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SUMMARY AND CONCLUSIONS

i. We recorded from electrophysiologically identified output
neurons of the superior colliculus (SC)—tectoreticular and tec-
toreticulospinal neurons [ together called TR (S)YNs]—in the alert
cat with head either unrestrained or immobilized. A cat actively
exploring its visual surrounds typically makes a series of coordi-
nated eye-head orienting movements that rapidly shift the visual
axis from one point to another. These single-step shifis in gaze
position (gaze = eye-in-space = eye-in-head + head-in-space) are
separated by periods in which the visual axis remains stationary
with respect to surrcunding space.

2. Eighty-seven percent {86/ 99) of the TR{S)Ns studied dur-
ing periods when the visual axis was stationary presented a sus-
tained discharge, the intensity of which depended on the magni-
tude and direction of the vector drawn between current gaze posi-
tion and the gaze position required to fixate a target of interest
(gaze position error or GPE). The maximum sustained discharge
recorded from each TR{S)N corresponded to a specific GPE vec-
tor and was correlated with the cell’s position on the SC’s retino-
topically coded motor map.

3. The 86 TR(S)Ns could be divided into twe classes. “Fixa-
tion TR(S)Ns” [ f TR(S)Ns, n = 12} discharged maximally when
the animal arrentively fixated a target of interest, (i.e. GPE = 0°).
These neurons were located in the rostral SC and had visual recep-
tive fields that included a representation of the area centralis. “Ori-
entation TR(S)Ns” [oTR(S)Ns, » = 62] had visual receptive
fields that excluded the area centralis and discharged for nonzero
GPEs. The oTR(S)Ns were recorded more caudally on the
SC's map. .

4. For a given value of GPE, an ensemble of TR(5)Ns was
active. When the cat changed its gaze position relative to a fixed
target of interest, the zone of sustained activity shifted to a new
collicular site. Thus, to maintain the maximum sustained dis-
charge of a TR(S)N when target position was changed relative to
the fixed body, it was necessary that gaze move to a new position
that reestablished the preferred GPE.

5. The areal extent of GPEs for which a TR{S}N discharged
defined a gaze position error field (GPEF ) that was approximately
coaligned with the cell’s visual receptive field. The maximum sus-
tained discharge occurred when GPE corresponded approxi-
mately to the center of the cell’s GPEF.

6. The diameter of a TR{S)N's GPEF was related to the mag-
nitude of that cell's optimal GPE. fTR{S)Ns had the smallest
GPEFs, ~15-20°;, GPEF diameter was larger for oTR(S)Ns.
When imaged onto the retinotopically coded map of the collicu-
lus, alt GPEFs had an approximately constant diameter. These
observations imply that, for any GPE including 0°, a relatively
large but somewhat constant fraction of collicular tissue was being
activated.
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7. We interpreted the sustained discharge of oTR(S)Ns as a
preparatory activity for an eventual gaze shift that they could trig-
ger with a burst of discharge (described in the following paper).
The occurrence of the sustained discharge was related to the ani-
mal’s “set’; it was not necessary for the target of interest to be
visible, In situations when the animal anticipated appearance of a
food target, the expected target zone acquired significance, and
sustained discharge was observed when gaze position was at the
cell’s preferred vector from that zone. This discharge existed even
when ambient lighting was extinguished.

8. We postulate the existence of an attentional map in the colli-
cular layer containing TR(S}Ns, in which mechanisms favoring
fixation oppose those driving orientation such that 1) the sus-
tained activity of cells lying outside the area centralis representa-
tion [i.e., oTR(S)Ns] reflects the animal’s preparation and/or
intent to eventually orient; and 2) the activation of cells lying
within the area centralis representation [i.e., { TR(S)Ns] reflects
the intent to maintain fixation.

INTRODUCTION

Orienting movements, which direct the visual axis to the
source of either a sensory stimulus or internally generated
goal, are usually accomplished by the coordinated motion
of the eyes and head (Bizzi 1981; Guitton 1988; Guitton et
al, 1990). These movements produce a single-step, rapid
shift in gaze position (gaze = eye-relative-to-space = eye-
relative-to-head + head-relative-to-space) that orients the
visual axis onto the target of interest. Whether they are per-
formed with the animal’s head restrained {head fixed) or
unrestrained (head free), orienting gaze shifts are separated
by periods in which the visual axis remains stationary with
respect 1o surrounding space. Thus there are two basic be-
havioral states: ]) the target is attentively fixated or 2} a
new orienting gaze shift is prepared and triggered.

A distinction between attentive fixation and motor prepa-
ration has been shown at the level of cortical neurons that
show discharges specific to these behaviors. Some neurons
in the frontal and parietal lobes discharge tonically when a
monkey fixates a target (Bon and Luchetti 1990; Bruce and
Goldberg 1985; Lynch et al. 1977; Mountcastle et al. 1975;
Sakata et al. 1980; Segraves and Goldberg 1987). Other
neurons in these structures discharge tonically, not when
the animal is fixating a target of interest but rather during
the period that precedes a gaze shift to a new target of inter-
est that has appeared in peripheral vision ( Bruce and Gold-
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berg 1985; Funahashi et al. 1990; Gnadt and Andersen
1988; Segraves and Goldberg 1987).

In this paper we consider the role of the superior collicu-
lus (SC)in controtling fixation and motor preparation. Fix-
ation-related discharges have been recorded from collicular
neurons in the SC of monkey (Goldberg and Wurtz 1971;
Munoz et al. 1990; Sparks and Mays 1980) and cat (Peck
1989). Other SC cells, some known as quasivisual (QV)
cells, discharge tonically whenever their location on the
SC's motor map is the potential site for generating a sac-
cadic eye movement { Mays and Sparks 1980; Waitzman et
al. 1987}. In the words of Mays and Sparks { {380): “The
activity of these neurons appears to reflect eye position
error { the differences between actual and desired eye posi-
tions) and to hold this information in spatial register until a
saccade occurs or is cancelled.” The discharge of these neu-
rons, in our terminoclogy, constitutes motor preparation.

We have recorded in the alert behaving cat the neural
signals carried by a specific subpopulation of collicular neu-
rons: electrophysiologically identified tectoreticular and
tectoreticulospinal neurons, together calied tectore-
ticulo(spinal) neurons or TR {S)Ns. These neurons consti-
tute the major efferent projection from the SC to the contra-
lateral brain stem and spinal cord premotor circuitry
(Grantyn and Grantyn 1982; Moschovakis and Karabelas
1985}. In the previous paper {Guitton and Munoz 1991)
we considered the sensory responses of TR(S)Ns, and in
the next paper (Munoz et al. 1991a) we show how these
cells are involved in driving gaze shifts. Here we describe
characteristics of TR(S)N discharges recorded during in-
termediate steps of neural processing: fixation and motor
preparation. We devised a variety of behavioral tasks, per-
formed by the cat in both head-fixed and head-free condi-
tions, to study these discharges in isolation of sensory or
motor responses.

TR(S)Ns located within the collicular map’s area cen-
tralis representation discharged tonically whenever the ani-
mal attentively fixated a target of interest. By comparison,
TR(S)Ns situated off the arca centralis representation pre-
sented a tonic discharge with behaviorally related proper-
ties that are similar to monkey QV cells. Thus a preamble of
activity, emanating from a specific collicular locus, could
influence lower premotor circuits by promoting either fixa-
tion or orientation. Preliminary reports of these data have
appeared elsewhere (Munoz et al. 1984; Munoz and Guit-
ton 1985, 1988, 1989).

METHODS
General

General methods regarding details of animal preparation and
recording of gaze, eye, head, and target positions are the same as
those described previousty (Guitton et al. 1984, 1990). Regarding
the single-unit recording of TR{S)Ns, the first paper in this series
{Guitton and Munoz 1991) describes the identification, record-
ing, and analysis methods.

Behavioral paradigms

Behavioral paradigms were designed to obtain rapidly and reli-
ably a large number of coordinated eve-head displacements hav-
ing a wide range of amplitudes and directions that the experi-
menter could control with minimal training of an alert animal
behaving as naturally as possible. To conduct an experiment, we
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placed a cat first in a loosely fitting cloth bag and then onto its
belly in a box that gently restrained the body but permitted unre-
stricted horizontal head movements of up to %0° to the left or
right. Upward head movements were unrestricted, whereas down-
ward head movements were limited so that the “horizontal” ste-
rectaxic plane could go no further than 60° below the earth’s
horizontal.

When there was no obvious target to solicit its attention, we
observed that the cat usually assumed naturally a head posture
with the horizontal stereotaxic plane roughly 10° below the earth’s
horizontal. For the purpose of defining target and barrier positions
with respect to the cat’s body, the “center line” is defined with the
cat’s head aligned with the body and is a line formed by the inter-
section of two orthogonal planes; one parallel to the earth’s hori-
zontal and passing through the center of each of the cat’s pupils
{when the head is in the natural position, with no angular tor-
sion), the other vertical and passing through the center of the cat’s
body.

The behavioral paradigms used to study TR(S)N discharges
were described previously (Guitton et al. 1990). A schematic rep-
resentation of these different behavioral situations, as they apply
to a hypothetical TR(S)N, are shown in Fig. 1. First, when the cat
was looking straight ahead, the visual receptive field of the cell was
located approximately by moving the food target throughout the
visual field and noting areas of maximum discharge (see Guitton
and Munoz 1991). Then, an opaque barricr was placed 40 ¢m in
front of the animal. As shown in Fig. |, barmier width and orienta-
tion were chosen so that one edge of the barrier bisected a cell’s
visual receptive field (RF, denoted by a dashed circle) when the
cat looked to the opposite side. When the cat looked to the right
side of the barrier (fixation point, FP; denoted by X), the left side
was in the neuron’s visual receptive field (Fig. 1.4}, When the
visual axis was directed to the left side of the barrier, the cell’s
visual receptive field was displaced far to the left of the barrier
{Fig. 1.B). A food target, represented by the flled circle, was used
to direct the animal's visual axis and attention to specific spatial
loci, thereby creating several different behavioral situations. The
food target could be absent from the experiment (Fig. 1, 4 and B),
visible at the right (Fig. 1, Cand D) or left (Fig. 1, E and F) edges
of the barricr, or hidden behind it {Fig. 1, G and ). In the latter
case the target is denoted as an empty circle, When the cat fixated
the right side of the barrier (Fig. 1, 4, C, E, and &), the left side
was in the cell’s visual receptive ficld and the position of the food
target determined the behavioral situation. Placement of the food
target on the right side of the barrier (Fig. 1), where the aniral’s
visual axis was directed, could result in the behavioral act of atten-
tive fixation. If the target was located on the left side and the visual
axis was directed toward the right side (Fig. 1 E), then the target
was in the cell's visual receptive field and an obvious target fora
volitional oricnting movement ( visible-target condition}. If the
target was hidden behind the barrier (Fig. I, G and H), then the
trained animal could anticipate its reappearance on either side
( hidden-target condition). When the target was absent from the
experiment (Fig. 1, 4 and B), then the animal was left to make
spontaneous movements { no-target condition).

