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Owing to  th e  n a tu re  o f  th e  ex p e r im e n ta l  p ro ced u res  used ,  most 

o f  t h e  r e s e a r c h  r e p o r te d  in  t h i s  t h e s i s  has  "been done in  c o l l a b o r a t io n  

w i th  o th e r  members o f  t h i s  d epartm en t .  However th e  a t tem p ted  e x t r a c t i o n  

o f  t r a n s m i t t e r  s u b s ta n c e s  from c e n t r a l  nervous  t i s s u e  (S e c t io n  I  G- ( v ) ) ,  

the  r e s u l t s  o f  S ec t io n  I I  C embodying th e  use o f  s t ry c h n in e  and IIP 13 and 

p o r t io n  of th e  design and c o n s t ru c t io n  o f  th e  equipment used in  S ec t io n  

I I I  a r e  my own o r i g i n a l  work.
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1 .

GENERAL INTRODUCTION

I t  i s  now g e n e ra l ly  a c c ep ted  th a t  s y n a p tic  tra n s m is s io n  in  

th e  s p in a l  cord  ta k e s  p la ce  hy th e  r e le a s e  o f chem ical su b s ta n c e s  from  

the p re s y n a p tic  te r m in a l s .  The n a tu re  and mode o f a c t io n  o f th e se  

t r a n s m i t t e r  su b s ta n c e s  to g e th e r  w ith  th e  f a c t o r s  c o n t r o l l in g  t h e i r  

r e le a s e  a re  th e re f o r e  o f  g r e a t  s ig n i f i c a n c e ,  and t h i s  t h e s i s  p re s e n ts  

th e  r e s u l t s  o f th r e e  l i n e s  o f i n v e s t ig a t io n ,  each  d i r e c te d  a t  an a sp e c t 

of s y n a p tic  tra n s m is s io n  betw een th e  neu ro n es o f th e  s p in a l  co rd .

The f i r s t  i s  concerned  w ith  p h a rm aco lo g ica l s tu d ie s  on 

s p in a l  r e f l e x e s .  In  p a r t i c u l a r ,  th e  e f f e c t s  of p h a rm aco lo g ica l a g e n ts  

o p e ra t in g  on th e  chem ical t r a n s m i t t e r  mechanisms o f p e r ip h e ra l  ju n c tio n s  

have been s tu d ie d  in  an a tte m p t to  d e term ine  w hether th e y  a ls o  have 

a c t io n s  a t  c e n t r a l  sy n a p se s . The second s e c tio n  r e p o r t s  in v e s t ig a t io n s  

w hich e s t a b l i s h  t h a t  te ta n u s  to x in  and s try c h n in e  have a  p o te n t d e p re s s 

a n t a c t io n  on th e  v a r io u s  in h ib i to r y  mechanisms o f th e  s p in a l  cord  and 

w hich s tro n g ly  su g g es t t h a t  t h i s  a c t io n  i s  s p e c i f i c a l l y  e x e r te d  in  

r e l a t i o n  to  th e  i n h i b i to r y  t r a n s m i t t e r  su b s ta n c e . The l a s t  s e c t io n ,  

b ased  upon an e le c t r o p h y s io lo g ic a l  d e te rm in a tio n  o f th e  p r o p e r t ie s  o f 

th e  m otoneuronal membrane, c o n s id e rs  th e  a c tu a l  tim e course  o f th e  

e x c i ta to r y  and in h i b i to r y  t r a n s m i t t e r  a c t io n s  on s p in a l  m otoneurones. 

T h is  l a t t e r  s e c tio n  a ls o  in c lu d e s  a  s tudy  o f th e  enhanced r e le a s e  o f 

th e  t r a n s m i t t e r  su b s ta n c e s  w hich i s  observed  when t e s t  s t im u li  a re  

a p p lie d  a f t e r  t e t a n i c  a c t iv a t io n  o f th e  pathw ays concerned .

I t  i s  co n v en ien t a t  t h i s  s ta g e  to  d is c u s s  b r i e f l y  th re e  

p r in c ip le s  w hich may be p o s tu la te d  in  an a tte m p t to  g ive  some o rd e r  

to  th e  many problem s r e l a t i n g  to  th e  o p e ra tio n  o f  chem ical t r a n s m i t t e r s
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a t  c e n t r a l  sy n ap ses .

The f i r s t  may be c a l l e d  D a le ’ s p r i n c i p l e ,  f o r  in  1935*

Dale s t a t e d  t h a t  any one c l a s s  o f  nerve c e l l  o p e r a te s  a t  a l l  o f  i t s  

synapses  by the  same chem ical t r a n s m i t t e r  s u b s ta n c e .  T h is  p r i n c i p l e  

stems from th e  m e ta b o l ic  u n i ty  of a  s in g le  c e l l  which ex ten d s  to  a l l  

of i t s  p ro c e s s e s .  I t  i s  p robab le  t h a t  th e  s y n a p t ic  v e s i c l e s  and th e  

m ito ch o n d r ia  o f  th e  t e r m in a l s  a l l  d e r iv e  u l t i m a t e l y  from the  n u c le u s  

and c e l l  body (Young, 1956).  An i n t e r e s t i n g  example o f  t h i s  p r in c i p l e  

i s  p rov ided  by th e  motoneurone, which a c t s  by th e  l i b e r a t i o n  o f  a c e t y l 

cho l ine  b o th  a t  th e  motor nerve end ings  on muscle f i b r e s  and a t  th e  

s y n a p t ic  en d in g s  o f  axon c o l l a t e r a l s  on Renshaw c e l l s  ( c f .  S ec t io n  ID ) .

A f u r t h e r  consequence i s  t h a t  th e  group l a  a f f e r e n t  f i b r e s  from muscle 

w i l l  be a c t i n g  by th e  same e x c i t a t o r y  subs tance  a t  the s y n a p t ic  end ings  

t h a t  th e y  make w i th  t h r e e  d i f f e r e n t  c l a s s e s  o f  nerve c e l l s ,  m otoneurones, 

group l a  in t e rm e d ia te  c e l l s  and the  neu rones  o f  C la r k e ’s column. D a le ’ s 

p r in c i p l e  has  been u t i l i z e d  in  an a t te m p t to  t e s t  c e n t r a l l y  a c t iv e  

s u b s ta n c e s  i s o l a t e d  from d o r s a l  r o o t  f i b r e s  ( c f .  S ec t io n  I  G ( i i i )  and 

( v ) ) .  A ccording  to  th e  p r i n c i p l e ^ th e  chem ica l compound r e l e a s e d  from 

th e  p e r ip h e r a l  c o l l a t e r a l  b ran ch e s  of c e r t a in  prim ary  a f f e r e n t  f i b r e s  

d u r in g  th e  axon r e f l e x ,  and r e s p o n s ib le  f o r  th e  v a s o d i l a t i o n ,  should  

a l s o  be r e l e a s e d  from th e  s y n a p t ic  t e r m in a l s  o f  th e s e  f i b r e s  w i th in  

th e  s p in a l  co rd .

The second p r i n c i p l e  i s  t h a t  any one t r a n s m i t t e r  su b s tan ce  

alw ays has  th e  same s y n a p t ic  a c t i o n ,  i . e .  e x c i t a t o r y  or i n h i b i t o r y ,  a t  

a l l  synapses  on nerve  c e l l s .  A ccording  to  t h i s  p o s tu la t e d  p r i n c i p l e ,
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any one nerve  c e l l  w i l l  fu n c t io n  e x c lu s iv e ly  e i t h e r  in  an e x c i t a t o r y  

or in  an i n h i b i t o r y  c a p a c i ty  a t  a l l  of i t s  s y n a p t ic  t e r m i n a l s .  I t  

has been found t h a t  in  a l l  the  s p in a l  i n h i b i t o r y  pathways t h a t  have 

been in v e s t i g a t e d  ( c f .  S ec t io n  I I ) ,  th e  s y n a p t ic  i n h i b i t o r y  a c t io n  

on motoneurones i s  e x e r t e d  by a  sh o r t-ax o n  in te rn e u ro n e  -  th e  ” i n h i b i 

to r y  neurone” . B efo re  t h i s  r e c e n t  d is c o v e ry  i t  was p o s tu l a t e d  t h a t  

group l a  a f f e r e n t  im pu lses  e x e r t e d  a  d i r e c t  i n h i b i t o r y  a c t io n  on moto

neurones  by m ed ia tion  o f  th e  same t r a n s m i t t e r  t h a t  e x e r t e d  a  s y n a p t i c  

e x c i t a t o r y  a c t io n  on o th e r  m otoneurones ( c f .  E c c le s ,  1953)* s p e c i a l i s 

a t io n  of th e  r e s p e c t i v e  su b sy n a p tic  membranes a c c o u n t in g  f o r  th e  i n 

h i b i t o r y  or th e  e x c i t a t o r y  a c t i o n .  The p resence  o f  th e  s p e c i a l i s e d  

in te rn e u ro n e  in  th e  d i r e c t  i n h i b i t o r y  pathway r e n d e r s  such a  p o s tu l a t e  

u n n e c e ssa ry .  Moreover th e  s p e c i f i c  a c t io n  on the  i n h i b i t o r y  t r a n s 

m i t t e r  mechanism of such a g e n ts  a s  t e t a n u s  to x in  and s t ry c h n in e  i n d i c a t e s  

t h a t  the  e x c i t a t o r y  and i n h i b i t o r y  s y n a p t ic  t r a n s m is s io n s  a re  m ed ia ted  

by d i f f e r e n t  s u b s ta n c e s .

m ediate  neu rones  and th e  o th e r  in t e rm e d ia te  neu rones  on th e  i n h i b i t o r y  

pathways f o r  group l b  and cu taneous  im pu lses  (S e c t io n  I I ) a re  neu rones  

t h a t  a re  e x c lu s iv e ly  i n h i b i t o r y  in  fu n c t io n  w h i l s t  th e  d o r s a l  r o o t  

gang lion  c e l l s  w i th  t h e i r  prim ary  a f f e r e n t  f i b r e s ,  neurones  o f  ascend 

in g  and d escen d in g  lo n g  t r a c t s ,  motoneurones and many in t e r n e u r o n e s  can 

p robab ly  be c l a s s i f i e d  a s  ’’e x c i t a t o r y  neu rones” .

The t h i r d  p o s t u l a t e ,  which i s  a s  y e t  p u re ly  s p e c u la t i v e ,  i s  

a s  y e t  p u re ly  s p e c u la t iv e ,  i s  t h a t  any one nerve c e l l  re sp o n d s  to  one

The Renshaw c e l l s  (S e c t io n s  I  and I I ) ,  th e  group l a  i n t e r -

V i
r-ji
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e x c i t a t o r y  su b s tan ce  only  and i s  i n h i b i t e d  by one i n h i b i t o r y  s u b s ta n c e .

At th e  neurom uscu lar  ju n c t io n  th e r e  i s  no ev idence  of any e x c i t a t o r y  sub

s ta n c e  o th e r  th an  a c e t y l c h o l i n e ,  and w ith  smooth m uscle , no ev idence 

t h a t  b o th  a c e ty lc h o l in e  and a d re n a l in e  have th e  same e x c i t a t o r y  e f f e c t  

on any one f i b r e .  A lthough c lo s e ly  r e l a t e d  su b s ta n c e s  may o p e ra te  in  

th e  same fa s h io n  on c e l l s ,  a s  has  been shown to  occur f o r  th e  p e r ip h e r a l  

a c t i o n s  o f  a d r e n a l in  and n o r - a d r e n a l in  (E u le r ,  1954) th e r e  a re  no 

in s t a n c e s  o f  c e l l s  capable  o f  g iv in g  the  same re sp o n se  to  two d i s s i m i l a r  

t r a n s m i t t e r s .  However Lundberg (l955)> r e c o r d in g  from th e  c e l l s  o f  th e  

s u b m ax i l la ry  g la n d ,  has  shown t h a t  th e  same p o t e n t i a l  change may be 

re c o rd e d  from th e  one c e l l  fo l lo w in g  th e  impingement on i t  o f  im pu lses  

in  b o th  th e  p a ra sy m p a th e t ic  and th e  sym pa the tic  f i b r e s .  D i f f e r e n t  

r e c e p t o r s  a re  in v o lv e d ,  f o r  th e  p a ra sy m p a th e t ic  response  i s  e f f e c t i v e l y  

b locked  by a t ro p in e  w h i l s t  th e  sym pathe tic  re sp o n se  co n t in u e s  u n a l t e r e d .  

The complex n a tu re  o f  th e se  c e l l s  and t h e i r  e l e c t r i c a l  r e s p o n s e s ,  

sugges t t h a t  im pu lses  in  th e se  two groups o f  f i b r e s ,  o p e ra t in g  by 

d i f f e r e n t  chem ical t r a n s m i t t e r s ,  may a c t i v a t e  d i f f e r e n t  s e c r e to r y  

p ro c e s s e s .

There i s  good e x p e r im e n ta l  ev idence  f o r  th e  f i r s t  of th e s e  

two p r i n c i p l e s  b u t  th e  t h i r d  a s  y e t  la c k s  any d i r e c t  ex p e r im e n ta l  

s u p p o r t .  I t  w i l l  be p o s s ib le  to  t e s t  i t  a d e q u a te ly  o n ly  when c e n t r a l  

e x c i t a t o r y  and i n h i b i t o r y  t r a n s m i t t e r  s u b s ta n c e s  have been i s o l a t e d .  

F u r th e r  d is c u s s io n  o f  th e  problem s r a i s e d  by th e se  p r i n c i p l e s  w i l l  be 

resumed in  th e  c o n c lu s io n  and summary of  t h i s  t h e s i s .
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SECTION 1 « PHARMACOLOGICAL STUDIES UPON SPINAL REFLEXES.

(A) INTRODUCTION

I t  i s  proposed in  t h i s  s e c t io n  t o  rev iew  b r i e f l y  some of th e  

more r e c e n t  i n v e s t i g a t i o n s  and t o  p re s e n t  some r e s u l t s  concerned w ith  

th e  e f f e c t s  of d rugs  on s p in a l  r e f l e x e s .  There i s  now conv inc ing  

ev idence t h a t  th e  t r a n s m is s io n  a t  synapses  in  th e  c e n t r a l  nervous 

system t a k e s  p lace  by means of chem ical t r a n s m i t t e r  s u b s ta n c e s  ( c f .

E c c le s ,  1953; F a t t ,  1954; P e r ry ,  1956).  Not only  i s  t h i s  l i k e l y  

when the  chem ical n a tu re  of p e r ip h e r a l  s y n a p t ic  mechanisms i s  c o n s id 

e re d ,  bu t the  more r e c o n t  s tu d i e s  o f  the  r e s p o n s e s  of c e l l s  u s in g  

m ic r o - e le c t r o d e s  f o r  i n t r a c e l l u l a r  r e c o r d in g  make u n te n a b le  th e  

p o s tu la t e  t h a t  s y n a p t ic  a c t io n  i s  due to  th e  flow  of e l e c t r i c  c u r r e n t s  

g e n e ra te d  by p r e s y n a p t i c  im pu lses  (Brock, Coombs & E c c le s ,  1952;

B u llo ck  & Hagiwara, 1956; Coombs, E c c le s  & F a t t ,  1955b, 1955c, 1955d).

As y e t  t h e r e  i s  no ev idence  a s  to  th e  n a tu re  o f  the  chem ical su b s tan ces  

r e s p o n s ib le  f o r  s y n a p t ic  t r a n s m is s io n  in. th e  s p in a l  c o rd .  The problem s 

in v o lv ed  in  t h e i r  i s o l a t i o n  and t e s t i n g  a re  c o n s id e ra b le  ( c f .  Gaddum, 

1955). However i t  was a  n a t u r a l  conseo;uence o f  th e  d is c o v e ry  of th e  

p e r ip h e r a l  r o l e  o f  a c e ty lc h o l in e  and a d re n a l in e  t h a t  th e  e f f e c t s  upon 

s p in a l  t r a n s m is s io n  o f  th e se  and r e l a t e d  su b s ta n c e s  were s tu d ie d  a t  

an e a r ly  s t a g e .  A wide range  of su b s ta n c e s  h a s  been t e s t e d  in  an 

a t tem p t t o  f i n d  chem ica l compounds w ith  s p e c i f i c  a c t io n s  on s p in a l  

n eu ro n es .  The i n v e s t i g a t i o n s  d e s c r ib e d  h ere  have been con f in ed  to  

s p in a l  r e f l e x e s ,  f o r  i t  i s  c o n s id e re d  t h a t  th e s e  r e f l e x e s  a re  s u f f i c i e n t l y  

w e ll  u n d e rs to o d  f o r  a  p r e c i s e  exam ination  to  be made o f  th e  p r o p e r t i e s  

of the s y n a p t ic  mechanisms in v o lv e d .
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(B) METHODS

In  t h i s  i n v e s t i g a t i o n  m onosynaptic  r e f l e x e s  have "been re c o rd e d  

from lumbar v e n t r a l  r o o t s  fo l lo w in g  s t im u la t io n  of th e  co rre sp o n d in g  

d o r s a l  r o o t .  The ex p er im en ts  have been perform ed on th e  sev en th  lumbar 

( I ? )  and f i r s t  s a c r a l  ( S i )  segments of the  s p in a l  cord  o f  the  c a t  under 

l i g h t  p e n t o b a r b i t a l  a n a e s t h e s i a .  A l l  o th e r  d o r s a l  r o o t s  on b o th  s id e s  

o f  the  co rd  from th e  second lumbar to  t h i r d  s a c r a l  segments were c ru shed ,  

w i th o u t  damaging th e  nearby  b lood  v e s s e l s ,  in  o rd e r  to  e l im in a te  com pli

c a t io n s  which th e  i n j e c t i o n s  may evoke by d is c h a rg e s  from r e c e p to r  

o rg a n s .  The SI and L7 v e n t r a l  r o o t s  were s e c t io n e d ,  l e a v in g  th e  accom

pany ing  a r t e r i e s  i n t a c t .  The s p in a l  cord  was t r a n s e c t e d  a t  th e  th o r a c o 

lumbar ju n c t io n .

S ince the  e f f e c t s  of drugs were o f te n  f l e e t i n g ,  maximal 

m onosynaptic  r e f l e x e s  were e l i c i t e d  a s  f r e q u e n t l y  a s  every  second or 

even tw ic e  a  second. O c c a s io n a l ly  th e  t e s t i n g  r e f l e x  was f a c i l i t a t e d  

by an e a r l i e r  submaximal e x c i t a t o r y  v o l l e y  in  o rd e r  to  o b ta in  a s t a b l e  

r e c o r d .  In  s e v e r a l  experim en ts  th e  s t im u lu s  i n t e n s i t y  was in c re a s e d  so 

t h a t  p o ly s y n a p t ic  r e f l e x e s  cou ld  a l s o  be r e c o rd e d .  A l t e r n a t i v e l y  th e s e  

r e f l e x e s  were re c o rd e d  from an a d ja c e n t  segment in  th e  absence o f  a 

m onosynaptic  re sp o n se  ( c f .  D ig . 1 9 ) .

I n t r a - a r t e r i a l  i n j e c t i o n s  were made i n t o  th e  low er a o r t a  w ith  

a  po ly thene  cannu la  i n s e r t e d  v i a  the  r i g h t  fem o ra l  and r i g h t  e x t e r n a l  

i l i a c  a r t e r i e s .  A l l  the  b ran ch e s  of the  a o r t a  below the  r e n a l  a r t e r i e s  

were l i g a t e d  w ith  th e  ex ce p t io n  o f  th e  lumbar a r t e r i e s  a s  shown in  P ig .  1 .  

D uring  the  exposure of th e  s p in a l  cord  a s  many a s  p o s s ib le  o f  th e  b ranches  

o f  th e s e  v e s s e l s  su p p ly in g  th e  lumbar m uscles  were l i g a t e d ,  bu t i t  was
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im p o r tan t  to  p re se rv e  the  b lood  supply  o f  th e  lu m b o -sa c ra l  segments of 

th e  s p in a l  cord  by l e a v in g  i n t a c t  the  r a d i c u l a r  a r t e r i e s  accompanying 

th e  v e n t r a l  r o o t s .  U su a l ly  th e re  was one v e s s e l  accompanying each r o o t ,  

bu t in  s e v e r a l  p r e p a r a t io n s  one l a r g e r  a r t e r y  s u p p l ie d  two segm ents .

The po ly th en e  cannula, was f lu s h e d  from tim e to  tim e w ith  s a l i n e  c o n ta in in g  

h ep ar in  and th e  s p i n a l  cord  c i r c u l a t i o n  was o c c a s io n a l ly  checked by th e  

in je c t io n ,  o f  1:1000 Evans b lu e  s o lu t io n  in  s a l i n e ,  which under th e  m icro 

scope could  be seen to  flow th ro u g h  th e  segm ental a r t e r i e s  and th e n  th e  

d o r s a l  s u r fa c e  v e i n s .  The c a r o t id  b lood  p re s s u re  was re c o rd e d  w ith  a 

mercury manometer and th e  anim al r e c e iv e d  100 u n i t s  o f  H eparin  p e r  k i l o  

every  3-4 h o u rs .

The a r t e r i a l  i n j e c t i o n s  were of c o n s ta n t  volume ( l c c )  and made 

a t  a  f a i r l y  c o n s ta n t  r a t e  ( l c c  in  2 seconds)»  U su a l ly  in  any one s e r i e s ,  

f i v e  c o n t r o l  r e f l e x e s  were photographed p r i o r  to  th e  i n j e c t i o n .  In  

o rd e r  t o  secu re  a  c o n t ro l  l e v e l  o f  th e  r e f l e x  sp ike h e ig h t ,  th e  r e f l e x  

was re c o rd e d  on th e  low er beam o f  a  two beam o s c i l lo s c o p e  and th e  upper 

beam a d ju s t e d  u n t i l ,  over a. p e r io d  o f  s e v e r a l  m inu tes  i t  was a t  th e  

l e v e l  of th e  average r e f l e x  sp ike  ( c f .  E ig .  2 ) .  On account of random 

f l u c t u a t i o n s  th e  f i v e  ” c o n t ro l” r e f l e x e s  a s  i l l u s t r a t e d  ( c f .  P i g s .  5 and 

l l )  d id  no t e x a c t ly  conform to  t h i s  average  sp ike  h e ig h t  which has  been 

d e s ig n a te d  100$ in  f i g u r e s  such a s  P ig .  3 . No re sp o n se  was ev e r  o b ta in e d  

w ith  i n j e c t i o n s  o f  p h y s io lo g ic a l  s a l i n e  o r  b u f f e r e d  R inger-L ocke s o l u t i o n .  

The d rugs  u sed  were d i s s o lv e d  in  a  b u f f e r e d  R inger-Locke o f  pH 6.9 -  7*1 

and th e  i n j e c t e d  s o l u t i o n s  were in  t h i s  pH r a n g e .  Both  a c e ty lc h o l in e  

c h lo r id e  and bromide (Hoffmann-La Roche) were used and gave the  same 

r e s u l t s .  N ic o t in e  was used  a s  th e  pure a l k a l o i d .
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(c) PREVIOUS INVESTIGATIONS OP CHOLINERGIC TRANSMISSION IN THE SPINAL 

CORD.

The numerous investigations upon spinal reflexes with substances 

having known effects at peripheral cholinergic junctions have been 

summarized by Feldberg (1945, 1950)• The great variability and often 

contradictory nature of the results of some of these investigations 

are partly explicable by the various types of preparation used, for very 

few workers established that the effects produced were due to a direct 

action of the drug investigated on the spinal cord.

The findings of Brown and Gray (1948) did not directly impli

cate acetylcholine as the transmitter involved at peripheral sensory 

endings, but nevertheless showed that nicotine and acetylcholine, when 

injected into the arterial system of both skin and mesentery, caused a 

discharge in the afferent nerves of the injected area. This was thought 

to be due to an action upon the actual nerve terminations and was not 

blocked by atropine, Armstrong, Dry, Keele & Markham (1953) investi

gated pain-producing agents after application to the exposed base of 

a cantharidin blister, and found that pain could be produced peripherally 

by the action of acetylcholine, histamine and serotonin. Similar find

ings have been reported by Buchthal (1954). In view of the peripheral 

action of these drugs, the early reports of the effects of nicotine and 

acetylcholine on the spinal cord, especially when administered intra

venously (Feldberg & Minx, 1932; Schweitzer & Wright, 1937 a & c, 1938), 

must be viewed with caution. Similarly, results are of doubtful signifi

cance when injections were made into some arterial system other than that 

of the spinal cord (McKail, Obrador & Wilson, 1941; Calma & Wright, 1944).
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The special perfusion system of Bulhring & Burn (l94l) excluded the 

muscles from which flexor and extensor reflexes were recorded, hut 

did not exclude the possibility that the reflexes would be influenced 

by discharges from receptors in areas of skin and muscle which derived 

blood from the spinal perfusion system.

In an attempt to overcome some of these problems, Bulbring,

Burn & Skoglund (1948) developed a method of applying drugs directly to 

the lumbar cord by injection into the arterial system. The effects of 

the stimulation of peripheral afferent fibres were prevented by deafferen- 

tation of the spinal cord. They were able to evoke flexion movements 

of the hind limbs with intra-arterial injections of acetylcholine and to 

modify reflexes elicited by medullary stimulation (Skoglund, 1947)*

The results are complex and often so conflicting that full assessment 

is impossible. One main finding was, however, that acetylcholine and 

adrenaline had opposite effects. Feldberg, Gray and Perry (1953) 

investigated the effects of intra-arterial injection of acetylcholine 

into the upper cervical segments of the spinal cord. The consequent 

spontaneous activity recorded from ventral roots and the modification of 

polysynaptic reflexes led to the suggestion that there were cholinergic 

synapses on polysynaptic pathways from dorsal to ventral roots. However 

no account was taken of the possibility that the injection would stimulate 

receptor organs and so reflexly act on the spinal cord.

Acetylcholine has been applied in solution to the dorsal surface 

of the spinal cord (Bernhard, Skoglund and Therman, 1947). These results 

are of doubtful significance, but gäbe the same conclusions as those 

experiments performed earlier (Bulbring et al., 1948) using intra-arterial
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i n j e c t i o n s .  Kennard (1953) i n v e s t i g a t e d  the  e f f e c t  o f  i n j e c t i n g  a c e t y l 

c h o l in e  d i r e c t l y  in t o  th e  co rd , bu t h i s  method o f  r e c o r d in g  from whole 

muscle m asses could account f o r  h i s  i n d e f i n i t e  r e s u l t s .  I n v e s t i g a t i o n s  

w ith  n i c o t in e  (L ib e t  & G erard , 1938; S ch w eitze r  & V r ig h t ,  1938; B u lb r in g  

& B urn , 194-1; van H arrev e ld  & F e ig e n ,  194-8 and Taugner & Culp, 1953) 

su g g es t  t h a t  t h i s  drug h as  th e  same a c t io n  on s p in a l  r e f l e x e s  a s  has  

a c e t y l c h o l i n e :  B u lb r in g  and Bum ( l 9 4 l )  found  t h a t  ca rbam ino -cho line  and 

a c e ty l -3 -m e th y lc h o l in e  had a c t io n s  re se m b l in g  th o s e  o f  a c e ty l c h o l i n e .

Of the  a n t i c h o l i n e s t e r a s e s ,  e s e r in e  and p ro s t ig m in  have been, 

i n v e s t i g a t e d  to  the  g r e a t e s t  e x t e n t .  F e ld b e rg  (1950) su g g es ted  t h a t  

b o th  th e se  su b s ta n c e s  a c t  a s  a n t i c h o l i n e s t e r a s e s  when in  sm all d o ses ,  

bu t in  l a r g e r  doses may have ’’d i r e c t ” e f f e c t s .  E v idence f o r  a  c e n t r a l  

a c t io n  o f  th e s e  s u b s ta n c e s  i s  c o n fu s in g .  Calma and W right (1947) 

i n j e c t e d  e s e r in e  in to  th e  s p in a l  th e c a  p ro d u c in g  an in c r e a s e  in  the  

knee j e rk  and c ro ssed  e x te n so r  r e f l e x ,  b u t  th e  e f f e c t s  on f l e x o r  r e f l e x e s  

were v a r i a b l e .  They i n t e r p r e t e d  t h e i r  r e s u l t s  p a r t l y  in  th e  l i g h t  o f  an 

e a r l i e r  h y p o th e s i s  (S c h w e itz e r ,  W right & Stedman, 1938) in  which a c e t y l 

ch o l in e  was p o s tu la te d  to  be a  u n i v e r s a l  t r a n s m i t t e r ,  th e  observed  

e f f e c t  o f  i n h i b i t i o n  o r  e x c i t a t i o n  depending  on th e  c o n c e n t r a t io n .  T h is  

h y p o th e s i s  was evoked to  ex p la in  th e  d i f f e r e n c e s  in  a c t io n  between t e r 

t i a r y  and q u a te rn a ry  ammonium a n t i c h o l i n e s t e r a s e s /  Calma (1949) a p p l ie d  

p ro s t ig m in  i n t r a t h e c a l l y  and found t h a t  f l e x o r  r e f l e x e s  were g e n e r a l ly  

i n c r e a s e d .  The i n t r a - a r t e r i a l  i n j e c t i o n  e x p e r im en ts  o f  F e ld b e rg  e t  a l .  

(1953) dem onstra ted  t h a t  e s e r in e  behaved v e ry  s i m i l a r l y  to  a c e ty lc h o l in e  

in  i n c r e a s i n g  th e  p o ly s y n a p t ic  d i s c h a r g e .  More r e c e n t l y  T averner  (1954),

u s in g  an i n t r a - a r t e r i a l  method o f  a p p ly in g  e s e r in e  t o  th e  lumbar cord
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o f  th e  c a t ,  found t h a t  p o ly s y n a p t ic  and monosynaptic e x te n s o r  r e f l e x e s  

were in c r e a s e d ,  whereas f l e x o r  m onosynaptic  r e f l e x e s  were d e p re s s e d .

These e f f e c t s  were a b o l is h e d  by a t r o p i n e .

O th e r  a n t i c h o l i n e s t e r a s e s  have n o t  been so e x t e n s iv e ly  i n v e s t i 

g a t e d .  Chennels , F loyd  and W right (1949 ) found t h a t  HETP and TEPP had 

c e n t r a l  e x c i t a t o r y  a c t io n s  s im i la r  to  th o s e  of e s e r in e  and DFP (C hennels  

& W rig h t ,  1947 ; Chennels, F loyd  and W rig h t ,  1951).  These f i n d i n g s  

caused  a  r e v i s i o n  o f  t h e i r  e a r l i e r  p o s t u l a t e  t h a t  such l i p o i d  in s o lu b le  

compounds were c e n t r a l  d e p r e s s a n ts .  The same d i f f i c u l t y  a r i s e s  from th e  

r e s u l t s  of Holm stedt and Skoglund (1955)? who found t h a t  i n t r a - a r t e r i a l  

i n j e c t i o n s  o f  labun  f a c i l i t a t e d  m onosynaptic  f l e x o r  r e f l e x e s ,  i n h i b i t e d  

e x te n s o r  r e f l e x e s  and had a v a r i a b l e  e f f e c t  on p o ly s y n a p t ic  r e f l e x e s ,  

depend ing  on th e  dose u sed .  The p o s s i b i l i t y  o f  c e n t r a l  a c t i o n  due to  

th e  s t im u la t io n  of r e c e p to r  o rgans  was ex c lu d ed ,  and e f f e c t s  were o b ta in e d  

w i th  doses  f a r  l e s s  than  th o se  n e c e s s a ry  i f  in t r a v e n o u s  a d m in i s t r a t i o n  

had been u s e d .  The a c t io n  was slow in  o n s e t ,  a s  would be expec ted  from 

an a n t i c h o l i n e s t e r a s e .  I t  i s  however u n c e r t a in  t h a t  th e s e  i r r e v e r s i b l e  

i n h i b i t o r s  o f  c h o l in e s te r a s e  a re  a c t i n g  by v i r t u e  o f  t h e i r  a n t i c h o l i n e s 

t e r a s e  a c t i v i t y ,  f o r  Holmstedt (1954) r e p o r t s  t h a t  under s i m i l a r  circum 

s ta n c e s  DFP in c re a s e d  b o th  monosynaptic and p o ly s y n a p t ic  r e f l e x e s .

The blockage of t h e  c e n t r a l  e f f e c t s  of a c e ty l c h o l i n e ,  e s e r in e  

and p ro s t ig m in e  by a t ro p in e  a re  common f i n d i n g s  (S ch w e itz e r  and W righ t ,  

1937a and 1937c; Calma & W righ t,  1944; B u lb r in g  & Burn, 1 9 4 l ) ,  a l th o u g h  

c o n t r a r y  r e s u l t s  have been r e p o r te d  (M erli.s  & Lawson, 1939)« B u lb r in g  

& Burn ( l 9 4 l )  were unable however to  a b o l i s h  th e  c e n t r a l  e f f e c t s  of 

n i c o t i n e  w i th  a t r o p i n e .  I t  i s  i n t e r e s t i n g  in  t h i s  r e g a rd  t h a t  M arrazz i
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(1953) found t h a t  a t ro p in e  b locked  the  e f f e c t  o f  a c e ty l c h o l in e  on c e r t a in  

c o r t i c a l  n e u ro n e s ,  B ernhard  and T averner  (1 9 5 1 ) ,  B ernhard ,  T ave rne r  & 

Widen ( l 9 5 l )  and B ern h ard ,  G-ray and Widen (1953) have found t h a t  an 

in t r a v e n o u s  i n j e c t i o n  o f  L - tu b o c u ra r in e  in c re a s e d  th e  m onosynaptic  

e x te n s o r  r e f l e x ,  w h ile  th e  p o ly s y n a p t ic  r e f l e x e s  were u n a l t e r e d ,  which 

i s  in  c o n t r a s t  w i th  e a r l i e r  work by N aess (1950) who was unable  t o  

d em onstra te  any e f f e c t  on th e s e  r e f l e x e s  by the  same d rug .

The f o r e g o in g  b r i e f  summary of th e  r e c e n t  l i t e r a t u r e  demon

s t r a t e d  th e  co n fu s in g  r e s u l t s  produced by d i f f e r e n t  ty p e s  of ex p er im en t .

I t  i s  hov;ever f a i r l y  e v id e n t  t h a t ,  when a d m in is te re d  by i n t r a - a r t e r i a l  

i n j e c t i o n  and even in t r a v e n o u s ly  i f  the  c h o l in e s t e r a s e  i s  i n a c t i v a t e d ,  

a c e ty l c h o l in e  d e p re s s e s  m onosynaptic e x te n so r  r e f l e x e s  (S ch w e itz e r  & 

W r ig h t ,  1937a, c; 1938; B u lb r in g  & Burn, 1 9 4 l ) .  N ic o t in e  has  a  s im i l a r  

e f f e c t  (van H arrev e ld  & F e ig e n ,  1948; Taugner & Culp, 1953).  B oth  

d rugs  have a  v a r i a b l e  e f f e c t  on f l e x o r  r e f l e x e s  bu t u s u a l l y  a  p o t e n t i a t i o n  

o c c u r s .  I t  h a s  been shown t h a t  bo th  o f  th e s e  s u b s ta n c e s  can s t im u la te  

p e r ip h e r a l  r e c e p t o r s ,  e s p e c i a l l y  those  concerned  w ith  p a in .  In  many 

of th e  e x p e r im e n ts ,  no allow ance has  been made f o r  t h i s  p o s s i b i l i t y  

and i t  i s  s u g g e s te d  t h a t  the e f f e c t s  produced by i n t r a - a r t e r i a l  i n j e c t i o n  

may a r i s e  on account o f  the  c e n t r a l  a c t i o n s  o f  im pu lses  g e n e ra te d  in  

t h i s  manner. By chem ical s t im u la t io n  o f  r e c e p t o r s ,  im pu lses  cou ld  be 

s e t  up in  th e  group I I  or I I I  muscle a f f e r e n t  f i b r e s  and in  cu taneous  

a f f e r e n t  f i b r e s  which would be ex p ec ted ,  in  g e n e r a l ,  to  have a  c e n t r a l  

e x c i t a t o r y  a c t io n  upon f l e x o r  motoneurones and  an i n h i b i t o r y  ac tion , 

upon e x te n s o r  motoneurones (Lloyd, 1946).

F e ld b e rg  (1945 & 1950) has su g g e s te d  t h a t  th e  p resen ce  o f
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a c e ty l c h o l in e  and c h o l in e s t e r a s e  in  c e n t r a l  nervous  t i s s u e  to g e th e r  

w i th  th e  a b i l i t y  o f  such t i s s u e  to  s y n th e s iz e  and r e l e a s e  a c e ty l c h o l in e  

p ro v id e  s t r o n g  ev idence  t h a t  a c e ty lc h o l in e  i s  a  m ajor t r a n s m i t t e r  in  

th e  c e n t r a l  nervous  system . T h is  id e a  has been ex tended  and h as  l e d  to  

th e  th e o ry  o f  a l t e r n a t e  c h o l in e r g ic  and n o n -c h o l in e rg ic  t r a n s m is s io n ,  

which has been, based  m ainly  on the  d i s t r i b u t i o n  of a c e ty l c h o l i n e ,  c h o l in 

e s t e r a s e  and ch o l in e  a c e t y l a s e (F e ld b e rg  & V ogt, 1948; Fe ldber 'g ,  H a r r i s  

and L in ,  1951; F e ld b e rg ,  1954-)• The r e l e v a n t  f a c t s  f o r  the  s p in a l  cord  

can be summarized a s  f o l lo w s .  A c e ty lc h o l in e  i s  uneven ly  d i s t r i b u t e d  

(M acin tosh , 194 l )  and i s  m ainly  con fin ed  to  th e  g rey  m a t t e r .  P rim ary  

a f f e r e n t  f i b r e s  in  d o r s a l  r o o t s ,  and th e  d o r s a l  column and th e  m edu lla ,  

and th e  pyram idal t r a c t  co n ta in  l i t t l e  or no a c e ty lc h o l in e  w hereas h igh  

c o n c e n t r a t i o n s  occur in  the  a n t e r i o r  r o o t s .  T h is  d i s t r i b u t i o n  i s  a lm ost 

i d e n t i c a l  w i th  t h a t  of c h o l in e  a c e ty l a s e  (F e ld b e rg  & V ogt, 1948; F e ld b e rg ,  

e t  a l . ,  1951; Wolfgram, 1954)* O r i g i n a l l y  l o c a l i z a t i o n  o f  c h o l in e s t e r a s e  

was dependent on th e  m acroscopic h y d r o ly s i s  o f  a c e ty l c h o l in e  ( c f .  F e ld 

b e rg ,  1945, Table 2 ) ,  b u t  has  now ga ined  p r e c i s i o n  w i th  th e  h is to c h e m ic a l  

methods o f  K o e l l e .  S e p a ra t io n  i n t o  t r u e  o r  a c e t y l - c h o l i n e s t e r a s e  and 

p s e u d o -c h o l in e s te r a s e  ( c f .  K o e l le ,  1955) h a s  enab led  a c e t y l - c h o l i n e s t e r a s e  

d i s t r i b u t i o n  to  be de term ined  a c c u r a t e l y ,  and i t  ap p e a rs  t h a t  in. g e n e ra l  

i t  re sem b le s  t h a t  o f  a c e ty lc h o l in e  and ch o l in e  a c e ty la s e  (Burgen and 

Chipman, 1951; K o e l le ,  1954),  A n o ta b le  d i s s i m i l a r i t y  i s  t h a t  in  c a t t l e  

th e  d o r s a l  and v e n t r a l  r o o t s  have a lm ost th e  same co n ten t  of a c e t y l 

c h o l in e s t e r a s e  (Wolfgram, 1954) b u t  th e  c h o l in e a c e ty la s e  a c t i v i t y  i s  

tw en ty  t im e s  g r e a t e r  in  th e  v e n t r a l  r o o t s  th a n  in  th e  d o r s a l  r o o t s .

I t  i s  im p o r tan t  when c o n s id e r in g  th e s e  s tu d i e s  to  r e a l i s e  t h a t
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a p a r t  from th e  h i s to ch em ica l l o c a l i z a t i o n  o f  c h o l i n e s t e r a s e ,  th e  l o c a l 

i z a t i o n s  and e s t im a t io n s  a re  g ro s s  and open to  c o n s id e ra b le  e r r o r .

A lthough i t  has g e n e r a l ly  been ag reed  t h a t  d o r s a l  r o o t  f i b r e s  a re  no t 

c h o l in e r g ic  in  t h e i r  c e n t r a l  s y n a p t ic  a c t io n  ( E c c le s ,  1948; Brem er, 1953a; 

F e ld b e rg ,  1954) Burgen (1954) has  p o in te d  out t h a t  no t a l l  d o r s a l  r o o t  

gang lion  c e l l s  have a  low c h o l in e s te r a s e  c o n te n t  (K o e l le ,  1951) and has 

su g g e s te d  t h a t  some prim ary  a f f e r e n t  f i b r e s  may have c h o l in e r g ic  t e r m in a l s .  

The p o s t u l a t e s  o f  F e ld b e rg  and h i s  co -w orkers  depend on the  c o r r e l a t i o n  

between the  d i s t r i b u t i o n  of the  th r e e  components o f  th e  a c e ty lc h o l in e  

system (F e ld b e rg  & V ogt, 1948; F e ld b e rg ,  e t  a l . ,  1951)* I t  i s  sugges ted  

t h a t  th o se  neurones  which a re  r i c h  in  the  components of t h i s  system 

e x e r t  s y n a p t ic  a c t i v i t y  by means o f  a c e t y l c h o l i n e .  The p rim ary  a f f e r e n t  

n eu ro n es  a re  n o n -c h o l in e rg ic ,  b u t  th e  c e l l s  o f  th e  cunea te  and g r a c i l e  

n u c l e i  and o f  the  l a t e r a l  g e n ic u la te  body would e x e r t  a c h o l in e r g ic  

s y n a p t i c  a c t io n  on th e  nex t neurone in  th e  s e r i e s .  I t  i s  assumed t h a t  

a c e ty l c h o l i n e ,  c h o l in e  a c e ty la s e  of a c e t y l - c h o l i n e s t e r a s e  a re  c o n c e n t ra te d  

in  th e  b o d ie s  and axones o f  c h o l in e r g ic  neu rones  r a t h e r  than  in  th e  p r e -  

s y n a p t i c  end ings upon th e se  c e l l s  ( c f .  B rugen , 1954).  K o e lle  (1954) has  

d em o n stra ted  t h a t  in  s p in a l  motoneuron.es a c e ty l c h o l i n e s t e r a s e  i s  i n t r a 

c e l l u l a r ,  b u t  i t  i s  im p o rtan t  to  r e a l i s e  t h a t ,  a l th o u g h  a t  th e  n eu ro 

m u scu la r  ju n c t io n  c h o l in e s te r a s e  i s  p redom inan tly  on th e  p o s t - s y n a p t i c  

c e l l  s u r fa c e  (K oe lle  & F riedenw ald , 1949) and in  autonom ic g a n g l i a  i t  i s  

m a in ly  in  th e  p re s y n a p t i c  t e rm in a l s ,  (Sawyer & H o l l in s h e a d ,  1945),  no 

such  a c c u ra te  l o c a l i z a t i o n  has been p o s s ib le  f o r  th e  synapses  o f  th e  

s p i n a l  co rd .

The th e o ry  of F e ld b e rg ,  based  on e s t im a t io n s  and l o c a l i z a t i o n s
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t h a t  a re  rnade a t  a  r e l a t i v e l y  crude l e v e l ,  l a c k s  p ro p e r  p ha rm aco log ica l  

arid e l e c t r o p h y s i o l o g i c a l  i n v e s t i g a t i o n .  I t  f i t s  m o d e ra te ly  w e ll  w i th  

o b s e rv a t io n s  on th e  sensory  pathw ays, hu t th e  ev idence  f o r  such a l t e r 

n a t io n  o f  c h o l in e r g i c  and n o n -c h o l in e rg ic  ju n c t io n s  i s  l e s s  s a t i s f a c t o r y  

f o r  o th e r  p a r t s  o f  the  c e n t r a l  nervous  system .

B efo re  a c e ty lc h o l in e  was f u l l y  a c c e p te d  a s  th e  t r a n s m i t t e r  agen t 

a t  th e  neurom uscu lar  ju n c t io n  and in  autonomic g a n g l i a  i t  was n e c e ssa ry  

to  e s t a b l i s h  i t s  r e l e a s e  a t  th e s e  s i t e s .  U sing  e s e r i n i z e d  Lcckfe’ s 

s o lu t io n  f o r  p e r f u s io n ,  Bale and h i s  co-w orkers  ( c f .  B a le ,  F e ld b e rg  & 

V ogt, 1936) were ab le  to  dem onstra te  t h i s  f o r  neurom uscu lar t r a n s m is s io n  

and F e ld b e rg  (F e ld b e rg  & Gaddum, 1934; F e ld b e rg  & V a r t i a in e n ,  1934) f o r  

autonomic g a n g l i a .  Many i n v e s t i g a t o r s  have d e t e c te d  a c e ty lc h o l in e  b o th  

in  th e  c e r e b r o - s p in a l  f l u i d  and venous b lood  from b r a in  and s p in a l  co rd , 

b u t  i t  i s  d o u b t fu l  w hether th e  sm all amounts in v o lv e d  o r i g i n a t e d  from 

c e n t r a l  ne rv o u s  t i s s u e .  B u lb r in g  and Burn ( l 9 4 l )  d e te c te d  a c e ty lc h o l in e  

when th e y  p e r fu s e d  th e  low er s p in a l  cord  o f  a  ca t  w ith  e s e r in i z e d  s a l i n e  

and th e  amount was in c re a s e d  when th e  c e n t r a l  end o f  th e  cu t s c i a t i c  

ne rv e  was s t im u la t e d .  F e ld b e rg  (1945) has  b rough t to g e th e r  th e  ev idence 

t h a t  d u r in g  a l t e r a t i o n s  in  c e n t r a l  a c t i v i t y  t h e r e  a re  changes in  a c e t y l 

c h o l in e  m e tabo lism . The f in d i n g s  a re  c o n f l i c t i n g  and no t p a r t i c u l a r l y  

a p p l i c a b l e  t o  s p in a l  t r a n s m is s io n .  I t  w i l l  be d i f f i c u l t  to  o b ta in  a  

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

d e te rm in a t io n  o f  a c e ty lc h o l in e  o u tp u t  under d i f f e r e n t  c i rc u m s ta n c e s ,  a s  

h a s  been a t te m p te d  f o r  the  s u p e r io r  c e r v i c a l  gan g l io n  (M acin tosh , 1938) 

and f o r  th e  d e r e b r a l  c o r te x  (M acin tosh  & O borin ,  1953).
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(d ) .  pharmacology of a central cholinergic synapse in  the spin a l  cord.

I t  h a s  "oeen e s t a b l i s h e d  (E c c le s ,  F a t t  and K oketsu , 1954) t h a t

a group of i n t e r n e u r o n e s  in  th e  v e n tro m e d ia l  r e g io n  o f  th e  v e n t r a l  horn

d is c h a rg e  r e p e t i t i v e l y  in  response  to  im pu lses  in  motor ax o n es .  The

d is c h a rg e  of th e s e  c e l l s  had been d e s c r ib e d  by Renshaw ( 1946) ,  who had

a l s o  d em o n s tra ted  (Renshaw, 1941) th e  i n h i b i t o r y  e f f e c t  o f  a n t id ro m ic

v o l l e y s  in  m otor axons upon a l l  ty p e s  o f  raotoneurones a t  t h a t  segm ental 
u

l e v e l .  K o l l i k e r  ( l8 9 l ) >  Lenhossek (1893) and C a ja l  (1909) had d e s c r ib e d  

th e  p re se n c e  o f  c o l l a t e r a l  b ran ch es  from motor axons a s  th e y  emerged 

from th e  v e n t r a l  h o rn ,  and in  view o f the  n e g a t iv e  r e s u l t s  o f  experim en ts  

d e s ig n ed  t o  t e s t  w hether  Renshaw c e l l s  were a c t i v a t e d  by th e  a n t id ro m ic  

v o l l e y  a f t e r  i t  had t r a v e r s e d  th e  motoneurone c e l l  body and invaded  

th e  d e n d r i t e s  (T oenn ies  & Jung, 1948; T o en n ies ,  1949; Jung, 1 953 )j i t  

was p o s t u l a t e d  t h a t  im pu lses  in  th e s e  c o l l a t e r a l  b ran ch e s  were r e s p o n s ib le  

f o r  th e  a c t i v a t i o n  of th e  in t e r n e u r o n e s .  S ince  th e  t e r m in a l s  o f  motor 

axons r e l e a s e  a c e ty l c h o l in e  a t  th e  neurom uscu lar  ju n c t io n ,  in  conform ity  

w i th  D a l e ' s  p r i n c i p l e  (D ale ,  1935) th e  same chem ical t r a n s m i t t e r  would 

be r e s p o n s ib l e  f o r  e x c i t a t i o n  o f  th e s e  n eu ro n es ,  p rov ided  th e  e x c i t a t i o n  

was m onosynap tic .  I t  has  now been shown ( E c c le s ,  F a t t  and K oketsu , 1954; 

E c c l e s ,  E c c le s  & F a t t ,  1956) t h a t  th e s e  in t e r n e u r o n e s  (d e s ig n a te d  Renshaw 

c e l l s )  a r e  a c t i v a t e d  by a c e ty lc h o l in e  and a c t  a s  a  n o n - s p e c i f i c  n e g a t iv e  

f e e d -b a c k  c o n t r o l  of m otoneuronal a c t i v i t y .  C o l l a t e r a l s  from many motor 

axons converge on any one Renshaw c e l l  and e x c i t e  th e  d is c h a rg e  of 

. im p u ls e s .  T h is  d is c h a rg e  i s  o f te n  p ro longed  w ith  an i n i t i a l  f req u en cy  o f  

over  1 0 0 0 /s e c .

