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Shadlen, Michael N. and William T. NewsomeNeural basis of a data from the visual cortex. Unless an action is purely reflexjve
perceptual decision in the parietal cortex (area LIP) of the rhesgp purely capricious, a higher level of information processipg

monkey. J Neurophysiol86: 1916-1936, 2001. We recorded thﬁ’?ust link sensation to action. Sensory data mushtepreted
activity of single neurons in the posterior parietal cortex (area LIP)é)

two rhesus monkeys while they discriminated the direction of moti Fi zxe_cute, [revise, or dﬁlay pen(ljlngdactlt_)n._The gfoal of m'i
in random-dot visual stimuli. The visual task was similar to a motiogtudy IS to Investigate the neural underpinnings of one syic

discrimination task that has been used in previous investigations!Bferpretive mechanism: a simple decision process in a g
motion-sensitive regions of the extrastriate cortex. The monkeys wé#ernative, forced-choice psychophysical paradigm. 3
trained to decide whether the direction of motion was toward one of We trained monkeys to discriminate opposed directions
two choice targets that appeared on either side of the random-dudtion in a stochastic random dot display and to report
stimulus. At the end of the trial, the monkeys reported their directigierceived direction with a saccadic eye movement to one
judgment by making an eye movement to the appropriate target. Wgo visual targets. At least three processing stages mus

studied neurons in LIP that exhibited spatially selective persistegf aged during each trial the monkey performs (Fig. 1). Fi
activity during delayed saccadic eye movement tasks. These neurgngenqqry process must extract motion information from
are thought to carry high-level signals appropriate for identifyin 'gual image and represent the outcome within the vis

salient visual targets and for guiding saccadic eye movements. E k. th I . f
arranged the motion discrimination task so that one of the choi€@/€X. For our task, the relevant representation of mot

targets was in the LIP neuron’s response field (RF) while the oth&sides largely in areas MT and MST of extrastriate cor{
target was positioned well away from the RF. During motion viewindBritten et al. 1992, 1996; Celebrini and Newsome 194
neurons in LIP altered their firing rate in a manner that predicted tk&oner and Albright 1999; Newsome and P&B88; Salzman
saccadic eye movement that the monkey would make at the end of @teal. 1992; Shadlen et al. 1996). Neurons in MT and M
trial. The activity thus predicted the monkey’s judgment of motiogenerate smoothly varying responses that reflect the amou
direction. This predictive activity began early in the motion-viewingnotion energy within a specific band of velocities (directig
period and became increasingly reliable as the monkey viewed @ﬁd speed) to which they are tuned (Albright 1984; Mauns
random-dot motion. The neural activity predicted the monkey’s d :nd Van Essen 1983; Simoncelli and Heeger 1998; ,Zeki 19
rection judgment on both easy and difficult trials (strong and We)%econd the map of r,notion direction in MT and MéT must

sy UL DR

Gz y5rer o L16KELE)

motion), whether or not the judgment was correct. In addition, t d d f ical decision: is the 2
timing and magnitude of the response was affected by the strengtHr?}Prprete ,or read out,to form a categorical decision: is the ©
AL

the motion signal in the stimulus. When the direction of motion wad€t motion flow in direction A or direction B? Third, after
toward the RF, stronger motion led to larger neural responses earfi@cision is formed, it may need to be stored in working
in the motion-viewing period. When motion was away from the RFmemory until an operant response is programmed and ¢xe-
stronger motion led to greater suppression of ongoing activity. Thasited. In our task, neural signals for guiding the operant
the activity of single neurons in area LIP reflects both the direction pésponse must ultimately emerge from eye movement—related
an impending gaze shift and the quality of the sensory informati@firyctures such as the superior colliculus, the frontal eye figld,
that instructs such a response. The time course of the neural respe{js§ the |ateral intraparietal area (LIP) of the inferior pariefal
2?%%?2?%&"5 :cgumg\llztﬁ]seﬁfnsory signals relevant to the seleqlidn, 5reas that have been studied extensively over the pas} fev
9 y ' decades (for reviews, see Andersen et al. 1992; Colby pnd
Goldberg 1999; Schall 1995). We therefore have a reasonfible
base of knowledge concerning the sensory and motor procgesst
ing stages that must be engaged during performance of|thg
Primates use vision to guide their interactions with thiask, but we know virtually nothing concerning the key cop-
environment. In wakefulness, the brain generates a steattjve stage of decision formation (see also Romo and Salipas
stream of decisions to shift the gaze, to position the body, a@01).
to grasp, avoid, or classify objects, often with the guidance of As an initial step toward analysis of the decision process, jwe

INTRODUCTION
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Psychological Neural experimental leverage on this issue. First, we have introduted
lat an instructed delay period between presentation of the mofion

process correiate stimulus and the “go” signal to execute the saccadic ¢ye
movement. This tactic delays overt motor activity until the epd

SENSORY PROCESSING Visual Cortex of the trial, thereby separating the period of motion viewifg
Direction of motion MT, MST, etc. (hence the decision) from motor execution. Second, we h:%ve
1 taken advantage of a fact that all psychophysical subjects kow
l‘\ well: all decisions are not created equal. Subjects are certaip of
N decisions made on the basis of strong sensory information|but
DECISION 9 are quite doubtful of decisions made_on t.he.ba.l5|s of amblguous
Right orLeft? o / evidence. We assume that neural circuits intimately linked to

/ the process of decision formation should reflect this level|of

i*’ certainty either in the amplitude or timing of decision-relatgd

WORKING MEMORY |  Parietal and Frontal activity (Basso and Wurtz 1998). In other words, decisign-
Intention, Attention, Association Cortex related activity should bear some signature of the intensity| of

Preparation, LIP, Area 46, the sensory stimulus.

Motor set FEF, Superior Colliculus We have found that some neurons in LIP are plausible

candidates for participating in the decision process. These
neurons generate sustained activity that predicts the impengling
EXECUTION saccadg, and thus th.e_monkey’s decision. Both the ampl_itude
Process "go" and Movement Neurons and timing of this activity reflect the certainty of the decisign
initiate saccade FEF, Superior Colliculus and cannot be accounted for by any parameter of the p¥e)
movement itself that we have investigated.

Fic. 1. Stages of processing in the motion-discrimination task and their We have briefly described some of these results elsewl

putatative neural correlates. Information about visual motion is represente(ig ]
the extrastriate visual cortex. These neural signals inform a decision proc hadlen and Newsome 1996; Shadlen et al. 1994)'

constrained by the demands of the task to 1 of 2 possible judgments. The

judgment, once made, persists during the delay period that follows motigfe THOD S

offset, ultimately informing the behavioral response. A neural correlate of the

decision formation is not known, but several brain structures contain neurd@8sibjects, surgery, and daily routine

that would be expected to sustain a representation of the animal’s commitment

to one of the possible behavioral alternatives. The central hypothesis of thVe performed experiments on two adult rhesus monksecaca

present study, symbolized by the dashed arrow, is that such neurons might aftdattg 1 male and 1 female) weighing 8—-9 kg. The monkeys w4

lend insight into the computation of the decision itself. surgically implanted with a head-holding device (Evarts 1968)
scleral search coil for monitoring eye movements (Judge et al. 19

have studied the activity of neurons in LIP that carry high-levehd a recording cylinder over the intraparietal sulcus. After recov

signals appropriate for identifying salient visual targets arftbm surgery, the animals engaged in daily training or experime

ultimately for guiding saccadic eye movements. Many neurofssions lasting 2-6 h. The monkeys were trained to perfor

in LIP modulate their level of activity when there is sufficienf//o-alternative, forced-choice direction discrimination task near p

. . . hophysical threshold. The monkeys were also trained on a varie

information to plan a saccade, even when execution of t tion and saccadic eye movement tasks as described below. | ¢

saccade may be delayed by several seconds (Colby and Goltthe monkeys worked for liquid rewards, and their daily wa

berg 1999; Mazzoni et al. 1996; Snyder et al. 2000). Oifitake was therefore controlled. All surgical and behavioral pro¢eS

central question is whether the activity of these neurons caires were in accordance with the U.S. Department of Health h8l

provide insight into the process of decision formation duringuman Services (National Institutes of Health) Guide for the Care and

performance of our psychophysical task. Differentiating dedilse of Laboratory Animals (1996).

sion-related activity from strictly sensory activity is reasonably

easy. By requiring the monkey to discriminate weak, noisyisual stimuli

motion signals near psychophysical threshold, we create

Sltuatlor:j in which t.he deflshlon varies fr(_)m ”'f"" t(I) ”'5." for epper SGT graphics board (Number 9 Computer) attached td a
repeated presentations of the same motion stimulus (i.e., &)y multiscan monitor (60 Hz noninterlaced) placed 57 cm awWay

monkey decides correctly on some trials and incorrectly @fbm the monkey. The system displayed fixation and saccade targetd
others). To a first approximation, sensory activity will reflecis well as the dynamic random-dot motion stimuli used for the
the motion in the stimulus irrespective of what the monkeyirection discrimination experiments. The motion display was similar
decides, whereas activity in higher level circuits timerpret to stimuli used in previous investigations (e.g., see Britten et al. 1992).
the motion signals should vary strongly with the monkey’s Random dots were plotted within a circular aperture of 5-10° digm.
decision. Each dot was displayed for one video frame and then replotted 50 ms
Differentiating decision-related activity from strictly motor(3 video frames) later either at an appropriate spatial displacement for
activity, however, is not so straightforward. In a trivial sens@PParent motion (typically 3-7°/s velocity) or at a random locatign.
all motor signals are decision-related in that they reflect tI? e probability that a particular dot would be displaced in motion|is

L . . med the motion coherence, expressed throughout the paper|as
outcome of the decision process. The key problem is to d'ff‘:'Hércentage. For example, if the coherence is 50%, then a dot |that

entiate processing stages in which the decision is actualiypears in frame 1 has a 0.5 probability of coherent displacemert in
formed and represented from stages that simply represenfido frame 4 and an equal chance of being randomly replafed
movement to be executed. We have adopted two tactics to gedmewhere else in the viewing aperture. Dots that first appear in video

(0)
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%/isual stimuli were generated on a PC/486 computer using a
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frame 2 are not seen in frames 3 and 4 and are subsequently plotterl presence of the visual target, we also required the monke
with the appropriate displacement (or randomly) in video frame 5, apeérform delayed saccades to remembered locations. This tag
so on. The dots were white on a black background and plotted aidantical to the delayed saccade task, except that the target was tu
density of 16.7 dots per dger s, as in previous studies. off after 200 ms. The monkey was required to maintain fixation dur

