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A b s tra c t

BURST NEURONS IN THE MESENCEPHALIC RETICULAR FORMATION (MRF) OF 

THE RHESUS MONKEY ASSOCIATED WITH SACCADIC EYE MOVEMENTS

by

David M. Waltznan 

A dvisor: P ro fesso r Bernard Cohen

S ing le  neurons were reco rded  e x t r a c e l lu la r ly  In th e  m esencephalic 

r e t i c u l a r  form ation  (MRF) o f two rh esu s  monkeys tra in e d  to  watch 

s ta t io n a ry  and Jumping sp o ts  o f  l i g h t  on a TV sc reen . Eye movements 

were recorded  using  EOG. The a re a  s tu d ie d  was about 2 mm In 

m e d ia l- la te ra l  dim ensions and abou t 1.5 mm In  depth from d o rsa l to  

v e n t r a l .  I t  Is  bordered  m ed ia lly  by th e  oculom otor n u c le i ,  l a t e r a l ly  by 

th e  m edial le n n lsc u s , d o rs a lly  by the  p re tectum , and v e n t ra l ly  by the  

red  n u c leus. MRF b u rs t  neurons f i r e d  b efo re  and during  spontaneous, 

v is u a lly -g u id e d , and v is u a l ly - ta r g e te d  c o n t r a la t e r a l  h o r iz o n ta l  

saccad es. In c re a s e s  In a c t i v i t y  began a s  e a r ly  as  120 msec p r io r  to  th e  

o n se t o f  saccades and te rm in a ted  In a b u rs t  o f f i r i n g  th a t  preceded 

saccades by 20 to  30 msec. Peak a c t iv i t y  o f th e  b u rs t  was g r e a te r  and 

occurred  e a r l i e r  when anim als made v isu a lly - in d u c e d  than  spontaneous 

saccades. The number o f s p ik e s  In a b u rs t  was r e la te d  to  th e  d ir e c t io n  

o f  th e  upcoming saccade, and was a ls o  roughly  c o r re la te d  w ith th e  

am plitude o f th e  h o r iz o n ta l component o f  movement. Most MRF neurons had
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an i r r e g u la r  background r a te  o f f i r i n g  th a t  was e i th e r  enhanced or 

suppressed  du ring  a c t iv e  f ix a t io n  of th e  ta r g e t .  T his background f i r in g  

was in h ib ite d  p r io r  to  i p s i l a t e r a l  saccad ic  eye movements. I n h ib i t io n  

was more profound when an im als looked away from th e  ta r g e t .  S tim u la tio n  

experim ents have shown th a t  sm all saccades a re  e l i c i t e d  from d o rs a l 

reg io n s  o f th e  MRF and la rg e r  saccades from v e n tra l  re g io n s . Combined 

s tim u la tio n /re c o rd in g  experim ents in d ic a te  th a t  th e re  i s  a s im ila r  

d o r s a l - v e n t r a l  o rg a n iz a tio n  o f n e u ra l a c t i v i t y  in  th e  MRF w ith  re s p e c t 

to  saccade am plitude. In  some neurons peak f i r i n g  in  the  b u rs t  occured 

e a r l i e r  and had a h ig h e r frequency b efo re  sm all saccades. These neurons 

appeared  to  be lo ca ted  d o r s a l ly .  Neurons which f i r e d  p r e f e r e n t ia l ly  fo r  

la rg e  saccades appeared to  be lo c a ted  more v e n t ra l ly  in  th e  MRF. The 

d i s t r i b u t io n  o f  MRF n e u ra l a c t i v i t y  in  r e la t io n  to  saccades o f  s p e c if ic  

s iz e  in  a d o r s a l -v e n t r a l  fa sh io n  su g g es ts  a s p a t i a l  coding o f saccade 

am plitude in  th e  MRF. Such a c t iv i t y  could c o n tr ib u te  to  th e  g e n e ra tio n  

o f both  spontaneous and v isu a lly - in d u c e d  saccades. The b u rs t  o f 

a c t i v i t y  p r io r  to  saccades could c o n tr ib u te  to  the  tr ig g e r in g  o f 

saccad es , w hile th e  p o p u la tio n  o f  c e l l s  th a t  i s  a c t iv u  could s ig n a l 

motor e r r o r  in  th e  h o r iz o n ta l  p la n e .
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CHAPTER 1

RATIONALE AND GOALS

E arly  le a lo n  and s tim u la tio n  experim ents have suggested th a t  th e  

m esencephalic r e t i c u l a r  form ation  (MRF) p la y s  an im portant ro le  in  th e  

p roduction  o f eye movements in  the  h o r iz o n ta l  p lan e  (S zen tS g o th a i, 1943; 

Bender and Shanzer, 1964). Follow ing MRF le s io n s ,  monkeys had a gaze 

p re fe ren c e  to  the  i p s i l a t e r a l  s id e  a lthough  v e s t ib u la r  responses were 

u n a ffec ted  (Kom atsuzaki, A lp e rt, H a rr is  and Cohen, 1972). I n i t i a l l y ,  

th e  anim als d id  no t look a t  ta rg e ts  in  th e  c o n t r a la t e r a l  h em ifie ld  o f 

movement. However, they were ab le  to  produce eye movements to  th e  

c o n t r a la t e r a l  s id e  in  response to  n o n -v isu a l au d ito ry  s t im u l i .  This 

suggested  th a t  MRF le s io n s  may have Im paired th e  a b i l i t y  o f  th e  an im als 

to  execu te  eye movements to  th e  c o n t r a la t e r a l  s id e  in response to  v is u a l  

s t im u l i .  The experim ents p resen ted  here have been designed to  t e s t  th e  

h y p o th esis  th a t  neurons in  th e  MRF p a r t i c ip a te  in  the c o n tro l  and 

p roduction  o f  v is u a l ly  induced eye movements. S ing le  neurons were 

recorded  e x t r a c e l lu la r ly  in  th e  MRF o f a l e r t  rh e su s  monkeys tra in e d  to  

f ix a te  s ta t io n a ry  ta rg e ts  and to  fo llow  jumping spo ts  o f  l i g h t  f o r  a 

w ater rew ard. The g o a l o f  t h i s  re sea rch  was to  in v e s t ig a te  the 

r e la t io n s h ip  between v a rio u s  param eters  o f  th e  n eu ra l f i r i n g  and th e  

c h a r a c te r i s t i c s  o f  th e  a s so c ia te d  saccad ic  eye movements, e . g . ,  

d i r e c t io n ,  am plitude, and la te n c y . This work may provide in s ig h ts  in to
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how th e  v is u a l  system  codes n e u ra l In fo rm ation  d e s tin e d  to i n i t i a t e  and

g u id e  saccad ic  eye movements. The l i t e r a t u r e  review  w il l  b r ie f ly  d e fin e

th e  types o f eye movements th a t  have been s tu d ie d . I t  w il l  a lso  

d e s c r ib e  the o rg a n iz a tio n  o f  th e  oculom otor system , the c o r t i c a l  and 

s u b c o r tic a l pa*.w ays which have been im p lica ted  in  the  c o n tro l o f 

v is u a l ly  induced eye movements, and how th e  MRF m ight p a r t i c ip a te  in  

v isu a l-o cu lo m o to r c o n t ro l .

REVIEW OF LITERATURE

D e fin itio n s  o f  the Types o f Eye Movements S tud ied

There a r e  two m ajor ty p es  o f eye movements: f a s t  and slow.

Examples of r a p id  eye movements a re  spontaneous saccades, quick phases 

o f  nystagmus and m icrosaccades. Exanples o f slow  eye movements a re  

v is u a l  p u r s u i t ,  slow phases o f  nystagm us, and vergence movements. This 

th e s i s  has focused s p e c i f lo a l ly  on th e  c o n tro l  and th e  p ro d u c tio n  o f 

ra p id  eye movements. Slow eye movements w i l l  n o t be considered  f u r th e r .

The prim ary purpose o f ra p id  eye movements i s  to  acq u ire  a new 

v is u a l  image on the r e t i n a ,  and to  d i r e c t  th e  eye so th a t  th e  most 

s e n s i t iv e  p o r tio n  o f  th e  r e t i n a ,  th e  fovea, i s  p o in ted  a t  a t a r g e t  o f 

I n t e r e s t .  In  th i s  t h e s i s  th re e  ty p e s  o f v o lu n ta ry  eye movements have 

been d is tin g u is h e d : spon taneous saccad es, v isu a lly -g u id e d  saccades, and 

v is u a l ly - ta r g e te d  saccad es. Spontaneous saccad es  a re  g en era ted  w hile a 

s u b je c t  c a s u a lly  examines th e  v is u a l  w orld, o r makes eye movements in
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darkness w hile awake. V isu a lly -g u id ed  saccad ic  eye movements occur when 

th e  eyes move toward a t a r g e t  which has Jumped w ith  u n p re d ic ta b le  

d i r e c t io n  and am p litude . There i s  no p r io r  knowledge of where the 

ta r g e t  w il l  be and a l l  p ro cess in g  to  induce the  eye movement ta k es  p lace  

a f t e r  the v is u a l  s tim u lu s  th a t  g e n e ra te s  th e  saccade has occured . 

V is u a lly - ta rg e te d  saccades a re  produced when a s u b je c t ex ecu tes  a 

saccade to  a remembered ta r g e t  p o s i t io n  th a t  was i n i t i a l l y  e s ta b lish e d  

through th e  v is u a l  system . In  th i s  in s ta n c e  th e  in fo rm atio n  about the  

s p a t i a l  c o o rd in a te s  o f  th e  ta rg e t  i s  known and only th e  d e c is io n  and the  

f i n a l  command s ig n a l th a t  produce th e  saccade must be g e n e ra te d . A ll 

v o lu n ta ry  saccades which u t i l i z e  v is u a l  in fo rm atio n  fo r  th e i r  g en e ra tio n  

w il l  be termed v is u a l ly  induced saccad es.

T argeted  saccades have been shown to  be d i f f e r e n t  from 

v isu a lly -g u id e d  movements (H a lle t  and L ig h ts to n e , 1976b; Nays and 

S parks, 1980; Goldberg and B u sh n e ll, 1981) p a r t i c u la r ly  in  th e i r  

la te n c y . T his can be la rg e ly  a t t r ib u te d  to  th e  p r io r  knowledge o f th e  

s p a t i a l  c o o rd in a te s  o f  th e  d e s ire d  eye movement d u rin g  ta rg e te d  

saccad es. By d is tin g u is h in g  th e se  two types o f  eye movements i t  has 

been p o s s ib le  to  s e p a ra te  n e u ra l p ro cess in g  needed fo r  c a lc u la t io n  o f 

th e  saccade v e c to r  from th a t  needed fo r  th e  d e c is io n  in  th e  v is u a l  

system  to  execu te a p a r t i c u la r  saccade . As w i l l  be shown subsequently  

th e re  i s  l i t t l e  d if fe re n c e  in  a c t i v i t y  re sp o n s ib le  fo r  th e se  two types 

o f  saccades a t  th e  b ra in s tem  le v e l .  However, experim ents on ta rg e te d  

saccades have shown th a t  saccades in  o p p o site  d i r e c t io n s  may be 

p rocessed  in  p a r a l l e l  (B ecker and Ju rg en s , 1975; H a lle t  and L ig h ts to n e ,
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1976a; Maya and Sparks, 1980; Goldberg and B ushnell, 1981), and th a t  

saccade v e c to rs  ( th e  am plitude and d ir e c t io n  o f a saccade) a re  s to red  in  

s p a t i a l ,  no t r e t in o to p ic  co o rd in a te s  (H a lle t  and L ig h ts to n e , 1976a; Mays 

and Sparks, 1980). These experim ents have a lso  been o f use in  m odelling 

o f th e  oculom otor system . I f  th e  eyes can re tu rn  to  a p o s it io n  w ithou t 

th e  p resence o f a v is u a l  cue ( i . e . ,  using  a ta rg e te d  eye movement), then 

r e t i n a l  e r r o r  a lo n e  i s  no t s u f f i c i e n t  fo r  gu id ing  v is u a l ly  induced eye 

movements. More l ik e ly  th e  b ra in stem  must perform  a com parison between 

d e s ire d  eye p o s i t io n  ( th e  goal) in  s p a tio to p ic  c o o rd in a te s  and a b so lu te  

eye p o s it io n  (p robab ly  an e f f e r e n t  s ig n a l)  (Robinson, 1975, Robinson,

1981; van G isbergen, Robinson, and G ie len , 1981).

O rgan iza tio n  o f  th e  Oculomotor System

Both th e  v is u a l  system  and th e  v e s t ib u la r  system  u t i l i z e  th e  same 

o c u la r  p la n t ,  i . e . ,  th e  g lobe and m uscles, to  produce both rap id  and 

slow eye movements. Robinson has shown th a t  th e  o c u la r  p la n t  i s  an 

overdamped system  (Robinson, 1964). To d r iv e  th e  eyes ra p id ly  from one 

p o s it io n  o f  gaze to  a n o th e r  he p re d ic te d  th a t  a p u ls e -s te p  o f  a c t iv i t y  

would have to  be gen era ted  in  th e  oculom otor n u c le i  (Robinson, 1964). 

E x t r a c e l lu la r  reco rd in g s  have shown th a t  such a p u ls e -s te p  in  a c t iv i t y  

occurs  in  eye muscle motoneurons j u s t  p r io r  to  th e  execu tion  o f  saccades 

(Robinson, 1970; S c h i l l e r ,  1970; Fuchs and L uschei, 1970; Cohen and 

Komatsuzaki, 1972). The p u lse  causes  th e  eyes to  move ra p id ly  from one 

p o s it io n  to  a n o th e r , and th e  s te p  o f a c t i v i t y  ho ld s th e  eyes in  th e  new
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p o s itio n  o f f ix a t io n .  The same motoneurons o f th e  I I I ,  IV, and VI nerve 

n u c le i c a rry  a c t iv i t y  to  th e  eye m uscles fo r  th e  p roduction  o f both 

rap id  and slow eye movements. Moreover, i t  i s  c l e a r  th a t  the  concerted  

a c tio n  o f a l l  tw elve eye m uscles i s  needed fo r  p roduction  o f any rap id  

h o r iz o n ta l eye movement (Henn and Cohen, 1973; Raphan and Cohen, 1978).

The Immediate prem otor su p ran u c lea r mechanism fo r  th e  p ro d u c tio n  o f 

quick eye movements in  th e  h o r iz o n ta l  p lane  appears  to  be lo ca ted  in a 

reg ion  o f  th e  pons c a l le d  th e  param edian zone o f  th e  p o n tin e  r e t i c u l a r  

form ation  (PPRF) (Bender and Shanzer, 196U; Cohen, Koraatsuzaki, and 

Bender, 1968; Cohen and Feldman, 1968; Goebel e t  a l . , 1971; Henn and 

Cohen, 1976). L esions 1 to  2 mm in  d iam ete r in  th e  r o s t r a l  PPRF o f 

monkeys caused a profound d e f i c i t  in  h o r iz o n ta l eye movements to  the 

i p s i l a t e r a l  s id e  (Bender and Shanzer, 1964; Goebel e t  a l . , 1971), 

a lthough  th ese  anim als were ab le  to  produce normal v e r t i c a l  eye 

movements in  th e  h em lfie ld  o p p o site  th e  le s io n .  Quick phases o f  OKN, 

OKAN, and v e s t ib u la r  nystagmus were a lso  e lim in a te d  to  th e  I p s i l a t e r a l  

s id e  (Cohen, Komatsuzaki, and Bender, 1968).

S in g le » u n it s tu d ie s  dem onstrated  th a t  th e  n e u ra l a c t i v i t y  req u ired  

to  form th e  p u ls e -s te p  and to  d r iv e  th e  motoneurons was found in  the 

PPRF (Luschei and Fuchs, 1972; K e lle r ,  1974; Henn and Cohen, 1976). 

N eural a c t i v i t y  fo r  th e  g e n e ra tio n  o f  th e  p u lse  appears  to  be d i s t i n c t  

from th a t  needed to  produce th e  s te p .  Neurons in  th e  r o s t r a l  PPRF a re  

ty p ic a l ly  phasic  and b u rs t  w ith ra p id  eye movements (Cohen and Henn, 

1972a; Cohen and Henn, 1972b; Lushel and Fuchs, 1972; Henn and Cohen, 

1976). This a c t i v i t y  was coded in  a p o la r  c o o rd in a te  system  w ith  s in g le
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neurons g e n e ra tin g  a c t iv i ty  fo r  am p litude , d u ra tio n  and d ir e c t io n  of 

movement (Henn and Cohen, 1976). The a c t iv i t y  necessary  fo r  the  step  

appeared to be produced around and caudal to  the  abducens nucleus ( i . e . ,  

the  periabducens reg ion ) and In th e  p re p o s itu s  nucleus (Luschel and 

Fuchs, 1972; K e lle r , 1974). Thus th e  PPRF and periabducens reg io n s  a re  

the  prem otor a re a s  which a re  th e  ta rg e ts  fo r  a c t iv i t y  from th e  

v e s t ib u la r  and v is u a l  system s fo r  th e  p ro d u c tio n  o f quick eye movements 

in  the  h o r iz o n ta l  p lan e .

S tim u la tio n  and le s io n  s tu d ie s  dem onstrated  th a t  th e  pathways from 

v a rio u s  c o r t i c a l  a re a s  converge in  th e  in te r n a l  cap su le  and descend in to  

th e  r e t i c u l a r  form ation  (Vlagman, 1964; Bender and Shanzer, 1964). As 

s tim u la tio n  was c a r r ie d  f u r th e r  cauda l and v e n tra l  a p h y sio lo g ic  

d ecu ssa tio n  o f oculom otor pathways appeared a t  th e  le v e l  o f  th e  

oculom otor n u c le i (Bender and Shanzer, 1964). S tim u la tio n  in  the  

b ra in stem  more r o s t r a l  than  th e  oculom otor n u c le i produced c o n t r a la t e r a l  

saccades and s tim u la tio n  more cauda l than  th e  oculom otor n u c le i  e l i c i t e d  

i p s i l a t e r a l  saccades (Bender and Shanzer, 1964). Thus a c t i v i t y  in  

oculom otor pathways above th e  d ecu ssa tio n  should be r e la te d  to  gaze 

movements to  th e  o o n t r a la te r a l  s id e ,  w hile th a t  below th e  d ecu ssa tio n  

should be re la te d  to  gaze movements to  the  i p s i l a t e r a l  s id e .

O rgan iza tion  Of V isual-O culom otor Pathways

V oluntary, v is u a l ly  evoked saccad ic  eye movements a re  i n i t i a t e d  in 

a t  l e a s t  two and probably more a re a s  o f  c o r te x . F e r r ie r  (1875) and
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S chafer (1888) were th e  f i r s t  to  dem onstrate  in th e  monkey th a t 

s tim u la tio n  o f la rg e  a re a s  o f th e  c o rte x  would e l i c i t  saccad ic  eye 

movements to  the  c o n t r a la t e r a l  s id e .  P o rtio n s  o f  th e  f ro n ta l  c o r te x  and 

th e  p a r i e t a l - o c c ip i t a l  c o rte x  a re  two a re a s  where eye movements could be 

e l i c i t e d  a t  low est th resh o ld  ( F e r r ie r ,  1875; S chS fer, 1888; see a lso  

Wagman, 196H and Bender and Shanzer, 1964 fo r  rev iew s).

F ro n ta l Eye F ie ld s  (Area 8 o f Brodman)

E le c t r i c a l  s t im u la tio n  in and around th e  a rc u a te  gyrus in a l e r t  

(Donkeys d isc lo se d  a d is c r e te  reg ion  from which eye movements could be 

e l l i c t e d  a t  low th re sh o ld s  (Robinson and Fuchs, 1969). The eye 

movements were c h a r a c te r i s t i c a l ly  saccades to  the  c o n t r a la t e r a l  s id e .  

Smooth, vergence and c e n te r in g  movements were never e l i c i t e d  from 

s tim u la tio n  (Robinson and Fuchs, 1969). V a ria tio n  in  the  s tim u lu s  

p aram eters  d id  no t a f f e c t  th e  s iz e  o r v e lo c ity  o f th e  induced saccades. 

R ather saccade am plitude and d ir e c t io n  were s p e c i f i c a l ly  re la te d  to  

s tim u lu s  lo c a tio n  (Robinson and Fuchs, 1969). S im ultaneous s tim u la tio n  

a t  two p o in ts  in  th e  FEF produced an eye movement whose am plitude and 

d ir e c t io n  was between th a t  produced by s tim u la tio n  o f  e i th e r  s i t e  alone 

(Robinson and Fuchs, 1969). These responses to  e l e c t r i c a l  s tim u la tio n  

a re  c h a r a c te r i s t i c  o f many p o r tio n s  o f  th e  v is u a l  su p ran u c le a r  pathways 

a s  w il l  be d iscu ssed  below under th e  s u p e r io r  c o l l i c u lu s .

The r e s u l t s  o f  e l e c t r i c a l  s tim u la tio n  prompted e a r ly  w orkers to  

In v e s tig a te  th e  re la t io n s h ip  o f s in g le  neurons to  saccad ic  eye movements
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(B iz z i, 1968) .  C e lls  In th e  a rc u a te  gyrus (a re a  8 o f  Brodman) f i r e d  

du ring  and a f t e r  a l l  c o n t r a la t e r a l  saccad ic  eye movements in both l i g h t  

and dark (B iz z i, 1968). O ther FEF c e l l s  were found which d ischarged  in 

a s s o c ia t io n  w ith e i th e r  head o r both head and eye movements (B izz i and 

S c h i l l e r ,  1970). The f in d in g  th a t  c e l l s  a s s o c ia te d  w ith  saccades f i r e d  

a f t e r  the  o n se t o f  movement i n i t i a l l y  suggested th a t  FEF c e l l s  might be 

a s so c ia te d  w ith a s ig n a l in d ic a t in g  th a t an eye movement had occured 

(B iz z i,  1968; B izz i and S c h i l l e r ,  1970).

More re c e n tly  these  f in d in g s  were extended u s in g  b eh av io ra lly  

tra in e d  anim als (Goldberg and B ush n e ll, 1981; Bruce and Goldberg, 19 8 1; 

Goldberg and Bruce, 1981). The response of FEF c e l l s  w ith v is u a l 

r e c e p tiv e  f i e l d s  was enhanced a s  e a r ly  as 150 msec b e fo re  saccad ic  eye 

movements made to  acq u ire  t a r g e t s  o f  v isu a l Im portance (Goldberg and 

B ush n e ll, 1981). These c e l l s  had v is u a l  re c e p tiv e  f i e l d s  and were 

e x c ite d  by sp o ts  o f  l ig h t  w ith in  th a t  f i e l d .  However, th e i r  response 

was enhanced when a v is u a l  t e s t  s tim u lu s  was used a s  th e  ta rg e t  o f  a 

saccad ic  eye movement. The enhancement was s p a t i a l l y  s e le c t iv e  and was 

r e la te d  s p e c i f i c a l ly  to  sacca d ic  eye movements, n o t to  an in c re a se  in  

a t te n t io n  to  a re c e p tiv e  f i e l d  s tim u lu s  o r to  a s tim u lu s  which was th e  

o b je c t  o f a hand movement.

P a r ie ta l - O c c ip i ta l  Cortex (Area 7 o f  Brodman)

Sym m etrical b i l a t e r a l  le s io n s  o f  p a r i e t a l - o c c i p i t a l  co rtex  in  man 

produce d e f i c i t s  in  oculom otor c o n t ro l  and v l s u o s p a t i a l  p e rcep tio n
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(Holmes, 1918). The a s so c ia te d  oculom otor d is o rd e r  was c h a ra c te r iz e d  by 

a slow ness and i n s t a b i l i t y  in  th e  f ix a t io n  o f s ta t io n a ry  ta rg e ts  and an 

in a b i l i ty  to  break  f ix a t io n  once i t  was acheived  (Hecaen and de 

A Ju riag u erra , 195*0. D iso rders  o f  v is u o s p a t ia l  p e rce p tio n  fo llow ing  

p a r i e t a l  lobe le s io n s  included a d is to r te d  image o f body form and very 

commonly a profound n e g le c t o f  and in a t te n t io n  to  th e  c o n t r a la t e r a l  h a l f  

o f  th e  body (P a tte rso n  and Z angw ill, 19M; Oxbury, Campbell, and Oxbury, 

197*0. Such d e f i c i t s  in  v is u o s p a t ia l  ta s k s  occurred  more o f te n  

fo llow ing  le s io n s  o f  th e  r ig h t  than  o f  th e  l e f t  hem isphere (Hecaen, 

G astau t, Bancaud and Rebufat-Deschamps, 196*0.

Such a l a t e r a l i z a t io n  o f fu n c tio n  has no t been dem onstrated  in 

monkeys w ith p a r i e t a l  lobe le s io n s .  R ather such anim als showed a 

sym m etrical in a t te n t io n  to  th e  c o n t r a la t e r a l  s id e  o f th e  body and o f 

space (Denny-Brown and Chambers, 1958; Heilman, Pandya, Geschwind,

1970). D e f ic i ts  in  s p a t i a l  d is c r im in a t io n , and d is o rd e rs  in  

id e n t i f i c a t i o n  o f  shape, form and lo c a tio n  follow ed p a r i e t a l  lobe 

le s io n s  (B ates and E t t l in g e r ,  1960; E t t l in g e r  and K alsbeck, 1962;

M o ffe tt and E t t l in g e r ,  1970; Pohl, 1973). Hand reach  ta sk s  and v is u a l ly  

guided behav io r were a lso  a f fe c te d  by th e se  le s io n s  (Mendoza and Thomas, 

1975; Schwartzman, Gran, and Marcos, 1975). A lthough d e f i c i t s  in  v is u a l  

o r ie n ta t io n  and a t te n t io n  were no ted , eye movements remained e s s e n t ia l ly  

I n ta c t  fo llow ing  p a r i e t a l  lobe le s io n s .  What appeared to  be m odified 

was th e  c o r t i c a l  d r iv e  to  i n i t i a t e  eye movements which would d i r e c t  th e  

r e t i n a  tow ards o b je c ts  in  c o n t r a la t e r a l  space .

The com plexity  o f th e  d e f i c i t s  fo llow ing  p a r i e t a l  lobe le s io n s  seem
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to  be r e f le c te d  in  th e  v a r ie ty  o f neurons which have been recorded h e re . 

Most neurons a lth o u g h  resp o n siv e  to  v is u a l  s t im u li  could no t be d iv ided  

in to  sim ple, complex, or hypercomplex ty p e s . R ather, they have a v a r ie ty  

o f resp o n ses  which a re  no t s p e c if ic  fo r  shape o r form. A la rg e  group of 

neurons, termed "visuom otor n eu ro n s ,"  were a c t iv e  b efo re  and during  

stead y  f ix a t io n s  a s  w ell a s  befo re  eye movements which secured and 

m ain tained  fo v e a tio n  o f  o b je c ts  (Lynch, M ountcastle , T a lbo t and Yin, 

1977; Yin and M ountcastle , 1978). O ther neurons were r e la te d  to  v is u a l  

t r a c k in g , hand m an ipu lation  and to  saccades (Lynch e t .  a l . , 1977). A 

re c e n t r e in v e s t ig a t io n  o f th e se  neurons showed th a t  a l l  o f  th e  p a r i e t a l  

c o r te x  neurons appeared to  have v is u a l  rece p iv e  f ie ld s  which could be 

d riv en  p a s s iv e ly  by a sp o t o f  l i g h t  (B ushnell, Goldberg and Robinson, 

1981). The a c t iv i t y  o f th e se  c e l l s  was enhanced i f  th e  anim al used th e  

sp o t o f  l i g h t  a s  th e  ta rg e t  fo r  a v is u a l ly  guided saccade (B ushnell e t .  

a l . , 1981) .  Enhancement o f  th e  v is u a l  response was noted in  o th e r  c e l l s  

i f  th e  anim al reached to  touch th e  o b je c t o r  i f  th e  o b je c t was used a s  a 

v is u a l  cue fo r  some o th e r  b e h a v io ra l response (B ushnell e t .  a l . , 1981)

Im p lic a tio n s  o f  N eural Responses in  C o r tic a l Areas

The responses  o f  p a r i e t a l  lobe c e l l s  would appear to  p rov ide  a 

n e u ra l s u b s t r a te  fo r  gu idance o f v is u a l  behav io r in  e x tra p e rso n a l space 

(Lynch e t .  a l . ,  1977; Yin e t .  a l . , 1978; B ushnell e t .  a l . , 1981). 

Enhancement o f  f i r i n g  in  FEF neurons p r io r  to  saccades appears  to  be 

more s e le c t iv e  and occurs  only  b e fo re  eye movements which w i l l  d i r e c t



th e  fovea tow ards an o b je c t o f  i n t e r e s t  (Goldberg and B ushnell, 1981). 

However, in  both ca se s  th e  r e la t io n s h ip  o f n e u ra l a c t i v i t y  to  v is u a l ly  

guided saccades appears  to  be secondary to  c a rry in g  ou t a v is u o s p a t ia l  

ta s k . Thus both a re a s  o f  c o rte x  where e l e c t r i c a l  s tim u la tio n  e l i c i t s  

saccades to  th e  c o n t r a la t e r a l  s id e  have neurons w ith saccade r e la te d  

a c t i v i t y .  Furtherm ore, th e  lo s s  o f  e i th e r  a re a  a lone does n o t Im pair 

th e  a b i l i t y  to  g e n e ra te  saccades, even in  response to  v is u a l  s t im u l i .  

Seen in  th i s  c o n te x t bo th  c o r t i c a l  a re a s  appear to  d i r e c t  movement 

tow ards o b je c ts  in  th e  v is u a l  world on the  c o n t r a la t e r a l  s id e  o f th e  

body. In  so do ing , they u t i l i z e  oculom otor pathways a s  w ell a s  o th e r  

motor pathways to  make b e h a v io ra lly  a p p ro p ria te  resp o n ses . Two 

b ra in stem  a re a s ,  th e  su p e r io r  c o l l ic u lu s  and th e  MRP, which appear to  

subserve  th i s  fu n c tio n  fo r  th e  oculom otor system  w il l  be reviewed in  th e  

n ex t two s e c t io n s .  The su p e r io r  c o l l i c u lu s  w i l l  be considered  f i r s t  

s in c e  th e  experim ents which have been used to  study v is u a l ly  I n i t i a t e d  

eye movements in  th e  SC were used a s  b a s is  fo r  developing  the  

experim ents in  th e  MRF.

S u p e rio r C o ll ic u lu s : S tim u la tio n  S tu d ie s

Adanfik (1870) f i r s t  dem onstrated th a t  th e  su p e r io r  c o l l ic u lu s  (SC) 

was im portan t in  th e  p ro d u c tio n  o f  c o n t r a la t e r a l  quick eye movements 

u t i l i z i n g  e l e o t r l c a l  s t im u la t io n . A pter (1946) c o n s tru c ted  r e t in o to p ic  

sensory  and motor maps fo r  th e  s u p e r io r  c o l l ic u lu s  by s tim u la tio n  in  th e  

l i g h t ly  a n e s th e tiz e d  c a t .  More r e c e n t ly ,  by s tim u la tin g  th e  su p e r io r
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c o l l ic u lu s  i t  has been p o s s ib le  to  c o n s tru c t  a r e t in o to p ic  map fo r  

e l i c i t i n g  eye movements o f  s p e c if ic  s iz e  and d ir e c t io n  re g a rd le s s  o f  th e  

i n i t i a l  p o s i t io n  o f  th e  eyes in th e  o r b i t  (Robinson, 1972; S c h i l le r  and 

S try k e r , 1972; S try k e r and S c h i l l e r ,  1975; Roucoux and Crommelinck,

1976; H a rr is ,  1980). In  th e  a l e r t  monkey, saccades o f  fix ed  am plitude 

and d ir e c t io n  were e l i c i t e d  a t  a la ten cy  o f 20 os by e l e c t r i c a l  

s tim u la tio n  o f  th e  deep la y e rs  o f  th e  c o l l i c u lu s .  S tim u la tio n  in  

l a t e r a l  p a r ts  o f  th e  c o l l ic u lu s  evoked saccades which had downward 

components and m edial s tim u la tio n  induced movements w ith upward 

components. S im ultaneous s tim u la tio n  o f two p o in ts  in th e  c o l l ic u lu s  

produced a s in g le  saccade whose am plitude and d ir e c t io n  were th e  sum o f 

th e  v e c to rs  o f  th e  two movements, dependent upon th e  r e l a t iv e  in te n s i ty  

o f s tim u la tio n  a t  each s i t e .  Pure v e r t i c a l  o r  i p s i l a t e r a l  movements 

were never produced by c o l l i c u l a r  s t im u la t io n . Long t r a in s  o f  

con tinuous s tim u la tio n  produced a s ta i r c a s e  p a t te rn  o f saccades o f  fix ed  

am plitude and d ir e c t io n .  These were n o t, however, goal d ire c te d  

saccades; i . e . ,  they did no t b rin g  th e  eyes to  s p e c if ic  p o in ts  in th e  

o r b i t .

