A Cortico-Subcortical Model for
Generation of Spatially Accurate
Sequential Saccades

This article provides a systems tramework for the anal-
ysis of cortical and subcortical interactions in the control
of saccadic eye movemsnts, A major thesizs of this mode!
is that a topography of saccade direction and amplitude
is preserved through multiple projections between brain
regions until they are finally transformed into a temporal
pattern of activity that drives the eyes to the target.
The control of voluntary saccades to visual and remem-
bered targets is modeled in terms of interactions he-
tween posterior parietal cortex, frontal eye fields, the
basal ganglia {caudate and substantia nigra), superior
colliculus, mediodorsal thalamus, and the saccade gen-
erator of the brainstem. Interactions include the mad-
ulation of eye movement motor ermor maps by topo-
graphic inhibitory projections, dynamic remapping of
spatial target representations in saccade motor error
maps, and sustained neural activity that embodies spa-
tial memory. Models of these mechanisms implemented
in our Neural Simulation Language simulate hehavior
and neural activity described in the literature, and sug-
gest new experiments.
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The saccade eye movement system has been a useful
model for studying how spatial informaticn is trans-
formed in the brain from a retinotopic coordinate
system to the appropriate temporal discharge pattern
of the motor plant. Iz is now well established that this
gaze conrrol system involves the activity of many cor-
ticzi and subcortical regions. Neural network models
provide 1o0ls for understanding the cooperative na-
ture of computation in the saccadic system and the
multiple cepresentations on which it acts. Qur mod-
eling identifies relevant constraints from anatomy,
electrophysiology, and lesion studies within the con-
text of primate oculomotor behavior, and then im-
plements these constraints in a model and computer
simularion.

Lesion studies as well as stimulation studies have
demonstrated that either the frontal eye fields (FEF)
or the superior colliculus ($C) is sufficient for com-
manding the execution of saccades (Schiller and San.
dell, 1983; Keating and Gooley, 1988). FEF is recip-
rocally interconnected with the posterior parietal
cortex (PP), another higher center involved in sac-
cades (Gnadt and Andersen, 1988), These two cortical
regions project to the SC, whose activity drives in part
the saccade generator (SG) in the brainstem. In ad.
dition, the SC receives a projection from FEF through
the basal ganglia, which play a role in the disinhi-
bition of SC and thalamus for saccades and spatial
memory (Fuster and Alexander, 1973; Hikosaka and
Wurtz, 1983d; Ilinsky et al, 1985; Goldman-Rakic,
1987). This article models for the first time the inter-
action of these brain structures in the execution of
voluntary saccades in primate. We consider saccade
experiments in which the monkey is seated in a pri-
mate chair with its head fixed and eves free o move.
Illuminated fixation points and saccade targets are
presented on a visual screen in front of the primate
(see Fig. 1). The type of data we seek to explain is
summarized as follows:

1. Simple saccade (Mays and Sparks, 1980; Hiko-
saka and Wurtz, 1983a). In the simple saccade task,
the monkey fixates a spot of light {fixation point) that
later disappears as another spot of light (target point)
appears in another location. The monkey is rewarded
for making a saccade to the new target at its onset
(Fig. 14). ¥

2. Memory saccade (Hikosaka and Wuriz, 1983¢),
In the memory saccade task, during the display of the
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see Mroduciovy remarks.

fixation point, a peripheral saccade target point is
briefly illuminated. The monkey is trained to make a
saccade 1o the location of the previously flashed target
following the removal of the fixation point (Fig. 18).

3. Double saccades (Mays and Sparks, 1980). In
this task, following offset of the initial fixation point

(F}, targets A and B are successively presented (Fig. v

1C). The total duration of their presentation is less
than the time required to initiate the fest saccade,
Reward is contingent on successive saccades from F
0 A and then to B. In the double saccade, target B
is not visible during and after the saccade to A. Thus,
the represeniation of target B in a motor error map
would move as B itself would move across the retina
were it visible during the saccade to A.

