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?) 4‘ Role of Monkey Superior
Colliculus in Control of

Saccades and Fixation

ROBERT H. WURTZ AND DOUGLAS P. MUNOZ

ABSTRACT  Saccadic eye movements and the intervening pe-
riods of visual fixation represent one of the simplest behav-
joral systems that have been studied in the primate. The
superior collicalus (SC) is a key structure in both systems,
llthou;hhuonlypmdlmmextendluﬁwnmbnl
cortex % the pons. Recent on the i of
md.hwﬂmnﬁquyaofcdﬁaﬂucdhm
discharge in relation to saccades. Buwrst colls have a discrete
burst of activity before onset of saccades. Maay have a
WMMMMMMMJ&:
d discharge. A modified feedback system
mndﬂuthpoﬁmd&equueonﬁmwkhky
aspects of the discharge of these cells and the initlation of
md«bymscom«odhlhwndowbuﬂdupdm
ity before the omset of a saccade and, during a saccade, show
& moving wave front of activity acros the 8C. These buildy
colls are proposed also to be inside a feedback loop control-
Hulbemphmded‘thmdem“undd'mwﬁw
ds on the activity of fxatien cells
mthnlhcmwhmﬂimlmwbmncuﬁtymdwiq
such active fixations. Initial studies of the i

obtain nearly all visual information. In this chapter,
we consider some of the underlying neuronal mecha-
nisms that control these saccadic eye movements and
visual fixation.

Monkeys, like h , also make saccadic eye
movements separated by periods of visual fixation, and
this behavioral similarity between the two species of
primates has made the monkey a superb model for
analysis of the neuronal systems underlying the control
of visual fixation and saccadic eye movements. The
parts of the brain related to the generation of saccades
have been studied extensively, and a series of areas
extending from cerebral cortex to the pons have been
identified as part of the system that controls the gener-
ation of saccades (Wurtz and Goldberg, 1989). These
areas include the posterior parietal cortex, the frontal
lndmpplmmenurycyeﬁddsmtbefmnnllobe,the

dat and sub ia nigra pars reticulata in

tweea these of de and fixati | are con-
sistent with the idea that one inhibits the other.

Rapid eye movements and the intervening periods of
visua! fixation represent a simple behavioral system in
primates. Saccades move the eyes rapidly from one
point of interest to another. Little visual information is
available during these movements, which usually last
po more than 40 ms. It is in the periods of fixation

"ollowing saccades, in which the fine-grained foveas of

the cyes are directed at the objects of interest, that we

wurrz Lab y of Semsorimotor Research,
National Eye Institute, Bethesda, Md.
sovaLas Muwor MRC Group im Sensory-Motor Physiol-
ogy, Department of Physiology, Queen's University,
Kingston, Canada

the basal ganglia, the superior colliculus (SC) on the
roof of the midbrain, and regions of the mesencephalic
and pontine reticular formation that are closely related
to the motor nuclei driving the extraocular muscles. In
this chapter, we concentrate on the role of the monkey
SC in the control of visual fixation and saccadic eye
movements.!

Organization of superior colliculus

The SC, a layered structure on the roof of the mid-
brain, reccives important input from the cortical and
deep telencephalic areas and, in turn, projects to the
pontine and ic gaze centers. The alternat-
ing fiber and cell body layers clearly have different
functions, as indicated by the differential relation of
neuronal activity in these layers to visual stimulation
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and the generation of saccadic eye movements. A cell
in the superficial layers increases its discharge rate fol-
lowing the onset of a visual stimulus in a particular
part of the visual field, the visual receptive field of the
cell. The receptive fields of these cells form a retinoto-
pically coded map of the contralateral visual field.
The discharge of the cells in the intermediate layers
of the SC is tightly linked to the occurrence of d

cells throughout the intermediate layers and see a
map of preferred saccade directions and amplitudes—
a movement map (figure 34.1). By electrically stimu-
lating the SC, Robinson (1972) demonstrated that the
amplitude of the saccade increases along a line running
from the rostrolateral pole to the caudomedial pole of
the SC, as shown on the map in figure 34.1, with the

1} d d in the rostral SC and

(Sparks, 1978). These saccade-related cells also fre-
quently begin to discharge at a fixed latency after vi-
sual stimulation but discharge more vigorously before
the onset of saccadic eye movements. The increased
discharge ratc of saccade-related cells accompanies
saccades made to points within the area of the visual
field that define the movement field of the cell (Wurtz
and Goldberg, 1972). The movement field of each

the largest in the caudal SC. Upward and downward
directions are represented medially and laterally,
respectively.

An impending de is preceded by | activity
in one area of the SC movement map. Saccades to
different parts of the field are accompanied by activity
in different arcas of the map. The activity of one cell
does not determine the amplitude and direction of a

saccade cell has a central region with a imal dis-

de, but the population of all active cells does (Lee,

charge and a gradient of response that fades away
as the saccade vector deviates from this central area
(Waurtz and Goldberg, 1972; Sparks and Mays, 1980).

