n l i g h t e n e d  v iew s  o f  th e  p h y s ic i a n s  d id  n o t  pe rm eate  

i n t o  s o c i e t y  how ever, and th ro u g h o u t  t h e  en su in g  c e n t u r i e s  

t h e r e  was i f  a n y th in g ,  a  r e g r e s s i o n  in  t h e  p l i g h t  o f  s u f f e r e r s  

o f  e p i l e p s y ,  who were now o f t e n  reg a rd e d  as b e in g  p o s s e s s e d  by 

s a t a n i c  i n f l u e n c e s .  L u n a t i c s  and e p i l e p t i c s  were c o n s id e r e d  t o  

be one and th e  same, b o t h  b e in g  a f f e c t e d  by th e  moon and th e  

s t a r s .  I n d e e d ,  some p h y s ic i a n s  b e l i e v e d  t h a t  t h e  moon h e a te d  

t h e  a tm o sp h e re  s u r ro u n d in g  th e  e a r t h ,  m e l te d  t h e  b r a i n  and 

th u s  provoked a s e i z u r e .  D uring  t h e s e  t im e s  r e l i g i c u s ,  

s u p e r s t i t i o u s  and m ed ic a l  t h in k i n g  came t o g e t h e r  t o  p ro v id e  a 

h o tc h p o tc h  o f  t h e o r i e s  and t r e a t m e n t s  f o r  e p i l e p s y .  There  were 

few p h y s i c i a n s  who would n o t  r e a d i l y  recommend a reg im en  of  

p r a y e r ,  f a s t i n g  and d i e t a r y  t r e a tm e n t s  as  w e l l  as rem edies

-  9 -

i



borrow ed  from th e  s o r c e r e r s  and m a g ic ia n s ,  such  as th e  

consum ption  o f  t e s t i c l e s  o f  w i ld  b o a r  and th e  stom ach and 

b lo o d  o f  w e a s e l .

O nly  in  t h e  s i x t e e n t h  c e n t u r y ,  n e a r l y  tw en ty  c e n t u r i e s  

a f t e r  f i r s t  b e in g  p ro p o s e d ,  was a p h y s i c a l  cause  o f  e p i l e p s y  

once more s o u g h t .  A t t e n t i o n  was now b e in g  p a id  t o  t h e  

c o r r e l a t i o n  betw een head  i n j u r i e s  and th e  o c c u r re n c e  o f  any 

e n su in g  s e i z u r e s  (B e re n g a r iu s  da C a r p i ,  1518; D u r e tu s ,  from 

H o l l e r i u s ,  1623, se e  Temkin, 1971 p p l8 6 - 1 8 7 ) .  Such

o b s e r v a t io n s  w ere  t o  b ro a d e n  t h e  c l i n i c a l  knowledge o f  

e p i l e p s y  and in  t h e  n i n e t e e n t h  c e n tu r y  t h i s  l i n e  o f  th o u g h t  

was s t i l l  b e in g  v i g o r o u s l y  p u r s u e d .  P o s t  mortem a n a ly s e s  o f  

th e  b r a i n s  o f  some e p i l e p t i c  p a t i e n t s  showed v a r io u s  tumors 

and d i s e a s e d  m eninges ( B r i g h t ,  1831, s e e  Temkin, 1971 pp308) 

and a c a u s a l  r e l a t i o n s h i p  w i th  s e i z u r e s  was i n f e r r e d .  I t  was 

a l s o  i n f e r r e d  t h a t  o t h e r  forms o f  s e i z u r e s ,  w hich cou ld  n o t  be 

d i r e c t l y  t r a c e d  t o  an obv ious  u n d e r l y i n g  c a u s e ,  were a l s o  th e  

r e s u l t  o f  some form  o f  b r a i n  damage, b u t  t h a t  t h i s  damage 

co u ld  n o t  be so  e a s i l y  p in p o in t e d  ( P o r t a l ,  1827, s e e  Temkin, 

1971 pp272) .
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In  t h e  l a t e  n i n e t e e n t h  c e n t u r y ,  t h e  c o n c e p t  t h a t  p a r t i c u l a r  

p a r t s  of  t h e  c e r e b r a l  h e m isp h e re s  c o n ta in e d  c e n t r e s  f o r  

c e r t a i n  m otor and s e n s o r y  f u n c t io n s  began  t o  t a k e  r o o t  

( F r i t s c h  and H i t z i g ,  1870, s e e  B r a z i e r ,  1973; F e r r i e r ,  1873). 

T h is  had v e ry  im p o r ta n t  i m p l i c a t i o n s  f o r  e p i l e p s y ,  f o r  i t  was 

t h e n  b u t  a s h o r t  s t e p  t o  t h e  n o t i o n  t h a t  a s e i z u r e  w hich 

in v o lv e d  a p a r t i c u l a r  p a r t  o f  th e  body was due t o  damage t o  

t h e  p a r t  o f  t h e  b r a i n  a s s o c i a t e d  w i th  i t .  John H ughlings 

J a c k s o n  s t a t e d  t h a t  a f i t  was t r i g g e r e d  by an ' e x c e s s i v e  

d i s c h a r g e '  in  a l o c a l i s e d  p a r t  o f  t h e  b r a i n ;  i f  t h e  d i s c h a r g e  

s p re a d  th e n  n e ig h b o u r in g  ' s a n e  c e l l s '  were a l s o  made t o  behave  

in  t h e  same manner; th u s  as t h e  d i s c h a r g e  sp re a d  in  t h e  b r a i n  

so t h e  s e i z u r e  a l s o  s p re a d  from i t s  o r i g i n  t o  in c lu d e  o t h e r  

p a r t s  o f  t h e  body . F u r th e r m o r e ,  he con c lu d ed  t h a t  i f  t h e  

d i s c h a r g in g  c e l l s  were l o c a t e d  in  th e  tem p o ra l  lo b e s  th e n  

e p i l e p s y  o f  a 'd ream y s t a t e '  e n s u e d ,  w h i l s t  i f  t h e  d i s c h a r g in g  

c e n t r e  was in  s e n s o r im o to r  a r e a s  th en  c o n v u ls io n s  and b o d i l y  

t re m o rs  occu red  (H ugh lings  J a c k s o n ,  1931). Much o f  H ughlings 

J a c k s o n 's  work r e s t e d  on f i n d i n g s  from p o s t-m o rtem  s t u d i e s  

w hich  showed t h a t  some c a s e s  of  e p i l e p s y  were a s s o c i a t e d  w i th  

th e  p re s e n c e  o f  o rg a n ic  b r a i n  d i s e a s e s ;  There  was s t i l l  no 

e x p l a n a t i o n  f o r  t h e  c a u s e s  o f  e p i l e p s y  w hich had no 

d e m o n s t r a ta b le  a s s o c i a t e d  b r a i n  damage.
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EARLY EXPERIMENTAL EPILEPSY AND THE ELECTROENCEPHALOGRAM

(EEG)

Much o f  t h e  p r e s e n t  knowledge o f  t h e  c e l l u l a r  and ch em ica l  

a b n o r m a l i t i e s  o f  b r a i n  f u n c t i o n  t h a t  may le a d  t o  e p i l e p s y  has 

a r i s e n  th ro u g h  t h e  i n v e s t i g a t i o n  o f  v a r i o u s  e x p e r im e n ta l  

models o f  s e i z u r e  a c t i v i t y .

The f i n d i n g  t h a t  s e i z u r e  s t a t e s  cou ld  be induced

e x p e r i m e n t a l l y  ( e g .  F r i t s c h  and H i t z i g ,  1870; see  B r a z i e r ,  

1973) and t h e  d i s c o v e r y  o f  t h e  e l e c t r i c a l  a c t i v i t y  o f  t h e  

b r a i n  (C a to n ,  1875; s e e  B r a z i e r ,  1973), were m ajor s t e p s

fo rw ard  t h a t  were e v e n t u a l l y  t o  l e a d  t o  a g r e a t e r  

u n d e r s t a n d in g  o f  th e  n a t u r e  o f  th e  'e x c e s s i v e  d i s c h a r g e 1 

p o s t u l a t e d  by H ugh lings  J a c k s o n .

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

provoked  l i t t l e  i n t e r e s t  in  th e  West f o r  ove r  t h i r t y  y e a r s .  

Meanwhile Kaufman (1912, s e e  B r a z i e r ,  1973), in  S t .  

P e t e r s b u r g ,  r e c o r d e d  t h e  EEG from dogs w h i l s t  s t i m u l a t i n g  th e  

c o r t e x  e l e c t r i c a l l y  t o  induce  t o n i c  and c lo n i c  s e i z u r e s .  He 

had p ro p o se d  t h a t  t h e  e p i l e p t i c  s e i z u r e  would be accom panied 

by an abnorm al e l e c t r i c a l  d i s c h a r g e  in  t h e  b r a i n .  C y b u lsk i  and

J e le n s k a -M a c ie s z y n a  (1913, s e e  B r a z i e r ,  1973) p ro v id e d  th e

f i r s t  p h o to g ra p h ic  r e c o r d s  o f  an abnormal EEG in  

e x p e r i m e n t a l l y  induced  e p i l e p s y  in  dogs and monkeys. I t  was
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o n ly  when r e c o r d s  o f  t h e  EEG from human s u f f e r e r s  o f  e p i l e p s y  

were p u b l i s h e d  ( B e rg e r ,  193 1, s e e  B r a z i e r ,  1971; Gibbs e t  a l . ,  

1935) t h a t  t h e  c l i n i c a l  i m p l i c a t i o n s  o f  t h i s  m ethod, which had 

b e e n  ig n o re d  f o r  so  lo n g ,  were f i n a l l y  r e a l i s e d .  Use o f  th e  

e x p e r im e n ta l  i n d u c t io n  o f  e p i l e p t i f o r m  a c t i v i t y  in  an im a ls  has 

s in c e  f l o u r i s h e d  in  an a t te m p t  t o  u n d e r s t a n d  th e  b a s ic  

mechanisms u n d e r l y i n g  th e  e x c e s s iv e  e l e c t r i c a l  d i s c h a r g e  

re c o rd e d  by C y b u ls k i  and J e le n s k a -M a c ie s z y n a  (1913, s e e  

B r a z i e r ,  1971) .



RECENT HISTORY OF EXPERIMENTAL EPILEPSY

In  th e  d i f f e r e n t  e x p e r im e n ta l  models t h a t  have been used  

o v e r  t h e  y e a r s ,  e x p e r im e n te r s  have t r i e d  t o  mimic t h e  human 

forms of b o th  g e n e r a l i s e d  and f o c a l  e p i l e p s y .  The v a r io u s  

m ethods t h a t  have b e e n  used  a r e  to o  many and to o  d i v e r s e  f o r  

th e  scope  o f  t h i s  r e v ie w ,  hence  o n ly  a s e l e c t i o n  of th e s e  w i l l  

be  c o n s id e r e d  in  an a t t e m p t  t o  h i g h l i g h t  t h e  p ro b lem s,  

i n s i g h t s  and d i s c r e p a n c i e s  a f f o r d e d  by  th e  e x p e r im e n ta l  

i n v e s t i g a t i o n  o f  'The  E p i l e p s i e s ' .

( I )  MODELS OF FOCAL EPILEPSY

F o c a l  e p i l e p s y  i s  a s t a t e  in  w hich  t h e  o r i g i n s  o f  th e  

abnorm al e l e c t r i c a l  d i s c h a r g e  a r e  l o c a l i s e d  in  a p a r t i c u l a r  

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

r e l a t i v e l y  e a sy  t o  mimic e x p e r i m e n t a l l y .  The c h ro n ic  models o f  

f o c a l  e p i l e p s y  come c l o s e s t  t o  r e s e m b lin g  c l i n i c a l  f o c a l  

s e i z u r e s  in  man and a l l  in v o lv e  th e  a p p l i c a t i o n  o f  v a r io u s  

m e t a l s ,  such  as c o b a l t  (Ward, 197 2 ) ,  f e r r i c  c h l o r i d e  (Reid e t  

a l ,  1978), t u n g s t i c  a c id  g e l  (Ward, 1972; E l a z a r  and Blum, 

197 A) and a lum ina  g e l  (K o p e lo f f  e t  a l . ,  19A2; Wyler e t  a l . ,  

1975) t o  th e  c o r t e x .
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Much o f  t h e  e l e c t r o p h y s i o l o g i c a l  knowledge o f  t h e  c e l l u l a r  

mechanisms o f  e p i l e p t i f o r m  a c t i v i t y  have a r i s e n  from t h e  use  

o f  a c u t e ,  in  v iv o  and in  v i t r o ,  f o c a l  models o f  e p i l e p s y .  

These have r e l i e d  m a in ly  on t h e  u se  o f  c e r t a i n  d ru g s  t o  

in d u c e ,  q u i c k ly  and r e l i a b l y ,  a s t a t e  o f  n e u ro n a l  a c t i v i t y  in  

which t h e  h a l lm a rk  o f  e p i l e p t i c  b e h a v io u r ,  t h e  e p i l e p t i c  

s p i k e ,  i s  p ro d u c e d .  T h is  i s  a r e l a t i v e l y  s h o r t  d u r a t i o n  (abou t  

50msec) p o t e n t i a l  t h a t  a r i s e s  from th e  normal e l e c t r i c a l  

a c t i v i t y ,  and o c c u rs  inbetw een  o v e r t  s e i z u r e ,  o r  i c t a l ,  

e v e n t s .  Hence i t  i s  a l s o  known as t h e  i n t e r i c t a l  s p ik e .

The most commonly u se d  .d rugs,  such  as s t r y c h n in e  and 

p e n i c i l l i n ,  a r e  th o s e  t h a t  red u c e  t h e  s t a t e  o f  norm al 

i n h i b i t o r y  i n f l u e n c e  w i t h in  t h e  CNS. P e n i c i l l i n  was f i r s t  

d i s c o v e r e d  t o  be a c o n v u ls iv e  a g e n t  when i n j e c t e d  i n t o  t h e  

c e r e b r a l  v e n t r i c l e s  o f  a human p a t i e n t  in  t h e  t r e a tm e n t  o f  a 

b r a i n  i n f e c t i o n  (Johnson  and W alker, 1945). S ince t h i s  

f i n d i n g ,  p e n i c i l l i n  has become one o f  th e  d rugs  o f  c h o ic e  f o r  

u s e  in  e x p e r im e n ta l  models o f  e p i l e p s y  b e c a u se  o f  t h e  r a p id  

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

r e p e a t a b l e  e f f e c t s .
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A re v ie w  o f  some o f  th e  im p o r ta n t  f i n d i n g s  t h a t  have a r i s e n  

from th e  u s e  o f  models o f  f o c a l  e p i l e p s y  w i l l  now be 

cons i d e r e d .

(a) THE PAROXYSMAL DEPOLARISATION SHIFT

The pa roxysm al d e p o l a r i s a t i o n  s h i f t  (PDS), f i r s t  c o in e d  as 

a p h ra s e  by Matsumoto and Ajmone-Marsan (1964) , i s  a l a r g e  (20 

t o  30mV), long  (50 t o  150 msec) d e p o l a r i s a t i o n  o f  th e  n e u ro n a l  

membrane, from w hich a b u r s t  o f  a c t i o n  p o t e n t i a l s  a r i s e s .  T h is  

i s  fo l lo w e d  by a long  a f t e r - h y p e r p o l a r i s a t i o n  (AHP). The l a r g e  

d e p o l a r i s a t i o n  was found t o  o c c u r  d u r in g  t h e  s u r f a c e  n e g a t i v e  

p h a se  o f  c o r t i c a l  pa roxysm al a c t i v i t y  ( th e  e p i l e p t i c  s p ik e )  

(Goldensohn and P u r p u ra ,  1963) and th e  i n t e r i c t a l  s p ik e  i s  t h e  

e x t r a c e l l u l a r  m a n i f e s t a t i o n  o f  t h e  s y n c h ro n is e d  f i r i n g  o f  PDSs 

by n e u ro n e s  w i th in  th e  fo c u s  (Matsumoto and Ajmone-M arsan, 

1964) . The PDS i s  found t o  o c c u r  in  a lm os t  a l l  n eu rones  in  t h e  

a c u te  s t r y c h n i n e  (L i ,  C . - L . ,  1959), p e n i c i l l i n  (Matsumoto and 

Ajmone-M arsan, 1964) and f r e e z e  f o c i  (Goldensohn and P u rp u ra ,  

1963) models o f  e p i l e p s y  and in  th e  c h ro n ic  f o c i  o f  monkeys 

( P r in c e  and F u ta m a c h i ,  1968) and humans ( P r in c e  and Wong,

1 98 1 ) .
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Because  th e  PDS was r e c o g n i s e d  t o  b e ,  a t  th e  c e l l u l a r  

l e v e l ,  a fundam en ta l  ' s i g n a t u r e 1 o f  f o c a l  e p i l e p t i f o r m  

a c t i v i t y ,  an u n d e r s t a n d in g  o f  th e  b a s i s  o f  t h i s  phenomenon was 

im p o r ta n t  in  e l u c i d a t i n g  th e  mechanisms by which s i n g l e  

n e u ro n e s  p a r t i c i p a t e  in  e p i l e p t i c  a c t i v i t y .  K andel and Spencer 

(1 9 6 1 ) ,  who re c o rd e d  t h e s e  l a r g e  d e p o l a r i s a t i o n s  in  

h ippocam pal  n e u ro n e s ,  and th o u g h t  t h a t  t h e s e  were th e  r e s u l t  

o f  a summation o f  a l a r g e  number o f  e x c i t a t o r y  p o s t - s y n a p t i c  

p o t e n t i a l s  (EPSPs), d i f f e r e d  in  t h e i r  i n t e r p r e t a t i o n  from 

Matsumoto and Ajmone-Marson (1 9 6 4 ) ,  who c o n s id e r e d  th e  PDS t o  

be due t o  ' . . u n a l t e r e d  s y n a p t i c  i n f l u e n c e s . . '  and ' . . .  

d e te rm in e d  by i n t r i n s i c  a l t e r a t i o n s  w i t h i n  t h e  c e l l  i t s e l f '  . 

Thus th e  s t a g e  was s e t  f o r  an a rgum ent which s t i l l  r a g e s  in  

some q u a r t e r s  ( s e e  J o h n s to n  and Brown, 1986) a s  t o  w hich o f  

t h e  h y p o th e s e s ,  t h e  ' g i a n t  EPSP' o r  th e  'endogenous b u r s t 1, 

b e s t  e x p la i n s  t h e  mechanisms o f  PDS g e n e r a t i o n .

The g e n e r a t i o n  o f  th e  paroxysm al d e p o l a r i s a t i o n  s h i f t

( i )  G ian t  e x c i t a t o r y  p o s t - s y n a p t i c  p o t e n t i a l ? . . . .

The ' g i a n t  EPSP' h y p o th e s i s  r a p i d l y  g a in e d  fa v o u r  a f t e r  th e  

f i n d i n g  t h a t  t h e  PDS a m p l i tu d e  v a r i e d  w i t h  membrane p o t e n t i a l  

( P r i n c e ,  1966) and t h a t  t h e  PDS had an a p p a re n t  r e v e r s a l  

p o t e n t i a l  ( P r i n c e ,  1968). F u r th e rm o re ,  D i c h t e r  and Spencer  

(1969a; 1969b) showed t h a t  in  t h e  f e l i n e  hippocampus th e  PDS

c o u ld  o n ly  be e l i c i t e d  by o r th o d ro m ic  s t i m u l a t i o n ;
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i n t r a c e l l u l a r  d e p o l a r i s a t i o n  o f  s i n g l e  c e l l s  d id  n o t  r e s u l t  in  

a PDS. F u r t h e r  s u p p o r t  f o r  t h i s  h y p o th e s i s  came from th e  

f i n d i n g  t h a t  t h e  PDS was a s s o c i a t e d  w i th  an i n c r a a s e  in  

membrane c o n d u c ta n c e  (Ayala  e t  a l ,  1970) and t h a t  i t  c o u ld  be 

g raded  in  a m p l i tu d e  (Matsumoto e t  a l ,  1969). Ayala e t  a l .  

(1973) s t a t e d  t h a t  t h e  PDS was a ' . . . c o m p o u n d  EPSP produced  by 

r e c u r r e n t  e x c i t a t o r y  fe e d b a c k  s y n a p s e s . .  ' .  More r e c e n t l y ,  

J o h n s to n  and Brown (1986) have p ro v id e d  f u r t h e r  and d i r e c t  

e v id e n c e ,  u s in g  s i n g l e  e l e c t r o d e  v o l t a g e  and c u r r e n t  clamp 

t e c h n i q u e s ,  f o r  t h e  n o t io n  t h a t  t h e  PDS i s  a ' g i a n t  EPSP '.

( i i ) . . . . 0 r  i n t r i n s i c  c e l l u l a r  a b n o rm a li ty ?

The a d v e n t  o f  t h e  in  v i t r o  b r a i n  s l i c e  te c h n iq u e  (Yamamoto 

and K a w a i i ,  1967) has  a l lo w e d  a d e t a i l e d  c h a r a c t e r i s a t i o n  o f  

t h e  p r o p e r t i e s  o f  h ippocam pal n e u ro n e s .  I t  has been  shown t h a t  

py ram id a l  c e l l  b o d ie s  (S c h w a r tz k ro in  and Slawsky, 1977) and 

d e n d r i t e s  (Wong and P r i n c e ,  1979) have t h e  a b i l i t y  t o  p roduce  

s low , r e g e n e r a t i v e  c a lc iu m  p o t e n t i a l s .  A l a r g e  d e p o l a r i s a t i o n  

and b u r s t  o f  a c t i o n  p o t e n t i a l s  can  be induced  in  CA3 n eu ro n es  

by i n t r a c e l l u l a r  d e p o l a r i s a t i o n ;  t h e r e f o r e ,  t h i s  must be 

g e n e ra te d  by t h e  i n t r i n s i c  p r o p e r t i e s  o f  t h e  n e u ro n a l  membrane 

(Wong and P r i n c e ,  1981) .  As a r e s u l t  o f  such  f i n d i n g s  

a t t e n t i o n  began  t o  s h i f t  to w a rd s  t h e  'endogenous  b u r s t '  

h y p o t h e s i s , in  w hich a norm al in p u t  t r i g g e r s  s low , 

v o l t a g e - d e p e n d e n t ,  inw ard  c a lc iu m  c u r r e n t s  which co u ld  form
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t h e  b a s i s  o f  t h e  PDS ( S c h w a r tz k ro in  and W yler ,  1980) when 

norm al i n h i b i t i o n  i s  red u c e d  (Wong and P r i n c e ,  1979). The 

b u r s t i n g  o f  CA3 n e u ro n e s  was b lo c k e d  by t h e  i n j e c t i o n  o f  

h y p e r p o l a r i s i n g  c u r r e n t  i n t o  t h e  c e l l ;  t h i s  manoeuvre 

u n co v e red  a d e p o l a r i s i n g  a f t e r p o t e n t i a l  (DAP), which i s  

p r o b a b ly  c a lc iu m  m ed ia te d  ( Jo h n s to n  e t  a l . ,  1980; Wong and 

P r i n c e ,  1979; Wong and P r i n c e ,  1981) and may be  t h e  mechanism 

by which th e  PDS i s  s u s t a i n e d .

(b) PACEMAKER POPULATIONS OF EPILEPTIFORM ACTIVITY

A n o th e r  im p o r ta n t  c o n c e p t  t h a t  has a r i s e n  from th e  s tu d y  o f

a c u te  models o f  e p i l e p s y  has  been  t h a t  o f  th e  p re s e n c e  o f  a

p o p u l a t i o n  o f  n e u ro n e s  which a c t  t o  d r iv e  'n o r m a l '  c e l l s  i n t o  

an e p i l e p t i c  s t a t e .  T h is  h as  a r i s e n  from th e  f i n d i n g s  t h a t  a

norm al a f f e r e n t  in p u t  t o  t h e  CA3 r e g i o n  in  t h e  p e n i c i l l i n

t r e a t e d  hippocam pus p roduces  e x t r a c e l l u l a r l y  r e c o rd e d  

e p i l e p t i f o r m  b u r s t s .  CA1 n e u ro n e s  a r e  n o t  so  s u s c e p t i b l e  t o  

such  b e h a v io u r ;  how ever, t h e  sp o n ta n e o u s  b u r s t i n g  o f  CA3 

n e u ro n e s  d r iv e s  b u r s t s  in  t h e  CA1 c e l l s  (S c h w a r tz k ro in  and 

P r i n c e ,  1978; Wong and T ra u b , 1983) th ro u g h  th e  e x c i t a t o r y

S c h a f f e r  c o l l a t e r a l s ;  c u t t i n g  t h e s e  c o n n e c t io n s  p r e v e n t s  th e  

CA1 c e l l s  u n d e rg o in g  e p i l e p t i f o r m  a c t i v i t y  ( H a b l i t z ,  1984; 

S c h w a r tz k ro in  and P r i n c e ,  1978). Thus a c e r t a i n  p o p u l a t i o n  of  

n e u ro n e s  which a r e  i n t r i n s i c a l l y  s u s c e p t i b l e  t o  g e n e r a t i n g  

e p i l e p t i f o r m  a c t i v i t y  may d r i v e  n o rm a l ly  ' s t a b l e '  c e l l s  i n t o
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an ’u n s ta b l e *  mode.

F u r t h e r  s u p p o r t  f o r  t h e  c o n c e p t  o f  a  pacem aker p o p u la t io n  

comes from th e  n e o c o r t e x ,  where t h e r e  a r e  a sm a l l  number o f  

n e u ro n e s  in  t h e  m idd le  l a y e r s ,  which may be in te r n e u r o n e s  

(Connors e t  a l . ,  1982) o r  a c l a s s  o f  py ram id a l  n eu ro n es

(McCormick e t  a l , 1985), w hich  have th e  i n t r i n s i c  membrane 

p r o p e r t i e s  p r e d i s p o s in g  t h e s e  c e l l s  t o  g e n e ra te  a l a r g e  

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

1982). These c e l l s  may have th e  a b i l i t y  t o  a c t  as a pacemaker 

p o p u l a t i o n  (G u tn ic k  e t  a l . ,  19 82; C onnors , 1984) by t r i g g e r i n g  

n o n - b u r s t i n g  c e l l s  i n t o  a b u r s t i n g  mode, in  a  s i m i l a r  way t o  

th e  t r i g g e r i n g  o f  CA1 c e l l s  by CA3 c e l l s  in  t h e  h ippocam pus.

In  th e  n e o c o r t e x  th e  m id d le  l a y e r s  a r e  t h e  most s e n s i t i v e  

t o  p e n i c i l l i n  e p i l e p s y  (L ock ton  and Holmes, 1983; E b e r so le  and 

C h a t t ,  1986) and t h i s  may be due t o  t h e  e x i s t e n c e  o f  t h i s  

b u r s t i n g  g roup  o f  n eu ro n es  w i t h i n  t h e s e  l a y e r s ,  which may a c t  

t o  a m p l i fy  and t r a n s f e r  a p a r t i c u l a r  s t i m u lu s  when th e  norm al 

c o n s t r a i n t s  of i n h i b i t i o n  a r e  d e p re s s e d  ( P r in c e  and Connors , 

1986).

The f i n d i n g s  d i s c u s s e d  a b o v e ,  t h a t  c e r t a i n  c e l l  ty p e s  a r e  

more s u s c e p t i b l e  t o  e p i l e p t i f o r m  b e h a v io u r  th a n  o t h e r s ,  has 

a l s o  p ro v id e d  a means o f  b r i n g i n g  t o g e t h e r  t h e  two h y p o th ese s  

o f  PDS g e n e r a t i o n .

-  20 -



The M arry ing  o f  t h e  two H ypotheses

When f i r s t  p r o p o s e d ,  i t  a p p eared  t h a t  t h e  two t h e o r i e s  o f  

PDS g e n e r a t i o n  were m u tu a l ly  e x c l u s i v e ,  b u t  o v e r  t h e  y e a r s  i t  

h a s  become c l e a r  t h a t  b o th  mechanisms c a n ,  and m ust,  e x i s t  

t o g e t h e r  ( s e e  P r in c e  and C onnors ,  1986). As a l r e a d y  d e s c r i b e d ,  

t h e r e  a r e  some c e l l s  w i th in  th e  hippocampus and th e  n e o c o r te x  

t h a t  have t h e  i n t r i n s i c  a b i l i t y  t o  f i r e  in  b u r s t s  (h ippocam pal 

CA3 and some m id d le  l a y e r  n e o c o r t i c a l  n e u ro n e s )  and t h e r e  a r e  

th o s e  t h a t  do n o t  (h ippocam pal CA1 and most n e o c o r t i c a l  

p y ram id a l  c e l l s ) .  The r e l a t i v e  c o n t r i b u t i o n s  o f  i n t r i n s i c  

membrane p r o p e r t i e s  and s y n a p t i c  c u r r e n t s  t o  t h e  g e n e r a t i o n  o f  

t h e  PDS must v a r y  from s t r u c t u r e  t o  s t r u c t u r e  and c e l l  t o  

c e l l ,  d ep en d in g  on t h e  i n t r i n s i c  p r o p e r t i e s  o f  a g iv e n  c e l l  

and i t s  s y n a p t i c  c o n n e c t io n s .
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(c)  THE REQUIREMENT OF A POPULATION OF NEURONES FOR EPILEPSY

An u n d e r s t a n d in g  o f  th e  mechanisms o f  e p i l e p s y  can n e v e r  be 

a c h ie v e d  by c o n s id e r in g  t h e  p r o p e r t i e s  o f  s i n g l e  c e l l s  a lo n e  

b e c au se  a s e i z u r e  i s  th e  consequence  o f  th e  s y n c h ro n is e d  

d i s c h a r g e  o f  many h und reds  o r  th o u sa n d s  o f  n e u rones  ( J a s p e r ,  

1969). M iles  e t  a l . ,  (1984) have e s t im a te d  t h a t  a p p ro x im a te ly  

1000 h ippocam pal CA3 n e u ro n e s  a r e  r e q u i r e d  b e f o r e  t h e s e  c e l l s  

can p roduce  an e x t r a c e l l u l a r l y  r e c o rd e d  m a n i f e s t a t i o n  of  

e p i l e p t i f o r m  a c t i v i t y .  O th e r  w orkers  have shown t h a t  th e  

minimum p o p u l a t io n  r e q u i r e m e n ts  o f  t h e  n e o c o r t e x  a r e  a s i n g l e  

c o r t i c a l  column (Gabor e t  a l . ,  1979) o r  t h e  g rey  m a t t e r

u n d e r ly in g  a s u r f a c e  a r e a  o f  0 .7  sq mm ( R e ic h e n th a l  and 

Hochermann, 197 7 ) .  I t  i s  c l e a r  th e n  t h a t  w i th in  t h e  h ig h e r  

c e n t r e s  o f  t h e  c e n t r a l  n e rv o u s  sy s tem , e p i l e p t i f o r m  a c t i v i t y  

o n ly  comes abou t  when a c r i t i c a l  number o f  n e u ro n e s  i s  

p r e s e n t .

(d) MECHANISMS OF POPULATION SYNCHRONISATION

Because a l a r g e  p o p u l a t i o n  o f  n e u ro n e s  i s  e s s e n t i a l  f o r  th e  

g e n e r a t i o n  o f  e p i l e p s y  in  t h e  mammalian b r a i n ,  t h i s  p o p u l a t io n  

must have t h e  a b i l i t y  t o  s y n c h ro n i s e  i t s  b e h a v io u r  in  o r d e r  t o  

g e n e ra te  t h i s  abnorm al a c t i v i t y .  The manner in  which n e u ro n e s  

a c h ie v e  such  s y n c h r o n i s a t i o n  may be th ro u g h  s e v e r a l  f a c t o r s .  

The most i n t e n s i v e l y  s t u d i e d  has  been  th e  i n h e r e n t  e x c i t a t o r y
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s y n a p t i c  p a th w ay s ,  th e  im p o r ta n c e  of  w hich  was r e c o g n i s e d  by 

A yala  e t  a l  (1 973 ) .  N o n -sy n a p tic  m echanism s, such  as 

e x t r a c e l l u l a r  io n ic  d i s t u r b a n c e s  ( r e v .  Lux e t  a l . ,  1986; 

Somjen, 19 84) and e l e c t r i c a l  i n t e r a c t i o n s  be tw een  c e l l s  (Dudek 

e t  a l . ,  198 6 ) ,  may a l s o  p la y  an im p o r ta n t  r o l e .

( i )  The im p o r ta n c e  o f  s y n a p t i c  t r a n s m i s s io n ;

I f  s y n a p t i c  t r a n s m i s s i o n  i s  b lo ck e d  in  a c o n v u l s a n t - t r e a t e d  

h ippocam pal  s l i c e ,  th e  CA3 p o p u l a t i o n  does n o t  p roduce  

e p i l e p t i f o r m  a c t i v i t y  ( O l iv e r  e t  a l ,  197 8 ) .  GABA a n tagon ism  

does n o t  r e s u l t  in  e p i l e p t i f o r m  a c t i v i t y  in  a l l  n e u ro n a l  

s t r u c t u r e s  (eg c e re b e l lu m  and d e n t a t e  g y ru s )  and t h i s  may be 

b e c a u s e  o f  t h e  la c k  o f  e x c i t a t o r y  r e c u r r e n t  pathways w i th in  

t h e s e  s t r u c t u r e s  (Ayala e t  a l . ,  197 3; B ro o k h a r t  e t  a l . ,  1950). 

S i m i l a r l y ,  CA1 c e l l s  l a c k  such  a mechanism f o r  m utua l  

r e - e x c i t a t i o n  and a r e  l e s s  s u s c e p t a b l e  t o  p ro d u c in g  

sp o n ta n e o u s  e p i l e p t i f o r m  a c t i v i t y  (S c h w a r tz k ro in  and P r in c e ,  

197 8) .

CA3 c e l l s  a r e  l in k e d  t o  one a n o th e r  v i a  e x c i t a t o r y  

c o l l a t e r a l s ,  as  d e s c r ib e d  by L o re n te  de No (1938) and r e c e n t l y  

d e m o n s t ra te d  e l e c t r o p h y s i o l o g i c a l l y  (MacVicar and Dudek, 

1980) . A s m a l l  l o c a l  s t im u lu s  s u f f i c i e n t  t o  e x c i t e  o n ly  a few 

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

t h e  d i s i n h i b i t e d  s l i c e  (Wong and T ra u b ,  1983) by th e
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rapicj/spread o f  a c t i v i t y  from a few t o  most o t h e r  c e l l s  w i th in  

t h e  p o p u l a t i o n .  Traub  and Wong (1983) have m odelled  such 

b e h a v io u r  and have  found t h a t  th e  random c o n n e c t io n  o f  each  

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

s y n a p s e s ,  i s  s u f f i c i e n t  t o  p roduce  r a p id  sy n c h ro n is e d  f i r i n g  

o f  t h e  whole p o p u l a t i o n .

The n e o c o r te x  a l s o  has t h e  n e c e s s a r y  e x c i t a t o r y  s y n a p t i c  

i n t e r c o n n e c t i o n s ,  i n  th e  form of  e x c i t a t o r y  r e c u r r e n t  

c o l l a t e r a l s  ( S z e n t a g o th a i ,  197 8; T a k a h a s h i  e t  a l . ,  1967;

G i l b e r t  and W ie s e l ,  1979) ,  t o  e n a b le  t h e  r a p i d  s y n c h r o n i s a t i o n  

o f  n e u ro n e s  th ro u g h o u t  t h e  c o r t i c a l  la m in a e .  The im p o r tan ce  o f  

t h e  a c t i v i t y  o f  l a y e r  IV, as t h a t  which i n i t i a t e s  e p i l e p t i f o r m  

a c t i v i t y  in  t h e  n e o c o r t e x ,  has a l r e a d y  been  o u t l i n e d .  In  

a d d i t i o n ,  t h e  e x c i t a t o r y  c o n n e c t io n s  o f  th e  c o r t e x  can pass  

enhanced  a c t i v i t y  from l a y e r  IV t o  s u p e r f i c i a l  l a y e r s  v i a  th e  

e x c i t a t o r y  c o l l a t e r a l s .  T h is  l a y e r  may th e n  a c t i v a t e  th e  

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

I I / I I I  p y ram id a l  c e l l s ;  t h e  deep er  l a y e r s  may in  t u r n  

r e a c t i v a t e  l a y e r  IV th ro u g h  e x c i t a t o r y  r e c u r r e n t s  o f  th e  deep 

p y ram id a l  c e l l s .  Thus a s e l f  r e a c t i v a t i n g  c i r c u i t  a l lo w in g  th e  

s y n c h r o n i s a t i o n  o f  many c e l l s ,  a s  p o s t u l a t e d  by E b e r s o le  and 

C h a t t  (1 9 8 6 ) ,  may be s e t  up when norm al i n h i b i t o r y  c o n t r o l  i s  

d i m i n i s h e d .
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( i i ) I m p o r t a n c e  o f  n o n - S y n a p t ic  f a c t o r s

E l e c t r i c a l  i n t e r a c t i o n s  betw een  c e l l s ,  a l t h o u g h  l e s s  w e l l

u n d e rs to o d  th a n  t h e  r o l e  o f  s y n a p t i c  t r a n s f e r ,  may a l s o  be

im p o r ta n t  in  s y n c h ro n i s in g  th e  n e u ro n a l  p o p u l a t i o n .  The

f in d i n g  t h a t  t h e  b lo c k a d e  o f  s y n a p t i c  t r a n s m i s s i o n  p re v e n te d

th e  o c c u r r e n c e  o f  p o p u l a t io n  e v e n ts  in  t h e  CA3 r e g io n  o f  th e

hippocam pus ( O l iv e r  e t  a l . ,  197 8) d e m o n s t ra te d  t h e  im por tance

of  norm al s y n a p t i c  f u n c t i o n  in t h a t  a r e a .  T h is  was n o t  so  in
f

t h e  CA1 r e g i o n  however, where p o p u l a t i o n  e v e n ts  oc c u re d  in  t h e
A

ab sen c e  o f  s y n a p t i c  t r a n s m i s s io n  ( J e f f r e y s  and Haas, 1982). I t  

was t h u s  p o s t u l a t e d  t h a t  in  such  a s i t u a t i o n ,  e l e c t r i c a l  

i n t e r a c t i o n s  be tw een  c e l l s ,  p o s s i b l y  th ro u g h  gap j u n c t i o n s ,  

may p ro v id e  t h e  n e c e s s a r y  means o f  i n t e r - c e l l u l a r  

com m unication  in  o r d e r  f o r  c e l l  synchrony  t o  o c c u r .  What r o l e  

such  mechanisms may p l a y  in  t h e  p re s e n c e  o f  no rm al  s y n a p t i c  

f u n c t i o n  i s  d i f f i c u l t  t o  a s s e s s .

Gap j u n c t i o n s  be tw een  CA1 (Andrew e t  a l . ,  1982), CA3 

(MacVicar and Dudek, 1980) and n e o c o r t i c a l  n e u ro n e s  (G utn ick  

and P r i n c e ,  1981) have been  d e m o n s t ra te d  by t h e  i n j e c t i o n  o f  

d y e s ,  s u c h  as L u c i f e r  y e l lo w ,  i n to  s i n g l e  c e l l s ;  c e l l s  

d i r e c t l y  co u p le d  t o  che i n j e c t e d  c e l l  a l s o  ta k e  up th e  dye . 

The most d i r e c t  e v id e n c e  f o r  su c h  c o u p l in g  i s  p ro v id e d  by 

i n t r a c e l l u l a r  r e c o r d in g s  from two i n d i v i d u a l  c e l l s ;  i f  t h e s e  

a r e  c o u p le d ,  th e n  d e p o l a r i s i n g  o r  h y p e r p o l a r i s i n g  p u l s e s  in
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one c e l l  r e s u l t  in  t h e  same in  t h e  co u p led  c e l l  (MacVicar and 

Dudek, 19 81). W hether e l e c t r i c a l  c o u p l in g  has  t h e  a b i l i t y  t o  

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

c e l l s  by i t s e l f  r em a in s  t o  be d e m o n s t r a te d ,  b u t  t h e  p o t e n t i a l  

may e x i s t  f o r  t h e  s y n c h r o n i s a t i o n  o f  sm a l l  g roups w i th in  th e  

p o p u l a t i o n  a s  a  whole (Dudek e t  a l . ,  19 86).
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(11) MODELS OF GENERALISED EPILEPSY

G e n e r a l i s e d  e p i l e p s y ,  in  c o n t r a s t  t o  f o c a l  e p i l e p s y ,  i s  a 

s t a t e  in  which abnorm al e l e c t r i c a l  a c t i v i t y  a r i s e s  

s im u l ta n e o u s ly  from w id e sp re a d  r e g io n s  o f  t h e  b r a i n .  The 

f e l i n e  p e n i c i l l i n  model o f  g e n e r a l i s e d  e p i l e p s y ,  d e s c r ib e d  by 

P r in c e  and F a r r e l l  (1969) u t i l i s e s  th e  p a r e n t e r a l  i n j e c t i o n  o f  

l a r g e  amounts o f  p e n i c i l l i n  and r e s u l t s  in  b u r s t s  o f  

g e n e r a l i s e d ,  synchronous  s p ik e  and wave (SW) d i s c h a r g e s ,  w i th  

a  f re q u e n c y  o f  abou t  3 Hz, which i s  s i m i l a r  t o  t h a t  o c c u r r in g  

in  g e n e r a l i s e d  human absence  a t t a c k s  (Gibbs e t  a l . ,  1935;

J a s p e r  and D r o o le e v e r - F o r tu y n , 1946), a s  a r e  t h e  outward m otor 

m a n i f e s t a t i o n s  (G loo r ,  1984). N e u r o p h y s io lo g ic a l

i n v e s t i g a t i o n s  have shown t h a t  d u r in g  t h i s  a c t i v i t y  t h e r e  i s  

an o s c i l l a t o r y  d i s c h a r g e  o c c u r r in g  be tw een  l in k e d  c o r t i c a l  and 

th a la m ic  n e u ro n e s  (A vo li  e t  a l . ,  19 83) w hich d r i v e s  t h e  SW 

d i s c h a r g e s  a t  3 Hz. The o s c i l l a t i n g  c i r c u i t  e x i s t s  in  th e  

'n o r m a l1 b r a i n ,  b u t  o p e r a t e s  t o  p roduce  10Hz ' s p i n d l e s '  in  th e  

EEG, which a r e  a s s o c i a t e d  w i th  th e  norm al o c c u r re n c e  o f  

c e r t a i n  p h a ses  o f  s l e e p .

I t  has b e e n  shown t h a t  in  t h i s  model o f  g e n e r a l i s e d  

e p i l e p s y  t h e r e  i s  no d e c re a s e  o f  GABAergic i n h i b i t o r y  

f u n c t i o n ,  n o r  do c e l l s  undergo  a pa roxysm al d e p o l a r i s a t i o n  

s h i f t  (PDS) (K ostopoulus  e t  a l  1983, 1986; G i a r e t t a  e t  a l . ,  

19 87). The p e n i c i l l i n  c o n c e n t r a t i o n  in  t h e  b r a i n  a p p e a rs  t o  be
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an o r d e r  o f  m agn itude  l e s s  th a n  t h a t  u sed  in  models o f  f o c a l  

e p i l e p s y  (Quesney and G lo o r ,  1978; D avenport e t  a l . ,  1979) 

an d ,  in  some way, c a u s e s  an e x c i t a t i o n  o f  n e u ro n e s  w i th o u t  any 

d e c r e a s e  in  i n h i b i t i o n .  T h is  r e s u l t s  in  p o w e r fu l  EPSPs and an 

in c r e a s e d  f i r i n g  o f  a c t i o n  p o t e n t i a l s ,  w hich  in  t u r n ,  p ro d u ce s  

a g r e a t e r  th a n  norm al d e g re e  o f  r e c u r r e n t  c o r t i c a l  i n h i b i t i o n .  

T h is  i n c r e a s e  in  c o r t i c a l  i n h i b i t i o n  p r e v e n t s  t h e  th a la m ic  

in p u t  from t r i g g e r i n g  th e  c o r t e x  a t  th e  norm al 10 Hz, t h e r e b y  

g r a d u a l l y  c o n v e r t i n g  t h e  s p in d l e s  t o  t h e  s lo w e r  SW d i s c h a r g e s  

(McLachlon e t  a l . ,  1984). F u r th e rm o re ,  i t  has been  shown t h a t  

i n c r e a s e d  GABAergic f u n c t i o n ,  p e rh a p s  by i n c r e a s i n g  r e c u r r e n t  

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

SW d i s c h a r g e s  ( F a r i e l l o  e t  a l . ,  1983).

I t  i s  c l e a r  t h a t  th e  p ro p o se d  mechanisms f o r  g e n e r a l i s e d  

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

f o c a l  e p i l e p s y .
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MECHANISMS OF PENICILLIN ACTION

Because p e n c i l l i n  has been  su c h  a w id e ly  u s e d  c o n v u ls a n t  

a g e n t  in  d i f f e r e n t  models o f  e p i l e p s y  i t  i s  im p o r ta n t  t o  

c o n s id e r  th e  mechanisms o f  a c t i o n  o f  t h i s  d rug  in  th e  CNS.

The p r im ary  i n h i b i t o r y  t r a n s m i t t e r  o f  t h e  h i g h e r  c e n t r e s  o f  

t h e  CNS i s  th e  amino a c i d ,  gamma amino b u t y r i c  a c id  (GABA) 

( K r n je v i c ,  1974), w hich a c t s  a t  a membrane-bound r e c e p t o r  

m o le c u le  t o  open c h a n n e ls  f o r  c h l o r i d e  i o n s .

Most e v id e n c e  t o  d a t e  s u g g e s t s  t h a t  t h e  p r im a ry  a c t i o n  o f  

p e n i c i l l i n ,  in  f o c a l  e p i l e p s y ,  i s  t o  a n ta g o n i s e  GABAergic 

i n h i b i t i o n .  R ecen t e v id e n c e  from p a tc h -c la m p  s t u d i e s  (Chow and 

M a th e r s ,  1986) i n d i c a t e s  t h a t  t h e  an tagon ism  i s  

n o n - c o m p e t i t i v e ,  w hich  c o n t r a d i c t s  t h e  f i n d i n g s  o f  MacDonald 

and B a rk e r  (1978) o f  c o m p e t i t iv e  a n ta g o n ism . P e n i c i l l i n  a c t s  

as a s p e c i f i c  a n t a g o n i s t  in  t h e  low er  m i l l i m o l a r  range  o f  

c o n c e n t r a t i o n s  (Macon and K ing , 1979; MacDonald and B a rk e r ,

1978); t h e  c o n c e n t r a t i o n s  w hich p roduce  f o c a l  e p i l e p t i f o r m  

a c t i v i t y .  Macon and King (1979) however, found t h a t  th e  

s m a l l e s t  c o n c e n t r a t i o n s  o f  p e n i c i l l i n  which p roduced  c e l l u l a r  

h y p e r e x c i t a b i l i t y ,  d id  so  w i th o u t  t h e r e  b e in g  any d e p r e s s io n  

o f  GABAergic i n h i b i t i o n .  These  c o n c e n t r a t i o n s  d id  n o t  r e s u l t  

in  f o c a l  e p i l e p t i f o r m  a c t i v i t y  and th e  c o n c e n t r a t i o n s  o f  

p e n i c i l l i n  r e q u i r e d  b e f o r e  o v e r t  f o c a l  e p i l e p t i f o r m  a c t i v i t y

-  29 -

t



o c c u r re d  d id  r e s u l t  in  GABA a n ta g o n is m .  A v o l i  (1984) found 

t h a t  sm a l l  c o n c e n t r a t i o n s  o f  p e n i c i l l i n  (0.17mM) produced  an 

e x c i t a t i o n  o f  c o r t i c a l  c e l l s  w i th o u t  any GABA an tagon ism  a t  

t h e  soma, and s u g g e s te d  t h a t  th e  h y p e r e x c i t a b i l i t y  was due t o  

i n h i b i t o r y  an tag o n ism  a t  a d e n d r i t i c  l e v e l .  T h e r e f o r e ,  t h e  

a c t i o n  o f  p e n i c i l l i n  a p p e a rs  t o  be dependan t  on i t s  

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

o f  p e n i c i l l i n  th a n  r e s u l t  in  f o c a l  e p i l e p s y  may produce  

g e n e r a l i s e d  e p i l e p s y  by a means o t h e r  th a n  GABAergic 

a n ta g o n ism .
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THE ROLE OF A REDUCTION OF INHIBITION IN EPILEPSY

Since  much o f  t h e  know ledge o f  e p i l e p t i f o r m  a c t i v i t y  a r i s e s  

from th e  use  o f  e x p e r im e n ta l  models t h a t  r e l y  on t h e  r e d u c t io n  

o f  GABAergic i n h i b i t i o n ,  an obvious q u e s t io n  t o  a s k ,  as 

r e c o g n is e d  by Iwama and J a s p e r  (1 9 5 7 ) ,  was: ' I s  e p i l e p s y  

a c t u a l l y  caused  by a d i s r u p t i o n  o f  norm al i n h i b i t i o n  ? ' . 

U n f o r tu n a t e l y ,  t h e r e  has been  no s im p le  answ er t o  t h i s  

seem ing ly  s im p le  p ro b lem .

Many models have been  p roposed  t o  show t h a t  a r e d u c t i o n  of 

i n h i b i t i o n  w i l l  l e a d  t o  s e i z u r e s  ( se e  R o b e r t s ,  1986) b u t  any 

e x p e r im e n ta l  e v id e n c e  d e m o n s t r a t in g  t h a t  e p i l e p s y  i s  c au sed  by 

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

i n c o n c lu s iv e  and c o n t r a d i c t o r y .  Some o f  t h e  e v id e n c e  in  fav o u r  

of  t h i s  t h e o r y  i s  t h a t  l e v e l s  o f  th e  i n h i b i t o r y  t r a n s m i t t e r  

GABA have b een  found t o  be low er  th an  norm al in  t h e  CSF of 

some p a t i e n t s  w i th  some ty p e s  o f  e p i l e p s y  (Wood e t  a l . ,  1979). 

A d e c re a s e  in  t h e  G A B A -synthesis ing  enzyme, GAD, and a 

d e c re a s e  in  p o s t u l a t e d  i n h i b i t o r y  sy n a p se s  has  been found in  

th e  a lum ina  cream e p i l e p t i f o r m  fo cu s  (R ibak e t  a l . ,  19 81) and 

th e  a c t i o n  o f  some o f  th e  c u r r e n t  a n t i c o n v u l s a n t s ,  su c h  as 

sodium v a l p r o a t e ,  may be th ro u g h  an enhancem ent o f  GABAergic 

t r a n s m i s s io n  (Chapman e t  a l . ,  1982). The im pairm ent o f  GABA 

s y n th e s i s  a l s o  l e a d s  t o  g e n e r a l i s e d  s e i z u r e s  (H orton  and 

Meldrum, 1973; B e a r t  and B i l a l ,  1979; A shton  and W auquier,



1979). T h is  begs t h e  q u e s t io n  w h e th e r  e p i l e p s y  i t s e l f  o c c u rs  

a s  a r e s u l t  o f  an im parim ent o f  GABAergic i n h i b i t i o n .  The 

rem oval o f  t i s s u e  from th e  f o c i  o f  p a t i e n t s  u n d e rg o in g  

s u r g i c a l  t r e a tm e n t  f o r  e p i l e p s y  showed t h a t  60 t o  7 0% had a 

low er l e v e l  o f  GAD in  e p i l e p t i c  th a n  in  n o n - e p i l e p t i c  t i s s u e  

(Lloyd e t  a l . f 1986). However, t h i s  s tu d y  co u ld  o n ly  be 

c a r r i e d  ou t  on p a t i e n t s  w i th  f o c a l  s e i z u r e s  so  n o th in g  i s  

known o f  t h e  s t a t e  o f  t h e  i n h i b i t o r y  sys tem  in  g e n e r a l i s e d  

e p i l e p t i c  a c t i v i t y .  M oreover, most o f  t h e  p a t i e n t s  in  th e  

s tu d y  o f  Lloyd (19 86) had i n t r a c t a b l e  e p i l e p s y  and so  may 

c o n s t i t u t e  a somewhat b i a s e d  g ro u p .

O th e r  i n v e s t i g a t o r s  have found l i t t l e  e v id e n c e  in  fa v o u r  o f  

th e  above h y p o t h e s i s .  Fo r  exam ple, a g e n ts  e l e v a t i n g  GABA 

l e v e l s  by up t o  f i v e  t im e s  had l i t t l e  e f f e c t  on s e i z u r e  

s u s c e p t i b i l i t y  ( E l l i o t ,  1965). A s t r a i n  o f  mice g e n e t i c a l l y  

p ro n e  t o  s e i z u r e s  was n o t  found t o  have low er th a n  norm al GABA 

l e v e l s  c o r r e l a t e d  w i th  th e  t im in g  o f  s e i z u r e  s u s c e p t i b i l i t y ,  

w hich i s  o n ly  from 21 t o  28 days o f  age (T ic k u ,  1979). 

F u r th e rm o re ,  th e  c u r r e n t  h y p o th e s i s  o f  g e n e r a l i s e d  e p i l e p s y  

(G loor and F a r i e l l o ,  19 88) would s u g g e s t  t h a t  t h e  g e n e r a t i o n  

o f  t h i s  ty p e  o f  s e i z u r e  o c c u rs  w i th o u t  any d e c re a s e  in  GABA 

i n h i b i t i o n .  I n c r e a s i n g  GABA l e v e l s  by t h e  i n h i b i t i o n  o f  th e  

enzyme GABA a m in o t r a n s f e r a s e  (GABA-T) has  been  shown t o  have 

o n ly  a s m a l l  a n t i c o n v u l s a n t  e f f e c t  (Kuriyama e t  a l . ,  1966). 

T h e r e f o r e ,  th e  f u n c t io n  o f  GABA i n h i b i t i o n  in  th e  o n s e t  o f
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e p i l e p s y  i s  s t i l l  f a r  from c l e a r .



THE ROLE OF EXCITATORY MECHANISMS IN EPILEPSY

A p o w e r fu l  mechanism by w hich a s t a t e  o f  h y p e r e x c i t a b i l i t y  

can  be a c h ie v e d  i s  th ro u g h  an enhancem ent o f  t h e  e x c i t a t o r y  

mechanisms o f  t h e  CNS.

