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I N T RODUCT I ON 

S in c e  t h e  e a r ly 1 8 0 0's , t h e  b as a l  g an g l i a  h ave b e en 

r e c o gn i z e d  as  an e x t rapy rami d a l  s ub co r t i c a l  mo t o r a re a . Much 

o f  the knowl e d g e  o f  b as a l  g a n g l i a  inv o l vement  in  movemen t h as 

b e en o b t a in e d  t h rough  c l in i ca l  s y m p t omo l o gy . C o n s i d e r at i o n  

o f  t h e  b a s al  g an g l i a  a s  a p u r e  inh ib i t o ry i n f l u e n c e  upo n  

mo t o r  r e gu l a t i o n  w a s  a c on c e p t  g ene r a t e d  b y  e a r l y  r e s e a r ch e r s  

( 2 4 , 5 7 , 5 8 ) . I n  s p i t e  o f  t h e  f a c t  t h a t  th e b as a l  g an g l i a  w as 

c o n s i d e r e d  an i n h i b i t o r y  c en t e r , i t  w a s  kn own t h a t  t h e  b a s a l  

g ang l i a p r o d u c e d  f o r e  l imb f l e x i on o r  c o n t rave r s ive h e ad 

t u rnin g .  A t  t h e  p re s en t , b o th f a c i l i t at o ry a n d  inh ib i t o ry 

in f luen c e s  u p o n  mo t o r  a c t i v i t y  h ave  b een d emo n s t r a t e d  ( 5 0 ) . 

Ph y s i o l o g i c a l  m e c h a n i sms  u n d e r l y i n g  b as a l gan g l i a  inv o l v e 

men t in  moveme n t  h a v e  b e en  d i f f i c u l t  t o  a s s e s s  d u e  t o  t h e  

f a c t  t h a t : ( 1 )  e l e c t r i c a l  s t imu l a t i o n  and  d i s c r e t e  s u r g i c a l  

l e s i o n s  w i t h in t h i s  s ub co r t i c a l  a r e a  f a i l  t o  p r o d u c e  as 

s i gn i f i can t a c h a n g e  in  l o c o mo t o r  a c t ivi ty as  th a t  ob s e rved  

i n  dys f un c t i o n ; and ( 2 )  the  b as al g an g l i a  a r e  many  s ynap s e s  

rem o v e d  f rom s en s o ry i n p u t  and  f r om l ow e r  mo t on e u r on s . 

V a r i o u s  a p p r o a ch e s  h ave  b e en u t i l i z e d  t o  e l u c i d a t e m o t o r  in

f luen c e s  o f  the  b as al g an g l i a . Th e s e  i n c l ud e : ( 1 ) ab l a t i on 

o f  one  o r  m o r e  b a s a l  g an g l i a  s t ru c t u r e s ; 

s t im u l a t i on o f  b as a l g an g l i a  s t r u c t u re s ; 

( 2 )  e l e c t r i c a l  

( 3 )  mo d u l a t i on o f  

p re-ex i s t in g  mo t o r  a c t iv i ty b y  e l e c t r i c a l  s t imu l a t i o n  o f  

r e g i on s  w i t h in t h e  b as a l gan g l i a ; ( 4 )  m o r e  r e c en t ly ,  un i t  



2 

r e c o r d i n g  i n  b as al g a n gl i a  s t r u c t ur e s  in  ch ron i c  p re p a r a t i on s  

d u r i n g  a t as k  rela t e d  movemen t . 

Ea rl y  inve s t i ga t o r s  p o s t ulat e d  t h at t h e  b as al g an gl i a  

e xe r t e d a s t e ad y i n g  i n flue n c e  u p on t h e  p y r am i dal  t ra c t  ( 8 6 ) . 

Mod u l a t i on o f  t h e  g amma m o t o n e u r on al s y s t em b y  s ub c o r t i c al 

s t ru c t ur e s  p e r t a in e d  t o  t h e  alt e r a t i o n  o f  b a c k g r ound a c t iv i t y  

o n  a s p i n a l  level . S i n ce s ome b as al g a n gl i a  dy s f un c t i on s  

re s u l t  i n  t h e  alt e r a t i on o f  t on e  a s  w ell a s  h y p e r a c t iv i t y , 

one w o u l d  s us p e c t  t h a t  t h e y  mo d ula t e  t h e  g amma mo t o n e u r o n al 

s y s t em . G r an i t  and Ka ad a ( 2 6 )  i n ve s t i g a t e d  b as al gangl i a  

in f l u e n c e s  u p o n  g amma a c t i v i t y  b u t  d i d  n o t  d e t e rm i n e  t h e  

p a th w ay b y  wh i ch t h e s e  in fluen c e s  w e re m e d ia t e d . T h ey d i d  

n o t  inves t i ga t e  b as al g an gl i a  m o d ul a t i o n  o f  c o r t i c a lly 

i n d u c e d  i n c re a s e  in g amma d i s ch ar g e . T h u s , t h e  q ue s t i o n  w a s  

r a i s e d  a s  t o  wh e t h e r  o r  n o t  t h e  b a s al g an gl i a  a c t u ally 

mo d u l a t e d  c o r t i c ally ind u c e d  in c r e a s e s  in g amma a c t i v i t y . 

Two g e n e r al m e c h an i s ms b as e d  on an at om i c al s t u d i e s  a r e  

p o s s ib l e  f o r  t h e  mo d ul a t i on o f  mo t o r  a c t ivi t y  b y  th e b as al 

g a n gl i a . Th es e m e c h an i sms a r e : (1)  mod u l a t ion  o f  t h e  o u t p u t  

o f  c o r t i c al n e u r on s  t h a t  exe r t  mo t o r  i n fluen c e s  a n d  ( 2 )  

mo d ula t ion  o f  s ub c o r t i c al n e u r on s  t h a t  e xe r t  mo t o r  in fl ue n c e s . 

Th e f o rme r m e c h an i sm wo uld o c c u r  v i a  a well de f i n e d  p a t hway 

from b as a l  g an gl i a  s t ru c t ur e s  v i a  t h e  t h alamus to the c o r t ex 

( S e e  L i t e r a t u r e  R e v i ew ) . Mo d u l a t i on c o uld al s o  o c c u r  v i a  

b a s al g a n gl i a  p r o j e c t i o n s  t o  s ub c o r t i c al a r e a s  wh i ch i n  

t urn p r oj e c t  t o  t h e  s p i n al level . D i f f e r en t i a t i o n  b e tween  
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t h e s e  two m e ch an i s m s  was  a c comp l i s h e d  i n  t h e  p re s e n t  s t udy 

b y  two exp e r ime n t a l  a p p r o a c he s . Th e f i r s t  w a s  an i n -

v e s t i g a t i o n  o f  b as a l  g a n g l i a  mo d u l a t ion  o f  f l exo r r e s po n s e s  

o f  t h e  a n t e r i o r  t ib i a l i s  mus c l e  e l i c i t e d b y  e le c t r i c a l  

s t imu l a t io n  o f  t h e  s en s o r imo t o r  c o r t ex and p yr am i d a l  t ra c t. 

The s e  i n ve s t i g a t i o n s  w e r e  c a rr i e d  o u t  i n  in t a c t  an d in  d e -

c o r t i c a t e  c at s .  Th e an t e r i o r  t ib i al i s  mus c l e  i s  a c t iv a t e d  

d u r i n g  t h e  f i r s t  ph as e ,  t h e  f l e x i on p h a s e  o f  move ment  ( 1 7 ) .  

Th e r e f o r e ,  t h i s  mus c l e  w a s  c h o s e n  f o r  t h i s  s t udy s in c e  a 

ch a r a c t e r i s t i c o f  s ome  b as a l g an g l i a  d y s f un c t i o n s invo lve s 

a s l ow ons e t  o r  in i t i a t i o n  o f  movemen t . 

Th e s e c on d  app r o a c h  w a s  an an a ly s i s  o f  mo d u l a t ion  o f  

c o r t i c a ll y  i n d u c e d  p y r am i d a l  t r a c t  r e s po n s e s  b y  c o n d i t i o n i n g  

s h o c k  t ra i n s  d e l iv e r e d  t o  va r i o u s  l o c i  w i t h i n  t h e  b a s a l  

g an g l i a .  B o t h  ap p ro a c h e s  w e r e  d e s i gn e d  t o  d e t e rm i n e  wh e t h e r  

inh ib i t o ry a n d  f a c i l i t a t o ry mo t o r  i n f l ue n c e s  o f  t h e  b a s al  

g an g l i a  o c cu r r e d  a t  a co r t i c a l  o r  s ub c o rt i c a l  l e ve l .  A 

maj o r  h y p o t h e s i s  t o  b e  t e s t ed was  wh e t h e r  f ac i l i t at o ry and  

inh ib i t o ry r e g i o n s  e xi s t e d  w i t h in the  c a u d a t e  nuc l e u s  and  

mo re  s p e c i f i c a l l y , wh e t h e r  the  r o s t ra l  r e g i on of  the  c au d a t e 

n u c l e u s  w as i nh ib i t o ry an d t h e  c a ud a l  r e gi on f a c i l i t a t ory  

as  p ro p o s e d  by  L i l e s  and  Dav i s  (SO). 
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REV I EW O F  THE  L ITE RATURE 

C o n t r o v e r s y  c o n c e r n i n g  t h e  f un c t i o n a l  r o l e  o f  t h e  b a s a l  

g an g l i a  h a s  e v o l v e d  s i n c e  W i l l i s  i n  1 6 6 7  p o s t u l a t e d  t h e  c o r p us 

s t r i at um a s  an i n t e g r a t o r  b e t w e en t h e  co r t e x  and  med u l l a  

ob l o n ga t a . N o t  o n l y  h as t h e  in t e g r a t o r  r o l e  b e en d i s p ut e d , 

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

l o c o mo t o r  a c t iv i t y . Magend i e  ( 6 0 )  p o s t u l a t ed th a t  t h e  co rpus  

s t r ia t um c on t r o l l e d  b ackw a r d  mo vemen t ,  wh e r e a s  f o rw a r d  

p r o p u l s i o n  w a s  un d e r  t h e  c on t r o l  o f  t h e  c e r e b e l lum . In  1 8 6 7 ,  

Fe r r i e r  ( 6 0 )  d e s c r i b e d  t h e  re l a t i o n  o f  t h e  c o rpus  s t r i a t um 

w i t h  t h e  c o r t ex in t e rms o f  mo t o r  in t e g r at i on . D u r in g  th i s  

p e r i o d  o f  t ime , t h e  c o rpus  s t r i a t um w a s  c on s i d e r e d  a mo t o r  

o r g an o r  a r e l ay c e n t e r  b e tw e en t h e  c o r t ex an d s p i n a l  level  

f rom  wh i c h  a r o s e  f ib e r  t r a c t s  that  d e c us s a t e d  in  t h e  m e d u l l a  

o b l on g a t a .  Th i s  c o n c ep t , t h en , i n c o rpo r a t e d  t h e  i d e a t h a t  

t h e  o r i g in o f  t h e  p y r am i d a l  t r a c t  w a s  t h e  co r p u s  s t r i a t um .  

Wi l s o n  ( 8 6 )  t h r o u gh h i s t o l o g i c a l  t e ch n i q u e s  an d e l e c t r i c a l  

s t imu l a t i on ob t ai n e d  n o  po s i t i ve res u l t s  r e g a r d i n g  t h e  

po s s i b i l i t y  o f  b as a l g an g l i a  regu l a t i on o f  c o r t i c a l ly i n d u c e d  

mo t o r  a c t i v i t y . By a n a l y z ing  t h e  c ur re n t  an a t om i c a l  and  

p h y s i o l o g i c a l  e v i d e n c e  he  c on c lude d t h a t : ( 1 )  t h e  c o r p us 

s t r i at um was  n o t  dep e n d e n t  u p on t h e  c o r t e x ;  ( 2 )  t h e  c a ud a t e  

n u c l e u s  an d p u t amen h a d  conn e c t i o n s  b e tween  t h ems e l ve s ; and  

( 3 )  b o t h  h ad f ib e r  conne c t i ons  w i th the  g l ob us p a l l i d u s . Th e 

b a s a l  gang l i a  w e r e  r e g a r d e d  a s  a mo t o r  c en t e r  t h a t  e xe r t e d  
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a s t e ad y i n g  in f l u e n c e  upon  t h e  py rami d a l  t ra c t . Maj o r  in p u t  

f ib e r s  t o  t h i s  c en t e r  w e r e  d e r iv e d  f r om t h e  t h a l amus and 

the maj o r  e f f e r e n t  f ib e rs were chann e l e d  in  a c a u d a l  d i r e c t i on 

t o  t h e  s p in a l  l e v e l  v i a  a r ub r o s p in a l  p r oj e c t i o n . Remo val  

o f  th i s  i n f l uen c e ,  t h e r eb y  remo v i n g  a s t eady i n g  i n f l u e n c e  

u p o n  t h e  p y r a m i d a l  t r ac t , wo u l d  r e s u l t  in  t r emo r . 

W i l s on's c o n c e p t  w a s  re p l a c e d  b y  a p r opo s a l  o f  Dus s e r  

d e  B a renn e a n d  M c C u l l o ch ( 1 6 )  wh i ch imp l i c a t e d  t h e  b a s a l  

gang l i a  in  a s up p r e s s o r  c i r c u i t : a r e a 4 s  o f  t h e  ce re b ral  

c o r t ex - c a u d a t e  n u c l e u s- g l o b u s  p a l l i d us - t h a lamus - a r e a  4 o f  

t h e  c e re b r a l  c o r t ex .  Th e re f o r e , t h e  b as a l gan g l i a  and 

c e r e b r a l  c o r t ex w e r e  on c e  a g a i n  c o n s i d e red  f un c t i on al l y  

de p en d e n t . B u c y , 1 9 3 2  ( 9 ) ,  o r g a n i z e d  c l in i c a l ,  an a t om i c a l, 

and  p h y s io l o g i c a l  r e s e a r ch t o  d e s c r ib e ch o r e a  and a t h e t o s i s , 

b o t h  a t t r ib u t e d  t o  d y s fun c t ion  o f  t h e  b as al gang l i a .  Th i s  

p a t hway , as  d e s c r ib e d b e l ow ,  a l s o  c o n s i d e r e d  t h e  b as a l  g an g l ia 

an d c o r t e x  f un c t i o n a l ly d e p en d en t . A p o s t u l a t e d  p a t hway 

in d e p en d e n t  f rom t h e  py r am i d a l  t r a c t  wh i ch p r i n c ip a l l y  a r o s e  

f r o m  a r e a 6 w a s  t e rm e d  t h e  p a ra p y r ami d a l  t r a c t . A c c o r d i n g  

t o  B u c y , t h e  p ar a p y r am i d a l  t r a c t  w a s  compos e d  o f  t h o s e  f ib e r s  

e x c l u d i n g  t h e  py r a m i d a l  t r a c t  f ib e rs  t h a t  a r o s e  i n  a r e a s  4 

and  6 and  p r o j e c t e d t o  sub c o r t i c a l  s t ru c t u r e s  o t h e r  t h an th e 

b a s a l  g an g l i a . Th e s e  s ub c o r t i c a l  a r e as  p ro j e c t ed t o  t h e  

s p in al l e ve l .  Th e p r o po s e d  m e c h an i s m  f o r  a th e t o s i s i n 

vo lve d a c o rt i c a l- c o r t i ca l  l o o p  i n  wh i ch f ib e rs t h a t  a r o s e  

f ro m  t h e  s u p p re s s o r  a r e a s  8 s  an d 4 s  ( 8 s  - an t e r i o r  t o  a r e a  6; 
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4 s  - b e t w e e n  a r e a s  4 and  6 )  p ro j e c t e d t h r o u gh a p r o p o s e d  

p a t hw ay t o  th e c a u d a t e  n u c l e u s . Fib e rs f r o m  t h e  c aud a t e  

n u c l e u s  p a s s e d  t o  t h e  g l o b u s  p a l l i d us , wh i ch i n  t u rn p r o-

j e c t e d  t o  ar e as 4 and 6 .  Th i s  p ro po s e d  l o o p , o r i g in a t i n g  in 

the s u p p re s s o r a r e a s  o f  the c o r t ex w o u l d  s u p p r e s s  a c t i v i t y  

in  c o r t i c a l  mo t o r  a r e a s  4 a n d  6 .  H e nc e ,  in t e r ru p t ion  o f  

t h e  p a thway w o u l d  a c c o un t  f o r  invo lun t a ry movemen t s  an d 

hyp e r a c t i v i t y . Ab l a t i o n  o f  a r e a 4 d i s rup t e d  t h e  f i n a l  p a t hway 

f rom  the c o r t e x  v i a  s ub c o r t i c a l  s t ru c t ures  to t h e  s p in a l  

l e ve l a n d  t h e r e b y  wo u l d  p r o v i d e  a s u r g i c a l  me t h o d  t o  d e c r e a s e  

h yp e r a c t i v i t y  d u e  t o  b as a l  g an g l i a d y s f un c t i o n . A mo r e  

c ur re n t  an a ly s i s  o f  t h e  f ib e r  conn e c t i o n s  o f  t h e  b a s a l  

g an g l i a  w i l l  b e  de s c r ib e d  b e l ow .  

D u r i n g  t h e  d e v e l opment  o f  t h e  i d e a  t h a t  t h e  b as a l  

g an g l i a  w a s  a mo t o r  s y s t em a l s o  e v o l v e d  t h e  con c e p t  o f  t h e  

b a s a l  g an g l i a  as  a n  e x t r a py r am i d a l  mo t o r  sy s t em .  Th e t e rm , 

ext r a p y r am i d a l , d e s i gn a t ed  c o r t i c o s p in a l  p roj e c t i on s  

e x c l ud in g  t h e  py r am i d a l  t ra c t . W i l s on emp l oy e d  t h e  t e rm when 

re f e r r in g  to  b a s a l  g a n g l i a  d y s f un c t i on s . As t h e  c o n c e p t  

e v o lve d , t h e  t e rm s  py r am i d a l  s y s t em a n d  v o lun t ary moveme n t  

b e c ame  an a l o go u s , wh e r e a s  t h e  ext r a py r am i d a l  sys t em w as 

co n ce rn e d  w i t h  b ac k g r oun d o r  s t e a dy i n g  in f lu en c e s  upon  mo t o r  

a c t i v i t y . Th u s  p y r am i d a l  and e x t r a py r am i d a l  ap p e a r e d  t o  

den o t e  two  d i s t in c t  an d s ep a r a t e  sys t ems . As a res u l t , 

t h e  t e rmin o l ogy b e c ame  mi s l e a d i n g . Th e r e fo re , t h e  t e rm ,  

e x t r a py r ami d a l ,  i s  n o t  emp l o y e d  i n  t h e  p r e s e n t  s t udy . 
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L o c a t e d  d e e p  w i t h i n  t h e  c e reb r a l  h em is p h e res , t h e  b as al 

g ang l i a  f o rm a c o ns p i c u o us p a r t  of t h e  f o reb r a i n . Th e p u t amen 

and c a ud a t e  n u c l e us , d e r i v e d  f rom  t h e  t e le n c e p h a l o n , a r e  

phy l ogen e t i c a l ly n ew e r  t h an t h e  g l o b us p a l l i d us .  C o l l e c t i v e l y  

t h es e  t wo s t r u c t u r es ,  p u t amen and c aud a t e  n u c l eus , a r e  

t e rmed  s t r i a t um ,  a d es c r ip t ive  t e rm cha r a c t e r i z in g  t h e  

my e l in a t e d  f i b e rs t r ave rs ing t h es e  s t ru c t ures , t h e re b y  p r o d u c -

i ng a s t r i a t e d  a p p e a r a n c e .  T h e  p u t amen and g l obus p a l l i d us 

a r e  c o l l e c t ive ly t e rm e d  le n t if o rm n u c l e us . The  c y t o a r ch i t e c -

t ur e  and  an a t o m i c a l  conn e c t ions o f  t h es e  s t ru c t u r es w i l l b e  

d is c uss e d  s o  t h a t  phys i o l og i c a l  res u l ts t o  b e  d es c r i b e d  c an 

b e  mo re  a de q u a t e l y  i n t e rp re t e d . F igure  1 r e p res ents  maj o r  

f i b e r  c onn e c t i ons of t h e  b as al gang l i a  an d r e l a t e d  f ib e r  

p a thw ays d es c r i b e d  b e l ow .  

1 .  Cyt o a r ch i t e c t u re  of the  S t r ia t um and G l ob us Pal l i d us 

T h e  p u t amen and c au d a t e  n u c l e us h a ve s i m i l a r  

cy t o a r ch i t e c t u re . E a r ly a n a t o m i c a l  s t ud i es emp l o y i ng l igh t 

m i c r os c o py and N iss l s t a in d es c r i b e d  t h e  c a ud a t e  n u c l e us as 

a s t ru c t u re  c o n t a in ing s m a l l ,  d ens e l y p ac k e d  c e l ls .  

Ext ens i ve l ig h t  an d e l e c t ron  m i c ros c opy p e r t a in i n g  t o  t he 

cy t o l ogy of t h e  c au d a t e  n u c l eus h ave b e en c ondu c t e d  b y  Kemp 

and  Pow e l l  ( 3 8 ). A m aj o r  c h a r a c t e r is t i c of t h e  c auda t e  

n u c l eus is i t s  h o mogen e o us s t r u c t u r e . App r o x ima t e l y 

n i ne t y-s i x  p e r c e n t  of the ce l l  p o p u l a t i on is compos e d  of 

one c e l l  t y p e  wh i ch is c h a r a c t e r i z e d  b y  a s oma d i ame t e r 
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b e tw e en 12  � m a n d  1 8  �m and a l a r g e  numb er of  d en d r i t i c  s p in e s . 

At  l o c a t i o n s  wh e r e  t h e  h e av i e s t  c on c en t r a t i o n s  o f  s p in e s  

o c c u r , t h ey a r e  d i f f i c ult  t o  d i f f e r e n t i a t e  w i t h  t h e  a i d  o f  

l i g h t  m i c r o s c opy . F ive c ell t y p e s , d i f f e r ing in s oma s i z e  

a n d  d en s i ty o f  d e nd r i t i c  s p ine s , comp r i s e  t h e  r em a in i n g  f o u r  

p e r  c e n t  o f  t h e  t o t al c ell po p ula t i o n . B o t h  myel in a t e d  an d 

unmy el in a t e d  a x o n s  h ave b e en d e s c r i b e d  f o r  t h e  s t r i a t um .  A 

c h a ra c t e r i s t i c  o f  t h e  c a ud a t e  n u cle u s  i s  a d en s e  axon al 

pl e xus  c o n s i s t in g  o f  c olla t e r als  f rom  t h e  s h o r t  axons  o f  t h e  

mos t c ommon cell t y p e s  a s  w ell as e x t r i n s i c  axo n s . A 

s t r ik ing  f e a t u r e  is  t h a t  axo n s  o f  t h e  pl exus  c ro s s  d e n d r i te s 

r a t h e r  t h an b e i n g  o r g an i z e d  in a p a r allel a r r an gemen t . Many 

o f  t h e s e  axons f o rm � pa s s an t  c o n t a c t s  w i t h  d e nd r i t e s , a 

c h a r a c t e r i s t i c i nd i c a t ive  o f  w i d e s p re a d  i n flue n c e  ( 4 2 ) . 

In  p r im a t e s  t h e  gl o b u s  p all i d us i s  comp o s e d  o f  t w o  

s e gmen t s ,  t h e  i n t e r n al s e gment  a n d  t h e  ext e r n al s e gment . Th e 

volume o f  t h e  ex t e rnal s e gm e n t  o f  t h e  glob us  p all i d u s  

r e p r e s en t s  s ix t y  p e r  c e n t  o f  t h e  t o t al p all i d al volume ( 2 9 ) . 

In  c ar n i v o r e s  t h e  i n t e rn al s e gment  o f  t h e  gl o b us p all i d u s  

i s  r e p r e s en t e d  b y  t h e  e n t o p en d un c ular  n u cle u s . M o r g an ( 6 0 )  

a n d  N a u t a an d Mehler  ( 6 2 )  h ave con f i rm e d  t h a t  t h e  ul t r a 

s t r u c t u re a n d  f ib e r  c o nn e c t i o n s  o f  t h e  ent o p en d un c ul a r  

n ucl eus  in  t h e  c a t  a r e  s im il a r  t o  t h o s e  o f  t h e  i n t e r n al 

s e gmen t o f  t h e  glo b u s  p alli d u s  in  t h e  monk ey . Cell s w i t h in 

t h e  e x t e rn al p alli d um a r e  g r e a t e r  in  numb e r  and s maller  in  

s i z e  t h an t h o s e  of  the  i n t e rn al p all i dum . T h e  m ult i polar 
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cel ls o f  the i n t e rnal pa l l i da l  segment have a f us i f o rm s hape 

an d may be as large as 40 t o  5 0  �m in d iame ter. Axons tend 

to be mo re heav i ly mye l inate d an d lar ger  in  d iameter than 

th ose o f  the caudate n u c leus o r  p utamen . 

2 .  A f fe rent F i b e r  C onne cti ons o f  the Str iatum 

Fiber  c onnect i o ns o f  the b as a l  gan g l ia have been a 

s ub j e ct o f  much  co n t r o ve rs y  due to l im itat ions in a s u itab le 

h is t o l o g i ca l  sta i n i n g  p r o ce d u re f o r  f ine degenera t i n g  axons 

an d in  les i on in g  a s ub co r t i ca l  area w ith o u t  p r o d u c i n g  

se c o n dary ne c r os is in  s u r r o und i n g  t iss ue . A f ferent f i ber 

conne c t i ons to  the str iatum a r ise f r om two maj o r  s o u r ces , t he 

c o r tex an d t ha lam i c  i nt ra lam inar n u c le i , an d a mino r p r o -

j e c t i o n  o r i g ina tes in t he m i d b rain . An extens ive, wel l 

o r gan i zed p ro j e c t i o n  f r om t he en t i re neo c o r te x  p r o j e cts in  

an essen t ia l ly  topo g raph i cal manner to  all  pa r ts of  the 

cau date n u c le us and p utamen ( 8 5 ) . The heav iest f iber  c o n -

centra t i on o r i g inates in  mo t o r  a n d  s omatos ens o ry c o r t i cal 

re g io ns, areas wh i c h  rece i ve p r o p r i o ce ptive an d s omatosens o r y 

i n p u t . I n p ut to the c o r p us str iatum f r o m  the v is ua l  c o rtex 

is smal l .  A rea 5 and t he s u p p lementa ry mo t o r  area p r o j e ct 

b i latera l ly t o  t he c o rp us s t r iatu m .  T h is b i lateral p r o -

j e c t i on tends t o  b e  g rea t e r  in  n on p r imates . On the other  

han d , in p r imates the f r o n t a l  c o r tex tends to  p r o j e c t  to 

the ros t roventral re g i on o f  the cau date n u c le us, whe reas, 

the sens o r imoto r c o rtex p re d om inately  p r oj e c ts to the 

p u t amen , b u t  ove r lap o f  f ib e r  p r o j e ct i o ns to b o t h  str uctu res 



is evident. Although a topographical arrangement is 

evident, considerable overlap and therefore convergence of 

afferent fibers from the cortex has been reported. This 

concept differs from Dusser de Barenne's concept of a non

topographical cortical projection in which suppressor 

bands project to the caudate nucleus and areas 4 and 6 

project to the putamen. 

Intralaminar thalamic nuclei, centralis lateralis 
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and parafascicularis project to the caudate nucleus, whereas, 

the centrum medianum projects predominately to the putamen 

( 4 )  • The centrum medianum also projects to the caudate 

nucleus. These fiber projections are represented in Figure 

lA. These thalamic nuclei, in turn receive projections from 

cortical areas, thereby forming a complex loop: cerebral 

cortex-thalamic nuclei-basal ganglia-thalamus-cerebral cortex. 

The substantia nigra and a region adjacent to the red 

nucleus represent the origin of a third tragectory to the 

striatum. Controversy pertaining to the origin of these 

axons is due to the fact that electrolytic damage within 

the nigral area results in vascular damage and therefore 

secondary necrosis in neighboring areas. Existance for the 

substantia nigra projection to the caudate nucleus has been 

substantiated by the Falck and Hillarp (20 )  histochemical 

technique for the detection of dopaminergic fibers. Input 

to the caudate nucleus from the major afferent sources has 

been further supported by recording intracellular and unit 



a c t i v i t y  w i th in t h e  c au d a t e  n u c l eus  evoked  b y  s t i mu l a t i o n  

o f  e x t r i n s i c  s o u r c es ( S e e  b e l ow ) . 

3 .  E f f e r e n t  Fib e r  P r oje c t i o n s  o f  t h e  S t r i a t um 
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L i t e r a t ur e  pe r t a in i n g  t o  t h e  f ib e r  conne c t i o n s  and even 

t o  th e p o l a r i t y  o f  f ib e r  conn e c t i o n s  o f  the c a ud a t e  n u c l eus  

r e p r e s en t  a c o n f us i n g  p i c t u re . E f f e r e n t  f ib e r s  f rom  t h e  

c o rp u s  s t r i a t um ,  wh i c h  a r e  m o r e  h ea v i l y  my e l in a t ed t h an t h e  

e x t r in s i c  a f f e re n t  axons , t e rm in a t e  i n  t h e  g l ob u s  p a l l i d u s  

and  in  t h e  sub s t an t i a  n i g r a . W i l s on's c l a s s i c  Ma r ch i 

e x p e r imen t s  f i r s t  d e s c r ib e d t h e  f in e  r a d i a t i n g  s t r i a t a l  

p r oj e c t i o n s . Von e i da ( 8 3 )  a n d  S z ab o ( 80 )  h ave p r e s en t ed a 

t o p o g r a ph i c al r e p r e s e n t a t i on o f  th e s e  e f f e r e n t  f ib e r  

c o nn e c t i on s  i n  t h e  monkey , and  c a t  and  money , r e s p e c t ive ly . 

E f f e r e n t  f ib e r p r oj e c t i o n s  o f  t h e  s t r i a t um a r e  r e p r e s en t e d 

in  F i gu r e  l B .  

F i b e r s  f r o m  t h e  med i a l  a s p e c t  o f  t h e  h e a d  o f  t h e  c a u d a t e  

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

p a l l i d us . Th e s e  f i b e r s  c o u r s e  in  t h e  ven t r o l a t e r a l  a s p e c t  

o f  t h e  in t er n a l  c a p s u l e  a n d  a p o r t i o n  o f  t h e  b un d l e  t e rm in a t e s  

in t h e  d o r s ome d i a l  a s pe c t  o f  t h e  i n t e r n a l  p a l l i d a l  s e gmen t .  

The  rema i n d e r  o f  t h e  f ib e r b un d l e  t rave r s es in  a ven t r ome d i a l  

an d c au d a l  d i r e c t i o n  a n d  t e rm in a t e s in  t h e  med i a l  a s p e c t  o f  

t h e  s ub s t an t i a n i g r a . Th e m i d d l e  p o r t i on o f  t h e  h e a d  o f  t h e  

c a ud a t e  n u c l e u s  g i v e s  r i s e  t o  a f ib e r  t raj e c t o ry th a t  

t ra ve r s e s  t h e  ven t r o l a t e r a l  p o r t i on o f  t h e  in t e rn a l  c a p s u l e  

a n d  ent e r s  t h e  me d i a l  a s p e c t  o f  t h e  ext e r n a l  p a l l i d al s e gmen t 
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in a fan-like manner. A portion of these fibers project in 

a diffuse pattern through the external segment to terminate 

in the internal pallidal segment. The remainder of the 

fibers, still present in the internal capsule, penetrates 

the lateral and ventral aspect of the substantia nigra and 

terminates in the lateral one third of this structure. Fibers 

from the lateral portion of the head of the caudate nucleus 

traverse the internal capsule in a ventrolateral and caudal 

direction and penetrate the laterodorsal p ole of the external 

segment of the globus pallidus. Over half of the bundle 

terminates in the dorsomedial one half to two thirds of the 

external pallidal segment. The remainder of the fiber bundle 

enters the internal pallidal segment and terminates in its 

dorsomedial aspect. A very few fibers course the internal 

capsule and terminate in the anterior portion of the sub-

stantia nigra. As is evident from the above description, 

efferent fibers from the head of the caudate nucleus are 

organized in a mediolateral pattern in both the globus 

pallidus and substantia nigra. 

Szabo also examined efferent fiber projections from the 

body and tail of the caudate nucleus ( 7 8 , 7 9 ) . Fibers from 

the body of the caudate nucleus course in the internal 

capsule along the medial zone of the globus pallidus and 

putamen. Some fibers even traverse through the medial 

region of the putamen. Fiber projections from the lateral 

and medial region of the body of the caudate nucleus project 
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predominately to the external and internal segments of the 

globus pallidus. This topographical arrangement is not 

strict and overlap from the caudate nucleus to both segments 

of the globus pallidus occurs. Some fibers remain in the 

internal capsule, traverse in a ventrolateral direction, 

course through the cerebral peduncle and terminate 

predominately in the lateral and ventral regions of the 

substantia nigra. Efferent fiber projections from the tail 

of the caudate nucleus course along the ventral border of the 

globus pallidus toward the cerebral peduncle, then course in 

a ventromedial-caudal direction and terminate in the pars 

reticulata of the substantia nigra. These fibers contribute 

to the "comb system". The "comb system" consists of those 

fibers that perforate the cerebral peduncle. 