S u p e rio r C o ll ic u lu s : S in g le -U n it S tu d ie s

The seven lay ered  c o l l ic u lu s  can be d iv ided  on both anatom ical and 

p h y sio lo g ic  grounds in to  two p a r ts :  s u p e r f ic i a l  v is u a l  la y e rs  and

deeper eye-head movement r e la te d  la y e r s .  In  the  monkey, c e l l s  in  the  

s u p e r f ic i a l  la y e rs  have v is u a l  re c e p tiv e  f i e l d s  o rgan ized  w ith
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o n -c e n te rs  and o ff -su rro u n d s . Moving and s ta t io n a r y  s tim u li  a re  eq u a lly  

e f f e c t iv e  in  e l i c i t i n g  a response and f i r in g  r a te s  o f  most c e l l s  a re  no t 

a f fe c te d  by changes in  th e  o r ie n ta t io n ,  s iz e ,  shape, v e lo c ity ,  or 

d ir e c t io n  o f  th e  v is u a l  s tim u lu s  ( Cyander and Berman, 1972; Goldberg and 

Wurtz, 1972a).

The deep la y e rs  o f th e  s u p e r io r  c o l l ic u lu s  c o n ta in  s in g le  u n it  

a c t i v i t y  which p recedes th e  occu rren ce  of sa c c a d ic  eye movements in both 

l i g h t  and dark environm ents. These c e l ls  c a n  begin f i r i n g  as e a r ly  as 

300 msec b efo re  saccades b u t they  usually  have a b u rs t  o f  a c t i v i t y  which 

p recedes th e  saccade by abou t 20 to  50 msec (Wurtz and G oldberg, 1972a). 

Mays and Sparks (1980) found th a t  60< of th e s e  c e l l s  had v is u a l  

re c e p tiv e  f i e l d s ,  e s p e c ia l ly  th o se  located in  the  in te rm ed ia te  la y e rs  o f  

th e  c o l l i c u lu s .  There was a background le v e l  o f a c t i v i t y  ia  c e l l s  in 

th e  in te rm e d ia te  la y e r , b u t t h i s  was uncommon in most c e l l s  lo ca ted  in  

th e  deep la y e rs  o f  th e  SC. The a c t iv i ty  p r i o r  to  v isu a lly -g u id e d  eye 

movements was much g r e a te r  than  th a t  which p receded  spontaneous eye 

movements. In  th e  c a t  c e l l s  lo c a te d  in  the  cau d a l p o r tio n s  o f th e  

s u p e r io r  c o l l ic u lu s  were r e la te d  to  head as  w e ll a s  to  eye movements 

(H a rr is , 1980). During a c o o rd in a te d  head-eye movement to  a v is u a l  

t a r g e t  th e se  c e l l s  responded to  a r e t in a l  e r r o r  s ig n a l .

In  both c a t  and monkey most c e l l s  in th e  deep la y e rs  d ischarged  

b e fo re  eye movements o f s p e c i f i c  s iz e  and d i r e c t io n .  The group o f eye 

movements fo r  which th e  neuron was a c tiv e  d e f in e d  a movement f i e ld  fo r  

th e  c e l l  (Goldberg and W urtz, 1972a; Sparks, 1978; Mays and Sparks,

1980). In  o th e r  words, th e se  c e l l s  f ir ie d  p r i o r  to  eye movements which
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would d i r e c t  the fovea to  a s p e c if ic  f i e ld  o f gaze . These movement 

f i e l d s  were analogous to  th e  v is u a l  re c e p tiv e  f i e l d s  o f  th e  s u p e r f ic i a l  

c e l l s  and w ere norm ally in  rough correspondence w ith th e  v is u a l  c e l l s  

lo ca ted  J u s t  d o rs a l .  T hat i s ,  s t im u li  which would e x c i te  s u p e r f ic ia l  

v is u a l  c e l l s  would a lso  cause  th e  d isc h a rg e  o f deep c o l l i c u l a r  c e l l s  

d i r e c t ly  below  i f  th e  o b je c t  was to  be used a s  th e  t a r g e t  o f  a saccad ic  

eye movement. One major d is t in g u is h in g  f e a tu re ,  however, was th a t  w ith 

th e  e x c lu sio n  of c e l l s  which had fo v e a l movement f i e l d s ,  most c o l l i c u l a r  

c e l l s  had movement f i e l d s  which were both  i p s i l a t e r a l  and c o n t r a la t e r a l .  

Movement f i e l d s  were o rganized  s o m a to to p ic a lly : sm all m edial movement 

f i e l d s  a n te r io r ly ,  la rg e r  l a t e r a l  movement f i e l d s  p o s te r io r ly ,  upward 

movement f i e l d s  m ed ially  and downward movement f i e l d s  l a t e r a l l y .

A lthough the c h a r a c t e r i s t i c s  o f  c o l l i c u l a r  a c t i v i t y  have been w ell 

d e sc rib ed , i t s  e x a c t fu n c tio n  rem ains u n c le a r . Most lo n g -lead  b u rs t  

c e l l s  were lo o se ly ' coupled to  th e  m e tr ic s  o f  th e  saccade and d isch a rg e  

d id  no t a lw ays in d ic a te  t h a t  an eye movement was imminent. However, 

sh o r t- le a d  b u r s t  u n i t s  were t i g h t ly  coupled to  th e  occu rrence  o f eye 

movements and u su a lly  d ischarged  20 msec b e fo re  th e  occurrence o f a l l  

eye movements o f s p e c i f ic  s iz e  and d i r e c t io n .  No r e la t io n s h ip  was found 

between th e  a c t iv i t y  of t i g h t ly  coupled c e l l s  and th e  m e tr ic s  (v e lo c ity  

and d u ra tio n )  of th e  upcoming saccade (S parks, 1978; Sparks and Mays, 

1980). These c e l l s  have been p o s tu la te d  to  p rov ide  a t r ig g e r  s ig n a l  fo r  

th e  PPRF in d ic a t in g  the  o n se t o f  a saccade (S parks, Mays, and P o lla ck , 

1977; Sparks, 1978; Mays and S parks, 1980; Sparks and Mays, 1980; Van 

G isbergen e t .  a l . , 1981). Wurtz s t a t e s  th a t  th e  c e l l s  o f  th e  deep
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la y e rs  of th e  c o l l ic u lu s  probably  code a r e t i n a l  e r r o r  s ig n a l fo r  the  

a c q u is i t io n  o f a v is u a l  ta r g e t  (W urtz, Goldberg, and Robinson, 1980). 

Both o f th e se  co n c lu sio n s  must be co n sidered  in  l i g h t  o f  th e  c o l l i c u l a r  

anatom ical conn ec tio n s  a s  w ell a s  th e  d e f i c i t s  which r e s u l t  from 

su p e r io r  c o l l ic u lu s  a b la t io n .

S u p erio r C o ll ic u lu s : Anatomical Connections and Lesion S tu d ie s

A natom ically the  su p e r io r  c o l l ic u lu s  has  co n nec tions which would 

seem to  enable i t  to  p lay  an im p o rtan t ro le  in  e l i c i t i n g  and c o n tro l l in g  

v isu a lly -g u id e d  eye movements. The s u p e r f ic i a l  la y e rs  re c e iv e  in p u t 

from both the  r e t in a  and th e  v is u a l  c o r te x . There a re  r e la t iv e ly  weak, 

but d e f in i te  d i r e c t  r e t i n a l  a f f e r e n t s  to  th e  a n te rio m e d ia l o n e - th ird  o f 

th e  s u p e r f ic ia l  la y e rs  in  and around where th e  fovea i s  rep re se n te d  in 

the  c o l l ic u lu s  (H ubei, LeVay, and W iesel, 1975). These appear to  be 

"patchy a g g re g a te s” w ith in p u t a l t e r n a t in g  between th e  two eyes. More 

p o s te r io rm e d ia lly  in  c o l l i c u l a r  a re a s  which re p re se n t more p e r ip h e ra l 

p a r t s  o f  th e  v is u a l  f i e l d  th e  c o n t r a la t e r a l  r e t i n a l  in p u t i s  much 

s tro n g e r . Even f u r th e r  p o s te r io n e d ia l  th e re  i s  a  tem poral " c re s c e n t” 

where only th e  c o n t r a la t e r a l  eye in p u t i s  p re s e n t (H ubei, LeVay, and 

W iesel, 1975). I n d i r e c t  v is u a l  a f f e r e n t s  come from i p s i l a t e r a l  s t r i a t e  

and p r e s t r l a t e  c o r te x  la y e r  7 . In  a d d itio n  th e  i p s i l a t e r a l  c o l l ic u lu s  

re c e iv e s  a major c o r t i c a l  c o n tr ib u tio n  from th e  f r o n ta l  eye f i e ld s  (a re a  

8 ) .  The e f f e r e n ts  from th e  s u p e r f ic i a l  la y e rs  a re  to  th e  l a t e r a l  

g e n ic u la te  n u c leu s  o f th e  thalam us (both  LGNv and LGNd), in f e r io r
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p u lv in a r , parablgem inal n ucleus and th e  p re tec tu m . The connec tio n s  w ith 

the  parab lgem inal n u c le i In th e  c a t  a re  r e c ip ro c a l .  The a f f e r e n ts  to  

the  oretectum  have no t been s tu d ie d . The deep la y e rs  o f th e  c o l l ic u lu s  

have conn ec tio n s  w ith most p a r ts  o f th e  n e u ra x ls . Wurtz has summarized 

these  In ta b le  form (see  Table 1) (Wurtz and Albano, 1980). The major 

a f f e r e n ts  to  th e  deep la y e rs  from te le n c e p h a llc  le v e ls  a re  from s t r i a t e ,  

p r e s t r l a t e ,  p a r i e t a l ,  p r e f r o n ta l ,  and f r o n ta l  c o r te x . At th e  

m esencephallo le v e l  th e re  a re  r e c ip ro c a l  co n n ec tio n s  w ith th e  cuneiform , 

subcuneiform , and parab lgem lnal n u c le i .  At m etencephalic le v e ls  th e re  

a re  re c ip ro c a l  co n nec tions w ith th e  nucleus r e t i c u l a r i s  tegm entl p o n t ls .  

Nucleus p o n tls  c a u d a lls  o r a l i s  p ro je c ts  to  th e  deep la y e rs  and 

r e t i c u l a r i s  p o n tls  o r a l i s  re c e iv e s  co n n ec tio n s  from th e  deep la y e rs  o f 

th e  c o l l i c u lu s .

In view of th e  c lo se  r e la t io n s h ip  to  th e  oculom otor system , i t  i s  

s u rp r is in g  th a t  su p e rio r  c o l l ic u lu s  a b la t io n  does n o t cause a g ro ss  

d e f i c i t  In v isu a lly -g u id e d  saocades. In  an e a r ly  study b i l a t e r a l  

a b la t io n  o f  th e  c o l l ic u lu s  produced no changes In spontaneous eye 

movements, OKN, OKAN, o r v e s t ib u la r  nystagmus (P a s ik , P as lk , and Bender, 

1966). Wurtz and co-w orkers have done an ex h au s tiv e  s e r ie s  o f  le s io n s  

In both tra in e d  and u n tra in ed  anim als (Wurtz and Goldberg, 1972b; Albano 

and Wurtz, 1978; Albano and VAirtz, 19 8 1 ) .  They found th a t  th e  la ten cy  

between ta r g e t  movement and a r e s u l t a n t  v is u a lly -g u id e d  saccad ic  eye 

movement was in c reased  s l ig h t ly  a f t e r  o o l l i c u l a r  le s io n s ,  b u t, th e  

accuracy o r d u ra tio n  o f th e  subsequent saccades was no t a f f e c te d .  They 

a ls o  noted a decrease  in  th e  number o f spontaneous saccdes. In  a



Table 1: Connections Of The Interm ediate and Deep Layers Of
The Superior C o llicu lu s.

A fferent Connections 
CORTEX
S tr ia te  4 P re s tr la te  cortex 
A uditory, Som esthetlc, Motor cortex  
Regions o f P a r ie ta l ,  Temporal cortex 
P re fro n ta l cortex  
f ro n ta l  eye f ie ld s

DIENCEPHALON 
*Zona ln certa  
►Reticular n.
•P regen icu la te

(V entral l a te r a l  gen icu la te )

PRETECTUM
*n. P o ste r io r  commissure 
'A n te r io r , P o ste r io r  p re te c ta l n.
*n. Optic t r a c t

MIDBRAIN
•Cuneiform, Subcuneiform 
•S ubstan tia  n igra (pars r e t ic u la r i s )  
•Parablgem inal, perl-parablgem lnal 
•Paralem nlaoal
•n . Braohlua In fe r io r  c o llic u lu s  
•E xternal n . In fe rio r  c o llic u lu s  
•P e ric e n tra l n .
•n . Sagulum 
•Locus coereleus 
•Raphe d o rsa lis  
•L a te ra l parab rach la l n .

PONS 4 MEDULLA 
•N. Pontla c a u d a lls , o ra lis  
•R e tic u la r is  tegmentl pontls 
•V entral n . la te r a l  lemniscus 
•Dorsomedlal p e rlo llx a ry  n.
•Medial n . trapeso ld  body (medial) 
•Sensory, Spinal trigem inal 
•Medial v e s tib u la r  n.
•Perlhypoglassa 
•Cuneate, G raclle  n.

CEREBELLUM 
n* O lg an to ce llu la rla  
•n .P a ra g lg a n to c e llu la r ls  la te r a l i s

CERVICAL SPINAL CORD 
L atera l c e rv ic a l nuoleua

E ffe ren t Connections 
ASCENDING

SUBTHALAMUS 4 THALAMUS 
Zona ln c e rta  
F ie ld s  of fo re l 
R e tic u la r , Llmltans n.
Reunions n.

In tra lam ln a r n.
P ara faso lcu la r, Centronedlan) 
Medlodorsal n . (rim)
Supragenlcula te
Medial g en icu la te  (m agnocellular) 
MIDBRAIN
A nterio r, P o ste rio r  p re te c ta l  n. 
n. P o s te r io r  commissure

DESCENDING IPSILATERAL
(Tectopontlne/Tectobulbar)
MIDBRAIN
Parablgem inal, Perl-parablgem lnal
ParaleOTlscal
Subcuneiform, Cuneiform
In fe r io r  c o l lic u lu s
E xternal capsule
PONS
R e tic u la r is  tegmentl pon tls  
R e tic u la r is  p o n tls  o r a l i s  
D orso la te ra l pontine n. 
f a o la l  motor n.

DESCENDING CONTRALATERAL
(Tec to  sp in a l/P re d o rsa l Bundle)
PONS
R e tic u la r is  tegm entl pon tls  
R e tic u la r is  pon tls  o ra l-ls , caudalls  
Abducens, perloculom otor regions 
F ac ia l n .
MEDULLA
Subnucleus B Medial accessory n.

In fe r io r  o liv e  
Raphe
CERVICAL SPINAL CORO 

COMSSURAL PATHWAY

•sNot confirmed In monkey
Prom tAirts and Albano, Ann. Rev. N eurosc., 3: 207, 1980.
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r e la te d  a e r ie s  o f  experim ents Albano, M ishkin, W estbrook, and Wurtz 

(1980) found th a t  c o l l i c u l a r  a b la t io n  caused a d e te c tio n  d e f i c i t  th a t  

included  both c e n t r a l  and p e r ip h e ra l p o r tio n s  o f  th e  c o n t r a la t e r a l  

v is u a l  f i e l d .  The d e f i c i t  q u ick ly  recovered during  th e  second post 

s u rg ic a l  week. This f i t  w ith p rev io u s  d a ta  which showed a decrease  in 

d i s t r a c t a b l l i t y  du ring  a f ix a t io n  ta sk  as  Judged by a red u c tio n  in  the 

number o f saccades made to  ta rg e ts  which appeared p e r ip h e ra lly  (Albano 

and Wurtz, 1978). These d e f i c i t s  were a t t r ib u te d  to  th e  in a b i l i ty  of 

th e  anim als to  e i t h e r  s e le c t  v is u a l  t a r g e t s  a n d /o r to  an in a b i l i ty  to  

t r ig g e r  v isu a lly -g u id e d  saccades. The r e la t iv e  in e ffe c tiv e n e s s  o f  SC 

le s io n s  to  cause a d e f i c i t  in  v isu a lly -g u id e d  saccades su g g es ts  th a t  

o th e r  s t r u c tu r e s  may be involved in  producing a c t iv i t y  th a t  i n i t i a t e s  

th e se  movements. A l ik e ly  p o s s ib i l i ty  is  th e  MRP.

M esencephalic R e t ic u la r  Form ation (MRF): Lesion and S tim u la tio n  S tu d ie s

S z e n tig o th a i (1943) was th e  f i r s t  to  dem onstrate th a t  th e  MRF 

p a r t i c ip a te s  in  th e  p roduction  o f  co n ju g a te  eye movements. S tim u la tio n  

o f  th e  MRF in  o a ts  and dogs produced qu ick  eye movements to  th e  

c o n t r a la t e r a l  s id e .  L esions in  th e  s tim u la ted  a re a s  caused d e f i c i t s  in  

c o n t r a la t e r a l  quick  eye movements and ab o lish ed  th e  quick phases o f  

v e s t ib u la r  nystgm us. Bender and co-w orkers extended th i s  work in  the  

monkey (Bender and Shanzer, 1964). S tim u la tio n  o f  th e  MRF produced 

c o n t r a la t e r a l  eye movements w ith o cca s io n a l o b liq u e  components. Large 

le s io n s ,  2 to  4 mm in  d iam ete r, caused im pairm ents in  saccades to  th e



19

c o n t r a la t e r a l  s id e  and t r a n s ie n t  changes in c o n t r a la t e r a l  quick phases 

o f  v e s t ib u la r  ( i . e .  c a lo r ic )  nystagm us. Both OKN and OKAN were 

perm anently a f fe c te d  by MRF le s io n s .

The e f f e c t s  o f  MRF le s io n s  were l a t e r  rep ea ted  (Komatsuzaki,

A lp e r t, H a rr is ,  and Cohen, 1972). These workers found th a t  MRF le s io n s  

produced a profound gaze p re fe re n c e  to  the  i p s i l a t e r a l  s id e  which was 

d i s t i n c t  from th e  i p s i l a t e r a l  oculom otor p a ra ly s is  found a f t e r  PPRF 

le s io n s .  The major changes which follow ed th e se  MRF le s io n s  in c lu d ed :

1) an in a b i l i t y  to  e l i c i t  c o n t r a la t e r a l  OKN im m ediately a f t e r  the  

le s io n s ,  2) a d ecrease  in  th e  frequency o f quick  phases o f  c o n t r a la t e r a l  

OFN which p e r s is te d  fo r  over 10 months, 3) an in a b i l i ty  to  ach iev e  slow 

phase v e l o c i t i e s  o f  OKN exceeding 35 degrees p e r  second, M) a s t r ik in g  

d ecrease  in  th e  time c o n s ta n t o f  c o n t r a la t e r a l  OKAN, and 5) a 

p re se rv a tio n  o f  v e s t ib u la r  ( i . e .  c a lo r ic )  nystagmus to  both s id e s  

d u ring  th e  e n t i r e  p o s t - le s io n  p erio d  (Komatsuzaki e t .  a l . ,  1972). I t  i s  

im portan t to  em phasize th a t  an im als could  s t i l l  move th e i r  eyes in to  the  

c o n t r a la t e r a l  h em ifie ld  in  response to  n o n -v isu a l s t im u l i ,  e .g .  a u d ito ry  

c l ic k s .  Thus, th ese  MRF le s io n s  had im paired some a sp e c t o f  th e  v is u a l  

in p u t to  th e  prem otor a re a s  lo c a ted  in  th e  PPRF, but they did no t a f f e c t  

pathways which m ediated th e  v e s t ib u la r  o c u la r  r e f le x  (VOR).

More re c e n tly  s tim u la tio n  in  th e  MRF has provided a b e t t e r  in s ig h t  

in to  th e  fu n c tio n  o f  th e  m idbrain tegmentum. Cohen, Matsuo, Raphan, 

Waitzman and F rad ln  (1982), found th a t  monopolar m lc ro s tim u la tlo n  in  the  

d o rs a l re g io n s  o f  th e  MRF produced fix ed  am plitude c o n t r a la t e r a l  

saccades w ith  la te n c ie s  o f  20 to  30 msec a t  s tim u la tio n  c u r re n ts  o f
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about 20 to  30 microamp. These saccades could be Induced from any 

p o s itio n  o f  th e  eyes in th e  o r b i t ,  and were follow ed by p erio d s o f 

f ix a t io n  which la s te d  approxim ately  100 to  200 msec. The anim al could 

no t execu te  any saccades du ring  the  f ix a t io n  period  (F igure  1A). As 

th e  m ic ro e le c tro d e  was advanced more v e n t r a l ly  s tim u la tio n  produced 

v a r ia b le  a n p litu d e  saccades th a t  tended to  c a rry  the  eyes to  a p o r tio n  

o f th e  c o n t r a la t e r a l  movement f i e l d .  These eye movements were 

c h a ra c te r iz e d  by la rg e r  saccades when th e  eye movement began in th e  

i p s i l a t e r a l  h em ifie ld  and sm a lle r  saccades when th e  movement began in 

the  c o n t r a la t e r a l  h em ifie ld  o f movement. Although th e  movements were 

predom inently  h o r iz o n ta l ,  o b liq u e  responses were produced which tended 

to  b rin g  th e  eyes back to  a p a r t i c u la r  h o r iz o n ta l  m erid ian .

During OKN to  th e  c o n t r a la t e r a l  s id e  s tim u la tio n  produced saccades 

which were s im ila r  to  OKN quick phases (F ig . 1D). During i p s i l a t e r a l  

OKN, s tim u la tio n  produced forw ard saccades (F ig . 1E). In  both ca se s  th e  

quick phases were follow ed by p e rio d s  o f  slow phase o f 100 to  200 msec 

in  d u ra tio n  (P ig . 1D and E) during  which quick  phase g e n e ra tio n  was 

in h ib i te d .  Continuous MRF s tim u la tio n  a t  f req u en c ie s  to o  low to  induce 

saccades, enhanced th e  g e n e ra tio n  o f  quick  phases d u ring  c o n t r a la te r a l  

OKN and caused a su p p ressio n  o f  quick phases d u ring  i p s i l a t e r a l  OKN 

(F ig . 1F and G). This su g g ests  th a t  th e  e f f e c t  o f  MRF le s io n s  on slow 

phase v e lo c ity  (Komatsuzaki e t  a l . ,  1972) m ight have been secondary to  

th e  e l im in a tio n  o f  a v is u a l  t r i g g e r  mechanism fo r  quick phase p roduction  

and no t to  a d i r e c t  e f f e c t  on slow phase eye movement g e n e ra tio n .

The MRF has a ls o  been Im p lica ted  in  c o n tro l l in g  eye movement
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F ig . 1: E ffe c ts  o f  s t im u la tio n  o f  th e  r ig h t  MRF in  an a l e r t  monkey.
The head was r e s t r a in e d .  0 .5  msec p u lse s  o f  12-20uA were d e liv e re d  
through a m ic ro e le c tro d e . A, D-G show t r a c e s  o f  h o r iz o n ta l  eye 
movement. R ight i s  up. B & C a re  X-Y re c o n s tru c tio n s  o f  eye p o s it io n  
on a s to ra g e  o s c il lo s c o p e . A. S tim u la tio n  from any p o in t in  th e  f i e ld  
induced a 2 .5  degree saccade to  th e  l e f t .  I t  was follow ed by a p e rio d  
o f  f ix a t io n  o f 150-200 msec b e fo re  the  eyes moved away. B A C. The Z  
a x is  o f  th e  scope was b rig h ten ed  ju s t  du ring  th e  induced movement. Note 
th e  c o n s ta n t am plitude saccades in  B and th e  v a r ia b le  am plitude saccades 
in  C. T ra in s  o f  p u lse s  du ring  OKN induced e i th e r  qu ick  phases (D) o r 
forw ard saccades (E) on th e  slow phases . There was no in te r a c t io n  o f  
th e  saccades and th e  slow phases o th e r  than each saccade was follow ed by 
150-200 msec when a quick phase d id  no t o ccu r. F , G. Continuous MRF 
s tim u la t io n  a t  f re q u e n c ie s  too  low to  induce saccades induced 
enhancement o f  quick phase g e n e ra tio n  (F) o r su p p ressio n  (G) depending 
on the  d ir e c t io n  o f th e  slow p h ases . The E0G c a l  shown b es id e  E i s  th e  
same fo r  a l l  t r a c e s .
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in fo rm atio n  which ascends in. th e  r e t i c u l a r  form ation to  reach thalam ic 

and c o r t i c a l  le v e ls ,  and in  "g a tin g "  v is u a l  in fo rm ation  coming from th e  

r e t in a  en rou te  to  o c c ip i ta l  c o r te x . P o n tin e -g e n ic u lo -o c c ip l ta l  (PGO) 

waves were o r ig in a l ly  described  in  th e  s le e p in g  c a t (Jo u v e t and M ichel, 

1959; Jo u v e t, M ichel and Courjon, 1959). These were monophasic n eg a tiv e  

p o te n t ia l s  which were a s so c ia te d  w ith th e  occurrence o f p a rad o x ia l o r 

rap id  eye movement (REM) s le e p . I t  was l a t e r  shown th a t  th e se  

p o te n t ia ls  were no t a s s o c ia te d  s p e c i f i c a l ly  w ith the  s le e p in g  s t a t e ,  bu t 

were found in  th e  a l e r t  p re p a ra tio n  a s  w ell (C a lv e t, C a lv e t, and 

L ang lo is , 1965; Brooks, 1967; Brooks, 1968a; Brooks, 1968b; Cohen and 

Feldman, 1968; Feldman and Cohen, 1968). S tim u la tio n  in  th e  r e t i c u l a r  

form ation  o f  th e  pons and mesencephalon produced monophasic n eg a tiv e  

p o te n t ia l s  in  th e  l a t e r a l  g e n ic u la te  n u c leu s  (LGN) and o c c ip i ta l  c o rte x  

(Brooks and B iz z i,  1963; Brooks, 1967; Cohen and Feldman, 1968; Feldman 

and Cohen, 1968 ) su g g estin g  th a t  a c t i v i t y  fo r  th e se  PGO waves i s  c a r r ie d  

through th e  MRF (Cohen and Feldman, 1968).

In  a re c e n t s e r ie s  o f  papers  S in g er proposed th a t  th e  MRF 

s tim u la tio n  produces both  lo c a l  and g lo b a l d is ln h lb l t io n  in  th e  LGN and 

thus enhances c o r t i c a l  evoked p o te n t ia l s  a f t e r  o p tic  chiasm  s tim u la tio n  

(S in g er and Bedworth, 1972, 197H; S in g er, 1977). Such d is in h ib i t io n  

would ex p la in  th e  e a r ly  d iscovered  phenomenon th a t  MRF s tim u la tio n  

du ring  b eh av o ria l s t a t e s  a s so c ia te d  w ith h ig h -v o lta g e  synchronized EEG, 

e . g . , slow wave s leep  and d row siness, in c reased  LGN tran sm iss io n  (For 

review  see Cohen, Feldman, and Diamond, 1969 and S in g er, 1977). One 

co nclu sion  o f  th e se  s tu d ie s  i s  th a t  th e  MRF i s  im portan t in  d ir e c t in g
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a t te n t io n  and in  producing a ro u s a l. This w il l  be considered  fu r th e r  in 

l i g h t  of the p re se n t s tu d ie s .

M esencephalic R e tic u la r  Formation (MRF): Anatom ical Connections

A dual ro le  has been p o s tu la te d  fo r  th e  MRF on the  b a s is  of 

s tim u la tio n  and le s io n  experim ents. I t  has been im p lica ted  in producing 

descending a c t iv i t y  to  th e  pons r e la te d  to  quick phases and saccades, 

and in  the  g en e ra tio n  o f ascending  a c t iv i t y  to  the  thalam us and v is u a l  

system  in d ic a tin g  th a t  an eye movement has o ccu rred . These ro le s  appear 

to  be r e f le c te d  in  th e  types  o f neurons lo c a ted  in  th e  m idbrain 

tegmentum as  w ell a s  th e  co nnec tions t h a t  they  make. Ramon y C ajal 

(1911) showed th a t  many o f th e  r e t i c u l a r  neurons were fu sifo rm  in  shape 

and had axons th a t  b ifu rc a te d  sending one p ro cess  cau d a lly  and a second 

r o s t r a l l y .  These ro le s  o f  th e  MRF in  c o n tro l l in g  both  ascending and 

descending in fo rm ation  in  th e  r e t i c u l a r  co re  a lso  appear to  be r e f le c te d  

in  th e  e x te n t and d i s t r ib u t io n  o f th e  e f f e r e n t  and a f f e r e n t  connections 

which a re  made w ith  o th e r  n eu ra l s t r u c tu r e s .

E f fe re n ts :  Descending

Edwards has re c e n tly  explored  th e  e f f e r e n t  pathways o f  th e  MRF in  

th e  c a t  using  in je c t io n s  o f  ra d io a c tiv e  le u c in e  (Edwards, 1975; Edwards 

and deOlmos, 1976). The in je c t io n s  in to  nucleus cuneifo rm ls and 

subcuneiform is la b e lle d  only th e  c e l l s  w ith in  th e  in je c t io n  s i t e  and not
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f ib e r s  in passage. He d iv ided  descending  f ib e r s  in to  i p s i -  and 

c o n t r a la t e r a l  com ponents. The c o n t r a la t e r a l  p ro je c tio n  sweeps through 

nucleus l in e a r i s  in te rm ed iu s  g iv in g  o f f  many c o l l a t e r a l s .  Some f ib e r s  

pass in to  th e  c o n t r a l a t e r a l  tegmentum, bu t most make a sharp caudal tu rn  

e n te r in g  th e  brachium  conjunctivum  and descend to  cauda l le v e ls  in a 

ven trom edia l p o s i t io n .  This f ib e r  system  has been c a l le d  th e  " v e n tra l 

tegm ental bundle" (Edw ards, 1975). During i t s  course  th e  bundle 

d ec re a se s  in  s iz e  g iv in g  o ff  c o l l a t e r a l s  p e rp e n d ic u la r  to  th e  d ir e c t io n  

o f  d escen t a s  i t  p a s s e s  through th e  r e t i c u l a r  fo rm ation . A major a re a  

o f p ro je c tio n  i s  to  n u c le u s  r e t i c u l a r i s  tegm enti p o n tis  w ith a d d i tio n a l 

la b e l  found in  n u c leu s  r e t i c u l a r i s  g ig a n to c e l lu la r i s  and raphe magnus. 

Pause c e l l s  a re  known to  be found in  th e  reg ion  o f th e  raphe n u c leu s. 

Some f in a l  te rm in a tio n s  were observed in  the  d o rs a l cap o f Kooey, bu t i t  

was n o t ap p aren t w hether th is  was axonal o r  te rm in a l. At th e  le v e l  o f  

th e  su p e r io r  o l iv e  numerous axons peeled  o ff  to  p ie rc e  th e  abducens 

nu c leu s  f ib e r s  and approach  the f a c i a l  n u c leu s  ending in  i t s  dorsom edial 

and ven tram ed ia l p o r t io n s  ( a u r ic u la r  and c e rv ic a l  p o r tio n s  in  c a t ) .  

A pparent in  th e  d raw ings o f  tra n sp o rte d  la b e l i s  a la rg e  te rm in a tio n  o f 

f ib e r s  in  th e  p e ria b d u c e n s  reg ion  and PPRF (F ig . 3D, and R o f Edwards, 

1975).

I p s l l a t e r a l l y  descend ing  f ib e r s  a re  more lo o se ly  o rgan ized . A 

la rg e  nunfcer o f axons which remain d o r s o la te r a l  a s  they course c a u d a lly , 

end In locus c o e ru le u s  and nucleus r e t i c u l a r i s  p o n tls  o r a l i s .  O ther 

f ib e r s  loca ted  more v e n t r a l ly  te rm in a te  in  nucleus r e t i c u l a r i s  tegm en tis 

p o n t is .  There i s  a l s o  te rm in a tio n  o f f ib e r s  in  th e  pons and e sp e c ia lly
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in  th e  PPRF and p eriabducens re g io n . C a s t ig l lo n i  e t .  a l .  (1978), using  

re tro g ra d e  t ra n s p o r t  o f  HRP, have shown th a t  th e re  i s  a major 

c o n tr ib u tio n  from n u c leu s  cuneifo rm is in  th e  rh esu s  monkey to  the 

i p s i l a t e r a l  c e rv ic a l  s p in a l  cord ( Cl to  C3).

