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390 The Neural Basis of Visual Function

the duration of the phasic burst is correlated with the
amplitude 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 magnitudes 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 rectus and contralateral medial rectus com-
bined with inhibition of the antagonist medial rectus and
contralateral lateral rectus. 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 longitudinal 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 rectus.

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
nuclet is less than 10 pA, and the latency of the eye move-
ment is no more than 10 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. 15.1(b)). These
neurones are responsible for generating the burst-tonic
pattern of activity in the motoneurones. Horizontal gaze
changgs are served by the paramedian pontine reticular
formation (PPRF) and medullary reticular formation
(MdRF) that surround the abducens nucleus. Vertical
gaze changes are mediated by the rostral mesencephalic
reticular formation (MsRF) which includes the interstitial
nucleus of Cajal, the rostral interstitial nucleus of the
m;dlal longitudinal fasciculus and also the posterior com-
missure. The mesencephalic and pontine oculomotor cen-
tres are interconnected via the medial longitudi"'al
fasciculus. The nucleus prepositus hypoglossi has alsO
been shown to play a fundamental role in gaze control.
Several excellent reviews devoted to this region of the
oculomotor system have appeared (Keller, 1981;

Robinson, 1981; Henn ef 41., 1982b; Fuchs et al., 1985
Fuchs and Kaneko, 1985).

Reticular Formation
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tivity that holds the eye at the final position, but because
the tonic neurones are so widely distributed it has not been
possible to test this connection directly. To derive their eye
position signal, it appears that the tonic neurones integrate
input from the medium-lead burst cells (Yoshida ez 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 ez 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 er a/., 1988b).
Stimulation of the NPH with currents around 20 pA 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 Brodal, 1967; Carpenter et al., 1970;
Kotchabhakdi et al., 1978) and projects directly to the
ocular motor nuclei (Graybiel and Hartweig, 1974; Baker
and Berthoz, 1975; Baker et al., 1977; Graybiel, 1977).
The NPH also sends efferents to the cerebellum (Brodal,
1952; Torvik and Brodal, 1954; Alley et al., 1975). Selec-
tive ablation of the NPH in both cat (Cheron et al.,
1986a,b) and monkey (Cannon and Robinson 1987) re-
sults from a loss in the step component of the saccade, i.e.
the eye drifts back from the eccentric position following a
saccade. 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 isaround 5-10 pA, 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 pontinc centres in be-
having monkeys while they are preparing saccadic eye
movements (Sparks er 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 purst cells is electrically stimulated, the eyes are driven
honzor}tally. 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
posttion and accurately fixate the target. This has been
observed following stimulation of many but not all sites in
PPRF; what distinguishes the two types of sites has yet t0
be determined. These results indicate that information
a})ouF 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 stimulation
occasionally triggered premature saccades. The direction
and amplitude of this premature eye movement depended
not only on the site of stimulation but also on the location
of the v1§ual 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-lea
burst .cells within the PPRF from presaccadic cells in the
supertor colliculus and cortex (sec below).
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ever, hori evident from the foregoing description, ho"”
» forizontal gaze deficits are more readily and SU¢”

cessfully diagnoseq.

The information about the response pro
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Model of Saccade Generation )
perties and con-

has providcd for

nectivity of in the brainstem
y of the neurones in ccade

detailed models to account for the generation of 253 81,
(Robinson, 1975; Becker and Jurgens, 197% Keler, 1 I
van Gisbergen, 1981; Hepp and Henn, 1982; Fuchs ¢! ge.:
1‘985; Tweed and Vilis, 1985; Scudder, 1988). Itis b
lieved that the various elements in the brainstem comprise
3 local feedback circuit that is responsible for gcngl:sngi
¢ saccade. During fixation or pursuit, when S22 d by
Undesired, the medium-lead burst cells aré inhibite ut
the omnipause neurones. A saccade is initiated when ‘:S:x
rom higher centres (c.g. superior colliculus an('i/or. ;f;s th;
Sce bclow) asserts the location of the target a':'fi inhib! the
OmnianSe neurones. The release of inhibition fr(m;ls to
OMnipayse neurones allows the medium-lead DUrs: iedfi"e
lSchargc that in turn excite the motor ns:uro'n " thae until
th: €¥es in a saccade. The burst cells will dlSChirgosition
i TMOtor error signal is reduced. The current €y tes
¢Mved in another neural network that inteB

. the
opcell discharge. This eye position S‘g““.'“ggftsix:;:ely
holg eurones to provide the step which wi . igna

Lodt . - 0sitio
1S g ¢ eyeat its final position, and the€yep " ponent of
O fed back onto the burst cells as one ©

¢ rones are
inhig}?mr error. Thus, the excitatory bUYStO;‘i‘;":m %
Whep tf\(i by the signal of the current €Y€ p amic motor

Tor j fovea reaches the target al}d the y?s he excitd”

tion .+ cduced to zcro, the inhibition GNe>

Stops the motoneurones cease to be dnv e]?' pitory burst

Neurg, oVing. The decay of activity in them : use neu

Oneg ¢ ® releases their inhibition on the (})‘n}r;f rate and in
t . . e ‘echa

%0 dg;, 13t they reinstate their high disc

n saccade
W B '.n ibit the burst neurones untt

1 the next
1th - an €y

e gt ; isS stem 15
Moven, Itis clear that the output of this S pe the

. : . ut !
Positig o the input is less clear. The P be the

locag;,,.. Of the target on the retina. It ¢

t oun
the , o Of t nto acc

: C 1 king 1ntO’ he eyé:

Teg € target in space by .- on of the €
The in?)al l(’Ca.tlon of the target a.nd the [305'“e he desired
Fhange-ut Might also be consxdcred to Anothcl'

.. e error-
©Ye position, i.e. the initial MO ) je, The
i T
val‘iOUS 5

toy . .
re'hai he Circuit is the signal to trgge

e Qurces
r of thi :
Npy; of this chapter considers the

Ny
ol -
T “US Reticularis Tegment! Pon

¢
Tece, . ent
g\IRTPpef)chbc“ar nucleus reticulars tegmbasi]ill' por
Ne CCupjes . sal to the D0 e
Nl CUPIcs a large region dorst * dica
a.d‘)rszck' (Fig. 15.1), gingli unit recording® ;::otor beha~
Yoy, edig section of it is involved in visuo 9 5~The

RTp %0 et al, 198, Crandall and KU e ystelt

A th CCeives aﬁeren;s from the accessOrY r als 198%

aekafv Mucleus of the optic tract (precht ewﬂ topla¥?
e al, 1984), two?egions that ar¢ n

1S

fundamental role in generating pursuit eye movements

lesions in cats
Grasse and Cynader, chapter 5). NRTP :
gmpair optokinetic nystagmus (Kato et al., 1982). Th.JS
section will, however, consider the role of NRTP in

generating saccadic eye movements.

:ological Properties .
Xlwsr:;ﬁ grilup of units discharge following the apparaTr‘)l(‘:e
f a visual sumulus, that is the target for a saccade. The
. of response is approximately 70 ms, anq the units
. fined visual receptive fields. The visually re-

have Yvelll\(};TP cells respond to moving stimuli and are

i 11, 1983). A
; 1 rsuit (Keller and (%randa I,
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n
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the m(.)nkey d even though mﬁ:ui:ulus'llfpp discharge on
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what is observed in these cortical regions or in the superior
colliculus (reviewed below). The NRTP does not project
directly to the PPRF (Buttner-Ennever and Henn, 1976),
but there 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 targetand 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; Opticanand Robinson, 1980; Zeeet 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
notdrift. 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.,
1950; Cohen et a/., 1963). More recent investigations using
alert monkeys have localized the effects of micro-
stimulation. Different types of eye movements are elicited
by stimulation of different regions of the cerebellum. Sac-
cades 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 flocculus, nodulus
and uvula (Ron and Robinson, 1973). Low intensity (less
than 10pA) stimulation of lobule VII of the vermis
(Fig. 15.1(b)) elicits ipsilaterally directed saccades with
latencies of approximately 10ms (Fujikado 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 50, there is evidence that Purkinje cells are necessary
to me.dlate the stimulus elicited saccades; kainic acid de-
struction of Purkinje cells in a restricted region of the
qculomotor vermis eliminates saccades evoked by stimula-
tion of that region (Noda and Fujikado, 1987a).

‘ ThFre appears to be a topographic map of saccadic
direction in the vermis (Ron and Robinson, 1973; McElli-
gott an.d Keller, 1984; Noda and F ujikado, 1987b). Verti-
cally directed saccades are elicited from the medial vermis,
and the horizontal component of the saccade increases as
more !ateral areas are 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-
b.ellum 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
chapges the amplitude and the direction of the saccade.
This would seem to be due to current spread in the denseé

cerebellar neuropil. Another very interesting property of

saccades evokgd by cerebellar stimulation is that the direc-
tion and amplitude of the saccade varies with initial eye
;lagsntl?n (Ron and Robinson, 1973; McElligott and Keller,

84); this is in contrast to superior colliculus or frontal

eye fields (sec below) and indicates that the cerebellar ver-

mis encodes the position of the eye in the orbit. Stimula-
tion of the vermis durj

1 of tf : ng a saccade in flight changes the
cttgg § trajectory in a specific fashion; contralaterally direc-
te S:;ljccades are foreshortened, but ipsilaterally direct
Ccades are not affected (Keller ¢ al.,1983).

Physiological Properties
Vermis

There isabundant saccade related neu R

is (Ll - ronal activity in the
vz;;ms ((ileas and Wolfe, 1977, Kase ¢/ al., 1980; I{’lcElli—
Eursz?t ﬁeller, 1982) as well ag activity related to smooth
fibres Caf] pe.ct ab, 1979; Suzuki e al,, 1981). Mossy
to saccadic ¢ divided into three patterns of activity related
Fig. 15.3 tﬁ)’e movements (Kase et a/., 1980). As shown i
bur.st-t.or;ic iei;re lOng—le?q burst, short-lead burst an
fibres begine 1 - The activity of long-lead burst mossy
cade anc% th a prelude on average 160 ms before the sac-
short-lead bey burst about 16 ms before the saccade. The
ag0 T befurst mossy fibres begin to discharge on aver-
mossy fib ore tl_-ne saccade. The discharge of burst-tonic

Y hbres beging an average of 0.2 ms before the sac-

cade. Some short-] : A
tional preference, ead burst mossy fibres display a direc-

Purkinje cells in the vermis also
terns of modulation,

cades. Others show b

show a variety of pat-
A few pause for al] directions of sac-
ursts that begin with the onset of the
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Fig. 15.3 Neuronal activity in cerebellum associat

succades. Conzentions are as in Fig- 132

i initiated)
saccade (average of 0.6 ms before the Sacmc‘;;z purkinje
and last for the duration of the saccaCe: 4 to discharge
cells burst after saccade onset and contnve . vty
until after the saccade is completed: The :(;lms
in this latter population of units aVefagesms after saccade
end of the saccade, and the offset I8
termination. The baseline activity © gaz
and Purkinje cells varies with the angle © ribed aboves
result is consistent with the observatioh .~ ion of the
that the eye movements elicited by microst

Vermis vary with eye position.

many moss

Flocculus . cin

urkinje cells in the flocculus ls0 dlsc?zrgcon as
saccades (Noda and Suzuki, 19 a).-on exhibit
vermis, most Purkinje cells in this reg? yration of the.pausc
Activity associated with saccades; the

. ¢ saccadé,
IS correlated with the length of th r

ther es
average 10 ms before the saccade. O ~ e burst Pr eced
i 5 S cadCS, the -

hibit bursts of activity during $a° Ina minori
the saccade by an average 0 s ccadesin©
kinje cells a burst is associated W.'th sz
tion and a pause with saccades 1f tc direction ©. * e
Ome Purkinje cells are m"e.d for! /ity © mje o
and others are not. The tonic activi )i(es with eye P
this region of the cerebellum also var ' -
Noda and Suzuki, 1979b)- . [l elements m-the
Mossy fibres and non-P uckinj® Cfatc
Culus exhibit patterns of saCCf‘de're nd S > verage
AT to those seen in the vermis odischa"gc ot deand
I"O“B-Iead burst cells begih © display 2 e active
.l 3ms before saccades; these unll::st i ecomen
Irectional tuning. Short-led e directio™ saccade
ms before saccades and also ar s exhibit a

different degrees. Burst-tom

ic activity during
lated burst and gaze angle related tonic actvity .
rﬁ;:tion. Finally, tonic units are characterized only by their

maintained activity that varies with eye positon.

Connectivity L
nnections of the oculomotor cerebellar flocculus
;II‘,}:;;; etal., 1985) and vermis (Yamad.a and Noda} } 282
have been studied in monkeys. ’I:he major Sm::ice 0 as ;:-c‘
to cerebellar oculomotor Vermis and ﬂoci afll.lsl,lr s e
- wed. is a dorsomedial region of NRTP (Latle : V':
V:;‘;’f ﬁanger et al., 1985; Yamada and Noda, 19 ). Vi
: on;otor signals have other routes of access t;)al meoﬁeﬁn;‘ee
;léllar vermis too. The dorsal and dorsal-lateral p

i i nts to the vermis (Hoddg1k et
nuc}37a7l'5(])3g:i):ll dle9;g‘):.rfl‘hese pontine nuclei receive coxt';
a‘l.’ll i ;'ents fr(;m striate cortex, a number of e(:ixirhasmare—
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e ';m of frontal cortex (Kunzle and Akert, [’
o l-e‘)g718 1979; Glickstein al., 1980; Gal.lem et al.,
Brodel 71 1l an:i Van Essen, 1983; Ungerleider ¢! @ li
1o Mgunszin 1985; May and Andersen, 1986) as we
1984; Glicksteih, “02 s (Harting, 1977). Moreover,

that the dorsolateral pontine
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1984; Mustar1 ¢

+»c have shown
signals important
d Crar:iill, 1983; Suzuki and Keller,
all‘ 1988; Thier ef al., 1988). .
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peccihe e oy 1?334, Graybiel and Hartweig,
enter an
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al., 1988) the in the brainstem (Langer
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Summary
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motor error .
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Physiological Properties of Deeper Layers

Visually responsive units are also recorded in
subdivision of the primate superior colliculus (St;;;utiie;e;
Koerner, 1971; Cynader and Berman, 1972; Updyke
1974). ’Ithe visual response of these deeper colliéular nZur:
ones arrives from the visual cortex (Schiller et al., 1974)
and is derived from the broad-band, magnocelluiar ge-
nicult?striate pathway (Schiller e al., 1979). Interestingly
the visual response enhancement observed in the uppe;-
layer cells is not present in the deep division (Goldberg
and Wurtz, 1972b; Mohler and Wurtz, 1976).

Another interesting type of visually responsive unit has
been called quasi-visual (Mays and Sparks, 1979). These
units discharge following the appearance of a target within
their receptive field and maintain their activity until a sac-
cade to the target. The defining characteristic of these
cells, however, is that to be activated, they do not require
the actual appearance of the target in their receptive field.

hich this is observed is illustrated in

The task in W
Fig. 15.4(b). A monkey is presented two targets that he

must fixate sequentially, but both targets are presented
before the first saccade is made. The arrangement of the
targets is such that following the first saccade, the location
of the second target would fall in the cell’s receptive field.

de, as soon as the location of the

Following the
second target falls in the cell’s receptive field, the quasi-
visual neuroné begins to fire until the second saccade is
executed. The modulation of this population of neurones
has been argued t0 signal the initial motor error between
the desired and present €ye position; however, it is not
prcsently known where this population of neurones pro-
‘ects in order 0 interpret how this signal is utilized. Ac-
odulation has been observedalsoin

tually, this pattern of m
the basal ganglia, posterior parietal cortex and frontal cor-

tex (se€ below). ' .
In the deeper division of the superior colliculus are
found many neurones that discharge in association with

iller and Koerner, 1971;
: 1975; Mohler and
1976; Sparks, 1978; Mays and

Waurtz an
Wwurtz, 1976; Sparks ¢ al.,

Sparks, 1980; Nagata and Kase, 1983; Sparks and Porter,
583, Wai #1088). This discharge s related t©

1983; Waitzman etal., : ated
movements and not associated head orientng
(Robinson and Jarvis, 1974). The onset of
in the opulation © presacmdic units ranges from
i ible to clearly distinguish

g-lead prcsacmdic cells, the deeper
rior colliculus, the earlier the onset.
presaccadic cells resemble the supra-
- \m-lead burst cells in that they exhibit a

uclea? *0 ll;()~50 ms before the saccade. Thereisa high
et of activity of these presac-

petween the ons o
jtiation of the saccade

d the ume of in
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(Sparks, 1978) which indi
gltle]ga t;:)rojects to the snzz';e:utc}:ig:h ;’S p_Opulation e
s r;ponse rainstem saccade
movement field ;)fv[ehcst‘;3 "the is' deseribed bya part
;ih(lz saccades for whi:h tfled;:lld“ection . ams;:sg:lz}
elds of colli responds.
i p(;(;::ltcrolar hgresacmdic units arengti:rr‘ovemem
movement fields : O e il retun moment: 'bmadly
corresponds to tha:c e i 2 rtinatopic e o
superficial layers, anl:ﬁ?z:'zt: : fb :'hthe visual cerl?:?nﬂtrt
creases with ity roorea Y n
depth in the eotioaton e s and o v
i - Th saccade-rela i o
9rbit; in othe(:exsvtx)ll?cgsvi;y with the positiontzgtgfchal:ge e
in a retinal rather th, s spatil o feldsare i
The presaccadic o o
discharge in relatiom(wment T opones dﬁﬁt'em.
ocular reflex oro tolI:i e 'the fast phase of th - N N
guided saccades pIn ot g s el : ves':-lbulo_
e o o g ol
charge only in associati ith visanoor coll ¥ .Of
e on with visu i iculus di
degree of visua’l r R \_?Vhen o saccade -edark et 5
bers of this class egmnswenms s evident i some et
charge even in tl{e ther‘ e oers of the oup o di
to make a saccade OF?casmnal mrial when thgcroup ey
and more vigorousi wponers these units e
a saccade. This co ylr"hen the monkey ands{;harge kg
discharge on the o conangency of t(}::pates e
key’s motivationali’rsetj:znc'e o visual gt : 3resaccadic
centres (discussed belo:vl)S @ key clement fou:d Fhe igher
. Maf}Y other cells with. i et
iated visual res §accadlc disch
ponses (Schiller and K atge have assoc-

and Goldberg, 19722 o
. ; ’ ; Mays and men 1971, W
visual stimulus is presented, the unsifsaali‘:éhl 980). Wh:::
arge even if
o

saccade is ulti -

target for a s:g;zlyﬂ:fqulred, When the g
:}{“ChmniZed with the Svirs l;p of neurones 3}’::::“8 ' the
e saccade when the sa al stimul sa
presentation o ccade is dela .
generate a sac;tg:it::gi; When the mg:l?ere.lauve to the
without a visual tar o the cell’s receptive/ YIS required to
sent, but the saccadget{) then_ the first sens(r)no"’ement field
two bursts, one visuel UISL IS expressed 'Il‘-}{ burst is af
ser;/ed in parietal an:j Z_ ?):;’l‘other presa;:md;z Pattern of

t may seem R cortex (se 1S also o

colliCUIuys parﬁf;l t;fv‘_dent that the v(isuZIbrelow). b-
saccade. This hag be in the selection of €Sponses in the
een tested experimen the target for a

u bur;
S and another WitS}:

ing monkeys with i
a choice of targets, Int:::yhby Present-
Ch an ey .
.+ an exper;-
green) Sumuli that gre
» ONe of which g

0!
S€ to one another

ment, subjects are prese
« e * :
distinguished by collc)mr (rrlézdarzgm o

defined as the target. If the stimulj |; |
iec

and the subj

tend to be ci;:::crtgzk:s Shor.t lat_ency saccades, the saccades
only if the saccade is.odal point in between the two stimul;
target (Ottes et a/ lggflay‘?d is it correctly directed to the
superior colliculug of 5).Single units were recorde in the
et 1987 Simns oy monkeys performing this task (OeS
cular neurones ar ,as mentioned, visually responsive colli-
determine how the not colour selective, it is of interest to
cade target requirzy behave when the selection of the 3¢
reveal that the visj ? colour discrimination. The results
suomovement cells ; component of the respons¢ of vi-
regardless of whet}:s the same latency and magnitu €
receptivemeren e T the stimulus fating in the
Furthermore th:m fleld is the target or the nontarget:
Sa.cmde-relatéd c re is no substantial difference in ™'
with saccades to omponent of the response associated
distinguished b a single target versus saccades t0 a target
least in this tasky colour. These results indicate thats at
discrimination a S; perior colliculus cells do not reflect this

nd that higher cortical centres provide

signal that speci
specifies the target of the saccade.