In subsequent figures, schematics of the different behavioral
situations will be presented below the discharge records. An up-
percase letter occurring below each portion of the unit record will
refer the reader to the appropriate behavioral condition.

In some cxperiments, ambient light was provided exclusively by
a stroboscope flashing at 100 Hz. During some of the behavioral
testing the stroboscope was turned off unexpectedly for 1-5 s to
remove all visual input to the animal. (We used a stroboscope
because the time constant of the light’s decay is very short.) In the
short period of darkness, the animal was not able to see the food
target or ta dark adapt and, therefore, oriented in complete dark-
ness ( Pélisson et al. 1989).
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FIG. |.  Schematics illustrating the different behavioral situations used
when studying a TR(S)N. An opaque barrier {represented by rectangle)
was placed before the cat. Barrier width and orientation were chosen such
that when the animal looked to one edge (Exation point denoted by %),
the other edge was in the neuron’s visual receptive field (dashed circle). A
food target, represented by the small circle {filled, target visible; empty,
target hidden behind the barrier), was used to direct the animal’s visual
axis and attention to different loci, thereby creating several different behav-
ioral situstions. 4, C, E, and & cat looks to right of barmier, B, D, F, and
H: cat 1ooks 1o left of barrier. 4 and B: No food target is present. Cand D:
Food target on right. E and F: Food target on left. ¢ and H': Food target
hidden behind barrier. See text for additional details.

RESULTS

In this paper we describe the characteristics of a sustained
discharge pattern that was recorded from cat TR(S)Ns dur-
ing periods when an animal’s visual axis was immobile and
located at various positions in relation to a target of interest.
The location on the SC’s retinotopically coded motor map
of the ensemble of TR{S) Ns that was tonically active at any
one ime depended on the magnitude and direction of the
vector between the target of interest and the visual axis. We
defined this vector guantity as gaze position error (GPE;
Munoz and Guitton 1985). Eighty-seven percent (86 /99)
of the TR(S)Ns discharged with a sustained rate that could
be quantitatively linked to GPE. The optimal GPE vector
for each cell was defined as the GPE that vielded the maxi-
mum sustained discharge. The 86 cells were divided into
two classes. The maximum sustained discharge for fixation
TR{SINs[fTR(S)Ns, n = 12] occurred when the animal
attentively fixated a target of interest. These cells were
located in the area centralis representation of the rostral
SC and had visual receptive fields that included a repre-
sentation of the area centralis. Orientation TR(S)Ns
[0TR{S)Ns, n = 74] were activated with a maximum sus-
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tained discharge when the animal’s visual axis was located
at some vector error from a target of interest. These latter
neurons had visual receptive fields lacking a central repre-
sentation and, furthermore, they were at a reduced level of
excitability whenever the animal attentively fixated { Guit-
ton and Munoz 1991).

oTR{S)N discharges related to eccentric GPEs

The data illustrated in this section were collected over a
6-day period of recording from an oTR{S)N, cell M8.
Chronically implanted microwires were used to record
from the same TR(S)N for several days (Guitton and
Munoz 1991; Munoz 1988). This neuron was located in the
caudolateral right SC and had its visual receptive field situ-
ated in the lower left visual field. After a number of explot-
atory trials, the barrier chosen 1o generate gaze shifts of
optimal amplitude and direction for this cell had a width of
~45° of visual angle and was oriented at ~45° to the verti-
cal meridian (Fig. 2, C-F). Therefore, when the animal
looked to the upper right edge of the barrier (right and up,
RU), the lower left edge (left and down, LD} ) fell within the
visual receptive field of cefl M8.

SUSTAINED DISCHARGES RELATED TO THE PRESENCE OF A VISI-
BLE TARGET IN THE CELL'S VISUAL RECEPTIVE FIELD. Figure 2
illustrates the activity of cell M8 when the food target was
visible on one side or the other of the obliquely inclined
barrier. The experiment was performed in both the head-
free {Fig. 24) and head-fixed (Fig. 2 B) conditions.

Figure 2 A illustrates the typical discharge pattern of this
oTR(S)N as the cat performed this simple behavioral task
in the head-free condition. Initially, the cat fixated the tar-
get located RU. Then, while the target remained RU, the
cat looked, spontaneously, first LD and then back to the
target at RU. Celf M8 did not fire a single action potential
while the target was held RU, even though the cell's visual
receptive field was traversed by the barrier’s edge {condi-
tion C). The target was then moved LD and, after it reap-
peared from behind the barrier, the cat oriented LD to re-
fixate the food ( 1st transition in Fig. 2.4 from conditions E
to F).

During the time in Fig. 2.4 when the target was LD and
the cat was still looking RU (sce Fig, 2 E), the target was
within the visual receptive field of cel/ M8, and it dis-
charged a train of action potentials. When the cat criented
LD to refixate the food target (see Fig. 2 F), the cell ceased
firing and remained silent for the entire fixation period.
After ~4 s, the cat looked spontaneously RU, again placing
the target back into the cell’s visual receptive field. Cell M8
immediately resumed firing in a sustained manner. Firing
continued while the animal locked RU and ceased during
the gaze shift that reoriented the animal’s visual axis LD.
This pattern of neural activity continued as the cat looked
back and forth from RU to LD. The sustained discharge
pattern of cell M8 was observed whenever the paze axis was
directed RU and the target was LD in the neuron’s visual
receptive field.

When the animal’s head was held fixed straight ahead
(Fig. 2 B), the wadth of the barrier spanned the approximate
limits of the cat’s oculomotor range (£25° from center) 50
that the visual axis was seldom directed all the way to either
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FIG. 2. Activity recorded from cell M8, an
oTR(S)N located in the caudolateral right SC,
when the food target was visible on one side of the
barrier in head-free (4) and head-fixed { 8) condi-
tions. Top to bottom: vertical eye (E,), head
{H,), and gaze {G,) position traces; horizontal
gaze (G,), head (H,), and eye (E,) position
traces; target {T) position trace; and instanta-
neous firing frequency of the neuron (M&). Up-
ward deflections in vertical and horizontal posi-
tion traces correspond to upward and rightward

aaii ] 100 Hz

movements, respectively, Upward deflections in

F E F
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target trace corresponds to right-up, Vertical
E dashed lines in A and B delineate different behav-
ioral situations, identified by letters C-F under-
neath the firing frequency trace, that are schemati-
cally represented in C-F, C: intersection of 0°
honzontal and vertical dashed lines marks central
gaze position with respect to the animal’s body
{see METHODS). Right-up (RU) and left-down
{1.D} edges of the barrier were situated equidis-
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side of the barrier, Saccades were still made from RU to LD
and back, but the amplitude of these movements never
equaled barrier width. Nonetheless, a similar firing pattern
was observed. At the extreme Jeff of Fig. 2 B, the target was
located RU and celf M8 was silent. The target was then
moved LD, and whenever the animal locked RU, the target
was positioned within the cell’s visual receptive field,
thereby initiating the sustained discharge from cell MS.
When the cat looked far enough LD, the target was re-
moved from the neuron’s large visual receptive field and
the sustained discharge ceased.

The relationship between the intensity of the sustained
discharge of cell M8 and different gaze positions relative to
the target is shown in Fig. 3. Figure 3 4 shows the neuron’s
response, in the head-free condition, when the barrier { hav-
ing the same orientation as in Fig. 2, C—F) was placed in
two different spatial locations relative to the cat’s body. In
these examples the food target was visible either 1) 30° left
and 10° below center position (empty circles on top of
dashed vertical lines) or 2) on the vertical meridian and 10°
below center (filled circles on top of solid lines). The ani-
mal moved its gaze axis to many different positions relative
to each target position. The plots were composed of 148
fixations when the target was positioned left of center and
156 fixations when the tarpet was located on the vertical
meridian. The data were grouped into bins 10° horizontal
by 10° vertical that permitted some smoothing of the data.
These bins were not too large in view of the comparatively
much larger range of gaze positions associated with the
cell’s response.

tant from this central position. Visual receptive
field of cell M8 (dashed circle) was located to the
lower left of the point of fixation (marked by X ).
Cat fixates the target situated in the middie of the
RU edge. Cell's visual receptive field is bisected
by the LD edge. D: cat looks spontaneously LD
with the target RU. E: cat looks RU, but the tar-
get is LD, in the cell’s visual receptive field. F: cat
fixates the target LD.

E

The data in Fig. 34 show that the response of this
TR(S)N could be described, for each target position, by a
bell-shaped curve. Furthermore, when target position was
shifted rightward, to the vertical meridian, the location of
gaze positions required to evoke the maximum sustained
discharge from cell M8 was also shifted rightward by an
equivalent angle. This is more clearly shown in Fig. 3B,
which represents a vertical cross section through Fig. 3.4
parallel to the horizontal gaze position axis and through the
157 vertical gaze position. A third curve (hollow squares),
obtained when the target was located 15° left and 10° below
center, is added to Fig. 3 B. Three discrete peaks of activity
were present and centered at different horizontal gaze posi-
tions. The curves in Fig. 3 B are replotted in Fig. 3C using
horizontal GPE rather than absolute gaze position. The
three curves are clearly more superimposed, which would
be expected if the sustained discharge was due to the target
exciting the neuron’s receptive field and if there was no
significant modulation of the neural response with absolute
spatial location of the target.

