
















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 conical tissue surrounding the prin-
cipal sulcus (PS) (Goldman-Rakic, 1987). These areas
have parallel but distinct connections with areas in-
cluding MD and PP (Selemon and Goldman-Rakic,
1988) Similar sustained tonic activity has been seen
in FEF neurons that code for the location of a re-
membered target (Bruce and Goldberg, 1984; Se-
graves and Goldberg, 1987). In a set of related studies,
Fuster and Alexander (1973; Alexander and Fuster,
1973) showed that in a delayed response task, MD
and dorsolateral prefrontal cortex (DLPFC) showed
sustained activity during the delay, and that cooling
DLPFC abolished both the sustained activity in MD,
and the animal's ability to perform the task. We pro-
pose that reciprocal connection between FEFmem
and the layer THmem of MD implements the spatial
memory (Eqs. 11, 12). The memory loop is initiated
by the phasic visual response of the FEFvis layer. Once
this loop is established, it remains intact until 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 delayed 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 corticoreticular presaccadic
movement cells, which make up 53% of the cortico-
tectal cells antidromically stimulated from SC by Se-
graves and Goldberg (1987). Because these cells were
found to respond to both visually and memory-guided
saccades, we describe them as driven by both FEFvis
and FEFmem, while a " —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 SG (shown in Fig. 3).

The superior colliculus saccade (SCsac) cells gen-
erate presaccadic bursts before voluntary saccades.
Experimental data indicate that SC 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 al.,
1988a,b). In addition, Hikosaka and Wurtz (1983a)
show that 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 to SC to prevent saccades during fixation (recall
Eq. 10). These contributions to the SC 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 SC
employs a winner take a//strategy (Didday and Arbib,
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 strongest component of the superficial
and intermediate layers, as in the winner-take-all
model. These are the collicular cells that project to
the SG

In this way, the final SC output is affected by the
influences of visual stimulation (SCsup), memory
(SCsac), and QV shifting (SCqv). 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 between FEF and SC (Chevalier et al.,
1985). This link allows FEF to modulate selectively
the tonic inhibition of SNr on SC and thalamus (Deni-
au and Chevalier, 1985; Alexander et al., 1986) through
CD. In addition, the basal ganglia pathways provide
a mechanism for the initiation of corticothalamic in-
teractions via 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 conical inputs as well as their subconical
targets (Gerfen, 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 SC, and another through
thalamus back to cortex. Correspondingly, we see the
functional segregation in FEF, CD, and SNr with re-
spect to at least two 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 and direction) that can trigger the selective re-
lease of SNr's inhibition on SC (Bruce and Goldberg,
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Figure 7. CO sustaBied-memary response s. Sustained activity during the fixation penod of the delay saccade in response to a briefly exposed multilateral target (H&osaka et
al., 1989c, thetr Rg. 4a). F. fixation: I target: £ eye movement b, Simulation of the CD sustained-memory response in the delay task. The upper trace shows the fixation point.
the second trees shows the target (20° up and 20° right), and the third net shows a sustained memory response CD cell, c, Components of the model that implement the
conicostriata! projection responsible for transient | « t1 and sustained (mem) responses to memory targets in CD.

1984; Segraves and Goldberg, 1987; Stanton et al.,
1988a). Hikosaka et al. (1989a-c) found a large num-
ber of CD neurons that were responsive to visual sac-
cade targets and to 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 target is fixated. We represent these
by the subtraction of FOn in the appropriate equa-
tions. This tends to 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 SC. We simulate two
types of task dependent CD cells, saccade response
cells (CDsac) and sustained-memory response cells
(CDmem).

The majority of the saccaderelated 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 presaccadic ac-
tivity for both visual and memory-guided saccades.
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Figure 8 . SNr and SC visual saccade response, a. A visualy contingent saccade response in an SNr cell that was sitidramicalry stimulated from SC. and die corresponding SC
ceO in the visual saccade task. The SC cell discharged before the visual, memory, and spontaneous saccades, whereas the SNr c d decreased iu discharge rate only before the
visually contingent saccade Ration [f\ and target (7). horizontal (H[ and vertical \V\ eye movement are shown at d s top Record I SNr sprke histogram. Calibration, (Mr) , 100
spikes/sec: 200 msec bins. Record 2, SC presaccadk: bum (Hikosaka and Wurtz, 1983d. their Fig. 7a). b. Simulation of the SNr and SC response in the simple saccade task.
The upper m e shows the fixation pom, the second trace shows the target (30° up and 30° right), die tturd trace shows SNr activity, and the fourth tract shows the SC
presaccadic bum. c Conical and basal gangfia influences on the SC. ma. winner take aS.

This phasic activity is attributable to the corticostriatal
projection (Stanton et al., 1988a), and so we simply
model CDsac as driven by FEFsac (Eq. 16).

The sustained-memory response cells (Hikosaka
et al., 1989c) are tonically active following the pre-
sentation of a target that is to be remembered for a

subsequent saccade until the offset of the fixation
point (Fig. Id). This tonic activity is attributable to
the corticostriatal projection (Stanton et al., 1988a),
which we describe as the FEFmem memory cells (Eq.
17). Figure 1b shows a simulation trace of these cells.

CD inhibits SNr via a topographic pathway, con-
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Figure 9. SNr mamory-cont'ingent sustained response, a. This cell shows sustarod decrease in firing in response to a target m the comralateral visual field that is to be memorized
tor the delay saccade task. The decrease usuaDy follows the target presentation and remains untd the saccate onset (Hitosaka and Wurtz, 1383c, then RQ_ 7). 6. Simulation of
the nernory-contingBnt sustained response (SW/Zmem). The sustained suppression of SNr allows the thalamus (MD| to parteipate in the reciprocal activity with FEF that mstarniates
a spatial memory. This SNRmem o inhdmed try CDmem. which in turn it tonally excited by FEFmem r the delay penod of the memory saccade c CortcrmiattHiigrtHhtlarno-
corucal path subserving spatial memory.

