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Tlze mmdes were of11ecessitie provided a11d gire11 to the eye, 
that so it migl,t move 011 every side;for if the eye stoode faste 
a11d im11101.:eable, we should be constrai11ed to t11r11e our head 
a11d 11ecke (being all of 011e peece) for to see; b11t by these 
muscles it 110111 movet/1 it selfe with s11ch s111ift11ess a11d 
11imblmess, without stirri11g of the head, as is almost incred
ible ..• Andreas Laurentius (1599) 

Introduction 

When something attracts our attention, we direct our gaze 
to it. This is accomplished with a rapid eye movement, a 
saccade that aims the fovea of both eyes at the object of 
interest. The process of making a saccade can be broken 
down into a number of subsidiary processes. These in
clude (a) noticing and identifying a target,(~) deciding to 
look at it, (c) combining the retinal coordinates of the 
target with the position of the eye in the_ orbit to localize 
the target in space in order to accurate!~ direct the sacca?e, 
(d) releasing fixation of th~ present ob!ect, (e) c~~ver~mg 
the spatial code of the desired change m eye pos1t1on mto 
the temporal discharge p~ttern that moves the e~es the 
desired amount and (f) quickly and accurately movmg the 
eyes. Once the object is fixated, ~he !mage is stabilized 
through a combination of o~tokmetlc . nystagmus~ the 
vestibulo-ocular reflex and visually gmded pursuit. A 
richly interconnected, widely distributed neuronal net
work has evolved to accomplish these processes. The pur
pose of this chapter is t~ review the network that is 
responsible for the saccad1c eye move~ents. The_ opto
kinetic and pursuit systems will not be directly cons1~ered 
since a number of reviews of these systems are available 
(Eckmiller, 1987; Waspe and Henn, 1987; Lisberger et al., 
1987). 

The oculomotor and visual systems are among the best 
understood of the brain. Several techniques have contrib
uted to our knowledge of these systems. One of the earliest 
experimental approaches used in understanding brain 
function was electrical stimulation (Fritsch and Hitzig, 
1870). This technique was used to demonstrate which 
regions of the brain elicit eye _a~ well_ as othe~ body mov~
ments when stimulated, and It 1s as 10struct1ve today as It 
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I• • I and was a century ago. Analysis of the effects of c mica . h 
experimental lesions have also helped to show whic 

• • . nee a regions are mvolved in saccade generation. That is, 0 

particular area is suspected of generating saccades, it is pos
sible to test its role by removing or inactivating the area. 
Information of this sort has been derived from clinical st'll_ 
d• • h · nhuies m uman patients and experimental studies m no . 

• fi IIowmg man primates. If an eye movement deficit occurs 0 
h I • I rnet e es1on, then the nature of the impainnentrevea sso 1 

thing about what the lesioned region contributed to nornia 
gaze control. Both anatomical tracing studies and neuro--
h • I • • ode~ P ys1? og1cal recordings have helped to further our u In 

Srand10g of the neural basis of eye movements. 
• · de-part1cular, the connectivity between different regions, 
• • b tan-tennmed anatomically and physiologi·cauy can su s 

• ' F. ally tlate or foretell functional relationships. 10 • 
• I · the microe ectrode recordings from single neurones 10 0 

brains of awake, behavingmonkeys developed in the 196 s 
0 ' ~ asper et al., 1960; Evarts, 1968), have provided a wa 
shed of data about the oculomotor system. . 

The pl~n of this chapt:r is ~o work through _each reg&~ 
of the brain that has been imp heated in generating sacca 

• ues eye movements. The results of each of these techniq. 
·11 b • d . · . ahzc wi e reviewe for each region In an attempt to "15u 

h • ob-t e patterns of neuronal modulation that have been 
d • 5en-serve in each oculomotor area stylized figures are pre t· 

t d ' · so e to represent the activity of the different population r 
n • I rnoto eurones 10 each structure. Much work on the ocu O · 

h • l1w1n syStem as ~een done in nonprimate species, espcCl~.
11 

be 
t~e cat, but Insofar as possible only primate w~rk " 1 red 
cited. For more general information the reader 1s rcf~r c 
to some recent books devoted to the neuronal basis of gaz _ 
c~mtrol (Leigh and Zee, 1983; Carpenter, 1988; Buttner 
T·,nncver, 1989; Wurtz and Goldcnhcrg, 1989). 

• • h ter the particular While saccades arc at issue m this c_ ap 1 .'b mentioned 
d • ·111 on} e etails of saccadic eve movements ". f des have 
• • • • d "pt1ons o sacca 1nc1dentally. I\forc dcta1lc<l escn e 1903-Robinson, 
also been presented (for example, Dodg ' . ' mind that 
1964; Hallet, 1985). Also, it should be _kepi tdmes head and 
• • • lb: me u since the onentmg response norma ; . nts to effect a 

even bod'-· mo\'cments as well as eye mo, eme nsi"der eve 
J ·fi ·at to co · change of gaze it is somewhat arn ci ments (see 

• , • d bod,· move 
movements isolated from head _an d B hra, 1986a,b; 
for example Bizzi 1974· Tomhnson an a t to under-

• • • • • . • · • ortan 
Guitton and Volle 1987). Finally, It is imp. between the 
st d h • • ' bl" te relation . an t e intimate though not_ 0 iga_ Ordinarily we pa) 
focus of gaze and the focus of attention. . d not be so; 
at • • but this nee , tention to what we arc lookmg at, f our eye 
w f h corner o R e can sec things 'out o t e osner 1980; e-
(f~r example, Helmholtz, 1909/1962; ~ 1 ber~viewed~n 
tnington, 1980). Many of the area~ that ':~rion as well as 10 
be Understood in terms of directmg att 
tenus of directing gaze. 

8rainstem 

Ocular Motor Nuclei ..... ove-
1, I n1·ugate .. . he fi I • h actua co coro-na process in a saccadc 1s t e I of force . 
rnb_ent of the eyes which consists of a pu sh:t holdsth~e)e 

ined , h • • • d force t h ,51010--
at • '' 1t a step 10 the mamtame Th neurop ) . II 
• Its final position (Robinson, 1964)- e e relativelY w~ · 

giu cal lllechanisms underlving this stage ar lar rootor ~uc e1 
ndcrs •• • f the ocu R b1nson, • tood. Recent descnpuons O : ded ( 0 

iln9a8lert, behaving monkevs have bee~rovk~o 1985;. fuchhs,e 
I • u • d r,..ane , · w t 

et a/ ' qe~n, et "I., 1982; Fu:hs a~ onl , briefly rev1e 
I ·, 198:))_ Thus this secuon "ill ) 
arge body of data~ 

Pinal Co e rootor 
1'he llltnon Pathway . ts of the thre Jlln), 
nucl ~na1 common pathway cons1s h oculomotorducens 
the t;1 for the extrinsic eye muscles: t (tin). The ab hJear 
nu I Ochlear (IV n) and the abducens sck the crocd the c~. rnu , ~ 
nue1 s Innervates the lateral rectusl. uc muscle, rvate 

eus • • ob 1q innc dift 1nncrvates the superior nucleus . obli-
the eren~ subdivisions of the oculorn~tor d the infcrtor 

0
tor 

llled1a1 • • • • rcctl an f the ro 
%et\"\ , supcnor and mfcnor locations~ . in the 
lluct • Uscics. Fig. 15 1 illustrates thel r nuclei hhe .ioOS· 

c1. th • d rroch ca . . n t e r lllese ' e oculomotor an deus 1s 1 
ncephalon, and the abducens nu 

I>t-.Ysiot • .::bres. it ap--
\Vhil Qgical Properties ....,uscle 11 th sloW 

e ther • • d of eye •• • · g bo • I 
Pears th e are different km s ctive durin he typ1ca 
anc1 f: at all motorneuroncs are a ·tiuscrates t for a 

ast e • F. 1, 2 1 urone- ·le Pattern }c movements. 1g. • • motor ne d roust: 
'novct\"\cof ~o<lulation of an ocula:he innervate 

nt in the direction that 
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'dd rating visually gu, e 
• ns involved i11 ge~e cadic eye movements 

Brain reg,o involved ,n sac d o indicate how 
fig 1 ~-1 (a) Cortical_arefthe stipple ~s inte~de k:r the stipple, 
sacca _es.l d The Je11s1ty ol ,otor nuclei; th~ arl . ares are 
are sllPP e • • to the oc11 or1 I . Tlze ma1or sU c, 

close ::e:::at;e 0c11lo~o:;:;;~::ipal, arc,:::~:;:~al, 
the cl • /oll'ercase. p etal st~supe. uortical areas 
labelled'" l ;p"' intr~part ·pita/. Tlze differen . ,an• or striate 
ct""' ce11/r~ 'io ~ i,iferlf/'. o~5~ "'visual area Id, ~:':s the 

"'r,maft, r case. Io referre . h 
r,m I /, •/It'd i11 11PP_:., , ·s11al area 4, ~ s ! lobule, including t e I 
m•111 V4-tl . parieta •,tempora 
'·is11al corte:r, IPL"' inferior d the medial superio ye.field at 
t area, la an l menta,Y e . 
pre/unall rietal area Id SEf~suPP e (b) Composite 
lateral jntfr°!'prontal eye file ~enta,Y mot?r a~~~bcortical regions 

f E .r he s11PP e h locatro11 01 area, 1 end o, I ·11 1rati11g t e date nrdeus, d 
the rostr~tal section ' ":,atio11. CN"' c~;ari/y the central :n 
parasag1 • saccade gen eprese11tir1g pr~. dorsal nucleus, t e 
i11roh·ed m I thala11111s, ~ ucki, the me ,o udeus, 
Cr ~ ct11tra. 'aminar" , teral dorsal n rs reticulata, I mtra,, d the ,a · gra pa · 
paraceritra 1,111de11s an SN~ substa11t1a "'reticularis tegment, 
, r,tro/ater~ 11ucleus, TP ~ nucleus is . 

tp,e 1~ p11/v1~11r o//icu/us, ~fh cerebella: vermppRF"' paramed,al 
, ,,or c VII o; t e 110n I 

SC~ stf; I"' lob11lea/ic retic11/ar 1o;::ed,;llary_ retic11 ar 
po11t1s, - mese11ceph tioll, MdR. l,ypog/oss1, 
Ms~F-etic11/ar Jorm:/e11s prepos1111schlear m1cleus, 

n11ne' NPH~nu [V11"'tro 
po ,atio11, I r 11ucfe11s, 
Jorn I mo o n-
///,1: ;;;,~ce11s ,,,,cle11s. cypicallY ~ischharg~:: as 
v1,,- rones . disc a d 

motor ne~ a higher tonic_ ·on (Fuchs an 
Us ocular n 01aintal~ the final pos,~970· Henn and 

~ll dy' and th: remains inl 970; Sc~iller, 8 ms' before the 
s1en s the eY binson, begins 5- cade ends. 
toog ~ei, 1970; ~~e discha7; ms before the s;~es the eye; 
1,usc 1973)-d decays 8- f force that m 
cotten, ...., an he pulse 0 

de sta1.., ·idCS t 
sacca t prov 
'fhiS bllfS 
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the duration of the phasic burst is correlated with the 
amplirude of the saccade. The maintained elevation of 
activity keeps the eyes in the final position resulting from 
the saccade; this maintained activity during fixation is a 
linear function of gaze angle. Movements in the opposite 
direction are accompanied by a pause and subsequent re
duction in activity. There is a degree of variation in the 
relative magnirudes of the phasic and tonic components in 
different ocular motor neurones with some cells being pre
dominantly phasic while others, more exclusively tonic. 

Connectivity 
As mentioned, a motoneurone innervates one muscle pull
ing in one direction. A conjugate horizontal eye move
ment, for instance, requires coordinated excitation of the 
agonist lateral recrus and contralateral medial recrus com
bined with inhibition of the antagonist medial recrus and 
contralateral lateral recrus. Similar coordination is neces
sary for saccades of all directions, of course, but the details 
are more involved due to the geometry of the extrinsic eye 
muscles. So obviously there must be coordination be
tween the motoneurones in the different nuclei to provide 
for conjugate movements, for if the two fovea are not 
aimed at the same point in the image, diplopia results. 
This coordination is achieved through various intercon
nections between the gaze centres in the brainstem 
through the medial longirudinal fasciculus. 

One level of this organization is between the motor 
nuclei themselves. Not all of the neurones in the motor 
nuclei innervate the extrinsic eye muscles; there are inter
neurones that communicate with other ocular motor nuc
lei (Graybiel and Hartweig, 1974; Baker and Highstein, 
1975; Maciewicz et al., 1975; Graybiel, 1977). For exam
ple, interneurones in the abducens nucleus synapse on 
motor neurones in the contralateral oculomotor nucleus 
that innervate the medial recrus. 

Effects of Lesions 
Not surprisingly, lesions of the motor neurones or nerves 
cause severe eye movement deficits (reviewed for example 
by Henn et al., 1982a; Miller, 1985; Bogousslavsky and 
Meienberg, 1987). Damage of the motor nuclei or nerves 
results in a specfic loss of movement of the eye innervated 
by the compromised nerve in the direction corresponding 
to the deafferented extrinsic eye muscle. 

Effects of Electrical Stimulation 
Stimulation of a motor nucleus or a nerve evokes an eye 
movement in the direction of the muscle's pull (Schiller 
and Stryker, 1972). In interpreting the results of micro
stimulation at least two parameters are considered, the 
minimum current intensity required to elicit an eye move
ment and the latency of the resulting eye movement. The 

lower the minimum intensity and the shorter the latency, 
the closer the stimulated site can be considered to the 
oculomotor nuclei. Thus, the threshold of current re
quired to evoke an eye movement from the ocular motor 
nuclei is less than IO µA, and the latency of the eye move
ment is no more than IO ms. Stimulation of a motor neur
one does not evoke a saccade; rather the amplitude of the 
eye movement increases with the duration or the fre
quency of stimulation. 

Supranuclear Regions 

The neurones that provide direct input to the ocular 
motor neurones occupy an extensive longitudinal region in 
the brainstem reticular formation (Fig. 15.l(b)). These 
neurones are responsible for generating the burst-tonic 
pattern of activity in the motoneurones. Horizontal gaze 
change:- are served by the paramedian pontine reticular 
formatmn (PPRF) and medullary reticular formation 
(MdRF) that surround the abducens nucleus. Vertical 
~e changes are mediated by the rostral mesencephalic 
reacular formation (MsRF) which includes the interstitial 
nucleus of C'.ajal, the rostral interstitial nucleus of the 
m~dial longitudinal fasciculus and also the posterior com
missure. ~he mesencephalic and pontine oculomotor cen
tres. are interconnected via the medial longitudinal 
fasciculus. The nucleus prepositus hypoglossi has also 
been shown to play a fundamental role in gaze contr0l. 
Several excellent reviews devoted to this region of the 
ocul?motor system have appeared (Keller, I98l; 
Robinson, 1981; Henn et al., 1982b; Fuchs et al., 1985; 
Fuchs and Kaneko, 1985). 

Reticular Formation 
Single_ unit recordings in these premotor regions in alert, 
behaving monkeys have revealed three general neuronal 
types. ~ 0st of the data is derived from the pontine areas 
subserving hor1· tal • nd zon eye movements (Lusche1 a 
F~chs, 1972; Keller, 1974; Henn and Cohen, 1976; van 
Gisbergen et al., 1981; Hepp and Henn, 1983; Strassman 
et al., 1986a,b; Scudder et al. 1988) but work on the 
mesenceph r • ' ' • (B a ic regmn has shown comparable properoes 

19uttner-Ennever and Buttner 1978· King and Fuchs, 
79· K" ' • • 

f h ' mg et al., 1981 ). Parenthetically the coordinanon 
o t ese two • ' d . . systems in the generation of oblique sacca es 
1s an acnve area f h . 1985· 
K . o researc (Van G1sbergen et al. ' 

in~, et al., 1986). ' ' 

Flig. 15-~ illustrates the patterns of activity of the supra-
nuc ear umts B . . I b fi . . • urst neurones discharge immediate Y e-
o;~ ipsd~terally directed saccades. Two groups of 
~ a~cadic burst neurones have been described based on 

e time of ~nset of their activity. Medium-lead burSt 
neurones be'"n t d' h d • th 0 • 0 isc arge 10-15 ms before the sacca e, 

e phrase medium-lead is used to contrast these cells 

T 
;;:cE __________ ___,,,,,,.--

Oculomolor neuron llll 11\\ttl 
H 11 11 11 111 11111 ~m1~m11111\II\IIIII 
Medium lead bur 

1mmm111 

Long lead burs1 nouron 

__ ___j__\ -W\ I-Ul\ l~•mmllmt-1\11 ---

,oo msec 
_:.:,.;_-

F. ·., 'f}' ill the 
ig. 15 ? c, - . , • i,011al 11clld • 

b . ·- ,>IJ•h:::,i•d ri·pr1•s,·11t11lIm1s of tilt 11eI ., ,f I risual 
r'1I11s1e, . . 7•1 , pp •11ra1111 ° 1 

ta . 11 11.1.111n11t1•d 11•11!, s11a,11ks. ,,, 11 1 . • ,[the eye 
rge1 1 • d - T Tl pos1tI011 o 

is sho s 111 1cated by the line marlwl_ • ,e JOO ms is 
i11d· m,, ~}' the ll11e marked£. Tlie 11111e scale_ of labelled 

teated 1 , b . . . ,rtle dilTere11I 
11111-t . a 11Ie ottom. 1 ht• acm·Ity o, 1 ~· . • tlie text. 

s rs sl l ·p11O11 IS 111 
10w,1 schematica/1)'. Further t escri 

C. • ~ 
,rorn h tor neuron • 
lo t e short-lead bursting ocular mo re before 
th ng-Jead burst cells begin up to 100 ms or ~o y hoW-

e saccad T . . . . . hat arb1trar ' 
ever . e. his subd1nswn 1s somew ontinuur!l, 
A.no;~ince_ i~ actuality the onset times f~~:t ~he onset of 
activ• er_distinguishing feature, though, is . more abrupt 
thanityh in medium-lead burst neurones ids I prelude of 

t at • h . h gra ua activ . in t e long-lead which s ow a uron~ are 
ation M . I d burst ne .i. not • edrnm-lcad and long- ea . Jed in u,e 

brai segregated but are found interming 
nstem. ediurn-

Anato • that the m • 
lead b mica) connection studies show tor nuclei 
()3,....._ Urst cells pro 1·ect to the ocular ~oet al. 1976; 
t. "•<11er E H' hstein ' / 
rtikos - nnever and Henn, 1976; ig ssman et a ·• 
1986-;ka et al., 1978· Yoshida et al., I98l; Stnt ted {hat the 
lon(J, '1 CUdder et al , 1988) It has been suggesh·1erarchical 

c,- ead ·, • in a . · 
relation ~nd medium-lead burst cells are nes providtn~ 
e"citato~ht~ With the long-lead burst neu:o cells (Luschel 
and Puc~ input to the medium-l~ad bur~9Sl; J-lepr an! 
lienn 1 s, 1972· Sasaki and Sh1mazu, tation 1s th 
ob ' 983) ' • • terpre ute serv . • Consistent with this in ovide a ro 
for si:h,on that the long-lead burst cells pr ·or coUiculus 
t • "''a s fi • ·k the superi net-0 1nt1u tom higher centres h e tomotor 
,v enc h • 111 ocu Ork (Ila e t e supranuclear bratnSte 

1'he Ybourn and Keller, l 977). nes can be f~r-
!her di:edi~m- and long-lead burst ~eu~o one groUP 1: 
Ostra1 ngu1shed into two populanons, I ppRF a 

llr to th · he dorsa eur-
ovid,.,_ e abducens nucleus tn t I bducens n h 

on ~-~ ex • · ·1 rera a t e 
es and c_itatory input to the ,ps1_a fasciculus, to is 

~nttalat~r v;a the medial Iongitudma~he other grou~o-
0 'llnd in a medial rectus neurones. dal and v_e~ rY 
ll\ediat t the dorsomedial Md Rf, cau vide inb1b1to 

o the abduccns nucleus; these pro 
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th ontralateral abducens motor neurones 
input to et cl 1986-Scudder el al., 1988). These two 
(Srrassman e a ., , n 

I . f medium-lead burst neurones are res~ -
popu anons o . coordinated phasic burst of act1V1ty 
sible for generaong the d inhibition in the antag
in the agonist motor neurones an 

onist motor neurones. d' -lead burst cell ac-
eters of the me mm . 

The param l ted with saccade merncs. In par-
tivation are ~ell c;;: a discharge corresponds to saccade 
ticular, the size o . f the discharge specifies the 
amplitude; the duraoodn o d the peak firing rate of 

• f the sacca e, an I • In 
duraoon o cells determines saccade ve ~ty •. 
medium-lead burst ll tuned for saccade drrecuon 
addition, the burst ce s ard~ the abducens nucleus re

• • cy surroun mg 
with the ma1on . ntal saccades. 

dl·ng beSt for honzo es m· the supranuclear 
spon ul • n of neuron 

Another pop atto d' plays a complementary pattern 
centres ts hi h ain-

brainstem gaze . ause neurones have a g m 
of modulation. ~ru~hile the monkey fixates or pursues 

. d Ievd of activity . I before a saccade these cells 
ratne t' unmed1ate Y . • The pause be-
a vis~al ta~:s; or suppression of a:ti~ duration of the 
exhibit a 1~ s before the saccade, _a of the saccade. The 
gins 10- melated with the duradnon _1 to the abducens 

• s corr I te ros1nu • 
paus~ I neuron~ are oca elon ted nucleus on_ e1-
ommpa~se thin, dorsoventrallY 1ufraphe interpos1tus 
nucleus Ul ~ the midline, the n)u~vidence has been pre
ther side Eo never et al., 19~8 • neurones inhibit the 
(Buttner- n t that ommpause N k o et al., 1980; 
scnted in the ~urst neurones (. a; Kaneko, 1984). 
rncdium-lead / i 984; Lang~r a~ the vicinity of 
Curthoys et tc~ical stimulation :e execution of sac
Morcover,. e :se neurones prev~~t has been shown that 
these omni Pa I 974 ). furthermo 'd their axons across the 

des (Keller, . use neurones sen dal to the abducens 
~dividual om::rize rostral and ::tory and inhibitory 

. dune and a regions where e~ I t 987). One source 
1111 deus, in the found (Ohgaki et ~-is the deep layers of 
nu euron~are 'pauseneuron d l(eller, 1977; 
burst n ts to the omni (Raybourn an ems to be re
of afferen rior collicul%s4). This inp~t _s~ tion of a sac
{he su::nd }(an~~ triggering ~er :~culus inhibi~ 
1,an~ble for ind1 . : of the supe;~eller, 1977). 0.11m
sp0ns\ce stimulano Raybourn~ from inh1b1tory 
cade_ s1 se neurones ( receive input 1980; Langer and 
omn1pau ones also (Nakao et al., egulate sac-
paus~ n_~:d burs~ ce~:nection appears to r 
rned1UJ1'1 t 984); this c . the supranuclear 
I{aneko:.ation• of units fou~d ~n ed tonic discharge 
cade du h. rd group ~ "bits a main~ of the eye in the 

The t t regions e I :vith the pos1non does not change 

oeuJom?::ysremati~~: tonic ne~r::t or suppression 
that vart e activitY o re is no phastcht that these ~!ls pro-
orbit, 'fh des· i.e. thed It is thoug f maintained ac-

' th sacca .;h sacca es- nes the step o 
wt . red ,,•1 or neuro 
associa ular mot 
·de to oC 
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tivity that holds the eye at_ the fi~al ~ositio~, but because 
the tonic neurones are so widely distributed tt has not been 
possible to test this connection direct!~. To derive _their eye 
position signal, it appears that the tome neuron~ integrate 
input from the medium-lead burst cells (Yoshida et al., 
1981; Strassman et al., 1986a,b). 

Nucleus Prepositus Hypoglossi 
One brainstem location in the caudal medulla containing a 
high density of eye position neurones is the nucleus prepo
situs hypoglossi (NPH). Single unit recordings have been 
accomplished in this region in the cat (Baker et al., 1976; 
Gresty and Baker, 1976; Lopez-Barneo et al., 1982). The 
units discharge with all types of eye movements in all 
directions; although most cells are responsive in relation to 
horizontal eye movements. Some of the units encode eye 
position; other units encode both eye position and vel
ocity. Also, some neurones in the NPH are visually re
sponsible; they have large, binocular receptive fields, 
respond well to moving stimuli and are directional. The 
original of these visual responses would seem to be the 
superior colliculus. It is not presently known whether 
similar visual responses are present in the NPH of the 
monkey, although it seems likely since it receives afferents 
from the inferior parietal lobule (Faugier-Grimaud and 
Ventre, 1989) and frontal eye fields (Stanton et al., 1988b). 
Stimulation of the NPH with currents around 20 µA re
sults in ipsilateral nystagmus (Cannon and Robinson, 
1987). The NPH receives input from the vestibular nuclei, 
the cerebellum and the reticular gaze centres (Walberg, 
1961; Angaut and Broda!, 1967; Carpenter et al., 1970; 
Kotchabhakdi et al., 1978) and projects directly to the 
ocular motor nuclei (Graybiel and Hartweig, 1974; Baker 
and Berthoz, 197 5; Baker et al., 1977; Graybiel, 1977). 
The NPH also sends efferents to the cerebellum (Broda!, 
1952· Torvik and Broda!, 1954; Alley et al., 1975). Selec
tive ~blation of the NPH in both cat (Cheron et al., 
l986a,b) and monkey (Cannon and Robinson 1987) ~e
sults from a loss in the step component of the saccade, 1.e. 
the eve drifts back from the eccentric position following a 
sacca.de. Based on these results, it appears that the NPH 
serves to integrate the eye velocity signal of the medium
lead burst cells to encode eye position. 

Effects of Electrical Stimulation 
Stimulation of the PPRF elicits ipsilateral eye movements 
(Cohen and Komatsuzaki, 1972; Keller, 1974). The mini
mum current required to elicit an eye movement from the 
PPRF is around 5-10 µA, and the latency of the eye move
ment is no more than 10 ms. The evoked eye movement is 
not a saccade; instead the amplitude of the eye movement 
increases with stimulation frequency and duration. The 
amplitude and direction of the evoked eye movement do 
not vary with the position of the eye in the orbit. 