T h is  i n h i b i t o r y  system  i s  th e  f i r s t  example of a  s p e c i f i c a l l y
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defined cholinergic synaptic mechanism in the spinal cord, and the 

pharmacology of these synapses has been determined by applying drugs 

by an intra-arterial route. The responses of Renshaw cells to synaptic 

stimulation are depressed by dihydro-ß-erythroidine which blocks cholin

ergic transmission (Unna, Kniasuk & Greslin, 194-4) and prolonged by anti

cholinesterases such as eBerine, TEPP, DPP and NU 2126. The cells are 

directly excited by nicotine and acetylcholine, the excitatory action of 

acetylcholine being prolonged by anticholinesterases. Dihydro-w-erythroi- 

dine decreases the excitatory action of both acetylcholine and nicotine 

(Eccles, Eccles & Patt, 1956). Pharmalogical studies have shown however 

that certain drugs, known to be effective at peripheral cholinergic 

junctions, exhibit anomolous behaviour at these central cholinergic 

synapses. Not all Renshaw cells can be activated by intra-arterial 

injections of acetylcholine although all are sensitive to nicotine. The 

cells do not respond to succinylcholine, decamethonium, mecholyl or are- 

choline. Of the anticholinesterases administered intravenously, eserine, 

TEPP and NU 2126 are most effective, DPP being less so, whilst prostigmin 

is much less effective. The gradation of effect of eserine, NU 2126, TEPP 

and DPP may be related to their known peripheral actions, k-erythroidine 

was not as efficient in blocking the discharge of Renshaw cells as dihydro- 

k-erythroidine, as might be expected (cf. Unna et al., 1944), but d-tubo- 
curarine chloride, dimethyl-d-tubodurarine iodide, and gallamine triethio- 

dide were ineffective. Atropine had a small effect in depressing the 

discharge of the cells, when used in large doses.

Because of the prolonged repetitive firing of Renshaw cells in 

response to a single antidromic volley and the relative resistance of the
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f i r s t  few d isch a rg e s  to  th e  a c tio n  of pharm acological ag en ts  such as  

d ihydro-ß - e r y th r o id in e , i t  has been p o s tu la te d  th a t  th e re  i s  a d i f f u s io n a l  

b a r r i e r  in tim a te ly  r e la te d  to  th e  c h o lin e rg ic  sy n ap tic  te rm in a ls  on Renshaw 

c e l l s  ( c f .  E c c le s , E cc le s  & F a t t ,  1956)* The r e p e t i t iv e  f i r i n g  o f Renshaw 

c e l l s  in  response to  an an tid rom ic  v o lle y  in  motor axons might be due to  

th e  e x c ita t io n  of a  chain o f in te rn eu ro n .es . However tim in g  of th e  f i r s t  

Renshaw d ischarge  and the  onset of an tid rom ic  in h ib i t io n  o f m otoneurones 

a llo w s of no in te rn eu ro n e  except th e  Renshaw c e l l  between th e  axon c o l la te r a  

and th e  m otoneurone. The Renshaw c e l l  could be re - e x c i te d  from an i n t e r -  

n u n c ia l chain  a lso  s e t  in  a c tio n  by im pulses in  th e  axon c o l l a t e r a l s .  I t  

i s  p o ss ib le  th a t  Renshaw c e l l s  a re  e x c ite d  by v o lle y s  in  group I I I  a f f e r e n t  

f i b r e s  from muscle (E cc le s , F a t t  & K oketsu, 1954) a lthough  d e f in i te  e v i 

dence i s  la c k in g , and Frank and F u o rte s  (1956a) suggest th a t  they  may be 

a ls o  e x c ite d  m onosynaptically  by v o lle y s  in  la rg e r  f i b r e s  bu t p re sen t no 

d e f in i te  ev idence . T h is r a i s e s  the  p o s s ib i l i ty  o f some prim ary a f f e r e n t  

f i b r e s  r e le a s in g  a c e ty lc h o lin e  a t  t h e i r  synapses w ith  Renshaw c e l l s  ( c f • 

B urgen, 1954), bu t i t  i s  ju s t  as  probable th a t  im pulses from th e se  f i b r e s  

do n o t d i r e c t ly  e x c ite  Renshaw c e l l s  but a re  re la y e d  by c h o lin e rg ic  i n t e r 

n eu ro n es. I t  i s  no t known however whether a c e ty lc h o lin e  i s  th e  only 

e x c i ta to r y  t r a n s m it te r  substance f o r  Renshaw c e l l s .  When re c o rd in g  from a 

s in g le  Renshaw c e l l  i t  i s  d i f f i c u l t  to  show th a t  v o lle y s  in  the  group I I I  

muscle a f f e r e n t  f i b r e s  d i r e c t ly  e x c ite  i t  as  th e se  v o lle y s  may a c t iv a te  

m otoneurones th a t  in  tu rn  e x c ite  th e  Renshaw c e l l s .  The f i r i n g  o f Renshaw 

c e l l s  by im pulses in  th e  slow muscle a f fe re n t  f i b r e s  i s  b locked by d ihydro- 

ü -e ry th ro id in e  (C u r tis  -  pe rso n al o b se rv a tio n ) bu t th e se  in v e s t ig a t io n s  

a re  f a r  from com plete.
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There i s  however a  f u r t h e r  "barr ie r  t o  p e n e t r a t i o n  of nervous 

t i s s u e  "by d rugs  a d m in is te re d  in t r a v e n o u s ly  o r  i n t r a - a r t e r i a l l y .  The 

b lo o d -b ra in  b a r r i e r  (Eriedem ann, 1942; T s c h i r g i ,  1952) may be concerned 

w ith  th e  p i a - g l i a l  membrane su r ro u n d in g  the  c e r e b ra l  v e s s e l s  (P a te k ,  1944; 

Woollam & M il l e n ,  1954) th e  c a p i l l a r y  endotheleura (R o drigues ,  1955), or 

w i th  th e  a c t u a l  i n t e r - c e l l u l a r  subs tance  of th e  nervous  system (H ess, 1955; 

1955).  W hatever the  n a tu re  o f  the  b a r r i e r ,  the  i n e f f e c t i v e n e s s  o f  th e  

i n t r a - a r t e r i a l  and in t r a v e n o u s  i n j e c t i o n s  of some drugs can. be e x p la in e d  

by a s e l e c t i v e  d i f f u s i o n a l  b a r r i e r  between the  plasma and th e  s y n a p t ic  

a r e a s  on the  Renshaw c e l l s .  I t  had been p o in te d  ou t by S ch w e itze r ,  S te d -  

man and W right (1939 )> when i n v e s t i g a t i n g  th e  c e n t r a l  a c t io n  o f  a n t i 

c h o l i n e s t e r a s e s ,  t h a t  th e  q u a te rn a ry  ammonium compounds o ccu rred  in  

io n i c  form , were in s o lu b le  in  l i p i d s  and were c e n t r a l  i n h i b i t o r s  o f  

s p in a l  r e f l e x e s .  However s a l t s  o f  the  t e r t i a r y  ammonium b ases  undergo 

some h y d r o ly t i c  d i s s o c i a t i o n  in  s o lu t io n  and th e r e f o r e  a re  p a r t l y  so lu b le  

in  l i p i d ,  and were e x c i t o r s  o f  s p in a l  a c t i v i t y ,  pe rhaps  because th e y  

p e n e t r a t e d  c e l l s .  L a te r  work by t h i s  group (C hennels  e t  a l . ,  1949) 

dem onstra ted  t h a t  th e  l i p o i d - s o l u b l e  condensed a lk y l-p h o s p h o n a te s  HETP 

and TEPP had a  s im i l a r  a c t io n  to  th e  t e r t i a r y  b a s e s  e s e r in e  and DFP 

a l th o u g h  th e  decom position  p ro d u c ts  o f  HETP when d is s o lv e d  in  w a te r  a re  

l i p o i d - i n s o l u b l e .  Hence th e  p ro p e r ty  o f  l i p o i d  s o l u b i l i t y  may no t be 

im p o r ta n t  when d e a l in g  w i th  th e  p e n e t r a t i o n  o f  d rugs e i t h e r  th ro u g h  t h i s  

b lo o d -b ra in  b a r r i e r  or th ro u g h  s p e c i a l i s e d  d i f f u s i o n a l  b a r r i e r s .

The s a l t s  o f  t e r t i a r y  b a se s  such a s  e s e r in e  and o th e r  s u b s ta n c e s  

w i th  s im i l a r  s o l u b i l i t i e s  such a s  d ih y d r o - k - e r y th r o id in e ,  e ry th ro id . in e ,

Nu 2126 and n ic o t in e  a re  e f f e c t i v e  on Renshaw c e l l s  w hereas q u a te rn a ry
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ammonium compounds such as  p ro s t ig m in e  and tu b o c u ra r in e  a re  n o t .  I t  has  

been observed  ( E c c le s ,  E c c le s  & P a t t , 1956; C u r t i s ,  p e r s o n a l  o b se rv a tio n .;  

t h a t ,  when p ro s t ig m in  i s  i n j e c t e d  l o c a l l y  i n t o  th e  re g io n  of Renshav c e l l s ,  

u s in g  the  i n j e c t i o n  dev ice  of P ig .  20, i t  i s  a s  e f f e c t i v e  a s  in t r a v e n o u s ly  

a d m in is te re d  e s e r i n e .  T h is  method, u s in g  Renshav; c e l l s  a s  a  s e n s i t i v e  

d e t e c t i n g  mechanism has been ex tended  to  th e  s tudy  o f  o th e r  s u b s ta n c e s  

t h a t  a re  unable  t o  p e n e t r a te  th e  b lo o d -b ra in  b a r r i e r .  I t  i s  p robab le  

t h a t  the  i n e f f e c t i v e n e s s  o f  in t r a v e n o u s ly  i n j e c t e d  p ro s t ig m in e  and 

tu b o c u ra r in e  i s  due p redom inan tly  to  th e  b lo o d -b ra in  b a r r i e r  which 

presumably has much th e  same p e r m e a b i l i ty  to  th e s e  su b s ta n c e s  a s  has  

been found f o r  th e  squ id  g ia n t  ax o n (B u llo ck ,  Nachmansohn & R othenberg ,

194-6; R othenberg , Sp rin son  & Nachmansohn, 1948) .  The e f f e c t i v e n e s s  of 

t h i s  b a r r i e r  may a l s o  e x p la in  th e  i n s e n s i t i v e n e s s  o f  some Renshav; c e l l s  

to  a c e ty lc h o l in e  b u t  t h i s  i n s e n s i t i v e n e s s  may a l s o  be a s s o c i a t e d  w ith  

th e  d i f f u s i o n a l  b a r r i e r  around th e  s y n a p t ic  a r e a s  o f  Renshaw c e l l s .

(E ) .  EXPERIMENTAL RESULTS WITH CHOLINERGIC SUBSTANCES.

When a l l  th e  lumbar d o r s a l  r o o t s  were e i t h e r  cu t or c ru sh ed ,  

th e  t e s t i n g  m onosynaptic r e f l e x  in  L7 and SI segments was a lm ost i n v a r i a b ly  

d ep re ssed  t r a n s i e n t l y  by i n t r a - a r t e r i a l l y  i n j e c t e d  a c e ty l c h o l in e  or 

n i c o t i n e .  P ig .  2 shows s e v e r a l  s e r i e s  of maximum m onosynaptic  r e f l e x e s  

from an a t r o p i n i z e d  c a t .  These r e f l e x e s ,  r e c o rd e d  from th e  L7 v e n t r a l  

r o o t  a t  second i n t e r v a l s ,  were d ep re s se d  by 100 jig of A c e ty lc h o l in e  ( to p  

r e c o r d s )  and l a t e r  by 25 tJLg of N ic o t in e  ( low er  r e c o r d s ) .  The drug  was 

i n j e c t e d  a t  th e  tim e o f  the  arrow and th e  o n se t  of the  d e p re s s io n  has  a  

v a r i a t i o n  depending  on the r a t e  o f  i n j e c t i o n ,  th e  s p in a l  cord  c i r c u l a t i o n  

and  th e  b lood p r e s s u re  o f  th e  c a t .  The f u l l  tim e seouence o f  th e s e
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e v e n t s  a re  graphed  in  P ig .  30 . The d e p re s s io n s  due to  b o th  a c e ty l c h o l in e  

and n i c o t in e  a r e  f l e e t i n g  b u t  in  a lm ost a l l  ex p er im en ts  i t  was found t h a t  

f o r  doses  o f  n i c o t i n e  and a c e ty l c h o l in e  g iv in g  ap p ro x im a te ly  th e  same 

degree  of d e p r e s s io n ,  th e  n i c o t i n e  d ep re s s io n  was much lo n g e r  in  d u r a t io n .  

In  P i g .  3 , a f t e r  25 jig of n i c o t i n e  i n t r a - a r t e r i a l l y  th e  r e f l e x  was not 

back  to  i t s  o r i g i n a l  v a lu e  u n t i l  60-65 seconds. P i g .  4 from th e  same 

experim en t shows t h a t ,  though s m a l le r ,  th e  n i c o t in e  d e p re s s io n  l a s t s  

s l i g h t l y  lo n g e r  th an  t h a t  due to  a c e t y l c h o l i n e .

The shapes  of the  cu rv e s  i l l u s t r a t e d  in  P ig .  3 and 4 a re  

t y p i c a l  o f  th o s e  o b ta in e d  in  a l l  e x p e r im en ts .  The d ep re s s io n  i s  u s u a l ly  

r a p i d  in  o n s e t  and then  slow ly  s u b s id e s .  Because o f  th e  c o n s id e ra b le  

v a r i a t i o n s  found  f o r  any one dose ,  i t  has  been d i f f i c u l t  to  compare th e  

r e s u l t a n t  e f f e c t s .  The magnitude depended p a r t l y  on the  dose o f  e i t h e r  

d rug ,  a s  compared in  P ig s .  3 and 4, bu t th e  im p ress io n  was ga in ed  t h a t  

above a  c e r t a i n  dose t h e r e  was o n ly  a  p ro lo n g a t io n  of the  d u ra t io n  o f  

th e  e f f e c t  and no in c re a s e  in  i t s  m agnitude . In  a  few ex p er im en ts  

l i t t l e  o r  no e f f e c t  was found w ith  doses  o f  a c e ty lc h o l in e  up t o  200 fig 

w hereas  10-50 fig o f  n i c o t in e  d e p re s se d  the  r e f l e x  a s  u s u a l .  T h is  i s  

i l l u s t r a t e d  in  P i g .  5 .

I t  was n e c e s s a ry  to  a l low  te n  to  f i f t e e n  m inu tes  between i n j e c 

t i o n s  in  o rd e r  to  obta in , c o n s i s t e n t  r e s u l t s .  I t  has  been found  (E c c le s ,  

E c c l e s  & P a t t ,  1956) t h a t  an i n j e c t i o n  of n i c o t in e  evokes a  lo n g  l a s t i n g  

d i s c h a rg e  from Renshaw c e l l s  and in  t h i s  p re s e n t  s e r i e s  of e x p e r im en ts  

th e  i n j e c t i o n  of 25-50 fig of n i c o t i n e  im m ediate ly  a f t e r  o b ta in in g  a  

d e p re s s io n  o f  th e  t e s t i n g  r e f l e x  by a  s im i l a r  dose u s u a l ly  r e s u l t e d  in  

v e r y  l i t t l e  o r  no a d d i t i o n a l  d e p r e s s io n .  P ig .  6 shows th e  e f f e c t  o f  20 fig
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o f  n i c o t in e  upon th e  Renshaw c e l l  ’’rhythm" re c o rd e d  on th e  d o r s o - l a t e r a l  

s u r fa c e  o f  th e  17 segment when th e  v e n t r a l  r o o t  o f  t h i s  segment was 

s t im u la te d  maximally a t  a  r a t e  of 5 / s e c .  The i n t r a - a r t e r i a l  i n j e c t i o n  

of n ic o t in e  would he ex p ec ted  to  a c t i v a t e  th e  whole p o p u la t io n  o f  

Renshaw c e l l s  f o r  some tim e and in  so do ing  r e n d e r  them i n s e n s i t i v e  h o th  

to  v o l l e y s  in  th e  axon c o l l a t e r a l s  and to  f u r t h e r  i n t r a - a r t e r i a l  i n j e c 

t i o n s .  In  F ig .  6 the  e f f e c t  on th e  t o t a l  Renshaw c e l l  p o p u la t io n  i s  

slow to  develop  and l a s t s  a t  l e a s t  10 m in u te s .  T h is  can he c o r r e l a t e d  

w i th  th e  ex trem ely  poor c i r c u l a t i o n  o f  th e  e x p e r im e n ta l  an im al used , 

f o r  u s u a l l y  a f t e r  the  same dose of n i c o t i n e ,  Renshaw c e l l s  can he a c t i 

v a te d  hy a n t id ro m ic  v o l l e y s  a f t e r  s e v e r a l  m in u te s .

The r e f l e x  d e p re s s io n  was u s u a l l y  w e ll  on th e  way to  reco v e ry  

b e fo re  any change o ccu rred  in  th e  sy s tem ic  h lood  p r e s s u r e .  T h is  was 

observed  f o r  a c e ty lc h o l in e  in  s e v e ra l  a n im a ls  b e fo re  a t ro p in e  had been 

g iv e n .  There was however no method f o r  the  d e t e c t io n  of l o c a l  v a s c u la r  

changes w i th in  the  segments in v o lv e d .  In  th e  p re l im in a ry  ex p er im en ts  

a l l  th e  d o r s a l  r o o t s  were n o t  severed  and d e p re s s io n s  seen a f t e r  i n j e c 

t i o n s  o f  a c e ty lc h o l in e  and o f  n i c o t in e  were o c c a s io n a l ly  fo l lo w e d  by a 

1 0 - 20^0 in c re a s e  in  th e  s iz e  o f  the r e f l e x  which p e r s i s t e d  f o r  10-50 seconds . 

Such an e f f e c t  was presumably due to  a f f e r e n t  im pu lses  r e a c h in g  the  cord 

from  p e r ip h e r a l  s t r u c t u r e s  s t im u la te d  by th e  i n j e c t e d  d rugs ,  f o r  i t  was 

a lw ays  d im in ished  or a b o l i s h e d  by a more complete s e v e r in g  o f  th e  d o r s a l  

r o o t s .

F u r th e r  p h arm aco log ica l  s t u d i e s  were n e c e ssa ry  to  e s t a b l i s h  the  

t r u e  n a tu re  of th e  e f f e c t s  o f  i n t r a - a r t e r i a l  i n j e c t i o n s  o f  a c e ty l c h o l in e  

and n i c o t i n e .  S ince th e  on ly  known e f f e c t s  o f  such i n j e c t i o n s  a re  th e

a c t i v a t i o n  of Renshaw c e l l s  (E c c le s ,  F a t t  & K oketsu , 1954; E c c l e s ,  E c c le s
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& P a t t ,  1956), i t  i s  te m p tin g  to  a s c r ib e  th'e d e p re s s io n  of m onosynaptic 

r e f l e x e s  to  th e  i n h i b i t i o n  o f  motoneurones t h a t  i s  b ro u g h t about by th e  

a c t i v a t i o n  of Renshaw c e l l s .  I t  i s  im p o r tan t  t o  d i s t i n g u i s h  between a 

t r u e  i n h i b i t i o n  o f  motoneurones due to  th e  a c t io n  o f  an i n h i b i t o r y  t r a n s 

m i t t e r  subs tance  and any o th e r  p ro c e ss  d e p re s s in g  t h e i r  r e s p o n s iv e n e s s  

to  e x c i t a t i o n ,  a s  f o r  example the  e f f e c t  o f  ano x ia  o r  o f  a m e ta b o l ic  

p o is o n .  The use o f  s t ry c h n in e  p e rm i ts  such a d i s t i n c t i o n ,  a s  t h i s  drug 

d im in is h e s  the  e f f e c t  of the  i n h i b i t o r y  t r a n s m i t t e r  in  s e t t i n g  up an 

i n h i b i t o r y  p o s t  s y n a p t ic  p o t e n t i a l  ( c f .  S e c t io n  I I ) .  B o th  a c e ty lc h o l in e  

and n ic o t in e  f a i l  t o  d e p re s s  the  t e s t i n g  m onosynaptic  r e f l e x  a f t e r  sub- 

co n v u ls iv e  doses  o f  s t r y c h n in e .  For example in  P i g .  7 th e  d e p re s s io n  

f o l lo w in g  th e  i n j e c t i o n  of 50ng o f  n ic o t in e  does n o t  occur a f t e r  0 .0 8  

mgm/Kgm o f  s t ry c h n in e  had been a d m in is te re d  in t r a v e n o u s ly ,  w hile  n in e ty  

m in u te s  l a t e r  th e  same dose o f  n ic o t in e  was aga in  e f f e c t i v e  in  d e p re s s in g  

th e  t e s t i n g  r e f l e x ,  i . e .  th e  e f f e c t  i s  r e v e r s i b l e .

I t  i s  t h e r e f o r e  h ig h ly  l i k e l y  t h a t  th e  observed  e f f e c t s  of 

i n t r a - a r t e r i a l l y  i n j e c t e d  a c e ty lc h o l in e  and n i c o t i n e  depend u l t i m a t e l y  

upon the  r e l e a s e  of an i n h i b i t o r y  t r a n s m i t t e r  a t  the  m otoneuronal membrane. 

T h is  f i n d i n g  f u r t h e r  em phasises  th e  l i n k  between th e  p r e s e n t  f i n d i n g s  

and th e  p o s s i b i l i t y  t h a t  a c t i v a t i o n  of Renshaw c e l l s  i s  r e s p o n s ib le  f o r  

i t .  E x te n s iv e  s e a rc h in g  o f  th e  v e n t r a l  horn r e g io n  h as  f a i l e d  to  d i s c lo s e  

any c e l l s  t h a t  can be a c t i v a t e d  by i n t r a - a r t e r i a l l y  i n j e c t e d  a c e ty l c h o l in e  

and n i c o t i n e ,  and n o t  s t im u la te d  by an a n t id ro m ic  v o l l e y  in  th e  v e n t r a l  

r o o t .  The Renshaw c e l l s  a re  the  on ly  known c h o l i n e r g i c a l l y  e x c i t e d  

in t e r - n e u r o n e s  which can i n h i b i t  m otoneurones . I t  was n e c e s s a ry  however 

to  e s t a b l i s h  more pharm aco log ica l  s i m i l a r i t i e s .
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Most an im a ls  were a t r o p i n i z e d  in  o rd e r  t o  p re v e n t  g ro s s  b lood 

p re s s u re  a l t e r a t i o n s  due to  a c e ty l c h o l i n e .  Comparison, o f  a s e r i e s  of 

r e f l e x e s  which a re  i n h i b i t e d  by a c e ty l c h o l in e  b e fo re  and a f t e r  the  i n t r a 

venous i n j e c t i o n  o f  0 .5  mgm/Kgm of a t r o p in e  s u lp h a te  shows u s u a l l y  a 

s l i g h t  d im in u tio n  o f  the  a c e ty lc h o l in e  i n h i b i t i o n .  As i l l u s t r a t e d  in  

P ig .  8 , t h i s  e f f e c t  i s  sm a ll  and hard  to  d i s t i n g u i s h  from th e  v a r i a t i o n  

found w i th  s u c c e s s iv e  doses  o f  th e  same amount of a c e t y l c h o l i n e .  I t  was, 

however, seen in  s e v e r a l  experim en ts  and i s  p robab ly  o f  s i g n i f i c a n c e .  

E s e r in e  s u lp h a te  g iven  in t r a v e n o u s ly  in. doses  of 0 . 2  -  1 .0  mgm/Kgm had 

no s i g n i f i c a n t  e f f e c t  on the  i n h i b i t i o n  o f  t h e  r e f l e x  f o l lo w in g  an i n t r a 

a r t e r i a l  i n j e c t i o n  o f  n i c o t in e  (P ig .  9 ) .  However, a s  shown in  P ig .  10, 

th e  same dose of e s e r in e  p ro longed  and in c r e a s e d  th e  d e p re s s io n  evoked 

by 200 t',g o f  a c e t y l c h o l i n e .  An i n t r a - a r t e r i a l  i n j e c t i o n  o f  200 }tg o f  

a c e ty l c h o l in e  produced ap p ro x im ate ly  a  20% d e p re s s io n  o f  th e  t e s t i n g  

r e f l e x ,  t h i s  was a lm ost doubled a f t e r  0 .2  mgm/Kgm o f  e s e r in e  was i n j e c t e d  

i n t r a v e n o u s ly .

D ih y d ro - j . - e ry th ro id in e  b lo c k s  th e  c h o l in e r g i c  a c t i v a t i o n  o f  

Renshaw c e l l s  ( E c c le s ,  P a t t  & K oketsu , 1954; E c c le s ,  E c c le s  & P a t t ,  1956).  

F o l lo w in g  th e  i n j e c t i o n  of 0 . 8  mgm/Kgm of d ih y d ro -K -e ry th ro id in e  hydro

c h lo r id e  in t r a v e n o u s ly  b o th  n i c o t in e  and a c e ty lc h o l in e  when i n j e c t e d  

i n t r a - a r t e r i a l l y  have no d e p re s s a n t  e f f e c t  on the  t e s t i n g  m onosynaptic  

r e f l e x  ( P ig .  l l ) .  T h is  o b s e rv a t io n  has  been found to  be r e v e r s i b l e  f o r  

b o th  d ru g s .

The above pharm aco log ica l  s t u d i e s  g ive  good ev idence  t h a t  th e
\

o b se rv ed  i n h i b i t i o n  o f  the  monosynaptic r e f l e x  by i n t r a - a r t e r i a l l y  

i n j e c t e d  a c e ty l c h o l in e  and n ic o t in e  i s  due to  a c t i v a t i o n  of Renshaw

c e l l s .  B o th  th e  d e p re s s io n  of th e  r e f l e x  and f i r i n g  o f  Renshaw c e l l s
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a r e  p rev en ted  by d ih y d r o - E - e r y th r o id i n e . I t  i s  t r u e  t h a t  t h e  i n i t i a l  

f i r i n g  of th e  c e l l s  when a c t i v a t e d  by a v o l l e y  in  th e  v e n t r a l  r o o t  f i b r e s  

i s  r e s i s t a n t  to  t h i s  agen t (E c c le s ,  E c c le s  & F a t t ,  1956), b u t  t h i s  p e r io d  

l a s t s  f o r  a  few m i l l i s e c o n d s  only  and would n o t  be d e te c te d  in  th e  p re s e n t  

co m p ara tiv e ly  g ro s s  s tu d y .  A trop ine  and e s e r in e  have th e  ex p ec ted  e f f e c t s  

when a c e ty lc h o l in e  i s  used  t o  i n h i b i t  th e  r e f l e x  b u t  a re  i n e f f e c t i v e  when 

n ic o t in e  i s  u s e d .  F i n a l l y  s t ry c h n in e  r e v e r s i b l y  p re v e n ts  th e  d e p re s s io n  

o f  the  m onosynaptic  r e f l e x e s  by i n t r a - a r t e r i a l l y  i n j e c t e d  a c e ty l c h o l in e  

and n ic o t in e  j u s t  a s  i t  p re v e n ts  th e  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  

o f  motoneurones s e t  up a n t id r o m i c a l l y . As w i l l  be shown l a t e r ,  p o ly s y n a p t ic  

r e f l e x e s  a re  d e p re s sed  in  a  s im i l a r  manner to  th e  monosynaptic r e s p o n s e s .

The p r o p e r t i e s  of th e  Renshaw c e l l  system can in  p a r t  explain, 

some of th e  e a r l i e r  i n v e s t i g a t i o n s  on c h o l in e r g ic  mechanisms in  th e  

s p in a l  co rd . The d e p re s s a n t  a c t io n  o f  a c e ty l c h o l in e  and n i c o t in e  on. 

m onosynaptic r e f l e x e s  (S ch w e itz e r  & W rig h t ,  1937a and c; 1938; B u lb r in g  

8: B urn , 1941; van H arrev e ld  & F e ig e n ,  1948) could  have been due to  th e  

e x c i t a t i o n  o f  Renshaw c e l l s  and the  consequen t n o n - s e le c t iv e  i n h i b i t i o n  

o f  m otoneurones . However, a s  e x p la in e d  e a r l i e r ,  t h i s  r e s u l t  t o g e th e r  

w i th  the  a l t e r a t i o n  in  f l e x o r  m onosynaptic  and p o ly s y n a p t ic  r e f l e x e s  ca^. 

a l s o  be e x p la in e d  by th e  p e r ip h e r a l  a c t i o n s  o f  th e  drug u s e d .  In  t h i s  

r e s p e c t  i t  i s  o f  i n t e r e s t  t o  compare th e  a c t io n s  o f  a c e ty l c h o l in e  and 

5 h yd roxy -tryp tam ine  (5 HT) b e fo re  and a f t e r  d e a f f e r e n t a t i o n  of th e  

s p i n a l  co rd .  These s u b s ta n c e s  were b o th  a b le  to  s t im u la te  r e c e p to r  

o rg an s  and produce pain  when t e s t e d  by A rmstrong e t  a l .  (1 9 5 3 ) .  In  

F i g .  12A a l l  th e  d o r s a l  r o o t s  excep t th o se  o f  L7 and SI segments on 

th e  l e f t  s id e  were i n t a c t  and 200 jig o f  e i t h e r  a c e ty lc h o l in e  o r  5 HT
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when i n j e c t e d  i n t r a - a r t e r i a l l y  dep ressed  the  m onosynaptic  r e f l e x  o f  th e  

L7 segment. Subsequent c ru sh in g  of the l e f t  L5 and L6 d o r s a l  r o o t s  

a l t e r e d  th e  r e s p o n s e s  c o n s id e ra b ly  (F ig .  12B). P ro b ab ly  c ru sh in g  of a l l  

rem a in in g  d o r s a l  r o o t s  on bo th  l e f t  and r i g h t  s id e s  would have a b o l i s h e d  

th e  d e p re s s io n  o f  th e  r e f l e x  due to  5 HT ( c f .  S e c t io n  I  G ( i ) ) .

O th e r  d rugs w ith  known, a c t io n s  a t  p e r ip h e r a l  c h o l in e r g ic  

ju n c t io n s  were t e s t e d  and were found t o  be i n e f f e c t i v e  in  a l t e r i n g  s p in a l  

r e f l e x e s .  S u c c in y l  c h o l in e ,  m e th y lch o l in e  and carbom inocholine  in  doses  

of 50-200 j..ig a re  a l s o  w ith o u t  e f f e c t  on Renshaw c e l l s  ( E c c le s ,  E c c le s  & 

F a t t ,  1956) .  In  view of the  i n a b i l i t y  o f  p ro s t ig m in  and o f  tu b o c u ra r in e  

to  p e n e t r a t e  th e  b lo o d -b ra in  b a r r i e r  a s  d e t e c te d  by th e  f a i l u r e  o f  th e se  

d rugs  to  in f lu e n c e  Renshaw c e l l  d i s c h a rg e s ,  i t  i s  d i f f i c u l t  to  e x p la in  

th e  f i n d i n g s  o f  S chw eitze r  and W right (1 9 37a and c , 1938) ,  B u lb r in g  and 

Burn (1911) and Calma (1949) u s in g  p ro s t ig m in ,  and B ernhard  and T averner  

(1951 ) ,  B ern h ard  e t  a l .  ( l 9 5 l )  who a d m in is te re d  d - tu b o c u ra r in e  i n t r a 

v e n o u s ly .  I t  may be concluded t h a t  under th e  c i rc u m s ta n c e s  used  by 

th e s e  e x p e r im e n te r s  the  drugs were e i t h e r  n o t  a c t i n g  c e n t r a l l y  or e l s e  

were a c t i n g  on c e n t r a l  s p in a l  s t r u c t u r e s  n o t  s e p a ra te d  from plasma by 

such  a  b a r r i e r .  T h is  l a t t e r  p o s tu la t e  i s  u n l i k e l y .  The v a r i a b l e  e f f e c t s  

o f  o th e r  a n t i c h o l i n e s t e r a s e s  a re  e q u a l ly  i n e x p l i c a b l e ,  a s  most a re  ab le  

t o  in f lu e n c e  Renshaw c e l l  d i s c h a rg e .  They may however be a c t i n g  d i r e c t l y  

and n o t  p redom inan tly  a s  a n t i c h o l i n e s t e r a s e s .

( F ) .  CENTRAL ADRENERGIC TRANSMISSION.

In  c o n t r a s t  to  the  e x te n s iv e  l i t e r a t u r e  on c h o l in e r g ic  t r a n s 

m iss io n  in  th e  s p i n a l  co rd , th e r e  has  been v e ry  l i t t l e  i n v e s t i g a t i o n  o f  

th e  p o s s i b i l i t y  of a d re n e rg ic  t r a n s m is s io n .  S ch w eitze r  and W right ( 1937b)
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dem onstra ted  a  d ep re s s io n  o f  th e  knee je rk  by in t r a v e n o u s  a d r e n a l in  and 

B u lb r in g  and Burn ( 194I )  u s in g  a double p e r fu s io n  system found t h a t  th e  

knee je rk  and f l e x o r  r e f l e x e s  were in c re a s e d  b o th  by a d r e n a l in  and 

e p h e d r in e .  T h e i r  main f i n d i n g  however was t h a t  in  th e  p resence  o f  

a d r e n a l in ,  sm all doses of a c e ty lc h o l in e  caused a  spon taneous d is c h a rg e  

o f  f l e x o r  m otoneurones. B e rn h ard ,  Skoglund and Therman (1947) found 

a d re n a l in e  and a c e ty lc h o l in e  had o p p o s i te  e f f e c t s  when a p p l ie d  to  th e  

exposed lumbar* re g io n  o f  th e  co rd .  B u lb r in g  e t  a l . ,  ( 1948) aga in  

d em onstra ted  an i n t e r a c t i o n  between a c e ty lc h o l in e  and a d re n a l in e  and 

found  t h a t  in  an im als  in  which f l e x o r  or e x te n s o r  movements were e l i c i t e d  

by m ed u lla ry  s t im u la t io n  and in c re a s e d  by i n t r a - a r t e r i a l  a c e ty l c h o l in e ,  

th e s e  e f f e c t s  were m o d if ied  by a  s im u ltan eo u s  in t r a v e n o u s  p e r fu s io n  o f  

a d r e n a l in  or even r e v e r s e d  by i n t r a - a r t e r i a l  a d r e n a l in  a lo n e .  These 

r e s u l t s  were extended  by B ernhard  and Skoglund (1953) who dem onstra ted  

an augm entation  of e x te n s o r  m onosynaptic r e f l e x e s  bu t a  d im inu tion  o f  

f l e x o r  m onosynaptic and p o ly s y n a p t ic  r e f l e x e s .

There a re  two main r e s u l t s  o f  th e s e  in v e s t ig a t io n s *  F i r s t l y  

t h a t  a d r e n a l in  p o t e n t i a t e s  th e  a c t io n  o f  a c e ty lc h o l in e  in  th e  cord and 

seco n d ly  t h a t  i t  has  o p p o s i te  e f f e c t s  to  a c e t y l c h o l i n e .  I t  has  been 

s u g g es ted  above t h a t  many o f  th e  d em onstra ted  e f f e c t s  of a c e ty lc h o l in e  

a re  no t c e n t r a l  in  o r ig in  and i t  i s  p robab le  t h a t  th e s e  11 c e n t r a l ” a c t i o n s  

o f  a d r e n a l in  a re  s p u r io u s .  I n s u f f i c i e n t  a t t e n t i o n  has  been a p p l ie d  to  

g e n e r a l  and lo c a l  changes in  th e  a r t e r i a l  supply  o f  th e  c o rd .  Burn (1945) 

h as  rev iew ed th e  ev idence t h a t  a d r e n a l in  p o t e n t i a t e s  th e  e f f e c t  o f  a c e t y l 

c h o l in e  a t  p e r ip h e r a l  ju n c t io n s  bu t th e r e  i s  l i t t l e  j u s t i f i c a t i o n  f o r  

e x te n d in g  t h i s  to  th e  problem of c e n t r a l  t r a n s m is s io n .
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Vogt (1S54) has  de term ined  th e  d i s t r i b u t i o n  of a d r e n a l in  and 

n o r - a d r e n a l in  in  th e  c e n t r a l  nervous system . These s u b s ta n c e s  occur 

t o g e t h e r ,  a d r e n a l in  b e in g  u s u a l ly  in  low er c o n c e n t r a t i o n ,  and t h e i r  d i s 

t r i b u t i o n  p a r a l l e l s  t h a t  o f  5 -h y d ro x y try p ta m in e . High c o n c e n t r a t io n s  

occur in  the hypothalam us, m id -b ra in  and a r e a  postrem a w hereas th e  cerebrum, 

ce rebe llum  and s p in a l  cord co n ta in  v e ry  l i t t l e .  The d o r s a l  and v e n t r a l  

r o o t s  have rough ly  equa l amounts, th e  low est c o n c e n t r a t io n  in  th e  s p in a l  

cord  o c c u r r in g  in  th e  d o r s a l  h o rn .  S ince th e r e  i s  l i t t l e  ev idence  f o r  a 

c e n t r a l  a c t io n  o f  a d r e n a l in  and n o r - a d r e n a l in ,  Vogt (1954) s u g g e s ts  t h a t  

th e  h igh  c o n c e n t r a t io n s  found in  b o th  th e  a r e a  postrem a and c e r t a in  

g liom as  may in d i c a t e  t h a t  th e s e  s u b s ta n c e s  a re  not concerned  w ith  s y n a p t ic  

t r a n s m is s io n  bu t perhaps have some o th e r  fu n c t io n  in  r e l a t i o n  to  sym pathetic 

c e n t r e s .

In  the  p re s e n t  s e r i e s  o f  experim en ts  a d r e n a l in ,  n o r - a d r e n a l in  

and ephedrine  in  doses o f  5-100 |.tg u s u a l ly  had no e f f e c t  on a  m onosynaptic  

r e f l e x  when given by th e  i n t r a - a r t e r i a l  r o u t e .  O c c a s io n a l ly  t h e r e  was 

a  s l i g h t  in c re a s e  in  th e  r e f l e x  s t a r t i n g  5-10 seconds a f t e r  th e  i n j e c t i o n  

and l a s t i n g  f o r  t h i r t y  seconds . T h is  i s  i l l u s t r a t e d  in  P ig .  15 f o r  b o th  

a d r e n a l in  and n o r - a d r e n a l in .  The monosynaptic r e f l e x  of th e  L7 segment 

was evoked every  two seconds and th e  l a t e  in c re a s e  in  the  r e f l e x ,  a s s o c i a 

t e d  w i th  a r i s e  in  th e  b lood  p r e s s u r e ,  was presum ably v a s c u la r  in  o r i g i n .

In  o th e r  experim en ts  th e  in c re a s e  was n o t  a s  marked b u t  was u s u a l l y  a l s o  

a s s o c i a t e d  w ith  a  r i s e  in  th e  b lood p r e s s u r e .  Both  th e s e  d rugs and 

e p h e d r in e ,  when i n j e c t e d  in t r a v e n o u s ly  have no e f f e c t  on Renshaw c e l l s  

( E c c le s ,  E c c le s  & E a t t  -  p e r s o n a l  com m unication).
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( G ) .  OTHER POSSIBLE TRANSMITTER SUBSTANCES.

(1 )  5-Hydrox: - - t ry  p ta m in e .

There has  b ee r  c o n s id e ra b le  sp ecu la t io n ,  r e c e n t l y  conce rn ing  

th e  p o s s ib le  fu n c t io n  o f  5 -h y d ro x y - try p tam in e  (5 HT) a s  a  c e n t r a l  t r a n s 

m i t t e r  s u b s ta n c e .  I n v e s t i g a t e d  in d e p e n d e n t ly  by Erspamer a s  th e  su b s tan ce  

r e s p o n s ib l e  f o r  th e  p r o p e r t i e s  o f  chrom affin  c e l l s  o f  the  g a s t r o - i n t e s 

t i n a l  mucosa (E n te ram ine)  and by R apport and h i s  c o l le a g u e s  a s  th e  v a s o 

c o n s t r i c t o r  found in  mammalian serum when b lood  c l o t s  (S e r o to n in ) ,  b o th  

s u b s ta n c e s  were i s o l a t e d  and i d e n t i f i e d  w i th  5 -h y d ro x y - try p ta m in e  ( c f .  

E rspam er,  1954; Page, 1954).  P h a rm a c o lo g ic a l ly  5 HT i s  a  smooth muscle 

s t i m u l a n t .  The a n t a g o n i s t s  of t h i s  a c t io n  were i n v e s t i g a t e d  by Gaddum 

and Hameed (1954) and can be d iv id e d  in t o  th r e e  main groups -  th e  e rg o t  

a l k a l o i d s  in c lu d in g  l y s e r g i c  a c id  d ie th y la m id e  (LSD 25),  th e  harmalma

a l k a l o i d s  and yohim bine. I t  was soon p o in te d  out (V/ooley & Shaw, 1954, 

a & b ) t h a t  some o f  th e s e  a l k a l o i d s ,  when a d m in is te re d  to  man o r  a n im a ls ,  

caused  c e r t a i n  form s of m en ta l a b e r r a t i o n .  T h is  t o g e th e r  w i th  th e  i n v e s t i 

g a t io n  o f  the  d i s t r i b u t i o n  of 5 HT in  th e  nervous  system (Amin, Crawford 

& Gaddum, 1954) l e d  to  the  su g g e s t io n  by Wooley & Shaw, in  p a r t i c u l a r ,  

t h a t  5 HT was a  c e n t r a l  t r a n s m i t t e r ,  th e  a c t io n  of which was d i s tu r b e d  

by such su b s ta n c e s  a s  LSI 25.

As f a r  a s  the  sp-inal cord i s  concerned  th e s e  i n v e s t i g a t i o n s  

a r e  of l i t t l e  im p o r t .  No a c t io n  o f  th e  e r g o t  a l k a l o i d s  has  been demon

s t r a t e d  on s p in a l  r e f l e x e s .  Amin e t  a l .  ( 1954) found  no 5 HT in. e i t h e r  

d o r s a l  or v e n t r a l  r o o t s  or w h ite  m a t t e r .  However g rey  m a t te r  c o n ta in e d  

a  c o n s id e ra b le  amount, and th e r e  was a  h ig h  c o n c e n t ra t io n  in  th e  n u c l e i  

c u n e a tu s  and g r a c i l i s .  The h ig h e s t  c o n c e n t r a t i o n s  were found in  th e



hypo tha lam ic  a r e a  and  m id -b ra in ,  e s p e c i a l l y  th e  a r e a  po s trem a . I t  has  

been e s t a b l i s h e d  by E r  Spanier (1955) t h a t  amine o x idase  i s  r e s p o n s ib le  

f o r  one s ta g e  in  th e  m e ta b o l ic  d e s t r u c t io n  o f  5 HT, th e  e v e n tu a l  p roduc t 

5-h y d ro x y - in d o le  a c e t i c  a c id  (5 HIAA) b e in g  e x c re te d  in  th e  u r i n e .  I t  

may be t h a t  some d rugs  a c t  by i n t e r f e r i n g  w i th  t h i s  m e ta b o l ic  d e s t r u c t i o n  

o f  5 HT r a t h e r  th a n  by competing w ith  5 HT a t  r e c e p t o r  s i t e s .  There i s  

some ev idence  t h a t  5 HT w i l l  no t p e n e t r a t e  th e  b lo o d -b ra in  b a r r i e r  (Wooley 

& Shaw, 1954b), and Erspam er (1954) i s  r e l u c t a n t  to  a t t r i b u t e  any s i g n i f i 

cance to  i t s  p re sen ce  in  the  c e n t r a l  nervous  system . He c o n s id e r s  t h a t  

th e  co m p a ra t iv e ly  low c o n c e n t r a t io n s  cou ld  be due t o  t h a t  in  th e  b lood  

c o n ta in e d  i n  th e  b r a in  t i s s u e .

I t  has  r e c e n t l y  been dem onstra ted  t h a t  g a s t r o - i n t e s t i n a l  a rg e n 

t a f f i n  carc inom as a re  o f te n  a s s o c ia t e d  w ith  a  r a i s e d  b lood  l e v e l  o f  5 HT 

and an in c re a s e d  u r i n a r y  e x c re t io n  o f  5 HIAA ( c f .  Pernow & W aldenstrom, 

1954; Goble, Hay & S a n d le r ,  1955: Snow, L en n a rd -Jo n es ,  Curzon & S tac ey ,  

1955)* The c l i n i c a l  m a n i f e s t a t i o n s  a re  p red o m in an tly  c a r d i a c ,  r e s p i r a t o r y  

and g a s t r o - i n t e s t i n a l  and the  known a n t i m e t a b o l i t e s  o f  5 HT a re  u s u a l ly  

w ith o u t  e f f e c t .  The absence of n e u r o lo g ic a l  d i s tu r b a n c e s  i s  f u r t h e r  

ev idence  t h a t  5 HT h as  no f u n c t i o n  in  c e n t r a l  ne rv o u s  t r a n s m is s io n .

Although LSD 25 evokes s c h iz o p h r e n ic - l i k e  s t a t e s  in  man, no t 

a l l  s u b s ta n c e s  which an tag o n ize  th e  a c t io n  o f  5 HT on smooth muscle when 

t e s t e d  in  v i t r o  l e a d  t o  such c o n d i t io n s .  C onsequen tly  th e  th e o ry  advanced 

by Wooley and Shaw (1954 a  & b ) needs  r e v i s i o n .  C e r l e t t i  and R o th l in  

(1955) have d em o n s tra ted  t h a t  BOL I 48 , a  sim ple brom ids d e r iv a t iv e  o f  

LSD 25, i s  an a n t a g o n i s t  o f  5 HT when t e s t e d  in  v i t r o  b u t  has  no c e n t r a l  

e f f e c t s .  T h is  ev id en ce  i s  f u r t h e r  confused  by th e  f i n d i n g  t h a t  th e
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c e n t r a l  a c t io n  o f  the  r a u w o lf ia  a l k a l o i d s  may he concerned  w i th  the  

r e l e a s e  of 5 HT. B ro d ie ,  P l e t s c h e r  & Shore (1955 );  P l e t s c h e r ,  Shore 

8: B rod ie  (1955? 1956) c o n s id e r  t h a t  r e s e r p i n e  causes  5 HT t o  be r e l e a s e d  

b o th  from r a b b i t  i n t e s t i n e  and b r a i n .  The r e l e a s e d  5 HT i s  e x c re te d  as  

5 HIAA, and th e y  p o s tu la t e  t h a t  r e s e r p in e  and r e l a t e d  a l k a l o i d s  r e l e a s e  

5 HT from a  bound to  a  more a c t iv e  fo rm . W hatever th e  outcome o f  a l l  

t h e s e  i n v e s t i g a t i o n s ,  i t  i s  u n l i k e ly  t h a t  th e  c e n t r a l  b eh av io u r  of c e r t a i n  

known a n t i - m e t a b o l i t e s  of 5 HT can be s a t i s f a c t o r i l y  e x p la in e d  by such 

an a c t io n  in  th e  c e n t r a l  nervous  system .

The f i n d i n g s  o f  S l a t e r ,  D avis , L eary  & Boyd (1955) g ive  no 

s a t i s f a c t o r y  ev idence  tow ards  th e  r o le  o f  5 HT in  th e  c o rd .  T h e ir  

e x p e r im e n ta l  arrangem ent does no t exclude th e  p o s s i b i l i t y  o f  u n c o n t ro l l e d  

a f f e r e n t  im p u lses  re a c h in g  th e  cord , and ind eed  t h e i r  r e s u l t s  on th e  

a l t e r a t i o n  o f  th e  f l e x o r  r e f l e x  could be due to  th e  p e r ip h e r a l  s t im u la t io n  

o f  a f f e r e n t  f i b r e s .  I t  has  been shown by Armstrong e t  a l  (1953) t h a t  5 HT 

was ab le  t o  cause pain when a p p l ie d  to  th e  exposed base  of a  b l i s t e r  

r a i s e d  by c a n t h a r i d i n .  Although slow in  o n s e t ,  t h i s  e f f e c t  p e r s i s t e d  f o r  

s e v e r a l  m in u te s .  S l a t e r  e t  a l  found t h a t  a  p re l im in a ry  dosage o f  LSD 25 

m odif ied  th e  e f f e c t s  which th ey  presumed to  be due to  5 HT.

In  the  p r e s e n t  s e r i e s  of e x p e r im e n ts ,  5 HT in  doses  up to  500 i.ig 

(ex p re ssed  a s  5 H T -c rea t in e  su lp h a te )  i n t r a - a r t e r i a l l y  had no e f f e c t  on th e  

t e s t i n g  m onosynaptic  r e f l e x  u n le s s  d o r s a l  r o o t  f i b r e s  were i n t a c t .  As 

shown in  P ig .  12 200 ixg o f  5 HT d ep ressed  th e  r e f l e x  to  a  g r e a t e r  e x te n t  

th a n  d id  th e  same dose a f t e r  s e v e ra l  lumbar d o r s a l  r o o t s  were c ru sh ed .