t r o l l i n g S N r i n h i b i t i o n o f S C ( C h e v a l i e r e t a l . , 1 9 8 5 ;
A l e x a n d e r e t a l . , 1 9 8 6 ; H i k o s a k a , 1 9 8 9 ) . H i k o s a k a a n d
Wurtz (1983a) showed that the SNr provides a tonic
(50-100 spikes/sec) inhibitory topographic projec
tion to the SC, preventing SC from generating saccade
signals, thus forming an inhibitory mask on SC. Vi-
sual and memory-related decreases of SNr firing rate
release collicular inhibition and facilitate initiation

of saccades. We simulate two classes of SNr cells,
related to saccade and memory responses. These cells
are influenced by the CDsac and CDmem cells, re-
spectively. Hikosaka and Wurtz (1983b,c) describe
SNr cells whose phasic reduction in discharge is tem-
porally correlated with saccades to visual targets (SAC/
VIS), to memory targets (SAC/MEM), and to both.
About half of the cells classified as SAC/MEM also

184 A CorticoSubcortica! Model for Saccades • Dominey and Arblb

 at IN
SE

R
M

 on January 5, 2015
http://cercor.oxfordjournals.org/

D
ow

nloaded from
 

http://cercor.oxfordjournals.org/


Table 1
Observed (OBS)

Neuron

FEF
CD
SNr
SC
FOn
Thalamus

and smulaied (SIM) neural soivnies

BadgnxnJ rate

OBS

0-20
0

50-100
0
0-20
0

in Sana

SIM

0
0

80
0
0
0

te tasks

Task related

OBS

100
50
0

500
50
10

SIM

100
50
0

500
50
10

Reference

Segravesand GoWberg, 1387
Himaka el aL. 1989a-c
Mikosaka and Wum. 1383a.c
Hrtosaka and Wunz. 1983d
SegravH and GrJdterrj. 1987
Fusts and Alexander, 1973

showed a visually contingent saccade response (Fig.
8). We model these by layer SNRsac (Eq. 18). They
also describe a class of SNr cells that maintain a de-
crease in their tonic firing rate during the delay period
of the memory saccade task, which we model by layer
SNRmem (Eq. 19). In each case, these neurons have
a tonic baseline activity of 100 spikes/sec. We thus
model each of SNRsac and SNRmem with a tonic ac-
tivity level that can be lowered by inhibition from the
corresponding layer of CD. This represents separate
"labeled-lines" from CDmem to SNRmem and from
CDsac to SNRsac.

This dual inhibition (caudate on SNr and SNr on
SC) allows cortex to manage selectively the inhibitory
mask on SC via the FEF-to-CD pathway. By managing
the SNr inhibitory mask on SC via caudate, the FEF
can selectively control the targets for saccades, over-
riding collicular attempts to initiate saccades to dis-
tracting peripheral targets.

We now show how cortical control over thalamo-
cortical interactions provides the basis for spatial
memory, llinsky et al. (1985) found in the nigrothala-
mocortical system of the rhesus monkey, a topograph-
ic pathway from SNr, to ventral anterior magnocellular
and mediodorsal paralaminar nuclei of the thalamus,
and from these thalamic nuclei to the FEF. The MD
projection to FEF is topographic and reciprocal. In
addition, Fuster and Alexander (1973) determined
that MD neurons show a sustained activity during the
delay period of a delay response task, and that cooling
the prefrontal cortex in the PS area caused a reversible
disruption of the sustained response in the MD neu-
rons during the delay period (Alexander and Fuster,
1973). Based on similar deficits in memory saccade
and delay response tasks from prefrontal lesions, we
follow the assumption that the memory saccade task
and the delay response tasks employ at some level
the same thalamocortical mechanism for storage of
visuospatial targets (Goldman-Rakic, 1987).

The activity of this spatial memory could be reg-
ulated by the inhibitory topographic projection from
SNr to MD (Fig. 9). Absence of SNr inhibition allows
reciprocal connections between FEF and thalamus
(MD) to generate a spatial "memory" cycle or loop
(Hikosaka, 1989). Once a saccade has been made to
a remembered target, the memory trace must be erased
to prevent generation of further saccades of equal
magnitude and direction. The SC projects to the dor-
sal thalamus (llinsky et al., 1985), possibly erasing

the remembered target location. This erasure is mod-
eled by the " - 8 * SC Delay" term in Equation 12.
In the memory saccade task, while the fixation point
is still present and the target briefly appears, the mem-
ory-contingent sustained SNr cell (SNRmem) reduces
its inhibition on the thalamus, which allows the ini-
tiation of the thalamus <- FEF cyclic excitation that
embodies the memory function. The CD participates
by inhibiting SNr, setting up the conditions for the
thalamocortical memory to be instantiated

Simulation Results

1. Simple, Memory, and Double Saccades
We now report the result of further simulation studies
with our model. Table 1 provides the firing rate ranges
that are used for some of the neurons in the simula-
tions. We note that the neural populations we model
carry information in terms of their discharge frequen-
cies, the durations of discharge, and the latencies
both between stimulus and firing, and between neural
events in connected regions. Our simulated results
correspond well along these dimensions with the re-
ported dynamics in the literature.

Simple Saccade
During initial fixation, the foveation signal, FOn, keeps
CD inhibited. At fixation loss and target onset, the
central element of PP is no longer activated, and the
FOn foveation signal is released, releasing its inhi-
bition on CD At the same time, the FEFsac element
corresponding to the location of the new target pro-
jects topographically to the CD. This excitation, com-
bined with the loss of the FOn inhibition, activates
the corresponding CDsac element, which projects an
inhibitory signal to SNRsac, resulting in the release
of SNRsac's SCsac inhibition. The topographic excit-
atory FEFsac projection to SCsac, combined with the
release of the SNRsac inhibition, activates the SCsac
element that generates a motor burst signal of saccade
direction and amplitude corresponding to the target
location on FEFsac. Figure 10 illustrates the relation
between SNr and SC that we see here. The SC and
FEF output drives the SG in the brainstem, reposi-
tioning the "virtual eye" such that the target is now
foveated, centered in the FEF. The foveation signal
returns, inhibiting the CD, setting the network back
into the state of tonic SCsac inhibition from SNRsac.