Connections o f th e  n u c leu s  cu neifo rm is w ith  s t r u c tu re s  w ith in  th e  

m idbrain a re  e x te n s iv e  and r e c ip ro c a l .  F ib e rs  from th e  MRF te rm in a te  

e x te n s iv e ly  w ith in  both  th e  deep and s u p e r f ic i a l  la y e rs  o f  i p s i l a t e r a l  

s u p e r io r  c o l l i c u lu s .  A d d itio n a l f ib e r s  c ro s s  in  th e  commissure o f th e  

su p e r io r  c o l l ic u lu s  to  te rm in a te  s o le ly  in  th e  c o n t r a la t e r a l  s tra tu m  

profundum. On both s id e s  th e  c o l l i c u l a r  te rm in a tio n s  appear to  be 

axosom atlc c o n ta c ts .  Both th e  parab lgem inal and th e  Edinger-W estphal 

n u c le i  re c e iv e  in p u t from th e  nucleus cu n e ifo rm is  a s  w ell (Edwards,

1977; Edwards e t .  a l . ,  1979).

E f fe re n ts :  Ascending

The m ajo rity  o f ascend ing  e f f e r e n t  p ro je c t io n s  from nucleus 

cuneifo rm is in  th e  c a t  a re  i p s i l a t e r a l  and form a d if fu s e  r a d ia t io n  in  

th e  tegmentum. M edially  th e  f ib e r s  form a more d i s t i n c t  bundle w ith in  

th e  c e n t r a l  g ra y . Ascending f ib e r s  te rm in a te  w ith in  th e  nucleus o f  th e  

p o s te r io r  commissure and th e  m edial p r e te c ta l  n u c leu s .

F ib e rs  a lso  in n e rv a te  th e  n u c le i  o f  th e  p o s te r io r  commissure on th e  

c o n t r a la t e r a l  s id e ,  th e  m ediodorsal nu c leu s  o f  th e  thalam us (MD), and 

th e  in tra la m in a r  n u c le i .  S p e c i f ic a l ly  th e  p a r a f a s c ic u la r l s  and th e  

c e n t r a l  d o rs a l re c e iv e  th e  h e a v ie s t amount o f  la b e l  (Edwards, 1975;
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Edwards e t .  a l . ,  1976). MD and ln tra la m ln a r  n u c le i a re  a lso  known to 

re c e iv e  p ro je c tio n s  from th e  f r o n ta l  c o rte x  In th e  reg io n  o f  th e  f r o n ta l  

eye f i e l d s  (DeVito and Smith, 1964; Kuypers and Lawrence, 1967; DeVito, 

1969; A struc , 1971; Orem and Schlag, 1971; Orem and Schlag , 1973; Kunzle 

and A kert, 1977; Kunzle, 1978; Hartman-vonMonakow, A kert and Kunzle, 

1979). These s t r u c tu re s  do no t p r o je c t  d i r e c t ly  to  th e  SC (Edwards, 

G insburgh, Henkel and S te in ,  1979).

There i s  a ls o  a v e n t r a l ly  lo c a ted  " d if fu s e "  r a d ia t io n  from th e  

n u c leu s  cuneifo rm is th a t  p a sse s  through th e  f ie ld s  o f  F o re l and sp reads 

in to  th e  zona ln c e r ta  to  te rm in a te  w ith in  th e  p o s te r io r  and l a t e r a l  

hypothalam us. A p o r tio n  o f th e se  v e n t ra l  f ib e r s  s e p a ra te  and course  

w ith in  th e  zona ln c e r ta  J u s t v e n t r a l  to  th e  v e n t ra l  b a sa l complex and 

p o s te r io r  n u c lea r  group o f  th e  thalam us to  te rm in a te  w ith in  both  th e  

s ta lk  and th e  cap o f LGNv which has been shown to  p r o je c t  to  SC (Edwards 

e t  a l . , 1979).

A ffe re n ts :

Whereas th e  e f f e r e n t  conn ec tio n s  o f  th e  MRF have been d e lin e a te d  to 

some e x te n t  using  th e  newest t r a c e r  te ch n iq u es  in  th e  c a t ,  th e  a f f e r e n t  

co n n ec tio n s  have n o t been sy s te m a tic a lly  s tu d ie d . Ascending in fo rm ation  

may a r i s e  from th e  p o n tin e  tegmentum. Using th e  G olgi techn ique i t  has 

been shown th a t  r e t i c u l a r  neurons in  th e  pons have b ifu r c a t in g  axons, 

one o f which descends cau d a lly  and a n o th e r which ascends and sp reads 

c o l l a t e r a l s  th roughout th e  m idbrain tegmentum (Ram&n y C a ja l, 1911;
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S cheibe l and S ch e ib e l, 1958). This pathway has been confirm ed more 

re c e n tly  using  ra d io a c tiv e  amino ac id  t r a c e r  te ch n iq u es . Follow ing 

in je c t io n s  o f  amino a c id s  in to  th e  periabducens reg io n  and s p e c if ic a l ly  

in the  PPRF, te rm in a l f ib e r  g ra in s  were found in  the  m idbrain tegmentum 

p rim a rily  i p s i l a t e r a l l y , lo ca ted  Ju s t v e n tra l  and m edial to  the 

parab lgem inal n ucleus (G ray b ie l, 1977). I t  has been re c e n tly  

dem onstrated th a t  axons from Type I I  p re p o s itu s  hy p o g lo ssi neurons can 

be a n tld ro m ic a lly  a c t iv a te d  by MRF s tim u la tio n  (Hikosaka and Igusa , 

1980).

At m esencephalic le v e ls  th e  major a f f e r e n t  pathway to  th e  MRF 

a r i s e s  from th e  deep la y e r  o f th e  s u p e r io r  c o l l ic u lu s  thus com pleting 

re c ip ro c a l  co n n ec tio n s  o f  th e  MRF w ith  th a t  s t r u c tu re  (Benevento and 

F a llo n , 1975; H artln g , 1977; Cohen, B uettner-E nnever, Waitzman and 

Bender, 1981). L i t t l e  i s  known o f th e  descending p ro je c tio n s  to  th e  MRF 

from d ie n c e p h a lic  le v e ls .  Neurons in  th e  in tra la m in a r  n u c le i  have been 

shown to  have b ifu r c a t in g  axons which go both r o s t r a l l y  and cau d a lly  

ex tending  to  th e  m idbrain tegmentum (S ch e ib e l and S ch e ib e l, 1967).

Axons from neurons in  th e  r e t i c u l a r  nucleus a re  known to  p ro je c t  

cau d a lly  b u t t h e i r  te rm in a tio n  s i t e  has n o t been p re c is e ly  determ ined. 

There a re  no known co n n ec tio n s  from e i th e r  th e  LGNd o r LGNv to  m idbrain 

tegmentum.

The f r o n ta l  and p a r i e t a l  c o r te x  a re  th e  two main c o r t i c a l  a re a s  

which supply a f f e r e n ts  to  th e  MRF (Kuypers and Lawrence, 1967; A struc, 

1971; Kunzle and A kert, 1977; K unzle, 1978). The f r o n ta l  lobe su p p lie s  

th e  more ven trom ed ia l p a r t s  and th e  p a r i e t a l  th e  d o r s o la te r a l  p o r tio n .
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The m ajo rity  o f p ro je c tio n s  from th e  f r o n ta l  c o rte x  to  th e  m idbrain 

tegmentum a r i s e  from Brodman a re a  6 e s p e c ia l ly  th e  r o s t r a l  and m edial 

p o r t io n s .  The te rm in a tio n  f ie ld  o f th e se  axons a re  w ith in  th e  v e n tra l  

m edial p o r tio n  o f  th e  MRF (P earce , 1960; Kunzle, 1978). The number of 

f ib e r s  a r i s in g  from th e  " f ro n ta l  eye f i e l d s , "  Brodman a re a  8 , o f th e  

f r o n ta l  c o r te x  a re  modest and th e  number v a r ie s  accord ing  to  the

techn ique used to  dem onstrate them, i . e .  d eg en era tio n  techn iques  show

more than th e  amino ac id  t r a c e r  tech n iq u es  (A struc , 1971; KUnzle and 

A kert, 1977; KUnzle, 1978; Hartman-von Monakow e t .  a l . , 1979). O ther 

major s u b c o r t ic a l  p ro je c tio n s  o f  th e  f r o n ta l  eye f i e ld s  a re  to  the  

su p e rio r  c o l l i c u lu s ,  m ed ia lis  d o r s a l i s  o f th e  thalam us and the 

in tra la m ln a r  n u c le i  (Kunzle and A kert, 1977; KUnzle, 1978).

SUMMARY OF LITERATURE REIVEV AND IMPLICATIONS

The g e n e ra tio n  and c o n tro l o f  v is u a l ly  induced eye movements in 

both c o r t i c a l  and s u b c o r tic a l a re a s  o f  th e  b ra in  have been review ed.

The p re c is e  mechanism fo r  th e  g e n e ra tio n  o f  th e se  rap id  eye movements is

s t i l l  u n c le a r . A c lu e  to  th e  fu n c tio n  o f  th e se  v a rio u s  a re a s  has been

provided by re c e n t a b la t io n  s tu d ie s .  C o ll ic u la r  le s io n s  must be p a ired  

with e i th e r  s t r i a t e  co rtex  le s io n s  ( S c h i l le r ,  S try k e r , Cyander, and 

Berman, 197^; Mohler and Wurtz, 1977; S c h i l l e r ,  1977) or w ith  f r o n ta l  

eye f i e ld  (FEF) le s io n s  to  produce a permanent d e f i c i t  in  v is u a l ly  

evoked eye movements ( S c h i l le r ,  True and Conway, 1979, 1980). This 

su g g ests  th a t  th e se  a re a s  may form independent p a r a l l e l  pathways fo r  th e
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c o n tro l o f  v is u a l ly  induced saccad ic  eye movements and must have access 

to  th e  prem otor a re a s  lo ca ted  in  th e  PPRF, p re p o s itu s  and periabducens 

re g io n s .

L esion and s tim u la tio n  s tu d ie s  suggest th a t  th e  MRP may be p a r t  o f 

th e  p a r a l l e l  pathway c a rry in g  in fo rm ation  from th e  co rtex  to  prem otor 

a re a s  in  th e  pons. Anatomic co n nec tions o f  th i s  reg ion  a re  a lso  

a p p ro p r ia te  fo r  i t s  p lay in g  an im portan t ro le  in  th e  p roduction  o f  rap id  

eye movements. As y e t ,  however, i t  is  no t known w hether u n i t  a c t iv i t y  

in  th e  MRF i s  a p p ro p ria te  fo r  p a r t i c ip a t in g  in  th e  g en e ra tio n  o f  rap id  

eye movements. In v e s t ig a tio n  o f  th i s  q u es tio n  was th e  g o a l o f  th i s  

stu d y .
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CHAPTER 2

METHODS:

I .  S u b je c ts :

The s u b je c ts  fo r  th i s  study were 2 fem ale rhesus monkeys (Macaca 

m u la tta ) ranging  in  w eight from 2 .5  to  3 .8  kg. The f i r s t  an im al, Monkey 

#997, was tr a in e d  and had 35 tra c k s  on th e  r ig h t  s id e  and 22 on th e  l e f t  

MRF. The second an im al, Monkey #996, was a lso  tr a in e d .  I t  had U9 

tra c k s  in  th e  r ig h t  MRF and 3 tra c k s  in  th e  l e f t  MRF. This work i s  

based on reco rd in g s  made from 53 neurons r e la te d  to  c o n t r a la t e r a l  eye 

movements.

I I .  S u rg ic a l P re p a ra tio n :

Animals were s u rg ic a l ly  p repared  fo r  s in g le  u n i t  reco rd in g  under 

Nembutal a n e s th e s ia .  The anim al was p laced  in to  a s te re o ta x ic  frame 

(Kopf) and bone was removed over th e  MRF (S n ider and Lee, 1961). A 

chamber fo r  m ic ro e lec tro d e  reco rd in g  (T ren t W ells) was t i l t e d  l a t e r a l l y  

15 deg o ff  th e  s te re o ta x ic  v e r t i c a l  so th a t  i t  was cen te red  over A3.0,

2 am l a t e r a l  and 13 on above the  ln t e r a u r a l  l i n e .  I t  was secured  w ith 

d e n ta l  a c r y l ic  cem ent. In  two anim als a second chan&er was im planted 

over th e  c o n t r a la t e r a l  MRF. EOG s i l v e r - s i l v e r  c h lo r id e  e le c tro d e s  fo r
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reco rd in g  h o r iz o n ta l and v e r t i c a l  EOG were p laced  in  the  bone a t  the  

l a t e r a l  c a n th i o f th e  eyes and above and below each eye (Bond and Ho, 

1970). Three b o l t s  were secured in  d e n ta l  a c ry l ic  fo r  r e s t r a in in g  the  

a n im a l's  head. P o s t-o p e ra tiv e ly  anim als were g iven a n t ib io t i c s  and 

a n a lg e s ic s  to  a l l e v ia t e  p a in .

I I I .  B ehav io ra l Paradigm:

Animals were tra in e d  in  a v is u a l  f ix a t io n /s a c c a d e  ta sk  as d escrib ed  

by Wurtz (1969). A schem atic r e p re s e n ta tio n  o f  th e  experim en ta l 

t r a in in g  se t-u p  i s  shown in  F igure  2 . At f i r s t  th e  anim al was tra in e d  

to  f ix a te  a sp o t o f  l i g h t  when i t  p ressed  a b a r  to  re c e iv e  a l iq u id  

rew ard. Animals were deprived  o f w ater fo r  24-36 hours p r io r  to  

tr a in in g  s e s s io n s  and hydrated  w ith  oranges du ring  p e r io d s  when no t 

t r a in in g .  A 90) confidence l im i t  was e s ta b l is h e d  a s  th e  le v e l  fo r  

" le a rn in g "  th e  ta sk  (number o f successes/num ber o f  t r i a l s ) .  The BOG was 

a ls o  used fo r  m onitoring  th e  a n im a l 's  p ro g re ss io n  in  t r a in in g .  F igure 

3A i s  an i l l u s t r a t i o n  o f  an u n tra in e d  anim al J u s t  le a rn in g  th e  ta sk . 

P e rio d s  o f  f ix a t io n  ocourred r a r e ly .  F ig . 3B i l l u s t r a t e s  an anim al who 

had acq u ired  th e  task  to  th e  90) le v e l .  The BOG was f l a t  du ring  the  

p e r io d s  when th e  ta rg e t  was on. Once th e  a n im a l's  behav io r was shaped 

i t  was t r a n s f e r r e d  to  a more ch a llen g in g  ta sk .

The " so p h is t ic a te d ” ta sk  re q u ire d  th e  anim al to  p re s s  a b a r  and 

f ix a te  a spo t o f  l i g h t  which appeared on a T.V. sc re e n . The sp o t was
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F ig . 2: T ra in in g  and reco rd ing  s e t-u p . Animal s i t s  on v e s t ib u la r
tu rn ta b le  under an o p to k in e tic  drum which can be lowered to  p rov ide  f u l l  
f i e l d  v is u a l  s t im u la t io n . Animal s i t s  fac in g  T.V. m onitor upon which 
sp o ts  o f l i g h t  a re  p resen ted  which a re  c o n tro l le d  by PDP8/E 
m inicom puter. Water i s  sup p lied  v ia  a sp ig o t and i s  c o n tro l le d  v ia  a 
so le n o id . Animal has one fo re llm b  f r e e  to  p re s s  on a b a r . EOG and u n i t  
s ig n a ls  a re  se n t to  a Honeywell 7600 fo r  reco rd in g  on analog ta p e .
N eural and EOG a m p lif ie r s  can r o ta te  w ith  anim al a llow ing  v e s t ib u la r  and 
OKN te s t in g  w hile observ ing  neurons.
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F ig . 3: Comparison o f  eye movements e a r ly  and la t e  In t r a in in g .  The
tra c e s  from top to  bottom , h o r iz o n ta l and v e r t i c a l  EOG, l ig h t  o n /o ff  
dim, and rew ard. In  p a r t  A, e a r ly  t r a in in g ,  no te  a few p e rio d s  o f 
f ix a t io n  during  th e  time th e  l i g h t  i s  on ( t r a c e  u p ) . In  p a r t  B, l a te  
t r a in in g ,  each time th e  l i g h t  i s  on th e re  i s  an a s so c ia te d  period  of 
f ix a t io n .  A ll p e r io d s  o f  f ix a t io n  a re  rew arded. C a lib ra tio n  o f  20 
degrees i s  fo r  both h o r iz o n ta l and v e r t i c a l  EOG.
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under computer co n ro l and a f t e r  a v a r ia b le  perio d  o f time (0 .5  sec to  6 

sec) the  spo t could Jump to  a new lo c a tio n  in e i th e r  th e  v e r t i c a l ,  

o b liq u e , or h o r iz o n ta l  d i r e c t io n s .  The anim al now had to  r e f ix a te  the  

spo t o f l ig h t  and w ait u n t i l  th e  spo t dimmed befo re  i t  re le a se d  the  b a r . 

The anim al had 500 msec a f t e r  the  l i g h t  dimmed to  re le a s e  th e  b a r, 

o therw ise  i t  rece iv ed  no rew ard. In  25% of th e  t r i a l s  th e  l i g h t  made a 

second Jump to  re tu rn  to  th e  o r ig in a l  p o s i t io n  on th e  sc reen . This type 

o f t r i a l  was necessary  to  in su re  th a t  th e  anim als would f ix a te  th e  spo t 

a t  the  p re lim in a ry  p o s i t io n .  (O therw ise they could choose to  f ix a te  

th e  spo t only a f t e r  i t  had Jumped). I f  th e  b a r  was re le a se d  p r io r  to  

th e  dimming o f th e  ta r g e t ,  anim als were n o t punished , bu t r a th e r  a "dead 

zone" in te r v a l  ( .7 5 -7 .3  secs) was i n i t i a t e d  during  which b a r p re s se s  d id  

n o t cause the  spo t to  reap p e a r. The anim als were rewarded fo r  each 

t r i a l  w ith  a drop o f w ater whose s iz e  could  be changed and w ith  a 1000 

Hz tone. The l a t t e r  was u s e fu l  in  a llow ing  th e  experim en ters  to  m onitor 

th e  p ro g ress  o f  th e  experim ent w ithou t w atching th e  sc reen . On a number 

o f o ccass io n s th e  tone was tu rned  o f f  to  in su re  th a t  th e re  was no 

r e la t io n s h ip  o f u n i t  a c t iv i t y  to  i t .  Three s p e c if ic  types o f  eye 

movements were g en era ted  during  th e se  experim en ts.

The f i r s t  i s  a saccade made to  fo v ea te  th e  ta rg e t  a f t e r  i t  had 

u n p red ic tab ly  changed p o s i t io n .  This eye movement i s  c a l le d  a 

v isu a lly -g u id e d  saccade (W urtz, 1969).

D is t in c t  from paradigm s used by o th e rs ,  th e  t r i a l  in  th i s  s e t  o f 

experim ents was no t ab o rted  i f  th e  anim al broke f ix a t io n  to  look away 

from th e  ta r g e t .  Normally th e  anim al would execute a second saccade



back onto ta rg e t  from 60 to  400 msec a f t e r  the  i n i t i a l  break in 

f ix a t io n .  This sequence o f movements is  termed an o f f -  and o n - ta rg e t  

saccade re s p e c t iv e ly .  O ccasiona lly  th e  v is u a l  cue moved b e fo re  the 

anim al had had an o p p o rtu n ity  to  look back a t  th e  ta r g e t .  In  th is  

in s ta n c e  th e  am plitude and d ir e c t io n  o f th e  r e tu rn  (o n - ta rg e t)  saccade 

were e x a c tly  th a t  needed to  d i r e c t  th e  eye to  th e  form er lo c a tio n  o f  th e  

ta r g e t .  I t  then made a v isu a lly -g u id e d  saccade to  th e  new ta r g e t  

lo c a tio n .

IV. E xperim ental C ond itions:

a .  S in g le -u n it  reco rd ing  s e t-u p :

The tra in e d  anim al s a t  on v e s t ib u la r  p la tfo rm  fac in g  a 23" T.V. 

screen  (P ig . 2 ) . A bar was f ix ed  fo r  easy  access  by the r ig h t  fo re lim b . 

The rem aining 3 e x tre m it ie s  were lo o se ly  r e s t r a in e d .  A so len o id  

c o n tro l le d  l iq u id  d e liv e ry  system  (BRS/LVE) was mounted on th e  c h a ir  and 

a tube w ith a sm all s p ig o t was p o s itio n e d  n ear th e  an im a l's  mouth. The 

nylon p lug  in  th e  reco rd in g  chamber was removed u n d e r  s t e r i l e  

c o n d itio n s , and an X-Y m ic ro p o s itio n e r  (T ren t-W ells) was in s e r te d .

A fte r  th e  a p p ro p ria te  c o o rd in a te s  fo r  reach in g  th e  MRF had been s e le c te d  

a cannula (67 to  71 mm) and m ic ro e le c tro d e  a t ta c h e d  to  a h y d rau lic  

m icrod rive  assembly (T ren t-W ells) were then p laced  in to  the b ra in  and 

f ix e d  to  th e  m ic ro p o s itio n e r . The v e s t ib u la r  tu r n ta b le  was s i tu a te d  

underneath  an o p to k in e tic  drum which could be low ered over th e  anim al to
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prov ide f u l l  f ie ld  v is u a l  s t im u la tio n  (F ig . 2 ) . H o rizo n ta l and v e r t i c a l  

EOG's were am p lified  and d isp lay ed  on o s c il lo s c o p e s  showing both  X-Y 

p o s it io n  o f  th e  eyes a s  w ell a s  eye p o s it io n  v s . tim e. U nit a c t iv i t y  

was am p lified  by a s in g le -en d ed  h igh  in p u t impedance a m p lif ie r  (gain  

X1000) and d isp lay ed  a s  e i t h e r  sp ik e  a c t iv i t y  in  time o r a s  

in s ta n ta n e o u s  frequency on a s to ra g e  o s c il lo s c o p e . O p to k in e tic  drum and 

tu rn ta b le  v e lo c i t i e s  could be c o n tro l le d  Independently . A ll s ig n a ls  

p lu s  th e  time code were fed to  a Honeywell 7600 tape  reco rd e r  and s to red  

on 1" FM m agnetic tape  fo r  o f f - l i n e  a n a ly s is .  When the  b a r was p ressed , 

a sp o t o f  l i g h t  (5 m inutes o f  a rc )  c o n tro lle d  by an o n - lin e  PDP8/E 

la b o ra to ry  computer (D ig i ta l  Equipment C orporation) appeared on the 

sc reen . The sp o t s iz e  could be changed to  a la rg e r  s iz e  (30 m inutes o f 

a rc )  in  o rd e r  to  re la x  th e  a t te n t io n  c r i t e r i a  fo r  d e te c tin g  th e  dimming 

o f th e  f ix a t io n  sp o t. The com puter su p p lied  a modem (300 Hz) s ig n a l 

which was reco rded  on analog  ta p e . When th e re  were changes in  ta rg e t  

p o s i t io n ,  bar p re s s in g , t a r g e t  Jumping, o r o th e r  param eters  o f  th e  ta sk  

th e  com puter p u t o u t a c h a ra c te r  to  d e s ig n a te  th i s  even t on th e  modem 

l in e ,  thus a llow ing  th e  e n t i r e  experim ent to  be re c re a te d  a f te rw a rd s , 

o f f - l i n e .  The computer a ls o  sup p lied  a DC v o lta g e  o u tp u t in d ic a tin g  

o n se t, dimming and o f f s e t  o f  th e  l i g h t .  T his enabled th e  experim enter 

to  d isp la y  and t r ig g e r  a s to ra g e  o sc il lo s c o p e  du ring  any t r i a l  o f  

i n t e r e s t .  When a u n i t  was acq u ired  th e  analog tape  re c o rd e r was s ta r te d  

and th e  u n i t  a c t i v i t y  and EOG's a s  w ell a s  th e  modem s ig n a l  were s to red  

fo r  l a t e r  o f f - l i n e  a n a ly s is .  The v is u a l  re sp o n siv en ess  o f  th e  c e l l s  was 

te s te d  using  a hand held  p ro je c to r .  While th e  anim al was f ix a t in g  the
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ta rg e t  the  l i g h t  would be moved over each o f th e  fo u r q u ad ran ts  o f  th e  

f ie ld  o f v is io n .  C e lls  were no t fo rm ally  te s te d  fo r  the  e x te n t o f  

v is u a l  f i e l d s  using  t e s t  s tim u li o f  s p e c if ic  s iz e ,  shape o r c o lo r .

T es ts  were made fo r  a s s o c ia t io n  o f  u n i t  f i r i n g  w ith o cu la r  p u rs u it  using 

a p ie ce  o f app le  o r banana, w ith convergence, and w ith OKN, and 

o p to k in e tic  a fte r-n y stag m u s (OKAN). F ir in g  was te s te d  in l i g h t  and dark . 

V e s tib u la r  s tim u la tio n  was induced using  e i th e r  pendu lar r o ta t io n  o r 

s te p s  in  the  v e lo c ity  o f th e  p la tfo rm . T rained anim als became v is ib ly

angry i f  they were unable to  b a r p re s s  and work fo r  w ater. Thus OKN and

v e s t ib u la r  te s t in g  were u su a lly  rese rv ed  fo r  u n i t s  ob ta ined  a t  th e  end 

o f a reco rd ing  s e s s io n .

b. S tim u la tio n  Set-U p:

During s tim u la tio n /re c o rd in g  experim ents, u n i t  reco rd in g s  were done 

f i r s t .  The tun g sten  m ic ro e le c tro d e  was l e f t  in  p la c e  and connec tions 

sw itched to  a WPI S tim u la to r . Ten to  13 p u lse s  o f  0 .5  msec d u ra tio n  a t  

a frequency o f 333 Hz were passed every 0 .25 mm along th e  tra c k .

C urren ts  were c o n s ta n t and ranged from 20 to  40 uA. The depth o f th e

m icro e lec tro d e  and th e  r e s u l t s  o f  s t im u la t io n  were no ted .

c . O ff lin e  a n a ly s is

For o f f - l in e  a n a ly s is  the  d a ta  recorded during  th e  experim ent was 

used to  c re a te  a paper re c o rd . H o rizo n ta l and v e r t i c a l  eye p o s i t io n ,



ta rg e t  p o s i t io n ,  rew ard, and frequency o f f i r i n g  were w r itte n  ou t on a 

Beckman type R Dynograph (F ig . 4 ). The ta rg e t  p o s it io n  and reward were 

re c re a te d  by computer in te r p r e ta t io n  o f th e  modem s ig n a l .  The frequency 

o f f i r i n g  was "smoothed" using  a hy p erb o lic  approxim ation method 

implemented on th e  com puter. The paper reco rd  was then used to  decide 

which p o r tio n s  o f  th e  record  should be d ig i t iz e d  fo r  fu r th e r  a n a ly s is .

A d a ta  program was used fo r  d ig i t i z in g  analog da ta  a t  a sanp ling  

r a te  o f 1.6 msec. Unit a c t i v i t y  wa3 d ig i t iz e d  by feed ing  i t  to  a *■ .

w indow/pulse h e ig h t d is c r im in a to r  which p u t ou t an accep tance p u lse  to  

th e  com puter when a sp ik e  met s p e c if ic  c r i t e r i a  in  time and am plitude 

(Bak and Schmidt, 1977). S im ultaneously  h o r iz o n ta l and v e r t i c a l  EOGs 

were sampled using  a 10 b i t  Analog to  D ig ita l  c o n v e rte r . Modem a c t iv i t y  

was m onitored fo r  any changes in  th e  paradigm  du ring  th e  c u r re n t  

sampling in t e r v a l .  Segments o f  d a ta  3.1 m inutes long could be d ig i t iz e d  

a t  one tim e. The r e s u l t a n t  d i g i t a l  ta p e s  were t r a n s fe r re d  to  a h igh 

speed d isk  fo r  f u r th e r  a n a ly s is  in  th e  com puter.

V. Recording Methods:

a . EOG and c a l ib r a t io n

The e le c tro -o c u lo g ra p o  (EOG) was used to  m onitor th e  p o s i t io n  o f 

th e  eyes in  th e  o r b i t .  The h o r iz o n ta l  EOG was d eriv ed  b item p o ra lly  by 

reco rd ing  th e  p o te n t ia l  d if fe re n c e  between th e  two l a t e r a l  c a n th i 

e le c tro d e s .  To o b ta in  v e r t i c a l  eye p o s it io n  th e  two s u p ra o rb ita l
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F ig . 4: O ff lin e  a n a ly s is  o f  u n it  a c t i v i t y .  T races a re  from top to
bottom : L igh t o n /o ff/d im /rew ard , X t a r g e t  p o s i t io n ,  Y ta rg e t  p o s it io n ,
frequency , h o r iz o n ta l  and v e r t i c a l  EOG. The f ig u re  dem onstrates 
a c t i v i t y  from u n i t  051079-6 which f i r e d  w ith a l l  c o n t r a la t e r a l  ( l e f t )  
saccades. F ir in g  was much h ig h e r p r io r  to  ta rg e te d  saccades o r  v is u a l ly  
guided sacccdes. Note th a t  la ten cy  and peak f i r i n g  were s im ila r  fo r  
th ese  two ty p es  o f  sacca d es . V isu a lly  guided saccades to  th e  l e f t  and 
to  th e  r ig h t  a re  in d ic a te d  by arrow s.
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e le c tro d e s  and th e  two in f r a o r b i t a l  e le c tro d e s  were t ie d  to g e th e r . The 

v e r t i c a l  s ig n a l  was th e  p o te n t ia l  d if fe re n c e  between these  two p a i r s  o f 

e le c tro d e s .  By convention  upward pen d e f le c t io n  in d ic a te s  righ tw ard  and 

upward eye movements.

The tra in e d  anim al f ix a te d  sp o ts  o f  l i g h t  o f  known se p a ra tio n  on 

the  T.V. sc re e n . The d if fe re n c e  in  th e  EOG reco rd  a t  each p o s it io n  o f 

f ix a t io n  provided  a v o lta g e  change p ro p o r tio n a l to  th e  angle  ( in  

d eg rees) th e  eye had moved in  th e  o r b i t .  The s p e c if ic  r e la t io n s h ip  

between deg rees  o f eye movement and EOG v o lta g e  change was c a lc u la te d  by 

th e  com puter fo r  each segment o f  recorded  d a ta .  A ty p ic a l  example i s  

shown in  F ig . 5. The l i n e a r i t y  o f th e  EOG over +12 degrees is  

confirm ed by th i s  g raph . The s lo p e  o f th e  l in e  o f  b e s t  f i t  through 

these  d a ta  p o in ts  p rovided  th e  conversion  f a c to r  from th e  A to  D 

c o n v e r te r  v o lta g e  to  d eg rees  o f  eye movement. The c a l ib r a t io n  allow ed 

an e s tim a te  o f  eye p o s i t io n  to  w ith in  ±1 degree o f th e  tru e  p o s i t io n .

b. S in g le -u n i t  reco rd in g :

Chronic s in g le -u n i t  e x t r a c e l lu la r  reco rd in g s  were made using  

tu n g sten  m etal m ic ro e le c tro d e s  o f  13-20 Megohms impedance (F . H aer). 