In  o th e r  ex p e r im en ts  where d e - a f f e r e n t a t i o n  was com ple te ,  5 HT had no 

e f f e c t  a s  i l l u s t r a t e d  in  P ig .  1A f o r  500 <ig o f  5 HT. O c c a s io n a l ly  t h e r e
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was a  10 - 20:" in c r e a s e  in  the  r e f l e x  2-3 seconds a f t e r  t h e  i n j e c t i o n .

T h is  p e r s i s t e d  f o r  10-20 seconds and was not a s s o c i a t e d  w i th  th e  

immediate r i s e  in  sy s tem ic  b lood  p r e s s u r e .

D i r e c t  e x t r a c e l l u l a r  r e c o r d in g  from s e v e r a l  Rensliaw c e l l s  

showed t h a t  5 HT had no e f f e c t  on e i t h e r  t h e i r  normal d isc h a rg e  in  

re sp o n se  to  an a n t id ro m ic  v o l l e y  in  th e  v e n t r a l  r o o t  o r  th e  d isch a rg e  

due to  20 ixg o f  n i c o t i n e  i n j e c t e d  i n t r a - a r t e r i a l l y .  In  P ig .  15 a re  

shown e x t r a c e l l u l a r  r e c o r d s  from a  s in g le  Renshaw c e l l .  T h is  c e l l  was 

f i r i n g  sp o n tan eo u s ly  a t  a  r a t e  o f  one eve ry  two seconds and t h i s  r a t e  

was not a l t e r e d  by the  i n t r a - a r t e r i a l  i n j e c t i o n  o f  500 ixg o f  5 HT (A) .

The re sp o n se  o f  t h i s  c e l l  t o  s t im u la t io n  by an a n t id ro m ic  v o l l e y  in  th e  

v e n t r a l  r o o t  (b ) was no t a l t e r e d  by a  s i m i l a r  i n j e c t i o n  (C) .  L ikew ise 

th e  d is c h a rg e s  from th e  c e l l  (d ) produced by th e  i n t r a - a r t  e r  iaJ. i n j e c t i o n  

o f  20 jig of n i c o t in e  were n o t  s i g n i f i c a n t l y  a l t e r e d  by a  f u r t h e r  i n j e c 

t i o n  of 5 HT ( E ) .  U n t i l  5 HT has  been i n j e c t e d  l o c a l l y  i n t o  th e  re g io n  

o f  Renshaw c e l l s  i t  i s  im p o ss ib le  to  say w hether th e y  a re  in f lu e n c e d  by 

i t ,  f o r  Wooley and Shaw ( 1954b) have su g g es ted  on the  b a s i s  on a n a l y s i s  

o f  th e  b r a in  c o n te n t  o f  5 HT o f  a  mouse a f t e r  5 HT had been i n j e c t e d  

i n t r a - p e r i t o n e a l l y ,  t h a t  5 HT does no t p e n e t r a t e  th e  b lo o d - b r a in  b a r r i e r .  

( i i )  Substance  P«

E u le r  and Gaddum (1931) i s o l a t e d  in  a l c o h o l i c  e x t r a c t s  o f  

p l a in  muscle and b r a in  a  substance  which s t im u la te d  p la in  m uscle . T h is  

e f f e c t  was not p re v e n te d  by a t ro p in e  and th e  m a te r i a l  was named substance  

P .  The p h a rm a co lo g ica l  p r o p e r t i e s  and d i s t r i b u t i o n  have now been 

d e te rm ined  (Pernow, 1953? 1955; K apera & L a s a r i n i ,  1953; Amin e t  a l . ,  

1954)» Substance P can be p u r i f i e d  by chem ica l o r  ch rom atograph ic  

t e c h n iq u e s  and can be s e p a ra te d  p h a rm a c o lo g ic a l ly  from a c e t y l c h o l i n e ,
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h is ta m in e ,  5 KT and t r y p ta m in e .  I t  i s  a  p o ly p e p t id e ,  and, a l th o u g h  

d e s tro y ed  e n z y m a tic a l ly  by t r y p s i n  and Chymotrypsin, no s p e c i f i c  enzyme 

has  y e t  been i s o l a t e d .

The d i s t r i b u t i o n  in  nervous  t i s s u e  s u g g e s ts  a p o s s ib le  fu n c t io n  

a s  a t r a n s m i t t e r  agen t (Lembeck, 1953). The c o n c e n t r a t io n  i s  h ig h  in  

d o r s a l  r o o t s ,  d o r s a l  columns, s p in a l  grey m a t te r  and g r a c i l e  and cuneate  

n u c l e i  w hereas l i t t l e  i s  p r e s e n t  in  v e n t r a l  r o o t s .  H e l la u e r  (1953) 

s u g g e s ts  t h a t  substance  P i s  the  a c t iv e  v a s o d i l a t o r  e x t r a c t e d  from d o r s a l  

r o o t s .

Up to  th e  time o f  w r i t i n g  th e  e f f e c t  o f  subs tance  P on s p in a l  

t r a n s m is s io n  has  no t been r e c o rd e d .  E u le r  and Pernow (1954) have observed  

c e n t r a l  e f f e c t s  w ith  i n t r a v e n t r i c u l a r  i n j e c t i o n s  bu t were unable to  

o b ta in  s i g n i f i c a n t  r e s u l t s  when subs tance  P was i n j e c t e d  in t o  th e  p a ra 

v e n t r i c u l a r  t i s s u e .  I f  e f f e c t s  on s p in a l  cord t r a n s m is s io n  a re  not 

o b ta in e d  w ith  i n t r a - a r t e r i a l  i n j e c t i o n s  of su b s tan ce  P, d i r e c t  a p p l i c a t io n  

w i l l  have to  be made to  s p e c i f i c  a r e a s  in  th e  g rey  m a t t e r .

( i i i )  Adenosine t r i p h o s p h a te  (ATP).

Dale (1935) su g g es ted  t h a t  the  subs tance  cau s in g  a n t id ro m ic  

v a s o d i l a t i o n  a t  the  p e r ip h e r a l  t e r m in a l s  of c o l l a t e r a l s  from sensory  

f i b r e s  would p robab ly  be th e  t r a n s m i t t e r  substance  a t  t h e i r  c e n t r a l  

t e r m in a l s .  V a r io u s  e x t r a c t s  of d o r s a l  r o o t s  have been t e s t e d ,  c a p i l l a r y  

v a s o d i l a t i o n  o f  th e  r a b b i t  e a r  b e in g  th e  method o f  e v a lu a t io n  ( c f .  H i l to n  

& H olton , 1954).  H e l la u e r  and Umrath (1947? 1948) ,  H e l la u e r  (1953) and 

Umrath (1953) e x t r a c t e d  a  substance  from d o r s a l  r o o t s  which d i l a t e d  th e  

v e s s e l s  o f  the r a b b i t s  e a r  and which was d e s tro y e d  by an enzyme a l s o  

p re s e n t  in  d o r s a l  r o o t s .  They f u r t h e r  r e p o r t e d  t h a t  t h i s  enzyme was

i n h i b i t e d  by s try c h n in e  and o th e r  c o n v u ls a n ts .  T h is  substance  could
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n o t  “be e x t r a c t e d  from  v e n t r a l  r o o t s .

R ecen t i n v e s t i g a t i o n s  (Holton & H olton , 1953; H a r r i s  & H olton , 

1953) have d e f in e d  the  a c t u a l  c a p i l l a r y  v a s o d i l a t i o n  w i th  d o th  a n t id ro m ic  

s t im u la t io n  and e x t r a c t e d  s u b s ta n c e s ,  and have shown t h a t  th e  v a s o 

d i l a t o r  su b s tan ce  was p r e s e n t  b o th  in  d o r s a l  and v e n t r a l  r o o t s  in  in v e r s e  

p ro p o r t io n  to  th e  d i s t r i b u t i o n  o f  a c e ty lc h o l in e  and c h o l in e  a c e t y l a s e .  

H olton  (1953) d em o n stra ted  t h a t  the  a n t i c h o l i n e s t e r a s e s  e s e r i n e ,  p r o s t i g -  

min and DPP reduced  the  v a s o d i l a t o r  re sp o n se  to  b o th  chem ical and a n t i 

drom ic s t i m u l a t i o n .  H olton and Holton (l953> 1954) have shown t h a t  th e  

v a s o d i l a t o r  a c t i v i t y  of e x t r a c t s  from d o r s a l  and v e n t r a l  r o o t s  i s  

p ro b ab ly  due to  ATP and ADP w ith  sm all amounts of f u r t h e r  breakdown 

p ro d u c t s .  Por example a r t e r i a l  i n j e c t i o n s  of ATP and ADP gave a  v a s o 

d i l a t i o n  which re sem bled  t h a t  produced by a n t id ro m ic  nerve s t im u la t io n  

and by th e  i n j e c t i o n  o f  th e  e x t r a c t s .  The v a s o d i l a t o r  substance  was 

found  to  be c o n c e n t r a te d  p redom inan tly  in  d o r s a l  r o o t s ,  d o r s a l  columns 

and cunea te  and cauda te  n u c le u s  ( H a r r i s  & H olton , 1953) .

The r e s u l t s  o f  ex p er im en ts  des igned  to  e v a lu a te  th e  e f f e c t  of 

ATP on s p in a l  r e f l e x e s  a re  i n d e c i s i v e .  B u c h th a l ,  Engbach, Sten-Knudsen 

& Thomasen (1947) i n j e c t e d  ATP in to  th e  v e r t e b r a l  a r t e r y  o f  c a t s  and 

o b ta in e d  movements o f  th e  fo r e l im b s  w ith  doses of 500-6000 }JLg. S im i la r  

r e s u l t s  o ccu rred  w i th  in o rg a n ic  t r i p h o s p h a te  and pyrophosphate  bu t none 

w i th  c r e a t in e  phosphate  o r  a d e n y l ic  a c i d .  Sodium o rth o p h o sp h a te  and 

a c e ty l c h o l in e  (1-100 u g )  had no e f f e c t .  I t  i s  p o s s ib le  t h a t  some o f 

t h e s e  r e s u l t s  cou ld  be due to  an in c re a s e  in  a f f e r e n t  in flow  t h a t  

a r i s e s  on account o f  th e  s t im u la t io n  o f  p e r ip h e r a l  s t r u c t u r e s .  Emmelin 

and P e ld b e rg  ( 1948) found t h a t  in  s p in a l  c a t s  w ith  th e  c e r v i c a l  cord 

i n t a c t ,  in t r a v e n o u s  o r  i n t r a - v e r t e b r a l  i n j e c t i o n s  of ATP caused m uscular
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contractions particularly in the hind limbs resembling the scratch 

reflex. Occlusion of the vertebral artery caused the same movements.

The peripheral effects of ATP are extremely complex (Emraelin & Peldberg, 

194-8) and it is difficult to ascertain whether the demonstrated ’’central 

effects” are due to a peripheral action. The effect of intra-arterially 

injected sodiura-ATP upon monosynaptic reflexes in the lumbar cord of 

the spinal cat has been tried several times, but only in the one prepar

ation. V/hen dorsal root crushing was complete, 200 \ig had no effect.

This is shown in Pig. 16, the testing monosynaptic reflex being evoked 

in the SI segment.

There is thus little precise evidence that ATP is a central 

transmitter substance. Its occurrence both in dorsal and ventral roots 

makes it unlikely that it is the transmitter released by primary afferent 

fibres either in the spinal cord or at the terminations of their peripheral 

collateral branches.

(iv) Histamine.

There is little evidence that histamine is a. central trans

mitter substance. Kwiatkowski (1943) was unable to demonstrate appreci

able quantities of histamine in either dorsal roots or the spinal cord. 

Hausier (1953) was able to excite motoneurones of the isolated frog*s 

spinal cord by injecting relatively small amounts of histamine, but, in 

view of the low concentrations in mammalian nervous tissue, it is doubt

ful whether histamine has a significant function.

In the present series of experiment histamine dihydrochloride 

injected intra-arterially in doses of 10 -500 j.ig did not alter the testing 

monosynaptic reflex in the lumbar region of the spinal cat. The effect

of 500 jig on the reflex of the L7 segment is illustrated in Pig. 17>
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th e  r e f l e x  n o t  "being a l t e r e d  s i g n i f i c a n t l y ,  T h is  dose o f  h is ta m in e  i s  

a l s o  w ith o u t  e f f e c t  on th e  d is c h a rg e  of Renshaw c e l l s  ( E c c le s ,  E c c le s  & 

F a t t  -  p e r s o n a l  com m unication).

(v )  T issu e  e x t r a c t s .

The r e l a t i v e  ease w ith  which a c e ty lc h o l in e  was e x t r a c t e d  from 

t i s s u e  "by Dale and h i s  c o l l a b o r a t o r s  l e d  to  a  s e a rc h  f o r  chem ical t r a n s 

m i t t e r s  in  th e  s p in a l  co rd  by many i n v e s t i g a t o r s  w ith o u t  p ro p e r  a p p r e c ia 

t i o n  of the  f a c t o r s  in v o lv ed  b o th  in  the  p r e p a ra t io n  and in  th e  t e s t i n g  

o f  e x t r a c t s .  Gaddum (1955) has  s t a t e d  some o f  th e  c r i t e r i a  n e c e s s a ry  

when a n a ly s in g  e x t r a c t s  of t i s s u e .  The b io c h em ic a l  a s p e c t s  of s e p a ra t io n  

o f  the  components o f  such e x t r a c t s  can be com p lica ted  and tim e consuming, 

hence i t  i s  im p o r ta n t  t h a t  th e  mothod o f  t e s t i n g  be r e l a t i v e l y  simple 

and g ive  unambiguous r e s u l t s .  As i n d i c a t e d  above, in t r a v e n o u s  and some 

methods o f  i n t r a - a r t e r i a l  i n j e c t i o n  give r e s u l t s  o f  d o u b tfu l  v a l i d i t y ,  

b u t ,  even when p r e c a u t io n s  a re  taken  to  exclude p e r ip h e r a l  e f f e c t s  from 

s im u la t in g  c e n t r a l  a c t i o n s  o f  th e  substance  under t e s t ,  a p p l i c a t io n  v i a  

th e  s p in a l  a r t e r i a l  system may f a i l  on accoun t o f  n o n -p e n e t r a t io n  o f  

th e  b lo o d -b ra in  b a r r i e r .  In  th e s e  ca se s  d i r e c t  a p p l i c a t io n  to  s p in a l  

s t r u c t u r e s  by m i c r o - p ip e t t e s  may be in d i c a t e d ,  b u t  here  aga in  adequa te  

methods must be used  in  o rd e r  to  d e t e c t  th e  e f f e c t s  ( c f .  Kennard, 1 953 ) .  

I t  i s  s u r p r i s in g  t h a t  some i n v e s t i g a t o r s  ( c f .  B ernhard  e t  a l . ,  1947; 

F lo re y  & McLennan, 1955b) have a p p l i e d  d rugs o r  e x t r a c t s  d i r e c t l y  on to  

th e  exposed s p i n a l  co rd ,  f o r  under such c o n d i t io n s  i t  i s  p robab le  t h a t  

th e  d e sc r ib e d  e f f e c t s  have l a r g e l y  been due to  a c t io n s  on d o r s a l  r o o t  

f i b r e s .

The e x t r a c t i o n  of v a s o d i l a t o r  s u b s ta n c e s  from d o r s a l  r o o t s  has
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l e d  t o  c o n s id e ra b le  co n fu s io n .  Holton and Holton (1954) have produced 

s t r o n g  evidence t h a t  t h e i r  a c t i v e  su b s tan ce  i s  m ainly  ATP, bu t th e  

a c t i v e  p r i n c i p l e  ox H e l la u e r  and Umrath (1948)? Umrath (1955) and 

He H a u e r  (1953) i s  c e r t a i n l y  no t ATP and may be substance  P . F lo re y  

(1954) has  e x t r a c te d  b o th  ” i n h i b i t o r y ” ( i )  and ’’e x c i t a t o r y 1’ (e ) f a c t o r s  

from mammalian c e n t r a l  nervous  system and a s s a y s  th e s e  m a t e r i a l s  upon 

a  s in g le  c ru s ta c e a n  s t r e t c h  r e c e p to r  (F lo re y  & F lo r e y ,  1955).  F lo re y  

(1954) c o n s id e r s  t h a t  th e  ’’e x c i t a t o r y ” su b s tan ce  may be substance  P. 

R e c e n t ly  F lo re y  and McLennan (1955a) have r e p o r t e d  t h a t  th e  ’’i n h i b i t o r y ” 

su b s tan ce  i s  r e l e a s e d  'from mammalian c o r t e x .  F lo re y  and McLennan 

(1955b) have a l s o  r e p o r te d  t h a t  t h e i r  f a c t o r  I  i n h i b i t s  s p in a l  r e f l e x e s  

b u t  the  mode and s i t e  o f  a p p l i c a t i o n  of t h i s  m a te r i a l  makes the  s i g n i f i 

cance o f  t h e i r  r e s u l t s  ex trem ely  d o u b t f u l .  The blockage of tendon 

r e f l e x e s  o f  th e  s i x t h  and sev en th  lumbar segments w i th in  5 seconds o f  th e  

a p p l i c a t i o n  o f  a  s o lu t io n  of f a c t o r  I  t o  th e  d o r s a l  s u r fa c e  of th e  second 

lum bar segment i s  more l i k e l y  to  be due t o  a  d i r e c t  b lo c k in g  a c t io n  on 

d o r s a l  r o o t  f i b r e s  than  to  an i n h i b i t o r y  a c t io n  on m otoneurones.

T h is  f a c t o r  I  has  been t e s t e d  by i n t r a - a r t e r i a l  i n j e c t i o n  i n t o  

th e  s p in a l  cord c i r c u l a t i o n  (F lo re y  -  p e r s o n a l  communication) w ith o u t 

e f f e c t .  Samples of f a c t o r  I  s u p p l ie d  by Dr. F lo re y  and o th e r  samples 

p re p a re d  by h i s  methods have been used  in  the p re s e n t  i n v e s t i g a t i o n  and 

a l s o  gave a n e g a t iv e  r e s u l t .  T h is  may be a t t r i b u t a b l e  to  th e  f a i l u r e  o f  

f a c t o r  I  to  p e n e t r a te  th e  b lo o d -b ra in  b a r r i e r ,  f o r  a  c e n t r a l  t r a n s m i t t e r  

su b s tan ce  need n o t  have t h i s  a b i l i t y .  F or example, when a p p l ie d  i n t r a 

a r t e r i a l l y ,  a c e ty lc h o l in e  o c c a s io n a l ly  i s  unab le  to  in f lu e n c e  th e  d i s 

ch a rg e  of Renshaw c e l l s ,  though o th e r  t e s t s  i n d i c a t e  t h a t  th e se  c e l l s
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a re  a c t iv a te d ,  c h o l in e  r g i  c a l  ly  (E c c le s ,  E c c le s  & P a t t ,  1956),  However 

t h e r e  i s  no d e f i n i t e  ev idence  t h a t  t h i s  ’’i n h i b i t o r y "  subs tance  i n h i b i t s  

a n y th in g  b u t  th e  c ru s ta c e a n  s t r e t c h  r e c e p to r ,  and i t  i s  d o u b tfu l  w hether 

e i t h e r  f a c t o r s  E or I  are  of s ig n i f i c a n c e .

A m ajor problem in  the  s tudy  of th e  pharmacology of  s p in a l  

r e f l e x e s  i s  th e  e x t r a c t i o n  of t r a n s m i t t e r  s u b s ta n c e s  from c e n t r a l  nervous  

t i s s u e .  These s u b s ta n c e s  would be expec ted  to  be ex trem ely  l a b i l e  and 

to  o ccu r  in  low c o n c e n t ra t io n  to g e th e r  w i th  th e  s p e c i f i c  enzymes re s p o n 

s i b l e  f o r  t h e i r  d e s t r u c t i o n .  S e v e ra l  a t te m p ts  have been made to  i s o l a t e  

an i n h i b i t o r y  su b s tan ce  from th e  b r a i n s  o f  c a t t l e  bu t i t  i s  a p p a re n t  

t h a t  i t  i s  n o t  r e a d i l y  o b ta in a b le  w ith  s ta n d a rd  t e c h n iq u e s .  In  th e  

s p in a l  co rd , i t  seems l i k e l y  t h a t  i n h i b i t o r y  in te r n e u r o n e s  l i e  e n t i r e l y  

w i th in  the  g rey  m a t t e r ,  hence i t  may be ex p ec ted  t h a t  th e  i n h i b i t o r y  

t r a n s m i t t e r  would be e x t r a c t a b l e  from grey m a t t e r .

Whole b r a i n s  were removed w ith in  th r e e  m inu tes  o f  the a n im a l’ sn

d e a th  and th e  c o v e r in g  membranes, la rg e  b lood  v e s s e l s  a.nd b lood  c l o t s  

d i s s e c t e d  f r e e .  The b r a i n s  were then  s l i c e d  t h i n l y  and s e p a ra te d ,  a s  

f a r  a s  was p o s s i b l e ,  in to  g rey  and w hite  m a t t e r .  The p ie c e s  o f  t i s s u e  

t h a t  were p redom inan tly  grey m a t te r  were wrapped in  t h i n  po ly thene  

s h e e t s  so t h a t  th e  i n d i v id u a l  p a c k e ts  were no t h i c k e r  than  one c e n t im e tre  

and packed in  dry  i c e .  The b r a in  s l i c e s  were u s u a l l y  s o l i d  w i th in  two 

m in u tes  and th e  chem ica l e x t r a c t i o n s  were commenced w ith in  two h o u rs .

In  t h i s  way i t  was hoped to  p re se rv e  a s  much a s  p o s s ib le  o f  th e  t r a n s 

m i t t e r  su b s ta n c e s  d u r in g  the  t r a n s p o r t  o f  th e  c o l l e c t e d  m a te r i a l  to  

th e  l a b o r a t o r y .

S tan d a rd  w atery  e x t r a c t s  were made, u s in g  e i t h e r  h e a t ,  t r i 

c h l o r a c e t i c  a c i d  o r  p e r c h l o r i c  a c id  to  p rev en t the  enzym atic  d e s t r u c t io n
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o f  any a c t iv e  p r i n c i p l e  d u r in g  th e  p ro c e s s .  A f te r  f i l t r a t i o n  and 

removal of th e s e  l a t t e r  two a g e n t s ,  th e  s o lu t i o n s  o f  2-3 l i t r e s  in  

volume were red u ced  a t  low te m p e ra tu re s  t o  a volume o f  abou t 50 ml.

T h is  c o n c e n t ra te  was then  t r e a t e d  w ith  d i f f e r e n t  s o lv e n t s  in  tu r n  and 

th e  m a te r i a l  e i t h e r  p r e c i p i t a t e d  or s o lu b le  in  e th a n o l ,  e t h e r ,  a ce to n e  

or ch lo roform  s e p a r a t e d .  In  t h i s  way from any one e x t r a c t i o n  p ro c e ss  

many samples were o b ta in e d ,  and a f t e r  th e  sodium, po tass ium  and c h lo r id e  

c o n te n ts  o f  each  had been e s t im a te d  th e y  were d i s s o lv e d  in  a  s u i t a b l e  

b u f f e r e d  s o lu t i o n  so t h a t  th e  f i n a l  pH and io n i c  co n ten t  resem bled  t h a t  

o f  R inger-L ocke s o l u t i o n .

These e x t r a c t s  were t e s t e d  by d e te rm in in g  t h e i r  e f f e c t  on the  

monosynaptic r e f l e x  when a p p l ie d  by i n t r a - a r t e r i a l  i n j e c t i o n .  T h is  

method, a l th o u g h  a t t r a c t i v e ,  may be in a d e q u a te ,  f o r  th e  t r a n s m i t t e r  

•substances need n o t  n e c e s s a r i l y  p e n e t r a te  th e  b lo o d -b ra in  b a r r i e r .  The 

m a jo r i ty  of e x t r a c t s  had no e f f e c t  a t  a l l  on th e  t e s t i n g  r e f l e x .  D uring  

one p ro c e s s ,  t h r e e  s im i la r  e x t r a c t s  d id  d e p re s s  th e  t e s t i n g  m onosynaptic  

r e f l e x  (F ig .  18 -  f i l l e d  c i r c l e s ) .  As i t  i s  l i k e l y  t h a t  s t ry c h n in e  

a c t s  in  th e  s p in a l  cord  by b lo c k in g  th e  a c t io n  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  on th e  p o s t  s y n a p t ic  membrane o f  m otoneurones and in te r n e u r o n e s  

i t  would be ex p ec ted  t h a t  the  d ep re s s io n  o f  th e  t e s t i n g  r e f l e x  by th e  

t r u e  i n h i b i t o r y  substance  would be p rev en ted  by the  in t r a v e n o u s  adm in is 

t r a t i o n  of subconvu ls ive  doses of s t r y c h n in e .  However, in  t h i s  

ex p er im en t ,  0 . 1  mgm/Kgm of s t ry c h n in e  a d m in is te re d  in t r a v e n o u s ly  had 

no s i g n i f i c a n t  e f f e c t  on the  d e p re s s io n  o f  th e  r e f l e x  f o l lo w in g  a 

f u r t h e r  2 mgm. o f  the  e x t r a c t  and i t  may be concluded  t h a t  th e  a c t iv e  

c o n s t i t u e n t  o f  t h i s  e x t r a c t  was n o t  th e  i n h i b i t o r y  s u b s ta n c e .  F u r th e r

e x t r a c t s  made in  th e  same f a s h io n  were w i th o u t  e f f e c t
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I n  t h e  p r e v io u s  s e c t i o n s  t h e  e f f e c t s  o f  some p h a r m a c o lo g ic a l  

a g e n t s  on b o t h  m o n o sy n a p t ic  and  p o l y s y n a p t i c  r e f l e x e s  have been  d e s c r i b e d .  

T here  have been f r e q u e n t  a t t e m p t s  to  d i s c r i m i n a t e  betw een  t h e  a c t i o n s  o f  

d ru g s  on m o n o sy n a p t ic  and  p o l y s y n a p t i c  r e f l e x e s .

The e f f e c t s  o f  i n t r a - a r t e r i a l l y  i n j e c t e d  a c e t y l c h o l i n e  and 

n i c o t i n e  would  be e x p e c te d  t o  be s i m i l a r  f o r  b o t h  f l e x o r  and  e x te n s o r  

m o to n e u ro n ss  b e c a u se  t h e  Renshaw c e l l  i n h i b i t o r y  mechanism h a s  n o t  been 

fou n d  t o  have any  s e l e c t i v e  o r g a n i s a t i o n  w i t h  r e s p e c t  t o  f l e x o r  and  

e x te n s o r  m o toneu rones  (Renshaw, 194-1; S o c l e s ,  S a t t  & K o k e ts u ,  1 9 5 4 ) .

I t  would be e x p e c te d  t h a t  t h e  e f f e c t  o f  Renshaw c e l l  a c t i v a t i o n  on p o ly 

s y n a p t i c  r e f l e x e s  would a l s o  be a  d e p r e s s i o n ,  p ro v id e d  t h a t  t h e r e  were 

no o t h e r  c h o l i n e r g i c a l l y  e x c i t e d  s y n a p se s  a lo n g  t h e  p o l y s y n a p t i c  pa thw ay . 

P e ld b e r g  e t  a l .  (1953)  and B u l b r i n g  an d  B u m  ( l 9 4 l )  have fou n d  t h a t  

f l e x o r  r e f l e x e s  i n c r e a s e d  w i t h  i n t r a - a r t e r i a l  i n j e c t i o n s  o f  a c e t y l c h o l i n e  

b u t  i t  i s  p ro b a b le  t h a t  t h i s  e f f e c t  i s  due t o  i t s  s t i m u l a t i n g  a c t i o n  on 

r e c e p t o r  o r g a n s .  Most i n v e s t i g a t i o n s  on a n t i d r o m i c  i n h i b i t i o n ,  have 

d e a l t  e x c l u s i v e l y  w i th  t h e  i n h i b i t i o n  o f  m o n o sy n a p t ic  r e f l e x e s  ( c f .  E c c l e s ,  

1 9 5 5 ) .  However K ön ig  (1952 )  i l l u s t r a t e s  a  c o n c o m ita n t  r e d u c t i o n  o f  p o ly 

s y n a p t i c  and  m o n o sy n ap t ic  r e f l e x e s  by a  p r e c e d in g  a n t i d r o m i c  v o l l e y  i n  

t h e  v e n t r a l  r o o t  w hich  c o u ld  be due in  p a r t  t o  a c t i v a t i o n ,  o f  Renshaw 

c e l l s .

P i g .  19 b a s e d  on t h e  r e s u l t s  from  two e x p e r im e n t s ,  i l l u s t r a t e s  

t h e  e f f e c t  o f  b o th  a c e t y l c h o l i n e  and  n i c o t i n e  on p o l y s y n a p t i c  r e f l e x e s .

The d ru g s  were a d m i n i s t e r e d  i n t r a - a r t e r i a l l y  and  th e  r e f l e x e s ,  evoked  by

t h e  s t i m u l a t i o n  o f  t h e  d o r s a l  r o o t s  once e v e r y  two se co n d s  were r e c o r d e d
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from th e  a p p r o p r ia te  v e n t r a l  r o o t .  A l l  o th e r  d o r s a l  r o o t s  were c rushed  

and th e  monosynaptic r e f l e x  in  b o th  th e  L7 and SI segments ( F ig .  19 -  

upper and low er r e c o rd s )  was d ep re ssed  by n i c o t in e  and a c e ty lc h o l in e  

r e s p e c t i v e l y  a s  p re v io u s ly  r e p o r te d  ( c f .  S ec t io n  I E ) .  I t  i s  a p p a re n t  

from th e s e  f i g u r e s  t h a t  th e  p o ly s y n a p t ic  r e f l e x e s  were a l s o  d ep re ssed  

a t  the  same tim e as  th e  m onosynaptic r e s p o n s e s .  D e ta i l e d  p h a rm a co lo g ica l

s tu d ie s  have not been c a r r i e d  o u t ,  b u t  i t  i s  h ig h ly  p ro b ab le  t h a t  t h i s
*

d e p re s s io n  i s  due to  a c t i v a t i o n  o f  th e  v e n t r a l  horn Renshaw c e l l s ,  th e  

i n h i b i t i o n  t a k in g  p lace  a t  th e  moton.euron.es, and no t a lo n g  th e  po ly 

s y n a p t ic  pathways.

There a re  c e r t a in  su b s ta n c e s  hav ing  d i f f e r e n t  p h a rm a co lo g ica l  

a c t i o n s  upon monosynaptic and p o ly s y n a p t ic  pathw ays,w hich  may sugges t 

t h a t  th e  e x c i t a t o r y  t r a n s m i t t e r s  d i f f e r  in  th e s e  sy stem s. R e l a t i v e l y  

l a r g e  doses  o f  myanesin ( t o l s e r o l ,  n e p h e n e s in )  s e l e c t i v e l y  d e p re s s  p o ly 

s y n a p t ic  r e f l e x e s  w h i l s t  monosynaptic r e f l e x e s  a re  muc l e s s  a f f e c t e d  

(B erger  & B ra d le y ,  1946; Henneraan, Kaplan & Unna, 1949; Kaada, 1950; 

T a v e rn e r ,  1952; W righ t ,  1954)* A s im i l a r  a c t io n  i s  seen w i th  g ly k e t a l  

(B e rg e r ,  1949)? miltown (B erg e r ,  1954) and p a r p a n i t  (G ruber,  K ra a tz ,  

Gruber & Copeland, 1949)* On the  o th e r  hand s t r y c h n in e ,  th e b a in e  

b ru c e in e  and t e t a n u s  to x in  in c re a s e  p o ly s y n a p t ic  r e f l e x e s  w h ile  th e  mono

s y n a p t i c  r e f l e x e s  a re  s l i g h t l y  in c re a s e d  o r  even d ec re ase d  (Hoffmann, 

1922; Bremer, 1944; Kaada, 1950; N aess ,  1950; B ernhard  e t  a l . ,  1951; 

B ro o k s .& F u o r te s ,  1952; B ra d le y ,  E as ton  & E c c le s ,  1953; F a t t  -  p e r s o n a l  

communication; c f .  Section. I I ) .  T h is  e f f e c t  o f  s t ry c h n in e  i s  red u ce d  by 

myanesin (B erger & B ra d le y ,  1946; Kaada, 1950; T av e rn e r ,  1952) and 

p a r p a n i t  (Gruber e t  a l . ,  1949)*
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The only  s p e c i f i c  a c t io n  known. f o r  s t ry c h n in e  i s  t h a t  i t  

d e p re s s e s  the  e f f e c t i v e n e s s  w ith  which a c t i v a t e d  i n h i b i t o r y  synapses  

g e n e ra te  th e  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  o f  m otoneurones . I t  i s  

te m p tin g  th e r e f o r e  to  a s c r ib e  th e  l a r g e  in c r e a s e  in  p o ly s y n a p t ic  r e f l e x e s  

to  the  d e p re s s io n  o f  i n h i b i t o r y  c o n t ro l  a t  s y n a p t ic  r e l a y s  a lo n g  th e  p a th 

ways and th e  minor changes in  m onosynaptic  r e f l e x e s  t o  th e  change in. 

background b a r ra g e  o f  im pu lses  upon m otoneurones ( c f .  B ra d le y  e t  a l . ,  1953).

S im i l a r l y ,  f o r  myanesin and r e l a t e d  s u b s ta n c e s ,  th e  r e l a t i v e l y  

s l i g h t  a l t e r a t i o n  in  m onosynaptic r e f l e x e s  could  be due to  a  d e p re s s io n  

o f  background in t e r n e u r o n a l  d is c h a rg e .  The s p e c i f i c  a c t io n  o f  th e s e  

s u b s ta n c e s  may th e r e f o r e  be one o f  d e p re s s io n  o f  e x c i t a t o r y  t r a n s m i t t e r  

a c t io n  on in te rn e u ro n e s  w ith o u t  a  s p e c i f i c  a c t io n  on th e  m otoneurone.

T h is  however i s  u n l i k e l y ,  and, a s  W righ t (1954) has  s u g g es ted ,  myanesin 

may be e f f e c t i v e  a t  a l l  c e n t r a l  e x c i t a t o r y  sy n ap ses ,  th e  g r e a t e r  d e p re s s io n  

o f  p o ly s y n a p t ic  pathways a r i s i n g  from th e  s e r i a l  a rrangem ent o f  d ep re ssed  

s y n a p se s .  F or example Kaada (1950) lias shown t h a t  complex p o ly s y n a p t ic  

pathw ays a re  more v u ln e ra b le  to  th e  a c t io n  o f  myanesin t h a t  th e  p a th 

ways w i th  few er sy n ap ses .
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SECTION I I .  TIES EEPEOTS OF STRYCHNINE AND TETANUS TOXIN UPOIT SPINAL

INHIBITORY MECHANISES.

(A.) INTRODUCTION

I t  h a s  r e c e n t l y  “been dem onstra ted  (Coombs, E c c le s  & E a t t ,  1955b 

& d) t h a t  th e  i n h i b i t o r y  t r a n s m i t t e r  su b s tan ce  a c t s  on motoneurones by 

in c r e a s in g  th e  p e rm e a b i l i ty  of " i n h i b i t o r y  p a tc h e s"  of th e  p o s t s y n a p t i c  

membrane t o  some io n s ,  and no t a t  a l l  o r  v e ry  s l i g h t l y  to  o t h e r s .  The 

manner in. which th e  e x c i t a t o r y  r e s p o n s e s  of m otoneurones a re  d ep re ssed  

by i n h i b i t o r y  v o l l e y s ,  h as  been dem onstra ted  on ly  f o r  th e  " d i r e c t "  

i n h i b i t o r y  a c t io n  o f  im p u lses  in  th e  group l a  a f f e r e n t  f i b r e s  on moto

neurones  o f  a n t a g o n i s t i c  m u sc le s .  However f o r  o th e r  ty p e s  o f  i n h i b i t i o n  

th e  p o s t s y n a p t i c  i n h i b i t o r y  membranes have been shown to  have th e  same 

p e r m e a b i l i t i e s  to  io n s ,  and i t  can th e r e f o r e  be p o s tu l a t e d  t h a t  t h e r e  i s  

th e  same manner o f  i n h i b i t o r y - e x c i t a t o r y  i n t e r a c t i o n  a t  th e  motoneurone 

i r r e s p e c t i v e  of th e  a c t u a l  pathway o f  th e  i n h i b i t o r y  a c t i o n .  I t  may 

f u r t h e r  be p o s tu l a t e d  t h a t  th e  same i n h i b i t o r y  t r a n s m i t t e r  i s  r e l e a s e d  

a t  the  motoneurone r e g a r d l e s s  of the  o r ig i n  o f  th e  im pu lses  in  th e  p r e -  

s y n a p t i c  t e r m in a l s  r e l e a s i n g  the  t r a n s m i t t e r .

The a c c ep tan c e  o f  chem ical s y n a p t ic  t r a n s m is s io n  im p l ie s  t h a t  

a  p rim ary  a f f e r e n t  f i b r e  cannot a t  one group o f  synapses  e x c i t e  moto

neurones  and a t  a n o th e r  i n h i b i t  ( c f .  G-eneral I n t r o d u c t i o n ) .  On th e  b a s i s  

o f  in a c c u ra te  t im in g  and on analogy w i th  th e  m onosynaptic  a c t i v a t i o n  o f  

m otoneurones, i t  has  been acc ep ted  t h a t  th e  " d i r e c t "  i n h i b i t o r y  a c t i o n  

t h a t  im pu lses  in  th e  f a s t e s t  a f f e r e n t  f i b r e s  from the  q u a d r ic e p s  ( q ) 

muscle have on b ic e p s - s e m i te n d in o s u s  (BST) m otoneurones i s  m onosynaptic  

(L loyd , 1941; 1346; B ra d le y ,  E aston  & E c c le s ,  1953).  However r e c e n t



44-

in  v e s t  i g a t io n  ( E c c le s ,  F a t t  & Landgren, 1956) has  dem onstra ted  c o n c lu s 

i v e l y  t h a t  11 d i r e c t ” in h ib i t i o n ,  i s  no t in  f a c t  d i r e c t ,  h u t  i s  r e la y e d  

th ro u g h  an in te r n e u r o n e  lo c a te d  in  th e  in te rm e d ia te  n u c le u s  o f  th e  s p in a l  

g rey  m a t t e r .  W ith  th e  d i r e c t  i n h i b i t o r y  pathway from q u a d r ic e p s  l a  

f i b r e s  to  BST m otoneurones th e  a c t i v i t y  o f  t h i s  in te rn e u ro n e  and th e  

subsequen t c u r r e n t  f low  in t o  th e  p r e s y n a p t i c  t e r m in a l s  i s  i n d i c a te d  by 

a  b r i e f  p o s i t i v e  wave on th e  d o r s o l a t e r a l  s u r fa c e  o f  th e  s p in a l  cord  ( c f .  

a r ro w s  in  F ig s .  22 & 2 6 ) .  Again w i th  th e  i n h i b i t o r y  pathway from m o to r-  

axon c o l l a t e r a l s  to  motoneurones an in te rn e u ro n e  ( th e  Ren.shaw c e l l )  i s  

i n t e r p o l a t e d ,  and t h e r e  i s  good ev idence  t h a t  th e  i n h i b i t o r y  a c t io n s  on 

m otoneurones by im p u lse s  in  groups l b ,  I I  and I I I  a f f e r e n t  f i b r e s  a re  

a l s o  r e l a y e d  by c e l l s  o f  th e  in te rm e d ia te  or d o r s a l  ho rn  r e g io n .

When s t r y c h n in e  i s  i n j e c t e d  in t r a v e n o u s ly  in  subconvu ls ive  

d o s e s ,  i t  g r e a t l y  d im in is h e s  th e  amount of i n h i b i t i o n  produced by a 

” d i r e c t ” i n h i b i t o r y  v o l l e y ,  bu t has  no s i g n i f i c a n t  e f f e c t  on th e  t e s t i n g  

m onosynaptic  r e f l e x  (B rad le y  e t  a l . ,  1955).  In  g e n e ra l  th e  c l i n i c a l  

e f f e c t s  produced by th e  a c t i o n s  of t e t a n u s  to x in  and o f  s t ry c h n in e  a re  

v e ry  s im i l a r  and because  of t h i s  S h e r r in g to n  (1905* 1906) su g g es ted  t h a t  

th e s e  two s u b s ta n c e s  a c te d  s i m i l a r l y  in  th e  c e n t r a l  ne rvous  system . T h is  

s i m i l a r i t y  was a l s o  n o te d  by Simpson in  1854 ( c f .  W rig h t ,  1955)*

S h e r r in g to n  d e s c r ib e d  th e  a c t io n  o f  t e t a n u s  to x in  on s p in a l  r e f l e x e s  a s  a  

co n v ers io n  of i n h i b i t i o n  in to  e x c i t a t i o n .  T h is  was based  upon o b s e rv a t io n s  

in  which th e  i n h i b i t i o n  o f  e x te n s o r  r e f l e x e s  was r e p la c e d  by f a c i l i t a t i o n ,  

th e  c o n d i t io n in g  v o l l e y s  hav ing  been s e t  up in  th e  i n t e r n a l  saphenous o r  

h a m s tr in g  n e rv e s .

There a re  f i v e  main ty p e s  o f  l o c a l  s p in a l  i n h i b i t i o n  t h a t  have
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been i n v e s t i g a t e d  b o th  w ith  s t ry c h n in e  and t e t a n u s  tox in ..  I t  i s  con

v e n ie n t  to  in c lu d e  w ith  t h e s e ,  th e  e f f e c t s  of th e s e  a g e n ts  on. po ly syn 

a p t i c  r e f l e x e s  because  i t  i s  p ro b ab le  t h a t  th e  concom itan t l o s s  o f  s p in a l  

i n h i b i t i o n  and the  in c r e a s e  in, p o ly s y n a p t ic  r e f l e x e s ,  due to  b o th  th e s e  

h ig h ly  s p e c i f i c  a g e n t s ,  have a  s im i l a r  b a s i s  ( c f .  B ra d le y  e t  a l . ,  1953).  

(b ) METHODS

C ats l i g h t l y  a n a e s t h e t i z e d  w ith  p e n to b a rb i to n e  sodium have 

been used  in  the  e x p e r im en ts .  The s p in a l  cord was sev e red  in  th e  lower 

t h o r a c i c  r e g io n  and th e  v e n t r a l  r o o t s  o f  th e  5 th ,  6 th ,  7 th  lumbar ( l )  

and 1 s t  s a c r a l  (S) segments were cu t and mounted on p la t inum  e l e c t r o d e s  

f o r  r e c o r d in g  p u rp o ses .  The s p in a l  cord  was covered  by p a r a f f i n  o i l  

c o n ta in e d  in  th e  e l e v a te d  skin  f l a p s .  The n e rv e s  to  th e  p o s t e r i o r  b ic e p s  

and se m iten d in o su s  m uscles ( h e n c e fo r th  BST) ,  s u r a l  nerve  (S ) ,  g a s t r o c -  

n e rn iu s -so leu s  ( c ) ,  p l a n t a r i s  ( ? ) ,  f l e x o r  lo n g u s  d ig i to ru m  (PLD) and 

common p e ro n e a l  (P e r )  were mounted on s t im u la t in g  e l e c t r o d e s  in. a n o th e r  

p a r a f f i n  p o o l ,  w hile  th e  q u a d r ic e p s  nerve (o) was s t im u la te d  th ro u g h  a 

b u r i e d  e l e c t r o d e .  In  s e v e r a l  experim en ts  th e  p r e p a r a t io n  was b i l a t e r a l .

When r e c o rd in g  th e  r e f l e x  r e s p o n s e s ,  s u p e r im p o s i t io n  o f  about 

tw en ty  to  f o r t y  t r a c e s  was used  so t h a t  th e  mean re sp o n se  could  be 

d i r e c t l y  measured from the  p h o to g rap h s .  R e f le x e s  were e l i c i t e d  a t  e i t h e r  

2 o r  3 .5  second i n t e r v a l s  and the  m onosynaptic  r e s p o n s e s  were always 

maximal. The t h r e s h o l d s  o f  th e  a f f e r e n t  f i b r e s  used  f o r  i n h i b i t o r y  

v o l l e y s  were checked from time to  t im e .

S trychn ine  h y d ro c h lo r id e ,  d i s s o lv e d  in  R inger-Locke so lu tion ,  

was a d m in is te re d  in t r a v e n o u s ly .  B oth  n o n - c r y s t a l l i n e  and c r y s t a l l i n e  

t e t a n u s  to x i n s  were used  and the  doses  a d m in is te re d  a re  given in  th e  t e x t
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a s  mgm of t o x i n .  Owing to  th e  i n s t a b i l i t y  o f  th e s e  t o x i n s ,  r e g u la r  

a s s a y s  were perform ed u s in g  m ice . The f a c t o r  o f  600, r e l a t i n g  c a t  to  mice 

MLD on a  w eight b a s i s ,  h as  been used  ( F i l d e s ,  1927) n e g l e c t i n g  in  so 

do ing  th e  v a r i a b i l i t y  found  by L lew e llyn  Smith (1 9 4 2 ) .  The non c r y s t a l l i n e  

to x in  XW 1322 T 166 (XW) co n ta in e d  10° mouse KLD p e r  m i l l ig ra m  o f  powder 

and th e  c r y s t a l l i n e  (L6l )  which has  been d e s c r ib e d  by P i l l e m e r ,  W i t t i e r ,  

B u r r e l l  & G rossberg  ( 1948) was found to  co n ta in  10 ̂  mouse MLD/ml o f  

s o l u t i o n .

Local t e t a n u s  was produced in  th e  an im als  by i n j e c t i o n  o f  th e  

to x in  e i t h e r  i n t o  th e  s c i a t i c  nerve or the  s p in a l  c o rd .  The s c i a t i c  

i n j e c t i o n s  were perform ed a s e p t i c a l l y  under e t h e r  a n a e s t h e t i c  u s in g  a 

27 gauge needle  and t a k in g  care t h a t  th e re  was no le ak ag e  to  su r ro u n d in g

m usc les  (A bel, Hampil & Jonas ,  1935).  The to x in  was d i s s o lv e d  in

-25 x 10 ml o f  s a l i n e ,  and th e  i n j e c t i o n  was made in t o  th e  l e f t  nerve 

t r u n k  a t  a l e v e l  between the  h a m str in g  and s u r a l  b r a n c h e s .  F o llow ing  

such  an i n j e c t i o n  th e  t y p i c a l  symptoms o f  l o c a l  t e t a n u s  developed  in  

18—20 hou rs  ( c f . F i l d e s ,  1929; Ache son, R a tn o f f  8: Schoenbach, 1942;

H u t t e r ,  1951; D av ies ,  Morgan, W righ t & W rig h t ,  1954) .  C onsequently  b o th  

h in d  lim bs and b o th  s id e s  of th e  cord  were p re p a re d  8 to  12 hou rs  a f t e r  

th e  i n j e c t i o n  so t h a t  a  comparison o f  r e f l e x e s  on th e  two s id e s  could  

be made b e fo re  th e  development o f  l o c a l  te ta .nus  and a t  v a r io u s  t im e s  

t h e r e a f t e r .  In  s e v e r a l  such experim en ts  th e  L7 v e n t r a l  r o o t  was l e f t  

i n t a c t  f o r  a  f u r t h e r  12 hours  in  o rd e r  t h a t  th e  movement of to x in  in to  

th e  cord  would n o t  be p rem a tu re ly  i n t e r r u p t e d .

T etanus to x i n  was i n j e c t e d  i n t o  b o th  w h ite  and  grey  m a t te r  o f  

t h e  s p in a l  cord th ro u g h  g la s s  m i c r o p ip e t t e s  of 5-20 ;l e x t e r n a l  d iam ete r
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a t  th e  t i p .  The i n j e c t i o n  dev ice  p e rm i t te d  th e  e j e c t i o n  o f  volumes as  

sm all  a s  10 ml and depended on th e  d isp lacem en t of a t h i n  perspex  

diaphragm hy a  m icrom eter ( r i g .  20 ) .  By em ploying th e  m ic r o p ip e t te  a l s o  

a s  a  m ic ro e le c t ro d e  i t  was p o s s ib le  to  de term ine  th e  r e l a t i o n  o f  i t s  

t i p  to  known a r e a s  in  the  v e n t r a l  h o rn .  As any one segm ental v e n t r a l  

r o o t  samples th e  d isch a rg e  o f  motoneurones ex te n d in g  over t h i s  segment, 

i t  was n e c e s s a ry  to  s p l i t  th e  r o o t  in t o  two or  t h r e e  p o r t i o n s  in  o rd e r  

to  dem onstra te  th e  v e ry  l o c a l i z e d  e f f e c t s .

In  some experim en ts  co n v en t io n a l  g l a s s  m ic r o - e le c t r o d e s  o f  t i p  

d iam ete r  l e s s  th an  0 .5 h  were used  f o r  i n t r a c e l l u l a r  and e x t r a c e l l u l a r  

r e c o r d in g .  These were p u l l e d  from 3 mm pyrex  tu b in g  u s in g  a  machine 

o f  new d es ign  (Winsbury, 1956) and f i l l e d  w i th  0 .6  M.KJ30 s o lu t io n  by
C.

b o i l i n g  under p a r t i a l  vacuum.

(C) RESULTS

( l )  E f f e c t s  on th e  e x c i t a t i o n  o f  m otoneurones 

( a )  M onosynaptic r e f l e x e s

Subconvulsive  doses  of s t ry c h n in e  ( 0 .1  mgm/Kgm) have no s i g n i f i 

can t e f f e c t  on the  m onosynaptic  e x c i t a t o r y  a c t io n  in  a n a e s t h e t i z e d  low 

s p in a l  c a t s  (B rad ley  e t  a l . ,  1953; Coombs, e t  a l . ,  1955c, P ig .  8 ) .  T h is  

was confirm ed in  the  p r e s e n t  s e r i e s  o f  e x p e r im e n ts .