Connectivi
ectivity of Deeper Layers

The in
put t
0 and output of the deep subdivision of the

superior coll;
colliculuys j
lus is so complicated that it is d! cult ©

fUIly rati .
onal .. .
ize the origin and impact of the differe”" sig”

nals describ,
In primates er(;;:’rhe .deep layers of the superior colliculv®
including p,-imewe input from a variety of cortical 4
Posterior parie':‘arly visual cortex, extrastriate visual are®
mentary and f; cortex, temporal cortex, the $
(Kuypers ang Lrontal eye fields and pref:rontal corte*
l’ Kunzle awrence, 196‘7’ Garey et al 1968, Sﬂ'uc’
and Akert, 1974; Kunzle-, et als | 76?

GOldman

and

-}gﬂes and Wis:lalll;a , 1976; Benevento and D3V’
79; Leic » 1977; Hartmann-von Monako¥ 3 Yir;,

: Komarey .t 1981; Frics, 1984 Weber and 120
nd Suzuki, 1985; Lynch ¢t 4 1985
’ ¢ ﬂ['

t

uerta eta 1. l
1988b). Sube 986; Huerta and Kaas, 1988; Stant®" ; he’

u .

S . ort[c

uperior colliculy, al afferents to the deep divisio” = i
Primates, Brief) s have been studied more in ¢3! an 1"
recei .
culr afferents ’fthe deep layers of the superior collicul®?
l'ur:: Nucleyg andr(:}r:] the diencephalon, notably the reﬂ,

. Various mid, e pregeniculate nucleus; the P’ ‘ r
m dsubstantia (1 orain structures including in P27 C"lad
n edullar nycle; Bra pars reticularis, various pontin® an,-
uclei and fipg| including the NRTP; certain cer bell*
Harg the cervical spinal ,cord (re:vieWed by
cul ¢ efferents r}g, 1984a,b). li
to tuhs are just as \(\)u;h e deep division of the superiof coi'el
lat, € Ventroante ldespread. Ascending proiections trad !
le'eml’ Pulvinar ll'lor, ventrolateral, mediodors®> Cenﬂ:—
til( arting ¢ 4/ ?eral dorsal and reticular th? amic 0

Ng et af - 1973; Benevento and Fallo™ °* 4 ;-:[:hc

i

1980
). The descending projections en
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ipsil ..

rgti‘c‘::l‘:fralf substantia nigra pars reticulata, mesencephalic
the cont ormation, pons, medulla and spinal cord and in
spinal co:?]li;?]ml _pons, including PPRF, medulla and
Harting, 1977)z?rtmg et al., 1973; Frankfurter et al., 1976;

Effects of Lesions

Give

n i 1 . . .

superi all t}."S visual and oculomotor activity in the

that t}(:r colliculus, it may not be an overstatement 0 3y
¢ effects on saccade generation of ablating the

superi .
perior colliculus are hardly devastating (Ferrier and
1966; but

T

seue: 1901; Bender al,, 1957, Pasik et al

feaso,,egny -Brown, 1962). Monkeys ca% still execute

quen |a ly accurate saccades, but they do so less fre-
tly and with an increase in latency and a transient

reducti
uction of velocity; they also exhibit ipsilateral gaze de-
66; Wurtz an

viar:

(;Ztl’:;g (Rosvold et al., 1958; Pasik et a L, :
Butte erg, 1972b; Mohler and Wartz, 1977 Kurtz and
1982)“51'98-0; Albano and Wurtz, 1982; .
obsery imilar though perhaps more severe deficits ar¢
surr, ved following lesions involving the pretecty
ounding thalamic areas (Albano and Wurtz, 1982a;

K .
eating e al., 1986). Collicular ablation also C3USES con-
Brown, 1962 SPr&”

tralatera] neglect s
yndromes (Denny-
gu:at?nd Meikle, 1965; Anderson and SymmeS, 1969;
1980;ng' 1974; Milner et al., 1978; Kurtz and Buttlti_r,
cu'Us‘dand monkeys with ablations of the superior colli-
(Bend o suffer impairments in performing Vi*
colligy . d Butter, 1987, This indicates Bt P e
it als: i? plays a role in generating saccadic shifts © gaze,
im ) L
portant for shifts of e'xttenno ated olowing

abgtli’(‘: fact that saccades can still b€
other n of the superior colliculus indicat e e
visuauarea_ of the brain is responsible ™ s
whil y guided saccades and that the § rior t(;:) execu:
tion ¢ t<-2<:rtainly important, is not necessary for ie o
One t° saccades. More recent WOrs ugh, I
res Ype of saccade that the superior colhcn:ﬂus i i
culﬁons'ble for (Schiller et al., 1987); ablatio” 0 he e
sho,s Permanently prevents expresS $3¢ es, wl o
(Fi t latency (70 ms) saccades t0 Pr able visual G800
issc‘l:,her and Boch, 1983; Boch et @b 1 4;' 11340: it
¢ al e{:;;z 86; Fischer and Ramspergen 1986; May
Y )' | ' ’
er::‘S will be reviewed below, electrical st}qlulanondcgg ?;e
Mo Nt areas of the cerebral cOrteX also elicits sa de
Jovements. It is possible t0 dissect th functiona! ¢ 7y
" Jus an e cortt
d ascer-

tiongh; .
Onships between the superior collict

Visuom '

tainin otor areas by ablating t' ‘. ovo move-

g whether cortical stimulatio? e mbined ablatio!
S. ThlS

men
of thtesso r by determining the € ects * cortical 8
Uperi . i t
perior colliculus and differen umber of years and

I‘eSea
rch strategy has been us¢

as techniques improve, the results are refined. The results
of the original studies (reviewed by Pasik and Pasik, 1964)
indicated that ablation of the superior colliculus dc;es not
eliminate saccades elicited by surface electrical stimulation
of the occipital or frontal cortex. However, more recently
it has been shown that collicular ablation does indeed
cause 2 loss of saccades evoked by the more cultivated
intracortical microstimulation of occipital (striate and pre-
striate) and parietal cortex but not of the frontal eye fields

(Schiller, 1977; Keating ef al., 1983). Stll more recent
versions of the collicular ablation experiment demonstrate
that when the lesion is restricted to the superior colliculus
and spares corticofugal fibres passing to the brainstem,
stimulation of occipital and parietal cortex can still elicit
saccades (Keating and Gooley, 1988). This result indicates
that occipital and parietal cortex communicate with the
saccade generator cither directly or via frontal cortex as
well as via the superior colliculus. These results are taken

llel pathways mediate visually

guided eye movements, one depending on the frontal eye
on the superior colliculus (reviewed by

fieldsand the other

Schiller, 1985).
field pathway depends on input via the

The frontal eye
Mohler and Wurtz, 1977). What appeared

e evidence that the superior colliculus and
eas necessary to generate
saccadic eye movements was ved from the results of
fields and the superior colli-

culus together 1.,1979). Cor_nbined ab_lation of
these areas eliminated essentially all visually guided eye
jew may require refinement, however,

shows that at least
e cerebral cortex (reviewed below),

ral area and the supplementary €ye
ting saccades and have

saccade generator.

Effects of Reversible Inactivation
of inactivation provide even

. icated means
More.sophlS:tion about how the superior @Mculus func-
tions to € te saccades- lized injections of the
GABA agonist muscimol, prfavent saccades Into ‘the
movement eldof the injection sxte..By contrast, injections
ABA antagonist, bicuculline, resplt in r?pmtc'd
movement eld of the injection SIt€ (Hi-
Schiller ¢ al., 1987). These

€
a:

kost @ ar:)w th::t;;e zsazazzcadic neurones of the superior
liculus are un r the influence .of GABAergic inhibi-
lC rce of which will be discussed below.
inactivation experiments have

. . . cormation about 2 fundamen-
rovide lmcgfr::imthl: role of the superior colliculus in
As reviewed above, the presaccadic

e
e generatlon.
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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 ez 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 ficld 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 pA,
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 the cells recorded through the 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 nuclei results in larger eye movements, prolonged
stimulation of the superior colliculus results in 3 series of

saccades all of the same amplitude and direction Schill

and Stryker, 1972). (Schiller
To return to the question at hand, the evidence for

vector summation of collicular output is provided by

uperior collj-
asaccade that

simultaneous stimulation of two sites in the s
culus. Such combined stimulation results in

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
colli<.:ulus provides input to the saccade generator for a
specific .saccade, then the next question is what activates
the.coll‘lcular cells? How is the visually evoked activity
registering the target transmitted to the movement cells.
Thesg questions have received considerable experimental
attention. Since the retinotopic map of the upper layers
matches the movement fields of the deeper layers, it was
thqught thz?t the superior colliculus encodes saccaécs ina
retmoccnt.rlc coordinate system (Pitts and McCulloch,
1?47; Schiller and Koerner, 197] ). In other words. when a
visual target appears, cells in the upper layers r’cspond-
This activation, it was imagined, is transmitted to the deep
layers that trigger a saccade of the appropriate direction
and amphruc}e to foveate the stimulus,
evigz:mn:zr(;::tzst}:hls- conception is, a number of lines (?f
ments baym g :Lt itis untenable.. Physiological expert-
lower layers of :vh:t at nfturona! activity in the upper and'
that is, visua] neurosr:J it liculus can be dlss.oc;:lte é
without triggering a saes ":jthe upper layers can dlsil agn
generated by activit Fouiepand conversely, e tehere
having been activi . yI-|m the decper layers wnthOlg rks
1980). If the senso?, nd _pper layers (Mays and z?sso',
ciated, then fo why and motor representations are d!
Psychophysical & purpose? he
position olf)' t{lSelC: :)_(penments‘ hfave also s hown thart]tt in
generating g gy yd|rl the orbit » taken. nto aqco; iefly
Presented whj|, ao Whﬁn a visual stimulus 15 r:i y
2 subsequent caer-20¢ I in flight, it can be foveate® |
hus, an eye Zaggade (Hallet and Lightstone, 'lh the
retinal error sign:;ttlm;«mgnal must be combined vt”tothe"
WOrds, the Jocrr 0 Girect saccades accurately; or in 0" e
ent o ocation of the target on the retina is not !

cient, lqsteaq the change in eye position must be signalled:
z :‘é’lfllglcal evidence for such a combination has bezn
the Sl.lpex." amonkey’s eyes are diverted by stimulatio” a5
reviewed Kl))r colliculus (Sparks and Mays, 1983) 0\',t >
initiation a:,fove? the PPRF (Sparks e af., 1987) prior th ble
to compensaiev?;altlg' guided saccade, the monkey 15°"

. (:‘Jd"
directly to the locatig -
Neurones in the supe
pensatory saccade ¢

obser

¢ perturbation and make 2 53¢
n of the visual target. Furthermo'™
he com™
a ‘I]Su.‘l

rior colliculus discharge for t
at was not directly elicited by
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stimulus (Sparks and Porter, 1983). These result§ may b‘}
interpreted to indicate that the output of thedeep division©
the colliculus to the saccade generator is a motor error
signal,

X Other cvidence that suppor p
the fact that certain units in the deeper su .
superior colliculus respond to somatosensory a“d.i‘;ﬁ't(:g
stimuli (sec Stein and Meredith, Chapter 4). Typ: lze in
maps of these different sensory systems appear © and
register in the colliculus. The integration of ?udl;(;;iyculus
}’isual input in the deeper layers Othe sup en(:ir i]ay and
In generating saccades has been mvcsﬂgated not exhi-
Sparks, 1987a,b). First, visuomovement cells do O adeis
bit their first burst when an auditory target forasa

ted with the

Presented; however, the second b;:rst aSS:(t?;me there are
saccy, '1 H . At the sam i 1

de does typically occur hich do not show either

Other visuomovement neurones W saccades @
the sensory- or the saccade-related burst f()\;.Vhat is more
auditory targets; they are modality specific nsideration)
(and this is the point for the question un.der C(:|s shift with
the receptive fields of auditory responsive c':layﬂrs of the
€ye position; the auditory map in th.e deCP_th the retinal
Superior colliculus is not in strict rcglstel"j-‘ v‘:ction of gaze-
Visual map but changes according © the 1 ual and audi-

his combination of results indicates that Vl;t coordinate
tory signals, which are encoded in dlﬁ?fe [licular neur-
SYstems, are combined in some but 1ot c:utput.
ONes to be expressed in a common n}owl;,tor rather than
over, the sensory maps appear t0 be in M
in ;EnS(l)lry coordinates. rated that the discmrﬁ:i (‘:{

Ing| 1 ons su

Some bun)"s’tlr:ehl:llsS i?ue::e?ﬁzrmediate layers an © anI:i de-
co liculys peaks immediately before t}.]e Saan
Clins while the saccade is in flight (Wanzf:“s in the super”
These results indicate that at least SO & C o ror but
1 collicylyg signal not only the initd

Yhamic motor error signal.

ts this view 1S derived from
bdivision of the

Summary nthe supe"ioli

Ita neurones yisua
Ppears ome of the e. The

coll; that at least s Fasaccade: "o be

culus encode the motor error O ° * 1d s ve
Mput from the retina and visual_ cortexAs rcviewed ab%ell
€ source of the retinal error S'g“a.l' ed from the Cererro,-
1 € eye position signal might be demlliver otor ceur-
- The superior colliculus c" d‘; ng-lea burst n, al.
Signa) by its direct projectioﬂ onto 10 or utme}'tj ;
NCS in the supranuclear saccad¢ gene’ sides l'o"'ldmgn
1.9 s Raybourne and Keller, 1977). B:cca e, it has hese a
Sgng that specifies where t0 difcct.a_ i us als ro“'ld'; e
YPothetized that the superior €Ol 7 enerator: es in
"I8ger signal to the brainstem sacct quse neuro”

Perior colliculus projects to the

the brainstem, and, as described, omnipause peurone(s::re
inhibited by stimulation of the superior coll.lculusl.li u]?.;
ceivably, it is via this pathway tl}at the §up<|3nor_ co i‘r:; lus
can initiate a saccade. However, if the visual activity

upper layers does not necessarily trigger the activity of the

it
motor cells in the decper layers, what structure does ini
ate their activity?

Basal Ganglia
Basa' L8775

Overview |
In the foregoing sections we have con§1dered hg;z ;};
i forms the task of generaung sacca c
b peThe next question to consider is what struc
move:‘rznrt:;ponsible for actually initiating the eye move-
tures

is deci though we

t is decided upon, for even

ment onCe.fa :;ﬁ:[}:ing to look at, we do not a!ways lﬁ:.

may 1.clentl ;k es the review into the basal ganglia, a co! e

g res long known to be important for 11379'

tion of structu (reviewed by Graybiel and Ragsdale,l o

Tong nd Gersoposes, 1981 SCLCEC fonchioally
ong umber o

De tly thought that a ::e e O angl. The

ized along theic lines:

iect to partially over apping

o n. The striatum projects

or putame ..
regions of the caudar® ang/or the substantia nigra that In

; de the
mic nuclei that provide
ject 10 specifc d'lah:ar cortical area. The mani-

i ¢ with respect to €y€
tel.(ta’(S)llows: The body and
ts from a large expantsse
i r interests,
nly frontal and speclﬁmll)i for ou interest

fcorter, 7 d ry eye fields; this regt t
: udal-dorsomedlal section
. allidus and the

ent

' > ia nigra pars reticulata.

e inee ubstantia nigra -

e on of 1 s'ons project t0 the magnocell:ll:_
glanterior nucleus and the P

e .
. ar subdivisions 0
ortion © icellular and densocellulu

i 1.
: ce lamus (Ilinsky ef 4%
Jaminar 'paf sal nucleus © the th;:lamic nuclei provide

f cortical area

ents .
movem! ¢ caudate receives a

the
in turn projects toof the globus P

mediodO™™ e cycle, these e fields. The

1985)- cOmpl‘F“l;gml and S“Pplcmenwgs?;ferems to the

oput 0 the-g::pars reticulata also 56“1977. Beckstead et
tia N1 an et al. ) .

