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LAMINAR SITE OF ACTION AT THE CORTEX OF 

NONSPECIFIC THALAMIC AFFERENTS

CHAPTER I  

INTRODUCTION

B eh av io r  can b e  d e f in e d  a s  t h e  i n t e r a c t i o n  o f  an o rganism  

w i th  i t s  env iro n m en t.  T h is  i n t e r a c t i o n  may be d iv id e d  i n t o  t h r e e  

n e u r o p h y s io lo g i c a l  e v e n ts :  (1) t r a n s d u c t i o n  o f  t h e  e n v iro n m en ta l

in f o r m a t io n  i n t o  n e u r a l  c o d e s ;  (2) n e u r a l  p r o c e s s in g  o f  t h e  coded 

in f o r m a t io n  i n  te rm s o f  o rg a n ism ic  n e ed s  o r  w a n ts ;  and (3) motor 

b e h a v io r  t o  m e d ia te  t h e  n eed s  o r  s a t i s f y  th e  w a n ts .  These th r e e  

e v e n ts  may be s e q u e n t i a l  o r  s im u l ta n e o u s .  T h is  d i s s e r t a t i o n  f o c u s ­

es on th e  a r e a  o f  n e u r a l  p r o c e s s i n g .

O r i e n t in g  Response 

To d e lv e  f u r t h e r  i n t o  n e u r a l  p r o c e s s in g  i n  th e  b r a i n ,  con­

s i d e r  th e  o r i e n t i n g  r e s p o n s e .  C a l l e d  th e  " w h a t - i s - i t "  r e s p o n se  by 

P av lo v  (1 9 4 9 ) ,  one o f  th e  f i r s t  p h y s i o l o g i s t s  t o  i n v e s t i g a t e  con­

s c io u s  b e h a v io r ,  th e  o r i e n t i n g  r e s p o n s e  h a s  s in c e  been e x t e n s iv e ly  

i n v e s t i g a t e d  i n  an im a ls  and i n  hum ans. I f  a human i n  a r e la x e d  

b u t  s e m i - a l e r t  s te a d y  s t a t e  i s  p r e s e n t e d  w i th  a m ild  b u t  " s i g n i f i ­

c a n t ” s t im u lu s  such  a s  sp ea k in g  h i s  name, h i s  p h y s i o l o g i c a l  s t a t e  

ch an g es .  T here  i s  a low er t h r e s h o l d  o f  e x t e r o c e p t i v e  s e n s i t i v i t y

1
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( e .g ^  4 -10  db lo w e r in g  o f  t h e  a u d i t o r y  t h r e s h o l d ,  p u p i l l a r y  d i l a ­

t i o n ,  p h o to c h em ica l  changes i n  t h e  r e t i n a  th e r e b y  lo w e r in g  th e  

t h r e s h o l d  f o r  l i g h t  i n t e n s i t y ) , an i n c r e a s e  i n  th e  s k e l e t a l  muscle 

to n u s ,  an i n c r e a s e  i n  e l e c t r i c a l  s k i n  c o n d u c ta n c e ,  v a s o c o n s t r i c t i o n  

in  t h e  l im b s ,  a s h o r t  d e lay  i n  r e s p i r a t i o n  fo l lo w e d  by a d e e p e r  and 

s lo w e r  r e s p i r a t o r y  r a t e ,  a d e c r e a s e  i n  th e  h e a r t  r a t e ,  and an a l t e r ­

a t i o n  i n  th e  e l e c t r i c a l  a c t i v i t y  o f  t h e  b r a i n  (Lynn, 1 9 6 5 ) .  Even 

w i th o u t  a p h y s ic a l  t u r n i n g  o f  th e  head  a n d /o r  body, th e  p e r s o n  i s  

s a i d  t o  have  " o r i e n t e d "  t o  th e  s t im u lu s .

C o n s id e r  f u r t h e r  t h e  p r e - a n d  p o s t - s t i m u l u s  s t a t e s  o f  th e  

b r a i n  e l e c t r i c a l  a c t i v i t y .  P r i o r  t o  t h e  s t im u lu s  t h e  e l e c t r o ­

encepha logram  (BEG) c o n s i s t s  l a r g e l y  o f  h i g h - v o l t a g e - s lo w  waves 

(low f r e q u e n c y ) . Im m edia te ly  a f t e r  th e  s t im u lu s  th e  EEC c o n s i s t s  

o f  l o w - v o l t a g e - f a s t  waves (h ig h  f r e q u e n c y ) . T h is  r e s p o n s e ,  termed 

t h e  " a c t i v a t i o n  p a t t e r n "  by R h e in b e rg e r  and J a s p e r  (1 9 3 7 ) ,  h a s  a l s o  

been  c a l l e d  c o r t i c a l  a r o u s a l  o r  c o r t i c a l  d e sy n ch ro n y . C o r t i c a l  

a r o u s a l  h a s  been  shown by M oruzzi and Magoun (1 9 4 9 ) ,  and o th e r s  t o  

r e s u l t  from an i n t e r a c t i o n  o f  th e  r e t i c u l a r  a c t i v a t i n g  sy s tem  and 

th e  th a lam u s  w i th  th e  c e r e b r a l  c o r t e x .

I f  th e  s t im u lu s  p r o d u c in g  th e  o r i e n t i n g  r e s p o n se  i s  p r e ­

s e n te d  t o  a human o r  an im al i n  e x a c t l y  t h e  same way on a r e p e t i t i v e  

b a s i s ,  t h e  p r im a ry  o r i e n t i n g  re s p o n s e  d im in is h e s  and f a i l s  t o  occu r  

a f t e r  a b o u t 15 r e p e t i t i o n s .  The o rgan ism  i s  s a id  t o  have " h a b i t ­

u a te d "  t o  th e  s t im u lu s .  The EEC from m ost c o r t i c a l  a r e a s  th e n  

re s e m b le s  t h a t  o f  th e  r e s t i n g  s t a t e .  However, i n  t h e  s e n s o ry  c o r te x  

l o c a l  desynchrony  p r e v a i l s .  The th a lam u s  i s  in v o lv e d  i n  m a in ta in in g
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t h i s  l o c a l i z e d  c o r t i c a l  desynch rony  (S h a rp le s s  and J a s p e r ,  1 9 5 6 ) .

T h a la m o - c o r t i c a l  I n t e r a c t i o n  

The tha lam us can  be d iv id e d  i n t o  t h r e e  a r e a s  (Ajmone- 

Marsan, 1965):  (1) s p e c i f i c  sy s te m ; (2) n o n s p e c i f i c  system ; and

(3) u n d e te rm in ed . A natom ical and n e u r o p h y s io lo g ic a l  ev idence  

shows t h a t  th e  s p e c i f i c  system  s e r v e s  as  a r e l a y  s t a t i o n  f o r  a l l  

incom ing sen so ry  in f o r m a t io n  (w i th  th e  e x c e p t io n  o f  o l f a c t o r y  

s t i m u l i )  which i s  d e s t i n e d  f o r  t h e  c e r e b r a l  c o r t e x .  I t  a l s o  s e r v e s  

to  d i s t r i b u t e  n e u r a l  im p u lses  t o  o t h e r  p a r t s  o f  th e  tha lam us and 

to  o t h e r  r e g io n s  o f  th e  b r a i n  and may be in v o lv e d  i n  t h e  su b co r -  

t i c a l  i n t e g r a t i o n  o f  th e  sen so ry  in f o r m a t io n .  The n o n s p e c i f i c  

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

w i th  c o r t e x .  Thalam ic p o r t i o n s  p la c e d  i n  th e  undeterm ined  group 

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

S p e c i f i c  System 

L o c a l iz ed  e l e c t r i c a l  s t i m u l a t i o n  o f  th e  s p e c i f i c  th a la m ic  

n u c l e i  e l i c i t  c h a r a c t e r i s t i c  r e s p o n s e s  a t  th e  c o r t e x ,  nam ely, th e  

p r im ary  r e s p o n s e ,  th e  r e p e t i t i v e  r e s p o n s e ,  and th e  augmented r e ­

sp o n se .

S u r fa c e  r e s p o n s e s . S in g l e  shocks a p p l ie d  t o  a s p e c i f i c  

th a la m ic  s i t e  p roduce  a p r im ary  r e s p o n se  a t  th e  s u r f a c e  o f  th e  

s e n s o r im o to r  c o r t e x .  This  c l a s s i c  p o s i t i v e - n e g a t i v e  wave was 

d e s c r ib e d  by A d rian  (1 9 4 1 ) ,  i n  c o n n e c t io n  w i th  p e r i p h e r a l  s t i m u l i .  

The t im e  i n t e r v a l  be tw een s t im u lu s  p u l s e  and peak  re sp o n se  

a m p l i tu d e  o f  th e  f i r s t  l a r g e  p o s i t i v e  wave i s  2 -4  msec (M orison
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and Dempsey, 19^12; Dempsey and M orison , 1943; Spencer and B ro o k h a r t ,  

1 9 6 1 a ) . The la t e n c y  t o  t h e  n e g a t i v e  peak  i s  o f  th e  o r d e r  o f  5 t o  

8 msec. Dempsey and M orison (1943) d e t a i l  o th e r  s m a l le r  waves 

p re c e d in g  and fo l lo w in g  t h e  b a s i c  re s p o n s e ,  b u t  Spencer and 

B ro o k h art  (1961a) and C r e u t z f e l d t , Watanabe and Lux (1966) i d e n t i f y  

th e  p r im ary  re sp o n se  as  t h e  p o s i t i v e - n e g a t i v e  wave h a v in g  th e  

l a t e n c i e s  m entioned above .

F o llo w in g  th e  p r im a ry  evoked re s p o n se ,  a s e r i e s  o f  s p o n ta ­

neous waves c a l l e d  th e  r e p e t i t i v e  re sp o n se  sometimes a p p e a r .

M orison and Dempsey (1943) i d e n t i f i e d  th e s e  as  b e in g  8 -1 2 /s e c  

a lp h a  w aves. Chang (1950) r e p o r t e d  a s  many as  14 o f  t h e s e  waves 

i n  a t r a i n  b u t  found th e  u s u a l  number t o  be around 4 t o  5.

I f  r e p e t i t i v e  e l e c t r i c a l  s t i m u l i ,  3 -1 2 /s e c ,  a r e  a p p l i e d  t o  

a s p e c i f i c  th a la m ic  s i t e ,  t h e  p r im ary  re sp o n se  to  th e  f i r s t  p u l s e  

i n  each  s t im u lu s  t r a i n  i s  a l t e r e d  w i th in  two o r  t h r e e  shocks . 

(S tim u lu s  t r a i n  i s  a te rm  a p p l i e d  t o  two o r  more s t im u lu s  p u l s e s  

i n  a f i n i t e  s e r i e s ,  t h e  s e r i e s  d u r a t i o n  u s u a l ly  n o t  e x ceed in g  4 

o r  S s e c s . )  The l a t e n c y  o f  th e  f i r s t  l a r g e  p o s i t i v e  wave i s  i n ­

c r e a s e d  t o  5-8 msec and th e  n e g a t iv e  wave la t e n c y  i s  i n c r e a s e d  t o  

15-18 msec (Dempsey and M orison , 1943; Spencer and B ro o k h a r t ,

1961a) . I n  a d d i t i o n  t h e  am p li tu d e  o f  th e  p o s i t i v e  wave i s  some­

what i n c r e a s e d  b u t  th e  a m p l i tu d e  o f  t h e  n e g a t iv e  wave becomes 

s u b s t a n t i a l l y  l a r g e r ,  t h a t  i s ,  t h e  am p li tu d e s  have been "augm ented" 

(M orison and Dempsey, 1942; Dempsey and M orison, 1 943) . In  c a t s  

th e  evoked p rim ary  and augmented re sp o n se s  a r e  found i n  th e  v i s u a l ,  

th e  a u d i t o r y ,  and th e  so m ato sen so ry  c o r t i c a l  p r o j e c t i o n  a r e a s  as
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w e l l  as i n  th e  m otor c o r t e x .  B ishop , C la re  and Landau (1951) found 

th e  p r im ary  re sp o n se  o n ly  i n  t h e  sen so ry  p r o j e c t i o n  a r e a s  b u t  

observed  th e  augmented re s p o n se  from w ider  a r e a s .  S c h la g  and Kuhn 

(1966) , r e c o r d in g  from many a r e a s  o v e r  t h e  a n t e r i o r  h a l f  o f  th e  

c e r e b r a l  hem isp h ere  o f  c a t s ,  o b ta in e d  " s p e c i f i c "  r e s p o n s e s  from 

s h a rp ,  f o c a l  r e g io n s  in  th e  s e n s o r im o to r  c o r t e x  w h i l e  t h e  augmented 

r e s p o n se s  were found to  be more b ro ad ly  d i s t r i b u t e d  on th e  p e r i -  

sigm oid gyrus  and a d ja c e n t  c o r t i c a l  a r e a s .

I n t r a e o r t i c a l  r e s p o n s e s . The a l t e r a t i o n s  i n  p r im ary  and 

augmented re s p o n se  waveforms observed  w i t h  p r o g r e s s i v e  e l e c t r o d e  

p e n e t r a t i o n  i n t o  th e  c o r t e x  have  been  s tu d i e d  w i th  m onopolar r e ­

c o r d in g s .  The e a r ly  f in d in g s  (Morison and Dempsey, 1942, 1943; 

Dempsey and M orison , 1943; Li and J a s p e r ,  1953; B ishop and C la r e ,  

1953; A m ass ian , P a t t o n ,  Woodbury, Towe and S c h la g ,  1955) o f  a 

p o l a r i t y  r e v e r s a l  and o t h e r  waveform changes in  t h e  c o r t i c a l  

d ep th s  were more th o ro u g h ly  s t u d i e d  by L i ,  C u llen  and J a s p e r  

(1956a) and S p en cer  and B ro o k h a r t  (1 9 6 1 a ) . S te p w ise  m ic r o e le c ­

t r o d e  p e n e t r a t i o n  t o  a dep th  o f  0 .8 - 1 .2  mm showed: (1) a d e c re a se

i n  l a t e n c y  o f  t h e  o r d e r  o f  10-15 msec f o r  b o th  t h e  p o s i t i v e  and 

n e g a t i v e  waves seen  i n  th e  s u r f a c e  r e s p o n se ;  (2) a r e d u c t io n  t o  

z e ro  o f  th e  s u r f a c e - p o s i t i v e  wave ; (3) an a d d i t i o n  o f  a p o s i t i v e  

wave f o l l o w in g  t h e  o r i g i n a l  s u r f a c e - n e g a t iv e  wave; and , (4) a 3 

t o  4 t im e s  i n c r e a s e  i n  am p li tu d e  o f  th e  n e g a t iv e  wave o v e r  t h a t  

o f  th e  s u r f a c e - p o s i t i v e  wave. W ith c o n t in u e d  s e q u e n t i a l  e l e c t r o d e  

p e n e t r a t i o n  t o  w h i te  m a t t e r ,  th e  am p li tu d e  o f  th e  n e g a t i v e - p o s i t i v e  

sequence  was d e c re a se d  (L i ,  e t  1956a) , o r  rem ained  th e  same



6

(S pencer and B ro o k h a r t ,  1961a) , and th e  l a t e n c i e s  were s l i ^ t l y  

lo n g e r .  Data o b ta in e d  from a t r a n s c o r t i c a l  r e c o rd in g  t e c h n i q u e ,  

r e f e r e n c e  s i t e  a t  t h e  s u r f a c e ,  s u b s t a n t i a t e  th e  r e s u l t s  summarized 

above (S ch lag  and V i l l a b l a n c a ,  1 9 6 7 ) .

The r e s u l t s  c i t e d  above p r o v id e  s t r o n g  su p p o r t  f o r  t h e  

p rem ise  (S pencer and B ro o k h a r t ,  1961a) t h a t  th e  p r im a ry  a n d /o r  

augmented r e s p o n s e s ,  evoked i n  t h e  s e n s o r im o to r  c o r t e x  by s t im u ­

l a t i o n  o f  th e  s p e c i f i c  th a la m ic  n u c l e i ,  a r e  g e n e ra te d  v i a  s p e c i f i c  

a f f e r e n t  t e r m i n a t i o n s  i n  l a y e r  I I I  and i n  up p e r  IV. I n i t i a l  d e ­

p o l a r i z a t i o n  a t  t h e s e  l e v e l s  p r o g r e s s e s  upward toward t h e  p i a l  

s u r f a c e ,  p resum ably  a lo n g  th e  a p i c a l  d e n d r i t e s ,  p re c e d e d  and f o l ­

lowed by h y p e r p o la r i z in g  e f f e c t s .  These t r a v e l i n g  wave e f f e c t s  a r e  

e s s e n t i a l l y  com ple ted  w i t h i n  40-60 msec.

The developm ent and improvement o f  r e f in e d  m ic r o e le c t r o d e  

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

s t im u la t e d  much r e s e a r c h  on th e  r e l a t i o n s h i p s  o f  s u r f a c e  a n d /o r  

i n t r a e o r t i c a l  r e s p o n s e s  t o  s i n g l e  neu ron  f i r i n g .  L i  (1 9 5 5 ) ,  by 

s im u lta n eo u s  u se  o f  i n t r a c e l l u l a r  and e x t r a c e l l u l a r  m i c r o e l e c t r o d e s ,  

e s t a b l i s h e d  t h a t  th e  u n i t  s p ik e  d i s c h a r g e  d e te c te d  by e x t r a c e l l u l a r  

means was r e p r e s e n t a t i v e  o f  th e  i n t r a c e l l u l a r  f i r i n g  e v e n t .  The 

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

evoked by s t i m u l a t i o n  o f  s p e c i f i c  th a la m ic  n u c l e i ,  t h e  p y ra m id a l  

t r a c t ,  o r  th e  c o r t i c a l  s u r f a c e  h a s  been  th e  o b j e c t  o f  c o n s id e r a b l e  

r e s e a r c h  (L i ,  1956; L i ,  C u l le n  and J a s p e r ,  1956b; P h i l l i p s ,  1956; 

B ro o k h art  and Z a n c h e t t i ,  1956; M a r t in  and B ranch, 1958; Branch and 

M a r t in ,  1958; Spencer and B ro o k h a r t ,  1961b; P u rp u ra ,  S h o fe r  and
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M usgrave, T o r i i ,  Endo, Shim azono, I h a r a ,  Narukawa and M atsuda,

1965; C r e u t z f e l d t ,  ^  a l .  1966a; Humphrey, 1968a, b ) . A p redom i­

n a t i n g  f e a t u r e  o f  th e s e  s t u d i e s  i s  t h a t  th e  u n i t  d i s c h a r g e s  from 

c e l l s  i n  l a y e r s  I I I ,  IV and u p p e r  V a r e  t i g h t l y  c l u s t e r e d  t im e -  

w ise  w i th  th e  augmented r e s p o n s e .  T here  i s  l e s s  ag reem en t in  t h e s e  

r e f e r e n c e s  on th e  r e l a t i o n s h i p  be tw een  u n i t a r y  re s p o n s e s  from c e l l s  

i n  th e  u p p e r  c o r t i c a l  l a y e r s  and th e  augmented re s p o n s e .  R eported  

r e s u l t s  in c lu d e  i n c o n s i s t e n t  t i m e - c l u s t e r i n g ,  no r e l a t i o n s h i p ,  o r  

i n h i b i t i o n  o f  s p ik e  a c t i v i t y .

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

e l e c t r i c a l  a c t i v i t y  o f  t h e  c o r t e x  h as  been  s t u d i e d  by : L i  and

J a s p e r  (1955); L i (1955); S p en ce r  and B ro o k h a r t  (1 9 6 1 b ) ; Fromm and 

Bond (1969, 1967) ; C a l v e t ,  C a lv e t  and S c h e r r e r  (1 9 6 9 ) ;  C r e u t z f e l d t ,  

e t  (1966b) and by many o t h e r s .  Fromm and Bond (1969) and C a lv e t ,  

e t  a l . (1969) r e p o r t  a d e c r e a s e  i n  t h e  f i r i n g  r a t e  o f  deep c o r t i c a l  

c e l l s  c o in c i d e n t  w i th  slow s u r f a c e  n e g a t i v i t y .  Fromm and Bond 

(1969) observed  an  i n c r e a s e d  f i r i n g  r a t e  w i th  s u r f a c e  p o s i t i v i t y .  

C r e u t z f e l d t ,  e t  (1966b) r e p o r t e d  an  in c r e a s e d  f i r i n g  r a t e  w i th  

s u r f a c e  n e g a t i v i t y  b u t  gave no in f o r m a t io n  a s  t o  t h e  c o r t i c a l  l e v e l  

o f  th e  u n i t s  m o n ito re d .  T here  i s  s t r o n g  ev id en ce  t h a t  t h e  Type I  

spon taneous  s p in d l e s  (S pencer  and B ro o k h a r t ,  1961b) a r e  a s s o c i a t e d  

w i th  com pactly  c l u s t e r e d  s p ik e  d i s c h a r g e s  o f  n e u ro n s  i n  l a y e r s  

I I I  and IV and t h a t  th e  s u b s e r v i e n t  n e u r a l  mechanisms a r e  t h e  same 

a s ,  o r  s i m i l a r  t o ,  t h o s e  in v o lv e d  i n  g e n e r a t io n  o f  th e  augmented 

re s p o n s e .
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N o n sp e c i f ic  System

L o c a l iz e d  e l e c t r i c a l  s t i m u l a t i o n  o f  n o n s p e c i f i c  th a la m ic  

n u c l e i  p ro d u c e s  u n iq u e  re sp o n se s  i n  wide r e g io n s  o f  c o r t e x .  These 

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

I n  t h i s  d i s s e r t a t i o n  th e  p rim ary  em phasis i s  on th e  r e s p o n s e s  to  

low fre q u e n c y  s t i m u l a t i o n ,  i . e . ,  l e s s  th a n  1 5 / s e c .  F o r  th o s e  r e ­

sp o n se s  t o  h ig h  f req u en cy  s t i m u l a t i o n  ( g r e a t e r  th a n  2 0 /s e c )  which 

i n v o lv e  changes  i n  th e  " s te a d y "  o r  DC p o t e n t i a l s  and s u r f a c e  s h i f t s  

i n  p o t e n t i a l ,  t h e  r e a d e r  i s  r e f e r r e d  t o  G o ld r in g  and O 'Leary  (1957) ; 

B ro o k h a r t ,  A r d u in i ,  Mancia and M oruzzi (1958) and th e  th o ro u g h  r e ­

view by O 'L eary  and G o ld ring  (1964) , For more r e c e n t  work r e l a t i n g  

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

r e s p o n s e s ,  one may c o n s u l t  th e  work o f  Gumnit and Grossman (1 9 6 1 ) ,  

Kawamura and Sawyer (1964) , W urtz (1966) , o r  Rowland (1967) .

S u r fa c e  r e s p o n s e s . S in g l e  s t i m u l i  a p p l ie d  t o  a n o n s p e c i f i c  

t h a la m ic  s i t e  u s u a l l y  do n o t  evoke a u n iq u e ly  d i s t i n c t  c o r t i c a l  

r e s p o n s e  (M orison and Dempsey, 1942; Dempsey and M orison , 1942) . 

O c c a s io n a l ly ,  such  s t i m u l i  w i l l  t r i g g e r  an  8 -1 2 /s e c  s p in d l e  b u r s t  

( J a s p e r ,  1 9 4 9 ) .  M u l t ip le  s t i m u l i  a p p l ie d  a t  3 -1 2 /s e c  r a t e s  evoke 

th e  c l a s s i c  " r e c r u i t i n g  re s p o n se "  (M orison and Denpsey, 1942;

Dempsey and M o riso n ,  1942 ; J a s p e r ,  1949; S t a r z l  and Magoun, 1951; 

H anberry  and J a s p e r ,  1953; V erzeano , L in d s le y  and Magoun, 1953;

L i ,  1956b; B ro o k h a r t  and Z a n c h e t t i ,  1956; S pencer  and B ro o k h a r t ,  

1 9 6 1 a ) .  The r e c r u i t i n g  re sp o n se  i s  d e f in e d  i n  te rm s  o f :  (1)

a m p li tu d e  grow th  w i th  t h e  f i r s t  s e v e r a l  s t i m u l i  i n  a s t im u lu s  t r a i n ;  

(2) p o l a r i t y  o f  r e s p o n se ;  (3) l a t e n c y  t o  p e a k ;  (4) wax-wane
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p r o p e r t i e s  w i th  o ngo ing  s t i m u l i ;  and (5) to p o g r a p h ic a l  d i s t r i b u t i o n  

o v e r  th e  c o r t i c a l  s u r f a c e .

W ith  s u p r a l i m i n a l  lo w -f req u en cy  s t i m u l i  t h e r e  i s  u s u a l l y  

no c o r t i c a l  r e s p o n se  t o  th e  f i r s t  one o r  two p u l s e s .  However, 

w i th  each  s u c c e e d in g  s t i m u l u s ,  a s u r f a c e - n e g a t i v e  wave d e v e lo p s  

(monopolar r e c o r d in g  w i th  r e s p e c t  t o  a rem ote r e f e r e n c e )  whose 

am p li tu d e  in c r e m e n t a l l y  i n c r e a s e s  w i th  each  s t im u lu s ,  r e a c h in g  a 

maximal re s p o n se  a m p l i tu d e  by th e  5 th  t o  7 th  p u l s e  i n  t h e  s t im u lu s  

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

o f  30-50 msec. The t im e  l a p s e  ( la te n c y )  be tw een  each s t im u lu s  

p u l s e  and th e  peak  o f  th e  re s p o n se  i s  i n  th e  range  o f  15-40  msec 

w i th  20-35 msec b e in g  most common. T h is  l a t e n c y  u s u a l l y  does n o t  

v a ry  d u r in g  th e  s t im u lu s  t r a i n ,  b u t  i t  may be r e l a t e d  t o  th e  

th a la m ic  s i t e  o f  s t i m u l a t i o n  and t o  t h e  c o r t i c a l  r e c o r d in g  s i t e  

( S t a r z l  and Magoun, 1951; V erzeano , e t  al^, 1953; Hanberry and 

J a s p e r ,  1953 ; J a s p e r ,  Naquet and King, 1 9 5 5 ) .  I f  th e  s t im u lu s  t r a i n  

i s  c o n t in u e d  beyond 2 o r  3 s e c s ,  th e  r e c r u i t i n g  re s p o n se  wanes and 

waxes i n  a m p li tu d e  i n  a l t e r n a t i n g  f a s h io n .  The d u r a t io n s  o f  th e  

w axing i n t e r v a l s  a r e  o f  th e  same o rd e r  as  t h a t  o f  spon taneous  

8 - 1 2 /s e c  s p in d l e s  ( J a s p e r ,  1949).

There  i s  some d i s p u t e  i n  th e  e a r l i e r  l i t e r a t u r e  ab o u t  th e  

c o r t i c a l  l o c a t i o n s  i n  c a t s  where r e c r u i t i n g  re s p o n se s  were found, 

b u t  t h e r e  i s  now s t r o n g  e v id en ce  t h a t  r e c r u i t i n g  re s p o n se s  may be 

found i n  th e  p r im ary  v i s u a l ,  a u d i to r y  and s o m e s th e t ic  a r e a s ,  in  

th e  m otor c o r t e x  and i n  t h e  a s s o c i a t i o n  a r e a s .  F u r th e rm o re ,  th e  

to p o g r a p h ic a l  r e l a t i o n s h i p  betw een th a la m ic  s i t e s  and c o r t i c a l
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re sp o n se  s i t e s  i s  more e x p l i c i t l y  d e l i n e a t e d  (S ta r z l  and Magoun,

1951; Hanberry  and J a s p e r ,  1953; J a s p e r ,  Naquet and King, 1955;

Sch lag  and V i l l a b l a n c a ,  1967; A ndersen , A ndersson , Ju n g e , Lefmo and 

Sveen, 1967; A ndersen , A ndersson  and Wmo, 1968), S ch lag  and Kuhn

(1966) and S ch lag  and V i l l a b l a n c a  (1967) c l a r i f y  th e  o b s e r v a t io n s  

from th e  s e n s o r im o to r  c o r t e x  and a d ja c e n t  a re a s  by p r e v io u s  a u th o r s  

who showed t h a t  th e  r e c r u i t i n g  re s p o n se  may b eg in  w i th  a sm all  

i n i t i a l  p o s i t i v e  wave fo l lo w e d  by th e  l a r g e  n e g a t iv e  wave. S ch lag  

and co -w o rk e rs  p r e s e n t  d a ta  t h a t  show t h e  "pure" s u r f a c e - n e g a t i v e  

re sp o n se  e x i s t i n g  i n  a r e a s  s u r ro u n d in g ,  o r  in  th e  n e a r  v i c i n i t y  

o f ,  re sp o n se  f o c i  w hich p r e s e n t  th e  s m a l l - p o s i t i v e  l a r g e - n e g a t i v e  

r e c r u i t i n g  re s p o n se .  They f u r t h e r  d i f f e r e n t i a t e  between th e  r e ­

c r u i t i n g  re s p o n se s  o b ta in e d  i n  t h e  a n t e r i o r  and i n  th e  p o s t e r i o r  

c o r t i c a l  r e g io n s .

I n t r a e o r t i c a l  r e s p o n s e s . The r e l a t i o n s h i p s  b e tw een  s u r f a c e  

and i n t r a e o r t i c a l  r e c r u i t i n g  r e s p o n s e s ,  spontaneous s p i n d l e  a c t i v i t y  

and s i n g l e  u n i t  a c t i v i t y  have r e c e iv e d  c o n s id e ra b le  s tu d y  (Li and 

J a s p e r ,  1953; V erzeano, e t  1953; L i ,  1955a, b ; S p e n ce r  and 

B ro o k h a r t ,  1961a, b ;  L i ,  e t  a l .  1956b; P u rp u ra ,  S h o fe r  and Musgrave. 

1964; Fromm and Bond, 1964, 1967; C a l v e t ,  e t  1964; T o r i i ,  e t  

a l . 1965 ; C r e u t z f e l d t ,  e t  a l .  1966a, b ;  Schlag  and Kuhn, 1966 ; 

Humphrey, 1968a, b ) . These a u th o r s  r e p o r t  l i t t l e  change from 

th e  r e c r u i t i n g  re sp o n se  c h a r a c t e r i s t i c s  o f  th e  c o r t i c a l  s u r f a c e  

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

As th e  i n t r a e o r t i c a l  e x p lo r in g  e l e c t r o d e  approaches  th e  0 .5 - 0 .8  

mm r e g io n ,  th e  m onopolar r e c o r d s  show a s l i g h t  i n c r e a s e  i n  a m p li tu d e
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which v e ry  q u ic k ly  changes  t o  e i t h e r  a low am p li tu d e  p o s i t i v e -  

n e g a t i v e  wave o r  e l s e  no  re s p o n se .  W ith  c o n t in u e d  e l e c t r o d e  

p e n e t r a t i o n  t h e  r e s p o n s e  a lm ost im m ed ia te ly  becomes a l a r g e -  

a m p li tu d e  p o s i t i v e  wave which th e n  d im in is h e s  somewhat i n  a m p l i ­

tu d e  w i th  e l e c t r o d e  p r o g r e s s i o n  i n t o  w h i te  m a t t e r .  These a u th o r s  

do n o t  r e p o r t  any s i g n i f i c a n t  change i n  l a t e n c y  o f  th e  re s p o n se  

as a f u n c t i o n  o f  c o r t i c a l  d e p th .  T h is  " c o n s ta n t"  l a t e n c y  i s  in  

c o n t r a s t  to  t h a t  o b se rv ed  f o r  th e  augmented re sp o n se  o f  th e  s p e c i ­

f i c  sy s tem .

The r e g io n  o f  p o l a r i t y  change h a s  been  c a l l e d  th e  e q u i -  

p o t e n t i a l  l e v e l ,  i n v e r s i o n  l a y e r ,  o r  th e  i n v e r s i o n  zone . The 

i n v e r s i o n  zone h as  b e e n  observed  by many i n v e s t i g a t o r s  and h as  

been  r e p o r t e d  a t  l e v e l s  from 0 .2  mm t o  2 mm b e n ea th  th e  c o r t i c a l  

s u r f a c e .  The r e g io n  a t  which th e  i n v e r s i o n  zone h as  been  most 

f r e q u e n t l y  e n c o u n te re d  i s  from 0 .5  mm t o  0 .8  mm. I t  h as  been  ob­

se rv e d  w i th  l e s s  f r e q u e n c y  a t  1 . 2 - 1 . 5  mm (L i ,  e t  1956b; S pencer  

and B ro o k h a r t ,  1 9 6 1 a ) .  The v a r i a t i o n  i n  d e p th  a t  w hich  th e  i n ­

v e r s i o n  zone i s  e n c o u n te re d  w i th in  th e  same p r e p a r a t i o n  and from 

one p r e p a r a t i o n  t o  a n o th e r  rem ains  an u n e x p la in ed  p u z z le .  I n t e r ­

p r e t a t i o n  o f  th e  i n v e r s i o n  zone phenomenon by most a u th o r s  h a s  

b een  i n  te rm s  o f  a d e p o l a r i z a t i o n  s i n k  in  th e  s u p e r f i c i a l  c o r t i c a l  

l a y e r s .

