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SUMMARY
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T h is  s tu d y  g i v e s  t h e  f i r s t  d e s c r i p t i o n  o f  an i d e n t i f i e d  s t r e t c h  

r e c e p t o r  n eu rone  i n  a  s o f t  bod ied  i n v e r t e b r a t e .

I n t r a c e l l u l a r  r e c o r d in g s  w ere  made from t h e  s t r e t c h  r e c e p t o r  

n e u ro n e  (SRN), whose p e r i p h e r a l  c e l l  body and t e r m i n a l s  l i e  in  t h e  

v e n t r a l  l o n g i t u d i n a l  m uscle  o f  t h e  body w a l l  o f  t h e  m e d ic in a l  l e e c h ,  

Hirudo m e d i c i n a l i s . I n j e c t i o n  o f  d e p o l a r i s i n g  c u r r e n t  (3 -4  nA) i n t o  

t h e  c e l l  body e l i c i t e d  a l a r ^ e  (40 -70  mV) o v e r s h o o t in g  a c t i o n  

p o t e n t i a l .  P a i r e d  i n t r a c e l l u l a r  r e c o r d i n g s  made from th e  c e l l  body 

and i t s  from i t s  axon a p p ro x im a te ly  3 -4  mm away as  i t  e n t e r s  t h e  

s e g m e n ta l  g a n g l io n  showed t h a t  th e  a c t i o n  p o t e n t i a l  e l i c i t e d  i n  th e  

soma i s  n o t  a c t i v e l y  p r o p a g a te d .  R a th e r ,  inçjosed v o l t a g e  changes  a r e  

t r a n s m i t t e d  d e e r e n e n t a l l y  t o  th e  c e n t r a l  n e rv o u s  sy s tem , th e  axon 

b e in g  u n a b le  t o  s u p p o r t  r % e n e r a t i v e  a c t i v i t y .  The l a r g e  l e n g t h  

c o n s t a n t  of t h e  SRN (4 .1  mm) and h ig h  s p e c i f i c  membrane r e s i s t a n c e  

(2 2 .0  Kohm cm%) make t h e  c e l l  w e l l  a d ap ted  t o  conduc t  v o l t a g e  

changes o v e r  l a r g e  d i s t a n c e s  w ith  m inim al decay  o f  s i g n a l  a m p l i tu d e .

I n t r a c e l l u l a r  i n j e c t i o n  o f  t h e  enzyme h o r s e r a d i s h  p e ro x id a s e  

(HRP) and th e  f l u o r e s c e n t  dye L u c i f e r  Yellow  (LY) was used  t o  s tu d y  

t h e  m orphology o f  t h e  SRN. Two f l a t  f a n - s h a p e d  s e n s o ry  t e r m i n a l s ,  

a p p ro x im a te ly  70 |im wide b u t  o n ly  2-3 m ic rons  deep a r e  s e p a r a te d  by 

a l a r g e  (70 |im t im e s  3 0 fim) c e l l  body . A 10 jim d ia m e te r  axon r u n s  

c e n t r a l l y  from th e  p rox im al f a n  shaped d e n d r i t e  tow ards  th e  CNS and 

a t  a d i s t a n c e  o f  a p p ro x im a te ly  3 -4  mm a r b o r i s e s  w i t h in  th e  

i p s i l a t e r a l  h a l f  o f  th e  seg m en ta l  g a n g l io n  in  a c h a r a c t e r i s t i c  

b ra n c h in g  p a t t e r n .
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The r e s p o n s e  o f  t h e  n eu ro n e  t o  changes i n  body w a l l  l e n g t h  was 

s tu d i e d  by a p p ly in g  s i n g l e  ramp s t r e t c h e s  o r  ramp r e l e a s e s  t o  a t h i n  

s t r i p  o f  t h e  v e n t r a l  l o n g i t u d i n a l  m uscle w i th  which th e  SRN was 

a s s o c i a t e d  w h i l s t  r e c o r d in g  i n t r a c e l l u l a r l y  from i t s  axon a s  i t  

e n t e r s  t h e  segm en ta l  g a n g l i o n .  The c e l l  responded  t o  a  ramp s t r e t c h  

s t i m u lu s  w i th  an  e l e c t r o t o n i c a l l y  conducted  h y p e r p o l a r i s in g  

p o t e n t i a l ,  m a in ta in e d  f o r  t h e  d u r a t i o n  o f  t h e  s t r e t c h .  The neurone  

resp o n d ed  t o  a  ramp r e l e a s e  o f  t h e  l o n g i t u d i n a l  m uscle  w i th  an 

e l e c t r o t o n i c  d e p o l a r i s i n g  p o t e n t i a l .  Th is  c o n s i s t e d  o f  an i n i t i a l  

dynamic conponen t fo llo w ed  by a low er a m p l i tu d e  s t a t i c  r e s p o n s e  

which was m a in ta in e d  f o r  t h e  d u r a t i o n  o f  t h e  ramp s t i m u lu s .

The r e s p o n s e s  o f  th e  c e l l  t o  bo th  a ramp r e l e a s e  and ramp s t r e t c h  

g rad e d  and p r o p o r t i o n a l  t o  t h e  f i n a l  a m p li tu d e  o f  t h e  s t i m u lu s .  

S tepped  changes o f  body w a l l  l e n g t h  r e s u l t e d  i n  c o n c o m ita n t  s te p p e d  

h y p e r p o l a r i s a t i o n  o r  d e p o l a r i s a t i o n  o f  t h e  SRN membrane p o t e n t i a l .  

E v idence  i s  p r e s e n te d  t h a t  th e  SRN re s p o n d s  t o  changes in  

l o n g i t u d i n a l  m uscle t e n s i o n  r a t h e r  th a n  i t s  a b s o l u t e  l e n g t h .  From 

o b s e r v a t io n s  on th e  t e n s i o n  changes which accompany n a t u r a l  changes 

in  body w a l l  p o s tu r e  and which occu r  d u r in g  locom oto ry  b e h a v io u r s ,  

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

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

th o s e  which a r e  p r e d i c t e d  from o b s e r v a t io n  o f  th e  p a s s iv e  b e h a v io u r  

o f  t h e  m uscle  d u r in g  imposed s t r e t c h e s  and ramp r e l e a s e s .

The SRN i s  i n n e r v a te d  by s e n so ry  n e u ro n e s  whose c e l l  b o d ie s  a r e  

s i t u a t e d  w i t h in  t h e  CNS. P a i re d  i n t r a c e l l u l a r  r e c o r d in g s  have shown

— 3 —



t h a t  t h e  SRN i s  p o s t  s y n a p t i c  t o  t h r e e  d i f f e r e n t  m o d a l i t i e s  o f  

p r im a ry  s e n s o r y  n e u ro n e .  A c t io n  p o t e n t i a l s  a r i s i n g  i n  one o f  t h e s e  

m echanosensory  n e u ro n e s ,  t h e  i p s i l a t e r a l  l a t e r a l  n o c i c e p t i v e  

n e u ro n e ,  a r e  fo l lo w e d  on a 1 :1  b a s i s  and w i th  a  c o n s t a n t  l a t e n c y  by 

an 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  Cepsp) i n  t h e  p e r i p h e r a l  c e l l  

body o f  t h e  SRN. A c t io n  p o t e n t i a l s  e l i c i t e d  by d i r e c t  d e p o l a r i s a t i o n  

o f  a l l  c e n t r a l l y  s i t u a t e d  i p s i l a t e r a l  to u ch  and p r e s s u r e  

m echanosensory  neurone c e l l  b o d ie s  a l s o  e l i c i t e d  e p s p ' s  in  t h e  SRN 

soma. No s y n a p t i c  c o n n e c t i v i t y  was r e c o rd e d  e i t h e r  be tw een  t h e  

i p s i l a t e r a l  m ed ia l  n o c i c e p t i v e  neu rone  and th e  SRN o r  any 

c o n t r a l a t e r a l l y  s i t e d  m echanosensory  neurones  and th e  SRN.

The c e n t r a l  c o n n e c t io n s  o f  th e  SRN w i th  i d e n t i f i e d  m otoneurones 

t o  t h e  l o n g i t u d i n a l  m uscle  o f  t h e  body w a l l  was i n v e s t i g a t e d .  Dual 

i n t r a c e l l u l a r  HRP i n j e c t i o n s  showed t h a t  c lo s e  a p p o s i t i o n  o f  SRN 

axon b ra n c h e s  and d e n d r i t e s  from t h e  l a r g e  l o n g i t u d i n a l  m otoneurone 

(L c e l l )  occu red  w i t h in  th e  g a n g l i o n ic  n e u r o p i l e .  C o n s id e ra b le  

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

swimming rhy thm  and th e  SRN were a l s o  shown w i th in  th e  n e u r o p i l e .

P a i re d  e l e c t r i c a l  r e c o r d in g s  w ere  made t o  i n v e s t i g a t e  t h e  e f f e c t  

o f  SRN a c t i v i t y  upon m otoneurone d i s c h a r g e .  Imposed DC changes  o f  

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

n o t  p roduce  any c o n s i s t e n t  m o d u la t io n  o f  th e  a c t i v i t y  o f  i n d i v i d u a l  

i d e n t i f i e d  m otoneurones r e c o rd e d  e i t h e r  i n t r a c e l l u l a r l y  from t h e i r  

c e n t r a l l y  s i t u a t e d  som ata  o r  e x t r a c e l l u l a r l y  from t h e i r  p r o j e c t i n g  

a x o n s .  P r e l im in a r y  e x p e r im e n ts  were c a r r i e d  ou t  t o  d e te rm in e  th e
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d e g re e  o f  coherence  o f  m otoneurone a c t i v i t y  i n  t h e  p re s e n c e  and 

ab sen ce  o f  SRN i n p u t .  When t h i s  method was a p p l i e d  t o  t h r e e  

s im u l ta n e o u s  e x t r a c e l l u l a r  m otoneurone s p ik e  t r a i n s  t h e  c o h e re n c e  o f  

a c t i v i t y  between any two m otoneurones was o n ly  s i g n i f i c a n t  in  t h e  

p re s e n c e  o f  t h e  SRN i n p u t .
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GENERAL INTRODUCTION

The need  f o r  feedback

I n  o r d e r  t h a t  a  m uscle be a u s e f u l  s e r v a n t  u n d e r  t h e  c o n t r o l  o f  

th e  n e rv o u s  sy s tem , i t  must be s u s c e p t i b l e  t o  p r e c i s e  c o n t r o l  over  a 

wide ran g e  o f  m uscle  l e n g t h s ,  t e n s i o n s ,  sp e ed s  and l o a d s .  Even 

r e l a t i v e l y  s im ple  movements may in v o lv e  th e  c o o r d i n a t i o n  o f  many 

s e p a r a t e  m usc les  w i th  t h e  c o r r e s p o n d in g  need f o r  p r e c i s i o n  o f  

c o n t r o l  o f  t h e i r  i n d i v i d u a l  l e n g th s  and t e n s i o n s .  Fo r  v e r t e b r a t e  and 

i n v e r t e b r a t e  a l i k e  t h e  problem  i s  t h e  same, t h a t  c o n t r o l  o f  body 

p o s i t i o n  be accom plished  i n  th e  f a c e  o f  such  v a r i a b l e s  as  m uscle  

f a t i g u e ,  c o n t r a c t i o n  o f  a n t a g o n i s t s  and s y n e r g i s t s  ( i n c l u d in g  t h e  

homonymous m usc le ) |i  and e x t e r n a l l y  a p p l i e d  d i s t u r b a n c e s  a s  m igh t be 

e n c o u n te r e d .

Fo r  t h e  m a j o r i t y  o f  f r e e  l i v i n g  a n im a ls  t h e r e f o r e  i t  i s  im p o r ta n t  

t h a t  c o r r e c t  s e n s o ry  in f o r m a t io n  i s  p r e s e n te d  t o  th e  c e n t r a l  n e rv o u s  

sy s te m , which i s  r e s p o n s i b l e  n o t  o n ly  f o r  t h e  i n i t i a t i o n  o f  motor 

se q u en c e s  b u t  a l s o  t h e i r  s u b seq u e n t  r e a l i s a t i o n  and th e  m o n i to r in g  

o f  e x t e r n a l  d i s tu b a n c e s  e f f e c t i n g  such  a c t i v i t y .  In  such  a way 

m o d i f i c a t i o n s  may be made t o  a c o n t in u in g  motor o u t p u t ,  o r  t o  

i n i t i a t e  new p a t t e r n s  o f  a c t i v i t y .

S t r e t c h  r e c e p t o r s ,  h i g h ly  s p e c i a l i z e d  s e n so ry  o r g a n s ,  r e l a y  

p r o p r i o c e p t iv e  in fo r m a t io n  a r i s i n g  as  a r e s u l t  o f  s t r e t c h  o r  

c o n t r a c t i o n  o f  t h e  m uscle w i th  which th e y  a r e  i n t i m a t e l y  a s s o c i a t e d .  

They occu r  a c ro s s  a number o f  an im al g roups  and f u n c t i o n  in  a
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b a s i c a l l y  s i m i l a r  m anner. T h e i r  t e r m i n a l s  a r e  deformed by s t r e t c h  

and a r e  o f t e n  i n s e r t e d  i n t o  s p e c i a l i z e d  m uscle  f i b r e s .  A co m p a r iso n  

o f  v e r t e b r a t e  s t r e t c h  r e c e p t o r s  w i th  v a r io u s  ty p e s  o f  i n v e r t e b r a t e  

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

a r r a n g e m e n t ,  e a c h  d e s ig n e d  t o  pe rfo rm  th e  same p r o p r i o c e p t i v e  

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

r e q u i r e m e n t s .

— 8 —



REVIEW OF THE LITERATURE

-  9 -



CHAPTER 1 .0  VERTEBRATE AND INVERTEBRATE STRETCH RECEPTORS 

1 • !  The V e r te b r a te  Muscle S p in d le

The l i t e r a t u r e  c o n c e rn in g  t h e  s t r u c t u r e  and f u n c t i o n  o f  s t r e t c h  

r e c e p t o r s  i s  l e g i o n .  T h is  i s  p a r t i c u l a r l y  t r u e  o f  th e  v e r t e b r a t e s  

w here  t h e  s tu d y  o f  m uscle  s e n s o r y  end o rg a n s  has made c o n s i d e r a b l e
M

ad v a n ce s  s in c e  th e  f i r s t  d e s c r i p t i o n  i n  1863 o f  r a u s k e lsp in d e ln  i n  

mammals by Kuhne. Subsequen t  c o n t r o v e r s y  o v e r  t h e i r  f u n c t i o n  was 

r e s o l v e d  by th e  c u r i o u s l y  o v e r lo o k e d  work o f  O nanoff  i n  1890 and in  

1894 by S h e r r i n g to n .  A f t e r  s e c t i o n i n g  o f  t h e  v e n t r a l  s p i n a l  r o o t s ,  

O nanoff  obse rved  a t r o p h y  o f  o n ly  a few o f  th e  n e rv e  f i b r e s  t o  th e  

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

a l l  o f  them t o  d e g e n e r a te .  He w i s e ly  con luded  t h a t  th e  m uscle  

s p i n d l e  was a se n se  o rgan  u n d e r  motor c o n t r o l .  S h e r r i n g to n  (1894) 

d e s c r ib e d  th e  e f f e c t s  o f  s im u l ta n e o u s  s e c t i o n  w i t h in  th e  d u r a  o f  th e  

d o r s a l  and v e n t r a l  s p i n a l  r o o t s  i n  t h e  c a t  and t h e  monkey. Th is  

c a u s e s  d e g e n e r a t io n  o f  m uscle  m otor f i b r e s  w h i l s t  l e a v in g  th e  g r o s s  

m orphology o f  t h e  a f f e r e n t  f i b r e  t e r m i n a l s  u n a f f e c t e d .  He c o nc luded
*  II

t h a t  th e  m uscle s p i n d l e  p roves  t h e r e f o r e  t o  be a s e n s o r i a l  o rgan  .

From h i s  i n v e s t i g a t i o n  o f  th e  s t r u c t u r e  and i n n e r v a t i o n  o f  t h e

n u s c le  s p i n d l e  and h i s  o b s e r v a t io n s  r e g a r d in g  th e  k n e e - j e r k  r e f l e x

i n  v a s t u s  m e d i a l i s  b e f o r e  and a f t e r  s p in d l e  o rgan  a b l a t i o n ,  t h e
*

t e n t a t i v e  i n f e r e n c e  was made t h a t  th e  s t im u lu s  t o  which th e  o rg a n s
II

a r e  s p e c i a l l y  a d ap ted  i s  m ec h a n ic a l  i n  q u a l i t y

I t  was n o t  u n t i l  th e  e a r l y  1930 ' s  t h a t  B.H.C Matthews made th e  

f i r s t  s i n g l e  u n i t  r e c o r d in g s  from m uscle a f f e r e n t  n e rv e  f i b r e s  t o
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g iv e  t h e  f i r s t  g e n e r a l  o u t l i n e  o f  t h e  f u n c t i o n in g  o f  t h e  muscle 

s p i n d l e  and some a s p e c t  o f  i t s  c o n t r o l .  On th e  b a s i s  o f  t h e  

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

o r  c o n t r a c t i o n  o f  th e  a p p r o p r i a t e  m uscle i n  th e  c a t ,  he d e s c r ib e d  3 

ty p e s  o f  s e n s o ry  d i s c h a r g e  named A, B and C. He s u g g e s te d  t h a t  t h e  A 

d i s c h a r g e  was d e r iv e d  from m uscle  s p i n d l e  e n d in g s ,  B a c t i v i t y  

d e r iv e d  from G olg i te n d o n  o rg a n s  and C a c t i v i t y  o r i g i n a t e d  from f r e e  

n e rv e  e n d in g s  in  the  m uscle  f a s c i a .  He f u r t h e r  s u b d iv id e d  th e  A 

s e n s o r y  d i s c h a r g e  i n t o  i n t o  two c h a r a c t e r i s y i c  t y p e s ,  one o f  which 

a d a p te d  r a p i d l y  and th e  o t h e r  which a d ap ted  s lo w ly  t o  a m uscle  

c o n t r a c t i o n  e l i c i t e d  by a supram axim al e x c i t a t i o n  o f  t h e  m uscle 

n e r v e .  T h is  was p e rh a p s  a n a t u r a l  consequence  o f  R u f f i n i ' s  e a r l i e r  

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

e n d in g s  from th e  s p i n d l e  ( R u f f i n i  1898). Such a d u a l  s t r u c t u r a l  and 

f u n c t i o n a l  app roach  has s in c e  been  w id e ly  a p p l i e d  t o  t h e  mechanism 

o f  a c t i o n  o f  th e  mammalian n u s c le  s p i n d l e .

I t  was n o t  u n t i l  t h e  work o f  Hunt (1954) and l a t e r  Cooper (1959, 

1961) t h a t  a  s u i t a b l e  f u n c t i o n a l  c r i t e r i u H f o r  d i s t i n g u i s h i n g  betw een 

t h e  p r im a ry  and s e co n d a ry  a f f e r e n t  d i s c h a r g e  was ag reed  upon . Hunt 

i d e n t i f i e d  p r im ary  and se c o n d a ry  f i b r e s  by means o f  t h e i r  d i f f e r e n t  

c o n d u c t io n  v e l o c i t i e s  and s u g g e s te d  t h a t  s p in d l e  f i b r e s  o f  g roup  I  

d ia m e te r  which t e r m in a te d  as  th e  p r im ary  s e n s o ry  e n d in g s  had a low er 

t h r e s h o ld  t o  s t r e t c h  th a n  t h e  s m a l l e r  d ia m e te r  group  I I  f i b r e s  which 

t e r m in a te d  as  th e  s e co n d a ry  s e n s o r y  e n d in g s .  I t  was Cooper however, 

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

p r im a ry  and se co n d a ry  a f f e r e n t  f i b r e s ,  who dem o n s tra ted  th e  r e a l  

p h y s i o l o g i c a l  d i f f e r e n c e s  o f  t h e  two e n d in g s  ]  namely th e  g r e a t e r
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dynamic s e n s i t i v i t y  o f  t h e  p r im a ry  end ing  t o  an  imposed s t r e t c h  o f  

th e  n u s c le  th a n  t h a t  o f  th e  s e c o n d a ry  e n d in g s .  C o o p e rs '  work, l a t e r  

co n f i rm e d  by Harvey and M atthews (1961) and Matthews (1963) showed 

t h a t  th e  r e s p o n s e  o f  p r im a ry  and s e c o n d a ry  e n d in g s  t o  a  m a in ta in e d  

s t r e t c h  a r e  a p p ro x im a te ly  e q u a l  w h i l s t  t h e  p r im a ry  erxiing i s  much 

more s e n s i t i v e  t o  th e  dynamic p a r t  o f  th e  s t i m u l u s .  Hence th e  

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

e s t a b l i s h e d .  Both ty p e s  show a p p ro x im a te ly  an eq u a l  p o s i t i o n  

s e n s i t i v i t y ,  w h i l s t  one i s  d i s t i n g u i s h e d  by i t s  g r e a t e r  v e l o c i t y  

s e n s i t i v i t y ,  s t i m u lu s ^  th e  o t h e r  w hich i s  s lo w ly  a d a p t i n g .  A f e a t u r e  

common w i th  o t h e r ,  i n v e r t e b r a t e ,  s t r e t c h  r e c e p t o r s .

A f u r t h e r  f e a t u r e  i n  common w i th  o t h e r  s t r e t c h  r e c e p t o r  sys tem s

i s  t h e  e x i s t e n c e  o f  an in d e p e n d e n t  m otor s u p p ly  t o  t h e  i n t r a f u s a l

m uscle  f i b r e s .  I n  1930 E c c le s  and S h e r r in g to n  d e m o n s tra ted  th e

d i v i s i o n  o f  m otoneurone axon d i a m e te r s  i n  m uscle  n e rv e s  i n t o  two

d i s t i n c t  p o p u l a t i o n s .  I n  1945 L e k s e l l  succeeded  in  r e c o r d in g  th e  
n I I

compound ^gamma wave produced  by a c t i v a t i o n  o f  t h e  s m a l l e r  a x o n s .  

S u b s e q u e n t ly  i n  an im p o r ta n t  e x p e r im e n t  he u sed  a p r e s s u r e  b lo ck  t o  

s e l e c t i v e l y  b lo c k  im pu lse  t r a n s m i s s i o n  i n  t h e  l a r g e r ,  low er  

t h r e s h o l d  a lp h a  m otoneurones and d e m o n s tra ted  t h a t  s t i m u l a t i o n  o f  

t h e  s c i a t i c  n e rv e  a t  a  s t i m u lu s  i n t e n s i t y  s u f f i c i e n t  t o  e x c i t e  t h e  

h i g h e r  t h r e s h o l d  gamma f i b r e s  produced no s i g n i f i c a n t  t e n s i o n  w i t h in  

t h e  g a s t r o c n e m iu s  m u sc le .  He f u r t h e r  showed t h a t  s e l e c t i v e  

a c t i v a t i o n  o f  th e  s m a l l e r  d ia m e te r  m otor f i b r e s  i n c r e a s e d  th e  

a f f e r e n t  d i s c h a r g e  from t h e  m uscle  p ro v id e d  t h e  m uscle  was s u b j e c t  

t o  some i n i t i a l  d e g re e  o f  s t r e t c h .  The f u n c t i o n  o f  th e  gamma o r  

f u s im o to r  f i b r e s  a s  th e y  were c a l l e d ,  was r a p i d l y  co n fi rm ed  by th e
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e l e g a n t  work o f  K u f f l e r ,  Hunt and Q u i l l ia m  (1951) . They showed t h a t  

s t i m u l a t i o n  o f  a  s i n g l e  gamma axon t o  a m uscle  s p i n d l e  cou ld  

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

f i b r e  from t h a t  m uscle  w i th o u t  p ro d u c in g  any m ea su rab le  t e n s i o n  

i n c r e a s e .

The i n t r a f u s a l  m uscle f i b r e s  have now been  d iv id e d  i n t o  t h r e e  

d i s t i n c t  g r o u p s ,  e a ch  d i s t i n g u i s h e d  by i t s  r e s p o n s e  c h a r a c t e r i s t i c s  

i t s  h i s t o l o g i c a l  p r o f i l e ,  t h e  ty p e  o f  c o n t r a c t i o n  i t  u n d e rg o e s  and 

th e  s p e c i f i c  type  o f  gamma axon i t  r e c e i v e s .  Thus many y e a r s  o f  

p a in s t a k i n g  work by B ark e r  (1 9 7 0 ) ,  Boyd (1981) and c o l l e a g u e s  has 

e s t a b l i s h e d  th e  d i v i s i o n  o f  f u s im o to r  axons s u p p ly in g  th e  i n t r a f u s a l  

m uscle  f i b r e s  i n t o  two g r o u p s ,  ( i ) ,  t h e  dynamic gamma a x o n s ,  

t e r m i n a t i n g  e x c l u s i v e l y  on bag 1 f i b r e s  th e  a c t i v i t y  o f  which l e a d s  

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

o f  n u s c l e  s t r e t c h ,  and ( i i ) ,  th e  s t a t i c  gamma axons which end on 

b o th  bag 2 and c h a in  f i b r e s  and a r e  r e s p o n s i b l e  f o r  t h e  s t a t i c  

component o f  th e  s p i n d l e  d i s c h a r g e .
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1 .2  The C r u s ta c e a n  M uscle R e c e p to r  o rg a n .

I n  c o n t r a s t  t o  t h e  now w e l l  documented mammalian m uscle  s p i n d l e ,  

no c o r r e s p o n d in g  s t r u c t u r e s  were known t o  e x i s t  i n  any i n v e r t e b r a t e  

g ro u p  u n t i l  t h e  d e s c r i p t i o n  by A le x a n d ro v ic z  i n  1951 o f  s e n s o ry  

s t r u c t u r e s  i n  th e  d o r s a l  abdom inal m uscle  o f  th e  c r u s t a c e a n s  Homarus 

v u l g a r i s  and P a l in u r u s  v u l g a r i s . Assuming t h a t  t h e s e  o rg an s  

resp o n d ed  t o  s t i m u l i  r e s u l t i n g  from m u sc u la r  a c t i v i t y ,  he  adop ted  

th e  name n u s c le  r e c e p t o r  o rg a n s  (MRO's) f o r  them , tfost  s p e c i e s  o f  

decapod C r u s ta c e a  now examined a r e  known t o  p o s s e s s  MRO's a s s o c i a t e d  

w i th  th e  d o r s a l  m u sc u la tu re  o f  th e  abdomen (A le x a n d ro v ic z ,  1951, 

1952a, 1952b, 1956*, P i lg r i m ,  1960 .)  a l l  o f  which a r e  s i m i l a r  i n  

t h e i r  s t r u c t u r e  and r e s p o n s e  t o  s t r e t c h .

A le x a n d ro v ic z  (1 9 5 1 ) ,  u s in g  M ethy lene  Blue s t a i n i n g  showed t h a t  

th e  m a j o r i t y  o f  th e  abdom ina l segm ents  o f  th e  l o b s t e r  had two p a i r s  

o f  MRO's, one e i t h e r  s id e  o f  t h e  m id - l i n e  and c l o s e l y  a s s o c i a t e d  

w i th  th e  s u p e r f i c i a l  d o r s a l  e x t e n s o r  m u s c u la tu r e .  They b r id g e  th e  

j o i n t  be tw een  s u c c e s s iv e  segm en ts  and hence a r e  e x te n d e d  when t h e  

abdomen i s  f l e x e d .  Each MRO i s  composed o f  a r e c e p t o r  m uscle  (RM) 

and t h e  c l o s e l y  a s s o c i a t e d  c e l l  body o f  t h e  s e n s o r y  neu rone  p l u s  i t s  

a f f e r e n t  axon , a lo n g  w i th  e f f e r e n t  axons v a ry in g  i n  number depend ing  

upon t h e  s p e c i e s .
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The two RM's on a g iv e n  s id e  o f  a  segment d i f f e r  from e a c h  o t h e r  

i n  s i z e ,  h i s t o l o g i c a l  a p p e a r a n c e ,  p a t t e r n  o f  i n n e r v a t i o n  and p o i n t s  

o f  a t t a c h m e n t .  The s h o r t e r  o f  th e  p a i r  (RMl) u s u a l l y  l i e s  more 

l a t e r a l l y  and i s  o f t e n  t h e  t h i n n e r  o f  t h e  two. The h i s t o l o g i c a l  

p r o f i l e s  o f  RMl and RM2 r e f l e c t s  th e  r e s p e c t i v e  f a s t  and slow 

c a t e g o r i e s  i n t o  which t h e s e  m usc le s  f a l l .  The l a t e r a l  RMl i s  a  t o n i c  

m u sc le ,  u n d e rg o e s  slow  g rad ed  c o n t r a c t i o n s  and i s  a n a la g o u s  t o  th e  

s u p e r f i c i a l  t o n i c  e x t e n s o r s  o f  t h e  abdomen, and in d ee d  i s  i n n e r v a te d  

by b ra n c h e s  o f  th e  m otoneurones  s u p p ly in g  t h i s  m u sc le .  The m ed ia l  

RM2 i s  a  p h a s ic  m usc le  which u n d e rg o es  r a p i d  t w i t c h l i k e  c o n t r a c t i o n s  

and i s  i n n e r v a te d  by b ra n c h e s  o f  th e  m otoneurones  s u p p ly in g  th e  deep 

p h a s ic  abdom ina l m u s c u la tu r e .

U n like  t h e  mammalian m uscle  s p i n d l e  a f f e r e n t s ,  t h e  s e n s o ry  

n e u ro n e s  a s s o c i a t e d  w i th  th e  c r u s t a c e a n  RM's a r e  c o n s p ic  o u s ly  

l a r g e .  The c e l l  b o d ie s  l i e  i n  c lo s e  a s s o c i a t i o n  w i th  t h e  RM and a r e  

o f t e n  o v e r  100 m ic ro n s  i n  d i a m e te r .  The t e r m i n a l  d e n d r i t i c  t r e e  i s  

embedded i n  a r e g i o n  o f  c o n n e c t iv e  t i s s u e  i n  t h e  c e n t r e  o f  t h e  

r e s p e c t i v e  r e c e p t o r  m u sc le .  I t s  shape  v a r i e s  a c c o rd in g  t o  s p e c i e s  

and t h e  RM w i th  which i t  i s  a s s o c i a t e d  (A le x a n d ro v ic z  1951, 1952 ;

F lo r e y  and F l o r e y  1 9 5 5 ) .  S enso ry  neu rone  1 (SNl) i s  a s s o c i a t e d  w i th  

t h e  l a t e r a l  RMl and has  an  o b l i q u e l y  a r ra n g e d  d e n d r i t i c  f i e l d .  

T o g e th e r  w i th  RMl i t  forms th e  t o n i c ,  s lo w ly  a d a p t in g  MRO. S enso ry  

n u e ro n e  2 (SN2) i s  a s s o c i a t e d  w i th  t h e  m ed ia l  RM2 and has bushy 

s h o r t  d e n d r i t e s  a r r a n g e d  more p e r p e n d i c u l a r  t o  t h e  RM. SN2 and RM2 

t o g e t h e r  form  t h e  p h a s i c ,  r a p i d l y  a d a p t in g  MRO.
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I n  a d d i t i o n  t o  t h e  l a r g e  a f f e r e n t  n e u r o n e s , t h r e e  ty p e s  o f  

e f f e r e n t  axons s u p p ly  e a c h  MRO (A le x a n d ro v ic z ,  1951, 1952 F l o r e y  

and F l o r e y ,  1 9 5 5 . ) .  The a c t u a l  a r ra n g e m e n t  of t h e  t h r e e  e le m e n ts  

d i f f e r s  from s p e c i e s  t o  s p e c i e s .  In  th e  l o b s t e r ,  A le x a n d ro v ic z  

reporte^cltwo l a r g e  d i a m e te r  m otor  a x o n s ,  one t o  each  RM. In  a d d i t i o n  

e a c h  r e c e p t o r  m uscle  i s  o f t e n  i n n e r v a te d  a t  i t s  p o l a r  r e g i o n  by 

b ra n c h e s  o f  t h e  m otor axons  s u p p ly in g  t h e  a d j a c e n t  d o r s a l  abdom ina l 

m u s c le s ,  (an a lo g o u s  t o  t h e  sh a re d  a lp h a -m o to n e u ro n e  s u p p ly  o f  th e  

f r o g  e x t r a  and i n t r a f u s a l  f i b r e s  (K a tz ,  1949) and t h e  dynamic and 

s t a t i c  b e t a  s u p p ly  o f  th e  mammalian m uscle  s p i n d l e  ( L a p o r te ,  1 9 8 0 ) .
II M

A lso  d e s c r i b e d  was a number o f  a c c e s s o r y  f i b r e s  i n n e r v a t i n g  t h e  

a f f e r e n t  n e u ro n e s  d i r e c t l y .  Three su c h  n e u ro n e s  have been shown i n  

t h e  l o b s t e r  (A le x a n d ro v ic z ,  1967) and i n  t h e  c r a y f i s h  ( J a n s e n ,N ja ,  

Ormstad and W allo e ,  1 9 7 1 ) .  A l e x a n d r o v ic z 's  i d e a  t h a t  t h e s e  a c c e s s o r y  

n e rv e s  may e x e r t  a s u p p r e s s in g  a c t i o n  on t h e  e x c i t a b i l i t y  o f  t h e
If

MRO was c on firm ed  by K u f f l e r  (1954) who showed t h a t  a c t i v a t i n g  th e  

a c c e s s o r y  axon t o  t h e  SNl b lo ck e d  in p u l s e  i n i t i a t i o n  in  t h a t  

n e u r o n e .

A le x a n d r o v ic z 's  h y p o th e s i s  (A le x a n d ro v ic z ,  1951) based  upon 

a n a tcan ica l  c o n s i d e r a t i o n s ,  t h a t  th e  r e s p o n s e  p r o p e r t i e s  o f  th e  two 

MRO's on any one s id e  w ere  d i f f e r e n t ,  was co n fi rm ed  by t h e  f i r s t  

p h y s i o l o g i c a l  s tu d y  o f  th e  r e c e p t o r s  by Wiersma, F u rshpan  and F l o r e y  

(1953) . They found t h a t  t r a i n s  o f  i n p u l s e s  o f  two d i s t i n c t  

a m p l i tu d e s  co u ld  be re c o rd e d  from th e  d o r s a l  n e rv e  t ru n k  o f  a 

s t r e t c h e d  segment and t h a t  th e  two s p ik e  t r a i n s  showed d i f f e r e n t  

p r o p e r t i e s .  The most n o t i c e a b l e  d i f f e r e n c e  i n  th e  b e h a v io u r  was i n  

t h e  r e s p o n s e  t o  a m a in ta in e d  m uscle  s t r e t c h .  One o f  t h e  s p ik e  t r a i n s
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a d a p te d  v e ry  s lo w ly  to  t h e  s t i m u lu s  w h i l s t  t h e  o t h e r  resp o n d ed  i n  a 

p h a s i c ,  r a p i d l y  a d a p t in g  m anner. By s e l e c t i v e  a b l a t i o n  o f  one o r  

o t h e r  o f  t h e  s e n s o r y  n eu ro n e  c e l l  b o d i e s ,  Wiersma e t . a l .  showed t h a t  

th e  t o n i c  a c t i v i t y  a r o s e  from  RMl and t h a t  o f  th e  p h a s ic  a c t i v i t y  

was from RM2.

U nlike  t h e  v e r t e b r a t e  s p i n d l e ,  which l i e s  h id d e n  i n  t h e  body o f  

th e  n u s c l e ,  th e  C r u s ta c e a n  MRO i s  a  s e p a r a t e  and e x t e r n a l  o r g a n ,  

e a sy  t o  d i s s e c t ,  i s o l a t e  and m a in ta in  as  an e x p e r im e n ta l  p r e p a r a t i o n  

f o r  s e v e r a l  h o u r s .  I t  h a s  th e n  s e v e r a l  a t t r i b u t e s  f o r  th e  s tu d y  o f  

t h e  p r o c e s s  o f  s e n s o r y  t r a n s d u c t i o n .  The p r o c e s s  o f  e x c i t a t i o n  and 

i n h i b i t i o n  i n  th e  r e c e p t o r  n e u ro n e s  was s tu d i e d  in  a d e f i n i t i v e  

s e r i e s  o f  p a p e r s  i n  t h e  e a r l y  f i f t i e s  by C a r lo s  E y z a g u ir e  and 

S te f i ie n  K u f f l e r  ( K u f f l e r ,  1954 E y z a g u ire  and K u f f l e r ,  1 9 5 5 a ,b ;  

K u f f l e r  and E y z a g u ir e ,  1955 .)  t h e  r e s u l t s  o f  which had g r e a t  b e a r in g  

upon  th e  u n d e r s t a n d in g  o f  th e  f u n c t i o n in g  o f  n e rv o u s  e le m e n ts  i n  

g e n e r a l .

R ecord ing  i n t r a c e l l u l a r l y  from t h e  c e l l  body o f  t h e  neu rone  th e y  

showed t h a t  s t r e t c h  a p p l i e d  t o  th e  r e c e p t o r  m uscle  r e s u l t e d  i n  

d e p o l a r i s a t i o n  which fo l lo w e d  p r e c i s e l y  t h e  tim e  c o u rs e  o f  t h e  

d i s t o r t i o n .  The d e p o l a r i s a t i o n  was g r a d e d ,  depend ing  upon th e  r a t e  

and d e g re e  o f  s t r e t c h ,  and t h a t  t h i s  g rad ed  d e p o l a r i s a t i o n  o r
U 0

g e n e r a t o r  p o t e n t i a l  s p re a d  e l e c t r o t o n i c a l l y  from th e  d e n d r i t e s  t o  

t h e  soma, l a t e r  con firm ed  by T e rzu o lo  and Washizu (1960 , 1 9 6 2 ) .  Both 

SNl and SN2 a r e ,  a s  we have s e e n ,  a l s o  i n n e r v a te d  by e f f e r e n t  

i n h i b i t o r y  f i b r e s  which c o rre sp o n d  t o  t h e  t h i c k  and t h i n  a c c e s s o r y

-  17 -



f i b r e s  o f  A le x a n d ro v ic z  ( 1 9 5 1 ) .  A c t i v i t y  w i t h in  t h e s e  f i b r e s  r e d u c e s  

th e  a m p l i tu d e  o f  th e  g e n e r a t o r  p o t e n t i a l  hence  p r e v e n t in g  t h r e s h o ld  

d e p o l a r i s a t i o n  a t  t h e  s p ik e  i n i t i a t i n g  zone o f  t h e  c e l l .  ( K u f f l e r ,  

1 9 5 4 ) .  I t  i s  th e  b a la n c e  o f  su c h  i n h i b i t o r y  and s t r e t c h - i n d u c e d  

e x c i t a t o r y  a c t i o n  which d e te r m in e s  w e th e r  t h e  membrane p o t e n t i a l  i s  

s e t  above o r  below th e  t h r e s h o l d  f i r i n g  l e v e l .

Hence th e  c r u s t a c e a n  MRO c o n t a i n s  many f e a t u r e s  e s s e n t i a l y 

s i m i l a r  t o  th e  mammalian m uscle  s p i n d l e .  I n  bo th  sys tem s s e n s o r y  

n e u ro n e s ,  deform ed by s t r e t c h ,  a r e  a s s o c i a t e d  w i th  s p e c i a l i z e d  

r e c e p t o r  m usc le s  a r r a n g e d  i n  p a r a l l e l  w i th  th e  main f o r c e - p r o d u c in g  

f i b r e s .  Each sy s tem  has one o r  more r a p i d l y  a d a p t in g  a f f e r e n t
u u

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

p r o f i l e  and one o r  more a f f e r e n t  whose d i s c h a r g e  a d a p t s  s lo w ly  and 

which i s  a s s o c i a t e d  w i th  r e c e p t o r  m usc le s  o f  slow h i s t o l o g i c a l  

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

b o th  c r u s t a c e a n  and mammalian sys tem  i s  th e  same in  th e  e x i s t a n c e  o f  

t h e  u n d e r ly in g  d e p o l a r i s i n g  r e c e p t o r  p o t e n t i a l  (K a tz ,  1950 K u f f l e r ,  

195 4 ) .  Both system s a r e  u n d e r  in d e p e n d a n t  m otor c o n t r o l  and bo th  

have two means f o r  e l i c i t i n g  a f f e r e n t  d i s c h a r g e ,  ( i )  s t r e t c h  o f  t h e  

m uscle  i n  which th e  r e c e p t o r  t e r m i n a l s  a r e  embedded, and ( i i )  a c t i v e  

c o n t r a c t i o n  o f  t h e  r e c e p t o r  m usc les  th e m s e lv e s ,  p ro d u c in g  

d e fo rm a t io n  o f  th e  r e c e p t o r  t e r m i n a l s .  Moreover th e  c r u s t a c e a n  

s t r e t c h  r e c e p t o r  i s  c a p a b le  o f  even  f i n e r  c o n t r o l  v i a  t h e  e f f e r e n t  

i n h i b i t o r y  f i b r e s .
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1 .3  I n s e c t  M uscle R e c e p to r  Organs

I n  c o n t r a s t  t o  t h e  l i t e r a t u r e  c o v e r in g  s t r e t c h  r e c e p t o r s  i n  t h e  

V e r t e b r a t e s  and th e  C r u s ta c e a n s ,  th e  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  o f  s t r e t c h  r e c e p t o r s  among t h e  I n s e c t s  i s  a r e l a t i v e l y  

u n e x p lo re d  a r e a  o f  work. The f i r s t  d e s c r i p t i o n  o f  s t r u c t u r e s  

d e s c r i b e d  a s  s t r e t c h  r e c e p t o r s  was t h a t  o f  F i n l a y s o n  and L ow ens te in  

(1955, 1 9 5 8 ) .  Using M ethy lene  Blue s t a i n i n g  t e c h n i q u e s  th e y

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

O r t h o p te r a ,  O donata , Hym enoptera, and L e p id o p te r a .  These s t u d i e s  

w ere  f u r t h e r  e x te n d e d  by Osborne and F i n la y s o n  (1 9 6 2 ) .  Again u s in g  

m a t e r i a l  s t a i n e d  v i t a l l y  w i th  M ethy lene  B lue ,  a  d e s c r i p t i o n  o f  

s t r u c t u r e s  w i t h in  a f u r t h e r  se v en  i n s e c t  o r d e r s  was g i v e n ,  

E p h em ero p te ra ,  P l e c o p t e r a ,  D i e t y o p t e r a ,  D erm ap te ra ,  C o le o p te r a ,  

N e u r o p te r a ,  and T r i c h o p t e r a .  Only however i n  i n s e c t s  from t h e  t h r e e  

o r d e r s  N e u ro p te ra  (L a c e w in g s ,A n t i io n s ) ,  T r i c h o p t e r a  ( C a d d i s f l i e s ) , 

and L e p id o p te r a  ( B u t t e r f l i e s  and Moths) i s  t h e r e  a s p e c i a l  r e c e p t o r  

m uscle  which i s  in d e p e n d e n t  from th e  o r d i n a r y  m uscle  o f  th e  body, 

w i th  a  s e p a r a t e  m otor i n n e r v a t i o n  and which i s  hence a t r u e  m uscle 

r e c e p t o r  o r g a n .

The m uscle  r e c e p t o r  o rg a n s  p r e s e n t  i n  such  i n s e c t  s p e c i e s  a r e  

g e n e r a l l y  few i n  number and a t t a c h e d  t o  th e  i n t e r s e g m e n t a l  f o l d s  a t  

each  end o f  t h e  segm ent by c o n n e c t iv e  t i s s u e  f i b r e s .  I n  t h e  f i n a l  

i n s t a r  l a r v a  o f  A n the raea  p e r n v i . a member o f  th e  g i a n t  s i lk m o th  

f a m i ly ,  t h e r e  i s  a  p a i r  o f  such  r e c e p t o r s  i n  t h e  meso- and
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m e ta th o ra x  and i n  abdom inal segm ents  1 t o  9 .  The m o d if ie d  m uscle  

f i b r e  fo rm ing  th e  RM l i e s  j u s t  above th e  d o r s a l  l o n g i t u d i n a l  m u sc le .  

The morphology o f  i n d i v i d u a l  L e p id o p te ra n  MRO's shows re m a rk a b le  

s i m i l a r i t i e s  t o  th o se  o f  th e  C ru s ta c e a n  MRO ( se e  F in la y s o n  and 

L o w e n s te in ,  1958 and A le x a n d ro v ic z , 1951 ) .  In  t h e  moth t h e r e f o r e  a s  

i n  C r u s ta c e a  th e  p e r i p h e r a l  c e l l  body and s h o r t  t e r m i n a l  d e n d r i t e s  

o f  t h e  r e c e p t o r  neu rone  a r e  c l o s e l y  a s s o c i a t e d  w i th  t h e  r e c e p to r  

m u sc le .  I n  th e  c a se  o f  th e  i n s e c t  MRO however th e  r e c e p t o r  m uscle  

c o n s i s t s  o f  a s i n g l e  m uscle f i b r e .  In  t h e  c e n t r a l  r e g i o n  o f  t h i s  

f i b r e ,  g e n e r a l l y  a d ja c e n t  t o  th e  s e n so ry  neurone  soma, i s  a s w e l l in g  

e n c lo s i n g  t h e  g i a n t  n u c le u s  o f  t h e  m uscle c e l l ,  o f t e n  m easu r ing  o v e r  

600 pm i n  l e n g t h .  In  t h i s  c e n t r a l  r e g i o n  o f  th e  r e c e p t o r ,  b a re  

t e r m in a l  t i p s  o f  t h e  s e n so ry  neu rone  d e n d r i t e s  become c l o s e l y  

apposed t o  th e  s u r f a c e  o f  th e  r e c e p t o r  m uscle f i b r e .  The r e c e p t o r  

m uscle  a l s o  r e c e i v e s  an e f f e r e n t  s u p p ly  a t  t h i s  c e n t r a l  r e g i o n  and 

a t  a b o u t  a  dozen o t h e r  p o i n t s  a long  th e  f i b r e  from a s e p a r a t e  b ra n c h  

o f  t h e  t e r g a l  n e rv e  which ru n s  t o  i n n e r v a t e  t h e  rem a in d e r  o f  t h e  

d o r s a l  n u s c u la t u r e  o f  th e  segm en t .

The re s p o n s e  o f  t h e  L e p id o p te ra n  MRO t o  s t r e t c h  was f i r s t

i n v e s t i g a t e d  by F in la y s o n  and L ow enste in  (1 9 5 8 ) .  They showed t h a t

t h e  MRO was a t o n i c  r e c e p t o r  which m a in ta in e d  a r e g u l a r  r e s t i n g

d i s c h a g e  f o r  many h o u r s .  The unadap ted  peak f re q u e n c y  o f  d i s c h a r g e

re a c h e d  im n e d ia t e ly  a f t e r  s t r e t c h i n g  showed a l i n e a r  r e l a t i o n s h i p  t o
u

t h e  d i s p la c e m e n t  up t o  a maximum l e n g t h ,  a f t e r  which ove r  s t r e t c h  

and a f a l l  i n  t h e  d i s c h a r g e  f re q u e n c y  was s e e n .  When an MRO was 

s t r e t c h e d  a t  any v e l o c i t y  a  p h a s ic  r e s p o n s e  was a l s o  a p p a re n tp  t h a t  

i s ,  t h e  d i s c h a r g e  th ro u g h o u t  t h e  p e r io d  o f  s t r e t c h i n g  was h i g h e r
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than  would be expected from th e  p o s i t i o n  sense a t  any le n g th  a lo n e .

I n  a  l a t e r  more com prehensive  a n a l y s i s  o f  th e  complex r e s p o n s e  o f

t h e  L e p id o p te ra n  MRO, Weavers r e c o g n iz e d  t h r e e  com ponents  o f  t h e

r e c e p t o r  r e s p o n s e  (W eavers, 1 9 6 6 a ) . i )  A p o s i t i o n  r e s p o n s e  as

p r e v i o u s l y  d e s c r ib e d  by F i n la y s o n  and L ow enste inp  i i )  a v e l o c i t y

r e s p o n s e ,  and i i i )  an  a c c e l e r a t i o n  r e s p o n s e ,  r e p r e s e n t e d  by th e

o v e r s h o o t  o f  i n c r e a s e d  f re q u e n c y  a t  t h e  b e g in in g  o f  a ramp s t r e t c h

and upon r e l a x a t i o n .  Weavers showed t h a t  t h i s  change o f  r a t e  
0

r e s p o n s e  i s  a t r u e  a c c e l e r a t i o n  re sp o n se  and hence n o t  t o  be 

compared w i th  th e  i n i t i a l  b u r s t  o f  a c t i v i t y  seen  in  th e  f r e q u e n c y  

t im e  c u rv e  o f  t h e  r e s p o n s e  o f  t h e  mammalian m uscle  s p in d l e  t o  a ramp 

s t r e t c h .  T h is  has  been d e s c r ib e d  in  th e  m uscle  s p i n d l e  a s  a 

TTstarting  t o  moven f u n c t i o n ,  t h e  prom inence o f  which v a r i e s  u n d e r  

d i f f e r e n t  c o n d i t i o n s  and i s  most l i k e l y  dep en d en t  upon a s t a t i c  

f r i c t i o n a l  f o rc e  r a t h e r  th an  t h e  a b s o l u t e  v a lu e  o f  t h e  a c c e l e r a t i o n

A s t r i k i n g  d i f f e r e n c e  between th e  i n s e c t  MRO and e i t h e r  th e

c r u s t a c e a n  abdom inal m uscle  r e c e p to r  o rg an  o r  t h e  mammalian m uscle  

s p i n d l e  i s  t h a t  th e  i n s e c t  MRO has  o n ly  a s i n g l e  type  o f  s e n s o r y  

n eu rone  t o  t h e  r e c e p t o r  m u sc le .  The r e c e p t o r  o rgan  i t s e l f  i s

composed o f  o n ly  t h r e e  c e l l s ,  th e  s e n so ry  n e u ro n e ,  th e  m uscle c e l l
M W

and an a d d i t i o n a l  f i b r e  t r a c t  c e l l  . T h is  s i n g l e  s e n s o r y  neurone  

i s  however c a p a b le  o f  s i g n a l l i n g  t h r e e  components p r e s e n t  in  th e

s t r e t c h  s t i m u l u s .  I t s  a d a p t i o n  r a t e  i s  f a r  low er  th an  t h a t  o f  e i t h e r  

th e  c r u s t a c e a n  t o n i c  r e c e p t o r  o r  th e  s e c o n d a ry  e n d in g s  o f  th e  

v e r t e b r a t e  m uscle  s p i n d l e .  As an i n t e r e s t i n g  consequence  t h e r e f o r e .
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o n ly  two r e c e p t o r s  p e r  segment a r e  n e c e s s a r y  i n  o r d e r  t o  r a p i d l y  

s u p p ly  e x a c t  i n fo r m a t io n  abou t  th e  i n s e c t s  movements.

The i n s e c t  MRO, l i k e  t h e  c r u s t a c e a n  MRO and t h e  muscle s p i n d l e ,  

shows an in c r e a s e d  s e n s o r y  d i s c h a r g e  f re q u e n c y  upon s t i m u l a t i o n  o f  

t h e  e f f e r e n t  n e rv e  su p p ly  t o  t h e  r e c e p t o r  m uscle (W eavers, 1966b ) .  

S i m i l a r  t o  th e  c r u s t a c e a n  MRO, th e  changes  i n  RM e f f e r e n t  d i s c h a r g e  

e x e r t  a  n e g a t i v e  feed b ack  c o n t r o l  o v e r  MRO a f f e r e n t  d i s c h a r g e .  Hence 

upon  MRO e x te n s io n  the  t o n i c  RM e f f e r e n t  a c t i v i t y  i s  r e f l e x l y  

i n h i b i t e d ,  p r e v e n t in g  o v e r s t i m u l a t i o n  o f  t h e  a f f e r e n t  t e r m i n a l s .  

R e l a x a t io n  o f  th e  MRO a l lo w s  r e f l e x  d i s i n h i b i t i o n  o f  th e  RM m otor 

a c t i v i t y  which t a k e s  up t h e  s l a c k  from t h e  RM. An i n p o r t a n t  f u n c t i o n  

o f  t h e  RM t h e r e f o r e  i s  t o  e x tend  th e  u s e f u l  r an g e  o f  l e n g t h s  and 

v e l o c i t i e s  o v e r  which t h e  MRO may o p e r a t e .
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CHAPTER 2 .0  CONTROL OF CELL FUNCTION BY NON-IMPULSIVE ACTIVITY.

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

d e s c r ib e d  f a l l  n e a t l y  w i th in  th e  t r a d i t i o n a l  c o n c e p t  o f  a n e rv o u s  

sy s tem  i n  which t h e  n e rve  i n p u l s e  and n e rv o u s  f u n c t i o n  a r e  c l o s e l y  

bound t o g e t h e r .  From th e  e a r l i e s t  work upon n e rv e  e x c i t a b i l i t y  th e  

i d e a  was soon e s t a b l i s h e d  t h a t  a c t i v i t y  was a s s o c i a t e d  w i th  an 

im p u ls e  which p ropaga ted  down th e  axon w i th  f i n i t e  v e l o c i t y .  From 

t h e  r e s u l t s  o f  work c a r r i e d  ou t  o v e r  t h e  p a s t  few decad es  how ever, 

i t  h a s  become i n c r e a s i n g l y  a p p a re n t  t h a t  t h e r e  a r e  a  number o f  

e x c e p t io n s  t o  t h i s  g e n e r a l  r u l e .  I t  i s  now c l e a r  t h a t  t h e  b a s i c  

f u n c t i o n s  o f  neu ro n esp  th e  r e c e p t i o n ,  t r a n s m i s s i o n ,  g e n e r a t i o n  and 

i n t e g r a t i o n  o f  ne rve  s i g n a l s ,  may be c a r r i e d  o u t  i n  t h e  a bsence  o f  

a l l - o r - n o t h i n g  im p u ls e s .

At abou t t h e  same tim e t h a t  A le x a n d ro v icz  d e s c r ib e d  t h e  MRO's i n  

t h e  abdomen o f  t h e  l o b s t e r ,  th e  f i r s t  i n t r a c e l l u l a r  r e c o r d in g s  o f  

g r a d e d ,  non -im pu lse  a c t i v i t y  were o b ta in e d  from t h e  v e r t e b r a t e  

n e u ro m u sc u la r  j u n c t i o n  ( F a t t  and K a tz ,  1951) .  A few y e a r s  l a t e r  th e  

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

i n h i b i t o r y  p o t e n t i a l s  in  th e  mammalian CNS were o b ta in e d  (Coombs 

e t . a l . ,  1 9 5 5 a ,b ) . The im portance  o f  g raded  e l e c t r i c a l  a c t i v i t y  i n  

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

p a p e rs  o f  E y z a g u ire  and K u f f l e r  ( 1 9 5 5 a ,b ,  K u f f l e r  and E y z a g u ir e ,  

195 5 ) .  R e a l i z in g  th e  ad v an tag e  o f  th e  c r a y f i s h  s t r e t c h  r e c e p t o r
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o rg a n s  w i th  t h e i r  a c c e s s i b l e  c e l l  b o d ie s  and th e  a b i l i t y  t o  c o n t r o l  

t h e  s t a t e  o f  e x c i t a b i l i t y  o f  t h e  c e l l s '  v i a  t h e i r  p h y s i o l o g i c a l  

r e s p o n s e  t o  s t r e t c h ,  th e  mechanism o f  e x c i t a t i o n  betw een d e n d r i t e s ,  

c e l l  soma and axon was s t u d i e d .  I t  was shown t h a t  e x c i t a t i o n  

o r i g i n a t e d  in  th e  d i s t a l  p o r t i o n s  o f  th e  d e n d r i t e s  which were 

d e p o l a r i s e d  by s t r e t c h  d e fo r m a t io n .  T h is  d e p o l a r i s i n g  p o t e n t i a l ,  t h e  

g e n e r a t o r  p o t e n t i a l ,  was m a in ta in e d  f o r  th e  d u r a t i o n  o f  th e  s t r e t c h .  

E l e c t r o t o n i c  sp read  o f  t h e  g e n e r a to r  p o t e n t i a l  from t h e  d e n d r i t e s  

re d u c e d  th e  membrane p o t e n t i a l  o f  th e  n e a rb y  c e l l  body. Thus th e  

r e s t i n g  p o t e n t i a l  and t h e  l e v e l  o f  e x c i t a b i l i t y  o f  t h e  c e l l  body w e re  

s e t  by l o c a l  e v e n ts  o c c u r in g  w i th in  th e  d e n d r i t e s .

At t h i s  t im e t h e  d i s t i n c t i o n  be tw een  t h e  a l l - o r - n o t h i n g  im pu lse  

and th e  g raded  r e c e p t o r  and s y n a p t i c  p o t e n t i a l s  seemed q u i t e  c l e a r ,  

and b o th  were c l e a r l y  i n t e r l i n k e d .  What was u n c e r t a i n  however was 

th e  r o l e  p lay ed  by th e  g ra d e d ,  p ro longed  and d e c r e m e n ta l l y  conduc ted  

p o t e n t i a l s  which sp read  th ro u g h  th e  c o m p l ic a te d  geom etry  o f  

d e n d r i t i c  t r e e s .  To vdiat e x t e n t  cou ld  t h e s e  n o n -p ro p a g a te d  

p o t e n t i a l s  i n f l u e n c e  th e  i n t % r a t i v e  a c t i v i t y  o f  t h e  n eu rone  ? And 

c o u ld  i n  f a c t  s y n a p t i c  o u tp u t  be m ed ia ted  w i th o u t  th e  invo lvem en t  o f  

an a l l - o r - n o t h i n g  im pu lse  ? C lo s e r  s tu d y  o f  t h e  n eu ro m u sc u la r  

j u n c t i o n  i n  f a c t  r e v e a le d  t h a t  synapse  a c t i v a t i o n  was n o t  c r i t i c a l l y  

d e p e n d en t  upon p r o p a g a t io n  o f  t h e  i n p u l s e  i n t o  t h e  t e r m in a l  i t s e l f .  

R a th e r ,  i t  was th e  d e g re e  o f  d e p o l a r i s a t i o n  o f  th e  t e r m in a l  membrane 

which was i m p o r ta n t ,  d e l  C a s t i l l o  and K atz  (1954) showed t h a t  a t  t h e  

f ro g  n e u ro m u sc u la r  j u n c t io n  th e  p o s t - s y n a p t i c  e v e n ts  co u ld  be 

m o d if ie d  by l o c a l  e l e c t r o t o n i c  changes i n  t h e  p r e - s y n a p t i c  n e rv e  

e n d i n g s ,  w i th o u t  th e  invo lvem en t  o f  n e rv e  im p u ls e s .  They o bse rved
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t h a t  th e  f re q u e n c y  o f  random m in a tu re  e n d - p l a t e  p o t e n t i a l s  and t h a t  

t h e  s u b s e q u e n t  s i z e  o f  t h e  t r a n s m i t t e d  r e s p o n s e ,  more s p e c i f i c a l l y ,  

th e  q u a n ta l  c o n te n t  o f  th e  e n d - p l a t e - p o t e n t i a l , u s e r^ c o n t in u o s ly  

g ra d e d  w i th  t h e  d e g re e  o f  p r e - s y n a p t i c  membrane d e p o l a r i s a t i o n .

A lthough  th e  f ro g  n eu rom uscu la r  j u n c t io n  had a number o f  

a d v a n ta g e s  f o r  s tu d y in g  th e  mechanism o f  t r a n s m i t t e r  r e l e a s e ,  a 

s e r i o u s  drawback o f  th e  p r e p a r a t i o n  was t h a t  i t  was n o t  p o s s i b l e  a t  

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

t e r m i n a l s  and th e r e b y  o b t a i n  d i r e c t  m easurem ents o f  th e  p r e - s y n a p t i c  

membrane p o t e n t i a l .  T h is  problem  was overcome by K atz  and M ile d i
* M

(1967) who used  th e  g i a n t  synapse  o f  th e  squ id  s t e l l a t e  g a n g l i o n .  

Again th e y  d em o n s tra ted  t h a t  a p a s s iv e  p o t e n t i a l  was no l e s s  

e f f e c t i v e  i n  p ro d u c in g  a p o s t - s y n a p t i c  r e s p o n s e  th a n  was th e  a c t i o n  

p o t e n t i a l .  T r a n s m i t t e r  r e l e a s e  was n o t  due t o  r e g e n e r a t i v e  sodium 

e n t r y ,  b u t  t o  th e  l e v e l  o f  p r e - s y n a p t i c  d e p o l a r i s a t i o n  i t s e l f .  Of 

c o u r s e  t h i s  work has i t s  own i n t r i n s i c  i n p o r tan c e  i n  t h e  d e t a i l e d  

a n a l y s i s  o f  s y n a p t i c  m echanism s. For the  p u rp o s e s  o f  th e  p r e s e n t  

d i s c u s s i o n  however, i t  was a l s o  i n p o r t a n t  i n  d e m o n s t ra t in g  t h a t  

s y n a p t i c  o u tp u t  from any p o i n t  o f  a  neu rone  can be e f f e c t i v e l y  

c o n t r o l l e d  by any s m a l l ,  g rad e d  d e p o l a r i s a t i o n  o f  t h e  p r e - s y n a p t i c  

membrane a t  o r  n e a r  t h a t  p o i n t .  The id e a  t h a t  s y n a p t i c  o u tp u t  a s  

w e l l  a s  i n p u t s  cou ld  o ccu r  on c e l l  b o d ie s  o r  d e n d r i t e s  was o f  c o u rs e
V «

q u i t e  r e v o l u t i o n a r y  and t o t a l l y  a l i e n  t o  th e  dynamic p o l a r i s a t i o n  

d o c t r i n e  o f  t h e  neu rone  w id e ly  held  a t  t h e  t im e .  At t h i s  t im e  

t h e r e f o r e  th e  d i s t i n c t i o n  between n e u ro n a l  d e n d r i t e s  w i th  a f u n c t i o n  

based  p u r e l y  on i n t e g r a t i o n  o f  p r e s y n a p t i c  in p u t  and c e l l  axons  w i th  

a  s im p le  o u tp u t  f u n c t i o n  was becoming l e s s  c l e a r .  A r e v i s i o n  o f  th e
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s e m a n t ic s  o f  c e l l  to p o g ra p h y  appeared  n e c e s s a r y ,  d e m o n s tra ted  by th e  

d e s c r i p t i o n  o f  t h e  n o n - im p u ls iv e  i n t e g r a t i o n  w i t h in  t h e  r e t i n a .

2 .1  N on-im pu ls ive  a c t i v i t y  and i n t e g r a t i o n  w i th in  th e  r e t i n a

Among th e  f i r s t  c e l l  ty p e s  t o  e x h i b i t  s y n a p t i c  o u tp u t  from 

d e n d r i t e s  ( d e n d r o - d e n d r i t i c  sy n a p se s )  were t h e  r e t i n a l  n eu rones  o f  

th e  p r im a te  eye (Dowling and B o y c o t t ,  1966). The r e t i n a  i s  a

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

o r g a n i z a t i o n  o f  ne rvous  t i s s u e .  I t  i s  one o f  th e  most r e a d i l y

a c c e s s i b l e  and s i n p l e s t  p a r t s  o f  t h e  c e n t r a l  n e rvous  s y s te m , i t

c o n t a i n s  o n ly  f i v e  ty p e s  o f  c e l l s  whose som ata  a r e  d i s t r i b u t e d  i n t o  

t h r e e  d e s c r e t e  l a y e r s .  The s y n a p t i c  c o n t a c t s  a r e  l i m i t e d  t o  two

l a y e r s ,  e a c h  l a y e r  o f  which h a s  j u s t  t h r e e  c e l l  ty p e s  c o n t r i b u t i n g  

sy n a p se s  t o  i t .  F i n a l l y  t h e  f low  o f  i n f o r m a t io n  may be r e g a rd e d  as  

t r a v e l l i n g  from p h o to re c e p to r  c e l l s  t o  g a n g l io n  c e l l s ,  r e s u l t i n g  i n  

a  r e l a t i v e l y  s im p le  s i t u a t i o n  when deduc ing  l i k e l y  s y n a p t i c  

c o n t a c t s .

E l e c t r o n  m icroscope  s t u d i e s  have r e v e a le d  s e v e r a l  im p o r ta n t  

f u n c t i o n a l  c o n s i d e r a t i o n s  c o n c e rn in g  s y n a p t i c  i n t e r a c t i o n .  The 

a m acrin e  c e l l s ,  by d e f i n i t i o n  c e l l s  w i th o u t  im p u ls e s ,  have p r o c e s s e s  

which r a m i fy  th ro u g h o u t  th e  i n n e r  p le x i fo rm  l a y e r  o f  th e  r e t i n a  and 

make c o n ta c t  p r i m a r i l y  w i th  t h e  b i p o l a r  c e l l s .  These c o n t a c t s  w i th  

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

from b i p o l a r  c e l l s  as  w e l l  a s  s y n a p s in g  back  w i th  them . S i m i l a r l y ,
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h o r i z o n t a l  o e l l s ,  whose p r o c e s s e s  a r e  s e e n  t o  be n e i t h e r  c l e a r l y  

d e n d r i t i c  n o r  ax o n ic  in  a p p e a ra n c e ,  a r e  p o s t - s y n a p t i c  t o  b o th  ty p e s  

o f  p h o to r e c e p to r  c e l l  a s  w e l l  a s  b e in g  r e c i p r o c a l l y  p r e - s y n a p t i c  t o  

t h e  p h o to r e c e p to r  c e l l s .

I t  was c l e a r  from t h e  o u t s e t  t h a t  because  o f  t h e  u n u s u a l  s y n a p t i c  

o r g a n i z a t i o n  o f  th e  h o r i z o n t a l  and am acrine  c e l l s  , th e y  m igh t be 

e x p e c te d  t o  d e m o n s t ra te  sane u n u su a l  p h y s io l o g i c a l  p r o p e r t i e s .  In  a  

f i n e  i n v e s t i g a t i o n  W erblin  and Dowling (1 9 6 9 ) ,  r e c o r d in g  

i n t r a c e l l u l a r l y  from t h e  r e t i n a  o f  N e c tu ru s  m a c u lo s u s . d e s c r i b e d  t h 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  f i v e  c e l l  ty p e s  p r e s e n t .  Only th e  

a m acrin e  and g a n g l io n  c e l l s ,  c e l l s  o f  t h e  i n n e r  p l e x i f o rm  l a y e r ,  

r e sp o n d e d  t o  i l l u m i n a t i o n  w i th  c l a s s i c a l  r e g e n e r a t i v e  s p ik e  a c t i v i t y  

which were g e n e r a l l y  s u p e r  inposed  upon a sm a l l  membrane 

d e p o l a r i s a t i o n .  The c e l l s  o f  th e  o u t e r  p le x i fo rm  l a y e r ,  th e  

p h o t o r e c e p t o r s ,  h o r i z o n t a l  and b i p o l a r  c e l l s  responded  w i th  s lo w , 

g rad ed  p o t e n t i a l s  t o  a l i g h t  s t i m u lu s .  The r e s p o n s e  o f  th e  

p h o t o r e c e p t o r  c e l l s  ( i t  was n o t  p o s s i b l e  t o  d i s t i n g u i s h  be tw een  ro d s  

and co n es)  c o n s i s t e d  o f  a  h y p e r p o l a r i s a t i o n ,  c o m p r is in g  an i n i t i a l  

t r a n s i e n t ,  d e c a y in g  t o  g iv e  a s te a d y  h y p e r p o la r i s e d  p o t e n t i a l ,  

g raded  w i th  s t im u lu s  i n t e n s i t y .  The r e s p o n s e  o f  th e  h o r i z o n t a l  c e l l s  

r e c o rd e d  i n t r a c e l l u l a r l y ,  l i k e  t h a t  o f  t h e  p h o to r e c e p to r  c e l l s ,  was 

a l s o  h y p e r p o la r i z in g  and g raded  w i th  s t im u lu s  i n t e n s i t y .  S im i la r  t o  

p h o t o r e c e p t o r s  and h o r i z o n t a l s ,  t h e  b i p o l a r  c e l l s  g e n e ra te d  o n ly  

s low , g raded  p o t e n t i a l s  i n  r e s p o n s e  t o  r e t i n a l  i l l u m i n a t i o n .  U n lik e  

t h e  p r e v io u s  two c e l l s  however t h e  b i p o l a r  c e l l s  e i t h e r  

h y p e r p o la r i s e d  o r  d e p o la r i s e d  t o  th e  l i g h t  s t i m u l u s .  A pprox im ate ly  

h a l f  o f  t h e  b i p o l a r  c e l l  p o p u la t io n  responded  by p o l a r i s a t i o n  i n  one

-  27 -



d i r e c t i o n ,  th e  o t h e r  h a l f  p o l a r i s i n g  in  the  o t h e r  d i r e c t i o n .

f i i ^ s t  s i g h t  t h e  hype rp o l  a r i s i n g  re sp o n se  o f  t h e  p h o to r e c e p to r

c e l l s  may seem a l i t t l e  s u r p r i s i n g  when compared w i th  what i s

o b se rv e d  i n  o t h e r  f i r s t  o r d e r  s e n so ry  r e c e p t o r s .  D i r e c t  m easurem ents

have  shown t h a t  in  th e  dark  the  c e l l  membrane i s  e q u a l l y  perm eab le

t o  b o th  sodium and p o ta s s iu m . T h is  l a r g e  r e s t i n g  sodium p e r m e a b i l i t y

o f  th e  p h o to r e c e p to r s  g e n e r a te s  th e  dark  c u r r e n t  which h as  th e

e f f e c t  o f  c o n t i n u o s ly  d e p o l a r i s i n g  t h e  c e l l .  C o n se q u e n tly  t h e
r \

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

t h e i r  p o s t - s y n a p t i c  c e l l s .  I l l u m i n a t i o n  d e c r e a s e s  t h e  sodium io n  

i n f l u x  and hence re d u c e s  the  p o s i t i v e  inward c u r r e n t  i n  th e  

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

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

t h e  r a t e  o f  t r a n s m i t t e r  r e l e a s e .  The t o n i c  r e l e a s e  o f  t r a n a n i t t e r  by 

th e  p h o to r e c e p to r  c e l l s  in  the  dark  i s  r e p o n s i b l e  f o r  th e  low 

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

c e l l s .  The d e c re a s e  in  t r a n s m i t t e r  r e l e a s e  by th e  p h o t o r e c e p t o r s  

upon i l l u m i n a t i o n  i s  c o n s e q u e n t ly  r e s p o n s i b l e  f o r  t h e  

h y p e r p o l a r i s in g  r e s p o n s e  o f  th e  h o r i z o n t a l  c e l l s .