When t e t a n u s  to x in  was i n j e c t e d  in t o  the  s c i a t i c  nerve or 

d i r e c t l y  in t o  th e  s p in a l  co rd ,  th e r e  was no s i g n i f i c a n t  change in  maximal 

m onosynaptic  r e f l e x e s  t h a t  were e l i c i t e d  by s t im u la t io n  o f  group l a  f i b r e s  

o f  a  muscle nerve and re c o rd e d  from th e  a p p r o p r i a t e  v e n t r a l  r o o t .  T h is  i s  

i l l u s t r a t e d  in  P ig .  21 f o r  th e  maximal m onosynaptic  r e f l e x  evoked by a 

v o l l e y  in  th e  BST nerve and re c o rd e d  from th e  cauda l  f i l a m e n t s  o f  th e
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l e f t  L7 v e n t r a l  r o o t .  The r e c o rd  A was ta k en  p r i o r  to  th e  i n j e c t i o n  o f  

0 . 2  mgm of XW to x in  n ea r  th e  l e f t  v e n t r a l  horn and a t  a  segm ental l e v e l  

between L7 and S I .  Nine and a  h a l f  m inu tes  a f t e r  t h i s  i n j e c t i o n  the  

r e f l e x  was v i r t u a l l y  unchanged (c) w hereas th e  maximal i n h i b i t i o n  of 

th e  r e f l e x  by im pu lses  in  q u ad r ic ep s  l a  f i b r e s  had been red u ced  

c o n s id e ra b ly  (see  l a t e r ) .

When to x in  was i n j e c t e d  in to  th e  s c i a t i c  n e rv e ,  i t s  e f f e c t s  

developed  much more s low ly , hence c o n s id e ra b le  v a r i a t i o n s  were l i k e l y  

to  occur in  th e  s iz e  of maximal m onosynaptic  r e f l e x e s ,  a p a r t  from any 

p o s s ib le  e f f e c t  o f  the  t o x i n .  In  th e  experim ent i l l u s t r a t e d  in  F i g .  22 

BST m onosynaptic  r e f l e x e s  were re c o rd e d  from th e  l e f t  and r i g h t  s id e  of 

the  s p i n a l  cord a t  v a r io u s  t im es  a f t e r  th e  i n t r a s c i a t i c  i n j e c t i o n  of 

7 mgm XV/ to x in  on th e  l e f t  s i d e .  The r e c o r d s  A and G show th e  c o n t ro l  

r e f l e x e s  on th e  l e f t  and r i g h t  s id e s  r e s p e c t i v e l y  21 h o u rs  a f t e r  th e  

i n j e c t i o n .  The co r re sp o n d in g  p a i r s  C & J ,  E & L were re c o rd e d  a t  22 

and 33 h ou rs  r e s p e c t i v e l y  a t  th e  same a m p l i f i c a t i o n .  Over t h i s  p e r io d ,  

e s p e c i a l l y  on th e  l e f t  s id e  th e r e  was a  l a r g e  and p ro g re s s iv e  d im inu tion  

in  the  amount o f  i n h i b i t i o n  (see  l a t e r )  w h ile  th e r e  was no s i g n i f i c a n t  

t r e n d  in  th e  s iz e  of the  maximum m onosynaptic  r e f l e x .

(b )  P o ly s y n a p t ic  r e f l e x e s

In  c o n t r a s t  to  the  la c k  o f  e f f e c t  upon monosynaptic r e f l e x e s ,  

p o ly s y n a p t ic  r e f l e x e s  a re  in c re a s e d  b o th  by t e t a n u s  to x in  and s t r y c h n in e .  

W ith  s t ry c h n in e  th e  e a r l i e r  f i n d i n g s  o f  Bremer ( 1944) ,  Kaada (1950),

N aess (1950 ) ,  B e rn h ard ,  T averner & Widen (1 9 5 1 ) ,  S c h e r re r  (1952) and 

Brooks and F u o r te s  (1952) were confirm ed . R e f le x e s  were u s u a l l y  e l i c i t e d

by s t im u la t in g  th e  s u r a l  nerve a t  an i n t e n s i t y  of tw ic e  th r e s h o l d ,  f i v e
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t im e s  th r e s h o ld  and maximally f o r  A-type f i b r e s .  Comparisons were made 

between i n t e g r a t e d  r e c o r d s  o f  th e  a r e a s  b e n e a th  monophasic r e c o r d in g s  

o f  th e  p o ly s y n a p t ic  r e f l e x e s ,  and in c r e a s e s  o f  2 -  4 t im e s  normal were 

found depending on the  dose o f  s t ry c h n in e  u s e d .  A f te r  in t r a v e n o u s  

s t ry c h n in e  th e  in c r e a s e  of p b ly s y n a p t ic  r e f l e x e s  and consequent r e tu r n  

to  normal had th e  same tim e course  a s  th e  l o s s  o f  i n h i b i t i o n  o f  mono

s y n a p t ic  r e f l e x e s .  The in c re a s e  in  th e  p o ly s y n a p t ic  r e f l e x e s  e l i c i t e d  

by s t im u la t io n  o f  s u r a l  f i b r e s  i s  p a r a l l e l e d  by th e  in c r e a s e  in  the  

p o ly s y n a p t ic  r e f l e x e s  e l i c i t e d  by s t im u la t in g  group II and III a f f e r e n t  

f i b r e s .

W ith t e t a n u s  to x in  th e re  i s  c o n s id e ra b le  v a r i a t i o n  in  th e  

magnitude of th e  in c rem en t of p o ly s y n a p t ic  r e f l e x e s .  T h is  i s  seen 

p a r t i c u l a r l y  a f t e r  the  to x in  had been i n j e c t e d  i n t o  th e  cord  and p robab ly  

depends on th e  s p read  o f  the  t o x i n .  P ig .  23 shows p o ly s y n a p t ic  r e f l e x e s  

e l i c i t e d  by maximal s t im u la t io n  o f  s u r a l  f i b r e s  and r e c o rd e d  from th e  L7 

v e n t r a l  r o o t  14 m in u te s  (A) and 38 m inu tes  (b ) a f t e r  4 x lO ^ m l  o f  a 

1 in  10 d i l u t i o n  o f  L61 to x in  was i n j e c t e d  i n t o  th e  d o r s o - l a t e r a l  column 

of w h ite  m a t te r  o f  th e  same segment. The r e f l e x  a t  14 m in u te s  (A) was 

u n a l t e r e d  from a  c o n t r o l  tak en  1 hour b e f o r e .  At 38 m inu tes  th e  a r e a  

under th e  monophasic r e c o r d in g  of th e  p o ly s y n a p t ic  r e f l e x  was in c re a s e d  

6 - 8  t im e s .

(2 )  E f f e c t s  on th e  v a r io u s  ty p e s  o f  i n h i b i t o r y  a c t io n  on motoneurones 

( a )  D ir e c t  i n h i b i t i o n

I n h i b i t o r y  cu rves  can be drawn showing th e  p e rcen tag e  i n h i b i t i o n  

o f  a  BST m onosynaptic  r e f l e x  caused by a  s in g le  v o l l e y  in  th e  group l a  

a f f e r e n t  f i b r e s  o f  Q uadriceps  (Lloyd, 1946; B ra d le y  e t  a l . ,  1953; B ra d le y

c°: D c c le s ,  1953 ;.  The maximum i n h i b i t i o n  o cc u rs  when th e  v o l l e y  in
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q u a d r ic e p s  f i b r e s  a r r i v e s  a t  the  s p in a l  cord about 1 .0  msec b e fo re  th e  

BST v o l l e y .  Very l i t t l e  o f  t h i s  tim e i s  concerned w ith  in t r a m e d u l la ry  

conduction  o f  th e  q u ad r ic ep s  im p u lses ,  most b e in g  taken, up by th e  

e x c i t a t i o n  and f i r i n g  o f  th e  in te rm e d ia te  neurone on th e  ” d i r e c t ” 

i n h i b i t o r y  pathway ( c f .  E c c le s ,  F a t t  & Landgren, 1956).

In  any one p r e p a ra t io n  th e  a c t u a l  p e rce n tag e  o f  maximum i n h i b i t 

ion i s  p a r t l y  dependent on the  segm ental l e v e l  from which th e  r e f l e x  i s  

r e c o rd e d .  In  F ig .  2a  a re  shown i n h i b i t o r y  cu rves  p l o t t e d  when maximal 

BST m onosynaptic r e f l e x e s  in  the  p a r t i a l  o r  whole v e n t r a l  r o o t s ,  a s  

l i s t e d ,  were i n h i b i t e d  by a  maximal v o l l e y  in  th e  group l a  a f f e r e n t  

f i b r e s  of q u a d r ic e p s .  The maximal i n h i b i t i o n  ap p e a rs  t o  be s l i g h t l y  

l a t e r  w ith  more cuada l r e f l e x e s ,  bu t more e v id e n t  i s  th e  d im in ished  

amount of i n h i b i t i o n  o f  th e s e  r e f l e x e s  compared w ith  th o s e  more c r a n i a l .  

For example im pulses  in  Q l a  f i b r e s  com ple te ly  i n h i b i t e d  th e  BST r e f l e x  

re c o rd e d  from th e  lower L6 segment bu t were on ly  15$ e f f e c t i v e  in  i n h i b i 

t i n g  th e  r e f l e x  from th e  SI segment.

S try c h n in e ,  in  su bccnvu ls ive  doses  r e v e r s i b l y  d im in ish e s  th e  

” d i r e c t ” i n h i b i t i o n  by a  Q l a  v o l l e y  on a BST r e f l e x  (B rad ley ,  e t  a l . ,  

1955).  F ig .  25 p l o t s  th e  amount of i n h i b i t i o n  a s  a  p e rc e n ta g e  o f  th e  

o r i g i n a l  i n h i b i t i o n  a t  v a r io u s  time i n t e r v a l s  a f t e r  0 .0 5  mgm/Kgm of 

s t ry c h n in e  had been a d m in is te re d  in t r a v e n o u s ly .  The e f f e c t  o f  s t r y c h n in e  

i s  r a p id  in  o n s e t ,  th e  maximum e f f e c t  u s u a l l y  b e in g  o b ta in e d  w ith in  one 

m inu te .  T h e r e a f t e r  th e  amount o f  i n h i b i t i o n  s low ly  r e c o v e r s  to  th e  

o r i g i n a l  l e v e l  in  about 4 h o u rs .  I n t r a c e l l u l a r  r e c o r d in g  from BST rnoto- 

neurones  r e v e a l s  t h a t  s t ry c h n in e  d im in ish e s  th e  i n h i b i t o r y  a c t io n  by 

d e p re s s in g  the  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  (iPSP) ( c f .  Coombs,



51

e t  a l . ,  1955d, F ig .  8 ) ,  In  F ig .  26 th e  r e c o r d s  A and C were taken  w i th  

th e  m ic ro e le c t ro d e  t i p  i n s id e  a  BST motoneurone b e fo re  and a f t e r  0 ,2  

mgm/Kgm of s t ry c h n in e  had been a d m in is te re d .  The a m p l i f i c a t i o n  of th e  

low er r e c o rd  of C i s  about tw ice  t h a t  o f  A and th e  upper r e c o rd  in  each  

shows th e  a r r i v i n g  v o l l e y s  a t  th e  s u r fa c e  o f  th e  L7 segment of th e  co rd ,  

The r e c o r d s  B and D were taken  under s im i l a r  c i rc u m s tan c es  w ith  the  

m ic ro e le c t ro d e  t i p  j u s t  o u ts id e  t h i s  c e l l .  The a m p l i f i c a t i o n s  a re  e q u a l .  

Comparing A and C i t  i s  e v id e n t  t h a t  the  IPSP i s  com ple te ly  a b o l i s h e d  and 

r e p l a c e d  by th e  p o t e n t i a l  which i s  r e c o rd e d  o u ts id e  the  c e l l  ( c f .  D).

The a r r i v i n g  q u ad r ic ep s  v o l l e y  i s  unchanged and th e  s t ry c h n in e  has  no 

e f f e c t  on th e  sm all  p o s i t i v e  n o tch  re c o rd e d  a t  th e  s u r fa c e  (marked w ith  

an arrow in  the upper r e c o rd s  of F i g .  26.),t h i s  n o tc h  b e in g  due to  im pu lses  

from the  i n h i b i t o r y  in te rn e u ro n e  re a c h in g  the  p r e s y n a p t i c  t e r m in a l s  in  th e  

motoneurone n u c leu s  (E c c le s ,  F a t t  & Landgren, 1956) .  Consequently  the  

p re v e n t io n  of the ” d i r e c t ” IPSP fo rm atio n  i s  no t due to  th e  f a i l u r e  o f  

th e  i n h i b i t o r y  in te rn e u ro n e  to  d is c h a rg e ,  b u t  e i t h e r  to  th e  f a i l u r e  o f  

r e l e a s e  of i n h i b i t o r y  t r a n s m i t t e r  from i t s  t e r m in a l s  o r  to  a p o s t - s y n a p t i c  

b lo c k  p re v e n t in g  t h i s  t r a n s m i t t e r  from a f f e c t i n g  the  motoneurone membrane.

When p o t e n t i a l s  a re  re c o rd e d  in  the  r e g io n  o f  th e  BST motor 

n u c le u s  in  th e  L7 segment, a v o l l e y  in  q u a d r ic e p s  group l a  f i b r e s  g iv e s  

r i s e  to  a p o s i t i v e  p o t e n t i a l  of s e v e ra l  m i l l i s e c o n d s  d u ra t io n  (Brooks & 

E c c l e s ,  1948; E c c le s ,  F a t t  & Landgren, 1956; Coombs, C u r t i s  & Landgren, 

1 9 5 6 ) .  F i g .  27 shows p o t e n t i a l s  re c o rd e d  in  th e  BST n u c le u s  consequent 

upon v o l l e y s  in  b o th  th e  BST and the  Q n e rv e s ,  th e  s t im u lu s  i n t e n s i t y  

b e in g  g iven  by the f i g u r e s  to  th e  l e f t .  The p ro x im ity  o f  the  e l e c t r o d e  

t i p  to  the  BST motoneurones i s  in d i c a t e d  by th e  l a rg e  n e g a t iv e  f o c a l

s y n a p t i c  p o t e n t i a l  due to  e x c i t a t i o n  of m otoneurones by th e  BST v o l l e y .
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At th e  same s i t e ,  a v o l l e y  in  low t h r e s h o l d  Q f i b r e s  evoked th e  u s u a l  

p o s i t i v e - n e g a t i v e - p o s i t i v e  p o t e n t i a l  ( i n d i c a t e d  by a rro w s)  due to  th e  

prim ary a f f e r e n t  v o l l e y ,  fo l lo w e d  by a p o s i t i v e  p o t e n t i a l  hav ing  'sev e ra l  

sm all s p ik e s  in  i t s  t r o u g h .  These sm all  s p ik e s  a re  seen a l s o  in. th e  

r e c o rd s  o f  P i g . 26 A, 13 and D. When th e  i n t r a c e l l u l a r  and e x t r a c e l l u l a r  

r e c o rd s  o f  P ig .  26 A & B a re  compared, th e  IPSP o f  A i s  preceded  by a 

sm all sp ik e  p o t e n t i a l  (S P ) .  The l a t e n c y  o f  SP i s  e q u a l  to  t h a t  o f  a 

s im i la r  sp ik e  in  the  t ro u g h  o f  th e  p o s i t i v e  p o t e n t i a l  o f  P ig .  26 B and 

these ' l a t e n c i e s  exceed t h a t  o f  th e  p o s i t i v e  n o tc h  r e c o rd e d  from the  

s u r fa c e  by only  0 . 2  msec. I t  i s  r e a s o n a b le  t o  conclude  t h a t  th e s e  sm all  

sp ike  r e c o rd  im pu lses  in  th e  p r e s y n a p t i c  t e r m in a l s  of th e  i n h i b i t o r y  

in t e r n e u r o n e s  and t h e i r  p resen ce  in  P ig s .  26 D & C a f t e r  s t ry c h n in e  con

f i rm s  t h a t  s t ry c h n in e  does no t a f f e c t  th e  d is c h a rg e  o f  im pu lses  by th e s e  

i n t e r n e u r o n e s .

I t  has been s u g g e s te d  (Coombs, C u r t i s  & Landgren, 1956) t h a t  

th e  l a t e r  p o s i t i v e  p o t e n t i a l  may a r i s e  from two c a u s e s .  When r e c o rd in g  

i n h i b i t o r y  h y p e r p o la r i z a t io n s  e x t r a c e l l u l a r l y  a  p o s i t i v e  p o t e n t i a l  would 

be ex p ec ted  because  th e  a r e a s  o f  th e  neurone a c t i v e l y  g e n e r a t in g  th e  IPSP 

would be so u rces  of c u r r e n t  t o  o th e r  a r e a s  o f  th e  m otoneurone. Also 

im pu lses  in. 0 group l a  a f f e r e n t  f i b r e s  a c t i v a t e  in te rn eu ro n .e s  in  th e  

in te r m e d ia te  n u c leu s  which co n seq u en tly  draw c u r r e n t  from t h e i r  axons 

and t h e i r  axona l t e rm in a l s  on th e  m otoneurones . The ev idence  o f  P i g .  28 

le n d s  some w eight to  th e  second o f  th e s e  e x p l a n a t i o n s .  The upper and 

low er r e c o r d s  A and E a r e  from th e  s u r f a c e  o f  th e  L7 segment and show 

th e  sp ike  p o t e n t i a l s  g e n e ra te d  by th e  group l a  v o l l e y s  from th e  q u a d r ic e p s  

and b iceps-sem iten .d in .osus  n e rv e s .  The t r a c e s  B, C and D are  rec o rd e d
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"by the microelectrode at a fixed position in the BST motor nucleus, being 

respectively before, after 0.05 mgm/kgm and after 0.15 mgm/kgm of strychnine 
was injected intravenously. Records A and B were taken simultaneously 

as also we re B and E. The injections are seen, to produce very little 

alteration in the focal synaptic potential due to the excitation of BST 

motoneuron.es, in the positive notch after the Q volley recorded on the 
surface and in the initial portion of the positive focal potential due to 

this Q volley, but the time course of this positive potential is shortened. 

This is also evident when Big. 26B and D are compared hence it is unlikely 
that the slow positive potential is predominantly the extracellular 

recording of an IPSP for as such it should be very effectively diminished 

by strychnine. It is probable that the early portion of the positive 

potential is related to the discharge of the interneurone and that a 

small fraction of the later portion is an extracellular recording of the 

consequent IPSP.

Tetanus toxin has the same effect on 11 direct” inhibition as 

strychnine. In Pig. 22A to P are shown monosynaptic reflexes evoked by a 
BST volley and in B, D and P, directly inhibited by a maximum volley in 

0 la fibres at the optimal interval for inhibition. When first examined 

21 hours after the intra-sciatic injection of tetanus toxin on the left 

side the reflex was inhibited by 65̂  of its control value (A, b ). However 

one hour later the reflex was inhibited only by 4.0$ of this value (C, D) 

and at 33 hours the inhibition had been completely abolished (E, P). At 

similar intervals on the right side there was much less diminution in 

the amount of inhibition. The complete inhibitory curves of this experiment 

are plotted in Pig. 29, where responses of the left and right sides of the

animal are shown in the left and right sets of curves respectively. The
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e a r l i e s t  t e s t  r e v e a le d  t h a t  i n h i b i t i o n  amounted t o  65rg on th e  i n j e c t e d  

s id e  in  c o n t r a s t  to  95$ on th e  c o n t r a l a t e r a l  s i d e .  Subsequent t e s t s  a t  

22 and 2 ; , 5  hours  showed a  r a p i d  d im inu tion  o f  th e  i n h i b i t i o n  on th e  l e f t  

s i d e ,  to  about 55 and 15 per  cen t r e s p e c t i v e l y .  At t h i s  tim e i n h i b i t i o n  

was s t i l l  87/o on th e  c o n t r a l a t e r a l  s i d e .  By 33 h ou rs  i n h i b i t i o n  had d i s 

appea red  on th e  l e f t  s id e ,  b e in g  75# on th e  r i g h t .  The slow l o s s  o f  

i n h i b i t i o n  on th e  r i g h t  s id e  was k ep t  under o b s e rv a t io n  u n t i l  43 h o u rs ,  

when i n h i b i t i o n  was aoout 35%« D uring  t h i s  time th e  t e s t i n g  maximal mono

s y n a p t ic  r e f l e x e s  showed l i t t l e  v a r i a t i o n  in  s i z e .

When N and 0 o f  D ig . 22 were re c o rd e d ,  24 h ou rs  a f t e r  th e  t o x i n  

i n j e c t i o n ,  th e  d i r e c t  i n h i b i t o r y  a c t io n  was on ly  15fo  on th e  l e f t  s id e  bu t 

was s t i l l  about 80:b on th e  r i g h t .  However in  b o th  r e c o r d s  th e  p o s i t i v e  

tch ,  marked oy an arrow , was w e ll  developed  i n d i c a t i n g  t h a t  th e  d e n re s s — 

ion o f  i n h i b i t o r y  a c t io n  could  n o t  be a t t r i b u t e d  to  f a i l u r e  o f  a c t i v a t i o n  

o f  th e  in te rm e d ia te  neurones  on th e  d i r e c t  i n h i b i t o r y  pathway, i t  t h u s  

a p p e a rs  t h a t ,  a l th o u g h  th e  i n h i b i t o r y  in te rn e u ro n e  on t h i s  " d i r e c t ” 

i n h i b i t o r y  system  co n t in u e s  t o  f u n c t io n ,  t h e r e  i s  a  f a i l u r e  o f  i n h i b i t i o n  

o Hie motoneurone. T h is  im p l ie s  t h a t  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  

i s  no« g e n e ra te d ,  due to  e i t h e r  p r e -  or p o s t s y n a p t i c  c a u s e s .

S im i la r  r e s u l t s  were found in  a l l  s i x  ex p er im en ts  in  which 

v o l l e y s  in  0 l a  f i b r e s  were used  to  i n h i b i t  maximal monosynaptic BST 

r e f l e x e s  and a l s o  in  the  one t e s t  in  which v o l l e y s  in  BST l a  f i b r e s  

d i r e c t l y  i n h i b i t e d  maximal m onosynaptic  Q r e f l e x e s ^ a l th o u g h  in  t h i s  

experim en t th e r e  i s  no c o u n te rp a r t  of th e  p o s i t i v e  n o tc h  re c o rd e d  in  th e  

L (  segment f o l lo w in g  a  Q v o l l e y .  A s im i l a r  d e p re s s io n  of i n h i b i t o r y  

a c t i o n  was observed  when to x in  was i n j e c t e d  d i r e c t l y  in t o  th e  s p in a l  cord ,
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the onset of the loss of inhibition, however, being much more rapid*

The reflexes on the right in Pig. 21 are maximally inhibited by volleys 

in Q la fibres and were recorded prior to (b ) and nine and a half minutes 

after (d ) an intraspinal injection of toxin. The amount of inhibition 

relative to the control reflexes A and C was reduced from 27% to 8% in 
this time.

(b) Inhibition due to impulses in group lb muscle afferent fibres

Impulses in group I muscle afferent fibres that probably arise 

from tendon organs, inhibit motoneurones of synergistic muscles and also 

of other muscles of that limb (Laporte & Lloyd, 1952). Usually when a 

volley from quadriceps nerve is recorded where the L5 or L6 dorsal root 

reaches the spinal cord, these group lb fibres give a spike potential 

which can be distinguished from that of the group la fibres (Bradley & 

Eccles, 1953). In several experiments maximal monosynaptic reflexes of 

gastrocnemius and quadriceps motoneurones were inhibited by group lb 

volleys of quadriceps and gastrocnemius nerves respectively. By using 

stimuli of graded intensity and by accurately measuring the latency it 

is possible to distinguish inhibition due to impulses in group lb fibres 

from that due to impulses in group II fibres (cf. Laporte & Lloyd, 1952). 

This is often difficult and was not possible in every experiment.

Big. 30A (filled circles) plots an inhibitory curve when the maxi 

mal monosynaptic reflex recorded from the SI ventral root and elicited by 

stimulating the gastrocnemius nerve was inhibited by volleys in the quadri

ceps nerve, which was stimulated at an intensity of 2.5 times threshold. 

This ensured that all the group I, as well as some group II afferent fibres 

were stimulated. Before the administration of strychnine the reflex was
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i n h i b i t e d  t o  about 35i> o f  i t s  c o n t ro l  v a lu e .  F iv e  m in u tes  a f t e r  0*075 

mgm/Kgm o f  s t ry c h n in e  h y d ro c h lo r id e  was i n j e c t e d  in t r a v e n o u s ly  t h i s  

i n h i b i t i o n  was alm ost a b o l i s h e d  (open c i r c l e s ) .  T h is  e f f e c t  was r e v e r s 

i b l e  and th e  time course of th e  d im inu tion  o f  t h i s  ty p e  o f  i n h i b i t i o n  

from a n o th e r  experim ent i s  p l o t t e d  in  F ig .  30 (b ) .

The e f f e c t  o f  t e t a n u s  to x in  was s i m i l a r .  In  F ig .  51 a re  

p l o t t e d  i n h i b i t o r y  cu rves  from the  l e f t  and r i g h t  s id e s  o f  the  s p i n a l  cord , 

where i 6 i l e - . e s  e l i c i c e d  by s t im u la t io n  o f  g a s tro cn e m iu s  nerve  and r e c o rd e d  

from th e  L7 v e n t r a l  r o o t s  were i n h i b i t e d  by v o l l e y s  in. q u a d r ic e p s  l a  and

» T es t  c o n t ro l  r e f l e x e s  on th e  two s id e s  were a p p ro x i 

m a te ly  e q u a l .  F o r ty  hou rs  a f t e r  th e  i n t r a s c i a t i c  i n j e c t i o n  o f  5 .7  ragm 

of XVI to x in  on the  l e f t  s id e ,  th e r e  was a lm ost no i n h i b i t i o n  on t h i s  

s id e  (u pper  l i n e )  where 85^ i n h i b i t i o n  rem ained  on th e  r i g h t  s i d e .

S im i la r  r e s u l t s  were g iven in  th e  converse e x p e r im e n ts ,  q u a d r ic e p s  

r e f l e x e s  b e in g  i n h i b i t e d  by v o l l e y s  in  g as tro cn e m iu s  l b  f i b r e s .

( c; jA xÄ 8LA on c'<u e k° im pu lses  in  group II and III muscle a f f e r e n t  f i b r e s

M onosynaptic r e f l e x e s  o f  e x te n s o r  m otoneuronss a re  i n h i b i t e d  

by im p u lse s  in  group II and III a f f e r e n t  f i b r e s  from m uscles  of th e  

same limb (L loyd , 1946).  The v o l l e y  evoked by s t im u la t in g  th e  q u a d r ic e p s  

neive  ari i n t e n s i t y  of 8 t im e s  th r e s h o l d  i n h i b i t s  th e  m onosynaptic  

g a s tro cn e m iu s  r e f l e x  a s  shown by th e  curve th ro u g h  th e  open c i r c l e s  in.

P ig .  52. The i n h i b i t i o n  was a s  l a r g e  a s  90$ b u t  was reduced  to  20$ seven 

m inu tes  a f t e r  0 .075  mgm/Kgm o f  s t ry c h n in e  had been given in t r a v e n o u s ly .

The same system o f  i n h i b i t o r y  v o l l e y  and t e s t i n g  r e f l e x  was 

used  f o r  a s s e s s in g  th e  e f f e c t  of t e t a n u s  t o x i n .  In  F ig .  33 maximal 

s y n a p t i c  r e f l e x e s  were e l i c i t e d  by s t im u la t in g  th e  L7 d o r s a l  r o o t  o

mono-
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eac h  s id e  and were- re c o rd e d  p e r i p h e r a l l y  from th e  a p p r o p r ia t e  g a s t r o c 

nemius n e rv e .  T e tanus  to x in  was i n j e c t e d  in t o  the  r i g h t  s ide  o f  th e  

s p in a l  co rd ,  n ea r  th e  v e n t r a l  horn a t  th e  L7 l e v e l .  P ro g re s s iv e  a l t e r a t i o n s  

in  th e  i n h i b i t i o n  produced by a  maximum v o l l e y  in  th e  q u a d r ic e p s  nerve 

a re  shown in  the  cu rves  of P ig .  . The i n h i b i t i o n  on th e  r i g h t  s id e ,  

o r i g i n a l l y  n e a r ly  100;v, was a b o l i s h e d  w ith in  16 h o u rs .  The e f f e c t  was 

s low er to  develop  on th e  l e f t .  S im i la r  r e s u l t s  have been found f o r  th e  

in h ib i t i o n ,  o f  maximal r e f l e x e s  o f  b o th  f l e x o r  lon.gus d ig i to ru m  and 

p l a n t a r i s  motoneuron.es by v o l l e y s  in  group I I  and I I I  f i b r e s  o f  th e  

q u a d r ic e p s  n e rv e .

( cl) I n h i b i t i o n  due t o  im pu lses  in  cu taneous  nerve f i b r e s

E x ten so r  r e f l e x e s  a re  i n h i b i t e d  by im pu lses  in  cu taneous  f i b r e s ,  

a l th o u g h  H agbarth  (195 2) lias shown t h a t  i f  t h e  f i b r e s  a r i s e  from skin  

o v e r ly in g  th e  e x te n so r  m uscle , f a c i l i t a t i o n  may o c c u r .  The e f f e c t  of 

v o l l e y s  in  th e  s u r a l  nerve have been t e s t e d  upon th e  maximal m onosynaptic  

r e f l e x e s  o f  q u a d r ic e p s ,  g a s tro cn e m iu s ,  p l a n t a r i s  and f l e x o r  lo n g u s  

d ig i to ru m  motoneuron.es. The i n h i b i t o r y  cu rves  o f  P ig .  54 dem onstra te  th e  

e f f e c t  o f  t e t a n u s  to x in  upon the  i n h i b i t i o n  o f  m onosynaptic  r e s p o n s e s  of 

q u a d r ic e p s  motoneurones of the  L5 segment by maximal v o l l e y s  in  th e  s u r a l  

n e r v e .  T e tanus  to x in  had been i n j e c t e d  in t o  th e  l e f t  s c i a t i c  nerve  (same 

experim en t a s  Pig* 22) and f i r s t l y  on th e  l e f t  and then  on th e  r i g h t  s id e s  

i n h i b i t i o n  was dep ressed  and f i n a l l y  a b o l i s h e d .

The curves  o f  P ig .  55 from the  same experim ent i l l u s t r a t e  t h a t  

th e  e f f e c t  upon the  i n h i b i t i o n  o f  g a s tro cn e m iu s  m otoneurones by s u r a l  

v o l l e y s  i s  s i m i l a r .  H ere, however, a t  th e  time o f  th e  i n i t i a l  curve a t  

22 h o u rs ,  most of the i n h i b i t i o n  had been a b o l i s h e d  on th e  l e f t  s id e ,  bu t

on t h e  r i g h t  s ide  i n h i b i t i o n  was n e a r ly  90^ and then  p r o g r e s s iv e ly
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d im in ish e d .  The asymmetry of the  i n i t i a l  curves  on th e  two s id e s  a r i s e s  

because  th e  f i r s t  t e s t  o f  i n h i b i t i o n  was too  l a t e  a f t e r  th e  a d m in i s t r a t io n  

o f  th e  t o x i n .  I t  i s  p robable  t h a t  had t h i s  i n h i b i t i o n  been de term ined  

b e fo re  th e  i n j e c t i o n  o f  to x in  i t  would have been eq u a l  on b o th  s i d e s .

The e a r l y  e x c i t a t i o n  due to  im pu lses  in  s u r a l  f i b r e s  a r i s i n g  from skin  

a r e a s  o v e r ly in g  th e  g as tro cn e m iu s  muscle (H agbarth , 1952) i s  d i s t o r t e d  

and a c c e n tu a te d  by th e  concom itan t in c r e a s e  in  p o ly s y n a p t ic  r e f l e x e s  due 

to  th e s e  s u r a l  im p u ls e s .  T h is  e f f e c t  i s  a l s o  seen when s t ry c h n in e  i s  

u s e d .  The cu rves  o f  P ig .  36 p lo t  th e  e f f e c t  o f  v o l l e y s  in  s u r a l  f i b r e s ,  

s t im u la t e d  a t  10 t im e s  th e  t h r e s h o l d  i n t e n s i t y  upon th e  m onosynaptic 

re s p o n s e s  o f  g a s tro c n e m iu s  motoneurones in  th e  SI segment. The low er 

c o n t ro l  curve (open c i r c l e s )  shows t h a t  the  e a r l y  e x c i t a t i o n  o f  about 

30y p a s s e s  over a t  10 to  15 msec in t o  a lm ost complete i n h i b i t i o n .  Twelve 

m inu tes  a f t e r  th e  in t r a v e n o u s  i n j e c t i o n  of 0 .075  mgm/Kgm o f  s t ry c h n in e  

t h i s  l a t t e r  i n h i b i t i o n  was a p p ro x im a te ly  50/o, w hereas th e  e x c i ta t io n ,  had 

in c r e a s e d  2-3 t im e s .  At th e  same time th e  p o ly s y n a p t ic  r e f l e x e s ,  r e c o rd e d  

from  the  SI v e n t r a l  r o o t  when th e  same i n t e n s i t y  o f  s t im u lu s  was used  to  

e x c i t e  s u r a l  f i b r e s ,  were in c re a s e d  by abou t 160> a s  judged by th e  a r e a  

under  th e  monophasic r e c o rd in g  o f  such r e f l e x e s .

( e ) I n h i b i t o r y  a c t io n  by im pu lses  in  motor nerve f i b r e s

The d e p re s s io n  of e x c i t a b i l i t y  of s p in a l  m otoneurones fo l lo w in g  

th e  a n t id ro m ic  a c t i v a t i o n  o f  a d ja c e n t  motoneurones (Renshaw, 1941) has  

been shown to  be due to  an i n h i b i t i o n  produced by in te r n e u r o n e s  (Renshaw 

c e l l s )  t h a t  a re  a c t i v a t e d  c h o l i n e r g i c a l l y  by im pu lses  in  motor-axon 

c o l l a t e r a l s  ( E c c le s ,  F a t t  & K oke tsu, 1954; c f .  S e c t io n  i ) .  The r e p e t i t i v e  

in t e r n e u r o n a l  d is c h a rg e  a t  about 1 0 0 0 /sec  i s  r e v e a le d  by r e c o rd in g  from

tn e  d o r s o l a t e r a l  s u r f a c e  o f  the  s p in a l  cord  in th e  a p p r o p r ia te  segment.
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E c c le s ,  P a t t  & Koketsu (1954) showed t h a t  th e  p o s t - s y n a p t i c  i n h i b i t o r y  

p o t e n t i a l  of the  motoneurone fo l lo w in g  a c t i v a t i o n  of Renshaw c e l l s  i s  

d ep re ssed  by subconvu ls ive  doses  o f  s t r y c h n in e .  I t  has  a l s o  been demon

s t r a t e d  (E c c le s ,  E c c le s  d: F a t t ,  1956) t h a t  th e s e  doses  of s t ry c h n in e  have 

l i t t l e  e f f e c t  on th e  d isch a rg e  o f  Renshaw c e l l s .

In  the  p re s e n t  s e r i e s  of ex p er im en ts  on t e t a n u s  t o x i n ,  d o r s a l  

r o o t s  were sev e red .  M onosynaptic r e f l e x e s  were evoked by d o r s a l  r o o t  

v o l l e y s  and were reco rd ed  p e r i p h e r a l l y  from the  muscle n e r v e s .  C o n d it io n 

in g  v o l l e y s  in  the  motor nerve f i b r e s  were s e t  up in  muscle n e rv e s  and 

p ropaga ted  a n t id r o m ic a l ly  in to  th e  s p in a l  co rd .  Where two o r  more n e rv e s  

were u sed ,  v o l l e y s  were t im ed  f o r  s im u ltan eo u s  a r r i v a l  a t  th e  co rd .  F ig .

57 p l o t s  th e  tim e course of th e  i n h i b i t o r y  a c t io n  on g as tro cn e m iu s  moto- 

neurones  t h a t  i s  produced by an a n t id ro m ic  v o l l e y  p ro p a g a t in g  from b ic e p s -  

se ra i ten d in o su s ,  p o s t e r i o r  t i b i a l  and p l a n t a r i s  n e rv e s .  Maximal i n h i b i t i o n s  

a re  shown from b o th  s id e s  of th e  s p in a l  cord  a t  th e  s t a t e d  t im e s  a f t e r  

5 mgm of XVJ to x in  had been i n j e c t e d  i n t o  the  l e f t  s c i a t i c  t r u n k .  The 

cu rves  of the  l e f t  s ide  show t h a t ,  a t  e q u iv a le n t  t im e s ,  th e  l o s s  o f  

i n h i b i t i o n  i s  g r e a t e r  on t h i s  s id e  than  t h a t  on th e  r i g h t .  For th e  

i n i t i a l  c u rv es ,  the  i n h i b i t i o n  i s  l e s s  on the  l e f t  s id e  than  on th e  

r i g h t .  T h is  aga in  i s  due to  th e  lo n g  tim e e l a p s in g  between th e  adm in is 

t r a t i o n  o f  the  to x in  on th e  l e f t  s id e  and th e  f i r s t  t e s t  o f  i n h i b i t i o n .  

D uring t h i s  experim ent th e  s u r fa c e  r e c o r d s  from th e  L7 segment, o f  th e  

r e p e t i t i v e  d isch a rg e  o f  Renshaw c e l l s  a t  25.5 hou rs  a f t e r  th e  to x in  was 

a d m in is te re d  a re  rep roduced  in  F ig .  58A. They were evoked by th e  same 

a n t id ro m ic  v o l l e y  t h a t  was employed f o r  th e  i n h i b i t i o n  and a t  t h i s  s tag e  

th e  i n h i b i t i o n  was 4-5 t im e s  g r e a t e r  on th e  r i g h t  than  on the  l e f t  s id e .
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However the surface records show no diminution of the Renshaw cell 

activity on the left side.

The records of Pig. 38 B are from another experiment. Renshaw 

cells were activated by a ventral root volley and recorded from the dorsal 

surface of the 17 segment. In this case, 38 hours after 5.7 mgra of XW 

toxin had been injected into the left sciatic nerve, the direct inhibitory 

action of quadriceps la volleys on biceps-semitendinosus motoneurones was 

still 90% on the right side whereas it was absent on the left, but the 
Renshaw cell activity appears normal and even larger on this side.

It is therefore apparent that, as with direct inhibition, tetanus 

toxin does not alter the responses of the inhibitory interneurones of 

this antidromic pathway but prevents inhibition of the motoneurone. The 

special interest in this situation is the lack of effect of tetanus toxin 

upon such cholinergically excited cells.

(3) Action of other convulsants

Both strychnine and tetanus toxin are included under the general 

term of convulsant drugs. In this group are several other alkaloids with 

actions similar to that of strychnine. Brucein has a similar, but less 

potent action, as also has thebaine (Patt, 1954). On the other hand such 

convulsant drugs as picrotoxin and metrazol have no appreciable depressant 

action on the inhibitory synaptic mechanisms in the spinal cord. The 

effect of ß ß-methyl-ethylglutarimide (NP 13) is illustrated in Pigs. 39,

40 and 41. This drug, used in the treatment of barbiturate intoxication 

(Shulman, Shaw, Cass & Whyte, 1955) produces convulsions when administered 
in large doses.

In the experiment illustrated in Pigs. 39, 40 and 4I, the dosage
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of NP 13 produced convu lsions in  th e  l i g h t ly  a n a e s th e tiz e d  sp in a l cat* 

y e t the  in h ib i to r y  curve o f P ig . 39 shows th a t  th e  in h ib i t io n  o f b ic e p s -  

sem itendinosus m otoneurones by v o lle y s  in  quad ricep s  l a  f ib r e s  was un

a l te r e d  by 8 mgm/kgm of NP 13 ad m in is te red  in trav en o u sly *  T his dose was 

a lso  w ithou t e f f e c t  on the in h ib i t io n  o f gastrocnem ius motoneurones by 

v o lle y s  in  a l l  o f th e  quadriceps a f f e r e n t  f i b r e s  (F ig . 4 0 ) .  P o ly sy n ap tic  

r e f le x e s ,  evoked by s tim u la tin g  th e  s u ra l  nerve a t  an in te n s i ty  ten  tim es 

th e  th re sh o ld  and reco rd ed  from th e  SI v e n tr a l  ro o t a re  not ap p rec iab ly  

a l te r e d  by NP 13 . The re c o rd s  of F ig .  4IA were taken  b efo re  th e  drug 

was ad m in is te red , th o se  o f F ig . 4I  (b ) b e in g  taken  5 m inutes a f t e r .  The 

very  s l ig h t  a l t e r a t i o n  in  the  p o ly sy n ap tic  r e f le x e s  i s  alm ost c e r ta in ly  

th e  in c re a se  th a t  would be expected  when th e  dep th  o f a n a e s th e s ia  i s  

reduced by th e  antagonism  between NP 13 and th e  b a rb i tu ra te  used f o r  th e  

a n a e s th e t ic .  There was no s ig n i f ic a n t  in c re a se  in  th e  s iz e  of th e  mono

sy n ap tic  r e f le x e s  used in  the  p lo t t in g  of F ig s .  39 and 40. I t  i s  th e re 

fo re  c le a r  th a t  th e  antagonism  between NP 13 and the  b a rb i tu ra te  i s  not 

due d i r e c t ly  to  an in c re a se  in  sy n ap tic  e x c i ta to ry  a c tio n  by the  NP 13 

because i f  t h i s  was the  case a  much g re a te r  in c re a se  in  bo th  th e  po ly 

sy n ap tic  and m onosynaptic r e f le x e s  would be exp ec ted .

(D) DISCUSSION

U n til  th e  dem onstration  (B rad ley  e t  a l . ,  1933) th a t  subconvulsive 

doses of s try ch n in e  depressed  th e  d i r e c t  in h ib i to r y  a c tio n  of v o lle y s  in  

group l a  f i b r e s  o f quadriceps nerve on b icep s-sem iten d in o su s  m otoneurones, 

th e re  was co n sid e rab le  u n c e r ta in ty  a s  to  th e  a c tio n  o f t h i s  d rug . S h e rrin g 

ton  (1905* 1906) had recogn ized  the  s im ila x ity  o f  a c tio n  of bo th  s try ch n in e  

and te ta n u s  to x in  and a lth o u g h  n o tin g  th a t  in  sm all doses i t  was p o ss ib le

to  d im in ish  r e f le x  e x c i ta t io n  w ithou t re p la c in g  i t  by e x c i ta t io n ,  h e ^ a s / '6
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t o  d i s t i n g u i s h  w hether th e s e  a g e n ts  fav o u red  c e n t r a l  e x c i t a t o r y  a c t io n  

and d ep re s se d  i n h i b i t o r y  a c t io n  o r  w hether  c e n t r a l  i n h i b i t i o n  was con

v e r t e d  to  c e n t r a l  e x c i t a t io n *

T h is  d i f f i c u l t y  a ro se  because  of th e  mixed e x c i t a t o r y  and 

i n h i b i t o r y  e f f e c t s  o f  th e  c o n d i t io n in g  v o l l e y s  used  in  h i s  t e s t s *  L a te r  

i n v e s t i g a t i o n s  (Owen & S h e r r in g to n ,  1911; L i d d e l l  & S h e r r in g to n ,  1925; 

Cooper & Creed, 1927) endeavoured to  overcome t h i s  problem and showed 

t h a t  subconvu ls ive  doses o f  s t ry c h n in e  d id  not r e v e r s e  i n h i b i t o r y  a c t io n s  

which were v i r t u a l l y  uncontam ina ted  by e x c i t a t o r y  a c t i o n .  T h is  was con

f i rm e d  by o th e r s  (Magnus & W olf, 1913; Bremer, 1925; Creed & H e r tz ,  1933; 

Lenny Brown, 1932; Bremer & B onnet,  194-2). Thus, a l th o u g h  th e r e  i s  good 

ev idence  t h a t  s t ry c h n in e  does n o t  convert  the  p ro c e ss  o f  c e n t r a l  i n h i b i t i o n  

to  one o f  e x c i t a t i o n ,  v e ry  few o b s e rv e r s  no ted  any d im inu tion  in  th e  

i n h i b i t i o n  by even con v u ls iv e  doses o f  s t r y c h n in e .  The r e s u l t s  o f  L id d e l l  

and S h e r r in g to n  (1925),  Cooper and Creed (1927) and Denny Brown (1932) a re  

d i f f i c u l t  to  e x p la in ,  b u t  i t  i s  d o u b tfu l  w hether t h e i r  experim en ts  were 

d e s ig n ed  to  show any d im inu tion  in  i n h i b i t o r y  p r o c e s s e s .  L i d d e l l  and 

S h e r r in g to n  (1925) d id  r e p o r t  t h a t  th e  i n h i b i t o r y  e f f e c t  on q u a d r ic e p s  

m otoneurones r e s u l t i n g  from s t r e t c h i n g  th e  b ic e p s  muscle was d im in ished  

by s t r y c h n i n e .  Creed and H ertz  (1933) however, found  t h a t  the  r e l a x a t i o n  

o f  a  diaphragm s l i p  consequent upon i n f l a t i n g  th e  lu n g s  o f  a  r a b b i t  was 

not d im in ish ed  by co n v u ls iv e  doses  o f  s t r y c h n in e .  One experim ent d id  

however show some d im inu tion  in  t h i s  i n h i b i t i o n .

Dusser de Barenne (1933) in  r e v ie w in g  th e  l i t e r a t u r e  co nce rn ing  

s t r y c h n i n e ,  and c o n s id e r in g  h i s  own ex p e r im en ts ,  concluded t h a t  th e  t y p i c a l  

s t r y c h n in e  e f f e c t s  seen a f t e r  in t r a v e n o u s  i n j e c t i o n  o c c u rre d  on ly  when

b o th  d o r s a l  and v e n t r a l  horn c e l l s  were a f f e c t e d .  There was no re a s o n
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to  b e l i e v e  t h a t  in  the  doses  used  th e  drug  had any e f f e c t  on th e  t r a n s 

m iss ion  o f  im pu lses  in p e r ip h e r a l  n e rv e .  T h is  has  been confirm ed  by more 

r e c e n t  i n v e s t i g a t i o n s  (Peugnet & Coppee, 1936; H einbecker & B a r t l e y ,  1939; 

Coppee & C oppee-Bolly , 194-1)* and i t  i s  u n l i k e ly  t h a t  doses  o f  0 . 1  - 0 * 2  

mgm/Kgm in  th e  ca t  a f f e c t  t r a n s m is s io n  i n  even th e  sm a l le r  d ia m e te r  

a f f e r e n t  f i b r e s .

I t  has  been shown t h a t  a l l  f i v e  of th e  s p in a l  i n h i b i t o r y  systems 

i n v e s t i g a t e d  a re  a f f e c t e d  by s try c h n in e  in  th e  same f a s h io n .  However t h e r e  

a re  numerous r e p o r t s  in  th e  l i t e r a t u r e  o f  s p in a l  i n h i b i t o r y  mechanisms 

r e l a t i v e l y  r e f r a c t o r y  to  th e  a c t io n  o f  s t r y c h n in e .  In  many e a r l y  i n v e s t i 

g a t io n s  ( c f .  Owen & S h e r r in g to n ,  1911; L i d d e l l  & S h e r r in g to n ,  1925; Cooper 

& C reed , 1927) th e  c r i t e r i o n  o f  s t r y c h n in e  a c t io n  was th e  r e v e r s a l  of 

i n h i b i t i o n  to  e x c i t a t i o n ,  the  a c t u a l  d im inu tion  o f  i n h i b i t i o n  n o t  b e in g  

f u l l y  i n v e s t i g a t e d .  S h e r r in g to n  (1906) when r e p o r t i n g  th e  i n h i b i t i o n  o f  

m otoneurones by c o r t i c a l  s t im u la t io n ,  c o n s id e re d  t h a t  t h i s  i n h i b i t i o n  was 

l e s s  e a s i l y  converted  to  e x c i t a t i o n  by e i t h e r  s t ry c h n in e  o r  t e t a n u s  to x in  

th an  p u re ly  s p in a l  i n h i b i t i o n ,  o p e ra t in g  on th e  same m otoneurones . Magnus 

and Wolf (1 9 1 3 ) ,  and Bremer (1922) found t h a t  s t ry c h n in e  d id  n o t  r e v e r s e  

th e  i n h i b i t i o n  of e x te n so r  m uscles  in  d e c e r e b ra te  r i g i d i t y  w hich was 

e l i c i t e d  by s t im u la t io n  o f  the  a n t e r i o r  c e r e b e l l a r  c o r te x .  The rh y th m ic a l  

d isc h a rg e  o f  motoneurones produced by th e  i n j e c t i o n  o f  s t r y c h n in e  in to  

d e c e re b ra te  c a t s ,  d e s ig n a te d  " s t r y c h n in e  t e t a n u s ” (Bonnet & Brem er, 1952; 

Brem er, 1953b) i s  s t i l l  i n h i b i t e d  by s t im u la t io n  o f  th e  r e t i c u l a r  fo rm a t io n ,  

th e  ce rebe llum , the  v e s t i b u l a r  a p p a ra tu s  and th e  neck p r o p r io c e p to r s  

(Bremer, 1941 a & b , 1953b; T e rz u o lo ,  1952, 1954; Gernandt & T e rz u o lo ,

1 9 5 5 ; .  The r e s u l t s  of Gernandt & T erzuo lo  (1955) show t h a t  when s t ry c h n in e
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tetanus is jjroduced "by a dose of strychnine of 0.1 mgm/Kgm body weight 

in the cat, the rhythmical activity of motoneurones can still be inhibited 

by vestibular stimulation or by stimulation of the proprioceptive receptors 

of the neck muscles. However when used in spinal animals this dose may 

not abolish ’'direct” inhibition but only diminish it by about 60 -80 

The reported results show that inhibition from these descending pathways 

is not always complete and is not obtainable with larger doses of strych

nine or even during the early stages of strychainization with doses of 

,0.1 mgm/Kgm (cf. Gernandt & Terzuolo, 1955).

