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SUMMARY AND CONCLUSIONS

1. Cells in the superficial layers of monkey
superior colliculus respond more vigorously to
a spot of light falling in their receptive fields
when the monkey uses that spot of light as the
target for a saccadic eye movement. Our pur-
pose in these experiments was 1o investigage
the characteristics of this enhancement effect.
While monkeys fixated, we determined the re-
sponse of a cell to a stimulus falling in its recep-
tive field. Then we determined the response of
the cell to the same stimulus when the monkey
made a saccade to the stimulus or near to it.

2. The enhancement of the visual response is
spatially limited. The receptive field of a cell
always shows enhancement throughout its ex-
tent and frequently shows a slight expansion.
Saccades made near to a stimulus in the visual
receptive field, but not to it, also lead to an
enhancement of that visual stimulus; an area
around the excitatory center of the receptive
field where such enhancement occurs was re-
ferred to as the enhancement field of the cell. An
enhanced response in one part of the visual field
was not accompanied by depressed responses
associated with saccades to other parts of the
visual field.

3. The enhancement effect is temporally lim-
ited; it begins 200-300 ms before the eye
movement, as determined by the increasing re-
sponse 10 50-ms light pulses presented at vary-
ing intervals before the eye movement. The de-
gree of enhancement intensifies when the visuval
stimulus is turned on closer in time to the onset
of the saccade. A buildup of the enhancement
also occurs on successive trials as does the re-
sponse of eye movement-related cells in the in-
termediate layers.

4. The enhancement response is not present
in the upper quarter-millimeter of the superficial
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layers, suggesting that the effect is not present
in retinal afferents which terminate primarily in
this area of the superficial layers. The én-
hancement effect is seen throughout the visual
field; the foveal area was not tested.

5. In order to determine the relation of the
enhancement effect to the monkey's behavioral
response, we required the monkey to make a
hand response rather than an eye movement-re-
sponse 1o the visual stimuli. Cells did not show
a clear enhancement with such a hand re-
sponse. Results of these experiments indicate
that the enhancement effect is dependent on the
type of response the monkey makes to the
stimulus and is probably specifically related to
eye movements. Since the enhancement of vis-
ual response secems likely to be related spe-
cifically to eye movements both on physiological
and behavioral grounds, the response-free term
*‘attention” is probably inappropriate for the
phenomenon. :

6. The hypothesis advanced in the preceding
paper that eye movement-related activity from
intermediate and deep colliculus layers is di-
rected upward to converge with visually related
activity in the superficial layers is extended to
include an input from cells in these deeper
layers (or their afferents) to the superficial layer
cells. The characteristics of the visual en-
hancement can be almost entirely accounted for
by assuming such an input from the deeper
movement cells,

INTRODUCTION

Many cells in the superficial layers of the
monkey superior colliculus respond more vig-
orously to a spot of light falling in their recep-
tive field when the monkey uses that spot of
light as the target for a saccadic eye movement
(5). This enhanced response to the visual
stimulus results from the monkey's use of the
stimulus and not a change in the stimulus itself.
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Furthermore, the response enhancement is
selective; the response of the cell 10 a visual
stimulus occurs when the monkey makes a sac-
cade to that stimulus, but not when the monkey
makes a saccade to a stimulus distant from the
receptive field. This selectivity led Goldberg
and Wurtz (5) to suggest that these cells in the
superior colliculus may be part of a neural
mechanism underlying * the behavioral phe-
nomenon of selective attention.

The purpose of this paper is to investigate the
characteristics of this enhancement effect. Ex-
periments consider: 1) the spatial extent of the
enhancement effect within the visual field, 2}
the temporal course of the enhancement, 3) the
organization of cells showing the enhancement
within the colliculus, «) the relation of en-
hancement to the type of behavioral response
made to the stimulus. The results of these ex-
periments suggest that the enhancement phe-
nomenon may be explained by extending the
hypothesis of an upward flow of eye movement
information developed in the preceding paper.
This interpretation of the enhancement effect
also clarifies and limits the relation of the en-
hancement effect to the psychological phenom-
enon of selective visual attention.

A brief report on several of these experi-
ments has been publishied previously (24).

METHODS

These experiments used the same behavioral
task described in the preceding paper {12} in
which the monkey fixated on a point of light on
a tangent screen 57 cm in front of him. During
the time the monkey leoked at the fixation
point, it was possible to stimulate one area of
the retina repeatedly by projecting another spot
of light onto the screen and to thereby deter-
mine the receptive field of the cell. This re-
ceptive-field stimulus came on 0.5 s after the
fixation peint came on and stayed on for the
duration of the trial. The timing of events in this
fixation task is shown schematically in Fig. 14.
The background illimination of the tangent
screen was 1.0 cd/m? and the stimuli (produced
by quartz-iodide and tungsten slide-projector
lamps) were 1.0-1.5 log units above back-
ground. The most frequently used visual stim-
uli were 0.25° x 0.25° to 1° X 1° squares of light.

After learning this basic fixation task, each
monkey was trained on one or two additional
tasks shown schematically in Fig. 1B and C.
For the eye-response task (Fig. 1B}, the mon-
key depressed the bar to turn on the fixation
point. But now, as the receptive-field stimulus
came on (0.5 s after the fixation point ap-
peared), the fixation point went off. The mon-
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FIG. 1. Schematic drawing of paradigm for fixa-
tion task (A), eye-response task (B), and hand-
response task (C). In A, the monkey responded to the
dimming of the fixation point. In B the monkey re-
sponded to the receptive-field stimulus by making a
saccadic eye movement to it, while in C the monkey
made no eye movement to the stimulus but instead
responded with its hand when the stimulus changed.
Drawing at top shows a hypothetical receptive-field
outline (dotted line circle) with a receptive-field
stimulus (RF) at one point; FP is the fixation point.
See section on behavioral methods for details.

key learned to make a saccadic eye movement
to the receptive-ficld stimulus {as indicated by
the electrooculogram records), fixate on it, and
release the bar when this stimulus dimmed; this
is the same task used previously by Goldberg
and Wurtz (4). On some trials the receptive-
field stimulus did not dim, but instead, the
stimulus went off and the fixation point came on
again and dimmed. This variation minimized
the advantage to the monkey of fixating on the
receptive-field stimulus and simply waiting for it
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to dim. This eye-response task was used in the
following experimental sequence as a cell was
studied: 1) The visual receptive field of the cell
was mapped while the monkey was fixating (the
outline of a hypothetical receptive field is
shown by dotted lines near the fixation point,
FP, in the drawing of Fig. 1}). 2) The consis-
tency of response of a cell to a visual receptive
field stimulus (RF in the drawing in Fig. 1) was
determined over a number of trials while the
monkey was fixating. 3} The monkey then made
saccadic eye movements on successive trials
from the fixation point to the visual receptive-
field stimulus and the response of the cell was
again determined. Because of the monkey’s
reaction time to make a saccadic eye move-
ment, there was approximately 200 ms from the
time the visual stimulus came on to the time
when the eyes began to move from the fixation
point. The visual stimulus activated the neuron
as in the fixation task during this 200 ms. In
the eye-response task the monkey used the
stimulus as a target for a saccadic eye move-
ment; in the fixation task there was no be-
havioral response dependent on the stimulus,
The visual stimultation of the receptive field was
the same in the fixation and eye movement
segments of this task; only the significance and
behavioral response to this stimulus was
changed.