T h is  e a r l y  work has l e d  t o  t h e  i d e n t i f i c a t i o n  o f  sy n a p se s  a r i s i n g  
* w

from p r e s y n a p t i c  d e n d r i t e s  i n  a  v a r i e t y  o f  d i f f e r e n t  p r e p a r a t i o n s  

i n c l u d in g  t h e  v e r t e b r a t e  s p i n a l  cord  and th a la m u s  ( R a l s t o n ,  

1 9 6 8 a ,b ) ,  t h e  le e c h  segm en ta l  g a n g l io n  (M uller  and McMahan, 1976) 

and i n  l o b s t e r  s to m a to s e n s o ry  g a n g l io n  (K ing , 1 9 7 6 ) .  The r e g u l a t i o n  

o f  s u c h  s y n a p t i c  o u tp u t s  may be c o n t r o l l e d  by l o c a l  n o n -p ro p a g a te d
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g rad ed  p o t e n t i a l s .  Evidence  from th e  n eu rom uscu la r  j u n c t io n  and th e  

sq u id  s t e l l a t e  g a n g l io n  g i a n t  synapse  has r e v e a le d  t h a t  s y n a p t i c  

a c t i v a t i o n  i s  due t o  th e  a b s o lu t e  d e g re e  o f  p r e s y n a p t i c  

d e p o l a r i s a t i o n  and n o t  t h e  ne rve  inçju lse  i t s e l f .  A number o f  c e l l s  

o f  th e  r e t i n a ,  in c lu d in g  th e  p h o to re c e p to r s  th e m s e lv e s ,  a r e  a l l  t h e  

more i n t e r e s t i n g  i n  t h a t  th e y  show a h y p e r p o l a r i z in g  r e c e p t o r  

p o t e n t i a l  i n  r e s p o n s e  t o  i l l u m i n a t i o n ,  p o s t  s y n a p t i c  a c t i v a t i o n  th u s  

depends  on t h e  r a t e  o f  t r a n s m i t t e r  r e l e a s e  in  t h e  l i g h t .  O th e r  

r e t i n a l  c e l l  t y p e s ,  namely th e  b i p o la r  c e l l s  a r e  d i s t r i b u t e d  i n t o  

two p o p u l a t i o n s  ; th o se  showing a h y p e r p o la r i z in g  re s p o n s e  t o  

i l l u m i n a t i o n  j o t h e r s  a  d e p o la r i z i n g  r e s p o n s e .  O the r  p r im ary  s e n s o r y  

n e u ro n e s  o f  d i f f e r e n t  m o d a l i ty  have been  shown t o  respond  w i th  

n o n - im p u ls iv e  ana logue  v o l ta g e  c hanges .  I n  p a r t i c u l a r  th e  c e l l s  o f  

t h e  a c o u s t i c o - l a t e r a l i s  s y s ta n  respond w i th  g rad ed  p o t e n t i a l  changes  

o f  e i t h e r  p o l a r i t y  dependan t upon th e  d i r e c t i o n a l i t y  o f  th e  s t i m u lu s  

(H udspeth  and Corey , 1977) .  Subsequen t d e v i a t i o n s  i n t h e  r a t e  o f  

t r a n s m i t t e r  r e l e a s e  e f f e c t i v e l y  c o n t r o l  p o s t - s y n a p t i c  a c t i v i t y .

2 .2  S enso ry  T ra n s d u c t io n  i n  H a ir  C e l l s

In  v e r t e b r a t e s ,  h a i r  c e l l s  a r e  t h e  p r im a ry  r e c e p t o r s  i n  t h e  

a u d i t o r y ,  v e s t i b u l a r  and l a t e r a l - l i n e  sy s te m s ,  t h e  s o - c a l l e d  

a c o u s t i c o - l a t e r a l i s  sy s tem . These c e l l s ,  s i m i l a r  t o  t h e  v e r t e b r a t e  

r e t i n a l  p h o t o r e c e p t o r s ,  a r e  s p e c i a l i z e d ,  axon d e f i c i e n t  

n e u r o e p i t h e l i a l  c e l l s  which s y n a p t i c a l l y  e x c i t e  second o r d e r  

a f f e r e n t  n e u ro n e s .  The h a i r  c e l l s  o f  th e  a c o u s t i c o - l a t e r a l i s  system
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a r e  a l l  m o rp h o lo g ic a l ly  s i m i l a r  and a r e  c h a r a c t e r i z e d  a t  t h e i r  

a p i c a l  s u r f a c e  by a bundle  o f  s e n so ry  h a i r s .  They a r e  g e n e r a l l y  

c y l i n d r i c a l  o r  f l a s k  shaped and ran g e  i n  s i z e  from 4 t o  10 pm f o r  

t h e  mammalian o rgan  o f  C o r t i ,  th ro u g h  t h e  i n t e r m e d ia t e  s iz e d  c e l l s  

o f  th e  b u l l f r o g  s a c c u lu s  (ISjim diam . , Hudspeth and C orey , 1977) t o  

t h e  l a r g e  h a i r  c e l l s  o f  t h e  mudpuppy l a t e r a l  l i n e  (20pm d iam . H a r r i s  

e t . a l .  1970) .  The h a i r  c e l l s  a r e  i n n e r v a te d  a t  t h e i r  base  by 

a f f e r e n t  e n d in g s  o f  second o r d e r  s e n so ry  n e rve  f i b r e s  and by one o r  

more e f f e r e n t  e n d in g s .

The a d e q u a te  s t im u lu s  f o r  a l l  h a i r  c e l l s  i s  t h e  samep a s h e a r in g  

d i s p la c e m e n t  p roducing  a l a t e r a l  movement o f  th e  s e n s o r y  h a i r s .  

I n t r a c e l l u l a r  r e c o r d in g s  o f  t h e  r e sp o n se  o f  t h e  h a i r  c e l l s  t o  a 

l i n e a r  d isp la c e m e n t  were made by Hudspeth and Corey (1 9 7 7 ) .  Using 

f i n e  g l a s s  e l e c t r o d e s ,  rem a rk a b ly  b e n t  o v e r  t h e  d i s t a l  200pm t o  

a l lo w  v e r t i c a l  c e l l  p e n e t r a t i o n s  w i th  h o r i z o n t a l l y  p lac e d  

e l e c t r o d e s ,  g rad e d  p o t e n t i a l s  u s u a l l y  5 - 1 OmV i n  a m p li tu d e  were 

r e c o r d e d  in  r e s p o n s e  t o  d isp la c e m e n t  o f  th e  s e n s o r y  h a i r s .  In  

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

d i r e c t i o n  o f  p o l a r i z a t i o n  o f  th e  r e c e p t o r  p o t e n t i a l  depended upon 

t h e  d i r e c t i o n  o f  t h e  imposed d i s p la c e m e n t .  F u r th e rm o re ,  t h e  r e c e p t o r  

p o t e n t i a l s  were a s y m m e tr ic a l .  A 0.5pm movement o f  th e  h a i r  bu n d le  i n  

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

d e p o l a r i s i n g  p o t e n t i a l  change w h i l s t  th e  same movement i n  th e  

o p p o s i t e  d i r e c t i o n  gave  a much s m a l l e r  h y p e r p o l a r i s in g  p o t e n t i a l .  

The i n p u t - o u tp u t  r e l a t i o n s h i p  de te rm in ed  f o r  th e  c e l l s  i s  r o u g h ly  

l i n e a r  up t o  d i s p l a c e m e n ts  a p p ro x im a te ly  p lu s  o r  minus 0.4pm, a t  

h i g h e r  a m p l i tu d e s  the  r e s p o n s e  s a t u r a t e s  a t  e i t h e r  e x tre m e s  o f
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f l e x i o n .  The i n p u t - o u tp u t  c u rv e  i s  t h e r e f o r e  s ig m o id a l  b u t  h i g h l y  

a s y m m e tr ic a l  w i th  more r a p id  s a t u r a t i o n  o f  t h e  h y p e r p o l a r i s i n g  

r e s p o n s e .

The a c t i v a t i o n  o f  synapses  by h y p e r p o l a r i s in g  r e c e p t o r  p o t e n t i a l s  

h a s  been th e  s u b j e c t  o f  some s p e c u l a t i o n  (G r u n d fe s t ,  1961  ̂ F u o r t e s ,  

1971) . T ha t t h e  r e t i n a l  p h o to re c e p to r  c e l l s  h y p e r p o l a r i s e  upon 

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

r e t i n a l  c e l l s  may occur upon h y p e r p o l a r i s a t i o n .  The s u p p o s i t i o n ,  i n  

t h e  c a s e  o f  th e  h a i r  c e l l s ,  t h a t  no s ig n a l  i s  produced when th e  c e l l  

i s  a t  r e s t  and two d i f f e r e n t  s i g n a l s ,  i e .  two d i f f e r e n t  

t r a n s m i t t e r s ,  a r e  produced by th e  two d i r e c t i o n s  o f  bending  h a s  been 

p ro p o s e d ,  ( F u o r t e s ,  1971) .  I t  i s  now w id e ly  a c c e p te d  how ever, a s  has 

been a l r e a d y  d e s c r ib e d  f o r  th e  r e t i n a ,  t h a t  t h e  s t im u lu s  ( l i g h t ,  

movement o f  s t e r e o c i l i a ) , must cause  a r e d u c t io n  i n  t h e  r a t e  o f  

t o n i c  t r a n s m i t t e r  r e l e a s e  by th e  p r e - s y n a p t i c  c e l l s .  A c c o rd in g ly ,  

i n p u l s e  a c t i v i t y  i n  t h e  a f f e r e n t  f i b r e s  which i n n e r v a t e  t h e  h a i r  

c e l l s  i s  d i r e c t l y  m odulated by th e  h a i r  c e l l  r e c e p t o r  p o t e n t i a l ,  

a c t i v i t y  b e in g  in c r e a s e d  when th e  h a i r  c e l l s  a r e  d e p o la r i s e d  and 

d e c re a s e d  when th e y  a r e  h y p e rp o la r i s e d  (Sand e t . a l .  1975) .

I n  t h e  c e l l s  so  f a r  d i s c u s s e d  e x h i b i t i n g  n o n - im p u ls iv e  a c t i v i t y ,  

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

t r a n s m i s s i o n  o f  t h e  r e c e p to r  r e sp o n se  because  t h e  d i s t a n c e s  a r e  v e ry  

s h o r t .  I t  must n o t  be assumed however t h a t  th e  c lo s e  p r o x im i ty  o f  

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

im p u ls iv e  a c t i v i t y  i n  a  p a r t i c u l a r  n e u ro n e .  E l e c t r o t o n i c
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t r a n s m i s s i o n  o f  r e c e p t o r  p o t e n t i a l s  may a l s o  t a k e  p la c e  over  g r e a t e r  

d i s t a n c e s ,  a t  which p o i n t  t h e  d i s t i n c t i o n  be tw een  c o n f in e m e n t  o f  

g rad e d  a c t i v i t y  t o  th e  c e l l  body and d e n d r i t e s  o f  a  c e l l  and th e  

a l l o c a t i o n  o f  s p ik in g  a c t i v i t y  t o  i t s  axon becomes somewhat 

o b s c u r e d .

2 .3  C ru s ta c e a n  N o n-sp ik ing  T h o r a c ic -c o x a l  Muscle R ecep to r  O rgan .

Spanning t h e  t h o r a c i c - c o x o p o d i t e  j o i n t  i n  each  l e g  o f  a  number o f  

s p e c i e s  o f  decapod C ru s ta c e a  i s  a  s in g l e  m uscle r e c e p t o r  com plex . I t  

i s  i n n e r v a te d  a t  i t s  p rox im al  end by two l a r g e  and e i t h e r  one o r  two 

sm a l l  d ia m e te r  a f f e r e n t  f i b r e s .  These t h o r a c i c - c o x a l  m uscle r e c e p t o r  

o r g a n s  (TCMRO's) were a g a in  f i r s t  d e s c r ib e d  by A le x a n d ro v icz  

(A le x a n d ro v ic z  and W h ite a r ,  1957 A le x a n d ro v ic z ,  1958.)  and t h e i r  

re m a rk a b le  r e sp o n se  c h a r a c t e r i s t i c s  e lu c i d a t e d  by Bush and h i s  

c o -w o rk e rs  ( R ip le y ,  Bush and R o b e r t s ,  1968. ) Bush and R o b e r t s ,  1968, 

1971 i R o b e r ts  and Bush, 1971.)

The m uscle  r e c e p t o r  c o n s i s t s  o f  a  lo n g ,  t h i n  bund le  o f  m uscle 

f i b r e s  e n c lo s e d  w i th in  an e l a s t i c  c o n n e c t iv e  t i s s u e  s h e a t h .  The 

a t t a t c h m e n t  o f  t h e  TCMRO i s  so  a r ra n g e d  a c r o s s  th e  t h o r a c i c - c o x a l  

j o i n t  t h a t  i t  i s  s t r e t c h e d  by backward movement o f  th e  le g  

( r e m o t io n  ) and due t o  i t s  e l a s t i c i t y ,  s h o r t e n s  w ith  fo rw ard  

movement (. p rom otion  ) .
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In  c o n t r a s t  t o  t h e  c r u s t a c e a n  c h o rd o to n a l  o rg an s  and most o t h e r  

a r th r o p o d  m ec h an o recep to r  n e u ro n e s ,  t h e  c e l l  b o d ie s  o f  t h e  TCMRO 

a f f e r e n t s  l i e  w i th in  the  c e n t r a l  n e rvous  sy s tem . From th e  c e l l  

b o d ie s  o f  t h e  two l a r g e s t  a f f e r e n t s  e x te n d s  a t h i n  p r o c e s s  w hich 

g r a d u a l l y  e n l a r g e s  u n t i l  l-3mm o u t s i d e  th e  t h o r a c i c  g a n g l io n  th e y  

r e a c h  i n  C a r c in u s  m aenas . a maximum d ia m e te r  o f  4 0 -7 Oum. Both f i b r e s  

t h e n  ru n  a s  u n i fo rm  c y l i n d e r s  f o r  s e v e r a l  m i l l i m e t e r s ,  o f t e n  o v e r  a  

c e n t i m e t e r  in  th e  p o s t e r i o r  l e g s  o f  l a r g e  c r a b s ,  b e fo r e  b ra n c h in g  

p e r i p h e r a l l y  t o  i n n e r v a t e  t h e  s h o r t  p rox im a l  ten d o n  o f  t h e  r e c e p t o r  

m usc le  ( t h e  T f i b r e ) ,  o r  two f l a n k i n g  c o n n e c t iv e  t i s s u e  s t r a n d s  ( t h e  

S f i b r e ) . F in e  s t r u c t u r a l  a n a l y s i s  r e v e a le d  t h a t  t h e  T f i b r e  

t e r m i n a t i o n s  a r e  in  s e r i e s  w i th  th e  r e c e p t o r  m uscle  w h i le  t h o s e  o f  

t h e  S f i b r e  a r e  i n  p a r a l l e l  w i th  i t .

S i m i l a r  t o  t h e  s e n so ry  n eu rones  o f  t h e  c r u s t a c e a n  abdom ina l 

m usc le  r e c e p t o r  o rgan  b u t  u n l i k e  th e  v e r t e b r a t e  m uscle  s p i n d l e  

a f f e r e n t s ,  t h e s e  two a f f e r e n t  f i b r e s  o f  t h e  TCMRO a r e  l a r g e  enough 

t o  im p a le  w i th  m ic r o e l e c r o d e s .  They have a r e s t i n g  membrane 

p o t e n t i a l  o f  -4 0  t o  -80mV which d e c re a s e s  upon i n c r e a s i n g  t h e  l e n g t h  

o r  t e n s i o n  o f  th e  m uscle r e c e p t o r  o rg a n .  S im u lta n e o u s  i n t r a c e l l u l a r  

r e c o r d i n g  o f  t h e  membrane p o t e n t i a l  a t  d i f f e r e n t  p o i n t s  a lo n g  t h e  

n e rv e  show t h a t  th e  r e s p o n s e s  o f  a l l  t h e  TCMRO n e u ro n e s  t o  r e c e p t o r  

m usc le  s t r e t c h  a r e  d e c r e m e n ta l l y  conduc ted  down t h e  f i b r e  w i th o u t  

t h e  i n t e r v e n t i o n  o f  a l l - o r - n o t h i n g  s p i k e s .  These r e s p o n s e s  have th e  

c h a r a c t e r i s t i c s  o f  r e c e p t o r  p o t e n t i a l s ,  i . e .  t h e y  a r e  g ra d e d  w i th  

r a t e  and a m p l i tu d e  o f  s t r e t c h .
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The r e s p o n s e  o f  bo th  th e  S and T f i b r e s  t o  a c o n s t a n t —v e l o c i t y  

ramp f u n c t i o n  s t r e t c h  show an i n i t i a l  dynamic component, d e p e n d a n t  

upon th e  r a t e  and e x te n t  o f  th e  s t r e t c h  fo llow ed  by a d e c l i n e  t o  a 

m a in ta in e d  l e v e l  o f  d e p o l a r i s a t i o n  dependan t  upon th e  f i n a l  

a m p l i tu d e  o f  th e  s t r e t c h .  The T f i b r e  r e s p o n s e  shows a much g r e a t e r  

v e l o c i t y  s e n s i t i v i t y  th an  th e  S f i b r e .  On t h e  o t h e r  hand , t h e  s t e a d y  

s t a t e  membrane p o t e n t i a l  o f  th e  S f i b r e  v a r i e s  a lm os t  l i n e a r l y  w i th  

r e c e p t o r  m uscle l e n g t h .  Being i n  s e r i e s  w i th  t h e  r e c e p to r  m uscle  , 

t h e  T f i b r e  r e s p o n s e  i s  a l s o  s t r o n g l y  depeden t  on th e  t e n s i o n  w i t h in
i i

t h e  r e c e p t o r  m uscle s t r a n d .  Under c o n d i t i o n s  o f  , t e n s i o n  clamp 

(B ush , God den and Macdonald, 1975 j Bush and God d e n , 197 4 ) ,  th e  S 

f i b r e  r e s p o n s e  fo llow ed  th e  slow l e n g th  changes r e q u i r e d  t o  produce  

a ram p-shaped  t e n s i o n  change in  the  r e c e p t o r  m u sc le ,  w h i le  th e  T 

f i b r e  fo l lo w e d  e x a c t l y  t h e  ramp t e n s i o n  c h a n g e .  I s o m e t r i c  

c o n t r a c t i o n  o f  th e  r e c e p t o r  m u sc le ,  r e s u l t i n g  from e f f e r e n t  

a c t i v a t i o n ,  w i l l  a l s o  g iv e  g raded  d e p o l a r i s a t i o n  i n  t h e  T f i b r e  w i th  

l i t t l e  o r  no r e s p o n s e  in  th e  S f i b r e .

L ike o t h e r  m uscle r e c e p to r  o rg a n s  p r e v i o u s ly  d i s c u s s e d ,  t h e  TCMRO 

i s  u n d e r  e f f e r e n t  c o n t r o l .  S t im u la t io n  o f  th e  motor n e rv e  t o  th e  

TCMRO u n d e r  i s o m e t r i c  c o n d i t i o n s  r e s u l t s  i n  slow t e n s i o n  deve lopm en t 

w i t h in  th e  m usc le .  The im p o r ta n c e  o f  t h i s  e f f e r e n t  s u p p ly  t o  th e  

r e c e p t o r  m u sc le ,  p a r t i c u l a r l y  a t  s h o r t  i n i t i a l  l e n g t h s ,  may a g a in  be 

a p p r e c i a t e d  i n  m a in ta in in g  the  s e n s i t i v i t y  o f  th e  T f i b r e s  r e s p o n s e  

o v e r  a  wide range  o f  r e c e p to r  m uscle l e n g t h s .
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The f u n c t i o n a l  s i m i l a r i t y  w i th  o t h e r  muscle r e c e p t o r s  i s  

a p p a r e n t .  The f r e q u e n c y / t im e  re sp o n se  o f  th e  c a t e r p i l l a r  MRO t o  a 

s low  c o n s t a n t - v e l o c i t y  ramp s t r e t c h  shows g r e a t  s i m i l a r i t y  t o  t h e  S 

f i b r e  r e s p o n s e  t o  a  s i m i l a r  slow v e l o c i t y  ramp s t r e t c h  ( s e e  W eevers, 

1966 ;  Bush and R o b e r ts ,  1971 ) .  As th e  v e l o c i t y  o f  t h e  ramp s t r e t c h  

i n c r e a s e s ,  th e  r e s p o n s e  o f  th e  c a t e r p i l l a r  MRO changes i n  form t o

re s e m b le  t h e  dynamic re sp o n se  o f  th e  T f i b r e .  As has b een  p r e v i o u s l y

n e n t i o n e d ,  t h i s  com posite  r e s p o n s e  o f  th e  c a t e r p i l l a r  MRO t o  a ramp 

s t r e t c h  i s  p e rh a p s  n o t  s u r p r i s i n g  s in c e  t h e r e  i s  o n ly  one b i l a t e r a l  

MRO p e r  segm en t .  The g r e a t e r  dynamic s e n s i t i v i t y  o f  th e  c r u s t a c e a n  

TCMRO T f i b r e  o f  c o u rse  s u g g e s t s  a  com parison  w i th  t h e  f a s t  

c r u s t a c e a n  abdom inal muscle r e c e p t o r  o rgans  and th e  v e r t e b r a t e

p r im a ry  s p in d l e  a f f e r e n t s ,  a l l  o f  which show r a p id  a d a p t io n  

c h a r a c t e r i s t i c s .  The s t a t i c  s e n s i t i v i t y  o f  t h e  S f i b r e s  may be 

compared w i th  t h e  s lo w ly  a d a p t in g  slow c r u s t a c e a n  abdom ina l 

r e c e p t o r s  and th e  seconda ry  s p in d l e  a f f e r e n t s .

The s t r i k i n g  f e a t u r e  o f  th e  r e sp o n se  o f  t h e  S and T f i b r e s  i s  o f  

c o u r s e  t h e i r  la c k  o f  a l l - o r - n o t h i n g  im p u ls e s .  I n s t e a d , g r a d e d ,  

d e p o l a r i s i n g  r e c e p t o r  p o t e n t i a l s  sp read  e l e c r o t o n i c a l l y  a lo n g  t h e  

two l a r g e  f i b r e s  t o  th e  CNS where th e y  m odula te  m otoneurone 

d i s c h a r g e .  What t h e n  a r e  t h e  p r o p e r t i e s  o f  th e s e  l a r g e  r e c e p t o r

c e l l s  which a llow  th e  t r a n s m is s io n  o f  an ana logue  r e c e p t o r  p o t e n t i a l  

o v e r  a  d i s t a n c e  o f  s e v e r a l  m i l l i m e t e r s  w i th o u t  a p p a r e n t l y  any l o s s  

o f  i n f o r m a t io n  o r  reduced  e f f i c a c y  o f  r e s p o n s e  ?
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As m ig h t  be e x p e c te d  from the  u n resp o n s iv e  nature o f  th e  membrane 

o f  such  a f f e r e n t  f i b r e s  t o  an i # o s e d  potential change, the 

c u r r e n t / v o l t  age r e l a t i o n s h i p s  are alm ost linear over a wide range of 

c u r r e n t  v a lu e s  (R o b e r ts  and Bush, 1971), The v a lu e  o f  s p e c i f i c  

membrane r e s i s t a n c e ,  R^ ig  h ig h ,  i n  S c v l la  f o r  S f i b r e s  of radius 4S 

pm th e  v a lu e  i s  a p p ro x im a te ly  900,000 ohm om̂ . Assuming the S and T 

f i b r e s  t o  have a s p e c i f i c  axoplaam io resistance, s i m i l a r  to that 

found in  o t h e r  c r u s t a c e a n  n e rv e  f i b r e s  o f  around 60 ohm cm, i t  i s  

n o t  s u r p r i s i n g  g iv e n  t h e  h igh  membrane r e s i s t a n c e  that t h e  lengh 

c o n s t a n t ,  X,, o f  S c y l l a  S f i b r e s  in  l a r g e  i n d i v i d u a l s  t o  be 

a p p r o x im a te ly  5.8cm. In  C a rc in u s  t h e  l e n g th  constant is  in the order 

o f  1 -2  cm (Cannone and Bush, 1980). These v a lu e s  f o r  space  constant 

a r e  l a r g e  when compared t o  s ta n d a rd  v a lu e s  f o r  frog muscle fibre and 

a 1pm d ia m e te r  mammalian ne rve  a t  1 .5  and 0 ,2  mm respectively, and 

even  more rem ark ab le  Wien compared w ith  l a r g e  d ia m e te r  (75pm) 

l o b s t e r  axons  w i th  le n g th  c o n s t a n t s  o f  1 .6  mm. Even squid glent 

a x o n s  w i th  d ia m e te r s  o f  around 200pm ( S e p ia ) and 500pm ( L o l ig o ) have 

l e n g t h  c o n s t a n t s  o n ly  up t o  1 .0  and 2 .0  cm r e s p e c t i v e l y  (Weldman, 

1951 Gorman and M i r o l l i ,  1972).

I n  C a r c in u s  g iv e n  such a  space  c o n s t a n t  and assum ing i n f i n i t e  

c a b l e  p r o p e r t i e s ,  t h e  am p litude  o f  r e sp o n se  r e c o rd e d  from an 

a f f e r e n t  S o r  T f i b r e  as  i t  e n t e r s  the t h o r a c i c  g a n g l io n  would be 

a b o u t  80%“ 90% o f  t h a t  r e c o rd e d  a t  th e  r e c e p t o r  m uscle some 5mm 

d i s t a l l y .  Hence m inim al l o s s  o f  th e  receptor s i g n a l  i s  s e e n ,  even 

o v e r  d i s t a n c e s  up t o  1,0cm a id  more.

— 36



The e f f i c i e n c y  o f  t h i s  analogue s ig n a l  i s  o b v io u s .  T ha t  t h e s e  

n o n - i i ç ) u l s i v e  r e s p o n s e s  a r e  th e  normal mode o f  s i g n a l l i n g  f o r  t h i s  

s e n s e  o rg an  i s  demonstrated by t h e i r  p a r t i c i p a t i o n  i n  a  " r e s i s t a n c e
H

r e f l e x  th ro u g h  t h e i r  a b i l i t y  t o  evoke im p u lses  i n  m otoneurones t o  

t h e  c o x a l  p rom otor  m usc les  o f  t h e  l e g  (Bush and R o b e r t s ,  1 9 6 8 ) .

S y n a p t ic  t r a n s m is s io n  in  t h i s  s t r e t c h  r e f l e x  pathw ay shows 

s i m i l a r  c h a r a c t e r i s t i c s  t o  t h a t  s e e n  i n  o t h e r  n o n - im p u ls iv e  n e u ro n e  

sy s te m s  ( o f .  v e r t e b r a t e  h a i r  c e l l s ) ,  i n  t h a t  i t  i s  c o n t i n u o u s ly  

g ra d e d  o r  t o n i c  i n  n a t u r e .  The t r a n s f e r  c h a r a c t e r i s t i c s  o f  t h i s  

s y n a p s e , p l o t t e d  a s  th e  a m p li tu d e  o f  th e  p o s t s y n a p t i c  r e s p o n s e  

a g a i n s t  t h e  in p o se d  p r e s y n a p t i c  p o t e n t i a l  ( B l ig h t  and L l i n a s ,  1 9 8 0 ) ,  

g i v e s  a  s ig m o id a l  c u r v e .  T h is  i s  v e ry  s i m i l a r  i n  form t o  t h a t  

d e m o n s t ra te d  f o r  t h e  i n p u t - o u tp u t  c h a r a c t e r i s t i c s  o f  t h e  v e r t e b r a t e  

h a i r  c e l l  (H udspeth  and Corey, 1977) and a l s o  f o r  t h e  p r e - p o s t  

s y n a p t i c  t r a n s f e r  c h a r a c t e r i s t i c s  o f  t h e  sq u id  g i a n t  synapse  

i n j e c t e d  w i th  TEA and bathed i n  TTX (Katz and M i l e d i ,  1 9 6 7 ) .  The 

s l o p e s  o f  t h e  l o g r i th m ic  r e l a t i o n s  be tw een  p r e  and p o s t  synaptic  

r e s p o n s e s  o b ta in e d  from th e  T f ib re /m o to n e u ro n e  p r e p a r a t i o n  and th e  

s q u id  g i a n t  synapse  a r e  a lm o s t  i d e n t i c a l .  The v a lu e  o f  12,5m¥ o f  

p r e s y n a p t i c  d ep o la r isa tio n  fo r  a ten fo ld  i n c r e a s e  in  p ostsyn ap tic  

r e s p o n s e  i n  t h e  c ra b  compares w i th  t h e  v a lu e  o f  l l ,5 m V  o b ta in e d  from 

t h e  squid sy n a p se .  Such h ig h  g a in  s y n a p t i c  t r a n s m i s s io n  i s  

c a p a b l e ,  th ro u g h  sm all changes in  presynaptic membrane p o te n t ia ls ,  

t o  s t r o n g l y  m odula te  t h e  f i r i n g  o f  to n io a lly  a c t i v e  m otor u n its  and 

hence  evoke p ow erfu l  r e f l e x  e f f e c t s .
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CHAPTER 3 .0  STRETCH RECEPTORS IN SOFT-BODIED INVERTEBRATES.

I n  s t a r k  c o n t r a s t  t o  t h e  w ea lth  o f  i n fo r m a t io n  upon s t r e t c h  

r e c e p t o r s  among th e  v e r t e b r a t e  and a r t i c u l a t e d  i n v e r t e b r a t e  p h y la ,  

t h e r e  have b een  few p r e v io u s  r e p o r t s  o f  s t r e t c h  r e c e p t o r s  i n  

s o f t - b o d i e d  i n v e r t e b r a t e s .  As many members o f  th e s e  p h y la  a r e  h i g h l y  

m o b ile  and p o s s e s s  a t h i c k  s h e e t  o f  l o n g i t u d i n a l  muscle f a c i l i t a t i n g  

r a p i d  s h o r t e n i n g ,  i t  i s  o f  obv ious a d a p t iv e  v a lu e  t h a t  th e  l e n g t h  o f  

t h e  an im al  a n d /o r  t h e  t e n s i o n  w i th in  t h e  l o n g i t u d i n a l  m uscle be 

c l o s e l y  m o n i to re d .

3 . I Body w a l l  and lo co m o tio n .

I n  c o n s id e r in g  th e  r o l e  o f  s t r e t c h  r e c e p t o r s  i n  s o f t - b o d ie d  

i n v e r t e b r a t e s ,  th e  s t r u c t u r a l  b a s i s  o f  th e  body p la n  in  t h e s e  p h y la  

m ust be borne  i n  mind. I t  i s  q u i t e  d i f f e r e n t  from t h a t  o f  

v e r t e b r a t e s  o r  a r t i c u l a t e d  i n v e r t e b r a t e s  in  which numerous f i x e d  

p o i n t s  o f  r e f e r e n c e  a r e  p ro v id e d  by an i n t e r n a l  o r  e x t e r n a l  s k e l e t o n  

f o r  a r e c e p t o r  m o n ito r in g  p o s i t i o n ,  t e n s i o n  o r  movement. In  

s o f t - b o d i e d  i n v e r t e b r a t e s  t h e  m u sc u la tu re  i s  a r ra n g e d  around e i t h e r  

a  t h i c k  j e l l y - l i k e , mucoid m a t e r i a l ,  th e  mes og le  a a s  in  th e  c a se  o f  

c o e l e n t e r a t e s  ; a  s o l i d  mass o f  mesenchyme as  i n  p l a ty h e lm in th e s  and 

r h y n c h o c o e ls  j o r  a s  i n  the  c a se  o f  o l ig o c h a e t e s  and p o l y c h a e t e s ,  a 

h y d r o s t a t i c  s k e l e t o n  formed by th e  i n t e r n a l  p r e s s u r e  o f  t h e  coe lom ic
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f l u i d .  In  t h e  phylum a n n e l i d i a  a c h a r a c t e r i s t i c  m etam eric d i v i s i o n  

o f  th e  body i n t o  r e p e a t i n g  segments i s  a p p a re n t  accompanied by a 

more complex body w a l l  m u sc u la tu re  and a consequen t  w ider  r e p e r t o i r e  

o f  lo co m o to ry  h a b i t s  and b eh av io u rs  than  t h a t  shown by th e  

C o e l e n t e r a t e s  t h e  T u r b e l l a r i a  o r  th e  Nem ertea . In  t h e  c l a s s e s  

p o l y c h a e t a  and o l ig o c h a e t a  the  body w a l l  i s  e s s e n t i a l l y  composed o f  

two s h e a t h s  o f  muscle f i b r e s ,  a  t h i n  o u t e r  c i r c u l a r  l a y e r  and a 

t h i c k e r  i n n e r  l o n g i t u d i n a l  l a y e r ,  a l a y e r  o f  o b l iq u e  m uscle may or  

may n o t  be p r e s e n t .  P o ly c h a e te  locom otion  i s  a c h ie v e d  by th e  

combined a c t i o n  o f  th e  p a ra p o d ia ,  the  l a t e r a l  f l e s h y  p r o j e c t i o n s  

from each  segm ent, and th e  body w a l l  m u s c u la tu re .  Slow c ra w l in g  

movenent r e s u l t s  e n t i r e l y  from th e  a c t i o n  o f  the  p a r a p o d ia ,  w h i l s t  

u n d u l a t o r y  movements produced as  a r e s u l t  o f  a l t e r n a t e  waves o f  

c o n t r a c t i o n  o f  th e  l o n g i t u d i n a l  m uscles g iv e  th e  worm th e  a b i l i t y  to  

c r a w l  and swim r a p i d l y .  Movement in  t h e  o l i g o c h a e t e s ,  m ost 

e x t e n s i v e l y  s tu d i e d  in  the  earthw orm , i s  n o t  u n d u la to r y  b u t  i n v o lv e s  

a l t e r n a t e  c y c le s  o f  e x te n s io n ,  anchorage  and c o n t r a c t i o n  o f  t h e  

b ody , r e s u l t i n g  from a n ta g o n i s t i c  c o n t r a c t i o n s  o f  c i r c u l a r  and 

l o n g i t u d i n a l  m u sc le s .  The t h i r d  c l a s s  in  t h e  p h y la ,  t h e  h i r u d i n a e ,  

a r e  b e h a v io u r a l l y  f a r  more advanced th an  t h e i r  o l ig o c h a e t e  c o u s in s  

and show a much w ide r  r e p e r t o i r e  o f  locom otory  b e h a v io u r .  The l e e c h  

body w a l l  c o n s i s t s  o f  th r e e  d i s t i c t  muscle l a y e r s ,  from th e  o u t s i d e  

i n w a rd s ,  a  t h i n  c i r c u l a r  l a y e r ,  a t h i n n e r  o b l iq u e  l a y e r  and f i n a l y  a 

p o w e r f u l l y  d ev e lo p e d ,  t h ic k  l a y e r  o f  l o n g i t u d i n a l  f i b r e s .  

D orso—v e n t r a l  muscle bund les  a l s o  c r o s s  t h e  body c a v i t y  i n  Beach 

s e g m e n t .
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The t e r r e s t i a l  loeom oto ry  behav iour  o f  th e  le e c h e s  in v o lv e s  

e s s e n t i a l l y  t h e  same type  o f  c o n t r a c t i o n  p a t t e r n  as t h a t  shown by 

th e  ea r th w o rm , e x e p t  t h a t  th e  p o i n t s  of  a t t a tc h m e n t  a r e  p rov ided  by 

t h e  p o s t e r i o r  and a n t e r i o r  s u c k e r s .  R efinem ents  o f  t h i s  b a s i c  

p a t t e r n  o f  t e r r e s t i a l  locom otion  produces  su ch  v a r ie d  b e h a v io u rs  a s
A f l

inchworm and v en ifo rm  c ra w lin g  and v a r io u s  e x p lo r a to r y  and a l e r t  

b e h a v io u r s  ( s e e  Sawyer, R.T. in  M u lle r ,  N ic h o l l s  and S t e n t ,  1981) .  

I n  swimming t h e  d o r s o - v e n t r a l  m uscles a r e  m ain ta in e d  in  a t o n i c  

s t a t e  o f  c o n t r a c t i o n ,  f l a t t e n i n g  the  body, w h i l s t  waves o f  

c o n t r a c t i o n  p a s s  a l t e r n a t i v e l y  down th e  v e n t r a l  and d o r s a l  

l o n g i t u d i n a l  m uscle bands .

I n  a l l  t h r e e  g ro u p s ,  m uscles a c t  a g a i n s t  an i n t e r n a l  h y d r o s t a t i c  

p r e s s u r e , a n d , e x c ep t  in  th e  c a se  o f  th e  p o ly c h a e te  p a r a p o d ia ,  th e  

l e v e r  i s  n o t  e x p lo i t e d  as  a method o f  lo co m o tio n .  Hence t h e  ab scence  

o f  any f i x e d  p o i n t s  o f  r e f e r e n c e  i n  such  m obile  and p l a s t i c  b o d ie s  

p r e s e n t s  un ique  problem s f o r  a r e c e p to r  m o n i to r in g  l e n g t h  o r  

t e n s i o n .  B ear ing  in  mind such  l i m i t a t i o n s  we may now re v ie w  th e  

e v id e n c e  f o r  t h e  e x i s t e n c e  o f  such o rg a n s .

3 .2  The le e c h  ne rvous  system

Most e a r l y  work upon t h e  a n a l y s i s  o f  t h e  a n n e l id  n e rv o u s  sys tem  

was con cern ed  w i th  th e  g i a n t ,  f a s t ,  th ro u g h -c o n d u c t in g  axons o f  t h e  

earthw orm  which p r o j e c t  a lo n g  t h e  v e n t r a l  ne rve  c o r d .  Such n e u ro n e s  

a r e  in v o lv e d  i n  r a p id  w ithd raw al  r e s p o n s e s  and hence  p ro v id e  f o r  t h e
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s im u l ta n e o u s  e x c i t a t i o n  o f  th e  l o n g i t u d in a l  body w a l l  m u sc le s  i n  

e a c h  seg m en t .

Over t h e  p a s t  f i f t e e n  y e a rs  a  s in g l e  a n n e l i d ,  t h e  m e d ic in a l  

l e e c h ,  Hi n i d o — m e d io in a l i s  has been used  in  th e  d e t a i l e d  c e l l u l a r  

a n a l y s i s  o f  s im p le  r e f l e x e s  and o f  more complex b e h a v io u rs  ( s e e  

M u l l e r ,  N ic h o l l s  and S t e n t , 1981 f o r  r e v ie w ) .  The a n n e l id  n e rv o u s  

sy s tem  was in t ro d u c e d  t o  th e  age o f  modern n euro  p h y s io l o g i c a l

t e c h n i q u e s  by S tephen  K u f f le r  and David P o t t e r  working a t  Harvard  

M ed ica l  S c h o o l .  T h e i r  work on th e  le e c h  n e u r o g l i a l  c e l l s ,  a s  w e l l  as 

p r o v id in g  th e  b a s i s  f o r  i n v e s t i g a t i o n  o f  g l i a l  c e l l s  in  th e  

v e r t e b r a t e  CNS, a l s o  expounded th e  e x c e l l e n t  ad v a n ta g e s  o f  t h e  le e c h  

CNS a s  an  e x p e r im e n ta l  p r e p a r a t i o n  (K u f f le r  and P o t t e r ,  1964 ) .

Being a segm en ta l  a n im a l ,  t h e  l e e c h  has a segmented n e rv o u s

s y s te m .  The v e n t r a l  n e rv e  cord  c o n s i s t s  o f  a segment a l l y  r e p e a t i n g  

c h a in  o f  g a n g l i a  each  jo in e d  by two l a t e r a l  and one t h i n  m ed ia l  

b u n d le  o f  n e rv e  f i b r e s  which form th e  c o n n e c t iv e s .  A part from some 

s p e c i a l i z a t i o n  a t  t h e  head and t a i l  e n d s ,  where fu se d  g a n g l i a  form
U N

head and t a i l  b r a i n s . ,  each  o f  th e  21 segm en ta l  g a n g l i a  a r e  

v i r t u a l l y  i d e n t i c a l  t o  each o t h e r .  Each o f  th e s e  segm en ta l  g a n g l i a  

c o n t a i n  a p p ro x im a te ly  400 ne rve  c e l l  b o d ie s  (Macagno, 1980)

s e g r e g a te d  by s e p t a  i n t o  6 d e s c r e t e  g ro u p s  o r  p a c k e t s ,  each  i s

e n v e lo p e d  by a s in g l e  p a c k e t  g l i a l  c e l l .  These s t e r e o ty p e d  g a n g l i a ,  

u n l i k e  t h e  opaque ne rvous  system s o f  t h e i r  o l i g o c h a e t e  r e l a t i v e s ,  

a r e  q u i t e  t r a n s p a r e n t  and the  n e rve  c e l l  bo d ies  a r e  a l l  a c c e s s i b l e  

t o  m i c r o e l e c t r o d e s .  The a c c e s s i b i l t y  o f  t h e  le e c h  n e rv o u s  sys tem
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made i t  a  f o c u s  o f  i n t e r e s t  f o r  n e u ro a n a tc m ic a l  and e m b ry o lo g ic a l  

r e s e a r c h  in  th e  l a t e  19th  c e n tu ry .  Such n o tew o rth y  w orke rs  as 

R e t z i u s ,  e t c .  a l l  made v a lu a b le  c o n t r i b u t i o n s  t o  t h e  e a r l y

n e u r o b io lo g y  o f  th e  l e e c h .  From such  e a r l y  work, t o g e t h e r  w i th  th e  

im p o r ta n t  work o f  B a y lo r , K u f f l e r ,  N ic h o l l s  and S t u a r t  i n  t h e  second 

h a l f  o f  t h i s  c e n tu r y ,  i t  was a p p a re n t  t h a t  i t  i s  p o s s i b l e  t o

u n a m b iguous ly  i d e n t i f y  i n d iv i d u a l  neurone c e l l  b o d ie s  on t h e  b a s i s  

o f  t h e i r  s i z e s ,  shapes and p o s i t i o n s  th e y  occupy w i t h in  e a c h  

g a n g l io n p  and t h a t  each type  o f  i d e n t i f i e d  c e l l  c o rre sp o n d ed  t o  a

s p e c i f i c  m o d a l i ty  o f  s e n so ry  r e c e p to r  o r  m otoneurone. Thus w i t h in  

e a c h  g a n g l i o n  t h e r e  a r e  14 c e l l s  which a r e  s o l e l y  r e s p o n s i b l e  f o r

co n v e y in g  to u c h ,  p r e s s u r e  and nox ious  m echanosensory  in f o r m a t io n  t o  

t h e  CNS ( N ic h o l l s  and B a y lo r ,  1968). Each c e l l  o c c u p ie s  a c o n s t a n t  

p o s i t i o n  w i t h in  th e  g a n g l io n ,  shows c h a r a c t e r i s t i c  e l e c t r i c a l  

p r o p e r t i e s  and may be i d e n t i f i e d  from g a n g l io n  t o  g a n g l io n  and from 

one  e x p e r im e n ta l  p r e p a r a t i o n  to  th e  n e x t .  The body w a l l  m usc les  a r e  

s i m i l a r l y  s p e c i f i c a l l y  in n e rv a te d  by a l im i t e d  number o f  e x c i t a t o r y  

o r  i n h i b i t o r y  m otoneurones ( S t u a r t ,  1970).

I t  i s  t h i s  s i m p l i c i t y  and economy which a l lo w s  t h e  same c e l l  t o  

be l o c a t e d  a g a in  and a g a in  in  d i f f e r e n t  p r e p a r a t i o n s  and makes i t  

p o s s i b l e  t o  d e s c r i b e  in  d e t a i l  f o r  each  s e n so ry  m o d a l i ty  o r  

m otoneurone ty p e ,  i t s  r e sp o n se  and 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 ,  t h e i r  

c e n t r a l  and p e r i p h e r a l  b ranch ing  p a t t e r n s  and c o n seq u e n t  r e c e p t i v e  

f i e l d s ,  th e  morphology o f  t h e i r  c e n t r a l  and p e r i p h e r a l  e n d in g s  and 

t h e i r  r e s p o n s e  t o  a v a r i e t y  o f  d e n e r v a t io n /  r e g e n e r a t i o n

p ro c e e d u r e s .
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3.3Loconptory  rhythm and the r o le  o f  a f f e r e n t  feedback.

Such e x te n s iv e  d e f i n i t i o n  o f  th e  p r o p e r t i e s  o f  i n d i v i d u a l  s e n s o r y  

and m otoneurones has made th e  l e e c h  p r e p a r a t i o n  v e ry  f a v o u r a b le  f o r  

th e  a n a l y s i s  o f  s im ple  r e f l e x  s y n a p t i c  i n t e r a c t i o n s  w i th in  th e  CNS, 

and a l s o  f o r  a n a ly s in g  more complex b e h a v io u ra l  a c t s  such as 

swimming and th e  c o n s t r i c t i o n - d i l a t i o n  rhythm  o f  th e  le e c h  

h e a r t b e a t .  I t  has been  p o s s ib l e  f o r  example t o  i d e n t i f y  and

c h a r a c t e r i s e  a  r o s t e r  o f  n eu rones  in v o lv e d  in  th e  l e e c h  swimming 

b e h a v io u r .  F o r  t h i s  complex a c t ,  s e n so ry  n e u ro n e s ,  swimm i n i t i a t i n g

n e u r o n e s ,  p a t t e r n  g e n e r a t i n g  n e u ro n e s ,  m otoneurones and m o d u la to ry

n e u ro n e s  have been  i d e n t i f i e d ,  t h e i r  re sp o n se  and e l e c t r i c a l

p r o p e r t i e s  c h a r a c t e r i s e d ,  t h e i r  s y n a p t i c  i n t e r a c t i o n s  d e s c r ib e d  and 

t h e i r  a rb o u r s  t r a c e d  ( K r i s t a n ,  S t e n t  and O r t ,  1974 a ,b  ) O r t ,  K r i s t a n  

and S t e n t ,  1974.)

The swimming rhythm o f  t h e  le e c h  was an e a r l y  s u b je c t  f o r  t h e  

i n v e s t i g a t i o n  o f  locom otion  in  a n im a ls .  The s t u d i e s  o f  S i r  James 

Gray and h i s  c o l l e a g u e s  in  t h e  l a t e  193O 's  were c o n c e n t r a t e d  upon 

th e  mechanism which m ain ta ined  th e  normal locom oto ry  rhythm  o f  

d i f f e r e n t  a n im a ls .  Two t h e o r i e s  had been  pu t  fo rw a rd ,  f i r s t l y ,  t h a t
A

t h e  locom oto ry  rhythm was de te rm ined  by a c lo s e d  c h a in  o f

p e r i p h e r a l  r e f l e x e s ,  each  phase o f  a co m p le te  locom oto ry  c y c le

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

s t i m u l a t i o n  r e q u i s i t e  f o r  th e  e l i c i t a t i o n  o f  t h e  s u c ce e d in g  phase  i n
w

th e  o y o le "  and s e o o n d l ly ,  t h a t  th e  rhythm  i s  f u n d a m e n ta l ly ,  a  

p r o p e r t y  o f  t h e  CNS which i s ,  however, s u s c e p t i b l e  t o  m o d i f i c a t i o n
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o r  e x t i n c t i o n  by p e r i p h e r a l  s t i m u l a t i o n " .  (G ray , Lissm ann and 

Pum phrey, 1938 ) .

The ra n g e  o f  movements shown by th e  le e c h  d u r in g  t e r r e s t i a l

lo c o m o tio n  ( a l t e r n a t i n g  changes in  l e n g th )  o r  d u r in g  swimming 

( d o r s o - v e n t r a l  u n d u la t io n s )  a r e  such t h a t  p r o p r i o c e p t o r s  co u ld  

p r o v id e  in fo r m a t io n  from th e  com ple tion  o f  one movemsnt f o r  th e  

i n i t i a t i o n  o f  t h e  n e x t .  Hence locom otion  cou ld  be due t o  a  c lo s e d  

c h a in  o f  p e r i p h e r a l  r e f l e x e s .  T h is  was i l l u s t r a t e d  by Gray e t . a l .

(193 8) i n  t h e  t e r r e s t i a l  am bu la to ry  rhythm o f  t h e  l e e c h .  H ere,

t a c t i l e  in fo r m a t io n  a r i s i n g  from f i x a t i o n  o f  th e  p o s t e r i o r  s u c k e r  

i n i t i a t e d  a  wave o f  c o n t r a c t i o n  o f  t h e  c i r c u l a r  m usc les  and a

s im u l ta n e o u s  i n h i b i t i o n  o f  th e  l o n g i t u d i n a l  m u sc le s .  F i x a t i o n  o f  th e  

a n t e r i o r  s u c k e r  r e s u l t e d  i n  a wave o f  e x c i t a t i o n  o v e r  t h e  

l o n g i t u d i n a l  m usc les  . In  th e  absence  o f  t a c t i l e  s t i m u l a t i o n  from 

e i t h e r  t h e  v e n t r a l  s u r f a c e  o f  th e  body w a l l  o r  t h e  s u c k e r s ,  t h e  

l e e c h  swam. In  the  same paper  however, i t  was shown t h a t  th e  waves 

o f  l o n g i t u d i n a l  m uscu la r  c o n t r a c t i o n  in  t h e  swimming l e e c h  cou ld  

p a s s  o v e r  a  c o m p le te ly  d e - a f f e r e n t e d  s e c t i o n  o f  th e  v e n t r a l  n e rv e  

c o rd  w h i l s t  com ple te  c o - o r d i n a t io n  o f  t h e  rhythm  was m a in ta in e d .  

S i m i l a r  e x p e r im e n ts  w i th  th e  earthworm  showed t h a t  th e  locom oto ry  

wave would c r o s s  a s e c t i o n  o f  n e rve  cord  w i th  t h e  body w a l l  

c o m p le te ly  rem oved, (Gray and Lissmann, 1938). Such o b s e r v a t io n s  

s u g g e s te d  t h a t  t h e  p r o p a g a t io n  o f  t h e  swimming wave i n  t h e  le e c h  and 

th e  loco m o to ry  rhythm  in  th e  earthworm  was n o t  due to  th e  

t r a n s m i s s i o n  o f  p e r i p h e r a l  r e f l e x e s  bu t  by th e  n e rve  cord  i t s e l f .  No 

e v id e n c e  was o b ta in e d  t o  show th e  e x i s t e n c e  o f  an e l e c t r i c a l  im p u lse  

rhy thm  i n h e r e n t  i n  t h e  i s o l a t e d  ne rve  cord  o f  e i t h e r  l e e c h  o r

— 44 —



earthw orm  which re se m b le d  t h e  t y p i c a l  swimming and a m b u la to ry  

rh y th m s .  I t  was c o n c lu d e d ,  somewhat f o r t u i t o u s l y  p e r h a p s ,  t h a t  a 

swimming rhy thm  i n  t h e  l e e c h  emerges o n l y  i f  t h e  g e n e r a l  

e x c i t a b i l i t y  o f  th e  n e rv e  co rd  i s  m a in ta in e d  a t  an a d e q u a te  l e v e l  

t h u s  a l lo w in g  i t s  i n t r i n s i c  rhy thm  t o  p r e v a i l .  S i m i l a r l y ,  some l e v e l  

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

s u c k e r s  and v e n t r a l  s u r f a c e  o f  t h e  body was im portand  i n  

c o - o r d i n a t i n g  th e  s e q u e n t i a l  a c t i v i t y  o f  th e  l o n g i t u d i n a l  and 

c i r c u l a r  m u sc le s  d u r in g  t h e  l e e c h  a m b u la to ry  rhy thm  (Gray e t  a l ,  

1938) .

D u r in g  a norm al a m b u la to ry  o r  swimming c y c le  d r a s t i c  c hanges  

o c c u r  i n  t h e  l e n g t h  and o v e r a l l  shape  o f  th e  l e e c h .  I t  seems 

r e a s o n a b le  t o  s u s p e c t  t h e r e f o r e  t h a t  p r o p r i o c e p t i v e  r e f l e x e s  may be 

in v o lv e d  i n ,  and p la y  a s i g n i f i c a n t  r o l e  i n  th e  c o - o r d i n a t i o n  o f  th e  

w hole c y c l e .  The r e s p o n s e s  r e c o rd e d  by Gray e t  a l .  (193 8) from an 

a n t e r i o r  s e g m s n ta l  n e rv e  in  r e s p o n s e  t o  p a s s i v e  s t r e t c h  o f  th e  

r e s p e c t i v e  body w a l l  segm ent must be r e g a rd e d  c i r c u m s p e c t l y .  The 

s t r e t c h e d  p i e c e  o f  body w a l l  in c lu d e d  b o th  m s c l e  and o v e r ly in g  s k in  

and t h e r e f o r e  t h e  r e c o rd e d  re s p o n s e  must u n d o u b te d ly  c o n t a i n  t h e  

a c t i v i t y  o f  to u c h  and p r e s s u r e  m echanosensory  n e u ro n e s  ( N i c h o l l s  and 

B a y lo r ,  1 9 6 8 ) .  S i m i l a r l y ,  t h e  r e s p o n s e s  r e c o rd e d  from t h e  s e g m e n ta l  

n e r v e s  o f  th e  l e e c h  by L averack  (1969) t o  ramp and s i n u s o i d a l  

i n d e n t a t i o n s  o f  t h e  body w a l l  a r e  l i k e l y  t o  be mechano s e n s o r  y i n  

n a t u r e .  Indeed  two u n i t s  o f  d i f f e r i n g  t h r e s h o l d s  were d i s t i n g u i s h e d  

which m ost l i k e l y  c o r re s p o n d  t o  t h e  lo w - th r e s h o ld  to u ch  s e n s i t i v e  

m echanosenso ry  n e u ro n e s  and th e  h i g h e r  t h r e s h o l d  p r e s s u r e  s e n s i t i v e  

m echaonsenso ry  n e u ro n e s .  On t h e  o t h e r  hand i t  seems l i k e l y  t h a t  t h e

— 45 —



e f f e c t  d e m o n s tra ted  by Gray e t . a l .  on in c r e a s in g  th e  load  t o  t h e  

l o n g i t u d i n a l  n u s c le s  upon the  f requency  o f  the  am bula to ry  rhythm  o f  

t h e  l e e c h  i s  m ediated  by s t r e t c h  o r  t e n s io n  r e c e p to r s  w i th in  t h e  

body w a l l .  Hence Gray e t  a l  (1938) showed t h a t  th e  d u r a t i o n  o f  

c o n t r a c t i o n  o f  th e  l o n g i t u d in a l  muscles d u r in g  a normal locom otory  

c y c l e  i s  i n  th e  o r d e r  o f  2 .0  s e c .  When the  load on th e  l o n g i t u d i n a l  

m u sc le s  i s  in c r e a s e d  t o  7 .0  g th e  c o n t r a c t i o n  tim e i s  i n c r e a s e d  t o  

5 .0  s e c .  I f  t h i s  i s o t o n i c  c o n t r a c t io n  i s  p re v e n te d ,  an i s o m e t r i c  

f o r c e  o f  up t o  80 g may be developed w ith  a c o n t r a c t i o n  l a s t i n g  up 

t o  60 s e c .  The le e c h  th u s  appears  t o  p o s s e s s  a r e s i s t a n c e  r e f l e x  

e s s e n t i a l l y  s i m i l a r  t o  t h a t  found in  v e r t e b r a t e s  and h ig h e r  

i n v e r t e b r a t e s .

The i n ^ o r tan c e  o f  t e n s i o n  w i th in  th e  l o n g i t u d in a l  m u sc u la tu re  f o r  

th e  m a in te n a n c e  o f  th e  p e r i s t a l t i c  locom otory  rhythm  i n  th e  

ea rthw orm  was a l s o  dem onstra ted  by Gray and Lissmann (193 8 ) .  The 

r h y th m ic a l  a c t i v i t y  o f  a p r e p a r a t io n  suspended in  a i r  was l o s t  when 

t h e  body w e igh t  was supported  i n  w a te r .  I f  t e n s i o n  was a p p l i e d  

d u r i n g  th e  a m b u la to ry  rhythm when the  l o n g i t u d i n a l  n u s c le s  were 

r e l a x i n g ,  t h e n  th e  r a t e  o f  r e l a x a t i o n  was i n c r e a s e d .  When i t  was 

a p p l i e d  d u r in g  l o n g i t u d i n a l  muscle c o n t r a c t i o n ,  th en  th e  c o n t r a c t i o n  

was v i g o r o u s l y  r e —in f o r c e d .  I t  i s  d i f f i c u l t  t o  a s s e s s  from such 

e x p e r im e n ts  th e  im portance  o f  the  c o n t r i b u t i o n  o f  s t r e t c h  r e c e p t o r s  

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

r e c e p t o r s  i n  th e  r e g u l a t i o n  o f  th e  normal locom otory  rhy thm . T h is  

p rob lem  was p a r t i a l l y  overcome however by Gray e t . a l .  (1938) who 

showed t h a t  th e  f req u en cy  o f  th e  u n d u la to ry  body wave which t r a v e l s  

down t h e  body o f  t h e  le e c h  d u r in g  swimming ( t h e  swim c y c le )  was
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reduced  by an in c re a s e  in  the v i s c o s i ty  of the media.

T h is  e f f e c t  o f  p r o p r io c e p t iv e  feedback upon th e  locom otory  rhythm  

o f  t h e  l e e c h  has  been f u r t h e r  i n v e s t ig a t e d  by K r i s t a n  and c o l l e a g u e s  

i n  t h e i r  d e t a i l e d  a n a l y s i s  o f  th e  swimming a c t i v i t y ,  ( K r i s t a n  e t . a l .  

, 1 9 7 4 a ,b  ; O rt  e t . a l . ,  1974 ; K r i s ta n  and S t e n t ,  1976 ) .  A number o f

f a c t s  had b een  e s t a b l i s h e d  by p rev io u s  work r e g a rd in g  t h e  r o l e  o f  

t h e  l e e c h  n e rv o u s  system in  the  g e n e ra t io n  o f  th e  swimming movement. 

Namely, i ) .  The p resen ce  o f  t h e  head o r  t a i l  g a n g l i a  was n o t  

r e q u i r e d  f o r  th e  g e n e r a t i o n  o f  the  swimming rhythm s in c e  a f t e r  

d e c a p i t a t i o n  o r  d i s c o n n e c t io n  from th e  v e n t r a l  nerve  c o r d ,  l e e c h e s  

swim, o f t e n  more r e a d i l y  and f o r  lo n g e r  p e r io d s .  Hence th e  rhythm  i s  

p roduced  w i t h i n  t h e  abdominal segm ents, i i ) . The passage  o f  t h e  

rh y th m  i s  m edia ted  by the  v e n t r a l  nerve  c o rd ,  a s  c o - o r d i n a t i o n  o f  

f r o n t  and r e a r  body p o r t i o n s  i s  l o s t  a f t e r  c u t t i n g  o f  t h e  

c o n n e c t i v e ,  i i i ) .  M oreover, the  n eu ro n a l  a c t i v i t y  r e s p o n s i b l e  f o r  

t h e  c o - o r d i n a t i o n  o f  t h e  swimming behav iou r  i s  i n t r i n s i c  t o  t h e  CNS, 

a s  t h e  lo co m o to ry  wave i s  capab le  of c ro s s in g  a s e c t i o n  o f  th e  

v e n t r a l  n e rv e  cord  w ith  th e  co n n e c t iv e  i n t a c t  bu t w i th  t h e  e n t i r e  

body w a l l  o f  s e v e r a l  midbody segments rem oved. i v ) . That t h i s  

i n t r i n s i c  rhythm  was s u s c e p t ib l e  t o  p e r i p h e r a l  feedback  however was 

shown by th e  d e c re a s e  in  the  frquency  o f  th e  swim c y c le  in  a  media 

o f  h ig h  v i s c o s i t y .

D i r e c t  ev id e n c e  t h a t  t h e  rhythm ic locom otory  p a t t e r n  o f  t h e  le e c h  

was p roduced  by a c e n t r a l  p a t t e r n  g e n e ra to r  ( i . e .  n e u ro n a l  e le m en ts  

w i t h i n  t h e  CNS n o t  r e q u i r in g  sen so ry  in p u t  f o r  t h e i r  rhythm) was
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so o n  f o r th c o m in g ,  . D e s p i te  e a r l i e r  u n su o o e ss fu i  a t t e m p t s  (Gray 

e t . a l . ,  1938) i t  was shown t h a t  rh y th m ica l  e l e c t r i c a l  a c t i v i t y  

r e f l e c t i n g  th e  a n t i p h a s i c  c o n t r a c t i o n s  o f  d o r s a l  and v e n t r a l  

l o n g i t u d i n a l  n u s c le s  e x h ib i t e d  by th e  leech  d u r in g  swimming, cou ld  

be r e c o r d e d  from an i s o l a t e d  le e c h  nerve  cord  d e p r iv e d  o f  a l l  

p e r i p h e r a l  s e n s o ry  in p u t  (K r is ta n  and C a la b re s e ,  1976), The 

r e l a t i o n s h i p  be tw een  th e  rh y th m ic a l ly  a c t iv e  segm ental m o toneurones , 

i n t e m e u r o n e s  and the  a c tu a l  swimming movements can be s tu d i e d  by 

means o f  a  s e m i - i n t a c t  le e c h  p r e p a r a t i o n  in  which f r o n t  and r e a r  

body segm en ts  ( i n  which the  head and t a i l  g a n g l i a  have been 

s u r g i c a l l y  d i s c o n n e c te d  from th e  nerve co rd )  a r e  connected  by an 

exposed  b u t  im m o b il ised  s e c t io n  of th e  v e n t r a l  ne rve  cord  from which 

t h e  body w a l l  has been  removed (K r is ta n  e t . a l .  1974). The i n t a c t  

p a r t s  o f  t h i s  p r e p a r a t i o n  swim norm ally  w h i l s t  from th e  exposed 

p e r i p h e r a l  and c e n t r a l  nervous system may be reco rd ed  b u r s t s  o f  

m otoneurone a c t i v i t y  which would have commanded a p p r o p r i a t e  

movements had th e  body w a l l  m uscles been i n t a c t .

E x t r a c e l l u l a r  r e c o r d in g s  from the  segm ental n e rv e s  o f  such  a 

p r e p a r a t i o n  r e v e a le d  a motoneurone p a t t e r n  o f  a c t i v i t y  c l e a r l y  

r e l a t e d  t o  t h a t  o f  the  swim c y c le .  This swim c y c le  c o n s i s t e d  o f  a 

f o u r  phase  p a t t e r n  o f  motoneurone in p u ls e  b u r s t s .  In  each segment an 

e x c i t a t o r y  m otoneurone im pulse  b u r s t  t o  th e  d o r s a l  l o n g i t u d i n a l  

m u sc le  i s  fo llo w ed  by a b u r s t  o f  im pulse  a c t i v i t y  from t h e  

i n h i b i t o r y  m otoneurones t o  the  d o r s a l  l o n g i t u d in a l  n u s c l e s .  T h is  i s  

fo l lo w e d  by  a c t i v i t y  in  th e  e x c i t a t o r y  m otoneurones t o  t h e  v e n t r a l  

l o n g i t u d i n a l  m usc les  fo llow ed  by a c t i v i t y  from th e  v e n t r a l  

i n h i b i t o r y  m otoneurones .  Heme th e  t ro u g h s  and c r e s t s  o f  an
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u n d u l a t o r y  body wave a r e  produced by a r l^ th m ic  

c o n t r a c t i o n - r e l a x a t i o n  c y c le  of the  s e g œ n t a l  d o r s a l  and v e n t r a l  

l o n g i t u d i n a l  m uscle commanded by such e x c i t a t o r y  and i n h i b i t o r y  

m otoneurone  a c t i v i t y .  The p e r iod  of such a segm ental  c o n t r a c t i l e  

rh y th m  ra n g e s  from about 400-2000 msec. The rearw ard  p r o g r e s s io n  o f  

t h e  body wave i s  the  r e s u l t  o f  c o -o r d in a t io n  o f  th e  c o n t r a c t i l e  

c y c l e s  o f  n e ig h b o u r in g  segm ents such t h a t  t h e  c o n t r a c t i l e  c y c le  o f  

e a c h  segment l e a d s  t h a t  o f  the  nex t  p o s t e r i o r  segm ent. T h is  

i n t e r s e g m e n t a l  phase l a g ,  coupled w ith  th e  f a c t  t h a t  t h e  tim e t a k e n  

f o r  th e  re a rw a rd  p r o g re s s io n  o f  the  body wave over th e  l e n g th  o f  th e  

a n im a l  i s  e q u a l  t o  t h e  p e r iod  of th e  segm ental c o n t r a c t i l e  c y c l e ,  

r e s u l t s  i n  th e  le e c h  m a in ta in in g  one f u l l  w aveleng th  over  th e  l e n g t h  

o f  i t s  body a t  a l l  swimming speeds (K r is ta n  e t . a l .  1974a).

What th e n  i s  th e  in f lu e n c e  of sen so ry  feedback  upon th e  a c t i v i t y  

o f  t h e  c e n t r a l  p a t t e r n  g e n e ra to r  ? I f  a l e e c h ,  s u r g i c a l l y  

d e c a p i t a t e d ,  i s  suspended in  a w ater  f i l l e d  d i s h  by p inn ing  th e  

d e n e r v a te d  6 th  and 7 th  segments to  a hard r u b b e r  p i l l a r  and th e  

d e n e rv a te d  1 5 th  and 1 6 th  segments to  a second ru b b e r  p i l l a r ,  th e  

seq u en ce  o f  swimming movements may be reco rded  p h o t o g r a p h i c a l ly  from 

th e  body s i l h o u e t t e  (K r is ta n  and S t e n t ,  1976). With such  an 

a r r a n g e m e n t  a  s u i t a b l e  d i s t a n c e  may be found betw een th e  two p i l l a r s  

a t  w hich a s i n g l e  com plete  wavelength  i s  m a ita in ed  over th e  l e n g t h  

o f  t h e  a n im a ls  body and th e  swimming i s  r e g u l a r .  I f  t h e  d i s t a n c e  

be tw een  th e  s u p p o r t in g  p i l l a r s  i s  reduced  so  t h a t  th e  m id-body 

se g m e n ts  e n c o u n te r  m echanica l r e s i s t a n c e  p re v e n t in g  t h e  t r a n s i t i o n  

from  th e  c r e s t  t o  th e  t ro u g h  o f  the  swimming wave, n o rm a l ly  a c h ie v e d  

b e tw e e n  t h e s e  two p o i n t s ,  th e n  th e  swimming u n d u la t io n s  a r e  no
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l o n g e r  r e g u l a r .  In  suoh a c a s e ,  because t r a n s i t i o n  from th e  c r e s t  to  

t h e  t ro u g h  was n o t  ach ieved  by the  mid-body segm en ts , im m ediate  

r e - i n i t i a t i o n  o f  c r e s t  fo rm a tio n  was produced. This  r e - i n i t i a t i o n  o f  

t h e  body wave was t r a n s m i t t e d  t o  the  head p o r t i o n  upon which no 

m e c h a n ic a l  r e s t r i c t i o n s  were imposed, so  t h a t  i t s  downward movement, 

which n o r m a l ly  s i g n i f i e s  the  end o f  the  swimming wave, was d e la y e d  

and c r e s t  f o rm a t io n  was r e - i n i t i a t e d  by moving upw ards. Hence a 

p r o p r i o c e p t i v e  feedback  system e x i s t s  which m on ito rs  the  r e a l i s a t i o n  

o f  t h e  swimming wave as i t  p roceeds  down th e  body. I f  t h i s  movement 

i s  n o t  a c h ie v e d ,  th e  f a c t  i s  communicated fo rw ards  and a new body 

wave i s  i n i t i a t e d  to  r e s e t  th e  d i s r u p te d  rhythm . The e f f e c t  o f  

a f f e r e n t  a c t i v i t y  i n  su ch  a case  would be to  s t a b i l i s e  th e  c e n t r a l l y  

g e n e r a t e d  swimming rt^rthm by sy n ch ro n is in g  th e  rh y th m ic a l  a f f e r e n t  

i n p u t  w i th  th e  o u tp u t  of the  c e n t r a l  p a t t e r n  g e n e r a to r  n e u ro n e s .  

Hence t h e  p r o p r i o c e p t iv e  r e f l e x e s  would o n ly  e f f e c t  th e  rhythm  i f  

t h e  a c t u a l  body movenents did n o t  match th o se  commanded by th e  

c e n t r a l  p a t t e r n  g e n e r a t o r .

I t  seems l i k e l y  t h a t  th e  p r o p r io c e p t iv e  feedback  r e p o r te d  from 

s u c h  e x p e r im s n t s  would be based upon d e te c t i o n  o f  l o n g i t u d i n a l  body 

w a l l  s t r e t c h .  The e f f e c t  o f  such body w a ll  s t r e t c h  upon th e  swimming 

rh y th m  was i n v e s t i g a t e d  in  th e  s e m i - in ta c t  p r e p a r a t i o n  and th e  

i s o l a t e d  l e e c h  n e rv e  cord  p r e p a r a t i o n s  by r e c o rd in g  th e  a c t i v i t y  o f  

th e  f o u r  motoneurone c l a s s e s  which produce th e  r h y th m ic a l  

l o n g i t u d i n a l  muscle a c t i v i t y  (K r is ta n  and S t e n t ,  1976; K r i s t a n  and 

C a l a b r e s e ,  197 6 ) .  S t r e t c h in g  the  d o r s a l  edge o f  a body w a l l  f l a p  

d u r in g  swimming in  a s e m i - in ta c t  p r e p a r a t i o n  caused an i n c r e a s e  in  

t h e  d u r a t i o n  o f  th e  rhythm ic  b u r s t s  o f  th e  d o r s a l  e x c i t a t o r y
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m otoneurone  and a l s o  o f  the  v e n t r a l  I n h ib i to r y  m otoneurone. The 

e f f e c t  upon th e  v e n t r a l  lo n g i tu d in a l  e x o i to r s  and th e  d o r s a l  

l o n g i t u d i n a l  i n h i b i t o r s  was o p p o s i te  in  e f f e c t  in  t h a t  d o r s a l  body 

w a l l  s t r e t c h  d e c re a s e s  a c t i v i t y  in  th e s e  c e l l s .  S t r e t c h in g  th e  

v e n t r a l  body w a l l  has  the  obvious o p p o s i te  e f f e c t  upon such  

m o toneu rone  a c t i v i t y  from t h a t  o f  d o r s a l  body w a l l  s t r e t c h .  I t  was 

a l s o  a p p a r e n t  t h a t  body w all  s t r e t c h  of  a p o s t e r i o r  segment has  th e  

o p p o s i t e  e f f e c t  upon motoneurone b u r s t s  from an a n t e r i o r  segm en ta l  

g a n g l i o n  th a n  upon the  motoneurone b u r s t s  in  the  s t r e t c h e d  segm ent. 

A f i n d i n g  which s u p p o r t s  th e  e a r l i e r ,  b e h a v io u r a l ,  o b s e r v a t io n s  upon 

th e  f o rw a rd s  c o n d u c tio n  o f  the s t r e t c h  r e c e p to r  i n p u t .

A f u r t h e r  o b s e r v a t io n  may be made concern ing  th e  a f f e r e n t  

fe e d b a c k  t o  th e  swimming rhythm . In  the  i n t a c t  an im a l ,  as  th e  p e r io d  

o f  t h e  swim c y c le  i n c r e a s e s  ( i . e .  t h e  f requency  o f  t h e  swimming wave 

d e c r e a s e s ) , th e  in te r s e g m e n ta l  d e la y  of th e  l o n g i t u d i n a l  m uscle 

c o n t r a c t i o n s  p ro d u c in g  th e  swimming wave a l s o  in c r e a s e s  a long  t h e  

body o f  an i n t a c t  l e e c h  (K r is tan  e t . a l . ,  1974a). I f ,  however, th e  

body w a l l  i s  opened and rec o rd in g s  a r e  tak e n  e i t h e r  from a 

s e m i - i n t a c t  o r  i s o l a t e d  v e n t r a l  cord p r e p a r a t io n  th e n  th e  

i n t e r s e g m e n t a l  d e la y s  o f  th e  motoneurone b u r s t s  which would have 

p roduced  th e  l o n g i t u d in a l  muscle o o n t r a o t io n s  no lo n g e r  show any 

dépendance  upon th e  swimming wave f requency  (K r is ta n  and C a la b re s e  

1 9 7 6 ) .  I t  seems r e a s o n a b le  t o  conclude t h a t  the  c o - o r d i n a t io n  o f  t h e  

m otoneu rone  swim c y c le  pe r io d  w ith  th e  in te r s e g m e n ta l  d e la y  betw een  

two a d j a c e n t  segm ents i s  due t o  s e n so ry  in p u t  which i s  a b s e n t  from 

t h e  d e n e r v a te d  g a n g l i a  o f  th e  s e m i - in ta c t  o r  i s o l a t e d  p r e p a r a t i o n s .  

