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ABSTRACT: The discharge of neurons in the deeper layers of the superior colli-
culus (SC) was studied while monkeys performed two visual discrimination
tasks that required different amounts of cognitive processing. In a search par-
adigm the animal’s task was to saccade to the location of an odd-colored stim-
ulus located in an array of distractors of uniform color (pop-out visual search).
The visual stimuli remained on the screen as the discrimination process distin-
guished target from distractors. In a choice response task the color of a central
cue signaled which stimulus from a previously presented array of colored stim-
uli was to be the target of a saccade. The stimulus array was turned off well be-
fore the central cue was presented. Most neurons showed activity aligned on
both the visual input and the motor response in single-target tasks. Many of
these same neurons showed additional discharge that was correlated with the
required higher-level decision processes in both of these more natural visual
tasks. In the case of pop-out search the SC has been shown to be functionally
involved in the decision processes. The cue-aligned activity in SC in the choice
response task is surprising because no transient visual stimulus appeared in the
response field of the neuron.
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INTRODUCTION

The traditional view of the discharge of many neurons in the deeper layers of the
primate superior colliculus (SC) is that they show a burst of activity aligned on the
onset of a visual stimulus that is presented in the response field of the neuron and
another burst of activity aligned on a saccade that moves the line of sight onto this
stimulus.! This visuomotor response is seen most clearly in a delayed saccade para-
digm in which monkeys are required to withhold the saccadic movement after the
visual target is presented until a fixation point is turned off. The period of time be-
tween the onset of the visual target and the offset of the fixation point is called the
delay period. The delay period can be several hundred milliseconds or more in du-
ration and produces a clear separation between the early activity associated with a
visual response to the peripheral target and the later activity associated with the sac-
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cade. Normally neurons in the superficial layers of the SC only show activity asso-
ciated with the appearance of the target (a visual response), whereas some cells in
the deeper layers only discharge just before and during a saccade to the target (a mo-
tor response). The introduction of the delay period has also shown that many neurons
in the SC discharge at lower and irregular rates during this period. The magnitude of
this delay period activity has been used to separate neurons in the deeper layers of
the SC into two subpopulations of cells. Cells with a high level of delay-period ac-
tivity have been called buildup cells, whereas those with no or minimal amounts of
activity in this period have been called burst cells.>>

Based on results obtained when single visual target presentations are used, it has
been suggested that delay-period activity in the SC is correlated with readiness to
make the saccadic movement.2* When multiple potential targets were used, activity
in the delay period was shown to be correlated with higher-level visual processing
mechanisms, for instance, the discrimination of target from distractors.3~> Neverthe-
less, paradigms with instructed delays are rather unnatural in enforcing a delay in
generating a saccade after target selection has been made. We have recently used two
different paradigms that involve target or response selection, but encourage reaction-
time saccades to be made. In these tasks the saccade can be generated as soon as in-
formation specifying a particular target is made available. One paradigm was a pop-
out visual search task in which the target is distinguished by its odd color from a set
of distractors of an alternative color. In the other task, which we call a choice re-
sponse paradigm, a central color cue indicated which of an array of stimuli was the
target. These paradigms allow investigations of SC neuron discharge that may be
correlated with higher-level discrimination processes under more natural conditions
in which an eye movement is made immediately after selection of a behaviorally sig-
nificant object in its visual field.

METHODS

Five male rhesus monkeys (Macaca mulatta) were used in this study, three in the
visual search task and two in the choice response task. All experimental protocols
were approved by the Institutional Animal Care and Use Committee at the Smith-
Kettlewell Eye Research Institute and complied with the guidelines of the Public
Health Service policy on Humane Care and Use of Laboratory Animals. The surgical
implants and data-collection techniques have been described extensively in a recent
publication.6 Data collection and storage were controlled by a custom real-time pro-
gram running on a laboratory computer. Eye position and velocity were sampled at
1 kHz and digitally stored on disk. A Macintosh computer, which was interfaced
with the PC, generated the visual displays with software constructed using the Video
Toolbox library.” Visual stimuli were presented on a 29-inch color CRT (Viewsonic
GAZ29) in synchronization with the monitor’s vertical refresh. The monitor had a spa-
tial resolution of 800 by 600 pixels and a noninterlaced refresh rate of 75 Hz. The
monitor was positioned 33 cm in front of the monkey and allowed stimuli to be pre-
sented in a field of view of approximately £32° along the horizontal meridian and
1+30° along the vertical meridian.