The work of  C u r t i s  and h i s  c o l l e a g u e s  was v i t a l  in  

e l u c i d a t i n g  th e  e x c i t a t o r y  t r a n s m i t t e r  r o l e  of g lu ta m a te  and 

a s p a r t a t e  in t h e  s p i n a l  co rd  ( C u r t i s  e t  a l . f 1960), w h i le  

K r n je v ic  and P h i l l i s  (1963) s u b s e q u e n t ly  d e m o n s tra ted  t h a t  

g lu ta m a te  p roduced  e x c i t a t i o n  o f  n eu rones  in  t h e  c e r e b r a l  

c o r t e x .  T ha t g lu ta m a te  i s  th e  m ajor  e x c i t a t o r y  t r a n s m i t t e r  o f  

t h e  CNS i s  now f a i r l y  w e l l  e s t a b l i s h e d  and th e  e v id e n c e  has 

been  rev ie w e d  r e c e n t l y  (Fagg and F o s t e r ,  1983; Fonnum, 1984)

I n c r e a s e d  l e v e l s  o f  g lu ta m a te  in  t h e  b r a i n  can b r in g  ab o u t  

th e  g e n e r a t i o n  o f  s e i z u r e s  (H ayash i ,  1959; Delgado e t  a l . ,  

1971), b u t  w h e th e r  e p i l e p s y  i s  b ro u g h t  abou t by an 

o v e r - v ig o ro u s  e x c i t a t o r y  sys tem  rem ains  a m a t te r  of 

c o n t e n t i o n .  I t  i s  q u i t e  p o s s ib l e  t h a t  in  t h e  g e n e r a t i o n  of 

d i f f e r e n t  forms o f  e p i l e p s y  th e  e x c i t a t o r y  and i n h i b i t  o ry  

sys tem s o f  t h e  c e n t r a l  n e rv o u s  sys tem  p la y  d i f f e r e n t  r o l e s  

(van G e ld e r ,  1987).
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EXCITATORY TRANSMITTER RECEPTORS

One o f  t h e  e x p lo s io n  a r e a s  in  n e u r o s c i e n c e  r e s e a r c h  in  th e  

l a s t  few y e a r s  has been  th e  q u e s t i o n  o f  t h e  r o l e  o f  

N-»nethyl-D-as p a r t a t e  (NMDA) r e c e p to r s  in  th e  CNS. NMDA was 

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

a g o n i s t  (W atk in s ,  1962) and th e  im p o r ta n c e  o f  t h i s  m o lecu le  

came t o  l i g h t  when i t  was found t h a t  an i n c r e a s e  in  

e x t r a c e l l u l a r  Mg ions  reduced  th e  e x c i t a t i o n  by NMDA b u t  had 

l i t t l e  e f f e c t  on th e  e x c i t a t i o n  by g lu ta m a te  (Evans e t  a l . ,  

1977). H ence, t h e r e  was th e  p o s s i b i l i t y  t h a t  NMDA and 

g lu ta m a te  a c te d  a t  d i f f e r e n t  ty p e s  o f  g lu ta m a te  r e c e p t o r ,  

w hich were in  some way d i f f e r e n t l y  m o d if ie d  by magnesium. 

S ince  t h a t  f i n d i n g ,  t h e  u se  of v a r i o u s  a n t a g o n i s t s  and 

a g o n i s t s  has  led  t o  g l u t a m a t e / a s p a r t a t e  r e c e p to r s  b e in g  

d iv id e d  i n t o  t h r e e  g ro u p s ,  named a f t e r  t h e  most p o t e n t  

a g o n i s t s  f o r  each  ty p e ;  t h e s e  a r e  NMDA, k a i n a t e  and 

q u i s q u a l a t e  (W atk ins E vans ,  1981).

I t  has  s i n c e  been found t h a t  th e  d i f f e r e n t  e x c i t a t o r y  

r e c e p t o r  t y p e s  s u b s e rv e  d i f f e r e n t  forms of  a c t i v i t y .  The 

k a i n a t e  and q u i s q u a l a t e  ty p e s  a r e  o f t e n  c l a s s i f i e d  as 

'non-NMDA' r e c e p t o r s  and t h e s e  a p p e a r  t o  s u b s e rv e  'n o r m a l ' ,  

' f a s t '  e x c i t a t o r y  s y n a p t i c  t r a n s m i s s io n  in  th e  hippocampus 

w hereas  NMDA r e c e p t o r s  a r e  n o t  im p o r ta n t  in  such  t r a n s m i s s i o n  

( C o l l i n g r i d g e  e t  a l . ,  1983b), d e s p i t e  t h e i r  abundance in  th e
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hippocampus (Monaghan e t  a l . ,  1983; Greenamyre e t  a l . ,  1985).

The r e a s o n  f o r  t h i s  became c l e a r  w i th  t h e  f in d in g  t h a t  in

norm al c i r c u m s ta n c e s  NMDA r e c e p t o r  o p e r a t e d  c h a n n e ls  a r e

s u b j e c t  t o  a v o l t a g e  d e p e n d an t  magnesium b lo c k  (Nowak e t  a l . ,

198A; Mayer e t  a l . ,  198A ). When th e  magnesium b lo c k  o f  NMDA
c c

o p e ra te d  c h a n n e ls  was a l l e v i a t e d  in  t h e  C4 ^  (Thomson

and W est, 1986) ,  o r  when NMDA was a p p l i e d  i n to  t h e  n e o c o r te x  

(F la tm an e t  a l . ,  19 83), t h e  neu rones  underw ent a lo n g ,  slow 

d e p o l a r i s a t i o n  from w hich  a ro s e  a b u r s t  o f  a c t i o n  p o t e n t i a l s .  

The resem b lan ce  o f  t h i s  b e h a v io u r  t o  t h e  PDS and b u r s t  f i r i n g  

in  e p i l e p t i f o r m  a c t i v i t y  was s t r i k i n g  and i t  was n o t  long 

b e f o r e  t h e  i m p l i c a t i o n s  o f  NMDA r e c e p t o r  invo lvem en t  in  

e p i l e p t i f o r m  a c t i v i t y  were r e a l i s e d .

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

induced  by an tag o n ism  o f  GABAergic i n h i b i t i o n  in  h ippocam pal 

s l i c e s  (King and D in g le d in e ,  1986), a s w e l l  a s  in  mice 

(C roucher e t  a l . ,  1982;)  s u s c e p t i b l e  t o  sound induced

s e i z u r e s ,  in  k i n d l i n g  induced  e p i l e p t i c  a c t i v i t y  (P e te r s o n  e t  

a l . ,  1983a; 198A) and in  t h e  p h o t o s e n s i t i v e  baboon (Meldrum e t  

a l . ,  1983).
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METHODS

A l l  t h e  e x p e r im e n ts  d e s c r ib e d  in  t h i s  t h e s i s  w ere  perfo rm ed  

on W is ta r  male r a t s ,  w e igh ing  betw een 190 and 210g.

ANAESTHESIA

R a ts  w ere  a n a e s t h e t i s e d  w i th  25% u r e t h a n e ,  g iv e n

i n t r a p e r i t o n e a l l y , a t  a dosage  o f  1 .9 g /k g .  T h is  was u s u a l l y

s u f f i c i e n t  t o  produce  a d e p th  o f  a n a e s t h e s i a  which a b o l i s h e d

th e  h in d l im b  w i th d ra w l  r e f l e x .  I f  th e  l e v e l  o f  a n a e s t h e s i a  was

n o t  s u f f i c i e n t ,  su p p le m e n ta ry  doses  o f  0 .2m l o f  u r e t h a n e  were
o~

g iv e n  so  as t o  a b o l i s h  t h e  w i th d ra w l  r e f l e x ,  b e f o r e  any
A

s u r g e r y  was c a r r i e d  o u t .

SURGICAL PROCEDURES

( i )  T racheostom y

The a n a e s t h e t i s e d  r a t  was l a i d  s u p in e  on an o p e r a t in g  

b o a rd .  A m id l in e  i n c i s i o n  was made in  t h e  s k in  from th e  hyoid  

a r c h e s  to w a rd s  t h e  s te rnum  t o  expose t h e  s te r n o h y o id  m u sc le s .  

These were c u t  and s e p a r a te d  in  o r d e r  t o  g a in  a c c e s s  t o  th e  

t r a c h e a .  The t r a c h e a  was s e p a r a te d  from t h e  u n d e r ly in g  t i s s u e s  

and a t h r e a d  p a s se d  u n d e r n e a th .  A c u t  was made in  th e  t r a c h e a  

b e tw een  a d j a c e n t  c a r t i l a g e n o u s  r i n g s ,  a  c a n u la  i n s e r t e d  and 

s e c u r e l y  t i e d  in  p l a c e .  The s k in  i n c i s i o n  was t i e d  c l o s e d .
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( i i )  C ran io tom y

The r a t  was l a i d  p r o n e ,  and in  o r d e r  t o  expose t h e  s k u l l ,  a 

m id l in e  i n c i s i o n  was made from betw een th e  e a r s  t o  betw een th e  

e y e s .  The r a t  was t h e n  p la c e d  on a h e a te d  t a b l e  so  as t o  

m a in ta in  i t s  body t e m p e r a t u r e .  The head  was p la c e d  in a head 

h o l d e r  c o n s i s t i n g  o f  two e a r  b a r s  and a mouth p ie c e  which 

c o u ld  f i r m l y  clamp th e  head and th u s  p re v e n t  any s i g n i f i c a n t  

movement o f  t h e  s k u l l .

The f o l lo w in g  p ro c e d u re s  w ere  th e n  c a r r i e d  o u t  u n d e r  x6 -x40  

m a g n i f i c a t i o n ,  p ro v id e d  by a Z e is s  b i n o c u l a r  d i s s e c t i n g

m ic ro s c o p e .

The s k in  c o v e r in g  t h e  head was s e p a r a te d  from th e  s k u l l  and 

s u r r o u n d in g  m usc les  by c u t t i n g  th e  t h i n  c o n n e c t iv e  t i s s u e s .  

The c o n n e c t iv e  t i s s u e s  o v e r ly in g  th e  s k u l l  were removed,

p r i m a r i l y  from th e  a r e a  where th e  bone was t o  be e x c i s e d .  The

s u r ro u n d in g  te m p o ra l  m uscle  was a l s o  c u t  away in  o r d e r  t o  

expose  t h e  s id e  o f  t h e  s k u l l .  A c ra n io to m y  was th e n  perfo rm ed  

o v e r  t h e  c o ro n a l  s u t u r e  and abou t 5mm l a t e r a l  t o  t h e  s a g i t a l  

s u t u r e  u s in g  K a l te n b a c h  and V oight d e n t a l  d r i l l i n g  a p p a r a tu s .  

The s k u l l  was c u t  th ro u g h  on fo u r  s i d e s  o f  a ' s q u a r e '

( a p p ro x im a te ly  3x3mm) u n t i l  t h e  bone c o u ld  be p u l l e d  away from 

t h e  u n d e r ly in g  t i s s u e s  and th e  s u r ro u n d in g  s k u l l  u s in g  a p a i r  

o f  f i n e  f o r c e p s .  Care was t a k e n  t o  e n s u re  t h a t  t h e  bone was
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l i f t e d  s t r a i g h t  up in  o r d e r  t o  p r e v e n t  any undue p r e s s u r e  on 

t h e  u n d e r ly in g  c o r t e x .  W ith e x p e r ie n c e  i t  was a m a t t e r  o f  

r o u t i n e  t o  g e t  t o  t h i s  s t a g e  w i th o u t  i n j u r i n g  th e  c o r t e x  in  

any o b v io u s  way.

To remove t h e  d u ra  a  su rg e o n s  t r i a n g u l a r  n e e d le ,  which had 

been  b e n t  back  so  as t o  make a l i t t l e  hook , was p u l l e d  l i g h t l y  

o v e r  t h e  d u r a l  s u r f a c e  u n t i l  t h e  membrane was l i f t e d  u p .  The 

d u r a  co u ld  th e n  be s p l i t  and r e f l e c t e d  from th e  c o r t e x .  The 

c o r t i c a l  s u r f a c e  was im m ed ia te ly  c o v e re d  w i th  a d rop  o f  warm 

l i q u i d  p a r a f f i n .  The s k in  f l a p s  were t i e d  up  t o  a  m e ta l  r in g  

above t h e  head and t h i s  ' p o o l 1 was f i l l e d  w i th  l i q u i d  

p a r a f f  i n .

\
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( i i i )  S u b - p ia l  i s o l a t i o n  o f  b lo c k s  o f  c o r t e x

In  some e x p e r im e n ts  i t  was r e q u i r e d  t o  i s o l a t e  sm a l l  b lo c k s  

o f  c o r t e x  from t h e  s o r ro u n d in g  c o r t i c a l  t i s s u e .  A f i n e  

tu n g s t e n  w ire  was b e n t  t o  an L shape and th e  s h o r t  p a r t  o f  th e  

L (abou t  1mm lo n g )  was pushed  v e r t i c a l l y  i n t o  t h e  c o r t e x  

th ro u g h  th e  p i a  m a te r .  The lo n g e r  l e n g t h  was u se d  t o  

m a n ip u la te  t h e  s h o r t  p ie c e  w i th in  t h e  c o r t e x  th ro u g h  90 

d e g re e s  so  t h i s  became v i s i b l e  im m ed ia te ly  below th e  p i a l  

s u r f a c e ;  t h u s  one fa c e  o f  t h e  cuboid  was form ed. The w i r e  was 

r o t a t e d  t o  i t s  o r i g i n a l  p o s i t i o n  and w ithd raw n . A second c u t  

was made from t h e  same p o i n t  o f  i n s e r t i o n  t o  p roduce  a n o th e r  

f a c e  o f  t h e  cu b o id  a t  r i g h t  a n g le s  t o  th e  f i r s t .  The p ro c e d u re  

was r e p e a te d  from a p o i n t  d i a g o n a l l y  o p p o s i t e  t h e  f i r s t  p o i n t  

o f  i n s e r t i o n ;  in  t h i s  way a p i e c e  o f  c o r t e x  was i s o l a t e d  on 

f o u r  s i d e s  from t h e  s u r ro u n d in g  c o r t e x .  The p i a l  i n t e g r i t y  was 

m a in ta in e d  e x c ep t  f o r  th e  two p o i n t s  o f  i n s e r t i o n  o f  th e  w ire  

and t h e  b lo c k  was n o t  u n d e rc u t  in  o r d e r  t o  m a in ta in  t h e  

i n t e g r i t y  o f  t h e  a f f e r e n t  i n p u t .  The method o f  s u b - p i a l  

i s o l a t i o n  i s  i l l u s t r a t e d  in  f i g u r e  2 .1 .

I
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F ig u r e  2 .1 :  D iagram m atic  r e p r e s e n t a t i o n  o f  th e  method -used t o  
s u b - p i a l l y  i s o l a t e  a c u b o id  o f  c o r t e x .  An 'L '- s h a p e d  n e e d le  i s  
pushed  i n t o  t h e  c o r t e x  and r o t a t e d  th ro u g h  90 deg rees  t o  form 
one fac e  o f  t h e  c u b o id .  T h is  p ro c e d u re  i s  r e p e a te d  t o  com plete  
t h e  i s o l a t i o n ,  w hich  i s  n o t  u n d e r c u t .  See t e x t  f o r  f u l l e r  
d e t a i l s .



ELECTROPHY SIOLOGY

R e c o rd in g :  A p p a ra tu s  and g e n e r a l  o u t l i n e

The e l e c t r o c o r t i c o g r a m  (ECoG) was rec o rd e d  by a c h lo r i d e d  

s i l v e r  b a l l  e l e c t r o d e  on th e  p i a l  s u r f a c e .  I n t r a c o r t i c a l  f i e l d  

p o t e n t i a l  r e c o r d in g s  were made w i th  s a l i n e - f i l l e d  (4M NaCl) 

g l a s s  m i c r o e l e c t r o d e s . A l l  r e c o r d in g s  were made w i th  r e f e r e n c e  

t o  an i n d i f f e r a n t  c h lo r i d e d  s i l v e r  b a l l  e l e c t r o d e  p la c e d  on 

th e  s k u l l  s u r f a c e .  The s i g n a l s  were le d  from th e  g l a s s  

e l e c t r o d e s  by c h lo r i d e d  s i l v e r  w i r e s .

C o n v e n t io n a l  s i g n a l  a m p l i f i c a t i o n  t e c h n iq u e s  were u s e d :  a l l  

s i g n a l s  w ere  fed  i n t o  D i g i t i m e r  Neurolog a . c .  p r e a m p l i f i e r s  

(NL 103; X100, 0 .1hz-3kH z) and th e n c e  i n t o  D ig i t im e r  N eurolog 

a . c .  a m p l i f i e r s  (NL 105; XI t o  X50). The a m p l i f i e d  o u tp u t  was 

fed  i n t o  a ' c h e r r y  b o a r d '  w hich a llow ed  th e  s i g n a l s  t o  be led  

i n t o  any number o f  t h e  fo l lo w in g  d e v ic e s  s e e  ( f i g .  2 . 2 ) .

1) A f o u r  beam T e k t ro n ix  s t o r a g e  o s c i l l o s c o p e  f o r  c o n s t a n t  

m o n i to r in g  o f  t h e  ongoing c o r t i c a l  a c t i v i t y .

2) A N i c o le t  309 d i g i t a l  and T e k t ro n ix  502A, d . c .  c o u p le d ,  

d u a l  beam o s c i l l o s c o p e s ,  f o r  m o n i to r in g  t h e  evoked p o t e n t i a l s .
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F i g u r e  2 .2 :  D iag ram m atic  r e p r e s e n t a t i o n  o f  t h e  e l e c t r o n i c
a p p a r a t u s  u s e d .



Preparation '

.j drug' 
e l e c t r o d e
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E lectrode (S)
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>
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Nikon Kohden 
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DC Constant
Current
Source

Ni c o l e t  309 
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Tektronix 502A 
O scilloscope (S)
: 2 to 4 Channels

D ev ices  D igitim er

D ev ices
Isolated  stimulator

T ektronix 
565 Dual Beam 
O scilloscope  
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Neurolog.
NL103 Differential 
P re-am p (S)



3) A T e k t ro n ix  RM565 4 beam o s c i l l o s c o p e  w i th  an a t t a t c h e d  

Nihon Kohden PC-2A cam era .

4) A 6 c h a n n e l  B e l l  and Howell VR 3 200 FM m agne tic  t a p e  

r e c o r d e r  (0-10kHz) f o r  s t o r i n g  th e  d a ta  f o r  l a t e r  a n a l y s i s .

5) The a m p l i f i e d  evoked p o t e n t i a l  s i g n a l s  r e c o rd e d  from th e  

d e p th  e l e c t r o d e s  were a l s o  d i g i t i s e d  and s t o r e d  on com puter  

( D i g i t a l  PRO 350) f o r  o f f - l i n e  a n a l y s i s .

A l l  th e  r e c o r d in g  and s t i m u l a t i n g  a p p a r a tu s  was t r i g g e r e d  

by  a D ev ices  D i g i t i m e r .

ELECTRODES

The e l e c t o r c o r t i c o g r a m  (ECoG) was r e c o rd e d  by a c h lo r i d e d  

s i l v e r  b a l l  e l e c t r o d e  (0.5mm d i a . ) .  T h is  was l i g h t l y  to u ch ed  

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

d e f l e c t i o n  as seen  on th e  o s c i l l o s c o p e  r e c o r d in g  t r a c e  a l s o  

i n d i c a t e d  t h a t  c o n ta c t  w i th  t h e  p i a l  s u r f a c e  had been  made.

R ecord ing  from w i th in  th e  c o r t e x  was ach ie v e d  u s in g  g l a s s  

m ic r o e l e c t r o d e s  made from b o r o s i l i c a t e  g l a s s  tu b in g  

( ' k w i k - f i l 1, o u t s i d e  d ia m e te r  2.0mm, C la rk e  E le c t ro m e d ic a l )  

These were p u l l e d  in  a lab-m ade p u l l e r  and f i l l e d  w i th  4M 

NaCl. E l e c t r o d e s  w i th  r e s i s t a n c e s  o f  10-20 MOhms were 

r e g u l a r l y  p u l l e d  in  t h i s  m anner. The e l e c t r o d e  t i p s  were

-  42 -

i



b ro k en  back  t o  a c h ie v e  a r e s i s t a n c e  o f  2-10  MOhms.

I t  was found n e c e s s a r y  t o  b re a k  b ack  th e  e l e c t r o d e  t i p s  

b e c a u s e  h ig h  r e s i s t a n c e  e l e c t r o d e s  s u f f e r e d  th e  problem  o f  

b e in g  v e r y  s e n s i t i v e  t o  c o r t i c a l  o s c i l l a t i o n s .  T h is  may be a 

f u n c t i o n  o f  th e  v e ry  f i n e  t i p  b e in g  h i g h l y  f l e x i b l e  and moving 

w i t h  t h e  c o r t i c a l  o s c i l l a t i o n s .  In  such  c a se s  v e ry  l a r g e  

d e f l e c t i o n s ,  c o r r e s p o n d in g  t o  each  up and down movement o f  th e  

b r a i n ,  masked any c o r t i c a l  a c t i v i t y  on th e  r e c o rd in g  t r a c e .  

Lower r e s i s t a n c e  e l e c t r o d e s  u s u a l l y  overcame t h i s  p rob lem , 

p e rh a p s  b e c a u se  o f  t h e  l e s s  f l e x i b l e  e l e c t r o d e  t i p  and shank .

T h is  p ro c e d u re  c o u ld  n o t  be t a k e n  to o  f a r  however, b e c a u se  

i f  t h e  e l e c t r o d e  t i p s  w ere  to o  l a r g e ,  s im p ly  p i e r c i n g  th e  

c o r t e x  c o u ld  be a p ro b le m . T h is  c o u ld  a l s o  p resum ab ly ,  l e a d  t o  

e x c e s s iv e  i n j u r y  o f  t h e  g re y  m a t t e r .

\
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P e n i c i l l i n _ Recording 
(depth)

Direct c o r t i c a l  

 ̂ s t imulation

Recording
(surface)

Forepaw
st im u la t ion

« \
0.5mS

F ig u r e  2 .3 :  D iagram m atic  r e p r e s e n t a t i o n  o f  t h e  e x p e r im e n ta l  
s e t  up  u s i n g  s e p a r a t e  r e c o r d in g  and drug e l e c t r o d e s .



P e n i c i l l i n  or 
Strychnine

RecordingAPV
or

ketamine Direct  c o r t i c a l  
st im ulat ion

Recording (surface

Forepaw Stimulation

« i
0 .5mS

F i g u r e  2 .4 :  D iagram m atic  r e p r e s e n t a t i o n  o f  t h e  e x p e r im e n ta l
s e t  u p  u s i n g  m u l t i - b a r r e l l e d  e l e c t r o d e s .
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ELECTROPHORESIS

E l e c t r o p h o r e s i s  was t h e  method used  t o  e j e c t  a  l o c a l i s e d ,  

s m a l l  c o n c e n t r a t i o n  o f  drug i n t o  th e  c o r t e x .  G lass  

m ic r o e l e c t r o d e s  w ere  p u l le d  in  t h e  same way as a l r e a d y  

d e s c r ib e d  and f i l l e d  w i th  th e  r e q u i r e d  d r u g .  I t  was n o rm a l ly  

t h e  c a se  t h a t  a p e n i c i l l i n  f i l l e d  e l e c t r o d e  had a g r e a t e r  

r e s i s t a n c e  th a n  a s a l i n e - f i l l e d  e q u i v a l e n t .  P e n i c i l l i n  

e l e c t r o d e s  v e ry  o f t e n  had r e s i s t a n c e s  o f  o v e r  50 MOhms.

The h ig h  r e s i s t a n c e  o f  t h e  p e n i c i l l i n  f i l l e d  e l e c t r o d e  was 

o f t e n  a prob lem  b e c a u se  w i th  such  a h ig h  r e s i s t a n c e  t h e  

d r i v i n g  v o l t a g e s  r e q u i r e d  t o  p ass  th e  r e q u i r e d  c u r r e n t s  would 

be  f a r  l a r g e r  th a n  th e  o u tp u t  o f  t h e  i o n to p h o r e t i c  d e v ic e .  

T h e r e f o r e  t h e  drug e l e c t r o d e  t i p s  had t o  be  b roken  back  so 

t h a t  t h e i r  r e s i s t a n c e s  w ere  such  t h a t  t h e  e l e c t r o d e s  co u ld  be 

u se d  w i th  e a s e  f o r  i o n t o p h o r e s i s .  I t  was o f t e n  th e  c a se  t h a t  

t h e  i n s e r t i o n  o f  an e l e c t r o d e  w i th  a r e l a t i v e l y  l a r g e  t i p  

c a u se d  th e  evoked p o t e n t i a l s  t o  be reduced  in  s i z e ,  p e rh a p s  

due t o  some damage o f  t h e  c o r t e x .  The u s u a l  e l e c t r o d e  

r e s i s t a n c e  t h a t  was u s e d ,  and p roved  t o  be a u s e f u l  

com prom ise, was 2-5 MOhms f o r  p e n i c i l l i n - f i l l e d  e l e c t r o d e s .  

F ig u r e  2 .3  i l l u s t r a t e s  t h e  e x p e r im e n ta l  s e t  u p .
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In  many e x p e r im e n ts  a p ro c e d u re  o f  u s in g  m u l t i - b a r r e l l e d  

p i p e t t e s  was u sed  ( ' k w i k - f i l ' ,  f u s e d ,  m u l t i  b a r r e l l e d  g l a s s ,  

C la rk e  E l e c t r o m e d i c a l ) . These were p u l l e d  in  t h e  same way as 

f o r  s i n g l e  b a r r e l l e d  e l e c t r o d e s .  G e n e r a l ly ,  3 b a r r e l l e d  

e l e c t r o d e s  were u s e d .  I f  o n ly  one d rug  was b e in g  u s e d ,  a 

second b a r r e l  would be employed f o r  r e c o r d in g  and t h e  t h i r d  

was f i l l e d  w i th  no rm a l s a l i n e .  When u s in g  two d rugs  th e  norm al 

s a l i n e  was s u b s t i t u t e d  f o r  t h e  o t h e r  d ru g .  F ig u r e  2 . A 

i l l u s t r a t e s  t h e  e x p e r im e n ta l  s e t  u p .

The u s e  of  m u l t i - b a r r e l l e d  e l e c t r o d e s  has  two main 

a d v a n ta g e s  o v e r  two o r  t h r e e  s i n g l e  e l e c t r o d e s .

i )  T h a t  t h e  d rug  e l e c t r o d e  and t h e  r e c o r d in g  e l e c t r o d e  a r e  

a t  t h e  same p o i n t  in  th e  c o r t e x .  When u s in g  s e p a r a t e  drug and 

r e c o r d in g  e l e c t r o d e s  any v a r i a t i o n  in  d i s t a n c e  betw een  th e  two 

e l e c t r o d e  t i p s ,  in  b o th  h o r i z o n t a l  and v e r t i c a l  p l a n e s ,  were 

o f  c o n c e rn .  T h is  problem  would be e x a g g e ra te d  th e  more 

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

i i )  The second adv a n ta g e  was p u r e l y  a p r a c t i c a l  one in  t h a t  

t h e r e  was a l i m i t  t o  th e  number o f  e l e c t r o d e  h o ld e r s  t h a t  

co u ld  be p la c e d  a round  th e  p r e p a r a t i o n .  T here  was a l s o  a l i m i t  

t o  th e  number o f  e l e c t r o d e s  t h a t  c o u ld  be p la c e d  c lo s e  t o  one 

a n o th e r  w i th o u t  to u c h in g  and bumping w h i l s t  s t i l l  t r y i n g  t o  

e n s u re  t h a t  t h e  s e p a r a t e  e l e c t r o d e  t i p s  were a l l  w i th in  a v e ry
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c o n f in e d  s p a c e .

T h e r e f o r e  t h e  m u l t i - b a r r e l  m ic r o p ip e t t e  t e c h n iq u e  was 

g e n e r a l l y  employed when two d rugs  were b e in g  u se d  t o g e t h e r .  In  

t im e ,  t h i s  t e c h n iq u e  a l s o  came t o  be  used  as  a m a t t e r  o f  

r o u t i n e  even f o r  th e  u s e  o f  a s i n g l e  drug and s i n g l e  r e c o r d in g  

e l e c t r o d e ,  t o  t r y  t o  overcome any e r r o r s  which m ight have 

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

e x p e r i m e n t s .

However, t h e  u se  o f  mult i b a r e l l e d  e l e c t r o d e s  was n o t  

w i th o u t  i t s  p ro b le m s.  One o f  t h e s e  was t h a t  i n v a r i a b l y  th e  

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

t o  be  o f  d i f f e r a n t  t i p  s i z e s ;  t h e  p e n i c i l l i n  e l e c t r o d e  t i p  

needed  t o  be l a r g e r  so  as  t o  have a s m a l l  enough r e s i s t a n c e  t o  

be a b le  t o  e j e c t  p e n i c i l l i n  w i th o u t  o v e r lo a d in g  th e  c u r r e n t  

s o u rc e  d e v ic e .  T h is  had t h e  r e s u l t  o f  t h e  r e c o r d in g  e l e c t r o d e  

b e in g  of a v e ry  low r e s i s t a n c e .  T h e re fo re  one had t o  be 

s a t i s f i e d  w i th  a compromise s i t u a t i o n .  One o t h e r  problem  was 

o f  c r o s s - t a l k  be tw een  th e  two b a r r e l s .  The c u r r e n t  p a s s in g  

th ro u g h  th e  p e n i c i l l i n  e l e c t r o d e  co u ld  be p ick ed  up by th e  

r e c o r d in g  b a r r e l .  T h is  was o f t e n  in  t h e  form o f  v e ry  l a r g e  

o s c i l l a t i o n s ,  which w ere  p e rh a p s  a f u n c t io n  o f  t h e  

c o n t i n u o u s ly  chang ing  r e s i s t a n c e  o f  th e  p e n i c i l l i n  b a r r e l  and 

t h e  c o n s t a n t  c u r r e n t  s o u r c e ' s  a l t e r a t i o n s  t o  t h i s .
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Both o f  t h e s e  p roblem s w ere  m in im ised  by th e  i n t r o d u c t i o n  

o f  an u p d a te d  DC powered c o n s ta n t  c u r r e n t  s o u r c e .  T h is  was an 

a d v a n ta g e  b e c a u s e  i t  reduced  any a . c .  i n t e r f e r e n c e .  Second ly ,  

t h i s  d e v ic e  had a 90 v o l t  d r iv i n g  v o l t a g e  and a llow ed  th e  u s e  

o f  e l e c t r o d e s  o f  l a r g e r  r e s i s i t a n c e  th a n  had p r e v i o u s l y  been  

f e a s i b l e .
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FOREPAW AND DIRECT CORTICAL STIMULATION

Forepaw s t i m u l i  were d e l i v e r e d  from a D ig i t im e r  i s o l a t e d  

s t i m u l a t o r  (0-90V, 0.2mS) th ro u g h  two w i r e s  a t t a t c h e d  t o  t h e  

o u t e r  d i g i t s .  D i r e c t  c o r t i c a l  s t i m u l a t i o n  was by a N eurolog 

i s o l a t e d  c u r r e n t  so u rc e  (10-1000 microA, 0.2mS) w hich was in  

t u r n  d r iv e n  by a D ig i t im e r  s t i m u l a t o r .

The c o r t e x  was s t i m u la t e d  d i r e c t l y  v i a  an e l e c t r o d e  p la c e d  

i n t o  th e  m id d le  l a y e r s  o f  th e  g rey  m a t t e r .  Two ty p e s  o f  

e l e c t r o d e s  w ere  u sed :

i )  v i a  a t u n g s t e n  s t i m u l a t i n g  e l e c t r o d e  (C larke  

E l e c t r o m e d i c a l ,  t i p  l e s s  th a n  1 m ic ro n ,  shank d i a .  0.25mm), 

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

i i )  v i a  a  4M NaCl f i l l e d  g l a s s  m ic r o e l e c t r o d e .

In  b o th  c a s e s  t h e  s t i m u l a t i n g  e l e c t r o d e s  were p la c e d  c lo s e  

t o  t h e  r e c o r d in g  e l e c t r o d e s  w ith  t h e i r  t i p s  w i th in  l a y e r  IV. 

S t i m u l a t i o n  by b o th  means was a b le  t o  p roduce  evoked 

p o t e n t i a l s  w hich were n e g a t i v e  go ing  w i t h in  th e  c o r t e x  and a 

complex o f  p o s i t i v e  waves rec o rd e d  on t h e  s u r f a c e .  S t im u lus  

s t r e n g t h s  were s e t  so  t h a t  b o th  forms o f  evoked p o t e n t i a l s  

w ere  o f  s i m i l a r  a m p l i tu d e  and waveform.
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The s t im u lu s  c y c le  was c o n t r o l l e d  by a D i g i t i m e r  and 

v a r i o u s  c y c l in g  modes were u s e d :

i )  Forepaw s t i m u l a t i o n  e v e ry  4 s e c .

i i )  DCS e v e ry  4 s e c .

i i i )  FP and DCS s t i m u l i  a l t e r n a t i n g  e v e ry  4 s e c ;  i . e .  one 

FP e v e ry  8sec a l t e r n a t i n g  w i th  one DCS e v e ry  8 s e c .

iv )  P a i r s  o f  FP s t i m u l i  e v e ry  4 sec  o r  p a i r s  o f  DCS e v e ry  4 

s e c .

v) P a i r s  o f  FP s t i m u l i  a l t e r n a t i n g  w i t h  p a i r s  o f  DCS, a s  in  

( i i i ) .

v i )  P a i r s  o f  FP and DCS, DCS and FP, FP and DCS, e t c . ,  

e v e ry  4 s e c .

DRUG PREPARATION

i )  Sodium b e n z y l  p e n i c i l l i n  (Glaxo) was d i s s o l v e d  in  1 ml 

o^  d i s t i l l e d  w a te r ;  f i n a l  c o n c e n t r a t i o n  o f  1.7 M.

i i )  S t ry c h n in e  h y d r o c h lo r id e  (Sigma) was d i s s o l v e d  in  120 

mM NaCl; f i n a l  c o n c e n t r a t i o n  lOmM.
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i i i )  D.L-APV (Sigma) was p re p a re d  in  120 mM NaCl; f i n a l  

c o n c e n t r a t i o n  50 mM. The pH was a d ju s t e d  t o  8 by  t h e  a d d i t i o n  

o f  molarNaOH.

iV) K etam ine  h y d r o c h lo r id e  ( V e ta l a r ;  100 mg/ml) was 

d i s s o l v e d  in  120 mM NaCl; f i n a l  c o n c e n t r a t i o n  20 mM. The pH 

was a d ju s t e d  t o  4 by a d d i t i o n  o f  HC1.

t
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LOCALISATION OF PRIMARY RECEIVING AREA

I t  was im p o r ta n t  t o  e n s u r e  t h a t  t h e  a r e a  o f  th e  c o r t e x  used  

in  t h e  s tu d y  was a lways t h e  same. T h is  r e g io n  was t h e  p r im ary  

so m a to sen so ry  r e c e i v i n g  a r e a  o f  t h e  fo repaw . T h is  was 

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

c o n t r a l a t e r a l  forepaw  and r e c o r d in g  from th e  s u r f a c e  o f  th e  

exposed c o r t e x  ( s e e  f i g .  2 . 5 ) .  The s u r f a c e  re c o rd e d  p o t e n t i a l  

i s  an i n i t i a l l y  p o s i t i v e - g o i n g  p o t e n t i a l  w i th  a t  l e a s t  two 

p o s i t i v e - g o i n g  com ponen ts . The f i r s t  o f  t h e s e  i s  s m a l l  and a 

r e f l e c t i o n  o f  t h e  a f f e r e n t  v o l l e y  a r r i v i n g  i n to  th e  c o r t e x .  

Th is  can o n ly  be r e c o rd e d  in  t h e  a r e a  o f  c o r t e x  o v e r ly in g  th e  

a f f e r e n t  in p u t  and has  a  l a t e n c y  t o  o n s e t  o f  be tw een A.5 and 

5 .0  m sec. F o l lo w in g  t h i s  i n i t i a l  component i s  a second 

p o s i t i v e - g o i n g  d e f l e c t i o n ,  th e  a m p li tu d e  and d u r a t i o n  o f  which 

i s  v a r i a b l e  and d e p e n d en t  on th e  ongoing c o r t i c a l  a c t i v i t y .  

Thus by mapping ou t th e  s u r f a c e  o f  th e  exposed c o r t e x  one 

cou ld  l o c a t e  t h e  p r im a ry  r e c e iv i n g  a r e a .  The d e p th  rec o rd e d  

evoked p o t e n t i a l s  were a l s o  composed o f  s e v e r a l  n e g a t iv e - g o in g  

components which may r e f l e c t  t h e  same a c t i v i t y  as  th e  

components in  th e  s u r f a c e  rec o rd e d  p o t e n t i a l s .  The form of  th e  

components o f  t h e  evoked p o t e n t i a l s  was h ig h ly  dependan t  on 

th e  s t a t e  o f  th e  ongo ing  sp o n ta n e o u s  c o r t i c a l  a c t i v i t y  ( f i g .  

2 .5 )  .
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F i g u r e  2 .5 :  S u r f a c e  (a  and b) and d e p th  (c and d) r e c o rd e d  
s o m a to s e n s o ry  evoked  p o t e n t i a l s .  The i n f l u e n c e  of s p o n ta n e o u s  
c o r t i c a l  a c t i v i t y  ( s o l i d  r e s p o n s e s )  and q u i e s c e n t  c o r t e x  (b ro k e n  
l i n e s )  on t h e  evoked  r e s p o n s e s  r e c o r d e d  c l o s e  t o  th e  c e n t r e  o f  
t h e  p r im a ry  r e c e i v i n g  a r e a  (a and c )  and a t  a d i s t a n c e  o f  1 mm. 
a n t e r i o r  t o  t h i s  (b and d) . Components in  t h e  s u r f a c e  r e s p o n s e s  
a r e  a s s o c i a t e d  w i t h  ' w a v e l e t s 1 in  t h e  d e p th  r e s p o n s e s .  From 
C a r t e r e t  a l . ,  1 9 6 8 ) .





HISTOLOGY

At t h e  end o f  some e x p e r im e n ts  i t  was n e c e s s a r y  t o  remove 

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

and s u b - p i a l  c u t t i n g .

The r a t  was d e c a p i t a t e d  and th e  b r a i n  s w i f t l y  removed and 

p la c e d  in  f o rm a l in  s o l u t i o n .  Subsequent h i s t o l o g i c a l  

s e c t i o n i n g  and s t a i n i n g  were c a r r i e d  o u t  by t h e  h i s t o l o g y  

d e p a r t m e n t .



DATA ANALYSIS

As a l r e a d y  m en tio n ed ,  s i g n a l s  from t h e  d e p th  e l e c t r o d e  were 

d i g i t i s e d  (A-D c o n v e r to r  c o n s t r u c t e d  by Dept o f  P h y s io lo g y  

e l e c t r o n i c s  workshop) and s to r e d  on t h e  h a rd  d i s k  o f  D i g i t a l  

PRO 350 co m p u te r .

Programs f o r  t h e  sam pling  o f  t h e  s i g n a l s  by t h e  com puter 

were w r i t t e n  by D r. Ia n  Logan ( T r a n s l ,  Appendix A). The 

com puter  and A-D w ere  t r i g g e r e d  by t h e  same d i g i t i m e r  o u tp u t  

which t r i g g e r e d  a l l  o t h e r  a p p a r a tu s .  T h is  s i g n a l  s t a r t e d  th e  

A-D c o n v e r s io n  and t h e  sam pling  by t h e  PRO 350. When t h e  PRO 

350 had  sam pled f o r  as long  a p e r io d  a s  r e q u i r e d  i t  s e n t  a 

v o l t a g e  p u l s e  t o  t h e  A-D c o n v e r to r  t o  s to p  th e  c o n v e r s io n .

S e v e ra l  program s were composed t o  a n a ly s e  th e  r e c o rd e d  

d a t a .  A f t e r  some i n i t i a l  e x p e r im e n ts  i t  became c l e a r  which 

p a ra m e te r s  o f  th e  evoked p o t e n t i a l s  were o f  g r e a t e s t  i n t e r e s t  

and needed t o  be m easu red . These were: i )  t h e  maximum n e g a t i v e  

a m p l i tu d e  o f  th e  p o t e n t i a l ;  i i )  t h e  d e la y  t o  t h e  maximum 

a m p l i tu d e ;  i i i )  t h e  d e la y  b e f o r e  t h e  a m p l i tu d e  decayed t o  25% 

o f  i t s  maximum. F ig  2 .6  i l l u s t r a t e s  t h e s e  p a r a m e te r s .
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1-25 mV

10 ms

F i g u r e  2 .6 :  D ep th  rec o rd e d  som a to sen so ry  evoked p o t e n t i a l .  
T h ic k  a rrow  marks t h e  s t i m u l u s .  Arrow A i s  th e  peak a m p l i tu d e ,  B 
i s  t h e  tim e  t o  t h e  peak and C i s  t h e  d u r a t i o n  o f  th e  response  
( t im e  f o r  peak  a m p l i tu d e  t o  r e c o v e r  t o  25% o f  t h e  peak) .
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The i n i t i a l  program  t o  c a l c u l a t e  t h e s e  p a ra m e te rs  (C a lc ,  

Appendix A) was w r i t t e n  by 0 . Holmes and c o n t i n u a l l y  deve loped  

and u p d a te d  by m y se l f  and O.H. The b a s i c  f u n c t io n  o f  t h i s  

program  was t o  ta k e  t h e  s to r e d  d a t a  and work on each  t r a n s i e n t  

s e q u e n t i a l l y  u n t i l  t h e  l a s t  r e c o r d  r e q u e s t e d .  The program 

worked th ro u g h  t h e  s i g n a l  and looked  f o r  t h e  s t im u lu s  

a r t e f a c t .  T h is  was t a k e n  as t im e z e ro  and a l l  d e la y s  were 

m easured from t h i s  p o i n t .  The DC o f f s e t  was removed from th e  

s i g n a l  so  t h a t  any a m p li tu d e  m easures  were t a k e n  from a common 

z e r o .  The program t h e n  ran  a lo n g  t h e  s i g n a l  t o  f in d  th e  p o i n t  

o f  maximum n e g a t i v i t y  and th e n  th e  p o i n t  a t  w hich t h i s  maximum 

decayed  t o  25%. Thus t h e  d e la y  t o  t h e  p eak ,  t h e  peak 

a m p l i t u d e ,  and th e  d u r a t i o n  were c a l c u l a t e d .  From t h i s ,  th e  

a r e a  u n d e r  t h e  wave was c a l c u l a t e d  by i n t e g r a t i o n .  These fo u r  

v a lu e s  were th e n  s t o r e d  in  a AXn a r r a y ,  n b e in g  th e  number o f  

r e c o r d s .

A l l  o f  t h e  evoked p o t e n t i a l s  c o u ld  be d i s p l a y e d  on t h e  VDU 

f o r  v i s u a l  i n s p e c t i o n .  V arious  commands were in c lu d e d  in  th e  

program  t o  ta k e  a c c o u n t  o f  a m p l i f i c a t i o n  c h a n g e s ,  t o  look  f o r  

any number o f  evoked p o t e n t i a l s  a lo n g  th e  whole r e c o r d ,  t o  

remove s t i m u lu s  a r t e f a c t s ,  e t c .
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The c a l c u l a t e d  d a t a  o b ta in e d  from th e  evoked p o t e n t i a l s  was 

re a d  i n t o  a n o th e r  f i l e .  Programs w ere  w r i t t e n ,  i n i t i a l l y  by 

O .H .,  and th e n  m o d if ie d  by O.H. and m y se lf  as r e q u i r e d ,  t o  

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

(Program P l o t . ,  Appendix A). In  t h i s  way, any o f  th e

c a l c u l a t e d  p a ra m e te rs  c o u ld  be d i s p l a y e d  as  a f u n c t i o n  o f  t im e  

w i th  r e s p e c t  t o  drug  a p p l i c a t i o n .  Such d a ta  co u ld  be d i s p l a y e d  

by ( i )  C a l c u l a t i n g  t h e  mean of  t h e  v a lu e s  p r i o r  t o  drug 

e j e c t i o n  and s e t t i n g  t h i s  mean t o  100%. Any changes in  th e  

v a lu e s  were th e n  e x p re s s e d  r e l a t i v e  t o  t h i s  p r e - d r u g  l e v e l ,

( i i )  A l t e r n a t i v e l y ,  t h e  a b s o lu t e  a m p l i tu d e s  o f  th e  p o t e n t i a l s  

co u ld  be  d i s p l a y e d .

The above program s w ere  m o d if ied  by m y se lf  in  o r d e r  t h a t  

t h e  s c r e e n  d i s p l a y  from any o f  th e  above programs co u ld  be

o u tp u t  t o  a H e w le t t  P ackard  7475a p l o t t e r  t o  p ro v id e  a ha rd  

copy of  t h e s e  r e s u l t s .  Most o f  th e  g r a p h i c a l  r e s u l t s  p r e s e n t e d  

in  t h i s  t h e s i s  were o b ta in e d  in  t h i s  way. The raw evoked 

p o t e n t i a l  t r a c e s  c o u ld  a l s o  be o u tp u t  in  t h i s  same way t o  

p ro v id e  hard  c o p i e s .  T h is  became t h e  fav o u red  method of

p r e s e n t i n g  such  d a t a ,  su c c e e d in g  th e  p re v io u s  method o f

p h o to g ra p h in g  t r a n s i e n t s  from o s c i l l o s c o p e  s c r e e n s .
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U n f o r tu n a t e l y ,  a draw back o f  t h e  PRO 350 was t h a t  i t  was 

o n ly  a b le  t o  sample from a s i n g l e  c h a n n e l  a t  any one t im e .  

T h e r e f o r e ,  a l th o u g h  most o f  t h e  work p r e s e n te d  i s  concerned  

w i th  evoked p o t e n t i a l s  re c o rd e d  a t  d e p th  i t  was r e q u i r e d  t o  

i n v e s t i g a t e  th e  s u r f a c e  evoked p o t e n t i a l s  a l s o .  When t h i s  was 

th e  c a s e  t h i s  d a ta  was r e - r e a d  from th e  t a p e  r e c o r d e r  i n t o  th e  

com pute r  a t  a l a t e r  t im e .  T h is  was c o s t l y  in  te rm s o f  t im e  and 

com puter  s to r a g e  b u t  was t h e  o n ly  s h o r t - t e r m  p r a c t i c a l  

s o l u t i o n  t o  t h e  p ro b le m . I t  was th e n  a s im ple  enough c a s e  t o  

p a i r  t h e s e  two p i e c e s  o f  d a ta  t o g e t h e r .



SIMPLE OUTLINE OF EXPERIMENT

The an im a l  and t h e  r e c o r d in g  s e t  up  were p re p a re d  as  

d e s c r ib e d  a bove . In  th e  u r e th a n e  a n a e s t h e t i s e d  r a t  th e  ECoG i s  

c h a r a c t e r i s e d  by p e r io d s  o f  e l e c t r i c a l  a c t i v i t y  w hich a r e  

i n t e r s p e r s e d  by p e r io d s  o f  q u ie s e n c e ;  th e  d e e p e r  th e  

a n a e s t h e s i a  t h e  l o n g e r  t h e  p e r io d s  o f  q u ie s e n c e .  The l e v e l  o f  

a n a e s t h e s i a  was s e t  su c h  t h a t  th e  ECoG was c h a r a c t e r i s e d  by 

a p p ro x im a te ly  e q u a l  a c t i v e  and q u i e s c e n t  p e r i o d s .  T h is  l e v e l  

o f  a n a e s t h e s i a  was m a in ta in e d  th ro u g h o u t  th e  ex p e r im en t  by 

a d m i n i s t r a t i o n  o f  su p p le m e n ta ry  d o ses  o f  u r e th a n e  when p e r io d s  

o f  a c t i v i t y  began  t o  dom inate  th e  ECoG.

In  most e x p e r im e n t s ,  t h e  r e c o r d in g  e l e c t r o d e  was p la c e d  a t  

a d e p th  c o r r e s p o n d in g  t o  th e  m idd le  l a y e r s  o f  th e  c o r t e x ,  

b e c a u se  t h e s e  have b e e n  shown t o  be t h e  most s e n s i t i v e  t o  th e  

e p i l e p to g e n i c  e f f e c t s  o f  p e n i c i l l i n  (Lockton and Holmes, 

1983) .

In  t h e  s im p l e s t  o f  e x p e r im e n ts  a s i n g l e  r e c o rd in g  e l e c t r o d e  

and a p e n i c i l l i n - c o n t a i n i n g  e l e c t r o d e  were p la c e d  a t  a d e p th  

o f  0.7mm. Forepaw so m ato sen so ry  evoked p o t e n t i a l s  were 

r e c o rd e d  from d e p th  and from th e  s u r f a c e  and s to r e d  on t a p e  

and com pu te r .  P e n i c i l l i n  was e j e c t e d  from t h e  e l e c t r o d e  by a 

known a n io n ic  c u r r e n t  f o r  a g iv e n  p e r io d  o f  t im e and th en  t o  a 

c a t i o n i c  ' h o l d i n g '  c u r r e n t .  The evoked p o t e n t i a l s  were
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c o n t i n u a l l y  m o n ito re d  th ro u g h o u t  t h e  p e r io d  p r i o r  t o ,  d u r in g ,  

and f o r  a t im e  a f t e r  p e n i c i l l i n  e j e c t i o n .  The d a ta  was 

re c o rd e d  and a n a ly s e d  as d e s c r i b e d .

P la c in g  th e  p e n i c i l l i n  c o n ta i n in g  e l e c t r o d e  i n t o  t h e  c o r t e x  

sometimes r e s u l t e d  in  a tem p o ra ry  d e c l i n e  in  t h e  a m p l i tu d e s  o f  

evoked p o t e n t i a l s  r e c o rd e d  by a n e a rb y  d e p th  e l e c t r o d e .  I f  

t h i s  e f f e c t ,  when i t  o c c u re d ,  was o n ly  s m a l l  t h e  p o t e n t i a l s  

n o rm a l ly  r e c o v e r e d  w i t h in  a few m in u te s .  I f  t h e r e  was l i t t l e  

o r  no r e c o v e ry  t h e  e x p e r im e n t  was abandoned. However t h i s  was 

o n ly  a prob lem  when u s in g  th e  1s t  c o n s ta n t  c u r r e n t  d e v ic e ;  

t h i s  had a d r i v i n g  v o l t a g e  o f  o n ly  1 0  v o l t s  and so i t  was 

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

so  t h a t  p e n i c i l l i n  c o u ld  be e j e c t e d  w i th o u t  t h e  c o n s t a n t  

s u r r e n t  s o u rc e  o v e r l o a d in g .  The newer c o n s ta n t  c u r r e n t  d e v ic e  

had a d r iv i n g  v o l t a g e  o f  90 v o l t s .  T h e r e f o r e  o v e r lo a d in g  was 

no lo n g e r  a g r e a t  problem  and s m a l le r  t ip p e d  e l e c t r o d e s  cou ld  

be u s e d .  The e l e c t r o d e  co u ld  be p la c e d  in  t h e  c o r t e x  w i th o u t  

any d e t r i m e n ta l  e f f e c t  on th e  evoked p o t e n t i a l s .  F u r th e rm o re  

w i th  s m a l l e r  t i p p e d  e l e c t r o d e s  t h e r e  was l e s s  sp o n tan eo u s  

le a k a g e  from th e  e l e c t r o d e .  A h o ld in g  c u r r e n t  (+10 to  +50 nA) 

was a u to m a t i c a l l y  a p p l i e d  t o  t h e  e l e c t r o d e  once i t  to u ch ed  th e  

c o r t i c a l  s u r f a c e  a nd , in  most c a s e s ,  t h e  e l e c t r o d e  c o u ld  be 

l e f t  f o r  long  p e r i o d s  o f  t im e  w i th o u t  any e f f e c t s  on SEPs.
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On some o c c a s s i o n s ,  a f t e r  th e  i n s e r t i o n  o f  t h e  p e n i c i l l i n  

e l e c t r o d e  i n to  t h e  c o r t e x ,  s p o n ta n e o u s  e p i l e p t i f o r m  s p ik e s  

began  t o  o c c u r ,  d e s p i t e  t h e r e  b e in g  no e j e c t i n g  c u r r e n t  

a p p l i e d  t o  th e  e l e c t r o d e .  I f  su ch  a s i t u a t i o n  a r o s e ,  the  

e l e c t r o d e  was removed and i t s  r e s i s t a n c e  t e s t e d ;  i f  the  

r e s i s t a n c e  was ' l a r g e '  (> 2 MOhms) th e  e l e c t r o d e  was

th o ro u g h ly  washed and used  a g a in ;  in  t h i s  c a s e  t h e  e f f e c t  o f  

unwanted s p o n ta n e o u s  s p ik i n g  may have been  a t t r i b u t a b l e  t o  the  

ad h e ra n c e  o f  p e n i c i l l i n  t o  th e  o u t s i d e  o f  t h e  e l e c t r o d e .  I f  

t h e  e l e c t r o d e  r e s i s t a n c e  was sm a l l  however, th e  e f f e c t  was 

more l i k e l y  due t o  le a k a g e  o f  p e n i c i l l i n  from t h e  e l e c t r o d e ,  

which was th e n  r e p l a c e d  by one w i th  a  h i g h e r  r e s i s t a n c e .

t
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RESULTS: PART 1

I .  The C h a r a c t e r i s t i c s  o f  Normal Som atosensory  Evoked

P o t e n t i a l s

Som atosensory  evoked p o t e n t i a l s  (SEPs) and p o t e n t i a l s  

evoked by  d i r e c t  c o r t i c a l  s t i m u l a t i o n  (DCS) were r e c o rd e d  from 

w i th in  l a y e r  IV and from t h e  s u r f a c e  o f  t h e  som atosenso ry  

c o r t e x  o f  t h e  u r e th a n e  a n a e s t h e t i s e d  r a t .  P e n i c i l l i n  was 

e j e c t e d  from a n e ig h b o u r in g  g l a s s  m ic r o e l e c t r o d e  o r  from one 

b a r r e l  o f  a m u l t i - b a r r e l l e d  e l e c t r o d e  (o f  which a n o th e r  b a r r e l  

was u se d  f o r  r e c o r d in g )  by e l e c t r o p h o r e t i c  e x p u ls io n  i n t o  

l a y e r  IV.

