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Lauwereyns, Johan, Masamichi Sakagami, Ken-Ichiro Tsutsui, lead to partial activation of neurons even toward the output of the
Shunsuke Kobayashi, Masashi Koizumi, and Okihide Hikosaka. decision-making process in primate prefrontal cortex.

Responses to task-irrelevant visual features by primate prefrontal
neurons.J NeurophysioB6: 2001-2010, 2001. The primate brain is
equipped with prefrontal circuits for interpreting visual information,
but how these circuits deal with competing stimulus-response (S-'F@ﬁT RODUCTION

associations remains unknown. Here we show different types ofrp e is 1o doubt that primate prefrontal cortex is involved
responses to task-irrelevant visual features in three functionally dfﬁ'the executive control of behavior (Fuster 1997; Goldman-

sociated groups of primate prefrontal neurons. Two Japanese BAic 1987 Passingham 1993). A large body of evidence from
caqgues participated in a go/no-go task in which they had to discrim- ! )

inate either the color or the motion direction of a visual target to mafénglel'w:c't stuttjles tlnd(;c?tes _thattr?refrontalt r;]eurgns mterprett
a correct manual response. Prior to the experiment, the monkeys pippal information to determine the correct hand movemen

been trained extensively so that they acquired fixed associatit‘ ; ,Sh' etal. 2000; N'k,' 1974; Ralngret al. 1998; Sakagaml and
between visual features and required responses (e.g., “gregoi’; Niki 1994a; Sakagaml_and Tsutsui 1999; Sakagami et al. 2001,
“downward motion= no-go”). In this design, the monkey was con-Watanabe 1986; White and Wise 1999) or eye movement
fronted with a visual target from which it had to extract relevarAsaad et al. 1998, 2000; Funahashi et al. 1993; Hanes and
information (e.g., color in the color-discrimination condition) whileSchall 1996; Kim and Shadlen 1999; Schall et al. 1995a).
ignoring irrelevant information (e.g., motion direction in the colorHowever, it remains unknown how such prefrontal neurons
discrimination condition). We recorded from 436 task-related prefrobehave when they are presented with conflicting relevant and
tal neurons while the monkey performed the multidimensional gotelevant visual information.

no-go task: 139 (32%) neurons showed go/no-go discrimination basedRecent evidence from an electrical-stimulation study in fron-
on color as well as motion direction (“integration cells”); 192 neuronial eye field (Gold and Shadlen 2000) suggests that the brain’s
(44%) showed go/no-go discrimination only based on color (“colottecision-making process to determine the required action con-
feature cells”); and 105 neurons (24%) showed go/no-go discrimingists of a gradual commitment toward a choice based on the
tion only based on motion direction (“motion-feature cells”). Overallaccumulation of sensory evidence (see also Sakagami and
however, 162 neurons (37%) were influenced by irrelevant informggtsui 1999; Schall and Thompson 1999). In line with this
tion: 53 neurons (38%) among integration cells, 71 neurons (37%hby, it is possible that conflicting sensory evidence disturbs
among color-feature cells, and 38 neurons (36%) among motiqfye gevelopment of a prefrontal neuronal code favoring one
feature cells. Across all types of neurons, the response to an irrelevgeﬁon over another. To investigate this prediction, we devised
feature was positively correlated with the response to the same featéfrgonﬂict paradigm in which the monkey should (’jiSCI’iminate

when it was relevant, indicating that the influence from irreleva . S .
information is a residual from S-R associations that are relevant ir?’ge visual feature while ignoring another to make the appro-

different context. Temporal and anatomical differences among im%r_late begaworalt:]esg_ons'e.' fi diti th kev had
gration, color-feature and motion-feature cells suggested a sequentiaﬁ)epen Ing on the discrimination conaition, theé monkey ha

mode of information processing in prefrontal cortex, with integratiol INterpret either the color or the motion direction of the visual
cells situated toward the output of the decision-making process. ffg€t. The monkey had been trained extensively prior to the
these cells, the response to irrelevant information appears as a ¢@fPeriment to acquire fixed associations between stimulus fea-
gruency effect, with better go/no-go discrimination when both tHélres and required responses (e.g., “purplgo”; “rightward
relevant and irrelevant feature are associated with the same respdRédion = no-go”). In this design, as shown in FigAlthe

than when they are associated with different responses. This congfi@nkey was confronted with a visual target from which it had
ency effect could be the result of the combined input from color- art@ extract relevant information (e.g., color in the color-discrim-
motion-feature cells. Thus these data suggest that irrelevant featureation condition, henceforth “color condition”) while ignoring
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neuronal activity. To test this hypothesis, we conducted a
single-unit study in prefrontal cortex while the monkey per-
formed the same type of visual multidimensional discrimina-
tion. We opted for a nonspeeded version of the task, introduc-
ing a delay between target presentation and manual response to
prevent confounding with motor processes in the single-unit
activity.