Early researchers postulated that the putamen projected 

only to the globus pallidus. However, fiber projections 

from the putamen to both the globus pallidus and the sub-

stantia nigra have been confirmed ( 6 1) .  Efferent fibers 

from the putamen project in an organized manner, a dorsoventral 

and mediolateral arrangement, to the ventrolateral region of 

both segments of the globus pallidus. Fiber projections of 

the putamen also terminate in the pars reticulata of the 

substantia nigra. Topographical organization of fibers from 

the p utamen to the substantia nigra has not been discerned. 

Nauta and Mehler ( 6 1) confirmed an internal loop of the 

basal ganglia: putamen-globus pallidus-centromedium 



nucleus-putamen. 

4 .  Efferent Fiber Projections of the Globus Pallidus 

Pallidofugal fibers projecting to the midbrain and 

thalamus represent the major efferent projection from the 

1 6  

basal ganglia. These fiber projections are demonstrated in 

Figure lB. Efferent fibers from this region compose von 

Monakow's ansa lenticularis. As described by von Monakow 

in 1 8 9 5 ,  the ansa lenticularis is composed of fibers from 

the lentiform nucleus which perforate the cerebral peduncle 

and project to the medial region of the thalamus and to the 

subthalamic nucleus. Three divisions compose the ansa 

lenticularis: the dorsal division or fasciculus lenticularis, 

the middle or subthalamic fasciculus and the ventral or ansa 

lenticularis. The term, ansa lenticularis, tends to be an 

ambiguous term since it refers collectively to the three div

isions of fibers from the globus pallidus as well as the 

ventral division of the fiber bundle. Von Honakow postulated 

that the dorsal and middle divisions originated in the putamen 

and the ventral division originated from the entire lentiform 

nucleus. Von Bechterew, 1 8 9 9 , proposed that the ansa 

lenticularis arose from the globus pallidus. 

The dorsal division, fasciculus lenticularis, contains 

fibers from the dorsum of the internal pallidal segment 

which traverse the internal capsule and contributes fibers 

to the field H2 of Fore!. The middle division or 

subthalamic fasciculus penetrates the cerebral peduncle as 
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p a r t  o f  t h e  " c omb s y s t em " i n  a m o r e  c au d a l  and  v e n t r a l  

p at hw ay an d t e rm i n a t e s  in  t h e  s ub t h a l am i c  n u c l e u s . Naut a 

an d Meh l e r  r e c on f i rmed  th a t  t h i s  p r o j e c t i o n  wh i c h  o r i g in a t e s  

i n  t h e  ext e rn al p a l l i d a l  s e gmen t (monk ey ) po s s i b ly rep re s en t s  

t h e  o n l y  s ou r c e  o f  e f f e re n t  f ib e r  p ro j e c t io n  f ro m  t h e  e x 

t e rn a l  s egment o f  t h e  g l o b u s  p a l l i du s . E f f e re n t  f ib e r  p r o 

j e c t i o n s  o f  t h e  s ub t h a l am i c  n u c l e us t e rm in a t e  i n  t h e  i n t e rn a l  

p a l l i d a l  s egmen t ,  t h e reby  f o rm i n g  a l o o p : ext e rn a l  p a l l i d a l  

s e gmen t -s ub t h a l am i c  n u c l e u s - i n t e rn a l  p al l i d a l  s egmen t . C e l l s  

i n  t h e  m o r e  v en t r a l  p o r t i o n  o f  t h e  i n t e rn a l  p a l l i d a l  s e gmen t 

c on t r ib u t e  f ib e r s  t o  t h e  ven t ra l  d iv i s ion , t h e  an s a  l en t i -

c u l a r i s .  T h e s e  t h i c k  f i b e r s  f rom  t h e  v en t r a l  d iv i s i o n  p r o j e c t  

d o r s a l ly a l o n g  t h e  me d i a l  e d g e  o f  t h e  int e r n a l  c ap s u l e  t o  

f i e l d  H2 o f  F o r e l  i n  t h e  s ub t h a l am i c  r e g ion . A t  t h e  s ub 

th a l am i c  l e ve l ,  a d iv i s i o n  o c c u r s  in  wh i c h  t h e  maj o r i t y  o f  

f ib e r s  r ea s c en d  f o rm i n g f i e l d  H1 o f  F o r e l  ( Fi g u r e  l B ) . 

T h i s  d i v i s i o n  p ro j e c t s  t o  t h e  ven t ra l  a s p ec t o f  t h e  t h a l am u s  

an d t e rm in a t e s  i n  t h e  c en t rum m e d i anum , nuc l e u s  v en t r a l is 

an t e r io r  and  v en t r a l i s  l a t e r a l i s  o f  t h e  t h a l amus . Th is  

l a t ter f ib e r p roj e c t i o n  to  the  t h a l amus i s  a l s o  t e rm e d  

f a s c i c ul us t h a l am i c us . F i b e r  t e rmin at i o n  o f  p a l l i d a l  axo n s  

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

a n t e r i o r  wh i ch i n  t u rn p roj e c t s  t o  a r e a s  6 an d 8 o f  th e 

c e r eb r a l  c o r t ex . Th a lamo- c o r t i c a l  f ib e r  p roj e c t i on s  a r e  

r e p r e s en t e d  in F i g u r e  l C . Th e p a l l i d a l  f ib e r  p roj e c t ion  

t o  the  n u c l eu s  v en t r a l is  l a t e r a l i s  t e rmin a t e s  i n  t h e  p a r s  
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o r a l i s , wh i ch i n  t u rn p roj e c t s  t o  a r e a  4 o f  t h e  ce reb r a l  

c o r t ex . T he s e  t h a l ami c n u c l e i  t h en a r e  r e l a t e d  t o  t h e  mo t o r  

c o r t e x ,  t h e reb y f o rmi n g  a c o r t i c a l-b as al  gang l i a- t h a l am i c 

co r t i ca l  l o o p . 

A s e co n d  e f f e re n t  f ib e r  p r o j e c t i o n  f r om t h e  g lo b us 

p a l l i du s  t e rmin a t e s  i n  p re rub r a l  a r e a s  and  t h e  s ub s t an t i a  

n i gr a . A t  t h e  l e ve l  o f  t h e  b ra n c h i n g  o f  t h e  f a s c i c u l u s  

t h a l am i c u s  f ro m  t h e  a n s a  o cc u r s  a f ib e r  p roj e c t i o n  f r om 

t h e  f a s c i c u l us l en t i c u l a r i s  wh i ch t e rmin a t e s  in  Fo r e l's 

f i e l d  H i n  t h e  p r e rub r a l  a r e a  and a few  f i b e r s  t e rmi n a t e  in  

the  p ar s  c o m p a c t a  o f  the  s ub s t an t i a  n i g r a . A d i r e c t , b u t  

s p a r s e ,  p a l l i d o r ub ra l  p r oj e c t ion  i n  t h e  c a t  w a s  p o s t ul at ed 

in  t h e  c a t . I n  N au t a  and Meh l e r's ext e n s ive s t ud i e s , no 

f ib e r  p roj e c t io n  f ro m  the g l o b u s  p a l l i d u s  b ey ond  t h e  mes en

c e p h a l o n  was  n o t e d . 

As  i s  e v i d en t  f rom t h e  above  d i s c u s s i on , t h e  e x i s t en ce 

o f  c o mp l e x  l o o p s  p ro v i d e s v a r i ous  p a t hway s fo r  c o r t i c a l 

b as al gan g l i a  i n t e g r a t i on . Th e c e n t rum m e d i an um , wh i c h  

re c e ive s a f i b e r  p roj e c t ion  f rom  t h e  mo t o r  c o r t e x  an d t h e  

en t i r e  n e o c o r t ex c o n v e r g e  u p o n  t h e  c auda t e  n u c l e u s  a n d  

p u t amen . T h e  s t r i a t um i n  t urn p r oj e c t s  t o  t he g l ob u s  p a l l id us . 

T h e  g l o b us p a l l i d u s  p r o j e c t s  t o  t h e  s ub t h a l am i c  n u c l ue s , 

n u c l e i  ven t r a l i s  l a t e r a l i s  and  ven t r a l i s  an t e r i o r o f  t h e  

t h a l amus . I n  t u rn , t h e  s ub th a l a m i c  n u c l e us p r oj e c t s  t o  

t h e  i n t e rn a l  p a l l i d a l  s e gmen t , a n d  n u c l e i  ven t r a l i s  

l a t e r a l i s  a n d  v e n t r a l i s  an t e r i o r  p r o j e c t  t o  c o r t i c a l  a r e a 4 



and c o r t i c al a r e a s  6 and  8 ,  r e s p e c t ive ly . 

B .  Ab l at i o n  S t u d i e s  I n v o l ving t h e  B a s a l  Gangl i a  
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L e s i o n in g w i th in an a r e a  may b e  r e ga r d e d  as a r e l e a s e  

ph e n omen on i n  wh i c h  e xp r e s s i o n  o f  t h e  int a c t  s y s t ems o c c u r  

o r  l e s i o n i n g  m a y  b e  r e g a r d e d  as a d e f i c i t  i n  a c t i v i t y  due  t o  

t h e  t e rm in a t i o n  o f  i n f l u e n c e s  f r om t h e  ab l a t e d  s t r u c t ure. 

A b l a t i o n  t e ch n i q u e s  emp l oyed  in  t h e  inve s t i g a t ion  o f  t h e  

c a u d a t e  n u c l e u s  o r  g l ob us p a l l i d u s  o f f e r  l i t t l e  i n f o rmat ion  

un l e s s  ext e n s i v e  b i l a t e r a l  l e s i o n s  a r e  p ro d u c e d . Ob j e c t io n s  

t o  a b l a t i on  i n c lude : ( 1 )  t h e  inab il i ty t o  r e s t r i c t  t h e  

l e s i o n  t o  t h e  p a r t i c u l a r  de s i gn a t e d  s t ru c t u r e  d u e  t o  t h e  f a c t  

t h a t  s e c on d a ry e f fe c t s  s uch a s  d i s r u p t i o n  o f  v a s c u l a r  s u p p l y  

wh i c h  c o u l d  r e s u l t  i n  n e c r o s i s  i n  a re a s  d i s t an t  t o  t h e  l e s ion 

or s uch as remo v a l  of the c o r t ex in  o r d e r t o  a p p r o ach t h e  

c a ud a t e  n u c l e us ; and  ( 2 )  d i f f i c u l ty in  i n t e r p r e t at i on wh en 

two comp l e x  a r e a s  s u ch as  the c o r t ex and  b a s a l  g an g l i a  a r e  

ab l a t ed . D i f f i c u l t y  a r i s e s  in  a t t r ib u t in g  d y s f un c t i o n  t o  

a p a r t i cu l a r  s t ru c t u r e  s u c h  a s  t h e  c o r t ex o r  b a s a l  g an g l i a  

d u e  t o  t h e  c o m p l e x  i n t e r a c t io n s  n o t  o n l y  b et w e e n  t h e s e  

s t r u c t u r e s  ab l a t e d  b u t  a l s o  b e tw e e n  t h e s e  and o t h e r  c o r t i c a l  

o r  s ub c o r t i ca l  r e g i on s . 

Me t t l e r  and Me t t l e r ' s ( 5 7 )  inve s t i g a t i on o f  s t r ia t a l  

ab l a t i o n  i n d i c a t e d  t h a t  e a r l y  d e t e c t ab l e  s i gn s  w e r e  n o t  

p r o d u c e d  w i t h  s ma l l  un i l a t e r a l  s t r i a t a l  l e s i on s ; b u t  

e x t e n s i ve b i la t e r a l  l e s i o n s  p r o d u c e d  mo t o r  r e l e a s e  phen omen a 

c h a ra c t e r i z e d  b y  hy p e r t on i a  and h y p e r k i ne s i a  s u ch a s  c i r c l ing. 
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F r o m  ab l a t io n  s t ud i e s  t h ey s ug ge s t e d  t h a t  t h e  s t r i atum  h a d  

a n  i nh ib i t o ry in f l uen c e  upon  t h e  c o r t e x .  

o f  th i s  a r e a  r e s u l t e d  in  h y p e r a c t i v i ty . 

The re f o re , remo val  

Rem o v a l  o f  v a r i o u s  regions  o f  t h e  b a s a l  g an g l i a  and  

c e r eb ra l  c o r t ex w a s  emp l o y e d  by  Kenn a r d , 1 9 4 4  ( 4 3 ) , in  an 

a t t em p t  t o  re l a t e  p hy s io l o g i c a l  r e s e a r ch w i t h  c l i n i c a l  

c o n c ep t s . D e f i c i t s  i n  mo t o r  a c t i v i ty d u e  t o  remo va l  o f  

v a r i o u s  c o rt i c a l  a r e a s  h ad b e en  p re v i ou s ly d e s c r ib e d . T h e r e 

f o re a d d i t i o n al de f i c i t s  t h a t  o c c u r r e d  f o l l ow i n g  c omb i n e d  

c o r t i c a l -b a s a l  g an g l i a  l e s i on s  c o u l d  b e  p a r t i a l l y a t t r i b u t e d  

t o  b as al g an g l i a  d y s f un c t i o n . Remo v a l  o f  c o r t i ca l  a r e a  6 

p ro d u c e d  s p a s t i c i ty , t ran s i e n t  p a r e s i s  and d e f i c i t  in  g r as p 

re f le x , wh e r eas  f la c c i d i ty w a s  t h e  maj o r  p o s t -o p e r a t ive 

c h a ra c t e r i s t i c o f  a r e a  4 remov a l . Ab l at ion  o f  a r e a  8 in t h e  

mon k e y  p ro d u c e d  a s t o o p e d  po s t u re  an d a f i xe d g a z e  wh i ch was 

f o l lowe d by mo t o r  hyp e r a c t ivi ty . Un i l a t e r a l  or b i l a t e r a l 

remo v a l  o f  t h e  c au d a t e  n u c l e u s  o r  p ut amen p r o d u c e d  n o  e v i d e n t  

p o s t - o p e ra t ive symp t oms i n  m o n k e y s  o r  ch imp an z e e . Remo v a l  

o f  t h e  c au d a t e  n u c l e us  o r  p u t amen in  c o n j un c t u r e  w i th a r e a  6 

o f  t h e  c e r eb r a l  co r t ex p ro d u c e d  s p a s t i c i ty s l i gh t l y  g r e a t e r  

th an t h a t  o b s e rv e d  w i t h  ab l a t i o n  o f  c o r t i c a l  a r e a  6 a l on e .  

A t ran s i e n t  p a re s i s  and  d e f i c i t  in  g r a s p  r e f lex  a t t r i b u t e d  

to  c o r t i c a l  a r e a  6 l e s i on w a s  p r e s e n t  a s  w e l l as  t r emo r 

a t t r ib u t e d  t o  c aud a t e  n u c l e u s  dys fun c t i on . T remo r was  

g r e a t e s t  a t  t h e  ons e t  o f  mo vemen t an d d im in i sh e d  t ow a r d s  

t e rm in a t i o n  o f  movemen t . T h e  t re m o r  d e s c r ib e d  h a s  b e en  



2 1  

t e rm e d  a c t i v i ty t remo r s in ce n o  t r emo r  o c c ur r e d  d u r i n g  

c o mp l e t e  re s t . T remo r r e s u l t ing  f r om c o mb in e d  l e s io n s  o f  

c o r t i c a l  a r e a  4 an d t h e  c a ud a t e  n u c l eus  w a s  r e d u c e d  d u e  t o  

p a re s i s  a t t r ib u t e d  t o  a r e a  4 a b l a t i on . P a rk in s o n i an t remo r 

in  man h as b e en  d im i n i s h e d  o r  ab o l i s h e d  b y  l e s ion i n g  in  

a r e a  4 a s  w e l l  as  l e s i on in g  w i t h in the  ven t r a l i s  l a t e r a l i s  

a n d  ven t r a l i s  an t e r i o r  o f  t h e  t h a l amus . Th e un d e r l y i n g  

me ch ani s m  i n  t h e  r e d u c t ion o f  t re mo r  w a s  a t t r i b u t e d  t o  t h e  

r e s u l t i n g  h e mi p are s i s . T h e  r o l e  o f  b a c k g r o u n d  a c t iv i ty f o r  

p o s t u r e  an d movement  was t h e n  at t r ib ut e d  t o  t h e  b a s a l  

g an g l i a . Th e re f o re , ab l at i o n  o f  t h i s  a r e a t e rmin a t e d  b a ck-

g r o un d  a c t i v i t y  n e c e s s a ry f o r  v o l un t a ry movement  and  t remo r 

an d o t h e r  lo c omo t o r  d y s f un c t i o n s  res u l t e d . 

D av i s ,  1 9 5 8  ( 1 0 ) , V i l l ab l an c a  and  M a r c u s , 1 9 7 3  ( 8 2 ) , 

and  Me t t l e r ,  1 9 7 3  ( 5 4 ) , ab l a t e d  t h e  c a ud a t e  nu c le u s  t o  ob s e rve 

t o t a l  l o c omo t o r  a c t i v i ty as  w e l l  as  to d e du ce b eh av i o r a l  

impl i c a t i o n s. Mon k e y s  d e ve l o p e d  l oc omo t o r  hyp e ra c t ivi ty . No 

f o r c e d  c i r c l i n g  w a s  ob s e rved , b u t f o r ce d  p a c i n g  in  c on f i n e d  

q u a r t e r s  w a s  e v i d e n t . Hype r a c t i v i t y  i n  c a t s w a s  i d en t i f i e d  

b y  a t r ack i n g  p h enomenon i n  wh i ch a m ovin g o b j e c t  w a s  f o l l ow e d  

v i s u a l ly o r  b y  lo c o mo t i on .  A d e c re a s e  in h yp e r a c t i v i t y  w as 

e v i d e n t  d u r i n g  s l e e p . A s  w a s  evi d e n t  f rom t h e  ab ove d e s c r i p 

t i on  d i s c r e t e  l e s i o n i n g  w i t h in t h e  b as a l  gangl i a  d i d  n o t  

p ro d u c e  d y s f un c t i o n s  as  t h o s e  ob s e rve d i n  t h e  cl i n i c . Mas s ive 

d e s t r u c t i o n  w a s  n e e d e d  to p r o d u c e  h y p er t on i a ,  h y p e rk in e s i a  

a n d  c i r c l in g  wh i ch a r e  ch a r a c t e r is t i c s  o f  b a s al g an g l i a  



l e s i o n i n g  in  a n i m a l s . 

C. E l e c t ri c a l  S t imula t i on o f  t h e  B a s a l  Gangl i a  
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E l e c t ri c a l  s t i mu l a t i o n  o f  t h e  c a u da t e  n u c l e u s  h a s  p ro 

d u c e d  a v a r i e t y  o f  r e s p on s e s  inc lu d i n g  c o n t r a ve rs ive  h e a d  

t urn i n g , c ir c l in g ,  c o n t r a l a t e r a l  f ore  l imb and h i n d  l imb 

f le x i o n  ( 2 3 ) , a " me l t i n g "  away o r  inh ib i t i o n  o f  c o r t i c a l ly 

in d u c e d  ( 5 5 , 5 9 )  o r  s po n t an e o us movement  ( 2 5 ) . E l e c t r i c a l  

s t imu l a t i o n  c o n s is t e d  o f  two  t y p e s : s t imu l a t io n  w i th in t h e  

s ub co r t i c a l  a r e a  a l on e , a n d  t h e  co n d i t ion i n g-t es t t e chn i q ue 

in wh i c h  b as a l  g an g l i a  i n f l u e nc e s  u p o n  p re-ex i s t in g  m o t o r  

a c t i v i t y  w e r e  ob s e rv e d . Met t l e r , e t  a l . ( 5 6 ) , t h e  f i r s t t o  

e m p l o y  t h e  con d i t i on in g  ( c aud a t e  n u c l e u s ) -t e s t  ( c o rt ex )  

t e ch n i q u e  in  t h e  inve s t i ga t ion  o f  t h e  b a s a l  gang l ia ,  o b t a in e d  

i n hi b i t i o n  o f  c o r t i c a l ly i n d u c e d  f o r e  l imb f le x i on . T h is 

t e c h n i q u e  p r o v i d e d  a f r u i t f u l m e t h o d  f o r  t h e  inve s t i g a t i o n  

o f  s ub co r t i c a l  m o d u l a t ion  o f  p re - ex i s t in g  m o t o r  a c t iv i t y . 

A s e co n d  ty p e  o f  c on d i t i o n i n g-t e s t  t e c hn iq u e  invo lved  

b as a l  g a n g l i a  in f lu e n c e s  u p o n  r e f l e x  a c t iv i ty . B o th f ac i l i 

t a t o ry and  i nh ib i t o ry in f lu en c e s  f r om t h e  c a ud a t e  n u c l e us 

an d g l o b u s  p a l l i du s  w e r e  o b s e rve d up o n  r e f l e x - in d u c e d  k n e e  

jerk  a n d  c o rt i c a l l y  i n d uc e d  f o re  l imb f l e x i on . F a c i l i t at i on 

and  inh i b i t i o n  of r e f lex  a c t i v i ty o c cu r r e d  f rom i d en t i c a l  

r e g i o n s  w i th in t h e  c aud a t e  n u c l e u s . H o d e s  and  P e a c o ck ( 3 2 ,  

65 )  p o s t u l a t ed t h e  r o l e  o f  t he caud a t e  n u c l e u s  as an i n h ib i 

t o r y  a r e a  wh i c h  a c t e d  i n  a un i l at e r a l  mann e r  t h r o ugh t h e  

s u p p r e s s o r  c o r t e x and  a c t e d  i n  a b i l a t e r a l  mann e r  th r ough 



t h e  h y p o t h a l amus and me d i a l  r e t i cu l a r  f o rma t i on upon  th e 

s p in a l  l e ve l .  
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Re c e n t  inves t i g a t i on o f  c a ud a t e  n u c l e us mo d u l a t i on o f  

c o r t i c a l ly i n d u c e d  h i n d  l imb f l e x i on c on d u c t e d  b y  L i l e s  and  

D av i s  ( 5 0 , 5 1 )  d emon s t ra t e d  t h e  r o s t ra l  p o r t i on of  the  c aud a t e  

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

wh e re as t h e  c a u d a l  p o rt i o n  o f  t h e  c au d a t e  n u c l e u s  f a c i l i t at e d  

a co r t i ca l ly i n d u c e d  f l e x i on r e s p o n s e ( me a s u r e d  i n d i r e c t ly b y  

my o g r am t en s i on ) . An in c r e a s e  i n  s t imu l a t i on i n t en s i ty 

w i t h in t h e  r o s t r a l  a r e a  enh a n c e d  t h e  c o r t i c a l ly i n d u c e d  

l o c omo t o r  a c t iv i t y . Th i s  enhanc emen t was  a t t r ib ut e d t o  

c u r r e n t  s p r e a d  t o  f a c i l i t a t ory  r e g i on s  o f  t h e  c au d a t e  

n u c l e us . 

Re s p o n s e s  e v o k e d  f ro m  t h e  c a u d a t e  n u c l e u s  are  n o t  on ly 

re l a t e d  to  the  a r e a s t imu l a t e d  b ut a l s o to  the  f r e q u e n cy o f  

s t im u l a t i on . Re s p on s e s  e l i c i t e d b y  t h e  c au d a t e  n u c l e us 

res u l t in g  f rom v a r i ous  f re q u en c i e s  o f  s t imu l a t i o n  are  

c a t e go r i z e d  in t o  t h re e  g r o u p s : ( 1 )  l ow f r e q u e n cy r a n g e , 

one  cy c l e  p e r  f i ve s e c on d s  t o  t en c y c l e s  p e r  s e co n d  d u r i n g  

wh i ch inh i b i t ion  o c c u r r e d; ( 2 )  m i d d l e  f re qu en cy r an g e ,  

t w e n t y  t o  t h i r t y  c y c l e s  p e r  s e co n d  d u r i n g  wh i ch a n  a r r e s t  

re a c t i o n  o c c u r r e d ; and  ( 3 )  h i gh f re q u en cy ran g e , f re quency  

g re a t e r  t h an t h i r t y  per  s e co n d  to  g r e a t e r  t h an three  h u n d r e d  

p e r  s e c on d  d u r i n g  wh i ch d e s yn c h ron i z at i o n  o f  c o r t i c a l  a c t ivity  

o c c u r re d . 



A s in g l e  s h o ck , up  t o  n in e t y  v o l t s , d e l ive r e d  t o  t h e  

h e a d  o f  t h e  c a u d a t e  n u c l e us p r o d u c e d  in  t h e  p re c ru c i a t e  
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re g io n  o f  t h e  c o r t ex a s h o r t  l a t en c y  evoked  p o t e n t i a l  f o l lowed 

b y  a s e ri e s  o f  h i gh vo l t a g e  o s c i l l a t io n s  t e rmed  " c a u da t e 

s p in d l e s " ( 2 9 ) . Th e s e  s p in d l e s h av i n g  a l a t en cy o f  2 0 0  

t o  2 4 5  m s e c  wh en  r e c o r d e d  i n  t h e  i p s i l a t e r a l  p re c ruc i a t e  

c o r t ex may  l a s t t h r e e  s e c o n d s . I n  unan e s t h e t i z e d  p r e p a r a t i on s  

t h e s e s p in d l e s  o c c u r r e d  a t  a f r e q ue n cy o f  t en t o  twe lve 

c y c l e s  p e r  s e c on d . T h e  i p s i l a t e r a l  p r e c ru c i a t e  re g i on was 

the p re d o m i n a n t  r e g i on f o r r e c o r d in g  " s p in d l e s " , a l t h o ugh 

" c a u d a t e- s p in d l e s " were r e c o r d e d  in  o th e r  c o r t i c a l  s i t e s  as  

w e l l  as  t he t h a l amus , g l o b u s  p a l l id u s  and  c o n t r a l a t e r a l  

c au d a t e  n u c l eus . A l t h o u gh "c au d a t e -s p in d l es " we re i n d e pen d e n t  

o f  b a c k g r o un d  c o r t i c a l  a c t i v i t y , a l ow e r  t h r e sho l d  v o l t a g e  

w a s  n e c e s s a r y  t o  e l i c i t  " s p in d l e s " in an an ima l wh i c h  e xh ib i t e d 

a s y n c h r o n y o u s  E E G .  L e s i o n i n g  t h e  ven t r a l i s  an t e r i o r  n u c l e u s  

o f  t h e  t h a l amus  d i s r up t e d  s p in d l e  p r o d uc t io n  wh i l e  t h e  evoked 

po t e n t i al r em a i n e d  i n t ac t , t h u s  demon s t r a t i n g  t h a t  the  in

t e g r i t y  o f  t h e  t h a l amus w a s  n e c e s s a r y  f o r  s p ind l e  p ro d u c t io n . 

T h e  s ub co r t i c a l  a r e a  t h a t  e l i c i t e d t h e  evoked  p o t en t i a l  

an d " c au d a t e- s p i n d l e " w a s  d is pu t e d  amo n g  r e s e a r ch e r s . D u e  t o  

t h e  a p p r ox ima t i o n  o f  t h e  i n t e r n a l  c a p s u l e  an d c a ud a t e 

n u c l e us , G o l d r in g  ( 2 5 )  p re s en t e d  e v i d e n ce t h a t  s t im u l a t ion 

of  t h e  c a ud a t e n u c l eus  r es u l t ed i n  s p r e ad o f  c u r r e n t  t o  

t h e  i n t e r n a l c a p s u l e . T h e r e f o re , a c t iva t i on  o f  c a ud a t e-

c o r t i c al p r oj e c t i on s  w i t h in t h e  in t e rn a l  c a p s u l e  o c c u r re d .  



O n  the o the r hand , H o rvath an d c o-wo rke r s  ( 3 3 )  d emons t ra t e d  

that  t hr e s h o l d  v a l u e s  o f  e l e c t r i c a l  s t im u l at i o n  f o r  
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e l i c i t in g  " ca u d a t e - s p in d l e s " i n  the c o r t e x  w e re s i g n i f i c an t l y  

lowe r i n  t h e  c au d a t e  n u c l eus  a n d  c au d a t e n u c l e us-in t e rnal  

c a p s u l e  b o rd e r ,  than  i n  t he in t e rn a l  c a p s u l e . 

B u chw a l d ,  an d c o -w o rke r s  ( 2 , 7 , 8 , 30 )  p ro p os e d  a " c a ud at e  

l o op " ,  and  " inh i b i t o ry " l o o p  b as e d  u p on d a t a  ob t a i n e d  f rom 

l ow f r e q ue n c y  c au da t e  n u c le u s  s t i mu l a t i o n  and " c a ud a t e-s p in d l e "  

p ro d uc t ion . They a l s o  a t t emp t e d  t o  r e l a t e  the c au d a t e  l o o p  

t o  b ehav i o r a l  ob s e rv a t i on s  r e s u l t in g  f rom c a u d a t e n u c l e u s  

s t i mu l a t i on. L ow f r e quency  s t i mu l a t i on o f  on e sho c k  p e r  f ive 

s e c o n d s  p r o d u c e d  s l ow wave EEG a c t i v i t y . The c a t  p a s s e d  

f rom  a n  a l e r t  s t a t e  i n t o  a s t a t e  o f  d r ows ine s s  o r  r e s t in g  

whi ch w a s  re f e rr e d  t o  a s  a n  i nh i b i t o r y  s t a t e . The p r o p o s e d  

" inhib i t o ry "  l o o p  f rom  the c au d a t e  n u c l e u s  t o  t h e  VA-VL o f  

the t h a l amus an d t o  the c o r t ex has b e en po s t u l a t e d  t o  

an t ag o n ize t he a ro us a l  sy s t em  o f  t he r e t i c ul a r  f o rma t ion . 

S t imul a t i o n  w i th in the c au da t e  n u c l e u s  at  a f r e q ue n c y  

o f  t w e n ty t o  th i r t y  cy c l e s  p e r  s e c o n d  p ro d u c e d  an a r re s t  

re a c t i o n  a s  e v i d e n t  b y  c es s at i on o f  a t as k. A s l ow t u rning  

o f  the  n e ck and  t runk t o  the  s i de  as  tho u gh the  an ima l was  

l o o k in g c au d a lw a r d  c o u l d  r e s u l t  and p r o l o n g e d  s t imu l a t i o n  

c o u l d  m a in t ai n  t h i s  p o s i t io n  ( 3 0 ) . 

H i gh f re q u e n cy s t imu l a t i o n  w i thin  the c au d a t e n u c le us 

p r o d u c e d  de syn chr on izat i on o f  the EEG  r e l at e d  t o  b ehav i o ral  

re s p o n s e s  rep r e s en t i n g  a l e rt i n g  o r  a ro u s a l  ( 3 0 ) . As in t he 



c a s e  o f  t h e  inh ib i t o r y  r e s p o n s e  evoke d by  c au d a t e  n u c l e us 

s t im u l a t i o n ,  t h e  f a c il i t at o ry r e s p o n s e s  w e r e  a l s o  d e p e n d e n t  

upo n t h e  in t e g r i ty o f  t h e  ven t ra l i s  an t e r i o r  o f  t h e  

t h al amu s . Th e re fo re , b o th f a c il i t a t o ry an d inh ib i t o ry 

m o d u l a t ion  o f  c o r t i c a l  a c t i v i t y  b y  t h e  c a ud a t e n u c l e u s  are  

med i a t e d  at  l ea s t in  part  via  the  n u c l eu s  v en t ra l is 

an t e r io r .  Ch r on i c  p r e p ar a t i on s , t h en , p r ovi d e  a t e chn i qu e  
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f o r  t h e  an a lys i s  o f  t h e  b as a l  g an g l i a  i n  in t a c t , un ane s th e t i z e d  

a n d  un r e s t r a in e d  animal s .  

Th e s e  b eh av i o r a l  r e s u l t s  h ave a l s o  b een r e l a t e d  t o  

i n t r a c e l l u l a r  and un i t ary c o rt i c a l  re s p o n s e s . A s in gl e  

s h o c k  t o  t h e  c au d a t e  n u c l e us e voke d a sh o r t  d e p o l ar i z in g  r e 

s p o n s e  f o l lo w e d  b y  a l o n g  h yp e rp o l a r i z i n g  r e s p o n s e  i n  c o rt i c al 

c e l l s . Th e c h a r a c t e r i s t i c  l o n g  h y p e rpo l a r i z i n g  p h a s e  h a s  

b e en in t e rp re t e d  b y  H u l l  ( 36 )  a s  a m e ch an i s m  f o r  the  r e d u c t i o n  

o f  s y n a p t i c  n o i s e  a n d  enh an c ement  o f  e x c i t a t o ry i n p u t s .  A 

s low p os t ive D C  sh i f t  a c c om p an i e d  t h e  l on g ,  hyp e rpo l ari z in g  

ph a s e  wh i c h  l as t e d  1 0 0  t o  2 0 0  ms e c .  I f  t h e  c au d a t e  n u c l e u s  

s h o c k  w a s  p a i r e d  wi t h  a s h o c k  f rom a n  a f f e ren t s ou r c e  

( v i s c e r a l  o r  s oma t i c )  w i t h in a c r i t i ca l  t ime  i n t e rval , t h e  

p ro l on g e d  inh i b i t o ry r e s p o n s e  ( I P S P )  o b s e rved  in  t h e  c o r t i c a l  

n e u r o n  was  s h o r t en e d . A 7 0  ms e c  t ime i n t erval  w a s  t h e  

c r i t i ca l  t im e  v a lue d u r i n g  wh i ch t h e  s h or t en e d  I P S P  o c c ur r e d  

( 3 7 ) . " D i s inh ib i t ion " w a s  t h e  t e rm d e s c r ib in g  t h e  d e c r e a s e  

i n  t h e  inh ib i t o ry p er io d . D i s inhib i t i on was  d e p en d e n t  n o t  

on ly u p o n  t h e  t i me in t e rval  b e t we en t h e  c au d a t e  n u c l eus  
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sho c k  and a f f e r en t  sho ck ,  b ut a l s o upon the numb e r  o f  p a i r-

i n g s . R e p e a t e d  p a i r i n g s  o f  shocks  d e c r e as e d  the d i s-

inh ib i t i on phenomenon . P a i r i n g  two  c au d a t e  n u c l e u s  sho cks 

wi t h in a 70  m s e c  i n t e rval  r e s e t  the i nhib i t o ry p e r i o d  in  

whi ch an EP SP  an d s o m e  i n s t an ce s  c e l l  f i r i n g  o c cu r r e d  in 

re s p o n s e  t o  the s ec o n d  sho c k  d e l ive r e d  t o  t he c a ud a t e 

n u c l eu s , b ut an in c r e a s e  in the ove ra l l  inhi b i t o r y  d u r a t i on 

f o l l o w e d . As i s  e v i d e n t , rep e t i t ive  s t imu la t i on t o  the 

c au d a t e  n u c l e u s  p r o d u c e s  c omp l e x  f a c i l i t at o ry and inhib i t ory 

re s p on s e s  a t  the c o r t i c al  l e v e l whi ch are  c on s i s t en t  w i th 

the c o m p l ex b ehav i o r a l  r e s p on s e s  a l s o  p r o d u c e d  b y  c au d a t e  

n u c l eus  s t i mu l a t io n . 