In order to determine the effect of a saccade
to points outside the visual receptive field of a
cell, a modification of the eye-response task
was also used. In this variation of the task both
the receptive-field stimulus and an alternative
saccade target came on when the fixation point
went off. The monkey learned to make the eye
movement to the target not on the receptive
field because it was this target that might now
dim rather than the receptive-field stimulus.

The third fask, the hand-response task (Fig.
1C) required that the monkey release the bar in
response to a change in the visual receptive-
field stimulus rather than make an eye move-
ment to it. As in both the fixation task and the
eye-response task, the visual receptive-field
stimulus came on 0.5 s after the fixation point.
In this task, 1-3 s later, either the fixation point
or the visual stimulus dimmed in a random fash-
ion, and the monkey obtained his reward by
releasing the bar when either dim occurred.
Since the tiny fixation point contimied to dim
randomly on half the trials, the monkey was
required to continue to fixate on this point. If
his eye position changed by more than 2° after
the visnal stimulus came on, the trial was au-
tomatically terminated by the computer. But,
since the receptive-ficld stimulus also dimmed
on the other half of the trials, the monkey was
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forced to respond to this stimulus and thereby
indicate his use of the stimulus. The hand-
response task was used in the following ex-
perimental sequence: [} the visual receptive
field of the cell was mapped while the monkey
was fixating, 2) one point in the visual receptive
field was repeatedly stimulated in a series of
trials and the consistency of the response of the
cell determined while he was fixating and re-
sponding to the dimming of the fixation point, 3)
the response of the cell was recorded while the
monkey responded with a hand movement (bar
release) to the dimming of either the visual
stimulus or fixation point while maintaining
fixation. Since there was no difference in the
visnal stimulus in the fixation and hand-re-
sponse tasks, any difference in response of the
cell to the visual stimulus during these tasks
must result from a change in the significance of
the stimulus, i.e., the monkey could ignore the
visual stimulus in the fixation task, but had to
respond to changes in the visual stimulus in the
hand-response task.

It is conceivable that the monkey could adopt
a strategy of attending to both the fixation point
and the receptive-field stimulus in the hand-
response task described above. Although this
would be a difficult way to solve the fixation
trials, the result of such a strategy could be an
equivalent response of the cell in the fixation
and receptive-field dim trials. In order to force
the monkey to respond to stimuli in a part of
the visual field remote from the receptive field
of a cell, we utilized a variation of the hand-
response task. In this varation the monkey de-
pressed the bar and the fixation point appeared,
but now two visual stimuli appeared (.5 s later.
After a variable interval of 1-3 s, either the
fixation point dimmed or one of the visual
stimuli dimmed. The monkey was required to
maintain fixation as in the standard hand-
response task. For this variation of the hand-
response task, one of the visual stimuli was
placed on the visual receptive field of the
neuron under study and the other placed con-
tralateral to the receptive field. The response of
each neuron was studied during the following
sequences: 1) The response to the two visuval
stimuli was measured while the monkey was
fixating. 2) The response of the cell was deter-
mined when either the fixation point or the vis-
ual stimulus on the receptive field dimmed in
random fashion. 3) The discharge of the ceil
was determined when either the fixation point
or the visuval stimulus contralateral to the recep-
tive field dimmed. The visual stimulation was
the same throughout the sequence. In the first
condition, the monkey made no motor response
dependent on the two visuval stimufi. In the sec-



748

ond case, the monkey made a hand movement
which was triggered by the visual receptive-
field stimulus. In the third case, the monkey
made a hand movement which was triggered by
a visual stimulus that was distant from the re-
ceptive field of the stimulus.

For convenience we will refer to the two
tasks in Fig. 1B and C as the eye-response task
and the hand-response task. We should em-
phasize, however, that these names refer to the
first response the monkey makes to the stim-
ulus, but in both tasks the monkey eventuvally
responds with a release of the bar, that is, a
hand response.

Eight monkeys were used in these experi-
ments, but we concentrated on different tasks
and procedures in the experiments on different
animals. Four monkeys were used on the eye-
response task, one on the hand-response task,
and one on both eve-response and hand-
response tasks. A few experiments were also
done on cells in the superior colliculus in two
monkeys which had partial lesions of the striate
cortex contralateral to the colliculus studied.
Experiments done on these two monkeys were
repeated and the resuits confirmed on the other
normal animals, and none of the data from
these two monkeys is included in the population
statistics presented.

Recording procedures and experimental
programming were identical to that described in
the preceding paper (12).

RESULTS

We studied the effect of the eye-response
task on 300 cells in six monkeys. These cells
gave on responses to small spots of light any-
where within the ceniral area of their receptive
fields, frequently had clear inhibitory sur-
rounds, and were similar in all respects to cells
previously referred to as “‘pandirectional®’ cells
(4), which were shown by histological verifi-
cation to lie in the superficial layers of the
superior colliculus (stratum zonale, stratum
griseum, and stratum opticum). The latency of
the on-response for different cells ranged be-
tween 35 and 60 ms (a slightly wider range than
reported previously by Goldberg and Wurtz
(4)), but for most cells the latency was between
40 and 50 ms.

Of these superficial layer cells, 40% gave an
enhanced response when the monkey used a
stimulus in the visual receptive field of the cell
as the target for a saccade (using the eye-
response paradigm shown in Fig. 1B). Figure 2
shows an example of such enhancement. The
displays in the left column are rasters in which
cell discharges are represented by dots and suc-
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cessive trials by successive lines. The vertical
line indicates the time of the stimulus onset.
The histograms in the right column represent
the summation of the rasters. Figure 24 shows
the response of the cell to the spot of light pro-
jected onto the receptive field while the monkey
looked at the fixation point (no-saccade condi-
tion). Figure 2B shows the response of the cell
to the spot of light when the monkey made sac-
cadic eye movements to the spot of light {(sac-
cade condition). The density of cell discharges
in the initial on-response is increased in Fig. 28
as compared to Fig. 24, and this will be re-
ferred to as early enhancement. The drop in fre-
quency of discharge about 300 ms after stimulus
onsent in Fig. 2B results from the removal of
the spot of light from the receptive field due to
the eye movements which begin 200-250 ms
after stimulation. Other cells have both the in-
creased on-response and a more prolonged
period of increased cell discharge, which will be
referred to as a late response enhancement (see
ref 5). About half of the cells showing an en-
hanced response had an early or an early and
late response enhancement; the remaining cells
had only a later response enhancement.

As reported previously (5), the enhancement
effect is selective; it occurs only with eye
movement made to the receptive field but not
away from the receptive field. For example, in
Fig. 2C, both the receptive-field stimulus (RF)
and a control spot of light (CON) outside the
receptive field came on when the fixation point
(FP) went off.! On these trials the monkey
made a saccade to the control point since now
only the control spot was dimming, and no
comparable enhancement of the response to the
visual stimulus is evident. On other cells a
slight enhancement of the response developed
with saccades to the control stimulus, but the
effect was always slight compared to the en-
hancement seen with saccades made to the
receptive-field stimulus.