A great deal of information can be derived from the 
results of stimulating supranuclear pontine centres in be
having monkeys while they are preparing saccadic eye 
movements (Sparks et al., 1987). In such experiments 
monkeys are trained to saccade to briefly flashed visual 
targets. As mentioned, when the PPRF in the vicinity of 
the burst cells is electrically stimulated, the eyes are driven 
horizontally. When such stimulation is delivered after the 
target is flashed but before the saccade is initiated, the 
monkeys can compensate for the perturbation in the eye 
position and accurately fixate the target. This has be~n 
observed following stimulation of many but not all sites in 
PPRF; what distinguishes the two types of sites has ye~ to 
be determined. These results indicate that information 
about eye position is available downstream from those 
sites in PPRF at which the monkeys could compensate for 
the stimulus elicited eye perturbation. 

In these same experiments the pontine stimulat~on 
occasionally triggered premature saccades. The direction 
and amplitude of this premature eye movement depen~ed 
not only on the site of stimulation but also on the locanon 
of the visual stimulus, and the amplitude of the premature 
saccade increased with the delay between visual target 
presentation and electrical stimulation. This result 
suggests that the input to the saccade generator takes time 
to build up which is consistent with the idea that the input 
to the saccade generation network arrives via the long-lead 
burst cells within the PPRF from presaccadic cells in the 
superior colliculus and cortex (sec below). 

Effects of Lesions 

Not surprisingly, lesions of the supranuclear oculom0 t?r 
cent.res cause permanent and severe eye movement deficits 
(reviewed by Cohen and Henn 1972· M1'ller 1985; Bo-

' ' ' RF go~sslavsky ~nd Meienberg, 1987). Unilateral PP. 
lesions resul! m a permanent paralysis of ipsilateral co~1u
gate gaze. Btlateral lesions of the rostral MRF result tn a 
ver~cal gaze palsy. Interruption of the medial longitudin~I 
f~sci~ulus ?1uses internuclear ophthalmoplegia, a cond1_ 
Uon 10 which one eye fails to adduct in a conjugate eye 
movement. The basis of this effect is the loss of input to 
the medial rectus motor neurones in the oculomotor nuc
leus. ~in~lly7 larg~ bilateral lesions of the pons that in dud~ 
the midhne 1mpa1r both horizontal and vertical eye move 
men ts. !)u~ to the density and complexity of the brain stern 
neur~ptl, different constellations of deficits can occur d~
pendmg on the exact location of the lesion. In fact, a res~; 
mony to how well this part of the oculomotor systern 1 
unde_rs!ood is the fact that the nature of the eye movement 
defictt is used to diagnose the location ofbrainstem lesions. 
As shoul~ be evident from the foregoing description, ho-W
ever, horizontal gaze deficits are more readily and suc
cessfully diagnosed. 
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what is observed in these cortical regions or in the superior 
colliculus (reviewed below). The NRTP does not project 
directlv to the PPRF (Buttner-Ennever and Henn, 1976), 
but th~re is evidence for a projection to the abducens nuc
leus (Langer et al., 1986). Primarily, however, it is a major 
mossy fibre afferent source to a specific region of the ver
mis and flocculus of the cerebellum. Thus, it appears that 
the collicular and cortical visuomotor regions involved in 
saccade generation have access to the cerebellum via the 
NRTP. We are accordingly led to review what role the 
cerebellum plays in gaze control. 

Cerebellum 

Effects of Lesions 

Once a saccade is in flight, it must stop accurately. That is, 
the pulse and step of activity must be balanced to stop the 
saccade on target and then keep the eye at rest. The cerebel
lum appears to play a key role in adjusting the gain of the 
pulse and step that move the eyes. Evidence to support this 
claim is derived from ablation studies (Aschof and Cohen, 
1971; Ritchie, 1976; Optican and Robinson, 1980; Zee et al., 
1981 ). It appears that the regulation of the pulse and step 
gain are spatially segregated in the cerebellum. In the first 
place, ablation of the entire cerebellum results in saccades 
that are too long, and the eye drifts from its final position; in 
other words the gain of neither the step nor the pulse are 
appropriate. In contrast, ablation of the midline cerebellar 
vermis results in saccades that are too long, but the eye does 
not drift. In other words, the control of the pulse gain is lost, 
but the step gain control is preserved. Finally, bilateral 
ablation of the flocculus results in excessive drift of the eyes 
after a saccade, i.e. loss of control of the step gain. 

Effects of Electrical Stimulation 

Several classical studies have demonstrated that electrical 
stimulation of the cerebellum elicits eye movements (Hit
zig, 1874; Ferrier, 1876; Mussen, 1927; Dow, 1935; Mag
oun et al., 1935; Hare et al., 1936, 1937; Hampson et al., 
19 50; Cohen et al., 1965). More recent investigations ~sing 
alert monkeys have localized the effects of ~u:=ro
stimulation. Different types of eye movements are ehc1ted 
bv stimulation of different regions of the cerebellum. Sac
c;;des can be elicited from the posterior cerebellar vermis; 
saccades and smooth eye movements are elicited from crus 
I and II and lobulus simplex of the hemispheres, and 
nystagmus follows stimulation of the flocc~lus, ~odulus 
and uvula (Ron and Robinson, 1973). Low mtens1ty (le~s 
than 10 µA) stimulation of lobule VII of the ver~1s 
(Fig. 15. l(b)) elicits ipsilaterally direc~~d saccades with 
latencies of approximately 10 ms (Fu11kado and Noda, 
1987). The lowest thresholds are required in the fibre 

layers and not in the cellular layers of the cerebellar cortex 
(McElligott and Keller, 1984; Fujikado and Noda, 1987). 
Even so, there is evidence that Purkinjc cells arc necessary 
to mediate the stimulus elicited saccades; kainic acid de
struction of Purkinje cells in a restricted region of the 
oculomotor vermis eliminates saccades evoked by stimula
tion of that region (Noda and Fujikado, 1987a). 

There appears to be a topographic map of saccadic 
direction in the vermis (Ron and Robinson 1973; McElli-

' . gott and Keller, 1984; Noda and Fujikado, 1987b). Ver~t-
cally directed saccades are elicited from the medial vermis, 
and the horizontal component of the saccade increases as 
more lateral areas arc stimulated. As the stimulating elec
trode is advanced through the cerebellum, the elicited sac
cades change from upward to downward. 

The saccades elicited by microstimulation of the cere
bellum tend to have curved trajectories. Unlike stimula
tion of superior colliculus or frontal eye fields (see below), 
increasing the intensity of the current in the cerebellum 
changes the amplitude and the direction of the saccade. 
This would seem to be due to current spread in the dense 
cerebellar neuropil. Another very interesting property of 
saccades evoked by cerebellar stimulation is that the direc
tion and amplitude of the saccade varies with initial eye 
position (~~n ~nd Robinson, 1973; McElligott and Keller, 
1984); this ts in contrast to superior colliculus or frontal 
eye fields (sec below) and indicates that the cerebellar ver
T?is encodes the position of the eye in the orbit. Stimula
tion of the vermis during a saccade in flight changes the 
eye's trajectory in a specific fashion; contralaterally direc
ted saccades are foreshortened, but ipsilaterally directed 
saccades are not affected (Keller et al., 1983). 

Physiological Properties 
Vennis 

Ther~ is a~undant saccade-related neuronal activity in the 
verm15 (Limas and Wolfe, 1977, Kase et al., 1980; McElli
gott a~d Keller, 1982) as well as activity related to smooth 
pursuit (Kase _e~ al., 1979; Suzuki et al., 1981). Mossy 
fibres can be divided into three patterns of activity related 
t~ saccadic eye movements (Kase et al., 1980). As shown in 
Fig. l S.3, these are long-lead burst short-lead burst and 
burst-toni_c units. The activity of l~ng-lead burst mossy 
fibres begms a prelude on average 160ms before the sac
cade, and they burst about 16 ms before the saccade. The 
short-lead burst mossy fibres begin to discharge on aver
age 7 ms before the saccade. The discharge of burst-tonic 
mossy fibres begins an average of 0.2 ms before the sac
~de. Some short-lead burst mossy fibres display a direc
tmnal preference. 

Purkinje cells in the vermis also show a variety of pat
terns of modulation. A few pause for all directions of sac
cades. Others show bursts that begin with the onset of the 
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Summary 

The results of lesion, stimulation a~d recordi~g studies in 
h erebellum converge on the interpretation that the tee h d . 

cerebellum serves to calibrate~ _e sacca e gen~ration sy_s-
tem through signalling the pos1t1on of the eye m the orbit. 
The eye position signal in the cerebellum may be derived 
from eye muscle proprioceptive afferents (Fuchs and 
Komhuber, 1969; Wolfe, 1971; Baker el al., 1972; Sch
warz and Tomlinson, 1977; Steinbach, 1987) as well as a 
corollary discharge represented by the presa~~dic and 
postsaccadic cells that appear to ~ncode the p~s1_t10~ of t~c 
eye in the orbit. The representation of eye posmon 1s veri
fied by the microsrimulation results. The effects of stim
ulation during saccades also reveals the point in the 
process of generating a_ saccade at whic~ the c~rebellum 
exerts its effects. That 1s, the fact that st1mulat1on of the 
vermis during a saccade slows and shortens the eye move
ment indicates that the motor error signal is reduced. One 
wav for the cerebellar vermis to effectively reduce the 
m~tor error signal is by changing the eye position signal. 
This would require that the cerebellum exert its influence 
prior to the supranuclear medium-lead burst cells. Thus, 
it appears that the contribution of the cerebellum to the 
motor error signal may be an internal representation of eye 
position. 

Superior Colliculus 

The superior colliculus is a laminated structure that 
crowns the midbrain (Fig. 15.l(b)). While it has been the 
focus of many experiments over the Years (starting with 
Adamuk, 1870), as recently as a decade ago it was possible 
for one reviewer to write ' ... there is doubt whether the 
colliculus plays an important role in conjugate eye move
ments.' (Bender, 1980, p.50). Further studies of this struc
ture have revealed its fundamental role in the generation 
and guidance of_saccades. A number of reviews of superior 
colliculus function have already been presented (Wurtz 
and Albano, 1980; Sparks and Mays, 1981; Schiller 1984-
Sparks, 1986, 1988), but work on this structure ce~tainl; 
has not slowed (Stein and Meredith, chapter4). 

Connectivity of Upper Layers 

As a first approximati~n_, _the superior cofliculus can be 
considered m two subd1v1s1ons. The superficial divi· • . 

h d d• • • s1on 1s visual, and t e eeper 1v1s1on (also referred to h 
d• d d 1 ) • as t e interme 1ate _an eep ayers 1s oculomotor. The u 

division receives aff~rents from the retina (Wilson p:n~ 
Toyne, 1970; Hendnckson et~/., 1970; Tigges and Tig
ges, 1970; Lund, 197~a,b; Tigges and O'Steen, 
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striate and extrastnatc cortex (Gare) ~/. K dova et al·• 
nalp 1970· Harting and Noback, 19/1, a · 1 1976), 

' ' -- F. )av et a ., 1971· Lund 1972b· Lund et al., 191:,; m · )967· As-
' ' ' J . encc ' the frontal eve fields (Kuvpers and ,awr ' / 1976; 

• • K nzle t'/ ,z ., I true, 197 I; Kunzie and Akert, 1974; < ~ . • Huerta el a ·• 
Lcichnetz el al., 1981; Fries et al., I J l·h_ I layers of the 
1986; Stanton et al., 1988b). The super~cia I gcnicuJate 
superior collieulus project to the dorsal atcr~ e.crior and 

d the mi• 973" nucleus the pregeniculate nucleus, an al 1 ' 
' • el ·• lateral pulvinar (Mathers, 1971; Hartm~ d Jacobson, 

Benevento and Fallon 197::,- ro1an0\\ connec - T • ·ski an ted 
' ' I. inter / 1975b; Harting el al., 1978). They arc a so vento el t1 ·• 

with the pretectum (Harting el lll., 1973; Bene 
1977). 

Layers Physiological Properties of Upper . colli-

penor . • • the su 1n The pattern of modul,t;on of umts '" d "'"'°"" 
1 

, 
culus ~ illustrated ;n F;g. I ;_ 4 .. As cxp_ect~u,' arc ,.;,u~i; 
the upper layers of the superior colhcu Koerner, 19 
responsive (Humphrey, 1968; Schiller and 974

. ,Marroc: 
Goldberg and Wurtz, 1972a; Updyke, 1 . ~ges fro . 
and Li I 977) The response latency ra 40-50 ,rrs, 

' • • after 'fllC 4lHIOm, with most cells respondmg collk•l••· d• 
visual latency increases with depth m the cy·pica!IY f 

• • 111·culus ·on° responses m the monkey superior co . f 
01

ot1 
d d • uon o . ,,or not epend on the form colour or irec JI t1as'11n~ b--

the stimulus, but they d~ respond well to sma can be 0 d 
• • d onses wre moving spots. D1rectionally tune resp "(ting te" fl' 

served for stimuli moving relative to a dn c pron° 0
6
) 

ba • • mor 98 · ckground, but this directional tunmg is ··dson, I .. , 
d • h d Da, 1 n e,, ce rn t e deeper layers (Bender an ·eive a . t0 

The visual cells in the superior colliculus rececificall} Ii 
t • • nd sp ·111u raretinaJ signal that allows them to respo • arV stl 76· 

• 1· tauon · J9 ' st1
mu I rnoving in the world and not to s Wurtz, . ns 

a~ross which the eye moves (Robinson and al interactrO fl' f "hmond and Wurtz, 1980). Spat;otc"'.";'r thek "'fsOJ. ~ these cells also appears to modulat 
I 

al., 1 Iii' 
s1veness to stirnuli during saccades (Wurtz eperior coper 
Th • · the su p ere is an orderly retinotopic map m d the u CY' 
culus w;th the fovea represented rosn-ally, •: 197!; Jl~ 
visual field represented medially (Lane et W~rtz, 19 
nader and Berman 1972· Goldberg and ·al 
K , ' __s;c1 aas et al., 1974). superi~hat 

Th • • If f these 5- v• e activity of approximately ha O cade ' cret 
!aye • I • to sac t9f~ • r visua cells is modulated in relatwn d ·s the 1s When th • • • · e fie! 1 ' e stirnulus m their recepuv 

--

(<1) T 

§_E ______ _ 

Visual neuron 

111111111111111 I 

Visuomoveme1~111111i111111 11111111111111111 I 
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Visually con1tngenl i0 1°1 I I I I I I 1111111111111111 
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Shorl lead move I I I I 111111111111111111 

Long lead m1,e1i"11 lelulolnl 111111111111 
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E 

Ouas,-v,sual neuron 

- ociated • r co//ic11/us a_ss • • • , i11 tlie superto . e as 111 I Fig. 15.{ ."Ve11ro11al acm·io ) Cont•e11t1011S ar a centra 
• • • d des ( a ,, ,,,fixates t 11>11/1 1.·1s11a/fy vude sacca • sk Tlte 111om:eJ i l,eral 1arge 

Pix. IS.2. (I,) Double sac~ade ta disappears, a per,(e central spot 
spot ( F). W1te11 the fi.mt1011 s~ot I, by a jlas/1 o/t_ ioll of tl1efirst 
( T) is flashed followed immediate) ade to tlie po~~ te tlte longer P • , d to sacc JI Ii ,.o ( ) • 7 lte 111011key ts requt~e .r tlie second as · 
flus/, a11d tltm to tlte posttloll 01 

time scah• of -100 ms. (Goldberg 

nse is enhanc:) This en
for a saccade, the visual resp~ Mohler, 1.9~ ~perty of 
and Wurtz 1972b; Wurtz a_n haractenSt1c P.s not ob-

' 1s a c ent I I hancement, it will be seen, Th enhancem th collicu us 
higher visuomotor centres.. I :blamina of_ f influences 
served in the most superfic1a sinate, so corticad as either a 

h • ffi ts term . resse . h rge w ere the retmal a eren t 1s c"P d disc a 
h ncemen Jevate • nly are necessary. The en a or an e Since it o 

more vigorous initial responseked response. ·ve field, the 
rate after the initial visual!~ evho cell's receptl sal process. 

II• in t e I arou an--Occurs for stimuli fa mg e crcnera th abrupt .r 
d to som ~ • e e un-enhanccment is not ue not requir hen a con 

l'he enhanced response does can occur w car a saccade. 
• I s but rget 1• th sac-Pearancc of the st1mu u d as the ta before e h 

• • • I is cue 00 ms r t e Uously v1s1ble st1mu us . 200-3 h d neare 
Also, the enhancement begrn~mulus is f)as J~sponses aret 

d • • the stl isua d no ca c and 1ntens1fies as . Ily the v arfll an 
• • • • Fma ' 'th an · en-time of saccade imtiation. ponds WI that this . r 

kev res • d"cate perio not enhanced if the mon J ults in I layer su 
h e res per · nter-an eye movement. T es onse of up ecting th~~ ·on 

hancement of the visual resp eted as refld .,1'th in1t1aO 
• • terpr · te '" Col11culus units may be m • 0 associa t 

I • ttentJO men · na process of selective a . e e move 
of a visually guided saccadic y 
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• I • I Properties 
Phys10 ogica rded in the deeper 
V'sually responsive ~nits are a~~/:culus(Schiller and 

I d. • • n of the pnmate supen 1972· Updyke, 

• of Deeper Layers 

ub 1V1s10 d Bennan, , 
s 1971 • Cynader an d ercollicular neur-
Koemer, ' ofthese eep 1974) 
1974). The visual respo~se al cortex (Schiller et al., 

rrives from the VlSU b d magnocellular ge-
ondes _a derived from the ~road- af i979). Interestingly, 
an is • athway (Schiller el a ., d in the upper 
nicul~stral1at~ponse enhancement obs::ion (Goldberg 
the v1su ~ resent in the deep 

layer cells J\~~;:. Mohler and_ Wallurtz, 19p~~~ve unit has 
and Wurtz, '. of visu y res 9) These 

Another inter~u_ng typel (Mays and Sparks, 197 . .thin 
I d uas1-VJSua of a target WI 

been cal e q fiollowing the appeara~ce a·VJ·ty until a sac-• d"scharge · · their ac 
umts I • fi Id and mamtam ·so·c of these • ave e finin characten . their recep t The de g do not reqwre 
cade to the ta~ethat to be activat~d, :~y receptive field. 
cells, however, is nee of the target m d e~r illustrated in 
the actual appea~ich this is observe is tar ets that he 
The task m wmonkey is presented !"'eots ar! presented 
Fig. 15.4(b).s~quentially, butdbo*h: a~ngement of?1e 
must fixate cade is ma e. de the location 

th first sac • th first sacca ' fi Id 
before • e h that following ~ the cell's receptive e . 
rargets is sue et would fall m the location of ~e 
fth e second rarg cade as soon a~ fi Id the quas1-

o th first sac ' ' pt1ve e ' . 
Following e falls in the cell s re;e the second saccade is 
second target be ·ns to fire u~tl ulation of neurones 
visual neuTrohnemo~ulation of~!s_Palomp otor error be~een 

d e • I the m1t1 ·t JS not execute • d to s1gna . ·on· however, i 
has been argued present eye pos1~ti~n of neurones p;o
the desired an here this pop~ . al is utilized. ~-

esently known_w r ret how this sign nobservedalsom 
~r • order to mte p odulation has bee d frontal cor-
1ects in h" pattern of m . rietal cortex an 

ally, t is . ostenor pa 
tu basal gangha, p . olliculus are 
the ) penor c "th below • • • of the SU ·ation w1 
tex/se~e deeper div1s1:t discharge i~ ~:1mer, 1971; 

u:d many neuro:nts (Schiller an 1975; Mohler and 
fo ic eye move 1972a; Sparks, 1978; Mays and 
saccad d Goldberg, I 1976" Sparks, ks d Porter, W rtz an ks et a ., ' 983· Spar an 

u 1976; Spar d Kase, 1 .' is related to 
Wurr, 1980; Nagata/ a~ 988). This di~ch~1ead orienting 
Sp:i-Waitzman el\~ and not~sso;=~;~). The onset of 
19 ' • e e moveme nd Jarvis, . . ranges from 
saccad1c ~s (Robinso~ a f presaccad1c um~ distinguish 
mov~m~n e opula~on o ossible t~ clear y e deeper 
activity m th Jne it is nodt pprcsaccad1c cell,~, ththe onset. 

200 ms. 1 g-lea h ear 1er 
50- d from on • olliculus, t e I the supra
short-I~a. n rhe superwr c ccadic cells resem; e exhibit a 

th~ un1~~in of these sr~:rst cells in th;r T~!re is a high 
Still, c; medium-lea s before the sa~c:i _e~f these presac
nuc!ea burst 20-50 mth onset of ac~1~1~ of the saccade 
distrnct. n between e time of imt1at1on 
orrelano Us and the c . burst ce cad1c 
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(Sparks, 1978) which indicates that this population most 
likely projects to the supranuclear brainstem saccade 
generator. 

The response of these units is described by a particular 
movement field given by the direction and amplitude of 
the saccades for which the cell responds. The movement 
fields of collicular presaccadic units are fairly broadly 
tuned, a point to which we will return momentarily. The 
movement fields are arranged in a retinotopic map that 
corresponds to that represented by the visual cells in the 
superficial layers, and the size of the movement field in
creases with the eccentricity represented and also with 
depth in the colliculus. The saccade-related discharge of 
these units does not vary with the position of the eye in the 
orbit; in other words, the movement fields are represented 
in a retinal rather than a spatial coordinate system. 

The presaccadic movement neurones described so far 
discharge in relation to the fast phase of the vestibulo
oc~lar reflex or optokinetic n ystagm~s as well as to visually 
gmded saccades. In contrast, a specific sub-population of 
the movement neurones in the superior colliculus dis
charge only in association with visually triggered saccades· 
these cells do not fire for saccades made in the dark (Moh~ 
ler and Wurtz, 1976). When no saccade is executed a 
degree of visual responsiveness is evident in some me:n
bers of this class. Other members of the group can dis
charge even in the occasional trial when the monkey fails 
to make a ~accade. Further, these units discharge earlier 
and more vigorously when the monkey anticipates maki 
a saccade. This combined contingency of the presaccad~g 

• h th f . IC disc arge on e presence o a visual target and the mo _ 
key's motivational state is a key element found in high n 
centres (discussed below). er 

Many other cells with saccadic discharge have a 
iated visual responses (Schiller and Koerner 1971· Wssoc-

' , Urtz a~d Gol_dberg, _1972a; Mays and ~parks, 1980). When a 
visual stimulus 1s presented, the units discharge even ·f 

d • I • I • d Wh 1 no sacca e 1s u tlmate y reqmre . en the stimulus · th 
' dthi tse target 1or a sacca e, s group of neurones shows a b 

• d "th th • I • urst synchronize w1 e v1sua stimulus and anothe · th 
the saccade when the saccade is delayed relative ; w~ 
presentation of the target. When the monkey is requ· 0 d e 

d • th 11, ire to generate a sacca e mto e ce s receptive/movement fi ld 
without a visual target, then the first sensory burst • eb
sent, but the sac<:3de burst is expressed. This patt~~a of 
two bursts, one visual and another presaccadic is al b
served in parietal and _frontal cortex (see below). so 0 

It may seem self-evident that the visual respon · h 
• 1 ••• th I sesinte colhcu us parbctpate m e se ection of the tar t , 

Th' h b ge ,or a 
~ccade. k 1s ~ ee~ t~te~ experimentally by present-
mg mon :~s wu a c 01ce od ta~gets. In such an experi
~e~t, s~ hJedctsb are 1prese(ntde wd1th two stimuli that are 
distmgu1s e y co our re an green), one of wh. h . 
defined as the target. If the stimuli lie close to O icth is 

neano er 

• d the saccades and the sub1ect makes short latency sacca es, . uli· 
tend to be directed to a point in between the r:,vo snm th; 
only if the saccade is delayed is it correctly directe~ ~o the 
target (Ottes et al., 1985). Single units were rc~orde ~ttcs 
superior colliculus of monkeys performing this t~k ( Iii
et al., 1987). Since, as mentioned, visually rcspo~sive cot to 

• • • f mtercs C\llar neurones are not colour selective, It is_ 0 the sac-
determine how they behave when the selection of ults 

d • . . • • The res ca e target requires a colour d1scnmination. f vi-
reveal that the visual component of the response ~rude 
suomovement cells has the same latency and ma~Jll the 
regardless of whether the stimulus falling ~~rget. 
receptive/ movement field is the target or the no . the 
Furthermore, there is no substantial difference •~ ated 
saccade-related component of the response ass~rget 

"h d stoa ... wit saccades to a single target versus sacca e th t at 
d• • • h . d'cate a ' 1stmgu1s ed by colour. These results m I fl t this 
least in this task, superior colliculus cells do not re ~cde the 
d• • • • prov1 
.1scnmmation and that higher cortical centres 

signal that specifies the target of the saccade. 

Connectivity of Deeper Layers 
Th • d" • ·on of the 

e input to and output of the deep sub ivtSI -~ ult to 
• • .. dtn1C supenor colhculus is so complicated that it ts t sig-

fi II • • f h differen u Y rat1onahze the origin and impact o t e . trculuS 
?als described. The deep layers of the superior ~o 1' areas 
!n primates receive input from a variety of co~n~ area5• 
including primary visual cortex extrastriate visua pple-

• ' the SU P0 Stenor parietal cortex, temporal cortex, tal corteX 
mentary and frontal eye fields and prefron 8. A,scruc, 
(KuypersandLawrence, 1967;Gareyeta/., 196 j 1976; 
1971; Kunzie and Akert 1974· Kunzie et a_., 1977; 
Goldman and Nauta 1976· Ben~vento and Davis.et al., 
J ' • koW ones an~ Wise, 1977; Hartmann-von Mona and fin'. 
1979; Leichnetz et al., 1981; Fries, 1984; Weber / t 985, 
1984; Komatsu and Suzuki, 1985; Lynch et a ·~ et al-, 
~~erta et al., 1986; Huerta and Kaas, I 988; ~~~:~ of t~e 
s 8~). Subcortical afferents to the deep d~vts t than 111 
upenor colliculus have been studied more •~ ca Uicul~5 

Primates B • fl rior co 0-• • ne Y, the deep layers of the supe the re 
rec,e,ve afferents from the diencephalon, notablhy preteC-
cu ar nuc) l s· t e Jar eus and the pregeniculate nuc eu ' ticll 
tum· va • • · ·n par d 
th ' nous m1dbrain structures including 1 ·ne an 

e substa • • • pontl 11ir ntia n1gra pars reticularis; vanous . erebe 
medu~lar nuclei, including the NRTP; certain~ wed bY 
nuclei and fi II . . l d (revte H na Y the cervical spina cor . 

uena and Harting 1984a b) . coJb-
Th ffi ' ' • r1or t 
I e e erents of the deep division of the sup~ ns rra""et 

CUUs • • t!O a 
h are Just as widespread. Ascending pro1ec 1 centf 

to t e ventr • d" dorsa ' oC' I t l oantenor, ventrolateral, me 10 1 t11ic n 
( era 'P_ulvinar, lateral dorsal and reticular tha ~75; J-Jar
~• (Harting et al., 1973· Benevento and Fallon, 1 d in tile 
ting et al 1980) ' . . ns en 

·, • The descending pro1ect1° 

. • lata mesencephalic 
ipsilateral substantia mgra pars reticud ~ al cord and in 
reticular formation, pons, med~lla a;pJit medulla and 
the contralateral pons, including kfi 'ter et al., 1976; 
spinal cord (Harting et al., 1973; Fran ur 
Harting, 1977). 