The monkeys were seated in a primate chair with their heads restrained for the
duration of the testing sessions. They executed behavioral tasks for liquid reward and
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were allowed to work to satiation. Records of each animal’s weight and health status
were kept, and supplemental water was given as necessary.

FIGURE 1 shows the spatial and temporal arrangement of the two visual tasks in
schematic form. In the search task (FIG. 1A) the monkey fixated a central point. After
a random interval the fixation point went off and an array of visual stimuli (target and
distractors) was presented simultaneously. The array consisted of four colored disks,
one of which was an odd color. In each trial the colors of the target and distractors were
randomly chosen to be red or green. The stimuli locations were all at the same eccen-
tricity and were separated from each other by angles of 90°. The four locations were
adjusted for each neuron so that one of the stimuli fell near the center of the neuron’s
response field. In this short communication we will only contrast the activity of SC
neurons for the cases when the odd-colored stimulus (the target) was in the response
field (FIG. 1A, upper inset) or at the opposite array location (lower inset). The animal
was required to saccade to the odd-colored target to receive a liquid reward. On some
trials, selected at random, when the fixation point went off, only a single visual stim-
ulus appeared at one of the four potential locations. In another block of trials a single
target appeared in every trial at one of the same array locations used in the search task
selected at random. In both types of single-target cases the animal was rewarded for
saccading to the location of this single visual target.

FIGURE 1B shows the choice response task. The animal fixed a white, central disk
for a random interval, and after this delay, an array of potential targets appeared in
the peripheral visual field. The array consisted of equiluminant disks of different col-
ors, either one, two, or four in number. In the present paper we will only discuss re-
sults for the two-stimulus condition. The two locations were adjusted for each
neuron so that one of the stimuli fell near the center of the neuron’s response field.
After a short interval (as the animal maintained fixation) the colored stimuli were re-
placed with two white stimuli at the same locations. These mask stimuli were equi-
luminant with the colored stimuli that they replaced. After another interval the
fixation point was replaced by a colored disk that matched one of the stimuli in the
original array. The appearance of the colored cue instructed the animal to saccade to
the remembered location of the visual stimulus with the same color as the cue. We
will only contrast the activity of SC neurons for the cases when the matching-color
stimulus was in the response field (the case shown in FIG. 1B) or at the opposite array
location (not shown). Trials were run in blocks so that colors used in the array and
their locations were fixed. Thus, in both paradigms the animal was able to make a
saccade as soon as the information required to make the discrimination of target
from distractor was available.

Off-line analysis of the eye movement data was performed with algorithms that
used velocity and acceleration criteria to detect the beginning and end of saccades.
Data from each trial were visually inspected to verify the accurate identification of
saccades. We analyzed only those trials in which the monkey made a single correct
saccade to the target. In order to analyze the neural data we generated a spike density
function for each trial by convolving the spike train with a Gaussian of sigma 4 ms.®
We aligned the trials on the presentation of the stimulus array, on the onset of the
saccadic response, and in the case of the choice response paradigm, on the onset of
the cue.

We used two methods to determine when a statistically significant target discrim-
ination was present in the activity of a neuron. Discrimination was defined for the
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FIGURE 1. Schematic representations of the two paradigms used in the present report
to study the activity of SC neurons under more natural viewing conditions. (A) The temporal
order of events in the visual search paradigm is shown on the left. Spatial plots of the ar-
rangement of the stimulus array are shown on the right. The shaded regions in the upper
right corner of these plots show the location of the response field of the neuron being stud-
ied. In the upper plot the odd-colored stimulus (open circle) appears in the response field
simultaneously with the appearance of three distractors (filled circles). The odd-colored
stimulus is the goal of a rewarded saccade shown by the arrow. The small cross is the fixa-
tion point. In the lower plot the target appears at the array location directly opposite the re-
sponse field. (B) The temporal order of events in the choice response paradigm is shown on
the left. Spatial plots of the arrangement of the stimulus array, mask, and cue are shown on
the right. (Response field convention the same as (A).) In frame 1 a red stimulus (filled cir-
cle) appears in the response field, while the alternate choice is marked by a green stimulus
(lightly shaded circle) at the opposite location. The fixation point (small cross) remains on.
In frame 2 a mask (open circles) is applied at the locations of the colored array. Fixation
remains on. In frame 3 a red cue replaces the fixation point. This instructs the animal to
make a saccade to the former location of the red target. In frame 4 the animal makes the cor-
rect choice and saccades to the location where the red target had appeared. The other choice
response would be the same except that a green stimulus would replace the fixation point
and the correct choice would be to saccade in the direction opposite to the response field.
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case when the target was present in the cell’s response field in comparison with its
activity when the target was present at the location opposite the response field. For
cells studied with the search paradigm we used signal detection theory” as modified
to analyze discrimination at the single neuron level.®!9 For the choice response par-
adigm a nonparametric Kruskal-Wallis ANOVA test was used to determine discrim-
ination between the same two conditions.