Cells in diffevent parts of the colliculus have move-
ment fields that represent different amplitudes and di-
rections of saccades. If we accept that the central point
of each cell's movement ficld gives the maximum dis-
charge of the cell, we can look at this point for many

Left SC

T

Pourz 4.1 Mapdwmm&ehu
mediate layers of the 8C. (After Robinson, 1972.)

Rohrer, and Sparks, 1988; Sparks and Mays, 1990).
Two types of saccads cells

Whereas neurons concentrated in the intermediate lay-
ens of the monkey SC discharge in relation to saccadic
eye movements, two types of cells with differeat activ-
ity patterns recently have been described (Munoz and
Waurtz, 1992). One population of neurons, durst cells,
discharged a high-frequency burst of action potentials
immediately prior to saccade onset. A second popu-
lation of saccade-related cells had a slow buildup of
activity in addition to movement-related activity; we
refer to these neurons as buldup cells.

We distinguish the two clases of saccade cells by
using several different saccade tasks, including the vi-
sually guided saccade task in which the monkey makes
a saccade to a visual target that appears as the fixation
point disappears (figure 34.2). The left column of the
figure shows the cell discharge aligned on the onset of
the visual target, and the right column shows the same
discharge aligned on the onset of the saccade. Both the
burst cell (figure 34.2A) and the buildup cell (figure
$4.2B) began to discharge approximately 60-70 ms
after target onset (figure 34.2, left) and then generated
a more vigorous discharge in association with d
onset (figure 34.2, right). The burst cell paused briefly
between its presumed visual- and movement-related
responses, whereas the buildup cell demonstrated no
clear pause.

To determine whether the discharge of the buildup
cell was related to the preparation for the saccade or to
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A Burst Celi

T

Frouns 34.2 Discharge of burst and buildup cells. Shown
in each pand are the individual rasters, the spike density
profile (spden), and the horizontal eye position traces (Eh)
for 8 10 10 trials. The traces in the left column are aligned on
target onsct, and the same data are aligned on saccade onset
in the right column. Ssccade direction and amplitude were
lected for the ng! dated resp (A)
Burst cell. The discharge shown for this cell s for the optimal

the presence of the visual stimulus, we used a2 memory-
guided saccade paradigm in which the target was
flashed briefly and the monkey had to make a saccade
to the spatial location of the target after the offsct of the

saccadic amplitude and direction of 10° to the right. This
cell was clamified as & burst cell rather than a preparatory
cell because the p di tvity sisted only of the
burst before the saccade. (B) Buildup cell. Discharge is for
ssccades 25° 1o the left. The buildup of activity is indepen-
dent of the visual stimulus. FP, fixation point; T, target.
(From Munos and Wurtz, 1994)

fixation point. In this task, burst cells gave only weak
responses to the target flash and then exhibited a burst
ofwivityin;-oci;ﬁonwithd:esmdetomere-
membered location of the target flash. In contrast, the
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and the generation of saccadic eye movements. A cell
in the superficial layers increases its discharge rate fol-
lowing the onset of a visual stimulus in a particular
part of the visual field, the visual receptive field of the
cell. The receptive fiekds of these cells form a retinoto-
pically coded map of the contralateral visual field.
The discharge of the cells in the intermediate layers
of the SC is tightly linked to the occurrence of d

cells throughout the intermediate layers and sec a
map of preferred saccade directions and amplitudes—
2 movement map (figure 34.1). By electrically stimu-
lating the SC, Robinson (1972) demonstrated that the
amplitude of the saccade increases along a line running
from the rostrolateral pole to the caudomedial pole of
theSC,ulhownontbempmﬁ‘meMl with the

des represented in the rostral SC and

(Sparks, 1978). These saccade-related cells also fre-
quently begin to discharge at a fixed latency after vi-
sual stimulation but discharge more vigorously before
the onset of saccadic eye movements. The increased
discharge rate of saccade-related cells accompanies
saccades made to points within the area of the visual
field that define the movement field of the cell (Wurtz
and Goldberg, 1972). The movement field of each
saccade cell has a central region with a maximal dis-
charge and a gradient of response that fades away
as the saccade vector deviates from this central area
(Wurtz and Goldberg, 1972; Sparks and Mays, 1980).

Cells in different parts of the colliculus have move-
ment fields that represent different amplitudes and di-
rections of saccades. If we accept that the central point
of each cell’s movement field gives the maximum dis-
charge of the cell, we can look at this point for many

Left SC

60 / ‘

mediate layers of the SC. (After Robinson, 1972

the largest in the caudal SC. Upward and downward
directions are represented medially and laterally,
respectively,

An impending de is preceded by neural activity
moneamd'tbeSCmovunemmp Saccades to
different parts of the field are accompanied by activity
in different arcas of the map. The activity of one cell
does not determine the amplitude and direction of a
saccade, but the population of all active cells does (Lee,
Rohrer, and Sparks, 1988; Sparks and Mays, 1990).