Effects of Lesions . the 
ulomotor activity m 

Given all this visual and oc rstatement to say 
superior colliculus, it may not be an ~v: of ablating the 
that the effects on saccade generano . g (Ferrier and 

• • h dly devastatin 6. b t superior colhculus are ar p "k et al 196 , u 
1957· as1 ·• Turner 190 I· Bender et al., • still execute 

' , Monkeys can fi 
see Denny-Brown, I 962). ut they do so less . re-
reasonably accurate saccades, b and a transient 

• ·n latency de-
quently and with an increase I h"b't ipsilateral gaze d 
reduction of velocity; they also e~ 1 1 / l 966" WurtZ an 
• • I 1958· Pas1k et a ., 'K ....., and v1at10n (Ros void et a ., , 1977' u, u-

Goldberg, 1972b; Mohler and Wu~SZ; Albano _et al., 
Butter, 1980· Albano and Wurtz, severe deficits arde 
1982 • • ' h haps more man ). S1mtlar thoug per . . the pretectU . 
observed following lesions mvolvmg and Wurtz, I 9S2a, 

• • (Albano ses con-
surroundmg thalam1c ar~s blation also cau S ra~ 
Keating et al. 1986). Colhcular a Brown, 196Z; P969. ' (Denny- 1 tralateral neglect syndromes nd symmcs. ' 

A derson a d Butter, gue and Meikle, 1965; n 978. l(urtZ an . Iii-
Keating 1974· Milner et al., .1 ' f the superior co h 
I ' ' • h bl uons O • l searc 980), and monkeys wit a a t:onning vtsua the 

. • ·n pen• en as culus do suffer 1mpa1rments 1. indicates that ~v fgaze, 
(Bender and Butter, 1987). Th•~ saccadic shifts 0 

~olliculus plays a role in g~nera:;Jention- following 
it also is important for shifts O .11 be generated I tone 

The fact that saccades c:in stl . dicatcs that at ea~ting 
ablation of the superior ~oll~culus 1:nsible f~r ge~~culus, 
other area of the bram is resp the superior co ,ceeu-

• d that , the e visually guided saccades an cessary ior ealed 
h• • s not ne bas rev w de certainly important, 1 k though, . ·quely 

ti ecent wor ' . l s is unt . on of saccades. More r • or col11cu u f the colb-
one type of saccade that the supt; 7). ablation° hich are 
responsible for (Schiller et al., cs~ saccadCS7 w I targets 
culus permanently prevents expr dictable vtsua h and 

sh?rt latency (70 ms) saccad: 0~/;; al., 19~. :yfrank 
(~1scher and Boch, 1983; s erger, 198 ' 
Fischer, 1986; Fischer and Ramp ·onofdif-

et al., 1986 ). electrical s~~u':,;cadic eye 
As will be reviewed below, also ehc1ts . nal re)a-

ferent areas of the cere~ral co~;:Sect the func: cortical 
~ovements. It is possible t? colliculus aod and ascer
tionships between the superior he colliculus ye rnove-

• bl ·ng t kcs e . visuomotor areas by a au · still evo . d ablatton 
• • utanon b1ne · taming whether cortical snm a: cts of co~cal reas, 'fhts 

rn . • the eue rtl a d 
ents or by dete~mmg d different co r of years, an 

of the superior colhculus an d for a numbe 
research strategy has been use 
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. the results are refined. The results 
as techniques impr?ve, . d by Pasik and Pasik, 1964) 
of the original stud1~ (revtewe rior colliculus does not 
indicated that ablan~~ o~ te s:J:ce electrical stimulation 
eliminate saccades eliatalte y However more recently 

• ·tat r fron cortex. ' . deed 
of the OCCIP1 0 that collicular ablation does 1? 
it has been shown ~ d by the more cultivated 
cause a loss of saccades e~o eof OCCI'pital (striate and pre-

• • ..: .... ulatton fi Id • tracorttcal nucrOSLJJu f the frontal eye e s m • I rtex but not o 
striate) and paneta c~ / 1983). Still more recent 
(Schiller, 1977; K~r: a~la~~n experiment demon_strate 
versions of the co~li~ a . ted to the superior co~culus 
th t When the lesion ts resmc . g to the bramstem, 

a • fi I fibres passm till Ii ·t 
d Sp ares corttco uga . tal cortex can s e CI an • • l and pane • 

timulation of occ1p1ta I 1988) This result indicates 
s des N eating and Goo ey' omm. unicate with the 
sacca V'" • ta! cortex c 

'p1'tal and pane . frontal cortex as that oco 'th r directly or vta 
de generator e1 e u· ul These results are taken 

sacca • or co ic us. . visually 
ell as via the supen llel pathways mediate 

w • dence that two para d ding on the frontal eye 
as -~VI d eye movements, one e~~ colliculus ( reviewed by 
gut e d the other on the supen 
fields an S) · ut via the 
Sc~e\~~~I ·eye field pathWwayrtzde19;~;. ~f appeared 

i ue ,1 M hl and u , lliculus and 

striate ~i~~v~ e:d:nce that th:a:u:e~;;; to generate 
to be d fields are the only ar . d from the results of 
frontal_ eye movements was denve d the superior colli
sacca_d1c ey~ the frontal eye fields a~mbined ablation of 
ablaung ~~er (Schiller et al., ~ 979)~1 visually guided eye 
cul us tog 1· ...,;.,ated cssenttall~ fin ment, however' areas e 1...... quire re e I t 
these This view may re. that shows that at eas 
movemen~dence is accumulan~g rtex (reviewed below), 
t,ecause eVI • ons of the cerebra c~e supplementarY eye 
two other ~ • etal area and_ des and have al mterpan nng sacca 
the later . l ed in genera de generator. 

Id are invo v th brainStem sacca 
fie s, d t access to e 
indepen en . 

. 1 Jnactivanon 

Effects of~evdersm::: of inactiva_tionoplli~~j~: ~:: 
h" ncate th upenor c h 

More sop is • n about how e s r d injections of t e 
more infonnaerattote saccades. Loca tznet saccades into . the 

gen • ol preve . ·eenons tions to • musetm • . B contrast, tnJ 
GABA ago~:~f the injecti?n s1t~n:, result in r~peate~ 
moveme~~ antagonist, bt~U~ of the injection s1;.r
of the G. the movement e ·11 et al., 1987). ~ 

des into 1985a; Scht er f the superior 
sacca d WurtZ, d'c neurones o . . .. 
kosaka an that the prcsacca I f GABAergtc mh1b1-

ults show er the influence _o d below. 
:iliculus are ;n; which wi~l be _d:~~::xperiments have 
• n· the sour f hese local macttv b t a fundamen-uo , Its o t • on a ou • 

'fhe res~ ortant infonna~ the superior colliculus I~ 

provided ,mp rning the rol~ o ed above, the presaccad1c 
I issue conce . n As review 

ta d generaoo • 
5acca e 
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units in the superior colliculus do not fire for saccades of 
just one angle and amplitude; rather, they have tuned 
movement fields. Accordingly, since any single unit in the 
colliculus discharges for saccades of varying directions and 
amplitudes, how can accurate saccades be specified? It has 
been suggested that the activity of many colliculus cells is 
pooled or averaged in some fashion (Sparks el al., 1976; 
van Gisbergen et al., 1987). In general, the direction and 
amplitude of a saccade is suggested to be given by a vector 
sum or average of the activity of the population of superior 
colliculus cells that include the saccade in their movement 
fields. 

Direct evidence supporting the vector summation idea 
comes from collicular inactivation experiments. Localized 
pharmacological inactivation of a small region of the deep 
layers of the superior colliculus with lidocaine affects the 
trajectory and velocity of saccades directed around the 
movement field represented by the inactivated area (Hi
kosaka and Wurtz, 1986). Specifically, saccades aimed at a 
target located beyond the movement field represented by 
the inactivated area are too long, and by contrast, saccades 
aimed at a target located before the movement field are too 
short (Lee et al., 1988). 

Effects of Electrical Stimulation 

Further evidence for a vector summation model is pro
vided by electrical stimulation of the superior colliculus. 
To review, stimulation of the deep layers of the superior 
colliculus elicits saccades (Robinson, 1972; Schiller and 
Stryker, 1972). The currents required are as low as 20 µA, 
and the latency of the evoked saccades averages 40-50 ms 
with near threshold stimulation and can be as low as 
20- 25 ms with suprathreshold currents. The low intensity 
and short latency are consistent with the direct impact the 
superior colliculus has on the saccade generator. Indeed, 
the shortest latency observed for stimulation evoked sac
cades corresponds to the onset time of the collicular short
lead presaccadic burst neurones. The direction and ampli
tude of the saccade evoked by collicular stimulation varies 
with the site of stimulation and corresponds to the move
ment fields of ~he cells recorded through th~ stimulating 
electrode. Unlike the saccades evoked by stimulation of 
the cerebellum, the vector of the saccade elicited by colli
cular stimulation does not vary with the initial position of 
the eye in the orbit. Whereas prolonged stimulation of the 
motor n~clei results in l_arger eye movements, prolonged 
stimulation of the supermr colhculus results in a series of 
saccades all of the same amplitude and direction (Schiller 
and Stryker, 1972). 

To return to the question at hand, the evidence for 
vector summat~on o~ collicular _output is provided by 
simultaneous st1mulat1on of two sites m the superior colli
culus. Such combined stimulation results in a saccade that 

is the vector sum of the saccades that are elicited by stim
ulation of the two sites independently (Robinson, 1972). If 
the intensity of stimulation at the two sites is varied, then 
the direction and amplitude of the resultant saccade 
changes according to the two vectors weighted by the 
intensity of the stimulation. 

Sensorimotor Transformation 

Given, then, that the combined activity of a sub
population of neurones in the deep layers of the superior 
colliculus provides input to the saccade generator for a 
specific saccade, then the next question is what activates 
the collicular cells? How is the visually evoked activity 
registering the target transmitted to the movement cells. 
Thes~ ques~ons have r~eived considerable experimental 
attentmn. Smee the rennotopic map of the upper layers 
matches the movement fields of the deeper layers, it was 
thought that the superior colliculus encodes saccades in a 
retinocentric coordinate system (Pitts and McCulloch, 
1?47; Schiller and Koerner, 1971). In other words, when a 
vis~al ta_rge~ appears, _cells in the upper layers respond. 
This activau~n, Jt was imagined, is transmitted to the deep 
layers that tngger a sa d f h . . • . cca e o t e appropriate d1recnon 
and amphtu~e to foveate the stimulus. 

_As attr,act~ve as this conception is, a number of lines of 
evidence indicate that it is untenable. Physiological experi
~ents have shown that neuronal activity in the upper and 
owe~ lay_ers of the superior colliculus can be dissociated; 
t~at is, vi~ual neurones in the upper layers can discharge 
without tngge • d n 
be rmg ~ s~c~de, and con verse! y, a sacca e ca 
h ~enerated by act1v1ty m the deeper layers without there 

avmgb • • • ks een activity m the upper layers (Mays and Spar ' 
1980). If these d • d'sso-• nsory an motor representations are 1 
c1ated, then for what purpose? 

~srchophysical experiments have also shown that t~e 
positio~ of the eye in the orbit is taken into accou~t 10 
generating a saccad Wh . . 1 • br1eflv e. en a visual sumu us 1s • 
presented while a saccade is in flight it can be foveated by 
~;ubsequem saccade (Hallet and Lightstone, 1976h). 

_us, an eye position signal must be combined with t e 
ret1~al error signal to direct saccades accurately; or in ot~r 
~or 5: the location of the target on the retina is not su d
cient, instead th h • b • nalle • Ph . e c ange m eye position must e sig 
b ys1ological evidence for such a combination has bee~ 

o served I fa m k , . lation o 
th •. on ey s eyes are diverted by sumu 5 

e_ superior colliculus (Sparks and Mays 1983) or, ~e 
~e~~e~ed a hove, the PPRF (Sparks et al 1987) prior to tble 
m1t1at1on f • ·, · a 
t . 0 a visually guided saccade the monkey 15 de 
d~ com! pensate for the perturbation ~nd make a sacca e 

•rect y to the I • herrnor ' 
. OCatJon of the visual target. Furt _ 

neurones m th . . he corn 
. • e superior colliculus discharge for t . . I 

pensatory sacc d h . . d b . a v1sua 
• a e t at was not directly ehc1te Y 

• 1983) Th se results may be stimulus (Sparks and Porter, • e . . . f 
• . . fth deepd1v1s10no interpreted to md1cate that the outputo e 

• a motor error the colliculus to the saccadc generator JS 

signal. . d • ed from 
0 . h' view is env thcr evidence that supports t is bd' • · n of the 

the fact that certain units in the deeper su iv~o uditory 
s~peri?r colliculus respond t~ somatosensory ;n i~ly the 
stimuli (sec Stein and Meredith, Chapter 4). yp to be in 
maps of these different sensory systei:ns apfpeadr'tory and 

• • uon o au i 
register in the colliculus. The mtegra • colliculus 
~isual input in the deeper layers of ~e su?en~ Qay and 
m generating saccades has been mvesb~tedo not exhi
Sparks, 1987a b ). First, visuomovement ce} a saccade is 
b• ' d' target ,or It their first burst when an au itory . ted with the 

d b rst assoc1a Presented· however the secon u . e there are 
, . ' A the same om ' . 

saccad~ does typically occur. t . h do not show either 
other v1suomovement neurones whic " saccades to 
h I d burst ,or 

t e sensory- or the saccade-re ~te .6 What is more 
auditory targets· thev are modality specdi c. nsideration) 
( , J • un er co 'th 
and this is the point for the question . ells shift w1 

th • d' espons1ve c f th e receptive fields of au 1tory r d layers o e 
eye position· the auditory map in th~ eep_th the retinal 

. , . . . ..atster w1 
superior colliculus 1s not m smct r~c· d·reco·on of gaze. 

• • the I d' 
Visual map but changes accordmg to . ual and au •-
Th· • d' tes that vis d' te 1s combination of results JO ica. •ffi rent coor ina 
tory signals which are encoded JO di I~ collicular neur
systems, arc' combined in some but not a r output. More
o . n moto than ncs to be expressed m a commo . motor rather 
?Ver, the sensory maps appear to be 10 

•n sensory coordinates. at the discharge_ of 
Finally, it has been demonst~tedl~ ers of the supen: 

so~c burst cells in the intermediate Je saccade and d . 
colhculus peaks immediately beforeW . man el al., 1988) 
I' fl' h ( a1tz per-c ines while the saccade is in ig t cells in the su th 

!hcse results indicate that at lea~t ~?~e otor error but e 
•or colliculus signal not only the JOltta m 
dynamic motor error signal. 

sl.ltnmary . the superior 
I h neurones in he visual 
t a~pears that at least some oft e of a saccade, T to be 

~oll1cuJus encode the motor error tex would seembove 
•n d • Icor • eda ' Put from the retina an visua 1 As review t,el-
the . signa • the cere 
h source of the retJOal error d •ved frorn error 

t e .. . • ht be er• th rnotor 
1 eye pos1t1on signal m1g deliver e t neur-
~rn. The superior colliculus can Jong-lead bursr el al., 
sign I b • . • • n onto (B ttne a y Its direct pro1ect1o rator u 'ding a 
one • de gene . prov• 
1 5 tn the supranuclear sacca 77) 13es1des . h t,een 
}77; Raybourne and Keller, ~9 

3• 53ccade, it a~1-des a 
sign I direct I prov 
h a that specifies where to 11. ulus a so The 

Y h • co 1c rator. . Pot etizcd that the superior de gene es in 
trig . . rn sacca neuron 

ger signal to the bramste nipause 
sup • the orn 

crior colliculus projects to 
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. d as described, omnipause neurones are 
the bramstem, an ' . lli I C 
. . . timulation of the supenor co cu us.. on-
m~ibited _b~ s . is thway that the superior colliculus 
ce1vably, it is via th pa if the visual activity in the 

•• • saccade However, 
can 1mbate a • ril trigger the activity of the 

I yers does not necessa Y . • • 
upper a II • the deeper layers, what structure does JJUb
motor ce sm 

•• ' ate their act1v1ty. 

Basal Ganglia 

Overview · dered how the 
• ctions we have cons• . 

In the foregoing se th k of generating saccadic eye 
brainstem performs t :u:Stion to consider is what struc
movements. The_~~: for actually initiating the eye m:ve
tures are respons1 is decided upon, for even thoug we 
ment once a targe~. to look at we do not always look. 
may identify some m~ew into th~ basal ganglia, a collec
This issue takes the re kn wn to be important for move
tion of s~:tures l~ng ed i Graybiel and Ragsdale, 1979; 
ment init1at1on (review oulO:. 1981; Alexander et al.,. 1986 ). 
DeLong and Georgop ht that a number of fun~nonally 

It is pr~~dy th0ug through the basal ganglia. !::. 
distinct cirCUJts pass to be organized along these Ii . • 

ral SCheme appears . t to partially overlapping gene • I reas proJec • cts 
ber of cornea a The striatum proJe 

A ~u: of the caudate or pu~:~ubstantia nigra that in 
regi;e globus pallidecifi~s an:::mic nuclei that provide ~e 
to • ect to sp c . rtical area. The mam
turn proJ nts to a parncular co 'th respect to eye 
majo~ affe~ this scheme of inter~t ':s-The body and 
festatJO~: can be d~bedff:n: io~ a large expanse 
moven;the caudate receives a 'fically for our interests, 
head o 'nly frontal and speCJfi Ids· this region of the 
f rrex ma• ... ,.,,eye e ' . . 

o co 'I and supplemen-J dat-dorsomed1al sect1on 
the fron~ turn projects to ththe cau lobus pallidus and the 
caudate. in 1 segment of e _g . ars reticulata. 
of the inter_n3 of the substanba mgrathep magnocellular 

ral rnon . 01• ect to 
late po . i I regions pr s and the para-
Th~e pal~d;t :tral anteri~::~~:: subdivisions of 
po~on o arvicellular and den thalamus (Ilin~Y et ~/., 
laminar, -~orsal nucleus of the thalamic nuclei provide 
the med• I ting the cycle, these tary eye fields. The 
1985). eo:P ~rontal and suppJ:i'1e~nds afferents to the 
•nput to e_ ars reticulata so/ 1977. Beckstead el 
1 tia n1gra P man et a ·• ' ivotal 
subs~n )liculus Oayara ·n be seen to play a p . 
superior co d this pathway WI bstantia nigra pars ren
al., 1981), ande initiation. The ;~PPRF(Graybiel, 1977). 
role in sacca ives input fro";I besides other well kno~n 
culata itsdf recethe basal ganglia: e movement deficits. 

Diseases of ·ons result m ey h' h causes degen--restau , . e w IC . 
clinical mat fluntington's d1s:~lts in impaired iniba-
c r exaniP e, date nucleus, 
rO . • the cau 
erauon in 
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tion of saccades and reduced saccade velocity (Starr, 1967; 
Avanzinietal., l979;Leighetal., 1983;Laskeretal., 1987, 
1988). Also, Parkinson's disease, which causes degenera
tion of the nigrostriatal projection, results in increased 
saccade latency, reduced saccade velocity and hypometric 
saccades (Slan et al., 1966; Chaco, I 971; Corin et al., 1972; 
Dejong and Melvill Jones, 1971; Melvill Jones and 
Dejong, 1971; Shibasaki et al., 1979; Shimizu et al., 1981· 
Teravainen and Caine, 1980; White et al., 1983). Simila; 
deficits are suffered by MPTP-treated monkeys (Brooks et 
al., 1986). Furthermore, administration of L-DOPA to 
Parkinson's patients or MPTP patients improves saccadic 
performance (Highstein et al., 1969; Hotson et al., 1986). 

Substantia Nigra 
Physiological Properties 
A variety of neuronal responses have been recorded in the 
substantia nigra pars reticulata (Fig.15.l(b)) of monkeys 
performing a variety of visually guided eye movement 
tasks. The patterns of modulation observed in the sub
stantia nigra are illustrated in Fig. 15.5. Most of the sub
stant~ nigra neurones hav~ ~ high r«:5ting discharge rate 
and display suppressed acbvlty assOCJated with visual sti
muli or saccades (Hikosaka and Wurtz, 1983a). One class 
of neurone is ide~tified by a visual response. The visual 
response la~enc! 1~ long (70-167n:1s with an average of 
120ms) which md1cates that the visual signals reach the 
substantia nigra by a quite indirect route. Consistent with 
most visual centres, the receptive fields of substantia nigra 
visual cells are located in the contralateral hemifield but 
can extend into the ipsilateral, and neighbouring neurones 
tend to have overlapping receptive fields. The responses of 
the visual neurones do not ~a~ with gaze angle. The visual 
response of some substanba mgra neurones is enhanced if 
and only if the stimulus falls in a cell's receptive field and is 
the target for a saccade. Finally, some neurones respond 
specifically to auditory stimuli with a mean latency of 
65 ms when they are saccade targets. 

Another J><?Pulation of units is suppressed in relation to 
saccades to vtsual targets. The suppression of activity in 
these units begins about 20 ms before the saccade and 
continues until approximately 200ms after. These units 
are not modulated in association with spontaneous sac
cades but require a visual target. Still other neurones dis
play both a visual response and a saccade related response 

The responses of other units in the substantia ni~ 
varies according to whether or not the monkey is fixatin 
another stimulus (Fig. 15.5 (b), (c)) (Hikosaka and Wur: 
1983b). One population of units is suppressed at th' 
appearance of a light stimulus but only if the monkey is no~ 
al~eady fixatin~ another stimulus. The average latency of 
this response 1s 126ms, and the receptive fields revealed 
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Fig. IS.S Neuronal • • · · d 'fl'ith 
sa d S actzv,ty in substantia nigra associate 
s/~a es. evera/ tasks are represented. (a) In the first task a 
~o. ahppears ( F) that the monkey fixates. After some time a 
y,.rtp era/ tar:aet (T) , s the 
ft. · ., appears. A'ier another de/au e,apse • xat,on spot d. 'J' '-' 
stimu' . isappears, cueing the saccade. ( b) Initially no 

,us IS on and th k . • 
particular A, . e mon ey ts no,v fixating no,vhere ,n 
fixate it. ( ;~mu/us (T) appears, but the monkey does not 
,vhich disa c) e monkey's gau is on the fixation spot ( F) t 
(T) (d) ft:,'7.sfo//o,ved later by the presentation of a targe de 
targ;t ( T) . ' e the monkey is fixating one spot ( F }, the sacc:de 
to the p • !s presented briefly. The monkey is al/0111ed to sacc 

osu,on of the t • 
disappears arget on{v after the fixat,on spot 

'so he has to remember the location of the target. 

under thes d. • h fovea 
d e con 1t10ns are very large centred on t e · 

an extend· • ' I hell'll~ 
field T mg mto both the contra- and ipsilatera . te 

s. he mod I • hab1tua ·th u abon of these units tends to f wi short • • rn ° 
modulati e~ mtertnal intervals. A second patte light 

on is a response to the offset of a spot of a 

. . . with an average 
that the monkey 1s fixating. This occ~rs t when the 
latency of 131 ms. If another stimulus is P~ ff re
fixation spot disappears, this fixation con;i:.nt 0is ob
sponse is attenuated. This pattern of mo u bO~omotor 
served in units that display other senso( 0~~ tion are 
r~ponses. Since these two p~tt~ 0 ~ed ~~ppears 
evident only when a light that is bemg fixa ed ·t seems 

. h ·11 be fixat , 1 
or when a hght appears t at WI • si al related to 
reasonable to suppose that they provide a gn 
changing fixation, i.e. initiating saccadesk saccade to a 

_When the monkey is requir~ to ma ; ~ree types of 
bnefly flashed target that has disapp~ed (Fig. IS.6(d)} 
memory-contingent responses are obse m ofmodu
(Hikosaka and Wurtz, 1983c). The firs~a~II have to be 
lation is a response to a visual stimulus r. at 'fa saccade is 

de In ,act,• remembered as a target for a sacca • . till VIS!. ·bte these 
hi) ·t JS S ' made directly to the stimulus w e I c100-12oms) 

units do not respond as well. The laten1 are similar to 
and receptive field properties of these ce s nd type of re
the more typical visual neurones. The s~ ated with sac
sponse is a decrease in discharge rate ~OC:re not as well 
cades to remembered targets; these units • "ble stimulus, 

detoa VJSI modulated for saccades that are ma . . ,.,;th sp0ntan-• h . ocianon .... 
neit er are they modulated m ass . n of these memory-
eous saccades. The onset of modulan~rom 70-280 ms ~ 
Contingent saccade neurones ranges fi Ids of these units 
fore the saccade, and the move~en~ ;he third ~up 0! 
emphasize the contralateral hemifid • •on fo)low1ng ~ 
these units exhibits a sustained suppresSJ u'I the execunon 

ed ·mulus un rones appearance of a briefly flash so et. other ~eu 'th 
of the saccade to the remembered ~rg • associauon WI 
d" d)uonm dthe isplay separate periods of mo u a embered an 
the appearance of the target to _be r;ese latte~ 41s ars 
saceade to the remembered 1ocauon. h quasi-vJSua ce 
Pea • ·1 tot e r to be functionally s1m1 _ar . . 
described in the superior colbculus. th sut,stanua nigra 

This body of work indicates th1at ene ts that wouldf ap-
pa . ate em • eyo arrs rebculata contains neuron d in a varie de 
Pear to be required to trigger 5:1cca escontingent sac; in 
CUmstances. The visual and visuall~rnuli that are stt c-
Cell . de to sn ·gger sa s can trigger saccades ma ells can trl dis-
view, and the memory-contingentl c ·muli that ha~e ·n 
cad • f ·sua so • ·pauon 1 

es made to the location ° ~• of its partJCI follows 
a~Peared. A further indicauo~ct syndrome ~at 1979). 
Visuomotor behaviour is the neg y and Wier, 
l • • (fcene esions of the substantia nigra 

It 1· tus tantia nigra 
elation to Superior Col 1CU th t the subs tern via 

Two lines of evidence indicate th aocuiomotorS~~should 
C)(erts a significant influence on . el 5 Although 1 ·ect to 
its . • 0U1cu u • does proJ Pro1ection to the supenor c • ni...ra ·nstem n be bstanua 1:1:- the braJ ot overlooked that the su regions 1n 
the supranuclear reticular gaze 
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SS) N es in the substantia nigra 
(Schneider et al., 19 • ~!'°° be 'dro ·ca11y ac-

d' lay visuomotor actJVJty can ann lDl • 
t!1at tsp microstimulation of the superior ~lli~us (Hi-
uvated by W 1983d) The stimulanon JS m~ 
kosaka and urtz, • th bstantia nigra and 
ffective if the receptive fields of e ~ . 15 

e . llicul cells are overlappmg. This su~ 
supenor co. . us f th bstanba nigra to the supenor 
that the pro1ect10n ° . e su rganized which is consistent 
colliculus is topographica_llY O tuned cells in the substantia 
with the presence ~!~C::~or microstimulation is found 
nigra The lowest uu= • colliculus where sac
in th; deeper layers of the supenrd odr Furthermore, a func-

1 ted eurones are reco e • onal 
cade re a n . . observed between the neur . 
tional correlauon JS • colliculus and substanua 

• • ons of supenor b-
activity m regi_ nnected specifically, when a su 
nigra that are mt~ ressed in relation to a given ~ 
stantia nigra ce:n JS sru:ius cell receiving afferents from It 

de the supenor co . ca , th same bJTie. • 
dischargCS at e bstantia nigra to the supenor 

The projection fro:e =itory, and the inhibitio_n ~p
colliculUS appea_rs C: b GABA. As reviewed above, 10I~ 

rs to be media y • muscimol into the supenor :i of the GABA a~~ecution of saccades. ~to the 
colliculUS suppresses ted by the region recetVlll~ _the 
movement ~eld rep~Wurtz, 1985a). In contrast. mJ~ 
•njection (Hik~ an ABA antag0nist, into the supenor 
~on of bicucullin~, a fa~tated saccade ini~ti~n. The ef
colliculUS ~ults m . ol into the substanua_JU~ corr:-

f jecnng muscun . • bicuculline into e 
fectdo •r:o the effect of inkajectllldg Wurtz, 1985b). Spec-
Pon s "cul (T T:1,osa an L..- .... 