COLOR go ng go ng
MOTION go go ng ng

(CO) (IN} (IN) (CO) METHODS

B Behavioral paradigm
GO TRIAL NO-GO TRIAL

The monkey was required to discriminate either the color or the

Fixation __I‘l_l‘_l_'|_‘_
spot

T

motion direction of a visual target to make a correct go or no-go
manual response. The behavioral meaning (go or no-go) of each target
feature was fixed for each monkey during both training and experi-
ments but could be either relevant or irrelevant depending on the

1 1

Lever =y : LT T " L LS
T ™ T T discrimination condition. The color of the fixation spot indicated

which of the target features the monkey should discriminate. Through-
G R out a block of trials, the monkey had to select the appropriate behavior
time window based on the same visual dimension (i.e., the color of the fixation spot
C remained constant). The correct response to a particular multidimen-
sional target depended on only the relevant stimulus feature and so
could vary across discrimination conditions (see F&). Throughout
an experimental block, we used one of two stimulus sets on which the
monkey had been trained separatedgt 1,the colors purple/yellow
and the motion directions left/righset 2,the colors red/green and the
motion directions up/down.

With this design, in each trial irrelevant stimulus information could

FIG. 1. A: schematic illustration of the experimental designskt 1,the be either congruent or incongruent with the required response. Using
color purple and the leftward motion direction are associated with the oSPeeded version of the discrimination task, we confirmed that this
response (go), while the color yellow and the rightward motion direction aR@radigm leads to interference effects in the behavior of the two
associated with the no-go response (ng).sét 2,the color green and the monkeys used in the present study with longer response times and
upward motion direction are associated with the go response (go), while ihereased error rates when the irrelevant feature was incongruent with
color red and the downward motion direction are associated with the no-gfe required response (Lauwereyns et al. 2000).
response (ng). The stimuli were exactly the same in both discriminationTg prevent confounding between go/no-go discrimination and mo-
conditions, and so the irrelevant stimulus feature could be either congrugit execution processes in the neuronal activity, we introduced a delay

(CO) or incongruent (IN) with the required responBethe sequence of events . - h B
in a go trial {ef) and in a no-go trialright). The monkey initiated a trial by period between stimulus and response in the discrimination task for

pressing the lever. In both types of trial, the monkey had to keep the le8¢ Neurophysiological recordings. In all other respects, the task and
pressed throughout target presentation and during a delay period of variatfguli were exactly the same as for the behavioral test. In the
length. In a go trial, the monkey then had to release the lever as soonP@adigm with the delay period, the sequence of events in each trial
possible on dimming of the fixation spot. In a no-go trial, the monkey had was as follows (see Fig.B). The monkey initiated each trial with a
refrain from releasing the lever until the fixation spot became bright again aflever press. The fixation spot (0.3° diam) appeared in the center of the
the dim period. The vertical lines indicate the time windows used in th@RT. After a variable period (1-2 s), the target stimulus was pre-
following figures of single-unit activityC: the electrode penetrations in thegented for 200 ms, the center of the target appearing at 4.1° either to
right hemisphere ofmonkey EC. Left, middi@ndright: in the same hemi- ha |oft or right of the center of the fixation spot. Following a variable

sphere, the distributions of, respectively, color-feature cells, motion-feat a -t -
cells, and integration cells. The distributions are a good representation Oflﬁ:élay (0.5-2 s), the fixation spot dimmed. The monkey then had to