A complete, two-dimensional description of the relation-
ship between the intensity of the sustained discharge and
the position of the visual axis relative to the target was ob-
tained for cell M8 by pooling together data obtained during
a 6-day period from several different combinations of
barrier width and orientation {Fig. 4). GPE is expressed as
horizontal and vertical GPE angles. Plots were generated
from 698 fixations in the head-free condition (Fig. 44) and
309 fixations in the head-fixed condition (Fig. 4 B). The
point at 0° GPE corresponds to fixation of the target.
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By analogy with the concept of receptive field, the plots
of Fig. 4, which show the extent of GPEs over which a cell is
active, are called gaze position error fields (GPEFs). There
was a good correspondence between the head-free (Fig, 44)
and head-fixed (Fig. 4B) GPEFs for cell M8&. This
oTR(S)N was activated in both conditions when gaze was
directed from ~5° left to 55° right and > 5° above the posi-
tion of the food target. Note the large range of GPEs over
which this TR(S)N was active: over 60° in diameter in the
head-free condition. Because of the limits of ocular motil-
ity, it was not possible to plot the GPEF over a similar range
when the head was fixed.

The relationship between the intensity of sustained dis-
charges and either absolute gaze position or GPE was stud-
ied in 40 oTR(S)Nis: 18 cells were tested head free and head
fixed, 9 head free only, and 13 head fixed only. GPEFs
analogous to that in Fig. 4 were generated for all cells; head-
free and head-fixed fields were similar, and no effect of ab-
solute gaze position was found (see below).

SUSTAINED DISCHARGES RELATED TO THE PRESENCE OF A HID-
DEN TARGET. The GPEF of an 0TR(S)N appeared to be
coaligned with the cell’s visual receptive field, but the sus-
tained discharge was not simply a visual response. Two sim-

ple observations suggest this. First, there was no sustained
activity when the cat looked spontaneously about the lit
laboratory. Second, the visual responses of most TR (S)Ns
were phasic, not tonic, in nature (Guitton and Munoz
1991). To definitely rule out the hypothesis that the sus-
tained discharge is a pure sensory (i.e., visual ) response, we
modified the behavioral paradigm used in Fig. 2 so that the
food target, initially visible to one side of the barrier, was
hidden behind the barrier without reappearing on the other
side (see Fig. 1, G and H). In this situation, the trained cat
began looking repeatedly from one side of the barrier to the
other, anticipating target reappearance.

Fifty-two oTR(S)Ns were tested in this “hidden target”
condition. Forty-nine presented sustained discharges when
the food target was hidden behind a barrier having the ap-
propriate width and orientation (Fig. 5, C-E). The food
target was initially visible RU and the animal fixated it { Fig.
5C). The target was then hidden behind the barrier and the
cat looked either RU (Fig. 5D) or LD (Fig. 5 E) anticipat-
ing its reappearance. When the cat looked RU, the LD edge
of the barrier was in the cell's visual receptive field ( Fig. 5, C
and D). In the head-free example (Fig. 54), the cat was
initially fixating the target RU. It is important here to note
that cell M8 was silent, even though the LD edge of the
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barrier was in its visual receptive field. The target was then
hidden behind the barrier, and shortly thereafter the cat
looked LD. The cell was briefly activated, discharging just
after the target disappeared but before the gaze shift LD.
The cell remained silent while the cat looked LD (condition
E). After ~4 s, the cat looked back RU, placing the LD
edge in the cell’s visual receptive field. Cell M8 now as-
sumed a sustained discharge pattern, which continued until
the cat looked back LD. Only in this condition (D) was the
cell active. The same pattern of activity continued for the
duration of the record. A similar discharge pattern was also
recorded in this behavioral situation from cell M8 in the
head-fixed condition (Fig. 5B).

GPEFs were also constructed for oTR (S)N responses us-
ing this hidden target situation. When the target was behind
the barrier, the animal could in principle regard any point
around the periphery of the barrier as a potential site for the
target to reappear. However, because the cat had been run
through many trials with the food disappearing from one
particular point on one edge and reappearing at another
fixed point on the opposite edge, it knew where the target
could be expected to reappear. Therefore, two “imagined”™
target positions were possible with two zones of sustained

activity present, one in each SC. The sustained discharge
pattern recorded from an oTR(S)N was presumed to be
related to the vector error between the visual axis and which-
ever of the two imagined targets lay within the cell’s visual
receptive field.

The head-free and head-fixed GPEFs of cell M8, in this
hidden target condition, were constructed using 237 and
168 fixation values, respectively (Fig. 5, F and G). The
simtlarity between the plots of the head-fixed and head-free
conditions implies that it is the position of the visual axis
relative to the target, not the position of the head relative to
the target nor the position of the eye in the head, that is the
critical variable that determines the intensity of cell dis-
charge. Note also that the boundaries and points of maxi-
mum discharge, obtained when the target was hidden be-
hind the barrnier, are about coextensive with those obtained
in the visible target condition (see Fig. 4).

SUSTAINED DISCHARGES RELATED TO BEHAVIORAL CONTEXT.
Fixation of the food target (Fig. 5C) drastically reduced
oTR(S)N responsiveness and excitability (Guitton and
Munoz 1991). Cell M8 never discharged action potentials
when the cat fixated the food RU, even though the LD edge
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was in its visual receptive field. In Fig. 5D, the food target
was hidden behind the barrier and, again, only the LD edge
was present in the cell’s visual receptive field. However, the
cell was tonically active, in contrast with the response relat-
ing to Fig. SC. The differences between the behavioral con-
ditions shown in Fig. 5, C and D, are that in the latter the
animal was not fixating the food and furthermore, by virtue
of the *“cat and mouse” nature of the experimental
paradigm, was anticipating reappearance of the target
LD when it looked RU. The importance of fixation-
elimination versus anticipation for the establishment of the
sustained discharge was provided by the following experi-
ments, The same oblique barrier was placed in front of the
animal, but the food target was not presented to the cat and
the animal was left to look spontaneousty about the labora-
tory for a period of several minutes. Even though the cat
frequently looked to and fro from one side of the barrier to
the other and the LD edge of the barrier was in the visual
receptive field of cell M8, the cell did not discharge in this
no-target situation in either the head-free (Fig. 6 4) or the
head-fixed (Fig. 6 B) conditions. Thus this cell (like most
cells) presented the sustained discharge only when the tar-
get either was in its receptive field (Fig. 2 E) or was expected
to appear in the visual receptive field (Fig. 5 D). A minority
of TR{S)Ns (13/29) recorded in the no-target condition
were sporadically active. This activity was always less than
that observed in either the hidden- or visible-target condi-
tions.

A
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To definitely rule out visual inputs as uniquely responsi-
ble for generating oTR(S)N sustained discharges, we de-
vised the following behavioral task for one cat. In this ex-
periment, ambient illumination was provided by a strobo-
scope (see METHODS) that could be turned off unexpectedly
during a trial period of 5 s (Fig. 7).

Figure 74 illustrates the responses obtained from an
oTR(S)N (cell Q62) while the food target was protruded,
as shown in Fig. 2, F and F, from the lower left edge of an
oblique barrier that was 70° in width and oriented as in that
figure. The stroboscope was turned off unexpectedly for ~5
s in the middle of the trial {the time between the 2 vertical
dashed lines). 062, like cell M8, had a visual receptive field
located to the left and below the point of fixation. Note that
cell Q62 was active when the visual axis was directed RU.
This pattern of activity did not change when the strobo-
scope was turned off. Cell Q62 still discharged when gaze
was directed RU. GPEFs were plotted for both the light and
dark behavioral conditions. Note that the range of GPEs
that produced a sustained discharge did not change be-
tween darkness and light. This was true of all 12 0TR(S)Ns
obtained from this cat and tested in this paradigm.

COMPARISON OF oTR(S)N SUSTAINED DISCHARGES. We cal-
culated the average firing frequencies of 16 0TR(S)Ns, ob-
tained from seven cats, when cats assumed the optimal
GPE for each cell in different behavioral situations (Table
1). The values of optimal GPE of these cells ranged from 10
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FIG, 7. Sustained discharge can be present even when animal is in total darkness. oTR(S)N, cell 62, represented here
had a gaze position error field similar to that of cel/ M&; consequently, barrier was oriented as in Fig. 2, C-F, In these tests,
with lights on, the food target was visible left and down. 4. cell Q62 was active, in light and dark, whenever the head-free cat’s
visual axis was right and up, because then the visible or imagined target was in the celt’s GPEF. Top trace and associated
vertical dashed lines indicate period when cat was in either the normally lighted laboratory or in total darkness. B and C: gaze
position error fields for light and dark conditions. See legends to Figs. 2 and 4 for additional explanations.
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TABLE 1. Average peak sustained firing frequency of oTR(S})Ns

Optimal GPE,
Cell deg Head-Free or Head-Fixed Target Visible Target Hidden Significance

E4.030 30 Free 49 + 21 (4)
Fixed 39+ 11(9)

ce 30 Free 75 £ 10(4) 44 + 13 (6) Vis > HID

TILNOZ i0 Fixed 49 £ 20(13)

F3.A28 15 Free 83+27(4) 67 + 39 (10) NS
Fixed 81 +24(4) 43 + 19(7) VIS > HID

F2MOI 14 Fixed 34 +11(3)