The simple saccade task allows us to study the
ropographic relations between sensory and motor ar-
eas, including the inhibitory projections that manage
motor field activities during the implementation of
saccades. The memory saccade task is used to stdy
the cortical and subcortical activity that sustains spa-
tial memory. The double saccade task is used 1o study
the dynamic remapping of target representations to
compensate for intervening movements. The model
also reproduces darz from stimulation experiments
such as those on compensatory saccades, and from
cortical and collicular lesion studies:

4, Compensatory saccades (Sparks and Mays, 1983).
In the compensatory saccade task, a visual target is
briefly presented and removed before a saccade can
begin. Prior to the targeting saccade, an electrical
stimulus (applied to 5C or FEF) is used to generate
2 saccade to a different location. The subject then
generates a saccade to the original target location,
compensating for the intervening stimulatéd move-
ment.

5. Lesion studies (Schiller and Sandell, 1983; Keat-
ing and Gooley, 1988). The respective roles of FEF
and SC are studied by combinations of cooling and
ablation of one oc both structures and then auempting
compensatory and simple saccades,

A preliminary version of this report has appeared
in Dominey and Arbib (1991).

v The Model and its Biological Substrate

In this section, we introduce our model for the sac-
cadic eye movement system, integrating rthe details
of the model with their biclogical justification. We
study the topographic relations between posterior pa-
rietal cortex (PP), the frontal eve fields (FEF), the
caudate nucieus (CD), and substantia nigra pars re-
ticulata (SNr) of the basal ganglia, superior colliculus
(SC), and the mediodorsal nucleus of the thalamus
(MD) as they work together to con\u})l the oculomotor
regions of the brainstem (Fig. 2)¥The exposition is
complicated by the fact that most of the functions of
interest to us in the control of saccades are system
properties distributed over many brain regions. We
thus first cut across the brain regions to set forth the
minimal neural interactions for the three major func-
tional components of the saccadic eye movement sys-
tem, namely, the topographic organization that pre-
serves saccade dimensions, dynamic remapping, and
spatial working memory. We then proceed region by
region to present the remaining elements of the mod-
el.

The model analyzes the saccadic eyve movement
system in terms of population of neurons, rather than
simulating the activity of single neurons. The major
neural elements are two-dimensionzl neural surfaces
that we refer to as “layers,” although the concept here
is funciional rather than anatomical. The wayin which
we represent the cells in the layers and the interac-
tions between them in our Neural Simulation Lan-
guage (NSL) is described in Appendix A, along with
a formal specification of the dynamics of every cell
type in the modet.

The saccade burst generator (SG) perforns the
spatiotemporal transformation from the motor error
maps of S5C and FEF 1o generate eye movements 2s a
funcrion of activity in tonic position cells and excit-
atory burst neurons (Robinson, 1970, 1972), reposi-
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Figure 2. Muitiale brain regions involved in sequential saccade generation. 2, Anatomicaf localizatian of brain regions invalved in sequential saccade generation {modified fram
Hikasaka, 1983): visual cortex (VisCN, posterior pavietal conex {PF), fromal eve fieids (FEF, caudate (C0) and submiantia nigra pars reticulata {Sar/SNA) of the basal ganglia,
mediodorsal thalamus (M TH). superior coliculus (5C). and the brainsiem sacade generator [S5). b, A block diagram shawing the interactions herween these regions as employed
W our model. Connections between arrays (reserve topography of saccade dimensions. The labefed layers represent two-gimensional surfaces of neurans that form an inerdigitated
maosaic of ask-related respanse Types within the twpography of saccade dimensions. The FEF 1o ST path includes buth an excitatory topographic projection of saceade dimension,
and a distributed inhibitory fovea-on (A0 projection that inhibits S and prevems saccades while 3 rarget is fuated. FOn is activated by the central elemem of PP, that is, PP,
4). Outpur from FEF and SC drives the brainstem SG iFig. 3), which in e drives 2 linear oculomotor fant, maving the: retina with resgect to the visual iput projection streen

{ Visinpes, thus updating the visual image as the result of 2 saccade. wea, winner take all.