In Table 2 we summarize data on the latency, du-
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S ACC ADE: SimpleSaccade
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FEFsac
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SNRsac
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f
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Rgnre 10. Simple saccade smutation. The snulstnn has 3 time course of 1000
msec. The graphs labeled FEFsx, CDsac SNRsac and SC represent the activitY in
each of these layers of a cell whose visual/movement field corresponds to the location
of the visual target FoOowing onset of target A 30° right. 30° up, and offset of
fixation point F, the FOn becomes rective, aUowmg the FEF visual saccade cells,
FEFsac. to ntiate the dtsinhibrtion of SC via the CD visual saccade layer's (CDssc)
inhibition of the SNr visual saccade layer (SNRsac). SC trace indicates the SC burst
thai drives the eyes to new horaomal and vertical positions

ration, size, and velocity of a number of visual sac-
cades. Note that as in primates, the saccade velocity
and duration increase semilinearly with the ampli-
tude of movement. The velocity increases due to the
increased strength of projection from increasing ec-
centric locations in SC and FEF to LLBNs. The satu-
ration of LLBN activity at high input rates yields the
desired increase in duration with increasing ampli-

Tibia 3
Simulation of memory saccades

Protocol: tone, task (location, degree!

0 0-0 2. fixation
0 Q2-O.07, fixation

and target
008-0.58. fixation

(memory)
0.56. fixation offset

Results

Begm(sec)
Latency (sec)
End (sec)
Amplitude (°)
Velocity P/sec)

MS.I

> horeomal, vertical)

(0.0)

(20.20)

(0,0|

0.700
0.120
0.755
30[21, 21]
539

MS.II

(0.0)

( - 3 0 . 20)

(0,0)

0 700
0.120
0.750
3B[—30. 20]
721

MS.I, memory saccade 1; MS.II,

[horizontal, vertical components].

memory saccade 2. Data in brackets show amplitude

tude. Also note that, while the saccades all maintain
good accuracy, there is a tendency toward overshoot
on the largest saccades, due in part to the cooperation
of FEF and SC to LLBNs.

Memory Saccade
In addition to the machinery needed for the visual
saccade, the memory saccade requires the thalamus
as a mechanism for storing spatial location memories
via reciprocal excitatory connections with FEF (Fig.
11). When the target disappears, it is held in FEF
memory (FEFmem) by the reciprocal excitatory con-
nection between MD of the thalamus and FEF. The
removal of the fixation point causes the FOn signal
to be reduced, which allows the FEFsac to fire and
removes a source of inhibition from the SC. The com-
bination of these events allows the stored memory to
command a saccade. The effect of the spatial memory
is to keep the target position in the FEF active after
it is extinguished. At fixation offset the system re-
sponds, in terms of FEF, as if it were in the visual
saccade mode. Table 3 summarizes timing and move-
ment metrics for two sample memory saccades.

Double Saccades
In the double saccade task, the motor error represen-
tation of the second target is dynamically remapped

Table 2
Simulation of

H

10
20
30
40

10
20
30
30

simple saccades

V

0
0
0
0

10
20
30
40

Beginmnp,
Isec)

0.165
0.135
0.130
0.125

0.165
0.135
0.130
0.125

End
(sec)

0.200
0.180
0.180
0.180

0200
0.180
0.180
11180

Latency
Isec]

0.145
0.120
0.110
0.105

0.145
0.120
0.110
0.105

Duiaiiori

(sec)

0.035
0045
a 050
0.055

0.035
0,045
0.050
0.055

Actual H, V

n
10,0
21,0
32,0
43,0

10. 10
21,21
32.32
32,43

Amplitude

n
10
21
32
43

14
29
45
52

Velocity
r/sec)

285
466
640
781

400
659
900
945

H and V, homonuri ond vonics) sye posnwn, respectively.
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Table 4
Sjmdatni of double saccades

SACCADE:MemorySaccade

DS.I 0S.II

Protocol: time, task (location, daj
0.0-0.02, ixation
0.02-0.07. target A
0.08-0.12, tBrget B

Results
SaccadeA

Stan (sec)
End (sec)
Amplitude (°)
Vetoaty t°/sec|

Saccade B
Start (sac)
End (sec)
Amplitude H
Velocity r/sec)

rees honzontai, vcrttcsf)
(0 ,0)
(0,30)
(30,30)

0.130
o.i a
30
500

0.230
0.300
30
428

(0,0)
1 -20 , 0)
(0,30)

0.135
0.185
20
400

0.225
0 280
38(20. 30]
654

DS.I. double saccade 1; DSII, double saccade 2. Data in brackets show amplitude
[horizontal, verteal components].

to compensate for the intervening movement. By us-
ing the PPqv layer as input to the FEFvis layer (Eq.
8), the FEF can contribute to the correct specification
of both saccades in the double step task. As seen in
Figure 5, the model produces both types of double
step-related FEF cells reported by Goldberg and Bruce
(1990), right-RF/wrong-MF and wrong-RF/right-MF
cells. We differ from Goldberg and Bruce in our in-
terpretation of these cells' presence, as our model
indicates that the compensation is not necessarily in-
trinsic to FEF. Table 4 provides the details of two
characteristic double step saccades. In both cases, the
first and second saccades were resulted in eye posi-
tion error of less than 1°.

2. Simulated Lesion Studies
Keating and Gooley (1988) produced reversible cold
lesions of both FEF and SC. Reversible lesions have
the advantage of preventing postoperative compen-
sation by the remaining area when either FEF or SC
is lesioned. Cooling the FEF increased saccade laten-
cy by an average of 68 msec and shortened the am-
plitude of the initial saccade. Saccades following the
initial one successfully acquired the target. Cooling
SC increased the saccade latency by an average of 98
msec and shortened the first saccade's amplitude as
in the FEF cooling. Unlike FEF cooling, a subsequent
corrective saccade brought the eyes closer to the tar-
get, but ultimately fell short by some 3°. Sparks (1986)
reports that following a recovery period, animals with
SC lesions regain normal saccade amplitude and ve-
locity. Schiller and Sandell (1983) note that deficits
in the guidance of saccades due to FEF ablations are
substantially recovered within 24 d.

