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Horwitz, Gregory D. and William T. Newsome. Target selection for movement-related structures while monkeys made saccades to
saccadic eye movements: direction-selective visual responses ind¢fygd targets embedded within an array of distractor targets
S.”perijor ﬁO'"C‘l"”S'f] '\;‘e”mphy?i‘)%:”2.52|7‘2(5§'(2;') 2001. Wedi”"es' asso and Wurtz 1997, 1998; Bichot and Schall 1999; Bichot
tigated the role of the superior colliculus in saccade targ e ! X ) T
selection in rhesus monkeys who were trained to perform a directio%u- al. 1996; Glimcher and Sparks 1992; Platt and Glimcher
discrimination task. In this task, the monkey discriminated betwed?99; Schall and Hanes 1993; Schall et al. 1995; Thompson et
opposed directions of visual motion and indicated its judgment &} 1996, 1997). In some cases, the animals were required to
making a saccadic eye movement to one of two visual targets thiefrain from making a saccade to the selected target for several
were spatially aligned with the two possible directions of motion igBeconds (during an “instructed delay period”) until receipt of a
the display. Thus the neural circuits that implement target selectior%;on signal. This procedure allowed investigators to analyze

this task are likely to receive d_lrectlonally selective visual inputs andt, | 4| activity that follows the selection event, absent con-
be closely linked to the saccadic system. We therefore studied prel

e . o .
neurons in the intermediate and deep layers of the SC that Eghmdlng bursts of activity that are time-locked to saccade

discharge up to several seconds before an impending saccade, iggfcution. ) )
cating a relatively high-level role in saccade planning. We used theWhen studied in this manner, subpopulations of cells in the
direction-discrimination task to identify neurons whose prelude actifrontal lobes, the lateral intraparietal area (LIP), and the supe-
ity “predicted” the impending perceptual report several seconds hésr colliculus (SC) exhibit target-specific preludes of activity
fore the animal actually executed the operant eye movement; thegell in advance of saccade execution (Schall and Thompson
“choice predicting” cells compriseet30% of the neurons we encoun-1999). Such activity is consistent with a role for these neurons
tered in the intermediate and deep layers of the SC. Surprisingly. the process of target selection but does not provide strong

about half of these prelude cells yielded direction-selective responsesance in favor of this interpretation. For example, prelude
to our motion stimulus during a passive fixation task. In general, theﬁ : '

neurons responded to motion stimuli in many locations around t gt'v'ty might simply reflect preparatlon.for a saqcade toa
visual field including the center of gaze where the visual discrim arget selected by processes el_sewhere in the brain. .
nanda were positioned during the direction-discrimination task. Pre-We have demonstrated previously that prelude activity of
ferred directions generally pointed toward the location of the movéome SC neurons “predicts” choices made in a direction-
ment field of the SC neuron in accordance with the sensorimow@discrimination task (Horwitz and Newsome 1999, 2001). Mon-
demands of the discrimination task. Control experiments indicate thatys discriminated the direction of motion in a visual stimulus
the directional responses do not simply reflect covertly planned sagd reported their perceptual judgment by making a saccade to
cades. Our results indicate that a small population of SC preluggarget lying in the perceived direction of motion (Fig. 1). One
neurons exhibits properties appropriate for linking stimulus cues {grget was positioned within the movement field of the neuron
saccade target selection in the context of a visual discrimination tagk study while the other target was positioned well outside
the movement field. Choice-predicting neurons began dis-
charging during the stimulus presentation and continued to fire
during a delay period if the judgment resulted in a saccade into
At any given instant, potentially interesting features may ibe movement field. The logic of this task dictates that neurons
present at many locations in the visual scene. Because vispalfticipating in target selection receive input, directly or indi-
acuity outside of the fovea is poor, many of these featuresctly, from other neurons that encode the direction of stimulus
cannot be analyzed adequately during a single fixation. tmotion. Neurons that respond to motion with a leftward com-
general, this problem is solved by bringing each feature orponent, for example, should excite other neurons responsible
the fovea by means of a sequence of saccadic eye movemedotsselecting a saccade target to the left of fixation. We thus
This strategy implies the existence of a “selection procesgtopose that neurons responsible for selecting a target in a
within the brain that, after each period of fixation, determinegven region of space should be excited by visual motion
the target of the next saccade. To study the target selectftowing toward that region. On the other hand, neurons in-
process, several groups have recorded neural signals in eya@ved only in saccade preparation subsequent to the selection

INTRODUCTION
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A Motion stimulus implanted over the craniotomy through which electrodes could be
Movement field inserted into the brain. For one monkey, this cylinder was tilted
“““ backward 19° from vertical, for the other two, it was tilted 28°. The
anterior/posterior position of the craniotomy and the angle of the

i Y / ® cylinder were selected so that the axis of the cylinder passed near the
\ T1 /! T2 stereotaxic coordinates of the SC. All experimental procedures con-
Sl o formed to the standards established by the National Institutes of
““““ - Health.
B Data collection
Fixation point —! —— We initially confirmed that our electrode was in the SC by estab-
Targets ——— — lishing that visually responsive neurons in the superficial layers were
Motion stimulus retinotopically organized in accordance with the map of Cynader and
Eve position - Be_rman (1972) and by eliciting saccades using electrical micrpstimu-
yep \ lation (10- to 20pA current pulses) of the deep layers. All cells in our

database were located in the intermediate or deep layers of the BC (
mm below the first point at which visual responses could be detected).
1sec We employed electrical stimulation to estimate the movement field
Fic. 1. The geometry of the displayA( and timing of eventsg) in a locations of recorded neurons and to document sites at which direc-
2-alternative, forced-choice direction-discrimination task. Three hundred miilon-selective neurons were isolated. Across the colliculus, the direc-
liseconds after the monkey foveated a fixation point, 2 saccade targets wigom and amplitude of saccades elicited by electrical stimulation
illuminated. Five hundred to 900 ms later, a stochastic motion stimulus wagreed closely with the location of the movement field at the stimu-
shown at the center of gaze for 2 s and was followed by a delay period lastjagion site (Schiller and Stryker 1972) and was predictable from the
from 110 1.5 s. After the delay period, the fixation point was extinguishegy o\ topography of the SC (Robinson 1972). Our stimulation trains
whereupon the monkey had 500 ms to shift its gaze to the target in the dlrecwtggsisted of repeated biphasic pulses of 509 cathodal phase

of stimulus motion. For each cell studied, 1 of the saccade targets (T1) asd. c df 10 df . d

positioned inside the movement field and the other (T2) was positiongefding. Currents ranged from 10 to p@ and frequencies ranged

outside. rom 300 to 500 Hz. Train durations were adjusted so that stimulation
reliably evoked single saccades and rarely evoked multiple (“stair-

process should not respond this way; rather, their discha e”) saccades. Three to 15 saccades were elicited per site (median:
should be more closely related to the metrics of the plannﬁ
saccade.

Here we report the existence of two populations of Sﬁfscriminated on-line on the basis of time and amplitude criteria.

neurons, one with response properties suggestive of a rolerjmes of action potential occurrence were stored by computer at a
target selection and another with properties better suited fofregolution of 1 ms.

role in postselectional saccade preparation. We established thigorizontal and vertical eye position was measured by the scleral
classification initially by measuring responses to motion stinsearch coil technique (Fuchs and Robinson 1966; Robinson 1963);
uli in blocks of passive fixation trials. As we have reportedye-position signals were digitized and stored with a sampling rate of
previously, one group of cells exhibited direction-selectivéd0 Hz. Data acquisition and behavioral contingencies were con-
responses to visual stimuli, whereas the remaining cells wéf@led by the PC-based REX software system (Hays et al. 1982).

unresponsive (Horwitz and Newsome 1999). In this paper, we . _ o
briefly recapitulate the basic observation, then we descriBehavioral paradigms and stimuli

several addltlon_al experiments that collectively make a SrONG\eyrons were selected for study using the two-alternative, forced-
case that the direction-selective responses do not result frefice, direction-discrimination task illustrated in Fig. 1. We trained
covert saccade planning. Additionally, we present seveigbnkeys to discriminate between opposed directions of motion in a
novel analyses of responses recorded during performancestathastic random-dot display. On each trial, the monkey expressed its
our direction-discrimination task. The two populations of cellgirection judgment by making a saccade to a visual target lying in the
may lie at opposite ends of a continuum along which sensargrceived direction of motion. A special-purpose graphics board
signals relating to a learned association evolve into, or guid&lumber Nine Computer or Cambridge Research Systems), running

the generation of a command appropriate for driving a saccafean |BM-compatible personal computer, controlled the visual stimuli
and saccade targets, presenting them on a CRT monitor.