• or coll• us ~ of inhibition of the suu,,uu•-
superl fi Uowing the mcrease . ·tiated unnecessarY• 
ificall!, 0 neurones, the monkuwith performance of 
tia JU~ ble saccades that interfi . ded saccades. This. re
und~traally guided or memory_ ~gra pars reticulata ~
the ~icates that the sub5ta!1~bition on the supenor 
~ a sustained GABAergic . . . 
r-- . nigra can uuuate 
colliculus. that the substanua die colli-

ThUS. it ap~ their inhibition on presacca that the 
d by re1easmg tioned however, 

sacca es It should be men . .' 05 in relation to 
lar eurones. 1 ·c pro1ecuo . 

cu n of th nigrotha amt ood Given the evt-
functi~n m:vements is ?ot un~ers:s th~ superior colli-
saccad:ithe substantia JU~ :~on is hence push~ 
dence th question of saccad ·de input to the substanua 
culUS. the tn1ctures that provi 
back to es 
nigra• 

Stri~~ I Properties . o lines of evidence 
physaol~:atomical relanon_s, :uomotor behaviour. 
aesides its date nucleus m . tralateral neg-

. te the cau . result m a con . 
imphca . of the stnatum d following ablauon 
first. 1esions e similar to that observ~ 969). second, single 
Ject syndroill I cortex (Bowen, 

. tal or fronta 
ofpane 
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unit recordings reveal a number of neurones discharging 
in relation to visually-guided or memory-guided saccades. 

Single unit recordings in the head and body of the cau
date nucleus in behaving monkeys have revealed a variety 
of visual and saccade related neurones (Hikosaka et al., 
1989a,b,c). The visually responsive cells have large recep
tive fields that are located primarily in the contralateral 
hemifield. The response of some of the cells is uninfluen
ced by whether the stimulus is the target for a saccade; in 
contrast, other visual neurones show the spatially specific 
saccade-related enhancement. Still other visual neurones 
are selectively activated by briefly flashed stimuli that are 
used as the target for a later, memory-guided saccade. A 
final subgroup of the visually responsive cells discharge 
following the appearance of a stimulus that is presented 
when the monkey is not already fixating another spot. The 
visual response latency ranges from 75-300ms with an 
average of approximately 150ms. Interestingly, the 
latency of the memory selective visual response is around 
50 ms longer than that of the other groups. These visual 
response latencies are longer than those observed in other 
visuomotor brain regions which indicates that they reflect 
substantial processing. Other cells in the caudate nucleus 
respond to auditory stimuli, but none of these are bimodal. 

In tasks in which the monkey is required to make a 
delayed saccade to a visible or remembered target, other 
cells are specifically activated. One population of caudate 
neurone is active after the monkey fixates one spot and 
waits for the presentation of the stimulus that will be the 
target for a saccade. These cells apparently reflect the 
internal expectation of the trained monkey. Indeed, some 
units do not even require that the stimulus appears, only 
that the monkey ultimately makes the appropriate saccade. 

Other neurones exhibit a maintained elevation from the 
appearance of the target until the cue to move. Some of 
these units discharging in the delay interval between pres
entation of the target and the cue to move are more active 
when the target is briefly flashed, requiring the monkey to 
remember its location. These delay neurones are more 
active in association with contralaterally directed saccades. 

When the monkey makes a saccade to the remembered 
location and waits for the appearance of a visual stimulus 
at that location another population of neurones in the cau
date is activated. These cells begin to discharge after the 
goal-directed saccade and continue until the target reap
pears. Some of these units display a burst following the 
reappearance of the target. 

A distinct population of units in the caudate are active 
specifically prior to goal-directed saccades; these cells dis
charge less if at all in relation to spontaneous, self
generated saccades. One variety discharges preferentially 
in relation to visually guided saccades while another is 
active mainly for memory-guided saccades, and yet 
another is active for saccades made under both circum-

stances. The presaccadic burst of these units begins up to 
300 ms (on average approximately 100 ms) before the sac
cade. The movement fields of these presaccadic caudate 
neurones are fairly large and emphasize the contralateral 
hemifield. Another distinct subpopulation of the presac
cadic neurones shows a much longer prelude of activation 
in trials that demanded a long (over 2000 ms) response 
delay, beginning 300-400 ms after target presentation and 
peaking after the cue to saccade. Yet another population of 
units encountered in the caudate nucleus discharge during 
fixation, and the activity of some of these fixation cells 
varies with the position of the eye in the orbit. 

There was no apparent segregation among the different 
types of cells recorded in caudate. This issue is especially 
interesting given the neurochemical diversity and segrega
tion observed in the striatum (Graybiel and Ragsdale, 
1978; Goldman-Rakic, 1982; reviewed by Graybiel, 1982; 
Graybiel and Ragsdale, 1983) and will likely be an active 
area of future research. 

Connectivity 
This work indicates that the caudate nucleus can provide 
signals to the substantia nigra pars reticulata that result i~ 
a saccade. As alluded to, the substantia nigra pars retl
culata is a major recipient of afferents from the caudate 
(Grofova, 1975; Feger and Crossman, 1984; Parent et al., 
1984), and the projection is inhibitory, GABAergic (Pre
cht and Yoshida, 1971; Yoshida and Precht, 1971; Feger 
and Ohye, 1975; Fonnum et al., 1978; DiChiara et al., 
1980; Fisher et al., 1986; Pan et al., 1983). A reasonable 
scenario for saccade generation to this point, then, goes 
like this: in preparing to execute a saccade caudate units 
become active. Their activation in turn inhibits neurones 
in the substantia nigra that project to the superior colli
culus. This release of the nigral inhibition on the superior 
colliculus finally allows a saccade to be generated. . . 

We are now confronted with the problem of the ongin 
of the visuomotor activity in the caudate nucleus. As men
tioned above, the head of the caudate nucleus receives 
afferents from cortical areas that have been implicated in 
gaze control (reviewed below) including the frontal eye 
field, the supplementary eye field and inferior parietal 
lobule (Kunzie and Aken l 977· Yeterian and Van , , 
Hoesen, 1978; Jurgens, 1984; Selemon and Goldman
Rakic, 198S; Arikuni and Kubota, 1986; Stanton et al., 
1988a). Parenthetically, these cortical areas also project to 
the putamen, so it will be instructive to learn whether 
visuomotor neuronal activity is present there too. T~e 
caudate also receives substantial input from the intralam•
nar thalamic nuclei (Parent et al., 1983a) that also contain 
visuomotor neurones (see below). The responses of these 
caudate nucleus neurones resemble in most respects those 

. that probably pro-
of the cortical and thalam1c neurones I cy ob-
vide their input. The long visual ~thpo~b .anteg~erived 

• d • • tent WI it CJ served m the cau ate 1s consis f fi tal cortical 
from the long latencv visual responses O ron imilar to 
neurones. Also the sa~cadc-related responses ar~ sWJ. ng the 

• 1 Before rev1e 
those observed in these cort1ca areas. sider the 

. • eccssary to con 
work in the cortex, however, Jt is n th visuomotor 
thalamic nuclei that provide afferents to e 
cortex. 

Thalamus 
- bl m where to loo~, 
Moving the eyes is only halfofth~ pro/ ~tour gaze to IS 

what is interesting and worthwhile to dir ta""et must be 
h • • • • asacca e,a .,, • t e other half. Prior to m1tiatmg de generaoon 

selected. Considering this_ part of ~e:Cfn'put end of the 
process moves the discuss•o~ tO\var . have been shown to 
system. A number of thalamic nu~le• o·on will progress 

I k . trol· this sec Pay ey roles m gaze con • ocuJomotor. 
from the more sensory to the more 

p eniculate 
Lateral Geniculate and reg 
Nuclei easagrande and 

As reviewed in chapters 9 (He~ry) a:d }u~leUS (dLGN) is 
Nonon), the dorsal lateral gemc_ulat t to striate cortex. 
the rcla'-· station for retinal inpu d modulation re
l · J • • dLGN showe . ystag-
m·estigauons m the cat . ee or vestibular n 1966; 

lated to eye movements during sl dp Marchiafava, . d 
•. raan al dFne-lllus (B1zz1 1966- Kawamu ]so L an ed 

J ' ' 1971· see a hoW eannerod and Putkomen, ' . the monkey s d d 
lander' 1989), and an early studY •~ntial can be r~r t~e 
that a monophasic negative field Po 'th saccades in ·t 
h • ted w1 • gle uni 

t roughout the dLGN assOCJa6S) However, sin I essen-
dark (Feldman and Cohen, 1 i rt ~onkeys rev~ Fuchs, 
recordings in the dLGN of a e . (Buttner an 
• d laoon tially no saccade-related mo u er of 
1973; Duffy and Burchfiel, 19~5). relatively thinbla~mate 

The pregeniculate nucleus is ~LGN- In sU p~ulate 
cells positioned above to the ual lateral gen•assoc-
s • • • II d the ven red to be Pectes this structure 1s ca e . . conside .1 of cells 
~Ucleus. By whatever name~ it•~ nucleus, a ~e• the pre
•ated with the thalamic reuculaits recorded ~n tion with 
surrounding the thalamus. Uni ted in assoCl3 d fuchs, 
.,en· I modu a ·n an .., •cu ate nucleus are 1973• Magn• •ve corn-
saccades (Buttner and Fuchs, . i; unirnpress•es either 
1977); although, the modu~no;. The neuronde, Usu
Pared to what we have rev•~ ms after a sar-s visually 
burst or are suppressed 80- 5 ther the sacca e ~e of the 
all~, it makes no difference w:e In addition_, S: latenCY of 
guided or occurs in the dar • onsive w•th 
Pregeniculate cells are visually resp 
around 2S ms. 
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rel ted odulation is consistent with the fact 
Saccade- a m • ffi from the • late nucleus receives a erents . 

that ~e p~cu enevento and Fallon, 1975; Hartin~ 
supenor colhculus (B 1 1983) certain pontine nucle1 
et al., 1978; Wet; ~ a ·; I 1983) as well as from the 
(Gra!biel(f, 19~4; w::a:d aJ;cobson, 1976). The pr~ 
pulvmar ro1ano . retinal and visual cortical 
niculate nucleus also~;; Spatz and Tigges, 1973; 
afferents (Spatz e! ~ 1976· Maunsell and Van Essen, 
Ogren and Hendnc n, Th regeniculate nucleus 
1983; Asanuma et al., 198!. ub::rtical sites, including 
neurones send axons to o ~ s deep subdivision of the 
the ipsila~ pretectum, on~e nuclei and the contra
superior col11culus, the pl (Hendrickson, 1973; Gray-

'cu]ate nuc eus 1974) lateral preger11 rd I 1974· Swanson et al., • 
. 1974· Edwa s et a ., , resu1 this 'eye-

biel, . , ewhat inauspicious ts, . d 
Despite these som . culate nucleus' (Magnut an 

brow to the lateral gem ed from obscurity by a hypo
Fuchs, 1977) may ~ resc; to explain the neuronal mech
thesis recently ~ut ;rwa~ visual attention (Crick,_ 1984). 
anisms underlying •:ci that the reticular thaJamic_ nuc
Succinctly, it is prothp regeniculate nucleus in parocularf 

• eral and e P pecifi ensembles o 
leus m gen rd" nate the activity of s c rticular 
serve t? cOO • rones providing ~puts to pa derlie 
thalam1c relayThin~ caordination is con1ectured t_o un deus 

• I areas s • One thalarmC nu 
cornea ving s~tlight of attenO:· caordination - the pul-
the ro "ally subject to su 
may be especi 
vinar. 

Pulvinal' collection of four nu~ei:-
lvinar consist_S of a terior-that are ~nn-

'fhe pu eral infenor and an • • ty and funcoonal 
media~ la~ the' basis of their conn~VJSIZ. e of the pulvinar 

• hed on h • crease in 
gu1s . (Fig. l 5.6 ). T e mth --,o:.triate visual corteX· 
properties I that of e ~.,....... · has been 

in pnrol·m:::::~fv!narin visf:~tog:;~u~977 and 
Th~ (Cooper et al., 
reviewed 
chapter 6). 

• al ganglion • • tY • ut from renn 
connectt~• ulvinarreceives mPO· Mizuno et al., 1982; 
'fheinfen°~ et al., 197 'ta wa and Tanaka, 
cells (OmP Hoesen, 1 ~83; Nau ga. or colliculu~ and 
Jtaya and Van frorn the ipsilateral s Pf Trojanowski and 
1984) as well as ento and Fallon, 197 k' 1976-Partlow et 

(Benev nd Reza ' ' 1980· 
pre~: 197Sb; Ben;vaasento :979; Harting et aa/1., 1981, 
Jacou,,v , • and .,.. , . Marrocco et ., ' 
al., 1977; L::i Standage, 198\ inferior division of ~he 
Benevento/ Harting, 1983). T~ te but also to extrastnate 
Huerta an . mainly to srn_a re reciprocated (Fer-
pulvinar proJ~ these projecnons ~ark and Northfield, 
. I cortex, an 97. Le Gros os-011""" and 

v1sua T mer, 18 . , . I971; (.amp ~i,-

rier and u 1950; S1que1ra, 
1937; Chow, 
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Hayhow, 1972; Hollander, 1974; Benevento and Rezak, 
1975, 1976; Ogren and Hendrickson, 1976, 1977, 1979b; 
Trojanowski and Jacobson, 1976, 1977; Benevento and 
Davis, 1977; Graham et al., 1979; Lin and Kaas, 1979, 
1980; Re:zak and Benevento, 1979; Lund et al., 1981; 
Graham, 1982; Maunsell and Van Essen, 1983; Unger
leider et al., 1983). It is not presently clear whether the 
collicular and cortical afferents are strictly segregated. 
The lateral nucleus of the pulvinar receives input from the 
superior colliculus and pretectum (Benevento and Fallon, 
1975; Trojanowski and Jacobson, 1975; Harting et al., 
1980; Benevento and Standage, 1983) and is intercon
nected primarily with extrastriate visual areas including 
the inferior parietal lobule (Chow, 1950; Campos-Ortega 
and Hayhow, 1972; Hollander, 1974; Benevento and 
Rezak, 1975, 1976; Trojanowski and Jacobson, 1975, 
1976; Curcio and Harting, 1978; Ogren and Hendrickson, 
1976, 1977, 1979; Benevento and Davis, 1977; Graham et 
al., Graham, 1982; Maunsell and Van Essen, 1983; Un
gerleider et al., 1983; Weber and Yin, 1984; Asanuma et 
al., 1985). 

While the inferior and lateral pulvinar nuclei are inti
mate with the visual pathways, the medial nucleus of the 
pulvinar forms different associations. It receives light 
input from the superior colliculus (mainly the deep layers) 
and pretectum (Benevento and Fallon, 1975; Trojanowski 
and Jacobson, 1975; Partlow et al., 1977; Harting et al., 
1980; Benevento and Standage, 1983). The medial nuc
leus is interconnected with the superior temporal gyrus 
the inferior parietal lobule, cingulate cortex and insula; 
cortex (Siqueira 1965, 1971; Campos-Ortega and Hay
how, 1972; Burton and Jones, 1976; Baleydier and Mau
guiere, 1977, 1980, 1985, 1987; Divac et al., 1977· 
Mesulam et al., 1977; Stanton et al., 1977; Kasdon and 
Jacobson, 1978; Pearson et al., 1978; De Vito, 1978; Muf
son and Mesulam, 1984; Weber and Yin, 1984· Asanwn 
et al., 1985; Yeterian and Pandya, 1985). The med·~ 
pulvinar has also been reported to be interconnected w·~ 
the frontal cortex including the prearcuate gyrus in :h 
vicinity of the frontal eye fields as well as the sup 1 e 
mentary eye fields (Bos and Benevento 1975· f e
ja~o~ski and Jacobson, 1974, 1976; Kunz(~ et al.: l9;t 
K1ev1t and Kuypers, 1977; Barbas and Mesulam 1981. 
Leichnetz, 1982; Huerta et al., 1986; Stanton 'et al' 
1988a). It has been argued, to the contrary that th ·, 

ed ti I 'cal • • e pur-port ronta cort1 interconnection with the . 
pulvinar is more rightly assigned to a diffuse pan m~( 
central lateral nucleus that is inserted into th O ed. e 
pulvinar Gones, 1985). Whether this makes a: ~ ial 
tional difference has yet to be worked out. Y unc-

Eff ects of Lesions 
The effects of lesions of the pulvinar have yield d 
flicting results. In some cases ablation of th e 1 ~-

e PU vtnar 

results in no behavioural deficits ( Chow, 19 54; Cooper et 
al., 1974; Riklan et al., 1974; Ungerleider et al., 1977; 
Leiby et al., 1982; Bender and Butter, 1987). At the same 
time, lesions of the pulvinar have also been shown to 
result in visual neglect, a reduced number of e~e m~ve
ments with prolonged fixations, impairment m ~•s~al 
search and an impairment in learning visual discnmm
ations (Chalupa et al., 1976; Ungerleider and Christensen, 
1977, 1979; Zihl and von Cramon, 1979; Ogren et al., 
1984). But these effects may be due to inadvertently dam
aging fibres passing to the superior colliculus (Nagel
Leiby et al., 1984). 

Physiological Properties 1 
The patterns of neuronal modulation recorded in the pu_-
• • .th their v1nar a~e dlustrated in Fig. 15.6. Consistent wi bdi-

connectJons, most cells in the inferior and lateral su . • • . . ess IS 
V1s10ns are visually responsive; visual responsiven . 11 
less prominent in the medial subdivision and is essentl;/ 
absent in the anterior subdivision (Gattass et al., 19 ' 
1979; Bender, 1981; Benevento and Miller, 1981; Peterse:e 
et al., 1985). In the inferior and lateral segments ~ t 
~tency of the visual response is approximately 65 ms, but 
m th ed. J • • mew a e m 1a pulvmar the response latency 1s so d 
longer and more variable, averaging 84 ms. As expe;:i:r 
from the topographic afferents from the retina, s~P d 
colliculus and visual cortex the cells in the inferior anl 
lat I d. • • ' well o-~ra 1v1s1ons have receptive fields that are the 
cal~ and retinotopically organized. In contrastd the 
medial division is not topographically organized an ·on 
cells have larger receptive fields. Neurones in each ~ of 
are _broadly tuned for the orientation or direc~•';°rior 
mouon of • I • • • the 1n1e VISua sbmub. Some neurones m . bile 
and lateral J • · • uh w th pu vmar that respond to moving snm . uJus 

he monkey fixates do not respond to the same stlm0 ,;e-
wen·· • yern 

It is Stabonary and the monkey makes an e . ·ndi-
ment ov • (R b. S5) This 1 

er It o inson and Petersen, 19 • xira-
cates that th I • . an e 
re • . e pu vmar neurones rece1v~ rnove-

tinal Slgnal modulating their activity relanve to cells. 
ments of th . f these 
h e eyes. The visual responses o . of tJte 
?We~er, do not change with eye position. LeSio;s ce tJte 

v~al conex but not the superior colliculus re u rones 
VlS1Ja res • . neu 
(Be ponsiveness of inferior pulvmar 

nder, 1983). 11 a 
The un·ts • re whe 

visual • 1 •n all three regions respond mo ermore, 
cells • stimulus is the target for a saccade. Furth ses co . 

• 1
1n t~e medial division show enhanced resPo11 .. i.011t 

Vlsua Sbm r h d to wn.1• 
Sh.ti• u I t at the monkey must atten ,.,, for 

1 bng gaze Th d pons"" . 
stimuli tha • e cells that show enhance res dulated 111 
relati· t are targets for a saccade are not mo ovide ll 

onto th . tPr ts 
motor • e saccade itself, so they do no 1 egJllell 
that signal. Units in the inferior and latera s t sho« 

are enha d 'f d do no • _A 
spatial sel . n_ce I a saccade is execute . enbaJlcP-' 

ectivity; that is, the cell's response is 
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• t d 111ith . . • ~ p11/vi11ar associa e Fig. 15.6 Ne11ro11al actn.,,ty '!' 1 '~ 1 _ 2 
saccades. Com:emior,s are as m F,g :,. • 

. f • receptive field. In con~lt, 
for stimuli even outside O its . 1 lvinar are spatial Y 
enhanced cells in the media pu 

selective. cells in the inferior ~d 
Approximately half of ~e odulated in relation 

medial divisions of the pulvi~a;8~e:Obinson et al., l 986)f 
to saccades (Perryman et al., ' bserved. Most 0 

f d• barge are o 'th 
Three major patterns O isc de is initiated WI a 
these units discharge after the sac:lls are suppressed on 
delay of on average 72 ms. ~e~he third group of neur
average 58 ms after the sa~. • th t begins around 44 ms 
ones display a pause in activity a :urst after the 5:1cca~e~ 
before the saccade followed by_ d the biphas1c~ dis. 
Some of these units (predomi;n .:ade to visual snmuh 
charge in association with sa~ ~de in the dar~-!hese 
as well as to spontaneous sa~ ':80r and medial divisio~ths. 

• the m,en • tion wi 
are most comm~n 10 discharges in assaaa. of the 
Another population of cells d the conclusion 
both the appearance of the target anear to have large move
saccade All of these neurones apedp by the position of the 

• t • nfluenc . I the occur-ment fields and are no I rently s1gna . • s ch units appa 
eye m the orbit. u dulation 
rence of a saccade. 'vity and neuronal.~~ te that 

The patterns of ~n~~ f the pulvina~ in ica teral 
in the different subdivisions .0 ns The inferior an1 la. ual 
they subserve different fun_ct10 I dte occurrence o v~n-

pulvinar nuclei seem t;.:~:rious corti~l areas dre;f the 
stimuli and of saccades. . ht to be mfon:"e be 
• • I ocessmg oug . --mg can s1ble for v1sua pr that their pr=--- t is de-

execution of a_ saccat~i:°the rapid eye mo;::n, I 962, 
halted or mod~fied. w \ Latour, 1962; Vo II and Wurtz, 
grading the retinal una:i <. 1974; Campbe •n be pre-
1%8; MacKay, 1970; 19;:~in fact, evidence ~degree of 
1978; Volkman et al. . striate cortex sho~ements, and 
sented t~at neur~nesd•:ith saccadic_eye m;ulation of t~e 
suppress10n as~ociate the post-saccad1c m°od with in thJS 
we have mentioned One issue to eonte 
pregeniculate nucleus. 
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• th bservation that the sacinterpretation, _howev~, IS e od 80-IOOms before the 
cadic suppression begms aroun . r. 

ks durin the movement and persists ,or 
saccade, pea g . bservati would re-
50-150 ms after the sacca.de. ThJS o I~ odulat
quire that presacc:idic uruts must play a ro e m m 
ing visual processing. 

M • ulation 
Effects of p~~cological arufuvolved in selective 
The medial d1V1S1on a~pears to be ort for this has been 
• ual attention. Expenmental supp. . . to 

VIS • • • GABA agorust or antagorust 10 
obtained by mJectmg a k --"orming a rask requir-

edial ulvinar of mon eys .,.. ... 
the m P . • ro .. tersen et al. 1987). Mon
• shifts of VJSual attennon v-.. ' f visual 
mg • ed ond to the appearance O a 
keys were tram to i n either the left or right. The 
stimulus that appeare :d b cued by a prior stimulus. 
location of the target ~ ed e . esn·gate spatial shifts of 

• h been design to mv If 
This rask ~ 'n humans (for example, Posner, 1980) •. 
visual attennon I ed location the reaction time is 
the target appears at th:tC: ears else~here. This differ
faster -~an if the :lects :e shift of an attentional pro
ence, it !s. a~ed, ranee of the target at the cu~ 
cess annapatlng _the a~e ·c inhibition in the medial 
location. Increasmg G . rgiuscun· ol increases the reac-

.th the aaonJSt m ' . t pulvinar w1 ,, , I wing or other impamnen 
tion times which su~ests a s o t decreasing GABAer-
of the shift of attennon. In conri:a: 'bicuculline, facilitates 
gic inhibition wi~ ~e ::~•reflected in a reduction 
the shift of attention ID 

in reaction times. 