For some experiments, we used the same sequence of random tieslelay period (0.5-2.0 s) that ended with extinction of the fixati
for all trials at each coherence-direction combination. The manipulspot. The monkey was then allowed up to 500 ms to initiate a sacq
tion did not lead to any detectable difference in the LIP response, aiodthe remembered location of the target and was rewarded if
we have therefore combined these experiments with those in whickaccade endpoint fell within 4—8° of the cued location.

fresh random-number seed was used on every trial. We explored the boundaries of the RF by changing the locatio
the saccade target. We did not attempt to map the extent of this re
Electrophysiological recording quantitatively, but we did identify regions of the visual field that faile

to evoke delay-period activity during this task. We exploited th

We recorded neural activity using tungsten microelectrodes (irkmowledge to place a second target, as well as the random-dot mq

pedance 0.8—1.2 M at 1 kHz; FHC) inserted into the cortex throughstimulus, outside the RF defined in this manner. This was eas

a 23-gauge stainless steel guide tube that punctured the dura maigfiieve in most instances because the RFs were eccentric and

The tip of the guide tube was either in the superficial layers of area ganably well circumscribed (median eccentricity was 9.6°; 87% wi
or in the intraparietal sulcus, outside of the cortex. The guide tube wasleast 5° from the fovea).

held in place by a plastic grid fitted inside the recording chambgir iy piscriMINATION TASK.  After delineating the boundaried
(Crist Instruments). The grid enabled us to record from the SaMPPthe RF, we set up a direction discrimination task after the des

Stiustrated in Fig. 2. One target, henceforth callEt, was placed in

. . ! : '®§fe RF of the neuron under study, while a second tarf2twas
Single units were isolated on the basis of voltage waveform usin Riced well outside the RF (often in the opposite hemifield). T

voltage-ti_me Windo‘_N discriminator (Bak Electroniqs). The time o timulus aperture was positioned so that the coherent dots mg
each action potential was stored on computer disk to the neargst-rd one or the other target on each trial. We positioned

millisecond, along with the time of trial events that identified the timgti ulus aperture so as to minimize stimulation of any visual recep
of fixation, stimulus onset, stimulus offset, and saccade. Recordsp]gfg
HiEld.

eye position were stored to disk (250 samples/s) on a portion of
experiments. Data acquisition and experimental control were acc
plished using a PC/486 running a real-time data acquisition Systefvard or away from the RF, and the strength of the motion

(Hays et al. 1982). The trial events, spikes, and eye position data w : ;
analyzed off-line using software tools developed in Matlab (Th@eé‘ﬁerence) was also randomly varied to span psychophysical thr

Signals were amplified and viewed on an oscilloscope scre

®The monkey performed a one-interval, two-alternative, forcg

Mathworks). Go
Behavioral tasks ° he
The primary goal of the study was to examine the responses of Delay ,,

neurons during performance of a motion discrimination task similar to ° ° 4*—
one used in previous investigations of areas MT and MST (Britten et , Aﬁ\

al. 1992, 1996; Celebrini and Newsome 1994; Newsome and Pare M°t'°"ﬁ_

) ;/"..

1988; Salzman et al. 1992). For the present study, neurons were

selected on the basis of their responses during saccadic eye movement _
tasks, described below. For all tasks, the monkey was required to Targets A
fixate a small red spot (the fixation point, FP) until its extinction. If at 72 (A
any time, the gaze fell outside of a22° window centered on the FP, ® ®
the trial was aborted. The window accommodated the small variationFixation o ﬁi\
in eye position from trial to trial, but the monkey’s gaze on any one *
trial was typically stable. A brief description of each task follows. L

DELAYED SACCADES WITHOUT AND WITH MEMORY. Neurons
were screened by their responses in a delayed saccade task. C :
fixating a central spot, a bright red saccade target appeared in the P
periphery. The monkey was required to maintain fixation until the A
fixation spot was extinguished and was then required to make a
saccade to the target within 500 ms. The delay period between onset Eye pos —————"—— —
of the S‘?‘“ade target and offset of the fixation point (“99” S|gn_al) WaS. . 2. Motion discrimination task used to study neurons in the late)
randomized from 0.5 to 2.0 s. We sampled LIP using this tasf anarietal area (area LIP). The monkey performs a l-interval 2-alterng
searching for those neurons that discharged during the delay perigflced-choice direction discrimination task. The difficulty of the task is cd
On isolating an appropriate cell, we identified the region of theolled by varying the fraction of random dots that move coherently. Tj
visual field that led to robust responses during the delay period. Wiesction and motion strength are randomly chosen on each trial. The mor
will refer to this region as theesponse fieldRF) of the neuron. Some is trained to indicate its judgment of direction by making an eye movemen

+

investigators would use the term receptive field or motor field, dé-of 2 targets that appear to either side of the random-dot motion stinAilug.

pending on whether the emphasis is placed on the response to vi§g#j 9eometry. Neurons selected for study emit sustained responses d
targets or the preparation to make an eye movement (Mazzoni et ayed eye movement tasks when the target appears in a portion of the

. . - . eld, termed the response field (RF; gray). The discrimination task is arran
1996). In our experience these regions of the visual field were SUllE . 'ihe direction of random-dot motion instructs a subsequent gaze

ciently congruent to warrant the more generic terminology (Barashigf, or away from the RF. One target) appears in the RF. The other targd

al. 1991b; Colby et al. 1996; Gnadt and Andersen 1988; Platt apith) and the random dots are placed outside theBREme diagram of events

Glimcher 1997, 1998). in the discrimination task. The motion-viewing period lasted 0.5, 1.0, or 2.
To ensure that the delay-period activity we recorded was not duer®, fixation point.
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old. The random-dot motion was presented for 0.5, 1, or 2 s, follow¢iche markers to compute standard peristimulus time histograms jand
by a delay period (duration 0.2—2.0 s) in which the monkey maimasters, and to count spikes occurring between trial events. Analysis
tained fixation until extinction of the fixation point. The monkey themnvas performed off-line using custom software developed in Matlab

made a saccade to one of the two targets. If the coherent motion WBlse Mathworks). Each of the intervals comprising our trials (from
toward the RF, the monkey was rewarded for an eye movemdri;to target onset to motion onset, from motion onset to offset, and frpm

if the motion was away from the RF, the monkey was rewarded for amotion offset to the extinction of the fixation point) contained
eye movement td2. Importantly, the locations of the two saccadevariable amount of time. We therefore present our data with respe

targets, the location of the stimulus aperture, and the axis of tt#ferent event markers (e.g., motion onset). To compute sumnmnjary
motion discrimination were adjusted in each experiment accordinggtatistics, we used the average spike rate between two trial events o
the location of the neuron’s RF. in epochs aligned to common trial events (e.g., 1st 500 ms of motion-

In using this geometry, we created a situation in which a decisiaewing period).
in favor of one direction of motion should be reflected by an increaseWe performed standard comparisons of means usiagd F-tests.

in firing rate of the neuron under study because its RF would becom#en examining results across the population of neurons in our g¢lataj
the target of the subsequent saccade. Conversely, a decision favosieig we applied multiple regression models in which cell identity was
the other direction of motion, resulting in a saccade to the targetorporated as an independent categorical variable. For examplg, td

outside the RF, should result in a decrease or exert no influence ondhalyze the effect of motion strength on neural response (Fiy-B)
neuron’s firing rate. The monkey’s choices were tabulated as a fumee fit the model

tion of motion strength to establish a psychometric function. Psycho-

metric functions were fit with a cumulative Weibull function (Quick y =B COH+ ajlyn + € 2

1974) that estimates the probability of a correct choice as a function . . . .
of motion coherence (COH) wherey is the spike rate measured in a designated epoch on cdite

choice (or correcT2 choices); COH represents motion strenyth;.;,
P(COH) = 1 — 0.5 (CoH? (1) serves as an indicator functioh,(, = 1 if unit = i and O otherwise;
) ) such variables are often referred to as a dummy variables);ear
Values for the two free parameteks,and 8, were obtained using a represents the residual error, which is assumed to obey a no
maximum likelihood fitting procedure. We refer to the fitted value, distribution. The fitted coefficien3, along with its confidence inter-
as the discrimination threshold. At threshold (CG+), the monkey  ya| provides an estimate of the effect of motion strength on respg
is expected to make 82% correct choices. Across our experiments, 48eoss the 104 neurons, allowing for differences in level of actiy
mean=* SE threshold was 1% 0.8% coherence (medlan 131%), Th%mong the neurons (as estimated by the fitted Coefficielntsl OL104).

slope of the psychometric function was slightly greater than oneTo test whether saccade direction affects the response, we cgl

(meang = 1.1 * 0.04, median 1.0), consistent with previous workated the probability of obtaining afrstatistic under the null hypoth-
(Britten et al. 1992). We are thus assured that the monkey used g@%'HO: B = 0. The F-statistic is derived from the extra sum 0
weak motion cues in our stimuli to guide its selection of eye moveguares obtained by fitting a reduced model in wigclk 0 (Draper
ments. For each neuron, we obtained data USing the discrimination aﬁ@ Smith 1966) If there amadata points and neurons, then for two
delayed saccade tasks. When possible we also performed one or mgé@lels that differ byk = 1 degrees of freedom

of the control tasks described below.