E le c tro d e s  were in troduced  in to  th e  b ra in  through a s ta in le s s  s t e e l  

cannula 67 to  71 mm in  len g th  (21 gauge O .D .). The m ic ro e le c tro d es  were 

advanced in to  th e  b ra in  u sing  a h y d rau lic  m icrodrive  (T ren t-W ells) 

c a l ib r a te d  in  m icrons. C r i t e r ia  e s ta b l is h e d  by p rev io u s in v e s t ig a to rs  

were follow ed fo r  s e p a ra tin g  reco rd in g s  o f  neurons o r  n e u ra l p ro cesse s



F ig . 5: EOG c a l ib r a t io n ,  Monkey #997. A bscissa i s  t a r g e t  p o s it io n  in
d eg rees , and o rd in a te  i s  eye p o s i t io n  in m i l l iv o l t s .  Zero m i l l iv o l t s  is  
a t  th e  m idpoint o f  th e  o rd in a te .  For each segment o f  d a ta  which was 
d ig i t iz e d  th e  EOG was c a l ib r a te d .  P o s it io n s  o f  f ix a t io n  were found by 
th e  co n p u te r. Eye p o s it io n  was then  p lo t te d  v s . ta rg e t  p o s it io n  du ring  
th e  time o f f ix a t io n  by a FOCAL program. A, p lo t  fo r  th e  h o r iz o n ta l  and 
B, fo r  th e  v e r t i c a l  EOG. The s lo p e  o f a l in e  o f  b e s t f i t  was then  useu 
to  c a lc u la te  am plitude in  d eg rees fo r  th e  q u a n t i ta t iv e  a n a ly s is .
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from axons ( F a t t ,  1957; Bishop, Burke and D avis, 1962). F i r s t ,  the 

a c t iv i t y  o f a "supposed" s in g le  c e l l  could be monitored over se v e ra l 

hundred m icrons. Second, the  c e l l  d isch arg ed  w ith a n eg a tiv e  p o te n t ia l  

and i f  th e  e le c tro d e  was c lo se  to  th e  soma, th i s  p o te n t ia l  was made up 

of two p a r ts  sep a ra ted  by an in f l e c t io n ,  th e  "A-B" b reak . The f i r s t  

component o f  th e  n e g a tiv e  p o te n t ia l  recorded  e x t r a c e l lu la r ly  is  derived  

from th e  c e l l  body w hile the  second component i s  th e  r e s u l t  o f  d e n d r i t ic  

d isch a rg e  ( F a t t ,  1957). Axons, on th e  o th e r  hand, norm ally d ischarge  

w ith a la rg e  p o s i t iv e  p o te n t ia l  sometimes follow ed by a sm alle r n eg a tiv e  

change. The i n i t i a l  p o s i t iv e  p o te n t ia l  i s  c h a ra c te r iz e d  by a smooth 

unbroken t r a n s i t io n  to  maximum am plitude . C r i te r ia  to  d is t in g u is h  one 

c e l l  from s e v e ra l  u t i l i z e d  th e  measurement o f  th e  re f ra c to ry  p e rio d . A 

s to ra g e  o sc il lo sc o p e  (T ek tron ix  564) was s e t  to  t r ig g e r  on th e  r is in g  

edge o f th e  n e g a tiv e  p o te n t ia l .  Many sweeps were superim posed and th e  

time between th e  sp ik e  th a t  tr ig g e re d  th e  scope and th e  n ex t sp ike was 

measured. S in g le  c e l l  d isc h a rg e s  should  be sep a ra ted  by a t  l e a s t  .8 

msec.

VI. A nalysis o f  D ata:

a .  Data Format

Data was d ig i t iz e d  from analog  m agnetic ta p es  and s to red  on d i g i t a l  

m agnetic ta p e . The e s s e n t i a l  ta sk s  o f  th e  d a ta  program a re  shown in
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flow ch art form at in  F ig . 6 . The program acq u ired  d a ta  in  re a l- t im e .

The form at used fo r  the  a n a ly s is  u t i l i z e d  fo u r words o f tap e  s to ra g e  fo r  

each 1.6 msec sampling in te r v a l .  The fo u r words in  the  recorded o rd er 

a re  10 b i t s  o f h o r iz o n ta l  and v e r t i c a l  EOG in fo rm atio n , 11 b i t s  o f 

tim ing in fo rm ation  and 8 b i t s  o f modem in fo rm atio n . The coopu ter c lock  

p laced  th e  occurrence o f th e  u n i t  f i r i n g  to  w ith in  100 m icrosec in  the  

p rev io u s  1.6 msec in te r v a l .  Thus, d is ta n c e  along th e  tape had a d i r e c t  

r e la t io n s h ip  to  time in to  th e  reco rd .

b. F u rth e r  P rocessing  A fte r Data A c q u is itio n

Once th e  3*1 m inutes segment o f d a ta  was d ig i t iz e d ,  th e  tap es  were 

then t r a n s fe r re d  to  th e  d isk  where f a s t e r  p ro cess in g  o f th e  eye 

movements took p la e e . The eye movements were d e te c te d  and "marked" 

au to m a tic a lly  to  a 95% accuracy  using  a second program c a l le d  FIND. A 

flo w ch art in d ic a tin g  th e  b a s ic  ta sk s  o f  th e  FIND program i s  shown in  

F ig . 7 . Once th e  eye movements were marked some c o r re c t io n s  were 

norm ally needed. Such changes were accom plished u sing  a v a r ie ty  of 

d isp lay /m od ify  programs which allow ed th e  d a ta  to  be d isp lay ed  on a T.V. 

m onitor o r to  be w r it te n  ou t on a pen w r i te r .  This allow ed d e c is io n s  to  

be made concern ing  th e  p e rio d  o f i n t e r e s t  fo r  exam ining sp ik e  a c t i v i t y .  

I t  could answer such q u e s tio n s  a s :  what would be an a p p ro p r ia te  in te r v a l  

f o r  coun ting  th e  number o f  sp ik e s  in  r e la t io n s h ip  to  th e  eye movements?

Once th ese  v a r io u s  housekeeping ta sk s  were accom plished th i s  la rg e  

segment o f  d a ta  was compressed to  manageable system f i l e s .  The GRIND



P ig . 6: DATA Program F low chart. T his assembly language program sam ples
eye p o s it io n  every 1.6 msec. During th i s  perio d  th e  occurrence o f  sp ik e  
Is  In d ica ted  by a Schm itt t r ig g e r  which in te r r u p ts  th e  program long 
enough to  reco rd  th e  time In th e  in t e r v a l  when th e  sp ik e  o ccu rred .
Modem a c t iv i t y  can a lso  cause a program in te r r u p t  and th e  c h a ra c te r  i s  
p laced  in  th e  c u r re n t  4 word b lo ck . The program was capab le  o f 
d ig i t i z in g  sp ik e  f re q u e n c ie s  to  a maximum o f  650 Hz. For neurons w ith 
h ig h e r sp ik e  f re q u e n c ie s  th e  analog  tap e  was p layed  back a t  h a lf- s p e e d . 
L e ft s id e  o f  c h a r t  shows in p u ts  from analog  ta p e . O utput i s  3*1 m inutes 
o f  d i g i t a l  DECtape.
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F ig . 7: FIND Program F low chart. The FIND program lo c a te s  eye movements
using  a median tech n iq u e . Using DECtape th e  H and V EOG a re  examined 
fo r  changes from f ix a t io n .  S p e c if ic  param eters  in  the  program s e t  th e  
s e n s i t i v i ty  fo r  eye movement sea rch . When a beginning  o f eye movement 
i s  found, i t  i s  "marked” by tu rn in g  on th e  h igh  o rd e r b i t  o f  th e  H EOG 
word. The program then  sea rch es  fo r  an end. This i s  marked in th e  h igh  
o rd e r b i t  o f  th e  V EOG word. Spike o ccu rrences have a lread y  been 
in d ic a te d  by tu rn in g  on th e  h igh  o rd e r b i t  o f  th e  sp ik e  time word.
B links a re  a lso  recognized  by th e  program and a re  marked by tu rn in g  on 
th e  n ex t to  h igh  o rd e r b i t  o f  th e  H EOG word.
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program was used to  e x t r a c t  th e  re le v a n t sp ik e  to  eye movement 

r e la t io n s h ip s  a s  w ell a s  th e  v a rio u s  eye movement p aram eters . This 

p ro cess  d estroyed  th e  o n e-to -one  correspondence between d is ta n c e  along 

the tape  and tim e. R ather, a l l  time re la t io n s h ip s  were o r ie n te d  towards 

th e  eye movement. A flo w ch art In d ic a tin g  th e  v a r io u s  ta sk s  o f  th e  GRIND 

program is  shown in  F ig . 8 . The com pression o f  th e  d a ta  in to  these  

"g rind" f i l e s  allow ed a h ig h e r le v e l language (FOCAL) to  m anipulate the

d a ta . A ty p ic a l  GRIND f i l e  i s  shown in  F ig . 9 . GRIND f i l e s  can be

s to red  fo r  many 3*1 minute segments o f  d a ta  so th a t  more than one 

segment can be u t i l i z e d  fo r  a n a ly s is .  Many FOCAL programs have been 

w r itte n  to  c o r r e la te  the  d a ta  and to graph v a rio u s  p o ss ib le  

r e la t io n s h ip s .  One sample program i s  shown in  F ig . 10 which p lo t te d  the  

r a s t e r s  and h istogram s in  th e  fo llow ing  f ig u re s .  FOCAL programs were 

used to  b in  th e  a c t iv i t y  p reced ing  eye movements o f  a p a r t i c u la r  s iz e  or 

o th e r  c h a r a c te r i s t i c s .  This allow ed th e  c o n s tru c tio n  o f  h istogram s o f

sp ik e  a c t iv i t y  and allow ed the  measurement o f  la ten cy  between sp ik e

a c t iv i t y  and eye movements.



F ig . 8: GRIND Program F low chart. Thla program condenses marked eye
movement d a ta  In to  a f i l e  o f  numbers which can be read by a h ig h e r o rd e r 
language l ik e  FOCAL. The program i s  designed  to  c a lc u la te  an a b so lu te  
time sc a le  fo r  a l l  ev e n ts  in c lu d in g  sp ik e s , eye movements and ta sk  
param eters (modem). The eye movement o r ie n te d  GRIND program which i s  
ch a rted  here f in d s  th e  beginn ing  and end o f an eye movement, c a lc u la te s  
th e  d u ra tio n  o f  th e  saccade, w hether th e  eye movement i s  a b l in k , and 
th e  s p e c if ic  c h a r a c te r i s t i c s  o f  th e  n e u ra l b u r s t .  The r e s u l t s  o f  th ese  
c a lc u la t io n s  a re  s to re d  in  decim al on a d isk  f i l e  which i s  com patib le 
w ith th e  m onitor ( th e  o p e ra tin g  system ) and o th e r  h ig h e r le v e l  languages 
l ik e  FOCAL. T his d isk  f i l e  can then  be accessed  by FOCAL to  c a lc u la te  
v a r io u s  r e la t io n s h ip s  between n eu ra l f i r i n g  and saccades.
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F ig . 9: GRIND F i le .  P r in to u t  th a t  I l l u s t r a t e s  th e  types o f  in fo rm atio n
produced by th e  o u tp u t o f  th e  GRIND program. Each group o f 3 l in e s  show 
param eters o f  eye movement and u n i t  d a ta  r e la te d  to one eye movement. 
A fte r  th e  l in e  number, th e  f i r s t  fo u r numbers re p re s e n t  th e  beginning 
(h o r iz o n ta l  and v e r t i c a l ) ,  and ending (h o r iz o n ta l  and v e r t i c a l )  eye 
p o s it io n s  fo r  the  movement under c o n s id e ra tio n . The nex t number 
in d ic a te s  th e  d u ra tio n  o f th e  eye movement in  m illise c o n d s . The l a s t  
number on th e  f i r s t  l i n e  in d ic a te s  w hether th e re  was a b lin k  a s so c ia te d  
with th e  movement. On th e  n ex t l in e ,  th e  f iv e  numbers show, in  o rd e r, 
th e  param eters  o f  th e  b u rs t  a s s o c ia te d  w ith th e  p rev io u s  pause (d u ra tio n  
and number o f s p ik e s ) ,  and th e  param eters  o f  th e  b u rs t  r e la te d  to  the  
eye movement (d u ra tio n , number o f sp ik e s , and tim e from th e  f i r s t  sp ike  
o f th e  b u rs t  to  th e  beginning  o f th e  eye movement r e s p e c t iv e ly ) .  The 
th ird  l in e  has p aram eters  o f  th e  paradigm  In c lu d in g  ta rg e t  p o s i t io n ,  
Jumped lo c a tio n , and l i g h t  o n /o f f  o r dim.



57

UA

i e e 98 -  71 1 - 9  1 2 3 . 4 129 . 6 0
1 12 1 6 . 6 < 4 3 .  3 8 1 2 . 6
120 - 1 0 0 0 0 0 0
130 10 - 7 9 1 17 - 43 5 1 . 2 4 0 4 . 3 0
140 2 8 8 . 5 32 0 1 -  1 5 . 8
150 79 -  1 -  1 -  1 ' -  1 0 0
160 1 1 7 - 4 5 1 4 - 77 4 1 . 6 1 0 8 . 8 0
I 70 0 0 6 0 . 8 16 2 4 .  4
180 79 -  1 -  1 - 1 -  1 0 0
190 1 1 -  78 9 8 8 1 4 8 . 0 489 . 6 0
20 0 3 7 0 .  3 43 3 1 . 1 3 -  1 0 . 9
2 1 0 79 -  1 -  1 -  1 -  1 0 0
220 96 57 20 - 6 4 4 3 . 2 1 8 0 . 8 0
23 0 61 . 9 1 1 6 1 . 4 14 2 0 .  5
26 0 79 -  1 -  1 - 1 -  1 0 0
250 7 - 7 4 166 8 1 1 4 4 .  0 3 5 2 . 0 1
260 2 2 7 . 9 2 4 40 . 1 8 - 9 9 . 0
27 0 192 -  1 -  1 -  1 -  1 a 0
28 0 163 72 6 3 - 4 1 46 • 4 9 6 .  0 0
290 e 0 6 2 . 4 9 2 6 . 9
300 192 -  1 -  1 - l -  1 0 0
310 58 - 4 3 1 7 - 73 2 5 . 6 1 4 2 .  4 0
32 0 2 6 . 6 6 4 2 .  7 1 3 2 6 . 0
33 0 192 -  1 -  1 - 1 -  1 0 0
360 13 -  77 1 1 7 49 4 6 .  4 3 4 0 . 8 e
35 0 2 1 5 .  1 36 6 0 . 4 5 2 6 .  5
360 192 -  1 -  1 - 1 -  1 0 a
370 120 39 14 - 8  I 4 3 . 2 1 1 0 . 4 0
38 0 0 1 6 5 .  1 12 2 8 . 2
390 192 -  1 -  1 -  1 -  1 0 0
600 10 - 8 3 8 5 39 4 4 . 8 4 2 4 . 0 0
61 0 3 0 1 . 9 51 3 9 . 6 4 2 5 . 2
620 131 -  1 -  1 -  1 -  1 0 0
630 69 40 120 96 3 5 . 2 1 5 9 3 . 6 0
66 0 1 6 2 6 . 6 42 0 0 3 2 . 0
65 0 131 -  1 -  1 -  1 -  1 0 0
660 126 9 2 6 3 0 4 0 . 0 6 2 .  4 0
670 0 0 6 1 . 4 12 3 1 . 6
6 80 131 -  1 -  1 -  1 - 1 0 0
490 3 6 10 1 1 1 - 3 6 3 2 . 0 4 2 2 .  4 0
5 0 0 2 3 8 . 9 26 1 1 . 6 4 6 . 5
510 131 -  1 -  1 -  1 -  1 0 0
520 1 15 - 2 4 2 2 4 9 1 6 0 . 8 2 0 6 .  4 0
5 3 0 9 2 .  7 1 1 0 0 3 2 . 0
5 6 0 131 -  1 -  1 -  1 -  1 0 0
550 2 3 2 8 4 1 54 47 3 5 . 2 17 1 . 2 0
560 3 3 . 6 4 5 4 . 3 13 2 5 . 9
5 7 0 131 -  1 -  1 -  1 -  1 0 0
580 150 45 1 I S - 7 3 2 . 0 1 6 4 . 3 0
590 4 9 . 2 6 5 3 .  1 9 3 1 . 7
6C0 131 -  1 -  1 -  1 -  1 0 0
610 104 - 2 103 -  2 43* 2 7 5 6 . 8 0
6 2 0 6 0 6 . 6 31 0 I 2 9 .  7
630 131 -  1 -  1 -  1 -  t 0 0
662 1 18 9 47 - 8 7 5 2 . 8 4 3 8 . 4 0



56

F ig . 10: FOCAL Histogram Program. T his program was designed to  p r in t
ou t th e  r a s t e r s  o f n eu ra l a c t i v i t y  and to  c o n s tru c t  h is to g ram s. The 
n e u ra l a c t iv ty  has been s to re d  on th e  d isk  by th e  GRIND program. The 
FOCAL program read s  th e  g rin d  f i l e  and a c c e p ts  only th e  kind o f eye 
movement which is  d e s ire d . In  th i s  case  th e  program i s  s e t  to  d isp la y  
v is u a l ly  guided movements (HI param eter equal to  1 ). Once a d e s ired  eye 
movement i s  found the  program d is p la y s  th e  r a s t e r  on a s to ra g e  
o sc il lo sc o p e  and b in s  th e  a c t iv i t y  fo r  th e  ev en tu a l p ro d u c tio n  o f  a 
h is tog ram . A fte r  30 movement r a s t e r s  have been d isp la y e d , an 
a p p ro p r ia te ly  scaled  h istog ram  i s  c a lc u la te d  and d isp la y e d . The program 
h a l t s ,  w a its  fo r  a p ic tu re  o f  th e  s to ra g e  scope sc reen fac e  to  be taken 
and w il l  then co n tin u e  to  d isp la y  fu r th e r  s e ts  o f  u n i t  a c t i v i t y .  The 
program can be e a s i ly  m odified to  d isp la y  r e la t io n s h ip  to  o n se t o r jump 
of ta r g e t  in s te a d  of o n se t o f  movement.
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CHAPTER 3

RESULTS 

DATA BASE

S in g le  neuron e x t r a c e l lu la r  reco rd in g s  were o b ta ined  from 254 

neurons in th e  b ra in stem  o f two rh esu s  monkeys. E ig h ty -e ig h t (88) o f 

th e se  c e l l s  were lo ca ted  in the  MRF using  e i th e r  h is to lo g ic  and /o r 

e l e c t r i c a l  s t im u la tio n  te ch n iq u es .

In  monkey M997 a t o t a l  sample o f 39 neurons were lo c a ted  in  the 

MRF. Twenty-seven had a b u rs t  o f  a c t i v i t y  which preceded a l l  

c o n t r a la t e r a l  eye movements. Three MRF neurons were r e la te d  to  eye 

movements in  a l l  d i r e c t io n s .  S ix neurons were r e la te d  to  th e  b eh av io ra l 

ta sk , e i th e r  by in c re a s in g  th e i r  f i r i n g  r a te  du ring  f ix a t io n  o f  th e  

ta r g e t  (3 c e l l s ) ,  by con tinu ing  to  f i r e  whenever th e  b a r  was depressed  

(2 c e l l s  r e la te d  to  a t t e n t io n ) ,  o r by in c re a s in g  th e i r  f i r i n g  r a te  Ju s t 

p r io r  to  th e  dimming o f th e  ta rg e t  (1 n eu ro n ). One MRF neuron in  th i s  

anim al had a b u rs t  o f  f i r i n g  which preceded a l l  i p s l l a t e r a l  saccad es.

In  monkey M996 49 MRF neurons were i s o la te d .  Tw enty-six had b u rs ts  

o f  a c t i v i t y  which preceded a l l  c o n t r a la t e r a l  saccad es. In  th i s  anim al 

e l e c t r i c a l  m ic ro s tim u la tio n  a t  th e  same locus where th e  c e l l  was found 

produced a c o n t r a la t e r a l  saccad ic  eye movement. Combined s tim u la tio n  

and reco rd ing  experim ents were undertaken  to  dem onstrate th e
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r e l a t io n s h ip  between neuron lo c a t io n  in the  MRF and p re fe r r e d  saccade 

s iz e ,  and between e le c t ro d e  depth ard the s iz e  o f  saccade produced by 

m ic ro s tim u la tio n .  The s i z e  of the  e l i c i t e d  saccade corresponded c lo se ly  

to  th a t  which occurred when the c e l l  f i r e d  with e a r l i e s t  la tency  and 

h ig h e s t  peak frequency. Six neurons inc reased  t h e i r  f i r i n g  during 

f ix a t io n  o f  the  t a r g e t .  Twelve neurons had a n o n sp ec if ic  r e la t io n s h ip  

to  eye movements, sometimes f i r i n g  befo re  c o n t r a l a t e r a l  eye movements, 

bu t a t  o th e r  times n o t .  Other n o n sp ec if ic  neurons (n s 1!) were in h ib i te d  

p r io r  to  c o n t r a l a t e r a l  saccades.  Four neurons had a g e n e ra l ly  enhanced 

le v e l  o f  a c t i v i t y  during  the time the  paradigm was performed. One 

neuron appeared to be r e la te d  to the  ambient l i g h t  l e v e l  in  th e  room.

One neuron appeared to  be r e la te d  to  p u r s u i t  o f  t a r g e t s  ( e . g . ,  f i r i n g  

while the  animal pursued the i n v e s t i g a t o r ' s  f in g e r ,  or a p iece  of 

a p p l e ) .

Other neurons in  the  sample were recorded from o th e r  lo c a t io n s  in 

the  b ra ins tem . There were 38 neurons in  the  p re tectum  o r  p u lv in a r ,  27 

neurons in  the  s u p e r io r  c o l l i c u l u s  and 12 c e l l s  in  the  oculomotor 

n uc leus .  Neurons which comprise the  remainder o f  th e  sample were in  

o th e r  more d i s t a n t  reg io n s  o f  th e  bra ins tem .

The r e s u l t s  p resen ted  below a re  based on the  t o t a l  o f  53 MRF 

neurons in the  two anim als which had b u r s t s  o f  a c t i v i t y  th a t  preceded 

c o n t r a l a t e r a l  eye movements. Background a c t i v i t y  v a r ie d  in these  c e l l s .  

Some MRF neurons had l i t t l e  or no spontaneous f i r i n g  r a t e ,  o th e rs  had a 

h igh  spontaneous r a t e  of f i r i n g .  In  some c e l l s  th e  spontaneous f i r i n g  

r a t e  inc reased  during  the  v i s u a l  f i x a t i o n  ta sk ,  in  o th e rs  i t  decreased
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during the  performance o f  the  f ix a t io n  ta sk .  In the q u a l i t a t i v e  r e s u l t s  

t h a t  follow two neurons have been s e le c te d  which appear to be 

r e p r e s e n ta t iv e  o f  low and high spontaneous a c t i v i t y  c e l l s .  Whether 

these  c e l l s  r e p re se n t  two d i f f e r e n t  c l a s s e s  o f  neurons in the MRF or 

J u s t  the  endpo in ts  o f  a continuum w ith  r e s p e c t  to  the  spontaneous le v e l  

o f  background a c t i v i t y  i s  no t  c l e a r  y e t .

Most neurons encountered in the  MRF t h a t  were a s so c ia te d  with eye 

movements were s im i la r  in th a t  they had b u r s t s  o f  a c t i v i t y  th a t  began 

befo re  the onse t o f  movement. Repeated exam ination o f  these  c e l l s  using  

a hand-held  p ro je c to r  w hile the  animal f ix a t e d  f a i l e d  to  show v is u a l  

recep iv e  f i e l d s  a s  in c e l l s  o f  the  s u p e r f i c i a l  la y e rs  o f  th e  s u p e r io r  

c o l l i c u l u s  (Cyander and Berman, 1972; Goldberg and Wurtz, 1972a). Most 

c e l l s  were te s te d  while the  animal made spontaneous saccades in the 

l i g h t  and the  dark . The f i r i n g  o f  th e  MRF neurons rep o r te d  here did not 

seem to  vary g r e a t ly  under d i f f e r e n t  ar ib ien t l i g h t  c o n d i t io n s .  There 

were s t i l l  b u r s t s  o f  a c t i v i t y  which preceded c o n t r a l a t e r a l  saccades by 

as  much a s  32 msec in the  dark . No s h i f t  in la tency  was noted 

q u a l i t a t i v e l y  during saccades in  the  dark , but t h i s  was no t confirmed 

using  r a s t e r  d is p la y s .

A ll  c e l l s  were v e r i f i e d  to  be in  the  MRF. A ty p i c a l  h i s to lo g ic  

s e c t io n  showing a number o f  t r a c k s  through the  MRF i s  shown in F ig . 11.

L in d i c a te s  th e  a rea  where an e l e c t r o l y t i c  marking l e s io n  was made. 

N otice  t h a t  the  MRF i s  an a re a  o f  th e  r e t i c u l a r  form ation  bounded 

m edially  by the oculomotor n u c le i ,  l a t e r a l l y  by the  medial lemniscus and 

LGN, d o r s a l ly  by the  p u lv in a r  and v e n t r a l l y  by th e  red nucleus and
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F ig . 11: Diagram o f  co rona l  s e c t io n  o f  M997 a t  A 5 .0 .  Three tra c k s
passed through the  r i g h t  MRF. Track #20 was loca ted  1 mm medial to  the 
c e n te r  o f  th e  p lug . 3 neurons (5 ,  6 , and 7) were encountered in the  
MRF. A ll were r e la te d  to c o n t r a l a t e r a l  eye movements. Neuron 051079-6 
i s  #6 in  t h i s  t r a c k .  Two neurons, (3 and M) were found in the MRF in 
Track #21. Both were r e la te d  to c o n t r a l a t e r a l  o n - ta r g e t  movements.
Track #22 was recorded on 5 /2 3 /7 9 .  The 9 neurons loca ted  in t h i s  trac k  
were a l l  in  the  r i g h t  MRF. A ll  o f  th e se  c e l l s  f i r e d  in a s s o c ia t io n  with 
c o n t r a l a t e r a l  saccades  during  the  a t t e n t i o n  ta sk .  The a rea  marked by L 
and the  shaded reg ion  around i t  was an e l e c t r o l y t i c  le s io n  which was 
p laced  a t  th e  bottom o f  t r a c k  #22. R econs truc tion  and shrinkage f a c to r s  
may d i s t o r t  the  a rea  o f  th e  MRF s l i g h t l y  and show i t  l a rg e r  than 
d isce rn ed  by s t im u la t io n .  O ther a b b re v ia t io n s  a re  LGNs l a t e r a l  
g e n ic u la te  nuc leus ;  RN = red nuc leus ;  SN = s u b s ta n t i a  n ig ra ;  I I I  s 
oculomotor n u c leu s .  Cut ( low er p o r t io n  o f  f ig u re )  in d ic a te s  l e f t  s id e  
o f  b r a in .
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s u b s ta n t ia  n ig ra .

MRF BURST NEURON WITH LOW BACKGROUND ACTIVITY

An MRF b u r s t  neuron with a low spontaneous le v e l  o f  a c t i v i t y  i s  

shown in Fig. 12. The f i r i n g  was c h a ra c te r iz e d  by b u r s t s  o f  a c t i v i t y  in 

a s s o c ia t io n  with c o n t r a l a t e r a l  spontaneous saccades, an in c re a se  in 

frequency of th e  b u r s t  during c o n t r a l a t e r a l  h o r iz o n ta l  ta rg e te d  

movements, mild i n h ib i t i o n  p r io r  to spontaneous i p s i l a t e r a l  saccades,  

and profound in h i b i t i o n  p r io r  to ta rg e te d  i p s i l a t e r a l  saccades .  With 

the o n se t  o f  th e  ta sk ,  (A, B, upward d e f l e c t i o n  o f  top t r a c e )  la rg e  

b u r s t s  o f  f i r i n g  accompanied each c o n t r a l a t e r a l  ( l e f t )  o n - ta rg e t  

saccade. The la ten cy  o f  f i r i n g  was approxim ately  50 msec befo re  the 

o n se t  o f  the  movement (C,D) and the c e l l  con tinued  to  f i r e  fo r  the 

d u ra t io n  o f  the  movement. The a c t i v i t y  o f te n  la s t e d  fo r  a s  long a s  100 

msec a f t e r  the end o f  the  movement.

The d i s p a r i ty  between the  f i r i n g  o f  t h i s  c e l l  during  spontaneous 

and v i s u a l ly - t a r g e t e d  eye movements i s  dem onstrated in F ig . 13. In 

a s s o c ia t io n  w ith  l e f t  o n - ta r g e t  movements ( c e n te r ) ,  th e re  was a broad 

b u r s t  o f  a c t i v i t y  which began approxim ately  64 msec befo re  the  onse t  o f  

th e  eye movement and continued  fo r  100 msec a f t e r  the  s t a r t  o f  the  

movements. For spontaneous saccades ( l e f t ) ,  th e  b u r s t  o f  a c t i v i t y  was 

o f  s h o r te r  d u ra t io n .  I t  began approxim ately  32 msec befo re  the  o n se t  o f  

movement and continued fo r  only 10 to  15 msec in to  the  movement. There 

was an i r r e g u l a r  low le v e l  o f  background a c t i v i t y .  This  a c t i v i t y  was



66

F ig . 12: An MRF b u r s t  neuron with low background a c t i v i t y  -  U032079-5. 
AfB, From top to  bottom t r a c e s  a re  t a r g e t  l i g h t  o n /o f f ,  h o r iz o n ta l  EOG, 
v e r t i c a l  EOG and In s tan tan eo u s  f i r i n g  frequency . The time base fo r  A 
and B I s  shown below B. B u rs ts  o f  a c t i v i t y  occured p r io r  to 
c o n t r a l a t e r a l  saccades .  Note the marked decrease  in  background a c t i v i t y  
and f i r i n g  frequency during the  b u r s t s  with the  o f f s e t  o f  th e  l i g h t  (B). 
The neuron was in h ib i te d  p r io r  to i p s i l a t e r a l  o f f - t a r g e t  saccades. The 
s in g le  o n - ta rg e t  r igh tw ard  saccade in  (A) was n o t  a s s o c ia te d  with 
i n h i b i t i o n  o f  th e  f i r i n g .  C, D, a c t i v i t y  a t  f a s t e r  sweep speeds. 
A c t iv i ty  began a s  e a r ly  as  100 msec b e fo re  an o n - ta r g e t  movement and 
reached a peak of 500 s p ik e s /s e c .  A c t iv i ty  p e r s i s t e d  fo r  a s  long a s  150 
msec a f t e r  the  end o f  th e  eye movement. 30 degree c a l i b r a t i o n  b es id e  D 
i s  fo r  both h o r iz o n ta l  and v e r t i c a l  EOGs.
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F ig . 13: MRF b u r s t  neuron 032079-5. R as te r  d isp la y  of u n i t  a c t i v i t y
a s so c ia te d  with 30 eye movements (above) and h is togram  o f  u n i t  a c t i v i t y  
(below ). Each d o t  on the r a s t e r  r e p re s e n ts  a s in g le  n e u ra l  d isc h a rg e .  
The u n i t  a c t i v i t y  was synchronized on the  beginning o f  th e  saccade. The 
o n se t  o f  th e  eye movement i s  shown by the  heavy black l i n e  through the  
c e n te r  of th e  r a s t e r .  The h is togram  below was co n s tru c ted  by c o l l e c t in g  
u n i t  f i r i n g  from each o f  th e  30 eye movements in to  4 .8  msec b in s .  The 
average peak f i r i n g  r a t e  was approxim ately  100 s p ik e s /s e c  in a s s o c ia t io n  
w ith the  the  spontaneous c o n t r a l a t e r a l  ( l e f t )  eye movements shown in  the 
l e f t  column. Each l i n e  in  the  r a s t e r  r e p re s e n t s  n e u ra l  a c t i v i t y  which 
s t a r t e d  409.5 msec befo re  the  eye movement and ended 409.5 msec a f t e r  
the beginning o f  th e  saccade. Not every  spontaneous c o n t r a l a t e r a l  
saccade was a s s o c ia te d  with a b u r s t  o f  f i r i n g .  The middle oolumn shows 
t h a t  a c t i v i t y  a s s o c ia te d  with c o n t r a l a t e r a l  le f tw ard  o n - ta rg e t  movements 
was more c o n s i s t e n t .  R ight column. During 30 i p s i l a t e r a l  ( r igh tw ard ) 
o f f - t a r g e t  saccades th e re  was i n h i b i t i o n  o f  th e  spontaneous background 
l e v e l  which began 120 msec befo re  the  saccade and continued fo r  about 20 
msec a f t e r  the  saccade had begun.
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i n h ib i te d  p r io r  to the occurrence o f  spontaneous i p s i l a t e r a l  ( r igh tw ard) 

movements (F ig .  13, r i g h t ) .  During the ta rg e t-o n  c o n d i t io n  the 

background a c t i v i t y  ( in te r s a c c a d ic  a c t i v i t y )  though s t i l l  i r r e g u l a r  was 

o f  s l i g h t l y  h ighe r  frequency, and the i n h ib i t i o n  p r io r  to  o f f - t a r g e t  

r igh tw ard  ( i p s i l a t e r a l )  movements was more profound (F ig- 13, r i g h t ) .

