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Recanzone, Gregg H. and Robert H. WurtzShift in smooth pursuit this population activity clearer than in the direction- and speed-
initiation and MT and MST neuronal activity under different stimulugelective neurons in the extrastriate cortex of the primate,
conditions. J. I\tleurtqp?ysio_ldsdzl': 1t710_17|2Z|\'/|%)999'dThe O?C}i"ity of harticularly the middle temporal (MT) and medial superior
neurons in extrastriate middle temporal and medial superiQr i )
temporal (MST) areas were studied during the initiation of pursuite\f%:npora.I (MST) areas (Allman et al. 1985; Desimone and
movements in macaque monkeys. The intersecting motion of tJ'derleider 1986; Maunsell and Van Essen 1983; Tanaka et al.
stimuli was used to test hypotheses about how these direction- a#89; Van Essen et al. 1981). The use of this visual informa-
speed-sensitive neurons contribute to the generation of pursuit. Tl@n to guide smooth pursuit eye movements is also well
amplitude and direction of the initial saccade to the target and tbetablished and is based on the change in activity of single
initial speed and direction of pursuit were best predicted by a vectgfeyrons during pursuit, the pursuit deficits following ablation,
a\h/erta%e m°d§' of chle “”derl?"”gb”]?um”al.aCt'IV'ty W'.ttht relatt'vel nd the alteration of pursuit by electrical microstimulation
short time and spatial separation before a visual pursuit target an . .

ursteler et al. 1987; Groh et al. 1997; Komatsu and Wurtz

distracter stimulus crossed in the visual field. The resulting e .
movements were best described by a winner-take-all model when #1288, 1989; Newsome et al. 1985; Schiller and Lee 1994;
time and spatial separation between the two stimuli was increasé@masaki and Wurtz 1990). Although several different classes
before the stimuli crossed. Neurons in MT and MST also shifted thé)f models could be used to predict the neuronal activity of
activity from that best described by a vector average to a winner-talthese cortical areas and pursuit behavior, the two models that
all model under the same stimulus conditions. The changes in actiitgve been most successful have been the vector-averaging and
of neurons in both areas were generally similar to each other duriggnner-take-all models. The vector-average models assume
these changes in pursuit initiation. Thus a slight alteration in the targght all the vectors representing each active neuron are aver-
mootliornlw produced a concurrent shift in both Lhe r;]eu(rjof?al processiﬁ%jd whereas the winner-take-all models assume that only the
and the movement execution. We propose that the differences in ! . : . :
oculomotor behavior can be accounted for by shifts in the overlap 0 rons with the highest a(.;t'V'ty contribute to th.e movement
active neuronal populations within MT and MST. generation (Ferrera and Lisberger 1995, 1997; Groh et al.
1997; Lisberger and Ferrera 1997).

In testing which of these models best predict the observed
pursuit behavior, recent experiments have compared the pur-
INTRODUCTION suit generated when one stimulus moved across the visual field

A central question in neuroscience is how neurons in ﬂ?éth that produced when two stimuli moved across the visual

brain represent the sensory-motor events that determine Hgd: The introduction of the second stimulus tests how the
metrics of movements. This representation in the primate bralid€rlying neuronal populations could interact to produce the
has been found to lie in the activity of a population of neurod&€trics of t?e |n|t(|jal eye movemerljt. do they combtme ((jvector
that are active before a range of movements. Such populatﬂ)\f?r?g;.ng) 0 p(;o qcetan a\'/erag(i keye”m?vemeg or does one
coding has been observed in the primate motor cortex durijgPulation predominate (winner take all) to produce an eye
hand-reaching movements (Georgopoulos 1996: Georgopoufsavément similar to that when only one stimulus is presented.
et al. 1986) and in the superior colliculus during saccadic ey&Periments using two visual stimuli (Lisberger and Ferrera
movements (Lee et al. 1988: Mcllwain 1991; Munoz an 97) or one stimulus coupled with electrical stimulation of

Wurtz 1995: Sparks and Mays 1990). In both cases, the moJg] (Groh et al. 1997) found that a vector-averaging model
that best represented the translation of neuronal activity i st predicted the pursuit behavior. Slmll_arly the responses of
movement was one that took the vector sum or average of tid and MST neurons were best predicted by the vector-

o ; rage model of two stimuli moving through the receptive
Zf:tlilgggffgggpzrrgg%c)ross the population (Georgopoulosﬁe d in fixating monkeys (Recanzone et al. 1997). However, in

Such a population of active neurons, each tuned to a rang&@gfPther experiment using a different two-stimulus task, pursuit
stimulus parameters, also has been found in the sensory s better predicted by a winner-take-all model (Ferrera and

. ; berger 1995, 1997).
cessing on which movement frequently depends. Nowhere %n the present experiments, we directly investigated the

The costs of publication of this article were defrayed in part by the payme tivity of neurons_ ”.1 MT and MST th.a.t form the baS_IS f°'.r
of page charges. The article must therefore be hereby maskhaftisemerit  these model predictions. We first verified the alterations in
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ pursuit behavior in the presence of two moving stimuli. By
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increasing the time and spatial separation of two moving stim- Uncrossed Trials Crossed Trials
uli before the onset of pursuit, we found that the best prediction
of the pursuit behavior shifted from a vector average to a A Cue
winner-take-all model. We also found that the activity of
neurons in MT or MST also shifted from a vector-average to a
winner-take-all model as the stimulus conditions changed. We RFi mfs
propose that the behavioral changes are consistent with shifts EERER feneed
in the overlap of active neuronal populations on a conceptual
velocity map of MT and MST.

A brief report of this study has appeared previously (Recan- B Fixation (100-500 msec)
zone et al. 1993).

Efs

v}
L

METHODS S I

The same two monkeys used in these experiments also were studied L : S :
in a previous experiment (Recanzone et al. 1997), and the experimen-
tal procedures were the same. All procedures were approved by the
Institute Animal Care and Use Committee and complied with Public .
Health Service policy on the humane care and use of laboratory C Trial Start (0 msec)
animals.

Behavioral tasks ----- i ] "

Two adult male rhesus monkeybdl&caca mulatth were used in
this study (honkeys NandP). Each monkey was trained to perform
several versions of a pursuit eye movement task, and the two tasks
used in most experiments are illustrated in Fig. 1. Each trial was D Release From Fixation (150 msec)
initiated when the monkey looked at a central fixation stimulus (fs)
that was one of two different shapes (Figd)1 The shape of the
fixation stimulus cued the monkey as to which of two moving stimuli
it was required to acquire with a saccade and track with a smooth : f Sle ’.
pursuit eye movement to obtain a liquid reward. The monkey main-
tained fixation for a random interval between 100 and 500 ms (Fig.
1B) to within =2° of the center of the fixation stimulus. On all trials,
two visual stimuli were then presented in motion in one of two ; _
possible stimulus configurations. Because all of the behavioral results E Tracking Target (300 - 900 msec)
described in this report were collected while recording from a single

neuron in either cortical area MT or MST, the stimulus conditions ‘4 .ﬂ
were set so that at least one of these two stimuli always moved ' : ' '
through the receptive field (RF) of the neuron under study (Fig. 1, . i -

- - -). Trials consisted of either one stimulus moving through the RF /. )’b

of the neuron and the other stimulus moving near the same horizontal
eccentricity in the other visual hemifield (referred to as uncrossed o ] ] )
trials; Fig. 1 left) or the trials consisted of two stimuli moving through ' 1. Schematic diagram of the behavioral paradigms. Representative

. . : . imulus configurations at 5 different time points are illustrated for an un-
the RF of the neuron in which one stimulus moved in the be Eossed trialleft) and a crossed triatight). A: before the onset of the trial, the

direction of the neuron and the other stimulus moved in one of SevQ{hpe of the fixation point stimulus (fs) served as the cue for which of the 2