The visual stimulus was a random-dot motion display that has been
METHODS used extensively in this laboratory (Britten et al. 1992, 1993; Salzman
Surgical procedures et al. 1992; Shadlen and Newsome 1996). Random-dot patterns ap-
peared within a circular aperture that subtended 7° of visual angle;
Three rhesus monkeysvMcaca mulatta 2 female and 1 male) each dot subtended 0.1° of visual angle. Dots were whig0(cd/nT)
served as subjects in these experiments. Prior to data collection, eaghinst a black backgroune£(.001 cd/nf). Monkeys were trained to
monkey underwent a pair of surgical procedures that were performgidcriminate the direction of “coherent” motion in the display. Coher-
under aseptic conditions and general anesthesia. Details of the surgicél motion was created by replotting, after a delay of 50 ms, a
procedures have been described elsewhere (Newsome and Swgieeified percentage of the dots with a displacement of 0.15°. Thus
Aviles 1999). In an initial surgery, the animal was implanted with ¢hese “signal” dots appeared to move at a speed of 3°/s in a common
head-restraint device and scleral search coil (Judge et al. 1980). Afleection. The remaining dots in the display (“noise” dots) were
behavioral training, a second surgery was performed in whichreplotted in random locations, thereby making the direction of coher-
craniotomy was centered on the midsaggital plane, a few millimetezat motion more difficult to perceive. The screen was refreshed at 60
posterior to the interaural line. A stainless steel cylinder was thétz. The density of dots within each frame was 0.25 dots/degf the

lectrophysiological signals were amplified and filtered using con-
ntional electronic instruments. Individual action potentials were
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apparent density of dots in the stimulus was much higher becauseagé covert planning of saccades in the direction of stimulus motion,
persistence in the visual system. we conducted a second control task in which saccade planning was

Figure 1 shows the geometry of the visual display and the timing directed explicitly to a target located well away from the movement
events in each trial. Each trial began when the monkey fixated a sniigld of the cell under study. In these delayed-saccade trials, the
point of light near the center of the CRT screen. Three hundrégonkey was instructed to plan and execute saccades to the same
milliseconds after visual fixation was achieved, two target diskemote target location on every trial. Irrelevant motion stimuli were
appeared, flanking the fixation point and collinear with it. A 2-spresented during the delay period following the saccade instruction so
duration motion stimulus movie was then presented, usually at ti@t visual direction tuning curves could be assessed while the mon-
center of gaze. Following an enforced delay period of randomiz&dy planned a saccade to a known location. In these trials, a single
length (1-1.5 s), the fixation point was extinguished, cueing tis@ccade target appeared outside of the movement field 300 ms after
monkey to make a saccade to one of the two visual targets. A sacctife monkey acquired the fixation spot. The target remained visible
to the target in the direction of coherent stimulus motion counted aglaring a 1- to 3-s delay period, during which the irrelevant random-
correct response and was reinforced with a liquid reward. For ea@dt motion stimulus was presented at the center of gaze for 0.5-2 s. At
cell isolated, the geometry of the display was adjusted for eatie end of the delay period, the fixation point disappeared, cueing the
experiment so that one of the targets, hereafter referred to as “T1,” lagnkey to initiate a saccade to the target with a latency 530 —-800
inside the movement field and the other, “T2,” lay outside. Thes to obtain a reward. The fixation point was extinguished either
eccentricity of T1 ranged from 4 to 25° (median 15). 1,000-1,500 ms after stimulus offset (3 cells), simultaneous with

As the monkey performed this task, we recorded from neuronsstimulus offset (2 cells), or preceding stimulus offset (17 cells).
the intermediate and deep layers of the SC. Roughly one-third of th&@ndard fixation trials as described above were randomly interleaved
neurons began discharging in a target-specific manner early in wigh the delayed-saccade trials for comparison.
trial, usually within a few hundred milliseconds of the onset of During fixation, the monkey was required to maintain its eye
random-dot motion (Horwitz and Newsome 1999, 2001). For the largesition within a 3°xX 3° electronically defined window surrounding
majority of neurons, neural activity was more intense when thbe fixation point. If fixation was broken while the fixation point was
monkey decided to make a saccade into the movement field of tiiethe trial was aborted. On saccade or discrimination trials, the trial
neuron under study. Listening to this activity during the trial, awas also aborted if the monkey failed to make a saccade within
experimenter could usually predict which direction the monkey wouf@d0—-800 ms of fixation point offset. The monkey received liquid
choose at the end of the trial. We called these “choice-predictinggwards for maintaining accurate fixation or for making accurate
neurons and selected them for further study based on our qualitap@scades. Electronic windows around the saccade targets varied in
impression during the initial search procedure. The discriminati®ize depending on the eccentricity of the target. Saccades landing in
task is described in more detail in the companion paper (Horwitz atitese windows tended to be quite accurate.

Newsome 2001).

Choice-predicting neurons exhibited a variety of response prop
ties characteristic of neurons in the intermediate and deep layers of
SC. These properties included a transient visual response to the onsglirection-tuning curves were fit with Gaussian functions using a
of a saccade target inside the movement field, sustained actiVigyst-squares algorithm. Prior to fitting, responses were rotated so that
during an enforced delay period and a burst of activity on saccaghe greatest response was at 180°. The response to the opposite
initiation. We measured these responses quantitatively in the contgitction of motion was duplicated and associated with both 0 and
of the direction-discrimination task as reportecrissuLTs To a first  360°. The fitted function had the form
approximation, most of the neurons we studied appeared similar to the
populations of “build-up” or “prelude burst” neurons described by response= A- e+ 1 g @

other Glimch ds ; - . .
groups (Glimcher and Sparks 1992; Munoz and Wurtz 1995)here response, the firing rate of the neuron, is the dependent variable

Some of our choice-predicting neurons (including many of the dire”

tion-selective cells that are the focus of this paper) probably Corﬁ‘dX, the direction of stimulus motion, is the independent variable.

ft%iéection-tuning curves

spond to the “quasi-visual cells” (QV cells) described by Mays a I .other varlab]es are fitted ,parametev!s:ls. the. amplltude of_the
Sparks (1980). Although we did not perform the double-saccad¥ing curve,u is the neuron’s preferred directiom; is the tuning
experiments that would identify QV cells definitively, these choice2t"Ve Width, andB is the baseline of the tuning curve. After fitting,
predicting neurons were similar to QV cells in yielding sustaineBréferred directionsy) were shifted by an amount equal and opposite
discharges during the delay period and lacking peri-saccadic bur&dhe initial rotation of the responses.
(seeresuLTy.
~ The primary goal of the current study was to determine whethgjirection indices
individual SC neurons receive direction-selective input appropriate
for mediating target selection in the direction-discrimination task. We We calculated direction tuning indices from responses to motion
measured responses to the presentation of visual motion stimuli wHitaving toward and away from the movement field. A distribution of
the monkey performed behavioral tasks that (in contrast to the dirgesponses (in spikes/s) was compiled for each motion direction, and a
tion-discrimination task) were designed to dissociate the direction rfceiver operating characteristic (ROC) curve was derived from these
stimulus motion from the direction of a planned saccade. In the firétyo distributions (Britten et al. 1992; Green and Swets 1966). The
a visual fixation task, the monkey was not required to plan saccadbeection-tuning index is defined as the integrated area beneath the
at all but was rewarded simply for fixating. While the monkey fixatedROC curve. A cell that is not directionally tuned yields a direction
a motion stimulus (appearing 300-1,000 ms after the monkéyning index close to 0.5. A value near 1 indicates that motion toward
achieved fixation) flowed in one of either two or eight equally spacdéble movement field consistently evoked a stronger response than
directions. Stimulus presentations lasted 500-2,500 ms. In most &etion in the opposite direction; a value of 0 indicates that the neuron
periments, the motion stimuli were presented at the center of gazectmsistently preferred motion away from the movement field.
others, several stimulus locations were randomly interleaved within aStatistical significance of direction tuning indices was assessed by
block of trials. High coherence stimuli (51.2% coherently movingermutation tests. Responses on individual trials were randomly as-
dots) were used in all measurements unless otherwise specified. signed to the two directions of motion 2,000 times to generate a
Direction-selective responses observed during the fixation task adistribution of direction tuning indices under the hypothesis of no
be interpreted as reflections of covertly planned saccades. To discalirectional tuning. The cited® value is the proportion of direction
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indices equaling or exceeding the value obtained from the original A 10
(unpermuted) data.