As may be r e c a l l e d ,  c o r r e l a t i o n  o f  th e  f r o n t - t o - r e a r  i n te r s e g m e n ta l
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d e l a y  w i th  th e  swim c y c le  pe r io d  r e s u l t s  in  th e  le e c h  m a in ta in in g  a 

s i n g l e  w a v e le n g th  a long  i t s  body a t  a l l  swimming sp e e d s .  Thus w h i le  

a f f e r e n t  s t r e t c h  in fo rm a t io n  i s  n o t  n e c e s sa ry  t o  m a in ta in  th e  

c o n t r a c t i l e  rhythm , i t  i s  n e c es sa ry  t o  m ain ta in  t h e  c o r r e c t  phase 

r e l a t i o n s h i p  between th e  in te r se g m e n ta l  motoneurone b u r s t  d e la y s  and 

t h e  swimming wave f re q u e n c y .

A lth o u g h  t h e r e  i s  p h y s io lo g ic a l  and b e h a v io u ra l  ev idence  f o r  t h e  

e x i s t e n c e  o f  s t r e t c h  r e c e p to r s  in  s o f t  bodied i n v e r t e b r a t e s  (Gray 

and L issm a n ,  1938 ; K r i s t a n  and S t e n t ,  1976) t h e  e le m en ts  r e s p o n s i b l e  

had n o t  p r e v io u s ly  been a n a to m ic a l ly  i d e n t i f i e d .  The sm a ll  

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

c l o s e l y  a s s o c i a t e d  w ith  th e  l o n g i tu d in a l  muscle of  the  body w a l l  o f  

t h e  l e e c h  a r e  s t ro n g  c a n d id a te s  as  s t r e t c h  r e c e p to r  n eu rones  

(B lac k sh a w , 1981 ; Blackshaw, N ic h o lls  and P a rn as ,  1982). T h is  

i n v e s t i g a t i o n  d e a l s  w ith  th e  unusual m orphologica l and p h y s io l o g i c a l  

p r o p e r t i e s  o f  th e s e  n eu rones .  The response  o f  th e  c e l l s  t o  changes 

i n  body w a l l  l e n g th  i s  d e sc r ib ed  as w e l l  as a s p e c t s  o f  t h e i r  

e f f e r e n t  i n n e r v a t i o n  and p o s t - s y n a p t i c  p r o j e c t i o n s .
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i )  D i s s e c t i o n  and p r e p a r a t i o n

E x p e r im e n ts  were perform ed on a d u l t  specim ens o f  t h e  m e d ic in a l  

iGeoh Hi-rudo m e d ic in a l i s  , o b ta in e d  e i t h e r  from a com m ercial 

s u p p l i e r  (Biopharm , Swansea) o r  r e a re d  from l a b o r a to r y  m at in g s  and 

k e p t  i n  c o p p e r  f r e e ,  d e c h lo r in a t e d  w ater  m a in ta in ed  a t  2 2 .5  d e g re e s  

C i n  an i n c u b a to r  p r i o r  t o  u s e .  A l l  e x p e r im e n ts  were c a r r i e d  o u t  a t  

room te m p e r a tu r e  (20 -25  d e g re e s  c e n t i g r a d e ) .

The m e d ic in a l  l e e c h  i s  a  segmented a n im a l .  Each o f  i t s  21 midbody

segm en ts  a r e  in n e r v a te d  v i a  p a ire d  segm ental  n e rv e s  by one o f  a

c h a in  o f  i d e n t i c a l  segm ental g a n g l i a  which a r e  jo in e d  by p a i r e d

c o n n e c t iv e s  t o  form a v e n t r a l  ne rve  cord ( se e  M u l le r ,  N ic h o ls  and

S t e n t ,  1 9 8 1 ) .  A c o n s id e r a b le  l i t e r a t u r e  e x i s t s  upon th e  p ro c e e d u re

f o r  th e  rem oval o f ,  and the  r e c o r d in g  from th e  segm en ta l  g a n g l i a  o f

t h e  l e e c h  (See  N ich o ls  and B a y lo r ,  1968; S t u a r t ,  1 9 7 0 . ) .  S u f f i c e  t o
/I

s a y  t h a t  l e e c h  g a n g l i a  and p o r t i o n s  o f  body w a l l  w i th  a t t a t c h e d  

n e rv o u s  s t r u c t u r e s ,  d i s s e c t e d  from th e  an im al and m a in ta in e d  i n  

a r t i f i c i a l  l e e c h  C .S .F ,  rem ain  v i a b l e  and g iv e  good 

e l e c t r o p h y s i o l o g i c a l  r e c o r d in g s  f o r  many h o u r s .

The p r e p a r a t i o n  used  th roughou t  th e  p r e s e n t  s tu d y  c o n s i s t e d  o f  3 

—5 body w a l l  segm ents  d i s s e c t e d  out o f  t h e  an im al w i th  a s i n g l e  

s e g m e n ta l  g a n g l io n  a t t a c h e d  t o  the  c e n t r a l  most segment by th e  

p a i r e d  n e rv e  r o o t s  on one s i d e ,  (N ich o ls  and B a y lo r ,  1968 ; S t u a r t ,  

1970 Î Blackshaw , 1981b), see a l s o  f i g u r e  1 . An i n t a c t  an im al was 

p in n ed  o u t , dorsum upperm ost and a l o n g i t u d i n a l  i n c i s i o n  made a long
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t h e  d o r s a l  m id l in e  o f  th e  a n im a l .  L e f t  and r i g h t  body w a l l  f l a p s  

were th e n  d e f l e c t e d  and pinned a p p a r t  and th e  v i s c e r a  and g u t  

c o n t e n t s  removed t o  r e v e a l  th e  u n d e r ly in g  v e n t r a l  ne rve  cord  and 

l o n g i t u d i n a l  n u s c l e .  At t h i s  s t a g e  a segm ental g a n g l io n  was c l e a r e d  

o f  i t s  e n c lo s i n g  v e n t r a l  blood s in u s  ( th e  " s to c k in g  ) and t h e  p a i r e d  

n e rv e  r o o t s  on e i t h e r  s id e  f re e d  tow ards the  body w a l l .  A p ie c e  o f  

body w a l l ,  s e v e r a l  segm ents long and e x te n d in g  from t h e  d o r s a l  

m id l in e  t o  th e  v e n t r a l  m id l in e  was then  removed t o g e t h e r  w i th  a 

s e g m e n ta l  g a n g l io n  a t t a t c h e d  t o  t h e  c e n t r a l - m o s t  segment and p in n e d ,  

s k i n  s i d e  u p p e rm c s t ,  t o  th e  Sy lgarded  f l o o r  o f  a  5ml t r a n s p a r e n t  

c u l t u r e  d i s h .

A l l  e x p e r im e n ts  were perform ed upon midbody segm ents  14 -  17 o f  

th e  a n im a l .  A p a r t i c u l a r  advan tage  o f  th e  le e c h  p r e p a r a t i o n  i s  th e  

a b i l i t y  t o  i d e n t i f y  an i n d iv id u a l  neurone from segment t o  segment 

and from p r e p a r a t i o n  t o  p r e p a r a t i o n .  In  th e  p r e s e n t  s tu d y  a l l  

e x p e r im e n t s  were perform ed upon a p a r t i c u l a r  s t r e t c h  r e c e p to r  

n e u ro n e  which was c o n s t a n t ly  lo c a te d  in  th e  v e n t r a l  body w a l l  

a d j a c e n t  t o  t h e  e x c r e to r y  d u c t ,  t h e  n e p h r id io p o r e .  A p r e p a r a t i o n  was 

d e v e lo p e d  which enab led  r o u t i n e  i n t r a c e l l u l a r  r e c o r d in g s  t o  be made 

from e i t h e r  t h e  p e r i p h e r a l  c e l l  body or c e n t r a l l y  p r o j e c t i n g  axon o f  

th e  neu rone  and a d e t a i l e d  d e s c r i p t i o n  i s  g iv en  in  R e s u l t s  s e c t i o n  

1 .0 .

The 5ml c u l t u r e  d i s h  c o n ta in in g  th e  body w a l l  s e c t i o n  was p la c e d  

on  a  g l a s s  s l i d e  s u p p o r te d  between th e  two arms o f  a U -  shaped 

m e ta l  s t i r r u p .  The p r e p a r a t i o n  was viewed w i th  da rk  -  f i e l d  o p t i c s .
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To t h i s  e nd , a f i b r e  o p t i c  co ld  l i g h t  sou rce  ( F o r t ,  Lux 1 5 0 ) ,  

p r o j e c t e d  l i g h t  on to  a 45 degree  ang led  m ir ro r  under  th e  m eta l  

s u p p o r t i n g  s t i r r u p .  L ight was th e n  r e f l e c t e d  v e r t i c a l l y  upwards
«• H

th ro u g h  a L e t t z  dark  f i e l d  condenser  which cou ld  be focused  in  

o r d e r  t o  p ro v id e  t h e  r e q u i r e d  da rk  f i e l d  i l l u m i n a t i o n  o f  t h e  

p r e p a r t i o n .  A ll  a p p a ra tu s  was suppo rted  on a v i b r a t i o n  f r e e  t a b l e  

and w i th  t h e  e x c e p t io n  o f  th e  co ld  l i g h t  sou rce  was e n c lo se d  w i t h in  

an  e a r t h e d  F a ra d a y  cage .

i i )  S o l u t i o n s

The body w a l l  and g a n g l i a  were bathed  i n  s ta n d a rd  le e c h  R in g e r  

s o l u t i o n  o f  th e  fo l lo w in g  com position,;  (mM) NaCl, 1 1 5 .0 ;  KCl, 4 .0 ;  

CaC lg, 1 . 8 ;  t r i s  m a le a te  n e u t r a l i s e d  w i th  3N NaOH t o  pH 7 . 4 ,  1 0 .0 .  

Most e x p e r im e n ts  were performed in  R inger f l u i d  c o n ta in in g  1 .8  mM 

Ca^*. I n  some e x p e r im e n ts  however, s y n a p t i c  a c t i v i t y  was enhanced by 

r a i s i n g  th e  R inger  Ca^* c o n c e n t r a t i o n  t o  8 .0  mM. A h ig h  Ca^* 

c o n c e n t r a t i o n  r a i s e s  the  f i r i n g  th re s h o ld  o f  l e e c h  n eu rones  and 

t h e r e f o r e  r e d u c e s  spon taneous  s y n a p t ic  a c t i v i t y  and a c t s  

a n t a g o n i s t i c a l l y  a t  the  ne rve  end ing  in  i n c r e a s i n g  t r a n s m i t t e r  

r e l e a s e ,  ( N ic h o l l s  and P u rv e s ,  1 9 7 9 ) . High Mĝ "*" s o l u t i o n s  (15mM) 

were u sed  t o  b lock  chem ical s y n a p t ic  t r a n s m i s s io n .  In  such  

s o l u t i o n s ,  NaCl was re p la c e d  w ith  an e q u iv a l e n t  c o n c e n t r a t i o n  o f  

MgCl^.éHjO. T h is  b lo c k in g  e f f e c t  o f  magnesium a t  t h e  c h e m ica l  

sy napse  was a n ta g o n ise d  by th e  u se  o f  a 15.0mM C aC l,  R in g e r

s o l u t i o n .
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D u rin g  e x p e r im e n ts  the  com position  o f  the  f l u i d  in  th e  r e c o r d in g  

b a t h  was changed by tu rn in g  a tap  c o n t r o l l i n g  th e  flow o f  s o l u t i o n s  

u n d e r  g r a v i t y  from e i t h e r  o f  two r e s e r v o i r s  w h i l s t  an i n t r a c e l l u l a r  

r e c o r d i n g  was m a in ta in e d  from th e  p r e p a r a t i o n .

T e t r o d o to x in  was d is s o lv e d  in  normal l e e c h  R inger and used  a t  a 

c o n c e n t r a t i o n  o f  300 nM.

i i i )  E l e c t r i c a l  r e c o r d in g s

I n t r a c e l l u l a r  r e c o rd in g s  were made u s in g  c o n v e n t io n a l  g l a s s  

m i c r o e l e c t r o d e s  which were p u l le d  from t h i n  w a lled  f i l a m e n t  g l a s s  

(C la rk e  E le c t ro m e d ic a l  in s t r u m e n ts ,  GC150TF, o u t s id e  d ia m e te r  1,2mm) 

on  a Camden I n s t ru m e n ts  h o r iz o n ta l  m ic r o p ip e t t e  p u l l e r .  They were 

f i l l e d  w i th  4 .0  M po tass ium  a c e t a t e  and had f i n a l  r e s i s t a n c e s  o f  

be tw een  20 -  50 Meg Ohm. The i n t e r n a l  f i l a m e n t  enab led  th e  t i p s  t o  

be f i l l e d  by c a p i l l a r y  a c t i o n  upon s ta n d in g  th e  end o f  t h e  e l e c t r o d e  

i n  e l e c t r o l y t e .  The shanks were then  b a c k f i l l e d  from a s y r in g e  and 

f i n e  n e e d l e .

The e l e c t r o d e  was i n s e r t e d  i n  a h o ld e r  made from a s h o r t  p ie c e  o f  

b e n t  g l a s s  tu b in g  which was in  tu rn  s e c u r e ly  su p p o rte d  upon a sm a l l  

p l a t f o r m  a t t a c h e d  to  a u n iv e r s a l  movement b a l l  and s o c k e t  j o i n t .  The 

b a l l  and s o c k e t  j o i n t  was mounted on a Huxley m ic ro m a n ip u la to r  

w hich  p ro v id e d  th e  f a c i l i t y  f o r  course  and f i n e  ad ju s te m e n t  i n  t h r e e

p l a n e s  o f  movement.
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I n t r a c e l l u l a r  r e c o r d in g s  were made e i t h e r  from a s in g l e  n e u ro n e ,  

o r  p a i r e d  i n t r a c e l l u l a r  r e c o rd in g s  were o b ta in e d  from s y n a p t i c a l l y  

r e l a t e d  c e l l s .  Hence two r e c o rd in g  channels  were a v a i l a b l e  w i th  

c o r r e s p o n d in g  p a i r e d  m ic ro e le c t ro d e s  and m ic ro m a n ip u la to r s .  A 

s i l v e r / s i l v e r  c h lo r i d e  wire  connected the e l e c t r o d e s  t o  n e g a t i v e  

c a p a c i t a n c e  h ig h - in p u t  impedance a m p l i f i e r s .  An Ag/AgCl e l e c t r o d e  

was p la c e d  i n  th e  r e c o rd in g  ba th  and ac ted  as a  r e f e r e n c e  e l e c t r o d e  

a g a i n s t  which p o t e n t i a l s  were measured. One re c o rd in g  c hanne l  ( u n i t y  

g a i n  WPI model M701) allowed c u r r e n t  t o  be i n j e c t e d  i n to  th e  c e l l  

v i a  t h e  m ic r o e l e c t r o d e ,  w h i l s t  v o l ta g e  was s im u l ta n e o u s ly  m on ito red  

v i a  a m o d if ied  b r id g e  c i r c u i t .  The second r e c o r d in g  ch an n e l  (10 

t im e s  g a i n .  G e t t in g  model 5 m ic ro e le c t ro d e  a m p l i f i e r )  a l s o  u t i l i s e d  

a b r id g e  b a la n c e  a s  w e ll  as  in c o r p o r a t in g  a d i r e c t  c u r r e n t  p a ssa g e  

mode, w hich enab led  d i r e c t  c u r r e n t  to  be i n j e c t e d  v i a  th e  

m i c r o e l e c t r o d e .  Inc luded  in  the  b r id g e  c i r c u i t  o f  bo th  a m p l i f i e r s  

was t h e  a b i l i t y  t o  measure e l e c t r o d e  r e s i s t a n c e  w ith  r e f e r e n c e  to  

t h e  b a th  i n d i f f e r e n t  e l e c t r o d e .  Both s ig n a l s  were f u r t h e r  a m p l i f i e d  

on D .C . c o u p le d  T e c tro n ix  5A20N and 5A22N d i f f e r e n t i a l  D.C. 

a m p l i f i e r s  and d isp la y e d  on a d ua l  t r a c e  T e c tro n ix  s to r a g e  

o s c i l l o s c o p e .  Two v o l ta g e  c a l i b r a t o r s  allowed 1 .0  mV or 10 .0  mV 

c a l i b r a t i o n  s t e p s  t o  be a p p l ie d  t o  the  n e g a t iv e  s id e  o f  e i t h e r  o f  

t h e  two d i f f e r e n t i a l  a m p l i f i e r s .

Two D e v ic e s  i s o l a t e d  s t im u la to r s  (MK. I l l )  were used  f o r  

i n t r a c e l l u l a r  c u r r e n t  i n j e c t i o n .  With the  WPI m ic r o e l e c t r o d e  

a m p l i f i e r  i n  t h e  low c u r r e n t  i n j e c t i o n  range th e  maxiram o u tp u t  

v o l t a g e  a t  th e  probe was + / -  2 .5  V. The maximum c u r r e n t  which cou ld  

t h e r e f o r e  be i n j e c t e d  v i a  th e  m ic ro e le c t ro d e  i n  t h i s  mode was 2 .5  V
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d i v i d e d  by th e  e l e c t r o d e  r e s i s t a n c e .  The maximum c u r r e n t  a v a i l a b l e  

t h e r e f o r e  w i th  e l e c t r o d e s  o f  50 Megohm and above was 2.5V/50*10^ A =

5 .0  nAmps. F o r  io n to p h o r e s i s  o f  dye from th e  e l e c t r o d e  t i p ,  h i g h e r  

c u r r e n t  v a lu e s  were o f t e n  r e q u i r e d ,  c h a r a c t e r i s t i c a l l y  1 0 -2 OnA f o r  

i n j e c t i o n  o f  L u c i f e r  ye llow . This  was achieved u s in g  a breakaway box 

(WPI, model BB-1) . A maximum c u r r e n t  o f  200 V cou ld  be a p p l i e d  to  

t h e  breakaw ay box. In  t h i s  case  the  i n t e r n a l  c u r r e n t  i n j e c t i o n  

f a c i l i t y  o f  t h e  WPI a m p l i f i e r  was b ipased  a llo w in g  a l a r g e r  c u r r e n t  

t o  be a p p l i e d  a c ro s s  the  e l e c t r o d e .  The v o l ta g e  a p p l i e d  t o  th e  

b reakaw ay  box t o  p a s s  lOnA o f  c u r r e n t  a c ro s s  an e l e c t r o d e  o f  50 

Megohm r e s i s t a n c e  i s  g iven  by V = E le c t ro d e  r e s i s t a n c e  + 2 Megohm 

t im e s  c u r r e n t  (V = 50+2%10^ t im es  10*10” ^)

A c u r r e n t  m onito r  ou tp u t  was a l s o  a v a i l a b l e  from th e  

e l e c t r o m e t e r s  and d isp la y e d  on th e  o s c i l lo s c o p e  as  a v o l ta g e  s i g n a l  

d i r e c t l y  p r o p o r t i o n a l  t o  th e  c u r r e n t  i n j e c t e d  v i a  th e  

m ic ro  e l e c t  rod e . For th e  WPI a m p l i f i e r ,  used in  t h e  low c u r r e n t  

i n j e c t i o n  r a n g e  th e  c u r r e n t  t o  v o l ta g e  c a l i b r a t i o n  was 1 V = 5%10

a m p e re s .  The i s o l a t e d  s t i m u la to r s  were in  t u r n  under  the  command o f  

a  D e v ic e s  d i g i t i m e r ,  (model 3290). The d i g i t i m e r  p rov ided  5 decade 

c o u n t e r s  and 3 l o g ic  c i r c u i t s .  The f i r s t  decade c o u n te r  c o n t r o l l e d  

t h e  c y c l e / r e c y c l e  p e r io d  w h i l s t  t h e  o th e r  c o u n te r s  c o n t r o l l e d  t h e  

s w i tc h in g  o f  th e  i s o l a t e d  s t i m u la to r s  which determ ined  th e  d u r a t i o n  

and a m p l i tu d e  o f  th e  in d iv id u a l  c u r r e n t  p u l s e s .  P u ls e s  from th e  

o y o l e / r e o y o l e  oio^uit o f  th e  d ig i t im e r  t o  the  o s c i l l o s c o p e  e x t e r n a l  

t r i g g e r  in p u t  a l s o  synch ron ised  c u r r e n t  i n j e c t i o n  p u l s e s  w i th  t h e  

o s c i l l o s c o p e  sweeps.

-  59 -



E x t r a c e l l u l a r  r e c o r d in g s  were ob ta ined  by means o f  g l a s s  t ip p e d  

s u c t i o n  e l e c t r o d e s  p laced  on th e  d i s s e c te d  segm ental n e r v e s .  The 

e l e c t r o d e s  c o n s i s t e d  o f  a l .O  ml d isp o sa b le  s y r in g e  w i th  an 

a t t a t c h e d  40 X 0 .8  mm n e e d le .  G lass t i p s ,  p u l le d  by hand from 

t h i n - w a l l e d  e l e c t r o d e  g l a s s  and f i r e  p o l ish e d  t o  the  c o r r e c t

d i a m e te r  were connec ted  to  t h e  need le  by a s h o r t  p iec e  o f  f l e x i b l e  

p l a s t i c  t u b in g .  With the  in n e r  p lunger o f  th e  sy r in g e  rem oved,

s u c t i o n  co u ld  be a p p l ie d  t o  th e  back o f  t h e  e l e c t r o d e ,  d raw ing

R in g e r  u p  i n t o  th e  p l a s t i c  tu b in g  and in to  c o n ta c t  w i th  th e  n e e d le .  

W ith t h i s  a r ra n g e m e n t,  t h e  m etal need le  a c te d  a s  t h e  c e n t r a l

r e c o r d i n g  e l e t r o d e .

V o l tag e  changes were measured a c ro s s  t h e  e l e c t r o d e  mouth w ith  

r e s p e c t  t o  a ground wire  wound around the  p l a s t i c  tube  and g l a s s  

t i p .  T h is  r e f e r e n c e  w ire  was i n s u l a te d  along  i t s  l e n g th  a p p a r t  from 

a b a re d  end which was p o s i t io n e d  as c lo se  as  p o s s ib l e  t o  th e  mouth 

o f  t h e  g l a s s  t i p  o f  th e  e l e c t r o d e .  The ou tp u t  o f  t h e  s u c t i o n  

e l e c t r o d e  was a m p l i f ie d  1000 tim es on an I s l e w o r th  AlOl p r e a m p l i f i e r  

and l e d  t o  an A.C. coup led  T e c tro n ix  5A20N d i f f e r e n t i a l  a m p l i f i e r  

b e f o r e  f i n a l  d i s p l a y  on the  s to ra g e  o s c i l l o s c o p e .  A box d iagram  o f  

t h e  e l e c t r i c a l  a p p a ra tu s  i s  shown in  f i g u r e  ( i ) .

i v )  Muscle t e n s i o n  and l e n g th  r e c o r d in g .

s t r e t c h  was a p p l i e d  to  t h e  muscle a s s o c i a te d  w i th  t h e  v e n t r a l  

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

m usc le  c o n t a i n i n g  th e  a s s o c i a te d  p e r i p h e r a l  SRN c e l l  body and
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d e n d r i t e s  was d i s s e c t e d  ou t w ith  i t s  in n e r v a t io n  v i a  t h e  a n t e r i o r

s e g m e n ta l  n e rv e  r o o t  I n t a c t .  This  p re p a ra t io n  hence c o n ta in e d  th e

e n t i r e  s t r e t c h  r e c e p to r  neurone with  p r o je c t in g  axon and c e n t r a l

a r b o u r .  The l o n g i t u d i n a l  n u sc le  l a y e r  of th e  le e c h  form s a

c o n t i n u o u s  s h e e t  a long  th e  l e n g th  o f  th e  a n im a l .  The muscle s t r i p

u s e d  i n  t h e  p r e s e n t  experim en ts  was approx im ate ly  2 .0  mm wide and

c o n s i s t e d  o f  muscle f i b r e s  from th e  segment under s tu d y  t o g e t h e r

w i th  f i b r e s  f r o n  one o r  two denervated  segments e i t h e r  s i d e ,  a

l e n g t h  o f  a p p ro x im a te ly  2 .0  cm in  a l l .  One end o f  t h i s  m uscle s t r i p
" 1/

was s e c u r e l y  clamped t o  th e  arm o f  an Advance type VI m uscle 

p u l l e r .  The m uscle p u l l e r  was c o n t r o l l e d  by a ramp f u n c t i o n  

g e n e r a t o r ,  which provided  f o r  the  independen t s e t t i n g  o f  bo th  

a m p l i tu d e  and v e l o c i t y  o f  d isp la c em e n t .  Ramp f u n c t io n  s t r e t c h e s  

( s t r e t c h ,  ho ld  and r e l e a s e )  or  ramp r e l e a s e s  ( r e l e a s e ,  fo llow ed  by 

h o ld  and su b se q u e n t  r e - s t r e t c h )  o f  th e  muscle p u l l e r  arm o f  f i n a l  

d i s p l a c e m e n t  o f  between 0 .5  and 5 .0  mm were a v a i l a b l e  a t  v e l o c i t i e s  

o f  d i s p l a c e m e n t  r a n g in g  between 6 .0  and 28 .0  mm p e r  second . A second 

o u t p u t  from th e  ramp f u n c t io n  g e n e ra to r  was a v a i l a b l e  f o r  d i s p l a y  o f  

t h e  ramp s t r e t c h  s t im u lu s  on th e  o s c i l lo s c o p e  s c re e n .  M easurements 

o f  th e  ramp s t r e t c h  d isp lacem en t  were made d i r e c t l y  from a s c a l e  

a l o n g s i d e  t h e  moving p u l l e r  arm. S y n c h ro n isa t io n  o f  th e  m uscle  ramp 

s t r e t c h  and o s c i l l o s c o p e  beam sweep were aga in  c o n t r o l l e d  from th e  

d i g i t i m e r .

The o t h e r  end o f  th e  l o n g i t u d in a l  muscle s t r i p  was e i t h e r  p inned 

t o  t h e  f l o o r  o f  the  r e c o rd in g  chamber o r  s e c u r e ly  a t t a c h e d  to  th e  

beam o f  an  i s o m e t r i c  t e n s io n  t r a n s d u c e r .  Th is  a llow ed t e n s i o n  t o  be 

m o n i to re d  from th e  n u s c le  s t r i p  e i t h e r  when a t  a c o n s ta n t  l e n g th  o r
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t h r o u g h o u t  th e  p e r io d  o f  th e  n u sc le  s t r e t c h .  Output from th e  t e n s i o n  

t r a n s d u c e r  was a m p l i f ie d  1000 tim es and m on ito red , a long  w i th  ramp 

n u s c l e  s t r e t c h  SRN re s p o n s e .

A l l  f i n a l  s i g n a l s  were led  t o  a Racal S to re  4DS i n s t r u m e n ta t i o n  

r e c o r d e r  and rec o rd e d  on 6 .25  nun magnetic t a p e .  Four r e c o r d in g  

c h a n n e l s  w ere  a v a i l a b l e .  Three FM re c o rd in g  c hanne ls  and a s i n g l e  DR 

c h a n n e l ,  bandw id th  between lOOHZ and 300 KHZ which was used  f o r  

r e c o r d i n g  e x t r a c e l l u l a r  s i g n a l s .  Tape speeds between 1 5 /1 6 th s  and 60 

i n c h e s  p e r  second were a v a i l a b l e  which gave FM r e c o rd in g  bandw id ths  

w hich  ran g e d  betw een 625 Hz a t  1 5 /16th  inches  p e r  second and 40 KHz 

a t  60  in c h e s  p e r  second . A ll d a ta  could be s u b s e q u e n t ly  a n a ly se d  

n o f f  l i n e n  on a N ic o le t  (model 201) d i g i t a l  o s c i l l o s c o p e .  In  t h e  

r e l e v a n t  e x p e r im e n ts  s ig n a l  averag ing  was performed o f f  l i n e  on 

N euro log  NL 200 s p ik e  t r i g g e r  and NL 750 a v e ra g e r  u n i t s .

v) C oherence  a n a ly s i s

I n  o r d e r  t o  i n v e s t i g a t e  th e  e f f e c t  o f  s t r e t c h  r e c e p to r  neurone  

I n p u t  upon  motoneurone a c t i v i t y ,  i n t r a c e l l u l a r  r e c o r d in g s  were made 

from  t h e  SRN soma w h i l s t  r e c o rd in g  e x t r a c e l l u l a r  motoneurone 

a c t i v i t y  from th e  segm ental nerve r o o t s .  The coherence  o f  a c t i v i t y  

b e tw e en  s e v e r a l  motoneurone sp ike  t r a i n s  was th e n  a s se s s e d  a c c o rd in g  

t o  m ethods o f  B r i l l i n g e r ,  Bryant and Segundo, (1 9 7 6 ) ,  see  a l s o  

A ppend ix .
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A weak gamma p a r t i c l e  sou rce  was used to  t r i g g e r  a random ly  

o o o u r in g  sequence  o f  h y p e rp o la r i s in g  o r  d e p o la r i s in g  sq u a re  wave 

c u r r e n t  p u l s e s  which were in je c te d  in to  the  p e r i p h e r a l  SRN soma. 

S u b s e q u e n t  random h y p e rp o la r i s in g  o r  d e p o la r i s in g  v o l ta g e  

d e f l e c t i o n s  were reco rded  from th e  SRN c e l l  body and s to r e d  on 

m a g n e t ic  t a p e  a lo n g  w ith  th e  on-going  e x t r a c e l l u l a r  s p ik in g  a c t i v i t y  

o f  be tw een  2 and 4 motoneurone u n i t s  which were reco rded  from th e  

m e d ia l  a n t e r i o r  segm ental nerve  r o o t ,  ( se e  a l s o  R e s u l t s  s e c t i o n  

5 . 4 ) .  A random a f f e r e n t  in p u t  and m u l t i - u n i t  s p ik in g  o u tp u t  was 

t h e r e f o r e  a v a i l a b l e  f o r  o f f - l i n e  a n a ly s i s  u s in g  methods o f  

B r i l l i n g e r  e t  a l .  (1976).

( v i )  I n t r a c e l l u l a r  dye i n j e c t i o n  and h i s t o l o g i c a l  p ro c e s s in g

I n  m o rp h o lo g ic a l  s t u d i e s ,  the  p e r ip h e r a l  c e l l  body o f  th e  SRN was 

i n j e c t e d  w i th  e i t h e r  H o rse rad ish  pe ro x id ase  (HRP), o r  L u c i f e r  ye llow  

(LY) .

H o r s e ra d i s h p e r o x id a s e

E l e c t r o d e s  were p u l le d  from th i c k  w alled  f i l lam ent g l a s s  (C la rk e  

E l e c t r o m e d i c a l ,  GC12W) and f i l l e d  w ith  2 .0»  HRP (Sigma type  VI) i n

0 .2  M KCl s o l u t i o n  c o n ta in in g  0 .2» f a s t  g r e e n  d y e .  They were 

b e v e l l e d  on a WPI r o t a r y  b e v e l l e r  t o  a f i n a l  r e s i s t a n c e  o f  between 

30 and 100 Megohm. HRP was i n je c te d  e i t h e r  u s in g  p r e s s u r e  from a 

com pressed  a i r  s o u rc e  o r  i o n to p h o r e i s e d , t y p i c a l l y  w i th  5 nA, 350 ms
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d e p o l a r i s i n g  c u r r e n t  p u l s e s  a t  1 .0  H z  f o r  15 m ins. P r e p a r a t i o n s  were 

l e f t  o v e r n ig h t  in  g lu co se  supplemented R inger s o l u t i o n  o r  c u l t u r e  

medium a t  4 .0  d e g re e s  C. In  a few in s ta n c e s  the  neurone was 

r e - i n j e c t e d  w i th  HRP th e  fo llo w in g  day and l e f t  f o r  a f u r t h e r  4 - 6  

h o u r s .  At th e  end o f  th e  in c u b a t io n  p e r io d ,  p rep a ra t io m s  were f ix e d  

i n  a  1.0% g lu ta r a ld e h y d e  s o lu t i o n  in  t r i s  m alea te  b u f f e r  f o r  1 .0  Hr. 

A f t e r  t h i s  p e r io d  p re p a r a t io n s  were washed in  b u f f e r  t o  s to p  th e  

f i x i n g  r e a c t i o n  and l e f t  f o r  a f u r t h e r  15.0 m ins. i n  f r e s h  b u f f e r .  

P r e p a r a t i o n s  were then  incuba ted  f o r  30 .0  m ins. i n  d iam in o b e n z id in e  

on an  a g i t a t i n g  p l a t e  s h a k e r .  The HRP was r e a c te d  by add ing  t h r e e  

d ro p s  o f  1.0% hydrogen pe rox ide  to  th e  d iam inobenz id ine  s o l u t i o n  

w h i l s t  c o n s t a n t l y  mixing th e  r e a c t i o n  medium. A f t e r  a  few m inu tes  a 

brown p r e c i p i t a t e  formed w i th in  the  i n j e c t e d  neurone and when o f  

s u f f i c i e n t  i n t e n s i t y  in  r e l a t i o n  t o  any background r e a c t i v i t y  t h e  

r e a c t i o n  was h a l t e d  by r e p e a te d l y  f lu s h in g  th e  p r e p a r a t i o n  w i th  

b u f f e r .  Any f u r t h e r  d i s s e c t i o n  o f  o v e r ly in g  muscle o r  f a s c i a  was 

done a t  t h i s  s t a g e .  The p r e p a r a t io n  was then  dehyd ra ted  by b a th in g  

i n  100% m e th a n o l ,  w i th  a sequence o f  a t  l e a s t  4 - 5  changes t o  f r e s h  

a l c h o h o l  a l lo w in g  app rox im ate ly  5-10 m inu tes  between ch an g es .  Then 

c l e a r e d  i n  m ethy l s a l i c y l e t e  and mounted betw een c o v e r s l i p s  i n  

P i c o l i t e  m ounting medium. The p r e p a r a t io n  was viewed as a ho le  mount 

w i th  e i t h e r  Nomarski or b r ig h t  f i e l d  o p t i c s .  C olour o r  

b l a c k - a n d - w h i t e  photographs were ta k e n  w i th  e i t h e r  an Olympus 0-M2 

s i n g l e  l e n s  r e f l e x  camera on a M ic ro in s t ru m e n ts  DIC m icroscope  o r  a 

L e i t z  p h o to m ic ro sc o p e .  Camera lu c id a  r e c o n s t r u c t i o n s  were made u s in g  

a  Wild compound m icroscope w ith  drawing tube a t ta c h m e n t .
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L u c ife r  Yellow

E l e c t r o d e s  were a g a in  p u l le d  from t h i c k  w a l le d  g l a s s  and f i l l e d  

w i th  10.0% L u c i f e r  ye llow  ( S te w a r t .  1978) in  e i t h e r  0 .1  M l i t h i u m  

c h l o r i d e  o r  d i s t i l l e d  w a te r .  They were b e v e l l e d  t o  g iv e  f i n a l  

e l e c t r o d e  r e s i s t a n c e s  o f  between 20 and 75 Meg. ohm. Most s u c c e s s f u l  

LY i n j e c t i o n s  were performed u s in g  p r e s s u r e ,  a l th o u g h  in  some 

e x p e r im e n t s  i o n t o p h o r e i s i s  was a l s o  u s e d ,  t y p i c a l l y  50 -  100 nA, 400 

ms h y p e r p o l a r i s i n g  c u r r e n t  p u lse s  a t  1 .0  Hz f o r  15 -  20 m ins .

l o n t o p h o r i s i s  o f  dye in to  the  p e r i p h e r a l  SRN soma was l e s s

s u c c e s s f u l  becau se  o f  th e  l a r g e  s i z e  o f  t h e  c e l l  and h e m e  t h e

amount o f  dye needed to  f i l l  i t  and the  consequen t t e c h n i c a l

d i f f i c u l t y  o f  h o ld in g  an i n t r a c e l l u l a r  p e n e t r a t i o n  o f  t h e  p e r i p h e r a l  

n e u ro n e  f o r  a  s u f f i c i e n t  l e n g th  o f  t im e .

I n j e c t e d  neu rones  were l e f t  f o r  between 1 and 3 hours  b e f o r e  th e y  

were f i x e d  o v e rn ig h t  i n  4.0% form aldehyde in  O.IM phospha te  b u f f e r .  

P r e p a r a t i o n s  were th e n  washed i n  phospha te  b u f f e r ,  d e h y d ra te d  in  

100% m eth a n o l ,  c le a re d  in  methyl s a l i c y l a t e  and mounted between 

c o v e r s l i p s  i n  F luorm ount, a n o n - f lu o r e s c e n t  mounting medium. 

P r e p a r a t i o n s  were then  viewed on a L e i t z  f l u o r e s c e n t :  m ic ro sc o p e ,  

u s in g  u l t r a - v i o l e t  e p i—i l l u m i n a t i o n  w ith  a BG 12 b lu e  e x c i t a t i o n  

f i l t e r  and 530 o r  510 nM c u t - o f f  f i l t e r .  The morphology o f  i n j e c t e d  

n e u ro n e s  was r e c o n s t r u c te d  from pho to g rap h ic  s l i d e s  t a k e n  a t  a 

number o f  f o c a l  l e v e l s  th rough  th e  p r e p a r a t i o n .  The b le a c h in g  tim e 

o f  t h e  f l u o r e s c e n t  t r a c e r  (5 -1 5  mins) d id  n o t  a l lo w  a d i r e c t  cam era  

l u c i d a  d raw ing  o f  the  p r e p a r a t i o n  t o  be made.
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SECTION 1 . 0  MORPHQI.nPxY

The l e e o h  i s  a segmented an im a l.  Eaoh o f  i t s  21 midbody se gm en ts ,

5 a n n u l i  w id e ,  i s  in n e rv a te d  by one o f  a c h a in  o f  segm en ta l  g a n g l i a

w hich  a r e  jo in e d  by p a ire d  c o n n e c t iv e s  to  form th e  v e n t r a l  n e rv e  

c o r d .

The body w a l l  i s  made up m ain ly  from t h r e e  l a y e r s  o f  m u sc le .  An 

o u t e r  c i r c u l a r  l a y e r  o v e r l i e s  a t h i n  o b l ique  muscle l a y e r ,  and th e y  

b o th  o v e r l i e  an i n n e r  l o n g i t u d in a l  muscle l a y e r .  This  l o n g i t u d i n a l
II

m usc le  l a y e r  i s  th e  t h i c k e s t  and has been c l a s s i f i e d  as  h e l i c a l  
u

smooth m u sc le ,  (Hansom and Lowy, 1960).

The t e n d e n c y  w i th in  the  i n v e r t e b r a t e s  f o r  ne rve  c e l l  b o d ie s  t o  be 

g ro u p ed  t o g e t h e r  i n  g a n g l i a ,  which on th e  e v o lu t io n a r y  s c a l e  f i r s t  

m a n i f e s t s  i t s e l f  among th e  p r im i t iv e  f la tw orm s, c o n t in u e s  th ro u g h o u t  

t h e  phylum a n n e l i d i a  and many would argue rea c h e s  i t s  o r g a n i s a t i o n a l  

c l im a x  i n  t h e  H i ru d in a e .  For example, the  o r g a n i s a t i o n  o f  n e rv e  c e l l  

b o d i e s  w i t h i n  t h e  segm ental  g a n g lio n  o f  Hirudo i s  t y p i c a l  f o r  most 

o f  th e  h i g h e r  i n v e r t e b r a t e s  : the  nerve  c e l l s  a r e  a r ra n g e d  in  an 

o u t e r  c o r t i c a l  l a y e r  su rround ing  a r e g io n  o f  nerve  c e l l  b ran c h e s  and 

s y n a p s e s  which c o n s t i t u t e s  th e  c e n t r a l  sy n a p tic  n e u r o p i l e .  In  th e  

s e g m e n ta l  g a n g l io n  o f  Hirudo th e  m o d a l i t i e s ,  r e c e p t i v e  f i e l d s  and 

r e s p o n s e  c h a r a c t e r i s t i c s  o f  a number o f  se n so ry  neurones and th e  

i d e n t i f i c a t i o n  o f  a number o f  motoneurones has been w e ll  documented 

( N i c h o l l s  and B a y lo r ,  1 9 6 8  S t u a r t ,  1970).
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Not w i th o u t  a  shou t  however a r e  t h e  more l im i te d  p o p u la t io n s  o f  

p e r i p h e r a l l y  l o c a t e d  n e u ro n e s .  In  Hirudo f o r  example, t h r e e  ty p e s  o f  

c i l i a t e d  s e n s o r y  c e l l s  occur a t  the  s e n s i l l a e  s p o t s  around th e  

m id d le  a n n u lu s  o f  each  body segment ( P h i l l i p s  and F r i e s e n ,  1 9 8 2 ) .  A 

number o f  n e rv e  c e l l  bod ies  o f  unknown f u n c t io n  a r e  a l s o  known to  

o c c u r  a t  t h e  b ranch  p o i n t s  o f  t h e  segmental ne rves  ( G a s k e l l ,  1914 

i n  K r i s t a n  and S t e n t ,  1976). Among th e s e  p e r i p h e r a l l y  l o c a t e d  

n e u ro n e s  a r e  t h e  sm a l l  p o p u la t io n  o f  c e l l s  d e s c r ib e d  by Blackshaw 

e t .  a l .  (1 9 8 2 ) .  Approxim ately  a dozen o f  th e s e  neurones a r e  found 

w i t h i n  e a ch  segm ent and each c e l l  occup ies  a s p e c i f i c  s i t e  w i th in  

t h e  body w a l l ,  ( se e  l a t e r ) .  T he ir  morphology i s  un ique  and t h e i r  

c l o s e  a s s o c i a t i o n  w ith  th e  segm ental l o n g i tu d in a l  muscle has r a i s e d  

th e  p o s s i b i l i t y  o f  t h e i r  f u n c t io n  as s t r e t c h  r e c e p t o r s .

E x p e r im e n ts  were performed on one o f  th ese  neu rones  t h a t  

i n n e r v a t e s  v e n t r a l  l o n g i t u d in a l  muscle. The p o s i t i o n  o f  th e  c e l l  

body o f  t h i s  s t r e t c h  r e c e p to r  neurone (SRN) i n  r e l a t i o n  t o  t h e  

se g m e n ta l  n e rv e  b ranches  and segm ental bounda rie s  i s  shown in  f i g u r e

1 . T h is  shows th e  v e n t r a l  p o r t io n  o f  a p iece  o f  body w a l l  which 

i n c l u d e s  a  t y p i c a l  midbody segment, the  c e n t r a l  annu lus  o f  which i s  

i n d i c a t e d  by th e  two s e n s i l l a e .  I t  i s  in n e rv a te d  by i t s  segm enta l  

g a n g l io n  v i a  a p a i r  o f  nerve  r o o t s .  The c e l l  body o f  th e  SRN was 

v i s u a l i s e d  f o r  i n t r a c e l l u l a r  r e c o rd in g  and dye i n j e c t i o n  by removal 

o f  th e  s k in  and c i r c u l a r  and o b l iq u e  n u sc le  o v e r ly in g  th e  a n t e r i o r  

n e rv e  r o o t  i n  t h e  a r e a  in d ic a te d  by th e  r e c t a n g u l a r  box. The SRN 

l i e s  c o n s i s t e n t l y  a long  the  f i r s t  major branch o f  the  a n t e r i o r  ne rve  

r o o t ,  d e s ig n a t e d  branch  AA (O rt  e t .  a l .  1974). The c e l l  body l i e s  

w i t h i n  t h e  s h e a th  o f  th e  nerve and i s  conspicuous as an o va l
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Figure 1 . Schematic diagram of a ventral portion o f the body wall of 
the leech  containing a typ ica l midbody segment and attached 
segn en ta l ganglion  to  show the location  o f  the ventral S E N  c e ll ,  body 
and d en d rites  in  r e la t io n ,to  the perpheral nerve roots (dotted) and 
segnenta l boudaries (not to s c a le ) .  The neurone i s  co n sis ten tly  
located  in  each middbody segment- in the area indicated by the 
rectan gular box. I t s  c e l l  body l ie s ,  within the sheath of the f i r s t  
major branch o f  the anterior nerve root (AA) at a le v e l adjacent to 
the n ep h rid iop ore, (the excretory duct opening) which l i e s  on the 
an ter io r  edge o f  the centra l annulus o f  the segment. Nomenclature o f  
nerve r o o t s  as in  Ort e t  a l.  ' ( 1 974) ,  AA, anterior an terior; MA, 
medial a n te r io r ;  PP, p osterior p osterior; DP, dorsal posterior..



s w e l l i n g  o f  t h e  AA ro o t  d i r e c t l y  a d ja c e n t  to  th e  n e p h r id io p o re  ( th e

o p e n in g  o f  t h e  e x c r e to r y  d u c t)  s i t u a t e d  in  th e  groove  on th e

a n t e r i o r  edge o f  th e  c e n t r a l  a n n u lu s .  The c o n s i s t e n t  s i t i n g  o f  t h i s

p a r t i c u l a r  SRN nex t  t o  t h e  n e p h r id io p o re  made i t  ve ry  c o n v e n ie n t  f o r

l o c a t i n g  th e  c e l l  and a l l  experim ents  were perform ed on t h i s  

p a r t i c u l a r  n e u ro n e .

I n t r a c e l l u l a r  i n j e c t i o n  o f  th e  enzme H o rse ra d ish  p e ro x id a s e  (HRP) 

o r  o f  t h e  f l u o r e s c e n t  dye L u c i fe r  Yellow (LY) was used t o  s tu d y  th e  

m orphology  o f  t h e  SRN.

1 .1  P e r i p h e r a l  morphology

A t o t a l  o f  40 c e l l s  were i n j e c t e d  i n t r a c e l l u l a r l y  w ith  HRP and a 

f u r t h e r  9 c e l l s  f i l l e d  w ith  LY.

F i g u r e  2 i s  a camera lu c id a  drawing o f  th e  e n t i r e  o u t l i n e  o f  t h e  

SRN a f t e r  i n j e c t i o n  o f  HRP in to  the  c e l l  body. The c e l l  body l i e s  

b e tw een  a d i s t a l  fan  shaped d e n d r i t e ,  which i s  a s s o c i a te d  w i th  a 

l a t e r a l  band o f  l o n g i t u d in a l  muscle f i b r e s  and a proxim al fan  shaped 

d e n d r i t e  which i s  a s s o c ia te d  w ith  a more m edial band o f  l o n g i t u d i n a l  

n u s c l e  f i b r e s .  A lOjim d iam ete r  axon ex tends  c e n t r a l l y  from th e  

p ro x im a l  d e n d r i t e  and e n t e r s  th e  segm ental g a n g l io n  3-4  mm d i s t a n t  

i n  t h e  a n t e r i o r  n e rv e  r o o t .  D e t a i l  o f  the  p e r i p h e r a l  a r e a  o f  t h e  SRN 

i s  shown i n  f i g u r e  3 and in  th e  camera lu c id a  draw ing in  f i g u r e  4 .
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Figure 2 . Camera lu c id a  drawing o f the e n t ir e  v en tra l SRN 
recon stru cted  from th e  whole mount prep aration  shown in  f i g s .  3 and 
5. H orseradish peroxidase was in je c te d  in to  the p erip h era l c e l l  body 
and allowed to  tr a v e l c e n t r a l ly .  The r e la t io n sh ip  o f th e  d i s t a l  and 
proximal fans o f the SRN to  the separate bands o f lo n g itu d in a l 
muscle i s  shown. The d i s t a l  fan i s  a sso c ia ted  w ith  a la t e r a l  bundle 
o f lo n g itu d in a l muscle f ib r e s .  The proximal fan l i e s  in  a sso c ia t io n  
w ith  a more m edial and sep arate  band o f  lo n g itu d in a l muscle f ib r e s .  
A, a n te r io r  nerve r o o t . PP, p o s te r io r  p o ste r io r  nerve root (Ort e t  
a l .  1974) .



F i g u r e  3 . Whole mount p r e p a r a t i o n  o f  a  p ie c e  o f  body w a l l  viewed 
w i th  Nomarski o p t i c s  which c o n ta in s  t h e  p e r i p h e r a l  c e l l  body and 
d e n d r i t e s  o f  t h e  SRN. The c e l l  body ( a r r o w ,  30pm by 60pm) was 
i n j e c t e d  w i th  H o rs e ra d ish  p e ro x id a s e  and l i e s  d i r e c t l y  a d j a c e n t  t o  
th e  n e p h r id io p o re  which a p p e a rs  as  th e  p ro m in e n t  o v a l  p o r e  on th e  
r i g h t  o f  t h e  p l a t e .  The p e r i p h e r a l  d e n d r i t e s  a p p e a r  a s  f l a t t e n e d  
fan -sh a p ed  s w e l l in g s  o f  th e  axon and a r e  a s s o c i a t e d  w i th  d i f f e r e n t  
bands o f  l o n g i t u d i n a l  muscle which may be s e e n  r u n n in g  h o r i z o n t a l l y  
a c r o s s  th e  s e c t i o n .
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F igure 4 . Camera lu oid a  drawing o f  th e peripheral SRN c e l l  body and 
d en d r ite s  shown in  fig u r e  3 . The d is t a l  fan-shaped d en drite ( d is ta l  
fan) extends 200nm from the c e l l  body and i s  approxim ately 70pm 
a cr o ss  a t  i t s  w id est p o in t. The c e l l  body and a 15pm process  
separate the d is t a l  fan from a second fa n - lik e  dendrite (proximal 
fan) . A 10pm diam eter axon extends c e n tr a lly  towards the segmental 
gan glion  from the proximal fan .



F i g u r e  3 i s  a  whole mount p r e p a r a t i o n  o f  a p ie c e  o f  body w a l l  

c o n t a i n i n g  th e  SRN c e l l  body and d e n d r i t e s  i n  which the  c e l l  body 

was i n j e c t e d  i n t r a c e l l u l a r l y  w ith  HRP. The c e l l  body (SOfim x 60^m) 

l i e s  a d j a c e n t  and d i r e c t l y  a n t e r i o r  t o  th e  n e p h r id io p o r e ,  which 

a p p e a r s  a s  t h e  p ro m in en t  o v a l  p o re .  The d i s t a l  fa n -sh a p e d  d e n d r i t e  

( d i s t a l  f a n )  ex tended  some 200pm from th e  soma and i s  a p p ro x im a te ly  

70pm a c r o s s  a t  i t s  w id e s t  p o i n t .  From t h e  c e l l  body a 15pm d ia m e te r  

p r o c e s s  e x te n d e d  c e n t r a l l y  w i th in  th e  sh e a th  o f  th e  p e r i p h e r a l  n e rv e  

and a t  a  d i s t a n c e  o f  a p p ro x im a te ly  400pm formed a second f a n - l i k e  

d e n d r i t e  ( p ro x im a l  f a n ) .  In  l o n g i t u d i n a l  s e c t i o n  bo th  fa n s  appeaed 

a s  t h i n ,  f l a t t e n e d  p r o f i l e s ,  2-3pm d eep . E l e c t r o n  m ic ro g rap h s  show 

th e  two o p p o s in g  s u r f a c e s  o f  th e  fan  t o  be q u i t e  d i f f e r e n t  

(B lac k sh a w , McKay and Thompson, 1984) . In  u n s ta in e d  p r e p a r a t i o n s  one 

s i d e  a p p e a re d  d e e p ly  in v a g in a te d  w ith  g l i a l  c e l l  p r o c e s s e s s  w h i le  

t h e  o p p o s i t e  s u r f a c e  o f  t h e  t e r m in a l  appeared  f l a t .  In  HRP s t a i n e d  

p r e p a r a t i o n s  th e  f l a t  s u r f a c e  appeared t o  be c h a r a c t e r i s e d  by rows 

o f  s m a l l  m ushroom -like  ou tg row ths  l e s s  th an  1pm i n  d i a m e te r .

F i g u r e  5 shows a t  h ig h e r  m a g n i f ic a t io n  a whole mount p r e p a r a t i o n  

o f  t h e  body w a l l  c o n ta in in g  th e  prox im al fan  o f  th e  SRN s t a i n e d  

i n t r a c e l l u l a l y  w i th  HRP and viewed w ith  Nomarski o p t i c s .  When th e  

f a n  i s  viewed and focused  a t  th e  l e v e l  o f  t h e  f l a t  s u r f a c e , t h e  

m u sh room -like  o u tg ro w th s  c o n fe r  a d i s t i n c t l y  knobbly  appearance  t o  

t h e  d e n d r i t e .  These k n o bb les  a r e  a rranged  i n  rows a c r o s s  t h e  c e n t r a l  

r e g i o n  o f  t h e  f a n  i n  a band a p p ro x im a te ly  25pm wide (Blackshaw and 

Mackay, i n  p r e p a r a t i o n ) .
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F i g u r e  5 . A whole mount p r e p a r a t i o n  o f  a  p i e c e  o f  body w a l l  
c o n t a i n i n g  t h e  p ro x im a l  SRN d e n d r i t e  i n  which t h e  c e l l  body was 
i n j e c t e d  w i th  H o r s e r a d i s h  p e ro x id a s e  and th e  p r e p a r a t i o n  view ed w i th  
Nomarski o p t i c s .  Sm all m ushroom -like  o u tg ro w th s  p r o j e c t  from t h e  
s u r f a c e  o f  th e  f a n  and c o n f e r  a  d i s t i n c t i v e  k n o b b ly  a p p e a r a n c e .  The 
o u tg ro w th s  a r e  a r r a n g e d  i n  rows a c r o s s  t h e  c e n t r a l  r % i o n  o f  t h e  f a n  
in  a  band a p p ro x im a te ly  25pm w id e .  Bands o f  l o n g i t u d i n a l  m uscle  may 
be s e e n  in  c l o s e  a s s o c i a t i o n  w i th  t h e  r i g h t  hand edge o f  t h e  
d e n d r i t e .  S c a le  b a r  15pm.





Both f a n s  a r e  i n  c lo s e  a s s o c i a t i o n  a t  t h e i r  edges  w i th  s p e c i f i c  

bands  o f  l o n g i t u d i n a l  m uscle  f i b r e s . In  f i g u r e s  3 and 5 bands o f  

l o n g i t u d i n a l  m uscle  may be se en  ru n n in g  h o r i z o n t a l l y  a c r o s s  th e  

s e c t i o n .  I n  l i g h t  m ic r o g ra p h s ,  bands  o f  l o n g i t u d i n a l  f i b r e s  a r e  s e e n  

t o  p e n e t r a t e  th e  n e rv e  s h e a th  a t  th e  l e v e l  o f  th e  fa n s  and become 

c l o s e l y  a s s o c i a t e d  a t  t h e  ed g es  o f  t h e  d e n d r i t e .

1 .2  C e n t r a l  m orphology .

F i g u r e  6 shows a whole mount p r e p a r a t i o n  o f  a  midbody g a n g l io n  

a f t e r  i n j e c t i o n  o f  LY i n t o  th e  p e r i p h e r a l  c e l l  body o f  t h e  SRN. As 

a r b o r i s a t i o n  o f  t h e  SRN does  n o t  o c c u r  a t  any  one d e p th  w i t h in  t h e  

g a n g l i o n ,  o n ly  c e r t a i n  p o r t i o n s  o f  i t s  a r b o u r  a r e  i n  fo c u s  a t  any 

p a r t i c u l a r  l e v e l . F ig u r e  7 i s  a cam era  l u c i d a  r e c o n s t r u c t i o n  o f  t h e  

c e n t r a l  a r b o r i s a t i o n  o f  th e  SRN from s e c t i o n s  t a k e n  a t  a p p ro x im a te ly  

8 d i f f e r e n t  l e v e l s  th ro u g h  t h e  g a n g l i o n .  The l a r g e  axon  d i v i d e s  

w i t h i n  t h e  g a n g l io n  i n t o  t h r e e  main b ra n c h e s  which d i s t r i b u t e ,  w i th  

a b r u p t  change  i n  d i a m e te r ,  f i n e r ,  c l u b - l i k e  se c o n d a ry  b ra n c h e s  t o  

a r e a s  o f  t h e  i p s i l a t e r a l  n e u r o p i l e .  None o f  th e  n e u ro n e s  examined 

showed b ra n c h e s  e x te n d in g  a c r o s s  t h e  m id l in e  o f  t h e  g a n g l io n  o r  i n t o  

t h e  n e ig h b o u r in g  c o n n e c t i v e s .
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F i g u r e  6 . Whole mount p r e p a r a t i o n  o f  a midbody g a n g l io n  a f t e r  
i n j e c t i o n  o f  L u c i f e r  Yellow  i n t o  t h e  p e r i p h e r a l  c e l l  body o f  t h e  SRN 
and pho tographed  u n d e r  U.V. i l l u m i n a t i o n .  The c e n t r a l  a r b o u r i s a t i o n  
o f  t h e  SRN i s  c l e a r l y  v i s i b l e .  S ince b ra n c h in g  o f  t h e  SRN w i th in  t h e  
g a n g l io n  does n o t  occur  a t  any one d e p th ,  o n ly  c e r t a i n  p o r t i o n s  o f  
t h e  a rb o u r  a r e  i n  fo c u s  a t  any p a r t i c u l a r  p h o to g ra p h ic  l e v e l .  S ca le  
b a r  250pm.
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F i g u r e  7 . Cameral l u o id a  d raw ing  o f  t h e  t e r m i a l  a r b o u r i s a t i o n  o f  t h e  
SRN w i t h i n  t h e  seg m en ta l  g a n g l io n  r e c o n s t r u c t e d  from th e  whole mount 
p r e p a r a t i o n  i n  f i g . 6 . The SRN axon e n t e r s  the  segm en ta l  g a n g l io n  in  
t h e  a n t e r i o r  n e rv e  r o o t  and c h a r a c t e r i s t i c a l l y  d i v id e s  i n t o  t h r e e  
m ajor  b ra n c h e s  which d i s t r i b u t e  f i n e r ,  c l u b - l i k e  se co n d a ry  b ran ch es  
t o  a r e a s  o f  t h e  u p s i l a t e r a l  n e u r o p i l e .  None o f  t h e  49 n eu ro n es  
examined d i s t r i b u t e d  b ran c h e s  a c ro s s  th e  m id l in e  o f  th e  g a n g l io n  o r  
i n t o  n e ig b o u r in g  c o n n e c t iv e s .



SECTION 2 .0  E l e c t r i c a l  p r o p e r t i e s

I n t r a c e l l u l a r  r e c o r d i n g s  w ere  made from t h e  SRN c e l l  body and i t s  

axon u s in g  c o n v e n t io n a l  K - a c e t a t e  f i l l e d  g l a s s  m ic r o e l e c t r o d e s ,  ( s e e  

M e th o d s ) .

*1 u

2 .1  R e s t in g  Membrane P o t e n t i a l

The membrane p o t e n t i a l  r e c o rd e d  from t h e  SRN c e l l  body i n  67 

p r e p a r a t i o n s  ran g ed  betw een -3 0  mV and -6 0  mV w i th  a mean v a lu e  o f  

- 4 7 .5  mV. M easurm ents w ere  t a k e n  e i t h e r  upon p e n e t r a t i o n  o f  t h e  c e l l  

when a s t e a d y  s t a t e  l e v e l  was r e a c h e d ,  t h e  E^ o f t e n  i n c r e a s i n g  f o r
n M

s e v e r a l  se co n d s  a f t e r  p e n e t r a t i o n  as  th e  e l e c t r o d e  s e a le d  i n t o  th e
\\

c e l l  b ody , o r  p r i o r  t o  w i th d ra w a l  o f  t h e  e l e c t r o d e  as  a  w i th d ra w a l  
«

p o t e n t i a l  .

2 .2  A c t io n  p o t e n t i a l

F i g u r e  8 shows t h e  r e s p o n s e  o f  t h e  n e u ro n e  t o  d e p o l a r i s i n g  and 

h y p e r p o l a r i s i n g  s q u a re  wave c u r r e n t  p u l s e s  i n j e c t e d  i n t o  th e  c e l l  

body . D e p o l a r i s a t i o n  o f  t h e  c e l l  body by t h e  p a s sa g e  o f  3 -4  nA o f
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F i g u r e  8 . The r e s p o n s e  o f  t h e  neu rone  t o  i n j e c t i o n  o f  d e p o l a r i s i n g  
o r  h y p e r p O la r i s in g  c u r r e n t .  C u r r e n t  was i n j e c t e d  i n t o  t h e  p e r i p h e r a l  
c e l l  body o f  t h e  SRN ( r i g h t  hand d ia g ra m ) ,  a .  Response o f  th e  c e l l  
body (bo ttom  t r a c e )  t o  a  3 -4  nA s q u a re  wave d e p o l a r i s i n g  c u r r e n t  
p u l s e  ( to p  t r a c e )  . A s i n g l e  a c t i o n  p o t e n t i a l  a ro s e  from th e  c e l l  
body which f r e q u e n t l y  o v e rs h o t  ze ro  by abou t 30 mV. b .  Response o f  
th e  SRN c e l l  body (bo ttom  t r a c e )  t o  a  3-4  nA s q u a re  wave 
h y p e r p o i l a r i s i n g  c u r r e n t  p u ls e  ( to p  t r a c e ) .  The c e l l  responded  w i th  
an  a l l - o r - n o t h i n g  a c t i o n  p o t e n t i a l  upon t e r m i n a t i o n  o f  th e  c u r r e n t  
p u l s e .  N e i th e r  t h e  a n o d e -b reak  no r  t h e  d e p o la r i s a t i o n - e v o k e d  SRN 
a c t i o n  p o t e n t i a l s  were fo l lo w e d  by an a f t e r - h y p e r p o l a r i s a t i o n .



c u r r e n t  e l i c i t e d  an o v e rs h o o t in g  a c t i o n  p o t e n t i a l .  Not a l l  a c t i o n  

p o t e n t i a l s  e l i c i t e d  however from the  c e l l  body upon i n j e c t i o n  o f  

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

p o t e n t i a l .  F i g u r e  12 shows t h a t  an a l l —o r —n o th in g  a c t i o n  p o t e n t i a l  

may be e l i c i t e d  upon d e p o l a r i s a t i o n  o f  t h e  c e l l  body by 

a p p r o x im a te ly  1 nA. T h is  a c t i o n  p o t e n t i a l  d id  n o t  o v e rsh o o t  z e r o .  A 

f u r t h e r  example i s  shown i n  f i g u r e  13.

The r e s p o n s e  o f  th e  neurone to  a h y p e r p o la r i s in g  sq u a re  wave 

c u r r e n t  p u l s e  i s  a l s o  shown i n  f i g u r e  8. The c e l l  responded  w i th  an 

a l l - o r - n o t h i n g  a c t i o n  p o t e n t i a l  upon t e r m in a t i o n  o f  th e  c u r r e n t  

p u l s e .  T h is  anode b reak  e x c i t a t i o n  o f  t h e  c e l l  was q u i t e  

c h a r a c t e r i s t i c  and p rov ided  a u s e f u l l  a d d i t i o n a l  means o f  

i d e n t i f i c a t i o n .  I t  was o f t e n  e a s i e r  t o  e l i c i t  an a c t i o n  p o t e n t i a l  t o  

anode b reak  th an  t o  d e p o l a r i s a t i o n  o f  the  c e l l  body. A c t io n  

p o t e n t i a l s  re c o rd e d  from th e  SRN c e l l  body f o l lo w in g  a 

h y p e r p o l a r i s i n g  p r e - p u l s e  were r a r e l y  o v e r s h o o t in g .  The a b s o lu t e  

l e v e l  o f  d e p o l a r i s a t i o n  t o  which th e  a c t i o n  p o t e n t i a l  ex tended  

g e n e r a l l y  was f a r  lower f o r  an anode b reak  a c t i o n  p o t e n t i a l  th a n  f o r  

a  d e p o l a r i s a t i o n -  evoked a c t i o n  p o t e n t i a l .

R epe tâ- t ive  a c t i v i t y  r e c o rd e d  from th e  c e l l  body was r a r e .  F ig u re  

9 shows t h e  r e s u l t  o f  i n c r e a s i n g  th e  amount o f  d e p o l a r i s i n g  c u r r e n t  

i n j e c t e d  i n t o  th e  c e l l  body. In  t h i s  p r e p a r a t i o n  i n j e c t i o n  o f  

> 10 nA D.C. c u r r e n t  r e s u l t e d  i n  t h e  c e l l  body g iv in g  r e p e t e t i v e  

o v e r s h o o t in g  a c t i o n  p o t e n t i a l s .  T h is  was never  seen  t o  o c c u r  a f t e r  a 

h y p e r p o l a r i s i n g  c u r r e n t  p u l s e  o f  t h e  same a m p l i tu d e .
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F i g u r e  9 . R e p e ta t iv e  f i r i n g  reco rd e d  from th e  SRN soma. R e p e ta t iv e  
a c t i v i t y  r e c o rd e d  from th e  SRN c e l l  body was r a r e .  In  t h i s  
p r e p a r a t i o n  i n j e c t i o n  o f  >10 nA o f  d e p o la r i s in g  c u r r e n t  i n to  th e  
c e l l  body ( t o p  t r a c e )  e l i c i t e d  s e v e r a l  a c t i o n  p o t e n t i a l s  (bo ttom  
t r a c e ) . R e p e ta t iv e  f i r i n g  o f  th e  SRN upon anode b reak  e x c i t a t i o n  was 
n e v e r  o b se rv e d  a f t e r  a h y p e r p o la r i s in g  c u r r e n t  p u ls e  o f  s i m i l a r  
a m p l i t u d e .



T e tro d o to x in  s e n s i t i v i t y  of the  a c t io n  p o t e n t i a l

I t  i s  w e l l  e s t a b l i s h e d  t h a t  the  n e u ro to x in  e x t r a c t e d  from th e  

o v a r i e s  o f  t h e  p u f f e r  f i s h ,  t e t r o d o t o x i n  (TTX), w i l l  p r e v e n t  im pu lse  

t r a n s m i s s i o n  by s e l e c t i v e l y  b lo ck in g  th e  e a r l y  t r a n s i e n t

v o l t a g e - s e n s i t i v e  conduc tance  i n c r e a s e  f o r  sodium ( N a ra h a s h i ,  Moore

and S c o t t ,  1 9 6 4 ) .  I n  c o n c e n t r a t i o n s  ra n g in g  between 800 nM ( P a s z to r  

and Bush, 1983 ) c r u s t a c e a n  o v a l  organ  a f f e r e n t  f i b r e s )  and 0 .1  mM 

( N a ra h a s h i  e t  a l ,  1964 ) l o b s t e r  g i a n t  axons) TTX a c t s  t o  r e d u c e  th e

e a r l y  inw ard sodium c u r r e n t  and hence reduce  t h e  i n t r a c e l l u l a r

a c t i o n  p o t e n t i a l  a m p li tu d e  over th e  tim e c o u rse  o f  a  few m in u te s  

u n t i l  s p ik i n g  a c t i v i t y  i s  c o m p le te ly  a b o l i s h e d .

F i g u r e  10 i l l u s t r a t e s  th e  e f f e c t  upon a c t i o n  p o t e n t i a l  a m p li tu d e  

o f  a d d in g  300 nM TTX t o  t h e  b a th in g  f l u i d .  R ecord ings were made from 

t h e  SRN c e l l  body and from th e  c e l l  b o d ie s  o f  Touch, P r e s s u r e  and 

N oxious m echanosensory  neurones  lo c a te d  i n  t h e  segm en ta l  g a n g l i o n .  

A c t io n  p o t e n t i a l s  were e l i c i t e d  by c u r r e n t  i n j e c t i o n  i n to  th e  c e l l  

b o d ie s  b e f o r e  and d u r in g  su b seq u e n t  e x posu re  t o  TTX o v e r  a  p e r io d  o f  

10 -2 0  m in u te s .  No e f f e c t  o f  TTX upon the  a m p li tu d e  o f  a c t i o n  

p o t e n t i a l s  from t h e  SRN, T, P, o r  N c e l l s  was s e e n .  No a p p a re n t  

change i n  th e  a c t i o n  p o t e n t i a l  was n o t ic e d  even in  c e l l s  l e f t  f o r  up 

to  20 m in . i n  TTX. In  a l l  ex p e r im e n ts  t h e  c a p s u le  s u r ro u n d in g  th e  

se g m e n ta l  g a n g l io n  was removed, hence in  th e  c a se  o f  t h e  T, P, and N 

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

b o d ie s  and i t  was assumed t h a t  th e  n e rve  s h e a th  o f f e r e d  l i t t l e  o r  no 

r e s i s t a n c e  t o  t h e  d i f f u s i o n  o f  s u b s ta n c e s  around t h e  c e l l  body o f
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F ig u r e  1 0 . T e t ro d o to x in  (TTX) i n s e n s i t i v i t y  o f  t h e  SRN, T, P , and N 
o e i l  a c t i o n  p o t e n t i a l s .  A c t io n  p o t e n t i a l s  were e l i c i t e d  from  t h e  
p e r i p h e r a l  SRN c e l l  body and the  c e n t r a l  c e l l  b o d ie s  o f  t h e  to u c h  
( T ) ,  p r e s s u r e  ( P ) , and n o c ic e p t iv e  (N) m echanosensory  n e u ro n e s  b o th  
i n  th e  absence  ( l e f t  column) and p resen ce  ( r i g h t  colum n) o f  300 nM 
TTX. The SRN som atic  a c t i o n  p o t e n t i a l  (bo ttom  t r a c e ) ,  e l i c i t e d  by a 
h y p e r p o la r i s in g  c u r r e n t  p u ls e  ( to p  t r a c e )  was u n a f f e c t e d  a f t e r  10 
m inu tes  exposu re  t o  TTX. S im i la r ly  no e f f e c t  was s e e n  upon  th e  
a m p li tu d e  o f  th e  a c t i o n  p o t e n t i a l s  r e c o rd e d  from  t h e  T, P , o r  N 
c e l l s  a f t e r  e xposu re  t o  3 00 nM TTX f o r  9 , 5 , and 8 m in u te s
r e s p e c t i v e l y .
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th e  p e r ip h e r a l  SRN.
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2 .4  Non propag a t io n  of the a c t io n  p o te n t ia l

U sing  d a rk  f i e l d  i l l u m i n a t i o n  i t  was p o s s ib l e  to  v i s u a l i s e  th e  

l a r g e  d i a m e te r  axon o f  t h e  SRN as  i t  e n te r e d  t h e  segm en ta l  g a n g l io n  

i n  th e  a n t e r i o r  n e rv e  r o o t .  I t  g e n e r a l l y  occupied  a p o s i t i o n  on th e  

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

r e c o r d i n g s  c o u ld  be o b t a in e d .  C on f irm a tion  o f  i t s  i d e n t i t y  was made 

by p a s s in g  c u r r e n t  i n t o  th e  SRN c e l l  body th ro u g h  a second 

m i c r o e l e c t r o d e  w h i l s t  r e c o rd in g  the  su bsequen t  p o t e n t i a l  changes  

w i t h i n  t h e  axon w i th  t h e  f i r s t  e l e c t r o d e .