different, non-best directions (referred to as crossed trials; Fig. shpsequently moving stimuli was the targgt. after fixation there was a
right). randomized 100- to 500-ms paudg. at trial start, 2 objects appeared in
The monkey had to maintain fixation until the fixation point wasnotion. On uncrossed trials, each object was in a different hemifield. On
extinguished 150 ms after the onset of the motion of the two stimuwliossed trials, both objects moved toward the center of the receptive field (RF)
(Fig. 1D). The monkey was rewarded for making a saccade to tléthe neuron under study ( - - 9: 150 ms (or 450 ms for long-duration trials)
visual stimulus that was the same shape as the fixation stimulus aftgr motion onset, 1 or both sti_mul_i were located at the center of the RF of the
e cctrtelypursting el el sl o S00°000 e (g o e vy s i s e
15)' The initial sa(;cade had to be made W'thm 450 ms of the fixati arget (square in this example) for 300-900 ras.direction of motion of each
stimulus offset (Fig. D) and had to be within 10 deg of the targety e » shapes.
stimulus. The eye position also had to be withib° of the target
during the pursuit phase of the trial starting 300 ms after the initigiperimposed opaque objects moving across the visual field and
saccade. These windows were necessarily large due to the size ofcfagsing through each other at the location corresponding to the center
stimulus objects and the accuracy of the initial saccade during tbthe RF. These two trial types allowed us to determine the effects of
crossed trials as describedrasuLts On uncrossed trials, one stim-a distracter stimulus by comparing the eye movements and single-
ulus was located at the center of the RF at the time that the fixatineuron activity in trials where the target was the only stimulus moving
stimulus was extinguished, and the stimulus in the opposite visuatough the RF with trials where the distracter stimulus was also
field was located at the mirror image location. On crossed trials, batfoving through the RF. In both cases, the motion of the target
stimuli were at the center of the RF at the time that the fixation poistimulus was the same, and the monkey had to make the same shape
was extinguished and were superimposed with the same luminanceligsrimination.
a single stimulus. This gave the perception to human observers of tw third and fourth set of trial types, termed the long-duration trials,
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were identical to the crossed and uncrossed trial types described inrtieximum visual angle of 1.8°. Objects were moved across the screen
preceding text except that both visual stimuli initially were displaceoly displacing each illuminated pixel by 1 or 2 pixels each frame in
in space such that 450 ms elapsed before the fixation point weither the horizontal, vertical, or both directions. Three stimulus
extinguished after stimulus motion onset, and at that point the stispeeds were produced by pixel shifts of 1, 1.5, or 2 pixels/frame
ulus objects were at the same location as in the first two tasks (e.gc¢@tresponding te-9, 13.5, or 18°/s along the horizontal and vertical
the center of the RF; Fig.O). These trials provided a greater sepadirections and 12, 18.5, or 25°/s along the obliques. For speeds using
ration in space between the two stimuli and allowed the monkey arb pixels/frame, all stimulus pixels were displaced by 1 and 2 pixels
additional 300 ms to perform the shape discrimination before tloa alternate frames. These stimulus motions were perceived by human
stimuli reached the RF of the neuron under study. Again, the startingservers as continuous, smooth motion.
location of the stimuli was dependent on the response properties and
the RF size of the neuron under study on that session. The stim%la
velocity on the long-duration trials was the same as for the short-
duration trials, resulting in different distances in the starting locations Each monkey underwent magnetic resonance imaging (MRI) scans
of the stimuli between sessions, but the stimuli always reached thethe saggital and frontal planes to aid in aligning the recording
center of the RF 450 ms after stimulus motion onset. cylinders and in reconstructing the electrode penetrations. Under
Stimuli were moved in eight different directions (0, 45, 90, 135general anesthesia, a scleral search coil was implanted in each eye and
180, 225, 270, and 315°). For uncrossed trials, the stimulus that wagestraining head post was implanted on the skull using dental acrylic
the target could move in any of the eight directions in any trial &llowing procedures described in Duffy and Wurtz (1995). After
could the stimulus in the other visual hemifield. For the crossed trialsehavioral training was completed, a recording cylinder was im-
the target stimulus also could move in any of the eight directions apthnted over the parietal cortex directly over cortical areas MT and
the distracter moved in one of the other seven directions. All of theReST in the stereotaxic vertical planklonkey Phad one cylinder and
stimulus conditions (crossed trials, uncrossed trials, different targabnkey Nhad a second cylinder implanted over the opposite hemi-
directions) were presented on randomly interleaved trials, and wheshere after recordings from the first hemisphere were completed.
long-duration trials were used, they also were introduced with theHorizontal and vertical eye position was recorded using the mag-
other trial types in randomly interleaved order. A complete data seétic search coil technique (Fuchs and Robinson 1966; Judge et al.
consisted of at least eight correct trials for each stimulus type, al980). Eye position was digitized at 500 Hz with a resolution of 0.1°.
though most of the data of this report are from 10 to 15 correct triafzata acquisition and control of the video display computer was
for each stimulus type. controlled by a real-time experimental system (REX) (Hays et al.
Several factors that were checked in an initial analysis of th®82) and run on a PDP11/73. Both target and eye position were
behavior were found not to be statistically significant and will not bgonitored on-line as well as stored for off-line analysis.
considered further. We found no significant differences, or apparentTungsten microelectrodes were advanced into the region of the
trends, between either the eye metrics or the neuronal responses ostip@rior temporal sulcus through guide tubes positioned in a grid
short-duration trials when they were interleaved with long-durationithin the recording cylinder (Crist et al. 1988). Neuronal signals
trials and when they were not. The behavioral performance for there amplified, filtered, and displayed on an oscilloscope and audio
short-duration trial types were not significantly different between theonitor using conventional methods. Single neurons were isolated
two monkeys nor was there any significant difference in the percentigding a time and amplitude window discriminator (Bak). The occur-
correct trials (trials in which the target was accurately tracked for 3Q@nce of each neuronal spike was digitized and time stamped at 1 kHz
ms after the initial saccade) depending on which stimulus was thad stored for off-line analysis.
target for the eye movement (repeated measures ANOVAPall Neurons recorded in this study met the same three criteria described
values> 0.1). The best performance was for both the short- angteviously (Recanzone et al. 1997): the activity of the neuron was
long-duration uncrossed trials (86% correct), and the lowest perfeiitered by the presence of visual stimuli (but not necessarily moving
mance was for crossed trials (77%). These behavioral observationsqi@wuli), isolation was sufficient to be confident that only a single
in good agreement with previous studies using similar one- apéuron was being recorded, and the center of the RF was between 5
two-stimulus configurations while the monkey performed a speeghd 25° of eccentricity. This last requirement was necessary as the
discrimination task (Treue and Maunsell 1996). monkeys were unable to maintain fixation if a target or distracter
Monkey Ncompleted 80 sessions amdonkey Pcompleted 65 stimulus moved through the fixation point before the fixation point
sessions of the short-duration task in which both crossed and wifset and the monkeys were unable to reliably make the visual shape
crossed trials were presented (Fig. 1). For the long-duration taslscrimination at eccentricities25°.
monkey Ncompleted 60 sessions, babnkey Hrequently was unable  RFs were defined using hand held bars, spots, and patterns of light.
to reliably suppress the initial saccade for a sufficient period RF edges were defined using both visual and audio criteria as loca-
complete at least eight trials under all conditions for the long-duratigions where the neuron no longer responded to moving, flashed, or
trials (only 7 sessions with only 3—7 successful trials per stimulus pstationary visual stimuli. We categorized each neuron as being located
session). Although these limited data were consistent with thothin cortical area MT or MST based on the location and depth of the
obtained inmonkey Nithis dataset is not sufficiently extensive toelectrode within the recording cylinder relative to the MRI images and

ta collection procedures

report. the characteristics of the visual stimuli required to maximally activate
the neuron (Allman et al. 1985; Baker et al. 1981; Lagae et al. 1993).
Visual stimuli MT neurons responded best to small moving stimuli and had smaller

RFs than MST neurons. MST neurons usually responded better to
Visual stimuli were back-projected onto a tangent screen plackdger moving stimuli such as patterns than to moving spots. We only
57.4 cm from the monkey using a video projector (Electrochromegrely encountered neurons with very large RFs that responded best to
SVGA, 1024X 768 pixel resolution). Each pixel subtended a visudhrge patterned stimulation similar to those described in the dorsal
angle of 0.13° horizontally and 0.12° vertically. Images were createelgion of MST (MSTd) (Komatsu and Wurtz 1988; Tanaka and Saito
by a PC and were presented at a frame rate of 72 Hz. Stimulus objel@89; Tanaka et al. 1986, 1989, 1993), and the vast majority of our
were brighter (1.8 cd/R) than the background (0.2 cdfin Two of sample of MST neurons were characteristic of those located in the
five different objects (circle, square, diamond, plus sign, and trianglejeral region (MSTI). However, it is possible that some of the neurons
were used in each behavioral session, with each object of eqimthis study were located within MSTd.
luminance and size (same number of pixels/object) subtending ahe stimulus speed and shape used in a particular behavioral
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session were based on the best responses recorded during prelimiaady direction were averaged across all correct trials for a given
characterization of the cell's tuning and RF properties and weséimulus condition. Each of these points across all sessions for a given
adjusted so that the stimulus would traverse as much of the RFragnkey then were subjected to regression analysis with two depen-
possible before reaching the center at 150 ms after motion onset ondkat variables (Mosteller et al. 1983; see also Recanzone et al. 1997).
short-duration trials. RF sizes ranged from diameters of 5-24° for MAor analysis of the direction data, we removed any artificially large
neurons and 5-35° for MST neurons and increased in diameter wdiifferences in target directions as, for example, between 358 and 3°,
increasing eccentricity as described previously (e.g., Desimone amkich could be taken as either a difference of 363 or 5°. When we
Ungerleider 1986; Komatsu and Wurtz 1988). We noted no diffecompared the difference between the measured and predicted direc-
ences in the response properties of our sampled neurons whentites, we always used the difference that was smallest, that is, 5 rather
stimulus onset was slightly within, at, or slightly outside the edge d¢ifian 363° in this example. To quantitatively measure the difference in
the RF, and thus all data were pooled. the predictive power of the two models, the absolute value of the error
At the end of the experiments, histological sections through thetween the measured eye metric and that predicted by each of the
superior temporal sulcus were obtained as described previously (Reee different models was measured. These errors then were sub-
canzone et al. 1997). MT was identified on the posterior bank by jexted to a paired-test to determine if one model consistently better
dense myelination. Orientation for the general region of MST wgsedicted the eye movement metric across stimulus conditions and
provided by the region of dense myelination on the anterior barthehavioral sessions.
Drawings of the sections showed that the guide tubes were directedror the responses of individual MT and MST neurons, the firing
toward the superior temporal sulcus and that the electrode trackse was measured in the period from the onset of the moving visual
passed through or below the densely myelinated area on the antestomuli to the onset of the initial saccade (Fig3)1 The firing rate
bank (MST) and the posterior bank (MT). The categorization of eatiefore the onset of the moving stimulus also was calculated (sponta-
cell to MT or MST was based on the physiological criteria describateous activity) and subtracted from the driven activity. For each
above and was consistent with the cytoarchitectonic definition of thaseuron, the best direction was defined as the stimulus direction that

two cortical areas. gave the largest response during the uncrossed trials. The null direc-
tion was defined as the direction 180° from the best direction. As with
Data analysis and model predictions the eye metric measurements, the winner-take-all prediction was