Spatial characteristics of
enhancement effect

We first investigated the effect of saccades
made to different points within the receptive
field on the spatial organization of the receptive
ficld. We determined the response to a spot of
light at each point in the field in the no-saccade
(fixation) condition and then in the saccade

! Note that in this experiment the stimulus configu-
ration in Fig. 2C is different from that in Fig. 2B
since the control stimulus is not present in 2B8. Exper-
iments with identical stimulus conditions have been
reported previously (ref 5, Fig. 5).
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FiG. 2. Selective enhancement of the on-response of a cell to the receptive-field stimulus. On this and
subsequent figures, histograms on the right are constructed from the same cell discharges as displayed in
rasters. On histograms in this and following figures, the bin width is 8 ms and the vertical scale indicates the
height of a bin if a cell discharged at 250 spikes/s per trial. Stimulus onset is indicated by the vertical fine below
the histogram. Time between dots along the abscissa on both rasters and histograms is 50 ms. Trials in A show
the cell discharge to the receptive-field stimulus (RF in the schematic deawing—the circle indicates the excita-
tory central region of the receptive field) while the monkey was looking at the fixation point (FP). In B the
increased response is associated with saccades made to the receptive-field stimules. In C the monkey made
saccades to the control stimulus (CON) in the contralateral visval field (as determined from EOG records) and

no enhancement occurred.

condition. The upper segment of Fig. 3 (labeled
fixation) shows the histograms for the visual re-
sponse at points in and surrounding the visual
receptive field of a cell mapped in the no-sac-
cade condition. There is a clear gradient of re-
sponse to the spot of light with a peak at a
centrally located point and a sharper decrease
of response toward the fixation point than away
from it. The lower segment of Fig. 3 (labeled
saccade)} shows the responses at each point
when the monkey used that point as the target
for a saccade. The enhancement of response
occurs at all points within the receptive field
including the central points, which were already
responding vigorously in the no-saccade condi-
tion. At the fringe of the receptive field some
points which did not respond in the no-saccade
condition now show a response to the visual
stimulus. Note that the new points appear
where the gradient of response from point to

point is slight; the point closest to the fixation .

point, where the response gradient is steep,
shows no response during either the no-saccade
or the saccade condition. The inclusion of a
usually subliminal fringe around the edge of the
receptive field during the saccade. condition
could result from a reduction in an inhibitory
surround process or a potentiation of the ex-
citatory central process, but we have no evi-
dence to distinguish between these possible
mechanisms. In 16 experiments in which we
were able to study enough points to determine
if expansion of the receptive field occurrved, I
cells showed a comparable slight expansion. In
all cases the spatial organization of the recep-
tive field was largely unchanged; the enhanced
response extended nearly equally throughout
the field and sometimes expanded the field
slightly in the area away from central vision.

Our next question was whether a saccade di-
rectly to the receptive-field stimulus was re-
quired or whether a saccade anywhere in the
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Fi1G. 3. Gradient of the visual response throughout the receptive field of a superior colliculus neuron. Top
field was determined while the monkey fixated and bottom while the monkey made saccades to the visual
stimulus. Each filled circle represents the location of a spot of light as it is plotted on a horizontal projection
plane. Distance between points is 2.5° FP indicates the location of the fixation point. Histograms were
obtained from 12 stimulus presentations. The time of stimulus onset is indicated by the filled circle; the
histogram is 1 s in duration, bin width is & ms, and the vertical scale in the lower right corner indicates the
height of a bin for a celt discharging at 250 spikes/s on each stimufus presentation. The vertical line between the
two planes connects the central point in each plane for ease of compatison. The cell response is enhanced at all

points throughout the receptive field in the bottom plane including points on the receptive-field fringe which did

not respond at all to visual stimulation in the no-saccade condition.

vicinity of the receptive-field stimulus was
adequate to produce the enhancement. To an-
swer this question we used the same basic
paradigm as in Fig. 2C. Both the receptive-field
stimulus and another spot of light (the saccade
target) came on as the fixation point went off
and the monkey made a saccade to the target;
on successive blocks of trials this spot of light
was moved farther from the receptive-field
stimulus. Figure 44 shows the response of the
cell to the receptive-field stimulus (dark square)
and a saccade target A close to it when the
monkey was fixating (Fig. 441) and when he
was making saccades (Fig. 442); a clear early
and late enhancement is evident in the saccade
condition. When the saccade iarget was moved
so that it came on at point B and the receptive-
field stimulus came on as before, there was also
an enhanced visual response in the saccade
condition (Fig. 482 compared to 4B1). We con-
clude from this and similar experiments that the
saccade target can be a point other than the

receptive-field stimuius and still lead to an en-
hanced response to the receptive-field stimulus.

We found, however, that while the target
point did not need to be the same as the visual
receptive-field stimulus, the target point had to
be close to the receptive field to produce an en-
hanced visual response. For example, in Fig. 5 the
central excitatory region of the receptive field
(outlined by the solid line) was first mapped
by stationary spots of light. Then the target
point was moved to various points in the visual
field, and the response of the cell to the recep-
tive field stimulus (and possibly the target point)
was determined in the no-saccade and saccade
conditions as in Fig. 4. Enhancement of the
visual response was ciear for saccades made to
points close to the receptive field (target spots
marked with a plus in Fig. 5) and not at points
more remote from the field (spots marked with
a circle in Fig. 5). In general, there was a grada-
tion of effect: saccade targets closer to the
receptive-field stimulus were associated with
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FIG. 4. Enhancement of the visual response with saccades made to points other than the receptive-field
stimulus. In the schematic drawing the square indicates the receptive-field stimulus; dots, the saccade targets at
point A or point B. Rasters and histograms show the visual response following onset of the visual stimulus and
the spot at point A when the monkey was fixating (41} and when he was making saccades to point A (42).
Records in 8 show the response when the same visual stimulus and the spot at B came on during fixation (81}
and during saccades to point B. Even with the saccade target outside the receptive field (at point B), some

enhancement in the visual response is apparent,

greater enhancement of response to the visual
stimulus than points more remote from the
field. In addition, this experiment indicates that
saccades to target points clearly outside the ex-
citatory response area of the receptive field can
lead to an enhanced response. This area is en-
closed as far as the experimental results permit
with a dashed line in Fig. 5 and might reason-
ably be called the *‘enhancement field”” of the
ceil as opposed to its visual receptive field. The
enhancement field described in Fig. 5 was gen-
eraily targer than the enlargement of the visual

responsive area seen in the experiments such as
that in Fig. 3.

We alse determined whether an enhanced re-
sponse to visual stimuli in one area of the visual
field entatled a decrease in response to visual
stimuli in other parts of the field. For 26 cells
(12 showing enhancement when a saccade was
made to the receptive-field area, 14 showing no
such enhancement} we had the monkey make
saccades to some point remote from the visual
receplive field as the visual stimulus came on in
the receptive field. No clear reduction of the
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Fi6. 5. Example of enhancement field which is
larger than the excitatory central area of the visual
receptive field. Solid line outlines area in which I°
spots of light gave an excitatory response. Square in-
dicates site of visual stimulus, while +'s and o's indi-
cate location of saccade targets. Slight enhancement
was obtained at saccade targets marked +; no en-
hancement at target marked o. Dashed line cutlines
the medial edge of the expanded area where saccade
targets which were not in the visual receptive field led
to an enhanced visual response.
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visual response below the no-saccade level oc-
curred (see Figs. 2C and 4B for examples). In
the monkey colliculus response enhancement
above the normal no-saccade level in one area
of the visual field was not accompanied by a
depression of the response to stimuli falling in
other parts of the visual field.