Sll‘p 1981), and &S ation. The S“bm""a(r;"grzﬁal 1977).
le in S4° it nput from the P?RF( hm{vell known
ulataitse IVC-;; | ganglia, besides ot :nent deficts

e : eye MOVE
isease -ons, ult in €ye 1 degen-
l?(l:zﬂ m fcsmno:s ton’s disease, whld'l ca:isre:d ingitia-

(l:‘!m exa m:jnte nucleus, results in 1MP
or . a
ratiOﬂ 1
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tion of saccades and reduced i
tlon of sa : saccade veloci :
pvaninit a, 1975 Legha al. 1983 Lastlgeisezaarlr.’ 1987
. » P _ sease, which cau ’ :
Zlaocr::a (ét; ::te nigrostriatal projection, resultss?: ?flirenem_
e Selncy, reduced saccade velocity and hypox:‘sq :
Bt Ztt ;/t[ al.,.1966; Chaco, 1971; Corin et af. l?)mc
Dejong : (1)171- o e}vnll _].ones, 1971; Melvill Jon;:’s >
Te,-avai;,en ,d hé:asakl et al., 1979; Shimizu et al l‘;md
Teravainen Ine, 1980; White e al., 1983). Si i
) I;l etll"ed by MPTP-treated monkeys (].3 iilar
pa;-kinson" urthermore, administration of L—D(r)ol;)ks .
pel-fommns patients or MPTP patients impro . i
ce (Highstein ez al., 1969; Hotson ::Iml:(‘)zSdlc
s ., 1986).

Substantia Nigra

ihysiologfi.ml Properties
variety 0 neuronal responses ha
A . - ve been i
perf;ar:;g;gn;grjap?rs rencqlata (Fig. 15.1(1?;;:(:)?: in the
performing panenety of visually guided eye mo‘?nkCYS
e e l.';'lls of moc!ulation observed in thement
e e 8 illustrated in Fig. 15.5. Most of the e
sl Sueurones han: a high resting disch oo
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( T[ disappears foll, €Y's gaze is on the fixation spot (¥ )
Iar);, (4) While the m':;l: IatFr by the presentation of @ target
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:lltaetntch,e rfnonkey is fixating. This occurs with an average
ﬁxatio)no 131 ms. If another stimulus is present when the
Sponse spot disappears, this fixation contingent qﬂ” re-
served 3 a"F“Uated. This pattern of modulation is ob-
respo In units that display other sensory or oculf)motor
evide:-:ses' Since these two pattermns of modul':mon are
or wht only when a light that is being fixated disappears
reaso cg a light appears that will be ﬁxf;ted, it seems
chan na le to suppose that they provide 3 signal related to
Wghlng fixation, i.e. initiating saccades.
briefl en the monkey is required 1 make a saccade 102
y flashed target that has disappeared, three types ©

?}1-:;;1 ory-contingent responses are observed (Fig. 15.6(d))
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(Schneider et al., 1985). Neurones in the substantia nigra
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tivated by microstimulation of the superior colliculus (Hi-
kosaka and Wurtz, 1983d). The stimulation is most
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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 stmulus is the target for a saccade; in
contrast, other visual neurones show the spatally 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 75-300 ms 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
1pteresting 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 in
a saccade. As alluded to, the substantia nigra pars reti-
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 ¢ al., 1983). A reasonable
scenario for saccade generation to this point, then, goes
like this: in preparing to execute a saccade, caudate units
!)ecome 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 origin
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 (Kunzle and Akert, 1977; Yeterian and Van
Hoesen, 1978; Jurgens, 1984; Selemon and Goldman-
Rakic, 1985; Arikuni and Kubota, 1986; Stanton et a/.,
1988a). Parenthetically, these cortical areas also project t0
the putamen, so it will be instructive to learn whether
visuomotor neuronal activity is present there too. The
caudate also receives substantial input from the intralami-
nar thalamic nuclei (Parent et 2/., 1983a) that also contain
visuomotor neurones (see below). The responses of these
caudate nucleus neurones resemble in most respects those
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of the cortical and thalamic neurones that probably p:)-
vide their input. The long visual response l_atc:ndcyriv
served in the caudate is consistent with 1t bel“gl cf)rtiml
from the long latency visual responses of frontal ilar to
neurones. Also the saccade-related responses are stm the
those observed in these cortical areas. Before revl,i:il:i':g the
work in the cortex, however, it is necessary t0 c‘(y)isuomotor
thalamic nuclei that provide afferents to the

cortex.
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Hayhow, 1972; Hollander, 1974; Benevent
1975, 1976; Ogren and Hendrickson, 1976 01;;? 11{;72;::7
TrO)'anowskl and Jacobson, 1976, 1977, B:eneve’nto ci
Davis, 1977; Graham et al., 1979; Lin and Kaas 1;;9
1980; Rezak and Benevento, 1979; Lund e al. , 1981:
GTaham, 1982; Maunsell and Van Essen, 1983; iJ :
leld.er et al., 1983). It is not presently clt;ar wh::th ng:}:.
collicular and cortical afferents are strictly s ated,
The l:'nteral nucleus of the pulvinar receives inpuigfregated.
superior colliculus and pretectum (Benevento o
1975; Trojanowski a{ld Fallon,
j and Jacobson, 1975; Harting et 4/
1980; Ber?ever}to and Standage, 1983) and is iEt o
nect'ed p‘nmanly with extrastriate visual areas i ;trcc_)n-
the inferior parietal lobule (Chow, 1950; Ca O
s ; Campos-Ort
and Hayhoyv, 1972; Hollander, 1974; Benevent =
llleza.k, 19?3, 1976; Trojanowski and Jacobson Olg;d
976; Curcio and Harting, 1978; Ogren and Fonricke ="
1976, 1977, 1979; Benevento and Davis, 1977: G r}'fkson’
;i,l(?(;aham,lwiig; Maunsell and Van Essen, 1983, Us..
rleider et al. ; i ’ > -
). » 1983; Weber and Yin, 1984; Asanuma et
While the inferior and lateral i i
ma|te‘ with the visual pathways, df::url:::r:;;lnr:l:l‘li: o
pulvinar forms different associations. It recej Softhe
input from the superior colliculus (mainly the dCIVts Vght
and pretectum (Benevento and Fallon 1975: Tee'p layers)
:;nd Jacobson, 1975; Partlow et al,, 1977: Han o M
1980; Benevento and Standage, 1983 The medi o
eus is m_tercom}ected with the superior te medial nuc-
the lnfenQr pfmetal lobule, cingulate cort, mPOra].gyms’
cortex (Siqueira 1965, 1971; Campos.()nex and insular
how, 1972; Burton and Jones, 1976; Bale (;:ga and Hay-
guiere, 1977, 1980, 1985, 1987; Diver o -n0 Mau-
Mesulam ez al., 1977; Stanton ez 4] 1977-a o, 197,
Jacobson, 1978; Pearson et al., 1978; De v 2300n and
son and Mesulam, .1984; Weber an«i Yin ;t(;)é 1-978; Muf-
et lal_., 19}?5; Yeterian and Pandya, 1955) %hf‘\sanuma
5:5 v;l::m]as also bt;en re;?orted to be interc(')n : medpl
he fi cortex including the prearcya neCte(.l With
vicinity of the frontal eye fields as we]| - BYIUS in the
mentary eye fields (Bos and Beneve as the supple-
;a:_m\?'skl and Jacobson, 1974, 1976; Kuntol, 1975, Tro-
Eu;v}xlt and Kuypers, 1977; Barbas ’and H;IC ¢ al., 1976
1 ;é; neItz, 1982; Huerta et al., 1986: Sesulam‘ 1981;
a). It has been argued, to the contra anton e g,
ports:d frpntal cor‘tlcal interconnection 1Y, that the pur-
pulvinar is more rightly assigned Mith the megiy
central lateral nucleus that is i 02 diffuse part
vinar U at 1S inserted into h of tl.le
pu e ones, 1985). Whether thjs mak the medjq)
tional difference has yet to be worked oma €S any func.

Effects of Lesions
The effects of lesions of the pulvinar b
ave

flicing results. In some cases ablation of t):’li]elded con-
¢ plllVinar

;tlesullt; 712 nlg'behavioural deficits ( Chow, 1954; Cooper ¢/
L;iby et ol 11]:]9;3- et al., 1974; Ungerleider et al., 1977
me: lesiors of Bender and Butter, 1987). At the same
result . viss (l) the pulvinar have also been shown to
ments withua nleglect, a reduced number of eye move-
search and arll)r'o onged fixations, impairment in visual
ations (Chalu impairment in learning visual discrimin-
1977, 197: g‘_‘h‘;’ al., 1976; Ungerleider and Christensen,
19845 But th ihl and von Cramon, 1979; Ogren ¢t al-

- But these effects may be due to inadvertently dam-

aging fibres i . :
Leiby ef . I%agj;ng to the superior colliculus (Nagel-
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Vinarp::::cz?lsu(s)g:u(; onal modulation recorded in the pul-
connections moSte o .Flg- ]5_-6. Consistent with their
visions are ,visuall cells in “}C inferior and lateral subdi-
less prominent ingl responsive; visual responsiveness 1S
absent in the ant, c med'alﬁsl'lb.division and is essentially
1979; Bender 198?-11(; subdivision (Gattass ef al 197%
et al., 1985)’ In i, cnevento and Miller, 1981; Petersen
latency of the vis tle inferior and lateral segments th°
in the media] u;la- response is approximately 65 ms, but
onger and m;:- vinar the response latency is somewhat
from the to ¢ Va!'lab]C, averaging 84 ms. As expect.e
colliculug ar?c‘l’gvi’asph;c afferents from the retina, sypenor
ateral divisiong }:la cortex, the cells in the inferior 2°
calized ang rey; ave receptive fields that arc we
medial division notopically organized. In contrast
cells have larger IS not topographically organized and ! n
are broadly mnri;:ept"’e fields. Neurones in each _l'cglo
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wheﬂ 2

€ units j
i . n aj]
visu, t
al stimy] €,

Ce]ls in the

hree regi d moré

us ; gions respond M

medliS 1thef target for a saccade. Further™’
al division show enhanced respor® out

"iSual sti .
.. Sumuli ¢h

shi at th wi

o ftlng gaze. The cglle monkey must attend 1O ; fof
muli thay s that show enhanced TCSEOTafcd in

. are
relation ¢ the targets for a saccade are not mody e 8
Motor signg) USaFcaqe itself, so they do not pro! At
that are enh;nc:(;tsfm the inferior and lateral 5 S;Ow
i .
a saccade is executed do ™ anC‘d

vity: .
t; that is, the cell’s response is "

to

I _J
E

Visual neuron
et
T

Excitatory post-saccadic neuron

—

Inhibitory post-saccadic neuron
Biphasic neuron |

100 ms

Fig. 15.6 Neuronal activity in the pulvinar associated with

saccades. Conventions are as in Fig 15.2.

ve field. In contrast,

for stimuli even outside of its recepti r
re spatlally

enhanced cells in the medial pulvinar 2
selective. -
Approximately half of the cells in the mf.'ermr a.nd
medial divisions of the pulvinar are modulated in relation
to saccades (Perryman et al., 1980; Robinson et al., 1986)%
Three major patterns of discharge ar¢ observe d. Mos’ ©
these units discharge after the saccade is initiated with 2
delay of on average 72ms. Other cells are suppressed on
average 58 ms after the saccade. The third grouP of‘l;:“f‘
ones display a pause in activity that begins around Lns
before the saccade followed by 2 burst after.the s_acca:1 le.
Some of these units (predominantly the bip hasic lsl—'
charge in association with saccades madf: to visual S'tIl‘r:;;
as well as to spontaneous saccades maden the dark. 1] .
are most common in the inferior and medial divistons.

i jation W1
Another population of cells d in assocta

ion of the
both thea ce of the target and the concluston
il of the ar to have large move-

saccade. All of these neuron€s appe " the
ment fields and are not influenced by the po?lttll?: N
eye in the orbit. Such units apparently signa

rence of a saccade. ) | modulation
. The patterns of connecttv indicate that
in the different subdivisions f’f the pv. ferior and lateral
they subserve different functions. The in :renc
pulvinar nuclei seem t0 signal .[he occ? | areas respon-
stimuli and of saccades. The various cgmc"‘
sible for visual processing ought (0 rocessing can be
execution of a saccade so that t'}(;‘:leryf:pmovc:mcn
ha i ile the rapt

Ited or modified wh our, 1962; Volkmann, 2,

ischarges

Y

grading the retinal image (Lat urtz,
1968; I%’lacKay, 1970; Matin, 1974 Car‘npbcll and w :
1978; Volkman et 4. 1
sented that neurones in
Suppression associated W1
we have mentioned the
pregeniculate nucleus.

One issu¢

interpretation, however, is the observation that the sac-
cadic suppression begins around 80-100ms before the
saccade, peaks during the movement and persists for
50-150 ms after the saccade. This observation would re-
quire that presaccadic units must play a role in modulat-

ing visual processing.

Effects of Pharmacological Manipulation

The medial division appears to be involved in selective
visual attention. Experimental support for this has been
obtained by injecting a GABA agonist or antagonist into
the medial pulvinar of monkeys performing a task requir-
ing shifts of visual attention (Petersen et al., 1987). Mon-
keys were trained to respond to the appearance of a visual
stimulus that appeared on either the left or right. The
location of the target could be cued by a prior stimulus.
This task has been designed to investigate spatial shifts of
visual attention in humans (for example, Posner, 1980). If
the target appears at the cued location, the reaction time is
faster than if the target appears elsewhere. This differ-
ence, it is argued, reflects the shift of an attentional pro-

cess anticipating the appearance of the target at the cued
location. Increasing GABAergic inhibition in the medial
pulvinar with the agonist, muscimol, increases the reac-
tion times which suggests 2 sl
of the shift of attention. In contrast, decreasing GABAer-

ic inhibition with the antagonist, bicuculline, facilitates
the shift of attention in this task as reflected ina reduction

in reaction times.

owing or other impairment

Intralaminar Nuclei
ry lamina containing the intralami-
ly between the mediodorsal and the
the central thalamus (Fig. 15.1).

it consists of the central medial, pargcentral and
cRezst;";“)l’;teral nuclei. Caudally it is c(_)mpnsed of dllf
centre median and parafascicular nuclei. Early thought
held that this regi e thalamus subserved a non-
; his was based on the wide-
that was obtained by

ulation in the intralaminar nuclei (Jasper,

The internal medulla
nar nuclei lies primart
ventrolateral nuclet n

spread cortica
electrical sum

1960).

Effects of Lesions and Electrical Stimulation

More recently evidence has accumulated for the partici-
ation of the rostral intralaminar nuclei 1n \_us_uomotor

b ns in the vicinity of the

viour. In the first place, lesio .
:Letl::laminar nu ntralateral visual neglect

; ;Iman, 1979). Fur-
tson et al., 1978; Watson and Hei ,

gnclit::)re. microstimulation elicits saccades in cat (Schlag
and Schlag-Rey, 1971; Maldonado ¢/ al., 1980) and mon-

clei result in a €O
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key (Schlag-
minigng nllagu ﬁz}’ and Schlag, 1984). In the
saccade is arOunrzit ;g]u:red is 30 A and the lamonkey the
in the intralaminar m?;lséisﬁn'mmio“ of dOrsc:l?tlecga]Of.the
a point i . elicit saccad sites
in the orbit, while stimulan?:nth::::_g"erge on
medially

evoked saccades th
at .