D .  I n t r a c e l l u l a r  an d Un i t  A c t iv i ty o f  the Caud a t e  Nuc l e u s  
and L en t i f o rm Nu c l eus  

Re c o r d i n g  a c t i v i t y  w i t h in the c au d a t e n u c l e u s  has n o t  

o n l y  a i d e d  i n  the an alys i s  o f  t em p o r a l  and s p at i a l  i n t e r r e l a-

t iona o f  v a r i o u s  s t ru c t ur e s  u p on the b as a l  gan g l i a ,  b ut has 

p ro v i de d phys i o lo g i c a l  co n f i rma t i o n  o f  s t r io p e d a l  p a thway s . 

K emp and  P owe l l  ( 4 0 , 4 1 )  have inve s t i ga t e d  s y n ap t i c  t e rm i n a -

t i o n s  o f  s t r i o p e d a l  axon s . A l t ho u gh d i s t r i b u t ion  o f  

ext r in s i c  axon s w a s  thr ou gh o u t  the c a ud a t e  n u c l e u s , axon 

t e rmin a l s  o f  b oth the co r t i c a l  an d in t r a l a m i n a r  n u c l e i  

p r oj e c t i on s  f o rm  c l u s t e r s  o r  g r o up s  w i thin  the c audat e 

n u c l e u s . L e s i o n i n g  s t ud i e s  invo lving  the l a t e r a l  and med i a l  

s u r f a c e s  o f  the c e reb r a l  c o r t e x d e mo n s t ra t e d  de g e n e r a t i on 

o f  0 . 6  t o  2 . 0 �m d i am e t e r , f i n e ly my e l in a t e d  axons  wh ich f o rm 
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s y n ap s e s  w i t h  a s y mme t r i c a l  memb rane  t h i c k e n in gs on dend r i t i c  

s p in e s . S ome ext r i n s i c  f ib e r s  f o rm� pas s an t  c on n e c t ions . 

S i n c e  the s e  thin  axons  w e r e  n o t  d e t e c t ed in  W i l s on ' s 

h i s t o l o g i c al p re p a r a t i o n s , he p o s t u la t e d that  the b as a l  

g ang l i a  w e r e  i n d e p e n d e n t  o f  the c e reb r a l  c o r t ex . S im i l a r l y ,  

l e s i o n i n g  wi thin  t h e  i n t r alaminar  nu c l e i  re s u l t e d  i n  d e 

g en e r a t i o n  o f  0 . 5  t o  2 . 5  � m d i ame t e r ,  thinly  mye l i n a t ed  axo n s  

wh i ch f o rm s yn a p t i c  c onn e c t i o n s  w i th a s y mme t r i c a l memb r a n e  

thi cken i n g s  p r e d om i n a t e ly u p o n  d e nd r i t i c  s p in e s . From  the 

ab ove d e s c r i b e d  l e s i on ing  s t ud ie s  and f ib e r  c onne c t i on s , Kemp 

and P ow e l l  p o s t u l a t e d  tha t  a l l  p r o j eCt ion s to the c a ud a t e  

n u c l e u s  t h a t  f o rm s y n ap s e s  w i th asymme t r i c a l  memb rane 

t h i c ken i n g s r e p r e s en t e d  ext rins i c  axo n s  an d the r e f o re the 

axonal c onne c t i on s  wi th symme t r i c a l  memb r a n e  t h i c k e n i n g s  

re p re s en t e d i n t r i ns i c  f ib e rs . The maj o r i t y  o f  the in t r in s i c 

axo n s  t e rmi n a t e  on  d e n d r i t i c  s ha f t s  o r  upo n non - s p iny r e g io n s  

o f  t h e  in t ra c a ud a t e  ne uron . F u r the rmo re , Kemp and  Powe l l  

( 3 9 )  p r o p o s e d  t h a t  r oun d v e s i c l e s  l o c a t e d i n  b o u t o n s  wi t h  

asymme t r i c a l  memb rane  t h i c k e n in g s  w e r e  as s o c ia t ed wi th 

e x c i t a t i o n  or EP S P  ( e x c i t at o r y  po s t sy n ap t i c  po t en t ia l )  

a c t i v i t y , whe re a s  t ho s e b ou t o n s  w i th f l a t  v e s i c l e s  an d 

symme t r i c a l  memb r a n e s  w e r e  as s o c i at e d  w i th I P S P  

( inhib i t ory  po s t sy n a p t i c  p o t en t ia l )  a c t i v i t y . The i r  

c on t en t i o n  w a s  s t r on g l y  s uppo r t e d  b y  d a t a d emon s t ra t i n g  that  

in t ra c e l l u l a r  r e s p on s e s  of  the  c au d a t e  n e u r on to  ext r in s i c ,  

c o r t i c a l  o r  tha l am i c  s t imu l a t i o n  w a s  an in i t i a l  E P S P  f o l l ow e d  
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b y  a l o n g  I P S P . Th i s  E P S P- I P S P  s eq ue n c e  was  p ar a l l e l e d  

b y  f in d i n g s  tha t the EP S P  wo u l d  r e s u l t  f rom d i r e c t  s yn ap t i c  

c on n e c t i o n s  f rom e xt r in s i c  p roj e c t i on s  and the I P S P  re s pon s e  

wo u l d  r e s u l t  f rom n e i ghb o r in g  in t ra c a u da t e  synap t i c  e f f e c t s .  

A char a c t e r i s t i ca l ly l ow s p o n t aneo u s  a c t i v i ty in  the 

c a u d a t e  n u c l e u s  has b e en  r e po r t e d  by  B u chw a l d , et a l . ( 4 ) , 

Ro cha-Mi r an d a  ( 6 8 ) , P u rp u ra ( 6 7 ) , and  S e d gw i ck an d Wi l l i ams 

( 7 1 ) , a l thou gh the l a t t e r  autho r s  d e s c r i b e d  a r e g u l a r  b u r s t  

p a t t e rn o f  s ome  un i t s  w i th a 1 0 0  t o  1 2 0  m s e c  b u r s t  i n t e rv a l . 

I n t r a c e l l ul a r  r e c o r d i n g s  b y  Hu l l , e t  a l .  ( 3 4 )  a l s o de s c r i b e d  

a l o w  f re q u e n cy o f  f i r ing  o r  s i le n t  p e r io d s  o f  c auda t e  

n e u r o n s . A comp a r i s on o f  c au d a t e  n e u r o n a l  a c t i v i ty i n  the 

unane s the t ize d v e r s us anes the t ize d p re p ar a t i o n s  demo n s t r a t e d  

tha t l o w  s p o n t an e o u s  d i s ch a r g e  w a s  n o t  a r e s u l t  o f  an e s thes i a .  

S p o n t an e o us a c t i v i t y  w a s  s im i l a r  i n  b o th chl o r a l o s e  an d 

nemb ut a l  p re p a r a t ion s a l th o u gh S e gw i ck an d Wi l l i ams repo r t e d  

m o r e  a c t i ve uni t s  w i th chl o r a s o s e  ane s the s i a .  I n  d e e p  

chlo r a l o s e  an e s the s ia s p o n t an e o u s  a c t i v i t y  w a s  ab s en t , whe r e a s  

i n  l i gh t  chl o r alo s e  ( 6 0 - 8 0  m g / k g ) o r  n emb u t al ( 3 5 m g / k g ) 
ane s the s i a ,  s po n t an e o us a c t i v i t y  was  c o n s i d e rab l y  l e s s  than 

in  the unan e s the t iz e d  p r e p a r a t i on ( 1 ) . Termin o l o gy 

cha r a c t e r izing  l i gh t  ane s the s i a  var i e d  amo n g  re s e a r chers  

an d the re f o r e  t en d e d  to  be  amb i g uous . 

F l u c t u a t i o n s  in  the re s t in g  memb r an e  po l ar iza t i on l ev e l  

have b e en  n o t e d  in  wh i ch d e p o l a r iz i n g  o r  hy p e rp o l a r iz i n g  

memb r an e  shi f t s  up t o  5 m v  o c c u r r e d  a n d  w e r e  m a i n t a i n e d  f o r  
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s ev e r al s e c on d s  to  s ev e r a l  minut e s . The l e n g th o f  t i me the 

c e l l  w a s  i mp a l e d  d i d  n o t  c o r r e l a t e w i th the l en g t h  o f  the 

p o l a ri z i n g  memb rane  sh i f t s . Res p o n s e s  t o  s t imula t i on  a ls o  

var i e d  d u r i n g  the memb r ane po t en t i a l  s hi f t s . D u r i n g  a 

p o s i t ive  d e p o l a r izin g memb rane  po t en t i a l  shi f t , the c e l l  

w o u l d  s po n t an e o u s ly f i r e ,  whe r e as d u r i n g  a n e g a t ive  memb rane 

po t en t i a l  shi f t  e l e c t r i c a l  s t imu l a t i o n  o f  the c e l l  wo u l d  n o t  

n e ce s s ar i ly e l i c i t a n  a c t i o n  p o t en t i a l . 

Th r e e  p o s t synp a t i c  r e s p on s e s  cha r a c t e r ize c au d a t e  

n e ur on a l  re s p o n s e s  t o  v a r i o u s  s t im u l at i o n  s i t e s  ( 6 ) . The s e  

r e s p o n s e s  in c lu d e : ( 1 )  a r e l a t i v e l y  " p u r e "  EP S P ,  a r e s po n s e  

e l i c i t e d i n  t h i r ty t o  f o r t y  p e r  c e n t  o f  t h e  c au d a t e  c e l l s  

i n  r e s p o n s e  t o  c en t r om e d i al-p a r a f as c i c u l a r i s  s t i m u l a t ion ; 

( 2 )  E P S P- IP S P  s eq u e n c e , the mos t p re d om i n an t  r e s p ons e o f  

c au d a t e  c e l l s , and  ( 3 ) a " p u r e " IP S P, a r e l a t ively  r a r e  

o c cu r ran c e . The d u r a t i o n  o f  the E P S P  r ang e s  f rom  5 t o  5 0  

m s e c  whe r e as the I P S P  w as c on s i d e r ab ly l o n g e r  i n  d u ra t io n , 

r an g i n g  t o  2 0 0  t o  3 0 0  ms e c  ( 6 ) . One s p ike w a s  the 

cha r ac t e ri s t i c  re s po n s e  t o  a s in gl e  sho ck r a the r than a 

b u r s t  o f  s p i k e s , b ut mo re  f r e q uen t ly ,  l a r g e  amp l i t ud e  EP S P' s  

wi t ho u t  a s p ik e  o c c u r r e d . The s e  r e s p on s e s  e l i c i t e d  in  the 

c a ud a t e  n u c l e u s  r e s u l t e d  f rom  s t i mu l a t ion  o f  the three  i n p u t  

a r e as , t h e  c o r t ex , in t ra l am i n a r  n u c l e i  a n d  t h e  s ub s t an t i a 

n i g r a . Ext r a c e l lu l a r  r e s p on s e s  o f  caud a t e un i t s  t o  p e ri phe ral 

s t im u l at i o n  d emons t r a t e d  tha t un i t s  res p o n d  to  s t imul a t ion  
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o f  the f o u r  l imb s . No  un i t s  r e s p o n d e d  t o  s t imul a t i o n  o f  

t he n e rve t o  the hams t r in gs , wh i ch w o u l d  in d i c a t e  n o  p r o 

p ri o c ep t i ve i n p u t  f rom  t h e  p e r i ph e ry . Gene r a l ly , c o r t i c a lly 

i n d u c e d  I P S P's were l o n g e r  i n  d u r a t ion  than th os e el i c it e d  

b y  the r os t r a l  tha l amus . The d u r a t ion  o f  the s e q ue n c e  was  

longer  f o r  c o r t i c a l  s t im u l a t ion  than thalam i c  s t im u l a t ion , 

an d r e s p o ns e d u r a t i on t o  n i g r a l  s t im u l a t ion  w a s  the sho r t e s t  

i n  d u ra t i o n . An i n c r e a s e  i n  s t imulus  i n t en s i t y  e l i c it e d  an 

in c r e a s e  in amp l i t u d e  o f  r e s p on s e  r a t h e r  than in  d u r a t ion  

to  the  v a r i o u s  s t imu lus  s i t e s  c o u l d  not  b e  a t t r i b u t e d  t o  

s t imulus  i n t ens i ty . 

C a u d a t e n e ur on a l  r e s p o n s e s  a l s o  va r i e d  w i th i n c r e as ing  

f re q uen cy of  s t i m u l a t i o n . C au d a t e  c e l l s  r e s pon d e d  w i t h  

rhy t hm i c  memb rane  re s p o n s e s  when v a r i o u s  a r e a s  w e r e  s t imu l at e d  

a t  a f r e q uen cy  o f  o n e  cy c l e  p e r  s e c o n d  t o  t en cy c l e s  p e r  

s e c o n d. At f req uen c i e s g re a t e r  t han t en c y c l es p e r  s e c o n d  

l o n g  d u r a t i o n  hy p e rp o la r i z at i on s  w e r e  e v i d e n t  d u r i n g  the 

p e r i o d  of s t i mu l a t i o n . Thi s  r e s pon s e  o c c urre d  w i t h  s t imu l a 

t ion  t o  t ha l am i c ,  c o r t i c a l  an d b ra in s t em areas . 

F r e q u en c i e s  g re at e r  than 1 0 0  cy c le s  p e r  s e co n d  d e l i ve r e d  

t o  v a r i o u s  a r e a s  p ro d u c e d  a marked  d e po la r i z a t ion  in  wh i ch 

an i n c r e a s e  in  c e l l f i r in g  was  e v i d e n t . O n e  t o  two s e co n d s  

f o l lowing  t e rm i n a t i on o f  t h e  s t imulus  t ra i n , a d e c ompo s i t i on  

of  s p i k e s  o c cu r r e d  w i th a f ur t he r  d e p o l a r i z a t ion . Thus  

i n c r e a s i n g  f r e q uen cy o f  e l e c t r i c a l  s t im u l a t i on p ro du c e d m o r e  

c o mp l e x  memb rane  po t e n t i a l  chan g e s  ( 3 4 )  than t hos e ob s e rved 
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w i th l ow f r e q u e n cy s t imul a t i o n . 

P a i r i n g  o f  a f f e re n t  s t i mu l i  t o  the c a ud a t e  n u c l e us a l s o  

p r o d u c e d  a v a r i e t y  o f  r e s p o n s e s  d e p en d en t  u p o n  the s i t e  o f  

s t imu l a t i o n  as w e l l  a s  the t ime i n t erval  o f  the p ai r i n g s . 

H u l l ,  e t  al . ( 3 5 )  i n ve s t ig a t e d  in t e r a c t ions  o f  v a r i o u s  

s t im u l a t i o n  s i t e s , i e , c o r t ex , s ub s t an t i a n i g r a  an d t ha l amus . 

As s t a t e d  p r e v i o u s ly the mo s t  c o mmon re s p o n s e r e c o r d e d  in  

the c a u d a t e  nu c l e us n e urons  was  an E P S P- I P S P  s e quen c e . When 

the t wo s t imu l i  w e r e  p r e s en t ed  s imu l t aneo u s ly t o  a s t imulus  

s i t e , an i n c r e a s e  i n  ampl i t ude  of  b o th the EP SP  and IP S P  

w i th n o  va r i at i o n  in  d u r a t i on o c c u r r e d . When the t e s t  E P S P  

c o i n c i d e d  w i th t h e  c on d i t i on in g EP S P ,  a d e c r e a s e  i n  the 

amp l i t ud e  o f  the t e s t  EPS P was  n ot e d . I f  t he t e s t  E P S P  

c o in c i de d  w i th t h e  c on d i t ion i n g  I P S P , then a n  in c r e a s e  i n  the 

amp l i t u d e  o f  t he t e s t  E P S P  o c cu r re d .  

C on d i t i o n i n g  and t e s t  s t imu l i  d e l iv e r e d  t o  d i f f e r ent  

an at om i c a l  l o c a t ions  p r o d u c e d  s im i l a r  r e s p o n s e s  in  c a ud a t e  

c e l l s  as  d e s c r i b e d  above , al tho ugh c o r t i c a l  s t imu l a t i o n  t e n d e d  

t o  b e  t he p re d om i n an t  i n f luen c ing  f a c t o r .  I f  a c o rt i c a l  an d 

s ub c o r t i c al s t im u l u s  c o i n c i de d ,  the r e s u l t an t  EP S P  a c t i v i ty 

o f  the c a u d a t e n u c l eus  n e uron  w o u l d  s umma t e .  On the o th e r  

han d ,  i f  a s ub c o r t i c a l  s t imu l u s  was t e mp o r a l ly pl a c e d  s o  that 

the EP SP  c o i n c id e d  w i th the c o r t i c a l  I P S P , then the EPSP 

w o u l d  be  d i m i n i sh e d  o r  n o t  evok e d . Th is  r e s u l t  i n d i c a t es a 

p r e p o t e n t  c o r t i c a l  mod u l a t i o n  o f  s ub c o r t i c al i n p u t  t o  

n e ur o n s  o f  the c aud a t e nu c l eus . 



F r om the ab ove i n f o rmat i on a mo d e l  was  f o rm u l at ed  

whe r e b y  i n t e g r a t i o n  w i th in the  c au d a t e n u c l e u s  was  b as e d  

u p o n  o r ga n iza t i o n  o f  the synap t i c  t e rm i n a l s  o f  e x t r i ns i c  

f ib e r s  an d the in t rac a u d a t e  n e u r on ( 3 9 ) . As s ump t i ons  
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f r om H u l l ,  e t  a l .  and  Kem p  an d Powe l l  in c l u d e  that: ( 1 )  a l l  

ext r in s i c  axons  a r e  e xc i t a t o ry and t e rmin a t e  ma i n l y  upon  

d e n d r i t i c  s p ine s ; ( 2 )  c o r t i ca l  and t h a l am i c  inp u t s  t e n d  t o  

c o ve r g e  u p o n  common c e l l s ; ( 3 )  the i n t r a c a u d a t e  n e u r on s  are  

of  an  inhib i t o r y  n a t ure ; and ( 4 )  the e f f e re n t  c au d a t e  nu c l e u s  

p roj e c t i o n  i s  m a i n l y  inh ib i t ory  u p o n  the g l o b u s  p al l i dus  

a l though s ome  e x c i t a t o ry o u t p u t  to  the  p a l l i dum i s  a l s o 

e v i d e n t . I n f o rm a t i on then f rom the c o r t ex , tha l amu s , and  

s ub s t an t i a  n i gr a  is  e x c i t a t o ry . Th i s  input  evok e s  E P S P

I P SP s e q ue n c e s  i n  c au d a t e  n e u r on s . The I P S P  a c t i v i t y  i s  a 

re s u l t  o f  s t im u l a t i on o f  n e i ghb o r i n g  inhib i t o ry in t r a c auda t e  

n e u r on s . The i n t r a c a u d a t e ne uron  rep r e s e n t s  n i n e t y - s i x  p e r  

c e n t  o f  the c a u d a t e  c e l l s  a n d  the r e fo re p a r t l y  a c c o un t s  f o r  

t h e  l ow s p o n t an e o us f i r i n g  r a t e  o f  c aud a t e  n e u r o n s  ( 3 6 ) . 

O u t f low f rom  the  c aud a t e n u c l e us b o th ex c i t e s  and  i nhib i t s  

the g l o b u s  p a l l i d u s ; the f un c t i on a l  c on s e qu e n c e s  o f  this  

mod u l a t i o n  w i l l  be  d i s c u s s ed l at e r .  

A cha r a c t e r i s t i c d i f f e r e n c e  w i thin  the b a s a l  g an g l i a  

i s  a hi gh r at e  o f  s p on t an e o u s  a c t i v i ty in  the l e n t i c u l a r  

n u c l e u s  ce l l s  a s  c o m p a r e d  t o  l ow s p o n t ane ous  a c t iv i t y  o f  

c aud a t e  n u c l e u s  c e l ls . S p on t an eo us un i t  d i s char g e  v a r i e d  

w i thin  t h e  l en t i c u l a r  n u c l eus  a n d  in  s o m e  in s t an c e s  i s  



g r e a t e r  t han f o r t y  p u l s e s  p e r  s ec o n d  in  the p u t amen ( 7 2 ) . 

N o d a ,  e t  a l .  ( 6 3 )  c at e go r ized s p on t aneo us c e l l  f i ri n g  i n t o  

h i gh d i s char g e  r a t e ,  l ow d i s charge  r a t e  and  re p e t i t ive 

b urs t i n g .  Tho s e un i t s  whi ch e xhib i t e d  a h i gh d i s char g e  

r a t e  gen e r a l l y  d emo n s t r a t e d  c on v e r g e n c e  o f  af f e r e n t  in p u t , 

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

f o rm a t i on an d n u c l e u s  c en t r um m e d i anum s t imu l a t i o n . Un i t s  

wh i ch e xhib i t ed a l ow d i s ch a r g e  r a t e gene r a l ly e xhib i t e d  a 

r e s p on s e t o  o n l y  o n e  s t im u l u s  s i t e .  

3 4  

Mos t  l en t i cu l a r  n e u r o n s  r e s p o n d  t o  b o th med i a l  tha l am i c  

a n d  c a ud a t e  n u c l e us s t imu la t i on b y  e xhib i t in g  a n  EPS P - I P S P  

s e q ue n c e  t o  re p e t i t ive c aud a t e  n u c l e u s  s t imu l a t i o n  ( 5 2 ) .  A 

s h o r t  and  o f t en in t e r r up t e d E P S P  u s u a l ly p r e c e e d e s  the 5 0  

t o  1 0 0  ms e c  d u r a t i o n  I P S P  wh i ch e xhi b i t s  a l a t ency  o f  10  t o  

2 0  m s e c .  H i gh f re qu e n cy s t imula t i on  d e l iv e r e d  t o  the 

c a ud a t e  n u c l e u s  p r o du c e s  I P S P  s umma t i on an d there f o re s u s t aine d 

memb rane  p o l a r iza t i on  in  t he ven t ra l  r e g i o n s . The s e  c e l l s  

g en e r a l ly e xh i b i t  I P S P  res po n s e s  t o  me d i a l  thalam i c  s t imul a t i o n . 

I n  s umm a r y , the b as al g ang l i a  a r e  invol ved  in  a c omp l e x  

c i r c u i t  in  wh i ch in f o rm a t i o n  f rom  t h e  c o r t ex , t ha l amus , 

and s ub s t an t i a  n i g r a  a r e  mo d u l a t e d  b y  t e mp o ra l  an d s pa t i a l  

in t e r a c t i o n s  wi thin  t h e  c au d a t e  n u c l eus . Thi s  m o du l a t e d  

i n f o rma t i on  imp ing e s  u p o n  the g l o b u s  p a l l i d u s  mainly  evok i n g  

I P S P  a c t i v i ty w i thin  t h i s  s ub co r t i c a l  s t ru c t u r e  al thou gh s ome 

exc i t a t i on r e s u l t s . The gl o b us p al l i d u s  in  t u rn p r o j e c t s  
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t o  t h e  tha l amus  and p re r ub r a l  a re as wh i ch i n f luence  c o r t i c a l  

a n d  s p in a l  leve l ,  r e s p e c t i v e l y . 

1 .  A c t iv i ty o f  Len t i c u l a r  Neurons  d u r ing Movement  

The b as a l  g an gl i a  w e r e  as s um e d  to  be  involved  in  b ack-

ground  a c t ivi t y  f o r  movemen t .  Me t t l e r ,  e t  a l . ( 4 7 ) , e s t ab l i she d 

the f i r s t  t e chn i q ue f o r  t he exam i n at i on o f  b as a l gan g l i a  

a c t i v i ty u p o n  c o r t i c a l ly i n d u c e d  moveme n t . Evart s ,  ( 1 9 )  d e-

v i s e d  a t e chn i q ue t o  r e c o rd un i t  a c t ivi ty i n  s ub c o r t i c a l  

s t ru c t ur e s  d u r i n g  a movemen t . Th i s  t e chn i q ue p r o v i d e d  a 

me tho d f o r  re co rd i n g  un i t  a c t ivi t y  p r i o r  t o  the o n s e t  o f  mo ve-

men t  t o  t he t e rm in a t i on o f  a t as k  re l a t e d  mo vemen t . The re-

f ore , the t e mp o r a l  s e q u en c e s  of u n i t s  in v a r i o u s  s t r u c t u re s  

co u l d  b e  analyz e d  i n  a chron i c  p r e p ar a t i o n  d u r i n g  a moveme n t . 

D e L o n g  e x amine d the a c t ivi ty o f  l en t i c u l a r  un i t s  in 

mon keys  d u r i n g  a p ush-p u l l  t a sk ( 1 1 , 1 2 , 1 3 ) . D u r in g r e s t , the 

p u t amen exhi b i t e d a l ow e r  level  of s po n t ane o u s  f i r i n g  than 

p a l l i d a l  n e u r on s  wh i ch exhib i t e d a high d i s char g e  r at e . 

N e u r o n s  o f  the in t e rn a l  p a l l i d a l  s e gment  w e r e  d i s t in g u i shab l e  

f r o m  tho s e  o f  the e x t e rn a l  p a l l id a l  s e gmen t . The maj o r i t y  

o f  un i t s r e c o r d e d  i n  t he ex t e rn a l  p al l id a l  s egmen t  e xhib i t e d  

t w o  t y p e s  o f  a c t i v i t y . S om e  un i t s  e xhib i t e d  p e r i o d s  o f  h i gh 

f r e q uen cy  d i s charge  s e p a r a t e d  b y  s i l e n c e , whe re a s  other  un i t s  

exhi b i t e d  a l ow d i s charge  l eve l w i th a b u r s t  pa t t e rn .  

t y p e s  o f  a c t i v i t y  w e r e  o b s e rved  by No d a  ( 6 3 )  in t he 

an e s the t iz e d , b u t  immo b i l ized  c at . 

The s e  
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O n e  g r o up o f  monkeys  w e r e  t ra in e d  t o  p e r f o rm a rap i d  

a l t e rn at in g  l imb mo vement , a p u s h - p u l l  t as k  o r  a s i de t o  s i de 

mo vemen t . Un i t  a c t ivi ty i n  b o th s e gme n t s  o f  t h e  g l o b us 

p a l l i d us w a s  r e c o r de d . In  m o s t  un i t s  an i n c r e a s e in  d i s-

ch a r g e  f re q u e n cy ab ove  t h e  re s t i n g  d i s ch a r g e  ra t e  o cc ur r e d . 

A l t h o u g h  un i t s  re s p on d e d  t o  b o t h  typ e s  o f  movemen t ,  t hey 

p r e fe re n t i a l ly r e s p o n d e d  t o  on ly on e typ e o f  movem en t . No 

c o n s i s t e n t  co r r e l at i on b e tw e e n  an i n c r e a s e  in c e l l  f i r in g  

and  t y p e  o f  moveme n t  was  evi d e n t  d u r i n g  i p s i l a t e r a l  mo ve-

men t s . Th e maj o r i ty  o f  movement  r e l a t e d  uni t s  w e r e  l o c a t e d 

in  b o t h  s e gmen t s  o f  t h e  c on t r a l a t e r a l  g lo b u s  p a l l i du s . 

Mo r e  s p e c i f i c al ly ,  t h e  un i t s  r e l a t e d  t o  a rm o r  l e g  movemen t s  

w e r e  l o c a t e d  i n  t h e  l a t e r a l  p o r t i on o f  b o t h p a l l i d a l  s egmen t s .  

On ly r a r e ly w o u l d  a un i t  r e s p on d  t o  b o t h  a rm and l e g  r e l at ed  

movemen t s . Th i s  o r g an izat i on of  un i t s  i n  the  l at e r a l  p o rt i o n  

o f  t h e  g lob us p a l l i d u s  app e a r e d  re l a t e d  t o  t h e  ana t om i c al 

o r g an iza t i o n  d e mon s t r at ed b y  Kemp and P owe l l  in t h e  monkey . 

Th e l a t e r a l  p o r t i on o f  t h e  c aud a t e  n u c l e u s  an d p u t amen r e-

c e ive  p r o j e ct i on s  f r o m  t h e  s en s o r imo t o r  c o r t ex .  Th e s e  

s t r i a t a l  a r e as p r oj e ct in  an e s s e n t i a l ly t o p o g raph i c al mann er  

t o  b o t h  s e gmen t s  o f  the  g l ob u s  p a l l i d u s .  

Th e mo s t  d i s t i n gu i s h in g  fe a t ure  was  t h e  t em p o r a l  r e l a t i o n  

b et w e e n  t h e  t as k  r e l a t e d  movemen t s  and un i t  d i s ch a rg e . 

Nume r o u s  un i t s  i n c re a s e d  d i s ch a r g e  r a t e  p r i o r  t o  movemen t .  

D u r i n g  movemen t s , many p a l l i d al neu r on s  r e s p o n d e d  con s i s t en t l y 
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through o u t  movemen t .  S ome un i t s  d i s ch a r g e d  p redomin a t e ly 

d u r i n g  the f l ex i on pha s e  o f  movemen t ,  whe r e a s  o th e r s  d i s 

cha rg e d  p re d omina t e ly d u r i n g  the ext en s i on pha s e  o f  the 

movement .  Cha n g e  i n  un i t  a c t i vi ty was  c o r r e l a t e d  to mo veme n t  

r a the r than t h e  s i gnal  p re s e n t at i o n  f o r  t h e  i n i t i a t ion  o f  

moveme n t . D e L o n g  w a s  n o t  ab l e  t o  de mons t r a t e  that  the 

in c r e a s e in  p a l l i d a l  a c t i v i t y  o c c u r r e d  p r i o r  t o  a c t iv i t y  in 

the i e re b e l l um o r  ce reb r a l  c o r t ex . The e v i d e n c e  p r e s e n t e d  

f o r  un i t  a c t ivi t y  p r i o r  t o  the on s e t  o f  mo vement c o u l d  p o s s ib ly 

i n d i c a t e  p a l l id um p a r t i c ip a t i on i n  "vo lun t ary mov emen t s " .  

P u t ame n a l  un i t s  r e s p o n de d p re fe re n t i a l ly t o  s l ow r a t h e r  

t h a n  r a p i d  movemen t s . As in  the c a s e  o f  p a l l i d a l  un i t s , 

the un i t s  i n  the p u t amen con s i s t en t ly chan g e d  d i s ch a r g e  

r a t e s  i n  r e l a t i o n  t o  the mov emen t s  ( 1 1 ) . Many o f  t he s e  un i t s  

re s p o n de d t o  s l ow movemen t s i n  b o th d i r e c t i ons , b ut d i d  n o t  

r e s p o n d  t o  r ap i d  movemen t s .  Th i s  o b s e rv a t ion  c an b e  re l a t e d  

t o  invo l un t ary mo veme n t s  s uch as  cho r e a , and a the t os is ( 4 4 ) . 

P ar k i n s on i an p a t ien t s  h ave d i f f i cu l t y  in  the i n i t i a t i o n  o f  

movemen t , wher e a s  ra p i d  moveme n t s  a r e  l e s s  imp a i re d  ( 4 4 ) . 

In  thi s  s urvey , the c on c e p t u a l  d e ve l o pmen t o f  the b a s a l  

g an g l i a  f rom p a r t i c ip a t ion  i n  b ac k g r o un d  mo t o r  a c t iv i t y  t o  

p a r t i c ip at ion  in  the in i t i a t i on o f  vo l u n t ary  moveme n t  has 

b e en c o n s i d e r e d . As p r e v i ous ly d es c r ib e d ,  t he b as a l g an g l i a 

f o rm a comp l e x c i r c u i t modu l a t ing  b o t h  c o r t i ca l  and  s ub-

c o r t i c al mo t o r  a c t iv i t y . The p r e s e n t  expe r iment s we re d e -

s i gn e d  t o  f u r t h e r  a s s e s s  the f un c t i o n a l  r o l e s  o f  the s e  t w o  
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mo d u l a t i n g  c i r c u i t s . 
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METHO D S  

F i f t y  c a t s  ran g i n g  in  w e i gh t  f rom 2 . 7  k i l o grams t o  

4 . 2  k i l o grams w e r e  u s e d  in  the s t udy . Tw o b a s i c  t yp e s  o f  

exp e r imen t a l  p r e p a ra t i o n s  w e r e  emp l oy e d . ( 1 )  The animal  

wa s ma i n t a in e d  und e r  l i gh t  a n e s the s i a  ( s o d i um p en t ob a rb i t a l ) . 