defined as a response equivalent to that of the target stimulus during
Smooth pursuit metrics were measured for 40 ms starting 20 fihe uncrossed trials, where a single stimulus was moving through the
after the completion of the initial saccade. This period was chosenRE of the neuron. The vector-average model was predicted by the
it does not contain corrective saccades (Lisberger and Westbr@pleraged response for the two stimulus directions taken during the
1985) and follows the same analysis period reported recently by Gregparate uncrossed trials and thus is a scalar average of the responses
et al. (1997). The onset and offset of the saccades were defined bdseé Recanzone et al. 1997). The errors between the predicted and
on the velocity, acceleration, and duration of the eye movement usiplserved responses were calculated as a contrast|(ptiedicted—
a saccade-detection algorithm. All accepted individual eye movebserved)(predicted+ observed) because the activity of individual
ments then were inspected visually to ensure that only eye movemgrgsrons varied widely so that there were large differences in the total
that were initiated between 100 and 450 ms after the fixation poi@gtivity (e.g., 10 spikes from neurons with a peak activity of 12
offset and that contained only a single saccade before the pursyitkes) and small differences (e.g., 10 spikes where the peak activity
measurements were included in this analysis. was 80). The absolute value was used to prevent positive and negative
The saccade amplitude was defined as the length of a vector gifferences from summing near zero because deviations of the model
deg) from the fixation point to the eye position 20 ms after the initigdredictions of either sign were equally important.
saccade. The saccade direction was defined as the direction of this
vector. The initial pursuit direction was defined as the direction of @z sy 15
vector drawn from the eye position starting at 20 and ending at 60 ms
after the saccade, and the initial pursuit speed (°/s) was defined by th©ur major observation was that the presence of a distracter
length of this vector divided by 0.040 s. stimulus that crossed the trajectory of the target stimulus af-
The eye metrics (initial saccade amplitude and direction and initifdcted both the metrics of the initial pursuit eye movement and
pgrsuit speed and direction) were compared with the p.redictionstﬁfe responses of single neurons in areas MT and MST. The eye
winner-take-all and vector-average models of the behavior. For th‘?ﬁ%vement metrics and the neuronal activity were consistent

two predictions, the eye metric was measured for each stimuliis, oisher 5 vector-averaging or winner-take-all models of the
direction on the uncrossed trials, and each was described as a vectqr

with both magnitude and direction. The winner-take-all model pr@-C vity of the MT and M.ST neuronal population, but which
dicts that the eye movement should follow one vector or the othgtodel was most appropriate changed between the short- and
when the two stimuli were presented inside the RF, and we compatéig-duration trials. We first will describe the changes in the
the eye movement on each of the two uncrossed trials with the dgéial pursuit eye movements, then compare these behavioral
movement on crossed trials when the same target stimulus was @bservations with the predictions of the vector-average and
sented. To predict the vector-average result, the vectors for the twinner-take-all model, and finally describe the changes in
stimuli presented on the uncrossed trials were averaged, taking igfagle-neuron activity recorded as the pursuit behavior changed

average therefore represents a true vector average and is not the linear

average of the two directions or speeds. We also compared the results .
with those predicted by a vector sum model by summing the tweY€-Mmovement metrics

component vectors. The vector sum model was never a better predicl-n each experiment, we compared the pursuit initiation with

tor than either of the other two models (as was also the case inI Hmulus | h Vi | hemifield with that with t
previous experiments of Ferrera and Lisberger 1995; Groh et al. 1081y ONn€ stimulus In each visual hemiield wi at with two

Lisberger and Ferrera 1997), and we will not consider the predictioﬁg’rnUIi in the visual hemifield and varied the time and distance
of this model any further. over which the stimuli traveled in each condition. Figure 2

To determine qualitatively which model made the best predictiohows the eye movements from one experiment recorded dur-
the initial pursuit speed and direction and the initial saccade amplituithey these four stimulus conditions with a target that was in the
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A Short-Duration Uncrossed Trials B Short-Duration Crossed Trials

fs fs

Fic. 2. Example of differences between pursuit
eye movements under 4 different stimulus conditions.
All eye movements from 1 session where the same
target moved leftward on all trialé\: horizontal eye
position as a function of time during the short-dura-
tion uncrossed trials. Target trajectory (T) is shown
as the solid gray lineB: eye position measured on

} t 1 t t t i crossed trials with the same target trajectory aé,in
100 300 500 700 100 300 500 700 and with a distracter (D) moving in the rightward
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Time from moving stimulus onset (msec) Time from moving stimulus onset (msec) direction (dashed gray line)C: eye position as a
C Long-Duration Uncrossed Trials D Long-Duration Crossed Trials function of time during the long-duration uncrossed
trials. D: eye position as a function of time during the

fs fs long-duration crossed trial€ andD are horizontally

ET De» aligned in time such that the location of the visual

stimuli are identical with those of the short-duration
trials shown inA and B. Insets starting stimulus
condition for each trial type. On the short-duration
crossed trials, the initial saccade and pursuit eye
movement did not follow the target, whereas the eye
movements did follow the target on long-duration
trials.
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left hemifield and moved leftward. The two columns in Fig. 2vere now closer to the target and generally had a direction and
show the eye movements to the same target stimulus on #peed similar to the target. Thus there was a significant alter-
uncrossed trialsl¢ft —when the 2 stimuli were in oppositeation in the initial saccade and speed of pursuit for the short-
visual fields) and crossedght —when the 2 stimuli crossed in duration but not the long-duration crossed trials compared with
the same visual field; se&THobsand Fig. 1). The rows in Fig. the uncrossed trials.
2 show the effect of changing the duration and distance ofTo see whether these changes in pursuit and saccades were
stimulus motion from a relatively short-duration and stimulusonsistent on a trial-by-trial basis, we analyzed the eye move-
path top) to a relatively long duration and lengthdtton). For ments across all 145 behavioral sessions for both monkeys. We
brevity, we will refer to these spatial-temporal changes in thigst normalized the eye metrics in each session to allow for the
stimulus motion across trials as short- and long-duration triat$ifferent target directions, speeds, and eccentricities that re-
The time at which the stimuli crossed the center of the field aselted from tailoring the stimuli to the RF properties of the
aligned vertically (Fig. 2A andC and B and D) so that the neuron under study. To do this normalization for the trials in
target stimulus trajectories during the last 700 ms are alignedch session, we first took the average of all correct eye
on the time axis. movements for uncrossed trials where the target stimulus

On the short-duration trials (Fig. 20 and B), the eye moved in the best direction of the neuron under study and set
movements on the uncrossed trials (Fig) 2vere character- the value of the horizontal and vertical components of the
ized by an initial saccade that brought the eye close to theeraged eye metrics (initial pursuit speed and direction or
target and an initial pursuit movement where the eye immediiitial saccade amplitude and direction) tdl.0. We then did
ately moved at nearly the same speed and direction as the tatjetsame for the uncrossed trials where the stimulus moved in
with occasional corrective or catch-up saccades. On crosske direction opposite to the best direction and assigned these
short-duration trials (Fig.B), the initial saccade was not to thehorizontal and vertical components a value-c.0. These eye
target (solid gray line) and the initial direction and speed wasovements to the single target were generally very accurate so
not matched to the target direction and speed as indicatedtbhgt these averages gave good estimates of the monkey’s ability
the relatively flat portions of the eye traces immediately aftéo follow the target moving in a given direction and speed in
the first saccade. Normal pursuit was not generally resumiiét session. We then measured the horizontal and vertical
until after the first corrective saccade, and by that time, the twalues of these same eye movement metrics in the crossed
stimulus objects had moved away from each other. Thus tsémulus trials and plotted these values on the axes based on the
uncrossed case shows the usual pattern of saccades and pursuihalized values.
for a single target, whereas the crossed case shows a saccaéfiggure 3 shows a plot of initial horizontal and vertical
directed between the target and the distracter coupled witlparsuit speed for sample trials from each of the 145 sessions
reduced initial pursuit speed. and compares this pursuit on short-duration (Fig) Svith

On the long-duration trials (Fig. 22 and D), where the those on long-duration (Fig.B3 trials. All the plots in Fig. 3
period of time before the release from fixation was extendstiow the initial eye speeds on single uncrossed trials in which
300 ms, the eye movements on the uncrossed trials (K. Zhe target was moving in one directiom (the best direction of
were similar to the short-duration uncrossed trials (Fi§j).2 the neuron being studied), the eye movement on single un-
For the crossed long-duration trials (FidP) the initial pursuit crossed trials when the target was moving in the opposite
eye movements were much more like those on the uncrosskection (1), and the movement on single crossed trials in
trials than the short-duration crossed trials. The eye movemewsich one stimulus moved in the best direction and the other
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moved in the opposite directiont+§ or at £90° from that
direction.). The two different models make very different pre-
dictions for the crossed trials. The vector-average model pre-
dicts that the points should cluster near 0,0, whereas the win-
ner-take-all model predicts that the points should cluster at the
same regions as in the uncrossed trials, i.e., near (1,1) and
(—1,—1). For short-duration trials (Fig.A3, the pursuit-initi-
ation speeds for single target motido @ndm) clustered into
the two areas in thdop right and bottom left quadrants
appropriate for pursuing the two targets moving along the best
and opposite directions. When two targets were preset (
the initial pursuit speeds were clearly different and had much
lower initial speeds in both the horizontal and vertical direc-
tions. In contrast, for the long-duration trials (Fid)3the eye
movements tended to match the speed of the target stimulus in
the crossed trials as well as the uncrossed trials regardless of
the direction of the target motiont( cluster near botil and
m). Although there was clear clustering of the responses into
particular regions, it is also clear from Fig. 3 that some eye
movements fell in locations well away from the three predicted
locations. This was due to the fact that this plot illustrates a
randomly selected subset of trials, including those in which the
monkey made a large error and did not receive a reward. This
. shows that across the behavioral sessions, the monkey'’s initial
Horizontal Eye Speed pursuit speed on long-duration crossed trials was similar to that
B Long-Duration Trials on uncrossed trials, whereas on short-duration crossed trials,
the speed was reduced on nearly every trial.

A Short-Duration Trials
3.0

Vertical Eye Speed

+ We plotted the initial pursuit direction as well as the initial

#* | saccade amplitude and direction on plots similar to those in

- | I+ Fig. 3. Pursuit direction also changed on short-duration but not

o ++ W long-duration trials as can be inferred from the plots in Fig. 3
& H-;-IF+ | because any such change in direction is indicated by a change
o | ++4—t=l in the ratio of horizontal and vertical eye speed. Saccade

- 4.5:* - - direction and amplitude showed the same distributions, with
3 B+ crossed trials clustered between the two distributions shown for
E EE_} It+ the uncrossed short-duration trials and separated into two dis-

#i |"’+ + tinct clusters on crossed long-duration trials. Therefore
I s } ! changes in the eye movement metrics were consistent across
25 -I-i—H- | 25 these sample trials taken from all of the sessions in spite of the
2T o H varying stimulus conditions necessitated by the requirements

— —+4—:F L of the individual neurons under study.