The s t r i k i n g  s i m i l a r i t i e s  betw een th e  spon taneous  8 - 1 2 /s e c  

s p i n d l e  waves and t h e  s u r f a c e  r e c r u i t i n g  re sp o n se  was n o te d  by 

e a r l y  i n v e s t i g a t o r s  (M orison and Dempsey, 1942; Dempsey and M orison , 

1942; J a s p e r ,  1949) and r e p e a t e d ly  s u p p o r te d  by su b se q u e n t  a u t h o r s .
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Spencer  and B ro o k h a r t  (1951b) p ro v id e d  c o n v in c in g  ev id en c e  t h a t  

common o r  s i m i l a r  n e u r a l  mechanisms su b se rv e  b o th  th e  spon tan eo u s  

s p in d le  waves and th e  r e c r u i t i n g  re sp o n se  by showing t h a t  Type I I  

s p in d le s  e x h i b i t e d  s u r f a c e  and i n t r a e o r t i c a l  p r o p e r t i e s  o f  wave 

d u r a t i o n ,  a m p l i tu d e ,  p o l a r i t y ,  and d ep th  o f  p o l a r i t y  i n v e r s io n  

n e a r ly  i d e n t i c a l  w i th  th o s e  w hich  d e f in e d  th e  r e c r u i t i n g  re s p o n se .

No c l e a r  r e l a t i o n s h i p  betw een u n i t a r y  s p ik e  a c t i v i t y ,  n on ­

s p e c i f i c  th a la m ic  s t i m u l a t i o n ,  spon tan eo u s  s p i n d l e s ,  o r  o th e r  on ­

go ing  e l e c t r i c a l  a c t i v i t y  i s  d i s c e r n i b l e  from r e p o r t s  i n  th e  

l i t e r a t u r e ,  and t h e r e  a r e  even  c o n t r a d i c t o r y  f i n d i n g s .  Li and 

J a s p e r  (1953) found i n c r e a s e d  f i r i n g  o f  p o s t e r i o r  s igm oid  c e l l s  

d u r in g  t h e  "w axing” p h ase  o f  sp o n tan eo u s  a lp h a  s p in d l e s  and found 

d e c re a se d  f i r i n g  o r  s i l e n c e  d u r in g  th e  "wane" p e r io d .  L i  (1956a) 

cou ld  n o t  e l i c i t  s p ik e  a c t i v i t y  from c e l l s  i n  l a y e r s  I I I  and IV 

by s t i m u l a t i n g  th e  c e n t r a l  m edian n u c le u s .  L i ,  e t  a l . ( 1 9 5 6 b )  

r e p o r t e d  s p ik e  a c t i v i t y  1.I+2 mm b e n e a th  th e  s u r f a c e  o f  th e  p o s t e r i o r  

s igm oid g y ru s  w hich  in c r e a s e d  d u r in g  th e  w aning  p h ase  o f  th e  r e ­

c r u i t i n g  re s p o n se  a s  compared w i th  th e  s p ik e  a c t i v i t y  d u r in g  th e  

w axing  p h a s e .  S p en cer  and B ro o k h a r t  (1961a) o b se rv ed  u n i t a r y  

s i l e n c e  from l a y e r  IV c e l l s  o f  t h e  p o s t e r i o r  s igm oid  g y rus  d u r in g  

t h e  r e c r u i t i n g  re s p o n se  b u t  em phasized th e  i r r e g u l a r i t y  and 

d i v e r s i t y  o f  u n i t a r y  a c t i v i t y  w i th  th e  Type I I  r e c r u i t i n g - l i k e  

w aves. They a l s o  n o te d  th e  " i n d i r e c t "  a c t i v a t i o n  e f f e c t  o f  r e ­

c r u i t i n g  on th e  n e u ro n s  o f  l a y e r s  I I I ,  IV and V. C a lv e t ,  e t  a l . 

(1 9 6 h ) , u s in g  sp o n tan eo u s  c o r t i c a l  a c t i v i t y  i n  c a t s ,  found no 

r e l a t i o n s h i p  be tw een  th e  Type A s u r f a c e - n e g a t i v e  waves (30 msec
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d u r a t io n )  and th e  u n i t  a c t i v i t y  a t  500 j i .  However, t h e  s u r f a c e -  

p o s i t i v e  Type B1 and B2 waves (60 msec and 300 msec d u r a t i o n s ,  

r e s p e c t i v e l y )  c o in c id e d  w i th  in c r e a s e d  u n i t  f i r i n g .  The Type C 

s u r f a c e - n e g a t i v e  wave (250 msec d u r a t i o n )  was c o in c i d e n t  w ith  

u n i t a r y  s i l e n c e  f o r  t h e  c e l l s  a t  1000 j i .

T o r i i ,  e t  a l .  (1965) compared t h e  u n i t  a c t i v i t y  o f  c e l l s ,  

w i th o u t  r e g a r d  t o  t h e i r  d e p th ,  from t h e  a s s o c i a t i o n ,  t h e  motor 

and th e  s e n s o ry  c o r t i c a l  a r e a s  i n  r e s p o n s e  t o  low f req u e n cy  no n ­

s p e c i f i c  th a la m ic  s t i m u l a t i o n .  In  t h e  a s s o c i a t i o n  c o r t e x ,  82% o f  

98 c e l l s  showed synchrony  o f  f i r i n g  w i th  th e  c o r t i c a l  r e s p o n s e ,

8% e x h i b i t e d  an i n c r e a s e d  f i r i n g  r a t e , and t h e  re m a in d e r  showed 

no change . I n  t h e  so m ato sen so ry  c o r t e x  on ly  9% o f  140 c e l l s  

showed s y n c h ro n iz e d  f i r i n g  p a t t e r n s ,  50% e x h ib i t e d  an  in c r e a s e d  

f i r i n g  r a t e  w h i le  3% re v e a le d  a d e c r e a s e .  I n  th e  m otor c o r t e x ,  

53% o f  256 c e l l s  showed f i r i n g  sy n ch ro n y , 21% e x h ib i t e d  an  i n ­

c re a s e d  f i r i n g  r a t e ,  and 20% showed no change . Of th e  th r e e  

c o r t i c a l  a r e a s  s t u d i e d  t h e  m otor c o r t e x  had th e  l a r g e r  p e rc e n ta g e  

o f  c e l l s  showing a d e c r e a s e  i n  f i r i n g  r a t e .  T h is  l a s t  r e s u l t  

p ro v id e s  n e u r o p h y s io lo g ic a l  s u p p o r t  f o r  th e  b e h a v io r a l  " a r r e s t  

r e a c t i o n "  o b se rv ed  by  J a s p e r  (1949 ) .

C r e u t z f e l d t ,  e t  a l .  (1966b) p r e s e n te d  r e s u l t s  showing a 

c lo s e  c o rre sp o n d e n c e  betw een th e  i n t r a c e l l u l a r  p o t e n t i a l ,  th e  

synchrony o f  u n i t  s p ik e  a c t i v i t y  c o i n c i d e n t  w i th  th e  s u r f a c e -  

n e g a t iv e  r e c r u i t i n g  a c t i v i t y ,  and th e  s u r f a c e  r e s p o n s e .  However, 

th e y  s u p p l i e d  no in f o r m a t io n  on th e  d e p th  o f  th e  m o n ito red  c e l l s  

b e n e a th  th e  s u r f a c e  o f  th e  m oto r c o r t e x .  Fromm and Bond (1964,
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1967) o b serv ed  s i n g l e  n e u ro n s  f i r i n g  more r a p i d l y  d u r in g  s u r f a c e -  

p o s i t i v e  waves and s lo w er  d u r in g  n e g a t iv e  o n es .  The " r e v e r s e d "  

r e l a t i o n s h i p  r e p o r t e d  by C r e u t z f e l d t ,  e t  a l . (1 9 6 6 a )  was a l s o  ob­

se rv ed  by Fromm and Bond (1961, 1967) when th e  s t a n d i n g  p o t e n t i a l  

o f  t h e  s u r f a c e  was much more n e g a t iv e  th a n  u s u a l .  T hese  seem ingly  

c o n t r a d i c t o r y  f i n d i n g s  w i l l  become more u n d e r s ta n d a b le  a f t e r  con­

s i d e r a t i o n  o f  t h e  r e s e a r c h  f i n d i n g s  r e p o r te d  i n  t h e  su b se q u e n t  

c h a p te r s .

I n t e r a c t i o n  a t  th e  C o rtex

The s p e c i f i c  and n o n s p e c i f i c  th a la m ic  a f f e r e n t  e f f e c t s  a t  

th e  c o r t e x  have  been  shown t o  e x h i b i t  b o th  in d e p e n d e n t  and i n t e r ­

dependen t p r o p e r t i e s .

In d e p e n d en t  p r o p e r t i e s . The n o t io n  o f  in d e p en d e n c e  o f  

n e u r a l  e f f e c t s  r e c e iv e d  e a r l y  su p p o r t  by Dempsey and M orison 

(1913) who n o te d  no e f f e c t  o f  t h e  r e c r u i t i n g  re s p o n se  on th e  s p e c i ­

f i c  s t im u lu s -e v o k e d  r e p e t i t i v e  r e s p o n s e . J a s p e r  (1919) n o te d  no 

e f f e c t  o f  th a la m ic  r e t i c u l a r  s t im u l a t i o n  on th e  p r im a ry  p o t e n t i a l s  

evoked by t a c t i l e ,  v i s u a l  o r  a u d i to r y  s t i m u l i .  J a s p e r  and Marsan 

(1950) p o s t u l a t e d  s e p a r a t e  n e u ro n a l  e lem en ts  f o r  t e r m i n a t i o n  o f  

s p e c i f i c  and n o n s p e c i f i c  sy s tem s  a t  t h e  c o r t e x .  The work o f  

S p en cer  and B ro o k h a r t  (1961a , b) and T o r i i ,  e t  (1965) f u r t h e r  

e lu c i d a t e d  in d e p e n d e n t  c o r t i c a l  e f f e c t s .  These in d e p e n d e n t  c o r t i ­

c a l  e f f e c t s  a r e  s u p p o r te d  by th e  ev id en ce  f o r  in d e p e n d e n t  tha lam o­

c o r t i c a l  pa thw ays ( J a s p e r  and Marsan, 1950; H anberry  and J a s p e r ,  

1953; H anberry , Marsan and D i lw o r th ,  1 9 5 1 ) .  These l a t t e r  f in d in g s
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w ere reco n f irm ed  and c o n s id e r a b ly  ex tended  by S k in n e r  and L indsley

(1967) and V e lasc o ,  e t  a l . (1968).

In te r d e p e n d e n t  p r o p e r t i e s . The l i t e r a t u r e  a l s o  r e v e a l s  

ev id en ce  o f  th e  i n t e r a c t i o n  o f  th e s e  two t h a l a m o - c o r t i c a l  system s 

a t  th e  c o r t e x .

An a l e r t i n g  se n so ry  s t im u lu s  was r e p o r te d  ( J a s p e r ,  Naquet 

and King, 1955) to  b lo c k  th e  r e c r u i t i n g  re s p o n se .  L i (1956a) found 

t h a t  a n o n s p e c i f i c  th a la m ic  " c o n d i t io n in g "  shock a p p e a r in g  b e fo re  

a s p e c i f i c  th a la m ic  shock  would a l t e r  i n  a c y c l i c a l  f a s h io n  th e  

number o f  sp ik e  d i s c h a r g e s  from s in g le  u n i t s  i n  t h e  lo w er  p a r t  o f  

l a y e r  I I I  and i n  l a y e r  IV o f  th e  p o s t e r i o r  s igm oid  g y rus  as  a 

f u n c t io n  o f  th e  t im e  i n t e r v a l  between th e  shock p a i r s .  B rookhart  

and Z a n c h e t t i  (1956) showed t h a t  th e  r e l a y e d  m e d u l la ry  p y ram id a l  

v o l l e y ,  evoked by s u r f a c e  s t i m u la t io n  o f  th e  m otor c o r t e x ,  in c re a s e d  

i n  m agnitude and d u r a t i o n  w i th  th e  growth o f  th e  augmented re sponse . 

However, th e r e  was no p y ram ida l v o l l e y  d u r in g  r e c r u i tm e n t  even 

t h o u ^  t h e r e  was no d e t e c t a b l e  change i n  r e s p o n s iv e n e s s  o f  th e  

e f f e r e n t  n e u r a l  sy s te m . The py ram ida l v o l l e y  r e s p o n s iv e n e s s  was 

a l t e r e d  by normal sp o n tan eo u s  s p in d l in g  i n  a p r e d i c t a b l e  way.

By o b s e rv in g  and a n a ly z in g  th e  sp o n tan eo u s  s p in d l e  a c t i v i ­

t i e s  w i th  r e s p e c t  t o  d e p th  from th e  c o r t i c a l  s u r f a c e ,  S p en cer  and 

B ro o k h a r t  (1951b) conc luded  t h a t  a norm al s p in d le  b u r s t  was com­

posed  o f  Type I  ( a u g m e n t in g - l ik e )  s p in d l e s  i n  t h e  e a r l y  p o r t i o n  

w h i le  t h e  l a t e r  p o r t i o n  o f  t h e  b u r s t  c o n s i s t e d  o f  Type I I  ( r e c r u i t ­

i n g - l i k e )  s p i n d l e s .  T o r i i ,  e t  (1965) r e p o r te d  a p p a r e n t  con­

v e rg e n c e ,  o r  synchrony  o f  u n i t  f i r i n g  w i th  s p e c i f i c  o r  n o n s p e c i f ic



15

th a la m ic  s t i m u l i ,  a s  f o l lo w s :  75% o f  63 c e l l s  i n  th e  a s s o c i a t i o n

c o r t e x ;  41% o f  176 c e l l s  i n  th e  m otor a r e a ;  and 8% o f  178 c e l l s  i n  

t h e  so m a to se n so ry  c o r t e x .  These a u th o r s  a l s o  r e p o r t e d  an  am p li tu d e  

f a c i l i t a t i o n ,  by a n te c e d e n t  n o n s p e c i f i c  th a la m ic  s t i m u l a t i o n ,  o f  

n e u r o n a l  d i s c h a r g e s  evoked by s p e c i f i c  th a la m ic  s t i m u l a t i o n .  Maxi­

mum f a c i l i t a t o r y  e f f e c t s  o c c u r re d  when th e  p a i r e d - s t i m u l u s  sp ac in g  

i n t e r v a l  was i n  th e  20-30 msec ra n g e .  T h e r e f o r e ,  ev id en c e  r e p o r te d  

i n  t h e  l i t e r a t u r e  s u p p o r t s  t h e  n o t io n  o f  a m odu la to ry  r o l e  on 

c o r t i c a l  f u n c t i o n  by n o n s p e c i f i c  th a la m ic  n u c l e i  ( J a s p e r ,  1960; 

Ajmone-M arsan, 1955; Krupp and M onnier, 1966).

P urpose  o f  D i s s e r t a t i o n

The p r e v io u s  f i n d i n g s  n o tw i th s t a n d in g ,  t h e  f u n c t i o n a l  

mechanisms by w hich  n o n s p e c i f i c  th a la m ic  a f f e r e n t s  i n f l u e n c e  

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

l a y e r s  rem ain  u n d e f in e d .  T h e r e f o r e ,  t h e  p u rp o se  o f  t h i s  d i s ­

s e r t a t i o n  was t o  d e te rm in e  t h e  l a m in a r  s i t e ( s )  o f  f u n c t i o n a l  a c t i o n  

a t  t h e  c o r t e x  o f  n o n s p e c i f i c  th a la m ic  a f f e r e n t s  evoked by low 

f re q u e n c y  e l e c t r i c a l  s t i m u l a t i o n .

The c o r t i c a l  r e c r u i t i n g  re s p o n s e  was s e l e c t e d  a s  t h e  i n ­

d i c a t i o n  o f  t h e  n o n s p e c i f i c  th a la m ic  a c t i v i t y .  The l a m in a r  s i t e  

o f  f u n c t i o n a l  a c t i o n  was assumed to  be d e te rm in e d  i f  th e  p r i n c i p l e  

s o u rc e s  and s in k s  o f  th e  io n s  g e n e r a t in g  th e  r e c r u i t i n g  re sp o n se  

were l o c a t e d  w i th  r e s p e c t  t o  th e  p i a l  s u r f a c e .  S in ce  e i t h e r  io n  

movement o r  t h e  p h y s i c a l  s e p a r a t i o n  o f  d i f f e r e n t  ch arg e  d e n s i t i e s  

i n  a c o n d u c t in g  media g iv e  r i s e  t o  p o t e n t i a l  f i e l d s ,  t h e  measurement
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pro b lem  becomes one o f  r e s o l v i n g  th e  s p a t i a l  p r o p e r t i e s  o f  p o te n ­

t i a l  norm al t o  t h e  p i a l  s u r f a c e .  P re v io u s  s t u d i e s  employed s in g l e  

m ic r o e le c t r o d e s  p r o g r e s s i n g  i n  s e q u e n t i a l  s t e p s  i n t o  th e  c o r t e x .  

The w ell-know n v a r i a b i l i t y  o f  c o r t i c a l  f u n c t i o n  w i th  t im e i s  i n ­

h e r e n t  i n  such  d a ta  and c o m p lic a te s  th e  i n t e r p r e t a t i o n  o f  th e  r e ­

s u l t s .  For t h i s  s tu d y ,  a t r i p l e  b a r r e l e d  m ic r o e le c t r o d e  probe was 

developed  such t h a t  i t s  t h r e e  t i p s  were each  s e p a r a te d  by about 

100 jj. a lo n g  th e  a x i s  o f  th e  p ro b e .  T hus , s im u l ta n e o u s  measurement 

o f  p o t e n t i a l  b e tw een  th e  two p a i r s  o f  t i p s  would f a c i l i t a t e  th e  

d e te r m in a t io n  o f  t h e  s p a t i a l  g r a d ie n t  o f  p o t e n t i a l  i n  th e  r e g io n  

m o n i to re d .  W ith  s e q u e n t i a l  t r a n s c o r t i c a l  s t e p s  a com ple te  p r o ­

f i l e  o f  th e  g r a d i e n t  o f  p o t e n t i a l  norm al t o  t h e  p i a l  s u r f a c e  cou ld  

be d e te rm in e d .  The d iv e r g e n c e ,  d e r iv e d  from th e  s p a t i a l  g r a d i e n t  

o f  p o t e n t i a l  p r o f i l e ,  c o u ld  th e n  be i n t e r p r e t e d  i n  te rm s o f  io n  

s o u rc e s  and s i n k s .  These te c h n iq u e s  and a n a l y t i c a l  methods were 

employed t o  acco m p lish  th e  purpose  s t a t e d  above.



CHAPTER I I

MATERIALS AND METHODS 

E xperim en ts  were conduc ted  on 8 r a t s  and 19 c a t s  t o  d e ­

v e lo p  th e  e x p e r im e n ta l  t e c h n iq u e s  and p ro c e d u re s  f o r  t h e  d i s s e r ­

t a t i o n  p r o t o c o l .  T h is  p r o t o c o l  was u sed  i n  12 a d d i t i o n a l  e x p e r i ­

m en ts  on a d u l t  c a t s  t o  a c q u i r e  th e  d a ta  which form th e  b a s i s  f o r  

t h i s  d i s s e r t a t i o n .  The d e s c r i p t i o n  o f  th e  a n a l y t i c a l  method which 

s e t s  th e  r e q u i r e m e n ts  f o r  t h e  e x p e r im e n ta l  d a ta  i s  fo l lo w e d  by a 

d e s c r i p t i o n  o f  th e  an im al p r e p a r a t i o n  and o f  th e  e x p e r im e n ta l  p r o ­

c e d u re s  .

Method o f  A n a ly s is  

Volume c o n d u c to r  th e o ry  h a s  been  a p p l i e d  t o  t h e  s tu d y  o f  

n e rv e  a c t i o n  and n e u ro n a l  p o t e n t i a l s  s in c e  L o ren te  de Ne/ (194-7) . 

The rev iew  a r t i c l e  by Freeman (1963) i s  a c l e a r ,  c o n c is e  p r e s e n ­

t a t i o n  o f  t h e  b a s i c  c o n ce p ts  o f  volume c o n d u c to r  th e o r y  and shows 

an a p p l i c a t i o n  o f  th e s e  c o n c e p ts  to  th e  a n a l y s i s  o f  p r im a ry  o l ­

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

p r i n c i p l e s  t o  c o r t i c a l  p o t e n t i a l s  p roduced  by p y ra m id a l  t r a c t  

n e u ro n s ,  s e e  Humphrey (1968a and b ) . S ince  th e s e  p r i n c i p l e s  a re  

amply d e s c r ib e d  i n  th e  n e u r o p h y s io lo g ic a l  l i t e r a t u r e  and i n  e l e c ­

t r i c a l  e n g in e e r in g  r e f e r e n c e s  (e .g . ,  K raus, 1 9 5 3 ) ,  th e y  a r e  b r i e f l y

18
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summarized below .

In  a c o n d u c t iv e  medium th e  e x i s t e n c e  o f  a p o t e n t i a l  d i f ­

f e r e n c e  between any two p o in t s  im p l ie s  a th r e e - d im e n s io n a l  f i e l d  

o f  p o t e n t i a l .  T h is  th r e e - d im e n s io n a l  f i e l d  o f  p o t e n t i a l  r e s u l t s  

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

l y  s e p a ra te d  i o n s ,  e i t h e r  h a v in g  t h e  same o r  u n l ik e  c h a r g e .  Thus, 

e l e c t r i c a l  p o t e n t i a l  waveforms i n  th e  b r a i n  a r e  m a n i f e s t a t i o n s  o f  

i o n i c  c u r r e n t s ,  o r  s p a t i a l  io n  d e n s i t i e s ,  whose d i s t r i b u t i o n s  a r e  

de te rm ined  b o th  by th e  s t r u c t u r a l  c o n f i g u r a t i o n  and t h e  f u n c t io n a l  

o p e r a t io n  o f  a c t i v e  n e u ro n s ,  and by th e  p r o p e r t i e s  o f  th e  e x t r a ­

c e l l u l a r  f l u i d .

Ions i n  th e  b r a in  a r e  n o t  o r d i n a r i l y  s u b je c t e d  t o  m agnetic  

f i e l d s  which would p roduce r o t a t i o n a l  f o r c e s .  Thus, t h e  movement, 

o r  tendency  f o r  movement, o f  io n s  i n  t h e  c o n d u c t iv e  medium o f  t h e  

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

p o t e n t i a l  f i e l d .  T here  i s  c o n s id e r a b le  ev id en ce  in  t h e  n e u ro -  

an a to m ica l  and n e u r o p h y s io lo g ic a l  l i t e r a t u r e  t o  s u p p o r t  th e  id e a  

t h a t  th e  p r im ary  d i r e c t i o n  o f  e x t r a c e l l u l a r  io n  movement i s  p a r ­

a l l e l  to  th e  a p i c a l  d e n d r i t e s .  Hence, t h e  maximum v a lu e  o f  t h e  

s p a t i a l  g r a d i e n t  o f  p o t e n t i a l  i s  most p ro b a b ly  p a r a l l e l  t o  th e  

a p i c a l  d e n d r i t e s  (see  fo o tn o te  1 i n  C a l v e t ,  e t  (1 9 6 4 ) .  S in c e  

t h e  g r a d ie n t  o f  p o t e n t i a l  i s  d e f in e d  a s  t h e  r a t e  o f  change o f  p o ­

t e n t i a l  w i th  r e s p e c t  t o  d i s t a n c e ,  measurement o f  th e  p o t e n t i a l  

d i f f e r e n c e  between c l o s e l y  spaced  e l e c t r o d e  p a i r s ,  a s  w i th  th e  

t r i - p r o b e  u sed  i n  t h e  r e s e a rc h  r e p o r te d  h e r e i n ,  y i e l d s  an  a p p r o x i ­

m a tio n  to  t h e  p o t e n t i a l  g r a d i e n t .
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In  a homogeneous c o n d u c t in g  medium, c u r r e n t  i s  p r o p o r t i o n ­

a l  t o  th e  p o t e n t i a l  g r a d i e n t .  Thus, th e  g r a d i e n t  o f  p o t e n t i a l  ob­

t a i n e d  from th e  e x p e r im en ta l  d a ta  i s  p r o p o r t i o n a l  to  th e  i o n i c  c u r ­

r e n t .  Sources  o r  s in k s  o f  ions  can be e v a lu a te d  by d e te r m in in g  

th e  s p a t i a l  l o c a t i o n s  where th e  maximal r a t e  o f  change o f  c u r r e n t  

o c c u r s .  H o r iz o n ta l  components, o r  c u r r e n t  components o r th o g o n a l  

t o  t h e  a p i c a l  d e n d r i t e s ,  a r e  assumed t o  be n e g l i g i b l y  s m a l l .  Thus, 

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

c o r t i c a l  d ep th  ( c a l l e d  th e  d iv e rg e n ce )  p r o v id e s  t h i s  e v a l u a t i o n .

The d iv e rg e n c e  i s  zero  where t h e r e  a r e  no so u rc e s  o r  s i n k s .  Non­

z e ro  v a lu e s  o f  d iv e rg e n ce  i n d i c a t e  s o u rc e s  o r  s in k s  o f  i o n s .  In  

t h i s  d i s s e r t a t i o n  th e  n e g a t iv e  v a lu e s  o f  d iv e rg e n c e  c o r re sp o n d  to  

s in k s  f o r  p o s i t i v e  io n s  w h i le  p o s i t i v e  v a lu e s  o f  d iv e rg e n c e  c o r ­

respond  to  s o u rc e s  o f  p o s i t i v e  i o n s .  S t a t e d  d i f f e r e n t l y ,  a s in k  

i s  a r e g io n  where io n  d e n s i t i e s  a re  b e in g  d im in ish ed  w hereas  a 

s o u rc e  i s  a r e g io n  where io n  d e n s i t i e s  a r e  b e in g  in c r e a s e d .

The assum ption  o f  a homogeneous c o n d u c t iv e  medium in  th e  

c o r t e x  must be examined. The p r o p o r t i o n a l i t y  f a c t o r  r e l a t i n g  

p o t e n t i a l  g r a d i e n t  and c u r r e n t  i s  th e  s p e c i f i c  r e s i s t i v i t y .  I f  

th e  s p e c i f i c  r e s i s t i v i t y  changes s i g n i f i c a n t l y  as a f u n c t i o n  o f  

t r a n s c o r t i c a l  d i s t a n c e ,  o r  a s  a f u n c t io n  o f  t im e ,  th e n  an e r r o r  

i n  b o th  th e  e x i s t e n c e  and th e  l o c a t i o n  o f  i o n i c  s o u rc e s  and s in k s  

may r e s u l t  (Freeman, 1 9 6 3 ) .  In  th e  ex trem e case  o f  two c o n t ig u o u s  

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

a p p l i c a t i o n  o f  th e  d iv e rg e n ce  c o n cep t  would e r ro n e o u s ly  r e v e a l  a 

so u rc e  o r  s in k .  The deg ree  to  which t h i s  k in d  o f  e r r o r  m igh t ap p ea r
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i n  th e  c o r te x  i s  r e l a t e d  t o  th e  r a t e  o f  change o f  s p e c i f i c  r e s i s t ­

i v i t y  w i th  r e s p e c t  t o  d e p th .  The s t u d i e s  t o  d a te  su p p o r t  th e  id e a  

t h a t  t h e  c o r te x  does n o t  c o n t a i n  la m in a r  r e g io n s  where  th e  r a t e  o f  

change o f  r e s i s t i v i t y  w i th  d e p th  i s  s i g n i f i c a n t l y  d i f f e r e n t  from 

z e ro  (L i ,  Bak and P a r k e r ,  1 9 6 8 ) .  C o n s id e r in g  th e  e x i s t e n c e  o f  

o t h e r  e r r o r s  i n  th e  d a ta  r e p o r t e d  h e r e i n  ( i . e . ,  in a c c u ra c y  o f  d e p th  

from th e  p i a l  s u r f a c e ,  t r a c k  m isa l ig n m en t from p a r a l l e l i s m  w i th  

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

g r a d i e n t ) , th e  a ssu m p tio n  o f  a homogeneous c o n d u c t iv e  media i n  

t h e  c o r t e x  i s  r e a s o n a b le .  T h is  a ssu m p tio n  h a s  been made by o th e r s  

(Towe, 1966; Humphrey, 1968) f o r  l a c k  o f  more d e f i n i t i v e  in f o r m a t io n .

T h is  a n a l y t i c a l  method r e q u i r e s  th e  measurement o f  p o t e n t i a l  

be tw een  c lo s e ly  sp aced  p o i n t s  i n  th e  c o r t e x  which d e f in e  a l i n e  

p a r a l l e l  to  t h e  a p i c a l  d e n d r i t e s .  The t r i - p r o b e  was developed  to  

a cco m p lish  t h i s  r e q u i r e m e n t .  The f a b r i c a t i o n  and c h a r a c t e r i s t i c s  

o f  th e  t r i - p r o b e s  u sed  i n  t h i s  r e s e a r c h  a r e  d e s c r ib e d  in  Appendix

I I .  The p r e p a r a t i o n  o f  t h e  an im al and th e  e x p e r im e n ta l  p ro c e d u re s  

employed t o  g a th e r  t h e  d a ta  a r e  d i s c u s s e d  below.

Animal P r e p a r a t i o n

The L a b o ra to ry  Anim al F a c i l i t y  a t  t h e  U n iv e r s i ty  o f  Oklahoma 

M edical C en te r  p ro v id e d  h e a l t h  c a r e  f o r  t h e  12 c a t s  f o r  a minimum 

o f  one week p r i o r  t o  t h e i r  u se  t o  in s u r e  t h e i r  good h e a l t h .

A n e s th e s ia

C ats  ( 2 .4  t o  4 .6  kg) were a n e s t h e t i z e d  w i th  a lpha  c h l o r a lo s e  

s o l u t i o n  o f  5% c o n c e n t r a t i o n  a t  a dose  o f  50-55 mg/kg ( S t r o b e l  and
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Woilman, 1969; C l i f f o r d  and Soma, 1 9 6 9 ) ,  T h is  s o lu t i o n  was p r e ­

p a red  by m ix ing  1 gm a lp h a  c h l o r a l o s e  w i th  5 gm o f  e th y l  carbam ate  

(u re th a n e )  i n  20 cc o f  0 .9  p e r  c e n t  s a l i n e .  The p re sen c e  o f  t h e  

u r e th a n e  and im m ersion in  a h o t  w a te r  b a t h ,  ab o u t  60° C, f a c i l i ­

t a t e d  s o l u t i o n  o f  th e  c r y s t a l l i n e  a lp h a  c h l o r a l o s e .  The d i s s o lv e d  

m ix tu re  was d iv id e d  i n t o  5 cc t e s t  tu b e s  w hich were then s e a le d  and 

r e f r i g e r a t e d .  M ix tu re s  r e f r i g e r a t e d  l o n g e r  th a n  12 days were d i s ­

carded  t o  av o id  th e  t o x i c  e f f e c t s  o f  ^ - c h l o r a l o s e .  J u s t  p r i o r  t o  

u s e ,  t h e  p r e c i p i t a t e  i n  t h e  co ld  m ix tu re  was r e d i s s o lv e d  by immer­

s io n  i n  a h o t  w a te r  b a th  and a g i t a t i o n .

The p r e f e r r e d  r o u te  o f  i n j e c t i o n  was i n t r a v e n o u s .  W ith 

c o o p e r a t iv e  c a t s ,  b o th  f o r e l im b s  were c l ip p e d  t o  expose th e  s k in  

o v e r  t h e  c e p h a l i c  v e in s .  I n t r a v e n o u s  i n j e c t i o n  was accom plished  

by h a v in g  an a s s i s t a n t  r e s t r a i n  movement o f  th e  c a t .  Onset o f  

a n e s th e s i a  o c c u r re d  w i th in  3 to  10 s e c s  from th e  s t a r t  o f  t h e  i n ­

j e c t i o n .  N o n co o p era t iv e  c a t s  r e c e iv e d  ab o u t  40 p e r  c en t  o f  t h e  

t o t a l  dose i n t r a p e r i t o n e a l l y . The re m a in in g  volume was a d m in is ­

t e r e d  i n t r a v e n o u s l y  a f t e r  t h e  c a t  became m anageab le . Time f o r  i n ­

d u c t io n  to  m anageable l e v e l s  v a r i e d  from 15 t o  45 m inu tes .