overall pattern of results with the 4 explored hemispheres. A red dot indica giease the lever within 0.8 s (for a correct go response) or refrain
a penetration in which we encountered at least 1 neuron that was unaffected@n releasing the lever for at least 1.2 s (for a correct no-go re-
the irrelevant feature, whereas a blue circle represents a penetration in wig®nse). In a no-go trial, the monkey could release the lever at any
we found at least 1 neuron that was influenced by the irrelevant feature; a bige after the 1.2-s no-go period. A drop of fruit juice was delivered
circle superimposed on a red dot indicates a penetration in which we obsergerlever release as reward for every correct go or no-go response.
both types of neurons. PS, principal sulcus; AS, arcuate sulcus. Eye movements were restricted to within 1° of the fixation spot by
means of an infrared camera and associated equipment (R-21C-A,
potentially confusing information (e.g., motion direction in th&MS) from 500 ms before until 500 ms after the onset of the target
color condition). stimulus (with a sampling rate of 250 kHz). Trials in which an eye
In a previous behavioral study with a reaction-time versiofovement was detected outside the fixation window were aborted and
of this task, we found that the monkeys’ manual responsgdnted as errors. _
were slower and less accurate when the irrelevant featur%] hael S’gl?gl‘eegp‘é'ﬁuwrid( GE;Z%VQ%”;'SC ar?;r‘;‘;rtnstﬁghlﬁgttilrl” d(g?sr?/bjgrg a
primed a different response than th? relevant feature as cq the same color and moved unidirectionally and coherently. Ap-
pared with when both features primed the same respo

. 8ximately 280 dots moving at 6°/s were used to cover 11% of the
(Lauwereyns et al. 2000). The data suggested that irrelevgfial aperture area. Apparent motion was produced by successive

target information automatically activates hard-wired but prefame replacement (4 frames). All stimuli were presented on a 20-in
ently inappropriate S-R associations. If this is true, such ina@RT (HC39PEX, Mitsubishi) controlled by personal computers
propriate S-R associations could be represented in prefroft386V, Epson). A lever consisting of a small plastic disk, with a

o
n
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Color-feature cells

Motion-feature cells

Integration cells
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diameter of 2.0 cm, was used for the manual responses. The lever ti@s of relevant and irrelevant information. We calculated a relevant
attached to the monkey chair in front of the right hand at the height célor index based on data from the color condition as follows
the elbow in such a way that the monkey could reach it with the right

hand only. re = Coo = Crg
Cyo+ Cyg
Electrophysiological recording RCrefers to relevant color index;,, refers to the average spike rate

from 100 to 400 ms after target onset in case of a go-indicating color;
Yhd C, refers to the average in case of a no-go-indicating color.

block using either stimuluset 1or 2 in the motion condition and one Similarly we computed an irrelevant color indeic) based on data
block using the same stimulus set in the color condition, in rand m the motion condition

order. The stimulus set was determined randomly; for some neurons,
the entire experiment was repeated with the alternative stimulus set. _

. - e CQD ng
Since many prefrontal cells show a spatial preference similar to the IC = c ic.
receptive fields found in visual cortices (Sakagami and Niki 1994b), g T —mg

we presented the target stimuli either ipsilaterally or contralaterallee that the monkey should ignore the go or no-go meaning of the
where the cell showed the largest change in activity during prelinfiy et color in the motion condition. In the same way, we calculated

nary investigation. a relevant and an irrelevant motion indéX\ and IM, respectively)

We recorded from four hemispheres in two Japanese monkgys..4 on the spi ; s it
oy ) pike rates in response to go- versus no-go-indicating
(Macaca fuscata monkeys EGnd FR. The training history of the n,q4i0n directions. The relationship between the relevant and irrele-

monkeys is described in Lauwereyns et al. (2000). After completiQa ingices was evaluated at the population level by computing

of the training, a head-holding device and a unit-recording Chamqgésrson correlation coefficients, which were then evaluated against

Recording was done in at least two blocks of 32 to 64 trials, o

were implanted W.ith star_ldard_ surgica_l techniq_ues under pentobarh, 0 by means of two-tailetitest. To estimate the linear relation
sodium anesthesia. During single-unit recording, the monkey’s h een the relevant and irrelevant indices, we used principal com-
was restrained, and a hydraulic microdrive (Narishige, MO-90) w nent analysis

attached to the chamber. A glass-coated elgiloy microelectrode withr, oy amine the temporal properties of the neuronal responses to
10- to 15um tip exposure was used for unit recording. ACtion,e|eyant information, we made sliding population histograms from
potentlals were identified using a dual-voltage, tlme-W|n§jow discri 00 ms before to 400 ms after target onset. The sliding histograms
inator ar_1d were stored on .computer at 1-kHz sampling rate. Were computed separately for color-feature, motion-feature, and inte-
detailed information on the histological procedures, see Sakagami %‘?gtion cells. We calculated the three-point smoothed population

