Task-Specific Neural Activity in the Primate Prefrontal Cortex
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Asaad, Wael F., Gregor Rainer, and Earl K. Miller. Task-specific subjects to flexibly alter their responses to the same stimuli.
neural activity in the primate prefrontal corteX.NeurophysioB4: The sorting rule varies surreptitiously every few minutes and
451-459, 2000. Real-world behavior is typically more complicatggh ;g any given card can be associated with several possible
than a one-to-one mapping between a stimulus and response; the sa@igys-"the correct response is dictated by whichever rule is
stimulus can lead to different behaviors depending on the situation, rrentI'y in effect. Impairment on this task is a classic sign of

the same behavior may be cued by different stimuli. In such cas h : .
knowledge of the formal demands of the task at hand is required. damage in humans (Milner 1963), and monkeys with PF

found that in monkeys trained to alternate between three tasks, {eions are impaired on analogous tasks (Dias et al. 1997).
activity of many neurons in the prefrontal cortex was task dependekinowledge of the formal requirements of the task is critical in
This included changes in overall firing rate, in firing-rate profile§uch cases. Indeed, several investigators have argued that the

(shape of responses over time), and in stimulus and response selepresentation of rules and other task information is a cardinal
tivity. These findings support the hypothesis that a major prefronfaF function and that many of the deficits following PF damage
function is the acquisition and implementation of task context and thge explicable within this framework (Cohen and Servan-
‘rules” used to guide behavior. Schreiber 1992; Grafman 1994; Miller 1999; Passingham
1993; Wise et al. 1996).

To further explore this issue, we recorded neural activity
from the prefrontal cortices of two monkeys while they each

The flexibility of primate behavior depends on the ability t@lternated betwee.n three tasks, an “object task,” an “associative
choose actions appropriate not only to the sensory informati$k,” and a “spatial task.” The first two tasks shared common
at hand but also according to the situation in which it igue stimuli but differed in how these cues were used to guide
encountered. The prefrontal (PF) cortex is a neocortical regiBﬁhaVlOF. Whereas the_ latter two used d|ffe_;rent cues to instruct
that has long been thought to be central to this ability. In fadhe same behavior (Fig. 1). All three required the same motor
recent studies have indicated that the specific sensory, mof§gsPonses. The associative task required the animals to asso-
and cognitive demands of the task the animal is performiig¢ate a foveally presented cue stimulus with a saccade either to
(the behavioral context) can be an important factor in detdhe right or left (Asaad et al. 1998). The cue-response pairings
mining PF neural responses. For example, neural activity to &g reversed Wlthln each session in order not to confound the
identical visual stimulus can vary as a function of whicifluence of cue stimulus and response direction on neural
portion of that stimulus must be attended (Rainer et al. 1998tivity. The object task used the same cue stimuli as the
Sakagami and Niki 1994) or with the particular motor respongéssociative task; however, in this case, they needed only to
associated with it (Asaad et al. 1998). In fact, White and Wigémember the identity of the cue and then saccade to the test
have shown that, on a more abstract level, the “rule” by whi@bpject that matched it. Conversely, the spatial task used small
an animal maps a given visual input to the correct motor outptROts of light to explicitly cue a saccade to the right or left and
can have a significant impact on the observed neural respori§iiired the monkeys to remember simply the response direc-
(White and Wise 1999). tion.

Indeed, damage to the PF cortex of humans and monkeys
tends to produce impairments when available sensory inform&ETHOD S
tion does not clearly dictate what response is required. F§lr,|bjects
example, PF lesions impair spatial delayed response tasks In
which a cue is briefly flashed at one of two or more possible The subjects were two rhesus monkéyiscaca mulattaweighing
locations and the monkey must direct an eye movement to {&and 6 kg. Using previously described methods (Miller et al. 1993),
remembered location (Funahashi et al. 1993). However, Hi§Y were implanted with head bolts to immobilize their heads and
impairment is observed if there is no delay and monkeys ¢ Hh recording chambers. One animal was implanted with an eye-coil

. . . monitor eye movements (Robinson 1963), while an infrared mon-
immediately orient to the cue. Thus the PF cortex see §{ing system (ISCAN, Burlington, MA) was used for the second

critical when the correct action must be selected using recepina| The infrared system was slightly less accurate than the eye-
memory and knowledge of task demands. Another examplegls (the standard deviation for the noise of the eye-coil was 0.06°
the Wisconsin Card Sorting Task, a test of the ability of human
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the same behavioral responses were cued by different stimuli (spatial
Spatial Task Object Task Associative Task vs. associative tasks).

The tasks were administered and behavior monitored by a computer
running the “CORTEX" real-time control system (http://cog.nimh.
nih.gov/CORTEX/). The three tasks were interleaved block-wise.
Blocks lasted 100—-200 trials depending on the animals’ level of
performance. Each task was repeated at least twice during any single
session (the time during which the same set of neurons were isolated),
and one recording session was run each day. No explicit cues were
used to signal to the animals which task they were performing. Each
animal performed the spatial and object tasks at a high level (more
than 90% correct for each, on average). Their performance on the
associative task was somewhat lower (77-90% correct overall) be-
cause it required monkeys to learn new cue-response pairings each
day and reverse them twice during any single session. For all analyses,
however, only neural data from correct trials were used, and for the
associative task, only correct trials after the pairings were well
learned. These were selected by requiring the animals’ performance to
be at least 80% correct across a moving window of ten trials. By
pairing each object with each saccade direction during the associative
task, we were able to disambiguate a neuron’s response as cue-related
(object selective) or response-related (spatially selective). Neural ac-
tivity during learning in the associative task has been described
previously (Asaad et al. 1998).