This question of the interrelations between
different parts of the visual field was particu-
{arly impertant because recent studies in the cat
superior colliculus indicate that a moving
stimulus remote from the mapped recepiive
field of a cell reduces the response of the cell to
a spot of light within the receptive field (15). We
thought this effect might be related to the
paratyzed cat’s intention to move its eyes to the
remote stimulus. In experiments on six cells we
moved the second stimulus which was remote
from the receptive field (with no saccade used
at all) to try to test in the monkey the observa-
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tions made on the cat; no reduction in response
was observed.

In summary, these experiments show that the
spatial organization of the receptive field of col-
licufus cells is only slightly altered by the en-
hancement effect. In addition, the area of the
visual field over which such enhancement ex-
tends is limited to a region around the saccade
target; saccades made 1o other parts of the vis-
ual field only minimally alter the discharge of
the cell.

Temporal course of enhancement effect

The enhancement effect in different cells
consistently shows a graded effect ranging from.
early enhancement through early and late en-
hancement to late enhancement only. Our next
experiment attempted to bring this varation in
enhancement under experimental control. First,
we found that we could convert a late en-
hancement to an early enhancement. For ex-
ample, in Fig. 64 the response was clearly en-
hanced in the saccade condition (Fig. 6A2) as
compared to the no-saccade condition (Fig.
6A 1), and the enhancement was nearly entirely
in the later response beyond the initial on-re-
sponse. In Fig. 642 the fixation point went off
at the same time the receptive-field stimulus
came on, but in Fig. 643 this timing was mod-
ified. Now the fixation point went off {the signal
to make a saccade) 150 ms before the recep-
tive-field stimulus came on. The monkey made
a saccade with about the usual latency after the
fixation point went off so that the saccade oc-
curred just after the onset of the visual recep-
tive-field stimulus (see sample eye trace above
Fig. 643), and the enhancement was now
clearly an early one rather than a late one. It
is possible that the late enhancement was still
present, but at this time the eye movement
had moved the visual stimulus off the receptive
field. When a cell gave a predominantly early
enhancement, this enhancement could be in-
creased by forcing the monkey to start the pro-
cess of making the saccade earlier (Fig. 6B).
These experiments (on six cells) show that the
early and late enhancemient responses c¢an be
shifted back and forth in time by shifting the
temporal relationship between the monkey’s
saccade and the visual stimulus.

We tested further 13 cells which showed no
enhancement in the standard eye-response task.
We had the monkey make a saccade just after
the visual stimulus came on in an attempt to
produce an enhanced response where there was
none before. No enhancement appeared in
these cells. The cells which show the enhance-
ment s¢em to be a fraction of the cells within
the colliculus, and this fraction has not been
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FIG. 6. Conversion of late enhancement to early enhancement by forcing an earlier saccade to the visual
stimulus (4) and potentiation of early enhancement by an early saccade to the visual stimalus (B}. In 1 of each
section the visual stimulus came on during fixation trials. In 2 the fixation point went off as the visual stimulus
{which is also the saccade target) came on, the monkey made a saccade to the visual stimulus, and a shght [ate
enhancement is evident in A2 or a slight early enhancement in B2. In 3 the fixation point went off before the
visual stimulus came on (100 ms in A3, 50 ms in B3); the monkey made an earlier saccade and there is now a

clearer enhancement of the early response.

changed by any manipulation we have dis-
covered.

Having seen that the type of enhancement
could be modified, we tried to determine the
overall time course of the enhancement effect
on three cells. Instead of using a continuous
receptive-field stimulus, we tested the respon-
siveness of a cell with a 50-ms flash of light
given at different times before the eye move-
ment. We used a small spot in the receptive
field as the saccade target and also turned on a
receptive-field stimulus for 50 ms at times pro-
gressively closer to the eye movement. Figure
7A shows the visual response to this stimulus

while the monkey was fixating, and Fig. 7B
shows that no visual enhancement is present for
the stimulus 300-400 ms before saccade onset.
By 200 ms before the saccade there is a late
enhancement (Fig. 7C). and by 50 ms before
the saccade there is an enhancement of the on-
response (Fig. 7D). The enhancement effect
therefore begins between 200-300 ms before the
saccade for this cell. The process underiying
the enhancement is, therefore, a phasic one: it
is not present as the fixation trial starts, but
builds up closer to the time of occurrence of the
eye movement,

We also tested responsiveness of enhance-
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v

F1G. 7. Time course of the enhanced viseal response. Histograms show the response to a 50 ms duration
visual stimutus flashed at the times shown by dots above the eye movement trace. In A the 50-ms flash was
presented while the monkey fixated. In B. €, and D the stimulus was presented a given time before the signal
to make the saccade (fixation point off} so that the time before the actual saccade is variable; this variation is
small since the monkey was making saccades with a regular latency which averaged about 200 ms. [n E, F. and
(7 the visual stimulus was triggered by the end of the eye movement. No enhancement is present when the
stimulus precedes the eye movement by more than 300—400 ms (B). The enhancement effect begins with a late
enhancement effect at €. and rises 10 a peak at D, This enhancement effect continues after the eye movement,

as indicated particularly in E.

ment cells after the eve movement on two cells.
For this experiment the monkeys made a sac-
cade to the initial fixation poini that was equal
in amplitude to a saccade from the fixation
point to the saccade target. At the completion
of this saccade. the eye movement-recognition
program triggered the projection of the 50-ms
stimulus onto the receptive field. There was
clear enhancement just after the eye movement
(as in Fig. 7E) in both cells which disappeared
by 500 ms after the saccade (as in Fig. 7G).
While these few experiments indicate that the
enhancement effect is present after the eye
movement ends, we have not done enough ex-
periments to determine either the frequency of
this enhancement or its time course.

A buildup of the response enhancement also
occurred from trial to trial so that the second
and third response on which the monkey used
the stimulus as a saccade target generally
showed more enhancement than the first re-
sponse. Figure & shows this effect by compar-
ing the enhancement of the visual response seen
on a series of sequential saccade trials (Fig. 88)
with the enhancement seen on a raster” where
each line is the first saccade triat from a series
of saccade trials (Fig. 8C). Some late enhance-
ment is evident in this collection of first saccade
trials, but nothing as marked as the overall en-
hancement on continuous trials. This increase
in enhancement on a continuous series of sac-
cade trials is similar to the increased response
of eye movement cells during sequential sac-
cade trials (Fig. 11 of ref 12).

This buildup of response enhancement over
several trials is similar to the buildup seen in
movement-related cells in the intermediate
lavers of the collicutus when the monkey makes
repeated predictable saccades to the same
target (12). For example, Fig. 94 shows the de-
velopment of an enhanced visual response on
several trials after the signal to start making
saccades was given on the fourth trial. Figure
98 shows the same sequence of events as in
Fig. 94, but for an eye movement cell. The
monkey started making saccades on the fourth
trial and the Jead of the cell discharge gradually
increased until it actually preceded the onset of
the trigger signal.

These experiments on the time course of the
enhancement indicate that the effect develops
on each trial. In addition, the buildup of en-
hancement from triat to trial parallels a similar
anticipatory buildup of rate of discharge in the
movement cells of the deeper layers which was
described in the preceding paper (12).