Tsutsui (1999). average of the (go — ng) discrimination values in time epochs of 10

All surgical and experimental protocols were approved by thes 14 combine the data from cells showing a “go preference” with

Animal Care and Use Committees at Juntendo University and were4f, from cells showing a “no-go preference,” we reversed the sign of
acqordance with the GU|deI|.nes for the Care and Use of Laboratqﬁé index for the latter type of cells. From this population average, we
Animals of the National Institutes of Health. subtracted the average (go — ng) value (per 10 ms) during the precue
period, that is, at a time when differential values cannot reflect
perceptual discrimination. This was done by way of control because
there were different precue levels among the color-feature, motion-
Trials in which the monkey made an incorrect manual go or no-dgature, and integration cells. For each population of cells, the precue
response were eliminated from analyses. To analyze cell activit§vel was estimated per 10 ms based on the data #&®0 to 0 ms
two-factor ANOVA (color X motion direction) was applied to the before target onset. To determine the onset latency of the irrelevant-
responses of each neuron (100- to 400-ms period from target oné@@fure discrimination, we used running one-tailedsts to check at
separately for each discrimination condition. This time window waghich moment there were two consecutive time epochs in which the
chosen as it showed the highest discrimination between go and noc§éected (go — ng) value reliably exceeded zero.
trials for the entire population of recorded neurons; the limit of 400 ms
also ensured that the neuronal responses were not confounded with
eye movement or retinal eccentricity (as the monkey’'s gaze wBESULTS
restricted to the fixation point up to 500 ms after target onset). :
Based on the ANOVA results, we selected cells that could discrirTE;’-Gh":W'OraI performance

inate between go and no-go targets based on the relevant feature in @oth monkevs performed the manual qo/no-ao task with
least one discrimination condition. If the neuron was recorded with ys p 9 9

both stimulus sets, we used the set to which the neuron showed Yy high accuracy, reaching a grand average of over 94%

largest differential response. Specifically, we selected cells that pFETecCt responses, with better performane<( 0.01) in the
duced a statistically reliable main effe® & 0.05) of color in the Ccolor condition (94.9%) than in the motion condition (93.4%).

color condition (color-feature cells), of motion in the motion conditioWVith the delay between target presentation and cue to respond,
(motion-feature cells), or both (integration cells). Cells were consi@nd so without time pressure, the monkeys were able to opti-

ered to show interference from an irrelevant feature (e.g., motipnize their decision strategy, making correct responses despite
direction in the color condition) if there was a significant main effeghe irrelevant stimulus-response associations: The congruency
of the irrelevant feature or if there was a significant two-way intesffect between relevant and irrelevant features (i.e., error rates
action effect betwegn the irrelevant and relevant feature. Post hoc t%ﬂsincongruent versus congruent trials) was 0.2% in the color

consisted of two-tailed-tests. ndition (not significant) and 1.2% in the motion condition

. SO C
To characterize the direction of the neuronal responses, we cof- .
b fg < 0.01). As a consequence, for any given neuron, there

pared the discrimination of one type of visual information (e.g., colo . -
when the monkey was required to process this information (e.g., cof§ere not enough error trials to compute a correlation between

in the color condition) versus when it was required to ignore thi§}e neuron’s response to irrelevant information and the prob-
information (e.g., color in the motion condition). This compariso@bility of making an error. We therefore decided to exclude

allows us to evaluate the similarity between the neuronal represergaror trials from further analyses.

Data analysis

J Neurophysiol VOL 86 « OCTOBER 2001 WWW.jN.0rg
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Database of neurons A

We explored the lateral part of prefrontal cortex (see Fg. 1
for indications of electrode penetrations in one hemisphere). A
total of 436 neurons discriminated reliablyP (< 0.05,
ANOVA) between go- and no-go-indicating targets based on
color or motion direction or both. Among these, 162 neurons
(37.2%) were influenced by irrelevant information, as indicated
by a significant main effect of, or interaction with, the target
feature that the monkey should ignore (seeHobs). That is to
say, “irrelevant information” refers to the color feature in the
motion condition, and the motion feature in the color condition.