1 • ar Nuclei . Intra amin . . th • tralam1-1 • a contammg e m 
The internal medu~ry amm the mediodorsal and the 

nuclei lies primanly between I thalamus (Fig. IS.I). 
nar • • the centra I d 

trOlateral nuclei m tral medial paracentra an 
ven • fthecen ' rised f th trail it consists o . . comp o e 
:tral l~teral nucl~.?r;;!t:t n:clei. Early thought 

tre median and V'" ... ' thalamus subserved a non-
cen thi region of the L---..1 11 the wide-
held that s • • this was ~ 0 • ed b 

ific arousal func_ti_on, se that was obtam y 
spec d cortical recru1nng respon laminar nuclei Qasper, 
sprea . 1 tion in the intra 
electrical stunu a 

1960). . · n 
d Electrical Snmulatio . . 

Effects of Lesions an h accumulated for the part1c1-
More recently evitrad~fn~~minar nuclei in_ ~i~utyo:;::: 

• of the ros • • n the v1e101 
path10n. ur In the first place, les10~!_,, __ , visual neglect 
be av10 • . I • a conmwuaill F 
• tralaminar nuclei resu t m nd Heilman, 1979). ur
m / 1978· Watson a • (Schlag (Watson et a ., ' . el'cits saccades m cat 

• ostimulation 1 1980) and mon-
thermore, m1cr 1971 · Maldonado et al., 
and Schlag-Rey, • 
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key (Schlag-Rey and Schlag, 1984). In the monkey the 
minimum current required is 30 µA and the latency of the 
saccade is around 40 ms. Stimulation of dorsolateral sites 
in the intralaminar nuclei elicit saccades that converge on 
a point in the orbit, while sti~ulation v~~tromedially 
evoked saccades that do not vary with eye pos1t1on (Schlag
Rey et al., 1987). 

Physiological Propert_ies . . . 
Single unit recordings m this region of alert, behaving 
monkeys reveal a variety of response properties 
(Fig. 15.7). Some units display a visual response with a 
latency of 80-l20ms (Schlag and Schlag-Rey, 1984). 
These cells have large receptive fields that include the 
fovea and emphasize the contralateral hemifield. Appar
ently, the visual responses do not vary with eye position. 
The activity of some of the visual cells is enhanced when 
the stimulus is the target of a saccade. A subpopulation of 
the visually responsive cells expressed this saccade contin
gency to a greater degree, being active only when the visual 
stimulus was the target for a saccade. 

Other intralaminar units display a sustained elevation or 
suppression of activity while the monkey fixates a visual 
stimulus. The latency of the response following the ap
pearance of the target to be fixated is approximately 
I 00 ms. The origin of this activity is not only visual, how
ever. This is revealed if the monkey saccades away from 
and back to the target, in which case such units stop dis
charging before the saccade and reinstate their activity as 
soon as the target is refixated with no latency. This pattem 
of modulation during saccades indicates that these fixation 
units also receive an extraretinal signal. Such activity is 
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100 ms -Fig. 15. 7 Neuronal activity in the central thalamus associated 
TPith saccades. The fixation spot appears which the monkeys 
fixates. The fixation spot disappears TPhen a peripheral target 
appears and a saccade is executed. 

• • lus evident even when the monkey pursues a movmg snmu . · 
The activity of these units does not vary systematically WI~ 

gaze angle. The specific relation of these cells to the act 0 

fixation indicates that they provide a signal related to the 
maintenance of fixation; although, it is not presently clear 
whether such a signal is a command or a correlate. 

Another population of the intralaminar thalamic neur
ones exhibits activity related to saccades (Schlag-Rey and 
Schlag, 1984). Some of these cells discharge prior to sacd 
cades, firing on average approximately l 00-150 ms an 
even more than 400 ms before self-initiated saccades; th~ 
presaccadic unit discharge occurred after the appearanc~? 
the target for visually guided saccades. The presacca 

1
~c 

burst cells tend to display well defined movement fie h s 
that are concentrated in the contralateral hemifield. T ~ 
activity of some presaccadic movement neurones is relate 
to gaze angle. 

1 
. 

A different population of cells in the intralaminar nuc ~ 
exhibit a pause in activity during saccades and a reboun f 
burst after the saccade. There is variation i~ the_ degree

1
;_ 

pause and rebound modulation across cells m this popu 
tion. In many of these units the pause began up to 100 ms 

• from before the saccade, while the burst can begm 
25-300 ms after the saccade. A few members of this popu
lation exhibit both the pause and rebound po~r 
saccadically. The movement fields of pause-rebound ce s 

d• ove-are less well defined than are those for presacca 1c m d 
ment neurones. The modulation of most pause-rebound 
cells does not vary in light or darkness, but the rebou~ 
bursts of a few units are gradually attenuated when t e 
monkey makes saccades in the dark. It has been hypothe
sized that these units provide a signal to visual neuro~es to 
synchronize their processing with the ongoing saccadic ~ye 
movements (Schlag and Schlag-Rey, 1983) and in so d?m1 
ma~ play a significant role in the developmen~ of vis~~ 
corneal response properties (Singer, 1982; Smger a 
Rauschecker, 1982). 

I d acIn the central thalamus other units are modu ate . 
cording to the position of the eye in the orbit. The ~atnj 
tained activity of these cells is not dependent on visua 

• I • · I The stimu ation and thus reflects an oculomotor s1gna · 'th 
modulation of these eye position cells is not correlated wt 
a particular angle of gaze but is rather accounted for by a 
gaze axis. In other words these units discharge whenever 

' • lar t!1e eyes _assum~ an angle of gaze that falls along a parn~u of 
hne pro1ected into the visual field. The preferred axis 
gaze of this population of cells tends to lie in the cont~j 
lateral hemifield. Furthermore, the discharge rate of a ce 
in relation to a particular eye position is different if the eye 
moves to that position from different directions. d 

In these investigations the visual and saccade relate_ 
I • lam1-neurones were found interspersed in the rostra mtra 

1 nar nuclei (primarily the central lateral and paracentra 
nuclei). Overall, the different visual and eye movement 

• • led although visual neur-
neurones were found mtcrmmg ' ement cells. The 

I than eye mov · · ones tend to be more rostra d . the eye position 
• • bserve m ded only significant grouping ts O 1 cell type recor 

• • 11 the on Y units· they constitute essentta Y 
in th~ Iat~ral dorsal nucleus. 

Connectivity tly docs not project to 
The lateral dorsal nucleus appa:e~elds but it does to the 
the supplementary or frontal ey . • parietal lobule 

• f the mfer10r I . tra posterolatcral portion ° 1989). The rostra m -
(Faugier-Grimaud and Ventre, d •th visual and oculo-

• nnecte wt vere laminar nuclei arc mterco h natomical data ' 
• b lk of t esc a ffi ts to motor regmns. The u . S bcortical a ere~ 

• pcc1cs. u 1· ted to compiled in subpnmate s . . 1 d butarenot 1mt d 
• cle1 me u e N ta an the rostral intralammar nu . . formation ( au 

197
9. 

h • • I r act1vanng / , t e ascendmg rettcu a (Hendry et a ·• . 
K - h erebellum l 1983c, uypers, l 9.:,8), t e c . 1981 · Asanuma el a ., ·on 
Thach and Jones, 1979; Kah~e ontine reticular _form;:77; 
Gonzalo-Ruizel al., 1988), t p l976· Graybiel, fthe 

d Henn ' · ··no (Buttner-Ennever an 2 j, deep subd1v1s10 ham 
Robertson and Feiner, 198 ), t ed Fallon, 1975; Gra cl 

• • (B even to an 80. Graham an supcnor colhculus en . et al 19 , tum 
1977• Harting ., h pretec 1977-Partloweta/., • 1 1986) t e b-

, k • / a ' the su Berman 1981; Yamasa I e ·k~ly if at all from H dry 
' 977) nd wea 1976- en (Benevento et al., l . a Carpenter et al., ?rt d that 

stantia nigra pars rettculata ~ -) It should be adm1_ e of the 
et al., 1979; Ilinsky _el"!·• 19f~~ response prope:~e pre
the apparent orgamzatton ° h lamus would n d diffuse 

• h" t of the t a • d an neurones m t 1s par 1 . disorgamze orize. 
dieted from the appare?t ~ of afferents arb. ar nuclei 
fashion in which the multitu e_th the intrala~tnhas been 

• tions wt . ly 1t The corttcal connec_ 1 Interesting ' hes to both 
are organized and recipr~ •1 ells send branc 1983)· the 
shown that some of th~ corti~a ;triatum (Roye<;, neur~nes 
the intralaminar nuclei and t ~rom the thalam1•~proi·ect to 

h• axons 11 uc e1 converse of branc mg . tralaminar n . e.eriorpar-
h ·b d The tn thetm• as not been desert e •. 1 rticalareas, ntarY eye 

• • ·1sua co pleme b ~tr1ate and extrastr1ate' e fields, the sup 1978; Bar as 
ietal lobule, the frontal ey O cobson et al., ma et al., 
fields and prefrontal co~te:s :i al., I 982; A~;~; Stanton 
and Mesulam, l 981; Ti~~chlag-Rey et al., e intralaminar 
1985; Huerta et al., I 98\ Kaas 1988). Th the striatum 
et al. l 988b· Huerta an . pro'·1ection to 

, ' . a1or 
nuclei also provide a m K Iii 1978). 
Uones and Leavitt, 1974; a ' 

• tion with Other Nuclei . d in connecth lateral 
• menttone pie, e . 

Other thalamic nuclei ~re ntres. For ex;m medial pora~n 
various visuomoto~ brain f ucleus and ~ ~ are reciproo;/ 
portion of the medmdorsa n nterior nuc e1 tarY eye fie s 

I •entroa I men of the ventrolatera or' 1 nd supp e 
connected with the fronta a 
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l 1986· Huerta an ' ' ·a1 (see Huerta et a ., ' . • ns also receive substann 
al 1988a ). These thalanul c regioof the superior colliculus 

Kaas 1988· Stanton et 

., th deep ayers d the 
input from e 1975. Harting et al., l 980) an 
(Benevento and Fallon, ' 'cul ta (C.arpenter et al., • • pars retl a 
lateral substantJa mgra f; somecellsinthesubstan-
1976; Ilinsky et al., 1 ~85)~~~a;~ls to both the ventral tha
• nigra send branching . lliculus (Parent et al., 

aa • d th supenor co . fi 
lamic nuclei an e deus also receives mput r?m 
1983b ). The ventrolateral nu a et al., 1983b ). This pornon 
the fastigial nucleus (Asa?um_ ut from the supranucl~r 
of the thalamus als_o receiv:e:n{Graybiel, 1977). ~ome r 

movement bramstem s d d1 'nthesethalanucnuc e1 
eye • h been recor e d Schlag
suomotor unthtts .av:alaminar nuclei (Schla~ an uired to 
d' cent to e m • ental work ts reg 

a 1a 1984) but further expenm I activity related to 
Rey' fi lly' characterize the neuron~ . and distinguish it 
more u • ccades in these nuc e1 th ulvinar 
visually guided sa d • the pregeniculate, e p 

what is observe m . . 
from • tralaminar nuclei. rves more attention 
and them fascicularnucleusalsod~eh 'our It receives 

The pa~ • role in visuomotor e avi l .1986-Stan-
d rermme its Id (Huerta et a ., , 

to e the frontal eye fie ~ . ta! lobule (Divac el 
input :;~988a) and the inf~~o;. p~:':don and Jacobson, 
toln f977: Mesulam et al.,/ 1985· Yeterian and Pa_nculdya, 
a ., , Asanuma et a ., ' su erior colh us 
1978 but see th deep layers of t!'e ~ ]980)andalso 
1985) and e Fallon, 1975;Harongeta; arafascicular 

(Benpepv;~o(~!ybiel, 1977). I~ ,:::it~i!Iate nucleus 
the • the ventra 1985). 
nucleus proJects t~eus) (Royce and Mourey, 
(prcgeniculate nuc 

Cortex reflexive such as 
entsare , . 

- die eye movem flex or ofoptokine-
While many sac~the vestibulo-ocular re to a startling stim-
the fast phases o the orienting response ovements is in 
tic nystagmus o_:teresting use o~ fast ey::plex scenes we 
ulus, the mdo~;nomically ~c:1nnt(ng th~onty and Sender~, 

• dly an e I v1s1on e.g. · process 1s 
:~~ront during ;~:Sse, 1982): This s~~:~~accade on 
1976' Groner anl tary control; mdeed? ht The cerebral 

' d vo un t in s1g · • f 
dearly un er nd with no targ~ Unilateral ablation o 
verbal comm~ed '"or these sacca esk. ys results in severe 

• qutr 1
' • mon e 1986)· cortex I~ re rebral cortex m 960· Tusa et al., ' 

the entire ce ficits (Pasik. et al., l d~ into the affected 

oculo;r:~:t vis~ally ~~!~~ :~~taneous saccades and 
goal elimmated reserved. 1 hemifield are of nystagmus are p f the cortical contro 
the quick p::~; textbook trthea~~:; is a frontal eye field 

The stan ents declares at. ovements and an oc-
of eye ~~~e;r voluntary sc:;:::i1y guided eye move
respons . ti id responsible • I e"e e cip1ta J 
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ments. Consid ado erable work • pt a more so h. . m recent vca 
understandin thp rsttcated view I\ • rs allows us t 
era · g e role f h • • surge of 

0 

tton of eye mov o t e cerebral co ~rogrcss in 
~oal-directed saccaJments followed the rtex m the gen
tlonaUy different fi es by motivated m fkecognition that 
cades. Several ar rom spontaneous on eys arc opera 
gaze control, and ~s hof ~e cerebral ~ self-generated sac= 
areas pla. d" w at rs by ortex part' • 
(also y rfferent rol now an old th rcrpate in 

known as es. Some eme-drffi 
::system, whi~;~: or visual ar:~i like ~ate c:r;: 
th oned toward th r areas, like the f, ), provide in pu11. 

e generation e output end rontal eye fi I o 
research with an~ _control of • The role of th c ds, arc 

addrtional ar saccades is a ~ cortex in 
cas being . . n active ar 

rmphcat d ca of e . 

Striate C 0 rtex 
As reviewed • 
the first Sta . m ~hapters 8 9 
There are lion m the co ? ' 1 ?, 1 1 and 12 • 
cortex two wa s rtJcaJ visual ' striate c 
. to sacead· Y to app Pathway (F· ortcx is 
imp ice roach h rg J .. act the pn· ye lllove~ t e relat· • ).1 (a)) 
tern rnary • ·••Cnts O ion f • ' and the visual a • ne is t o striat 
motor sysie other is lo co~ has on the o consider wh c 
taken in tu m has on stn ns1der what. 0Culomo1or at rn. ate co unpact th sys-

Effects of EJ 

rtex. These t e 0Cul0-
wo wil) be 

Electrical . ectricaJ S • 
tr stnnuJ • tun I aversive atJon f u atio 
\V lk conju o the • n 

a er and \\,\ gate ey OCcrpitaJ 
1~77; I<eatin caver, 19~. movernents cortex evok 
mu:rosiimuJ g_et al., 1983 'Wagman (Schacffe cs con. 
the laten . a1ton, how ). The th et a/., 1958 r, 1888· 
cess of strct~s are relat1·vevler, is relat~eshold for 1· ; Schiller' 
rn rate e y I rvc)y h' ntra • , 

US[ be indir COrtex lo th ong, 60-30 1gh, 100 COrt1ca1 
ect. e brain rns. l'h µA, and 

stern us h saccade ' t e ac-
generator 

Effi ects oft . 
Ablation es1ons 
rnents i of striate 
1987) o~ monkeys (~or~ex does 
nerod hurnans ( asrk and p not eli • 
t , 1975. \\,'. . Poppel asik 19 rn1nate 
~~PorariJy' pr:1skran1,: ,r" al., 19)3 64; Se.:!e move. 
I ge1s that r . ven1 m at., 197 4 ; Pere • ves " / 
er and \V ie in the affi onkeys fi ). Parti ~1n and J • ., 

::t~:. ~~e~:l- ~~e:~ ~h::i:g':: o~j 
ate sac in the affe the Pre r, as SOo SUaJ field des to 
the afficade to it I cted reg1· sence of n as th (Moh 

ect d · n co on th a e am· -
et al 19; region "lrast s ' ey can Slationa icted 
requi:.e 7). Thes are ~ '1Ccadeg to ~CCute ry visual 
saccad d for the e .resu11s . n~tly i stimuli an accur. 

e target. Co es~ation indicate tnaceurate moving in 
nsisten of th hat st • (Segr 

t With th~ ~elocitynate con av~s 
is inter of a e,c ts 

Pretat· moving ion 
' rnon ... 

----------------
keys suffcrin r • • sue a 

I 
g Slrlatc cortex lesions arc also unable 10 pur-

, arget movinl! • h tt· • • al fi Id (Seu,-, . • m I ca ccted region of the ,1su 
1 

·e, ■ .. \CS t'/ a/., )<J81). 

Phvsiol • ~ .- o~ical Properties • 
. euroncsrn ,·1 ~ tute th. · respond to the ,·isual stimuli that cOJll 

e tar,ret · f. • ' g frofll 30-iO . ~. s_ or saccadcs with la1cnc1CS r.ingin •• .1 

ms. L nhk · th · • h' h r corttc;ii areas c err counterparts rn 1g e _,.,i 
, most neu • h nhaJl~ 

aetivit . ·r . roncs m area 17 do not ave e d 
.\lohl~~ 1 

1
1~~ sllmulus is a target for a saccade (\yuri_zaflof 

units th, ,<>h; Robinson t'I t1I. I 980). A rrunort~.., .. . , ough d h . , fi r a :, .. 1•• 

ulus th . ' 0 s ow a slight enhancement 
O 

ent 
. at rs the t· 1• h. hancefll ts not . . arget or a sac<.:adc hut t rs en t. II il1 

spatiallv . ·I .. • . ~ d not ,a the cell'. · s~ ct.:trvc, 1.e. the sumulus nee ...,.rtJt• 
s rccept . t to ll"y 

This i d' iw held for the cnhanccmen 10do 
. n rcates that th . . • • ·1 • has more • with · e "anatmn m acu,·1 ) 110011 general • ·e atte 

process. arousal than with any sele<:11' T ·s,1C" 
he rcsul . . . • a pert. 

cadic . · ts of experiments dcmonstr:i
11

ng f striate 
suppress· · t'\'itY 

O 
r con . · · 10n of the spontaneous ac 

1 ~ 1 ...-iot
0 

ex neurr . . . . h oe1.1 ow 5) 
syst _mes manifests the impact of 

I 
e td 197 • 

cm on n . 
1 

B hfie , • d 
Th·. sua processing (DuffY and urc dt11'1

11
L' 

rs neural . . • d even ..,s 
eve m . supprcssmn, which is observe 2n .... J0••· · °' cmen t · r.icre u- ..... s after th. . s rn the c.lark, begins on ave e, d 200••· • 
, ,. c saccad · · · · 1· aro1.1n ofle 
iviost cell.. c is m111atcd and lasts or deSinto. ~ 
quad s arc suppressec.l specific-1llv for sacca pre551°( 

rant. Th• . • • : • ., hC sllP eO 
seen in h rs modulat10n rcscmhlcS t 0,rel:1' t e pre · c.l , be a c 1.1se' 
saccad·. gcnu.:ulatc nucleus an rna) hC p:1 

IC su . d b}' t 
rebound • pprcss1on, perhaps impose J 

It h . neurones dcscribcc.l ahovc. hC etfeCtS of 
as also b tc t -~c: saccad·. · ecn possible to dcrnonstra ·,•eflP- /. 

. IC C)'C . • spof1S
1 

I a ' 
stria

1 
movements on the visual re Jett 

1 
1iis c con . b' 13ar •111LI 

1976-J d ex neurones (Wurtz I 969a, , • ha stl •• 11 , u gc / , d ,v1t •bJt jV. 

during et" ., 1980). When prescntc 5 e%P
1 

0tr 
a saccad uroflC se " 

3
1tcnuat d c, most striate cortex nc rcsl'ofl 0,,r;, 

served w~ response or no change frorTI 
th

e 111s iS ~e~ 
across th en I he eye is at rest. When the s11Jll ~11at ac~!s ~o 
during c receptive field at the same speed ;JS poflsc •~ie 
di ff ere a saccade, the cells' particular ~esre r11at ~g 

nt. In oth 1 • ·nd•C<l • for-· 
cortex 

I 
er words these resu ts 

1 
• .,f 1fl 

h 
cc Is d , • J sign'" -~ 

1 cm of e .. 0 not rc-ceive an extrJrt: 11
"

3 
•viti

1 

There ~ e. ~ovements. roflal acfl (ll;;ct'; 
area 17 is e\Jdence for modulation of neu ,nti

0
fl {otl" 

198 asso<.:iat d . • t· of att "e' o :1 . 6). Th c wtth spatial shr rs 1,eys r 1 , esc • J110fl.l\- eJ1LJ ~:1" 

1ng a ta 'k •. results were obtained 1". d 10 at
1 

11' J 
Pcriph, s I m which thev were require Wit~ a pel e' 
. era st I ., her, t1"e (cf1 

Vroural) . · rmu us while fixating ,u,ot. recel' 1fO •• h 
foll } relcv . •0 ,rs 11a "'v-owin ant stimulus present 1 

• ..,ot, • ·rv' ;, 
u · g the d · • uort Sr t1"

1
., fl • nus re tsappcarance of the fixa 0 fa' ,iO .i cord d · • rt • v:lv 'fl -., 

3 latenc . c m area 17 show an cle>'
3110

• .,cactl .,it~• 
s • } of a • '[h•

5 
1·e ' 

· Pat1a)l\r pprox1matclv 200 rns- co 
1 

cell' J select· • ·"1'11.Jll.lS s rec . rvc, requiring the stl••· 
cptrve field. 

V 
~ 

l 

A
Occipital Extrastriate Visual Cortical 

reas 

V2 
Single unit d" • 

1 
rccor mgs m the posterior bank of the lunate 

su deus (area V2) of monkevs making visually guided sac
ca cs reveal properties sim.ilar to those observed in striate 
cortex (R b" m · 0 mson et al., I 980). While the visual response of 

t 
any of the units docs not change if the stimulus is the 

arget for d th a sacca e, a larger percentage of the units than 
. at . ~bscr\'ed in striate cortex exhibit the nonspatially 
specific prcsaccadic enhancement. 

VJA t• ex~lained, in the generation of a saccade it is necessary 

h
o regrster the position of the eye in the orbit. Recent work 
as de • thee . m~n~tratc? that the .. isual resp~nses of neurones m 

( G xtr:istnate nsual arc-a V3A vary with the angle of ga~e 
allcttr and Battaglini, 1989). The cells discharge more 

10 

~~sponse to a ,·isual stimulus when the monkey's gaze is 
. rrcctcd to the contralateral hcmifield. There is no correla

tion of gaze angle modulation with the other receptive field 
properties, like orientation or direction selectivity. It ap
pears that the gaze-angle dependent cells may be segre
gated from the non-gaze-angle tuned cells. The specific 
subc · • It· . onrcal afferents ofV3A are not presently kno,,n. is 
of_ interest, however that the inferior parietal lobule re
ceives indirect input,from V3A (see Andersen, 

1987
>· 

V4 !" contrast to most cells of area VI, neuron<:5 in 
th

e pre-

h
unatc gyrus ( \'isual area V-4-) (fig. 15. I(a)) display a~ en-1 
anccd • d to the v1sua 
. response when a saccade rs ma e , sttmul • ·th· the cell s re-

us but only if the stimulus hes W1 rn f 
cepti\'c field (Fi~cher and Boch, !981). The latency ~ 
respo . . Wh the saccade 1s 
d nsc rs approximately 80 ms. en • d 

elaycd after the appearance of the target there rs a sehcond 
elevat· f . . . • h h ccade (Boe an . ton o act1v1ty associated wit t e sa • 
Fischer, 1983). This second elevation is synchroruzed mohre 
to th d' . h t serves as t e 

e rsappearance of the fixanon spot t a I a cue t . f the saccade. n 

d
. 0 move than to the execunon ° • to a 1ffe . k hift attention 

rent task that requires a mon ey to s • t Peri h . • ccade to it, mos 
eel ~ era! stimulus without making ~ sa 1 220 ms after 
th Ism V 4 display an elevation approxima~e \ 1985). In 

e cue to shift attention (Fischer and. oc ' I stimuli 
anoth t d with severa . er study monke)'S were presen e d•a-erent s1mul 'd ff· the one ru, 
fi taneously and required to I en 

1 
} II • the prelu-

rom the rest by making a saccade. A few ce s 
10 

• ted with 
natc . . . . h ment assocra 
th gyrus exh1b1t a specific en a~ce f, the saccade 

e selection of a particular stunulus or 
(Haenn)' / 1988) • et a ., . . that it is rmpor-

Mcntion was made in the introducnon. h hifts of gaze. 
tant t . • Jong wit s 

0 consider shifts of attennon a 

Neural Basis of Saccades 411 

A n~mber of recent experiments have demonstrated the 
specific e~ects of directed visual attention on the activity of 
neurones !n V~. The results of these experiments are based 
?n r~ordmgs m alert monkeys performing visual discrim
manon or matching tasks. Neurones in V 4 give an en
hanced response when the monkey is attentive during a 
task (Mountcastle el al., 1987). The response of most units 
in V 4 to their optimal stimulus is attenuated when the 
monkey is not attending to that stimulus but is instead 
attending to an adjacent non-optimal stimulus (Moran and 
Desimone, 1985); however, it is necessary that the two sti
muli both fall in the V4 unit's receptive field. Perhaps not 
unexpectedly, such attention-related modulation is not ob
served in striate cortex. Other experiments show that when 
the monkey is required to perform a visual discrimination 
in a number of circumstances, V 4 neurones show amplified 
activity and refined selectivity (Haenny and Schiller, 1988; 
Haenny el al., 1988; Spitzer el al., 1988). 

This prelunate cortical area receives a substantial thal-
amic input from the inferior and lateral pulvinar and pro
jects back to the lateral, inferior and medial pulvinar 
(Chow, 1950; Campos-Ortega and Hayhow, 1972; Hollan
der, 1974; Benevento and Rezak, 1975, 1976; Ogren and 
Hendrickson, 1976, 1977; Benevento and Davis, 1977; 
Trojanowski and Jacobson, 1975, 1976; Curcio and Har
ting, J 978; Graham el al., 1979; Ogren and Hendrickson, 
1979; Graham, 1982; Ungerleider el al., 1983; Weber and 
Yin, 1984; Asanuma el al., 1985). V 4 projects to other vi
suomotor cortical areas including a particular subregion of 
the inferior parietal lobule, the lateral interparietal area 
(Seltzer and Pandya, I 980; Andersen et al., 1985). V 4 also 
projects in the vicinity of, if not directly to the frontal eye 
fields (Kunzie and Akert, 1977; Huerta el al., 1987). 