Rey et al., 1987) donot vary with eye position (Schl
ag-

gil:ly?imogica] Properties
¢ uni o
mor%keyl;mtrx;:]r dings in this region of ale
(Fig. 15.7). Some ua‘ variety of reSponSen’ behavi_ng
latency of 80—120 nits dlSp]ay a Visllal res Pl‘ope.rues
These cells have ]ms (Schlag and Schla ljﬁnse with a
fovea and emphasize the sommapts oS thet include
Cl’ltly’ the visual € Contmlate,-a] hemifi ude the
The activi responses do not *mifield. Appar-
ty of some of ) not vary with eye posit
the stimulus is th of the visual cells is Yye position,
. enhanch
the vis ¢ tflrget ofa saccad when
gency tl:,a ;l ;:ftréozs-ve cells expressez tf;izubporzlulation of
. r egree. be N saccade conti
n} , O€IN ntin-
s 18:11112: wz:a ;he target for a 55:;%";6 only when the vj sur;]
intralaminar units dj .
suppressio ..  display a sustai .
stimulus. '!I]'h(::f lacnvxty while the mon;:gam;d elevation or
pearance of th:t::Cy of the response le lo)::ites a visual
100 ms. The origin ;;t'et}tl.to be fixated is a ng the ap-
ever. This is revealed 'fl:h activity is not Onlypgimxllm;tely
and back to 1l the monkey sa Sual, how-
Charging b e f:)}: t;lrget) n WhICh case su(i\(:(:les. away fl‘Om
soon as the target i e saccade and reinstate th nits stop dis-
of modulation% is refixated with no latenc CIr activity as
units also recei uring saccades indicates th y. This pattern
1ve an extraretinal signal -;ltlt}}:ese fixation
- Such activity is

U\‘\
T
£ e

L —

—HH—————

P .
resaccadic movement neuron

Visual neuron

Pause-rebound neuron

A

Fixation neuron

(EANARANNENN|
)
e HH

Eye position neuron

|
e N
100 ms

AR euro o,

with saccades. T:: }aa:'vuy in the central thall

Sixates. The fixation -’dtm,,bspm appears mhich‘j;,”"‘ assoctated

appears and a sa:cadivp'_’;’ disappears when a Perip;; mo;z/eeyx
executed. eral target

evident eve;
The activit;,l O“f,ltll::szhe monkey pursues a moving stimul
gaze angle. The spe ufril its does nor vary systematicall . u;a
ﬁxa.tion indicates lzhCl ¢ relation of these cells to they ot f
maintenance of fixa at they provide a signal related act l:)
whether such a si UO{]; although, it is not pr to the
Another popullgalt]ial 1S a command or a co[r)rghsetntly clear
ones exhibits activi on of the intralaminar thal <
Schlag, 1984). So 1ty related to saccades (Schl am}f e
cades, firing on a:le of these cells discharge ‘*‘ﬁ- ey and
even more than 403rag° approximately 100_p1 Slgr o sac(;
presaccadic unit dj }T s before self-initiated sa :in s.an
the target for vis S‘; arge occurred after the ccades; T
burst cells tend tUa d]y guided saccades Thippearance 9f
tha.t are concenu.:t dlsP lay well deﬁneci mov presacga ?lc
actvity of some pr. €d n t.he contralateral he::'r;ierll; ';‘ds
to ,gga? ;ﬂgle. presaccadic movement neuronels ; rélatgj
1 different po .
exhibit 2 p .pulat_lon of cells in the i . )
burst aﬁe‘:i‘l—iies:l activity during s:?;?e? larllr;unar nUdf;
gz:sel and reboun:l:a rﬂzdfll:ge is variation in theac;:gl?r(:::)f'
-In on R
before trlr':: n:’agfthesC units the::)Car:sS: ;ius in this populs
25300 me gp2de, while the burst gan up to 100 ms
lation exhibit" l;le saccade. A few membG:rn ?etiln from
saccadically. The oth the pause and r :bo :18 popu-
are less well defin 'T(;OVemem fields of pause oll)m POS]:-
ment neurones T?h than are those for pr -re Oynd cells
cells does not \;a € modulation of mgstesaccadlc o
bursts of 3 few gl_m light or darkness bllj): u;e—reboung
monkey makes sa its are gradually 3tt::nu tde reboun
sized that these y ccades in the dark. It ha ite when the
synchronize theirnlts ProYide a signal to vi:u t;en hypothe-
movements (Sch lzf"()(!essmg with the ongoina neur?;}es t«z
may play a signifinnr - 28-Rey,1983) ngsaccadiesy
cortical response ant role in the develo nd in 0 €0 mgl
Ra;lsc};lecker, 1‘)82§)r0perties (Singer, 19g?eg;nogfe: lsal:::i
n the central thy ’
cordin ! alamus o .
ta%ned gact:(t)it?t; %‘}Slﬁon of th;l::‘;:'e?:l:}s] : e I;T}Odulated ac-
stmulation and ththCSe cells is not de or dlt' The main-
modulation of thes us reflects an Oculoﬁlen ent on visual
a particular angle 8fey € position cells is no(:tor signal. T}tll::
ﬁze axis. In ()thc:rowgaze but is rather acc::l::e? tf?d ‘;‘
lini_ eg:.(s)_aSSume an an(;rlgsc;fthese units discharg: Wh(;rne‘)"e:
gaze of i;(i:;esoln:? the Visuiizg;tlﬁt’fl‘?ltl: alonfg a particu lar
latera] hemiﬁeldp F?tlon of cells tends to 1?“? erred axis of
In relation to 4 p;rd“rthel‘more, the discha:3 in the conn-a-l
moves to that posi _Cular €ye position is diﬁ‘ge rate of acel
In these inve tion from different directimnt iheeye
neurones were fosltllgst-lons the visual and sa(cms;i
nar nuclej (primar}l Interspersed in the rosn-c?_ € relate'd
nuclei). Overali [: Y the central lateral da intralami-
» the different visual anda:ye [:ra]racentra:
ovemen
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ncuro; . .

ones t:ﬁz ‘t‘ocll;‘.:g found intermingled, although visual neur-

only Signiﬁcammore r(?s[r:lll than eye movement cells. The

units; they const it::l‘ouplng is observed in the eye position

in the | ute essentially the only cell type recorded
ateral dorsal nucleus.

%EMectiviq
thccSlllatml"al dorsal nucleus apparently d
post pplementary or frontal eye fields
(s Cl‘.olatcra'l portion of the i
lam?gler-ermaud and Ventre, |
mot:rarr nl}clm are interconnected with visua
compi] cclgfons. The bulk of thes
the rgl-c in subprimate species.
the a:'mll 1’ntralan.1inar nucleiincl
Kuyp;;:ndmg_ reticular activating forma
Thagh aSr;dl%S), the cerebcllum (Hendry et @'
Gonal Rj9nes, 1979; Kalil, 19
(Bute o0-Ruiz et al., 1988), the po

Rob .ncr—F,nncver and Henn,
Supe:li-:)son al_]d Feiner, 1982), the deep su
1995, Pr colliculus (Benevento and Fall
Bor artlow et al., 1977; Harting ¢/

(Benc?-l, 1981; Yamasaki e/ al.,
Stantis cnto et al., 1977) and weakly i
ot al l:)llgr:l pars reticulata (Carpenter
thes, 79; linsky et al., 1985). Itsh
ncur(]))rr:afc'm or'ganlzation of the resp
dicted Cfs in this part of the thalamus wo
fashio from 'the apparently
Thn In W.hlch the multitude 0
are orc cqrncal connections with ¢
Showngzmzed and reciprocal. Inte
the in that some of the cortical cel_lS
comm ralaminar nuclei and the striatum
has rse of branching axons
Striat:t been described. The intr?
ictal loi:)nd extrastriate visual cortic
ficlds ule, the frontal eye fi
and I\an prefrontal cortex J
1985, esulam, 1981; Tig
ot o) Huerta et al., 1986;
nUcl;‘ 1988b; qurta and Kaas 1
Uon also provide a major P
es and Leavitt, 1974 Kalil,

oes not project to
but it does to the
arietal lobule

989). The rostral intra-

e anatomical data were
Subcortical afferents to
ude butarenot limited to
tion (Nauta and

1976; Graybiel, 1977
bdivision of the
1975; Graham,
,1980; Graham and
1986), the pretectu™

1d be admitted th

onsc properties ©
uld not be pre-

acobson éf &

Other Nuclei

Sz)itrlil::fl th?lamic nuclei are mentioned in tr::: "
POrtioS visuomotor brain centres. or ae p
of the n of the mediodorsal nucleus an e e
co Venn-o]?tem] or ventroanterior nuc
nnected with the frontal 3 pplementar

(see Huerta et al., 1986; Huerta and Kaas, 1988; Stanton e/
‘al., 1988a). These thalamic regions also receive’substantial
input from the deep layers of the superior colliculus
(Benevento and Fallon, 1975; Harting et a/., 1980) and the
lateral s'ubstantia nigra pars reticulata (Carpenter et al

1976; Ilinsky et al., 1985). In fact, some cells in the substan-

tia nigra send branching collaterals to both the ventral tha-

lamic nuclei and the superior colliculus (Parent et al
Y

1983b). The ventrolateral nucleus also receives input from
the fastigial nucleus (Asanuma et al., 1983b). This portion
of the thalamus also receives input from the supranuclear
eye movement brainstem sites (Graybiel, 1977). Some vi-
suomotor units have been recorded in these thalamic nuclei
adjacent to the intralaminar nuclei (Schlag and Schlag-
Rey, 1984), but further experimental work is required to
more fully characterize the neuronal activity related to
visually guided saccades in these nuclei and distinguish it
from what is observed in the pregeniculate, the pulvinar

and the intralaminar nuclei.
leus also deserves more attention

The parafascicular nuc
to determine its role in visuomotor behaviour. It receives
input from the frontal eye fields (Huerta e/ al., 1986; Stan-

ton et al., 19882) and the inferior parietal lobule (Divac et
al., 1977; Mesulam et al., 1977; Kasdon and Jacobson,
1978 but see Asanuma et al., 1985; Yeterian and Pandya,
1985) and the deep layers of the superior colliculus
(Benevento and Fallon, 1975; Harting et al., 1980) andalso
the PPRF (Graybiel, 1977). In the cat the parafascicular
nucleus projects t© the ventral lateral geniculate nucleus
1985).

(pregcnicu]ate nucleus) (Royce and Mourey,

Cortex
While many sac ovements are reflexive, suchas
the fast phases© lo-ocular reflex or of optokine-
tic nystagmus of i nse toa startling stim=
ulus, the most1 i fast eye movements isin
rapidly and econom

ont during naturd
er and Fraisse,

cadic eyem
f the vestibu

ically scannin:
| vision (e.g. Monty and Senders,
1982). This scanning process is
I; indeed, we can saccade on
d with no target in sight. The cerebral

s. Unilateral ablation of

| cortex in monkeys results in severe
deficits (Pasik ¢ al., 1960; Tusa ¢! al., 1986);
d, visually guided saccades into the affected

aneous saccades and

iminated while spont
reserved.

{ the cortical control
frontal eye field
ents and an oc-

ver
cortex is re
the entire
oculomotor
goal directe

hcmiﬁeld are €
- 1 phases of nystagmus ar¢ p

dard textbook treatment O
s declares that thereis a
Juntary scanning
onsible for visua.

cerebra

The stan
of eye movement
responsible for vo
cipital eye field resp

movem
Il guided eye mOve™
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]VC ar% ()f
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Ceades is g, act

implicated

Striate Cortex

‘/

kC\'g S .

AR Uch Sy )

suca tar TINg striate cortex lesions are also unable ©0 pur

(Serav get moving in the affected region of the visu
graves et al., 1987).

Phveialoo:

\_cz::)ologlcal Propertics .

h n .. . .

tute tth: in V1 rmpond to the visual stimuli th:ft conSllln’
argets for saccades with Jatencics ranging al

30-7
4 /Om. .. . \
areas s. Unlike their counterparts 10 higher
s most neur( o e o . s en
activity if the sti nes in area 17 do not ha¥ i
Mohler lt()f stimulus is a target for a s3¢c c(\Yur{Z of
units tl; 76b; Robinson et al., 1980) mino i
ulus t‘ha[()-lfgh’ do show a slight cnhancement r::lement
i not « is the target for a saccade, but this €N tfa“ in
the Cc||r*)flna”." selective, i.c. the stimulus need 1O
This indb' receptive ficld for the cnh:lnccmen[ (:retodo
with gcr:mtfs that the variation in activity ha attenti®”
er ) : .
Process. al arousal than with any selective
The reg . . e
cadic g results of experiments dcmonstrat_"}g 3 an{atc
cortex :Pprcss.(,n of the spontancous ac[""’[;‘)clllorn1(7l"’
System curones manifests the impact of the ield: ]975)'
o nzln visual processing (Duff_\' an Burch e i unng
€ye mov: ral suppression, which 18 thCf"cd ¢ 20/30"‘5
after [hccmcms in the dark, begins on ﬂ\rcr.lg‘; i 20011155'
Mogt ccllb.acc"dc is initiated and lasts Of aro des imO‘.’n
quapeellsare suppressed specifically 107 52000
adrony. s Suppressed specifica R e suFC el
seen in the is modulation resemblcs t I8
Saccadic L pregeniculate nucleus and may >
reboung Suppression, perhaps impos¢ 1
It hag nlcUr()ncs described above:
S"Ccndici ca .m been possible to demons
Striate ¢, ye¢ movements on the Vis ' .
]976;Judgcx neurones (Wurtz, l%%‘b’withﬂsuﬁtﬂ"
i Cel  nresente
uring 3 cace (tlll., 1980). When pr(,.scn[ e X
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Occibi . .
ccipital Extrastriate Visual Cortical
Areas

V2

ii::zgl:: (l;mt recordings in the postf:rior .ba
cades rc‘.rceal V2) of Won!ie)_'s making visua ided s
cortex (R ‘;) properties similar to those ob'served in striate
many of ?h inson ef al., 1980). While the visual response of
t argét for ¢ units does not change if the stlmulu-s is the
that obs af“C@dC. a larger percentage of the units than
specific erved in striate cortex exhibit the nonspatially

presaccadic enhancement.

nk of the lunate
lly guided sac-

V3iA
:;rzxplainw‘ in the gencration
has dg;stcr the position of the ey :
the c“mo‘"-‘{trate(.i that the visual responses of neuror;es in
(G ]i rastriate "lSlla.l area V3A vary with Fhe angle of gaze
rCsa o and Battaglini, 1989). The cells discharg® morein
dirS;n;e to a visual stimulus wl:wn the mon};ey s gaze1 is
ti ed to the contralateral hemifield. There is no corTe
on of gaze angle modulation with the other receptive fie
Propertics, like orientation o direction selectivity. 1tap~
pears that the gaze-angle dependent cells may be Se8Te”
gated from the non-gaze-angle tuned cells. The specnﬁc
:lflti)lc](:rtic“l afferents of V3A are not ‘prcscnfly n
ceive c rost, ho‘}'C\'Cr, that the inferior parietal 0
s indircct input from V3A (see Andersem,

of a saccade it is necessary
¢ in the orbit. Recent work

V4
lll?nz(:mrast to most cells of arca‘Vl, ncuror:igz 1{; ;haenp;cl:
hs ¢ gyrus (visual area V4) (Fig- !S.I(a)) isp A
anced response when 2 saccade IS made to the ¥
Stimulus but only if the stimulus ljes within th¢ cell s,re-
ceptive field (Fischer and Boch, 1). The latenf]y (i)s
response is approximately 80 ms. e saccd zn
delayed after the appearance Of the rarget there 152 sec
(Iz!?vaﬁo" of activity associated with the saccade (OO e
ischer, 1983). This second elevation1s synchroniz& o
to the disappearance of the fixation spot th4 serves
cue to move than to the execution ¢ saccade- ne
different task that requires 2 MO% ey to shift attent'lor;n o
Peripheral stimulus without making 3 sacca tg it,
cellsin V4 display an clevation approximately 221
the cue to shift attention (Fischer and.Boch,
another study monkeys were presented withseve
?mu]tane"“Sly and required t0 identify thlel:Si e
l:;? ﬂ?e so b'y rpakinga_saccade. e:fnce ssociated with
gyrus exhibit a specific enhapcem
n}]c selection of a particular ® jmulus
(Haenny ¢f a/., 1988). —
Mention was made in the introduction. e
tant to consider shifts of attention with

A ngmber of recent experiments have demonstrated the
specific effects of directed visual attention on the activity of
neurones in V4. The results of these experiments are based
on recordings in alert monkeys performing visual discrim-
ination or matching tasks. Neurones in V4 give an en-
hanced response when the monkey is attentive during a
task (Mountcastle ef al., 1987). Theresponse of most units
in V4 to their optimal stimulus is attenuated when the
monkey is not attending to that stimulus but is instead
attending to anadjacent 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 s not ob-
served in striate cortex. Other experiments show that when
the monkey is required to perform a visual discrimination
ina number of Circumstances, V4 neurones show amplified
activity and refined selectivity (Haenny and Schiller, 1988;
1., 1988; Spitzer ef al., 1988).

Haenny ¢! @
This prelunate cortical area receives substantial thal-

amic input from the inferior and lateral pulvinar and pro-

jects back to the lateral, inferior and medial pulvinar
nd Hayhow, 1972; Hollan-

(Chow, 1950; Campos-Ortegaa
der, 1974 Benevento and Rezak, 1975, 1976; Ogren and
1977; Benevento and Davis, 1977;

Hendrickson, 1976,
Trojanowski and Jacobson, 1975, 1976; Curcio and Har-
ting, 1978; Graham et al., 1979; Ogren and Hendrickson,

1979; Graham, 1982; Ungerleider e al., 1983; Weber and
Yin, 1984; Asanuma et al., 1985). V4 projects to other vi-
suomotor cortical areas including a particular subregion of
the inferior parietal lobule, the lateral interparietal area
(Seltzer and Pandya, 1980; Andersen ¢ al., 1985). V4 also
rojects in the vicinity of, if not directly to the frontal eye
fields (Kunzle and Akert, 1977; Huerta ef al., 1987).

ral Polysensory Area

dence that the superior temporal
1, 1982) may participate in
This area receives thalamic
Burton and Jones, 1976)
us visuomotor areas
frontal eye

Superior TempoO

There is preliminary evi
polysensory area (Bruce ¢/ 4
directing gaz¢ and attention.

input from the medial pulvin;:r (Bu
is i i /ario

1S mterconnected WIt!i the va

e infert etal lobule and the

including t
G d Pandya, 1984 Huerta et al., 1987). It
field (e-8- Seltzer an y B

also projects to the deep division of the superior ¢

ing visually gui 1, vi-
i 84). During visually guided saccades, visual,
(Fres :)3 an)d presaccadic motor cells have been recorded

(Colby and Miller, 1986). Finally, ablation of this area re-
sults in contralateral neglect (Luh ¢f al,

bule
arietal lobe function have ap-

1980; Mesulam, 1981;
1984; Andersen,

Inferior Parictal Lo

pumber of reviews of P
cared (L_vnch, 1980; Wurtz ¢/ al.,
Hyvarinemn, 1982; Mountcastle ¢/ al.,




412 The Neural Basis of Visual Function

198 s fer: .
keys7 )i.sTl:chtzfiemr parietal lobule (IPL) in macaqu
adjacent to the at the posterior limit of the parititai rlnon-
(Fig. 15.1(a)) T}?F“Plt.al extrastriate visual cortical o
and fUnction;dl ”I? nl'e;glon can be subdivided anatomia uﬁs
part of the brai)n, b act, progress in understandin his
parcellaton. The a::abtt;:: :Orrelated with the degge;h;?

. ppears t iei :
::(r;ttx;o; So;::;p;es the medial aspect of ?hgallFE S:‘t(;i‘m gaze
area PG (nom;(cl;:tl:;lre: g:'a:u rel;) f Vogtand Vogt llf) ;gge;;
. on Bonin a7
e e
The regiorzn ori"?enlimd Shelepin, 1979; Hyvari;l oschsory
divided into at Las imfem’d t02s 7a has itsel be. 198D
of the superior tea st three fields. First, on the ant. con sub-
medial superio emporal sulcus is an area referr Zl‘lor bank
triate visual are: tempm.-al (MST) area; this ise 105 the
moving stimuli (compl‘lSed of units that are resan s
ter, chapter 14) gee Maunsell and Newsome ll;onswe 0
intraparietal sulc econd, an area on the lateral b o Mo
interparietal areau(sﬁill;;fe{,refi to asarea POa or :l?k |0fthe
still referred to as area I;G g:-r;l; the crown of the gyi:lzr?:

gﬁnnectivity

e IPL receives thalami

; . amic affere;

ntr ; ns i

De\:;liimlnar '.mde’ (Petras, 1971; Bufrom the pulvinar and
0and Simmons, 1976; Div;c e,;ton and Jones, 197¢:

al., 1977, Stanton et L,19
; 1, 1977; » 1977; Mes
Pex ai., ; Kasd ulam er
rson et al.. 1978: Weber ond Yinm} ggiJacobson, 1978;
v » ASaNUma et 4/ ,

1985; Baleydi .
IPL, area y?::el;:gg Mauguiere, 1987). The ¢
medial pulvin:g h nu(:l\‘;es thalamic input mai“]l'own of the
nucleus, the central mu":l?s wellas from the lage y | from the
intralaminar nuclei the ial, paracentral and ™2 posterior
illothalamic tract. i e rostral thalamus aro Parafascicylar
tral anteri » theanterior medial nucl und the mar..
1or nucleus (Divac et o/ 19;‘; €us, and the ven
- . -

1977, Stant
Asanuma netoz lel ]a 9[8' _1977; Kasdon and J esulam ef g/,
.y 5, Baleydier and Maz;(:ll?son’ 1978’
iere, 1987)?