Two types of saccade cells

Whereas neurons concentrated in the intermediate lay-
ers of the monkey SC discharge in relation to saccadic
eye movements, two types of cells with different activ-
ity patterns recently have been described (Munoz and
Wurtz, 1992). One population of neurons, bwrst cells,
discharged a high-frequency burst of action potentials
immediately prior to de onset. A d popu-
lation of saccade-related cells had a slow buildup of
activity in addition to movement-related activity; we
refer to these neurons as busldup cails.

We distinguish the two classes of saccade cells by
using several different saccade tasks, including the vi-
sually guided saccade task in which the monkey makes
a saccade to a visual target that appears as the fixation
point disappears (figure 34.2). The left column, of the
figure shows the cell discharge aligned on the onset of
the visual target, and the right column shows the same
discharge aligned on the onset of the saccade. Both the
burst cell (figure 34.2A) and the buildup cell (figure
34.2B) began to discharge approximately 60-70 ms
after target onset (figure 34.2, left) and then generated
a more vigorous discharge in association with saccade
onset (figure 34.2, right). The burst cell paused briefly
between its presumed visual- and movement-related
responses, whereas the buildup cell demonstrated no
clear pause.

To determine whether the discharge of the buildup
cell was related to the preparation for the saccade or to
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A Burst Cell

Prouns 342 Discharge of bunt and buildup cells. Shown

in each panel are the individual rasters, the spike density
profile (spden), and the borizontal eye position traces (Eh)
for 8 t0 10 trials. The traces in the left column are aligned oa
target onset, and the same data are aligned on saccade onset
m&eﬁghtedmwm-ndlmphudem
Jected for the
luneelLThcdndnr‘eMwnforduodl-fwtheopmul

the presence of the visual stimulus, we used a memory-
guided saccade paradigm in which the target was
flashed briefly and the monkey had to make a saccade
to the spatial location of the target after the offsct of the

saccadic amplitude and direction of 10° to the right. This
odlwudndﬁedunbumedluthcthnumnm
cell b the p dic isted only of the
burst before the saccade. (B) uﬂdupeell Whh
saccades 25° to the left. The buildup of ty is ind
dent of the visual sémulus. FP, fixation polm.T umt.
(From Munox and Wurtz, 1994)

fixation point. In this task, burst cells gave only weak
responses to the target Aash and then exhibited a burst
of activity in asociation with the saccade to the re-
membered location of the target flash. In contrast, the
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buildup cells discharged in a sustained manner from
the time of the flash until the saccade was made, even
though the target was no longer visible.

This sustained discharge could also be elicited in the
absence of any retinal stimulation as the discharge oc-
curred before the visual target had been presented in a
gap saccade paradigm. In this latter task, the fixation
point went off, leaving a period of darkness preceding
target onset; the buildup cell was silent until after fixa-
tion point offset and then began to discharge in the
period of darkness, even though the target had not yet
appeared. The intensity of this anticipatory activity
was similar to that seen in the memory-guided task
when the target had appeared but the saccade was
delayed. The buildup cell then increased its’discharge
after onset of the target and continued to discharge
until the monkey made the saccade to the visible tar-
get. In contrast, the burst cell remained silent during
the period of darkness between fixation point offset and
target onset and then discharged a brief phasic burst
approximately 6070 ms after target onset, followed
by a second, more robust burst of spikes synchronized
with saccade initiation.

Although there is a continuum of cell types extend-
ing from those with burst cell characteristics to those
demonstrating a buildup of activity, we have divided
cells into these two groups. In general, we clasified
neurons as burst cells if they lacked significant sus-
tained activity in the interval between the visual- and
movement-related bursts seen in the visually guided
task and during the instructed delay period in the
memory-guided tasks. Neurons that had, in addition to
a movement-related response, a sustained nse re-
lated to preparation to make the mde classi-
fied as buﬂdup cells.

Another major difference between burst and buildup
neurons was in their movement fields. Figure 34.3 com-
pares the discharge of a burst cell and a buildup cell
amociated with various amplitude saccades whose
directions matched the optimal direction of each
cell. The optimal saccade amplitude for the cells was
approximately 8°. The burst cell (figure 34.3A) dis-
charged maximally for saccades that were close to the
optimal amplitude and, when saccade amplitude was
greater or less than optimal, the discharge of the
cell diminished. The saccade-related responses of the
buildup cell (figure 34.3B) diminished if either the am-
plitude of the saccade was smaller than optimal or
the direction deviated from optimal. However, buildup

cells continued to discharge for saccades of optimal
direction whase amplitudes were greater than optimal.
In net, the burst cell had a movement field that was
closed—that is, the resporse field had a distal border
because the cell did not discharge for saccades signifi-
cantly larger than optimal. In contrast, the buildup
cell had an open-ended movement field: The cell dis-
charged for all saccades of optimal direction that were
€qual to or greater than the optimal amplitude.

The latency between the onset and termination of
the saccade to the peak of the cell discharge also dif-
fered for the burst and buildup cells. The timing of the
peak discharge of burst cells relative 10 saccade onset
did not vary with saccade amplitude; it always oc-
curred around the time of saccade onset. For buildup
ce!h, however, the occurrence of peak discharge rela-
tive to saccade onset depended on saccade amplitude;
as saccade amplitude increased, the time from saccade
onset to peak discharge also increased.