Enhancement and collicular organization

We have had the impression that cells show-
ing the enhancement phenomenon occurred
more frequently as the electrode was advanced
deeper into the colliculus. but since we usually
advance and retract the electrode in small steps
it was difficult to be sure of this point. To de-
termine the relation of frequency of enhance-
ment to depth of cells in the superficial layers,
we made all of the penetrations in one monkey
by advancing the electrede onty downward; we
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FiG. 8. Comparison of enhancement on succes-
sive saccade trials with enhancement on the first sac-
cade trial of each series. In A the monkey was fixat-
ing and the trials were continuous one after the other.
In B the trials were also continuous but the monkey
was making saccades to the receptive-field stimulus.
In C the monkey is making saccades, but each line is
the first saccade trial of a series and the trials are
therefore discontinuous. N

did 16 penetrations on which three or more cells
were studied. In the graph of Fig. 10, the fre-
quency of enhancement found in these penetra-
tions is plotted against the depth of the cell in
the collicutus. None of the first visual cells iso-
lated showed enhancement, and only one of
nine cells in the first guarter-millimeter below
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FiIG. 10. Changes in frequency of response en-
hancement with depth of cells in superior colliculus.
The zero point is the dorsat surface of the colliculus
which was taken as that point where visually acti-
vated multiple cell activity was clearly detected. Data
are from 16 penetrations in which the electrode was
only advanced downward and 3 or more cells were
encountered on the penetration. Resolution of the
microdrive scale was 0.25 mm; numbers below each
depth on the abscissa are the number of cells re-
corded at that depth. M cells on abscissa refer to eye
movement-related cells which also had visual recep-
tive fields. Penetrations entering the colliculus at an
oblique angle would have only slight errors in the
depth relationship in the first 0.25 mm, but could have
considerably greater errors at deeper points. En-
hancement was more frequent in cells found below
the first 0.25 mm from the top and absent in the visual
responge of movement cells (labeled M cells) deep in
the superficial tayers.

the surface showed the enhancement. Fre-
quency of enhancement increased to about 50%
by a depth of 0.75 mm and stayed at about that
level with increased depth in the visually re-
lated superficial layers. The type of enhance-
ment, early or late, showed no relation to depth
of the cell in the colliculus. Instead there was a
slight tendency for all cells in a penetration to
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Development of the enhancement effect over successive trials in visual cells in the superficial

layers (A) and the movement response in intermediate fayer cells (8). In A, the monkey was fixating for the
first three trials and then making saccades to the visual stimulus on subsequent trials. The enhancement
became clearer over the first several saccade trials. In B, the monkey also fixated on the first three trials and
then made saccades 10 a target on subsequent trials. The response occurred with a shorter latency after the
visual trigger on successive trials and anticipated the visual trigger on the last two trials.
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show enhancement or.no enhancement, but as
seen in the last section these relations may be
related to variations in the monkey’s anticipa-
tory behavior rather than the penetrations per
se.

We measured the frequency of enhancement
in a total of 133 cells from two monkeys (includ-
ing the cells of Fig. 10) against distance of the
receptive-field center of the cells from the fixa-
tion point. The frequency of the enhancement
effect is nearly the same in all parts of the vis-
wal field and is not concenirated either near the
fovea or in the far periphery. No evaluation of
areas less than 0.5° from the fixation point has
been made since the experimental paradigm we
use required identification of the saccade to the
receptive-field stimulus on each trial and small
eye movements less than 0.5° are difficult to
identify with certainty.in the EOG.

We also measured the relationship between
the latency of the visual response of the cells
and their position within the colliculus. Cells
showed no consistent variation in visual latency
as a function of receptive-field distance from
the fovea. With depth in the colliculus, how-
ever, there was a tendency for the latency to
increase. The increase was slight, usually in the
range of 10-20 ms difference betweén the most
dorsal and the deepest visual cell (Fig. 11);
however, the increase was consistent for all the
penetrations from two monkeys. This increase
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in latency coupled with the increasing recep-
tive-field size with depth (4, 7) is consistent
with the downward and convergence models of
serial processing in the superficial collicular
layers (12).

Response specificity of
enhancement effect

In order to see the relation of the enhance-
ment effect to the monkey’s behavioral re-
sponse, we required the monkey to make a
hand response rather than an eye movement re-
sponse to the visual stimuli. We studied 55 cells
from two monkeys while the monkey was re-
quired to release the bar when the receptive-
field stimulus dimmed, as outlined in the hand-
response task shown in Fig.- 1C. An attempted
eye movement during the fixation period in
these experiments terminated the trial. None of
these cells showed any dramatic enhancement
while the monkey responded to the stimulus,
The response of a few cells (9 of the 55 cells)
was slightly enhanced, but this was no more
than the slight increase in response associated
with eye movements to any point of the visual
field (5).

A possible explanation for this lack of en-
hancement with the hand response was that the
cells studied were simply not sampled from the
subpopulation of collicular cells that show the
enhancement in the eye-response task. We
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FiG. 11,

Change in latency of the visual response with depth below collicular surface. Zero depth was the

point at which visually driven multiunit activity was first recorded; subsequent depths were read from micro-
drive and may not represent penetrations normal to the serface of the colliculus. Latency was determined from
histograms with 8-ms bin width or from rasiers such as those in Fig. 2. Latency increases slightly with

increasing depth.
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therefore trained one of the two monkeys to do
the hand-response task and to do the eye-re-
sponse task as well. We succeeded in studying
the hand task on I5 cells which showed an en-
hanced response on the eye-response task;
none of these celfs showed any clear enhance-
ment on the hand-response task. For example,
in Fig. 12 the late enhancement in the eye-re-
sponse task (upper half of Fig. 12} is clear if A
(no-saccade condition) and B (saccade condi-
tion) are compared. But there is little change in
the response in the hand task if A {only fixation
point dims). and B (fixation point or receptive-
field stimulus dims) are compared.

This lack of enhancement could be due to a
number of experimental variables, some of
which we could control. One possible problem
is that the monkey might have developed a
strategy of attending to both the fixation point
and the receptive-field stimulus all the time; an
enhancement of response would then not show
up when the monkey responded to the recep-
tive-field stimulus because he had already been
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utilizing the receptive field stimulus throughout
the fixation trials. To reduce this effect, we
only counted as a valid experiment those serics
of trials in which the monkey did not respond to
the dim of the receptive-field stimulus on the
first trial, but did make correct responses to
subsequent receptive-field dims. Such improved
performance on subsequent trials was taken as
an indicator of increased awareness or use of
the stimulus. In addition, in some experiments
we used not one but two stimuli in addition to
the fixation point; one in the receptive field and
the other contralateral to the receptive field. We
required the monkey to respond to a dimming
of the stimulus in the contralateral field over a
series of trials in order to shift the monkey's
use to that stimulus. We then required a re-
sponse to the dimming of the receptive-field
stimulus, No more striking response enhance-
ment emerged in either of these experiments.

It is possible that there was a different cell
response for fixation-point dim trials and hand-
response trials when the monkey made a cor-

E
F
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Lack of enhancement of response when the monkey responds to the stimulus with a hand move-

ment rather than an eye movement. In A the monkey is not making saccades (upper segment) or responding to
any stimulus change (lower segment). In B the monkey is making saccades to the stimulus (upper segment) or
responding with a hand movement to a dimming of the stimulus or the fixation point {lower segment). Dots at
end of the raster lines in B of the lower half indicate trials where the receptive field dimmed (first dot) and on
which of these trials the monkey responded correctly to the dim (second dot). Receptive field is about 7° from

fixation point.
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rect response to the dim of the receptive-field
stimulus, but that this enhancement was not vis-
ible in the series of mixed fixation-point dim
and receptive-field dim trials (as in Fig. 12B). In
Fig. 13 the receptive-field dim trials on which
the monkey was rewarded are gathered together
to emphasize any such enhancement effect.
Comparison of the rasters and histograms in
Fig. 134 shows that there is a late enhancement
in the eye-response task. In Fig. 138 the upper
raster and histograms show the response of the
cell during a series of fixation trials while the
lower ones show a group of nonsequential trials
on which the receptive-field stimulus dimmed
and the monkey responded correctty. Compari-
son of these two rasters and histograms shows
no clear enhancement.