For each recording session, two novel cue stimuli, never before
tasks. The spatial tasheft) required the monkeys to saccade to the formefs'een by the animal, were chosen at random. The same two stlmull_and
location of the cue (a flashed dot). The object taskdgle) required them to WO behaVIOt‘f’:ll responses were used across the object oar.1d a.ssomatlve
remember the identity of the cue stimulus and then saccade to the matcHgkS: The stimuli were small, complex objects about 2° in size.
choice stimulus. The associative taskgkt) required the animals to learn to | N objects were presented on a computer screen positioned directly
associate each of the cue stimuli with either a rightward or leftward responi.front of the animal. We made no attempt to determine which
Monkeys fixated a small spot of light for about 800 ms. They were required features of particular objects were responsible for the cells’ responses;
maintain central gaze until the choice at the end of the trial. Fixation wéer this study, it was necessary only that different cue stimuli elicited
followed by 500 ms of cue presentation and then a 1,000-ms memory delgsective activity from a number of PF neurons. Complex objects were
during which the cue was absent. Simultaneous with offset of the fixatigieq pecause they have been shown to elicit robust activity from
point, 2_ch0|ces were pres_ented, one 4° to the _rlght and the other 4° to the I%{‘{ ral prefrontal neurons (Miller et al. 1996).
The animals selected their responses by a direct saccade to the appropna?e
target. The actual stimuli were multicolore®: recording locations. The
locations of recorded neurons in both monkeys are depicted for each anirﬁécording technique
Often more than 1 neuron was recorded at each penetration site (on the same
or across different sessions). The gray circle in the sinsdit brainshows the Monkeys were seated in primate chairs within sound-attenuating
approximate location of the recording chambers. enclosures (Crist Instruments, Damascus, MD). Their heads were

restrained, and a juice spout was placed at their mouths for automated
while for the infrared system it was 0.12°). Except during the intereward delivery. Recordings were made using arrays of eight dura-
trial interval and until their saccade response at the end of each tr@lincturing, tungsten microelectrodes (FHC Instruments, Bowdoin,
the monkeys were required to fixate within a small box, 2.5° in widtRlE) mounted on custom-made, independently adjustable miniature
and height. However, monkeys were trained such that their eggcrodrives. These were introduced into the brain using a grid (Crist
positions only very rarely varied more than 1° during any given trighstruments) with 1-mm spacing between adjacent locations. We did
(less than 1% of trials). Breaking fixation immediately aborted theot prescreen neurons for task-related responses. Rather we advanced
trial without the delivery of juice. each electrode until the activity of one or more neurons was well

Recording sites were localized using magnetic resonance imagigglated, and then data collection began. This procedure was used to
(MRI). The recording chambers were positioned stereotaxically ovensure an unbiased estimate of prefrontal activity. In any given
the left or right lateral prefrontal cortices of each animal. They wer®ssion, we were able to simultaneously record the activity of up to 18
positioned such that the principal sulcus and surrounding cortéxdividual neurons. Recording locations are pictured in Figj. 1
especially the ventrolateral PF cortex, was readily accessible. AllElectrical events crossing a chosen threshold were digitized and
surgeries were performed under aseptic conditions while the animsidsred (DataWave, Longmont, CO). Off-line, we sorted these events
were anesthetized with isoflurane. The animals received postoperatite single-neuron records using parameters derived from individual
antibiotics and analgesics and were handled in accord with Natiomamponents of these collected waveforms (such as peak-height, peak
Institutes of Health guidelines and the recommendations of the Mtifne, valley depths and times, etc.). The data were discarded if these

<«— Anterior Anterior —>

Fic. 1. Schematic depiction of the tasks and recording locatiénshe

Animal Care and Use Committee. parameters were unstable across the recording session, or if we were
unable to cleanly separate neural waveforms from noise or multiple
Behavioral tasks neural waveforms from each other.

Monkeys performed an object memory task (delayed match-t
sample), a spatial memory task (spatial delayed response), an
associative task (conditional visuomotor task, Fig) {Funahashi et  Data were analyzed using custom-written routines in MATLAB
al. 1989; Fuster 1973; Glick et al. 1969; Passingham 1975; Petrid&fathworks, Natick, MA) and SPSS (Chicago, IL). Trials were di-
1982). In two of these tasks, the same stimuli were used to cveled into four epochs for the analysis of neural activity. The “fixa-
different behaviors (object vs. associative tasks), while in another twion” period consisted of the 500 ms immediately preceding stimulus

;r\wrglysis of neural data
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onset. The “cue” period started 100 ms after stimulus onset and hagresentation. All major effects were observed in both animals. The
duration of 600 ms. The first 100 ms were excluded to compensate few results that differed between the monkeys are so notegsinLts
the minimum latency of visual responses in PF cortex, and the length
of this time window was selected to include any activity related totheesuLTs
offset of the stimulus. The “delay” epoch consisted of the subsequent
800 ms. The “presaccadic” epoch was the 250 ms immediately pre-Ve recorded 210 neurons from the I.eft lateral PF cortex of
ceding the animals’ responses (which usually occurred 150-300 @3¢ monkey and 95 neurons from the right lateral PF cortex of
after the end of the delay and choice onset, depending on the task tiel other. Across all tasks, nearly all cells were responsive
the animal). These epochs were chosen for simplicity. The resuligithin-trial activity differed significantly from inter-trial ac-
reported here were insensitive to the exact time windows used. tivity) in at least one epoch (294/305 or 96.4%est, P <