F i g u r e  11 i l l u s t r a t e s  th e  r e s u l t  o f  p a s s in g  d e p o l a r i s i n g  o r  

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

s im u l t a n e o u s l y  from th e  SRN axon and v i c e  v e r s a .  I n  t h i s

p r e p a r a t i o n ,  p a i r e d  i n t r a c e l l u l a r  r e c o r d in g s  were made from t h e  c e l l  

body and from th e  axon 3 mm away in  the  a n t e r i o r  n e rv e  r o o t .  In

p a n e l  a ,  d e p o l a r i s a t i o n  o f  c e l l  body e l i c i t e d  an a l l - o r - n o t h i n g  

a c t i o n  p o t e n t i a l ,  (25 mV am plitude)  which was t r a n s m i t t e d  p a s s i v e l y  

a lo n g  t h e  axon , i t s  am plitude  and w id th  b e in g  d i s t o r t e d  in  

p r o p o r t i o n  t o  th e  sp ace  and time c o n s ta n t s  o f  th e  membrane ( s e e

l a t e r ) . The sub—t h r e s h o ld  re s p o n s e s  o f  t h e  c e l l  body a r e  s i m i l a r l y

t r a n s m i t t e d  a long  th e  axon in  r e l a t i o n  to  th e  membrane e l e c t r i c a l  

c o n s t a n t s .  In  t h e  p r e s e n t  c a se  th e  am plitude  o f  t h e  a l l - o r - n o t h i n g  

s i g n a l  r e c o r d e d  from th e  axon had f a l l e n  t o  25% t h a t  r e c o rd e d  in  th e  

c e l l  b ody . At t h e  same d i s t a n c e  a long  t h e  axon however t h e  

s u b - t h r e s h o l d  p o t e n t i a l  had f a l l e n  t o  o n ly  36% o f  t h a t  r e c o rd e d  i n

t h e  c e l l  body .
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F i g u r e  1 1 . N on -p ropaga tion  o f  t h e  a c t i o n  p o t e n t i a l .  P a i re d  
i n t r a c e l l u l a r  r e c o r d in g s  were made from th e  SRN c e l l  body and from 
th e  axon 3mm away in  th e  a n t e r i o r  ne rve  r o o t  ( l e f t  hand diagram ) . a .  
Response o f  t h e  c e l l  body (upper  t r a c e )  and th e  axon ( lo w er  t r a c e )  
t o  s q u a re  wave d e p o la r i s i n g  and h y p e rp o la r i s in g  c u r r e n t  p u l s e s  (n o t  
shown) i n j e c t e d  i n t o  t h e  p e r i p h e r a l  SRN c e l l  body. D e p o l a r i s a t i o n  o f  
th e  c e l l  body e l i c i t e d  an a l l - o r - n o t h i n g  a c t i o n  p o t e n t i a l  which was 
t r a n s m i t t e d  p a s s i v e l y  a long  th e  axon, b .  I n j e c t i o n  o f  d e p o l a r i s i n g  
c u r r e n t  (n o t  shown) i n to  the  axon (low er t r a c e )  i n i t i a t e d  an 
a l l - o r - n o t h i n g  a c t i o n  p o t e n t i a l  from th e  c e l l  body (u p p e r  t r a c e )  
which was r e f l e c t e d  in  th e  axon r e c o r d in g .  I t  was n o t  p o s s i b l e  t o  
e l i c i t  an  a l l - o r - n o t h i n g  a c t i o n  p o t e n t i a l  from t h e  axon by 
i n c r e a s i n g  th e  a m p li tu d e  o f  i n j e c t e d  c u r r e n t  i n to  e i t h e r  th e  axon or  
t h e  c e l l  body.



F ig u re s  12 and 1 3 . In p u t  r e s i s t a n c e  (8^%) o f  t h e  SRN. R^^ was 
measured from th e  SRN soma u s in g  a s in g l e  m ic r o e l e c t r o d e  t o  i n j e c t  
c u r r e n t  p u l s e s  and r e c o r d ,  v i a  a b r id g e  c i r c u i t ,  s u b s e q u e n t  
p o t e n t i a l  ch an g es .  The s te a d y  s t a t e  c u r r e n t - v o l t a g e  r e l a t i o n s h i p s  
f o r  two d i f f e r e n t  c e l l s  a r e  shown. Both show an  a lm o s t  ohmic 
r e l a t i o n s h i p  over  th e  g r e a t e r  p a r t  o f  th e  v o l t a g e  r a n g e .  F i g u r e  12 , 
t r a c e s  above show example re s p o n s e s  o f  t h e  SRN c e l l  body t o  
i n c r e a s in g  d e p o la r i s in g  square  wave c u r r e n t  p u l s e s  ( l e f t  hand 
f i g u r e )  and in c r e a s in g  h y p e r p o la r i s in g  c u r r e n t  p u l s e s  ( r i g h t  hand 
f i g u r e )  u sed  t o  c o n s t r u c t  th e  lower g ra p h .  F i g u r e  1 3 ,  Top f i g u r e  
shows exam ples o f  t h e  superimposed r e s p o n s e s  (b o tto m  t r a c e s )  t o  fo u r  
d e p o la r i s i n g  and h y p e rp o la r i s in g  sq u a re  wave c u r r e n t  p u l s e s  (u p p e r  
t r a c e s )  used t o  c o n s t r u c t  t h e  g raph  i n  t h e  lo w e r  f i g u r e .
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I n  f i g u r e  l i b  d e p o l a r i s i n g  c u r r e n t  was i n j e c t e d  i n t o  th e  axon 

w h i l s t  r e c o r d in g  s im u l ta n e o u s ly  from th e  c e l l  body. P a s s iv e  s p re a d  

o f  c u r r e n t  from th e  axon i n t o  the  c e l l  body i n i t i a t e d  an 

a l l - o r - n o t h i n g  a c t i o n  p o t e n t i a l  in  t h e  c e l l  body which was r e f l e c t e d  

i n  t h e  axon r e c o r d i n g .

I t  was n o t  p o s s ib l e  in  any p r e p a r a t i o n  t o  e l i c i t  an 

a l l - o r - n o t h i n g  a c t i o n  p o t e n t i a l  from th e  axon by in c r e a s i n g  th e  

a m p l i tu d e  o f  i n j e c t e d  d e p o la r i s i n g  o r  h y p e r p o l a r i s in g  c u r r e n t .

2 ,5  Membrane c h a r a c t e r i s t i c s .

The in p u t  r e s i s t a n c e  o f  the  n e u ro n e ,  was measured from t h e

c e l l  body u s in g  a s in g l e  m ic r o e le c t r o d e  to  i n j e c t  sm all  c u r r e n t  

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

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

c e l l s  a r e  shown in  f i g u r e s  12 and 3 ,  Both c u rv e s  show an a lm o s t  

ohmic r e l a t i o n s h i p  over much o f  th e  v o l ta g e  r a n g e ,  one o f  th e  c e l l s  

however ( f i g ,  13) shows some r e c t i f i c a t i o n  w i th in  t h e  d e p o l a r i s i n g  

c u r r e n t  r a n g e .  The in p u t  r e s i s t a n c e s  f o r  th e s e  two c e l l s ,  c a l c u l a t e d  

from t h e  s lo p e  o f  t h e  l i n e a r  p o r t i o n  o f  t h e  c u rv e s  were 1 4 ,5  Meg ohm 

and 2 6 ,0  Meg ohm r e s p e c t i v e l y ,  R^^, de te rm in ed  f o r  a  t o t a l  o f  7 

c e l l s ,  ranged  between 14 ,2  Meg ohm and 26 ,0  Meg ohm g iv in g  a mean 

v a lu e  o f  18 ,2  Meg ohm ( + / -  4 .7  S,D, se e  a l s o  t a b l e  1 f o r  o t h e r  

v a lu e s  o f  R. ) ,  These r e s u l t s  compare w i th  v a lu e s  f o r  t h e  in p u t  

r e s i s t a n c e  o f  R e tz iu s  c e l l s  w i th in  th e  g a n g l io n  r a n g in g  betw een 18 ,2
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Meg ohm (1 c e l l ,  t h i s  s tu d y )  and a mean o f  2 0 .7  Meg ohm f o r  f o u r  

c e l l s  i n  t h e  g a n g l i o n  (F u c h s ,  N i c h o l l s  and Ready, 1981. V alues  o f  

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

129 + / -  36 Meg ohm f o r  R e t z iu s  c e l l s  i s o l a t e d  i n  c u l t u r e  f o r  3

d a y s ) .

From e v id e n c e  p r e s e n te d  i n  f i g u r e  11 t h a t  a c t i o n  p o t e n t i a l s ,  

g e n e r a te d  i n  t h e  c e l l  body r e g i o n  o f  th e  n e u ro n e ,  a r e  n o t  a c t i v e l y  

p r o p a g a te d  down t h e  axon , i t  a p p e a re d  t h a t  t r a n s m i s s i o n  o f  

i n f o r m a t io n  from th e  p e r i p h e r a l  s e n s o r y  d e n d r i t e s  t o  th e  CNS m igh t  

depend upon t h e  p a s s i v e  p r o p e r t i e s  o f  t h e  axon a s  i n  t h e  c a s e  o f  t h e  

c r u s t a c e a n  n o n - s p i k i n g  TCMRO ( R o b e r t s  and Bush, 1971) and hence  may 

r e q u i r e  r a t h e r  s p e c i a l i s e d  c a b le  p r o p e r t i e s .

F i g u r e  14 shows th e  e x p e r im e n ta l  a r ra n g e m e n t  used  t o  d e te rm in e  

t h e  e l e c t r i c a l  l e n g t h  c o n s t a n t  ( X ) o f  t h e  c e l l  and sam ple r e c o r d s  

o b t a i n e d .  C u r r e n t  was i n j e c t e d  i n t o  th e  neu rone  from an e l e c t r o d e
II

p la c e d  i n  t h e  c e l l  body a t  p o i n t  a . The c u r r e n t  and p o t e n t i a l  

change m o n ito re d  a t  t h i s  p o i n t  a r e  shown in  th e  u p p e r  two t r a c e s  o f  

p a n e l s  A and B. The v o l t a g e  c hanges  i n  r e s p o n s e  t o  c u r r e n t  p u l s e s
» II

i n j e c t e d  a t  a  were r e c o r d e d  by i n s e r t i n g  two f u r t h e r  e l e c t r o d e s  a t
U w

p o s i t i o n  b , 240pm from t h e  p o i n t  o f  c u r r e n t  i n j e c t i o n  and a t
w  u

p o s i t i o n  c 4300pm from th e  c e l l  body. The p o t e n t i a l  changes
»  II IV U

o b se rv e d  a t  p o s i t i o n s  b and c a r e  shown a s  t h e  bo ttom  t r a c e s  i n  

p a n e l s  A and B r e s p e c t i v e l y .
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F i g u r e  1 4 . Space c o n s ta n t  o f  th e  SRN. The space  c o n s ta n t  of  t h e  SEN 
was c a l c u l a t e d  from th e  decay  o f  h y p e r p o la r i s in g  c u r r e n t  p u l s e s  
i n j e c t e d  i n t o  t h e  SRN soma a t  p o s i t i o n  ' a '  ( r i g h t  hand d ia g ra m ) .  The 
i n j e c t e d  c u r r e n t  and p o t e n t i a l  change m onitored  a t  t h i s  p o i n t  a r e  
shown in  th e  u p p e r  two t r a c e s  o f  th e  l e f t  hand p a n e ls  A and B, The 
p o t e n t i a l  c hanges  were m onitored  a t  two f u r t h e r  p o s i t i o n s  w i th in  t h e  
n e u ro n e ,  a t  p o s i t i o n  "b" , 240|im from th e  p o in t  o f  c u r r e n t  i n j e c t i o n  
and a t  p o s i t i o n  'c%, 4300pm from th e  c e l l  body ( r i g h t  hand d ia g ra m ) .  
The p o t e n t i a l  changes r ec o rd e d  a t  th e s e  two p o s i t i o n s  in  r e s p o n s e  t o  
c u r r e n t  i n j e c t i o n  a t  "a" a r e  shown i n  t h e  bottom t r a c e s  i n  t h e  l e f t  
hand p a n e ls  A and B r e s p e c t i v e l y .  The space  c o n s ta n t  c a l c u l a t e d  f o r  
t h i s  c e l l  u s in g  t h e  sim ple  i n f i n i t e  c a b le  model was 4.1mm.



The v a lu e  o f  th e  l e n g t h  c o n s ta n t  was c a l c u l a t e d  from th e  s im ple  

i n f i n i t e  c a b le  m odel. T h is  assumes t h a t  t h e  p o t e n t i a l  r e c o rd e d  w i l l  

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

The r e l a t i o n  i s : -

( -x /X )

vrtiere and a r e  t h e  d i s t a l  c and p rox im al  b. p o t e n t i a l  

c h an g es  r e c o r d e d  a t  a s e p a r a t i o n  x .  From th e  above e q u a t i o n : -

le n g th  c o n s ta n t  = x /  In  V^/v^

Given v a lu e s  from f i g u r e  12 (x = 4,06mm, = 28,lmV, = 10,4mV)

t h e  l e n g t h  c o n s t a n t  was c a l c u l a t e d  a s  4 ,1  mm, ( se e  a l s o  t a b l e  1 f o r  

o t h e r  v a lu e s  o f  X)

S p e c i f i c  membrane r e s i s t a n c e  ( ) f o r  t h i s  neu rone  was

c a l c u l a t e d  u s in g  th e  f o r m u la : -

"m = 2nar^

which assum es t h a t  th e  a f f e r e n t  f i b r e  may be r e p r e s e n t e d  as a 

c y l i n d r i c a l  c a b le  o f  i n f i n i t e  l e n g th  and t h a t  r ^  = Rj^^X, w here r ^  i s  

th e  t r a n s v e r s e  membrane r e s i s t a n c e  and a i s  th e  f i b r e  r a d i u s ,  

m easured e x p e r i m e n t a l l y  from H R P -f i l le d  whole mount p r e p a r a t i o n s .  

The v a lu e  o f  R^ f o r  t h e  f i b r e  u s in g  t h i s  e q u a t io n  was 18,3  K Ohm cm
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s p e c i f i c  l o n g i t u d i n a l  r e s i s t a n c e  ( c a l c u l a t e d  from t h e

r e l a t i o n : -

= %ri&

a g a in  assum ing  a c a b le  o f  i n f i n i t e  l e n g th  and t h a t  r ^  = Rfn/X, w here

^ i  i s  t h e  l o n g i t u d i n a l  axonal r e s i s t a n c e  and a a g a in  i s  t h e  f i b r e  

r a d i u s .  The v a lu e  c a l c u l a t e d  was 27 .2  Ohmcm.

The b e h a v io u r  o f  t h i s  a f f e r e n t  f i b r e  as  an i n f i n i t e  c a b le  w i l l  

a l s o  be r e f l e c t e d  in  th e  tim e c o u rse  o f  th e  p o t e n t i a l  c h a rg in g  

c u r v e s  r e c o rd e d  i n  r e sp o n se  t o  an i n j e c t e d  c u r r e n t  p u l s e .  I n  a 

s p h e r i c a l  c e l l ,  w i th o u t  d e n d r i t e s  o r  an axon, th e  r i s e  and f a l l  o f  

p o t e n t i a l  i n  r e s p o n s e  t o  an i n j e c t e d  c u r r e n t  p u l s e  may be d e s c r ib e d  

by t h e  e x p o n e n t i a l  f u n c t i o n : -

V = iR( 1 -e  - t / ? )

where t im e ,  t= 0 ,  r e p r e s e n t s  th e  b e g in i in g  o r  end o f  th e  i n j e c t e d  

c u r r e n t  p u l s e .  The tim e c o n s ta n t  ( t  ) i s  t h e  p ro d u c t  o f  t h e  

membrane r e s i s t a n c e  and c a p a c i ta n c e  and i s  th e  tim e f o r  th e  

p o t e n t i a l  t o  r i s e  o r  decay to  ( 1 — 1 /e  ) o r  63% o f  i t s  f i n a l  v a lu e .  

F o r  c u r r e n t  f lo w  in  a c a b le  however, the  s i t u a t i o n  i s  more 

c o m p l ic a te d  (Hodgkin and Rushton , 1946). In  t h i s  s i t u a t i o n  t h e  

c a p a c i t a t i v e  and r e s i s t i v e  e lem en ts  o f  each  segment o f  th e  c a b le  

i n t e r f e r e  w i th  each  o t h e r  so  t h a t  t h e  p o t e n t i a l s  r e c o rd e d  a t  v a r i o u s  

d i s t a n c e s  a long  th e  c a b le  do n o t  r i s e  and f a l l  e x p o n e n t i a l l y .  In  th e  

p r e s e n t  e x p e r im e n t s ,  t h e  e l e c t r o t o n i c  p o t e n t i a l  was r e c o rd e d  a t  t h e  

p o i n t  o f  c u r r e n t  i n j e c t i o n  a t  which p o in t  th e  tim e c o n s ta n t  i s  g iv e n
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C e l l Em(mV)

T able  1 P a s s iv e membrane p r o p e r t i e s

Ri(Ohm cm)Rin(Mohm) A (mm) f  (ms) Rm(Kohm cm)

1 -45 14.2 2 .45 - 8 .7 29.1

2 -55 14.5 - - - -

3 -4 2 16.7 4 .4 - 23 .5 22 .7

4 -50 26 .0 - - - -

5 -50 24 .0 - - - -

6 -50 17.3 4.1 25 .2 22 .0 33.1

7 -53 15.0 - - - -

mean -49 18.2



by th e  t im e  f o r  th e  p o t e n t i a l  t o  r i s e  t o  84% o f  i t s  maximum

a m p l i t u d e .  The tim e ( r  ) f o r  a h y p e rp o la r i s in g  p o t e n t i a l  c h a n g e ,  i n

r e s p o n s e  t o  a h y p e r p o l a r i s in g  c u r r e n t  p u lse  i n j e c t e d  a t  th e  same

s i t e  i n  t h e  a x o n ,  t o  f a l l  t o  84% o f  i t s  f i n a l  am p litude  was measured 

a s  2 5 .2  m sec .

2 .6  D i s t a l  axon p r o p e r t i e s

I n t r a c e l l u l a r  r e c o r d in g s  made from th e  S R N  axon a t  a  d i s t a n c e  o f  

some 4 mm from th e  c e l l  body as  i t  e n t e r s  the  segm en ta l  g a n g l io n  

i n v a r i a b l y  showed an i d e n t i c a l  t o  t h a t  rec o rd e d  from t h e  c e l l  

b ody , ( c . f .  f i g s .  11 and 1 4 ) .  I n s p e c t io n  o f  th e  i n t r a c e l l u l a r  r e c o r d  

from t h e  axon however r e v e a l s  s m a l l ,  t r a n s i e n t  e v e n ts  superim posed  

upon  th e  membrane p o t e n t i a l .  F ig u re  15a shows 4 c o n s e c u t iv e  sweeps 

o f  an  i n t r a c e l l u l a r  r e c o rd  ta k e n  from th e  SRN axon i n  t h e  a n t e r i o r  

n e rv e  r o o t  im m e d ia te ly  a d ja c e n t  to  th e  g a n g l io n .  The sm a ll  t r a n s i e n t  

e v e n t s ,  a p p ro x im a te ly  2mV i n  am plitude  were s u p e r in p o s e d  upon t h e  

membrane p o t e n t i a l  o f  -50  mV. These e v e n ts  were n o t  n o rm a l ly  seen  in  

an i n t r a c e l l u l a r  r e c o r d in g  made from th e  c e l l  body o f  t h e  same 

n e u ro n e .  Such an i n t r a c e l l u l a r  r e c o rd in g  g e n e r a l l y  showed no 

o n -g o in g  a c t i v i t y  w h i l s t  a c t i v i t y  was o f t e n  p r e s e n t  i n  a 

s im u l ta n e o u s  i n t r a c e l l u l a r  r e c o rd in g  from th e  axon some 4 mm away.

F i g u r e  15b shows th e s e  t r a n s i e n t  e v e n t s ,  rec o rd e d  from t h e  axon 

i n  a  d i f f e r e n t  p r e p a r a t i o n  on a f a s t e r  time b a s e .  5 c o n s e c u t iv e  

sw eeps show t h r e e  e v e n t s  <5mV In  a m p l i tu d e .  They have c h a r a c t e r i s t i c
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F i g u r e  1 5 . D i s t a l  axon p r o p e r t i e s ,  a .  Four c o n s e c u t iv e  sweeps a r e  
shown o f  an  i n t r a c e l l u l a r  r e c o rd  made from t h e  SRN axon in  t h e  
a n t e r i o r  n e rv e  r o o t  a d ja c e n t  t o  the  segm enta l  g a n g l io n .  Small 
( a p p r o x im a te ly  2 .0  mV) t r a n s i e n t  e v e n ts  show c h a r a c t e r i s t i c  
p o s t - s y n a p t i c  p o t e n t i a l  (psp) a c t i v i t y  ( f a s t  r i s e  t im e ,  slow 
e x p o n e n t i a l  decay  and sum m ation), b .  S im i la r  t r a n s i e n t  e v e n t s ,  
r e c o r d e d  from a d i f f e r e n t  p r e p a r a t io n  on a f a s t e r  tim e b a s e . F iv e  
c o n s e c u t iv e  sweeps show t h r e e  e v e n ts  a p p ro x im a te ly  5 .0  mV i n  
a m p l i t u d e .  Summation o f  two p o t e n t i a l s  i s  c l e a r l y  seen  in  th e  low er 
t r a c e .



f e a t u r e s  o f  p o s t - s y n a p t i c  p o t e n t i a l s  ( p s p ' s ) ,  i . e .  f a s t  r i s e  t i n e  

and s low  e x p o n e n t i a l  d e c ay ,  the  r a p id  r i s e  time b e in g  an i n d i c a t i o n  

o f  t h e  p r o x im i ty  o f  t h e  s y n a p t i c  s i t e .  Summation o f  two p o t e n t i a l s  

s e e n  i n  t h e  low er t r a c e  i s  i n d i c a t i v e  o f  s u b th re s h o ld  p o s t —s y n a p t i c  

a c t i v i t y .  F r e q u e n t l y ,  p s p ' s  o f  d i f f e r e n t  a m p litude  were s e e n ,  

i n d i c a t i n g  a number o f  p re s y n a p t ic  in p u ts  o f  v a ry in g  e f f i c a c y  i n  

c l o s e  p r o x im i t y ,  eg pane l  a .

At t h e  p o s t - s y n a p t i c  membrane o f  a c o n v e n t io n a l  f a s t  e x c i t a t o r y  

sy n a p se  ( e g .  th e  neu ro -m u scu la r  ju n c t io n )  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)  m edia ted  by th e  r e l e a s e  o f  a  

p r e - s y n a p t i c  t r a n s m i t t e r  s u b s ta n c e  ( e g .  A ch ) , r e s u l t s  from a 

n o n - s p e c i f i c  i n c r e a s e  i n  p e r m e a b i l i t y  o f  t h e  p o s t - s y n a p t i c  membrane 

t o  sod ium , p o ta s s iu m  and t o  a n e g l i g i b l e  e x t e n t  t o  c a lc iu m . A 

f e a t u r e  common t o  bo th  t h e  epsp  and th e  i n h i b i t o r y  p o s y - s y n a p t ic  

p o t e n t i a l  ( ip s p )  i s  th e  a b i l i t y  t o  r e v e r s e  the  e l e c t r i c a l  g r a d i e n t  

r e s p o n s i b l e  f o r  t h e  peak Na and K c u r r e n t s  which g iv e  r i s e  t o  t h e  

p o s t  s y n a p t i c  e v e n t .  I t  i s  p o s s ib l e  t h e r e f o r e  a t  a s u i t a b l e  

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

f lo w  and hence  th e  p o l a r i t y  o f  th e  observed  p s p .

I n  f i g u r e  16 t h e  e l e c t r o t o n i c  p o t e n t i a l s  produced as a r e s u l t  o f  

th e  i n j e c t i o n  o f  squa re  wave d e p o la r i s in g  c u r r e n t s  i n t o  th e  axon a r e  

shown f o r  two d i f f e r e n t  c e l l s  a t  Superimposed upon t h e

e l e o t r o t o n l o  p o t e n t i a l  c u rv e s  a r e  a number o f  e p s p 's  which re d u c e  i n  

s i z e  a s  e ach  s u c c e s s iv e  c h a rg in g  cu rv e  re a c h e s  a h ig h e r  l e v e l  o f  

d e p o l a r i s a t i o n .  T h is  i s  a l s o  shown in  f i g u r e  17a . In  t h i s  c e l l ,  from
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F i g u r e  1 6 .  Change i n  psp am plitude  upon a l t e r a t i o n  in  SRN E^. Square  
wave c u r r e n t  p u l s e s  were i n j e c t e d  i n to  th e  SRN axon ( to p  t r a c e s ,  
b o th  p a n e l s )  and t h e  s u sq u en t  p o e n t i a l  changes reco rd e d  v i a  t h e  same 
m ic r o e l e c t r o d e  ( low er t r a c e s )  f o r
a m p l i tu d e  o f  th e  p s p ' s  su p e r in p o sed  upon the  e l e c t r o t o n i c  
c u rv e s  d e c r e a s e s  as th e  i n je c te d  c u r r e n t  d e p o la r i s e s  th e  axon by 
d e g re e s  i n  a manner c h a r a c t e r i s t i c  o f  chem ical sy n a p se s .

two d i f f e r e n t  SRN's a t  E  ̂ ^he
p o t e n t i a l



a

V  ~i ~ * ^ ^ * 1 0 i i r > , % n , |  A

E m " 4 0 mV
]

5-0 mV

TO s e c

Em’ 35mV

i
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4 0  ms

F i g u r e  1 7 . Changes in  psp am plitude  w ith  a l t e r a t i o n s  i n  SRM E^. a .  
F iv e  c o n s e c u t iv e  in  t r  axonal r e c o r d in g s  a r e  shown in  which 
d e p o l a r i s i n g  c u r r e n t  was i n j e c t e d  i n t o  t h e  SRN axon ( n o t  shown) and 
th e  E h e ld  a t  f i v e  s u c c e s s iv e  l e v e l s  o f  d e p o l a r i s a t i o n  be tw een  
n r e s t i n ^ n  E ( -4 0  mV) and =20 mV. The psp am plitude  d e c re a s e s  by 
d e g re e s  a s ^  t h e  SRN E i s  d e p o la r i s e d .  A f u r t h e r  e f f e c t  o f  a l t e r i n g  
th e  SRN E i s  t h a t  ?he  f req u en cy  o f  t h e  s y n a p t i c  e v e n ts  was 
d r a m a t i c a l l y  a l t e r e d  (compare to p  t r a c e  w ith  second bottom t r a c e ) . 
b .  S e v e ra l  superim posed  t r a c e s  a r e  shown o f  t h e  i n t r a x o n a l y rec o rd e d  
SRN p o t e n t i a l s  in  re sp o n se  to  square  wave d e p o la r i s i n g  and 
h y p e r p o l a r i s i n g  c u r r e n t  p u l s e s  ( n o t  shown). H y p e r p o la r i s a t i o n  o f  t h e  
SRN by a few mV c o m p le te ly  a b o l ish e d  th e  s y n a p t ic  a c t i v i t y .



a n o th e r  p r e p a r a t i o n ,  d i r e c t  c u r r e n t  was i n j e c t e d  th ro u g h  th e  

r e c o r d i n g  e l e c t r o d e ,  v i a  a b r id g e  c i r c u i t ,  i n t o  th e  axon . In  t h i s  

way th e  membrane p o t e n t i a l  o f  th e  axon was h e ld  a t  s u c c e s s iv e  l e v e l s  

o f  d e p o l a r i s a t i o n  and th e  e f f e c t  on th e  epsp  a m p li tu d e  o b s e rv e d .  

A gain  t h e  epsp  am p litu d e  d e c re a s e s  by d e g re e s  a s  th e  c e l l  

d e p o l a r i s e s .  I t  was n o t  p o s s ib l e  in  th e s e  e x p e r im e n ts  t o  move t h e  

membrane p o t e n t i a l  above -20  mV, p o s s ib ly  due to  th e  r e c t i f y i n g  

p r o p e r t i e s  o f  t h e  e l e c t r o d e s  u s e d ,  and hence o b se rv e  r e v e r s a l  o f  t h e  

e p s p ' s .

F i g u r e  17b shows th e  r e s u l t  o f  moving th e  membrane p o t e n t i a l  t o  

more h y p e r p o l a r i s e d  l e v e l s .  I f ,  a c co rd in g  to  th e  id e a  t h a t  th e  peak 

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

betw een  th e  Em and th e  r e v e r s a l  p o t e n t i a l s  f o r  th e  io n ic  s p e c i e s  

e n v o lv e d ,  t h e n  one should  expec t  a l a r g e r  am p litu d e  epsp  a t  more 

h y p e r p o l a r i s e d  p o t e n t i a l s .  This was n o t  p o s s ib l e  t o  d e m o n s t ra te  

s in c e  h y p e r p o l a r i s i n g  th e  c e l l  below a p p ro x im a te ly  -33  mV c o m p le te ly  

a b o l i s h e d  th e  s y n a p t i c  a c t i v i t y .  F ig u re  16a , 16b and 17a a l s o  show 

t h a t  e p s p  a c t i v i t y  was i n f r e q u e n t  a t  E^ and in c r e a s e d  in  f re q u e n c y  

a s  t h e  E^ rea c h e d  more d e p o la r i s e d  l e v e l s .

F u r t h e r  e v id e n c e  f o r  th e  sy n a p t ic  n a tu r e  o f  th e  t r a n s i e n t  e v e n ts  

i s  g i v e n  i n  f i g u r e  18. The t r a c e  in  pane l  a ,  and t h e  bottom  two 

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

t h e  SRN ax o n , t a k e n  n e a r  t o  t h e  p o in t  o f  o r i g i n  o f  t h e  a n t e r i o r  

n e rv e  r o o t .  In  p an e l  a  th e  p r e p a r a t i o n  was ba thed  i n  normal l e e c h  

R in g e r  s o l u t i o n  ( s e e  m eth o d s ) .  Panel b shows a c t i v i t y  i n  t h e  axon 5
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F i g u r e  18 . A b o l i t i o n  o f  p s p ' s  in  high Mg’*' s o l u t i o n .  I n t r a x o n a l  
r e c o r d i n g s  were made from th e  SRN axon a d ja c e n t  to  th e  segm en ta l  
g a n g l i o n ,  a .  S y n a p t ic  a c t i v i t y  reco rd ed  from t h e  SRN axon i n  normal 
l e e c h  R in g e r  s o l u t i o n ,  b ,  A c t iv i t y  in  th e  SRN axon from d i f f e r e n t  
p r e p a r a t i o n  5 m in s .  a f t e r  s u b s t i t u t i o n  t o  a h igh  (15mM) Mg R in g e r  
s o l u t i o n  ( lo w er  t r a c e ) .  A ll  t r a n s i e n t  a c t i v i t y  i s  a b o l i s h e d  a t  
(-60m V). D i r e c t  d e p o la r i s in g  c u r r e n t  ( to p  t r a c e )  was i n j e c t e d  i n to  
t h e  SRN axon and th e  SRN E lowered t o  —35 mV (m idd le  t r a c e ) . 
S y n a p t ic  a c t i v i t y  rem ained a b sen t  a t  the  new E^ i n  t h e  p re se n c e  o f  
15mM Mg++.



m ins a f t e r  s u b s t i t u t i o n  t o  a  h igh  Mg R in g e r  s o l u t i o n ,  (1 5  mM Mg'*"*’) , 

a  c o n c e n t r a t i o n  known t o  b lock  chem ica l  synapses  in  th e  l e e c h  

(B a y lo r  and N i c h o l l s ,  1 9 6 9 ) ,  A l l  t r a n s i e n t  a c t i v i t y  i s  i n h i b i t e d  i n  

t h e  15mM Mg’*"'’ R in g e r  s o l u t i o n ,  bo th  a t  and upon d e p o l a r i s i n g  t h e  

SRN axon  membrane p o t e n t i a l  t o  -35  mV.
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SECTION 3 .0  RESPONSE CHARACTERISTICS

^ S e g m e n t a l  ne rve  s u c t i o n  e le c t r o d e  r e c o r d in g s

P r e v io u s  s t u d i e s  on s t r e t c h —s e n s i t i v e  u n i t s  i n  t h e  segm en ta l

n e r v e s  o f  a n n e l id s  have g e n e r a l l y  employed th e  c o n v e n t io n a l  

t e c h n iq u e  o f  e x t r a c e l l u l a r  r e c o rd in g  u s in g  p la t in u m  hook e l e c t r o d e s ,  

w i th  t h e  c o n seq u e n t  d i s a g r e e a b le  p ro ce e d u res  a s s o c i a te d  w i th  m in e r a l  

o i l  p o o l s  e t c .  (Gray e t  a l .  193 8,.; L ave rack , 1969.)  In  such 

e x p e r iD B n ts ,  s p ik in g  a c t i v i t y  in  the  segm en ta l  n e rv e s  may be 

r e c o r d e d  i n  r e s p o n s e  t o  p a s s iv e  s t r e t c h  o r  d e fo rm a t io n  o f  t h e  body 

w a l l .  In  th e  p r e p a r a t i o n s  u s e d ,  i t  was n o t  p o s s ib l e  t o  d e te rm in e

e i t h e r  t h e  i d e n t i t y  o f  t h e  sen so ry  e le m e n ts  o r  t h e i r  l o c a t i o n ,

e i t h e r  w i t h i n  th e  segm en ta l  m uscles or  the  o v e r ly in g  c u ta n e o u s  

t i s s u e .  I t  i s  such re s p o n s e s  t h a t  have o f t e n  been  i n t e r p r e t e d  as  

p r o p r i o c e p t i v e  in  n a tu r e  ( s e e  D orse t  D .A ., in  M i l l ,  P . J . ,  1976 ) .

I n  t h e  p r e s e n t  s tu d y ,  e x t r a c e l l u l a r  a c t i v i t y  was re c o rd e d  from 

th e  a n t e r i o r  segm en ta l  ne rve  in  re sp o n se  t o  a  ramp f u n c t i o n  s t r e t c h  

o f  t h e  v e n t r a l  body w a l l .  F ig u re  19a shows a s u c t i o n  e l e c t r o d e

r e c o r d in g  o f  a c t i v i t y  from the  d i s t a l  end o f  th e  c u t  a n t e r i o r  

s e g m e n ta l  n e rv e  i n  resp o n se  t o  a s in g l e  ramp f u n c t i o n  s t r e t c h  o f  t h e  

body w a l l  o f  f i n a l  a m p li tu d e  1.8mm. In  t h i s  and th e  su b se q u e n t
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F i g u r e  1 9 . E x t r a o e l l u a r  r e c o r d in g s  from t h e  a n t e r i o r  segm en ta l  ne rve  
r o o t .  E x t r a o e l l u a r  a c t i v i t y  was reco rded  w ith  s u c t i o n  e l e c t r o d e s  
from t h e  a n t e r i o r  segm en ta l  nerve  ro o t  in  re sp o n se  t o  ramp f u n c t i o n  
s t r e t c h  o f  t h e  v e n t r a l  body w a l l ,  a .  E x t r a c e l l u l a r  a c t i v i t y  ( lo w e r

■ trace )  in  r e s p o n s e  t o  a  ramp f u n c t io n  s t r e t c h  o f  th e  body w a l l
( u p p e r  t r a c e )  o f  f i n a l  am p litude  1.8mm. b i ,  E x t r a o e l l u a r  a c t i v i t y  
r e c o r d e d  from th e  a n t e r i o r  ne rve  ro o t  in  a d i f f e r e n t  p r e p a r a t i o n  in  
r e s p o n s e  t o  a  ramp s t r e t c h  o f  th e  v e n t r a l  body w a l l ,  b i i ,  A 
c o n t i n u a t i o n  o f  th e  e x t r a c e l l u l a r  re c o rd  shown i n  b i ,  bu t  i n  which 
t h e  v e n t r a l  body w a l l  was touched  w ith  a g l a s s  probe a t  a s t im u lu s  
s t r e n g t h  known s o l e l y  t o  e x c i t e  to u ch  m echanosensory  e n d in g s  
( N i c h o l l s  and B a y lo r ,  1968) .  The e x t r a c e l l u l a r  sp ik e  a m p li tu d e  
r e c o r d e d  i n  r e s p o n s e  t o  s t r e t c h  o f  the  body w a l l  matched e x a c t l y  th e  
a m p l i tu d e  o f  s p ik e s  reco rd ed  i n  response  t o  touch  o f  t h e  body w a l l ,  
c , I n t r a c e l l u a r  r e c o r d in g  ( low er t r a c e )  from th e  c e n t r a l  soma o f  th e  
to u c h  c e l l  w hich in n e r v a t e s  t h e  v e n t r a l  p o r t i o n  o f  t h e  body w a l l
showing i t s  r e s p o n s e  t o  a  1.8mm a m plitude  ramp f u n c t i o n  s t r e t c h  o f
t h e  v e n t r a l  body w a l l  (upper  t r a c e ) . The i n t r a c e l l u l a r l y  re c o rd e d  
r e s p o n s e  p r o f i l e  o f  th e  T c e l l  c lo s e l y  resem b les  t h a t  r e c o rd e d  
e x t r a c e l l u l a r l y  from th e  a n t e r i o r  nerve  r o o t ,  d .  I n t r a c e l l u l a r  
r e c o r d i n g s  from th e  v e n t r a l  P mechanosensory neurone (u p p er  p a i r  o f  
t r a c e s )  and N m echanosensory  neurone ( low er  p a i r )  i n  re sp o n se  t o  
s t r e t c h  o f  t h e  v e n t r a l  body w a ll  o f  f i n a l  a m p l i tu d e s  o f  1 .0  and 1 .8  
mm r e s p e c t i v e l y .  The body w a l l  d i s t o r t i o n  produced by s t r e t c h  o f  t h e  
l o n g i t u d i n a l  n u s c le  was i n s u f f i c i e n t  t o  a c t i v a t e  th e  h ig h e r  
t h r e s h o l d  m e c h a n o re c e p to r s .



e x p e r im e n t s  shown in  f i g u r e  19, th e  body w a l l  p r e p a r a t i o n  rem ained

e s s e n t i a l l y  i n t a c t  w i th  t h e  s k in  s t i l l  c ove r ing  th e  t h r e e  u n d e r ly in g  

n u s c l e  l a y e r s .

The r e s p o n s e  shown i n  f i g u r e  19a i s  ve ry  s i m i l a r  to  t h a t  r e p o r t e d  

by L a v e ra c k  (1969 , f i g .  l b . )  to  a c o n s ta n t  v e l o c i t y  t r i a n g u l a r  

i n d e n t a t i o n  o f  t h e  body w a l l .

I n  f i g u r e  1 9 b ( i )  e x t r a c e l l u l a r  a c t i v i t y  was re c o rd e d  w i th  a 

s u c t i o n  e l e c t r o d e  from th e  a n t e r i o r  nerve  r o o t  in  r e s p o n s e  t o  a  ramp 

s t r e t c h  o f  t h e  body w a l l .  F ig u re  1 9 b ( i i )  i s  a c o n t i n u a t i o n  o f  t h e  

e x t r a c e l l u l a r  r e c o r d  i n  f i g u r e  1 9 b ( i)  b u t  i n  which th e  body w a l l  was 

g e n t l y  touched  w i th  a g l a s s  probe a t  a s t im u lu s  s t r e n g t h  known 

s o l e l y  t o  e x c i t e  to u c h  m echanosensory en d in g s  (N ic h o l l s  and B a y lo r , 

1968) . A h igh  f re q u e n c y  d isc h a rg e  was se e n  i n  re sp o n se  t o  to u ch  o f  

th e  body w a l l  which e x a c t ly  matched the  am p litude  o f  th e  r e s p o n s e  

p r e v i o u s l y  r e c o rd e d  to  s t r e t c h  o f  t h e  body w a l l .  F ig u re  19c shows an 

i n t r a c e l l u l a r  r e c o r d in g  o f  the  re sp o n se  o f  th e  to u c h  m echanosensory  

n e u ro n e  which i n n e r v a t e s  v e n t r a l  s k in ,  to  a ramp f u n c t i o n  s t r e t c h  o f  

t h e  v e n t r a l  body w a l l .  The resp o n se  p r o f i l e  o f  th e  T c e l l  c l o s e l y  

m atch es  t h a t  rec o rd e d  e x t r a c e l l u l a r l y  from t h e  a n t e r i o r  r o o t  i n  

r e s p o n s e  t o  a ramp s t r e t c h .  I t  t h e r e f o r e  seems l i k e l y  t h a t  s p ik in g  

a c t i v i t y  r e c o rd e d  i n  t h e  a n t e r i o r  nerve  r o o t  i n  re sp o n se  t o  s t r e t c h  

o f  th e  body w a l l  i s  from T c e l l  m echanosensory u n i t s  i n n e r v a t i n g  th e  

s k i n .  I t  i s  known t h a t  d i s t o r t i o n  o f  t h e  s k in  by 30pm o r  l e s s ,  o r  

e d d ie s  i n  th e  b a th in g  medium (which may r e s u l t  from s t r e t c h  o f  th e  

body w a l l ) , i s  s u f f i c i e n t  to  e l i c i t  a re sp o n se  from th e  touch
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m echanosenso ry  n e u ro n e s ,  ( N ic h o l l s  and B a y lo r ,  1968). The d e g re e  o f  

body w a l l  d i s t o r t i o n  produced by s t r e t c h  was i n s u f f i c i e n t  t o  

a c t i v a t e  h i g h e r  t h r e s h o ld  p r e s s u r e  (P) and no x io u s  (N) 

m e c h a n o re c e p to r s  p r e s e n t  in  th e  s k in  as  shown in  f i g u r e  19d.

From t h e  s i z e  o f  t h e  SRN axon i t  might be expected  t h a t  i t s  

a c t i o n  p o t e n t i a l ,  i f  conducted t o  th e  CNS and re c o rd e d  

e x t r a c e l l u l a r l y ,  would be l a r g e r  than  th o se  o f  t h e  T c e l l s ' .  

However, e x t r a c e l l u l a r  s p ik e s  l a r g e r  than  th o se  o f  th e  T c e l l  were 

n o t  s e e n .  From t h e  ev idence  p re se n te d  i n  s e c t i o n  2 .4  and t h e  l a c k  o f  

any  s p i k e s  l a r g e r  th a n  th o se  o f  th e  T c e l l  i t  seemed l i k e l y  t h a t  th e  

c e l l  may respond  w i th  a d e c re m e n ta l ly  conducted s i g n a l .  The r e s p o n s e  

o f  th e  n e u ro n e  t o  s t r e t c h  o f  th e  v e n t r a l  body w a l l  was t h e r e f o r e  

r e c o r d e d  i n t r a c e l l u l a r l y .

3 .2  I n t r a c e l l u l a r  axonal r e c o r d in g s .

The r e s p o n s e  o f  SRN t o  body w a ll  s t r e t c h  was s tu d i e d  by a p p ly in g  

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

r e c o r d i n g  i n t r a c e l l u l a r l y  from th e  SRN axon 3-4mm d i s t a n t  a s  i t  

e n t e r s  t h e  segm en ta l  g a n g l io n  in  th e  a n t e r i o r  nerve  r o o t .  The 

p r e p a r a t i o n  c o n s i s t e d  o f  the  segm ental g a n g lio n  and a n t e r i o r  n e rv e  

r o o t  c o n t a i n i n g  th e  SRN and a t h i n  s t r i p  o f  v e n t r a l  l o n g i t u d i n a l  

m uscle  a t  th e  l e v e l  of  th e  c e l l  body and d e n d r i t e s  o f  th e  neurone

( f i g u r e  20) .
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A l l  o v e r ly in g  o b l iq u e ,  and c i r c u l a r  muscle and s k in  had been 

d i s s e c t e d  away and th e  m a j o r i t y  o f  t h e  l o n g i t u d i n a l  m u sc le ,  l e a v i n g  

o n ly  t h e  l o n g i t u d i n a l  m uscle bands a s s o c i a te d  w ith  th e  SRN. One end 

o f  t h i s  m uscle  was pinned t o  t h e  Sy lgarded  f l o o r  o f  t h e  r e c o r d in g  

chamber w h i l s t  th e  o t h e r  was s e c u r e ly  a t t a c h e d  to  th e  arm o f  th e  

p u l l e r  d e v i c e .  The movement t r a n s m i t t e d  t o  t h e  c e l l  body and 

d e n d r i t e  r e g i o n  o f  th e  SRN by such  an a rrangem en t o f  th e  p u l l e r  made 

i t  v e ry  d i f f i c u l t  t o  m a in ta in  an e l e c t r o d e  im palem ent and th e r e b y  

r e c o r d  i t s  r e s p o n s e  from th e  c e l l  body. I t  was t h e r e f o r e  n e c e s s a r y  

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

i n  th e  a n t e r i o r  n e rv e  r o o t .  The axon r e c o r d in g  s i t e  was c a r e f u l l y  

i s o l a t e d  from a l l  movement o f  t h e  l o n g i t u d i n a l  m uscle by s e c u r e l y  

p i n n i n g ,  h a l f  way along  th e  a n t e r i o r  n e rv e  r o o t ,  a  s e p a r a t e  r e g i o n  

o f  t h e  l o n g i t u d i n a l  m usc le ,  th rough  which th e  a n t e r i o r  r o o t  r a n .  

T h is  second s t r i p  o f  l o n g i t u d i n a l  m usc le ,  p inned w i th  c a c tu s  s p i n e s ,  

was s e p a r a t e  from th e  more l a t e r a l  p ie c e  o f  l o n g i t u d i n a l  m uscle t o  

be s t r e t c h e d  a s s o c i a t e d  w ith  th e  SRN d e n d r i t e s ,  hence  no movement 

was t r a n s m i t t e d  e i t h e r  t o  i t  o r  t h e  a n t e r i o r  n e rv e  r o o t  which i t  

s u p p p o r t e d .

3 .3  SRN re s p o n s e  t o  changes i n  body w a ll  l e n g t h .

I n i t i a l  c o n f i r m a t io n  o f  t h e  i d e n t i t y  o f  t h e  SRN axon in  t h e  

a n t e r i o r  r o o t  was made by p a s s in g  c u r r e n t  i n to  th e  c e l l  body w h i l s t  

r e c o r d in g  t h e  co n seq u e n t  p o t e n t i a l  change from t h e  SRN axon w i th  a 

second  e l e c t r o d e ,  ( f i g u r e  2 0 a ) .  In  su b seq u e n t  e x p e r im e n ts  i t  became
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p o s s i b l e  t o  unam biguously  i d e n t i f y  th e  SRN axon w ith o u t  th e  need t o  

im p a le  t h e  c e l l  body, b o th  from i t s  r e g u l a r  p o s i t i o n  on t h e  a n t e r i o r  

m arg in  o f  th e  n e rv e  r o o t  and from th e  c h a r a c t e r i s t i c  h ig h  f re q u e n c y  

e p s p  a c t i v i t y  o f t e n  p r e s e n t  ( s e e  s e c t i o n  2 . 6 ) .  I t  cou ld  be f u r t h e r  

i d e n t i f i e d  by th e  s i n g l e ,  d e c re m e n ta l ly  t r a n s m i t t e d  a c t i o n  p o t e n t i a l  

evoked upon anode b reak  e x c i t a t i o n  o f  t h e  axon, ( s e e  a l s o  s e c t i o n  

2 .4 )

The l e n g t h  o f  t h e  s t r i p  o f  l o n g i t u d i n a l  muscle t o  be s t r e t c h e d

was a d ju s t e d  by means o f  a rac k  and p in io n  d e v ic e  on th e  p u l l e r  so
» «

t h a t  i t  matched th e  r e s t i n g  l e n g th  o f  a segment i n  an i n t a c t  

a n a e s t h e t i s e d  a n im a l ,  ( a p p ro x im a te ly  5mm).

The r e s p o n s e  o f  t h e  n eu rone , e i t h e r  t o  s t r e t c h  o f  t h e  v e n t r a l  

l o n g i t u d i n a l  m uscle  (upward d e f l e c t e d  ram p), o r  t o  r e l e a s e  o f  th e

p r e v i o u s l y  s t r e t c h e d  v e n t r a l  l o n g i t u d i n a l  muscle (downward d e f l e c t e d  

ra m p ) ,  i s  shown i n  f i g u r e s  20b and 20c . The re s p o n s e  o f  th e  SRN t o  a 

ramp s t r e t c h  o f  t h e  l o n g i t u d i n a l  muscle c o n s i s t e d  o f  a

h y p e r p o l a r i s i n g  p o t e n t i a l ,  m ain ta ined  f o r  th e  d u r a t i o n  o f  th e

s t i m u l u s  w i th  a marked e x c i t a t o r y  resp o n se  a p p a re n t  upon r e l e a s e  o f  

s t r e t c h .  S i m i l a r l y  th e  neurone responded t o  a ramp r e l e a s e  o f  t h e

l o n g i t u d i n a l  m uscle w i th  a d e p o la r i s i n g  r e c e p t o r  p o t e n t i a l  a g a in  

m a in ta in e d  f o r  th e  d u r a t i o n  o f  the  ramp s t i m u lu s .  In  c o n t r o l

e x p e r im e n t s  i n t r a c e l l u l a r  r e c o r d in g s  were made from o t h e r

u n i d e n t i f i e d  axons i n  the  a n t e r i o r  r o o t  ( f i g u r e  2 0 d ) . No axon a p a r t  

from t h e  SRN was s e e n  t o  respond t o  a ramp r e l e a s e  o r  s t r e t c h  o f  t h e

body w a l l .  N ie th e r  were any movement a r t i f a c t s  seen  when th e
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r e c o r d i n g  e l e c t r o d e  was random ly placed  randomly i n to  th e  n e rv e

s h e a t h  and v ig o u ro u s  movements a p p l ie d  to  t h e  l o n g i t u d i n a l  m u sc le .  I  

was c o n f i d e n t  t h e r e f o r e  t h a t  th e  re s p o n s e s  obse rved  were from th e  

SRN axon  and f r e e  o f  c o n ta m in a t io n  from movement a r t i f a c t .  The 

r e s p o n s e  o f  t h e  SRN t o  s t r e t c h  o f  th e  l o n g i t u d i n a l  m uscle i s  shown 

i n  g r e a t e r  d e t a i l  i n  f i g u r e  21. S in g le  ramp f u n c t io n  s t r e t c h e s  were 

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

from t h e  SRN axom 3-4  mm away i n  th e  a n t e r i o r  ne rve  r o o t .  T hree  ramp 

s t r e t c h e s  o f  f i n a l  a m p li tu d e  1 .0 ,  1 .4  and 1 .8  mm were a p p l ie d  t o  th e  

s t r i p  o f  m u sc le ,  a l lo w in g  a tim e i n t e r v a l  o f  a p p ro x im a te ly  20 s e c .  

be tw een  c o n s e c u t iv e  p u l l s .  The neurone responded  w i th  

h y p e r p o l a r i s i n g  p o t e n t i a l s  which were m a in ta in e d  f o r  t h e  d u r a t i o n  o f  

t h e  s t r e t c h  s t i m u l u s ,  w ith  f i n a l  a m p li tu d e s  o f  r e s p o n s e  o f  1 . 2 ,  1 .7

and 2 .0  mV r e s p e c t i v e l y  from th e  i n i t i a l  o f  -4 0  mV. Upon r e l e a s e  

o f  s t r e t c h  t h e r e  was a marked e x c i t a t o r y  r e s p o n s e .  T h is  was

c h a r a c t e r i s e d  by sm a ll  s p i k e - l i k e  e v e n t s .  They d id  n o t  o v e r s h o o t  

z e ro  and were th o u g th  t o  be s p ik e s  i n i t i a t e d  in  th e  c e l l  body and

t r a n s m i t t e d  d e c r e m e n ta l l y  a long  th e  (SRN) a x o n . . They were d i s t i n c t  

from th e  epsp  e v e n ts  seen  in  the  same f i b r e  ( se e  s e c t i o n  2 . 6 ) .

The re s p o n s e  o f  t h e  SRN t o  ramp r e l e a s e s  o f  t h e  v e n t r a l  

l o n g i t u d i n a l  muscle in  a d i f f e r e n t  p r e p a r a t i o n  i s  shown in  f i g u r e  

22 . In  t h i s  p r e p a r a t i o n  h igh  f req u en cy  psp a c t i v i t y  was p r e s e n t  

su p e r im p o se d  upon a r a t h e r  low i n i t i a l  membrane p o t e n t i a l  ( -3 0  mV). 

The r e s p o n s e  o f  t h e  neu rone  was s tu d ie d  by a p p ly in g  a s i n g l e  ramp 

r e l e a s e  t o  a  p r e v io u s ly  s t r e t c h e d  segment o f  l o n g i t u d i n a l  m s c l e .  

The r e s p o n s e  showed two d i s t i n c t  p h a s e s ,  an i n i t i a l  dynamic 

com ponent, fo l lo w e d  by a lower am p litude  s t a t i c  r e sp o n se  m a in ta in e d
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Fiffure 21. SRN response  t o  imposed s t r e t c h  o f  t h e  v e n t r a l  
l o n g i t u d in a l  m uscle , a ,  Ramp f u n c t i o n  s t r e t c h e s  w e re  a p p l i e d  t o  the  
lo n g i t u d in a l  n u s c le  w h i l s t  r e o rd in g  i n t r a c e l l u l a r l y  from  th e  SRN 
axon 3-4mm away i n  th e  a n t e r i o r  n e rv e  r o o t ,  b .  T h re e  imposed ramp 
s t r e t c h e s  o f  f i n a l  am plitude  1 .0 ,  1 .4  and 1 .8  mm were a p p l i e d  one 
a f e r  th e  o th e r  t o  th e  s t r i p  o f  l o n g i t u d i n a l  m u sc le  a l l o w i n g  a time 
i n t e r v a l  o f  20 seconds between s t r e t c h e s  ( u p p e r  t r a c e ,  th re e  
s t r e t c h e s  superim posed , to p  s t r e t c h  f i n a l  a m p l i tu d e  1.8mm) The SRN 
responded w ith  h y p e rp o la r i s in g  p o t e n t i a l s ,  m a in ta in e d  f o r  the 
d u r a t io n  o f  th e  s t r e t c h  s t im u lu s  w i th  f i n a l  a m p l i t u d e s  o f  response 
o f  1 .2 ,  1 .7  and 2 .0  mV r e s p e c t i v e l y  ( lo w e r  t h r e e  t r a c e s ,  top 
i n t r a c e l l u l a r  response  rec o rd  c o r r e s p o n d s  t o  t h e  t o p  s t r e t c h  t r a c e ) .
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F ig u r e 2 2 , SRN re s p o n s e  t o  inposed  r e l e a s e  o f  s t r e t c h  o f  t h e  v e n t r a l  
l o n g i t u d i n a l  m u sc le , a .  The re sp o n se  o f  t h e  n e u ro n e  t o  r e l e a s e  o f  
t h e  l o n g i t u d i n a l  n u s c le  was s tu d ie d  by a p p ly in g  s i n g l e  ramp r e l e a s e s  
t o  a p r e v i o u s ly  e x te n le d  p ie c e  o f  l o n g i t u d i n a l  m u sc le  w h i l s t  
r e c o r d in g  i n t r a c e l l u l a r l y  from th e  SRN axon 3—4mm d i s t a n t  in  the  
a n t e r i o r  ne rve  r o o t ,  b .  T hree ,  s e p a r a t e  ramp r e l e a s e s  o f  t h e  
l o n g i t u d i n a l  muscle o f  f i n a l  am p litu d e  o f  d i s p l a c e m e n t  o f  0 . 5 ,  2 .6
and 3.7mm were a p p l ie d  (upper t r a c e  t h r e e  r e c o r d s  s u p e r im p o s e d ) .  The 
neurone responded  w i th  a  d e p o la r i s i n g  p o t e n t i a l  m a i n t a i n e d  f o r  th e  
d u r a t i o n  o f  t h e  ramp s t r e t c h  s t i m u lu s .  The f i n a l  a m p l i t u d e  o f  t h e  
r e s p o n s e s  were 1 .8 ,  3 .0  and 3 .1  mV r e s p e c t i v e l y .  Two d i s t i n c t  phases  
w ere  p r e s e n t  i n  t h e  SRN r e s p o n s e ,  i )  an i n i t i a l  dynam ic  component 
fo l lo w e d  by i i )  a lower a m p litude  s t a t i c  r e s p o n s e  whose a m p l i tu d e  
was p r o p o r t i o n a l  t o  t h e  a m p litude  o f  t h e  ramp r e l e a s e  ( l o w e r  t h r e e  
t r a c e s .  The bottom I n t r a c e l l u l a r  r e c o r d  c o r r e s p o n d s  t o  t h e  lo w e r  of  
t h e  t h r e e  ramp r e l e a s e s ) .
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f o r  t h e  d u r a t i o n  o f  th e  ramp s t im u lu s .  The f i n a l  a m p l i tu d e s  o f  th e  

s t a t i c  r e s p o n s e s  t o  t h e  ramp l e n g th  changes o f  0 . 5 ,  1 . 6  and 3 .7  mm 

were 1 ,8  3 ,0  and 3 ,1  mV r e s p e c t i v e l y .

S tu d y  o f  t h e  r e sp o n se  o f  th e  SRN t o  r e l e a s e  o f  s t r e t c h  e n t a i l e d ,  

p r i o r  t o  th e  ramp r e l e a s e ,  s t r e t c h i n g  the  l o n g i t u d i n a l  m uscle s t r i p  

1 -2  mm beyond what was c o n s id e re d  i t s  n a t u r a l  r e s t i n g  l e n g t h .  

T h e r e f o r e  t h e  i n i t i a l  dynamic consonan t o f  th e  SRN t o  a ramp r e l e a s e  

may be c o n s id e re d  t o  be t h e  same as  t h a t  s e e n  t o  t h e  r e - s h o r t e n i n g  

phase  o f  ramp s t r e t c h .  T h is  dynamic component o f  th e  SRN r e s p o n s e  i s  

s t r i k i n g  and o n ly  o c c u rs  in  resp o n se  t o  t h e  r e l e a s e  phase o f  e i t h e r  

th e  ramp s t r e t c h ,  o r  t o  th e  ramp r e l e a s e .  F ig u re  23 shows a sequence  

o f  t h r e e  ramp r e l e a s e s  o f  i d e n t i c a l  f i n a l  am p litude  ( 4 ,5  mm) b u t  

w i th  t h r e e  d i f f e r e n t  i n i t i a l  v e l o c i t i e s  o f  d isp la c em e n t  o f  6 , 5 ,  15

and 24 mm/second. The re sp o n se  o f  t h e  SRN reco rd ed  from t h e  axon i s  

shown i n  t h e  bottom  t r a c e  o f  each  p a n e l .  As e x p e c te d , th e  f i n a l  

a m p l i tu d e  o f  t h e  s t a t i c  r e sp o n se  o f  t h e  c e l l  was t h e  same i n  each  

t r i a l ,  (+ 3 ,0  mV), The i n i t i a l  dynamic re sp o n se  of th e  SRN however 

d i s p l a y e d  a marked v e l o c i t y  s e n s i t i v i t y .  At th e  two h i g h e s t  

v e l o c i t i e s  o f  l o n g i t u d i n a l  m uscle r e l e a s e  a s in g le  SRN c e l l  body 

s p ik e  was r e c r u i t e d .  The appearance  o f  t h i s  c e l l  body s p ik e  and i t s  

c o n t r i b u t i o n  t o  t h e  dynamic re s p o n s e  i s  shown in  g r e a t e r  d e t a i l  in  

f i g u r e  24 ,  In  t h i s  f i g u r e  t h r e e  i n t r a c e l l u l a r  re c o rd in g s  (bottom ) 

a r e  shown in  r e s p o n s e  t o  t h r e e  c o n s e c u t iv e  ramp s t r e t c h e s  o f  th e  

l o n g i t u d i n a l  m u sc le ,  w i th  d i f f e r e n t  f i n a l  am plitudes  and d i f f e r e n t  

r a t e s  o f  s t r e t c h .  The low er i n t r a c e l l u l a r  reco rd  c o rre sp o n d s  to  th e  

s m a l l e r  a m p l i tu d e  ramp s t r e t c h ,  A marked dynamic response  was se en  

a t  t h e  end o f  th e  s t r e t c h  in  r e s p o n s e  t o  r e l e a s e  o f  th e  ex tended
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F ig u r e  23. The dynamic component o f  t h e  SRM response. The i n t r a z o n a l  
r e sp o n se  o f  t h e  SRN (bottom  t r a c e s  each  panel) a re  shown t o  t h r e e  
ramp r e l e a s e s  ( to p  t r a c e s  in  each  p a n e l)  o f id e n tic a l  f i n a l  
am p litu d e  o f  d isp la c e m e n t  (4.5mm) b u t  w i th  th re e  d i f f e r e n t  i n i t i a l  
v e l o c i t i e s  o f  d i s p l a c e n e n t . The i n i t i a l  dynamic component o f t h e  SHI 
d i s p l a y e d  a marked v e l o c i t y  s e n s i t i v i t y .  As t h e  r a t e  o f r e l e a s e  o f  
th e  l o n g i t u d i n a l  n u s c le  was in c re a s e d  th e  r a t e  o f  d e p o l a r i s a t i o n  o f  
t h e  i n i t i a l  re sp o n se  component a l s o  i n c r e a s e d .  S i n g le  s p i k e s  were 
su pe r  imposed upon the  peak o f  th e  dynamic c o m ponen ts  o f  t h e  
r e s p o n s e s  i n  p a n e ls  ( i i )  and ( i i i ) .  These w ere  d i s t i n c t  from  t h e  
low er a m p li tu d e  s y n a p t ic  a c t i v i t y  superim posed  upon  t h e  r e c e p t o r  and 
membrane p o t e n t i a l s  and were c o n s id e r e d  t o  be c e l l  body s p i k e s ,  
i n i t i a t e d  in  th e  p e r ip h e ry  in  r e s p o n s e  t o  r a p i d  change  o f  
l o n g i t u d i n a l  m uscle l e n g th  and t r a n s m i t t e d  d é c r é m e n t a i l y  t o  t h e  axon 
r e c o r d in g  s i t e .
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F i g u r e  2 4 . The c o n t r i b u t i o n  o f  t h e  c e l l  body s p ik e  t o  t h e  dynamic 
component o f  t h e  SRN re s p o n s e .  Three c o n s e c u t iv e  sweeps a r e  shown o f  
an  SRN i n t r a x o n a l  r e c o r d in g  (bottom  th re e  t r a c e s )  in  r e s p o n s e  t o  
t h r e e  c o n s e c u t iv e  ramp s t r e t c h e s  o f  t h e  l o n g i t u d i n a l  m uscle  o f  
d i f f e r e n t  a m p l i tu d e s  and v e l o c i t i e s  o f  s t r e t c h  and r e l e a s e .  The 
lo w e r  i n t r a c e l l u l a r  r e c o rd  c o rre sp o n d s  t o  t h e  s m a l l e s t  a m p li tu d e  
ramp s t r e t c h .  A marked dynamic conqponent was seen  in  r e s p o n s e  t o  
r e l e a s e  o f  t h e  ex tended  l o n g i t u d i n a l  m usc le .  As t h e  v e l o c i t y  o f  t h e  
r e l e a s e  i n c r e a s e d  (upperm ost t r a c e  shows th e  h ig h e s t  v e l o c i t y  i f  
r e l e a s e )  t h e  number o f  c e l l  body s p ik e s  superim posed  upon th e  
dynamic component g r a d u a l l y  i n c r e a s e s .



v e n t r a l  m i s o l e .  As th e  v e l o c i t y  o f  the  r e l e a s e  i n c r e a s e d ,  (upperm ost 

ramp t r a c e  shows th e  h i g h e s t  r e l e a s e  r a t e  v e l o c i t y )  t h e  number o f  

c e l l  body s p i k e s  superim posed  upon th e  prom inent dynamic component 

g r a d u a l l y  i n c r e a s e d .

At l e a s t  two com ponents i n  t h e  r e sp o n se  o f  t h e  SRN t o  ramp l e n g t h

changes  a r e  t h e r e f o r e  a p p a r e n t ,  i )  A s t a t i c  "am p li tu d e  modulated"

r e s p o n s e ,  d e p e n d e n t  upon t h e  magnitude o f  t h e  ramp l e n g t h  c h a n g e ,

and i i )  A dynamic re s p o n s e  i n  which th e  r a t e  o f  d e p o l a r i s a t i o n  o f

t h e  SRN i s  d e p e n d en t  upon t h e  r e l e a s e  r a t e  o f  t h e  l o n g i t u d i n a l

n u s c l e .  Superim posed upon t h i s  dynamic component may be one  o r  more

c e l l  body s p i k e s .  The c o n t r i b u t i o n  o f  t h e s e  v a r i o u s  components o f
« *

t h e  SRN r e s p o n s e  i s  shown in  f i g u r e  25. Here t y p i c a l  r e s p o n s e s  t o

a ramp r e l e a s e  o f  t h e  l o n g i t u d i n a l  muscle o f  3 .7  mm and a  ramp

s t r e t c h  o f  1 .8  mm a r e  shown.

From t h e  m a in ta in e d  h y p e r ^ l a r i s in g  r e c e p to r  p o t e n t i a l  o f  t h e  SRN 

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

m a in ta in e d  d e p o l a r i s i n g  r e c e p to r  p o t e n t i a l  i n  r e sp o n se  t o  a  ramp

s h o r t e n in g  o f  t h e  body w a l l ,  i t  appeared  t h a t  th e  membrane p o t e n t i a l

o f  t h e  SRN a t  any p a r t i c u l a r  momemt r e f l e c t e d  th e  l e n g th  o f  t h e  

l o n g i t u d i n a l  m uscle w i th  which i t s  d e n d r i t e s  a r e  in  c lo s e  

a s s o c i a t i o n .  F ig u r e  26 shows t h e  re sp o n se  o f  t h e  SRN t o  s te p w is e  

l e n g t h e n in g s  and s h o r te n in g s  o f  the  l o n g i t u d i n a l  n u s c le  s t r i p ,  

p roduced  by hand m a n ip u la t io n s  o f  t h e  p u l l e r  arm v i a  a  r a c k  and

p in io n  d e v ic e .  In  f i g u r e  2 6 a ( i )  f i v e  c o n s e c u t iv e  s t r e t c h i n g  

movements ( n o t  show n), a p p ro x im a te ly  1mm i n  a m p l i tu d e ,  evoked f i v e
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F i g u r e  2 5 . ^Typical -. r e sp o n se s  o f  t h e  SRN t o  an imposed ramp s t r e t c h  
and an  imposed ramp r e l e a s e ,  a ,  I n t r a c e l l u l a r l y  rec o rd e d  r e s p o n s e  o f  
t h e  SRN ( lo w er  t r a c e )  t o  a s in g l e  ramp r e l e a s e  o f  th e  l o n g i t u d i n a l  
m usc le  o f  f i n a l  d isp la c e m e n t  3.7mm (upper  t r a c e ) .  The a m p li tu d e  o f  
th e  i n i t i a l  dynamic component (d) i s  g iv en  as the  peak o f  th e  
u n a d a p te d  s t a t i c  re sp o n se  p lu s  th e  dynamic o v e r s h o o t .  The s t a t i c  
r e s p o n s e  ( s )  shows the  am p litude  o f  the  adapted  s t a t i c  component o f  
t h e  r e s p o n s e  p r i o r  t o  r e - l e n g th e n in g  o f  t h e  l o n g i t u d i n a l  m u sc le ,  b .  
The r e s p o n s e  o f  th e  SRN (low er t r a c e )  reco rd e d  i n t r a x o n a l l y  t o  a 
s i n g l e  imposed ramp s t r e t c h  o f  t h e  l o n g i t u d i n a l  muscle o f  f i n a l  
d i s p la c e m e n t  1.8mm (upper t r a c e ) ,  s ,  d ,  s t a t i c  and dynamic 
com ponents  o f  r e s p o n s e .  The am plitude  o f  t h e  dynamic component i s  
g iv e n  m inus th e  c o n t r i b u t i o n  from the  prom inent c e l l  body s p i k e s .



s u c c e s s i v e  h y p e r p o l a r i s a t i o n s  o f  th e  SRN membrane p o t e n t i a l .  A few 

m in u te s  l a t e r ,  fo u r  c o n s e c u t iv e  s te p w ise  s h o r te n in g s  o f  th e  

l o n g i t u d i n a l  m uscle ( f i g  2 6 a i i )  produced s te p w ise  d e p o l a r i s a t i o n s  o f  

t h e  SRN. The s t a t i c  r e s p o n s e  o f  th e  SRN, measured 1 .0  second a f t e r  

t h e  l e n g t h  c h a n g e , i s  p l o t t e d  a g a i n s t  th e  change in  l o n g i t u d i n a l  

n u s c l e  l e n g t h  in  f i g u r e  26d. The r e s p o n s e  v a r r i e d  in  an 

a p p r o x im a te ly  l i n e a r  f a s h io n  w ith  t h e  l o n g i t u d i n a l  m uscle l e n g t h .  

F i g u r e  26b shows a d i f f e r e n t  p r e p a r a t i o n  i n  which f o u r  s u c c e s s iv e  

s h o r t e n i n g s  w ere  a g a in  a p p l ie d  t o  t h e  l o n g i t u d i n a l  muscle w h i l s t  t h e

was m o n ito red  i n t r a c e l l u l a r l y  from th e  axon. Again t h e  fo u r  

s u c c e s s i v e  l o n g i t u d i n a l  muscle s h o r te n in g s  evoked s te p w is e

d e p o l a r i s a t i o n s  o f  t h e  SRN t h i s  p r e p a r a t i o n  low f re q u e n c y

epsp  a c t i v i t y  was a l s o  a p p a re n t  a t  th e  i n i t i a l  which i n c r e a s e d  in  

f re q u e n c y  by d e g re e s  as  th e  l o n g i t u d i n a l  muscle was p r o g r e s s i v e l y  

s h o r t e n e d . F ig u r e  26c i s  a t h i r d  p r e p a r a t i o n  in  which t h e  s t a t i c  

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

l o n g i t u d i n a l  m uscle  i s  shown. From i t s  i n i t i a l  a r b i t a r y  r e s t i n g  

l e n g t h  and c o r re s p o n d in g  SRN axon membrane p o t e n t i a l  o f  -45  mV th e  

l o n g i t u d i n a l  m uscle was sh o r te n e d  i n  two, 1mm s t e p s  and th e  

r e s u l t a n t  d e p o l a r i s a t i o n  o f  th e  E^ r e c o r d e d .  In  t h i s  p r e p a r a t i o n  

epsp  a c t i v i t y  was i n i t i a t e d  upon d e p o l a r i s a t i o n  o f  th e  SRN axon to  

a p p r o x im a te ly  -4 0  mV.