+ | We extended this analysis to all of the trials across all

B | sessions by determining the error for each eye metric which

| was taken as the difference between the eye metric in the
| crossed trials and the same metric on uncrossed trials. Figure 4

_ - shows the distribution of these errors for pursuit speed for the
Horizontal Eye Speed best direction on short-duration uncrossed trials (heavy solid
W uncrossed trials: best direction line), short-duration uncrossed trials in the null direction
Ouncrossed trials: null direction (heavy dashed line), and crossed trials where the target moved
+crossed trials in the best direction and the distracter moved in the null
FiG. 3. Single trial initial pursuit speeds in the short-duratié) &nd long- direction (thin lme)'_ The abSC'Ssa In _Flg' 4,'ndlcates the ra,d'al
duration B) trials sampled across all behavioral sessions for both monkeys. Tri@&r0r for the combined differences in horizontal and vertical
were selected as follows. For each of the 145 sessions, 1 trial was randospyeeds that are normalized as in Fig. 3. If the eye speed
selected in which a single stimulus moved in 1 direction, 1 in which a singi§yatched the speed of the target moving in the best direction,

stimulus moved in the opposite direction (these were in fact the best and QHE error should be near 0O as it is for pursuit of that target in the
directions for the neuron being simultaneously recorded), and 3 from the crosse

trial condition in which 1 stimulus moved in the “best’ direction and the otherlCrossed trials (heavy solid line in Fig. 4). If the speed
moved at+90, +180, and-90° from that direction, where either stimulus was thanatched that of the target moving in the null direction as is the
target. Each session for each of the 2 monkeys therefore contributes 8 diffegase when the monkey pursues the target mo\/ing in the null

data points in each panel. Eye movements were normalizedr@seeT 10 direction on the other uncrossed trials (heavy dashed line), the
account for different stimulus directions, speeds, and eccentricities between iﬁ(

sions. Note that on the initial pursuit speed in the short-duration crossed trials ue S_hOUId be_ 2'6_4 (”ght arrow in Fig. 4; see Iegend). The
between those for the 2 uncrossed trial directions, but in the long-duration trials #RéN solid curve in Fig. 4 shows the errors observed when the

initial pursuit speeds were clustered near those for the uncrossed trials. monkey pursued the target moving in the best direction on the
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-t
o

berger 1995). To determine if a similar effect occurred here, we
compared the initial saccade latency between the uncrossed
and crossed trial types when the target was moving in the same
direction across sessions for both monkeys. The initial latency
was defined as the time period between the fixation point offset
and the initiation of the saccadic eye movement used to acquire
the target. There was a modest but statistically significant
increase in saccade latency between the two trial types for the
short-duration stimuli (unpairetitest; P < 0.01) of ~25 ms
for monkey Nand 42 ms fomonkey PFor the long-duration
stimuli, however, there was no statistically significant differ-
1 ence in the one monkeyj tested.
0.0 1.0 2.0 3.9 4.0 It had been noted previously, however, that the increase in
Error (Normalized Units) latency was largely confined to conditions in which the dis-
uncrossed, best: 0.35 +/- 0,32 tracter moved in the opposite direction to_the target, whergas a
- crossed trials: 1.18 +/- 0.62 decreasgd I:?\tency occurred when the d|stracte_r moved in the
we=s Uncrossed, null dir: 2.64 +/- 0.46 same direction as the target (Ferrera and Lisberger 1995,
FiG. 4. Distribution of initial pursuit speed errors across all trials in alfl'997_)', To t?St thI.S p035|b|]|ty, we restricted t,he anaIyS|soto trial
sessions. Abscissa shows the difference between the normalized eye spede§iitions in which the distracter moved either at 180° from
uncrossed trials 1 for best direction:-1 for null direction as in Fig. 3). That the target or at-45° of the target, which was as close as our
difference is expressed as a radial error to incorporate both the horizontal afnuli came to both moving in the same direction. This
vertical speed differences: radial speed eron/ [(h, — h,)? + (v.— V)3 lvsis did sh that the trial ith the | t t ]
where ¢ and u represent crossed and uncrossed trials in the horizgraabi( analysis did show "3_1 € ”"’_‘S V_V' _e ongest faiencies
h,) and vertical ¢, andv,) directions, respectively. Perfect pursuit that matchetended to be those with the stimuli moving at 180° of each
the speed of the target in the best direction is,0[(1 — 1) + (1 — 1); for  other and that the shortest latencies tended to be those with the

pursuit of the uncrossed stimulus moving in the null direction, 2\8f—1 — ; ; ; it o ; ;
1)2 + (=1 — 1) (right arrow); for pursuit of the intermediate location, 1.41:Stlml'III moving within 45° of each other, but this difference

VIO — 1) + (0 — 1)?] (left arrow). Data plotted are the radial speed errorP€tween groups did not reach statistical significance (1-tailed,
for pursuit in uncrossed trials for targets moving in the best direction (heaunpairedt-test; P = 0.073).

solid line), the opposite, or null direction (heavy dashed line) and in crossed

trials for targets moving in the best direction and the distracter moving in the

Normalized Trials

null direction (thin line). Means and standard deviations of these distributions Uncrossed Trials Crossed Trials
are given below the plot. Ordinate was normalized to the peak of the distri-
bution for the uncrossed targets moving in the best direction (each plot is based fs fs
on 1,643 trials). Each distribution is clearly unimodal and largely nonoverlap- ;'";# u A
ping, indicating that the eye movements to these different stimuli were con- i H \ i E
sistent across trials. f=mm ! ----‘-5.
crossed trials, and these errors are cente_:re(_j near t_he midpoint WTA Target
as expected (1.41; left arrow). Each distribution is clearly Correct Trial — __;,::_
unimodal and largely nonoverlapping, indicating that the eye \, g
. . . . ee— > ool
movements to these different stimuli were consistent across P J/
trials. We found the same pattern of results for the initial e
pursuit direction, saccade amplitude, and saccade direction (not / WTA Distracter
shown). ) \.,._._ ...... Sz
i i isti i Incorrect Trial o AT
This unimodal characteristic of the pursuit speed error o
shown in Fig. 4 and the unimodality of the curves for the other N2 T !
metrics shows that the eye movements were consistent across o Vector Average
trials for a given stimulus condition. This unimodal curve rules P -'““r-’*‘
out the possibility that the monkey made saccades on crossed L— -—t
stimulus trials to the target on some trials and the distracteron 7 '

others because if that was the case, the distribution of errors jfic: 5. Predicted results from the winner-take-all and vector-average mod-

: P : Stimulus configuration is shown for the uncrossed trials lef) and the
the crossed stimulus trials would be bimodal. Because the sed trialstop right) at the time point corresponding to the time the stimuli

movement diStribUtion_ in crossed trials (such as for speed darted to move (Fig.@). Predicted eye movements on single trials are shown
Fig. 4) was clearly unimodal, we can be confident that aveseloweach stimulus configuration as - - - representing the trajectory of the eye
aging across trial types for each session is justified, consistésaccade) ane> at the end of the line representing the initial pursuit direction
with previous reports of pursuit eye movement metrics Wiﬁlpd speed (length of arrow). For both models, the eye movement should be

. . . ., .very accurate in the uncrossed trials and follow the trajectory of the target
two stimuli present (Ferrera and Llsberger 1995, 1997, I-'§ﬁmu|us (“correct trial”). Alternatively, the monkey could make an incorrect

berger and Ferrera 1997). eye movement and follow the trajectory of the distracter stimulus (“incorrect
Finally, it is clear from the eye movement traces in Fig. Rial"). For the winner-take-all model, the eye movement in the uncrossed and

that there was generally an increase in the saccade |atencyh@ncrossed trials should be identical on correct trials (“WTA Target”) or

: : : f Llfw the distracter accurately on incorrect trials (“WTA Distracter”). For the
the crossed trials compared with the uncrossed trials, a\/[1 tor-average model, the eye movement in the crossed trials should go in the

PreViOUS studies also indicated that a distracter stimulus C&fdrage direction of the 2 stimuli at a lower speed (“Vector Average”). fs:
increase the latency by as much as 50 ms (Ferrera and Llition stimulus; dashed box: hypothetical RF.
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Eye-movement metrics and model predictions (bottom lefj. For the crossed trials, the winner-take-all model
One of our major goals was to determine if the eye metrigged'ctS that the eye movements will be identical bet_vveen the
ossed and the uncrossed trials when the target is pursued

were predicted more closely by the vector-average or t L ) ,
winner-take-all model of the underlying neuronal aC,[ivi,[ycorrectly or quite different if the monkey pursues the distracter

Both models make specific predictions, and Fig. 5 shows hd{gd- 5 fight). The vector-average model predicts that the
these predictions differ. Theop panelshows the stimulus initial eye movement will be in a different dlrgctlon and at a
conditions for the uncrossetkft) and the crossedight) trials lower speed on the crossed trials compared with the uncrossed
when the two stimuli move at 90° to each other. The possibiéals (Fig. 5,bottom righy. _ _
resulting saccadic (- - -) and pursuit) eye movements are 10 compare these predictions to the behavioral observations,
shown below each stimulus configuration. For both models, ti first found the mean of each of the eye movement metrics
eye movement on the uncrossed trials should accurately follgwitial pursuit speed and direction and initial saccade ampli-

the target stimulusnfiddle lef} but not the distracter stimulustude and direction) for each trial type in all sessions. We then

Short-Duration Trials Long-Duration Trials
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performed regression analysis between the eye movement met-
rics measured on the crossed trials and the winner-take-all and
vector-average predictions. Figure 6 shows this type of quali-
tative comparison across all sessions ffmonkey Nusing the
initial direction of pursuit as an example. Figur& 8hows the
clear relation between pursuit and target direction on uncrossed
trials for both short-durationl€ft) and long-duration r{ght)

trials and serves as a reference for the subsequent comparisons.
Figure @ compares the initial pursuit direction observed on
the crossed trials with that predicted by the winner-take-all
model when the monkey pursued the target moving in the same
direction as in A. For this analysis, it was necessary to
transform upward eye movement directions to prevent large
apparent differences due to the circularity of this measure (see
figure legend andietHops), which is why they-axis ranges
from —90 to 450°.