Several other characteristics of these cells should be
noted. The saccade-related discharge patterns just de-
scribed for both burst and buildup cells occurred re-
gardless of whether the saccade was made to a visual
target (as in figure 34.2) or to a remembered target.
The saccade-relaced portion of both cell types’ dis-
charge was similar whether or not the target was visi-
ble during the movement. There were also no differ-
ences in the shapes of the movement fields for saccades
made under these two conditions. The activity re-
corded from buildup cells during saccades that were
larger than the optimal amplitude was not related to
the programming of subsequent corrective saccades.
With large saccades, cells with open-ended movement
fields were active, regardless of whether there was a
subsequent corrective saccade.

We determined the relative location of burst and
buildup cells below the collicular surface. The depth of
uchccﬂwudﬂemunedtdlnvctothedep«ho(the
first multicell visual resp that we d on
that penetration as the electrode entered the super-
ficialmost layers of the SC. The visual cells, lacking
saccade-related activity, were located in approxi-
mately the first millimeter of the SC; burst cells were
found immediately beneath the visual cells, approxi-
mately 1-2 mm below the dorsal surface; the build-
up cells were located ventral to and somewhat inter-
mingled with the bunt cells, approximately 1.5-2.5
mm below the dorsal surface of the SC. Both types
of saccade-related cells were in the intermediate lay-
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the burst cells.

Fixation cells in rostral superior colliculus

On the saccade map of the SC (see figure 34.1), large-
amplitude saccades are represented caudally and small
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tials (sp), and the radial eye position (E). The burst ¢
had a discrete movement field, whereas the b

(From Munoz and Wurtz

an open-cnded movement field

saccades are represented rostrally. Some cells in the
rostral pole, however, do not increase their discharge
rate before saccades but instead do so during periods
of active fixation. This observation was made in the
SC of the cat (Munoz and Guitton, 1989, 1991) and,
more recently, in the monkey (Munoe and Wurtz,
19934, b, c). Figure 34.4 shows the discharge of such a
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during active fixation. Rasters are aligned on (A) the onset
of the fixation target (Exation point [FP) onset) and (B) the

mmﬂ;endmdulmm the spike density function
(spden), and the horizontal eye position traces (Eh). (From

time when the eye d the lied f

v

fixation cell while the monkey was looking about in the
experimental room and then after it made & e to
the visual target. In figure 34.4A, the raster spike
density display are aligned on this onset of the target,
whereas in figure 34.4B they are aligned on the time
when the monkey achieved fixation of the target. The
discharge rate of the cell went up with acquisition of
the target, not with target onset. In addition, the dis-
charge was low while the monkey fixated a point on
the blank screen but increased with active fixation of
the target.

These fixation cells in the monkey have a number of
other characteristics. The discharge was not simply the
result of the visual stimulus falling on the foveal re-
ceptive field of a visually sensitive neuron. When we
blinked the target off bricfly, but the monkey con-
tinued to fixate, the cell continued to discharge. We
have used this continued discharge as a criterion for

M and Wurts, 1993a)

the identification of fixation cells. In contrast, the dis-
charge of other cells lying in the anterior colliculus
more dorsal to fixation cells does pause with removal of
the fixation point, indicating that the response of these
cells is & visual one.

Another salient characteristic of collicular fixation
cells is that they pause during saccades between ac-
tively fixated targets. Just as the duration of saccades
increases with saccade amplitude, the duration of the
pause also increases with larger saccadic amplitudes.
Thus, the fixation cells and the saccade cells have pat-
terns of discharge that are reciprocal: Fixation cells
(figure 34.5, left) nn active during fixation and silent
during d de cells (figure 34.5,
right) are silent dun.ng fixation but burst at the time of
the saccades.

Fixation cells were located in the rostral pole of the
SC at a depth similar to that of the buildup cells. We
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Fiouaz 34.5 Comparison of the discharge of a fixation cell
Jocased in the anterior pole of the 8C (left) and a saccade cell

consider fixation cells as the extension of the bmldu;
cell layer into the rostral pole.

Interaction batween fixation and saccades

The reciprocal relationship of activity between saccade
and fixation cells within the SC suggests that they
might be mutually inhibitory. This mutual inhibition,
in turn, suggests that if the activity of the fixation cells

Ay

06s

located in &mamsc (right). Same conventions as in
figure 34.2. (From Munos and Wurtz, 1993¢)

the burst neurons in the paramedian pontine reticular
formation. Though we show oaly the interaction of the
fixation cells with the rest of the SC in figure 34.6, the
effect of the fixation cells on these other midbrain and
pontine areas should be regarded as being represented
on the schematic drawing by the rest of the SC. Our
strategy was to alter the activity of fixation cells in the
rostral SC while leaving the rest of the SC undisturbed
-ndthenwtenwbwqumtmadcgmm We

were artificially altered, the freq y of the d
might be changed. We both increased and decreased
the activity of the fixation cells to test the effect of this
on the generation of saccades.