Figure 3. Cetails of S5, modified from Scudder {1988). The SC/FEF o LLBN
projection codes twa information componems. The 1opographically weighted SC/FEF
firing rate codes saccade velocity, and the tpographically weighted projection codes
saccade sire. The tonically sctive pause neuron (PN} is initially ihibited by the
1ergger cell { TAG) based pn SC/FEF activity. Onge the OPN is off and the LLBNS reach
theesheld, the exciiatory burst nedron [E8M beging 1o fire, ks firing rae, determined
by the eccenuicity weighted firing rate of the SC/FEF inpn to the LLBN, determines
the saccade velocity. The value of A is determined by the topographic Incavion of
the FSC/FEF input to the LLBMs. The resettable integrator, A7 imegrates the velocity
into a displacement. When this displacement is egual {0 A, the UPN rewens m it
tonic inhibition, haling the sactade and reserting the Rl and A The mator newran
MN. has the characieristic pulse/step beliavios, with the velocizy “pulse” component
generated by the EBN. and the position “step” component generated by the tonic
neuron { 7M. which imegrates the EBN activity. Funher details are nar given in the
1ext since it is the other brain regions in Figure 2 that form the bocus of the present
study.

tioning the eye and holding it at a new horizontal and
vertical gaze angle 8, and 8, (we do not model the
tersional component). Qur model is the variant of
Scudder’s (1988) model shown in Fig. 3./ The only
properties of the model of direct relevance to the
present study are that (1) it will yield a saccade with
the topographically coded metrics in response 1o ei-
ther FEF or SC stimulation or both, and that increased
firing at a given point in FEF or SC will increase the
velocity and decrease the latency without changing
the metrics of the saccade; and (2) the tonic neurons
provide corollary discharge signals HTN and VTN
{corresponding to horizontal and vertical eve posi-
tion—the § of Fig. 2), which, together with a delayed
version of these signals, provide the input used by
our model of PP for the dynamic remapping function
that underlies successful completion of the double
saccade task.

Topograpbic Organization of tbe Retinal Input
Qursimulared retina is the interface between the world
and the brain, and our simulated eye movements re-
map external visual information onto the retina. The
external visual world, analogous to the viewing screen
in front of the monkey, is represented in the simu-
lation by a 27 x 27 array, VisInput (Fig. 2),Ywhose
elements we turn on and off in a time sequence cor-
responding to the equivalent sequence of fixarion and
target points presented to the primate in the tasks we
mode!. The retina is a 9 x 9 array, RETINA. The to-
pographic brain regions {e.g., PP, FEF) are also mod-
eled by 9 x 9 arrays, representing the visual feld.
Clearly, with 2 9 x 9 array, we are using each model
neuron 1o represent a population of real neurons—
the aim here is not to recover the detailed firing of
each neuron but rather to capture the shifting peaks
of activity in different neural layers, and their topo-
graphic relationships.

In each iteration of the simulation, the function
Eyemore extracts RETINA as the subarray of VisInput

centered on the values of 8, and .. We aiso imple-
ment an inhibition of retinal input so that when the
eve velocirty is over 200°/sec, retinal output is reduced
(see Appendix A, Eq. 1),

In the model of Figure 2, the retina projects both
to the fayer of cells called PP in parietal cortex and
1o the SCsup layer in superficial superior collicubus,
On the way to the PP, retinal outpur passes through
layers corresponding to lateral geniculate nucleus
(LGN}, V1, V2, V4, and mediotemporal cortex (MT).
We encapsulate this visual pathway into 2 singie layer
VisPath in the simulation (Egs. 2, 3). SCsup cells
receive direct input from the retinal ganglion cells,
and are active-in generating reflexive saccades 1o vi-
sual targets. It is important to note that these cells
will generate short-latency reflexive saccades only
when a target has not been recently fixated, If a fix-
ation target is not present, however, these cells will
drive the SC prior o the longer loop through cortex,
generating shore-latency saccades (Fischer and Boch,
1983; Braun and Breitmeyer, 1988) via the transcol-
licular pathway (Sparks, 1986). SCsup cells receive
both direct retinal input as well as inhibition from a
setof cells FOn that signal that a target is being fixated
(the fovea is “on™) (Eq. 4).