To assess the effects of the cues, saccade directions, and taskg @n). Similarly in any single epoch, most cells were respon-
neural activity, a set of two-way ANOVAs was performed for eacjy,e (243/305 or 79.7% during the cue period; 233/305 or

cell and on activity from each epoch. To compare cue-related obje 0 ; . of i ;
selective activity across behaviors, we used two-way ANOVAs wit?bd'/o during the delay; 255/305 or 83.6% in the presaccadic

cue stimulus (either “A” or “B”) and task (either object or associative'fenOd)'
as factors. To compare activity related to the animals’ behavioraal . . .
responses across tasks, we used two-way ANOVAs with directidiiSK-selective baseline activity

(right or left) and task (spatial or associative) as factors. A significant \jost of the 305 neurons displayed a task-dependent change
effect of stimulus, direction, or task means that activity varied signify oyerall activity, particularly in the fixation interval preced-
icantly with the cue stimuli, saccade direction, or task being per- ;

formed. If stimulus or direction had different effects on neural activitglg cue presentation. Because the task remained constant for a

depending on the task, this would produce a significant interacti llﬁ_Ck of 100-200 trials, the monkeys COUld. ”S”‘?"y predict

between this factor and the task factor. All ANOVAs were evaluateffnich task they would perform on an upcoming trial. Indeed

atP < 0.01. This alpha level was adjusted for multiple comparisotB€ir behavior suggests that they did: when they switched to a

where appropriate. All neural activity histograms were calculated witleWw task, reaction times initially increase®l € 0.01 byt-test

a resolution of 1 ms, then smoothed with a rounded-shoulder boxcarmparing 20 trials before a task-switch to the 20 trials just

(50-ms boxcar convoluted with a 5-ms Gaussian). after) then decreased again over the course of a few tRats (
Neurophysiological experiments that compare activity across d.03 t-test comparing 20 trials just after a task-switch to the

ferent blocks of trials must make efforts to be confident that ayext 20 trials).

neural effects are not the result of artifacts of that design, such asp jng the precue fixation interval, about half of the cells

slow-wave changes in neural activity over time. We made certain s owed small but significant differences in activity depending

artifacts did not influence our data in several ways. First, we requir . .
animals to perform at least two repetitions of each task within ar which task was being performed (114/210 cells, or 54.3%,

single session, and any cells showing gross instability across {le©@Ne animal, and 53/95 cells, or 55.8%, in the other, by
recording session were never included in our studied population. ANOVA, P < 0.01). Figure 2 shows two such cells. Here,
addition, to be certain that nonspecific changes in neuronal activagtivity during the inter-trial interval was similar for all tasks.
over time were not mistaken for true task-specific effects, analyddowever, shortly after the monkey began the trial by directing
were repeated using only the subpopulation of neurons which showgalze to the fixation point, each showed an increase in activity
no difference in activity across task repetitions (1-way ANOVA using/hose level was significantly dependent on the current task.
block as a factorP > 0.1). All results reported here have beerpring this fixation interval, sensory stimulation was identical
replicated in this manner. Furthermore we confirmed the task eﬁecqléross all three tasks: all that differed was which task the

by controlling for possible drift in two ways: we subtracted th
average baseline activity on each block from the within-trial activiﬁ;ncmkey was about to perform. Note that although the absolute

to express neural responses as a difference from baseline, and&%erence In sp|l§e ra_te is low (on the order of J.USt afew sp|kes
divided within-trial activity by baseline activity so that within-trial PE" second), this might nevertheless comprise a meaningful
activity would be expressed as a proportional change over baseliREportion of a neuron’s activity during the fixation period,

Across the population, both techniques yielded identical results to théien activity is generally low (less than 10 spikes/s on aver-

analyses based on raw data reported here. age, across our population). In fact, the percent change in
fixation activity between the best and worst tasks for the cells
Analysis of eye movements showing a significant difference was 32.0% (best minus worst

- _ ) _ divided by best; SD: 18.9%).
Eye position was monitored at 100 Hz in both animals. In seven of \w/hile in one animal there was a slight tendency for cells to
nine sessions in the second animal, these data were stored for off-lipg¢ar the associative over the object and spatial tasks during
analysis. Microsaccades and saccades were detected using a Si ixation period (26, 11, and 16 cells, respectivef;:P =

velocity threshold set at four times the standard deviation of the sig 37 ignificant tend b d in the oth
derived from the fixation period. The start and end of each saccadi ), no significant tendency was observed in the other

movement was determined by finding, respectively, the last pofitonkey (44, 30, and 40 cells preferring each task, respectively:
before and first point after this threshold crossing in which eye¢» P = 0.254). That a sizeable proportion of neurons was
velocity fell below 1 SD. This method reliably selected the smalle$ound to prefer each of the three tasks suggests that different
“microsaccadic” movements that could be confidently confirmed byeurons are selective for different tasks much as they are
eyehgiven th(T signal-to-noise of the infrared monitoring system usedlective for different objects or saccade directions.
in this animal.