The results of this analysis indicate that the winner-take-all
model was a better predictor of pursuit behavior on the long-
than the short-duration trials. This relation was not due to the
monkey making eye movements to the distracter stimulus,
however, because the relationship between the observed eye
movement and the direction of the distracter stimulus showed
even greater scatter (Fig.Ch When the observed pursuit
direction was compared with the prediction of the vector-
average model (Fig. ®), the vector-average model better

FIG. 6. Initial pursuit direction was predicted by the winner-take-all or
vector-average models depending on the stimulus conditions. Regression anal-
ysis of the initial eye direction fomonkey Nduring the short-duration trials
(left) and long-duration trialgight). Each data point in each plot represents the
average initial pursuit direction for each stimulus condition across sessions for
monkey N(80 short-duration sessions and 60 long-duration sessions). There
were 14 crossed trial types in each session (7 with the distracter moving in the
non-best direction and 7 with the target moving in the non-best direction) so
that each plots shows 1,120 and 840 data points for the short-duration and
long-duration trials, respectively. Overlap of points is therefore substantial. —:
perfect correlationA: regression analysis between the initial eye directipn (
axis) and the target directiorx @xis) in the uncrossed trials (short-duration:

r = 0.992;P < 0.001; long-durationr = 0.993,P < 0.001).B: regression
analysis between the initial eye direction in the crossed triaéxis) and the
target direction. Winner-take-all computation predicts perfect agreement be-
tween these 2 measures (short-duratior: 0.881P < 0.001; long-duration:

r = 0.918;P < 0.001).y axis is from—90 to 450° due to the transformation

of values to reduce differences #0180 deg. For example, target directions of
45° and measured directions of 350° were transformed to 45-&k@f, and
target directions of 315° and measured directions of 15° were transformed to
315 and 375°C: regression analysis between the initial eye direction on the
crossed trials and the direction of motion of the distracter stimulus (short-
duration:r = 0.568, P < 0.05; long-durationr = 0.701,P < 0.05).D:
regression analysis between the initial eye direction in the crossed trials and the
direction predicted by the vector-average model (short-duration:0.942,

P < 0.001; long-durationr = 0.601,P < 0.05).



1718 G. H. RECANZONE AND R. H. WURTZ

Short-Duration Trials Long-Duration Trials
A Initial Pursuit Direction
1000

Y
[=]
Q
[=]

© Monkey N
X Monkey P

10

Vector Average Error (deg
Vector Average Error (deg)

000 0 000

1 10 100 1
Winner-Take-All Error (deg)

1 10 100 1
Winner-Take-All Error (deg)
Initial Pursuit Speed

=
[o
[=]

FIG. 7. Comparison of the errors from the winner-take-all and
vector-average predictions. Error plots during the short-duration
(left) and long-durationr{ght) trials for monkeys No) andP (+).

Error between the measured parameter and that predicted by the
winner-take-all model are plotted on thxeaxis against the error
from the same measured data and the prediction from the vector-
average model. —, equal error between the 2 models. Points falling
above— indicate a greater error for the vector-average model;
points fallingbelow— indicate a greater error for the winner-take-

C nnitial Saccade Amplitude all model. On each graph, each data point is the error between the
measured eye metric and the prediction for a single stimulus direc-
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predicted the eye movement on the short-duration trials thandosely predicted the observed data. These differences were
the long-duration trials. statistically significant for both monkeys on the short-duration
These differences between the observed pursuit and the twals and for the long-duration trials imonkey Nthe only
model predictions were quantified by directly comparing th@onkey testedR < 0.01, pairedi-test; see Table 1). Three
errors between the observed and predicted eye movemetiter measures of the initial eye movement showed the same
metrics of the two models against each other for both monkengsult. The initial pursuit speed (FigBY, the amplitude of the
(Fig. 7). In these plots, points falling below the — indicate aitial saccade (Fig. @), and the direction of the initial saccade
smaller error by the vector-average model than by the winnéFig. 7D) all showed smaller errors for the vector-average
take-all model and points above the — indicate a smaller ernmodel on the short-duration trials and a smaller error for the
by the winner-take-all model than by the vector-averageinner-take-all model on the long-duration trials. These dif-
model. Errors for the initial pursuit direction for both monkeys$erences were also significant (Table 1).
(Fig. 7A) showed that the majority of the points fell below this This correspondence between the experimental data on the
line for the short-duration triald€ft), indicating that the vec- short-duration crossed trials and the vector-averaging model
tor-average model more closely predicted the observed dataalso raises an issue related to the strategy the monkey may have
contrast, on the long-duration trials the majority of points felbeen using in these experiments. If the monkey adopted the
above the line, indicating that the winner-take-all model mosgrategy of making the initial saccade to a location near the
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TABLE 1. Eye metric errors

Short-Duration Trials Long-Duration Trials
Metric WTA Vector/Average P Value WTA Vector/Average P Value
Initial pursuit direction
Monkey N 58.4+ 48.2 35.9*+ 32.9 * 46.6+ 41.0 745+ 51.8 b
Monkey P 31.7x47.1 20.8+ 23.2 *
Initial pursuit speed
Monkey N 6.7+ 52 42+ 4.8 * 44+ 238 5.2+ 3.8 *
Monkey P 42+ 3.4 29+ 2.8 *x
Initial saccade amplitude
Monkey N 53% 42 48+ 3.6 * 41+ 37 57t 44 *
Monkey P 22+ 138 16+ 1.7 *
Initial saccade direction
Monkey N 53.3+44.2 34.8+ 33.6 * 44,1+ 38.7 75.7+ 54.4 il
Monkey P 32.2+ 36.8 21.6+ 21.7 b

Statistical summary of the eye metric errors across behavioral sessions for each monkey. Values are &iza8tatistical test was a pairédest. *P <
0.05, * P < 0.01. WTA, winner take all.

intersection of the two stimulus objects, it then could use nelacity could alter the distribution of errors. We used three
foveal vision to make the appropriate shape discrimination addferent velocities, tailored to the best response of the neuron
then make subsequent saccadic and pursuit eye movementsniter study (sereetHobs). The majority of our stimuli were at
follow the target. The most compelling evidence against th&spixels/frame to have the stimuli traverse as much of the RF
possibility is that there was a significant pursuit speed immef the neuron as possible, as most neurons had RFs between 10
diately after the initial saccade whether the motion of the twand 20° in radius (72/145 experiments), the second most com-
stimuli was different by 45, 90, or 135°. This is shown by thenonly used velocity was 1.5 pixels/frame (52/145 experi-
smaller, but nonzero eye speeds of Fig. 3 and the small errorents) with 1 pixel/frame (21 experiments) being the least
of the vector-average prediction in FigB7If the monkeys common. An ANOVA test showed no statistically significant
were adopting the preceding strategy, they would not generaféect of velocity on any metric for either the short- or long-
a pursuit movement to a nonexistent stimulus that was congiswation trials or in either monkey (alP values > 0.05),
tent with the vector-average motion of the two stimuli. Wéndicating that stimulus speeds within the range of 8-25°/s
therefore conclude that the vector average is more likely neesulted in similar effects on the eye movement metrics.
flecting the representation of the visual stimuli than a change inln summary, the analysis of the errors indicated that the eye
the monkey’s oculomotor strategy in the crossed trials. movements were best predicted by a vector-averaging model
We also compared the initial saccade metrics directly to thehen the two stimuli intersected on short-duration trials but
initial pursuit metrics. For the short-duration crossed trials ithat a winner-take-all model best predicted the eye movements
particular, it may be that there was a difference between these long-duration trials. Thus by only slightly increasing the
two components of the eye movement. For example, it may bpatial distance and separation timing of the stimulus motion,
that the initial saccade was made appropriately, but the initiaflwas possible to convert the eye metrics to identical stimuli
pursuit eye movement followed the vector average of the tvimm being more closely predicted by a vector-average model
stimuli. Inspection of Fig. 7 suggests that this is unlikely, a® a winner-take-all model.
both the initial saccade direction and amplitude more closely
followed the vector-average model on the short-(_jurati_on trialfeuronal responses in MT and MST
and the winner-take-all model on the long-duration trials. To
verify this statistically, we measured the error between the eyeThe activity of single neurons in cortical areas MT and MST
metric (initial saccade direction and amplitude, pursuit diregvere recorded at the same time as the measurements of the
tion and speed) for all correct trials in both monkeys anditial eye movements, and Fig. 8 shows an example of the
subjected these data to factor analysis. If the initial saccadsponses of an MT neuron recorded during the same trials
metrics and pursuit metrics had different errors, this shoultlistrated in Fig. 2. On the uncrossed trialef(), this MT
result in these data being composed of at least two factors. Weuron gave a robust response while the stimulus was moving
found that the data were best represented by one factor for eackhe best direction within its RF. The neuron had a particu-
of the four trial types, indicating that across trials the metrics tdrly large onset response on the short-duration trials (Fig. 8,
the initial saccade and pursuit eye movements covaried withd B), as the stimulus appeared in motion at the edge of the
each other. From this analysis, we conclude that both tR&. In contrast to this robust activity to single stimuli, there
saccadic and pursuit eye movements were affected equiwas a significant reduction in the response on the short-dura-
lently. This similarity of smooth pursuit and saccades is aldmn trials when a distracter moved through the RF in the null
consistent with the deficits in both pursuit and saccades matieection at the same time the target moved through the RF in
to moving targets following localized lesions of MT (Newsoméhe best direction (Fig.B). This reduction in the response was
et al. 1985; Schiller and Lee 1994); both the amplitude of tht nearly as apparent for the long-duration crossed stimulus
initial saccade and the pursuit speed to a moving target weendition (Fig. ®), although there was still a reduced response
incorrect following the lesion. for crossed trials compared with the uncrossed trials (Fi@. 8,
Finally, we considered the possibility that the stimulus vesompared withC).
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' FIG. 8. Representative middle temporal area
(MT) neuron showing differential responses de-
pending on the stimulus conditions. Single-unit
responses during uncrosseéff, A and C) and
20 crossed right, B and D) trials from the neuron
recorded during the same trials illustrated in Fig.
2. Inset stimulus configuration in the horizontal
10 dimension including the location of the RF
(dashed box). Each tic in the raster represents a
single action potential, each row represents a sin-
0 gle trial. Poststimulus time histograms (PSTHSs)
0 200 400 600 0 200 400 600 were constructed from these rasters using 3-ms
Time from moving stimulus onset (msec) Time from moving stimulus onset (msec)  {ime bins. Horizontal dashed lines show the hori-
zontal extent of the RF. Location of the RF is
illustrated by the vertical black line at the time
point that the stimuli are intersecting in the crossed
trials. Panels show the response of the neuron
during the short-duration uncrossed trialg),(
short-duration crossed trialB), long-duration un-
crossed trials®), and long-duration crossed trials
(D). These plots are offset in the horizontal axis to
align all plots to the same stimulus configuration,
as in Fig. 2.
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For each neuron, we calculated the ratio of the resporiSig. 9 for all neurons recorded in area MT imonkey NThis
during the crossed and uncrossed trials (crossed trial resporiiggire shows the responses when the target for the eye move-
uncrossed trial response). The example neuron shown in Fign8nt was in the best direction (Fig. 8,and B, ®) and the
had a ratio of 0.61 for the short-duration trials and 0.89 for thesponses when the target for the eye movement was in one of
long-duration trials. Across the sample of neurons in MT, thtbe seven non-best directions (Fig.®@andD). In each case,
mean and standard deviation of the ratio for the short-duratithve regression coefficients indicated a better fit for the vector-
trials was 0.63+ 0.32 and for long-duration trials the popula-average prediction on the short-duration trials than the long-
tion average was 0.96 0.32. For MST neurons, these valuesluration trials, whereas the analysis showed a better fit for the
were 0.66+ 0.31 for short-duration trials and 0.89 0.32 for winner-take-all prediction on the long-duration trials than the
long-duration trials. This indicates that the difference in reshort-duration trials. This was also apparent from the distribu-
sponses between the short- and long-duration trials under thege of points when the responses were compared against the
two stimulus conditions was fairly uniform across the populavinner-take-all prediction on the short-duration trials (FigA9,
tion of neurons in each area and that there was little differenardC, leff). When the target was moving in the best direction,
between areas MT and MST (unpaired 1-taitedst;P > 0.05 the responses were smaller than expected, presumably because
for both short- and long-duration trials). the response on crossed trials was the average of the response