F3MOI1 20 : Free 47 + 15 (9)* 27 £ 14 (8) VIS > HID
Fixed 27+ 920 32+ 5(5) NS

M7 28 Free 41 + 18 (6) 21 £ 17 (8} VIS > HID
Fixed 33+ 10(9 15 7(9) VIS > HID

M8 40 Free 4+ 6(7) 11+ 6(20) . NS
Fixed 23+ 13 (14)} 8+ 7(20) VIS > HID

HI 30 Free 120 + 13 (4) 53 £ 16 (B VIS > HID
Fixed 92 + 16(3) M+ 57 VIS > HID

o9 50 Free 40 + 12 (15} 33+ 18 (24) NS

Q24 - 15 Free 140 = 37 (10) 64 +34(17) VIS > HID

Q37 55 Free 43 + 14 (10) 52+ 14 (11} NS

Q41 28 Free 24 + 13 (4) 532 6(4) HID > VIS

Q51 50 Free M +£17(9) 40 + 14 (17) NS

Q55 10 Free 76 x 41 (6) 83+ 15(13) NS

Q62 70 Free 47 + 20 (6) 50+ 21(5) NS

Values for Target Visible and Target Hidden are mean firing frequencies + SD; numbers in parentheses are numbers of trials. 6 TR{S)Ns, orientation
tectoreticulospina! neurons; GPE, gaze position error; VIS; target visible; HID, target hidden; NS, not significant. *Head-free average firing frequency
significantly greater than head-fixed (¢ test, P < 0.05). tHead-fixed average firing frequency significantly greater than head-free {f test, P < 0.05).

to 70°. In the visible-target condition the sustained dis-
charge frequencies ranged from 14 to 140 spikes/ s and, for
all except two cells, were <100 spikes/s. When the target
was hidden behind the barrier the frequency ranged from 8
to 83 spikes/s. For a given behavioral condition, similar
values were computed for the head-fixed and head-free con-
ditions for all except three cells. These three oTR(S)Ns had
significant differences in only one behavioral condition.
When comparing the visible- and hidden-target condi-
tions, we found that seven oTR(S)Ns had significantly
higher discharge rates when the target was visible (Vis >
Hid, 1 test, P < 0.05) and only one cell had a significantly
lower discharge rate when the target was visible (Hid > Vis,
t test, P < 0.05). The remaining cells showed no significant
(NS) differences between the two behavioral conditions.

[TR(S}Ns are active during attentive fixation

We recorded from 12 f TR (S)Ns that were activated in a
sustained manner when a cat’s visual axis was close to, or
aligned on, a visible food target. Four f TR(S)Ns had visual
receptive fields centered about the point of fixation. Three
of these were studied in some detail. The visual receptive
fields of the other eight neurons, although including a repre-
sentation of the point of fixation, were centered in the con-
tralateral hemificld. None of these latter neurons was held
long enough to permit thorough testing.

SUSTAINED DISCHARGES RELATED TO FIXATION OF A VISIBLE
TARGET. Cell J5,afTR(S)N located in the rostral left SC,
had a rather large (~20° diam), centrally placed visual re-
ceptive field. Figure 8 illustrates the activity of cel/ J5 when
a food target was held stationary to the left or right side of a
barrier that was ~20° wide. In the head-fixed condition
(Fig. 8, A and B), the trial began with the target located to
the right of the barrier while the cat was looking to the left
side of the barrier (Fig. 8 E). Cell J5 was sporadically active,
firing only a few action potentials. However, when the cat
looked at the target (Fig. 8 D), the neuron began to dis-
charge at a high frequency. This pattern of activity contin-
ued throughout the period shown in Fig. 84, cell J5 was
strongly activated only when the cat looked at the target.
Figure 8 B continues directly from Fig. 84, with the target
still located on the right side. The target was then moved to
the left of the barrier and the cat quickly oriented left and
refixated the target. Cell J5 was now activated with a strong
sustained discharge only when the animal fixated the target
on the left (Fig. 8 F). Whenever the cat looked right (Fig.
8G), the cell was silent. At the end of Fig. 8 B the target was
moved back to the right and, after a short latency, the cat
reoriented to the right side. The sustained discharge pattern
was once again observed when the cat fixated the target on
the right. A similar discharge pattern was recorded from cell
J5 in the head-free condition (Fig. 8C).
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FIG. 8. Activity of celf J5, an f TR(S)N located in the rostral left SC, recorded when the food target was visible on one
side or the other of the barrier in head-fixed (A and B) and head-free (C) conditions. D-G'; schematics illustrating different
behavioral situations. H and 7: gaze position error fields of cell J5 obtained when the target was visible in-head-fixed and
head-free conditions, respectively. Note that cell J5 was maximally activated when the cat fixated on the food target. See

legends to Figs. 2 and 4 for additional explanations.

The GPEF of cell J5 is plotted for the visible target condi-
tion using 234 fixations when the head was fixed (Fig. 8H)
and 193 fixations when the head was free to move (Fig, 81).
The similarity between the plots in the head-fixed and -free
conditions implies that the position of the visual axis rela-
tive to the target is the critical variable that determines the
intensity of cell discharge. All three f TR({S)Ns we studied
extensively were maximally active when GPE was at or
near zero. The GPEFs were large and appeared to be bell
shaped. Thus f TR(S)Ns were not tonically active exclu-
sively during direct fixation of the food target.

In general the concept of GPEF reconciles the sustained
activity of f TR(S)Ns with that of the oTR(S)Ns located
more caudally in the SC. Indeed, there may be a continuum
of optimal GPEs described by the retinotopically coded SC
motor map: 0TR(S)Ns, located in the posterior SC, are
active for large GPEs, whereas fTR(S)Ns, located on the
0° position of the collicular map, are maximally active dur-
ing direct fixation of the target, when GPE is zero.

f TR(S)N DISCHARGES RELATED TO THE PRESENCE OF A HIDDEN
TARGET. Figure 8 showed that f TR (S)Ns discharge toni-
cally when the animal fixated a visible food target. Figure 9
illustrates the activity of the same cell, /5, when the food
target was hidden behind the barrier. The head-fixed trial
(Fig. 94) began with the animal’s fixating the target, which
was visible on the right side (Fig. 9C), and the cell’s present-
ing a brisk sustained discharge. The target was then moved
behind the barrier, and cell J5 fired sporadically with a
much weaker discharge when the cat looked to either side
(Fig. 9, D and E). When the target again became visible on

the left side of the barrier (Fig. 9 F), fixation on it produced
a vigorous, sustained discharge as before. A similar dis-
charge pattern was recorded from cell J5 in the head-free,
hidden-target condition (Fig. 9 B). GPEFs were not calcu-
lated in this hidden-target condition because, without a tar-
get, the GPE vector was ambiguous: for example, when the
visual axis was positioned midway between the two edges of
the barrier, a fTR(S)N could discharge for both rightward
and leftward GPEs (see Fig. 8, H and ). We conclude from
these experiments that to maximally activate cel/ J5 the
animal had to be fixating the target of interest; fixation of a
location where the target’s appearance was anticipated pro-
duced a much weaker discharge.

COMPARISON OF {TR(S)N SUSTAINED DISCHARGES. Enough
trials were available for three f TR{S)Ns to permit the cal-
culation of GPEFs in the visible target condition. When the
head-fixed animal fixated the target directly, the average
sustained frequencies and their associated standard devia-
tions; for cells F4, F3.430, and J5, were, respectively: 27 +
14(n=157),102£22(n=>5),and 76 + 41 (n = 62). Only
cefl J5 was held long enough to be tested when the cat’s
head was free: during fixation of the visible target, the aver-
age frequency was 63 + 30 (n = 32). These values are com-
parable with the range of 0TR{S)N sustained-discharge
rates described in Table 1.

Size and distribution of TR(S)N GPEFs

The contours of TR (S)N GPEFs were evaluated for 17
cells. The cuter boundary of each field was taken as a
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flattened version of the latter.
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smooth contour encompassing all GPEs that activated the
cell to =25% of the maximum average firing frequency re-
corded for the optimal GPE. Figure 104 shows the extent of
the GPEFs of seven representative cells, plotted in retino-
topic ( visual) space. For the sake of comparison, all fields
are plotted as if each TR(S)N were located in the right SC.
All TR(S)N GPEFs had circular to oval shapes. (To avoid
the superior sagittal sinus, we did not explore in detail the
medial aspects of the cat SC with vertically oriented elec-
trode penetrations. This sampling bias resulted in a paucity
of cells with GPEFs lying below 0° vertical GPE.)

The fields plotted in Fig. 104 are large, with diameters
ranging from ~20 to >50°. The size of each cell’s GPEF
was dependent on the eccentricity of that cell’s optimal
GPE. The smallest fields belonged to f TR(S)Ns and were
centered around 0° GPE. Field size increased approxi-
mately with increasing eccentricity from the origin.

DISCUSSION

We have shown that, during periods when the visual axis
was stationary, TR(S)Ns presented sustained discharges,
the intensities of which were dependent on the magnitude
and direction of the GPE. We devised several behavioral
tasks to isolate this component of a cell’s discharge from its
sensory (Guitton and Munoz 1991) and motor (Munoz et
al. 1991a) responses. To discuss this material, we first relate
this pattern of discharge to other reports describing the sus-
tained discharge of cells in the cat and monkey colliculus.
We then consider the input-output connectivity of the SC
and its role in the generation of the sustained discharge.
Finally, we postulate that the TR(S)N layer of the SC can
function as an attentional map in which mechanisms favor-
ing fixation oppose those driving orientation.

TR(S)N discharge patterns

The average peak rate of sustained discharge of all cells
that we studied was <150 spikes/ s (see Table 1). Grantyn
and co-workers {Grantyn et al. 1983) described three
ranges of rhythmic firing that were produced when
TR(S)Ns, recorded in the anesthetized cat, were depolar-
ized intracellularly with suprathreshold current steps. For
small current steps, TR (S }Ns exhibited low-frequency con-
tinuous discharge (<200 spikes/s). As the amount of in-
jected current was increased, TR (S)Ns began to discharge
extra spikes that created grouped or burst discharge pat-
terns, with firing rates ranging from 200 to 700 spikes/ s.
Within this range, small increases in depolarization led to
dramatic acceleration of discharge rate, because of the gen-
eration of the extra spikes. For the greatest depolarizing
steps, continuous, high-frequency discharge (700-1,100
spikes/ s) was produced.