Database

Degrees
[=]

Data from 119 neurons are presented in this paper. Ninety-six of \
these neurons were studied quantitatively in the direction-discrimina- ts191ch
tion task as described in detail in the companion paper (Horwitz and -10
Newsome 2001). Of these 96 neurons, 44 yielded direction-selective -10 Deorees 10
responses in a passive visual fixation task. This direction-selective 9
response is the focus of this study, and the responses from these ceIIsB
are analyzed in detail. The remaining 52 cells that lacked such
direction-selective responses are included only in the few analyses
that explicitly contrast the responses of direction-selective and non- o + | m————r
direction-selective neurons (seesuLty. An additional 23 direction- wi| e "' a1 1
selective neurons are included in this study that qualified as choice- = -
predicting based on qualitative assessment during the search
procedure but were lost before we obtained quantitative direction-
discrimination data. .

Subsets of direction-selective neurons were tested in various con- =, i | Sm————_—
trol conditions tabulated in Table 1. Complete direction tuning curves —_ —
(8 directions of motion=5 trials per direction) were obtained for 22 10 spisec
cells in interleaved passive-fixation and delayed-saccade trials. Direc- e

tion tuning was measured in multiple stimulus locations for 23 neu- i (TR | pm——
rons. Direction selectivity was measured for 15 neurons at the time of e ——nmii]
saccade initiation. Responses to interrupted motion were measured for ——— 0—12

seven neurons. These control conditions are described in detail in e :
RESULTS e Time (sec)

FiG. 2. Direction tuning measurement for visual responses of a single
superior colliculus (SC) neurod: the motion stimulus (disk) subtended 7° of
visual angle and was presented at the center of gaze. Electrical stimulation at
the recording site (2A, 500 Hz for 130 ms) evoked 10° amplitude right-
downward saccades (arrovB: responses of an SC neuron at this stimulation

Most of the SC neurons we studied did not respond fije to 8 directions of visual motion. The positions of the spike rasters

. . . . . . . correspond to the 8 directions of motion. Vertical bars in the rasters delineate
motion St'mu“ presented during t,he p{;\sswe-_flxat_lon parad'_g@s-long stimulus presentation intervals. The polar plot shows mean responses
Those that did, however, were invariably direction selectivicorded during this interval. The small circle at the origin indicates baseline
Figure 2 illustrates a direction tuning curve obtained from ativity level.
single choice-predicting SC neuron during passive fixation ) ) S o N
(recall that choice-predicting refers to activity measured duritge monkey is required to maintain visual fixation, the firing
the discrimination task). FigureA2shows the geometrical rate is consistently and closely time-locked to the presentation
relationship between the stimulus aperture (gray disk) and thithe visual stimulus and not with any measurable aspect of
mean saccade vector elicited with electrical stimulation at tlehavior. The fact that the firing rate at the beginning of the
recording site. The aperture subtended 7° of visual angle astinulus presentation exceeds that at the end of the stimulus
was presented at the center of gaze. Electrical stimulatipresentation is consistent with this interpretation. We will use
evoked saccades ef10° amplitude, directed down and to thethe phrase “visual response” throughout this report to refer to
right (arrow). Responses of this cell to eight directions ahe preceding definition (which, it should be noted, is agnostic
stimulus motion (Fig. B) reveal that the cell was stronglyconcerning the functional significance of the discharge).
tuned for the direction of visual motion with a preferred direc- The directional visual response documented in Fig.i2
tion down and to the right. surprising: although some SC neurons in the intermediate and

The neural activity documented in FigB2Zneets a standard deep layers exhibit visual responses, pronounced directional
definition of a visual response: during a block of trials in whickelectivity has not been previously reported in the primate SC.

_ Importantly, the direction of motion preferred by this cell is
TABLE 1. Numbers of cells studied very similar to the direction of the electrically evoked saccade
_ _ vector @), or equivalently, the preferred direction points to-
Studied Not Studied = \yarq the inferred location of the movement field. This is
Quantitatively Quantitatively . . .
in Direction in Direction  exactly the relationship expected from the sensorimotor de-
Discrimination  Discrimination mands of our direction-discrimination task. In the discrimina-
tion task, a motion stimulus at the center of gaze instructs a
saccade to a target lying in the direction of motion. For exam-
ple, motion flowing down and to the right would instruct a

RESULTS

Analysis of direction-selective response properties

Directional cells 44 (of 96) 23
Number of directional cells studied in
particular control conditions

Delayed saccades 8 14 saccade into the movement field of saccade-related neurons in
Multiple stimulus locations 11 12 the neighborhood of the recorded cell. The cell in Fig. 2 carries

Persistent motion 6 9 the sensory signal appropriate for target selection into close
Interrupted motion 3 4

registry with circuitry required for driving the operant saccade.
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This pattern of results is suggestive of a role in implementin 5 ' :
the sensorimotor link between motion direction and saccai

vector.

Slightly fewer than one-half of the choice-predicting SC (
neurons we studied~(15% of the neurons we encountered ir 4o _ L
the intermediate and deep layers) exhibited direction-selecti
responses qualitatively similar to the one illustrated in Fig. :

We measured direction tuning curves as well as electricalg

evoked saccades for 22 of these recordings. Tuning curvg o |

were fit with Gaussian functions to provide objective estimate§

of preferred directions (semeTtHops). As shown in Fig. 3,
visual preferred directions spanned a wide range and, in eve
case, agreed well with the direction of the electrically evoke

- , . - -10
saccade (circular-circular rank correlation coefficien.76;
P < 0.0001). For a small population of SC neurons, therefor: @) )
10

visual motion at the center of gaze generates directional vist 20 spisec !
responses that are systematically related to the location of t 50+ ts191a L
movement field. ' ' = '
-20 0 10 20
Degrees
Receptive field dimensions FiGc. 4. Direction tuning of a single SC neuron for stimuli positioned at 5

. . . . locations in the visual field (gray disks). Direction tuning curves measured at
To explore the area of the visual field over which the motioghch retinal location are displayed at corresponding locations in the figure.

stimulus elicited a direction-selective response, we recordeashed circles represent baseline responses and identify the origin of each
from 23 cells while passively fixating monkeys viewed motiofning curve. Electrical stimulation at the site evoked stereotyped saccades
stimuli that appeared at 4—24 locations on the CRT scredf{’oW)- At the center of gaze, this cell preferred motion flowing toward the

. . . movement field; the preferred direction was roughly consistent at all locations
Figure 4 shows the results of this experiment for the samgoq.
neuron illustrated in Fig. 2. In this experiment, we measured i .
responses to eight different motion directions at each of figérection tuning curve corresponds to the aperture location at
aperture locations; all aperture locations and motion directiowdich it was measured. o _ _
were randomly interleaved. Each combination of location and This neuron responded to stimuli at a wide range of locations,
direction was repeated five times. |ncl_ud|ng substantial portions of both hemlfle!ds. Thg strongest

The large axis grid in Fig. 4 is in retinal coordinates with th&ning occurred at the center of gaze where visual stimuli gener-
fovea at the origin. Gray disks, representing the stimulus a@ly appeared during the direction-discrimination task, and the
erture, are positioned at the five retinal locations tested. TReferred direction of this cell was roughly constant across aper-
thick arrow represents the average saccade vector evoked§ locations. Surprisingly, strongly directional responses were

electrical stimulation at the recording site. The position of ea@ptained at one location that was contained entirely within the
ipsilateral hemifield. This response is thus unlikely to be due to

large, primarily contralateral receptive fields—the classical profile
of visually responsive SC neurons.

Figure 5 illustrates the regions of visual space over which five
representative direction-selective neurons responded. These re-
gions were drawn by hand based on data sets like the one dis-
played in Fig. 4 and the statistical criteria described in the follow-
ing text. For each aperture location tested, we determined the
statistical significance of direction tuning by performing a one-
way ANOVA on the responses. Solid contours indicate bound-
aries between retinal locations that yielded significant direction
tuning P < 0.05) and those that did nd? & 0.05). More often
than not, however, neurons exhibited significant direction tuning
at the most eccentric stimulus locations tested, so actual bound-
aries were frequently impossible to draw. In these cases, we drew
dashed contours just outside these eccentric locations, indicating
that directionally tuned responses extended at least this far eccen-

. tric. Notice that all of the cells depicted in Fig. 5 responded
0 180 360 directionally to ipsilateral stimuli.