To compare the neuronal activity to the previous measures the uncrossed trials where the stimulus moved in the best
of the initial eye-movement metrics, we first determinedirection and a non-best direction (which by definition had a
whether the responses of the MT and MST neurons also weraaller response). Similarly the responses were greater than
better predicted by the vector-average model or the winngredicted when the target was moving in a non-best direction
take-all model depending on the stimulus conditions. As wer the same reason. This difference necessarily would be
did for the eye movements (Fig. 6), we compared the observadallest for neurons with either low firing rates and on trials
neuronal responses with those predicted by the winner-takevaliere the two stimuli moved in directions near each other. For
and vector-averaging models. These comparisons are showstimuli moving along the best-null axis, this difference was



MT AND MST NEURONAL ACTIVITY DURING PURSUIT 1721

greatest, as indicated by the greater scatter of points for tiesponses as a function of stimulus speed showed no difference
higher firing rates. The result for neurons located in cortical the effects on the single neuron activity as was the case for
area MST was similar (Fig. 10). the eye movement metrics (ANOVA, & values> 0.05).

We made a direct comparison between the predictions of theThe results thus far indicate that the same cortical neurons
two models that was similar to that already described for than alter their activity between that better described by a
eye movement metrics (Fig. 7). Figures 11 and 12 show thector-average model and that better described by a winner-
results of this analysis on the MT and MST neurons, respagke-all model. The change in processing depends on the
tively. Like the results described for the eye movements, tR@mulus conditions, but which difference in the stimulus con-
reSponseS on the short-duration trials were better predictedd.?yons iS important remains unc|ear_ One Change iS the |ength
the vector-average model and the responses on the long-dgfaime that the monkey had to make the shape discrimination,
tion trials were better predicted by the winner-take-all modelg|ect the correct stimulus as the target, and plan the pursuit
These differences were statistically significant (see Table 2}a movement. If this length of time altered the monkey’s
when the best direction and the seven other directions wi Ehavior and/or neuronal responses of MT and MST neurons,

tested (Figs. 11 and 1&ff) and when only trials in which the w5014 be evident by comparing the saccade latency be-
target and distracter moved along the best-null axis were cqQn-

; ) - . ween trials where the winner-take-all model was a better
sidered (Figs. 11 and 1dght). Again, analysis of the neuronalpredictor with the saccade latency where the vector-average

Short-Duration Trials (n=45)  Long-Duration Trials (n=27) model was a better predictor. We therefore compared the
A MT Neurons Winner Take All Prediction: Best Direction saccade latency between these two trial types (those points

00 falling above vs. below the line of perfect correlation shown in
280 ! Figs. 11 and 12). In most cases, there was a trend for the trials
% H that were better predicted by the winner-take-all model to have
280 longer latencies than for trials that were better predicted by the
B 40 s 3 vector-average model (Table 3). In some cases, this difference
= reached statistical significance, but these differences were gen-
§2° erally quite small (rarely as much as 10 ms; see Table 3). Thus
So although there was a tendency for the trials best described by

0 20 40 €0 8 100 0 20 40 60 80 the winner-take-all model to have a longer latency, this effect
Uncrossed trials (spikes / second) I d lude that it i likel b .

B MT Neurons Vector Average Prediction: Best Direction was Sma , and we COI’]_C ude that it Is uniikely to be an Impor_

tant indicator of the shift from a vector-average to a winner-

3100 take-all mechanism.

280 In summary, these results showed that the responses of
%eo single neurons in MT and MST can be predicted by either a
e vector-average model or a winner-take-all model depending on
,§40 the stimulus conditions. These conditions were identical to
320 those that showed a similar difference in the accuracy of the
2 two models in predicting the metrics of the initial eye move-
50 ments. Thus in the same monkey, and even on interleaved

0 20 40 60 8 100 0 20 40 €0 80 trials, both the eye movements and the responses of these

Predicted Response (spikes / second) . . .
C MT Neurons Winner Take All Prediction: Non-Best Dir. single neurons could be reliably, and substantially, altered by

100

§go FIG. 9. Activity of MT neurons followed either the vector-average or
3 winner-take-all models depending on the stimulus conditions. Regression
=60 analysis from all neurons recorded in cortical area MTnionkey Non
\3 short-duration left) or long-duration Kight) trials. Average response for each
_(140 of the 8 directions of motion in each session is represented by a single point,
520 corresponding to (& 45 sessions= 360) and (8% 27 sessions= 216) data

o points for the plots of the short-duration and long-duration trials, respectively.
8o : A: winner-take-all prediction. Response during the uncrossed trials is plotted
G 0 20 40 60 80 100 O 20 40 60 80 with the response in the crossed trials when the target was moving in the best

Uncrossed trials (spikes / second) direction of the neuron under study. Winner-take-all model predicts perfect
correlation in this case. Vertical alignment of responsesimdue to the same

D MT Neurons Vector Average Prediction: Non-Best Di
9 fon: Non-Sest Lr. firing rate used in the uncrossed trials (target moving in the best direction) and

,100 compared with each of the crossed trial conditions where the target moved in
§BO the best direction and the distracter moved in each of the 7 non-best directions
3 (short-durationr = 0.919,P < 0.001; long-durationt = 0.944,P < 0.001).

%‘50 B: vector-average prediction is based on the average response from the un-
% crossed trials in each of the 2 directions, and is plotted against the response
G40 measured in the crossed trials when the target was moving in the best direction
5 (short-durationr = 0.902,P < 0.001; long-durationt = 0.812,P < 0.001).

320 C and D: same analysis as iA and B when the target was moving in the
3o non-best direction and the distracter in the crossed trials was moving in the best
O direction C, short-durationr = 0.776,P < 0.001; long-durationt = 0.906,

0 20 40 60 & 100 O 20 40 60 80 P < 0.001:D, short-durationr = 0.917,P < 0.001; long-duration: = 0.881,
Predicted Response (spikes / second) P < 0.001). Diagonal line: perfect correlation.
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Shont-Duration Trials (n =35) Long-Duration Trials (n = 33)

A MST Neurons Winner Take All Prediction: Best Direction
<70

Crossed trials (spikes /

[«]

0 10 20 30 40 50 60 70 O 10 20 30 40 50 60 70
Uncrossed trials (spikes / sec)

B MST Neurons Vector Average Prediction: Best Direction

40 50 60 70 O 10 20 30 40 50 60 70
Predicted Response (spikes / sec)

0 10 20 30

C MST Neurons Winner Take All Prediction: Non - Best Dir.

0 10 20 30

40 50 60 70 O 10 20 30 40 50 60 70
Uncrossed trials (spikes / sec)

D MST Neurons Vector Average Prediction: Non - Best Dir.
870+
w
g 60 4
x50+
o

2404

0 10 20 30 40 5060 70 O 10 20 30 40 50 60 70
Predicted Response (spikes / sec)

0.001
Fic. 10. Single medial superior temporal area (MST) neurons followed  ¢.001
either the vector-average or winner-take-all models depending on the stimu
conditions. Same analysis and conventions as in Fig. 9. All regression analy

hadP values< 0.001.A: short-durationr = 0.896, long-duration: = 0.923.
B: short-durationr = 0.915; long-durationt = 0.872.C: short-durationr =
0.651; long-durationr = 0.938.D: short-durationr = 0.878; long-duration:
r = 0.836.

providing an extended period of time and spatial distance
stimulus motion in which to plan the eye movement.