It therefore may be concluded that in the investigations of 

the inhibition of spinal motoneurones by volleys in descending pathways 

the effects of strychnine have not been fully investigated. The reported 

failure of strychnine to influence these inhibitory processes is of im

portance because all types of spinal inhibition so far investigated have 

been diminished by both strychnine and tetanus toxin. More precise investi

gation reveals that there is suppression of production of an inhibitory 

post-synaptic potential, but that the responses of the specific inhibitory 

interneurone are unaffected. Hence all these inhibitions are presumably 

mediated at the motoneurone by the same inhibitory transmitter substance.

The presence of inhibitory processes on motoneurones refractory to these 

agents raises the possibility of another inhibitory transmitter, but 

further investigation is necessary before such a postulate can be enter

tained.

The more recent investigations (Brooks & Fuortes, 1952; Frank & 

Fuortes, 1955a, 1955b; Fuortes & Frank, 1955) and discussions (Frank & 

Fuortes, 1955c) ascribe to strychnine the property of dendritic depolariz

ation leading to accentuation of the ”auto-rkythmiciiy”of motoneurones.
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However t h e r e  i s  no ev idence w hatsoever f o r  t h i s  a ssum ption .  The r e s u l t s  

d e s c r ib e d  could he due to  d e p re s s io n  o f  i n h i b i t i o n  and to  th e  consequent 

in c re a s e  in  th e  background d is c h a rg e  o f  in t e r n e u r o n e s .  S im i la r ly  W all ,  

McCulloch, L e t tv in  and P i t t s  (1955) have n o t  produced any ev idence  sub

s t a n t i a t i n g  t h e i r  su g g es tio n  t h a t  s t ry c h n in e  i s  e f f e c t i v e  by v i r t u e  o f  

i t s  a b i l i t y  to  r a i s e  th e  th r e s h o l d  of th e  t e rm in a l  a r b o r i z a t i o n s  o f  

a f f e r e n t  f i b r e s .  The only  e le m e n ta l  e f f e c t  o f  s t ry c h n in e  t h a t  has  been 

c o n c lu s iv e ly  dem onstra ted  i s  th e  d e p re s s io n  o f  th e  e f f e c t i v e n e s s  w ith  

which a c t i v a t e d  i n h i b i t o r y  p re s y n a p t ic  t e r m in a l s  can g e n e ra te  th e  i n h i b i t 

o ry  p o s t  s y n a p t ic  p o t e n t i a l .  T h is  o cc u rs  in  low doses  and th e  consequent 

d i s tu r b a n c e s  o f  i n h i b i t i o n  a re  adequa te  to  e x p la in  a l l  th e  observed  

phenomena.

I t  has  been shown in  th e  f o r e g o in g  s e c t i o n s  t h a t  in  s p in a l  

segments a f f e c t e d  by t e t a n u s  t o x i n ,  m onosynaptic  r e f l e x e s  a re  u n a l t e r e d ,  

p o ly s y n a p t ic  r e f l e x e s  a re  in c re a s e d  and th e  f i v e  i n v e s t i g a t e d  form s o f  

i n h i b i t i o n  upon motoneurones a re  d e p re s s e d .  As S h e r r in g to n  (1905) p o in te d  

o u t ,  t h i s  e f f e c t  i s  i n d i s t i n g u i s h a b l e  from t h a t  o f  s t r y c h n in e .  In  s p i t e  

o f  th e  o b s e rv a t io n s  o f  Meyer and Ransom (1905) and S h e r r in g to n  (1905? 1906) 

in  which l o c a l  t e t a n u s  was produced by i n t r a - n e u r a l  i n j e c t i o n  of the  to x in  

i n t o  th e  motor nerve t r u n k s ,  th e r e  has  been c o n s id e ra b le  confusion  in  th e  

argum ents  conce rn ing  th e  s i t e  of a c t io n  o f  t e t a n u s  t o x i n .  These w orkers  

dem o n stra ted  th a t  th e  a c t io n  was c e n t r a l  b u t  t h i s  was no t r e a d i l y  ac c e p te d  

owing to  th e  i n a b i l i t y  o f  o th e r s  t o  a c c e p t  th e  i n t r a - n e u r a l  sp read  of 

t e t a n u s  t o x i n .

C l i n i c a l l y ,  t e t a n u s  i s  a lm ost i n v a r i a b l y  seen a s  a  r e s u l t  o f  a 

p e r i p h e r a l  wound con tam ina ted  w ith  th e  C lo s t r id iu m  t e t a n i .  I t  has  long
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"been known t h a t  i f  v e ry  few organism s are  in v o lv e d  w ith  th e  consequent 

low. p ro d u c t io n  o f  t o x i n ,  or i f  e a r l y  t r e a tm e n t  i s  i n s t i t u t e d ,  t e t a n u s  

may remain l o c a l  ( C o u r to i s - S u f f i t  & G iroux, 1918; M i l l a r d ,  1954) .  T h is  

l o c a l  t e t a n u s ,  con fined  to  one l im b ,  or p a r t  o f  i t ,  can be produced in  

an im als  by in n o c u la t in g  th e  limb w ith  sm all  doses  of t e t a n u s  to x in  

(Ranson, 1928, A bel, Harapil &- Jo n as ,  1955).  There lias been no confirm 

a t io n  of th e  r e p o r t s  by Abel and h i s  c o l le a g u e s  (A bel, E vans , Hampil &

Lee, 1955; Abel & Hampil, 1955; A bel, Hampil & J o n a s ,  1955; A bel,  Evans 

& Hampil, 1956)t h a t  l o c a l  t e t a n u s  d id  not occur when th e  to x in  was i n 

j e c te d  i n t o  a  motor n e rv e ,  b u t  only  when m uscles  were con tam ina ted  by th e  

t o x i n .  There i s  c o n s id e ra b le  confusion  in  th e  l i t e r a t u r e  between the  

e a r l y  spasms of l o c a l  t e t a n u s  and th e  r i g i d  c o n t r a c tu r e s  of th e  l im bs 

l a t e  in  the d i s e a s e .  I t  may be ( c f .  Ranson, 1928) t h a t  in  th e  l a t e r  

s t a g e s  t h e r e  a re  a l t e r a t i o n s  in  the  f i b r e s  of the  m uscles concerned , and 

Abel ap p e a rs  to  have overlooked  th e  e a r ly  m a n i f e s t a t io n s  of t e t a n u s  in  

h i s  ex p e r im e n ta l  a n im a ls .

Because o f  th e s e  d i f f i c u l t i e s  i t  has  been concluded t h a t  t e t a n u s  

to x in  a c te d  a t  th e  neurom uscular ju n c t io n  (H arvey, 1959) o r  a t  p r o p r io 

c e p t iv e  sen so ry  nerve end ings  (S c h a e fe r ,  1944; P e rd ru p ,  19 4 6 ) .  However, 

th e  c e n t r a l  a c t io n  o f  t e t a n u s  to x in  was proved  c o n c lu s iv e ly  by th e  

r e s e a r c h e s  o f  F i r o r  and Jonas  (1958) ,  Acheson e t  a l .  (1942 ) ,  H u t te r  (1 9 5 1 ) ,  

W rig h t ,  Morgan & W righ t (1950, 1952) and D avies  e t  a l .  (1 9 5 4 ) .  F u r th e r  

i n v e s t i g a t i o n s  of th e  e f f e c t  o f  the  to x in  on neurom uscu lar t r a n s m is s io n  

(G b p fe r t  & S ch a e fe r ,  1941; H u t te r ,  1951; M ackeretli and S c o t t ,  1954) have 

y i e ld e d  n e g a t iv e  r e s u l t s  and th e r e  i s  c o n seq u en t ly  l i t t l e  reaso n  f o r  pos

t u l a t i n g  a  p e r ip h e r a l  a c t io n  f o r  t e t a n u s  t o x i n .  When a s s e s s e d  by th e

methods used  in  the  p r e s e n t  i n v e s t i g a t i o n  th e r e  i s  no d i f f e r e n c e  between
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the action of tetanus toxin injected directly into the cord or reaching 

it after injection in the sciatic trunk# In this series of experiments 

the toxin travelled in the peripheral nerve at a rate of about 4. mm per 

hour. When investigating the spread of tetanus toxin after subcutaneous 

inoculation, Teale & Embleton (1919) proved that; only motor nerve fibres 

were involved, because ventral root section prevented the development of 

local tetanus, if it was performed shortly after the inoculation. Dorsal 

root section had no effect on the onset of local tetanus. This has been 

confirmed by Friedemann and his colleagues (Friedemann, Zuger & Hollander, 

1939a; 1939b; Friedemann, Hollander & Tarlov, 194-1) who also showed that 

local tetanus does not result from the effect of toxin circulating in the 

blood stream, Wright (1955) lias discussed the means by which particulate 

and dissolved matter can travel in the spaces of nerve trunks. Investi

gations in his department (Baylis, Joseph, Macintosh, Morgan & Wright, 

1952; Baylis, Macintosh, Morgan & Wright, 1952) have demonstrated that 

chemical sclerosis of a nerve trunk, leaving axons relatively intact, 

prevents the development of local tetanus when the toxin is injected 

peripheral to the site of sclerosis. Further, it has been shown that 

transection 01 the spinal cord prevents the further development of general 

tetanus when large amounts of toxin enter the spinal cord below the level 

of section.

It can be safely concluded that tetanus toxin reaches the spinal 

cord from peripheral sites of formation or administration by travelling 

along motor nerve trunks, and that it also reaches "higher centres" of 

the nervous system by passage in the spinal cord# The large size of its 

molecule prooably prevents its penetration of the blood brain barrier
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( F r ie d e  mann, 194-2). The a c t u a l  mode of t r a v e l  i s  un c e r t a i n .  O ther  sub

s t a n c e s ,  when i n j e c t e d  in to  a  mixed p e r ip h e r a l  nerve can he d e te c te d  l a t e r  

in  th e  c e n t r a l  ne rv o u s  system and i t  i s  p o s s i b le  t h a t  th e  p e r in e u r a l  space 

in  a  nerve t r u n k  communicates w i th  th e  p e r in e u r o n a l  m a t e r i a l  in th e  s p in a l  

cord  ( B r i e r l e y  & F i e l d ,  1949; B r i e r l e y ,  1 9 9 0 ) .  W right (1953) has  sugges

t e d  t h a t  s u b s ta n c e s  i n j e c t e d  in t o  a  nerve t r u n k  a re  pumped by 11 th e  p h y s io 

l o g i c a l  mechanism of g ro s s  o s c i l l a t i o n s  o f  t i s s u e  f l u i d  p re s s u re  in  c e r t a in  

p e r ip h e r a l  s t r u c t u r e s ” p a r t i c u l a r l y  m usc le .  T h is  i s  u n l i k e l y  a s  s e v e ra l  

p r e l im in a ry  ex p er im en ts  have shown t h a t  when t e t a n u s  to x in  i s  i n j e c t e d  

in t o  th e  s c i a t i c  nerve  midway between th e  h a m str in g  and th e  s u r a l  b ra n c h e s ,  

i t  can l a t e r  be d e t e c te d  no t on ly  c e n t r a l  t o  t h i s  s i t e  b u t  a l s o  p e r i p h e r a l l y  

in  a l l  th e  muscle b ran ch e s  d e r iv e d  from th e  s c i a t i c  n e rv e .

S e v e ra l  p re v io u s  i n v e s t i g a t i o n s  have a n t i c i p a t e d  th e  p re s e n t  

f i n d i n g s  o f  th e  e f f e c t  of t e t a n u s  to x in  upon r e f l e x e s .  Acheson e t  a l . ,  (1942 

dem onstra ted  in  c a t s  t h a t  l o c a l  t e t a n u s ,  p roduced by th e  in t r a m u s c u la r  

i n j e c t i o n  o f  t o x i n ,  was a s s o c ia t e d  w ith  in c r e a s e d  p o ly s y n a p t ic  r e f l e x e s  

w hereas  the  m onosynaptic  r e f l e x e s  were a lm os t norm al. The l o s s  o f  i n h i b i 

t i o n  was dem o n stra ted  in  th e  r a b b i t ,  a l th o u g h  no t re c o g n iz e d  a s  such, by 

D avies  e t  a l .  (1 9 5 4 ) .  They showed t h a t  t e t a n u s  t o x i n ,  a c t i n g  c e n t r a l l y ,  

d i s o rg a n iz e d  f l e x o r  r e f l e x e s  so t h a t  p r e s s u re  on th e  f o o t  caused s im ul

ta n e o u s  r e f l e x  a c t i v a t i o n  o f  a n t a g o n i s t i c  m usc les  i n s t e a d  o f  r e c i p r o c a l  

i n h i b i t i o n . .  They aga in  dem onstra ted  i n c r e a s e s  in  p o ly s y n a p t ic  r e f l e x e s .

I t  i s  c l e a r  from the  r e s u l t s  p r e s e n te d  h e re ,  t h a t  in  th e  s p in a l  

c a t  th e  e f f e c t s  o f  s t ry c h n in e  and t e t a n u s  to x in  a re  s i m i l a r .  A lthough 

s a t i s f a c t o r y  i n t r a c e l l u l a r  r e c o rd s  have n o t  been o b ta in e d  from m otoneurones 

a f f e c t e d  by t e t a n u s  to x in ,  i t  may be assumed t h a t  l i k e  s t r y c h n in e ,  t e t a n u s
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to x in  d im in ish e s  i n h i b i t o r y  a c t io n  by d e p re s s in g  th e  p ro c e s s  by which 

im pu lses  in  s y n a p t i c  t e r m in a l s  o f  i n h i b i t o r y  in t e r n e u r o n e s  g e n e ra te  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  of m otoneurones , C onceivably  b o th  

th e s e  su b s ta n c e s  cou ld  d ep re ss  th e  i n h i b i t o r y  a c t io n  by b lo c k in g  th e  

e x c i t a t o r y  s y n a p t i c  a c t io n  on the  i n h i b i t o r y  neurones  which a re  i n t e r 

p o la te d  in  th e  i n h i b i t o r y  pathway* However t h i s  p o s s i b i l i t y  has  been 

excluded  by th e  o b s e rv a t io n  t h a t  th e r e  i s  no d im in u tio n  in  th e  e l e c t r i c a l  

r e s p o n s e s  which a re  produced on th e  s u r fa c e  o f  th e  s p in a l  cord by th e  

a c t i v i t y  of th e  i n h i b i t o r y  in t e rn e u ro n e s  b o th  in  th e  d i r e c t  and a n t id ro m ic  

i n h i b i t o r y  pathw ays. When im pulses  in  q u a d r ic e p s  group l a  a f f e r e n t  f i b r e s  

have been used  t o  i n h i b i t  b ic e p s - s e m i te n d in o s u s  m otoneurones, th e  p o s i t i v e  

n o tch  re c o rd e d  from the d o r s a l  s u r fa c e  o f  the  cord  in  th e  L7 -  S I segments 

has  rem ained unchanged when i n h i b i t i o n  was a b o l i s h e d  b o th  by s try c h n in e  

and t e t a n u s  t o x i n .  S im i la r ly  th e  i n h i b i t o r y  c e l l  on th e  a n t id ro m ic  p a th 

way co n t in u ed  to  be e x c i te d  by an t id ro m ic  im p u lses  and to  produce un

changed f i e l d  p o t e n t i a l s  when a n t id ro m ic  i n h i b i t i o n  had been a b o l i s h e d .

Such l o c a l i s a t i o n s  have not been p o s s ib le  f o r  o th e r  ty p e s  of 

i n h i b i t i o n ,  because  no s u r face  p o t e n t i a l s  a re  r e c o g n iz e d  t h a t  s ig n a l  

a c t i v i t y  o f  the  i n h i b i t o r y  in t e rn e u ro n e s  in v o lv e d .  W ith  b o th  s t r y c h n in e  

and t e t a n u s  to x in  th e  p r o p e r t i e s  o f  th e  t e s t  r e f l e x e s  and th e r e f o r e  

p robab ly  of m otoneurones remain unchanged in  a l l  c a se s  i n v e s t i g a t e d ;  hence 

i t  i s  p o s s ib le  t h a t  th e s e  su b s ta n c e s  have a  un ifo rm  a c t io n  upon a l l  ty p e s  

of i n h i b i t i o n  of monosynaptic r e f l e x e s .  The h ig h ly  s p e c i f i c  and r a p id  

a c t io n  o f  s t ry c h n in e  a f t e r  in t ra v e n o u s  a d m in i s t r a t io n  in  r e l a t i v e l y  low 

doses  s u g g e s ts  t h a t  i t  a c t s  on th e  su b sy n a p t ic  membrane in  a  s im i l a r  

f a s h io n  to  th e  a c t io n  t h a t  cu ra re  has  a t  c h o l in e r g ic  synapses ( E c c le s ,

K atz  & H u f f i e r ,  1941).  Thus i t may a c t  c o m p e t i t iv e ly  w ith  th e  i n h i b i t o r y
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t r a n s m i t t e r  f o r  th e  r e c e p to r  p a tc h e s  o f  t h e  s u b sy n a p t ic  membrane, A 

p o s s ib le  e x p la n a t io n  of th e  co n v u lsan t  a c t io n  o f  s t ry c h n in e  and b ru c e in e  

has been sugges ted  by H e l la u e r  and Umrath ( 1948) and by Umrath (1953) 

who f i n d  t h a t  th e s e  c o n v u lsa n ts  i n h i b i t  an enzyme which d e s t r o y s  an 

e x c i t a t o r y  su b s tan ce” e x t r a c t e d  from d o r s a l  r o o t s .  However th e  r e s u l t s  

p re s e n te d  above dem onstra te  t h a t  s t ry c h n in e  has  no d i r e c t  e f f e c t  on 

e x c i t a t o r y  p ro c e s s e s  and t h i s  e x p la n a t io n  can be r e j e c t e d .

I t  i s  d i f f i c u l t  to  a s s e s s  a c c u r a t e l y  th e  tim e course  of a c t io n  

o f  t e t a n u s  to x in  because even when i n j e c t e d  in t o  the  v e n t r a l  horn some 

time i s  n e c e s s a ry  f o r  i t  t o  sp read  th ro u g h o u t  th e  n u c le u s  o f  th e  moto- 

neurones  used  f o r  t e s t i n g  p u rp o se s .  P o s s ib ly  t e t a n u s  to x in  might a c t  

in  th e  manner p o s tu la t e d  f o r  s t ry c h n in e  and combine s t e r i c a l l y  w i th  th e  

r e c e p to r s  of th e  s u b - s y n a p t ic  i n h i b i t o r y  a r e a s .  However in  view o f th e  

g e n e ra l  s i m i l a r i t y  o f  t e t a n u s  and bo tu linum  to x in  (van Heyningen., 1950; 

W rig h t ,  1955) b o th  in  r e g a rd  to  m o lecu la r  w eigh t and c l o s t r i d i a l  o r i g i n ,  

a  p o s s ib le  a l t e r n a t i v e  i s  t h a t  t e t a n u s  to x in  a c t s  in  th e  same manner as  

bo tu linum  t o x i n .  The to x in  o f  C l. bo tu linum  p re v e n ts  th e  r e l e a s e  of 

a c e ty lc h o l in e  a t  the  neurom uscular ju n c t io n  by an a c t io n  on th e  p re s y n a p t i c  

t e r m in a l s  (Burgen, Dickens and Zatman, 194-1; B rooks, 1954, 1956) and i t  i s  

co n ce iv ab le  t h a t  t e t a n u s  to x in  a c t s  on th e  p r e s y n a p t i c  t e r m in a l s  of i n h i b i t 

ory  in t e rn e u ro n e s  p r e v e n t in g  e i t h e r  th e  p ro d u c t io n  or th e  r e l e a s e  of th e  

i n h i b i t o r y  t r a n s m i t t e r  su b s ta n c e .

The f in d in g s  of Ambache, Morgan and V/right ( 1948a )  co nce rn ing  

th e  s e l e c t i v e  p a r a l y s i s  of c h o l in e r g ic  end ings  of the  r a b b i t ’ s i r i s  by 

t e t a n u s  to x in  a re  d i f f i c u l t  to  r e c o n c i l e  b o th  w i th  the  p re s e n t  f i n d i n g  

t h a t  Renshaw c e l l  a c t i v i t y  i s  n o t  a l t e r e d  by th e  to x in  and w i th  th e
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f i n d i n g s  o f  o th e r s  upon the  neurom uscular j u n c t io n .  The o c c a s io n a l  

occu rrence  o f  oph tha lm opleg ia  and f a c i a l  p a r a l y s i s ,  t o g e th e r  w i th  c e r t a in  

c l i n i c a l  f e a t u r e s  of t e t a n u s  such as  t a c h y c a r d ia ,  c o n s t ip a t io n  and a to n ic  

b la d d e r  ( c f .  C o u r to i s - S u f f i t  & G iroux, 1918) sugges t  t h a t  t e t a n u s  toxin, 

may have an a c t io n  a t  c e r t a in  c h o l in e r g ic  j u n c t io n s ,  Harvey (1939) 

s t a t e d  t h a t  l o c a l  t e t a n u s  has  c e r t a in  f e a t u r e s  re sem b lin g  th e  phenomena 

seen w ith  th e  d en e rv a tio n  o f  s k e l e t a l  muscle b u t  Ambache e t  a l  (1948b) 

were unab le  to  d e te c t  any d im inu tion  i n  th e  c h o l in e  e s t e r a s e  c o n te n t  of 

th e  i r i s  muscle and Torda and W olff (1947) p r e s e n t  ev idence t h a t  th e  to x in  

p o s s ib ly  in c r e a s e s  th e  in  v i t r o  s y n th e s i s  o f  a c e t y l c h o l i n e .  I t  i s  

a p p a re n t  t h a t  a  f u l l  i n v e s t i g a t i o n  o f  the  problem s invo lv ed  i s  n e c e s s a ry .

There i s  v e ry  l i t t l e  in fo rm a tio n  r e g a r d in g  the  b io c h em ic a l  

e f f e c t s  of t e t a n u s  to x in  in  th e  s p in a l  cord  b u t  presumably i t  a c t s  

s p e c i f i c a l l y  on a  s u r fa c e  membrane or on an enzyme system . T h is  i s  

a p p a re n t  from th e  sm all  q u a n t i t i e s  n e c e s s a ry  to  o b ta in  e f f e c t s  ( c f .  van 

Heyningen, 1950) and from th e  e f f e c t s  o f  v a r i a t i o n s  in  te m p e ra tu re  in  th e  

p ro g re s s  o f  t e t a n u s  in  p o ik i lo th e rm ic  a n im a ls .  These c r e a t u r e s ,  i n c lu d in g  

f r o g s  and l i z a r d s ,  a r e  co m para tive ly  r e s i s t a n t  t o  h ig h  doses  o f  t e t a n u s  

to x in  when k ep t  a t  low te m p e ra tu re s  b u t  become s u s c e p t ib le  when th e  tem per

a t u r e  i s  r a i s e d  (Cowles & ITelson, 1947; W rig h t ,  1955).  However th e  a c t u a l  

mode of a c t io n  o f  b o th  s t ry c h n in e  and t e t a n u s  to x in  i s  open to  q u es t io n  

and w i l l  u l t i m a t e l y  depend on th e  i s o l a t i o n  and a p p l i c a t io n  o f  th e  i n h i b i t 

o ry  t r a n s m i t t e r  s u b s ta n c e .

T e tan u s  to x in  re sem b les  s t ry c h n in e  in  t h a t  i t  g r e a t l y  in c r e a s e s  

p o ly s y n a p t ic  r e f l e x e s .  I t  has  been argued  t h a t  f o r  s t ry c h n in e  t h i s  i s  

due to  the  d e p re s s a n t  a c t io n  on i n h i b i t o r y  synapses  a lo n g  p o ly s y n a p t ic
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pathways ( c f .  B ra d le y  e t a l . ,  1 95 3 ). P o s s ib ly  th e  same mechanism is  

re s p o n s ib le  f o r  th e  in c re a s e d  r e f le x e s  in  te ta n u s . I t  has been e s t a b l i 

shed th a t  te ta n u s  to x in  does n o t pass in to  th e  s p in a l co rd  a lo n g  the  

d o rs a l r o o t  i f  in je c te d  p e r ip h e ra l t o  th e  d o rs a l r o o t  g a n g lio n  ( F le tc h e r ,  

1903; T e a le  & E m b le ton , 1919) o r in t o  a p u re ly  sensory nerve  (Z u p n ik , 

1 9 0 5 ). However i f  te ta n u s  to x in  i s  in je c te d  e i t h e r  in to  th e  d o rs a l r o o t  

i t s e l f  ( F le tc h e r ,  1903) o r  in t o  th e  d o rs a l horn o f  the  s p in a l co rd  ( l ie y e r  

& Ransom, 1903: A b e l, Evans & H am p il, 1936) th e  c l i n i c a l  m a n ife s ta t io n s  

o f  ’’ te ta n u s  d o lo ro s u s ”  r e s u l t .  In  t h i s  c o n d it io n ,  the  s k in  a reas  and 

deeper s t ru c tu re s  co rre sp o n d in g  to  th e  s p in a l segments in v o lv e d  are  

h y p e rs e n s it iv e  to  a l l  fo rm s o f  s t im u la t io n .  T h is  s ta te  i s  n o t u n l ik e  

th a t  seen in  an im a ls  in  w h ich  s try c h n in e  i s  a p p lie d  lo c a l l y  to  th e  dorsum 

o f  th e  s p in a l co rd  ( c f .  Busser de B arenne , 1933) and in v ie w  o f  th e  

s im i l a r i t y  in  the  a c tio n  o f  these  substances on v e n t r a l  horn c e l ls  i t  i s  

h ig h ly  l i k e l y  th a t  th e y  a ls o  depress in h ib i t o r y  mechanisms in  th e  d o rs a l 

horn  and in te rm e d ia te  n uc leu s  o f  th e  s p in a l g re y  m a tte r .  In  t h i s  case 

b o th  th e  in c re a se d  p o ly s y n a p tic  r e f le x e s  and th e  h y p e r s e n s i t iv i t y  in  

te ta n u s  d o lo ro s u s  cou ld  be due to  th e  in a c t iv a t io n  o f  in h ib i t o r y  c o n t r o l  

a lo n g  p o ly s y n a p tic  pathw ays.

A no ther s im i la r i t y  between th e  a c t io n s  o f  s try c h n in e  and te ta n u s  

to x in  i s  th a t  m yanesin, w h ich  d im in is h e s  p o ly s y n a p tic  r e f le x e s  and th e  

in c re a s e  in  them due to  s try c h n in e  ( c f .  S e c tio n  I  h ) has been fo u n d  u s e fu l 

in  c o n t r o l l in g  the  c o n v u ls io n s  o f  te ta n u s  (T o rre n s , Edwards & Wood, 1948; 

P a rke s , 1954)»

The c l i n i c a l  m a n ife s ta t io n s  o f  b o th  s try c h n in e  p o is o n in g  and 

th e  v a r io u s  fo rm s o f te ta n u s  a re  e x p la in a b le  by the  known a c t io n s  o f
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■both of th e s e  c o n v u ls a n ts .  S try c h n in e  re a c h e s  th e  c e n t r a l  nervous system 

from th e  c i r c u l a t i o n  and co n seq u en tly  th e  s ig n s  of p o is o n in g  a re  g e n e r a l 

i s e d .  T e tanus  i s  o f te n  observed  to  he l o c a l ,  in  th e  f i r s t  i n s t a n c e ,  and 

l a t e r  becomes g e n e ra l iz e d  a s  th e  to x in  in v o lv e s  h ig h e r  s p in a l  c e n t r e s  

and th e  b r a in  stem, a t  a  r a t e  depending  on th e  a c t u a l  amount o f  to x in  

p r e s e n t .  I f  however l a rg e  amounts o f  to x in  a re  produced or  a d m in is te re d ,  

w ith  a  consequent h ig h  l e v e l  in  the  b lood  s tream , th e  s ig n s  o f  involvem ent 

o f  b u lb a r  n u c l e i  may be e a r l y ,  due e i t h e r  t o  th e  to x in  p e n e t r a t i n g  th e  

b lood  b r a in  b a r r i e r  o r  r e a c h in g  th e  motor n u c l e i  a lo n g  th e  com p ara tiv e ly  

s h o r t  motor c r a n i a l  n e rv e s .

There i s  however one d i f f e r e n c e  observed  between in t o x i c a t i o n  

by s t ry c h n in e  and t e t a n u s  t o x i n .  In  th e  i n t e r v a l s  between th e  co n v u ls io n s  

o f  s t ry c h n in e  p o iso n in g  th e  m uscles r e l a x  com ple te ly  w hereas in  ca se s  of 

s e v e re ,  g e n e ra l iz e d  t e t a n u s  r i g i d i t y  o f  th e  m u sc la tu re  o f  th e  lim bs  and 

t r u n k  i s  a  marked f e a t u r e  (B ra in ,  1951).  A lthough th e r e  i s  ev idence  t h a t  

th e  muscle f i b r e s  th em se lv es  may become a l t e r e d  (Ranson, 1928) t h i s  i s  

u n l i k e ly  in  th e  e a r l y  s ta g e s  of g e n e r a l i s e d  t e t a n u s .  I t  i s  p ro b a b le ,  

th a t^  when c o n s id e r in g  an im als  hav ing  s p in a l  segments under th e  in f lu e n c e  

o f  e i t h e r  s t ry c h n in e  or t e t a n u s  t o x i n ,  th e  same c l i n i c a l  s ig n s  would be 

observed  f o r  doses o f  each g iv in g  e q u iv a le n t  a l t e r a t i o n s  in  any one s p in a l  

i n h i b i t o r y  mechanism. Once ’’h ig h e r  c e n t r e s ” a re  in v o lv e d  however, t h i s  

dose r e l a t i o n s h i p  would be l o s t  a s  s t ry c h n in e  would have an e f f e c t  over 

th e  whole cerebrum and b ra in  stem, t e t a n u s  toxin, a f f e c t i n g  p redom inan tly  

th e  b u lb a r  and m idbra in  motor n u c l e i .  C onsequently  f o r  e q u iv a le n t  doses  

a s  judged by the  e f f e c t  on a  spina.1 i n h i b i t i o n  th e  c l i n i c a l  m a n i f e s t a t i o n s  

o f  co n v u ls io n s  would be more a p p a re n t  f o r  s t r y c h n in e ,  and i f  an ex trem ely
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h ig h  dose was used  a r a p id l y  f a t a l  outcome would mask th e  m uscu lar 

r i g i d i t y  between spasms. I t  i s  l i k e l y  t h e r e f o r e  t h a t  when th e  s ig n s  of 

s t ry c h n in e  p o iso n in g  a re  compared w i th  th o s e  o f  t e t a n u s ,  in  p a r t i c u l a r  

th e  absence or presence  of r i g i d i t y  between spasms, th e  p e rce n tag e  

a l t e r a t i o n  in  any one s p in a l  i n h i b i t o r y  system might be f a r  l e s s  in  th e  

case of s t ry c h n in e  than  w ith  t e t a n u s  -  th e  m a n i f e s t a t io n s  o f  s t ry c h n in e  

p o iso n in g  b e in g  p redom inan tly  a  r e s u l t  o f  i t s  e f f e c t  on th e  c o r te x .

Not a l l  ” c o n v u lsa n ts” t e s t e d  have th e  a b i l i t y  to  d im in ish  s p in a l  

i n h i b i t i o n  a.nd presumably th ey  have a  d i r e c t  e f f e c t  on c o r t i c a l  neurones  

a l th o u g h  th e r e  i s  no ev idence t h a t  NP 13 d i r e c t l y  e x c i t e s  s p in a l  moto- 

n eu ro n es .  S try ch n in e  has  been used e x t e n s i v e ly  in  a  i n v e s t i g a t i o n  o f  

c o r t i c a l  pathways ( c f .  Mendelow <5 j h t ,  1955 )j s t ry c h n in e  neurono

graphy depending  on th e  a p p l i c a t io n  of a  s a t u r a t e d  s o lu t io n  o f  s t ry c h n in e  

to  a  minute a r e a  of th e  c e r e b ra l  c o r t e x .  I t  i s  p robab le  t h a t  th e  

’’s t r y c h n in e ” s p ik e s  evoked a re  a  r e s u l t  o f  a  d e p re s s io n  o f  l o c a l  i n h i b i t 

ory  p ro c e s s e s  b u t  i t  i s  a l s o  p o s s ib le  t h a t  th e  h ig h  dose o f  s t r y c h n in e ,  

a p p l i e d  l o c a l l y ,  has a d i r e c t  e f f e c t  on th e  c o r t i c a l  n eu ro n es .
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SECTION I I I .  THE DURATION OF ACTION OF TRANSMITTER SUBSTANCES

III THE SPINAL CORD
I

(A) INTRODUCTION

I t  i s  now g e n e r a l ly  ac c e p te d  t h a t  c e n t r a l  e x c i t a t o r y  and
4

i n h i b i t o r y  a c t io n s  e s s e n t i a l l y  a re  e f f e c t i v e  by th e  p o t e n t i a l  changes 

t h a t  a re  s e t  up a c ro s s  the  motoneurons membrane (Coombs, E c c le s  & F a t t ,

1956 b & c ) .  Both  th e  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  (EPSP) and th e  

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  (IPSP) have a  sh o r t  l a te n c y  fo l lo w in g  

a c t i v a t i o n  of the  r e s p e c t iv e  p r e s y n a p t i c  t e r m in a l s  and a  com para tive ly  

s h o r t  tim e course b u t  a r e  o f  o p p o s i te  s ig n ,  the  EPSP b e in g  a  d e p o l a r i s 

a t io n  o f  th e  p o s t - s y n a p t i c  membrane and th e  IPSP a  h y p e r p o l a r i s a t i o n .

These p o t e n t i a l s  e x p la in  a d e q u a te ly  e x c i t a t o r y  a c t io n  in  motoneurones 

and a l s o  th e  i n h i b i t o r y  su p p re ss io n  of th e  r e f l e x  d is c h a rg e s  o f  th e s e  

c e l l s  (Coombs e t  a l . ,  1955 b , c & d ) .

There i s  now good ev idence t h a t  p o s t - s y n a p t i c  p o t e n t i a l s  a re  

caused by th e  o p e ra t io n  o f  chem ical t r a n s m i t t e r  s u b s ta n c e s .  There t r a n s 

m i t t e r s ,  r e l e a s e d  from th e  p re s y n a p t ic  t e r m i n a l s ,  cause b r i e f  in c r e a s e s  

in  th e  io n i c  p e rm e a b i l i ty  of th e  u n d e r ly in g  su b sy n a p t ic  membranes; to  a l l

io n s  w ith  th e  EPSP (Coombs e t  a l . ,  1955c) and w ith  th e  IPSP only  to  such

+ — +sm all  h y d ra te d  io n s  a s  K and Cl , ITa in  p a r t i c u l a r  b e in g  excluded  

(Coombs e t  a l . ,  1955b). These changes in  p e r m e a b i l i ty ,  p ro v id in g  th e  

on ly  adequate  e x p la n a t io n  f o r  th e  e f f e c t s  observed  when th e  membrane 

p o t e n t i a l  and th e  io n i c  com position of m otoneurones a re  a l t e r e d ,  a re  

dependent on th e  s i e v e - l i k e  s t r u c t u r e  o f  th e  a c t i v a t e d  su b sy n a p tic  membrane 

and d i f f e r  from th e  h ig h ly  s p e c i f i c  io n i c  c a r r i e r  mechanisms o c c u r r in g  

d u r in g  and a f t e r  an impulse evoked by an e l e c t r i c a l  e x c i t a t i o n  of the
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membrane* Once th e  c u r r e n t s  cau s in g  th e  EPSP d e p o la r iz e  th e  membrane

4*to  a  c r i t i c a l  l e v e l ,  t h e r e  i s  a  s p e c i f i c  in c r e a s e  in  p e r m e a b i l i ty  to  ITa 

io n s  d u r in g  th e  r i s i n g  phase o f  the  sp ik e ,  and d u r in g  th e  f a l l i n g  phase 

of th e  sp ike  and th e  a f t e r h y p e r p o l a r i z a t i o n s  t h a t  fo l lo w  t h e r e  i s  an 

in c re a s e d  p e rm e a b i l i ty  t o  io n s  (Hodgkin, 1951; Hodgkin & Huxley, 1952 

a & b; Coombs e t  a l #, 1 9 5 5 a ) .

However th e  i o n i c  r e d i s t r i b u t i o n s  t h a t  occur d u r in g  th e  EPSP 

and th e  IPS? a re  o f  th e  type  t h a t  a re  known to  r e s u l t  from th e  a c t io n  o f  

chem ical t r a n s m i t t e r s  a t  o th e r  j u n c t io n a l  r e g io n s .  Eor example t h e r e  i s  

good ev idence  t h a t  w i th  amphibian m uscle ,  th e  end p l a t e  p o t e n t i a l  i s  

g e n e ra te d  because  th e  e n d p la te  membrane becomes permeable to  a l l  io n s  

( P a t t  & K a tz ,  1951; C a s t i l l o  & Kat.z, 1954-c), a c e ty lc h o l in e  b e in g  the  

chem ica l t r a n s m i t t e r  r e s p o n s i b l e .  On the o th e r  hand th e  i n h i b i t o r y  

r e s p o n s e s  a t  a v a r i e t y  o f  j u n c t io n s ,  c ru s ta c e a n  s t r e t c h  r e c e p to r  c e l l s  

( K u f f l e r  & E z y a g u ir r e ,  1955)* c ru s ta c e a n  neurom uscu lar  ju n c t io n s  ( P a t t  & 

K a tz ,  1953) and v a g a l  j u n c t io n s  in  c a rd ia c  muscle ( C a s t i l l o  & K a tz ,  1955c; 

H u t te r  & T rau tw e in ,  1955) a re  p robab ly  produced by a  s e l e c t i v e  p e r m e a b i l i ty

4-  —  4-to  th e  sm all  io n s  K and Cl , Ha io n s  b e in g  l a r g e l y  ex c lu d ed .

I t  i s  t h e r e f o r e  r e a s o n a b le  t o  p o s tu l a t e  t h a t  th e  s p e c i f i c  

chem ica l s u b s ta n c e s  r e l e a s e d  a t  th e  e x c i t a t o r y  and a t  th e  i n h i b i t o r y  

synapses  convert  th e  s u b sy n a p t ic  membrane i n t o  a  s i e v e - l i k e  s t r u c t u r e ,  

th e  p o re s  b e in g  much l a r g e r  w ith  e x c i t a t o r y  than  w ith  i n h i b i t o r y  j u n c t io n s .  

In  o rd e r  to  produce th e  EPSP, th e  a c t i v a t e d  synapses  must cause a  c u r re n t  

to  be g e n e ra te d  which d e p o la r i z e s  the  p o s t - s y n a p t i c  membrane. I f  t h i s  

d e p o l a r i z a t io n  re a c h e s  a  c r i t i c a l  l e v e l  th e  Na+ c a r r i e r  mechanism i s

a c t i v a t e d  and the  c e l l  d i s c h a rg e s  an im pulse (Coombs e t  a l . ,  1955c).  The 

c u r r e n t  r e s u l t i n g  from io n i c  movement a t  a c t i v a t e d  i n h i b i t o r y  synapses ,
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h y p e r p o la r i z e s  th e  membrane and t h i s  h y p e r p o la r i z a t io n  to g e th e r  w i th  th e  

in c r e a s e d  io n i c  p e rm e a b i l i ty  of th e  i n h i b i t o r y  su b sy n a p t ic  membrane 

a c c o u n ts  s a t i s f a c t o r i l y  f o r  the  observed  i n t e r a c t i o n  between the EPSP 

and th e  IPSP (Coombs e t  a l . , 1955d).

H i th e r to  th e  tim e course o f  a c t io n  o f  t r a n s m i t t e r s  has  been 

d e r iv e d  from a n a ly s e s  based  upon th e  assum ption  t h a t  th e  e x p o n e n t ia l  

decay o f  th e  EPSP and of  th e  IPSP i s  de te rm ined  by th e  p a s s iv e  decay of 

th e  charge t h a t  has  been p la ced  on th e  membrane ca.paci.ty d u r in g  th e  b r i e f  

i n i t i a l  phase o f  t r a n s m i t t e r  a c t i o n .  I t  i s  known t h a t  th e  e n d -p la te  

p o t e n t i a l  a t  the  amphibian neurom uscular ju n c t io n  decays w ith  a  tim e 

c o n s ta n t  eq u a l  to  t h a t  of th e  muscle membrane (K atz ,  1948; P a t t  & K atz ,  

1951) and a s  th e  tim e c o n s ta n t s  o f  th e  decay o f  th e  EPSP and of  th e  IPSP 

were c o n s id e re d  to  be app rox im ate ly  e q u a l ,  i t  was a rgued  t h a t  th e  tim e 

c o n s ta n t  o f  th e  m otöneuronal membrane was ap p ro x im ate ly  4 msec (Coombs 

e t  a l . ,  1955a) .  The tim e course of t r a n s m i t t e r  a c t i o n s  e v a lu a te d  in  

t h i s  f a s h io n  a g re e d  m odera te ly  w e l l  w i th  th e  v a lu e s  d e r iv e d  by more 

i n d i r e c t  means. However more a c c u ra te  i n v e s t i g a t i o n ,  depending on th e  

use o f  pure e x c i t a t o r y  and i n h i b i t o r y  v o l l e y s  shows t h a t  w hile th e  time 

c o n s ta n t  o f  decay o f  th e  EPSP i s  ap p ro x im ate ly  4 msec, t h a t  of th e  IPSP 

i s  u s u a l l y  about tw o - th i r d s  of t h i s  and becomes even b r i e f e r  when th e  

IPSP i s  co n v er ted  to  a d e p o la r iz in g  re sp o n se  by d i f f u s io n  o f  io n s  in t o  

th e  c e l l  (Coombs e t  a l . ,  1955b). Hence th e  e v a lu a t io n  of th e  time c o n s ta n t  

o f  th e  m otoneuronal membrane i s  open to  doubt and i t  becomes n e c e s s a ry  to  

re d e te rm in e  th e  rn ro p e r t ie s  of the membrane by d i r e c t  methods in  o rd e r  to  

o b ta in  a  t r u e  d e te rm in a t io n  of t r a n s m i t t e r  a c t io n *

F u r th e r  a s tudy  has been made of the  p o s t - s y n a p t i c  re s p o n s e s
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Ox motoneurones f o l lo w in g  t e t a m s  a c t i v a t i o n  of th e  p n e sy n a p tic  t e rm in a l s  

in  o rd e r  t o  o b ta in  some evidence tow ards  th e  f a c t o r s  govern ing  th e  

r e l e a s e  of t r a n s m i t t e r  s u b s ta n c e s  from th e se  t e r m i n a l s .

(b ) methods

A l l  the experim en ts  co n s id e re d  in  t h i s  section , were perform ed 

on th e  low er lumbar r e g io n  o f  th e  c a t ' s  s p in a l  cord  under p e n t o b a r b i t a l  

a n a e s t h e s i a .  The cord was t r a n s e c t e d  a t  th e  low er t h o r a c i c  l e v e l  and 

o..:.., exposed lumbar re g io n  se t  up in  a p a r a f f i n  p o o l .  The v e n t r a l  r o o t s  

-1C b th ,  Gtn and 7 th  lumbar (L5> L6 and L7) and 1 s t  s a c r a l  ( S i )  se -  

m ents were severed  and mounted on e l e c t r o d e s .  The n e rv e s  t o  p o s t e r i o r  

b ic e p s  and sem iten d in o su s  (BST), th e  s u r a l  nerve ( S ) ,  th e  nerve to  

g a s t ro c n e m iu s - s o le u s  ( g ) ,  the  nerve  to  p l a n t a r i s  ( ? )  and the  nerve to  

f l e x o r  longus  d ig i to ru m  (FLD) were mounted on s t im u la t in g  e l e c t r o d e s  in  

a  p a r a f f i n  pool w hile  th e  q u a d r ic e p s  muscle nerve (q )  was s t im u la te d  w ith  

a  b u r ie d  e l e c t r o d e .

The whole p r e p a ra t io n  was clamped in  a  frame o f  ex trem ely  r i g i d  

c o n s t r u c t io n  to  which was a l s o  a t t a c h e d  th e  m ic ro m an ip u la to r  used in  

i n s e r t i n g  th e  g l a s s  m ic r o - e le c t r o d e s  in to  th e  cord  ( c f .  E c c le s ,  F a t t ,

Lan egren c; h in  sbury * 1954)» At s i t e s  where e l e c t r o d e s  were passed, in to  

o. e s p in a l  corn , a  sm all a r e a  o f  p ia -a r a c h n o id  was removed w ith o u t 

damaging th e  b lood  v e s s e l s  on th e  s u r fa c e  o f  th e  co rd .

C a p i l l a r y  m ic r o - e le c t r o d e s  were made from pyrex g l a s s  tu b in g  o f  

e ©jcma.1 d iam ete r  u s in g  a  new machine des igned  f o r  th e  purpose 

g./in sbury* 195C;. D o u b le -b a r re l le d  m ic r o - e le c t r o d e s  (Coombs e t  a l . ,  1959a) 

wej.'e p u l le d  in  th e  same fa s h io n  and b o th  ty p e s  o f  e l e c t r o d e s  were f i l l e d  

w ish  c o n c e n tra te d  aqueous s o lu t i o n s  o f  e i t h e r  KCl (5M) o r  K2SÔ  (0 .6 m) by
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b o i l i n g  a t  7C°C under reduced  p r e s s u r e .  A f te r  f i l l i n g ,  th e  r e s i s t a n c e s  

o f  th e  e l e c t r o d e s  were de term ined  w i th  t h e i r  t i p s  immersed in  0 ,9y s a l i n e  

and o n ly  th o se  w i th  r e s i s t a n c e s  o f  10-70 megohms were used  in  the  e x p e r i 

m ents . The d i f f i c u l t i e s  a s s o c ia t e d  w ith  the  use o f  d o u b le - b a r r e l l e d  

m ic r o e le c t r o d e s  have been f u l l y  d e s c r ib e d  (Coombs e t  a l . ,  1955a) .  In. 

p a r t i c u l a r  the  r e s i s t i v e  co u p lin g  between the  b a r r e l s  r a i s e s  problems 

when one b a r r e l  was employed to  pass  e x t r i n s i c  c u r r e n t  in t o  th e  im paled 

c e l l  and th e  o th e r  was used to  r e c o r d  i t s  membrane p o t e n t i a l .  E l e c t r o d e s
3

hav in g  v a lu e s  o f  50-200 x 10 ohms f o r  t h i s  co u p l in g  r e s i s t a n c e  were 

s e l e c t e d .

Connection of the  ra ic ro e le c t ro d e  w ith  th e  e l e c t r i c a l  equipment 

was made th ro u g h  an Ag-AgCl ju n c t io n .  The i n d i f f e r e n t  l e a d  from th e  ca t  

( e a r t h  p l a t e )  was made a l s o  th ro u g h  an Ag-AgCl ju n c t io n  and a  s a l i n e  

soaked co t to n  gauze pad which made a  low r e s i s t a n c e  c o n ta c t  w i th  th e  

lumbar m usc les .

E ig .  42  i s  a  b lo c k  diagram o f  th e  e l e c t r i c a l  and d i s p la y  eq u ip 

ment u se d .  The m ic ro e le c t ro d e  was a t ta c h e d  to  a  sm all  probe u n i t  c o n ta in 

in g  a  cathode f o l lo w e r  in p u t  s tag e  (CE l )  which was i t s e l f  r i g i d l y  f i x e d  

to  th e  m ic ro m a n ip u la to r .  T h is  in p u t  s ta g e  was connected  to  th r e e  a m p l i f i e r s  

Two d i r e c t  coupled u n i t s  o f  f i x e d  low gain  (AMP C, AMP D) re c o rd e d  

r e s t i n g  p o t e n t i a l ;  AMP C g iv in g  a  m eter r e a d in g  and AMP D f e e d in g  th e  

upper beam of th e  second o s c i l lo s c o p e  (CRT 2 ) .  T h is  beam a l s o  re c o rd e d  

a c t io n  p o t e n t i a l s .  The t h i r d  a m p l i f i e r ,  having  a  d i f f e r e n t i a l  in p u t ,  

c o n t r o l l e d  th e  upper beam o f  the  f i r s t  o s c i l lo s c o p e  (CRT l ) .  T h is  was a 

c a p a c i t a t i v e l y  coupled  u n i t  (AMP A) hav in g  a g r e a t e r  and more v a r i a b l e  

ran g e  of a m p l i f i c a t i o n  and a  time c o n s ta n t  o f  2 seconds. In  a d d i t io n  a
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p la t in u m  e le c t r o d e  was employed to  le a d  p o t e n t i a l s  from th e  su r fa c e  of 

th e  a p p r o p r ia te  d o r s a l  r o o t s  a s  th e y  e n te r e d  th e  s p in a l  co rd .  These 

p o t e n t i a l s  were a m p l i f ie d  by a n o th e r  c a p a c i t a t i v e l y  coupled a m p l i f i e r  B« 

and re c o rd e d  on th e  lower beam of CRT 1 .