Table 5 summarizes our SC and FEF cold lesion
experiments. We simulate SC lesion by reducing SC
(Eq. 15) to zero, and FEF lesion by setting FEFsac
(Eq. 13) to zero. In our simulations, when the SC is
first lesioned, saccade latency is increased by up to
105 msec, and amplitudes fall just short of the target,
similar to the results reported by Keating and Gooley

Flxatlon.Point

Target_A

F E F m e m

S N R m e m

T H m e m

H o r l z o n t a l _ E y e _ P o s

v e r t l c a l _ E y e _ P o s

t 1 : 5 . 0 0

Figure 1 1 . Memory saccade task simulation. This output was generated by NSL
for a memory ssccade task in which the total experiment duration is 5 sec Time runs
from left to right The Giation point is present for 4250 msec After the inrtial 750
msec of fixation point presentation, a peripheral target (20° up and 20° right) is
presented for 50 msec For the remaining 3000 msec of fixation, the target is memorized.
Followng fixation offset, a saccade is made to the ramaiftaaJ target In the simulations,
trials were made with the target memory retained for up to 10 simulated seconds.
FEFmem shows the time course of the sustained activity that encodes the memory
for the locatian CDmem is the sustainerj-memory CO cell thai inhrbrts SNRmem (see
Fig. 7ft). SNRmem is the sustainerkiemory SNr cell whose default tonic activity
inhibits SC and thalamus. When tho activity is blocked by CD, the cortkothalamic
memory is enabled, and SC is only inhibited by the activity of the FOn neurons.
THmem shows the sustemed activity of the MD. Note how thu cell is coacuve with
FEFmem, and also how h abruptly cuts of after the SC burst SC, excited by the
FEFmem activity, shows the collicular burst that takes place when the fixation point
is removed.

(1988). Simulated lesion of FEF leaves the parietal
cortex projection to SC intact. Again, in our FEF sim-
ulations, we see increased latency (in this case up to
45 msec) and reduced amplitude of the initial sac-
cade, resulting in multiple saccades required to fixate
the target.

In the simulation, LLBNs (see Fig. 3) receive input
from both FEF and SC, while SC receives input from
both FEF and parietal cortex. Thus, lesioning FEF
allows position data to reach the LLBNs from PP via
SC, whereas lesioning SC allows position data to reach
the LLBNs from PP via FEF. We do not simulate the
recovery process in the present model. However, if,
following our simulated lesions, we increase the
strength of the remaining connections to LLBNs, the
reduced amplitude is corrected and the target is
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Simulation of

Target

SCleston
20
30
40

FEF lesion
10
20
30
40

lesion effects

Beginning
(sec)

0245
0160
0.140

0.210
0.165
0.160
0160

End
(sec|

0315
0.250
0.245

0.240
0.215
0.210
0.220

Latency
(sec)

0 225|+0.105|
0.1401+0.030)
0.1201+0.0151

0.1901+0.045)
0125(+0.03S)
0.1401+0.030)
0.140(+0.035|

Duration
(sec)

0.070
0090
0.105

0.03
0.05
0.05
006

Arrplitude

n

19
29
39

7
16
19; 27
24,40

Velocity
I7sec|

271(194)
322(317)
371(409)

233(51)
3201146)
380 |26O)
4O0I381)

Values n parentheses nfcate differences in these values from the nontesron cases. Two amplitudes nfcate that multiple steps were needed to attain me target.

reached on the first saccade. This suggests that the
postoperative recovery involves the strengthening of
these connections in the animal.

SACCADE:DoubleMemSaccade
Fixation_Polnt

Target. A

Target_B

Ton

FEFmem

HorlzontaLEye.Pos

\

vertlcaT_Eye_Pos

t1:1.00

Figure 12. Double step memory taxsde: a new experiment This task combines
the spaual accuracy mechanism used in the double taccade wrth the spatial memory
meehanurn used m the memory saccade. After fiwiwi offset target A (20° left) a
presented for 50 msec followed by a 20 msec delay, and then target B (30° up) is
presented for 15 msec Just as the saccade to target A is completing, target A is
remtroduced. The fovea is located at the she of target A, so immediate fixation begro.
and the FOn cefl becomes active. This leads to inhibition of SC via FOn. as well as
the inhibition of SNRmem by COmem, wheh is receiving mput from FEFmam. The
removal of SNRmem inhibition on THmem allows the FEFmsm-THmsm loop to store
the shifted representation of target B from PPqv. FoOowing the offset of target A,
the standard memory saccade tskes place; that is the FOn inhibition of SC and FEFmem
is removed, leading to rhe production of a saccade to the spatially accurate remapped
location of target B.

The functions of SC and FEF in saccade generation
overlap but are not completely redundant. The cor-
tical control from FEF imposes attentional and pos-
sibly cognitive constraints on the saccade system. In
the absence of engaged attention, monkeys were able
to make express saccades with latency of 70-80 msec,
in contrast to the latencies on the order of 200 msec
for simple saccades (Fischer and Boch, 1983). The
short latencies of the express saccades could be ex-
plained by the use of a transcollicular path from su-
perficial to deep SC (Sparks, 1986). The advantage of
this mechanism is that it is fast; the disadvantage is
that it is not selective. The additional overhead of the
cortical control provides discrimination in target se-
lection, so that, for example, in a learned task the
subject can ignore a target if necessary, as when the
peripheral target is initially ignored in the memory
saccade.

3. Predictions and Experimental Design

Double Step Memory Saccade
In these two experiments, we ask the following ques-
tions: (1) whether the spatial memory mechanism we
have proposed can have access to the shifted repre-
sentations of the PPqv layer, and (2) whether this
access can be interrupted.