Mo d u l a t i o n  o f  c o r t i ca l  induc e d  and  p y r a m i d a l  t r a c t  i n d u c e d  

h i n d  l imb f l e x o r  r e s p on s e s  b y  e l e c t r i c a l  s t imula t i on o f  the 

b as a l  gan g l i a  wa s inve s t i ga t e d . In  th i s  p r e p a r a t i on the 

mea s u r e d  p a r ame t e r s  w e r e  I a  a f f e r e n t  d o r s a l  r o o t  a c t iv i t y , 

myo gram  a n d  EMG a c t i v i t y  o f  the an t e r i o r  t ib i a l i s  mu s c l e . 

( 2 )  The una n e s the t ize d p r e p a ra t ion , e th e r  was  admin i s t e r e d  

d u r i n g  t h e  s u r g i c al p r o c e d u r e . F o l l ow i n g  s u r g e r y , e ther  

wa s d i s c o n t i n ue d ,  a l o c a l  an e s the t i c  wa s a p p l i e d  t o  wound 

e d g e s  and  p r e s s u r e  p o i n t s . The an i ma l  was  immob i l ized  w i th 

g a l l a m i n e  t r i e th i o d i d e  ( Fl a x e d i l )  a n d  m a in t a in e d  by  a r t i f i c a l  

r e s p i ra t i o n . Mo d u l a t i o n  o f  d i r e c t  and ind i r e c t  p y r a m i d a l  

t r a c t  r e s p o n s e s  e l i c i t e d b y  a c o n d i t i o n i n g  ( c a ud a t e  n u c l eus ) 

t e s t  ( c o r t e x)  t e chn i q u e  was  r e c o rd e d  in this  p r e p a r a t i o n . 

A .  Ane the t ized  P r epa r a t ion  

An  i n t ra p e r i t o n e a l  inj e c t ion  o f  s o d i um p e n t o b arb i t a l  

( N emb u t al ) ,  3 0  mg / k g , w a s  u s e d  t o  a n e s the t ize the c a t  f o r  the 

d u r a t i on o f  the s u r g i c a l  p ro c e d u r e . A c a t  was  c o n s i d e r ed 

s u f f i c i e n t ly a n e s the t ized  when a w i thd rawal r e s p o n s e  f rom a 

n o c i c e p t ive  s t i mu l u s , p in ching  b e tw e e n  the t o e s , was n o t  

evoked . A T- sha p e d  p l as t i c t r a che a l  c annula  wa s in s e r t e d  
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in t o  the  t r ac h e a  a n d  P . E .  1 9 0  p o l y e th y l ene  t ub in g  was  

in s e r t ed in t o  t h e  r i gh t  f emo r a l  v e i n . Cann u l a t ion  o f  t he 

ve in s e r v e d  a s  an  en t r y  f o r  t h e  a d m in i s t r a t i o n  o f  s od ium 

t h i amy l a l  ( S ur i t a l )  and S i.  d e x t r o s e  in  wa t e r  s o l u t i o n . 

P e r i o d i c  inj e c t i on s  o f  d e x t ro s e  w e r e  a d m in i s t e r e d  t h r o u gho u t  

t h e  e x p e r i me n t . E K G  a n d  t em p e r a t u r e  w e r e  co n t inu o u s l y  

mo n i t o r e d . Rec t a l  t em p e r a t u r e  was  ma in t a in e d  w i t h in a 

r a n g e  o f  3 5 . 5 ° C t o  3 8° C b y  a h o t  w a t e r  h e a t i n g  s y s t em in 

c on t a c t  w i t h  th e vent r a l  s u r fa c e  o f  the animal . D u r i n g  t h e  

c o u r s e  o f  t h e  exp e r im e n t  t h e  c a t  was  m a i n t a in e d  un d e r  l i gh t 

an e s t h e s i a  a s  e v i d en t  b y  a w i t h d rawa l r e s p o n s e  t o  a n o c i c ep -

t i ve s t imu l u s . I f  s p o n t an e o u s  movemen t o c c u r re d , a s up p l e -

men t a l  d o s e  o f  0 . 4  c c  o f  2 . 5 % s o d ium t h i amy l a l  was  

a dm in i s t e r e d  in t ra v e ne o u s l y . 

1 .  S u rgi c a l  P r o c e d ur e s  

a .  Exp o s ur e  o f  t h e  B u l b a r  P y r a m i d s  

Th e v e n t r a l  as p e c t  o f  t h e  c r a n i um was  a t t a in e d  by  p l a c in g  

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

s t e rn o ma s t o id e u s  and  t h e  s t e rn oh y o i d e u s  mus c l e s , t r a c h e a  

and  e s o p h a g u s . Ron g e urs  w e r e  u s e d  t o  remove t h e  b a s o c c i p i t a l  

b on e , t h e r eb y  exp o s in g  t h e  p y r am i d a l  t ra c t  ro s t ra l  t o  t h e  

d e c u s s a t i on  o f  t h e s e  f ib e r  t ra c t s . F r e q u en t l y ,  b l e e d i n g  was  

en c o un t e re d  f ro m  an e p i d u r a l  memb r a n e  ove r l y in g  t h e  b a s o c c i p i t a l  

b on e  and  a l t a s . P a c k in g  t h i s  a r e a  w i t h  g e l f oam p r even t e d  

o o z in g  o f  b l o o d  i n t o  t h e  s u rg i c a l  f i e l d . 
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b .  D en e rva t io n  o f  t h e  Hind  L imb and D i s s e c t io n  o f  the  
An t e r i o r  T ib i a l i s  Mus c l e  

Th e l e f t  h i nd  l imb w a s  p a r t i a l ly d en e rva t e d  b y  d i s s e c t in g  

t h e  n e rv e s  f r om s u r round i n g  t i s s u e ,  i d en t i fy in g ,  and c u t t in g  

e a ch ne rve . Th e s e  i n c l u d e d  n e rv e s  t o  t h e  hams t r in g  mus c l e s , 

t h e  t ib i a l  n e rve , t h e  s ur a l s , t h e  s u p er f i c i al pe ron e a l  n e rve , 

t h e  ob t ur a t o r  ne rve a n d  t h e  f e mo ra l  ne rve . T h e  c ommo n 

p e ro n e a l  n e rve was  t ra c e d  b y  f o l l ow in g i t s  c o u r s e  on t h e  

l a t e r a l  a s p e c t o f  t h e  h in d  l imb t o  t h e  p e r o n e u s  l o n gus  

mus c l e  i n  o rd e r  t o  expos e t h e  ne rve t o  th e an t e r i o r  t ib ia l i s  

mus c l e .  A t  t h i s  p o in t , t h e  s up e r f i c i a l  p e ro n e a l  nerve  was  

l o c a t e d  and  c u t . O t h e r  b ran c h e s  o f  t h e  c o mmo n p e r o n e a l  

ne rve i n c l u d i n g  t h e  ne rve t o  t h e  a n t e r io r  t ib i a l i s  mus c l e  

w e r e  i d e n t i f i e d  a n d  r ema in e d  in t a c t , t h e r e b y  e l im i n a t i n g  

e x c e s s ive man i p u l a t i o n  o f  t h e  n e rve  t o  t h e  ant e r i o r  t ib i a l i s  

mus c l e . 

Th e a n t e r i o r  t ib ia l i s  m u s c l e  w a s  then  d i s s e c t e d  f re e  

f r om s u r r o un d i n g  t i s s u e . S k i n  o v e r l y i n g  t h e  ank l e  j o int  

and  an t e r i o r  t ib i a l i s  mus c l e  was  r e f l e c t ed . B l un t d i s s ec t i on 

w a s  emp l o y e d  t o  f r e e  t h e  t en d on o f  t h e  mus c l e  and t h e  t r an s -

v e r s e  c r u r a l  l i game n t  ove r l y i n g  t h e  t endon  w a s  c u t . A p o uch 

was  made b y  s u t u r i n g  skin over  the  an t e r io r  t ib i a l i s  

mus c l e . D u r i n g  t h e  e x p e r imen t the  p o uch  w a s  f i l l e d  w i th 

min e r a l  o i l a t  a t em p e r a t ure  o f  3 7 ° C in o r de r t o  k e e p  t h e  

mus c l e  w a r m  a n d  p re v e n t  d ry i n g .  



c .  Framing t h e  C a t  

U p o n  comp l e t i on o f  s ur g ery , t h e  c a t  w a s  removed f ro m  

t h e  s u r g i c a l  t ab l e  a n d  p l ac e d  i n  a Kop f s t ere o t ax i c  an d 

s p in a l  a p p a r a t u s . E a r  b ar s  w e r e  ins e r t e d  b i l a t e r a l ly in t o  

t h e  e x t e r n a l  aud i t o ry m e a t u s . C l amps  w e r e  p l a c e d  o n  e a c h  

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

p o s i t i o n . A v e r t eb r a l  c l amp was  a t t a ch e d  t o  a t h o r a c i c  

s u p r a s p in o us p ro c e s s  an d s ix s t e e l  p in s  w e r e  p l a c e d  

b i l a t er a l l y  in t o  l umb a r  v e r t eb r a e  b o d ie s  a n d  t h en a t t a c h e d  

t o  t h e  s p in a l  f r ame , t h e r e b y  s e c u r i n g  t h e  t h o r a c o - l umb a r  

a re a .  I n  o r d e r  t o  m a in t ai n  t h e  h ind  q ua r t e rs a n d  p roximal  
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p o r t i on o f  t h e  l e f t h in d  l imb in a f i xed  po s i t io n  d u r i n g  t h e  

e x p e r imen t , p in s  w e r e  s c rew e d  in t o  t h e  g r e a t er t r o chan t e r  

o f  e a ch femur  a n d  a p in w a s  p l a c e d  i n  t h e  s h a f t  a t  i t s  

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

t o  th e s p in a l  f r ame . 

Thes e p ins  w e r e  t hen  a t t a ch e d  

d .  Lamin e c t omy and P r epa r a t i o n  o f  t h e  D o r s a l  Ro o t  

A m i ds a g g i t a l  i n c i s i o n  t h r o u gh s k in ,  s up e r f i c i a l  and 

d e e p  lumb o d o rs a l  f a s c ia was m a d e  f r om L 3 to s 1 . B l un t  

d i s s e c t io n  w a s  u s e d  t o  remove  t h e  lumb a r  mul t i f i d u s , l umb a r  

in t e rs p i na l e s , l o n g i s s imus d o r s i  a n d  i n t e r t r a n s ve rs a r i i  

d o r s a l i s  mus c l e s  o v e r l y i n g  t h e  ve r t eb r a l  c o lumn f rom L 3 

T h e  d i s s e c t ed mus c l e  was  t i e d  and s e c u r e d  t o  t h e  

s p in a l  f r ame in  o r d e r  t o  expo s e  t h e  ve r t e b r a l  c o l umn and  t o  

f o rm a t ro u gh f o r  w a rm m in e r a l  o i l . V e r t eb r a e  ove r l y i n g  
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s p in a l  s e gmen t s  L 3 t o  s 1 w e re remove d . A m i d s a g g i t al in c i s 

i o n  w a s  ma d e  i n  t h e  d ur a  m a t e r  and  t h e  d ur a  mat e r  was  then  

s u t u r e d  to  the  mus c l e . W a rm m i n e r a l  o i l  ( 3 7 °C )  c ove r e d  the  

s p in a l  c o r d  to  p re v e n t  d ry in g . Th e p i a  m a t e r  w a s  exc i s ed 

and  t h e  s ix t h  lumb a r  d o r s a l  r o o t  i de n t i f i e d . A very  s ma l l  

f i l am e n t  o f  th i s  d o r s a l  r o o t  w a s  c u t  ce n t ra l ly an d p l a c e d  

ove r a b ip o l a r , s i lv e r  r e co r d in g  e l e c t r od e . 

e .  E xpo s u r e  o f  t h e  C o r t e x  

S k in ove r ly i n g  t h e  c ran i um w a s  r e f l e c t e d . A h o l e , 

d r i l l e d  in  t h e  r i gh t  s i d e  o f  t h e  d o r s a l  a s p e c t  o f  t h e  c r an ium , 

w a s  e n l a r g e d  wi t h  ron g e u r s  t o  expo s e  t h e  o rb i t a l , s i gmo i d , 

m a r g i n a l  and  s u p r a s y l v i an gy r i . The  d u r a  ma t e r  w a s  re f l e c t e d  

and  a n  a g a r  b ar r i e r  s u r r o un d e d  t h e  s ur g i c a l  o p en i n g  in o r de r 

t o  c o n t a i n  a m i n e r a l  o i l  po o l  o v e r l y i n g  t h e  expo s e d  c o r t i c a l  

s u r f a c e .  T h e  w a rm min e r a l  o i l  was c h a n g e d  p e r i o d i c a l ly in  

e a ch p o o l  t h r o u gh o u t  t h e  exp e r imen t a l  d ay to  m a i n t ain a 

t emp e r a t u re o f  3 7 ° C .  

2 .  Re c o r di ng P r o c e d u re 

As p re v i o u s l y  d e s c r ib e d , a t h in f i l ame n t  o f  t h e  s i xt h  

l umb ar  d o r s a l  r o o t  w a s  p l a c e d  ove r a b ip o l ar , s i lver r e c o rd i n g  

e le c t r o d e . A c t i o n  po t en t i a l s  o f  t h e  f i l amen t we re  ampl i f i e d  

wi t h  a T e k t ron i x  1 2 2  l ow - leve l p r e amp l i f i e r  an d mo n i t o re d  on 

a T ek t ron i x  5 0 2  d u a l -b e am o s c i l l o s co p e . T h e  s i gn a l  was  

f ur t h e r  amp l i f ie d  wi th  a Gras s P S  p r e amp l i f i e r  an d s t o r e d  on  

magn e t i c  t ap e  on one  channel  of  a f o ur ch ann e l  Amp e x  t ap e  

re c o r de r .  I n  a d d i t ion  t o  v i s u a l  mon i t o r in g ,  an aud io  s y s t em 
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was  emp lo y e d  t o  h e a r  t h e  f r e q uency  o f  f i r i n g  o f  t h e  a c t i on 

p o t en t i a l s  r e c o r d e d  f r om t h e  d o r s a l  r o o t  f i l amen t . Th e 

f i l amen t w a s  c o n t inua l l y  d i v i d e d  w i t h  th e a i d  o f  a u d i o  an d 

v i s u a l  mo n i t o r in g  o f  t h e  r o o t l e t  un t i l  a s in g l e  f i l ame n t  

rem a i n e d  c on t a i n i n g  a I a  a f f e r e n t  f ib er f r o m  a mu s c l e  s p in d l e  

l o c a t e d  i n  t h e  an t e r i o r  t ib i a l i s  mus cl e .  I a  an d I b  f i b e rs 

a re d i f f i c u l t  t o  d i f f e r en t i a t e  on t h e  b a s i s  o f  p a s s ive s t re t ch 

and  c o n d u c t i o n  v e l o c i t y . Th e r e f o re , t h i s  d i f f e re n t i a t i on wa s 

ma d e  b y  e l e c t r i c a l  s t imu l a t i on a t  a f re q uen cy o f  one  p u l s e  

every  t w o  s e c o n d s , w i t h  a p ul s e  d u r a t io n  o f  1 . 0  ms e c  and a 

s t imul u s  i n t en s i t y  o f  s u f f i c ie n t  v o l t age  t o  p r o d u ce a 

t w i t ch c o n t r a c t i o n . S in c e  t h e  G o l g i  t en d on o r g an l i e s  in 

s e r i es w i t h  e x t r a f u s al mus c l e  f ib er s , t h e  Ib a f fe re n t  f ib e r  

f rom  t h i s o r g an c o nd u c t s  a c t i o n  p o t e n t i a l s  d u r i n g  th e r i s in g  

ph a s e o f  t h e  tw i t ch c on t r a c t i on . O n  t h e  o t h e r  h an d , t h e  

mus c l e s p i n d l e , l y i n g  in  p a r a l l e l  w i t h e x t r a fu s a l  mus c l e f ib e r s  

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

o f  a twi t ch c on t ra c t io n .  Th i s  p e r i o d  d u r i n g  w h i ch n o  a c t io n  

p o t en t i a l s  a r e  r e co r d e d  f ro m  a I a  a f f e re n t  f i b e r  o f  a mus c l e  

s p in d l e i s  t e rm e d  t h e  s i len t p e r i o d  ( 2 7 , 5 3 ) . An a f f e rent  

f ib e r  o f  a m u s c l e  s p in d l e  w a s  also  d i f f e r en t i at e d  f ro m  an  

a f fe re n t  f i b e r  o f  a Go l g i  t en d on o r g an on  th e b a s i s  o f  

re s p on s e  t o  e l e c t r i c al s t imu l a t i o n  o f  t h e  s ens o r i mo t o r  c o r t ex 

a n d  p y r a mi d a l  t r ac t . Th e gamma mo t o n e u r o n a l  sys t e m ,  the  mo t o r  

innerva t io n  o f  t h e  mu s c le  s p in d l e , may b e  ac t iv a t e d  b y  

c o r t i c a l  s t imu l a t ion  a t  s t imulus  in t en s i t i e s  s u f f i c i e n t  t o  
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enhan c e  g amma d i s ch ar g e  a n d  t h us I a  a f f e re n t  d i s ch a r g e , b u t 

n o t  s u f f i c ie n t  t o  ac t iv a t e  t h e  a lp h a  mo t o n e u ron a l  s y s t em as 

e v i d e n t  by no c h a n g e  in my o gram t e n s ion  or EMG a c t i v i t y  (26 ) . 

Th e r e f o r e , t h o s e  a f fe re n t  f i b e r s  exh i b i t in g  a s i l en t  p e r i o d  

d u r i n g  a tw i t ch co n t r a c t ion  an d a l s o  r e s p o n d i n g  t o  c o rt i cal  

s t im u l a t i o n  w e r e  co n s i de r e d  Ia  a f f e r en t  f ib e rs f r om t h e  

mus c l e  s p in d le .  Th o s e  a f f e r e n t  f ib e r s  wh i ch d i d  n o t  exh ib i t  

b o t h  ch a r a c t e r i s t i c s , i e , s i l e n t  p e r i o d  d u r in g  tw i t ch co n t r a c 

t ion a n d  enh an c emen t o f  f i r i n g  i n  r e s pon s e  t o  c o r t i c a l s t imu l a 

t io n ,  w e r e  n o t  u s e d  in  t h e  e x p e r i me n t . 

F i g u r e  2 d e m on s t ra t e s  t h e  l o c a t i o n  o f  s t imu l at in g  and  

re c o r d ing  e l e c t r o de s . A b i po l a r , b a l l - t i p p e d , s t ain l e s s  

s t ee l s t i mu l a t ing  e l e c t r o d e  w a s  p l ac ed on  t h e  s ur f a c e  o f  

t h e  con t ra l a t e ra l  s e n s o r i mo t o r  co r t ex . L o c a t ion  o f  t h e  h in d  

l imb a r e a  w a s  ob t a i n e d  b y  d e l i ve r in g con s t an t  c u r re n t  

p u l s es o f  1 . 0  ms e c  p u l s e  d u r a t i on at  a f re q ue n c y  o f  6 0  c y c l e s  

p e r  s e c on d  an d a cu r re n t  in t en s i ty o f  0 . 8  mA t o  t h e  c o r t ex . 

T h e  s ens o r imo t o r  c or t e x w a s  s t im u l a t e d  at v a r i o u s  po in t s  

un t i l  a n  in c r e a s e  i n  t h e  r at e  o f  t h e  an t e r i o r  t ib i a l i s  I a  

a f f e re n t  d o r s a l  r o o t  d i s ch a r g e  o c c ur re d .  A s t a in l e s s  

s t ee l ,  b i po l a r , b a l l - t i p p e d  e le c t r o d e  w a s  p l a ce d ,  un d e r  vi s ua l  

c o n t r o l  (w i t h  a m i r r o r ) , o n  t h e  ven t r a l  s u r f ac e  o f  t h e  c o n 

t r al a t e r al py rami d a l  t ra c t . L o c a t i on o f  t h e  e l e c t r o d e  w a s  

c on f i rmed  b y  o b s e rving  a n  i n c r e a s e  in d o r s a l  r o o t  d i s c h a r g e  

u p o n  a vo l l ey o f  e l e c t r i c a l  s h o cks  d e l iv e re d  t o  t h i s  a r e a  
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at  a f r e q uen cy o f  6 0  c y c l e s  p e r  s e c on d , a p u l s e  d u r a t ion  

of  1 . 0 m s e c  an d a c ur re n t  in t en s i t y  of  0 . 8  mA . Five  type  00  

s t a in l e s s  s t e el in s e c t  p in s  w e r e  i n s u l a t e d  with  In s l -X t o  

w i t h in 0 . 5  m i l l i m e t e rs f r o m  t h e  t ip an d w e r e  s e p ar a t ed at  

one  m i l l im e t e r  i n t e rva l s  in t o  an  a r ray o r  " c omb " of  e le c t ro de s .  

Wi t h  t h e  a i d  o f  a s t e re o t ax i c  at l a s  ( S n i d e r  an d N i eman , 

7 5 )  t h i s  " comb " w a s  s t e r e o t a x i ca l ly p l a c e d  w i th in e i t h e r  t h e  

c a ud a t e  n u c l e u s  o r  g l ob u s  p a l l i d u s . 

The d is t al e n d  o f  t h e  t e ndon  o f  t h e  ant e r i o r  t ib i a l i s  

mus c le w as s e c t i o n e d a n d  t i e d  b y  me an s o f  a t h r e a d  t o  a Gra s s  

F T  0 3  f o r c e - d i s p l a c emen t t ran s duc e r .  A t en g r am t en s ion w a s  

main t a i n e d on  t h e  mus c l e  t o  p r e v e n t  s l a ck in t h e  s y s t em .  A n  

EMG n e e d l e  e l c t ro d e  w a s  p l a c e d  in t h e  b e l ly o f  t h e  an t e r i o r  

t ib i a l i s  mus c l e . S i g n a l s  o f  b o t h t h e  my o g r a m  an d EMG w e r e  

amp l i f i e d , mo n i t o r e d  on a T e k t r on ix 5 0 2  o s c i l l o s c op e  and  

s t o r e d  on m a gn e t i c  t a p e . 

3 .  Expe r imen t a l  Fo rmat 

F l exo r r e s p o n s e s  to  s h o c k  t r a in s  d e l i ve re d  to  the p r e -

c r u c i a t e  c o r t ex we re  re co rd e d .  A cons t an t  c u r r e n t  p u l s e  

t r a in w i t h  a p u l s e  d u r a t i o n  o f  1 . 0  ms e c , a f r e q uen cy o f  

6 0  cy c l e s  p e r  s e c o n d  a n d  a t r a in dur a t i on o f  5 0 0  o r  1 0 0 0  

ms e c  wa s  d e l iv e r e d  t o  t h e  c o r t ex . T h e  in t en s i ty o f  t h e  

s t i m u l u s  w a s  adj us t e d  un t i l a m in imal i n c r ea s e  i n  do r s a l  

r o o t  d i s ch a r g e  w a s  d e t e c t e d ,  a r e s p o n s e  wh i c h  in d i ca t e d  t h a t  

o n l y  t h e  g amma sys t em was  a c t ivat e d . I n t en s i t i e s  r e q u i r e d  t o  

e l i c i t  t h i s  r e s p o n s e  r a n g e d  f r o m  0 . 5  m A  t o  2 . 0 mA . Al l 
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s t im u l a t i o n s  w e re mad e  a t  two  m i n u t e in t e rva l s  s in c e  i t  

w a s  f o u n d  t h a t  re p e t i t ive  s t im u l a t i o n  o f  t h e  c o r t e x  e l i c i t e d  

l on g  t e rm  f a c i l i t a t o ry e f f e c t s  upon  I a  a f f e re n t  d o rs a l  

r o o t  d i s ch a rg e .  I f  t h e  c o r t i ca l  r e s pon s e s  d e mo n s t ra t e d  f a i r ly 

c on s i s t en t  in c re as e s  in  I a  a f f e r ent  d or s a l  r o o t  d i s ch a r g e , 

t h e n  a p p r op r i a t e  t e s t s  u s i n g  t ra i n s  o f  s h o c ks d e l iv e r e d  

s imu l t an e o u s ly t o  t h e  c o r t ex a n d  o n e  l o cus  wi t h i n  e i th e r  t h e  

c a u d a t e  n uc l e u s  o r  g l ob us p a l l i d u s  w e r e  e mp l o y e d . The  t r ain  

of  p u l s e s  t o  t h e  s ub c o r t i c a l  s t ru c t ur e s  c on s i s t e d of  s q ua r e  

w ave  p u l s es , a p u l s e  d u r at i o n  o f  0 . 5  m s e c ,  a f r e q u ency  o f  1 0 0  

cy c l e s  p e r  s e c o n d  a n d  a d u r a t i o n  o f  5 0 0  o r  1 0 0 0  ms e c , d e l i ve r e d  

by  a G r a s s  8 5  s t im u l a t o r  t h rough  a s t imu l u s  i s o l a t io n  un i t  and  

a c on s t an t  c ur r e n t  un i t . S t imu l u s  i n t ens i t i e s  t o  t h e  c a u d a t e  

n u c l e u s  and  g l ob us p al l id us w e r e  w e l l  b e low t h a t  wh i ch w o u l d  

b y  th ems e lv e s  mod i fy I a  a f f e ren t d i s ch ar g e . In t en s i t i e s  

d e l ive r e d  t o  t h e s e  s ub c o r t i c a l  s t ru c t u r e s  r an g e d  f rom 2 0  V t o  

2 5  V o r  2 . 0  m A  t o  2 . 5  mA . 

F l ex o r  r e s p o n s e s  t o  c o r t i c a l  s t imu l a t i on a l one  and  t o  

s t im u l a t i o n  o f  t h e  co r t ex and  one  l o c u s  i n  t h e  c a ud a t e  n u c l e us 

w e re c o m p ar e d . F o r  e a c h  e le c t r o d e  p a i r  in  t h e  " c omb "  a 

min i mum o f  one  c o r t i c a l  s t imu l a t i o n  and  f ive  c o r t ex - c a ud a t e  

n u c l e us s t im u l a t i o n s  w e r e  p e r f o rmed  a t  r e g u l a r  in t e rv a l s . 

H a v i n g  p a i r e d  co r t i c al s t imu l at i on w i t h  e ac h  p a i r  o f  e le c t ro d e s  

w i t h in t h e  " c omb " ,  t h e  exp e r imen t a l  f o rm a t  w a s  r e p e a t ed w i t h  

p a i re d  e l e c t r i c a l  t ra in s  o f  s h o ck s  d e l iv e r e d  t o  th e p y r am i d a l  
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t ra c t  a n d  e a ch p a i r  o f  e l e c t r o d e s  w i t h in t h e  " c omb " .  

S t imu l a t i o n  t o  t h e  py rami d a l  t ra c t  cons i s t e d  o f  a con s t an t  

c u r r e n t  p u l s e  t ra in w i t h  a p ul s e  d u r a t i o n  o f  1 . 0  ms e c , a 

f r e q u e n c y  o f  6 0  cy c le s  p e r  s e c on d  an d a d u r a t i o n  o f  5 0 0  o r  

1 0 0 0  ms e c .  Th e i n t en s i t y  o f  t h e  s t imu l u s  r e q u i r e d  t o  e l i c i t  

a m i n im a l  in c re a s e i n  d o r s a l  r o o t  d i s c h a r ge r a n g e d  f rom 

0 . 5  mA t o  1 . 5  mA . T h i s  s e r i e s o f  r e co r d in g s  w e r e  f o l low e d  

b y  t ra i n s  o f  e l e c t r i c a l  s ho cks  d e l iv e r e d  t o  e a c h  p a i r  o f  

e le c t r o d e s  w i t h in t h e  " c omb " . Upon comple t i o n  o f  s t imu l a t i o n  

th r o u gh e a ch e le c t r o d e  p a i r  w i t h i n  a h o r i z o n t a l  p l an e , 

e l e c t r o ly t i c l es i o n s  w e r e  p r o d u c e d  b y  a DC  c u r r e n t  o f  0 . 0 5 mA 

f o r  a t en to  f i f t een  s e c o n d  d u r a t i o n  d e l iv e r e d  b y  a N u c l e ar 

Ch i c ag o  c o n s t an t  c ur r e n t  s t imu l at o r  t o  e a ch e l e c t r o d e  w i t h in 

t h e  " c omb " . T h e  e le c t r o d e  w a s  low e r e d  one m i l l ime t e r  and t h e  

e x p e r imen t a l f o rm a t  rep e a t ed . Map p in g  o f  t h e  c a u d a t e  n u c l e us 

and  g l o b u s  p a l l i d u s  was  a c comp l i s h e d  in  t h i s  mann e r . 

A s e r i e s  o f  expe r iment s emp l oy in g  t h e  r e c o r d i n g  f ormat  

d e s c r i b e d  ab ove was  u s e d  in  a d e c o r t i c a t e  p r e p a r a t ion . Re 

c o r d in g  d a t a  p re v i o u s  t o  and  f o l lowing  d e c o r t i c a t i o n  was  

no t f e a s ib l e  due  to  a h i gh mo r t a l i ty r a t e . C a t s  w e r e  un a b l e  

t o  s u rv ive t h e  t r auma o f  d e c o rt i c a t ion  a f t e r  a t e n  h o u r  

s u r g i ca l - r e c o r d i n g  p e r io d .  Th e re f o r e , b i l a t e ra l  s ur g i ca l  

ab l a t i o n  o f  t h ree  t o  f o ur  m i l l im e t e r s  d e e p  o f  t h e  en t i re 

c o r t ex was compl e t e d ,  and  two h o u r s  e l ap s e d  b e fo r e  t he re 

c o r d in g  b e g an . 



4 .  Da t a  An a lys is  

5 1  

T h e  re co r d e d  d a t a  w e r e  f i lmed  on mov i n g  Ko d a k  L in a graph  

p a p e r  by  a G r a s s  Kymo g r a p h  camera  a t  a s p e e d  of  2 5  mil l i -

me t e rs p e r  s e con d .  L a t en c i e s f rom t h e  o n s e t  o f  s t imu l a t ion  

t o  ons e t  o f  my o g ram t en s i o n  and  to  the  onset  of  EMG a c t iv i t y  

a s  w e l l  as  c h a n g e s  i n  t h e  I a  a f f e r e n t  a c t i v i ty w e re meas u re d . 

I a  a f fe re n t  a c t i v i t y  w a s  a n a ly z e d  d u r i n g  o n e  s e c on d  p r e -

s t im u l u s , s t i m u l u s , a n d  po s t - s t imu l u s  p e r i o d s . C h an ges in 

a f f e re n t  a c t i v i t y  a t t r i b u t e d  t o  p ai r e d  s t im u l a t i on of t h e  

c o rt e x  a n d  c a ud a t e  n u c l eus we re  comp a r e d  t o  t h e  I a  a f f e r e n t  

a c t i v i t y  e l i c i t e d by  c o r t i ca l  s t imu l a t i on a l on e . I f  a f o rty  

p e r c e n t  or  mo re  in c r e a s e  in  I a  a f f e r e n t  ac t iv i t y  d u e  to  p a i re d  

c o r t i c a l - c a u d a t e  n uc l e us s t imul a t i o n  ab ove t h e  c on t r o l  

c or t i c a l  r e s p on s e  o c c u r r e d  in  a m i n i mum o f  f o u r  o f  t h e  f ive 

t es t  ( co r t i c a l - c a u d a t e  n u c l e u s ) r e s p o n s e s , th en a "+" was 

r e c o r d e d  on  the ap p r o p r i a t e  m i d s a g g i t a l  map o f  t h e  c a ud a t e  

n u cl e us a t  t h e  l o c a t i o n  o f  t h e  e l e c t r o d e  t ip s . S imi l a r l y , 

i f  a f o r t y  p e r  c e n t  o r  mo re  d e c r e a s e  i n  I a  a f f e re n t  do r s a l  

r o o t  a c t iv i t y  b e lo w  t h e  c o n t r o l  r e s p o n s e  was  r e co r d e d  i n  a 

min imum o f  f o u r  o f  t h e  f i ve c o rt i c al - c au d a t e  n u c l e u s  t e s t  

r e s p on s e s , t h en a " - "  was  r e c o r de d . The s e  c r i t e r ia we re 

s u f f i c i e n t  to c o n c l ud e  t h a t  r e s p o n s e s  at e a c h  "+"  an d " - "  

l o c u s  w e r e  s i gn i f i c an t ly d i f f e r en t  f r om c on t r o l  r e s p on s e s  

( p  < 0 . 0 1 ,  ch i s q u a re ) . I f  c h an g e s  i n  I a  a f f e re n t  a c t i v i t y  

w e r e  le s s  t h an fo r t y  p e r  c en t  o f  t h e  c o r t i c a l - c au d a t e  

n u c l e u s  t es t  r e s po n s e s , t h en a " O "  w a s  p l ac e d o n  t h e  
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ap p r o p r i at e c a ud a t e  n u c l e u s  map a t  t h e  l o cat ion  o f  t h e  

e l e c t r o d e  t i p s  t o  d e s i gn a t e  t h e  l o c u s  as i n a c t ive . T h e  

t e rm i n a c t ive re f e r s  t o  t h e  f a c t  t h a t  a t  t h e  s t im u l us i n 

t e n s i t i e s  ( 2 0 - 2 5  v o l t s ,  2 . 0 - 2 . 5  mA ) emp l oy e d  on l y  s l i g h t  

c h an g e s  o r  n o  c h a n g e s  u p o n  c o r t i c al l y  i n d u c e d  a c t iv i t y  w e r e  

ob s e rve d .  Map s  o f  t h e  c au d a t e  n u c l e u s  w e r e  rep r o d u c e d  f ro m  

m i d s a g g i t a l  h i s t o l o g i c a l  s e c t i o n s  o f  th e b r ain  an d r e 

p re s en t e d  s e c t i on s  l o c a t e d  a t  2 . 5  mm , 3 . 5  mm , 5 . 0  mm , an d 

6 . 0  mm l a t e ra l  f ro m  t h e  m i d l ine . 