Reaction times were available for all sessions, even when cont@pffects of task on neural activity related to cues and
uous eye position was not, as they were determined by simply timgyccades
stamping the moment when eye position first left the fixation box.

Where a particular neural or behavioral effect was significant in Across the object and associative tasks, the cue stimuli seen
both animals, the data across them were pooled for simplicity af the start of the trial were identical. The tasks differed in what
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80 i c ) . -
LT Cue, Delay 20 FIG. 2. Task-related changes in baseline neural activity.

Spatial A and C: shown are spike rate vs. time histograms for 2
50‘ Object 15 neurons, each sorted by task. The final second of the 3-s
s e inter-trial interval (IT1) is represented by the first 1,000 ms
| Associative (—2,000 to—1,000 ms). Fixation occurs soon after (around
—1,000 to—800 ms). Cue presentation occurs at the time
point marked 0 ms. All trials were aligned on this event. The
cue was extinguished after 500 ms and was followed by a
1,000-ms delay. Task-related differences in baseline firing
rate were generally observed to begin in the fixation period.
While the activity of some neurons diverged almost coin-
cident with initial fixation B), the activity of others di-
verged progressively as the appearance of the cue became
more imminent A and see also Fig.Aj. B andD: the bar
graphs at theight demonstrate the reproducibility of these
8 small task-specific changes in activity across multiple rep-
30 [ etitions of the same task. Shown is the mean fixation-period
firing rate (with SEs) for each block of trials for the 2 cells
C20 i presented to théeft (activity during the last 400 ms before
4t the cue is shown iB, whereas activity during the 800 ms
| .i ' preceding the cue is shown ). The bars are color-coded
10"- 2 to reflect the task being performed in each block, and the
: VJ v/ A.f. colors match those in the histograms to the left. The light
ot gray line superimposed over these bars shows the activity of
-2000-1500-1000-500 0 500 10001500 1 23 4 5 8 '8 these neurons during the immediately precgdins of the
ITI.

A a0

g MM % )

0 — ra—
-2000-1500-1000-500 0 500 10001500

B 1o

Spikes per second
&

Trial time (ms) Block number

needed to be done with the cues, either find its match (objéot some cells the task influence could be so powerful as to
task) or perform the saccade currently associated with it (amake a neuron unresponsive in one task while clearly respon-
sociative task). Many neurons (163/305 or 53.4% see FAg. 3ive to the same stimulus in the context of the other task
and Table 1) showed sensory-related activity; they reflected fiég. 4).

identity of the objects irrespective of the task (stimuRis< A similar pattern of results was found when we compared
0.01, stimulusx task interactior® > 0.01 in at least 1 epoch). activity between the spatial and associative tasks (Table 2).
However, over a quarter of the neurons showed stimulus Séiey required the same saccadic responses, but differed in
lectivity that was modulated by the task (84/305 or 27.5%), i.avhether they were explicitly cued (spatial task) or inferred
selectivity that was significantly stronger in one of the tasksom an association with a cue stimulus (associative task).
(Fig. 3,B andC, stimulusX task interactior? < 0.01). Indeed, Many neurons (125/305 or 41.0%, Table 2) showed saccade-
direction selectivity whose magnitude was about equal across

FiXOb(J;? Tas[l)‘elay Fissogztwe g:lsal; both tasks (Fig. A; direction, P < 0.01, no interaction with
A ¥ %0 task,P > 0.01, in at least 1 epoch). This activity presumably
s 5 reflects a mechanism common to both tasks, perhaps a “pre-
| s motor” signal and/or a shift in attention preceding the saccade.
Y=V 0 P e Other neurons (139/305 or 45.6%) showed direction selective
B, " activity whose magnitude depended on which task the animal
o was performing (directiorx task,P < 0.01, in at least 1 trial
8 5% 5\%\,%( Mﬂ\ epoch). For some neurons, direction selectivity was stronger in
2 ”w the spatial than the associative task (103/305 or 34%, Bp. 5
0 0 This could reflect a neuron’s response to the peripheral cues
0 e 10 used in the former but not the latter. There is no such simple
C — object "B" explanation for the neurons that showed stronger direction
5 5 selectivity in the associative than the spatial task (49/305, or
W 16%). For example, the neuron depicted in Fi§. $howed
0 Mo delay activity during the associative task that reflected the

0
00 0 500 1000 1500 -500 O 500 1000 1500 forthcoming saccade and not the cue stimuli (effect of stimu-

Time (ms) lus, P > 0.01; direction,P < 0.01; interactionP > 0.01).
FiG. 3. Task-specific stimulus selectivity in single neurons. The averagg¢owever, during the spatial task, when the identical saccades
spike rates over time are presented for 3 neurons, sorted by the identity °f\W§re cued. it was not selective. Thus its ability to convey

cue stimulus. The histograms begin 500 ms before cue onset (which occurs gt fi bout th deis task d dent. We al ted
0 ms, indicated by the 1st vertical line), and last until 1,000 ms after cue off ormaton about the saccade IS task dependent. vve also note

(the 2nd vertical iine). Each neuron is represented by 2 pabefsstimulus-  that, across our population of neurons, spatial selectivity took
specific activity in the object taskijght: stimulus-specific activity in the longer to appear in the associative than in the spatial task
associativg task. Activity"duriﬂg thelassocliative task was adveraged bacr%me 3)_ This Iatency difference is visible in the cell in Fig.
response directiong\: a cell with stimulus selectivity maintained across bot " ;

tasks.B: this cell was stimulus selective in only the object task but not tr:%A' It presumably r.EﬂECtS th.e addltlpnal time needed to recall
associative task despite the use of identical stimuli across Botstimulus (€ Saccade direction associated with the cue object.
selectivity in this cell was restricted to the associative task. To determine the extent to which neural activity was mod-
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TABLE 1. Incidence of stimulus and task selectivity in the object and associative tasks