Cooperation of dynamic remapping and spatial
memory mechanisms. We have hypothesized (Eq. 8)
that FEFvis, the spatial memory mechanism of the
DLPFC, has access to the dynamic remapping mech-
anism of PPqv. We propose an experiment that com-
bines the main elements of the double and memory
saccades, illustrated in Figure 12. After the fixation
offset, two targets are briefly presented in succession,
as in the double saccade. Just before the first saccade
terminates, the first target location is reilluminated.
The first saccade brings the eyes to this location, so
the target is on or near the fovea when it appears.
This fixation returns FOn to activation, which inhibits
the second saccade. At the same time, the PPqv input
to FEFvis and FEFmem initiates the inhibition of
SNRmem, and the activation of the memory loop be-
tween FEFmem and THmem (thalamus sustained
memory cells) for representation of the second tar-
get's motor error that has been shifted to account for
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the first saccade, as illustrated by sustained activation
of the FEFmem cell that codes for this updated lo-
cation in Figure 12. The first target is again removed
500 ms after it is reilluminated. This causes FOn to
return to nonactive resting state, freeing the SC to
implement a saccade to the remembered location. A
summary of the timing and results for one trial is
provided in Table 6. Figure 12 provides a reference
for tracing the activity through PPqv, to FEFmem, FEF-
sac, CDmem, SNrmem, THmem, and, when FOn is
deactivated after the memory phase, finally to the SC
and LLBNs to generate the delayed movement to the
dynamically remapped target.

This experiment, then, generates behavioral and
electrophysiological predictions. The behavioral pre-
diction is that primates will be able to perform this
task. The electrophysiological prediction is that some
cells in the FEF that show sustained activity in the
standard memory saccade will be found, in the double
step memory saccade, to show the right-MF/wrong-
RF properties with sustained activity for the duration
of the delay in this task.

Dissociation of spatial accuracy and spatial mem-
ory mechanisms. Lesion studies indicate that the in-
tegrity of the DLPFC is required in order to make
saccades to remembered locations, while lesions of
PP do not impair the memory capability in the related
delayed-response task (see Goldman-Rakic, 1987, for
a review). We have postulated that a mechanism for
spatial accuracy maintenance resides in PP. A lesion
of PP would, according to our model, deprive the
intact DLFPC of the corrected target motor error in
the double step memory saccade. If the memory sac-
cade is like other delay-response tasks, then a PP le-
sion should leave this behavior intact. Thus, we pre-
dict that with a PP lesion, in the double step memory
saccade, the animal will mislocalize the second target
by an amount equal to the first saccade.

In general, in any saccade scenario where saccade
to a visual target is interrupted by an intervening eye
movement, the shifting of activity generated in PPqv
will yield the same QV activity in FEFsac. In addition,
it should be possible—as Munoz et al. (1991) did in
the SC—to find a trajectory of this shifting through
the FEF during the course of the compensation. This
prediction would help address the open question of
discrete (Goldberg and Bruce, 1990; Goldberg et al.,
1990) versus dynamic (Dominey and Arbib, 1991;
Droulez and Berthoz, 1991) shifting mechanisms for
spatial accuracy.

Compensatory Saccades
In an effort to understand the role of SC in compen-
sation for eye movements, Sparks and Mays (1983)
substituted an electrically stimulated saccade for the
first saccade on a double saccade task. After the brief
presentation of a target, the eyes are driven to another
location by electrical stimulation. As in the double
saccade, the system compensates for the first (stim-
ulated) movement, bringing the eyes to the correct
spatial location for the second target. Continuing with
the same compensatory saccade paradigm, Sparks and

Table B
Predictive experiment combine FEF-thatamus memory with

Protocol: time, task (tocanon, degrees louontal, vertical)
0.0-0.02. fatnn
0 0 2 - a 0 5 . target A
0.085-0.10, target B
1165-0.665, target A—eyes are there, fatwt
0.665, target A. the raw fiiation. offset

Results
Saccade A

Begin ( i a |
latency (sac)
End (sec|
Ampfitude (°)
Velocity f/sac)

Begin (sec)
Memory (sec)
End (sec)
Amplitude (°)
Vetochy r/sec)

QV shifting

(0,30)
(30.30)

0.125
0.105
0175
30
600

0.715
0.615
0.770
33
600

Porter (1983) recorded from SC cells that had the
correct movement field for the compensated move-
ment, and found that 49 of the 50 cells they studied
discharged before all saccades in their movement field,
whether in a visual, double, or compensatory saccade
task.

We simulated electrical stimulation of both FEF
and SC (Fig. 13), including the Schiller and Sandell
(1983) experiments in which one of SC or FEF was
lesioned and the other area was stimulated. For FEF-
sac stimulation we set the £1 parameter to 1.58 in
Equation 13, and applied electrical stimulation at 175
Hz for 40 msec to various locations in FEF. For SC
stimulation we set the k\ parameter to 2.9 in Equation
15, and applied electrical stimulation at 175 Hz for
40 msec to various locations in SC. The timing and
movement data for these trials are summarized in Ta-
ble 7.

For the FEF and SC lesions, we increased the
strength of the projection of the remaining area to
the LLBNs. For FEF lesion recovery, the SC to LLBN
connection strength is increased from 2.67 to 5.0. For
SC lesion recovery, we increase the connection
strength from FEF to LLBN from 5.4 to 9.4. These
changes, we believe, correspond to the postoperative
adaptation of the system that is reported by Schiller
and Sandell (1983). Our simulations demonstrate that
for the normal and recovered lesion states, the model
generates compensatory saccades that are within 1°
of accuracy for the two movements.

Discussion
We have developed a computer model based on phys-
iological data from a variety of saccade related studies.
The simulation demonstrates that the following as-
sumptions can lead to a functionally correct model.

1. Managing the inhibitory projection from SNr to
SC allows selective conical control of target locations
for voluntary saccades to immediate and remembered
targets. This control is directed by FEF via CD.