S i m i l a r  c r i t e r i a  f o r  a s s i g n in g  "+" , " - " and  "O " w e r e  

u t i l i z e d  f o r  t h e  p y r ami d a l  t r a c t - c a ud a t e  n u c l e u s  in t e r a c t i on s . 

P a i r i n g  o f  g l o b u s  p a l l i d us l o c i  w i th c o r t i c a l  an d p y r am i d a l  

t ra c t  s t imul a t i o n  w e r e  an a l y z e d  an d rep r e s e n t e d  i n  a s im i l a r  

man n e r  on m a p s  re p r o d u c ed f ro m  ai d s a g g i t al h i s t o l o g i c al 

s e c t i o n s  l o c a t e d  6 . 0 mm an d 8 . 0  mm f r o m  th e m ! d l i n e . 

B .  Unane s t h e t i z e d  P r epa r a t i o n  

T h e  an i m a l  was  p l a c e d  in  a c lo s e d  b ox and  a n  e t h e r  b o t t l e  

was  i n t r o d u c e d  i n  a h o l e  l o c a t e d  on t h e  s id e  o f  t h e  b o x .  Wh en 

s u i t ab ly an e s th e t i z e d , as ind i c a t e d  by t h e  leve l o f  e t h e r  

ane s t he s i a , t h e  an ima l w a s  p l a c e d  o n  a s ur g i c a l  t ab l e  a n d  a 

t r ac h e o t omy was  p e r fo rm e d . Th rough o u t  t h e  s u r g i c a l  p r o ce d u re , 

t h e  c a t  w a s  m a in t a in e d  b y  a r t i fi c i a l  r e s p i r a t ion . An e th e r  

j a r w a s  c onn e c t e d  in  p a r a l l e l  w i t h  t h e  i n p u t  f ro m  t h e  r e 

s p i r a t o r  s o  t h a t  t h e  c a t  w a s  r e s p i re d  w i t h  an e t h e r - a i r  mixt ure . 

T h e  amo unt  o f  e t h e r  admin i s t e r e d  was c on t ro l l e d  b y  adj us tment  

of  a s c rew c l amp l o c a t e d  b e tween the  e t h e r  j ar and  input  t ub e  



5 3  

from t he resp ira t or. A po l yet h y lene cannu la was p l aced in 

t he ri g h t  femora l vein. A l l  surgica l wounds were 

infi l t ra t ed w i t h  5 %  l idocaine ( X y locaine ) oin t ment .  

1 .  Surgica l Procedure 

Af t er exposure of t he bu l bar pyramids, p ins were p laced 

bil a t era l l y  in each mas toid process, a par t  of t he mas t oid 

p or t ion of t he t em p oral bone. The lamboidal ridge was pa l -

p a t ed and fol low ed in a ros t ro - ven t ra l  course t o  t he mas t oid 

p rocess which is in con t inua t ion wi t h  t he out er as p ec t  of 

t he lamboida l ridge. A hol e  was dri l l ed in each mas t oid 

p rocess, t hrou gh t he ou t er wal l of t he t ympanic bu l l a, and 

a p in screwed in t o  each hol e. 

The cat was p l aced in a Kopf s t erot axic and sp ina l 

ap p arat us. Ear bars were inser t ed bi l a t era l l y  and the head 

secured as previous l y  described. Xylocaine infi l t ra t ed al l 

wounds and p ressure p oin t s . The A-P s t ereo t axic zero was 

no t ched in the cranium. As previous l y  described, t he cort ex 

was exposed and covered wi t h  warm minera l oi l . Ear bars 

were t hen removed and t he head sup por t ed by t he p ins t ha t  

were p l aced in each mas t oid p rocess, t hereby removin g 

pressure on p oint s  exer t ed by ear bars. E t her was dis -

cont inued, g a l l amine t riet hiodide was adminis t ered t o  

immobi l i z e  t he cat ,  and t he cat was ar t ifica l l y  respired for 

t he remainder of t he ex perimen t .  Throu ghou t t he experiment 

E K G  and body t em p era t ure w e re moni t ored. Whenever possib l e  

t he per cen t c o 2 of t he p repara t ion was moni t ored and 
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m a in t a i n e d  a t  5 . 2  p e r  c e n t  b y  p r o p e r  adj us t men t o f  th e r e s p i r a -

t o r . C o n s t r i c t i o n  o f  t h e  p up i l s  and  a s y n c h ronyous  EEG 

s e rv e d  as  c r i t er i a  t o  d e mon s t r a t e  l a ck of  s t r e s s  in  t h i s  

p r e p a r a t i o n  ( 1 ) . Re a p p l i c a t i on o f  Xy l o c a ine  o i n t me n t  to  a l l  

p re s s ur e  p o i n t s and  wo und e d g e s  was  mad e a t  r e g u l ar i n t e rv a l s  

t h r o u gh o u t  t h e  e x p e r iment . 

2 .  Re co r d i ng P r o c e d ure  

T h e  e x p e r imen t a l  a r r an gement  of  e l e c t ro d e  p l a c emen t  is  

demon s t ra t e d  i n  F i gu r e  3 .  A b ip o l a r , b a l l - t i p p e d , s t ai n l e s s  

s t ee l s t imu l a t i n g  e l e c t ro d e  w a s  p l a c e d  o n  t h e  s u r f a c e  o f  t h e  

l e f t  p r e c ru c i a t e  gyrus . A r e co r d in g  e l e c t r o d e , s im i l a r  t o  

t h e  c o rt i c al s t i m u l a t in g  e le c t r o d e , was  p l ac e d  on t h e  ven t r a l  

s u r f a c e  o f  t h e  i p s i l a t e r a l  p y r am i d a l  t ra c t  t o  mon i t o r th e 

d i r e c t  and in d i r e c t  ( D- I )  r e s p on s e s  e l i c i t e d f r om a s in g l e  

s h o c k  d e l i ve re d  t o  t h e  c o r t ex . An a r r ay o f  " c omb " e l e c t r o d e s  

s im i l a r  t o  t h a t  u s e d  i n  t h e  anes t h e t i z e d  p re p a r a t i o n  w a s  

s t e r e o t ax i c a l ly p l a c e d  w i t h in t h e  c aud a t e  n u c l e u s  or  g l o b u s  

p a l l i d us . 

A s i n g l e  p u l s e  w i t h  a 0 . 1  ms e c  d u r a t i on w as d e l i ve re d  

t o  t h e  s ens o r imo t o r c o r t ex an d t h e  i n t ens i t y  was  adj us t e d  

un t i l  c ur re n t  l e ve l s  s i f f i c i e n t  t o  e l i c it minimal  an d maxima l 

D - I  r e s p o n s e s  w e r e  d e t e rm i n e d . Fo r t h e  d u r a t i on o f  th e 

e x p e r imen t ,  a c u r re n t  i n t en s i t y  m i dway b e tween  t h e s e  two 

v a l u e s  was  empl oy e d ,  s o  t h a t  a ch ang e , e i t h e r  an i n c r e a s e  

o r  d e c r e a s e  in  r e s p on s e ,  c o u l d  b e  d e t e c t e d . S t i mu l u s  

in t en s i t i e s  r a n g e d  f rom 0 . 5  m A  t o  2 . 0 mA . T h i s  s t imu l u s  w a s  
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t er m e d  t h e  t e s t  s t i m u l us . Th e c o n d i t i o n ing s t imulus  w a s  a 

5 0 0  m s e c  t r a in o f  p u l s e s  o f  0 . 5  ms e c  p u ls e d u r a t i on w i th a 

f r e q ue n cy o f  1 0 0  c y c l e s  p e r  s e c on d  d e l i v e r e d  t o  a p a i r  o f  

a d j a c e n t  e l e c t ro d e s  w i th in t h e  " c omb " .  S t imul u s  i n t en s i ty 

w as 2 5  V o r  2 . 5  mA . Th e c on d i t i on i n g  s t imulus  evoked  n o  

d i r e c t  r e s p o n s e  in  t h e  py r am i d a l  t r a c t . 

C on t r o l  t e s t  s t imu l a t i o n s  t o  th e s e n s o r imo to r  c or t ex 

w e r e  d � l i v e r e d  a n d  t h e  D- I r e s p o n s e  r e c o r d e d  i n  t h e  p y r am i d a l  

t r a c t  wa s a mp l i f i e d , mon i t o r e d  on a T ek t ro n ix 5 1 0 3N s t o r a g e  

s c op e ,  an d s t o r e d  on m a g n e t i c  t ap e . A c on d i t ion i n g - t e s t  

s t imul a t ion  s e q u e n c e  f o l l ow e d  in  wh i ch a 5 00 ms e c  t r ai n  

o f  p u l s e s  d e l iv e r e d  t o  a p a i r  o f  e l e c t ro d e s  w i t h in t h e  " c omb " 

f o l l ow e d  by  a p o s t -s t im u l u s  s h o ck t o  t h e  c o r t ex . Fo r e a ch 

p a i r  o f  e l e c t ro d e s  w i t h in e i t h e r  t h e  c a ud a t e  nu c l eus  o r  

g l o b u s  p a l l i d u s , a m i n imum o f  t en con t ro l  c o r t i c a l  re s pon s e s  

an d a m i n imum o f  t en r e s p o n s e s  f rom t h e  c o n d i t ion in g - t e s t 

s e q uen ce  w e r e  ob t aine d . A s im i l a r  f o rmat  f o r  e a ch p a i r  o f  

e l e c t r o d e s  w i t h in t h e  " comb " w a s  u s e d . F o l l ow i n g  re c o r d in g  

a t  a h o r i z on t a l  l eve l w i t h in th e s ub co r t i c a l  s t r u c t u r e , 

e l e c t r o ly t i c  l e s i o n s  w e r e  p r o d u c e d . T h e  " c omb " w a s  l ower e d  

on e m i l l im e t e r  an d t h e  e x p e r imen t a l  f o rmat rep ea t e d . 

3 .  D a t a  An a lys i s  

D i r e c t  and  in d i r e c t  ( D - 1 ) r e s po n s e s  re c o r d e d  f ro m  t h e  

p y r am i d a l  t r a c t  we re  mon i t o r e d  on a T e k t r o n i x  s t o ra g e  

os c i l l os c o p e . Rep r e s en t a t ive s am p l e s  o f  f ive c o n s e c u t ive 
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swee p s  f rom  b o th t h e  c o r t i c a l  s t i mu l a t i o n  al one an d 

c on d i t i o n i ng - t e s t s t i mu l a t ion we re pho t o g ra ph e d  on P o l a r e i d  

b l a c k  an d wh i t e  L a n d  P ack f i lm t y p e  1 0 7 b y  a T e k t ron i x  C - 5  

c ame r a .  A l l  D - I  r e s p o n s e s  r e c o r d e d  f r o m  t h e  p y ra mi d a l  t r a c t  

w e r e  ave r a g e d  on a D i g i t al P DP L ab 8 / E c ompu t e r .  E i gh t  

r e s p o n s e s  e l i c i t e d  b y  c o r t i c a l  s t imu l a t io n  w e r e  ave r a g e d  and  

p l o t t e d on an X-Y  p l o t t e r .  Th i s  p r o c ed u r e  was  emp l oy ed f o r  

ave r a g i � g  t he r e s p o n s e s  f r o m  t h e  c on d i t ion in g - t e s t s e q ue n c e  

f o r  e ach p a i r  o f  e l e c t r o d e s  w i t h in t h e  " c omb " .  T h e re f o r e , 

e a ch c o n d i t io n i n g - t e s t  s e qu en c e  re s p o n s e  c o u l d  b e  c o m p a r e d  

w i t h  t h e  p r e c e e d in g  an d f o l l owi n g  ave r a g e d  c o r t i c al c on t r o l  

r e s p o n s es . 

L o c i  w e r e  d e s i gn a t e d  a s  "+ " ,  " - " ,  an d "0 " a c c o rd i n g  t o  

whe t h e r  t h e  l o c i  r e s p e c t ive ly f ac i l i t at e d , inh i b i t e d  o r  h a d  

no  e f f e c t  on  c o r t i c a l ly i n d u c e d  D- I r e s p on s es . A l o c u s  w as 

de s i gn a t e d  as  "+ " i f  t h e  amp l i t ud e s  o f  t h e  d i r e c t  an d in

d i r e ct r e s p o ns e s  e l i c i t e d  by  the  c on d i t i on i n g- t es t s t imu l u s  

we re  at  l e a s t t h i r t y  p e r  c e n t  ab ove  t h e  co r t i c a l  co n t ro l  

r e s p o n s e s . S im i l a r l y , i f  t h e  amp l i t ud e s  o f  t h e  D - I  r e -

s p on s e s  e l i c i t e d  b y  t h e  c o n d i t i o n in g - t es t s t imu l u s  were  a t  

l e as t  t h i r t y  p e r  c e n t  l e s s  t h an t h e  co r t i cal c o n t r o l  r e 

s p on s e s , a "- " w a s  emp l o y e d  t o  d e s i gn a t e  t h e  l o cus . Fo r 

t h o s e  l o c i  in wh i ch t h e  av e r a g e  t e s t  r e s p o n s e  w a s  o n l y  th i r t y  

p e r  c e n t  d i f f e ren t f ro m  c o r t i c a l  con t r o l  r e s pons e ,  a f u r t h e r  

an a ly s i s  w a s  m a d e  in  wh i c h  s i x  o f  t h e  e i gh t  t e s t r e s p on s e s  

n e e d e d  t o  d i f f e r  f rom  c on t r o l  r e s po n s e s  b y  more  th an th i r t y  
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p e r  c e n t  b e f o r e  t h e  l o c u s  w a s  d e s i gn a t e d  e i t h e r  " + "  o r  

" - "  T h e s e  c r i t e r i a  w e r e  s u f f i c i e n t  t o  c o n c l u d e  t h a t  r e -

s p o n s e s  a t  e a ch " + "  an d " - "  l o cus w e r e  s i gn i f i c a n t l y  d i f f e rent  

f r om co n t r o l  r e s p o n s e s  ( p  < 0 .  0 1 ; Chi  S q u a r e ) . Res p o n s e  

va r i ab i l i t y  a t  s i t e s  wh e r e  t h e  con d i t ion i n g - t es t r e s p o n s e s  

d i f fe r e d  f ro m  t h e  c o r t i c a l  co n t r o l  r e s p on s e  by  m o r e  t h an 

th i r t y  p e r  c e n t  w a s  s im i l a r  t o  t h e  b o r d e r l ine  cas e s  and t h e r e 

f o re t h e  s i gn i f i c an c e  w as o b v i ou s . 

c .  H i s t o logy 

H i s t o lo g i c al v e r i f i c a t i o n  of  e l e c t r o d e  p l a cemen t w i t h in 

t h e  c a u d a t e  n u c l e u s  and gl ob u s  p al l i d us f o r  b o th t yp e s  o f  

p re p a ra t i o n s  w a s  m a d e . At t h e  end  o f  an e x p e riment  th e d i s t a l  

e n d  o f  e a ch c a ro t i d a r t e ry w a s  c ann u l a t e d  and  the  b r a in 

p e r f u s e d  w i t h  2 0 0  c c  o f  p hy s io lo g i c a l  s al in e  f o l l ow e d  b y  

2 0 0  c c  o f  1 . 0 % p o t a s s ium f e r r i cy an i d e  i n  1 0 %  f o rmal in 

s o lu t i o n . Th e b ra in was  r emo ved  and  p l a c e d  in  a 10 % f o rm a l i n  

s o l u t i on fo r a m in imum o f  th ree  d ay s . Fo l l o w i n g  in f i l t r a -

t io n , t he b ra i n  w as s e c t i o ne d ,  b y  mean s o f  t h e  f r o z en s e c t ion  

t e chn i q ue , in m i d s a g g i t a l  s e r i a l  s e c t i o n s  o f  1 0 0  m i c r a  each  

and  p l ac e d  in  w at e r  for  m o u n t in g .  S e ve r a l  r e p r e s en t at ive 

s e c t io n s  d emon s t ra t i n g  e l e c t r o d e  p l a ce men t we re  ph o t o g ra p h e d . 

T h e  s e c t ion , u s e d  as t h e  n e g a t ive , w a s  en l ar g e d  in  a p h o t o 

g r ap h i c  e n l a r g e r  an d t h e  p o s i t ive p r i n t  w a s  made on 

K o d ab r omi de F-5 p a p e r . S in c e  s t ain in g  s h r inks t i s s ue , t h e  

p h o t o g r ap h i c  p r i n t  w a s  u s e d  t o  m e a s u r e  e l e c t ro d e  p l a cement  

( 2 8 ) . A l l  s e c t i o n s  were  t h en s t a i n e d  b y  a mod i f i c a t i on o f  



t h e  N i s s l  s t a i n  t e c hn i q ue b y  F e rn s t rom ( 2 2 ) f o r  f u r t h e r  

c l ar i f i c a t ion  o f  s t imu l a t i o n  p o i n t s .  

6 0  



RE S UL T S  

A .  An e s t he t i z e d  Pr epa r a t ion  

1 . r a A f f e ren t Do r s a l  R o o t  A c t i v i t y  

S p on t an e o u s  I a  a f f e r e n t  d o r s a l  r o o t  d i s ch a r ge v a r i e d  

among t h e  mus c l e  s p in d l e s  s t ud i ed . Th e re s t i n g  a f f e re n t  
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d i s ch a r g e  r an g ed  f r om z e r o  s p ik e s  p e r  s e c o n d  to  f o r t y  s p ikes  

per  s e c o n d . R e s t in g  s p in d l e  d i s ch a r ge re f e r r e d  t o  t h e  

o c c u r r a n c e  o f  s p i n d l e  d i s ch a r g e  d u r in g  wh i ch a t en g r am 

t ens ion  w a s  p l a c e d upon  t h e  an t e r i o r  t ib ia l i s  mu s c l e . I a  

a f f e r e n t  d o r s a l  r o o t  a c t i v i t y  o f  th e an t e r i o r  t ib i a l i s  

mus c l e  i n c r e a s e d  wh en a t r a i n  o f  e l e c t r i c a l  s h o cks  w as d e 

l iv e r e d  t o  t h e  s en s o r im o t o r  c o r t ex o r  t o  th e b u lb ar  py r am i d a l  

t r a c t . Co n t ro l  c o r t i c a l  and p y r am i d a l  t r ac t r e c o r d s  

demons t r a t in g  a n  i n c r e as e in I a  a f f e r e n t  a c t i v i ty a r e  s h own 

in Fi g u r e s  4 and 7 ,  r e s p e c t i v e l y . Th e s m a l l  s p ikes  in  

F i g u r e  4 r e p r e s en t  a f f e r ent  a c t iv i t y  of  a h i p f l e xo r .  

Mus c l e s , e x c l u d i n g  t h e  an t e r i o r  t ib i a l i s  mus c l e , f rom  wh i ch 

a f f e re n t  f ib e rs w e r e  r e c o r d e d  w e r e  i d en t i f i ed  b y  app l i c a t i on 

o f  s t r e t ch t o  var i o u s  a r e a s  o f  t h e  h ind  l imb . S t imu l a t ion  

of  the  co r t ex did  not  e l i c i t  an  i n c r e a s e  in  t h e  a f f e r ent  

a c t iv i t y . L a c k  o f  r e s p o n s iven e s s  o f  h ip a f f e r e n t  f ib e r 

a c t i v i ty  t o  c o r t i c a l  s t imu l a t ion  w a s  n o t e d  in s e v e r a l  p r e -

p a r a t i on s . Howeve r ,  e l e c t r i c a l  s t imu l a t ion  o f  t h e  c o r t e x  

o r  p y r a m i d a l  t r a c t  i n d u c e d  c h a n g e s  wi t h in t h e  gamma sys t em 

( in d i r e c t l y me a s u r e d  b y  I a  a f f e r e n t  a c t i v i t y )  a t  i n t ens i t i e s  
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lower  t h an t h a t  n e c e s s a ry t o  ac t iv a t e  t h e  a l p h a  s ys t em 

( in d i re c t l y m e a s u r e d  b y  EMG and  my o gram)  o f  t h e  an t e r i o r  

t ib i a l i s  m us c l e . Th i s  ind i ca t e d  a low e r  t h r e s h o l d  o f  t h e  

g amma s y s t em t o  c o r t i c a l  and  p y ram i d a l  t r a c t  s t im u l a t ion  

in  t h i s  p r e p a r a t i o n . I n c r eas e in Ia  a f f e r e n t  a c t i v i t y  w a s  

a f un c t i o n  o f  s t im u l u s  in t en s i ty , i e , an  in c r e a s e  i n  

s t i m u l u s  i n t ens i ty e l i c i t e d  an i n c r e a s e  in I a  a f f e re n t  d i s -

ch a r g e . · Th e r e f o re , t h e  s t i m u l u s  i n t en s i t y l e v e l  was  a d -

j us t e d  in  e a c h  p r ep a ra t i o n  s o  a minimal  i n c r e a s e  in  I a  

a f f e r e n t  d i s ch a r ge i n  r e s p on s e  t o  a c on t r o l  c o r t i c a l  s t imu l a -

t i o n  o c c u r r e d . 

2 .  C au d a t e  N u c l e u s  Mo d u l a t i o n  o f  C o r t i c a l  an d Pyrami d a l  
T ra c t  I n d u c e d  F l e x o r A c t iv i ty 

Re s p on s e s  e l i c i t e d  f ro m  s im u l t an e o u s  s t imul a t i o n  o f  t h e  

c o r t e x  an d a l o c u s  w i t h in t h e  c a ud a t e  n u c l e u s  w e r e  enh an c e d , 

d im i n i s h e d  o r  d i d  n o t  devi a t e  f rom  t h e  co n t ro l  c o r t i c a l 

r e s p o n s e .  F i g u r e  4 d emo n s t r a t e s  i n h ib i t ion o f  c o r t i c a l l y  

i n d u c e d  h in d  l i mb f l e x o r  a c t i v i t y . S t imula t i on o f  t h e  c o r t e x  

p r o d u c e d  a n  i n c r e a s e  i n  I a  a f f e r e n t  d o rs a l  r o o t  d i s ch a r g e  o f  

t h e  an t e r i o r  t i b i a l i s  mus c l e  w i th o u t  p r o d u c i n g  me a s u r ab l e  

a l p h a  mo t o n e u r o n a l  a c t iv i t y . No  in c r e a s e  in  d o rs a l r o o t  

d i s ch a r g e  in  t h e  h ip f le xo r  ( s m a l l  s p ike s )  o c cu r r e d . 

S imu l t an e o u s  p a ir in g  o f  t h e  c o r t ex and c auda t e  n u c l e u s  s t im-

u l a t i o n  d e c r e a s ed the co r t i c a l l y  i n d u c e d  in c r ea s e  in  I a  

a f f e r e n t  a c t i v i t y . El e c t r i ca l  s t im u l a t i o n  o f  t h e  c a u d a t e  

n u c l e u s  a l o n e  p r o d u c e d  n o  e f f e c t  u p o n  e i th e r  t h e  I a  a f f e r en t 



F i gu r e  4 C a u d a t e N u c l e u s  Mo d u l a t i o n  o f  a Co r t i c a l ly I n d u c e d  
Fl e x o r Re s po n s e : I n h i b i t i o n  

A .  S t im u l a t i o n  o f  t h e  c o r t e x : an  i n c r e as e i n  
I a  a f f e r en t  d o r s a l  r o o t  a c t i v i t y o f  th e 
an t e r i o r  t ib i a l i s  m us c l e . 

B .  S t im u l a t i o n  o f  t h e  co r t ex an d c au d a t e  n u c l e u s : 
i nh ib i t i o n  o f  t h e  c o r t i ca l ly i n d u c e d  i n c r e a s e  
i n  I a  a f f e r en t  a c t i v i t y . 

c .  S t i mu l a t i o n  o f  t h e  c au d a t e n u c l e u s : 
i n  I a  a f f e r e n t  a c t i vi t y . 
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a c t i v i ty o f  th e s p in d l e  o r  t h e  a f f e r ent  ac t i v i t y  o f  t h e  h i p 

f le xo r .  Th e d e c reas e o r  inh ib i t i on o f  t h e  c o r t i c a l ly 

i n d u c e d  i n c r e a s e  in I a  a f f e re n t  ac t iv i t y  o f t en o cc u r r e d  w i t h  

s t im u l a t i on o f  l o c i  w i t h in t h e  r o s t r al  r e g ion  o f  t h e  c aud a t e  

n u c l e u s . I n c r e a s i n g  t h e  s t i m u l u s  i n t en s i t y  o f  some  inh i b i -

t o ry l o c i  enh an c e d  c o r t i c a l l y  i n d u c e d  a c t iv i t y . Th e ros t ra l  

p o r t ion  o f  t h e  c au d a t e  n u c l e us t en d e d  t o  b e  e i t h e r  inh ib i t o ry 

o r  ina c t iv e . Ch i s qu a r e  an a l y s i s  ( p < 0 . 0 1 )  c on f i rmed t h e  

h y p o t h e s i s  t h a t  t h e r e  w e r e  s i gn i f i ca n t ly  mo re  inhib i t o ry l o c i  

d i s t r i b u t e d w i t h in t h e  r o s t ra l  a s  o p po s ed t o  t h e  c au d a l h al f  

o f  t h e  c a u d a t e  n uc l e u s . Howeve r , r o s t r a l  r e g ions  o f  t h e  

c a u d a t e  n u c l e us al s o  c o n t a in e d  a f ew f a c i l i t a t or y  l o c i .  

Wh en p a i r e d  t r a ins  o f  e l e c t r i c a l  s h o c ks w e r e  s imu l t an e ou s ly 

de l iv e r e d  t o  t h e  c o r t ex and t o  s ome  s i t e s  w i t h in t h e  c a u d a t e  

n u c l e us , a n  i n c r e a s e  in  f i r ing f r e q u e n c y  o f  t h e  ! a  a f f e re n t  

f ib e r  o c c u r r e d  t h at e x c e e d e d  t h e  c o r t i c al c ont r o l  r e s p o n s e .  

EMG a n d  myo g ram a c t iv i t y  a l s o  o c c u r re d  in s ome in s t an c e s  as  

demon s t ra t e d  i n  F i gure  5 wh i c h  i l l u s t ra t e s  c a u d a t e  n u c l e u s  

f ac i l i t a t i on  o f  c o r t i c al ly i n d u c e d  a c t iv i t y . S t imu l a t ion  o f  

t h e  c a ud a t e  n u c l e us a l one  p r o d u c e d  no  e f f e c t . C a u d a l  r e g i o ns 

o f  t h e  c a ud a t e n u c l e u s  t e n d e d  t o  f a c i l i t a t e  c o r t i c a l ly  ind u c e d  

h in d  l imb f l exo r a c t iv i ty . I n a c t ive l o c i  w e r e  a l s o  fo und in 

t h i s  re g i on . No  inh ib i t o r y  l o c i  w e r e  l o c a t e d  in t h e  c au d a l  

p o r t i o n  o f  t h e  c a u d a t e  n u c l eus . I n c reas ing  t h e  i n t ens i t y  o f  

s t imu l a t i o n  t o  t h e  c a u d a l  re g i on o f  the  c au d a t e  n u c l e u s  

in c re as e d  t h e s e  f a c i l i t a t o ry e f f e c t s  u p o n  g amm a a c t iv i t y  
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A .  S t i mu l a t i on o f  t h e  c o r t e x : an i n c r e a s e  i n  
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B .  S t i mu l a t i o n  o f  t h e  c o r t ex an d c a ud a t e  n u c l e us : 
f a c i l i t a t i o n  o f  I a  a f f e r e n t  a c t i v i ty , i n c r e a s e  
i n  my o g r am a n d  EMG a c t i v i t y . 

c .  S t i m u l a t i on o f  t h e  c au d a t e  n u c l e u s : 
i n c r e a s e in  I a  a f f e re n t  a c t i v i t y . 
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a l t h o ugh n o  a l p h a  a c t iv i t y  w a s  r e c o r d e d . 

F i g u re 6 rep re s en t s  on m i d s a g g i t al m a p s  t h e  l o c i  

w i t h i n  t h e  c a ud a t e  n u c l e u s  t h a t  wh en s t imu l a t e d  enh a n c e d  
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o r  de c r e a s e d  co r t i ca l l y i n d u c e d  h in d  l imb f l exo r r e s p on s e s . 

Lo c i  t h at d i d  n o t  i n f l uen c e  c o r t i c a l ly i n d u c e d  h i nd l i mb 

f l exo r r e s p o n s e s  a r e  a l s o rep r e s en t e d . Wh e re a s  f a c i l i t a t o ry 

l o c i  were s ca t t e r e d  t h ro u g h o u t  th e c au d a t e  n u c l e u s , th e 

i nh ib i t o ry l o c i  t en d e d  t o  b e  l o c a t e d in t h e  ros t r a l  p o r t ion  

of  t h i s  s t ru c t u r e . 

T r a in s  o f  e l e c t r i c a l  s h o cks d e l i v e r e d  t o  t h e  b u l b a r  

py r am i d a l  t ra c t  e l i c i t e d a n  i n c re a s e  in  I a  a f f e r e n t  d i s ch a r g e  

i n d e p e n d e n t  o f  EMG o r  m y o g r am a c t i v i ty a s  d emon s t r a t e d  i n  

F i g u r e  7 .  P a i r e d  s t imu l a t i on o f  t h e  py r am i d a l  t r a c t  an d 

l o c i  w i t h in t h e  c a ud a t e  n u c l e u s  p r o d u c e d  e i t h e r  f a c i l i t a t i o n  

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

s t im u l a t i on . C a ud a t e  n u c l e u s  s t im u l a t i on a l o n e  p r o d u c e d  no 

e f fe c t s  u p o n  h in d  l imb f l exo r a c t i v i ty . In  marked  con t ras t 

t o  t h e  inh ib i t o ry e f f e c t s  o f  c a u d a t e  n u c l e u s  s t im u l a t ion  on 

c o r t i c a l l y  i n d u c e d  f l e x o r  r e s pon s es , c a u d a t e  n u c le u s  

s t i mu l a t i o n  d i d  n o t  p r o d u c e  any inh i b i t o ry e f f e c t s  upon  

p y r am i d a l  t r a c t  i n d u c e d  f le x o r  r e s po n s e s  in  t h e s e  s ame 

an i ma l s . L o c i w i t h in t h e  c a u d a t e  n u c l e u s  t h a t  enh a n c e d  or  

did  not  in f l u e n c e  res p o n s es  e l i c i t e d  b y  p y rami d a l  t r a c t  

s t i m u l a t i on a r e  r e p r e s en t e d  o n  m i d s a g g i t al s e c t io n s  i n  

F i g u r e  8 .  
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F i g u r e  6 L o c i  w i t h i n t h e  C au d a t e  N u c l e u s  w h i ch 
A l t e r e d  Co r t i c a l l y  I n d u c e d  M o t o r  A c t i v i t y  i n  
t h e  An e s t h e t i z e d  P r e p a r a t i on 

L o c i  i n d i c a t e  a r e a s  w i t h i n  t h e  c a ud a t e  
n u c l e u s  wh i ch w h en s t im u l a t e d  e n h an c e d  ( + ) , 
d e c r e a s e d  ( - ) , o r  h a d  n o  e f f e c t  ( 0 )  u p o n  
c o r t i c a l l y  i n d u c e d  h i n d  l im b  f l e x o r  
r e s p o n s e s . D i a g r am s  A , B , C  r e p r e s e n t  s e c t i o n s  
2 . 5  mm , 3 . 5  mm , a n d  5 . 0  mm  f ro m  t h e  m i d l i n e , 
re s p e c t i v e l y . 

Abb r ev i a t i on s  a r e  a s  f o l l ow s : 
C d  - c au d a t e  n u c l e u s  
C x  - c o r t e x 
I C  - in t e rn a l  c a p s u l e  

P u t - p u t am e n  
GP - g l ob u s  p a l l i d u s  
T h  - t h a l am u s  



� 
Cx 

7 

I C  

C x  

+ + 0 + 
+ 0 + + 
0 0 0 0 

0 0 
- - - - +  + + 0 + 0 +  



Fi g u r e  7 C au d a t e  N u c l e u s  Mo d u l a t io n  o f  a Py r a m i d a l  T ra c t  
I n d u c e d  F l e xo r  R e s po n s e : Fa c i l i t a t i o n  

A .  S t imu l a t i o n  o f  t h e  p y r a mi d a l  t r a c t : 
a n  in c re as e in  I a  a f f e re n t  d o r s a l  r o o t  
a c t i v i t y  o f  t h e  an t e r i o r  t ib i a l i s  m us c l e , 
my o g r a m  and  EMG  a c t i v i t y . 

B .  S t i m u l a t i on o f  th e py r am i d a l  t r a c t  a n d  
c a u d a t e  n u c l e us : an  e n h a n c e me n t  o f  t h e  
p y r am i d a l  t r a c t  i nd u c e d  i n c r e a s e  i n  I a  
a f f e r e n t  a c t i v i t y , my o gr a m  an d EMG a c t iv i t y . 