RESULTS

Activity in the Superior Colliculus Correlated with Target
Selection in the Search Paradigm

In this section we describe the activity of visuomotor (VM) neurons recorded in
the SC during the search paradigm. Neurons were placed in this class by their char-
acteristic activity in a delayed saccade paradigm. In this paradigm the onset of the
visual target is widely separated in time from the onset of the saccade made to the
target. When the activity of the cell is aligned alternatively on these two events, a
burst of activity trailing target onset by about 50 ms and another separate burst of
activity leading the saccade by about 30 ms clearly appear. The activity of VM cells
during the delay period was quite variable. Some showed almost no activity, whereas
others showed a variable or sustained rate of discharge that bridged the stronger ac-
tivity present in the visual- and saccade-related bursts. However, in the search para-
digm all of our VM cells showed a considerable amount of activity in the short
period of time between the visual and motor events. FIGURE 2A and 2B, which are
aligned on the onset of the visual array, show that this cell produces an early biphasic
response followed by a saccade-related response (when the saccade was directed to
the upper right quadrant) in the search task. These early biphasic response profiles
were seen in a subset of VM neurons that we recorded in the SC during the search
paradigm. A comparison of the spike density trace in FIGURE 2A (average activity
for trials in which the target was in the cell’s response field) and that in FIGURE 2B
(for trials in which the target was at the array location opposite to the response field
of the cell) indicates that the initial transient visual response was nearly the same in
amplitude and duration for the two cases. However, the second visual response
reached higher amplitude when the target was in the response field. Signal detection
theory analysis determined when in time this higher discharge made a statistically
significant discrimination of the target in the response field compared with that at
the opposite location. The discrimination was significant at those times indicated by
the thick bars below FIGURE 2A. The cell began to discriminate between the two tar-
get locations at about 110 ms after array onset, lost this discrimination for a brief pe-
riod near the end of the second burst of activity, and then again discriminated the
different target locations at the time of the saccadic movement, as expected. Here,
the cell fired a motor-related third burst of activity when the movement was directed
into the response field of the cell. About half the VM cells we recorded showed a
significant target selection signal that was better aligned with the onset of the array
than with the saccade. This subset of VM neurons contains signals that discriminate
the target from distractors at a fixed delay after array onset, regardless of eventual
saccade latency.
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FIGURE 2. Activity of a VM neuron with a biphasic visual response in the search par-
adigm. The center of this cell’s response field was located in the upper right visual field. (A)
A spike density curve showing the average activity present in the neuron is superimposed
over a raster display that shows the individual discharges of the cell for each trial. In each
of this set of trials the odd-colored visual stimulus appeared in the response field (inset on
the right). Trials were aligned on the onset of the visual array. The time of saccade onset is
shown in each trial by the thick horizontal tick mark. Trials were ordered from bottom to
top, based on the latency of saccade onset, shortest latency at the bottom. (B) Same arrange-
ment as (A), but in each trial in this set the odd-colored stimulus appeared at the position in
the array that was directly opposite the location of the response field. Times when the activ-
ity present with the target in the response field was significantly higher in comparison to that
present when the target appeared out of the response field are shown by the thick horizontal
lines below (A). (C) Activity of the cell for a set of trials in which a single target appeared
in the center of its response field and a saccade was made immediately to this stimulus. Ras-
ter and average spike density aligned on single-target onset. (D) Activity of the cell during
a set of delayed saccade trials in which a single target appeared in the center of its response
field, but the fixation point remained lit for a random time. The saccades (not shown) were
delayed until after the fixation point was extinguished. Data aligned on target onset.