By i n h i b i t i n g  th e  s y n a p t i c  a c t i v i t y ,  obse rved  i n  many 

p r e p a r a t i o n s  superim posed  upon th e  SRN membrane p o t e n t i a l , by 

b a th i n g  t h e  p r e p a r a t i o n  in  a h igh  Mg R in g e r  s o l u t i o n ,  i t  was 

p o s s i b l e  t o  r e c o r d  th e  u n d e r ly in g  changes produced in  r e s p o n s e  to  

c h an g es  i n  body w a l l  l e n g th  uncon tam ina ted  by th e  s y n a p t i c
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F i g u r e 2 6 . The s t a t i c  r e s p o n s e  o f  t h e  SRN. a ( i ) ,  I n t r a x o n a l l y  
r e c o rd e d  r e s p o n s e  o f  t h e  SRN t o  f i v e  c o n s e c u t iv e  l e n g t h e n i n g s  ( n o t  
shown) o f  t h e  v e n t r a l  l o n g i t u d i n a l  m u s c le . The n u s c l e  s t r i p  was 
le n g th e n e d  by a p p r o x im a te ly  5.0mm i n  f i v e  m a n u a l ly  a p p l i e d  s t e p s  o f  
1.0mm e a c h  ( a r r o w s ) .  F iv e  c o n s e c u t iv e  s t e p  h y p e r p o l a r i s a t i o n s  o f  th e  
SRN w ere  evoked i n  r e s p o n s e  t o  t h e  imposed l e r g t h  c h a n g e s .  a ( i i ) ,  
A few m in u te s  l a t e r  th e  m uscle s t r i p  was r e - s h o r t e n e d  by 
a p p r o x im a te ly  4.0mm i n  f o u r  m an u a l ly  a p p l i e d  s t e p s  o f  1.0mm each  
( a r r o w s ) . The c e l l  re sp o n d e d  w i th  f o u r  s t e p  d e p o l a r i s a t i o n s  o f  t h e  
membrane p o t e n t i a l ,  b .  Response o f  t h e  SRN from  a d i f f e r e n t  
p r e p a r a t i o n  t o  f o u r  c o n s e c u t iv e  m anua lly  a p p l i e d  s h o r t e n i n g s  o f  t h e  
l o n g i t u d i n a l  m uscle  ( a r r o w s ) ,  c ,  I n t r a x o n a l l y  r e c o r d e d  s t a t i c  
r e s p o n s e  o f  th e  SRN from a d i f f e r e n t  p r e p a r a t i o n  t o  t h r e e  d i f f e r e n t  
l o n g i t u d u n a l  m uscle  l e n g t h s  ( n o t  shown). From an i n i t i a l  a r b i t a r y  
r e s t i n g  n u s c le  l e n g t h  and c o r re s p o n d in g  E^ o f  -45  mV t h e  
l o n g i t u d i n a l  m uscle  was sh o r te n e d  in  two 1.0mm s t e p s  and th e  
r e s u l t a n t  d e p o l a r i s a t i o n s  i n  membrane p o t e n t i a l  a r e  shown ( t h r e e  
t r a c e s  s u p e r im p o s e d ,  u p p e r  t r a c e  c o r r e s p o n d s  t o  s h o r t e s t  
l o n g i t u d i n a l  m uscle  l e n g t h ) ,  d .  The s t a t i c  r e s p o n s e  o f  t h e  SRN 
m easured 1 .0  second  a f t e r  commencenent o f  th e  imposed l e n g t h  c h a n g e .  
V o l tag e  and l e n g t h  changes  a r e  p l o t t e d  as  d i s p l a c e m e n t s  from  t h e  
i n i t i a l  E o f  t h e  n e u ro n e  ( -4 5  mV) . D a ta  from t r a c e s  i n  f i g u r e s  26a 
( i ) ,  ( i i ) . The s t a t i c  r e s p o n s e  o f  th e  c e l l  v a r i e d  in  an 
a p p r o x im a te ly  l i n e a r  f a s h i o n  w i th  t h e  l o n g i t u d i n a l  m usc le  l e n g t h .
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t r a n s i e n t s .

F i g u r e  27 i l l u s t r a t e s  a  p r e p a r a t i o n  i n  which t h e  r e s p o n s e  o f  t h e  

SRN was r e c o r d e d  i n t r a c e l l u l a r l y  from i t s  axon t o  a sequence  o f  ramp 

s t r e t c h e s  and r e l e a s e s  i n  bo th  t h e  p re se n c e  and absence  o f  15 mM 

m agnesium. The SRN re s p o n s e s  obse rved  in  f i g  27a a r e  t y p i c a l  o f  

t h o s e  re c o rd e d  in  normal R inge r  s o l u t i o n .  Super inposed  upon t h e  

d e p o l a r i s i n g  r e c e p t o r  p o t e n t i a l  evoked in  r e s p o n s e  t o  a  ramp r e l e a s e  

a r e  a  number o f  sm a l l  e p s p ' s .  An SRN c e l l  body s p ik e  was a l s o  

i n i t i a t e d  upon th e  s h o r te n in g  phases o f  th e  ram ps. In  f i g  27b, h ig h  

(15mM Mg'*"*’) R in g e r  s o l u t i o n  was s u b s t i t u t e d  f o r  t h e  normal b a th in g  

medium and a f t e r  10 m inu tes  th e  r e s p o n s e s  o f  th e  same c e l l  a g a in  

r e c o r d e d  t o  ramp l e n g th  changes o f  th e  v e n t r a l  l o n g i t u d i n a l  m u sc le .  

Under th e s e  c o n d i t io n s  r e c e p to r  p o t e n t i a l s  were o bse rved  in  

i s o l a t i o n .  Upon r e t u r n i n g  t h e  p r e p a r a t i o n  to  no rm a l ,  Mg"*”  ̂ f r e e .  

R in g e r  s o l u t i o n ,  sm all  e x c i t a t o r y  s y n a p t ic  e v e n ts  were a g a in  

o b s e rv e d  superim posed  upon t h e  d e p o la r i s i n g  r e c e p to r  p o t e n t i a l  ( F ig .  

27c) .

The r e s p o n s e  o f  th e  SRN t o  ramp s t r e t c h e s  and r e l e a s e s  i n  t h e  

p re s e n c e  o f  15mM Mg'*"*' i s  shown i n  g r e a t e r  d e t a i l  i n  f i g u r e  28 . In  

t h e s e  e x p e r im s n t s  15 mM Mg^^ R inge r  was used th ro u g h o u t  and th e  

r e s p o n s e  o f  th e  SRN t o  changes in  body w a l l  l e n g th  was a g a in  

m o n ito re d  i n t r a c e l l u l a r l y  from i t s  axon i n  t h e  a n t e r i o r  r o o t .  F ig u r e  

28a shows th e  h y p e r p o la r i s in g  re sp o n se  o f  th e  SRN to  a s i n g l e  ramp 

s t r e t c h  o f  f i n a l  d isp la c m e n t  0 .4  mm. In  f i g u r e  28b th e  d e p o l a r i s i n g  

r e c e p t o r  p o t e n t i a l s  produced i n  re sp o n se  t o  ramp r e l e a s e s  o f  2 .6  and
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F ig u r e  2 7 . Response o f  th e  SRN in  th e  p re s e n c e  and a b s e n c e  o f  .
I n t r a c e l l u l a r  r e c o r d in g s  ( low er t r a c e s  i n  e a c h  p a n e l )  were made from 
th e  SRN axon  i n  r e sp o n se  t o  a  s e r i e s  o f  imposed ramp s t r e t c h e s  and 
r e l e a s e s  (u p p e r  t r a c e s  i n  e a ch  p a n e l)  in  t h e  p r e s e n c e  and a b s e n c e  o f  
15mM Mg''"*', a .  T y p ic a l  d e p o la r i s i n g  and h y p e r p o l a r i s i n g  r e s p o n s e s  
( lo w er  t r a c e s  superim posed) o f  t h e  SRN E t o  inposed ramp r e l e a s e  
and s t r e t c h  s t i m u l i  in  normal ( z e r o  Mg T  Ringer s o l u t i o n .  Low 
fhequency  p sp  a c t i v i t y  was superim posed  upon  th e  d e p o l a r i s i n g  
r e c e p t o r  p o t e n t i a l  evoked i n  r e s p o n s e  t o  imposed r e l e a s e  o f  t h e  
l o n g i t u d i n a l  m usc le ,  b ,  15 mM Mg’*”*’ R in g e rs  s o l u t i o n  was s u b s t i t u t e d  
f o r  t h e  no rm al b a th in g  medium and a f t e r  a  10 m in . s o a k in g  p e r io d  th e  
r e s p o n s e s  o f  t h e  same neurone were r e c o rd e d  t o  im posed ramp m uscle  
l e n g t h  c h a n g e s .  Under th e s e  c o n d i t i o n s  th e  d i s t o r t i o n  in d u ced  
r e c e p t o r  p o t e n t i a l s  co u ld  be re c o rd e d  i n  i s o l a t i o n .  b ( i ) .  Two 
h y p e r p o l a r i s in g  r e c e p to r  p o t e n t i a l s  ( lo w er  t r a c e s )  i n  r e s p o n s e  t o  
two s e p a r a t e  imposed s t r e t c h e s  o f  t h e  l o n g i t u d i n a l  m i s d e  (u p p e r  
t r a c e ,  s t r e t c h e s  sup e r im p o sed ,  bo ttom  i n t r a c e l l u l a r  r e c o r d  
c o r r e s p o n d s  t o  upperm ost ramp s t r e t c h ) . Note  t h e  rem aining c e l l  body 
s p ik e  on  t h e  dymnamic p o r t i o n  o f  th e  r e l e a s e  phase  o f  t h e  s t r e t c h .  
b ( i i ) , D e p o la r i s in g  r e c e p to r  p o t e n t i a l  ( lo w e r  t r a c e )  i n  r e s p o n s e  t o  
a  s i n g l e  ramp r e l e a s e  o f  th e  l o n g i t u d i n a l  m u sc le  ( u p p e r  t r a c e ) . 
S y n a p t ic  a c t i v i t y  i s  a b o l is h e d  i n  t h e  h ig h  Mg'*"*” R in g e r s  s o l u t i o n ,  c .  
P r e p a r a t i o n  r e tu r n e d  t o  norm al R in g e rs  s o l u t i o n .  D e p o l a r i s i n g  
r e s p o n s e  o f  t h e  SRN ( lo w er  t r a c e )  t o  a  s i n g l e  im posed ramp r e l e a s e  
o f  th e  m uscle  (upper t r a c e ) . S y n a p t ic  a c t i v i t y  i s  r e - e s t a b l i s h e d  
upon t h e  d e p o l a r i s i n g  response  o f  t h e  SRN.
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F lgu re28 . D e ta ils  o f the SRN response to  imposed ramp s tr e tc h  and 
r e le a s e  in  the presence o f  15 mM Mg'*"*', a , Intraxonal hyperp olarising  
response of the neurone (lower trace) to  an imposed ramp s tr e tc h  
(top  trace) o f  the lo n g itu d in a l m uscle. In the presence o f  15 mM 
Mg"̂"*" an nundershootn i s  apparent in  Response to  the i n i t i a l  
lengthen ing  phase o f  the ramp s tr e tc h , b , In traxon a lly  recorded 
d ep o la r is in g  responses o f the SRN (bottom two tra ces) to  two ramp 
r e le a s e s  o f the lo n g itu d in a l n u sc le  (top tr a c e s , upper in tr a c e llu la r  
record corresponds to  upper ramp r e le a s e . Length changes performed 
one a f te r  the o th e r , traces su p erin ço sed ). A ll synaptic a c t iv i ty  i s  
ab olish ed  in  the high Mg'̂ '*’ so lu t io n .



3 .7  mm a r e  shown. In  bo th  the  h y p e r p o la r i s in g  and d e p o l a r i s i n g  

r e c e p t o r  p o t e n t i a l s  t h e  two components o f  t h e  SRN re s p o n s e  were 

s t i l l  p r e s e n t .

I n  f i g u r e  29 t h e  f i n a l  am p litude  o f  t h e  s t a t i c  component o f  t h e  

SRN re s p o n s e  in  th e  p re se n c e  o f  15 mM Mg"̂ "̂  was p l o t t e d  a g a i n s t  

l o n g i t u d i n a l  n u s c le  d isp la c e m e n t  . V oltage  and l e n g th  v a lu e s  a r e  

p l o t t e d  as  d i s p la c e m e n ts  from t h e  i n i t i a l  Em o f  t h e  n eu rone  and t h e  

r e s t i n g  l e n g t h  o f  th e  l o n g i t u d i n a l  n u s c le  s t r i p .  A l l  v a lu e s  a r e  f o r  

a s i n g l e  SRN. The s t a t i c  re sp o n se  o f  t h i s  c e l l  was a p p ro x im a te ly  

l i n e a r  i n  p r o p o r t io n  t o  the  f i n a l  d is p la c e m s n t  o f  th e  l o n g i t u d i n a l  

m u s c le .  T h is  l i n e a r  r e l a t i o n  was r e t a i n e d  o v e r  t h e  l e n g t h  ran g e  o f  

s t r e t c h e s  t e s t e d  o f  up t o  1 mm and r e l e a s e s  o f  up t o  4 mm. The 

s e n s i t i v i t y  o f  t h i s  neurone  w i th in  t h e  range  o f  ramp r e l e a s e s  was 

2 .3  mV d e p o la r i s a t io n /m m .  The s e n s i t i v i t y  o f  th e  c e l l  t o  a  ramp 

s t r e t c h  o f  t h e  l o n g i t u d i n a l  muscle was 6 .2  mV/mm. A marked 

d i f f e r e n c e  was a p p a re n t  t h e r e f o r e  in  th e  s e n s i t i v i t y  between th e  

r e s p o n s e  o f  t h e  SRN t o  ramp r e l e a s e s  o f  t h e  l o n g i t u d i n a l  m uscle and 

t o  ramp le n g th e n in g s  o f  com par ib le  d i s p la c e m e n t .

F i g u r e  29 a l s o  shows t h a t  i n  h igh  Mg’*"*" t h e r e  i s  a dynamic 

component t o  th e  r e s p o n s e  o f  th e  membrane p o t e n t i a l .  T h is  component 

o f  t h e  r e c e p t o r  p o t e n t i a l  was observed  i n  a number o f  p r e p a r a t i o n s  

b a th e d  b o th  i n  15 mM Mg"̂ "̂  ( F ig .  29) and normal R in g e rs  f l u i d  ( F i g s .  

2 7 a ,c )  on th e  i n i t i a l  le n g th e n in g  phase o f  a ramp s t r e t c h ,  o r  on th e  

jf»6—g t r e t c h i n g  phase  a t  t h e  end o f  a  ramp r e l e a s e .  I t  a p p e a rs  however 

t h a t  t h i s  dynamic component i s  more pronounced in  a  h ig h  Mg R inge r
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F ig u re  29. S t a t i c  r e sp o n se  o f  th e  SRN in  th e  p r e s e n c e  o f  15 mM Mg++. 
The f i n a l  am plitude  o f  the  s t a t i c  r e s p o n s e  o f  t h e  SRN, measured 
p r io r  to  th e  t e r m in a t io n  o f  t h r e e  c o n s e c u t iv e  im posed ramp r e l e a s e s  
and th re e  ramp s t r e t c h e s ,  was p l o t t e d  a g a i n s t  l o n g i t u d i n a l  muscle 
d isp la c e m e n t .  Three SRN d e p o l a r i s i n g  p o t e n t i a l s  ( t o p  l e f t  p ane l,  
lower th r e e  t r a c e s )  and t h r e e  h y p e r p o l a r i s in g  p o t e n t i a l s  ( t o p  r i g h t  
p a n e l ,  lower t h r e e  t r a c e s )  evoked i n  r e s p o n s e  t o  t h r e e  ramp r e l e a s e s  
( top  l e f t  p a n e l ,u p p e r  t r a c e s )  and t h r e e  im posed  ramp s t r e t c h e s  (top  
r i g h t  p a n e l ,  upper  t r a c e s )  were used  t o  c o n s t r u c t  t h e  g r a p h  shown in  
the  lower p a n e l .  Voltage and l e n g t h  v a lu e s  a r e  p l o t t e d  as 
d isp la c e m e n ts  from th e  i n i t i a l  o f  t h e  n e u ro n e  ( - 5 5  mV) and the  
r e s t i n g  l e n g th  of the  l o n g i t u d i n a l  m uscle  s t r i p .  A l l  t r a c e s  from a 
s in g le  p r e p a r a t i o n .  The s t a t i c  r e s p o n s e  o f  t h i s  c e l l  was 
approx im ate ly  l i n e a r  in  p ro p o r t io n  t o  th e  f i n a l  d i s p l a c e m e n t  o f  the 
lo n g i t u d in a l  muscle
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S i m ultaneous  r e c o r d in g  o f  SRN re s p o n s e  and l o n g i t u d i n a l  

m usc le  t e n s i o n

In  o r d e r  t o  i n v e s t i g a t e  th e  p o s s i b i l i t y  t h a t  t h e  SRN may n o t  be 

r e s p o n d in g  p r im a r i l y  t o  the  moment t o  moment l e n g th  o f  th e  

l o n g i t u d i n a l  m usc le ,  b u t  r a t h e r  t o  some o t h e r  component o f  m uscle 

l e n g t h ,  th e  t e n s i o n  developed  w i th in  the  muscle d u r in g  a ramp 

r e l e a s e  o r  ramp s t r e t c h  was m onitored  t o g e t h e r  w i th  t h e  m uscle  

l e n g t h  changes and SRN r e s p o n s e .

F i g u r e  30 shows th e  a rrangem en t used t o  m on ito r  t h e  t e n s i o n  

d e v e lo p e d  d u r in g  a ramp s t r e t c h  and ramp r e l e a s e  o f  th e  l o n g i t u d i n a l  

m usc le  w h i l s t  s im u l ta n e o u s ly  r e c o rd in g  i n t r a c e l l u l a r l y  from t h e  SRN 

axon i n  th e  a n t e r i o r  r o o t . In  such  e x p e r im e n ts  one end o f  th e  

l o n g i t u d i n a l  m uscle s t r i p  a s s o c i a te d  w i th  t h e  SRN c e l l  body and 

d e n d r i t e s  was s e c u r e ly  a t t a c h e d  t o  the  arm o f  a s t r a i n  gauge t e n s i o n  

t r a n s d u c e r  clamped to  t h e  arm o f  a P r io r  m ic ro m a n ip u la to r  ( s e e  

M ethods) w h i l s t  th e  o t h e r  end was ag a in  a t t a c h e d  t o  th e  moving arm 

o f  t h e  m uscle  p u l l e r .

I n  t h e  seg m en ta l  g a n g l io n  p r e p a r a t i o n  w ith  a t t a c h e d  body w a l l  

u sed  th ro u g h o u t  t h i s  s tu d y ,  th e  p o s t e r i o r  n e rv e  r o o t  was i n v a r i a b l y  

c u t  o r  p inned  a long  w i th  th e  sm a ll  p ie c e  o f  l o n g i t u d i n a l  m uscle 

s u p p o r t i n g  th e  i n t a c t  a n t e r i o r  r o o t .  The motor s u p p ly  t o  th e  

l o n g i t u d i n a l  m uscle s t r i p  a s s o c i a te d  w ith  t h e  SRN f a n s  was t h e r e f o r e  

r e s t r i c t e d  t o  th e  a n t e r i o r  ro o t  o u t f lo w .  The bottom  p a n e l  o f  f i g u r e  

30 shows t h e  t e n s i o n  deve loped  ( c e n t r e  t r a c e )  i n  r e sp o n se  t o  a  ramp
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F ig u re  30. V e n tra l  l o n g i t u d i n a l  m uscle  t e n s i o n  r e c o r d i n g s ,  a .  One 
end o f  t h e  l o n g i t u d i n a l  muscle s t r i p  a s s o c i a t e d  w i t h  t h e  SRN c e l l  
body and d e n d r i t e s  was s e c u r e ly  a t t a c h e d  t o  th e  arm  o f  an  i s o m e t r ic  
t e n s i o n  t r a n s d u c e r  (TT) w h i l s t  t h e  o t h e r  end o f  t h e  m usc le  s t r i p  was 
a t t a c h e d  t o  th e  arm o f  the  n u s c le  p u l l e r  w hich  a l lo w e d  movement in  
bo th  d i r e c t i o n s  ( a r r o w s ) .  The r e s p o n s e  o f  t h e  SRN was a g a i n  rec o rd e d  
i n t r a c e l l u l a r l y  from i t s  axon in  th e  a n t e r i o r  n e r v e  r o o t ,  b .  Tension  
developed  i n  t h e  l o n g i t u d i n a l  m uscle s t r i p  (m id d le  t r a c e ,  downward 
d e f l e c t i o n ;  t e n s i o n  drop) i n  r e s p o n s e  t o  an im posed  ramp r e l e a s e  of 
th e  l o n g i t u d in a l  muscle (u p p er  t r a c e )  . Lower t r a c e ;  i n t r a c e l l u l a r  
r e c o r d in g  from an u n i d e n t i f i e d  axon in  th e  a n t e r i o r  n e rv e  r o o t .  The 
u n i d e n t i f i e d  axon d id  n o t  respond  t o  t h e  l e n g t h  o r  t e n s i o n  changes 
o f  th e  l o n g i t u d i n a l  n u s c le  s t r i p  n o r  was th e  r e c o r d i n g  a f f e c t e d  by 
movement a r t i f a c t s .
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r e l e a s e  o f  t h e  l o n g i t u d i n a l  m uscle (upper  t r a c e ) . The d ro p  in  

p a s s i v e  t e n s i o n  which occured  upon r e l e a s e  o f  th e  l o n g i t u d i n a l  

m usc le  r ea c h e d  i t s  maximum d e p re s s io n  a t  th e  t e r m in a t io n  o f  t h e  

r e l e a s e  phase o f  th e  ramp. T h e r e a f t e r ,  a l th o u g h  th e  l o n g i t u d i n a l  

m usc le  was h e ld  a t  a c o n s t a n t ,  s h o r t e r  l e n g t h ,  i s o m e t r i c  t e n s i o n  

w i t h i n  th e  f i b r e s  g r a d u a l ly  i n c r e a s e d . Upon th e  r e —s t r e t c h  phase o f  

t h e  ramp r e l e a s e ,  a  marked o v e rs h o o t  i n  t e n s i o n  was re c o rd e d  which 

r a p i d l y  r e t u r n e d  t o  th e  p r e - r e l e a s e  r e s t i n g  t e n s i o n  l e v e l .  The low er 

t r a c e  o f  t h i s  pane l  shows an i n t r a c e l l u l a r  r e c o r d in g  t a k e n  from an 

u n i d e n t i f i e d  axon i n  th e  a n t e r i o r  ne rve  r o o t , No r e s p o n s e  t o  th e  

ramp r e l e a s e  was s e e n  and t h e  r e c o r d in g  was u n a f f e c te d  by any 

p o s s i b l e  movement a r t i f a c t s .

The smooth m usc les  f i b r e s  o f  t h e  l e e c h  l o n g i t u d i n a l  m uscle a r e  an 

example o f  one o f  th e  ty p e s  o f  som atic  smooth m uscle p r e s e n t  i n  many 

i n v e r t e b r a t e  g ro u p s .  They have been c l a s s i f i e d  a s  n h e l i c a l  smoothn 

m usc le  f i b r e s  by Hanson and Lowy (1960 ),  I t  i s  n o t  known w hether  th e  

l o n g i t u d i n a l  m uscle o f  t h e  le e c h  body w a l l  p o s s e s s e s  an i n t r i n s i c  

r e s p o n s e  t o  s t r e t c h  by deve lop  ing  a c t i v e  t e n s i o n  as does u n i t a r y  

smooth m uscle  o f  t h e  mammalian g a s t r o - i n t e s t i n a l  t r a c t  (B u lb r in g  e t  

a l ,  1 9 7 0 ) ,  I n  f i g u r e  30 a l a r g e  component o f  the  slow r i s e  i n  

i s o m e t r i c  t e n s i o n  which occured  a f t e r  th e  peak o f  t h e  i n i t i a l  

t e n s i o n  d rop  may t h e r e f o r e  be due to  r e f l e x  motoneurone a c t i v i t y  i n  

r e s p o n s e  t o  t h e  l e n g th  change.

The re s p o n s e  o f  th e  SRN t o  a r a p id  s t r e t c h  o f  t h e  l o n g i t u d i n a l  

m usc le  i n  which bo th  the  muscle l e n g th  and t e n s i o n  were measured i s
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shown in  f i g u r e  3 1 .  Pane l a i s  th e  l a s t  h a l f  o f  a r e c o r d  from a 

ramp r e l e a s e  showing th e  f i n a l  s t r e t c h  component o f  th e  ramp. Panel
W ,!

b i s  th e  i n i t i a l  le n g th e n in g  component o f  a ramp s t r e t c h .  In  b o th  

e x p e r im e n t s  a  marked t e n s i o n  o v e rsh o o t  accompanied t h e  r a p id  

e x t e n s i o n  o f  th e  l o n g i t u d i n a l  m usc le . This  o v e rsh o o t  o f  m uscle  

t e n s i o n  was m ir ro re d  by an u n d e rsh o o t  o f  t h e  h y p e r p o l a r i s in g  

re s p o n s e  o f  th e  SRN to  an i n c r e a s e  in  m uscle l e n g th  and re s e m b le s  

t h e  u n d e r s h o o t s  s e e n  in  re sp o n se  t o  muscle l e n g th e n in g  i n  f i g u r e  29 .

F i g u r e  3 2 i l l u s t r a t e s  a f u r t h e r  f e a t u r e  o f  th e  r e s p o n s e  o f  th e  

SRN t o  a ramp r e l e a s e  o f  t h e  l o n g i t u d in a l  m uscle which was o b se rved  

i n  some p r e p a r a t i o n s .  The f i g u r e  shows th e  d e p o l a r i s i n g  p o t e n t i a l  

r e s p o n s e s  o f  two d i f f e r e n t  SRN's t o  a ramp r e l e a s e  o f  t h e  m uscle 

s t r i p  o f  i d e n t i c a l  f i n a l  am p litude  i n  which bo th  l e n g th  and t e n s i o n  

w ere  a g a in  m o n i to re d .  Both SRN's e x h ib i t e d  spo n tan eo u s  epsp  a c t i v i t y  

a t  t h e i r  r e s p e c t i v e  membrane p o t e n t i a l s  which was a l s o  superim posed  

a t  a  h i g h e r  f re q u e n c y  upon th e  r e l e a s e - in d u c e d  d e p o l a r i s i n g  r e c e p t o r  

p o t e n t i a l s .  For  th e  d u r a t i o n  o f  the  s t a t i c  phase o f  th e  ramp 

r e l e a s e ,  fo l lo w in g  th e  i n i t i a l  dynamic peak o f  t h e  r e c e p t o r  

p o t e n t i a l ,  th e  l o n g i t u d in a l  muscle was e s t a b l i s h e d  a t  a 

c o n s t a n t , s h o r t e n e d  l e n g t h .  Over t h i s  p e r io d  c o n s id e r a b l e  a d a p ta t i o n  

o f  t h e  s t a t i c  p la t e a u  o f  the  r e c e p to r  p o t e n t i a l  was o b se rved  which 

r e f l e c t e d  t h e  accompanying slow r i s e  i n  l o n g i t u d i n a l  muscle t e n s i o n .  

I t  appeared  t h e r e f o r e  t h a t  th e  SRN r e c e p t o r  p o t e n t i a l  more c l o s e l y  

r e p r e s e n t s  t h e  t e n s i o n  w i th in  th e  l o n g i t u d i n a l  muscle i n  which i t s  

d e n d r i t e s  a r e  b u r ie d  r a t h e r  th an  th e  l e n g th  o f  th e  n u s c le  i t s e l f .
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F igu re 31 . Simultaneous in tr a c e llu la r ,  ten sion  and length  
reco rd in g s. In tr a c e llu la r  recordings (bottom tr a c e s , both panels) 
f r o m  the SflN axon and accompanying ten sion  changes in  the 
lo n g itu d in a l muscle (middle trace each panel) are shown in  response 
to  ramp length  changes (top traces each p a n e l), a . Record from a 
p rep aration  subjected to  an imposed ramp r e le a se . The f in a l  
r e - s tr e tc h  conçonent o f the ramp with accompanying ten sion  change in  
the lo n g itu d in a l muscle and SRN in tr a c e llu la r  response i s  shown, b. 
The i n i t i a l  lengthening component with accompanying ten sion  and 
in tr a c e l lu la r  responses from a d iffe r e n t  preparation subjected  to  an 
imposed ramp stre tc h  o f the lon g itu d in a l m uscle. In both experiments 
a marked ten sion  overshoot accompanied the rapid exten sion  o f  the  
lo n g itu d in a l m uscle. This overshoot in  muscle ten sio n  was f a i th f u l ly  
mirrored by an undershoot in  the hyperpolarising response o f  the  
SRN.
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F i g u r e  3 2 . S im ultaneous  I n t r a c e l l u l a r ,  l e n g th  
r e c o r d i n g s .  I n t r a x o n a l l y  reco rded  SRN re s p o n s e s  ( lo w er  
p a n e ls )  and accompanying t e n s io n  changes (middle t r a c e s  bo th  p a n e ls )  
i n  r e s p o n s e  t o  a s in g l e  inçiosed ramp r e l e a s e  o f  t h e  l o n g i t u d i n a l  
n u s c le  (u p p er  t r a c e s )  from two d i f f e r e n t  p r e p a r a t i o n s .  D uring th e  
s t a t i c  phase  o f  bo th  ramp r e l e a s e s ,  o v e r  which p e r io d  th e  m uscle was 
e s t a b l i s h e d  a t  a c o n s ta n t ,  sh o r tened  l e n g th ,  c o n s id e r a b l e  a d a p ta t i o n  
o f  t h e  s t a t i c  p la t e a u  o f  bo th  r e c e p to r  p o t e t i a l s  i s  s e e n  which 
r e f l e c t s  th e  accompanying slow r i s e  i n  l o n g i t u d i n a l  m uscle t e n s i o n  
o v e r  t h i s  p e r i o d .



4-0 SECTION 4 .0  SYNAPTICALLY ASSOCTATED CELLS

A common f e a t u r e  o f  th e  s t r u c t u r e  and f u n c t i o n  o f  t h e  v a r io u s  

s t r e t c h  r e c e p t o r s  p r e v io u s ly  s tu d i e d  i s  th e  e x i s t e n c e  o f  a s e p a r a t e  

e f f e r e n t  s u p p ly  t o  t h e  p e r i p h e r a l  se n s in g  e le m e n ts .  Thus a f t e r  t h e  

i n i t i a l  o b s e r v a t io n  t h a t  two d i s t i n c t  p o p u la t io n s  o f  m otoneurones 

w i th  d i f f e r e n t  d ia m e te r s  e x i s t e d  t o  m usc les  i n  t h e  c a t  (E c c le s  and 

S h e r r i n g t o n ,  193 0 ) ,  th e  f u n c t io n  o f  th e  s m a l le r  d iam e te r  gamma, o r  

f u s im o to r  f i b e r s  a s  th ey  were c a l l e d ,  was d e m ons tra ted  by K u f f l e r ,  

Hunt and Q u i l l i a m  (1 951 ) .  S t im u la t io n  o f  th e  gamma e f f e r e n t  f i b r e s  

which s u p p l i e d  th e  muscle s p i n d l e ,  r e s u l t e d  i n  an in c r e a s e  i n  t h e  

s p i n d l e  a f f e r e n t  d i s c h a rg e  w ith o u t  any m easu rab le  i n c r e a s e  in  

t e n s i o n  r e c o rd e d  from th e  muscle te n d o n .  S i m i l a r l y ,  A lexandrov icz  

d e s c r i b e d ,  in  th e  i n v e r t e b r a t e s ,  e f f e r e n t  axons which in n e rv a te d  th e  

m usc le  r e c e p t o r  o rg an s  in  s p e c i e s  o f  t h e  decapod C r u s ta c e a ,  

(A le x a n d ro v ic z ,  1951, '5 2 ) .  In  t h i s  i n s t a n c e  n o t  o n ly  does th e

r e c e p t o r  m uscle  r e c e iv e  an e f f e r e n t  i n n e r v a t i o n  d i s t i n c t  from t h a t  

s u p p ly in g  th e  e x t r a f u s a l  muscle f i b r e s ,  b u t  th e  t e r m in a ls  o f  th e  

a f f e r e n t  n eu ro n es  th em se lv es  a r e  i n n e r v a te d  by 2 - 3  e f f e r e n t  

i n h i b i t o r y  f i b r e s ,  (E yzagu ire  and K u f f l e r ,  1954 jA le x a n d r o v ic z , 

1967) . In  t h e  i n s e c t  phylum to o ,  t h e  m uscle  r e c e p to r  neurone found 

a s s o c i a t e d  w i th  the  segm enta l  l o n g i t u d i n a l  n u s c le s  in  a number o f  

s p e c i e s  o f  l e p i d o p t e r a ,  r e c e iv e  a s e p a r a t e  e f f e r e n t  s u p p ly ,  

s t i m u l a t i o n  o f  which r e s u l t s  in  an i n c r e a s e  in  n u sc le  r e c e p to r  o rgan
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d i s c h a r g e  f re q u e n c y ,  (F in la y so n  and L ow enste in , 1958 ; W eevers, 

1966b) .

I n  t h e  l e e c h  t h e r e  does n o t  ap p ear  t o  be a s e p a r a t e  r e c e p t o r  

n u s c l e .  The v e n t r a l  l o n g i t u d in a l  muscle among which th e  SRN 

d e n d r i t e s  and c e l l  body l i e  i s  known t o  be in n e r v a te d  in  each  

segm ent by t h r e e  o f  th e  s ix  m otoneurones which s u p p ly  e x c i t a t o r y  

i n n e r v a t i o n  t o  t h e  l o n g i t u d i n a l  m uscles ( S t u a r t ,  1970) .  Two o f  t h e s e  

m o to n e u ro n es ,  th e  v e n t r a l  motoneurone ( v ) and th e  v e n t r o - l a t e r a l  

m otoneurone  ( v l  ) i n n e r v a t e  more r e s t r i c t e d  a r e a s  o f  t h e  v e n t r a l  

l o n g i t u d i n a l  m uscle  w i th in  th e  segm ent, bu t  i t  i s  n o t  known w he ther  

t h e r e  i s  a s e p a r a t e  motor su p p ly  t o  th e  bands o f  v e n t r a l  

l o n g i t u d i n a l  muscle which i n s e r t  i n to  t h e  SRN d e n d r i t e s .  The 

e f f e r e n t  i n n e r v a t i o n  o f  th e  le e c h  s t r e t c h  r e c e p to r  neu rone  t o  be 

d e s c r i b e d  c o n s i s t s  o f  a d i r e c t  c o n ta c t  between a c e n t r a l l y  l o c a t e d  

n e u ro n e  and t h e  s t r e t c h  r e c e p to r  d e n d r i t e s  in  a manner a n a lo g o u s  t o  

t h e  i n h i b i t o r y  e f f e r e n t  i n n e r v a t io n  o f  th e  s e n so ry  d e n d r i t e s  o f  th e  

c r u s t a c e a n  abdom inal s t r e t c h  r e c e p to r  ( K u f f l e r  and E y z a g u ir e ,  1955) .

4 .1  The l a t e r a l  n o c ic e p t iv e  m echanosensory n e u ro n e .

In  th e  l e e c h ,  a l a r g e  amount o f  in fo rm a t io n  i s  a v a i l a b l e  upon th e  

p e r i p h e r a l  axon b ran ch in g  p a t t e r n s  and th e  r e c e p t i v e  f i e l d  

o r g a n i s a t i o n  o f  a number of  m o d a l i t i e s  o f  mechano s e n so ry  c e l l s  

( N i c h o l l s  and B a y lo r ,  1968 ; Wai-Yau, 1976 ; Blackshaw, 1981; 

B lackshaw , N ic h o l l s  and P a rn a s ,  1982). One such  m o d a l i ty ,  th e
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n o c i c e p t i v e  (N) neurons  a r e  p rim ary  se n so ry  n eu rones  which respond  

s e l e c t i v e l y  to  n o x ious  m echan ica l  s t i m u l i  a p p l i e d  t o  t h e  s k i n ,  

( N i c h o l l s  and B a y lo r ,  1968), In  each  midbody g a n g l io n  t h e r e  a r e  f o u r  

o f  t h e s e  c e l l s .  Each c e l l  body, s i t u a t e d  w i th in  t h e  CNS, s u p p l i e s  

i p s i l a t e r a l l y  a w e l l  d e f in e d  r e c e p t i v e  f i e l d  a r e a  on th e  s k in

e x te n d in g  from th e  d o r s a l  m id l in e  t o  th e  v e n t r a l  m id l in e .  In

a d d i t i o n  t o  i n n e r v a t i n g  the  deeper  l a y e r s  o f  th e  s k in ,  th e  most 

l a t e r a l l y  p lac e d  N c e l l  on each s id e  o f  t h e  g a n g l io n  ( ) a l s o

r e s p o n d s  v ig o r o u s l y  t o  m echanica l d i s t e n t i o n  o f  th e  n e p h r i d i o p o r e , 

(B lackshaw , N ic h o l l s  and P a m a s ,  1982) .  On v i s u a l i s i n g  t h e  

p e r i p h e r a l  t e r m i n a l s  r e s p o n s ib le  f o r  th e  i n i t i a t i o n  o f  th e  N c e l l  

s e n s o r y  d i s c h a r g e  by i n t r a c e l l u l a r  i n j e c t i o n  o f  HRP, i t  was 

d i s c o v e r e d  t h a t  th e  N  ̂ c e l l s  made d i s t i n c t i v e  looped t u r n s  a c r o s s  

one s u r f a c e  o f  th e  d e n d r i t i c  fa n s  o f  th e  SRN s i t u a t e d  in  th e  body 

w a l l ,  ( r e f .  i b i d . ) .  E le c t ro n  microscope ex a m in a t io n  o f  t h e  SRN

d e n d r i t i c  fan  and H R P -f i l le d  N c e l l  t e r m in a l s  showed t h a t  p r e -  and

p o s t - s y n a p t i c  membranes were c l o s e l y  apposed bu t  t h e r e  were no 

u l t r a s t r u c t u r a l  f e a t u r e s  c h a r a c t e r i s t i c  o f  chem ica l  synapses  a long  

t h e  f a n s .  I t  was im p o ss ib le  t h e r e f o r e  from t h e  m o rp h o lo g ic a l  

e v id e n c e  t o  draw any c o n c lu s io n s  about th e  d i r e c t i o n a l i t y  o f  any 

s y n a p t i c  i n t e r a c t i o n  betw een th e  SRN d e n d r i t e s  and th e  N^ c e l l .  To 

t h i s  e n d ,  p a i r e d  i n t r a c e l l u l a r  r e c o r d in g s  were made from th e  

p e r i p h e r a l  s t r e t c h  r e c e p to r  neurone c e l l  body and th e  c e l l  body o f  

t h e  i p s i l a t e r a l  N  ̂ c e l l  s i t u a t e d  in  t h e  segm ental  g a n g l io n .

The p r e p a r a t i o n  c o n s i s t e d  o f  th e  body w a l l  and a t t a c h e d  segm en ta l  

g a n g l i o n ,  a s  used p r e v io u s ly  f o r  d e s c r i b in 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  s t r e t c h  r e c e p to r  neurone and as d e t a i l e d  in  th e
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methods s e c t io n .

F i g u r e  33 i l l u s t r a t e s  th e  r e s u l t  o f  i n j e c t i n g  a b r i e f  

d e p o l a r i s i n g  c u r r e n t  p u ls e  i n t o  th e  s e l l  body w h i l s t  r e c o r d in g  

from th e  s t r e t c h  r e c e p to r  neurone c e l l  body some 3-4mm d i s t a n t  i n  

t h e  p e r i p h e r y  i n  normal l e e c h  R inger  f l u i d .  A c tion  p o t e n t i a l s  i n  t h e

b ody , e l i c i t e d  e i t h e r  upon d i r e c t  d e p o l a r i s a t i o n  o f  t h e  

soma, ( 1 s t  s p ik e )  o r  o ccu ring  s p o n ta n e o u s ly  (2nd s p ik e )  r e s u l t e d  in  

an 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  reco rded  i n  t h e  p e r i p h e r a l  SRN 

c e l l  body . Each epsp  fo llow ed th e  N  ̂ c e l l  a c t i o n  p o t e n t i a l  on a 1 :1  

b a s i s  and w i th  a c o n s ta n t  l a t e n c y .  In  normal l e e c h  R in g e r ,  a l th o u g h  

s m a l l  ( < ImV ) ,  t h e  epsp  reco rded  from th e  SRN c e l l  body was non 

th e  l e s s  p ro m in e n t .  F ig u re  34a shows th r e e  c o n s e c u t iv e  sweeps o f  an 

i n t r a c e l l u l a r  r e c o rd  from th e  SRN fo l lo w in g  i n t r a c e l l u l a r  

s t i m u l a t i o n  o f  th e  N  ̂ c e l l ,  (one a c t i o n  p o t e n t i a l  on ly  show n), and 

d e m o n s t r a te s  th e  1 :1  b a s i s  o f  the  epsp . This  c o n n e c t i v i t y  i s  a l s o  

shown i n  t h e  averaged  t r a c e  in  f i g u r e  34b . F ig u re  34c shows 

summation o f  th e  s t r e t c h  r e c e p to r  neurone e p s p 's  fo l lo w in g  evoked 

and sp o n ta n e o u s  a c t i o n  p o t e n t i a l s  in  t h e  N  ̂ c e l l .  No ev id e n c e  o f  a 

s y n a p t i c  c o n n e c t io n  in  the  r e v e r s e  d i r e c t i o n  from th e  SRN c e l l  body 

t o  t h e  N^ c e l l  was se e n .

The mechanism o f  s y n a p t ic  t r a n s m is s io n  from th e  l a t e r a l  N c e l l  to  

th e  p e r i p h e r a l  s t r e t c h  r e c e p to r  neurone was i n v e s t i g a t e d  by i ) , 

o b s e r v in g  t h e  l a t e n c y  o f  t h e  epsp  in  t h e  SRN a f t e r  t h e  peak o f  t h e  

a c t i o n  p o t e n t i a l  in  the  p r e - s y n a p t i c  c e l l ,  i i ) , changing th e  

membrane p o t e n t i a l  o f  th e  p o s t - s y n a p t i c  c e l l  and i i i ) , b a th in g  th e
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F i g u r e  3 3 . E f f e r e n t  i n n e r v a t io n  o f  t h e  SRN, P a i re d  i n t r a c e l l u l a r  
r e c o r d in g s  were made from th e  p e r i p h e r a l  c e l l  body o f  t h e  SRN ( to p  
t r a c e )  and from the  c e n t r a l l y  lo c a te d  soma o f  th e  l a t e r a l  
n o c i c e p t i v e  neu rone  (N.) ( low er  t r a c e ) .  A c tion  p o t e n t i a l s  i n  t h e  N. 
c e l l  body , e l i c i t e d  e i t h e r  by d i r e c t  d e p o l a r i s a t i o n  o f  th e  c e l l  body 
( f i r s t  s p i k e ,  c u r r e n t  n o t  shown) o r  a r i s i n g  s p o n ta n e o u s ly  (second 
s p ik e )  r e s u l t e d  in  an epsp rec o rd e d  in  th e  p e r i p h e r a l  SRN soma.



F ig u r e  3 4 . E f f e r e n t  i n n e r v a t i o n  o f  t h e  SRN. P a i r e d  i n t r a c e l l u l a r  
r e c o r d in g s  from t h e  p e r i p h e r a l  SRN soma and t h e  N^ c e l l  b ody , a .  
Three  c o n s e c u t iv e  sweeps o f  an i n t r a c e l l u l a r  r e c o r d  from  t h e  SRN 
c e l l  body ( to p  t r a c e  r e c o r d s  s u p e r  in p o se d )  f  p i  low ing  d i r e c t  
i n t r a c e l l u l a r  s t i m u l a t i o n  o f  th e  N  ̂ c e l l  ( lo w e r  t r a c e  c u r r e n t  no t  
shown, one a c t i o n  p o t e n t i a l  o n ly  show n). Each  SRN e p sp  f o l lo w s  th e  
N c e l l  a c t i o n  p o t e n t i a l  on a  1 :1  b a s i s ,  b .  The a v e ra g e d  o u t p u t  o f  
t h e  p o s t - s y n a p t i c  r e s p o n s e  (upper  t r a c e )  t o  5 p r e - s y n a p t i c  Nj  ̂ t r i a l s  
(one a c t i o n  p o t e n t i a l  o n ly  shown), c .  Summation o f  s i n g l e  e p s p 's  
( t o p  t r a c e )  fo l lo w in g  evoked ( f i r s t  s p ik e  c u r r e n t  n o t  shown) and 
s p o n ta n e o u s  N^ @@11 a c t i o n  p o t e n t i a l s .
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p r e p a r a t i o n  in  a h ig h  [Mg2+] which i s  known t o  b lo ck  ch em ica l  

s y n a p t i c  t r a n s m i s s io n  in  the  l e e c h ,  (B aylor and N i c h o l l s ,  1969 

S t u a r t ,  1 9 7 0 ) .

F i g u r e  35a i l l u s t r a t e s  t h e  epsp  reco rded  from th e  SRN c e l l  body 

in  r e s p o n s e  t o  a s i n g l e ,  d e p o l a r i s a t i o n  evoked, a c t i o n  p o t e n t i a l  i n  

t h e  Nĵ  c e l l .  The e psp  a ro s e  w ith  a d e la y  o f  18.1 ms a f t e r  t h e  peak 

o f  th e  Nĵ  c e l l  a c t i o n  p o t e n t i a l  measured from an expanded t r a c e  from 

th e  s c r e e n  o f  a d i g i t a l  o s c i l l o s c o p e .  The d e la y  a t  t h i s  synapse  in  a 

d i f f e r e n t  p r e p a r a t i o n  i s  shown on a f a s t e r  tim e base  i n  f i g u r e  35b . 

I n  t h i s  e x p e r im e n t ,  s y n a p t ic  p o t e n t i a l s  were r ec o rd e d  in  th e  s t r e t c h  

r e c e p t o r  n eu rone  c e l l  body in  response  t o  s i n g l e ,  N  ̂ qqI I  a c t i o n  

p o t e n t i a l s  evoked by d i r e c t  d e p o l a r i s a t i o n  o f  th e  N^ QQii body . The

a v e ra g e d  o u tp u t  o f  the  p o s t s y n a p t ic  re sp o n se  t o  seven t r i a l s  i s

shown i n  f i g u r e  3 5b. The averaged  epsp  a ro se  w ith  a  d e la y  o f  19 .0

m sec , a f t e r  th e  peak o f  th e  p r e - s y n a p t i c  a c t i o n  p o t e n t i a l .

The e f f e c t  o f  a l t e r i n g  th e  membrane p o t e n t i a l  o f  t h e

p o s t —s y n a p t i c  c e l l  upon the  am plitude  o f  th e  epsp was i n v e s t i g a t e d .  

I n  t h e s e  ex p e r im e n t  th e  s t r e t c h  r e c e p to r  neurone was h y p e rp o la r i s e d  

by up  t o  8 mV by i n j e c t i n g  400 ms long c u r r e n t  p u l s e s  o f  d i f f e r e n t  

a m p l i tu d e s  i n t o  th e  c e l l  body. The epsp which fo llow ed  th e  N^ c e l l  

s p i k e  was re c o rd e d  d u r in g  th e  h y p e rp o la r i s in g  p u l s e .  F ig u re  36 shows 

one example i n  which t h e  am plitude  o f  th e  epsp  was in c re a s e d  as  th e  

p o s t  s y n a p t i c  c e l l  was h y p e r p o la r i s e d ,a s  would be expec ted  o f  a

c h e m i c a l ly  m edia ted  sy n a p se .
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F i g u r e  S y n a p t ic  L a ten cy ,  a .  An epsp  was r e c o r d e d  from th e  SRN
c e l l  body (SRN) i n  re sp o n se  t o  a s i n g l e ,  d e p o l a r i s a t i o n  evoked 
a c t i o n  p o t e n t i a l  i n  th e  c e l l  (N ^ ) . The epsp  a ro s e  w ith  a  l a t e n c y
o f  1 8 .1  m s  a f t e r  th e  peak o f  th e  N. c e l l  a c t i o n  p o t e n t i a l ,  b .  The 
s y n a p t i c  d e l a y  a t  t h i s  sy n ap se ,  observed  on a f a s t e r  time base  i n  a 
d i f f e r e n t  p r e p a r a t i o n .  The averaged  o u tp u t  o f  t h e  p o s t - s y n a p t i c  
r e s p o n s e  (u p p e r  t r a c e )  to  seven  p r e - s y n a p t i c  t r i a l s  i s  shown (one 
p r e - s y n a p t i c  a c t i o n  p o t e n t i a l  o n ly  shown). The averaged  epsp  a ro se  
w i th  a  d e l a y  o f  19 .0  ms ( a r ro w ) .
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F i g u r e  3 6 . The e f f e c t  o f  chang ing  t h e  p o s t - s y n a p t i c  membrane 
p o t e n t i a l  upon t h e  am p litude  o f  t h e  p s p .  The SRN was d i r e c t l y  
h y p e r p o l a r i s a ed by i n j e c t i n g  square  wave h y p e r p o la r i s in g  c u r r e n t  
p u l s e s  i n t o  t h e  p e r i p h e r a l  c e l l  body (400 ms d u r a t i o n ) . Two 
supe rim posed  t r a c e s  ( to p )  show th e  r e s u l t  o f  i n j e c t i n g  two sq u a re  
wave h y p e r p o l a r i s in g  c u r r e n t  p u ls e s  i n t o  t h e  s a n a ,  t h e  SRN 
h y p e r p o la r i s e d  by a p p ro x im a te ly  3 .0  and 8 .0  mV r e s p e c t i v e l y  ( c u r r e n t  
n o t  sh o w n ) . The SRN epsp  which fo llow ed  t h e  N, c e l l  a c t i o n  p o t e n t i a l  
( lo w er  t r a c e )  was reo rd e d  d u r in g  th e  h y p e r p o la r i s in g  c u r r e n t  p u l s e .  
The a m p l i tu d e  o f  t h e  epsp  i s  in c r e a s e d  as t h e  p o s t - s y n a p t i c  c e l l  was 
h y p e r p o l a r i s e d .



F i g u r e  37 shows f u r t h e r  ev idence  t h a t  th e  synapse between th e

c e l l  and th e  s t r e t c h  r e c e p t o r  neurone i s  c h e m ic a l ly  m e d ia te d . In

t h i s  e x p e r im e n t  an SRN epsp  reco rd ed  i n  8 mM Ca^* R inger  fo l lo w in g  a

s p i k e  i n  th e  N^ c e l l ,  was a b o l i s h e d  on b a th in g  th e  p r e p a r a t i o n  i n  a

15 mM Mg s o l u t i o n  f o r  5 .0  m ins. The SRN epsp  s u b s e q u e n t ly  r e t u r n e d

o v e r  a  p e r io d  o f  a  few m in u tes  when th e  Ca^* i n  t h e  b a th in g  s o l u t i o n

was i n c r e a s e d  t o  15 mM. Thus the  synapse d e m o n s t ra te s  th e

a n t a g o n i s t i c  a c t i o n  o f  Mg^^ and Ca^* se en  a t  o t h e r  c e n t r a l  ch em ica l

s y n a p se s  i n  th e  l e e c h  and th e  v e r t e b r a t e  n eu rom uscu la r  j u n c t i o n  ( d e l

C a s t i l l o  and Engbaek, 1954) .  In  o t h e r  e x p e r im e n ts  however, r a i s i n g

t h e  [Mg^^] d id  n o t  c o m p le te ly  a b o l i s h  t h e  SRN p o s t - s y n a p t i c

p o t e n t i a l .  F ig u r e  38 shows an example in  which th e  SRN epsp s t i l l

2 +p e r s i s t e d  a f t e r  10 m inu tes  i n  t h e  p re se n c e  o f  15 mM Mg , a l th o u g h  

th e  a m p l i tu d e  o f  th e  peak o f  the  epsp was re d u c e d .  No d i r e c t  c u r r e n t  

s p re a d  was s e e n  betw een th e  N^ c e l l  and t h e  SRN sana  on i n j e c t i n g  

e i t h e r  h y p e r p o l a r i s in g  o r  d e p o la r i s i n g  c u r r e n t  i n t o  th e  N^ c e l l  

body .

The p e r s i s t e n c o  o f  a  p o s t —s y n a p t i c  p o t e n t i a l  i n  t h e  p re s e n c e  o f  

b o th  15 mM Mg"̂ "*" and 15 mM Ca++ i s  a u s e f u l  d i a g n o s t i c  c r i t e r i a  

i n d i c a t i v e  o f  a m onosynaptic  c o n n e c t io n  between two c e l l s  ( N ic h o l l s  

and P u r v e s , 197 0 ) .  Since Ca and Mg a c t  s y n e r g i s t i c a l l y  in  

r e d u c in g  th e  e x c i t a b i l i t y  o f  any in te r v e n in g  n e u rones  in  a 

p o ly —s y n a p t i c  pa thw ay, b u t  a c t  a n t a g o n i s t i c a l l y  upon t r a n s m i t t e r  

r e l e a s e  a t  th e  sy n a p se ,  th e  l ik e ly h o o d  o f  o b s e rv e in g  a psp  in  a  h ig h  

Ca++, h ig h  Mg' '̂  ̂ s o l u t i o n  i s  reduced  i f  t h e  pathway envo ived  i s

p o l y s y n a p t i c .
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3 7 . A b o lition  o f  th e  psp in  high R ingers s o lu t io n .  A,
P a irt in tra c e lii i la r  recordings from th e p e r ip h e r a l SRN soma (top 
tra ce ) axKi cen tra l N_ e e l l  body (bottom tr a c e ) in  an 8 .0  mM 
Ringers s o lu t io n . A sm all amplitude epsp was recorded  from the SEi
sana followiiig a sing le  d ep o la risa tio n —evoked îC c e l l  action 
p o ten tia l (current not shown). B, Five minutes a f t e r  perfusion  of 
the preparation  with a IS mM lin g e rs  s o lu t io n .  The c e ll
action  potential-evoked psp i s  com pletely abo lished  in  the raised 

so lu tio n . C, Ten minutes a f t e r  r a is in g  th e  calcium 
concentration in  the bathing medium. Bathing th e  p rep a ra tio n  in  a 15 
■M 15 Æ  lin g e rs  so lu tio n  rev erses  th e  e f f e c t  o f  th e  high

alone. Time sca le  common to  a l l  t ra c e s .



A. 8mM Ga2+

-  50mV -
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50
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— 50mV—
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50mV
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F ig u re  3 8 . P e r s i s t e n c e  o f  th e  psp  in  a h ig h  Mg'*"*' R in g e r s  s o l u t i o n .  
In  some e x p e r in e n t s #  r a i s i n g  th e  [Mg ] d id  n o t  c o m p l e t e l y  a b o l i s h  
th e  p o s t - s y n a p t i c  p o t e n t i a l .  A, P a i re d  i n t r a c e l l u l a r  r e c o r d i n g s  from 
th e  p e r i p h e r a l  SRN soma ( to p  t r a c e )  and t h e  c e n t r a l  N^ c e l l  body
(bo ttom  t r a c e )  which shows th e  normal c e l l  evoked e p s p  r e c o rd e d  
from th e  SRN soma. B, The N  ̂ c e l l  a c t i o n  p o t e n t i a l  evoked  epsp  
p e r s i s t e d  a f t e r  10 m inu tes  exposure  t o  t h e  15 mM %  R in g e rs
s o l u t i o n .  C, P e r s i s t e n c e  o f  th e  epsp  i n  a 15 mM Ca , 15 mM Mg'*"*’
R in g e rs  s o l u t i o n  as  b e fo re  ( f i g  3 7 ) .  Time s c a l e  common t o  a l l
t r a c e s .
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The p e r s i s t e n c e  o f  t h e  p sp  i n  b o th  Ca"*"*" andl sujggesfciinig a

m o n o sy n ap t ic  c o n n e c t io n  between th e  two c e l l s ,  and th e  long  s y n a p t i c  

d e l a y  (a round  20 m s ) , r a i s e s  t h e  q u e s t io n  o f  t h e  l o c a t i o n  o f  t h e  M 

t o  SRN s y n a p s e .  M o rp h o lo g ica l  e v id e n c e  from e l e c t r o n  m ic ro sco p e  

s t u d i e s  shows c l o s e  a p p o s i t i o n  o f  c e l l  t e r m in a l s  aind t h e  SSM 

f a n - l i k e  d e n d r i t e s  (B lackshaw e t . a l . .  1912) h u t  n o n e  o f  t h e  

u l t r a s t r u c t u r a l  f e a t u r e s  c h a r a c t e r i s i e  o f  chem ical sy n a p se s  w ere  

s e e n .  An a l t e r n a t i v e  p o s s i b i l i t y  i s  t h a t  th e  two c e l l s  s y n ^ s e  

w i t h i n  t h e  n e u r o p i l e  o f  t h e  segm en ta l  g a n g l io n  and t h a t  t h e  c a b le  

p r o p e r t i e s  o f  t h e  SRN a l lo w  th e  p sp  t o  be re c o rd e d  a t  a  d i s t a n c e  i n  

t h e  SRN c e l l  body . I n  t h e  e a s e  o f  a  p e r i p h e r a l  t o  S l l  s y n a p s e ,  

t h e  o b s e rv e d  long  s y n a p t i c  d e la y  would « i n s i s t  o f  two components i ) , 

a  f i x e d ,  c o n s t a n t  l a t e n c y  s y n a p t i c  d e l a y  and i i ) ,  a  c o n d u c t io n  d e l a y  

d e te rm in e d  by th e  t im e  t a k e n  f o r  pro  p a c t i o n  o f  t h e  c e l l  a c t i o n  

p o t e n t i a l  from i t s  c e l l  body to  i t s  c o i l e d  t e r m i n a l s  upon th e  

p e r i p h e r a l  SRN f a n  w hich i n  t u r n  i s  d e p e n d an t  upon t h e  speed  o f  

c o n d u c t io n  a lo n g  t h e  c e l l  axon and i t s  s n m l l e r  s id e  b r a n c h e s -

The l e n g t h  o f  t h e  N_ c e l l  axon, t r a c e d  along t h e  HI r o o t  and 

s m a l l  s i d e  b ra n c h e s  between th e  s t r e t c h  r e c e p t o r  neurone and th e  

v e n t r a l  n e rv e  c o rd  i n  was ap p r o x i  mat e l  y  5 .0  mm. Taking  t h e  

p e r i p h e r a l  N^ c e l l  c o n d u c t io n  v e l o c i t y  a s  0 .6  msec oï* l e s s  

(B lackshaw  e t . a l .  1 9 8 2 ) ,  th e  c o n s e r v a t i v e  f i g u r e  o f  8 ms i s  o b ta in e d  

f o r  t h e  c o n d u c t io n  tim e o f  t h e  Nĵ  c e l l  a c t i o n  p o t e n t i a l  i n t o  t h e  

p e r i p h e r y .  T h is  l e a v e s  th e  ample v a lu e  o f  11 ms f o r  th e  s y n a p t i c  

l a t e n c y .
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P h y s i o l o g i c a l  e x p e r im e n ts  were performed t o  d e te rm in e  th e  

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

r e c e p t o r  neu rone  by s e l e c t i v e l y  c u t t i n g  c e r t a i n  n e rv e  b ra n c h e s  i n  

t h e  p e r i p h e r y .  F ig u re  39 i l l u s t r a t e s  t h e  b ran ch in g  p a t t e r n  o f  th e  

c e l l  axon i n  th e  p e r ip h e r y  ( r e f . i b i d . )  I n t r a c e l l u l a r  i n j e c t i o n  o f  

H o r s e r a d i s h  p e ro x id a s e  i n t o  t h e  c e l l  soma has shown t h a t  t h e  main 

b ra n c h e s  o f  th e  c e l l  axon run  i n  t h e  main a n t e r i o r  n e rv e  r o o t  and 

i t s  f i r s t  m ajo r  a n t e r i o r  b r a n c h ,  (d e s ig n a te d  n e rv e  r o o t s  MA and AAp 

O r t ,  K r i s t a n  and S t e n t ,  1974) . A s id e  b ranch  o f  t h e  N c e l l  axon 

w i t h i n  th e  AA r o o t  makes a number o f  looped tu r n s  a c ro s s  th e  s u r f a c e  

o f  t h e  p ro x im a l  fa n  o f  th e  s t r e t c h  r e c e p to r  neurone  b e f o r e  ru n n in g  

o f f  t o  more s u p e r f i c i a l  l e v e l s  o f  t h e  d e rm is .  In  a d d i t i o n ,  t h e  

c e l l  axon in  t h e  MA n e rv e  r o o t  d i s t r i b u t e s  a  s id e  b ranch  t o  t h e  AA 

n e rv e  r o o t  d i s t a l  to  t h e  n e p h r id io p o re  which i n n e r v a t e s  t h e  d i s t a l  

fa n  o f  th e  s t r e t c h  r e c e p t o r  n e u ro n e .  T h is  a rran g em en t vSiereby 

a f f e r e n t  and e f f e r e n t  n e rv e  f i b r e s  ru n  i n  d i f f e r e n t  n e rve  b ra n c h e s  

f o r  p a r t  o f  t h e i r  t r a j e c t o r y  makes i t  p o s s ib l e  t o  d i s r u p t  p a r t  o f  

t h e  p e r i p h e r a l  p r o j e c t i o n  o f  t h e  c e l l  w h i l s t  le a v in g  any p o s s ib l e  

c e n t r a l  s y n a p t i c  c o n n e c t io n s  i n t a c t .

F i g u r e  40 shows t h e  psp  re c o rd e d  from t h e  SRN c e l l  body upon 

i n t r a c e l l u l a r  s t i m u l a t i o n  o f  th e  N^ c e l l  soma b e fo r e  and a f t e r  

s e c t i o n  o f  th e  N^ c e l l  b ranch  in  th e  MA n e rv e  r o o t .  F i g .  40a shows 

th e  epsp  re c o rd e d  from th e  SRN c e l l  body in  a  normal p r e p a r a t i o n  in  

w hich b o th  t h e  AA and t h e  MA n e rv e s  a r e  i n t a c t  ; s ix  sweeps a r e  

a d d ed .  In  f i g u r e  40b th e  MA n erve  was c u t  a t  th e  p o in t  marked X i n  

f i g u r e  39 , hence s e c t i o n i n g  t h e  b ranch  o f  t h e  N^ c e l l  n o rm a l ly  

s u p p ly in g  th e  d i s t a l  s t r e t c h  r e c e p t o r  neurone f a n .  C u t t in g  th e  N^
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F i g u r e  3 9 . P e r i p h e r a l  d i s t r i b u t i o n  o f  t h e  c e l l  b ra n c h e s  i n  t h e  
a n t e r i o r  n e rv e  r o o t .  N o ta t i o n  o f  b ra n c h e s  as  i n  O rt  e t  a l .  ( 1 9 7 4 ) ,  
a .  A n t e r i o r  ; PP, p o s t e r i o r  p o s t e r i o r  -, DP, d o r s a l  p o s t e r i o r  j  AA, 
a n t e r i o r  a n t e r i o r  ;MA, m ed ia l  a n t e r i o r  n e rv e  b r a n c h e s .  B ranches  o f  
t h e  N^ c e l l  axon ru n  i n  t h e  main a n t e r i o r  n e rv e  r o o t  (A ) ,  t h e  m ed ia l  
a n t e r i o r  n e rv e  r o o t  (MA) and th e  f i r s t  m ajor  b ra n c h  o f  th e  a n t e r i o r  
n e rv e  r o o t  (AA). A s i d e  b ran c h  o f  t h e  N^ c e l l  axon w i t h i n  t h e  AA 
n e rv e  r o o t  c o n t a c t s  th e  p ro x im a l  f a n  o f  t h e  SRN. The N^ c e l l  axon i n  
th e  MA n e rv e  r o o t  d i s t r i b u t e s  a s id e  b ra n c h  t o  t h e  AA n e rv e  r o o t  
d i s t a l  t o  t h e  n e p h r i d i o p o r e  (n) and c o n t a c t s  t h e  d i s t a l  f a n  o f  t h e  
SRN. T h is  a n a to m ic a l  s e p a r a t i o n  o f  a f f e r e n t  and e f f e r e n t  f i b r e s  o v e r  
p a r t  o f  t h e i r  c o u r s e  i n  t h e  p e r i p h e r y  makes i t  p o s s i b l e  t o  d i s r u p t  
th e  p e r i p h e r a l  p r o j e c t i o n  o f  t h e  N c e l l  t o  t h e  d i s t a l  SRN f a n  by 
c u t t i n g  t h e  MA n e rv e  r o o t  a t  X. The SRN axon i n  t h e  AA and A n e rv e  
r o o t s  i s  u n a f f e c t e d  by t h i s  p r o c e e d u r e .



A A  MA

D i s t a l  
f a n

-  S R N

P r o x i m a l
f a n

— X

ANT.

5 0 0 y

POST.



a

6 sweeps added

mV 

] 0 .5

50

-5 0 m V - 0 .5

8 sweeps added

-  40mV-
50

100 msec

F ig u r e  4 0 . The epsp r e c o rd e d  from th e  SRN soma upon I n t r a c e l l u l a r  
s t i m u l a t i o n  o f  th e  N^ c e l l  body b e fo r e  and a f t e r  s e c t i o n  o f  t h e  Nĵ  
c e l l  axon b ran ch  in  th e  MA n e rv e  r o o t ,  a .  P a ire d  i n t r a c e l l u l a r  
r e c o r d in g s  from t h e  SRN soma ( to p  t r a c e )  and t h e  N^ c e l l  body 
(b o ttom  t r a c e )  i n  a  norm al p r e p a r a t i o n  w i th  AA and MA n e rv e s  i n t a c t .  
S ix  p o s t - s y n a p t i c  r e s p o n s e s  a r e  added , one p r e - s y n a p t i c  a c t i o n  
p o t e n t i a l  shown omnly. b .  P a i re d  i n t r a c e l l u l a r  r e c o r d in g s  from th e  
two c e l l s  i n  t h e  same p r e p a r a t i o n  a f t e r  t h e  MA n e rv e  was c u t  a t  th e  
p o i n t  marked X i n  f i g u r e  39. P o s t - s y n a p t i c  r e s p o n s e  (upper t r a c e )  8 
sweeps a d d e d ,  one p r e - s y n a p t i c  a c t i o n  p o t e n t i a l  o n ly  shown ( lo w e r  
t r a c e ) .  C u t t in g  th e  N̂  n e l l  axon b ranch  in  t h e  MA n e rv e  r o o tC u t t in g  

1 th e  ep 
common t o  b o th  p a n e l s .

T c e l l  axon
a b o l i s h e d  th e  epsp p r e v io u s ly  r e c o rd e d  in  th e  SRN soma. Time s c a l e



b ra n c h  i n  t h i s  way t o  t h e  SRN d i s t a l  fan  a b o l i s h e d  t h e  epsp  

p r e v i o u s l y  r e c o rd e d  from th e  SRN soma. T h is  su g g e s te d  t h a t  th e  

sy n a p se  was l o c a t e d  p e r i p h e r a l l y  on th e  d i s t a l  fan  o f  t h e  s t r e t c h  

r e c e p t o r  n e u ro n e .  I f  th e  synapse i s  p e r i p h e r a l  c u t t i n g  th e  AA r o o t  

m igh t  be e x p e c te d  n o t  t o  have any e f f e c t  on t h e  psp re c o rd e d  from 

t h e  SRN c e l l  body. However F ig u re  41 shows t h a t  t h i s  was n o t  th e  

c a s e .  F i g u r e  41a i l l u s t r a t e s  t h e  normal s i t u a t i o n  i n  which th e  epsp  

i s  r e c o rd e d  from th e  SRN soma w ith  both  th e  AA and th e  MA n e rv e  

r o o t s  i n t a c t .  I n  t h e  same p r e p a r a t i o n  pane l  b shows t h e  s i t u a t i o n  

d e m o n s t ra te d  in  f i g . 40 . Here, a f t e r  th e  i n i t i a l  r e c o r d in g  o f  th e

p sp  from  t h e  SRN c e l l  body, t h e  r e c o rd in g  e l e c t r o d e s  were withdrw n 

from b o th  p r e -  and p o s t  s y n a p t ic  c e l l s  and th e  MA r o o t  was s e c t io n e d  

a t  p o i n t  X . W ith in  2 .0  min. bo th  t h e  SRN and th e  N^ were r e - im p a le d  

and th e  s y n a p t i c  p o t e n t i a l  searched  f o r .  As in  th e  c a se  o f  th e  

p r e p a r a t i o n  i n  f i g .  40 t h e  psp  was a b o l i s h e d .  In  a n o th e r  p r e p a r a t i o n  

a  p sp  was a g a in  re c o rd e d  from th e  SRN c e l l  body w ith  b o th  AA and MA 

n e rv e  r o o t s  i n t a c t .  Th is  tim e however, t h e  MA n e rv e  was l e f t  i n t a c t  

w h i l s t  t h e  AA ne rve  was c u t  a t  the  p o in t  marked Y. P a n e l  c 

i l l u s t r a t e s  t h e  r e s u l t  o f  t h i s  p ro c e e d u re .  S u r p r i s i n g l y ,  d i s r u p t i o n  

o f  t h e  N^ c e l l  b ranch  to  th e  p rox im al fan  a l s o  r e s u l t e d  i n  t h e  

a b o l i t i o n  o f  th e  epsp  from th e  s t r e t c h  r e c e p t o r  neurone c e l l  body. 

T h is  l a t t e r  p ro c e e d u re  c u t s  th e  s t r e t c h  r e c e p to r  axon i n  t h e  AA 

r o o t ,  a s  w e l l  as  th e  N^ c e l l  b ranch  t o  t h e  p rox im al f a n .  I t  a p p e a rs  

t h e r e f o r e  t h a t  th e  i n t e g r i t y  o f  th e  p o s t - s y n a p t i c  c e l l  needs t o  be 

m a in ta in e d  i n  o r d e r  t h a t  t h e  epsp  may be r e c o r d e d .
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F i g u r e  4 1 . The SRN e p sp  e l i c i t e d  upon s t i m u l a t i o n  o f  t h e  N, c e l l  
b e f o r e  and a f t e r  c u t t i n g  th e  MA o r  t h e  AA n e rv e  r o o t .  A, Normal 
s i t u a t i o n  w i th  SRN e p sp  (u p p e r  t r a c e )  e l i c i t e d  i n  r e s p o n s e  t o  a 
s i n g l e  d e p o l a r i s a t i o n - e v o k e d  N^ c e l l  a c t i o n  p o t e n t i a l  ( lo w e r  t r a c e ) ,  
AA, MA n e rv e  r o o t s  i n t a c t .  B, A b o l i t i o n  o f  t h e  SRN epsp  (u p p e r  
t r a c e )  i n  t h e  same p r e p a r a t i o n  upon c u t t i n g  t h e  MA n e rv e  r o o t  a t  
p o i n t  X ( r i g h t  hand d iag ram ) In  a n o th e r  p r e p a r a t i o n  th e  AA n e rv e  
r o o t  was c u t  a t  t h e  p o i n t  marked Y ( r i g h t  hand d i a g r a m ) . T h is  
p ro c e e d u re  d i s r u p t s  b o th  t h e  N^ c e l l  axon b ra n c h  t o  t h e  p ro x im a l  SRN 
f a n  a s  w e l l  a s  t h e  SRN axon i t s e l f .  The N^ c e l l  axon b ra n c h  i n  t h e  
MA n e rv e  r o o t  t o  t h e  d i s t a l  SRN fa n  rem a in ed  i n t a c t .  T h is  p ro c e e d u re  
a l s o  r e s u l t e d  i n  t h e  a b o l i t i o n  o f  t h e  e p sp  from t h e  SRN soma (SRN 
u p p e r  t r a c e ,  p r e s y n a p t i c  N^ c e l l  a c t i o n  p o t e n t i a l  lo w e r  t r a c e ) .
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C. Root AA Cut 
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20
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4 .2  The m ed ia l  n o c i c e p t i v e  meohanosensory n e u ro n e .