C .  S t im u l a t i on o f  t h e  c a ud a t e  n u c l e u s : n o  
i n c r e a s e  i n  I a  a f f e re n t  a c t i v i ty , n o  EMG  
or  my o g r am a c t iv i t y . 

-..j 
...... 



A ,  Pyramidal Tract 

' 

: ' I I , atst I • 1 lllje : I' 1"' : H rl • u: #:: QPILI : t 'tu t t H 

B .  Pyramidal Tract and Caudate N uc l eus 

J 

J#�. �--=---=-�� 

C ,  Caudate Nucl eus 

EMG 
Myogram 

Dorsal Root 

Shock Artifact 

EMG 
Myogram 

Dorsa l Root 

Shock Artifact 

EMG 
Myogram 

Dorsal Root 

Shock Artifact 

1 . 0 sec 
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Figure 8 L oci wi t h in t h e  Cauda t e  Nucleus wh ich 
Al t ered P yramidal Tract Ind uced Mo t or Ac t i
vit y in t h e  Anes t h e t ized Prepara tion 

Loci indica t e  areas wi t h in t h e cauda t e  
nucleus wh ich w h en s t imula t ed enh anced ( + ) , 
or had no effec t ( O )  u p on p y ramidal t rac t 
induced h ind limb flexor responses. 
Dia g rams A , B, C, n  represent sect ions 2 . 5  mm, 
3 . 5  mm, 5 . 0  mm and 6 . 0 mm from t h e midline, 
res p ec t ivel y .  

Abbrevia t i ons are a s  follows : 
Cd - cauda t e  nucleus 
Cx - cor t ex 
I C  - int ernal ca p sule 

Pu t - p u t amen 
GP - globus p allidu s 
Th - t h alamus 



Cx 

� 
Cx 

IC 

( 



3 .  G l ob us  P a l l i d u s  M o d u l a t i on o f  C o r t i c a l  and Pyram i d a l  
T ra c t  Ac t iv i ty 

7 5  

S i mu l t an e o u s  p a i r in g  o f  e l e c t r i c a l  s h o cks  d e l ivered  t o  

t h e  c o r t e x  and a l o c us w i t h in t h e  gl ob us p a l l i d u s  o f t en 

p r o d u c ed f a c i l i t a t ion  o f  t h e  co r t i c a l l y  i n d u c e d  h ind  l imb 

f l exo r r e s p on s e . I n c r e a s e s  in  EMG a c t i v i t y  w e re a l s o  n o t e d . 

S im i l a r l y , p a i r in g  o f  t r a i n s  o f  s h o cks  t o  t h e  p y r am i d a l  

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

t r ac t i n d u c e d  f l e x o r  re s pons e s . F i g u re s  9 and  1 0  d emon -

s t r a t e  r e s p e c t ive l y  t h e  f ac i l i t a t ion  o f  c o r t i c a l  and 

p y r am i d a l  t r a c t  i n d u c e d  I a  a f fe re n t  a c t i v i t y  a t t r ib u t ed t o  

p a l l i d a l  s t im u l a t ion . T r a in s  o f  e l e c t r i c a l  s h o cks  t h a t  

f ac i l i t a t e d  c o r t i c a l  o r  p y r am i d a l  t r ac t  indu c e d  f l e x o r  

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

d i d  n o t  e l i c i t  f l exo r re s p o n s e s  b y  t h ems e lve s . T h e  lo c i  

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

d u c e d  o r  p y r am i d a l  t r a c t  i n d u c e d  f l e x o r  r e s p o n s e s  are  r e -

p re s en t e d  on  maps  o f  t h e  g l o b u s  p a l l i d u s  in F i g u r e  1 1 . 

4 .  I n t e rn a l  C aps u l e  

I n f l u en c e s f r o m  t h e  in t e rn a l  c ap s u l e  u p o n  c o r t i c a l ly 

ind u c e d  a c t iv i t y  s e rved  a s  an ind i c a t o r  f o r  s p r e a d  o f  c u r re n t . 

Fac i l i t a t o ry in f l ue n c e s  upon  c o r t i c a l ly i n d u c e d  I a  a f f e r e n t  

a c t i v i t y  b y  in t e rn a l  c a p s u l e  s t imu l a t i o n  o c cu r r e d  as  e v i d e n t  

b y  an i n c r e a s e  in  I a  a f fe r en t  a c t ivi t y  and  i n  s ome cas e s  a n  

inc r e a s e  in  E MG a c t i v i t y  and  myo g ram t en s ion . In  s o me 

in s t an c e s  s t imu l a t i on o f  t h e  i n t e rn a l  c ap s u l e  at  t h e  s ame 



F i g u r e  9 G l o b u s  P a l l i d u s  Mo d u l a t i on o f  a C o r t i c a l ly I n d u c e d  
F l e x o r  R e s p o n s e 

A .  S t i m u l a t i on o f  t h e  c o r t e x :  an in c r e a s e  i n  
I a  a f f e r e n t  d o rs a l  r o o t  a c t i v i ty o f  t h e  an t e r io r  
t ib i a l i s m us c l e .  

B .  S t im u l a t i o n  o f  t h e  co r t e x a n d  g l o b u s  p a l l i d u s : 
i n c r e a s e  i n  I a  a f fe r e n t a c t i vi t y ,  EMG a c t i v i t y . 

c .  S t im u l a t i on o f  t h e g l ob u s  p a l l i d u s : 
i n  I a  a f fe re n t  a c t i v i t y . 

n o  i n c r e a s e  

....... 
(1\ 



A .  Cortex 

B .  Cor t ex and G l obus Pal l i dus 

C.  Globus Pal l i dus 

EMG 

Dors al Root 

Shock Art i fact 

EMG 

Dors al Root 

Shock Ar t i fac t 

EMG 

Dorsal Root 

Shock Arti fact 

1 .  0 sec 



F i g u r e  1 0 G l ob u s  P a l l i d us M o d u l at i on o f  a P y r am i d a l  T r a c t  
I n d u c e d  F l e xo r Re s po n s e  

A .  S t i m u l a t i o n  o f  t h e  py r am i d a l  t r a c t : i n c r e a s e 
i n  I a  a f f e r e n t  d o r s a l  r o o t  a c t i vi t y  o f  t h e  
a n t e r i o r  t ib i a l i s  mus c l e . 

B .  S t im u l a t i on o f  t h e  p y r am i d a l  t r a c t  and  g l ob u s  
p a l l i d u s : i n c r e a s e i n  I a  a f f e re n t  a c t i v i t y . 

c .  S t im u l a t i o n  o f  th e g l ob u s p a l l i d u s : 
i n  I a  a f f e re n t  a c t i v i t y . 

n o  in c r e a s e  

....., 
00 



A .  Py rami d a l  Tract 

B .  Pyrami dal Tract and G l obus Pal l i dus 

C. G l obus Pa l l i dus 

EMG 

Dorsal Root 

Shock Art i fac t  

EMG 

Dors al Root 

Shock Ar t i fac t 

EMG 

Dorsal Root 

Shock Ar ti fact 

1 . 0  sec 
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F i g u r e  1 1  L o c i  w i t h in t h e  G l ob us P a l l i d u s wh i ch 
A l t e re d  Co r t i c a l l y  I n d u c e d  and  P y r a m i d a l  
T r a c t  I n d u c e d  Mo t o r  R e s p o n s e s  

A .  L o c i  i n d i c a t e  a r e a s  w i t h in t h e  g l o b u s  
p a l l i d u s  wh i c h  wh en s t i m u l a t e d  e n 
h an c e d  ( + ) , o r  h ad n o  i n f l u e n c e  ( O ) 
u p o n  c o r t i c a l l y  in d u c e d  h in d  l imb 
f l ex o r  r e s p on s e . 

B .  L o c i  i n d i c a t e  a r e a s  w i t h in t h e  g l o b u s  
p a l l i d u s  wh i ch w h e n  s t imu l a t e d  
e n h an c e d  (+ ) , o r  h ad n o  i n f l uen c e  
( 0 )  u p o n  c o r t i c a l ly i n d u c e d  h in d  
l i mb f l e x o r  r e s p on s e .  

Bo t h  r e p r e s e n t  s e c t i o n s  8 . 0  mm f ro m  
th e m i d l in e . 

Ab b r e v i a t i o n s  a r e  a s  f o l l ows : 
GP  - g l ob us p a l l i d u s  
I C  - i n t e rn a l  c a p s u l e  

P u t  - p u t amen  
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i n t en s i t y  a s  t h a t  fo r t h e  c a ud a t e  nuc l e u s  p r o d u c e d  g r e a t e r  

f a c i l i t at o ry e f f e c t s  upon  c o r t i c a l l y  i n d u ce d h in d  l imb 

f l ex o r  r e s p o n s e s . When  t h e  int e r n a l  caps u l e  w a s  s t imu l a t e d  

a l on e , a n  i n c r e a s e  in  I a  a f f e re n t  d i s ch a r g e  o c c u r re d , a 

r e s u l t  un l i k e  t h a t  f o un d  f o r  th e c a ud a t e  n u c le u s  or  g l o b u s  

p al l i d u s . Howeve r , s in c e  n o  f u r t h e r d i f f e r en t i a t io n  b e tw e en 

e f f e c t s  o f  t h e  c a ud a t e n u c l e u s  an d i n t e r n a l  c a p s u l e  w a s  

e v i d e nt , l o c i  b o rd e r in g  t h e  caud a t e  n u c l e us and  i n t e rn a l  

c a p s u l e  we re  o m i t t e d f rom t h e  s t udy . In  one  d e co r t i c a t e  

p r e p a r a t io n ,  a l o n g  l a t en cy a n d  p ro l o n g e d  f a c i l i t a t i on o f  

p y r am i d a l  t r a c t  i n du c e d  a f f e r en t  a c t i v i t y  w a s  ob s e rve d w i th 

p a i r e d  py r am i d al t r a c t - c aud a t e  n u c l e u s  s t i mu l a t i o n , wh e re a s  

a n  imme d i a t e  in c r e as e in  p y r am i d a l  t ra c t  in d u ce d a c t iv i t y  

w a s  n o t e d  w i th s imult an e o u s  s t imu l a t i o n  o f  t h e  in t e rn a l  

c ap s u l e  a n d  p y r am i d a l  t r a c t . 

5 .  D e c o r t i c a t e  P repa r a t i o n  

F o u r c a t s  w e r e  d e co r t i c a t e d  in o r der  to  e l imin a t e  th e 

c a u d a t e  nuc l eus  c i r c u i t  to  t h e  c o r t ex v i a  t h e  t h a l amus . 

Exp e r im en t a l  r e c o r d i n g s  w e r e  m a d e  one  and  o n e -h a l f  h ours  t o  

t w o  h o urs  f o l l ow i n g  d e c o r t i ca t ion . P u r p u r a  ( 6 7 )  con f i rm e d  

t he f un c t i o n a l  in t e g r i t y  o f  c a ud a t e  n uc l e us c e l l s  two  h ours  

f o l l ow i n g  c o r t i c a l  a b l a t i o n  ros t r a l  to  t h e  c a u d a t e  n u c le us . 

S t imu l a t i o n  o f  t h e  p y rami d al t ra c t  re s u l t ed in  an i n c r e a s e  in  

Ia  a f f e re n t  a c t i v i ty a t  s t imulus  in t en s i t i e s  t h a t  c o r r e s p o n d e d  

t o  t ho s e  emp l o y e d  in  t h e  i n t a c t  p r e p a r a t ion . S imu l t an e o u s  

p a i r i n g o f  p y rami d a l  t ra c t  a n d  c au d a t e n u c l e u s  s t i mu l a t i on  
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i n  t h r e e  o f  t h e  f o u r  c a t s  r e s u l t e d  in  e i t h e r  a n  i n c r e a s e  

o r  p r o l on g e d  f a ci l i t a t i on o f  I a  a f f e re n t  a c t i v i t y , t h e reby 

in d i c a t i n g  t h e  f un c t i on a l  i n t e g r i t y  of  the  c au d a t e  n u c l e u s . 

C aud a t e  n u c l e us s t imu l a t i on a l on e  p r o d u c e d  n o  ch an g e s  in I a  

a f f e r en t  a c t i v i t y  a s  d e mo n s t ra t e d in F ig u re 1 2 . 

F i g u r e  1 3  re p r e s e n t s  on  m i d s ag g i t a l  s e c t i on s  o f  t h e  

c a t  b ra i n  t h e  d i s t r ib u t i on  o f  l o c i  s t imu l a t e d  w i th in t h e  

caud a t e  n u c le us t h a t  enh an c e d  o r  p r o d u c e d  n o  e f f e c t  upon 

h i n d  l i mb f l exo r re s po n s e s  e l i c i t e d  by  s t imu l a t i on of  t h e  

py r am i d a l  t r a c t  in t h e  de c o r t i c a t e  p r e p a ra t i on .  No  

inh ib i t i on of  induced  p y rami d a l  t r a c t  act i v i t y  a t t r i b u t e d  

t o  c a u d at e n u c l e u s  s t imu l a t i on o c c u r r e d  in t h e  r o s t r a l  

p o r t i on o f  th e c au da t e  n u c l e us . I n a c t i ve po in t s  we re re -

c o r d e d th r o u g h o u t  t h e  c aud a t e  n u c l e u s . 

B .  Un an e s th e t i z e d  P re p a ra t i on 

Exp e r i men t s  w e r e  p e r f o rme d in  an un ane s th e t i z ed p re 

p a r a t i o n  t o  d e t e rm ine h ow c o r t i c a l ly evoked  r e s po n s e s  in t h e  

b u lb ar py r a m i d a l  t ra c t  c o u l d  b e  mo d u l a t e d  b y  sh o ck t ra in s  

d e l i v e re d to  s e l e c t e d s i t e s w i t h i n  t h e  b a s a l  g an g l i a . A 

s i n g l e  s h o c k  d e l iv e r e d  t o  t h e  s en s o r imo t o r  c o r t e x  e v o k e d  in 

the i p s i l a t e ra l  b u lb a r  p y r a m i d a l  t r a c t  a p o s i t ive d e f l e c t i on 

w i th a l a t en cy o f  a p p rox imat e ly 0 . 7  ms e c . Gen e r a l ly on e ,  

b u t in  s ome c as e s a s e r i e s  o f  po s i t iv e  d e f l e c t i o n s  f o l l owed  

the  f i r s t  d e f l e c t i on .  L a t en c y  f o r  t h e  on s e t  o f  t h e  s e co n d  

wave w a s  g en e r a l ly 2 . 0 to  3 . 0  ms e c . 



F i g u r e  1 2  C a ud a t e  N u c l e u s  Mo d u l at i o n  o f  a P y r am i d a l  T r a c t  
I n d u c e d  F l e xo r  R e s p on s e i n  t h e  D e c o r t i c at e  C a t  

A .  S t i mu l a t i o n  o f  t h e  p y r a m i d a l  t r a c t : i n c re as e  i n  
I a  a f f e r e n t  d o rs a l  r o o t  a c t i v i t y  o f  t h e  
an t e r i o r  t ib i a l i s  mu s c l e . 

B .  S t i mu l at i o n  o f  t h e  py r am i d a l  t r a c t  a n d  c a u d a t e  
n u c l e u s : i n c r e a s e  i n  I a  a f f e r e n t  a c t i v i t y . 

c .  S t i mu l a t i o n  o f  t h e  c a ud a t e  n u c le us : 
i n  I a  a f f e r e n t  a c t i vi t y . 

n o  i n c r e a s e  

CX> 
.:>-



A .  Pyra m i da l  Trac t 

N------------------------------------------- EMG 
�-------------------------------- Myogram 

: .. T I fj· ('d'ti''i" 'J" ''liiliitt'ldT ] ·j  ifJi t•():'i·:•T· ;·''"if: 'n'ii_: • Dorsa l  Root 

B .  Pyramida I Tract and Caudate Nuc l eus 

C .  Caudate Nuc leus 

Shock Artifact 

Shock Artifact 

EMG 
Myogram 
Dorsa l  Root 

Shock Art ifact 

1 . 0 sec 
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F i gu r e  1 3  L o c i  wi th in t h e  C au d a t e  N u c l e u s  wh i ch 
Al t e r e d  P y r am i d al T r a c t  R e s p o n s e s  in  t h e  
D e c o r t i c a t e  P r e p a r a t i o n  

L o c i  i n d i c a t e  a r e as  w i th i n  t h e  c aud a t e 
n u c l e us  wh i ch w h e n  s t i mu l a t e d  e n h a n c e d  
(+ ) , o r  h a d  n o  e f f e c t  ( O )  u p o n  p y ra mi d a l  
t ra c t  i n d u c e d  h i n d  l imb f l e x o r r e s p on s e s  
i n  t h e  d e c o r t i c a t e  p rep a r a t i on . 
D i a g rams  A ,  B ,  C r e p r e s e n t  s e c t i o n s  
2 . 5  rom , 3 . 5  rom , an d 5 . 0 m m  f rom  t h e  m i d 
l in e ,  r e s p e c t i v e ly . 

Abb r e v i a t i o n s  a r e  a s  f o l l ows : 
C d  - c a ud a t e  n u c l e u s  
C x  - c o r t e x 
GP - g l ob us  p a l l i d u s  
I C  - i n t e r n a l  c a p s u l e  

P u t  - p u t am e n  
T h  - t h a l amus  



A 8 

Cx 

7 

0 0 

0 0 0 
0 0 

Cx 

0 0 
0 +  
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Th e f i r s t  p o s i t ive d e f l e c t ion s h a l l  b e  t e rmed t h e  D 

o r  d i r e c t  wave s i n c e  i t  is  we l l  e s t ab l i s h e d  t h a t  i t  r e s u l t s  

f r om d i re c t  s t imul a t i on o f  p y r a m i d a l  t r a c t  c e l l s  ( 6 4 ) . Th e 

s e r i e s  o f  p o s i t ive de f l e c t i o n s  o c c u r r i n g  at  2 . 0  t o  2 . 5  ms e c  

in t e rv a l s  s h a l l  b e  t e rmed ind i r e c t  r e s p on s e s  o r  I wave s 

wh i ch fo ll ow t h e  d i r e c t  r e s p on s e .  Th e s e  in d i re c t  waves  

re s u l t  f rom s t imul a t ion  of  py rami d a l  t ra c t  c e l l s  v i a  

s y n ap i i c  a c t i va t i on a s  w e l l  a s  f rom s t imu l a t io n  o f  s lower  

c on d u c t i n g  py rami d a l  t ra c t  f ib e rs  ( 6 4 ) . F i g u r e  1 4  d e mo n -

s t r a t e s  t h e  c h a n g e s  in  D - I  r e s p o n s es a t  vario us d e p t h s  

w i t h in t h e  c e reb r a l  c o r t ex . A s in g l e  s h o c k  o f  1 2 . 0  v o l t s  

( 1 . 2  rnA ) a n d  a p u l s e  d u r a t ion  o f  0 . 1  m s e c  w a s  de l iv e re d 

t o  t h e  c o r t ex and t h e  evoked  D - I  res p o n s e s  w e r e  r e c o rd e d  

in  t h e  b ul b a r  p y r am i d a l  t r a c t . T h e  I wave r e a c h e d  a maximum 

amp l i t ud e  at a d e p t h  of a p p rox imat e l y  2 . 0  mm b e low t h e  

c o r t i c al s u r f a c e .  As th e e l e c t r o d e  d e s c e n de d ,  t h e  I wave 

de c r e a s e d  un t i l i t  d i s a p p e are d a t  4 . 0  mm b e l ow t h e  c o r t i c al 

s u r f a c e  a t  a po i n t  at  whi ch synap t i c a c t ivat i o n  o f  c o r t i c a l  

c e l l s  wo u l d  b e  un l i k e ly . T h e  amp l i t ud e  o f  t h e  D wave d e 

c r e a s e d d e e p  w i t h in t h e  co r t i c a l  wh i t e  ma t t e r  wh i ch in d i c a t e d  

t h e  r a n ge w a s  e x c e e d e d  f o r  d i r e c t  a c t ivat i on o f  c o r t i c a l  

c e l l s . T h e  in t en s i t y  o f  c o r t i ca l  s t i mul a t i o n  a l s o  mo d i f i e d  

t h e  amp l i t ud e  o f  t h e  c o r t i c al ly e v ok e d  D - I  r e s p o n s e s . 

V a r i o u s  in t en s i t i e s  w e r e  a p p l i e d  t o  th e s en s o r imo t o r  c o r t e x  

i n  o rd e r t o  e l i c i t  t h e  min imum an d max imum D - I  r e s po ns es  
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F i g u re 1 4  Ch an g e s  in  Amp l i t u d e  o f  t h e  D i r e c t  a n d  I n d i r e c t  
R e s po n s e s  Re c o r d e d  i n  t h e  P y r a mi d a l  T ra c t .  
R e s p o n s e s  E l i c i t e d b y  a S in g l e  S h o ck D e l i v e r e d  
t o  t h e  Co r t e x  a t  Va r i o u s  C o r t i c a l  D e p th s .  
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as  i n d i c at e d  i n  F i g u r e  1 5 . 

1 .  Mo d u l a t i o n  o f  Evoked  D - I  R e spo n s e s b y  St imu l a t i o n  o f  
t h e  C a ud a t e  N u c l e u s  

D - I  r e s p on s e s  r e c o r d e d  i n  t h e  i p s i l a t e r a l  b u lb a r  

9 1  

p y rami d a l  t r a c t  and  evo k e d  b y  c on d i t io n i n g - t e s t s t imul at i o n  

w e r e  e n h an c e d ,  d e c r e a s e d  o r  d i d  n o t  d e v i a t e  f r o m  th e con t r o l  

c o r t i c al evok e d  r e s p on s e . F i gure  1 6  demon s t ra t e s ave r a g e  

co r t i ca l  c on t ro l  D - I  r e s p on s e s  a n d  ave r a g e d  cond i t i o n i n g -

t e s t  D - I  r e s p o n s e s  i n  wh i ch a d e c r e a s e  in  amp l i t u d e  o f  t h e  

r e s p o n s e s  oc c u r r e d  a s  a r e s u l t  o f  t h e  c a ud a t e  cond i t i o n i n g  

t r a i n . An e nh a n c e m e n t  o f  c o r t i ca l l y  e v o k e d  D - I  r e s p ons es  

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

n u c l e u s  i s  i l l us t r a t e d in  F i g u re 1 7 .  L o c i  w i t h i n  t h e  

c au d a t e n u c l e us wh i ch when  s t i mu l a t e d  d e c re as ed t h e  amp l i t ud e  

o f  t h e  D - I re s p o ns e s  w e r e  d i s t r ib ut ed t ow a r d  t h e  ro s t ra l  

p o r t i o n  o f  t h i s  s ub co r t i c al s t r u c t u r e . Ch i s q u a r e  ana ly s i s 

( p < 0 . 0 1 )  c on f i rm e d  t h e  h y p o t h e s i s  t h a t  t h e r e  w e r e  

s i gn i f i ca n t l y  mo re inh i b i t o ry l o c i  d i s t r ib u t e d  w i t h in t h e  

r o s t r a l  a s  o p p o s e d  t h e  c au d a l  h a l f o f  t h e  c au d a t e  n uc le u s . 

Howeve r ,  s ome  f a c i l i t a t o r y  l o c i as  w e l l  a s  i n a c t i v e  p o in t s  

w e r e  a l s o  l o c a t e d  i n  t h i s  r e g i o n . L o c i w i t h i n  t h e  c a u d a l  

p o r t i o n  o f  t h e  c au d a t e  n u c l e u s  e i th e r  f a c i l i t a t e d  t h e  c o r t i c al  

r e s p o n s e s  o r  had  n o  in f l ue n c e  upon  the  co r t i c a l  i n d u c e d 

a c t iv i t y . I n  e v e r y  c a s e , s t imul a t i o n  o f  t h e  c a ud a t e  nuc l e u s  

a l on e  e v o k e d  n o  r e s p o n s e  in  t h e  b u lb ar p y r am i d a l  t ra c t . 

L o c i  w i t h in t h e  c a u d a t e n uc l e u s  t h a t  w e r e  emp l o y e d  in  t h i s 



F i g u r e  1 5  V a r i a t i o n  i n  D ir e c t and  I n d i r e c t  Re s po n s e s  R e c o r d e d  
i n  t h e  P y r am i d a l  T r a c t  d u e  t o  I n c r e as in g  I n t e n s i t i e s 
o f  C o r t i c a l  S t i m u l a t io n  

1.0 
N 



7 . 0  V ,  0 . 1 msec 

1 0 . 0  V,  0 . 1 msec 

1 5 . 0  V, 0 . 1 msec 

20 . 0 V,  0 . 1 msec 

_j 1 . 0 V  

1 . 0 msec 
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F i g u r e  1 6  Mo d u l a t i o n  o f  C o r t i c al l y  I n d u c e d  D - I  
Res p on s e s  b y  C a u d a t e  N u c l e u s  S t im u l a t i on : 
I n h i b i t i o n  

A .  Co r t i c a l  C on t r o l  Re s p o n s e :  
D - I  r e s p o n s e s . 

B .  C o n d i t i o n i n g - T e s t R e s p on s e : 
d e c r e a s e i n  D - I  r e s p o n s e s . 

C .  C a ud a t e  N u c l e u s : n o  r e s p o n s e  
r e c o rd e d  i n  t h e  p y r a mi d a l  t r a c t . 



1- ,  

D 

c .  

-I . ·J msec 
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F i g u r e  1 7  Mo d u l a t i o n  o f  C o r t i c a l l y  In d u c e d  D - I  
Re s p o n s e s  b y  C a u d a t e  N u c l eu s  
S t i m u l a t i o n : F a c i l i t a t i on 

A .  Co r t i c a l  C on t r o l  Re s p on s e :  
D - I  r e s p o n s e s . 

B .  C o n d i t i on i n g - T e s t  R e s p o n s e : 
i n c r e a s e  i n  D - I  r e s p o n s e s . 

C .  C a ud a t e  N u c l e us : n o  r e s p on s e  
r e c o r d e d  i n  p y r am i d a l  t r a c t . 



A .  

B .  

c .  



p re p a r a t i on a r e  re c o r d e d  on m i d s a g g i t a l  s e c t i o n s  o f  t he 

c a t  b r a in in  F i g u r e  1 8 .  

2 .  G l ob u s  P a l l i d us  Mo d u l a t i o n  o f  D - I  Respo n s e s  

9 8  

T h r e e  l o c i  s t i mu l a t e d  wi th in t h e  g l obus  p a l l i d us 

p r o d u c e d  e i t h e r  enh a n c ement  ( tw o  l o c i )  o r  n o  e f f e c t  ( o n e  

l o c us ) u p o n  D - I  r e s p o n s e s  e l i c i t e d  b y  c o r t i c a l  s t imula t i on . 

S t im u l a t i on o f  l o c i  wi t h i n  t h i s  s t r u c t u r e  d i d  n o t  evoke 

a re s p on s e  in  the p y r a m i d a l  t r a c t . S t ru c t u r e s  s u r r o un d in g  

t h e  g l o b u s  p a l l i d u s  and  t h o s e  l o c i  b o rd er in g t h e  in t e rn al 

c a p s u l e  w e r e  o mi t t e d  f ro m  t h e  d at a .  
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F i g u r e  1 8  L o c i  w i th in  t h e  C au d a t e  N u c l e u s  wh i ch 
Al t e r e d  Co r t i c a l  I n d u c e d  D - I  R e s p o n s e s  
i n  t h e  U n a ne s t h e t i z e d P re p a ra t i on 

L o c i  in d i c a t e  a r e a s  w i t h i n  t h e  c a u d a t e 
n u c l e u s  wh i ch wh e n  s t i mu l a t e d enh an c e d  
( + ) , d e c re as e d  ( - ) , o r  h a d  n o  i n f l u e n ce 
( O ) u p o n  c o r t i c a l l y  e l i c i t e d d i r e c t  a n d  
i n d i re c t  re s p on s e s . 
D i a g r a m s  A , B , C  r e p re s en t  s e c t i o n s  
2 . 5  mm , 3 . 5  mrn , an d 5 . 0  rn m  f r o m  t h e  
m i d l i n e , r e s p e c t i v e ly . 

Ab b r e v i a t i o n s  a r e  a s  f o l l ow s : 
Cd  - c a u d a t e  n u c l e u s  
GP  - g l o b u s p a l l i d u s  
I C  - i n t e rn a l  c ap s u l e  

P u t  - p u t amen  
Th - t h a l am u s  



I ( 



D I S CU S S ION 

Th e c i r c u i t ry of  th e b as a l gan g l i a  p r o v i d e s  a b i d 

i re c t i o n a l  m e c h a n i s m  f o r  t h e  modu l a t i o n  o f  movem ent and 

p o s t u r e . ( 1 )  T h e  b a s a l  g an g l ia in f l ue n c e  c o r t i c a l  mo t o r  

1 0 1  

s y s t ems ; a n d  ( 2 )  t h e  b a s a l gan g l i a  e x e r t  d i r e c t  i n f l u e n c e s  

upon  s ub c o r t i c a l  l e ve l s . Th e ul t ima t e  l o c a t io n  o f  th e mod u l a -

t o ry in f l u en c e s  o f  t h e  b as a l  gan g l i a o c cu r s  a t  t h e  s p in a l  

l ev e l  wh e r e  t h e  f in a l  in t e g r a t ion o f  mo t on e u ro n a l  o u t p u t  

o c c urs . Th e p r e s e n t  s t udy h a s  a t t emp t e d t o  f u r t h e r  c l a r i fy 

t h e  c o n t r i b u t i o n  o f  t h e s e  two me chan i sms a s  t o  th e u l t ima t e  

c o n t r o l  o f  mo t o n e u r o n a l  o u t p u t . Re s u l t s  from  th e ane s th e t i z e d 

p re p a ra t io n  p ro v i d e d  e v i d e n c e  f o r  b o th inhib i t ory  and f a c i 

l i t a t o ry m o d u l a t ion  o f  mo t o r  a c t ivi ty b y  th e b as a l  gan g l i a . 

Th e l ev e l s a t  wh i ch th e s e  m o d u l a t i n g  e f f e c t s  w e r e  ex e r t e d  

w e r e  f u r t h er c l a r i f e d  i n  a n  unan e s t h e t i z e d  p r e p a r a t ion  b y  in

ves t i g a t in g  the  in f l ue n c e s  o f  b a s a l  g an g l ia  s t imu l a t ion  upon 

c o r t i ca ll y  induc ed r e s p ons e s  w i t h in the p y r a m i d a l  t ra c t . 

Re s u l t s  f r om  t h e s e  two exp e r imen t al a p p r o a c h e s  wil l b e  d i s 

cus s ed and w i l l  b e  r e l a t e d  t o  av a i l ab l e  l i t e ra t u r e . 

A .  Ane s th e t i z e d  P r epara t ion  

1 .  S upr aspi n a l  R egu l a t ion  o f  I a  A ff e r e n t  A c t i v i ty 

I n  t h e  p r e s e n t  s t udy , s t imu l a t ion o f  c e n t r a l  n e rvous 

sys t em s t ru c t ur e s  s u ch as th e s en s o rimot o r  c o r t e x ,  py ram i d a l  

t ra c t  and c auda t e  n u c l eus  a c t iv a t e d  t h e  gamma m o t o n e u r o n a l  

s y s t em (mon i t o r e d  b y  I a  a f f e rent  a c t iv i t y )  w i t h o u t  s imu l t an e o us 
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a c t iv a t io n  o f  t h e  a l p h a  m o t o n euronal  s y s t em (mon i t o re d  b y  

EMG a n d  my o g ram ) . In  many c as e s , f a c i l i t a t i on o f  t o n i c  I a  

a f f e r e n t  a c t iv i t y  d u e  t o  re p e t i t ive  s t imu l a t i o n  o f  a 

c o r t i c al s t r u c t u r e  o u t l a s t e d  t h e  d u r a t io n  o f  s t imu l a t ion . 

T h e  s p in a l  c o r d  in t e rn un c i a l  p o o l  w i t h  many synap t i c  

c o nn e c t i o n s  imp in g i n g  upon t h e  gamma sy s t em c o u l d  a c c ount  

for  p ro l o n g e d  f a c i l i t a t io n  of  the  g amma s y s t em f o l l ow i n g  

t e rm i n a t i o n  o f  s t imu l a t i o n  t o  th e c e n t r a l  s t r u c t u r e . A 

c l e a r  in d i c a t i o n  t h a t  t h e  enh a n c emen t o f  I a  a f f e ren t a c t iv i t y  

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

s il en t  p e r io d  d ur i n g  t h e  r i s ing  p h a s e  o f  c o n t r a c t ion . N orma l l y ,  

a s i l en t  p e r i o d  o f  I a  a f f e r e n t  f ib er s  o c c u r s  d u r in g  a r e f l ex 

mus c l e  con t ra c t ion  when t h e  s p in d l e  i s  un l o a d e d . Howeve r ,  

s u p r a s p i n a l  in f l uen c e s  imp in g in g  upon th e s p i n a l  l e v e l  a c t ivat e · 

g amma m o t o n e u r o ns wh i c h  r e s u l t  in  m a in t en a n ce in t h e  t ens ion 

o f  t h e  mu s c l e  s p in d l e . The r e f o r e , d u r i n g  t h i s  i n c r e as e in  

gamma a c t iv i t y , the  s i l en t  p e r i o d  e xh ib i t e d  d u r i n g  the  r i s ing  

p h a s e o f  twi t ch con t r a c t i o n  i s  ab s en t . 