Quasi-Visual Cells and Dynamic Remapping

To generate an accurate saccade, the motor error for
a target must be combined with the current eye po-
sition. The motor error for a fixed location in space
will change as the cutrent eye position changes. Tar-
gel motor error sampled at one eye position will no
ionger be correct if the eye moves 1o a new position.
In a simple or memory saccade, retinal error yields 2
motor error that drives the eyes to the target. In the
double saccade, the motor error for both targets is
initially sampled from the fixation position. During
the first saccade, the moter error for the second rar-
get—raken with respect (o the initial eye position—
is dynamically remapped so that it is spatially correct
with respect to the new eye position after the saccade
to the first target.

Mays and Sparks {1980} detecied a class of cells
in the intermediate lavers of the $C that reflect re-
mapping of motor error. These cells were visualiy
responsive and, in the double saccade sk, the lo-
cation of their activity was related to the topographic
metrics of the second saccade, even though a visual
stimulus with this retinal error did not appear in the
receptive field of these cells. Because of these prop-
erties, they are calied quasi-visual (QV) cells. They
had the right movement field response, and the wrong
receptive field response. However, it appears that the
QV property is not intrinsic te 5C, butinstead depends
on a prominent direct projection from the inferior
bunk of the intraparietal sulcus (Lvnch et al., 1985)
1o the intermediate layers of SC. We thus turn 1o 2
discussion of cells in PP and FEF with "QV-like”
properties.

Gnadr and Andersen (1988} found cells in the PP
that appear to code for future eye movements and
show QV-like behavior. In a double saccade task, they
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influence it. In the case of a rightward saccade, the mask shown will cause @ PPgv celf 1o be excited by its nerghbor on the lef, inhibwted by its neighbor on the right, and pertiatly

seif-excited—the same as performed by the S and r newrons.

found cells in the laterai intraparietal area (LIP) of
PP that code for the second eve movement though a
visual stimulus never falls in the cells’ receptive field.
They propose that PP may teceive corollary feedback
activity of saccades, suggesting that PP has access to
eve position information that could be used in gen-
erating the QV shifting activiry. In our model, we
represent this property by a layer of cells called PPgv
for “posterior parietal cells with QV-like activity.” In
addition, there are neurons in FEF that have response
properties similar to those of QV cells {Goldberg and
Bruce, 1990). Coding for the second saccade in the
double saccade, these cells demcastrate the right
movement field and the wrong receptive field (right
MF/wrong RF) responses, characteristic of QV cells,

and are referred to as right-MF/wrong-RF cells (Gold-
berg and Bruce, 1990}. We represent these cells by a
layer we shall call FEFvis, Colby (1991) and Goldberg
et al. (1990) reported on similar cells in LIP that
perform a retinal 10 oculomotor transformation,

In the simple saccade, the retinal to oculomotor
transformation is essentially an identity transforma-
tion, whereas in the double saccade, the transfor-
mation is the dynamic remapping of the second target
to compensate for the initial saccade. The issue for
maodeling is where does this dynamic remapping oc-
cur? It may well be computed “independently” in
several regions, with the different regions intercon-
nected to cajibrate their computations. However, we
hypothesize that the primary remapping occurs in PP,



a}

QYMASK QVMASK QVMASK
b)
SACCADE:DoubleSaccade

Fixation_Point

T
Target_a

I
Target_B
I

RightRF_WrongiF LAYERIFEFvVIS

_I\

RightMF_WrongRF LAYER:FEFVIS

[]