The pattern of sustained TR(S)N activity that we re-
corded in the alert animal falls into the low-frequency range
described by Grantyn et al. (1983). Higher frequency,
grouped, burst discharges have also been recorded from
TR(S)Ns in alert animals, but these patterns of activity,
contrary to the sustained discharge, are “motor” and ap-
pear to be causally related to the execution of orienting
movements (Grantyn and Berthoz 1985; Munoz and Guit-
ton 1986, 1989; Munoz et al. 1991a).
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Behavioral context and oTR(S) N sustained discharges

The barrier paradigm that we used was a most conve-
nient technique for enticing the cat to make natural orient-
ing gaze shifts of specific direction and amplitude. Indeed,
the animals rapidly learned (2-3 days of 2 h/ day practice)
this “cat and mouse” game and generated gaze shifts either
to spatial locations defined by visible targets or to locations
devoid of sensory targets but assigned significance on the
basis of both prior experience and the existence of sensory
cues at other locations. Through previous training, the ani-
mal learned that when the food target was hidden behind
the barrier, it would ultimately reappear on one side or the
other (Guitton et al. 1990). When the target disappeared
from one side, the animal assigned significance to a specific
location on the other edge of the barrier, where it antici-
pated reappearance of the food target. This location on the
barrier then became the new target of interest, and a particu-
lar zone of the TR (S)N layer in the appropriate SC became
depolarized. )

The pattern of discharge presented by oTR(S)Ns re-
flected this process. oTR(S)Ns were silent when the cat
attentively fixated the food target. When the target was visi-
ble on one side of the barrier, an oTR{S)N maintained a
sustained discharge whenever the GPE lay within the GPEF
for that cell. Although part of the sustained discharge was
determined by the presence of the target in the cell's visual
receptive ficld, there was also a strong anticipatory compo-
nent of the discharge. For example, in the hidden-target
condition, when the target disappeared from one side of the
barrier, an oTR(S)N discharged whenever the cat antici-
pated target reappearance at a specific location. The dis-
charge occurred specifically when the position of the visual
axis, relative to the spatial location of the target, lay within
the oTR(S)N’s GPEF. Furthermore, when ambient light
was momentarily extinguished (e.g., sec Fig. 7), sustained
activity was recorded for the same gaze positions before,
during, and after the period of darkness.

It is important to note that there was little or no sustained
activation of most TR (S)Ns during periods when the vi-
sual axis was immobile between spontaneously generated
gaze shifts when the food target was not present and when
the animal did not expect it to appear (e.g., see Fig. 6). Lack
of sustained activity existed even though a point on the edge
of the barrier lay in the neuron’s GPEF and the cat eventu-
ally oriented to this point. A few oTR(S)Ns, however, did
present weak discharges in this condition. We conclude that
the total active population of TR(S)Ns and overall level of
sustained activity was greatest in the visible-target condi-
tion, reduced somewhat when the target was hidden, and
weakest or zero during spontaneously generated gaze shifts
in the no-target condition (Table 1}).

Similarity between cat TR(S)N sustained discharge and
primate SC cell activity

The observation that oTR{S)N sustained discharges are
related to GPE recalls the QV cells (Mays and Sparks 1980)
and memory-contingent neurons { Waitzman et al. 1987)
described for the monkey SC. These two cell types have
sustained discharges with similar properties. A QV cell was
activated when a visual stimulus was present in its visual
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receptive field. Similar to an oTR(S)N, the discharge of the
QV cell continued until a saccade removed the stimulus
from the neuron’s visual receptive field. A QV cell was also
activated in the absence of direct retinal stimulation (i.e., in
the dark) if the remembered location of the target relative
to the fovea was within the cell’s visual receptive field. Acti-
vation of QV cells was therefore related to the vector of eye
position error (i.e., the difference between actual and de-
sired eye position) and not simply retinal error (i.e., loca-
tion of the stimulus on the retina).

The characteristics of oTR(S)N sustained discharges
therefore appear to be the same as those describing QV cell
behavior in that /) both cell types are activated for a specific
range of vector errors equal to the direction and magnitude
of the distance between desired and actual positions of the
visual axis and 2) the discharge does not drive the move-
ment. We have defined this vector as GPE instead of eye
position error, as used by Mays and Sparks ( 1980), because
the discharge characteristics of cat TR(S)Ns, in the head-
free condition, reveal that the relevant vector is not eye-re-
lative-to-head nor head-relative-to-target, but eye-relative-
to-target. This point is considered in greater detail in the
next section.

TR(S)N sustained discharge is activated by GPE

The SC has long been associated with the control of eye
movements. Indeed, the literature on the primate SC has
focused almost entirely on head-fixed animals (e.g., see
Sparks 1986; Sparks and Mays 1990; Wurtz and Albano
1980), the only exception being a study in the head-free
monkey (Robinson and Jarvis 1974 ) that reported unit dis-
charges independent of head displacement. By comparison,
studies of the cat SC have supported its role in gaze (i.e., eye
+ head) control. The retinotopically coded visual map in
the superficial layers represents up to ~80° of the contralat-
eral visual field (e.g., see Feldon et al. 1970; Schiller 1984).
The motor map in the deeper layers of the cat SC cannot
code ocular displacements of up to 80° in amplitude, be-
cause the cat’s oculomotor range is only about +25° (Colle-
wijn 1977; Crommelinck and Roucoux 1976; Evinger and
Fuchs 1978; Guitton et al. 1980, 1984; Stein et al. 1976;
Stryker and Blakemore 1972). This apparent contradiction
was resolved in part when electrical stimulation of the SCin
the head-free cat elicited gaze shifts with vectors that were
compatible with the retinotopic representation (Cromme-
linck et al. 1990; Guitton et al. 1980; Roucoux et al. 1980).

The dlscharge characteristics of TR(S)Ns strongly sup-
port the role of the cat SC in gaze control. The prime evi-
dence for this comes from our data obtained in the head-
free animal (this paper; Munoz et al. 1991a). When the
head-free cat looked about the barrier, it fixated different
spatial locations with the head aligned along the line of sight
and TR (S)Ns discharged. It follows that variations in dis-
charge could not have been dependent on eye position in
the orbit because, for each position of gaze, the eye was at or
near central position in the orbit.

Similar experiments performed with the ammal’s head
held fixed, however, ruled out the possibility that the sus-
tained TR(S)N discharge was related to head rather than
gaze position relative to the target, because the position of
the visual axis (i.e., gaze) relative to the target defined a
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GPEF similar to the one found for the same cell in the
head-free condition. Thus, irrespective of whether target
position was varied or the head was fixed or free, the best
correlate with the intensity of a TR(S)N’s sustained dis-
charge was gaze position relative to the target. Because the
sustained discharges of both oTR(S)Ns and fTR(S)Ns
were unrelated to any specific head position relative to the
body, they were also unrelated to any specific pattern of
electromyographic activity expressed by dorsal neck mus-
cles {Munoz et al. 1991b). Hence, some premotor element
must have prevented the direct translation of descending
sustained collicular output to neck muscle motoneuron
activators. Nevertheless, the sustained discharges of
oTR(S)Ns could play a role in “warming up” the appro-
priate circuits that may imminently be called on to activate
the neck muscle motoneurons to produce a head move-
ment. Additional data supporting this assertion will be pre-
sented in the next paper (Munoz et al. 1991a). In contrast,
the sustained discharges of fTR(S)Ns may serve to en-
hance elements that suppress the generation of eye and
head movements.

TR(S)Ns in the rostral SC are active during attentive
JSixation

An important feature of collicular organization is that
the coding of GPE across the layer of TR (S)Ns extends to
the rostral aspect of the SC, where, at the area centralis
representation, cells are tonically active during attentive
fixation (i.e., when GPE equaled 0°). To our knowledge,
these observations linking rostral TR(S)N discharge to fix-
ation are the first to suggest that this collicular zone may
play an active role in the maintenance of this important
behavioral act. Fixation-related discharges have previously
been recorded from unidentified collicular neurons in the
head-fixed monkey (Goldberg and Wurtz 1971; Sparks and
Mays 1980) and cat (Peck 1989), but these neurons were
not reported to be concentrated in the foveal or area centra-
lis representation. Recently, it has been reported that fixa-
tion activity similar to that reported here is indeed concen-
trated in the rostral pole of the monkey SC (Munoz et al.
1990). However, it still remains to be determined whether
output neurons from this region in monkey have their dis-
charges related to the behavioral act of fixation.

Ensemble coding

A single TR(S)N discharged tonically for a large range of
GPEs and therefore cannot by itself code a specific GPE.
For example, cell J5 was activated at a similar discharge
frequency regardless of whether the animal fixated 5° above
or 5° below the food target. The organization of TR(S)Ns
into a motor map suggests that a large number of TR(S)Ns
are active for a single GPE. It is of interest to determine the
spatial characteristics of the resulting zone of sustained ac-
tivity in the SC’s motor layer. Such an analysis is analogous
to the “point image™ concept in visual neurophysiology,
which we now describe.

There is a nonhomogeneous mapping of visual space in
the SC, whereby the central, as contrasted with the periph-
eral, visual field has an expanded representation (e.g., for
cat, see Berman and Cynader 1972; Feldon et al. 1970;
Lane et al. 1974; Mcllwain 1975, 1986a; Schiller 1984).
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Furthermore, centrally placed visual receptive fields are
smaller than those located in the periphery (Mcllwain
1975; Mcllwain and Buser 1968; Sprague et al. 1968; Ster-
ling and Wickelgren 1969). The boundary of a collicular
cell’s visual receptive field, as drawn on the coordinate sys-
tem of the SC, defines the locus of all collicular cells in that
layer of the SC with receptive fields that contain that point
of the visual field (defined as a point image; for review see
Mcllwain 1986a). Mcllwain (1975) demonstrated that,
when visual receptive fields were imaged onto the coordi-
nate system used in the colliculus, a constant size and shape
of point image was produced, independent of receptive-
field eccentricity.