Cue Epoch Delay Epoch Presaccadic Epoch Any Epoch

Task-independent stimulus selectivity

Neurons showing effect 106 (135) 102 (124) 47 (65) 162 (187)

Percentage of 305 34.8 33.4 15.4 53.1
Stimulus-independent task selectivity

Neurons showing effect 105* (136) 111* (133) 137* (166) 211 (234)

Percentage of 305 34.4 36.4 44.9 69.2
Task-dependent stimulus selectivity

Neurons showing effect 45t 35% 39t 84

Percentage of 305 14.8 115 12.8 27.5
Any stimulus selectivity

Neurons showing effect 151 137 86 210

Percentage of 305 49.5 47.9 28.2 68.9
Any task selectivity

Neurons showing effect 150 146 176 244

Percentage of 305 49.2 479 57.7 80.0
Any type of task or stimulus selectivity

Neurons showing effect 207 207 194 271

Percentage of 305 67.9 67.9 63.6 88.9

Neuronal selectivity compared across tasks. The number of neurons showing the indicated type of selectivity in each task was determined by ANO!
evaluated aP < .01. The different task epochs were defined as describedrirobs. Cue stimulus selectivity compared across the object and associative tasks.
Stimulus-independent task selectivity refers to a main effect of task on the ANOVA (without an interaction with stimulus), i.e., an overall cdwivgy that
depended on the task. The task preferences of the neurons are noted in the appropriate boxes. The total numbers of neurons showing a maimgffect, incl
those with a significant interaction, are noted in parentheses. * Number of neurons preferring the object task were 41 in cue epoch, 45 in deldyd8poch, an
in presaccadic epoch. T Number of neurons more selective in object task were 25 in cue epoch, 22 in delay epoch, and 24 in presaccadic epoch.

ulated by task—particularly in relation to its modulation bwactivity, therefore seems to be a biasing of responses away
“external” factors such as the cues or responses—we calculaftetin the “external” sensory- or motor-driven levels. It is per-

a selectivity index (see Fig. 6 legend) for each epoch of eaghps possible that the use of tasks which again shared the same
neuron found to display significant modulation by stimulugues or responses, but differed more radically in the rules to be
identity, response direction, or task (according to thgpplied, could result in even stronger biases.

ANOVAs, see the preceding text). These were computed sepConsistent with previous reports (Fuster et al. 1982; Rainer
arately for each task, and the resulting indices are plotteddpg|. 1998a; Rao et al. 1997; White and Wise 1999), neurons
Fig. 6. Points lying along the diagonal represent instances Qfiective for object and/or spatial information (saccade direc-
equal selectivity across tasks; the further from the diagonal, tf ) were intermixed throughout the recording locations (areas

more modulated was the neuron by task.. In bOth the CasesSygl 45, 12, 9) as were neurons modulated or not modulated by
cue stimulus selectivity by task A$ and direction selectivity K

by task (@), the general pattern of points is elongated along
the diagonal, suggesting that the stimulus and the respops
were the dominating influences (the divergence of cue peri8
selectivities in 8 is a trivial consequence of the differentsa
stimuli used across these tasks). The influence of task on neyr

To make certain that sensory and motor conditions across
object and associative tasks were truly equivalent, we
nsidered the possible influence of eye position and micro-
cades. For these analyses, we examined 60 neurons re-
ded during the seven sessions in which we acquired con-
“Fix  Cue Delay tinuous eye-position data (sampled at 100 Hz) from the second
{ el monkey. Microsaccades were not found to differ significantly
e across the object and associative tasks in number, velocity, or
amplitude in any of the seven sessioRsX 0.1). Eye position,
] however, was found to differ significantly across the object and
bt associative tasks in five of these seven sessions. However, the
‘ ' average magnitude of this difference in these five cases was
only 0.16°. Such a difference is quite small when considered in
the context of the reported size of prefrontal receptive fields,
which are on average about 10° across (Rainer et al. 1998).
I Equivalent differences in eye position across tasks were found
AP during the inter-trial-interval in six of seven sessions, suggest-
2w 0 500 1000 1500 ing that these differences may result from slow drift, perhaps
Time (ms) due to mechanical variations (e.g., head position) or animal
Fic. 4. Cue-period activity across tasks. Shown is the activity of a singf@tigue.
neuron in response to a single cue stimulus as it is presented in eactask. Nevertheless to be confident that these differences in eye
the response of this cell during performance of the associativeBasgksponse position did not influence our neural data, we examined di-

of the same neuron during execution of the object task. Note the good respo o s P
during the cue period of the associative task that is absent from the neuro'qr?§tly the effect of eye position on neural activity within a

activity during the object task, even though the identical stimulus was prélngle task. To do this, we divided trials into those in which the
sented in both cases. average fixation position was less than the mean fixation po-

-
o
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TABLE 2. Incidence of direction and task selectivity in the spatial and associative tasks

Cue Epoch Delay Epoch Presaccadic Epoch Any Epoch

Task-independent direction selectivity

Neurons showing effect 48 (100) 52 (99) 59 (101) 122 (179)