PASSIVE VIEWING OF RANDOM-DOT MOTION. We examined the (Sséd_sal">
response to random-dot motion during trials in which the monkey F _ k 3
simply fixated. No saccade targets appeared on these trials, and the Kol SSui @)
monkey was rewarded simply for maintaining fixation throughout the [m]

motion-viewing period. The dots appeared in the same location as in
the discrimination task, outside the neuron’s RF. The strength where S, and SS.4 are the residual sum of squares for the fu
motion was 51.2% coherence, which matched the strongest motinndel and the reduced model fits, respectively. For ease of presg
used in the discrimination experiments. This fixation task was oftéion, we often show the mean response among a group of neurons
performed in a separate block of trials but was sometimes randoraly hypothesis tests were performed using multiple regression and
interleaved with discrimination and delayed saccade trials. The taslkeigra sum of squares principle. We refer to this procedure in the

the only one in which saccade targets do not appear shortly aféer a nested~-test and describe null hypotheses by noting whith-

fixation. coefficients are set to zero. Although some assumptions can be

DELAYED SACCADES IN THE PRESENCE OF MOTION DISTRACTOR. Ciz€d, this regression strategy (and the variants we pursue in
This task examines the response to visual motion during preparatRiPer) furnishes estimates and confidence intervals that reflect ay

of a saccadic eye movement that is specified by a single target. -ﬂq'@tely the differences in firing rates among neurons and differences

task resembles the discrimination task with the important exceptibhthe degree of uncertainty that neurons contribute (based primg
that only one saccade target appears throughout the trial. The mo@Shdifferences in the number of trials obtained).
coherence was 51.2% and the direction was toward or away from ®MALYSIS OF PREDICTIVE ACTIVITY. We computed a predictive
target. Both the direction of motion and the target location wetadex that describes the association between neural response ar
randomized and independent. The monkey was rewarded for makingnkey’s decision. The index approximates the ability of the exp

a saccade to the one target. Importantly, the direction of motion hiagenter to predict the monkey’s behavior from the neural responsg. It

no bearing on the monkey's reward. This task was always performigtthe probability that a random sample of the neural response a
in a separate block of trials to distinguish it from the discriminatiopiated with one behavioral choice would exceed the neural respd
task. Because this task potentially reinforces a dissociation betwegssociated with the other behavioral choice. Denoting the respq
motion direction and eye movement response, we included it ordgsociated with the two choices By andy,, this is the joint proba
after obtaining data on the other tasks. bility over all possible criteriak, of observingy, = k andy, < k

Data analysis 1 All graphs and analyses employ a transformation of motion strength tq
) ) ordinal scale from most difficult to easiest, which, with the exception of

Raw data were stored as spike events timed to the nearest milinerence, is identical to a log scale. We selected this transformation bed
second. These responses were collated into trials along with variausd to a linear relationship.
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. RESULTS
Predictive Index= f Prly, = k)Pr(y, < k)dk

-

Basic response properties on delayed saccade tasks

; . We recorded from 104 neurons in area LIP of 2 adult rhegus
=J Pr(y;, = K)U Pr(y, = [.L)d[.L:|dK (4) monkeys. All of the neurons included for analysis were actjve

- during a delayed saccade task and exhibited a clear prefergnc
for targets in a restricted portion of the visual field, termed the

-

Equation 4can be estimated by computing the area under a receiv: . )
operating-characteristic (ROC) curve obtained from the two respor&sponse field (RF; seeetHops). In nearly all cases we en

distributions (Britten et al. 1992; Green and Swets 1966). We used$red that such delay-period activity did not represent a vig

epoch of 250 ms to obtain the spike courntsandy.,. response to the saccade target by extinguishing the target pftey
200 ms and requiring the monkey to make a memory-guiged
Saccadic eye movements saccade. Figure 4 illustrates such responses for one LIP neyror.

The monkey made memory-guided saccades to eight tes

For 45 neurons we maintained records of the monkey's eye positieations  which were arranged concentrically around the fika-

during discrimination and saccade trial types. Eye position was s
pled at 1 kHz per horizontal and vertical channel and stored on dis
at 250 Hz per channel. From these eye position traces we derived )
beginning and endpoint of each saccade, its amplitude (AMP), dir

)n point at an eccentricity of 10°. The response rasters

rection for each raster. The response was largest when

tion (DIR), peak velocity (VMAX), duration (DUR), latency (LAT), 'emembered target was to the left of fixation. When the tarpet

and accuracy (ACC). We defined accuracy as the reciprocal of tAppeared outside the RF, the response was attenuated

RMS distance from the mean endpoint. We were interested in whetladter the saccade. The mixture of visual, delay-period, and

trial-to-trial variation in the saccadic eye movement affected thgerisaccadic responses apparent in these rasters has beeg

neural response. scribed by other investigators (Barash et al. 1991a,b; Colb
al. 1996; Gnadt and Andersen 1988; Platt and Glimcher 19
Histology and identification of recording sites We used the delay period activity to guide placement of chog

The animals were killed with an overdose of pentobarbital sodiutnqrgets and random dots in the direction discrimination tas

(Nembutal) and perfused through the heart with saline followed by a

10% Formalin fixative. Tissue blocks containing the region of intereesponse during motion discrimination
were equilibrated in 30% sucrose, then cut ing8-sections using a . .
freezing microtome. Sections at regular intervals through the intrapa-OUr Primary goal was to ascertain how such neurons resp
rietal sulcus were stained for cell bodies with cresyl violet and fo¥hen the instruction for the saccade is a motion stimu
myelinated fibers by the method of Gallyas (Gallyas 1979). Weresented outside the neuron’s RF. In this setting, a sacq
confirmed that our recordings were from neurons in the lateral bankinto or away from the RF indicates the monkey’s judgment
the intraparietal sulcus. Figure 3 illustrates a typical histologicdirection. We reasoned that the development of neural acti
section containing several electrode tracks. The guide tube was @itated to the animal’s choice might yield insight into tH
rected toward the lateral bank of the IPS (visible in adjacent sectionghra] underpinnings of decision formation within the corte

and electrode tracks from this guide tube coursed down the Iateﬁag example from a typical experiment is illustrated in Fig
bank for several millimeters before exiting into white matter. Al . . h "
though we cannot reconstruct individual penetrations made over t\}ge responses shown in theft columnaccompanied trials in

course of many months, it is clear that the bulk of our recordings we ich the monkey decided that mot_ion was toward the RF
from the more posterior and medial region of LIP, corresponding thade a saccade to the corresponding tarfét ¢or all three

the region of LIP that projects to the frontal eye field and area 8Apotion strengths shown in the figure, the response incregss
(Andersen et al. 1990; Cavada and Goldman-Rakic 1989; Petrides gltdling the motion-viewing period and remained elevateg

Pandya 1984; Schall et al. 1995). throughout the delay period. Compare this pattern of respo

A B

Fic. 3. Representative histological section g
recording sites from one monkeg: the approxi-
mate plane of section shown BiandC. BandC:
low- and high-power micrographs (Myelin stain)
Electrode tracks can be seen coursing through 1
posterior bank of the intraparietal suclus. The ar
in the rectangle is magnified i€. Arrows mark
electrode tracks through area LIP. IPS, intraparie
sulcus; STS, superior temporal sulcus; LS, lung
sulcus.
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predictive activity varied in intensity as a function of moti
strength. The upper set of responses was obtained wher] th
monkey viewed a strong motion stimulus. These trials were
easy, and this is reflected in a rapid rise of activity early in the
trial. The average spike rate during motion viewing was 39.2
1.3 spikes/s (meant- SE) for T1 choices and 13.9t 0.6
spikes/s forT2 choices. For the more difficult discriminations
shown at thebottom of the figure, the response modulatio
occurred later in the motion viewing period and never attairjed
the level seen at the strong motion coherences (32143 and
17.5 = 1.3 spikes/s during the motion-viewing period bt
and T2 choices, respectively).
For the neuron in Fig. 5, decisions for motion away from the
K513 RF (T2 choices;right columr) were accompanied by a sup
pression of activity that varied little across motion strengths.
However, for many LIP neurons the effect of motion strendth
was more apparent fof2 choices than forT1 choices, as
illustrated in Fig. 6. When the monkey viewed the 0% cohergnt
display and chose the target outside the B&ttom right raster
and PSTH), the average response during the motion-viewing
period was 12.4- 1.3 spikes/s. When a strong motion stimullis
was directed away from the RF, corre€® choices were
1s associated with an average response ofi7 ®.7 spikes/stbp
Fic. 4. Neural activity associated with memory-guided saccadic eye movdght; P = 0.0012,t-test).
ments. In this screening procedure, targets appeared in 1 of 8 locations. Théll of the neurons in our data set responded more stron
responses are aligned to the onset of the target that was flashed on \gifbn the monkey decided that motion was toward the neurg

immediately off. The monkey made an eye movement to its remember, ; ; ; ;
location when the fixation point was extinguishadl. Rasters and peristimulus %H:’ and for most, this difference was evident dur|ng the

time histograms (PSTHs) are arranged to illustrate the angle of the target. HR-viewing per.iOd- For a few neurons (4 of 104): hOWQV
PSTHSs do not include activity after the initiation of the saccadic eye movéhe response did not indicate the monkey's choice until

ment. This neuron exhibited activity in the delay period before saccadic egelay period; that is, after the random-dot motion stimulus
e o o o s crase B g pcyed Of. Figure 7 ilustrates this unusual patern of actvipg
for [t)he period from target oﬁ%et until ex'tinction oﬁ the fixation pointg.l PYSTRIS neuron re,Sponded selectively throughout the dglay pefigd
of the saccadic eye movement tasksgnd B), but did not g
to those accompanying the opposite decisiogh¢ columr). strongly indicate the monkey’s decision during the motiors
During the motion-viewing period, the response diminishedewing period of the discrimination task. During the delgy3
and remained attenuated through the delay period until theriod, however, the response modulated in a manner flzt
monkey made its saccade to the target outside thelRF-for reflected the impending saccade and thus the monkey’s %i-
both choices, the largest response modulations occurred dusign (€ andD). The change in firing rate became evident abgut
the motion-viewing period, which is the interval in which th&200 ms after the random-dot motion was turned off.
monkey must arrive at its judgment of direction. Importantlygmphasize that this pattern of response was rare in LIP | &-
the modulation apparent in Fig. 5 does not reflect the sensdnpugh it occurs with some regularity in prefrontal areas th@
stimulus per se: substantial choice-related modulation occuri@@ connected to LIP (Kim and Shadlen 1999). The finding is
on the 0% coherence trials, which contained no net motiamportant, however, because it demonstrates that seleqting
(bottom row, and on error trials as well (see Fig. 11). Moreneurons based on their presaccadic activity did not guarantes
over the modulated activity levels persisted throughout thleat their responses would be modulated during the period of
delay period, after the random dots were extinguished. Thetion viewing.
response seems to reflect the monkey’s decision about direcThe pattern of responses exemplified in Figs. 5 and 6
tion, rather than the actual motion content of the sensomgpresentative of the population of LIP neurons encountere
stimulus. this study. Figure 8 shows the mean response from 104 neufon
In our paradigm, the monkey can plan an appropriate sgidetted as a function of time, aligned to 2 events during
cadic eye movement as soon as a decision is made aboutttted. On theleft, activity recorded during motion viewing i
direction of motion in the stimulus, raising the possibility thaaligned to the onset of random-dot motion; on tight, the

> -

15 spikes/s

%a‘%eowmoq

BBy

and superior colliculus (Horwitz and Newsome 1999a). the weakest motion strength (0% coherence, red), which
Closer analysis of the data reveals, however, that neuvédes no basis to distinguish correct from incorrect.

activity in LIP cannot be explained entirely by motor prepara- There are several interesting features in this graph. Like [the

tion. The histograms in Fig. 5, for example, suggest that tisengle units in Figs. 5 and 6, the magnitude of the respopse
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reflects the monkey’s choice, increasing fbt choices and motion to be toward the RF, the increase in activity saturat

M. N. SHADLEN AND W. T. NEWSOME

Motion on

51.2%. .| - ver

12.8% 0

0%

e580cimn

FIG. 5. Activity of a neuron in LIP during the motion
discrimination task. The cartoon at thep indicates
whether the monkey’s behavioral response was an ¢ye
movement into or out of the response field (gray disk). Fpr
the nonzero motion strengths, motion direction is shoyn
by the arrow in the circle. Rasters and PSTHs are shojvn
aligned to 2 events. In thieft portion of each axis, the
responses are aligned to the onset of motion, which is ten
followed by a 2-s motion-viewing period. In theght
portion of the axes, the delay period response is shoyn
aligned to saccade initiation. This neuron modulated |ts
activity early in the motion-viewing period and in accor]
dance with the monkey’s direction judgment and pending
eye movement. Responses were more enhanced and ore
profoundly depressed when the motion strength wpgs
greater. Only correct trials are shown for the 12.8 afd
51.2% coherent motion strengths.