Preferred directions measured at different retinal locations
differed only subtly for any individual cell. The largest differ-
Fic. 3. Scatterplot of preferred visual direction against the direction &nce in preferred direction observed between any pair of sig-

electrically evoked saccades. Data are shown for 22 direction-selective n . . d . B
rons; *, the data point for the cell in Fig. 2. In this coordinate system 0° ﬁlmcantly tuned stimulus locations for the cells depicted in Fig.

rightward (experiments in the left SC), 90° is upward, and 180° is leftward Was<<90° (of 880 Comparisons)- No SySt_ema_tiC re|ati0ns_hip
(experiments in the right SC). between aperture location and preferred direction was noticed.

360

1804

Direction of electrically evoked saccade (deg)

Visual preferred direction (deg)
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Ipsilateral

Fic. 5. Receptive field boundaries estimated from responses to the motion Motion stimulus
stimulus for 5 direction-selective SC neurons. Hand-drawn curves encompass

130

20 ' 30

Contralateral

(B) employed in the delayed-saccade task. In this example, the
saccade targe®) appeared above and to the left of the fixation
point, far from the movement field location inferred from
electrical stimulation ). After the monkey acquired the
fixation point at the beginning of the trial, the saccade target
appeared. The monkey was required to make a saccade to this
target on fixation point offset to obtain a reward. During the
enforced delay period between the presentation of the target
and disappearance of the fixation point, the motion stimulus
was presented at the center of gaze. We measured responses to
eight directions of motion presented during the enforced delay
period. We assume that the monkey forms a plan to make a
saccade to the target early in the trial and holds this plan
throughout the enforced delay period. If the direction-selective
responses we have studied result from covert saccade planning,
we expect them to be eliminated or strongly reduced in the
delayed-saccade trials. If the responses are truly a visual phe-
nomenon, on the other hand, we expect them to be unaffected
by the demand that the monkey prepare a saccade.

A
Fixation point - | —
Target — L.

=

all tested locations at which direction tuning attained statistical significance Eye position =
(ANOVA: P < 0.05). Solid curves indicate boundaries between direction- —
tuned and non-direction-tuned locations. Dashed curves encompass eccentric 1sec
direction-tuned locations and indicate that more eccentric locations were not

tested. Data from 3 cells recorded from the right SC have been flipped about B Saccade

the vertical axis so that, for all neurons shown here, the right side of the figure target .

is contralateral and left is ipsilateral.

Testing the motor hypothesis

In principle, the direction-selective responses reported here
could reflect motor intention. In this scenario, the monkey
covertly plans saccades in the direction of stimulus motion. .
This hypothesis correctly predicts that direction-selective neu-
rons should prefer motion flowing toward the movement field:
motion flowing toward the movement field entices the monkey
to plan a saccade into the movement field, and the cell responds [ = = = Fixation Task
as a consequence of this plan. Motion in the opposite direction
would not cause the cell to respond because the planned
saccade would be directed out of the movement field. By
definition, our monkeys were never required to plan saccades
during fixation trials, but extensive training on the direction-
discrimination task may have caused our monkeys to plan
saccades ‘“reflexively” whenever a random-dot stimulus ap-
peared, irrespective of whether they are rewarded for this
behavior. In the next section, we describe three control exper-
iments that address this issue directly. Together, these experi-
ments argue that the direction-selective responses do not reflect

covert saccade plans.

Manipulating saccade planning

T  Motion stimulus

10 deg

Mean evoked
saccade vector

Saccade Task

10 sp/sec 1s191¢

FIG. 6. Direction tuning of a single SC neuron during delayed sacc#des.
300 ms after the monkey achieved visual fixation, a single saccade target
appeared. Eight hundred milliseconds later the motion stimulus was presented
for 2,000 ms. The monkey received a liquid reward for making a saccade to
this target within 500 ms of fixation point offsd: the geometry of the display

In our first attempt to dissociate stimulus motion from sac¢¥as adjusted so that the target (black disk) appeared at a location remote from

cade planning, we manipulated saccade planning directl
having the monkey perform a visually guided, delayed-sacc

y

ves measured during passive-fixation (dashed) and delayed-saccade (solid)

gﬁ end points of electrically evoked saccades (arr@v)direction tuning
&ks were very similar. The circle at the origin of the tuning curves indicates

task. Figure 6 shows the event timing @nd display geometry the baseline firing rate.
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Figure & shows data from a single SC neuron recorded A Fixation point —

during this task. The direction tuning curve obtained during Target
passive fixation trials (- - -) appeared previously in Fig. 2. The Motion stimulus
direction tuning measured during the interleaved delayed-sac- )
cade trials (—) is essentially identical. Eye position —— }
We studied 22 neurons in interleaved passive fixation and — 1
delayed-saccade trials and found consistently that direction
tuning differed little between these conditions. We parameter- g Preferred Direction Null Direction

ized each direction tuning curve with fitted four-parameter T
Gaussian functions (se&THops), and then compared the fitted et
parameter values between behavioral conditions as illustrated
in Fig. 7. Across the population of cells, we found tight
correlations in preferred direction (circular-circular rank cor- T L :
relation coefficient = 0.95,P < 0.0001), tuning curve am- -500 Time (ms) 0 -500 Time (ms) 0
plitude ¢ = 0.81,P < 0.0001), and tuning curve baselirre=

0.90,P < 0.0001). Tuning widths varied little across experi- 3 g9

ments and were not significantly correlated between behavioral $
tasks ¢ = 0.36,P > 0.1). Additional statistical tests confirmed 2
that preferred direction, amplitude, and tuning width did not 2
differ between behavioral conditions (Wilcoxon tesk:> >
0.05). These results suggest that the direction-tuned responses
do not arise from covert saccade planning. -

0- Zo = o= ‘
-500 -250 o o224

Time (ms)

Persistent motion Fic. 8. Direction-selective response that persisted through saccade initia-

. . . . . . tion. A: we measured direction tuning immediately prior to saccades directed

It remains logically possible that the directional visual reg g visual target outside of the movement field (arrdvjll trials are aligned

sponses described in the preceding section could result fr@ithe time of saccade initiation (vertical bar). This cell responded to motion in

transient covert saccade plans in the direction of stimul@glirection [left spike raster, solid peristimulus time histogram (PSTH)] but not

motion. In this scenario, the monkey must quickly change ifee other (right spike raster, dashed PSTH) until, and slightly after, saccade
! . - Inifiation. Bin width = 30 ms.

plan near the end of the trial so as to make an approprlé{f

saccade to the visual target located well away from the movg; h isual Fi). 8if th
ment field. We tested this possibility in another set of exper:l_f:-ye movement to the remote visual target (Fig).8f the

. : : . ?ural response to random-dot motion reflects a covert saccade
ments in which the random-dot motion stimulus was prese

(“persisted”) until the monkey actually executed the saccadig™” that is Cha!”ged near t_he end of the trial, the response
should cease prior to execution of the rewarded saccade. If, on

Preferred direction, p (deg) Amplitude, A (sp/sec) the other hand, the neural activity indeed reflects a directional
360 “ %0 visual response to the random-dot stimulus, neural activity
5 40 . . should continue until the saccade actually removes the stimulus
270 s from the receptive field. In these experiments, we measured
180 % K responses to only two directions of motion: toward and away
. 20 o from the movement field. This allowed us to average across
JURE ol A Iarge_ numbers of trials and thus derivg an accurate estimate of
@ d iy the firing rate at the time of saccade initiation.
= o~ 0 Most direction-selective SC neurons, like the one illustrated
3 0 90 180 270 360 0 10 20 30 40 50 in Fig. 8B, maintained their directional response up until the
S saccade and occasionally through and after it. This cell fired an
® Baseline, B (sp/sec) Tuning width, & (deg) average of 11 spikes/s when motion flowed toward the move-
n 125 ment field and 1 spike/s when motion flowed in the opposite
. 100 . direction, and this difference persisted even at the instant of
15 C e . . . . .o
Lt saccade initiation. Plainly, the direction-selective activity of
10 . e L this cell cannot reflect covert saccade planning; this cell re-
. 50 s sponds specifically to visual motion flowing toward the move-
51 27, o M ment field despite the fact that the monkey plans and executes
U4 a saccade to the same remote location on every trial.
0 0 A small number of the cells, however, stopped responding
Q 5 10 15 20 0 25 50 75 100 125

shortly before saccade initiation. Figure 9 illustrates the re-
- sponses of one such neuron. This cell was strongly direction
Fixation Task . X : ; X