Superior Temporal Polysensory Area 
There is preliminary evidence that the superior _t~Po':'I 

ly
sensorv area (Bruce el al., 1982) may parncipate m 

po J • • h I • 
directing gaze and a11entio~-This area receives t a am1c 
· t from the medial pulvmar (Burton and Jones, 1976) 
inpu . h • • and is interconnected wit~ t e various v1suomotor areas 
including the infenor parietal lobule and the frontal eye 
field ( e.g. Seltzer and Pandya, 1984; Huertaet_ a/., 1987). It 

I 
·ects to the deep division of the supenor colhculus 

a so proJ . • d • 1 • (Fries, 
19

84). During v1~ually guided sacca es, visua, vi-

to
r and presaccad1c motor cells have been recorded 

suomo • bl • f h" (Colby and Miller, 1986). F1nally, a a11on o t 1s area re-
sults in conrralateral neglect (Loh et al., 1986). 

Inferior Parietal Lobule 
A her of reviews of parietal lobe function have ap-

numd(I ,,nch )980· Wurtz et al., 1980; Mesulam, 1981; 
pearc ,. , ' 

H' 
·nen 1982· Mountcastle et al., 1984; Andersen, 

yvan , , • 
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1987). The inferior parietal lobule (IPL) in macaque mon
keys is located at the posterior limit of the parietal lobe, 
adjacent to the occipital extrastriate visual cortical areas 
(Fig. 15. l(a)). This region can be subdivided anatomically 
and functionally; in fact, progress in understanding this 
part of the brain has been correlated with the degree of 
parcellation. The area that appears to participate in gaze 
control occupies the medial aspect of the IPL and is refer
red to as area 7a (nomenclature of Vogt and Vogt, 1919) or 
area PG (nomenclature ofvon Bonin and Baily, 1947); the 
lateral region, area 7b or PF, subserves the somatosensory 
system (Hyvarinen and Shelepin, 1979; Hyvarinen, 1981 ). 
The region originally referred to as 7a has itself been sub
divided into at least three fields. First, on the anterior bank 
of the superior temporal sulcus is an area referred to as the 
medial superior temporal (MST) area; this is an extras
triate visual area comprised of units that are responsive to 
moving stimuli (see Maunsell and Newsome, 1987; Mot
ter, chapter 14). Second, an area on the lateral bank of the 
intraparietal sulcus is referred to as area POa or the lateral 
interparietal area (LIP). Third, the crown of the gyrus is 
still referred to as area PG or 7a. 

Connectivity 

The IPL receives thalamic afferents from the pulvinar and 
intralaminar nuclei (Petras, 1971; Burton and Jones, 1976-
De Vito and Simmons, 1976; Divac et al., l 977; Mesulam e; 
al., 1977; Stanton el al., 1977; Kasdon and Jacobson 1978· 
Pearson et al., 1978; Weber and Yin, 1984; Asanum; et al.' 
1985; Baleydier and Mauguiere, 1987). The crown of th~ 
IPL, area 7a, receives thalamic input mainly from the 
medial pulvinar nucleus ~swell as from the lateral posterior 
nucleus, the central medial, paracentral and parafascicular 
intralaminar nuclei, the rostral thalamus around the mam
illothalamic tract, the anterior medial nucleus, and the ven
tral anterior nucleus (Divac et al., 1977; Mesulam el al 
1977; Stanton et al., 1977; K~sdon and Jacobson, 1978: 
Asa~uma el ~/., l 985; Bal~yd1e~ an~ Mauguiere, 1987). 
LIP s thalam1c afferents anse pnmanly in the lateral pul
vinar (As_anum~ et al., 1985)._ The posterolateral bank of 
the IPL, mc~udmg MST receives thalamic input from th 
inferior portmn of the ventral posterior nucleus the m e 

f d• • ' ag-nocellular part o me 1al gemculate nucleus the ce tr I 
I • I • I ' n a Iatera mtra ammar nuc eus, and the lateral dorsal nu I 
• G' d d" ceus (Faug1er- nmau an ventre, 1989). These thal 

• I • • d b amo-coraca pro1ect1ons ten to e topographic and reci 1 Th • h d' 1 . proca . e neurones mt e me 1a pulvmar that project t 7 d 
not branch to cingulate (Baleydier and Mauguiere~ 1 ;8 7) 
or frontal cortex (Asanuma et al. 1985) Area 7 I 

' • a a sore ceives subcortical afferents from the nucleus bas 1· f h-
b • • • th a 1s o t e 

su stant1a mnommata, e claustrum, the pretectum and 
the locus co_eruleus (Mesulam el al., 1977). 

The comcal afferents also distinguish 7a from LIP. 7a 

receives input from occipital, cingulate, parietal~ tempo7I 
and prefrontal (except the frontal eye fields) (Di\:ac %;s: 
1977· Mesulam et al. 1977; Seltzer and Pand} a, . 

' ' • • non to 1984; Baleydier and Mauguiere, 1987). In distmc V4) 
7a, LIP receives afferents from the prelunate gyrus ~ h' 
the rostral, somatosensory portion of the IPL (PF) an t ~ 
frontal eye fields (Seltzer and Pandya, 1980; Andersen e 
al., 1985). . . . h the 

The efferent projections of the I PL also d1stmguis IPL 
different subareas. The posterolateral bank of the 1 -~ 
bes!des_ reciprocating the previously menti~n~~ th:;7~e 
proiections, sends efferents to the deep d1v!sion d r
superior colliculus, the pontine nuclei including the -~s 
solateral, ~e vestibular nuclei and the nucleus prepo~IP 
hypogloss1 (Faugier-Grimaud and Ventre, 1989)- n 

• • . d Anderse , proJects to the dorsal pontme nuclei (May an. ver-
1986), to the deep division of the superior colhculus O et 
lapping frontal eye field afferents (Fries, 1984; Asanuf:s 
al., 1~85; Lynch et al., 1985) to the pregeniculate ~uclr~ 
zona mcerta and pretectum (Asanuma et al., 198:,). vid-
7a sends reciprocal thalamic projections, as well as pro ·ne 
• • I pont• mg mput to the dorsolateral, lateral and ventra . he 
nuclei, the striatum, the intralaminar thalamic nuclct ~ic 
pretectum, the superior colliculus the reticular tha a 01 
nucleus, the supragcniculate nucl~us and the clauStru et 
(Peele, 1942; Petras, 1971; Broda!, 1978; Wicsen~an,;~4; 
a/., 1979; Giickstein et al., 1980; Weber and Ym, (ron
May and Andersen, 1986). The parietal input to the. ent 
ta) lobe, including the frontal eye fields is more pro~•:en 
from LIP than 7a (Barbas and Mesulam, I 981; A~ ;ts to 
el al., 19~5; Huerta et al., 1987). The IPL also pr~J;84)aS 
the supenor temporal sulcus (Seltzer and Pandya, . biC 
Well as exchanging prominent connections with rhe h°:nd 
system (Seltzer and Van Hoesen, 1979; Seltzer 
Pandya, 1984). 

Effects of Electrical Stimulation ier 
Electrical stimulation of the IPL elicits saccades (F~eat~ 
1875; Fleming and Crosby 195:,-· Wagman, 1964; . .-1-
• 198 ' l I l". ,n~•-
mg,. 3; Sh1butani et al., 1984 ). The threshold 10 ~ LJP 
c~rtical microstimulation averages 85-90 µA, but 1~ tltC 
t e t~reshoid is lower, approximately 40 µA,_ an ce for 
latencies are shorter, 30-50 ms. There is some ev1~en ·.,-It-
a columnar • • . · hat 1s nei,:, 
b • organization of saccade direction; t . s J\t 

ounn • d' uon · g Sites tend to elicit saccades of similar irec "th eye 
mo~t. sites the vector of the saccade does not vary w;L the 
dP?siti~n, but at a few sites in the posterolateral 1 ·tjon• 

1rect1on of th k . "th e posl 
Ahl • e evo ed saccade vanes w1 ey I eye 

ation of ·th h . . 1 fronta fi I ei er t e superior colhcu us or cadeS 
fie ds alone does not prevent stimulus elicited sa~ sac
rom the parietal cortex· so the IPI has access tol(t e u·ng 

cade ' , ( ea 
generator through either of these structures 

and Gooley, 1988). 

Effects of Lesions . humans results in a 
A lesion of posterior parietal c~rte~ m d orientation defi
variety of visual attention, I_ocahzan~;5;~ Mesulam, I 981 ). 
cits (see for example, Critchley, .' d here· instead 

• be reV1ewe • . This extensive literature cannot deficits (Bahnt, 
h ·suomotor we will concentrate on t e vi ·n I 944· Cogan 

1909; Holmes, 1918; Pat~rson and z;~~ Hecae~ and de 
and Adams, 1953; Carmichael et ~~odwi~-Austen, 1965; 
Ajuriaguerra, 1954; Cogan, 1,965, 9. Baloh et al., 1980; 
Allison et al., 1969; SundqviSt, 197 ' / 1982; Pierro~
Hausser et al., 1980; Monte~o el t:i ~arietal lesions m 
Deseilligny et al., 1986). Expen~en'mpairments (Lynch 
monkeys appear to produce s~~;r ;n general, there :re 
and McLaren, 1982, 1983, 1 • .6 Id and the sacca . es 

• ffi t d hem• e 'ffi Ines fewer saccades into the a ec e d there are d1 cu. 
have increased latency. Once ~xate 1?n pursuing the s~m-1 • • d fixanon or · aneta in maintaining sustame . fthepostenorp 
ulus ifit moves. Combined abla~O\ Ooth monkey (Lyntz 
cortex and the frontal eye fields 1~ de Ajuriaguerra, 1 ; 
al. 1986) and man (Hecaen an h more severe gaz 

' 1 • a muc Hausser et al 1980) resu ts m . 
'' • ns IS 

deficit. fi om parietal tesio en 
I • r 1· res -A hallmark deficit resu tmg d to stimu I P 1 ·1 to respon Ise ec-contralateral neglect ( fai ure tinction (perpetua two 

ted in the affected hemifield) orex d hemifield when. 
• • h naffecte I ·nvesnga-ti~n of the stimulus m t e u Experiment~ 1. that 

stimuli are presented togeth~r).l lobe lesions mdicabtet can 
• • aneta ory u t1ons of patients suffenng P, . ction is not sens HumP-

the basis of the neglect or exnn (Riddoch and/ 1986) 
be • • system ta. • attnbuted to the attention 4 1987· Baynese ?mpair-
hreys, l 983; Posner et al., 19:cit is as'specific ~s a:~ention 
Indeed, it may be that the de ·on of disengaging 
ment in the particular operatl I al l 984). 
fi • (P sner e ., rom the present obiect 0 

. uomotor 
Ph~siological Properties related to different (;ig. 15.8). 
Q_une a variety of neurones d d in the IPL . e with a 
behaviours have been reC<?r e_ uallY responsifvthesecells 
0 "t IS VIS eO · ne population of um s Therespons •mulusis 
latency of approximately 90_ ms. ntive or if the stlde I 977; 
• k y is atte M ntcas ' SI· is enhanced if the mon e . and ou de I 9 , 
th d (Yin .. A' ntcas , e target for a sacca e and 1nOU 87) The en-
Robinson et al., 1978; ~:ie:rsen et al., -~I s~ecific; it 
Mountcastle el al., J98l, onse is span. Jeadacov~rt 
hancement of the visu~I r;}~ saccade but J~er words,_ if a 
does not require execution I 1981), In° . hend sum-
h• h Il eta·• perlP · tal s 1ft of attention (Bus ne ntion to a . IUS pane 

d• ect atte I omu ' of monkey is required to ir a centra s pearance . 
I • • • to fixate the ap this u us while contmumg onses to ote that 

dresP rton • rea neurones show enhance . •mportan . ·nate lfl a. 
h • • l Jt IS I t origi eons1S-t e peripheral st1mu us. t does no bove). 

attention-specific enhance~,enulvinar<see a civitY of these 
7 • • • h media P h ttheac a; it 1s present m t e tion t a 
tent with this is the demonStfa 
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• cells is facilitated by electrical s~ula
visually respons_1ve 1985). The sensitivity of visual 
tion of the pulvmar_ (Blum, 1 f gaze (Andersen and 

• th the ang e o . 
cells also vanes WI / l985b). Therecepnve 

ti 1983' Andersen et a -, . . ed th 
Mountcas e, ' • e more soph1Sncat an 
field properties of these :~o:er cortical visual areas; ~or 
those of cells recorded fr. in the IPL have large recepnv~ 
example, many of the umts d res ond selectively to snmuli 
fields that spare th~ fovea an !e fovea in different parts 

·ng radially with respect to I 1987· Steinmetz et al., 
mov1 fi Id (Motter et a ., ' edial 
of the receptive _e osterolateral IPL, i.e. the~ 
1987). The cellsralm(~;~) visual area resp?nd spe~~i 

erior tempo • oftheunagean ID 
sup • on contraction or rotanon . ual field (Sakata et 
to expans1 ' a large part of the VIS 

grate motio~ over / 1986; Tanaka et al., 1986 J· th IPL 
/ 1983' Saito et a ., . I neurones ID e 

a i tablishing whether nonV1sua des has proven to be a 
s • fically before sacca I recordings, 

discharge s~htfiorward endeavour. In ear ~ relation to 
th straig d discharge m 

•~ an found that appeare to cades(Lyncheta/., 
units were. ded and not spontaneous sacever demonstrated 
visuallygtll t i'nvestigations, how '1 had visual 

7) Subsequen "th ccades a so 
I 97 • • that discharged WI . sa . ated with the sac-
that umts d that the modu~anon dassbOCJthe visual stimulus 
responses an d to be tnggere y 
cade actually seeme 

_r ----

Pursuit neuron 

100 ms -
. par,·etal lobule , • .r. r,or · · / 

tit·ity in tilt m.,e . (a) Same vrs11a 
• 15.8 Ne11ronaladcsandsmoothfurs~1~.() (b)Sameas 

fig. • hsacca e d. F,g /:i .. 1 a. t 
ociated wit h t illustrate ,n • t (F): when the spo 

ass . task as t a fi1•a1es a spo 
track111g ) ,,.he 111011key • 5 ,·t d) (e 1 ' ,. pursue · JS.SI • , the 1110111,ey . to mote, begins 
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(Robinson et al 19 
have been a r~' 78). Some of this disa 
within the IPLult of recording in diffi greement may Rece t erent subd" • • 
saccade-related a~ti . ? work indicates th iv1swns 
that separates ,· . v1ty m the LIP and less • 7at there is 

n ttme the a m a In k 
subsequent saccad . ppearance of the • a tas 
for both th . e, panetal units are fi target and the 
al. 1987) Tehv1s~al stimulus and the ound that respond 

' · e vISual saccade (A d 
of around 7.: response component h n ersen et 
100 ., ms, and th s ows I 

-150 ms before the e presaccadic disch a atency 
vis saccade (Ba arge begi 

uomovement cells d. rash et al. 1988 ns 
ra~g~ from 20• in width ISplay mov~ment field ). These 
a~t1v1ty of many of the to the enttre hemifiel s that can 
with eye position (Andtccade-related cells int Also t_he 

In a task that re . rsen et al., 1988) IP vanes 
tion of a briefly fla~~•res a saccade to the r~m 
ones in LIP can e~ ~rget, another ~bered loca-
1988). These uni!::~?gtiished (G!~~~:~on of neur-
as that of the quas· . It the same pattern Andersen 
colliculus. They be1-:v1sual _cells recorded i of modulatio~ 
an~e o'. the target ::tto discharge follow; th; superior 
mamtam an elevated must be rememb gt e appear
executed. These u . rate of discharge unti~r~, and they 
amplitude of the sa ntts are tuned for th t. e saccade is 
task in which tw ccade. Furthermore _e direction and 
discharge prior ~ saccades are required ' m a double ste 
and amplitude o a _saccade of the a 'such cells begin p 

even if n . ppropri to 
receptive field o visual stim I ate direct]· A · u us falls • on 

. nother population of m the cell's 
active during ti . neurones r L xatton or p ecorded • 

ynch et al., 1977· Ro . ursuit (Mountca m the IPL is 
m:ulated by the ;ngl~" al., 197&).t" al., 1975; 
~ es (Lynch et al., 1977· ~e and is interru e acttvity is 
a ., I ?87). Some fixation den ah ata et al., 1980· ~ed by sac-
restncted, while the s ave gaze fi Id , ndersen 
Many of the fi . remainder have e e s that are f: • let 
(R b. xat1on ne xpansiv air y 

o mson et al., 1978· K urones have vi e gaze fields 
other neurones d. h ' omatsu and W sua) respo • 
during stable ti i~ arge during sm thurtz, 1988a b) nbses 
d . xat1on· th oo p ' , ut 

unng pursuit even 'h ey also discha ursuit and n 
(Mount w en the rge con • ot 
1980· N caste et al., 1975; L :rget is briefl ttnuously 

indic:itese:;~ et al., l 98i;\~~ al.,! 977; l_~~ned off 
pursuit signals /Y hreceive both viascttlvity of thest al., 

. . urt ermo ua and cells 
active when co b' re, visual • extrar • 
ployed (Kaw m med eye and h d tracking cells etmal 
tion and pu a~o et al., 1984). Th ea movements are also 

IPL 
rsutt tend to b ese units I are em 

, i.e. in MST 1 ~ recorded • th re ated to fi -
the d · nteresungl • •n e p xa-

. s~cca es evoked b . Y, this is th ?sterolat 
pos1uon (Shibutani et ~ m1crostimulat" e region in wt~ 
thalamic afferents a., 1984). This /o~ vary with tc 
(~augier-Grimaud a!o":1 the latera~g•on also recetye 
high density f Ventre 1989) dorsal ves R o eye positio ' ' the r • nucleu 

ey and Schlag, 1984) n cells are r egion whe s · CCorded (S re a 
chlag-

Summary 
ltapp ears that the IPL h of functionall,• d. . s ould be considered a collection 
se · tStmct b t 1 . ems to play a • u re ated areas. One portion 
no T n important I • • ?· he eviden c: ro e m directing visual atten-
unrt ce ,rom an t • I • . recording e . a om1ca , lesion and single· 
m . xpenment • d' trapanetal gyru s m icates that the crown of the 
fact that the dis hs, area ?a subserves this function. The 
IPL · c argcs of IS modulated b . e . m~~y of the neurones in the 
may be important / )e ~os1t10n suggests that the IPL 
and ~ansen, 1978. 0~ s~attal localization (see Skavenski 
~rtam investigato:S h a~m, 1985). Finally, as reviewed, 
let_al cortex serv a,e argued that the posterior par• 
evidence for pres es to ~ommand movements, and recent 
;(ated ac~vity i::tc ~euron_es in the I, IP and pursuic
I~s capacity as a T ts consistent with such a role. In 

L must be coo~ decade command centre however, the 
r mat d • ' e with the frontal cortex. 

Frontal Eye p· Id 
Ett ie s 
R ects of Elect • 

errier (1875) d ncal Stimulation 
a lar emonstr d h • f ge part of fi ate t at electrical stimulation ° 
sequ rontal c • • 5 b--ent workers fi ortex elicits eye movements• u 
cor~ex from wh· hurther delineated the reuions of frontal 
van n •c eye 1:1· d • H e,; of primate s !11°~ements could be elicite in a 
S ';;' 1'Y, I&&&· H 17"'es including human (lle<Vor "'~ 

G
e aefer, 1890· Shors ~y and Schaefer 1888· Mott an 
TUnba ' ern ' ' 1894· 

190
7

. um and Sh ~gton, 1893; Risien Russell, ' 
t 'Voge and V ernngton, 1901 • Jolly and Simpson, 
s:•. 1917; Foerst;;1• 1907, 1919; I,eyton and Sherring: 
fi~th, 1940, 1949· ,~931; Penfield and Boldr<Y, J937, 

19si-194&; Penfield a alker, 1940; Rasmussen and ~-

R b
.' Lemmen nd Rasmussen 1950· CrosbY el a ·• 

o 1 et / ' ' 961 • 
al nson and Fu a ·, 1959; Wagman et al., 1 ' 

., 1979· Bl chs, 1969· M 1978· Schiller et 
results ' um et I ' arrocco, , ,rite 
the of these stud· a·, l982; Bruce et al. }985), 'Jl 

ros I 1es ' 1· s 1 
(F

. tra bank f converged on the region chat ,e 
•g. 15 1) o the keys rev· . ' called th fiarcuate sulcus in rhesus rnon 11t 
;w of FEF fi ~ rontal eye field (fEf). A. rece 

sh he results ufnct1on has appeared (Crowne, 1983~· s -~~ 0~ ~~ in at electr,· l more recent of these investlei- 1•• 
saccad ca m. . F resll .... 

with es whose d. •cr~st1mulation of the FE ,.arf 
Th gaze angle b irect10n and amplitude do notfcf 

e mi · ut rath • h ,:;, • the I nimum c er vary with location 1n t e ... d 
atcn urrent . 50 ,,A. ::i•· 

tratio cy of the required is less than r ' 11e--
ally :• the dircctio~de is 30--45 ms. In ,;~gle ":d!Y 
arra htch indi of the evoked saccade varies gt be 

nged . cates th • ....ay a me m a col um at saccade direction ••· a. re jS 
asure f nar or • • • FEf 'f,,e rese O topo gamzation in the , • erY 

nted I graph • re r r stim 
1 

. aterally Y m that smaller saccadcS a .,_ JsO, 
u at1on · , and I d" 1tv r> result . m the . onger saccades me ia J. oit'l 

in region ' cad es 
for er .. smooth p . representing short sac 1101d 

tc1t1ng saccadeur!mt eye movements. The tflrC~ tile 
s ,rom . . d nds o•· a particular site epe 

state of the monk • S d current I . 1 e) · acca es are evoked with the lowest 
intently i't s ~hen the monkey is alert but not fixating 
actively· fix:c~ncal thresholds are elevated if the monkey is 
Goldber )mg or pursuing a target (Marrocco, 1978; 
phann g 1 .al., 1986) or if the monkey is drowsy or 
1969). aco og,cally depressed (Robinson and Fuchs, 

A numb • • • tion h . er of other mterestmg effects of FEF snmula-
(over 2~; been observed. First, prolonged stimulation 
direct· ms) results in multiple saccades, all of the same 

mn and a 1· d • • I • of the FEF mp itu e. Also, simultaneous snmu anon 
whos . and the superior colliculus elicits a saccade 
ind iv~ a~plttude and direction are the vector sum of the 
eithe I ua saccades represented at the stimulation sites in 
(Schi;I structure weighted by the stimulus current 
high d er et al., l 979). This result indicates that there is a 
structu:!:ee of ?rganization in the mapping of these two 
com relattve to one another. Finally, monkeys can 
stim~~n~ate for deflections of the eye caused by FEF 
tion • ation prior to saccade initiation and this compensa· 

IS not r · ' • 1· l (Schill e •mmated by lesions of the superior col 1cu us 
er and Sandell, 1983). 

Conne .. 
Th ct1v1ty 

eFEF • her of . can influence the oculomotor system at a num-
cephali~omts. The FEF projects directly to both me~en
(Ast and pontine brainstem oculomotor regtons 
Le· rhuc, 1971; Kunzie and Akert 1977· Leichnetz, I 98lb; 

•c netz ' ' H al., 1
98 

et al., 1984a,b; Schnyder et al., 1985; uerta et 
sup . 6; Stanton et al. I 988b). The deep layers of the 

enor 11 · ' (A tf\lC 197 l. co tculus also receive FEF afferents s ~ 
Le· j. Kunzie et al. 1976- Kunzie and Akert. 1971

• 
K~c netz et al., 1981 '. Discei and Fries, 1982; Fries, 1984; 
et a7atsu and Suzuk/ 1985· Huerta et al., 1986; St1nton 

·, 1988b). ' ' 
(1<.Aunolther major output of the FEF is the scriatu7m8 

nz ea d Ak . V d sen 19 ; 
Sele n ert, 1977; Yetenan and an noe ' 1 
19s8:on and Goldman-Rakic, 1985;_ St1nton ~ ~1·• 
orga ). The termination in the strianun ts topogr'P ""thy 
cen.'."i'ed; the medial aspects of the FEF project to ; 
do,si:,, ~rt of the head and body of t~ caud•: :fi,
tcrm· ed,al putamen while the lateral Pornon of th mate . d and ventro-
llled · s ventrolaterally m the cau ate 
that •ahlly in the putamen (Stanton et al., 1988). It apP":3rs 

t e FEF . . • ly the regton 
Whe . efferents terrnmate m precise d te re v, d d • the cau a 
(liiko suomotor activity is recor e m • the 
Prete saka et al., l 989a,b,c). The FEF also prtcts %n 
Leichctum (Astruc, 1971; Kunzie. and A ~\ singl; 
cells . netz, 1982a). There is evidence 1n the rat f to the 
l>PR~n the FEF may branch and send coll~te~:lliculus 
and and oculomotor nucleus or the sUPer1or I Ruiz 

oculo . d Gonza o- ' 
1987). motor nucleus (Le1chnetz an 

l'he FEF . d a nurnber of 
ts reciprocally connecte to 
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thalamic nuclei; however, a consensus on the details has 
~ot been reached. The nuclei mentioned include the med-
1odorsal, ventroante~or, medial pulvinar, central lateral, 
~~central, parafascu:_ular, ventrolateral including area x, 
lumtans and suprageruculate (Pribram et al. 1953· Scoll 
Lavizzari and Akert, 1963; Astruc, 1971; Tr~jano~ski ~ 
Jacobson, 1974; Box and Benevento, 1975; Tobias, 1975; 
Kievet and Kuypers, 19n; Barbas and Mesulam 1981· 
llinsky et al., 1985; Huerta et al., 1986; Stanton'et al.: 
I988a). Notably absent is any connection with the lateral 
dorsal nucleus. These connections are topographically or
ganized (Stanton et al., 1988a). The functional role of the 
various thatamocortical relations of the FEF is an area 
deserving further study. 

The FEF are also reciprocally connected with a num-
ber of cortical regions including the supplementarY eye 
field, pen-principal prefrontal, postarcuate premotor, 
caudal superior temporal sulcus (areas MT and MST), 
the IPL (area LIP) and cingulate (Pandya and Kuypers, 
1969; Jones and Powell, 1970; Chavis and Pandya, I 976; 
Mesulam et al., 19n; Maioli et al., 1983; Godschalk et al., 
1984; Petrides and Pandya, 1984, 1988; Anderson et al., 
1985; Barbas and Mesulam, 1981, 1985; Ungerleider and 
Desimone, 1986; Huerta et al., 1987). 