Specifically, 139 neurons (31.9% of the total population)
showed go/no-go discrimination in both discrimination condi-
tions (integration cells); among these, 53 neurons (38.1%) were
influenced by irrelevant information. There were 192 neurons
(44.0% of the total population) that showed go/no-go discrim- s L
ination only based on color (color-feature cells); among these, —
71 neurons (37.0%) were influenced by irrelevant information.
There were 105 neurons (24.1% of the total population) that B
showed go/no-go discrimination only based on motion direc-
tion (motion-feature cells); among these, 38 neurons (36.2%)
were influenced by irrelevant information.

Thus irrelevant target information is processed quite exten- ng IN go IN
sively in lateral prefrontal cortex even though the monkey " .-..;1 wo { i M

COLOR

ng CO

MOTION

succeeds in making correct go or no-go responses. The effects fd

of irrelevant target information, however, are different for the
three functionally dissociated groups of prefrontal neurons. In
this article, we aim to characterize these different neuronal
responses to irrelevant visual features.

TERE

COLOR

Congruency effect from irrelevant information in integration
cells

[{-

Integration cells are able to interpret information from dif- l ||| '
ferent visual dimensions. Figure 2 presents histograms and
rasters of two prefrontal neurons that were classified as inte-
gration cells because they showed reliable differential re-

AT - . ... FIG. 2. A:the activity pattern of an integration cell unaffected by irrelevant
sponses to go- and no-go-indicating stimuli in both dlscrlmfﬁformation. Each pair of histogram and rasters illustrates the neuronal re-

nation conditions. The cell shown at the top (Fi@) & a good sponse in the type of trial indicated at the top (go CO, required go response
representation of the majorityn (= 86) of integration cells, with congruent irrelevant feature; go IN, required go response with incongru-
firing differentially for go- and no-go-indicating stimuli in theent irrelevant feature; ng IN, required no-go response with incongruent irrel-
color condition (main effect of coloP < 0 01) as well as in evant feature; ng CO, requlrgd no-go response _v_\nth congruent irrelevant
. L . o . feature).Top the neuronal activity in the color conditiobpttom that in the
the motion condition (main effect of motioR,< 0.01) without  otion condition. The vertical midiine in each pair of histogram and rasters
reliable effects from the irrelevant feature. Looking morgdicates target onset. The horizontal bar above the rasters indicates the target
closely at the firing rates especially in go trials, however, theggration (200 ms). Bin width is 20 mB: the activity pattern of an integration

did appear a tendency for stronger activity in congruent 8!l that was influenced by irrelevant information.

trials than in incongruent go trial®(< 0.10). _ tions, the neuronal go/no-go discrimination was degraded in
Figure B presents an integration cell in which the influencg,se the two target features were incongruent. Thus the activity

from irrelevant information was much more pronounced=( ¢ this unit shows a blurred or suboptimal discrimination in

53). Overall, this unit discriminated reliably between go and,se of conflict between the required response and the response

no-go trials in the color cpndition (main effect of C°m’<. rimed by the irrelevant feature. As such, the direction of the
0.05) as well as in the motion condition (main effect of motlorf)

L

MOTION

100 s/s

significant main effect of the irrelevant motion featuf® €
?rﬁnlg;q':nihg 1”8())“0” condition, color caused a nonSIgnIfIC""Nonadaptive responses to one visual dimension in feature
ol . Il
The neuron’s activity was observed while the monkey sucs'®
ceeded in making a correct manual response in each trialn addition to integration cells, we found many neurons that
regardless of the irrelevant information. Yet, in both condiwere able to distinguish between go- and no-go-indicating

J Neurophysiol VOL 86 « OCTOBER 2001 WWW.jN.0rg
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stimuli in only one discrimination condition (color- and mo-+the color condition, leaking some information pertaining to a
tion-feature cells). As with integration cells, the majority ofask-irrelevant visual dimension. Such leakage of irrelevant
color- and motion-feature cells showed no significant responséormation led to significant effects of irrelevant information
to irrelevant information. Figure B for instance, shows ain about one-third of the population of motion-feature cells.
motion-feature cell that discriminated reliably between go andFigure 38 presents an example of a motion-feature cell
no-go trials in the motion condition (main effect of motionjnfluenced by irrelevant informatiom(= 38). The cell fired