7 Seatterplots of fitted ers for direction tuning dat sglectlve during most of the trial, discharging at an average rate

FIG. /. catterplots of Titted parameters Tor direction tuning data measur, H ; : : .

during passive fixation (abscissa) and delayed-saccade (ordinate) trials. or—]'8 SpIKES/S n response .'[0 motion toward.lts movement field
responding symbols froffiq. 1are as followsy, preferred directiond, tuning  @Nd 3 spikes/s for motion n the opposite direction. Less than
curve amplitudeB, baseline;o, tuning width. 100 ms before saccade initiation, however, the cell ceased
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Preferred Direction Null Direction between moving and stationary conditions (“interrupted” mo-
R : o * tion: Fig. 11A). If the direction-selective responses of SC
neurons are of visual origin, we would expect the response to
modulate with the onset and offset of stimulus motion. We do
not, however, expect saccade plans to alternate at 5 Hz. Motion
_ o stimuli were presented as the monkey performed the passive
-500 0 -500 0 fixation task described earlier. For comparison, we collected a
Time (ms) Time (ms) separate block of fixation trials in which motion was not

interrupted (“smooth” motion). All motion stimuli were 100%
coherent and were presented in an aperture at the center of
gaze. The dots flowed in the cell's preferred direction (toward
the movement field). The smooth motion stimulus drifted at a
constant speed of 3°/s. whereas the speed of the interrupted
stimulus alternated between 3°/s and 0°/s. Importantly, the
; luminance did not modulate in either stimulus.
/ Figure 11,B and C, shows the responses of a single SC
' neuron to these two stimuli. Interrupted motion generated clear
stimulus-locked modulations of the neural activity, although
these modulations were less obvious in the second half of the
trial. In contrast, smooth motion generated a single transient
~ FIG. 9. A direction-selective response that ceased shortly before saccit;@ak followed by a relatively steady firing rate for the duration
initiation. Conventions as in Fig 8 of the trial. To determine the magnitude of the 5-Hz signal in
I&be stimulus-locked neuronal response, we calculated the
power spectrum of the PSTHs (Fig. H)1 The interrupted
otion spectrum exhibited a small but pronounced peak at 5
@'_that was completely absent in the smooth motion spectrum.
0 assess the statistical significance of the 5-Hz modulation,
(5 first calculated for each spectrum the “relative 5 Hz power,”
fined as the power in the Fourier spectrum from 4 to 6 Hz

Firing rate (sp/sec)

ds059ab

Time (ms)

responding irrespective of the motion direction. In the absen
of data like those in Fig. B, the activity of this neuron could
support the hypothesis of an abruptly changing saccade pl

We measured the responses of 15 neurons in this delay
saccade task with “persistent motion.” Figure 10 shows firin
rate averaged across cells near the time of saccade initiati

Responses to motion directed toward and away from the mo ivided by power from 2 to 200 Hz. The difference in relative

ment field are drawn in thick and thin lines, respectively. T ; .
dashed lines indicate 1 SE above and below the mean YerZ Power between the interrupted and smooth motion con-
C(ﬁaons was taken as a measure of how well the response

sponses. Across this population of cells, the firing rates indu SStrained to the stimulus. We performed a permutation test

by the two directions of stimulus motion differ significantly .“FL’g_loo,ooo iterations), reassigning individual trials to the two

ally, 11 of the 15 cells were significantly directional during thétImUIUS condltl_ons, to test the hypo'gheS|s that relative 5-Hz
er was equivalent between conditions. For the responses

erisaccadic interval, defined as 50 ms preceding sacc& g . A
ﬁ]itiation to 25 ms afterward (Mann-WhitnepM tests,gP < sﬁown in Fig. 11, the relative 5-Hz power was significantly

0.01). We thus conclude that a majority of direction-selective — Toward MF
cells exhibit a persistent directional response that is inconsis- 50 ——  Away from MF
tent with an abruptly changing saccade plan.

We considered the possibility that slight variation in saccade
parameters might account for the direction-selective responses
of the SC neurons we recorded. For each of the 11 neurons
with persistent, direction-selective activity, we regressed
perisaccadic firing rate onto theandy components of the
saccade endpoints, the peak velocity of the saccade, and the
latency from fixation point offset to saccade initiation. After
fitting this model, we asked whether the addition of motion
direction as a predictor accounted for a significant fraction of
the remaining variance in firing rate. This was the case for all
11 cells (partiaF tests:P < 0.01, for each cell), indicating that
firing rate and motion direction are related significantly, even
after taking into account the potential influence of saccade 0 ‘
parameters. -500 -250 0

Time (ms)

Firing rate (sp/sec)

n=15

Interrupted motion Fic. 10. Population responses to 2 opposed directions of stimulus motion.
Responses were averaged over the 15 neurons tested in the persistent motion

. : k. All trials were aligned to saccade initiation. Motion flowing toward the
As a third test of the motor hypOtheSIS' we measured t vement field (thick line) elicited greater responses than motion in the

ability of direction-selective SC neurons to entrain their rempposite direction (thin line) at all time points up to and including the time of
sponses to a random-dot stimulus that alternated at 5 tH& saccade. Dashed lines indicaté SE of the mean.
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3
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B © :
C
FIc. 11. Responses of a single SC neu-
o ron to interrupted and smooth motion stim-
8 uli. A: interrupted stimuli left) alternated at
& 5 Hz between 3°/s motion in the preferred
direction and stationary dots (0°/s). Smooth
stimuli (right) moved constantly at 3°/s in
D the preferred directionB: neural responses
b to interrupted left) and smooth right) mo-
o tion stimuli. C: PSTHs of neural activity in
§ B. D: histograms of the times of fixational
saccades during interrupted and smooth mo-
] 0 1 2 tion. E: power spectra computed from the
Time (sec) Time (sec) response PSTHs i6.

ds224b, ds224d

E 0.3 \
0.2
0.1
0+ T ) 1 v .
25 5 20 1.25 5 20

1.

% Power

Frequency (Hz) Fregquency (Hz)

greater in the interrupted motion condition than in the smoosiidered a single saccade. Measured by these criteria, the aver-
motion condition P < 0.001). Figure 12 shows the outcome ofige amplitude of fixational saccades detected in these experi-
this analysis for eight direction-selective cells. For seven of timeents was 0.75- 0.43° (meant SD).
eight cells, the interrupted motion stimulus generated signifi- To determine whether fixational saccades were linked to the
cantly more 5-Hz power than did the smooth motion stimulisHz stimulus modulation, we constructed PSTHs of saccade
(P < 0.001). times, as shown in Fig. TL The difference in the relative
The entrainment of neuronal responses to the interrupteédHz power in these two saccade occurrence histograms was
motion stimulus is consistent with a fundamentally sensosfatistically significant as determined by a permutation test
basis for these signals (Groh and Sparks 1996). These datalogous to the test performed on the neuronal respoRses (
appear inconsistent with the covert saccade planning hypothe5). For this cell, therefore periodicity in the frequency of
esis; it seems highly unlikely that the monkey alternately plafigational saccades is a plausible explanation for the periodicity
and “unplans” saccades five times per second. in firing rate. We detected significant 5-Hz modulation in the
A possible objection to the result in Fig. 12 is that thé&requency of fixational saccades in only one other experiment,
interrupted motion stimulus may induce small, fixational eylsowever, so fixational saccades cannot account for the bulk of
movements entrained to the stimulus and that these eye mabe results in Fig. 12.
ments were the basis of the modulated neuronal responses th&ome SC neurons, particularly those near the rostral pole,
we observed. The fact that our stimuli were always presentdidcharge in conjunction with smooth pursuit eye movements
at the center of gaze adds credibility to this notion. (Krauzlis et al. 1997; Schiller and Koerner 1971). Low-veloc-
To address this objection, we analyzed the eye-positittg smooth eye movements occurred frequently in our data
records measured during the interrupted motion experimeriiecause of the strong motion stimuli at the center of gaze,
identifying fixational saccades on the basis of velocity, duraaising the possibility that smooth eye movements might ac-
tion, and frequency criteria. For a displacement in eye positiaount for the oscillatory neural activity. The neurons depicted
to be classified as a saccade, its peak speed had to exceed 20°¥3g. 12, however, were not located near the rostral pole.
and its duration, defined as length of time that eye speBtectrical microstimulation at six of these recording sites
exceeded 10°/s, had to Bel2 ms. Pairs of displacements thaevoked saccades that averaged148° in amplitude (range:
met these criteria, but were separated<b®0 ms, were con- 4.5-27°), placing them closer to the middle of the SC.
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. 0.1 1 10 100 Fic. 14. Firing rate means and standard errors during the stimulus presen-