C en t r a l  in f l uen c e s  upon t h e  g amma s y s t em w e r e  f i r s t  

inve s t i g a t e d  b y  G r an i t  and  Kaada  ( 2 6 ) . S p o n t an e o u s  d is c h a r g e  

o f  I a  a f f e r e n t  f ib e r s  c o u l d  b e  ac c e l e r a t e d  o r  d im i n i s h e d  b y  

e l e c t r i c a l  s t imul at i o n  o f  v a r i o u s  c en t r a l  s t r u c t u r e s , i n 

c lu d i n g  th e c e reb r a l  c o r t e x , py r am i d a l  t r ac t ,  re t i cu l a r  

f o rm a t i o n  an d r o s t ra l  p o r t ion  o f  th e c au d a t e  n u c l eus . Fa c i l 

i t a t io n  o f  I a  a f f e r e n t  a c t iv i t y  was  m o r e  e a s i l y  e l i c i t ed 
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f r o m  t h e  re t i c u l a r  fo rm a t i o n  a n d  t h e  c a ud a t e  n u c l e u s  reg ions  

t h an was  e l i c i t e d f rom  t h e  co r t ex . Th e s e  r e s u l t s  c o n t r as t 

w i t h  t h o s e  o f  t h e  p r e s en t  s t udy in  wh i ch enh a n c emen t o f  

t o n i c  I a  a f f e re n t  a c t iv i t y  was  m o r e  e a s i l y  e l i c i t e d  b y  

e l e c t r i c a l  s t imula t ion  o f  t h e  mo t o r  c o r t ex and py r am i d a l  

t r a c t . T h e  l o c a t io n  o f  t h e  s t imu l a t in g  e l e c t ro d e  in  the  

p r e c ruc i a t e  gy rus  and  s t im u l u s  p a rame t e rs may  a c c o u n t  fo r 

t h i s  d� f f e ren c e .  F o r  e xamp l e , G ran i t  and  Ka a d a  ( 2 6 )  employed  

an e l e c t r i c a l  shock  w i t h  a 1 - 2  ms e c  d u r a t i o n  and  a f re q uency  

o f  46  c y c l e s  per  s e cond , wh e r e a s  a s h o ck of  6 0  c y c l e s  per  

s e co n d  and a 1 . 0  m s e c  d u r a t i o n  d e l i v e r e d  t o  t h e  c o r t e x o r  

py rami d a l  t r a c t  was  emp l o yed  i n  t h e  p r e s en t  s t udy and h a s  

b een p roven  a mo re  e f f e c t ive  means  fo r a c t iv a t i n g  t h e  g amma 

s ys t em ( 5 5 ) . G r an i t  and K a a d a  s imu l t an e o us ly r e c o r d e d  a l p h a  

and  g amma d i s ch a r g e s  a n d  demon s t r a t e d  t h a t  in t h e  an e s t h e t i z e d  

p re p a r a t i on e l e c t r i c a l  c u r r en t s  c o u l d  b e  s e l e c t ive ly e�p l oy e d  

s o  t h a t  o n l y  a c t i va t i on o f  t h e  g amma mo t o ne u r on s  o c c ur r e d . 

Th e  ab s e n c e  o f  c o - a c t iv a t i on o f  t h e  a l p h a  and  g amma s y s t em may 

r e s u l t  f r om ane s t h e t i c  l eve l s  or f rom l ow e r  r e c r u i tm e n t  

t h r e s h o l d s  f o r  g amma m o t o n e u r on s . 

G r an i t  and  Kaada  f o un d  th a t  s t imu l a t ion  o f  r o s t ral  and  

m e d i a l  r e g i o n s  o f  the  c au d a t e  n u c l eus  p r o d u c e d  f a c i l i t a t o ry 

e f fe c t s  u p o n  I a  a f f e r e n t  d i s ch a r g e  ( 2 6 ) . I n  t h e  p r e s en t  

p r oj e c t , t h e  int e n s i t y  o f  t h e  t r a i n s  o f  e l e c t r i c a l  s h o cks 

d e l dv e r e d  to the c a ud a t e  nuc l eus  was a d j u s t e d  so t h a t  t h e s e  

t r a in s  wo u l d  n o t  a l t e r  I a  a f f e r e n t  a c t iv i t y  b y  th ems e lve s . 
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I t  w a s  n o t e d  t h a t  a f u r t h e r i n c r e a s e  i n  s t im u l u s  in t e ns i t y 

t o  t h e  c a ud a t e  n u c l e u s  o r  g l o b u s  p a l l i d u s  p r o d u c e d  an 

enhan c emen t o f  I a  a f f e r e n t  a c t i v i t y . Th i s  ph enomenon wa s 

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

a re s u l t  s i m i l a r  t o  t h a t  o b s e rv e d  b y  o t h e r s ( 50 ) . In  t h e  

p re s en t  s t udy , o n l y  f a c i l i t a t i o n , n ev e r  inh i b i t i o n , o f  

f l e xo r mus c l e  I a  a f f e r e n t  a c t i v i ty wa s e l i c i t e d by e l e c t r i c a l 

s t im u l a t ion  o f  t h e  s en s o r imo t o r co r t ex , py rami d a l  t r a c t , o r  

c a ud a t e  n u c l e u s  ( a t  i n t ens i t i es g r e a t e r  t h an f o r t y  vo l t s ) .  

Whe n S h imaz u ,  e t  a l . ( 6 2 ) , s t imu l a t e d t h e  c a u d a t e  n u c l e u s , 

t h ey o f t en ob t a in e d  b o th inh ib i t i o n  o f  ankl e e x t en s o r  mus c l e  

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

m us c l e  s p in d l e  d i s ch a rg e . Howeve r ,  va r i ab l e in f l u e n c e s  

o c c u r r e d  i n  t h e i r  p re p a ra t io n  in  wh i ch a mo d e ra t e  amoun t o f  

an e s t h e t i c  ( n e mb u t a l , 1 5 - 2 5  mg / k g )  w a s  a d m i n i s t e re d . A weak  

s t imu l us i n t ens i ty (4  vo l t s )  f a c i l i t a t e d mus c l e  s p in d l e  

a c t i v i t y  o f  b o t h  f l ex o r  a n d  e x t ens o r  m u s c l e s  o f  t h e  an k l e ,  

w h e r e a s  a s t r o n g e r  s t im u l u s  i n t ens i t y ( 6  v o l t s )  e l i c i t e d  a 

r e c i p r o c a l  r e s p o ns e ,  i e , f a c i l i t a t i on o f  f l exo r mu s c l e  s p in d l e  

d i s ch a r g e  a n d  inh ib i t ion  o f  e x t e n s o r  mus c l e  s p in d l e  d i s ch a r g e . 

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

up o n  I a  a f f e r e n t  a c t iv i t y  o f  t h e s e  s a me mu s c l e s  w e r e  e l i c i t e d  

w i t h  e l e c t r i c a l  s t i mu l a t i o n . Th e s e  r e s e ar c h e r s  p o s t u l a t e d  t h e  

e x i s t an c e  o f  t w o  d e s c e n d in g p a t hways f rom t h e  c a u d a t e  n u c l e u s . 

T h e  f i r s t  w a s  c o n s i d e r e d  a to n i c , d i f f u s e  s y s t em wh i ch in-
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f l ue n c e d  b o t h e x t en s o r  a n d  f l ex o r  g amm a mo t o n e u r o n a l  sy s t ems 

i n  a s im i l a r  mann e r  and the s e co n d  s y s t em was t h o u g h t  t o  be 

a r e c i p r o c a l  sy s t em .  T h u s , t h e  res u l t s  p r e s ent e d  b y  S h im a z u  

a n d  c o -wo r k e r s d o  n o t  co n t r ad i c t  t h o s e  o f  t h e p re s e n t  s t ud y , 

b u t  r a t h e r  e x t e n d  t h em b y  d emon s t r a t i n g  th a t  r e c i p r o c a l  

inh i b i t i o n  o f  e xt en s o r  s p in d l e  d i s ch a r g e  a l s o  r e s u l t s f r om 

c a ud a t e  n u c l e u s s t imu l a t i o n . 

2 .  F a c i l i t a t o ry and I n h i b i t o ry Mod u l a t ing In f l ue n c e s  o f  
t h e  B a s a l  Ga ngl i a  

E v i d e n c e  w a s  p r e s e n t e d  ab o ve t h a t  s t i mu l a t i o n o f  

e i t h e r  t h e  c a u d a t e  n u c l e u s  o r  g l o b u s  p a l l i d us  b y  th ems e l ve s 

a c t iv a t e  c en t r a l  m e c h a n i sms i n v o l v e d  in t h e  r e g u l a t i on o f  

g amma a c t i v i t y . T h a t  t h e  b a s a l  g an gl i a  a r e  inv o l v e d  in t h e  

r e g u l a t io n  o f  mo t o r  o u t p u t  o f  o t h e r  c o r t i c a l  and  s ub c o r t i c al 

s t ru c t u r e s  w a s  f u r t h e r  c o n f i r m e d  in  th e p r e s en t  s t ud y  b y  

us i n g  a c o n d i t i on i ng - t e s t  p a r a d i g m . O f  p a r t i c u l a r  im p o r t an c e 

in  t h e s e  e x p e r i men t s  w a s  t h e  adj u s t me n t  o f  t h e s t i m u l u s  

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

s t i mu l a t i o n  o f  t h e s e  s t r u c t u r e s  a l one p r o d u c e d  n o  f l e xo r 

r e s p on s e s . S t im u l a t i o n  o f  t h e  s en s o r i mo t o r  c o r t ex enh an c e d  

I a  a f f e r e n t  d i s ch a r g e . S im u l t an e o u s  s t imu l a t i on o f  th e 

c o r t e x and  a l o c u s  w i th in t h e  c au d a l  p o r t i on o f  t h e  c au d a t e  

n u c l e u s  u s u a l l y  r e s u l t e d  in  a n  enh anc ement o f  a c o r t i c a l l y  

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

a c t iv a t e d t h e  a l p h a  m o t o n e u r o n a l  s y s t e m as was e v i d e n t  b y  

EMG a c t iv i t y  and  m y o g ram a c t iv i t y . Fac i l i t a t o ry p o i n t s  
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w e r e  s c a t t e r e d  t h ro u gh o u t  t h e  c a u d a t e  n u c l e us , a r e s u l t  

d i f f e ren t f r o m  t h a t  o f  L i l e s  and n a v i s  ( S O ) . T h e y  p r e s en t e d 

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

s p o n s e  (me a s u r e d  b y  my o g r am t en s i on )  w e r e  l o c a t e d e x c l u s i ve l y 

in  t h e  p o s t e r o d o r s a l  r e g ion  o f  t h e  c a u d a t e  n u c l e u s . 

S t im u l a t i o n  o f  s ome r o s t r a l  s i t e s  w i th in th e c a u d a t e  

n u c l e u s  i n  co n j u n c t u r e  w i th co r t i c a l  s t imu l a t i on e l i c i t e d  a 

r e d u c t i o n  o r  c e s s a t i o n  o f  c o r t i c a l ly ind u c e d  g amma a c t i v i t y . 

In  s om e  a a s e s  t h e  max ima l and m i n i m a l  s t im u l u s  i n t ens i t y  f o r  

e l i c i t in g i n h i b i t ion  o f  c o r t i c a l ly i n d u c e d  a c t i v i t y  b y  

s t im u l a t io n  o f  t h e  co r t e x w a s ob t a in e d . F o r  exam p l e ,  t h e  

m i n i m a l  in t en s i ty f o r  e l i c i t in g  a d e c r e a s e  in  c o r t i c a l ly in 

d u c e d  I a  a f f e r e n t  d i s ch a r g e  was  1 2  v o l t s  ( 1 . 2  mA ) . As t h e  

in t en s i t y  o f  t h e  s t im u l u s  t o  t h e  c a ud a t e  n u c l e u s  i n c r e a s e d , 

t h e  d e c r e a s e  i n  c o r t i c a l l y  i n d u c e d  a c t i v i t y  was mo re p r o 

no un c e d  u n t i l  a c o mp l e t e  i n h i b i t i on o f  co r t i c a l ly  i n d u c e d  

a c t iv i t y  o c c ur r e d  a t  3 0  v o l t s  ( 3 . 0  mA) . S t imu l u s  i n t e n s i t i e s  

o f  4 0  v o l t s  e n h an c e d  t h e  c o r t i c a l ly i n d u c e d  i n c r e a s e in  I a  

a f f e r e n t  d i s c h a rg e .  L i l e s  and D a v i s  ( S O ) n o t e d s i m i l a r 

r e s u l t s  and  a t t r ib u t e d  t h e  ph eno men on d e s c r ib e d  a b o v e  as 

s p re ad o f  c u r r e n t  to f a c i l i t a t o r y  a r e a s  o f  t h e  c a u d a t e  

n u c l eu s . Inh ib i t o ry a r e a s  wi t h in t h e  c a ud a t e  n u c l e us t e n d e d  

t o  b e  c o n c e n t r a t e d in  t h e  r o s t r a l  p o r t i o n  o f  t h e  c au d a t e  

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

w e r e  s c a t t e r e d  t h r o u g h o u t  t h e  s t r u c t u r e  ( S e e f i g u r e 6 ) .  In  

t h e  p r e s en t  s t u d y , the  c o n c e n t r a t i on of  i nh ib i t o r y l o c i  
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t ow a r d  t h e  r o s t r a l  h a l f  o f  t h e  c a ud a t e  nuc l e u s  w a s  

s t a t i s t i c a l ly s i gn i f i c an t  i n  b o th t h e  in t a c t , an e s th e t i z e d  

p r e p a r a t i o n  a n d  t h e  un ane t h e t i z e d  p re p a r a t ion , a n d  i s  s im i l a r  

t o  t h e  e v i d e n c e  p r e s e n t e d  b y  L i l e s  an d D av i s  f o r  c au d a t e  

nu c l eu s  i n f l u e n c e s  u p o n  t h e  a l p h a  mo t on e u r o n a l  s y s t em ( 5 0 ) . 

S imu l t an e o u s  s t imu l a t i on o f  t h e  p y rami da l t r a c t  an d 

l o c i w i t h in e i t h e r  t h e  an t e r i o r  o r  p o s t e r i o r  r e g i o n s  o f  th e 

c a ud a t e  n u c l e u s  o f t en re s u l t e d  in i n c r e a s e s  i n  py r a m i d a l  

t r a c t  i n d u c e d  f l ex o r  r e s p o n s e s . Al l c a u d a t e  nuc l e us l o c i  

t h a t  w e r e  s t u d i e d  e i t h e r  f a c i l i t a t e d  p y r am i d a l  t r a c t  i n d u c ed 

re s p o n s e s , o r  h a d  n o  e f f e c t ; n o  i n h ib i t o ry l o c i  w e r e  ob s e rv e d . 

C o mb in ing  t h e s e  r e s u l t s  w i t h  t h o s e  c o n c e rn in g  c o r t i c a l l y in

d u c e d  r e s p o n s e s , o n e  c an f o rm u l a t e  th e f o l l owi n g  in t e r p re t a 

t io n . W i t h  r e s p e c t  t o  exc i t a t o r y  in f l u e n c e s  o f  t h e  p y ram i d a l  

mo t o r  s y s t e m  o n  f l exo r r e s p o n s e s , t h e  c a u d a t e  n u c l e u s  d o e s  

n o t  in h ib i t  th e s e  in f l uen c e s  w i th in t h e  s p in a l  c o r d  i t s e l f .  

On t h e  o th e r  h an d , c a u d a t e  n u c l e u s  f a c i l i t a t i on o f  p y r am i d a l  

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

t i o n  o f  s o me b ra in s t e m p a t h way wh i ch i n  t u rn f a c i l i t a t e s  s p i n a l  

co r d  i n t e rn e u ro n a l  a c t iv i t y .  H ow e ve r ,  s in c e  e l e c t r i c a l  

s t i mu l a t i o n  o f  t h e  p y r am i d a l  t r a c t  i p s i l a t e ra l  t o  t h e  c a u d a t e  

n u c l e u s  a c t i va t e s  t h e  c o r t i c o s p i na l f i b e r s  i n  b o t h  o r t h o d r om i c  

and an t i d r om i c  d i r e c t i o n s , f a c i l i t a t i o n  a t  t h e  c o r t i c a l  

l e v e l  c an n o t  b e  e x c l u d e d . F u r t h e rmo re , a l l  l e ve l s  o f  th e 

p y r a m i d a l  t r a c t  a r e  c o n t amin a t e d  wi t h  n o n - p y r am i d a l  t ra c t  

f ib e r s . T h e  b u lb a r  py r ami d a l  t r a c t  p r o v i d e s  t h e  b e s t  l e vel 
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o f  s t u d y  s in c e  f ib e r  c o n t aminat i on i s  n o t  as g r e a t  as th at 

a t  o t h e r  l e v e l s  of the t r a c t  ( 6 4 ) . Al th o u g h  only f a c i l i t a t io n  

b y  t h e  c a u d a t e  n u c l e u s  upon  p y ramid a l  t r a c t  i n d u c e d  a c t i v i t y  

was  o b s e r ve d ,  t h e  l e v e l  a t  w h i c h  f a c i l i t a t ion  o c c u r r e d  c o u l d  

n o t b e  p r e c i s e l y  d e f i n e d . An t i d ro m i c s t imu l a t i o n  o f  c o r t i 

co s p in a l  an d c au d a t o p e d a l  p a t hways  o f f e r  a l t e rn a t e m e c h a n i sms 

b y  wh i ch f a c i l i t a t ion  of py r am i d a l  t r a c t  i n d u c e d  a c t i v i t y  

c an o c c u r . 

3 .  De c o r t i c a t e  P r epa r a t ion  

T h e  r e s u l t s  of  the  p r e s en t  s t udy ind i c a t e  t h a t  in t h e  

d e c o r t i c a t e  p r e p a r a t i o n  o n l y  e n h a n c emen t o r  n o  i n f l ue n c e  u p o n  

t h e  py ram i d a l  t r a c t  i n d u c e d  i n c r e a s e  in  I a  a f f e r e n t  a c t i v i t y  

o c c u r r e d . F a c i l i t a t o ry l o c i  w e r e  l o c a t e d t h r o u gh o u t  t h e  

c a u d a t e  n u c l e u s , b u t  o c cu r r e d  m u c h  l e s s  f r e q ue n t ly a s  c o m-

p a r e d  t o  t h e  in t a c t  p r e p a r a t io n .  S im u l t an e o u s  s t im u l a t i o n  o f  

t h e  p y r am i d a l  t ra c t  and  l o c i  w i t h in t h e  an t e r i o r  r e g ion  o f  

t h e  c au d a t e  n u c l e u s  d i d  n o t  e l i c i t  i nh ib i t ion  o f  p y r am i d a l  

t r a c t  i n d u c e d  a c t i v i t y , a n  o b s e rv a t io n  c o n f i r me d  b y  Me t t l e r  

( 5 5 ) . H e  f o un d  t h a t  co r t i c a l  ab l a t i o n  r e s u l t e d  i n  a d e f i c i t  

o f  inh i b i t o r y  i n f l ue n c e s  f ro m  t h e  c a ud a t e  nu c l eu s  upo n r e 

f l ex i n d u c e d  a c t i v i t y . M e t t l e r  c o n c l u d e d  t h e  s t r i a t um h a s  

a p u re inhib i t o ry o r  s t e a d y i n g  i n f lu en c e  upon c o r t i c a l l y 

i n du c e d  a c t i v i t y . 

4 .  F a c i l i t a t o ry Mo d u l a t i on o f  t h e  G l ob u s  P a l l i d u s  

S t im u l a t i o n  o f  s o m e  s i t e s  w i t h  t h e  g l ob u s p a l l i d u s  

r e s u l t e d  in  f a c i l i t a t i on o f  c o r t i c al l y induc e d  a n d  py ram i d a l  
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t r a c t  i n d u c e d  f l e x o r  r e s po n s e s  in t h e  v a r i o us p r e p a r a t i o n s  

u s e d  in  t h e  p r e s e n t  p r oj e c t . S ub s t an t i a t in g  e v i d e n c e  f o r  t h e  

e x i s t a n c e  o f  f a c i l i t a t o ry o u t p u t  f r om t h e  p a l l i d um i s  p r o 

v i d e d  b y  r e c o r d i n g s  o f  u n i t  a c t i v i t y  d u r in g  t a s k  r e l a t e d  move

m en t s  in  the  monkey  ( 1 3 ) . C e l ls w i t h in t h e  g l o b u s  p a l l i d u s  

a s s o c i a t e d  w i t h  t h e  p a r t i c u l a r  t y p e s  o f  movemen t w e r e  t o n i c a l ly 

a c t iv e  a n d  i n c r e as e d  t h e i r d i s ch a r g e  r a t e  p r i o r  t o  t h e  o n s e t 

o f  m o vemen t . A t e mpo r a l  r e l a t i o n s h i p  e x i s t e d  b e tween  t h e  i n -

c r e a s e d  d i s ch a r g e  r a t e  t h a t  o c c u r r e d  and t h e  p h a s e  o f  mo v e -

ment . N o  c e s s a t i o n  o f  d i s c h a r g e  r a t e  p r i o r  t o  mo vement  

o c c u r r e d  in  any of  the  un i t s  s t u d i e s . That  p a l l i d a l  c e l l s  

re s p o n d  p r i o r  t o  t h e  ons e t  o f  mo vemen t f u r t h e r  s up p o r t s  t h e  

p r e s en t  r es u l t s  t h a t  t h e  g l ob u s  p a l l i d u s  i n f l u en c e s  c o r t i c a l ly 

i n d u c e d  f l e xo r  r e s po n s e s  in  a f a c i l i t a t o ry mann e r .  

5 .  C u r r e n t  Spr e a d  

The  q u e s t ion  o f  c u r r e n t  s p re a d  w a s  a co n s i d e r a t i o n  i n  

t h e  p r e s e n t  i n ve s t i ga t i o n . One  inv e s t i g a t o r  ( 4 5 , 4 6 , 4 8 , 4 9 )  

h as a t t r ib u t e d a l l c o r t i c a l  o r  mo t o r r e s p o n s e s  e x c l u d i n g  

c o n t r ave r s i v e  h e a d  t u r n i n g  an d c i r c l in g  t o  c u r r e n t  s p re a d 

t o  t h e  i n t e rn a l  c �p s u l e  r a t h e r  t h an s t im u l a t i o n  o f  t h e  c a ud a t e 

n u c l eu s . I n  t h e  p r e s en t  inve s t i g a t i on , p o s i t ive , n e g a t ive , 

an d i n a c t i ve l o c i  ex i s t e d  s i d e  b y  s i d e  in t h e  c a ud a t e  n u c l e u s . 

The  s y s t em a t i c  l o c a l i z a t i o n  o f  t h e s e  l o c i  w e r e  c on s i s t en t  in 

t h e  v a r i o u s  exp e r im en t a l a p p r o a c h e s ,  i e , l o c a t i on o f  t h e  

lo c i  w i t h in t h e  c a u d a t e  n u c l e u s  t h a t  i n h ib i t e d  c o r t i c a l l y 
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i n d u c e d  r e s p on s e s t en d e d  t o  b e  l o c a l i z e d t oward  t h e  r o s t r a l  

p o r t i o n  o f  t h e  c a u d a t e  n u c l e u s . S u ch  c au d a t e  n u c l e u s  l o c i 

t en d e d  t o  b e  d i s t r ib u t e d  w e l l  w i th in t h e  s ub c o r t i c a l  s t r u c t u re . 

In c o n t r a s t , s t imu l a t i o n o f  l o c i  w i t h i n th e in t e rn a l  c a p s u l e  

c o n s i s t e n t l y  f a c i l i a a t e d c o r t i c a l l y i n d u c e d  an d py rami d al 

t r a c t i n d u c e d  a c t iv i t y . No i nh ib i t ory  o r  in a c t iv e  l o c i  

w e r e  l o c a t e d  i n  t h e  in t e rn a l  c ap s u l e . G l ob u s  p a l l i dus  

f a c i l i i a t o r y  s i t e s  w e r e  s u r r o un d e d  by  i n a c t ive lo c i ,  an ob 

s e r v a t i o n  wh i c h  w o u l d  a l s o  t e n d  t o  d emo n s t r a t e  l a c k  o f  

c u r r e n t  s p r e a d t o  t h e  i n t e rn a l  c ap s u l e . 

A s e d o n d  c o n s i d e r a t i on invo l v e s  c o r t i c o f u g a l  f ib e r s . 

O n e  c o u l d  a r g ue t h a t  s t im u l a t i o n  o f  t h e  c a u d a t e  n u c l e u s  

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

an d t h e r e f o re c o r t i c a l  mo d u l a t i o n  wo u l d  b e  a t t r ib u t e d  t o  

an t i d r om i c  s t im u l a t i o n  o f  t h e s e  f ib e r s . T h e  c o r t i c o 

c a ud a t e  n u c l e u s  p r o j e c t i o n  i s  c om p o s e d  o f  v e r y  th in l y 

mye l in a t e d , f i n e  c a l i b a r  axo n s , w h e r e a s  t h e  e f f e r en t f ib e r 

p o j e c t i on i s  c omp o s e d o f  mo r e  h e a v i l y  myel i n a t e d  and l a r g e r  

axon s . T h e  s t i m u l u s  i n t en s i t y  w a s  a d j us t e d  s u c h  t h a t  i t  

was  b e low t h a t  n e c e s s a r y  t o  ac t iv a t e  C f i b e r s  i n  t h e  p e r i p h e ry , 

a t h r e s h o l d  l e v e l  t h a t  wo u l d  c o r r e s p o n d  t o  t h e  v a s t  maj o r i t y  

o f  c a u d a t o p e d a l  axo n s . B u chw a l d  and  c o -work e r s  ( 4 )  a l s o  

n o t e d  n o  an t i d r o m i c  c o r t i c a l  r e s p o n s e  t o  m e d i a l  c a u d a t e s t imu l a 

t i o n . S t imu l a t i o n , t h en , o f  t h e  c au d a t e  n u c l e u s  wo u l d  mo r e  

l i k e l y  r e s u l t  in  e x c i t a t i o n  o f  in t r ac aud a t e  c e l l s and /o r 
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e f f e r e n t  a x o n s . 

B .  P r opo s a l  o f  Hypo t h e s i s  f o r  t h e  L e v e l  o f  In t egrat ion o f  
Inh ib i t o ry I n f l u e n c e s  

An a t o m i c a l  e v i d e n c e  d emons t r a t e s  two p o s s ib l e c i r c u i t s  

f o r  b a s a l  g a n gl i a  in f l u e n c e s :  ( 1 )  t h e  b a s a l  gang l i a  have  

f i b e r  t r aj e c t o r i e s  t o  o t h e r  s ub c o r t i c a l  s t r u c t u r e s  wh i c h  in  

t u r n  p r o j e c t to  the  s p i n a l  l e v e l ; and  ( 2 )  t h e  b a s a l  g an g l i a  

p r oj e c t  t o  t h e  t h a l amus  wh i c h  i n  t u rn p r oj e c t  t o  c o r t i c a l  

are a s  t h a t  a r e  i n v o l ve d  in  m o t o r  f un c t i o n s . In t h e  s e r i e s  

o f  i n t a c t , an e s t h e t i z e d  p r e p a r a t i o n s , b o t h  f ac i l i t at o ry arl d  

inh i b i t o ry l o c i  o c c u r r e d  w i t h  r e s p e c t  t o  c o r t i c a l ly i n d u c e d  

f l e x o r  r e s p o n s e s . I n  c o n t r a s t ,  n o  inhib i t ory  l o c i  an d fewe r 

p e r  c e n t  o f  f a c i l i t a t o ry l o c i  w e r e  ob s e rved  w i t h  re s p e c t  t o  

p y r am i d a l  t r a c t  i nd u c e d  f l e x o r  r e s p o n s e s  i n  t h e  de c o r t i c a t e  

p r e p a r a t ion . Al s o ,  n o  inh ib i t i on o f  py r ami d a l  t r a c t  i n d u c e d  

f l e xo r r e s p on s e s o c c u r r e d  in  t h e  in t a c t , an e s t h e t i z e d  p r e p a r a -

t i o n . Th es e ob s e rv a t i on s  in  l i gh t o f  k nown an a t om i c a l  

c on n e c t i o n s  ( 4 2 , 6 1 )  s u g g e s t  t h a t : ( 1 )  inh ib i t o r y  m o d u l a t ion 

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

o c c u r s  a t  t h e  c o r t i c a l  lev e l ;  and  ( 2 )  t h a t  s ome f a c i l i t a t o ry 

mo d u l a t i o n  a l s o  o c c u r s  v i a  t he c o r t e x . 

C .  Unan e s t h e t i z e d  P r epa r a t i o n  

Th e ab ove  hypo t h e s i s  p r o po s e s t h a t  mo s t  o r  a l l  i n -

h ib i t o ry an d s om e  f a c i l i t a t o ry ind uc e d  a c t ivi t y  b y  t h e  c a u d a t e  

n u c l e u s  o c c u r s  a t  t h e  c o r t i c a l  l e v e l .  A s e r i e s  o f  un -

anes t h e t i z e d , b u t  immob i l i z e d  c a t s  w e r e  emp l o y e d  i n  o r d e r  t o  
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t o  f u r t h e r  d e f in e  t h e  m o d u l�t ion  o f  t h e  b a s a l  g an g l i a  upon 

c o r t i c a l ly i n d u c e d  mo t o r  a c t i v i t y . T h e  py r a m i d a l  t r a c t  

s e r v e d  as a r e p r e s e n t a t ive p a t hway c o v ey in g m o t o r  in f l u e n c e s  

f ro m  t h e  c o r t e x . D i re c t  and  ind i r e c t  w av e s  e l i c i t e d  b y  

e l e c t r i c a l  s t imu l a t ion o f  t h e  co r t e x w e r e  r e c o r d e d  in  t h e  

p y r ami d a l  t r a c t . Z an ch e t t i  and B r o o kh a r t  ( 8 7 )  h av e  p r o v i d e d  

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

t m a c t  c o u l d  s e rv e  a s  a m e a s u r e  o f  c o r t i c a l  r e s p o n s i v en e s s .  

Fu r t h e rm o r e , 1n t h e  p r e s e n t  e x p e r imen t s  t h e  p l a c ement  o f  t h e  

c o r t i c a l  a n d  . p y rami d a l  t r a c t  e l e c t r o d e s  w a s  s im i l a r  f o r  b o t h  

t h e  an e s t h e t i z e d a n d  un an e s t h e t i z e d  p r e p a r a t i on s . Wh en u s e d  

a s  s t i m u l a t i n g  e l e c t r o d e s  i n  t h e  ane s t h e t i z e d p r e p a r a t i on , b o th 

th e c o r t i c a l  a n d  py r a m i d a l  t r a c t  e l e c t r o d e s  in v a r i ab i ly e l i c i t e d 

f l e xo r r e s p o n s e s . Th e r e f o re , evok e d  D- I r e s p o n s e s  in t h e  

p y r a m i d a l  t r a c t  in  t h e  un ane s t h e t i z e d p r e p a r a t i o n  p r o v i d e s  

a n  i n d i c a t ion  o f  c o r t i c a l l y  i n d u c e d  mo t o r  a c t i v i t y ; t h e s e  

r e s p o n s e s  c a n  b e  mo d u l a t e d  b y  s t imu l a t i o n  o f  b a s a l  g an g l i a 

s t r u c t u r e s . 

S t imul a t i on o f  s ome l o c i  in t h e  c au d a t e  n u c l e u s  in 

c on j un c t u r e  w i t h  the co r t e x  d e c r e a s e d  t h e  c o r t i c a l l y i n -

d u c e d  D - I  r e s p on s e s .  I n h ib i t o ry l o c i  t e n d e d  t o  b e  d i s t r i b u t e d  

t o w a r d  t h e  r o s t r a l  r e g i o n  o f  t h e  c a ud a t e  n u c l e u s  a n d  was  

s im i l a r  t o  the  d i s t r i b u t i on anes t h e t i z e d  p r e p a r t ion . The  re

s u l t in g  d e c r e a s e  in the  amp l i t ui e  of  the  d i re c t  and  i n d i r e c t  

w av e s  re c o r d e d  i n  t h e  p y r am i d a l  t r a c t  w o u l d  r e f le c t  a d e -
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c r e a s e  i n  de s c en d i n g  in f l uen c e s imp i n g i n g  upon  t h e  sp i n a l  

l e ve l . From t h e  p r e s en t  e v i d e n c e  an d t h a t  o f  o t h e r  i n 

v e s t i g a t o r s  ( 5 5 , 5 7 ) , i t  can b e  d emon s t r a t e d  t h a t  t h e  c a ud a t e 

n u c l e u s  ex e r t s  some  inhib i t o ry i n f l ue n c e s  upon  t h e  c o r t e x .  