The dependence of the size of TR{S)N GPEFs on the
eccentricity of the field is also a consequence of collicular
spatial coding. In Fig. 10B, the same TR(S)N GPEFs as
shown in Fig. 104 are replotted, this time onto the retino-
topically coded map of the colliculus. The generation of this
map posed a special problem, because there is no agree-
ment as to what it should look like from a dorsal viewpoint
and even less when it is unfolded and represented two-di-
mensionally. [ Note the strong disagreement between the
maps presented by Feldon et al. (1970) and Mcllwain
(1986b).] We took the map used by Mcllwain (1975,
1986b) because it appears to be compatible with the vectors
of his electrically evoked saccades. However, this map is
limited in its spatial extent, covering a maximum of 50° in
the horizontal direction and x15° vertically. Our GPEFs
covered up to 70° horizontally and 40° vertically. We there-
fore extrapolated the Mcllwain map as follows. The scale
on the horizontal meridian could be represented by

r = 0.668%% (I

where r is in millimeters from the zero representation on
the SC map and 4 is in degrees. We then assumed that the
horizontal and vertical meridians were perpendicular to
cach other and with the same scaling. Figure 10C shows a
comparison between our theoretical representation (solid
grid) and Mcllwain’s map (dotted grid). Our map appears
to represent approximately an unfolded and flattened SC:
the two maps become nearly coextensive if Mcllwain’s map
is imagined to be fixed to the horizontal axis and the antero-
lateral and anteromedial corners pulled such that the verti-
cal axes on both plots are aligned.

When GPEFs are imaged onto our map (Fig. 10B), the
general size of the fields becomes less variable than in reti-
notopic space. Cells activated by small GPEs had GPEFs
that, when imaged onto the SC, were as large as the imaged
fields of cells responding to large GPEs. {Note that the
skewed appearance of point image Q41 would be more cir-
cular in the Mcllwain representation.) An important addi-
tional conclusion from this exercise is that the size of the
imaged fields is large, thereby showing that, during both
direct fixation and periods of motor preparation, a large
surface area of the TR(S)N layer was depolarized and a
very large number of TR (S ) Ns were active at any one time.
The most active TR{S)Ns in the ensemble were at the
center of the image; neuronal activity diminished with dis-
tance away from this center.

According to this view there should be cells, say at the 5°
location on the SC map, the GPEFs of which, when imaged
on the SC motor map, should overlap with the area centra-
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lis representation. The message from an active ensemble
centered at 5° should contain opposing tendencies: fixation
versus preparation for orientation. In such a situation the
dominant force defined by “the center of gravity” of the
ensemble should presumably determine the relevant be-
havior.

Connectivity influencing TR(S) N activity

We have seen that sensory information can interact with

cognitive signals to activate an appropriate population of
TR(S)Ns. We will now briefly consider extra- and intracol-
licular connectivity that may influence the locus of
TR(S)N activity within the SC.
SENSORY INPUTS. In the previous paper (Guitton and
Munoz 1991), we showed that visual, auditory, and so-
matosensory stimuli can activate the same TR(S)N for
which motor-related discharge, described in the following
paper (Munoz et al, 1991), then drives the gaze-shift that
orients the visual axis onto these stimuli. Both direct (i.e.,
retinotectal and spinotectal) and indirect (i.e., corticotec-
tal) sensory pathways converge on the deeper laminae of
the SC (e.g., for review see Huerta and Harting 1984 ). For
example, TR{S)Ns receive at least some monosynaptic in-
put from retinal Y-cells (Berson and Mcllwain 1982) and
from cells in the extrastriate visual cortex (Berson and
Mecllwain 1983). The corticotectal projections that convey
sensory information to the deeper layers of the cat SC arise
from outside the primary sensory cortices (Berson and
Mcllwain 1983; Clemo and Stein 1984; Ogasawara et al,
1984).

COGNITIVE INPUTS. The cognitive process whereby the
edge of the barrier assumes significance may have origin
from within the cerebral cortex. There is some similarity
between our predicted (hidden) target paradigm and the
remembered-target paradigm used in several monkey stud-
ies, whereby the monkey, in the dark, makes a saccade to
the location where a target had previously appeared.

In the monkey, three cortical structures known to con-
tain neurons that are active in the remembered target con-
dition are the frontal eye fields (Bruce and Goldberg 1985;
Segraves and Goldberg 1987), the lateral bank of the intra-
parietal sulcus (Gradt and Anderson 1988}, and the pre-
frontal cortex within and surrounding the principal sulcus
{Boch and Goldberg 1989; Funahashi et al. 1990). Some
neurons in each structure present presaccadic sustained an-
ticipatory discharges.

The memory-related information in the frontal eye ficlds
can affect collicular activity via two projections: 1) a direct
projection to the deeper layers of the SC (Leichnetz 1981;
Segal ct al. 1983; Segraves and Goldberg 1987; Stanton et
al. 1988) and 2) an indirect route via the caudate nucleus
and substantia nigra (reviewed in Guitton 1991; Hikosaka
and Wurtz 1983d, 1985a,b; Hikosaka et al. 1989a—-c). Cells
in the substantia nigra pars reticulata are usually tonically
active but respond to certain forms of oculomeotor behavior
by reducing their rate of discharge (Hikosaka and Wurtz
1983a-c; Joseph and Boussaoud 1985). Several different
response types have been described. For example, some
cells have memory-contingent visual and saccade-related
responses ( Hikosaka and Wurtz 1983¢), and many of these
neurons project to the deeper laminae of the SC (Hikosaka
and Wurtz 1983d). Furthermore, it has been demonstrated
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in the cat that excitatory corticotectal { of unknown origin)
and inhibitory nigrotectal projections converge directly
onto TR(S)Ns (Chevalier et al. 1984; Karabelas and Mos-
chovakis 1985). Although it is unknown whether neurons
in the posterior parietal cortex, which carry memory-re-
lated signals, do indeed project on to TR(S)Ns, anatomic
evidence in the monkey (Lynch et al. 1985) and cat (Olson
and Lawler 1987) demonstrates a corticotectal route from
this region.

FIXATION INPUTS. The discharge characteristics of
fTR{S)Ns are similar to those described for visual fixation
neurons located in monkey: area 7 of the parietal lobe
{Lynch et al. 1977; Mountcastle et al. 1975; Sakata et al.
1980), frontal eye fields (Bruce and Goldberg 1985; Se-
graves and Goldberg 1987), and frontal and prefrontal cor-
tices (Bon and Luchetti 1990; Suzuki and Azuma 1977).In
general, cortical visual fixation neurons are inactive during
casual fixations as the animal inspects its surroundings but
increase their discharge rate considerably when the animal
fixates on a visual target having a strong motivational signif-
icance (e.g., when the animal is rewarded for maintained
fixation). Some of the fixation neurons in the frontal eye
fields are known to project to the SC ({Segraves and Gold-
berg 1987). Area 7 of the parietal lobe projects to the SCin
both the cat (Olson and Lawler 1987} and monkey (Lynch
et al. 1985); but, despite the similarities between fixation
cells in area 7 and SC f TR(S)Ns, it remains to be deter-
mined whether there is a direct anatomic link between the
two cell types. ‘

A Attentive Fixation
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INTRACOLLICULAR CONNECTIVITY. The local connectivity
within the SC itself may play an important role in shaping
TR(S)N output signals. Both excitatory and inhibitory in-
tracollicular connections have been revealed (Douglas and
Vetter 1986; Mcllwain 1982 ). Here we wish to concentrate
on the evidence for an inhibitory network within the SC
whereby activation of neurons at one collicular locus leads
to inhibition of neurons at other loci ipsilateral and contra-
lateral to the activated zone ( Behan 1985; Douglas and Vet-
ter 1986; Mascetti and Arriagada 1981). Douglas and Vet-
ter ( 1986 ) postulated that an intracollicular inhibitory net-
work may represent a target selection process within the SC
that favors the development of only one active locus. How-
ever, the role played by TR (S)Ns in such a network is un-
clear because most of these neurons lack recurrent or com-
missural collaterals (Grantyn and Grantyn 1982; Moscho-
vakis and Karabelas 1985).

Relationship between the animal’s locus of attention and
the collicular locus of TR(S) N activity

Wurtz and colleagues { Wurtz and Goldberg 1972; Wurtz
and Mohler 1976; Wurtz et al. 1980) proposed an atten-
tional hypothesis of collicular function. These authors sug-
gested that the SC was involved in shifting attention to a
specific spatial location, which then facilitated the execu-
tion of a saccade to that region of the visual field.

The observations presented in this paper, summarized
schematically in Fig. 11, do indeed suggest that the locus of
TR(S)N sustained activity on the SC motor map, defined

B Peripheral Locus of Attention
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Summary schematic illustrating how f TR(S)Ns and 6TR(5)Ns reciprocally interact to favor fixation (4) or

motor preparation ( B). Dark circle indicates zone of TR(S)N activity. 4: TR{S)N activity is confined to the rostral regions
of both colliculi when the animal attentively fixates a target of interest. Remainder of the SCis inhibited. B: zone of activity is
located in the caudal right SC when the target of interest is located to the lefi of the visual axis. Activity of TR(S)Ns located

elsewhere is suppressed.
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by sensory and cognitive inputs, specifies where, in retinal
coordinates, the animal is attending. When the cat was at-
tentively fixating the food target (Fig. 11.4), the TR(S)N
point image was located in the rostral poles of both colliculi,
centered over 0° GPE, and the excitability of other
TR{S)Ns [i.e., oTR(S)Ns] was diminished {(Guitton and
Munoz 1991), at least in part, by postulated inhibition ema-
nating from the rostral SC. This mechanism would make it
harder for any sensory input to activate 0TR(S)Ns and
trigger an orienting movement.

When the cat’s visual axis was directed away, say to the
right of the food target, the point image shifted to a caudal
site in the right SC representing the new GPE (Fig. 11 B).
This zone of sustained activity could change position on the
collicular map as the cat directed its visual axis to different
points in space relative to that target. It is postulated that
the remainder of the ipsilateral SC and all of the contralat-
eral SC would now be inhibited, thereby reducing the activ-
ity of fTR(S)Ns.