% power at 5 Hz (smooth motion)

tation, delay period, and perisaccadic interval for the population of direction-
selective cells (open bars) and the population of non-direction-selective cells

Fic. 12. Scatterplot of relative 5-Hz power in the neural responses to intép—”ed bars).

rupted and smooth motion. Seven of 8 cells exhibited significantly more 5-Hz . . .
modulation in the response to interrupted motion (filled symbols, permutation te3falyses of saccade-related discharge, obtained while the mon-

P < 0.001). One cell did not show this effeé & 0.4, open symbol). Asterisk keys performed the direction-discrimination task (Fig. 1), that

indicates the cell whose responses are illustrated in Fig. 11. Note that the absql®ea further differences between the groups of cells

percentages differ in Figs. 12 andELhecause “relative power” was used in Fig. . . . ’

12 (see text). Figure 14 depicts average firing rates for the two types of
) prelude neurons (with and without directional visual responses)

Prelude and saccade-related discharge during three epochs of the trial: the stimulus presentation

As described in an earlier publication (Horwitz and Newinterval, the delay interval, and the perisaccadic interval that
some 1999) and in the companion paper to this one (Horwf£gins 50 ms before, and ends 25 ms after, saccade initiation.
and Newsome 2001), we gathered quantitative data durii¢g analyzed trials with correct choices in which saccades were
performance of the direction-discrimination task from 9@lirected toward the target in the movement field. Direction-
choice-predicting prelude neurons in the SC. Figure 13 docggelective cells were significantly more active than non-direc-
ments the distribution of direction tuning indices obtained frotion-selective cells during the stimulus interval (Mann-Whit-
these 96 neurond® represents the 44 cells with statisticallyney U test: P < 0.0001), but not the delay interval (Mann-
significant direction tuning (permutation teBt<< 0.05), anda  Whitney U test: P = 0.23). During the perisaccadic interval,
represents the 52 cells without significant direction tuning. Wehen we would expect to see bursts of activity related to
hypothesized that the non-direction-selective cells might lsaccade execution, the non-direction-selective cells were sub-
closer to the motor output of the SC and thus less likely to plagantially more active than the direction-selective cells (Mann-
a role in target selection. This hypothesis is supported byhitney U test: P < 0.0001). The data suggest that the
non-direction-selective cells may be more tightly linked to
— saccade execution.

We investigated this possibility further using a regression

201 model to determine whether perisaccadic activity modulated in
concert with subtle parametric variations in the saccadic eye
movements. Recall that saccades on all of these trials were
directed toward a salient target in the neuron’s movement field.
The saccades were thus quite stereotyped, with only minor
trial-to-trial variations in parameters such as end point and
peak velocity. For some neurons, however, the small variations
in saccade parameters were systematically related to trial-to-
trial fluctuations in firing rate. This was more often true for

non-direction-selective cells than for direction-selective cells.

We employed an automatic model selection procedute, (S

25

15+

Count

104

—[ |

0 0.5
Direction index (ROC area)

Statistical Sciences) to customize the regression for each cell in
an objective manner. Model selection was accomplished by
“backward selection.” To start, we fit the following model for
each cell

FIG. 13. Histogram of direction tuning indices from 96 choice-predicting
neurons. A total of 44 significantly direction-selective neurons are represen];%gponsez Bo+ BX+ By + Bl + By

by filled bars (permutation tesP < 0.05). The remaining 52 cells were not

significantly direction selective (open bars).

+ BsXy + Bevel + Boxvel + Bgyvel + Bolat

J Neurophysiof vOL 86 « NOVEMBER 2001- WWW.jN.Org



DIRECTIONAL VISUAL RESPONSES IN SUPERIOR COLLICULUS 2537

wherex andy are saccade endpoint coordinates (adjusted 1A Direction-selective B Non-direction-selective
differences in initial position), vel is the saccade peak velocit 25 | 25 |
and lat is saccadic latency. Coefficients were estimated by 1 g 20 | 20 [

- ; I I
method of least-squares. Individual predictors were dropp £ w |
from the model in the order in which they accounted for firinn £ 15 WWWW 15 !
rate variance [based on g, Criterion (Linhart and Zucchini § 10 i 10 :+
1986)]. The procedure stopped when dropping additional va & | |
ables did not serve to improve the model fit [based on an Al § 5 | 5 |
criterion that penalizes models for incorporating too mar o | 0 |
variables (Linhart and Zucchini 1986)]. Final models include -100 0 100 200 -100 0 100 200
anywhere from one to eight predictor variables. Time (msec) Time (msec)

The proportion of cells with statistically significanP (<
0.01) regressions was higher for the non-direction-selectiC
cells (44%) than for the direction-selective cells (30%), a 20+
though this difference in proportion did not attain statistic: 15
significance £test:P > 0.1). When we restricted our attentior
to the regressions that met a sterner criterion for significan§ 10+
(P < 0.0001), however, the distinction between the two grou| 5 5
became much more pronounced (2 and 23% for the directic 2 D
selective and non-direction-selective cells, respectivetgst: & 0 ———""m——= i .i——
P < 0.001). Thus prelude neurons lacking directional visu @ 54 i Ii
responses appear to be more tightly linked to parametric sp'g A
ification of the saccadic eye movement, both in terms of tt2 107 o .
intensity of perisaccadic discharge and in terms of the qual 5. Rirection-selective ive
of regressions of firing rate onto saccade parameters. 2
4 05 0 05 1

Classical visual responses Saccade-triggered response modulation index

Many SC neurons that discharge saccade-related bursts alst- 15. Average fixational saccade-triggered responses across the popula-
respond transiently to salient visual stimuli, particularly if th&on of direction-selective cellsy) and non-direction-selective cellB) The
timulus is to be the taraet of a saccadic eve moveme ray band |nd|cate_$; SI_E. lea_uonal saccades were identified from the time
S . . 9 . . - y, target onset until fixation point offset. Neuronal responses were aligned on
Classically, the visual receptive fields of intermediate and de@y initiation of fixational saccades and averaged across trials and then across
layer SC neurons are considered to be roughly co-extensoeds. Fixational saccades caused a transient, biphasic modulation of firing rate
with their movement fields (Schiller and Koerner 1971; Wourtthat was substantially larger in amplitude in the non-direction-selective pop-

: s |ation. The initial negative-going phase (arrows) is too rapid to have been a
and GOIdberg 1972)' We discovered SerendlpltOUSIy that t\ﬁ ual response and may reflect intracollicular inhibition that is time locked to

two populations of prelude neurons (with and without direGuccade executiorC: histogram of saccade-triggered response modulation
tion-selective visual responses) differ in the magnitude of thiglices for direction-selective cells (open bars) and non-direction-selective

classical visual response. An initial clue to this difference waslls (filled bars). Triangles indicate median index values.
derived from an analysis of discharge associated with fixational = ) ) ) )
eye movements during the direction-discrimination task. In ti@n-direction-selective cells than in the population of direc-
direction-discrimination task, one of the targets always afjon-selective cells. Neither group of cells exhibited this re-
peared inside the movement field (Fig. 1), so fixational ey@onse during the epoch preceding target illumination, suggest-
movements induced small motions of the target within tHgg that the presence of a target in the movement field is critical
movement field. Some but not all neurons discharged affer the induction of this response (data not shown). The de-
fixational saccades in a manner consistent with a visual i@ease in firing rate immediately preceding the presumed visual
sponse to saccade-induced target motion. We then askesponse (arrows), howevavasobserved in the absence of a
whether the presentation of the target in the movement figlrget and is likely to reflect inhibition associated with saccade
elicited a visual response directly. Somewhat surprisingly, botixecution (Munoz and Istvan 1998; Walker et al. 1995).
analyses revealed that the non-direction-selective populatiorFor each cell, we calculated a saccade-triggered response
yielded stronger classical visual responses than did the dirawdex: (LATE — EARLY)/(LATE + EARLY), where early is
tion-selective population. the average firing rate 0-50 ms after a fixational saccade and
To assess the impact of fixational eye movements on neugdk is the average firing rate over the subsequent 30 ms. This
activity, we calculated saccade-triggered average responsegtietric assumes positive values if late exceeds early, negative
the period of fixation when the targets were illuminated. Figusalues if the reverse is true, and is constrained to lie between
15 illustrates saccade-triggered average responses acrossltard —1. A histogram of saccade-triggered response indices
population of direction-selective cell®\( and non-direction- appears in Fig. 16. Non-directional cells yielded significantly
selective cellsB). Both populations exhibited a transient indarger indices than direction-selective cells (Mann-Whithky
crease in firing rate-50 ms after the initiation of a fixational test:P < 0.0001), consistent with the idea that non-directional
saccade, consistent with a short-latency visual response. Th#s are more sensitive to motion of a visual target inside their
amplitude of this response was much larger in the populationmbvement fields.
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We then asked to what degree the onset of the targets, i€ CUSSION
of which lay inside the movement field, excited the two . .
populations of cells. Figure 16 shows PSTHs aligned on Roughly one-third of the neurons we encountered in the
target onset and averaged across the populations of dir@é@rmedlate and deep layers of the SC exhibited target-specific
tion-selective A) and non-direction-selective cellB) As a preludes of activity while rhesus monkeys performed a direc-