In t h i s  case in h ib i t i o n  began 110 msec befo re  the o n se t  o f  movement, and 

the  neuron remained s i l e n t  fo r  almost 32 msec in to  the movement. The 

In ten se  f i r i n g  shown in F ig . 13, r i g h t ,  which followed the  In h ib i t io n  

was due to  le ftw ard  ( c o n t r a l a t e r a l )  o n - ta rg e t  saccades which normally 

followed the o f f - t a r g e t  movements by 80 to 120 msec. An example of t h i s  

o f f - t a r g e t / o n - t a r g e t  sequence i s  shown by F ig . 12C.

Summarizing, the  f i r i n g  o f  t h i s  MRF c e l l  was r e l a te d  to  a l l  

le f tw ard  ( c o n t r a l a t e r a l )  movements bu t  i t  was more In ten se  p r io r  to 

ta rg e te d  movements. The most in te n se  a c t i v i t y  seemed to occur during  

sm alle r  (1 to  7 degrees) saccades and the  peak a c t i v i t y  appeared to  lead 

such eye movements by about 15 msec. The c e l l  was in h ib i te d  befo re  a l l  

r igh tw ard  ( i p s i l a t e r a l )  movements, bu t the  i n h i b i t i o n  was g r e a t e r  during  

o f f - t a r g e t  saccades. L a s t ly ,  th e re  was a very low spontaneous le v e l  o f  

a c t i v i t y .

MRF BURST NEURON WITH HIGH BACKGROUND ACTIVITY

The neuron shown in F ig . 14 dem onstra tes  th e  c h a r a c t e r i s t i c s  o f  

many o f  the  c e l l s  loca ted  in  the MRF. They had b u r s t s  o f  a c t i v i t y  which 

began p r io r  to eye movement and continued  fo r  a s  long a s  200 msec a f t e r
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Fig . 14: A c t iv i ty  of MRF b u r s t  neuron U051079-6 with high background
a c t i v i t y .  I .  The r e la t io n s h ip  of n eu ra l  f i r i n g  to  spontaneous eye 
movements i s  shown in A. Traces  a re  from top to bottom: t a r g e t  o f f ,
h o r iz o n ta l  and v e r t i c a l  EOG, and in s ta n tan eo u s  r a t e  o f  f i r i n g .  There 
was a b u r s t  o f  f i r i n g  p r io r  to every c o n t r a l a t e r a l  saccade (arrows a ,  b,
and c ) .  In B, C and D the  t a r g e t  was on. Only the x t a r g e t  p o s i t io n  i s
shown. B. F i r in g  a s so c ia te d  with a c o n t r a l a t e r a l  v i s u a l ly  guided 
movement (a) can be compared with f i r i n g  a s so c ia te d  with a c o n t r a l a t e r a l  
ta rg e te d  movement (b and c ) .  A c o n t r a l a t e r a l  o f f - t a r g e t  movement i s  
shown a t  d . The i p s i l a t e r a l  o n - ta r g e t  movement (e)  was no t  a s so c ia te d  
with the  same in h i b i t i o n  seen fo r  i p s i l a t e r a l  o f f - t a r g e t  movements. In 
C a s im i la r  lack o f  i n h i b i t i o n  was seen fo r  an i p s i l a t e r a l  
v is u a l ly -g u id e d  movement ( a ) .  D, F i r in g  in a s s o c ia t io n  with medium 
s ized  saccade (a) and a v is u a l ly -g u id e d  movement ( b ) .  Time base was 200 
msec/cm fo r  a l l  t r a c e s .  The ga in  fo r  v e r t i c a l  EOG shown by the  upper 
b a r  b e s id e  A was 15 deg fo r  A, B, and D, and 6 deg fo r  C. H orizon ta l
EOG g a in  shown by the  lower b a r  b e s id e  A was 6 deg fo r  a l l  p a r t s .
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the  end of th e  saccade. As shown by p a r t  A o f  t h i s  f ig u re  each 

spontaneous le ftw ard  ( c o n t r a l a t e r a l )  eye movement was a s so c ia te d  with a 

b u r s t  o f  f i r i n g  with a la ten cy  which led the eye movement by about 30 

msec (arrows a ,  b and c ) .  The peak frequency of th e  c e l l  appeared to be 

h ig h e r  p r io r  to  sm a lle r  eye movements (compare arrows a and c ) .

However, th i s  was no t always the  case ,  and arrow b p o in t s  to  a la rg e  

saccade which i s  a s so c ia te d  with an in te n se  b u r s t  o f  f i r i n g .  The neuron 

d isp layed  a background le v e l  o f  f i r i n g  a s  th e  animal looked around the 

la b o ra to ry .  There was mild i n h i b i t i o n  o f  t h i s  a c t i v i t y  p r io r  to the 

execu tion  o f  spontaneous ( i p s i l a t e r a l )  rightw ard  saccades (arrows e and 

f ) .

When the  animal performed the v i s u a l  a t t e n t i o n  ta sk ,  f i r i n g  was 

more in te n se  befo re  le f tw ard  ( c o n t r a l a t e r a l )  o n - ta r g e t  movements and 

s t a r t e d  e a r l i e r ,  reach ing  peaks o f  700 to  800 sp ik e /se c  (F ig .  1AB, C and 

D). During the  ta sk  the  spontaneous le v e l  o f  a c t i v i t y  appeared to  

Increase  and the  i n h i b i t i o n  p r io r  to  r igh tw ard  ( i p s i l a t e r a l )  o f f - t a r g e t  

saccades was more profound. The peak f i r i n g  and la ten cy  fo r  a small 

c o n t r a l a t e r a l  v is u a l ly -g u id e d  le ftw ard  movement (shown by a in  F ig . 14B) 

was s im i la r  to  the  f i r i n g  a s s o c ia te d  with small o n - t a r g e t  le f tw ard  

saccades (shown by b and c ) .  O f f - t a r g e t  le f tw a rd  movements d id  not 

reach  the  same peaks o f  a c t i v i t y  ( d ) .  Rightward o n - ta r g e t  saccades were 

no t  a s s o c ia te d  with the  ty p i c a l  i n h i b i t i o n  seen fo r  most i p s i l a t e r a l  eye 

movements (arrow e ) .  Medium s ized  6-8 degree saccades were a s so c ia te d  

with moderate b u r s t s  o f  f i r i n g  (F ig .  14C). There was no i n h i b i t i o n  o f  

neuronal a c t i v i t y  during a v is u a l ly -g u id e d  rightw ard  movement ( a ) .  F ig .
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14D shows the d i f f e r e n c e  in a c t i v i t y  a s s o c ia te d  with la rg e  o n - ta r g e t  and 

small v is u a l ly -g u id e d  movements. F i r in g  was weak during la rg e  movements 

(a) and in ten se  during  a small v is u a l ly -g u id e d  movement to  the  l e f t  (b ) .

F ig . 15 dem onstrates  some of these  r e l a t i o n s h ip s  a t  a f a s t e r  sweep 

speed (50 msec/cm). In  A a la rg e  l e f t  o n - t a r g e t  movement was followed 

by a small le f tw ard  o n - ta r g e t  saccade. The b u r s t  a s so c ia te d  with the 

la rg e  movement began approxim ately  50 msec befo re  the  saccade onse t  and 

reached a peak le v e l  o f  f i r i n g  J u s t  a f t e r  the  s t a r t  o f  th e  movement.

The b u rs t  o f  a c t i v i t y  a s s o c ia te d  with the  sm alle r  movement began 

approxim ately  20 msec befo re  the movement and reached a high peak of 

f i r i n g  10 msec befo re  the  o n se t  o f  the  movement. F ig .  15B shows 

profound i n h i b i t i o n  o f  th e  spontaneous a c t i v i t y ,  beginning 50 msec 

befo re  the  occurrence o f  th e  r i g h t  o f f - t a r g e t  movement and con tinu ing  

u n t i l  approxim ately  20 msec a f t e r  the  end of th e  o f f - t a r g e t  movement. A 

bu ild -up  o f  a c t i v i t y  then began which reached a peak le v e l  o f  f i r i n g  

approxim ately 10 msec b e fo re  the  o n se t  o f  a 5 degree c o n t r a l a t e r a l  

( le f tw a rd )  saccade. F igure  15C dem onstra tes  t h a t  f i r i n g  p r io r  to  l e f t  

o f f - t a r g e t  movements began only 10 to 15 msec befo re  the  saccade onse t 

and r e g a rd le s s  o f  am plitude appeared to  reach  i t s  peak o f  a c t i v i t y  

during  the saccade. Such a c t i v i t y  was very  s im i la r  to  t h a t  seen fo r  the 

spontaneous eye movement o f  somewhat l a r g e r  s i z e  shown in F ig . 15D. The 

ty p i c a l  i n h i b i t i o n  o f  f i r i n g  p r io r  to most i p s i l a t e r a l  (r igh tw ard) 

saccades was weaker fo r  the  rightw ard  o n - ta rg e t  movement shown by a in 

F ig . 15C.

The f i r i n g  c h a r a c t e r i s t i c s  o f  t h i s  c e l l  in  r a s t e r  form a re  shown in
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F ig . 15: A c t iv i ty  of MRF b u r s t  neuron U051079-6 with high background
a c t i v i t y .  I I .  At a f a s t  sweep speed the  same u n i t  a s  in F ig .  1*4. A,
The la tency  of peak f i r i n g  to o n se t  o f  movement occurs  10 msec a f t e r  the 
beginning o f  a la rg e  o n - ta r g e t  saccade. The la tency  of peak f i r i n g  fo r  
a sm a lle r  saccade occured 10 msec p r io r  to the beginning of th e  eye 
movement. B, I n h ib i t io n  and e x c i t a t i o n  a s s o c ia te d  with an i p s i l a t e r a l  
o f f - t a r g e t  saccade and a c o n t r a l a t e r a l  5 degree o n - ta r g e t  saccade. C,
D, F ir in g  was s im i la r  during  a c o n t r a l a t e r a l  o f f - t a r g e t  (C) and a 
spontaneous saccade (D) o f  l a r g e r  am plitude . The timebase shown under A 
i s  50 ms and was th e  same in  a l l  t r a c e s .  H o r izo n ta l  and v e r t i c a l  BOG 
ga in  i s  shown by the  ba r  bes ide  B. Frequency of f i r i n g  i s  shown by the 
s c a le  in A.
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Fig. 16. Movements o f  s ix  types were sepa ra ted  and pooled. F ig .  16A 

shows a r a s t e r  co n s tru c ted  from 30 spontaneous c o n t r a l a t e r a l  ( le f tw a rd )  

movements. Most movements had a b u r s t  o f  a c t i v i t y  which began from 10 

to 32 msec before  the movement and continued in to  the movement fo r  about 

10 to 20 msec. The peak a c t i v i t y  occurred about 20 msec befo re  the 

c o n t r a l a t e r a l  movement. The maximum averaged f i r i n g  r a te  was 

approxim ately 175 s p ik e s /s e c .  I t  should be noted th a t  some o f  th e  

c o n t r a l a t e r a l  movements had l i t t l e  a s so c ia te d  u n i t  a c t i v i t y .  The 

background f i r i n g  r a te  during  the in e rsa c c a d ic  p e r io d s  was approxim ately  

75 sp ikes  pe r  second.

The le f tw ard  spontaneous movements a re  s im i la r  to the o f f - t a r g e t  

saccades to  the l e f t  (F ig .  16C). However, th e re  a re  some d i f f e r e n c e s  

between them. F i r s t ,  the  background f i r i n g  le v e l  was h ighe r  in the  

in te r s a c c a d ic  i n t e r v a l s  when the  animal was a c t iv e ly  f ix a t in g  than 

during  spontaneous f ix a t io n s .  Second, the  f i r i n g  a s so c ia te d  with the  

o f f - t a r g e t  saccades was more c o n s i s t e n t .  Every movement had an 

a s s o c ia te d  b u r s t  o f  f i r i n g .  T h ird , th e re  was some in h ib i t i o n  p r i o r  to  

the  occurrence o f  o f f - t a r g e t  movements. Yet, d e s p i te  these  d i f f e r e n c e s ,  

the peak average a c t i v i t y  a s so c ia te d  with both  the  spontaneous (L) and 

o f f - t a r g e t  (L) eye movements was about the  same a t  175 s p ik e s /s e c .

The a c t i v i t y  a s s o c ia te d  with le f tw ard  spontaneous eye movements is  

in marked c o n t r a s t  to  th a t  during  le f tw a rd  o n - t a r g e t  movements (F ig .  

16B). During o n - ta rg e t  movements th e  a c t i v i t y  began e a r l i e r ,  in some 

cases  a s  much as  64 msec befo re  eye movement o n se t ,  and continued 

throughout and a f t e r  the  movement fo r  50 to  100 msec. As shown by the
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F ig . 16: R as te rs  o f  f i r i n g  a s s o c ia te d  with saccades and histogram s fo r
neuron U051079-6 with h igh background a c t i v i t y .  The neuron was in  the 
r i g h t  MRF and f i r e d  with c o n t r a l a t e r a l  ( l e f t )  saccades . 30 movements 
were used to  c o n s t ru c t  each r a s t e r  and h is togram . A, R e la t io n sh ip  to 
spontaneous c o n t r a l a t e r a l  ( l e f t )  saccades.  The background le v e l  o f  
f i r i n g  was 75 s p ik e s /s e c ,  and the neuron reached an average peak of 150 
s p ik e s /s e c  during the  movement. Some c o n t r a l a t e r a l  spontaneous saccades 
had no b u r s t  o f  f i r i n g  a s s o c ia te d  with them. O n - ta rg e t  movements to  the 
c o n t r a l a t e r a l  s id e  a re  shown in B. F ir in g  began e a r l i e r  during 
o n - ta rg e t  than spontaneous c o n t r a l a t e r a l  saccades  and the  c e l l  reached a 
h ighe r  peak f i r i n g  r a t e  of 275 sp ik e s /s e c  (averaged ) .  The background 
f i r i n g  r a t e  was 100 s p ik e s /s e c  during  p e r io d s  o f  a c t i v e  f ix a t io n .  
O f f - t a r g e t  saccades to  the  c o n t r a l a t e r a l  s id e  (C) were a s s o c ia te d  with 
b u r s t s  of f i r i n g  which began 30 msec befo re  the  eye movement. The 
average peak a c t i v i t y  was 175 s p ik e s /s e c .  Spontaneous i p s i l a t e r a l  
( r igh tw ard )  movements in  D were a s so o ia te d  with a p e r iod  o f  i n h i b i t i o n  
o f  background f i r i n g  le v e l .  O f f - t a r g e t  movements to  the  i p s i l a t e r a l  
s id e  were a s s o c ia te d  with a s t ro n g e r  i n h i b i t i o n  (F ) .  There was no 
in h i b i t i o n  o f  f i r i n g  during o n - ta rg e t  movements to  the  i p s i l a t e r a l  s id e  
(E). The peak of f i r i n g  th a t  occurs  128 msec befo re  the  o n se t  o f  eye 
movement in  E i s  r e l a t e d  to  the  p reced ing  o f f - t a r g e t  c o n t r a l a t e r a l  
saccade (a s  in  C).
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histogram  below B, the average peak a c t i v i t y  of o n - ta rg e t  movements 

(about 250 sp ik e s /s e c )  occurred 15 msec befo re  the eye movement began. 

The I n h ib i t io n  th a t  was p re se n t  about 100 to 200 msec befo re  the 

le ftw ard  eye movement i s  due to the occurrence of a r i g h t  o f f - t a r g e t  

saccade. As shown in F ig . 16B th e re  was an in c re a se  in the background 

a c t i v i t y  of t h i s  neuron during a c t iv e  f ix a t io n  o f  the  t a r g e t .

Spontaneous in te r s a c c a d ic  f i x a t io n s  had about a 75 s p ik e s /s e c  f i r i n g  

le v e l  w hile  during  the  task  the  in te r s a c c a d ic  f i r i n g  r a t e  was about 100 

sp ik es  pe r  second.

I p s i l a t e r a l  saccad ic  movements a re  shown in  F ig . 16D-F. Rightward 

movements were a s s o c ia te d  with a mild i n h i b i t i o n  o f  th e  spontaneous 

f i r i n g  r a t e  which began 100 msec p r i o r  to  the  eye movement (F ig .  16D). 

The weak in h i b i t i o n  during  spontaneous saccades was in c o n t r a s t  to the 

s t ro n g e r  i n h ib i t i o n  o f  background a c t i v i t y  a s so c ia te d  with the  r i g h t  

o f f - t a r g e t  saccades (F ig .  16F). This i n h i b i t i o n  began 120 msec befo re  

the  eye movement and continued  fo r  approxim ately  30 msec a f t e r  the  s t a r t  

o f  the  movement. E x c i ta t io n  which followed the i n h i b i t i o n  was r e l a te d  

to  l e f t  o n - ta r g e t  saccades th a t  normally occurred w ith in  100 msec o f  the  

o f f - t a r g e t  movement ( f o r  example see F ig .  15B). On the  o th e r  hand, 

r ightw ard o n - ta rg e t  saccades were n o t  a s s o c ia te d  with i n h i b i t i o n  (F ig . 

16E). The b u r s t  o f  f i r i n g  seen in  advance o f  the  o n - ta r g e t  movements i s  

th e  r e s u l t  o f  a le ftw ard  o f f - t a r g e t  movement t h a t  occurred  from 60 to 

200 msec b e fo re .  This lack of i n h i b i t i o n  fo r  i p s i l a t e r a l  o n - ta rg e t  

movements was a lso  seen during  i p s i l a t e r a l  v i s u a l ly  guided movements 

( see  F ig .  14C).
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In sunnary, th i s  c e l l  began f i r i n g  as  early as 6̂  msec befo re  the 

onse t o f  o n - ta r g e t  c o n t r a l a t e r a l  saccades  and was in h ib i te d  a s  e a r ly  as 

100 msec befo re  the occurrence o f  o f f - t a r g e t  r ightw ard 3accades. A 

b u rs t  o f  f i r i n g  above th i s  g e n e ra l  in c re a se  in a c t i v i t y  s t a r t e d  20 msec 

befo re  the saccade onse t  r e g a rd le s s  o f  saccade type. The b u r s t  o f  

a c t i v i t y  was g r e a t e r  both in peak frequency and in  d u ra t io n  fo r  

o n - ta rg e t  c o n t r a l a t e r a l  movements than  fo r  c o n t r a l a t e r a l  spontaneous 

movements. There i s  a sugges tion  th a t  th e  peak a c t i v i t y  of th e  c e l l  

occured e a r l i e r  fo r  saccades o f  medium am plitude . For rightward 

movements th e  c e l l  was in h ib i te d  e a r l i e r  and fo r  longer d u ra t io n  fo r  

i p s i l a t e r a l  o f f - t a r g e t  movements than fo r  spontaneous movements.

However, i p s i l a t e r a l  ( r igh tw ard ) o n - ta r g e t  movements were no t a s so c ia te d  

with i n h i b i t i o n .  Although i n t e r e s t i n g ,  the  s ig n i f i c a n c e  o f  t h i s  lack of 

i n h i b i t i o n  i s  no t  c l e a r .  L as t ly  th e re  was a d i f f e r e n c e  between the 

in te r s a c c a d ic  f i r i n g  r a t e  fo r  the  o n - ta r g e t  and o f f - t a r g e t  c o n d i t io n s .  

This sugges ts  t h a t  the  MRF neurons may be modulated by the  g en e ra l  

degree o f  a ro u s a l  o f  th e  animal.

STIMULATION/RECORDING EXPERIMENTS

Previous s t im u la t io n  experiments have suggested th a t  d i f f e r e n t  

s ized  eye movements may be e l i c i t e d  from th e  MRF by varying th e  depth of 

a s t im u la t in g  m icroe lec trode  (Matsuo e t .  a l . , 1980; Cohen e t .  a l . ,

1982). These s t im u la t io n  r e s u l t s  proopted combined

s t im u la t io n /r e c o rd in g  experim ents in  one animal (M996) to  c o r r e l a t e  the
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depth o f  the reco rd ing  m icroe lec trode  and the am plitude o f  the  

h o r iz o n ta l  component o f  eye movement. At each s i t e  where a neuron was 

i s o la t e d ,  e l e c t r i c a l  s t im u la t io n  produced c h a r a c t e r i s t i c  eye movements 

found during  p rev ious  MRF s t im u la t io n  s tu d ie s .  This type of c o r r e l a t i o n  

was made fo r  26 MRF neurons found in 10 d i f f e r e n t  e le c t ro d e  

p e n e t r a t io n s .  An example is  shown in Fig. 17. A c t iv i ty  of t h i s  u n i t  

appeared to  be r e la t e d  to medium (6 to 8 degree) saccades.  In A the  

t a r g e t  was on a t  the  beginning of th e  t r a c e  and jumped to a new lo c a t io n  

( to  the l e f t  and down). Approximately 200 msec l a t e r  the  monkey 

executed a v isu a l ly -g u id e d  eye movement onto the  t a r g e t .  A ssociated 

with t h i s  5 degree saccade th e re  was an in ten se  b u r s t  o f  f i r i n g  which 

began about 40 msec b e fo re  the  o n se t  o f  th e  eye movement to  the 

c o n t r a l a t e r a l  s id e .  The b u r s t  continued and ended approxim ately 40 msec 

a f t e r  the  end of th e  eye movement. F i r in g  which occurred near the 

beginning o f  th e  t r a c e  was a s s o c ia te d  with a small o f f - t a r g e t  

c o n t r a l a t e r a l  saccade . F ig .  17B shows a c t i v i t y  o f  t h i s  neuron in 

r e l a t i o n  to a spontaneous c o n t r a l a t e r a l  eye movement. The f i r i n g  began 

200 msec befo re  the  beginning o f  th e  movement with an in c re a se  in 

a c t i v i t y  occurr ing  40 msec befo re  the  onse t o f  th e  saccade. In Fig.

17C, approxim ately 200 msec a f t e r  the  t a r g e t  appeared on the  screen , the  

animal executed an 8 degree saccade up and to the  l e f t  to  b r in g  the eyes 

onto the  t a r g e t .  This was a s s o c ia te d  with a b u r s t  o f  f i r i n g  which 

exceeded 300 Hz. The b u r s t  began approxim ately  40 msec befo re  and 

continued  u n t i l  about 20 msec a f t e r  the  end of the  movement when the 

a c t i v i t y  f e l l  o f f  q u ick ly  to ze ro .  A la r g e r  o n - ta r g e t  saccade (a) was
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F ig . 17: Recording and s t im u la ion  experim ent. Track #35, U072480-1. In
A the  t r a c e s  a re  from top to  bottom X and Y t a r g e t  p o s i t i o n  h o r iz o n ta l  
and v e r t i c a l  EOG, and e x t r a c e l l u l a r  reco rd in g .  In A, a v i s u a l ly  guided 
saccad ic  eye movement occurs  200 msec a f t e r  the  t a r g e t  Jumped to a new 
lo c a t io n .  F i r in g  in  a s s o c ia t io n  with t h i s  guided movement began 40 msec 
b efo re  th e  eye movement and continued fo r  40 msec a f t e r  the  eye movement 
ended. B. Unit f i r i n g  a s so c ia te d  with a spontaneous c o n t r a l a t e r a l  
saccade with approxim ately  the  same h o r iz o n ta l  component o f  movement a s  
th e  guided movement shown in  A. In C, D and E the  frequency of f i r i n g  
o f  the  c e l l  i s  th e  lowest t r a c e  and the t a r g e t  o n /o f f  co n d i t io n  i s  the  
top t r a c e .  C. F i r in g  a s so c ia te d  with a medium s ized  (8 degree) eye 
movement and a s l i g h t l y  l a rg e r  10-12 degree c o n t r a l a t e r a l  saccade (arrow 
a ) .  C o n t r a la te r a l  o n - ta r g e t  saccades o f  8-10 degrees in D were 
a s s o c ia te d  with h igh b u r s t s  o f  f i r i n g  (a ,  b ) .  A sm all c o n t r a l a t e r a l  
saccade o f  4-6 degrees (c) was a s s o c ia te d  with a much lower peak of 
f i r i n g .  E, The spontaneous a c t i v i t y  o f  th e  inc reased  c e l l  during  the 
time when the t a r g e t  was o f f .  Arrow a shows c o n s id e ra b le  in h b i t io n  o f  
f i r i n g  p r i o r  to  an i p s i l a t e r a l  spontaneous movement. There was a marked 
decrease  in the spontaneous f i r i n g  le v e l  o f  t h i s  c e l l  J u s t  a f t e r  the  
appearance o f  th e  t a r g e t  (arrow b ) .  F shows t h a t  s t im u la t io n  a t  t h i s  
same locus .  The top 3 t r a c e s  a re  the  HEOG and the  bottom 3 the  VE0G.
The c a l i b r a t i o n  o f  10.5 degrees shown b es id e  B, a p p l ie s  to  both 
h o r iz o n ta l  and v e r t i c a l  EOG's in  a l l  p a r t s  o f  t h i s  f ig u re .
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a s so c ia te d  with a b u r s t  of f i r i n g  th a t  had s im i la r  temporal 

c h a r a c t e r i s t i c s  bu t  a lower peak f i r i n g  r a t e  and the peak a c t i v i t y  

occurred during  the saccade. This is  a l s o  shown in D. The f i r s t  

movement o f  abou t 8 degrees (a) was a s s o c ia te d  with a high b u r s t  o f  

f i r i n g  which reached i t s  peak frequency about 10 msec before  the onse t 

o f  movement. The second c o n t r a l a t e r a l  movement (b) was a s so c ia te d  with 

a s l i g h t l y  lower peak frequency (450 Hz) and the peak f i r i n g  came during  

the  course  o f  th e  saccade. The 2 degree c o n t r a l a t e r a l  saccade in d ic a te d  

by c i s  sm a l le r  than the  f i r s t  saccade o f  t h i s  t r a c e  (arrow a)  and i s  

no t  a s s o c ia te d  with a s trong  b u r s t  o f  a c t i v i t y .  This suggested th a t  

t h i s  neuron f i r e d  most v igo rous ly  fo r  saccades o f  the  s iz e  

(approxim ately  8 deg) in d ic a te d  by arrow a .  In  t h i s  c e l l ,  the  

spontaneous le v e l  o f  f i r i n g  inc reased  when the  t a r g e t  d isappeared  (F ig .  

17E). Every spontaneous c o n t r a l a t e r a l  saccade was a s s o c ia te d  with a 

peak of f i r i n g  which was about 200 to 400 Hz. The g en e ra l  in c re a se  in 

background f i r i n g  may be r e la te d  to the  la rg e  amount o f  long-lead  

a c t i v i t y  which preceded each spontaneous movement (F ig .  17B). However, 

when an i p s i l a t e r a l  r igh tw ard  saccade occurred  a s  a t  arrow a , th e re  was 

a marked in h i b i t i o n  o f  th e  spontaneous le v e l  o f  f i r i n g  which began a s  

e a r ly  as  100 mseo befo re  and continued  fo r  about 50 msec a f t e r  the 

occurrence of th e  movement. The t a r g e t  reappeared  a t  arrow b and w ith in  

150 msec the  spontaneous background a c t i v i t y  dropped to  c lo se  to  ze ro .  

F igure  17F shows th e  eye movements produced by m icro s tim u la tio n  a t  the  

spo t (17.14 mm) a t  which t h i s  c e l l  was encountered . S t im u la t io n  with 

40uA a t  a  frequency o f  333 Hz produced f ix ed  a n p l i tu d e  saccades o f  about
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8 degrees.

R e c a p i tu la t in g ,  th i s  c e l l  f i r e d  in co n ju n c tio n  with a l l  

c o n t r a l a t e r a l  saccades . There was long -lead  a c t i v i t y  which began 100 

msec befo re  c o n t r a l a t e r a l  spontaneous movements. During the t a r g e t  ON 

c o n d i t io n  th e re  was le s s  long -lead  a c t i v i t y  befo re  c o n t r a l a t e r a l  

ta rg e te d  saccades.  O n - ta rg e t  saccades with sm a lle r  or l a rg e r  am plitudes  

were no t  a s s o c ia te d  with the  same peak frequency as fo r  medium s ized  

saccades. A c t iv i ty  p r io r  to medium s ized  saccades appeared to be 

g r e a t e r  and had an e a r l i e r  la tency  fo r  c o n t r a l a t e r a l  v is u a l ly -g u id e d  or 

fo r  o n - t a r g e t  saccades. M icros tim u la tion  a t  the  locus where t h i s  c e l l  

was recorded produced medium s ized  c o n t r a l a t e r a l  f ix ed  am plitude 

saccades o f  8 degrees .

The correspondence between the a c t i v i t y  o f  th e  neurons and the  s iz e  

o f  the  h o r iz o n ta l  coq>onent o f  the  eye movements e l i c i t e d  by e l e c t r i c a l  

s t im u la t io n  was s t r i k i n g .  This phenomenon i s  dem onstrated fo r  the  two 

neurons which appear to  be r e l a t e d  to  5 to  6 degree saccades shown in 

the  nex t two f ig u r e s .  In F ig . 18 p a r t s  A through C a re  samples o f  

spontaneous saccades . The neuron had a r e l a t i v e l y  high background le v e l  

o f  f i r i n g  during  in te r s a c c a d ic  p e r io d s .  A shows t h a t  the  v e r t i c a l  

component o f  movement d id  no t a f f e c t  the  f i r i n g  o f  th e  c e l l .  

C o n t r a la te r a l  saccades  up and to the  l e f t  (arrow a) and down and to  the  

l e f t  (arrow b) were both  a s s o c ia te d  with a s im i la r  in t e n s i ty  o f  f i r i n g .  

The l a r g e r  saccade shown in  p a r t  B was a s s o c ia te d  with a moderate (bu t 

lower) b u r s t  o f  a c t i v i t y  which began w ith  the  s t a r t  o f  eye movement and 

continued j u s t  beyond the end o f  th e  saccade. During the  medium s ized
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Fig. 18: Recording and s t im u la ion  experiment fo r  U073180-2, Track #40.
A ll o f  the  n eu ra l  a c t i v i t y  shown in t h i s  f ig u re  i s  from th e  same c e l l  
recorded in the r i g h t  MRF. A-C, examples of neuronal a c t i v i t y  
a s so c ia te d  with c o n t r a l a t e r a l  spontaneous eye movements. The d i r e c t io n  
o f  the  v e r t i c a l  v e c to r  had l i t t l e  e f f e c t  on the response o f  th e  c e l l  
(compare arrows b and d ) .  F i r in g  was a s so c ia te d  with the h o r iz o n ta l  
v e c to r  to  the  l e f t .  The b u r s t  o f  a c t i v i t y  began 20 msec b e fo re  the 
onse t  o f  the  le ftw ard  saccade and ended a t  the end of th e  movement 
( a , b , c , d ) .  C, Saccades to  the  i p s i l a t e r a l  ( r i g h t )  s id e  were a s so c ia te d  
with in h i b i t i o n  o f  n eu ra l  f i r i n g  ( e ) .  Peak frequency and r e la t io n s h ip  
to  v a r io u s  s ized  o n - ta rg e t  saccades i s  shown in pane ls  D, E and G -I.
The c e l l  reached a peak frequency o f  about 600 Hz in a s s o c ia t io n  with 
c o n t r a l a t e r a l  o n - ta r g e t  saccade of 4-6 degrees .  For example, the  l e f t
o n - ta r g e t  movement shown in  E, was a s s o c ia te d  with a b u r s t  o f  f i r i n g
which began 70 msec befo re  the  beginning  o f  th e  saccade, reached i t s  
peak frequency 15 msec befo re  and con tinued  to  f i r e  fo r  40 msec a f t e r  
the end of th e  saccade. Larger o n - ta r g e t  movements to  the  c o n t r a l a t e r a l  
s id e  a re  shown in  pane ls  G and H. There was le s s  a c t i v i t y  with l a rg e r  
saccades. F i r in g  during spontaneous saccades  i s  shown in I .  Both 
background a c t i v i t y  and and peak f re q u e n c ie s  were somewhat lower than 
when the  animal was performing the  ta sk .  F , eye movemets which were 
produced by e l e c t r i c a l  s t im u la t io n  a t  th e  locus  o f  t h i s  reco rd ing  in  the  
r i g h t  MRF. Fixed 4-6 degree ( c o n t r a l a t e r a l )  saccades were g enera ted  by 
s t im u la t io n  w ith  a 333 Hz, 40 uA, 40 msec p u lse  t r a i n .  E0G c a l i b r a t i o n  
fo r  A-C shown by the  b a rs  bes ide  C. C a l ib r a t io n s  fo r  D-I a re  the  same
and a re  shown by the  v e r t i c a l  b a rs  b e s id e  F.
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saccade which follow ed (d ) , th e  b u rs t  began a t  le a s t  10 to  20 msec 

b efo re  the eye movement and the a c t iv i t y  reached a h ig h e r frequency . 