Both SEPs and p o t e n t i a l s  evoked by DCS, when reco rd e d  in  

l a y e r  IV, had n e g a t i v e  go ing  w aveform s. SEPs in  th e  c e n t r e  o f  

t h e  p r im a ry  r e c e i v i n g  a r e a  were composed o f  a s e r i e s  o f  

’w a v e l e t s '  which may c o rre sp o n d  t o  th e  d i f f e r e n t  components o f  

t h e  s u r f a c e  r e c o rd e d  p o t e n t i a l  ( d e s c r ib e d  in  t h e  methods) and 

r e f l e c t  th e  v a r i o u s  s t a g e s  in  th e  p r o c e s s in g  o f  the  a f f e r e n t  

in f o r m a t io n .  Away from t h e  c e n t r e  o f  t h e  p r im a ry  r e c e iv i n g  

a r e a  d e p th  r e c o r d e d  SEPs c o n s i s t e d  o f  a s im p le  n e g a t iv e  going 

d e f l e c t i o n  ( s e e  m e th o d s ) . The a m p li tu d e  o f  t h e  p o t e n t i a l s  was 

c a l c u l a t e d  from th e  p o i n t  o f  th e  s t im u lu s  a r t i f a c t  t o  th e  

maximum n e g a t i v i t y  o f  t h e  evoked p o t e n t i a l .
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In  t h e  ab sen ce  o f  p e n i c i l l i n  e j e c t i o n  (w i th  a r e t a i n i n g

c u r r e n t  a p p l i e d  t o  th e  p e n i c i l l i n  c o n ta i n in g  e l e c t r o d e )  t h e r e

was a random v a r i a t i o n  in  a m p l i tu d e  be tw een  s u c c e s s iv e  SEPs,

a s w e l l  as be tw een  p o t e n t i a l s  evoked by DCS, b u t  t h e r e  was no

o v e r a l l  change in  t h e  mean a m p l i tu d e s  o f  t h e  p o t e n t i a l s  (eg .

f i g .  3 . 1 . 2 ,  p r i o r  t o  p e n i c i l l i n  e j e c t i o n )  w i th  t im e .  The

c
random v a r i a b i l i t y  be tw een  s u c e s s iv e  p o t e n t i a l s  may be a 

f u n c t i o n  o f  th e  s t a t e  o f  ongo ing  s p o n ta n e o u s  c o r t i c a l  a c t i v i t y  

( C a r t e r  e t  a l . ,  1969), t h e  e f f e c t  o f  which on s u r f a c e  rec o rd e d  

p o t e n t i a l s  has  a l r e a d y  been  d i s c u s s e d  in  th e  m ethods.

As t h e r e  was no o v e r a l l  change o f  evoked p o t e n t i a l  

a m p l i tu d e  w i th  t im e ,  th e  e f f e c t s  o f  p e n i c i l l i n  on c o r t i c a l  

e x c i t .  a b i l i t y  co u ld  be i n v e s t i g a t e d  by m onit o r in g  th e  evoked 

p o t e n t i a l s  and th e  ECoG w i th  th e  knowledge t h a t  any changes 

would n o t  be due t o  sp o n ta n e o u s  v a r i a b i l i t y  w i th  t im e .



I I .  The Enhancement o f  Som atosensory  Evoked P o t e n t i a l s  by

P e n i c i l l i n

(a) P e n i c i l l i n  E je c t e d  by Sm all E l e c t r o p h o r e t i c  C u r r e n t s :  

- 5 0  t o  -lOOnA

A f t e r  t h e  s t a r t  o f  p e n i c i l l i n  e j e c t i o n  ( -5 0  t o  -lOOnA) i n t o  

l a y e r  IV o f  t h e  c o r t e x  t h e  d e p th  r e c o rd e d  evoked p o t e n t i a l s  

s t a r t e d  t o  i n c r e a s e  in  a m p l i tu d e  so  t h a t  a f t e r  s e v e r a l  m inu tes  

th e  a m p l i tu d e  o f  t h e s e  enhanced p o t e n t i a l s  was 2 t o  3 t im es  

l a r g e r  th a n  t h a t  of t h e  p r e - d r u g  p o t e n t i a l s  ( f i g .  3 . 1 . 1 ) .  

F u r th e rm o re ,  i t  can  be seen  from f i g u r e  3 . 1 . 2  t h a t  when th e  

d e p th  re c o rd e d  SEP was composed o f  s e v e r a l  components ( i e  i t  

was r e c o r d e d  from th e  c e n t r e  o f  th e  r e c e iv i n g  a r e a )  th e  f i r s t  

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

go ing  wave was enhanced  by th e  e f f e c t s  o f  p e n i c i l l i n .  A 

s i m i l a r  f e a t u r e  was a l s o  t r u e  f o r  t h e  s u r f a c e  rec o rd e d  

r e s p o n s e  in  t h a t  t h e  i n i t i a l  p o s i t i v e  wave (PI) was unchanged 

b u t  t h e  second p o s i t i v e  wave (P2) was enhanced in  a m p l i tu d e  by 

*- p e n i c i l l i n  ( f i g .  3 . 1 . 1 c ) .  S ince  t h e  same

a f f e r e n t  in p u t  i n t o  th e  c o r t e x  r e s u l t e d  in  a l a r g e r  evoked 

p o t e n t i a l  th a n  in  t h e  absence  o f  p e n i c i l l i n ,  t h i s  im p l ie d  t h a t  

t h e  e j e c t i o n  o f  p e n i c i l l i n  r e s u l t e d  in  an enhancement o f  

c o r t i c a l  a c t i v i t y .  F u r th e rm o re ,  th e  enhancem ent o f  t h e  P2 

component o f  t h e  s u r f a c e  re c o rd e d  re s p o n s e  and t h e  enhanced
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- 100  nA
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F i g u r e  3 . 1 . 1 :  The enhancem ent by p e n i c i l l i n ,  e j e c t e d  by sm a l l  
( -1 0 0  nA) e l e c t r o p h o r e t i c  c u r r e n t s ,  o f  som a tosenso ry  evoked 
p o t e n t i a l s  r e c o rd e d  from l a y e r  IV. (A) The s m a l l e s t  evoked 
p o t e n t i a l  ( i t s  a m p li tu d e  i n d i c a t e d  by th e  l e n g th  o f  th e  arrow ) 
was evoked b e f o r e  p e n i c i l l i n  and t h e  s u c c e s s iv e  p o t e n t i a l s  were 
evoked e v e ry  fo u r  seconds  a f t e r  th e  s t a r t  o f  p e n i c i l l i n  
e j e c t i o n .  (B) I n d iv i d u a l  d e p th  rec o rd e d  p o t e n t i a l s  p r i o r  to  and 
a f t e r  s e v e r a l  m in u te s  of c o n t in u e d  p e n i c i l l i n  e j e c t i o n  (-ICOnA). 
The s t i m u lu s  a r t i f a c t s  a r e  j u s t  v i s i b l e  in  t h e  r e c o rd in g  t r a c e s .

(C) The s u r f a c e  r e c o rd e d  p o t e n t i a l  was a l s o  enhanced by 
p e n i c i l l i n  b u t  t h i s  enhancement was c o n f in e d  t o  an i n c r e a s e  in  
t h e  a m p l i tu d e  o f  th e  P2 component.



a m p l i tu d e  o f  t h e  d e p th  re sp o n se  may r e f l e c t  t h e  same 

u n d e r ly in g  enhancem ent o f  c o r t i c a l  a c t i v i t y .

P e n i c i l l i n ,  when e j e c t e d  by e l e c t r o p h o r e t i c  c u r r e n t s  of  up 

t o  -lOOnA, a l th o u g h  r e s u l t i n g  in  an enhancem ent o f  evoked 

a c t i v i t y ,  d id  n o t  p roduce  any s p o n ta n e o u s  e p i l e p t i f o r m  s p ik e s .  

T h is  im p l ie d  t h e r e f o r e ,  t h a t  a l th o u g h  th e  c o r t e x  was in  a 

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

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

The tim e c o u rs e  o f  t h e  enhancement o f  t h e  d e p th  reco rd e d  

evoked p o t e n t i a l s  was a l s o  m o n ito red  and th e  r e s u l t  o f  a

t y p i c a l  enhancem ent by a s m a l l  f lu x  o f  p e n i c i l l i n  i s

i l l u s t r a t e d  in  f i g u r e  3 . 1 . 2 .  A f t e r  th e  s t a r t  o f  p e n i c i l l i n  

e j e c t i o n  t h e r e  was a d e la y  ( u s u a l l y  1 t o  3 min ) d u r in g  which

t h e r e  was no d e t e c t a b l e  change in  evoked p o t e n t i a l

c h a r a c t e r i s t i c s .  The evoked p o t e n t i a l s  th e n  began t o  i n c r e a s e  

in  a m p l i tu d e  and ove r  th e  n e x t  few m in u tes  fo llow ed  a 

s ig m o id a l  cu rve  t o  r e a c h  a p l a t e a u  l e v e l  a t  abou t 3 00% o f  th e  

p r e -d ru g  l e v e l s  ( f i g .  3 . 1 . 2 b ) .  The p l a t e a u  l e v e l  was 

m a in ta in e d  f o r  as long  as  p e n i c i l l i n  e j e c t i o n  was c o n t in u e d .  

When p e n i c i l l i n  e j e c t i o n  was t e r m in a te d  th e  a m p l i tu d e  o f  th e  

evoked p o t e n t i a l s ,  a f t e r  a s h o r t  d e la y ,  began  t o  d e c l i n e  back 

tow ards  norm al l e v e l s .  The tim e c o u rs e  o f  th e  r e c o v e ry  o f  

evoked p o t e n t i a l  a m p l i tu d e  was s i m i l a r  t o  t h e  tim e  c o u rs e  o f  

th e  enhancem en t.
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A
Before p en ic i l l i n

P en ic i l l in
3 min
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2 0  ms

4 0 0

3 0 0 -
Amplitude 
% control 2 0 0 -

100

Penici l l in - 1 0 0  nA
0  -

-2 0 2 4 6 . 8  10

min

F ig u re  3 . 1 . 2 :  The enhancem ent o f  som atosenso ry  evoked
p o t e n t i a l s  by p e n i c i l l i n  e j e c t e d  by sm a ll  ( -100  nA) 
e l e c t r o p h o r e t i c  c u r r e n t s .  (A) i n d i v i d u a l  SEPs b e f o r e  and a t  
v a r i o u s  t im e s  d u r in g  t h e  o n s e t  o f  enhancem ent. Note t h a t  t h e  
second  n e g a t i v e  go in g  component i s  enhanced t o  a g r e a t e r  e x t e n t  
(>200%) th a n  t h e  f i r s t  component (50%). The s t im u lu s  a r t i f a c t s  
a r e  v i s i b l e  in  t h e  i n d i v i d u a l  t r a c e s .  (B) Time c o u rse  of th e  
p e n i c i l l i n  in d u ced  enhancem ent o f  a m p l i tu d e .  Each p o i n t  i s  t h e  
a m p l i tu d e  o f  an i n d i v i d u a l  p o t e n t i a l  evoked ev e ry  fo u r  se c o n d s .  
The mean a m p l i tu d e  o f  p o t e n t i a l s  b e f o r e  p e n i c i l l i n  e j e c t i o n  i s

t a k e n  as 100%. The a m p l i tu d e  o f  p o t e n t i a l s  i s  e x p re s se d  as a 
p e r c e n ta g e  of  t h i s  mean. P e n i c i l l i n  e j e c t i o n  i s  s t a r t e d  a t  tim e 
0 .
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F i g u r e  3 . 1 . 3 :  The e f f e c t  o f  p e n i c i l l i n ,  e j e c t e d  by sm a l l  
e l e c t r o p h o r e t i c  c u r r e n t s  (-1C0 nA) , on  th e  a m p l i tu d e  (B) and 
d u r a t i o n  (C) o f  so m a tosenso ry  evoked p o t e n t i a l s .



The waveform o f  t h e  enhanced  p o t e n t i a l s ,  i l l u s t r a t e d  in  

f i g u r e  3 . 1 . 2 a ,  s u g g e s te d  a l a c k  o f  any e f f e c t  o f  p e n i c i l l i n  on 

th e  d u r a t i o n  o r  th e  tim e  t o  peak o f  th e  evoked p o t e n t i a l s .  

F i g u r e  3 . 1 . 3 ,  in  which t h e  e f f e c t  o f  t h e  e j e c t i o n  o f  

p e n i c i l l i n  on th e  d u r a t i o n  ( t im e  t o  r e c o v e ry  t o  25% o f  maximum 

a m p l i tu d e )  o f  t h e  p o t e n t i a l s  has  been  p l o t t e d ,  i l l u s t r a t e d  

t h a t  d e s p i t e  t h e  enhancem ent o f  a m p li tu d e  t h e r e  was indeed  no 

enhancem ent o f  t h e  d u r a t i o n  o f  t h e  evoked p o t e n t i a l s .  I f  t h e r e  

was any e f f e c t  t h i s  was a d e c re a s e  in  t h e  norm al v a r i a b i l i t y  

o f  t h e  d u r a t i o n .

The r e s u l t s  d e s c r ib e d  above w ere  t y p i c a l  f o r  t h e  e f f e c t s  o f  

p e n i c i l l i n  e j e c t e d  by sm a l l  e l e c t r o p h o r e t i c  c u r r e n t s .  I t  w i l l  

be  c l e a r  from t a b l e  1 , w hich  sum m arises a l l  t h e  e x p e r im e n ta l  

v a l u e s ,  t h a t  t h e r e  was a c e r t a i n  de g re e  o f  v a r i a b i l i t y  be tw een 

t h e  v a r i o u s  p a ra m e te rs  in  d i f f e r e n t  e x p e r im e n ts .  Any r e a s o n s  

f o r  such  d i f f e r e n c e s  w i l l  be c o n s id e r e d  f u r t h e r  in  th e  

d i s c u s s i o n .
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T ab le  1: Summary s t a t i s t i c s  o f  th e  Enhancement o f  Evoked

P o t e n t i a l s  by sm a l l  Doses o f  P e n i c i l l i n .

P e n i c i l l i n  Dose

-50  to  -9 0  nA 

n= 1 2

-100  nA 

n=28

Delay  to  O nset 

o f

Enhancement (min)

2 - 6 1 - 4

D elay to  

P l a t e a u  L evel 

(min)

7 - 1 4 5 - 1 2

P l a t e a u  L evel 

(% c o n t r o l )
150 -  200 150 -  350

P e n i c i l l i n  (nA) Enhancement o f  
d u r a t i o n  (% c o n t r o l )

-5 0 97, 100, 100, 104

-55 1 0 0 , 1 0 2

-65 100, 103

-8 0 . 93, 95

-9 0 1 0 0 , 1 0 2

- 1 0 0

9 0 ,9 2 ,9 5 ,9 5 ,9 7 ,  97, 100 (9 
o b s e r v a t io n s )

102, 103, 103, 103, 105 ,105 , 
105, 106, 107, 125, 135 ,140 , 
145

i f



The p r e c e d in g  r e s u l t s  showed t h a t  sm a l l  d o ses  o f  p e n i c i l l i n  

r e s u l t e d  in  an enhancement o f  evoked p o t e n t i a l s  and t h a t  t h i s  

enhancem ent was c o n f in e d  t o  an i n c r e a s e  in  a m p l i tu d e ,  w i th o u t  

any change in  t h e  waveform o f  t h e  p o t e n t i a l s .  The enhancem ent 

o f  evoked p o t e n t i a l s  by sm a l l  doses  o f  p e n i c i l l i n  i l l u s t r a t e d  

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

b u t  t h a t  t h i s  was i n s u f f i c i e n t  t o  r e s u l t  in  th e  g e n e r a t i o n  o f  

s p o n ta n e o u s  s p i k i n g .  I t  was im p o r ta n t  t h e r e f o r e ,  t o  

i n v e s t i g a t e  how evoked a c t i v i t y  in  th e  e p i l e p t i f o r m  focus  was 

enhanced  when s u f f i c i e n t  p e n i c i l l i n  was e j e c t e d  t o  r e s u l t  in  

sp o n ta n e o u s  e p i l e p t i f o r m  s p i k i n g .

( b ) P e n i c i l l i n  E je c t e d  by Large  E l e c t r o p h o r e t i c  C u r r e n t s :  

-5 0 0  nA

A f t e r  t h e  s t a r t  o f  p e n i c i l l i n  e j e c t i o n  (-500  nA) t h e  d e p th  

r e c o r d e d  evoked p o t e n t i a l s  in c r e a s e d  in  a m p l i tu d e  so  t h a t  

a f t e r  s e v e r a l  m inu tes  t h e s e  were v e ry  much l a r g e r  ( in  e x c e s s  

o f  5mV) compared t o  norm al ( f i g .  3 .1 .4 )  and a l s o  l a r g e r  th an  

evoked p o t e n t i a l s  enhanced by s m a l l  d o ses  o f  p e n i c i l l i n  ( se e  

f i g .  3 . 1 . 5 ) .  As w e l l  as th e  l a r g e  i n c r e a s e  in  a m p l i tu d e ,  t h e r e  

were a l s o  d ra m a t ic  changes in  t h e  waveforms of  t h e  evoked 

p o t e n t i a l s ;  t h e r e  was an i n c r e a s e  in  th e  d e la y  t o  th e  peak and 

an i n c r e a s e  in  t h e  o v e r a l l  d u r a t i o n  o f  t h e  d e p th  re c o rd e d  

p o t e n t i a l s .  By th e  tim e th e  enhancement had rea c h e d  a s t e a d y  

l e v e l  t h e  d u r a t i o n  o f  t h e  d e p th  r e c o rd e d  p o t e n t i a l s  was much
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l a r g e r  (50 t o  100 msec) th an  t h a t  o f  norm al evoked p o t e n t i a l s  

(10 t o  1 5m sec ) . Spontaneous e p i l e p t i f o r m  s p ik e s  a l s o  began  t o  

o c c u r  d u r in g  t h e  enhancem ent o f  t h e  evoked p o t e n t i a l s .

The s u r f a c e  r e c o rd e d  p o s i t i v e  going wave (P2) was a l s o  

enhanced  in  a m p l i t u d e .  In  a d d i t i o n ,  t h e  l a t e r  n e g a t iv e - g o in g  

wave (N2) o f  t h e  s u r f a c e  r e c o rd e d  re sp o n se  became v e ry  l a r g e  

in  a m p l i tu d e  and d u r a t i o n  and dom inated th e  s u r f a c e  rec o rd e d  

evoked p o t e n t i a l  ( f i g .  3 . 1 . 4 a ) .  D uring t h i s  s t a g e  th e  d e p th  

r e c o rd e d  enhanced evoked p o t e n t i a l s ,  e x c e p t  f o r  th e  i n i t i a l  

com ponent, were v e ry  s i m i l a r  in  a p p e a ra n ce  t o  spo n tan eo u s  

e p i l e p t i f o r m  s p ik e s  ( f i g .  3 .1 .6 )  e x c ep t  t h a t  t h e  w a v e fro n t  o f  

th e  enhanced  evoked p o t e n t i a l  was v e ry  much s t e e p e r  th an  t h a t  

o f  t h e  s p o n ta n e o u s  s p i k e .  F u r th e rm o re ,  t h e  s u r f a c e  re c o rd e d  

enhanced  SEP had a v e ry  l a r g e  P2 wave w h ich , s in c e  i t  r e f l e c t s  

th e  evoked a c t i v i t y ,  was a b s e n t  from th e  s u r f a c e  r e c o rd  of 

sp o n ta n e o u s  s p i k e s .  C l e a r l y  t h e n ,  t h e  e j e c t i o n  o f  l a r g e r  doses  

o f  p e n i c i l l i n ,  s u f f i c i e n t  t o  induce  sp o n ta n e o u s  e p i l e p t i f o r m  

s p i k i n g ,  r e s u l t e d  in  a f u r t h e r  enhancement o f  evoked a c t i v i t y  

in  a d d i t i o n  t o  t h a t  b ro u g h t  abou t by s m a l l  doses  of  

p e n i c i l l i n .
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F i g u r e  3 . 1 . 4 :  The e f f e c t  o f  p e n i c i l l i n ,  e j e c t e d  by l a r g e  
e l e c t r o p h o r e t i c  c u r r e n t s  ( -5 0 0 n A ) , on s u r f a c e  r e c o rd e d  (A) and 
d e p th  r e c o r d e d  s o m a to s e n s o r y  evoked  p o t e n t i a l s  (A and B ) . The 
a r ro w s  marked i n d i c a t e  t h e  maximum a m p l i tu d e  (A) and t h e  
d u r a t i o n  (B) o f  t h e  r e s p o n s e s .
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Before  P e n i c i l l i n

With P e n i c i l l i n  
' -100 nA

With P e n i c i l l i n  
-500 nA

0 . 5  mV

F i g u r e  3 . 1 . 5 :  A c o m p a r iso n  o f  t h e  e f f e c t s  o f  sm a l l  (-100nA) 
and l a r g e  (~5C0nA) d o se s  of  p e n i c i l l i n  on dep th  rec o rd e d  
so m a a to se n so ry  evoked p o t e n t i a l s .  Note t h e  d ram a tic  in c r e a s e  in  
t h e  d u r a t i o n  due t o  l a r g e r  doses  o f  p e n i c i l l i n  compared t o  t h a t  
in  t h e  ab sen ce  o f  p e n i c i l l i n  o r  in  t h e  enhancement by s m a l l e r  
d o ses  o f  p e n i c i l l i n .



F i g u r e  3 . 1 . 6 :  C om parison  o f  s o m a to s e n s o ry  evoked p o t e n t i a l ,
enhanced  by  l a r g e  d o s e s  o f  p e n i c i l l i n ,  and a s p o n ta n e o u s  
e p i l e p t i f o r m  s p i k e .  The w aveform  o f  t h e  s p o n ta n e o u s  s p ik e  i s  
v e ry  s i m i l a r  t o  t h a t  o f  t h e  enhanced  evoked  p o t e n t i a l .  The o n ly  
d i f f e r e n c e  i s  in  t h e  i n i t i a l  com ponent; t h e  s u r f a c e  P2 wave and 
t h e  v e ry  s t e e p  r i s i n g  p h a se  o f  o f  t h e  d e p th  r e c o r d e d  EP a r e  
a b s e n t  from t h e  s p o n ta n e o u s  s p ik e  w aveform . T h i s  s u g g e s t s  t h a t  
t h e  a c t i v i t y  u n d e r l y i n g  t h e  l a t e r  component o f  t h e  enhanced  EP 
may b e  s i m i l a r  t o  t h a t  w hich  u n d e r l i e s  t h e  s p o n ta n e o u s  s p i k e .
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The Time Course  o f  Enhancement

A f t e r  t h e  s t a r t  o f  p e n i c i l l i n  e j e c t i o n  (-500nA) t h e r e  was a 

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

e j e c t i n g  c u r r e n t s ,  b e f o r e  any change in  t h e  evoked p o t e n t i a l s  

o c c u r r e d .  A f t e r  t h i s  d e la y  t h e r e  was an in c r e a s e  in  th e  

d u r a t i o n  ( f i g .  3 . 1 . 8 ) ,  and an enhancem ent o f  am p litu d e  o f  th e  

evoked p o t e n t i a l s  ( f i g .  3 .1 .7  and 3 . 1 . 8 ) .  As i l l u s t r a t e d  in  

f i g u r e  3 . 1 . 8 ,  t h e r e  was no d i f f e r e n c e  be tw een  th e  tim e c o u rse  

o f  enhancem ent o f  am p litu d e  and th e  enhancem ent o f  d u r a t i o n ;  

a t  t h e  o n s e t  o f  t h e  enhancement ( p o in t  A in  f i g .  A7) b o th  th e  

a m p l i tu d e  and d u r a t i o n  in c r e a s e d  t o g e t h e r .  The r a t e  of 

enhancem ent was much more r a p id  th a n  had been  e v id e n t  w i th  

s m a l l e r  p e n i c i l l i n  f l u x e s .  The i n c r e a s e  in  a m p li tu d e  and 

d u r a t i o n  c o n t in u e d  u n t i l  b o th  re a c h e d  p l a t e a u  l e v e l s  o f  

en h an cen en t  w i th in  a few m in u te s .  The p l a t e a u  l e v e l  o f  

enhancem ent was m a in ta in e d  f o r  as long  as  p e n i c i l l i n  e j e c t i o n  

was c o n t in u e d .

On t e r m i n a t i o n  o f  p e n i c i l l i n  e j e c t i o n  t h e r e  was a s h o r t  

d e la y  b e f o r e  th e  r e c o v e ry  o f  th e  evoked p o t e n t i a l s  s t a r t e d .  In  

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

enhancem ent t h e r e  was now a c o n s id e r a b l e  d i f f e r e n c e  in  th e  

tim e  c o u rs e s  o f  t h e  r e c o v e ry  o f  t h e  a m p l i tu d e  and th e  rec o v e ry  

o f  d u r a t i o n .  The a m p li tu d e  o f  th e  evoked p o t e n t i a l s  r e c o v e red  

more s lo w ly  th a n  th e  d u r a t i o n  so  t h a t  t h e r e  was a phase  ( a f t e r
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p o i n t  B in  f i g .  A7) d u r in g  which t h e  d u r a t i o n  o f  th e  

p o t e n t i a l s  had r e t u r n e d  t o  normal l e v e l s  a l th o u g h  th e  

a m p l i tu d e  was s t i l l  g r e a t e r  th an  p r e - d r u g  l e v e l s .  This  

s i t u a t i o n  was a n a la g o u s  t o  the  enhancem ent b ro u g h t  a b o u t  by 

s m a l l e r  p e n i c i l l i n  e j e c t i n g  c u r r e n t s :  i e .  an enhancem ent of 

a m p l i tu d e  w i th  no change in  d u r a t i o n  o f  th e  evoked p o t e n t i a l s .



A

Before p e n i c i l l i n  

P e n i c i l l i n  -500 nA

2 . 5  mV

20 ms

Penicillin -500 nA

7 0 0 -
Amplitude 
% control 500  -

300 -

1 0 0

-2 0 2 4 6 8
min

F ig u re  3 .1 .7 :  The enhancem ent o f  som a tasenso ry  evoked
p o t e n t i a l s  by p e n i c i l l i n  e j e c t e d  by l a r g e  e l e c t r o p h o r e t i c  
c u r r e n t s  (-500  nA) . I n d i v i d u a l  r e s p o n s e s  b e f o r e  and a f t e r  about
1 .5  min a f t e r  th e  s t a r t  o f  e j e c t i o n  (A). Arrow i n d i c a t e s  time 
o f  s t i m u l a t i o n .  The t im e  c o u rs e  o f  t h e  enhancement (B) by the  
same dose  o f  p e n i c i l l i n  a s  in  (A) . The mean a m p litude  o f  evoked 
p o t e n t i a l s  b e fo r e  t h e  o n s e t  o f  p e n c i l l i n  i s  c a l c u l a t e d  as 1 0 0 % 
and t h e  am p litu d e  o f  p o t e n t i a l s  i s  e x p re s s e d  as a  p e rc e n ta g e  o f  
t h e  mean.



A

Ampl i tude  

(% c o n t r o l )

D u r a t i o n  

(% c o n t r o l )

Pen - 5 0 0
900

500

300

100

500

300.

100

1 086420

Time (min)

F ig u r e  3 .1 .8 :  The enhancement o f  a m p li tu d e  (A) and d u r a t io n
(B) o f  s o m a to sen so ry  evoked p o t e n t i a l s  by  p e n i c i l l i n  e j e c te d  by 
l a r g e  e l e c t r o p h o r e t i c  c u r r e n t s  ( -500  n A ) . Arrow I  i n d i c a t e s  t h e  
o n s e t  o f  enhancem ent; enhancem ent o f  b o t h  am p litu d e  and d u r a t i o n  
s t a r t s  a t  t h e  same t im e .  Arrow I I  i n d i c a t e s  t h e  time a t  which 
th e  d u r a t i o n  o f  t h e  SEPs r e t u r n s  t o  p re - d r u g  l e v e l s .  Note t h a t  
a t  t h i s  tim e t h e  a m p l i tu d e  o f  t h e  p o t e n t i a l s  i s  s t i l l  
c o n s i d e r a b l y  g r e a t e r  t h a n  p re - d r u g  l e v e l s .



F ig u r e  3 .1 .7  and 3 . 1 . 8  d e s c r i b e  t h e  t im e c o u rs e  o f  a 

t y p i c a l  enhancem ent o f  d e p th  p o t e n t i a l s  r e s u l t i n g  from l a r g e  

p e n i c i l l i n  f l u x e s ;  a summary o f  a l l  t h e  e x p e r im e n ta l  v a lu e s  i s  

g iv e n  in  t a b l e  2 .

T ab le  2: The Enhancement o f  Evoked P o t e n t i a l s  by Large

Doses o f  P e n i c i l l i n .

P e n i c i l l i n  Dose

- - 2 5 0  nA 

n = 15

- 5 0 0  nA 
n=25 '

> - 5 0 0  nA 
n = 13

Delay t o  Onset  
of  Enhancement  

(m i ri)

1 - 4 0 . 5 - 2 . 5 0 . 5 - 2

Delay  to  
P l a t e a u  Level ,  

(rn i ri)
5 -  11 3 . 5 - 8 3 . 5 - 7

P l a t e a u  Leve l  

(% c o n t r o l )
200- 40 0 3 50- 12 00 3 50 - 11 0 0

Enhancement  
o f  D u r a t i o n .  
(% c o n t r o l )

150-200 150-300 200- 350
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These r e s u l t s  showed t h a t  u s in g  l a r g e r  doses  o f  p e n i c i l l i n  

t h e  enhancem ent o f  evoked p o t e n t i a l s  was v e ry  d i f f e r e n t  t o  th e  

enhancem ent b ro u g h t  about by s m a l l e r  d o ses  o f  p e n i c i l l i n .  

T here  was a d ra m a t ic  change in  t h e  waveform o f  t h e  evoked 

p o t e n t i a l s ,  and th e  o c c u r r e n c e  o f  sp o n ta n e o u s  s p i k i n g ,  which 

i n d i c a t e d  t h a t  a d d i t i o n a l  changes  in  c o r t i c a l

hype re x c  i t  a b i l i t y  t o  th o s e  produced  by s m a l l e r  doses  o f  

p e n i c i l l i n  were o c c u r r in g .

The f i r s t  phase  (phase  I )  o f  c o r t i c a l  h y p e r e x c i t a b i l i t y ,  

r e f l e c t e d  by a s im p le  enhancem ent o f  th e  a m p li tu d e  o f  evoked 

p o t e n t i a l s  w i th o u t  any change in  t h e  waveform, was on ly  

a p p a re n t  when p e n i c i l l i n  was e j e c t e d  by s m a l l  e l e c t r o p h o r e t i c  

c u r r e n t s  (e g .  f i g .  3 . 1 . 2 )  o r  d u r in g  t h e  r e c o v e ry  from th e  

enhancem ent by a l a r g e  dose o f  p e n i c i l l i n  ( eg .  f i g .  3 . 1 . 8 ) .  

T here  were no sp o n ta n e o u s  e p i l e p t i f o r m  s p ik e s  d u r in g  phase  I ,  

w hich im p l ie d  t h a t  th e  h y p e re x c i t  a b i l i t y  was i n s u f f i c i e n t  t o  

induce  spo n tan eo u s  paroxysm al e v e n t s .

The second phase o f  h y p e r e x c i t a b i l i t y  o n ly  o c c u rre d  when

p e n i c i l l i n  was e j e c t e d  by l a r g e r  e l e c t r o p h o r e t i c  c u r r e n t s  and 

was a s s o c i a t e d  w ith  an i n c r e a s e  in  th e  d u r a t i o n  and tim e t o

peak o f  t h e  evoked p o t e n t i a l s .  T h is  change in  waveform

s u g g e s te d  th e  o n s e t  o f  a d i f f e r e n t  form o f  n e u ro n a l  a c t i v i t y

t o  t h a t  u n d e r ly in g  phase  I  and norm al evoked p o t e n t i a l s  and 

w i l l  be r e f e r r e d  t o  as phase  I I .  T h is  second phase was
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a s s o c i a t e d  w i th  th e  a p p e a re n ce  o f  sp o n ta n e o u s  e p i l e p t i f o r m  

s p i k e s .

Because  o f  t h e  r e q u i re m e n t  o f  d i f f e r e n t  m agn itudes  o f  

p e n i c i l l i n  e j e c t i n g  c u r r e n t s  f o r  t h e  p ro d u c t io n  o f  th e  

d i f f e r e n t  p h a ses  o f  e p i l e p t o g e n e s i s , one p o s s ib l e  

i n t e r p r e t a t i o n  o f  th e  above r e s u l t s  was t h a t  each  phase  o f  

evoked p o t e n t i a l  enhancem ent r e q u i r e d  . a c r i t i c a l  t h r e s h o ld  

c o n c e n t r a t i o n  o f  p e n i c i l l i n  ( s m a l l e r  f o r  phase  I  th a n  phase  

I I )  a t  t h e  edges o f  a g iv e n  volume o f  c o r t e x ,  in  t h e  same way 

as a  c r i t i c a l  c o n c e n t r a t i o n  i s  r e q u i r e d  fo r  th e  g e n e r a t i o n  o f  

s p o n ta n e o u s  e p i l e p t i f o r m  s p ik e s  (Lockton  and Holmes, 1983). A 

s m a l l  e j e c t i n g  c u r r e n t  ac h ie v e d  th e  c o n c e n t r a t i o n  o f  

p e n i c i l l i n  a t  t h e  edges o f  t h e  volume which was n e c e s s a r y  t o  

r e s u l t  in  phase I .  A l a r g e r  e j e c t i n g  c u r r e n t  ach ie v e d  a h ig h e r  

c o n c e n t r a t i o n  a t  t h e  edges o f  t h e  volume and r e s u l t e d  in  phase

I I .  However, th e  r a t e  o f  i n c r e a s e  o f  th e  c o n c e n t r a t i o n  when 

u s in g  an e j e c t i n g  c u r r e n t  o f  -500  nA was so  r a p id  t h a t  phase 

I I  o c c u r r e d  a lm os t  im m ed ia te ly  and phase I was n o t  a p p a r e n t .  

Only  a f t e r  t h e  t e r m i n a t i o n  o f  p e n i c i l l i n  e j e c t i o n ,  when th e  

p e n i c i l l i n  c o n c e n t r a t i o n  f i e l d  d e c l in e d  s lo w ly ,  d id  phase  I  

o c c u r  by  i t s e l f  ( s e e  f i g .  3 . 1 . 8 ) .
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( I l l )  The Enhancement o f  Evoked P o t e n t i a l s  by P e n i c i l l i n  

E j e c t e d  by  I n t e r m e d i a t e  E l e c t r o p h o r e t i c  C u r r e n t s

I f  t h e  above a s su m p tio n  was c o r r e c t ,  and two d i s t i n c t  

p h a se s  o f  c o r t i c a l  e x c i t a b i l i t y  d id  o c c u r  in  th e  developm ent 

o f  t h e  e p i l e p t i c  f o c u s ,  th e n  t o  d i s e n t a n g le  t h e  two p h ases  

d u r in g  th e  developm ent o f  th e  focus  r e q u i r e d  t h a t  th e  

t h r e s h o l d  p e n i c i l l i n  c o n c e n t r a t i o n  f o r  phase  I I  be  a c h ie v e d  

o v e r  a  l o n g e r  t im e  c o u rs e  th a n  t h a t  d u r in g  th e  e j e c t i o n  o f  

p e n i c i l l i n  by t h e  l a r g e  e j e c t i n g  c u r r e n t  in  t h e  p r e v io u s  

s e c t i o n  (-500nA; p a r t  l i b )  , which im m ed ia te ly  r e s u l t e d  i n  

p h ase  I I .  P e n i c i l l i n  e j e c t e d  by e l e c t r o p h o r e t i c  c u r r e n t s  

s m a l l e r  t h a n  -500nA was s u f f i c i e n t  t o  p roduce  s p o n ta n e o u s  

e p i l e p t i f o r m  s p ik e s  and t h e r e f o r e ,  p resum ab ly  s u f f i c i e n t  t o  

r e s u l t  in  phase  I I  o f  evoked p o t e n t i a l  enhancem ent. The 

e j e c t i o n  o f  p e n i c i l l i n  by a s m a l l e r  e l e c t r o p h o r e t i c  c u r r e n t  

s h o u ld  how ever, r e s u l t  in  a  s low er  r a t e  o f  i n c r e a s e  o f  

p e n i c i l l i n  c o n c e n t r a t i o n  a t  th e  edges o f  t h e  volume and 

t h e r e f o r e ,  may a l lo w  th e  te m p o ra l  s e p a r a t i o n  o f  phase  I  and 

p h a se  I I .

A f t e r  t h e  s t a r t  o f  e j e c t i o n  o f  p e n i c i l l i n  w i t h  an 

’ in te r m e d ia t e *  e l e c t r o p h o r e t i c  c u r r e n t  (-250  nA) t h e r e  was 

in d ee d  an i n i t i a l  enhancem ent o f  t h e  a m p l i tu d e  o f  t h e  evoked 

p o t e n t i a l s  w i th o u t  any  change in  t h e  d u r a t i o n ,  i n d i c a t i n g  th e  

p r e s e n c e  o f  p h a se  I  in  t h e  developm ent o f  t h e  e p i l e p t i c  f o c u s .
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F ig u r e  3 . 1 . 9 :  The e f f e c t  o f  p e n i c i l l i n  e j e c t e d  by
' i n t e r m e d i a t e '  e l e c t r o p h o r e t i c  c u r r e n t s  (-250  nA) on th e  
a m p l i tu d e  (A) and t h e  d u r a t i o n  (B) o f  som atosensory  evoked 
p o t e n t i a l s .  The f i r s t  a r ro w  i n d i c a t e s  t h e  o n s e t  o f  phase I ,  in  
w hich  t h e r e  i s  an enhancem ent o f  a m p l i tu d e  w ith o u t  any in c r e a s e  
i n  d u r a t i o n .  Second a r ro w  i n d i c a t e s  t h e  o n s e t  o f  phase  I I  when 
th e  enhancement o f  d u r a t i o n  b e g i n s .



T h is  i s  i l l u s t r a t e d  in  f i g u r e  3 . 1 . 9  in  w hich th e  d u r a t i o n  o f  

th e  p o t e n t i a l s  were n o t  enhanced d u r in g  th e  f i r s t  two m in u tes  

a f t e r  t h e  s t a r t  o f  p e n i c i l l i n  e j e c t i o n .  M eanwhile, t h e

a m p l i tu d e  o f  th e  p o t e n t i a l s  were enhanced t o  abou t 300% of

p r e - d r u g  v a l u e s .  As t h e  enhancement o f  a m p li tu d e  c o n t in u e d ,  

th e  d u r a t i o n  o f  evoked p o t e n t i a l s  th en  a l s o  s t a r t e d  t o  

i n c r e a s e ,  w hich  in d i c a t e d  th e  o n s e t  o f  phase  I I .  The

enhancem ent o f  a m p li tu d e  and d u r a t i o n  c o n t in u e d  u n t i l  p l a t e a u  

l e v e l s  f o r  b o th  p a ra m e te rs  were r e a c h e d .

( I V ) P e n i c i l l i n  E je c te d  by Stepped F u n c t io n s  o f  E j e c t in g  

C u r re n t

A n o th e r  p o s s i b l e  means o f  o b t a in in g  a s e p a r a t i o n  o f  t h e  two 

ph a ses  d u r in g  t h e  developm ent o f  th e  e p i l e p t i f o r m  focus  was t o  

s t e p  t h e  p e n i c i l l i n  e j e c t i n g  c u r r e n t  from a sm a l l  t o  a l a r g e  

v a lu e  once phase  I  had a l r e a d y  been  e s t a b l i s h e d .  T h is  shou ld  

th e n  r e s u l t  in  t h e  o n s e t  o f  phase I I .

P e n i c i l l i n  e j e c t i o n  was i n i t i a l l y  s t a r t e d  w i th  sm a l l  

e j e c t i n g  c u r r e n t s  (-100  nA t o  -150nA ). A f t e r  s e v e r a l  m in u te s ,  

th e  enhancem ent o f  a m p l i tu d e  reach ed  a p l a t e a u  (between 2 0 0 % 

and 3  0 0 % o f  p r e -d ru g  l e v e l s )  w i th o u t  any enhancement o f  t h e  

d u r a t i o n  o f  th e  p o t e n t i a l s  ( f i g .  3 .1 .1 0  and 3 . 1 . 1 1 ) .  T h is  

i n d i c a t e d  t h a t  phase  I  enhancement o f  t h e  evoked p o t e n t i a l s  

had been  a c h ie v e d .  The p e n i c i l l i n  e j e c t i n g  c u r r e n t  was th en
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i n c r e a s e d  (—250 nA t o  —500nA) and t h e r e  was a lm os t  im m ed ia te ly  

a  f u r t h e r  i n c r e a s e  in  a m p l i tu d e  w h ic h ,  t h i s  t im e ,  was 

accom panied by  an enhancem ent o f  t h e  d u r a t i o n  (phase  I I ) . Both 

p a ra m e te r s  t h e n  rea c h e d  t h e i r  r e s p e c t i v e  p l a t e a u  l e v e l s  

(betw een 400 and 500%; a m p l i tu d e  and 200 and 300%; d u r a t i o n )  

( f i g .  3 . 1 . 1 0  and 3 . 1 . 1 1 ) .

Thus , t h e  two phases  o f  enhancem ent o f  t h e  evoked

p o t e n t i a l s  c o u ld  be  s e p a r a t e d  d u r in g  t h e  developm ent o f  th e  

e p i l e p t i c  f o c u s .

On t e r m i n a t i o n  o f  p e n i c i l l i n  e j e c t i o n  t h e  d u r a t i o n  and t h e  

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

from t h e i r  r e s p e c t i v e  p l a t e a u  l e v e l s . A f t e r  a b o u t  two m inu tes

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

l e v e l s ,  w h i l s t  t h e  a m p l i tu d e  was s t i l l  g r e a t e r  th a n  i t s  

p r e - d r u g  l e v e l  (phase  I ) . Over t h e  n e x t  few m in u te s  th e  

a m p l i tu d e  o f  t h e  p o t e n t i a l s  a l s o  r e t u r n e d  t o  norm al l e v e l s  

( f i g .  3 .1 .1 0  and 3 . 1 . 1 1 ) .
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F ig u re  3 .1 .1 0 :  The e f f e c t  of p e n i c i l l i n  e j e c t e d  by sm a ll
( -1 0 0  nA) and l a r g e r  ( -250  nA) e l e c t r o p h o r e t i c  c u r r e n t s  on th e  
a m p l i tu d e  (A) and d u r a t i o n  (B) o f  som atosenso ry  evoked 
p o t e n t i a l s .  The arrow s i n d i c a t e  th e  d e m a rc a t io n  betw een phase  I ,  
an enhancem ent o f  a m p l i tu d e  w ith  no in c r e a s e  in d u r a t i o n ,  
b ro u g h t  a b o u t  by s m a l l  doses  of p e n i c i l l i n  and phase I I ,  an 
i n c r e a s e  in  a m p l i tu d e  and d u r a t i o n ,  r e s u l t i n g  from l a r g e r  doses 
o f  p e n i c i l l i n .  Note t h a t  phase  I o c c u rs  once a ga in  a f t e r  th e  
t e r m i n a t i o n  o f  t h e  e j e c t i o n  o f  th e  l a r g e r  d o se .
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F i g u r e  3 . 1 . 1 1 : . The e f f e c t  o f  p e n i c i l l i n  e j e c t e d  by sm a l l  
( -150  nA) and l a r g e r  ( -500  nA) e l e c t r o p h o r e t i c  c u r r e n t s  on th e  
a m p l i tu d e  (A) and d u r a t i o n  (B) o f  p o t e n t i a l s  evoked by d i r e c t  
c o r t i c a l  s t i m u l a t i o n  (DCS). The a rro w s  i n d i c a t e  th e  d e m a rca t io n  
b e tw e en  p h ase  I ,  an enhancement o f  a m p l i tu d e  w i th  no in c r e a s e  in  
d u r a t i o n ,  and phase  I I ,  an i n c r e a s e  in  b o th  a m p litude  and 
d u r a t i o n .  Note t h a t  p h ase  I occu rs  by  i t s e l f  a g a in  d u r in g  th e  
r e c o v e r y  from phase  I I .



C o n c lu s io n  The above r e s u l t s  su g g e s te d  t h a t  when s u f f i c i e n t  

p e n i c i l l i n  t o  r e s u l t  in  sp o n tan eo u s  e p i l e p t i f o r m  s p ik in g  was 

e j e c t e d  t h e r e  were two phases  in  th e  enhancem ent o f  evoked 

a c t i v i t y .  The f i r s t  o f  t h e s e  was r e f l e c t e d  by an enhancement 

o f  t h e  a m p l i tu d e  o f  EPs, which r e s u l t e d  from th e  e j e c t i o n  of 

s m a l l  d o se s  o f  p e n i c i l l i n .  Phase I I ,  which r e s u l t e d  from 

l a r g e r  p e n i c i l l i n  d o s e s ,  was r e f l e c t e d  by  a change in  waveform 

o f  evoked p o t e n t i a l s  which o n ly  o c c u r re d  t o g e t h e r  w i t h ,  o r  

a f t e r ,  an enhancement o f  th e  a m p l i tu d e  and n e v e r  by i t s e l f .  

F u r th e r m o r e ,  t h e  second s t a g e  o f  enhacem ent ( t h e  i n c r e a s e  in  

d u r a t i o n )  was a s s o c i a t e d  w i th  t h e  o n s e t  o f  sp o n ta n e o u s  

e p i l e p t i c  s p i k i n g .  Evoked p o t e n t i a l s  i n  phase  I  resem bled  

norm al p o t e n t i a l s  whereas evoked p o t e n t i a l s  in  phase  I I  

re sem b led  evoked e p i l e p t i f o r m  s p i k e s .  The two d i f f e r e n t  p h a ses  

s u g g e s te d  th e  p re s e n c e  o f  two d i f f e r e n t  forms o f  a c t i v i t y  

d u r in g  t h e  developm ent o f  t h e  e p i l e p t i f o r m  f o c u s .  I t  was 

im p o r ta n t  t h e r e f o r e  t o  i n v e s t i g a t e  w he ther  t h e r e  were any 

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

p o t e n t i a l s  in  t h e  two phases  o f  p e n i c i l l i n  e p i l e p t o g e n e s i s  

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

I  was t h e  same as n o rm a l ,  w hereas  t h a t  u n d e r ly in g  phase  I I  

m igh t be  ' e p i l e p t i c ' in  n a t u r e .  The nex t  s e c t i o n  o f  th e  

r e s u l t s  d e s c r i b e s  th e  i n v e s t i g a t i o n  i n t o  some o f  th e  

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

two p h a s e s  o f  e p i l e p t o g e n e s i s  .
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RESULTS: PART 2 

The P h y s i o lo g i c a l  C h a r a c t e r i s t i c s  o f  A c t i v i t y  U nder ly ing

th e  D i f f e r e n t  Phases  o f  E p i l e p t o g e n e s i s

One p o s s i b l e  means o f  d i f f e r e n t i a t i n g  betw een ’e p i l e p t i c '  

and 'n o rm a l '  a c t i v i t y  was on th e  b a s i s  o f  t h e  r e f r a c t o r y  

p e r io d s  o f  th e  evoked p o t e n t i a l s  d u r in g  th e  d i f f e r e n t  s t a g e s  

o f  t h e i r  enhancem ent. In  a w e l l  e s t a b l i s h e d  p e n i c i l l i n  fo c u s ,  

however v ig o ro u s  th e  s p i k i n g ,  t h e r e  i s  always an a p p a re n t

minimum s e p a r a t i o n  betw een  two e p i l e p t i f o r m  s p ik e s  and i t  has 

been  shown t h a t  e p i l e p t i f o r m  s p i k e s ,  w he the r  sp o n tan eo u s  o r

evoked , have a much lo n g e r  r e f r a c t o r y  p e r io d  th an  norm al 

p o t e n t i a l s  (Matsumoto and Ajmone-Marsqn, 1964).

A c o n d i t i o n i n g / t e s t  parad igm  was adop ted  t o  t e s t  th e  

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

o f  p e n c i l l i n  induced  enhancem ent. B e fo re  a s s e s s in g  th e

p r o p e r t i e s  o f  th e  enhanced p o t e n t i a l s  th e  r e f r a c t o r y  p e r io d s  

o f  norm al evoked p o t e n t i a l s  w ere  t e s t e d .
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I n  o r d e r  t  o a s c e r t a i n  tlbe r e f r a c t o r y  p e r io d s  o f  norm al 

p o t e n t i a l s ,  p a i r s  o f  s t i m u l i  w ere  d e l i v e r e d  e v e ry  4  seconds 

and  t h e  d e l a y  b e tw een  t h e  p a i r  was i n c r e a s e d ,  i n  2 0  msec 

s t e p s ,  from  20 t o  300 m sec. The a m p l i tu d e s  o f  t h e  c o n d i t i o n i n g  

and t e s t  p o t e n t i a l s  w ere  m o n i to re d .  The a m p l i tu d e s  o f  b o th  t h e  

i n d i v i d u a l  r e s p o n s e s  a r e  shown in  some c a s e s  ( e g ,  f i g .  3 .2 .1 )  

and i n  o t h e r  c a s e s  t h e  mean a m p l i tu d e  and s t a n d a r d  e r r o r  o f  

f i v e  r e s p o n s e s  a t  e a c h  d e la y  a r e  i l l u s t r a t e d  ( e g ,  f i g .  3 . 2 . 2 ) .

1 ( a )  The R e f r a c to r y  P e r io d  o f  Mormal P o t e n t i a l s  Evoked by 

D i r e c t  C o r t i c a l  S t im u la t io n

F o r  p o t e n t i a l s  evoked by  d i r e c t  c o r t i c a l  s t i m u l a t i o n  (DCS) 

t h e r e  was n o  d i s c e r n a h l e  a b s o lu t e  r e f r a c t o r y  p e r i o d ;  w i th  

s m a l l  d e la y s  t h e  t e s t  p o t e n t i a l  a r o s e  o u t  o f  t h e  waveform o f  

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

and c o n d i t i o n i n g  p o t e n t i a l s  c o u ld  n o t  e a s i l y  b e  a s c e r t a i n e d .  

T h e r e f o r e ,  d a t a  was o n ly  t a k e n  w i th  d e la y s  g r e a t e r  th a n  2£f 

■ s e c ,  b y  isdsich t im e  t h e  t e s t  s t im u lu s  ©ccured a f t e r  th e  end o f  

t h e  c o n d i t i o n i n g  p o t e n t i a l .  W ith d e la y s  g r e a t e r  th a n  20ms th e  

a m p l i tu d e  o f  t h e  t e s t  p o t e n t i a l  was s i m i l a r  t o  t h a t  o f  t h e  

c o n d i t i o n i n g  p o t e n t i a l .  However, a  f u r t h e r  i n c r e a s e  in  t h e  

d e l a y ,  t o  be tw een  40 and 60 m sec , r e s u l t e d  in  a  s u p ra -n o rm a l  

p h a s e  i n  w h ich  t h e  t e s t  p o t e n t i a l  a m p l i tu d e  was l a r g e r  th a n  

t h a t  o f  t h e  c o n d i t io n in g  p o t e n t i a l  ( f i g .  3 . 2 . 1 ) .  W ith a  

f u r t h e r  i n c r e a s e  i n  t h e  d e l a y  t h e  a m p l i tu d e  o f  t h e  t e s t
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p o t e n t i a l s  was once more com parable  t o  t h a t  of 

c o n d i t i o n i n g  p o t e n t i a l s .
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F ig u r e  3 . 2 . 1 :  The r e f r a c t o r y  p e r io d  o f  p o t e n t i a l s  evoked by 
d i r e c t  c o r t i c a l  s t i m u l a t i o n  (DCS) t e s t e d  by th e  a m p l i tu d e  o f  
r e s p o n s e s  t o  t e s t  s t i m u l i  (B) compared t o  r e s p o n s e s  t o
c o n d i t i o n i n g  s t i m u l i  (C) as a f u n c t i o n  o f  i n c r e a s i n g
c o n d i t i o n i n g / t e s t  i n t e r v a l  from  20 t o  300 msec in  20 msec s t e p s .  
F iv e  r e s p o n s e s  w ere  evoked  and a r e  shown a t  e a c h  d e l a y .  A p a r t  
from a s u p r a - n o r m a l  p h a s e  f o r  t h e  t e s t  r e sp o n se  a m p l i t u d e ,
be tw een  40 and 60 msec (A and  B) , b o th  c o n d i t i o n i n g  and t e s t
r e s p o n s e s  w ere  o f  a  s i m i l a r  a m p l i t u d e .
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I (b )T h e  R e f r a c to r y  P e r io d s  o f  Normal Som atosensory  Evoked

P o t e n t i a l s

The r e f r a c t o r y  p e r io d  o f  normal Som atosensory  evoked 

p o t e n t i a l s  (SEP) was g r e a t e r  th an  t h a t  o f  norm al p o t e n t i a l s  

evoked by DCS, b e in g  abou t  100ms. T here  was no s u p ra —normal 

phase  a t  s m a l l e r  d e la y s  as t h e r e  was w i th  p o t e n t i a l s  evoked by 

DCS. F u r th e r m o r e ,  a b s o lu t e  and r e l a t i v e  r e f r a c t o r y  p e r i o d s ,  

w hich had n o t  been e v id e n t  f o r  p o t e n t i a l s  evoked by DCS, were 

abou t  25 and 80ms r e s p e c t i v e l y .