Horizontal_Eve_Pos

Y

vertical_Eve_Pos

£1:1.00

Figure 5, Dynamic spatial remapping Simulation: double saccade. This figwe #ustrates the OV convolution mask and resultant shifting activity that is seen in pasterior parietsl
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and that the PPqv cells drive both SCqv and FEFvis
10 vield the dynamic remapping in these regions.
A model that generates accurate double saccades
. must implement this shifiing (or its functional equiv-
alent) to maintain spatial accuracy. The dynamic
memory model of Droutez and Berthoz (1991) uses
an eye velocity signal to shift a “mountain” of activity
on a two-dimensional map of motor error. To date, a
representation of eye velocity has not been recorded
in PP, whereas Andersen et al. (1990) found some
cells that had only eye-position-related activity that
varied linearly with eye position. Thus, we offer an
alternative mode! (Fig. 4)vhat uses two eye position
signals, one a damped version of the other, as the
input for dynamic remapping. The difference be-
tween the two position signals is used to modulate
wo types of interneurons. Type “r’ neusons imple-
ment recurrentself-excitation of the PPgv cells when
the eye position signals are equal, which is reduced
when the eyes are moving. The rype "'$™ interneurons
gate the lateral shift of activation between neighbor-
ing cells as a function of the difference between the
two position inputs. In a lefrward saccade, the differ-
ence between the delaved signal and the original sig-
nal {calculated by §') is positive (see Fig. 4b) M0
activity shifts from left o right, from PPqv' to PPqv.
Qur implementation of this network generates a spa-
tial convolution mask (QVMASK) from the current
and damped?® horizontal and vertical eye position
components coded by the horizontal and vertical ton-
ic neurens in the brainstem saccade generator (Egs.
5, 6). This network is used to vield a shift in topo-
graphic PPqv activity opposite but approximately equal
o the current eye movement. The actual equation
used (Eq.7) also involves a projection from PP (which
we saw to be driven by retinal input) to PPqv, which
ensures that when retinal input is availabie, it will
eventually predominate over the “memory map.”
Based on the corticocortical projections from PP
to dorsolateral prefrontal cortex (Petrides and Pan-
dya, 1984; Andersen et al., 1985; Selemon and Gold-
man-Rakic, 1988), we describe the FEFvis layer as
driven solely by PPqv input (Eq. 8). This allows the
FEF 10 contribute in the double saccades, and pro-
vides the basis for the right-MF/wrong-RF cells found
in FEF by Goldberg and Bruce (1990). Similarly, we
drive the QV cells, $Cqv, of SC from PPgv (Eq. 9}.
Figure 5 illustrates the QV convolution mask and
resultant shifting activity that is seen in parietal cor-
tex, FEF (as we make explicit shortly, we believe that
a majority of the FEF saccade-related cells receive
input from PPqv), and in SC during the course of the
double saccade task. The simulation accurately gen-

erates activation of the PPgv cells that code for the
dynamicaily remapped second saccade. We also il-
lustrate the acrivation of cells receiving PPqv input
in FEF that represent the right-MF/wrong-RF and
wrong-MF/right-RF cells discussed by Goldberg and
Bruce {1990). We see here how dynamically updating
a motor error map by shifting activity prohles in the
opposite direction of the saccade yields the functional
equivalent of a spatiotopic map embodied in motor
error coordinates. It is likely, however, that for the
double saccades in which the second target is the
original fixation point—retractions—the existence of
postsaccadic cells specialized for this function (Bruce
and Goldberg, 1984) may bypass the continuous
mechanism. Indeed, cells that code for the second
movement in these retraction double saccades begin
tc fire almost immediately after the first saccade,
whereas in the two-target double saccade, the cells
coding the second target respond about 100 msec
fater {Goldberg and Bruce, 1990).

Frontal Eye Fields

Bruce and Goldberg (1984) identify three classes of
presaccadic cells in the FEF: visual cells respond to
visual stimuli, with enhanced response for saccade
targets; movement! cells has a brisk response before
all voluntary saccades; visuomovement cells have
combined visual and movement response, including
sustained activity during the delay of a memory sac-
cade. Of these three types, only the movement and
visuomovement cells are corticotectal cells (Segraves
and Goldberg, 1987). In addition to the presaccadic
cells, Segraves and Goldberg (1987) also reported the
presence of postsaccadic cells that discharged after
spontaneous and voluntary saccades of particular di-
mensions.