The two m e d ia l ly  s i t e d  N c e l l s  w i th in  th e  g a n g l io n  ( ) each

have a r e c e p t i v e  f i e l d  which i s  a p p ro x im a te ly  c o - i n c id e n t  w i th  t h a t  

o f  t h e  c e l l  on t h e  same s i d e .  In  a d d i t i o n ,  th e  c e l l  a l s o

s u p p l i e s  th e  c o n n e c t iv e  t i s s u e  su rro u n d in g  th e  v i s c e r a ,  n o x io u s  

m e c h a n ic a l  s t i m u l i  a p p l i e d  t o  which evokes a s i m i l a r  r e sp o n se  t o  

n o x io u s  s t i m u l i  a p p l i e d  t o  i t s  c u ta n e o u s  f i e l d  (B lackshaw, N ic h o l l s  

and P a r n a s ,1 9 8 2 ) ,  Only th e  c e l l s  e x h ib i t e d  t h e  s p e c i a l i s e d  c o i l e d  

t e r m i n a l s  a s s o c i a t e d  w ith  th e  s t r e t c h  r e c e p to r  neurone d e n d r i t e s p  no 

m o rp h o lo g ic a l  a s s o c i a t i o n  betw een th e  o e l l  and t h e  s t r e t c h

r e c e p t o r  neu rone  was seen  (Blackshaw e t . a l .  1981). T h is  o b s e r v a t io n  

was c o n fi rm e d  e l e c t r o p h y s i o l o g i c a l l y  i n  th e  p r e s e n t  s tu d y  and i s  

shown in  f i g u r e  42 . No s y n a p t ic  a c t i v i t y  was re c o rd e d  from th e  

s t r e t c h  r e c e p t o r  neurone  soma i n  resp o n se  t o  s i n g l e  evoked a c t i o n  

p o t e n t i a l s  in  th e  i p s i l a t e r a l  c e l l  body, no r  a f t e r  r e p e a te d  N̂  ̂

c e l l  a c t i o n  p o t e n t i a l s  in  which th e  p o s t - s y n a p t i c  r e s p o n s e  was 

a v e ra g e d  o v e r  a  200 ms p o s t - s t i m u lu s  p e r i o d .

4 .3  The p r e s s u r e  ( P ) meohanosensory neu ron e s .

The s u r p r i s i n g  f i n d  o f  an e x c i t a t o r y  s y n a p t i c  c o n n e c t io n  between 

two p r im a ry  se n so ry  neurones from th e  N^ c e l l  t o  t h e  SRN, r a i s e d  th e  

o b v io u s  q u e s t i o n  w hether  o t h e r  p rim ary  m eohanosensory n e u rones  were 

a l s o  s y n a p t i c a l l y  r e l a t e d  t o  t h e  SRN
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F ig u r e  4 2 . E f f e r e n t  in n e r v a t io n  of  th e  SRN, P a ire d  i n t r a o e l l u a r  
r e c o r d in g s  w ere  made from th e  p e r i p h e r a l  SRN soma (SRN, u p p e r  t r a c e s  
e a c h  p a n e l )  and th e  m edial n o c ic e p t iv e  neurone  (N low er  t r a c e s  
e a c h  p a n e l ) . No s y n a p t ic  a c t i v i t y  was r e c o rd e d  from th e  SRN soma in  
r e s p o n s e  t o  a  s i n g l e ,  d e p o la r i s a t io n - e v o k e d  a c t i o n  p o t e n t i a l  i n  t h e  
i p s i l a t e r a l  Nj. o e l l  body ( to p  p a n e l ,  c u r r e n t  t r a c e  n o t  shown) nor 
a f t e r  r e p e a t e d  N o e l l  a c t i o n  p o t e n t i a l s  i n  which t h ^ ^ o s t - s y n a p t i c  
r e s p o n s e  was averaged  over  a 200 ms p o s t—s tim u lu s  ^B?iod ( low er  
p a n e l ,  4 sweeps a v e ra g e d ,  one p r e - s y n a p t i c  a c t i o n  p o t e n t i a l  shown
o n ly )  .



A p r e v i o u s  e l e c t r o n  m icroscope  s tu d y  o f  t h e  f i n e  s t r u c t u r e  o f  t h e  

SRN d e n d r i t e s  and t h e i r  a s s o c i a te d  N̂  c e l l  t e r m in a l s  showed numerous 

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

o f  t h e  f a n  l y in g  a lo n g s id e  t h e  H R P -f i l le d  o e l l  p r o f i l e s  

(B lackshaw  e t . a l . ) .  In  th e  p r e s e n t  experim en t p a i r e d  i n t r a c e l l u l a r  

r e c o r d i n g s  w ere  made from th e  p e r i p h e r a l  SRN soma and t h e  

i p s i l a t e r a l  c e l l  b o d ie s  o f  th e  l a t e r a l  ( ) and m ed ia l  ( P ĵ )

p r e s s u r e  m eohanosensory  neurons  w i th in  th e  g a n g l io n  in  o r d e r  t o  

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

a s s o c i a t e d  w i th  th e  p e r i p h e r a l  SRN d e n d r i t e s .  The P m eohanosensory  

n e u ro n e s  a r e  th em se lv e s  p r im ary  se n so ry  neurones which respond  t o  

d e fo r m a t io n  o f  th e  s k in  o f  the  l e e c h  w ith  a s low ly  a d a p t in g

d i s c h a r g e  which may l a s t  th ro u g h o u t  a p e r io d  o f  m a in ta in e d  p r e s s u r e .  

T h e i r  t h r e s h o ld  i s  lower th an  t h a t  r e q u i r e d  t o  produce an N c e l l  

d i s c h a r g e ,  ( N ic h o l l s  and B a y lo r ,  1968) Each segm en ta l  g a n g l io n

c o n t a i n s  two p a i r s  o f  P meohanosensory n eu rones  a l l  w i th  s p e c i f i c  

p e r i p h e r a l  r e c e p t i v e  f i e l d s .  The most l a t e r a l l y  s i t e d  P c e l l  ( Pj  ̂ ) 

i n n e r v a t e s  th e  v e n t r a l  quad ran t  o f  the  i p s i l a t e r a l  body w a l l  by way 

o f  b o th  t h e  a n t e r i o r  and p o s t e r i o r  n e rve  r o o t s .  The more m e d ia l l y  

s i t e d  o f  th e  two P c e l l s  ( P^ ) in n e r v a te s  t h e  d o r s a l  q u a d ra n t  o f  

th e  i p s i l a t e r a l  body w a l l  by a s in g l e  axon b ranch  in  th e  d o r s a l  r o o t  

o f  t h e  p o s t e r i o r  n e rv e ,  ( r e f .  i b i d . ) .

F i g u r e  43 shows r e c o r d s  o f  p a i r e d  i n t r a c e l l u l a r  r e c o r d in g s  from 

t h e  SRN and t h e  i p s i l a t e r a l  P^ c e l l  and from th e  SRN and t h e  

i p s i l a t e r a l  P^ c e l l .  Both r e c o r d in g s  were made in  SmM Ca+* R inge r  

s o l u t i o n .  In  th e  to p  pane l  a t r a i n  o f  fo u r  a c t i o n  p o t e n t i a l s  occured  

i n  t h e  P^ c e l l  i n  resp o n se  t o  an i n j e c t e d  d e p o l a r i s i n g  c u r r e n t
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p u l s e ,  ( n o t  show n). T h is  i s  fo llow ed  in  th e  p e r i p h e r a l  SRN o e l l  

b ody , a t  a  c o n s t a n t  l a t e n c y  and on a 1 :1 b a s i s  by f o u r  e p s p ' s  (> 1 .0  

mV). The e p s p ' s  summated to  d e p o la r i s e  th e  SRN soma by a p p ro x im a te ly  

3 .0  mV. Both th e  l a t e r a l  and the  m edial p r e s s u re  m eohanosensory  

n e u ro n e s  w ere  e x c i t a t o r y  t o  t h e  s t r e t c h  r e c e p to r  n e u ro n e .  The bottom  

p a n e l  i n  f i g u r e  43 shows th e  summation o f  two e p s p 's  in  th e  SRN soma

i n  r e s p o n s e  t o  t h e  f i r s t  two o f  t h r e e  a c t i o n  p o t e n t i a l s  i n  t h e  P
m

c e l l  body. Note a l s o  the  f a i l u r e  o f  th e  t h i r d  psp a f t e r  th e  l a s t  P
m

c e l l  a c t i o n  p o t e n t i a l .  I t  was n o t  known whether any o f  th e

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

r e c e p t o r  neu rone  fa n  were indeed  P c e l l  t e r m i n a l s .  I t  i s  u n l i k e l y  

however t h a t  t h e  m edia l P c e l l  c o n ta c t s  t h e  p e r i p h e r a l  SRN fa n  

d i r e c t l y .  The P^ c e l l  in n e r v a te s  i t s  d o r s a l  r e c e p t i v e  f i e l d  v i a  a 

s i n g l e  axon b ran c h  in  th e  d o r s a l  b ranch  o f  th e  p o s t e r i o r  n e rv e  r o o t  

( N i c h o l l s  and B a y lo r ,  1968). This  ana to m ic a l  a rrangem en t would 

n e c e s s i t a t e  e i t h e r  a d i r e c t  c e n t r a l  c o n n e c t io n  from th e  P^ c e l l  to  

th e  SRN o r  a  p o ly —s y n a p t ic  c e n t r a l  c o n n e c t io n  t o  a neurone t h a t  

p r o j e c t s  t o  t h e  SRN f a n .

4 .4  The to u ch  ( T ) mechanosensorv neurones

A s i m i l a r  s tu d y  t o  t h a t  o f  th e  P c e l l s  was c a r r i e d  ou t  upon th e  

i p s i l a t e r a l  to u c h  ( T ) m echanosensory n e u ro n e s .  These a r e  p r im ary  

s e n s o r y  n e u ro n e s  which respond w ith  a r a p i d l y  a d a p t in g  , h ig h  

f r e q u e n c y  r e s p o n s e  t o  l i g h t  touch  o f  the  s k in .  S ix  T c e l l s  a r e  

s i t u a t e d  w i t h in  each  segm ental g a n g l io n ,  t h r e e  on each s i d e .  The
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F ig u r e  4 4 . A l l  t h r e e  i p s i l a t e r a l  touch  m echanosenso ry  n e u ro n e s  a r e  
p r e - s y n a p t i c  t o  th e  SRN. P a ire d  i n t r a c e l l u l a r  r e c o r d i n g s  w ere  made 
from th e  p e r i p h e r a l  SRN soma (SRN) and from th e  i p s i l a t e r a l  touch  
m echanosensory  neurones  which i n n e r v a t e  v e n t r a l  (Ty) , l a t e r a l  (Tj^) 
and d o r s a l  (T_) a k in  t e r r i t o r i e s .  A c t io n  p o t e n t i a l s  evoked  by d i r e c t  
d e p o l a r i s a t i o n  in  a l l  t h re e  i p s i l a t e r a l  t o u c h  c e l l s  e l i c i t e d  
p o s t - s y n a p t i c  p o t e n t i a l s  i n  t h e  SRN soma ( c u r r e n t  t r a c e s  n o t  shown). 
Time s c a l e  common t o  a l l  p a n e l s .
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r e c e p t i v e  f i e l d s  o f  each T c e l l  have been e x t e n s i v e l y  mapped, 

( N i c h o l l s  and B a y lo r ,  1968 ; Yau, 1976). Each T c e l l  i n n e r v a t e s  a 

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

i n  i t s  own segment and in  a d ja c e n t  p a r t s  o f  th e  two n e ig h b o u r in g  

s e g m e n ts .  The most m e d ia l ly  s i t u a t e d  T c e l l  in  t h e  g a n g l io n  

i n n e r v a t e s  th e  l a t e r a l  t h i r d  o f  th e  i p s i l a t e r a l  body w a l l  and i s  

d e s i g n a t e d  t h e  l a t e r a l  touch  c e l l .  ( The most l a t e r a l l y

s i t u a t e d  T c e l l  in  the  segm ental g a n g lio n  in n e r v a te s  th e  d o r s a l  

t h i r d  o f  t h e  body w a l l ,  t h i s  i s  th e  d o r s a l  touch c e l l  ( w h i l s t

t h e  m id d le  T c e l l  in  th e  g a n g l io n  in n e r v a te s  the  v e n t r a l  t h i r d  o f  

t h e  i p s i l a t e r a l  body w a l l  and i s  d e s ig n a te d  th e  v e n t r a l  touch  c e l l

( Ty Both Ty and Tl neurones have axons e x te n d in g  i n t o  b o th  t h e  

p o s t e r i o r  and a n t e r i o r  i p s i l a t e r a l  ne rve  r o o t s  b u t  n o t  th e  d o r s a l

r o o t ,  w h i l s t  t h e  o e l l  has a s in g l e  axon b ranch  e x te n d in g  i n t o  t h e  

d o r s a l  n e rv e  r o o t .

F i g u r e  44 i l l u s t r a t e s  t h a t  a c t i o n  p o t e n t i a l s  in  a l l  t h r e e  touch  

c e l l s  r e s u l t e d  in  e x c i t a t o r y  p o s t - s y n a p t i c  p o t e n t i a l s  in  th e  soma 

t h e  s t r e t c h  r e c e p t o r  n eu ro n e .  The e p s p 's  were com parable i n  s i z e  to  

th e  c e l l  epsp  (1 -2  mV) . Once a g a in  f a i l u r e  o f  s y n a p t i c  p o t e n t i a l s

was som etim es observed  in  th e  s t r e t c h  r e c e p to r  neurone soma a f t e r  

r e p e a t e d  im pu lses ;  in  t h e  T^ c e l l  ( e g .  to p  t r a c e  f i g .44) . S im i la r  t o  

t h e  c e l l ,  t h e  Tp c e l l  has a s in g l e  axon e x te n d in g  i n t o  t h e  d o r s a l

n e rv e  r o o t  which makes i t  u n l i k e l y  t h a t  th e  observed  SRN epsp i s  th e  

r e s u l t  o f  a d i r e c t  synapse between th e  T^ o e l l  and th e  SRN f a n  i n  

th e  p e r ip d ie r y .
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F i g u r e  4 5 . C o n t r a l a t e r a l  m echanosensory n eu rones  a r e  n o t  
p r e - s y n a p t i c  t o  t h e  SRN. P a ire d  i n t r a c e l l u l a r  r e c o r d in g s  were made 
from th e  c o n t r a l a t e r a l  l a t e r a l  n o c ic e p t iv e  neurone c e l l  body (N ) 
and th e  SRN (upper  p an e l)  and from th e  SRN and th e  c o n t r a l a t e r a l  
m ed ia l  p r e s s u r e  mechanosensory neurone (P^, low er  p a n e l ) . An a c t i o n  
p o t e n t i a l  e l i c i t e d  by d i r e c t  d e p o l a r i s a t i o n  o f  th e  N^ c e l l  body 
( c u r r e n t  n o t  shown) d id  n o t  evoke synapyic  a c t i v i t y  in  th e  SRN. A 
t r a i n  o f  t h r e e  a c t i o n  p o t e n t i a l s  e l i c i t e d  by i n j e c t i o n  o f  
d e p o l a r i s i n g  c u r r e n t  (n o t  shown) i n to  th e  c o n t r a l a t e r a l  P c e l l  d id  
n o t  evoke s y n a p t ic  a c t i v i t y  in  th e  SRN d i r e c t l y  c o r r e l a t e d  to  th e  
p r e - s y n a p t i c  v o l l e y .



4 .5  C o n t r a l a t e r a l  meohanosensory n e u ro n e s .

F i g u r e  45 shows th e  r e s u l t  o f  p a ir e d  i n t r a c e l l u l a r  r e c o r d in g s  

b e tw e en  t h e  SRN soma and two c o n t r a l a t e r a l  m echanosensory  c e l l s .  A 

s i n g l e  a c t i o n  p o t e n t i a l  evoked by d i r e c t  d e p o l a r i s a t i o n  o f  th e  

c o n t r a l a t e r a l  N^ c e l l  body d id  n o t  evoke any a c t i v i t y  i n  t h e  s t r e t c h  

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

d e p o l a r i s a t i o n  o f  t h e  c o n t r a l a t e r a l  c e l l  body however r e s u l t e d  in  

a  weak d e p o l a r i s a t i o n  o f  th e  SRN p o s t - s y n a p t i c  membrane. S ince  a l l  

m echanosenso ry  neu rones  have s t r i c t l y  i p s i l a t e r a l y  d i r e c t e d  a x o n s ,  

i t  seems most u n l i k e l y  t h a t  t h i s  r e p r e s e n t s  a d i r e c t  synapse  upon 

t h e  c o n t r a l a t e r a l  p e r i p h e r a l  SRN d e n d r i t i c  fan  and i s  more l i k e l y  to  

r e s u l t  from e i t h e r  a c e n t r a l  P^ -  SRN synapse  m edia ted  by c e n t r a l  P̂  ̂

c e l l  b ra n c h e s  t h a t  sometimes c r o s s  the  m id l in e  o f  th e  g a n g l io n  

(M u l le r  and McMahan, 1976) o r  a m u l t i - s y n a p t i c  i n t e r a c t i o n .
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SECTION 5 .0  SRN CONTACTS WITH IDENTIFIED SEGMENTAL MOTONEURONES: 

AFFERENT MODULATION OF MOTOR OUTPUT.

P r e v io u s  b e h a v io u r a l  and p h y s io lo g ic a l  o b s e r v a t io n s  have 

p r e s e n te d  ev id en ce  f o r  the  e x i s t e n c e  o f  p r o p r i o c e p t iv e  feedback  

c a p a b le  o f  m o d u la tin g  th e  c e n t r a l l y  g e n e ra te d  locom oto ry  p a t t e r n s  o f  

t h e  l e e c h ,  (G ray , Lissmann and Pumphrey, 1938 ; K r i s t a n  and S t e n t ,  

1976) , U n t i l  r e c e n t l y  however th e  i d e n t i t y  o f  t h e  a f f e r e n t  o r  

a f f e r e n t s  in v o lv e d  was unknown. In  the  p r e s e n t  s tu d y ,  p e r i p h e r a l  

n e u ro n e s  i n  c lo s e  a s s o c i a t i o n  w i th  t h e  l o n g i t u d i n a l  m uscle o f  t h e  

body w a l l  have been d e s c r ib e d .  They t r a n s m i t  imposed v o l t a g e  changes 

d e o r e m e n ta l l y  t o  t h e  CNS, and m oreover th e y  respond t o  changes in  

body w a l l  l e n g t h  w ith  ana logue  v o l ta g e  s i g n a l s ,  g raded  in  r e l a t i o n  

t o  t h e  f i n a l  a m p li tu d e  and v e l o c i t y  o f  t h e  d i s p la c e m e n t .  An o b v ious  

q u e s t i o n  was w hether  a c t i v i t y  w i th in  th e  SRN can i n i t i a t e  o r  

m o d u la te  motoneurone d i s c h a r g e .  A cco rd in g ly  t h e  c e n t r a l  c o n n e c t io n s  

o f  t h e  SRN w i th  i d e n t i f i e d  m otoneurones to  th e  l o n g i t u d i n a l  m uscle 

w ere  i n v e s t i g a t e d  i ) , m o rp h o lo g ic a l ly  by p a i r e d  i n t r a c e l l u l a r  

i n j e c t i o n s  o f  th e  a f f e r e n t  SRN and i d e n t i f i e d  m otoneurones and 

i i ) . e l e c t r o p h y s i o l o g i c a l l y  by a) p a i r e d  r e c o r d in g s  o f  a f f e r e n t  and 

m otoneurone a c t i v i t y  t o  look f o r  m o d u la tio n  o f  e f f e r e n t  a c t i v i t y  

p roduced  by ana logue  v o l ta g e  changes w i th in  t h e  s t r e t c h  r e c e p to r  

n e u r o n e ,  and by b ) ,  u s in g  the  method o f  cohe rence  a n a l y s i s  a p p l i e d  

t o  t h r e e  m otoneurone sp ik e  t r a i n s  and th e  SRN i n p u t .
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Morph o lo g y  and c o n ta c ts  o f id e n t i f i e d  segm entai

m otoneu rones.

I n  1970, Ann S t u a r t  d e s c r ib e d  14 p a i r s  o f  e x c i t a t o r y  and 3 p a i r s  

o f  i n h i b i t o r y  m otoneurones which t o g e t h e r  s u p p ly  th e  f i v e  d i f f e r e n t  

m usc le  g r o u p s  i n  each  segment o f  t h e  l e e c h .  Each o f  t h e s e  n eu ro n es  

can be r e c o g n i s e d  i n  a l l  o f  th e  21 midbody segm enta l  g a n g l i a  and 

ea ch  i n n e r v a t e s  a  s p e c i f i c  t e r r i t o r y  o f  muscle f i b r e s  which has  a 

c o n s i s t e n t  l o c a t i o n  from segment t o  segm ent.

F o u r  b i l a t e r a l l y  homologous p a i r s  o f  m otoneurones were i d e n t i f i e d  

on th e  d o r s a l  s u r f a c e  o f  the  g a n g lio n  which s u p p ly  e x c i t a t o r y  

i n n e r v a t i o n  t o  p a r t  o f ,  o r  a l l  o f ,  t h e  v e n t r a l  l o n g i t u d i n a l  m u sc le ,  

( s e e  S t u a r t ,  1970, t e x t  f i g . 6 ) .  One o f  t h e s e  p a i r s  o f  c e l l s ,  t h e  

l a r g e  l o n g i t u d i n a l  motoneurone (L c e l l ) ,  s u p p l i e s  e x c i t a t o r y  

i n n e r v a t i o n  t o  th e  l o n g i t u d i n a l  muscle over  th e  e n t i r e  c o n t r a l a t e r a l  

segm ent from t h e  d o r s a l  m id l in e  t o  t h e  v e n t r a l  m id l in e .  The l e f t  and 

r i g h t  L c e l l s  a r e  th e  l a r g e s t  o f  th e  m otoneurones and a r e  

c o n s p ic u o u s ly  s i t u a t e d  a t  th e  base  o f  t h e  a n t e r i o r  r o o t  i n  t h e  

p o s t e r i o r  p a c k e t  o f  th e  s e g n e n ta l  g a n g l io n .  They a r e  e l e c t r i c a l l y  

c o u p le d  t o  each  o t h e r  by a n o n - r e c t i f y i n g  e l e c t r i c a l  s y n a p se ,  

( S t u a r t ,  1970), c o n s e q u e n t ly  s p ik in g  a c t i v i t y  w i th in  one c e l l  i s  

m i r ro r e d  by i t s  p a r t n e r .  As a consequence , sym m etr ica l  s h o r te n in g  o f  

t h e  segment i s  b rough t  abou t by combined a c t i v i t y  w i th in  th e  p a i r  o f  

c e l l s .
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F i g u r e  4 6 . L o c a t io n  o f  p o s s ib l e  s y n a p t i c  s i t e s  betw een t h e  SRN and 
and t h e  L m otoneurone. Schematic d iagram  showing th e  axon 
p r o j e c t i o n s  o f  th e  c o n t r a l a t e r a l  c e l l  body o f  th e  L motoneurone (L) 
and t h e  p e r i p h e r a l  SRN i n t o  t h e  a n t e r i o r  and p o s t e r i o r  ne rve  r o o t s  
o f  th e  s e g n e n t a l  g a n g l io n ,  A s in g l e  axon p ro ce s s  a r i s e s  from th e  
c o n t r a l a t e r a l  L c e l l  body and c r o s s e s  t h e  g a n g l io n o ic  m id l in e .  A 
l a r g e r  axon b ranch  th en  e x te n d s  i n to  th e  p o s t e r i o r  n e rve  r o o t  and a 
s m a l l e r  d i a m e te r  b ranch  e x te n d s  i n t o  t h e  a n t e r i o r  n e rv e  r o o t .  The 
a n t e r i o r  b ran c h  o f  th e  L c e l l  and th e  a f f e r e n t  SRN axon run  p a r a l l e l  
i n  t h e  a n t e r i o r  n e rv e  r o o t .  The a r e a  i n  th e  r e c t a n g l e  i s  shown i n  
g r e a t e r  d e t a i l  i n  f i g u r e  47,



F ig u r e  4 7 . P a r t  o f  a whole mount p r e p a r a t i o n  o f  a  s e g m e n ta l  g a n g l i o n  
which c o n t a i n s  b o th  t h e  c e n t r a l  p r o j e c t i o n  o f  t h e  SRN and t h e  L c e l l  
motoneurone a r b o u r .  Both c e l l s  were i n j e c t e d ,  v i a  th e  c e l l  b o d ie s  
w i th  HRP. I l u s t r a t e d  i s  t h a t  l a t e r a l  m argin  o f  t h e  n e u r o p i l e  a t  t h e  
base  o f  th e  a n t e r i o r  and p o s t e r i o r  n e rv e  r o o t s  i l l u s t r a t e d  i n  f i g u r e  
46 . The l a r g e  d ia m e te r  (10|im) axon o f  th e  SRN e n t e r s  t h e  s e g m e n ta l  
g a n g l io n  in  th e  a n t e r i o r  n e rv e  r o o t .  The a n t e r i o r  e f f e r e n t  axon 
b ra n c h  o f  t h e  L c e l l  r u n s  i n  t h e  a n t e r i o r  n e rv e  r o o t  p a r r a l l e l  t o  
th e  a f f e r e n t  SRN axon. Numerous f i n e  s id e  b ra n c h e s  a r i s e  from th e  
a n t e r i o r  b ranch  o f  t h e  L c e l l  axon and a r e  s e q u e n t i a l l y  s tu d d e d  
a lo n g  a 30pm s t r e t c h  o f  th e  SRN axon (a r row s)  p r o i r  t o  t h e  b r a n c h in g  
o f  t h e  SRN axon i n  t h e  n e u r o p i l e .
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 ̂ I d e n t i f i c a t i on and c o n ta c ts  o f swim-mo ton eu rones

A number o f  th e  m otoneurones d esc ibed  by S t u a r t  (1 9 7 0 ) ,  in c lu d in g  

t h e  m a j o r i t y  o f  th o se  in n e r v a t in g  th e  l o n g i t u d i a n l  m uscle a r e  

i n v o lv e d  in  th e  swimming rhythm o f  th e  l e e c h .  Many o f  t h e s e ,  p lu s  

o t h e r ,  p r e v i o u s l y  u n i d e n t i f i e d ,  m otoneurones have been  f u r t h e r  

c h a r a c t e r i s e d  and t h e i r  r o l e s  in  th e  swimming rhythm docum ented, 

( O r t ,  K r i s t a n  and S t e n t ,  1974). The o e l l  b o d ie s  o f  a l l  t h e  

m o toneurones  d e s c r i b e d ,  w ith  a c t i v i t y  r e l a t e d  t o  th e  swimming 

rh y th m , l i e  on t h e  d o r s a l  a s p e c t  o f  t h e  g a n g l io n .  They may be 

t e n t a t i v e l y  i d e n t i f i e d  from th e  p o s i t i o n  occup ied  by each  c e l l  body 

i n  r e l a t i o n  t o  t h e  g l i a l  c e l l  packe t  m argins and o t h e r  c e l l  b o d ie s  

w i t h i n  th e  g a n g l io n .  A f u r t h e r  c lu e  t o  the  i d e n t i f i c a t i o n  o f  

i n d i v i d u a l  neu rones  may be made from t h e i r  c h a r a c t e r i s t i c  p e r i p h e r a l  

b r a n c h in g  p a t t e r n  in  the  segm ental n e rv e s  as  de te rm ined  by 

e x t r a c e l l u l a r  e l e c t r i c a l  mapping o f  t h e  motoneurone a c t i o n  

p o t e n t i a l ,  ( r e f ,  i b i d . )

A p r e l i m i n a r y  su rv e y  was c a r r i e d  ou t  t o  d e te rm in e  w he ther  

i n d i v i d u a l  m otoneurones e x h ib i te d  c h a r a c t e r i s t i c  m orpoholog ies  and 

w h e th e r  th e y  cou ld  be i d e n t i f i e d  on t h i s  c r i t e r i a  a lo n e ,  a s  r e v e a le d  

by i n t r a c e l l u l a r  i n j e c t i o n  o f  HRP.

Of t h e  numerous c e l l  b o d ie s  on th e  d o r s a l  a s p e c t  o f  t h e  g a n g l io n  

a g roup  c o n ta in in g  bo th  i n h i b i t o r y  and e x c i t a t o r y  m otoneurones to  

t h e  l o n g i t u d i n a l  m uscle may be i n v a r i a b l y  re c o g n ise d  as a c l u s t e r  o f  

s e v en  c e l l s  i n  th e  p o s t e r i o r  g l i a l  p ack e t  o f  the  segm en ta l  g a n g l io n .
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F i g u r e  4 8 . C e l l  body map o f  t h e  d o r s a l  a s p e c t  o f  a  midbody segm en ta l  
g a n g l i o n  showing t h e  numbering system used t o  d e f i n e  m otoneurone 
c e l l  b o d ie s  (from  (O rt  e t  a l ,  1974). Although t h i s  numbering system  
i s  c o n s id e r e d  t o  be p r o v i s i o n a l ,  t h e  numbered c e l l s  1-7 d e s c r ib e d  in  
th e  t e x t  may be i n v a r i a b l y  re c o g n ise d  as  a c l u s t e r  o f  seven  l a r g e  
n e u ro n e s  l y i n g  m e d ia l l y  and b i l a t e r a l l y  in  t h e  p o s t e r i o r  g l i a l  
p a c k e t  o f  th e  g a n g l io n .
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These  c e l l s  a r e  shown i n  f i g u r e  48. T h is  shows th e  d o r s a l  a s p e c t  o f  

a  se g m e n ta l  g a n g l io n  i n  which t h e  o u t l i n e s  o f  t h e  m otoneurones have 

been  t r a c e d  a f t e r  M ethylene  Blue s t a i n i n g ,  (from  M u l le r ,  N ic h o l l s  

aimi S t e n t ,  1 9 8 1 ) .  The group  o f  seven  m otoneurones , numbered 1 — 7 

a r e  a r r a n g e d  c h a r a c t e r i s t i c a l l y  i n  two rows along  th e  m ed ia l  edge o f  

t h e  p o s t e r i o r  g l i a l  p a c k e t , t h e i r  homologous p a i r s  l y in g  i n  t h e  

c o n t r a l a t e r a l  h a l f  o f  th e  g a n g l io n .  Three o f  th e s e  c e l l s  were 

i n j e c t e d  i n t r a c e l l u l a r y  w i th  h o r e s r a d i s h  p e ro x id a s e  and t h e i r

c h a r a c t e r i s t i c  a r b o r i s a t i o n s  d e s c r i b e d .  C o n f i rm a tio n  o f  t h e i r

i d e n t i t y  was made from t h e  r e g io n  o f  l o n g i t u d i n a l  m uscle i n n e r v a te d  

by e a c h  m otoneurone ( S t u a r t , 1970). E i t h e r  an e x p lo r a t i o n  o f  th e

l o n g i t u d i n a l  m uscle f i b r e s  o f  t h e  segment was made i n  o r d e r  t o  

r e c o r d  e x c i t a t o r y  j u n c t io n  p o t e n t i a l s  ( e j p ' s )  w i th  a  1 :1

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

i n s p e c t i o n  was made o f  th e  c o n t r a c t i n g  r e g io n  o f  l o n g i t u d i n a l  m uscle  

upon d e p o l a r i s a t i o n  o f  t h e  motoneurone c e l l  body w i th in  t h e

g a n g l i o n .

F i g u r e  49 shows a whole mount p r e p a r a t i o n  o f  a segm en ta l  g a n g l io n  

i n  which a motoneurone was i n j e c t e d  i n t r a c e l l u l a r y  w i th  h o r s e r a d i s h  

p e r o x i d a s e .  From t h e  p o s i t i o n  occup ied  by th e  soma on t h e  d o r s a l  

s i d e  o f  th e  g a n g l io n  t h i s  c e l l  was t e n t a t i v e l y  i d e n t i f i e d  as  an 

e x c i t a t o r y  m otoneurone t o  t h e  d o rso m e d ia l  l o n g i t u d i n a l  m u s c le , 

( u n d e s c r ib e d  by S t u a r t ,  d e s ig n a te d  c e l l  3 by O rt e t . a l .  1974). T h is  

d e s i g n a t i o n  was confirm ed  by p a i r e d  i n t r a c e l l u l a r  r e c o r d in g  from t h e  

mo t o  neu rone  c e l l  body and th e  l o n g i t u d i n a l  n&iscle f i b r e s  o f  th e  body 

w a l l .  F i g u r e  50a shows in  t h e  bottom  t r a c e  sp o n taneous  s p ik in g  

a c t i v i t y  r e c o rd e d  frcxn th e  o e l l  3 soma. The to p  t r a c e  i s  a
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F i g u r e  4 9 . Whole mount p r e p a r a t i o n  o f  a  se g m e n ta l  g a n g l i o n  i n  w hich 
t h e  c e l l  body o f  a  m otoneurone  was i n j e c t e d  i n t r a c e l l u l a r l y  w i th  
H o r s e r a d i s h  p e r o x i d a s e .  From th e  p o s i t i o n  oc u p ie d  by th e  c e l l  body 
t h i s  c e l l  was t e n t a t i v e l y  i d e n t i f i e d  as  one o f  t h e  e x c i t a t o r y  
m o toneu rones  t o  t h e  d o rs o m e d ia l  l o n g i t u d i n a l  m usc le  ( d e s i g n a t e d  c e l l  
3 by O r t  e t  a l ,  1 9 7 4 ) .  A s i n g l e  p r o c e s s  a r i s e s  from t h e  soma t o  
d i s t r i b u t e  b ra n c h e s  i n  th e  ip 5 i  and c o n t r a l a t e r a l  n e S r o p i l e s .  A 
Singhs axon e x te n d s  i n t o  t h e  c o n t r a l a t e r a l  p o s t e r i o r  n e rv e  r o o t . 
S c a le  b a r  250pm. A n t e r i o r  c o n n e c t iv e  to p  o f  p l a t e .
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5 0 mV
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Figure 50. Paired in t ra c e l lu la r  recordings from motoneurone and 
long itud inal muscle f ib re ,  a. Spontaneous spiking a c t i v i t y  was 
r e c o r d e d  from th e  c e n t r a l  o e l l  body o f  motoneurone c e l l  3 ( low er
t r a c e )  and from a  l o n g i t u d i n a l  muscle f i b r e  i n  th e  v e n t r a l  body w a l l
of the l e e c h  (upper trace ,  E -62mV). No corre la tion  was seen
between spiking a c t i v i t y  in the motoneurone and the synaptic
a c t i v i t y  r e c o rd e d  from th e  muscle f i b r e ,  b .  S im ultaneous  p a i r e d  
i n t r a c e l lu la r  recordings from the same preparation from iiDtoneurone 
o e l l  3 ( lo w e r  t r a c e )  and from a l o n g i t u d in a l  muscle f i b r e  l y in g  i n  
the dorsal body wall (upper t r a c e ) . Excitatory junction p o ten tia ls  
were recorded from the muscle f ib re  following action po ten tia ls  in 
the motoneurone soma on a 1:1 basis and with a constant latency. The 
motoneurone was therefore considered to supply e x c i t a t o r y  
innervation to  the dorsal l o n g i t u d in a l  m u sc le .



s im u l ta n e o u s  i n t r a c e l l u l a r  r e c o r d in g  from a l o n g i t u d i n a l  m uscle 

f i b r e  from  t h e  v e n t r a l  body w a l l .  No c o r r e l a t i o n  was s e e n  betw een 

th e  a c t i v i t y  i n  th e  motoneurone and t h a t  in  the  v e n t r a l  l o n g i t u d i n a l  

m u s c l e . F i g u r e  50b shows a simultaneous in t ra c e l lu la r  recording, 

from th e  same p r e p a r a t i o n ,  from motoneurone 3 and from a 

l o n g i t u d i n a l  m uscle  f i b r e  l y in g  in  th e  d o r s a l  body w a l l .  E x c i t a t o r y  

j u n c t i o n  p o t e n t i a l s  were re c o rd e d  in  th e  muscle f i b r e  fo l lo w in g  on a 

1 :1  b a s i s  and w i th  a c o n s ta n t  l a t e n c y ,  t h e  im pulse  a c t i v i t y  i n  t h e  

m otoneurone c e l l  body. This motoneurone therefore provided 

e x c i t a t o r y  i n n e r v a t i o n  t o  t h e  d o r s a l  l o n g i t u d i n a l  m u sc le .

In accordance with the previously mapped peripheral projection 

p a tte rn  of th i s  motoneurone in the segmental nerves, (Ort e t . a l . 

1974) t h i s  m otoneurone p o s s e s s e s  a s in g l e  axon which e x te n d s  i n t o  

the c o n tra la te ra l  posterio r  nerve roo t.  The arborisation  of th is  

motoneurone within the ganglion is  ch a rac te r is t ic  in i t s  

d i s t r ib u t io n  of branches within both ip s i -  and co n tra la te ra l  

n eu ro p i le s . As seen in a previous morphological study of the L c e l l  

and annulus e r rec to r  (AE) motoneurone (Muller and McMahan, 1976), i t  

i s  th e  p a t t e r n  o f  th e  seconda ry  p ro c e s s e s  o f  t h i s  c e l l  which i s  

d is t in c t iv e  and typ ica l  for th is  pa r t icu la r  motoneurone.

Figure 51 shows a whole mount preparation of a segmental ganglion 

in  which a d i f f e re n t  motoneurone was injected in tra c e l lu la ry  with 

HRP. From th e  p o s i t i o n  occupied  from the  c e l l  body w i th in  th e  

g a n g l i o n ,  t h i s  c e l l  was t e n t a t i v e l y  i d e n t i f i e d  as  t h e  v e n t r o l a t e r a l  

m otoneurone ( v l ) ,  ( S t u a r t ,  1970) ,  o th e rw is e  known as  c e l l  8 , (O rt
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F ig u r e  51. Whole mount p r e p a r a c i o n  o f  a s e g m e n ta l  g a n g l i o n  i n  which 
t h e  c e n t r a l  c e l l  body o f  a m otoneurone was i n j e c t e d  w i t h  H o r s e ra d i s h  
p e r o x id a s e .  From th e  p o s i t i o n  o ccup ied  by th e  soma on th e  d o r s a l  
a s p e c t  o f  t h e  g a n g l io n  t h i s  o e l l  was t e n t a t i v e l y  i d e n t i f i e d  a s  th e  
v e n t r o l a t e r a l  motoneurone ( v l ,  S t u a r t , 1970 , c e l l  8 O r t  e t a l ,  1974) ,  
I d e n t i f i c a t i o n  o f  t h i s  m otoneurone was c o n f i rm e d  by o b s e rv in g  
c o n t r a c t i o n  o f  t h e  v e n t r a l  a r e a  o f  l o n g i t u d i n a l  m u sc le  upon  d i r e c t  
d e p o l a r i s a t i o n  o f  t h e  m otoneurone c e l l  body . The s e c o n d a r y  b ran c h e s  
o f  t h i s  motoneurone show a c h a r a c t e r i s t i c  and t y p i c a l  b ran c h in g  
p a t t e r n  w i th in  tibs i p s i -  and c o n t r a l a t e r a l  n e u r o p i l e s  w hich i s  
d i f f e r e n t  f o r  t h a t  shown f o r  o e l l  3 ( f i g u r e  49) . A n t e r i o r  
c o n n e c t i v e , to p  o f  p l a t e .  S c a le  b a r  250pm.
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e t . a l .  1 9 7 4 ) .  I t  i s  e x c i t a t o r y  t o  th e  v e n t r a l  l o n g i t u d i n a l  m uscle  

and has a t e r r i t o r y  extending from the black la te ra l  s tr ip e  of the 

animal to  the ventral m idline. Depolarisation of th is  motoneurone by 

i n j e c t i n g  p o s i t i v e  c u r r e n t  v i a  t h e  m ic ro e le c t ro d e  i n t o  t h e  c e l l  body 

i n i t i a t e d  h ig h  f re q u e n c y  s p ik in g  a c t i v i t y  which in  tu rn  i n i t i a t e d  

c o n t r a c t i o n  o f  t h e  v e n t r a l  a r e a  o f  l o n g i t u d i n a l  m usc le .

I t  possesses a single process which crosses the ganglion to 

p r o j e c t  a  s i n g l e  axon i n t o  t h e  c o n t r a l a t e r a l  p o s t e r i o r  n e rv e  r o o t  

which also corresponds to  i t s  previously mapped projection pattern  

in  the peripheral segmental nerves. Similar to the excita to ry  

dorsomedial motoneurone (ce l l  3), the secondary branches of th is  

ven tra l  motoneurone also  show a ch a rac te r is t ic  and typical branching 

p a t te rn  within both the ip s i -  and con tra la te ra l  neuropiles which is  

d i f f e r e n t  from th a t  of the dorsal motoneurone.

Dual i n t r a c e l l u l a r  h o r s e r a d i s h  p e ro x id a s e  i n j e c t i o n s  were c a r r i e d  

o u t  t o  s tu d y  t h e  l o c a t i o n  and d i s t r i b u t i o n  o f  c o n t a c t s  be tw een  th e

SRN and a th ird  motoneurone, involved in the swimming rhythm and 

id e n t i f ie d  from the position  of i t s  soma within the ganglion and the 

c h a ra c te r is t ic  shape of i t s  dendritic tree  within the neuropile . 

This c e l l , the in h ib ito ry  motoneurone to the ventral longitudinal 

muscle, (designated c e l l  I - l - v ,  S tu a r t , 1970 or c e l l  2,  Ort e t . a l .

1 9 7 4 ) ,  s u p p l i e s  i n h i b i t o r y  i n n e r v a t i o n  t o  t h e  v e n t r a l  l o n g i t u d i n a l  

muscle in an area extending from the ventral midline to the black 

l a t e r a l  s t r i p e  o f  t h e  l e e c h .  I t  i s  a  member o f  th e  c e n t r a l  swimming 

o s c i l l a t o r  n e tw o rk ,  (Poon, F r i e s e n  and S t e n t ,  1978), i . e .  one o f  th e
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F i g u r e  5 2 . D i s t r i b u t i o n  o f  c o n t a c t s  betw een t h e  SRN and th e  
i n h i b i t o r y  m otoneurone  t o  t h e  v e n t r a l  l o n g i t u d i n a l  m u s c le .  Whole 
mount p r e p a r a t i o n  o f  a  s e g m e n ta l  g a n g l io n  i n  w hich th e  p e r i p h e r a l  
SRN soma and t h e  c e n t r a l  c e l  body o f  t h e  i n h i b i t o r y  m otoneurone  t o  
th e  v e n t r a l  l o n g i t u d i n a l  m uscle  were i n j e c t e d  w i th  H o r s e r a d i s h  
p e r o x i d a s e .  The l a r g e  axon  o f  t h e  SRN e n t e r s  t h e  s e g m e n ta l  g a n g l io n  
i n  th e  a n t e r i o r  n e rv e  r o o t  and d i s t r i b u t e s  b ra n c h e s  w i t h i n  th e  
n e u r o p i l e  i p s i l a t e r a l  t o  t h e  SRN ( s e e  a l s o  f i g u r e  6 ) .  The v e n t r a l  
i n h i b i t o r y  m otoneurone ( I - l - v ,  S t u a r t ,  1970) a r b o u r i s e s  on b o th  
s i d e s  o f  t h e  g a n g l i o n  i n  a  b r a n c h in g  p a t t e r n  d i s t i n c t  from t h a t  
shown by e i t h e r  m o toneu rones  3 o r  8 ( see  f i g u r e s  49 and 5 1 ) .  C lo se  
apposition  of the SRN and motoneurone branches occur a t  po in ts  
w i t h i n  the neuropile i p s i l a t e r a l  to  the SRN. The I - l - v  motoneurone 
c o n t a c t s  t h e  SRN on i t s  axon a t  t h e  b a se  o f  t h e  a n t e r i o r  n e rv e  r o o t  
( a r ro w s )  w i th  a  s u c c e s s i o n  o f  f i n e  p r o c e s s e s .  A n t e r i o r  c o n n e c t i v e ,  
t o p  o f  p l a t e .  S c a le  b a r  250pm.
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intersegment al chain of n e u ro n e s  co n n e c te d  via  rec ip roca l e x c i t a t o r y  

c o n n e c t io n s ,  which a r e  c a p a b le  o f  g e n e r a t i n g  an endogenous f i c t i v e  

swimming rh y th m . I t  i s  a l s o  c o n s id e re d  t o  p la y  a r o l e  i n  th e  

m e d ia t io n  o f  p r o p r i o c e p t i v e  in p u t  t o  t h e  swimming rhythm  ( K r i s t a n  

and S t e n t ,  197 6 ) .  F ig u r e  52 shows t h a t  th e  v e n t r a l  i n h i b i t o r y  

m otoneurone  c o n t a c t s  t h e  SRN on i t s  axon a t  t h e  ba se  o f  t h e  a n t e r i o r  

r o o t  w i th  a  s u c c e s s io n  o f  f i n e  p r o c e s s e s  ( a r r o w s ) .  C lo se  a p p o s i t i o n  

o f  SRN and m otoneurone b ra n c h e s  occu red  a t  o t h e r  p o i n t s  w i t h in  t h i s  

r e g i o n .  T h is  v e n t r a l  i n h i b i t o r y  motoneurone a l s o  e x h i b i t s  t h e  most 

e x t e n s i v e  a r b o r i s a t i o n  w i t h in  t h e  n e u r o p i l e  o f  any  o f  t h e  swimming 

m otoneurones  exam ined . The d e n d r i t i c  t r e e s  o f  bo th  t h e  SRN and th e  

v e n t r a l  i n h i b i t o r y  m otoneurone show e x te n s iv e  o v e r l a p  o v e r  t h e  

g r e a t e r  p a r t  o f  th e  n e u r o p i l e  i p s i l a t e r a l  t o  t h e  SRN.

5 .3  Paired r e c o r d in g s :  SRN and id en tif ied  segmental motoneurones

P a i r e d  r e c o r d in g s  were made from th e  SRN and i d e n t i f i e d  seg m en ta l  

m o toneurones .T he  e f f e c t  o f  SRN a f f e r e n t  in p u t  upon m otoneurone 

a c t i v i t y  was i n v e s t i g a t e d  by i ) , p a i r e d  i n t r a c e l l u l a r  r e c o r d in g s  

from  th e  p e r i p h e r a l  SRN soma and th e  c e n t r a l  c e l l  b o d ie s  o f  

i d e n t i f i e d  segm en ta l  m o to n e u ro n es . And i i ) ,  i n t r a c e l l u l a r  r e c o r d in g  

from th e  SRN soma w h i l s t  m o n ito r in g  th e  e x t r a c e l l u l a r  a c t i v i t y  from 

a s e g m e n ta l  n e rv e  r o o t  o f  a p r  ev iou s i  y i d e n t i f i e d  segm en ta l  

m o toneu rone .
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I t  h a s  been shown t h a t  i n  r e s p o n s e  t o  changes  i n  body w a l l  l e n g th  

o r  t e n s i o n  o f  t h e  l e e c h  t h e  membrane p o t e n t i a l  o f  t h e  SRN u n d e rg o e s  

e i t h e r  a  d e p o l a r i s a t i o n  o r  a  h y p e r p o l a r i s a t i o n  depend ing  upon th e  

d i r e c t i o n  o f  t h e  l o n g i t u d i n a l  d i s p la c e m e n t  ( S e c t io n  3 . 3 ) .  S i m i l a r  

a n a lo g u e  v o l t a g e  changes  were i n j e c t e d  i n t o  t h e  SRN c e l l  body v i a  

t h e  r e c o r d in g  m ic r o e l e c t r o d e  t o  mimic t h e  r e sp o n se  o f  t h e  SRN t o  

ch an g es  i n  l o n g i t u d i n a l  m uscle  t e n s i o n .

D.C. h y p e r p o l a r i s in g  o r  d e p o l a r i s i n g  c u r r e n t  p u l s e s  o f  be tw een  

0 .5  and 1 .0  nA in  a m p li tu d e  and 2 .0  s  -  0 .5  m in . i n  d u r a t i o n  were

in jec ted  in to  the peripheral SRN c e l l  body which were s u f f ic ie n t  to 

e l i c i t  v o l t a g e  d e f l e c t i o n s  in  th e  c e l l  body o f  betw een 10 and 20 mV.

The e l e c t r o t o n i c  l e n g t h  ( L = f i b r e  le n g th /X )  o f  t h e  SRN axon , a 

measure of the axon length in te rm s  of u n i t s  of i t s  space constant 

( g iv e n  t h e  p r e v i o u s l y  c a l c u l a t e d  v a lu e  o f  X=2.5 - 4 .0  mm and t h e  

d i s t a n c e  between th e  p e r i p h e r a l  c e l l  body and se g m e n ta l  g a n g l io n  as  

a p p ro x im a te ly  3 -4  mm) ranged  betw een 1 .2  and 1 . 0 .  T ha t i s , t h e  

c e n t r a l  s y n a p t i c  r e g io n  o f  th e  SRN may be a s  l i t t l e  a s  one l e n g t h  

c o n s t a n t  away from t h e  p e r i p h e r a l  SRN soma. At t h i s  d i s t a n c e  

t h e r e f o r e ,  th e  e l e c t r o t o n i c  p o t e n t i a l  w i l l  f a l l  t o  1 / e o f  t h a t  

r e c o rd e d  a t  t h e  s i t e  o f  c u r r e n t  i n j e c t i o n .  P o t e n t i a l  changes 

t h e r e f o r e  o f  betw een 3 .7  and 7 .4  mV were c a l c u l a t e d  t o  o c c u r  a t  th e  

c e n t r a l  s y n a p t i c  zone o f  t h e  SRN. I t  has  been  shown p r e v i o u s l y  

( s e c t i o n  3 .2 )  t h a t  s t r e t c h - i n d u c e d  v o l ta g e  d e f l e c t i o n s  o f  s i m i l a r  

amplitude may be reorded from the SRN axon near the ganglion.
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Figure 53 shows paired in t r a c e l lu la r  recordings from the 

p e r i p h e r a l  SRN soma and from th e  c e n t r a l  c e l l  body o f  th e  

c o n t r a l a t e r a l  L m otoneurone . In  common w i th  o t h e r  m otoneurones i n  an  

i s o l a t e d  g a n g l io n  p r e p a r a t i o n  a t t a c h e d  t o  segment o f  body w a l l , th e  

L c e l l  (bo ttom  t r a c e  i n  each  p a n e l)  showed s p o n ta n e o u s  h ig h  

f r e q u e n c y  a c t i v i t y .  In  f i g u r e  53a a d e p o l a r i s i n g  DC c u r r e n t  was 

i n j e c t e d  v i a  t h e  m ic r o e l e c t r o d e  i n t o  t h e  SRN c e l l  body s u f f i c i e n t  t o  

d e p o l a r i s e  t h e  SRN by 18 mV and h e ld  f o r  a  d u r a t i o n  o f  7 .0  s e c .  

No apparent change in the or action p o ten tia l  frequency of the  L

c e l l  occu red  i n  r e s p o n s e  t o  SRN d e p o l a r i s a t i o n .  In  f i g .  53b an 

i n i t i a l  h y p e r p o l a r i s a t i o n  of the SRN E^ by 15 mV was followed by a 

fu r th e r  10 mV hyperpolarising DC current and two subsequent 

d e p o l a r i s i n g  DC c u r r e n t  s h i f t s  t o  r e t u r n  t h e  SRN t o  i t s  i n i t i a l  Em

of —50 mV. Such changes i n  SRN E^ over a period of 10 sec  d id  not 

produce  any obv ious  change in  th e  E o r  f i r i n g  r a t e  o f  t h e  L c e l l .

In  f u r t h e r  e x p e r im e n ts  e x t r a c e l l u l a r  motoneurone a c t i v i t y  was 

r e c o r d e d  from t h e  seg m en ta l  n e rv e  r o o t s  and t h e  e f f e c t  o f  SRN 

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

Of t h e  p r e v i o u s ly  i d e n t i f i e d  segm enta l  m otoneurones in v o lv e d  i n  

t h e  swimming rhythm  ( s e c t i o n  5 . 2 ) ,  th e  e x c i t a t o r y  motoneurone to  th e  

d o r s a l  l o n g i t u d i n a l  m uscle ( c e l l  3) e x te n d s  an axon i n t o  t h e  d o r s a l  

b ran c h  o f  th e  p o s t e r i o r  n e rv e  r o o t  (b ra n c h  DP). The a c t i v i t y  o f

motoneurone c e l l  3 in  t h e  dorsal nerve  root was id en tif ied  by a 

simultaneous ex tra c e l lu la r  recording from the dorsal root and an 

i n t r a c e l lu la r  recording from the c e n tra l ly  s ituated  c e l l  body
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E-iKdre 53. The e ffec t  of changes in SRN E upon in t ra c e l lu la r
recorded L m otoneurone a c t iv i ty ,  a.  Paired in t ra c e l lu la r  recordings 
were made from t h e  peripheral SRN soma (SRN) and from the c e n tra l ly  
s itu a ted  c e l l  body of the c o n tra la te ra l  L motoneurone (L) . 
D e p o l a r i s in g  DC c u r r e n t  ( n o t  shown) was i n j e c t e d  v i a  t h e  
microelectrode into the SRN soma, su ff ic ie n t  to  depolarise the SRN 

by approximately 18 mV and held for a duration of 7.0 seconds. No 
apparent change in E or spontaneous action po ten tia l frequency of 
the L c e l l  was seen re la ted  to the SRN dep o la r isa tio n . b , 
Continuation of the paired in t r a c e l lu la r  recordings from the
preparation in a . An i n i t i a l  hyperpolarisation of the SRN bt 15 mV
by in je c t io n  of d ire c t  current in to  the SRN soma was followed by a
fu r th e r  10 mV hyperpolarising po ten tia l  and two subsequent 
depolarising  DC curren t s h i f t s  to  return  the SRN E to i t s  i n i t i a l  
E o f  -5 0  mV (SRN u p p e r  t r a c e ,  c u r r e n t  n o t  shown). These changes i n  

N o v e r  a  p e r io d  o f  a p p ro x im a te ly  10 seconds d id  n o t  evoke any 
obvoius change in  E  ̂ or f i r in g  f re q u e n c y  of the co n tra la te ra l  L c e l l  
(L, lower t r a c e ) .



( f i g u r e  5 4 ) .  As shown p r e v i o u s l y  t h e  c e l l  3 e x t r a c e l l u l a r  s p ik e  was 

t h e  l a r g e s t  r e c o r d a b le  m otoneurone s p ik e  in  th e  DP n e rv e  (O rt  e t . a l .  

1 9 7 4 ) .  Such c o n s p ic u o u s  e x t r a c e l l u l a r  a c t i v i t y  t h e r e f o r e  p ro v id e d  a 

c o n v e n ie n t  i n d i c a t o r  o f  d o r s a l  l o n g i t u d i n a l  m uscle  a c t i v i t y  and a 

c o r r e l a t i o n  was c o n s e q u e n t ly  sough t  be tw een  v e n t r a l  SRN a c t i v i t y  and 

t h a t  o f  c e l l  3 .

The low er t r a c e  i n  f i g u r e  54b shows on a s lo w e r  t im e b a s e , a 

c o n t i n u a t i o n  o f  th e  e x t r a c e l l u l a r  r e c o r d  o f  c e l l  3 from f i g u r e  5 4 a .  

The u p p e r  t r a c e  i n  t h i s  f i g u r e  shows an i n t r a c e l l u l a r  r e c o rd  from 

th e  p e r i p h e r a l  SRN c e l l  body. From an i n i t i a l  E o f  -4 6  mV t h e  SRN 

was h y p e r p o la r i s e d  by a p p ro x im a te ly  20 mV f o r  a p e r io d  o f  8 .0  s e c .  

The mean f re q u e n c y  o f  t h e  e x t r a c e l l u l a r l y  r e c o rd e d  m otoneurone 

d i s c h a r g e  over  t h e  p e r io d  o f  t h e  SRN h y p e r p o l a r i s a t i o n  (2 .2  Hz) was 

lo w er  th a n  t h e  mean d i s c h a r g e  f re q u e n c y  a t  t h e  i n i t i a l  r e s t i n g  SRN 

membrane p o t e n t i a l  (3 .4  Hz). In  t h i s  and o t h e r  p r e p a r a t i o n s  however 

such  an o b s e r v a t io n  was n o t  c o n s i s t e n t  and i n d i s t i n g u i s h a b l e  from 

moment t o  moment a l t e r a t i o n s  in  m otonerone d i s c h a r g e  f re q u e n c y  o f t e n  

o b se rv e d  i n  t h e  ab scence  o f  changes i n  SRN membrane p o t e n t i a l .

No ob v io u s  o r  c o n s i s t e n t  change was obse rved  t h e r e f o r e ,  i n  e i t h e r  

t h e  i n t r a c e l l u l a r  o r  t h e  e x t r a c e l l u l a r l y  r ec o rd e d  m otoneurone 

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

d e p o l a r i s a t i o n  o f  t h e  SRN. In  t h e  p r e s e n t  s tu d y ,  long  

h y p e r p o l a r i s in g  o r  d e p o l a r i s i n g  DC c u r r e n t  was i n j e c t e d  i n t o  th e  

p e r i p h e r a l  SRN soma to  mimic t h e  changes i n  SRN membrane p o t e n t i a l  

shown t o  o c c u r  when r e c o r d in g  from th e  axon upon s t r e t c h  o f  v e n t r a l
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l o n g i t u d i n a l  n u s o l e .  The evoked changes in  th e  SRN soma were

c o n s id e r e d  t o  be o f  s u f f i c i e n t  am plitude  and th e  space  c o n s t a n t  o f  

s u f f i c i e n t  m agnitude such t h a t  adequate  changes i n  t h e  membrane 

p o t e n t i a l  o f  th e  c e n t r a l  p r e s y n a p t ic  t e r m in a l s  of  th e  SRN would 

o c c u r  and hence  i n f lu e n c e  th e  r a t e  o f  SRN t r a n s m i t t e r  r e l e a s e .

S in c e  t h e  i n t r a c e l l u l a r  r e c o rd in g  p o in t  in  th e  motoneurone c e l l  

b o d i e s  was a t  a c o n s id e r a b l e  d i s t a n c e  and t h e r e f o r e  e l e c t r o t o n i c a l l y  

rem o te  from th e  presumed s i t e  o f  s y n a p t ic  c o n ta c t  between th e  two 

c e l l s ,  i t  i s  u n l i k e l y  t h a t  in d iv id u a l  ip s p  o r  epsp  s y n a p t i c  e v e n t s  

would be obse rved  in  response  t o  SRN p r e - s y n a p t i c  i n p u t .  The

a p p a r e n t  i n a b i l i t y  however o f  th e  p r e s y n a p t ic  SRN a c t i v i t y  to  

i n f l u e n c e  e x t r a c e l l u l a r  motoneurone a c t i v i t y  r e c o rd e d  from th e  n e rv e  

r o o t s  p o i n t s  p e rh a p s  t o  a more s u b t l e  r e l a t i o n s h i p  betw een s t r e t c h  

r e c e p t o r  a c t i v i t y  and motoneurone re sp o n se  and th e  p o s s i b l e  

in a d e q u a c y  o f  c o n v e n t io n a l  a n a ly s i s  t e c h n iq u e s  u n d e r  such 

c i r c u m s t a n c e s .  In  o r d e r  to  overcome th e s e  d i f f i c u l t i e s  a s t a t i s t i c a l

a n a l y s i s  was c a r r i e d  out i n  c o l l a b o r a t i o n  w ith  D r ' s  R osenberg ,

M urray -S m ith  and H a l l id a y .  The degree  o f  coherence  o f  s e v e r a l

m otoneurone  s p ik e  t r a i n s  was a s se s s e d  and th e  l e v e l  o f  t h e i r  

dependence  bo th  upon each  o th e r  and th e  SRN a f f e r e n t  in p u t  was 

d e te r m in e d .  P r e l im in a ry  r e s u l t s  from t h i s  work a r e  p re s e n te d  as 

Appendix 1 .
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APPENDIX I

S u g g e s t io n s — f o r — f u r t h e r  work: P a r t i a l  o o h e re m e  a n a l y s i s  t h e

l i n e a r  dependenoe o f  e x t r ac e l l u l a r  motoneurone a c t i v i t y  amd SRNE
■ m

T h is  work was c a r r i e d  ou t  in  c o l l a b o r a t i o n  w ith  D r ' s  R osenberg , 

M urray—Sm ith  and D, H a l l id a y ,  Coherence a n a l y s i s ,  deve lopoed  by 

B r i l l i n g e r  e t  a l .  (197 6) f o r  t r a c in g  s y n a p t ic  c o n n e c t io n s  between 

n e u ro n e s  has been  ex tended  by D r ' s  Rosenberg and M urray-Sm ith  t o  

i d e n t i f y  i n t e r a c t i o n s  between n eu rona l  s p ik e  t r a i n s  and a n a l y s i s  was 

pe rfo rm ed  w i th  D. H a l l id a y ,

S t a t i s t i c a l  a n a l y s i s  o f  th e  e x t r a c e l l u l a r l y  reco rd ed  m otoneurone 

a c t i v i t y  in  r e s p o n s e  to  SRN a f f e r e n t  in p u t  was c a r r i e d  ou t  u s in g  

m ethods o f  B r i l l i n g e r ,  B ryant and Segundo (1 9 7 6 ) ,  In  e s s e n c e ,  t h e

d e g re e  o f  co herence  o f  a c t i v i t y  between s e v e r a l  motoneurone s p ik e

t r a i n s  was a s s e s s e d .  T h e i r  coherence  was used t o  g iv e  a measure o f  

t h e i r  dependence  upon each  o th e r  both in  th e  p resen ce  o r  absence  o f  

t h e  SRN a f f e r e n t  in p u t .T h e  coherence  i s  a u s e f u l  measure o f  t h e

d e g re e  o f  r e l a t i o n s h i p  between any two s p ik e  t r a i n s  A and B. A

c o h e re n c e  o f  ze ro  r e s u l t s  i f  th e  two sp ik e  t r a i n s  a r e  in d e p e n d a n t .  

Using s u c h  a t e c h n iq u e  th e  degree  o f  coherence  between co m b in a tio n s  

o f  any  p a i r  o f  s p ik e  t r a i n s  from motoneurones M̂  M2 o r  Mg i n  bo th
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t h e  p r e s e n c e  and t h e  absence  o f  th e  SRN Inpu t  IN may be c a l c u l a t e d .

The s t a t i s t i c a l  a n a l y s i s  I s  most e a s i l y  c a r r i e d  o u t  u s in g  a 

random p a t t e r n  o f  a f f e r e n t  a c t i v i t y  In  th e  s t r e t c h  r e c e p to r  n e u ro n e .  

T h is  was a c h ie v e d  by u s in g  th e  occurance  in  time o f  th e  p a r t i c l e s  

g e n e r a t e d  by a low i n t e n s i t y  gamma s o u rc e .  The o u tp u t  from a G e ig e r

c o u n t e r ,  p la c e d  a d ja c e n t  t o  th e  gamma p a r t i c l e  s o u r c e ,  was used  to

t r i g g e r  a  sequence  o f  d e p o la r i s in g  o r  h y p e r p o la r i s in g  s q u a re  wave 

c u r r e n t  p u l s e s  from an i s o l a t e d  s t i m u l a t o r .  Each G eiger  c o u n te r  

p u l s e  g e n e r a te d  a h y p e rp o la r i s in g  o r  d e p o la r i s i n g  s q u a re  c u r r e n t  

p u l s e  o f  be tw een 1 .0  and 2 .0  nA am plitude  and 40 ms d u r a t i o n  was

i n j e c t e d  i n t o  t h e  SRN which r e s u l t e d  in  e i t h e r  a p o s i t i v e  o r

n e g a t i v e  v o l t a g e  d e f l e c t i o n  of th e  SRN E o f  between 20 and 30 mV.

The m ed ia l  a n t e r i o r  ne rve  ro o t  (MA) was d i s s e c t e d  from th e  body 

w a l l  and s e c t io n n e d  d i s t a l  t o  i t s  b ranch ing  p o in t  w i th  t h e  a n t e r i o r  

a n t e r i o r  n e rv e  r o o t  (AA, see f i g .1 ) .  Spontaneous e x t r a c e l l u l a r  

a c t i v i t y  from s e v e r a l  motoneurone u n i t s  was s u b s e q u e n t ly  m onito red  

from t h e  MA n e rv e  r o o t .  In  a p a r t i c u l a r  e x p e r im e n t ,  th r e e  i n d i v i d u a l  

m otoneurone  s p ik e  t r a i n s ,  which d i f f e r e d  i n  am p litude  and f re q u e n c y ,  

were r e c o r d e d  on m agnetic  t a p e  both  p r io r  t o ,  and d u r in g  random SRN 

i n p u t .  These fo u r  a c t i v i t y  t r a i n s  (motoneurone sp ik e  t r a i n s  M^.Mg 

and M̂  and t h e  random i n p u t ,  IN) were used f o r  coherence  a n a l y s i s .

F i g u r e  55 shows th e  deg ree  o f  coherence  over  a 30 second p e r io d  

b e tw een  t h e  random 40 ms. d u r a t i o n ,  20 mV am plitude  d e p o l a r i s i n g  SRN 

p u l s e s  (IN) and e a ch  o f  the  t h r e e  i n d iv id u a l  s p ik e  t r a i n s  M^, M̂  and
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Figure 55. The degree o f  coherence o f  a c t iv i t y  between th e  SRN input 
and in d iv id u a l motoneurone sp ike t r a in s .  Each graph, a -c  rep resen ts  
on the ord in a te , the degree o f coherence between input and output, 
ranging between 0 and 1 . A coherence o f  zero r e s u l t s  i f  th e  two 
a c t iv i ty  tr a in s  are independant o f each o th e r . On the ' a b sc is sa e  i s  
p lotted  motoneurone sp ike frequeny (H z). A 95fc l e v e l  o f  confidence  
above which a s ig n i f i c a l  degree of coherence occu rs i s  g iv e n  by the 
dashed l in e s .  Random, 40 ms d u ration , 20 mV am plitude d ep o la r is in g  
SRN p u lses (IN) were applied and the coherence o f  a c t i v i t y  between 
t h is  a ffe re n t input and each o f  th ree  spontaneous motoneurone spike  
tr a in s  (M., and Mg) a sse se d . Over the range o f  motoneurone 
sp ik ing  n*equencies observed (0-30 Hz) no s ig n i f ic a n t  peaks o f  
coherence arose fo r  any o f th e th ree  m otoneurones. The coherence o f  
a c t iv i ty  therefore betwen the SRN and any o f  the th ree  in d iv id u a l 
motoneurones i s  not s ig n if ic a n t .
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M3 . Each g ra p h  r e p r e s e n t s ,  on t h e  o r d i n a t e ,  t h e  d e g re e  o f  co h e ren ce  

from  0 t o  1 . The 95% l e v e l  o f  co n f id en ce  above which a s i g n i f i c a n t  

d e g r e e  o f  coh e re n c e  o ccu rs  i s  g iv e n  by th e  dashed l i n e .  On th e  

a b s c i s s a  i s  th e  motoneurone s p ik e  t r a i n  f re q u e n c y .  I t  may be seen  

t h a t  a t  no motoneurone s p ik in g  f requency  i s  t h e r e  a s i g n i f i c a n t  

d e g re e  o f  c o h e re n c e  between the  SRN in p u t  and any o f  th e  t h r e e  

i n d i v i d u a l  motoneurone sp ike  t r a i n s .  This  r e f l e c t s  t h e  l a c k  o f  

c o r r e l a t i o n  between imposed changes i n  SRN and th e  a c t i v i t y  o f  

i n d i v i d u a l  m o toneurones . reco rd ed  e i t h e r  i n t r a -  o r  e x t r a c e l l u l a r l y .  

( s e c t i o n  5 . 3 ) .  We may assume from t h i s  coherence  d a t a  t h a t  i t  i s  

u n l i k e l y  t h a t  a d i r e c t  c o n n ec t io n  e x i s t s  from th e  SRN to  th e  

m o toneurones  whose a c t i v i t y  was reco rded  i n  t h i s  e x p e r im e n t .