I I  The E f f e c t  o f  C/T I n t e r v a l  on th e  T e s t  P o t e n t i a l s  D uring 

t h e  D i f f e r e n t  Phases o f  E p i l e p to g e n e s i s

a .  Phase  I

F o r  p o t e n t i a l s  evoked by DCS, when phase  I was e s t a b l i s h e d ,  

by th e  e j e c t i o n  o f  p e n i c i l l i n  by a sm a l l  e l e c t r o p h o r e t i c  

c u r r e n t ,  t h e  e f f e c t  on th e  t e s t  p o t e n t i a l s  o f  changing  th e  C/T 

i n t e r v a l  was s i m i l a r  t o  t h a t  a l r e a d y  d e s c r ib e d  in  th e  absence  

o f  p e n i c i l l i n ;  w i th  i n t e r v a l s  g r e a t e r  th an  2 0 msec, a p a r t  from 

th e  s u p ra -n o rm a l  p h a s e ,  t h e  t e s t  p o t e n t i a l s  were o f  a s i m i l a r  

a m p l i tu d e  t o  t h e  c o n d i t io n in g  p o t e n t i a l s  a t  a l l  d e la y s ;  th e  

r e s p o n s e  t o  t h e  t e s t  s t im u lu s  was enhanced t o  th e  same e x te n t  

as  t h e  r e s p o n s e  t o  t h e  c o n d i t io n in g  s t i m u lu s .  F o r  SEPs in  

p hase  I ,  t h e  e f f e c t  on th e  t e s t  p o t e n t i a l  o f  changing  th e  C/T
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i n t e r v a l  was t h e  same as f o r  SEPs in  th e  absence  o f  p e n i c i l l i n  

( s e e  f i g . 3 . 2 . 2 ) .

b .  Phase I I

D uring  phase  I I  t h e  e f f e c t  o f  changing  th e  C/T d e la y  on th e  

t e s t  p o t e n t i a l s  was m arkedly  d i f f e r e n t  t o  t h a t  d u r in g  phase  I 

o r  in  t h e  absence  of p e n i c i l l i n  ( f i g .  3 . 2 . 3 ) .  F o r  p o t e n t i a l s  

evoked by DCS, w i th  th e  s m a l l e s t  d e la y s  th e  t e s t  p o t e n t i a l s  

w ere  s l i g h t l y  d e p re s s e d  compared t o  th e  c o n d i t io n in g  

p o t e n t i a l s .  As th e  d e la y  was in c r e a s e d  th e  t e s t  p o t e n t i a l s  

w ere  f u r t h e r  d e p re s se d  so  t h a t  w i th  a d e la y  o f  betw een 80 t o  

140 msec th e  a m p li tu d e  o f  th e  t e s t  p o t e n t i a l s  was a t  i t s  

s m a l l e s t  l e v e l  and o n ly  w i th  l a r g e r  d e la y s  d id  t h e s e  b e g in  t o  

r e c o v e r ;  by 300 msec th e  a m p li tu d e  o f  th e  t e s t  p o t e n t i a l s  was 

com parab le  t o  t h a t  o f  t h e  c o n d i t io n in g  p o t e n t i a l s .  Fo r  SEPs, 

a p a r t  from th e  absence  o f  th e  su p ra -n o rm a l  p h a se ,  th e  

s i t u a t i o n  was s i m i l a r  t o  t h a t  f o r  p o t e n t i a l s  evoked by DCS. 

I n s t e a d  o f  th e  r e f r a c t o r y  p e r io d  o f  normal or phase  I 

p o t e n t i a l s  t h e r e  was a v e ry  long d e la y  b e f o r e  t h e  t e s t  

p o t e n t i a l s  were com parable  t o  t h e  c o n d i t io n in g  p o t e n t i a l s .

These r e s u l t s  i n d ic a te d  t h a t  d u r in g  th e  enhancement o f  EPs 

by p e n i c i l l i n ,  becau se  t h e r e  was no d e p re s s io n  o f  t e s t  

r e s p o n s e s  compared t o  t h e  c o n d i t io n in g  r e s p o n s e s ,  t h e  a c t i v i t y  

u n d e r ly in g  phase  I  had a r e f r a c t o r y  p e r io d  which was no 

d i f f e r e n t  t o  no rm a l .  However, because  t e s t  re sp o n se s  d u r in g
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F ig u re  3 . 2 . 2 :  The r e f r a c t o r y  p e r io d  o f  p o t e n t i a l s  evoked by
DCS t e s t e d  by i n c r e a s in g  t h e  C/T i n t e r v a l  b e f o r e  (A) and d u r in g  
phase  I (B) o f  p e n i c i l l i n  e p i l e p t o g e n e s i s . Means and SEM of f i v e  
r e s p o n s e s  a t  each  d e la y  ( a t  2 0  msec i n t e r v a l s )  be tw een 2 0  and 
3CC m sec. Responses  t o  t e s t  s t i m u l i  a r e  shown o f f s e t  from th e  
c o n d i t i o n i n g  re s p o n s e s  f o r  c l a r i t y .
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F ig u re  3 .2 .3 :  The r e f r a c t o r y  p e r io d  o f  p o t e n t i a l s  evoked by
DCS, t e s t e d  by i n c r e a s i n g  C/T i n t e r v a l ,  d u r in g  phase I I  o f  
p e n i c i l l i n  e p i l e p t o g e n e s i s . I n d iv id u a l  r e s p o n s e s  (A) and means 
and SEM o f  f i v e  r e sp o n se s  a t  each d e la y  (20 msec i n t e r v a l s )  
be tw een  2 0  and 300 msec (B ) .



phase  I I  w ere  d e p re s s e d  compared t o  t h e  c o n d i t io n in g

r e s p o n s e s ,  th e  a c t i v i t y  u n d e r ly in g  phase  I I  had a r e f r a c t o r y  

p e r io d  w hich was much g r e a t e r  th an  t h a t  o f  b o th  normal and 

phase  I  evoked a c t i v i t y .  However, th e  above expe rim en ts  were 

c o n d u c ted  d u r in g  t h e  p l a t e a u  o f  phase  I  and phase I I

enhancem ent and r e v e a le d  no in fo rm a t io n  as t o  when th e  

r e f r a c t o r y  p e r io d  changed from normal t o  be g r e a t e r  than  

norm al d u r in g  th e  developm ent o f  th e  e p i l e p t i f o r m  f o c u s .  A 

d e la y  o f  150 msec was t h e r e f o r e  s e t  betw een c o n d i t io n in g  and 

t e s t  p o t e n t i a l s ;  t h i s  d e la y  was g r e a t e r  th an  th e  r e f r a c t o r y  

p e r io d  o f  'n o r m a l '  EPs, y e t  s m a l l e r  than  t h a t  o f  ' e p i l e p t i c '  

p o t e n t i a l s .  I f  d u r in g  e p i l e p to g e n e s i s  th e  r e f r a c t o r y  p e r io d  

became g r e a t e r  th a n  150 ms t h i s  would be i n d i c a t e d  by th e  t e s t  

p o t e n t i a l  b e in g  d e p re s s e d  compared t o  th e  c o n d i t io n in g

p o t e n t i a l .

:j. 7 I-MS X ■ P'  ̂V'.fr.tr'v-i ■ i.;-r

, i ^  I  . ' h . ■■ -
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I I I .  The R e f r a c to r y  P e r io d s  of Evoked p o t e n t i a l s  D uring  

Enhancement by

(a ) P e n i c i l l i n  E je c t e d  by Small E l e c t r o p h o r e t i c  C u r r e n ts

When p e n i c i l l i n  was e j e c t e d  by s m a l l  e l e c t r o p h o r e t i c  

c u r r e n t s  (-lOOnA; phase  I)  b o th  c o n d i t io n in g  and t e s t  

p o t e n t i a l s  w ere  enhanced in  a m p l i tu d e ,  w i th  l i t t l e  o r  no 

change in  waveform compared t o  no rm a l .  T h is  was th e  c a se  f o r  

b o t h  SEPs ( f i g .  3 . 2 . A) and p o t e n t i a l s  evoked by DCS ( f i g  

3 . 2 . 5 ) .  F u r th e rm o re ,  t h e  deg ree  o f  enhancement o f  t h e  t e s t  

p o t e n t i a l s  was t h e  same as  t h a t  o f  t h e  c o n d i t io n in g  

p o t e n t i a l s .

The t im e  c o u rs e  o f  enhancement o f  t h e  t e s t  p o t e n t i a l s  was 

a l s o  t h e  same as t h a t  o f  th e  enhancement o f  c o n d i t io n i n g  

p o t e n t i a l s :  t h e  d e la y  t o  o n s e t ,  t h e  r a t e  o f  enhancement and

th e  p l a t e a u  l e v e l  of  enhancement was th e  same f o r  b o th  

c o n d i t i o n i n g  and t e s t  p o t e n t i a l s  ( f i g .  BAb, B5b). As th e  t e s t  

r e s p o n s e s  were a b le  t o  match the  enhancement o f  th e  

c o n d i t i o n i n g  re s p o n s e s  w i th o u t  be ing  d e p re s se d  in  any way, t h e  

r e f r a c t o r y  p e r io d  o f  a c t i v i t y  u n d e r ly in g  th e s e  enhanced 

p o t e n t i a l s  was l e s s  th an  150ms and t h e r e f o r e ,  no d i f f e r e n t  

from t h a t  o f  norm al evoked p o t e n t i a l s .  Hence, when th e  evoked 

p o t e n t i a l s  were enhanced such  t h a t  t h e r e  was o n ly  an 

enhancem ent o f  a m p li tu d e  (phase  I )  th e  a c t i v i t y  u n d e r ly in g  th e
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F ig u re  3 . 2 . 4 :  The e f f e c t  o f  th e  developm ent of phase  I o f
p e n i c i l l i n  e p i l e p t o g e n e s i s  on th e  r e f r a c t o r y  p e r io d  o f  
so m a to sen so ry  evoked p o t e n t i a l s  t e s t e d  by a C/T i n t e r v a l  of 150 
msec. R esponses  t o  c o n d i t i o n i n g  s t i m u l i  and t e s t  s t i m u l i  a r e  
s i m i l a r  in  a m p l i tu d e  and waveform bo th  b e fo r e  (A-)* and d u r in g  
phase I ;  p e n i c i l l i n  -100  nA (B) . The tim e c o u rse  o f  enhancement 
d u r in g  t h e  developm ent o f  phase I shows no d i f f e r e n c e  between 
re s p o n s e s  t o  c o n d i t i o n i n g  (C) o r  t e s t  (D) s t i m u l i .
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F i g u r e  3 . 2 . 5 :  The e f f e c t  o f  phase I on th e  r e f r a c t o r y  p e r io d s  
o f  p o t e n t i a l s  evoked by DCS. Responses t o  c o n d i t io n in g  and t e s t  
s t i m u l i  a r e  . s i m i l a r  in  am p litu d e  and waveform bo th  b e fo r e  (A) 
and d u r in g  phase  I ;  p e n i c i l l i n  -1 0 0  nA (B) w ith  a C/T i n t e r v a l  
o f  150 m sec. The tim e c o u rse  o f  and th e  maximum enhancement o f  
b o th  c o n d i t i o n i n g  (C) and t e s t  (D) re s p o n s e s  a r e  th e  same d u r in g  
t h e  deve lopm en t o f  phase  I .



enhanced  p o t e n t i a l s  had a r e f r a c t o r y  p e r io d  which was t h e  same 

as  t h a t  o f  norm al evoked p o t e n t i a l s .

(b) P e n i c i l l i n  E je c te d  by Large  E l e c t r o p h o r e t i c  C u r r e n ts  > 

-500  nA

When p e n i c i l l i n  was e j e c t e d  by l a r g e  e l e c t r o p h o r e t i c  

c u n e n t s  (-800nA) th e  enhancement o f  c o n d i t io n in g  p o t e n t i a l s  

was as  a l r e a d y  d e s c r ib e d  f o r  t h e  enhancement o f  evoked 

p o t e n t i a l s  by a l a r g e  f l u x  o f  p e n i c i l l i n  ( r e s u l t s  p a r t  A): 

t h e r e  was a l a r g e  i n c r e a s e  in  a m p l i tu d e ,  d u r a t i o n  and th e  tim e 

t o  p e a k .  The t e s t  p o t e n t i a l s  however, evoked w i th  a d e la y  o f  

150msec, d id  n o t  e x h i b i t  any enhancement and in  most c a se s  

were d e p re s s e d  below th e  norm al p re -d ru g  l e v e l s  ( f i g .  3 . 2 . 6 c ) .

Because  o f  t h e  d e p r e s s io n  o f  t h e  re sp o n se s  t o  t h e  t e s t  

s t i m u lu s  d u r in g  th e  more d r a s t i c  a l t e r a t i o n  o f  evoked 

p o t e n t i a l s  by a l a r g e r  p e n i c i l l i n  c o n c e n t r a t i o n  (phase  I I ) , 

th e  r e f r a c t o r y  p e r io d  o f  th e  u n d e r ly in g  a c t i v i t y  was g r e a t e r  

th a n  150msec and th u s  v e ry  d i f f e r e n t  t o  t h a t  of norm al 

a c t i v i t y  and a c t i v i t y  u n d e r ly in g  th e  s im ple  enhancement o f  

a m p l i tu d e  o f  evoked p o t e n t i a l s  (phase  I ) .
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(c)  P e n i c i l l i n  e j e c t e d  by l a r g e  e l e c t r o p h o r e t i c  c u r r e n t s :  

a b o u t -500  nA

A f t e r  t h e  s t a r t  o f  p e n i c i l l i n  e j e c t i o n  ( -500nA ), t h e r e  was 

an i n i t i a l  p e r io d  d u r in g  which th e  t e s t  p o t e n t i a l s  k e p t  pace 

w i th  t h e  enhancem ent o f  t h e  c o n d i t io n in g  p o t e n t i a l s  ( f i g .  

3 . 2 . 6 b ) ;  t h i s  was in  c o n t r a s t  t o  th e  la c k  o f  any enhancement 

o f  t e s t  p o t e n t i a l s  w i th  t h e  l a r g e r  p e n i c i l l i n  doses  ( s e e  p a r t  

l i b  above and f i g .  3 . 2 . 6 c ) .  T h e r e f o r e ,  d u r in g  t h i s  i n i t i a l  

phase  o f  enhancem ent, t h e  r e f r a c t o r y  p e r io d  o f  t h e  u n d e r ly in g  

a c t i v i t y  was s i m i l a r  t o  th e  r e f r a c t o r y  p e r io d  of norm al 

a c t i v i t y .  As t h e  enhancement o f  t h e  c o n d i t io n in g  p o t e n t i a l s  

c o n t in u e d  however, th e  t e s t  re sp o n se s  were u n a b le  t o  fo l lo w  

s u i t  and were d e p re s se d  tow ards p re -d ru g  l e v e l s .  During th e  

p l a t e a u  phase  o f  enhancem ent o f  th e  c o n d i t io n in g  p o t e n t i a l s  

t h e  mean of  t h e  t e s t  p o t e n t i a l s  was a t  about p re -d ru g  l e v e l s  

( f i g .  3 . 2 . 6 b) a l th o u g h  i n d iv i d u a l  re sp o n se s  were v e ry  

v a r i a b l e ,  some b e in g  enhanced and o th e r s  d e p re s se d  compared t o  

n o rm a l .  The r e f r a c t o r y  p e r io d  o f  th e  u n d e r ly in g  a c t i v i t y  was 

now g r e a t e r  th a n  norm al and in d ic a te d  t h e  p re se n c e  o f  phase  

I I .  A f t e r  th e  t e r m in a t i o n  o f  p e n i c i l l i n  e j e c t i o n ,  th e  

a m p l i tu d e  o f  t h e  c o n d i t io n in g  p o t e n t i a l s  began t o  d e c l in e ;  as 

i t  d i d ,  th e  t e s t  r e s p o n s e s  in c r e a s e d  in  a m p l i tu d e .  This  

c o n c u r r e n t  d e c l i n e  and enhancement o f  c o n d i t io n in g  and t e s t  

r e s p o n s e s  r e s p e c t i v e l y  c o n t in u e d  u n t i l  b o th  p o t e n t i a l s  reach ed
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t h e  same a m p l i tu d e  a t  a l e v e l  g r e a t e r  th a n  th e  norm al p re -d ru g  

l e v e l  ( f i g .  3 . 2 . 6 b ) .  Hence, t h e  r e f r a c t o r y  p e r io d  o f  t h e  

a c t i v i t y  was once a g a in  l e s s  th a n  150msec and t h e r e f o r e ,  

s i m i l a r  t o  t h e  norm al a c t i v i t y  and t h a t  u n d e r ly in g  phase  I .  

T h e r e a f t e r ,  b o th  r e s p o n s e s  d e c l in e d  ove r  th e  same t im e  c o u rse  

b a c k  t o  p re -d u g  l e v e l s .



(d) P e n i c i l l i n  e j e c t e d  by I n te r m e d ia te  e j e c t i n g  c u r r e n t s :  

- 2 0 0  to - 3 0 0  nA

P e n i c i l l i n  e j e c t e d  by t h i s  range  o f  e j e c t i n g  c u r r e n t s  

r e s u l t e d  in  an enhancement o f  th e  am p litude  and d u r a t i o n  o f  

t h e  c o n d i t i o n i n g  p o t e n t i a l s .  The t e s t  p o t e n t i a l s  were a l s o  

enhanced  b u t  t h i s  enhancement was l e s s  th a n  t h a t  o f  th e  

c o n d i t i o n i n g  p o t e n t i a l s  and was c o n f in e d  t o  an i n c r e a s e  in

a m p l i t u d e .

A f t e r  t h e  s t a r t  o f  p e n c i l l i n  e j e c t i o n ,  t h e  c o n d i t io n in g  and 

t e s t  r e s p o n s e s  i n i t i a l l y  in c re a s e d  in  a m p li tu d e  t o g e t h e r .  

A f t e r  a c e r t a i n  l e v e l  o f  enhancem ent, t h e  t e s t  re s p o n s e s  d id  

n o t  fo l lo w  th e  c o n t in u in g  enhancement o f  th e  c o n d i t io n in g  

r e s p o n s e s  and l e v e l l e d  o f f  t o  a p l a t e a u  ( 2 0 0 % of p r e - d r u g ;

f i g .  3 . 2 . 6 a) w h i l s t  th e  c o n d i t io n in g  p o t e n t i a l s  rea c h e d  a

p l a t e a u  l e v e l  which was g r e a t e r  than  t h a t  of th e  t e s t  

r e s p o n s e s .  A f t e r  th e  t e r m in a t i o n  o f  p e n i c i l l i n  e j e c t i o n ,  th e  

c o n d i t i o n i n g  p o t e n t i a l s  r a p i d l y  d e c l in e d  t o  re a c h  th e  same

a m p l i tu d e  as th e  enhanced t e s t  r e s p o n s e s  ( a t  th e  p l a t e a u  l e v e l  

o f  t h e  t e s t  enhancem ent) .  T h e r e a f t e r  b o th  c o n d i t io n in g  and 

t e s t  r e s p o n s e s  d e c l in e d  t o g e t h e r  back t o  p re -d ru g  l e v e l s .  

T h e r e f o r e ,  in  t h i s ,  a s  in  th e  enhancement by -500nA d e s c r ib e d  

above , t h e r e  was i n i t i a l l y  an enhancement in  which th e  

r e f r a c t o r y  p e r io d  o f  enhanced a c t i v i t y  was s i m i l a r  t o  no rm al .  

Only once  a g r e a t e r  d eg ree  o f  enhancement had t a k e n  p la c e  d id
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F i g u r e  3 . 2 . 6 :  The  e f f e c t s  o f  d i f f e r e n t  d o ses  o f  p e n i c i l l i n  on 
th e  r e f r a c t o r y  p e r i o d s  o f  p o t e n t i a l s  evoked by DCS, w i th  a  C/T 
i n t e r v a l  o f  150 m sec ; p e n i c i l l i n  e j e c t e d  by  ' i n t e r m e d i a t e '  (A), 
and l a r g e  (E and C) e l e c t r o p h o r e t i c  c u r r e n t s .  I f  th e  r e f r a c t o r y  
p e r io d  i s  g r e a t e r  t h a n  .150 ms t h e  t e s t  r e s p o n s e s  a r e  d e p r e s s e d  
r e l a t i v e  t o  t h e  c o n d i t i o n i n g  r e s p o n s e s .
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t h e  r e f r a c t o r y  p e r io d  o f  th e  evoked a c t i v i t y  exceed 150ms.

These  r e s u l t s  i l l u s t r a t e d  t h a t  t h e  p e n i c i l l i n  induced 

enhancem ent o f  evoked p o t e n t i a l s  cou ld  be  d iv id e d  i n to  an 

enhancem ent w i th  t h e  same p r o p e r t i e s  as norm al p o t e n t i a l s  and 

a f u r t h e r  enhancem ent w i th  d i f f e r e n t  p r o p e r t i e s  t o  no rm a l .  

When th e  enhancem ent r e s u l t e d  from a s m a l l  dose of p e n i c i l l i n  

th e n  th e  p r o p e r t i e s  o f  th e  a c t i v i t y  u n d e r ly in g  t h i s  

enhancem ent were th e  same as t h e  a c t i v i t y  u n d e r ly in g  normal 

evoked p o t e n t i a l s  (phase  I)  . However, when th e  enhancement o f  

evoked p o t e n t i a l s  r e s u l t e d  from a l a r g e  dose o f  p e n i c i l l i n  th e  

p r o p e r t i e s  o f  t h e  enhanced p o t e n t i a l s  were fu n d am e n ta l ly  

d i f f e r e n t  t o  b o th  t h e  normal evoked p o t e n t i a l s  and p o t e n t i a l s  

enhanced  by s m a l l  doses  o f  p e n i c i l l i n .

L arge  e j e c t i n g  c u r r e n t s  r e s u l t e d  in  an enhancement o f  

evoked p o t e n t i a l s  which a lm ost im m ed ia te ly  e n te r e d  in to  phase 

I I  ( s e e  f i g s .  3 .26b  and c ) .  Phase I  was r a p i d l y  o v e r ta k e n  by 

phase  I I ,  as  i n d i c a t e d  by th e  r a p id  d e p re s s io n  o f  th e  t e s t  

p o t e n t i a l s .  During th e  rec o v e ry  phase however, b o th  

c o n d i t i o n i n g  and t e s t  p o t e n t i a l s  were enhanced , and o f  th e  

same a m p l i t u d e ,  i n d i c a t i n g  th e  o c c u rre n ce  o f  phase I .  As shown 

in  th e  p r e l i m i n a r y  r e s u l t s  ( p a r t  l . I I I )  a g ra d u a l  t r a n s i t i o n  

from norm al th ro u g h  phase I  and th e n  phase  I I  cou ld  be 

a t t a i n e d  by u s in g  s m a l le r  p e n i c i l l i n  e j e c t i n g  c u r r e n t s  ( f i g .  

3 . 2 . 6 a )  o r  s te p p e d  f u n c t i o n s  o f  e j e c t i n g  c u r r e n t .  This  i s
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i l l u s t r a t e d  in  f i g u r e  3 .2 .7  which shows t h a t  p e n i c i l l i n  

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

enhancem ent o f  b o th  c o n d i t io n in g  and t e s t  p o t e n t i a l s .  An 

i n c r e a s e  in  th e  p e n i c i l l i n  f l u x  r e s u l t e d  in  f u r t h e r  

enhancem ent of  t h e  c o n d i t io n in g  re s p o n s e s  b u t  a d e p r e s s io n  o f  

th e  t e s t  r e s p o n s e s .  On t e r m in a t i o n  o f  p e n i c i l l i n  e j e c t i o n  the  

c o n d i t i o n i n g  r e s p o n s e s  d e c l i n e d ,  and as t h e  r e f r a c t o r y  p e r io d s  

d e c re a s e d  so  t h e  t e s t  r e sp o n se s  in c re a s e d  in  a m p litude  t o  

match t h e  c o n d i t i o n i n g  r e s p o n s e s .  T h e r e a f t e r ,  b o th  p o t e n t i a l s  

d e c l in e d  in  a m p l i tu d e  t o g e t h e r .

In  p a r t  1 o f  t h e  r e s u l t s  t h e  p o s s i b i l i t y  o f  two phases  of 

e p i l e p t o g e n e s i s  was p o s t u l a t e d :  phase  I  was i d e n t i f i e d  as

b e in g  t h a t  in  which t h e  enhancement o f  evoked p o t e n t i a l s  

occu red  w i th  no change in  th e  d u r a t i o n ;  th e  enhanced

p o t e n t i a l s  were of  a s i m i l a r  waveform t o  normal p o t e n t i a l s .  

Phase I I  was t h a t  in  which evoked p o t e n t i a l s  had a g r e a t e r  

d u r a t i o n  th a n  th e  no rm a l.  Two phases  have been  f u r t h e r  

i d e n t i f i e d  in  th e  r e s u l t s  j u s t  d e s c r ib e d ;  phase I was t h a t  in  

which t h e  r e f r a c t o r y  p e r io d s  of  th e  evoked p o t e n t i a l s  were th e  

same as  f o r  norm al evoked p o t e n t i a l s  and phase I I  was

i n d i c a t e d  by t h e  evoked p o t e n t i a l s  having r e f r a c t o r y  p e r io d s  

g r e a t e r  th a n  norm al o r  phase  I  evoked p o t e n t i a l s .
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F ig u r e  3 . 2 . 7 :  The e f f e c t  of p e n i c i l l i n  e j e c te d  by sm a l l  (“ 100 
nA) and l a r g e  (-250  nA) e l e c t r o p h o r e t i c  c u r r e n t s  on th e  
a m p l i tu d e  o f  b o th  c o n d i t io n in g  (A) and t e s t  (B) re sp o n se s  
i n d i c a t e s  t h a t  phase  I  o f  e p i l e p to g e n e s i s  i s  r e f l e c t e d  by an 
enhancem ent o f  b o th  c o n d i t io n in g  and t e s t  responses  b u t  t h a t  t h e  
o n s e t  o f  phase  I I  i s  s i g n a l l e d  by a d e p re s s io n  o f  the  am plitude  
o f  t h e  t e s t  r e s p o n s e .  Phase I r e a p p e a rs  d u r in g  th e  recovery  from 
phase  I I .



The two phases  i d e n t i f i e d  by th e s e  two d i f f e r e n t  means 

o c c u r r e d  a t  t h e  same t i n e ,  as  i l l u s t r a t e d  in  f i g .  3 . 2 . 8 .  This  

shows t h a t  w h i le  t h e r e  i s  an enhancement o f  EPs w ith  no change 

in  t h e  waveform ( i e .  no in c r e a s e  in  d u r a t i o n ) ,  t h e  r e f r a c t o r y  

p e r i o d  was t h e  same as norm al ( t e s t  and c o n d i t io n in g  re sp o n se s  

enhanced  t o g e t h e r ) . When Phase I I  s t a r t e d  t h e r e  was an 

i n c r e a s e  in  t h e  d u r a t i o n  o f  th e  EPs which was a l s o  a s s o c i a te d  

w i th  an i n c r e a s e  in  t h e  r e f r a c t o r y  p e r io d  of  th e  a c t i v i t y  

u n d e r l y i n g  t h i s  phase (a d e p re s s io n  o f  th e  t e s t  r e s p o n s e s )  . 

T h is  im p l ie d  t h a t  t h e  in c r e a s e  in  r e f r a c t o r y  p e r io d  and th e  

i n c r e a s e  in  d u r a t i o n  r e f l e c t e d  th e  same u n d e r ly in g  changes in  

c o r t i c a l  e x c i t a b i l i t y  a t  t h e  o n s e t  o f  phase  I I .
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F i g u r e  3 . 2 . 8 :  G raphs t o  i l l u s t r a t e  t h e  changes in  evoked 
p o t e n t i a l  c h a r a c t e r i s t i c s  t h a t  r e f l e c t  t h e  o n s e t  o f  phase  I apd 
p h a se  I I .  Phase  I  o c c u rs  as a r e s u l t  o f  t h e  e j e c t i o n  of  
p e n i c i l l i n  by s m a l l  ( -100  nA) e l e c t r o p h o r e t i c  c u r r e n t s .  T here  i s  
an enhancem en t o f  t h e  a m p l i tu d e  (A) and no change in  th e  
d u r a t i o n  (B) o f  t h e  evoked p o t e n t i a l .  T e s t  r e s p o n s e s  (C) a r e  n o t  
d e p r e s s e d ;  t h e  r e f r a c t o r y  p e r io d  d u r in g  t h i s  enhancem ent i s  no 
d i f f e r e n t  t o  t h a t  o f  no rm a l  p o t e n t i a l s .  Phase I I  o c c u rs  as  a 
r e s u l t  o f  t h e  e j e c t i o n  o f  p e n c i l l i n  by l a r g e  ( -2 5 0  nA) 
e l e c t r o p h o r e t i c  c u r r e n t s .  T here  i s  an enhancem ent o f  t h e  
d u r a t i o n  (B) a s w e l l  as  o f  t h e  a m p l i tu d e  (A) o f  evoked

p o t e n t i a l s .  T h is  i s  a s s o c i a t e d  w ith  a  d e c r e a s e  in  t h e  a m p l i tu d e  
o f  r e s p o n s e s  t o  t e s t  s t i m u l i ;  t h e  r e f r a c t o r y  p e r io d  d u r in g  phase  
I I  i s  g r e a t e r  th a n  d u r i n g  n o rm a l  o r  p h a se  I .  Phase  I  r e a p p e a r s  
d u r in g  t h e  r e c o v e r y  from p h a se  I I .
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IV . S t im u lu s  s t r e n g t h  c h a r a c t e r i s t i c s  o f  t h e  EPs in  th e  

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

A n o th e r  method o f  t e s t i n g  t h e  p h y s io l o g i c a l  c h a r a c t e r i s t i c s  

o f  t h e  d i f f e r e n t  phases  o f  hyper e x c i t a b i l i t y  was by th e  

r e s p o n s e  of  t h e  evoked p o t e n t i a l s  t o  d i f f e r e n t  s t im u lu s  

s t r e n g t h s .

(a )  norm al p o t e n t i a l s

The a m p li tu d e  o f  t h e  normal p o t e n t i a l s ,  as a f u n c t io n  o f  

s t i m u lu s  s t r e n g t h ,  fo llow ed  a s ig m o id a l  cu rv e  ( f i g .  h&a) .

(b ) Phase I

D uring  phase  I  enhancem ent, t h e  shape o f  t h e  cu rve  o f  

a m p l i tu d e  as a f u n c t io n  o f  s t im u lu s  s t r e n g t h  was s i m i l a r  t o  

t h a t  o f  no rm a l ,  unenhanced p o t e n t i a l s .  The o n ly  d i f f e r e n c e  was 

a q u a n t i t a t i v e  o n e ,  in  t h a t  th e  cu rv e  was s h i f t e d  up th e  Y 

a x is  (compare f i g s .  3 . 2 . 9 a and b ) , i n d i c a t i n g  t h a t  a l a r g e r  

p o t e n t i a l  compared t o  normal was evoked f o r  each  s t i m u lu s .  The 

s t i m u lu s  s t r e n g t h  r e q u i r e d  t o  evoke th e  h a l f  maximal EP in  

b o th  norm al and phase  I  s i t u a t i o n s  was v e ry  s i m i l a r .



(c) Phase I I

D uring  t h i s  phase  o f  enhancement t h e  shape  o f  t h e  cu rve  o f  

a m p l i tu d e  as a f u n c t io n  o f  s t im u lu s  s t r e n g t h  was v e ry  

d i f f e r e n t  from th e  s ig m o id a l  cu rve  o f  phase  I  and normal 

p o t e n t i a l s .  On i n c r e a s in g  th e  s t im u lu s  s t r e n g t h  t h e r e  was a 

v e ry  s t e e p  i n c r e a s e  t o  a p l a t e a u ,  i n d i c a t i n g  an a lm ost a l l  o r  

none n a tu r e  u n d e r ly in g  th e  g e n e r a t i o n  o f  th e s e  p o t e n t i a l s  

( f i g .  3 . 2 . 9 c ) .  The s t im u lu s  r e q u i r e d  t o  evoke a h a l f  maximal 

EP was s m a l l e r  than  t h a t  o f  norm al and phase  I  p o t e n t i a l s .  A 

s t im u lu s  which was h a l f  maximal f o r  norm al and phase I 

p o t e n t i a l s  evoked a p o t e n t i a l  which was about 80% t o  90% of 

t h e  maximum a m p li tu d e  o f  t h e  p o t e n t i a l s  d u r in g  phase I I .

In  f i g  3 .2 .1 0  which shows th e  i n d iv i d u a l  r e sp o n se s  in  a 

s t im u lu s  s t r e n g t h  t e s t  d u r in g  phase I I ,  t h e r e  was a s te p w is e  

i n c r e a s e  from sm a l l  evoked p o t e n t i a l s  evoked w i th  th e  s m a l l e s t  

s t i m u l i ,  t o  t h e  maximum a m p li tu d e  evoked p o t e n t i a l s .  In  t h e  

c i r c u m s ta n c e s  o f  t h i s  experim en t t h e r e  were on s e v e r a l  

o c c a s s io n s  s m a l l  evoked p o t e n t i a l s  which r e s u l t e d  from l a r g e  

s t i m u l i .  In  th e s e  i n s t a n c e s  th e  p o t e n t i a l  was evoked c l o s e l y  

fo l lo w in g  a spon taneous  sp ik e  and so  f e l l  w i th in  th e  

r e f r a c t o r y  p e r io d  o f  the  e p i l e p t i f o r m  s p ik e  and was t h e r e f o r e  

d e p r e s s e d .  I t  i s  i n t e r e s t i n g  t o  n o te  t h a t  t h e  EPs which were 

d e p re s s e d  in  t h i s  way f e l l  t o  a l e v e l  which was s i m i l a r  t o  th e  

EPs w hich were evoked w i th  s t i m u l i  j u s t  to o  weak t o  e l i c t  t h e
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F i g u r e  3 . 2 . 9 :  The  s t i m u l u s  s t r e n g t h  r e s p o n s e  r e l a t i o n s h i p  o f  
n o rm a l  s o m a to s e n s o r y  evoked  p o t e n t i a l s  (A) and d u r in g  p h a s e  I  
(B) and p h a se  I I  (C) o f  p e n i c i l l i n  e p i l e p t o g e n e s i s . Means and 
SEK o f  f i v e  r e s p o n s e s  a t  e a c h  s t r e n g t h .  Note  t h e  change in  t h e  
shape  o f  t h e  c u rv e  and t h e  s m a l l e r  s t i m u lu s  r e q u i r e d  t o  evoke a 
h a l f  maximum r e s p o n s e  d u r i n g  phase  I I .
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F i g u r e  3 .2 .1 0 :  S t im u lu s  s t r e n g t h  resp o n se  r e l a t i o n s h i p  o f  
n o rm a l  SEPs (A) and p o t e n t i a l s  d u r in g  phase  I I  (B ) . I n d iv i d u a l  
r e s p o n s e s ,  f i v e  a t  each  s t im u lu s  s t r e n g t h .  Note th e  change in  
th e  shape  o f  t h e  c u rv e  and th e  s m a l le r  s t im u lu s  r e q u i r e d  t o  
evoke a h a l f  maximum s t im u lu s  d u r in g  phase I I .  The p re se n c e  o f  
s m a l l e r  r e s p o n s e s  d u r in g  t h e  p l a t e a u  o f  t h e  cu rv e  d u r in g  phase  
I I  a r e  d i s c u s s e d  in  th e  t e x t .



n e a r  maximum enhanced p o t e n t i a l s .  T h is  would i n d i c a t e  t h a t  

t h e s e  d e p re s s e d  p o t e n t i a l s  a r e  s i m i l a r  t o  th e  norm al EP (which 

r e s u l t s  from t h e  s m a l l e s t  s t i m u l i )  and th e  l a r g e  a l l  o r  none 

enhancem ent w hich i s  added on by th e  l a r g e r  s t i m u l i  (and t h a t  

w hich  i s  d e p re s s e d  by a p re c e d in g  spo n tan eo u s  sp ik e )  i s  

e p i l e p t i f o r m  in  n a t u r e .

These  r e s u l t s  p ro v id e  f u r t h e r -  ev idence  t h a t  phase I 

a c t i v i t y  was e s s e n t i a l l y  no d i f f e r e n t  t o  normal a c t i v i t y ,  

w hereas  t h e  a c t i v i t y  u n d e r ly in g  pnase I I  e p i l e p to g e n e s i s  was 

o f  a v e r y  d i f f e r e n t  form.

The p re c e d in g  r e s u l t s  i n d ic a te d  t h a t  t h e  d i f f e r e n t  phases  

o f  enhancem ent o f  t h e  evoked p o t e n t i a l s ,  which were im p l ie d  by 

t h e  f i n d i n g s  in  p a r t  1 , do indeed  have d i f f e r a n t  p h y s io lo g ic a l  

p r o p e r t i e s .  Phase I  enhanced p o t e n t i a l s  were found t o  be v e ry  

s i m i l a r  in  n a t u r e  t o  normal p o t e n t i a l s ,  whereas phase I I  

p o t e n t i a l s  were d i f f e r e n t  t o  b o th  normal and phase  I 

p o t e n t i a l s ,  b u t  had c h a r a c t e r i s t i c s  s i m i l a r  t o  th o se  of  

e p i l e p t i f o r m  a c i t i v i t y .  T h e r e f o r e ,  th e  a c t i v i t y  u n d e r ly in g  

p h ase  I  was fu n d a m e n ta l ly  d i f f e r e n t  from t h a t  u n d e r ly in g  phase 

I I .
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IV. The C r i t i c a l  C o r t i c a l  Mass R equired  t o  G enera te  th e  

P hases  o f  P e n i c i l l i n  E p i l e p to g e n e s i s

A f t e r  f i n d i n g  t h a t  t h e r e  were two d i f f e r e n t  phases  d u r in g  

p e n i c i l l i n  e p i l e p t o g e n e s i s , which cou ld  be d i f f e r e n t i a t e d  on 

a cco u n t  o f  t h e i r  p h y s io l o g i c a l  p r o p e r t i e s ,  i t  was dec ided  t o  

i n v e s t i g a t e  w h e th e r  t h e r e  were any d i f f e r e n c e s  r e g a rd in g  th e  

c r i t i c a l  c o r t i c a l  mass r e q u i r e d  t o  g e n e ra te  t h e s e  d i f f e r e n t  

p h a ses  o f  e p i l e p t o g e n e s i s .

I t  has b e e n  shown in  p r e v io u s  s tu d i e s  t h a t  a c r i t i c a l

c o r t i c a l  mass i s  a p r e r e q u i s i t e  f o r  th e  g e n e r a t i o n  o f

s p o n ta n e o u s  e p i l e p t i f o r m  s p ik e s  and t h i s  has been found t o  be 

r o u g h ly  th e  s i z e  o f  a c o r t i c a l  column (R e ic h e n th a l  and 

Hocherman, 197 7 ) ,  and has indeed  been  sugges ted  t o  be th e  

p h y s i o l o g i c a l l y  d e f in e d  c o r t i c a l  column (Gabor e t  a l . ,  1979).

To t e s t  i f  t h e r e  were any d i f f e r e n c e s  in  t h e  s t r u c t u r a l  

r e q u i r e m e n ts  o f  th e  d i f f e r e n t  phases  o f  e p i l e p t o g e n e s i s , th e  

s u b - p i a l  i s o l a t i o n  o f  c u b o id s  of c o r t e x  of  v a ry in g  m agnitudes  

was c a r r i e d  ou t  (see  methods) . The i s o l a t e d  cubo ids  were n o t

u n d e rc u t  so  t h a t  t h e  i n t e g r i t y  o f  th e  a f f e r e n t  in p u t  was

m a in ta in e d .  A f t e r  i s o l a t i o n  o f  th e  c o r te x  the  r e c o r d in g  and 

p e n i c i l l i n  c o n ta in in g  e l e c t r o d e s  were p laced  w i th in  th e  

c u b o id .  I n i t i a l l y  sp o n ta n e o u s  and evoked a c t i v i t y  was u s u a l l y  

d e p re s s e d  compared t o  t h a t  b e f o r e  th e  i s o l a t i o n  b u t  n o rm a l ly
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r e c o v e r e d  w i t h in  an h o u r ,  so  t h a t  b o th  forms of a c t i v i t y

a p p e a re d  t o  be no d i f f e r e n t  t o  t h a t  b e f o r e  th e  s u b - p i a l

i s o l a t i o n .  T h is  i n d ic a te d  t h a t  th e  i s o l a t e d  c o r t e x  was n o t  

s u f f e r i n g  any undue damage. I f ,  as on some o c c a s s io n s ,  t h e r e  

was no re c o v e ry  o f  a c t i v i t y ,  p resum ably  b e c au se  o f  e x c e s s iv e  

n e u r o n a l  damage, then  th e  experim en t was t e r m in a te d .  Only when

c o r t i c a l  a c t i v i t y  had r e tu r n e d  t o  be s i m i l a r  t o  normal was th e

e x p e r im e n t  c o n t in u e d .  H i s t o l o g i c a l  v e r i f i c a t i o n  o f  th e

m agn itude  o f  t h e  i s o l a t e d  cuboid  was perform ed a t  t h e  end of

th e  e x p e r im e n t .

I n  b lo c k s  o f  c o r t e x  in  which t h e  c u t s  were a p p ro x im a te ly  

0 .6 X 0 . 6  mm a p a r t ,  o r  g r e a t e r  (see  f i g .  3 . 2 . 1 2 ) ,  the  e j e c t i o n  

o f  p e n i c i l l i n  r e s u l t e d  in  b o th  phases  o f  enhancement o f  evoked 

p o t e n t i a l s  ( f i g  3 .2 .1 1 ;  t a b l e  3 ) .  F u r th e rm o re ,  spon taneous  

e p i l e p t i f o r m  s p ik in g  a l s o  o cc u rre d  when s u f f i c i e n t  p e n i c i l l i n  

was e j e c t e d .  T h e r e f o r e ,  b lo c k s  o f  c o r t e x  o f  t h e s e  d im ensions  

g e n e r a te d  a l l  t h e  normal enhancement of evoked p o t e n t i a l s .

In  b lo c k s  o f  c o r t e x  in  which th e  c u t s  were c l o s e r  t o g e t h e r  

th a n  a p p ro x im a te ly  0 . 6 mm (se e  f i g .  3 .2 .1 4 )  no enhancement o f  

evoked p o t e n t i a l s  o c c u rre d  when p e n i c i l l i n  was e j e c t e d  by 

s m a l l  o r  by l a r g e  e l e c t r o p h o r e t i c  c u r r e n t s  (—500nA; f ig*  

3 .2 .1 3 )  even though  normal p o t e n t i a l s  cou ld  be evoked in

c u b o id s  o f  su ch  s i z e s .  F u r th e rm o re ,  on no o c c a s s io n  d id  a

b lo c k  o f  c o r t e x  g e n e ra te  phase  I  b u t  n o t  phase  I I .  T h e r e f o r e ,
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F i g u r e  3 .2 .1 1 :  The enhancem ent o f  SEPs in  normal c o r t e x  (A) 
and in  s u b - p i a l l y  i s o l a t e d  c o r t e x  (B) in  which th e  s e p a r a t i o n  
b e tw een  t h e  c u t s  a t  t h e  c o r t i c a l  s u r f a c e  was g r e a t e r  th an  th e  
t h r e s h o l d  f o r  g e n e r a t i o n  o f  e p i l e p to g e n e s i s  (about 0 . 6 mm).



L a y e r  IV

^ O o2ivi»vi

F i g u r e  3 . 2 . 1 2 :  S e c t i o n  through t h e  somatosensory  c o r t e x
showing t h e  s u r g i c a l  c u t s  r e s u l t i n g  in t h e  s u b - p i a l  i s o l a t i o n  of  
a c u b o id  o f  c o r t e x .  The approx imate  l o c a t i o n  of  l a y e r  IV is  
i n d i c a t e d .  Note t h a t  t h e  c u t s  do no t  ex tend  th e  f u l l  depth of  
t h e  g r e y  m a t t e r .  S e p a r a t i o n  between the  c u t s  i s  about  0 .7 mm.
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F i g u r e  . 3 . 2 . 1 3 :  The enhancem ent o f  SEPs in normal c o r t e x  (A)
by l a r g e  f l u x e s  o f  p e n i c i l l i n .  In  sub—p i a l l y  i s o l a t e d  c o r te x  
w i th  a s e p a r a t i o n  be tw een  th e  c u t s  l e s s  th an  0 . 6  mm no 
enhancem ent o f  t h e  SEPs o c c u rre d ;  t h e  i s o l a t e d  c o r t e x  was 
s m a l l e r  th a n  th e  t h r e s h o l d  f o r  g e n e r a t i o n  o f  e p i l e p t o g e n e s i s .
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F i g u r e  3 . 2 . 1 4 :  S e c t i o n  t h r o u g h  t h e  s o m a t o s e n s o r y  c o r t e x
i l l u s t r a t i n g  t h e  s u b - p i a l  i s o l a t i o n  o f  a s m a l l  cu bo id  o f  c o r t e x .  
The a p p r o x i m a t e  l o c a t i o n  o f  l a y e r  IV i s  i n d i c a t e d .  S e p e r a t i o n  
b e t v 7e e n  t h e  c u t s  i s  a p p r o x i m a t e l y  0 .5  mm.



b o t h  p h a ses  o f  e p i l e p to g e n e s i s  r e q u i r e d  a c o r t i c a l  mass which 

had t h r e s h o ld  s i z e  o f  approx 0 .6  X 0.6mm.

I t  sh o u ld  be n o te d  from th e  f i g u r e s  o f  th e  i s o l a t e d  cu b o id s  

o f  c o r t e x  ( f i g s .  3 .2 .1 2  and 14) t h a t  th e  c u t s  were n o t  u s u a l l y  

p e r p e n d i c u l a r  t o  th e  s u r f a c e  of th e  c o r t e x .  In  such  a 

s i t u a t i o n  l e s s  o f  a v e r t i c a l l y  o rg an ise d  p ie c e  o f  c o r t e x  would 

be in c lu d e d  in  th e  i s o l a t i o n  than  i f  th e  c u ts  had been 

p e r p e n d i c u l a r  t o  t h e  s u r f a c e  and of t h e  same s e p a r a t i o n .  

T h e r e f o r e ,  th e  d im ensions o f  th e  i s o l a t e d  b lo ck s  (o r  th e  

s e p a r a t i o n  be tw een  th e  c u ts )  should  only  be c o n s id e re d  t o  be 

v e r y  app rox im ate  i f  u s in g  such s i z e s  in  r e l a t i o n  t o  

p h y s i o l o g i c a l  c o r t i c a l  colum ns. Because o f  th e  g r a d i e n t  o f  t h e  

c u t s  in  f i g u r e  3 .2 .1 4  th e  i s o l a t e d  p iec e  o f  c o r te x  does n o t  

i n c lu d e  an e n t i r e  v e r t i c a l  e x te n t  o f  th e  c o r t e x  and 

f u r th e rm o re  t h i s  p ie c e  o f  c o r t e x  did n o t  g e n e ra te  any o f  th e  

p h a s e s  o f  e p i l e p t o g e n e s i s . The i s o l a t i o n  in  f i g u r e  3 .2 .1 2 ,  

which d id  g e n e r a te  evoked p o t e n t i a l  enhancement, does in c lu d e  

an e n t i r e  v e r t i c a l  e x te n t  o f  c o r t e x .  The a c tu a l  w id th  o f  t h e  

p i e c e  o f  c o r t e x  in c lu d in g  an e n t i r e  v e r t i c a l  e x te n t  i s  v e ry  

s m a l l  and t h e r e f o r e  i t  may be t h a t  i s o l a t e d  p e ic e s  o f  c o r t e x  

s m a l l e r  th a n  th e  d im ensions o f  a c o r t i c a l  column a r e  c a p ab le  

o f  g e n e r a t i n g  e p i l e p t i f o r m  a c t i v i t y .
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T a b le  3 .  The e f f e c t  o f  t h e  s u b - p i a l  i s o l a t i o n  o f  

c u b o id s  o f  c o r t e x  o f  d i f f e r e n t  d im e n s io n s  on t h e  

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

o f  s m a l l  and l a r g e  d o se s  o f  p e n i c i l l i n .



RESULTS: PART 3

The Invo lvem en t o f  NMDA R ecep to r  M ediated  A c t i v i t y  in  th e  

P h ases  o f  P e n i c i l l i n  E p i le p to g e n e s i s

The d i c a r b o x y l i c  amino a c i d s ,  g lu tam a te  and a s p a r t a t e ,  a r e  

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

c o r t e x .  The r e c e p t o r s  f o r  t h e s e  amino a c id s  have been d iv id e d  

i n t o  t h r e e  ty p e s  ( k a i n a t e ,  q u i s q u a l a te  and

N-fytethyl-D-c,xspartate (NMDA)) on account o f  the  a f f i n i t y  o f  

t h e s e  d i f f e r e n t  p h a rm a co lo g ica l  a g o n i s t s .  Because of t h e  la c k  

o f  s u f f i c i e n t l y  s p e c i f i c  a n ta g o n i s t s  t o  d i f f e r e n t i a t e  betw een 

t h e  a c t i v i t y  o f  k a i n a t e  and q u i s q u a l a te  r e c e p to r s  th e  

c l a s s i f i c a t i o n  o f  th e  e x c i t a t o r y  r e c e p to r s  i s  o f te n  c o n s id e re d  

t o  be o f  NMDA and non-NMDA r e c e p t o r s ,  w i th  th e  non-NMDA 

r e c e p t o r s  r e s p o n s i b l e  f o r  th e  co n d u c tio n  of no rm al ,  f a s t  

s y n a p t i c  t r a n s m i s s i o n .  As d is c u s s e d  in th e  i n t r o d u c t i o n ,  th e  

im p o r ta n c e  o f  a  r o le  f o r  NMDA r e c e p to r s  in  e p i l e p s y  and o t h e r  

n e u r o l o g i c a l  d i s o r d e r s  has r e c e n t l y  come t o  l i g h t  (Meldrum, 

1985). I t  was im p o r ta n t  t h e r e f o r e ,  t o  c a r r y  out an 

i n v e s t i g a t i o n  i n t o  t h e  r o l e  o f  th e s e  r e c e p to r s  in  th e  

p e n i c i l l i n  model o f  f o c a l  e p i l e p s y .
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Some r e p o r t s  have su g g es ted  t h a t  t h a t  th e  i n i t i a l  p a r t  o f  

t h e  c e l l u l a r  paroxysm al d e p o l a r i s a t i o n  s h i f t  (PDS) in  

e p i l e p t i f o r m  a c t i v i t y  i s  non-NMDA r e c e p t o r  m edia ted  and th e  

l a t e r  p a r t  o f  t h e  PDS i s  m ediated  by NMDA r e c e p to r s  (King and 

D in g le d in e ,  1985). T h is  was p a r t i c u l a r l y  e x c i t i n g  in  r e l a t i o n  

t o  t h e  r e s u l t s  d e s c r ib e d  c o ncern ing  th e  phases  of 

e p i l e p t o g e n e s i s  because  i t  r a i s e d  th e  p o s s i b i l i t y  t h a t  phase 

I ,  w hich  has a l r e a d y  been  shown to  be s i m i l a r  t o  normal 

a c t i v i t y ,  m igh t be m ediated  by non-NMDA r e c e p to r s  and t h a t  

p h ase  I I ,  w hich  was shown t o  be more ' e p i l e p t i c '  in  n a t u r e ,  

m igh t be  m ed ia ted  by NMDA r e c e p t o r s .  Hence, an i n v e s t i g a t i o n  

i n t o  t h e  e x c i t a t o r y  r e c e p to r s  r e s p o n s ib le  f o r  th e  a c t i v i t y  

u n d e r l y i n g  th e  two phases  o f  p e n i c i l l i n  e p i l e p t  o g e n e s i s  was 

u n d e r t a k e n .

2 - a m in o - 5 -p h o sp h o n o v a le r ic  ac id  (APV) i s  one o f  a c l a s s  o f  

h i g h ly  p o t e n t ,  c o m p e t i t iv e  NMDA a n ta g o n i s t s  (Davies e t  a l . ,  

19 81) and i t  was t h i s  t h a t  was i n i t i a l l y  used t o  i n v e s t i g a t e  

t h e  r o l e  o f  NMDA r e c e p to r s  in  p e n i c i l l i n  e p i l e p t  o g e n e s i s . APV 

(50 mM) was p re p a re d  in  d i s t i l l e d  w a te r  and th e  pH (A .4) was 

a d ju s t e d  t o  8 .0  by th e  a d d i t io n  o f  m olar NaOH.

-  98 -

i



When em ploying e l e c t r o p h o r e t i c  e j e c t i o n  o f  APV and

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

a ro u n d  th e  problem s ( d is c u s s e d  in th e  methods) o f  u s in g  

s e v e r a l  s e p a r a t e  e l e c t r o d e s .  One b a r r e l  o f  a t h r e e  b a r r e l l e d  

m ic r o e l e c t  rode  c o n ta in e d  APV, th e  second c o n ta in e d  p e n i c i l l i n  

and th e  t h i r d  was used t o  rec o rd  e x t r a c e l l u l a r  f i e l d  

p o t e n t i a l s  from l a y e r  IV o f  th e  som atosenso ry  c o r t e x .

I t  was im p o r ta n t  t o  i n v e s t i g a t e  th e  s p e c i f i c i t y  o f  APV so 

as  t o  e n s u re  t h a t  any e f f e c t s  o f  APV were due t o  s p e c i f i c  NMDA 

r e c e p t o r  a n ta g o n ism . NMDA r e c e p to r s  a r e  w ide ly  c o n s id e re d  t o  

be u n im p o r ta n t  in  th e  g e n e r a t i o n  of ’n o rm a l’ , f a s t  c o r t i c a l  

a c t i v i t y  ( C o l l i n g r id g e  e t  a l . ,  1983a, b ; S a l t ,  1986) and t h i s  

knowledge p ro v id e d  a c o n v e n ie n t  method fo r  t e s t i n g  f o r  

n o n - s p e c i f i c  e f f e c t s  o f  t h e  NMDA a n ta g o n i s t ;  a d e p re s s io n  o f  

no rm al  p o t e n t i a l s  must r e s u l t  from n o n - s p e c i f i c  e f f e c t s  o f  

APV.

t
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I  The S p e c i f i c i t y  o f  a c t i o n  of APV

APV was e j e c t e d  by e l e c t r o p h o r e t i c  c u r r e n t s  o f  v a ry in g  

m ag n i tu d e s  (—25 t o  —500 nA) from one b a r r e l  o f  a t h r e e

b a r r e l l e d  e l e c t r o d e ,  w h i l s t  one o f  th e  o t h e r  b a r r e l s  was used  

t o  r e c o r d  evoked a c t i v i t y .  The e j e c t i o n  of APV by c u r r e n t s  up 

t o  and in c l u d in g  —200nA had no d i s c e r n i b l e  e f f e c t  on evoked

p o t e n t i a l  c h a r a c t e r i s t i c s ,  even w ith  p ro longed  e j e c t i o n  ( f i g .  