In  o rd e r  to  determ ine th e  e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  th e  

motoneurone membrane, i t  i s  n e c e s s a ry  to  pass  c u r r e n t  th ro u g h  i t  and

re c o r d  th e  consequent a l t e r a t i o n s  in  membrane p o t e n t i a l .  R e c ta n g u la r

- 9p u ls e s  o f  up to  30 x 10 Jk were passed  th ro u g h  b o th  s in g le  and double 

e l e c t r o d e s .  The c u r re n t  g e n e ra t in g  equipment on th e  l e f t  s id e  of F ig .

A2 was lo ck ed  to  the  sweep th ro u g h  a  square  wave g e n e ra to r  d r iv in g  a 

C a rp e n te r  R elay  (Type 3 G l) .  The p o l a r i z i n g  u n i t  (POL) p rov ided  v o l t a g e s  

of ze ro  to  45 v o l t s ,  e i t h e r  p o s i t i v e  o r  n e g a t iv e  w ith  r e s p e c t  to  e a r t h ,  

and was connected v i a  a sh o r t  l e n g th  o f  s h ie ld e d  cab le  to  th e  m icro

e l e c t r o d e  by a 100 megohm r e s i s t a n c e .  T h is  enab led  c u r r e n t  to  be passed  

u s in g  e i t h e r  a  s in g le  e l e c t ro d e  o r  one s id e  of a double e l e c t r o d e  w ith  

minimal d i s t o r t i o n  in  th e  r e c o r d in g  o f  p o t e n t i a l  changes a r i s i n g  from 

r e s p o n s e s  o f  the  c e l l .  The c u r re n t  f lo w in g  in  t h i s  c i r c u i t  was measured 

oy means of th e  d i r e c t  coupled a m p l i f i e r  (AMP E) which measured th e  

p o t e n t i a l  drop a c ro s s  a  r e s i s t a n c e  o f  1 megohm and d i s p la y e d  i t  on th e  

low er beam of CRT 2.

Two synchron ized  G rass Kymograph cameras were used and AMP C 

was o c c a s io n a l ly  connected  to  an E s te r l in e -A n g u s  r e c o r d in g  v o l tm e te r .

When i n v e s t i g a t i n g  th e  e l e c t r i c a l  p r o p e r t i e s  o f  th e  membrane 

o f  an im paled c e l l  by p as s in g  r e c t a n g u la r  p u ls e s  o f  c u r r e n t  th ro u g h  i t ,  

i t  i s  n e c e s s a ry  to  be ab le  to  r e c o rd  the p o t e n t i a l  changes t h a t  occur 

a c r o s s  th e  membrane as  soon a f t e r  th e  o n se t  o f  the  p u lse  a s  p o s s i b l e .
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Both w ith  s in g le  and double e l e c t r o d e s ,  v o l t a g e s  o f  up to  1-2  v o l t s  have 

to  he a p p l ie d  in  o rd e r  to  o b ta in  th e  n e c e s s a ry  c u r r e n t s .  In. th e  case o f  

the s in g le  e l e c t r o d e  t h i s  v o l ta g e  i s  a p p l ie d  d i r e c t l y  to  th e  in p u t g r id  

o f  CP 1, w hile  With the  double e l e c t r o d e  s p e c i a l  problems a r i s e  because 

o f  th e  c a p a c i t a t i v e  coup lin g  between th e  two b a r r e l s .  Consequently  a; 

b r id g e  network was developed f o r  b o th  ty p e s  of e l e c t r o d e s .  T h is  was fe d  

from the p o l a r i z i n g  u n i t  th ro u g h  a  cathode f o l lo w e r  (CF 2) so t h a t  th e  

c u r re n t  measured by AMP E was p redom inan tly  t h a t  f lo w in g  in  th e  m icro 

e le c t r o d e  c i r c u i t .  The network was then  connec ted  th ro u g h  an o th e r  

cathode fo l lo w e r  in p u t  s tag e  (CP 3) to  th e  o th e r  s ide  o f  th e  d i f f e r e n t i a l  

a m p l i f i e r .

The network was des igned  So t h a t  p o t e n t i a l s  a t  th e  o u tp u t  o f  

CE 1 could  be e x a c t ly  b a lan ced  by th e  p o t e n t i a l s  a t  th e  o u tp u t  o f  CP 3.

The e q u iv a le n t  c i r c u i t  f o r  s in g le  e l e c t r o d e s  i s  r e p r e s e n te d  in  P ig .  43.

The e f f e c t i v e  in p u t  c a p a c i ty  of CP 1, w i th  an a t ta c h e d  m ic ro e le c t ro d e  

p e n e t r a t i n g  3 mm in to  th e  s p in a l  cord was 5-10 x 10 ^ ‘P .  I t  i s  ob v io u s ly  

im p r a c t i c a l  to  make a network u s in g  th e s e  v a lu e s  o f  c a p a c i ty  b u t  a s  i t  

was e s s e n t i a l  to  reproduce  p o t e n t i a l s  a t  CP3 w ith  th e  same i n t e n s i t y  and 

tim e course a s  th o se  a t  CP 1 th e  network was made w ith  c a p a c i t i e s  one 

hundred t im es  th o se  o f  th e  m ic ro e le c t ro d e  system and r e s i s t a n c e s  one 

hundred th  o f  the  co rrespond ing  v a l u e s .  In  t h i s  way th e  s t r a y  c a p a c i t i e s  

of th e  network were ren d e red  n e g l ig ib l e  b u t  the  tim e c o n s ta n t s  were equa l  

in  th e  two s id e s  of th e  r e a c ta n c e  b r id g e .

A l l  components o f  th e  network were made r e a d i l y  a d ju s t a b le  in 

o rd e r  to  match c a p a c i t i e s  and r e s i s t a n c e s  t h a t  had c o n s id e ra b le  v a r i a t i o n *  

W ith  th e  m ic r o e le c t r o de t i p  in  an e x t r a c e l l u l a r  p o s i t i o n  in  th e  motor
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nucleus under investigation, R1 and C4 were adjusted so that when current

pulses were applied, the output of the differential amplifier was zero.

When the tip of the electrode entered a motoneurone, the potentials 

appearing on the upper beam of CRT 1, in response to current pulses of 

10-15 msec duration were due entirely to current flow through the cell 

membrane, e.g. Fig. 45 C & D. The time constant of rise and fall of the 

potential is the time constant of the membrane, provided that the current 

pulse is rectangular. The membrane resistance is determined by dividing 

the final maximum value of the potential by the current used. In practice 

the current pulse at the microelectrode was not quite rectangular, its 

rising phase being distorted by the resistance and capacity (C2 of Fig.

42) of the line carrying current to the microelectrode. However the 

time constant of the rise of the pulse was rarely greater than 150 |_L sec.

Not only is this comparatively negligible when compared with the membrane 

time constant, but, as explained shortly, the final corrected membrane 

time constant was obtained by subtracting potentials recorded extracellular! 

and hence this factor can be disregarded. In Fig. 42 the variable 

capacitor (Cl) was used to compensate for the capacity (C2) between the 

line carrying the current and earth. In this way the actual record of 

the current pulse, measured as a potential across the resistance of 1 M2, 

was made to be rectangular. When the electrode tip was in the intra

cellular position, it was possible by adjusting C3 and R4 (Fig. 43) to 

compensate completely for the cell membrane properties until again the 

differential amplifier output was zero. The values of C3 and R4 could be 

read directly and gave in this case the approximate corresponding values

for the motoneurone. However more accurate values were obtained by an
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ana3_ysis o f  p o t e n t i a l s  such a s  th o se  o f  P ig .  45C & D.

Because the e l e c t r o d e  r e s i s t a n c e  f l u c t u a t e s  in  v a lue  d u r in g  

i t s  passage th ro u g h  the  co rd , i t  was n e c e s s a ry  to  withdraw the  e l e c t r o d e  

from th e  c e l l  and red e te rm in e  th e  p o t e n t i a l s  w i th  th e  t i p  in  an e x t r a 

c e l l u l a r  p o s i t i o n  and w ith  th e  same a d ju s tm e n ts  o f  R1 and C4 . P u l l  

com pensation was r a r e l y  found . U su a l ly  p o t e n t i a l s  such a s  th o se  of 

P ig .  4.5 E & P were o b ta in e d .  Por any one c u r r e n t  th e s e  p o t e n t i a l s  have 

th en  t o  be s u b t r a c te d  from th e  co rre sp o n d in g  v a lu e s  re c o rd e d  i n t r a -  

c e l l u l a r l y  in  o rd e r  to  o b ta in  the  time course o f  th e  p o t e n t i a l  change 

a c t u a l l y  o c c u r r in g  a c ro s s  th e  c e l l  membrane.

Por double m ic ro e le c t ro d e s  a  comparable c i r c u i t  was used  ( F ig .  

44 ) .  In  th e  absence o f  a  com pensating d e v ic e ,  th e  c a p a c i ty  between th e

r e c o r d i n g  system when c u r re n t  was passed  th ro u g h  th e  o th e r  b a r r e l .  Conse

q u e n t ly  i t  was im poss ib le  to  fo llo w  p o t e n t i a l  changes over th e  f i r s t  2-3 

msec o f  th e  pu lse  ( c f .  Coombs e t  a l . ,  1955a) .  However th e  c i r c u i t  i l l u s 

t r a t e d  in  P ig .  44 gave adequate  compensation and w ith  any one c e l l  p o te n 

t i a l s  were re c o rd e d  b o th  i n t r a -  and e x t r a c e l l u l a r l y  w i th  th e  same v a lu e s  

o f  E l ,  R2, R5, C4 , C5 and C6 ( c f .  P ig .  46 ) .  When th e  e l e c t r o d e  was 

moved in  the  cord , the  r e s i s t a n c e  cou p lin g  between th e  two b a r r e l s  r e p r e 

s e n te d  a s  50K and R5 f l u c t u a t e d  c o n s id e ra b ly  and i t  was n e c e s s a ry  no t 

o n ly  to  make f r e q u e n t  checks o f  i t s  v a lu e ,  b u t  a l s o  to  r e s e t  R3 from 

tim e to  tim e when the  t i p  was e x t r a c e l l u l a r .  The a n c i l l a r y  equipment 

f o r  th e  double e l e c t r o d e  was c o n s id e ra b ly  l a r g e r  th a n  t h a t  f o r  a  s in g le  

one and a sm all sw itch  was made so t h a t  e i t h e r  b a r r e l  could  be used  f o r

caused a  l a r g e  a r t e f a c t  to  appear in  th e

r e c o r d i n g  o r  f o r  p a s s in g  c u r r e n t .  C onsequently  the  c a p a c i ty  C6 was used



84.

to  compensate f o r  th e  e x tra  c a p a c ity  to  ground on th e  c u r re n t-p a s s in g  

s ide  o f  the  e le c tro d e .  T h is  va lu e  was r a r e ly  g re a te r  than  5 x 10 ^ ‘T  

and C6 v;as o fte n  o m it te d .

These c i r c u i t s  were te s te d  by means o f  an a r t i f i c i a l  ne tw ork  

th a t  e f f e c t iv e ly  d u p lic a te d  th e  e le c t r i c a l  p ro p e r t ie s  o f th e  m ic ro e le c 

tro d e  and th e  c e l l .  P ro v id e d  th a t  com pensation was re a son a b le  w ith  th e  

c i r c u i t s  e q u iv a le n t to  an e x t r a c e l lu la r  p o s i t io n  o f  th e  m ic ro e le c tro d e  

t i p ,  the  p o te n t ia ls  re co rd ed  when a 11 c e l l11 was added had tim e  courses 

and m agn itudes th a t  would he expected  fro m  th e  e le c t r i c a l  p ro p e r t ie s  o f  

the  c i r c u i t  re p re s e n t in g  th e  c e l l .

(C) RESULTS

( l )  P re lim in a ry  in v e s t ig a t io n  o f  m o toneurona l p r o p e r t ie s .

(a )  Membrane p o te n t ia l  and re s is ta n c e

The r e s t in g  membrane p o te n t ia l  o f  m otoneurones im pa led  w ith

m ic ro e le c tro d e s  f i l l e d  w ith  KC1 o r KoS0, were in  th e  range o f  -50 to  -80
^ 4

mV. The u n c e r ta in ty  in  the  e v a lu a t io n  o f  t h i s  p o te n t ia l  has been d is 

cussed by Coombs e t a l .  (1 9 55 a ), and i t  i s  p ro b a b le  th a t  -70 mV is  

n e a re r th e  t ru e  membrane p o te n t ia l .  T h is  i s  th e  average va lu e  found  

f o r  c e l ls  in  w h ich  the  m ic ro e le c tro d e  was s e c u re ly  im pa led  w ith  m in im a l 

c e l l  damage, as judged by th e  le n g th  o f  tim e  th a t  one can re c o rd  i n t r a 

c e l lu la r  p o te n t ia ls  and responses fro m  th e  c e l l .

When measured as above w ith  b o th  s in g le  and double m ic ro 

e le c tro d e s  and w ith  th e  a id  o f  a com pensating n e tw o rk , th e  membrane

re s is ta n c e  was in  th e  range o f  0 *5  -  1 .5  megohm. V o lta g e  c u r re n t  curves

-9such as those  o f  P ig .  47 were o b ta in e d  u s in g  c u r re n ts  o f  up to  50 x 10 A, 

th e  p o te n t ia ls  b e in g  measured under s teady s ta te  c o n d it io n s .  T h is  was
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done "both w ith  th e  e le c tro d e  t i p  in s id e  and o u ts id e  the  c e l l  and th e  

c o rre c te d  membrane r e s is ta n c e  was o b ta in ed  by su b trac tio n *  M icro

e le c tro d e s  o fte n  changed t h e i r  e l e c t r i c a l  p ro p e r t ie s  during  the passage 

of c u r re n ts  as  has been observed by C a s t i l lo  and Katz (1955b), Weidmann

(1955) and Prank and P u o rte s  (1956b)* T h is  was p a r t i c u la r ly  obvious
-9

w ith  c u rre n ts  g re a te r  th a n  30 x 10 A and would be expected  to  a r i s e  on 

accoun t of th e  io n ic  m ig ra tio n  caused by th e  c u rre n ts  and o f th e  i n t e r 

a c t io n  w ith  th e  g la s s  su rfa ce  a t  th e  most c o n s tr ic te d  p a r t  o f th e  m icro

e le c tro d e  i*e* a t  th e  o r i f ic e *  U sually  th e re  was an in c re a se  in  e le c tro d e  

r e s i s t a n c e ,  p a r t i c u la r ly  when neg a tiv e  p u lse s  were used* Sometimes th e  

same e f f e c t  was observed when p o s it iv e  p o te n t ia l s  were a p p lie d  to  th e  

m icroele  c tro d e .

When phenomena of t h i s  n a tu re  were observed , th e  b e s t  procedure 

was to  rec o rd  th e  p o te n tia l- t im e  cou rses produced by c u rre n ts  a p p lie d  in  

b o th  d ire c t io n s  i n t r a c e l lu l a r ly ,  and then  to  re p e a t the  o b se rv a tio n s  

im m ediately a f t e r  w ithdraw al from th e  motoneurone (P ig s . 45 & 46)* How

ev er in  a few in s ta n c e s  t h i s  procedure was u n s a t i s f a c to ry ,  f o r  the p ro p e r

t i e s  o f th e  e le c tro d e  a l t e r e d  between th e  two p o s it io n s  of i t s  t i p .  

U su a lly , when c e l l s  had a low r e s t in g  p o te n t ia l  due to  damage th e  membrane
ß

r e s is ta n c e  was a lso  low, being  in  th e  range 0*2 -  0*4 x 10 ohms*

(b )  Membrane tim e c o n s ta n t.

The su rface  membranes of g ia n t axons and of muscle f i b r e s  have 

been shown to  approxim ate to  a simple e l e c t r i c a l  system ( c f .  K atz , 1948; 

Hodgkin, 1951)* w ith  tim e co n stan ts  ran g in g  from 1 to  30 msec. I t  i s  

l i k e l y  th a t  the su rface  membrane of th e  soma, d e n d r ite s  and i n i t i a l  seg

ment o f a  motoneurone would e x h ib it  s im ila r  p ro p e r t ie s .  I f  a  ra c ta n g u la r
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current pulse (i) is applied to a simple network consisting of a resis

tance R in parallel with a condenser C, the potential across the condenser 

will increase exponentially with a time constant given by the RC product 

to a final value equal to the IR product. On cessation of the current 

the potential across the condenser decays with the same time constant.

The most direct method of determining the time constant for the moto- 

neurone would be to record with an intracellular microelectrode the time 

course of the potential generated by the passage of a rectangular current 

across the membrane. This is a relatively simple proposition, when it is 

possible to use two independent microelectrodes, as has been used by 

Fatt and Katz (1951) for the end plate and by Tauc (1955) for the giant 

ganglion cells of Aplysia. However for technical reasons it is impossible 

to use two independent electrodes for motoneurones, and either a single 

or double microelectrode must be used for passing current and recording 

the consequent potential change.

When using a single microelectrode, the neuronal membrane usually 

has a resistance of less than 10 per cent of that of the electrode. If 

the assumption is made that the electrode properties are not altered 

during the passage of a current, the potential due to current flowing 

through the electrodes and other resistances in series with the neuronal 

membrane can be balanced out by a bridge circuit. However microelectrodes 

do not behave as simple resistances. When a rectangular current pulse is 

passed through a microelectrode in an extracellular position, a small 

potential is observed which has an exponential rise and fall resembling 

that observed with the tip in an intracellular position (cf. records E & F 

of Fig. 45). Furthermore, reversal of the current sometimes does not give

a mirror image change in the recorded potential. Thus, for the determinatio
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o f  th e  membrane tim e c o n s ta n t ,  u s in g  th e  c i r c u i t  o f  Pig* 43, the  b e s t  

app rox im ation  t h a t  could  be o b ta in e d  was to  re c o rd  th e  p o t e n t i a l  time 

co u rse s  produced by r e c t a n g u la r  c u r r e n t s  a p p l ie d  in  b o th  d i r e c t i o n s  

i n t r a c e l l u l a r l y  (P ig .  43 C & D) and th en  r e p e a t  th e  o b s e rv a t io n s  

im m ediate ly  a f t e r  w ith d raw al from th e  motoneurone ( P ig .  45 E & F ) .  I t  

may be assumed t h a t  th e  d i f f e r e n c e s  between the  two s e r i e s  of curves  a re  

due to  th e  motoneurone membrane, which in  t h i s  manner was observed  to  

have a tim e c o n s ta n t  of abou t 2.5 msec (range  1 .4  to  4 msec) f o r  moto

neurone s in  good c o n d i t io n .

S im i la r ly  a re a c ta n c e  b r id g e  ( P ig .  44) was used  to  e l im in a te  

th e  a r t e f a c t s  due to  th e  c a p a c i t a t i v e  co u p l in g  between th e  two b a r r e l s  

o f  double m ic ro e le c t ro d e s  when c u r r e n t  was p assed  th ro u g h  one b a r r e l  and 

p o t e n t i a l  changes were re c o rd e d  from th e  o t h e r .  P o t e n t i a l s  were re c o rd e d  

i n t r a c e l l u l a r l y  ( P ig .  46 C & p) and again  im m ediate ly  a f te rw a rd s  e x t r a -  

c e l l u l a r l y  (P ig .  46 E & P) and th e  d i f f e r e n c e s  a re  assumed to  g ive  th e  

a c t u a l  tim e course o f  th e  membrane p o t e n t i a l  change t h a t  i s  produced by 

th e  o n se t  and c e s s a t io n  o f  a  r e c t a n g u la r  c u r r e n t  p u l s e .  As determ ined  

in  t h i s  manner th e  tim e c o n s ta n t  of th e  m otoneuronal membrane has  a l s o  

been about 2 .5 msec.

Por c e l l s  in  poor co n d i t io n  due to  damage by th e  e l e c t r o d e ,  n o t  

o n ly  was th e  membrane r e s i s t a n c e  low, b u t  a l s o  th e  tim e c o n s ta n t .  P ig u re s  

o f  0 . 8  t o  1 .4  msec were o b ta in e d  and c o r re s p o n d in g ly  th e  t im e  c o n s ta n t s  o f  

decay of b o th  th e  EPSP and o f  the  IPSP were s h o r t e r  than  norm al. Some 

c e l l s  were impaled f o r  s e v e r a l  h o u rs  by an i n t r a c e l l u l a r  e l e c t r o d e ,  and 

tow ards  th e  end o f  t h i s  p e r io d  a  f a l l i n g  membrane p o t e n t i a l  was a s s o c i a t e d

w i th  a  s im i la r  s h o r te n in g  o f  th e  membrane tim e c o n s ta n t



88

(c) Membrane capacity

A figure for the capacity of the surface membrane of a moto-
-3neurone may be derived from the average time constant of 2.5 x 10 sec 

for a neuronal membrane that has a resistance of about 10 ̂ ohms. The 

value of 2.5 x 10~"'F so obtained gives a specific membrane capacity of 

5 x 1 0 cm”"' for a standard neurone having a surface area of 5 x 10 rcmc’. 

The surface area is calculated by considering that the standard neurone 

is a sphere 70 microns in diameter, having six cylindrical dendrites of 

5 microns in diameter radiating for approximately 500 microns and an 

axon arising from a conical axon hillock. For the purpose of this calcu

lation the dendrites can be neglected over distances greater than 

500 x 1 0 cm, as this is approximately their length constant (cf. CoombS 

et al., 1955a), and the number six, derived from Balthasar (1952) repre

sents the average number of primary dendrites per motoneurone.
6 2The value of 5 x 10~°F cm“ is higher than the specific membrane 

capacity of giant axons (cf. Hodgkin, 1951) but is lower than the value 

found for muscle fibres by Fatt & Katz (1951> 1955). There may be consid

erable error in assessing the surface area of a motoneurone and therefore 

this standard value of specific membrane capacity may be in error by a 

factor of about 2, i.e. the value may be approximately 2.5 x 10 F cm 

(2) Time course of central transmitter action

It had been shown (Coombs et al., 1955b & c) that both the 

excitatory and inhibitory transmitters alter the permeability of the sub- 

synaptic membrane of the motoneurone towards certain ions for extremely 

short periods of time. The duration of the effective transmitter action

exerted by a volley in group la afferent fibres of a muscle upon the
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motoneurones of that muscle is so brief that a single volley never sets 

up more than one discharge. This same afferent volley also stimulates 

interneurones of the intermediate nucleus, whose discharge consequently 

inhibits motoneuron.es of antagonist muscles. Usually a single primary 

afferent volley evokes a single discharge from the interneurone. By 

using the threshold discrimination between the group la and lb afferent 

fibres of a muscle (Bradley & Eccles, 1953), it is possible to evoke 

direct inhibitory responses due to impulses relayed from the la fibres, 

uncomplicated by the effects produced by impulses in the group lb fibres. 

Both with excitatory and inhibitory action virtually synchronous pre- 

synaptic volleys are obtained and the time course of the post-synaptic 

potentials produced by subsynaptic currents set in action by the excitatory 

and inhibitory transmitters approximate to the time course of the change 

produced by a single impulse at a single synapse. The more prolonged 

IPSPfs produced by other types of inhibitory action may be assumed to be 

produced both by a temporal dispersion of many milliseconds in the acti

vation of the inhibitory synapses and by the repetitive activation of 

these synapses.

In order to produce the observed excitatory and inhibitory post- 

synaptic potentials, current must flow respectively outwards and inwards 

across the motoneuronal membrane and there must be a corresponding opposite 

current flow across the subsynaptic membrane of the activated synapses.

It has been shown (Coombs et al., 1955a, b & c) that the transmitter sub

stances generate this latter current by altering the ionic permeability 

of the subsynaptic membrane, and it can be assumed that the duration of 

the action of the chemical transmitter corresponds approximately to that
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o f  t h e  c u r re n t  flow* S ince a  p o t e n t i a l  p la ced  on th e  motoneuron© membrane 

decays ap p rox im ate ly  e x p o n e n t ia l ly  w i th  a tim e c o n s ta n t  t h a t  can be 

m easured, th e  EPSP and th e  IPSP can be an a ly se d  on th e  b a s i s  o f  H i l l ' s  

l o c a l  p o t e n t i a l  th e o ry  ( H i l l ,  1936; E c c le s ,  Katz & K u f f l e r ,  1 9 4 l ) .  I t  

i s  i m p l i c i t  in  t h i s  c a l c u l a t i o n  and in  th e  d e te rm in a t io n  o f  th e  time 

c o n s ta n t  o f  th e  membrane t h a t  th e  i n t r a c e l l u l a r  e l e c t r o d e  g iv e s  a r e c o rd  

o f  th e  mean a l t e r a t i o n  in  th e  membrane p o t e n t i a l  due e i t h e r  to  a c t i v a t i o n  

o f  s y n a p t ic  knobs, t h a t  a re  u n ifo rm ly  d i s t r i b u t e d  over th e  s u r fa c e  o f  th e  

soma and d e n d r i t e s  of th e  c e l l ,  o r  t o  c u r r e n t s  passed  a c ro s s  th e  membrane.

A more a c c u ra te  a n a l y s i s  o f  th e  r i s i n g  and decay ing  phases  o f  th e  p o t e n t i a l s  

r e s u l t i n g  from r e c t a n g u la r  p u ls e s  o f  c u r r e n t  passed  a c r o s s  th e  membrane, 

shows t h a t  th e s e  a re  no t t r u l y  e x p o n e n t ia l .  T h is  would be expec ted  from 

the  shape o f  th e  c e l l  and th e  d i s t r i b u t i o n  o f  i t s  sy n ap ses .  U su a l ly  th e  

o n se t  of the  r i s i n g  phase i s  f a s t e r  and th e  te rm in a t io n  of th e  r i s i n g  

phase slower th a n  an e x p o n e n t ia l  tim e c o u rs e .  Consequently  th e  tim e 

c o n s ta n t  has  been measured, from f i g u r e s  such as  P ig .  43 and 46 , one 

m i l l i s e c o n d  a f t e r  th e  commencement of th e  p u l s e .  The v a lu e  o b ta in e d  i s  

s t i l l  only ap p ro x im a te •

a t  which th e  EPSP o r  the  IPSP (p-g, P j ) i s  chang ing .  The p o t e n t i a l s  a re  

p r o p o r t i o n a l  to  th e  i n t e n s i t y  o f  th e  s u b sy n a p t ic  c u r r e n t s  (A) bu t s imul 

ta n e o u s ly  a re  decay ing  e x p o n e n t ia l ly  w ith  a t im e  c o n s ta n t  ( t ) eq u a l  to  

t h a t  of th e  membrane.

At any tim e t ,  two f a c t o r s  a re  r e s p o n s ib le  f o r  th e  r a t e

Hence dP = KA -  -F- ( 1 )
T

( 2 )KA = dP + _P 
d t T

(where K i s  a  c o n s ta n t )
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give th e  r e l a t i o n  "between th e  s u b sy n a p tic  c u r r e n t  and th e  p o t e n t i a l  i t  

d ev e lo p s .  The equa t ion  (2 )  a l lo w s  o f  th e  c a l c u l a t i o n  o f  th e  c u r re n t  a t  

d i f f e r e n t  tim e i n t e r v a l s  a f t e r  i t s  o n s e t .  The broken l i n e s  o f  P ig s .  48 

and 49 p lo t  t h i s  c u r re n t  in  a r b i t r a r y  u n i t s  w i th  r e f e r e n c e  to  t im e ,  f o r  

the  EPS? and the  " d i r e c t "  IPSP r e s p e c t i v e l y  of a c e l l  hav ing  a  measured 

membrane tim e c o n s ta n t  of 2 msec. The EPSP decayed rou g h ly  e x p o n e n t ia l ly  

w i th  a  tim e c o n s ta n t  of 4 . 2 .msec and th e  co r re sp o n d in g  v a lu e  f o r  th e  IPSP 

was 2 .8  msec.

These g raphs a re  t y p i c a l  o f  th o s e  found f o r  o th e r  c e l l s .  The 

s u b s y n a p t ic  c u r re n t  r i s e s  s te e p ly  to  a  maximum in  about 0 .5  -  0 . 7  msec o f  

i t s  o n se t  and r a p id l y  d e c l in e s .  The c u r r e n t  co r re sp o n d in g  to  th e  EPSP 

u s u a l l y  r a p id l y  d e c l in e s  f o r  about 1 msec, b u t  th e n  th e  d e c l in e  becomes 

slow er so t h a t  a t  2 msec th e  c u r r e n t  i s  s t i l l  about 10 per  cent o f  i t s  

maximum and t h e r e a f t e r  i t  s low ly  decays f o r  many m i l l i s e c o n d s .  T h is  

res iduum  causes  th e  EPSP to  decay w i th  a tim e c o n s ta n t  t h a t  i s  about 

double t h a t  of the  membrane. The time course  o f  th e  c u r r e n t  t h a t  p roduces  

th e  IPSP shows t h a t  th e  h ig h  i n t e n s i t y  phase has  a  lo n g e r  d u ra t io n  than  

t h a t  o f  the  e x c i t a t o r y  s u b sy n a p tic  c u r r e n t .  Also in  c o n t r a s t  to  th e  

EPSP, t h e r e  i s  l e s s  r e s i d u a l  c u r re n t  a f t e r  2 msec. The lo n g e r  d u r a t io n  

of th e  h ig h  i n t e n s i t y  phase o f  the  c u r r e n t  p ro duc ing  th e  IPSP could  be 

due t o  double f i r i n g  of a few o f  th e  in t e r n e u r o n e s  on th e  i n h i b i t o r y  

pathway w i th  the  consequent d u p l i c a te  r e l e a s e  o f  t r a n s m i t t e r .  In  th e  

c e l l  i l l u s t r a t e d  in  P ig s .  48 and 49 th e  d i f f e r e n c e s  between th e  h ig h  

i n t e n s i t y  phases  o f  th e  t r a n s m i t t e r s  a re  more marked than  u s u a l ,  and 

in  most c e l l s  th e r e  was v e ry  l i t t l e  d i f f e r e n c e  a t  a l l .  In  some c e l l s

t h e r e  was a s l i g h t  r e v e r s a l  o f  th e  i n h i b i t o r y  c u r r e n t  between 2 and 5 msec
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a f t e r  i t s  o n s e t ,  t h a t  i s  presum ably  a t t r i b u t a b l e  to  th e  uneq u a l d i s t r i 

b u tio n  o f in h ib i to r y  sy n a p tic  knobs between th e  soma, axon h i l lo c k  and 

d e n d r i te s .  The n e g l ig ib le  s iz e  o f th e  r e s id u a l  component o f th e  i n h i b i t 

ory su b sy n a p tic  c u r re n t may be c o r r e la te d  w ith  th e  f in d in g  t h a t  th e  tim e 

co n stan t of decay o f th e  IPSP i s  v e ry  l i t t l e  lo n g e r  th a n  th e  e l e c t r i c  

tim e c o n s ta n t of the  m otoneuronal membrane, th e  r e s p e c t iv e  mean v a lu e s  

b e in g  2 .8  msec and 2.5  msec.

The curves of P ip .  50 show th e  e x te n t  of th e  v a r i a t i o n  in  th e  

i r a t io n  o f  t r a n s m i t t e r  tim e  when d i f f e r e n t  tim e  c o n s ta n ts  a re  used  in  

i t s  c a l c u la t io n .  The co n tin u o u s  b la c k  l i n e  p lo t s  th e  av erag e  o f s e v e ra l  

EPSP’s o f a g astro cn em iu s m otoneurone w ith  a  r e s t i n g  p o te n t i a l  o f  55 mV.

T h is  p o t e n t i a l  decays w ith  a  tim e c o n s ta n t o f 4 .2  msec. The e l e c t r i c a l  

tim e c o n s ta n t of th e  membrane, m easured by p a s s in g  c u r re n t  p u ls e s  w ith  

a  s in g le  KC1 f i l l e d  m ic ro e le c tro d e  was 2 msec. The d o tte d  l i n e  p lo t s  th e  

tim e course of the su b sy n a p tic  c u r re n t  g e n e ra tin g  th e  EPS? when T = 2 

(E q u atio n  2) w hereas f o r  th e  broken l i n e  th e  v a lu e  o f T = 4 . 2  was u sed , 

co rre sp o n d in g  to  th e  tim e c o n s ta n t o f  th e  decay o f th e  E ISP . W ith  b o th  

th e se  v a lu e s  th e  i n i t i a l  c u r re n t flow  i s  n o t d i s s im i la r  b u t th e re  i s  a 

la rg e  d if f e re n c e  in  th e  r e s id u a l  c u r re n t  flo w . When th e  tim e  c o n s ta n t o f 

decay of the  EPSP i s  u sed , th e  c u r re n t  c e a se s  to  flow  a t  4 msec, b u t 

u s in g  th e  t r u e  v a lu e , co rresp o n d in g  to  th e  e l e c t r i c a l  tim e c o n s ta n t o f 

th e  membrane th e  c u rre n t i s  s t i l l  abou t 10'y o f i t s  maximum v a lu e  a t  4 msec.

In  th e  d e te rm in a tio n  o f  th e  tim e cou rse  o f th e  su b sy n a p tic  

c u r re n t  from eq u a tio n  (2 ) i t  i s  p o s s ib le  to  g iv e  a c tu a l  c u r re n t m easurem ents

and so c a l ib r a te  th e  o rd in a te  s c a le s  o f P ig s .  48 , 49 and 50. I f  th e

-9membrane c a p a c ity  i s  assumed to  be c o n s ta n t a t  ro u g h ly  2 .5  x 10 P , th e
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d e r iv e d  v a lue  o f  KA, b e in g  in  V o l t s  se c - " can be con v er ted  to  Amperes.

T h i s  has  not been done, because a t  the p re s e n t  tim e the  f i g u r e s  a re  

given p r im a r i ly  a s  an in d i c a t i o n  o f  th e  tim e course  o f  the  t r a n s m i t t e r  

a c t i o n .  A f u l l  a n a l y s i s  o f  th e  c u r r e n t s  in v o lv ed  w i l l  be a t te m p te d  a t  

a l a t e r  d a te .

(3 )  P o s t - a c t i v a t i o n  p o t e n t i a t i o n .

At most j u n c t io n a l  r e g io n s ,  f o l lo w in g  a  s in g le  o r  r e p e t i t i v e  p r e 

s y n a p t i c  im pulse t h e r e  i s  o f te n  p o t e n t i a t i o n  o f  th e  p o s t - s y n a p t i c  re sp o n se  

t h a t  i s  e l i c i t e d  by a  t e s t  im pulse in  th e  same p re s y n a p t i c  f i b r e s .  The 

p o t e n t i a t i o n  i s  a s s e s s e d  by an in c re a s e  in  e i t h e r  the  p o s t - s y n a p t i c  

p o t e n t i a l  or in  th e  d is c h a rg e s  o f  im p u lses ,  i t  i s  e l i c i t e d  on ly  by im pu lses  

in  th o s e  p r e s y n a p t i c  f i b r e s  t h a t  had been i n i t i a l l y  s t im u la te d ,  and i t  i s  

due to  an in c re a s e d  p re s y n a p t i c  a c t io n  and n o t  to  an in c re a s e d  e x c i t a b i l i t y  

o f  th e  p o s t - j u n c t i o n a l  membrane. C o ns ide rab le  ev idence  co nce rn ing  th e  

phenomena of p o s t - t e t a n i c  p o t e n t i a t i o n  has  been c o l l e c t e d  (S c h a e fe r  & Haas, 

1939; Peng, 1941; E c c le s ,  Katz & H u f f i e r ,  1941; L arrabee  & Bronk, 1947; 

L loyd , 1949? 1952b; E c c le s  & R a i l ,  1951b; Strom, 1951; J e f f e r s o n  & Benson, 

1953; Job  & Lundberg, 1953; L i le y  & N o r th ,  1953; E c c le s ,  1953; C a s t i l l o  & 

K a tz ,  1954a; Beswick & Evanson, 1955; W ilson , 1955).  I t  i s  more a p t ly  

c a l l e d  p o s t - a c t i v a t i o n  p o t e n t i a t i o n  s in ce  i t  may be seen a f t e r  a s in g le  

c o n d i t io n in g  v o l l e y  (L arrab ee  & Bronk, 1947; Job & Lundberg, 1953) .

When r e c o r d in g  m onosynaptic r e f l e x e s  from v e n t r a l  r o o t s ,  the  

p o t e n t i a t i o n  of th e  re sp o n se  fo l lo w in g  t e t a n i c  s t im u la t io n  of th e  pathway 

concerned  im p l ie s  p o s t - t e t a n i c  a c t i v a t i o n  o f  motoneurones in  the  s u b l im in a l  

f r i n g e .  T h is  ty p e  o f  system has  been i n v e s t i g a t e d  by L loyd (1949) who 

showed t h a t  m onosynaptic r e f l e x e s  could  be p o t e n t i a t e d ,  bu t t h a t  th e re  was
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very little potentiation of polysynaptic reflexes although there was a 

subliminal fringe for the motoneuron es concerned. Lloyd considered that 

his results using monosynaptic reflexes led to the conclusion that the 

phenomena was due to s.n increase in the size of the presynaptic nerve 

impulses brought about by the hyperpolarization following intense repetitive 

activity (cf. Lloyd, 1949; Eccles & Rail, 1951b; Lloyd, 1952b). Eccles 

and Rail (1951b) recorded synaptic potentials of motoneurones either 

focally or from the ventral root and found that these were al»so potentiated, 

bT/ a previous tetanus, in approximate proportion to the reflex potentiation. 

By using conditioning tetani of different duration they were able to 

demonstrate that the increase of the presynaptic volley size failed to 

explain the post-synaptic increase in either the synaptic potential or 

the reflex size and suggested that the presynaptic impulse could become 

more effective on account of a temporary alteration in the spatial 

relationship between the synaptic knob and the underlying subsynaptic 

membrane (cf. Eccles, 1955).

Beswick and Evanson (1955) again recording reflex responses of 

motoneurones from ventral roots, were able to show that this method of 

assessing an increase in response following a tetanus could be unreliable, 

as motoneurones of synergistic muscles may be stimulated in the post- 

tetanic period and give a false impression that the increase was due only 

to the motoneurones belonging to the muscle whose group la afferent fibres 

were used for the conditioning and testing volley. This difficulty is 

overcome by recording intracellular- responses from single motoneurones, 

the great advantage of this method being that it gives a direct measure 

of the increased synaptic efficacy.

The graphs of Pig. 91 are derived from records of the oost-



95

s y n a p t ic  p o t e n t i a l s  of a b ic e p s - s e rn i te n d in o s u s  m otoneurone. T h is  c e l l  

had a r e s t i n g  p o t e n t i a l  of -70 mV and an e l e c t r o d e  f i l l e d  w ith  0.6M K^SO^ 

s o lu t io n  was u sed .  The EPSP o f  7 .5  mV was evoked by s t im u la t in g  maximally 

the  group l a  f i b r e s  of th e  b ic e p s - s e rn i te n d in o s u s  n e rv e .  The IPSP, due 

to  s t im u la t in g  th e  l a  a f f e r e n t  f i b r e s  o f  the q u ad r ic e p s  nerve was 5 mV. 

Each p o t e n t i a l  was e l i c i t e d  a t  two second i n t e r v a l s  and 4 c o n t r o l s  were 

re c o rd e d  b e fo re  th e  t e t a n u s .  The a f f e r e n t  n e rv e s  were t e t a n i z e d  a t  a 

r a t e  of 66 0 /sec  f o r  15 seconds , th e  s t im u lu s  i n t e n s i t y  b e in g  in c re a s e d  

by a  f a c t o r  of two. The EPSP 's  and th e  IP S P ’ s were then  re c o rd e d  a t  2 

second i n t e r v a l s  f o r  a d u ra t io n  o f  s e v e r a l  m in u te s  and th e  p o t e n t i a l  

s i z e s  p l o t t e d  a t  th e  t im es  t h a t  the  r e c o r d s  were ta k e n ,  w ith o u t  r e g a rd  

to  th e  d i f f e r e n t  s ign of th e  two r e s p o n s e s .  Comparison o f  th e  g raphs  

s h o u s th a t  whereas w ith  th e  EPSP th e r e  was c o n s id e ra b le  p o t e n t i a t i o n  w ith  

a maximum a t  about 10 seconds a f t e r  th e  end o f  the  t e t a n u s ,  th e r e  was 

v e ry  l i t t l e  in c re a s e  in  th e  s iz e  of the  IPSP. The EPSP (A) and the  IPSP 

(C) b e fo re  th e  t e t a n u s  a re  c o n t r a s t e d  in  F i g .  52 w ith  th o se  a f te rw a rd s  

(B & D). T h is  r e s u l t  has  been observed  in  f o u r  m otoneurones, two o f  which 

showed no p o s t - t e t a n i c  in c re a s e  in  th e  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  

even when a range of t e t a n u s  f r e q u e n c ie s  and d u r a t io n s  was u sed .  W ith 

b o th  th e  EPSP and IPSP no a l t e r a t i o n  in  th e  r e s t i n g  membrane p o t e n t i a l  

o ccu rred  a f t e r  the  t e t a n u s  and in  s e v e r a l  i n s t a n c e s  th e  p o t e n t i a t i o n  o f  

th e  EPSP was s u f f i c i e n t  f o r  i t  to  g e n e ra te  sp ike  d is c h a rg e s  in  the  moto

neurone .

Lloyd (1949) was ab le  to  o b ta in  p o t e n t i a t i o n  o f  i n h i b i t i o n  when 

im pu lses  in  the group I  a f f e r e n t  f i b r e s  o f  gas tro cn em iu s  were used  to

i n h i b i t  th e  motoneurones of th e  p r e - t i b i a l  m u sc les .  T h is  o b s e rv a t io n  has
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n o t been confirm ed  in  th e  p r e s e n t  s e r i e s  of ex p er im en ts  where v o l l e y s  in  

q u ad r ic ep s  l a  f i b r e s  have been used  to  i n h i b i t  b ic e p s - s e m ite n d in o s u s  

m otoneuronss. The i n h i b i t o r y  curve o f  P ig .  53 (A) shows th e  percen tag e  

i n h i b i t i o n  of th e  maximal m onosynaptic  r e f l e x ,  r e c o rd e d  from th e  SI 

v e n t r a l  r o o t  and evoked by s t i m u l a t i n g  the  b ic e p s  sem iten d in o su s  n e rv e ,

Tpy a p re c e d in g  v o l l e y  in  th e  q u a d r ic e p s  group l a  a f f e r e n t  f i b r e s .  The 

maximal i n h i b i t i o n  i s  ap p ro x im ate ly  7 5 / .  T h is  maximally i n h i b i t e d  r e f l e x ,  

e l i c i t e d  every  2 seconds was then  re c o rd e d  a s  th e  11c o n t r o l” and the  

q u a d r ic e p s  nerve  t e t a n i s e d  a t  a  r a t e  o f  3 00 /sec  f o r  2D seconds . T here 

a f t e r  every  11 c o n t r o l  r e f l e x 11 was r e c o rd e d  and th e  h e ig h t s  p l o t t e d  in.

P ig .  53 (b ) u s in g  th e  same o r d in a te  s c a le  a s  in  A. There was no a l t e r a t i o n  

in  th e  a c t u a l  s iz e  o f  the  b ic e p s - s e m ite n d in o s u s  r e f l e x  over t h i s  t im e .  

S im i la r ly  P ig .  53 (c) p l o t s  th e  maximal in h ib i t io n ,  f o l lo w in g  a  t e t a n u s  o f  

3 0 0 /sec  f o r  30 seconds .  I t  i s  a p p a re n t  t h a t  t h e r e  i s  no s i g n i f i c a n t  

a l t e r a t i o n  in  th e  amount o f  i n h i b i t i o n  and t h i s  would be expec ted  from 

th e  r e s u l t s  o f  i n t r a c e l l u l a r  r e c o r d in g  of th e  IPSP evoked in  b ic e p s  semi

te n d in o s u s  motoneurones by im pu lses  in  th e  q u a d r ic e p s  l a  f i b r e s  (P ig .  5 1 ) .

U su a l ly  on ly  a s in g le  s t im u lu s  has  been employed in  t e s t i n g  f o r  

p o s t - a c t i v a t i o n  p o t e n t i a t i o n .  However when r e p e t i t i v e  p re s y n a p t i c  v o l l e y s  

a r e  used  f o r  th e  t e s t i n g  s t im u lu s ,  th e re  has been a  ra j) id  d e c l in e  in  the  

re sp o n se  to  s u c c e s s iv e  v o l l e y s ;  so t h a t  th e r e  has  been l i t t l e  o r  no 

p o t e n t i a t i o n  a f t e r  th e  f i r s t  few v o l l e y s  (S trom , 1951; E c c lc s  & R a i l  -  

u n p u b lish e d  o b s e rv a t io n s ;  L i le y  & N o rth ,  1953).  P ig .  54 i l l u s t r a t e s  

t h i s  f i n d i n g  f o r  t h e  EPSP re c o rd e d  from th e  same b ic e p s -s e m ite n d in o s u s  

c e l l  a s  used f o r  P i g s .  48 and 49 . The two c o n t r o l  r e c o r d s  (A & B) show 

a  r e p e t i t i v e  s e r i e s  o f  s ix  EPSP1s ,  evoked a t  a  r a t e  o f  45/ s e c  by

s t im u la t in g  the  b ic e p s  sem iten d in o su s  nerve every  3 .5  seconds . T h is  nerve
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was then  t e t a n i z e d  w ith  a s t r o n g e r  s t im u lu s  a t  a  r a t e  o f  660 s t im u l i  per  

second f o r  19 seconds. The r e c o r d s  C & D are  th e  f o u r t h  and f i f t h  s e r i e s  

a f t e r  th e  end of the  t e t a n u s  and show t h a t  th e  f i r s t  EPSP i s  p o t e n t i a t e d  

hy about 60;. and t h e r e a f t e r  t h e r e  i s  a  r a p id  d e c l in e  o f  th e  p o t e n t i a t i o n  

so t h a t  t h e r e  i s  l e s s  than  lOp w ith  th e  s i z t l i  EPSP in  th e  r e p e t i t i v e  

s e r i e s .

The graphs of P ig .  55 a re  d e r iv e d  from a n o th e r  b ic e p s  se m ite n -  

d in o su s  c e l l  wherein a  r e p e t i t i v e  s e r i e s  of t h r e e  EPSP 's  a t  a  r a t e  o f  

66 per  second was evoked every  2 seconds p r i o r  to  and a f t e r  a  t e t a n u s  

of 660 p e r  second f o r  15 seconds . The l i n e s  p l o t  th e  a c t u a l  s i z e  o f  the  

pos t t e t a n i c  EPSP’ s and s’ ■ fc] e g r e a t  in c r e a s e  in  th e  f i r s t  EPSP o f  th e  

s e r i e s  compared w ith  th e  much s m a l le r  in c r e a s e  in  th e  second and  t h i r d .

( d ) d iscussion

A part from a d i r e c t  d e te rm in a t io n  o f  the  e l e c t r i c a l  time 

c o n s ta n t  o f  the  m otoneuronal membrane and th e  consequen t d i f f e r e n t  va lue  

d e r iv e d  f o r  the c a p a c i ty  of th e  membrane, th e  e l e c t r i c a l  p ro p e r t j .e s  of th e  

m otoneuronal membrane as  here d e s c r ib e d  a re  no t r a d i c a l l y  d i f f e r e n t  from 

th o s e  p re v io u s ly  d e s c r ib e d  (Coombs e t  a l . ,  1955a) .  I t  would be ex p ec ted  

t h a t  d e p o la r iz e d  motoneurones would have low er v a lu e s  o f  membrane r e s i s 

ta n c e  th a n  normal, and t h i s  i s  r e f l e c t e d  in  the  low er tim e c o n s ta n t s  bo th  

o f  th e  decay of p o s t - s y n a p t i c  p o t e n t i a l s  and o f  th e  membrane i t s e l f .  I t  

i s  p ro b ab le  t h a t  under th e se  a l t e r e d  c o n d i t io n s  th e  c a p a c i ty  o f  th e  mem

brane  would remain f a i r l y  c o n s ta n t  ( c f .  Cole & C u r t i s ,  1959; Hodgkin,

Huxley & K atz ,  1952). By a  b r id g e  te c h n iq u e  A rak i and O ta n i  (1955) have 

d e te rm in ed  th e  membrane r e s i s t a n c e  and tim e c o n s ta n t  o f  t o a d ’ s motoneurones j

g le  m ic r o e le c t r o d e .  The v a lu e s  of r e s i s t a n c e



9 8 .

r

o b ta in e d  were c o n s id e ra b ly  h ig h e r  (3 .0  -  5 .8  x 10 ohm) th a n  the  p re s e n t  

f i n d i n g s  and th e y  have c a l c u l a t e d  a  mean membrane r e s i s t a n c e  of 270 ohm cm 

on th e  b a s i s  o f  a  v e ry  low e s t im a te  (6 x 10  ̂ cm*") f o r  the  membrane a r e a .  