@ou) papeojumoq

decreasing folf 2 choices. The rise and fall in spike rate beginduring the delay period, culminating in a burst of activity ju
in earnest 175 ms after onset of the dd&s< 0.01, t-tests before and during the saccade. For judgments away from

56
fBe

performed on 1st derivative) and continues throughout tiRF, the responses reach an average attenuation of 45 spikés
motion-viewing period. For trials in which the monkey judgebelow baseline during the delay period. 2

@ :

Motion on

—_
(7]

Splkems/s
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FiIG. 6. Activity of another LIP neuron dur-
ing the motion task. Conventions are the sanpe
as in Fig. 5. This neuron also modulated it
activity during the motion viewing and delay
period in accordance with the monkey’s choicq
but motion strength had only a modest effect g
the degree of enhancement.
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. . effects were quite modest, especially in comparison to fhe
A / B \ ove_raII differences in activity associateq wifil and T2
TI on Sac T2 on Sac choices (e.g., compare and® at any motion strength). The
- . strongest effects were seen in the second epoch (By. P
} where the response increased by 2.7 spikes/s on average|with

increasing motion strength towafdl (95% Cl = 2.0 to 3.6
spikes/sP < 10 % nestedF) and decreased by 4.2 spikes
over the range of motion strengths toward (Cl = 3.6-4.7

three epochs were also significaR Yalues range from 0.02
to 10 12).

The result suggests that LIP neurons do not simply enc
the endpoint of a planned saccade but reflect through t
discharge the quality of the sensory information that instruc
the eye movement. However, this interpretation rests on
presumption that all eye movements to a visual target
identical, which is false. We therefore considered the possi
ity that eye movements varied with the difficulty of the tag
and that this variation accounts for the change in neural
sponse heretofore associated with the strength of random
motion.

We extended the linear regression analysis to incorpo
various descriptors of the saccadic eye movements. The g

Motion on Off  Sac

ysis was performed on a subset of the data consisting of
W60 neurons (30 frommonkey E,15 from K) for which we had
3 40 records of eye position. For each trial, we extracted six
= scriptors of the saccadic eye movement: latency, amplity
(%20 direction relative to the target, accuracy, maximal speed,
0 duration. Across the 45 experiments, we found small but s
s 6559bc nificant inverse variations of saccadic latency and sacc

o . __duration with stimulus strengthP(< 10~7 and P < 10 %,

FIG. 7. A neuron that fails to indicate the monkey’s judgment during th(lg tively: ted). Th ther f de d iot
motion viewing periodA andB: response during the delayed saccade task. fEspectively, n,es e ) e 0 er, 0,ur sa_cca e . escripto
this control experiment, the target appeared either inside or outside the REM@re more variable in their association with motion streng
the same locations employed in the discrimination tak ¢r T2). The but in any given experiment one or more of these were of
response is greater during the delay period preceding eye movements toagﬂﬁcam_ We therefore included all of these factors alo

RF. Responses are aligned to target onset and arranged in order of {ri ; : : : :
duration.C andD: raster and PSTH from all correct choices using all nonzer, h motion strength in a multivariate regression analys

motion strength stimuli. Responses are aligned to motion onset and arrangedthing the model

order of the delay period duration. The neuron did not modulate its response

until after the motion-viewing period. The response could be a neural correldte= Bo + B.COH + B.LAT + B;AMP
of an intended gaze shift or shift in attention, but the modulation occurs in the

wrong time frame to reflect formation of a decision about motion direction. + BDIR + BACC+ BVMAX+ B,DUR + € (3)

This neuron was exceptional. . . .
whereY is the spike rate measured from the epoch of inter

This basic pattern of responses holds qualitatively for gk.g., the 1st second of motion viewing). The fi&q. 5allows
motion strengths, but the traces differ in the exact time course to test whether motion coheren€&(qH) affects the neural
and amplitude of the discharge. Stronger motion stimuli lead tesponse in a manner that cannot be accounted for by varis
more profound elevation/depression of the responses, and ithsaccadic eye movements. This is a test of the null hypd
modulation occurs earlier, on average, for stronger motioesis, 3; = 0, which is evaluated using a nestEetest (see
particularly when it is toward the RF. These effects are moreTHops, Eq. 3. We fitted the model separately for ead
apparent during the motion-viewing period than during theeuron and for the two saccade directions, omitting error tri
delay period. By the time of the saccade, the response is neddy average 130 trials per neuron per direction; range 21-4
identical for all T1 choices, regardless of the motion strengtiiVe performed the regression on each neuron individua
that led to the decision. The same is true for all saccad&&.to because there was no reason to assume that variation in sa
At the time of the saccade, therefore, the average respopseameters would affect all cells in the same way (e.g., sho|
simply reflects one or the other alternative. saccades might lead to an increase or a decrease in resy

We used a regression analysis to quantify the effect dépending on the exact location of the target within a neuro
stimulus strength on neural response (seeHops, Eq. 2. RF). Thus for each neuron we considered the possibility t
Figure 9,A-D, illustrates the effect of motion strength on thene or more of the saccade descriptors would affect the
mean spike rate obtained from fo#-s epochs that spannedsponse in a manner that could have masqueraded as a ¢
the motion-viewing period. In each epoch, the response variedce effect. This concern turns out to be minor.
with motion strength, increasing when motion was toward the The histograms in Fig. 9 and F, depict the change in
RF and decreasing when motion was towdi2l (@). These response that accompanied an increase in motion strength
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Motion on Sac
50
45 = 51.2%
25.6%

@ 401 — 12.8%
%}
2 35 = 6.4% FIG. 8. Population response from 104 LIP neurons durifig
= 1 - 0% 4 the direction discrimination task. The average firing rate |is
K plotted as a function of time during the motion-viewing and
o 301 delay periods. Solid and dashed curves are from trials|in
&2 which the monkey judged direction toward and away from tihe
8_ 25| RF, respectively. Error trials are not shown. Both the tinje
7] course and magnitude of the response are affected by |the
o strength of random-dot motion, particularly during the mg-
= 20+ tion-viewing period.
(5}
=

—
o o

0 to 51.2% coherence, after controlling for the potential comegardless of the strength of the ensuing motion. Howe
founding effect of eye movement variation (from the fitdg. when the motion is strong, the direction of moving dots d
5). The result is comparable to the simple regression obtainides the monkey’s decision; trials beginning witA hor T2

for the whole data set (Fig. %-D) in which we ignored bias end up distributed among both sets of correct choi
variation in saccade metrics. On average, there was a 33nversely, when the motion strength is weak, the monkg
spike/s increase in response across the range of motipitial bias affects the outcome of the trial, with the result th
strengths toward the RF (95% Gi 3.0-4.8 spikes/sP < more trials with an initialT1 bias actually end ifT1 choices.
10 *°, nestedF) and a 1.9-spike/s decrease in response forThis scenario would produce the small differences in
motion away from the RF (Ck 1.2 to 2.7 spikes/$ < 10 °). sponse preceding the onset of random-dot motion when
Individual neurons with significanf ratios @ < 0.01; Hy,: monkey makesl'l or T2 choices, but only when motion ig
B, = 0) are shown by the shaded portion of the histogram. \meak. Firm conclusions about the source of these sig
all cases, significant regressions revealed the expected relatimauld require analysis of neural activity while behavioral bi

'@&fo!sﬂa?df;{ Roy péRojumoq

V\i'/”u%‘lﬁjo

ship between motion strength and neural response: enharisesystematically manipulated. Such experiments, carried |ouit
ment with stronger motion toward the RF and suppression withcently by Platt and Glimcher (1999), have shown that sigrjes
stronger motion away from the RF. We conclude from thielated to behavioral bias indeed exist in LIP. We suspect {h{gt
analysis that variation in saccade metrics does not explain th& data reflect the same underlying phenomena. ™
response modulation accompanying variation in the strength of 3
random-dot motion. - . ©
Predicting the decision
Neural reflection of behavioral bias? The data in Flg 8 show that the activity of LIP neuroips

evolves in time, raising the question, when and how well
Before motion onset, one might expect neural activity to HdP neurons predict the monkey’s choice? To address t
completely uninformative about the monkey’s decision, bugsues, we performed an ROC analysis to compute an ind

Cl = 1.53-2.48 spikes/s) to 0.4 spikes/s at the highest motiearHops, Eq. 4.
strength (Cl= —0.21-1.14 spikes/$ < 0.01 for all but the 2 Figure 1@\ plots for a single LIP neuron the predictive indgx

predisposition to choos€l or T2 before viewing the motion key’s decision with increasing accuracy. This was also
stimulus (Basso and Wurtz 1998). When the monkey is biasidpression during the recording experiments. While listening
in favor of aT1 choice, activity is stronger at the outset of théo the spike discharge over the loudspeaker, we experienced an
trial; when the bias favor$2, activity is smaller than averageincreasing sense of confidence in predicting the monkegy’s
at the outset. Of course, such variation is likely to precede triascision as the trial progressed. By the end of the view|ng

J Neurophysiol VOL 86 « OCTOBER 2001 WWW.jN.0rg
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period, the discharge from the neuron shown in FigA ¥@&s A
nearly flawless in its predictive power, indicating that there 1. Motion on Delay Saf
was almost no overlap between the distributions of responses '
associated witf1andT2 choices. During the delay period, the
response remained highly predictive of the monkey’s behavior, 0.9
as evidenced by the curves on thight side of the plot.
Although the curves in Fig. 10 bear resemblance to cumulative
functions, the calculation is based only on spikes encountered
within =125 ms of the time indicated on the abscissa.