P < 0.01) but not in the color condition (no effect of colordifferentially for go- and no-go targets in the motion condition
F < 1). The irrelevant target features did not lead to significagain effect of motionP < 0.01), but not in the color condi-
effects in the 2x 2 ANOVA, neither in the color nor in the tion (no effect of color;F < 1). In the color condition,
motion condition (we observed 67 cells of this type). however, the firing rate of this neuron was still determined by

Although this motion-feature cell generally transmitted taskhe motion direction of the target (main effect of motiéh<
relevant information about motion, there was a small trend gfm)’ even though the monkey successfully disregarded the
influence from irrelevant information in its firing rate in thepotion direction to make the appropriate manual response.
color condition (tendency toward a main effect of motiBs.  This neuron, then, seems to encode the target’s motion direc-
0.10). Specifically, the firing rate in congruent go trials wagyn, regardless of the discrimination condition and so fails to
slightly higher than in incongruent no-go trial® & 0.05). adapt to the requirements of the task.

Thus the motion-feature cell did not remain entirely neutral in Similarly, Fig. 4,A and B, shows color-feature cells that are
unable to fully adapt to the task requirements. Both cells reliably
discriminated color (main effects of cold?,< 0.01) in the color
condition but also in the motion condition. We observed 71 cells
of this type, whereas 121 color-feature cells responded to color
information only when the monkey was required to interpret
color. The cells illustrate very well the large range of irrelevant
responses we found in color-feature cells.

Specifically, the cell in Fig. A showed some task-dependent
modulation. In the color condition, this cell fired for yellow
targets regardless of the motion direction (i.e., no reliable
difference between ng IN and ng CO trials), whereas in the
motion condition this cell fired moreP(< 0.05) for yellow
rightward moving targets (ng CO trials) than for yellow left-
ward moving targets (ng IN trials). Thus in the motion condi-
tion this cell suppressed its activity for yellow in case the
irrelevant color-based S-R association (yellow no-go)
primed a different response than the relevant motion-based S-R
association (leftward motios go; ng IN trials in the motion
condition). The fact that this cell changed its behavior depend-
ing on the task is further underscored by its activity in the
waiting period right before the appearance of the target: the cell
had a stronger anticipatory or background firing rate in the
color condition than in the motion conditioR (< 0.01). Subtle
condition-dependent changes in background activity were quite
common (25-30% of task-related neurons) (see also Sakagami
and Niki 1994a). Typically, such cells changed their back-
ground activity slightly when the task required discriminating
the preferred visual dimension. The cell shown in Fig, dn
the other hand, fired phasically for a yellow color, regardless of
the discrimination condition, and without any changes in the
background activity.

COLOR

MOTION

w

ng IN go IN

TN IO g wifrn w
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Direction of the responses to irrelevant information

The effects of irrelevant information in the neurons shown in
Figs. B, 3B, and 4,A andB, exhibit a common direction. The
neurons’ firing rate to a particular irrelevant feature shows the
same go/no-go preference as when that feature is relevant to

Fic. 3. A: the activity pattern of a motion-feature cell, showing reliabléhe monkey’s task. Specifically, the neurons shown in Figs. 2
go/no-go discrimination when motion is relevant (in the motion condition) b{nd 3B delivered more spikes in response to a go- than to a

not when motion is irrelevant (in the color condition). The presentation format | . _ . ; ; ; ; “ ”
is the same as in Fig. B: the activity pattern of a motion-feature cell with aﬂo g0 |nd|cat|ng motion direction ("e" go preference ) when

nonadaptive response to motion, both when motion is relevant (in the motig#otion was relevant (in the motion condition) but also when
condition) and when motion is irrelevant (in the color condition). motion was irrelevant (in the color condition). The neurons

MOTION
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mined by the color index in the motion condition (IC, when
color is irrelevant).

There was a positive correlation between RC and IC for
color-feature cellsré = 0.244; significantly different from 0,

P < 0.01; Fig. 5,top lef), confirming that the effect of
irrelevant color on the neurons’ activity showed the same
direction as the effect of color when it was the relevant dimen-
sion. There was also a significant positive correlation between
RC and IC with integration cellsrf = 0.200; significantly
different from 0,P < 0.01; Fig. 5,top right) but not with
motion-feature cellsrf = 0.057; not different from 0; Fig. 5,
top middlg.