3 . 3 . 1 ) .  APV e j e c t e d  by e l e c t r o p h o r e t i c  c u r r e n t s  o f  -250  nA and 

l a r g e r  r e s u l t e d  in  a v e ry  sm a l l  d e p re s s io n  ( f i g .  3 . 3 . 1 ) ,  o r  a 

r e d u c t i o n  o f  th e  norm al random v a r i a b i l i t y ,  o f  th e  a m p litu d e  

o f  evoked p o t e n t i a l s  ( f i g .  3 . 2 . 2 ) .  Even v e ry  l a r g e  e j e c t i n g  

c u r r e n t s  o f  APV (-500nA) r e s u l t e d  in  on ly  a v e ry  sm a ll

d e p r e s s io n  o f  EPs ( f i g .  3 . 3 . 2 ) .

The above r e s u l t s  showed t h a t  doses o f  APV produced by 

e j e c t i n g  c u r r e n t s  up t o  —200nA had no e f f e c t  on norm al evoked 

p o t e n t i a l s .  T h is  r u le d  out th e  p o s s i b i l i t y  of  APV hav ing  

n o n - s p e c i f i c  d e p re s s a n t  e f f e c t s  in  th e  c irc u m s ta n c e s  o f  t h e s e  

e x p e r im e n t s .  The d e p r e s s io n  of normal p o t e n t i a l s  by l a r g e r

doses  o f  APV (produced by e j e c t i n g  c u r r e n t s  g r e a t e r  th an  

-250nA) may have t h e r e f o r e  been due t o  n o n - s p e c i f i c  d e p r e s s a n t  

e f f e c t s  o f  t h e  drug on normal c o r t i c a l  e x c i t a b i l i t y .
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F ig u re  3 . 3 . 1 :  To t e s t  th e  s p e c i f i c i t y  o f  APV the  drug was 
e j e c t e d  by i t s e l f  i n t o  l a y e r  IV o f  th e  som atosensory  c o r t e x .  APV 
e j e c t e d  by l a r g e  e l e c t r o p h o r e t i c  c u r r e n t s ;  -200  nA (A) had no 
d i s c e m a b l e  e f f e c t  on SEP a m p l i tu d e .  APV e j e c t e d  by l a r g e r  
c u r r e n t s ;  -250  nA (B) had a sm a ll  d e p re s s a n t  e f f e c t  on th e  
a m p l i tu d e  o f  SEPs.
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F i g u r e  3 . 3 . 2 :  The e f f e c t  o f  a range o f  doses o f  APV, e j e c te d  
by i t s e l f ,  on t h e  a m p li tu d e  o f  som atosenso ry  evoked p o t e n t i a l s .
APV e j e c t e d  by -300  nA (A) and -5 0 0  nA (B) r e s u l t e d  in  a
d e c re a s e  in  th e  norm al v a r i a b i l i t y  a n d /o r  a sm all d e p re s s io n  of 
th e  peak a m p li tu d e  o f  evoked p o t e n t i a l s .  The e j e c t i o n  o f  APV by
sm a l l  c u r r e n t s  had no e f f e c t  on SEP a m p l i tu d e .

\



I I  (a) The E f f e c t  o f  NMDA R ecep to r  Antagonism on Phase I  

o f  P e n i c i l l i n  E p i l e p t  o g e n e s is

The e j e c t i o n  o f  p e n i c i l l i n  by i t s e l f  (-lOOnA), r e s u l t e d  in  

th e  enhancem ent o f  EPs ( f i g .  3 .3 .3 )  and w i th in  a few m inu tes  

a f t e r  t h e  s t a r t  o f  e j e c t i o n  th e  enhancement reached  a p l a t e a u  

l e v e l  (phase  I )  . T h is  e f f e c t  o f  p e n i c i l l i n  was p r e d i c t a b l e  and 

r e p e a t a b l e  ( s e e  r e s u l t s  p a r t  1 ) and p rov ided  a c o n t r o l  a g a i n s t  

w hich  any e f f e c t s  o f  APV co u ld  be t e s t e d .

To t e s t  t h e  e f f e c t s  of NMDA antagonism  on phase I  o f

p e n i c i l l i n  e p i l e p t o g e n e s i s , th e  e j e c t i o n  of p e n i c i l l i n  ( - 1 0 0  

nA) and APV (-75 nA) was s t a r t e d  s im u l ta n e o u s ly ;  th e

c o n c u r r e n t  e j e c t i o n  o f  th e  two drugs r e s u l t e d  in  no

enhancem ent o f  t h e  evoked p o t e n t i a l s  w h a tso ev e r ,  even a f t e r  

many m in u te s  o f  c o n t in u e d  e j e c t i o n  ( f i g .  3 . 3 . 3 ) .

The e j e c t i o n  o f  normal s a l i n e  by th e  same e j e c t i n g  c u r r e n t s  

as u s e d  f o r  APV (-75 nA) had no e f f e c t  on th e  p e n i c i l l i n

in d u ced  enhancem ent o f  evoked p o t e n t i a l s .  Hence, th e  b lo ck ad e  

o f  enhancem ent d u r in g  th e  c o n c u rre n t  e j e c t i o n  o f  APV was n o t  

some a r t e f a c t  due t o  th e  passage  o f  c u r r e n t  in  a n e ig h b o u r in g  

b a r r e l  t o  t h a t  from which p e n i c i l l i n  was b e in g  e j e c t e d .  As th e

e j e c t i o n  o f  p e n i c i l l i n  by i t s e l f  had a l r e a d y  been shown t o

en h an ce  th e  evoked p o t e n t i a l s  ( f i g .  3 . 3 . 3 a ) ,  th e  la c k  o f

enhancem ent in  t h e  p re se n c e  o f  APV must have been  due t o  th e

a c t i o n  o f  t h e  NMDA a n ta g o n i s t .  However, t h e s e  r e s u l t s  d id  n o t
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F i g u r e  3 . 3 . 3 :  The enhancement of  SEPs by sm a l l  doses of
p e n i c i l l i n  (-100  nA) e je c t e d  by i t s e l f  (A). The c o n c u rre n t  
e j e c t i o n  o f  APV (-75  nA) p r e v e n t s  t h e  enhancement t h a t  would 
n o r m a l ly  r e s u l t  from t h e  e j e c t i o n  o f  p e n i c i l l i n  (B) a l th o u g h  
t h e r e  i s  a v e ry  s m a l l  i n c r e a s e  in  th e  mean am plitude  a f t e r  many 
m in u te s  o f  t h e  e j e c t i o n  o f  b o th  d ru g s .



s u p p o r t  th e  p r e d i c t i o n  t h a t  phase I  was m edia ted  by non-NMDA 

r e c e p t o r s ,  b u t  su g g e s te d  t h e  v e ry  o p p o s i t e :  t h a t  t h e  a c t i v i t y  

u n d e r l y i n g  phase  I  was in  f a c t  t o t a l l y  dependant on NMDA 

r e c e p t o r  mechanisms.

I I  (b) . The E f f e c t  of NMDA R ecep to r  an tagonism  on Phase I I  

o f  P e n i c i l l i n  E p i l e p to g e n e s i s

The e j e c t i o n  o f  a f lu x  o f  p e n i c i l l i n  s u f f i c i e n t l y  l a r g e  to  

r e s u l t  in  phase I I  (-250nA) and th e  e j e c t i o n  o f  APV (-75nA) 

was s t a r t e d  s im u l ta n e o u s ly .  The e j e c t i o n  o f  p e n i c i l l i n  a lo n e  

would have r e s u l t e d  in  a maximal enhancement o f  th e  a m p li tu d e  

and d u r a t i o n  o f  t h e  EPs (phase  I I )  w i th in  f iv e  o r  s ix  m in u te s .  

However, in  th e  p re s e n c e  o f  APV, o n ly  a f t e r  about fo u r  o r  f i v e  

m in u tes  d id  some of  t h e  p o t e n t i a l s  b eg in  t o  be enhanced so 

t h a t  t h e s e  were a l i t t l e  l a r g e r  than  normal ( f i g .  3 . 3 . 4 a ) .  

T h is  s m a l l  enhancem ent, when i t  o c c u re d ,  was t o  o n ly  150% of 

p r e - d r u g  l e v e l s .  When t h i s  enhancement occurred  i t  d id  so o n ly  

a f t e r  a r e l a t i v e l y  long time a f t e r  th e  s t a r t  o f  p e n i c i l l i n  

e j e c t i o n ,  by which tim e p e n i c i l l i n  e j e c te d  by i t s e l f  would 

have produced  a n e a r  maximal and much g r e a t e r  enhancement 

(compare f i g s .  3 . 3 .3 a  and 3 . 3 . 4 a ) .  These r e s u l t s  showed 

t h e r e f o r e ,  t h a t  t h e  e j e c t i o n  of APV did n o t  t o t a l l y  b lo c k ,  b u t  

d id  s u b s t a n t i a l l y  r e d u c e ,  th e  enhancement o f  evoked p o t e n t i a l s  

w hich  n o rm a l ly  r e s u l t e d  from la r g e  f lu x e s  of  p e n i c i l l i n .
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The e f f e c t s  o f  NMDA r e c e p to r  an tagonism  by APV (-lOOnA) on 

t h e  enhancem ent by a s t i l l  l a r g e r  f lu x  o f  p e n i c i l l i n  ( -500  nA) 

was a l s o  t e s t e d .  Once a g a in  in  th e  p re se n c e  o f  APV, a s m a l l ,  

s low  enhancem ent o c c u r r e d .  The enhancement was f a r  l e s s  th a n  

would have o c c u rre d  i f  p e n i c i l l i n  had been e j e c t e d  by i t s e l f  

and in  th e  e x p e r im e n ta l  c irc u m stan c e  of  f i g .  3 . 3 . 4 b th e  

enhancem ent was t o  j u s t  ove r  200% of p re -d ru g  l e v e l s .  T h is  

s h o u ld  be compared t o  f i g .  3 .3 .3 a  in  which a sm a l l  p e n i c i l l i n  

f l u x  by i t s e l f  (-lOOnA) produced a more ra p id  and l a r g e r  

enhancem ent th an  r e s u l t e d  from th e  e j e c t i o n  o f  t h i s  l a r g e  f l u x  

o f  p e n i c i l l i n  (-500nA) in  th e  p resence  o f  APV. In  b o th  o f  t h e  

above s i t u a t i o n s  th e  e j e c t i o n  o f  l a r g e  f lu x e s  o f  p e n i c i l l i n  

d id  r e s u l t  in  an enhancement of evoked p o t e n t i a l s  d e s p i t e  t h e  

e j e c t i o n  o f  APV. However, t h i s  enhancement was much l e s s  

d r a s t i c  th a n  p e n i c i l l i n  would have n o rm a l ly  produced when 

e j e c t e d  by i t s e l f .

As a l r e a d y  d e s c r i b e d ,  NMDA r e c e p to r  an tagonism  by APV 

r e s u l t e d  in  th e  t o t a l  b lockade  of any enhancement o f  evoked 

p o t e n t i a l s  which would n o rm a l ly  have occu rred  in th e  p re s e n c e  

o f  p e n i c i l l i n  e j e c t e d  by sm all  e l e c t r o p h o r e t i c  c u r r e n t s  

(-lOOnA) b u t  d id  n o t  t o t a l l y  b lo c k  th e  enhancement by l a r g e r  

f l u x e s  o f  p e n i c i l l i n  (~250nA and -500nA). T h is  was c o m p a t ib le  

w i t h  t h e  s u g g e s t io n  t h a t  t h e  h y p e r e x c i t a b i l i t y  u n d e r ly in g  

p h a s e  I  was m ed ia ted  by NMDA r e c e p t o r s ,  whereas t h e  f u r t h e r
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F i g u r e  3 . 3 . A: The enhancement t h a t  would n o rm ally  r e s u l t  from 
th e  e j e c t i o n  o f  l a r g e r  doses  of  p e n i c i l l i n ;  -250 nA (A), —500 nA 
(B) i s  s u b s t a n t i a l l y  c u r t a i l e d  by th e  e j e c t i o n  of APV; -75 nA 
(A) , -1 0 0  nA (B) . These sm a l l  enhancements t h a t  occu rred  shou ld

be compared t o  t h e  enhancem ent by p e n i c i l l i n  e j e c te d  by i t s e l f  
(-250 nA; s e e  f i g .  3 . 1 . 9 ,  -5C0 nA; see  f i g .  3 .1 .7  ) .

I



h y p e r e x c i t b i l i t y ,  which c o n s t i t u t e d  phase  I I ,  m ight be 

m ed ia te d  by non-NMDA r e c e p t o r s .  However, t h i s  seemed u n l i k e l y  

in  t h e  l i g h t  o f  th e  f i n d in g s  by o t h e r  w orkers  t h a t  th e  i n i t i a l  

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

non-NMDA r e c e p t o r  m edia ted  and th e  l a t e r ,  more ' e p i l e p t i c 1 

s t a g e s  w ere  NMDA m ed ia ted .  F u r th e rm o re ,  i t  i s  g e n e r a l l y  

r e g a r d e d  t h a t  'n o rm a l '  a c t i v i t y  i s  non-NMDA r e c e p t o r  and 

' e p i l e p t i c '  a c t i v i t y  i s  NMDA r e c e p to r  m ed ia ted .

A n o th e r  p o s s i b l e  e x p la n a t io n  f o r  th e  above f in d in g s  was 

t h a t  t h e  s m a l l  enhancement t h a t  had r e s u l t e d  from th e  e j e c t i o n  

o f  l a r g e  doses  o f  p e n i c i l l i n  and APV was in  f a c t  m ed ia ted  by 

NMDA r e c e p t o r s  b u t  t h a t  th e s e  were a t  some d i s t a n c e  from th e  

s i t e  o f  e j e c t i o n  o f  APV ( in to  l a y e r  IV ) .  I t  was t h e r e f o r e  

p o s s i b l e  t h a t  in  t h e  above e x p e r im e n ta l  c o n d i t i o n s  th e  

c o n c e n t r a t i o n  f i e l d  o f  APV was to o  l im i te d  t o  p ro v id e  a 

s u f f i c i e n t  an tagons im  o f  d i s t a n t  NMDA r e c e p to r s  which may be 

a c t i v a t e d  by l a r g e r  f lu x e s  o f  p e n i c i l l i n .
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I l l  The E f f e c t  o f  NMDA R e c e p to r  Antagonism by APV E je c te d  by 

L a r g e r  E j e c t i n g  C u r re n ts

In  o r d e r  t o  t e s t  t h i s  p o s s i b i l i t y  th e  e j e c t i o n  o f  

p e n i c i l l i n  (-25 On A) and a l a r g e r  f l u x  o f  APV (-200nA) was 

s t a r t e d  s im u l ta n e o u s ly ;  t h e  c o n c u r re n t  e j e c t i o n  o f  t h e  l a r g e  

f l u x  o f  APV and p e n i c i l l i n  u s u a l l y  r e s u l t e d  in  no enhancement 

o f  evoked p o t e n t i a l s  even a f t e r  many m inutes o f  c o n tin u e d  

e j e c t i o n .  O c c a s io n a l ly  t h e r e  was a ve ry  sm a ll  enhancement (eg .  

25% in  t h e  c i r c u m s ta n c e s  of f i g .  3.3 ._5&^which o ccu rred  a f t e r  a 

lo n g  t im e .  T h is  shou ld  be compared t o  f i g .  3 .3 .4 a  in  which a 

s m a l l e r  f lu x  of  APV (-75 nA) was l e s s  e f f e c t i v e  in  b lo c k in g  

th e  enhancem ent by th e  same p e n i c i l l i n  f l u x ,  th e  r e s u l t i n g  

enhancem ent b e in g  t o  150% of p re -d ru g  l e v e l s .

When a s t i l l  l a r g e r  f l u x  o f  p e n i c i l l i n  (-500 nA) and APV 

( —200 nA) were e j e c te d  s im u l ta n e o u s ly ,  t h e  enhancement t h a t  

had o c c u r re d  (200%) w ith  s m a l le r  APV f lu x e s  (-75nA) and t h i s  

same f lu x  o f  p e n i c i l l i n  (—500nA) was d r a s t i c a l l y  reduced  

(compare f i g s .  3 .3 .5 b  and 3 . 3 .4 b ) .  When any enhancement d id  

o c c u r  t h i s  was o n ly  about 25% as  compared t o  a t  l e a s t  400% in  

t h e  ab sen ce  o f  APV (compare f i g s .  3 .3 .6 a  and 3 .3 .6 b ) .
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F i g u r e  3 . 3 . 5 :  The e f f e c t  o f  l a r g e r  doses  o f  APV (-200 nA) on 
th e  enhancem ent by l a r g e  doses  o f  p e n i c i l l i n ;  -250 nA (A), -500
nA ( E ) . APV p r e v e n t s  any s u b s t a n t i a l  enhancement by p e n i c i l l i n  
and r e d u c e s  t h e  enhancement t h a t  o ccu rred  in  th e  p resence  o f  
s m a l l e r  doses  o f  APV (-75 nA; see  f i g .  3 .3 .4 )
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F ig u re  3 .3 .6 :  The enhancement o f  th e  am plitude  o f  evoked
p o t e n t i a l s  by a l a r g e  dose o f  p e n i c i l l i n  (—500 nA; A) . The 
c o n c u r r e n t  e j e c t i o n  o f  APV (—200 nA) p re v e n ts  the  occurrence  o f  
any su c h  enhancement (B) a l th o u g h  t h e r e  i s  a  v e ry  sm all  in c re a s e  
in  t h e  mean a m p l i tu d e  o f  t h e  EPs a f t e r  many m in u te s .

i



Since  th e  l a r g e r  f l u x  o f  APV, which was s t i l l  s p e c i f i c  (see  

p a r t  I )  f o r  NMDA an ta g o n ism , was e f f e c t i v e  in  b lo c k in g  th e  

enhancem ent by l a r g e r  p e n i c i l l i n  f l u x e s ,  th e  p rev io u s  

enhancem ent t h a t  had o c c u rre d  w i th  l a r g e  p e n i c i l l i n  f lu x e s  and 

s m a l l e r  APV f lu x e s  ( p a r t  l i b )  was n o t  a non-NMDA r e c e p to r  

m ed ia ted  e v e n t  b u t  presum ably  r e s u l t e d  from an inadequacy  o f  

NMDA r e c e p t o r  an tag o n ism , th e re b y  a l lo w in g  a c t i v a t i o n  o f  some 

NMDA r e c e p t o r s  by t h e  l a r g e r  doses o f  p e n i c i l l i n .

I t  i s  n o t  u n r e a s o n a b le  t o  assume, s in c e  th e  s in k  in  th e  

evoked p o t e n t i a l  v o l t a g e  f i e l d  d u r in g  phase I enhancement was 

no d i f f e r e n t  from th e  i n i t i a l  s in k  in  th e  f i e l d  of  th e  normal 

evoked p o t e n t i a l  ( s e e  r e s u l t s  p a r t  1 and d i s c u s s i o n ) ,  t h a t  

phase  I  enhancem ent was a r e f l e c t i o n  o f  a c t i v i t y  m edia ted  by 

e x c i t a t o r y  r e c e p to r s  c lo s e  t o  pyram idal c e l l  b o d ie s  c lo s e  t o  

l a y e r  IV and t h a t ,  s in c e  th e  s in k  in  th e  v o l ta g e  f i e l d  o f  

phase  I I  enhanced p o t e n t i a l s  was c e n te re d  in  t h e  s u p e r f i c i a l  

l a y e r s  o f  t h e  c o r t e x  (see  r e s u l t s  p a r t  1 and d i s c u s s i o n ) ,  t h a t  

phase  I I  was t h e  r e s u l t  of  a c t i v i t y  m ediated  by r e c e p to r s  

e i t h e r  on th e  s u p e r f i c i a l  p a r t s  o f  th e  pyram idal c e l l  a p i c a l  

d e n d r i t e s  o r  on py ram ida l  c e l l s  d i s t a n t  from l a y e r  IV. 

F u r th e rm o re ,  s in c e  b o th  phases  were b locked  by th e  e j e c t i o n  o f  

APV, t h i s  im p lied  t h a t  b o th  phases  of p e n i c i l l i n  

e p i l e p t o g e n e s i s  were NMDA r e c e p to r  m ed ia ted .  The 

h y p e r e x c i t a b i l i t y  u n d e r ly in g  phase I  may t h e r e f o r e  be m edia ted  

by r e c e p t o r s  c o n f in e d  t o  a sm all  d i s t a n c e  from l a y e r  IV. A
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s m a l l  APV f l u x  n e v e r t h e l e s s  r e s u l t e d  in a s u f f i c i e n t  

c o n c e n t r a t i o n  f i e l d  t o  produce com plete  NMDA r e c e p to r  

a n ta g o n ism  o f  t h e s e  r e c e p to r s  and th e r e f o r e  b locked  phase  I .  

However, i f  l a r g e  p e n i c i l l i n  f lu x e s  produced a c t i v i t y  which 

was m ed ia ted  by s u p e r f i c i a l  NMDA r e c e p to r s  th e s e  r e c e p to r s  may 

n o t  be b lo ck e d  b e c au se  of th e  l im i t e d  e x te n t  o f  t h e  APV 

c o n c e n t r a t i o n  f i e l d  produced by sm all  APV f l u x e s .  A more 

e x te n d e d  c o n c e n t r a t i o n  f i e l d  of  APV r e s u l t e d  in  a b lo c k  of 

t h e s e  s u p e r f i c i a l  r e c e p to r s  and p reven ted  th e  enhancement t h a t  

had o c c u r r e d  p r e v i o u s l y .

IV B lockade o f  Phase I I  o f  P e n i c i l l i n  E p i le p to g e n e s i s  by 

APV E je c t e d  by Sm all E l e c t r o p h o r e t i c  C u r re n ts

A n o th e r  way t o  t e s t  t h e  above hypo t h e s i s ,  t h a t  th e  

enhancem ent t h a t  had o cc u rre d  was due t o  a lac k  o f  NMDA 

r e c e p t o r  a n ta g o n ism , was t o  e j e c t  a sm a l l  f lu x  o f  APV o v e r  a 

l o n g e r  p e r i o d .  T h is  would a l s o  r e s u l t  in  an e x te n s iv e  APV 

c o n c e n t r a t i o n  f i e l d  and shou ld  a l s o  b lo ck  th e  enhancement by 

l a r g e r  p e n i c i l l i n  f l u x e s .

APV e j e c t i o n  (—75nA) was s t a r t e d  2 t o  5 mins b e f o r e  th e  

s t a r t  o f  p e n c i l l i n  e j e c t i o n .  During t h i s  p e r io d  th e r e  was no 

e f f e c t  on t h e  SEPs. The e j e c t i o n  of p e n i c i l l i n  (-500nA) was 

th e n  s t a r t e d .  A f t e r  many m inu tes  of th e  c o n c u r re n t  e j e c t i o n  o f  

APV and p e n i c i l l i n  t h e r e  was no enhancement o f  t h e  evoked
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3 .1  .*
p o t e n t i a l s  ( f i g .  7 ) ;  by t h i s  tim e p e n i c i l l i n  e j e c t i o n  by 

i t s e l f  would have produced a maximal enhancem ent.

T hese  r e s u l t s  showed t h a t  APV was e f f e c t i v e  in  b lo c k in g  

b o th  phase  I  and phase  I I  o f  p e n i c i l l i n  e p i l e p to g e n e s i s  when 

e j e c t e d  c o n c u r r e n t l y  w ith  p e n i c i l l i n .
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F i g u r e  3 . 3 . 7 :  The e f f e c t  o f  a sm a l l  dose of APV (-75 nA) 
e j e c t e d  p r i o r  t o  th e  s t a r t  o f  p e n i c i l l i n  e j e c t i o n  (-500 nA ). In 
t h i s  way a sm a l l  dose o f  APV p re v e n ts  t h e  enhancement t h a t  would 
n o rm a l ly  r e s u l t  from a l a r g e  dose o f  p e n i c i l l i n .



V. C ircu m stan ces  in  Which APV E j e c t io n  was I n e f f e c t i v e  in  

p r e v e n t in g  P e n i c i l l i n  Enhancement of Evoked P o t e n t i a l s

The e j e c t i o n  o f  APV ( sm a l l  o r  la rg e  f lu x e s )  d id  n o t  a b o l i s h  

t h e  enhancem ent o f  evoked p o t e n t i a l s  which r e s u l t e d  from l a r g e  

p e n i c i l l i n  f lu x e s  i f  APV e j e c t i o n  was s t a r t e d  once th e  p l a t e a u  

l e v e l  o f  enhancement had been a t t a i n e d ;  t h e r e  was o n ly  a sm a l l  

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

low er  l e v e l  ( f i g .  3 . 3 . 8 ) .  T h e re fo re ,  APV was on ly  e f f e c t i v e  in  

b lo c k in g  p e n i c i l l i n  induced enhancement o f  evoked p o t e n t i a l s  

i f  e j e c t e d  p r i o r  t o  o r  c o n c u r r e n t ly  w i th  p e n i c i l l i n ,  b u t  was 

v i r t u a l l y  i n e f f e c t i v e  in  red u c in g  th e  enhancement o f  evoked 

p o t e n t i a l s  once e s t a b l i s h e d .  P o s s ib le  re a so n s  f o r  t h i s  w i l l  be  

c o n s id e r e d  in  t h e  d i s c u s s i o n .
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F i g u r e  3 . 3 . 8 :  The e f f e c t  o f  a  l a r g e  f lu x  o f  APV (-200  nA) on 
th e  p l a t e a u  l e v e l  o f  enhancem en t o f  so m a to s e n s o ry  evoked 
p o t e n t i a l s  r e s u l t i n g  from t h e  e j e c t i o n  o f  l a r g e  d o se s  o f  
p e n i c i l l i n  ( -500  nA) .
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RESULTS: PART 4.

The non c o m p e t i t iv e  NMDA a n ta g o n i s t ,  k e ta m in e ,  was u se d  in  

o r d e r  t o  t r y  and p ro v id e  f u r t h e r  ev idence  f o r  th e  r o le  o f  NMDA 

r e c e p t o r s  in  p e n i c i l l i n  e p i l e p t o g e n e s i s . Ketamine 

h y d r o c h l o r id e  was p rep a re d  (20mM) in  120mM NaCl. The pH of  

t h i s  s o l u t i o n  (6 .0 )  vjas a d ju s te d  t o  4 .0 ,  by th e  a d d i t i o n  o f  

mo l a  r  HC1 .

I . The S p e c i f i c i t y  o f  k e tam in e

As w i t h  APV, i t  was im p o r ta n t  t o  t e s t  t h e  e f f e c t s  o f  

k e ta m in e  on norm al evoked c o r t i c a l  a c t i v i t y  t o  f i n d  out th e  

ran g e  of  d o se s  o f  k e tam in e  f r e e  o f  n o n - s p e c i f i c  d e p r e s s a n t  

e f  f e e t s  .

K e tam ine  was e j e c t e d  i n t o  l a y e r  IV (+50 t o  +400nA) t o  t e s t  

t h e  e f f e c t s  on norm al evoked a c t i v i t y .  Ketamine e j e c t e d  by 

e l e c t r o p h o r e t i c  c u r r e n t s  up t o  +400nA had no e f f e c t  on th e  

a m p l i tu d e  ( f i g .  3 .4 .1 a )  o r  waveforms of th e  evoked p o t e n t i a l s ,  

even  a f t e r  many m inutes  of e j e c t i o n .  When ke tam ine  was e j e c t e d  

by e l e c t r o p h o r e t i c  c u r r e n t s  o f  +450nA th e r e  was sometimes a 

v e r y  s m a l l  r e d u c t i o n  in  t h e  am plitude  o f  evoked p o t e n t i a l s  

( f i g .  3 .4 .1 b )  w i th  no d e t e c t a b l e  e f f e c t s  on th e  waveforms o f  

t h e s e  p o t e n t i a l s .  A c u r r e n t  o f  th e  o p p o s i t e  p o l a r i t y  b u t  o f  

t h e  same m agnitude  (-450nA) r e s u l t e d  in  no e f f e c t  on th e  EPs

( f i g .  3 . 4 . 1 b ) .
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F i g u r e  3 . 4 . 1 :  To t e s t  f o r  th e  s p e c i f i c i t y  o f  ke tam ine  th e  
d rug  was e j e c t e d  by c o n s e c u t iv e ly  l a r g e r  e l e c t r o p h o r e t i c  
c u r r e n t s  (A) and t h e  e f f e c t  on th e  am plitude  o f  th e  evoked 
p o t e n t i a l s  was m o n i to re d .  (B) Large doses  of ke tam ine  (+450 nA) 
r e s u l t e d  in  a s m a l l  d e p re s s io n  o f  t h e  t h e  mean am plitude  o f  EPs . 
An a p p l i c a t i o n  o f  t h e  same magnitude b u t  o p p o s i te  p o l a r i t y  o f  
c u r r e n t  had no e f f e c t  on th e  evoked p o t e n t i a l s .

\



As a l r e a d y  d e s c r ib e d  f o r  APV, doses  o f  th e  a n ta g o n i s t  t h a t  

had no e f f e c t  on normal evoked a c t i v i t y  were reg a rd e d  as b e in g  

f r e e  o f  n o n - s p e c i f i c  d e p re s s a n t  e f f e c t s ,  whereas th o se  

r e s u l t i n g  in  a d e p r e s s io n  o f  evoked p o t e n t i a l s  were reg a rd ed  

as h a v in g  n o n - s p e c i f i c  e f f e c t s .

The E f f e c t s  o f  Ketamine on an E s t a b l i s h e d  P e n i c i l l i n  

Enhancement

B ecause  o f  t h e  p o s s i b i l i t y  t h a t  t h e  v e ry  sm a l l  d e p re s s io n  

o f  evoked p o t e n t i a l s  by l a r g e r  ke tam ine  doses  (+450nA) may 

have b e e n  due t o  some n o n - s p e c i f i c  d e p re s s a n t  e f f e c t ,  s m a l l e r  

d o ses  o f  th e  d ru g ,  which had no e f f e c t s  w ha tsoever  on norm al 

evoked a c t i v i t y ,  were used t o  t e s t  f o r  th e  involvem ent o f  NMDA 

r e c e p t o r s  in  th e  p e n i c i l l i n  induced enhancement o f  evoked 

p o t e n t i a l s .

P e n i c i l l i n  was e j e c t e d  by i t s e l f  (-200nA) i n t o  l a y e r  IV so 

as t o  p roduce  an enhancement o f  evoked p o t e n t i a l s ,  as a l r e a d y  

d e s c r ib e d  in  t h e  e a r l i e r  r e s u l t s  ( p a r t  1) . When th e  

enhancem ent o f  th e  a m p li tu d e  o f  evoked p o t e n t i a l s  had reach ed  

a p l a t e a u  l e v e l  (3 00% of p re —drug l e v e l s ) ,  t h e  e j e c t i o n  o f  

k e ta m in e  (+250nA) was a l s o  s t a r t e d .  A f te r  about two m inu tes  

t h e  a m p l i tu d e  o f  evoked p o t e n t i a l s  began t o  d e c l i n e  from th e  

p l a t e a u  l e v e l  ( f i g .  3 . 4 . 2 ) ;  t h i s  d e c l in e  c o n tin u e d  f o r  about 2 

t o  3 m in u tes  u n t i l  t h e  a m p litude  o f  th e  p o t e n t i a l s  reached  a
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F ig u r e  3 .4 .2 :  The enhancement o f  evoked p o t e n t i a l  am p litude
by p e n i c i l l i n  (-200  nA) was reduced from i t s  p l a t e a u  l e v e l  by 
th e  e j e c t i o n  of k e tam in e  (+250 nA ). An in c r e a s e  in  the  e j e c t i n g  
c u r r e n t  o f  k e ta m in e  (+450 nA) r e s u l t e d  in  no f u r t h e r  d e p re s s io n  
o f  evoked p o t e n t i a l s .



s t e a d y  l e v e l  (200% o f  p re -d ru g  l e v e l s ) .  The k e ta m in e  dose was 

th e n  in c r e a s e d  ( e j e c t i n g  c u r r e n t :  +400nA) b u t  t h i s  r e s u l t e d  in  

no f u r t h e r  d e p r e s s io n  o f  t h e  evoked p o t e n t i a l  a m p l i tu d e .  When 

k e ta m in e  e j e c t i o n  was te rm in a te d  th e  a m p litude  o f  th e  evoked 

p o t e n t i a l s  began  t o  in c r e a s e  and reached  th e  p l a t e a u  l e v e l  

(300%) which had o r i g i n a l l y  been p r e s e n t  p r o i r  t o  ke tam ine  

e j e c t i o n .

The e f f e c t  o f  k e ta m in e  was th en  t e s t e d  on th e  enhancement 

o f  p o t e n t i a l s  r e s u l t i n g  from l a r g e r  doses o f  p e n i c i l l i n  

( -7 0 0 n A ). When a l a r g e  p l a t e a u  l e v e l  (about 600% o f  p re -d ru g  

l e v e l s )  had been e s t a b l i s h e d  ( f i g .  3 .4 .3 )  ke tam ine  e j e c t i o n  

(+250nA) was s t a r t e d ;  once a ga in  t h e r e  was a d e la y  o f  abou t 

two m in u te s  a f t e r  which th e  am plitude  o f  th e  p o t e n t i a l s  began 

t o  d e c l i n e .  The d e p r e s s io n  o f  th e  enhanced evoked p o t e n t i a l s  

c o n t in u e d  u n t i l  a s t e a d y  l e v e l ,  a t  about 400% o f  p re -d ru g  

l e v e l s  ( f i g .  3 .4 . 3 )  was a t t a i n e d  a f t e r  about 5mins.

In  th e  above p r e l im in a r y  e x p e r im e n ts ,  the  e j e c t i o n  of 

k e ta m in e  reduced  th e  p e n i c i l l i n  induced enhancement o f  evoked 

p o t e n t i a l s  when t e s t e d  a g a in s t  an a l r e a d y  e s t a b l i s h e d  

enhancem en t .  However, ke tam ine  did no t  t o t a l l y  a b o l i s h  th e  

en h an cem en t .  T h is  was n o t  due to  an i n s u f f i c i e n t  a n ta g o n i s t  

c o n c e n t r a t i o n  s in c e  in c r e a s in g  th e  ke tam ine  f lu x  r e s u l t e d  in  

no f u r t h e r  r e d u c t io n  o f  th e  am plitude  o f  th e  enhanced E P s . As 

d e s c r i b e d  e a r l i e r  t h e  e f f e c t  of APV in  red u c in g  p e n i c i l l i n
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e p i l e p t o g e n e s i s  was v e ry  l im i t e d  when APV was a d m in is te re d  

a f t e r  th e  e s t a b l i s h m e n t  o f  a p l a t e a u  l e v e l  o f  evoked p o t e n t i a l  

enhancem ent ( r e s u l t s  3 .V ) ,  b u t  was f a r  more e f f e c t i v e  when 

e j e c t e d  p r i o r  t o  o r  c o n c u r r e n t ly  w ith  p e n i c i l l i n .  Hence th e  

s im u l ta n e o u s  e j e c t i o n  of p e n i c i l l i n  and k e ta m in e  was a l s o  

t e s t e d .
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F i g u r e  3 . A.3 : The p l a t e a u  l e v e l  o f  enhancement o f  evoked
p o t e n t i a l  a m p l i tu d e  by a l a r g e  dose  of p e n i c i l l i n  (~700 nA) was 
r e d u c e d  by t h e  e j e c t i o n  o f  k e ta m in e  (+250 nA).



Tke Ef f e c t  o f  t h e  C oncurren t E j e c t io n  o f  Ketamine and 

P e n i c i l l i n

W ith  t h e  c o n c u r r e n t  e j e c t i o n  of ke ta m in e  and p e n i c i l l i n  

t h e r e  was s t i l l  i n v a r i a b l y  an enhancement o f  th e  am p litude  o f  

t h e  evoked p o t e n t i a l s .  This  i s  i l l u s t r a t e d  in  f i g .  3 . 4 . 4  in  

w hich  th e  e j e c t i o n  o f  p e n i c i l l i n  (—300nA) and k e tam in e  

(+3 00nA) r e s u l t e d  in  a p l a t e a u  l e v e l  o f  enhancement a t  abou t 

300% o f  p r e - d r u g  l e v e l s .  During t h i s  p l a t e a u  p h a se ,  th e  

e j e c t i o n  o f  k e ta m in e  was te rm in a te d ;  a f t e r  a d e la y  o f  abou t 

2-3 m ins t h e  evoked p o t e n t i a l s  began t o  in c r e a s e  in  a m p li tu d e  

so  t h a t  a new p l a t e a u  l e v e l  was a t t a i n e d  a t  about 500% o f  

p r e - d r u g  l e v e l s .  Ketamine e j e c t i o n  was once ag a in  s t a r t e d  

(+300nA) and th e  evoked p o t e n t i a l s  began t o  d e c l in e  in  

a m p l i tu d e  from th e  500% p la te a u  l e v e l  t o  th e  300% p l a t e a u  

w hich  had o r i g i n a l l y  been  p r e s e n t  w i th  th e  c o n c u r re n t  e j e c t i o n  

o f  b o t h  p e n i c i l l i n  and k e ta m in e .

T hus ,  k e ta m in e  e j e c t i o n ,  even when s t a r t e d  a t  t h e  same tim e 

as p e n i c i l l i n  e j e c t i o n ,  o n ly  dep ressed  and d id  n o t  p rev e n t  th e  

enhancem ent o f  evoked p o t e n t i a l s  by p e n i c i l l i n .  In  th e  

p r e s e n c e  o f  k e ta m in e ,  even w i th  l a r g e  p e n i c i l l i n  d o s e s ,  th e  

evoked p o t e n t i a l s  were o n ly  enhanced in  am p litude  and t h e r e  

was no  change in  t h e  waveform. This  was s i m i l a r  t o  th e  e a r l i e r  

i d e n t i f i e d  p h ase  I  o f  e p i l e p to g e n e s i s  which r e s u l t e d  from 

s m a l l  p e n i c i l l i n  d o s e s .  D e sp i te  th e  u se  o f  a l a r g e  p e n i c i l l i n
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e j e c t i n g  c u r r e n t  ( f i g .  3 . 4 . 4 ) ,  in th e  p re se n c e  o f  k e ta m in e ,  

t h e  enhancem ent o f  evoked p o t e n t i a l s  had th e  form t h a t  was 

n o r m a l ly  a s s o c i a t e d  w ith  phase I  e p i l e p t o g e n e s i s . On 

t e r m i n a t i o n  o f  k e ta m in e  e j e c t i o n  th e  evoked p o t e n t i a l s  were 

enhanced  in  th e  fa s h io n  c h a r a c t e r i s t i c  o f  phase  I I  

e p i l e p t o g e n e s i s  ( s e e  f i g .  3 . 4 . 4 ) .

The r e f r a c t o r y  p e r io d  p r o p e r t i e s  of evoked p o t e n t i a l s  in  

t h e  p r e s e n c e  o f  p e n i c i l l i n  and ketam ine were i n v e s t i g a t e d  t o  

f i n d  o u t  i f  k e ta m in e  was p r e f e r e n t i a l l y  a b o l i s h in g  p h ase  I I  

enhancem ent w h i l s t  a l lo w in g  the  e x p re s s io n  o f  phase  I 

a c t i v i t y .
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F ig u r e  3 . 4 . 4 :  The c o n c u r r e n t  e j e c t i o n  o f  ke ta m in e  (+3CC nA)
and p e n c i l l i n  ( -3 0 0  nA) r e s u l t e d  in  a p l a t e a u  l e v e l  o f  
enhancem ent o f  evoked p o t e n t i a l s .  D u r in g  t h i s  p l a t e a u  l e v e l  
k e ta m in e  e j e c t i o n  was t e r m i n a t e d .  T h is  r e s u l t e d  in  a  f u r t h e r  
enhancem ent o f  t h e  evoked p o t e n t i a l s  t o  a new p l a t e a u  l e v e l  
w hich was d e p re s s e d  b a c k  t o  t h e  o r i g i n a l  p l a t e a u  l e v e l  .o f  
enhancem ent when k e ta m in e  e j e c t i o n  (+300 nA) was once  more 
s t a r t e d .
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IV. The e f f e c t s  o f  Ketamine on th e  r e f r a c t o r y  p e r io d  

p r o p e r t i e s  o f  p e n i c i l l i n  enhanced  p o t e n t i a l s

To t e s t  w h e th e r  k e ta m in e  was p ro d u c in g  a s e l e c t i v e  

d e p r e s s i o n  o f  phase  I I  enhancem en t, a c o n d i t i o n i n g / t e s t  

pa rad ig m  was u s e d ,  w i th  a d e la y  o f  150msec be tw een  th e  two 

p o t e n t i a l s .  The r e f r a c t o r y  p e r io d  o f  norm al p o t e n t i a l s  i s  l e s s  

th a n  150msec, as  i s  t h a t  o f  phase  I  enhanced  p o t e n t i a l s ;  phase  

I I  a c t i v i t y  has a  r e f r a c t o r y  p e r io d  in  e x c e s s  o f  150msec ( s e e  

R e s u l t s  p a r t  2 ) .

P e n i c i l l i n  (-300nA) was e j e c t e d  by i t s e l f  and t h e  a m p l i tu d e  

o f  t h e  c o n d i t i o n i n g  p o t e n t i a l s  re a c h e d  ab o u t  600% o f  p r e - d r u g  

l e v e l s .  The a m p l i tu d e  o f  t h e  t e s t  p o t e n t i a l s  however was n o t  

enhanced  and rem ained  a t ,  o r  s l i g h t l y  be low , p r e - d r u g  l e v e l s  

( f i g .@ # a ) .  T h is  s i t u a t i o n  c o rre sp o n d ed  t o  phase  I I  o f  

p e n i c i l l i n  enhancem ent (as d e s c r ib e d  in  p a r t  B ); t h e  enhanced  

p o t e n t i a l s  h av ing  a r e f r a c t o r y  p e r io d  in  e x c e s s  o f  th e  

r e f r a c t o r y  p e r io d  o f  normal p o t e n t i a l s .  The e f f e c t  o f  k e ta m in e  

e j e c t i o n  on th e  r e f r a c t o r y  p e r io d s  o f  p e n i c i l l i n  enhanced 

p o t e n t i a l s  was th e n  t e s t e d .
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(a)  The e j e c t i o n  o f  k e ta m in e  (+250nA) and p e n i c i l l i n  

( —300nA) was s t a r t e d  s im u l t a n e o u s l y .  A f t e r  abou t  two m inu tes  

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

a m p l i tu d e  u n t i l  t h e y  b o t h  rea c h e d  a p l a t e a u  l e v e l  a t  abou t  

500% o f  p r e - d r u g  l e v e l s  ( f i g .  3 . 4 . 5 ) .  With p e n i c i l l i n  a lo n e  

such  l a r g e  enhancem ents  o f  t h e  c o n d i t i o n i n g  r e s p o n s e  were 

accom panied  by a d e p r e s s io n  o f  t h e  t e s t  p o t e n t i a l s  t o ,  o r  

b e lo w ,  p r e —drug  l e v e l s  ( f i g .  3 . 4 . 5 a ) .  Hence, t h i s  dose o f  

p e n i c i l l i n  by i t s e l f  r e s u l t e d  in  phase  I I  o f  e p i l e p t o g e n e s i s ,  

b u t  in  t h e  p re s e n c e  o f  k e ta m in e ,  o n ly  phase  I o c c u r r e d .  

K etam ine  had  p r e v e n te d  th e  g e n e r a t i o n  o f  phase  I I  b u t  n o t  

p h a se  I  enhancem ent o f  evoked p o t e n t i a l s  when e j e c t e d  

c o n c u r r e n t l y  w i th  p e n i c i l l i n .

(b) The e f f e c t s  o f  k e ta m in e  on t h e  r e f r a c t o r y  p e r i o d s  o f  

evoked p o t e n t i a l s  in  an a l r e a d y  e s t a b l i s h e d  p e n i c i l l i n  

enhancem ent were a l s o  t e s t e d .  P e n i c i l l i n  (-250nA) was e j e c t e d  

so  t h a t  a  p l a t e a u  l e v e l  o f  enhancem ent o f  th e  c o n d i t i o n i n g  

p o t e n t i a l s  was a c h ie v e d  (35C% of p r e - d r u g  l e v e l s ;  f i g .  3 . 4 . 6 ) .  

The t e s t  p o t e n t i a l s  m eanw hile , were d e p re s se d  a l i t t l e  below 

t h e i r  p r e - d r u g  l e v e l s .  T h e r e f o r e ,  t h e  r e f r a c t o r y  p e r io d  o f  t h e  

enhanced  p o t e n t i a l s  was g r e a t e r  th a n  150 msec and phase  I I  o f  

p e n i c i l l i n  e p i l e p t o g e n e s i s  p r e v a i l e d .  The e j e c t i o n  o f  k e ta m in e  

(+250nA) was th e n  s t a r t e d  and a f t e r  abou t two m inu tes  th e  

c o n d i t i o n i n g  r e s p o n s e s  began  t o  d e c re a s e  in  a m p li tu d e  t o  abou t 

200% o f  p r e - d r u g  l e v e l s .  M eanwhile, th e  t e s t  r e s p o n s e s
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F ig u r e  3 . A .5: The e j e c t i o n  o f  a l a r g e  dose o f  p e n i c i l l i n  
( -3 0 0  nA) by i t s e l f  r e s u l t e d  in  phase  I I  o f  e p i l e p t o g e n e s i s ;  th e  
r e f r a c t o r y  p e r io d  o f  enhanced p o t e n t i a l s  b e in g  g r e a t e r  than  t h a t  
o f  no rm al p o t e n i a l s  (A). (B) The e j e c t i o n  o f  th e  same dose o f  
p e n i c i l l i n  in  t h e  p re s e n c e  o f  k e ta m in e  (+300 nA) r e s u l t e d  in  th e  
enhancem ent of b o th  c o n d i t i o n i n g  and t e s t  r e s p o n s e s ;  t h e  
enhanced  p o t e n t i a l s  had a r e f r a c t o r y  p e r io d  w hich was th e  same 
as  t h a t  o f  norm al p o t e n t i a l s  (phase  I ) .



F ig u r e  3 . 4 . 6 :  The e j e c t i o n  o f  p e n i c i l l i n  (-250  nA) r e s u l t s  in  
phase  I I  o f  e p i l e p t o g e n e s i s .  The s u b s e q u e n t  e j e c t i o n  o f  k e ta m in e  
re d u c e s  t h e  enhancem en t t o  p h a se  I .  An i n c r e a s e  in  t h e  dose o f  
k e ta m in e  . r e s u l t s  in  no  f u r t h e r  d e p r e s s i o n .  T h is  e f f e c t  o f  
k e ta m in e  i s  r e v e r s i b l e  and r e p e a t a b l e .
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i n c r e a s e d  in  a m p l i tu d e  t o  n e a r l y  200% o f  p r e —drug l e v e l s ,  

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

( f i g .  3 . 4 . 6 ) .  That th e  c o n d i t i o n i n g  and t e s t  r e s p o n s e s  were 

now o f  a  s i m i l a r  a m p li tu d e  i n d i c a t e d  t h e  p r e s e n c e  o f  phase  I .  

K etam ine  e j e c t i o n  was th e n  in c r e a s e d  (+400nA); t h e r e  was no 

f u r t h e r  d e c r e a s e  in  t h e  a m p l i tu d e s  o f  t h e  evoked p o t e n t i a l s . 

K etam ine  e j e c t i o n  was th en  t e r m i n a t e d ,  and a f t e r  a s m a l l  d e la y  

b o t h  p o t e n t i a l s  began t o  r e t u r n  t o  t h e i r  o r i g i n a l ,  

p r e - k e ta m in e  l e v e l s  so  t h a t  th e  c o n d i t i o n i n g  p o t e n t i a l s  were 

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

t o  p h a se  I I .  The e f f e c t  o f  ke tam ine  was r e p e a t a b l e  and 

r e v e r s i b l e  ( s e e  f i g .  3 . 4 . 6 ) .

These  r e s u l t s  r a i s e d  t h e  p o s s i b i l i t y  t h a t  in  t h e s e  

e x p e r im e n ta l  c i r c u m s ta n c e s  phase  I was m ed ia ted  by non-NMDA 

r e c e p t o r s  and phase  I I  by NMDA r e c e p t o r s .  F u r th e rm o re ,  t h e  

dose  o f  k e ta m in e  was n o t  a l i m i t i n g  f a c t o r  in  th e  i n a b i l i t y  t o  

re d u c e  phase  I I  b a c k  t o  normal (See I l a  and I l l b i i )  b e c a u s e ,  

a s  d e s c r i b e d  ab o v e ,  a f u r t h e r  i n c r e a s e  in  t h e  dose  o f  k e ta m in e  

d id  n o t  r e d u c e  th e  a m p li tu d e  o f  t h e  evoked p o t e n t i a l s  any 

f u r t h e r .  T h is  c o n c lu s io n  was in  agreem ent w i th  th e  e a r l i e r  

p r e d i c t i o n  o f  phase  I  b e in g  non-NMDA r e c e p t o r  and phase  I I  

b e in g  NMDA r e c e p to r - m e d i a t e d .  However t h i s  c o n c lu s io n  

c o n t r a d i c t s  t h e  c o n c lu s io n s  reached  from t h e  APV f in d i n g s  t h a t  

b o t h  p h a se  I  and phase  I I  were NMDA r e c e p t o r  m e d ia te d .  In  th e  

r e s u l t s  s o  f a r  k e ta m in e  had n o t  been  t e s t e d  a g a i n s t  phase  I
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i t s e l f .

To t e s t  w h e th e r  phase  I  was i t s e l f  m ed ia te d  by NMDA 

r e c e p t o r s ,  t h i s  was e s t a b l i s h e d  by th e  e j e c t i o n  o f  p e n i c i l l i n  

by s m a l l  e j e c t i n g  c u r r e n t s  (-lOOnA) and k e ta m in e  e j e c t i o n
(•fr3 -s.+.t>

(+250nA)^. The c o n c u r r e n t  e j e c t i o n  o f  th e  two d rugs  r e s u l t e d  in  

t h e  a m p l i tu d e  o f  t h e  evoked p o t e n t i a l s  s lo w ly  i n c r e a s i n g  from 

norm al l e v e l s .  However, th e  enhancem ent was u n l i k e  t h a t  by 

p e n i c i l l i n  e j e c t e d  a lo n e ;  t h e  p o t e n t i a l s  began t o  i n c r e a s e  in  

a m p l i tu d e  and th e n  began t o  s lo w ly  d e c l i n e ,  w i th  th e  

c o n c u r r e n t  e j e c t i o n  o f  k e ta m in e  and p e n i c i l l i n ,  b ack  tow ards  

norm al l e v e l s .  T h is  form o f  b lo ck a d e  was s u g g e s t i v e  o f  a u s e  

de p e n d an t  an tag o n ism ; t h e  NMDA r e c e p t o r / c h a n n e l s  had t o  be 

u se d  b e f o r e  th e  an ta g o n ism  o c c u r r e d .

T hus ,  p h a se  I must have b e e n  m ed ia ted  by NMDA r e c e p t o r s  and 

t h i s  r e s u l t  co n f i rm ed  th e  f i n d i n g s  o b ta in e d  u s in g  APV t h a t  th e  

a c t i v i t y  u n d e r ly in g  phase  I enhancem ent was NMDA r e c e p t o r  

m e d ia te d .

However, an anomaly s t i l l  e x i s t e d  in  t h e s e  r e s u l t s  in  t h a t  

k e ta m in e  was a b le  t o  b lo c k  th e  a c t i v i t y  u n d e r ly in g  b o th  phase  

I  and Phase  I I  b u t  was u n a b le  t o  b lo c k  phase  I  a f t e r  phase  I I  

had b een  e s t a b l i s h e d .  T h is  w i l l  be  c o n s id e r e d  f u r t h e r  i n  t h e  

d i s c u s s i o n .
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F i g u r e  3 . 4 . 7 :  The e f f e c t  on s o m a to s e n s o ry  evoked p o t e n t i a l  
a m p l i tu d e  o f  t h e  c o n c u r r e n t  e j e c t i o n  o f  k e ta m in e  ( -2 0 0  nA) and a 
s m a l l  f l u x  o f  p e n i c i l l i n  ( -1 0 0  n A ) . The e j e c t i o n  o f  p e n i c i l l i n  
would n o r m a l ly  r e s u l t  in  t h e  s u s t a i n e d  enhancem ent o f  evoked 
p o t e n t i a l  a m p l i t u d e .
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V. NMDA R e c e p to r  Invo lvem en t  i n  S t ry c h n in e  E p i l e p t o g e n e s i s

To t e s t  w h e th e r  t h e  e p i l e p t o g e n i c  e f f e c t s  o f  p e n i c i l l i n  

w ere  in  some way p e c u l i a r  in  t h e i r  n e c e s s a r y  r e q u i r e m e n ts  f o r  

NMDA r e c e p t o r  a c t i v a t i o n ,  a n o th e r  e p i l e p t o g e n i c  a g e n t ,  

s t r y c h n i n e ,  was u s e d .  S t ry c h n in e  i s  a  g l y c i n e  r e c e p t o r  

a n t a g o n i s t  and th e  t o p i c a l  a p p l i c a t i o n  o r  e j e c t i o n  i n t o  th e  

c o r t e x  r e s u l t s  in  e p i l e p t i f o r m  a c t i v i t y  in  t h e  c e r e b r a l  

c o r t e x .