It is worthwhile to pause and consider what each of 
these cortical projections implies about FEF function. 
The connection with the supplementary eye fields and the 
IPL is probably involved in coordin~ting ~ccades as re
viewed in this chapter. The connecnons With prefrontal 
cortex are probably imp?rtant for ~e more complex plan
ning and regulation of vtsual behav10ur (see Fuster, I 980; 
Gotdman-Rakic, 1987). The post-arcuat~ premotor ai:ca 
is a higher level skeleto~ot~r ~rea (revtewed by W,15: 
1984 1985); this connecuon 1nd1cates that FEF parnc1-

in the coordination of eye, head and body movements 
pate c: mple a:~.,; 1974· Herman et al., 1981; Gielen 
(see 1or exa u.,,,., ' 

1 
I 984. Fisk and Goodale, 1985; Bock, 1986, 1987; 

et a ·• d' Rogal 1986" Tomlinson and Bahra, 1986a,b; 
y·scher an , ' T 1 . d ''olle 1987· Baedeker and Wolf, 1987). he 
Gu1rton an "' , ' . of this coordination has only begun to be 
neural r;zzi and Schiller, 1970; Van der Steen_ et al., 
explore ffi ts from the exrrascriate visual areas m par
.1986). ~ ;;:poral lobes provide visual input that has 
1etlll an 'derable processing (Maunsell and News
undergo;;. :~~er chapter 14) and is certainly important 
orne, 19 / · 0 the 'target for a visually-guided saccade. 
for spec• y,nf •ections of the FEF onto these same 
'fhe feed~a\ ;;:~ rnust also be perfonning an important 
visua~ co~nca oda I ting the visual processing in synchrony 

funcnon in m_ u a 
with the rnoVIng eyes-

. 1 • I Properties 
Phys10 ~ca unit recordings in the FEF of alert mon-
'fhe first single 11 roportion (less than l 0%) ofneurones 

keys found a srna p 
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that discharged in relation to saccadic eye movements 
(Bizzi, 1968; Bizzi and Schiller, 1970). One population of 
these units fired in relation to spontaneous saccades as 
well as to the fast phase of nystagmus in untrained mon
keys, but the discharge began after the saccade, i.e. was 
postsaccadic. The other identified type of neurone dis
played a maintained level of activity that varied with the 
angle of gaze; these cells were also active during pursuit 
and the slow phase of nystagmus. Neither of these classes 
of units changes their pattern of modulation in the dark, 
so their activity is not determined by visual afferents. 

The fact that the saccade-related cells discharged only 
after the saccade had been initiated was difficult to recon
cile with the numerous studies demonstrating that sac
cades could be elicited by stimulating the FEF. 
Furthermore, it is possible to record an evoked potential 
over frontal cortex as well as the posterior parietal cortex 
prior to voluntary saccades (Kurtzberg and Vaughan 
1973). Adding to the riddle was the observation tha; 
lesions of the FEF result in transient but clear eye move
ment deficits (Ferrier and Yeo, 1884; Bianchi, 1895; Ja
cobson, 1936; Kennard, 1939; Clark and Lashley, 1947· 
Welch and Stuteville, 1958). Finally, the fact that 90o/c of 
the units recorded in these original studies were not ;a
dulated consistently in the untrained monkeys indicates 
that something more was required to elicit activity in 
these neurones and learn how the FEF participate in gaze 
control. 

Subsequent single unit recordings in the FEF of mon
keys trained in visual ~eking tasks revealed that nearly 
half of the cells have visual responses (Fig. l 5. 9) (Mohler 
et al., 1973; Wurtz and Mohle~, 1976b; Pigarev et al., 
1979; Kubota et al., 1980; Suzuki and Azuma, 1977 1983· 
Goldberg and Bushnell, 1981; Bruce and Goldberg' 1985'. 
~chall, 1989a). ~he ~ate~cy ofresponse is 60-J 00 m~. Th; 
time to peak activa_ti?n 1s 45-50 ms. The receptive fields 
are large, e1:11p~as12ing _th~ contralateral hemifield but 
often extendmg into the 1psdateral. There is a rough 
of the visual field in the prearcuate cortex with s mllap 

• ma er more central receptive fields represented laterally d 1 ' 
• h 1 • fi an ar-ger: more penp era receptive elds represented medial! 

This map corresponds to the length of the Y-
• • d b - • 1 • • th . saccades ehctte y m1crost1mu ation m e different recri f h 

Th f th • i,,ons o t e FEF. e response o e visual cells is enhan eel "f 
stimulus is the target for a saccade (Wurtz andc 1 the 
I 976b; Goldberg and Bushnel1, 1981). This enh Mohler, 
is not observed if the stimulus falls outside the ~n~ement 
tive field or if the monkey is not required to ce i receP
cade. Finally, the visual neurones tend not toma ea sac-
auditory stimu 1. • • 1 • respond to 

While it seems beyond doubt that the visu II 
• h FEF • • a Y respon sive neurones mt e participate in selectin h -

for a saccade, this role has only recently been . gt e _target 
experimentally (Schall, 1989c). In the physio;nveSt1gate~ 

ogy expen-
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F• - fi /.I associated ig. b.9 Neuronal ac1i1:ity itt 1/1efro11tal qe 1~"-

IVith saccades. Same task as 1/1111 illustrated i11 l.1 ,J( a). 

. le unam
ments described throughout this chapter a sing ' · ned t0 
b• be era• •guous target is presented but monkeys can . uli are 

• ' . • I stun perform visual search tasks in which multip e h target-
presented among which they must discriminate t er than 
Th h • Jonge e saccade latency during visual searc is tra tiJlle 
that in a typical detection task· presumably the ex)ect the 
r fl h ' • d to se ·n e ects t e additional processing require. rding51 
target. The preliminary results of single-umt rec~ · 0di0l~e 
the FEF of a monkey performing visual searc_ 1 cells is 
that while the activity of most visuallv responsive afllPJeS 
no different during search or detection", there are exor prO"' 
of neu • - JatencY ·ve rones with either longer response pons• f 
longe~ activation during search. Other visually r~sition ° 
cel1s displayed a spatial tuning according to .the ~eld eve~ 
the correct target relative to the receptive "-JI in tll 
though • II • • uJus 1e that 

• 10 a trials the same distractor stim est I 
receptive field. These preliminarv results suhgg1 ·ncerna 
sorn • fl t t e t,. • e n:uronal activity in the FEF may re ec . I scare ..1 
process f · g v1sua t1CV 

tng O saccade target selection durm . Jeh11 
Subse • ed 1n a ·flee qucnt recordings in monkevs train ·0n SI 

respons k • f dulatJ are 
th• . etas reveal further patterns o mo ponse II 

e visual a d f the res S }la ' n saccade components o 9g5· c ·n 
~i~ated i~ tirne (Bruce and Goldberg, 1 he; unit~~ 
h a). Besides the visuallv rcponsive cells, ot roJonS"-f 

t e FEF fi • . ore P . no 
f: h. , arc 0 und that discharge m a m 111ar1° r 
Uas_ •on _before visually guid~d saccades. One p<t~~hc rarifl'l 

nits d1sch fi e o t,ee 
Unt"J h arges allowing the appearanc e have di.Jr~ 
t'all• dt c presentation of the cue to move. Thes actj,•e ot 
• eh preparatory set neurones since they are. d but 11 .-r 
10g t c Pcr·od • . . •parJOi::, ·cs a,~ 

• 1 10 which the monkev 1s pre . un1 
executmg the movement. In other ~ords, these 

• d in which visual • d • g the peno n 
discharging specifically urm . f the target (e.g. cos-
attention is shifting to the loca~on °discharge in anticipa
ner, 1980). A few set cells b~m t:is the typical response 
tion of the target, but excluding th the latency of the 
latency is 90-95 ms, slightly longe:ak a;ctivation averages 
visual cells. The time to reach _P . e of the visual cells. 

h the nse nm • ·rv of 120 ms which is longer t an d . given the acnvt.J 
After the cue to execute th~ s~cca 1 ;~sms, b~fore saccade 
the set cells decays withm . 

initiation. . . the FEF discharges: 
Another population of umtsf mh timulus and the su t 

(notes vemen rclation to both prcsenta 10 fi d to as visuomo . 1 y 
sequent s·1cc-1dc· these arc re crre 1 • n of units d15P a 

• ' • , f h" opu ano d he sac-cells. Most members o t is P . th target an t 
• d with e d' plays a two discrete bursts associate ent cells is 

f h ·isuomovem f the target cadc. A subgroup o t e ' ntation ° . d 
I • the prese ustaine sustained elevation fol owing S me of theses •od 

U~til performance of th_e sacca:~hr:ughout a dela~l~~~rg, 
nsuomovement cells discharg_ 'ble (Bruce and G xam-

• I er ,·1s1 cwo e when the target 1s no ong A wally, these manY 
1985· Funahashi et al., 1989>·. c m for there are •sual 

• f ontinuu , b th the v1 
P!cs represent ends ~ a c FEF that show O f sustained 
v1suomovemcnt cells m the s well as a degr~ 0 The vi
and saccade-rclated bursts a_ delay penod. t fields 
elevation in the intervening ceptive/move~fienld The 

have re I h m• e • suomovemcnt neurones rralatera e b further 
h • I , in the con 1 ay e t at are predominant) ent eels m hat of the 

• • movem C}'" t two subgroups of v1su~ onse laten ' 65-7oms 
d• • • h • visual resp rages 

istmguishcd by t cir t cells ave . d visuo-
• • 0vemen taine th doublc-burstmg v1suom c. of the sus s Also e 

While the response. late~ ionger, 95-l~mc~Usisshor
rnovcment cells is shghtl) d ble-bursnng ent cells 
• • • fthe ou . movem o11· time to peak act1vat10n ° ·ned v1su0 ·or c 1-

tcr (60 ms) than that of the suSta~ts in the supe~hibit the 
(JOO ms). Like their cou~terpma ovement cellsmeponent of 

I b t v1suo y co . "'-' cu us, the double- urs ot the sensor de co audit0 •J 

saccadc component but n make a sacca d cel1s have 
their response when mon~ey~ auditory-sa~ t ~e sensory 
targets. Examples of susrame Its indicate a the saccade 
also been observed. These_resu t bimodal, buto determine 
component of these cells is noy interestingf thift with eye 

']I be ver • FE s · )us component is. It WI . e fields 1n •or colhCU • 
Whether the auditory recepa;ts in the su~er~arge in _ass°: 
Position like their counte~pa_ n the FEF ?1sc rcsaccad1c a;, 

A distinct group of units • ccades- This pare made ) 
ciation with goal-directe~ sa saccades that ward whet~ehr 
• • • d d nl}' ior . ofare d wit tiv1ty 1s recor c o . ectatJO0 soeiate 

• d b • the exp . • not as • gene}' monkeys motivate } "ded· 1t 1s Th's connn d ·n • • . II . gu1 , 1 r. n 1 or not thev arc v1sua ) d saccades. e not 1° 0 
• te • wer keys. spontaneous self-genera die units • ed mon 

• esacca . cra1n than 
accounts for why these pr the FEF mu~ 0 be larger ly 
the initial recordings from h e cells ten t are also Jarge 
"fhe movement fields o_f t ~~ells, but they 
the reccpti ve fields of visua 
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• Id The onset time of 
restricted to the contralate:~! cells e av~rages 120-150 ~ 
the presaccadic e~e -~o~e . the onset of the pr~~cad1c 
prior to saccade bml itJba:~• visuomovement cdls is. m ththe 

• the dou e- . nes compnse e 
burst Iran no-e These presaccad1c _neceurmo icrostimulation at 
same i, • erator sin · th 

t to the saccade gen ded elicits saccades WI 
outp~ here these cells are rec~r . lation at the sites 
the sites w 50 µA but m1crosnmu 100 µA 

nts less than . ' • currents above curre of units reqmres 
of other classes FEF dis-
(Bruce et al., 1985). . of the units in the ·ts 

• ificant propornon Some of these um 
A sign 'fically after sac<:1des. d" tion and post

cha~~ spCCI ccadic activity in. one. •r:=on. Such post
exh1b1~ pres~vity in the opposite d1rec discharge used to 
saccad1c a~ • may be a corollary ost-saccadic 
saccadic acnv1ty tion of the saccade. The p des so they 

• the execu alateral sacca , _..:&. register ned for contr d of a spci;mC 
cells t~nd to~; :Currence of a sacca e 

can s~gnal in which a monkey 
direcnon. o delayed response tas~ a target based on a 

In a go/n;!r withhold a sac~de ;odulation relative t~ 
must execu EF cells show speo~c can be seen in vi-
cue a few F Th1's modulanon . ts of either an 

' cue II and cons1s 
the no-go .r movement ce _s th cue to withhold a 
suomovement o ression followmg e . 
elevation or supp f "ts in FEF is 

0 um . 
saccade. all percentage . the orbit. S1~ce 

Finally, a s~ osition of th~ ~ye :ccades that bnng 
adulated by th ~EF never ehc1!5 th rbit, it could 

mu·mulation of the . ular location m e oposition cells 
s a partlC • of eye ·ts 
the eyes to th"s population ulation of um 

argued that . , Another small pop smooth pur-
~e largely inFeff~:;;~~rge in rela?~; t~n the foveal 
• the FE found mam 
1n _ These are 
suit. . 
representation. . 

• or Colli~ulus FEF and stimulating 
Relation to Sus~yert recording m_bthl eto determine the fun~-

• Jraneou • • poss1 e th ugh ana-
By s1m u rior colliculus, it .•;otectal neurones 19~;) Half of 

t!1:~~p;roperti_es 0~~;:ves and !3old::!•perim~nt ,~ere 
:romic activanor c~lls observed dm !arter of the corn~: 
th corcicotecta ent cells, an _a "th foveal recepov 

e ccadic move~ I respons1v~ w1 units were a 
pres~ cells were ~1sual yof the corncotectal rsaccadic cells. 
recta The remainder_ luding some p~ ·on from the 
field~geneous grou~ :~opographic p;:1e~~ the fact that 
hetether evidence_ fo olliculus is p~ovi . ation were found 
fur perior c .d ffilC acnv that 
FEF to the su h Ids for anti ro accade vector as 

est thres o ed the same s. with the pre
the !ow which represeFnt This is cons1st~n~ stimulation of 
at sites • the FE • • n that pa1re d of the 

rded m b5ervat1° k sacca es 
r~c~sly mentionede~ior collicul_us e;~a;:n latency for the 
v10 EF and sup ridrom1c ac 
he F Thean t t vector. 
resuJtan 
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presaccadic cells is ~ignificant~y s_hort~r t_han that of the 
foveal visual cells. Smee there 1s d1Vers1ty m the morphol
ogy of the FEF neurones sending axons to the superior 
colliculus (Fries, 1984); it will be very interesting to deter
mine the morphological correlates of these different popu
lations of cells. 

Effects of Lesions 
We have already alluded to the oculomotor deficits that 
follow FEF ablation, a transient ipsilateral deviation of the 
eyes and a lack of contralaterally directed saccades (Ferrier 
and Yeo, 1884; Bianchi, 1895; Jacobson, 1936; Kennard, 
1939; Silberpfennig, 1941; Clark and Lashley, 1947; Lano 
and Cowey, 197la,b; Rizzalatti el al., 1983). Following 
frontal cortex damage, contralaterally directed saccades 
are also slower and less accurate than normal (Sharpe, 
1986). Interestingly, Alzheimer's disease, which is known 

• to involve frontal lobe dysfunction, has associated eye 
movement deficits; saccades show increased latency, hy
pometria, and are reflexive (Pirozzolo and Hansch, 1981; 
Fletcher and Sharpe, 1986). Monkeys suffer a loss in pre
dictive saccadic eye movements (Bruce and Borden 
1986), an inability to generate saccades to remembered 
locations (Deng et al., 1986 ), and an impairment of visual 
pursuit (Lynch, 1987) following FEF ablation. 

Deficits are also observed in other visuomotor beha
viours. Following frontal cortex damage patients exhibit 
difficulties in making saccades on verbal command (Hol
mes, 1938) and in instructed visual scanning (Luria et al., 
1966). They are also unable to direct a saccade in the 
direction opposite that of a flashed target (Guitton et al 
1985); this indicates that the FEF plays some role in inh;~ 
biting the more reflexive eye movements. Lesions of the 
FEF and surrounding cortex impair visual search in mon
keys (Latto, 1978a; Collin et al., 1982; but see Schiller et 
al., 1987) and man (Teuber et al., l 949; Chedru et al., 
1973; Karpov et al., 1968); even though monkeys suffer n 
deficit in learning a visual search task following FE; 
ablation (Latto, 1978b). FEF ablation does not affect th 
discrimination of real world movement vs self-gene t ~ 
movement (Collin and Cowey, 1980), but it does. ra e_ 
visual spatial discrimination (Latto, 1986). Contrailmtpairl 

d •• h 1 bee aera neglect an exnnct1on as a so n observed foll • 
unilateral frontal cortex lesions (Kennard and twmg 
19~8; Silberpfennig, 1~41; Welch and Stuteville,~:;:: 
Heilman and Valenstein, 1972; Damasio et a/ 1980: 
Crowne et al., 1981; Rizzolatti et al., 1983). ·• ' 

The results of these ablation studies indicate th b 
1 • I "II at su -jects u tlmate y can st1 generate saccades followi FEF 

lesions. Other experiments have demonstrated tnhg h 
• 11· I • • ·1 at t e supenor co 1cu us 1s pnman y responsible for th" bl 

Combined, bilateral lesions of the FEF and sup 1~ a 1 tt~. 
• • enorcolh-cuh result m a permanent loss of saccades (Schill 

• k • d • h er et al 1980). This wor m 1cates t at two parallel path ·, 
ways are 

normally involved in the generation of saccadcs: the sub-d 
• lliculus an cortical pathway depends on the supertor co ' ble 

the cortical pathway is headed by the FEF. A reaso~a 
working hypothesis is that the subcorttca pa . 1 

• I thway ts re-

sponsible for reflexive, orienting saccades, and the c?rucally • 
I • v1sua pathway is responsible for the more vo untar) • FEF 

guided saccades. This is borne out by the effe~~ 0!1 tion 
and superior colliculus lesions on saccadc laten~y • a 1 a of 
of the superior colliculus but not FEF i:esults m a 1 ~;;). 
the short latency, express saccades (Schiller el al., 

Summary . h FEF 
The evidence now seems incontrovertible that t e e-

d" ·c mov plays a fundamental role in generating sacca IC ey h t sac-
ments. In clarifying this it has become apparent ~-~ercnt 
cadcs arc generated under a number of_ . 1 tes in 
conditions. But it is also clear that FEF partictp~d be 
directing visual attention. Surely Ferrier ~o:ndcr
impressed by the progress that has been ma~e m adic 

d• h • . ung sacc stan mg t e function of the FEF m genera der 
h ot won eye movements. At the same time, would e n hich he 

whether the remainder of the frontal cortex fro~ w h pter 
elicited eye movements is also involved? If th1s ~d ahave 
had been written even just five years ago, we wou 
had no answer for him. 

Supplementary Eye Fields 

Supplementary Motor Area d·su·nct 
D • tWO I 

~nng voluntary, conjugate eye movemen_ts. uishcd in 
loet of elevated cerebral blood flow can be distmg 1979; 
frontal Cortex of humans (Melamed and Larsen, lateral 
Orgogozo and Larsen 1979· Fox et al., l 985). Th_e J loeus 
I ' ' d1a ocus corresponds to the FEF and the dorsornc h suP--
co ' Te rresponds to the supplementary motor area. rcntlY 
plcmcntary motor area is a second motor area; a~pa \'ered 
one st b h . as disco . cp a ove t e primarv motor area, tt w d laterin 
first inhumans(Penfieldan<lWelch 1949,195l)an. dor-

, pies macaque monkeys (Woolsey el al. 1952). It occu .., has 
d• I ' • t arc .. some Ia area 6, rostral to area 4. This coruca f evi-

attractcd considerable attention recently beca~se ':no•,e
dcnce that it plays a significant role in gcnerattnj recent 
men ts •. Three lines of research have prornpte 
enth_us1asm about the supplementary motor are!• hurnal'I 

First • I d" s II1 
b" • ' rcgiona cerebral blood flow stu ie derllon-

~u Jects performing a variety of movements h~vc ·tivated 
strated that h a is ac s-
d • t e supplementary motor are · ng su 

~ring complex, volitional movements but not d_uri rno'•e-
tamcd mus • I . I etiuve i.1.1t me cu ar contraction or s1mp e, rep 19gO; v 
. nts (Orgozo and Larsen 1979· Roland t'/ al., uPPie
sce Fox er I 198- , , fl . ·n the s . st 

" ·, :, ). Moreover blood O\\ 1 b. ,ct Jll 
mentary m ' su JC JIV • • otor area is also elevated when a ctua · 
unagines a • I -thoUt a 

comp ex movement sequence WI 

. . 1977· Roland et al., 
executing it (lngrnr and Philipson, ' 

1980). . f movement a 'read-
Sccond, prior to the cxceutto~ 0 a EEG recorded over 

iness potential' can be observed m the d Komhuber, 
(Dcccke an . the supplementary motor area . d' ss potenaal ap-

1978; Decckc t'I al., 1985). This rea mtheat is subsequen-
vement d" s pears when a subject plans a mo Also the rea mes 

ti)· withheld (Li bet et al., 1983b). d ~xternally cued 
potential recorded prior to p~e-plann;ro'm that recorded 
movements is qualitatively differen~b I al., )982). Pos
prior to spontaneous movemc~ts (Lt ;t \eadiness poten
siblv the most dramatic result 1s that be• g aware of the 
• • • p~~ 1~ t1al begins before the sub1cct re Iso Libet, · 

intention to act (I .ibet el al., 1933a; se~~c supplementary 
Third, single unit recordings fromh "C demonsrrated11a 

• kcvs a• ry ce s motor area in behanng mon • • ·ty Senso 
• al actJ\'1 • • re-vanety of pre-movement neuron tile stimuh_~re Sl· 

d • • and tac T I 19 ' responding to visual, au ttor) _ . Wise and anJ' 
0 

cord~d (Brinkman and Porte~, 19 ,9~d Tanji, 1987; R:r 
Tan11 and Kurata, 1982; Okana ~ et al., 1988). ?. nd 
an~ Schultz, 1987; H~mmel~h~: 10vements (Tani;; 79; 
Units discharge in rclauon to hm. k an and Porter, .. el 
T • • 19-8· Brin m 982· 'fanJI anaguch1, 1978; Sakai, 1 ' 79 1981, 1 ' .. 1987; 
Smith 1979· Tani·i and Kurata, 19 ' and TanJt, 
I ' ' • • 198 I· Okano · the sup-a·, 1980; Wisc and TanJ 1, 'h eurones in but 

Romo and Schultz 1987). Still ot er nsory nor motor, in 
I ' :ther sen d or P cmentarv motor area arc nci . b · er prepare ' sk 

d• • t IS e1ni, ·ng a ta 
ischargc ,, hile the movemen. uctions dur1 .. 1985; 

response to different cues and mSrr and TanJI, 
(Sakai, 1978; Tanji et al., l980; Kurata 
Tanki and Kurata, 1985). 

• n motor 
}ffects of Electrical Stimul~~o supplementa~\Velch, 
n the original explorations 01 t_ e (Penfield an totopic 

~rea through electrical stimula;~o~' a roug~ som;sented, 
949, 195 I· Woolsev el al., l h. dlimb ts r~P the face. 

rn ' • d ti • the 10 l 1s ap Was described· cau a ) t rostra upple-
• , • b d mos fthe s . 

tnorc rostral is the forehm an -,J end O 'd nee will 
Fu h . t the rosu.. £VI C rt ermore, stimulauon a ements• 1 mentaTY 
tncntary motor area elicited eye : 0 \ostral suPP e ye fidd 
be reviewed that indicates that t e pplementarY e 
rno!or area may rightly be called a su evokes sac
(SEF) (Fig. 15. l(a)). . . of the sEf Schlag-R~Y• 

lntraconical microsumulano~ hlag and ble with 

~des (Mitz and Wise, 1 ~87~latfon are com~;A and .a 
t:87). !he parameters of st1m Id Jess than _5 h incracoro-

osc In FEF with a thresho "dence wit h ve been 
latency of 30-50 ms. Preliminary ev~ rrier maY ?"' stim
caJ • • that re . tenst•J he 

llltcrostimulation ind1ca_t~s d with IoW 10 fEf to t 
corr_ect; saccades can be ehc1te h . prearcuate VnJike the 
~lation at sites extending fro~ td;chalk, 1987\ collic~lu~ 
. orsomedial SEF (Mitz and . o of the super•~ade elic1te 
saccades evoked by stimuJauo~ de of the sac 
or FFF h . . d mphtu • , t e d1rect1on an a 
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by stimulation of many d stimulation of most s1!es m 
eye position. In oth~r wor s, e to a specific position m the 
the SEF tends to bnn~ th; eydy at that position, then n_o 
orbit, and if the eye ts a rea contraSt to the superior colh
saccade is evoked. In fugedrth:~mulation of the SEF does ;ot 
culus and FEF, prolon but rather the eye is mov~ to 

l •n multiple saccades, . . (Schall and Sch1ller, 

but not all sites in SEF vari~ wi?1 

resu t I the specific postnon 
d then stays at . 

an bl.shed observauon). unpu I 

ts of Lesions. . ablating the SEF ?n eye 
Effec fti ts of inacuvatmg or atically invesugated. 
The e ec not been system . gaze dis-

ts have f travers1ve 
movemen some hints o con I 1977). 
There ha\'e ~eenSEF ablations (Laplane et a ., 
orders following 

• . . t from that of the 
Connectivity f the SEF is d1st1nc The SEF is 

• vity o tor area. 
The connecn e supplementary ~o moter cortical areas 
remainder o~t with the other v1suo rior temporal sulcus 
interconnect FEF the IPL, the s~peostarcuate premotor 
including the • gu' late prefronta , p ea (Jeffers et al., 

the cm ' motor ar . to 
as well as upplementaTY Th SEF also pro1ects 
area and the s d J(aas, 1988). le on and Goldman-

- t_J rta an 1984· Se em . . ro-
198 J; nue (Jurgens, ' 1986) and 1s reop 
h .....;atum rik • and J(ubota, . ventrolateral, t e ., •• • • A uni antenor, I · 

R kic I 98,; "th the ventro . laminar nuc e1 
a , nected w1_ I and mtra_ Kuypers, 

callY con X med1odorsa 1974; Kievit and 1985; 
nucleus '.j and Jacob~n, 984· Ilinsky et al., t al 
('frojanowsk d Sasaki, I , 1985· Schlag-Reye h., 
1977· Miyata a~ Wiesendanger~ ~lei providing t e 

• ~ndanger ~n . the thalarn1c nu ive input from the 
W~) Jnteresangl~EF themselves ret (Wiesendanger 
I 9 .' •• nputto the fastigial nuc eus to the caud~I 
rnaior I d not the in contrast . thalam1c 

de~ta;i:;nd~nge~to! 98:;ea whi:~li;:;~~nts (Sc~~! 