The s c a lp  r e g io n  was c l o s e l y  c l i p p e d .  A d d i t io n a l  c l i p p i n g  

o f  fo r e l im b s  and h in d l im b s  b i l a t e r a l l y  exposed th e  skin  o v e r ly in g  

t h e  c e p h a l i c  and fem o ra l v e i n s  f o r  in t r a v e n o u s  i n j e c t i o n  o f  s u s t a i n ­

in g  a n e s t h e s i a  d u r in g  th e  p ro lo n g e d  e x p e r im e n ts .
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S u rg e ry

The a n e s t h e t i z e d  c a t  was p la c e d  i n  th e  N a r is h ig e  SN-2 heavy 

d u ty  s t e r e o t a x i c  in s t ru m e n t  and a t e m p e r a tu r e  p robe  (Yellow S p r in g s  

In s t ru m e n t)  i n s e r t e d  abou t 5 cm i n t o  th e  rec tu m . Manual c o n t r o l

o f  DC power t o  a h e a t i n g  pad b e n e a th  th e  p r e p a r a t i o n  m a in ta in ed  a

body te m p e r a tu r e  o f  a t  l e a s t  37° C. The s c a lp  r e g io n  was scrubbed

w i th  70 p e r  c e n t  e th a n o l  and a m id l in e  i n c i s i o n  was made from th e

n a s a l  bone t o  t h e  o c c i p i t a l  r i d g e .  The o v e r ly in g  s k in  and connec­

t i v e  t i s s u e  w ere  r e f l e c t e d  b i l a t e r a l l y .  F o r  t h e  l a r g e r  c a t s  an ­

o t h e r  i n c i s i o n  was u s u a l l y  made from  th e  a n t e r i o r  end o f  t h e  mid­

l i n e  i n c i s i o n ,  e x te n d in g  1 t o  2 cm l a t e r a l l y  t o  th e  r i g h t  t o  f a c i l ­

i t a t e  t h e  m uscle  r e f l e c t i o n .

The p e r io s te u m  o v e r  t h e  r i g h t  h em isp h e re  was sc rap e d  f r e e  

o f  th e  c a lv a r iu m  from th e  n a s a l  bone  p o s t e r i o r l y  t o  th e  a t ta c h m e n t  

o f  th e  t e m p o r a l i s  m uscle  t o  t h e  o c c i p i t a l  r i d g e .  P o in t s  o f  p r im ary  

a t ta c h m e n t  w ere  u s u a l l y  l e f t  i n t a c t .  M uscle and t i s s u e  were r e ­

f l e c t e d  t o  expose  t h e  c a lv a r iu m  h o m o l a t e r a l l y  t o  th e  r i g h t .

B le ed in g  was minim ized by c lam ping  w i th  h e m o s ta ts  and th e  

a p p l i c a t i o n  o f  c o t to n  p e l l e t s  o r  Gelfoam. The p e l l e t s  and Gelfoam 

were e i t h e r  d r y ,  m o is tened  w i th  s a l i n e ,  o r  soaked w i th  th rom bin  

s o l u t i o n ,  100 u n i t s / c c .

The a r e a  o v e r  th e  f r o n t a l  bone a n t e r i o r  to  th e  c o ro n a l  

s u tu r e  was p re p a re d  f o r  th e  r e f e r e n c e  s i t e  by c l e a n in g  f i r s t  w ith  

s a l i n e  and th e n  w i th  a c e to n e .  A 10 mm l e n g t h  o f  n y lo n  t u b in g ,  

ab o u t 6 mm i n s i d e  d ia m e te r  and t r u n c a t e d  a t  th e  end i n  c o n ta c t  

w i th  bone, was p o s i t i o n e d  ov e r  t h e  f r o n t a l  bone so a s  t o  in c lu d e
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a p o r t i o n  o f  the  s a g i t t a l  s u t u r e .  D e n ta l  a c r y l i c  cement and l i q u i d  

c a t a l y s t  w ere a p p l ie d  t o  t h e  e x t e r i o r  j u n c t i o n  o f  t h e  tu b in g  w i th  

th e  bone t o  o b ta in  a good m ech an ica l  bond and a l i q u i d  s e a l .

Near the  p o s t e r i o r  end o f  t h e  s u p r a s y lv ia n  g y ru s ,  which 

was h a z i l y  v i s i b l e  th ro u g h  th e  c a lv a r iu m ,  a c r e s c e n t - s h a p e d  s l o t  

was c u t  i n  th e  c a lv a r iu m  w i th  a s m a l l  d e n ta l  b u r r .  T h is  c u t  was 

ex tended  un d er  o p t i c a l  m a g n i f i c a t i o n  down t o  th e  d u r a , c a re  b e in g  

t a k e n  t o  p re v e n t  damage t o  t h e  d u ra .  The c a lv a r iu m  was c a r e f u l l y  

removed w i th  the  ro n g e u e rs  t o  expose th e  dura  ove r  a s u b s t a n t i a l  

p o r t i o n  o f  th e  s u p r a s y lv i a n  g y ru s .  The exposed a re a  ranged  from 

th e  p o s t e r i o r  end o f  th e  g y ru s  a n t e r i o r l y  t o  th e  c o ro n a l  s u tu r e  

and l a t e r a l l y  to  th e  s u p r a s i v i a n  s u l c u s .  E xcept f o r  t h e  a n t e r i o r  

en d , th e  m edia l b o rd e r  o f  t h e  exposed dura was abou t 4 mm m ed ia l 

t o  th e  l a t e r a l  s u l c u s .  A t t h e  a n t e r i o r  end , th e  m ed ia l  b o rd e r  

was l e s s  th a n  1 mm from th e  s a g i t t a l  s u tu r e  f o r  a d i s t a n c e  e x te n d ­

in g  12-15 mm p o s t e r i o r l y  from  th e  c o ro n a l  s u t u r e .  T h is  m edia l 

i n s e t  p ro v id e d  p h y s i c a l  c l e a r a n c e  f o r  su b seq u en t p o s i t i o n i n g  o f  

t h e  s t im u la t in g  p robe  i n  t h e  n o n s p e c i f i c  th a la m ic  n u c l e i .

During  rem oval o f  t h e  c a lv a r iu m , bone b l e e d in g  was c o n ­

t r o l l e d  by p ack ing  th e  m arg in s  w i th  Lukens bone wax. Excess wax 

squeezed  between th e  bone m arg in  and th e  dura  was c a r e f u l l y  removed. 

Thrombin was no t used  once th e  p r o c e s s  o f  c a lv a r iu m  removal was 

i n i t i a t e d .

A 26 gauge n e e d le ,  mounted on th e  b a r r e l  o f  a 1 cc t u b e r ­

c u l i n  s y r in g e ,  s e rv e d  a s  a m ic r o s c a lp e l  t o  a id  in  t h e  removal o f  

d u ra .  An i n c i s i o n  s i t e  was l o c a t e d  midway between th e  l a t e r a l  and
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t h e  s u p r a s y lv ia n  s u l c i  o v e r  t h a t  p o r t i o n  o f  th e  s u p r a s y lv i a n  gyrus 

h a v in g  minim al v a s c u l a r i z a t i o n  i n  th e  p i a . Under o p t i c a l  magni­

f i c a t i o n  t h e  dura  was im paled  w i th  a sh a llo w  scoop ing  m o tion  o f 

th e  n e e d le ,  l i f t e d  f r e e  o f  p i a  and was s l i t  f o r  1 t o  3 mm. C ereb ro ­

s p i n a l  f l u i d  s p i l l i n g  o v e r  th e  dura s u r f a c e  was ev id en c e  t h a t  th e  

s l i t  had c o m p le te ly  p e n e t r a t e d  th e  d u ra .  The edge o f  t h e  s l i t  was 

g rasp ed  w i th  a f i n e - p o i n t e d  p a i r  o f  j e w e l e r ' s  fo r c e p s  and l i f t e d  

f r e e  o f  t h e  p i a .  I r id e c to m y  s c i s s o r s  w ere used t o  ex ten d  th e  s l i t  

a n t e r i o r l y  and p o s t e r i o r l y  a lo n g  th e  m iddle  o f  t h e  g y ru s  and th e n ce  

t o  a l l  c o r n e r s .  F lap s  o f  t h e  dura  were r e f l e c t e d  back  o v e r  th e  

bone m a rg in s ,  th e re b y  ex p o s in g  th e  p ia  and th e  u n d e r ly in g  c o r t e x .  

S t r i p s  and p ie c e s  o f  Gelfoam, s l i g h t l y  m ois tened  w i th  0 .9  p e r  

c e n t  s a l i n e ,  were u sed  t o  bond th e  dura  f l a p s  to  th e  bone m argins 

and p ro v id e  s t a s i s  f o r  th e  s l i g h t  oo z in g  o f  b lood  from p o r t i o n s  

o f  th e  d u r a .

F lu f f e d  p i e c e s  o f  c o t t o n  s a t u r a t e d  w i th  warm s a l i n e  were 

c a r e f u l l y  p la c e d  on th e  p i a l  s u r f a c e .  A p a tc h  o f  m y la r  f i l m  p la c e d  

o v e r  th e  c o t to n  c o v e r in g s  p re v e n te d  e v a p o r a t iv e  w a te r  l o s s  and 

c o r t i c a l  c o o l in g .  In  so  f a r  a s  was e x p e r im e n ta l ly  f e a s i b l e ,  t h e s e  

c o v e r in g s  w ere  m a in ta in ed  d u r in g  th e  su bsequen t e x p e r im e n ta l  p r o ­

c e d u r e s .

E x p e r im en ta l  P ro ced u res

T h is  s e c t i o n  d e s c r ib e s  th e  p r o to c o l  fo l lo w ed  i n  a c q u i r in g  

th e  d a ta  p r e s e n t e d  i n  C h ap te r  I I I ,  RESULTS. These p ro c e d u re s  

u t i l i z e d  in s t r u m e n t a t i o n  which i s  more f u l l y  d e sc r ib e d  i n  Appendix I ,
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A b r i e f  d e s c r i p t i o n  i s  in c lu d e d  i n  th e  d i s c u s s i o n  below f o r  th e  

co n ven ience  o f  th e  r e a d e r .  The d e s ig n  and f a b r i c a t i o n  o f  th e  

t r i p l e - b a r r e l e d  m ic r o e le c t r o d e  p ro b e  ( t r i - p r o b e ) , used  t o  d e t e c t  

th e  i n t r a c o r t i c a l  b r a i n  p o t e n t i a l s ,  i s  d e s c r ib e d  i n  Appendix I I .  

I n fo rm a t io n  a b o u t  th e  w ick  e l e c t r o d e s ,  used  f o r  t h e  e l e c t r i c a l  

r e f e r e n c e  and f o r  m o n i to r in g  t h e  e l e c t r i c a l  a c t i v i t y  from th e  p i a ,  

and t h e  c o a x ia l  s t i m u l a t i n g  p ro b e  a r e  in c lu d e d  i n  Appendix I I ,

P r e l im in a r y  P ro ce d u re s  

A l l  d a ta  c h an n e ls  w ere  d i r e c t  (DC) c o u p le d .  Four m onopolar, 

h i g h - i n p u t  impedance p r e a m p l i f i e r s  p ro v id e d  a g a in  o f  10 f o r  each  

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

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

th e  t h r e e  t r i - p r o b e  t i p s .  O p e ra t io n a l  a m p l i f i e r s  p ro v id e d  seco n d ­

a ry  a m p l i f i c a t i o n  o f  ab o u t 10 . Gain tr im m ing a d ju s tm e n ts  were 

in c o r p o r a te d  and th e  p r e a m p l i f i e r  and th e  seco n d a ry  a m p l i f i e r  

combined ga in  was s e t  a t  100 + 1 p e r  c e n t .  The seco n d a ry  a m p l i f i e r  

low impedance o u tp u ts  were s u p p l ie d  t o  t h r e e  f u n c t i o n a l  e le m e n ts ;

( I )  Beckman Type 1+82 main p e n - d r i v e r  a m p l i f i e r s ;  (2) T e k t ro n ix  Type 

502 O s c i l lo s c o p e ;  and (3) two d i f f e r e n t i a l  a m p l i f i e r s .  The d i f ­

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

i n  p o t e n t i a l  be tw een a d j a c e n t  p a i r s  o f  t r i - p r o b e  t i p s ,  w ere  con­

n e c te d  t o  two Type 482 p e n - d r i v e r  a m p l i f i e r s .  Power was s u p p l ie d  

c o n t in u o u s ly ,  week by week, to  th e  p r e a m p l i f i e r s  and th e  secondary  

a m p l i f i e r s  to  m inim ize th e rm a l  d r i f t .  A f t e r  a 30 m inu te  warmup o f  

th e  Beckman Type R Dynograph R e c o rd e r ,  c e n t e r i n g  and b a la n c e
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a d ju s tm e n ts  w ere  p r o g r e s s i v e l y  made on th e  p e n - d r i v e r  a m p l i f i e r s ,  

t h e  seco n d a ry  a m p l i f i e r s ,  and th e  p r e a m p l i f i e r s  u n t i l  pen d e f l e c ­

t i o n s  from t h e i r  g rap h  m id l in e s  were m inim al f o r  an  in p u t  s e n s i t i v ­

i t y  o f  200 ^ v /c m .

The s i l v e r  s i l v e r - c h l o r i d e  e l e c t r o d e  p o t e n t i a l s  were 

m easured by im m ersing  th e  t r i - p r o b e  t i p s  and t h e  w ick s  o f  th e  two 

w ick  e l e c t r o d e s  i n  0 .9  p e r  c e n t  s a l i n e  and a l t e r n a t e l y  s w i tc h in g  

t h e  p r e a m p l i f i e r  i n p u t s  betw een a d i r e c t  s h o r t  and th e  e l e c t r o d e s .  

One o f  t h e  w ic k  e l e c t r o d e s  was a r b i t r a r i l y  s e l e c t e d  a s  r e f e r e n c e  

f o r  th e  o t h e r  f o u r  e l e c t r o d e s .  The e l e c t r o d e s  met t h e  c r i t e r i o n  

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

w ere  l e s s  th a n  1 mv.

The r e f e r e n c e  s i t e  tu b in g  f ix e d  on f r o n t a l  bone was f i l l e d  

w i th  0 .9  p e r  c e n t  s a l i n e  and th e  r e f e r e n c e  w ic k  was immersed i n  

i t .  C o r t i c a l  p r o t e c t i v e  c o v e r in g s  w ere removed s u f f i c i e n t l y  t o  

a l lo w  p la c e m e n t  o f  th e  p i a l  wick e l e c t r o d e  i n  l i g h t  c o n t a c t  w i th  

t h e  p i a .  The p r e f e r r e d  s t a r t i n g  s i t e  was t h e  m id d le  p o r t i o n  o f  

t h e  s u p r a s y lv i a n  g y ru s  i n  th e  r e g io n  o f  a n t e r i o r  + 4 mm t o  + 9 mm 

(H o rs le y -C la rk  s t e r e o t a x i c  c o o r d i n a t e s ) .

S p o n tan eo u s  c o r t i c a l - s u r f a c e  e l e c t r i c a l  a c t i v i t y  was r e ­

co rded  on two c h a n n e l s .  One c h an n e l  was d i r e c t  c o u p led  w h i le  th e  

o t h e r  was c a p a c i t a t i v e l y  coup led , on a t e n p o r a r y  b a s i s ,  w i th  a tim e 

c o n s t a n t  o f  0 .03  s e c s .  These r e c o r d in g s  c o n ta in e d  q u a l i t a t i v e  

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

o f  th e  c o r t e x ,  and th e  q u a n t i t a t i v e  p e rfo rm an ce  o f  t h e  i n s t r u m e n ta ­

t i o n  sy s te m . G ross s e n s o ry  s t i m u l i ,  e .g . ,  hand  c l a p ,  m ech an ica l  ta p
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o f  th e  e a r b a r ,  f l i c k i n g  o f  t h e  fo o tp a d ,  o r  manual s t r o k i n g  o f  a 

l im b  were used  t o  v e r i f y  t h e  g e n e r a l  r e s p o n s iv e n e s s  o f  th e  n e rv o u s  

sy s tem . The s h a rp  s t i m u l i  p roduced  s h o r t ,  evoked p o t e n t i a l  r e ­

sp o n se s  (B user and B i g n a l l ,  1967) w h i le  th e  s t r o k i n g  s t i m u l i  

cau sed  a l t e r a t i o n s  i n  t h e  f req u e n cy  and am plitude  o f  th e  ongoing  

e l e c t r i c a l  p a t t e r n s .  Upon s u c c e s s f u l  co m p le tio n  o f  t h i s  g e n e r a l  

t e s t ,  t h e  c a p a c i to r - c o u p le d  c h an n e l  was r e s to r e d  t o  d i r e c t  c o u p l in g .

A c q u i s i t i o n  o f  R e c r u i t i n g  Responses

The c o a x ia l  s t i m u l a t i n g  p ro b e  was p o s i t io n e d  on m uscle  

exposed  by th e  s u r g i c a l  p r o c e d u r e s .  P u ls e s  o f  0 .5  msec d u r a t i o n  

w ere a p p l i e d  a t  a 1 / s e c  r a t e  w i t h  s u c c e s s iv e ly  h ig h e r  v o l t a g e  

l e v e l s  u n t i l  a s l i g h t  m usc le  tw i t c h  was o b se rv ed . T h is  e v e n t  

u s u a l l y  r e q u i r e d  ab o u t  5 v o l t s  o f  s t im u lu s  i n t e n s i t y .  T h is  p r o ­

ced u re  v e r i f i e d  p r o p e r  f u n c t i o n i n g  o f  t h e  s t i m u la t i n g  system .

The s t i m u l a t i n g  p ro b e  was th e n  p o s i t i o n e d  i n  one o f  fo u r  

n o n s p e c i f i c  th a la m ic  s i t e s ,  nam ely: (1) c e n te r  median n u c le u s

(A +7, L 2 .5 ,  V +2 t o  - 1 ) ;  (2) c au d a l  end o f  c e n t r a l  l a t e r a l  n u c l e ­

us  o r  r o s t r a l  end o f  c e n t e r  m edian (A +8, L 3 o r  3 .5 ,  V +5 to

- 0 . 5 ) ;  (3) c e n t r a l  l a t e r a l  n u c le u s  (A + 9 .5 ,  L 2 .5 ,  V +5 t o  + 1);  

o r  (4) c e n t r a l  l a t e r a l  n u c le u s  (A + 1 0 .5 ,  L 2, V +3 to  + 1 .5 ) .

These s i t e s ,  and o t h e r  r e f e r e n c e s  to  b r a i n  s t r u c t u r e s  i n  s t e r e o t a x i c

c o o r d in a t e s  i n  t h i s  d i s s e r t a t i o n ,  u t i l i z e  th e  Ja sp e r -M a rsa n  a t l a s  

a s  re p ro d u ced  i n  S h e e r  (1 9 6 1 ) .  The v e r t i c a l  c o o rd in a te  v a lu e s  

l i s t e d  above have  been  a d j u s t e d  f o r  t h e  s t i m u la t i n g  p robe  t r a c k  

o f  +16°, t i l t e d  a n t e r i o r l y  from  th e  v e r t i c a l  and l y i n g  i n  th e



29

s a g i t t a l  p l a n e .  T h is  a n g u la r  t i l t  r e s u l t e d  from a compromise b e ­

tw een  th e  need  f o r  p h y s i c a l  space  above th e  c o r t e x  f o r  th e  e l e c ­

t r o d e  h o l d e r s  and t h e i r  c a r r i e r s ,  and th e  need t o  i n c r e a s e  t h e  

p r o b a b i l i t y  o f  h i t  f o r  th e  s e l e c t e d  n u c l e i .  Sm all v a r i a t i o n s  in  

a n t e r i o r  o r  l a t e r a l  p o s i t i o n s  w ere sometimes n e c e s s a r y  t o  avo id  

v a s c u l a r  t raum a i n  th e  p i a  o r  t o  p re v e n t  common h o le  t r a c k i n g  

r e s u l t i n g  from b r a i n  co m p lian ce  and probe  f l e x u r e .

W ith  th e  s t i m u l a t i n g  p ro b e  lo c a t e d  a t  th e  d o r s a l  end of 

t h e  s e l e c t e d  th a la m ic  t r a c k ,  s t i m u l a t i n g  p u l s e  t r a i n s  o f  2 t o  3 

s e c s  d u r a t i o n  were a p p l i e d .  P u l s e s  o f  0 .5  msec d u r a t i o n  were 

a p p l i e d  a t  a r a t e  o f  5 / s e c .  P u ls e  am p li tu d es  w ere s e l e c t e d  a t  

s u c c e s s i v e l y  g r e a t e r  v a lu e s  i n  t h e  range  from 3 t o  11 v o l t s .  

C on tinuous  g r a p h ic a l  r e c o r d in g s  were made a t  p a p e r  speeds  o f  

2%, 5 , o r  10 mm/sec w h i le  th e  o s c i l lo s c o p e  d i s p l a y  o f  p i a l  a c t i v ­

i t y  was u sed  t o  i d e n t i f y  t h e  r e c r u i t i n g  re s p o n se s  and was p h o to ­

graphed a t  a p p r o p r i a t e  t im e s .  The h o r i z o n t a l  sweep o f  th e  o s c i l ­

lo s c o p e ,  10 msec/cm, was t r i g g e r e d  by each  s t im u lu s  e v e n t .  Thus, 

any e l e c t r i c a l  ev en t  t im e lo c k e d  t o  th e  s t im u lu s  a p p ea red  s t a t i o n a r y  

i n  th e  d i s p l a y .  The p re s e n c e  o f  r e c r u i t i n g  r e s p o n s e s  was e v a lu a te d  

by  th e  f o l lo w in g  c r i t e r i a :  (1) th e  peak  a m p li tu d e  o f  th e  re s p o n se

was in  e x c e s s  o f  0 .2  mv; (2) th e  p o l a r i t y  o f  t h e  p i a l  re sp o n se  

was n e g a t i v e  w i th  r e s p e c t  t o  th e  r e f e r e n c e  s i t e ;  (3) th e  l a t e n c y  

was in  t h e  ran g e  o f  20-40 msec; (4) th e  d u r a t i o n  o f  th e  re sp o n se  

was o f  t h e  o r d e r  o f  40 msec; (5) th e  p i a l  re sp o n se  a m p li tu d e  dev­

e lo p ed  in c r e m e n t a l l y  a f t e r  a few p u l s e s ;  and (6) t h e  r e c r u i t i n g
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re sp o n se  peak  a m p li tu d e  rem ained f a i r l y  c o n s t a n t  d u r in g  most o f  

th e  s t im u lu s  t r a i n .  I f  th e s e  c r i t e r i a  w ere  n o t  m et,  th e  s t im u ­

l a t i n g  p ro b e  was low ered  0 .5 - 0 .8  mm, and th e  s t im u l a t i n g  p ro c e d u re  

was r e p e a t e d .

Maximal Response S i t e

When r e c r u i t i n g  re sp o n se s  w ere o b ta in e d ,  th e  s t im u lu s  

a m p li tu d e  was a d ju s t e d  to  p roduce  r e s p o n s e s  o f  a b o u t  1 mv peak  

a m p l i tu d e .  The p i a l  w ick  was th e n  u sed  a s  an e x p lo r in g  e l e c t r o d e .

I t  was s y s t e m a t i c a l l y  p o s i t i o n e d  in  1% mm in c re m en ts  a long  th e  mid­

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

At each c o r t i c a l  l o c a t i o n ,  th e  a v e rag e  re sp o n se  a m p li tu d e  t o  con­

s t a n t  i n t e n s i t y  s t i m u l a t i o n  was v i s u a l l y  e s t im a te d  from th e  o s c i l ­

lo sc o p e  d i s p l a y .  From th e s e  d a ta  a l o c a t i o n  showing th e  maximal 

re s p o n se  a m p l i tu d e ,  henceforw ard  c a l l e d  th e  maximal s i t e ,  was 

s e l e c t e d  f o r  t r a n s c o r t i c a l  e x p l o r a t i o n .  The p i a l  w ick was p o s i t i o n ­

ed a t  t h e  maximal s i t e ,  and th e  s t im u lu s  i n t e n s i t y  was a d ju s t e d  

t o  p ro d u ce  r e c r u i t i n g  re sp o n se  peak  a m p l i tu d e s  i n  th e  range  o f  0 .5 -  

1 .2  mv.

The t r i - p r o b e  was v i s u a l l y  a l i g n e d  f o r  p e r p e n d ic u la r  e n t r y  

i n t o  t h e  m idd le  p o r t i o n  o f  th e  s u p r a s y lv i a n  gy ru s  a t  th e  maximal 

s i t e  and moved i n t o  c o n ta c t  w i th  th e  t h i n  l a y e r  o f  f l u i d  c o v e r in g  

t h e  p i a . The p i a l  w ick  e l e c t r o d e  was c a r e f u l l y  p o s i t i o n e d  as  

c lo s e  a s  p o s s i b l e  t o  t h e  t r i - p r o b e .  The s ta n d in g  p o t e n t i a l  o f  th e  

p i a  was th e n  r e c o rd e d .  DC c e n t e r i n g  a d ju s tm e n ts  i n  th e  p r e a m p l i f i ­

e r s  were made t o  com pensate f o r  th e  p i a l  s t a n d in g  p o t e n t i a l ,  th u s
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r e t u r n i n g  th e  pens t o  g ra p h  m id l in e .  The c h an n e l  s e n s i t i v i t i e s  

w ere  in c re a s e d  and a s h o r t  r e c o r d in g  made o f  th e  sp o n tan eo u s  

e l e c t r i c a l  a c t i v i t y  a t  th e  maximal s i t e .  These d a ta  a g a in  p e r ­

m i t t e d  q u a l i t a t i v e  e v a l u a t i o n  o f  t h e  s t a t e  o f  th e  p r e p a r a t i o n .

E xcess  f l u i d  was c a r e f u l l y  removed from t h e  p i a l  s u r f a c e  

and an a d ju s tm en t  made i n  th e  c o a r s e  v e r t i c a l  c o n t r o l  o f  t h e  t r i ­

p ro b e  c a r r i e r  to  a l t e r n a t e l y  make and b reak  c o n ta c t  w i th  t h e  p i a .  

C o n ta c t  s e p a r a t i o n  caused  th e  r e c o r d in g  pens  t o  be  d r iv e n  t o  th e  

ex trem e l i m i t  o f  t r a v e l .  C o n s i s t e n t  c o n ta c t  w i th  th e  p i a  p roduced  

c o n t in u o u s  m id sca le  r e c o r d in g  o f  ongo ing  e l e c t r i c a l  a c t i v i t y .  Once 

t h e  p i a l  s u r f a c e  was l o c a t e d  w i th  r e s p e c t  t o  s t e r e o t a x i c  c o o r d i ­

n a t e s ,  exposed p o r t i o n s  o f  th e  s u r f a c e  were p r o t e c t i v e l y  c o v e re d .

P r e l im in a r y  Data 

The n e x t  s t e p  was to  make a p r e l im in a r y  r e c o r d in g  o f  t h e  

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

s i s t i n g  o f  a t r a i n  o f  0 .5  msec p u l s e s  p r e s e n te d  a t  a r a t e  o f  5 / s e c  

f o r  a t o t a l  o f  12-13 p u l s e s .  The p u l s e  t r a i n  d u r a t i o n  was d e t e r ­

mined by a t im in g  c i r c u i t  ( s ee  Appendix I ) . The s t im u lu s  i n t e n s i t y  

was s e t  a t  t h e  v a lu e  p r e v io u s ly  e s t a b l i s h e d  t o  e l i c i t  r e c r u i t i n g  

re s p o n se s  o f  0 .5 - 1 .2  mv peak  a m p l i tu d e .

P ap e r  speed was s h i f t e d  from t h e  u s u a l  5 mm/sec t o  250 

mm/sec. The s t im u lu s  was i n i t i a t e d  a b o u t 1 sec  a f t e r  th e  speed  

change . About 2 s e c s  fo l lo w in g  c o m p le tio n  o f  t h e  s t im u lu s  t r a i n ,  

t h e  p ap e r  speed was r e t u r n e d  t o  5 mm/sec.

The re c o rd  was examined w i th  r e s p e c t  t o  th e  6 c r i t e r i a  f o r
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r e c r u i t i n g  re s p o n se s  p r e v i o u s l y  p r e s e n t e d .  I f  th e  f u l l y  d ev e lo p ed  

r e c r u i t i n g  re sp o n se  peak  a m p l i tu d e s  d id  n o t  meet th e  0 .5 - 1 .2  mv 

c r i t e r i o n ,  th e n  a p p r o p r i a t e  a d ju s tm e n t  i n  th e  s t im u lu s  i n t e n s i t y  

was made, and th e  t r i a l  r u n  was r e p e a t e d .  The re c o rd e d  o u tp u t s  

o f  t h e  two d i f f e r e n t i a l  a m p l i f i e r s  w ere checked f o r  ze ro  a m p l i tu d e  

r e s p o n s e .

T r a n s c o r t i c a l  E x p l o r a t io n  o f  R e c r u i t in g  Responses

W hile r e c o r d in g  on g o in g  b r a i n  a c t i v i t y ,  s e n s i t i v i t y  a d j u s t ­

m ents  were made t o  p ro d u ce  2 t o  3 cm p e a k - to -p e a k  pen  e x c u r s io n s  

i n  each  monopolar c h a n n e l .  A d ju s tm en ts  o f  th e  p r e a m p l i f i e r  c e n t e r ­

in g  c o n t r o l s  p o s i t i o n e d  t h e  m id p o in t  o f  th e  pen  e x c u r s io n s  on o r  

n e a r  t h e  m id l in e  o f  each  c h a n n e l ’ s  g rap h . The fo l lo w in g  d a t a  was 

e n t e r e d  on th e  g r a p h ic a l  r e c o r d ;  (1) s t i m u l a t i n g  p ro b e  s i t e ;

(2) v e r n i e r  r e a d in g  o f  t h e  s t i m u l a t i n g  p ro b e  v e r t i c a l  c a r r i e r ;

(3) s t im u lu s  p u l s e  w id th  and r e p e t i t i o n  r a t e ;  (4) i d e n t i f i c a t i o n  

number o f  th e  t r i - p r o b e :  (5) i d e n t i f i c a t i o n  o f  d a ta  so u rc e  f o r  

each  o f  th e  6 r e c o rd e d  c h a n n e ls ,  i . e . ,  p i a ,  t r i - p r o b e  t i p s ,  d i f ­

f e r e n t i a l  c h a n n e ls ;  (6) v e r n i e r  r e a d in g  o f  th e  m ic rom eter  c o n t r o l ­

l i n g  th e  v e r t i c a l  p o s i t i o n  o f  th e  t r i - p r o b e ;  and (7) s e n s i t i v i t y  

o f  each  d a ta  c h a n n e l .

The f o u r  p r e a m p l i f i e r  i n p u t s  were sw i tch ed  t o  z e ro  p o ­

t e n t i a l  t o  a llow  a m easure  o f  t h e  a b s o lu t e  p o t e n t i a l  o f  t h e  p i a l  

s u r f a c e .  The fo u r  i n p u t s  were sw i tc h e d  t o  th e  re c o rd in g  e l e c t r o d e s ,  

t h e  p a p e r  speed  m o m en ta r ily  s e t  a t  maximum speed and th e  s t im u lu s  

a p p l i e d ,  a s  i n  th e  t r i a l  d a ta  r u n .  Subsequent to  th e  d a ta  ru n  t h e
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t r i - p r o b e  was d r iv e n  an i n c r e m e n ta l  d i s t a n c e  i n t o  c o r t e x ,  u s u a l l y  

100, 150 o r  200 jn. The s p e c i f i c  v a lu e  s e l e c t e d  was b a se d  on th e  

a x i a l  s e p a r a t i o n  d i s t a n c e  be tw een  th e  t h r e e  t r i - p r o b e  t i p s .  For 

a g iv en  t r i - p r o b e  t r a n s c o r t i c a l  t r a c k ,  t h e  in c re m e n ta l  change i n  

d e p th  was c o n s t a n t .  To f a c i l i t a t e  t r i - p r o b e  p e n e t r a t i o n  in to  

t h e  c o r t e x ,  v i b r a t i o n  was a p p l i e d  t o  t h e  c a r r i e r  m ic ro m ete r  h e ad .  

T h is  v i b r a t i o n  was p ro d u ced  by r a p i d l y  r o t a t i n g  t h e  f l u t e d  h a n d le  

o f  a sm a l l  screw  d r i v e r  i n  c o n t a c t  w i th  th e  m ic ro m ete r  h ead . The 

fo rem e n tio n e d  p ro c e d u re s  f o r  s e n s i t i v i t y  a d ju s tm e n ts  o f  pen e x c u r ­

s i o n s ,  m id p o in t  c e n t e r i n g ,  and ze ro  p o t e n t i a l  check  w ere r e p e a te d  

f o r  t h i s  new p o s i t i o n .

A p p l i c a t i o n  o f  t h e  n e x t  s t im u lu s  t r a i n  was d e lay e d  f o r  a t  

l e a s t  60 seco n d s  f o l lo w in g  c o m p le t io n  o f  th e  p re c e d in g  s t im u lu s .  