Figure 34:6 shows the logic of our experiments. Our
hypothesis, like that developed for the cat (Munoz and
Guitton, 1991), is that fixation cells in the rostral pole
of the SC exert control over the saccadic system by
inhibiting the saccade cells in the SC as well as by
activating the brainstem omnipause neurons that gate

first i d the activity in the fixation zone by
applying low-frequency electrical stimulaton (figure
34.6B) to increase activity of cells adjacent to the site of
stimulation. According to our hypothesis, this manipu-
lation should lead to increased activity in the fixation
zonc of the SC and decreased activity in the rest of the
SC related to saccades.

Figure 34.7 ilustrates the effect of stimulating both
fixation zones simultaneously while the monkey made
saccades in the visually guided saccade paradigm.
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of the monkey SC showing the p
the collicular fixation zone (FIX) and the saccade some
(SAC). See text for details. (B) Activation of FIX cells in
both colliculi with bilateral electrical stimulation would jead
wlncreuedinhlbldondMCoelh (C) Artificial activation
of FIX cells with s unilateral injecti ofGAM i
(bicuculline) would lead to increased in the FIX
zone and then to increased inhibition of SAC cells. (D) Arti-
ficial inhibition of FIX cells with a unilateral injection of a
GABA agonist (muscimol) would lead to decreased activity
in the FIX 200¢ and then disinhibition of SAC cells. (From
Munoe and Wurtz, 1993b)

Stimulation trials (solid traces) were interleaved with
control trials during which no stimulation occurred
(dotted traces). The small vertical tick on the eye posi-
tion and velocity traces indicates the cue for the mon-
key to initiate the saccade (simultaneous offset of the

fixation point and onset of the peripheral target). The

key made des approximately 200 ms after
target onset in the control condition to targets 20° to
the left or right. A long-duration, low-frequency train
of stimulation (500 ms, 130 Ha, 30 gA, marked by the
horizontal bar under the eye position ) delayed
saccade initiation. The monkey could gencrate the
saccade to the new target only after the stimulation
ceased. All centrifugal saccades were affected as were
centripetal saccades. Even with the delay in initiation,
the saccades reached the target, as indicated by the
equal amplitude of the normal and delayed saccades in
figure 34.7. This accuracy endured even if the target
was no longer present after the stimulation ended, as
was the case when the monkey made a saccade to the
remembered location of the target. When we applied
stimulation to the fixation zone during the saccade,
saccades were interrupted in midflight.

When we positioned the electrode outside the lo-
cation on the motor map where fixation cells were
recorded, the effect was not evident. Also, when we
stimulated at locations above, below, or rostral to the

+ location of fixation cclls with similar parameters, no

effect was seen on saccade generation.

Whereas electrical stimulation allowed us to increase
activity within the fixation zone, injection of GABAer-
gic drags allowed us either to increase the activity with
a GABA antagonist (bicuculline, figure 34.6C) or 1o
decrease activity with a GABA agonist (muscimol, fig-
ure 34.6D). We found that bicuculline and muscimol
injections had a profound effect on the monkey’s abil-
ity to fixate a target and make saccades to a new target.
Apphclnon of bicuculline increased saccade latencies,

| reduced latencies and led to insta-
bility of fixation.

The effect of reducing fixation activity with musci-
mol is illustrated in figure 34.8. We used a memory-
guided saccade task to maximize the requirements for
fixation. In this saccade task (figure 34.8A), we flashed
a spot of light (T2) for 80 ms at & point in the con-
tralateral visual field, but we required the monkey to
continue fixating until after the fixation point (T1)
went off several hundred (400-800) milliseconds later.
If the monkey delayed the saccade until after offset of
the fixation point (T1), it was rewarded as a correct
response, but if the saccade occurred earlier, it was not
rewarded for this incorrect response. The histograms at
the top of figure 34.8B show that the normal monkey
easily made almost entirely correct saccades. Most of
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Bilateral Stimulation
A left B right
\ I
. §\\ ] T —— 4/
Eh ':f Il!'rl"] .
00 _ . qu
000 deg/s
Qd04
500 ms

Fiouns 34.7 Suppression of saccades by bilaseral stimula-
tion of both Bxation sones simultaneously. Five control trials
(dotted traces) and five stimulation trials (solid traces) are
npuinpoudnudlpnadulhemnhyudevhﬂly
guided saccades. The vertical tick on the eye position traces
indicates the time of target onset, and the horizontal bar

these saccades were initiated approximately 200 ms
after T1 offset. After injection of muscimol into the
rostral colliculus (bottom of figure 34.8B), the monkey
had difficulty delaying initiation of the saccade after
the flash of the target, and many saccades occurred just
after the flash. Note that these saccades on the incor-
rect trials were to the right target but at the wrong
time. Thus, the execution of the saccade was not dis-
rupted—it was simply ddayed—mcdy a we would
expect if we had r d on
generation.