2. Topographic position codes in motor error maps
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SACCADE:CompensatorySaccade
Fixatlon_Polnt

Target_A

Stimulation

RlghtRF_WrongMF LAYER:FEFvls

RlghtMF.WrongRFLAVER:FEFvls

n
HorTzbntaTItye_Pos

v e r t l c a l _ E y 8 _ P o s

t 1 : 1 . 0 0

Figure 13. Compensatory saccade simulation. The task is very similar to the double
saccade presented in Figure 5. with the exception that the initial visual saccade n
the double saccade is replaced by stimutaiion of SC at the location that codes for
die fixed vector saccade that takes the eyes to the location of that target. Note here
again the FEFsac cells dial represent tfe rigto-RF/wrong-MF and wrong-RF/right-MF
cells. The visual target {target A| has horizontal coordinates 30. 30. The stimulation
is at 0, 30. The stimulated saccade will generate PPqv shifting that results m the
remapped activity ceraroid residing at 30. 0. which is the motor error dial takes die
eyes from 0, 30 to 30. 30.

for targets of future saccades are dynamically re-
mapped on these maps to account for ongoing eye
movements. This yields a spatiotopic mapping capa-
bility that is built on a motor error map. The shifting
capability is hosted in PP and is mediated by ascend-
ing eye position signals.

3. Saccades can be driven by representational
memory that is hosted in reciprocal connections be-
tween MD and DLFPC that are governed by SNr. A
state change is thus driven by a representation of a
stimulus in the absence of the stimulus itself, indi-
cating a primitive symbolic processing capability.

4. The LLBNs of the brainstem SG are innervated
by projections from both FEF and SC, whose strengths
increase as a function of eccentricity from the fovea
(Fig. 3) • Further, either of these projections alone can
specify saccade targets in a degraded mode.

Our model addresses the work of Hikosaka and
Wurtz (1983a-c) on the role of the basal ganglia in
the disinhibition of SC and thalamus (Ilinsky et al.,
1985) for saccades as well as the hypotheses on the
role of prefrontal cortex in short-term memory of Fus-
ter and Alexander (1973), Goldman-Rakic (1987), and
Fuster (1989). It is likely that our corticothalamic
mechanism for spatial memory, which is based on
thalamocortical mechanisms seen in the delay-re-
sponse function (Fuster and Alexander, 1973), op-
erates in cooperation with the corticocortical inter-
actions between FEF, PS, and PP (Goldman-Rakic,
1987; Fuster, 1989). As the delay-response perfor-
mance is not compromised by lesions of PP (Gold-
man-Rakic, 1987), we suggested an experiment in Re-
sults, section 3, to determine if the spatial memory
related areas of PP are required for memory saccades.
Indeed, the effects on eye movements of cooling PP
(Quintana et al., 1989) indicate that in visual discrim-
ination tasks with delayed choice, eye movements are
slowed and their accuracy decreased. The experi-
mental demonstration of the separation and/or co-

TiM»7
Compensatory saccades

Protocol

Time

0.0-0.02
0.02-O.07
0.07-011

Results

Stimutus movement
Begin (sec|
End (sec)
Amplitude (°)
Velocity C/sec)

Visual movement
Begin (sec)
End (sec)
Amplitude fl
Velocity r/sec)

Task

Fixation
Target
Stimulation

SC

ST.I

0.095
0.165
30
428

0.205
0.260
30
545

ST 11

0.100
0.150
- 2 0
500

0.195
0.255
38(20. 30]
600

Location (c

ST.I

(30,30)
(0.30)

legrees horizontal, vertical)

FEF

ST.I

0095
0.160
29
446

1200
0.255
30
545

ST II

10.30)
1-20 .0)

ST.II

0.095
0.145
- 2 0
500

0.190
0.245
36[20. 30]
654

SC teswn/
FEFSTI

0.90
0.130
- 2 1
525

0.200
O260
36(20.30)
600

FEFIesoi/
SC ST.I

090
0.130
- 2 1
525

0.195
(1250
38(20.30]
654

ST.I, stimulus 1; ST.II, stimulus 2. Data in brackets show amplitude [honzonal. vertical comptmenu).
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operation of these two systems poses a continuing
challenge.

It is also interesting to point out that without the
inhibition of SNr on SC, gaze would be uncontrollably
distracted to targets appearing in the periphery while
a subject tries to 6xate. This distractibility is promi-
nent in Huntington's disease and is thought to result
from decreased activity in SNr (Lasker et al., 1987).
In contrast, overactiviry of SNr would lead to impair-
ment in voluntary saccade generation. This is seen in
Parkinson's disease (Crawford et al., 1989), in which
the inhibition of SNr by CD is compromised, leaving
the SNr overactive. In addition, the basal ganglia path-
ways provide a mechanism for the initiation of cor-
ticothalamic interactions via the removal of SNr in-
hibition on the MD. As expected, then, we see an
impairment in memory-guided saccades in Parkin-
son's disease (Crawford et al., 1989). Thus, while the
retina, FEF, and SC alone appear capable of all sac-
cade functions, we see that, in reality, some of the
more subtle elements of saccade gaze control, in-
cluding the ability to fixate, initiate voluntary move-
ments, and remember targets, require the functions
of the basal ganglia

In comparing this model to others in the literature,
we note that the Droulez-Berthoz model (1991) is
based on a retinotopic map that updates the repre-
sentation of targets based on the parameters (veloc-
ity) of the previous saccade. While their model rep-
licates the behavior of the double saccade with an
excellent treatment of the shifting map phenomenon,
it does not take an explicit position on where the QV
activity is located anatomically, nor does it address
the interactions between FEF, PP, SC, and the brain-
stem SG and other subcortical centers including thal-
amus and basal ganglia. Finally, their model relies on
a velocity code that has not been found in the parietal
cortex.

We note a curious condition with respect to the
dynamical properties of PPqv In both our model and
that of Droulez and Berthoz (1991), the dynamic
memory has the property that it can store information
indefinitely. This is in pan due to the need for the
dynamic memory to strengthen activity that has been
weakened during the shifting. Recalling the lesion
studies reviewed by Goldman-Rakic (1987), we see
that lesions of DLPFC impair memory saccades (i.e.,
PP without FEF cannot support prolonged spatial
memory), while Schiller and Sandell's (1983) lesion
studies indicate that the dynamic remapping can exist
with only one of FEF or SC. This leads us to believe
that the dynamic memory in PPqv is probably tuned
to allow shifting and stationary targets to persist for
approximately 500 msec from the time of their pre-
sentation to this area. This is enough time to support
two or three quick sequential saccades, but not to
support the memory saccade. In summary, our hy-
pothesis here is that DLPFC, including FEF, receives
dynamic motor map input from PPqv, and in turn
provides sustained memory capability to PP.