T h is  i n t e r t r i a l  i n t e r v a l  was based  p a r t l y  on r e p o r t s  i n  th e  

l i t e r a t u r e  ( e . g . ,  K rau tham er and A lb e - F e s s a r d ,  1955) b u t  l a r g e l y  

d e r iv e d  from t e s t s  c o n d u c te d  d u r in g  th e  developm ent o f  th e  r e ­

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

u s u a l l y  be tw een  90 and 120 s e c s  b e c a u se  o f  th e  e x tre m e ly  d e l i c a t e  

tr im m ing  a d ju s tm e n ts  r e q u i r e d  by th e  p r e a m p l i f i e r  c e n t e r i n g  con ­

t r o l s .  The p a p e r  speed was t e m p o r a r i l y  i n c r e a s e d  and th e  s t im u lu s -  

re s p o n se  t r a i n  was r e c o r d e d .  The a d ju s tm e n t  o f  t r i - p r o b e  i n c r e ­

m e n ta l  p e n e t r a t i o n  was made and th e  e n t i r e  p r o c e d u r a l  sequence 

r e p e a te d  u n t i l  2000 t o  2200 yu had b e en  t r a v e r s e d ,  th u s  co m p le t in g  

t h e  maximal s i t e  t r a n s c o r t i c a l  e x p l o r a t i o n .

The t r i - p r o b e  was w ithd raw n  from th e  c o r t e x  and r e lo c a t e d  

e i t h e r  a n t e r i o r  o r  p o s t e r i o r  t o  t h e  maximal s i t e  b u t  s t i l l  i n  th e
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m iddle  o f  th e  c o n v e x i ty  o f  th e  s u p r a s y lv i a n  g y ru s .  The t r a n s v e r s e  

in c rem en t o f  movement was e i t h e r  0 .5 ,  1 . 0  o r  1 .5  mm, w i th  0 .5  mm 

b e in g  th e  most f r e q u e n t l y  used  in c re m e n t .  Then th e  com ple te  p ro ­

cess  o f  e s t a b l i s h i n g  th e  p i a l  s u r f a c e  i n  s t e r e o t a x i c  c o o rd in a te s  

and c o n d u c t in g  a s te p w is e  t r a n s c o r t i c a l  e x p l o r a t i o n  was r e p e a te d .

The p r e f e r r e d  p ro c e d u re  o f  b r a c k e t i n g  th e  maximal response  

s i t e  w i th  two o r  more t r a n s v e r s e l y - s p a c e d  t r a n s c o r t i c a l  t r a c k s  was 

no t  f e a s i b l e  d u r in g  most e x p e r im e n ts .  S e v e ra l  f a c t o r s  c o n t r ib u te d  

t o  t h i s  l i m i t a t i o n :  d e t e r i o r a t i o n  o f  t h e  p r e p a r a t i o n ,  equipment

m a lfu n c t io n  and e x p e r im e n te r  f a t i g u e .  In  th e  few e x p e r im en ts  where 

some b r a c k e t in g  was p o s s i b l e ,  a second p ro c e d u re  was a l s o  perfo rm ed . 

T h is  p ro c e d u re  was t o  r e l o c a t e  t h e  s t i m u l a t i n g  p ro b e  i n  an o th e r  

th a la m ic  s i t e ,  t o  s e a r c h  f o r  r e c r u i t i n g  r e s p o n s e s ,  t o  de term ine  a 

maximal s i t e ,  and t o  c o n d u c t  one o r  more t r a n s c o r t i c a l  e x p lo r a t io n s  

o f  t h e  c o r t e x  as p r e v io u s ly  d e s c r ib e d .

C o r r e c t iv e  P ro ce d u re s

D uring  th e  c o u rs e  o f  some e x p e r im en ts  c o m p l ic a t io n s  w ith  

th e  p r e p a r a t i o n  a ro s e  w hich  r e q u i r e d  c o r r e c t i v e  a c t i o n  o r  a l t e r e d  

p ro c e d u re s .  The most v e x in g  c o m p l ic a t io n  was c o r t i c a l  movement. 

Movement o f  th e  c o r t e x  i n  th e  v e r t i c a l  d i r e c t i o n  was most n o t i c e a b le  

in  c o n ju n c t io n  w i th  s k e l e t a l  m uscle  a c t i v i t y  ( jaw , lim b o r  body 

m ovem ents), coughing  spasm s, o r  deep r e s p i r a t o r y  a c t i v i t i e s .  S k e l ­

e t a l  m uscle movements ( i n c l u d i n g  m yoclon ic  body j e r k s )  w ere  one o f  

th e  i n d i c a t o r s  t h a t  a n e s t h e s i a  was becoming " l i g h t . "  The c o r r e c t iv e  

p ro c e d u re  was t o  a d m i n i s t e r  a s u s t a i n i n g  dose o f  5 p e r  c e n t  alpha
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c h lo r a l o s e  i n t r a v e n o u s l y ,  u s u a l l y  10-20  p e r  c e n t  o f  t h e  i n i t i a l  

do se .  S u s t a in in g  d o ses  w ere n e v e r  a d m in is te r e d  d u r in g  a t r a n s -  

c o r t i c a l  e x p l o r a t i o n .  F r e q u e n t ly ,  0 .5 -3  c c  o f  0 ,9  p e r  c e n t  s a l i n e  

would be added to  th e  a n e s t h e t i c  dose a s  a p a r t i a l  com pensation  

f o r  th e  l o s s  o f  body f l u i d s  d u r in g  th e  c o u rs e  o f  th e  ex p e r im en t .

When coughing  o c c u r r e d ,  r e c o rd in g  o p e r a t io n s  were s to p p e d .  

N orm ally , th e  coughing  would c e a se  a f t e r  a few m in u te s . Then th e  

l a s t  s e t  o f  s t i m u l a t i n g  c o n d i t i o n s  would be r e p e a te d ,  and th e  

c o r t i c a l  r e s p o n se s  would be compared w i th  th o se  p re c e d in g  th e  

coughing  e v e n t .  I f  t h e  r e s p o n s e s  were deemed s i m i l a r ,  t r a n s c o r t i c -  

a l  r e c o r d in g  was c o n t in u e d .  I f  t h e  r e s p o n s e s  were g r e a t l y  d i f f e r ­

e n t  th e  t r i - p r o b e  was w ithdraw n  from th e  c o r t e x ,  t h e  p i a l  s u r f a c e  

r e e s t a b l i s h e d  w i th  r e s p e c t  t o  s t e r e o t a x i c  c o o r d in a t e s ,  and th e  t r i ­

p robe  d r iv e n  t o  t h e  la m in a r  d e p th  re a ch ed  a t  th e  s t a r t  o f  th e  

coughing  e v e n t .  The t r a n s c o r t i c a l  r e c o r d in g  was th e n  co n t in u e d  

as  b e f o r e .

C o r t i c a l  movement due t o  h e a r t  b e a t  was n e v e r  a s i g n i f i c a n t  

p roblem . C o r t i c a l  movement caused  by r e s p i r a t o r y  a c t i o n  was 

u s u a l l y  a s s o c i a t e d  w i th  low b lood  p r e s s u r e .  Blood p r e s s u r e  was 

n o t  m easured , b u t  m a n i f e s t a t i o n s  o f  low b lo o d  p r e s s u r e  w ere: (1)

a b la n c h in g  o f  t h e  c o r t e x  from i t s  normal r e d d i s h  p in k  to  l i g h t e r  

shades o f  p in k i s h - w h i t e ;  (2) c e p h a l i c  o r  fem o ra l  v e in s  c o l la p s e d  

o r  reduced  i n  s i z e ;  and (3) a r e d u c t io n  i n  th e  b r a i n  volume 

( s h r in k in g  o f  th e  b r a i n  and a s e t t l i n g  down i n t o  t h e  c r a n i a l  v a u l t ) . 

The p r im ary  c o r r e c t i v e  m easure  was to  i n c r e a s e  b lood  volume th ro u g h  

in t r a v e n o u s  i n j e c t i o n  o f  0 .9  p e r  c e n t  s a l i n e ,  10 p e r  c e n t  g lu co se
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s o l u t i o n ,  o r  R i n g e r 's  s o l u t i o n .

O c c a s io n a l ly  d u r in g  th e  c o u rs e  o f  an ex p e r im en t one o r  

more o f  th e  r e c o r d in g  e l e c t r o d e s  would e x h i b i t  a p p r e c i a b l e  i n ­

c r e a s e s  in  e l e c t r o d e  p o t e n t i a l s .  T h is  e v e n t ,  u s u a l l y  m a n ife s te d  

by o f f s e t  p o t e n t i a l s  g r e a t e r  th a n  5 mv, was v e r i f i e d  by e l e c t r o d e  

p o t e n t i a l  measurem ents w i th  th e  e l e c t r o d e s  immersed i n  s a l i n e .

T h is  t r o u b l e  was due u s u a l l y  t o  t h e  c o t to n  w ick  e lem ent o f  th e  

r e f e r e n c e  e l e c t r o d e .  C o r r e c t iv e  m easures were t o  f l u s h  o u t  t h e  

wick p i p e t t e s  w i th  0 .9  p e r  c e n t  s a l i n e  o r  to  r e p l a c e  them . The 

s i l v e r  s i l v e r - c h l o r i d e  w ire  e l e c t r o d e s  seldom caused  t h e s e  a p p a r ­

e n t  changes i n  e l e c t r o d e  p o t e n t i a l s .  When th e y  were a t  f a u l t ,  

s im ple  rep lacem en t so lv ed  th e  p rob lem .

On a few o c c a s io n s  d u r in g  th e  t r i - p r o b e  p e n e t r a t i o n  i n t o  

th e  c o r t e x ,  th e  r e c r u i t i n g  re sp o n se  a m p li tu d e s  were r a t h e r  e r r a t i c  

from one s t i m u l a t i n g  t r a i n  t o  t h e  n e x t .  I f  t h e  6 c r i t e r i a  s e t  

f o r t h  on page 29 were n o t  m et, th e n  a p p r o p r i a t e  a d ju s tm e n ts  i n  

s t im u lu s  am p li tu d e  were made, and th e  s t im u lu s  was r e p e a te d  f o r  

t h a t  p a r t i c u l a r  l e v e l .  I f  t h e  r e c r u i t i n g  re sp o n se  a m p l i tu d e s  were 

below th e  0 .2  mv minimum, a s im p le  r e p e t i t i o n  o f  th e  same s t im u ­

lu s  p a ra m e te r s  would u s u a l l y  e l i c i t  a c c e p ta b le  r e s p o n s e s .  In  one 

o r  two s e v e re  c a s e s  o f  p e r s i s t e n t  e r r a t i c  r e s p o n s e s ,  t h e  t r a c k  was 

abandoned. The s t i m u l a t i n g  p robe  was th e n  r e l o c a t e d  t o  a n o th e r  

th a la m ic  s i t e ,  and th e  t r a n s c o r t i c a l  r e c o rd in g  p ro c e d u re s  w ere 

r e p e a te d .
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T e rm in a t io n  o f  E xperim en ts  

With t h e  t r i - p r o b e  p o s i t i o n e d  i n t r a c o r t i c a l l y  and th e  p i a l  

w ick  a d j a c e n t  t o  th e  t r i - p r o b e  p o i n t  o f  e n t r y ,  a l e t h a l  overdose  

o f  sodium p e n t o b a r b i t a l  was a d m in is te r e d  i n t r a p e r i t o n e a l l y  o r  

i n t r a v e n o u s l y .  E l e c t r i c a l  p o t e n t i a l  changes  w ere  re c o rd e d  as 

d e a th  ensued . A f t e r  d e a th  th e  e l e c t r o d e s  were p la c e d  i n  a s a l i n e  

p o o l  and th e  p o t e n t i a l s  between them rem e asu re d .  Z ero  p o t e n t i a l  

i n p u t s  t o  th e  p r e a m p l i f i e r s ,  t h e  seco n d a ry  a m p l i f i e r s ,  and th e  

d r i v e r  a m p l i f i e r s  were rec o rd ed  t o  d e te rm in e  t h e  e x t e n t ,  i f  any , 

o f  t h e  e l e c t r i c a l  and t h e  m echan ica l d r i f t  i n  each  c h an n e l .

The t r i - p r o b e  was s to r e d  w i th  i t s  t i p  immersed i n  chem ica l 

c l e a n in g  s o l u t i o n .  Norm ally , d i g e s t i o n  o f  a l l  t i s s u e ,  e i t h e r  i n ­

s i d e  o r  o u t s i d e  o f  t h e  t i p s ,  was com ple te  w i t h i n  4̂ 8 h o u r s .  A 

s e r i e s  o f  r i n s i n g  o p e r a t io n s  i n  d i s t i l l e d  w a te r  were perfo rm ed  to  

p r e p a r e  th e  t r i - p r o b e  f o r  su b seq u en t  u s e .

The c a lv a r iu m  was removed from t h e  f r o n t a l  s in u s  r e g io n  

p o s t e r i o r l y  t o  t h e  te n to r iu m  and b i l a t e r a l l y  a lm o s t  t o  th e  e a r -  

b a r s .  Four m a rk e r  w i r e s  were s t e r e o t a x i c a l l y  p o s i t i o n e d  so t h a t  

th e  p o s t e r i o r  p a i r  d e te rm ined  a c o ro n a l  p la n e  1 t o  2 mm cau d a l  to  

th e  m ost c a u d a l  e x t e n t  o f  t r a v e l  o f  t h e  s t i m u l a t i n g  p ro b e .  The 

a n t e r i o r  p a i r  s i m i l a r l y  d e te rm ined  a c o r o n a l  p la n e  1 to  2 mm a n t e ­

r i o r  t o  th e  m ost r o s t r a l  s i t e  o f  e n t r y  o f  t h e  s t i m u l a t i n g  p ro b e .

A 1% t o  2 cm s e c t i o n  o f  th e  b r a i n ,  i n c l u d i n g  t h e  m arker w i r e s ,  was 

d i s s e c t e d  f r e e .  A s h o r t  m arker w ire  was m an u a l ly  i n s e r t e d  in  an 

a n t e r i o r - p o s t e r i o r  d i r e c t i o n  t h r o u ^  th e  l e f t  th a la m u s .  The b r a i n
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s e c t i o n  was p la c e d  i n  10 p e r  c e n t  fo r m a l in  f o r  f i x a t i o n .

H is to lo g y

A f t e r  sev e n  o r  more days i n  f o r m a l in ,  th e  b r a i n  s e c t i o n  

was removed, r i n s e d  i n  w a te r ,  and th e  l e f t  h em isp h e re  m ark e r  w ire  

removed. U sing  th e  co rona  p la n e  m arker w i r e s  a s  g u id e s ,  k n i f e  

c u t s  w ere  made t o  t r i m  o f f  th e  rough t i s s u e  and t o  e s t a b l i s h  a 

c o ro n a l  p la n e  o f  r e f e r e n c e .  P e r ip h e r a l  c o r t i c a l  g y r i  were trimmed 

b i l a t e r a l l y  and d o r s a l l y  t o  o b ta in  a b lo ck ed  r e c t a n g u l a r  s e c t i o n  

s u i t a b l e  f o r  m oun ting  on a f r e e z i n g  m icro tom e. The s e c t i o n  was 

mounted on th e  f r e e z i n g  p l a t e  r o s t r a l  f a c e  down f o r  s l i c i n g  from 

c a u d a l  t o  r o s t r a l  d i r e c t i o n .  S l i c e s  o f  f i f t y  m ic ron  t h i c k n e s s  

were removed u n t i l  t h e  "shadow" o f  th e  lo w e r  end o f  t h e  t r a c k  l e f t

by th e  s t i m u l a t i n g  p ro b e  became v i s i b l e .  S l i c e s ,  one h u n d red  m i­

c ro n  in  t h i c k n e s s ,  w ere  removed u n t i l  t h e  lo w e s t  e x t e n t  o f  th e

t r a c k  was in c lu d e d  i n  a s l i c e .  The s l i c e  was p la c e d  i n  w a te r  o v e r

a b la c k  background  and a p p r o p r i a t e l y  l i g h t e d  t o  a c c e n tu a t e  c y t o ­

a r c h i t e c t o n i e  s t r u c t u r e .  The l o c a t i o n  o f  t h e  p ro b e  s i t e  w i t h  r e ­

s p e c t  t o  w e l l  d e f in e d  lan d m ark s ,  c e l l u l a r  g ro u p s ,  and w h i te  m a t t e r  

pathw ays was compared w i th  th e  a t l a s  o f  J a s p e r -M a rsa n  (S h e e r ,

1961) t o  d e te rm in e  t h e  c o o r d in a te  l o c a t i o n s  o f  th e  th a la m ic  s i t e s  

o f  th e  s t i m u l a t i n g  p ro b e .

The above m ethods were employed t o  p roduce  th e  r e s u l t s  r e ­

p o r te d  i n  t h e  n e x t  c h a p t e r .
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EXPERIMENTAL RESULTS 

Twelve c a t s  com prised  th e  group o f  e x p e r im e n ta l  an im als  

used  t o  o b t a i n  th e  d a ta  f o r  t h i s  d i s s e r t a t i o n .  The r e s u l t s  o f  

s i x  e x p e r im en ts  w ere  d i s c a r d e d  w i th o u t  a n a l y s i s .  Two an im als  

deve loped  c e r e b r a l  edema and d id  n o t  p ro v id e  v i a b l e  p r e p a r a t i o n s .

The o th e r  f o u r  were r e j e c t e d  on th e  b a s i s  o f  two o r  more o f  th e  

fo l lo w in g  c o n d i t i o n s :  (1) low am p li tu d e  e l e c t r i c a l  s i g n a l s ;

(2) a p p r e c i a b l e  v e r t i c a l  movement o f  th e  c o r t e x ;  (3) b locked  t r i ­

p robe t i p ;  o r  (>+) im p ro p e r  e x p e r im e n ta l  t e c h n i q u e s .  Unmanageable 

c o r t i c a l  movement was t h e  m ajor p rob lem  i n  t h r e e  o f  th e s e  fo u r  

e x p e r im e n t s .

C o r t i c a l  R e c r u i t in g  R esponses  

As o u t l i n e d  i n  C h ap te r  I I ,  a t r a i n  o f  r e s p o n se s  was o b ta in e d  

a t  each  l e v e l  o f  a t r a n s c o r t i c a l  e x p l o r a t i o n  o f  th e  c o r t e x .  The 

t r a n s c o r t i c a l  p e n e t r a t i o n  o f  th e  t r i - p r o b e  was c a l l e d  a t r a c k .

From th e  6 e x p e r im en ts  p ro v id in g  th e  b a s i s  f o r  th e  d i s s e r t a t i o n ,

31 t r a c k s  w ere e x p lo re d .  Twenty-one met th e  c r i t e r i a  f o r  u s a b i l ­

i t y .  Of th e  10 d i s c a r d e d ,  3 were r e j e c t e d  b e cau se  o f  a p a r t i a l l y  

b locked  o r  b roken  t i p  o f  th e  t r i - p r o b e .  The rem a in in g  7 were d i s ­

carded  on th e  b a s i s  o f  low am plitude  o r  e r r a t i c  r e c r u i t i n g  r e s p o n s e s ,  

d i s r u p t i v e  c o r t i c a l  movement, o r  im proper  e x p e r im e n ta l  te c h n iq u e .

39
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Over 250 re s p o n se  t r a i n s  from th e  21 t r a c k s  were examined to  ab ­

s t r a c t  t h e  d a ta  u sed  i n  th e  a n a l y s i s .  S ev en teen  o f  th e s e  t r a c k s  

were o b ta in e d  by u se  o f  i d e n t i c a l  p r o t o c o l .  V a r i a t i o n s  i n  t h i s  

p r o t o c o l  formed th e  b a s i s  f o r  th e  o th e r  4 t r a c k s .

Many i n v e s t i g a t o r s  have  u t i l i z e d  s i n g l e  e l e c t r o d e s  in  r e ­

c o rd in g  th e  r e c r u i t i n g  re s p o n se s  s e q u e n t i a l l y  i n  t r a n s c o r t i c a l  

t r a c k s .  I n  g e n e r a l  th e y  r e p o r t  t h a t  th e  re s p o n se  i s  monophasic 

n e g a t i v e  a t  th e  s u r f a c e .  A t deeper l e v e l s  th e  a m p li tu d e  o f  th e  

r e s p o n s e  d im in is h e s  t o  z e r o ,  o r  lo w -am p li tu d e  b i p h a s i c ,  th e n  b e ­

comes m onophasic  p o s i t i v e  w i th  i n c r e a s i n g  d e p th .  The re g io n  o f  

p o l a r i t y  i n v e r s i o n  h a s  been  c a l l e d  th e  i n v e r s i o n  zone and i s  s a id  

t o  r e p r e s e n t  an e q u i p o t e n t i a l  s u r f a c e  w i th  r e s p e c t  t o  a rem ote 

r e f e r e n c e .  The c l a s s i c  p r o p e r t i e s  o f  t h e  r e c r u i t i n g  re sp o n se  and 

th e  i n v e r s i o n  zone a r e  i d e n t i f i a b l e  in  th e  t r a c i n g  shown i n  F ig u re  

1 .  T h is  f i g u r e  shows a com ple te  1 2 -p u ls e  s t im u lu s - r e s p o n s e  t r a i n  

w i th  t h e  lo w e s t  t i p .  A, o f  t h e  t r i - p r o b e  l o c a t e d  a t  350 j i  ben ea th  

th e  p i a .  The s p a c in g  be tw een  th e  m iddle  t i p ,  C, and th e  low er 

t i p .  A, was 70 The s p a c in g  between th e  u p p e r  t i p ,  B, and th e  

m idd le  t i p ,  C, was 59 yi. The p i a l  s u r f a c e  w ick  and t r i - p r o b e  

t i p s  B, C and A were m onopolar w ith  r e s p e c t  to  t h e  f r o n t a l  bone 

r e f e r e n c e .  Note t h a t  th e  t i p  A i s  b e n e a th  th e  i n v e r s i o n  zone 

w h i le  C i s  j u s t  s l i g h t l y  above . The d i f f e r e n t i a l  t r a c e s ,  B minus 

C and C minus A, i l l u s t r a t e  th e  tim e v a r i a n t  d i f f e r e n c e s  i n  p o ­

t e n t i a l  betw een th e  two p a i r s  o f  t r i - p r o b e  t i p s .  Note t h e  d i r e c t  

r e l a t i o n s h i p  be tw een  r e s p o n se  am plitude  a t  th e  s u r f a c e  and i n  th e  

d e p th ,  i n c lu d in g  th e  d i f f e r e n t i a l  r e s p o n s e s .  One can a l s o  o b serv e
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F ig u re  1 .  C o r t i c a l  r e c r u i t i n g  r e s p o n s e s  : a c o n g le te  s t im u ­

l u s - r e s p o n s e  t r a i n .

T h is  r e c o r d  was s e l e c t e d  t o  i l l u s t r a t e  t h e  s a l i e n t  f e a t u r e s  o f  

th e  c o r t i c a l  r e c r u i t i n g  re s p o n se  s im u l ta n e o u s ly  a t  th e  p i a l  

s u r f a c e  and in  t h e  c o r t i c a l  d e p th .  T ip  A o f  t r i - p r o b e  ISA 

was 350 jji b e n e a th  th e  p i a .  The t r i - p r o b e  was lo c a te d  a t  a 

maximal re s p o n se  s i t e ,  A +9mm, m id - s u p r a s y lv ia n  gyrus. P u ls e s  

o f  0 .5  msec d u r a t io n  were a p p l ie d  a t  a r a t e  o f  5 /s e c  to  a 

c o a x ia l  s t i m u l a t i n g  p ro b e  p o s i t i o n e d  i n  t h e  c e n t r a l  l a t e r a l  

n u c le u s  (A +11, L 3, V + 4 ) .  The p i a l  w ick  and t r i - p r o b e  

t i p s  B, C and A a r e  m onopolar w i th  r e s p e c t  t o  th e  f r o n t a l  bone . 

EC t i p  sp a c in g  was 59 jjl and th e  CA s p a c in g  was 70 j i .  P o l a r i t y  

was n e g a t iv e  f o r  an  upward pen d e f l e c t i o n  on a l l  s ix  c h an n e ls .  

Experim ent 6071-24.
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t h a t  t h e r e  i s  some p u ls e - to -p i iL se  v a r i a t i o n  i n  re sp o n se  am p li tu d e .  

These r e l a t i o n s h i p s  a r e  im p o r tan t  i n  t h e  su b seq u en t a n a l y s i s .

From each  re sp o n se  t r a i n  on ly  one r e c r u i t i n g  re sp o n se  ev en t  was 

s e l e c t e d  f o r  a n a l y s i s .  The r a t i o n a l e  f o r  t h i s  approach  i s  dev ­

e lo p ed  i n  th e  n e x t  s e c t i o n ,  Method o f  A n a ly s i s .  In  F ig u re  1 th e  

re s p o n se  f o l lo w in g  s t im u lu s  p u ls e  7 was chosen  f o r  f u r t h e r  a n a l ­

y s i s .

To i l l u s t r a t e  i n  g r e a t e r  d e t a i l  t h e  d a t a  o b ta in e d  from a 

t r a n s c o r t i c a l  t r a c k  a t  a maximal s i t e .  F ig u r e s  2 t h r o u ^  7 a r e  

p r e s e n t e d .  These f i g u r e s ,  tak en  from o r i g i n a l  r e c o rd s  i n  t h i s  

s tu d y ,  p r e s e n t  segm ents  o f  re sp o n se  t r a i n s  s e l e c t e d  from 6 r e p r e ­

s e n t a t i v e  l e v e l s  o f  a 1 3 - l e v e l  t r a c k .  F ig u re  2 i l l u s t r a t e s  th e  

d a ta  o b ta in e d  when t h e  t r i - p r o b e  was l o c a t e d  a t  th e  p i a l  s u r f a c e .  

The s i m i l a r i t y  o f  r e s p o n s e s  between th e  p i a ,  B, C and A t r a c e s  

i s  a p p a r e n t .  I t  may a l s o  be n o ted  t h a t  th e  B-C and C-A d i f ­

f e r e n t i a l  re s p o n se s  a r e  z e ro .  In  F ig u r e  3 ,  t i p  A was a t  *+50 

The ze ro  a m p li tu d e  re s p o n se  o f  t i p  A i n d i c a t e s  i t ’s l o c a t i o n  to  

be a t  t h e  in v e r s io n  zone. The d i f f e r e n t i a l  r e s p o n se  i n  C-A e x i s t s  

o v e r  a p h y s i c a l  d i s t a n c e  o f  129 W ith  c o n t in u e d  t r i - p r o b e  

p e n e t r a t i o n  i n t o  t h e  c o r t e x  (F ig u re s  4 - 6 ) ,  t i p s  C and B a ls o  

p a s s  th ro u g h  th e  i n v e r s i o n  zone. For t i p  A a t  1050 F ig u re  6, 

a l l  t r i - p r o b e  t i p s  a r e  b e n e a th  th e  i n v e r s i o n  zone s in c e  monophasic 

p o s i t i v e  r e c r u i t i n g  re sp o n se s  a re  s e e n  in  th e  t h r e e  monopolar t r i ­

p ro b e  t r a c e s .  Observe th e  d i f f e r e n t i a l  re s p o n se s  p r e s e n t  i n  B-C. 

W ith  t i p  A a t  1350 ^  (F ig u re  7) t h e r e  a r e  no d i f f e r e n t i a l  re s p o n se s  

i n  t h e  t r a c e s  o f  B-C and C-A. The r e c r u i t i n g  re s p o n s e s  on a l l
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F ig u re  2, C o r t i c a l  r e c r u i t i n g  r e s p o n s e s :  p i a l  s u r f a c e .

A segment s e l e c t e d  from a s t im u lu s - r e s p o n s e  t r a i n  t o  i l l u s ­

t r a t e  th e  s u r f a c e  and t r a n s c o r t i c a l  re s p o n se s  germane t o  th e  

s e l e c t i o n  o f  t h e  re s p o n se  d a ta  f o r  a n a l y s i s  o f  one t r a n s c o r t i -  

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

lows t h e  c i r c l e d  s t im u lu s  p u l s e  number. The fo l lo w in g  i n f o r ­

m ation  a p p l i e s  to  F ig u re s  2 t h r o u ^  9 and t o  T ab le  I .  T r i ­

p robe  12B was l o c a t e d  a t  a maximal re sp o n se  s i t e ,  A +6mm, mid- 

s u p r a s y lv ia n  g y ru s .  The BC s p a c in g  was 123 ya and th e  CA s p a c in g  

was 129 ji. P i a l  w ick  and th e  t r i - p r o b e  t i p s  B, C and A w ere 

monopolar w i th  r e s p e c t  to  th e  f r o n t a l  bone. The d i f f e r e n c e  

p o t e n t i a l s  betw een th e  t i p  p a i r s  BC and CA a r e  r e p r e s e n te d  

r e s p e c t i v e l y  by th e  t r a c e s  B-C and C-A. P u ls e s  o f  0.5 msec 

d u r a t i o n  were a p p l ie d  t o  a c o a x i a l  s t i m u l a t i n g  probe p o s i t i o n e d  

in  t h e  v e n t r a l  p a r t  o f  th e  l a t e r a l  d o r s a l  n u c le u s  (A +10, L 3 ,

V + 5 .6 ) .  P o l a r i t y  was n e g a t iv e  f o r  an  upward pen  d e f l e c t i o n  on 

a l l  s i x  c h a n n e ls .  V e r t i c a l  c a l i b r a t i o n  was 0 .5  mv and t h e  h o r i ­

z o n ta l  tim e c a l i b r a t i o n  was 100 msec. D e p th -b e n e a th -p ia  i n f o r ­

m a tio n  in  th e  t i t l e s  i d e n t i f i e s  t h e  d e p th  o f  t i p  A. Experim ent 

6952-27.
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F ig u re  3 .  C o r t i c a l  r e c r u i t i n g  re s p o n se s :  *+50

The n e a r - z e r o  r e s p o n s e  am p li tu d e  i n  th e  t r a c e  o f  t i p  A i n d i ­

c a t e s  t h a t  i t  was v e ry  c l o s e  t o  th e  i n v e r s i o n  zone . Observe 

t h e  d i f f e r e n t i a l  r e s p o n se  p re s e n t  in  th e  t r a c e  C-A. See 

t h e  le g en d  o f  F ig u r e  2 f o r  more com ple te  i n f o r m a t io n .
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PIA

UPPER, B

J .

B - C
4- 100 MSEC

MIDDLE, C

C - A

LOWER 3 A
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F igu re  4. C o r t i c a l  r e c r u i t i n g  r e s p o n s e s :  750 j i .

T r i -p ro b e  t i p  A was s l i g h t l y  below th e  i n v e r s i o n  zone w h i le  

C w asa  l i t t l e  above th e  i n v e r s i o n  zone. See th e  le g en d  o f  

F ig u re  2 f o r  more co m ple te  in f o r m a t io n .
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®  9 10
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F ig u r e  5. C o r t i c a l  r e c r u i t i n g  re s p o n se s :  900 j i .

The upper t i p  B was a t  t h e  i n v e r s i o n  zone. Observe th e  d e ­

c r e a s e d  d i f f e r e n t i a l  re s p o n s e  in  C-A and th e  l a r g e  d i f ­

f e r e n t i a l  re s p o n se  i n  th e  t r a c e  B-C. See t h e  le g e n d  o f  

F ig u r e  2 f o r  more co m ple te  in f o r m a t io n .
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UPPER, B

MIDDLE, C

B - C
100 MSEC

4 5 7 8

C - A

LOWER, A

V ' \ T
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F ig u re  6. C o r t i c a l  r e c r u i t i n g  r e s p o n s e s :  1050

A l l  t h r e e  t r i - p r o b e  t i p s  were b e n e a th  t h e  i n v e r s i o n  zone. The 

d i f f e r e n t i a l  re s p o n se  B-C h a s  d e c r e a s e d  and th e  C-A d i f f e r ­

e n t i a l  re sp o n se  i s  a lm o s t  z e r o .  See th e  le g en d  o f  F ig u re  

2 f o r  more com ple te  i n f o r m a t io n .
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UPPER, B

B - C

100 MSEC

MIDDLE, C

C - A

LOWER, A
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F ig u re  7. C o r t i c a l  r e c r u i t i n g  r e s p o n s e s :  1350 j i .

The t r i - p r o b e  t i p s  were w e l l  below th e  in v e r s io n  zone and th e  

d i f f e r e n t i a l  re s p o n se s  a re  z e ro .  T h is  f i g u r e  i s  t y p i c a l  o f  

th e  re s p o n se s  o b served  w i th  f u r t h e r  t r i - p r o b e  p r o g r e s s io n  

th ro u g h  th e  c o r t e x  to  th e  w h ite  m a t t e r .  See th e  leg en d  o f  

F ig u r e  2 f o r  more c o n ^ le te  in f o r m a t io n .
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B - C

(D
MIDDLE, 0 100 MSEC
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LOWER, A
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c h a n n e ls  rem ained e s s e n t i a l l y  t h e  same as  shown in  I’ig u r e  7 as t h e  

t r i - p r o b e  was s e q u e n t i a l l y  lo w ered  t o  th e  w h i te  m a t te r .  I n  th e s e  

f i g u r e s  th e  r e c r u i t i n g  r e s p o n s e  f o l lo w in g  t h e  c i r c l e d  s t im u lu s  

p u l s e  was s e l e c t e d  f o r  f u r t h e r  a n a l y s i s .  I n  a l l  of th e s e  d a ta  

t h e r e  was no d e t e c t a b l e  t im e  l a t e n c y  ( w i th in  msec) be tw een  

s im u l ta n e o u s  r e s p o n s e  p e a k s ,  r e g a r d l e s s  o f  d e p th .