LIP’s thalamic
. afferents arise pri
vinar (Asanuma 'S¢ primarily j
the IPL, includinet K,{é 1983)..Tl-1e poste:-](,;]:e lateral pyl-
inferior portion og h 'T receives thalamic j teral bank of
nocellular part of the d‘fentral posterior nucl]nput: from the
lateral intralamin medial geniculate ny o eus, the mag-
(Faugier'Gl‘imauzr nucleus, and the later. ‘;us, the centra|
cortical projection and Ventre, 1989) aT}?OfSal nucleus
The neurones in t; tend to be tOPogTapl"lic ese thalamo-
not branch to cin elmed'al pulvinar that anq reciprocal,
or frontal cortex (gxssz (Baleydier and Map:me_ct to7a do
cetves subcortical afferel::sa etal., 1985). Areg;“;re,l 1987)
4 also re-

sub . . from
stantia innominata, th the nucleus bagy;
the locus coeruleus (Ni el claustrum, the > asalis of the
esulam ez g/, 1977y < o
al., 1977) M and

The corti
rtical afferents also distinguish 7, f;
afrom LIp
. 7a

receives input fj i
S o
put from occipital, cingulate, parietal, temporal ‘

and pre
19771;) Ntl.rezl:ltlzlnge:,c Pt [he-fromal eye ficlds) (Divac e al.,
1984: Balevdier a (;’1}'\* 19/75 Seltzer and Pandya, 1978,
7a, LIP receives r;f Mauguiere, 1987). In distinction t0
the rostral Somata erents from the prelunate gyrus (V4h
frontal eyé fields ‘(’SSCT;SOFY portion of the IP1. (PF)and the
al.,Tl985). eltzer and Pandya, 1980; Andersen ¢/
he eff .
different sﬁ;::egrolecn()ns of the IPL. also distinguish the
besides reciprocaz The posterolateral bank of the IPL,
projections, sends ef the previously mentioned thalamic
superior colliculy efferents to the deep division of the
solateral, the ve, S[; the pontine nuclei including the dor-
hypoglossi (Fa:u' ular nuclei and the nucleus prepositus
projects to the dgler_GnmaUd and Ventre, 1989). LIP
1986), to the dee0rsa.l pontine nuclei (May and Andersens
lapping frontal ep division of the superior colliculus over-
al., 1985; Lynchyj field afferents (Fries, 1984; Asanuma ¢/
Zona incerta and al., 1985) to the pregeniculate nucleus:
7a sends reciprocaliw}:,tecm'.n (Asanuma et al., 1985)- A%
ing input to the g thalamic projections, as well as pl'OVi -
nuclei, the striamn?rSOIa[.eral, lateral and ventral pontin€
pretectum, the supe the intralaminar thalamic nuclei, the
nucleus, the sy perior colliculus, the reticular thalamiC
(Peele, 1942- Pepragcmculate nucleus and the claust™
al., 1979, G,licku’as’ 1971; Brodal, 1978; Wiesendang®’ !
May and Andersen {0803 Weber and Yin, 198%
tal lobe, includi:en’ 1986). The parietal input to th‘e fron-
from LIP than 7g the frontal eye fields is more prominent
et al Togs o 72 (Barbas and Mesulam, 1981 Anderse?
’ €ra et al., ]987)‘ The IPI: aISO‘pI'OjCCtS to

the superior
t
emporal sulcus (Seltzer and Pandya, 1984) 25

Well ase

Xchang;

s ging promi : b
ystem  (Seltzer al‘: minent connections with the Jimbi€

Pa“dya, 198 4). d Van HOesen, 1979; Seltzef an

Effects
of Electrj
Electrical gt ectrical Stimulation

i mulatj .
1875; Fleming ancllon of the IPL elicits saccades (Ferme
Ing, 1983; Shibutan'c rosby, 1955, Wagman, 196% K€"

i et al., 1984). The threshold for i““al;

cortical mjcrggt;

the threshold o o io" dverages 85-90 pA, but ™

atencies are shorteower’ approximately 40 |,1A and the
, 30~50 ms. There is some e\;idenC?

a COIUm
nar Org :
R anizatj
ouring sites tenq tot‘;‘[)-n.ofsaccade direction; that is N€1B
icit saccades of similar directio”™
. 1 ey€

Most sjt
es the v
o ec
SPS““.’“, but at ator of the saccade does not vary ¥
IFection of the ev::l:v sites in the posterolateral IPL the
ed saccade varies with eye positiO“'

blatj
on of g
fie either ¢ .
frol;(111S alone does no}:e superior colliculus or frontal €Y
the parieta cor prevent stimulus elicited sacc? 5
tex; so the IPL. has access to ¢ ac

Cade gener
ator th . .
and Gooley, l988r)0ugh either of these structures (K"atlng

~and McLaren, 1982, 1983, 1989). In
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iﬁfe?ts of Lesions
Varci::?n ;)f.posterior parietal cortex in humans results ina
ol (S) of visual attention, localization and orientation defi-
This :et’ for example, Critchley, 1953; Mesulam, 1981).
we wi;: ensive literature cannot be reviewed hcfre; mstqd
1909: H concentrate on the visuomotor deficits (Balint,
and !,\d olmes, }918; Paterson and Zangwill, 1944; Cogan
Ajuria ams, |9D3_; Carmichael et al., 1954; Hecaen and de
Alliso guerra, 1954; Cogan, 1965; Godwin-Austen, 1965;
Hay n et al., 1969; Sundgvist, 1979; Baloh & a1.,’1980;
De. sser et al., 1980; Montero ¢! al,, 1982; Pierrot-
seilligny er al., 1986). Experimental parietal lesions I

m .
onkeys appear to produce similar impairments (Lynch
general, there are

ffa‘:er- saccades into the affected hemifield and the.sacmd.e@s
i nex increased latency. Once fixated, there ar¢ difficulties
ulug ?t: taining sustained fixation or in
Corte it moves. Combined ablation of the P
al 1):); nd the frontal eye fields in bot! '.no."key (Lynch &t
H;u 6) and man (Hecaen and de Ajuriaguerra,
sser et al., 1980) results in a much more severe gaze
deficit,
Colﬁ hallmark deficit resulting fro jetal le ons r:f
ted tralateral neglect (failure to respond to stimuli presle -
tio in the affected hemifield) or extinction (?erperual selec
Sti::,of-the stimulus in the unaffected hemifield when F\V(j
tion ul are presented together). Experirpent:_zl 1pvest1ga
the [S)Ottpanems suffering parietal lobe Jesions in
ea asis of the neglect or extinction is not sens  fra
hre ttributed to the attention system (Rt ochand FIUb (1:)-
I ys, 1983; Posner e? al., 1984, 19875 aynes et als 790"
Ndeed, it may be that the deficit is as specificasan impair
isengaging attention

Ment - .
fromt in the particular operation of !
the present object (Posner €/ 4% 984)-

Pl:grsnolog‘ical Properties . Jisuomotor
ehte a variety of neurones related to different
n:vlours have been recorde in onsive ¥
laten population of units ually resP .
is en}c;y OfameXimately 90- ms. Fresp(:f the stimulus 15
. t;‘;zdflf the monli;:y 1(9,Y Qtte:rt‘lve or e 1977;
. or a saccadc n ;
obinson ¢t al., s]gcycg; Motter and Mountcas ?I,‘he oy
ountcastle ef al., 1981; Andersen.! al . l ecific; it
2%“‘6"! of the visual response P2 tea
shi S not require execution of 2 saccade but ltt]her words, 12
ift of attention (Bushnell ¢/ al. 1?8 ”t' Ino

Monkey j i irect attention pari€
y is required to direct stimulus, f

:lel:lSrWh“e continuing to fixat€ a

the ones show enhanced respo™

attcrfl’e,npheml stimulus. It is iMP°
2 tion-specific enhancement & (sec@ ove)-

tor 1t1s present in the media p“llvmaf activity of these
Nt with this is the demonstrati tehe

visually responsive cells is facilitated by electrical stimula-
tion of the pulvinar (Blum,1985). The sensitivity of visual
cells also varies with the angle of gaze (Andersen and
Mountcastle, 1983; Andersen ef al., 1985b). The receptive
field properties of these units are more sophisticated than

those of cells recorded from lower cortical visual areas; for

example, many of the units in the IPL have large receptive
fields that spare the fovea and respond selectively tostimuli
moving radially with respect to the fovea in different parts
of the receptive field (Motter et al., 1987; Steinmetz et al.,
1987). The cells in the posterolateral IPL, i.e. the medial
superior temporal (MST) visual area respond specifically
to expansion, contraction or rotation of the image and inte-

te motion OVer 3 large part of the visual field (Sakata e
al., 1983; Saito et al., 1986; Tanaka e/ al., 1986).
Establishing whether nonvisual neurones in the IPL
discharge specifically before saccades has proven t0 bea
In early recordings,

less than straightforward endeavour.
d that appeared to discharge in relation t0

units were foun

visuallyguided and notspontaneous saccades(Lynchetal.,
1977). Subsequent investigations, however, demonstrated
that units that discharged with sacca i
responses and that the modulation associated with t!u: sac-
cade actually seemed to be triggered by the visual stimulus

@ ;’;/I//,’/"//
—
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pursuit neuron

100 ms
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thalamic nuclei; however, consensus on the details has

(Robinson et al., 19
., 1978). Some of this di
is disagreeme
nt may Sur ary
sta
te of the monkey. Saccades are evoked with the lowest
not been reached. The nuclei mentioned include the med-

have been a result of recording i
within the IPL. RecemOl‘dlng in different subdivisi
saccade-rel Recent work indicates sions It appears
that Sepal'altse?natci:el?h 1: the LIP and less i:‘h ;:- Ithn:r; 1; of f“iCdOr::ﬁ:-tg?s:ipL should be considered a collection current levels wh i i
subsequent saccade parie:)fmfance of the target and t}s. seems to play Yo nct but rclzftcd arcas. One portion intently. Electr\i‘:mfnhthe monkey is alert but not fixating ( ' (
for both the visual S,dmulu units are found that res ; ton. The evidenc PfOrtant role in directing visual atter actively fixatin t resho!ds are elevated if the monkey 1§ jodorsal, ventroanterior, medial pulvinar, ceng-al lateral,
al., 1987). The visual res 0s and the saccade (Andersion }mit recording ex e from apatomiml, lesion and single- Goldberg e Ig or pursuing 2 target (Marrocco, 1978; garflcenml&pamfasmqulalr, venu'.olateral including area X,
of around 75ms, and [l}), nse component shows a lat Nel  ntraparietal g‘_mpe"mems indicates that the crown of the pharmacolo ak, 1986) or if the mgmkey is drowsy oOr limitans an ;‘K’kmg‘“;‘g“;is(lanbfam ‘f al., }953; Scpllo—
100—-150 ms before the sace gresacmdic dischar, ency fact that the dj f; area 7a subscrves this function: 1969). gically depressed (Robinson and Fuchs oton. a;‘974' ;ﬂ, (:l,B cven 19711615‘?{“@9“]“ oy
oy ns  IPL is modulareg e ey f the neurones in t¢ A number of other interesti imul ﬁic:vt::s::éd Ku ::émllowen};:r?a? ;nd71\’4s$:’ togt
¥ eye position suggests that the I fon have beon observed. First cfects of T aon Linky e e al 198, Santon ¢t dl.
: P 1988a). Notably absent is any connection with the lateral
phically or-

visuomovement cells di (Barashet 4/, 1988). T
range fi o : N 'SP]a)' movem Y ). hese :
ge from 20° in width to the entire Et:nfli;:; i\lat can :::iy EIZ important for spatial localization (see Skaver®
- Also the nsen, 1978: Matin. 1985). Fi : :
’ , 1985). Finally, as reviewed, direction a i
) nd amplitude. Also, simu

des, all of the same !
dorsal nucleus. These connections are topogra
/., 1988a). The functional role of the

thalamocortical relations of the FEF is an area

(OVe !
r 200 ms) results in multiple sacca
Itaneous stimulation '

s elicits 2 saccade ganized (Stanton ef &

aCtiVity Of many Of [h
A . € saccade-
with eye POSllio €: related IIs i L
n (Andersen cells in LIP var; certain investi
. et al. varies : estigator . '
. Inatask‘that requires asaccade’ 1988). let_al cortex 5é§3cs s have argued that the posterior par- of the FEF and th _ ;
on of a briefly flashed target ano:}(: the remembered loca evidence for presa todFommand movements, and recent whose amplitud t eds(\;pcn(?r colha;:u & e B oS
! €r populatig - related activi ccadic neurones i d rsuit- indivi e and direction are the vector S S
n of neyr- ed activity in [ €s in the I.IPand pu . ividual saccad A S itesin deserving further study.
y in MST is consistent with such 2 role. In cither structure CS‘ ::g:tse:teg at tt]}:: s:ltrir::ll:;:ls St e FEF are also weiprocally connectod with 2 num-
ed i -cal regions includin the supplementary €y€
ereisa V€T of cortical Teg? g pp
th field peri-pnnclpal prefrontal, postarcuate premotor,

(hslgfl:lg:;:é al';_ 1979). This result indicates thaftthw: s
. " ¢ of organization in the mapping © ) r ol POSITT and ot
maintain an elevated rate of dj Cg::‘Ctures relative to one another. Finally, monk caudal superior temporal § s e((Pandya Fand M5 rz,
executed. These units a° discharge unti] the sa Effects of Stimp'lcn§ate for deflections of the €¥y¢ caused by F e Jones 2 owel, e avis and T
re tuned for the djre ccadeis  Ferrier (]) F‘_lectrical Stimulatio tiOnl'] ation prior to saccade initiation, and this comgensa— Mes:ﬂam R el 1985 d Py .
ction and (1875) demonstrated th ln . olation of (Schfs not eliminated by lesions of the superior colliculus Yo Petrides’and 7 Mol o8, 1988; Godschal Aol
at electrical stim ub- iller and Sandell, 1983). 19853 Brbas and \fosulam, 1981, 1985, Ungerlider o
; Bar? og6; Huerta et al-, 1987). .
0

Of fl’ ici

(;3;58 in LIP can be distinguished
8 th). Ti;es}:e units exhibit the sam, \
at of the quasi-visual ;
- c i
colliculus. They begin to disf:l}l:lrrge: e e Superio
r

ance of the target th followi
at must Ing the a Fr
be remembered, and (hey ontal Eye Fields

Gnadt thi
and And 1S capaci
ersen pacity as a
pattern of modulatior, IPL must be Sa.Ccadc command centre, howeve®
on coordinated with the frontal cortex