The incorrect saccades shown on the frequency his-
tograms in the lower half of figure 34.8B not only oc-
curred before the fixation point went off, but many
occurred within a latency of 80-100 ms after the target
light flashed. Such a short regular latency is character-
istic of express saccades previously observed in the
monkey (Fischer and Boch, 1983). Of particular rele-
vance to the fixation cells in the SC is the proposal
(Fischer, 1987) that express saccades occur most fre-
quently when fixation has already been broken, which
is exactly what we propose is the consequence of the
functional removal of the rostral SC. ‘

The fixation cells that we have identified are almost
certainly past of a larger system within the brain, as

under the eye position traces indicates the time of stimula-
tion. Low-frequency, long-duration stimulation (300 ma, 150
Hz,!OM)ofbothﬁndonmplwenwddumidm
of centrifugal saccades. (Eh, horizontal eye position traces.)
(Afeer Munos and Waurtz, 1993b)

cells whose discharge is modified by fixation under
some conditions have been observed in parietal cortex
(Mountcastle, Andersen, and Motter, 1981) and sub-
stantia nigra pars reticulata (Hikosaka and Wurts,
1983). Extrastriate cortical lesions also alter the fre-
quency of express saccades, which is consistent with the
robe of cortex in the control of visual fixation {(Weber
and Fischer, 1990).

Burst cells temporally related to saccades

The most intensively studied saccade-related cells have
been the burst cells (see figures 34.2A, 34.3A). The
work on these cells has been summarized recently by
Sparks and Hartwich-Young (1989). Occurrence of
tbcbumilhighlyoondawdwithmo“hc
saccade (Sparks, 1978), and each saccade is accom-
pcmedbyacumyunspedﬁcloumonlhesc
movement map that specifies the amplitude and direc-
tion of the saccade. The sum of activity from all cells
presumably is responsible for bringing the saccade on

¥ .

In fact, bringing the eye on target has been a vexing
ymblanﬁ)rnmddsol‘dnmdlcsysmn,mdﬁtung
the SC into these models has been even more difficult.
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Fiousz 34.8 Shortening of saccade latency as a result of
inactivation of fixation cells. (A) Examples of saccades oc-
curring after the fixation point goes off (TI; correct) and
shortly after the flash in the peripheral fiedd (T2; incorrect).
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Robinson (1975) proposed a local feedback model to
solve this problem. The essential features of his model
are shown in the upper half of figure 34.9. A burst of
activity (s velocity command, V,) from pontine burst
cells (B) drives the saccade, and the same V, signal is
integrated by a neural integrator (NI) to hoid the eye
at the new position. At the same time, an internal
npruentaﬁonohhispodlionnignd (E’) is fed back for
comparison with d\cdemed eye position (E.) As long
as a difference p these €S, AD erTor
signal (e,) is genmted that continues to drive the
burst generator (V). When the difference (e,,) reaches

Asbinssn, 1078

- ]

OO S s L.

L~
Jirgers ot al., 1981 -
— [ ]
o

T >

Pouns 349 Two models of feedback control of saccadic
amplitude. (Top) Robi model. (B ) Jirgens,
Becku,umlxmhube-wdd.lmhmmpliﬁedtom
oaly lated to the negative feedback hy-
‘pothesis (sce text for details). E’, new cye position; AE’,
change in E’; B.,dundcyepouuon,e.,md;nﬂB
burst cells; M1, model integrator; V., velocity command;
NI, neurllmlqntw (From Wurt and Munot, in press.)

zero, the activity driving the eye stops, and the eye
reaches the target.

One problem with this model, however, is that the
E, signal is in cranial or head-centered coordinates
rather than the cye-movement (retinotopic) coordi-
nates of the map of movement fields layed out on the
SC (sce figure 34.1). The saccade cells discharge the
same burst regardless of whether the monkey began
the saccade close to the center of the visual field or
from one side or the other. If this map were in spa-
tial coordinates, where the eye sarts should sub-
stantially alter the discharge of the cell (Jiirgens,
Becker, and Kornhuber, 1981). -

A subsequent model by Jirgens, Becker, and Korn-
huber (1981) offered a resolution between the feedback
model of Robinson (1975) and the retinotopic coordi-
nate system seen in the SC (figure 34.9, bottom). These
investigators added a second integrator (a model inte-
grator [MI]) that was reset after cach saccade so that
thefeedbukwuminmndfeedbadoquﬁncye
position (AE') rather than absolute eye position (E').
This internal representation of change in position AE’
was compared with the change in eye positi

e )
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(AE), and any difference is the ¢, that would drive the
eye to the new position, as in the Robinson model.
This placement of the system in retinotopic coordi-
nates made the signals at the summing junction consis-
tent with the retinotopic coordinate system of the SC
and inspired a reinvestigation of the SC to determine
whether these signals could be found. The change in
eye position required (AE) should be present and re-
main throughout the saccade, whereas the feedback
signal (AE’) should be present during the saccade and
should be reset after it. The difference signal (e,) is
maximal at saccade onset and decreases during the
saccade to approach zero as the saccade reaches the

target.
Waitzman and coworkers (1988, 1991) found that

in the SC is now envisioned as conveying the ¢, sig-
nal 50 that the SC is insids the feedback loop. The AE
signal may be the increased activity in one region of
the visual map in the superficial layers of the SC or in
the inputs from cortex to SC. No correlate of AE' is
evident; the signal may be conveyed by the terminals
ending on the clipped cells. The ¢, signal in the model
would be conveyed to the brain stem by the clipped
cells in the SC.