S e l e c t i o n  o f  Data f o r  A n a ly s is  

The f i r s t  s t e p  was t o  s e l e c t  th e  re sp o n ses  f o r  u s e  i n  t h e  

a n a l y t i c a l  p r o c e d u r e s .  A s t a t i s t i c a l  a p p ro ach  could h av e  been  

u sed  whereby most o f  th e  r e s p o n s e s  i n  th e  t r a i n  fo r  each  t r a n s -  

c o r t i c a l  l e v e l  would be amalgamated i n t o  a s i n g l e  s t a t i s t i c a l  

e q u iv a l e n t  r e s p o n s e .  T h is  p ro c e d u re  would mask the  i n d i v i d u a l  

v a r i a t i o n s  o f  t h e  r e c r u i t i n g  re s p o n se  ( e . g . ,  a l t e r n a t i o n  phenomenon 

and wax-wane p r o p e r t i e s )  and i n t r o d u c e  unwanted p a ra m e te rs  o f  

n o i s e  and e r r a t i c  r e s p o n s e s .  Thus, th e  ap p ro ach  used was t o  s e ­

l e c t  o n ly  one c o r t i c a l  r e s p o n s e  from each  t r a i n .  The c r i t e r i a  

f o r  t h i s  s e l e c t i o n  w ere :  (1) th e  a m p li tu d e  o f  the c o r t i c a l  r e ­

c r u i t i n g  re s p o n s e  would be f u l l y  d e v e lo p e d ;  (2) th e  most r e p r e ­

s e n t a t i v e  re s p o n se  o c c u r r in g  e a r l i e s t  i n  t h e  t r a i n  would be u se d ;  

(3) on ly  th o s e  r e s p o n s e s  r e l a t i v e l y  f r e e  o f  n o is e ,  c o r t i c a l  move­

ment and s p u r io u s  a r t i f a c t s  w ere  t o  be c o n s id e re d ;  and (4) i n  t h e  

p re s e n c e  o f  m ild  c o r t i c a l  movement due t o  r e s p i r a t i o n ,  o n ly  th o s e  

re s p o n se s  o c c u r r in g  d u r in g  t h e  lo w e s t  e x c u r s io n  of th e  c o r t e x  w ere  

c o n s id e r e d .  F u r th e r  c o n d i t i o n s  a s s o c i a t e d  w i th  th e  t a k i n g  o f  d a t a  

w ere : (1) th e  a m p l i tu d e  was m easured be tw een  the  o n s e t  o f  th e
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re s p o n se  and th e  peak  o f  t h e  re sp o n se  wave; (2) p o s t - r e s p o n s e ,  o r  

a f t e r - p o t e n t i a l ,  v a r i a t i o n s  were ig n o re d ;  and (3) t h e  a m p li tu d e  

d a ta  were ta k e n  o n ly  from th e  p i a l  s u r f a c e  t r a c e  and th e  d i f ­

f e r e n t i a l  t r a c e s ,  B-C and C-A,

T ab le  1 c o n ta i n s  a sample t a b u l a t i o n  o f  th e  d a ta  o b ta in e d  

from th e  1 3 - s t e p  t r a c k  from which th e  6 segm ents shown i n  F ig u r e s  

2 th ro u g h  7 were s e l e c t e d .  (See Appendix I I I  f o r  e x p la n a t io n  o f  

symbols and a b b r e v i a t i o n s ) . The low er 5 s t e p s  w ere exc luded  from 

t h e  t a b l e  b ecau se  th e  d i f f e r e n t i a l  c h a n n e ls  i n d i c a t e d  z e ro  a m p l i ­

tu d e  r e s p o n s e s .  Column 3 o f  T ab le  1 l i s t s  th e  d e p th ,  S^, o f  t r i ­

p ro b e  t i p  A from t h e  p i a l  s u r f a c e .  The s e l e c t e d  r e c r u i t i n g  r e ­

sponse  a m p l i tu d e s  from t h e  d i f f e r e n t i a l  t r a c e ,  B-C, a re  re c o rd e d  

i n  column 6 w h i le  th o s e  from th e  d i f f e r e n t i a l  t r a c e ,  C-A, a r e  

re c o rd e d  i n  column 8.

A n a l y t i c a l  P ro ce d u re s  

The p ro c e d u re s  u sed  to  a n a ly z e  t h e  d a ta  a r e  based  on th e  

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

i n  M a te r i a l s  and Methods. B r i e f l y ,  t h e  s p a t i a l  g r a d i e n t  o f  p o ­

t e n t i a l  a s  a f u n c t i o n  o f  d e p th  b e n e a th  t h e  p ia  was d e te rm in e d .  

E v a lu a t io n  o f  th e  r a t e  o f  change o f  th e  p o t e n t i a l  g r a d i e n t  a s  a 

fu n c t io n  o f  d e p th  y ie ld e d  th e  d iv e rg e n c e .  The d iv e rg e n c e  f u n c t i o n ,  

when n o t  e q u a l  t o  z e ro ,  was i n t e r p r e t e d  i n  te rm s o f  so u rc e s  and 

s in k s  o f  i o n i c  c u r r e n t .

As p r e v io u s ly  m en tio n ed , t h e r e  w ere  p u l s e - t o - p u l s e  a m p l i ­

tu d e  v a r i a t i o n s  i n  th e  re sp o n se  t r a i n s .  F ig u re  1 c l e a r l y  shows



TABLE I

SAMPLE TABULATION: DATA AND ANALYTICAL RESULTS

1

DATA
PAGE

2
PULSE 
NO. IN 
TRAIN

3

Sa

p

4

^̂ PIA
mv

5
ÂV 1 
AV Ip,a

6

%-C
mv

7

Gbc

/ iv/ h

8

AVc-A
mv

9

Gca

W f'

10

D

nvy^^

1 1 

Sa

P

70225 7 00 0.00 0.00 0.00 0.00 0.00 00

70229 7 ISO -0.50 0.925 0.00 0.00 -0.15 -1.02 -  8.08 24

70233 7 300 -0.55 0.841 0.00 0.00 —0.30 -1.93 -15.35 174

70243 6 450 -0.50 0.925 0.00 0.00 -0.50 -3.52 -27.90 324

70248 9 600 -0.40 1.156 -0.03 —0.23 -0.37 -3.24 -23.87 474

70253 8 750 —0.35 1.321 -0.15 -1.59 —0.70 -7.14 -44.05 624

70259 6 900 -0.45 1.026 -0.65 -5.34 -0.20 -1.54 +30.18 774

70263 7 1050 -0.50 0.925 —0.35 -2.59 —0.10 —0.65 +15.41 924

70268 7 1200 -0.45 1.028 —0.15 -1.23 -0.05 -0.31 4-7.34 1074

70273 5 1350 0.00 0.00 0.00 0.00 0.00 1224

Z AV =

w  =

-3.70

-0.463

LH
00
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t h a t  th e  l a r g e r  th e  p i a l  re sp o n se  a m p l i tu d e , t h e  l a r g e r  t h e  r e ­

sponse  a m p l i tu d e s  i n  t h e  t r a c e s  B, C, A and in  th e  d i f f e r e n t i a l  

t r a c e s  B-C and C-A. These t r a n s c o r t i c a l  am p li tu d e  r e l a t i o n s h i p s  

can a l s o  be seen  i n  F ig u re s  2 t h r o u ^  7. Thus, i n  o r d e r  t o  make 

v a l i d  com parisons  o f  t h e  d i f f e r e n t i a l  re s p o n se s  a t  t h e  d i f f e r e n t  

t r a n s c o r t i c a l  l e v e l s ,  a d i f f e r e n t i a l  re sp o n se  a m p l i tu d e  c o r r e c t i o n  

was d e v ise d  b ased  on th e  p i a l  re sp o n se  a m p l i tu d e .  F i r s t ,  a mean 

v a lu e  o f  p i a l  r e s p o n se  am p li tu d e  was computed (bo ttom  o f  T ab le  1 ,  

column ■+) . The p o p u la t i o n  sam ple o f  p i a l  re sp o n se  a m p l i tu d e s  used 

in  t h i s  co m p u ta t io n  was l i m i t e d  t o  th o s e  c o r t i c a l  l e v e l s  which 

e x h ib i t e d  d i f f e r e n t i a l  r e s p o n s e s .  As shown in  T ab le  1 ,  f o r  ex ­

am ple, t h e  d i f f e r e n t i a l  r e s p o n se  am p li tu d e s  a t  00 and 1350 ji  were 

0 .0 0 .  Thus, th e  c o r r e s p o n d in g  p i a l  re sp o n se  a m p l i tu d e s  were o m it te d  

from th e  p o p u la t io n  sample u sed  i n  t h e  co m p u ta t io n  o f  t h e  mean.

The e q u a l i z a t i o n  r a t i o ,  o r  c o r r e c t i o n  f a c t o r ,  ( f o r  a d j u s t i n g  th e  

d i f f e r e n t i a l  r e s p o n se  a m p li tu d e s  f o r  th e  t r a c k )  was b a se d  on th e  

r a t i o  o f  th e  mean p i a l  re sp o n se  t o  t h e  i n d i v i d u a l  p i a l  re sp o n se  

a t  each  l e v e l .  The r e s u l t s  o f  t h i s  c a l c u l a t i o n  a r e  shown i n  column 

5 o f  T ab le  1 .

The n e x t  s t e p  was t o  compute th e  conçonen t o f  t h e  s p a t i a l  

g r a d ie n t  o f  p o t e n t i a l ,  and G ^ ,  p a r a l l e l  t o  th e  t r a n s c o r t i c a l  

t r a c k .  These c a l c u l a t i o n s  w ere  b ased  on th e  f o l lo w in g  r e l a t i o n ­

s h ip s  :
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GcA —
s „

w here Sg^ and r e p r e s e n t  th e  s p a c in g ,  o r  s e p a r a t i o n  d i s t a n c e ,  

be tw een t r i - p r o b e  t i p  p a i r s  BC and CA, r e s p e c t i v e l y .  For t h e  d a ta  

o f  T ab le  1 th e  was 123 j i  w h i le  th e  was 129 yu. O bserve 

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

e n t i a l  re sp o n se  a m p l i t u d e s . The r e s u l t s  o f  th e s e  c o m p u ta t io n s  

a r e  shown i n  columns 7 and 9 o f  T ab le  1 .  For co n v en ien ce  i n  p l o t ­

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

th e  v a lu e  was assumed t o  o ccu r  a t  b e n e a th  t h e  p ia  ( th e  d ep th  

o f  t r i - p r o b e  t i p  A ) . A ls o ,  G^^ was assumed t o  o c c u r  a t  th e  l o c a ­

t i o n  o f  th e  m idd le  t i p ,  C, b e n e a th  th e  p i a .  F ig u re  8 p r e s e n t s  a 

p l o t  o f  th e  r e s u l t s  re c o rd e d  i n  columns 3 ,  7 and 9 o f  T ab le  1 .

Those p o i n t s  c o i n c i d e n t  i n  t im e a t  each  d e p th  s e t t i n g  a r e  co n n ec ted  

by an  a rro w , a r b i t r a r i l y  d i r e c t e d  from G^^ t o  G ^  t o  add c l a r i t y .

I t  can  be seen  from F ig u re  8 t h a t  t h e  g r a d i e n t  o f  p o t e n t i a l  a lo n g  

th e  t r a n s c o r t i c a l  t r a c k  becomes i n c r e a s i n g l y  more n e g a t i v e  w i th  

t r i - p r o b e  p e n e t r a t i o n  u n t i l  a d ep th  o f  a b o u t  750 ji i s  r e a c h e d .  At 

lo w e r  l e v e l s  t h e  p o t e n t i a l  g r a d i e n t  d im in is h e s  i n  n e g a t i v e  a m p l i ­

t u d e ,  becoming z e ro  a t  ab o u t  1200 and re m a in in g  a t  t h a t  v a lu e  

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



61

F ig u re  8 . The s p a t i a l  g r a d i e n t  o f  p o t e n t i a l  a lo n g  a t r a n s ­

c o r t i c a l  t r a c k .

T h is  f i g u r e  was p l o t t e d  from th e  r e s u l t s  re c o rd e d  i n  columns 3. 

7 and 9 o f  T ab le  1 .  See t h e  le g e n d  o f  F ig u r e  2 f o r  more com­

p l e t e  i n f o r m a t io n  p e r t a i n i n g  t o  t h i s  t r a c k .
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to  d e s c r ib e  a smooth, c o n t in u o u s  f u n c t i o n  i s  b e l i e v e d  t o  be due t o  

im p e r f e c t io n s  o f  th e  e x p e r im e n ta l  t e c h n iq u e s ,  i . e . ,  t i s s u e  trauma 

caused  by t r i - p r o b e  p a s s a g e ,  d i s t o r t i o n  o f  e l e c t r i c  f i e l d s  due to  

th e  p re s e n c e  o f  th e  t r i - p r o b e ,  ' s t i c t i o n ’ between th e  n e u ro n a l  

t i s s u e  and th e  p robe  w i th  c o r t i c a l  p e n e t r a t i o n ,  and th e  m o d e ra te ly  

l a r g e  t i p  s p a c in g s .

As m entioned  e a r l i e r ,  t h e  d iv e rg e n c e  i s  t h e  r a t e  o f  change 

o f  th e  g r a d i e n t  w i th  r e s p e c t  t o  c o r t i c a l  d e p th .  Hence, an e v a lu ­

a t i o n  o f  th e  s lo p e  o f  t h e  g r a d i e n t  f u n c t io n  d e te rm in e s  th e  d i v e r ­

gence . R e f l e c t i n g  on th e  n a tu r e  o f  th e  d a ta  p l o t t e d  i n  F ig u re  8, 

t h e  c o n c lu s io n  was made t h a t  t h e  b e s t  ap p ro x im a tio n  t o  t h e  s lo p e  o f  

t h e  g r a d i e n t  w as, i n  f a c t ,  th e  s lo p e  o f  th e  a rro w s  c o n n e c t in g  th e  

t im e - c o in c id e n t  g r a d i e n t  v a lu e s  f o r  each  d ep th  s e t t i n g .  Thus, a 

d iv e rg e n c e  f u n c t io n  was o b ta in e d  by s u b t r a c t i n g  th e  g r a d i e n t  v a lu e s  

o f  t im e - c o in c id e n t  d a ta  p o in t s  and d iv i d i n g  t h a t  r e s u l t  by th e  mean 

sp a c in g  o f  t h e  two p a i r s  o f  t r i - p r o b e  t i p s  (126 |lx f o r  t h e  d a ta  o f  

F ig u re  8 ) .  The r e s u l t s  o f  t h i s  c a l c u l a t i o n  a r e  r e c o rd e d  i n  column 

10 o f  T ab le  1 .  Each c a l c u l a t e d  v a lu e  o f  d iv e rg e n ce  was assumed t o  

occu r  a t  a d i s t a n c e  b e n e a th  th e  p ia  e q u a l  to  th e  dep th  o f  t i p  A,

S^, minus t h e  mean t i p  sp ac in g  (126 jx f o r  th e s e  d a t a ) .  The r e s u l t s  

o f  t h i s  a d ju s tm e n t  o f  " e f f e c t i v e "  c o r t i c a l  d e p th ,  S^, a r e  shown i n  

column 11 o f  T ab le  1 . The r e s u l t s  shown i n  columns 10 and 11 a r e  

p l o t t e d  i n  F ig u re  9 . The im p o r ta n t  f e a t u r e s  o f  th e  d iv e rg e n c e  

f u n c t io n  i n  F ig u re  9 a r e :  (1) th e  n e g a t iv e  v a lu e  o f  d iv e rg e n c e  i n

s u p e r f i c i a l  c o r t e x  w i th  an a re a -w e ig h te d  mean d ep th  o f  a b o u t  550 

(2) a z e r o - v a lu e  c ro s s o v e r  j u s t  below 700 j i ;  (3) th e  p o s i t i v e  v a lu e



F ig u re  9. T r a n s c o r t i c a l  d iv e rg e n c e  o f  th e  r e c r u i t i n g  re sp o n se  

peak  a m p li tu d e :  e x an ç le  1.

T h is  graph was p l o t t e d  from th e  c a l c u l a t e d  r e s u l t s  r e c o rd e d  

i n  columns 10 and 11 o f  T ab le  1 . See th e  leg en d  o f  F ig u r e  2 

f o r  more com ple te  in f o r m a t io n .
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o f  d iv e rg e n c e  from  a b o u t 700 yi t o  1200 y. w i th  an a r e a -w e ig h te d  mean 

d e p th  j u s t  below 800 y ;  and (•+) t h e  z e ro  v a lu e  o f  d iv e rg e n c e  below 

1200 y .  The a r e a - w e ig h te d  mean d e p th  f o r  a lo b e  i s  t h a t  d e p th  

w hich  e q u a l l y  d iv id e s  th e  a re a  o f  t h e  l o b e .  The c o n v e n t io n  o f  

s ig n s  i s  such  t h a t  a n e g a t i v e  v a lu e  o f  d iv e rg e n c e  c o r re sp o n d s  

t o  a s i n k ,  o r  a r e g io n  o f  d im in is h in g  p o s i t i v e  io n  d e n s i t y ,  w h i le  

a p o s i t i v e  v a lu e  c o r re sp o n d s  to  a s o u r c e ,  o r  a r e g io n  o f  i n c r e a s i n g  

p o s i t i v e  io n  d e n s i t y .  Zero  v a lu e s  o f  d iv e rg e n c e  i n d i c a t e  r e g io n s  

w here  io n  d e n s i t i e s  a r e  n e i t h e r  i n c r e a s i n g  n o r  d e c r e a s i n g  ( n e i t h e r  

so u rc e  n o r  s i n k ) .

A n a l y t i c a l  R e s u l t s

The p r e c e d in g  two s e c t i o n s  p r e s e n t e d  exam ples o f  o r i g i n a l  

d a ta  and th e  p ro c e d u re s  by  which th o s e  d a ta  were a n a ly z e d  t o  ob­

t a i n  a d iv e r g e n c e  f u n c t i o n  f o r  each  t r a n s c o r t i c a l  t r a c k .  T h is  

s e c t i o n  p r e s e n t s  a d d i t i o n a l  exam ples o f  th e  d iv e rg e n c e  f u n c t i o n s ,  

a t a b u l a r  summary o f  f i n d i n g s ,  and some o f  th e  v a r i a t i o n s  t h a t  

w ere  o b se rv e d .

F ig u r e  10 shows th e  d iv e rg e n c e  f u n c t io n s  o b ta in e d  f o r  two 

t r a n s c o r t i c a l  t r a c k s  i n  t h e  same p r e p a r a t i o n ,  one a t  t h e  maximal 

s i t e  and one 0 .5  mm p o s t e r i o r  t o  t h a t  s i t e .  S l i g h t l y  o v e r  two 

h o u rs  e l a p s e d  be tw een  th e  c o n p le t io n  o f  th e  maximal s i t e  t r a c k  and 

th e  s t a r t  o f  t h e  p o s t e r i o r  t r a c k .  D u rin g  th e  i n t e r v e n i n g  t im e  two 

more t r a c k s ,  whose d iv e rg e n c e  f u n c t i o n s  r e p r e s e n t  n o v e l  v a r i a t i o n s ,  

were e x p lo r e d .  These d a ta  a r e  r e p o r t e d  l a t e r  i n  t h i s  s e c t i o n .  I t  

can  be n o te d  t h a t  th e  c ro s s o v e r  v a lu e s  o f  th e  two f u n c t io n s  shown
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F ig u r e  10 . T r a n s c o r t i c a l  d iv e rg e n c e  o f  t h e  r e c r u i t i n g  re sp o n se  

p e a k  a m p l i tu d e :  example 2.

T r i - p r o b e  19A was l o c a t e d  a t  A +7.3  mm f o r  t h e  maximal s i t e .

The BC t i p  s p a c in g  was 92 w h i le  t h e  CA s p a c in g  was 142 yi.

The s t i m u l a t i n g  p ro b e  was l o c a t e d  i n  t h e  d o r s a l  p o r t i o n  o f  

t h e  m e d ia l  d o r s a l  n u c le u s  (A +7, L 2 .5 ,  V + 5 .5 ) .  Experim en t 

0187 -22 .
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i n  F ig u re  10 a r e  about 900 p.. However, th e  a re a -w e ig h te d  mean 

d e p th s  o f  th e  p o s i t i v e  and n e g a t iv e  lo b e s  a r e  somewhat d i f f e r e n t .  

F ig u re  11 e x e m p l i f ie s  th o s e  d iv e rg e n ce  f u n c t io n s  o b ta in e d  from 

t r a c k s  e x h i b i t i n g  d e ep e r  c ro s s o v e r  l e v e l s  and b ro a d e r  n e g a t iv e  

and p o s i t i v e  l o b e s .

F ig u r e s  9 th ro u g h  12 show 8 t r a n s c o r t i c a l  d iv e rg e n ce  fu n c ­

t i o n s  which a r e  r e p r e s e n t a t i v e  o f  th e  17 t r a c k s  t h a t  were used f o r  

t h i s  d i s s e r t a t i o n .  Two o f  th e  17 t r a c k s  were s l i ^ t l y  a t y p i c a l .

In  F ig u r e  12 th e  t r a c k s  l o c a t e d  0 .5  and 1 .0  mm p o s t e r i o r  to  th e  

maximal s i t e  have sm a l l  n e g a t iv e  lo b e s  i n  th e  950-1900 j i  range. 

A lso ,  th e  d iv e rg e n c e  f o r  th e  0 .5  mm p o s t e r i o r  s i t e  h a s  two v a lu e s  

a t  t h e  same 530 yn l e v e l .  The t im e  r e q u i r e d  t o  change th e  r e c o r d e r  

p a p e r  s e p a r a te d  t h e  t a k i n g  o f  d a ta  f o r  t h e  w id e ly  spaced  p o in ts  

a t  th e  530 ji l e v e l .  C o r t i c a l  movement d u r in g  th e  p a p e r  change 

i n t e r v a l  g r e a t l y  d im in ish e d  th e  v a l i d i t y  o f  t h e  d e p th  in fo rm a t io n  

f o r  t h a t  t r a c k .  T h e r e f o r e ,  th e  s o u r c e - s i n k  s e p a r a t i o n  va lue  f o r  

t h i s  t r a c k  was exc luded  from th e  t a b u l a r  r e s u l t s .

D ivergence  f u n c t io n  c o r s s o v e r  v a l u e s ,  and th e  lo c a t io n s  o f  

16 t r a n s c o r t i c a l  t r a c k s  w i th  r e s p e c t  t o  th e  maximal s i t e ,  a re  

shown in  T ab le  2. The maximal s i t e  l o c a t i o n  f o r  t h e  1 7 th  t r a c k  

(ex p e r im en t 26) was u n d e te rm in ed . The th a la m ic  s i t e s  o f  s tim u­

l a t i o n  c o r re sp o n d in g  t o  th e  17 t r a c k s  a r e  a l s o  shown. These d a ta  

i n d i c a t e  a mean c r o s s o v e r  v a lu e  o f  ab o u t  600 jn a t  th e  maximal s i t e .  

W ith i n c r e a s i n g  d i s t a n c e  from th e  maximal s i t e  in  b o th  a n t e r i o r  

and p o s t e r i o r  d i r e c t i o n s ,  th e  c r o s s o v e r  d ep th  i n c r e a s e s  to  700 ^
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F ig u r e  11 . T r a n s c o r t i c a l  d iv e rg e n ce  o f  th e  r e c r u i t i n g  re sp o n se  

p eak  a m p li tu d e :  example 3.

T r i - p r o b e  19A was lo c a t e d  a t  A +5 mm f o r  th e  maximal s i t e .  The 

BC t i p  s p a c in g  was 92 p. and th e  CA s p a c in g  was 1<42 The 

s t i m u l a t i n g  p ro b e  was p o s i t i o n e d  i n  th e  m ed ia l  d o r s a l  n u c le u s  

(A +8, L 2 .5 ,  V + 4 .5 ) .  Experim ent 6070-21.
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F ig u r e  1 2 . T r a n s c o r t i c a l  d iv e r g e n c e  o f  t h e  r e c r u i t i n g  r e s p o n s e  p eak  a m p l i tu d e :  

example *4.

Of t h e  17 u s a b l e  t r a n s c o r t i c a l  t r a c k s ,  t h e  two p o s t e r i o r  t r a c k s  shown h e r e  w ere 

t h e  o n ly  ones  e x h i b i t i n g  n e g a t i v e  v a lu e s  i n  t h e  deep c o r t i c a l  l e v e l s .  T r i ­

p ro b e  18A was l o c a t e d  a t  A +5 f o r  t h e  maximal s i t e .  The BC s p a c in g  was 59 ^  rj

and t h e  CA s p a c in g  was 70 jx. The s t i m u l a t i n g  p ro b e  was l o c a t e d  i n  c e n t r a l  

l a t e r a l  n u c le u s  (A + 8 .7 ,  L 3 . 5 ,  V + 3 .0 )  f o r  t h e  maximal s i t e  and t h e  0 .5  mm 

p o s t e r i o r  t r a c k s .  F o r  t h e  1 mm p o s t e r i o r  t r a c k ,  t h e  s t i m u l a t i n g  p ro b e  

c o o r d i n a t e s  w ere  A + 8 .5 ,  L 3 . 5 ,  V + 2 .5 .  E xperim en t 6071-24 .
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TABLE 2

DIVERGENCE FUNCTION CROSSOVER VALUES
(m ic r o n s )

TRI-PROBE SITE (mid- ssg) SPRO SITE
ANTERIOR, mm MAX SITE POSTERIOR, mm

EXPERIMENT + 1.5 + 1.0 + 0.5 0.0 STX -0 .5 -1.0 NUCL A L V

6070-21 740 760 +5.0 MD +8.0 2.5 +4.5

0187-22 400 +7.3 400 MD +7.0 2.5 + 5.5

0189-23 720 700 +8.0 FIds of 
Fore! +7.8 2.5 -2 .0

600 +9.0 CL +11.0 3.0 +4.0
6071 — 24

550 +5.0 530 700 CL +8.7 3.5 +3.0

450 640 +8.0 CM +7.3 2.5 +2.0

6067-26 600 +7.0 LD +10.5 3.0 +6.5

UNDETERMINED MAXIMAL SITE ; CROSSOVER AT 500 h * CL +9.8 3.0 +3.8

6452-27 900 700 + 6.0 900 LD +0.0 3.0 +5.6

-p

Ma cf Tracks 
T

740
1

740

2260
3

753

I 170 
2

585

3590
6
598

1830
3

610

700
I

700

10290
16

643

10790* 
17 *

634
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o r  g r e a t e r .  T h is  t r e n d  i s  su p p o rted  by th e  d a ta  from two t r a c k s  

which were ex c lu d ed  from T able  2.  The 17 t r a c k s  r e p re s e n te d  in  

T ab le  2 were p o s i t io n e d  a lo n g  th e  m id l in e  o f  t h e  s u p r a s y lv ia n  

g y rus  w h ile  t h e s e  l a t t e r  two t r a c k s  (from e x p er im en t 6071-2M) 

w ere 0 .5  mm m e d ia l  t o  t h a t  m id l in e .  With r e s p e c t  t o  th e  maximal 

s i t e  o f  A +9, one t r a c k  (0 .5  mm a n t e r i o r  and 0 .5  mm m edia l)  had 

a c ro s s o v e r  d e p th  o f  660 ji. The o th e r  t r a c k  (0 .5  mm m ed ia l  to  

t h e  maximal s i t e )  had a c ro s s o v e r  d e p th  o f  780 j j .  I t  must be 

ad m it te d  t h a t  c u rv a tu re  o f  th e  gyrus and p o s s i b l e  n o n p a r a l l e l  

a lig n m en t o f  t h e  t r i - p r o b e  w i th  th e  a p i c a l  d e n d r i t e s  may have 

c o n t r i b u te d  t o  an a p p a re n t  in c r e a s e  i n  d ep th  o f  th e  c ro s s o v e r  

v a l u e s .

As m entioned  in  A n a ly t i c a l  P ro ce d u re s  on p .  57 th e  nega­

t i v e  lo b e s  o f  th e  d iv e rg e n ce  f u n c t io n s  r e p r e s e n t  s i n k s ,  o r  r e g io n s  

o f  d im in ish e d  p o s i t i v e  io n  d e n s i t i e s ,  w h i le  t h e  p o s i t i v e  lo b e s  

r e p r e s e n t  s o u r c e s ,  o r  r e g io n s  o f  in c r e a s e d  p o s i t i v e  io n  d e n s i t i e s .

To e v a lu a te  t h e  s e p a r a t io n  d i s t a n c e  betw een th e  s o u r c e - s in k  re g ­

i o n s ,  an a re a -w e ig h te d  mean d ep th  v a lu e  was e s t im a te d  f o r  each 

s in k  and so u rc e  f o r  each  t r a n s c o r t i c a l  t r a c k .  The a re a -w e ig h te d  

mean d e p th  v a lu e  f o r  a lo b e  was d e f in e d  a s  t h a t  d ep th  which d i ­

v id e d  th e  a r e a  o f  t h e  lo b e  i n t o  two e q u a l  p a r t s .  The d i f f e r e n c e  

betw een th e  two mean dep th  v a lu e s  d e f in e d  th e  s o u r c e - s in k  s e p ­

a r a t i o n  d i s t a n c e .  These v a lu e s ,  shown in  T ab le  3 , cou ld  be r e l i a b l y  

d e te rm in ed  f o r  19 o f  th e  17 t r a n s c o r t i c a l  t r a c k s  shown in  T able  2. 

F or a l l  t r a n s v e r s e  c o r t i c a l  s i t e s  th e  mean s e p a r a t i o n  d i s t a n c e s  

f e l l  i n  t h e  ra n g e  from 900 p  t o  s l i g h t l y  ove r  500 p .



TABLE 3 
SOURCE-SINK SEPARATION DISTANCE

(microns)

EXPERMEN1

TRI-PROBE SITE (mid-ssg)
AMTERIOR» mm MAX SITE POSTEP[|0R, mm

+ 1.5 +  1.0 +  0.5 0.0 — 0.5 -1 .0
6070-21 440 410

0187-22 4 6 0 300
0189-23 400 4 4 0

6071-24
Indeterm.

340 Indeterm. 450

6067-26

390 6 00
Indeterm.

UNDETERMINED MAXIMAL SITE ; 6 0 0 ^

6452-27 500 200 730

O)

I 440 910 790 2040 1030 450 5660 6260*
Na àt Tracks 1 2 2 5 2 1 13 14*

? 4 4 0 455 395 408 515 450 435 447
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The r e s u l t s  shown i n  T ab le  2 and 3 ( I h  t r a c k s )  a r e  

s c h e m a t ic a l ly  p r e s e n te d  i n  F ig u re  1 3 . The s i x  Brodmann l a y e r s  

( S h e l l ,  1955 , p . >48) a re  o u t l i n e d  w i th  d o t te d  l i n e s  f o r  r e f ­

e re n c e .  The t r a c k  a t  th e  f a r  r i g h t  o f  th e  f i g u r e  was n o t  r e f e r r e d  

to  a maximal s i t e  due to  f a u l t y  e x p e r im e n ta l  t e c h n iq u e .  I t  can  

be n o te d  t h a t  th e  p o s i t i v e  io n  s in k s  a re  l o c a t e d  i n  l a y e r  I I  and 

th e  u p p e r  p a r t  o f  l a y e r  I I I .  The p o s i t i v e  i o n  so u rc e s  a r e  l o c a ­

te d  i n  l a y e r s  I I I ,  IV , and V. Though shown a s  d i s c r e t e  p o i n t s  

in  F ig u r e  1 3 ,  th e  r e c r u i t i n g  r e s p o n s e  s o u r c e - s in k  l o c a t i o n s  a r e  

more p r o p e r l y  r e p r e s e n te d  by la m in a r  s u r f a c e s  o r  r e g io n s  a s  su g ­

g e s te d  by t h e  l o b u l a r  n a t u r e  o f  t h e  t r a n s c o r t i c a l  d iv e rg e n c e  

f u n c t i o n s .

V a r i a t i o n s  from Normal R e s u l t s

There  a re  two v a r i a t i o n s  from th e  "n o rm a l” r e s u l t s  t o  be 

c o n s id e r e d .  These v a r i a t i o n s  r e s u l t e d  from h ig h  f req u e n cy  s t im u ­

l a t i o n  e f f e c t s  and from in c re m e n ta l  changes i n  t h e  s t i m u l a t i n g  

p robe  s i t e .

E f f e c t  o f  h ig h  f req u e n cy  s t i m u l a t i o n . The e x p e r im e n ta l  

p r o to c o l  f o r  two t r a n s c o r t i c a l  t r a c k s  a t  th e  same c o r t i c a l  s i t e  

was r e v i s e d  i n  th e  fo l lo w in g  way. I n  a d d i t i o n  t o  th e  s t a n d a r d  

5 / s e c ,  1 3 -p u ls e  s t im u lu s  t r a i n  a p p l i e d  a t  e ac h  t r a n s c o r t i c a l  s e t ­

t i n g  o f  th e  t r i - p r o b e ,  a 5 0 /s e c  t r a i n  o f  ab o u t  2 sec s  d u r a t i o n  was 

a l s o  a p p l i e d  f o r  r e a s o n s  n o t  deve loped  i n  t h i s  d i s s e r t a t i o n .  