Furtherm ore  t h e i r  e s t im a te  o f  th e  time c o n s ta n t  o f  t h e  membrane may be 

in  e r r o r  owing to  a f a i l u r e  to  a p p r e c ia t e  th e  p o s s i b i l i t y  of a l t e r a t i o n s

in  th e  e l e c t r o d e  c h a r a c t e r i s t i c s .  However th e y  o b ta in  a  s p e c i f i c  membrane
-6  -2c a p a c i ty  o f  17 .3  x 10 F cm which i s  c o n s id e ra b ly  h ig h e r  than  v a lu e s  

o b ta in e d  f o r  o th e r  membranes.

The s h o r t  tim e course  o f  th e  su b sy n a p t ic  c u r r e n t s  cau s in g  the  

p o s t - s y n a p t i c  p o t e n t i a l s ,  d e r iv e d  from th e  in t e r a c t io n ,  b o th  o f  th e  

e x c i t a t o r y  and 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  (Coombs e t  a l . ,  1955d) 

and a l s o  from th e  i n t e r a c t i o n  o f  th e  EFSP and a  sp ike  action , p o t e n t i a l  

(Coombs e t  a l . ,  1955c) appea red  to  j u s t i f y  th e  argument t h a t  th e  EPSP 

decayed p a s s iv e l y  w i th  th e  e l e c t r i c a l  tim e c o n s ta n t  of th e  membrane.

However c a l c u l a t i o n  o f  the  tim e course  of th e  su b sy n a p tic  c u r r e n t s  in  th e  

l i g h t  o f  th e  d i r e c t l y  de te rm ined  tim e c o n s ta n t  f o r  th e  membrane e x p la in s  

b o th  o f  th e s e  phenomena and th e  s h o r t e r  tim e course  of the  IPSP compared 

w ith  t h a t  o f  the  EPSP in  a  more s a t i s f a c t o r y  manner. In  p a r t i c u l a r ,  

a c c u r a te  d e te rm in a t io n  o f  the  i n t e r a c t i o n  between an EPSP and th e  a n t i 

dromic sp ike  p o t e n t i a l  confirm s th e  p resence  of th e  l a t e r  r e s i d u a l  sub

s y n a p t ic  c u r r e n t  r e s p o n s ib le  f o r  th e  slow decay of th e  EPSP.

The r e c o r d s  o f  F ig .  56A show th e  i n t r a c e l l u l a r l y  reco rd ed  

re s p o n s e s  o f  a  motoneurone in  which an a n t id ro m ic  v o l l e y  was p ropaga ted  

over th e  s u r f a c e  o f  the  c e l l  a t  v a r io u s  t i n e s  r e l a t i v e  to  an EPSP. As 

shown in  F ig ,  56A, even a f t e r  many m i l l i s e c o n d s ,  d u r in g  the  a f te r - h y p e r p o la r '  

i z a t i o n  t h a t  f o l lo w s  the  a n t id ro m ic  sp ike  p o t e n t i a l ,  th e  EPSP i s  sm a lle r
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th an  the  c o n t r o l  r e s p o n s e  (F ig* 56C) and in  a d d i t i o n ,  as  shown in. th e  

s u b t r a c te d  r e c o r d s  o f  F i g .  56B, i t  r e a c h e s  an e a r l i e r  summit and decays 

more r a p i d l y .  As the  EPS! i s  moved e a r l i e r  r e l a t i v e  to  th e  s p ik e ,  a l l  

o f  th e se  changes a r e  a c c e n tu a te d ,  h u t  th e  EPSP i s  s t i l l  of c o n s id e ra b le  

s iz e  (abou t 30 k  o f  th e  c o n t r o l )  when i t  i s  g e n e ra te d  on th e  l a t e r  p a r t  o f  

th e  f a l l i n g  phase o f  th e  sp ike  a t  th e  second arrow of F i g .  56B. However 

when th e  p r e s y n a p t i c  v o l l e y  i s  t im ed  so t h a t  i t  would s e t  up an EPSP a t  th e  

f i r s t  arrow (ab o u t 1 .5  msec e a r l i e r ) ,  th e r e  i s  o n ly  th e  v e ry  sm all re sp o n se  

shown by th e  b r o k e n - l i n e  curves  o f  F ig .  56 A & B.

On th e  b a s i s  o f  s im i la r  o b s e rv a t io n s  Coombs e t  a l .  ( 1955c) con

cluded t h a t  the  s y n a p t i c  mechanism i s  n o t  ab le  to  g e n e ra te  any a p p re c ia b le  

EPSP i f  i t  i s  p re v e n te d  from doing  so f o r  1 .2  msec and hence t h a t  th e  EPSP

i s  g e n e ra te d  by a  t r a n s m i t t e r  whose d e p o l a r i s in g  a c t i v i t y  p e r s i s t s  f o r  no

+ +lo n g e r  th an  1 .2  msec. By v i r t u e  o f  th e  enormously in c re a s e d  Na and K 

f lu x e s  d u r in g  and a f t e r  th e  s p ik e ,  any charge on th e  membrane due to  th e  

su b sy n a p t ic  c u r r e n t  g e n e ra te d  by th e  e x c i t a t o r y  s y n a p t ic  t r a n s m i t t e r  would 

be v e ry  e f f e c t i v e l y  removed. Thus th e  su b sy n a p t ic  c u r re n t  i s  n o t  e f f e c t i v e  

in  b u i l d in g  up an EPSP u n t i l  i t  i s  l a t e  on th e  d e c l in in g  phase o f  th e  

sp ik e  p o t e n t i a l .  At th e  second s h o r t e s t  t e s t  i n t e r v a l  in  F ig .  56 A the  

maximum s u b sy n a p t ic  c u r r e n t  o p e ra te d  a t  t h i s  e a r l i e s t  e f f e c t i v e  s tag e  a f t e r  

th e  sp ik e ,  th e  a l t e r a t i o n s  in th e  EPSP presumably b e in g  due to  th e  e f f e c t  

t h a t  th e  sp ik e  and i t s  a f t e r - h y p e r p o l a r i z a t i o n  have on th e  movement o f  

th e  e x c i t a t o r y  t r a n s m i t t e r  in  th e  s y n a p t ic  c l e f t .  On th e  o th e r  hand a t  

th e  s h o r t e s t  t e s t  i n t e r v a l ,  the  i n i t i a l  s u b sy n a p t ic  c u r r e n t  c o in c id e s  w i th  

th e  sp ike  p o t e n t i a l  and th e r e f o r e  i s  i n e f f e c t i v e  in  s e t t i n g  up an EPSP

w hereas  the  s lo w ly  d e c l in in g  residuum  of t h i s  c u r r e n t  ( c f .  F ig .  48 ) would
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"be r e s p o n s ib le  f o r  the sm all and r e l a t i v e l y  de layed  EPSP (broken  l i n e s  o f  

P ig s .  56 A 8: 3 )  a t  t h i s  i n t e r v a l .

I t  might be expec ted  from th e  n a tu r e  of th e  d i r e c t  i n h i b i t o r y  

pathway t h a t  the  t r a n s m i t t e r  g iv in g  r i s e  to  th e  IPSP would have a  lo n g e r  

d u ra t io n  than  t h a t  c a u s in g  th e  EPSP. I t  has  been shown ( E c c le s ,  P a t t  & 

Landgren, 1956) t h a t  th e  r e l a y  in te rn e u ro n e  on th e  d i r e c t  i n h i b i t o r y  

pathway between q u ad r ic ep s  l a  a f f e r e n t  f i b r e s  and b ic e p s - s e m i te n d in o s u s  

motoneurones i s  capable o f  fo l lo w in g  f r e q u e n c ie s  o f  s t im u la t io n  up to  

600 per  second and may d isch a rg e  r e p e t i t i v e l y  in  re sp o n se  t o  a  s in g le  

a f f e r e n t  v o l l e y .  However t h i s  r e p e t i t i v e  d is c h a rg e  must be u n u s u a l ,  f o r  

th e  tim e course o f  the  i n h i b i t o r y  t r a n s m i t t e r  r e l e a s e d  a t  th e  motoneurone 

i s  r e l a t i v e l y  sh o r t  and p robab ly  in  most c a se s  th e  c e l l  i s  on ly  f i r e d  

once or tw ic e .  D if f e re n c e s  in  the  d u ra t io n  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  

would be ex p ec ted  from d i f f e r e n t  l e v e l s  of a n a e s t h e s ia  and on ly  a  few 

in te rm e d ia te  c e l l s  r e l a y in g  group l a  im p u lses  have th e  p ro p e r ty  o f  

r e p e t i t i v e  f i r i n g  ( c f .  E c c le s ,  P a t t  & Landgren, 1956).

Recent e l e c t r o n  microscope s t u d i e s  have p ro v id ed  ev idence  o f  th e  

s t r u c t u r a l  f e a t u r e s  of c e n t r a l  synapses .  The s u r fa c e  of th e  motoneurone 

i s  s tudded  w ith  s y n a p t ic  knobs of ap p ro x im a te ly  2\i in  d ia m e te r  (Wyckoff & 

Young, 1956) and th e s e  a re  d i s t r i b u t e d  l e s s  i n t e n s e l y  a s  th e  d e n d r i t e s  

are  fo l lo w e d  more p e r ip h e r a l l y  ( l o r e n t ö  de No, 1958; B a r r ,  1959; B o d ia n , 

1952). The knobs them selves  a re  covered  w i th  a  con t inuous  membrane about 

50 A t h i c k  and c o n ta in  sm all v e s i c l e s  of 500A d iam ete r  t o g e t h e r  w i th  

numerous m ito ch o n d r ia  (P a lay  & P a la d e ,  1955? 1956; de R o b e r t i s  & B e n n e t t ,  

1955) .  The m ito ch o n d r ia  of th e  knob su g g es t  a h ig h  l e v e l  o f  m e ta b o l ic  

a c t i v i t y  and p ro b ab ly ,  a s  w ith  the  motor nerve  end ings  on muscle (P a lad e

& P a la y> !954 ; C a s t i l l o  S: K a tz ,  1955h; R o b e r tso n ,  1956) th e  v e s i c l e s



101.

may be regarded as containing the chemical substances that are responsible 

for transmission across the synaptic .junctions. Vesicles are often 

clustered on the synaptic surface of the knob and occasionally appear to 

be bursting on the surface. The knob is separated from the subsynaptic 

membrane by the synaptic cleft of approximately 200A in width. The sub

synaptic membrane of width 50A presumably lias very different properties from 

the remainder of the soma-dendritic membrane as it is specifically affected 

by transmitter substances, and on analogy with the end plate membrane of 

the neuromuscular junction (huffier, 1943; Patt <1 Katz, 1951; Castillo & 

Katz, 1954c, 1955a), it may be unable to respond to an impulse.

The area of the synaptic contact and the width of the cleft are 

important because the function of a synapse is to apply small amounts of a 

transmitter substance to the specialized receptor area of the subsynaptic 

membrane. This then becomes highly permeable to ions and the resulting 

electric current flows through the synaptic cleft and so to the remainder 

of the post-synaptic membrane. Pig. 57 shows the direction of this 

current flow when the excitatory transmitter substance makes the sub

synaptic membrane permeable to ions. The synaptic cleft should be narrow 

enough so that the transmitter substance is applied rapidly and efficiently 

to the subsynaptic membrane; it should also be wide enough so that the 

subsequent post-synaptic currents may flow as freely as possible. By 

assuming a high specific conductance for the activated subsynaptic membrane 

and a specific resistance of about 100 ohm-cm for the fluid in the 

synaptic cleft it can be calculated that with a cleft of about 200A, the 

resistance offered to current flow through the cleft is only about 5/o of

that offered in its passage through the subsynaptic membrane. There is



thus an adequate safety margin for the efficient operation of the cleft in 

carrying current to the whole subsynaptic membrane.

With a transmitter substance released in a cleft of 200k, the 

diffusion time across it would be of the order of a microsecond and it 

can be calculated that, if the substance is free to diffuse and has 

approximately the diffusion coefficient of acetylcholine, it will diffuse 

away from a focus of the dimensions of a synapse so rapidly that its con

centration will have fallen to a negligible level within 1 msec of its 

liberation (Patt, 1954; Ogston, 1955)« The slightly longer time course 

of the excitatory and inhibitory transmitter action on motoneurones 

(figs. 48 & 49)suggests a presynaptic volley might cause the release of 

transmitter substances for a period as long as 1 msec, while the small 

residual action indicates that the removal of the transmitter substance 

might be delayed by a diffusional barrier around the synapse. This 

barrier has been postulated to exist around the synapses on Renshaw ceils 

(Eccles, Eccles & Patt, 1956) and would also explain the prolonged 

duration of transmitter action of cutaneous impulses on interneurones of 

the intermediate nucleus and on the neurones discharging up the dorsal 

spino-cerebellar tract. A diffusional barrier around synapses would not 

only increase the effectiveness of synaptic transmitter action but also 

prolong the duration of temporal facilitation. There is no structural 

correlate for these diffusional barriers but possibly they may be due 

either to the close glial investment of synapses (Vyckoff & Young, 1956) 

or to the ground substance described by Hess (1953* 1955).

At the neuromuscular junction the crowding of the synaptic 

vesicles towards the synaptic surface of the knob, together with the



o ccu rren c e  of v e s i c l e s  ap p ea r in g  to  "burst on th e  s u r fa c e  o f  t h e  knob 

makes a t t r a c t i v e  the p o s tu la t e  t h a t  th e  b u r s t i n g  o f  th e s e  v e s i c l e s ,  con

t a i n i n g  the  t r a n s m i t t e r  agent a c e ty l c h o l in e ,  a cco u n ts  f o r  th e  m in ia tu re  

e n d -p la te  p o t e n t i a l s  t h a t  occur sp o n taneous ly  in  a random manner a t  th e  

e n d -p la te  ( P a t t  & K atz ,  1952; C a s t i l l o  & K atz ,  1955b). Kerve im pu lses  

r e a c h in g  th e  knob would cause the  s im u ltan eo u s  r e l e a s e  o f  a  l a r g e  q u a n t i ty  

o f  a c e ty l c h o l in e ,  and i t  has  been found t h a t  d e p o la r i z a t io n  o f  th e  nerve  

t e rm in a l s  e i t h e r  by e x t r i n s i c a l l y  a p p l ie d  c u r re n t  o r  by r a i s i n g  th e  e x t r a 

c e l l u l a r  po tass ium  c o n c e n tra t io n  in c r e a s e s  the  f req u en cy  o f  th e  m in ia tu re  

e n d -p la te  p o t e n t i a l s  ( C a s t i l l o  & K atz ,  1954b; L i l e y ,  1956b).  In  th e  l i g h t  

o f  th e s e  concep ts  one can argue by analogy t h a t  in  th e  c e n t r a l  nervous  

s y s t e n u t r a n s m i t t e r  a g e n ts  e x i s t  in th e  s y n a p t ic  knobs a s  v e s i c l e s  and a re  

r e l e a s e d  by d e p o la r i s a t i o n  of th e  knobs . Random r e l e a s e  may occu r  and 

v;ould account f o r  c e r t a in  forms of s y n a p t ic  n o i s e .  T h is  n o is e  i s  however 

d i f f i c u l t  to  ana ly se  owing to  th e  p o s s i b i l i t y  o f  th e  s im u l tan e o u s  random 

impingement o f  e x c i t a t o r y  and i n h i b i t o r y  im pu lses  on th e  motoneurone under 

ex a m in a t io n .

At th e  neurom uscular ju n c t io n  i t  seems l i k e l y  t h a t  th e  v e s i c l e s  

a re  p o s i t i v e l y  charged because d e p o la r i z a t io n  o f  th e  p r e s y n a p t i c  membrane 

in c r e a s e s  th e  f req u en cy  of m in ia tu re  e n d -p la te  p o t e n t i a l s  i . e .  th e  f r e 

quency w ith  which v e s i c l e s  a re  e m i t te d .  There i s  some ev idence  to  su g g es t  

t h a t  the  e x c i t a t o r y  and in h i b i t o r y  t r a n s m i t t e r  s u b s ta n c e s  o f  the  s p in a l  

cord a re  a l s o  charged . In  P ig .  58 A & B EPSP’ s have been re c o rd e d  in  a 

g a s tro cn e m iu s  motoneurone a t  th e  r e s t i n g  p o t e n t i a l  o f  -70 mV and a l s o  

when th e  membrane p o t e n t i a l  was h y p e rp o la r iz e d  to  -100 mV. I t  i s  e v id e n t  

t h a t  h y p e r p o la r i z a t io n  caused th e  summit o f  th e  EPSP to  be e a r l i e r  and
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a l s o  c o n s id e ra b ly  s h o r ten ed  th e  tim e c o n s ta n t  o f  i t s  decay . Such changes 

have been p re v io u s ly  r e p o r te d  (Coombs e t  a l . ,  1955c) .  S im ultaneous  

measurements showed t h a t  th e re  was no a p p re c ia b le  d im inu tion  o f  th e  

membrane r e s i s t a n c e  a t  a  p o t e n t i a l  o f  -100 mV, and i t  i s  u n l i k e ly  t h a t  

any change would o ccu r  in  the  membrane c a p a c i ty .  Hence i t  a p p e a rs  j u s t i 

f i a b l e  to  assume t h a t  th e  time c o n s ta n t  o f  th e  membrane was the  same a t  

b o th  p o t e n t i a l s .  In  t h i s  c e l l  th e  time c o n s ta n t  o f  th e  membrane was n o t  

d i r e c t l y  de te rm ined ,  b u t  i t  can be assumed to  be app ro x im ate ly  2 .8  msec, 

which on the  b a s i s  o f  o th e r  ex p e r im en ts ,  i s  a  r e a s o n a b le  va lue  f o r  a  c e l l  

hav in g  an EPSP which decays w ith  a  tim e c o n s ta n t  o f  4 .6  msec a t  th e  r e s t i n g  

membrane p o t e n t i a l .  The EPSP's o f  P ig .  58 A & B have been p l o t t e d  a s  th e  

con t in u o u s  l i n e s  o f  P ig .  58 C & I) r e s p e c t i v e l y ,  and u s in g  the  assumed 

v a lu e  o f  the  membrane tim e c o n s ta n t  a s  in  P ig .  48, th e  tim e c o u rs e s  of 

th e  su b sy n a p t ic  c u r r e n t s  have been c a l c u l a t e d  (broken l i n e s ) .  When th e  

c e l l  was h y p e rp o la r iz e d  (3 & D) th e  c u r r e n t  decayed much more r a p i d l y  

than  normal ano. i t s  summit was low er th a n  would be ex p ec ted  f o r  a  l i n e a r  

r e l a t i o n s h i p  to  membrane p o t e n t i a l  ( c f .  Coombs e t  a l . ,  1955c) .  Hence i t  

may be assumed t h a t  the  h y p e r p o la r iz in g  c u r r e n t  was i n t e r f e r i n g  w ith  th e  

tim e course o f  th e  e x c i t a t o r y  t r a n s m i t t e r  a c t io n  e i t h e r  by rem oving th e  

t r a n s m i t t e r  from th e  p rox im ity  o f  th e  s u b sy n a p t ic  membrane o r  by p r e v e n t in g  

i t s  a t tach m en t to  th e  su b sy n a p tic  r e c e p t o r s .  I t  i s  a t t r a c t i v e  to  p o s t u l a t e  

t h a t  th e  t r a n s m i t t e r  i s  n e g a t iv e ly  charged , and hence i s  c a r r i e d  away from 

th e  s u b sy n a p tic  membrane and th e  s y n a p t ic  c l e f t  by th e  h y p e r p o la r i z in g  

c u r r e n t  t h a t  i s  p a s s in g  inw ards th ro u g h  th e  c l e f t  and p e n e t r a t i n g  th e  sub -  

s y n a p t i c  membrane. T h is  p o s tu la t e  a c c o u n ts  no t on ly  f o r  th e  d e f ic ie n c y  

in  the  i n i o i a l  summit bu t a l s o  f o r  th e  g r e a t l y  in c re a s e d  r a t e  o f  decay o f



th e  su b sy n a p t ic  c u r re n t  in  F ig .  58 D. I t  a l s o  c o n t r i b u t e s  to  th e  

e x p la n a t io n  of th e  d im in ished  s i z e ,  th e  e a r l i e r  summit and th e  f a s t e r  

decay of an EPS? t h a t  i s  s e t  up d u r in g  the  h y p e r p o la r i z a t io n  fo l lo w in g  a 

sp ike  p o t e n t i a l  ( c f .  F ig .  57),  f o r ,  i f  t h i s  h y p e r p o la r i z a t io n  i s  s e t  up by 

th e  r e g io n s  o f  th e  p o s t - s y n a p t i c  membrane t h a t  a re  invaded  by th e  s p ik e ,  i t  

w i l l  cause an inward c u r re n t  flow th ro u g h  th e  su b sy n a p tic  a r e a s  o f  th e  

motoneurone, which e f f e c t i v e l y  w i l l  be the  same a s  an e x t r i n s i c a l l y  a p p l ie d  

h y p e r p o la r i z in g  c u r r e n t .

As soon as  the  e x c i t a t o r y  t r a n s m i t t e r  a l t e r s  the p e rm e a b i l i ty  of 

th e  s u b sy n a p tic  membrane, the  c u r r e n t  s e t  up ( c f .  F ig .  56) w i l l  flow a c ro s s  

ti.e subsynar uic membrane in  th e  same d i r e c t i o n  a s  an e x t r i n s i c  h y p e rn o la r— 

iz in g  c u r r e n t .  I n i t i a l l y  t h i s  c u r r e n t  w i l l  be of g r e a t  i n t e n s i t y  and so 

■'•?/ c o n t r io u te  to  the  i n i t i a l  v e ry  r a p id  d e c l in e  o f  th e  t r a n s m i t t e r  con- 

cen'_.raüion i f  the t r a n s m i t t e r  m o lecu les  c a r ry  a n e g a t iv e  ch a rg e .  S im i la r ly  

vdien the IFSr c i  a motoneurone i s  co n v er ted  to  a  d e p o la r i z in g  re sp o n se  i t s  

tim e course o f  decay i s  u s u a l ly  s h o r ten ed  (Coombs e t  a l . ,  1955b). T h is  

might, be a t t r i b u t a b l e  to  the  r a p id  removal o f  th e  t r a n s m i t t e r  substance  

from th e  s y n a p t ic  c l e f t  under the  in f lu e n c e  o f  su b sy n a p tic  c u r r e n t s  b u t  

a f u l l  a n a l y s i s  o f  th e  problem i s  no t y e t  com plete .

The f i n d i n g s  of p o s t - a c t i v a t i o n  p o t e n t i a t i o n  a re  o f  i n t e r e s t  

\-icn c o n s id e r in g  th e  s to ra g e  and r e l e a s e  o f  t r a n s m i t t e r  s u b s ta n c e s .  As 

f a r  a s  has  been i n v e s t i g a t e d  (Brooks e t  a l . ,  1950; Brock e t  a l . ,  1951; 

s e c i e s  . . a l l ,  1951a & b; J e f f e r s o n  & S ch lapp , 1955), d u r in g  r e p e t i t i v e  

m onosynaptic  e x c i t a t i o n  of motoneurones t h e r e  i s  a  d ep re s s io n  o f  the  

s u c c e s s iv e  re s p o n s e s  which p a r a l l e l s  t h a t  o f  sym pa the tic  g a n g l ia  (E c c le s ,  

1 9 4 ' ;  Larra t.ee  & Bronk, 1947; R.M. E c c le s ,  1955), and which l ik e w is e may



be a t t r i b u t e d  to  d e p le t io n  o f  t r a n s m i t t e r  s u b s ta n c e .  However, subsequent 

to  a  p ro longed  r e p e t i t i v e  s t im u la t io n ,  th e r e  i s  a  l a rg e  and p ro longed  

in c re a s e  in  th e  re sp o n se  evoked by a  monosynaptic t e s t i n g  v o l l e y ,  the  

p o s t - a c t i v a t i o n  p o t e n t i a t i o n .  T h is  p o t e n t i a t i o n  s u g g e s ts  t h a t  th e r e  i s  

an in c re a s e d  amount of t r a n s m i t t e r  ag en t  available in  th e  t e r m in a l s ,  b u t  

th e  r e s u l t s  o f  ex p er im en ts  u s in g  r e p e t i t i v e  p r e s y n a p t i c  v o l l e y s  a s  th e  

t e s t i n g  s t im u lu s  su g g es t  t h a t  th e r e  i s  no t a  l a r g e  in c re a s e  in  th e  t o t a l  

amount o f  a v a i l a b l e  t r a n s m i t t e r ,  f o r  th e  p o t e n t i a t i o n  f a l l s  o f f  r a p id l y  

w i th  a l l  r e s p o n s e s  subsequent to  th e  f i r s t  (T ig ,  5 5 ) .

I t  appeal’s t h a t  t h e r e  i s  an in c re a s e d  o u tp u t  o f  t r a n s m i t t e r  sub

s ta n c e  per  im pulse  because  p o t e n t i a t i o n  i s  a s s o c i a t e d  w ith  a s in g le  t e s t i n g  

p r e s y n a p t i c  v o l l e y ,  b u t  th e  tim e course o f  i t s  a c t io n  i s  no t u n l ik e  t h a t  

f o r  s in g le  s t im u lu s  p r i o r  to  th e  t e t a n u s .  I t  might be c o n s id e re d  t h a t  

fo l lo w in g  a  t e t a n u s ,  th e  decay o f  the  p o t e n t i a t e d  EPSP might be slow er 

th an  normal owing to  th e  g r e a t e r  amount of t r a n s m i t t e r  su b s tan ce  r e l e a s e d .  

The tim e c o n s ta n t  o f  decay o f  an EPSP i s  u s u a l l y  e v a lu a te d  by th e  m easure

ment of 10-20 superim posed r e c o r d s  so t h a t  random v a r i a t i o n s  o f  p o t e n t i a l  

due to  s y n a p t ic  n o is e  a re  c a n c e l l e d .  I t  was th e r e f o r e  h a rd  to  measure th e  

v a lu e  f o r  th e  s in g le  t e s t i n g  EPSP’s used  in  t h i s  s tudy  and in  some cases  

th e  decay was f a s t e r  than normal ( c f .  P ig .  52 A & b ) .  The a c t u a l  m easure

ment i s  d i f f i c u l t  and numerous e r r o r s  can a r i s e  because  th e  t e s t i n g  v o l l e y  

i s  supramaximal f o r  the  group l a  a f f e r e n t  f i b r e s  and in  most c a se s  th e  

d e c l in e  o f  th e  EPSP i s  no t e x p o n e n t ia l  b u t  d i s t o r t e d  by th e  p o s t - s y n a p t i c  

p o t e n t i a l s  evoked by v o l l e y s  in  h ig h e r  th r e s h o l d  f i b r e s .  The same 

d i f f i c u l t y  a r i s e s  in  the  a c c u ra te  measurement o f  th e  time c o n s ta n t  of 

th e  decay o f  th e  IPSP and no s i g n i f i c a n t  f i g u r e s  have been o b ta in e d .
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In  p a r t  an e x p la n a t io n  o f  th e  p o t e n t i a t i o n  i s  p rov ided  by 

th e  in c re a s e d  s iz e  of the  p r e s y n a p t i c  sp ike t h a t  o c c u rs  d u r in g  th e  a f t e r  

h y p e r p o la r i s a t i o n  t h a t  fo l lo w s  a c t i v i t y  (L loyd , I 94I ;  1952a; E c c le s  &

R a i l ,  1951b) f o r  C a s t i l l o  and Katz (1954-b) have su g g es ted  r e c e n t l y  t h a t  

an im pulse causes  a  g r e a t e r  q u a n ta l  r e l e a s e  o f  t r a n s m i t t e r  from h y p e r-  

p o la r i z e d  nerve t e r m in a l s .  The phenomena i s  no t a s s o c i a t e d  w i th  p o s t -  

n a p t i c  a l r e l a t i o n s  in membrane p o te n t i a l «  However t h i s  e x p la n a t io n  

does n o t .c o v e r  the whole d u ra t io n  o f  the  p o t e n t i a t i o n  (E c c le s  & R a i l ,  1951b, 

L i le y  £ N orth ,  1955) and under some c o n d i t io n s  a  l a rg e  p o t e n t i a t i o n  i s  

a s s o c i a t e d  w i th  a d im in ished  p r e s y n a p t i c  s p ik e .  A l t e r a t i o n s  in  e i t h e r  

the  e f f e c t i v e n e s s  o f  p re s y n a p t ic  im pu lses  o r  in  th e  r e l a t i o n  o f  th e  

s y n a p t ic  knob to  the su b sy n a p tic  membrane do n o t  account f o r  th e  observa tion , 

oiiab only  the r i r s t  o f  a r e p e t i t i v e  t e s t  s e r i e s  o f  re s p o n se s  i s  g r e a t l y  

p o te n t i a t e d  a f t e r  a  t e t a n u s .

At th e  neurom uscular ju n c t io n  i t  has  been dem onstra ted  t h a t  

^u iv .....t io n  01 the  p resynapx ic  t e r m in a l s  i s  fo l lo w ed  by an in c re a s e  in  th e  

f re q u e n c y  o f  th e  m in ia tu re  e n d -p l  o t e n t i a l s  ( L i l e y ,  1956a) .  T h is  

t e n t i a t i o n ,  u n l ik e  t h a t  seen f o r  the  end—p la t e  p o t e n t i a l  in  c u ra r i z e d  

m uscles i s  l a r g e s t  im m ediately  a f t e r  th e  end o f  th e  c o n d i t io n in g  t e t a n u s  

•- ne t h e i e a f t e  r e c l i n e s  w ith  th e  same time course  a s  does th e  p o te n t i a t i o n  

o i  th e  e n d - p la te  p o t e n t i a l .  I t  can th e r e f o r e  be p o s tu la t e d  t h a t  a  t e ta n u s  

o f  p r e s y n a p t i c  im pulses  "crowds" th e  s y n a p t i c  v e s i c l e s  in  th e  knob tow ards  

tu e  c l e f t  so t h a t  no t only w i l l  a  f u r t h e r  im pulse r e l e a s e  more t r a n s m i t t e r ,  

out a l s o  th e r e  w i l l  be an in c r e a s e  in  th e  spon taneous  em iss io n .  The delayed  

owelopmeno o f  p o s t - a c t i v a t i o n  p o t e n t i a t i o n  i n d i c a t e s  t h a t  th e  p r e s y n a p t ic  

im pulse i c  no t im m ediately  e f f e c t i v e  in  o p e r a t in g  th e  r e l e a s e  mechanism f o r  

th e  t r a n s m i t t e r .  The f a c t  t h a t  th e r e  i s  a  r a p i d  d e c l in e  in  the  p o t e n t i a t i o n
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during a repetitive series of testing impulses suggests that following 

the depletion of the reserve supply of chemical transmitter by the tetanus, 

there is not an excessive replenishment of available transmitter* Thus 

post-activation potentiation seems to be attributable to two events 

localized to the immediate region of the presynaptic membrane, a mobiliz

ation there of a relatively small number of synaptic vesicles, and an 

increased size of the presynaptic spike.

The small amount or even absence of post-activation potentiation 

of "direct" inhibition would be expected from an understanding of the 

anatomical pathway concerned. If "direct" inhibition was monosynaptic 

it might be expected that the IPSP should be potentiated in the same 

fashion as the EPS!. However, the impulses in the group la muscle 

afrerent fibres of a muscle do not impinge directly upon the motoneurones 

or an antagonist muscle but are relayed by an interneurone which normally 

fires once or twice only to each volley. These cells are capable of follow

ing high frequencies for short periods, but are probably not efficient in 

transmitting a high and prolonged frequency to the presynaptic terminals 

that release the inhibitory transmitter substance. In an investigation 

of this pathway, Eccles, Patt & Landgren (1956) found no significant post- 

tetanic potentiation of the responses of the group la intermediate neurones. 

The technique used did not allow of refined measurements, and it is 

evident from graphs such as Pig. 51 that there is a small potentiation 

which conforms with the observations of Lloyd (1949). This potentiation 

could occur either at the relay in the intermediate nucleus or there 

could be a potentiation of the synaptic mechanism for generating the IPSP.

Both Lloyd (1949) and Wilson (1955) have found that there is minimal
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post-tetanic potentiation of polysynaptic pathways, and this can be 

accounted for in the same fashion. After a conditioning tetanus there 

is possibly a potentiation of the firing of the first one or two cells 

in tr.e pathway but in the absence of a high level of frequency transmission., 

potentiation goes no further towards the final motoneurone.



CONCLUSIONS AND SUMMARY

The r e s e a r c h e s  r e p o r t e d  i n  t h i s  t h e s i s  have b e e n  p r e s e n te d  in  t h r e e  

s e c t i o n s .  The i n v e s t i g a t i o n s  o f  S e c t io n  I  d e m o n s tra te  t h a t  among th e  

p h a rm a c o lo g ic a l  a g e n ts  w i th  known s p e c i f i c  a c t i o n s  a t  p e r i p h e r a l  j u n c t io n a l  

r e g i o n s ,  a c e t y l c h o l in e  i s  th e  o n ly  one t h a t  h a s  been  shown t o  have an 

a c t io n  upon c e l l s  w i th in  th e  s p i n a l  cord*  The e f f e c t s  o f  i n t r a - a r t e r i a l l y  

i n j e c t e d  a c e ty l c h o l in e  (an d  o f  n i c o t i n e )  upon b o th  m o n o sy n a p tic  and  p o ly 

s y n a p t ic  r e f l e x e s  ( S e c t io n  I E )  a re  th o s e  t h a t  w ould be e x p e c te d  from  th e  

a c t i v a t i o n  o f  th e  c h o l i n e r g i c a l l y  e x c i t e d  Renshaw c e l l s  ( c f .  S e c t io n  I  D)* 

T h e re  i s  no e v id e n c e  t h a t  a c e t y lc h o l in e  a c t s  e i t h e r  a s  an e x c i t a t o r y  o r  

an i n h i b i t o r y  t r a n s m i t t e r  a t  s y n a p se s  upon m o to n e u ro n e s . The r e l a t i v e l y  

s l i g h t  a c t i o n  o f  in t r a v e n o u s  tu b o c u r a r in e  and p ro s t ig m in e  on th e  c h o l in e r g i c  

ju n c t io n s  o f  a x o n - c o l l a t e r a l s  upon Renshaw c e l l s  can  be e x p la in e d  by th e  

p re s e n c e  b o th  o f  th e  b lo o d - b r a in  b a r r i e r  and  o f  d i f f u s i o n a l  b a r r i e r s  more 

i n t i m a t e l y  r e l a t e d  t o  th e  s y n a p t ic  j u n c t i o n s .  A lth o u g h  Renshaw c e l l s  can 

be a c t i v a t e d  by  v o l l e y s  i n  th e  slow  m usc le  a f f e r e n t  f i b r e s  and t h i s  

a c t i v a t i o n  a p p e a r s  p h a rm a c o lo g ic a l ly  s im i l a r  t o  t h a t  r e s u l t i n g  from  v o l l e y s  

in  th e  c o l l a t e r a l s  o f  th e  m o to r ax o n , t h e r e  i s  i n s u f f i c i e n t  e v id e n c e  a s

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

t h i s  t h e s i s  in  w h ich  i t  was s u g g e s te d  t h a t  c e l l s  r e a c t  t o  one ty p e  o f  

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 t t e r  o n ly .

O th e r  p o s s ib l e  c e n t r a l  t r a n s m i t t e r  a g e n ts  a r e  d is c u s s e d  and th e  

a v a i l a b l e  e v id e n c e , t o g e t h e r  w i th  th e  f i n d i n g s  o f  S e c t io n  I  F and  G, 

s u g g e s t s  t h a t  a d r e n a l i n e ,  n o r - a d r e n a l in e ,  5 - h y d ro x y - try p ta m in e , ATP and 

h is ta m in e  have no su c h  f u n c t i o n  in  th e  s p i n a l  c o rd  o f  th e  c a t .  Hov/ever

th e  r e p o r t e d  f i n d i n g s  c o n c e rn in g  th e  d i s t r i b u t i o n  o f  s u b s ta n c e  *
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(S ec tio n  I  G ( i i ) )  suggest th a t  t h i s  p o ly p ep tid e  has a c e n tr a l  fu n c tio n  

hut d i f f i c u l t i e s  in  th e  p roduction  of a  pure sample have so f a r  preven ted  

adequate t e s t i n g .

The p re lim in a ry  r e s u l t s  o f a ttem p ts  to  e x tr a c t  t r a n s m it te r  

substances from c e n tr a l  nervous t i s s u e  have not been encourag ing . The 

chem ical methods used may no t have d is tin g u is h e d  between th e  e x c ita to ry  

and the  in h ib i to r y  sub stan ces  and a ls o  between th e se  and th e  o th e r  known 

c o n s ti tu e n ts  of b ra in  t i s s u e  such a s  a c e ty lc h o lin e , a d re n a lin e , n o r

a d re n a lin e , 5 HT and substance P* Because of t h i s  d i f f i c u l t y ,  methods of 

e x tra c t io n  and consequent sep a ra tio n  u s in g  paper chromatography a re  b e in g  

developed. The problem of the  n o n -p e n e tra tio n  of the  b lo o d -b ra in  b a r r ie r  

when t e s t in g  e x tr a c ts  might be overcome by u s in g  th e  i s o la te d ,  oxygenated 

s p in a l  cord o f th e  f ro g  (E cc le s , 1947), T h is  p re p a ra t io n , d iv id ed  by a 

m edial lo n g itu d in a l  in c is io n ,  could be soaked in  s o lu tio n so f  e x t r a c t s .

Since s try ch n in e  has th e  same e f f e c t  on i t s  r e f le x  a c t i v i t y  as  i t  has on 

th a t  of the s p in a l  c a t ,  i t  can be presumed th a t  th e  in h ib i to r y  t r a n s m it te r  

o f the  two p re p a ra tio n s  i s  s im ila r .  Consequently any e x tra c t  found to  

in h ib i t  the r e f le x e s  of th e  f r o g 's  sp in a l cord would be worth f u r th e r  

t e s t i n g ,  e i th e r  by i n t r a - a r t e r i a l  in je c t io n  or by d i r e c t  m ic ro - in je c tio n  

in to  th e  c a t 's  s p in a l  co rd .

B oth s try ch n in e  and te ta n u s  to x in  have been shown in  S ection  I I  

to  d im in ish  c e n tr a l  in h ib i t io n  a lthough  th e  mode o f a c tio n  may be d i f f e r e n t  

f o r  th e se  two a g e n ts . S trychnine i s  v i r t u a l l y  w ithou t e f f e c t  on th e  

e x c i ta t io n  o f motoneurones (S ec tio n  I I  C ( l ) ) ,  bu t d im in ishes a l l  f iv e  

ty p e s  o f in h ib i t io n  in v e s t ig a te d  (S ec tio n  I I  C ( 2 ) ) :  th e  " d i r e c t"

in h ib i t io n  o f motoneurones by im pulses in  th e  group l a  a f f e r e n t  f ib r e s
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of antagonistic muscles; the inhibition by impulses in the group lb 

afferent fibres of synergistic muscles; the inhibition, of extensor 

motoneurones by impulses in. the group II and III muscle afferent fibres 

and in cutaneous afferent fibres; the inhibition of motoneurones follow

ing activation of Renshaw cells by volleys in axon collaterals*

The effect of tetanus toxin, either injected peripherally into 

a motor nerve or directly into the spinal cord, is similar on all these 

types of inhibition, but the reversibility is much slower* In several 

instances some recovery has been observed following the injection of 

very small doses of tetanus toxin directly into the spinal cord, but as 

yet the results cannot be regarded as being conclusive and further investi

gation is desirable* However, recovery in man, following purely local 

tetanus, often takes weeks (Courtois-Suffit & Giroux, 1918) and would not 

be readily observable in the experimental preparations used in this invest

igation.

As it has been shown that the ionic movements repsonsible for 

the inhibitory post-synaptic potentials for these different types of 

spinal inhibition are similar (Coombs et al., 1955b), it can be postulated 

that a common inhibitory transmitter substance is involved. This postulate 

is strengthened by the finding that the effects of both strychnine and 

tetanus toxin are similar on all these inhibitions. The evidence is 

presented (Section II D) that strychnine has little effect upon the inhibi

tion of motoneurones mediated from higher centres by descending tracts* 

However the experimental studies are incomplete and are considered to 

present no clear evidence that more than one inhibitory transmitter is 

involved in the spinal cord.

It is shown that both strychnine and tetanus toxin exert their
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e f f e c t s  near th e  sy n ap tic  ju n c tio n s  between the  s p e c if ic  in h ib i to ry  i n t e r -  

neurone and th e  motoneurone. Both fo r  " d i r e c t"  in h ib i t io n  (S ec tio n  I I  C 

2 (a ) )  and fo r  "an tid rom ic" in h ib i t io n  (S ec tio n  I I  C 2 ( e ) )  i t  has been 

proved th a t  th e se  ag en ts  have no e f f e c t  on th e  in h ib i to r y  in te rn e u ro n e .

In  th e  d iscussion  i t  has been suggested  th a t  th e se  two ag en ts  may have 

d i f f e r e n t  modes of a c t io n ,

I t  has been suggested  (S ec tio n  I I  C ( 3 ) )  th a t  th e  convulsant 

a c t io n  of some drugs, in  p a r t ic u la r  NP 13, cannot be exp la in ed  by t h e i r  

e f f e c t s  on e i th e r  th e  e x c ita to ry  o r th e  in h ib i to ry  p ro cesses  o f th e  s p in a l  

co rd . I t  i s  p o ssib le  th a t  they  a re  con v u lsan ts  by v i r tu e  of t h e i r  a c tio n  

upon c e l l s  in  h i$ ie r  c e n tre s , but a s  th e  in v e s t ig a t io n s  a re  f a r  from com

p le te  a  p o ss ib le  a l te r n a t iv e  su ggestion  i s  th a t  th e se  drugs cause a m ild 

in te n s i f i c a t i o n  of e x c ita to ry  sy n ap tic  a c t i v i t y ,  ju s t  a s  some a n a e s th e tic s  

have a m ild dep ressan t a c t i v i ty  upon the  same p ro c e sse s . T h is m ild i n te n s i 

f i c a t i o n  would produce a very  sm all e f f e c t  when a sse ssed  by th e  in c re a se  

in  a  monosynaptic r e f le x ,  but would become more cum ulatively  am p lified  

when i t  occurred  a t  every sy n ap tic  r e la y  a long  a  p o ly sy n ap tic  pathway.

I t  i s  argued in  S ec tio n s  I  H and I I  I) th a t  the e f f e c t s  o f drugs 

such as  s try c h n in e , te ta n u s  to x in  and myanesin on p o ly sy n ap tic  and mono

sy n ap tic  r e f le x e s  can be accounted fo r  by th e  d i f f e r e n t  anatom ical s tru c tu re  

o f th e se  two ty p es  of r e f l e x ,  in  p a r t ic u la r  th e  number o f sy n ap tic  r e la y s  

in v o lv ed . There i s  th e re fo re  l i t t l e  evidence o f more than  one in h ib ito ry  

and one e x c ita to ry  substance (a p a r t from a c e ty lc h o lin e )  in  the s p in a l  cord .

The d i r e c t  measurement o f th e  p ro p e r t ie s  of the m otoneuronal 

membrane in  S ec tio n  I I I  C ( l )  shows th a t  i t  has a  s h o r te r  tim e co n stan t 

than had been considered  p re v io u s ly . The c a lc u la t io n  o f th e  tim e courses

o f a c t io n  o f th e  in h ib i to ry  and o f the  e x c i ta to r y  t r a n s m it te r  substances
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g ives a more s a t i s f a c to r y  ex p lan a tio n  of the  in te r a c t io n  bo th  between the  

EPSP and the  IPSP and between th e  EPSP and an an tid rom ic  spike p o te n t ia l  

o f the m otoneurone.

O b serv a tio n s  upon th e  p o s t-a c t iv a t io n  p o te n tia t io n  of p o s t-  

sy n ap tic  p o te n t ia l s  reco rd ed  i n t r a c e l lu l a r ly  from motoneurones (S ec tio n  

I I I  C ( 3 ) )  show d if fe re n c e s  between th e  p o te n t ia t io n  o f th e  EPSP and IPSP 

which a re  e x p la in ab le  by the  n a tu re  of th e  anatom ical pathways concerned 

and by th e  known p ro p e r t ie s  of th e  r e la y  in te rn eu ro n e  on th e  d ir e c t  in h ib i 

to ry  pathway. The evidence has been c o lle c te d  (S ec tio n  I I I  D) fo r  th e  

presence in  the  sy n ap tic  te rm in a ls  of v e s ic le s  which can re le a s e  quanta 

of charged t r a n s m i t te r  m a te r ia l in to  th e  sy n ap tic  c l e f t .  The d ischarge  

of th e se  v e s ic le s  p o ss ib ly  accounts f o r  some form s o f  sy n ap tic  no ise  and 

form s the  b a s is  o f a reaso n ab le  e x p lan a tio n  o f p o s t- a c t iv a t io n  p o te n t ia t io n .

A part from th e  suggestion  th a t  th e  monosynaptic e x c ita to ry  t r a n s 

m it te r  substance i s  n e g a tiv e ly  charged, th e re  i s  no evidence as to  the  

n a tu re  of th e  e x c i ta to r y  and in h ib i to ry  t r a n s m it te r  sub stan ces  of the 

sp in a l co rd . However th e re  are  f in d in g s  to  suggest the  occurrence o f 

common t r a n s m i t te r  a g en ts  a t  sev e ra l s i t e s  in  th e  co rd . I t  has been 

suggested  (S ec tio n  I I  D) th a t  the same in h ib i to r y  t r a n s m it te r  substance 

i s  re le a s e d  by im pulses reach in g  motoneurones over a t  l e a s t  f iv e  d i f f e r e n t  

pathways.

According to  D ale! s p r in c ip le  (see  G eneral In tro d u c tio n )  th e  

same e x c i ta to r y  t r a n s m it te r  i s  invo lved  a t  the th re e  s i t e s  o f te rm in a tio n  

o f th e  group l a  a f f e r e n t  f ib r e s  from m uscle. These f i b r e s  pass d i r e c t ly  

to  th e  m otoneurones o f the muscle and b ranch  e x te n s iv e ly  so th a t  any one 

p re sy n ap tic  f ib r e  can secure a  la rg e  a re a  o f sy n ap tic  co n tac t on the  same
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neurone (Cajal, 1909> 1954; Lorente de No, 1958; Bodian, 1942; Chang, 1952). 

The synaptic knobs are about ^j, in diameter and the release of the synaptic 

transmitters has been shown to be brief and in the case of excitation, 

the post-synaptic potential can generate the discharge of only one post- 

synaptic spike. For monosynaptic excitatory action to fire a motoneurone 

considerable summation of excitatory impulses is necessary and the moto

neurone will not follow effectively frequencies of stimulation greater 

than about 40/sec•
Primary afferent impulses in the group la fibres synaptically 

excite interneurones of the intermediate nucleus of Cajal (Eccles, Patt & 

Landgren, 1956). These cells respond to high frequencies of synaptic 

stimulation, often respond repetitively to a single afferent volley and 

may also be excited by impulses in group III muscle afferent fibres and 

by cutaneous impulses. Intracellular records from these cells show, that 

as a consequence of the impingement of impulses upon them, graded EPSP's 

are set up and one or more impulses are generated if the EPSP is sufficient

ly large. Similarly the group la afferent fibres of muscle synaptically 

excite the cells of Clarke's column (Grundfest & Campbell, 1942; Lloyd & 

McIntyre, 1950; Laporte, Lundberg & Oscarsson, 1956). There is general 

agreement that these cells are excited to discharge impulses by a very 

few afferent fibres, but again the discharge may be repetitive.

Although the nature of the ionic movements responsible for the 

EPSP of the motoneurone is known (Coombs et al., 1955c), nothing is known 

about the ionic mechanisms responsible for the EPSP's both of group la 

intermediate cells and of Clarke's cells. However the differences

between the excitatory processes presumably are explainable by an
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un d ers tan d in g  of the  d i f f e r e n t  ty p es  o f sy n ap tic  end ings, th e  p ro p e r tie s  

o f th e  subsynap tic  membrane and th e  d i f f e r e n t  p ro p e r t ie s  of the  whole 

neurone in c lu d in g  i t s  a f te r -h y p e rp o la r iz a tio n *

The s tru c tu re  of th e  sy n ap tic  knob and o f th e  sy n ap tic  c l e f t  o f 

th e  motoneurone has now been d esc rib ed  in  d e t a i l ,  and the t r a n s m it te r  tim e 

o f a c t io n , d e riv ed  from a  knowledge of the p o s t-sy n a p tic  membrane, e x p la in s  

the observable  phenomena a t  th e  ju n c tio n . L i t t l e  i s  known concerning the 

sy n ap tic  te rm in a ls  of th e  group l a  a f f e r e n t  f i b r e s  upon the  in te rm ed ia te  

r e la y  c e l l s  and u n t i l  th e  a c tu a l  c h a r a c te r i s t i c s  o f th ese  com paratively 

sm all c e l l s  can be m easured, the  a c tio n  tim e o f the  tr a n s m it te r  rem ains 

unknown. However, e i th e r  th e  p o s t-sy n a p tic  membrane or the  a c tu a l  amount 

and tim e course o f th e  a c tio n  of the  t r a n s m it te r  must d i f f e r  from the  

v a lu es  a t  the  synapses on th e  motoneurones because th ese  in te rm ed ia te  

c e l l s  may f i r e  r e p e t i t i v e ly  to  s in g le  p re sy n ap tic  v o lle y s . T h is p roperty  

o f r e p e t i t iv e  response  i s  presum ably due to  th e  sm all or absen t a f t e r 

h y p e rp o la r iz a tio n  fo llo w in g  a  spike d isch a rg e .