There was In h ib i t io n  which began 30 msec b efo re  an i p s i l a t e r a l  

(r ig h tw ard ) saccade (F ig . 18C, e ) , and the  neuron re tu rn ed  to  i t s  

spontaneous le v e l approxim ately  50 msec a f t e r  th e  end o f th e  i p s i l a t e r a l  

movement. Examples o f in s ta n ta n e o u s  r a t e s  o f f i r i n g  w hile perform ing 

v isu a lly -g u id e d  and ta rg e te d  saccades o f  v a r io u s  s iz e s  a re  shown in  D,

E, and G -I. In E, fo r  exam ple, a c o n t r a la t e r a l  o n - ta rg e t  movement was 

a s so c ia te d  w ith a b u rs t  o f  a c t i v i t y  which began 70 msec b e fo re  and 

reached a peak frequency o f 600 Hz, 15 msec b efo re  th e  beginning  o f th e  

movement. L arger (10 to  15 degree) c o n t r a la t e r a l  saccades a re  shown in 

p an e ls  G and H. The n eu ra l f i r i n g  a s so c ia te d  w ith la rg e  c o n t r a la t e r a l  

o n - ta rg e t  movements began a t  th e  same la te n c y , bu t reached i t s  peak 

f i r i n g  du ring  th e  ex ecu tio n  o f  th e  saccade. I  shows th e  e f f e c t  o f  

ta r g e t  f ix a t io n .  The a c t iv i t y  a s so c ia te d  w ith spontaneous c o n t r a la t e r a l  

saccades r a r e ly  execeeded 400 Hz, a s  opposed to  s im ila r ly  s ized  

o n - ta rg e t  saccades, where i t  o f te n  exceeded 600 Hz in  peak frequency 

(compare I  to  p an e ls  D and E). The spontaneous background f i r i n g  o f 

th i s  c e l l  appeared to  be approxim ately  th e  same during  a c t iv e  and 

spontaneous in te r s a c c a d ic  in te r v a ls  (compare I  to  G and H). S tim u la tio n  

a t  th e  lo cu s where th i s  c e l l  was recorded  produced c o n t r a la t e r a l  eye 

movements o f  5-6 degrees (F ).

A nother neuron which appeared to  be r e la te d  to  5 to  6 deg rees 

saccades i s  shown in  F ig . 19. The n eu ra l a c t iv i t y  began 40 msec p r io r  

to  c o n t r a la t e r a l  ( l e f t )  spontaneous saccades (A ). There was l i t t l e
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F ig . 19: Neuron 080180-2 in  M996 a a a o c ia ted  w ith medium a ized  (5 -6  deg)
aaccadea. T races' a re  from top to  bottom : h o r iz o n ta l  and v e r t i c a l  EOG,
and u n ita  a c t i v i t y .  EOG g a in a  fo r  A a re  ahown by th e  b ara  bea ide  A.
The g a in  o f th e  HEOG and VEOG waa th e  aame in  B, C, and D and a re  ahown 
by th e  b a r bea ide  B. A, n e u ra l a c t i v i t y  a aa o c ia ted  w ith a c o n t r a la t e r a l  
aaccade o f  abou t 15 d eg reea . Thia c e l l  began to  f i r e  20 maec b e fo re  the  
on ae t o f c o n t r a la t e r a l  apontaneoua aaccadea. In  a a a o c ia tio n  w ith 
o n - ta rg e t  eye movementa to  the  c o n t r a la t e r a l  a id e , (B), th e  c e l l  began 
f i r i n g  20 to  30 maec e a r l i e r  than  fo r  apontaneoua aaccadea. The peak of 
f i r i n g  appeared h ig h e r fo r  5 degree o n - ta rg e t  aaccadea aa  oppoaed to  6-8 
degree aaccade (conpare arrow a a and b ) , and th e  peak f i r i n g  preceded 
the  eye movement (arrow  b j .  In c o n t r a a t ,  th e  12 degree c o n t r a la t e r a l  
o n - ta rg e t  movement ahown in  C waa a a a o c ia te d  w ith  a peak o f f i r i n g  which 
reached 500 Hz bu t occurred  during  th e  aaccade. S tim u la tio n  a t  th e  a i t e  
o f reco rd in g  w ith  40 uA a t  333 Hz fo r  40 maec e l i c i t e d  a 5-6 degree 
saccade to  th e  c o n t r a la t e r a l  a id e .
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In te rs a c c a d ic  background a c t i v i t y .  B shows th e  f i r i n g  in  a s s o c ia t io n  

w ith two c o n t r a la t e r a l  o n - ta rg e t  saccades o f  7 (arrow  a) and 5 (arrow b) 

degrees in am p litude . The n eu ra l a c t i v i t y  s ta r te d  about 70 msec befo re  

the saccad es. This was 30 msec e a r l i e r  than th e  la ten cy  seen fo r  

spontaneous c o n t r a la t e r a l  saccad es. The peak f i r i n g  was h ig h e r fo r  the  

5 degree than fo r  th e  7 degree saccade (arrow  a v s . b ) . Furtherm ore, 

the  peak a c t iv i t y  appeared to  p recede th e  5 degree movement and occured 

during  th e  execu tio n  o f th e  7 degree saccade. The peak of f i r i n g  a lso  

occured during  th e  execu tio n  o f  th e  12 degree saccade shown in  C. 

S tim u la tio n  a t  th e  locus where th i s  neuron was found produced the  

c o n t r a la t e r a l  5 to  6 degree saccades shown in  D. The la ten cy  was about 

20 msec between the  o n se t o f  s tim u lu s  and th e  o n se t o f  eye movement.

Two neurons recorded  in  th e  same tra c k  and r e la te d  to  la rg e r  (8 to  

12 degree) saccades a re  shown in  F ig . 20. The neuron shown in  A f i r e d  

w ith both o n - ta rg e t  and spontaneous saccades o f  about 8 to  10 degrees in 

am p litude . Though i t  f i r e d  in  a s s o c ia t io n  w ith  sm a lle r  c o n t r a la t e r a l  

movements th e  f i r i n g  did no t reach  th e  same peak frequency as du ring  th e  

medium s iz e d  movements. T his c e l l  was a ls o  in h ib ite d  p r io r  to  righ tw ard  

movements. The neuron shown in  p a r t  B was th e  more v e n t ra l  o f  th e  2 MRF 

neurons shown. I t  f i r e d  w ith h ig h e s t peak fre q u e n c ie s  in  a s s o c ia t io n  

w ith 10 to  15 degree spontaneous and ta rg e te d  saccad es. The f i r i n g  

reached h ig h e r peak freq u en c ie s  du ring  o n - ta rg e t  movements. This neuron 

was in h ib ite d  p r io r  to  i p s i l a t e r a l  righ tw ard  movements.

S tim u la tio n  every 0 .25 mm along  th i s  tra c k  i s  shown in  F ig . 21. 

S tim u la tio n  p aram eters  were 40 uA, 333 Hz and 40 msec p u lse  t r a i n .
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F ig . 20: Two neurons r e la te d  to  la rg e r  am plitude c o n t r a la t e r a l  saccades
recorded  in  Track #36: 072580-4 and 5 . A, B, neurons recorded  in  the
v e n tra l  p o r tio n s  o f th e  r ig h t  MRF. A, A neuron a s so c ia te d  with medium 
s ized  saccades o f  6 to  10 d eg rees. Peak f i r i n g  was le s s  fo r  th e  sm a lle r 
c o n t r a la t e r a l  saccade th a t  occurred  l a t e r  in  the  t r a c e .  B, High peak 
frequency in  a s s o c ia t io n  w ith  a la rg e  12-14 degree o n - ta rg e t  saccade to  
th e  c o n t r a la t e r a l  s id e .  This eye movement was follow ed by a number o f 
sm a lle r  c o n t r a la t e r a l  o n - ta rg e t  movements th a t  were n o t a s so c ia te d  w ith 
s im ila r  changes in  f i r i n g .  The EOG g a in  was 10.5 degrees/cm  fo r  both 
h o r iz o n ta l and v e r t i c a l  EOG.
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F ig . 21: S tim u la tio n  along Track #36 o f 0 7 /2 5 /7 9 . M icro stim u la tio n  a t
0.25 mm in te r v a ls  along the  tra c k  from which th e  neurons p re sen te d  in 
th e  p rev io u s  f ig u re  were reco rded . A, S tim u la tin g  c u r re n ts  o f  MOuA, 333 
HZ, fo r  MO msec produced 1-2 degree c o n t r a la t e r a l  ( l e f t )  saccades a t  
la ten cy  of 10 msec. B, Saccades were s l ig h t ly  la rg e r  a s  th e  e le c tro d e  
was advanced from d o rs a l to  v e n t r a l .  C and D show eye movements 
produced from s tim u la tio n  above and below th e  reco rd in g  s i t e s  fo r  
neurons M and 5 in  tra c k  #36 (see  F ig . 20A and B ). E le c t r i c a l  
s t im u la tio n  produced 8-10 degree (C) and 10-12 degree (D) saccades to  
th e  c o n t r a la t e r a l  s id e  a t  sh o r t la te n c y . S tim u la tio n  a t  more v e n t ra l  
s i t e s  (E and F) produced la rg e r  saccades. Time s c a le  i s  shown by th e  
d u ra tio n  o f th e  s tim u la tin g  p u lse  t r a in  which was M0 msec. Only th e  
h o r iz o n ta l  EOG i s  shown. The g a in  i s  10.5 degrees shown b e s id e  F.
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Small c o n t r a la t e r a l  saccades were produced by s tim u la tio n  in th e  d o rsa l 

MRF (F ig . 21A, B). Deeper (more v e n tra l)  the  saccades became la rg e r  

(C-E). Below th i s  th e  e f f e c t  o f  s tim u la t io n  was more v a r ia b le ,  but 

s tim u la tio n  tended to  c a rry  th e  eyes to  the  c o n t r a la t e r a l  s id e  (F ).

There was a c lo se  correspondence between th e  p re fe r re d  saccade s iz e  of 

th e  s in g le  neurons shown in  F ig . 20A, B and th e  am plitude o f th e  

saccades e l i c i t e d  by m ic ro s tim u la tio n  a t  th a t  s i t e .  The reco rd ing  s i t e s  

o f  u n i t s  4 and 5 were between th e  s tim u la tio n  reco rd s  in F ig . 21C and D. 

S tim u la tio n  n ea r th e  s i t e  o f  U072580-5 (shown in  F ig . 20A) produced 

f ix ed  am plitude saccades o f  about 8 degrees (F ig . 21A). S tim u la tio n  

n ear th e  s i t e  o f  U072580-4 (shown in  F ig . 20B) produced 12 degree fixed  

am plitude saccades (F ig . 21D). The lo c i  o f th e se  neurons in  th e  MRF and 

o f th e  s tim u la tio n  tra c k  a re  shown in  F ig . 22. An e l e c t r o l y t i c  le s io n  

la b e lle d  by an open arrow  was produced a t  th e  bottom  o f  th e  tra c k  a t  th e  

end o f th e  s tim u la tio n /re c o rd in g  experim ent. The upper f i l l e d  arrow 

shows th e  lo c a tio n  o f u n it  re c o rd in g .

The r e s u l t s  o f th e  s tim u la tio n /re c o rd in g  experim ents su ggest a s iz e  

s p e c if ic  anatom ical and p h y s io lo g ic  r e la t io n s h ip  in th e  MRF. Pathways 

and c e l l s  c o n tro l l in g  sm all saccades appear to  be lo c a liz e d  d o rs a l ly  and 

pathways and c e l l s  involved in  th e  g e n e ra tio n  o f  la rg e r  saccades appear 

to  be more v e n t r a l .

QUANTITATIVE ANALYSIS OF UNIT ACTIVITY

Two q u e s tio n s  were posed to  r e l a t e  m e tr ic s  o f  th e  eye movements to  

th e  u n i t  a c t i v i t y :  Can v is u a l ly - ta rg e te d  movements be sep a ra ted  from
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F ig . 22: H is to lo g ic  s e c tio n  o f  M996 showing Track #36. This i s  a
co ro n a l s e c tio n  through the  b ra in s tem  a t  a le v e l  o f  A 3 .5 . The 
oculom otor n u c le i  a re  prom inent. The le s io n  a t  th e  bottom  o f one o f th e  
tra c k s  was p laced  made by passing  100 m icroanperes fo r  45 secs  (marked 
by open a rro w ). I t  was 5.75 mm below th e  s i t e  in the  MRF a t  which th e  2 
u n i t s  o f  Track #36 (F ig . 20A,B) were recorded  (marked by upper o f two 
f i l l e d  a rro w s).
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apontaneoua movementa on the  b aa ia  o f  th e  u n i t  a c t iv i ty ?  What 

in fo rm ation  might be con tained  in  th e  neuronal f i r i n g  p a t te m a ?  Two 

param etera o f  neuronal f i r i n g  were uaed: th e  number o f ap ikea  in a 

a p e c if ie d  in te r v a l  (N) and th e  mean peak frequency of f i r i n g  (Fmax). N 

waa choaen becauae neurona in  th e  MRF m ight p r o je c t  to  th e  PPRF where a 

d e l ta  N/ d e l ta  p o a itio n  r e la t io n a h ip  ia  known to  be a aa o c ia ted  with 

p ro d u c tio n  o f  aaccadea (Henn and Cohen, 1976). M icroatim u la tion  o f  th e  

MRF haa ahown th a t  a minimum number o f pu laea  a re  neceaaary  to  e l i c i t  a 

c o n t r a la t e r a l  aaccade (Matauo e t  a l . ,  1980; Cohen e t .  a l . ,  1982). 

Frequency o f th e  a tim u la tin g  pu laea  had l i t t l e  e f f e c t  in  changing the  

a iz e  of th e  induced movement, bu t waa im portan t in  d ecreaa ing  the 

la ten cy  to  the  beginning o f th e  aaccade. In  a d d i tio n , a tim u la tio n  

a tu d ie a  auggeated th a t  becauae o f  th e  anatom ic o rg a n iz a tio n  o f  th e  MRF, 

h ighe r peak freq u en c iea  o ccu rrin g  b e fo re  a movement in c e r ta in  reg iona  

might p lay  an im portan t ro le  in  g e n e ra tin g  aaccadea o f  p a r t i c u la r  a iz e a . 

The i n i t i a l  p a r t  o f  th e  a n a ly a la  waa to  determ ine i f  N waa r e la te d  to 

th e  d ir e c t io n  and am plitude o f c o n t r a la t e r a l  aaccadea.

To t e a t  th e  hypo theaia  th a t  theae  neurona m ight co n ta in  d i r e c t io n a l  

in fo rm atio n  in  th e i r  f i r i n g  r a te a ,  th e  re la t io n a h ip  between number o f 

ap ikea  and ang le o f  movement waa examined fo r  th e  neuron w ith  low 

background a c t iv i t y  (aee  F iga . 12 and 13) in  th e  r ig h t  MRF (F ig . 23 ).

The g r e a te s t  number o f ap ikea  occurred  in  a a a o c ia t io n  w ith  c o n t r a la t e r a l  

( le f tw a rd )  movementa. Aa th e  number o f  ap ikea  in  th e  b u ra t inc reaaed  i t  

waa more l ik e ly  th a t  th e  d i r e c t io n  o f  movement would be to  th e  l e f t  (180 

deg ). The d ia t r ib u t io n  o f  th e  movementa acco rd ing  to  an g le  ia  ahown on
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F ig . 23: D irec tio n  o f eye movement v e rsu s  number o f sp ik e s  fo r
U032079-5. The o rd in a te  fo r  the  l e f t  h is tog ram  i s  th e  d i r e c t io n  o f  th e  
eye movement in  p o la r  c o o rd in a te s . 0 d eg rees i s  an eye movement to  the 
r ig h t ,  90 degrees up, 180 degrees to  th e  l e f t ,  and 270 degrees down.
The b in  w idth was 6 d eg rees. There was a predominance o f  r i g h t  and l e f t  
saccad es. The r ig h t  h is tog ram  has th e  same o rd in a te .  The number o f 
s p ik e s  in  the  th e  in te r v a l  32 msec b e fo re  to  4 .8  msec b e fo re  th e  end o f 
th e  saccade in te r v a l  i s  graphed on th e  a b s c is s a  fo r  th e  same s e t  o f  396 
o n - ta rg e t  and spontaneous eye movements seen on th e  l e f t .  Movements 
w ith more than 6 sp ik e s  in  th e  a s so c ia te d  b u r s t  were to  th e  l e f t  o r  the  
c o n t r a la t e r a l  s id e  (180 d eg ree s) .
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th e  l e f t  s id e  o f F ig . 23. There were more h o r iz o n ta l  than v e r t i c a l  

movements. However, movements to  the  r ig h t  (0 and 360 degrees) were no t 

a s so c ia te d  w ith In c re a se s  in f i r i n g  (F ig . 23, r ig h t ) ,  and th e re  was a 

g rad u a l bu ildup  in  a c t iv i t y  as  th e  d i r e c t io n  o f th e  movement approached 

180 d eg ree s . There was no ap p a re n t d if f e re n c e  between the  d is t r ib u t io n  

o f an g le s  fo r  the  spontaneous and the  o n - ta rg e t  movements (no t shown).

F ig . 24 shows th e  am plitude o f th e  h o r iz o n ta l  component o f  movement 

p lo t te d  a g a in s t N fo r  spontaneous (A) and o n - ta rg e t  movements (B ). The 

perio d  o f a n a ly s is  was from 32 msec b e fo re  th e  o n se t o f movement to  4 .8  

msec b e fo re  th e  end o f movement. In  both  ca se s  th e re  was an in c re ase  in  

the  number o f sp ik e s  as  th e  am plitude o f th e  180 deg ( l e f t )  component 

In c reased . C and D a re  h istog ram s showing the  number o f le ftw ard  

movements a s s o c ia te d  w ith v a r io u s  N 's . The ta rg e te d  movements (D) were 

a s s o c ia te d  w ith a la rg e r  number o f  s p ik e s  than  th e  spontaneous movements 

(C ). The modes fo r  th e  two d i s t r i b u t io n s  were 6 and 14 sp ik es  fo r  th e  

spontaneous and th e  o n - ta rg e t  movements, re s p e c t iv e ly .

P o ss ib le  r e la t io n s h ip s  between neuronal a c t i v i t y  and th e  m e tr ic s  o f  

th e  upcoming movement in  MRF b u rs t  neurons w ith  h igh  background a c t iv i t y  

were a lso  examined (se e  F ig s . 14, 15, and 16). Two in te r v a ls  were 

c o n s id e re d . The f i r s t  was a p e rio d  th a t  began 32 msec b e fo re  th e  eye 

movement and ended w ith i t s  o n s e t.  The second in te r v a l  encoqpassed 

a c t iv i t y  from 32 msec b efo re  th e  o n se t o f  movement to  4 .8  msec b efo re  

th e  end o f th e  movement. The f i r s t  p e rio d  was chosen to  c o in c id e  w ith 

many o f th e  h igh  b u r s ts  o f  a c t i v i t y  a s so c ia te d  w ith l e f t  movements and 

p e r io d s  o f  maximal in h ib i t io n  fo r  righ tw ard  movements. A c tiv ity  in  th is
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F ig . 24: Amplitude v s . number o f sp ik e s  In th e  b u rs t fo r  U032079-5,
M997 (See a lso  F ig s . 12 and 13). The perio d  of a n a ly s is  began 32 msec 
befo re  th e  saccade began and ended 4 .8  msec befo re  saccade ended. A, 
Spontaneous eye movements. There was a rough a s s o c ia t io n  between the 
number o f sp ik e s  In th e  perio d  o f a n a ly s is  and the  h o r iz o n ta l component 
o f  movement to  the  c o n t r a la t e r a l  s id e  shown on th e  o rd in a te .  The 
r e la t io n s h ip  appeared to  be s tro n g e r  fo r  o n - ta rg e t  saccades shown In B. 
The h istogram s In C and D show th e  d i s t r i b u t io n  o f th e  c o n t r a la t e r a l  
( l e f t )  eye movements. Most c o n t r a la t e r a l  spontaneous saccades had 12 or 
le s s  sp ik e s  In the  a n a ly s is  In te rv a l  (C ). C o n tra la te ra l  o n - ta rg e t  
movements In D, however, had 12 or more sp ik e s  In th i s  In te rv a l .
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period  had the  a p p ro p ria te  la ten cy  to  in f lu e n c e  th e  g e n e ra tio n  o f  th e  

upcoming saccade. The second perio d  was chosen because as  noted above 

th e  h ig h e s t peak of a c t iv i t y  o fte n  d id  no t occur u n t i l  a f t e r  the  eye 

movement had a lre ad y  begun.

The r e la t io n s h ip  to d i r e c t io n  in th e  32 msec period  p reced ing  eye 

movement is  dem onstrated in F ig . 25. The h ig h e s t N 's were a s s o c ia te d  

w ith movements to  th e  l e f t  ( i . e .  180 degrees) fo r  both spontaneous and 

o n - ta rg e t  movements. This i s  s im i la r  to  f in d in g s  fo r  th e  more phasic  

neuron analyzed in  F ig . 23 (U nit 5, 032079). F igure  25C dem onstra tes  

th a t  th e  d i s t r ib u t io n  was r e l a t iv e ly  uniform  fo r  movements o f  a l l  

d i r e c t io n s  in th i s  sample. This su g g ests  th a t  in fo rm ation  about saccade 

d i r e c t io n ,  no t saccade s iz e  was p re s e n t  in  th e  number o f  s p ik e s  th a t  

occurred  in  th e  in te r v a l  th a t  J u s t  preceded th e  eye movement in  b u rs t  

neurons w ith  h igh  background a c t i v i t y .

A nalysis o f  eye movements fo r  neuron 051079-6 using  th e  p erio d  from 

32 msec b efo re  to  the  o n se t o f  th e  movement i s  shown in  F ig . 26. The 

am plitude o f th e  component o f  movement in th e  h o r iz o n ta l  p lan e  (0-180 

degrees) i s  shown on th e  o rd in a te  and th e  number o f  sp ik e s  in  th e  

sp e c if ie d  32 msec in te r v a l  on th e  a b s c is s a .  Spontaneous movements a re  

shown in  A and o n - ta rg e t  movements in  B. When th i s  neuron f i r e d  more 

than  4 sp ik es  th e  h o r iz o n ta l  component o f  th e  Impending eye movement was 

le ftw a rd . However, th e  number o f  sp ik e s  in  th i s  in te r v a l  was no t 

c o r re la te d  w ith th e  s iz e  o f th e  h o r iz o n ta l  coqponent. C o n tra la te ra l  

o n - ta rg e t  b u t n o t spontaneous movements were alm ost alw ays a s so c ia te d  

w ith  n e u ra l a c t i v i t y .  This i s  shown more c le a r ly  by th e  h istog ram s in
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F ig . 25: D ire c tio n  o f  eye movement v e rsu s  number o f sp ik e s  in  b u rs t  and 
am plitude h istog ram  fo r  U051079-6 eye movements. A, B, Angle o f 
movement v s . number o f sp ik e s  fo r  u n it  U051079-6. The number o f  sp ik e s  
in  the  32 msec p erio d  Ju s t p reced ing  th e  saccade i s  shown along th e  
a b sc is s a  in A and B, and the  ang le  o f  movement on the  o rd in a te .  There 
were more sp ik e s  p r io r  to  le ftw ard  o n - ta rg e t  saccades than  righ tw ard  
o n - ta rg e t  movements (B ). This r e la t io n s h ip  o f n e u ra l a c t i v i t y  to 
saccade d ir e c t io n  to  the  c o n t r a la t e r a l  s id e  was a ls o  p re se n t fo r  
spontaneous saccades (A). The d i s t r ib u t io n  o f  an g le s  o f  movement o f 
both o n - ta rg e t  and spontaneous movements i s  shown in  C. The number o f 
eye movements in  each 6 degree b in  i s  shown on th e  o rd in a te .  There was 
a r e la t iv e ly  even d is t r ib u t io n  a c ro ss  d i r e c t io n .  The d i s t r ib u t io n  o f  
am p litudes fo r  th e  same s e t  o f  1001 eye movements i s  shown in  D. Most 
eye movements averaged 6-8 degrees in  s iz e .
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F ig . 26: Amplitude v s . number o f s p ik e s  b efo re  saccades fo r  u n i t
U051079-6. The a b s c is s a  in  each graph  shows th e  number o f sp ik e s  in  the 
32 msec in te r v a l  which preceded th e  saccade. In  A and B th e  am plitude 
o f th e  h o r iz o n ta l  component o f  movement ( in  d eg rees) i s  p lo t te d  on the  
o rd in a te .  Eye movements w ith no h o r iz o n ta l  component a re  a t  ze ro . 
In c re a s in g  am plitude to  th e  l e f t  i s  in d ic a te d  above and in c re a s in g  
am plitude to  the  r ig h t  i s  shown below th e  ze ro  l in e .  A, When 
spontaneous saccades had a h o r iz o n ta l  component to  th e  l e f t  th e re  was a 
g r e a te r  number o f sp ik e s  than fo r  movements to  th e  r ig h t .  This was a lso  
t ru e  fo r  o n - ta rg e t  saccade (B ). The h istog ram s in  C and D in d ic a te  the  
number o f le ftw a rd  eye movements (on th e  o rd in a te )  a s so c ia te d  w ith 
d i f f e r e n t  numbers o f  sp ik e s  in  th e  s p e c if ie d  in te r v a l .  F ir in g  tended to 
be h ig h e r in  a s s o c ia t io n  w ith  le ftw a rd  o n - ta rg e t  saccad es. The modes 
a re  50 movements a t  b ln  3 fo r  C and 29 movements a t  b in  5 fo r  D. The 
v e r t i c a l  component o f  movement i s  p lo t te d  a g a in s t  number o f  sp ik e s  in  E 
and F. No r e la t io n s h ip  was found fo r  e i t h e r  th e  spontaneous (E) or 
o n - ta rg e t  (F) saccades.
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p a r ts  C and D. Even though the  modes fo r  th e  two s e ts  o f le ftw ard  

movements were sep a ra ted  by Ju s t 2 s p ik e s / in te r v a l ,  the c o n c e n tra tio n  o f 

o n - ta rg e t  movements in the range o f 3 to  8 sp ik es  was much h ig h e r fo r  

o n - ta rg e t  than fo r  the  spontaneous movements which were c lu s te re d  in to  

the  0 to  5 range. There were no c o r r e la t io n s  between the number o f 

sp ik e s  in the  b u rs t  (N) and the  component o f  movement in the  v e r t i c a l  

p lane (p a r ts  E and F).

When th e  perio d  o f a n a ly s is  was extended to  inc lude  32 msec befo re  

the  movement to  4 .8  msec b efo re  the  end o f th e  movement, th e  e n t i r e  

b u rs t  o f  f i r i n g  was encompassed fo r  alm ost a l l  movements. For many of 

th e  b u rs t  neurons th e  h igh  background a c t iv i t y  during  p e rio d s  o f  

f ix a t io n  was i r r e g u la r  and was n o t r e la te d  to  eye p o s i t io n .  T his made 

i t  unnecessary  to  c o r r e c t  fo r  th e  number o f  sp ik e s  th a t  occurred  in  th e  

d i f f e r e n t  time in te r v a ls  a s s o c ia te d  w ith eye movements o f  vary ing  

am p litudes. Furtherm ore, th ese  c e l l s  ty p ic a l ly  continued  to  f i r e  fo r  

some time (up to  100 msec) a f t e r  th e  end o f many o n - ta rg e t  le ftw ard  

movements. This a c t i v i t y  was n o t co n sid ered  in  th e  p re se n t a n a ly s is .

A nalysis o f  th e  p erio d  encompassing th e  e n t i r e  eye movement is  

shown in F ig . 27. Large s ized  movements were a s so c ia te d  w ith a g r e a te r  

number o f sp ik e s  in  th e  a n a ly s is  in t e r v a l  th an  sm a lle r saccades. This 

p o s i t iv e  a s s o c ia t io n  was p re s e n t fo r  bo th  th e  spontaneous and o n - ta rg e t  

movements. Very few o f  th e  two degree  le ftw a rd  saccades were a s so c ia te d  

w ith more than  7 sp ik e s  whereas most 12 degree le ftw a rd  movements 

con ta in ed  more than 4 to  5 sp ik e s . R e s ta te d : th e  b u r s t  a s so c ia te d  w ith 

most 2 degree saccades co n ta in ed  from 0 to  7 sp ik e s , w hile th e  b u r s t
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F ig . 27: Amplitude v s . number o f sp ik e s  in  th e  b u rs t  fo r  u n it
U051079-6. The a n a ly s is  p erio d  began 32 msec befo re  th e  eye movement 
and extended to  4 .8  msec b efo re  the  end o f th e  movement. These graphs 
should be compared to  those in  A-D o f  F ig . 26 where th e  period  of 
a n a ly s is  went J u s t to  the  o n se t o f  movement. A, There was an in c re a se  
in  a n p litu d e  to  the  l e f t  a s  sp ik e  number In c reased . B, This 
r e la t io n s h ip  was a ls o  p re s e n t du ring  o n - ta rg e t  movements. Below each of 
th e se  g raphs i s  a h is tog ram  o f th e  le ftw a rd  movements. O n -ta rg e t 
movements (D) were a s s o c ia te d  w ith more sp ik e s  than  spontaneous saccades 
(C ). The modes fo r  C and D were 30 movements a t  b in  4 fo r  spontaneous 
saccades (C) and 27 movements a t  b in  9 fo r  th e  o n - ta rg e t  saccades (D ).
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a s so c ia te d  w ith most 12 degree saccades co n ta in ed  from 4 to  12 sp ik es .

H istogram s o f th i s  d a ta  dem onstrate th a t  l e f t  v is u a l ly  ta rg e te d  

movements could be sep a ra ted  from th e  spontaneous movements on the  b a s is  

o f th e  number o f sp ik e s  co n ta in ed  in th e  p erio d  o f  a n a ly s is  (F ig . 27C 

and D). There were more spontaneous movements than o n - ta rg e t  movements 

th a t  had no sp ik es  a s s o c ia te d  w ith the  movement. The modes were 4 and 9 

s p ik e s / in te r v a l ,  r e s p e c t iv e ly .  There was no r e la t io n s h ip  between number 

o f sp ik e s  and saccade d i r e c t io n  o r s iz e  in  th e  v e r t i c a l  p lan e  (n o t 

shown).

The r e la t iv e ly  loose re la t io n s h ip  between saccade s iz e  and number 

of sp ik e s  in  the  a s so c ia te d  b u rs t  was p u zz lin g  in l i g h t  o f  th e  c lo se  

a s s o c ia t io n  o f  n e u ra l f i r i n g  w ith am plitude which was dem onstrated  in  

the  s t im u la tio n /re c o rd in g  experim en ts. This suggested  th a t  o th e r  

param eters  m ight be r e la te d  to  saccade am p litu d e . This was pursued by 

c o n s tru c tin g  o rdered  r a s t e r s  o f  sp ik e  a c t i v i t y  using th e  h o r iz o n ta l  

component o f  movement a s  th e  o rd e rin g  v a r ia b le .  R a s te rs  fo r  

c o n t r a la t e r a l  spontaneous o n - ta rg e t  movements and i p s i l a t e r a l  o f f - t a r g e t  

movements a re  shown in  F ig . 28. The r a s t e r s  span a range from 0 .5  to  27 

degrees o f  am plitude w ith th e  sm a lle r movements shown a t  th e  top and the  

la rg e r  movements a t  th e  bottom . There was no s t r ik in g  d if fe re n c e  in  

f i r i n g  a s s o c ia te d  w ith d i f f e r e n t  s ized  spontaneous saccades (F ig . 28, 

l e f t ) .  For o n - ta rg e t  movements, however, th e re  was a g e n e ra l in c re a se  

in  b u rs t  d u ra tio n  w ith  in c reased  h o r iz o n ta l am plitude o f  th e  movement. 