S p e c i f i c a l l y ,  th e  p ro c e d u re  ( a t  a g iv e n  c o r t i c a l  l e v e l )  was t o  

r e c o rd  th e  p r e v i o u s l y - d e f i n e d  5 / s e c  s t im u lu s - r e s p o n s e  t r a i n .



F ig u r e  1 3 . S ch em atic  d ia g ra m  o f  p o s i t i v e  io n  s i n k s ,  s o u r c e s  and d iv e r g e n c e  c r o s s ­

o v e r s  f o r  m  t r a n s c o r t i c a l  t r a c k s .

The io n  s i n k s  and s o u r c e s  a r e  p l o t t e d  a s  d i s c r e t e  p o i n t s  w h ic h ,  i n  f a c t ,  r e p r e s e n t  

t h e  a r e a - w e ig h te d  mean d e p th s  o f  t h e  n e g a t i v e  and p o s i t i v e  l o b e s  o f  t h e  t r a n s -  

c o r t i c a l  d iv e r g e n c e  f u n c t i o n s .  The Brodmann l a y e r s  ( S h o l l ,  1956 , p .  9 8 ) ,  i n d i c a t e d  

by t h e  d ash ed  l i n e s  and l a b e l e d  t o  t h e  r i g h t  o f  t h e  f i g u r e ,  a r e  in c lu d e d  f o r  °c

r e f e r e n c e  i n f o r m a t i o n .
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A f t e r  a 50 sec  i n t e r t r i a l  i n t e r v a l ,  a 2 - s e c  t r a i n  o f  5 0 /s e c  p u ls e s  

was a p p l ie d  and th e  c o r t i c a l  r e s p o n s e s  r e c o rd e d .  Then t h e  t r i ­

p ro b e  was in c r e m e n ta l ly  lo w ered  i n t o  th e  c o r t e x  and, a f t e r  t h e  

u s u a l  60 sec  i n t e r t r i a l  i n t e r v a l ,  t h e  tw o -s te p  s t im u lu s - r e s p o n s e  

c o n d i t io n s  were r e p e a t e d .  The 5 /s e c  s t im u lu s  re s p o n se  d a ta  were 

an a ly zed  a s  p r e v io u s ly  d e s c r ib e d  and th e  t r a n s c o r t i c a l  d iv e rg en ce  

fu n c t io n s  d e te rm in ed . These r e s u l t s  a r e  shown i n  F ig u r e  14 ,  which 

in c lu d e s  f o r  r e f e r e n c e  p u r p o s e s ,  th e  t r a n s c o r t i c a l  d iv e rg e n c e  a t  

a maximal s i t e  which was o b ta in e d  from th e  u se  o f  t h e  s ta n d a r d  

p r o t o c o l .  Upon co m p le t io n  o f  th e  t r a n s c o r t i c a l  t r a c k ,  p l o t t e d  

w i th  c i r c l e d  p o i n t s ,  a su p p lem en ta ry  dose o f  a n e s th e s i a  (10% of 

i n i t i a l )  was a d m in is te r e d .  Twenty m in u te s  l a t e r  th e  second t r a n s -  

c o r t i c a l  e x p lo r a t i o n  a t  th e  same c o r t i c a l  s i t e  was i n i t i a t e d .

The r e s u l t s  o f  t h i s  second t r a c k  a r e  p l o t t e d  w i th  t r i a n g u l a r  sym­

b o l s .  In  c o n p ar in g  t h e s e  two t r a c k s  one must c o n s id e r  t h a t  th e  

t i s s u e  trauma p roduced  by th e  f i r s t  t r a n s c o r t i c a l  p a s s a g e  o f  the 

t r i - p r o b e  might a f f e c t  th e  r e s u l t s  o f  t h e  second t r a c k .  A ls o ,  

c a r e l e s s  te c h n iq u e  i n  rem oving  c e r e b r o s p in a l  f l u i d ,  p r i o r  t o  d e t e r ­

m in ing  th e  p i a l  s u r f a c e  l o c a t i o n  i n  s t e r e o t a x i c  c o o r d in a t e s  f o r  th e  

f i r s t  t r a c k ,  would have in t r o d u c e d  a d e p th  e r r o r  c o r r e s p o n d in g  to  

a d e e p e r - th a n - u s u a l  r e s p o n s e .  I t  i s  d i f f i c u l t  t o  c o n c e iv e ,  how­

e v e r ,  t h a t  t h i s  e r r o r  would have been  a s  g r e a t  as  400 j i .

E f f e c t  o f  v a r y in g  th e  s t i m u l a t i n g  p robe  s i t e . The t r a n s -  

c o r t i c a l  t r a c k  a t  a n t e r i o r  + 1 .0  mm, ex p er im en t 6067-26 , was a 

p a r t i a l  t r a c k .  T r a n s c o r t i c a l  e x p lo r a t io n  was s to p p ed  w i th  t h e  t r i ­

p ro b e  t i p  A a t  700 j i ,  s l i g h t l y  below th e  in v e r s io n  zone . The
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F ig u re  1<4. T r a n s c o r t i c a l  d iv e rg e n c e  o f  th e  r e c r u i t i n g  r e ­

sponse  p e ak  a m p l i tu d e :  v a r i a t i o n  from n o rm a l.

The maximal s i t e  d iv e rg e n c e  i s  in c lu d e d  f o r  r e f e r e n c e  ( t r i -  

p robe  19A, A + 7 .3mm). The r e v i s e d  p r o to c o l  c o n s i s t e d  o f  

add ing  a 5 0 / s e c  s t im u lu s  t r a i n  fo l lo w in g  th e  c o m p le t io n  o f  

th e  5 / s e c  t r a i n  by t h e  60 sec  i n t e r t r i a l  i n t e r v a l  a t  each  

t r a n s c o r t i c a l  s e t t i n g  o f  th e  t r i - p r o b e .  See t h e  leg en d  o f  

F ig u re  10 f o r  a d d i t i o n a l  in f o r m a t io n .  E xperim en t 0187-22 .
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d iv e rg e n c e  f o r  t h e  s u p e r f i c i a l  p o r t i o n  o f  t h e  t r a c k  i s  shown in  

th e  u p p e r  p a r t  o f  F ig u r e  15. The s ta n d a rd  p r o t o c o l  was a l t e r e d  

in  t h e  f o l lo w in g  manner : w ith  th e  t r i - p r o b e  f ix e d  in  p o s i t i o n

( t i p  A a t  700 ji)  , th e  s t i m u l a t i n g  p ro b e  was p r o g r e s s i v e l y  advanced 

in  0 .5  mm in c re m e n ts  a lo n g  th e  +16° s a g i t t a l  a n g le  th ro u g h  th e  

l a t e r a l  d o r s a l  n u c le u s  i n t o  th e  c e n t r a l  l a t e r a l  n u c le u s .  A t each  

p o s i t i o n  th e  r e c r u i t i n g  re sp o n se  to  t h e  5 /s e c  s t im u lu s  t r a i n  was 

r e c o rd e d .  The d iv e rg e n c e  f u n c t io n  p roduced  by a n a l y s i s  o f  t h e s e  

d a ta  i s  shown i n  t h e  lo w e r  p a r t  o f  F ig u r e  15. The d a ta  p o i n t  a t

0 .0  i n  th e  lo w e r  p a r t  c o in c i d e s  w i th  t h e  d e e p e s t  d a ta  p o i n t  i n  

th e  u p p e r  p a r t .  One i n t e r p r e t a t i o n  o f  th e s e  r e s u l t s  i s  t h a t  t h e  

d iv e rg e n c e  c r o s s o v e r ,  o r  i n v e r s i o n  zone , moved upward i n  th e  c o r t e x  

w i th  th e  g e n e r a l l y  downward movement o f  th e  s t i m u l a t i n g  p ro b e .  

A n o th e r  p o s s i b l e  e x p la n a t io n  i s  t h a t  th e  c o r t i c a l  l o c a t i o n  o f  t h e  

maximal s i t e  i s  r e l a t e d  t o  t h e  th a la m ic  s i t e  o f  s t i m u la t io n  and 

th e  a p p a r e n t  upward s h i f t  i n  i n v e r s i o n  zone r e s u l t e d  from a t r a n s ­

v e r s e  s h i f t  o f  t h e  maximal s i t e  a lo n g  th e  c o r t e x .  Of c o u r s e ,  a 

t h i r d  p o s s i b l e  i n t e r p r e t a t i o n  i s  a co m bina tion  o f  th e  f i r s t  two.

P o s t - s t im u lu s  Responses 

S tudy  o f  a b o u t 650 s t im u lu s - r e s p o n s e  t r a i n s  r e v e a le d  o c c a ­

s i o n a l  r e c r u i t i n g - l i k e  c o r t i c a l  re s p o n se s  f o l lo w in g  th e  c e s s a t i o n  

o f  t h e  s t im u lu s .  T h is  re sp o n se  was c h a r a c t e r i z e d  by: (1) a wave­

form o f  t h e  same p o l a r i t y  and th e  same g e n e ra l  a m p l i tu d e - d u r a t io n  

shape as  th e  l a s t  s t i m u lu s - d r iv e n  c o r t i c a l  r e c r u i t i n g  re s p o n se ;

(2) t h e  i n t e r v a l  be tw een  th e  l a s t  d r i v e n  re sp o n se  and th e  " sp o n ­

ta n e o u s "  e v e n t ,  o r  be tw een  th e  m u l t i p l e  re sp o n se  e v e n t s ,  was
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F ig u re  1 5 . E f f e c t  o f  s t i m u l a t i n g  s i t e  on th e  t r a n s c o r t i c a l  

d iv e rg e n c e .

The up p e r  p a r t  o f  th e  f i g u r e  was a p a r t i a l  t r a n s c o r t i c a l  t r a c k  

w i th  th e  t r i - p r o b e  t i p  A f ix e d  a t  700 j i ,  j u s t  b e n e a th  th e  i n ­

v e r s io n  zone. The v a lu e  o f  th e  d iv e rg e n c e  a t  t h a t  p o i n t  i s  

i d e n t i c a l  t o  th e  v a lu e  shown in  t h e  lo w er p a r t  o f  t h e  f i g u r e  

f o r  th e  s t im u lu s  s i t e  0 .0 .  The c o a x ia l  s t i m u l a t i n g  p ro b e  was 

advanced in  0 .5  mm in c re m e n ts  w i th  c o r t i c a l  r e c r u i t i n g  re s p o n s e s  

o b ta in e d  a t  each  p o s i t i o n .  T r i - p r o b e  ISA w i th  a BC s p a c in g  o f  

59 j i  and a CA s p a c in g  o f  70 j i  was u sed . The maximal s i t e  was 

a t  A +8 mm. Experim ent 5067-26.
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a p p ro x im a te ly  t h a t  o f  t h e  s t im u lu s  p e r i o d ,  188 msec; an d , (3) th e  

d u r a t io n  was i n v e r s e l y  r e l a t e d  t o  t h e  a m p l i tu d e .  T h is  re s p o n se  

was c a l l e d  th e  p o s t - s t i m u l u s  c o r t i c a l  r e s p o n s e ,  or PSR.

F ig u re  16 i l l u s t r a t e s  an example o f  a s i n g l e  PSR o c c u r ­

r e n c e .  C o r t i c a l  r e s p o n se s  t o  t h e  s t i m u l a t i n g  p u l s e s  12 and 13 

i n d i c a t e  t h a t  t h e  t r i - p r o b e  t i p s  a r e  below t h e  i n v e r s i o n  zone.

There i s  a s l i g h t  d i f f e r e n t i a l  r e s p o n se  i n  t h e  B-C ch an n e l  w hich 

e x h i b i t s  a w aning  t r e n d .  The s i n g l e  PSR o c c u r re d  152 msec a f t e r  

th e  l a s t  s t i m u l u s - d r i v e n  r e c r u i t i n g  re s p o n se .

Out o f  635 p o s s i b l e  o p p o r t u n i t i e s  f o r  t h e  PSR t o  o c c u r ,  

t h e r e  were 161 PSR e v e n ts  c o n s i s t i n g  o f  one o r  more r e s p o n s e s .

F o r ty - s e v e n  had two o r  more r e s p o n se s  w h i le  21 showed t h r e e  o r  

more. T h e re  w ere 6 o f  t h e  161 e v e n ts  e x h i b i t i n g  1 o r  more P S R 's .

An example o f  a fou r-P S R  ev en t  i s  shown i n  F ig u r e  17. The PSR's 

a r e  most e v id e n t  i n  t h e  monopolar r e c o r d s  from t i p s  A and C.

They a re  a l s o  d i s t i n g u i s h a b l e  i n  t h e  t i p  B re c o rd  and i n  th e  

d i f f e r e n t i a l  r e c o r d ,  B-C. There  w ere on ly  2 o u t  o f  th e  161 PSR 

e v e n ts  w h ich  e x h i b i t e d  5 s e q u e n t i a l  r e s p o n s e s .

D e te r m in a t io n  o f  th e  v a l i d i t y  o f  a PSR e v en t  was co m p li­

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

c a l  movement. I n  some p r e p a r a t i o n s  each  s y s t o l e  caused  a t r a n s i e n t  

p u l s a t i o n  o f  c o r t i c a l  movement w hich ap p ea red  a s  a sm a l l  a m p li tu d e  

v a r i a t i o n  i n  t h e  r e c o r d .  T h is  e f f e c t  c o u ld  be s o r t e d  o u t  i n  a l ­

most a l l  i n s t a n c e s  by th e  un ique  v a r i a t i o n  o f  th e  s i g n a l  and by 

i t s  p e r i o d i c i t y  i n  th e  r e c o rd .  For ex anp le , i n  F ig u re  17 , imme­

d i a t e l y  f o l lo w in g  t h e  f o u r t h  PSR, t h e  n e g a t i v e - p o s i t i v e  a f t e r -
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F ig u re  15 . P o s t - s t i m u l u s  c o r t i c a l  r e s p o n s e :  s i n g l e  o c c u r re n c e .

T r i - p r o b e  18A was l o c a t e d  a t  a maximal s i t e ,  A+7mm. The BC 

s p a c in g  was 59 yu and th e  CA sp ac in g  was 70 yj. T ip  A was 1800 ji 

b e n e a th  t h e  p i a l  s u r f a c e .  The s t i m u l a t i n g  p ro b e  was p o s i t i o n e d  

i n  th e  l a t e r a l  d o r s a l  n u c le u s  (A + 1 0 .5 ,  L 3 ,  V + 6 ) .  The v e r t i ­

c a l  c a l i b r a t i o n  was 0 .5  mv w ith  an upward d e f l e c t i o n  r e p r e s e n t ­

in g  a n e g a t i v e  p o t e n t i a l .  Experim ent 6067-26.
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F ig u re  1 7 . P o s t - s t im u lu s  c o r t i c a l  r e s p o n s e :  f o u r  o c c u r r e n c e s .

T r i - p r o b e  IIB  was 0 .5  mm a n t e r i o r  t o  a maximal s i t e  a t  A +8 mm. 

Tip A was 1150 ^  b e n e a th  th e  p i a l  s u r f a c e .  The BC s p a c in g  

was 79 j i  and th e  CA sp ac in g  was 79 The s t i m u l a t i n g  p robe  

was l o c a t e d  in  t h e  F i e ld s  o f  F o re l  (A + 7 .8 ,  L 2 .5 ,  V - 2 ) .

The v e r t i c a l  c a l i b r a t i o n  was 0 .5  mv and an upward d e f l e c t i o n  

r e p r e s e n te d  a n e g a t i v e  p o t e n t i a l .  E xperim ent 0189-23 .
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p o t e n t i a l  p ro m in en t  i n  B, C and A was cau sed  by a c a r d i a c  s y s t o l e .  

Where t h e r e  was d o u b t  a s  t o  w h e th e r  an o b s e r v a t io n  was due t o  

v a l i d  c o r t i c a l  e v e n ts  o r  t o  t h e  h e a r t  b e a t ,  t h e  d a ta  were ex c lu d ed  

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

The mean l a t e n c y  from th e  l a s t  s t i m u l u s - d r i v e n  re sp o n se  

peak  to  t h e  f i r s t  PSR peak  f o r  161 e v e n ts  was 225 msec w i th  a 

s ta n d a r d  d e v i a t i o n  o f  63 msec. The mean l a t e n c y  be tw een  th e  f i r s t  

and second r e s p o n s e s  f o r  97 o c c u r re n c e s  was 201 msec w i th  a s t a n ­

d a rd  d e v i a t i o n  o f  70 msec. Between th e  second and t h i r d  re s p o n se s  

f o r  21 e v e n t s ,  th e  mean l a t e n c y  was 179 msec w i th  a s ta n d a rd  

d e v i a t i o n  o f  13 m sec. Between th e  t h i r d  and f o u r t h  re s p o n se s  f o r

5 e v e n t s ,  t h e  mean l a t e n c y  was 170 msec w i th  a s ta n d a rd  d e v ia ­

t i o n  o f  13 msec. The two e v e n ts  showing f i v e  r e s p o n s e s  had l a t e n ­

c i e s  o f  176 and 172 msec a f t e r  th e  f o u r t h  PSR. Both o f  th e s e  e v e n ts  

o c c u r re d  i n  th e  same t r a n s c o r t i c a l  t r a c k  i n  ex p e r im en t 0189-23 .

T h is  t r a c k  a l s o  p roduced  7 PSR e v e n ts  h a v in g  1 o r  more r e s p o n s e s ;

6 PSR e v e n ts  h a v in g  2 o r  more r e sp o n se s  ; 9 e v e n ts  h a v in g  3 o r  more 

r e s p o n s e s ;  and 3 e v e n ts  h a v in g  9 o r  more r e s p o n s e s .  These r e s u l t s  

from a s i n g l e  t r a n s c o r t i c a l  t r a c k  s u g g e s t  t h a t  th e  s t a t e  o f  th e  

p r e p a r a t i o n  may be im p o r ta n t  t o  th e  in c id e n c e  o f  th e  PSR.

The i n t e r p r e t a t i o n  o f  th e s e  r e s u l t s  i s  th e  b a s i s  o f  Chap­

t e r  IV, DISCUSSION.



CHAPTER IV 

DISCUSSION

T h is  c h a p te r  p r e s e n t s  an  i n t e r p r e t a t i o n  o f  th e  p r e c e d in g  

r e s u l t s ,  i n c lu d in g  th e  v a r i a t i o n s  from ’n o rm a l '  e f f e c t s  and th e  

a d d i t i o n a l  f i n d i n g s .

I n t e r p r e t a t i o n  o f  R e s u l t s

The r e s u l t s  p r e s e n te d  i n  C h ap te r  I I I  i n d i c a t e  t h a t  th e  

c o r t i c a l  r e c r u i t i n g  re s p o n se  phenomenon i s  g e n e r a te d  by i n t r a -  

c o r t i c a l  e le m e n ts ,  s u b s t a n t i a t i n g  t h e  work o f  p r e v io u s  i n v e s t i ­

g a t o r s .  F o r  a l l  s t im u lu s  re s p o n se  t r a i n s  from a l l  e x p e r im e n ts  i n  

t h i s  r e s e a r c h ,  th e  p eak  am p li tu d e  o f  t h e  r e c r u i t i n g  re s p o n se  was 

t im e  c o i n c i d e n t  a t  a l l  c o r t i c a l  l e v e l s  t o  w i t h i n  + 4 m sec , th e  

t im e  r e s o l v i n g  c a p a b i l i t y  o f  t h e  Beckman Type R D ynograph. Thus, 

in  c o n t r a d i c t i o n  t o  L i ,  e t  (1956b) b u t  i n  s u p p o r t  o f  S pencer  

and B ro o k h a r t  (1961a) and P u rp u ra ,  e t  (1 9 6 4 ) ,  t h e s e  r e s u l t s  

show t h a t  th e  norm al i n t r a c o r t i c a l  r e c r u i t i n g  re s p o n se  i s  n o t  a 

t r a v e l i n g  wave l i k e  t h a t  which i s  a s s o c i a t e d  w i th  t h e  augm enting  

re sp o n se  and th e  evoked p o t e n t i a l ,  b u t  i s  s p a t i a l l y  f i x e d  i n  t h e  

v e r t i c a l  d i r e c t i o n .

Whereas Spencer and B ro o k h a r t  (1961a) were n o t  a b l e  t o  

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

p le x ,  t h e  r e s u l t s  p r e s e n te d  h e r e  show t h a t  t h e  la m in a r  s i t e s  o f
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a c t i o n  a r e  s im u l ta n e o u s  s o u rc e s  and s in k s  s i t u a t e d  in  th e  u p p e r  

t w o - t h i r d s  o f  t h e  c o r t e x  (F ig u re s  9 th ro u g h  13) . The s in k  was 

a lw ays o b se rv ed  s u p e r f i c i a l  t o  t h e  d e ep e r  so u rc e  w i th  th e  e x c e p t io n  

o f  t h e  one e x p e r im en t  shown i n  F ig u re  12 w here  a d d i t i o n a l  low - 

a m p l i tu d e  s in k s  were o b serv ed  i n  t h e  1000-1490 ji  r a n g e .  The r e ­

s u l t s  i n  T a b le  2 show t h a t  th e  i n t r a c o r t i c a l  r e c r u i t i n g  re sp o n se  

does in d e ed  occupy an e x te n s iv e  p a r t  o f  t h e  s u p r a s y lv ia n  g y ru s  

whose a n t e r i o r - p o s t e r i o r  l i m i t s  a r e  n o t  d e f in e d  by t h i s  work. 

F u r th e rm o re ,  t h e s e  d a ta  s u g g e s t  t h a t  th e  i n v e r s i o n  zone i s  c l o s e s t  

to  t h e  p i a l  s u r f a c e  i n  t h e  v i c i n i t y  o f  t h e  maximal s i t e ,  t e n d in g  

tow ard  s l i g h t l y  d e e p e r  l e v e l s  w i th  i n c r e a s i n g  a n t e r i o r  o r  p o s t e r i o r  

d i s t a n c e  from t h e  maximal s i t e .  I n  c o n t r a s t ,  t h e r e  i s  no a p p a r e n t  

r e l a t i o n s h i p  be tw een  t h e  s o u r c e - s in k  s e p a r a t i o n  d i s t a n c e  and th e  

t r a c k  l o c a t i o n  w i th  r e s p e c t  t o  t h e  maximal s i t e .  For 14 t r a c k s  

th e  mean s o u r c e - s i n k  s e p a r a t i o n  d i s t a n c e  was 447 y. w i th  a s t a n ­

da rd  d e v i a t i o n  o f  133 yi.

The r e s u l t s  o f  T a b le s  2 , 3 and F ig u re  13 im ply t h a t  s im ple  

d i p o l e  c o n c e p ts  in a d e q u a te ly  d e s c r ib e  t h e  i n t r a c o r t i c a l  r e c r u i t i n g  

re s p o n se  phenomenon. I n s t e a d ,  t h e  p r o p o s a l  i s  made t h a t  t h i s  p h e ­

nomenon i s  more a c c u r a t e l y  d e s c r ib e d  by p a r a l l e l  la m in a r  s u r f a c e s  

o r  s h e e t s ,  s e p a r a te d  by ab o u t 500 yi, and g e n e r a l ly  fo l lo w in g  th e  

c o n to u r s  o f  t h e  g y r u s . In  th e  v i c i n i t y  o f  th e  maximal s i t e , b o th  

s u r f a c e s  b u lg e  s l i g h t l y  upward. The s u p e r f i c i a l  s u r f a c e  o f  t h i s  

co n c o m ita n t  p a i r  i s  c h a r a c t e r i z e d  by a d im in ish e d  d e n s i t y  o f  p o s i ­

t i v e  i o n s ,  w h i l e  th e  d e e p e r  s u r f a c e  i s  d e f in e d  by an in c r e a s e d  

d e n s i t y  o f  p o s i t i v e  i o n s .  These p o l a r i z e d  s u r f a c e s  a r e  t r a n s i t o r y
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i n  t im e .  The t im e  d e p en d en t p r o p e r t i e s  a r e  c h a r a c t e r i z e d  by th e  

d u r a t i o n  o f  each  r e c r u i t i n g  re sp o n se .  W hether th e s e  p o l a r i z e d  

la m in a r - s p a c e d  s u r f a c e s  e x h i b i t  columnar p r o p e r t i e s  (S c h e ib e l  

and S c h e ib e l ,  1958; Globus and S c h e ib e l ,  1967; Chow and Leiman,

1970) rem ains  f o r  f u t u r e  work.

The d iv e rg e n c e  f u n c t io n s  can be d iv id e d  i n t o  two g ro u p s .

One group i s  e x e m p l i f ie d  by th e  0.5 mm p o s t e r i o r  t r a c k  o f  F ig u re

10 . Note t h a t  t h e  n e g a t i v e  and p o s i t i v e  lo b e s  a r e  r a t h e r  s h a r p ly  

d e f in e d .  The o t h e r  group had b ro a d e r  l o b e s ,  some o f  which ex ­

h i b i t e d  bim odal p r o p e r t i e s ,  e . g . ,  the  n e g a t iv e  lo b e  o f  F ig u re  9 

and b o th  lo b e s  o f  th e  maximal s i t e  t r a c k  o f  F ig u re  10 . The s i g ­

n i f i c a n c e  o f  t h e s e  d i f f e r e n c e s  i s  n o t  c l e a r .  The b im odal p r o ­

p e r t y  ( e .g . .  F ig u re  9) i s  s u g g e s t iv e  of two c l o s e l y  spaced  io n i c  

s in k s  r a t h e r  th a n  one . T e s t in g  of t h i s  s u g g e s t io n  w i l l  r e q u i r e  

more r e f i n e d  p o t e n t i a l  measurement te c h n iq u e s  o r  a d i f f e r e n t  

e x p e r im e n ta l  d e s ig n .

The 14 t r a n s c o r t i c a l  t r a c k s  in  F ig u re  13 show a d e p o l a r ­

i z a t i o n  o f  n e u ro n a l  e lem en ts  i n  la y e r  I I  and up p e r  I I I  co n co m itan t  

w i t h  a h y p e r p o l a r i z a t i o n  o f  n e u ro n a l  e lem en ts  i n  l a y e r s  I I I ,  IV 

and V. U sing  th e  h i s t o l o g i c a l  data r e p o r te d  by S h o l l  (1956, p .  

4 8 -4 9 ) ,  th e  h y p o th e s i s  i s  proposed t h a t  t h e  i n t r a c o r t i c a l  r e c r u i t i n g  

re s p o n se  i s  a s y n e r g i s t i c  m odula tion  o f  p y ram id a l  c e l l  a c t i v i t y  i n  

t h e  d i f f e r e n t  lam in ae  o f  t h e  c o r te x .  S p e c i f i c a l l y ,  t h e  p y ra m id a l  

c e l l s  o f  l a y e r  I I  a r e  f a c i l i t a t e d  d u r in g  th e  r e s p o n s e ,  p resum ably  

by s y n a p t i c  e f f e c t s  on b a s i l a r  d e n d r i t e s  o r  d i r e c t l y  on th e  somas.

A t th e  same t im e ,  t h e  p y ra m id a l  c e l l s  p re d o m in a te ly  l o c a t e d  in
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l a y e r s  I I I ,  IV and V a re  i n h i b i t e d ,  p e rh ap s  by s y n a p t i c  e f f e c t s  on 

a p i c a l  d e n d r i t e s .  T h is  s y n e r g i s t i c  m o d u la tio n  i s  a k ind  o f  p u sh -  

p u l l  o r  g a t in g  c o n t r o l  o f  p y ram ida l c e l l  a c t i v i t y  in  th e  s u p e r ­

f i c i a l  c o r t e x  v e r s u s  p y ram id a l  c e l l  a c t i v i t y  i n  th e  deep c o r t e x .

The time c o in c id e n c e  o f  th e  s o u r c e - s in k  m o d u la t io n  su p p o r ts  th e  

id e a  t h a t  th e  n e u ro n a l  t r i g g e r i n g  and dynamic re sp o n se  mechanisms 

a re  th e  same f o r  th e  so u rce  and th e  s in k ,  d e s p i t e  th e  p h y s i c a l ly  

s e p a r a t e  t r a n s c o r t i c a l  l o c a t i o n s .  T h is  m o d u la t io n  h y p o th e s is  i s  

su p p o r te d  by: (1) b e h a v i o r a l  o b s e r v a t io n s  o f  t h e  ’a r r e s t  r e a c t i o n '

o f  s k e l e t a l  m uscle a c t i v i t y  d u r in g  th e  o r i e n t i n g  response  ( J a s p e r ,  

1950); (2) f a c i l i t a t o r y - i n h i b i t o r y  e f f e c t s  o f  n o n s p e c i f i c  th a la m ic  

p u ls e s  when p r o p e r l y  tim ed  w i th  s p e c i f i c  th a la m ic  p u ls e s  (L i ,

1956a; T o r i i ,  e t  1965; M o r i l lo ,  19 6 1 );  (3) i n h i b i t i o n  of 

pyram ida l t r a c t  v o l l e y s  w i th  n o n s p e c i f i c  th a la m ic  s t im u la t io n  

(B rookhart and Z a n c h e t t i ,  1956) ; and (4) q u i e t i n g  o f  u n i t  a c t i v i t y  

i n  l a y e r  VI d u r in g  t h e  r e c r u i t i n g  re sp o n se  (S pencer and B ro o k h a r t ,  

1 9 6 1 a ) .

The r e c r u i t i n g  re sp o n se  phenomenon m igh t be c o n s id e re d  

th e  extreme l i m i t  o f  th e  m o d u la tio n  c o n c e p t ,  nam ely , a g a t in g  

p ro c e s s  which i s  sw i tch e d  on o r  o f f .  In  th e  norm al i n t a c t  an im a l ,  

th e  n o n s p e c i f ic  th a la m ic  e f f e c t  a t  t h e  c o r te x  i s  c o n c e p tu a l iz e d  

as  a smoothly g rad ed  p r o c e s s ,  d i f f e r e n t i a l l y  m o d u la t in g  n e u ro n a l  

a c t i v i t y  in  th e  two m ajo r p y ram ida l c e l l  la m in a e .  I n t e r a c t i o n  o f  

th e  s p e c i f i c  a f f e r e n t s  v ia  l a y e r  I I I  neurons  w i t h  th e  s y n e r g i s t i c  

n o n s p e c i f ic  e f f e c t s  on p y ram id a l  c e l l s  i n  l a y e r s  I I  and IV, V 

s u g g e s ts  t h a t  h e re  may be a n e u ro n a l  an a lo g  o f  th e  com parator
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f u n c t i o n ,  o r  e r r o r  d e t e c t o r ,  so  e s s e n t i a l  i n  servom echanism  fe e d ­

back  lo o p s .

V a r i a t i o n s  from Normal R e s u l t s  

D is c u s s io n  o f  t h e  v a r i a t i o n s  r e s u l t i n g  from h ig h  f req u en cy  

s t i m u l a t i o n  and from th e  in c re m e n ta l  changes i n  s t i m u l a t i n g  probe 

s i t e  i s  p r e s e n te d  below.