Guitton et al. (1990), Pelisson et al. (1991), and
Munoz et al. (1991) go beyond the fixed head para-

digm to consider how the head and eye motor plants
cooperate, via SC and the vestibular system, to pro-
duce coordinated gaze control, but they do not ad-
dress the roles of many conical and subcortical struc-
tures that are involved in the control of gaze. Again,
Zipser and Andersen (1988) show how to tune a spa-
tially accurate network model to yield "gain fields"
wherein orbital position modulates the retinotopic
coding of motor error, but they do not relate this to
the time course of saccadic activities or to a specific
anatomy. By including the interactions between cor-
tex, basal ganglia, and thalamus in our model, we
make explicit, testable statements about the roles of
these structures in the control of saccades. In this
sense, the model can evolve on the basis of new ex-
perimental results.

Waitzman et al. (1988) observed a qualitative cor-
relation between the spike density of intermediate SC
cells and the motor error during a saccade, suggesting
that SC codes ongoing motor error, rather than change
in position for the complete saccade. The results of
Pelisson et al. (1991) and Munoz et al. (1991) in cat
indicate that during a saccade, collicular activity shifts
continuously from the initial caudal representation of
the desired eye displacement rostrally to the fixation-
related cells in the rostral pole of the colliculus. This
suggests that during a gaze shift, in cat, the SC is
continuously specifying motor error. To date, a shift-
ing of activity in the presaccadic brainstem-projecting
cells of primate SC in the head-fixed saccade para-
digm has not been reported. It is not clear whether
(1) the initial SC input to the brainstem completely
specifies the saccade or (2) the SC continuously spec-
ifies the ongoing motor error as suggested by Waitz-
man et al (1988) and Pelisson et al. (1991). Control
of gaze typically involves both eye and head move-
ment. The caudal to rostral shift in collicular activity
has only been observed in the colliculus of cats during
head-free gaze shifts, and has not to date been seen
in head-fixed primate saccades. The segregation of
collicular control of head and eye movement com-
mands in primate may be such that the specification
of saccade error is encoded and commanded in the
initial collicular burst, while the ongoing trajectory
of gaze error is specified in the shift of activity from
caudal to rostral SC.

In conclusion, we have presented a model for pri-
mate saccade generation that includes not only SC
and brainstem but also interactions of cortex, basal
ganglia, and thalamus with the SC and brainstem. This
evolving model supports extensive simulations and
offers experimental predictions within a larger sys-
tem-level framework than that provided by previous
models

Appendix A:
Formal Description of the Simulation
The model is implemented in NSL (Weitzenfeld, 1991)
on a Sun 3/260 workstation. Each cell m in the model
is represented by a single variable m{t), which may
be interpreted as either the membrane potential of a
cell, or the average firing rate of nearby cells of a given
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type. Its time course is described by a differential
equation of the form Tm[dm(i)/dt] = -m(t) + Sm(t)-
Here the subscript m indicates the specific cell type,
while rm is the time constant for m(t). Sm(t) repre-
sents the total input that the cell of type m receives
from other cells. The present computer simulations
use the Euler method to solve the differential equa-
tions, but NSL can apply other methods without
changing the specification of the neural model.

In what follows, we simply specify T,, the mem-
brane time constant, and the input Sm for each layer
m of cells of interest to us Connections between
these two-dimensional arrays of neurons are defined
in terms of interconnection masks that describe the
synaptic weights. Consider the following equation
where A, B, and C are layers of neurons and Ml is a
3 x 3 connection mask:

TA = 10 msec

5,, = C+ B- Ml

This states (1) that the membrane time constant for
A, TA, is 10 msec and (2) that for each cell i,j in layer
A the input 5,, is the sum of the output of the i,jth
cell in C, plus the sum of the outputs of the nine cells
in B centered at i,j times their corresponding weights
in Ml:

0

That is, the • operator in "B • Ml" indicates that mask
Ml is spatially convolved with B.

With this, we turn to the formal specification of all
parts of the model, save for the brainstem SG, which
transforms topographic input from FEF and/or SC into
the time course of motoneuron firing and thus of eye'
movements.

1. Topographic Organization of the Retinal Input
The sampling of the visual input by the retina is giv-
en by

T.EnNA = 8 msec ,

£>emofe(VisInput, dH, 0V)

• SACCADEMASK. (1)

Here, Eyemove(VisInput, a, b)(i,j) = Vislnput(« +
/, b + f) for - 4 < i, j < 4; SACCADEMASK is a 9 x
9 mask whose elements are 1 when the eye velocity
is less than 200°/sec, and 0 otherwise.

The visual pathway from retina to PP is simply
reduced to

= 8 msec

:= RETINA (2)

and

Tp, = 8 msec

5PP := VisPath, (3)

while the retinal input to SC is modulated by the

target fixation signal FOn:

i"sc«iD = 8 msec

:= RETINA - 2 • FOn (4)

2. Quasi-Visual Cells and Dynamic Remapping
Dynamic remapping in parietal cortex is modeled by
shifting activity in the PPqv cells with a convolution
mask QVMASK, which is created dynamically on the
basis of corollary discharge signals copying the hor-
izontal and vertical eye movement commands HTN
and VTN from tonic neurons of the SG in comparison
with damped delayed copies of those commands. The
damped signals are formed according to

rHTN<fcii, = 6 m s e c ,

(5)

and similarly for VTN. Then QVMASK is defined by

QVMASK[x - \,y] = (HTNdelay - HTN)/<?