Another possible problem in comparing the
results of the eye- and hand-response tasks was
that in the eye-movement task, the enhance-
ment associated with first saccade trials is fre-
quently minimal (Fig. 9} and many of the trials
in the hand-response tasks might be regarded as
first trials, and therefore not be expected to
show a dramatic enhancement. This, however,
would not apply to trials with- consecutive
hand-responses to the visual stimulus (as in Fig.
12B). In addition, this argument assumes that
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Fi1G. 13.  Comparison of cell discharge to a receptive-field stimulus in the eye-response task (upper seg-

the monkey is not ready to respond to the
stimulus dim on other trials, an assumption we
cannot verify or reject in these experiments.

Finally it should be noted that the hand-re-
sponse task requires only a release of the bar
rather than an immediate response to one point
in space as in the eye-response task. A more
analogous hand-response experiment would re-
quire the monkey to continue to fixate while
reaching for the target point, a task sufficiently
unnatural and difficult to produce apprehension
on the part of the experimenter and disbelief on
the part of the monkey.

Subject to the above limitations, these exper-
iments indicate that the enhancement effect is
dependent on the type of response the monkey
makes to the visval stimulus; it is present dur-
ing the time the monkey makes saccades to the
stimutus, but it is not when the monkey re-
sponds only with a hand movement to a change
in the visual stimulus.

Comparison of visual cells with
enhancement to visually triggered
movement cells

The cells of the superficial layers showing the
visual enhancement effect do not give a burst of

S0 NSEC

ment} and the hand-response task (Tower segment). In the upper raster and histogram of A the monkey is
fixating, and in the lower raster and histogram of A the monkey is making a saccadic eye movement to the
receptive-field stimulus. o the upper raster and histogram of B the monkey is not responding to the receptive-
field stimulus, and the lower raster and histogram of B are nonsequential trials where the monkey responded
correctly to the dimming of the receptive-field stimulus. Notice that there is an enhancement of the visual

response on the saccade trials in 4, but there is no enhanced response on trials where the monkey responded to

the receptive-field dim with a hand response.
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discharge preceding a spontaneous eye move-
ment made in the light or dark as do cells in the
deeper layers of the colliculus (4, 21, 22). The
enhancement, therefore, represents a modula-
tion of the visual response, not simply a dis-
charge in association with eye movement {4).
The visually triggered movement celis which
were considered in the previous paper (12) are
similar to the visval cells showing enhancement
in that they do not give a burst of discharge
before spontancous eye movements. Both types
also respond to visual stimuli when no eye
movement is made (Fig. 1441 and B1), but the
two types differ in the temporal relation of their
discharge to eye movements (Fig. 1442 and
B2). The enhanced response of the cell shown
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in Fig. 1442 is a continvation of the original
visual response while the visually triggered eye
movement cell shown in Fig. 14B2 responds
with a short burst about 50 ms after the visual
target comes on {as in Fig. 14B1) and with a
second eye movement burst 190-370 ms after
visual target onset. The variable onset of the
second burst is due to the variable latency be-
tween visual stimulus onset and saccade onset,
as shown when the response raster is lined up
on saccade onset (Fig. 1483). The enhanced re-
sponse of the visual cell (Fig. 1443) is not tem-
porally locked to the eye movement. Figure
1444 and -B4 show that neither of these cells
give a burst of discharges before spontaneous
saccades made in the dark.
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FiG. 14. Comparison of a visual cell whose visual response is enhanced when the visual stimulus is used as
a saccade target (4) to a visually triggered movement cell (B). In | in each section the rasters are lined up on
the onset of a visual stimulus and no saccade is made. [n 2 the raster is also lined up on the visual stimulus
which was also the target for a saccade. In 3 the trials in which the monkey was making saccades to the visual
target are lined up on the onset of the eye movement. Note that the late burst is well synchronized with the eys
movement for the visually triggered eye movement cell {8) but that the prolonged increase of the visual
response is not so well synchronized for the visual cell (A). In 4 the rasters are lined up on the onset of a
spontaneous saccade in darkness of the same amplitude as in parts 2 and 3, but there is no response for either

of these cell types.
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Both of these cell types show an increased
rate of discharge when the monkey makes a
saccade to a visual target. The operational dis-
tinction between them is that the increased dis-
charge rate is temporally locked to stimulus
onset for the visual cells and more temporaily
locked to the eye movement for the visually
triggered movement cells. We should note,
however, that the cells in Fig. 14 were selected
to emphasize the differences between these two
cell types. We find cells where it is much more
difficult to distinguish the two cell classifica-
tions. For example, if the cell in Fig. 1482 had
a more tonic visual response before the final
burst, it would be much more difficult to clas-
sify. We think that these two cell types proba-
bly represent the ends of a continbum of col-
licular cells whose visual excitability is altered
in association with saccades. On one end of the
continuum the cells have a strong visual re-
sponse which is enhanced before visually
triggered saccades (enhancement cells). At the
other end of the continuum, the cells have a
weak visual response but a burst of cell dis-
charges that is increased before visually
triggered saccades (visually triggered movement
cells).

DISCUSSION

These experiments have demonstrated four
salient characteristics of the enhancement ef-
fect. First, the enhancement of the visual re-
sponse is spatially limited: it is selectively re-
lated to the area of the visval field surrounding
the saccade target. The saccade target need not
be the same as the visual target, but the two
must be close together. Second, the enhance-
ment effect is temporally limited: it begins
200-300 ms before the eye movement. Third,
the enhancement effect is absent in the top 0.25
mm of the superficial layers. Fourth, the en-
hancement effect is related to the type of re-
sponse made to the stimulus and possibly spe-
cifically related to an eye-movement response.
On the basis of these observations we can now
consider three points: the origin of the en-
hancement effect, the relation of the enhance-
ment to selective visual attention, and the im-
plications of these experiments for understand-
ing the functions of the superior colliculus.