In summary we propose that 7} the sustained activity of
cells lying outside the area centralis representation [i.e.,
oTR(S)Ns] reflects the animal’s preparation and/ or intent
to eventually orient, and 2) the activation of cells lying
within the area centralis representation [i.e., f TR(S)Ns]
reflects the intent to maintain fixation. Thus, when fixating
the visible food target, the animal seldom looked away, and
fTR(S)Ns appeared to reflect this diligence of fixation by
exhibiting strong sustained discharge. When the target was
hidden behind the barrier and did not reappear, the animal
began looking, to and fro, from one side to the other in
search of the target. Fixation cells exhibited weaker dis-
charges in this orientation mode, whereas 0TR.(S)Nsdevel-
oped the sustained discharge. Allegorically speaking, the
collicular layer containing TR(S)Ns can be imagined as a
playing field on which mechanisms favoring fixation are
opposed to those driving orientation. Higher centers of the
CNS that are involved in directing visual attention could
provide the push needed by one side or the other to define,
albeit temporarily, the nature of the SC output signal and
thus eventual motor behavior. The motor-related dis-
charges of TR(S)Ns are discussed in the next paper
{Munoz et al, 1991).

We are grateful to Dr, R. M. Douglas ( Dept. of Ophthalmology, Univer-
sity of British Columbia, Vancouver, Canada), who wrote the computer
software and contributed extensively to the installation and development
of our computing facility. The technical assistance of M, Feran, M. Mazza,
J. Roy, and S. Schiller is also acknowledged.

This work was supported by the Medical Research Council (MRC) of
Canada and le Fonds de la Recherche en Santé du Québec. D. P. Munoz
was supported by an MRC studentship and a small stipend from the Mon-
treal Neurological Institute,

Present address of D. P, Munoz: Labaratory of Sensorimotor Research,
National Eye Institute, National Institutes of Health, Bidg. 10, Room
10C101, Bethesda, MD 20892,

Address for reprint requests: D. Guitton, Monireal Neurological Insti-
tute, 3801 University St., Montréal, Québec H3A 2B4, Canada.

Received 31 January 1989; accepted in final form 11 July 1991.

REFERENCES

BEHAN, M. An EM-autoradiographic and EM-HRP study of the commis-
sural projection of the superior colliculus in the cat. J. Comp. Newurol.
234; 105-116, 1985.

BERMAN, N. AND CYNADER, M. Comparison of receptive-field organiza-

1639

tion of the superior colliculus in siamese and normal cats. J. Physiol,
Lond. 224: 363389, 1972,

BERSON, D. M. AND McILWAIN, J. T. Visual cortical inputs to deep layers
of cat’s superior colliculus. J. Neurophysiol. 50: 1143-115S, 1983.

BERsON, D. M, aND McILwaAIN, J. T. Retinal Y-cell activation of deep-
layer cels in superior colliculus of the cat. J. Neurophysiol. 47: 700-714,
1982,

Bizzi, E. Eye-head coordination. In: Handbook of Physiology. The Ner-
vous System. Motor Control. Bethesda, MD: Am. Physiol. Soc., 1981,
sect. 1, vol. IL, p. 1321-1336.

BocH, R. A. ANDGOLDBERG M. E. Participation of preﬁ-on:al neuronsin
the preparation of visually guided eye movements in the rhesus monkey.
J. Neurophysiol. 61: 1064—1084, 1989.

Bon, L. AND LuccHeTT!, C. Neurons signalling the maintenance of atten-
tive fixation in frontal area 6a8 of macaque monkey. Exp. Brain Res. 82
231-233, 1990.

BrUCE, C. J. AND GOLDBERG, M. E. Primate frontal eye fields. 1. Single
neurons discharging before saccades. J. Neurophysiol. 53: 603-635,
1985.

CHEVALIER, G., VACHER, S., AND DENIAN, J. M. Inhibitory nigral influ-
ence on teciospinal neurons, a possible implication of basal ganglia in
orienting behavior. Exp. Brain Res. 53: 320-326, 1984.

CLEmo, H. R. AND STEIN, B. E. Topographic organization of somatosen-
sory corticotectal influences in cat. J. Neurophysiol. 51: 843-858, 1984,

CoLLEwlIN, H. Gaze in freely-moving subjects. In: Control of Gaze by
Brain Stem Neurons, edited by R. Baker and A. Berthoz. Amsterdam:
Elsevier/ North-Holland, 1977, p. 13-22.

CROMMELINCK, M. AND Roucoux, A. Characteristics of cat’s eye sac-
cades in different states of alertness, Brain Res. 103: 574-578, 1976,
CROMMELINCK, M., PARE, M., AND GUITTON, D. Gaze shifts evoked by
superior colliculus stimulation in the alert cat. Soc. Neurosci. Abstr. 16;

1082, 1990.

DoUGLAS, R. M. AND VETTER, M. Widespread inhibition and target selec-
tion in the superior colliculus. Soc. Neurosci. Abstr. 12: 458, 1986.

EVINGER, C. AND FUCHS, A, F. Saccadic, smooth pursuit, and optokinetic
eye movements of the trained cat. J. Physiol. Lond. 285: 209-229, 1978,

FELDON, 8., FELDON, P., AND KRUGER, L, Topography of the retinal pro-
Jjection upon the superior colliculus of the cat. Vision Res. 10: 135-143,
1970.

FUNaHASH]I, 8., BRUCE, C. J., AND GOLDMAN-RAKIC, P, Visuospatial cod-
ing in primate prefrontal neurons revealed by oculomotor paradigms. J.
Neurophysiol. 63; 814-831, 1990.

GNADT, J. W. AND ANDERSEN, R. A. Memory related motor planning
activity in posterior parietal cortex of macaque. Exp. Brain Res. 70:
216-220, 1988.

GOLDBERG, M. E, AND WURTZ, R. H. Response of single cells in monkey
superior colliculus during pursuit eye movements and stationary fixa-
tion { Abstract). Neurology 21: 435, 1971.

GRANTYN, A. AND BERTHOZ, A. Burst activity of identified tecto-reticulo-
spinal neurons in the alert cat. Exp. Brain Res. 57: 417421, 1985.

GRANTYN, A. AND GRANTYN, R. Axonal patterns and sites of termination
of cat superior colliculus neurons projecting in the tecto-bulbo-spinal
tract. Exp. Brain Res. 46: 243-256, 1982.

GRANTYN, R., GRANTYN, A., AND SCHIERWAGEN, A, Passive membrane
properties, afterpotentials and repetitive firing of superior colliculus neu-
rons studied in the anesthetized cat. Exp. Brain Res. 50: 377-391, 1983,

GurirToN, D. Eye-head coordination in gaze control. In: Control of Head
Movement, edited by B. W, Peterson and F. J. Richmond. Oxford, UK:
Oxford Univ, Press, 1988, p. 196-207.

GurrroN, D. Control of saccadic eye and gaze movements by the superior
colliculus and basal ganglia. In: Vision and Visual Dysfunction. Eye
Movements, edited by R. H. §. Carpenter. London: Macmillan, 1991,
vol. 8, chapt. 11, p. 244-276.

GuITTON, D., CROMMELINCK, M., AND ROUCOUX, A. Stimulation of the
superior colliculus in the alert cat. 1, Eye movements and neck EMG
activity evoked when the head is restrained. Exp. Brain Res. 39: 63-73,
1980.

GurrTon, D., DoucLas, R. M., AND VoLLE, M. Eye-head coordination in
cat. J. Neurophysiol. 52: 1030-1050, 1984.

GurrToN, D. aND MuNoZ, D. P. Control of orienting gaze shifts by the
tectoreticulospinal system in the head-free cat. I. Identification, localiza-
tion, and effects of behavior on sensory responses, J. Neurophysiol. 66:
1605-1623, 1991,

GUITTON, D., MUNOZ, D. P., AND GALIANA, H. L. Gaze control in the cat:
effect of task on the trajectories of coordinated eye and head orienting
movements. J. Neurophysiol. 64: 509-531, 1990.



1640

HIkosAKA, O. AND SAKAMOTO, M. Cell activity in monkey caudate nu-
cleus preceding saccadic eye movements. Exp. Brain Res. 63: 659662,
1986.

HixosAka, O., SAKAMOTO, M., aND Usul, S, Functional properties of
monkey caudate neurons. I. Activities related to saccadic eye move-
ments. J. Neurophysiol. 61; 780-798, 1989a.

HIKOSAKA, O., SAKAMOTO, M., aND Usut, S. Functional properties of
monkey caudate neurons. II. Visual and auditory responses. J. Neuro-
physiol. 61: 799-813, 1989b.

Hikosaka, O., SAKAMOTO, M., aND Usui, S. Functional properties of
monkey caudate neurons, II1. Activities related to expectation of target
and reward. J. Neurophysiol. 61: 814-832, 1989¢.

Hikosaka, O. AND WURTzZ, R, H. Visual and oculomotor functions of
monkey substantia nigra pars reticulata, I. Relation of visual and audi-
tory responses to saccades. J. Neurophysiol. 49: 1230-1253, 1983a.

Hikosaka, O, aND WURTzZ, R, H. Visual and oculomotor functions of
monkey substantia nigra pars reticulata. II. Visual responses related to
fixation of gaze. J. Neurophysiol. 49: 1254~1267, 1983b.

HikosakaA, O. aND WURTZ, R. H. Visual and oculomotor functions of
monkey substantia nigra pars reticulata. III. Memory-contingent visual
and saccade responses. J. Neurophysiol. 49: 1268-1284, 1983¢,

Hikosaka, O. AND WURTZ, R. H. Visual and oculomotor functions of
monkey substantia nigra pars reticulata. IV, Relation of substantia nigra
to superior colliculus. J. Neurophysiol. 49; 12851301, 19834d.

HIKOSAKA, O. AND WURTZ, R. H. Modification of saccadic eye move-
ments by GABA-related substances. I. Effect of muscimol and bicucul-
line in monkey superior colliculus. J. Neurophysiol. 53: 266-291,
1985a,

HixosAkA, O. aND WURTZ, R. H. Modification of saccadic eye move-
ments by GABA-related substances, I1. Effects of muscimol in monkey
substantia nigra pars reticulata. J. Newrophysiol. 53: 292-308, 1985b.

HUERTA, M. F. AND HARTING, J. K. The mammalian superior collicutus:
studies of its morphology and connections. In: Comparative Neurology
of the Optic Tectum, edited by H. Vanegas. New York: Plenum, 1984, p.
687-773.

JosepH, J. P. AND BoussaoUD, D. Role of the cat substantia nigra pass
reticulata in eye and head movements. L Neural activity. Exp. Brain
Res. 57: 286-296, 1985.