E f f e c t  o f  h ig h  freq u en cy  s t i m u l a t i o n . I n  c o n s id e r in g  th e  

e f f e c t  o f  th e  r e v i s e d  p r o to c o l  m entioned  i n  C h ap te r  I I I ,  th e  r e a d e r  

sh o u ld  ta k e  n o t e  t h a t  th e  r e s u l t s  shown i n  F ig u r e s  10 and 14 come 

from th e  same p r e p a r a t i o n  w i th  a common s i t e  o f  th a la m ic  s t i m u l a t i o n ,  

t h e  m ed ia l d o r s a l  n u c le u s .  The maximal s i t e  d a t a  o f  F ig u r e  10 was 

ta k e n  b e fo re  (and th e  0 .5  mm p o s t e r i o r  t r a c k  was t a k e n  a f t e r )  th e  

r e v i s e d  p r o t o c o l  p ro c e d u re s  l e a d i n g  t o  th e  two n o v e l  d iv e rg e n c e  

f u n c t io n s  o f  F ig u r e  14. The rounded n a t u r e  o f  t h e  d iv e rg e n c e  

lo b e s  o f  th e  n o v e l  t r a c k s  a r e  i n  c o n t r a s t  w i th  t h e  more common 

a n g u la r  n a t u r e  e x e m p l if ie d  by t h e  d iv e rg e n c e  p r o f i l e s  o f  F ig u re

10 . As m en tioned  in  C hap ter  I I I ,  f a u l t y  e x p e r im e n ta l  te c h n iq u e  

c o u ld  have in t r o d u c e d  an  e r r o r  i n  d ep th  l o c a t i o n  o f  t h e  F ig u re  14 

d iv e rg e n c e  p l o t t e d  w i th  c i r c l e d  p o i n t s .  I t  i s  h ig h ly  u n l i k e l y ,  

how ever, t h a t  such  an e r r o r  would have amounted t o  a s  much as 400 

t h e  d ep th  d i f f e r e n c e  betw een th e  i n i t i a l  s t a r t  o f  t h e  two n e g a ­

t i v e  lo b e s .  The s o u r c e - s in k  s e p a r a t i o n  d i s t a n c e  o f  630 f o r  t h e  

c i r c le d - s y m b o l  d iv e rg e n c e ,  in  c o n t r a s t  w i th  th e  s e p a r a t i o n  d i s t a n c e  

o f  460 f o r  th e  t r i a n g u la r - s y m b o l  d iv e rg e n c e ,  s u p p o r t s  t h i s  

r e a s o n in g .
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Those l i m i t e d  r e s u l t s  s u g g e s t  t h a t  th e  r e v i s e d  p r o to c o l  

a l t e r e d  th e  c o r t i c a l  s t a t e  so  t h a t  th e  s o u r c e - s i n k  s u r f a c e s  o f  th e  

i n t r a c o r t i c a l  r e c r u i t i n g  re s p o n se  ap p ea red  d e e p e r  i n  th e  c o r te x  

th a n  was u s u a l  f o r  th e  s ta n d a rd  p r o t o c o l .  L eve l o f  a n e s th e s ia  

o f  t h e  p r e p a r a t i o n  i s  b e l i e v e d  t o  have o n ly  a m odera te  i n f lu e n c e  

on d e p th  l o c a t i o n  o f  th e  r e c r u i t i n g  r e s p o n s e  s o u r c e - s i n k  s u r f a c e s ,  

s i n c e  th e  d ep th  v a r i a t i o n s  f o r  t h e  17 t r a n s c o r t i c a l  t r a c k s  a re  

n o t  e x t e n s i v e  and w ere o b ta in e d  from p r e p a r a t i o n s  a t  v a r io u s  

l e v e l s  o f  a n e s t h e s i a .  The i n f l u e n c e  o f  h ig h  f r e q u e n c y  s t im u l a t i o n  

on th e  i n t r a c o r t i c a l  l o c a t i o n  o f  th e  r e c r u i t i n g  r e s p o n se  needs 

f u r t h e r  s tu d y .

E f f e c t  o f  v a ry in g  th e  s t i m u l a t i n g  p ro b e  s i t e . The r e s u l t s  

o f  F ig u r e  15 r a i s e  i n t e r e s t i n g  q u e s t io n s  a b o u t  th e  r e l a t i o n s h i p  

be tw een  th e  i n v e r s i o n  zone d e p th  from p i a l  s u r f a c e  and th e  

t h a la m ic  s t i m u l a t i o n  s i t e .  For t h e  r e s u l t s  shown, th e  i n v e r s io n  

zone ap p ea re d  t o  'move upw ard ' a s  t h e  s t im u lu s  p ro b e  p ro g re s se d  

from th e  l a t e r a l  d o r s a l  n u c le u s  down i n t o  th e  c e n t r a l  l a t e r a l  

n u c le u s .  S u p p o r t  f o r  t h i s  a rg u m en t,  o v e r  t h a t  f o r  a t r a n s v e r s e  

s h i f t  i n  th e  maximal s i t e ,  i s  o b ta in e d  from th e  t r a n s c o r t i c a l  

t r a c k  l a b e l e d  "un d e te rm in ed  maximal s i t e "  i n  T a b le s  2 and 3 and 

shown to  th e  r i g h t  o f  F ig u re  13 . Data f o r  t h i s  p a r t i c u l a r  t r a c k  

were o b ta in e d  w i th  t h e  s t i m u l a t i n g  p ro b e  l o c a t e d  i n  th e  f i n a l  s i t e  

o f  F ig u r e  15 (A + 9 .8 ,  L 3 ,  V + 3 .8 ) .  The t r a c k  was l a b e l e d  "un­

d e te rm in e d  maximal s i t e "  b e cau se  th e  e x p e r im e n ta l  p ro c e d u re  f o r  

s e a r c h in g  o u t  a maximal s i t e  was n o t  p e rfo rm ed  f o r  th e  p a r t i c u l a r  

th a la m ic  s i t e  o f  s t i m u l a t i o n .  T h is  t r a c k  was lo c a t e d  0 .5  mm



98

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

p a r t  o f  F ig u re  15, One can  n o t e  t h a t  t h e  d iv e rg en ce  c r o s s o v e r  

f o r  t h e  "u n d e term ined  maximal s i t e "  t r a c k  i s  500 p a s  compared 

w i th  a c r o s s o v e r  v a lu e  o f  a b o u t  600 y  f o r  th e  p a r t i a l  t r a c k  o f  

F ig u r e  15 . T h is  c o m p ara t iv e  r e s u l t  s u p p o r ts  th e  p rem ise  o f  an 

a p p a r e n t  upward s h i f t  i n  i n v e r s i o n  zo n e ,  as im p lied  by th e  r e ­

s u l t s  shown i n  F ig u re  15. C o n se q u e n tly ,  d e s p i t e  th e  l i m i t e d  

d a t a ,  t h e r e  i s  e v id en ce  t h a t  t h e  d e p th  from th e  p i a l  s u r f a c e  

a t  w hich  t h e  i n v e r s i o n  zone i s  e n co u n te red  i s  r e l a t e d  t o  th e  s i t e  

o f  th a la m ic  s t i m u l a t i o n .

A n c i l l a r y  F in d in g s

A r e p o r t  o f  t h e  p o s t - s t i m u l u s  re sp o n se  (PSR) h as  n o t  been  

found i n  t h e  l i t e r a t u r e .  Chang (1950) advanced th e  c o n ce p t  o f  

c o r t i c o - t h a l a m i c  r e v e r b e r a t i n g  c i r c u i t s  i n  e x p la in in g  h i s  ob­

s e r v a t i o n s  o f  r e p e t i t i v e  w av es .  In  re sp o n se  t o  s i n g l e  p u l s e s  

a p p l i e d  t o  p e r i p h e r a l  s e n s o ry  o rg a n s ,  s en so ry  n e rv e s  o r  a f f e r e n t  

t r a c t s ,  Chang r e p o r t e d  r e p e t i t i v e  waves from th e  sen so ry  c o r t e x  

whose p e r i o d i c i t y  was a b o u t  90 msec. T h is  p e r i o d i c i t y  c o in c i d e s  

w i th  th e  a lp h a  rhythm . The i n i t i a l  l a t e n c y  t o  th e  f i r s t  wave i n  

t h e  s e t  was a b o u t 100 msec.

As r e p o r t e d  i n  EXPERIMENTAL RESULTS, th e  PSR p e r i o d i c i t y  

was o f  t h e  o r d e r  o f  t h e  th a la m ic  s t i m u l a t i o n  p e r io d ,  188 msec. The 

mean l a t e n c y  t o  th e  f i r s t  PSR was 225 msec w i th  mean p e r i o d s  o f  

201, 179, 170 and 174 msec f o r  s u cc e ed in g  PSR's when m u l t i p l e  

r e s p o n s e s  o c c u r r e d .  As w i th  C hang 's  f i n d i n g s ,  th e  i n i t i a l  l a t e n c y  

t o  t h e  f i r s t  e v en t  was l o n g e r  th a n  th e  su cceed in g  p e r i o d s .
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I f  th e  PSR's a r e  grouped by c a t e g o r i e s  d e f in e d  by th e  

number o f  r e s p o n se s  f o l lo w in g  a s t im u lu s  t r a i n  ( i . e . ,  0, 1 ,  2 ,  3,

14, and 5 ) ,  t h e  f req u en cy  o f  o c c u r re n c e  resem bles  a P o is so n  d i s ­

t r i b u t i o n .  T h is  resem blance  s u g g e s t s  t h a t  the  u n d e r ly in g  n e u r a l  

p ro c e s s  may be  a random p r o c e s s .  The 25% frequency of o c cu r ren c e  

o f  one o r  more PSR 's  f o r  a l l  ex p e r im en ts  u n d e rsc o re s  t h e  l a b i l i t y  

o f  t h i s  u n u su a l  r e s p o n s e .

C i r c u l a t o r y  r e v e r b e r a t o r y  c i r c u i t s  of t h a l a m o - c o r t i c a l  

i n t e r a c t i o n  were a l s o  p o s t u l a t e d  by V erzeano , L in d s le y  and Magoun 

(1953) . The PSR’ s o b served  i n  t h i s  work c e r t a i n l y  e x h i b i t  some 

o f  th e  p r o p e r t i e s  o f  a damped r e v e r b e r a t i o n .  Does th e  PSR r e p r e ­

s e n t  some k in d  o f  c o n d i t i o n i n g  o r  l e a r n i n g  phenomenon, or i s  i t  

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

i n h i b i t o r y  c o n t r o l s  on th e  t h a l a m o - c o r t i c a l  i n t e r a c t i o n ?  The 

d a ta  a r e  i n s u f f i c i e n t  to  answ er th e s e  and o th e r  r e l a t e d  q u e s t i o n s .



CHAPTER V 

SUMMARY

The invo lvem en t o f  t h e  tha lam us w i th  b e h a v io r a l  c h a r a c t e r ­

i s t i c s  has  been r e p o r t e d  by many i n v e s t i g a t o r s .  That p o r t i o n  o f  

t h e  th a lam u s  c l a s s i f i e d  as  n o n s p e c i f i c  h as  been  im p l ic a te d  by 

some i n v e s t i g a t o r s  as  p l a y in g  an im p o r tan t  r o l e  i n  t h e  fo rm a t io n  

o f  a t t e n t i o n ,  e s p e c i a l l y  w i th  re g a rd  to  n o v e l  o r  r e l e v a n t  s en so ry  

s t i m u l i .  E f f e c t s  a t  t h e  c o r t e x  o f  n o n s p e c i f i c  th a la m ic  a c t i v i t y  

induced  by e l e c t r i c a l  s t i m u l a t i o n  have been  e x t e n s i v e l y  s tu d ie d ,  

b u t  th e  f u n c t io n a l  mechanisms by which t h i s  a f f e r e n t  a c t i v i t y  

in f l u e n c e s  c o r t i c a l  f u n c t i o n  and th e  p r e c i s e  l o c a t i o n  o f  th e s e  

mechanisms in  th e  c o r t i c a l  l a y e r s  remain u n d e f in e d .  T hus , th e  

o b j e c t i v e  o f  t h i s  d i s s e r t a t i o n  was to  d e te rm in e  th e  l a m in a r  s i t e ( s )  

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

th a la m ic  a f f e r e n t s  evoked by low frequency  e l e c t r i c a l  s t i m u l a t i o n .

The c o r t i c a l  r e c r u i t i n g  re sp o n se  was s e l e c t e d  as  th e  i n d i ­

c a t o r  o f  th e  n o n s p e c i f i c  th a la m ic  a c t i v i t y .  The la m in a r  s i t e  o f  

f u n c t i o n a l  a c t i o n  was d e te rm in e d  by l o c a t i n g  (w ith  r e s p e c t  t o  th e  

p i a l  s u r fa c e )  th e  p r i n c i p l e  s o u rc e s  and s in k s  o f  io n s  which p r o ­

duced th e  r e c r u i t i n g  r e s p o n s e .  The p o t e n t i a l  f i e l d ,  g e n e r a te d  by 

th e  io n  movement a n d /o r  t h e  p h y s i c a l  s e p a r a t io n  o f  i o n  d e n s i t i e s  

h a v in g  a n e t  c h a rg e  d i f f e r e n c e ,  was d e te c te d  by a t r i p l e  b a r r e l e d

100
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m ic r o e le c t r o d e  p robe  ( t r i - p r o b e ) . The t h r e e  t i p s  o f  th e  t r i - p r o b e  

were s e p a ra te d  abou t 100 jj. a lo n g  th e  p ro b e  a x i s  so t h a t  s im u l ta n ­

eous measurement o f  th e  p o t e n t i a l  be tw een  th e  two p a i r s  o f  t i p s  

would f a c i l i t a t e  th e  d e te r m in a t io n  o f  th e  s p a t i a l  g r a d i e n t  o f  

p o t e n t i a l .  With s e q u e n t i a l  t r a n s c o r t i c a l  s t e p s  a p r o f i l e  o f  th e  

g r a d i e n t  o f  p o t e n t i a l  norm al t o  t h e  p i a l  s u r f a c e  was o b ta in e d .

The d iv e rg e n c e ,  d e r iv e d  from t h i s  g r a d i e n t  o f  p o t e n t i a l  p r o f i l e ,  

was i n t e r p r e t e d  in  te rm s  o f  th e  io n  so u rce  and s in k  l o c a t i o n s .

A d u lt  c a t s ,  a n e s th e s iz e d  w i th  5% a lp h a  c h l o r a l o s e ,  were 

p la c e d  in  a s t e r e o t a x i c  in s t r u m e n t  and th e  s u p r a s y lv ia n  gyrus  was 

s u r g i c a l l y  exposed . A c o a x i a l  s t i m u l a t i n g  p robe  was p o s i t io n e d  

i n  a n o n s p e c i f i c  th a la m ic  s i t e .  The e l e c t r i c a l  s t im u lu s  c o n s i s t e d  

o f  0 .5  msec r e c t a n g u l a r  p u l s e s  p r e s e n t e d  a t  a r a t e  o f  5 / s e c  f o r  a 

f ix e d  t im e i n t e r v a l  such t h a t  12-13 p u l s e s  were a p p l ie d  t o  th e  

s t i m u l a t i n g  p ro b e .  A l l  r e c o r d in g  e l e c t r o d e s  ( s i l v e r  s i l v e r -  

c h lo r id e )  were d i r e c t l y  co u p led  t o  th e  a m p l i f y in g / r e c o r d in g  sy s te m .

A c o t to n  wick e l e c t r o d e  r e c o rd e d  p i a l  s u r f a c e  a c t i v i t y  w i th  r e s p e c t  

t o  a r e f e r e n c e  s i t e  on th e  f r o n t a l  bone . A t r a n s v e r s e  e x p l o r a t i o n  

o f  t h e  s u r f a c e  o f  t h e  s u p r a s y lv i a n  g y ru s  was conducted w i th  th e  

w ick  e l e c t r o d e  t o  l o c a t e  a maximal re sp o n se  s i t e  f o r  r e c r u i t i n g  

re s p o n s e s  (peak  am plitude  c r i t e r i o n ) . T r a n s c o r t i c a l  e x p l o r a t i o n s  

w ere conducted  a t  o r  n e a r  t h i s  s i t e  w i th  t h e  t r i - p r o b e .  R eco rd in g s  

o f  t h e  d i f f e r e n c e  i n  p o t e n t i a l  be tw een  th e  two p a i r s  o f  t i p s  and 

be tw een  each  t i p  and th e  rem ote  r e f e r e n c e  s i t e  were made i n  a d d i ­

t i o n  t o  th e  p i a l  s u r f a c e  a c t i v i t y .  The r e c o rd in g s  from 6 c a t s  p r o ­

v id e d  21 t r a n s c o r t i c a l  t r a c k s  f o r  a n a l y s i s .
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The d a ta  show t h a t  the; r e c r u i t i n g  re sp o n se  was an  i n t r a ­

c o r t i c a l  phenomenon and , f o r  a g iv e n  re s p o n se ,  was s p a t i a l l y  

f ix e d  i n  th e  d i r e c t i o n  no rm al t o  th e  p i a l  s u r f a c e .  The d a t a  s u g ­

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

t o  t h e  s i t e  o f  th a la m ic  s t i m u l a t i o n  and t o  an a n te c e d e n t  s t im u lu s  

h a v in g  a 5 0 /s e c  r e p e t i t i o n  r a t e .  I n t e r p r e t a t i o n  o f  th e  d iv e rg e n c e  

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

th a la m ic  a f f e r e n t s  ( s im u l ta n e o u s  i o n i c  s o u r c e - s in k  l o c a t i o n s )  w ere  

s i t u a t e d  i n  th e  u p p e r  t w o - t h i r d s  o f  th e  c o r t e x .  The s i n k  f o r  

p o s i t i v e  io n s  was o b se rv ed  s u p e r f i c i a l  t o  th e  d e ep e r  s o u r c e .  The 

mean s o u r c e - s in k  s e p a r a t i o n  d i s t a n c e  was w i th  a s t a n d a r d

d e v i a t i o n  o f  133 j i .  The d iv e rg e n c e  f u n c t io n  c r o s s o v e r  v a lu e  

( e q u i p o t e n t i a l  p o i n t  b e tw een  th e  so u rc e  and th e  s in k )  was ab o u t 

500 ^  b e n e a th  t h e  p i a l  s u r f a c e  a t  t h e  maximal re sp o n se  s i t e ,  i n ­

c r e a s i n g  t o  700 o r  g r e a t e r  w i th  i n c r e a s i n g  a n t e r i o r  o r  p o s t e r i o r  

d i s t a n c e  from th e  maximal s i t e .

The p r o p o s a l  was made t h a t ,  a t  th e  peak  o f  th e  r e c r u i t i n g  

r e s p o n s e ,  th e  r e c r u i t i n g  re s p o n se  phenomenon was r e p r e s e n t e d  by 

p a r a l l e l  la m in a r  r e g io n s  o r  s h e e t s ,  s e p a ra te d  by a b o u t  500 and 

g e n e r a l l y  f o l lo w in g  th e  c o n to u r s  o f  th e  g y ru s ,  whose s u p e r f i c i a l  

s h e e t  was a r e g io n  o f  d e c r e a s i n g  p o s i t i v e  io n  d e n s i ty  ( o r  i n c r e a s i n g  

n e g a t iv e  io n  d e n s i t y )  w h i le  t h e  d e e p e r  s h e e t  was a r e g io n  o f  i n ­

c r e a s i n g  p o s i t i v e  io n  d e n s i t y  (d e c re a s in g  n e g a t iv e  io n  d e n s i t y ) .

In  th e  v i c i n i t y  o f  th e  maximal s i t e ,  b o th  io n  re g io n s  b u lg e d  

s l i g h t l y  upward tow ard  th e  p i a .  These p o l a r i z e d  r e g i o n s  were 

t r a n s i t o r y  i n  t im e .  The t im e  dependen t p r o p e r t i e s  w ere d e te rm in e d
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by th e  d u r a t i o n  o f  each  r e c r u i t i n g  r e s p o n s e .  These r e s u l t s  were 

f u r t h e r  i n t e r p r e t e d  i n  te rm s  o f  a d e p o l a r i z a t i o n  o f  t h e  n e u ro n a l  

e lem en ts  i n  l a y e r  I I  and th e  u p p e r  p a r t  o f  l a y e r  I I I  concom itan t 

w i th  a h y p e r p o l a r i z a t i o n  o f  th e  n e u ro n a l  e lem en ts  i n  l a y e r  I I I ,

IV and V. I t  was h y p o th e s iz e d  t h a t  th e  i n t r a c o r t i c a l  r e c r u i t i n g  

re sp o n se  r e p r e s e n t e d  a s y n e r g i s t i c  m o d u la t io n  o f  th e  p y ram ida l c e l l  

a c t i v i t y  i n  d i f f e r e n t  l a m in a r  r e g io n s  o f  t h e  c o r t e x .  This  d i f ­

f e r e n t i a l  r e g u l a t i o n  o f  n e u ro n a l  a c t i v i t y  was th o u g h t  to  be a 

f a c i l i t a t i o n  o f  t h e  p y ra m id a l  c e l l  a c t i v i t y  i n  l a y e r  I I  w h i le  th e  

a c t i v i t y  o f  th e  p y ra m id a l  c e l l s  i n  l a y e r s  IV and V was b e l i e v e d  

t o  be i n h i b i t e d .  T h is  s y n e r g i s t i c  m o d u la t io n  was a l s o  l ik e n e d  

t o  a p u s h - p u l l  o r  g a t i n g  c o n t r o l  o f  p y ra m id a l  c e l l  a c t i v i t y  in  

th e  two d i f f e r e n t  r e g i o n s .  The r e c r u i t i n g  re sp o n se  was th o u g h t  

t o  be th e  ex trem e l i m i t  o f  th e  m o d u la t io n  c o n c e p t ,  i . e . ,  an on- 

o f f  g a t i n g  p r o c e s s .  For t h e  norm al i n t a c t  an im al th e  d i f f e r ­

e n t i a l  m o d u la t io n  o f  t h e  r e g i o n a l  p y ra m id a l  c e l l  a c t i v i t y  by non­

s p e c i f i c  th a la m ic  a f f e r e n t s  was th o u g h t  t o  be a smoothly g rad ed  

p r o c e s s .  The s u g g e s t io n  was made t h a t  th e  d i f f e r e n t i a l  modu­

l a t i o n  p r o c e s s  may be a n e u ro n a l  a n a lo g  o f  t h e  com para to r f u n c t io n ,  

o r  e r r o r  d e t e c t o r ,  so  e s s e n t i a l  t o  servom echanism  feed b ack  lo o p s .  

O b se rv a t io n s  o f  o c c a s i o n a l  p o s t - s t i m u l u s  r e c r u i t i n g - l i k e  r e s p o n se s  

(PSR) were a l s o  r e p o r t e d .  The PSR e x h i b i t e d  some o f  th e  p r o p e r ­

t i e s  o f  a damped r e v e r b e r a t i o n ,  p ro b a b ly  betw een tha lam us and 

c o r t e x .
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APPENDIX I 

FACILITIES AND INSTRUMENTATION

G e n e ra l  D e s c r ip t io n  

The f a c i l i t i e s  w ere l o c a t e d  i n  th e  Whiteman House f o r  

M ental H ea lth  R ese a rch  a t  t h e  U n iv e r s i t y  o f  Oklahoma M ed ica l Cen­

t e r .  A s p e c i a l  c a g e - l i k e  e x p e r im en t  "room" was c o n s t r u c t e d  t o  

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

w ire  c o m p le te ly  e n c lo s e d  a sp ac e  ab o u t  4% f t  by 4% f t  by 6^ f t  t o  

s h i e l d  the  p r e p a r a t i o n  and r e c o r d in g  e l e c t r o d e s  from e l e c t r i c a l  

n o i s e .  The cage s h i e l d  was e l e c t r i c a l l y  connec ted  t o  a ground 

bus which i n  t u r n  was co n n ec te d  by a heavy  copper  w i r e  (2 gauge) 

t o  an e a r th  ground o u t s i d e  o f  t h e  b u i l d i n g .  V iny l l in o le u m  i n s u l ­

a t e d  th e  s u r g i c a l  t a b l e  and p e d e s t a l  from th e  cage s h i e l d .  The 

s u r g i c a l  t a b l e ,  s l i g h t l y  l a r g e r  th a n  th e  N a r is h ig e  Type SN-2 heavy  

d u ty  s t e r e o t a x i c  f ram e , was mounted on a s u r p lu s  d e n t a l  c h a i r  

p e d e s t a l  which p ro v id e d  h y d r a u l i c  c o n t r o l  o f  v e r t i c a l  movement and 

manual r o t a t i o n  a b o u t  th e  v e r t i c a l  a x i s .  A ccesso ry  b a r s ,  c lam p s, 

and r i n g  s t a n d s  w ere a t t a c h e d  t o  th e  s t e r e o t a x i c  fram e o r  t o  th e  

s u r g i c a l  t a b l e  to  p r o v id e  f o r  m ounting  o f  th e  r e f e r e n c e  e l e c t r o d e  

h o l d e r ,  th e  fo u r  p r e a m p l i f i e r s  and s e l e c t o r  s w i tc h ,  a sm a l l  6 v 

DC l i g h t  s o u rc e ,  and o t h e r  d e v ic e s  and in s t r u m e n ts  f o r  u se  i n  th e  

s u rg e ry  or d u r in g  t h e  e x p e r im e n t .  S u r g i c a l  s u p p l i e s ,  s u r g i c a l
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i n s t r u m e n t s ,  t h e  secondary  a m p l i f i e r s ,  th e  d i f f e r e n t i a l  a m p l i f i e r s ,  

and th e  r e c t a l  the rm om ete r i n d i c a t o r  were l o c a t e d  on s h e lv in g  

a round  two w a l l s  o f  th e  cage . Cable p a ssa g e  betw een th e  cage  and 

e x t e r n a l  i n s t r u m e n t a t i o n  was by way o f  sm all  p o r t s  l o c a t e d  a t  t h e  

to p  and bo ttom  o f  t h e  c a g e .  A l l  c a b le s  t o  and from th e  e l e c t r o n i c  

i n s t r u m e n t a t i o n  had s h i e l d s  w hich were connec ted  t o  th e  e a r t h  

ground bus b u t  which w ere i n s u l a t e d  from th e  i n t e r n a l  l e a d s  c a r r y ­

in g  t h e  s i g n a l s  and s i g n a l  r e f e r e n c e .  The s i g n a l  r e f e r e n c e  l e a d s  

w ere c o n n ec ted  t o  th e  ground bus  a t  t h e  r e c o r d e r .  Ground lo o p s  

w ere s t u d i o u s l y  av o id ed  th ro u g h o u t  a l l  i n t e r c o n n e c t io n s  be tw een 

th e  i n s t r u m e n t a t i o n  com ponents. The g r a p h ic a l  r e c o r d e r ,  o s c i l ­

l o s c o p e ,  s t i m u l a t o r  and i s o l a t i o n  u n i t ,  t h e  s t im u lu s  d u r a t i o n  t im in g  

c i r c u i t ,  and th e  DC power s u p p l i e s  w ere  l o c a t e d  o u t s id e  o f  b u t  

a d j a c e n t  t o  t h e  cag e .

E l e c t r o n i c  I n s t r u m e n ta t i o n  System 

E l e c t r i c a l  s i g n a l s  were le d  from th e  c o r t e x  by th e  t r i ­

p ro b e  and t h e  p i a l  s u r f a c e  w ick  e l e c t r o d e  (F ig u re  1 8 ) ,  a l l  w i th  

r e s p e c t  t o  t h e  f r o n t a l  bone r e f e r e n c e  s i t e .  The s e l e c t o r  s w i tc h  

f a c i l i t a t e d  t h e  e x p e r im e n ta l  s t e p s  o f  r e c o r d in g  z e ro  p o t e n t i a l  

( s h o r te d )  i n p u t  o r  s i g n a l s  from th e  c o r t e x .  T ran s id y n e  G enera l  

C o rp o ra t io n  Type MPA-2 p r e a m p l i f i e r s  p ro v id e d  a m p l i f i c a t i o n  o f  t h e  

e l e c t r i c a l  s i g n a l s  o f  9 .7  t o  9 .9 .  These p r e a m p l i f i e r s  u t i l i z e d  

f i e l d  e f f e c t  t r a n s i s t o r s  (PET) in p u t  s t a g e s  w i th  an in p u t  impedance 

a d j u s t a b l e  from 200 meg up t o  n e a r  i n f i n i t y .  The in p u t  im pedances 

o f  t h e  p r e a m p l i f i e r s  f o r  t r i - p r o b e  s i g n a l s  B, C, and A w ere s e t
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f o r  th e  maximum v a lu e .  The in p u t  impedance f o r  th e  p i a l  su r fa ce  

w ick e l e c t r o d e  was s e t  a t  t h e  low er v a lu e .  The a d ju s tm e n ts ,  com­

p e n s a t in g  th e  in p u t  c a p a c i t y  o f  th e  p ro b e s ,  were s e t  i n  accordance  

w i th  th e  m a n u f a c tu r e r 's  i n s t r u c t i o n s .  The lo w -n o is e  r e g u la te d  power 

supp ly  (T rans idyne  G enera l  Type MBS-15) p ro v id e d  + 15 v DC on a con ­

t in u o u s  b a s i s  t o  m inim ize th e rm a l  d r i f t .  The p r e a m p l i f i e r  o u tp u ts  

were d i r e c t l y  coup led  t o  t h e  secondary  o p e r a t i o n a l  a m p l i f i e r s  

(Nexus Type PF85AU), each  h a v in g  a g a in  o f  ab o u t  10. Combined 

a m p l i f i c a t i o n  o f  th e  p r e a m p l i f i e r s  and th e  secondary  a m p l i f i e r s  was 

trimmed to  100 +1% f o r  each  o f  th e  fo u r  c h a n n e ls .  The low imped­

an ce ,  h i g h - l e v e l  o u tp u ts  o f  th e  secondary  a m p l i f i e r s  w ere  d i r e c t l y  

coup led  to  t h r e e  f u n c t i o n a l  e lem en ts :  th e  Beckman Type 0-82 p e n -

d r i v e r  a m p l i f i e r s ;  t h e  d i f f e r e n t i a l  a m p l i f i e r s  on th e  T ek tro n ix  

Type 502 o s c i l l o s c o p e ;  and th e  two d i f f e r e n t i a l  summing a m p l i f i e r s .  

The d i f f e r e n t i a l  summing a m p l i f i e r s  u t i l i z e d  Nexus Type QFT2 

o p e r a t io n a l  a m p l i f i e r s  i n  a c o n v e n t io n a l  feed b ack  c i r c u i t  w ith  an 

o v e r a l l  ga in  o f  1 .  The s in g le - e n d e d  o u tp u ts  o f  th e  summing a m p l i ­

f i e r s ,  r e p r e s e n t i n g  B-C and C-A, were d i r e c t l y  c o u p led  t o  th e  Beck­

man Type 482 p e n - d r i v e r  a n p l i f i e r s .  For s i m p l i c i t y ,  s h o r t in g  

sw i tc h e s  a t  t h e  in p u t s  o f  t h e  secondary  and th e  d i f f e r e n t i a l  summing 

a m p l i f i e r s  w ere  o m it te d  from  th e  b lo c k  d iag ram . The feedback  c i r ­

c u i t s  f o r  b o th  th e  seco n d a ry  and d i f f e r e n t i a l  summing a m p l i f i e r s  i n ­

c o rp o ra te d  c a p a c i t a n c e - l i m i t i n g  o f  t h e  a m p l i f i e r  bandw id th  t o  p r e ­

v e n t  h ig h - f re q u e n c y  o s c i l l a t i o n .  Trimming o f  a d ju s tm e n ts  in  th e  

Beckman Type R Dynograph R eco rd e r  was p e r fo rm e d . to  maximize th e  

p e n - r e c o r d in g  system  b a n d w id th ,  th e  m a jo r  b a n d w id th - l im i t in g  e lem ent
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in  th e  t o t a l  i n s t r u m e n t a t i o n  sys tem . Pen o v e rs h o o t  i n  re s p o n se  to  

a 2 0 /s e c  squarew ave in p u t  was l i m i t e d  to  10%. R eg u la ted  DC power 

f o r  th e  seco n d a ry  and d i f f e r e n t i a l  a m p l i f i e r s  was p ro v id e d  by a 

Technipow er Model DB 15 power s u p p ly .

The r e c t a l  th e rm om ete r  and i n d i c a t o r  u n i t  was th e  Yellow 

S p r in g s  In s t ru m e n t  Model 46 TUG. The h e a t i n g  pad DC power was 

c o n t r o l l e d  by a V a r ia c  (G en era l  In s t ru m e n t  Co.) s u p p ly in g  a l t e r ­

n a t i n g  c u r r e n t  t o  a f u l l - w a v e  b r id g e  r e c t i f i e r  and a r e s i s t a n c e -  

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

U n ip o la r  r e c t a n g u l a r  v o l t a g e  p u l s e s  were s u p p l i e d  t o  th e  

c o a x ia l  s t i m u l a t i n g  p robe  v ia  a G rass I n s t r u m e n ts  s t i m u l a t i o n  

i s o l a t i o n  u n i t .  Model SIU4B. G e n e ra t io n  o f  th e  s t im u lu s  p u l s e s  and 

c o n t r o l  o f  t h e  p u l s e  w id th ,  p u l s e  a m p l i tu d e ,  and r e p e t i t i o n  r a t e  

were p ro v id e d  by th e  G rass  In s t ru m e n ts  Model S4B s t i m u l a t o r .  

D u ra t io n  o f  t h e  s t im u lu s  t r a i n  was c o n t r o l l e d  by an e x t e r n a l  t im in g  

c i r c u i t .  T h is  t im e r  u t i l i z e d  a u n i j u n c t i o n  t r a n s i s t o r  in  a r e -  

s i s t a n c e - c a p a c i t a n c e  c i r c u i t  t o  e n e rg iz e  a r e l a y  v ia  a s i l i c o n  

c o n t r o l l e d  r e c t i f i e r .  Time c o n s t a n t s  i n  t h e  c i r c u i t  were a d ju s t e d  

t o  p ro v id e  a b o u t  2 s e c s  o f  r e l a y  c o n ta c t  c lo s u r e  (12-13 p u l s e s  f o r  

a p u l s e  r e p e t i t i o n  r a t e  o f  5 / s e c ) . T h is  c o n c lu d e s  t h e  d e s c r i p t i o n  

o f  t h e  i n s t r u m e n t a t i o n  sys tem .
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PROBES

A d e s c r i p t i o n  o f  t h e  f a b r i c a t i o n  and assem bly  p ro c e d u re s  

employed i n  p ro d u c in g  th e  t r i - p r o b e s  used  i n  t h i s  d i s s e r t a t i o n  i s  

p r e s e n t e d .  A b r i e f  d e s c r i p t i o n  o f  th e  w ick  p i p e t t e  p r e p a r a t i o n  

i s  fo l lo w e d  by a d i s c u s s i o n  o f  t h e  s i l v e r  s i l v e r - c h l o r i d e  e l e c ­

t r o d e  f a b r i c a t i o n .