S t r y c h n i n e  had s i m i l a r  e p i l e p t o g e n i c  p r o p e r t i e s  t o  

p e n i c i l l i n  in  t h a t  sm a l l  doses  o f  s t r y c h n i n e  f a i l e d  t o  r e s u l t  

i n  s p o n ta n e o u s  e p i l e p t i c  s p ik in g  b u t  p roduced  an enhancem ent 

o f  evoked p o t e n t i a l  a m p l i tu d e  ( f i g .  3 . A .8 ) .  However, t h e  d e la y  

t o  o n s e t  o f  enhancem ent was l o n g e r  and t h e  r a t e  o f  enhancem ent 

was much s lo w e r  th a n  t h a t  r e s u l t i n g  from t h e  e j e c t i o n  o f  

p e n ic  i l l i n .

The e j e c t i o n  o f  APV (-70nA) p re v e n te d  t h e  enhancem ent o f  

evoked p o t e n t i a l s  which s t r y c h n in e  e j e c t e d  by i t s e l f  would 

have p roduced  ( f i g .  3 . 4 . 8 ) .  Even a f t e r  many m inu tes  o f  o f  

c o n t in u e d  e j e c t i o n ,  by w hich  t im e  s t r y c h n i n e  enhancem ent would 

have b e e n  m axim al, t h e r e  was no  enhancem en t .
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F i g u r e  3 . 4 . 8 :  The e j e c t i o n  o f  s ty c h n in e  (-1C0 nA) , l i k e
p e n i c i l l i n ,  r e s u l t e d  in  t h e  enhancement of  evoked p o t e n t i a l  
a m p l i tu d e  (A) . The c o n c u r r e n t  e j e c t i o n  o f  APV (-75 nA) p re v e n te d  
th e  enhancem en t t h a t  would n o rm a l ly  r e s u l t  from th e  e j e c t i o n  o f  
s t y c h n i n e  ( B ) .
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F i g u r e  3 . A .9: The e j e c t i o n  of l a r g e r  doses  of s t r y c h n in e  
(+300 nA) r e s u l t e d  in  t h e  enhancement o f  evoked p o t e n t i a l s ,  
a l t h o u g h  t h e  c o n t in u e d  e j e c t i o n  r e s u l t e d  in  a  l a t e r  d e p r e s s io n  
p h a se  w hich  was th e n  a l l e v i a t e d  by th e  t e r m in a t i o n  o f  s t r y c h n in e  
e j e c t i o n  (A) .

(B) The e j e c t i o n  o f  APV by a sm a l l  e l e c t r o p h o r e t i c  c u r r e n t  
( -75  nA) p r i o r  t o  and d u r in g  th e  e j e c t i o n  o f  s t r y c h n in e  
p r e v e n te d  t h e  enhancem ent t h a t  would n o rm a l ly  r e s u l t  from th e  
e j e c t i o n  o f  s t r y c h n i n e ,  A d e p r e s s io n ,  which' i s  p ro b ab ly  t h e  same 
as  t h a t  o c c u r r in g  in  t h e  p re se n c e  o f  s t r y c h n in e  by i t s e l f ,  d id  
o c c u r ,



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

(—300nA) r e s u l t e d  in  a d i f f e r e n t  p a t t e r n  o f  enhancem ent ( f i g .  

3 . A.9a) t o  t h a t  r e s u l t i n g  from s m a l l e r  doses  o f  t h e  d r u g .  An 

i n i t i a l  enhancem ent o f  t h e  EPs was fo l lo w e d  by a r e d u c t i o n  o f  

t h e  a m p l i tu d e  t o  a l e v e l  w hich was however, s t i l l  g r e a t e r  th an  

t h e  p r e —drug  l e v e l s .  On t e r m in a t i o n  of e j e c t i o n  th e  a m p l i tu d e  

o f  t h e  SEPs r e c o v e re d  t o  t h e  i n i t i a l  maximal enhanced v o l t a g e .  

The d e p r e s s io n  phase may have been a n o n - s p e c i f i c  e f f e c t  due 

t o  a  l a r g e r  c o n c e n t r a t i o n  f i e l d  o f  s t r y c h n i n e  ( t h e r e  b e in g  no 

su c h  e f f e c t  w i th  s m a l l e r  d o s e s ) .

APV (-70nA) e j e c t i o n  was s t a r t e d  a few m inu tes  b e f o r e  t h e  

s t a r t  o f  s t r y c h n i n e  e j e c t i o n .  T h is  p re v e n te d  any enhancem ent 

o f  SEPs w hich  would n o rm a l ly  have r e s u l t e d  from t h e  e j e c t i o n  

o f  s t r y c h n i n e  a lo n e  ( f i g .  3 . 4 . 9 ) .  T here  was a s m a l l  slow 

d e p r e s s i o n  o f  SEPs and t h i s  may have r e f l e c t e d  t h e  

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

in  i s o l a t i o n .

T h e r e f o r e ,  e p i l e p t i f o r m  a c t i v i t y  induced  by b o th  g l y c i n e  

r e c e p t o r  a n ta g o n ism ,  by s t r y c h n i n e ,  and GABA r e c e p t o r  

a n ta g o n is m ,  by p e n i c i l l i n ,  was b lo ck ed  by NMDA r e c e p t o r  

a n ta g o n is m ,  w hich  im p l ie s  t h a t  a l l  hype rex c  i t  a b i l i t y  r e s u l t i n g  

from s u c h  m anoeuvers i s  m ed ia ted  by th e  a c t i v a t i o n  o f  NMDA 

r e c e p t o r s .
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DISCUSSION

Summary o f  t h e  E v idence  f o r  two P hases  in  P e n i c i l l i n  

E p i l e p t o g e n e s i s

These  e x p e r im e n ts  have p ro v id e d  s e v e r a l  l i n e s  o f  e v id e n c e  

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

in  t h e  deve lopm ent o f  t h e  a c u te  p e n i c i l l i n  e p i l e p t i c  fo c u s  in  

th e  r a t  n e o c o r t e x .

P e n i c i l l i n  e j e c t e d  by s m a l l  e l e c t r o p h o r e t i c  c u r r e n t s  d id

n o t  r e s u l t  in  sp o n ta n e o u s  e p i l e p t i f o r m  s p ik i n g  b u t  d id  p roduce  

a s im p le  i n c r e a s e  in  t h e  a m p li tu d e  o f  so m a to sen so ry  evoked 

p o t e n t i a l s  and p o t e n t i a l s  evoked by d i r e c t  c o r t i c a l  

s t i m u l a t i o n  (DCS) (phase  I ) .  T h is  enhancem ent was p r e s e n t  when 

p e n i c i l l i n  was e j e c t e d  by sm a l l  e l e c t r o p h o r e t i c  c u r r e n t s ,  o r  

as  t h e  l a s t  rem a in in g  v e s t i g e  o f  h y p e r e x c i t a b i l i t y  d u r in g  t h e  

r e c o v e r y  from a f u l l y  deve loped  e p i l e p t i f o r m  f o c u s .

P e n i c i l l i n  e j e c t e d  by l a r g e  e l e c t r o p h o r e t i c  c u r r e n t s

r e s u l t e d  in  a d d i t i o n a l  changes in  evoked p o t e n t i a l

c h a r a c t e r i s t i c s ;  an i n c r e a s e  in  d u r a t i o n  and t im e  t o  peak

(p h ase  I I ) .  T h is  change in  waveform im p l ie d  t h e  p re s e n c e  o f  an 

a d d i t i o n a l  and d i f f e r e n t  form o f  c o r t i c a l  a c t i v i t y  as compared

t o  no rm al and was a s s o c i a t e d  w i th  th e  a p p e a ra n ce  o f

s p o n ta n e o u s  e p i l e p t i f o r m  s p i k e s .  The waveform o f  enhanced 

evoked p o t e n t i a l s  in  phase  I I  and sp o n ta n e o u s  e p i l e p t i f o r m
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s p i k e s  was v e ry  s i m i l a r ,  w hich was s u g g e s t iv e  o f  th e  f a c t  t h a t  

t h e  enhanced  evoked p o t e n t i a l s  were evoked e p i l e p t i f o r m  

s p i k e s  .

F u r t h e r  e v id e n c e  f o r  two d i s t i n c t  phases  in  e p i l e p t o g e n e s i s  

a r o s e  from th e  f i n d i n g  t h a t  th e  r e f r a c t o r y  p e r io d  o f  evoked 

p o t e n t i a l s  w hich showed a s im ple  enhancement o f  a m p l i tu d e  was 

no d i f f e r e n t  from th e  r e f r a c t o r y  p e r io d  o f  norm al evoked 

p o t e n t i a l s .  However, t h e  r e f r a c t o r y  p e r io d  o f  evoked 

p o t e n t i a l s  which showed a p r o lo n g a t io n  in  waveform was 

c o n s i d e r a b l y  g r e a t e r  th an  th e  r e f r a c t o r y  p e r io d  o f  b o th  norm al 

evoked  p o t e n t i a l s  and evoked p o t e n t i a l s  enhanced  o n ly  in  

a m p l i t u d e .  T h is  change in  r e f r a c t o r y  p e r io d  a l s o  i n d i c a t e d  t h e  

p r e s e n c e  of  a d i f f e r e n t  form o f  a c t i v i t y .  These r e s u l t s  

im p l ie d  t h a t  t h e  a c t i v i t y  u n d e r ly in g  phase  I  was no d i f f e r e n t  

t h a t  o f  no rm al p o t e n t i a l s ,  whereas th e  a c t i v i t y  u n d e r ly in g  

p h a se  I I  o f  p e n i c i l l i n  e p i l e p t o g e n e s i s  was d i f f e r e n t  from t h a t  

o f  b o t h  p h ase  I and o f  norm al a c t i v i t y .

F u r th e r m o r e ,  t h e  i n c r e a s e  in  t h e  r e f r a c t o r y  p e r io d  and th e  

i n c r e a s e  in  d u r a t i o n  o f  th e  evoked p o t e n t i a l s ,  w hich had 

s e p e r a t e l y  b e e n  used  t o  i d e n t i f y  t h e  o n s e t  o f  phase  I I ,  b o th  

o c c u r r e d  a t  t h e  same t im e  d u r in g  th e  development o f  th e  focus  

and p re su m a b ly  b o t h  were a s s o c i a t e d  w i th  t h e  o n s e t  o f  t h e  same 

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

p o t e n t i a l s  in  t h e  d i f f e r e n t  p h ases  was a l s o  t e s t e d :  f o r  phase  

I  evoked p o t e n t i a l s ,  t h e  r e l a t i o n s h i p  fo l lo w e d  a s c a l e d  up 

v e r s i o n  o f  t h e  norm al s ig m o id a l  c u r v e .  T h is  was f u r t h e r

e v id e n c e  t h a t  phase  I  a c t i v i t y  was a s im p le  enhancem ent o f  

norm al a c t i v i t y .  In  c o n t r a s t ,  t h e  s t r e n g t h  re sp o n se  

r e l a t i o n s h i p  o f  phase  I I  evoked p o t e n t i a l s  was v e r y  n e a r l y  a 

s t e p  f u n c t i o n ,  i n d i c a t i n g  an a l l  o r  none c h a r a c t e r  o f  t h e  

u n d e r l y i n g  a c t i v i t y .  T h is  im p l ie d  t h a t  th e  a c t i v i t y  u n d e r ly in g  

p h a se  I  evoked p o t e n t i a l s  was s i m i l a r  t o  t h a t  u n d e r ly in g  

norm al evoked p o t e n t i a l s  b u t  d i f f e r e n t  from t h a t  u n d e r ly in g  

p h a se  I I .

The above r e s u l t s  have d e m o n s tra ted  t h a t  phase  I I  evoked

p o t e n t i a l s  have a l l  th e  c l a s s i c a l  c h a r a c t e r i s t i c s  o f  

e p i l e p t i f o r m  a c t i v i t y .  However, b e f o r e  such  a c t i v i t y  occu rs

t h e r e  i s  a s im p le r  form of  enhancem ent o f  c o r t i c a l  

e x c i t a b i l i t y  (phase  I )  and th e  e v id e n c e  s u g g e s t s  t h a t  t h i s  i s  

an enhancem ent o f  a c t i v i t y  u n d e r ly in g  no rm al evoked

p o t e n t i a l s .
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V a r i a b i l t y  o f  th e  E x p e r im e n ta l  R e s u l t s

The d e g re e  o f  enhancem ent, d e la y  t o  o n s e t  o f  enhancem en t ,  

r a t e  o f  enhancem ent e t c .  sometim es showed c o n s id e r a b l e  

v a r i a b i l i t y  even when r e s u l t i n g  from a g iv en  e j e c t i n g  c u r r e n t .  

When p e n i c i l l i n  was e j e c t e d  by l a r g e  e l e c t r o p h o r e t i c  c u r r e n t s  

t h e  a b s o l u t e  a m p l i tu d e  o f  th e  enhanced evoked p o t e n t i a l s  was 

re m a rk a b ly  s i m i l a r ,  i r r e s p e c t i v e  o f  t h e  a m p l i tu d e  o f  t h e

p o t e n t i a l s  p r i o r  t o  p e n i c i l l i n .  T h is  was d e m o n s tra ted  in  t h e

s t i m u lu s  s t r e n g t h  r e l a t i o n s h i p  o f  p o t e n t i a l s  b e f o r e  and a f t e r

p e n i c i l l i n .  As th e  l e v e l  o f  enhancem ent was e x p re s s e d  r e l a t i v e  

t o  t h e  a m p l i tu d e  o f  p o t e n t i a l s  p r i o r  t o  drug  e j e c t i o n  i t  was 

p o s s i b l e  t o  have a l a r g e  v a r i a b i l i t y  in  th e  p e r c e n ta g e  

enhancem ent b ro u g h t  abou t by l a r g e r  p e n i c i l l i n  d o ses  i f  t h e  

a m p l i tu d e  o f  th e  p r e - d r u g  p o t e n t i a l s  was v e ry  d i f f e r e n t .  Such 

v a r i a b i l i t y  was n o t  so  g r e a t  in  t h e  enhancem ent by s m a l l e r  

d o se s  o f  p e n i c i l l i n  s in c e  th e  a m p li tu d e  o f  th e  enhanced  

p o t e n t i a l s  b o r e  a r e l a t i o n s h i p  t o  t h e  a m p li tu d e  o f  t h e

p r e —drug  p o t e n t i a l s ,  as was d em o n s tra ted  in  th e  s t im u lu s  

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

The d e la y  t o  t h e  o n s e t  o f  and th e  r a t e  o f  enhancem ent o f  

evoked p o t e n t i a l s  a f t e r  th e  s t a r t  o f  p e n i c i l l i n  e j e c t i o n  c o u ld  

be  v e r y  v a r i a b l e ,  even  when u s in g  t h e  same e l e c t r o d e s  in  t h e  

same e x p e r im e n t .  The d e la y  t o  th e  o n s e t  o f  changes in  th e  

evoked p o t e n t i a l  may r e f l e c t  t h e  d e la y  b e f o r e  a  c r i t i c a l
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p o p u l a t i o n  o f  n e u ro n e s  i s  a f f e c t e d  by a t h r e s h o l d  l e v e l  o f

p e n i c i l l i n  and th e  r a t e  of  enhancem ent was p resum ab ly  a

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

a f t e r  t h e  t h r e s h o l d  l e v e l  had been  a c h ie v e d .  The v a r i a b i l t y  o f  

t h e s e  p a ra m e te r s  may have been  due t o  t h e  u se  o f  d i f f e r e n t  

d u r a t i o n s  and m agn itudes  o f  th e  r e t a i n i n g  c u r r e n t  a p p l i e d  t o

t h e  e l e c t r o d e  b e f o r e  a p e r io d  o f  e j e c t i o n  (Bradshaw and 

S z a b a d i ,  1974). The r e t a i n i n g  c u r r e n t  cou ld  n o t  be  d is p e n s e d  

w i t h  however as i t  was r e q u i r e d  t o  p re v e n t  p e n i c i l l i n  

' l e a k a g e '  from th e  e l e c t r o d e  which would n o rm a l ly  o c c u r  by 

d i f f u s i o n .  In  some c a s e s ,  i f  no r e t a i n i n g  c u r r e n t  was a p p l i e d  

t o  t h e  e l e c t r o d e  th e  enhancement o f  evoked p o t e n t i a l s  and th e  

a p p e a re n c e  o f  sp o n ta n e o u s  e p i l e p t i f o r m  s p ik e s  o c c u r r e d ,

w i th o u t  t h e  a p p l i c a t i o n  o f  an e j e c t i n g  c u r r e n t .  T h is  s u g g e s t s  

t h a t  t h e  sp o n ta n e o u s  le a k a g e ,  s in c e  i t  r e s u l t e d  in  s p o n ta n e o u s  

e p i l e p t i f o r m  s p i k i n g ,  m igh t be e q u iv a l e n t  t o  an e j e c t i n g  

c u r r e n t  o f  g r e a t e r  th an  -lOOnA. However, i t  was n o t  n e c e s s a r y  

t o  u s e  r e t a i n i n g  c u r r e n t s  g r e a t e r  th a n  +50nA ( u n le s s  th e  

e l e c t r o d e  t i p  had b ro k en  in  which c a s e  no amount o f  r e t a i n i n g  

c u r r e n t  c o u ld  r e v e r s e  th e  l e a k a g e ) , p ro b a b ly  b e c a u s e  t h e  

e f f i c a c y  o f  a r e t a i n i n g  c u r r e n t  i s  dependan t  on i t s  d u r a t i o n  

as  w e l l  a s  i t s  m agnitude  (Bradshaw e t  a l . ,  1973); a  r e t a i n i n g  

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

l e a k a g e  w i l l  n e v e r t h e l e s s  slow down th e  d i f f u s i o n a l  l e a k  u n t i l  

t h i s  becomes z e ro  some tim e a f t e r  t h e  a p p l i c a t i o n  o f  t h e
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r e t a i n i n g  c u r r e n t .  I f  t h e  r e t a i n i n g  c u r r e n t  i s  m a in ta in e d  f o r  

l o n g e r  th a n  t h i s  l e n g t h  o f  t im e th e  t e r m i n a l  p a r t  o f  t h e  

e l e c t r o d e  t i p  w i l l  become dev(i,!6|d o f  drug  i o n s .  Once an 

e j e c t i n g  c u r r e n t  i s  th e n  a p p l i e d  t o  t h e  e l e c t r o d e  th e  d e p le t e d  

r e g i o n  o f  t h e  t i p  w i l l  f i r s t l y  have t o  be r e f i l l e d  b e f o r e  

t h e r e  i s  any r e l e a s e  o f  drug ions  from th e  e l e c t r o d e  (Bradshaw 

and S z a b a d i ,  1974). The d e la y  b e f o r e  t h i s  o c c u rs  and t h e  d e la y  

b e f o r e  t h e  r a t e  o f  e j e c t i o n  a t t a i n s  a c o n s t a n t  l e v e l  i s  

d e p e n d a n t  on th e  d u r a t i o n  and m agnitude  o f  t h e  r e t a i n i n g  

c u r r e n t .  However, t h i s  shou ld  o n ly  a f f e c t  t h e  i n i t / a l  d e la y  

b e f o r e  any e j e c t i o n  s t a r t s  and th e  i n i t i a l  r a t e  o f  e j e c t i o n  

( i e  d e la y  t o  o n s e t  and i n i t i a l  r a t e  o f  enhancem ent) and n o t  

a f f e c t  t h e  f i n a l  e q u i l i b r i u m  e j e c t i o n  r a t e  o r  t h e  f i n a l  

c o n c e n t r a t i o n  f i e l d  ( i e  th e  f i n a l  d e g re e  o f  e n h a n ce m en t) ,  

w hich  sh o u ld  t h e o r e t i c a l l y  be dependan t  o n ly  on th e  e j e c t i n g  

c u r r e n t ,  f o r  a g iv en  e l e c t r o d e  (Bradshaw and S z a b a d i ,  1974).

The v a r i a b l i t y  in  r e s u l t s  be tw een  d i f f e r e n t  e x p e r im e n ts  f o r  

a g iv e n  e j e c t i n g  c u r r e n t  may be a f u n c t io n  o f  th e  d i f f e r e n c e s  

in  r e t a i n i n g  c u r r e n t s  d i s c u s s e d  above , and a d d i t i o n a l l y  due t o  

t h e  f a c t  t h a t  a g iv en  e j e c t i n g  c u r r e n t  i s  u n l i k e l y  t o  r e s u l t  

in  t h e  same r a t e  of  e j e c t i o n  when d i f f e r e n t  e l e c t r o d e s  a r e  

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

e l e c t r o d e s  (P u rv e s ,  1979; 1981). Indeed  even e l e c t r o d e s  o f  

s i m i l a r  t i p  d ia m e te r  and r e s i s t a n c e  c anno t  be r e l i e d  upon t o
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p ro d u ce  s i m i l a r  r a t e s  o f  e j e c t i o n  when th e  same 

e l e c t r o p h o r e t i c  c u r r e n t  i s  a p p l i e d ,  as  has b een  d e m o n s t ra te d  

by  Bradshaw e t  a l .  (1973) s tu d y in g  th e  e j e c t i o n  o f  C(14) 

l a b e l l e d  n o r a d r e n a l i n e .  T h e r e f o r e ,  t h e  v a r i a b i l i t y  in  t h e  r a t e  

o f  d rug  e j e c t i o n  w hich e x i s t s  be tw een  e l e c t r o d e s  was p ro b a b ly  

one  o f  t h e  m ajo r  f a c t o r s  in  t h e  v a r i a b i l i t y  o f  t h e  r a t e  o f  and 

d e la y  t o  o n s e t  o f  enhancem ent o f  evoked p o t e n t i a l s  be tw een  

e x p e r i m e n t s .

i
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The G e n e r a t io n  o f  C o r t i c a l  F i e l d  P o t e n t i a l s

In  t h e  c e r e b r a l  c o r t e x  e x t r a c e l l u l a r  c u r r e n t  a r i s i n g  from 

norm al p o t e n t i a l  changes  a c r o s s  t h e  membranes o f  p y ram id a l  

c e l l s  a r e  p ro b a b ly  r e s p o n s i b l e  f o r  th e  g e n e r a t i o n  o f  th e  

' f a s t '  evoked e x t r a c e l l u l a r  p o t e n t i a l s .  The a p i c a l  d e n d r i t e ,  

c e l l  body and axon o f  p y ram id a l  c e l l s  l i e  in  a s t r a i g h t  l i n e  

p e r p e n d i c u l a r  t o  t h e  c o r t i c a l  s u r f a c e  and ex te n d  t h e  f u l l  

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

w h i t e  m a t t e r  ( C a ja l ,  1955). A change in  t h e  membrane p o t e n t i a l  

in  one r e g i o n  o f  th e  c e l l  ( th e  s in k )  w i l l  r e s u l t  in  s p a t i a l l y  

e x t e n s i v e  e x t r a c e l l u l a r  c u r r e n t  (Holmes and H ouchin , 1967) as  

c u r r e n t  f lo w s  ou t  ( so u rc e s )  from th e  r e s t  o f  th e  p y ram id a l  

c e l l  to w a rd s  th e  s i n k .  A l l  p y ram id a l  c e l l s  in  t h e  c e r e b r a l  

c o r t e x  o f  th e  r a t  a r e  a r r a n g e d  in  a p a r a l l e l  f a s h i o n ,  hence  

th e  a c t i v i a t i o n  in  t h e  same r e g io n  o f  a number o f  such  c e l l s  

w i l l  r e s u l t  in  t h e  summation o f  t h e  e x t r a c e l l u l a r  c u r r e n t s  

a r i s i n g  from i n d i v i d u a l  c e l l s .

S t e l l a t e  c e l l s  a r e  u n l i k e l y  t o  c o n t r i b u t e  t o  any g r e a t  

e x t e n t  t o  t h e  f i e l d  p o t e n t i a l ,  f i r s t l y  b e c au se  th e  sy m m etr ica l  

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

v e ry  l i t t l e  n e t  e x t r a c e l l u l a r  c u r r e n t  and s e c o n d ly ,  b e c au se  o f  

t h e  random a rra n g e m e n t  o f  th e s e  c e l l s  in  t h e  c o r t e x  any 

e x t r a c e l l u l a r  c u r r e n t  g e n e ra te d  w i l l  te n d  t o  c a n c e l .  I t  i s  

p e rh a p s  t o o  much o f  a g e n e r a l i s a t i o n  t o  s t a t e  t h a t  a l l
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s t e l l a t e  c e l l s  a r e  s m a l l  and w i l l  o n ly  g e n e r a t e  s m a l l  s p a t i a l  

c u r r e n t s  s i n c e  t h e r e  a r e  s t e l l a t e  c e l l s  w i th in  t h e  c o r t e x  

w hich  have v e r y  e x t e n s i v e  d e n d r i t i c  p r o c e s s  ( se e  S z e n ta g o t h a i ,  

1978) .

I t  i s  by  no means t r u e  t h a t  p y ram id a l  c e l l s  a r e  th e  

g e n e r a t o r s  o f  evoked p o t e n t i a l s  in  a l l  r e g io n s  o f  th e  CNS. For 

exam p le ,  g l i a l  c e l l s  in  t h e  r e t i n a  ( th e  M u lle r  c e l l s )  a r e  

th o u g h t  t o  be r e s p o n s i b l e  fo r  th e  e x t r a c e l l u l a r  p o t e n t i a l s  

w hich  make up t h e  e l e c t r o r e t i n o g r a m  (Newman, 1980; Newman and 

O d e t t e ,  198A ). These g l i a l  c e l l s  a r e  e lo n g a te d  and o r i e n t e d  

p a r a l l e l  t o  one o t h e r ,  p e r p e n d i c u l a r  t o  t h e  n e u ro n a l  and 

p l e x i f o r m  l a y e r s .  As d i s c u s s e d  w ith  r e g a rd  t o  p y ram id a l  c e l l s  

t h i s  may a l lo w  f o r  t h e  g e n e r a t i o n  o f  s p a t i a l l y  e x t e n s i v e  

e x t r a c e l l u l a r  c u r r e n t s .

I t  i s  l i k e l y  t h a t  t h e  membrane p o t e n t i a l  changes due t o  

p o s t s y n a p t i c  p o t e n t i a l s  (PSPs) , r a t h e r  th a n  due t o  a c t i o n  

p o t e n t i a l s ,  w i l l  c o n t r i b u t e  more t o  t h e  e x t r a c e l l u l a r  f i e l d  

p o t e n t i a l .  The e x t r a c e l l u l a r  f i e l d  p o t e n t i a l  p ro b a b ly  has  a 

w id e r  s p a t i a l  d i s t r i b u t i o n  when th e  membrane p o t e n t i a l  change 

i s  o f  a  lo n g  d u r a t i o n  (Humphrey, 1968a; 1968b) and th e  c u r r e n t  

f low  r e s u l t i n g  from PSPs can be reco rded  e x t r a c e l l u l a r l y  a t  a 

g r e a t e r  d i s t a n c e  from th e  c e l l  membrane th an  th e  c u r r e n t  f low  

r e s u l t i n g  from A Ps, as has been d e m o n s tra ted  by Humphrey 

(1968a; 1968b ) .  Ammassian e t  a l .  (1964) were a b le  t o  d e p re s s
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evoked a c t i o n  p o t e n t i a l  f i r i n g  in  t h e  c a t  c o r t e x  by  n i t r o g e n  

b r e a t i n g .  D e s p i t e  t h e  d e p r e s s io n  o f  a c t i o n  p o t e n t i a l s ,  w h i le  

t h e r e  was no d e p r e s s io n  o f  t h e  evoked e x c i t a t o r y  p o s t  s y n a p t i c  

p o t e n t i a l s  (EPSPs) t h e r e  was n o t  any d e p r e s s io n  o f  t h e  evoked 

p o t e n t i a l ,  w hich a l s o  s u g g e s t s  t h a t  th e  f i e l d  p o t e n t i a l  was 

due t o  EPSPs r a t h e r  th a n  A Ps. Only once EPSPs w ere  d e p re s s e d  

were f i e l d  p o t e n t i a l s  a l s o  d e p r e s s e d .

A t h e o r e t i c a l  e s t i m a t e  c a r r i e d  o u t  by M itz d o r f  (1985) o f  

t h e  c o n t r i b u t i o n  o f  d i f f e r e n t  membrane p o t e n t i a l  changes t o  

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

l e a s t  2 t o  3 t im es  more e f f e c t i v e  th a n  APs. Normal (so m a tic  o r  

a x o n a l)  a c t i o n  p o t e n t i a l s  a r e  c o n s id e r e d  t o  be r e l a t i v e l y  

i n e f f e c t u a l  in  th e  g e n e r a t i o n  o f  th e  evoked p o t e n t i a l  b u t  

d e n d r i t i c  a c t i o n  p o t e n t i a l s  may be more e f f e c t i v e .  Many 

s t u d i e s  h av e  shown a c o r e l l a t i o n  be tw een  a c t i o n  p o t e n t i a l s  and 

evoked p o t e n t i a l s  ( e g .  Fromm and Bond, 1967; R e b e r t ,  1973) b u t  

s u c h  a c o r e l l a t i o n  would be e x p e c te d ,  g iv en  t h a t  a c t i o n  

p o t e n t i a l s  r e s u l t  from EPSPs. F u r th e rm o re ,  in  t h e  c a t  v i s u a l  

c o r t e x  th e  a n t id ro m ic  a c t i v a t i o n  o f  py ram ida l  c e l l s ,  j u s t  

s u f f i c i e n t  t o  induce  a c t i o n  p o t e n t i a l s ,  r e s u l t e d  in  no evoked 

e x t r a c e l l u l a r  p o t e n t i a l  (M itzd o r f  and S in g e r ,  1978).
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However, i t  seems t h a t  n o t  a l l  PSPs a r e  e q u a l l y  e f f e c t i v e  

in  p ro d u c in g  e x t r a c e l l u l a r  p o t e n t i a l s .  M i tz d o r f  (1985) has  

e s t i m a t e d  t h a t  EPSPs a r e  an o r d e r  o f  m agnitude more e f f e c t i v e  

t h e  g e n e r a t i o n  o f  e x t r a c e l l u l a r  p o t e n t i a l s  th an  i n h i b i t o r y  

p o s t  s y n a p t i c  p o t e n t i a l s  ( IP S P s ) . In  a model c o n s t r u c t i o n  o f  

f i e l d  p o t e n t i a l  g e n e r a t i o n  by Towe (196 6) i t  was c a l c u l a t e d  

t h a t  IPSPs were a t  l e a s t  5 t im es  l e s s  e f f e c t i v e  th a n  EPSPs in  

t h e  g e n e r a t i o n  o f  t h e  e x t r a c e l l u l a r  evoked p o t e n t i a l  in  t h e

c a t  n e o c o r t e x .  F u r th e rm o re ,  th e  enhancement o f  IPSPs in  t h e  

f e l i n e  v i s u a l  c o r t e x  by th e  a p p l i c a t i o n  of  p e n t o b a r b i t a l ,  

r e s u l t e d  in  no enhancement o f  th e  e x t r a c e l l u l a r  f i e l d  

p o t e n t i a l  w hereas  t h e  r e d u c t io n  o f  IPSPs by p i c r o t o x i n ,  and

t h e  c o n s e q u e n t  enhancem ent o f  EPSPs d id  produce an enhancem ent 

o f  t h e  f i e l d  p o t e n t i a l  (M i tz d o r f ,  1985). However IPSPs which 

g e n e r a t e  f i e l d  p o t e n t i a l s  have been i d e n t i f i e d  in  some 

p a t h o l o g i c a l  c a s e s .  F o r  example th e  wave in  t h e  s p ik e  and wave 

complex o f  e p i l e p s y  ( P o l l e n ,  1969; P o l le n  e t  a l . ,  1964) has  

b e e n  shown t o  be due t o  l a r g e  r e c u r r e n t  IPSPs.

The G e n e r a t io n  o f  th e  Som atosensory Evoked P o t e n t i a l

In  v iew  o f  th e  above d i s c u s s io n  I s h a l l  assume t h a t  th e

g e n e r a t i o n  o f  t h e  ' f a s t '  evoked p o t e n t i a l  i s  due t o  t h e  

c u r r e n t  f lo w  r e s u l t i n g  from EPSPs on py ram idal c e l l s .  The 

e f f e c t  o f  a c t i o n  p o t e n t i a l s  and IPSPs w i l l  be c o n s id e re d  t o  be

m in i m a l .
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The s o m a to s e n s o ry  evoked p o t e n t i a l  (SEP) re c o rd e d  a t  d e p th  

in  t h e  u r e t h a n e  a n a e s t h e t i s e d  r a t  i s  a n e g a t i v e  go ing  wave, 

w hich  r e f l e c t s  a s in k  o f  a c t i v i t y  due t o  EPSPs lo c a t e d  a round  

t h e  m idd le  l a y e r s .  S ince  t h e  d e p th  evoked p o t e n t i a l  becomes 

l e s s  n e g a t i v e  in  th e  d e e p e r  l a y e r s  t h e r e  canno t be any g r e a t  

e x t e n t  o f  s y n c h ro n is e d  EPSP a c t i v i t y  c e n te r e d  on p y ram id a l  

c e l l s  in  t h e  d e e p e r  l a y e r s .  The s u r f a c e  r e c o rd e d  SEP i s  a 

complex o f  a s m a l l  p o s i t i v e  wave (PI) fo l lo w e d  by a l a r g e r  b u t  

v a r i a b l e  p o s i t i v e  wave (P2) and an even more v a r i a b l e  n e g a t i v e  

go ing  wave (N) . The s u r f a c e  P2 wave i s  c o n s id e r e d  t o  be t h e  

r e f l e c t i o n  o f  t h e  s y n a p t i c  a c t i v a t i o n  o f  th e  py ram ida l  c e l l s  

a t  d e p th ,  p ro b a b ly  on t h e  b a s a l  d e n d r i t e s .  The r e s u l t i n g  s in k  

a t  d e p th  w i l l  have  s o u rc e s  l o c a t e d  in  th e  s u p e r f i c i a l  a p i c a l  

d e n d r i t e s  and i t  i s  t h e s e  s o u rc e s  which p roduce  th e  p o s i t i v e  

go ing  P2 wave. P2 i s  a s s o c i a t e d  w i th  th e  n e g a t i v e  wave a t  

d e p th .  I f  t h e s e  do indeed  r e f l e c t  t h e  same a c t i v i t y  th e y  might 

be  e x p e c te d  t o  v a ry  t o g e t h e r  in  s i z e  and d u r a t i o n .  T h is  has  

in d ee d  b e e n  shown t o  be th e  c a se  (once th e  s u r f a c e  N wave, 

w hich i n t e r f e r e s  w i th  t h e  s i z e  and d u r a t i o n  o f  th e  p re c e d in g  

P2 wave, has  b e e n  a b o l i s h e d )  (Bindmann and L ip p o ld ,  1981) w hich 

f u r t h e r  i n d i c a t e s  t h a t  th e  s u r f a c e  P2 wave i s  a r e f l e c t i o n  o f  

t h e  a c t i v i t y  w hich  has i t s  s in k s  c e n te re d  about th e  m iddle  

l a y e r s  ( a l th o u g h  th e  n e g a t i v e  wave rem ains  l a r g e  over  q u i t e  a 

l a r g e  d i s t a n c e  i n d i c a t e s  t h a t  EPSPs a r e  o c c u r in g  on py ram ida l  

c e l l s  l o c a t e d  o v e r  a l a r g e  v e r t i c a l  e x t e n t ) .



The s u r f a c e  n e g a t i v e  (N) wave o f  t h e  evoked p o t e n t i a l  may

be  due t o  I  PSP a c t i v i t y  a t  t h e  som atic  l e v e l  o f  t h e  p y ram id a l  

c e l l s  o r  due  t o  a new s in k  o f  e x c i t a t o r y  a c t i v i t y  l o c a t e d  in  

t h e  s u p e r f i c i a l  l a y e r s .  S ince IPSP in v o lv em en t  in  t h e  

g e n e r a t i o n  o f  th e  evoked p o t e n t i a l  i s  c o n s id e r e d  m in im al i t  i s  

p r o b a b le  t h a t  t h i s  p a r t  of t h e  evoked p o t e n t i a l  i s  due t o  EPSP 

a c t i v i t y  in  th e  s u p e r f i c i a l  p a r t s  o f  th e  a p i c a l  d e n d r i t e s .  

T h is  would s e t  up a s u p e r f i c i a l  s in k  which th e  s u r f a c e  

e l e c t r o d e  r e c o r d s  as a n e g a t i v e  wave. Because t h i s  i s  a l a t e r  

e v e n t  in  t h e  EP i t  may be m edia ted  e i t h e r  th ro u g h  a 

m u l t i s y n a p t i c  pathway o r  th ro u g h  a s low er  a f f e r e n t  pa thw ay . 

T h e re  i s  an i n v e r s e  r e l a t i o n s h i p  be tw een  th e  a m p l i tu d e  o f  t h e  

d e p th  r e s p o n s e  and th e  s u r f a c e  n e g a t i v i t y  (Bindmann and

L ip p o ld ,  1981), w hich would be e x p e c te d  i f  t h e  s in k  o f

a c t i v i t y  moves i n t o  th e  s u p e r f i c i a l  l a y e r s  and th e  r e g io n  o f

t h e  i n i t i a l  s in k  a t  d e p th  now a c t s  as a s o u rc e .

The u s e  o f  more e l a b o r a t e  means, eg c u r r e n t  s o u rc e  d e n s i t y  

(CSD) m eth o d s ,  t o  e l u c i d a t e  t h e  u n d e r ly in g  sequence  o f  e v e n ts  

h a s  a l s o  p ro p o sed  a s i m i l a r  sequence o f  e x c i t a t o r y  a c t i v a t i o n  

( M i tz d o r f  and S in g e r ,  197 8; M itz d o r f ,  1985) d u r in g  t h e  evoked 

p o t e n t i a l  in  th e  c a t  n e o c o r t e x .
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The Enhancement o f  Evoked P o t e n t i a l s  D uring

E p i l e p t o g e n e s i s :  Phase I

In  t h e  n e o c o r t e x ,  EPSPs in  p y ra m id a l  c e l l s  a r e  t h e  most 

l i k e l y  g e n e r a t o r s  o f  th e  ' f a s t '  evoked p o t e n t i a l  (Ammassian e t  

a l . ,  1964) .  A ndersen  e t  a l . (1971) have shown in  t h e

h ip p o ca m p al  s l i c e  t h a t  th e  enhancement o f  t h e  evoked p o t e n t i a l  

a m p l i tu d e  (w i th  i n c r e a s i n g  s t im u lu s  s t r e n g t h s )  was c o r r e l a t e d  

w i th  an i n c r e a s e  in  th e  number o f  s i n g l e  u n i t s  which f i r e d  an 

a c t i o n  p o t e n t i a l .  As a c t i o n  p o t e n t i a l  g e n e r a t i o n  i s  d e pendan t  

on s u p r a t h r e s h o l d  EPSPs, t h e  l a r g e r  a m p l i tu d e  evoked p o t e n t i a l  

was p ro b a b ly  a f u n c t i o n  o f  t h e  enhancem ent o f  p r e v i o u s l y  

s u b t h r e s h o l d  EPSPs.

P hase  I  o f  p e n i c i l l i n  e p i l e p to g e n e s i s  was c h a r a c t e r i s e d  by 

a s im p le  i n c r e a s e  in  a m p li tu d e  o f  th e  evoked p o t e n t i a l s  which 

s u g g e s te d  t h a t  t h i s  might a l s o  be g e n e ra te d  by l a r g e r  EPSPs. 

F u r th e r m o r e ,  t h e r e  was no change in  th e  t im e  t o  peak o f  th e  

evoked p o t e n t i a l s  which s u g g e s t s  t h a t  t h e  enhanced EPSPs must 

have  been  o c c u r r in g  in  c e l l s  which were s y n a p t i c a l l y  no 

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

c e l l s  g e n e r a t i n g  th e  norm al evoked p o t e n t i a l .
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The enhancem ent o f  a m p l i tu d e  o f  th e  d e p th  re c o rd e d  evoked 

p o t e n t i a l s  w hich r e s u l t e d  from s m a l l  doses  o f  p e n i c i l l i n  was 

a s s o c i a t e d  w i th  an i n c r e a s e  in  th e  a m p li tu d e  o f  th e  second

p o s i t i v e  go ing  wave (P2) w i th o u t  any d e t e c t a b l e  changes in  t h e  

f i r s t  p o s i t i v e  (PI)  o r  th e  l a t e r  n e g a t i v e  going  wave (N2) o f  

t h e  s u r f a c e  re c o rd e d  evoked p o t e n t i a l .

The a c t i v i t y  u n d e r ly in g  th e  P2 component o f  th e  evoked

p o t e n t i a l  has i t s  s in k  c e n te r e d  around th e  m iddle  o r  d e e p e r

l a y e r s  ( see  e a r l i e r  d i s c u s s io n )  o f  th e  c o r t e x  and i s  p ro b a b ly

a r e f l e c t i o n  o f  t h e  a c t i v i t y  o f  c e l l s  a t  l e a s t  one synapse  

removed from th e  a f f e r e n t  in p u t  and u n d e r l i e s  th e  i n i t i a l  

s t a g e s  o f  t h e  norm al evoked p o t e n t i a l .  As d i s c u s s e d  e a r l i e r ,  

P2 and th e  d e p th  n e g a t i v e  wave a r e  i n t i m a t e l y  a s s o c i a t e d  and 

s in c e  P2 was t h e  one component o f  t h e  s u r f a c e  re sp o n se  t h a t  

was enhanced  by th e  a c t i o n  o f  p e n i c i l l i n  in  phase  I i t  may 

r e f l e c t  t h e  same enhancem ent o f  a c t i v i t y  as t h e  enhancem ent o f  

t h e  evoked p o t e n t i a l  re c o rd e d  a t  d e p th .  C o r t ic o th a la m ic  

p r o j e c t i o n s ,  which have b een  su g g e s te d  t o  d e p re s s  t h e  a c t i v i t y  

o f  t h e  th a la m u s  (G utn ick  and P r in c e ,  1974) do n o t  a p p e a r  t o  

i n t e r f e r e  t o  any g r e a t  e x t e n t  w i th  t h e  a f f e r e n t  v o l l e y .  The PI 

component o f  t h e  s u r f a c e  r e s p o n s e ,  which r e f l e c t s  th e  

m ag n i tu d e  o f  t h e  a f f e r e n t  v o l l e y ,  was u n a l t e r e d .  T h is  w i l l  be 

c o n s id e r e d  f u r t h e r  l a t e r  in  th e  d i s c u s s i o n .
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I t  h a s  b e e n  shown in  th e  h ippocam pal s l i c e  p r e p a r a t i o n  t h a t  

p e n i c i l l i n  c a u s e s  a r e d u c t i o n  in  t h e  IPSP o f  t h e  EPSP/IPSP 

complex w hich  r e s u l t s  from o r th d ro m ic  s t i m u l a t i o n  (D in g le d in e  

and G j e r s t a d ,  1979). The d e p r e s s io n  o f  t h e  IPSPs unmasks a 

much l a r g e r  EPSP. I t  i s  p ro b a b le  t h a t  in  th e  n e o c o r te x  th e  

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

r e s u l t s  in  t h e  unm asking o f  a l a r g e r  EPSPs, d e s p i t e  th e  same 

a f f e r e n t  v o l l e y .  P e n i c i l l i n  p roduces  a l a r g e r  f i e l d  p o t e n t i a l  

w i th o u t  any change in  th e  e x t r a c e l l u l a r  EPSP g r a d i e n t  (Wheal, 

1984) in  t h e  h ippocam pal s l i c e  p r e p a r a t i o n .  T h is  s u g g e s t s  t h a t  

t h e r e  i s  no enhancem ent o f  th e  e x c i t a t o r y  s y n a p t i c  d r i v e  in  

t h e  p re s c e n c e  o f  p e n i c i l l i n  b u t  t h a t  th e  enhanced EPSPs s im p ly  

r e s u l t e d  from th e  rem oval o f  th e  i n h i b i t o r y  d r i v e .

I t  can  be p o s t u l a t e d  t h e r e f o r e ,  t h a t  phase  I i s  due m ain ly  

t o  t h e  enhancem ent o f  s u b - t h r e s h o l d  EPSPs in  py ram ida l  c e l l s  

w hich  a r e  r e s p o n s i b l e  f o r  t h e  norm al P2 wave of t h e  s u r f a c e  

r e s p o n s e .  GABAergic an tagon ism  by p e n i c i l l i n  a l lo w s  th e  same 

e x c i t a t o r y  d r i v e  t o  t r a n s f o r m  th e  p r e v i o u s ly  s u b th r e s h o ld  

EPSPs i n t o  l a r g e r  a m p l i tu d e  EPSPs, th u s  r e s u l t i n g  in  th e  

l a r g e r  a m p l i tu d e  evoked p o t e n t i a l .  Because t h i s  i s  a s s o c i a t e d  

w i th  an i n c r e a s e  in  th e  a m p l i tu d e  o f  o n ly  th e  P2 component o f  

t h e  s u r f a c e  r e s p o n s e  th e n  th e  enhanced a c t i v i t y  does n o t  a p p ly  

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

F u r th e r m o r e ,  t h e  enhanced a c t i v i t y  i s  an enhancement o f  norm al
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a c t i v i t y ,  as  was shown by evoked p o t e n t i a l s  in  p h a se  I  h av ing  

a no rm al s t i m u lu s  s t r e n g t h  r e l a t i o n s h i p  and h a v in g  r e f r a c t o r y  

p e r i o d s  t h a t  were no d i f f e r e n t  t o  t h e  r e f r a c t o r y  p e r i o d s  o f  

n o rm a l  a c t i v i t y .

The enhancem ent o f  a c t i v i t y  u n d e r ly in g  t h e  norm al evoked 

p o t e n t i a l  as th e  f i r s t  e f f e c t  in  th e  developm ent o f  th e  

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

s t r y c h n i n e  t o  th e  c a t  n e o c o r t e x ,  has a l s o  been s u g g e s te d  by 

Towe e t  a l . (1 9 8 1 ) .  They conducted  a c u r r e n t  s o u rc e  d e n s i t y  

i n v e s t i g a t i o n  o f  so m a to sen so ry  evoked p o t e n t i a l s  b e f o r e  and 

d u r in g  t h e  deve lopm en t o f  t h e  s t r y c h n in e  fo cu s  and s u b t r a c t e d  

th e  c u r r e n t  f lo w  o f  norm al evoked p o t e n t i a l s  from t h a t  o f  th e  

s t r y c h n i n e  enhanced evoked p o t e n t i a l s  and found t h a t  t h e  

i n i t i a l  p a r t  o f  t h e  evoked p o t e n t i a l ,  r e p r e s e n t e d  by P2 in  th e  

s u r f a c e  re c o rd e d  r e s p o n s e ,  was enhanced in  a m p l i tu d e  by th e  

a c t i o n  o f  s t r y c h n i n e .  F u r th e rm o re ,  th e  r e f r a c t o r y  p e r io d  o f  

t h e  enhanced  component was s i m i l a r  t o  t h a t  o f  t h e  norm al 

evoked p o t e n t i a l s .  These a u th o r s  a l s o  s u g g e s te d  t h a t  enhanced 

evoked p o t e n t i a l s  in  th e  e p i l e p t i f o r m  fo cu s  had a component 

w hich  r e p r e s e n t e d  an enhanced v e r s io n  o f  norm al a c t i v i t y .



E b e r s o l e  and C h a t t ,  (1981, 1986) have  a l s o  p o s t u l a t e d  two 

s t a g e s  in  t h e  deve lopm ent o f  p e n i c i l l i n  e p i l e p t o g e n e s i s  in  th e  

c a t  v i s u a l  c o r t e x .  They showed t h a t  th e  f i r s t  e f f e c t  o f  

p e n i c i l l i n ,  when e j e c t e d  i n t o  l a y e r  IV o f  t h e  v i s u a l  c o r t e x ,  

was a s im p le  i n c r e a s e  in  th e  a m p l i tu d e  of norm al d e p th

r e c o rd e d  v i s u a l  evoked p o t e n t i a l s ,  w hich  th e y  c a l l e d  th e  

enhanced  p h y s i o l o g i c a l  r e s p o n s e  (EPR). T h is  was a s s o c i a t e d  

w i t h  an i n c r e a s e d  f i r i n g  f re q u e n c y  o f  s i n g l e  c e l l s  in  l a y e r  IV 

w i th o u t  any a l t e r a t i o n  in  th e  s u r f a c e  r e c o rd e d  r e s p o n s e ,  and 

may be  c o n s id e r e d  t o  be e q u iv a l e n t  t o  t h e  phase I d e s c r ib e d  in  

t h e  p r e s e n t  w ork .

However, in  t h a t  s tu d y  E b e r so le  and C h a t t  s u g g e s t  t h a t  t h e  

EPR i s  t h e  d i r e c t  r e s u l t  o f  th e  in c r e a s e d  f i r i n g  f re q u e n c y  o f  

s i n g l e  c e l l s .  The s i n g l e  u n i t  r e c o r d in g s ,  on which t h e s e

a s su m p t io n s  a r e  b a s e d ,  a r e  from l a y e r  IV and , as s u g g e s te d  by 

t h e  a u t h o r s ,  a r e  l i k e l y  t o  be s t e l l a t e  c e l l s  (E b e rso le  and 

C h a t t ,  1 9 8 6 ) .  The e f f e c t  o f  s t e l l a t e  c e l l  a c t i v i t y  on th e  EP 

i s  c o n s id e r e d  t o  be m inimal and i t  i s  d e b a te a b le  w he the r  such

a c t i v i t y  would c o n t r i b u t e  d i r e c t l y  t o  enhancing  th e  evoked

p o t e n t i a l  t o  any g r e a t  d e g re e  ( se e  t h e  d i s c u s s io n  o f  f i e l d  

p o t e n t i a l  g e n e r a t i o n ) .  'S m a l l '  f lu x e s  o f  p e n i c i l l i n  do indeed  

t r a n s f o r m  n e u ro n e s  which n o rm a l ly  f i r e  s in g l e  a c t i o n  

p o t e n t i a l s  i n t o  a mode o f  b u r s t i n g  a c t i v i t y  b u t  i t  has been  

d e m o n s t ra te d  by Walsh (1971 ).  in  t h e  c a t  som atosensory  c o r t e x .
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t h a t  t h i s  e f f e c t  o c c u rs  w i th o u t  any changes  in  t h e  evoked 

r e s p o n s e .  I t  may be  t h a t  an a d d i t i o n a l  e f f e c t ,  r e s u l t i n g  from 

t h e  i n c r e a s e d  f i r i n g  f re q u e n c y  o f  s i n g l e  c e l l s ,  su ch  as  

enhanced  a c t i v i t y  in  py ram ida l  c e l l s ,  i s  r e s p o n s i b l e  f o r  th e  

enhancem ent o f  t h e  evoked p o t e n t i a l .

PHASE I I

Assuming t h a t  t h e  evoked p o t e n t i a l  i s  a r e f l e c t i o n  o f  

summed EPSPs th e n  EPSPs in  phase  I I  a r e  n e c e s s a r i l y  p ro lo n g e d  

a n d / o r  n o t  so  s y n c h ro n is e d  and l a r g e r  in  a m p li tu d e  compared t o  

n o rm a l .  I t  i s  w e l l  known t h a t  th e  p o s t  s y n a p t i c  p o t e n t i a l  in  

e p i l e p t i f o r m  a c t i v i t y  ( th e  PDS) i s  o f  a much lo n g e r  d u r a t i o n  

(up t o  100msec) th a n  th e  normal EPSP (e g .  Matsumoto and

Ajm one-M arsan, 1964) .  T h e r e f o r e ,  a c t i v i t y  in  phase  I I  m igh t be 

c o n s id e r e d  t o  be th e  e q u iv a le n t  t o  t h e  ' f u l l y  formed* 

e p i l e p t i c  s t a t e ,  in  which c e l l s  a r e  g e n e ra t in g  PDSs.

The o n s e t  o f  phase  I I  o f  p e n i c i l l i n  e p i l e p t o g e n e s i s  was

i n d i c a t e d  by t h e  a p p earan ce  o f  t h e  in c re a s e d  d u r a t i o n  o f  t h e  

evoked p o t e n t i a l s .  T h is  was a s s o c i a te d  w i th  a l a r g e  n e g a t i v e  

g o ing  component in  t h e  s u r f a c e  reco rded  re sp o n se  and b o th  

c h a n g es  may r e f l e c t  th e  same changes in  c o r t i c a l  a c t i v i t y .  The

s u r f a c e  n e g a t i v e  component (N2) i s  p r e s e n t  in  normal evoked

p o t e n t i a l s  ( C a r t e r  e t  a l . ,  1969) b u t  i s  v e ry  v a r i a b l e  and i s  a 

l a t e r  p a r t  o f  t h e  EP th an  th e  p o s i t i v e  going P2 and p ro b a b ly
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r e s u l t s  f rom a c t i v a t i o n  of  py ram id a l  c e l l s  by syna pse s  a t  

l e a s t  two p l a c e s  removed from t h e  t e r m i n a t i o n  o f  t h e  a f f e r e n t  

i n p u t  ( M i t z d o r f ,  1985) .  The g e n e r a t i o n  o f  t h e  c u r r e n t  s i n k  

r e s p o n s i b l e  f o r  N2 may be due t o  e x c i t a t o r y  s y n a p t i c  

a c t i v a t i o n  o f  t h e  more s u p e r f i c i a l  p a r t s  o f  py ram ida l  c e l l  

a p i c a l  d e n d r i t e s  and may be conduc ted  by upward ly  d i r e c t e d  

axon  c o l l a t e r a l s .  Th is  may be fo l l owed  by e x c i t a t o r y  

a c t i v a t i o n  o f  py ram ida l  c e l l s  in  t h e  d e e p e r  l a y e r s  which 

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

n e g a t i v e  wave.