F i g u r e  5 G shows th e  coherence  o f  a c t i v i t y  measured between p a i r s  

o f  e a c h  o f  t h e  t h r e e  i n d iv id u a l  m otoneurones d u r in g  a 30 s e c .  

c o n t r o l  p e r io d  i n  th e  absence o f  th e  SRN in p u t  ( IN ).  No s i g n i f i c a n t  

d e g r e e  o f  coh e re n c e  betw een any o f  th e  motoneurone sp ik e  t r a i n s  i s  

o b s e rv e d  a t  any motoneurone s p ik in g  f re q u e n c y .  We may assume t h a t  in  

t h e  a b sen c e  o f  a f f e r e n t  SRN in p u t  spon taneous  a c t i v i t y  i s  p r e s e n t  

w i t h in  e a c h  m otoneurone. bu t t h a t  c o -o r d in a te d  a c t i v i t y  between 

i n d i v i d u a l  u n i t s  i s  a b s e n t .  What th e n  happens t o  t h e  d e g re e  o f  

c o h e re n c e  between motoneurone u n i t s  in  th e  p resen ce  o f  a  random SRN 

in p u t?  F i g u r e  5 7 shows th e  d e g re e  o f  c o u p l in g  betw een th e  t h r e e  

m otoneurone s p ik e  t r a i n s  in  th e  p resence  o f  th e  random ly a p p l ie d  SRN 

i n p u t . The d a t a  show th e  d e g re e  o f  coherence  which e x i s t s  be tw een 

e a c h  p a i r  o f  motoneurone u n i t s  s tu d i e d .  Coherence o f  a c t i v i t y  

a p p e a r s  o n ly  ove r  t h e  low er motoneurone s p ik in g  f re q u e n c y  range  (1 -4  

H z). M oreover, th e  coherence  appears  t o  be g r e a t e s t  between and
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F ig u re  56 . The cohe rence  o f  a c t i v i t y  b e tw e e n  m to n e u ro n es  in  the 
absence o f  SRN i n p u t .  Each g r a p h ,  a - c  r e p r e s e n t s  t h e  c o h e re n c e  (0-1 , 
o r d in a t e s )  a t  e a c h  m otoneurone s p i k i n g  f r e q u e n c y  (0 -30  Hz, 
a b s c i s s a e ) ,  a .  The d e g re e  o f  c o h e re n c e  o f  a c t i v i t y ,  was measured 
between no tneurone  s p ik e  t r a i n s  and M3 d u r in g  a  30 second  co n tro l  
p e r io d  in  th e  absence  o f  SRN i n p u t .  A s m a l l  d e g r e e  o f  coherent 
a c t i v i t y  betw een th e s e  two sp o n ta n e o u s  m o to n e u ro n e  s p ik e  t r a i n s  may 
be n o ted  a t  a  f i r i n g  f re q u e n c y  o f  a p p r o x im a te ly  16 Hz. b .  The degree 
o f  coherence  o f  a c t i v i t y  be tw een  s p o n ta n e o u s  a c t i v i t y  in
m otoneurones M. and M3 o v e r  a 30 second p e r i o d  i n  t h e  abseonce  of 
SRN i n p u t .  Low coherence  o f  a c t i v i t y  be tw een  s p i k e  t r a i n s  a t  9 .0  Hz, 
c .  The d e g re e  o f  coherence  o f  a c t i v i t y  b e tw e e n  m otoneu rone  spike
t r a i n s  M. and Mo o v e r  a  30 second p e r io d  i n  t h e  a b se n c e  o f  SRN 
i n p u t .  Low d eg ree  o f  coherence  o v e r  17 and 22 Hz f r e q u e n c y  r a n g e .  I t  
may be assumed t h a t  i n  t h e  ab sen c e  o f  SRN a c t i v i t y ,  spontaneous 
motoneurone a c t i v i t y  i s  p r e s e n t  b u t  t h a t  no c o - o r d i n a t e d  a c t i v i t y  
e x i s t s  be tw een i n d i v i d u a l  u n i t s .
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F ig u re  5 7 . The co h e ren ce  o f  a c t i v i t y  b e tw e e n  m o to n e u ro n es  in  the  
p resen ce  o f  t h e  SRN a f f e r e n t  i n p u t ,  a ,  t h e  d e g r e e  o f  c o h e re n c e  of 
a c t i v i t y  between motoneurone s p ik e  t r a i n s  and was determ ined  
over a 30 second p e r io d  in  th e  p re se n c e  o f  a  ran d o m ly  a p p l i e d ,  40 ms 
d u r a t i o n ,  20 mV a m p litu d e  s q u a re  wave d e p o l a r i s i n g  SRN p u l s e  t r a i n  
( IN ).  In  th e  p re se n c e  o f  an SRN a f f e r e n t  s i g n a l  and be low  a sp ik in g  
f re q u e n c y  o f  2 Hz th e  d e g re e  o f  coh e re n c e  o f  a c t i v i t y  b e tw een  the  
two motoneurone u n i t s  became s t a t i s t i c a l l y  s i g n i f i c a n t ,  b. 
S i m i l a r l y ,  t h e  d e g re e  o f  co herence  o f  a c t i v i t y  b e tw e e n  motoneurone
s p ik e  t r a i n s  M- and Mg was d e te rm in e d  o v e r  a  30  second  p e r io d  i n  the  
p resence  o f  tn e  SRN i n p u t . With th e  SRN in p o u t  p r e s e n t  a  peak a rose  
i n  th e  g raph  a t  a motoneurone s p ik in g  f r e q u e n c y  o f  below 2 Hz 
i n d i c a t i n g  a s i g n i f i c a n t  deg ree  o f  c o h e re n c e  be tw een  th e  two 
motoneurone a c t i v i t i e s  a t  th e s e  low f r e q u e n c i e s  o f  f i r i n g . .  A 
s m a l le r  peak i n d i c a t e d  s i g n i f i c a n t  c o h e re n c e  o f  a c t i v i t y  between the 
u n i t s  a t  a f re q u e n c y  o f  a p p ro x im a te ly  28 Hz. c .  The g r e a t e s t  degree 
o f  ccAierence between motoneurone s p ik e  t r a i n s  in  t h e  p r e s e n c e  o f  the 
SRN in p u t  was obse rved  betw en m o to n a iro n e  u n i t s  and Mo a t  a
s p ik in g  f re q u e n c y  o f  below 2 Hz.
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be tw een  Mg and M2 . The coherence  between th e  a c t i v i t i e s  o f  M̂  

and M̂  i s  c o n s id e r a b l y  weaker than  between any o f  th e s e  two c e l l s  

and Mg. T h is  s u g g e s t s  t h a t  t h e  co u p lin g  in f lu e n c e  o f  t h e  SRN in p u t  

u pon  m otoneurone a c t i v i t y  may be m ediated th rough  a c t i v i t y  w i th in

" 3 '

T h is  e f f e c t  o f  Mg may be f u r t h e r  i n v e s t i g a t e d  by th e  te c h n iq u e  o f  

p a r t i a l  co h e ren ce  a n a l y s i s .  Under such  c i rc u m s ta n c e s  th e  de g re e  o f  

c o h e re n c e  be tw een  any two motoneurone sp ik e  t r a i n s  i n  t h e  p re se n c e  

o f  t h e  in p u t  may be determ ined  bu t w i th  th e  i n f l u e n c e  o f  th e

a c t i v i t y  o f  one o f  th e  t h r e e  motoneurones s t a t i s t i c a l l y  rem oved. The

r e s u l t s  o f  s u c h  a p roceedure  a r e  shown in  f i g u r e  T h is  shows ( f i g

5 la )  t h e  d e g re e  o f  coherence  between s p ik e  t r a i n s  Mg and Mg in  th e

p re s e n c e  o f  IN b u t  w i thou t  s p ik e  t r a i n  M̂  p r e s e n t ,  i n  such 

c i r c u m s ta n c e s  th e  coherence  between s p ik e  t r a i n s  a t  low f r e q u e n c ie s  

r e m a in s  s i g n i f i c a n t .  The deg ree  o f  coherence  a l s o  rem ains  

s t a t i s t i c a l l y  s i g n i f i c a n t  between t r a i n s  M̂  and Mg in  th e  p re se n c e  

o f  IN b u t  t h e  absence  o f  M̂  ( f i g .  5*1 b ) .  In  c o n t r a s t  f i g u r e  5 ^ o shows 

t h a t  when th e  i n f lu e n c e  o f  Mg i s  s u b t r a c te d  o u t ,  t h e  d e g re e  o f  

c o h e re n c e  betw een M̂  and Mg i n  th e  p resen ce  o f  IN i s  c o n s id e r a b ly  

r e d u c e d .  I t  a p p e a rs  t h e r e f o r e  t h a t  the  c o u p lin g  e f f e c t  o f  th e  SRN 

in p u t  upon t h e  t h r e e  motoneurone sp ik e  t r a i n s  i s  d r iv e n  th ro u g h  one 

o f  th e s e  u n i t s .  Mg. a l th o u g h  as  has been  shown p r e v i o u s ly ,  t h e  Mg 

s p ik e  t r a i n  and SRN in p u t  show no d i r e c t  coherence  o f  a c t i v i t y .
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F ig u re  5 8. P a r t i a l  cohe rence  o f  a c t i v i t y  b e tw e e n  m o to n e u ro n es  i n  th e  
p re se n c e  o f  t h e  SRN i n p u t ,  a .  The d e g re e  o f  c o h e re n c e  o f  a c t i v i t y  
was de te rm in ed  between m otoneurone s p ik e  t r a i n s  and Mo o v e r  a  30 
second p e r io d  in  th e  p re se n c e  o f  th e  SRN i n p u t  b u t  w i th  the 
i n f l u e n c e  o f  m otoneurone s p ik e  t r a i n  M̂  s t a t i s t i c a l l y  rem oved. In 
su c h  c i rc u m s ta n c e s  th e  deg ree  o f  c o h e re n c e  be tw een  th e  two u n i t s  
rem ained s i g n i f i c a n t  a t  f r e q u e n c ie s  below 2 Hz. b .  The d e g r e e  of 
c d ie r e n c e  o f  a c t i v i t y  between m otoneurone s p ik e  t r a i n s  M. and Mq in  
th e  p re se n c e  o f  th e  SRN in p u t  b u t  w i th  th e  i n f l u e n c e  o f  t h e  a c t i v i t y  
o f  m otoneurone sp ik e  t r a i n  Mg s t a t i s t i c a l l y  rem oved . Again, 
cohe rence  o f  a c t i v i t y  rem ained  s i g n i f i c a n t  below  2 Hz and a t  28 Hz. 
c .  In  c o n t r a s t  upon s t a t i s t i c a l l y  rem oving t h e  i n f l u e n c e  of 
motoneurone s p ik e  t r a i n  Mg t h e  d e g re e  o f  c o h e re n c e  o f  a c t i v i t y  
betw een m otoneurone s p ik e  t r a i n s  M and M2  i n  t h e  p r e s e n c e  o f  th e  
SRN in p u t  i s  c o n s id e r a b ly  r e d u c e d .  T h is  s u g g e s t s  t h a t  th e  co u p lin g  
e f f e c t  o f  t h e  SRN in p u t  upon t h e  t h r e e  m o toneu rone  s p ik e  t r a i n s  i s  
d r iv e n  th ro u g h  motoneurone u n i t  M ^
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The p r e s e n t  s tu d y  has g iv en  the  f i r s t  d e s c r i p t i o n  o f  an 

i d e n t i f i e d  neu rone  i n  a  s o f t - b o d ie d  i n v e r t e b r a t e  which resp o n d s  t o  

c hanges  i n  l e n g th  o f  th e  body w a l l  m usc les .  The e x i s t e n c e  o f  s e n s o r y  

n e u ro n e s  c a p a b le  o f  d e t e c t i n g  s t r e t c h  o f  t h e  body w a l l  o f  a n n e l id s  

had been  p r e v i o u s ly  i n f e r r e d  from the  r e s u l t s  o f  bo th  b e h a v io u r a l  

(Gray and L issm an . 193 8) and p h y s io lo g ic a l  e x p e r im e n ts  ( K r i s t a n  and 

S t e n t ,  1976; K r i s t a n  and C a l lb r e s e ,  1976). T h e o r e t i c a l l y ,  t h e i r  

p r e s e n c e  was invoked as p a r t  o f  p r o p r io c e p t iv e  feedback  which cou ld  

i n f l u e n c e  th e  c e n t r a l l y  g e n e ra te d  swimming rhythm  ( K r is t a n  and 

S t e n t ,  1 9 7 6 ) .  I t  was o n ly  r e c e n t l y  however t h a t  a  s u i t a b l e  c a n d id a t e  

f a m i ly  o f  p e r i p h e r a l  neurones  was d isc o v e re d  in  the  le e c h  w i th  a 

m orphology h ig h ly  s u g g e s t iv e  o f  p r o p r io c e p t iv e  f u n c t i o n  (B lackshaw , 

198] ; Blackshaw e t . a l .  1982).

B e fo re  t h e  end o f  t h e  n in e t e e n th  c e n tu r y  many b e a u t i f u l  and 

d e t a i l e d  l i g h t  m ic ro sc o p ic  d e s c r i p t i o n s  o f  th e  le e c h  ne rvous  system  

w ere  a v a i l a b l e ,  ( R e tz iu s ,  1891 ; Rohde, 1891). The n in e t e e n t h  c e n tu r y  

s t u d i e s  d e s c r ib e d  th e  g e n e ra l  a r ra n g e n e n t  o f  th e  v e n t r a l  ne rve  cord 

o f  t h e  l e e c h  and showed t h a t  l a r g e  numbers o f  axons o f  v a r io u s  

d ia m e te r s  e n t e r  and le a v e  th e  segm ental  g a n g l i a .  These s t u d i e s  were 

e x te n d e d  by th e  c o n te n p o ra ry  l i g h t  and e l e c t r o n  m ic ro sc o p ic  work o f  

C o g g e s h a l l ,  Macagno and c o l l e a g u e s ,  (C oggeshall  and F a w c e t t ,  1964 

W ilk in so n  and C o g g e s h a l l ,1975 ; Macagno, 1980) .  The d e t a i l e d  work o f  

C o g g e s h a l l  (W ilk inson  and C o g g e sh a l l ,  1975) c o n c e n t r a te d  m ain ly  on 

t h e  d i s c r e p a n c y  he n o t ic e d  betw een t h e  l a r g e  number o f  sm a l l  axons 

(2 0 ,0 0 0  +) a s s o c i a te d  w ith  each  o f  th e  g a n g l i a  and th e  f a r  s m a l le r

number o f  c e l l  b o d ie s  found w i th in  each g a n g l io n ,  (abou t 400, 

Macagno, 1980). L i t t l e  a t t e n t i o n  was paid  to  th e  sm all  numbers o f
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la rg e  d ia m ete r axons in  th e  p e r ip h e ra l nerve r o o t s . Of th e  1% o f

f i b r e s  i n  t h e  n e rve  r o o t s  above 1 .0  m icron i n  d ia m e te r  s e v e r a l  o f
n *

t h e s e  were s a id  t o  be p rom inent bu t the  s i z e  and l o c a t i o n  o f  t h e s e  

l a r g e  f i b r e s  was n o t  d i s t i n c t i v e  enough t o  a l low  th e s e  f i b r e s  t o  be 

i n d i v i d u a l l y  i d e n t i f i e d  from one anim al t o . t h e  n ex t  . R e tz iu s  (1891) 

had a l s o  i l l u s t r a t e d  l a r g e  f i b r e s , presumed s e n s o ry ,  e n t e r i n g  th e  

s e g m e n ta l  g a n g l io n  and d iv id in g  in  a T-shaped manner. I t  i s  o n ly  

r e c e n t l y  t h a t  t h e  l a r g e  d ia m e te r  axons were shown t o  b e long  t o  

p e r i p h e r a l  n e u ro n e s  whose d i s t i n c t i v e  t e r m in a l s  a r e  a s s o c i a t e d  w i th  

t h e  body w a l l  m uscle (Blackshaw e t  a l  1982).

1 .0  M orphology

1 .1  No s e p a r a t e  r e c e p t o r  muscle

I n  t h e  l e e c h  t h e r e  does  n o t  a p p e ar  to  be a s p e c i a l  r e c e p t o r  

m is c le  in d ep e n d a n t  from th e  main mass o f  l o n g i t u d i n a l  muscle f i b r e s .  

The p rox im a l  and d i s t a l  d e n d r i t e s  o f  th e  SRN l i e  i n  s e r i e s  w i th  t h e  

l o n g i t u d i n a l  m uscle f i b r e s  o f  th e  body w a l l  each  a s s o c i a te d  w i th  

s e p a r a t e  b u n d le s  o f  l o n g i t u d i n a l  muscle f i b r e s .  T h is  i s  in  c o n t r a s t  

t o  most o t h e r  ou s c le  r e c e p t o r  o rgans  h i t h e r t o  r e p o r t e d  (Kuhne, 1863 

A le x a n d ro v ic z ,  1951, 1952a, 1952b, 1956, 1958 ; A lexand rov icz  and

Whit e a r ,  1957 ; P i lg r im ,  1960 ; F in la y s o n  and L ow ens te in ,  1955 

Osborne and F i n la y s o n ,  1962) .  Even i n  th o se  i n s e c t s  which have 

s t r e t c h  s e n s i t i v e  neu rones  which a r e  n o t  a s s o c i a te d  w ith  a
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s p e c i a l i s e d  r e c e p t o r  n u s c l e .  the  s t r e t c h  s e n s i t i v e  e le m en ts  a r e

g e n e r a l l y  found i n  a s s o c i a t i o n  w ith  c o n n ec t iv e  t i s s u e  s t r a n d s ,  s lu n g

be tw een  p o i n t s  o f  a r t i c u l a t i o n  o f  th e  e x o s k e le to n ,  a s  f o r  example i n

t h e  d r a g o n f l y  l a r v a ,  t h e  bee and th e  co ck ro ach ,  ( F in la y s o n  and 

L o w e n s te in ,  1955 ) .

The p o s s i b i l t y  rem ains  however t h a t  t h e  l o n g i t u d in a l  muscle f i b r e  

b u n d le s  a s s o c i a t e d  w ith  th e  SRN d e n d r i t e s  may have some deg ree  o f  

s e p a r a t e  m otor i n n e r v a t i o n  from th e  r e s t  o f  t h e  l o n g i t u d i n a l  m uscle  

f i b r e s .  The a r e a  o f  v e n t r a l  l o n g i t u d in a l  muscle which encom passes 

t h o s e  f i b r e s  a s s o c i a te d  w ith  th e  SRN d e n d r i t e s  i s  known t o  be 

i n n e r v a t e d  by fo u r  e x c i t a t o r y  and one i n h i b i t o r y  m otoneurone 

( S t u a r t ,  1970 ; O r t  e t . a l  1974) whose t e r r i t o r i e s  w id e ly  o v e r l a p .  

Over th e  r e g i o n  ^diere the  t e r r i t o r i e s  o f  th e  m otoneurones o v e r la p  

t h e r e f o r e ,  i n d i v i d u a l  muscle f i b r e s  can r e c e iv e  i n n e r v a t i o n  from  up 

t o  f o u r  e x c i t a t o r y  and one i n h i b i t o r y  m otoneurone. The d eg ree  o f  

i n d i v i d u a l  c o n t r o l  o r  amount o f  s e p a r a t e  i n n e r v a t io n  th e  

l o n g i t u d i n a l  m uscle  a s s o c i a te d  w ith  th e  SRN d e n d r i t e s  may r e c e iv e  

r e m a in s  t o  be i n v e s t i g a t e d .

1 .2  C e n t r a l  morphology

The p r o j e c t i o n  o f  t h e  SRN i n t o  t h e  CNS, r e v e a le d  by th e  i n j e c t i o n  

o f  HRP and LY i n to  th e  p e r i p h e r a l  c e l l  body, showed t h a t  a s  w i th  

o t h e r  i d e n t i f i e d  s e n so ry  c e l l s  o f  s p e c i f i c  m o d a l i ty  i n  t h e  l e e c h ,  

th e  c e n t r a l  a r b o r i s a t i o n  o f  th e  SRN has a d i s t i n c t i v e  morphology
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r e c o g n i s a b l e  from g a n g l io n  t o  g a n g l io n  and from anim al t o  a n im a l . 

T h a t  n e u ro n e s  o f  s p e c i f i c  m o d a l i ty  have a c h a r a c t e r i s t i c  m orphology 

i s  a  p r o p e r t y  common t o  o t h e r  i n v e r t e b r a t e s  (F ra z e r  e t . a l .  1967 ) .  

T h is  i s  a l s o  t r u e  o f  many mammalian p r im ary  se n so ry  f i b r e s ,  such  as  

th e  f l a m e - l i k e  c e n t r a l  a rb o u r s  o f  h a i r  f o l l i c l e  a f f e r e n t s  in  lam ina  

I I I  o f  t h e  c a t  s p in a l  cord (Brown e t . a l .  1977), and th e  

c h a r a c t e r i s t i c  in v e r t e d  V-shaped o u t l i n e  o f  l a  a f f e r e n t  c o l l a t e r a l s  

th ro u g h  lam in a e  VI, VII and IX (Brown and F y f f e ,  1978).

The c e n t r a l  b ranch ing  o f  th e  SRN ex te n d s  s o l e l y  w i th in  i t s  own 

se g m e n ta l  g a n g l io n ,  no b ran ch es  were se e n  e x te n d in g  a c r o s s  th e  

m id l in e  o r  i n t o  e i t h e r  o f  th e  ne ighbou ring  c o n n e c t iv e s .  T h is  i s  i n  

d i r e c t  c o n t r a s t  t o  o t h e r  p r im ary  se n so ry  neurones i n  t h e  le e c h  which 

d i s t r i b u t e  p r o c e s s e s  in  th e  c o n n e c t iv e s  t o  n ea rb y  g a n g l i a  (Yau,

1 9 7 6 ) ,  and a r e  t h e r e f o r e  i n t e r s e g m e n t a l . Such in te r s e g m e n ta l  

d i s t r i b u t i o n  i s  a l s o  th e  c a se  w ith  many v e r t e b r a t e  s e n so ry  n e u ro n e s ,  

f o r  exam ple ,  c a t  muscle s p in d le  a f f e r e n t s  e n t e r  th e  s p in a l  cord  and 

d i v i d e  t o  d i s t r i b u t e  c o l l a t e r a l s  r o s t r a l l y  and c a u d a l ly  over  s e v e r a l  

segm en ts  (Brown and F y f f e ,  1978). That p r o p r io c e p t iv e  i n fo r m a t io n  i n  

a n n e l i d s  i s  d i s t r i b u t e d  in  a w idespread and m ean ingfu l way has been 

shown i n  p h y s i o l o g i c a l  ex p e r im e n ts  in  bo th  th e  earthworm and th e  

l e e c h  (Gray a t  a l . 1938 ; K r i s t a n  and S t e n t ,  1976). The d i s t r i b u t i o n  

o f  a f f e r e n t  i n fo r m a t io n  from th e  SRN t o  n e ig h b o u r in g  segm ents  i s  

t h e r e f o r e  p resum ably  dependant upon second o r d e r  n e u ro n e s .
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2 .0  E l e c t r i c a l  P r o p e r t i e s

2 .1  Membrane p o t e n t i a l

The membrane p o t e n t i a l  o f  t h e  SRN v a r ie d  from p r e p a r a t i o n  to  

p r e p a r a t i o n .  T h is  v a r i a t i o n  i n  was n o t  though t  t o  r e p r e s e n t  any 

damage o r  p e n e t r a t i o n  a r t i f a c t  o f  th e  c e l l  b u t  t o  r e f l e c t  th e  

d ependence  o f  SRN upon v e n t r a l  l o n g i t u d i n a l  m uscle l e n g t h .  T h is  

i s  c l e a r l y  dem o n s tra ted  i n  f i g . 27, r e s u l t s  s e c t i o n  3 .3 .  Here s t e p  

c h a n g es  i n  l o n g i t u d i n a l  muscle l e n g th  produce c o n co m itan t  changes  i n

th e  SRN E^ re c o rd e d  from th e  axon. In  o r d e r  to  v i s u a l i s e  and im pale  

t h e  SRN c e l l  body in  th e  p e r ip h e ry  i t  was n e c e s s a ry  t o  a p p ly  a 

c e t r a i n  amount o f  s t r e t c h  to  t h e  l o n g i t u d in a l  muscle which s u p p o r te d  

t h e  SRN d e n d r i t e s  and c e l l  body. Under th e s e  c irc u m s ta n c e s  th e  

r e c o r d e d  transmem brane p o t e n t i a l  was a p p ro x im a te ly  -50mV t o  -60mV. 

T h is  i s  i n  c o n t r a s t  t o  th e  v a lu e s  o f  between -30mV t o  -40mV o b ta in e d  

when r e c o r d in g s  were made from t h e  axon when no s t r e t c h  was a p p l i e d  

t o  t h e  l o n g i t u d i n a l  m usc le .

2 .2  A c t io n  p o t e n t i a l

An o v e rs h o o t in g  a c t i o n  p o t e n t i a l  could  be evoked from th e  SRN 

upon  p a s s in g  3 -4  nA o f  d e p o la r i s in g  c u r r e n t  I n to  th e  p e r i p h e r a l  c e l l  

b o d y .  An AP c o u ld  n o t  however be e l i c i t e d  upon i n j e c t i n g  c u r r e n t  o f  

e i t h e r  p o l a r i t y  i n t o  th e  l a r g e  SRN axon. An a sy m m etr ica l

-  136 -



d i s t r i b u t i o n  o f  ion  ch a n n e ls  along the  neurone i s  t h e r e f o r e

a p p a r e n t .  C o n t ra ry  t o  th e  c l a s s i c a l  p i c t u r e  o f  t h e  n e u ro n e ,  t h e

v o l t a g e  dep en d an t  c h a n n e ls  r e s p o n s ib le  fo r  th e  a c t i o n  p o t e n t i a l  a r e  

a b s e n t  from t h e  SRN axon.

An a c t i o n  p o t e n t i a l  e l i c i t e d  from th e  s(xna upon i n j e c t i o n  o f  

d e p o l a r i s i n g  c u r r e n t  i s  t r a n s m i t t e d  p a s s i v e ly  a long  th e  axon ( f i g ,  

11) . I t s  a m p li tu d e  and w id th  a r e  d i s t o r t e d  i n  r e l a t i o n  t o  t h e  space  

and t im e  c o n s t a n t s  o f  th e  membrane. The s u b - th r e s h o ld  r e s p o n s e s  o f  

t h e  c e l l  a r e  s i m i l a r l y  t r a n s m i t t e d  a long  t h e  axon i n  r e l a t i o n  t o  th e  

membrane e l e c t r i c a l  c o n s t a n t s .  However th e  s u b - th r e s h o ld  and a c t i o n  

p o t e n t i a l  a r e  n o t  a t t e n u a t e d  t o  t h e  same d e g re e  ( f i g .  1 1 ) .  As might 

be e x p e c te d  from th e  p e r io d  n e c e s s a ry  f o r  com plete  c h a rg in g  o f  th e  

membrane c a p a c i t a n c e ,  which i n  th e  case  o f  th e  SRN whose tim e 

c o n s t a n t  i s  l a r g e  (25 ms) may be c o n s id e r a b l e ,  f o r  a s ig n a l  o f  b r i e f  

d u r a t i o n  t h e  e f f e c t i v e  space  c o n s ta n t  i s  s h o r te n e d .  T h is  i s  i n  good 

q u a l i t a t i v e  agreem ent w ith  the  t h e o r e t i c a l  r e s u l t  expec ted  f o r  

p a s s i v e  p r o p a g a t io n  o f  a t r a n s i e n t  response  a long  a c a b le  ( J a c k ,  

Noble and T s i e n ,  1975) .  I n  th e  p re s e n t  case  the  am p litude  o f  th e  

a l l - o r - n o t h i n g  s ig n a l  rec o rd e d  from th e  axon had f a l l e n  t o  25% t h a t  

r e c o r d e d  some 4mm away in  th e  c e l l  body. For sub—th re s h o ld  c u r r e n t s  

on t h e  o t h e r  hand , sp read  o f  t h e  s te a d y —s t a t e  p o t e n t i a l  a lo n g  t h e  

axon i s  a f f e c t e d  o n ly  by th e  space  c o n s ta n t  o f  th e  c e l l  and n o t  by 

t h e  membrane c a p a c i t a n c e . Hence a t  t h e  same d i s t a n c e  a lo n g  t h e  axon 

th e  s u b - t h r e s h o l d  p o t e n t i a l  had f a l l e n  t o  o n ly  36% o f  t h a t  r e c o rd e d  

i n  t h e  c e l l  body. Such o b s e r v a t io n s  a r e  i n  good agreem ent w i th  t h e  

d i f f e r e n c e s  se en  by M i r o l l i  (1979) in  th e  p a s s iv e  p ro p a g a t io n  along  

t h e  axon o f  t h e  f a s t  and slow components o f  t h e  response  o f  S c y l l a  S
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f i b r e s  t o  a  s t r o n g  d e p o la r i s i n g  c u r r e n t .

L ike  t h e  c e n t r a l l y  s i t u a t e d  T, P and N c u ta n e o u s  m echanosensory  

n e u ro n e s  each  o f  which has a c h a r a c t e r i s t i c  shape o f  a c t i o n  

p o t e n t i a l  ( N ic h o l l s  and B a y lo r ,  1968), t h e  SRN som atic  a c t i o n  

p o t e n t i a l  produced in  r e sp o n se  t o  a squa re  wave d e p o la r i s i n g  c u r r e n t  

p u l s e  i s  d i s t i n c t i v e  and c h a r a c t e r i s t i c  o f  t h e  c e l l .  In  r e sp o n se  t o  

a  long  d e p o la r i s i n g  c u r r e n t  p u ls e  a s in g l e  AP was most f r e q u e n t l y  

o b se rv e d  fo l lo w e d  by an i s o e l e c t r i c  p l a t e a u  p o t e n t i a l  m a in ta in e d  f o r  

t h e  d u r a t i o n  o f  the  c u r r e n t  p u l s e .  In  th e  o t h e r  l e e c h  p r im ary  

s e n s o r y  n eu rones  an a f t e r - h y p e r p o l a r i s a t i o n  ( a . h . p . ) ,  th o u g h t  t o  be 

g e n e r a te d  by th e  de layed  (outw ard) r e c t i f y i n g  K c u r r e n t ,  i s  o f t e n  

p ronounced  fo l lo w in g  an a c t i o n  p o t e n t i a l .  No ev id e n c e  o f  an 

a f t e r - h y p e r p o l a r i s a t i o n  ( a . h . p )  was observed  in  th e  SRN. On o c c a s io n  

i n  r e s p o n s e  t o  a l a r g e  (>10 nA) d e p o l a r i s i n g  c u r r e n t  p u l s e ,  

r e p e t e t i v e  a c t i v i t y  could  be evoked from th e  SRN soma. T h is  was 

c h a r a c t e r i s e d  by a marked r e d u c t io n  in  th e  a m p li tu d e s  o f  t h e  second 

and s u b s e q u e n t  s p ik e s  compared t o  the  f i r s t  and a g ra d u a l  i n c r e a s e  

i n  t h e  i n t e r s p i k e  i n t e r v a l s  ( f i g .  9 ) .  A s i m i l a r  f i r i n g  p a t t e r n  i s  

o b se rv e d  in  neo—n a t a l  r a t  mo to  neurones  when th e  c e l l s  a r e  a c t i v a t e d  

w i th  long  d e p o l a r i s i n g  c u r r e n t  p u ls e s  and t o n i c  f i r i n g  i n i t i a t e d  

(F u l to n  and W alton, 1986). In  th e s e  c i r c u m s ta n c e s  th e  a u th o r s  

s u g g e s te d  t h a t  t h e  decay  i n  AP am plitude  r e s u l t e d  from t h e  c u r r e n t  

sh u n t  produced by th e  conductance  u n d e r ly in g  th e  a . h . p  o f  th e  AP. 

T h is  was n o t  t h e  s i t u a t i o n  i n  th e  p r e s e n t  c a se  however where an 

a . h . p  f o l lo w in g  th e  som atic  SRN a c t i o n  p o t e n t i a l  was a b s e n t .  I n s te a d  

t h e  s lo w e r  r i s e  t im es  and reduced  a m p li tu d e s  o f  t h e  second and 

s u b s e q u e n t  a c t i o n  p o t e n t i a l s  p o i n t s  l a r g e l y  to  a slow i n a c t i v a t i o n
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o f  th e  c h a n n e ls  r e s p o n s i b l e  fo r  the  a c t i o n  p o t e n t i a l .  The 

r e l i a b i l i t y  w i th  which an anoda l  b reak  s p ik e  was e l i c i t e d  from th e  

SRN soma presum ably  r e f l e c t s  th e  d e - i n a c t i v a t i o n  o f  f a s t  c h a n n e ls  

r e s p o n s i b l e  f o r  t h e  s p ik e  p o t e n t i a l  upon membrane h y p e r p o l a r i s a t i o n .

2 .3  TTX i n s e n s i t i v i t y .

The i n s e n s i t i v i t y  o f  t h e  a c t i o n  p o t e n t i a l  t o  m icrom olar  amounts 

o f  TTX r a i s e s  the  q u e s t io n  o f  th e  i d e n t i t y  o f  th e  io n ic  s p e c i e s  

r e s p o n s i b l e  f o r  t h e  SRN som atic  a c t i o n  p o t e n t i a l .  In  o t h e r  

p r e p a r a t i o n s  vdiere TTX i n s e n s i t i v i t y  o f  th e  a c t i o n  p o t e n t i a l  has  

b e e n  shown, c a lc iu m  r a t h e r  th an  sodium io n s  i n  f a c t  c a r r y  th e  

c u r r e n t  (G edu ld ig  and Junge , 1968). In  many c ru s ta c e a n  and m o llu scan  

n e u ro n e s  t h e  a c t i o n  p o t e n t i a l s  a r e  m ediated  by ca lc ium  r a t h e r  th an  

sodium  ( r e f .  i b i d . ) ,  and i t  i s  now w ell  e s t a b l i s h e d  t h a t  Ca a c t i o n  

p o t e n t i a l s  occu r  i n  t h e  d e n d r i t e s  and somata o f  a v a r i e t y  o f  

v e r t e b r a t e  c e n t r a l  neu rones  (L l in a s  and S ug im ori ,  1980 ; L l in a s  and 

Yarom, 1981 ; F u l to n  and W alton, 1981). In  t h e  le e c h  i t  has been  

shown t h a t  th e  a m p litude  o f  th e  o v e rsh o o t in g  a c t i o n  p o t e n t i a l s  from 

t h e  c u ta n e o u s  m echanosensory neurones depend on e x t e r n a l  sodium 

c o n c e n t r a t i o n  ( N ic h o l l s  and K u f f l e r ,  1964), a s  in  th e  squ id  g i a n t  

axon (Hodgkin and K a t z , 1949 ) .  Q u a n t i t a t i v e  d i f f e r e n c e s  occur however 

betw een th e  le e c h  and the  c l a s s i c a l  squid  p r e p a r a t i o n s  in  th e  

r e l a t i o n s h i p  o f  t h e  a c t i o n  p o t e n t i a l  am p litude  and e x t e r n a l  Na 

c o n c e n t r a t i o n .  In  the  squid  n e rv e ,  rep la ce m e n t  o f  s e aw a te r  w i th  

i n c r e a s i n g  amounts o f  i s o t o n i c  d e x t ro s e  s o l u t i o n  r e s u l t s  i n  a
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p r o g r e s s i v e  d e c l i n e  in  t h e  am plitude  o f  t h e  a c t i o n  p o t e n t i a l  such 

t h a t  i n  a  s o l u t i o n  c o n ta in in g  20% seaw a te r  th e  a c t i o n  p o t e n t i a l  f e l l  

t o  24% o f  t h a t  rec o rd e d  in  100% s e a w a te r .  In  t h e  le e c h  

m echanosenso ry  c e l l s  how ever, th e  s p ik e  s i z e  f e l l  t o  o n ly  63% o f  i t s  

o r i g i n a l  s i z e  when e x t e r n a l  Na was r e p la c e d  t o  10% and was 

c o m p le te ly  a b o l i s h e d  in  0% Na. K le inhaus  and P r ic h a rd  (1976) have 

shown t h a t  t h e  maximum r a t e  o f  d e p o l a r i s a t i o n  o f  th e  AP o f  t h e  le e c h  

R e tz iu s  c e l l  i s  a l s o  d i r e c t l y  dependant upon th e  e x t e r n a l  Na 

c o n c e n t r a t i o n  and t h a t  t h i s  AP i s  rem arkab ly  i n s e n s i t i v e  t o  TTX. The 

s e n s i t i v i t y  o f  th e  r a t e  o f  d e p o l a r i s a t i o n  o f  th e  AP t o  TTX was f a r  

lo w e r  th a n  t o  changes i n  e x t e r n a l  Na. The dependence o f  t h e  a c t i o n  

p o t e n t i a l s  o f  th e  l e e c h  T,P and N c e l l s  upon e x t e r n a l  Na was a l s o  

co n f i rm e d  by K le in h a u s  and P r ic h a rd  (1 9 8 3 ) .  The s e n s i t i v i t y  o f  t h e  

AP o f  t h e  m echanosensory  neurones  t o  50 and 15 m icrom olar  TTX was 

f a r  h ig h e r  however th an  t h a t  shown f o r  t h e  AP o f  t h e  R e tz iu s  c e l l .  

The p r i n c i p l e  change n o t ic e d  was a d e c l in e  in  th e  maximum r a t e  o f  

d e p o l a r i s a t i o n  o f  t h e  T, P and N AP's which was reduced  i n  a dose 

d e p e n d an t  m anner. These r e s u l t s  a r e  in  c o n t r a s t  w i th  th e  

o b s e r v a t i o n s  made i n  t h e  p r e s e n t  s tu d y  where no e f f e c t  was se en  o f  

TTX upon  th e  A P 's  o f  e i t h e r  o f  th e  mechanosensory neurones  o r  th e  

SRN ( f i g  1 0 ) .  In  t h e  p r e s e n t  s tu d y  a low er TTX c o n c e n t r a t i o n  was 

u se d  (0 .3  m icrom olar)  which may be a t  th e  lower end o f  th e  cu rv e  o f  

t h e  r e p o r t e d  dose—dependency o f  t h e  AP 's  f o r  TTX. H igher  

c o n c e n t r a t i o n s  were n o t  t e s t e d .  R ec e n tly  i t  has been shown t h a t  a 

0 .0 3  m ic rom o la r  TTX c o n c e n t r a t io n  w i l l  reduce  th e  n o rm a l ly  h igh  

r e s t i n g  Na conduc tance  p re s e n t  in  th e  R e tz iu s  c e l l  b u t  n o t  th e  Na 

co n d u c ta n c e  p r e s e n t  d u r in g  sp ik e  e l e c t r o g e n e s i s  ( B e l e s l i n ,  1985) .  

Hence i t  a p p e a rs  t h a t  a b s o lu t e  TTX c o n c e n t r a t io n  i s  c r i t i c a l .
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W hether o r  n o t  th e  SRN a c t i o n  p o t e n t i a l  e x h i b i t s  th e  same Na 

dependancy  as  t h a t  shown by th e  o th e r  l e e c h  neurones  rem a in s  t o  be 

i n v e s t i g a t e d .  However th e  phenomena e x h ib i te d  in  th e  l e e c h ,  o f  Na 

c h a n n e l s  which g iv e  r i s e  to  s p ik in g  a c t i v i t y  and which a r e  

i n s e n s i t i v e  t o  TTX p o iso n in g  i s  n o t  in  i t s e l f  a s u r p r i s i n g  f a c t  j 

many such  exam ples a r e  known to  e x i s t .  These in c lu d e  th e  Na c h a n n e ls  

p r e s e n t  i n  th e  t u n i c a t e  egg c e l l  membrane (Hagiwara and J a f f e ,  

1979) ; a  l a r g e  p a r t  (ap p ro x .  40%) o f  t h e  Na c u r r e n t  r e s p o n s i b l e  f o r  

th e  p u re  Na s p ik e  in  t i s s u e  c u l t u r e d  a d u l t  mammalian d o r s a l  r o o t  

g a n g l i o n  n eu rones  (Fukuda and Kameyama, 1980) ; and a TTX r e s i s t a n t  

Na component o f  th e  a c t i o n  p o t e n t i a l  has a l s o  been shown i n  o t h e r  

p r im a ry  s e n s o r y  neurones o f  th e  a d u l t  c a t  (G a l le g o ,  1983 ) .  TTX 

i n s e n s i t i v e  Na c h a n n e ls  have been r e p o r t e d  i n  d e n e rv a te d  r a t  EDL 

m usc le  f i b r e s  (R ed fe rn  and T h e s l e f f ,  1971). T h is  TTX i n s e n s i t i v i t y  

d e v e lo p s  w i th in  2-3 days o f  d e n e rv a t io n  and may be r e v e r s e d  upon 

r e - i n e r v a t i o n  o f  th e  m usc le . In  d e n e rv a te d  muscle f i b r e s  10 

m ic ro m o la r  TTX f a i l e d  to  a b o l i s h  the  r e g e n e r a t iv e  r e s p o n s e ,  a l th o u g h  

t h e  r a t e  o f  r i s e  was reduced  and t h e  a m p litude  reduced  by a p p rox . 

15mV. I n  d e n e rv a te d  muscle th e re  i s  l i t t l e  doubt t h a t  th e  TTX 

r e s i s t a n t  c u r r e n t s  a r e  c a r r i e d  by Na s in c e  th e y  a r e  a b o l i s h e d  by th e  

r e p la c e m e n t  o f  e x t e r n a l  Na w ith  an i s o t o n i c  m ix tu re  o f  ca lc ium  and 

s u c ro s e  (R e d fe rn  and T h e s l e f f ,  1971). The a u th o r s  s u g g e s te d  t h a t  

t h i s  r e s i s t a n c e  t o  the  b lo ck in g  e f f e c t  o f  TTX r e f l e c t e d  th e  

a p p e a ra n c e  i n  t h e  membrane o f  a second type  o f  Na c h a n n e l ,  e i t h e r  

from de—novo s y n th e s i s  o r  from m o d i f ic a t io n  o f  e x i s t i n g  c h a n n e l s .  

Pappone (1980) s u b s e q u e n t ly  showed t h a t  two ty p e s  o f  sodium channel  

e x i s t e d  i n  d e n e rv a te d  s k e l e t a l  muscle which d i f f e r e d  in  t h e i r  s low er 

k i n e t i c s  and reduced  s e n s i t i v i t y  to  TTX.
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The d e p o l a r i s a t i o n  evoked AP o f  th e  SRN i s  s i m i l a r  t o  t h a t  

e l i c i t e d  from th e  T f i b r e  o f  the  c ru s ta c e a n  T horaoo -ooxa l  muacle

r e c e p t o r  o rg an  upon i n t r a c e l l u l a r  i n j e c t i o n  o f  a l a r g e  d e p o l a r i s i n g  

c u r r e n t  p u l s e  (R o b e rts  and R ish ,  1971 ) B l ig h t  and L l i n a s ,  1980). 

Above a  c e r t a i n  th r e s h o ld  o f  d e p o l a r i s a t i o n  th e  c r u s t a c e a n  T f i b r e  

e x h i b i t s  a t r a n s i e n t  s p i k e - l i k e  even t superim posed upon th e  p a s s iv e

membrane r e sp o n se  which i s  g raded  a c c o rd in g  t o  t h e  c u r r e n t

i n t e n s i t y .  The io n ic  b a s i s  o f  t h i s  T f i b r e  s p ik e  component re c o rd e d

p e r i p h e r a l l y  from th e  a f f e r e n t  f i b r e s  o f  C a rc in u s  was i n v e s t i g a t e d  

by R o b e r ts  and Bush (1971 ).  They showed t h a t  a  0 .3  m icrom olar  TTX 

c o n c e n t r a t i o n  reduced  th e  d e p o l a r i s a t i o n  t r a n s i e n t  by a p p ro x im a te ly  

50%. In  c o n t r a s t  however i t  was found in  a n o th e r  c r u s t a c e a n ,  

C a l l i n e c t e s  t h a t  m icrom olar  c o n c e n t r a t io n s  o f  TTX which b locked  th e  

m otoneurone  s p ik in g  i n  t h e  a n im a l ,  had l i t t l e  o r  no e f f e c t  upon th e  

T f i b r e  t r a n s i e n t  s p ik e  which was rec o rd e d  from th e  p rox im al 

s y n a p t i c  zone o f  t h e  T f i b r e  (B l ig h t  and L l i n a s ,  19 80). I t  must be 

s t r e s s e d  h e re  t h a t  th e  experim en ts  o f  B l ig h t  and L l in a s  were 

co n c e rn e d  o n ly  w i th  t h e  p rox im al segment o f  t h e  c r u s ta c e a n  T f i b r e  

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

from th o s e  o f  t h e  p e r i p h e r a l  f i b r e  n e a r e r  th e  r e c e p to r  e n d in g .  Thus 

B l ig h t  and L l in a s  (1980) showed t h a t  p e r f u s io n  o f  th e  p r e p a r a t i o n  

w i th  s a l i n e  i n  which ca lc ium  io n s  had been r e p la c e d  w i th  cadmium 

caused  a s i g n i f i c a n t  r e d u c t io n  in  th e  a m p litude  o f  th e  

d e p o l a r i s a t i o n  t r a n s i e n t  reco rd ed  from th e  prox im al T f i b r e  segm ent. 

The most p ro b a b le  e x p la n a t io n  o f fe r e d  was t h a t  th e  T f i b r e  

d e p o l a r i s a t i o n  t r a n s i e n t  r e p r e s e n te d  an in c r e a s e d  membrane 

c o n d u c ta n c e  p r i m a r i l y  f o r  ca lc iu m , a l th o u g h  th e  p o s s i b i l i t y  remained 

t h a t  t h e  movement o f  sodium io n s  cou ld  a l s o  p ro v id e  a s i g n i f i c a n t
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c o n t r i b u t i o n  t o  t h e  s p i k e , S im i la r  TTX i n s e n s i t i v e  t r a n s i e n t s  have 

been  d e s c r ib e d  f o r  n o n -s p ik in g  s e c r e t o r y  c e l l s  in  th e  l o b s t e r  and 

s lu g  (G rau b a rd ,  1978 j K a t e r ,  1977) .  The ev id en ce  from th e  c r u s t a c e a n  

T f i b r e  s u g g e s t s  t h e r e f o r e  t h a t  v o l ta g e  dependent sodium and ca lc iu m  

c h a n n e l s  a r e  n o n -u n ifo rm ly  d i s t r i b u t e d  a long  th e  l e n g th  o f  t h e  

f i b r e s .  The p e r i p h e r a l  p a r t  o f  the  neurone n e a r  t o  th e  r e c e p t o r  

e n d in g  i s  c h a r a c t e r i s e d  by i t s  sodium dependen t r e s p o n s e s  t o  s t r e t c h  

and a d e p o l a r i s a t i o n  t r a n s i e n t  which i s  s u s e p t i b l e  t p  TTX p o iso n in g  

( R o b e r t s  and Bush, 1971) . The p roxim al r e g io n  o f  t h e  T f i b r e  

meanwhile e x h i b i t s  a d e p o l a r i s a t i o n  t r a n s i e n t  which most l i k e l y  

r e p r e s e n t s  an  in c r e a s e d  membrane conductance  p r i m a r i l y  f o r  c a lc iu m  

( B l ig h t  and L l i n a s ,  1980). Both th e  c e n t r a l  g raded  ca lc iu m  s p ik e  and 

t h e  p e r i p h e r a l  g raded  sodium sp ik e  may have r o l e s  connec ted  w i th  t h e  

r e s p o n s e  p r o p e r t i e s  and t r a n s m i t t e r  c h a r a c t e r i s t i c s  o f  th e  

c r u s t a c e a n  r e c e p t o r s .  In  t h e  le e c h  t h e  p e r i p h e r a l  TTX i n s e n s i t i v e  

s p ik e  i s  a l o c a l i s e d  ev en t  which may p la y  an im p o r ta n t  r o l e  in  th e  

r e s p o n s e  o f  t h e  c e l l  to  p h a s ic  s t i m u l i  o r  i n  overcom ing some o f  t h e  

l i m i t a t i o n s  imposed by th e  la c k  o f  a  r e g e n e r a t i v e  im p u ls e .
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2 .4  O th e r  membrane c h a r a c t e r i s i c s

The v a lu e s  c a l c u l a t e d  i n  th e  p r e s e n t  s tu d y  f o r  t h e  membrane

c o n s t a n t s  o f  t h e  SRN a r e  in  good agreem ent w i th  th e  p r o p e r t i e s  

r e q u i r e d  f o r  th e  p a s s iv e  p r o p a g a t io n  o f  slow g raded  changes i n  

membrane p o t e n t i a l  ove r  long d i s t a n c e s .

The e s t i m a t e  o f  t h e  l e n g th  c o n s ta n t  i n  t h e s e  f i b r e s  ( a p p ro x .  4 .0  

mm) was based  on th e  decrem ent o f  s te a d y  s t a t e  p o t e n t i a l  between two 

p o i n t s  a lo n g  t h e  SRN axon fo l lo w in g  t h e  i n j e c t i o n  o f  a

h y p e r p o l a r i s in g  c u r r e n t  p u l s e  i n to  th e  SRN soma. C a l c u l a t i o n  o f  th e  

l e n g t h  c o n s t a n t  was however c o m p lic a ted  by th e  p re se n c e  o f  t h e  

p ro x im a l  fa n  between th e  p o in t  o f  c u r r e n t  i n j e c t i o n  ( c e l l  body) and 

t h e  second r e c o r d in g  p o i n t  n e a r  t h e  g a n g l io n  ( s e e  f i g . 1 4 ) .  The 

l a r g e  s u r f a c e  a r e a  o f  th e  fan  and th e  a d d i t i o n a l  l a r g e  a r e a  o f  

membrane p ro v id e d  by th e  m ushroom -like o u tg ro w th s  s i t t i n g  on i t s  

s u r f a c e  u n d o u b te d ly  a c te d  as  a l a r g e  c u r r e n t  TTsinkn t o  red u ce  th e  

a p p a r e n t  measured l e n g t h  c o n s ta n t  and i t  i s  l i k e l y  t h a t  t h e  v a lu e  

f o r  th e  axon l e n g t h  c o n s ta n t  i s  an u n d e r e s t im a te .  The v a lu e  f o r  th e  

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

c e n t r a l  s y n a p t i c  zone o f  th e  c e l l  may be as  l i t t l e  a s  1 space

c o n s t a n t  away from th e  p e r i p h e r a l  t r a n s d u c in g  r e g i o n .  A com parable

v a lu e  o f  4 .9  mm was o b ta in e d  f o r  th e  l e n g th  c o n s ta n t  o f  th e  

p h o t o r e c e p t o r  c e l l  o f  t h e  l a t e r a l  o c e l l a r  eye o f  t h e  b a rn a c le  (Shaw, 

1 97 2 ) .  These l a r g e  d ia m e te r  axons (10-20 m icrons)  behave a s  p a s s iv e
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c a b le s  and t r a n s m i t  sm all  ana logue  v o l ta g e  changes over  d i s t a n c e s  o f  

a p p ro x im a te ly  11 mm t o  t h e  CNS i n  re sp o n se  t o  i l l u m i n a t i o n  o f  t h e  

o c e l l u s . Both v a lu e s  f o r  l e e c h  SRN and b a rn a c le  p h o to re c e p to r  a r e  

s m a l l  however when compared t o  t h e  va lu e  o f  5 .8  cm c a l c u l a t e d  by 

M i r o l l i  (1979) f o r  the  space  c o n s ta n t  o f  th e  S f i b r e  o f  S c y l l a . 

U ndoub ted ly  one o f  th e  components c o n t r i b u t i n g  to  th e  v e ry  l a r g e  

S c y l l a  l e n g t h  c o n s t a n t  i s  t h e i r  l a r g e  d ia m e te r  (60-100  m ic r o n s ) . 

However t h e  l e n g t h  c o n s t a n t  v a lu e s  o f  t h e  SRN, b a r n a c le  

p h o t o r e c e p t o r s  and S c v l l a  S f i b r e s  a r e  a l l  s t i l l  r e l a t i v e l y  l a r g e  

when compared t o  t h e  v a lu e s  f o r  t h e  g i a n t  f i b r e s  o f  t h e  c e p h a lo p o d s .

The axons o f  t h e  squ id  S e p i a . which a r e  a s  l a r g e  as  200 m ic rons  in

d i a m e te r ,  have a l e n g th  c o n s ta n t  o f  up t o  1 .0  cm (Weidman, 195 1 ) .

The l e n g t h  c o n s ta n t  o f  th e  axons o f  the  c r a y f i s h  s p ik in g  s t r e t c h

r e c e p t o r  n e u ro n e ,  18 m ic rons  i n  d ia m e te r ,  was e s t im a te d  a t  o n ly  0 .8 5  

mm (M ellon and K a a r s ,  1974).

A f u r t h e r  a d a p ta t i o n  o f  t h e  SRN, b a r n a c le  p h o to re c e p to r  and 

c r u s t a c e a n  c o x a l  r e c e p t o r s  f o r  th e  t r a n s m is s io n  o f  graded  s i g n a l s  i s  

t h e  h ig h  s p e c i f i c  membrane r e s i s t a n c e  (R^) o f  t h e i r  axons .  The va lu e  

o f  R^ c a l c u l a t e d  f o r  t h e  SRN from th e  i n f i n i t e  c a b le  model and 

assum ing c u r r e n t  f low  i n  bo th  d i r e c t i o n s  from th e  p o in t  o f  i n j e c t i o n  

was 22 .0  Kohm cm^. T h is  va lu e  i s  s m a l l e r  th a n  th o se  c a l c u l a t e d  f o r  

S c v l l a  ( M i r o l l i ,  1979) which ranged  between 2 5 0 .0  Kohm and 760 .0  

Kohm cm^ depend ing  on th e  va lu e  used  f o r  s p e c i f i c  axop lasm ic  

r e s i s t a n c e ,  R^. The va lu e  o f  R^ f o r  t h e  SRN i s  c o n s id e r a b l y  h ig h e r  

however th a n  th o s e  o f  p r e v io u s ly  s tu d ie d  s p ik in g  n e u ro n e s ,  e g .  5 .0  

Kohm cm^ f o r  a  30 m icron  d ia m e te r  c rab  le g  n e rv e  f i b r e  (Hodgkin and 

R ush ton , 1946) ,  and 9 .0  Kohm cm^ f o r  sq u id  g i a n t  axons (Weidman,
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1 9 5 1 ) .  I n  t h e  b a m a e l e ,  whose photoreceptor axon a r e  lo n g  and 

r e l a t i v e l y  t h i n  (7 .8 -1 0 .9  m  by 10-20  m ic rons)  l o s s  o f  s i g n a l  

a m p l i tu d e  i s  m in im ised  by a  somewhat h ig h e r  axon s p e c if ic  membrane 

r e s i s t a n c e .  An e s t i n a t e  o f  170*000 ohm cm^ was g i v e n  by  (1972) * 

u s i n g  a  v a lu e  fo r  i n t e r n a l  axoplasmic r e s i s t a n c e ,  o f  270 ohm cm.

2 .5  D i s t a l  axon p r o p e r t i e s .

I t  was c h a r a c t e r i s t i c  o f  r e c o r d in g s  l a d e  i n  t h e  axon t o  o b s e rv e  

s m a l l  a m p l i tu d e  t r a n s i e n t  e v e n ts  superim posed  upon th e  r e c o r d e d  SHN 

transm em brane  p o t e n t i a l .  T hree  p o s s i b i l i t i e s  e x i s t e d  f o r  t h e  o r i g i n  

o f  s u c h  a c t i v i t y  ( i ) . som a tic  a c t i o n  p o t e n t i a l s  i n i t i a t e d  i n  t h e  

p e r i p h e r y  and t r a n s m i t t e d  d e c re m e n ta l ly  t o  t h e  axon r e c o r d in g  p o i n t  

( i i > , d e n d r i t i c  s p ik in g  o r i g i n a t i n g  i n  t h e  c e n t r a l  a rb o u r  o f  t h e  

SRN ( i i i ) ,  s y n a p t i c  a c t iv i t y .  S im lta n e c M s  recording o f  a c t iv i t y  

w i t h in  the SRN soma and axon showed th at sp o n ta n e o u s  8 p i k i %  

a c t i v i t y  was n e v e r  rec o rd e d  from t h e  SRN soma even  when t h e  

t r a n s i e n t s  were p r e s e n t  i n  th e  axon . The e v e n t s  were n o t  t h e r e f o r e  

t h o u g h t  t o  be som atic  s p ik e s  transm itted d e c r e m e n ta l l y  along the  

ax o n . The p o s s i b i l i t y  rem a in s  however that the e v e n ts  recorded were 

due  t o  d e n d r i t i c  s p ik in g  a c t i v i t y  generated w i t h i n  t h e  cen tra l 

a r b o u r  o f  t h e  SRN. Both Na and Ca evoked sp ik in g  a c t iv i t y  has been 

r e p o r t e d  from t h e  d e n d r i t i c  t r e e s  o f  a  number o f  neuronal types  

(Wong, P r in c e  and Basbamm, 1979 ; L l i n a s ,  Sugimori and W alton.1977 ; 

Murase and R a n d ic , 1983-) . O b se rv a t io n  o f  t h e  t r a n s i e n t  a c t i v i t y  

however a t  h ig h  sweep sp e ed s  ( f i g .  15) in d ic a te s  f e a t u r e s  v e ry

— 146 —



c h a r a c t e r i s t i c  o f  p o s t  s y n a p t i c  a c t i v i t y ,  namely, summation o f  p s p ' s  

was o f t e n  o b se rved  ( o f .  f i g .  1 5 b ) ,  and th ey  had a f a s t  r i s e  t o  peak 

and slow  e x p o n e n t i a l  decay . The e v e n ts  were a l s o  b locked  by 

c o n c e n t r a t i o n s  known t o  b lock  c e n t r a l  chem ical synapses  i n  th e  le e c h  

N i c h o l l s ,  196 9 ) .  In  c o nc lud ing  t h a t  t h e  spo n tan eo u s  

sm a l l  a m p l i tu d e  t r a n s i e n t  a c t i v i t y  was s y n a p t ic  in  n a t u r e ,  th e  

q u e s t i o n  o f  t h e  i d e n t i t y  o f  t h e  p r e - s y n a p t i c  e le m e n t( s )  r e m a in s .  

E v idence  was p re s e n te d  ( f i g s .  17a, 17 b ) ,  t h a t  th e  f re q u e n c y  o f  th e  

psp  a c t i v i t y ,  re c o rd e d  from th e  SRN axon, was dependen t  upon th e  

l e v e l  o f  d e p o l a r i s a t i o n  o f  th e  SRN. F ig u re  17a shows t h a t  a t  th e  Em

r e c o r d e d  o f  -40mV th e  psp a c t i v i t y  re c o rd e d  from th e  SRN axon was 

i n f r e q u e n t ,  b u t  in c r e a s e d  in  f re q u e n c y  (and c h a r a c t e r i s t i c a l l y  

d e c r e a s e d  i n  a m p li tu d e )  as th e  SRN E^ was moved t o  more d e p o la r i s e d  

l e v e l s .  A p o s s i b l e  e x p la n a t io n  o f  t h i s  phenomenon i s  t h a t  th e  

a c t i v i t y  o f  u n i d e n t i f i e d  n e u r o n e ( s ) , p r e s y n a p t i c  t o  th e  SRN, i s  

c o n t r o l l e d  by th e  l e v e l  o f  d e p o l a r i s a t i o n  o f  th e  SRN te r m in a l  

i t s e l f .  I f  r % i o n s  o f  t h e  SRN t e r m in a l  o r  t h e  axon i t s e l f  were 

r e c i p r o c a l l y  p re —s y n a p t ic  t o  th e  u n i d e n t i f i e d  p r e - s y n a p t i c  e le m e n ts ,  

t h e n  t h e  a c t i v i t y  o f  such p r e - s y n a p t i c  t e r m in a l s  cou ld  be 

e f f e c t i v e l y  in f lu e n c e d  by th e  SRN E^.

A l t e r n a t i v e l y ,  i t  i s  now w e l l  e s t a b l i s h e d  t h a t  th e  i n t e g r a t i v e  

p r o p e r t i e s  o f  many neurones a r e  s t r o n g l y  a f f e c t e d  by th e  e l e c t r i c a l  

p r o p e r t i e s  o f  t h e i r  s o m a -d e n d r i t i c  membranes. For example 

c o n t r a s t i n g  e l e c t r o p h y s i o l o g i c a l  p r o p e r t i e s  have been  observed  

betw een  th e  som atic  and d e n d r i t i c  r e g io n s  o f  mammalian c e r e b e l l a r  

P u r k in j e  c e l l s  ( L l in a s  and S ug im ori ,  1 9 8 0 a ,b ) . Evidence from 

mammalian i n f e r i o r  o l i v a r y  c e l l s  has a l s o  shown t h a t  changes in
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t h e i r  r e s t i n g  membrane p o t e n t i a l  l e v e l  may r e s u l t  in  th e  

d e —i n a c t i v a t i o n  o f  i o n ic  c o n d u c tan ces  which a r e  o th e rw is e  i n a c t i v e  

a t  th e  r e s t i n g  l e v e l  and hence r e s u l t  i n  a  c o m p le te ly  d i f f e r e n t  

p a t t e r n  o f  e l e c t r i c a l  a c t i v i t y  upon s y n a p t ic  o r  e l e c t r i c a l  

s t i m u l a t i o n  o f  t h e  c e l l  ( L l in a s  and Yarom, 1981) .  The p o s s i b i l i t y  i n  

t h e  p r e s e n t  s tu d y  t h a t  d e p o l a r i s a t i o n  o f  th e  SRN a c t i v a t e s  a  h igh  

t h r e s h o l d  c o n d u c ta n c e ,  n o rm a lly  i n a c t i v e  a t  r e s t i n g  membrane 

p o t e n t i a l  l e v e l s  and r e s p o n s i b le  f o r  t h e  m ed ia t io n  o f  t h e  

p o s t - s y n a p t i c  p o t e n t i a l s ,  rem ains  t o  be t e s t e d .
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3 .0  Response c h a r a c t e r i s t i c s

As m entioned e a l l e r  ( L i t e r a t u r e  review) p re v io u s  s t u d i e s  have 

d e s c r i b e d  s p ik i n g  a c t i v i t y  in  re sp o n se  t o  s t r e t c h  o f  th e  body w a l l  

i n  v a r i o u s  s o f t -  bodied  i n v e r t e b r a t e s  (Gray and Lissm an, 1938 ;G ray , 

L issm an and Pumphrey, 1938; L averack , 1969; Smith and Page, 1974; 

K r i s t a n  and S t e n t ,  1976; Drewes and F o u r tn e r ,  1976) . Few o f  t h e s e  

e a r l y  s t u d i e s  however made s u i t a b l e  d i s t i n c t i o n  between a f f e r e n t  

i n p u t  w hich a ro s e  from c u taneous  m ec h a n o re o e p to rs , a c t i v a t e d  upon 

body w a l l  d i s t o r t i o n ,  o r  t h a t  in p u t  which a ro s e  p u r e ly  as a  r e s u l t  

o f  changes  i n  l e n g th  o f  u n d e r ly in g  muscle and which was t h e r e f o r e  

p u r e l y  p r o p r i o c e p t iv e  in  c o n te n t .  I n  none o f  th e  p re v io u s  s tu d i e s  

was t h e  a c t i v i t y  o r  morphology o f  a s p e c i f i c  r e c e p to r  type  

d e s c r i b e d .  Laverack  (1969) reco rd e d  s low ly  a d a p tin g  s p ik in g  a c t i v i t y  

from  t h e  segm en ta l  ne rve  r o o t s  o f  t h e  le e c h  Hirudo i n  re sp o n se  t o  

s i n u s o i d a l  i n d e n t a t i o n  o f  the  body w a l l .  He showed t h a t  t h i s  

m ec h a n o re c e p tiv e  in fo rm a t io n  was t r a n s m i t t e d  a lo n g  t h e  f a s t  

th ro u g h - c o n d u c t in g  pathway p re s e n t  i n  F a iv r e s  ne rve  o f  the  l e e c h ,  

t h e  S c e l l  (F ra n k ,  Ja n se n  and R in v ik ,  1975) .  T h is  pathway i s  known 

t o  m ed ia te  th e  r a p id  body s h o r te n in g  which fo l lo w s  a m echan ica l  

s t i m u lu s  t o  t h e  body w a l l  (Magni and P e l l e g r i n o ,  1978). S t r e t c h  

r e c e p t o r s  th o u g h t  t o  l i e  in  th e  g a n g l io n ic  sh e a th  have been r e p o r t e d  

t o  a l s o  e x c i t e  t h i s  f a s t  co n d u c tin g  pathway (Smith and Page, 1974). 

Sm ith  and Page were unab le  to  evoke S c e l l  d i s c h a rg e  upon l i g h t  

t a c t i l e  s t i m u l a t i o n  o f  t h e  s k in  o r  by d i r e c t  i n t r a c e l l u l a r
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a c t i v a t i o n  o f  any o f  t h e  T ,P  o r  N c e l l s  p r e s e n t  i n  t h e  CNS o f  

H aem oois . A s e r i e s  o f  s e q u e n t i a l  d i s s e c t i o n  e x p e r im e n ts  th e n  led  t h e  

i n v e s t i g a t o r s  t o  c o n c lu d e  t h a t  t a c t i l e  s t i m u l a t i o n  o f  t h e
H

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

g a n g l i o n i c  s h e a t h  r e c e p t o r s  were c o n s id e r e d  s e n s i t i v e  enough to

re sp o n d  t o  t a c t i l e  s i m u l a t io n  o f  t h e  s k in  o f  an  i n t a c t  s e g ræ n t .

S t r e t c h - s e n s i t i v e  r e c e p t o r s  l y in g  i n  c l o s e  a s s o c i a t i o n  w i th  t h e  CNS

have  however a l s o  been r e p o r t e d  i n  th e  abdom ina l c o n n e c t iv e s  o f  th e  

c r a y f i s h  (Kennedy e t . a l ,  1 9 6 6 ) ,  and i n  v e r t e b r a t e s  i n  t h e  l a t e r a l  

edge o f  t h e  w h i te  m a t t e r  in  t h e  lam prey  s p i n a l  c o r d ,  t h e  s o - c a l l e d  

edge c e l l s  ( G r i l l n e r ,  W il l ia m s  and L a g e rb a c k ,  1 9 8 4 ) .

T hat t h e  S - f i b r e  sys tem  and th e  T m e c h a n o re c e p to r  c e l l s  a r e  

s y n a p t i c a l l y  l in k e d  ( a l b e i t  i n d i r e c t l y )  and t h a t  t h e  fo rm er  does 

r e c e i v e  m echanosenso ry  in f o r m a t io n  from th e  T c e l l s  has  s in c e  been 

documented (M u l le r  and S c o t t ,  1981; B a g n o l i  e t . a l . ,  1975; Magni and 

P e l l e g r i n o ,  197 8 ) .  I t  i s  a l s o  now known t h a t  upon n a t u r a l  

s t i m u l a t i o n  o f  t h e  T c e l l ,  e l e c t r i c a l  t r a n s m i s s i o n  th ro u g h  an 

i n t e r v e n i n g  i n t e r n e u r o n e  t o  t h e  S c e l l  may be r e d u c e d  when im pu lse  

c o n d u c t io n  i s  b lo ck e d  p r e s y n a p t i c a l l y  a t  c e r t a i n  b ra n c h  p o i n t s  o f  

t h e  T c e l l ,  (Yau, 1976; M u lle r  and S c o t t ,  1981 ) .  C o nduc tion  b lo c k  

may t h e r e f o r e  e x p l a i n  t h e  f a i l u r e  o f  Sm ith  and Page t o  e l i c i t  an  S 

c e l l  d i s c h a r g e  i n  r e s p o n s e  t o  T c e l l  e x c i t a t i o n .

I n  t h e  ea rthw orm , c o n v in c in g  e v id e n c e  f o r  t h e  e x i s t e n c e  o f  

s t r e t c h  s e n s i t v e  u n i t s  i n  t h e  body w a l l  h a s  been  o b ta in e d  (Drewes 

and F o u r t n e r ,  1 9 7 6 ) .  In  t h i s  s t u d y ,  p h a s ic  s p ik i n g  a c t i v i t y  was
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r e c o r d e d  from t h e  segm en ta l  nerve  r o o t s  i n  response  t o  low a m p li tu d e  

s i u s o i d a l  s t r e t c h i n g  o f  th e  body w a l l .  This  a c t i v i t y  was shown to  be 

d i s t i n c t  from t h a t  rec o rd e d  from th e  same nerve  r o o t s  bu t evoked 

upon  a c t i v a t i o n  o f  t a c t i l e  s e n s i t i v e  u n i t s  by l i g h t  to u ch  o r  

b r u s h in g  o f  t h e  c u t i c l e .

3 .1  D écrém en ta i  ana logue  s i g n a l l i n g .

G raded , d e c r e m e n ta l l y  conducted s ig n a l s  a r e  n o t  new, many p r i n a r y  

s e n s o r y  n e u ro n e s  i n  bo th  v e r t e b r a t e s  and i n v e r t e b r a t e s  a r e  known to  

t r a n s m i t  a f f e r e n t  in fo rm a t io n  in  a n o n - im p u ls iv e , d e c re m e n ta l ly  

c o n d u c te d  manner (R ip le y ,  Bush and R o b e r ts ,  1968; W erblin  and 

D ow ling , 1969; Shaw,1972; Hudspeth and Corey , 1977), and many 

s y n a p t i c  i n t e r a c t i o n s  a r e  now known t o  occur betwen c e n t r a l  neu rones

w i th o u t  t h e  g e n e r a t i o n  o f  a l l - o r - n o t h i n g  in p u l s e s  (Dowling and

B o y c o t t ,  1966 R a l s to n ,  19683.b .; K ing, 1976; Hudspeth and C orey ,

1 9 7 7 ) .  In  t h e  le e c h  th e  r e c i p r o c a l  i n h i b i t o r y  s y n a p t ic  i n t e r a c t i o n s  

betw een th e  e x c i t a t o r y  and i n h i b i t o r y  motoneurones t o  th e

l o n g i t u d i n a l  muscle a r e  now a l s o  known to  be m ediated  p r im a r i l y  by 

t h e  g raded  d e p o l a r i s a t i o n  o f  the  p re s y n a p t ic  t e r m in a l  w i th o u t  th e  

n e c e s s i t y  f o r  an a c t i o n  p o t e n t i a l  (Granzow e t . a l .  19 85 ) .  Of t h e  

p r e v i o u s l y  d e s c r ib e d  d e c re m e n ta l ly  conducting  p rim ary  a f f e r e n t  

n e u ro n e s  however, o n ly  one o th e r  group  i . e .  t h e  c ru s ta c e a n  

t h o r a c i c - c o x a l  muscle r e c e p to r  organ i s  p r o p r io c e p t iv e  in  f u n c t i o n .  

The l e e c h  SRN s h a re s  many o f  i t s  response  f e a t u r e s  w ith  th e  S and T 

f i b r e s  o f  th e  c r u s ta c e a n  TCMRO. The resp o n se  o f  a l l  o f  th e s e  p r im ary

-  151 -



a f f e r e n t  f i b r e s  t o  a ramp s t r e t c h  s t i m u lu s  c o n s i s t s  o f  a  

d e c r e m e n t a l l y  c o n d u c te d  DC p o t e n t i a l  which i s  m a in ta in e d  f o r  t h e  

d u r a t i o n  o f  th e  ramp l e n g t h  change and i s  p r o p o r t i o n a l  t o  th e  f i n a l  

a m p l i tu d e  o f  t h a t  ramp l e n g t h  c h a n g e . A l l  t h r e e  r e c e p t o r s  show b o th  

p h a s ic  and t o n i c  c h a r a c t e r i s t i c s  and hence  a l l  c e l l s  s i g n a l  b o th  

r a t e  o f  d i s p la c e m e n t  a s  w e l l  a s  t h e  a b s o l u t e  change o f  l e n g t h .

rt n
The s p ik y  component o f  th e  r e s p o n s e  o f  t h e  SRN to  an  i n c r e a s e  

i n  l o n g i t u d i n a l  m usc le  l e n g t h  w hich was g e n e r a l l y  superim posed  upon
U I I

t h e  p h a s ic  hump and d i s t i n c t  from th e  s p o n ta n e o u s  s y n a p t i c  

a c t i v i t y  ( f i g s .  2 4 , 2 5 , and 2 6 ) ,  i s  th o u g h t  t o  be t h e  d e c r e m e n t a l l y  

c o n d u c ted  c e l l  body s p i k e .  T h is  s p ik e  was o n l y  p r e s e n t  d u r in g  th e  

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

s i g n i f i c a n c e  o f  t h i s  t r a n s i e n t  w i l l  be c o n s id e r e d  l a t e r  ( D i s c u s s io n ,  

s e c t i o n 4 . 0 ) . T h is  a c t i v e  r e s p o n s e  o f  t h e  SRN i s  p r o b a b ly  s i m i l a r  t o
» / f

t h e  v a r i a b l e  s p ik y  a lp h a  component o f  th e  c r u s t a c e a n  T - f i b r e  

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

c u r r e n t  d e s c r ib e d  by Bush and c o l l e a g u e s  (R o b e r t s  and B u sh ,1971 

Bush, 1 9 8 1 ) .

The p r e s e n c e  o f  two d i s t i n c t  s e n s o r y  n e u ro n e s  i n  t h e  c r u s t a c e a n  

TCMRO com plex , th e  S and T f i b r e ,  h a s  a l low ed  t h e i r  in d e p e n d a n t  

m o rp h o lo g ic a l  and f u c t i o n a l  s p e c i a l i s a t i o n .  The T f i b r e  shows a 

g r e a t e r  dynamic s e n s i t i v i t y  w h i l s t  t h e  S f i b r e  shows a g r e a t e r  

s t a t i c  r e s p o n s e  t o  a  ramp l e n g t h  c h a n g e .  I t  i s  known t h a t  t h e r e  a r e  

o t h e r  p e r i p h e r a l  n e u ro n e s  i n n e r v a t i n g  th e  v e n t r a l  l o n g i t u d i n a l  

m usc le  o f  t h e  l e e c h  body w a l l  (B lackshaw  e t  a l .  1 9 8 2 ) .  I t  i s  n o t
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known however w h e th e r  any o f  th e s e  o t h e r  neurones a r e  s p e c i a l i s e d  t o  

s i g n a l  p a r t i c u l a r  components o f  the  s t r e t c h  s t im u lu s .  The le e c h  

v e n t r a l  SRN s tu d i e d  i s  however ca p ab le  o f  s i g n a l l i n g  a t  l e a s t  two 

com ponents  p r e s e n t  i n  a  ramp s t r e t c h  o r  ramp r e l e a s e  s t im u lu s ,  i )  a 

s t a t i c  a n a lo g u e  re sp o n se  o f  t h e  SRN dependen t upon th e  f i n a l  

m ag n i tu d e  o f  th e  ramp l e n g th  change and i i )  a  dynamic r e sp o n se  i n  

w hich  t h e  r a t e  o f  change o f  t h e  SRN i s  dependen t upon t h e  r a t e  o f  

change  o f  l e n g t h  o f  th e  l o n g i t u d in a l  m usc le ,  { f ig .  2 6 a ,b ) .  In  th e  

i n s e c t  a l s o ,  a  s in g l e  s t r e t c h  r e c e p to r  neurone s i g n a l s  t h r e e  

d i f f e r e n t  components p r e æ n t  in  the  s t r e t c h  s t im u lu s  (W eevers,

1 9 6 6 a ) . In  t h e  l e e c h  a l im i te d  number o f  i d e n t i f i e d  c e n t r a l l y  

l o c a t e d  m echanosensory  neurones  a r e  known to  be r e s p o n s ib le  f o r  

c o n v e y in g  m ost ,  i f  n o t  a l l ,  mechanosensory in fo r m a t io n  t o  t h e  CNS 

( N i c h o l l s  and B a y l o r ,1968) S im i la r ly  a  l im i te d  number o f

m o toneu rones  a r e  known to  supp ly  both  e x c ia to r y  and i n h i b i t o r y  

i n n e r v a t i o n  t o  th e  body w a l l  ( S t u a r t ,  1970). In  such  a system

t h e r e f o r e  i n  which a l im i t e d  number o f  c hanne ls  a r e  a v a i l a b l e ,  i t  i s  

o f  c o n s i d e r a b l e  advan tage  t h a t  a s in g l e  a f f e r e n t  n eu rone , r e s p o n s iv e  

t o  s t r e t c h  o f  t h e  body w a l l ,  i s  c a p ab le  o f  s i g n a l l i n g  a number o f  

com ponents  p r e s e n t  i n  th e  s t r e t c h  s t im u lu s .