Percentage of 305 15.7 17.1 19.3 40.0
Direction-independent task selectivity

Neurons showing effect 146* (203) 121* (164) 106* (142) 215 (255)

Percentage of 305 47.9 49.7 34.8 70.5
Task-dependent direction selectivity

Neurons showing effect 87 70 59 139

Percentage of 305 28.5 23.0 19.3 45.6
Any direction selectivity

Neurons showing effect 135 122 118 204

Percentage of 305 44.2 40.0 38.7 66.9
Any task selectivity

Neurons showing effect 233 191 165 275

Percentage of 305 76.4 62.6 54.1 90.2
Any type of task or direction selectivity

Neurons showing effect 245 218 194 283

Percentage of 305 80.3 715 63.6 92.8

Spatial selectivity compared across the spatial and associative tasks. Direction-independent task selectivity also refers to a main effethotitask
interaction with direction), but in this case, it could be related to the different cues used in the spatial and associative tasks. The convastion3 alnée
1. * Number of neurons preferring the spatial task were 37 in cue epoch, 36 in delay epoch, and 35 in presaccadic epoch. T Number of neurons more sele:
in spatial task were 68 in cue epoch, 51 in delay epoch, and 37 in presaccadic epoch.

sition (in either thex or y dimension, in separate analyses) opresentation (which were found in approximately half of all
greater than this mean. Between these two groups of trials, tbéls).

induced an average distance of 0.33°—about twice the actuaBimilarly, to determine if differences in the animals’ re-
distance observed across tasks. However, in only 3 of 60 casggnses could be contributing to differences in neural activity
did this manipulation result in a significant difference in neur@cross the spatial and associative tasks, we examined the
activity. This is not surprising, given the large size of prefrontdnetrics of the saccadic responses and reaction times. No dif-
receptive fields. Differences in eye position, therefore were riéfence in saccade velocity, amplitude, or accuracy was ob-
contributing notably to the reported differences in neural agerved in any of the seven sessions in which continuous eye-

tivity across the object and associative tasks during the dd@sition data were recorded. However, we found that reaction
times did indeed differ across these tasks in 13 of the 31 total

Spatial Task Associative Task sessions (9/21 in the 1st monkey, and 4/10 in the 2nd). In these
A 30[ Fix | Cue | Delay 30; Fix | Cue | Delay cases, the monkeys responded slightly more quickly4 ms,
on average) in the associative than in the spatial task, possibly
15 15 as a result of their greater experience with the associative task.
Although the magnitude of this reaction time difference was
0 0 small, we nevertheless examined the 107 neurons recorded in
B w0 5 Fhese 13_ sessions to be certain that di_fferences in neural activ-
2 W‘M\M- ity—particularly during the presaccadic epoch—were not re-
2 . 2% W lated to differences in reaction time. In a manner analogous to
& ey AN ~ that employed in the preceding text, we divided trials within a
0 o}
TABLE 3. Latencies to the appearance of direction selectivity
C —- ;)"S’I'I‘;f:::’a' 15 across tasks
XA NS wﬂk Mean
Task Latency, ms Significance
-800 0 500 1000 1500 -800 0 500 1000 1500 Monk 1 Spatial 267+ 160 P < 0.001
Time (ms) e Rosociative 477+ 147 '
FIG. 5. Task-specific response-direction selectivity. These histogravonkey 2 Spatial 296+ 190 P = 0.03
show the average spike rates over time for 3 cells beginning 500 ms before the Associative 362+ 188

cue presentation which occurs at 0 ms. As in Fig. 2, each cell is representedy

2 panels.Left direction-specific activity in the spatial task in which the Latency to the appearance of spatial selectivity compared across tasks. The
animals’ saccade target was explicitly cuBight direction-specific activity in latency to the appearance of spatial selectivity was determined using a sliding
the associative task in which the animals had to associate cue stimuli with 8&ms window to find the earliest point at which the spatial selectivity index
same saccades. The required behavioral responses were identical in both tasis consistently greater than twice the standard deviation of a dummy index
Activity during the associative task was averaged across cue stiliul. calculated during the preceding 500 ms of fixation. This provided a cell-
neuron which was spatially selective in both tasks. Note that spatial selectivéfyecific noise estimate and allowed consistent estimates of selectivity latency.
in the associative task appears later than in the spatialBashis neuron was Used in this analysis are 135 cells showing either a main effect of, or
spatially selective in only the spatial task: this neuron had the opposite interaction with, response direction during the cue period on the direction by
pattern of response, showing spatial selectivity in only the associative taskask two-way ANOVA.
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A 1 ; ; ; consistent task preferences across these epochs were observec

‘ i i a in 158 of 275 neurons (57.4%). This was similar to the pro-
portion of neurons showing consistent direction preferences in
these tasks (110/244 or 54.5%). These data suggest that the
task-selective signal is at least as robust, over time within a
trial, as stimulus or response selectivity.