The sigmoidal evolution of predictive activity was evident at

0.8

Predictive index
o
~

|
|
|
|
|
|
|
coherence |
|
|
|
|
|
|
|

all motion strengths, but the neuron became predictive sooner

at the stronger motion strengths. This observation is better =51.2%
appreciated in the population averages, illustrated in Fig. 10 0.6 25.6%

For the easier discriminanda, LIP activity was more predictive — 12.8%

of the monkey’s decision, and the predictive activity emerged 051 | — 6.4%

earlier in the trial. Consistent with the bias effect discussed in ’ ! — 0%

the preceding section, weak predictive activity was evident |

prior to onset of the motion stimulus for the two weakest 0.4 ! . S !
motion strengths. The prolonged temporal evolution of activity T s k513

during motion viewing suggests a process in which LIP neu- B
; . 0.9,

rons accumulate information toward a plateau state that can

guide subsequent behavior.
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2 Lo 20 Fic. 10. Predictive power of the neural response. The ordinate on th

S 10 graphs estimates the capacity to predict the monkey’s choice from a 25Q-ms

s i sample of the neural response, based on an ROC analysisigseens). A:

o s | predictive activity computed from one neuron. The neural responses assodated

E [ - ‘ with T1 and T2 choices are initially similar, leading to chance associatipn

E %0 20 -10 0 10 20 30 %0 20 10 0 10 20 30 between neural response and the monkey’s choice. During motion viewing| the
AResponse over range of motion strength (spikes/s) predictive power increases such that by the delay period, the neural respgnse

] } accurately reflect the impending choice. The time course is more rapid fo
Fic. 9.  Effect of motion strength on neural responseD: mean spike rate stronger motion strength®: average predictive power from 104 neurons

plotted as a function of motion strength in¥4-s epochs during the motion- | |p. The average illustrates the dependence on motion strength.
viewing period.o ande, correct judgments of motion toward and away from

the RF, respectively. Standard error bars are smaller than the circles. The liEg§0rs

are least-square fits to the data with motion strength transformed to an ordinal L. . .
scale. Motion strength affected the response in all epochs, but the effect waé\N advantage of the threshold discrimination task is tha
most apparent during the 1st second of motion viewl@nd F: effect of ~affords an opportunity to examine trials in which the monk
motion strength on each neuron’s response when variation in saccadic gygkes errors, thereby providing a natural dissociation betw

movement is also considered. The effect of motion strength is deduced fro'%]é‘nsory instruction and behavioral response When the mor
multivariate regression model in which the average neural response during the ’

motion-viewing period is approximated as a function of motion strength adi€Wed weak motion stimuli, at or below psychophysic
variation in the saccadic eye movement respor&g. 6. The histograms threshold, many choices were incorrect. Figure 11 shows

summarize the change in each neuron’s average spike rate during mogample of the responses obtained from one neuron on tria
viewing that was attributed to an increase in motion strength from weakgghich the monkey viewed 12.8% coherent motion, just abg

(0%) to strongest (51.2%) coherence. Shading denotes a significant effec . .
motion strength when factors related to variation in eye movements abgg/ChOphySICal threshold. The four p|0tS form a continger|

incorporated P < 0.01, nestedF). Error trials were not included in this table: thetop and bott(_)m rpWSShOW the responses when th
analysis. monkey chose the direction toward and away from the H
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respectively. Thdeft andright columnsreflect motion direc- correct trials and errors (Fig. 22 COH = 3.2%). For inter-
tion toward and away from the RF, respectively. Accordinglynediate motion strengthsB(and C), however, the dashed
the top left and bottom right plotsrepresent trials performedcurves fall between the solid curves. Neural activity in L|P
correctly (Fig. 11 A andD), whereas trials in theop rightand remains correlated with the monkey’s choice on error trigls
bottom leftrepresent error trials (Fig. 1B andC). (i.e., is “predictive”), but the effect was smaller than for corre]act
The data show that both the monkey’s choice and the visuahls. Notice that the differences between correct and efror
stimulus influenced the activity of this LIP neuroR € 10’ trials persist until just before the saccadic eye movement.
for both effects, 2-way ANOVA with nesteB-statistic, as in At the two highest motion strengths, the pattern was diffgr-
Eq. 3. The response was most profoundly modulated on cant. At a coherence of 25.6%-@ times threshold), the re{
rect trials, in which the monkey’s choice and the direction afponses on the error trials were nearly indistinguishable,| on
stimulus motion covaried (compafeandD). The two panels average, fofT1 and T2 choices. The discharge only became
of error trials generated roughly equal responses that wgnedictive of the monkey’s impending eye movement duripng
intermediate between those Aand D, indicating that, near the delay period, about 500 ms before the saccade. At|the
psychophysical threshold, behavioral choice and motion direstrongest motion strength (51.2% coherence) the order of|the
tion exerted roughly equal effects on the activity of this neuraturves reversed: the response was stronger when the mohke
during motion viewing. This pattern of responses lends furtherroneously chose the targetitsidethe RF. It is as if the
support to the notion that LIP encodes both qualities of threeuron was reporting the proper choice (the direction of stim-
stimulus as well as the monkey’s behavioral response. ulus motion), but the monkey changed its mind late in the trial,
The pattern of results illustrated for the single neuron in Figerhaps as a result of a distraction or lapse of attention. Note
11 was evident on a population basis as well. Because féhat these last curves represent a small number of tridls |(
errors occur when the motion cues are strong, we combinedors: 122 of 2,567 trialsT2 errors: 64 of 2,433 trials).
data across all experiments to accumulate a sufficient numbeOne further detail deserves mention. Notice that at
of error trials for statistical analysis. The graphs in Fig. 1Righer motion strengths, average neural activity predicts flz
show average responses aligned to the onset of random+tainkey’s errors in the period before the random dots pE
motion and the moment of saccade initiation. The black curvesown (Fig. 12D and E, dashed lines). We noted a simil ra
illustrate responses when the monkey chdsk the gray effect in Figs. 8 and 10 for correct choices at the weakpst
curves correspond td2 choices. The solid curves represeninotion strengths, which we interpreted as a neural correlatg &f
correct choices; the dashed curves depict the error trials. Whba monkey’s behavioral bias state. The fact that the sgiie
the motion strength was weak, responses were similar feffect is apparent for error trials, and most strikingly at hi
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Fic. 11. Comparison of errors with correc
discriminations at a near-threshold motiop
strength. The direction of 12.8% coherent ra
dom-dot motion was toward the RF in thedt
columnof responses and away from the RF oph
the right. A: correct judgments of motion to-
ward the RF; mean response$E) during the
2-s motion-viewing period was 40.2 1.7
spikes/s it = 40 trials).B: errors in which the
monkey viewed motion away from the RF bu
chose the direction corresponding the target
the RF {1); mean response= 26.9 = 1.7
spikes/s 1§ = 15). C: errors in which the mon-
key viewed motion toward the RF but chos
T2; mean response 25.3=* 3.7 spikes/si{ =
10). D: correctT2 choices; mean response
15.0 = 0.8 spikes/sr{ = 35). For clarity, only
20 trials are shown in the rasters accompany-
ing correct trials A andD).
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FIc. 12.  Comparison of errors with correct discriminations using different
motion strengths. Averaged response from 104 neurons is shown during the
motion-viewing and the delay periods, aligned to motion onset and saccade
initiation, respectively. Black and gray curves depict trials in which the
monkey judged motion to be toward or away from the RF, respectively.
Dashed curves are error trials. Motion strength is weakestamd strongest
in E. Note that the number of error trials diminishes at the higher motion

strengths.

coherences, suggests that the monkey’s bias might have influ-
enced the monkey’s erroneous choices. This is the expected
pattern of results if an appreciable fraction of errors at high

Coherences are exp|ained by |apses (e_g_7 distraction) and F. 13. LIP neurons show a weak, context—dependent, direction bias

tendency to default to the current bias state.

Motion sensitivity

The pattern of activity observed on correct and error triaﬁocks:A, before the monkey performed the discrimination teBk;andomly
demonstrates that both visual stimulus motion and eye mo
ment direction influence the activity of LIP neurons. To detets 100, and 48 for before, during, and after). Dark bar, me®€ for motion
mine whether the visual discriminanda alone activate Lliward the RF; light bar for motion away from RF.
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neurons, we recorded responses to strong motion stimuli flom

93 neurons while the monkey performed a passive fixat
task. As in the discrimination task, the direction of motion w
either toward or away from the RF, and the random d

appeared in an aperture outside the nominal RF. No targets

appeared on these trials, however, and there was no d
period. The monkey received a liquid reward simply for mai

taining fixation throughout the stimulus presentation period.