The t o p i c a l  a p p l i c a t i o n  o f  t h e  GABA a n t a g o n i s t ,  p i c r o t a x i n ,  

r e s u l t s  in  an enhancement  o f  a l l  t h e  s i n k s  and s o u r c e s  o f  t h e  

no rm al  evoked p o t e n t i a l ,  w i t h  t h e  g r e a t e s t  enhancement  b e in g  

o f  t h e  N2 component  (M i t z d o r f ,  1985) .  S ince  t h e  a c t i v i t y  

u n d e r l y i n g  N2 i s  p r e s e n t  in  normal p o t e n t i a l s  t h i s  may s u g g e s t  

t h a t  t h e  enhancement  o f  N2 (o r  t h e  p r e s e n c e  o f  phase  I I )  , l i k e  

p h a s e  I ,  may s im p ly  be  an enhancement  o f  normal  a c t i v i t y .  

However ,  t h e  r e s u l t s  of  t h e  p r e s e n t  work showed t h a t  t h i s  

second  component  in t h e  development  o f  t h e  focus  had a  much 

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

r e s p o n s e  cu rve  compared t o  b o th  normal  and phase I  enhanced 

p o t e n t i a l s .
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T here  i s  e v id e n c e  t h a t  c o r t i c a l  s p o n ta ne ous  s p i k e s  c a u se  a 

d e p r e s s i o n  o f  a f f e r e n t  a c t i v i t y  a t  t h e  t h a l a m i c  l e v e l  (G utn ick  

and P r i n c e ,  1974; S c h w a r t z k r o in  e t  a l . ,  1974a; 1974b) and t h i s  

may r e s u l t  in  t h e  d e p r e s s i o n  o f  t h e  r e s p o n s e  t o  t h e  second of  

a p a i r  o f  s t i m u l i  and hence  cause  t h e  long  r e f r a c t o r y  p e r i o d  

t h a t  o c c u r r e d  in  phase  I I .  In  o r d e r  t o  t e s t  t h i s  p o s s i b i l i t y  

p a i r s  o f  p o t e n t i a l s  were evoked by DCS and t h e s e  were a l s o  

found t o  have l o n g e r  r e f r a c t o r y  p e r i o d s  compared t o  no rm a l .  

Hence t h e  long  r e f r a c t o r y  p e r io d  was no t  an e f f e c t  o f  

d e p r e s s i o n  o f  t h e  a f f e r e n t  i n p u t  a t  t h e  tha lam us  b u t  must have 

a c o r t i c a l  component .

Towe e t  a l . ,  (19 81) neve a l s o  shown, by t h e  t o p i c a l

a p p l i c a t i o n  o f  s t r y c h n i n e  t o  t h e  c a t  som a tosenso ry  c o r t e x ,  

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

enhancement  o f  t h e  evoked p o t e n t i a l  was v e r y  much an enhanced  

v e r s i o n  o f  t h e  c u r r e n t  f low in normal p o t e n t i a l s ,  i t  had 

r a d i c a l l y  d i f f e r e n t  c h a r a c t e r i s t i c s  from normal  a c t i v i t y  in  

t h a t  t h e  r e f r a c t o r y  p e r i o d s  o f  t h i s  a c t i v i t y  were f a r  g r e a t e r  

t h a n  no rmal  and t h e  c u r r e n t  u n d e r l y i n g  t h e  l a t e r  n e g a t i v i t y  

t r a v e l l e d  t h ro u g h  t h e  c o r t e x  a t  a much s low er  r a t e  than  

n o r m a l ,  i n d i c a t i n g  t h a t  t h i s  was p o l y s y n a p t i c a l l y  m e d ia te d .
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I t  i s  p o s s i b l e  t h a t  t h e  a p p l i c a t i o n  o f  a l a r g e  dose o f  

s t r y c h n i n e  (Towe e t  a l . ,  1981) o r  p i c r o t o x i n  ( M i t z d o r f ,  1985) 

t o  t h e  c o r t i c a l  s u r f a c e  migh t  produce  t h e  g r e a t e s t  enhancement  

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

c o n c e n t r a t i o n  o f  t h e  drug would n e c e s s a r i l y  be in  t h e s e  

l a y e r s .  T h i s  has been  d e m ons t ra ted  by t h e  a p p l i c a t i o n  o f  

C ( 1 4 ) —l a b e l l e d  p e n i c i l l i n  t o  t h e  c o r t i c a l  s u r f a c e  (Nobels and 

P e d l e y ,  19 ) .  However, i t  has r e c e n t l y  been  d em ons t ra ted  

( E b e r s o l e  and C h a t t ,  1985; 1988) ,  by t h e  d i s c r e t e

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

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

s t r y c h n i n e  t h a n  t h e  d e e p e r  l a y e r s .  The GABA a n t a g o n i s t s ,  

p e n i c i l l i n  and b i c u c u l l i n e ,  a r e  more e f f e c t i v e  in  t h e  m idd le  

l a y e r s  o f  t h e  c o r t e x  (Lockton and Holmes, 1983; Cambell  and 

Holmes,  1984) and ,  by a n a lo g y ,  one would expe c t  t h e  same t o  be 

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

s t r y c h n i n e  and th e  GABA a n t a g o n i s t s  t h e y  r e s u l t  in  r em arkab ly  

s i m i l a r  forms of  e p i l e p t i f o r m  a c t i v i t y  which,  in  i t s  f u l l y  

d e v e lo p e d  form ,  i s  domina ted  by a l a t e r  component w i th  i t s  

s i n k  o f  a c t i v i t y  in  t h e  s u p e r f i c i a l  l a y e r s  even when b o th  

d rugs  a r e  e j e c t e d  i n t o  t h e i r  most s e n s i t i v e  l a y e r s .  Th is  l a r g e  

enhancement  o f  a c t i v i t y  i n  t h e  s u p e r f i c i a l  l a y e r s  i s  no t  due 

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

s u g g e s t s  t h e  im por tance  of  t h e  s u p e r f i c i a l  l a y e r s  in  t h e  

g e n e r a t i o n  o f  PDS l i k e  a c t i v i t y  in  b o t h  s t r y c h n i n e  and
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p e n i c i l l i n  e p i l e p t o g e n e s i s  .

I t  ha s  b e e n  s u g g e s t e d  by M i t z d o r f  (19 85) t h a t  t h e  upw ard ly  

d i r e c t e d  axon c o l a t e r a l  I s  may be t h e  m e d ia to r s  o f  t h e  i n t e n s e  

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

r e c o r d e d  n e g a t i v e  go ing  wave and th e  i n c r e a s e d  d u r a t i o n  o f  t h e  

d e p t h  r e c o r d e d  p o t e n t i a l  du r in g  e p i l e p t i f o r m  a c t i v i t y .  The 

i m p o r t a n c e  o f  r e c u r r e n t  axon c o l l a t e r a l s  has  long  been im p l i e d  

i n  t h e  g e n e r a t i o n  o f  n e o c o r t i c a l  e p i l e p t i f o r m  a c t i v i t y  (Ayala 

e t  a l . ,  1973, D i c h t e r  and Spencer ,  1969b) and th e  im p o r ta n c e  

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

a c t i v i t y  has  been  d e m o n s t r a t e d  by t h e  s u r g i c a l  t r a n s e c t i o n  o f  

t h e  u p p e r  l a y e r s  o f  t h e  c o r t e x ,  which r e s u l t e d  in  t h e  

a b o l i t i o n  o f  e p i l e p t i c  a c t i v i t y  (M o r r e l l ,  1973; R e i c h e n t h a l  

and Hocherman,  197 7 ) .

E b e r s o l e  and C h a t t  ( 1 9 8 1 , ) ,  s tu d y in g  v i s u a l l y  evoked 

p o t e n t i a l s  (VEPs) i n  t h e  c a t ,  a l s o  su g g e s t  t h a t  t h e r e  i s  a 

second  phase  in  t h e  deve lopment  o f  t h e  p e n i c i l l i n  focus  which 

o c c u r s  a f t e r  a s im p le  enhancement  o f  the  am pl i tude  o f  t h e  VEP. 

A d i s t i n c t  and new component  ( t h e  l a t e  r esponse ;  LR) o c c u r r e d  

a f t e r  t h e  a p p e a r e n c e  o f  t h e  f i r s t  a l t e r a t i o n  o f  t h e  VEP ( th e  

EPR) and a t  a l o n g e r  l a t e n c y  than  t h e  normal v i s u a l l y  evoked 

r e s p o n s e  o r  t h e  EPR. E b e r s o l e  and Chat t  have sug g e s t e d  t h a t  

t h e  a c t i v i t y  u n d e r l y i n g  t h e  LR (o r  by ana logy  phase I I  in  t h e  

p r e s e n t  s tu d y )  i s  due  t o  t h e  r e c r u i t m e n t  o f  c e l l s  in  t h e  more
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s u p e r f i c i a l  and d e e p e r  l a y e r s  a c t i v a t e d  by enhanced a c t i v i t y  

o f  c e l l s  d u r i n g  t h e  EPR. The LR was c o n s i d e r e d  t o  be m ed ia te d

by no rm a l  s y n a p t i c  pathways and i t  o c c u r r e d  in  l a y e r s  which

were  d i r e c t l y  c o n n e c t e d  t o  l a y e r  IV, f rom which t h e  EPR 

o r i g i n a t e s .  F u r t h e r m o r e ,  t h i s  component had a lo n g e r  r e c o v e r y  

p e r i o d  t h a n  t h e  normal  evoked p o t e n t i a l  and was on ly  produced 

by  l a r g e r  doses  o f  p e n i c i l l i n  and was s u g g e s t e d  by th e  a u t h o r s

t o  be  a ' l a r v a l '  PDS. The LR can be c o n s id e r e d  t o  be

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

d u r i n g  p h a s e  I I  in  t h e  p r e s e n t  s t u d y .
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A model o f  t h e  S ta g es  o f  E p i l e p t o g e n e s i s

T a k ing  i n t o  a c co u n t  t h e  r e s u l t s  and t h e  above d i s c u s s i o n  

one  can  p r o p o s e  a s im p le  model t o  e x p l a i n  t h e  f i n d i n g s  o f  t h e  

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

c o m pr i se d  o f  py ram id a l  c e l l s  A,B and C ( f i g .  4 . 1 ) .  F o r  

s i m p l i c i t y  t h e  a f f e r e n t  i n p u t  i s  shown r e a c h i n g  the  py ram id a l  

c e l l s  d i r e c t l y ,  b u t  may a l s o  a c t  v i a  e x c i t a t o r y  s t e l l a t e  

i n t e m e u r o n e s  (Lund e t  a l . ,  1979; S z e n t a g o t h a i ,  1978; G i l b e r t  

and W i e s e l ,  1 9 7 9 , ) .  The o n l y  no n -p y ra m id a l  c e l l s  i l l u s t r a t e d  

a r e  t h e  i n h i b i t o r y  c e l l s .  Feed forward  i n h i b i t i o n  has  been  

d e m o n s t r a t e d  in  t h e  CA1 a r e a  o f  t h e  hippocampus (A lge r  and 

N i c o l l ,  1980) and in  t h e  p y r i f o rm  c o r t e x  (Haberly  and Bower, 

1984) .  T h e re  i s  no c o n c r e t e  ev ide nc e  f o r  such i n h i b i t i o n  in  

t h e  n e o c o r t e x  b u t  t h e  r e q u i s i t e  c i r c u i t r y  and c o n n e c t io n s  a r e  

p r e s e n t  (Globus and S c h i e b e l ,  1967; D e F e l ip e  and F a i r e n ,  1982; 

P e t e r s  and P o s k a u e r ,  1980) . The p r e s e n c e  o f  t h i s  i n h i b i t i o n  i s  

shown in  f i g u r e  4 .1  by c e l l s  1 ( f ) .

(a) The Normal Evoked P o t e n t i a l

( s e e  f i g .  4 .1 )  The feed  forward i n h i b i t i o n ,  m ed ia ted  by 

c e l l s  1 ( f ) ,  i s  a c t i v a t e d  by t h e  a f f e r e n t  in p u t  and a c t s  on 

p y r a m i d a l  c e l l s  A and C t o  keep t h e  EPSP, evoked by a f f e r e n t  

i n p u t ,  s m a l l  i n  t h e s e  c e l l s .  C e l l  B i s  n o t  i n h i b i t e d  in  t h i s  

way and p ro d u ce s  a l a r g e  s u p r a —t h r e s h o l d  EPSP. The EPSPs (row 

1) and t h e  r e s u l t i n g  e x t r a c e l l u l a r  p o t e n t i a l s  f o r  each  c e l l
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(row 2) and t h e  combined evoked p o t e n t i a l  (row 3) a r e  shown. 

In  t h i s  s i t u a t i o n  t h e  b u l k  o f  t h e  normal  evoked p o t e n t i a l  i s  

due t o  c e l l  B ( s e e  row 3 ) .

(b) Phase  I

( s e e  f i g .  4 .2 )  Assuming t h a t  s m a l l  doses  of  p e n i c i l l i n  

r e n d e r s  t h e  feed fo rw ard  i n h i b i t i o n  i n o p e r a b l e  ( i n h i b i t o r y  

i n t e r n e u r o n e s  t h e r e f o r e  n o t  shown) t h i s  would r e s u l t  i n  l a r g e r  

EPSPs in  c e l l s  A and C ( see  row 1 ) ,  which r e s u l t s  in  t h e  

l a r g e r  f i e l d  p o t e n t i a l  (rows 2 and 3 ) .  The enhancement  o f  t h e  

evoked p o t e n t i a l  i s  due t o  a d d i t i o n a l  a c t i v i t y  in  c e l l s  

s y n a p t i c a l l y  no f u r t h e r  removed from t h e  a f f e r e n t  i n p u t  than  

t h o s e  p ro d u c in g  t h e  normal  evoked p o t e n t i a l .  The a d d i t i o n a l  

a c t i v i t y  i s  in  c e l l s  which n o r m a l ly  o n ly  p roduce  s m a l l ,  

s u b t h r e s h o l d  EPSPs, and do n o t  c o n t r i b u t e  g r e a t l y  t o  t h e  

no rmal  evoked p o t e n t i a l .  The p o s s i b i l i t y  now e x i s t s  f o r  mutual  

r e e x c i t a t i o n  be tw een  py ram ida l  c e l l s  v i a  r e c u r r e n t  c o l a t e r a l$ '  

b u t  t h i s  i s  p r e v e n t e d  by t h e  f eedback  i n h i b i t i o n  med ia ted  by 

c e l l s  lb  ( see  f i g  4 . 3 ) .  The p r e s e n c e  o f  feed back i n h i b i t i o n  

i n  t h e  n e o c o r t e x  i s  f a i r l y  w e l l  e s t a b l i s h e d  and has  been  

d e m o n s t r a t e d  by ,  amongst  o t h e r s ,  P h i l l i p s  (1959) and S t e f a n i s  

and J a s p e r  (1964) .  Ev idence  f o r  t h e  axon c o l a t e r a l l  pathways 

i s  w e l l  e s t a b l i s h e d ;  L o re n te  de No (1938) i l l u s t r a t e d  t h e  

p r e s e n c e  o f  t h e s e  pathways h i s t o l o g i c a l l y  and t h e s e  were l a t e r  

shown t o  e x i s t  by p h y s i o l o g i c a l  s t u d i e s  (Takahas i  e t  a l . ,
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1967 ) .  Ano ther  mechanism which may be r e s p o n s i b l e  f o r  

r e c i p r o c a l  e x c i t a t i o n  i s  e l e c t r i c a l  sy n a p se s  be tw een  p y r a m id a l  

c e l l s ,  which  have been  d e m ons t ra ted  by Gutn ick  and P r i n c e  

(19 81) b u t  a r e  n o t  i l l u s t r a t e d  in  t h i s  c i r c u i t .

(c)  Phase I I

(See  f i g .  4 .4 )  Phase I I  occu rs  in  t h e  same c o r t i c a l  mass as

p h a s e  I  and does n o t  r e s u l t  from a c t i v i t y  in  any c e l l s  o u t s i d e

t h e  p o p u l a t i o n  t h a t  g e n e r a t e d  phase  I .  A f u r t h e r  i n c r e a s e  in

p e n i c i l l i n  c o n c e n t r a t i o n  r e s u l t s  in  a d e c r e a s e  i n  GABAergic

i n h i b i t i o n  of  t h e  feedback  c i r c u i t  ( i n h i b i t o r y  i n t e r n e u r o n e s

lb  t h e r e f o r e  n o t  i l l u s t r a t e d )  which a l l o w s  t h e  r e c u r r e n t

e x c i t a t o r y  a c t i v a t i o n  v i a  t h e  upward ly  d i r e c t e d  axon 
i

c o l a t e r a l S '  r e s u l t i n g  in  t h e  i n t e n s e  s y n a p t i c  a c t i v a t i o n  o f
A

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

c e l l s .  Th i s  r e s u l t s  in  t h e  l a r g e r  l o n g e r  EPSPs (PDSs) in  

s i n g l e  c e l l s ,  seen  as t h e  enhanced evoked p o t e n t i a l s  o f  phase  

I I .

I n  o r d e r  f o r  t h i s  model t o  be more a c c u r a t e  we need  t o  

e x p l a i n  why t h e  e f f e c t s  o f  p e n i c i l l i n  a r e  most e f f e c t i v e  in  

l a y e r  IV (Lockton  and Holmes, 19 83; E b e r s o l e  and C h a t t ,  1986) ,  

and n o t  in  t h e  pyramida l  c e l l  l a y e r s ,  as  im p l ie d  by t h i s  

m o d e l . T h i s  may be  a f u n c t i o n  of  t h e  o v e r s i m p l i f i c a t i o n  o f  t h e  

model :  t h e  a f f e r e n t  inpu t  e n t e r s  l a y e r  IV and t e r m i n a t e s  on

e x c i t a t o r y  s t e l l a t e  c e l l s  which may them se lves  b e  r e g u l a t e d
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by feed  fo rw ard  i n h i b i t i o n  a c t i v a t e d  by t h e  a f f e r e n t  i n p u t ,  

t h e n  p e n i c i l l i n  in  l a y e r  IV r e l i e v e s  t h e  i n h i b i t i o n  on t h e s e  

e x c i t a t o r y  i n t e r n e u r o n e s  and hence t h e  a f f e r e n t  i n p u t  c a u s e s  a 

g r e a t e r  a c t i v i t y  o f  t h e s e  c e l l s  ( E b e r s o l e  and C h a t t ,  1986) 

which  in  t u r n  r e s u l t s  in  a g r e a t e r  a c t i v a t i o n  o f  t h e  py ram id a l  

c e l l s  and hence  phase  I .  Because g r e a t e r  c o n c e n t r a t i o n s  of  

p e n i c i l l i n  a r e  r e q u i r e d  f o r  phase I I ; ' ■ we can  assume t h a t

t h e  f e e d b a c k  i n h i b i t i o n ,  as  a l r e a d y  p ro p o se d ,  may be o u t s i d e  

l a y e r  IV and i s  a c t i v e  on t h e  py ram ida l  c e l l s  t h e m s e l v e s .

C r i t i c a l  C o r t i c a l  Mass f o r  P e n i c i l l i n  E p i l e p t o g e n e s i s

The re  was no d i f f e r e n c e  in  the  c r i t i c a l  c o r t i c a l  mass t h a t  

was r e q u i r e d  t o  g e n e r a t e  phase  I  o r  phase  I I  b u t  b o t h  phases  

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

no rm al  evoked p o t e n t i a l s .  In  t h i s  r e s p e c t ,  phase  I  i s  u n l i k e  

no rm a l  a c t i v i t y  b u t  i s  s i m i l a r  t o  phase  I I  a c t i v i t y .  T h i s  i s  

c o n t r a r y  t o  t h e  e a r l i e r  h y p o th e s i s  t h a t  phase  I was s i m i l a r  t o  

no rm a l  a c t i v i t y  b u t  t h a t  b o th  were d i f f e r e n t  from phase  I I  

a c t i v i t y .

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

a c t i v i t y  has  a c r i t i c a l  c o r t i c a l  mass , a g ree  w i t h  p r e v i o u s  

work ( R e i c h e n t h a l  and Hocharinan, 1977) m  which e p i l e p t i f o r m  

f o c i ,  p roduced  by t h e  a p p l i c a t i o n  o f  p e n i c i l l i n - s o a k e d  

p l e d g e t s  t o  t h e  c o r t i c a l  s u r f a c e ,  were  s u r g i c a l l y  d i v i d e d  by 

s u b - p i a l  c u t s .  The a u t h o r s  deduced t h a t  t h e  minimum c o r t i c a l
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s u r f a c e  a r e a  r e q u i r e d  f o r  e p i l e p t i f o r m  a c t i v i t y  was be tw een

0 .5  and 0 .6  sq mm. The re  was always t h e  p o s s i b i l i t y  however ,

t h a t  t h e  l a c k  o f  any e p i l e p t i f o r m  a c t i v i t y  in  t h e s e  s m a l l e r  

i s o l a t e d  p i e c e s  o f  c o r t e x  may have been  due t o  e x c e s s i v e

c o r t i c a l  damage; t h e  a u t h o r s  d id  no t  s p e c i f i y  any e f f e c t s  o f

t h e  sub—p i a l  i s o l a t i o n  on normal  s p o n ta ne ous  a c t i v i t y .

E i d e l b e r g  e t  a l . ,  (1959) ,  who d e m ons t ra ted  t h a t  t h e  s u b - p i a l

i s o l a t i o n  o f  an a r e a  o f  a p p ro x im a te ly  1 sq  cm in  t h e  c o r t e x  o f  

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

t h e  deve lopment  of  a f t e r d i s c h a r g e s  by e l e c t r i c a l  s t i m u l a t i o n ,  

s u g g e s t e d  t h a t  t h i s  may have been due t o  c o r t i c a l  i n s u l t .  

However ,  i n  t h e  p r e s e n t  work s pon taneous  and evoked a c t i v i t y

was m o n i to re d  b e f o r e  and a f t e r  s u b - p i a l  i s o l a t i o n  and was

found t o  be  l i t t l e  a f f e c t e d  by t h e  s u r g i c a l  p r o c e d u r e s .  On 

t h i s  e v id e n c e  t h e  p a r t i a l l y  i s o l a t e d  c o r t e x  was in  a  h e a l t h y  

c o n d i t i o n .

Sm all  c o n c e n t r a t i o n s  of  p e n i c i l l i n  ( l e s s  than  -25nA) d id

n o t  r e s u l t  i n  any d e t e c t a b l e  changes in  evoked p o t e n t i a l

c h a r a c t e r i s t i c s  bu t  do produce changes in  s i n g l e  c e l l  a c t i v i t y  

as  shown by Walsh (1971) in  t h e  f e l i n e  n e o c o r t e x .  Th i s  

p r o v i d e s  f u r t h e r  e v id e n c e  t h a t ,  as  f o r  spon taneous  s p i k e s

(Lockton  and Holmes, 1983; R e i c h e n th a l  and Hocherman, 1977) ,  a

c r i t i c a l  n e u r o n a l  p o p u l a t i o n  must be a f f e c t e d  by t h e  t h r e s h o l d  

p e n i c i l l i n  c o n c e n t r a t i o n  b e f o r e  an evoked p o t e n t i a l  e v e n t  

u n d e rg o e s  any a l t e r a t i o n s ;  a f f e c t i n g  o n ly  a few c e l l s  in  a
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p o p u l a t i o n  i s  n o t  s u f f i c i e n t  t o  p roduce  any changes  in  t h e  

evoked p o t e n t i a l .

Phase  I  was t h e  f i r s t  o b s e r v a b l e  change in  t h e  

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

o f  p e n i c i l l i n  e p i l e p t o g e n e s i s . Th is  imp l ied  t h a t  t h e  

g e n e r a t i o n  o f  phase  I r e q u i r e d  th e  s m a l l e s t  c o n c e n t r a t i o n  o f  

p e n i c i l l i n  a n d / o r  t h e  s m a l l e s t  number o f  c e l l s  a f f e c t e d  by t h e  

c o n v u l s a n t . Th is  i s  in  agreement  w i t h  t h e  s u g g e s t i o n  a l s o  

p ro p o se d  by E b e r s o l e  and C h a t t  (1986) .  In  t h e  p r e s e n t  work i t  

h a s  been  shown t h a t  t h e  r e q u i r e m e n t  f o r  t h e  c r i t i c a l  mass f o r  

p h a s e  I  was n o t  any d i f f e r e n t  from t h a t  f o r  phase  I I  i t  seems 

l i k e l y  t h a t  t h e  c o n c e n t r a t i o n  o f  c o n v u l s a n t  i s  t h e  more 

i m p o r t a n t  f a c t o r ,  p rov ide d  t h a t  t h e  minimum p o p u l a t i o n  i s  

a v a i l a b l e .

Gabor e t  a l . ,  (1979) sug g e s t e d  t h a t  t h e  minimum c o r t i c a l  

mass f o r  e p i l e p t i f o r m  a c t i v i t y  i s  t h e  c o r t i c a l  column.  They 

showed a  c l o s e  c o r r e l a t i o n  be tween  t h e  b o r d e r s  o f  a p e n i c i l l i n  

e p i l e p t i f o r m  focus  and t h e  f u n c t i o n a l l y  d e f i n e d  c o r t i c a l  

column in  t h e  c a t  v i s u a l  c o r t e x .  In  t h e  p r e s e n t  s tu d y  a 

c o r t i c a l  mass s i m i l a r  t o  t h e  s i z e  o f  a c o r t i c a l  column, and 

s i m i l a r  in  s i z e  t o  t h e  minimum c o r t i c a l  mass f o r  e p i l e p t i f o r m  

a c t i v i t y  as  d e s c r i b e d  by o t h e r s  (R e ic h e n th a l  and Hochermann, 

1977 ) ,  g e n e r a t e d  e p i l e p t i f o r m  a c t i v i t y ;  any mass o f  c o r t e x  

s m a l l e r  t h a n  t h i s  d id  n o t  produce any phase  o f  e p i l e p t o g e n e s i s
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b u t  d id  p roduce  normal  a c t i v i t y .  I t  was p o s s i b l e  t h a t  in  t h e  

s i t u a t i o n  o f  t h e  p r e s e n t  work a c o r t i c a l  column was b e in g  

r e d u c e d  in  s i z e  and t h a t  t h i s  ' m i n i 1—column was s t i l l  

s u f f i c i e n t l y  o r g a n i s e d  t o  be a b le  t o  g e n e r a t e  an evoked 

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

e p i l e p t i f o r m  a c t i v i t y .  Whether a c t i v i t y  i n  t h i s  'm i n i ' - c o l u m n  

i s  n o r m a l ,  s im p ly  b e c au s e  i t  looks  no d i f f e r e n t  from t h a t  

b e f o r e  t h e  s u b - p i a l  i s o l a t i o n  i s  d e b a t e a b l e .  However, in  t h e  

s u r g i c a l  t r e a t m e n t  o f  e p i l e p s y ,  u s i n g  s i m i l a r  methods ( M o r r e l l  

and H a n b e r ry ,  1969) ,  t h e  p ro c e d u r e  has been  shown t o  p r e v e n t  

f o c a l  e p i l e p t i c  a c t i v i t y  w i th o u t  any obvious  s i g n s  o f  

im pa i rm en t  of  normal  c o r t i c a l  f u n c t i o n .  F u r th e r m o r e ,  Duysens 

and McLean (1974) found t h a t  t h e  s u b - p i a l  i s o l a t i o n  o f  a 2X2 

mm a r e a ,  p r e v e n t e d  e p i l e p t i f o r m  a c t i v i t y  in  t h e  f e l i n e  

c o b a l t - g e l a t i n  e p i l e p t i f o r m  focus  w i thou t  a f f e c t i n g  t h e  no rmal  

paw p l a c i n g  r e f l e x  of  t h e  c a t .

The model a l r e a d y  d e s c r i b e d  f o r  t h e  g e n e r a t i o n  of  phase  I 

and pha se  I I  a c t i v i t y  a l s o  i l l u s t r a t e s  how phase I and phase  

I I  can  o c c u r  in  t h e  same c o r t i c a l  mass,  which i s  l a r g e r  t han  

t h a t  f o r  no rmal  a c t i v i t y .  Normal a c t i v i t y  occurs  in  c e l l s  A,B 

and C and t h e s e  c o n s t i t u t e  a s i n g l e  c o r t i c a l  column.  C e l l s  A 

and C o n l y  c o n t r i b u t e  a l i t t l e  t o  t h e  normal  evoked p o t e n t i a l  

and s o  removing t h e s e  from c e l l  B w i l l  n o t  r e s u l t  in  any g r e a t  

e f f e c t  on t h e  normal  evoked p o t e n t i a l  ( f i g .  4 . 1 ) .  However, 

c e l l s  A and C a r e  e s s e n t i a l  f o r  t h e  g e n e r a t i o n  of  phase  I  and

-  152 -

i



p h a s e  I I ,  s i n c e  o n l y  an enhancement  o f  EPSPs in  t h e s e  c e l l s  

can r e s u l t  in  phase I  and t h e r e f o r e  phase  I I .  Removing t h e s e  

c e l l s  f rom c e l l  B p r e v e n t s  t h e  occ u re nc e  o f  any e p i l e p t i f o r m  

a c t i v i t y  ( see  f i g .  4 .2 )  .



NMDA R e c e p to r  Invo lv em en t  in  t h e  Phases  o f  P e n i c i l l i n  

E p i l e p t  o g e n e s i s

Because  o f  t h e  s i m i l a r i t y  o f  phase  I  evoked p o t e n t i a l s  t o  

normal  evoked p o t e n t i a l s  i t  was c o n s i d e r e d  p o s s i b l e  t h a t  

a c t i v i t y  u n d e r l y i n g  phase I  may be m edia ted  v i a  t h e  same 

e x c i t a t o r y  r e c e p t o r s  as m ed ia te  ' n o r m a l '  a c t i v i t y  and t h a t  t h e  

d i f f e r e n t  and more ' e p i l e p t i c '  a c t i v i t y  u n d e r l y i n g  phase  I I  

may be  m ed ia te d  by NMDA r e c e p t o r s .

The r e s u l t s  in  t h e  p r e s e n t  s tu d y  showed t h a t  t h e  c o n c u r r e n t  

e j e c t i o n  o f  p e n i c i l l i n  and sm al l  doses  o f  APV d id  n o t  r e s u l t  

i n  any enhancement  of evoked p o t e n t i a l s .  T h e r e f o r e ,  pha se  I 

enhancemen t  o f  evoked p o t e n t i a l s ,  which n o r m a l ly  r e s u l t e d  from 

s m a l l  d ose s  o f  p e n i c i l l i n ,  must  be dependan t  on t h e  a c t i v a t i o n  

o f  NMDA r e c e p t o r s .

However , w i t h  s m a l l  APV doses  and p e n i c i l l i n  doses  which 

would n o r m a l ly  r e s u l t  in  phase  I I ,  t h e r e  was some enhancement  

o f  evoked p o t e n t i a l s  a l t h o u g h  t h i s  was l e s s  t han  would be 

e x p e c t e d  from t h e  e j e c t i o n  o f  p e n i c i l l i n  a l o n e .  Th is  s m a l l  

enhancement  was p r e v e n te d  by t h e  e j e c t i o n  o f  l a r g e r  doses  of  

APV and t h e r e f o r e ,  may have oc c u r r e d  b e c au s e  o f  i n s u f f i c i e n t  

NMDA r e c e p t o r  an ta g o n i s m .  Th is  could oc cur  i f  some of  t h e  NMDA 

r e c e p t o r s  in v o lv e d  i n  the  h y p e r e x c i t a b i l x t y  r e s u l t i n g  from 

l a r g e  p e n i c i l l i n  d o s e s ,  were a t  some d i s t a n c e  from t h e  s i t e  o f  

APV e j e c t i o n  and t h e  APV c o n c e n t r a t i o n  f i e l d  was to o  s m a l l  t o
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r e a c h  t h e s e  r e c e p t o r s .  The e f f e c t  o f  APV on an a l r e a d y  

e s t a b l i s h e d  enhancement  of  evoked p o t e n t i a l s  was min imal .

As d i s c u s s e d  e a r l i e r ,  phase  I enhancement  may be due t o  t h e  

a c t i v a t i o n  of  r e c e p t o r s  c l o s e  t o  py ram ida l  c e l l  b o d i e s ,  c l o s e  

t o  t h e  m idd le  l a y e r s .  Phase I I ,  w i th  a s u p e r f i c i a l l y  l o c a t e d  

s i n k ,  may be due t o  t h e  a c t i v a t i o n  o f  e x c i t a t o r y  r e c e p t o r s  

l o c a t e d  s u p e r f i c i a l l y  on t h e  py ram ida l  c e l l  a p i c a l  d e n d r i t e s .  

Hence,  t h e  a c t i v a t e d  NMDA r e c e p t o r s  m e d ia t i n g  phase  I  were 

p re sum a b ly  c l o s e  t o  t h e  s i t e  o f  APV e j e c t i o n  ( i n t o  l a y e r  IV) .  

Sm all  doses  of  APV r e s u l t e d  in a c o n c e n t r a t i o n  f i e l d  of  

s u f f i c i e n t  e x t e n t  t o  b lock  t h e s e  r e c e p t o r s  and p r e v e n t  phase

I .  However,  t h e  a c t i v a t i o n  o f  d i s t a n t  NMDA r e c e p t o r s  which  may 

be r e s p o n s i b l e  f o r  phase I I  might  n o t  b locke d  by th e  s m a l l e r  

APV d o s e s  (as  d i s c u s s e d  above)  because  o f  t h e  l i m i t e d  e x t e n t  

o f  t h e  APV c o n c e n t r a t i o n  f i e l d .  Thus,  t h e r e  i s  t h e  p o s s i b i l i t y  

o f  f u r t h e r  h y p e r e c i t  a b i l i t y  be ing  media ted  th ro u g h  t h e s e  

u n a n t a g o n i s e d  r e c e p t o r s .  The e x t e n t  o f  t h e  APV c o n c e n t r a t i o n  

f i e l d  may a l s o  be l i m i t e d  by t h e  b i n d in g  o f  APV t o  NMDA 

r e c e p t o r s  n e a r  t o  t h e  s i t e  o f  e j e c t i o n .  T h i s  would l i m i t  t h e  

s p r e a d  of  t h e  drug e j e c t e d  by sm a l l  e l e c t r o p h o r e t i c  c u r r e n t s  

b u t  c o u ld  be  overcome by t h e  e j e c t i o n  of  l a r g e r  doses  o f  APV. 

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

r e s u l t i n g  from a r e d u c t i o n  o f  GABAergic an tagon ism,  w he the r  

p h a s e  I  o r  pha se  I I ,  r e q u i r e s  NMDA r e c e p t o r  a c t i v a t i o n .
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As a l r e a d y  d i s c u s s e d ,  t h e  waveform o f  enhanced  evoked 

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

p e n i c i l l i n  were v e r y  s i m i l a r  and t h i s  im p l ie d  t h a t  t h e  

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

c o n d u c te d  v i a  t h e  same e x c i t a t o r y  t r a n s m i t t e r  r e c e p t o r s  in  

b o t h  c a s e s .  APV b locke d  a l l  t he  enhancement  o f  evoked 

p o t e n t i a l s  which s t r y c h n i n e  would n o r m a l ly  p roduce  when 

e j e c t e d  by i t s e l f ,  which s u g g e s t e d  t h a t  indeed  b o t h  

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

r e c e p t o r s .

APV S p e c i f i c i t y

As i n d i c a t e d  in  t h e  r e s u l t s  ( p a r t  C . I I )  i t  was i m p o r t a n t  t o  

a s c e r t a i n  t h e  s p e c i f i c i t y  o f  a c t i o n  o f  APV. I t  h a s  been 

r e p o r t e d  ( C o l l i n g r  idge  e t  a l . ,  1983a) t h a t  in  t h e  hippocampal  

s l i c e  s m a l l  doses  o f  L-APV r e s u l t e d  in  a d e p r e s s i o n  o f  

a c t i v i t y  which  was non-NMDA r e c e p t o r  m ed ia te d .  Thomson (1986b) 

has  r e p o r t e d  t h a t ,  i n  s l i c e s  from r a t  c e r e b r a l  c o r t e x ,  tw ice  

t h e  e f f e c t i v e  dose of  APV f o r  s p e c i f i c  NMDA r e c e p t o r  

a n ta g o n i s m  d e p re s s e d  r e s p o n s e s  due t o  k a i n a t e  and q u i s q u a l a t e .  

However , Dav ie s  and Watkins  (19 82) found t h a t  l a r g e  doses  o f  

L-APV (150nA) had l i t t l e  e f f e c t  on t h e  e x c i t a t i o n  by k a i n a t e  

a n d / o r  q u i s q u a l a t e ,  where as s i m i l a r  doses  o f  D,L—APV r e s u l t e d  

i n  some d e p r e s s i o n  o f  k a i n a t e / q u i s q u a l a t e  induced e x c i t a t i o n  

i n  t h e  c a t  s p i n a l  c o r d .  In  t h e  f rog  s p i n a l  cord  Davies  e t  a l . ,
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(19 81) found t h a t  50micromolar  d 1—APV c o m p l e t e l y  a b o l i s h e d  

a l l  NMDA induced  e x c i t a t i o n  w i t h  v e r y  l i t t l e  e f f e c t  on k a i n a t e  

and q u i s q u a l a t e  r e s p o n s e s .  A t e n —f o l d  i n c r e a s e  in  APV 

c o n c e n t r a t i o n  did n o t  r e s u l t  in  any f u r t h e r  d e p r e s s i o n  o f  t h e  

e x c i t a t i o n  due t o  k a i n a t e  o r  q u i s q u a l a t e .  I t  a ppe a r s  

t h e r e f o r e ,  t h a t  in  d i f f e r e n t  s i t u a t i o n s  t h e  doses  o f  APV 

r e q u i r e d  t o  induce  n o n - s p e c i f i c  e f f e c t s  v a r y  markedly  o v e r  and 

above  t h e  doses  r e q u i r e d  f o r  s p e c i f i c  NMDA r e c e p t o r  

a n t a g o n i s m .

The Invo lv em en t  o f  NMDA R e c e p to r s  in  Normal Sy n a p t ic  

T r a n s m i s s i o n

The method of  d e t e r m i n in g  APV and k e t a m in e  s p e c i f i c i t y  in  

t h i s  s t u d y  r e l i e d  on t h e r e  b e in g  no s i g n i f i c a n t  NMDA r e c e p t o r  

inv o lv e m e n t  in  t h e  normal  evoked r e s p o n s e .  Th is  has  been  

co n c lu d e d  from th e  r e s u l t s  o f  s t u d i e s  in  t h e  h ippocampal  s l i c e  

( C o l l i n g r i d g e  e t  a l . ,  19 83b, 1988; King and D i n g l e d i n e ,  1986; 

K o e m e r  and Cotman, 1982; S l a t e r  e t  a l . ,  1985; C h e r u b in i  e t

a l . ,  1988) .  However, Thomson .(19 86a) and Thomson e t  a l . (1986)

have  shown in  the  n e o c o r t i c a l  s l i c e ,  and Dale  and R o b e r t s  

(19 85) have shown in  f rog  motoneurones t h a t  in  p a r t i c u l a r

s i t u a t i o n s  EPSPs can be evoked which a r e  NMDA r e c e p t o r

m e d i a t e d .  H a b l i t z  and Langmoen (1985) have r e p o r t e d  a p a r t l y  

NMDA r e c e p t o r  med ia ted  EPSP in  t h e  hippocampal  s l i c e ,  a l t h o u g h  

t h i s  may have been  due t o  a l a r g e  c o n c e n t r a t i o n  o f  t h e  racemic
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m i x t u r e  o f  APV ( C o l l i n g r i d g e  e t  a l . ,  1988) .  F o r s y t h e  and

Westbrook (1988) have  de m ons t ra ted  an NMDA r e c e p t o r  component  

in  m onosynap t ic  EPSPs between  p a i r s  o f  c u l t u r e d  h ippocampal  

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

i n h i b i t o r y  a c t i v i t y ,  and z e ro  magnesium t o  p r e v e n t  t h e  normal  

magnesium b l o c k  o f  NMDA r e c e p t o r  c h a n n e l s .

Arm st rong-Jam es  e t  a l .  (19 85) have shown t h a t  s p o n t a n e o u s l y  

b u r s t i n g  c e l l s  in  l a y e r  IV of  t h e  s om a tosenso ry  c o r t e x  o f  t h e  

u r e t h a n e  a n a e s t h e t i s e d  r a t  a r e  APV s e n s i t i v e .  However, t h e  

b u r s t i n g  was o f  a r e l a t i v e l y  slow n a t u r e  (a t im e  c o u r s e  of  

s e co n d s )  and f u r t h e r m o r e ,  t h e s e  c e l l s  f i r e d  a c t i o n  p o t e n t i a l s  

i n  r e s p o n s e  t o  p e r i p h e r a l  s t i m u l a t i o n  in  t h e  p r e s e n c e  o f  APV; 

f a s t e r  evoked e v e n t s  were no t  NMDA r e c e p t o r  m ed ia te d  b u t  t h e  

s lo w e r  and l a t e r  f i r i n g  was.

I t  may be  t h a t  t h e  means of  s t i m u l a t i o n  in  t h e  p r e s e n t  

s t u d y  r e s u l t e d  in  t h e r e  be in g  no NMDA r e c e p t o r  m edia ted  

component  in  t h e  normal  evoked p o t e n t i a l .  S a l t  (1986,  1987)

has  shown t h a t  in  t h e  v e n t r o b a s a l  n u c le u s  o f  t h e  tha lam us  NMDA 

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

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

a c t i v a t e d  by p ro lo n g e d  h igh  f requency  e l e c t r i c a l  s t i m u l i  o r  a 

p r o l o n g e d  p h y s i o l o g i c a l  s t i m u l u s .
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The NMDA r e c e p t o r  med ia ted  EPSP d e s c r i b e d  by Thomson 

(19 86a) i n  t h e  n e o c o r t i c a l  s l i c e  was o n l y  evoked by i t s e l f  by 

s t i m u l i  t o o  s m a l l  t o  evoke any o t h e r  EPSPs o r  IPSPs .  With 

l a r g e r  s t i m u l i  EPSPs w i t h  non—NMDA and a s m a l l  NMDA r e c e p t o r  

m ed ia te d  component  were evoked .  I t  may be  t h e r e f o r e ,  t h a t  w i t h  

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

component c o n s t i t u t e d  o n l y  a small  p o r t i o n  o f  t h e  o v e r a l l  

normal  EPSP and hence b lockade  o f  t h i s  component  had l i t t l e  

e f f e c t  on t h e  o v e r a l l  evoked p o t e n t i a l .

I t  may a l s o  be p o s s i b l e  t h a t  any e f f e c t  of  NMDA r e c e p t o r  

b l o c k a d e  may n o t  be seen i f  the  peak o f  t h e  evoked p o t e n t i a l  

i s  u s e d  t o  t e s t  f o r  t h i s ,  because  o f  t h e  slow t im e component  

o f  t h e  NMDA r e c e p t o r  EPSP. I t  has  been  shown t h a t  t h e  NMDA 

r e c e p t o r  m ed ia ted  c u r r e n t  occurs  du r in g  t h e  l a t e r  p a r t  o f  t h e  

EPSP i n  c u l t u r e d  h ippocampal  neurones  (Forsy the  and Westbrook,  

1988) .  A r t o l a  and S i n g e r  (1988) have d e m o n s t r a t e d ,  i n  s l i c e s  

o f  r a t  v i s u a l  c o r t e x ,  t h a t  EPSPs in  presumed pyram ida l  c e l l s  

were  v i r t u a l l y  u n a f f e c t e d  by b a th  a p p l i e d  APV; t h e  o n ly  e f f e c t  

was a  s m a l l  r e d u c t i o n  o f  t h e  d e c l i n i n g  phase o f  t h e  EPSP. I t  

i s  p o s s i b l e  t h a t  i f  t h e r e  was such a component in  t h e  normal  

evoked p o t e n t i a l  i n  t h e  p r e s e n t  s t u d y ,  t h a t  t h i s  t o o  may 

c o n t r i b u t e  more t o  t h e  l a t e r  p a r t  o f  t h e  p o t e n t i a l  and have 

l i t t l e  s f f e c t  on t h e  peak a m p l i t u d e .  F u r th e r m o r e ,  i t  may be 

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

t h a t  t h e s e  would l i m i t  t h e  p o s s i b i l i t y  of  occurence  o f  b o t h
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t h e  ' e a r l y '  NMDA r e c e p t o r  med ia ted  component d e s c r i b e d  by 

Thomson (19 86a) and t h e  l a t e r  NMDA r e c e p t o r  component  o f  t h e  

EPSP d e s c r i b e d  by A r t o l a  and S in g e r  (1988) and F o r s y t h e  and 

Westbrook  (1988) .

F u r t h e r m o r e  u n d e r  a s t a t e  o f  a n a e s t h e s i a  i t  may be p o s s i b l e  

t h a t  t h e r e  i s  an enhancement  o f  t h e  a c t i v i t y  o f  t h e  i n h i b i t o r y  

s y s t e m .  Th is  has  been  dem ons t ra ted  t o  be t ru g , fo r  b a r b i t u r a t e  

a n a e s t h e s i a  ( C u r t i s  and Lodge, 1977; B a rke r  and McBurney,

1979) and i s  presum ably a l s o  t h e  c a se  f o r  u r e t h a n e  

a n a e s t h e s i a  (Lodge and C u r t i s ,  197 8 ) .  I f  t h i s  i s  s o ,  NMDA 

r e c e p t o r  a c t i v a t i o n  would be damped and i t  cou ld  be a n o t h e r  

p o s s i b l e  r e a s o n  why t h e r e  i s  no NMDA r e c e p t o r  m ed ia te d  

a c t i v i t y  in  t h e  normal  evoked p o t e n t i a l s  in  t h i s  s t u d y .

I f  t h e  no rmal  EPs in  t h e  p r e s e n t  sudy  had no NMDA r e c e p t o r  

component ,  t h e  s m a l l  d e p r e s s i o n  o f  evoked p o t e n t i a l s  by  l a r g e r  

APV f l u x e s  must have been due t o  a n o n - s p e c i f i c  e f f e c t  o f  APV.

The d ose s  of  APV used in  t h i s  s t u d y  t o  d e t e r m i n e  t h e

invo lve m e n t  o f  NMDA r e c e p t o r s  in  e p i l e p t  ogenesis .  were l e s s  

t h a n  t h o s e  p roduc ing  a d e p r e s s i o n  of  normal  EPs and so  cannot  

be  c o n s i d e r e d  t o  have n o n - s p e c i f i c  d e p r e s s a n t  e f f e c t s .  

F u r t h e r m o r e ,  t h e  h i g h e r  e j e c t i n g  c u r r e n t s  o f  APV (-200nA) used 

in  t h i s  s t u d y  were by some s t a n d a r d s  q u i t e  l a r g e  and one would 

e x p e c t  t h a t  t h e  doses  of  APV r e s u l t i n g  from such  e j e c t i n g

c u r r e n t s  co u ld  n o t  have f a i l e d  t o  produce  some d e p r e s s i o n  of
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t h e  evoked p o t e n t i a l s  i f  t h e r e  had been  an NMDA r e c e p t o r  

component  p r e s e n t  in  t h e  normal  p o t e n t i a l s .  I n  a d d i t i o n  t h e  

d ose s  o f  APV hav in g  no e f f e c t  on no rmal  p o t e n t i a l s  b locke d  a l l  

t h e  enhancement  which would n o r m a l ly  r e s u l t  f rom p e n i c i l l i n  

e j e c t i o n  and t h e r e f o r e ,  must have been  c a p a b l e  o f  NMDA 

r e c e p t o r  a n ta g o n i s m .

An i n h e r e n t  problem of  t h e  i o n t o p h o r e t i c  t e c h n i q u e  o f  drug 

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

f rom t h e  e j e c t i o n  o f  drugs  from a p o i n t  s o u r c e .  I t  i s  p o s s i b l e  

in  s i n g l e  u n i t  s t u d i e s  t o  t e s t  t h e  s p e c i f i c i t y  o f  an 

a n t a g o n i s t ,  d e s p i t e  t h e  n o n - l i n e a r  drug c o n c e n t r a t i o n ,  s im p ly  

by  e j e c t i n g  t h e  a g o n i s t  from one o f  t h e  a d j a c e n t  b a r r e l s  and 

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

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

c u r r e n t  can  produce a s p e c i f i c  a n t a g o n i s t  e f f e c t  f o r  t h a t  one 

p a r t i c u l a r  c e l l  in  t h a t  p a r t i c u l a r  s i t u a t i o n .  However, su c h  a 

method c a n n o t  be used when s tu d y in g  p o p u l a t i o n  r e s p o n s e s  

b e c a u s e  one has t o  t r y  t o  a f f e c t  t h e  whole a c t i v e  c e l l  

p o p u l a t i o n  w i t h  a c o n c e n t r a t i o n  of  drug t h a t  w i l l  be s p e c i f i c  

i n  i t s  e f f e c t s .  C l e a r l y  t h i s  i s  an im p o s s ib l e  t a s k ;  a l l  

r e c e p t o r s  c l o s e  t o  t h e  p o i n t  of  e j e c t i o n  w i l l  be a f f e c t e d  by a 

h i g h  c o n c e n t r a t i o n ,  which might  r e s u l t  in  n o n - s p e c i f i c  

e f f e c t s ,  w h i l s t  t h o s e  f u r t h e r  away w i l l  be a f f e c t e d  by s m a l l e r  

c o n c e n t r a t i o n s  which might  be w i t h i n  t h e  r an g e  f o r  s p e c i f i c  

a n t a g o n i s m .  C e l l s  o r  r e c e p t o r s  s t i l l  f u r t h e r  away from t h e
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s i t e  o f  e j e c t i o n  might  n o t  be a f f e c t e d  by t h e  a n t a g o n i s t  

( C u r t i s  e t  a l . ,  1971) .  F u r t h e r m o r e ,  t h e  c l a s s i c a l

a g o n i s t / a n t a g o n i s t  dose  r e s p o n s e  c a n n o t  be u n d e r t a k e n  be c a u s e  

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

b i n d i n g  p r o p e r t i e s  of  d i f f e r e n t  d r u g s .  Th is  can  r e s u l t  i n  an 

a g o n i s t  o r  a n t a g o n s i t  p roduc ing  i t s  r e s u l t s  s im ply  by a c t i n g  

a t  more d i s t a n t  r e c e p t o r s  which may n o t  r ea c he d  by t h e  

a n t a g o n i s t  ( C u r t i s  e t  a l . ,  1971) .

i
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Ketam ine  Antagonism o f  NMDA R e c e p to r  A c t i v i t y  i n  P e n i c i l l i n  

E p i l e p t o g e n e s i s

In  k e e p in g  w i t h  p r e v i o u s  s t u d i e s  (eg .  Thomson e t  a l . ,  1986; 

Thomson, 1986a) e l e c t r o p h o r e t i c  c u r r e n t s  s e v e r a l  t im es  l a r g e r  

t h a n  t h o s e  r e s u l t i n g  in  s p e c i f i c  NMDA an tagon i sm  by APV, 

r e s u l t e d  in  s p e c i f i c  NMDA an tagoni sm by k e t a m in e .  F u r t h e r m o r e ,  

s e v e r a l  t im es  t h e  e f f e c t i v e  dose of  k e ta m in e  on NMDA r e c e p t o r  

a n ta g o n i s m  had  no e f f e c t  on q u i s / k a i n  r e s p o n s e s  in  c e r e b r a l  

c o r t i c a l  s l i c e s  (Thomson, 1 9 8 6 a ) .

The e x p e r i m e n t s  in  t h i s  s tu d y  which used  k e t a m in e  as  an 

NMDA r e c e p t o r  a n t a g o n i s t  (Anis e t  a l . ,  1983) r a t h e r  t h a n  APV, 

r e s u l t e d  in  an a t t e n u a t i o n  r a t h e r  than  a t o t a l  b l o c k a d e  o f  

p e n i c i l l i n  induced e p i l e p t  o g e n e s i s  when s u f f i c i e n t  p e n i c i l l i n  

t o  f n o r m a l l y ^ i n duce ̂  phase I I  o f  e p i l e p t  o g e n e s i s  was e j e c t e d .  

The enhancement  t h a t  oc c u r r e d  in  t h e  p r e s e n c e  of  ke ta m ine  was 

l i m i t e d  t o  a phase  I enhancement ,  where t h e  enhanced evoked 

p o t e n t i a l s  had r e f r a c t o r y  p e r i o d s  the  same as  t h a t  of  normal  

p o t e n t i a l s .

A r e a s o n  f o r  t h i s  l i m i t e d  e f f e c t  of  k e ta m in e  may have be e n  

t h a t  t h e  dose  o f  ke tam ine  was i n s u f f i c i e n t  t o  p r e v e n t  a l l  t h e  

enhancement  induced by p e n i c i l l i n .  However, t h i s  was c l e a r l y  

n o t  t h e  c a s e  s i n c e  i n c r e a s i n g  t h e  dose o f  k e ta m in e ,  a f t e r  

p h a s e  I I  had been  reduced t o  phase I ,  r e s u l t e d  in  no f u r t h e r
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d e p r e s s io n  o f  th e  evoked p o t e n t i a l s .

T h i s  im p l ie d  t h a t  phase  1 enhancement  was m e d i a t e d ,  in  

t h e s e  c o n d i t i o n s ,  by non—NMDA r e c e p t o r s .  T h i s  p o s s i b i l i t y  was 

however  e xc luded  by t h e  f i n d i n g  t h a t  APV b l o c k e d  a l l  

p e n i c i l l i n  induced  enhancement  and t h a t  ke ta m in e  b lo c k e d  phase 

I  when t h i s  o c c u r r e d  by i t s e l f  due t o  s m a l l  p e n i c i l l i n  f l u x e s .  