Eye movement-related celis and
enhancement effect

The preceding paper (12) suggested that eye
movement-related activity in the intermediate
and deep layers of the colliculus moves upward,
joining with viswally related activity moving
down through the superficial layers. By extend-
ing this hypothesis we think we can explain the

characteristics of the enhancement effect. The
extension assumes that some movement-related ¢
activity continues into the superficial layers in-
stead of stopping at the junction of the visual
and movement ceills. In Fig. 15 the chain of .
shaded arrows moving down and up and joining
at the border between superficial and inter-
mediate layers is the same as proposed for the
convergence model in the preceding paper. The
additions are two solid arrows, one extending
from the intermediate layers directly to the
superficial layers, and the other extending from
the inputs of the movement cells to the super-
ficial layers. Either the movement cells them-
selves or their afferents could equaily well pro-
vide the necessary inputs to the visval cells.
The requirements of these inputs are only that
they have a short latency (but not necessarily a
monosynaptic latency) and that they facilitate
the responses of the superficial cells without
being able by themselves to drive them. As dis-
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FiG. 5. Model of how the enhancement effect in
superficial layer cells could reflect an input from cells
deep in the intermediate layers or afferents to these
intermediate layer cells. These two inputs are indi-
cated by the solid black arrows. This upward-directed
movement activity may be independent of the con-
vergence of the downward-directed visual activity
and the upward-directed movement activity (indicated
by gray arrews), as proposed in the preceding paper
and indicated by the shaded arrows. '
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cussed in the preceding paper, it should be em-
phasized that this connection is a matter of con-
jecture; anatomical and physiological evidence
on intracollicular connections is not clear
enough to support or reject the hypothesis.
What follows is an explanation of the charac-
teristics of the visual enhancement effect as-
suming that a connection from intermediate
layer movement cells or their afferents is pres-
ent.

The key observation which suggests such an
input from movement-related cells is the tem-
poral course of the visual response enhance-
ment. The enhancement effect results from a
phasic buildup on each trial (as shown in Fig. 7)
rather than a tonic setting of excitability which
continues through a series of trials. Therefore,
the enhanced effect requires an input to the
superficial layers from cells that discharge be-
fore an eye movement, which we have found
extensively in the intermediate layers, instead
of an input to the superficial cells from continu-
ously discharging cells, which we have not
found in the deeper collicular layers.

The time course of the enhancement effect
before the eye movement matches closely the
time course of the deeper movement cells. The
enhanced response to a stimutus begins roughly
200 ms before onset of a saccade (Fig. 7). and
allowing for a response latency of 35-60 ms
after onset of the stimulus, the increase in col-
licular cell excitability begins "140-165 ms be-
fore the eye movement, and increases to near
peak levels at the time of saccade onset. This is
consistent with the timing of the deeper eye
movement cells whose discharge frequency be-
gins to increase rapidly 125-150 ms before sac-
cades (Figs. 2 and 3 in the preceding paper (12))
and rises to peak frequency roughly at the time
of saccadic onset. In addition, the discharge of
the movement cells can actually anticipate the
stimulus trigger in a series of trials, and in this
case the movement-related discharge can pre-
cede saccade onset by an even longer time.
This anticipatory discharge of movement cells
can easily account for an enhancement effect as
carly as 300 ms before the eye movement.
However, it is clear that the enhancement ef-
fect wowld require an input from the deeper
long-lead eye movement cells, and so the ar-
rows in Fig. 15 are drawn from the deeper part
of the colliculus or its afferents.

The persistence of the enhancement after the
eye movement, as seen in Fig. 7, is consis-
tent with the continuous discharge of the eye
movement cells after the eye movement, but is
of longer duration than is seen in the eye
movement cells. This postsaccade excitability
change might result from an input other than
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the eye movement ceils. Since we have done
the postsaccadic enhancement experiment on
very few cells and know littie about its charac-
teristics, we can not now evaluate it any
further.

That late enhancement can be shifted to early
enhancement by inducing an earlier eye move-
ment (as in Fig. 6), is also understandable if a
movement cell input is responsible for the ef-
fect. For an earlier saccade the discharge of the
intermediate cells begins earlier so the input to
the superficial cells would also come earlier. In
this case the intermediate layer input does not
prolong the visual response as in the late en-
hancement, but potentiates the on-response for
an early enhancement. Since the early and late
enhancement could therefore reflect the mon-
key's readiness to make an eye movement, it is
not surprising that the early and late enhance-
ment effects bear no relationship to depth in the
colliculus.

The enhancement of the on-response to the
vistal stimulus seems at first difficult to explain
by an eye movement-related discharge that is
presumably initiated by the visual stimulus it-
self. That presumption, however. is wrong;
cells in the intermediate layers can actually dis-
charge in anticipation of the visual stimulus
triggering a saccade when the trigger is given
regularly in a series of trials. This anticipatory
discharge occurs before the visual stimulus
comes on and is, therefore, early enough to
facilitate the on-response of the superficial cells
to the stimulus. The buildup of the visual en-
hancement, particularly on the on-response,
over several consecutive trials follows along
with the observed development of an anticipa-
tory discharge of the deeper movement-related
cells over several trials (cf. Fig. 9. If anticipa-
tion is eliminated, the enhancement effect is re-
duced (Fig. 8), and under the same experimen-
tal conditions the movement-related discharge
is also reduced (Fig. 1l in ref 12). The persis-
tence of the enhancement effect when the mon-
key is no longer making saccades to the visual
stimulus (3} is consistent with the observation
that the movement cells can also discharge at
the appropriate time even though no eye
movement is made (Fig. 12 of the preceding
paper).

In surnmary, the temporal characteristics of
the enhancement before the eye movement
could be accounted for by the time course of
discharge and the anticipatory characteristics of
the deeper movement-related cells.

The spattal charactenstics of the enhance-
ment effect are also consistent with the organi-
zation of the movement fields of the deeper col-
liculus cells, but the comparison is considerably
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more qualitative. If the enhancement resuits
from a facilitation of the visual cells by the
movement cells, the arca of the visual field over
which this facilitation occurs should be in-
fluenced by the movement fields of the deeper
cells. All indications are that the movement
fields (the portion of the visual field where a
saccade into the area is preceded by a burst of
cell discharges) of intermediate cells are in the
same general part of the visual field as are the
visual receptive fields of the visual cells just
above (17, 22). Therefore, movement cells
deeper in the colliculus could simply project to
visual cells above them. Since the movement
fields of the deeper eye movement cells are
larger than the visual receptive fields (Figs. 3
and 10 of ref 12}, the area of influence of an
intermediate layer input should be large. A
number of characteristics of the enhancement
effect fit with this assumption. First, the large
enhancement field of the visual cells can be re-
garded as a reflection of the large movement
fields of the intermediate cells. The observation
that the visual enhancement is present even
when the eye movement is not directed to the
visual stimulus itself (Figs. 4 and 5) is also read-
ily explained; the enhancement will depend on
whether the eye movement is within the move-
ment field of the cell deep in the colliculus, not
whether the eye movement is in the visual field
of the superficial layer cell. Second, the faitly
equal enhancement throughout the visual field
is understandable since the gradient of response
throughout the movement fields (17) is very
gradual so that the effect on-a visual field would
be expected to be about the same throughout.
Third, the slight expansion of the visual field
might result from the facilitation by a larger
movement field of a subliminal fringe in the vis-
ual field.

In net, the spatial characteristics of the visual
enhancement effect are easily explained by as-
suming they are derived from the movement
fields of the intermediate cells.

An input from the intermediate layer cells or
their afferents to the superficial layer cells is
more reasonabte than several of the other prom-
inent anatomical inputs. The lack of enhance-
ment in the most dorsal 0.25 mm of the super-
ficial layers (Fig. 10) suggests that the effect is
not present in the retinal input to the colliculus
since this input terminates in the most super-
ficial 0.25 mm of the superficial layers in the
monkey (at least from the contralateral eye {6))
and in the cat {20). Also. the striate cortex is
not a likely source of the enhancement effect
since the selective effect is not present im cells
of the striate cortex (24, 25) and removal of
striate cortex does not abolish the effect in col-
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licular cells ipsilateral to the cortical lesion (25).
The visually refated cells in the frontal eye
fields (11) show an analogous enhancement ef-
fect (25) and send a projection to the superior
colliculus {primarily to intermediate layers, ref
I and 9), but these visual cells in frontal eye
fields are also an unlikely source for collicular
enhancement since they have a longer latency
for the visual response (50-120 ms) than do col-
licular cells (35-60 ms). Therefore, it is improb-
able that these three major inputs to collicular
visual cells are mediating the enhancement ef-
fect.