We often observed a weak response to the random
motion stimulus that was slightly stronger for motion towa
the RF, as illustrated in Fig. 13—C,for a typical cell. Figure
13A shows that weak, directionally biased responses occu
in a block of fixation trials obtained before the monkey p4q
formed the discrimination task (mean resporseé.3 = 0.5
spikes/s vs. 2.5- 0.4 spikes/sP < 0.0005,t-test). We com-
puted a direction index (DI) for each cell using the conventi

Dl -1 mean response 2 direction ©)
mean response ifil direction

Motion toward RF Motion away from RF

o

spikss/s

1s k513
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16} D
141
12}

10}
87 H

Before During  After

Response (spikes/s)

o N MO

ing passive viewing of random-dot motioA-C. response from a single
neuron to 51.2% coherent motion toward or away from the RF. The rasters
PSTH depict the response during the 2-s viewing period. The cell's RF

centered at 10° eccentricity; random dots were shown in a 2.5° radius ape
centered at the fixation point. We obtained data for this cell in 3 sepal

interleaved with discrimination trials; ar@, after the discrimination blockD:

erage response to passive viewing for all neurons tested in this manner
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The DI for the block of trials preceding the discrimination wasive fixation trials (Fig. 1B, Before) is about one-half the
0.53, demonstrating a moderate bias. In a second blockresponse modulation attributable solely to motion stren
trials, the same passive fixation conditions were randomdiring discrimination trials (e.g., a net change of 274.2 =
interleaved among motion discrimination trials. In this beha.9 spikes/s for the 2 directions shown in Fi@®)9This result
ioral context, the responses to passive motion were stronggids additional support to the hypothesis that neurons in
and more directional, as shown in FigBl@.3+ 1.4 vs. 2.4+ reflect visual inputs as well as signals related to motor preparaf
0.4 spikes/s; D= 0.66;P < 0.003). We also obtained a thirdHowever, the fact that the “visual” responses were stronger
bIOCk of fixation trials after the bIOCk of interleaved fixatiorh]ore directiona' When the fixation tria's were inter'eaved W
and diSCI.’imination trials. As il.lustr.ated.in F|g (I?fresponses direction discrimination trials (F|g Ix During) Suggests that
were typically reduced and directionality was slightly weakefovert motor planning can augment these responses. Althoug
(2.2 £ 0.4 vs. 0.8% 0.2 spikes/s, DI= 0.63; P < 0.006). rarely observed any overt saccades on fixation trials, the mor]
These trends were evident in the population. Figuil@ $8ows  presumably has more of a tendency to associate visual stim
the mean responses for all neurons tested in this manner. ﬁh@ction with a specific saccade in the context of an experime,
difference in mean responses o8B spikes/s observed in pas-jock dominated by discrimination trials.
In 20 neurons, we performed an additional control expsg
A ment to dissociate further the directional (sensory) respo
from oculomotor preparation. Rather than releasing contro
oculomotor planning (as on the passive fixation trials),
instructed the monkey to prepare an eye movement that
unrelated to the moving random dots. In this block of trials
single saccade target was presented at the beginning of
trial, either inside or outside the RF. On one-third of the tria
the monkey simply executed a delayed saccade to this |
target. On the remaining trials, random-dot motion was sho
outside the RF for 1-2 s, but its direction was unrelated to
location of the saccade target. The monkey was thus encour
to ignore the random dots and to make an eye movement tg
location of the single target. As before, motion was toward
away from the RF, and the target appeared either inside or ouf
of the RF. These trials differed from the discrimination trials
two ways: the motion strength was always strong (51.2% CO
and only one saccade target was present.
Figure 14 illustrates results for a typical neuron. In tbp
F row (A andB), a single target appeared in the RF, resulting
Target in RF Target outside RF a vigorous response in anticipation of the saccade. The
60 sponse was weaker, however, on trials in which motion v
directed away from the RF (means: 381.5 vs. 32+ 1.8
spikes/s,P < 0.04, t-test). When the target appeared outsi
. the RF C andD), the response was suppressed, but to a gre
25 degree when motion was away from the RF (6:71.1 vs.
o S : 3.4 = 0.7 spikes/sP < 0.02). Clearly, the response of thi

_Motion  Delay Sac

w
[=]

Spikes/s
(=]

1s

Response (spikes/s) [Tl
Motion away from RF

Response (spikes/s)
Motion toward RF

FIG. 14. Influence of motion direction when it is irrelevant to an ensui
eye movementA-D: responses from an LIP neuron on trials in which tt
Motion on Sac monkey was instructed to make an eye movement to a single peripheral tg
Random-dot motion (51.2% coherent) was toward or away from the RF, b
was irrelevant to the monkey’s behavior.ArandB the monkey makes an eyq
movement to a single target in the neuron’s RF. The direction of random
motion was toward the RF iA and away irB. In C andD, the eye movement
is to a single target outside the RE.comparison of mean response for motio|
toward and away from the RF for 20 neurons tested. The scatter plot sum
rizes data from 20 neurons on the trials in which the saccade target appsg
in the RF.F: same comparison for trials in which the saccade target
e ; outside the RF. Filled symbols BandF denote a significant effect of motion
',5‘."‘,‘“:'. ' direction P < 0.01; F-test).G: average response from 20 neurons plotted
¢ e a function of time. Color labels the position of the single target and
\‘ direction of the saccadic eye movement made at the end of the trial (bl
A target in RF; gray, target outside RF). Solid and dashed curves indicate thg
direction of motion was toward or away from the saccade target. The sep
tion between solid and dashed curves sharing the same color is a sig
direction-biased response that cannot be explained by the direction off
saccadic eye movement. The arrows demonstrate that the directional res
can persist up to the time of saccade initiation.
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DECISION-RELATED ACTIVITY IN L
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but the activity level also depended weakly on motion direc- A Motion on Delay Sac
tion. This pattern was evident over the population of 20 neu- 0.9 |

rons tested in this manner, as shown by the scatter plots (Fig.
14,E andF) and average response functions (FigclLBefore

the onset of the dot motion, the response was determined by the
location of the target, inside or outside the RF. After motion
onset, however, the response was affected by the direction ot
motion. On trials in which the target was inside the RF, the
neurons responded less vigorously for motion away from the
RF (Fig. 145, dashed black curve) than for motion toward the
RF (solid black curve). The overall level of responses de-
creased substantially on trials in which the saccade target was
outside the RF, but the responses were nevertheless greate
when motion was toward the RF than when it was away. The
effect of motion direction was evident until just before the
saccadic eye movement (arrows).

The data in Fig. 14 strengthen the interpretation that passive
directional visual responses are present in some LIP neurons
Had these directional responses been sharply reduced in am
plitude or frequency of occurrence in comparison to the visual
responses in the passive fixation trials, we would be more
inclined to regard them as covert motor planning signals.
Lacking supporting evidence for a complex motor planning
interpretation, we tentatively conclude that some LIP neurons
receive weak directional visual inputs that influence activity
during the stimulus presentation interval.

Horwitz and Newsome (1999a) have reported a class of
choice-predictive prelude neurons in the superior colliculus
that exhibit directional visual responses and strong prelude
activity that varies with stimulus coherence. In contrast, neu-
rons that lack directional visual responses exhibit preludes that
depend only on saccade direction, not on stimulus coherence
We repeated the analysis of Fig. 10 to determine whether
choice-predicting neurons in LIP break down along similar 0.51
lines. Figure 15 compares the responses of neurons with sig-
nificant direction bias (DB; Fig. 1& to the responses of
nondirectional neurons (Fig. B). Consistent with the obser-
vations of Horwitz and Newsome, the predictive activity of ric. 15. Predictive power of the neural response in neurons with 3
directional neurons was stronger overall and was influenc:é'kﬁlml(ljt dife‘;ﬂ?\g#’;ss;‘itirf:p:gisﬁ-Frhelﬁ\ﬁgzgne Fézﬁgtﬁs\éﬁnzleﬂf?r?missz
.more by S.tImUIus COh.erenCe' The dISSOCIatIOI’.l was not as Ckﬁ ur?)ns?\slvﬁh direction-biaséd respongs.e o“n passi\rlje fixation trials in the b
inLIPasin the superior CO||I_CU_|US, hqwev_er, since the effect @feceding the motion discriminatioB: mean predictive index from 41 neu
stimulus coherence on predictive activity is significant even fesns that lacked a direction bias. The determination of direction bias wag

o
®

o
3

coherence
- 51.2%
25.6%
= 12.8%
= 6.4%
= 0%

Predictive index (mean)
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»
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o
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the nondirectional neurons. With the use of the multiple rétest comparison of the mean response during passive viewing of randon|-

gression strategy irEq. 2 DB neurons modulated their dis_motion: a criterionP value of 0.1 was used to establish the categori
charge by 6.8 spikes/s (95% €16.0—7.6) across the range of;
motion strengths, as compared with 4.5 spikes/s (95%Cl

3.3-5.6) for non-DB neurond(< 10 ° for both effects and period so that some trials were as short as 500 ms of mo
for comparison of DB and non-DB groupis;tests). viewing plus the minimal delay period (typically 500 ms). A

shown in Fig. 16, this manipulation exerted a substantial i
Anticipation pact on the dynamics of the neural response. After exposuf

shorter duration trials, the neural responses evolved faster
A possible interpretation of the predictive activity we havattained higher firing rates. The dashed curves in Fig. 16 sk
studied is that LIP integrates (in the mathematical sense) nibe average response obtained from 79 neurons recorde
tion information that arrives over time in the stochastic visuaarly experiments, before either monkey had experienced
stimuli. In such a scheme, decisions would be based on ti@n-viewing periods o2 s duration. The solid curves wer
evidence that is accumulated in the networks that code for ooletained from 44 neurons encountered after introduction of
or the other target location. Our final set of results suggests thatdom duration task. The groups were distinguished only,
the rate of this accumulation may reflect psychological vaitthe date of exposure; therefore much of the data represente
ables that are not accounted for by motion processing alonthe solid curves includes trial§ 8 s duration.

In our earlier experiments, the monkey always viewed the Notice that the change in response pattern is evident fjom

random-dot motion for 2 s. Later, we randomized this viewingefore the onset of dot motion and through the delay peri

J Neurophysiol VOL 86 « OCTOBER 2001 WWW.jN.0rg

Ithough qualitatively similar, neurons with a direction bias were more pfe-
ictive and exhibited a more pronounced dependency on motion strengt).
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Motion on Sac DISCUSSION

>

To perform our direction discrimination task, a monkey
must use weak motion information to inform a binary decisipn
whose overt expression is a saccadic eye movement to orje o
two possible targets. This particular decision process requirgs §
linkage between the sensory representation of motion direction
and a behavioral intention to move the eyes (Newsome 1997).
Anatomically, LIP is well positioned to participate in thigs
linkage. It receives inputs from MT and MST (Andersen et fl.
1990), and it is connected reciprocally with the FEF, superjior
colliculus, and dorsolateral prefrontal cortex (Cavada gnd
Goldman-Rakic 1989; Parand Wurtz 1997; Schall et al
1995), structures that have been implicated in planning

45 1 25.6% coherence

Mean response (spikes/s)
W
(3]

w

45 0% coherence

Mean response (spikes/s)

ity depends on the strength of the motion stimulus that instr 0@

the behavioral choice. For identical choices resulting in a paric-

: . ular eye movement into an LIP RF, activity during motion viewS

05 0 05 1 15 2 -05 0 05 ing is more intense when the decision is based on strong mdtign