FIGURE 2C provides insight into why the biphasic burst of visually aligned activ-
ity in SC neurons has received little attention previously. The data in FIGURE 2C were
collected during a block of trials in which only a single target appeared at one of the
four array locations used in the search task. Only those trials in which the single tar-
get appeared in the response field of the cell were used to construct FIGURE 2C. On
these single-target trials the cell discharged a transient burst of visual activity at the
same time that it did in the search trials (FIG. 2A and 2B). The amplitude of the visual
burst of activity in the single-target case is somewhat larger than that when the visual
search array appeared. We and others have shown previously a significant decrease
in the magnitude of the initial visual response in the search task when compared with
the single-stimulus task.30 In further tests in which the single-target trials were in-
terleaved at random with the trials in which the search array appeared, we showed
that this reduction was primarily due to lateral inhibition between neurons with re-
sponse fields in distant regions of the visual field rather than to a top-down inhibition
that was set up in the context of the search task.® The latency of the saccades in the
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single-target task was generally shorter than in the search task. This is seen by com-
paring the temporal location of the saccade onset indicators on individual trials in
FIGURE 2A and 2B with those in FIGURE 2C. Because saccade latency was shorter in
the single-target trials, the saccadic response (the third burst seen in FIG. 2A and 2B)
also moved to shorter latencies and merged with the visual response. The result was
that it was impossible, in the single-target case, to distinguish a second peak of visual
activity from the discharge related to the execution of the saccade.

FIGURE 2D shows that the second burst of the cell’s visual response is still present
in the delayed saccade task, but it was greatly diminished in the latter task. This was
a general finding: the appearance of a second burst of visual activity was largely sup-
pressed in the delayed-saccade task.

Activity in the Superior Colliculus Correlated with
Choice in the Choice Response Paradigm

We recorded in two additional monkeys to determine whether activity related to
the selection processes would also appear in VM cells in the SC in a task that re-
quires more cognitive input than the search task. Although we collected data in sep-
arate blocks of trials with one, two, and four alternate target choices, we will report
results here only for the two-alternate choice trials. FIGURE 3 shows typical results
recorded in one VM neuron. This neuron’s response field was located in the lower
right visual field. This neuron showed separate visual- and motor-related bursts of
activity in the delayed saccade paradigm when the single target was presented in its
response field (not shown). It also produced a considerable amount of irregular dis-
charge in the delay period in this paradigm. In the data shown in FIGURE 3, the visual
array on each trial consisted of the simultaneous presentation of a red disk in the re-
sponse field of the neuron and a green disk in the field directly opposite the response
field. During this presentation the animal maintained fixation on the center, white
fixation point. When the fixation point turned into either a red or green color, the an-
imal made a saccade to the location of the colored stimulus that had previously been
the same as the cue now at the fovea.

The data in the left column of FIGURE 3 are aligned on array onset. The spike den-
sity traces in the lower plot show that this cell produces the expected burst of activity
beginning at about 60 ms for both response choices, because one of the colored stim-
uli is always located in the cell’s response field. Further, a second burst of visually
aligned activity is seen that begins at about 160 ms. Thus, this cell’s early response
closely resembles that shown for the cell used to illustrate FIGURE 2 in the search
task. The biphasic response of the cell aligned on array onset did not discriminate
the final choice requirement as expected because no information was available at this
time to make this choice. The data shown in the middle column in FIGURE 3 are
aligned on the onset of the cue. At this time information is available to make the cor-
rect choice, and the animal is free to saccade as soon as possible. Thus, in terms of
information content this alignment point is similar to the onset of the search array in
the previous section, but the neural processes required to make a correct choice are
quite different. The spike density traces in the lower plot show that a small burst of
activity, beginning at about 110 ms, occurs when the cue to saccade to the former
position of the red target (location in the response field) is presented. Furthermore,
this early response statistically discriminates between the two choice responses and
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is missing in the trials in which the correct choice is to the location opposite to the
response field of the cell. The data shown in the column on the right are aligned on
saccade onset. The spike density traces in the lower plot show a large burst of activity
that occurs for trials to the response field of the cell, whereas little or no activity oc-
curs for saccades in the opposite direction.