3 .2  B ip h a s ic  r e sp o n se  o f  th e  SRN

One o f  t h e  most d i s t i n c t i v e  f e a t u r e s  o f  th e  SRN response  i s  i t s  

b i p h a s i c  n a t u r e .  F u r the rm ore  th e  moment to  moment transmembrane 

p o t e n t i a l  r e c o rd e d  from th e  SRN depends on th e  l e n g th  o f  th e
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l o n g i t u d i n a l  muscle i n  which th e  d e n d r i t e s  o f  th e  r e c e p to r  neu rone  

a r e  b u r i e d .  The p o l a r i t y  o f  th e  membrane p o t e n t i a l  change produced 

by d i s t o r t i o n  o f  t h e  body w a l l  i s  dependent upon t h e  d i r e c t i o n  o f  

th e  l e n g t h  change . The re sp o n se  o f  the  SRN to  an imposed s t r e t c h  

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

r e s p o n s e  t o  an inposed  r e l e a s e  i s  a d e p o la r i s in g  p o t e n t i a l .  I t  seems 

from a  c l o s e  e x a m in a t io n  o f  f i g u r e s  from th e  work o f  Bush (Bush, 

1 9 8 1 ) ,  t h a t  th e  S f i b r e  o f  th e  c ru s ta c e a n  TCMRO a ls o  shows s i m i l a r  

b i p h a s i c  r e s p o n s e  c h a r a c t e r i s t i c s .  Such b ip h a s ic  r e s p o n s e s  o f  t h e  S 

f i b r e  a r e  o f  o p p o s i t e  p o l a r i t y  however, s t r e t c h  o f  the  r e c e p t o r  

m usc le  r e s u l t s  i n  a d e p o la r i s i n g  p o t e n t i a l  i n  t h e  S f i b r e .  The 

b i p h a s i c  r e s p o n s e  o f  th e  le e c h  SRN i s  s im i l a r  t o  t h a t  observed  in  

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

s t e r e o c i l i a  (Hudspeth  and Corey, 1977).

How i s  t h e  d e c re m e n ta l ly  t r a n s m i t t e d  r e c e p to r  p o t e n t i a l  g e n e ra te d  

i n  t h e  SRN ? Evidence e x i s t s  from th e  c ru s ta c e a n  n o n - im p u ls iv e  

m ec h a n o re o e p to rs  t h a t  s e n so ry  t r a n s d u c t io n  occu rs  as  a r e s u l t  o f  

i n c r e a s e d  io n ic  conductance  a c ro s s  the  membrane o f  th e  s t r e s s e d  

d e n d r i t i c  t e r m in a l s  ( M i r o l l i ,  1979). Also t h e  in p u t  r e s i s t a n c e  o f  S 

and T f i b r e s  i s  d ec reased  by s t r e t c h  ( M i r o l l i ,  1979 ; Bush, 1981). 

C o r r e l a t e d  m o rp h o lo g ic a l  work has shown t h a t  changes i n  shape and 

d im e n s io n s  o c c u r  in  th e  f i n e  Ol.Opm) t e r m in a l  d e n d r i t i c  f i n g e r s  o f  

t h e  c r u s t a c e a n  S f i b r e s  in  response  to  s t r e t c h  (Krauhs and M i r o l l i ,  

1 9 7 5 ) .  In  th e  a c o u s t i c o - l a t e r a l i s  system d e f l e c t i o n  o f  the  s e n so ry  

h a i r  bund le  o f  t h e  v e r t e b r a t e  h a i r  c e l l  i n  th e  e x c i t a t o r y  d i r e c t i o n  

i s  a s s o c i a t e d  w ith  a co n d u c tio n  i n c r e a s e ,  w h i l s t  movement in  the  

o p p o s i t e  d i r e c t i o n  r e s u l t s  i n  a co n d u c tio n  d e c re a s e  and su b seq u en t
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h :M ) e rp o la r i s a t lo n  o f  th e  h a i r  c e l l  (Hudspeth and Corey , 1 9 7 7 ) .The

in p u t  r e s i s t a n c e  o f  th e  SRN was n o t  m onitored d u r in g  l o n g i t u d in a l  

m usc le  s t r e t c h .  The v a r i a t i o n  however found in  SRN in p u t  r e s i s t a n c e  

from one p r e p a r a t i o n  t o  the  n e x t ,  (14 .2  Meg Ohm -  26 .9  Meg Ohm) may 

w e l l  be i n d i c a t i v e  o f  t h e  v a ry in g  de g re e s  o f  s t r e t c h  under which t h e  

n e u ro n e  was h e ld  d u r in g  each  experim ent and hence the  u n d e r ly in g  

v a r i a t i o n  i n  membrane co n d u c ta n c e .

4 .0  T ra n sm is s io n  a t  n o n -sp ik in g  synapses

C o n s id e r a b l e  i n t e r e s t  has a l s o  been focused  upon th e  mechanism o f  

s y n a p t i c  t r a n s m i s s io n  a t  n o n -sp ik in g  to n ic  sy n a p se s .  A d e t a i l e d  

s tu d y  o f  th e  t r a n s m i t t e r  r e l e a s e  and subsequen t  p o s t - s y n a p t i c  

a c t i v i t y  a t  such a t o n ic  senso ry -m oto r  synapse has r e c e n t l y  been 

c a r r i e d  o u t  f o r  th e  c ru s ta c e a n  T f i b r e  t o  promotor motoneurone 

sy n a p se  ( B l ig h t  and L l i n a s ,  1980). For th e  normal f u n c t io n in g  o f  

t h i s  synapse  th e  p r e - s y n a p t i c  membrane p o t e n t i a l  i s  he ld  above 

t h r e s h o l d  f o r  t r a n s m i t t e r  r e l e a s e .  A r e s t i n g  d i s c h a rg e  th e n  e x i s t s  

i n  th e  t o n i c  motoneurone u n i t s .  Small changes in  membrane p o t e n t i a l  

p roduced  by m uscle  s t r e t c h  o r  r e l a x a t i o n  t h e r e f o r e  s t r o n g l y  m odula te  

th e  f i r i n g  o f  th e  t o n i c  m otoneurones. Whether the  le e c h

SRN—m otoneurone sy n a p se s  f u n c t io n  i n  a s i m i l a r  way i s  unknown. The 

n e c e s s i t y  however In  bo th  o ru s ta o e a  and s o f t - b o d ie d  a n n e l id s  o f  

c o n s t a n t l y  s i g n a l l i n g  body w a l l  shape and p o s tu r e  may w e l l  p o in t  to  

a common and i n v a r i a n t  mechanism.

-  155 -



5 .0  The r e s p o n s e  o f  t h e  SRN i n  r e l a t i o n  t o  n a t u r a l  movement o f  

th e  l e e c h

I n  t h e  l e e c h  a s  i n  many s o f t - b o d i e d  a n im a ls  w hich p o s s e s s  a 

h y d r o s t a t i c  s k e l e t o n  t h e r e  i s  no w e l l  d e f in e d  r e s t i n g  l e n g t h  o f  th e  

body w a l l .  The m u sc le s  a c t  i n  c o n j u n c t i o n  w i th  t h e  h y d r o s t a i t i c  

s k e l e t o n  t o  b r in g  a b o u t  c hanges  i n  shape  and t o  p e rfo rm  i t s  v a r io u s  

lo c o m o to ry  a c t i v i t i e s .  The l e e c h  has  a  h i g h l y  e x t e n s i b l e  body w a l l  

c a p a b le  o f  c o n s id e r a b l e  t h r e e - d i m e n s i o n a l  shape  changes and i t  has  a 

number o f  lo co m o to ry  b e h a v io u r s  ( s e e  Sawyer i n  M u l l e r ,  N i c h o l l s  and 

S t e n t ,  1 9 8 1 ) .  I n  a d d i t i o n  i t  u n d e rg o e s  a c h a r a c t e r i s t i c  n s h o r t e n in g  

ref lexT t i n  r e s p o n s e  t o  a c t i v a t i o n  o f  c u ta n e o u s  s e n s o r y  r e c e p t o r s .  

One g a i t  o f  th e  a n im a l ,  t h a t  o f  c r a w l in g  e n v o iv e s  a n t i - p h a s i c  waves 

o f  c o n t r a c t i o n  o f  t h e  l o n g i t u d i n a l  and c i r c u l a r  m usc les  which 

p roduce  a l t e r n a t e  e x t e n s i o n  and c o n t r a c t i o n  o f  t h e  body. The o t h e r  

main lo co m o to ry  a c t i v i t y ,  t h a t  o f  swimming, i s  a c h ie v e d  by th e  l e e c h  

u n d u l a t i n g  i t s  e x ten d ed  and f l a t t e n e d  body i n  a  d o r s o - v e n t r a l  

d i r e c t i o n ,  fo rm ing  a wave which t r a v e l s  backward a lo n g  t h e  a n im a l .  

T h is  i s  acco m p lish e d  by th e  a n t i p h a s i c  c o n t r a c t i o n  o f  t h e  d o r s a l  and 

v e n t r a l  l o n g i t u d i n a l  m uscle  o f  s u c c e s s i v e  se g em e n ts  o f  t h e  body
Ii 17

w a l l .  R e f le x  s h o r t e n in g  o c c u r s  upon s im u l ta n e o u s  t o n i c  c o n t r a c t i o n  

o f  t h e  e n t i r e  l o n g i t u d i n a l  m u s c u la tu r e ,  which c h a n g es  t h e  shape o f  

th e  an im a l  from a long  t h i n  c y l i n d e r  t o  a  s q u a t  e l i p s o i d .  The

c h an g es  i n  l o n g i t u d i n a l  m uscle  l e n g t h  which o c c u r  d u r in g  a c t i v i t y  

may be c o n s i d e r a b l e .  In  a  r e s t i n g  p o s t u r e  t h e  body l e n g t h  o f  an

a d u l t  an im a l  w e ig h in g  2-3 g may v a ry  from  5 t o  10 cm. When swimming

th e  body can e x te n d  up t o  tw ic e  t h i s  l e n g t h .  Changes o f  up t o  200%

may t h e r e f o r e  o c c u r  i n  t h e  l e n g t h  o f  t h e  l o n g i t u d i n a l  m usc le  upon
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changing from one mode o f a c t i v i t y  to  th e  n e x t .

D u rin g  t h e  swimming wave when t h e  body i s  h e ld  f l a t t e n e d  and 

e lo n g a te d  th e  l o n g i t u d i n a l  m u sc le s  o f  e a c h  segm ent s h o r t e n  d u r in g  

t h e  c o n t r a c t i l e  phase  by abou t  20% o f  t h e i r  l e n g t h  i n  t h e  d i s t e n d e d  

phase  ( K r i s t a n  e t . a l .  1 9 7 4 a ) .  Assuming t h e r e f o r e  a  se g m e n ta l  l e n g t h  

o f  a p p r o x im a te ly  5 .0  mm d u r in g  t h e  swimming rhy thm , c h a n g es  i n  

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

a p p r o x im a te ly  1 .0  mm would be e x p e c te d  t o  o c c u r .  When t h e s e  same 

m u sc le s  unde rgo  a s h o r t e n in g  r e f l e x ,  t h e  l o n g i t u d i n a l  m uscle  may 

c o n t r a c t  by as much a s  70% o f  t h e  r e s t i n g  se g m e n ta l  l e n g t h  ( K r i s t a n  

e t . a l .  1 9 7 4 a ) .  I n  a  segm ent which was 5 .0  mm long  f o r  example a 

l e n g t h  change o f  3 .5  mm may be e x p e c te d  d u r in g  a s h o r t e n in g  r e f l e x .

The l e n g t h  changes  imposed upon th e  l o n g i t u d i n a l  m uscle  in  th e  

p r e s e n t  s tu d y  ranged  b e tw e en  0 .4  and 4 .5  mm, t h a t  i s ,  b e tw een  8.0% 

and 90.0% o f  t h e  n r e s t i n g n  s e g m e n ta l  l e n g t h  o f  t h e  an im a l  and were 

t h e r e f o r e  c o n s id e r e d  t o  a p p ro x im a te  th o s e  c h a n g es  s e e n  i n  i n t a c t  

a n im a ls  d u r in g  n a t u r a l  lo c o m o to ry  a c t i v i t i e s .  Over t h i s  r a n g e ,  t h e  

s e n s i t i v i t y  o f  t h e  SRN r e s p o n s e  t o  ramp l e n g t h  changes  a p p eared  t o  

be l i n e a r .  However a  d ro p  i n  s e n s i t i v i t y  was f r e q u e n t l y  n o t i c e d  a t  

e i t h e r  ex trem e  o f  e x t e n s i o n .  T h is  s a t u r a t i o n  o f  t h e  r e s p o n s e  o f t e n  

o ccu red  in  one d i r e c t i o n  o f  m uscle  movement b e f o r e  t h e  o t h e r ,  

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

e x trem e  o f  e x t e n s i o n  i n  t h a t  p a r t i c u l a r  d i r e c t i o n  p r i o r  to  t h e  

imposed ramp s t r e t c h e s  o r  r e l e a s e s .
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5 .1  Length o r  te n s io n  recep to r?

The t e n s i o n  changes  reco rded  from th e  v e n t r a l  l o n g i tu d in a l  muscle 

d u r i n g  t h e  imposed ramp le n g th  changes showed small overshoo ting  

t e n s i o n  t r a n s i e n t s  a t  bo th  th e  beg inning  and a t  th e  end o f  t h e  ramp 

s t r e t c h  s t i m u lu s  ( f i g  30) .The s iz e  o f  the  t e n s io n  t r a n s i e n t s  

depended  on t h e  v e l o c i t y  o f  t h e  s t r e t c h  o r  r e l e a s e ,  be ing  l a r g e r  a t  

h i g h e r  v e l o c i t i e s .  T h is  behav iour  o f  the  leech  lo n g i tu d in a l  muscle 

may be a d e q u a t e ly  e x p la in ed  by th e  dynamic model put forward by 

B .H .C .M atthew s (1933) and P.B.C.Matthews (1964) to  e x p la in  s p in d le  

a f f e r e n t  a d a p t a t i o n  i n  term s o f  t h e  v i s c o - e l a s t i c  p r o p e r t i e s  o f  t h e  

m usc le  s p i n d l e  f i b r e s  ( se e  below)

V isco  e l a s t i c  model o f  th e  r e c e p to r  m uscle. A component 
c o n s i s t i n g  o f  e l a s t i c i t y  (a s p r in g )  and v i s c o s i  y as

component a t  th e  r i g t h  hand s id e .
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I f  a  su d d e n  s t r e t c h  i s  a p p l ie d  t o  the  n u so le ,  th e  in s ta n ta n e o u s  r i s e  

i n  t e n s i o n  i s  l a r g e ,  (de te rm ined  on ly  by th e  r i g h t  hand e l a s t i c  

e l e m e n t ) .  T h is  i s  fo llow ed  by a g radua l d e c l in e  in  t e n s io n  a s  th e  

v i s c o s i t y  e le m e n t  ( t h e  dash  pot)  i s  e lo n g a ted .  A f i n a l  t e n s io n  l e v e l  

i s  u l t i m a t e l y  re a c h e d  a t  th e  new r e s t i n g  le n g th ,  determined by th e  

two e l a s t i c i t i e s  i n  s e r i e s .

The second f e a t u r e  o f  th e  muscle t e n s io n  response to  a ramp
n I I

s h o r t e n i n g  i s  th e  slow g rad u a l   ̂c reep o r  in c re a s e  o f  t e n s io n  

to w a rd s  t h e  r e s t i n g  b a s e l i n e  l e v e l ,  du r ing  th e  c o n s ta n t ,  sh o r tened  

l e n g t h  phase  o f  th e  ramp, ( f i g  .3 0 ) .  I t  i s  p o s s ib le  t h a t  t h i s  slow 

r i s e  i n  i s o m e t r i c  t e n s io n  may be due to  r e f l e x  motoneurone a c t i v i t y  

i n  r e s p o n s e  t o  th e  ramp s h o r te n in g .  Although the p o s t e r io r  roo t  was 

i n v a r i a b l y  c u t  i n  th e s e  experim en ts ,  th e  motor ou tflow  through th e  

AA a n t e r i o r  n e rv e  r o o t  might be s u f f i c i e n t  to  account fo r  such 

r e f l e x  m usc le  a c t i v i t y .

The r e c e p t o r  p o t e n t i a l  response  o f  th e  SRN c lo s e l y  r e f l e c t e d  th e  

t e n s i o n  changes  rec o rd e d  from the  v e n t r a l  lo n g i tu d in a l  m uscle, 

a l b e i t  i n  an i n v e r s e  manner, such t h a t  th e  SRN responded to  a  

d e c r e a s e  i n  l o n g i t u d i n a l  nuso le  t e n s io n  w ith  a d e p o la r is in g  r e c e p to r  

p o t e n t i a l  and v i c e - v e r s a .  For example in  f i g . 32 du r ing  ra p id  

e x t e n s i o n  o f  th e  l o n g i t u d in a l  nusc le  leng th  the  SRN c l o s e l y  

f o l lo w e d  t h e  t e n s i o n  t r a n s i e n t .
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M easurem ents made from th e  S and T f i b r e s  o f  th e  c u s ta c e a n  TCMRO 

a l s o  show t h a t  t h e  t e n s i o n  changes reco rded  from th e  r e c e p to r  muscle 

f i b r e  d u r in g  imposed le n g th  changes c lo s e l y  r e f l e c t  th e  S f i b r e  

r e c e p t o r  p o t e n t i a l  (Bush and Godden, 1974). Moreover, th e  i n i t i a l  

t r a n s i e n t s  commonly seen  in  both  th e  S and T f i b r e  dynamic r e s p o n s e s  

t o  a  ramp s t r e t c h  may be c o r r e l a t e d  w ith  t h e  i n i t i a l  l e v e l  and r a t e  

o f  r i s e  o f  t e n s i o n  w i th in  th e  r e c e p to r  m usc le .

The r e l a t i o n  o f  t e n s io n  changes t o  e a r l y  a d a p ta t i o n  and 

s t e a d y - s t a t e  d i s c h a r g e  has been s tu d ie d  in  o t h e r  muscle r e c e p t o r s  

and a f f e r e n t  f i b r e  sy s te m s .  Brown (1967) showed a good c o r r e l a t i o n  

be tw een  r e c e p t o r  muscle t e n s io n  and f req u en cy  o f  d i s c h a rg e  o f  th e  

s lo w ly  a d a p t in g  c r a y f i s h  abdominal s t r e t c h  r e c e p t o r .  By o b se rv in g  

th e  a d a p t a t i o n  o f  th e  g e n e ra to r  p o t e n t i a l  from such  a s low ly  

a d a p t i n g  c r a y f i s h  s t r e t c h  r e c e p to r  under c o n d i t io n s  o f  l e n g th  and 

t e n s i o n  clam p, i t  was sugges ted  t h a t  ap p ro x im a te ly  70% o f  th e  

g e n e r a t o r  a d a p t a t i o n  can be e x p la in e d  by th e  s in p l e  v i s c o - e l a s t i c  

p r o p e r t i e s  o f  th e  r e c e p to r  muscle (Nakajima and Onodera, 1969). The 

d e c l i n e  i n  t h e  g e n e r a to r  p o t e n t i a l  s e en  under  len g th -c la m p  

c o n d i t i o n s  was n o t  observed  under  c o n d i t io n s  o f  t e n s io n  clamp, 

s u g g e s t in g  t h a t  t h e  r e c e p to r  p o t e n t i a l  more c l o s e l y  fo l lo w s  r e c e p to r  

m usc le  t e n s i o n  th an  i t s  a b s o lu te  l e n g t h .  The d e c l in e  i n  t e n s io n  o f  

t h e  r e c e p t o r  m uscle fo l lo w in g  sudden muscle s t r e t c h  hence p a r t l y  

e x p l a i n s  th e  a d a p ta t i o n  r e s p o n s e .

I n  v e r t e b r a t e s  t h e  dependence o f  t h e  muscle s p in d le  g e n e r a to r  

p o t e n t i a l  upon i n t r a f u s a l  n u s o le  t e n s i o n  i s  more complex. Although
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i t  h a s  been  shown t h a t  the  g e n e ra to r  p o t e n t i a l  re sp o n se  o f  th e

m uso le  s p in d l e  a f f e r e n t s  c l o s e l y  fo llow s  th e  t e n s io n  changes

p roduced  by s t r e t c h  (Bjsmark and O tto son , 1971), the  g e n e r a to r

p o t e n t i a l  o b ta in e d  u n d e r  t e n s io n  clamp c o n d i t io n s  does n o t  fo l lo w

t h e  s t e p l i k e  t e n s i o n  changes produced in  the  r e c e p to r  m usc le s .  The

g e n e r a t o r  p o t e n t i a l  re sp o n se  a l s o  p ro b ab ly  shows some dependence

upon  t h e  r a t e  o f  change o f  t e n s i o n  o f  th e  r e c e p to r  m uscle . Since th e
,1

i n v e s t i g a t o r s  o n ly  reco rded  th e  muscle s p in d le  g e n e ra to r  p o t e n t i a l  

which i s  a  summed re sp o n se  from a l l  a f f e r e n t  e n d in g s  i s  n o t  p o s s ib l e  

t o  show t h a t  t h e  s e n s i t i v i t y  o f  th e  g e n e ra to r  p o t e n t i a l  to  t h e  r a t e  

o f  change o f  t e n s i o n  i s  th e  r e s p o n s i b i l i t y  o f  a p a r t i c u l a r  s p in d le  

a f f e r e n t  o r  t h a t  some do indeed  f a i t h f u l l y  fo l lo w  changes i n  muscle 

s p i n d l e  t e n s i o n .  I t  has been shown however (Boyd, 1976) t h a t  th e  

f r e q u e n c y  o f  d i s c h a r g e  o f  some group  I I  s p in d le  a f f e r e n t s  does 

a p p e a r  t o  c l o s e l y  r e f l e c t  t e n s i o n  in  the  muscle s p i n d l e .

R e c e p to r  o rg an s  which respond t o  muscle t e n s i o n  a r e  c l a s s i c a l l y

c o n s id e r e d  t o  l i e  e x c lu s i v e l y  in  s e r i e s  , e g ,  G olgi tendon  o rgans
n

(M a t th e w s ,1 9 7 2 ) .  I n  s e r i e s  t e n s io n  r e c e p to r s  have a l s o  been 

d e s c r i b e d  i n  th e  l o n g i t u d i n a l  muscle o f  th e  duodenal n u s c u la r i s  

e x t e r n a  i n  v e r t e b r a t e s  ( Iggo ,1955  • C o t t r e l l  and Ig g o , 1984). The 

e x a c t  l o c a t i o n  o f  a p a r t i c u l a r  r e c e p to r  i s  though t  to  be v e ry  

im p o r ta n t  in  d e te rm in in g  i t s  r e s p o n s e .  For example i t  has been 

s u g g e s te d  t h a t  in  th e  f e r r e t  stomach th e  same r e c e p to r  type may 

re sp o n d  t o  t e n s i o n  in  one l o c a t i o n  and t o  le n g th  in  a n o th e r  

(Andrews, Grundy and S c r a t c h e r d ,  1980). I t  a p p e ars  however t h a t  a 

r e c e p t o r  may a l s o  respond t o  changes i n  m uscle t e n s io n  even though 

i t  l i e s  i n  p a r a l l e l  w ith  th e  c o n t r a c t i n g  muscle f i b r e s .  Thus th e  S
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f i b r e  o f  t h e  c r u s t a c e a n  TCMRO in n e r v a te s  the  f la n k in g  s t r a n d s  o f  th e  

r e c e p t o r  m uscle  and y e t  i t s  response  c h a r a c t e r i s t i c s  a r e  s t r o n g l y  

i n f l u e n c e d  upon p a s s iv e  d i s t e n s io n  by the  t e n s io n  w i th in  th e  

r e c e p t o r  m uscle  (Bush and Godden, 1974).

5 .2  SRN a c t i v i t y  and the  h y d r o s t a t i c  s k e le to n

I n  o r d e r  t o  d e te rm in e  more p r e c i s e l y  th e  r o l e  o f  t h e  SRN i n  

s i g n a l l i n g  changes i n  l o n g i t u d in a l  muscle t e n s io n  i t  i s  n e c e s s a ry  t o  

c o n s i d e r  more c l o s e l y  th e  dynamics o f  d i s t e n s io n  o f  t h e  le e c h  body 

w a l l s  b o th  d u r in g  n a t u r a l  movement and d u r in g  imposed l e n g th  

c h a n g e s .  A s o f t  bodied  anim al such as  th e  le e c h  la c k s  any f ix e d  

p o i n t s  o f  a r t i c u l a t i o n  a g a in s t  which i t s  m uscles can a c t .  The 

v e n t r a l  and d o r s a l  l o n g i t u d in a l  m uscles o f  a p a r t i c u l a r  segment do 

n o t  a c t  a s  d i r e c t  a n t a g o n i s t s .  The fo rc e  e x e r ted  on th e  h y d r o s t a t i c  

s k e l e t o n  o f  t h e  a n im a l ,  by , s a y ,  t h e  c o n t r a c t i o n  o f  th e  d o r s a l  

l o n g i t u d i n a l  n u s c le s  o f  a p a r t i c u l a r  segment, i s  t r a n s m i t t e d  to  th e  

d o r s a l  and v e n t r a l  body w a l ls  o f  many o t h e r  segm ents. Hence th e  

c o n c u r r e n t  d i s t e n s i o n  o f  th e  v e n t r a l  body w a l l  i s  due m ain ly  t o  th e  

a c t i o n  o f  t h e  l o n g i t u d i n a l  fo rc e  o f  t h e  h y d r o s t a t i c  s k e le to n  a c t in g  

upon th e  r e l a x i n g  v e n t r a l  l o n g i t u d in a l  m u sc le .

When an i s o l a t e d  p ie c e  o f  l o n g i t u d in a l  muscle i s  p a s s i v e ly  

s t r e t c h e d  a s  d u r in g  th e  ramp s t r e t c h  s t i m u l i  used in  the  p r e s e n t
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s t u d y ,  t e n s i o n  w i th in  t h a t  n u s c le  s t r i p  i n c r e a s e s ,  evoking th e  

c h a r a c t e r i s t i c  h y p e r p o l a r i s in g  p o t e n t i a l  from th e  SRN. Vice v e r s a ,  

vrtien th e  m uscle  s t r i p  i s  sh o r ten ed  d u r in g  an imposed ramp r e l e a s e ,  

t e n s i o n  w i t h i n  t h e  muscle d ro p s  and a d e p o la r i s in g  r e c e p to r  

p o t e n t i a l  i s  evoked w i th in  th e  SRN. During n a tu r a l  locom otory  

b e h a v io u r  such  as  swimming however, a c t iv e  c o n t r a c t i o n  o f  th e  

v e n t r a l  l o n g i t u d i n a l  n u sc le  which sh o r te n s  th e  v e n t r a l  body w a l l ,  

r e s u l t s  i n  an i n c r e a s e  i n  t e n s io n  o f  t h e  sh o r tened  v e n t r a l  m usc le . 

M eanwhile e x te n s io n  o f  the  d o r s a l  l o n g i tu d in a l  muscle commanded by 

a c t i v i t y  w i t h in  t h e  d o r s a l  i n h i b i t o r y  motoneurones r e s u l t s  in  a 

d e c r e a s e  in  t e n s i o n .  During locom otory  behav iour such  a s  swimming 

t h e r e f o r e  i t  i s  t h e  ba lance  o f  a c t i v i t y  between th e  i n h i b i t o r y  and 

e x c i t a t o r y  m otoneurones to  the  l o n g i tu d in a l  muscle which a llow s th e  

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

upon  th e  l e e c h  body w a l l .  In the  case  o f  the  swimming rhythm , one 

may im ag in e  t h a t  t h e r e  i s  a r e s i d u a l  tone  i n  th e  l o n g i t u d in a l  muscle 

p roduced  by endogenous a c t i v i t y  from e x c i t a t o r y  m otoneurones. The 

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

t h e n  be t o  r e d u c e  t h i s  r e s i d u a l  d o r s a l  o r  v e n t r a l  muscle t o n e .  The 

i n h i b i t o r y  m otoneurones t o  th e  d o r s a l  l o n g i t u d in a l  muscle f o r  

example would th en  command th e  s p e c i f i c  d i s t e n s io n  of  th e  d o r s a l  

l o n g i t u d i n a l  m u sc le ,  m ediated by th e  h y d r o s t a t i c  s k e le t o n ,  which 

o c c u rs  d u r in g  th e  concommitant c o n t r a c t io n  and su b seq u e n t  i n c r e a s e  

i n  to n e  o f  t h e  v e n t r a l  l o n g i t u d in a l  muscle o f  t h a t  p a r t i c u l a r  

s e g n e n t .  From th e  p o in t  o f  view o f  the  SHN th e r s f a r ® .  a f

t h e  d o r s a l  l o n g i t u d i n a l  muscle would be monitored’ a a  a  ift

n u s o le  t e n s i o n  w ith  a subsequen t  d e p o i a r i s a t t a n  o f  m e  o #  th e  

p u t a t i v e  d o r s a l  s t r e t c h  r e c e p t o r .  Simultaneous. c e B t r a c t .W  o f  th e
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v e n t r a l  l o n g i t u d i n a l  n u s c le  w i l l  r e g i s t e r  as an in c r e a s e  in  t e n s i o n  

w i t h  s u b s e q u e n t  h y p e r p o l a r i s a t i o n  o f  th e  v e n t r a l  SRN.

F o r  any  p a r t i c u l a r  c o n t r a c t i o n - d i s t e n s io n  c y c le  t h e r e f o r e  o f  th e  

v e n t r a l  l o n g i t u d i n a l  muscle o f  a p a r t i c u l a r  segment d u r in g  th e  

swimming rh y th m , a m atching h y p e r p o la r i s a t i o n - d e p o la r i s a t io n  rhythm 

w i l l  be t r a n s m i t t e d  by th e  v e n t r a l  SRN t o  th e  c e n t r a l  nervous system 

a s  th e  t e n s i o n  changes from the v e n t r a l  body w a ll  a r e  c lo s e l y  

m o n i to r e d .  We s e e  t h e r e f o r e  t h a t  a l though  under th e  a r t i f i c i a l  

c o n d i t i o n s  o f  p a s s iv e  l o n g i tu d in a l  muscle s t r e t c h ,  the  in c re a s e d  

t e n s i o n  g e n e r a te d  w i th in  th e  muscle r e s u l t s  in  a hype rp o l  a r i s i n g  SRN 

r e c e p t o r  p o t e n t i a l ,  under  c o n d i t io n s  o f  n a tu r a l  locom otion , 

e x t e n s i o n  o f  t h e  l o n g i t u d in a l  muscle i s  a s s o c ia te d  w ith  a d e c re a se  

i n  t e n s i o n  and a consequen t d e p o la r is in g  SRN re sp o n se .
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a d v a n ta ge s  and d i sa d v a n ta g e s  o f  graded n o n - s n jk in r  

a f f e r e n t  s i g n a l l i n g

One o f  t h e  more s e r i o u s  d isa d v a n ta g e s  o f  d e o ra n e n ta l  co n d u c tio n  

o f  s i g n a l s  o v e r  l a r g e  d i s t a n c e s ,  ap p a r t  from th e  obvious bu lky  s i z e  

o f  t h e  a x o n s ,  i s  a consequence o f  t h e  need f o r  a  r e l a t i v e l y  high 

membrane r e s i s t a n c e .  This  means t h a t  the  time c o n s ta n t  o f  the  axon 

w i l l  a l s o  be l a r g e ,  hence e l e c t r i c a l  changes o ccu r in g  a t  one end o f  

th e  f i b r e  w i l l  t a k e  a long time t o  be e f f e c t i v e  a t  the  o t h e r .  T h is  

has  a  f u r t h e r  l i m i t i n g  e f f e c t  upon th e  range o f  f r e q u e n c ie s  which 

can be r e l i a b l y  t r a n s m i t t e d  by the  axon. These l i m i t a t i o n s  may be 

overcome t o  some e x t e n t  by th e  p r o v is io n ,  p o s s ib ly  a p p l i c a b le  in  th e  

c a s e  o f  t h e  SRN, o f  some degree  o f  v o l ta g e  dependent re sponse  in  th e  

n e u r o n e .  Such v o l ta g e  dependen t re sp o n ses  in  an o th e rw ise  p a s s iv e  

c e l l  ( t h e  s p ik y  component o f  the  T f i b r e  r e s p o n s e ) ,  were c o n s id e red
n II

by Bush (1981) t o  be o f  va lue  i n  sharpen ing  up th e  r i s i n g  phase o f  

t h e  d e p o l a r i s i n g  r e c e p to r  p o t e n t i a l .  S im i la r ly  , th e  d e p o la r i s a t i o n  

t r a n s i e n t  o f  t h e  SRN may have a s im i l a r  f u n c t io n  in  th e  p h a s ic ,  

v e l o c i t y  s e n s i t i v e  p o r t i o n  o f  the  response  o f  th e  SRN a l r e a d y  n o te d ,  

( s e e  f i g .  24) . The r o l e  o f  th e  graded ca lc ium  s p ik e s  reco rded  from 

th e  s y n a p t i c  r e g io n  o f  the  T f i b r e  in  C a l l i n e q te s  was a l s o  

c o n s id e r e d  im p o r ta n t  by B l ig h t  and L l in a s  (1980), f o r  th ey  showed 

t h a t  t h e  d e p o l a r i s a t i o n  t r a n s i e n t ,  based on a sudden in f lu x  o f  

c a lc iu m  i o n s ,  was im p o r ta n t  in  speeding  up the  p o s t  sy n a p tic  

r e s p o n s e  and s h o r t e n in g  t h e  p o s t - s y n a p t i c  r e f l e x  l a t e n c y .
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An o b v io u s  advan tage  f o r  th e  use  o f  non -sp ik ing  t r a n s m is s io n  I s  

t h a t  I t  I s  n o t  n e c e s s a ry  t o  f i r s t  encode the  in p u t  s ig n a l  In to  a 

d i g i t a l  s i g n a l  fo llow ed  by subsequen t  decoding to  g ive  a g raded  

p o s t - s y n a p t i c  r e s p o n s e ,  w i th  c o n s id e ra b le  scope fo r  the  l o s s  o r  

d i s t o r t i o n  o f  i n fo r m a t io n  a t  each s t e p .

A t h e o r e t i c a l  approach  has been used to  show t h a t  when o n ly  a 

s i n g l e  s p ik i n g  in p u t  u n i t  i s  a v a i l a b l e  d i s c o n t i n u i t i e s  occur i n  th e  

o u t p u t  s i g n a l  (P e a r s o n ,  1976). In  o rd e r  t o  o b ta in  a smoothly graded 

o u tp u t  s i g n a l  a  l a r g e  number o f  sp ik in g  in p u ts  a r e  n e c e s s a ry .  Such 

i s  t h e  i m p o r ta n t  f u n c t io n  o f  th e  l a rg e  numbers o f  a f f e r e n t  neurones  

commonly p r e s e n t  in  many p ro p r io re c e p to r  sy s tem s. N on-inpu ls ive  

t r a n s m i s s i o n  i s  favoured  i f  o n ly ,  as in  the  case  of the  l e e c h ,  a 

l i m i t e d  number o f  in p u t  ch an n e ls  a r e  a v a i l a b l e .  In  such a s i t u a t i o n  

o n l y  n o n - i n p u l s i v e  t ra n m is s io n  has the  a b i l i t y  to  d r iv e  th e  

p o s t - s y n a p t i c  c e l l s  sm ooth ly  through a wide range o f  f r e q u e n c ie s .

7 .0  S v n a p t i c a l l v  a s s o c ia te d  c e l l s

As p r e v i o u s l y  d e s c r ib e d  ( see  l i t e r a t u r e  re v ie w ) ,  e f f e r e n t  

i n n e r v a t i o n  o f  th e  muscle r e c e p to r  organ i s  an i n t e g r a l  p a r t  and 

u n i v e r s a l  f e a t u r e  among a l l  o f  t h e  r e c e p to r  complexes o f  t h e  v a r io u s  

a n im a l  g ro u p s  h i t h e r t o  s tu d i e d .  The com plex ity  and degree  o f  

s p e c i a l i s a t i o n  o f  such e f f e r e n t  c o n t r o l  e lem en ts  v a r i e s  g r e a t l y .  

Hence th e  mammalian muscle s p in d le  i s  su p p lie d  by two groups o f  

e f f e r e n t  f i b r e s  which i n n e r v a te  s p e c i f i c  i n t r a f u s a l  f i b r e s .  A c t iv i t y
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w i t h i n  on e  o f  t h e s e  e f f e r e n t  g ro u p s ,  th e  dynamic gamma axons ,  

r e s u l t s  i n  an i n c r e a s e d  dynamic s e n s i t i v i t y  o f  th e  muscle s p in d le  

a f f e r e n t s ,  w h i l s t  a c t i v i t y  w i th in  t h e  s t a t i c  gamma axons endows an 

i n c r e a s e d  p o s i t i o n a l  s e n s i t i v i t y  upon the s p in d le  a f f e r e n t  f i b r e s .  

I n  c o n t r a s t  a  s i n g l e  p o p u la t io n  o f  nerve f i b r e s  s u p p l ie s  e x c i t a t o r y  

m oto r  i n n e r v a t i o n  t o  th e  s in g l e  r e c e p to r  muscle o f  th e  i n s e c t  muscle 

r e c e p t o r  o r g a n .

I n  t h e  exam ples d is c u s s e d  above, e f f e r e n t  m odula tion  o f  th e  

a f f e r e n t  d i s c h a r g e  i s  m ediated  through  motor c o n t r o l  o f  th e  r e c e p to r  

m u s c le .  I n  o t h e r  m uscle r e c e p to r s  however, d i r e c t  i n h i b i t o r y  

i n n e r v a t i o n  o f  the  s t r e t c h  r e c e p to r  t e rm in a ls  them selves has been 

shown ( K u f f l e r  and E y z a g u ire ,  1955 ; A lexand rov icz , 1967 ; J a n se n ,

N ja ,  Or ms t a d  and W alloe, 1971) . In  th e se  c a se s  m odula tion  o f  th e  

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

im p u ls e  i n i t i a t i o n  in  the  a f f e r e n t  neurone .

I n  t h e  p r e s e n t  s tu d y  no s p e c i a l i s e d  r e c e p to r  m uscles in  

a s s o c i a t i o n  w i th  th e  SRN have been observed . E le c t ro n  m icrographs 

have r e v e a l e d  th e  p resence  o f  n euro—m uscular j u n c t io n a l  

s p e c i a l i s a t i o n s  between th e  l o n g i tu d in a l  m s c l e  f i b r e s  a s s o c ia te d  

w i t h  t h e  SRN and unknown nervous e lem en ts ,  (S . Blackshaw, p e r s .  

c o m m u n ic a t io n ) . However the  d e ta i l e d  in n e rv a t io n  o f  the  muscle 

f i b r e s  a s s o c i a t e d  w i th  th e  SRN d e n d r i t e s  rem ains unknown. E f f e r e n t  

I n n e r v a t i o n  o f  t h e  SHN however does ooour ( r e s u l t s  s e c t io n  4 .0 ) .

S u r p r i s i n g l y  some o f  t h e  e f f e r e n t  i n n e r v a t io n  i s  s u p p l ie d  by 

i d e n t i f i e d  c e l l s  which them selves a r e  prim ary mechano- sen so ry
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n e u r o n e s .  T h is  r e p r e s e n t s  the I n t e r e s t i n g  s i t u a t i o n  o f  a  s y n a p t ic  

i n t e r a c t i o n  be tw een  two p r im ary  sensory  neurones o f  d i f f e r e n t  

m o d a l i t i e s .

B a y lo r  and N i c h o l l s  (1969) showed t h a t  sy n a p tic  p o t e n t i a l s  could 

be r e c o r d e d  from l e e c h  T c e l l s  as a  r e s u l t  o f  a c t i v i t y  w i th in  

a n o t h e r  m o d a l i ty  o f  m echano recep to r . th e  P c e l l .  These sy n a p t ic  

i n t e r a c t i o n s  were e x c i t a t o r y  as w ell  as i n h ib i to r y .  Synap tic  

c o n n e c t i o n s  a l s o  e x i s t  betw een P and N mechanosensory neurones h e re  

however th e  r e s p o n s e s  were always d e p o la r i s in g .

The e x i s t e n c e  o f  an i n t e r a c t i o n  between prim ary a f f e r e n t  neurones 

i n  t h e  mammalian d o r s a l  horn has a ls o  been known f o r  over 50 y e a rs .  

Thus t h e  d o r s a l  r o o t  r e f l e x  (DRR) i s  an an tid rom ic  v o l le y  of  a c t i o n  

p o t e n t i a l s  w hich can  be reco rd ed  from a s p in a l  d o r s a l  ro o t  fo llow ing  

t h e  s t i m u l a t i o n  o f  an a d ja c e n t  d o r s a l  r o o t .  I n t r a x o n a l  r e c o rd in g s  

have  shown t h a t  th e  r e f l e x  i s  t r i g g e r e d  by a r a p id  d e p o la r i s a t i o n  o f  

t h e  t e r m i n a l  r i i o n s  o f  t h e  a f f e r e n t  f i b r e s  (E cc le s  and K rn je v ic ,  

1 9 5 9 ) .  T h is  p r im a ry  a f f e r e n t  d e p o la r i s a t i o n  (PAD) i s  in  p a r t  

m ed ia te d  by  a s p e c f i c  neurona l pathway, i n  which th e  t r a n s m i t t e r  

G ABA i s  r e l e a s e d  o n to  th e  t e r m in a ls  o f  the  prim ary a f f e r e n t  f i b r e s  

(Jankow ska e t  a l ,  1981 ; Bagust e t  a l ,  1982). An i n t e r a c t i o n  between 

d i f f e r e n t  m o d a l i t i e s  o f  a f f e r e n t  f i b r e  in  the  g e n e ra t io n  o f  the  DRR 

has  b e e n  w e l l  documented. A f fe re n t  v o l le y s  in  th e  cu taneous 

s u p e r f i c i a l  p e ro n e a l  and s u r a l  nerves  evoked DRR s i n to  the  

a f f e r e n t s  in  t h e  n e rv e s  o f  th e  f le x o r  d ig ito rum  longus and f l e x o r

hallucis longus muscles (E ccles e t  a l .  1961). I t  has been proposed
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t h a t  th e  n e u ro n a l  pathway involved i s  probably  a t r i s y n a p t l o  (2 

i n t e m e u r o n e )  pathw ay (Jankowska e t  a l .  1981). and would no t  

t h e r e f o r e  r e p r e s e n t  a d i r e c t  sy n ap tic  connection  between prim ary  

a f f e r e n t  n e u ro n e s  o f  d i f f e r e n t  m o d a l i t i e s  as appears in  th e  le e c h .  

The d e p o l a r i s a t i o n  o f  a p r im ary  a f f e r e n t  inpu t  to  the  mammalian CNS 

i s  th o u g h t  t o  p ro v id e  a  means by which c e r t a i n  a f f e r e n t  pathways may

œ n t r a l l y  m odify  th e  a c t i v i t y  o f  o th e r  a f f e r e n t  in p u ts  (E ccles  e t  

a l .  1 9 6 2 ) .

A lthough  i n t e r a c t i o n s  occur t h e r e f o r e  between th e  prim ary 

a f f e r e n t  f i b r e s  o f  bo th  th e  lee c h  and mammal the  lo c a t io n s  o f  th ese  

i n t e r a c t i o n s  d i f f e r .  Thus PAD i s  one f a c e t  o f  th e  r e f l e x  i n h i b i t o r y  

a c t i v i t y  p r e s e n t  w i th in  the  mammalian s p in a l  c o rd .  On the  o th e r  hand 

t h e  ty p e  o f  s y n a p t i c  i n t e r a c t i o n  observed between th e  SRN and th e  

l e e c h  N m echanosensory  c e l l  r e p r e s e n t s  the  p e r ip h e ra l  m odulation of 

a  r e c e p t o r  p o t e n t i a l  s i m i l a r  to  t h a t  seen  in  th e  c r a y f i s h  s t r e t c h  

r e c e p t o r .

Of t h e  s y n a p t i c  a s s o c i a t i o n s  desc r ibed  between th e  SRN and th e  

m echanosenso ry  n e u ro n e s  in  t h i s  s tu d y ,  the synapse between the  

l a t e r a l  N c e l l  (N^) and th e  SRN w i l l  be d esc r ib ed  f i r s t .  Evidence 

t h a t  t h e  N^_sRN synapse  i s  monosynaptic i s  t h a t  th e  SRN epsp fo llow s  

t h e  c e l l  a c t i o n  p o t e n t i a l  on a 1 :1 b a s is  and w ith  a c o n s ta n t  

l a t e n c y .  F o l lo w in g  i n t r a c e l l u l a r  s t im u la t io n  o f  th e  c e l l  th e  SRN 

epsp  p e r s i s t s  in  th e  p resence  o f  both 15 mM Mg and 1 5  mM Ca 

T h is  a l s o  s u g g e s t s  a  m n o sy n a p t io  connection  between th e  two c e l l s .  

As h a s  b e e n  m entioned  ( r e s u l t s  s e c t io n  4 .1 ) ,  s in c e  Ca^* and Mg  ̂ a c t
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s y n e r g l s t i o a l l y  i n  r e d u c in g  t h e  e x c i t a b i l i t y  o f  any in te r v e n in g  

n e u r o n e s  i n  p o l y s y n a p t i c  pathways (bu t a c t  a n t a g o n i s t i c a l l y  upon 

t r a n a n i t t e r  r e l e a s e  a t  a  d i r e c t  synapse) th e  l ik e l ih o o d  o f  o bse rv ing  

a  PSP i n  a  h i g h  h igh  Caf» s o lu t io n  i s  reduced i f  more than  two

n e u r o n e s  a r e  in v o lv e d  in  th e  pathway (N ich o lls  and Purves. 1970).

E l e c t r o n  m ic ro g ra p h s  o f  th e  Nj_ c o i l s  ly in g  on th e  p e r ip h e ra l  SHN 

d e n d r i t e s  r e v e a l e d  c lo s e  a p p o s i t io n  o f  the  N  ̂ c e l l  te rm in a ls  and SRN

f a n  b u t  none o f  th e  u l t r a s t r u c t u r a l  f e a tu re s  e h a r a o t e r i s t i c  o f  a 

c l a s s i c a l  c h e m ic a l  synapse  (Blackshaw e t  a l .  1982). This c l e a r l y  

r a i s e d  th e  p o s s i b i l i t y  t h a t  th e  synapse may be e l e c t r i c a l  in  n a tu r e .  

I n  p h y s i o l o g i c a l  e x p e r im e n ts  a  long de la y  o f  1 8 .0 -19 .0  ms was 

r e c o r d e d  betw een  th e  peak o f  th e  N̂  c e l l  a c t io n  p o t e n t i a l  and th e  

o n s e t  o f  t h e  SRN e p sp .  I f  th e  synap tic  connection  between th e  N  ̂

c e l l  t e r m i n a l s  and SRN fan  i s  assumed to  occur in  th e  p e r ip h e ry  and 

t h e  t im e  d e d u c te d  f o r  p ro p a g a t io n  o f  th e  N̂  c e l l  a c t io n  p o t e n t i a l  

a lo n g  i t s  axon and t e r m in a l  b ranches ,  (assuming a conduction  

v e l o c i t y  o f  0 .6  msec~^> a p e r ip h e r a l  synap tic  d e la y  of 11-12 ms i s  

o b t a i n e d .  T h is  c a l c u l a t e d  s y n a p t ic  d e la y  i s  long when compared w ith  

t h e  m o n o sy n ap t ic  l a t e n c y  o f  2-4  ms measured f o r  th e  c e n t r a l  c h a n ic a l  

c o n n e c t io n  betw een th e  N c e l l  and the  L mctoneurone (N icho lls  and 

P u r v e s ,  1970) . T h is  makes i t  seem u n l ik e ly  t h a t  i t  i s  an e l e c t r i c a l  

s y n a p s e .  A l t e r n a t i v e l y ,  assuming such a synap tic  de lay  o f  4 .0  ms and 

a c o n d u c t io n  d i s t a n c e  o f  5 .0  mm, a no t  unreasonable  N̂  c e l l  a c t i o n  

p o t e n t i a l  o o n d u o t io n  v e l o c i t y  o f  0.3 msec"! i s  o b ta in e d .  I t  should 

be b o rn e  i n  mind t h a t  th e  N c e l l  w i l l  no t  have a uniform conduction  

v e l o c i t y  i n  t h e  p e r i p h e r a l  n e rv e .  I t  i s  most l i k e l y  t h a t  a r e d u c t io n  

i n  c o m u c t i o n  v e l o c i t y  w i l l  occur on p ropagation  of the  a c t io n
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p o t e n t i a l  I n to  th e  f i n e  s id e  b ranches and f i n e  te rm in a l  c o i l s  o f  th e

«L c e l l  hence  t h e  s y n a p t i c  d e la y  i s  l i k e l y  to  be f a r  l e s s  th an  t h a t  

c a l c u l a t e d  i n  th e  p r e s e n t  s tu d y .

The p r e s e n t  d i s c u s s i o n  i s  based on th e  assum ption  t h a t  t h e SRN

e p sp  i s  m ed ia ted  by a p e rp h e r a l  synapse a t  the  s i t e  of  the  c o i l e d  N̂  ̂

t e r m i n a l s .  An a l t e r n a t i v e  p o s s i b i l i t y  i s  t h a t  a c e n t r a l  s y n a p t ic  

c o n n e c t io n  from  t h e  N^ c e l l  t o  th e  SRN i s  p r e s e n t  in  th e  g a n g l io n ic  

n e u r o p i l e .  S y n a p t ic  p o t e n t i a l s  gene ra ted  w i th in  th e  c e n t r a l  SRN 

t e r m i n a l  b ra n c h e s  fo l lo w in g  a c t i v i t y  w i th in  t h e  N  ̂ c e l l  would th en  

be p a s s i v e l y  t r a n s m i t t e d  to  th e  SRN soma in  accordance  w ith  th e  

l a r g e  sp a ce  c o n s t a n t  o f  t h e  SRN axon. F ig u re  42 shows th e  psp 

r e c o r d e d  from th e  SRN c e l l  body fo llow ing  i n t r a c e l l u l a r  s t i m u la t i o n  

o f  t h e  N^ c e l l  soma b e fo re  and a f t e r  s e c t i o n  o f  t h e  N^ c e l l  axon 

b ra n c h  i n  th e  MA nerve  r o o t .  A f te r  s e c t io n  o f  t h i s  N^ c e l l  axon 

b r a n c h ,  th e  epsp p r e v io u s ly  reco rded  from th e  SRN soma was 

a b o l i s h e d .  Such a r e s u l t  i s  incom pa tib le  w i th  th e  h y p o th e s is  o f  a 

c e n t r a l l y  l o c a t e d  synapse .  The r e s u l t  o f  c u t t i n g  th e  AA nerve  ro o t  

however m ust a l s o  be co n s id e red  ( f i g .  4 3 ) .  This p roceedu re  c u t s  t h e  

SRN axon in  t h e  A A ne rve  as  w ell  as the  N  ̂ c e l l  axon branch t o  th e  

p ro x im a l  fan  o f  th e  SRN w h i l s t  le a v in g  th e  N^ c e l l  axon branch  in  

th e  MA n e rv e  r o o t  t o  th e  d i s t a l  SRN fan  i n t a c t .  S u r p r i s in g l y ,  t h i s  

p r o c e e d u r e  a l s o  r e s u l t e d  in  t h e  a b o l i t i o n  o f  t h e  epsp from th e  SRN 

som a. As i t  i s  known t h a t  the  N^ c e l l  d i s t r i b u t e s  c o i l e d  t e r m in a ls  

t o  b o th  th e  p rox im al and d i s t a l  SRN d e n d r i t e s  (Blackshaw e t  a l .  

1 9 8 2 ) ,  i t  i s  l i k e l y  t h a t  bo th  s i t e s  o f  c o n ta c t  a r e  invo lved  and a r e  

n e c e s a r y  i n  th e  g e n e r a t io n  o f  th e  SRN epsp .
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Of th e  re m a in in g  i p e i i a t e r a l  mechanosensory neurones, on ly  th e  

m e d i a l l y  s i t u a t e d  N c e l l  f . ^ e d  to  evoke an SRN epsp .

I n t r a c e l l u l a r  s t i m u l a t i o n  o f  both the  m edially  and l a t e r a l l y  p laced 

P c e l l s  and a l l  t h r e e  i p s i l a t e r a l  T c e l l s  e l i c i t e d  e p s p 's  in  th e  

p e r i p h e r a l  SRN c e l l  body. The examination of e le c tro n  micrographs of  

t h e  SRN d e n d r i t e s  and a s s o c ia te d  N̂_ c e l l  term ina ls  has revealed  th e  

p r e s e n c e  o f  numerous o th e r  u n id e n t i f ie d  axon p r o f i l e s  c lo s e ly  

apposed  t o  t h e  s u r f a c e  o f  th e  SRN fan (Blackshaw e t  a l .  1982). 

A l th o u g h  i t  a w a i t s  t o  be d i r e c t l y  demonstrated with the use of 

m o rp h o lo g ic a l  t e c h n iq u e s  t h a t  th e  u n id e n t i f ie d  processes a re  indeed 

P o r  T c e l l  t e r m i n a l s ,  th e  e le c t ro p h y s io lo g ic a l  experiments have 

i n d i c a t e d  a  number o f  c a n d id a te  neurones which may p ro je c t  to  th e  

p e r i p h e r a l  SRN d e n d r i t e s .  Two excep tions  however a re  the medial 

p r e s s u r e  c e l l  (P^) and th e  d o r s a l  touch c e l l ,  (T ^). Both of these  

n e u ro n e s  have  r e c e p t i v e  f i e l d s  in  the  d o rsa l  h a l f  of the  leech body 

w a l l  and b o th  have a s in g l e  axon branch in  th e  d o rsa l  branch o f  th e  

p o s t e r i o r  n e rv e  r o o t  (B aylor and N ich o lls ,  1968). I t  appears 

u n l i k e l y  t h e r e f o r e  t h a t  e i t h e r  of these  neurones may c o n tac t  the  

p e r i p h e r a l  SRN d e n d r i t e s  in  the  AA nerve root d i r e c t l y .  An 

a l t e r n a t i v e  e x p l a n a t i o n  f o r  th e  synap tic  c o n n e c t iv i ty  observed 

be tw een  t h e s e  c e l l s  may l i e  in  e i t h e r  a d i r e c t  c e n t r a l  connection 

w i t h i n  t h e  g a n g l i o n ,  o r  a p o ly -sy n a p tic  c e n t r a l  connection from th e

o r  To c e l l  t o  a  neurone t h a t  p r o je c t s  to  th e  p e r ip h e ra l  SRN f a n .

That a  p o l y - s y n a p t i c  pathway e x i s t s  betv^en the  P^ and the  SRN was 

s u g g e s t e d  i n  th e  experim en t  in  f ig u r e  45b. Summation of two p P 

i n  t h e  SRN soma i s  shown in  response to  the  f i r s t  two of t h r

a c t i o n  p o t e n t i a l s  e l i c i t e d  in  the  c e l l  body of the c e l l ,  

f a i l u r e  o f  t h e  t h i r d  epsp fo llow ing  the l a s t  P^ a c t io n  poten
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u g g e s t s  t h a t  more th a n  a s in g l e  synapse i s  in te rposed  in  th e  

p a th w a y .

7 .1  The ^ . n o t i o n  o f  t h e  p e r ip h e ra l  e f f e r e n t  in n e rv a t io n  o f  th e

SRN

The r o l e  p la y e d  by t h e  T, P and N c e l l s ,  i n  the  e f f e r e n t  c o n tro l  

o f  t h e  SRN o u s t  be co n s id e red  w ith  re s p e c t  to  t h e i r  p r in c ip le  

f u n c t i o n  a s  m e c h a n o - re c e p to r s . T a c t i l e  s t im u la t io n ,  p inching  o r  

p ro d in g  o f  t h e  le e c h  body w all  evokes rap id  shorten ing  o f  the  

a n im a l ,  a  p ro c e e d u re  which in v o lv e s  d r a s t i c  changes in  i t s  o v e r a l l  

l e n g t h .  T h is  a c t i v i t y  i s  mediated by a c t i v i t y  w ith in  p re s s u re ,  

n o c i c e p t i v e  and touch  mechanosensory neurones and which i s  re layed  

e i t h e r  m o n o s y n a p t ic a l ly  w i th in  the segment to  the  la rg e  lo n g i tu d in a l  

m o to n e u ro n e s ,  o r  d i s t r i b u t e d  p o ly - s y n a p t i c a l ly  and in te rsegm ent a l l  y 

v i a  t h e  S c e l l  f a s t  conduc ting  system (N icho lls  and Purves, 1970 ; 

B a g n o l i  e t  a l . 1975 ) Magni and P e l le g r in o ,  1978). A c t iv i ty  w ith in
M I t

t h e  m ech an o sen so ry  neurones  may, v ia  a p e r ip h e ra l  axon r e f l e x  , 

evoke d e p o l a r i s i n g  s y n a p t ic  a c t i v i t y  in  c lo se  proxim ity  to  th e  

r e c e p t o r  r e g i o n  o f  th e  SRN. This s y n a p t ic a l ly  evoked SRN 

d e p o l a r i s a t i o n  would th e n  s t r o n g ly  modulate the  hype rpo l a r i s i n g  SRN 

r e s p o n s e  produced  d u r in g  the  subsequent ten s io n  in c rease  during the 

l o n g i t u d i n a l  m uscle  c o n t r a c t i o n .  Hence mechanosensory e f f e r e n t  

i n n e r v a t i o n  o f  th e  SRN w i l l  e x e r t  a p o s i t iv e  b ias  upon SRN a f f e r e n t  

a c t i v i t y .  Large  h y p e r p o l a r i s a t i o n s  o f  SRN which may r e s u l t  from 

e x c e s s i v e  s h o r t e n in g  o f  the  animal w i l l  be o f f s e t .  The in p u t/o u tp u t
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pr p . .  p . ,  „  . . .

t P T t f o r .  p r « „ , u ,  p . . . . p . .  , p ,  . . . .  . . . . . . . . .

o f  t h e  SRN's r e s p o n s e  c u r v e .

8 .0  A f f e r e n t  m o d u la t io n  o f  th e  motor onhpni-

I n  t h e  p r e s e n t  s tu d y  a c lo se  morphological a s so c ia t io n  was 

o b s e rv e d  betw een  th e  c e n t r a l  branches of the  SRN and the d e n d r i t ic  

a r b o u r i s a t i o n  o f  a number o f  e x c i t a to r y  motoneurones to  the  

l o n g i t u d i n a l  n u s c l e .  F o r  example d i r e c t  p ro je c t io n s  from both the  L 

c e l l  and t h e  v e n t r a l  i n h i b i t o r y  neurone ( c e l l  2) to  th e  SRN were 

o b s e rv e d  ( f i g u r e s  49 and 5 4 ) .  I t  i s  somewhat s u rp r is in g  th e re fo re  

t h a t  imposed changes  i n  SRN membrane p o te n t ia l  produced by the  

i n j e c t i o n  o f  c u r r e n t  i n to  the  c e l l  body produced no c o n s is te n t  

change  i n  L c e l l  som atic  a c t io n  p o te n t ia l  frequency. During these  

e x p e r im e n t s  s u f f i c i e n t  c u r r e n t  was in je c te d  in to  the  SRN to  e l i c i t  

v o l t a g e  d e f l e c t i o n s  in  t h e  SRN c e l l  body of between 10 and 20 mV. 

T ak ing  i n t o  a c c o u n t  th e  le n g th  c o n s ta n t  of the SRN axon and the 

d i s t a n c e  b e tw een  th e  p e r ip h e r a l  c e l l  body and c e n t r a l  te rm in a ls ,  

p o t e n t i a l  c hanges  o f  between 3 .7  and 7 .4  mV were c a lcu la ted  to  occur 

a t  t h e  c e n t r a l  s y n a p t i c  zone. Such a p re -sy n a p tic  d e p o la r is a t io n  was 

c o n s id e r e d  a d e q u a te  t o  e l i c i t  a po ten t  p o s t- sy n a p tic  response . Sand 

e t  a l .  (1975) e l e g a n t l y  dem onstrated  t h a t  i n je c t i o n  o f  small amounts 

o f  c u r r e n t  i n t o  th e  h a i r  c e l l s  o f  the  s u p e r f i c i a l  l a t e r a l  l in e  

o r g a n s  o f  N e c tu ru s  s u f f i c i e n t  to  change th e  h a i r  c e l l  membrane 

p o t e n t i a l  by  betw een 1 and 9 mV could e f f e c t i v e l y  modulate impulse
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a c t i v i t y  i n  t h e  p o s t - s y n a p t i c  a f f e r e n t  f i b r e s .  S im i la r ly ,  i n  a  s tu d y  

o f  t h e  c r u s t a c e a n  T f i b r e  t o  promotorneurone synapse by B l ig h t  and 

L l i n a s  (1 9 8 0 ) ,  a p r e - s y n a p t i c  vo l tag e  change o f  5 .8  mV was found 

s u f f i c i e n t  t o  produce an e - f o l d  in c r e a s e  in  the  am plitude  o f  th e  

peak p o s t - s y n a p t i c  p o t e n t i a l .

I n  r e s p o n s e  t o  sm a l l  p r e - s y n a p t i c  d e p o la r i s a t i o n  o f  th e  T f i b r e .  

B l i g h t  and L l in a s  (1980) were a l s o  ab le  to  r e c o rd  l a r g e  e p s p 's  w i th  

s u p e r in ç o s e d  s p ik e s  from th e  motoneurone c e l l  body i n  t h e  th o r a c ic  

g a n g l i o n  o f  t h e  c r a b .  The r e sp o n se s  c o n s is te d  o f  l a r g e  e p s p 's  (5 mV 

— 20 mV) t h e  a m p litude  o f  which ro se  l i n e a r l y  as t h e  p r e - s y n a p t i c

d e p o l a r i s a t i o n  i n c r e a s e d .  On o ccas ion  the  epsp am plitude  was 

s u f f i c i e n t l y  l a r g e  t o  co m p le te ly  shunt th e  a n t id ro m ic  motoneurone 

s p i k e  s u c h  t h a t  o n ly  the  u n d e r ly in g  p o s y -s y n a p t ic  p o t e n t i a l  was 

r e c o r d e d  from  t h e  c e l l  body. In  th e  p r e s e n t  expe rim en ts  t h e  absence 

o f  p o s t - s y n a p t i c  p o t e n t i a l s  from the  i n t r a c e l l u l a r  L c e l l  r e c o r d in g s  

i n  r e s p o n s e  t o  a c t i v i t y  w i th in  th e  SRN p o i n t s  to  t h e  p o s s i b i l i t y  

t h a t  th e  i n t r a c e l l u l a r  som atic  r e c o rd in g  p o in t  was a  c o n s id e r a b le  

d i s t a n c e ,  and t h e r e f o r e  e l e c t r o t o n i c a l l y  remote from t h e  presumed 

s i t e  o f  s y n a p t i c  c o n ta c t  between the  two c e l l s .  Because le e c h  

m o toneurone  c e l l  b o d ie s  do n o t  have ov e rsh o o t in g  a c t i o n  p o t e n t i a l s ,  

t h e  s i t e  o f  motoneurone a c t io n  p o t e n t i a l  i n i t i a t i o n  i s  though t t o  be 

l o c a t e d  n e a r  t h e  p o in t  where th e  axon le a v e s  t h e  g a n g l io n  aixi i s  

h e n c e  rem o te  from th e  c e l l  body. This p o in t  i s  a ls o  c lo s e  t o  th e  

r e g i o n  o f  t h e  L c e l l ,  shown in  f i g u r e  49, where numerous p o i n t s  o f  

c o n t a c t  a r e  found between th e  SRN and the  L m otoneurone. The f u r t h e r  

p o s s i b i l i t y  e x i s t s  t h e r e f o r e  t h a t  m odula tion  o f  L motoneurone 

a c t i v i t y  i n  r e s p o n s e  t o  SRN Inpu t may ooour a t  th e  p o in t  o f  SRN and
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L o e i l  o o n ta o t  and rem ain  u n d e te c te d  by re c o rd in g  a t  a d i s t a n c e  in  

t h e  L c e l l  body . I t  may be more a p p ro p r ia t e  t h e r e f o r e  t o  m onito r  

a c t i v i t y  e x t r a c e l l u l a r l y  from th e  L c e l l  axon w i th in  the  a n t e r i o r  

n e rv e  r o o t  a s  w e l l  a s  from i t s  c e n t r a l  c e l l  body. Such a p roceedure  

may w e l l  r e v e a l  any m odu la to ry  a c t i v i t y  of the  SRN inpu t  upon the  

m otor  o u t f lo w  from th e  segm ental g a n g l io n .

A c t i v i t y  i n  a n o th e r  motoneurone w ith in  the  segmental g a n g l io n ,  

c e l l  3 ,  t h e  e x c i t a t o r y  motoneurone to  th e  d o r s a l  lo n g i tu d in a l  muscle 

was m o n ito re d  e x t r a c e l l u l a r y  in  the  d o rsa l  p o s t e r i o r  nerve  (DP) in  

r e s p o n s e  t o  imposed changes in  SRN membrane p o t e n t i a l  ( f i g . 5 6 ) .  

However no obv ious  or c o n s i s t e n t  a l t e r a t i o n  in  the  d isc h a rg e  

f r e q u e n c y  o f  t h i s  c e l l  was observed fo llow ing  e i t h e r  d e p o la r i s a t i o n  

o r  h y p e r p o l a r i s a t i o n  o f  th e  SRN To record  a c t i v i t y  from t h i s  

d o r s a l  e x c i t a t o r y  motoneurone was however no t  a c r i t i c a l  t e s t  of th e  

m o d u la to ry  i n f l u e n c e  o f  th e  SRN. I t  had no t  been shown fo r  example 

w h e th e r  o r  n o t  the  incoming SRN axon did indeed c o n ta c t  t h i s  

p a r t i c u l a r  m otoneurone i n  th e  manner shown p r e v io u s ly  f o r  th e  L c e l l  

and th e  v e n t r a l  i n h i b i t o r y  motoneurone.

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

o f  n e u r o n e s  h a s  b e e n  i n v e s t i g a t e d  b y  a  n u m b e r  o f  t e c h n i q u e s .  O f  

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

o n e  o f  t h e  m o s t  s e n s i t i v e  m e a s u r e s  o f  a s s o c i a t i o n  b e t w e e n  p a i r s  o f  

s i g n a l s  ( E l l a w a y  e t  a l .  i n  p r e s s ) .  T h i s  m e t h o d  ( B r i l l i n g e r  e t  a l .  

1976) w a s  a p p l i e d  t o  t h e  S R N - m o t o n e u r o n e  s y s t e m  o f  t h e  l e e c h  i n  

o r d e r  t o  n e g a t e  t h e  i n h e r e n t  p r o b l e m s  a s s o c i a t e d  w i t h  r e c o r d i n g
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s y n a p t i c  p o t e n t i a l s  and t h e i r  consequent e f f e c t s  a t  a d i s t a n c e .  In 

th e  p r e s e n t  c a s e ,  e x t r a c e l l u l a r  sp ik in g  a c t i v i t y  was monitored 

d i r e c t l y  from t h e  MA nerve  r o o t  b e fo re  and du r ing  random imposed 

a c t i v i t y  in  th e  SRN. In  t h i s  s tudy  the pathway of  c e n t r a l  

c o n n e c t io n s  from th e  SRN to  motoneurones could be cons ide red  to  be a 

b l a c k - b o x .  Only th e  deg ree  of coherence between inpu t and ou tpu t  and 

t h e  d ependence  o f  t h e  coherence  o f  th e  o u tp u ts  upon th e  inpu t  was 

c o n s i d e r e d . From the  r e s u l t s  of t h i s  work in  the  p re se n t  s tudy  a 

r a t h e r  complex p i c t u r e  has emerged. I t  appears t h a t  no d i r e c t  

a s s o c i a t i o n  e x i s t s  b e tæ e n  a c t i v i t y  w ith in  the  SRN and any o f  the  

i n d i v i d u a l  e f f e r e n t  u n i t s  i n v e s t i g a t e d ,  th u s  c on finn ing  th e  e a r l i e r  

i n t r a  and e x t r a c e l l u l a r  i n v e s t i g a t io n  which a ls o  f a i l e d  t o  d e te c t  

any such  d i r e c t  f u n c t i o n a l  c o n ta c t .  I t  i s  c l e a r  however t h a t  th e  

c o h e r e n t  a c t i v i t y  o f  a l l  th re e  of the  u n i t s  s tu d ie d  was h ig h ly  

d e p e n d e n t  upon t h e  SRN in p u t  - moreover i t  appears t h a t  th e  coup ling  

e f f e c t  o f  t h e  SRN in p u t  upon the  th re e  motoneurone sp ike  t r a i n s  i s  

d r i v e n  v i a  one o f  th e s e  u n i t s  i t s e l f .  I t  i s  u n f o r tu n a te  t h a t  th e se  

t h r e e  e f f e r e n t  u n i t s  were n o t  i d e n t i f i e d  in t h i s  experim en t, however 

t h e  f i n d i n g s  from th e  coherence d a ta  r a i s e  one o r  two i n t e r e s t i n g  

i m p l i c a t i o n s .  F i r s t l y ,  we may no t  assume t h a t  the  segmental r e f l e x  

lo o p  p roposed  by K r i s  tan  and S te n t  (1976) t o  e x p la in  th e  o p p o s i t io n  

o f  l o n g i t u d i n a l  muscle s t r e t c h ,  i s  as simple as i n i t i a l l y  d e s c r ib e d .  

S e c o n d ly ,  SRN a f f e r e n t  a c t v i t y  appears to  have a widespread e f f e c t  

i n  c o - o r d i n a t i n g  the  a c t i v i t y  o f  a number o f  e f f e r e n t  u n i t s  w i th in  

t h e  se g m e n t .  Such c o -o r d in a t in g  a c t i v i t y  between in d iv id u a l  

m o toneurones  w i l l  form th e  b a s i s  fo r  r e f l e x  i n t e g r a t i o n  w i th in  the

a n i m a l .
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