population, non-direction-selective cells responded motign-discrimination task. We subdivided these neurons into two

strongly to the target presentation than did the directioﬁ’ppu""‘t'.Ons bas<_ad on thelr responses to a ylsual motion stim-
Jus during passive fixation. A small population of SC neurons

selective cells. Direction-selective cells exhibited a highéjr

level of spontaneous discharge (before target onset) than rﬂffearp.lo_ﬂgig Loemgnrgc:::%réjgggﬁ'sg /aocfiI;?Icr:lggr-osﬁlseiztcl)\gtgjan-
the non-directional cells. . 0

) . : 0
For each cell we calculated a target onset response ind'nX'the intermediate and deep layers-eB0% of the neurons

- at exhibited target-specific prelude activity during the direc-
(TARG BASELINE)/(TARG + BASELINE), where tion-discrimination task. These cells responded to visual stim-

baseline is the average firing rate 0-50 ms_after target onggly, o an extensive region of visual space, and their preferred
(before onset_qf the visual response, see Fig. 16) and targjfﬁections, measured with random dot stimuli positioned at the
the average firing rate over the subsequent 50 ms. Tweninter of gaze, pointed consistently toward their movement
five cells (6 direction-selective and 19 non-direction-selegg|gs.

tive) that fired<<1 spike/s during both epochs were excluded | principle, direction-selective “visual’ responses observed
from this analysis. A histogram of target response indicgiring the fixation task might reflect the intention to make a
for the 71 remaining cells appears in Fig.G.6Non-direc- saccade in the direction of stimulus motion. Although saccade
tional cells yielded significantly larger indices than direcplanning was not required in the fixation task, it was required
tional cells (Mann-WhitneyJ test:P < 0.0001), indicating in the direction-discrimination task that the monkeys had per-
that, as a population, non-directional cells are particularfgrmed extensively. This training history may have caused the
sensitive to the abrupt onset of the visual targets. Mamyonkeys to plan saccades in the direction of stimulus motion,
individual non-direction-selective neurons, however, lackesimply out of habit, whenever the motion stimulus appeared.
short-latency classical visual responses by both of our mea-This “saccade-planning” explanation seems unlikely a priori
sures, indicative of substantial heterogeneity within thfeor two reasons. First, the two trial types were presented in

population. separate blocks of trials, and the monkeys received unambig-
uous information concerning the nature of the current block

A Direction-selective B Non-direction-selective  (saccade targets, for example, appeared at the beginning of
25 25 each discrimination trial but never appeared during fixation

20 20 trials). Second, half of the choice-predicting neurons identified
during the direction-discrimination trials became completely

|
I
| |
15-MW" 15 ! inactive during the fixation trials. If the monkey was planning
|
|
|

saccades identically in both conditions, identical cell popula-

Response (sp/sec)

I
1
10 ! 10 tions should reflect the plan.
5 | 5; Three control experiments provided additional evidence that
: | ! the direction-selective responses do not result from covert
2% 0 100 200 2% 0 100 200 Saccade planning. First, direction tuning was largely unaffected
Time (ms) Time (ms) by an explicit requirement that the monkey make a delayed
saccade to a visual target outside of the movement field.
C 207 Second, the direction tuning of many cells persisted until the
15- instant of saccade initiation to a target lying well outside the

movement field, indicating that directional activity does not
10+ reflect a saccade plan that is changed late in the trial. Finally,
the discharge of several direction-selective cells entrained sub-
tly but significantly to a 5-Hz modulation in stimulus speed,
——————— ‘:'-i UEED.—- o which was presumably not accompanied by a similar modula-
tion of saccade plan.
I None of these control experiments are airtight, individually.

Number of neurons
o
1

10+ The monkey need not plan saccades during the delay period of
154 Direction-solective the delayed—sacca_de task because the target is iIIl_Jminated
throughout each trial. Not all of the neurons tested with per-
20~ . . . . sistent motion stimuli exhibited a persistent directional re-
- -05 0 05 1 sponse. Response entrainment to the interrupted motion stim-

ulus was subtle and accompanied, in a few experiments, by
_ _significant modulations in fixational eye movements. Collec-
FiG. 16. AVerage response to target onset across the populatlon of dlrﬁgely, however, the results Of each of the three experlments

tion-selective cellsA) and non-direction-selective cellB)( Gray band indi- . s ; PR : _
cates*=1 SE.C: histogram of target response indices for direction—selectiv@Olnt toward the same conclusion: the direction-selective re

cells (open bars) and non-direction-selective cells (filled bars). Triangl®PONSES are fundamer_ltally visual in origin and_do not r_eerCt
indicate median index values. covert saccade planning. To conclude otherwise requires a

Target onset response index
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different ad hoc rationalization to explain away the results oésponse throughout the entire stimulus presentation (Bair and
each experiment (as in the preceding text). Thus the powerkadch 1996; Buracas et al. 1998). Our SC neurons, in contrast,
our conclusion lies not in any single result, but in its consistentere most strongly modulated during the first few cycles of the
and parsimonious ability to account for several experimentaterrupted motion stimulus. Finally, most MT neurons re-
observations. spond briskly to both dot and bar stimuli. In a few qualitative
tests, we were unable to elicit directional responses with bar
stimuli in the SC. These differences suggest that nontrivial
visual processing occurs between MT and the SC.

Our working hypothesis is that the direction-selective cells
described here_play_ arole _in saccade target selection. The iﬂ’ﬁ’)ortance of behavioral training
that preferred directions pointed consistently toward movement
fields agrees perfectly with the rules of target selection in ourDirection-selective SC neurons are excited by motion stim-
task: motion in a particular direction instructs the monkey toli at the center of gaze flowing toward the movement field.
select the target lying in that direction. These cells thus carfyis relationship between preferred direction and movement
sensory information required for selecting the correct targii¢ld location has not been documented previously but agrees
into close apposition with neurons in the SC that are involvgrérfectly with the logic of our direction-discrimination task.
in executing the appropriate operant saccade; the directioMé thus suspect that training on our task may be an important
visual information is expressed at the topographic locatidactor in establishing the directional responses documented in
occupied by the relevant saccade-related burst neurons. this report.

The non-direction-selective prelude cells, on the other hand,Previous studies have revealed a centrifugal organization of
appear to be more closely linked with specification of saccagesferred directions in certain visual cortical areas of untrained
parameters. These cells fire intense perisaccadic bursts thatcate and monkeys (e.g., Albright 1989; Rauschecker et al.
related to precise saccade parameters as revealed by regred98i). Our results, while superficially similar to these, do not
analyses. Both direction-selective and non-direction-selectiraflect the same phenomenon. First, the “receptive fields” that
neurons may also exist in the lateral intraparietal area (LIP) an& measured in the SC occupied large portions of both hemi-
the frontal lobes (the frontal eye fields and area 46) in monkefyslds, whereas those documented in the visual cortex were
trained on this direction-discrimination task, although the deéonsiderably smaller and confined to a single hemifield. Sec-
rectional visual responses appear to be weaker and less comd, the direction-selective responses of SC neurons were
monly observed than in the SC (Kim and Shadlen 1998gither consistently centrifugal nor centripetal. Rather the pre-
Shadlen and Newsome 2001). ferred direction consistently pointed toward the movement
field of the neuron and could thus be centrifugal (with respect
to the fovea) when measured in the contralateral hemifield or
centripetal when measured in the ipsilateral hemifield.