In a similar fashion to the second visual burst observed in some VM neurons in
the search task, we found about one-third of VM cells showed a transient increase of
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FIGURE 3. Activity of a VM neuron with a biphasic visual response in the choice re-
sponse paradigm. Raster displays show the individual discharges of the cell for each trial in
the upper two rows of plots. The trials are sorted so that trials in which the cue directed that
the choice response be made to the location of the stimulus formerly in the response field of
the cell are sorted into the upper row of plots. Trials in which the response was to be directed
to the opposite location are sorted into the lower row of raster plots. Data are aligned on ar-
ray onset (left), cue onset (middle), and saccade onset (right). In the middle raster plots the
onset times of the saccades are indicated by the heavier symbols. Spike density curves show-
ing the average discharge are plotted below. Solid curves indicate activity associated with
choices to the cell’s field, and dashed curves indicate activity associated with the opposite
directed responses. The arrow above the spike density curve in the middle row points to the
transient increase in activity that occurs when the activity is aligned on the onset of the cue
and when the cue requires a saccade to the response field of the cell. The thick lines below
the spike density traces indicate the times when activity is significantly different between
the two choice conditions.
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activity shortly after the presentation of the cue in the choice response task. This in-
crease in activity was statistically larger in about a third of these cells and, thus, was
correlated with the required choice response. The onset time of this activity aligned
with the cue was about the same time as that of the second burst of activity in VM
cells for the search paradigm.

DISCUSSION

The delayed saccade paradigm has traditionally been used to differentiate the vi-
sual- and motor-related discharge in deeper layer cells in the SC. In addition, recent
studies have shown that activity in the delay period can be correlated with a number
of higher-level visual processing mechanisms, including target selection and prior
probability of a stimulus becoming the target.3=> In the present communication we
describe the results obtained with two paradigms that produce relatively short-
latency saccades once the discrimination criteria are presented, in comparison with
the enforced long latency present in the delayed saccade paradigm. We show that
about half of the collicular VM cells we recorded show a transient increase in activ-
ity shortly after a discrimination becomes possible. In many of these cells this tran-
sient increase in activity discriminates between the cases when the target or the
correct response is in or opposite to the response field of the cell.

However, the additional time required to make a visual discrimination in the
search task or to access working memory in the choice response task resulted in
longer average saccade latencies in both our paradigms in comparison with that seen
in the traditional single-target paradigm. This small increase in saccade latency al-
lowed us to better separate the transient early activity that was correlated with the
discrimination or selection process from the later motor response of the cell.

The choice response task involves enforced delays like the delayed saccade par-
adigm, but like the search task, once the visual information is presented that allows
the animal to make a correct selection of response, the task generates reaction-time
saccades. The correct response in the search task requires a selection process to dis-
tinguish the target from distractors, but the process can be accomplished by visual
processing as the target and distractors remain on the screen as the animal makes the
selection. Saccade response and the target selection are identical in the spatial do-
main. Interestingly, similar to what has been found in the FEF, 10 the results obtained
in the search paradigm for cells in the SC showed that target selection occurred ear-
lier and independently in time from the later saccadic response. In the choice re-
sponse task no change in the visual stimulus occurred in the response field of the
neuron after the application of the mask. The cue was presented at the fovea, which
was not in the response field of any of the neurons tested. Correct response choice
in this paradigm requires access to working memory, where a map of the location of
the different colored stimuli would be located, but the cue is not represented in this
map except by a comparison in color space. Presumably, this task requires much
more cognitive processing than that required in the search task. Nevertheless, early
transient activity that reflected the discrimination process appeared in SC cells at
about the same time in both paradigms.

In the case of the search paradigm many VM cells showed an early biphasic re-
sponse that was aligned with the onset of the search array. Cells with such responses
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have been reported before in the frontal eye fields and the SC.! L12 oyr analysis has
shown that although the first burst of activity in these SC cells may be visual, the
second burst has a significant component of its activity correlated with target/
distractor discrimination processes. The early transient activity present in the re-
sponse of some SC neurons in the choice response task was even more clearly driven
by top-down neural processing, because it was elicited without a change in the visual
stimulus within the response field of the cell.

Although the early transient activity was correlated with the higher-level process-
es underlying target selection or response choice in both our paradigms, it could be
that these blips of activity merely represent hiccups of discharge in the SC due to the
latter structure’s direct connection to the frontal eye fields where the processes gen-
erating selection may actually take place. It has been shown in another experiment
in our laboratory that the activity in the SC in the search task is functionally related
to the discrimination processes.! It remains to be demonstrated that the early activ-
ity in the SC aligned to the onset of the cue in the choice response task is functionally
related to the alternative response selections.
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