task in which two
discharge pri saccades are requi
prior to a saccad red, such cells beg; seque
and amplitu saccade of the cells begin ¢ nt worker, .
receptiVI:: lﬁelc(lje even if no visual stimztxliﬁls.o}J ;’l‘ate direCtiog :-'IOr.tex from whsicﬁll:; er delincated the regions of f;og:a: %:““ectivity
: alls i \ arety . € mov icited ! . !
Another population of n " the cell's ors:y of primate species i erlr\eqts could be ehavor and be : FEF. can influence the oculomotor system at 2 T these cortical projections m
active during fixation eurones recorded j Set ey, 1888: Hors] including human (Bce o T of points. The FEF projects directly t0 oth mesen nection with the supplementary €ye fields and the
Lynch et al., 1977; Ror.p‘"s‘"t (Mountcastle , the IPL i acfer, 1890, Sh ¢y and Schaefer, 1888; Mot ooy, cphalic and ine brai oculomotor regions The O ably involved in oordinating saccades as r¢- :
modulatedb’ ; Robinson er 4/, 197 Castle et g/, 1975. Tunbaum , s Sherrington, 1893; Risien Russell. 189% (Astruc 1971; pontine brane i, ichnetz 1982b; IPL is pro oy The connections with prefrontal
cades (Lynclfetth elangle of gaze and is ins)' The "‘Ctivity ?; 1907, Voge ar?((lj VS herrington, 1901; Jolly and Simpso™ cichnet, e;l’1KunZlc and Akert 1977 Lelf)SrS" Huerta ¢f viewed 17 dusbc:;! p:;:;')oment for the more complex plan-
al., 1987). Some gx" !977; Sakata ef 4/ lt;'g)‘fpted by sac- tSOn,' 1917, FOerStogt’ 1907, 1919; L.eyton and herring” al., 1986; St:n.t:):\%h‘[b ; ?;gggde';‘;teadéep la;'ers of the C(.)mx arerpro : ¥|of visual behaviour (see Fuster, 1980;
restricted, while thanonc?lls have gaze field Andersen g g 1940 194er' 1931; Penfield and Boldre o Superior collicul ella  19880) FEF afferents (Astrus nmgdan o-Rakic, 1987 The post-arcuate premotor #7¢
Many of the ﬁxa:i:,emamder have exPan; thatarefairly flield, 1948. ,enﬁc(l)(;i Walker, 1940; Rasmussen an P;‘l‘ ;?71; Kunzle e;lsa‘;! sol J?Zﬂﬁunzle and Akert 1977 Go: rr}; p levél gelotomotor ared (remw;ngy Wise
. n neu ive . > an ? on. t als ei S s . T 4 B . ; i at rtici-
cr neurones discha ; urtz, | nses  al and Fuchs, ] ; Wagman € % oer of su and Suzuki, 1985; Huerta e/ 4% g atein theOOreins ; 1. 1981; Gielen
during stable fations oo UFing smooth py Boab) byt rep chs, 1969; M 1978; Schilly et al., 198 T e Bizzi, 1974 Herman L 10ge
. tion; th n0oth pursyi o ut  r > Blum » Marrocco, ’ The » 1988b). . (see for examp, ’ 985; Bock 1986, 1987;
during pursuit e: » they also dig Suit and esults of et al., 1982; B ) 2 Anoth - . the striatum . Fisk and sodale, 1985; Bock 270 0
en wh char -and not these Lt ; Bruce e? al., L in ther majo tout of the FEF is the . ¢ als 84; I'1s ) . ahra, 1986a,b;
%%u?\tfas‘e et al, 1975?1;}::}? "Bt is biifg) e ously tF?gr(;Ssua' banljtz? (o onverged on the region % lr:fcilys ( e and Akert Tor; Yeterian and Van HOS*#™ ,1938' fischer and ‘ﬁd’ iggg B:::iglt::f and vszlf, 1987). The |
1980; Newsome et al 19 et al 1977 Gy e Off > 13.1), call arcuate sulcus in thesus 7" cent emon and Goldman-Rakic, 198% Stanton & . Guitton and VOIS ™ .t to be x
indic ., 1988). The ke Saka rev ed the f; ecen 1988 oldman-Rakic, 179, hically . . coordination has only begun
PU::::::i;:;s tl};ey receive bOthhf, i:cnmy of th;:ea al., le“;of FEF f““ctio:}),ma‘ eye field (FEF)- 483) °Tga:i)éThe termination in the striatum 1S topro.ecl: t:) the neural baSls.Z(;f :::l; ;chiller, 1970; Van der Steen ¢t al., \
active when ¢ . l{rthermOre, visual ;al and exrraretciens Show thresults of the mo as appeared (Crow.'nev sti gion® centra] ed; the medial aspects of the FE! pca’udat and &P oredﬁ(f ents fro the ex triate "isu?‘l areas In par- ‘
ployed (K ombined eye and head acking cells 3 naj in sq at electrical m re recent of these inv€ reSU“s ors part of the head and body of th? f the FEF 1986)- Affer 21 lobes prov1de yisual input that has ‘
IR 1\::@ et al., 1984). These Movements arrt: also witl ceades whoge d?:lcrostlmulation of the of vary term‘;medlal putamen while the lateral pO ;’d et jetal and :S‘; erable proces g ( aunsell and News- .
‘ : 1 . . 0! . R .
e ) T T e b e P T L e o 1
the saccades evoi.;ed erestingly, this i € posterg) = the | Imum cypr .ry with locatio A an that t eputamen( tanton .e o the reg‘iO“ omé, 'f"n the target or a Visu
o . bY M S the regin - - teral fatenc ent required is less than € the FEF inate in Pre isely for spectty! g ; the FEF onto these same
position (Shibutant e ol 1984, Ty on vary - Which s the i S2ccade s 30-45 ms. In sinE* " (Hikg iuomptor activity ‘s recorded in ¢ e TH el 01 go be performing &1 MPOrT
(Faugi:: C’;‘ggeﬂgs from the la}:les rfgi()n alSO\Y-:: Eye ar:;nw}gc indi;;o[n of ;hc evoked saccade Varie:nir be Prelteoiika et al., 1989a,b,c). The FEF also P"O’:rc:s 1977 visual cortc” odulating the yisual processing I synchrony
: -Grimaud and Ven Tal  do Clves ged in es that saccade directio” is tectum (Astruc, 1971; Kunzle | funcuon
high density of e ventre, 1939) rsal ny am a colum saccade  C1 Ther® Leich struc, ; ¢ that sing' . ving €yes
ye positio  the reg; cleus Casure of nar organization in the FEF. netz. 1982a). There is evidenc® in h with
Rev and Sch n cells gion w Tes top . jonint rep” celle i 1! a). Thereis eV! rals to the .
y chlag, 1984). Are recordeq (Shere A s ouved laterallography in that smaller saccadcs reAlso' Is{llrn the FEF may branch and send collat® colliculus  ological properties. . EF of alert mon-
Chlag- Mulatiop, ¥, and lon edially: g0 and ocul r the superiof i Physiol® - recordings I the FEF 0f 2
resul; ; N in the reg: ger saccades, ™ g 4 and ulomotor nucleus © Gon jo-RutZ first sing' nit . th 10/,) of neurones
foruelt- N smooth pl:glon representing short Saccﬁr:shold 1987;)culom°t°r nucleus (Leichnet? 4o El;‘: found a$ 11 propor n (less tan 770
ICitin Isuit eye ts. The't ne ‘ ¢ of €
g Sa ye movemen S ds On[ The FEF is reciprocally Connected to @ numbe

Ccades .
from a particular site dep
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on

that disch : .
(Bizz, 1968, Bt ant s, ccadic ¢
these units fired and Schiller, 1970). Ongl " onovements
well 25 to the fust in relation to spontaneo population of
Keys, but the dischy hase of nystagmus in ey s
postsaccadic. The atrﬁe bpgan after the sa trained mon-
played a maintai 3 er identified type of‘fmde, Le. was
angle of gaze; thnc level of activity that reurone dis-
and the slow ;Dha:S e cells were also active ‘:n?d with the
of units changes t;".f nystagmus. Neither of theee .
so their activity is eir pattern of modulaﬁo these classes
The fact thor thnot determined by visy (;n in the dark,
a‘fter the saccade h edsacmdf:‘"elated cells :' afferents.
cile with the n ad been initiated was d; ischarged only
umerous studies demong ;T‘:‘uh to recon-
tng that sac-

m .
ent deficits (Ferrier and Yeo 1884

cobson, 1936;
Welch and g&isﬁrard,_l 939; Clark and [,
the units recorded le, 1958). Finally, the f; ashley, 1947.
dulated COnSistenﬂm.these original ;tud' act that 909, of
that something my in the untrained ml €s were not r?mo-
these neurones andolre Was required ¢ onkeys indica,
control. earn how the F Fop: lu':lt activity f:
Subs ; ricipate

keys tra?g:;l;:, single unit recordings ; Pate in gaze
half of the cells have vipes) s tashs - the FEF of

ve visual responsesl’(e;?k;.d that ne;.r];

et al., 1973; Wu
H rtz
1979; Kubota et al., lz;rég' I;’IOhIe‘r, 1976b;

Goldberg and
Bush
Schall, 1989), The ?:i'ing

ke
FEF. The Te'sc;gsﬁmulatioﬂ in the
. n .
stimulus is the ta :e of the visya] cells ; egiong
1976b; Goldbere o 1OF 3 Saccad S is enhanceq - ¢
is not observed .%tilnd Bushnel] | 9§](Wurtz and M if the
tive field o if t;] e stimulus f;lls ) T his eny ler
cade. Fi € monkey i outside th
c. Finally, the vis S hot requij e cel
auditory stimuli Ired to
While it seem
. s b
sIve neurones in the?gl:‘dpdol.’
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u
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h saccades. Same ’;”;Hy in the frontal eye field associated
sk as that illustrated in 15.5(a)-

ments descr;
. 1bed
throughout this chapter a single, unam”
H cd to

18uUous ta
rget is
perform visyg) s;l;eslfmed» but monkeys can be trai”
ch tasks in which multiple stimuli 27

Present,
ed am
ong whi
g which they must discriminate the target

€ saccad
. e laten
c : .
Yy during visual search is longer tha?
‘me

that ina ty g
re Pical de .

w:]g‘:;ts';he additi(:izt]lon task; presumably the extr ti
the Ft he preliming processing required to select .e
at Whl.: of a mOnkery results of single-unit recording® in
no diff He the aCtivity performing visual search ind! te
of n €rent during sey of most visually responsivc s 1§
Curones with e arch or detection. there are € mples
either longer respor,lse latency O ¥ .

si

Onged .
activag
cells dicr . 2UON duri
es;j ISplayed 3 sp:t'_'lng search. Other visually resPo™" ¢
thoy Orrect target tal tuning according to the pOSidon 0
rec g}-] n all trig|s relative to the receptive eld evel
son::gtlve field. 'I‘]Ehe same distractor stimulus ell in ¢
mecf“_?Uronal activies?.pm“minarv results Sugges tha;
USSlng of saccad ty in the FEF may reflect the in erm?
OnSCQuent recol,fj.targf{t selection during visu? s ““’::i
the visse task reveg| fl ngs in monkeys trained in 2 elay
scparatual and SacCadurther Paltern-s of modulatio? sif e
89a) ¢d in time Be components of the respo” afl
the FE Besides th (‘rucQ and Goldberg, 19 5 SCha!’
fashion, are ounf:lv'sua"-v reponsive cclls‘ other nitség
Units disCe ore Visuauz,h;t.gischarge in a more pfO]‘,’"E of
untj arge. Y8uided sa - ulat?
til the presegnf f:°"°Wing e f;cades. One g‘t’l: Arge!
pre ation of the ¢ ppcarance e peer
uc to move. These ' ' dur

. I
Ing th Paratory
€ perigd ; Y set ney
. r X i v
SXecuting thoed in which th é’nes since they are 37 ¢ ot
monkey is preparlng 1 ar€
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nt. In other words, thes¢
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h visual

dischargine speci
arging specifically during the period in whic
g. Pos-

attenti : 6ol

ner, l"(;’g";);s Zh}fttng to the location of the target (.
tion of thc'tar ew set cells begin to discharge in anticipa-
latency io go_ggt, but pxcludmg this, the typical response
visual cells, T I: ms, slightly longer than the latency of the
120 ms Whi.ch‘ f time to reach peak activation averages
After the g is longer than the rise time of the visual cells.
the set lc ‘to execute the saccade is given, the activity of
. cells decays within 150ms, before saccade

Initiation.
An .
other population of units in the FEF discharges in
ulus and the su

relati
se‘lu::t 10130:1 P’C-“cntation of the stimulu
cells. Most n: ‘c’ these are tefcrred to as vnsuoptove:ment
two discrete b”“bc"s of this populatwn of units display
Cade. A sub ursts associated with the target and the sa¢-
Sustained c|cgr()l,'p of the .\'lsuomovement .cells displays 2
until perme: ation following the presentation of the target
visSuomove ance of the saccade. Some 0 :
When the t;n ent ,Ce"S discharge throughout a delay pert
1985; Funa}:g‘:t is no longer visible (Bruce an Goldbers,
Ples repre ashi et al., 1989) Actually, these tW0 exam-
visuomo ,scm ends Qf a continuum, for there aré t'tlan);
and SaCC‘ngnt cells in the FEF thats both the visu?
CICVatiOna ?_rdated'bUrSts as well as a degree of sustain€
Suomove in the intervening delay period. The ]\g.
that are ment neurones have recepuve/moven_tent fields
two Subpredom‘"{!nt_l_v in the contralateral hemifield-
distinguigszol;ps of v3Sllo‘m0v<:mcnt cells
double-b ed by thcu’ visual responseé latency;
while thUrsnng visuomovement cells average 65 o
Moveme ¢ response latency of the sustained V15
time to nt cellp is slightly longer 5—10'0ms.ll ot
ter (60 lﬁeak tvation of the double-burstin ¢ siss
(100 ms) s) t!‘ﬂn that of the sustaineq yisuomover: " ol
culus. o, Like their counterparts I the supenl(‘).bit b
saccad ¢ double-burst visuomovement cells €x lent "
their ,.z component but not the sensory com m::ditory
targets SEO“SC when monkeys make 2 saccade t0 @
also be;3 xamples of sustained aut?tto.ry-sacca € nsory
compo n observed. These results tndlcatc at
com nent of these cells is not bimodal, e
~mponent s. It will be very interesting 1 determ
Whether th i ; i shift with €€
Position I e auditory receptive fieldsin FEF S o olus.
n like their counterparts in th¢ erior colli€
. A disti L EF discharge in asso~
ciati nct group of units In the : e ac-
lation with goal-directed saccades. This presac®
oty is y des that ar¢ made by
Monke "reco'rdcd only for sacc® es
or not Vt ;m"t'\"atqd by the expee
spont ey are visually guided; ! 0 s c0
ancous, Self—generated saccades- This
dic units weren
. od monkeys-

how

ationofar :
t iated Wit

acco
the unts for why these presaccadic &
N elmtml recordings from th¢ n u:;n'ﬂ 3: rger than
moveme e cells ten 0 /
nt fields of thes are also 13 1y

th .
¢ receptive fields of visual cells

teral hemifield. Th i

the presaccadic eye movement cells avemg;o?;(‘;[—tllgtl)en(::-
prior to saccade initiation; the onset of the presaccadic
burst in the double-burst visuomovement cells is in the
same range. These presaccadic neurones comprise the

output to the saccade generator since microstimulation at

the sites where these cells are recorded elicits saccades with

currents less than 50 uA, but microstimulation at the sites
of other classes of units requires currents above 100 pA
(Bruce ¢! al., 1985).

A significant proportion of the units in the FEF dis-
charge specifically after saccades. Some of these units
exhibit presaccadic activity in one direction and post-
saccadic activity in the opposite direction. Such post-
saccadic activity may be a corollary discharge used to
register the execution of the saccade. The post-saccadic
cells tend t0 be tuned for contralateral saccades, s they
can signal the occurrence of 2 saccade of a specific

direction.

In a go/no-go delayed response task in whicha monkey
must execute or withhold a saccade to a target based on a
cue, a few FEF cells show specific modulation relative to
the no-go cue. This modulation can be seen in vi-
suomovement of movement cells and consists of either an

elevation Of suppression following the cue to withhold a
units in FEF is

saccade.
small percentage of
modulated by the position of the eye in the orbit. Since
i e FEF never clicits saccades that bring
the eyes t0 3 particular Jocation in the orbit, it could
be argued that this population of eye position cells
is largely ineffective. Another small population of units
in the FEF discharge in relation tO smooth pur-
suit. These are found mainly in the foveal

reprcsentation.

restricted to the contrala

o Superior Colliculus

Relation t ollic
By simultaneously recqrc!mg in the
the superior colliculus, 1t 1S possnble to dete
tional properties © corticotectal neurones through anti-
. vation (Segraves and Goldberg, 1987). Half of

i | cells observed in this experiment Were
uarter of the cortico-

the corticot
0% vement cells, and 24
. e with foveal receptive

sually responsive
i - otectal units were a
neous grou : tsz_acmdlc cells.
heter B for a topographic projection from the
.ded by the fact that

Further e . :
perior colliculus is prov!
ic activation were found

sholds for antidromi
which represcnted the same saccade vector as that
i EF. This is consistent with the pre-
aired stimulation of
kes saccades of the
jatency for the

FEF and stimulating
rmine the func-

at sites
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presaccadic cells is signi
presacca §1gmﬁcantly sho
og; uz‘glf\ tl}slgall: gll;}s. Since there is di\'e;;?trvti}:]atl}u thac of the
‘ it - v ¢ morphol-
oo ; ! sending ax i
lus (Fries, 1984); it will be very i(::zr::;;:e Sugcrlor
g to deter-

mine the morphologi
lations of cells. ogical correlates of these different popu

Effects of Lesions

We ha
follow gii??;ﬂ )t'i;rllluded to the oculomotor defici
eygs and a lack of cor;:r;:ﬁ::;;; idp.silateral deviatig:z ft{'}‘:t
and Yeo, 1884; Bianchi, 1 irected saccades (Ferri :
1939; Silberpfenni, | 9’41.895; Jacobson, 1936; K errier
and Cowey, 1971ab; Ri;C‘aﬂg and Lashley o rd,
frontal cortex damag zalatti et al, 1983,) F »La.tto
are al ge, contralate 63). Followin
1986)??::::::;“3?(1 less af:cumter:ll\l:nd:,':ﬂed sacmdei
. to involve ﬁ-ontglyla Alzheimer’s disease w’;f'al (Sharpe,
movement deficits: obe dysfunction, has ich is known
cits; saccades show increas associated eye

pometria, and are reflexi ed |
Fletcher and reflexive (Pirozzolo atency, hy-
Sharpe, 1986). Monkeys ::g.elr'l:fllxh, 1981;
0SS in pre-

dictive Saccadl

1986), an i IC eye movements (B

locations ([l;:::lg ;0 generate SaCc(a dr:sc‘:o and Borden,

pursuit (Lynch, 1 al., 1986), and an impaj remembered
Deficits are al 987) following FEF ag?lrment of visual

viours. Followin S(;. observed in other visanon'

difficulties in m i rontal cortex damage uomotor beha-

mes, 1938) and ?n ing saccades on verbal cpan"“‘s exhibit

1966). They instructed visual s command (Hol-

ey are also unable to dj canning (Luria ¢ 4/

direction o ;
- pPOSIIC [hat f rect a sa .
ircton oppositc that ofa fashed target (Guto g o
indicates that the FEF Pla)l'.sg:),(nGumon o a]c
€ role In inh_'s
1~

biting th
e more reflexi
FEF lexive eye m
and surrounding COrte};( l.m:;;’ie"m?nts. Lesions of th,
e

9y .
eys (Latto, 1978a; Collin et o], | r visual search in mop,

al., 1987 %82,
) and man (Teuber ¢t 4/, 812‘3:)9m e Schiller e
’ s Chedru ¢ 44

1973; Kar

iy rpov etal 1968); even though m

ablation (Latto rllg; visual search tagk onkeys suffer no
discrimination 10 ¢ Sb). FEF abla[iorl d fOllowing FEF
movement (Colli real world mOVementoeS not affect the
Visual spa . l . in .and Cowey 1980 Vs Self—gener
o patial discrimination (I: ), but it dges ; ated
glect and extinction has a atto, 1986). Co 'mpair

uni 1 n
nilateral frontal cortex Iso been obsery, tralatera]
lesions (Kennard ed following

an

1938; Silber ni
d pfennig, 1941; W, d
18, 1941; Welc Ectors

Heilm i h
an and Valenstein, 1972, and Stuteville, 1958;

Crow i i
ne ef al., 1981; Rizzolatti f o a;‘;;s;()) et al., 1980

The results .
jects Ultimatelyo({ at::es? ablation studies jng;
lesions. Other ex still generate saccad“ Icate that gy
superior CO"iculuSp‘enn‘l'ents have demoes following FEP:
Combined. bilateral sty responunrted that o
culi result ina Pel‘;afz::?i of the FEF an(iif:r this abilitye

. h 0ss uper; :

1980). This work indicates tha?i\izc:i:;(;scﬁﬁ{;?riol]}-
€ pathways al'.’

e

normally involved i
cortical i);l:l::l; ‘.:(:im the generation of saccades: the sub-
the cortical pa tﬁw C?Fnds on the superior colliculus and
working hypoth ay is headed by the FEF. A rcaso;lable

pothesis is that the subcortical pathway is re-

SpOnsible fo .
T . . .
reflexive, orienting saccades, and the cortical
2 ] .

pathwa ’ is .

guided )sacmrgsczorr?:-)lc. for the more voluntary, visually

and superior coll is is borne out by the effect of FEF
iculus lesions on saccade latency; ablation

Of the su 1 .
perior colliculus but not FEF results in 2 loss of

the short latenc
atency, express saccades (Schiller ¢ al., 1987).

s
e evidenc .
playsa funr:i:nr;?\‘t;lsecm.s incontrovertible that the FEF
ments. In clarifyi ro!c n generating saccadic €y¢ move-
cades are genye ng this it has become apparent that s
C(.)"ditions. But : afed under a number of different
directing visual tis also clear that FEF participates in
impressed by the attention. Surely Ferrier woul
standing the fun progress that has been made in un
¢ye movements ‘;{lon of the FEF in genemting saccadic
whether the remai t the same time, would he not wonder
elicited eye movamder of the frontal cortex from which he
ements is also involved? If this chaP'e’

had b
een wri
ha tten even |
d no answer for him just five years ago, We would havé

der-

S
Upplementary Eye Fields

Su

u%}:‘lger::)f::;ry Motor Area
loci of elevateq Jy » Conjugate eye movements tWO o
rontal cortey o?rﬁbral blood flow can be distinguishe o

808020 and [ 5 umans (Melamed and Larsem k
OCus correspond rsen, 1979; Fox et al., 1985)- The lateral
Corresponds to [}f to the FEF, and ‘he’ dorsomedial ps
Plementary mey € supplementary motor area. The ot
gne 'Stcp o me t%r areu 1s a second motor area; apparcnt \

IStin humang (p ¢ primary motor area, it “’“; discovers
sn;acaq!le monkeyinf{:;d and Welch, 1949, 1951)and e
athdlal arca 6, (Woolsey er al., 1952). It occupi€® s

tracted , Tostral to area 4. This cortical 37 s

consid b
en 1 X €ra . -
€€ that 1t lC attention l’ccentlv becausc Of ev!