KARABELAS, A. B. AND MOSCHOVAKIS, A. K. Nigral inhibitory termina-
tion on efferent neurons of the superior colliculus: an intracellular horse-
radish peroxidase study in the cat. J. Comp. Neurol. 239: 309-329,
1985.

LANE, R H., Kaas, J. H., AND ALLMAN, J. M. Visuotopic organization of
the superior colliculus in normal and Siamese cats. Brain Res. 70: 413-
430, 1974,

LEicHNETZ, G. R. The prefrontal cortico-oculomotor trajectories in the
monkey. J. Neurol. Sci. 49: 387-396, 1981.

LYNCH, J. C., GRAYBIEL, A. M., AND LOBECK, L. J. The differential projec-
tion of two cytoarchitectonic subregions of the inferior parietal lobule of
macague upon the deep layers of the superior colliculus. J. Comp.
Neurol. 235: 241-254, 1985,

LyNcH, J. C., MOUNTCASTLE, V. B., TALBOT, W, H,aNDYIN, T.C. T.
Parietal lobe mechanisms for directed visual attention. J. Neurophysiol.
40: 362-386, 1977.

MASCETTI, G. G. AND ARRIAGADA, J. R. Tectotectal interactions through
the commissure of the superior colliculi: an electrophysiological study.
Exp. Neurol. 71: 122133, 1981.

MAys, L. E. AND SPARKS, D 1. Dissociation of visual and saccade-related
responses in superior colliculus neurons, J. Neurophysiol. 43 207-232,
1980.

McILwaIn, J. T. Visual receptive fields and their images in superior collicu-
lus of the cat. J. Neurophysiol. 38: 219-230, 1975.

MCcILWAIN, J. T. Lateral spread of neural excitation during microstimula-
tion in intermediate gray layer of cat's superior colliculus, J. Neurophys-
iol 47: 167-178, 1982.

MclILwain, J. T. Point images in the visual system: new interest in an old
idea. Trends Neurosci. 9: 354-358, 1986a.

McILwam, J. T. Effects of eye position on saccades evoked electrically
from superior colliculus of alert cats. Jf. Neurophysiol. 55: 97-112,
1986b.

MclLwaIN, J. T. AND BUSER, P, Receptive fields of single cells in the cat’s
superior colliculus. Exp. Brain Res. 5: 314-325, 1968.

MosCHOVAKIS, A. K. AND KARABELAS, A. B, Observations on the somato-
dendritic morphology and axonal trajectory of intracetluiarly HRP-la-
beled efferent neurons located in the deeper layers of the superior collicu-
lus of the cat. J. Comp. Neurol. 235: 276308, 1985.

D. P. MUNOZ AND D, GUITTON

MOUNTCASTLE, V. B,, LyNcH, J. C., GEORGOPOULOS, A., Sakata, H.,
AND ACUNA, C. Posterior parictal association cortex of the monkey:
command functions for operations within extrapersonal space. J. Neuro-
physiol. 38: 871-908, 1975.

Munoz, D, P. On the Role of the Tecto-Reticulo-Spinal System in Gaze
Control (PhD thesis). Montreal, Canada: McGil! University, 1988.

Munoz, D. P. aND GuITTON, D. Tectospinal neurons in the cat have
discharges coding gaze position error. Brain Res. 341; 184-188, 1985

Munoz, D. P. aND GUITTON, D. Presaccadic burst discharges of tecto-re-
ticulo-spinal neurons in the alert head-frec cat. Brain Res. 398: 185190,
1986.

MunozZ, D. P. AND GUITTON, D. Rostral output neurons of superior collic-
ulus are active during attentive fixation, Soc. Neurosci. Abstr. 14: 956,
1988,

Munoz, D. P. AND GuUITTON, D. Fixation and orientation control by the
tecto-reticulo-spinal system in the cat whose head is unrestrained. Rev.
Neurol Paris 145; 567-579, 1989.

Munoz, D. P., GUITTON, D., AND PELISSON, D. Contro! of orienting gaze
shifts by the tectoreticulospinal system in the head-free cat. 111 Spatio-
temporal characteristics of phasic motor discharges. J. Neurophysiol.
66: 1642-1666, 1991a.

Munoz, D. P, GurrToN, D., AND PELISSON, D. Role of the tecto-retic-
ulo-spinal system in the coordination of eye-head orienting move-
ments. In: The Head-Neck Sensory-Motor System, edited by A. Berthoz,
W. Graf, and P. P. Vidal. Oxford, UK: Oxford Univ. Press. In press.

Muwoz, D. P., GUITTON, D., AND VOLLE, M. Tectospinal neuron dis-
charges in the alert head-free cat. Soc. Neurosci. Abstr. 10: 60, 1984.

Munoz, D. P., WAITZMAN, D. M., AND WuUrTz, R. H. Evidence for a
fixation zone in the rostral superior colliculus of the monkey. Soc. Neu-
rosci. Abstr. 16; 1084, 1990.

OGASAWARA, K., MCHAFFIE, J. G., AND STEIN, B. E. Two visual cortico-
tectal systems in cat. J. Neurophysiol. 52: 1226-1245, 1984.

Orson, C. R. aND LAWLER, K. Cortical and subcortical afferent connec-
ttons of & posterior division of feline area 7 (area 7p). J. Comp. Neurol.
259: 13-30, 1987.

Peck, C. K. Visual responses of neurones in cat superior colliculus in
relation to fixation of targets. I, Physiol. Lond. 414: 301-315, 1989.
PELissoN, D., GUITTON, D., ANp MuNoz, D. P. Compensatory eye and
head movements generated by the cat following stimulation-induced

perturbations in gaze posifion. Exp. Brain Res. 78: 654-658, 1989,

RoginsoN, D, L. AND Jarvis, C. D. Superior colliculus neurons studied
during head and eye movements of the behaving monkey. J. Neurophys-
iol. 37: 533-540, 1974,

Roucoux, A., GUITTON, D., AND CROMMELINCK, M. Stimulation of the
superior colliculus in the alert cat. II. Eye and head movements evoked
when the head is unrestrained. Exp. Brain Res. 39: 75-85, 1980.

SAKATA, H., SHIBUTANI, H., AND Kawane, K. Spatiat properties of visual
fixation neurons in posterior parietal association cortex of the monkey.
J. Neurophysiol. 43: 1654-1672, 1980,

SCHILLER, P, H. The superior colliculus and visual function. In: Handbook
of Physiology. The Nervous System. Sensory Processes. Bethesda, MD:
Am. Physiol. Soc., 1984, sect. 1, vol. III, pt. 1, chapt. [ 1, p. 457-503.

SEGAL, R. L., BECKSTEAD, R. M., KERSEY, K., AND EDWARDS, S. B. The
prefrontal corticotectal projection in the cat, Exp. Brain Res. 51: 423-
432, 1983.

SEGRAVES, M. A. AND GOLDBERG, M. E. Functional properties of cortico-
tectal neurons in the monkey’s frontal eye field, J. Neurophysiol 58:
1387-1419, 1987.

SPARKS, D. L. Translation of sensory signals into commands for control of
saccadic eye movements: role of the primate superior colliculus. Physiol.
Rev. 66: 118-171, 1986.

Searxs, D. L. AND Mavs, L. E. Movement fields of saccade-related burst
neurons in the monkey superior colliculus. Brain Res. 190: 39-50, 1980.

SpaRrks, D. L. ANP MAvYs, L, E. Spatial localization of saccade targets. 1.
Compensation for stimulation-induced perturbations in eye position. J/,
Neurophysiol. 49: 45-63, 1983.

SpArks, D. L. AND Mavys, L. E. Signal transformations required for the
generation of saccadic eye movements. Annw. Rev. Neurosci. 13: 309-
336, 1990,

SPRAGUE, J. M., MARCHIAFAVA, P. L., aND RizzoLaTTi, G. Unit re-
sponses 1o visual stimuli in the superior colliculus of the unanesthetized,
mid-pontine cat. Arch. Ital. Biol. 166: 169-193, 1968,

StanTON, G. B., GOLDBERG, M. E., AND BRUCE, C. J. Fronta! eye field
efferents in the macaque monkey. II. Topography of terminal fields in
midbrain and pons. J. Comp. Neurol. 271: 493-506, 1988.

STEIN, B. E., GOLDEERG, 8. J., AND CLAMANN, H. P. The control of eye



TECTAL OUTPUT CELLS CODE MCTOR PREPARATION AND FIXATION

movements by the superior colliculus in the alert cat. Brain Res. 118:
469-474, 1976.

STERLING, P. AND WICKELGREN, B. G. Visual receptive fields in the supe-
rior colliculus of the cat. J. Neurophysiol. 32: 1-15, 1969.

STRYKER, M. AND BLAKEMORE, C, Saccadic and- disjunctive eye move-
ments in cats. Fision Res. 12: 2005-2013, 1972. )

Suzuxi, H. AND AZUMA, M. Prefrontal neuronal activity during gazing at
a Yight spot in the monkey. Brain Res. 126: 497-508, 1977.

WAITZMAN, D. M., Ma, T. P., OrTiCAN, L. M., AND WURTZ, R. H. Mem-
ory contingent responses of superior colliculus movement cells. Soc.
Neurosci. Abstr. 13: 394, 1987.

1641

WURTZ, R. H. AND ALBANO, J. E. Visual-motor function of the primate
supetior colliculus, Annu. Rev. Newrosci. 3: 189-226, 1980,

WURTZ, R. H. AND GOLDBERG, M. E. Activity of superior colliculus in
behaving monkey, 1V, Effects of lesions on eye movements. J. Netiro-
physiol. 35: 575586, 1972,

WURTZ, R. H., GOLDBERG, M. E., AND ROBINSON, D. L. Behavioral mod-
ulation of visual responses in the monkey: stimulus selection for atten-
tion and movement. Prog. Psychobiol. Physiol. Psychol. 9: 43-83, 1980.

WURTZ, R. H. AND MoHLER, C. W. Organization of monkey superior
colticulus: enhanced visual response of superficial layer cells. J. Neuro-
physiol. 39: 745-T62, 1976.