A consequence of this model is worth noting. A
change in eye position is controlled by the feedback
loop, and only ervors in position after the output of the
summing junction are controlled. Any changes of cell
activity within the colliculus would be expected to be
associated with chanfes of eye velocity because they
would infl the strength of the burst but not the

many saccade-related burst cells in the SC d
strated clipped responses—that is, the intense burst
portion of the discharge came to an end at the time the
eye stopped moving. For example, the discharge of
the burst cell in figure 34.2A ended close to the time
the saccade ended (its response was clipped off by the
saccade), Furthermore, the dynamics of the change in
discharge in many clipped cells revealed a nearly linear
decline over the duration of the saccade and a reduc-
tion in motor error (Waitzman et al., 1991).

With this previously unappreciated observation that
many burst cells ended as the saccade ended, Waitz-
man's group (1968, 1991) constructed a modified
Becker and Jiirgens model of the saccadic system that
incorporated the SC specifically into the model (figure
34.10). The retinotopic map of burst or clipped cells

|
%—» N1
N Ve E'

PLACE EMP
CODE ( 4 wDL

tive feedback system for con-

figure 34.9. (From Waitzman et al,, 1991

final eye position controlled by the loop. Thus, a rela-
tion between eye velocity and cell discharge (Rohrer,
White, and Sparks, 1987) and the effect on eye velocity
of chemical lesions of SC (Hikosaka and Wurts, 1985)
both would be consistent with the model.

Finally, note that the SC is in retinotopic coordi-
nates and the preferred change in eye position is con-
veyed by activity within this map, a place code. The
projections from the SC, however, go from this place
code to the temporal code that is used eventually to
drive the eye muscles. Although we do not know how
this conversion occurs, a reasonable hypothesis is that
areas within the SC where a hill of neuronal activity is
related to large saccades have a stronger innervation
onto the pontine bursters than do those asociated with
small saccades (Edwards and Henkel, 1978; Wurtz and
Albano, 1980). The temporal code also must be trans-
lated back into a spatial code in the feedback loop, but
whether this translation starts from a position signal
(Waitzman et al,, 1991) or a velocity signal (Lefevre
and Galiana, 1990; Droulez and Berthoz, 1991) is not
known.

Buildup cells spatially related to saccades

A salient distinction between burst cells and buildup
cells in the SC is a difference in the pattern of activity
mlheeellllylngudnﬂ'exentponuomontheSCmcwr
map. Flg'urelM 11 and $4.12 illustrate this by showing
the normalized spike density profiles of cells in each of
the burst and buildup cell layers. The cells have differ-
ent optimal saccade amplitudes'and are located in dif-
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ferent locations within the SC, which are shown sche-
matically by filled circles on the SC motor map. The
discharge for cach cell is that accompanying a 50°
saccade. The peak discharge of the caudalmost cells in
both layers occurred near the time of saccade onset. In
the burst cell layer (see figure 34.11), only cells in the
caudal SC discharged with the 50° saccade, and cells
lying more rostral to the initially active zone remained
silent. The level of discharge of burst cells in the ini-
tially active sone simply diminished so that by saccade
termination, these neurons were almost silent. How-
ever, the buildup cells lying rostral to the initially ac-
tive cells were activated sequentially at some point dur-
ing the 50° saccade (see figure 34.12). Looking at the
left column in figure 34.12, where cell responses are
aligned on saccade onset, the peak discharge began
before the 50° saccade for the caudalmost cell and
gradually moved later for more rostrally located cells.
A clear-moving front of activity is therefore visible be-
ginning in the caudal SC and moving to the rostral SC.
Again, looking at the burst cell layer, no such move-
ment is evident.

In the rostral SC (see figure 34.12, top), activity was
confined to the fixation cells 200 ms before the onset of
the 50° saccade. As activity began in the buildup cell
hycrnndlhallnuindlebuiucdlhyu,ﬁnﬁon-
related activity in the rostral pole simultancously
diminished. At de onset, fi related activity
had ceased and cells in both layers of the caudal SC
were maximally active. The fixation cells began to dis-
charge again at the end of the saccade.