DISCUSSION

We used the intersecting motion of two stimuli to determine

AND R. H. WURTZ

All Directions of Motion

Best-Null Directions Only
A MT Neurons Short-Duration Trials

1.0 1.0 o Monkey N (n=27)
' X Monkey P (n = 27)
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Fic. 11. Winner-take-all and vector-average models better predicted single
MT neuron activity depending on the stimulus conditions. Error between the
measured response on the crossed trials and the winner-take-all masied)(
and the vector-average modglgxis) are plotted for all directions of motion
(left) or when the stimuli moved only along the best-null axiglt). A: results
from the short-duration trial$B: results from the long-duration trials. Each
data point represents a single stimulus direction and plots the same data as
shown in Fig. 9. Conventions as in Fig. 7.

observations. First, by increasing the spatial and temporal
separation of the two stimuli in the visual field, we found that
we could shift the model of the initial saccadic and pursuit eye
movements that better predicted the behavior from a vector
average of the two stimuli to a winner-take-all model of the
target stimulus. Second, recording from single neurons in areas
MT and MST showed that the model best predicting the
activity of these neurons also shifted from vector average to

All Directions of Motion
A MST Neurons Short-Duration Trials
1.0 5

Best-Null Directions Only

© Monkey N (n=33)
X Monkey P (n =38)

04 0.1

0.01 0.01 4

vector average error
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winner-take-all error

1.0 0.01 0.1

winner-take-all error

1.0

MST Neurons Long-Duration Trials

1.0 1.0
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]
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[

ge error
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0.01

vect@avera
S
o
=

0.001
0.001

0.001
0.001

0.01
winner-take-all error

0.1 1.0

0.01
winner-take-all error

0.1 1.0

FIG. 12.  Winner-take-all and vector-average models better predict single

how populations of neurons process visual motion for thgsT neuron activity depending on the stimulus conditions. Same analysis and
initiation of pursuit eye movements. We made two salie@bnventions as shown in Fig. 11.
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TABLE 2. Errors for MT and MST neurons

Short-Duration Trials Long-Duration Trials
Metric WTA Vector/Average P Value WTA Vector/Average P Value
MT, all directions
Monkey N 0.18+ 0.18 0.13+ 0.11 ki 0.18+ 0.18 0.14+ 0.12 ki
Monkey P 0.25+ 0.23 0.15+ 0.18 b
MT, Best and null directions
Monkey N 0.20+ 0.21 0.11+ 0.09 b 0.13+0.12 0.15+ 0.13 ki
Monkey P 0.16+ 0.10 0.12+ 0.09 ki
MST, all directions
Monkey N 0.24+0.19 0.14+ 0.10 ki 0.19* 0.17 0.24+ 0.18 ki
Monkey P 0.14+0.11 0.11+ 0.08 b
MST, best and null directions
Monkey N 0.31+0.21 0.18+ 0.15 b 0.20+ 0.17 0.26+ 0.18 *
Monkey P 0.15+ 0.12 0.11+ 0.08 ki

Mean error between the observed activity of all middle temporal area (MT) and medial superior temporal area (MST) neurons recorded duringrttie short-
long-duration trials and the activity predicted by WTA and vector-average models. Error was calculdtdases/¢d— predicted)/(observed+ predicted).
Values indicate the means SD of those errors across neuroRsvalues were calculated using a paite@st. *P < 0.05; ** P < 0.01.

winner take all under the same stimulus conditions that caugée initial eye movement metrics were better predicted by the
the shift in the eye movements. Thus the activity of the MT angkctor average of the eye movements when the two component
MST neuronal populations paralleled changes in oculomotstimuli were presented alone in that visual field. Close together
behavior. Although it is possible that other models could bettg our experiments meant that the two stimuli crossed within
predict these results, we have concentrated on contrasting 186 ms after target motion began and traveled over a course of
winner-take-all and vector-averaging models for two maife 1o ~4° depending on the stimulus velocity and direction. In
reasons. First, other models tested by us and others have shgydition, because the monkey had the information about which
very poor predictive power for either eye movements or NeWsimylus was to be the pursuit target only after the appearance
ronal activity, including vector summation and probability ¢ thq moving stimuli, it had only 150 ms to make the appro-
summation (Ferrera and Lisberger 1997; Groh et al. 19945510 shape discrimination before pursuit initiation was al-

Lisberger and Ferrera 1997; Recanzone et al. 1997) Sec ed. We think these results are consistent with those of

several other studies have found either winner-take-all or vec- - -~ .
. o L . o everal recent experiments that had generally similar stimulus
tor-averaging predictions under similar stimulus conditiong’ P g y

Although nonlinear or other types of models may show bettg?ndr']t'ﬁ]ns‘t Llsbt_ergel_r and I;e:;zera d(19t97) uieg att)harz;_dlgtr_n n
predictive power for these measures, it is clear from this stu?ﬁg'.'c € two stimuli move anb intersecte Ia eh Ixation
as well as previous studies that these linear models capture JRit 150 ms after motion onset, but it was only at that time

essence of both the neuronal activity and initial pursuit movE?at tlhe correct pursuit targethwas indicated (by the other
ments. We first will discuss the factors that influence this shifimulus disappearing) and so the pursuit was triggered as soon

in behavior from vector-averaging to winner-take-all models ?S the target was identified. They found that a vector average

the context of this and previous experiments and then consi@§st Predicted the subsequent eye movements. When combin-
the relation of the change in neuronal activity to the hypoth&19 the motion of a visual target with electrical stimulation of
sized population coding. T, Groh et al., (1997) also found the vector average to be the

best predictor of the observed pursuit movements. In their
experiment, the visual target was positioned to move through
the center of the RFs of the neurons electrically stimulated so
Under our experimental conditions, when the two stimuthe activity related to the two “stimuli” overlapped. The trigger
were moving relatively close together in space and there wasinitiate pursuit of the visual target usually occurred at the
little time before the monkey was required to initiate pursuisame time that the motion of the visual target and the electrical

Model predictions of pursuit behavior

TAaBLE 3. Latency differences between WTA and vector-averaging predictions in MT and MST neurons

Short-Duration Trials Long-Duration Trials

Metric WTA Vector/Average P Value WTA Vector/Average P Value
MT

All 265 + 50 264+ 43 >0.05 254+ 34 254+ 42 >0.05

B&N 270 = 41 253+ 41 >0.05 257+ 34 252+ 32 **
MST

All 284 + 35 291+ 49 ki 271+ 40 263+ 46 *

B&N 293 + 31 288+ 47 >0.05 274+ 47 271+ 48 >0.05

Differences in the mean latency to the initial saccade on trials where the neuron showed the smallest error for the WTA prediction or the vertor-avere
prediction. Trials are divided into all directions of target motion (All) or only when stimuli were presented in the best and null directions (B2dttistical
test was an unpairegtest. *P < 0.05; ** P < 0.01.
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stimulation began, so again there was little time before purseitperiments the degree to which these two differences influ-
initiation was required. Thus although there are substanteced the change in pursuit initiation. A second major factor is
differences between these experiments, they all had overléipe differences in time allowed before pursuit initiation was
ping stimuli that moved over a relatively short distance for siggered that allowed more or less time for the monkey to shift
short time, and they gave the monkey only a short time to pl#s attention to the target stimulus and/or prepare for the move-
the pursuit initiation. ment. We cannot determine whether it is the shift in stimulus

When we used stimuli with increased separation of the tvamnditions or the time allowed before pursuit initiation that is
stimuli in space, which also allowed the monkey a longer tintaost important, although from even the brief summary of
between target identification and the trigger to initiate pursufirevious experiments, it is clear that both are involved.
the eye movement metrics were better predicted by a winner-The observations of a shift from vector average to winner
take-all model rather than a vector-average model. This itake all for motion stimuli is reminiscent of a similar well-
creased separation in our experiments extended the duratioesthblished shift for saccades when two stationary targets are
the target motion from 150 to 450 ms before the monkey wasesented to human subjects (Coren and Hoenig 1972; Findley
allowed to initiate pursuit and extended the distance travel@@82). When the two targets are close together, saccades are
by these stimuli from 3.5 to 11°. Ferrera and Lisberger (19981ade to a point between them, the average of the two locations,
1997) also used a paradigm in which a winner-take-all modehereas when the targets are further apart, the saccades are
best predicted the initial pursuit, but the stimulus conditionaade to one target or the other, in a winner take all fashion. In
were substantially different. The two stimuli did not overlajgo far as the population activity underlying this saccadic aver-
(Ferrera and Lisberger 1997) and could be in different hen@ging or separation is similar to that for the initiation of pursuit
fields and so did not have overlapping stimuli comparable witb a moving stimulus, it would strongly suggest that the key
those in our experiment. In their experiments, the fixatidiactor is the separation of the two pursuit targets. Such aver-
period before the trigger for pursuit was 300 ms, closer to oaging or winner-take-all shifts also have been demonstrated in
450-ms period, but they commented that they obtained theonkeys (Ottes et al. 1984). However, even in these studies of
same pursuit initiation for periods between 100 and 800 nmeveraging saccades, subsequent experiments have demon-
The similarity of their experiment and ours is the lack o$trated that factors other than the presence of the two stimuli
stimulus proximity during at least the early phases of purswan influence the behavior and by inference the underlying
initiation, although in all of the results shown there was @eomputation. He and Kowler (1989) showed in human exper-
300-ms period before the pursuit-initiation trigger. Thus alments, for example, that the average end location of saccades
though both their experiments and ours provide nonoverlaghifts based on the prior history of target locations with no
ping stimuli for a longer period during the trial and a longechange in the current stimuli. Furthermore recent experiments
time for the monkey to plan the pursuit initiation and thé the monkey (Edelman and Keller 1998) showed that aver-
pursuit initiation in both was best described by a winner-takaging saccades were more likely when saccade latency was
all model, the differences between the paradigms makeshort.
difficult to conclude whether it is the same variables that lead The underlying computations for saccades in the presence of
to the winner-take-all prediction. two targets also shows sensitivity both to the configuration of

Another set of experiments also has shown a shift from &me targets and to other factors including the time before the
average to a winner-take-all prediction using motion stimuthovement is made so that this control of saccades has striking
(Zohary et al. 1996). In these experiments, the direction similarities to the control of pursuit.
motion of two overlapping directions of predominant motion of For both the pursuit and saccadic systems, the shift in type
randomly moving dots was perceived as an average when tiemovement made is hardly surprising and in fact makes
directions of the two motions varied by little and as a winnebiological sense. When the stimuli are close together in time
take-all when one stimulus direction became stronger than #wed space and little time is available before the saccade is
other. Some subjects also could switch back and forth betwawaade, the pursuit or saccade is made to an average of the two
the two modes depending on the task instructions, indicatitaygets. This would appear to be a reasonable strategy because
that the underlying computation of the population activity ian average approximation would bring both targets closer to
not dependent just on the stimulus conditions. Thus in botihe fovea quickly and a subsequent saccade or pursuit move-
these psychophysical experiments and our pursuit-initiatioment could be made if necessary. On the other hand, when the
experiments, the description could be shifted from an averaggmuli are farther apart and there is more time before the
to a winner-take-all by modifying the stimulus conditiongnovement, the pursuit or saccade can be made accurately to
and/or modifying the conditions under which the target seleone target or the other. This strategy brings the target on the
tion was made: an increase in fixation time in pursuit initiatiofovea with only one saccade or pursuit movement.
or task instructions in the case of psychophysical judgments.