Any input to superficial layers of the col-
liculus must take into account the fact that
these visual cells are organized on a retinal map
i.e., they are related to an area of the retina
regardless of where the eye is directed (4, 17).
Since the enhancement effect is tied to these
visual fields (cf. Figs. 3 and 5), the enhance-
ment also is tied to a retinal map. Such a re-
striction rules out most of the brain siem
oculomotor neurons as the source of the input
producing collicular enhancement because the
response of these cells is not tied to a retinal
map: the vigor of the response associated with a
given amplitude saccade can vary with the posi-
tion of the eye in the orbit (for references and
discussion see ref 8). In contrast the movement
fields of the intermediate layers are not depen-
dent on orbital position. Thus the intermediate
layer cells ‘are a possible source of the en-
hancement effect in the superficial layers while
the retina, striate cortex, frontal eve fields, and
brain stem oculomotor neurons probably are
not. :

Finally, the finding that the visual enhance-
ment effect was present in the eye-response
task but not the hand-response task (within the
experimental fimitations considered previously)
is also consistent with the hypothesis that
deeper collicular cells provide the enhancement
input since these deeper cells clearly relate to
eye movement. They do not relate to head
movement (16), and we see no obvious relation-
ship of these cells to any hand movement in our
experiments. In addition since both the visual
cells and the eye movement cells are related to
a retinal map, it is easy to see how the eye
movement-related activity could be superim-.
posed on the visually related activity. On the
other hand, a limb movement would probably
be based on a real world map since the hand
can reach for an object regardless of where the
eye Is looking, and it is more difficult to concep-
tualize how to superimpose this real world map
on the retinal map. -

In summary, these points on the temporal,
spatial, anatomical, and response characteris-
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tics of the visval enhancement effect can almost
entirely be explained by the hypothesis that the
movement-related cells in the intermediate
fayers of the colliculus or their afferents project
to the superficial layers. By this hypothesis the
readiness to make an eye movement charac-
teristic of the intermediate layer cells is trans-
lated into the selective enhancement of the vis-
val response by the connection from inter-
mediate to superficial layers. Whether this hy-
pothesis proves to be correct will depend on
the presence of the appropriate anatomical con-
nections and more specific physiological and
behavioral tests.

Enhancement, response specificity,
and attention

The enhancement phenomena was suggested
as a neural correlate of selective attention (5)
because the effect modified the visual input
when the sensory stimulation remained con-
stant and because the effect was selectively re-
lated to eye movements to the part of the field
containing the visual stimulus. These observa-
tions have been confirmed in the present series
of experiments. They indicate, in addition, that
the effect might be related to only one type of

‘response, an eye movement. For this reason
the question whether the enhancement relates
specifically to eye movements or to any use of
the stimitlus has considerable importance in in-
terpreting the function of the enhancement ef-
fect.

Comparison of the results of the eye-re-
sponse and hand-response tasks suggests that
the enhancement is dependent on the type of
response made to the stimulus. Furthermore,
the physiological evidence summarized above
strongly supports the hypothesis that the char-
acteristics of the visual enhancement effect
result from an input from the eye movement-re-
lated cells in the intermediate layers, and the
lack of enhancement in the hand-response task
can be viewed as corroborating this physiologi-
cal evidence. The term attention has usually
been used in a way that implies response inde-
pendence, that is, the modification of sensory
input should occur regardless of how the animal
responds to the stimufus. Since the enhance-
ment of the visual response appears to be more
closely related to a readiness to make an eye
movement than to other movements tested, we
have avoided using the term selective attention
to describe the enhancement effect.

[t is possible, however, that at a neural level
there might be more than one mechanism for
what, at the behavioral level, is referred to as
selective attention. For example, for shifting
visual fixation there might be one subsystem
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for selecting visual targets, and producing eye
movements and this system would incorporate
a mechansim for selecting inputs from one part
of the visual field. In the sense that this system
selects (increases the response of celis) to cer-
tain visual stimuli, the neural events we have
seen would be a correlate of attention. Another
system might select certain auditory cues and
lead to head movements, and this would be
another possible neural correlate of attention.
But in both these cases the selection process is
related to movement and thus might be more
parsimotiiously called part of a readiness to re-
spond. This direction of thinking suggests that
the global behavioral concept of selective at-
tention might be a composite of many more
specific physiological and behavioral fragments,
all of which are related to a readiness to re-
spond. In fact. several psychological concepts
have been viewed as a preparation for response
by Sperry (18) so that viewing attention in this
light is hardly novel.”

Implications for collicular function

The points considered in this paper and in the
preceding one have been primarily directed at
an understanding of the internal organization of
the superior colliculus. There are several im-
plications, however, relevant to an understand-
ing of the function of the superior colliculus.

From the preceding paper we have seen that
the discharge of intermediate layer cells proba-
bly does not result from a downward flow from
superficial layer cells. Instead. these cells dis-
charge as a result of some other input which
already has determined the area of the field to

. which the eye movement will be directed. The
" discharge of these intermediate layer cells ap-

pears to be closely related to a readiness to
make an eye movement. We proposed that this
readiness to respond, if it impinges on the super-
ficiat layer cells, can account for the enhanced
visual response of those cells. Thus the em-
phasis on stimuli in one part of the field is a
consequence of the readiness to respond, which
in turn appears to be a characteristic incorpo-
rated into the afferents to the intermediate
layers. The colliculus, then, is an agent of this
readiness and selection process, not the in-
itiator.

These cell types and their organization,
therefore, suggest that the colliculus is one
stage in the selection of visual targets and in the
readiness to make an eye movement to those
targeis. For example, if a monkey received a
cue that an interesting object was in one part of
his visual field, these stimulus-selection and
readiness-to-respond mechanisms would permit
him to rapidly initiate a saccade to a visual
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target if it appeared in the anticipated portion of
the visual field. This hypothesis that the col-
liculus can speed up initiatien of saccades to a
visual target also is consistent with studies
which show that after collicultar lesions there is
a slightly increased latency for initiation of vis-
ually triggered saccades (24) and a minor deficit
in the accuracy of the saccades (unpublished
observations). The finding that the reaction
time and accuracy deficits are partial and not
complete is consistent with the idea that the
colliculus is at a very early stage of eye move-
ment processing (12) and suggests that other in-
puts are also available to the oculomotor sys-
tem for initiation and guidance of eye move-
ments.

While we think our observations on the col-
licelus strongly suggest a selection-of-stimult
and readiness-to-respond role for the colliculus,
they do not rule out the widely held “*fovea-
tion'’ notion of collicular function. The fovea-
tion model proposed that there was a visual-
to-motor tramsition within the colliculus that
was the first step in the nuts-and-bolts process-
ing involved in calculating the amplitude of an
eye movement (15, 17). As indicated in the pre-
ceding paper (12), we think such a transition
within the colliculus should be rejected. How-
ever, there is no evidence in our experiments to
reject the notion that the cells we indicated as a
possible output from the colliculus, the visually
triggered movement cells, might not themselves
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