Thus, the buildup cells seem to differ from the burst
cells in the activity contained in various parts of the
movement map. lnthebumedllayer, the neural ac-
tivity hill reaches peak height at saccade onset and
diminishes in size during the saccade. This charac-
teristic contributed to the formation of the model for
saccade generation that includes the SC in a feedback

_Joop controlling saccade amplitude, as described previ-

Frourz 34.11 Independence of bumst cells from sequential
activation. Each curve ls for one cell that is located progres-
sively further caudally in the SC, as indicated by the dots on
the 8C map at bottom of figure. Activity was obtained when
the monkey made 50° saccades. Same discharge is aligned on
saccade onset (left column) and on saccade end (right col-
umn). Only celli in the caudal SC were activated dur-
ing the 50° saccade. (From Munoz and Wurw, 1994.)

ously. In the buildup cell layer, the activity in the
buildup cells scems to change as if a front of activity
were moving acros the SC during the course of the
saccade. At the start of a large-amplitude saccade,
neural activity is centered in the caudal SC but, a
the vector error between the current position of the vi-

.sual axis and the target decreases during the saccade,

cells located progressively more rostral in the SC (i.e,
those preferring smaller and smaller amplitude gaze
shifts) begin to discharge.

This observation of a shift in activity acroms the SC
during a saccade was first made for movement-related
cells in the cat SC (Munoz, Guitton, and Pélisson,
1991) and also 1 to the conclusion that the SC is
within the feedback loop controlling the amplitude of
saccades but for reasons quite different from those
described earlier. Munoz, Guitton, and Pélisson (1991)
argued that when this shifting activity reached the fix-
ation cells located in the rostral SC, the saccade was
terminated, thus closing a loop. The location of the
SC in relation to a feedback control system for the
amplitude of saccades had remained a puzzle for al-
most two decades, but these two sets of experiments
both reached the conclusion that the SC was in the
feedback loop.

Conclusions

Our understanding of a system within the brain that
controls the generation of saccadic eye movements has
developed substantially over the past 20 years, but the
SC has remained a central structure in this system. The
recognition that burst cells within the colliculus dis-
charge in a manner consistent with their location with-
in a feedback loop that governs the amplitude of the
saccade has allowed the spatial map within the colli-
culus to be more readily understood in the spatial-to-
temperal transition that is necessary to activate the tem-
porally driven eye muscles. The study of a second set of
saccade-related cells, the buildup cells, that appear to
have a moving front of activity across the SC during a
saccade, has contributed a d map of mo ¢
related activity. Although there many facets have yet
to be worked out, these observations further constrain
the position of the SC in any model of the control of
saccades.

In contrast to the long-standing recognition of a
saccadic system, the recognition of a system for ac-
tive fixation is relatively recent (Munos and Guitton,
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Filouns 34.12 8 ive activation of buildup cells whose
fields are located progressively closer to the anterior pole of
the S5C. Same organization as In figure 34.11. (From Munoz
and Wurtz, 1994.)

1989). The role of the rostral colliculus in this function
is now becoming established in both the cat and the
monkey. Interaction between this fixation system and
the saccadic system at the level of the SC allows us
to study the integration of these two systems in a rel-
atively simple environment. The factors involved in
such an interaction may aid in our understanding of
such integration in other more complex sensorimotor
systems.

NOTE

.Thcupenmurepoﬂediathhdnpumhudhxgely
oo the original of W and col-
leagues (1991) and Munoz and Wurts (19984, b, ¢). The
chapter is aleo derived from & recent summary of the SC
(Wurtz and Munos, in pres).
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N 5 Contributions of Vision and

Propri(nt'eptiun to

Limb Movements

Accuracy In

CLAUDE GHEZ, JAMES GORDON, MARIA FELICE
GHILARDI, AND ROBERT SAINBURG
L

ABTRACT We bave studied eavors in |
bjects and in patients deaffer d by large-fiber
thy. Int U extent and di-

recﬁonwmmbjectmd:ﬂ'mmmafvuubkmd
W&mmhtmmmm.

P , vision of the hand and the
nqa y to program direction accurately. These
data suggest that the planning of reachi takes

plmmanummac,hud—emmdmd:musmm

In deaffe d simple aimed to vi-
mdnrgeunbowedhmmniudimmmdmtbe—
cause of failure to comp for directional variations in
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provides information about the location of the target.
Whether vision is needed also to determine the initial
position of the hand is not known. Some investigators
hypothesize that the relationship of the target to the
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limb configuration and its initial configuration, de-
termined proprioceptively. Whether the extent and
direction of movement can, in fact, be programed
accurately by the comparison of visual information
obtained from a target and information about arm
examined in any detail.

Significant insights into the role of proprioception in
trajectory formation have been obtained by studying
the motor deficits of patients with large-fiber sensory
neuropathy (Rothwell et al,, 1982; Sanes et al., 1985;
Focget and Lamarre, 1987; Forget and Lamarre, 1990;
Ghes et al., 1990). In these patients, the selective de-
generation of large-diameter afferent fibers may abol-
ish completely all sense of joint position as well as
stretch reflexes. Studies of such patients have docu-
mented the importance of proprioceptive input for the
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correcting trajectory errors due to mechanical pertur-
bations (Rothwell et al., 1982; Sanes et al, 1985).
Evidence from such studies suggests that loss of pro-
prioception does not alter or impair the strategies that
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