Time (s) signals. As we discuss in the next two sections, these observalit

Fic. 16.  Time course of the LIP response depends on the expected len@t@ critical for distinguishing decision-related activity from cl

of the trial. Initial experiments in both monkeys were conducted using sical sensory and motor activity.
motion-viewing duration of 2 s. The dashed curves are average responses from

correct trials in these 40 experiments. Solid curves show the average resp -
from 64 neurons recorded in later experiments after the monkeys had expﬂfﬁerenuaﬂon from a sensory response

judgments of motion toward or away from the RF, respectivAlymotion 4 L . .
strength was 25.6% coherence. Only correct trials are included in the averag@P€aring within their RFs (Gna(_jt and Andersen 1988;
rates.B: motion strength was 0% coherence. Colby and Goldberg 1999 for review). Nevertheless, LIP

tivity measured in our experiments is easily distinguished fr

duration trials. For example, the responses associated®ithstrongly with the psychophysical decision (and thus with
choices were similar for both groups of experiments, and tege movement) in these trials even though the visual stimylus
response just preceding saccades was nearly identical. Témains essentially constant (e.g., Fig. 8). In contrast, motipn-
pattern of responses was apparent for both monkeys, althosghsitive neurons in MT, an unambiguously sensory ailea,
we recorded fewer neurons before introducing shorter duraticespond predominantly to the direction and strength of stimylus
trials to monkey K. motion (Britten et al. 1993); MT activity covaries only weakly

If predictive activity in LIP were due entirely to the integrawith what the animal decides (Britten et al. 1996; Celebrini and
tion of motion information, then the response should hawewsome 1994).
followed the same time course, irrespective of the average trialSecond, the time course of the response to randomidot
duration. In contrast, the data suggest that the monkey’s ewetion in LIP differs markedly from direction-selective net
pectations about the time course of the trials can influence ttums. MT neurons respond with latencies of 40—80 ms from
development of predictive activity. When the experiment comnset of random-dot motion and discharge at a constant fate
tains short trials that require a rapid decision, predictive actiduring random dot presentation (Britten et al. 1992, 1993;
ity in LIP evolves much more rapidly. The data suggest thdtaunsell 1987; Schmolesky et al. 1998). The LIP responsg to
decision-related activity in LIP is influenced both by the mathe random dots was first discernabld75 ms after motion
tion information in the random dot stimulus and by the tenenset and then built up or attenuated gradually over time (4.9.,
poral structure of the task. see Figs. 8 and 12).
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Finally, passive visual inputs cannot account for the preuppose that the mixture of sensory and motor properties could
nounced delay-period activity following termination of theeflect computations that link sensory instruction (motion) with
random-dot motion stimulus. Neural activity in MT (in our taskhe behavioral response (eye movement) (see also Romo ¢t al.
at least) is linked tightly to the presence of the visual stimulugpoo; Salinas and Romo 1998).
sustained activity is not present during the delay period (Sei-
demann et al. 1998). ] . .

Although LIP neurons carry behaviorally significant signal§omputation of a decision variable
that are not explained by the sensory stimulus, these signals are L _ )
neverthelesmodulatedby the strength and direction of motion in N & discrimination experiment, the link between the senspry
the stimulus. Indeed this modulation is the critical feature thEgPresentation of motion and the commitment to one or anofher

distinguishes LIP responses from high-level motor activity. ~ choice is thought to involve the computation of a decisipn
variable: a quantity that is monotonically related to the relative

likelihood of one alternative versus another (Green and Swets
1966). Neurons in LIP appear to signal a quantity that resgm-

It is considerably more difficult to distinguish decisionbles a decision variable in our task.
related activity from motor activity than from sensory activity. A decision in the motion discrimination task involves the
The activity of oculomotor neurons, after all, trivially revealgsomparison of sensory responses to visual motion from oppos-
the outcome of the decision process and may therefore ihg pools of motion sensors in the extrastriate visual cor
considered decision related. Even sustained activity during @ritten et al. 1992; Shadlen et al. 1996). For example, i

Differentiation from a motor response

readiness until receipt of the “go” signal. a useful decision variable is the accumulated difference
What aspects of LIP activity suggest participation in thiween the “left” and “right” population responses to the r
decision process and not merely a plan to shift the gaze? Ficktm dots. The decision, however, is based on the accumul
the critical response modulations begin early during the perioflsensory data in time. Thus it evolves during acquisition
of motion viewing, presumably as the monkey is forming iteemains sustained during the delay period between rando
decision about direction, but before the monkey is committedotion and eye movement response.
to a particular eye movement response. Granted, we do nofThis notion of accumulation, or temporal integration, pr
know when, in any given trial, the monkey completes theides an attractive computational framework for the respo
decision process, but recent data obtained in speed-accuna@perties observed in LIP. The central idea is that LIP ¢
and reaction-time versions of our task suggest that monkgystes the time integral of sensory data weighted for and ag
integrate motion information for many hundreds of millisecthe saliency of the neuron’s RF as a possible target for i
onds before committing to a decision, particularly for weakeyaze. A rudimentary model is shown in Fig.AL 7The input to g
motion stimuli (Gold and Shadlen 2000, 2001; Roitman et ghe neuron is organized as the sensory evidence for or agiBs
1999). Second, random-dot motion elicits weak, directionally gaze shift up and to the right. The evidence in our task
biased responses during passive fixation (Fig. 13), and, notion toward or away from the response field. When thz
experiments employing single saccade targets (Fig. 14), obgandom dots are centered on the fixation point, this WOJ@
vations that are difficult to explain in terms of motor planningcorrespond to up-right versus down-left direction sensors, afd

Third, activity throughout the bulk of the trial is independent ofvhen the stimulus is above the FP, the appropriate compar|ser
small variations in saccade parameters such as speed, accuiaayghtward versus leftward (Fig. 27 inse}. Of course, mo- |
duration, or latency (Fig. 9% andF). To the extent that the tion is not the only “evidence” that would support an eye
response is “oculomotor,” therefore it is a high-level signal thatovement to the RF. For example, the neuron should alsg be
indicates in a general sense the spatial goal of a penduhgven positively by visual neurons that represent visual targets
saccade (Andersen et al. 1992; Mountcastle et al. 197k).the RF and suppressed by neurons with receptive figlds
Fourth, and most important, the rate and magnitude of tbetside the RF.
response buildup (or attenuation) depends on the strength an8ensory evidence, from whatever source, is reflected in|the
direction of random-dot motion (Figs. 8, 9, 11, and 12). Thespike rate of neurons in the visual cortex. These signals must
stimulus features systematically affect the neural response ithan be integrated to achieve a sustained level of dischargd. As
manner that cannot be explained by variation in the monkeylkistrated in Fig. 1A, we propose that LIP integrates the
eye movement response. Such a graded representation ofdifference between opposing pools of MT neurons. The mag-
decision could reflect growing certainty based on the availabiéude of this difference would be evident in the LIP response,
motion evidence (Basso and Wurtz 1998; Carpenter and Wdlnd this response would be sustained even after the MT] re-|
liams 1995; Gold and Shadlen 2001). sponse returns to baseline, just as the integral of a brief plils¢g
To summarize, LIP activity can be regarded neither as a sustained step.
purely motor nor purely sensory. The activity reflects a com- To assess the utility of the model for understanding our data,
bination of sensory- and motor-like variables. The “sensoryle performed computer simulations of combined physiolopi-
variables that bear on the decision process are the direction aatland psychophysical experiments, including the responsgs o
strength of random-dot motion, whereas the “motor” variabldirectional MT neurons, LIP neurons that integrate the acfu-
is the direction and amplitude of a pending saccadic eyeulated difference in firing rate between pools of oppositely
movement. Both properties are evident in the responses frdimected MT neurons, and psychophysical decisions based on
the majority of single neurons in our sample. It is natural tthe firing rates achieved by the LIP neurons. The responses of
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FIc. 17. Model of an LIP neuron as a temporal integrator. Several features of the LIP response can be accounted for by temporal
integration of inputs that comprise evidence for and against an eye movement to the neurdn'seRfhe receptive fields of 3
direction sensors (circles with arrows) that would contribute positively to an LIP neuron whose RF is shown ii:gray.
computational model. The sensory signals that convey support for or against an eye movement to the RF are compared (difference)
to yield a time-varying functions(t), which is integrated to produce the LIP respongg),. B—G: simulated response from an LIP
neuron and the direction-sensitive neuron pools that provide representations of motion in the circular aperture. The pooled
responses are adapted from a model of MT neural response on the discrimination task (Shadlen et al. 1996). The mean response
from the rightward (toward RF) pool is illustrated by the filled gray PSTH. The mean response from the leftward (away from RF)
pool is represented by the solid black line. The simulated LIP response (red line) is the time integral of the difference. The simulated
behavioral response, denoted by the arrows, reflects the sign of the accumulated difi&réfeeoherent motion trials in which
the net rightward motion signal exceeds the net leftward, resulting in a rightward choice. Note that both motion pools are activated
by the 0% coherent motion stimulus, but only during the motion-viewing period. The curves represent the average of 9 simulations
(of 20 at 0% coherencel: simulated responses trials in which a rightward near-threshold stimulus is shown and the rightward
direction signal exceeds the left. This occurred on 86 of the 100 simulated Diatsials in which a leftward near-threshold
stimulus is shown but the rightward direction signal is greater, thereby producing an erroneous rightward choice. The averages
represent 15 trial€E: average of 11 simulated leftward choices on the 0% coherent m&i@mulations using the same motion
strength as irC. Although the direction is rightward, the leftward sensory signal happened to exceed the rightward signal, leading
to erroneous leftward choices. The averages represent 14 @Gatorrect leftward choices at the same near-threshold motion
strength. Averages represent 85 trials.