Unfortungtely our experiments on pursm_Jit initiation d_o NoYeuronal activity and model predictions
resolve which of several confounded variables underlies the
shift in the computational mechanism. The stimulus featuresin both MT and MST, the neuronal behavior shifted from a
that varied together were the distance and duration of thector-average to a winner-take-all prediction as the spatial-
motion stimulus. By initiating the target motion at a greatdemporal motion of the stimulus and the time available before
distance from the intersection point, given that the stimuli wepirsuit initiation changed, just as was the case with the pursuit
moving at the same speed, there was also a longer periodanfl saccadic behavior. For the short-duration trials, the fit of
time that the motion was present before the intersection of ttiee observations with the vector averaging was similar to that
two stimuli. It is therefore not possible to determine from ouiound in our previous experiments in which the two stimuli
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moved across the RFs of MT and MST neurons while the A Hypothetical Population Responses in
monkey continued to fixate throughout the trial (Recanzone et ion Pr ing Velocity Space
al. 1997), which is not surprising given that the stimulus Motion Processing yop

conditions were almost identical. This similarity in results with Long - Duration Trials Short - Duration Trials
pursuit initiation and without it does suggest, however, that on Activity

the short-duration trials, the stimulus conditions were the crit-

ical variables. This argues for a relatively greater importance of Vert.

the stimulus configuration than time available before the move-

ment initiation on the short-duration trials. The averaging < SR

result is also consistent with models of MT using summation ;’;g’:;’;;;z’:;;'lll.be\,;{;’\::,'

with divisive normalization (Carandini and Heeger 1994; Hee- §§$;§§§'e;;’,f"0“lll‘l¢:§§§(§:§:o s

ger et al. 1996; Simoncelli and Heeger 1998). :z.gi‘:’.‘fﬁ”ll/'/ll/"\\\\"‘223237:
The relation of the long-duration trials to a winner-take-all ol ,'II " 5

prediction is consistent with the pursuit and saccade behavior, LN

but it does not have an obvious precedent at the neuronal level.
What is surprising is that the neurons in both MT and MST
behaved so similarly. One might have expected to see some
indication of a shift in processing from one area to the next,
particularly given the substantial change in the RF sizes be-
tween these two areas (Desimone and Ungerleider 1986; Ko-
matsu and Wurtz 1988).

A limitation of our analysis of the neuronal responses is the T
method we used to generate the vector-average and the winner-

B Hypothetical Local and Long-Range
Connection Patterns

take-all model predictions. For the eye-movement predictions, :

we compared the eye movement metrics using the behavior on . - fs I fs
uncrossed trials to predict the behavior on crossed trials. This N R T X "
is appropriate because the movement to each of the component HE - AN

stimuli on the crossed trials predicts the true vector average of 13. Hypothetical population activity in MT and MS: activity of
the eye movement, and the errors between observed and gi€population of neurons plotted in a velocity space with axes of horizontal
dicted were relatively small for at least one of the two predi@nd vertical velocity X andy axes) with neuronal activity on theaxis. Peaks

tions. However, for the neuronal responses we used a SC#fa‘?‘CtiVity are r_epresented as discrete hills for individual sti_muli, which on
ong-duration trials were well separatdéff) but were overlapping on short-

average, not a VQCtOI‘ average, of the resPP“SQS to the t\ﬁlﬁ?éltion trials (ight). Note that these plots are for a velocity space and are not
component stimuli on the crossed trials. This scalar averag@nded to represent a spatial map of either MT or MBT2 different types
does not predict the same response if MT and MST neurarigossible cortico-cortical connectiorissft neurons with RFs (- - -) and best
also are tuned for small variations of stimulus speed. F@fe‘fé'ons (Z) that_ta;e a'_'gnetdtwt':]h the trajectory OI 8 moving Sgr"z’u'“; a”‘tj g
: : : uld provide excitatory input to the neuron under study, whose RF is denote
example’ t.he scalar average of t.WO Stlml."“ mo_vmg_ at a 9Q@the RF.Right RFs of many neurons with the same RF location in visual
angle predicts a response for the intermediate direction and §%§‘ce but different best directions, which would result in divisive normaliza-
same speed, whereas a vector average predicts the responsent@nd therefore apparent inhibition, of the neuron under study. In long-
a stimulus moving in an intermediate direction at a speed 1.ddration trials, the target stimulus would activate neurons with RFs with the
times greater. Stimulus speed does influence the activity of Nigme best dl_rectlo_ns that are mte_rc;onnected with the neuron under study. _Thls
Allman et al. 1985 Lagae et al. 1993: Maunsell alEv‘v‘@uld_result in an increase in activity of the neuron und_er study, approac_hlng
neurons ( » o g : ) winner-take-all prediction. In the short-duration trials, such a cortico-
Van Essen 1983; Mikami et al. 1986), although the speegbrtical interaction does not occur, and thus the response of the neuron is only
tuning functions for such small differences are not easilgfluenced by neurons with similar RF locations with different best directions.
predicted from those data. Because we could not directl{ickness of the - - - marking the RF indicate the influence on the responses

measure the responses of these neurons to single stimuli \}he recorded neuron (heavy lines: excitatory, thin lines: inhibitory).

I, L Soch of e possile veeloraverage drectons. 8y given tim can be represented on such a veasiy map by
short-duration crossed trials. Across the population of neuro 90 mdepetn%ent rgg|;)hnslor h||(;s oft.acu;n.tyl. Whgrlr:he stimuli d
the vector-average response would in some cases be gre%&grseparae » as In he fong-duration triais and the uncrosse
g s, the two hills of activity are clearly separated (FigA13

than the prediction from the scalar average, and in other ca . . .
the vector-average response would be smaller than the sctat and pursuit can be to either target represented by either of

average. Thus the difference would be expected to increase fife separate hills. In contrast, when the stimuli cross in close
variance in the error across the population of neurons but likd§mporal and spatial proximity, the hills of activity on the
not the mean. Taking the stimulus speed selectivity into a¢elocity map can be regarded as overlapping (Figh, 1&jht),
count may well produce smaller overall errors on the sho@nd the pursduit is to the average of the two hills. In this case,
duration crossed trials. neurons show a reduced response to the best stimulus direction
If we consider only the stimulus conditions in our experiand increased activity to the non-best directions so that on this
ments and take the view that MT and MST essentially consistslocity map, the distribution of activity would be the average
of velocity maps of visual space, we can visualize the changafsthe two component stimuli. The changing interaction be-
that might occur when comparing the short- and long-duratidween these two regions as stimuli approach each other must
trials (Fig. 134). In this view, the motion of the two stimuli at depend on both excitatory and inhibitory interactions as has
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been proposed in models of the interaction (Ferrera and Lfsr example, the demonstrations of divisive normalization
berger 1995, 1997). when stimuli move in different directions (e.g., Recanzone et
When viewed in this way, the hypothetical interactional. 1997; Snowden et al. 1991).
between populations of neurons in MT or MST during pursuit Our results indicate that the influence of neurons with RF
initiation are similar in several respects to the neuronal activitycations and directional tuning consistent with the target tra-
in the monkey superior colliculus thought to be associated wigkctory is greater than the influence of neurons with different
the initiation of saccades made in the presence of two statidrest directions and the same RF location. In this case, divisive
ary targets. It generally is accepted that the activity related mormalization would result in responses closer to a winner-
an impending saccade can be represented by a hill of actividke-all model in the long-duration trials because of the exci-
among the saccade related burst neurons on the collicular niaory input from other cortical neurons responding to the
and that saccade generation results from the vector summatianget as it moved toward the RF. This long-range excitatory
of this activity (van Gisbergen et al. 1987; van Opstal and vamput would provide a stronger input to the recorded neuron
Gisbergen 1989; and see review by van Gisbergen and \than would the columns of neurons responsive to the direction
Opstal 1989) although the experimental evidence is sparse (loé¢he distracter. This would result in activity that was closer
et al. 1988). Several studies have shown that the neurons in et still lower) to that measured in trials where only one
colliculus are active during averaging saccades (Edelman atiinulus was in the RF of the neuron and would effectively
Keller 1998; Glimcher and Sparks 1993; van Opstal and vahift the response from being consistent with a vector-average
Gisbergen 1990). Edelman and Keller (1998) also found thabdel to a winner-take-all model. On the short-duration trials,
when the averaging saccades occurred, the movement fieldalbtimuli initiated their motion near the edges of the RF of the
the collicular neurons were broader than when saccades weeeron under study, and thus interactions from neurons one or
made to single targets. The conceptions of the shifts in theore RF diameters away would be minimal. A direct test of
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