QVMASK[AT + l,y]= (HTN - HTNdelay)/^

QVMASKfx, y - 1] = (VTNdelay - VTN)/g

QVMASK[*, y+\] = (VTN - VTNdelay)/<7

QVMASKpc + l,y+ 1] = ((HTN - HTNdelay)

+ (VTN - VTNdelay))/r

QVMASiq* - l,y- 1] = ((HTNdelay - HTN)

+ (VTNdelay - VTN))/r

QVMASK[JC - l,y+ 1] = ((HTNdelay - HTN)

+ (VTN - VTNdelay))/r

QVMASfq* + 1, y - 1] = ((HTN - HTNdelay)

+ (VTNdelay - VTN))/r

QVMASKfx, y] = [l-(\ VTNdamp6 - VTN|

+ | HTNdelay

- HTN | )/q], (6)

where .t, y is the central element of the mask, and q
and ra re constants with values 100 and 160, respec-
tively. These values were determined to ensure that
the QVMASK elements vary between —1 and 1 as
required for a given velocity. This QVMASK repre-
sents the function of the S-type and r-type cells in the
neural network shown in Figure 4. QVMASK is then
employed in

= 6 msec

= PP + QVMASK • PPqv (7)

to yield a shift in topographic PPqv activity opposite
but approximately equal to the current eye move-
ment. The PP input allows retinal input (cf. Eq. 3) to
update PPqv when this input is available.

The FEFvis layer (the QV-like cell layer of FEF)
and the SCqv layer of SC are both driven solely by
PPqv:
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Trap.,, = 6 msec

5 r e r v i J := PPqv

' S C q , = 10 msec

= SACCADEMASK • PPqv

(8)

(9)

3- Frontal Eye Fields
The FOn cells monitor the retinal input as stored in
the PP layer of posterior parietal cortex to signal
whether or not the fovea (corresponding to coordi-
nates (X Center, K_Center) of the PP array) is cur-
rently being stimulated, which is our internal repre-
sentation of target fixation:

rFOn = 6 msec

SFOn = (PP[A_Center, r_Center]) (10)

We propose that reciprocal connection between FEF
and MD implements the spatial memory

TrF_rr = 8 msec

= 8 • THmem + FEFvis

- 0.25 • FOn, (11)

where FEFvis initiates storage, the interaction with
THmem sustains it, and the FOn term yields an in-
crease in activity at removal of the fixation point. In
addition to its reciprocal interaction with FEFmem,
THmem receives input SNRmem from substantia ni-
gra and SC Delay (which will be explained below):

TTHDWm = 6 msec

•^THmen. = 2 0 * F E F m e m

- 2.0 • SNRmem - 8 • SC_Delay (12)

The FEF saccade cells, FEFsac, are driven by both
FEFvis and FEFmem:

TFEFUC = 8 msec

5FEFMC := FEFvis + FEFmem

- 2.2 < FOn + k\ • ElectricalStim (13)

ElectricalStim is another 9 x 9 matrix into which we
can place values that code, for a given time in a task,
electrical stimulation corresponding to that used in
compensatory saccades, and k\ defines the connec-
tion strength of the electrical stimulation.

4. Superior ColHculus
SC saccade cells are excited by FEFsac, but also re-
ceive inhibition from SNr and from the fixation related
cells in FEF-

TJC^. = 10 msec

Ssc* = FEFsac - 1.1 • SNRsac - 2 • FOn (14)

The motor output of SC is then obtained by using a
winner-take-all circuit to locate the peak of activity
summed over the other three SC "layers" as long as
this surpasses fixation-related inhibition:

7v = 6 msec

Sx := winner take all{2 - SCsup + 1.5 • SCqv

+ SCsac - 2 • FOn

+ ElectricalStim) (15)

5. Basal Ganglia
We model the CD saccade response as being driven
solely by FEFsac:

=10 msec

= FEFsac (16)

and the CD memory response as driven solely by FEF-
mem:

= 10 msec

= FEFmem (17)

We then model SNr by two layers, SNRsac and
SNRmem, each with a tonic activity level that can be
lowered by inhibition from the corresponding layer
of CD:

40 msec

100 - CDsac
4 0 HISCC

100 - CDmem

(18)

(19)

Appendix B:

CD

CDmem

CDsac

DLPFC
FEF

FEFmem

FEFsac

FEFvis
FOn

LIP

LLBN

MD
MT
NSL
PP
PPctr
PPqvPS
QV
QVMASK
right-RF/

wrong-MF
SC
SCqv

List of abbreviations
Caudate nucleus of the striatum (major
input nucleus of the basal ganglia)
Caudate cells showing sustained activ-
ity during memory saccade
Caudate cells showing activity before
and during voluntary saccades
Dorsolateral prefrontal cortex
Frontal eye fields
FEF cells with sustained response dur-
ing memory period of memory saccade
FEF cells with bursting response be-
fore and during voluntary saccades
FEF cells with visual response
Foveal on-cells
Lateral intraparietal area of posterior
parietal cortex
Long lead burst neurons in the brain-
stem saccade generator
Mediodorsal nucleus of thalamus
Mediotemporal cortex
Neural simulation language
Posterior parietal cortex
Central element of PP
PP cells that show quasi-visual (right
movement field, wrong receptive field)
response in double saccades
Principal sulcus
Quasi-visual cells
Spatial convolution mask
Right receptive field/wrong move-
ment field
Superior colliculus
SC quasi-visual layer
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SCsac SC tecto-reticular presaccade burst cells
SCsup SC superficial layer
SG Saccade burst generator of the brain-

stem
SNr Substantia nigra pars reticulata (a ma-

jor inhibitory output nucleus of the
basal ganglia)

SNRmem SNR cells with tonic reduction of ac-
tivity during memory phase ofmemorj'
saccade

SNRsac SNR cells with phasic reduction of ac-
tivity before and during voluntary sac-
cades

THmem Thalamic cells in mediodorsal nucleus
that show sustained activity in delayed
response tasks

Vislnput Visual input array
VisPath Path from retina to PP
wrong-RF/ Wrong receptive field/right movement

right-MF field

Notes
1. Since it is the interactions of the cortical and subcortical
regions that generate the command to SG that is of interest
here, we omit any specification of our model of the brainstem
SG beyond the overview of Figure 3 However, we do provide
a precise specification of our simulation of the neural net-
works in other regions.

2 We believe that the brain approximates a delayed po-
sition signal by using a damped signal. Even in cases where
a perfect delayed signal would be preferable, the brain ap-
pears to approximate the delayed signal with a damped one
(Dassonville et al., in press)
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