T h i s  a p p a r e n t  anomaly may be due t o  t h e  mechanism o f  a c t i o n  of  

k e t a m i n e ,  which i s  a n o n - c o m p e t i t i v e  a n t a g o n i s t  ( H a r r i s o n  and 

Simmonds, 1985) and i s  t h ough t  t o  b in d  w i t h i n  t h e  NMDA 

r e c e p t o r  o p e r a t e d  c h a n n e l .  Befo re  k e t a m in e  can be e f f e c t i v e  

however ,  t h e  n a t u r a l  a g o n i s t  must a c t i v a t e  t h e  r e c e p t o r s  t o  

open t h e  c h a n n e l s  and c u r r r e n t  w i l l  p resum ab ly  f low b e f o r e  

k e ta m in e  can b lo ck  t h e  c h a n n e l .  Hence, k e ta m in e  can o n l y  be 

e f f e c t i v e  a f t e r  NMDA c h a n n e l s  have b e e n  opened .  T h i s  could 

e x p l a i n  why in  t h e  p r e s e n c e  o f  k e tam ine  and s m a l l  doses  o f  

p e n i c i l l i n  t h e r e  was an i n i t i a l  enhancement  which was then  

s lo w ly  b locke d  and th e  enhancement r e t u r n e d  t o  normal  l e v e l s ;  

t h i s  was n o t  t h e  c a se  w i t h  t h e  c o n c u r r e n t  e j e c t i o n  o f  APV and

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

a n ta gon i sm  by APV. However, i f  s u f f i c i e n t  p e n i c i l l i n  t o  

p roduce  phase  I I  was e j e c t e d ,  then  some enhancement  d id  oc cur  

i n  t h e  p r e s e n c e  of  k e t a m in e .  The NMDA r e c e p t o r / c h a n n e l  

a c t i v a t i o n  which r e s u l t e d  from l a r g e  p e n i c i l l i n  doses  may have 

b e e n  s u f f i c i e n t ,  b e f o r e  b e in g  b locked  by k e t a m in e ,  t o  induce

some i n t r a c e l l u l a r  mechanism which c o u ld  t h e n  m a i n t a i n  a
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d e g re e  o f  h y p e r e x c i t a b i l i t y  th ro u g h  non-NMDA r e c e p t o r s  which 

was r e m i n i s c e n t  of phase  I .  However, any f u r t h e r  enhancement 

(phase  2) r e q u i r e d  f u r t h e r  NMDA r e c e p t o r  invo lvem en t  b e c a u se  

t h e  p re s e n c e  o f  k e ta m in e  p re v e n te d  phase  I I  enhancem en t.  I f  

s u f f i c i e n t  p e n i c i l l i n  t o  r e s u l t  in  o n ly  phase  I  was e j e c t e d  

t h e  enhancem ent m edia ted  by NMDA r e c e p t o r s  was b lo ck e d  by b o th  

k e ta m in e  and APV. T h e r e f o r e ,  when o n ly  a sm a l l  d e g re e  o f  

r e d u c t i o n  o f  i n h i b i t i o n  o c c u rre d  t h i s  d id  n o t  r e s u l t  in  

s u f f i c i e n t  NMDA r e c e p t o r  a c t i v a t i o n  t o  t r i g g e r  th e  mechanisms 

t o  m a in ta in  some de g re e  of  h y p e r e x c i t a b i l i t y ,  a s  d id  a l a r g e  

d e g re e  o f  r e d u c t io n  o f  i n h i b i t  o n .

Such a mechanism, by which NMDA r e c e p t o r  a c t i v a t i o n  

t r i g g e r s  some i n t r a c e l l u l a r  change which th e n  m a in ta in s  th e  

h y p e r e x c i t a b i l i t y ,  i s  r e m in is c e n t  o f  long  term  p o t e n t i a t i o n  

(LTP) , in  which h ig h  f re q u e n c y  s t i m u l a t i o n  c a u se s  a pronounced 

long  l a s t i n g  hyperexc  i t  a b i l i t y  o f  s y n a p t i c  a c t i v i t y  ( B l i s s  and 

Lomo, 1973). I t  has s in c e  been  d em o n s tra ted  t h a t  th e  

a c t i v a t i o n  o f  NMDA r e c e p to r s  i s  r e s p o n s i b l e  f o r  t h e  i n i t i a t i o n  

o f  LTP, b u t  i s  n o t  r e q u i r e d  f o r  th e  m a in ta in e n c e  o f  t h i s  

phenomenon. The a p p l i c a t i o n  o f  APV p r i o r  t o  o r  d u r in g  h igh  

f re q u e n c y  s t i m u l a t i o n  p re v e n ts  th e  in d u c t io n  o f  LTP 

( C o l l i n g r i d g e  e t  a l . ,  19 83; Wigstrom and G u s ta f s s o n ,  1984) 

w h ereas  APV i s  i n e f f e c t i v e  i f  a p p l i e d  a f t e r  th e  e s ta b l i s h m e n t  

o f  LTP ( C o l l i n g r id g e  e t  a l . ,  1983). A s i m i l a r  e f f e c t  has been
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d e s c r ib e d  by A nderson  e t  a l . ,  (1987) w i th  r e g a rd  t o

e p i l e p t i f o r m  a c t i v i t y .  They d e m o n s tra ted  t h a t ,  in  th e  

h ippocam pal  s l i c e ,  s t im u lu s  induced  e p i l e p t i f o r m  b u r s t i n g  in  

CA1 c e l l s  was p re v e n te d  by th e  a p p l i c a t i o n  o f  APV p r i o r  t o  and 

d u r in g  t h e  s t i m u l a t i o n  b u t  was much l e s s  e f f e c t i v e  when 

a p p l i e d  a f t e r  e p i l e p t i f o r m  a c t i v i t y  had been  e s t a b l i s h e d .  T h is  

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

i n i t i a t e d  by NMDA r e c e p t o r s  b u t  t h a t  t h e s e  were n o t  n e c e s s a r y  

o r  r e s p o n s i b l e  f o r  t h e  m ain tenance  of  t h i s  a c t i v i t y .

A s i m i l a r  r e s u l t  was seen  in  th e  p r e s e n t  s tu d y  in  t h a t  APV 

was o n ly  t o t a l l y  e f f e c t i v e  when e j e c t e d  p r i o r  t o  o r  d u r in g  t h e  

enhancem ent by p e n i c i l l i n .  E j e c t i o n  o f  APV a f t e r  th e  

e s t a b l i s h m e n t  o f  enhancement o n ly  reduced  t h e

hy p e rex c  i t  a b i l i t y  b u t  d id  n o t  a b o l i s h  i t .

One mechanism by which th e  m a in ta in e n c e  o f  

hyper  e x c i t a b i l i t y  cou ld  be t r i g g e r e d  i s  by th e  i n c r e a s e  in  

i n t r a c e l l u l a r  c a lc iu m  which r e s u l t s  from th e  e n t r y  o f  c a lc iu m  

i n t o  t h e  c e l l  th ro u g h  th e  NMDA r e c e p t o r  o p e ra te d  c h a n n e l  

(MacDermott e t  a l . ,  1986; A scher  and Nowak, 1986). Calcium i s  

r e c o g n i s e d  as b e in g  a second m essenger in  many p h y s io l o g i c a l  

sy s tem s  and i t  has been  su g g e s te d  t h a t  in  LTP (Malinow e t  a l . ,  

1988) a  s u rg e  in  i n t r a c e l l u l a r  ca lc iu m  m ight t r i g g e r  a p r o t e i n  

k i n a s e  sy s tem  which cou ld  r e s u l t  in  long te rm  membrane 

a l t e r a t i o n s  t o  m a in ta in  th e  h y p e r e x c i t i a b i l i t y .
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These r e s u l t s ,  which have shown t h a t  NMDA r e c e p t o r  

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

e p i l e p t o g e n e s i s , a r e  s u p p p o r te d  by o t h e r  s t u d i e s  d e m o n s t ra t in g  

t h a t  NMDA r e c e p to r s  p la y  a key  r o l e  in  k in d le d  h ippocam pal 

s e i z u r e s  ( P e te r s o n  e t  a l . ,  1984; B u te rbaugh  and M ic h e lso n ,

1986) and k in d le d  amygdaloid  s e i z u r e s  ( P e te r s o n  e t  a l . ,  1983), 

sound induced  s e i z u r e s  in  r a t s  (Bourn e t  a l . ,  1983),

p e n i c i l l i n  induced  e p i l e p t i f o r m  a c t i v i t y  in  r a b b i t s  

( S a g r a t e l l a  e t  a l . ,  1985), e p i l e p t i f o r m  a c t i v i t y  induced  by

GABA a n t a g o n i s t s  in  h ippocam pal s l i c e s  ( H a b l i t z  and Langmoen,

1986; Brady and Swann, 1986; King and D in g le d in e ,  1986; Home

e t  a l . ,  19 86) and p i c r o t o x i n  and s t r y c h n in e  induced

e p i l e p t i f o r m  a c t i v i t y  in  f r e e l y  moving r a t s  (Czuczwar and 

Meldrum, 19 82; Frerik e t  a l . , 1 9  86). However, t h e  d e g re e  o f  

e f f e c t i v e n e s s  o f  NMDA r e c e p t o r  a n tagon ism  in  th e  above quoted 

s t u d i e s  r an g e s  from th e  t o t a l  a b o l i t i o n  o f  e p i l e p t i c  a c t i v i t y  

( e g ,  Brady and Swan, 1986) t o  a r e d u c t io n  in  s e i z u r e  a c t i v i t y  

( e g .  H a b l i t z  and langm oen). Hence, i t  must be t h a t  in  

d i f f e r e n t  ty p e s  o f  s e i z u r e  a c t i v i t y  d i f f e r e n t  e x c i t a t o r y

r e c e p t o r s  p la y  a l e a d in g  r o l e ,  o r  i t  may be t h a t ,  as  s u g g e s te d  

by Anderson e t  a l .  (1987) and Bourn e t  a l .  (1983 ),  NMDA 

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

o f  e p i l e p t i f o r m  a c t i v i t y .
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However, one s tu d y  o f  n o te  has  r e p o r t e d  t h a t  e p i l e p t i f o r m  

a c t i v i t y  in  t h e  n e o c o r t i c a l  s l i c e  r e s u l t i n g  from GABA 

a n ta g o n ism  has no NMDA r e c e p t o r  invo lvem en t  w h a tso ev e r  

(Thomson and W est, 1986 ) .

Our r e s u l t s  as t o  th e  invo lvem en t o f  e x c i t a t o r y  r e c e p to r s  

in  p e n i c i l l i n  induced  e p i l e p t o g e n e s i s  have  shown t h a t  a l l  th e  

enhancem ent o f  evoked p o t e n t i a l s  s can be b lo c k e d  by NMDA 

r e c e p t o r  a n t a g o n i s t s .  T h is  s u g g e s t s  t h a t  a l l  th e  

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

i s ,  i n i t i a l l y  a t  l e a s t ,  m edia ted  th ro u g h  NMDA type  r e c e p t o r s .  

T h is  im p l ie s  t h a t  t h e r e  i s  a c r i t i c a l  b a la n c e  be tw een  th e  

e x c i t a t o r y  and i n h i b i t o r y  mechanisms o f  t h e  c o r t e x  and t h a t  a 

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

NMDA r e c e p t o r s  which can le a d  t o  e p i l e p t i f o r m  a c t i v i t y .  The 

v o l t a g e  d e pendan t  b lo c k  o f  NMDA r e c e p t o r  c h a n n e ls  (Nowak e t  

a l . ,  1984; Mayer e t  a l . ,  1984) i s  i d e a l l y  s u i t e d  f o r  such  

a c t i v a t i o n .  At h y p e rp o la r i s e d  p o t e n t i a l s  t h e  ch an n e l  i s  

s u b j e c t  t o  a b lo c k  by magnesium ions  which i s  a l l e v i a t e d  a t  

more d e p o la r i s e d  p o t e n t i a l s .  The channel  has a c u r r e n t / v o l t a g e  

r e l a t i o n s h i p  u n l i k e  normal ch a n n e ls  in  t h a t  more c u r r e n t  f low s 

a t  more d e p o la r i s e d  p o t e n t i a l s .  In  t h e  p re s e n c e  o f  i n h i b i t i o n  

th e  membrane p o t e n t i a l  can be k e p t  from b e in g  e x c e s s i v e l y  

d e p o l a r i s e d  and hence th e  NMDA r e c e p t o r  c hanne l  b lo c k  by 

magnesium rem ains  . With th e  r e d u c t io n  o f  i n i b i t i o n  a l a r g e r  

EPSP can  r e s u l t  and d e p o la r i s e  t h e  membrane s u f f i c i e n t l y  t o
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a l lo w  t h e  magnesium b lo c k  t o  be a l l e v i a t e d ;  t h e  m o d u la t io n  o f  

GABAergic i n h i b i t i o n  i s  one mechanism by w hich NMDA r e c e p t o r  

f u n c t i o n  can be r e g u l a t e d .

A r to la  and S in g e r  (1987) have shown t h a t  in  t h e  n e o c o r t i c a l  

s l i c e  LTP o n ly  o c c u rs  a f t e r  norm al GABAergic i n h i b i t i o n  i s  

red u ced  by GABA a n ta g o n ism . T h is  i s  a v e ry  s i g n i f i c a n t  f in d in g  

b e c a u s e  t h e  i n i t i a t i o n  of  LTP r e l i e s  on NMDA r e c e p t o r  

a c t i v a t i o n .  In  t h i s  s i t u a t i o n  NMDA r e c e p t o r s  o n ly  come i n t o  

p l a y  when norm al i n h i b i t i o n  i s  r e d u c e d .  The f i n d i n g s  o f  A r to la  

and S in g e r  a r e  a n a la g o u s  t o  t h e  f i n d in g s  in  t h e  p r e s e n t  s tu d y  

in  t h a t  we o n ly  see  an invo lvem ent o f  NMDA r e c e p t o r s  when 

t h e r e  i s  a r e d u c t i o n  o f  normal i n h i b i t i o n .  T h e r e f o r e ,  GABA 

i n h i b i t i o n  keeps  th e  c e l l  membrane in  th e  ran g e  where th e  

Magnesium io n  b lo c k  o f  NMDA r e c e p t o r  o p e ra te d  c h a n n e ls  i s  n o t  

a l l e v i a t e d .  In  h ippocam pal s l i c e s  GABA i n h i b i t i o n  does n o t  

need  t o  be d e p re s s e d  by th e  a p p l i c a t i o n  o f  a n t a g o n i s t s  in  

o r d e r  t o  induce  LTP b u t  does f a c i l i t a t e  i t s  i n d u c t io n  

(Wigstrom and G u s ta f s s o n ,  1985). I t  i s  p o s s i b l e  t h e r e f o r e ,  

t h a t  in  th e  n e o c o r te x  GABA i n h i b i t i o n  has a f a r  t i g h t e r '  r e i g n  

on e x c i t a b i l i t y  and th e  c o n t r o l  of  a c t i v a t i o n  o f  NMDA 

r e c e p t o r s  th a n  in  th e  hippocam pus.
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_PRGGRAM TRANS1: DIGITISES AND STORES EVOKED POTENTIAL DATA_

C *** TRANS1.FTN -  DIGITISE TRANSIENTS 
C

PARAMETER (NOREC =1000)
DIMENSION ISTAT(2),IFLAG(2)
BYTE FILNAM(IA) ,BELL
DATA FILNAM(13) ,FILNAM(14) / 0 , 0 /
DATA BELL / " 7 /

C
C *** SET UP DATA COMMON TO ALL ROUTINES 

ISTAT(l) = 0 
I STAT(2) = 0 
IEFN = 3 1  
MODE = 1

C
c *** ANNOUNCE THE PROGRAM 

WRITE (5 ,1000)
C
C *** OPEN A FILE

WRITE (5 ,1010)
READ (5 ,2000)  (FILNAM(I) , I = 1 ,12)
OPEN (NAME=FILNAM, UNIT=1, ACCESS='DIRECT1 , STATUS='NEW ' , 
1 RECL=128)

C
c *** SET UP CHANNEL NUMBER

CALL DSETUP(ISTAT, 1S ' , 1IOOO' ,IEFN,MODE)
ICHAN = 0
CALL DOUT(ISTAT,8 , ICHAN,, 'B 1.IEFN.MODE)
IF (ISTAT(1) .LT. 0) WRITE(5,*) ISTAT( 1 ) ,ISTAT(2)

C
c *** get a VALUES FROM SELECTED A/D 

DO 20 I = 1 ,NOREC
C

CALL DSETUP(ISTAT,'S1, 1I I I I ' , IEFN.MODE)
10 CALL DINP(ISTAT,2 4 , IFLAG (l) , , , IEFN.MODE)

IF ( (IFLAG(2).AND.1) .NE. 1) GO TO 10 
IF ( ( IFLAG(2) .AND . 8) .EQ. 8) GO TO 30

C
CALL SAMPLE(I)
WRITE (5 ,1020) I,BELL

20 CONTINUE
C
c * ** return TO po s

30 CLOSE (UNIT=1)
CALL EXIT

C
c *** FORMAT STATMENTS
1000 FORMAT( / / 1 TRANS11/
1010 FORMAT( / 1$Filename?
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PROGRAM CALC: CALULATES AND STORES PARAMETERS OF THE EPs

C *** 
C ***
c ***

c
c *** 

c
c ***

c
c ***

c
c *** 
10

3
4

5

C
c *** 
6

910
C
C ***
920

CALC.FTN -  PLOT TRANSIENTS 
LAST UPDATE-28-6-87 
TYPE -1  TO EXIT
INCLUDE 1LB: [ 1 ,5 ] CGL. FTN1 ! DEFINE CGL PARAMETER
PARAMETER (NO SAM = 1024)
PARAMETER (NPLOT=128)
DIMENSION I  STAT (2) , FLAB (3) ,Y(NPLOT) , Z(NPLOT) , OUT (4 ,5  00)
BYTE BDATA(NOSAM),PDATA(NPLOT),FILNAM(14), BLAB(12)
EQUIVALENCE (FLAB(l), BLAB(1 ))
DATA FLAB / ' R e c o ' . ' r d  = ' , '  ' /
DATA FILN4M( 13) ,FILNAM( 14) /0 ,0 ./

ANNOUNCE THE PROGRAM 
WRITE (5 ,1000)

GET THE FILE AND OPEN IT 
WRITE (5 ,1010)
READ (5 ,2000) (FILNAM(I) , 1 = 1,12)
OPEN (NAME=FILNAM, UNIT=1, lY PE^O LD ', ACCESS= 'DIRECT ')

SET UP DEFAULT VALUES
IREC = 1
SF=1.0
ISPACE=13
NTRANS=1
IART=0
IPEAK=40
IDELAY=10
LSHIFT=0
IALT=1

TYPE 1 TO FIND NUMBER OF TRANSIENTS 
WRITE (5 ,1120)
READ (5 ,2010)  ITEMP 
IF (ITEMP) 6 ,6 ,3  
1 =  1
READ (l 'I ,E R R = 5)
1=1 + 1 
GOTO 4 
1 = 1 -1
WRITE (5 ,1110)
WRITE (5 ,2010) I

READ TRANSIENT NUMBER 
WRITE (5 ,1020)
READ (5 ,2010) ITMP 
IF (ITMP) 50 ,9 2 0 ,9 1 0  
IREC=ITMP

TYPE 1 FOR PLOTTING PEAK 
WRITE (5 ,1025)
READ (5 ,2010)  IFLAG 
IF (IFLAG) 925 ,925 ,100



c
c *** 
925

C
c *** 
926

C
C ***

927 
C
C ***
928

93 0 
C
C ***
93 2

935
C
C ***
940

950
C
C ***
960

97 0 
C
C ***
975

977

TYPE 1 FOR DUMPING DATA 
WRITE (5 ,1095)
READ (5 ,2  010) IFLAGB 
IF (IFLAGB) 9 2 6 ,9 2 6 ,7 1 0

TYPE 1 FOR SKIPPING TRANS PLOT 
WRITE (5 ,1027)
READ (5 ,2010)  IFLAGA

TYPE 1 FOR NO ALIGNMENT
IFLAGC=0
WRITE (5 ,1028)
READ (5 ,2010) IFLAGC

SET DELAY OF ARTEFACT 
WRITE (5 ,1100)
READ (5 ,2010)  ITEMP 
IF (ITEMP) 928 ,928 ,927  
IDELAY=ITEMP

SCALING FACTOR 
WRITE (5 ,1080)
READ (5 ,2020) STEMP 
IF (STEMP) 93 0,93 2,93 0 
SF=STEMP

SIZE OF ARTEFACT 
WRITE (5 ,1130)
READ (5 ,2  020) XTEMP 
IF (XTEMP) 935,93 2,935 
SA=XTEMP

SPACING 
WRITE (5 ,1050)
READ (5 ,2  010) ISTMP 
IF (ISTMP) 960 ,960 ,950  
ISPACE=ISTMP

NUMBER OF ARTEFACT POINTS 
WRITE (5 ,1070)
READ (5 ,2010)  IATMP 
IF (IATMP) 970,97 5 ,970  
IART=IATMP

SHIFT TO GET SECOND TRANSIENT 
WRITE(5 ,1160)
READ(5 ,2 0 1 0 )L 
IF (L ) 978 ,978 ,977  
LSHIFT=L
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c

C *** DECIDE WHETHER ALTERNATE OR EVERY RECORD 
C
978 WRITE(5 ,1170 )

READ(5,2010)IAL 
IF (IA L )9 8 0 ,9 8 0 ,9 7 9

979 IALT=IAL 
C
C *** NUMBER OF TRANSIENTS TO BE PLOTTED
980 WRITE (5 ,1040)

READ (5 ,2010 )  NTMP
IF (NTMP) 99 5 ,9 9 5 ,9 9 0  

990 NTRANS=NTMP 
C
C *** CGL PRAPHICS PACKAGE PARAMETERS
995 VMAX = FLOAT(NPLOT)

VMIN = 0 . 0  
TMAX = 5 . 0  
TMIN = - 5 . 0

C
XMAX = TMAX + 1 0 . 0  
XMIN = TMIN -  10 .0  
YMAX = VMAX + 0 .5  
YMIN = VMIN -  0 .5

C
C *** INITIALISE CGL 

CALL CGL(GIC)
CALL CGL(GNF)

C
C *** DEFINE THE GRAPHICS WINDOW 

CALL CGL(GSO,1)
CALL CGL(GSW,XMIN,XMAX,YMIN,YMAX)

C
C *** DRAW THE BORDER

CALL CGL(GMA2,XMIN,YMIN) !
CALL CGL (GRA2,XMAX,YMAX)

C
C *** LABEL WITH RECORD NUMBER

CALL CGL(GMA2,TMAX*0. 9 / 2 . 0 , VMAX*0.7) 
ENCODE( 3 ,3 0 0 0 ,BLAB(1 0 ))  IREC 

3 000 FORMAT(13)
CALL CGL(GT,BLAB,12)

C *** GET TRANSIENT NUMBER FOR STARTING- IREC
C
c *** MATHS-RETURN POINT AFTER A TRANSIENT
C *** SALVAGE THE TRANSIENT
C

DO 500 J=0,NTRANS-1 
READ (1'IREC+IALT*J,ERR=40) BDATA 

C *** TRANSFER FOR MATHS
DO 20 1 = 1 ,NPLOT 

20 PDATA(I)=BDATA(I+LSHIFT)
DO 3 0 I  = 1 .NPLOT 

ITEMP = PDATA(I)
ITEMP = (ITEMP .AND. "377) -  128 
Y (I)  = FLOAT(ITEMP) * 5 .0  /  128.0

3 0  Z ( I ) = 0 . 0

i

LOCKED AT

INITIALISE CGL 
NEW FRAME

SET WINDOW 

DRAW BORDER
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c
C *** SUPPRESS ALIGNMENT IF FLAGC=1 

I=IDELAY
IF (IFLAGC) 199 ,1 9 9 ,2 1 0

C
C *** FIND STIMULUS ARTEFACT
199 1=0
200  1 = 1+1

IF (1 -100  ) 205 ,490 ,490
205 X=ABS (Y (I  + 1 ) - Y ( I ) )

IF (X-SA) 200 ,200 ,206
C
C *** JUMP IF ARTEFACT IS TOO SOON
206 IF (I-IDELAY) 490 ,4 9 0 ,2 1 0
C
C *** ALIGN TRANSIENTS
210 DO 220 K = l,  NPLOT-I+IDELAY
22.0 Z(K) =Y (K+I-IDELAY)

C *** GET RID OF DC LEVEL 
X=0
DO 340 1 = 1 ,IDELAY 

340 X=X+Z(I)
XP=X/ (FLOAT ( IDELAY) )
DO 350 1 = 1 ,NPLOT 

350 Z ( I )= Z ( I ) -X P
C
c *** get r id  of artefact

DO 360 I=1,IART 
360 Z(I+IDELAY)=0.0
C
C *** FIND TROUGH 

XPEAK=0.0 
IPE AK F=IDELAY 
DO 620 1 = 1 ,IPEAK
IF (-Z(IDELAY+IART+I)+XPEAK) 620,6  20,610 

6 10 IPEAKF=IDELAY+IART+I
XPEAK=Z(IPEAKF)

620 CONTINUE
C
C *** FIND ENDPOINT FOR SUMMATION

ie n d =ipe a k f
XEND=XPEAK*0.25 
I=IPEAKF

625 IF (Z(I)-XEND) 630 ,630 ,640
630 1=1+1

GOTO 625 
640 IEND=I
C
c *** SUMMATE FROM ADDRESS OF ARTEFACT TO I  END

XSUM=0.0
DO 650 I =IDELAY,IEND 

650 XSUM=XSUM+Z(I)
C
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c ***

c
c *** 

c
c *** 
651

160
C
C ***

c
c *** 
c
480
490
500
C
C ***

c
c *** 
100

110
,111

11

STORE CALCULATIONS 
IRECA=INT (FLOAT( (IREC/IALT)))
OUT( 1 , J+IRECA)=FLOAT(IPEAKF-11)
OUT( 2 , J+IRECA)=XPEAK*SF 
OUT (3 ,  J+IRECA) =FLOAT(IEND-ll)
OUT ( 4 . J+IRECA)=XSUM*SF

? SUPPRESS PLOTTING 
IF (IFLAGA) 651 ,651 ,4  80

ADD RASTOR, SCALE AND PLOT THE DATA 
XRAST=FLOAT(J)*FLOAT(ISPACE)*0.1 -1 4 .0  
YRAST=FLOAT(ISPACE)
CALL CGL(GMA2,0 .0 ,0 .0 )
DO 160 1 = 1 ,NPLOT 
V=Z(I)*SF-XRAST

T = FLOAT(I)
CALL CGL(GLA2,V.T)

PLOT TROUGH, END OF SUMMATION AID SUM 
CALL CGL(GSMKS,4)
V=XPEAK-XRAST 
T=FLOAT(IPEAKF)
CALL CGL(GMKA2, V,T)
V=XEND-XRAST
T=FLOAT(IEND)
CALL CGL(GMKA2,V,T)
X=FLOAT(IDELAY)
V=XSUM/1 0 .0-XRAST 
CALL CGL(GMA2,-XRAST,X)
CALL CGL(GLA2,V,X)

RETURN FOR NEXT TRANSIENT

CONTINUE
CONTINUE
CONTINUE

SKIP BACK FOR NEXT RECOBD 
GO TO 41

PLOT ANALYSED DATA 
CALL CC-L(GNF)
WRITE (5 ,1026)
CALL CGL(GSO,0)
CALL CGL(GSW,- 1 . 0 , 5 1 . 0 , - 0 . 1 , 4 . 1 )
CALL CGL(GMA2»0.0 ,0 .0 )
CALL CGL(GRA2,5 0 .0 ,4 .0 )
DO 111 K = l , 4 
CALL CGL(GSMKS,K,K)
CALL CGL(GMA2,0.0,0.0)
DO 110 J = l , 50 
X=FLOAT(J)
YP=ABS( (OUT(K, J ) ) /  (OUT(K, 1 ) ) )
CALL CGL (GLA2 ,X ,Y P)
CALL CGL(GMKA2,X,YP)
CONTINUE
CONTINUE
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c
c *
41

c
c *
AO

C
C *
710

C
C *
50

C
C *
1000
1010
1020
1025
1026
1027
1028
1030
10A0
1050
1060
1070
1080
1090
1095
1100
1110
1120
113 0
1160
1170
C
2000
2010
2020
203 0

DUMMY READ
READ (5 ,2 0 1 0 )  ITEMP
GO TO 10

END OF DATA FOUND 
WRITE (5 ,103  0)
GOTO Al

DUMP THE CALCULATIONS.
CLOSE (UNIT=1)
WRITE (5 ,1090)
READ (5 ,2000 )  (FILNAM(I) , 1 = 1 ,12)
OPEN(NAME =FIL NAM,U NIT=1, TY PE = ’NEW' , AC CES S = 1SE QUE NTIAL1) 
WRITE (1 ,2030)  OUT

CLEAR UP AND EXIT TO POS 
CLOSE (UNIT=1)
CALL EXIT

FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FOPMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT

FORMAT
FORMAT
FORMAT
FORMAT
END

STATEMENTS
/ / *  PLTRN1' /  ' ----------- ')
/ '$ F i le n a m e ?  ' )
/ 1$Record? ' )
/ '$ T y p e  1 f o r  p l o t t i n g  p eak .  ’ )
/ ' $ P l o t  peaks e t c .  ' )
/ '$ T y p e  1 t o  s u p p re s s  t r a n s i e n t  p l o t t i n g .  ' )
/ ' $Type 1 t o  s u p p re s s  a l ig n m e n t .  f )
/ '  End o f  F i l e ' )
/ '$N um ber of t r a n s i e n t s ?  ')
/ '$N um ber o f  s p a c e s  betw een  t r a n s i e n t s ?  ’) 
/ '$N um ber o f  p o i n t s  p e r  t r a n s i e n t ?  ' )
/ '$N um ber o f  a r t e f a c t  p o in t s ?  ')
/ ' $ S c a l i n g  f a c to r - d e c im a l?  ’ )
/ '$ F i l e n a m e  f o r  w r i t i n g ?  f )
/ f $Type 1 f o r  dumping. ')
/*$D elay  of a r t e f a c t , 2 t o  10? ')
/ '$N um ber o f  t r a n s i e n t s =  ')
/ ’ $Type 1 t o  coun t t r a n s i e n t s .  ')
/ f$S ize  of a r t e f a c t  t o  be seen ;  0 .1  t o  2.5? ' )
/ ' $ F o r  second t r a n s i e n t  add 3 20 ’ )
/ '  $Type 1 f o r  ev e ry  t r a n s i e n t  or 2 f o r  a l t e r n a t e

12A1)
14)
F 4 .1 )
F 8 .2 ,F 8 .2 ,F 8 .2 ,2 X ,F 8 .2 )
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c  *** GRAPH.FTN -  GRAPHS CALCULATIONS.
C
c *** TYPE -1  TO EXIT 
C *** . IS  DELAY OF PEAK
C *** + IS  HEIGHT OF PEAK
C *** * IS DELAY OF DECLINE TO 25%
C *** 0 IS INTEGRAL FROM ARTEFACT TO *
C
c *** SET UP FILES

INCLUDE 'L B : [ 1 ,5 ] CGL.FTN' ! DEFINE CGL PARAMETERS
C
C *** MAXIMUM NUMBER OF DATA POINTS 
C

PARAMETER (MAXPTS = 5  00) ! CHANGE ALSO IN "FETCH" & "SHOW".
C

DIMENSION ISTAT( 2 ) ,FLAB( 3 ) ,ARA(4 , MAXPTS), ARB( 4 , MAXPTS)
DIMENSION ARC( 4 , MAXPTS)

C
CHARACTER*A NUMSTR
CHARACTER*2 UMSTR
CHARACTER*3 BUMSTR
CKARACTER*20 LUMSTR ,TUMSTR, CUMSTR

C
C *** ANNOUNCE THE PROGRAM 

WRITE (5,1000)
C
C *** CALL THE DATA 

NGRAPH=1 
CALL FETCH (ARA)
CALL MORE (IM)
IF (IM) 9 0 ,9 0 ,2 0  

20 NGRAPH=2
CALL FETCH (ARB)
CALL MORE(IM)
IF (IM) 9 0 ,9 0 ,3 0  

30 NGRAPH=3
CALL FETCH (ARC)
CALL MORE (IM)
IF (IM) 9 0 ,9 0 ,9 0  

AO NGRAPH=A
CALL FETCH (ARD)
CALL MORE (IM)
IF (IM) 9 0 ,9 0 ,6 0  

60 NGRAPH=5
CALL FETCH (ARE)

C

c *** SET DEFAULT VALUES 
90 XMAX=50.0

YMAX=10.0 
ICH=1 
IFLAGB=0 
FF=1.0 
TT=0 
YAVE=0.0 
YAV=0.0 
NA=0 
VA=0.0 
MA=0 
IFLAGD=0
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c
c *** 

10 

c
c *** 
114

c ***

115
C
c *** 
120

125
C
C *** 
13 0

131
C
C *** 
13 2

C
Q *
133

RETURN POINT 
WRITE(5 ,1100)
READ (5 ,2010 )  ITP 
IF (ITP) 5 0 ,1 1 4 ,1 1 4

FOR DOUBLE PLOTTING OR SINGLE 
WRITE(5 .9 9 )
READ( 5 ,2 0 1 0 ) IDBPLO 
SET XMAX 
WRITE (5 ,1010)
READ (5 ,2020) XTMP 
IF (XTMP) 120 ,120 ,115  
XMAX=XTMP

SET YMAX 
WRITE (5 ,1020)
READ (5 ,2020)  YTMP 
IF (YTMP) 1 3 0 ,130 .125  
YMAX=YTMP

WHICH PLOTS ?
WRITE (5 ,1040)
READ(5 ,2040 )  ITEMP 
IF (ITEMP) 132 ,1 3 2 ,1 3 1  
ICH=ITEMP

INDENTING LINES 
WRITE (5 ,1150)
READ(5 ,2 0 1 0 )MAD 
IF (MAD .LE.O)THEN 

GOTO 133 
ELSE 

MA=MAD
WRITE(5 ,1160)
READ (5 ,2 0 2 0 )VA 
ENDIF

CHANGING PLOTTING TO DOUBLE SPACING FOR ALTERNATE STIMULI ETC. 
WRITE(5 ,1190)
READ( 5 ,2 0 1 0 ) IALTl 
IF(IALT1.LE.O)THEN 

GOTO 134 
ELSE 

IAL1=IALT1 
ENDIF
WRITE(5 .1200)
READ(5 ,2 0 1 0 ) IALT2 
IF(IALT2.LE.0)THEN 

G0T0134 
ELSE 

IAL2=IALT2 
ENDIF
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c
C *** CHANGE PLOTTING ORDE OF LINES 
13A WRITE (5,123 0)

READ( 5 , 2010)IZ  
I F ( I Z ) 1 3 7 ,137,135 

135 I IZ = IZ
C *** PENICILLIN LINE
137 IFLAGB=0 

IFLAGC=0 
WRITE (5 ,100)
READ (5 ,2020)  F
IF (F) 144 ,145 ,138

138 IF (F .G E . l .O )  FF=F
139 WRITE (5 ,105)

READ (5 ,2020) T
IF (T) 145 ,145 ,140

140 TT = T 
WRITE(5,110)
READ (5,2080)CUMSTR 

2080 FORMAT (A20)
WRITE(5 ,113)
READ(5,2010)INASHT 

C *** SETTING Y PLACING OF LINE 
WRITE (5 ,1500)
READ(5,2020)YSET 
IF(Y SET. GT.1 ) THEN 

YSET1=YSET 
ELSE

YSET1=20.0 
ENDIF 

C *** AVERIGING
144 WRITE(5 ,1120)

READ( 5 ,2 0 1 0 ) IFLAGB
IF(IFLAGB)145 ,145 ,146

C
C *** NO AVERAGING
145 WRITE(5,1130)

READ( 5 ,2 0 1 0 ) IFLAGC
146 CONTINUE 

IRPTS=0
C
c *** SETTING ANY OTHER LINE 
148 CONTINUE

WRITE(5,180)
READ(5,2020)B 
WRITE (5 ,190)
READ(5,2020)E 
I F ( B ) 147,155.147

147 BZ=B 
EZ=E

C *** SET Y CORDINATE OF THIS LINE 
WRITE (5,1600)
READ( 5 , 2020)YSETB 
IF(YSET. GT.1 .0 )  THEN 

YSET2=YSETB 
ELSE

YSET2=30.0 
ENDIF

' i



C *** WRITING CURRENT SIZE FOR DRUG AND PLACING OF THIS LABEL 
WRITE(5 ,109)
READ( 5 , 2060)LUMSTR

2060 FORMAT(A20)
WRITE(5 ,1 1 3 )
READ(5 ,2 0 1 0 ) JNASHT

C
C *** ANY OTHER LINE
1491 WRITE(5 ,200)

READ( 5 ,2 0 1 0 ) IFLAGF 
IF(IFLAGF)155 ,155 ,149

149 WRITE(5 ,180)
READ(5 ,2 0 2 0 ) B2 
I F (B 2 ) 155 ,155 ,150

150 B2Z=B2 
WRITE(5 ,190)
READ( 5 , 2020)E2 
I F ( E 2 ) 155 ,155 ,151

151 E2Z=E2
C
C *** SET Y PLACING OF THIS LINE

WRITE(5 ,1600)
READ( 5 , 2020)YSETC 
IF(YSETC.GT. 1)THEN 

YSET3=YSETC 
ELSE

YSET3=3 0 .0  
ENDIF

C *** SET CURRENT LABELS ETC
WRITE (5 ,109)
READ( 5 , 2070)TUMSTR

2070 FORMAT(A20)
WRITE(5 ,113)
READ( 5 , 2010)KNASHT



c *** SET UP VIEW AND WINDOW
155 CALL CGL(GIC)

I F ( I  PLOT) 157 ,157 ,156
156 IPLOT=0

CALL CGL(GDVS,*TI:1,3)
CALL CGL(GIVS, 'G H :1,3)
CALL CGL(GSVS,'GH:' , 3 )
CALL CGL(GSWI.l)

157 CALL CGL(GNF)
CALL CGL(GSWI.l)
CALL CGL(GSO,0)
X=XMAX
Y=YMAX
I F ( ID BPLO. E Q.1 ) THEN 

YMAXS=YMAX/2.
ELSE

YMAXS=YMAX
ENDIF
XWIND=X*(-0.3)
YWIND=Y*( - 0 .2 )
CALL CGL(GSW.XWIND,X,YWIND,Y)
CALL CGL(GMA2, 0 . 0 , 0 . 0 )
CALL CGL(GLA2, XMAX, 0 . )
CALL CGL(GMA2, 0 . , 0 . )
IF(IDBPLO.NE.1)THEN 

CALL CGL (GLA2,0 .  ,YMAX)
ELSE

CALL CGL(GLA2,0 . ,YMAXS-.5)
CALL CGL(GMA2.0.,YMAXS)
CALL CGL(GLA2.0.,YMAX)

ENDIF
I F ( IDBPLO. EQ.1 ) THEN

CALL CGL(GMA2,0 . ,  (YMAXS) )
CALL CGL(GLA2,XMAX.YMAXS)

ELSE
GOTO 11 

11 CONTINUE
ENDIF

C *** SET PENICILLIN LINE 
YLINE=YSET1/100.
PLINE=YMAXS/60.0 
PLABE=Y*0.05  
IF (F F .G T .1 .  0)THEN 

GOTO 1570 
ELSE 

GOTO 1580 
ENDIF

1570 CALL CGL(GMA2,0.0 ,0 .0 )
CALL CGL(GSLW, 0 . , PLINE)
CALL CGL(GMA2,FF,YLINE)
CALL CGL (GLA2,TT,YLINE)
CALL CGL(GMA2,FF+((TT-FF)* 0 . 3 3 ) .YLINE+PLABE)
CALL CGL(GMA2,FF+((TT-FF)* 0 .3 3 ) +INASHT,YLINE+PLABE) 
ENCODE ( 2 0,157 1, CUMSTR) CUMSTR

1571 FORMAT(A20)
CALL CGL(GT.CUMSTR,20)

1573 CALL CGL(GSLW,0.,0.)
CALL CGL(GMA2, 0 . 0 , 0 . 0 )

C

' \
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C *** SET LINE
1580 IF(B.NE.0)THEN

GOTO 158 
ELSE

GOTO 159 
ENDIF

C
158 CONTINUE 

YLINE2=YSET2/100.
CALL CGL (GSLW,0 . .PLINE)
IF(BZ.LE. -1)THEN

CALL CGL(GSLS,4,10101010,4)
CALL CGL(GMA2,BZ,YLINE2)
CALL CGL(GLA2,0..YLINE2)

ELSE
CALL CGL(GMA2,BZ,YLINE2)

ENDIF
CALL CGL(GSLS,1 ,11111111 ,4)
CALL CGL(GLA2,EZ,YLINE2)
CALL CGL(GMA2,BZ+( (EZ-BZ)*0.4) + JNASHT, YLINE2 +PLABE) 
ENCODE (20 ,1581  ,LUMSTR)LUMSTR

1581 FORMAT (A20)
CALL CGL(GT,LUMSTR,20)

159 IF(IFLAGF)1 7 0 ,1 7 0 ,1 6 0
160 YLINE3 =Y SET3/1 0 0 .

CALL CGL(GSLW,0 . .PLINE)
CALL CGL(GMA2, B 2Z,YLINE3)
CALL CGL(GLA2,E2Z,YLINE3)
CALL CGL(GMA2,B2Z+( (E2Z-B2Z)* 0 . 4 ) +KNASHT,YLINE3+PLABE) 
ENCODE( 2 0 ,1 6 3 ,TUMSTR)TUMSTR 

163 FORMAT(A20)
CALL CGL(GT, TUMSTR,2 0)

170 CALL CGL(GSLW,0 .0 ,0 .0 )
CALL CGL(GMA2,0 .0 , 0 . 0 )



C *** INDICATE SCALES
XLABE1=XWIND*0.065
XLABE3=YWIND*0.18
XLABE4=YWIND*0.3
XLABE5=YWIND*0.6
XLABE 2=YWIND* 0 .1
LIMITX=XMAX/8
CALL CGL(GMA2, FF ,0 .0 )
CALL CGL (GLA2,FF,XLABE3)
CALL CGL(GMA2 ,F F +XLABE 1 ,XLABE 4) 
IBEGIN=0.0
ENCODE (2, 2 03 ,UMSTR) I BE GIN 

203 FORMAT(12)
CALL CGL(GT.UMSTR,2)
IF(XMAX. GT.1 2 0 )THEN 

LINC=4 
LZS=4 

ELSE 
LINC=2 
LZS=2 

ENDIF
DO 210 K=LZS.LIMITX,LINC 
XI= 7 .5*FLOAT(K)+FF 
X=7.5*FLOAT(K)
IXSCAL=X/15.0
CALL CGL(GMA2,X1,0 .0 )
CALL CGL(GLA2 ,X1 ,XLABE3)
CALL CGL(GMA2, X1+XLABE1 ,XLABE4) 
IF(MOD(K,2) .EQ.0)THEN 

GOTO 207 
ELSE 

GOTO 209
207 ENCODE( 2 ,2 0 8 ,UMSTR) IXSCAL
208 FORMAT (12)

CALL CGL(GT,UMSTR,2)
209 CONTINUE 

ENDIF
210 CONTINUE

YLABEL =XWIND * ( 0 .9  5) 
YLABE2=XWIND*(0 .8 )
YLABE3=XWIND*(0 .35 )
XLABE7 =YWIND*0.12

214 CONTINUE
DO 220 K=l,YMAXS 
Y=1.0*FLOAT(K)
IYSCAL=100*Y
JMVY=Y
IF(IDBPLO.EQ.-l)THEN

CALL CGL(GMA2,0.0,Y+YMAXS) 
CALL CGL(GLA2,XLABEl.Y+YMAXS) 

ELSE
CALL CGL(GMA2,0.0,Y)
CALL OGL(GLA2,XLABE1,Y)

ENDIF
IF(MOD(K,2 ) . NE.0)THEN 

GOTO 215 
ELSE

GOTO 22
215 CONTINUE
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I F ( ID BPLO. EQ. - 1 ) THEN
CALL CGL(GMA2.YLABE3.YMAXS+Y-(XLABE7))
ELSE

CALL CGL(GMA2,YLABE3,Y-(XLABE7 ))
ENDIF
I F ( IFLAGB.EQ.l)THEN

ENCODE( 4 ,2 1 9 ,NUMSTR) IYSCAL
219 FORMAT(14)

CALL CGL(GT,NUMSTR,4)
ELSE

ENCODE( 4 , 2 1 , NUMSTR)JMVY
21 FORMAT (14)

CALL CGL(GT,NUMSTR,4)
22 CONTINUE 

ENDIF 
ENDIF

220 CONTINUE
CALL CGL(GMA2,0 . , YMAXS)
IF(IDBPLO)222 ,2 2 2 ,2 2 1

221 IDBPLO=-l 
GOTO 214

222 ALF X=XMAX * 0 .4
CALL CGL(GMA2,ALF X, XLABE 5)
CALL CGL(GT,'Time ( m in ) ' , 1 0 )
ALFY=YMAX*0.6
ALFY1=YMAX*0.5
CALL CGL(GMA2,YLABEL,ALFY)
CALL CGL(GT, ' Am plitu  d e ' , 9 )
IF(IFLAGB.GE.1 .0 )  THEN

CALL CGL(GMA2, YLABEL, ALFY1)
CALL CGL(GT,'(% c o n t r o l ) ' , 1 1 )

ELSE
CALL CGL(GMA2, YLABE 2 ,ALFY1)
CALL CGL(GT,' (mV)' , 4 )

ENDIF
CONTINUE

C
C *** CALL THE PLOTTING SUBROUTINE 

NA=1 
M=0
CALL S HOW(ARA, XMAX, IFLAGB, IFLAGC, ICH,YAVE, NGRAPH, M, VA,

*NA ,MA,FF, IFLAGD ,IAL 1 , IAL2, BY , B2Z ,EZ ,E2Z , 1 IZ ,IPLOT, IDBPLO .YMAXS) 
NA=2
IF(IDBPLO.EQ.-l)IDBPLO=-2 
IF (NGRAPH-1) 230 ,230 ,240  

240 CALL SHOW (ARB .XMAX, IFLAGB, IFLAGC,ICH, YAVE, NGRAPH, M,VA,
*NA,MA,FF , IFLAGD ,IAL 1 ,1AL2, BY , B2Z.EZ ,E2Z ,1 IZ ,IPLOT, IDBPLO .YMAXS) 

NA=3
IF (NGRAPH-2) 230 ,230 ,250  

250 CALL SHOW(ARC,XMAX,IFLAGB,IFLAGC,ICH,YAVE,NGRAPH,M.VA,
*NA,MA,FF, IFLAGD, IAL1, IAL2,BY, B2Z.EZ.E2Z. I  IZ.IPLOT. IDBPLO, YMAXS) 

NA=4
IF (NGRAPH-3) 230 ,230 ,260  

260 CALL SHOW(ARD,XMAX,IFLAGB,IFLAGC,ICH,YAVE,NGRAPH,M.VA,
*NA ,MA, FF , IFLAGD , I AL 1 , 1 AL 2, BY , B2Z ,E Z ,E 2Z, I  I Z , I  PLOT, IDBPLO, YMAXS) 

NA=5
IF (NGRAPH-4) 230 ,230 ,27  0 

270 CALL SHOW(ARE,XMAX,IFLAGB,IFLAGC,ICH,YAVE,NGRAPH,M.VA,
*NA,MA,FF, IFLAGD, IAL1, IAL2.BY ,B2Z,E Z..E2Z, I  IZ.IPLOT, IDBPLO, YMAXS)
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230 IPLOT=0
WRITE(5 ,1300 )
READ( 5 ,2 0 1 0 ) IPLOT 
WRITE( 5 # 99)
READ( 5 ,2 0 1 0 ) IDBPLO 
I F ( I  PLOT)6 00,6 00,156

600 CALL CGL(GDVS,'GH:' , 3 )
CALL CGL(GIVS, ' T I : »,3) 
CALL CG L(GSV S,'TI:1,3) 
GOTO 10

C
C *** CLEAR UP AND EXIT TO POS
50
r

CALL EXIT

G *** FORMAT STAMENTS
99 * FORMAT / ' $TYPE 1 FOR DOUBLE GRAPH PLOT OR RETURN FOR NORMAL
100 FORMAT / ' $ PENICILLIN START?, OR TYPE -1  TO KEEP OLD AND GET
105 FORMAT / ' $PENICILLN END? ')
109 FORMAT / ' $LABEL FOR CURRENT ')
n o FORMAT / ' $PENICILLIN CURRENT? ')
113 FORMAT / ' $SHIFT TO PUT nA LABEL (I1TEGER, eg 3 0) ' )
116 FORMAT / ' $TYPE 1 TO DO AGAIN, RETURN TO CARRY ON ')
180 FORMAT / ' $ENTER START OF ANY OTHER LINES ')
190 FORMAT / ' $ENTER END OF ANY OTHER LINE ' )
200 FORMAT / ' $TYPE 1 FOR ANY MORE LINES ' )
1000 FORMAT / / ' PLOT CALCULATIONS'/' ' )
1010 FORMAT / ' $XMAX=? ' )
1020 FORMAT / ' $YMAX=? f )
1030 FORMAT / ' End o f  F i l e ' )
1040 FORMAT / ' $ WHICH PLOT; 1 ,2 ,3  OR 4 ? ' )
1080 FORMAT / '$ S c a l i n g  f a c to r - d e c im a l?  ' )
1090 FORMAT / ' $Filenam e f o r  rea d in g ?  ')
1100 FORMAT / ’$ TYPE -1  TO EXIT ' )
1120 FORMAT / ' $TYPE 1 FOR AVERAGING CONTROLS ')
113 0 FORMAT / ' $TYPE 1 FOR ABSOLUTE VALUES ')
1150 FORMAT / ' $DO LINES NEED INDENTING;1 ,2 , 3 , 4 , 5  ')
1160 FORMAT / ’$BY HOW MUCH ? ')
1190 FORMAT / ' $ARE ANY FILES ALTERNATE STIMULI? 1 ,2 ,3  ' )
1200 FORMAT / ' $ANY MORE? 1 ,2 ,3  ' )
123 0 FORMAT /• $TYPE 1 TO CHANGE ORDER OF PLOTTING ')
1300 FORMAT / ' $TYPE 1 FOR PLOTTER OR RETURN TO PLOT ON SCREEN
1500 FORMAT / ' $ENTER INTEGER VALUE FOR Y PLACING OF LINE ')
1600
/i

FORMAT / ' $ENTER VALUE FOR VERTICAL ADJUST OF LINE ' )
U
2000 FORMAT 12A1)
2010 FORMAT 13)
2020 FORMAT F 10 .0 )
2030 FORMAT 4F8.3)
2040 FORMAT 13)

END



C ***READ FOM WINCHESTER THE CALCULATIONS.
SUBROUTINE FETCH (ARRAY,XMAX, IFLAGB,IFLAGC, ICH,YAVE, NGRAPH,M,VA, 

*NA, MA, FF, IFLAGD, IAL1, IAL2,BZ,B2Z,EZ,E2Z, I  IZ, I PLOT, IDBPLO, YMAXS) 
DIMENSION ARRAY (4 ,500)
BYTE FILNAM(14)
DATA FILNAM( 13), FIL1AM(14) / 0 , 0 /
WRITE (5 ,1090)

1090 FORMAT(/'$ FILENAME FOR READING? ' )
READ (5 ,2000)  (FILNAM(I),1=1,12)

2000 FORMAT (12A1)
OPEN (NAME =FILNAM,UNIT=1 ,TY PE='OLD ' ,ACCESS=' SEQUENTIAL')
READ (1 ,2030 )  ARRAY 

2030 FORMAT (4F8 .3 )
CLOSE (UNIT=1)
RETURN
END

C MORE DATA FROM WINCHESTER?
SUBROUTINE MORE (IM)
WRITE (5 ,2 1 0 0 )

2100 FORMAT( «$TYPE 1 FOR MORE ')
READ (5 ,3030)  IM 

3030 FORMAT (13)
RETURN
END

C ***PLOT THE DATA
SUBROUT INE SHOW (ARPL, XMAX, IFLAGB, IFLAGC, I  CH, YAVE, NGRAPH, M, VA, 

*NA ,MA,FF, IFLAGD ,IAL 1,1 AL2 ,B Z, B2Z ,EZ ,E2Z ,1 IZ ,1 PLOT, IDBPLO .YMAXS) 
INCLUDE 'LB: [1 ,5 ]  CGL.FTN'

C
DIMENSION ARPL(4 ,500)

C *** INDENTING THE LINES
L=0
IF(NA.EQ.MA)L=VA 

c *** CHANGING FOR ALTERNATE STIMULI
IAL=1
IF(NA.EQ.IAL1)IAL=2

C
IF(NA.EQ.IAL2)IAL=2

C
C *** CHANGING PLOTTING ORDER

IF(IIZ.EQ.1)ZZZ=4.0-FLOAT(K)
C *** AVERIGING THE VALUES

IF(IDBPLO.EQ.-2)THEN 
ICH=ICH 
YX=YMAXS 

ELSE
ICH=ICH 
YX=0.0 

ENDIF 
140 K=ICH

YAVE=0.0  
YAV=0.0 
DO 142 J=1,FF  
YAV=YAV+ABS(ARPL(K, J) )

142 CONTINUE
V , y a v e =y a v / f f
I t
C
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YY=2.0-FLOAT(K)
C
195 M=M+1

IF(IDBPL0.EQ.-2)M=1 
IF (IPLOT) 197 ,197 ,450  

450 CALL CGL(GDVS,'TI:' , 3 )
CALL CGL(GIVS,»GH: 1 .3 )
CALL CGL(GSVS, 'GH :' , 3 )
CALL CGL(GSWI,2)

197 CALL CGL(GSMKS.M.M)
CALL CGL(OfA2 , 1 0 . 0,Y)
IMAX=INT(XMAX)
DO 110 J=1,IMAX 
X=FL0AT(J*IAL) +L 
I F ( IFLAGC. EQ. 1 ) THEN

Y=YX+ZZZ+YY+ABS(ARPL(K,J))
ELSEIF( IFLAGB.EQ.1 ) THEN

Y =YX +Z ZZ+YY+AB S(ARPL(K, J ) /  (YAVE))
ELSE

Y=YX+ZZZ+YY+ABS (ARPL (K, J)  /  (ARPL (K ,l )  ) )  
ENDIF
CALL CGL(GMKA2,X,Y)

110 CONTINUE
READ ( 5 ,2 0 1 0 ) ITES 
IF (ITES .G E. 1 ) ICH=ITES 
IF (ITES) 5 2 ,5 3 ,1 4 0

52 CALL EXIT
53 RETURN 
C
C *** FORMAT STATEMENTS
2010 FORMAT(13)

END
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