Met t l e r  d emo n s t r a t e d  t h a t  t h e  i n t e g r i t y  o f  t h e  mo t o r  c o r t e x  

w a s  n e c e s s a r y  i n  o r d e r  f o r  c a u d a t e  n u c l e u s  i n d u c e d  inhib i -

t io n  o f  p r e - e xi s t in g  mo t o r  a c t i v i t y  t o  o c c u r . In t r a c e l l u l a r  

co r t i c a l  s t u d i e s  c o n d u c t e d  b y  H u l l  an d B uchwa l d  ( 3 4 , 3 5 , 3 6 )  

d e mo n s t r a t e  t h a t  s t imu l a t i on o f  t h e  c au d a t e  n u c l e u s  r e s u l t s  

i n  a c h a r a c t e r i s t i c memb rane  h y p e rpo l a r i z a t i o n  o f  c o r t i c a l  

n e u r o n s . Deme t r e s c u  an d Deme t r e s c u  ( 1 4 )  d emon s t r a t e d  t h e  

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

c a ud a t e  n u c l e u s . T h e  p r e s e n t  inve s t i g a t io n  e x t e n d s  a l l o f  

t h e  a b o ve ob s e rv a t i on s  b y  demon s t r a t i n g  t h a t  s t i m u l a t i on o f  

s o m e  c a u d a t e  n u c l e us s i t e s  inh ib i t s  co r t i c a l  c e l l s  wh o s e  axons  

p r oj e c t  i n  the  p y ramid a l  t r a c t . P a r a d o x i c a l l y , Ho d e s  an d 

P e a c o ck ( 3 2 , 5 6 )  e x c l u d e d  t h e  r o s t r a l  p o r t ion o f  t h e  g l ob us  

p a l l i d us  and  mo s t  o f  the  s t r i a t um a s  c on t r ib u t i n g  to  any 

s i gn i f i c a n t  e x t en t  to c en t r a l  f a c i l i t a t i o n . 

I n  s umma r y , f a c i l i t a t o ry an d inh i b i t o ry i n f l u e n c e s  

were  e l i c i t e d by h i gh f r e q ue n c y  s t im u l a t i o n  o f  t h e  c a u d a t e  

n u c l e u s  in  t h e  p r e s e nt  s t u dy .  B o t h  f a c i l i t a t o ry an d in -

h ib i t o r y  l o c i o c c u r r e d  in  t h e  s ame an imal  and  t h e s e  l o c i  

o c c u r r e d  s i de b y  s i d e  i n  t h e  r o s t r a l  r e gi on o f  th i s  s ub c o r t i c a l  

s t r u c t u r e . Fa c i l i t a t o r y i n f l uen c e s  f r om t h e  c a u d a t e  n u c l e u s  
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t e n d e d  t o  mo d u l a t e  c o r t i c a l ly i n d u c e d  a c t i v i t y  b o th on  a 

s ub c o r t i c a l  l evel  an d a co r t ic a l  l e v e l . I n h ib i t o ry i n f l ue n c e s  

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

l e v e l .  Th e d e s c r e p an c y  o f  a g r e a t e r  numb er o f  f a c i l i t a t o ry 

i n f l u e n c e s  t h a n  i nh ib i t o ry i n f l u e n c e s  evoked  b y  th e c a u d a t e  

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

in  t h e  p r e p a r at i o ns . O t h e r  r e s e a r ch e r s  ( 4 )  u t i l i z e d  a 

l ow f r e q u e n cy o f  s t i mu l a t i o n  t o  ob t a in i nh ib i t i on f rom  th e 

c a ud a t e n u c l e u s  wh e r e a s  h i gh f r e q ue n cy s t i mu l at ion  was  

e mp l o y e d  i n  the  p r es e n t  p r o j e c t . D u r i n g  h i gh f r e q u e n c y  s t imu-

l a t i o n , lon g d u r a t i o n  po s i t i ve  memb r a n e  p o t en t i a l  sh i f t s  t end  

t o  o c c u r  r a t h e r  th an E P S P - I P S P  s e q u en ce s . 

D .  Syn t h e s i s : Regu l a t o ry I n f l ue n c e s  o f  th e Bas a l  Gangl i a  

From t h e  ab o ve d e s c r ip t i o n , o n e  c an s e e t h a t  t h e  b as a l  

g an g l i a  a r e  o r gan i z e d t o  exe r t  e i t h e r  f a c i l i t a t o ry o r  i n 

h i b i to ry i n f l u en c e s  on  moveme n t  d u r i n g  h i gh f r e q uency  s t im u l a -

t io n  o f  t h e  c a u d a t e  n u c l e u s . Two p o s s ib l e  a l t e rn a t i v e  ex-

p l an a t i o n s  c an be  p ropo s e d  t o  e xp l a in h ow t h e s e  i n f l ue n c e s  

a r e  m an i f e s t e d a t  c o r t i c a l  a n d  s ub c o r t i c a l  leve l s . O n e  i s  

t h a t  th e r e  a r e  two s e p a r a t e  c l a s s e s  o f  t on i c al ly d i s ch a r g i n g  

p a l l i da l  c e l l s  t h a t  a r e  b o th a c t iva t e d  b y  t h e  c a u d a t e  n u c l e us . 

One  g r o up o f  p a l l i d a l  c e l l s , when a c t iva t e d  b y  th e c a ud a t e  

n u c l e u s , f a c i l i t a t es c o r t i c a l  c e l l s wh o s e  axons  t r ave r s e  i n  

t h e  p y r am i d a l  t r a c t . T h i s  g ro u p  c o u l d  a l s o  exe r t  f a c i l i t a 

t i on a t  s ub c o r t i c al l e ve l s . Th e s e c o n d  g ro u p  o f  p a l l i d a l  
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c e l l s  a l s o  a c t i va t e d  b y  t h e  caud a t e  n u c l e u s wo u l d  inhib i t  

c o r t i c a l  ce l l s wh o s e  axons  a r e  i n  t h e  p y r am i d a l  t r a c t . 

Evi d en c e  f o r  t h i s mo d e l  h a s  b e en p r o v i d e d b y  un i t  a c t iv i t y  

r e co r d i n g s  i n  wh i ch p a l l i d a l  c e l l s  i n c r e as e  d i s c h a r g e  r a t e  

p r io r t o  t h e  ons e t  o f  mov emen t ( 1 2 , 1 S ) . 

E v i d e n c e  o p p o s i n g  t h i s  mech an i s m  i s  t h e  f a c t  t h a t  t h e  

mo s t  c ommon res p o n s e in  p a l l i d a l  c e l l s  d u e  t o  e l e c t r i c al 

s t im u l � t i o n  o f  t h e  c a u d a t e n uc le us i s  a l a r g e  amp l i t ud e  I P S P  

( 5 2 ) . F u r t h e rmo r e ,  Z e l e n s k e y a  ( 7 4 )  d e mo n s t r a t e d  t h a t  s t i m u l a 

t i on o f  t h e  c au d a t e  n u c l e u s  e l i c i t e d  E P S P - I P S P r e s po n s e s  in  

t h e  g l o b u s  p a l l i d u s . H e  n o t e d  t h a t  s t imu l a t i o n  of  t h e  c a u d a t e  

n u c l e us e l i c i t e d inh ib i t o r y  i n f l u e n c e s in  t h e  ven t r a l  re g ion  

of  the  p a l l i dum . R e c e n t  e v i d e n c e  o f  B u chwa l d  an d c o -wo rkers  

( 8 4 )  f u r t h e r  s ub s t an t i a t e s  the  above  p r o po s a l by  sh owing  t h a t 

e l e c t r i c a l  s t imul a t i o n  o f  t h e  c a u d a t e  n u c l eus  ev o k e s  EP S P ,  

E P S P - I P S P , and  I P S P  r e s p ons e s  i n  p a l l i d al n e u r ons . Th u s , 

t h e s e  s t u d i e s  p r o v i d e  e vi d e n c e  f o r  a b i d i r e c t ion a l  cont r o l  

o f  t h e  g l o b u s  p a l l i d u s . T h e  p r es en t  s t ud y  f u r t h e r  s ub s t an t i 

a t e s  t h i s  c o n t r o l  b y  demo n s t r a t in g  t h a t : ( 1 ) s t im u l a t ion  o f  

t h e  c o r t e x  f a c i l i t a t e d  I a  a f f e r e n t  a c t i v i t y  and evoked  D - I  

r e s p on s e s  wi t h in t h e  p y r am i d a l  t r a c t ; ( 2 )  t h e  c a u d a t e  n u c l e u s  

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

an d ( 3 )  t h e  g l ob us p a l l i d u s  o n l y  f a c i l i t a t e d c o r t i c a l ly i n -

d u c e d  a c t iv i t y .  A m o r e  p a r s imon i o u s  exp l an a t i on o f  c a u d at e 

n u c l e u s  mo d u l a t i on o f  co r t i c a l  mo t o r  o u t p u t  t h en i s  t h a t  
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t h e  c a u d a t e n u c l e u s  h a s  a f a c i l i t a t o ry an d inh ib i t ory  o u t p u t  

co n t r o l  o f  g l o b u s  p a l l i d u s  c e l l s  b u t  tha t g l ob us p a l l i d u s  

ce l l s  h av e  a p r e d om i n a t e l y  o r  e x c l u s iv e l y  f a c i l i t a t o ry 

o u t p ut c o n t r o l  u p o n  t h o s e  c o r t i c a l  c e l l s  wh os e axon s p r oj e c t  

i n  t h e  p y r am i d a l  t r a c t . P a l l i d a l  axo n s  wou l d  a l s o e x c i t e  

s u b c o r t i c a l  n e urons  wh i ch in  t u rn f a c i l i t a t e  mo t o r o u t p u t  

a t  t h e  s p i n a l  l e v e l .  C e l l s  w i t h in th e g l ob u s  p a l l i dus  a r e  

s p on t an e o u s l y  a c t ive . Th e c au d a t e  n u c l e u s , th en , f a c i l i t a t e  

and  i nh ib i t s  t h i s  a c t i v i t y  w i t h i n  t h e  g l ob u s p a l l idus . The  

l a t t e r  would  i n  t u rn mo d u l a t e  c o r t i c a l  a c t i v i t y  v i a  t h e  

t h a l amus b u t  on l y  i n  a f a c i l i t a t o ry mann e r .  Th a t  a t h a l am i c  

r e l ay i s  an  in t e rmed i a t e  c o mp o n e n t  in  t h i s m e c h a n i s m  i s  

s u p po r t e d  b y  an a t o m i c a l  e v i d e n c e  ( 6 1 , 6 2 )  a s  w e l l  a s  e l e c t r o 

phys i o l o g i c a l  d a t a  ( 3 0 , 5 1 )  t h a t  d e mon s t r a t e s  t h a t  t h e  i n 

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

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

s t im u l a t i o n . F i g u r e  1 9  i s  a mo d e l  s y n t h e t i z e d f r om in f o rma-

tion  ob t a i n e d  in t h e  p r e s en t  r e s e arch  and f ro m  o t h e r  s t u d ie s  

( 8 , 3 0 , 7 3 ) . A c c o r d i n g  t o  t h i s  mo de l , h i gh f r e q u e n c y  s t imu l a -

t i on t o  t h e  c a u d a t e  n u c l e u s f a c i l i t a t e s  o r  inh ib i t s  t h e  

s p o n t an e o u s  a c t i v i t y  o f  p al l i d a l  c e l l s ( 4 2 ) . S t i m u l a t i o n  

o f  t h e  c au d a t e n u c l e u s  w o u l d  t h e r e b y  i n d i r e c t l y inh ib i t 

o r  f a c i l i t a t e  c o r t i c a l  c e l l s  w h o s e axon s p r o j e c t  in t h e  p y r a -

m i d a l  t r a c t . B a s a l  g an g l i a  i n f l u e n c e s  me d i a t e d  v i a  s ub -

c o r t i c a l  l e v e l s  f a c i l i t a t e  c o r t i c a l ly indu c e d  and  py ram i d a l  
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t r a c t  a c t i vi t y  on a s p in a l  l e ve l . 

E .  C en t r a l  Regu l a t i o n  o f  Moveme n t  

T h e  c o r t e x w a s  o n c e  co n s i d r e d  t o  in i t i a t e  mov emen t v i a  

a c o r t i c o s p i n a l  p a t hway an d s o me f ib e r  p a thway s wh i ch p r oj e c t e d  

t o  s ub c o r t i c a l s t ru c t u r e s  ( 1 8 ) . Th e s e  s ub c o r t i c a l s t r u c t u r e s  

in  t u rn d e s c e n d  t o  t h e  s p in a l  l e vel . T h i s  c on c ep t , t h en , 

c on s i d e r e d  t h e  s ub c o r t i c a l  s t r u c t u r e s  as t h e  f in a l  l e v e l  

i n  t h e  � e u r o a x i s  b e fo r e t h e  s p in a l  l e ve l .  Re cen t p r o 

p o s a l s  d e v e l o p e d  a h i e r a r ch y  i n  wh i ch : ( 1 ) s ub c o r t i c a l  

s t r u c t u r e s  i n f l ue n c e  t h e  co r t ex ; a n d  ( 2 )  t h e  co r t ex i s  

c on s i d e r e d  m o r e  c l o s e ly l i n k e d  t o  t h e  s p in a l  l e ve l .  D e L o n g  

( 1 1 , 1 2 , 1 3 ) and  T h a c h  ( 8 1 )  d emo n s t r a t e d  an  i n c r e a s e  i n  u n i t  

a c t iv i t y i n  t h e  p u t amen , g l o b u s  p a l l i d us and  c e r eb e l l um 

p r i o r  t o  t h e  on s e t  o f  m o v e me n t . P o r t e r  ( 6 6 )  and Evart s ( 1 9 )  

ob t a in e d  a n  i n c re as e in  c o r t i c a l  a c t i v i t y  p r i o r  t o  t h e  

on s e t  o f  mo v e men t . Th i s  c o r t i c a l  a c t i v i t y  

p r e c e d e d  a d e c r e a s e  i n  e x t en s o r  mott o n e u r o n a l  a c t i v i ty wh i ch 

in  t u r n  p re c e d e d  an  i n c r e a s e  in  f l e x o r  mo t on e u r on a l  

a c t iv i ty . Th e l a t t e r  o c c u r r e d  c o n c o m i t an t ly w i t h  t h e  on s e t  

o f  mo vemen t . Th e r e f o r e , b o t h  t h e  co r t i c o -s p in a l  sy s t e m and  

the  b as a l gang l i a  a r e  c o n c u r r e n t ly i n v o lv e d  not  o n l y  wi t h  

t en s i on deve l o pm e n t  o f  movement  b u t  a l s o  i n  t h e  t empo r a l  

r e l a t i o n s h i p  o f  a c t i v a t i o n , o r  e v e n  t h e  i n i t i at i on o f  mo vemen t . 

Ko rnh ub e r  ( 4 4 )  h y p o t h e s i s  c on s i d e r s  t h e  maj o r  f un c t ion  

o f  the  b a s a l  gang l i a  as a r amp g e n e r a t o r , i e , involved  in  a 
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co n s t an t  ve l o c i t y  o f  movemen t . I n p u t  t o  t h e  b as a l g an g l i a  

f ro m  j o i n t  r e c e p t o r s  an d t h e  mus c l e  s p in d l e  w o u l d  p r o v i de 

in f o rma t i o n  c on ce rn i n g  mus c l e  l e n g t h  and ve l o c i t y o f  mov e -

men t . D y s f un c t i o n  o f  t h e  b a s a l  g an g l i a  wo u l d  invo lve t h e  

r e l e a s e  o f  f un c t i o n  o r  d e f i c i t  o f  r am p  g en e r a t ion . A t h e t o s i s , 

a s l ow w r i n g i n g  t yp e  o f  movemen t ,  i s  a r e p r e s e n t a t ive examp l e  

o f  b a s a l  g an g l i a  d e f i c i t , wh e r e a s  h em ib a l l i s m ,  a r a p i d , in 

v o l un t a r y  movement  g en e r a l ly invo lv i n g  t h e  e n t i r e ext remi t y  

w o u l d  b e  a d e mon s t r a t i o n  o f  r e l e a s e  o f  fun c t i o n . Ac c o r d i n g  

t o  Ko rnh ub e r ,  t h e  c e r eb e l lum w o u l d  b e  m o r e  invo l v e d  in t h e  

r e g u l a t i o n  o f  b a l l i s t i c  mo veme n t s . Howeve r ,  D e Lo n g  ( 1 1 )  

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

f un c t i o n  a s  a r amp gene r a t o r  b u t  m a y  a l s o  b e  invo l v e d  in  

b a l l i s t i c  movemen t s . H i s  c on t en t ion  was  b a s e d  on a demo n -

s t r a t i o n  t h a t  un i t s  wi t h i n  t h e  p u t amen r e s p o n d  t o  f a s t  a s  

we l l  a s  t o  s l ow movemen t s . Mo vemen t s  e l i c i t e d  f r om t h e  c o r t ex , 

t he n  w o u l d  b e  re g u l at e d  b y  b o t h  c e r eb e l l a r  and b a s a l  g an g l i a  

s t r u c t u r e s . T h i s  i d e a  i s  s ub s t an t i a t e d  b y  s e ver a l  r e s e a r c h e r s  

( 1 1 , 8 1 )  and  i s  c o n s i s t en t  w i t h  re s u l t s  o f  t h e  p r es e n t  

i n v e s t i ga t i o n . 

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

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

no t a c c ur a t e ly d e f in e  t h e  r o l e  o f  t h e  b a s a l  g an g l i a  in  th e 

c e n t r a l  r e g u l a t i on o f  movemen t ,  s i nc e t h i s  f un c t i o n  c an b e  

exp a n d e d  a s  a s y s t em in t e r d e p e n d e n t  w i t h  b eh av i o r a l  d imen s i o n s  

s uc h  a s  f e e d i n g  b e h av i o r .  S o r ens on ( 7 6 ) , a n d  Wan g and Ak e r t  
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( 8 4 )  s t u d i e d  b eh a v i o r a l  o r g an i z at i on t h a t  o c c u r r e d  w i th l e s ion s 

o f  t h e  s t r i a t um in t h e  r a t and  c a t , r e s p e c t iv e ly . S o re n s on 

re l a t e d  t h e  d e g r e e  o f  f e e d i n g  b eh av i o r  t o  t h e  e x t en t  o f  t h e  

s t r i a t a l  l e s i o n . A s t r i a t a l  p r e p a r a t ion  is  one in  t h e  

ce r e b r a l  c o r t ex was  removed  and  in s ome c a s e s  vary ing d e g re e s  

o f  t h e  c a u d a t e  n u c l e u s  w e r e  r emov e d . A t h a l am i c  animal  

i s  o n e  in  wh i ch t h e  t h a l am u s  i s  t h e  h i gh e s t rema i n i n g  s t ru c t u re  

in  the  f un c t i on a l  o r g an i z at i on of  the  c e n t r a l  n e r v o u s  s y s t e m .  

T h u s , in  t h e  t h a l am i c  p r e p a r a t ion , t h e  s t r i a t um i s  com-

p l e t e ly r e•ove d .  B o t h  r e s e ar c h e r s ob s e rve d t h a t  s t r i a t al 

anima l s  s p o n t a n e ou s ly a t e  and  g r oomed  t h ems e lv e s  wh e r e a s  t h e  

t h a l am i c  p r e p a r a t i on d i d  n o t  f e e d  o r  g r oom . When f o o d  was  

p l a c e d  in  t h e  mouth  o f  a th a l am i c  p r e p a r a t ion , t h e  animal  wo u l d  

c h e w  b u t  no t s wa l l ow ,  t h e re b y  i n d i c a t ing  t h a t th e o r g an i z a 

t ion  o f  f e e d in g  b eh av i o r  f o l l ow i n g  e a t in g  was a l s o  d i s r upt e d  

int t h i s  p r e p a r a t i o n . 

S o r e n s on p o s t u l a t e d  t h a t  f e e d i n g  b eh av i o r  was  co rre l a t e d  

w i th t h e  amo un t o f  c au d a t e  n u c l e u s  p r e s ent . D ie n c e p h a l i c  

s t r u c t u re s  h ave  b e en po s t u l a t e d  t o  b e  inv o l v e d  i n  a p p e t i t ive 

b e h a vi o r . The  m e ch a n i sms  f a c i l i t at e d  b y  d i en ceph a l i c  

s t r u c t u r e s  i n v o l v e d  in  f e e d in g  b eh a v i o r  i n c l ude  a c omp l e x  

o r g an i z a t ion  o f  l o c omo t i on t o  f in d  f o od and t h e  s e q u ence  o f  

b e h av i o r  r e l a t e d  t o  f e e d i n g  and  g r oomin g . Th e s e  m e c h a n i sms  

a r e  s up p r e s s e d  unt i l  the  ap p r o p r i a t e  t ime fo r f e e d i n g  b e h avio r 

t o  o c c u r . When f e e d i n g  b e h a v io r is  e l i c i t e d  o t h e r  mo t i vat ed  
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a c t i vi t i e s  n e e d  t o  b e  s u p p r e s s e d . H e  p r o p o s e d  t h e  h y p o t h e s i s  

t h e  t h a l am i c  a n imal  l a cks  t h e  inh ib i t o r y  in f l u e n c e s  f r om 

t h e  s t r i a t um to s u p p r e s s  o t h e r  b eh av i o r a l  a c t iv i t i e s  in o r d e r  

t h a t  f e e d i n g  b eh av i o r  b e  t h e  on l y  a c t ive b e h av i o r a l  a c t i v i t y .  

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

inh i b i t o ry i n f l u en c e  o v e r  n o n - f e e d i n g  b e h avio r i s  e x e r t e d .  

Th e r e f o r e , a c t iv i t y i s  c h ann e l e d  t o  m o t i v a t i on a l  s e q uen c e s  

f o r  f e e d i n g .  

The  b a s a l  g an g l i a may a l s o  h a ve a f un c t i o n a l  r o l e  

in  l e a r n e d  t as k s , B u chwal d ( 2 , 7 , 8 , 3 0 )  a t t empt e d  t o  rel a t e  

t h e  " inh i b i t o ry "  c a u d a t e  n u c l e u s  l oo p  t o  b eh av i o r a l  ob s e r -

v a t i o n s  r e s u l t i n g  f r o m  c a u d a t e  n u c l e u s  s t im u l a t i on . D u r in g  

l ow f r e q u e n cy s t i m u l a t ion , t h e  c a t  p a s s e d  f ro m  an a r o u s e d  

s t a t e  t o  a s t a t e  o f  d r ows in e s s  and  t h e  a c c u r acy o f  a b a r  

p re s s i n g  t a s k  d e c r e as e d  d u r in g  t h i s  p e r i o d , where as t h e  r e a c t ion 

t im e  f o r  t h e  t as k  i n c r e a s e d . A novel s t i m u l u s  p r e s e n t e d  t o  

t h e  an i m a l  w o u l d  r e - i n i t i a t e  t h e  t a s k . H i gh f r e q u e n c y  

s t im u l a t i on w i t h i n  t h e  c a u d a t e  n u c l e u s  d i d no t d e c re a s e  r e 

a c t i o n  t im e  n o r  i n c r e a s e  p e r f o rman c e  l e v e l  in  t h e  t a s k  r e 

l a t e d  s i t u a t ion . H oweve r ,  i f  l ow f r e q ue n c y  s t imu l a t i on 

a p p l i e d  t o  t h e  c a ud a t e  n u c l e u s  r e s u l t e d  in ce s s a t i o n  o f  t h e  

t as k ,  r e ap p l i c a t i on o f  h i gh f r e q u e n cy s t imu l a t i o n  r e s u l t e d  

i n  in i t i a t i o n  o f  t h e  t a s k . I f  b o th l ow and h i gh f r e q u e n c y  

s t im u l a t i on w e r e  a p p l i e d  s i mu l t an e o u s ly t o  t h e  c a u d a t e 

n u c l e u s  t h e  t a s k  c on t i n ue d .  A s  p re v i us l y  d e s c r ib e d , D e L o n g  
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ob t a i n e d  in c r e a s e s  i n  un i t  d i s c h a r g e  p r i o r  t o  t h e  ons e t  o f  

m o v emen t and  p o s t u l a t e d  t h a t  t h e  b a s a l  gangl i a  may b e  in-

vo l v e d  in the  in i t i a t ion  o f  moveme n t . T h e r e f o r e , in c o n -

s i d e r a t i on w i t h  t h e  ab o ve o b s e rv a t i o n s  o f  Buchwa l d , a h i gh 

f r e q u e n c y  s t i u m l u s  mech an i s m  a c t iv a t i n g  t h e  b a s a l  g an g l i a  

may b e  i n v o l v e d  i n  th e in i t i a t i o n  o f  movemen t . Th e c o n -

c e p t  f o r  in i t i a t i o n  o f  movem e n t  m a y  b e  f u r t h e r  s ub s t an t i a t e d  

b y  a c l i n i c a l  c o r r e l a t i o n  in  wh i c h  t h e  P a rkins o n i an p a t i e n t  

h a s  d i f f i c u l t y in  th e s l ow in i t i a t ion  o f  moveme n t . 

Th e p r e s en t  r e s e a r ch d emo n s t r a t es t h a t  th e b a s a l  

g an g l i a  mo d u l a t e  o u t p u t s  o f  b o th c o r t i c a l  and s ub c o r t i c a l  

mo t o r  s ys t ems . Thus , t h e  b as a l g an g l i a  n o t  o n l y  r e c e ive 

inp u t s  f r o m  many c en t r a l  n e rv o u s  s y s t em r e g io n s  b u t  may 

e x e r t  mo d u l a t in g  i n f l u en c e s on s ev e r a l  e f f e ren t sys t ems . 

F u r t h e r mo r e ,  t h e  b as a l g an g l i a  a r e  n o t  o n l y  invo l ve d  in  t h e  

r e g u l a t i on o f  movemen t ,  b u t  a r e  a l s o  inv o l v e d  in  t h e  r e -

g u l a t io n  o f  c o mp l e x mo t iv a t e d  b eh av i o r s . Al t h o ugh t h e s e  

two f un c t i o n s  m a y  o p e r a t e  i n d e p en d en t l y ,  i t  s e ems m o r e  l i k e l y  

t h a t  t h e  r e g u l a t ion  o f  mo t i v a t e d  b eh a v i o r s  a n d  t h e  m o d u l a 

t i o n  o f  l o c omo t o r  ac t iv i t y a r e  t o  a n  e x t e n t  s ub s e r v e d  b y  

c o mm o n  n e u r a l  m e c h a n i s ms w i t h in t h e  b as a l g an g l i a . 
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SUMMARY 

P h y s i o l o g i c a l  m e c h a n i sms un d e r ly in g  b a s al g a n g l i a  

h a v e  b e en d i f f i c u l t  t o  a s s e s s  due  t o : ( 1 )  e l e c t r i c a l  s t i m

u l a t i o n  and  d i s c r e t e  s u r g i c a l  l e s ions  w i t h i n  t h e s e  s t r u c t u res  

f a i l  to  p r o d u c e  as s i gn i f i c an t  a r e s p o n s e  a s  that  ob s e r v e d  

in  d y s f un c t i o n ; and ( 2 )  t h e  b a s a l  g an g l i a a r e  m a n y  syn a p s e s  

r e mo v e d  f r om s e n s o r y  inpu t an d f rom l owe r m o t o n e u r ons . H ow 

eve r ,  t w o  g en e r a l  m e c h an i sms  b a s e d  on an a t om i c a l  s t u d i e s  a r e  

p o s s ib l e  f o r  m o d u l a t i on o f  mo t o r  a c t i v i t y  b y  t h e  b a s a l g a n g l i a . 

T h e s e  m e ch an i s ms a r e : ( 1 )  mo d u l a t io n  o f  t h e  o u t p u t  o f  c o r t i c a l  

n e u r o n s  t h a t  e xe r t mo t o r  in f l u e n c e s  a n d  ( 2 )  mo du l a t ion  o f  

s ub co r t i c a l n e u r o n s  t h a t  e x e r t  mo t o r  i n f l ue n ce s . 

D i f f e r en t i a t ion  b e tween  t h e s e  two m e c h an i s ms was  

a c c om p l i s h e d  i n  the  p r e s e n t  s t udy by  two  e xp e r im e n t a l  

a p p r o a c h e s ,  b o t h o f  wh i ch em p l o y e d  t h e  cond i t i o n i n g - t e s t  

p a r a d i gm .  T h e  f i r s t a p p r o a ch was a n  inves t i ga t i o n  o f  b a s a l  

g a n g l i a  m o d u l a t i o n  ( co n d i t i o n in g  s t i mulus ) o f  f l e x o r  r e 

s p on s es  o f  t h e  an t e r i o r  t i b i a l i s  mus c l e  e i c i t e d  b y  e l e c t r i c a l  

s t i mu l a t i on o f  t h e  s en s o r i mo t o r  c o r t e x ( t e s t  s t im u l u s ) an d 

py r am i d a l  t r a c t  ( t e s t  s t i mu l u s ) .  Th e s e  inve s t i g a t i o n s  w e r e  

c a r r i e d  o u t  in  t h e  i n t a c t  and i n  d e c o r t i c a t e  c a t s . T h e  

an t e r io r  t i b i a l i s  mus c l e  i s  a c t iv a t e d  d u r i n g  t h e  f i r s t  

ph a s e  o f  movement  an d w a s  t he r e f o r e  us e d  i n  th i s  s t u d y  

s in c e  a ch a r ac t e r i s t i c  o f  some  b as a l g an g l ia dys f un c t i o n s  
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i n v o lve a s h ow o n s e t  o r  in i t i a t i on o f  movemen t .  

The  s e c on d  a p p r o a ch was an an a l y s i s  o f  modu l a t i o n  o f  

c o r t i c a l l y i n d u c e d  p y r am i d a l  t r ac t r e s p o n s e s  b y  c o n d i t i on 

i n g  s h o c k  t r a i n s  d e l iv e r e d  t o  v a r i o u s  l o c i  w i t h i n t h e  b a s al 

g a n g l i a .  Bo t h  a p p r o a c h e s  we r e  d e s i gn e d  t o  d e t e rm ine w h e t h e r  

i nh ib i t o ry a n d  f a c i l i t a t o r y  mo t o r  in f l u e n c e s  o f  th e b a s a l  

g an g l i a  o c c u r r e d  a t  a c o r t i c a l  o r  s ub c o r t i c a l  l eve l .  

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

c o r t e x  e v o k e d  e i t h e r  an enh an c eme n t , r e d u c t i on o r  n o  a l t e r a 

t i o n o f  t h e  co r t i c a l l y ind u c e d  in c r e a s e in  f l e xo r  re spon s e s  

( me a s u r e d  b y  I a  a f f e r en t  a c t i v i t y , E MG ,  my o g r am)  wh e re as n o  

inh i b i t o ry in f l ue n c e s  o c c u r r e d  f ro m  c au d a t e  n u c l e us s t im u l a 

t i on u p o n  p y rami da l t r a c t  i n d u c e d  f l exo r r e s p o n s e s in 

e i t h e r  t h e  i n t a c t  o r  d e c o r t i c a t e  p r e p a r a t i o n . I n h ib i t o ry 

lo c i  w e r e  d i s t r ib u t e d  t ow a r d  t h e  ros t r a l  p o r t ion  o f  t h e  

c au d a t e  n u c l e u s , wh e r e a s  f a c i l i t a t o r y l o c i  w e r e  d i s t r ib u t e d  

t h r o u g h o u t ; a n d  t h i s  d i s t r i b u t ion w a s  s t a t i s t i c a l ly s i gn i 

f i c a n t  ( Ch i  S q u a r e ; p < 0 . 0 1 ) . On ly enhancemen t o r  n o  in 

f lu e n c e  u p o n  co r t i c a l  in d u c e d  o r  p y r a m i d a l  t r a c t  ind u c e d  

re s po n s e s  w e r e  ob t a in e d  b y  c on d i t i on i n g  s t imul i t o  t h e  g l ob u s  

p a l l i d us . 

I n  t h e  una n e s t h e t i z e d , b u t  immo b i l i z e d  c a t , t r a i ns o f  

s h o c k s  d e l ive r e d  t o  t h e  c a ud a t e  n u c l e u s  enhan c e d , r e d u c e d  

o r  h a d  n o  i n f l u e n c e  u p o n  t h e  c o r t i c a l ly evoked  d i r e c t  an d in 

d i r e c t  r e s p o n s e s  r e c o r d e d  in  t h e  b u lb a r  p y r am i d a l  t r a c t . 
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D i s t r i b u t i on o f  f a c i l i t a t o ry an d inh ib i t ory  l o c i  w e r e  

o r ga n i z e d  i n  a s i m i l a r  f a s h ion  as  in t h e  an e s th e t i z e d  p re p a r a 

t i on . Fa c i l i t a t o ry  an d inh ib i t o ry l o c i  e x i s t e d  s id e  b y  s id e  

in  t h e  ro s t ra l  p o r t i on o f  t h e  c a ud a t e  n u c l e u s  an d inh ib i t o ry 

lo c i  o c c u r r e d  wi th  s i gn i f i c an t l y  g r e a t e r  f r e q u en cy in r o s t r al 

a s  o ppo s e d  t o  t h e  c a u d a l  h a l f  o f  t h e  c a u d a t e  n u c l e us ( C h i  

S q u a r e , p < 0 . 0 1 ) . Fa c i l i t at o ry l o c i w e r e  d i s t r ib u t e d  th r o u g h 

o u t  t h e  s t ru c t u r e . 

From  t h e s e o b s e rv a t i o n s , a mo d e l  w a s  p r o p e s e d  in  wh i ch 

t h e  o ut p u t  o f  t h e  c a u d a t e  n u c l e u s  exe r t s  a b id i r e c t io n a l  

c on t ro l :  t h e  c au d a t e  n u c l eu s  exe r t s  b o t h  f a c i l i t a t o ry o r  

inh i b i t o ry m o d u l a t i on o f  t h e  t o n i c a l l y  a c t i v e  g l o b u s  p a l l i d u s  

c e l l s . Th e l a t t e r  in t urn p r e d om in a t e l y  o r  exc l us ive ly  

f a c i l i t at e s the  py r am i d a l  t ra c t  o u t p ut a s  w e l l as t h e  o u t p u t  

o f  s ub c o r t i c a l  s t r u c t ur e s ; b o th e f f e c t s  f a c i l i t a t e  mo t o r  

r e s p on s e s  a t  t h e  s p in a l  l eve l . 
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