::ppternent:;~ 0:S dorni;::i:~~eli~inar}~:~~:~r SEF 

inpu; fr: 1984). AIS:n the intralar~~~;). SEF r~~n~ 
and tr ectivity be~ h)ag-Rey el a ·• des are elic1te 
the conn nized ( c dependent sacc:i of the intra
is highlyh~rh~ye-positioncaudolateral pornondependent sac-

w 1c 'th the ·tion h" h 
fro!ll nnected. w1 which eye-po;EF sites from.; ~e 
are ~o nuclet trornd In conrrast, connected w1 
)arn1nar lso evoke • evoked ar~ uclei. 
cades are a r saceades a~e intralammar n ts from the ros-
fi,ced vec:al portio~ 0 Jus receives atre:ppears that the 

ros;~~=uperie~:;
11
:?to~:r:v:~or 

1
~011~;~:sa~;~:::. 

cral supple~s deeper 1~81 · Fries. 1984; I-Id frorn the SEF 
sEf synaps t1-et al., 1 I ' been observe the NRTP, 
Ef (Leic~ne_ ns have a so regions such as 

f ) proiecno oeutornotor 
I 988 • brainste!ll 
to the 
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hare reticular formation and pontine reticular 
mesencep 1 • I · Ith h these formation as well as certain pontme nuc e1 a oug 

• • do notappear to be as dense as those from the 
proJecttons L · h I 1984a b· FEF (Wiesendanger et al., 1979; e1c netz et a ., ' ' 
Schnyder et al., 1985; Schlag-Rey et al., 1987; Huerta and 
Kaas, 1988; Shook et al., 1988). 

Physiological Properties . . . 
A variety of neuronal responses aSSOcJated with visually 

ided saccades have been observed in the SEF 
f;ig. 15.10) (Brinkman and Porter, 1979; Schlag and 
Schlag-Rey, 1987; Schall, 1989b). Sensory cells respond
ing to visual and/or auditory stimuli have been reported in 
the SEF. The latency of response averages around 90 ms, 
and the time to reach peak activation is 85 ms. While the 
response latency is not si~~n~y different ~rom that 
observed in the FEF, the nse time IS longer. Th1S reflects 
the fact that the visually responsive cells in the SEF re
spond in a less robust and ~ons!stent fas~ion than their 
counterparts in the FEF. Th1S difference IS probably due 
to the fact that the visual input to the FEF is stronger than 
that to the SEF. The visual cells have large receptive fields 
that tend to lie in the contralateral hemifield. The recep
tive fields of a large proportion of these units include the 
fovea or are restricted to central retina. No topographic 
organization is observed, however. Specific tests of 
whether the visual responses are enhanced if the stimulus 
is or is not the target of a saccade and/or of an attention 
shift have not been performed, but it seems likely that the 
enhancement will be present. 

Neurones that are specifically active during the period 
between the presentation of the target and the subsequent 
cue to execute a saccade are also observed in the SEF 
(Schall, 1989b). Such a pattern of modulation has also 
been observed in the caudate nucleus (Hikosaka et al., 
1989c), and supplementary motor area (Tanji et al., 
1980; Tanji and Kurata, 1985), primary motor cortex 
(Tanji and Evarts, 1976), the POStarcuate premotor region 
that lies lateral to SMA (Godschalk and Lemon, 1983; 
Weinrich and Wise, 1982; Weinrich et al., 1984; Wise and 
Mauritz, 1985) and prefrontal cortex (Kubota and Fu
nahashi, 1982}. Because they discharge during the period 
in which the movement is being prepared, this group of 
neurones has been called preparatory set cells (see Evarts 
et al., 1984). It is possible that these preparatory set cells 
also play an important. role in sa~de_ initiation since their 
offset is correlated with the beginning of the long-lead 
presaccadic activation. The visual response latency of 
these units is around IOOms, and the time to peak ac
tivation is over 150m~. After t~e cue is presented, the 
ctivity in this populabon of units decays after approxi

::,.tdy 135 ms, before the 5aCctde is initiat,.i (the typical 
saccade latency in these tasks averages 200 ms). The Pre-
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100 ms -eye field Fig. IS.JO Neuronal anivity in the supp/em_entary din 
asso,iated with sa,cades. Same task as tl,at 11/mtrate 
15.S(a). 

~...ria-• 11 in as:,v-, paratory set cells also responded pref erentia Y 
tion with contralateral targets. rolonged 

Other neurones in the SEF display a more iarget and 
discharge, starting after the appearance of :s9b). 'fhCSC 
lasting until a saccade is executed (Schall, 1 hey differ 
may be referred to as visuomovement cells, b~t t he fEF, 
in certain respects from their counterparts 10 ~t cells in 
IPL and superior colliculus. The visu?~ove~uersts ass<>C
these latter named structures display distinct h xecution 
iated with the presentation of the target and t e te1evation 
of the saccade, even if there may be a meas~re O ovement 
between the bursts. In distinction, the visuo~instea~ a 
cells in the SEF do not show discrete burSts bu hese units 
sustained elevation of activity. In this respe<:t t colliculUS 
resemble the quasi-visual cells of the super10_r monke~s 
and IPL; however, they have not been tes~ed ;" The vi
making saccades to remembered location · nt fields 
suomovement cells of the SEF display move~ield. T~e 
that are predominantly in the contralateral hentl·muluS 15 

• al stl se average latency of response to the visu respon 
ll6ms; which is significantly longer than t~~ Also, a 
latency of the sensory or preparatory set ce . s~ prior t_o 
number of the visuomovement cells become acuv uld anti
the appearance of the target when the monkef c~so ton!Jer 
cipate it. The time ton- k activation, 220 ms, is a 

0 
.. emel'lt h r- • om. l'I t an that of sensory or set cells. These visu • itiati0 d 

cells are inactive within 95 ms following saccade mrespon 
MoSt ~f the v~suomovement cells in the SEF a~ohowever~ 
to auditory stimuli that are targets for saccade ' encoon 
visual and auditory specific examples are also 

rded in nt cells were reco . tered. These sensory-moveme task in which they e•:f 
monke'-·s performing a go/no-go d on a cue (Sc ~ 

J • d cade base d the executed or wnhhel a sac . hhold the sacca e, d 
• h to wit eran 1989b). Following t e cue Us decayed soon f th 

• • f • movement ce . A r.ew o e act1v1ty o most nsuo . therw1se. 11 • 

more rapidlv than it would ha,e O ve a brief dlSCharge 
• 11 however, ga sensory-movement ce s, ed 

following the no-go cue. 1 modulation observl of 
f neurona leve Another unusual type O have a moderate tivity 

in the SEF is s:e~ in cells t~:\arget appears, th~~ oint 
spontaneous actmty. When t .1 he saccade at whic ~ the 
of these cells is suppressed u~tl t The latency O t, 

b discharge. f the targe there is a rebound urSt csentation ° ticipa-
Pausc averages 12 ms after pr n express some a\cade. 
which indicates that these cell~~ ms before the sa e ob
tion. The burst begins aroun bound cells thatlar Rey 
""- h ause-re (Sch ag-' "CSC cells resemble t e P . thalamus 1986) It 

• J • laminar al · served m the centra mtra . Robinson et ·• back to 
and Schlag, 198-1-) and pulnnar ( nits provide ~tt visual 
has been speculated that th_e~e u •gnal to in 1 1 
• ivmg a s1 ·mage Visual processing centres, g . ting the I al. so been 

d ·s d1srup have neurones when a sacca e I fi saccades 
79

. Schlag 
Neurones that discharge be ore nd Porter, 19. ~unter

•bscrvcd in the SEF (Brinkma;~gb). Like- gered sac
and Schlag-Rey, 1987; Schall,d he visually tn~ts are not 
Parts in the FEF and I~L anlli;ulus, thes~ u;•or unmo
tadc cells of the superior co • unrra1ne n aver-

• cades m . barge o 1· active for spontaneous sac • to dlSC d ear 1er 
• "ts begm d s an • hvated monkevs. These um .d d sacca e • not s1g-

• • 11 • gu1 e . rne JS h age 1 +¼ ms before v1sua ) This onset ti t seen in t e 
before self.-generated saccades. ccadic burs d rnove-

"fi h presa broa b t ni t'antly different from t e They have •field, u 
FE,p or lateral interparietal area. rralateral he~• the sEF 
"" • the con ced in t-'"ent fields that emphasize pronoun •ficall\' pos 
th • s less m>el J in e contralateral tendency I active Sr~ they are 
than in the FEF. Units that a~ the sEF ~s erhaps t!1e 
Sa d" mmon in d be so, p ·n its CCa •cally are not as co h" shoul . barge 1 
the FEF. It is not clear why; is corollary disc . 
S£p does not make use O a . lay a tonic 
fuhction. d . the SEF dO!'siti<JlloC~ 

Other neurones recorde .10 II\' with the pOI 985; 5chat' 
d" ha • matica J R y no •sc. rge that vanes sySte Schlag- e ' units has of 
eye 1n the orbit (Schlag ~nd pulation of , reveal one he 1'l89b). Unfonunately, thts ":: a siudY ""'J.,,ial ,nd:.. 
been investigated in detrul; "'~• the uno!OP"' ·,1 the fundamental differences cades in a ~es in a spao k 8£F, that the FEF encodes s:.,.,.. ... cca /no-!l° ':, 
Ordinate frame while the SEF e In the ~

0
und JO ao · 

or h d" te fram • were h no-., cad-centred coor ma f eurones wing t e cade 
alluded to above, a number o ~ ·atcd fol~o~hold a sac nd 
Sp F h • • 11,· a ctn ·1tl1 zo rns a • • t at were spec1fica • • ·d to '' d I •fie 
cu • require . roun spee• e, When the monke,· is c'-· 1s a o-"'o (s • • latcn J • ·tar n ., chall I lJol)b} The average _ S1rn• 
th ' 0 

• . 2,0 ms. c tnodulation lasts at lcaSt · 
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ed • the supplementary also been observ m fr tal cortex odulation has 1985) and pre on m •• and Kurata, 86) 
motor area (Tan11b 1986· Watanabe, 19 . __ ,.: and Gem a, ' 
(S- . 

1 Eye Fields d · , •son with Fronta ·ca1 fields involve m 
Com~ ce of two frontal ~rtt about the role of ea~ 
The existen eration raises questt~ parallel relationship 
saccad~ gen they in a hierarchu:a ~ what functional 
area. First, are another? Secon 'd hat unique con-• to one eas, an w 
relabve. • stinguish the two~ are both regions neces-
properttes di ch make? Third, . ~ Fourth, how • does ea d generatton. . 
tribunonssuffi ·ent for sacca e ·suomotor regions 

d Cl p d other VI sary an late to LI an 
does each !r:3 re . at the SEF and FEF 
of the brain. f vi"denceind1cateth . of motivated, • ceso e eranon . Several pie 11 I during the ge~ al response latenaes 
operate in_ para ~cades.First,thevt~~ different;although 
• allvgu1dedsa arenotmarke Y than the SEF. 

VISU J oareas . · sooner . · 
f cellsin thetw • peak acnvatton Ii ·ted by m1crosn

o EF reaches its f saccades e a . both frontal 
the F d the latenc~ o dy different. Third, II as direct 
secon , t signdican . ections as we tion are no • rocal proJ 
rnu~ areas sha~ rec1p oculomotor centreS-FEF for the 
cor~cal. s to bramstem edial SEF and lateral dial supple-

P"'l,r::"' ~ oe~-;.,-.i by ,::;' pn:moior": 
otor system d lateral postarc been propos 

oculom otor area an The idea ~as ved in exter-
rnenta~etornotor syst~~ is mainly mvol pplementarY 
for the eral premotor ts while the su ovements 
that the !:ered mov~:nfor self-genera~ :bout SEF 
nallY tn is respons• be useful to UnfortU
rnotor a~~. J 9~5). It ":~imilar dichot::y ~lementarY 
(see Gol rdmg to • both the P nkeys per-FEF acco dings m in mo 
and ronal reCO~ rernotor area Uy-triggered 
nately, neu nd the lat p ted and ex~ b this cri-
rnotor area ~th se]f-gen~he differentian;o ~d Tanji, 
forming :ndicate that ot decisive (0 d Wise 1988). 

ents ... • al but n ta an ' __ .n 
rn~ve~ perhaps pa:ultz, 1987; Kura ted and exteruillli!: 
te11on JS o and S een self-genera ed difference . 
1987; ~::tinctio~ ~~uces one purprthat is that cells! ml 

'fh1s ents llllIV" d FEF, an , cades but ce s 
ed rnovern lernentary ~n ntaneous sac this interpre

cu eenthesuPP ·vebefore ~d cethatledtod ·ved from 
tw Fare acn The evi en 987) was el1 . -
the SEFEF are not. Schlag-Rey, 1 rded for rnaking ~c 
• the and ere rewa . . ted Iocanons 
in tion (Sch}ag onkeys that ~ at unannai;erived from a 
:COrdings ~n ~i that a~pea the saccades ar~t are made by 

"~::i: th~-:::.,.the.:::.-~ 
and u ·vaiedsta In other 1985· Schall, . d a 
rnorerno~ ed rnonkeYd· Goldberg, d ~ks that requ1redes 

train an ctUre d Sacca 
an us£F (Bruce ed rnore strll earn a rewar ded and so 
and performed saccade to never rewar die ac
rnonke~1..direct . I interval ~e:tuation presacca 
single. ~';e inte~ted- In thiS 
rnade •;e 1ess rnou 
would 
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tivity was associated with the task-related saccade but not 
the eye movements in the intertrial interval. Taken to
gether, then, these results suggest that neurones in both 
SEF and FEF discharge specifically before visually 
guided, goal-directed saccades executed by motivated sub
jects. This issue, however, warrants further examination. 

The most pronounced functional difference between 
FEF and SEF observed so far appears to be that an eye 
position signal is more pronounced in the SEF. Presently, 
this is indicated more by the results of microstimulation 
than by single unit recordings. Single units whose activity 
is related to eye position in the orbit have been recorded in 
FEF too (Bizzi, 1968; Bizzi and Schiller, 1970; Bruce and 
Goldberg, 1985). Further experimental work is underway 
to determine whether a greater proportion of units in SEF 
are tuned for the position of the eye in the orbit (Tehovnik et 
al., 1989). 

The fact that bilateral ablation of both the FEF and 
superior colliculi results in a complete loss of saccades 
(Schiller et al., 1980) indicates that the SEF alone is not 
sufficient to generate saccades. Still, it would be interesting 
to repeat the ablation of both the FEF and superior colli
culus to determine whether stimulation of the SEF can 
evoke eye movements. Preliminary work (Schall et al., 
1987) indicates that saccades can be elicited by micro
stimulation of the SEF following either FEF or superior 
colliculus ablation. 

Prefrontal Cortex 

Preliminary evidence indicates that a region rostraJ to the 
FEF, around the principal sulcus is active during the gen
eration of visually guided saccades. Units recorded from 
the prefrontal cortex in the banks of the principal sulcus 
(area 46 or FD) are visualJy responsive (Suzuki and 
Azumi, 1977, 1983; Mikami et al., 1982b; Boch and 
Goldberg, 1989). The latency of the response averages 
80-120 ms. The receptive fields of the cells tend to em
phasize the contralateral hemifield, and receptive fields 
that include the fovea are smaller than their peripheral 
counterparts. Some but not all visually responsive neur
ones in this area give a spatially specific enhanced response 
if the stimulus is the target for a saccade (Boch and 
Goldberg, 1989). There is also some evidence that the 
visual responses are enhanced when the monkey directs 
attention without making a saccade to the peripheral target 
(Mikami et al., 1982a). In the delayed saccade task certain 
units exhibit twG bursts of activity, one following the pres
entation of the target and the second immediately prior to 
the saccade; the presaccadic burst occurs up to 160ms 
before the saccade with an average of around 50 ms (Boch 
and Goldberg, 1989). Other neurones are specificalJy ac
tive after a visually guided saccade. While these results 
indicate some role of prefrontal cortex in directing atten-

tion and generating saccadcs, low intensity micro
stimulation of this cortical area docs not elicit saccades. 
During a delayed-response visual tracking task, ma?Y 
neurones in prefrontal cortex arc active following the bnef 
presentation of the target until the cue to move, through: 
out the delay (up to 6000 ms) until the saccade (Funahashi 
et al., 1989). Similar visuomovcment activity has also bee~ 
recorded dorsal to the principal sulcus Ooseph an 
Barone, 1987). 

Discussion 

The data reviewed in this chapter are summarized in 
Tables 15.1, 15.2 and 15.3. Fig. 15.11 indicates the com
plex conncctivitv between the various areas that are 
involved in gcn~rating saccadcs. Table 15. l reviews the 
results of microstimulation of the various brain regions on 
C k• d' • evident. vo mg sacca 1c eye movements. Two pomts are 
First, the effects of microstimulation of many of t~; 
regions arc not known. Second, based on the thresho 
and latency it is possible to define three levels distan~ fro";, 
the ocular motor nuclei. The first motor tier cons1s.ts o 
th b • ' I g1ons. e ramstcm motor neurones and supranuc ear re . 
Th • • • colh-e second, v1suomotor tier consits of the superior. 
culuS, the intralaminar thalamic nuclei the lateral inter-

• I ' fields. paricta. area, and the frontal and supplementary eye d 
The third, visual tier is represented by striate cortex an 
probably the extrastriate visual cortical areas. • 

Ta~le 15.2 summarizes the visual response latencies 1~ 
the different brain regions. The increase in latency, 0d 
course, reflects how distant a region is from the retina an 
reveals the • • · 1 ·n a sac-progression of processing culmmatmg 

d Al • en-ca e. so the regions in which the visual response is 
hanced h h • de are 

• w en t e stimulus is a target for a sacca. 1 as 
evident. The enhancement is observed in subcort1ca t 
well as • I h cemen • cortica structures. In some areas the en an rs 
is obs~rved only when a saccade is made, while in ~the is 
!~~fl visua~ response is enhanced if selective attentlOFthe 

l ted Without an overt eye movement. The source o b 
enhancem • 'k I to e 
d • ent 1s not presently known but it is b e Y h _ 

enved from d' . . ' ncep a r . ascen 1ng pro1ect1ons from the mese ic reticular formation 
Tabl I~ 3 • · to a 

e :,. presents a summary of the time relative t 
saccade t h' h d'fferen 
re • a w 1c the movement cells in the ! Ta-
bt~"; become active. In comparing Table 15.3 wi_t~ is 
ro::d •1 an? 15.2, it is clear that presaccadic activ;y be 

• • on!y m those areas from which saccades co~ he 
eh~t~d ~•th less than 50 µA. The position of the eye in tb\' 
orb_it 1.s Slgnalled in a number of areas This is indicated ·s 
variation i h . . • . . I tion a 

• n t e saccade ebctted by m1crosumu a se 
noted ~n Table IS.I, by modulation of the visual resp<>dn·n 
according to th • . . ote I 

e position of the eye in the orbit as n 
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11 of tl1e i•ermis a11d tl,e flot"t"llllls, tor nucfei. 
Prep • , 1/ar mo 

os1111s l,l'Ptw/ossi 1111d tr1e oc, nt ac-
• ~ erne 

1' . f the eye rno~ ion oft~e 
• a?Je 15.2, and by modulat 10n .0 al of the pas•:. a contl-

bvity noted in Table 15.3. The Slgn tWO source :~,.,,pfrve 
ey • • d from d ropr•-- rn e in the orbit can be dcrwe ti'on an P brainste 1 nu JI senta • the ·ca a Y Updated internal repre riginate in in cortl . 
atrerents. This signal appears to o ell as to ce~ tha1arn1c 
and is Passed up to cerebellum ads wlateral dorsa 
area • · an s via the intralammar 
nuclei. 

th remarkable 
uate e th ries demons nderstanding e 

• such surnrna made toward u umber ofvery 
Whil: that bas ~fc eye moveme;:; :;mple, readers 

p~ sis of sacca remain open, remarkable func
neural ~g ques~on~ tamiliar with. th~e geniculostriat~ 
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depth, and so on. Based on the present data, however, it is 
not possible to conclude what comparable transformations 
occur in the visuomotor cortical areas. This implies that 
the most interesting experiments have yet to be done. 

Another question, which is fundamental to all move
ment systems, is what is the source of the command to 
move (see for example Kupfermann and Weiss, 1978; Lii
nas and Bunge, 1978; Davis and Kovac, 1985; Eaton and 
DiDomenico, 1985). Neurones have been described in a 
number of regions that discharge before saccades 
(Table 15.3); the activation of these neurones serves to 
ultimately drive the eyes. It appears that in addition to the 
superior colliculus, three areas of the cerebral conex are 
involved in generating saccades. Traditionally, movement 
has been thought of as requiring three levels or subsystems 
responsible for generation, initiation and coordination. 
The current view, however, is evolving away from such a 
hierarchical scheme. It is presently thought that neuronal 
motor systems consist of a collection of reciprocal loops in 

Table 15.1 Summary of microstimulation results. 

Structure -Latency 

(ms) Properties ------------~ 
I 2 3 

Threshold 
(µA) 

Motor nuclei 
Supranuclear 
Cerebellum 
NRTP 
Superior colliculus 
Substanria nigra 
Caudate nucleus 
Thalamus 

Pulvinar 
lntralaminar 

Cortex 
VI 
V4 
IPL 

7a 
LIP 
MST 

FEF 
SEF 
Prefrontal 

< IO 
<10 
<IO 

<IO 
? 
? 

30 

100 

<10 
10 
IO 

30 
;, 

? 

40 

70 

50 
40 
50 
35 
40 

Y N N 
Y N N 
N y y 

NY N 
? 
? 

Ny y 

Ny N 

80 
<50 
80 
<50 
<50 
None 

Ny N 
Ny N 
N N y 
Ny N 
N y y 

------------------
The different columns labelled 'Properties' indicate th P . 

• . e articular attributes of the eye movements evoked by stimulation of th 
strutture according to the following code: I) amplitud, . e 

d • ,r • • e increases with frequency and urallon oJ stimulatzon, 2) evoked s d 
• h • • 3 a<ca e does not change wit eye Pos111on, ) evoked saccade d h 

• • E • Yfi . . oes c ange with eye pos11ton. nines are or a Pos111ve result Nfi 
• • k , or a neuative result, .I for an un nown result and -Jorrhe . 

,, • d cases m which no results are obtarne . 

• f the three • h • • 'd I a,· scr\'e tn each o de wh1c md1n ua neurones m . · . . the sacca 
functions. This is especially ernlcnt. mF. 15.11, the 

·11 tee.Im ig. generating system; inc.Iced as • UStra . . ·here appro-
phrase parallel distributed network 1~ no,~clineate ~e 
priate if not here. Now the challenge 15 to are coord1-

• • h • I ps and areas manner m which t c \'anous 00 · kcs 
nated and what unique contn utton h is at t 'b • each ma • he 

Another exciting area of current rcs~arc motor cen-
sensory-motor interface. In the ig er h" h arc ne1 ~ 'h" h ' v1suo 'th r 
tres there arc a num her of neurone or'-' cc • ·s w 1c 11s1n 
sensory nor motor. Morco\'er, man) 0 ranee o . • f the sens J f the 
these areas do not require the actual appca r cells dis-
stimulus to be activated, and many ° C ntinued P f thc moto r~ 
charge for only particular movements. 0 

Table 15.2 Summary 11/t·isual rt·sp1111st·s. 

Structure 

Motor nuclei 
Supra nuclear 
NRTP 
Cerebellum 
Superior colliculus 

upper 
lower 

Substantia nigra 
Caudate nucleus 
Thalamus 

LGN 
PreGN 
Pulvinar 
Inf/lat 
Medial 

lntralaminar 
Cortex 

VJ 
V2 
VJA 
V4 
IPL 
7a 
Lip 
MST 

FF.F 
SF:F 
Prefrontal 

l.atency 
(ms) 

'.\lone 
:'\/one 
70 

45 
55 
120 
150 

30 
30 

65 
85 
IOO 

30 
40 
60 
80 

9() 
75 
80 
80 
90 
200 

Properties 

2 3 

y ? 
? ? 

y N 
N N 
y N 
y ? 

N N 
N N 

y N 
y y 
y ? 

y y 
y ? 

y y 

y y 
? 

r 
N 
y 
y 

N 
N 

N 
y 

N 
N 
? 
y 

y 

? 
y N y 

y y 

N 

N 
N 
N 
N 

N 
N 

y 
N 

y 
y 

N 

N 

N 

y 
y 
y 
y 

y 
y 

y 
y 
y 

y 
y 

y 

y 

y 

]'I 

]'I 
N 
N 

N 
? 
y 
N 

y 
y 

N 

C • . ire f1s/ of/oP1S." oni•e,u1011s are as in Table 15. I. Tile properties~ d 
I) saccad, l · relate 
en e-re ated enhancement, 2) atte11tum- -I) 11(]/ 

hanceme111. J) spatially restricted enha11cement. ,,,
1
etf 

11
,e 

spatially r 1 • d • _ . . 1e-re1f, [ I so • es ricte e11'1unce111ent, _,) ,w S{ltulm /e. 1 enhu11ceme 1 6) - · , {l::.e " 11g 11 • 1'1sual response raries w11,1 [{ P ,,11es-str11c111res d ·1r. . ,,. I pr11 t 
!uerem cells ma)' exhibited dlj,erm 

• a • es confronnng • h e areas reqmr these gress in understanding t cs 1 . what way are 
number of issues. For examp e, inappropriately charac; 
non-sensor,·/non-motor cells moSt 1 ·
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mation should not be overlooked. This eye position signal 
is widely distributed in the saccade network, having been 
recorded in the nucleus reticularis tegmenti pontis, cere
bellum, central thalamic nuclei, extrastriate area V3A, 
inferior parietal lobe and supplementary eye fields. 

The spatial code of the motor error must be convened 
into a temporal code that is required to move the eye the 
desired amount. This conversion appears to be accom
plished in the mesencephalic reticular formation, para
median pontine reticular formation and medullary 
reticular formation. These sites are responsible for 
generating the appropriate activity in the ocular motor 
neurones that results in the desired eye movement. 

While the foregoing summary seems to adequately de
scribe the current view of the mechanisms underlying sac
cadic eye movements, work continues. Undoubtedly our 
ideas will have to be modified as more data become a vai)
able for consideration. Nevertheless, for now we must be 
impressed with the progress that has been made since 
Laurentius offered his explanation. 
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