We suspect that the directional responses reported here ar unpublished work in this laboratory, we have looked for
not computed de novo in the SC but rather are inherited framirection-selective SC neurons in two monkeys who were
upstream areas of the visual cortex. Cortical areas MT, MSIfained only briefly to perform our standard direction-discrim-
and VIP are good candidates for supplying directional input toation task. Preliminary observations indicate that direction
the SC, either directly or indirectly. Neurons in all three aredsning is much weaker in these animals than in those that
are strongly directional (Colby et al. 1993; Maunsell and Vagxperienced prolonged training (data will be presented in a
Essen 1983; Mikami et al. 1986; Tanaka et al. 1986; Zeldter report). This strengthens the idea that task training is
1974), and MT and MST are major sources of the sensamgsponsible for SC direction selectivity. To the extent that
signals that underlie performance on our direction-discriminfehavioral training is responsible for the direction selectivity
tion task (Britten et al. 1992; Celebrini and Newsome 199%e have documented, our results appear closely related to
1995; Salzman et al. 1992; Shadlen et al. 1996). Anatomicalipse of Bichot and colleagues, who demonstrated learning-
MT projects to the superficial layers of the SC (Fries 1984) amelated stimulus selectivity in FEF (Bichot et al. 1996) and may
MST projects to the intermediate and deep layers (Maioli et dle related to a similar phenomenon in LIP (Sereno and Maun-
1992). Pareet al. (1999) recently employed antidromic activasell 1998).
tion techniques to identify a monosynaptic projection from
direction-selective neurons in area VIP to the ir)tt_armediaﬁ?ot a sensory vs. motor distinction
layers of the SC. We therefore hypothesize that training on our
direction-discrimination task induces plastic changes in theln general, the movement field and the visual receptive field
wiring from cortical areas to the SC, giving rise to the preciselyf a typical SC visuomotor neuron are spatially superimposed
organized directional responses that we have observed in (Behiller and Koerner 1971; Wurtz and Goldberg 1972). In our
SC. sample of prelude neurons, such “classical” visual responses

While the directional responses in the SC appear to be wére more common in the population of non-direction-selec-
visual origin, the responses nevertheless differ substantidilye cells. This difference was evident both in responses in-
from those of MT neurons, for example. Latencies of directuced by small fixational eye movements (Fig. 15) and in
tional responses in MT range from 35 to 60 ms and are faintgsponses to onset of the saccade targets (Fig. 16). In both
reliable, whereas latencies were more than doubled and coases, the visual response had a latency®® ms, which was
siderably more variable in the SC. When tested with speddss than half the shortest latency we ever recorded for the
modulated stimuli, MT neurons exhibit a strongly modulatedirection-selective response. Thus the transient visual re-

Hypothesized functional roles

Origin of the direction selectivity
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sponses induced by fixational eye movements or by targhscharged when a saccade into the receptive field was cued by
onset appear to differ qualitatively from the direction-selectivether means (Mays and Sparks 1980). There may be consid-
response. Although they are both “visual responses,” theyable overlap between our population of direction-selective
probably derive from different neural pathways. The fact thaells and those examined by Mays and Sparks.
each population of prelude neurons carries a visual signaBasso and Wurtz (1998) studied a sample of SC neurons
disallows a simple characterization of one group as “sensoryiat, based on their screening criteria, are likely to overlap with
and the other as “motor.” Only those few neurons that haw®th populations that we have studied (Basso and Wurtz 1998).
neither direction-selective nor classical visual responses @eross the cells they investigated, activity modulated with the
reasonably classified as closer to the motor end of a sensatimber of potential saccade targets presented in a visual dis-
motor continuum (Figs. 15 and 16). play. As soon as a single correct target was cued, however, the
The difference in visual response (direction-selective vmfluence of target number on firing rate disappeared. The
classical) suggests different functional roles for the two groupsithors interpreted their result as reflecting changes in the
of cells. Non-direction-selective cells carry signals relating tanimal’s confidence that a particular target in the array was the
the retinal position of eccentric stimuli and the motor commarabrrect target. In light of the results reported here, it would be
to foveate them, whereas direction-selective cells respondiieresting to know if this effect was more pronounced in a
accordance with the learned association imposed by the logithset of neurons that are the presumed counterparts to our
of the direction-discrimination task. One functional schendirection-selective cells. These neurons could be classified on
consistent with these observations is that non-direction-seléte basis of the magnitude of their classical visual response,
tive cells are components of a relatively simple neural circyirelude or perisaccadic responses, or a combination of these
whose primary function is to guide the fovea to salient, eccefactors.
tric stimuli (the so-called “foveal grasp reflex”). The ability of Schall and colleagues have described neurons in the frontal
this circuit to produce a saccade, however, may be modulatk fields (FEF) that may also be involved in saccade target
by higher-level circuitry, represented by the direction-selectigelection (Bichot et al. 1996; Schall and Hanes 1993; Thomp-
cells, that promotes saccades to some targets and inhiit® et al. 1997). In the context of a reaction-time visual search
saccades to others based on current behavioral context. task, these cells predict target choices in a manner that is not
obligatorily linked to saccade execution nor is well correlated
Neural mechanisms of target selection with saccadic latencies. Heavy training on this task can sys-
tematically alter the visual response properties of some FEF
Only in the laboratory is saccade target selection based weurons to reflect the learned sensorimotor association (Bichot
the direction of motion in a random-dot stimulus. Elsewheret al. 1996). These results are remarkably consonant with the
target selection may be driven and modulated by a variety @fies reported here despite significant differences in the exper-
stimuli and contextual cues. We suggest that the cells thatental paradigms
appear “direction-selective” in our experiment may integrate Shadlen and colleagues recorded from neurons in LIP and
information from a variety of sources. The result of this inteFEF while monkeys performed the direction-discrimination
gration, captured in the firing rate of the cells, reflects thiask described in this paper (Kim and Shadlen 1998; Shadlen
likelihood of making a saccade into the movement field chaand Newsome 2001). Choice-predicting activity in these areas
acteristic of their locations in the collicular map. That some Skad qualitatively similar latency and time course to that ob-
neurons may integrate varied sources of sensory input relevaatved in the SC. This crude comparison thus does not reveal
for saccade target selection has been demonstrated previoudigre in the oculomotor system signals relating to target
(Drager and Hubel 1975; Stein and Meredith 1994). For egelection are first manifest. A more rigorous comparison is
ample, some SC neurons respond to both visual and auditprgvented, however, by methodological differences among the
stimuli in the region of space corresponding to the movemestudies. Simultaneous recordings of pairs of neurons in differ-
field. Such neurons integrate across sensory modalities, but @t brain areas may reveal a stereotyped order of activation.
position. We find that some SC neurons are capable of inf®dch a result would support a model in which target selection
grating information across many retinal locations; their rece accomplished by a series of processing steps that occur
tive fields extend far beyond the movement field boundariesequentially across different brain areas. On the other hand,
which classically delimit the receptive field as well. SC, LIP, and FEF may comprise a distributed network that
Our experimental paradigm is unusual in that the cue thatplements target selection in parallel fashion, in which case
governs target selection is spatially distinct from the target® single area would be expected to reflect the target choice
themselves. Had the selection cue been a property of the tamgere quickly than the other two.
(e.g., color or luminance) we would not have been able to The cognitive demands imposed by a behavioral task are
dissociate responses relating to thsetructionto make a sac- likely to influence which neural circuits participate in saccade
cade of a particular direction from responses simply relating target selection. Tasks that involve complex associations be-
thepresencef a saccade target in the movement field (see alsween stimuli and operant responses lead to the emergence of
Glimcher and Sparks 1992). Indeed, in a simple delayecklls in the frontal lobes with complex response properties
saccade task, in which the illumination of a target in th@Hasegawa et al. 1998; Olson and Gettner 1999; Rao et al.
movement field instructs a saccade to the same target, mb&97). These cells may be important for target selection in
direction-selective cells appeared to have a conventional totfiese tasks. In contrast, simpler sensorimotor associations,
visual response to the target. Mays and Sparks describeduah as our direction-discrimination task, may invoke simpler
small population of “quasi-visual” SC neurons that respondeebural circuits to accomplish target selection. Extensive behav-
to the presence of a target in their receptive fields but algwal training may further streamline the target selection pro-
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