Object Task

Task-related “climbing” activity

Another frequently observed task difference occurred to-
ward the end of the memory delay and into the presaccadic
period: Neuronal activity “ramped-up” more often during the
object task than during the spatial or associative tasks. An
example of one such single neuron is shown in Fiy. Note
that beginning shortly before the saccadic response, activity in
the object task (green line), but not in the spatial (blue) or
associative (red) tasks, began to ramp up, apparently culminat-
ing in a response to the choice objects (which did not appear in
the other tasks). To assess the prevalence of this type of
activity across our population of neurons we fit a least-squares
line to a 300-ms time period (divided into 1-ms bins) at the end
of the delay and during the presaccadic period for each and
every recorded neuron. This revealed that the slopes were more
positive (i.e., there was more climbing activity) for the object

; task than for both the spatial and associative tasks (ANOVA
o with post hoc contrast® < 0.001 for 1 animal an® = 0.06

Spatial Task

_11,,' _0"5 0 . 1 for the other). For every cell in our population, we plotted the
" Associative Task slope obtained for the object task against the slopes from each

FiG. 6. Magnitude of stimulus- and response-selectivity compared acrdak the other two tasks (Fig.BJ. That most of the points lie
tasks. These scatter diagrams plot the stimuR)sof response-directiorBf above the diagonal reflects the generally greater spike rate
selectivity index of significant neurons in one task against the same indggceleration at the end of the delay of the object task.

calculated for the other task. These indices are simply the difference in actiwtyWithin the object task, a negative correlation was observed
for stimuli or responses divided by their sum. Positive or negative valuas i | !

n ! -

reflect simply a preference for the cue stimuli arbitrarily designated “A” op€tween the degree of ramping and the magnitude of cue
“B”, respectively. Positive index values iB reflect a preference for the Stimulus selectivity during this epoch (correlation coefficient
direction of response contralateral to the recorded hemisphere. CirclesQ.15, R = 0.36, andP < 0.01 for the 1st animal, mE

squares, and triangles reflect selectivity during the cue, delay, or presaccadig 22 R2 = 0.51. andP < 0.01 for the 2nd animal) This
epochs, respectively. Equal selectivity across tasks would be reflected in pojnts. ' o ’ '

lying near the diagonal. Filled symbols indicate only main effects on tf@t‘i&ggeStS that r_ampl_ng activity serves not simply to _auQmer_]t a
ANOVA, whereas open symbols indicate an interaction with task factor. Stimulus-selective signal to be used for the upcoming choice
but rather has a still undetermined function.
task according to whether reaction time was faster or slower
than the mean reaction time. This induced an average diffgfis - yssioN
ence in reaction time of 63 ms, which is greater than the
observed difference across tasks of only 14 ms. Despite thisThese results show that for many PF neurons, activity was
only 12 of these 107 neurons were found to display significaimfluenced by the task being performed. This influence in-
differences in neural activity depending on reaction time. Futcluded changes in their baseline firing rates, modulations of
thermore only five of these also displayed task-specific activibguronal activity related to particular stimuli and behavioral
that was of the same sign as the influence of reaction time @sponses, and differences in their firing rate profiles (shape of
neural activity would predict, as determined for each. Theffae responses over time). This suggests that the formal de-
considerations led us to conclude that the observed smaknds of behavior are represented within PF activity and thus
differences in reaction time were not contributing significantlgupports the hypothesis that one PF function is the acquisition
to the task-selective responses that were prevalent acrossandg implementation of task context and the “rules” used to
population of neurons. guide behavior (Cohen and Servan-Schreiber 1992; Grafman
1994; Miller 1999; Passingham 1993; Wise et al. 1996).
Consistency of neural task preferences across trial epochs T0 perform efficiently, the animals needed to keep track of
which task was current. This was reflected in modulations in
Often task selectivity was maintained across the three mare baseline activity of many neurons. The spike rate differ-
trial epochs (cue, delay, and presaccade). Across the object andes were relatively small, but because this effect was evident
associative tasks, 133 of 244 neurons (54.5%) had consistienbver half of the recorded cells and represented a sizeable
task preferences in all three epochs. In comparison, consistieattion of their over-all level of activity £30%), this may
cue stimulus preferences were less common (68/210 neurona@vertheless provide a means through which PF cortical activ-
32.4%). Likewise, across the spatial and associative taskg, can bias processing in other brain regions. Previously,
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0 Fix Cue | Delay | Choice

Spikes / sec

FIG. 7. Ramping activity. Toward the end of the delay, the activity
of many cells ramped up in the object task but not in the spatial or
associative tasksA: a single-cell example; note the upward slope in
activity toward the end of the delay for the object task (green line) but
10 not the other taskd: we fit a least-squares line to a 300-ms epoch at
-2000 -1000 0 500 1500 the end of the delay for activity from each task and plotted the slopes
Time (ms) in the object task against the spatial task (red) and the object task

against the associative task (black). The mean slope in the object task
was twice that of the spatial and associative tasks. The histograms show
B in spatial or associative slope values (in spiksfsinus the object

1]
-200 -100 1] 100 200

________ P EPRICTIER, NG | | ',," Assaciative minus Object slopes

=

300 : : - o 100 values for each cell. The leftward skew indicates that the slopes were
5 “ : K more positive in the object task. In contrast, the slopes for the analo-
s ; : § 50 gous period of time preceding the appearance of the cues did not differ
“o ' s ) e . £ significantly across task$(= 0.92 by ANOVA comparing effects of
$ 200 R S S ) T e o task).Inset the scatter plot of these precue slopes. Note the much
- aaens o A Spatial minus Object slopes weaker ramping over-all and the lack of skew (most points lie near the
% : H SE . 2 10 diagonal).
£ 100}--------- 3 Bbjectveboat.....] 3
o i‘ " Vi\slsociaﬁve 5 50
s : £
2 20 2 |2
©
o
o
O