MT neurons were simulated using a model of pooled responsesitained rightward motiorQ), or in error O) when stochas-
from MT similar to the one described by Shadlen et al. (1998)c response fluctuations lead to a larger response in the ri
Consider a right-left discrimination task like the one showward sensors despite the fact that the stimulus actually @
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in Fig. 17,B—G. According to the model, an LIP neuron whoséained weak leftward motion. Notice that the sensory respor
RF is situated up and to the right of fixation would integrate there present only during the period of motion viewing and r
difference between rightward and leftward direction signatiuring the delay period, whereas the integral of this differe
from MT neurons with receptive fields located above the FPersists. Similarly, théottom row(E—G) represents trials in
We simulated responses to 0% coherent moti®ar{dE) and which the leftward sensory response is larger, and the mon
to a weak motion coherence near psychophysical thresfigld (ltimately moves its eyes to the target outside the movem
D, F, and G). We then sorted the “trials” according to thefield. This can occur by chance in the 0% coherence dase
simulated psychophysical choice (right or left), and displayddr erroneous choices when the motion is actually rightwa
the simulated neural activity iB—G. The responses of right- (F), or for correct choices when motion is leftwar@)(
ward selective MT neurons are shown by the gray histograms;The integrated difference accounts qualitatively for seveg
the responses of the leftward selective MT neurons by the saticbperties of the LIP discharge seen in our data. It explains
black curves. The red curves show the integral of the differendependency of the response on motion strength becausg
between the pools of MT neurons. If the pooled response of timegral rises fastest when motion is toward the RF (FigC)19
“rightward” MT neurons is larger, this difference is positiveand attenuates most profoundly when motion is away from
the LIP response increases, and the monkey chooses the taRfe{Fig. 17G). For the 0% coherent stimulus, the signals fro
in the RF op row, B-D. Conversely, larger responses in theightward and leftward sensors are, on average, the sg
“leftward” MT neurons leads to a decreasing LIP respondéevertheless, on one-half of the trials, the rightward respon
followed by a leftward psychophysical decisidmottom row, exceed the left, and vice versa. This difference is reflecteq
E-G). the integral obtained when we sort the responses by cha
Figure 17,top row (B-D), represents trials in which the The model predicts the intermediate level of responses tha
responses of rightward MT neurons exceeds the leftward neloserved on error trials at weak motion strengtisafd F).
rons (resulting in a rightward choice), whether by chance (askor example, in Fig. 13, an erroneous rightward decisio
the 0% coherence casB), or because the stimulus actuallyresults when the accumulated rightward signal exceeds
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accumulated leftward signal, despite the relatively weak r&he existence of such a network of neurons with similar
sponse of rightward motion sensors to leftward motion. properties raises questions about the role of any one area i th¢
While the integrator concept accounts for several importadécision process.
features of our data, it would require extensive elaboration toA useful synthesis, capable of accommodating our findings
account for others. For example, the proposed integratiand those from other studies, is that LIP represents the sensor)
would need to be scaled to accommodate the expected timatruction to shift the gaze to the region of the visual figld
duration (as demonstrated in Fig. 16). In addition, the integrabrresponding to the RF. This instruction is often a visyal
of the sensory instruction (the direction of coherent motion arget within the RF, but as we have shown with random daots,
our experiments) is constant once the instruction has bedée instruction can be a stimulus placed outside the RF| as
processed. According to the integrator idea, therefore, tbestomarily defined. A growing body of evidence suggests that
delay-period activity ought to remain constant at the levéhe parietal cortex encodes the salience of sensory featureq ths
achieved at the end of the motion-viewing period. Figure &e relevant to particular behavioral acts (for reviews, see
contradicts this prediction: the response during the delay peridddersen 1995; Colby and Goldberg 1999). LIP in particular
fails to preserve the variety of response levels that was evidemay be regarded as representing the saliency of visual spage o
during the motion-viewing period. A possible explanation igisual objects for purposes of guiding eye movements
that the monkey reaches a final decision about motion directiGhndersen et al. 1992; Bracewell et al. 1996; Gnadt

idea (Roitman and Shadlen 1998). rietal area signals saliency pertaining to fine pincer gr

The model in Fig. 12 requires additional inputs to control(Lacquaniti et al. 1995; Murata et al. 1996; Sakata et al. 19
the dynamics of the integration process (Robinson 1989; Ski-our task, visual motion serves to instruct a future gaze s
demann et al. 1998). If the neural activity can reflect sensoand thus to render salient one or the other choice target. | =
information that arrived hundreds of milliseconds ago, then Many regions of the association cortex contain neurons hat
some other input must tell the neuron when to begin integratisgstain their response through a time gap. This delay-pe igd
and when to reset to a preintegration state. These contaetivity has been described as a representation of motor setd
signals could also convey information about the prior prob&ellegrino and Wise 1993; Evarts and Tanji 1976), movem
bility that a saccade to the RF will occur, and when the saccapieparation (Andersen 1995; Andersen et al. 1992; Johns

dom-dot motion (Figs. 8, 10, and 12). (Funahashi et al. 1989, 1991; Hasegawa et al. 1998; Mi|l&
Should the integrator concept prove valuable, it would raid®99; Rainer et al. 1999). Fuster (1985) suggested that queh
guestions about how the computation is achieved. So-calléelay-period activity allows the brain to prepare behavior ﬁ
neural integrators are well established in the control of eye atie basis of past sensory instruction (see also, Quintana
head position (McFarland and Fuchs 1992; Robinson 1988)yster 1992, 1999). Our results raise the possibility that s
and their mechanism is currently an active area of investigatipreparatory activity reflects the accumulation (temporal infés
(Aksay et al. 2001; Seung et al. 2000). The mechanisrggal) of sensory information that supports a prepared actior). &
responsible for persistent activity and temporal integration this is true, then many neurons identified by the capacity| to
these subcortical structures could lend insight into corticalaintain delay-period activity might also exhibit modulatign
mechanisms that serve cognitive functions such as decisiahated to both the sensory instruction and to the behavior tg be|
making (Gold and Shadlen 2001). executed. Such neurons, like the ones described here, coul@l na
be regarded as purely motor or as purely sensory (Alexar|der
Relation to other work and Crutcher 1990; Hasegawa et al. 1998; Leon and Shagller
1998; Riehle et al. 1994; Romo et al. 1999; Seal and Cdm-
A pivotal role for LIP in the association of visual andmenges 1985; Shen and Alexander 1997a,b; Thompson 4t al
visuomotor processing is consistent with recent anatomic96, 1997; Zhang et al. 1997); they constitute the link
studies that place LIP at a strategic junction between dorsaken these domains.
stream visual areas and the oculomotor system. Our recordings
were con_centrated in the poste_rior p_ortion of LIP, a regic_m th@gensory" and “motor” revisited
receives input from the extrastriate visual cortex and projects to
the superior colliculus, frontal eye field, and the neighboring Our data suggest a reevaluation of the information procegss-
area 8Ar (Petrides and Pandya 1984; Schall et al. 1995). Nimg scheme outlined in Fig. 1, which envisions a separpte
surprisingly, neurons with properties similar to area LIP in th&lecision process” intervening between sensory and mator
context of our discrimination task have recently been discogystems. In its purest form this scheme suggests that the RQrair
ered in the intermediate layers of the superior colliculus (Hoshould contain circuits that represent the outcome of the dgci-
witz and Newsome 1999a) and dorsolateral prefrontal corticeibn abstractly, with no necessary co-representation of [the
areas 8A, 8Ar, and Walker area 46 (Kim and Shadlen 1999gnsory stimulus or the subsequent motor action. What|we
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actually find in LIP (and in the frontal lobe and superioBaTisTa AP, BuNeo CA, SNYDER LH, AND ANDERSEN RA. Reach plans in
colliculus) are neurons that reflect the outcome of the decision?ye'cemi;iﬂd EAOOVd'”atf‘;?”C"zSS& 257A—260’ 199§A Votor intenti
but are also related parametrically to the sensory stimulB&\CEWELL RM, MAZZONI P, BARASH S, AND ANDERSENRA. Motor intention

. ' . o activity in the macaque’s lateral, intraparietal area. Il. Changes of mqtor
(motion strength and direction) and to specific movements (ey%lan_ J Neurophysiol76: 1457—1464, 1996.

movements to a par_ticular region of space). Considered B¥arTEN KH, NEwsome WT, SHADLEN MN, CELEBRINI S, AND MOvSHON JA.
gether, the data obtained thus far suggest that the notion of am relationship between behavioral choice and the visual responses of heu-
abstract decision process may be misguided, at least for morvens in macaque MTVisual Neuroscil3: 87-100, 1996. _
keys performing this sort of operantly conditioned discriming&RTTeN KH, SHapLen MN, NEwsoMEWT, aND MovsHonJA. The analysis of
tion task. Rather. the decision may be embodied in direClV'suaI motion: a comparison of neuronal and psychophysical performance.
L ! Neuroscil2: 4745-4765, 1992.
transformations between the r_elevan_t sensory and motor _I'-I'TEN KH, SHabLen MN, NewsoMe WT, anD MovsHoN JA. Responses of
tems (Gold and Shadlen 2000; Horwitz and Newsome 19998g0r0ns in macaque MT to stochastic motion signiis. Neurosci10:
Kim and Shadlen 1999; Newsome 1997; Rizzolatti et al. 1997).1157-1169, 1993.
Decision-related signals carried by LIP neurons appear @srrenTER R AND WiLLiams M. Neural computation of log likelihood in
exhibit physiological signatures of their sensory origins as wellcontrol of saccadic eye movemenhature377: 5962, 1995.
as of their motor destination. It is conceivable that versions §fVADA CAND GoLDMAN-RAKIC P. Posterior parietal cortex in rhesus monkej.
the task may be devised thait would force the monkey to holdl' Evidence for segregated corticocortical networks linking sensory gnd

he decisi . b f ithin th bral imbic areas in the frontal lobel Comp NeuroR87: 422—445, 1989.
the decision in a more abstract form within the cerebral COMeX: g s anp Newsome WT. Neuronal and psychophysical sensitivity tp

This possibility should be tested explicitly in future experi- motion signals in extrastriate area MST of the macaque morkgUrosci
ments (Gold et al. 2000; Horwitz and Newsome 1999b). 14: 4109-4124, 1994.

New experiments will also be necessary to determirgsLeBriNt S AND NEwsoMmE WT. Microstimulation of extrastriate area MST|
whether the Circuitry we have studied in LIP is a part of the influence performance on a direction discrimination tddkeurophysior'3:

g#moq

Pl ; ; 437—-448, 1995.
causal pathway linking the sensory representation of mOt!Onécc))LBY CL, DuHamvEL J-R, aND GoLpeerG ME. Visual, presaccadic, and
the behavioral reSponse_' _Con(_:elvably, LIP COUId_ reqelve a(:ognitive activation of single neurons in monkey lateral intraparietal arg
corollary copy of the decision without actually contributing to 3 Neurophysiol7e: 2841-2852, 1996.
formation of the decision. Microstimulation experiments magoLsy CL anp GoLbserc ME. Space and attention in parietal corténnu
be able to distinguish these possibilities. If stimulation of LIP Rev Neurosc22: 319-349, 1999.
changes the animal’s psychophysical choices in a predictaﬁ[@NER LJ aND ALBRIGHT TD. Segmentation by color influences responses|o

a1} papeo|

manner, we may be more confident that LIP plays a central r(.)|énoti0n-sensitive neurons in the cortical middle temporal visual dré&eu-

. . LT . rosci 19: 3935-3951, 1999.
in generating discrimination behavior. DI PELLEGRINO G AND WISE S. Visuospatial versus visuomotor activity in th

L . . premotor and prefrontal cortex of a primateNeuroscil3: 1227-1243,
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