The h i s to lo g ic a l  c o r re la te  o f the  pow erful sy n ap tic  e x c ita to ry  

a c tio n  o f s in g le  im pulses in  group l a  a f f e r e n t  f i b r e s  upon C la rk e ’s c e l l s  

i s  provided by th e  ’’g ia n t synapses” in  which sy n ap tic  co n tac t ap p aren tly  

i s  made f o r  s e v e ra l hundred m icrons along  th e  d e n d r ite s  by th e  g ia n t 

te rm in a l end b u lb s  of th e  p re sy n ap tic  f i b r e s ,  so g iv in g  a re a s  o f co n tac t 

of many hundreds o f square m icrons (S zen tag o th a i & A lb e rt, 1955)* Such 

sy n ap tic  c o n ta c ts  a re  very  many tim es la rg e r  than  any made by th e  branched 

endings o f a  s in g le  p re sy n ap tic  f ib r e  on a m otoneurone. The a c tu a l  s iz e  

o f the  sy n ap tic  c l e f t  and a lso  th e  c h a r a c te r i s t i c s  of the  subsynap tic

membrane a re  unknown, bu t i t  i s  apparen t from th e  r e p e t i t iv e  responses of
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the relay cell that the time course of the transmitter and the character

istics of the neuronal membrane differ from those occurring at the moto- 

neurone•

It is apparent therefore that the same transmitter substance, 

released from the terminals of the group la fibres, can, depending on 

the nature of the synapse and the cell involved, activate different cells 

in a slightly different fashion although the basic ionic redistributions 

involved could be similar. It is probable that the same transmitter sub

stance and ionic movements are responsible for the EPSP's of motoneurones 

set up by impulses relayed by intermediate and dorsal horn cells but 

definite proof is lacking#

It therefore can be postulated (cf. General Introduction) that, 

besides acetylcholine as an exciter of Renshaw cells, there is only one 

excitatory substance existing in the spinal cord. However a difficulty 

in the acceptance of this arises from a consideration of the specificity 

of synaptic action on neurones that have overlapping dendritic fields#

The reflex pattern of the hind limb is now reasonably clear, but the 

specificity of operation is not readily understandable on anatomical 

grounds, Por example, exploration with a microelectrode reveals that the 

soma of a gastrocnemius motoneurone may be as close as 50 - 100 microns 

to a biceps-semitendinosus motoneurone and yet these two neurones exhibit 

their quite distinctive responses to afferent volleys. Each is mono- 

synaptically activated by the corresponding group la volleys and inhibited 

by the group la volleys from muscles having antagonistic function#

Again^the small motoneurones of a muscle are interspersed within 

the motor nucleus of that muscle (Eccles, 1953; Pig. 3E; Brooks & Curtis,
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personal observation), yet these small motoneurones show no trace of 

the powerful monosynaptic excitatory action which is exerted on large 

motoneurones by impulses in the group la afferent fibres of that muscle 

or its synergists. However extensive investigations have shown a fairly 

close parallelism between the responses of the small and large moto

neurones of a muscle to impulses in the other groups of afferent fibres 

(Hunt, 1951; Granit & Kaada, 1952; Eidred, Granit & Merton, 1955; Eldred 

& Hagbarth, 1954)*

In order to explain the specific action of impulses in the 

afferent fibres of a muscle it might be postulated that a number of 

different transmitter substances exist and that some property of the 

post-synaptic membrane is responsible for the determination of specific 

pathways. For example the small motoneurones of a muscle would not be 

activated by the release of the excitatory transmitter from the terminals 

of the group la afferent fibres of a muscle. However in view of the 

complexity of some spinal reflex mechanisms, the number of different 

transmitter substances necessary for this postulate becomes prohibitive. 

Hence, for the present, the view must be entertained that the specific 

action of afferent impulses is determined purely on anatomical grounds.

It is clear from recent observations in this laboratory (Eccles, Eccles 

& Lundberg - personal communication) that the reflex pattern of the hind 

limb is not as clear cut as was originally thought and many aberrant mono

synaptic connections exist. It is probable that early in development, 

relations of the different motor nuclei to the ingrowing fibres are more 

distinctive, and both the number of synapses and their relation to the 

initial segment of the motoneurone may be important in determining the 

responses of the cell to presynaptic impulses.
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I t  i s  obvious th a t  a  f u l l  in v e s t ig a t io n  o f th e  chem ical sub

s tan ces  re sp o n s ib le  f o r  sy n ap tic  tra n sm iss io n  in  th e  sp in a l cord must 

in c lu d e  a knowledge o f the  a c tu a l s t ru c tu re  of th e  d i f f e r e n t  synapses.

In  p a r t ic u la r  the  s iz e  o f th e  sy n ap tic  connec tion , th e  w idth  o f th e  c l e f t  

and th e  e l e c t r i c a l  and e lec tro ch em ica l c h a r a c te r i s t i c s  o f  th e  su b sy n ap tic  

membrane a re  capable of d e te rm in a tio n . However the n a tu re  of th e  t r a n s 

m i t te r s ,  th e  c o n d itio n s  governing t h e i r  r e le a s e ,  th e  p ro p e r t ie s  o f 

d if f u s io n a l  b a r r i e r s  and of th e  b lo o d -b ra in  b a r r i e r  are  problems about 

which the  la c k  o f evidence p rec lu d es  f u r th e r  sp e c u la tio n .
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F ig .  1 . D iagram m atic r e p r e s e n ta t io n  o f the  abdom inal a o r t a  viewed 

from  th e  v e n t r a l  s id e  showing th e  b ran ch es  l i g a t e d  and th e  p o s i t io n  

o f th e  t i p  o f th e  po ly thene  can n u la . The lum bar a r t e r i e s  a re  shown 

a r i s i n g  from  th e  d o r s a l  su rfa c e  o f  th e  a o r t a  and then  p a s s in g  l a t e r a l l y .
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Fig* 2. M onosynaptic r e f l e x  s p ik e s  were evoked by a  L7 d o r s a l  r o o t  

v o l l e y  a t  a  f req u en cy  o f  l / s e c  and re c o rd e d  m o n o p h a s ica lly  in. th e  L7 

v e n t r a l  r o o t .  The in d iv id u a l  s p ik e s  had a  d u ra t io n  o f  abou t 1 msec 

b u t  the  b r i e f  gaps between them r e p r e s e n t  1 second. In  th e  upper 

s e r i e s  th e  arrow s ig n a l s  th e  i n t r a - a r t e r i a l  i n j e c t i o n  o f  100 (j,g o f  

a c e ty lc h o l in e  which r e s u l t s  in  a  d e p re s s io n  of th e  r e f l e x  f o r  about 

10 seconds .  In  th e  lower s e r i e s  25 |ig  of n ic o t in e  p roduced  a  l a r g e r  

d e p re s s io n  o f  g r e a t e r  d u r a t i o n .  The f i r s t  f i f t e e n  r e f l e x e s  a f t e r  t h i s  

i n j e c t i o n  were reco rded  and then  g roups o f  th r e e  a t  t h e  t im e s  shown* 

The h o r i z o n t a l  l i n e  formed by th e  o th e r  beam of th e  o s c i l l o s c o p e  was 

a d j u s t e d  a t  th e  mean summit h e ig h t s  f o r  a  lo n g  s e r i e s  o f  r e f l e x  s p ik e s

im m ed ia te ly  b e fo re  the i n j e c t i o n .
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Pig. 3, Graphs plotting the size of the reflexes of Pig, 2. The 

injections were made at the time of the arrow and the average reflex 

size beforehand is shown as 100^ on the ordinate scale. Each point 

represents a single reflex response.
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O NICOTINE 2 0

SECONDS

Pig, 4 . Prom the same experiment as Pig. 2 and 3 but different doses 

of nicotine and acetylcholine were injected intra-arterially.
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Fig. 5. As for Fig. 3 but from another experiment showing the small 

effect of 200 jig of acetylcholine compared with that of 25 ug of 

nicotine following intra-arterial injection.

CONTROL | | /

6 SECS n|i

1 MIN. ■

2 ' /

3 » 1 ^ 1  M M » »

4 ' l l W mih»

5 '|/ \ y . ' —

7 ' P
l / ^ W H

10 " I f

15 MIN. t | ^

MSEC.

Fig. 6. Records from the dorsolateral 

surface of the L7 segment of the spinal 

cord when the L7 ventral root was stimu

lated maximally at a rate of 5/sec. Each 

trace represents forty superimposed records. 

The upper "control" record was taken prior 

to, and the other records at the stated 

times after, 20 jxg of nicotine had been 

injected intra-arterially.
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5 MIN AFTER STRYCHNINE HCLO 0 8  M G M /K .

SECONDS

Pig. 7. Prom an experiment where the maximal monosynaptic reflexes 

of the L7 segment were depressed by the intra-arterial injection of 

50 ug of nicotine. This depression was abolished by an intravenous 

injection of strychnine but ninety minutes later the reflex was again 

depressed by a further intra-arterial injection of nicotine.
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O ACH 100 u«

5 MIN AFTER ATROPINE SO. 0 -5 M G M /K

SECONDS

Pig. 8. The effect of an intra-arterial injection of 100 ii.g of acetyl

choline, before and after an intravenous injection of atropine, upon the

maximal monosynaptic reflex of the SI segment
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P i g .  9* Prom th e  same experim en t a s  P ig s .  2 and 3 shoving  t h a t  th e  

d e p re s s io n  of th e  m onosynaptic  r e f l e x  f o l lo w in g  an i n t r a - a r t e r i a l  

i n j e c t i o n  o f  n i c o t in e  i s  n o t  s i g n i f i c a n t l y  a l t e r e d  by a  p re v io u s  

in t r a v e n o u s  i n j e c t i o n  o f  e s e r i n e .
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OACH 200 ug

•' 5 MIN AFTER ESERINE S04 0-2 MGM/K

SECONDS

P ig .  10. Same experim en t a s  P ig .  9 showing the  a l t e r a t i o n  produced by 

an in t r a v e n o u s  i n j e c t i o n  o f  e s e r in e  in  th e  time course o f  the d e p re s s io n  

of the m onosynaptic  r e f l e x  o f  th e  L7 segment o f  th e  s p in a l  cord due to  

an i n t r a - a r t e r i a l  i n j e c t i o n  o f  a c e t y l c h o l i n e .
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P ig .  11. Two s e r i e s  of m onosynaptic  r e f l e x e s  from the same e x p e r im en t .  

The open c i r c l e s  p l o t  th e  d e p re s s io n  o f  th e  r e f l e x  due to  i n t r a - a r t e r i a l  

i n j e c t i o n s  o f  200 ug o f  a c e ty l c h o l in e  (u pper  s e r i e s )  and 25 pg  of 

n i c o t in e  ( low er s e r i e s ) .  The f i l l e d  c i r c l e s  show th e  com plete a b o l i t i o n  

o f  b o th  d e p re s s io n s  f o l lo w in g  th e  in t r a v e n o u s  i n j e c t i o n  o f  0 . 8  mgm/Kgm 

of d ih y d ro - ß - e r y th r o i d in e  (DHE).
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P i g .  12. A. The e f f e c t  on the  monosynaptic r e f l e x  o f  th e  L7 segment o f  

i n t r a - a r t e r i a l  i n j e c t i o n s  of a c e ty lc h o l in e  ( f i l l e d  c i r c l e s )  and 5 -hydroxy- 

try p ta m in e  (5HT) (open c i r c l e s ) .  A l l  d o r s a l  r o o t s  ex cep t th o se  o f  th e  

l e f t  L7 and SI segments were i n t a c t .
*

B. Same experim ent b u t  a f t e r  th e  l e f t  L5 and L6 d o r s a l  r o o t s  

were c ru sh ed .  There i s  c o n s id e ra b le  a l t e r a t i o n  in  the  d e p re s s io n s  

p a r t i c u l a r l y  in  t h a t  fo l lo w in g  an i n t r a - a r t e r i a l  i n j e c t i o n  of 5HT.
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F i g ,  13, The e f f e c t  of 40 fig of n o r - a d r e n a l in  ( c lo s e d  c i r c l e s )  and 

of a d r e n a l in  (open c i r c l e s )  a d m in is te re d  i n t r a - a r t e r i a l l y ^ o n  th e  

maximum monosynaptic r e f l e x  evoked by s t im u la t in g  th e  L7 d o r s a l  r o o t  

and rec o rd e d  from the  c o r re s p o n d in g  v e n t r a l  r o o t .
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F ig .  14. At th e  tim e of  th e  a rrow . 500 fig o f  5HT was i n j e c t e d  i n t r a 

a r t e r i a l l y ,  th e  open c i r c l e s  p l o t t i n g  th e  h e ig h t  o f  th e  maximal mono

s y n a p t ic  r e f l e x  of the  L7 segment



P ig .  15. Groups o f th re e  c o n se c u tiv e  sweeps i l l u s t r a t i n g  th e  re sp o n se s  

o f a  s in g le  Renshaw c e l l  re c o rd e d  e x t r a c e l l u l a r l y .

A. -  fo llo w in g  th e  i n t r a - a r t e r i a l  i n j e c t i o n  o f  500 jxg o f 5HT. T here 

was no in c re a s e  o f the  f i r i n g  r a t e  above th a t  o c c u r r in g  sp o n ta n e o u s ly .

B . -  re sp o n se  to  a  s in g le  a n tid ro m ic  v o l le y  in  th e  17 v e n t r a l  r o o t .

C. -  s im i la r  to  B b u t f iv e  seconds a f t e r  500 [J,g o f 5HT had been, in j e c te d  

i n t r a - a r t e r i a l l y .

D. -  d isc h a rg e  evoked by 20 ug  of n ic o t in e  i n j e c t e d  i n t r a - a r t e r i a l l y .  In. 

t h i s  and th e  subsequen t re c o rd  th e re  was some movement o f th e  e le c t r o d e  t i p  

in  r e l a t i o n  to  th e  c e l l  and th e  p o t e n t i a l s  a re  sm a lle r  th a n  in. A, B & C.

E . -  th e  e f f e c t  o f  a  f u r th e r  500 pLg o f 5HT i n t r a - a r t e r i a l l y  in j e c te d  10 

seconds a f t e r  th e  re c o rd s  of D.
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F ig .  16 . The e f f e c t  of 200 jig o f sodium -  ATP in j e c te d  i n t r a - a r t e r i a l l y  

on th e  maximal m onosynaptic r e f l e x  o f th e  S-, segm ent. I n je c t io n ,  s t a r t e d  

a t  th e  a rrov /.
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F ig .  17 . The open c i r c l e s  p lo t  th e  s iz e  o f th e  /naxim al m onosynaptic 

r e f l e x  o f th e  L7 segment and a t  th e  tim e o f  th e  arrow  500 \ig o f  h i s t a 

mine d ih y d ro c h lo r id e  vas in je c te d  i n t r a - a r t e r i a l l y .
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F ig . 18. The maximal monosynaptic r e f le x  of the segment, evoked 

every 2 seconds,w as depressed  by an i n t r a - a r t e r i a l  in je c t io n  of 2 mgm 

of an e x tr a c t  ( f i l l e d  c i r c l e s ) ,  and a s im ila r  r e s u l t  (open, c i r c l e s )  

o b ta ined  w ith  a fu r th e r  i n t r a - a r t e r i a l  in je c t io n  a f t e r  0 .1  mgm/kgm of 

s try ch n in e  had been ad m in is tered  in tra v e n o u s ly .
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P ig .  19. A. Monophasic r e c o r d s  o f  th e  r e f l e x e s  r e c o rd e d  from th e  L7 

v e n t r a l  r o o t  and evoked by s t im u la t io n  o f  th e  L7 d o r s a l  r o o t  a t  2 second 

i n t e r v a l s .  Upper beam s e t  a s  an i n d i c a t i o n  o f  th e  s iz e  o f  th e  m onosynap tic  

s p ik e .  20 u,g of n i c o t in e  was i n j e c t e d  i n t r a - a r t e r i a l l y  a t  th e  t im e  o f  th e  

arrow and b o th  th e  m onosynaptic  and f o l lo w in g  p o ly s y n a p t ic  r e f l e x e s  a r e  

dep ressed  t r a n s i e n t l y .

D. R e f le x e s  re c o rd e d  m onophas ica lly  from th e  L7 (u p p e r )  and SI 

( lo w er)  v e n t r a l  r o o t s  in  re sp o n se  to  s t im u la t io n  o f  th e  SI d o r s a l  r o o t  a t  

2 second i n t e r v a l s .  Not th e  same experim ent a s  A. 100 jig p f  a c e t y l c h o l i n e  

was i n j e c t e d  i n t r a - a r t e r i a l l y  a t  th e  arrow and th e r e  i s  a  d e p re s s io n  of 

b o th  the  monosynaptic and th e  p o ly s y n a p t ic  r e f l e x e s  in. th e s e  segm ents .

Time in  msec f o r  each  in d i v i d u a l  r e c o rd  o n ly .  Two second i n t e r v a l s  between

r e c o r d s .



P ig ,  20. M ic r o - in j e c t io n  d e v ic e .  T h is  was made o f  pe rsp ex  and clamped 

in  a  b r a s s  b lo c k  (b ) which was h e ld  in  the  m a n ip u la to r .  The m ic ro 

p i p e t t e  (p )  was s e a le d  in  the  dev ice  by ru b b e r  s e a l s  (RS) h e ld  under 

p r e s s u r e .  The perspex  diaphragm ( d ) ,  4 x 10 in c h e s  in  t h i c k n e s s ,  was 

deformed by movement o f  a m icrom eter s p in d le  (M) t r a n s m i t t e d  by a  g la s s  

ro d  (GR). The complete capsu le  was f i l l e d  w ith  s a l i n e  (S) and two 

hollow s tu d s  ( h ) were screwed in t o  th e  s id e .  One c o n ta in ed  a p la tinum  

w ire  (W) co n n e c t in g  th e  m ic ro p ip e t te  to  an e x t e r n a l  cathode fo l lo w e r  f o r  

r e c o r d in g  p u rposes  and th e  o th e r  a c te d  a s  a  b le e d e r  v a lv e  when th e  p i p e t t e  

was b e in g  r e p l a c e d .  These s tu d s  were a l s o  s e a le d  w ith  ru b b e r  under p re s s u re  

The g l a s s  rod  and th e  le n g th  o f  pe rsp ex  between B and D were

in t e r p o s e d  in  o rd e r  to  reduce  th e  in p u t  c a p a c i ty  o f  the  e l e c t r o d e  system -  

th e  b r a s s  b lo c k  and a t ta c h e d  m icro m an ip u la to r  b e in g  a t  e a r t h  p o t e n t i a l .



MSEC.

Fig. 21. Monophasic records of the maximal monosynaptic reflex, recorded 

from the caudal portion of the left L7 ventral root and evoked by stimu

lation of the biceps-semitendinosus nerve. A is the maximal control 

reflex and B the same reflex inhibited by a preceding volley in. the 

group la afferent fibres of the quadriceps nerve. C & I) - as for A & B 

respectively but nine and a half minutes after the injection, of 0.2 mgm 

of XW toxin into the spinal cord at the junction between the L7 and SI 

segments (see text). Each record 10 superimposed traces.
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F i g .  22. A -  M. Maximal m onosynaptic  r e f l e x e s  reco rd ed  from the l e f t  

(A -  F ) and r i g h t  (G- -- M) L7 v e n t r a l  r o o t s  and evoked by s t im u la t io n ,  o f  

th e  l e f t  and r i g h t  b ic e p s - s e m i te n d in o s u s  n e rv e s  r e s p e c t i v e l y .  The l e f t  

hand r e c o r d s  o f  each p a i r  (A,C,E and G ,J ,L )  a re  c o n t ro l  r e f l e x e s  w h ile  

th e  r i g h t  hand r e c o r d s  (B,D,F and H,K,M) show th e  same re sp o n s e s  i n h i b i t e d  

maxim ally by a  p re c e d in g  v o l l e y  in. th e  group l a  a f f e r e n t  f i b r e s  o f  th e  

q u a d r ic e p s  nerve  o f  th e  same s i d e .  The f i g u r e s  on. th e  l e f t  s id e  g ive  

th e  time in  h o u rs ,  a f t e r  7 mgm of XW to x in  had been i n j e c t e d  in t o  th e  l e f t

s c i a t i c  n e rv e ,  a t  which th e  r e s p o n s e s  a t  the  same h o r i z o n t a l  l e v e l  in  th e  

f i g u r e  were r e c o rd e d .  N & 0 .  P o t e n t i a l s  re c o rd e d  from the  d o r s a l  s u r fa c e  

o f  th e  L7 segment o f  th e  s p in a l  cord  in  th e  same experim ent a s  A -  M and 

evoked by a  v o l l e y  in  th e  group l a  q u a d r ic e p s  a f f e r e n t  f i b r e s .  The 

a rro w s  mark th e  p o s i t i v e  n o tc h .  Pl6cords  taken  24 h o u rs  a f t e r  th e  i n t r a -  

s c i a t i c  i n j e c t i o n  of t o x i n .  Time in  msec f o r  a l l  r e c o r d s  and a l l  c o n s i s t

o f  20 superim posed t r a c e s
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P i g .  23. The lo v e r  r e c o rd s  show p o ly s y n a p t ic  r e f l e x e s ,  r e c o rd e d  mono- 

p h a s i c a l l y  from th e  l e f t  L7 v e n t r a l  r o o t  and evoked by s t im u la t in g  th e  

s u r a l  nerve a t  an i n t e n s i t y  e q u a l l i n g  te n  t im e s  i t s  th r e s h o l d .  The 

upper r e c o r d s  shov p o t e n t i a l s  r e c o rd e d  s im u l ta n e o u s ly  from th e  d o r s a l  

s u r fa c e  o f  th e  L7 segment. A -  b e fo re  and B, 38 m inu tes  a f t e r  L61 

to x in  had been i n j e c t e d  in t o  th e  d o r s o l a t e r a l  column in  the same segment*
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Pig. 2 4 . Series of inhibitory curves shoving the effects of a volley 

in the group la afferent fibres in the left quadriceps nerve upon the 

maximal monosynaptic reflexes recorded from the SI, lover L7 (LL7), 

mid L7 (ML7), upper L7 (UL7) and L6 ventral roots and evoked by stimu
lating the biceps sernitendinosus nerve. Ordinates - percentage inhibition 

(h>l) equalling 100f° minus the inhibited reflex size as a percentage of 

the control reflex. This convention has been used in all similar graj^hs 

of this series. Abscissae - intervals betveen the inhibitory and excitat

ory volleys as recorded by an electrode on the dorsal surface of the mid 

L7 segment. Every plotted percentage is the mean of ten to tventy 

observations and curves have been dravn for each segmental reflex

considered
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Fig. 25. Time course of the change produced by an intravenous dose of 

strychnine (see text) in the direct inhibition of biceps-semitendinosus 

motoneurones due to a volley in quadriceps group la fibres. Ordinates < 

inhibition as a percentage of the maximal control inhibition (ic) 

occurring before the injection. The reflex was recorded from the SI 

ventral root. Abscissae - time in minutes after the injection. Each 

point plots the maximum inhibition determined from an inhibitory curve

constructed as in Fig. 24.



F ig .  26. P o t e n t i a l s  re c o rd e d  from th e  d o r s a l  s u r fa c e  of the  L7 segment

of s p in a l  cord  (upper r e c o r d s )  and from w ith in  the  v e n t r a l  horn o f  t h i s

segment ( low er  r e c o r d s ) .  F ix ed  a m p l i f i c a t io n  f o r  th e  su r fa c e  r e c o rd s

(below msec t im e r )  bu t a m p l i f i c a t i o n  o f  r e c o r d s  B,C & D i s  more th an

double t h a t  o f  A. The p o t e n t i a l s  were evoked by v o l l e y s  in  th e  group l a

f i b r e s  o f  q u a d r ic e p s  and b ic e p s  sem iten d in o su s  n e rv e s  and the  p o s i t i v e

n o tch  in  the s u r fa c e  r e c o r d  fo l lo w in g  th e  q u ad r ic e p s  v o l l e y  i s  marked w ith

an a r ro w . The lower beam of A r e c o rd s  th e  i n t r a c e l l u l a r  r e s p o n s e s  o f  a

b ic e p s  sem iten d in o su s  motoneurone to  th e  a r r i v i n g  v o l l e y s .  I n c r e a s e d

n e g a t i v i t y  b e in g  re c o rd e d  in  an upward d i r e c t i o n .  The f u l l  sp ik e  p o t e n t i a l

evoked by m onosynaptic  e x c i t a t i o n  i s  n o t  shown in  e i t h e r  A or C. The

e l e c t r o d e  was then  withdrawn from the c e l l  and r e c o rd  B o b ta in e d  -  w i th

in c r e a s e d  a m p l i f i c a t i o n .  F o llow ing  the  in t r a v e n o u s  i n j e c t i o n  o f  s t ry c h n in e

(° • 2 nigm/kgm) r e c o rd  D was taken, aga in  e x t r a c e l l u l a r l y  and th e n  C when th e

m ic r o e le c t r o d e  had been r e - i n s e r t e d  in  th e  c e l l .  The r e s t i n g  p o t e n t i a l  

f o r  b o th  A and C was -65 mV.
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F ig .  27. F o c a l  s y n a p t i c  p o t e n t i a l s  r e c o rd e d  in  th e  r e g io n  o f  th e  b ic e p s  

sem iten d in o su s  motor n u c le u s  o f  the  L7 segment and evoked by v o l l e y s  in  

b o th  th e  b ic e p s  s e m iten d in o su s  (BST) and q u a d r ic e p s  ( q ) n e rv e s .  In c r e a s e d  

n e g a t i v i t y  upv/ards. The i n t e n s i t y  o f  s t im u la t io n  f o r  each r e c o r d  i s  

given on the  l e f t  s id e  a s  th e  number o f  t im e s  t h i s  s t im u lu s  was in c re a s e d  

above the  th r e s h o l d  i n t e n s i t y  (t ) of  th e  nerve  co nce rned .  Note th e

d i f f e r e n t  tim e s c a le  f o r  th e  two s e r i e s
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Fig. 28. Potentials recorded in a similar fashion to those of Fig. 26 B 

and D and evoked by volleys in quadriceps (q ) and biceps-semitendinosus 

(BST) group la afferent fibres. A and E are from the surface of the 

spinal cord (upper voltage calibration) and B> C & D from the biceps 

seraitendinosus motor nucleus at lower amplification. A & B before; C 

after 0.05 mgm/K of strychnine and D and E after 0.15 mgm/Kgm of

strychnine intravenously.
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Fig* 29. Curves as in Fig. 24 showing the time course of the direct 

inhibition of the monosynaptic reflex of biceps semitendinosus moto

neurons s of the L7 segment on the left and right sides of the spinal cord 

The symbols denote the inhibitory effects observed at the times indicated 

after the injection of 7 mgm of tetanus toxin into the left sciatic nerve 

Part of this series illustrated in Fig. 22. The word "TETANUS” in this 

and similar figures denotes the side of either the sciatic nerve or the 

spinal cord into which the toxin was injected. Left and right refer to 

the side of the spinal cord from which the reflexes were recorded.
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F ig .  30. A. I n h i b i t o r y  curve f o r  th e  e f f e c t  o f  v o l l e y s  in  the  group lb  

a f f e r e n t  f i b r e s  of q u ad r ic ep s  on th e  monosynaptic r e f l e x  o f  g as tro cn em iu s  

m otoneurones o f  th e  SI segment b e fo re  and a f t e r  0 .0 7 5  mgm/kgm o f  s t r y c h n in e .  

B . Time course  of th e  e f f e c t  a s  in  (A ). O rd in a te s  p l o t  th e

i n h i b i t i o n  a s  a  p e rce n tag e  of th e  maximal v a lu e  found b e fo re  s t ry c h n in e  

was a d m in is te re d  ( c f .  F ig .  25).
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Pig* 31. Inhibitory curves as in Pig. 30A for the effect of volleys in 

quadriceps group lb fibres upon the monosynaptic responses of gastroc
nemius motoneurones. Forty hours after 5*7 mgm of XW toxin had been 
injected into the left sciatic nerve the upper and lover curves were 

obtained from the left and right sides of the spinal cord respectively.
The maximal control reflex of the gastrocnemius motoneurones was 
approximately equal on the two sides at this time. The longer duration 

of inhibition shown by the lower curve when compared with that of Pig. 30A 
is almost certainly due to the quadriceps volley containing impulses in 

group II fibres as well as in group lb.
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P i g .  32. I n h i b i t o r y  cu rves  b e fo re  and a f t e r  0 .0 7 5  mgra/Kgm o f  s t r y c h n in e  

in t r a v e n o u s ly .  V o l le y s  in  groups I ,  I I  and I I I  a f f e r e n t  f i b r e s  o f  

q u a d r ic e p s  were used to  i n h i b i t  th e  m onosynaptic  re s p o n s e s  o f  g a s t r o c 

nemius m otoneurones of the  L7 segment.

TETANUS
LEFT RIGHT

P i g .  33. I n h i b i t o r y  cu rv es ,  a s  f o r  P ig .  32, from the  l e f t  and r i g h t  s id e s  

o f  the  s p in a l  co rd  a t  the  t im es  i n d i c a t e d  a f t e r  t e t a n u s  to x in  was i n j e c t e d  

i n t o  th e  r i g h t  s id e  o f  the cord in  th e  L7 segment. V o l le y s  in  a l l  q u a d r i 

ceps  a f f e r e n t  f i b r e s  were used  to  i n h i b i t  th e  m onosynaptic  r e f l e x e s  o f

g a s tro c n e m iu s  m otoneurones
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F i g .  34* V o l le y s  e l i c i t e d  by s t im u la t in g  the  l e f t  and r i g h t  s u r a l  n e rv es  

m axim ally  were used to  i n h i b i t  th e  m onosynaptic r e s p o n s e s  of q u ad r ic e p s  

m otoneurones r e c o rd e d  from th e  L5 v e n t r a l  r o o t s  o f  th e  l e f t  and r i g h t  

s id e s  r e s p e c t i v e l y .  T e tanus  to x in  had been i n j e c t e d  i n t o  th e  l e f t  s c i a t i c  

24 h o u rs  p r i o r  to  th e  f i r s t  curve (same experim ent a s  F ig .  22 ).nerve



TETANUS
RIGHTLEFT

X -X ---- 55

o

O  22 HOURS 
+  24 ..

F i g .  35. I n h i b i t o r y  cu rves  from th e  same experim ent a s  F ig .  34> bu t 

s u r a l  v o l l e y s  were used  to  i n h i b i t  th e  monosynaptic r e s p o n s e s  o f  th e  

g as tro cn e m iu s  m otoneurones of the  L7 segment. T e tanus  to x in  had been 

i n j e c t e d  i n t o  th e  l e f t  s c i a t i c  nerve 22 hours  p r i o r  to  th e  f i r s t  curve 

and even a t  t h i s  time th e r e  was e x c i t a t i o n  o f  gas tro cn em iu s  m otoneurones 

which in c re a s e d  p r o g r e s s iv e ly  on th e  two s i d e s .  O rd in a te s  below zero  

p lo t  pe rcen tag e  i n h i b i t i o n  ( f o l ) a s  in  o th e r  g raphs  w hereas above zero  

th e  p o in t s  p lo t  th e  p e rc e n ta g e  in c re a s e  in  th e  s iz e  o f  th e  r e f l e x  ($ E ) .
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F i g .  36. Curves a s  f o r  F ig .  35 b e fo re  and a f t e r  s t ry c h n in e  had been 

i n j e c t e d  in t r a v e n o u s ly  (0 .075  mgm/Kgrn). V o l le y s  in  s u r a l  f i b r e s  were 

used  to  c o n d i t io n  the  m onosynaptic  r e f l e x  o f  gas tro cn em iu s  motoneurones
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Pig* 37. Antidromic volleys propagating from the biceps-semitendin.osus, 

posterior tihial and plantaris nerves were used to inhibit the monosynaptic 

reflex response of gastrocnemius motoneurones of the L7 segment on the 

left and right sides of the spinal cord. Twenty hours prior to the first 

determination, 5 mgm of XW tetanus toxin had been injected into the left 

sciatic trunk.

Pig. 38. A. Prom the experiment
LEFT RIGHT

MSEC.

B
m  i i n n r t t t t t t t i  t t

used in Pig. 37. The same anti

dromic volley was used on the left 

and right sides and potentials were 

recorded from the dorsolateral sur

face of the L7 segment 23.5 hours 

after the toxin administration.
MSEC.

B. Potentials recorded from the

dorsal surface of the L7 segment and evoked by stimulation of the L7 

ventral root on the left and right sides respectively. 38 hours prior to 

this, XW toxin had been injected into the left sciatic nerve.



C O N T R O L

NP  13 2 MG M /  K.

F ig .  39» I n h i b i t o r y  cu rves  c o n s t r u c t e d  a s  f o r  F i g ,  2a p l o t t i n g  th e  

i n h i b i t o r y  e f f e c t  o f  a  v o l l e y  in  q u ad r ic ep s  l a  a f f e r e n t  f i b r e s  upon th e  

m onosynaptic  r e f l e x  o f  th e  b i c e p s  Sem itend inosus  motoneurones o f  th e  17 

segment. The p o in t s  + v/ere d e te rm in ed  b e f o r e ,  and th o se  marked* and 0 

3 m inu tes  a f t e r  2 and 8 mgm/kgm of NP 13 r e s p e c t i v e l y .  A l l  p o in t s  l i e  

r e a s o n a b ly  on th e  one i n h i b i t o r y  cu rv e .

F ig .  40 . I n h i b i t o r y  curve of th e  e f f e c t  o f  v o l l e y s  in  a l l  th e  q u a d r ic e p s  

a f f e r e n t  f i b r e s  upon th e  monosynaptic r e f l e x  reco rd ed  from  th e  S I v e n t r a l  

r o o t  and evoked by s t im u la t in g  th e  g as tro cn e m iu s  n e rv e .  The one curve f i t s

p o in t s  taken  b e fo re  and a f t e r  8 mgm/kgm of NP 13 had been a d m in is te re d  

in t r a v e n o u s ly .
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F ig .  41. P o t e n t i a l s  re c o rd e d  from the  s u r fa c e  of the  SI segment (upper  

beam) and p o ly s y n a p t ic  r e f l e x e s  ( low er beam) evoked s im u l ta n e o u s ly  by 

s t im u la t in g  s u r a l  nerve a t  an i n t e n s i t y  t e n  t im e s  i t s  t h r e s h o ld  and 

reco rd ed  m onophas ica lly  from th e  SI v e n t r a l  r o o t .  The r e c o rd s  o f  A 

were taken  b e fo re  and th o se  o f  B 5 m inu tes  a f t e r  8 mgm/Kgm of NP 13 

had been i n j e c t e d  in t r a v e n o u s ly .



P i g .  4 2 . B lock  diagram of th e  c i r c u i t  used  f o r  the  d e te rm in a t io n  o f  the  

e l e c t r i c a l  p r o p e r t i e s  o f  motoneurone membranes. The m ic ro e le c t ro d e  and 

L i i e  in p u t  cathode fo l lo w e r  v a lv e  (CFl) were combined in  a  perspex  probe 

u n i t  h e ld  r i g i d l y  by th e  m ic ro m a n ip u la to r .  F ive  a m p l i f i e r s  were used , 

t h r e e  b e in g  d i r e c t  coupled  (DC) and two c a p a c i t a t i v e l y  coup led  (CC). B oth  

tn e  m ic ro e le c t ro d e  and th e  com pensating network d e r iv e d  c u r r e n t  p u ls e s  

from the  p o la r i z in g  u n i t  (POL). The two cathode r a y  tu b e s  (CRT 1 and 2) 

were photographed  by s e p a ra te  cameras and th e  m e te r ,  i n d i c a t i n g  r e s t i n g  

p o t e n t i a l ,  was p laced  so t h a t  b o th  i t  and CRT 1 could  be viewed s im u l ta n 

e o u s ly .  J i s  th e  v o l ta g e  c a l i b r a t i o n  u n i t .  Timing p u l s e s  cou ld  be f e d  

to  e i t h e r  beam of CRT 1 (see  t e x t ) .
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MOTONEURONE

F ig .  45. The eq u iv a le n t  e l e c t r i c a l  c i r c u i t  of a  motoneurone impaled by a

s in g le  m ic ro e le c t ro d e  (enc lo sed  by d o t t e d  l i n e )  and th e  a s s o c i a t e d  compen-

-9s a t i n g  ne tw ork .  The c e l l  i s  r e p r e s e n te d  by a  condenser  of 2 .5  x 10 F , 

r e s i s t a n c e  o f  1 megohm and a  b a t t e r y  o f  -70 mV. The t o t a l  in p u t  c a p a c i ty  

of th e  cathode fo l lo w e r  (CF l )  was 5 -  10 x 1 0 and th e  e l e c t r o d e  

r e s i s t a n c e  i s  r e p re s e n te d  as  15 megohms. C urren t p u ls e s  were f e d  to  b o th  

s id e s  of th e  b r id g e  system and th e  v a r i a b l e  components o f  t h e  network 

a d j u s t e d ,  a s  d e sc r ib e d  in th e  t e x t ,  u n t i l  th e  p o t e n t i a l s  a t  th e  o u tp u t  o f  

CF 1 and CF 5 were equal in  am plitude  and tim e c o u rs e .  S t r a y  c a p a c i t i e s

have been drawn a s  a  broken l i n e



NETWORK
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MOTONEURONE

F ig .  44 . S im ila r  e l e c t r i c a l  diagram  to  F ig .  43 b u t f o r  a double m ic ro -
3

e le c t r o d e  hav ing  a  co u p lin g  r e s is ta n c e  o f 50 x 10 ohms and a  c a p a c i t a t iv e  

co u p lin g  between th e  two b a r r e l s  o f 20 x 10 ^^F . Each b a r r e l  h a s  a  r e s i s 

ta n c e  o f 10 megohms and b o th  s id e s  o f  the  e le c tro d e  assem bly have s t r a y
- IP

c a p a c i t i e s  to  e a r th  o f ap p ro x im ate ly  5 x: 10 F . The netw ork com ponents

were a d ju s te d  a s  d e sc r ib e d  in  th e  t e x t



F i g .  45. A and B show i n t r a c e l l u l a r l y  r e c o rd e d  e x c i t a t o r y  p o s t  sy n a p t ic

p o t e n t i a l s  which were g e n e ra te d  m o n o sy n ap t ica l ly  by a  s in g le  v o l l e y  and

re c o rd e d  from a  P l a n t a r i s  motoneurone by means of a  s in g le  m ic ro e le c t ro d e

f i l l e d  w i th  0.6M KJ30 s o l u t i o n .  I n t r a c e l l u l a r  p o t e n t i a l  change in  a2 4

p o s i t i v e  d i r e c t i o n  i s  shown a s  an upward d e f l e c t i o n .  In  C and D h y p er-

-9 .p o l a r i z i n g  and d e p o la r i z in g  r e c t a n g u la r  c u r r e n t  p u ls e s  o f  8 .5  x 10 VA 

were a p p l i e d  th ro u g h  th e  same e l e c t r o d e  and th e  com pensating network of 

F i g .  43 was used  t o  g ive  approxim ate compensation f o r  a l l  p o t e n t i a l  changes 

o c c u r r in g  in  th e  system a p a r t  from th o se  on th e  c e l l  membrane. I n  E and 

F th e  same c u r r e n t  p u ls e s  were a p p l ie d  im m ediate ly  a f t e r  th e  e l e c t r o d e  

was withdrawn from th e  c e l l ,  th e  a m p l i f i c a t i o n  b e in g  th e  same a s  in  A, B,

C & D b u t  w i th  s low er time c o u rse .  The r e l a t i v e  p o t e n t i a l  changes in  E &

F have to  be s u b t r a c t e d  from th o se  in  C & I) r e s p e c t i v e l y  to  de term ine  th e  

p o t e n t i a l  tim e course f o r  th e  c e l l  membrane. Records formed by s u p e r 

p o s i t i o n  of abou t f o r t y  f a i n t  t r a c e s .  Note changes in  tim e s c a l e s  f o r

th e  t h r e e  s e t s  of r e c o rd s



P i g .  4 6 . P o t e n t i a l s  rec o rd e d  from a gas tro cn em iu s  motoneurone w i th  a

double m ic r o e le c t r o d e ,  b o th  b a r r e l s  b e in g  f i l l e d  w i th  0 . 6  M KoS 0„ s o l u t i o n .
 ̂ 4

A and B a re  e x c i t a t o r y  po s t  s y n a p t ic  p o t e n t i a l s  g e n e ra te d  m o n o sy n a p t ic a l ly ,  

th e  p r e s y n a p t i c  v o l l e y  b e in g  a  l i t t l e  below maximum s t r e n g t h  in  B . C
_ (

and D show p o t e n t i a l s  g e n e ra te d  by r e c t a n g u l a r  c u r r e n t  p u ls e s  of 12 .5  x 10 

A. which a r e  in  th e  h y p e rp o la r iz in g  and d e p o la r i z in g  d i r e c t i o n s  r e s p e c t i v e l y  

As shown in  th e  e x t r a c e l l u l a r  r e c o r d s  E and F ,  th e  com pensating network 

v i r t u a l l y  e l im in a te d  a l l  p o t e n t i a l  changes excep t th o s e  w ith in  1 msec

a f t e r  the  o n se t  and c e s s a t io n  of the  p u l s e s .  The c u r r e n t s  in  E and F

- 9were 16 x 10 'A in  th e  h y p e r p o la r iz in g  and d e p o l a r i z i n g  d i r e c t i o n s

r e s p e c t i v e l y
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Pig. 47. Directly recorded potentials, plotted against current, from

a Plantaris motoneurone with a single K nSO.-filled electrode. Current4
is indicated to be positive when directed out of the microelectrode.

The potential is that at the microelectrode tip with respect to a 

distant indifferent electrode. The points designated 0 were obtained 

with the microelectrode in the motoneurone. The resting potential was 

-60 mV and the compensating circuit of Pig. 43 was used. Poliowing 

withdrawal of the electrode from the cell and without alteration of the 

network the points » were obtained. It is seen that straight lines fit 

both sets of points quite reasonably and the difference in the gradients 

of the two sets of measurements gives a membrane resistance of 1 megohm

for the cell



MSEC.

Pig. 48. The continuous line is the mean of five monosynaptic EPSP’s of 

a biceps-semitendinosus motoneurone recorded with a single K^SO ,, -filled 

electrode. Ordinate in mV. The broken line shows the time course of the 

subsynaptic current required to generate this potential change. Ordinate

in arbitrary units (see text). The time constant of the membrane is 2 msec,
MSEC.

2 4 6 8

Pig. 49* The continuous line is the mean of five ’’direct” IPSP's of the 

same cell, as in Pig. 48. The broken line plots the time course of the 

subsynaptic current required to.generate this potential change.
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P ig*  50 . The co n tin u o u s l i n e  i s  th e  mean o f s e v e ra l  m onosynaptic 

EPSP’ s o f a  g as tro cn em iu s  m otoneurone hav in g  a  membrane tim e c o n s ta n t 

o f 2 m sec. The tim e c o n s ta n t o f  decay o f th e  EPSP i s  4*2 msec and t h i s  

v a lu e  has been used  to  de te rm in e  the  tim e cou rse  o f th e  t r a n s m i t t e r  

shown by th e  broken l i n e .  The d o tte d  l i n e  i s  th e  t r u e  t r a n s m i t t e r  tim e 

course  a s s e s s e d  u s in g  th e  membrane tim e c o n s ta n t in  th e  c a l c u la t io n .

The i n i t i a l  c u r re n t  flow  i s  ap p ro x im ate ly  e q u a l in  b o th  c a se s  and th e  

t r a n s m i t t e r  cou rse  i s  n o t draw n. O rd in a te s  in  mV f o r  th e  EPSP (se e  

t e x t ) .



15-

P ig .  51. Curves p lo t t i n g  th e  s iz e  in  mV o f th e  EPSP and IPSP of a 

BST m otoneurons. P o r convenience EPSP and IPSP p lo t te d  in. same d i r e c t io n .  

Between, arrow s th e  r e s p e c t iv e  a f f e r e n t  n e rv es  s t im u la te d  f o r  15 sec a t  

a r a t e  of 6 6 0 /s e c .

P ig .  52. A & B a re  s in g le  re c o rd s  o f th e  E P S P 's used  to  d e r iv e  th e  

upper graph of P ig .  51 b e fo re  (A) and a f t e r  (b ) t e t a n i c  s t im u la t io n  o f 

the  m onosynaptic pathw ay. S im ila r ly  C & D a re  re c o rd s  o f th e  IPSP b e fo re  

and a f t e r  th e  te ta n u s  (low er g raph  o f  P ig .  5 l ) .  In c re a s e d  i n t r a c e l l u l a r

p o s i t i v i t y  p lo t te d  upwards
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P i g ,  53 . (A) Curve showing tim e course  o f th e  d i r e c t  i n h i b i t i o n  of

th e  m onosynaptic  r e f l e x  o f  b ic e p s - s e m ite n d in o s u s  m otoneurones, re c o rd e d  

from th e  L7 v e n t r a l  r o o t ,  by a  v o l l e y  in  th e  q u a d r ic e p s  group l a  

a f f e r e n t  f i b r e s .  O rd in a te s  p lo t  p e rce n tag e  of i n h i b i t i o n ,  each  p l o t t e d  

p o in t  b e in g  th e  mean of te n  o b s e rv a t io n s  a t  two second i n t e r v a l s .  

A b s c i s s a e - i n t e r v a l  between e x c i t a t o r y  and i n h i b i t o r y  v o l l e y s  re c o rd e d  

a t  th e  L7 d o r s a l  r o o t  e n t r y .

(b ) P o in t s  p lo t  s in g le  maximally i n h i b i t e d  b ic e p s  sem iten d in o su s  

r e f l e x e s  b e fo re  and a f t e r  the  q u a d r ic e p s  nerve was s t im u la te d  a t  a  r a t e

o f  3 0 0 /sec  f o r  20 seconds (between a r ro w s ) .

(c) As f o r  (b ) bu t the t e t a n u s  l a s t e d  30 seconds .

The broken l i n e  i s  a t  th e  l e v e l  o f  th e  maximal i n h i b i t i o n  b e fo re  th e

t e t a n u s .  A b sc issa e  o f  B and C in seconds .
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P i g ,  54* A and B . EPSP 's r e c o rd e d  from a  b ic e p s - s e m i te n d in o s u s  moto- 

neurone in  re sp o n s e  to  a r e p e t i t i v e  monosynaptic e x c i t a t i o n ,  s i x  v o l l e y s  

a t  45/ s e c .  The r e c o r d s  C and D were taken  14 and 17*5 seconds  r e s p e c 

t i v e l y  a f t e r  a  p ro longed  h ig h  f req u en cy  s t im u la t io n  o f  th e  t e s t i n g  

a f f e r e n t  n e rv e ,  6 6 0 /sec  f o r  15 seconds .

e p s p  1 o

MINS.

P i g .  55. The th r e e  s e t s  o f  cu rves  p lo t  th e  s iz e  in. mV o f  t h r e e  s u c c e s s iv e  

r e p e t i t i v e  EPSP 's  of a  b ic e p s  sem iten d in o su s  c e l l  evoked a t  a  r a t e  o f  

66 per  second . Between th e  a rrow s  the  a f f e r e n t  ne rve  f i b r e s  were s t im u 

l a t e d  m axim ally  a t  a r a t e  o f  660/s e c o n d  f o r  15 seco n d s .  Note t h a t  b e fo re  

th e  t e t a n u s  th e  EPSP 's were n o t  o f  eq u a l  s i z e ,  th e  f i r s t  b e in g  th e  l a r g e s t .  

The t e s t i n g  v o l l e y s  were evoked eve ry  two seconds .



mV

Fig. 56. A. Combined tracing of the motoneurone action potential alone 

(spike and after potential) and the action potential with monosynaptic 

EPSP’s superimposed on it at various times from its onset. Btoken line 

is response to a presynaptic volley that would set up an EPSP beginning 

at the first arrow of Fig. 56B.

B. EPSPfs set up at various times during the action potential, 

obtained by subtracting the control action potential from the super

imposed action potential and the EPSP's shown in A.

C. Isolated EPSP obtained in the absence of the action, 

potential. Note that the spike potential of A is shown by interrupted

lines extending up through B and C



SYNAPTIC KNOB

F ig ,  57 . Diagram showing an a c t iv a te d  e x c i ta to r y  s y n a p tic  knob and th e  

p o s t - s y n a p t ic  membrane. As in d ic a te d  by th e  s c a le s ,  th e  sy n a p tic  c l e f t  

i s  shown a t  te n  t im e s  th e  s c a le  f o r  w id th  a s  a g a in s t  le n g th .  The c u r re n t 

g e n e ra tin g  th e  EPSP p a sse s  in  th ro u g h  th e  c l e f t  and inw ards a c ro s s  th e  

a c t iv a t e d  su b sy n a p tic  membrane b u t outw ards a c ro s s  th e  rem ain d er o f th e

po st-synapt i  c membrane
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Fig. 58. A & B are monosynaptic EPSP’s of a gastrocnemius raotoneurone,

A "being at the resting potential of -70 mV while with B the membrane was 

hyperpolarized by about 50 mV (Fig. 4; Coombs et al, 1955c) i.e. the 

membrane potential was -100 mV. C & D. The continuous lines plot the 

EPSP’s of A & B respectively whereas the broken lines plot the time 

courses of the subsynaptic currents causing these EPSP's (see text).

For economy of plotting the curve of D overlaps that of C