As we have already noted, there are neurons in FEF
that have response properties similar to those of QV
cells, and we have shown how our model explains
these properties by a projection from cells PPqv of a
dynamic remapping system in PP. We now turn to
three other classes of FEF cells contained in our mod- .
el.

Among the different types of response cells distin-
guished in FEF in relation to saccade tasks are neu-
rons that have on or off responses to visual stimularion
of the fovea. These foveal cells are not localized to a
particular location of the topographic map of FEF,
and they were antidromically excited from a wide
range of locations within the topographic represen-
tation of the SC (Segraves and Goldberg, 1987). We
model the foveal-on (FOn) cells by having the con-
tents of the central element of the PP layer project 1o

—

presentation of the central fixation point and wo targets is shown. FEFvis receives s input from PPqv, The two traces labeled LAYER: FEFvis indicate the activity of wo FEF
cells—one with 3 visual and movement field comesponding 10 the retinal location of the second target when it is presented iright-IF/wrong-MF} and a second cell with the visual
and mavemend fields coresponding 1o the dynamically remapped setinal eor of the second carget fwrong-RF/rignt-MFl. (Nate: the x, y-coordinates in these 8 x 9 layers are
nwmbered with the lower Ieft comer as 0, 0. and the foveal element at 14, 4), so FEFvis{4, 7) is a1 0, 30° ard FEFvisiB. 7) is at 20, 30"} Thus. by using PPqv as input to
FEFsac, we see the same responses as recorded in FEF by Goidberg and Bruce (1590) duting the double sactade. The horizantal and veniical eve pasitions EyeH and EyeV are
provided by the tonic fing rates HTN s VTN, respectively, in out model. In this istance, the first 1arget is 20° lefi—indzcated by the dowrward defiection of the horizontal
eye gosion race. The second farget is 30% up, but it must compensate for the 20° rightward saccade. sa the compensatory movemant from targex A o targer B is an obligue
saccade 20° right and 30° up. shown in the horconial and vertical eye posicion wraces. Boh the first and second saccades brought the eyes their respective targets with dess than

1* ol emor.
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Figure B. FEF sustained response durmg memory saccade task. a Spike histogram of a directionally sensitive sustained-response FEF cell. The verrical Jines labeled £ indicate
the presentatien of the targeL. The ponion labeled [ represents the delay period, and A indicases the response period signaled by the afset of the fxation point. This neuron had
significant excitatory tonic activity during the delay period of the memory saccade when the target was presented in its visual ield, and was suporessed when the target wes away
from the cell’s visual field {Funshashi et al., 1989, their Fig. 154}, & Simulation of the sustaied response in the delay task. The spper trace shows the fixation poim. the second
trace shaws the 1arger {20° up and 20° right), the third irace shaws the sustained FEF cell, and the last twe races show the eye displacement. The spike at the end of the delay
period indicates that this FEF cell may have some presaccadic increase in activity, In ow simulatios, however, we modei average firing rates, not indeidual spike generarian.
Further, our cell represems the average activity over a population of cells, rather shan a single cell. ¢ Contical and thalamic structures involved in the sustained responss.

all elements of the 9 x 9 layer FOn, which is used 1o
provide inhibition to elements of CD, SC, and the
FEF itself, In each of the tasks we model, the stimulus
that signals the animal to initiate the saccade is the
removal of the initial fixation point.

One role these cells may play is to inhibit the SC
from producing saccades while a target is fixated.
Functionally, the SC is harder to stimulate for a sac-
cade when a target is currently fixated (Sparks, 1986).

In our simuiatiens, it is this ixation-related inhibition
that prevents saccades from being visually triggered
during the presence of a fixated tacget.