S ince th e  d u ra tio n  o f  la rg e  movements i s  longer than fo r  sm all movements 

th i s  p ro v id es  an e x p lan a tio n  fo r  th e  rough p o s i t iv e  r e la t io n s h ip  between
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Fig . 28: R aster ordered fo r  am plitude o f  movement fo r  u n i t  a c t i v i t y  of
neuron U051079-6. Small saccades were a s so c ia te d  with f i r i n g  shown on 
the top and la rg e  saccades with a c t i v i t y  on the  bottom. The v e r t i c a l  
s c a le  i s  no t l i n e a r  b u t  r e f l e c t s  occurrence  o f  the  v a r io u s  s ized  eye 
movements. S evera l  am plitudes  a re  marked. These were r e la te d  to the 
beginning and end of computer f i l e s  used to g en e ra te  the  r a s t e r s .  
Spontaneous saccades a re  shown on the  l e f t .  There was an in c rease  in 
f i r i n g  during the movements a s  shown in the h is togram  below bu t th e re  
were no s t r i k i n g  changes in u n i t  a c t i v i t y  a s so c ia te d  with d i f f e r e n c e s  in 
am plitude . A c t iv i ty  in  the h is togram  below was c o l le c te d  in to  4 .8 msec 
b in s .  Averaged peak a c t i v i t y  over 118 movements was 150 s p ik e s /s e c .
The middle column shows o n - ta r g e t  movements to  the  l e f t .  The peak of 
a c t i v i t y  shown by the  c l u s t e r in g  o f  black d o ts  began e a r l i e r  fo r  
saccades in the range o f  3-6 degrees  (b ra c k e t  and arrow ). I t  came a f t e r  
or a t  the  beginning o f  saccade of o th e r  s i z e s .  The peak a c t i v i t y  
averaged over 99 movements was 275 s p ik e s /s e c  shown in the  h istogram  
below. Note the  inc reased  background le v e l  o f  f i r i n g  and the decrease  
in  f i r i n g  befo re  the b u r s t  r e l a t e d  to  the  p r io r  o f f - t a r g e t  saccade. The 
th i r d  column shows i p s i l a t e r a l  o f f - t a r g e t  movements which were 
a s s o c ia te d  with i n h i b i t i o n  o f  f i r i n g .  Although the  in h i b i t i o n  did  not 
appear to  be am plitude s p e c i f i c ,  i t  tended to  be longer befo re  saccades 
o f  l a r g e r  am plitude. The per io d  o f  i n h i b i t i o n  extended p a s t  th e  end of 
th e  saccades.  104 movements were used to form th e  ordered r a s t e r  in the 
th i r d  c o lu m ;  th e  h is togram  c o n ta in s  da ta  from 181 movements. The 
in c re a se  in f i r i n g  which followed th e  i n h i b i t i o n  was secondary to 
c o n t r a l a t e r a l  o n - ta r g e t  saccades which occurred  60 to  200 msec a f t e r  the  
o f f - t a r g e t  saccades.
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saccade am plitude and number of sp ik e s  found in F igs .  26 and 27. An 

unexpected r e s u l t  o f  t h i s  a n a ly s i s  was th a t  the  most in ten se  b u r s t s  of 

a c t i v i t y  began befo re  eye movements o f  p a r t i c u l a r  s i z e s  and occurred a t  

o r a f t e r  the  beginning of o th e r  eye movements. S p e c i f i c a l ly ,  the 

h ig h e s t  d e n s i ty  of p o in ts  befo re  the  onse t o f  eye movements was in the 

range of 2 to  6 degrees (F ig .  28, c e n te r ,  b ra c k e t ) .  The approximate 

c e n te r  of t h i s  reg ion  i s  shown by the  arrow. The high d en s i ty  of n eu ra l  

f i r i n g  in  a s s o c ia t io n  with o th e r  saccades o f  0 .5  to 2 degrees and 6 to 

12 degrees came a t  the  s t a r t  o f  the  movement. The high c l u s t e r  o f  

p o in t s  came a f t e r  the  beginning o f  o n - ta r g e t  c o n t r a l a t e r a l  saccades of 

g r e a t e r  than 12 degrees .  This occurred  d e s p i te  the f a c t  th a t  long-lead  

a c t i v i t y  tended to  begin e a r l i e r  fo r  saccades o f  l a rg e r  s i z e s .  The 

per iod  o f  i n h i b i t i o n  o f  n e u ra l  a c t i v i t y  a s so c ia te d  with r i g h t  o f f - t a r g e t  

movements a l s o  tended to  in c re a se  a s  saccade s iz e  became l a rg e r  (F ig .

28, r i g h t ) .

To dem onstrate  the  e a r l i e r  occurrence  fo r  peak a c t i v i t y  during 

movements o f  c e r t a i n  am plitudes ,  movements were separa ted  in to  groups o f  

d i f f e r e n t  s i z e s  (0 .5  -  1.99 degreees ,  2 .0  -  3*99 degrees,  4.00 -  5.99 

degrees,  e t c . )  and r a s t e r s  and h istogram s o f  th e  number o f  sp ik e s  were 

p lo t te d  (F ig .  29A to  H). Peak f req u en c ie s  occurred  e a r l i e s t  fo r  

saccades o f  2 -  6 degrees,  and preceded eye movements by 10 to 30 msec 

(F ig .  29B and C, a rrow s) .  Though the  c e l l  f i r e d  a c t iv e ly  fo r  l a rg e r  

saccades,  peak f req u en c ie s  d id  no t reach  the  same le v e l  a s  during 

sm alle r  saccades.  Thus, a lthough  the  b u r s t  a s s o c ia te d  with l a rg e r  

o n - ta rg e t  eye movements had more sp ik es  than  the  b u r s t  a s s o c ia te d  with



113

Fig . 29: R as te rs  and histogram s o f  u n i t  a c t i v i t y  a sso c ia te d  with
o n - ta rg e t  saccades o f  d i f f e r e n t  s i z e s  fo r  U051079-6. The data  from Fig. 
28, c e n te r ,  was used to  g en e ra te  t h i s  f ig u r e .  A to  H show r a s t e r s  
c o l le c te d  in to  groups co n ta in in g  o n - ta rg e t  eye movements o f  s p e c i f i c  
am plitudes .  The histogram s immediately below the  r a s t e r s  were scaled  
fo r  Ns30 and a peak o f  300 s p ik e s / s e c .  Peak a c t i v i t y  had the h ig h e s t  
frequency and occurred e a r l i e s t  in  B and C in  a s s o c ia t io n  with o n - ta rg e t  
movements o f  3 to  7 degrees,  where i t  led the  o n se t  o f  the  saccade by 
about 20 to 25 msec.
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sm a l le r  ta rg e te d  eye movements, I t  occurred  over a longer in t e r v a l  and 

the  p o in t  a t  which the peak f i r i n g  occurred was delayed u n t i l  a f t e r  the 

s t a r t  o f  the  movement (F ig . 29G). The second peak shown in the 

h is tog ram  c o n s tru c te d  from la rg e  saccades in F ig .  29H i s  probably 

r e l a t e d  to  the occurrence o f  a small r e f i x a t io n  o r  c o r r e c t iv e  saccade 

t h a t  was made a f t e r  the  i n i t i a l  la rg e  o n - ta r g e t  movement.

In o rd e r  to  ana lyze  the  time o f  occurrence  o f  peak a c t i v i t y  of 

f i r i n g  in  r e l a t i o n  to  s iz e  and o n se t  o f  movement, a program was w r i t te n  

which would f ind  the s h o r t e s t  in t e r s p ik e  i n t e r v a l  ( i . e .  h ig h e s t  

frequency) during  the  i n t e r v a l  from 32 msec b e fo re  eye movement to  M.8 

msec befo re  the  end. The in t e r s p ik e  in t e r v a l s  immediately preceding  and 

fo llow ing  the  s h o r t e s t  i n t e r v a l  were a lso  determ ined . The r e c ip ro c a l  o f  

th e  average o f  these  th re e  p e r io d s  was c a l le d  the  mean peak frequency 

(Fmax). The la ten cy  from th e  beginning o f  th e  s h o r t e s t  in t e r s p ik e  

i n t e r v a l  to  the  beginning o f  spontaneous and o n - ta r g e t  saccades i s  shown 

in  F ig . 30. The peak f i r i n g  e i t h e r  preceded or came a f t e r  the  onse t  o f ,  

o r was no t  found fo r  spontaneous movements. The peak f i r i n g  fo r  

saccades with h o r iz o n ta l  components o f  am plitude from 5 degrees r i g h t  to 

7 degrees l e f t  preceded the  movement by about 0 to  10 msec (F ig .  30 

l e f t ) .  For spontaneous saccades  whose am plitudes  f e l l  o u ts id e  o f  t h i s  

range o f  am plitudes  (5 deg R to  7 deg L) the  peak a c t i v i t y  occurred 

a f t e r  th e  beginning o f  the  movement (n e g a t iv e  la te n c y ) .  Many 

spontaneous eye movements had no a s s o c ia te d  peak frequency ( p o in t s  a t  

the  bottom o f  th e  graph) in  the  i n t e r v a l  s tu d ie d  (from 32 msec befo re  

the  beginning u n t i l  4 .8  msec b e fo re  the  end o f  th e  movement). During
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F ig . 30: Latency o f  peak f i r i n g  vs .  saccade am plitude fo r  U051079-6.
The peak frequency fo r  th i s  and the  fo llow ing f ig u re  waa determined by 
f ind ing  the s h o r te s t  in t e r s p ik e  i n t e r v a l  in  a per iod  which began 32 msec 
befo re  a c o n t r a l a t e r a l  spontaneous o r  o n - ta r g e t  saccade and ended 4.8 
msec befo re  the saccade end. Each frequency was then c a lc u la te d  as  
descr ibed  in t e x t .  The time o f  peak f i r i n g  is  p o s i t i v e  i f  befo re  and 
n eg a t iv e  i f  a f t e r  the beginning  o f  th e  saccade and i s  shown on the 
o rd in a te .  The am plitude o f  th e  saccade in the h o r iz o n ta l  p lane i s  shown 
on the  a b s c is s a .  Peak f i r i n g  of spontaneous saccades (N=499), shown on 
the l e f t - s i d e ,  were c lu s te r e d  a t  and around the  onse t o f  movement. The 
d o ts  along the  bottom o f  th e  graph in d ic a te  movements which were no t 
a s s o c ia te d  with sp ik es  or which had th e i r  peak frequency occur more than 
100 msec a f t e r  the  beginning o f  th e  saccade. The o n - ta rg e t  saccades 
(Na220) shown by the  graph  on the  r i g h t  had peak f i r i n g  which occurred 
20 msec befo re  saccade o n se t .  The heavy c l u s t e r  of p o in t s  w ith la rg e  
p o s i t i v e  la tency  were fo r  c o n t r a l a t e r a l  ( l e f t )  o n - ta rg e t  saccades o f  4-6 
degrees.
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performance of the  task  (F ig .  30, r i g h t ) ,  th e re  were many 4-5 deg 

le ftw ard  saccades t h a t  were preceded by peaks o f  f i r i n g  a t  an ea r ly  

la ten cy .  Larger movements were g e n e ra l ly  a s so c ia te d  with sm alle r  

p o s i t i v e  l a t e n c i e s  or nega t ive  l a t e n c i e s .  There were fewer o n - ta rg e t  

than spontaneous movements whose peak frequency occurred a f t e r  the 

beginning of the  movement. This sugges ts  t h a t  the  e f f e c t  o f  a t t e n t i o n  

and v i s u a l  guidance on t h i s  c e l l  was to  cause peak f i r i n g  to  occur 

e a r l i e r  and to I n h ib i t  the  c e l l  from f i r i n g  in a s s o c ia t io n  w ith saccades 

to  the  l p s i l a t e r a l  ( r i g h t )  s id e .

The p o s i t i v e  s h i f t  in la tency  fo r  o n - ta rg e t  saccades shown in Fig. 

30, r i g h t ,  was a lso  a s so c ia te d  with an Increase  in the  peak frequency 

(F ig .  31)• The eye movements were d iv ided  in to  two groups: those whose 

peak frequency occurred  p r io r  to the eye movement (A and B) and those 

whose peak frequency came a t  o r  a f t e r  th e  s t a r t  o f  th e  saccade (C and 

D). The m a jo r i ty  o f  spontaneous eye movements had peak freq u en c ie s  th a t  

f e l l  in  the  range o f  100 to 325 Hz. Peak f req u en c ies  befo re  spontaneous 

movements (A) r a r e ly  exceeded 400 to  500 Hz and were a s s o c ia te d  almost 

e x c lu s iv e ly  with le ftw ard  eye movements In the  range o f  3 to  15 degrees .  

During o n - ta rg e t  movements, on the  o th e r  hand, th e re  was a p re c i s e  

c lu s t e r in g  o f  peak f req u en c ies  in the  325 to  625 Hz range in  a s s o c ia t io n  

with saccades o f  4 to  6 degrees .  Peak f req u en c ie s  were lower fo r  

saccades t h a t  f e l l  o u ts id e  th i s  range. The c lu s t e r in g  o f  movements with 

high peak f req u en c ie s  in the  am plitude range o f  4 to  6 degrees 

corresponds  to  the movements shown in  F ig .  30, r i g h t ,  which had the  

lon g es t  p o s i t i v e  la ten cy .
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F ig . 31: Peak frequency befo re  and a f t e r  saccade onse t  v s .  saccade 
am plitude fo r  U051079-6. Same u n i t  a s  In p rev ious  f ig u r e .  O rdinate  
In d ic a te s  peak frequency of f i r i n g  and am plitude of h o r iz o n ta l  conponent 
i s  shown on the  a b s c i s s a .  Spontaneous saccades whose peak frequency 
occurred befo re  the eye movement a re  shown in  A. Most b u r s t s  did  not 
exceed 450 Hz and only a few were h ig h e r  than 325 Hz. O n-ta rge t 
movements shown in B had h ig h e r  peak f req u en c ie s  and the  maximum peak 
frequency occurred befo re  c o n t r a l a t e r a l  saccades  with h o r iz o n ta l  
components o f  4-6 degree a n p l i tu d e .  This maximum corresponded to the 
dense c lu s t e r in g  of movements seen in F ig .  30 ( r ig h t )  fo r  o n - ta rg e t  
saccades.  Peak freq u en c ie s  which occurred  a f t e r  the  beginning o f  th e  
saccade a re  shown in  C and D. Few spontaneous saccades  (C) had peak 
f req u en c ie s  above 325 s p ik e s /s e c .  There were many fewer movements which 
occurred a f t e r  the  o n se t  o f  o n - t a r g e t  saccades (D), and the  f i r i n g  was 
g e n e ra l ly  a s s o c ia te d  with l a r g e r  17 to 35 degree saccades.
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The two lower graphs o f  F ig .  31 (C and D) show eye movements whose 

peak freq u en c ie s  f e l l  a f t e r  the  beginning o f  the  movement. Such b u r s t s  

r a r e ly  exceeded 500 Hz. For the spontaneous movements (C) th e re  was a 

g e n e ra l  in c re a se  in peak f i r i n g  a s so c ia te d  with le ftw ard  eye movements, 

bu t  i t  was n o t  p o s s ib le  to  d i f f e r e n t i a t e  e i t h e r  the  d i r e c t io n  o r  the 

s iz e  of the  a s s o c ia te d  movement from th e  param eters  of the  b u r s t .  The 

s e p a ra t io n  o f  saccades  in to  p o s i t i v e  and nega t ive  la tency  a lso  separa ted  

eye movements o f  d i f f e r e n t  am p litudes .  Peak freq u en c ie s  o f  l a rg e r  

movements g e n e ra l ly  occurred a f t e r  the  eye movement had begun (F ig . 31C 

and D). Small spontaneous le ftw ard  movements were a s s o c ia te d  with 

e i t h e r  a p o s i t i v e  or n eg a t iv e  la tency  (F ig . 31A and C). Small o n - ta rg e t  

saccades , however, u su a l ly  were a s s o c ia te d  with peak f req u en c ie s  t h a t  

occurred  befo re  the  o n se t  o f  eye movement (F ig .  31B). The sharp peak of 

a c t i v i t y  which preceded small o n - t a r g e t  movements, F ig .  31B, in d ic a te s  

t h a t  both saccade s i z e  and d i r e c t i o n  were a s s o c ia te d  with la tency  and 

magnitude o f  th e  peak frequency in  t h i s  u n i t .  Moreover, these  f ig u re s  

dem onstrate  t h a t  the  p o s i t i v e  la ten cy  of peak f i r i n g  was most c lo s e ly  

a s s o c ia te d  with the  s iz e  o f  th e  upcoming saccade.
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CHAPTER

DISCUSSION

This study has c h a ra c te r iz e d  n eu ra l  a c t i v i t y  in the MRF, a reg ion  

th a t  appea rs  to  be im portan t fo r  producing or c o n t ro l l in g  spontaneous 

and v i s u a l ly  evoked saccad ic  eye movements (S zen ta g o th a i ,  1943; Bender 

and Shanzer, 1964; Komatsuzakl e t .  a l . ,  1972). The major f in d in g s  a re  

t h a t  th e re  a re  neurons in the  MRP which f i r e  p r e f e r e n t i a l l y  before 

saccades whose h o r iz o n ta l  component o f  movement i s  to  the  c o n t r a l a t e r a l  

s id e  and th a t  these  neurons begin f i r i n g  e a r l i e r  and reach h ighe r  peak 

f req u en c ie s  befo re  v i s u a l ly  guided or v i s u a l ly  ta rg e te d  saccades. There 

i s  a l s o  a  sugges tion  th a t  the  a c t i v i t y  o f  MRF neurons i s  o f  e a r l i e s t  

la ten cy  and h ig h e s t  peak frequency p r io r  to  s p e c i f i c  s ized  c o n t r a l a t e r a l  

rap id  eye movements. Moreover, th e re  i s  a sugges tion  th a t  t h i s  

r e l a t io n s h ip  to  saccade s iz e  may be organized  in  a d o r s a l - v e n t r a l  manner 

in  the  MRF. Neurons which were maximally e x c i ted  p r i o r  to  small 

saccades  appeared to  be loca ted  in  the  d o r s a l  reg io n s  o f  th e  MRF.

Neurons a s s o c ia te d  with la r g e r  rap id  eye movements were in v e n t r a l  

r e g io n s .  The fo llow ing  s e c t io n s  w i l l  c o n s id e r  each o f  these  p o in t s  in 

terms o f  a  p o s s ib le  ro le  o f  th e  MRF in  v isua l-ocu lom oto r  p ro cess in g .

RELATIONSHIP OF MRF BURST NEURONS TO THE DIRECTION OF SACCADES

The r e s u l t s  In d ic a te  t h a t  the  MRF i s  l ik e ly  to  be an a rea



128

a s s o c ia te d  with the g e n e ra t io n  o f  v i s u a l ly  induced eye movements to  the 

c o n t r a l a t e r a l  s id e .  The f i r i n g  of MRF neurons was h ig h e s t  p r io r  to 

saccades which had a component o f  movement in the h o r iz o n ta l  p lane ,  and 

th e re  was no r e la t io n s h ip  to  e i t h e r  v e r t i c a l  or ob lique  eye movements. 

Moreover, the tun ing  of MRF neurons fo r  the c o n t r a l a t e r a l  d i r e c t io n  was 

r e l a t e d  to  b eh av io ra l  s t a t e .  The f i r i n g  was more c o n s i s te n t  and the 

r e la t io n s h ip  to  c o n t r a l a t e r a l  saccades  was s t ro n g e r  p r io r  to v i s u a l ly  

Induced eye movements than to spontaneous movements.

C l in ic a l  and experim enta l o b se rv a t io n s  have suggested th a t  

in form ation  fo r  the  g e n e ra t io n  o f  the  h o r iz o n ta l  and v e r t i c a l  components 

o f  rap id  eye movements i s  p rocessed  in se p a ra te  a re a s  o f  th e  b ra instem  

(Goebel e t .  a l . , 1971; Cohen e t .  a l . ,  1968; KSmpf, P as ik ,  P as ik ,  and 

Bender, 1979; Bender, 19 8 0 ; Bender, P as ik ,  P as ik ,  and Rudolph, 1980; 

B uttner-Ennever, BO ttner, Cohen and Baumgartner, 1982). The PPRF 

appears  to  be the  premotor reg ion  re s p o n s ib le  fo r  th e  p roduction  o f  

h o r iz o n ta l  eye movements. R o s tra l  p o r t io n s  o f  th e  MRF and the  

I n t e r s t i t i a l  nucleus  o f  the  MLF appear to  be the  premotor a r e a s  fo r  the 

p roduction  o f  v e r t i c a l  gaze (B u ttn e r ,  BO ttner-Ennever, and Henn, 1977; 

BUttner-Ennever and B u ttn e r ,  1978; B uttner-Ennever e t .  a l . , 1982). How 

these  v e c to r s  a re  separa ted  ana tom ica lly  and p h y s io lo g ic a l ly  in 

sup ranuc lea r  pathways from the  cerebrum i s  no t  c l e a r  (Bender, 1980) .  

However, i t  i s  o f  i n t e r e s t  to  compare d i r e c t l o n a l l y - s p e c i f i c  a c t i v i t y  in 

the  MRF w ith  t h a t  in  the  PPRF.

There a re  two types  o f  neurons in the  PPRF whose f i r i n g  r a t e s  

appear to  be have a r e l a t io n s h ip  to  d i r e c t i o n .  The most s p e c i f i c  a re
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the u n i t s  in which the f i r i n g  r a te  v a r i e s  by the co s in e  o f  th e  angle 

between the h o r iz o n ta l  p lane and a v e c to r  r e p re s e n ta t io n  o f  saccade 

am plitude and d i r e c t io n  in a pr«lar co o rd in a te  system (Henn and Cohen, 

1976). The am plitude o f  saccades does no t appear to  be rep resen ted  in 

the  f i r i n g  p a t te r n  o f  these  neurons. These types o f  neurons were not 

encountered in the MRF. A second type o f  PPRF neuron has a r e la t io n s h ip  

between number o f  sp ik es  in a per iod  befo re  the  o n se t  o f  eye movement 

and am plitude. The r e la t io n s h ip  between number o f  s p ik e s  and am plitude 

was weak in  MRF neurons, although th e re  was a c l e a r  r e la t io n s h ip  between 

d i r e c t io n  and number o f  sp ik e s .  Thus, while th e re  i s  

d i r e c t i o n a l l y - s p e c i f i c  in form ation  t h a t  i s  tem porally  r e la te d  to  the 

onse t  o f  eye movement in the  MRF, i t  i s  no t s im i la r  to th a t  found in the 

PPRF. I f  th e  MRF i s  loca ted  in descending v isua l-ocu lom oto r  pathways, 

the  MRF b u r s t  neurons a re  s i tu a te d  a t  a  p o in t  where h o r iz o n ta l  and 

v e r t i c a l  components o f  movement a re  sep a ra ted .  However, the  lack of 

s i m i l a r i t y  with PPRF b u r s t  neurons in d i c a te s  t h a t  th e  MRF must be above 

the reg ion  where h o r iz o n ta l  saccades a re  a c tu a l ly  g enera ted .

DORSAL-VENTRAL ORGANIZATION OF MRF MOVEMENT FIELDS

R ela tio n sh ip  to  Saccade Amplitude

The s t im u la t io n  r e s u l t s  suggest th a t  the  MRF i s  arranged in  a 

s p e c i f i c  topographic fash ion  with r e s p e c t  to saccade am plitude. The
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reg ion  from which small movements were e l i c i t e d  in t h i s  and ano ther  

study (Cohen, Matsuo, Raphan, Waitzman, and F radin , 1982) was d o r s a l  in  

the  MRF. Large saccades were always e l i c i t e d  from v e n t r a l  p o r t io n s  of 

the  MRF. This sugges ts  th a t  th e  response to  s t im u la t io n  can be used to 

in d ic a te  the d o r s a l  or v e n t r a l  p o s i t io n  o f  the  m ic ro e lec tro d e .

In v a r io u s  t r a c k s  c e l l s  were encountered which f i r e d  p r im a r i ly  in 

r e l a t i o n  to  small or la rg e  eye movements. S t im u la t io n  a t  lo c i  where 

c e l l s  were r e l a t e d  to small saccades e l i c i t e d  small saccades .  These 

s i t e s  appeared to  l i e  more d o r s a l  in  the  MRF. Neurons 

whose peak a c t i v i t y  was g r e a t e s t  and occurred  e a r l i e s t  f o r  saccades with 

la rg e  am plitudes (10 to  15 degrees) appeared to  be lo c a ted  more v e n t r a l  

in  the  MRF. This sugges ts  t h a t  th e re  i s  a l s o  a topographic  o rg a n iz a t io n  

of c e l l s  whose a c t i v i t y  i s  r e l a t e d  to  saccades o f  d i f f e r e n t  s i z e s  in  the 

MRF a s  w e ll .

This anatomic o rg a n iz a t io n  i s  s im i la r  to the  s p a t ia l -m o to r  maps 

seen in  o th e r  su p ranuc lea r  v i s u a l  a r e a s  l i k e  the  su p e r io r  c o l l i c u l u s  and 

the  f r o n t a l  eye f i e l d s  execep t th a t  only th e  h o r iz o n ta l  conponent of 

movement i s  rep re sen ted  in  the  MRF. In  t h i s  regard  i t  i s  o f  i n t e r e s t  

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

in to  nucleus cuneifo rm is  (Cohen, Buttner-Ennever, Waitzman, and Bender, 

1981). The caudal c o l l i c u l u s  where la rg e  saccades can be e l i c i t e d  by 

m icro s tim u la tio n  and where c e l l s  with la rg e  movement f i e l d s  have been 

recorded , p r o je c t s  to  the  v e n t r a l  ( l a rg e  saccade) a rea  o f  th e  MRF. The 

r o s t r a l  c o l l i c u l u s  where c e l l s  have fo v ea l  and p a ra - fo v e a l  movement 

f i e l d s  p r o je c t s  to  the d o r s a l  (sm all saccade) p o r t io n  o f  th e  MRF (Cohen 

e t .  a l . , 1981). The phy s io lo g ic  and anatomic correspondence with the
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s u p e r io r  c o l l i c u l u s  may s i t u a t e  the  MRF c lo se  to the SC in  sup ranuc lear  

v isua l-ocu lom oto r  pathways. The apparen t  s e p a ra t io n  o f  th e  h o r iz o n ta l  

v e c to r  in  the MRF su g g es ts  t h a t  th e  n e u ra l  p ro cess in g  in the  MRF i s  

e i t h e r  independent o f  or a f t e r  th a t  occuring  in the  su p e r io r  c o l l i c u l u s  

where both h o r iz o n ta l  and v e r t i c a l  components o f  th e  saccade a re  

rep re se n te d .

R e la t io n sh ip  of th e  MRF to  Gaze

I t  has re c e n t ly  been suggested th a t  the  SC in  the  c a t  has  a 

r e l a t io n s h ip  to  gaze . S t im u la t io n  o f  th e  SC a n t e r i o r l y  produces 

r e t i n o t o p i c a l l y  o r ie n te d  eye movements (G u it to n ,  Crommelinck and 

Roucoux, 1980; Roucoux, G uitton  and C roonellnck, 1980). S t im u la t io n  o f  

in te rm e d ia te  c o l l i c u l a r  a re a s  e l i c i t s  both a head saccade and eye 

saccade. The VOR a d j u s t s  th e  s i z e  o f  th e  eye saccade, te rm in a t in g  i t  so 

t h a t  gaze remains f ixed  in space during  the  head movement. S t im u la t in g  

more p o s t e r i o r l y  causes th e  p roduc tion  o f  gaze s h i f t s  o f  up to 60 

degrees  in  which both head movements and forward eye movements a re  

e l i c i t e d  (G u itton  e t  a l . ,  198O; Roucoux e t  a l . , 1980). The VOR appears

to  be in a c t iv a te d  during  these  la rg e  gaze s h i f t s .  The s p e c i f i c  

in te rc o n n e c t io n s  o f  p o s t e r i o r  c o l l i c u l u s  w ith  the  v e n t r a l  MRF (Cohen e t .  

a l . ,  1981), and the  s im i l a r i t y  in  the  s i z e  o f  eye movements e l i c i t e d  by 

s t im u la t io n  o f  both o f  these  a re a s  su g g es ts  t h a t  th e  MRF may a l s o  p lay  a 

ro le  in  la rg e  s h i f t s  in gaze . (This assumes t h a t  fu n c t io n a l ly  the  

s u p e r io r  c o l l i c u l u s  i s  s im i la r  in the  monkey and th e  c a t . ) Older
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evidence supports  the  p o s s i b i l i t y  th a t  the  MRF may p a r t i c i p a t e  in gaze 

s h i f t s .  S tim u la t io n  in  the MRF in  f r e e ly  moving monkeys produced a 

combined head and eye movement to the c o n t r a l a t e r a l  s id e  (Wagman, 196U; 

Bender and Shanzer, 1964). Lesions in the  same a rea  caused an 

i p s i l a t e r a l  gaze p re fe ren c e  and a head t i l t  (Bender and Shanzer, 1964). 

More re c e n t ly  an e f f e r e n t  pathway from th e  MRF to  the  c e r v i c a l  s p in a l  

cord has been dem onstrated in the monkey using HRP ( C a s t ig l io n i  e t .  a l . , 

1978).

I f  the  a c t i v i t y  o f  MRF neurons was r e l a t e d  to  s h i f t s  in gaze ( i . e .  

to  movements o f  the  eyes and head) then some o f  the  im precis ion  in the 

a n a ly s i s  o f  n eu ra l  a c t i v i t y  in the  MRF might be accounted fo r  by a 

r e l a t io n s h ip  o f  a c t i v i t y  in some neurons to  in tended head movement 

during  gaze s h i f t s .  The i n i t i a l  pu lse  o f  a c t i v i t y  o f  MRF b u r s t  neurons 

might then be d i r e c te d  to the  PPRF and th e  prolonged a c t i v i t y  to  e i t h e r  

s p in a l  cord or v e s t i b u la r  system. This remains an a re a  fo r  f u r th e r  

in v e s t ig a t io n .

OCULOMOTOR SYSTEM MODELS AND MRF BURST ACTIVITY

The experiments c h a ra c te r iz in g  MRF neurons prov ide  c lu e s  t h a t  both 

timing ( la te n c y )  o f  peak f i r i n g  and the  a c t i v a t io n  o f  s p e c i f i c  anatomic 

channels  a re  im portant v a r i a b le s  fo r  the  t r i g g e r in g  o f  v i s u a l ly  evoked 

saccades. These v a r ia b le s  may a s s i s t  in  de term ining  the  d i r e c t io n  and 

am plitude o f  v i s u a l ly  i n i t i a t e d  saccades.  Models o f  th e  oculomotor 

system suggest th a t  the  in p u t to  the  medium lead  b u r s t  neurons i s  a
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motor e r r o r  s ig n a l  (Robinson, 1975; Robinson, 1981; Van Gisbergen e t .  

a l . , 1981). This s ig n a l  i s  derived  by tak ing  the  d i f f e r e n c e  between 

d e s ire d  eye p o s i t io n  and an i n t e r n a l  feedback of in s ta n tan eo u s  eye 

p o s i t i o n .  In Robinson's model a saccade i s  i n i t i a t e d  by a t r i g g e r  

s ig n a l  which in h i b i t s  omnlpause neurons. This t r i g g e r  momentarily 

r e le a s e s  the  medium lead b u r s t  neurons from i n h i b i t i o n  allow ing  them to 

g en e ra te  a saccade based on the  c u r r e n t  motor e r r o r  (Van Gisbergen e t .  

a l . ,  1981). The a c t iv a t io n  o f  th e  medium lead b u r s t  neurons c lo s e s  a 

sw itch  ( i . e . ,  the  la tc h )  which co n t in u es  to  i n h i b i t  the  omnlpause 

neurons u n t i l  motor e r r o r  i s  zero  ( i . e . ,  th e  medium lead b u r s t  neurons 

s top  f i r i n g ) .  MRF b u r s t  neurons could p a r t i c i p a t e  in such a scheme by 

m ediating both a t r i g g e r  s ig n a l  from th e  v i s u a l  system and a motor e r r o r  

s ig n a l .  The f i r i n g  p a t t e r n s  o f  th e  MRF neurons do not appear to  be 

a p p ro p r ia te  fo r  mediating a s ig n a l  r e l a t e d  to  d e s i re d  eye p o s i to n .

S evera l  p ie c e s  o f  ev idence suggest t h a t  MRF b u r s t  neurons might 

p rocess  a t r i g g e r  s ig n a l  f o r  the p roduc tion  o f  saccad ic  eye movements. 