-10p : i U
-100 0 100 200 390
Spatial or Associative slope (spikes / sec”)

modulations of PF baseline (precue) activity were observetemory task (the object task) does not necessarily exhibit
when monkeys had to remember a particular stimulus betwesglectivity for the same objects in other contexts (e.g., the
trials (Rainer et al. 1998). In this case, however, there was associative task). That many neurons did reflect a given object
sensory information to be remembered. Nor could this effect be saccade regardless of task indicates that both sensory infor-
explained by a “prospective code” of the anticipated cue stimiation and convergence toward motor output are indeed
uli; for many cells precue activity was significantly differenpresent in the PF cortex. But the existence of task-specific
between the object and associative tasks (which used the sa@lectivity suggests that the PF cortex also has information
cues). Thus the information conveyed was necessarily maieout what is “in between,” i.e., the mechanisms for mapping
abstract. More generally, when the same stimuli are involvedsensory input to motor output (Fuster 1990). Results from
several possible behaviors, this sort of task-specific activitgcent neurophysiological studies lead to the same conclusion.
could provide a signal that allows ambiguous or conflictinflhe responses of neurons in the lateral PF cortex and frontal
sensory information to be mapped to the appropriate moteye fields to a visual target can differ dramatically depending
output (Cohen and Servan-Schreiber 1992; Fuster 1995). Con-the rule used to acquire the target (Ferrera et al. 1999; Hoshi
versely, task-specific activity in the PF cortex could functioret al. 1998; White and Wise 1999). Similarly, we have previ-
via “top-down” signals, to bias the activity of sensory systenmusly shown that the activity of many PF neurons simulta-
toward the representation of relevant information (Desimomeously reflects a visual cue and the particular action it in-
and Duncan 1995). Along the same lines, the PF cortexssucts (Asaad et al. 1998). In addition, the existence of task-
likely involved in the retrieval of information from long-term specific signals could provide an alternative explanation for the
memory (Buckner et al. 1996; Hasegawa et al. 1998; Wagrdfferences in neural activity previously observed across the
et al. 1998). A task-related signal may therefore contribute $patial and associative tasks (Wilson et al. 1993). It had been
the phenomenon of context-dependent recall. suggested that these differences were due entirely to the use of
Stimulus or saccade-direction selectivity whose magnitugiatterned stimuli versus simple spatial cues, whereas now it is
differs with the current task indicates that some PF neurons dpparent that even identical cues could result in different
not simply reflect single stimuli or forthcoming actions. Rathgratterns of PF activity if each is embedded within a different
this suggests that behavioral context (i.e., information assotdsk context. Therefore one must consider the possibility that
ated with the cue or saccade that is unique to a particular tasierences in the nature of the stimulus-response mapping—
or the manner in which it is used) modulates PF activity. Foihe rule—contributed to differences in neural activity.
example, a neuron apparently selective during a “pure” objectA ramp-up of neural activity was observed near the end of
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the delay and into the presaccadic period in predominantly theTer IM. Memory in the Cerebral CortexCambridge, MA: MIT Press,
object task. This might anticipate the impending choice, per-1995. _ _
haps serving in some manner to prepare for the StimU|ElléSTERJM' Bauer RH, anp JErVEY JP. Cellular discharge in the dorsolateral

- : refrontal cortex of the monkey in cognitive tas Neurol77: 679—-694,
comparison about to be performed (Rainer et al. 1999). Alter-‘iggz. yineog Exp

n_ativeWa_thiS activity may function to _inhibit the actions aSSOgLick SD, GoLorARB TL, AND JaRVIK, M.E. Recovery of delayed matching
ciated with the cues during the associative task because, unlikgsrformance following lateral frontal lesions in monke@ammun Behav
the object task, the associative task did not require the animal8iol 3: 299-303, 1969.

to withhold a response until a target (match) was located. TKigAFMAN J. Alternative frameworks for the conceptualization of prefrontal
ramping is unIiker to reflect simply the expectation of a visual functions. In:Handbook of Neuropsychologgdited by Boller F and Graf-

. . man J. Amsterdam: Elsevier, 1994, p. 187
stimulus because the degree of ramping was much WeahggEGAWA I, FukusHIMA T, IHARA T, AND MivasHITA Y. Callosal window

preceding the appearance of the cue. . ) between prefrontal cortices: cognitive interaction to retrieve long-term
Together, these results support the notion that the informamemory.Science281: 814-818, 1998.

tion conveyed by PF neurons is not limited to discrete sensotysHi E, Siima K, anp Tanai J. Task-dependent selectivity of movement-

events or motor plans. Rather the behavioral context in whichelated neuronal activity in the primate prefrontal corteXeurophysioB0:

the animals were engaged had a pervasive influence on P§392-3397, 1998.

. - . . . . :-MILLER EK. The prefrontal cortex: complex neural properties for complex
activity. This abstracted representation of information withif behavior Neuron22: 1517, 1999.

the PF cortex may pI’O\_/Ide the necefssar_y founc_jatlon for tpﬁLER EK, EricksoN CA, anD DesiMONE R. Neural mechanisms of visual
complex forms of behavior observed in primates in whom thisyorking memory in prefrontal cortex of the macaque.Neurosci 16:
structure is most elaborate. 5154-5167, 1996.
MiLLER EK, LI L, AND DesiMONE R. Activity of neurons in anterior inferior
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