We model three classes of presaccadic cells in FEF.
Visual cells are responsive to all visual stimulus, in-
cluding targets for saccades (Bruce and Goidberg,
1984). In our model, we have lumped them with the
QV-like cells of FEF (Eq. 8). In addition, we model
two further layers: memory (visuomovement) cells,



FEFmem, have sustained activity during the delay pe-
riod of the memory saccade (Funahashi et al., 1989);
while saccade (movement) cells, FEFsac, discharge
before all voluntary saccades corresponding to the
cell's preferred dimensions (Segraves and Goldberg,
1987).

The FEF memory response (FEFmem) cells im-
plement working memory (Goldman-Rakic, 1987) in
the memory saccade. Tracing the origin of this re-
sponse, we see that FEF is innervated by, and closely
related to, the cortical tissue surrounding the prin-
cipal sulcus (PS) (Goldman-Rakic, 1987). These areas
have paraliel but distinct connections with areas in-
cluding MD and PP (Selemon and Goldman-Rakic,
1988). Similar sustzined tonic activiry has been seen
in FEF neurons that code for the location of a re-
membered 1arget (Bruce and Goldberg, 1984 Se-
graves and Goldberg, 1987). Ina set of related studies,
Fuster and Alexander (1973; Alexander and Fuster,
1973) showed that in a delayed response task, MD
and dorsolatera} prefrontal cortex (DLPFC) showed
sustained activity during the delay, and that cooling
DLPFEC abolished both the sustained activity in MD,
and the animal's ability to perform the task. We pro-
pose that reciprocal connection berween FEFmem
and the layer THmem of MD implements the spatial
memory (Egs. 11, 12). The memory loop is initiated
by the phasic visual response of the FEFvis layer. Once
this loop is established, it remains intact untl the
saccade burst of SC “erases’” it. This erasure may occur
via inhibitory interneurons in the thalamus. We rep-
resent this by a term for a deiayed version of the motor
output of SC described in Equation 15. Figure 6 shows
related simulation results,

Finally for FEF, we use a layer FEFsac to simulate
the corticotectal and corticorericular presaccadic
movement cells, which make up 53% of the cortico-
tectal cells antidromically stimulated from 5C by Se-
graves and Goldberg (1987). Because these cells were
found to respond 1o both visually and memory-guided
saccades, we describe them as driven by both FEFvis
and FEFmem, while 2 "—FOn" term ensures that the
FEFsac presaccadic response will not be generated
until after the removal of the fixation point (Eq. 13).

Superior Colliculus

In our model, SC receives input to the superficial
layers from RETINA (SCsup, Eq. 4) and to interme-
diate layers from the PPqv layer that represents the
QV-like activity of PP (SCqv, Eq. 9). To complete our
model of SC, we now define layer SCsac, which re-
ceives inputs from FEF and SNr, and layer SC, which
applies a winner-take-all strategy to the other three
layers to generate the signal that, together with FEF-
sac, projects to long-lead burster neurons (LLBNs) in
the brainstem to convey saccade metrics to the brain.
stem $G (shown in Fig. 3).

The superior coiliculus saccade (§Csac) cells gen-
erate presaccadic bursts before voluntary saccades.
Experimental data indicate that 5C receives an excit-
atory topographic projection from presaccadic cells
in FEF (Segraves and Goldberg, 1987), FEFsac in our

model. This topography preserves the amplitude and
direction of the intended saccade (Stanton et zl,
1988a,b). In addition, Hikosaka and Wurtz (1983a)
show thai the SNr provides tonic inhibition to inter-
mediate and deep SC, preventing SC from producing
excitatory saccade bursts. (We shall discuss the model
of these SNRsac cells in the next section.) It is also
likely that the fixation-related cells in FEF (FOn) pro-
ject 10 SC to prevent saccades during fixation (recall
Egq. 10). These contributions 1o the $C activity are sum-
marized in Equation 14.

The question as to how these three types of SC
activity are processed to yield the motor command
remains open. Here we follow the postulate that 5C
employs a winner take all sicategy (Didday and Arhib,
1975; Koch and Ullman, 1985} for selection of a sac-
cade from multiple targets, like the winner-take-all
competition modeled for frog tectum by Didday
(1976). Our deep SC model computes the center of
mass of the stronges: component of the superficial
and intermediate layers, as in the winner-rake-all
maodel. These are the collicular cells that project 1o
the 5G.