T r i -P r o b e

P ro d u c t io n  o f  th e  t r i - p r o b e s ,  u sed  i n  th e  e x p e r im en ts  t o  

d e t e c t  p o t e n t i a l s  from c l o s e l y  sp aced  la m in a r  r e g io n s  o f  c o r t e x ,  

in v o lv e d  f a b r i c a t i o n  o f  t h e  t r i - p r o b e  h o l d e r ,  p r e p a r a t i o n  o f  t h e  

t h r e e  p i p e t t e s ,  and assem bly  o f  t h e s e  p a r t s .

F a b r i c a t i o n  o f  th e  t r i - p r o b e  h o ld e r  was based  on th e  d e ­

s ig n  shown in  F ig u re  19A. P l e x i g l a s  was used  f o r  th e  h o ld e r  b e ­

c a u se  o f  i t s  easy m a c h i n a b i l i t y , a c c e p ta n c e  o f  c o n v e n t io n a l  cem en ts ,  

and i t s  a c c e p ta b le  e l e c t r i c a l  and m ech an ica l p r o p e r t i e s .  The h o l ­

d e r  was f a b r i c a t e d  i n  two p a r t s ,  t h e  s le e v e  and th e  e c c e n t r i c  c y l ­

i n d e r .  The s le e v e  was c u t  t o  l e n g t h  from \  in c h  rod  and mounted

on a r o t a r y  t a b l e  h a v in g  x ,y  o f f s e t  a d ju s tm e n ts .  T hree  h o l e s  were 

d r i l l e d ,  two o f 0 .055  in c h  d ia m e te r  f o r  t h e  g l a s s  p i p e t t e s  and
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one o f  0.220 in c h  d ia m e te r  f o r  t h e  e c c e n t r i c  c y l i n d e r .  The e c ­

c e n t r i c  c y l in d e r  was tu r n e d  down from a ^ in c h  rod  u n t i l  i t  made 

a l i g h t  s l i p  f i t  w i th  t h e  0 .220  in c h  h o le  i n  t h e  s l e e v e .  The 

c y l i n d e r  l e n g th  was re d u ced  t o  1 1 /16  in c h  and hexag o n a l f l a t s  

w ere machined f o r  a b o u t  3 /1 6  in c h  a lo n g  one end t o  f a c i l i t a t e  

e c c e n t r i c  c y l i n d e r  r o t a t i o n  a f t e r  assem bly in  t h e  s l e e v e .  A 0 .055 

in c h  h o le  was d r i l l e d  0 .0 4 0  in c h  o f f - c e n t e r  b u t  p a r a l l e l  t o  th e  

c y l i n d e r ’s a x i s .  The o f f s e t  h o l e  i n  t h e  e c c e n t r i c  c y l i n d e r  p r o ­

v id e d  th e  two d e g re e s  o f  freedom  n e c e s s a ry  f o r  assem bly  o f  th r e e  

p i p e t t e  e lem en ts  a lo n g  a common a x i s .

Pyrex g l a s s  c a p i l l a r y  tu b in g  ( I n d u s t r i a l  S c ie n ce  A s s o c ia te s )  

o f  1 . 2 - 1 . 4  mm o u t s i d e  d ia m e te r  by 7 .5  cm lo n g  was c le a n e d  w i th  

a c e to n e  and p u l l e d  i n t o  e q u a l  l e n g t h  p i p e t t e s  u s in g  a David Kopf 

Model 700C v e r t i c a l  p i p e t t e  p u l l e r .  H e a te r  c u r r e n t  and th e  

s o le n o id  p u l l  s t r e n g t h  were a d ju s t e d  t o  p roduce  a s h o r t  a x i a l  

s h o u ld e r  l e n g th  combined w i th  a sm all  d ia m e te r  b u t  lo n g  ta p e r e d  

sh an k .  Tip d ia m e te r s  w ere  u s u a l l y  l e s s  th a n  5 yu a t  t h i s  s t a g e .  

U s in g  an o p t i c a l  m a g n i f i c a t i o n  o f  10 o r  15 t h e  t i p s  w ere  trimmed 

w i th  s u r g i c a l  s t i t c h - c u t t i n g  s c i s s o r s  t o  abou t 20 j i  o u t s i d e  t i p  

d ia m e te r .  The t i p  d ia m e te r s  w ere  checked a t  a m a g n i f i c a t io n  o f  

120 w i th  a m ic roscope  h a v in g  a c a l i b r a t e d  r e t i c l e .  C a r e f u l  i n ­

s p e c t i o n  o f  th e  com ple te  t a p e r e d  shank was made t o  i n s u r e  t h a t  

g l a s s  d e f e c t s  ( e . g .  a i r  i n c l u s i o n s ,  h a i r l i n e  c r a c k s )  were a b s e n t .  

A c c e p ta b le  p i p e t t e s  were c le a n e d  w i th  ace to n e  drawn th ro u g h  th e  

p i p e t t e  t i p s  by 20 in c h e s  o f  m ercury vacuum a p p l i e d  t o  t h e  b a r r e l  

en d .  Drying o f  th e  p i p e t t e  was accom plished  by draw ing  a i r  th ro u g h
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th e  p i p e t t e .  The b a r r e l  end was l i ^ t l y  f i r e d  t o  fu s e  sharp  edges 

which tended  to  s c rap e  th e  s i l v e r - c h l o r i d e  c o a t i n g  d u r in g  i n s e r t i o n  

o f  th e  e l e c t r o d e  w i r e s .

The n e x t  s te p  was to  bend th e  p i p e t t e  t i p  a b o u t 60° o f f -  

a x i s .  A Unimat l a t h e ,  a r ran g ed  f o r  d r i l l  p r e s s  o p e r a t i o n ,  h e ld  

th e  p i p e t t e .  A c i r c u l a r  o n e - tu r n  c o i l  o f  Nichrome w i r e ,  s u p p l ie d  

w i th  c u r r e n t  from a f i l a m e n t  t r a n s f o r m e r ,  p ro v id e d  th e  h e a t  f o r  

s o f t e n i n g  th e  t a p e r e d  shank n e a r  t h e  s h o u ld e r  o f  t h e  p i p e t t e .  A 

V a r ia c  ( v a r i a b l e  t r a n s f o r m e r .  G e n era l  In s t ru m e n t  Co.) p ro v id e d  

a d ju s tm e n t  o f  v o l t a g e  t o  th e  f i l a m e n t  t r a n s f o r m e r  t o  f a c i l i t a t e  

te m p e ra tu re  c o n t r o l .  The c i r c u l a r  m ic ro fo rg e  lo o p  was mounted 

on a th r e e - d im e n s io n a l  m ic ro m a n ip u la to r  (Brinkman In s t ru m e n ts  

Model 3050) to  f a c i l i t a t e  p o s i t i o n a l  c o n t r o l .  A w edge-shaped  

push rod mounted on a second m ic ro m a n ip u la to r  was used  t o  f o r c e  

th e  t i p  and ta p e r e d  shank t o  t h e  d e s i r e d  a n g le .

The second bend . F ig u re  20 , was acco m p lish ed  w i th  t h e  a id  

o f  a h a l f - l o o p  o f  Nichrome w ire  whose te m p e ra tu re  was c o n t r o l l e d  

as  d e s c r ib e d  f o r  th e  p re v io u s  m ic r o f o r g e .  T h is  h a l f - l o o p  was 

p o s i t i o n e d  between th e  f i r s t  bend and th e  t i p  so t h a t  a f t e r  com­

p l e t i o n  o f  th e  bend th e  p i p e t t e  t i p  would b e  3 .2  + 0 .4  mm o f f s e t  

from b u t  p a r a l l e l  t o  t h e  a x i s  o f  th e  p i p e t t e  b a r r e l .  The p r e ­

v io u s ly  m entioned p ush  rod  was u sed  t o  p ro v id e  th e  s l i g h t  f o r c e  

r e q u i r e d  to  p roduce  th e  bend . Care had t o  be e x e r c i s e d  i n  t h e s e  

two bend ing  o p e r a t io n s  t o  use  t h e  c o r r e c t  a m o u n t o f  h e a t  ( n e i t h e r  

to o  much n o r  t o o  l i t t l e )  and t o  p re v e n t  c lo s e  p ro x im i ty  o r  c o n t a c t  

o f  th e  m ic ro fo rg e  e lem en t w ith  t h e  g l a s s .  The r e s u l t i n g  damage
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F ig u re  20. E lem ents  o f  a t r i - p r o b e

A p i p e t t e ,  ready  f o r  assem bly  i n t o  a t r i - p r o b e  h o ld e r ,  i s  

shown i n  t h e  l e f t  s i d e  o f  t h e  f i g u r e .  A c o m p le te ly  assem ­

b le d  t r i - p r o b e  i s  shown i n  t h e  m iddle  o f  th e  f i g u r e .  A s i l v e r  

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

shown i n  th e  r i g h t  s i d e  o f  t h e  f i g u r e .  Note t h e  s l i g h t l y  

l a r g e r  d ia m e te r  o f  t h e  c h lo r id e d  s e c t i o n  a s  compared w i th  

th e  n o n -c h lo r id e d  p o r t i o n  n e a r  th e  c o l l a r .  E n la rg ed  s c a l e .
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t o  th e  g l a s s  i n v a r i a b l y  cau sed  d i s c a r d i n g  o f  th e  p i p e t t e  o r  con ­

s ig n in g  i t  t o  w ick  p i p e t t e  u s e .  A f t e r  co m p le tio n  o f  th e  second 

bend, t h e  l a t e r a l  t i p - o f f s e t  d i s t a n c e  was m easured and th e  p i p e t t e  

c l a s s i f i e d  a c c o rd in g  t o  i t s  t i p  d ia m e te r  and o f f s e t  d i s t a n c e .

Assembly o f  t h e  p i p e t t e s  i n t o  th e  t r i - p r o b e  h o ld e r  (F ig u re  

19A) was p e rfo rm ed  i n  two s t e p s .  The f i r s t  s te p  was t o  p o s i t i o n  

p i p e t t e s  A and B and cement them t o  th e  h o ld e r .  The second s t e p  

was t o  l o c a t e  p i p e t t e  C i n  r e l a t i o n  t o  A and B. The f i r s t  s t e p  

was im plem ented by m oun ting  th e  t r i - p r o b e  h o ld e r  v e r t i c a l l y  w i th  

th e  f l u t e d  end o f  th e  e c c e n t r i c  c y l i n d e r  down. Two m icrom anipu­

l a t o r s  were p o s i t i o n e d  u n d e rn e a th  t h e  h o ld e r  t o  p ro v id e  in d e p e n d e n t  

v e r t i c a l  p o s i t i o n  c o n t r o l  o f  p i p e t t e s  A and B. T hree  p i p e t t e s  

were s e l e c t e d  on th e  b a s i s  o f  common t i p  d ia m e te r s  and t i p - o f f s e t  

d i s t a n c e s  t o  p e rm i t  t r i - p r o b e  a ssem b ly .  For exam ple, t h r e e  p i p e t t e s  

o f  3 .6  mm o f f s e t  each  c o u ld  n o t  b e  assem bled  w hereas  o f f s e t s  o f  

3 .2  mm, 3 .6  mm and 2 .8  mm would p e r m i t  assem bly . U sing  an o p t i c a l  

m a g n i f i c a t io n  o f  10 o r  1 5 ,  p i p e t t e s  A and B were v e r t i c a l l y  p o s i ­

t io n e d  t o  e q u a l ly  a l i g n  t h e i r  t i p s .  Then th e  c a l i b r a t e d  v e r t i c a l  

m ic ro m ete r  c o n t r o l  o f  one m a n ip u la to r  was a d ju s t e d  to  r a i s e  t i p  

A u n t i l  t h e  d e s i r e d  o v e r a l l  s p a c in g  from A t o  B ( u s u a l ly  a b o u t 200 

o r  250 was e s t a b l i s h e d .  The p i p e t t e s  were g e n t l y  r o t a t e d  t o  

m inim ize th e  s e p a r a t i o n  o f  th e  t a p e r e d  shanks. Then a sm a l l  amount 

o f  cement (Duco P l a s t i c  cement d i l u t e d  1 :1  w i th  t o l u o l )  was p la c e d  

on th e  j u n c t i o n  o f  t h e  p i p e t t e s  w i t h  th e  h o ld e r .  C a p i l l a r y  a c t i o n  

would draw th e  cement i n t o  th e  h o le  around th e  p i p e t t e s .  A f t e r  t h e  

cement was s e t  (a b o u t 10 mins) t h e  co n tig u o u s  a l ig n m e n t  o f  th e
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t a p e r e d  shanks and t i p s  was c a r e f u l l y  checked. I f  th e  t i p s  were 

d iv e r g in g  ou tw ard  from th e  c o n f lu e n c e  o f  th e  second bend , th e n  th e  

c i r c u l a r  m ic ro fo rg e  lo o p  was p la c e d  o v e r  th e  t i p  p a i r ,  t h e  shanks 

were r a i s e d  t o  s o f t e n i n g  te m p e r a tu r e ,  and th e  shanks  m anually  

m an ip u la ted  i n t o  p a r a l l e l  v e r t i c a l  a l ig n m en t v i s u a l l y  a id e d  by an 

o p t i c a l  m a g n i f i c a t io n  o f  15 o r  20. T h is  very  d e l i c a t e  maneuver 

was f a c i l i t a t e d  by u se  o f  a f i n e  w ire  (28 o r  32 gauge) a t t a c h e d  t o  

t h e  end o f  a c o t to n  a p p l i c a t o r  s t i c k .

The second s t e p  o f  assem bly  was to  s l i p  p i p e t t e  C th ro u g h  

th e  h o le  i n  t h e  e c c e n t r i c  c y l i n d e r  u n t i l  i t  r e s t e d  on t h e  arm o f  

a m ic ro m a n ip u la to r .  The e c c e n t r i c  c y l i n d e r  and th e  p i p e t t e  were 

r o t a t e d  to  p r o v id e  b e s t  o v e r a l l  a l ig n m en t w i th  A and B, t h e  t i p s  

b e in g  viewed w i th  an  o p t i c a l  m a g n i f i c a t io n  o f  20. The v a r ia n c e  i n  

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

ment o f  t h e  t h r e e  t i p s  a t  t h i s  s t a g e .  T h is  a l ig n m e n t  in c lu d e d  

th e  v e r t i c a l  p o s i t i o n i n g  o f  t h e  t i p  C midway be tw een  A and B. A 

g r e a t  d e a l  o f  p a t i e n c e  and a s te a d y  hand were r e q u i r e d  t o  m anually  

accom plish  t h i s  v e r t i c a l  p o s i t i o n i n g  and th e  p a r a l l e l  a l ig n m e n t  o f  

t h e  th r e e  t i p s  A, C, and B. Then a sm a l l  amount o f  cem ent was 

a p p l ie d  t o  t h e  j u n c t i o n  o f  p i p e t t e  C w ith  th e  e c c e n t r i c  c y l i n d e r  

and a l s o  t o  t h e  j u n c t i o n  o f  t h e  e c c e n t r i c  c y l i n d e r  w i th  t h e  s l e e v e .  

A f t e r  a l lo w in g  t im e  f o r  t h e  cement t o  s e t ,  a sm a l l  amount o f  cement 

was a p p l ie d  t o  th e  c o n f lu e n c e  o f  p i p e t t e s  A, B, and C. The end 

r e s u l t  was a s tu r d y  s t r u c t u r e  c a p a b le  o f  w i th s ta n d in g  th e  m echan ic ­

a l  fo rc e s  a s s o c i a t e d  w i th  f i l l i n g  th e  p i p e t t e s ,  i n s e r t i n g  and w i t h ­

draw ing th e  e l e c t r o d e  w i r e s ,  and "p u n ch in g - th ro u g h "  th e  p i a .
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The t r i - p r o b e  t i p s  were i n s p e c t e d  from two d i f f e r e n t  a n g le s  

(F ig u re  19B) a t  a m a g n i f i c a t i o n  o f  120 and a s k e tc h  made o f  th e  t i p  

c o n f i g u r a t i o n .  D im ensions were de te rm in ed  w i th  r e f e r e n c e  t o  a 

c a l i b r a t e d  r e t i c l e .  F ig u r e  19B a l s o  i n d i c a t e s  t y p i c a l  v a r i a t i o n s  

i n  th e  f r a c t u r e  zones o f  th e  t i p s  caused  by th e  s c is s o r -m e th o d  o f  

s i z i n g  th e  t i p  d ia m e te r s .  The t i p  sp a c in g  measurement was r e ­

f e r r e d  t o  th e  middle o f  t h e  f r a c t u r e  zone o f  t i p  C. The BC and 

CA sp a c in g s  were d e te rm in e d  from t h i s  r e f e r e n c e  to  th e  n e a r e s t  

edge o f  th e  f r a c t u r e  zones  o f  t i p s  A and B.

The t r i - p r o b e  was p re p a re d  f o r  use  by f i l l i n g  each  p i p e t t e  

w i th  0.9% s a l i n e .  Twenty in c h e s  o f  mercury vacuum was c o n n ec ted  

t o  t h e  b a r r e l - e n d  o f  each  p i p e t t e  w i th  th e  t i p s  immersed i n  th e  

s a l i n e .  A f t e r  f i l l i n g ,  a q u a n t i t y  o f  s a l i n e  was w ithdraw n  from 

each  b a r r e l  by a s y r in g e  and n e e d le .  The l e n g th  o f  th e  n e e d le  

had been  c a r e f u l l y  e s t a b l i s h e d  t o  j u s t  remove enough s a l i n e  to  

e q u a l  t h a t  d is p la c e d  by i n s e r t i o n  o f  th e  s i l v e r  s i l v e r - c h l o r i d e  

e l e c t r o d e  i n t o  th e  b a r r e l .  T h is  s t e p  p re v e n te d  overflow  o f  s a l i n e  

a s  w e l l  as  d e l e t e r i o u s  c o n ta c t  o f  th e  s a l i n e  w ith  th e  n o n - c h l o r i d -  

i z e d  s i l v e r  a t  t h e  u p p e r  end o f  t h e  e l e c t r o d e  w i r e .  A f t e r  i n s e r t i o n  

o f  th e  w ire  e l e c t r o d e s  i n t o  th e  b a r r e l s  t h e  t r i - p r o b e  was rea d y  

f o r  u se  ( p o t e n t i a l s  s t a b i l i z e d )  a f t e r  abou t 15 m in u te s .

T ab le  4 l i s t s  t h e  p h y s i c a l  d im ensions o f  t h e  t r i - p r o b e s  

u sed  i n  th e  ex p er im en ts  p r o v id in g  th e  d a ta  f o r  t h i s  d i s s e r t a t i o n .

P r e p a r a t i o n  o f  Wick P i p e t t e s

Wick p i p e t t e s  u s u a l l y  made use  o f  p i p e t t e s  r e j e c t e d  from
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TABLE 4  
T R I - P R O B E  DATA

TRI-PROBE 
NO.

TIP spy 
BC

VCING, u 
CA

MEAN TIP 
DIA*| /J EXPERIMENTS

Il B 79 74 23 0189-23

12 B 123 129 23 6452-27

18 A 59 70 15 6071-24
6067-26

19 A 92 142 16

, ,

6070-21
0187-22
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t h e  t r i - p r o b e  p r o d u c t io n .  The t a p e r e d  shanks  w ere b ro k en  o f f  n e a r l y  

to  th e  s h o u ld e r ,  o r  u n t i l  a c o t t o n  t h r e a d ,  m o is ten ed  and tw is t e d ,  

co u ld  be worked down th ro u g h  th e  p i p e t t e  and o u t  th e  " t i p "  end .

The th r e a d  was drawn th ro u g h  th e  p i p e t t e  u n t i l  i t s  u p p e r  c u t-e n d  

re a ch e d  th e  s h o u ld e r  o f  th e  p i p e t t e .  The " t i p "  end o f  th e  th r e a d  

was c u t  t o  a b o u t 1 cm l e n g t h  and th e  p i p e t t e  f i l l e d  w i th  0.9% 

s a l i n e , f l u s h i n g  th e  w ick  i n  th e  p r o c e s s .  The w ic k - p ip e t t e  was 

s to r e d  c o m p le te ly  immersed i n  0.9% s a l i n e  u n t i l  u s e d .  A t th e  t im e  

o f  u s e ,  th e  w ick  p i p e t t e  was f l u s h e d  w i t h  f r e s h  s a l i n e  s o l u t i o n .

The w ick was trimmed t o  p ro v id e  a b o u t  a 3 mm l e n g t h  beyond th e  

p i p e t t e  end. As d e s c r ib e d  f o r  t h e  t r i - p r o b e  p i p e t t e s ,  a q u a n t i ty  

o f  s a l i n e  was removed from t h e  b a r r e l  t o  e q u a l  t h a t  d i s p la c e d  by 

i n s e r t i o n  o f  th e  s i l v e r  s i l v e r - c h l o r i d e  e l e c t r o d e  i n t o  th e  b a r r e l .  

Then, i n s e r t i o n  o f  th e  w ire  e l e c t r o d e  p roduced  no o ve rf low  o f  

s a l i n e  from th e  p i p e t t e  and no d e l e t e r i o u s  c o n t a c t  o f  s a l i n e  w i th  

th e  n o n - c h lo r id i z e d  s i l v e r  a t  t h e  u p p e r  end o f  t h e  e l e c t r o d e  w i r e .  

The wick e l e c t r o d e  was ready  f o r  u se  a b o u t  15 m in u te s  a f t e r  i n s e r ­

t i o n  o f  th e  e l e c t r o d e  w i r e  i n t o  th e  b a r r e l .

P r e p a r a t i o n  o f  S i l v e r  S i l v e r - C h l o r i d e  E le c t r o d e s

Only " f i n e "  s i l v e r  w ir e  (99.9% p u re  s i l v e r )  was used t o  

make th e  w i r e  e l e c t r o d e s  ( Ja n z  & I v e s ,  1 9 6 8 ) .  A 60 cm le n g th  o f  

30 gauge w i re  was c lea n e d  o f  s u l f i d e  s c a l e  i n  a l i q u i d  c l e a n e r  

(S peed ip) and r i n s e d  i n  ru n n in g  t a p  w a t e r .  The w ire  was s t r e t c h e d  

t o  remove m inor bends  and k in k s  and c u t  i n t o  5 cm l e n g t h s .

C on n ec to r  p in s  (An^henol 314980-20F) w ere machined t o
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red u ce  t h e i r  o v e r a l l  l e n g t h  and t o  p ro v id e  a u n ifo rm  d ia m e te r .  A 

5 cm le n g th  o f  s i l v e r  w i r e  was s o f t - s o l d e r e d  t o  th e  p in  i n  a x i a l  

a l ig n m e n t  w i th  th e  c o n n e c to r  p i n .  The w ire  was scrubbed  w i th  a 

h o u s e h o ld  s c o u r in g  pad (Rescue) and an a b r a s iv e  c l e a n e r  ( A ja x ) . 

A f t e r  r i n s i n g  i n  t a p  w a te r  th e  w i r e  was p o l i s h e d  u s in g  je w e le r s  

g o ld - ro u g e  and a b u f f i n g  wheel d r iv e n  by a m o to r -d r iv e n  hand to o l  

(Dremel M oto -T oo l) . The p o l i s h i n g  was c o n t in u e d  u n t i l  v i s u a l  i n ­

s p e c t i o n  w i th  a m a g n i f i c a t io n  o f  1% re v e a le d  no s c r a t c h e s .  P o l ­

i s h i n g  rouge was removed from t h e  w ire  w i th  c o t t o n  a p p l i c a t o r s  

soaked w i th  a c e to n e .

A 10 mm le n g th  o f  1 /16 in c h  A lp h le x  s h r in k a b le  tu b in g  was 

s l i p p e d  over t h e  c o n n e c to r  p in  u n t i l  a b o u t  3 mm ex tended  ou t over 

th e  w i r e .  A 6 mm l e n g t h  o f  PE 200  t u b in g  was th re a d e d  o v e r  th e  

w ire  and p o s i t i o n e d  u n d e r  th e  s h r i n k a b l e  tu b in g  u n t i l  a b o u t 3 mm 

rem ained  exposed . H eat was a p p l i e d  t o  t h e  A lp h le x  tu b in g  u n t i l  

i t  was t i g h t l y  shrunk  around t h e  c o n n e c to r  and th e  PE tu b in g .

T h is  p ro c e s s  formed t h e  PE t u b i n g  i n t o  a c o l l a r  which f i t t e d  snug­

l y  on th e  b a r r e l - e n d  o f  th e  p i p e t t e s .  A 3 .3  cm le n g th  o f  g la s s  

c a p i l l a r y  tu b in g  was th r e a d e d  o v e r  t h e  w ire  and in s e r t e d  i n t o  th e  

PE c o l l a r .  The s i l v e r  w ire  was c u t  f l u s h  to  th e  end o f  t h e  g la s s  

t u b i n g .  The g l a s s  c a p i l l a r y  tu b in g  was removed and th e  w i r e  c a r e ­

f u l l y  c lea n e d  w i th  a c e to n e .

C h lo r id iz in g  o f  th e  s i l v e r  w i r e s  was perform ed i n  a 0 .1  N 

HCl a c i d  s o l u t i o n ,  s a t u r a t e d  w i th  s i l v e r  c h l o r i d e .  C h lo r id iz in g  

o p e r a t i o n s  were pe rfo rm ed  u n d e r  norm al l a b o r a t o r y  l i g h t .  C u rren t  

d e n s i t y  on th e  w ire  s u r f a c e s  d u r in g  t h e  c h l o r i d i z i n g  o p e r a t io n  was
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l i m i t e d  t o  t h e  range  o f  0 ,6  - 2 .5  ma/cm ( I v e s  and J a n z ,  1 9 6 1 ) .

The l e n g t h  o f  t h e  w i r e  c o n v e r ted  t o  s i l v e r  c h l o r i d e  was a b o u t  3 cm. 

For 14 e l e c t r o d e s  a t y p i c a l  c u r r e n t  was 4 ma. B e s t  r e s u l t s  w ere  

o b ta in e d  w i th  a p e r i o d i c  r e v e r s a l  o f  th e  c h l o r i d i z i n g  c u r r e n t . A 

t im in g  a p p a r a tu s  was employed to  p ro v id e  f o r  a c u r r e n t  r e v e r s a l  

p e r io d  o f  20% o f  th e  t o t a l  c y c le  t im e .  Thus, i n  a 75 sec  c y c l e ,  

t h e r e  was c u r r e n t  r e v e r s a l  f o r  ab o u t 15 sec o n d s .  The d u r a t i o n  o f  

th e  c h l o r i d i z i n g  p r o c e s s  v a r i e d  from around 4 t o  8 h o u r s ,  dep en d en t 

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

t i o n  o f  c h l o r i d i z i n g  w as: (1) a u n ifo rm ly  sm ooth, even m a t r ix  o f

c h l o r i d i z e d  s i l v e r ;  and (2) a fo rw ard  c h l o r i d i z i n g  c u r r e n t  5-10% 

l e s s  t h a n  t h e  v a lu e  o f  th e  r e v e r s a l  c u r r e n t . For exam ple, t h e  

c u r r e n t  m igh t be  3 .8  ma j u s t  p r i o r  t o  r e v e r s a l  and 4 .1  ma j u s t  

a f t e r  r e v e r s a l .  (T h is  v a r i a t i o n  i n  fo rw ard  and r e v e r s e  c u r r e n t  

was r e l a t e d  t o  th e  th i c k n e s s  o f  t h e  c o a t i n g ) . The c h l o r i d i z i n g  

p r o c e s s  was s to p p ed  i n  t h a t  p a r t  o f  th e  c y c le  when th e  fo rw ard  

c u r r e n t  j u s t  commenced t o  d e c l i n e .  The e l e c t r o d e s  were r i n s e d  

th o ro u g h ly  u n d e r  ru n n in g  t a p  w a te r  and p la c e d  i n  d i s t i l l e d  w a te r  

o v e r n ig h t  t o  remove t r a c e s  o f  a c id .  The e l e c t r o d e s  were a i r -  

d r i e d  and in s p e c te d  f o r  u n i fo r m i ty  and q u a l i t y  o f  t h e  c o a t i n g .  

E l e c t r o d e s  were s to r e d  dry  in  a d u s t - p r o o f  c o n t a i n e r  u n t i l  re a d y  

f o r  i n s t a l l a t i o n  i n  t h e  t r i - p r o b e  and w ick  p i p e t t e s .  T h is  p r o c e s s  

p ro d u ced  a h ig h  y i e l d  o f  e l e c t r o d e s  s a t i s f y i n g  th e  re q u ire m e n t  f o r  

l e s s  th a n  1 mv p o t e n t i a l  (DC) betw een any p a i r  o f  e l e c t r o d e s  i n s t a l ­

l e d  i n  t h e  t r i - p r o b e  o r  w ick p i p e t t e s  w i th  t i p s  immersed i n  0.9% 

s a l i n e .
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S t i m u la t in g  Probe 

The s t i m u l a t i n g  probe  was su p p l ie d  by th e  l a b o r a t o r y  o f  

Dr, C. G. Gunn, D epartm ent o f  M edicine a t  th e  U n iv e r s i t y  o f  Okla­

homa M edical C e n te r ,  Oklahoma C i ty ,  Oklahoma. The c o n s t r u c t i o n  

was based  on a c o a x ia l  a rran g em en t o f  a s t a i n l e s s  s t e e l  w ire  

i n s e r t e d  i n  and i n s u l a t e d  from a s e c t i o n  o f  s t a i n l e s s  s t e e l  hypo­

derm ic tu b in g .  The w hole assem bly  was d ipped  i n  i n s u l a t i n g  ma­

t e r i a l ,  cu red  i n  an oven and a c o n ic a l  p o in t  c a r e f u l l y  ground to  

expose th e  i n n e r  and o u t e r  c o n d u c to r s .  The o u t s id e  d ia m e te r  o f  

th e  p robe  was 0 .9  mm and th e  c o n ic a l - s h a p e d  t i p  p ro v id e d  f o r  0 .7  

mm a x i a l  s e p a r a t i o n  o f  th e  i n n e r  and o u te r  c o n d u c to r s .



APPENDIX I I I

ABBREVIATIONS AND SYMBOLS 

db d e c i b e l ;  a m easure o f  sound p r e s s u r e

msec m i l l i s e c o n d ;  10~^ seconds

sec  second
- 3

mm m i l l i m e t e r ;  10 m e te rs

|i  m ic ro n ;  1 0 ”^ m e te rs

kg k i lo g ra m

mg m i l l ig ra m

gm gram

cc c u b ic  c e n t im e te r s

C c e n t i g r a d e

p  b e ta

cm c e n t i m e te r

DC d i r e c t  c u r r e n t  o r  d i r e c t  coup led

jiv m ic r o v o l t ;  10 ^ v o l t s

AC a l t e r n a t i n g  c u r r e n t

mv m i l l i v o l t  ; 10 ^ v o l t s

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

AVp^. a m p li tu d e  o f  t h e  r e c r u i t i n g  re s p o n se  a t  t h e  p i a l
s u r f a c e
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a m p li tu d e  o f  th e  p o t e n t i a l  d i f f e r e n c e  be tw een  th e  
t r i - p r o b e  t i p s  B and C a t  th e  peak  o f  t h e  p i a l  
s u r f a c e  r e c r u i t i n g  re sp o n se

a m p li tu d e  o f  th e  p o t e n t i a l  d i f f e r e n c e  be tw een  th e  
t r i - p r o b e  t i p s  C and A a t  th e  peak  o f  t h e  p i a l  
s u r f a c e  r e c r u i t i n g  re sp o n se

mean a m p li tu d e  o f  th e  p i a l  s u r f a c e  r e c r u i t i n g  
re s p o n s e

e q u a l i z a t i o n  r a t i o

s p a t i a l  g r a d i e n t  o f  p o t e n t i a l  betw een th e  t r i - p r o b e  
t i p s  B and C

s p a t i a l  g r a d i e n t  o f  p o t e n t i a l  be tw een th e  t r i - p r o b e  
t i p s  C and A

d iv e rg e n c e  o f  th e  g r a d i e n t  o f  p o t e n t i a l  

n a n o v o l t  ; 10  ̂ v o l t s

d e p th  from t h e  p i a l  s u r f a c e  o f  t h e  mean t i p  sp a c in g  

m id- su p ra  s y lv i a n  gyrus  

s t i m u l a t i n g  p robe

s t e r e o t a x i c  l o c a t i o n  o f  t h e  maximal r e s p o n s e  s i t e  
i n  t h e  a n t e r i o r  p la n e

maximal re sp o n se

n u c le u s

m e d ia l  d o r s a l

f i e l d s

c e n t r a l  l a t e r a l  

c e n t r a l  m edian 

l a t e r a l  d o r s a l  

a n t e r i o r  

l a t e r a l
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V v e r t i c a l

In d e te rm  in d e te r m in a te

s td  s ta n d a rd

re v  r e v i s e d

SAG s a g i t t a l