- vve’
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enthts" Three lines significant role in generating m
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im tary mo )- Moreover, blood flow in the
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tor ar .
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compl,
CX m
ovement sequence without

Roland et al.

et
secuting it (Ingvar and Philipson, 1977;

on of a movement 3 ‘read-
G recorded over

d Kornhuber,
diness potential ap-
that is subsequen-

1983b). Also, th

ineizt?d‘ l?l‘if)r to the executi
the SE t(l:“tlal can be observed in the EE
1978. i]))P ementary motor arca (De
PC'M‘;. \\-he‘:c“;c et al, 19 85)- This rea
fy oo subject plans a
Putcn‘tt'hhdd (Libet et al.,
mo\.Cnl]:::l r‘?C_OI’dCd Prior to pre-planne
prior to :‘ ts is qualitatively different fi
sibly th(; pontancous movements
tial beg; most dramatic result is t
intc“ti’;‘)‘m before the subject report

Thirg to act (Libet et al., 198
Motor a; Sln,glc unit recordings
Variety ca in behaving monkey’
rcspm'] d()t pre-movement
corded lé\g to visual, aud

anji agldr“‘}imiln and Porter, 1
and Schull_‘umta, 1982; Okana and Tan
Unitg dischu“ 1987; Hummelsheim ¢/

anﬂguch‘arg’i in relation to limb m
Mmith, | 9_'7‘9]. )78, Sakai, 1978; Brinkm
al., 19’8(). W’.T““ll and Kurata, 1979

omo ar:d 15¢ and Tanji, 19815
Plemenggy _Schultz, 1987). Still other n
ischarge y f}:‘_otor arca are neither sen
TCSponse t“ ile the movement is bet
Sakaj 19;) different cues and instruc

anki o Vanji et al., 1980; Kurata 3

and Kurata, 1985).

m that recorde:
1., 1982). Pos-

hat the readiness P
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| activity. S¢
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979; Wise and T
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Effects
n tl::ctso(r)if Electrical Stimul:ation
arey throug:ﬁﬂl explorations of the
49, ]9;1‘{ clectrical stimul
hap was~d‘ W.OOISCY et aly 1
More rog; escribed; caudally the
rt ermml is the forelimb an
nnc“tary n? re, stimulation at the rostral €n
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area that indicates that the
‘F) (Fj may rightly be called a supP
Ntra 8. 15.1(a)).
({i‘;?“ml microstimulation
Th'etz and Wise, 1987 S
parameters of stimu
yofP;I(;JF with a tl'gre?hold
Microgg; -50 ms. Preliminary ¢V! en
Correcy. imulation indicates t at re
ation’ a :‘C_Cades can be elicited Wit
Orsom sites extending from the prear¢
saceedial SEF (Mitz and Go
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by stimulation of many but not all sites in SEF varies with

eye position. In other words, stimulation of most sites in
the SEF tends to bring theeye tod specific position in the
orbit, and if the eye is already at that position, then no
saccade is evoked. In further contrast to the superior colli-

culusand FEF, prolonged stimulation of the SEF does not
result in multiple saccades, but rather the eye is moved to

and then stays at the specific position (Schall and Schiller,
unpublished observation).

Effects of Lesions
The effects of inactivating of ablating the SEF on €ye
movements have not been systemadcally investigated.

There have been some hints of contraversive gazc dis-
orders following SEF ablations (Laplane e/ al., 1977).

Connectivity o
The connectivity of the SEF is disanct from that of the
i f the supplementary motor area. The SEF is
i i ical areas

. rconnected ¥ the other visuomoter cortica
;ﬁuding the FEF, the [PL, the supenor temporal sulcus
i prefrontal, postarcuate premotor
(Jeffers ¢t al.,

; weunti the supplementary motor area
196;7'3Huerta and Kass, 1988). The SEF also projects ©
the griatum urgens, 1984; Selemon and Goldrum.
.. 1985; A souni and Kubota, 198?) and is recipro-
Rakic nne::te with the yentroanterior, Ventrolateral:
aly = X mediodorsal and intralaminar nuclei
nuclo’® wsl-,ii Jacobsom, 1974; Kievit and Kuypers,
! O)arll\(/)i' ata @ asaki, 19 4. linsky ¢/ al., 1985
1977, B ran ndange’, 085; Schlag-Rey etal.,
,cfcndange i halamiC nuclei providing e
l98/) .]nterest e mselves receive input from the
majo! mputdton the fastigial nucleus (Wiesendanger
dentat®. an Janger 1985) in contrast 10 the caudul
d Wiesen anges r ared which receves thalamic
Jlidal afferents (Schell

fary MO .
pplement’?. sdom‘“md by At

input from ¢ ;s preliminary evidence
Stri .19.8‘,})'3“‘,50'“ the intralaminar pucleiand SE
nectivity % ¢ plag-Rey ¢ o1, 1987). SEF regions
is highty rgan?®  sition de ndent saccades ar¢ elicit
ch eyeF udolateral portion of the intra-
-position ndent sac-
F sites from which

ted W .
are CONMEC™ " om which €¥€
th the

ei
voked- In contrast, o
des 37 2 des are €V0 re connecte
n of the intralaminar nuclet.
medial P! liculus T jves afferents from the ros-
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ntary
in the superio
eeper | 984; Huertaand Ra2s,

- Fries,
81,1 b rved from the

o been O S€
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mesencephalic reticular formation and pontine reticular
formation as well as certain pontine nuclei although these
projections do not appear to be as dense as those from the
FEF (Wiesendanger et al., 1979; Leichnetz e al., 1984a,b;
Schnyder et al., 1985; Schlag-Rey er al., 1987; Huerta and
Kaas, 1988; Shook et al., 1988)

Physiological Properties

A variety of neuronal responses associated with visually
guided saccades have been observed in the SEF
(Fig. 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

stent fashion than thejr
fference is probably due
the FEF is stronger than
have large receptive fields
ral hemifield, The recep-

of these unijts include the
tral retina, N

counterparts in the FEF. This d;
to the fact that the visual input to
that to the SEF. The visual cells
that tend to lie in the contralate,
tive fields of a large proportion
fovea or are restricted to cen

Neurones that are specifically actjve
between the presentation of the ta

Cue to execute a saccade are also ob i

(Schall, 1989b). Such a pattern of ms::::‘l‘lﬁgtil: e SEF
been observed in the caudate nucleys (Hikosaka ¢ /
1989¢), and supplementary motor area (Tanji 4 al"
1980; Tanii and Kurata, 1985), primary ey - 25
(Tanji and Evarts, 1976), the Postarcuate premotor re rion
that lies lateral to SMA (Godschalk and Lemon 131803:T
Weinrich and Wise, 1982, Weiny: :
Mauritz, 1985) and prefron

nahashi, 1982). Because the discha . y
in which the movement is l)),eing pr“;i(;rdel:jm:gi sthe period
neurones has been called Preparatory get c::lls (s
et al., 1984). It is possible thag these preparato,-ee
also play an important role jn saccade initiatiop s)i’ns
offset is correlated with the beginning of the I
presaccadic activation. The visual response [qt
these units is around 100 ms, :

and the time ¢,
. . . < (0]
tvation is over 150 ms. After ¢,

during the period
rget and the subsequent

tal cortex (Kub

et cells
ce their
ng-lead
ency of
peak ac.

.. . A € Cue s rese
activity in this population of units decays l: fterllted, th.e
mately 135 ms, before the saccade s ; Pl;;qxl;
1Ca
€ pre-

Initiated (the ¢

saccade latency in these tasks averages 200 ms). Th

Visual neuron

llllm U
T

Preparatory set neuron

i

Transuent sensorymovernenl neuron
_ ”muum Ill!lllllmmHH}HH-l————-
WY IERRRERL

Sustained Sensofy-movement neuron

Eye movement neuron

Post-saccadic neuron

100 ms
——

Fig. 15.10 Neuronay activity in the supplementary eye field
assoctated with

saccades. Same task as that illustrated i
155(a).

e ia-
Paratory set cells also responded preferentially in assoc!

tion with contralatera] targets. ed
_Other neurones jn the SEF display a more pwlonagn
discharge, starting after the appearance of a target

X , €
lasting until saccade is executed (Schall, 1989b)- The

may be referred to ag visuomovement cells, but they d F
In certain respects frq

m their counterparts in the
L and superior colliculus. The visuomovement € s0C-
these latter named structures display distinct bursts %
tated with the presentation of the target and the cxecut{on
of the Saccade, even if there may be a measure of elt:vat‘l:nt
ctween the bursts, In distinction, the visuomf"'errl a
cells ':n the SEF do not show discrete bursts but mSteili
Sustained elevation of activity. In this respect thes¢ U Jus
~esemble the quasi-visyal cells of the superior collic”

. ey’
and IPL; however, they have not been tested in monkey

vic
¢ e

making saccades to remembered locations. T elds
Suomovement cells

that ells of t'he SEF display mO"er'_‘enlB. !
27 predominantly in the contralateral hemifie s i§
average latency of response to the visual stimull:)nse
™S, which js significantly longer than the res?o
latency of the Sensory or preparatory set cells- Als ,: t0
Number of the visuomovement cells become active prl: -
‘R appearance of ghe target when the monkey cou! nge’
apateit. The time to peak activation, 220 ms, is als0 lo ent
than thyy of Sensory or set cells T,hese visuomoVve jon-
cells are inactive within 95 mg foll.owing saccade inmato d
to oSt of the Visuomovement cells in the SEF also re;cvel‘v
Vis““f"ory stimuli that are rargets for saccades; hon un-
4al and aUd'tO"y specific examples are also €

ls in

> -
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mn
tered. These sensory-movement cells \ve{ehmtﬁzrd;‘:}lcr
monkeys performing a go/no-go task in whic {Schall,
executed or withheld a saccade based on 2 cucemde the
1989b). Following the cue to withhold thidsaoonc; and
activity of most visuomovement cells decay Asfcw of the
more rapidly than it would have othchIS% ief discharge
Sensory-movement cells, however, gave a Drl
following the no-go cue.
. Another unusual type of neurona derate level of
in the SEF is scen in cells that have 2 moderate 190
SPontancous activity. When the target apl;”:: which point
of these cells js sup[;rcssed until the sacca elatency of the
there is a rebound burst discharge. The of the targeh
Pause averages 12ms after presentation some anticipa-
Which indicates that these cells can e_\.presfsrc the saccade.
Yon. The burst begins around 0 ms be 0"5 that are 0b-

hese cells resemble the pause-rebound c¢

' Schlag-Rey
S¢rved in the central intralaminar ‘halan:‘u:r Ezl., 1986)- It

and Schlag, 1984) and pulvinar (RobInso - feedback t0
has been speculated that these units prt: 1o inhibit visual
Visug| Processing centres, giving 3 S.lgn:he jmage-
Neurones when a saccade is dlsruptmil o
curoncs that discharge before SZCPO rter, 197%
99served in the SEF (Brinkman anb Like the .
“"d Schlag_Rey, 1987; Schall, 1989) lly triggered 52
Parts in the FEF and IPI. and the "ls:]?ese units ar€ 1%
de cells of the superior colliculus, nerained oF %
UYe for spontaneous saccades in U discharge 01 25
Uvateq monkeys. These units ngln to nd earlt
Zg(f: 4 ms before visually gu?ﬁc_‘ 52
=0T¢ self-gencrated saccades. This OF urst seen !
“‘ﬁCantIy digffcrcnt from the P"es"c;ad';:ve broa '30;5;
*" Or latera] interparietal area. T tL;Ztera hemifie! SEF
Nt fields that emphasize the contra ounced in tHE >
€ Contralateral tendency is less ProP o specifically P2
oD the FEF. Units that are 87 < the
S CQdically are not as Commop n ¢ erha;;n its
the - Itis not clear why this Shoul y di charg®

orollar .
c 0Oes not make use of a € 4 toni€
Unctiop,_ i

the SEF ition O

1 modulation observed

_Other neurones recorded 1n

! o [he POSl X ha“’
dlschargc that variCS Systematlca“) W lt-};{ey’ 9.8 ’hsag not
eye in the orbit (Schlag and Schlag' n Of Unlts ne Of
198%)- Unfortunately, this populﬂt'gy may F v| a:d the

Cen investigated in detail; such a St the from® G co-
g‘e fun damental differences between | otop

retin tial
rdis that the FEF encodes sacc n

sk
o "ate frame while the SEF encod[n the gO/"(:g(i)n the
ea
asnude to above, a number Ofneuronq(s, Jowing saccade
) st .
e hat were specifically activate o Wit ;0 msand
ufc‘ When the monkey is require .\ isaroun
iSCha"‘ 1()89h) The "]'\"Cr"lgc I‘Jtcn(r,‘sim.

\ . = S.

¢ Modulatign lasts at least 25U

. c. 4
~centred coordinate fram were ¢ no-8°0

in the supplementary
;on has also been observed in
mo?l:'l:':;n(T:iii and Kurata, 1985)and pgefrontal cortex
g:s:ki and Gemba, 1986; Watanabe, 1986).