1n this way, the final SC output is affected by the
influences of visual stimulation (5Csup), memory
(SCsac), and QV shifting (§Cqv). Our simulation (Eq.
15) also includes inhibition by the FOn signal coding
the presence of a stimulus on the fovea.

Basal Ganglia

Two inhibitory nuclei of the basal ganglia, CD and
SNr, are arranged in series and provide an additional,
indirect link berween FEF and SC (Chevalier et al,,
1985). This link allows FEF to modulate selectively
the tonic inhibition of $Nr on 5C and thalamus (Deni-
au and Chevalier, 1985; Alexanderet al,, 1986) through
CD. In a2ddition, the basal ganglia pathways provide
a mechanism for the initiation of corticothalamic in-
teractions viz the removal of SNr inhibition on the
MD. We now model these functions.

The striatum (CD, putamen and accumbens nu-
clei) is composed of two distinct types of functional
area—patches/striosomes and matrix—that are ar-
ranged in a mosaic pattern and can be distinguished
both pharmacologically and by distinct segregation
in both cortical inputs as well as their subcortical
wargets (Gerlen, 1986, 1989; Graybiel, 1990). The mo-
saic interdigitation of cortical projections to neostri-
atum again suggests that specific functional inputs
remain segregated from input to output, representing
a "labeled line” (Goldman-Rakic, 1987) extending
from cortex through neostriatum to SNr, and from
there, diverging in one path to $C, and another through
thalamus back to cortex. Correspondingly, we see the
functional segregation in FEF, CD, and SNr with re-
spect 1o at least rwo types of saccade-related response
types: presaccade and memory-sustained response
types.

The FEF has an excitatory projection to CD (a to-
pographical projection that preserves saccade ampli-
tude 2nd direction) that can trigger the selective re-
lease of SNr's inhibition on SC (Bruce and Goldberg,



a)

4 n
FEF
vis _PPqV
=
mem
A km
o
,.c-fp Thmen
J

b)

" " SACCADE:MemorySaccade
Fixation_Pornt

Target_a

1

cumam

— I

Herizontal Eye_Pos

IJ

.

Vertical_Eye_PRos

.

t1:5.00

Figure 7. CD sustained-memory respoase. 3, Sustained activity during the fixation pesind of the delay saccade in response to 3 briefly exposed contrafateral target {Hikosaka et
al., 1988c, their Fig. 4a1. F. fixation; T, target; £, eye movement. b, Simulation of the CD sustained-memory response in the delay task. The unger wace shows the fixation point,
the second trace shows the terger {20° up and 20° right). and the rhird trace shows 2 sustained memory response €0 cell. ¢ Components of the mode! that implement the

coricostriatal projection respansible for sransient (s2c) and sustamed (memj responses io memory targets in CD.

1984; Segraves and Goldberg, 1987; Stanton et al,,
1988a). Hikosaka et al. (1989a-¢) found a farge num-
ber of CD neurcns that were responsive to visual sac-
cade targets and 1o remembered targets. To provide
cortical control while a target is foveated, foveal cells
in FEF could gate activity in CD and SC, preventing
saccades while a rarget is fixated. We represent these
by the subtraction of FOn in the appropriate equa-
tions. This tends 1o keep the system stable when tar-
gets are foveated ‘(Bruce and Goldberg, 1984; Se-

graves and Goldberg, 1987}, by preventing peripheral
targets from exciting CD and 8C. We simulate rwo
types of task dependent CD cells, saccade response
cells (CDsac) and sustained-memory response cells
{CDmem).

The majority of the saccade-related cells found in
the CD by Hikosaka etal. (1989a) are phasically active
before and during saccades (presaccadic activity).
Roughly one-third of these cells had presaceadic ac-
tiviey for both visual and memory-guided saccades.