Pathways from nucleus cuneifo rm is  to  the  oonlpause reg ion  (po n tin e  raphe 

nucleus) have been dem onstrated in both c a t  and monkey using ra d io a c t iv e  

t r a c e r s  te chn iques  (Edwards, 1975; Edwards and deOlmos, 1976; H arting , 

1977; H arting  e t .  a l . , 1980; Cohen e t .  a l . , 1981). E l e c t r i c a l  

s t im u la t io n  o f  th e  MRF a t  sub th resho ld  le v e l s  enhances th e  p roduc tion  o f  

c o n t r a l a t e r a l  quick phases during  OKN (Matsuo e t .  a l . , 1980; Cohen e t .  

a l . , 1982). The peak o f  a c t i v i t y  in MRF b u r s t  neurons p r io r  to v i s u a l ly  

guided saccades (peak frequency to  saccade o n se t  o f  15 msec) i s  

tem porally  linked  to  o n se t  o f  i n h i b i t i o n  in o m ip au se  neurons (K e l le r ,
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1974; K e l le r ,  1977).

The apparen t d o r s a l - v e n t r a l  d i s t r i b u t i o n  o f  MRF a c t i v i t y  may, in 

a d d i t io n ,  r e p re s e n t  an anatom ical map o f  motor e r r o r  fo r  v i s u a l ly  evoked 

saccades to  the  c o n t r a l a t e r a l  s id e .  This would account fo r  the

a s s o c ia t io n  with d i r e c t i o n  to  the c o n t r a l a t e r a l  s id e .  The la ten cy  of 

MRF d isch a rg e  (15 msec) p r io r  to v i s u a l ly  evoked saccades o f  the

s p e c i f ie d  s iz e  i s  a p p ro p r ia te  fo r  d r iv in g  medium lead b u r s t  neurons and

the  MRF p r o je c t s  to  p o r t io n s  o f  r o s t r a l  PPRF and nucleus  r e t i c u l a r i s  

tegm enti p o n t i s  where saccades may be genera ted  (Edwards, 1975; Edwards 

e t .  a l . , 1976; H arting , 1977; Cohen e t .  a l . ,  1981). Ascending e f f e r e n t  

connec tions  from pon tine  le v e ls  which appear to p r o je c t  to the MRF 

(G rayb ie l ,  1977; Hikosaka and Igusa, 1980) might supply an e f fe ren c e  

copy o f  eye p o s i t io n  from th e  n eu ra l  i n t e g r a to r  (p re p o s i tu s  and 

periabducens reg ions)  th a t  could be used in fo rm ula ting  motor e r r o r .

S hort le ad ,  t i g h t l y  coupled s u p e r io r  c o l l i c u l u s  c e l l s  have been 

hypothesized  to  supply a t r i g g e r  s ig n a l  fo r  saccades (Mays and Sparks,

1980; Sparks and Mays, 1980). A l te rn a t iv e ly ,  the  SC could supply both a 

t r i g g e r  and a MRF motor e r r o r  s ig n a l  in  the  h o r iz o n ta l  p lane th a t  work 

in  c o n c e r t  to  produce v i s u a l ly  evoked saccades. A h y p o th e t ic a l  scheme 

u t i l i z i n g  the  d isch a rg e  o f  both SC and MRF b u r s t  neurons to  t r i g g e r  and 

g e n e ra te  v i s u a l ly  evoked saccades could occur v ia  two pathways ( S c h i l l e r  

e t .  a l . , 1979 * 1980). One could u t i l i z e  connec tions  which t r a v e l  v ia  

the  s u p e r io r  c o l l i c u l u s .  A second pathway might u t i l i z e  connec tions  in 

the  r e t i c u l a r  form ation ( S c h i l l e r ,  True and Conway, 1980). The timing 

and d i s t r i b u t i o n  o f  n e u ra l  d isc h a rg e s  in  both the  SC and the  MRF would
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be ap p ro p r ia te  fo r  in h ib i t in g  omnlpause neurons and supplying motor 

e r r o r  to medium lead b u r s t  neurons. Probably an ensemble average of 

a c t i v i t y  from a number o f  d i f f e r e n t  neurons in d i f f e r e n t  anatom ical 

lo c a t io n s  w ith in  the  b ra in s tem  i s  re sp o n s ib le  fo r  t r ig g e r in g  (o r  g a t in g )  

saccades o f  d i f f e r e n t  s i z e s .  I t  would be more parsimonious i f  the  

t r i g g e r  and the motor e r r o r  s ig n a l  were one and the same bu t,  f u r th e r  

d e t a i l s  o f  t h i s  s p a t i a l - t e n p o r a l  t ran s fo rm a tio n  between SC o r  MRF and 

the  PPRF a re  a s  y e t  u n c le a r .

MRF BURST NEURONS AND ENHANCEMENT

The r e s u l t s  suggest th a t  th e re  a re  two types o f  enhancement o f  

n e u ra l  f i r i n g  which occurs in the  MRF i . e . ,  s p e c i f i c  a c t iv a t io n  r e la te d  

to  p roduction  o f  v i s u a l ly  lnduoed eye movements and g en e ra l  enhancement 

r e l a t e d  to b e h av io ra l  s t a t e .  Inc reased  peak a c t i v i t y  and e a r ly  la tency  

p r io r  to  both o n - ta rg e t  and guided , bu t no t  o f f - t a r g e t  o r  spontaneous 

saccades appea rs  to  be a s p e c i f i c  augmentation o f  th e  b u rs t  be fo re  eye 

movements. The enhanced f i r i n g  p r io r  to the  v i s u a l ly  induced eye 

movements was no t due to an in c re a se  in  the  background a c t i v i t y  s in ce  

th e re  was a l s o  enhancement o f  th e  peak a c t i v i t y  p r io r  to  v i s u a l ly  

induced saccades even in  MRF neurons whose background a c t i v i t y  decreased 

during  t a r g e t  f i x a t io n .  This enhancement appea rs  to  be the same fo r  

both  o n - ta rg e t  and v i s u a l ly  guided movements sugges ting  th a t  a t  the  

l e v e l  o f  th e  MRF th e re  was no d i f f e r e n c e  in  the  f i r i n g  a s s o c ia te d  with 

o n - ta r g e t  and v i s u a l ly  guided saccades (v ide  i n f r a ) .
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There was a lso  g en e ra l  enhancement o f  the  background a c t i v i t y  

during in te r s a c c a d ic  t a r g e t  f i x a t i o n s .  For a number o f  MRF neurons the  

background a c t i v i t y  inc reased  as  th e  animal p ressed  the ba r  and began 

search ing  fo r  the t a r g e t .  This in c re a se  continued  u n t i l  the  animal 

d e te c te d  the  dimming o f  the  l i g h t  and re le a se d  the b a r .

Other s tu d ie s  have suggested th a t  th e re  i s  a r e la t io n s h ip  between 

MRF n e u ra l  a c t i v i t y  and v i s u a l  a t t e n t i o n  as  w ell a s  to  g en e ra l  a ro u sa l  

o f  th e  anim al. Bakay-Pragay e t .  a l .  (1978) recorded a c t i v i t y  in the 

mesopontlne r e t i c u l a r  form ation  (MPRF) of the  monkey during a v i s u a l  

a t t e n t i o n  ta s k .  A c t iv i ty  o f  phas ic  c e l l s  was enhanced in r e l a t i o n  to 

"go" (motor) t r i a l s .  There was a l s o  a to n ic  in c re a se  in o th e r  neurons 

t h a t  was thought to  r e f l e c t  an a v a i l a b i l i t y  of re in fo rcem en t o r  an 

In c rease  in long-term  a r o u s a l .  There was some d i f f i c u l t y  in i n t e r p r e t i n g  

the r e s u l t s  because eye movements were n o t  measured, neurons were 

recorded from many a re a s  o f  th e  b ra in s tem  and an a n a ly s i s  on a 

t r i a l - b y - t r i a l  b a s is  was no t  a t tem p ted .  However, the  study did in d ic a te  

th a t  a t t e n t i o n  to  v i s u a l  phenomena and a ro u s a l  a re  lo p o r ta n t  f a c t o r s  fo r  

enhanced a c t i v i t y  in the  r e t i c u l a r  fo rm ation .

Lesion and s t im u la t io n  r e s u l t s  have a l s o  provided c lu e s  t h a t  the  

MRF may play a r o le  in m ediating both s p e c i f i c  and g e n e ra l  a t t e n t i o n a l  

responses .  Trlmodal ( v i s u a l ,  t a c t i l e ,  and a u d i to ry )  n e g le c t  was 

produced by d i s c r e t e  le s io n s  in  the MRF o f  s tu m p - ta i le d  monkeys (Watson, 

Heilman, M il le r ,  and King, 1974). U n i l a t e r a l  s t im u la t io n  in the  MRF 

seems to  impair a t t e n t i o n  in a s e l e c t i v e  v i s u a l  d is c r im in a t io n  task  

(Bakay-Pakay e t .  a l . , 1975). B i l a t e r a l  s t im u la t io n  in  the  d o r s a l  MRF
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causes the eyes to  be "pinned" to  one lo c a t io n  as  soon as  th e  s tim ulus  

is  app l ied  (Cohen and Matsuo, unpublished o b s e rv a t io n s ) .  These 

experim ents have suggested th a t  the  b i l a t e r a l  in c re a s e s  in background 

a c t i v i t y  seen in in te r s a c c a d ic  p e r io d s  may be a p a r t  o f  a f ix a t io n  

mechanism to  hold the eyes on t a r g e t  by in h ib i t i n g  saccade g e n e ra t io n  in 

the pons. A l te rn a t iv e ly ,  t h i s  enhancement o f  the  background le v e l  may 

be r e p re s e n ta t iv e  o f  a g e n e ra l  in c re a se  in the  s t a t e  of a l e r tn e s s  o r  

a ro u s a l .

Over what pathways th e  enhancement seen in the  MRF i s  genera ted  i s  

no t  known. S ev e ra l  s tu d ie s  in d ic a te  t h a t  th e re  may be a convergence o f  

in p u ts  from v a r io u s  a re a s  o f  th e  c o r te x  where enhancement o f  n eu ra l  

responses  to  v i s u a l  s t im u l i  a re  occu rin g .  The more g e n e ra l  enhancement 

o f  background a c t i v i t y  o f  MRF c e l l s  could  a r i s e  from i n f e r i o r  p a r i e t a l  

lobu le  and su p e r io r  temporal gyrus  in the  c o r te x .  N eglect or 

in a t t e n t io n  has been produced by d i s c r e t e  l e s io n s  in  the  i n f e r i o r  

p a r i e t a l  lo b u le - s u p e r io r  temporal gyrus  (Welch and S t u t e v i l l e ,  1958; 

Heilman, Pandya, and Geschwind, 1970). S in g le  u n i t  s tu d ie s  in  the 

i n f e r i o r  p a r i e t a l  lobu le  have shown t h a t  these  c e l l s  have enhanced 

a c t i v i t y  p r io r  to  a v a r ie ty  o f  a t t e n t i o n  ta sk s  (Lynch e t .  a l . , 1977; Tin 

and M ountcastle , 1978; Bushnell e t .  a l . ,  1981). The p a r i e t a l  co r tex  

p r o je c t s  to  the  c ln g u la te  gyrus  which has been shown to  p r o je c t  to the 

MRF (Crosby, Humphrey, and Laver, 1962; Pandya and Kuypers, 1969). 

Cingulectony i t s e l f  has been shown to  produce n e g le c t  in p r im ates  

(Watson, Heilman, and Cauthen, 1973)*

Eye movement s p e c i f i c  enhancement seen in  the  MRF could come from 

the  su p e r io r  c o l l i c u l u s  and the  f r o n t a l  c o r te x .  F ro n ta l  a rc u a te  le s io n s
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have been shown to produce n e g le c t  (Welch and S t u t e v i l l e ,  1958;

E idelberg  and Schwartz, 1971). Units in the f r o n ta l  eye f i e l d s  and the 

superor c o l l i c u l u s  have s p e c i f i c  enhancement o f  f i r i n g  r a t e s  p r io r  to 

saccades which foveate  t a r g e t s  (Goldberg and Wurtz, 1972b; Wurtz and 

Goldberg, 1972c; Wurtz and Mohler, 1976a; Wurtz and Mohler, 1976b;

Wurtz, Goldberg and Robinson, 1980; Goldberg and B ushnell ,  1981). The 

f r o n t a l  co r te x  p r o je c t s  to  both SC and c in g u la te  gyrus ,  a re a s  with 

e f f e r e n t s  to  the  MRF. However, the  number and s ig n i f i c a n c e  o f  d i r e c t  

p ro je c t io n s  between FEF and the  MRF a re  no t  c l e a r .  D egeneration methods 

show a s u b s t a n t i a l  number of f i b e r s  a r i s i n g  in the  FEF (Brodman a rea  8) 

while amino ac id  t r a c e r  techn iques  show a much sm a lle r  p ro je c t io n  to the 

MRF (Kuypers and Lawerence, 1967; A struc , 1971; Kunzle and Akert, 1977; 

KUnzle, 1978; Hartman-von Monakow e t .  a l . , 1979). F u r th e r  in v e s t ig a t io n  

i s  necessary  to  c l a r i f y  whether n e u ra l  enhancement found in the MRF 

might a l s o  be c o r r e l a te d  with v i s u a l ly  guided hand movements, head 

movements, or o th e r  more g e n e ra l  sensory-evoked responses .

COMPARISON OF VISUALLY TARGETED AND VISUALLY GUIDED SACCADES

The m ajo rity  of the eye movements whose a n a ly s i s  form th e  b a s is  fo r  

t h i s  t h e s i s  have been termed v is u a l ly  ta rg e te d  saccades. Our paradigm 

re q u ire d  the t r a in e d  monkey to m aintain  f i x a t i o n ,  but d i s t i n c t  from 

e a r l i e r  experim ents  th e  t r i a l  was no t  aborted  when the  monkey made 

ex traneous  eye movements.
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A c tiv i ty  preceding c o n t r a l a t e r a l  o n - t a r g e t  movements o f  s p e c i f i c  

s i z e s  was no t  d i f f e r e n t  from a c t i v i t y  which preceded v i s u a l ly  guided 

movements. Both the s tep  in a c t i v i t y  above background 120 msec befo re  

and the high b u r s t  o f  a c t i v i t y  which preceded o n - ta rg e t  movements were 

both p re s e n t  p r io r  to  and during  v i s u a l ly  guided saccades.  These 

responses  were seen in  the  q u a l i t a t i v e  da ta  ( see  F ig . I^B). Although 

th e re  a re  undoubtedly d i f f e r e n c e s  in how these  saccades a re  i n i t i a t e d ,  

th e re  appears  to  be no d i f f e r e n c e  in what type o f  v i s u a l ly  Induced 

saccade i s  produced in  the  a c t i v i t y  of MRF b u r s t  neurons.

COMPARISON OF MRF BURST NEURONS TO NEURONS IN FRONTAL EYE 

FIELDS AND SUPERIOR COLLICULUS

Neurons in  the MRF, the  deep la y e r s  o f  th e  su p e r io r  c o l l i c u l u s  (SC) 

and the  f r o n ta l  eye f i e l d s  (FEF) have been im p lica ted  in the  c o n t ro l  o f  

v i s u a l ly  induced eye movements, bu t th e re  a re  d i f f e r e n c e s  between them. 

F i r s t ,  the  c e l l s  in the  MRF do no t appea r to  have the  responses  to  

v i s u a l  s t im u l i  t h a t  a r e  p re s e n t  in  c e l l s  o f  th e  s u p e r i f i c i a l  la y e rs  o f  

th e  SC. Second, the  MRF c e l l s  f i r e  s p e c i f i c a l l y  fo r  h o r iz o n ta l  

movements, and they do no t have movement f i e l d s  lo c a l iz e d  to  e i t h e r  

v e r t i c a l  m erid ian . T h ird ,  the  spontaneous a c t i v i t y  o f  MRF c e l l s  i s  

h ig h e r  than e i t h e r  FEF o r  SC neurons.

The MRF c e l l s  begin f i r i n g  a s  e a r ly  as  120 msec befo re  a l l  

c o n t r a l a t e r a l  saccades  r e g a rd le s s  o f  saccade type : spontaneous or 

t a rg e te d .  This a c t i v i t y  i s  s im i la r  to  th a t  seen in  pure saccade c e l l s
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in  the su p e r io r  c o l l i c u l u s .  However, the MRF c e l l s  were a lso  in h ib i te d  

p r i o r  to saccades to  the  i p s i l a t e r a l  s id e .  I n h ib i t io n  of a spontaneous 

f i r i n g  le v e l  p r io r  to  I p s i l a t e r a l  saccades  was no t seen in SC o r  FEF 

c e l l s .  S uperio r  c o l l i c u l u s  c e l l s  do no t have a s h i f t  in  peak a c t i v i t y  

as  was demonstrated in MRF neurons p r io r  to  saccades of s p e c i f i c  

am plitude. Rather the  movement f i e l d s  of SC c e l l s  show graded 

responses ,  i . e .  th e re  i s  a  la rg e  amount o f  f i r i n g  fo r  a 10 degree 

saccade and p ro p o r t io n a te ly  lower amount o f  f i r i n g  fo r  a 12 degree 

saccade. Graded responses were no t found in the  MRF neurons th a t  were 

analyzed. For peak a c t i v i t i e s  which preceded saccades (♦ la tency )  th e re  

was a narrow range of am plitudes  a s s o c ia te d  with h igh peak f req u e n c ie s .

For example, U051079-6 f i r e d  a t  h igh r a t e s  in  advance of saccades of 3 

to  6 deg rees .  Saccades to  the  i p s i l a t e r a l  s id e  or o f  o th e r  am plitude 

ranges were a s so c ia te d  with s ig n i f i c a n t l y  lower and much delayed peak 

f i r i n g  r a t e s .

The prolonged a f te r - d i s c h a r g e  of many MRF neurons was s im i la r  to  

the  q u a s i - v i s u a l  c e l l s  of Mays and Sparks (1980) which f i r e d  fo r  200 

msec or more a f t e r  the  occurrence of the  a p p ro p r ia te  saccade. They 

suggest t h a t  t h i s  a f te r - d i s c h a r g e  may be r e l a t e d  to  the  a b so lu te  

p o s i t io n  o f  t a r g e t s  in  space. We did no t t e s t  the  MRF b u r s t  neurons in 

the " e y e -p o s i t io n "  paradigm used by these  and o th e r  a u th o rs  (Mays and 

Sparks, 1980; Schlag, Schlag-Rey, Peck, Joseph, 1980), but t h e i r  

d ischa rge  p a t t e r n s  do no t appear to  be a p p ro p r ia te  ( i . e . ,  they do not 

have to n ic  f i r i n g )  to  mediate such a s ig n a l .
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ASCENDING ACTIVITY: MRF BURST NEURONS AND COROLLARY DISCHARGE

The presence of a c o ro l la ry  d isch a rg e  o r  e f fe re n c e  copy was 

o r ig i n a l l y  proposed by Helmholtz to account fo r  the  s t a b i l i t y  of the  

v i s u a l  world a s  we move our eyes (Helmholtz, 1859). He envisioned  th i s  

a s  a s ig n a l  d i s t r i b u t e d  in the c e n t r a l  nervous system by the  neurons 

t h a t  were g en e ra t in g  or c o n t ro l l i n g  the  upcoming movement. There i s  now 

co n s id e ra b le  evidence th a t  an ascending c o ro l la ry  d ischa rge  from the  

oculomotor system does no t re p re s e n t  the  major f a c to r  in  e l im in a t in g  

saccadic  b lu r  (Matin and Matin, 1972; Matin, 1974; MacKay, 1970; MacKay, 

1971; C re u tz fe ld ,  Noda and Freeman, 1972; Judge, Wurtz and Richmond, 

1980). A la rg e  p a r t  o f  t h i s  s t a b i l i z a t i o n  o f  the  v i s u a l  world i s  

probably due to  a rap id  disp lacem ent o f  an image a c ro s s  th e  r e t i n a  with 

r e s u l t in g  foward and backward masking in  the  v i s u a l  co r te x  (MacKay,

1970; MacKay, 1971; Jung, 1972; C reu tz fe ld  e t .  a l . , 1972; Canpell and 

Wurtz, 1978; Judge e t .  a l . , 1980). A number o f  models o f  th e  oculomotor 

system have suggested th a t  a s ig n a l  corresponding  to ab so lu te  eye 

p o s i t i o n  ( i . e . ,  c o ro l la ry  d ischarge )  should e x i s t  fo r  the  c a l c u la t io n  o f  

motor e r r o r  (Robinson, 1973; Robinson, 1975; Robinson and Wurtz, 1976; 

Richmond and VAirtz, 1980; Wurtz, Richmond and Judge, 1980; Robinson,

1981; Van G isberger e t .  a l . , 1 981). The f i r i n g  by MRF neurons during  

and a f t e r  saccades i s  such th a t  i t  would a l s o  be a p p ro p r ia te  as  a 

c o ro l l a ry  d isch a rg e  which would a s s i s t  in  th e  c a l c u la t io n  o f  motor 

e r r o r .  F u r th e r  in v e s t ig a t io n  w i l l  be needed to determ ine the  r o le  of 

such p o s t- sa c c a d ic  n eu ra l  f i r i n g .
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CHAPTER 5

SUMMARY AND CONCLUSIONS:

1. Neurons were recorded in the mesencephalic r e t i c u l a r  form ation 

(MRF) of th e  rhesus  monkey t h a t  have a c t i v i t y  which i s  r e l a t e d  to 

spontaneous, v i s u a l ly - t a r g e t e d ,  and v isu a l ly -g u id e d  saccadic  eye 

movements. The a rea  of the  MRF t h a t  was s tu d ie d  approxim ately 

corresponds to  nucleus  cuneiform is  in  the  human (Olszewski and B axter, 

1954). In the  rhesus  monkey i t s  medial bo rder i s  loca ted  1-2 mn l a t e r a l  

to  the oculomotor n u c le i .  I t  i s  about 2 mm in  d iam ete r  from medial to  

l a t e r a l  and 1.5 om in  depth from d o r s a l  to  v e n t r a l .  I t  ex tends from

A 3.0 to  A 6.0 in the  rhesus  monkey (S n id e r  and Lee, 1961). I t s  c e n te r  

i s  loca ted  13 mm above the  i n t r a - a u r a l  l i n e .  In  the  review o f  the  

l i t e r a t u r e  i t  was shown th a t  t h i s  a re a  re c e iv e s  p ro je c t io n s  from the  

f r o n ta l  and p a r i e t a l  co r tex  and the  su p e r io r  c o l l i c u l u s  and p r o j e c t s  to  

the  s u p e r io r  c o l l i c u l u s  and to  reg io n s  o f  th e  po n tin e  r e t i c u l a r  

form ation which a re  r e la te d  to  g e n e ra t io n  o f  saccad ic  eye movements.

2 . MRF b u rs t  neurons f i r e d  p r i o r  to  both ta rg e te d  and spontaneous 

c o n t r a l a t e r a l  h o r iz o n ta l  saccades . There was no r e la t io n s h ip  to  slow 

eye movements. In c re a se s  in frequency above background began a s  e a r ly  

as  120 msecs b e fo re  the  onse t o f  c o n t r a l a t e r a l  saccades  and continued 

fo r  up to  200 msec a f t e r  the  end o f movement. B u rs ts  o f  f i r i n g  normally 

occured 20-30 msec befo re  saccade o n se t .  Background a c t i v i t y  was
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enhanced or suppressed when anim als a c t iv e ly  f ix a te d  a v i s u a l  t a r g e t .

3. B urst a c t i v i t y  was s i g n i f i c a n t l y  h igher  befo re  c o n t r a l a t e r a l  

v is u a l ly -g u id e d  or ta rg e te d  movements than befo re  c o n t r a l a t e r a l  

spontaneous eye movements. There was no apparen t d i f f e r e n c e  in b u rs t  

a c t i v i t y  a s s o c ia te d  with v is u a l ly -g u id e d  and v i s u a l ly - t a r g e t e d  eye 

movements. F i r in g  of these  c e l l s  was in h ib i te d  p r io r  to i p s i l a t e r a l  

saccades .  I n h ib i t io n  befo re  i p s i l a t e r a l  saccades  was s t ro n g e r  when the 

eyes moved o f f - t a r g e t  than during  spontaneous i p s i l a t e r a l  saccades.

There was no in h i b i t i o n  in some neurons when the  eyes made an 

i p s i l a t e r a l  o n - ta r g e t  saccade.

4 . F i r in g  of MRF b u rs t  neurons occurred  in a s s o c ia t io n  with 

c o n t r a l a t e r a l  saccades , and th e re  was no a s s o c ia t io n  w ith  the  v e r t i c a l  

conponent o f  movement. There was a rough r e l a t io n s h ip  between the  

am plitude o f  th e  h o r iz o n ta l  component and the  number o f  sp ik e s  in  an 

i n t e r v a l  which began 32 msec befo re  the movement and ended 4 .8 msec 

befo re  the end of movement. Most c e l l s  f i r e d  in a s s o c ia t io n  with 

saccades over a wide range o f  am plitudes  bu t i t  appeared th a t  th e re  was 

some s e l e c t i v i t y  fo r  am plitude . In c re a s e s  in peak frequency and la tency  

of th e  peak frequency befo re  eye movements appeared r e la te d  to  movements 

o f  c e r t a in  s i z e s .  Neurons were encountered th a t  f i r e d  p r e f e r e n t i a l l y  

befo re  sm all,  medium, and la rg e  c o n t r a l a t e r a l  saccad ic  movements. Nr 

r e l a t io n s h ip  was found to  o th e r  param ete rs  o f  saccad ic  eye movements 

such a s  v e lo c i ty  or d u ra t io n .

5 .  Other s tu d ie s  have shown th a t  small c o n t r a l a t e r a l  saccades a re  

e l i c i t e d  by s t im u la t io n  in the  d o rs a l  MRF and la rg e  c o n t r a l a t e r a l
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saccades  by s t im u la t io n  in the  v e n t r a l  MRF. Combined 

s t im u la t io n / r e c o rd in g  experim ents were done to determ ine the 

o rg a n iz a t io n  o f  c e l l s  r e l a t e d  to eye movements o f  d i f f e r e n t  s iz e s  in the 

MRF. A ll c e l l s  f i r e d  in a s s o c ia t io n  with saccades over a wide range of 

am p li tudes .  The peak o f  th e  f i r i n g  occurred  e i t h e r  befo re  o r  during 

c o n t r a l a t e r a l  eye movement. However fo r  c e l l s  in the d o r s a l  reg ion  the 

peak f i r i n g  occurred e a r l i e r  and was h ig h e r  when i t  preceded small and 

medium s ized  saccades (2 to 4 and 6 to 8 d e g re e s ) .  Small and medium 

s ized  saccades were induced by s t im u la t io n  a t  these  lo c a t io n s .  In 

v e n t r a l  reg io n s  where the  e a r l i e s t  and h ig h e s t  peak f req u en c ies  occured 

befo re  l a rg e r  saccades ( e .g .  10-12 d e g re e s ) ,  l a rg e r  saccades were 

e l i c i t e d  by s t im u la t io n .  From t h i s  i t  seems l ik e ly  t h a t  th e re  i s  a 

d o r s a l - v e n t r a l  o rg a n iz a t io n  o f  c e l l s  r e l a t e d  to eye movements o f  v a r io u s  

s i z e s  in  the  MRF. This d o r s a l - v e n t r a l  o rg a n iz a t io n  o f  th e  MRF appears  

to  correspond to the r o s t r a l - c a u d a l  movement f i e l d  map in the 

in te rm ed ia te  and deep la y e r s  o f  th e  c o l l i c u l u s  excep t t h a t  only the  

h o r iz o n ta l  component i s  rep resen ted  in the  MRF. Topographic p ro je c t io n s  

from th e  s u p e r io r  c o l l i c u l u s  to  the  MRF could p rov ide  im portan t inpu t 

fo r  a c t i v a t i n g  c e l l s  r e l a t e d  to  eye movements o f  d i f f e r e n t  s i z e s .

6 .  F i r in g  of MRF b u r s t  neurons was compared to  th a t  o f  c e l l s  in the  

s u p e r io r  c o l l i c u l u s .  The MRF neurons t h a t  were s tu d ie d  d id  not have 

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

s u p e r io r  c o l l i c u l u s .  The f i r i n g  o f  MRF c e l l s  was s p e c i f i c a l l y  tuned fo r  

h o r iz o n ta l  movements to  the  c o n t r a l a t e r a l  s id e .  This was in  c o n t r a s t  to 

a c t i v i t y  in  the  su p e r io r  c o l l i c u l u s  which i s  a s s o c ia te d  with v e r t i c a l
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components of movements a s  w e ll .  The spontaneous a c t i v i t y  o f  some MRF 

neurons Is  h ig h e r  than th a t  o f  s u p e r io r  c c l l i c u l u s  c e l l s .  Both MRF and 

c o l l i c u l a r  c e l l s  inc rease  t h e i r  a c t i v i t y  befo re  c o n t r a l a t e r a l  saccades, 

reach high peak freq u en c ie s  and have f i r i n g  th a t  i s  most in ten se  p r io r  

to  ta rg e te d  movements of s p e c i f i c  am plitudes and d i r e c t io n s .  Neuronal 

d isch a rg e  a f t e r  the end of movements i s  seen in neurons in both 

s t r u c t u r e s .  However, an in c re ase  in the p o s i t i v e  la tency  of peak f i r i n g  

of SC c e l l s  p r io r  to  v i s u a l ly  induced saccades o f  s p e c i f i c  s i z e s  has 

no t  been noted .

7 . The MRF could make se v e ra l  c o n t r ib u t io n s  to the  g e n e ra t io n  o f  

h o r iz o n ta l  saccades t h a t  presumably takes  p lace  in  the pons. The 

temporal sequence and la tency  o f  peak a c t i v i t y  o f  MRF neurons befo re  

c o n t r a l a t e r a l  h o r iz o n ta l  saccades could c o n t r ib u te  to t r ig g e r in g  of 

v isu a l ly - in d u c e d  movements. The inc reased  frequency of MRF nerons in 

a s s o c ia t io n  with saccades o f  s p e c i f i c  s i z e s  sugges ts  th a t  the  c e l l s  have 

movement f i e l d s .  The o rg a n iz a t io n  o f  c e l l s  w ith movement f i e l d s  in a 

d o r s a l - v e n t r a l  fa sh io n  sugges ts  th a t  motor e r r o r  may be d i s t r i b u t e d  

ana tom ica lly  in  the  MRF ( i . e .  by a s p a t i a l  code).

8 . Two types o f  enhancement have been demonstrated in the  f i r i n g  of 

MRF neurons, i . e . ,  both s p e c i f i c  and g e n e ra l .  The s p e c i f i c  enhancement 

a s s o c ia te d  with v i s u a l ly  induced saccades was p re se n t  r e g a rd le s s  o f  

In c re a s e s  o r  d ec rease s  in the  background f i r i n g .  Such a c t i v i t y  may be 

re layed  to the  MRF v ia  o th e r  su p ranuc lear  s t r u c t u r e s  l i k e  the  s u p e r io r  

c o l l i c u l u s  and f r o n t a l  eye f i e l d s .  S p e c i f ic  eye movement r e l a t e d  

enhancement has been recorded in  both these  a r e a s .  The g en e ra l  

enhancement (o r  suppression) of background a c t i v i t y  during in te r s a c c a d ic
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p e r io d s  may r e f l e c t  the  inc reased  a t t e n t i o n  req u ired  to f ix a t e  the 

t a r g e t .  Such a c t i v i t y  could be t ran sm it ted  to the  MRF from p a r i e t a l  

co r te x  where s im i la r  responses  have been recorded .

9 . MRF u n i t  a c t i v i t y  could a l s o  play  a ro le  in f ix a t io n  v ia  the 

enhancement fo r  suppression) of f i r i n g  which occured during 

in te r s a c c a d ic  I n te r v a l s .  A c t iv i ty ,  e s p e c ia l ly  in v e n t r a l  a r e a s  o f  the  

MRF, may be im portant fo r  producing head movements th a t  might occur in 

a s s o c ia t io n  with eye movements during  gaze s h i f t s .  F in a l ly ,  the 

prolonged d isch a rg e  a f t e r  the occurence of a c o n t r a l a t e r a l  saccade might 

be a c o ro l l a ry  d ischa rge  to the  v i s u a l  system s ig n a l l in g  th a t  a rapid 

eye movement has occured.

10. Considered to g e th e r  w ith the  le s io n  and s t im u la t io n  r e s u l t s  

th e  MRF n e u ra l  a c t i v i t y  appears  to  p a r t i c i p a t e  a c t iv e ly  in the  

g e n e ra t io n  o f  c o n t r a l a t e r a l  h o r iz o n ta l  saccad ic  eye movements. This 

a c t i v i t y  may be im portant in l in k in g  the  v i s u a l  and oculomotor systems 

fo r  the  p roduc tion  o f  v i s u a l ly  induced saccades o r  s h i f t s  in gaze .
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