. . 1 Eye Fields )
Comparison w}d:wl;ﬂf)'rr:)?tal Zortiml fields involved in

The o ation uestions about the role _of “‘fh
Sacmd? genemtt}li:; ;:l: i?rarchiml or parallel regzgzl:s
arﬁ-.FlrSt, areone another? Second, what unctional
re i tinguish the two areas, and what umqs ccon-
D ons o g::h make? Third, are both reguo:th e
. d??ﬁt for saccade genemqon? Fou r, how
" a"dh Sa‘:wc:elate to LIP and other visuomotor egi
does eac

in? .
Ofghz:;lpiemofevidgncenn
rite in parallel during th

0

dimteﬂlattheSEFan_dFEF
e generation of motivated,

: latencies
irst, the visual response
:  suided saccades. First, :Ferent: although
visually guided areasarenot mafkedlydgetrl:ar:’ the SEF.
icited by Ei;:ros;-l
- cerent, Third, both fron

ot slgmﬁf:antl)’ dlﬁ.eF::é ons as well as direct

tor Centres.
' bra?:;teeﬁe?icigllg?% and lateral FEF for the
o

ial supple-
The presel em i cled by the media toff,-ca
ostarcuate premor o
idea has been p d
skeletomotor system. 'I"he ; b e ex:::
o ments while the suppl;r‘zﬂen é,
8 T for self-generatgd m e
s e think about

1983) Ign;a);infﬂar dichotomy. Unfortu
ing €

lementary

o5 in both the supP 5y

al fe(lmtlglar;g;)srémotor area in n;%rik;ésg Eer
s d and externd e cn-
oand Tanj,
lmnWise, 1988).

dand externally-

us N
re ‘spontanc ot led to this interpre-
idence

eviden derived from
the EFa e not. gh _Rey, 1987) Wa?ol‘ making .SaC"

ve
. | were neve
' interVa = - ation pre
single the i"tcm?::t ed. In this situatt

ol ’
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tivity . )
theti;zafsn::)s::a ated leth the task-related saccad
gether, then t']'_:ents in the intertrial interval TC but not
SEF and IE‘EFeSil'resl:]hs suggest that neuro.nesa!(en >
guided, goal-directed sacod specifically before :‘SL‘.’;?
jects. This i es executed : y
The 1:150 :sue, however, warrants fUrtl;])::T:l00va§ed S,“b'
FEF and SE I*E)rol;lounced functional dj ﬂ,ereenXammauon,
position signal (observed so far appears to b ce between
this is indig;t eés more pronounced in the SEi:‘that an eye
than by single un?t](;:;z bﬁ .the results of microét?r:]CanF]y,
is related recordings. Single uni ulation
FEF too (t]gi?; ¢ li;OSmOn m the orbit hav:ltt,i whose activity
Goldberg, 198‘:.;) (;?S;tflui and Schiller, lgggfgcorded in
to determine Whéthu er experimental work i, ruce and
are tuned for the posei:'a greater proportion of ui;'::flerway
al., 1989). 1on of theeyein the orbit (Teh:: S'EF
The fact that bi 'nikK et
) ilateral ablati
su < e ation
(Schiller cftolhlcuh results in comg,fe:’:tlh the FEF and
sufficient to;él’]:gg) lndi(cjates that the SESFS :If sacgdes
to repeat t lte saccades. Still, it wi lone is not
Culusp to dttce::]lf’ﬂon of both the FEF ::(lid be mt_erCSting
evoke eye m ine whether stimulation ofSUpenor colli-
1987) indicat(;;/etl;:enm. Preliminary work (tshe SEF can
stimulation of the gES;C@des can be e]icitedcta" et al,
colliculus ablation following either FEF or);L:n icro-
’ perior

Prefrontal Cortex

Preliminary evidence indi
PEp e 1pd1mtes that a regi
S, arou 1‘:!(1 .,:::ﬁ prmqpal sulcus is acu?\;g::in el o0 the
the prefrontal coy e ecades. Units ceoried o
e FDrtex in Fhe banks of the ll:_f:quded from
e 1 o7 138;“: v.lsually reSPOnsivi l?sdpal §ulcus
Goldberg, 19’89) TLeNII;lt(:mi oo 1982, lllgz::: R
80120 me. The recepive fiebde of e e g
phasize the I::t::ﬁ(;‘:srt;}lehﬁelqg e Czﬁg:zz;‘;erages
that include g, and v flds
Coumerpms,tgf) r:"](;vga are smaller than tll::tfiiptw? felds
e e ut not all visually respo Peripheral
if the stimulus is t;SPatlally Speciﬁcenhaﬁ cresponse
Golon e The target for a SaCcadeCed response
ol e o - There is also some evid (Boch and
Vvisual re With(mtare lf'nhanced when the mf)nie that the
o with lgrsnza Ing a saccade to the per'nhey Clrects
units exhibit t:vo b o delayed saccadlp S o,
units exhibit tw ursts of activity, one follo»:' o certain
entation of the i rget and th.e second immed;j Ing the pres-
bt the s;ccad Pre'saccadlc burst occurs e prior to
and Goldberg 1968‘;;”3 n average of al'ounduIS)Oto 160ms
tive after a vi;uall : _thel' accade. i o
tive afier y guided saccade. Whi) Pooncall ac-
me role of prefrontal cortex in d?rthe§e results
ecting atten-

tion and
: enerati

Stlmulationgof t]:?tmg -SacdeS, low intensity micro-

During a dela\.c; cortical area docs not clicit saccades

neurones in pre-fro:clsponsc visual tracking task mam"

presentation of the tal cortex are active following timc brief

out the delay (up tot(il(l)-get until the cue to move, through-

etal, 1989),' Similar 00 ms) until the saccade (f"unahashi
visuomovement activity has also been

recorded dorsal .
Barone, 1987y~ ¢ Principal sulcus (Joscph and

Discussion

The data revi .
Tables 15.lev|l§‘ZCd in this chapter are summarized in
plex COnnc;:tivit .8nd 15.3. Fig. 15.11 indicates the com~
involved in gcné‘r between the various arcas that are
results ofmicrost-at'“g saccades. Table 15.1 reviews the
C\:oking saccadic :\?Uhtlon of the various br'ain regions on
irst, the effects cfmof"emcnts. Two points are evident.
Tegions are not k of microstimulation of many of the
and latency it jg nown. Second, based on the t)hrCShOId
the ocularvmotop()ss'bk? to definc three levels distant from
the brainstem mro::l clei. The first, motor tier consists ©
he second, visyg I neurones and supranuclear regions-
culus, the intral motor tier consits of the superior colli
ird, visual tier ; and supplementary eye fields:
probably the al tier 1s repres  rr Yo
P e S
vle 15, mar: ( )
cofl different brajn :;lzﬁs the visual response latencics in
Tse, reflects ho °gions. The increase in latency Y
reveals the prOgrcs‘;"dlmnt a region is from the retina an
C&;(:le_ Also the rcgioll(:: i0f Processing culminating in 3 2
evidcced when the Stim:l Wh.lch the visual response s €~
well ant. T]:le enhancem us 1S a target for a saccade arc
N Obsf;‘f::]lcallstructure: n]tn'zoobserved in subcortical 25
the v only when 4 . me areas the enhanceme”
shifted wi Tesponse is ? saccade is made, while in other®
enhan 1thout an gvert nced if selective attention '
deriveff;"e“‘ is not preszelmOVement. The source of th°
lic reticu;;rn;oascenfjing Prt)tieyc:(ig:w? butitis ke bf
Table 153 pregeme: s from the mesencep?
sacca ) sent;
bles 15,1 - oime active. In ¢ ent cells in the differen”
found on]a nd 15.2, it is ¢l omparing Table 15.3 with a-
elicited wi:'hlln those areag ef:(r, that PresaCCﬂdic activity 15
orbit js Signal;éss than 50 44 T"; which saccades coul
Variation ip, t;:d na “Umbe'r of S ofthe eye int e:
€ saccade efies areas. Thls is indicated 0%
, by me :lc'ted_ by microstimulation as
sition O?tﬁl::on- of the vis‘ual respori
ve in the orbit as not¢ m

aoved in Table |5,
Cording to the p-o

8en;,
Culq
te nllc'[(’us' preG}V - I)rg’gc’)li(“
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1 e
the connections betwe
Jate nuc 1S,

ref".

esen,

Supcriorlf ”'.e centrolateral and P""““’"’ml intrd 11bt/i1'i5io"s' :

and 4 ‘[()[,J/'tulus — represents both uppe’ an er:nSI/ eye

nucleus's L ~ inferior parietal lobule, .’/;‘0 i
» Substantia nigra - represents pars rett i

of the ¢ .
ity e "’Lermls and the ﬂ(u't‘ll/tlf- saccd
S hypoglossi and the ocular motor nucler-

Fj
B. 15
AU Schematic diagram of

enerd

Prep

’.l‘ab
1
€152, and by modulation of the €¥° m;’s

tl\(it .
Y noted in Table 15.3. The sign®
wo Sourc™”: ive
riocept!

Cye §
In .
the orbit can be derived from

Nugj)
Yu : o
Pdated internal rcprcscntﬂf“"n anc P ¢ brai

affey,

Cntg . .

NS This signal appears 10 origi™ rta
s well as 10 €

1s
Passed up to cerebellum 2 | dorsa

are
as vy

la . . «
nygle; - the intralaminar and later?

. g saccades
od in eneraling .
volved " 8 medial subdivisions,

ations cour
rr.:itadon g direction S
jons 2 used to prov!

- —
—
FEF SEF |-
Y
IPL n
— 3
Extrastriate ||
cortex -
Caudate [¢—]
‘__.—-.—L
Striate
cortex
4
generalor
pulvinar
PreGN
Y

LGN - dorsal lateral
central thalamus —
| nucles,

'mlrolateml and mediodorsa

' vtrastriate !

p Vi, extrasTe head of caudate
— represents lobule

he nucleus

demonstraté the remarkable
ade toward understanding the
a number of very

ment51
For example, readers
func-

familiar with the remarlfable i

in the gemculosmate
electivity appean
de an analysis 0
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depth, and so on. Baged on

the present data, howey,
not possible to conclude wh

er, It is

the source of the command to
;?fermann and Weiss, 1978; LI;-
Vis and Kova, 1985; Eaton and
eurones have beer, described i a

move (see for example Ky
nas and Bunge, 1978; Da
iDomenico, 1985). N

number of regions

that dischy e bef
(Table 15.3); the activation of thes::g neu: e o cades

° ) Ones
ultimately drive the eyes SETVES to

- Itappears that in adg;
superior colliculus, three areas of the ceresfa(imon fothe

involved in generating saccades, Traditiong]

Table 15.1 § ummary of microstimulan'on results

Structure Threshold Latency

1

2 3
Motor nuclej <10
Supranuclear <10 1<010 YN N
Cerebellum <10 10 YN N
NRTP ’ > Nyy
Superior colliculus <10 30 22
Substantia nigra ? > Ny N
Caudate nucleys ? > 22 ?
Thalamus ' P2 ?
Pulvinar ? >
Intralaminar 30 40 2 2 ?
Cortex Ny Y
Vi 100
V4 ’ )0 Ny nN
IPL ' Py
7a 80_ 50
LIP <30 P Ny N
MST 80 50 Ny N
FEF <50 3s NNy
SEF <50 40 Ny N
Prefrontal None - Ny Y
The different columns labelled *Propeyys,s . .
attributes of the eye movements evozigfs ndicate the p Articulgy

. sti; ;
structure according 19 the folloming code?’ ] Milation of the

. _ ampl; .
with frequency and duration of stimulatiyy 2 ep itude Ncregge
does not change with eye ’

.S oke, 5
. .S '€ position, 3) €V0ked sq0044 “ecade
with eye position. Entries gre y €

.. oes
: ? Jor a positiy, resuly, N change
negative result, ? for an unknown resy), and — f,, I; or g
which no results gre obtained. the cages n

which individua] neurones may serve in cach of the thf;:
functions, Thijs is especially cvident in .the -s;;:a:he
generating system; indeed as illustrated in Fig. 1511, ro-
phrase paralie] distributed network is nowhere 2pP

nated an
Anot
sensory-

d what unique contribution cach makes.

4
Sensory nor motor. Morcover, man y of the scnsol;)c
these areas do nog require the actual appearan

) ) ¢
stimulus to be activated, and many of the motor €
charge for ¢

Table 15,2 Summary of visual responses.
X

—/
Latency
Structyre (ms) Propcrtici_’_,/b
12 3 47
Motor nucje; None - - T -
Upranucleyy N - - - - ?
NRTP o y > v NN,
Cercbcllum 3 > A
Uperior colliculyg y N
upper 45 Yy N Y N Y N
]0\\'er 55 N N N N Y N
Ubstantiy nigra 120 Y N Y N y ?
udate Nucleus |3 y » v N
alamyg Y N
LGN 30 N N N N Y ?
Pulvinar ’ Y N
Inffla 65 Y N N Y Y N
Mediy) 85 Y Y Y N Y N
Intralamingr 100 y » 2 ¢
Ortex ) Y N
M 30 y vy N Yoo
40 y 2 N Y ¥
viA 60 > 22 2y N
V4 80 y Y Y N
IPL, Y y ¥
e 90 vy vy Y Ny
. 73 > > i ?
MST 88 : > 22 ;/ N
FEF 80 : N vy N s 7
SEF % A v
Prefron[a] 200 Y Y ‘z_’]\i/
o plloms
"l’ZfZZZ’ "4 as in Taple 15,7, The properties ar¢ os o
enhanceme-rdale """ﬂm'emem. 2) attention-related

. not
SPatially poep. ety restricted MIm”a’”w”t'l-ll)t’ 1
g 1 -

fjt’:’ erhancement, 5) no succade-reld Je. In 5"
4 isu

. t] t’
i al response varies mith gaze uﬂf’rl
“erent cefis ™may exhibited different prop

1e5.

_ . . ineate the
priate if not here. Now the challenge 1s to ddme:oordi-
manner in which the various loops and areas ar¢

u . : at the
her excting area of current rcs‘farCh lstor cen-
motor interface. In the *higher’ visuomo

ither
. . nelthe
tres there are 5 number of neuroncs which are cellsin

of th¢
1Is dis

. ro-
. ucd P
nly particular movements. Contin
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_ ) ires confronting a
gress in understanding these areas reql;:rfsxsay are these
number of issues. For example, in wha

ri
flon-sensory /non-motor cells most approp

a[e]y charac-

r s . e different
terized” What transformations occufl m rt'thparticulall'
Yisuomotor cortical areas? One problem i

] | of attentt
Mterest which has not reccived a great dea

on is

de is selected.
€ process by which the target for a sacca

) nses.
Table 15 3 Summary of saccade-related respo
———

es
Structurc Onset (ms) Prop™
12 3
N Y
Motor nuclej 6 ;
Upranucjeqr Y N N
urst 10, > 100 y N N
OMnipauge 10 y N Y
tonic - y N Y
NRTP 30
Cerebellym
Vermig y N Y
Mossy fibre 7160 Y N Y
urkinje ceJ <L +40 ,
occulysg Yy N X
Mossy fibre 7113 y NV
urkinje e 6
Uperior colliculus - - _I;I
Pper none Y Y 5
lowey 20-200 N Y 5
Czbsmmia nigra 20 N Y
T udage nucleus 100-200
I'"‘lamus - -
LGN None - - -
PWG.\J None
PI-‘l\'inar y Y N
InfiMeg 4, +65 - Ty
Lat None ? ?
COr':et;alaminar 120 .-
Vi None - 7 :
V3A None - -
V4 Non¢e
Ipp -
7a 1:1 y v
Lip o y N
120 N ?
FER 130, +40 N Y7
SER 140, + 20 - -
reﬁ‘on[] None

bl i0nS a5 o Table 15,1, The P ot ade el
Phq oy, ie, discharges for every 54¢* scharges on a
v‘.sust’s 0 "’_)'Slagmus. 2) [m"l‘”gen’, li-f'a([ s A e'gﬂ 4)
My ’?‘”J’ 8uided or other goal-directe? fri '
adivif ¢ monkey, 3) activity z'aﬂ‘:':on.
UWerey o3 01 Tary mith o pos;prol"" e
limgg . s may exhibir differer “cells are 5P ar[
gy, “erent subpopulations of ccadic 015"
"a, Positive values indicate postsd

th eye PO cinres

fomws
e as Jol
reies are " the fast

[n some S the onse!l

M e Zde 2

v |

\

\

R e |

\

s identified in retinotopic coor(lm':litcats(;
the eye position §1gnal cc;mbme
tion of the target in spacer

Also, once a target 1
where and how 1

provide a representa

Conclusion

f a num-
is the end product 0

- !Is‘ht:eevidence rewewc.:d sug-
in are responsible for

possible at present 0

king 2
The act of ma 0CESSES.
ber of subsidiary pr f the bra
gests that different parts 0

.. t

. esses, but. 14 IS no ea 1S. Indeed,

the dlﬁ:r:r;f ;or;CiSe Conmb;l}?m gioe:}(’:};::l motor appa-

te wha Y € S¢ its

:It;. furthera reg1tc;ln l::) rf; "s';ecu]aﬁve smte"‘ed':t: :ltl)(:)uft:;ze

e est tha

easonable o SUEEESt U ub-

It _Seefnsa; activity — supertor cou‘“t',l]'f;;,us,

bit vist Jeus, pulvinar, centrl d sup-
nuc ,lobule and frontal an

. s d

. d in noticing an
o irtlzcl;l;ea'e s that the super-
detector and does not

€.

role become ;

areas tha.t exh! udate

stantia Nigrd, ‘i:?lferior parietal
. ortex, -

Ay ey fields = ™2
e

asaocade.

P it ingatarget for event are
ldcnﬂfl_’mg actsasmore 01: an :muli; thus, saccades ’
jor colliculus visual s fashion asa result 0

[yze the features & d and automatic fastt f the striate
and’y dinamore@PY C. e complexity 0 designed
elicite . - «al areas seems to be Thest
ua] cortaca the vis“a] World-

scular Stimulus
. sainate 4 particu
discrimind

. eS il’l, for ex-
rate U ed on differenc ana-
areas M3V % f others bra :nou'on. These stages of
lour O

:me the visual
ize, shap6 COby attention. BY fll::;;eciﬁcity is
frontal cortex, an¥ SutTlC processing that
jgnal reaches theb:y ¢he signal reflects
sl uma

ut pres

rred. ccade, fi
has 06" 1inga 53 at appe?
Prior t0 r;,sed. The areis t tion an!

. resent target
xation Of;ttl:f‘:; respons’ble
d make 2 saccade
eye field, the cau-

must decision 10 r% S|_,ppleme“ta"y &y via this pathway
for the tal an ., nigra. ItiS nhibi-
o de the fron ubstantia I d that releases 1
inclu el thes o be generate® - ng a saccade to be
[hat Supen Of s cular formatio
gon On tge The excqu‘:}’I‘e b,ainst_em.'r)?sg: on the burst
erqu"::sé peurones ;“ ing their m:\(:neumn es. )
nipe thus T ar mOton! dinates O
:,-c inhibiteds drive the 0€ de, the retinal ‘;ngthe eyein
Toma com>” wher' the differ-
tm sently otor error, .o
the orbit 4. Itapp eye 18 loo Jeast at the leve
compli en' where the repre nted a:he retinal error 15
2nc€ beti - be looki ﬁl’slsTh sourc oi,rovides this. Tt{_:e
. e e
upp rc(-)l . revie¥ d boa)’ be 1ocahz_ed ti(l)lfor-
Ofthe: lsual np ition st . but pl'opriocepuve
cleah = e eye hypoglossh
soufce 051
uclet
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mation should
: . nOt bﬁ oVl l
1S \vldel dis 3 . er ooked- This . . »
recordez,l in g: :ted in the saccade net\?(;kp%lm.m signal
bellum, central t;’lC}EUS' reticularis teg'menﬁ, havlpg been
alamic nuclei, cxmsu_iatpomls, cere-
e area V3A
il

inferior parietal ]
obe and su
pplementar
Y eye fields.

The spati
patial co
de of the motor error must b
€ converted

desired
. amount. Thj
plished in th - 1his conversion
e m X appea:
esencephalic feticulapr ff:nt: h_‘e accom-
ation
y para-

nt :
reticular fOrm::io retcular formation and
X n. .
generating the a T_hese sites are n m_edl.l“ary
neurones that ppropriate activity in responsible  for
While the f;::l'_s in the desired eye the ocular motor
3 om move
scribe the cu g summary ment
) rrent vi seems i
fmdlc eye moven:ewew of the meChaniSn‘lt: adequately de-
ideas will have to bnts’ quk continues Uunder]ying sac-
able for considel_a[.e modified as more da ndoubtedly oyr
impressed with e o Certhel ta become avaj
with the progress th ess, for now we vail-
must be

Laurenti
tus Qﬂ'er . at ha
ed his explanation, s been made since
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