In the same way as for color, Fig. bpttom, presents the
motion indices (RM and IM) for the three populations of cells.
There was a positive correlation between RM and IM for
motion-feature cellsrf = 0.337; significantly different from 0,

P < 0.01; Fig. 5,bottom middl§ confirming once again that
the effect of the irrelevant feature on the neurons’ activity
showed the same direction as the effect of the same feature
— when it was relevant. There was also a significant positive
correlation between RM and IM with Integration cell$ &
0.348; significantly different from (R < 0.01; Fig. 5,bottom
right), and, be it less pronounced, with color-feature cefls{
0.142; significantly different from (R < 0.01; Fig. 5,bottom

left).

Together, these positive correlations indicate that responses
to irrelevant information can be characterized as a residual of
S-R associations from a different context. In other words, the
influence seems to be due to the neurons’ inability to entirely
suppress their go/no-go preference of features that are pres-
ently irrelevant to the monkey’s task.

COLOR

MOTION

COLOR

Ll

Ldidil

Temporal properties of responses to irrelevant information

To understand how the responses to irrelevant information
develop over time, we made sliding population histograms,
w— separately for different types of cells. The histograms are based
05s on the running population average of irrelevant-discrimination
Fic. 4. A the activity pattern of a color-feature cell, showing reliabldndices (Se@ETHODS).
go/no-go discrimination when color is relevant (in the color condition), but Figure 6,top, shows the histograms of color discrimination

also, be it less clearly, when color is irrelevant (in the motion condition). T'\ﬁ/hen it is irrelevant. that is. in the motion condition. The
presentation format is the same as in Fig.B2.the activity pattern of a ’ ’ :

color-feature cell with a nonadaptive response to color, both when motionhStograms are shown for the two populations of cells that are
relevant (in the motion condition) and when motion is irrelevant (in the coldiesponsive to color information, that is, color-feature cells and

condition). integration cells. Color-feature cells show a relatively sharp
o . and fast discrimination, with a latency of 80 ms after target
shown in Fig. 4,A and B, on the other hand, consistentlypnset and a peak between 150 and 250 ms after target onset,
preferred the no-go-indicating color across conditions. followed by a gradual dissipation of the response. The curve of
To confirm this observation at the population level, wene irrelevant discrimination of integration cells, on the other
computed color and motion indices in both discriminatiohand, shows a slower and generally smaller response, with an
conditions (seeeTHops). With these indices, we could exam-onset latency of 90 ms after target onset and with no discern-
ine the relation between a neuron’s sensitivity to a particulable peak in the response.
visual dimension when this dimension was relevant versusSimilarly, Fig. 6,bottom,shows the histograms of responses
irrelevant to the task. to irrelevant motion in the color condition. The curve of the
Figure 5,top, presents the color indices (RC and IC) foirrelevant responses of motion-feature cells appears relatively
three populations of neurons: color-feature celéft(, mo- phasic, with an onset latency of 120 ms after target onset and
tion-feature cells rphiddle), and integration cellsright). a peak at 170 ms after target onset, followed by a gradual
Each point represents one neuron; the horizontal coordinalissipation of the response. And again, the curve of the Inte-
is determined by the color index in the color condition (RQgration cells shows a slower and smaller response, with an
when color constitutes relevant information, indicated by @nset latency of 130 ms after target onset and with no discern-
thick black bar), whereas the vertical coordinate is deteable peak in the response.

MOTION

100 s/s
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FIG. 5. The neurons’ responsiveness to the same visual dimension in different discrimination conditions. In all box plots, each
point represents 1 neuron; the horizontal coordinate is determined by the neuronal response in the color condition, whereas the
vertical coordinate is determined by the response in the motion condftignthe neuronal discrimination of color [irrelevant vs.
relevant color index (IC vs. RC)hottom the neuronal discrimination of motion [relevant vs. irrelevant motion index (RM vs. IM)].
Thick black bars below or to the left of the plots indicate the axis of relevant discrimination. The data are shown separately for
color-feature cellsi( = 192; left), motion-feature cellsn = 105; middlg, and integration cellsn(= 139; right). The indices
(ranging from—1 to +1) are based on the difference of the firing rate to a go-indicating feature minus the firing rate to a
no-go-indicating feature in a time window from 100 to 400 ms after target onset, calibrated by the sum of these firing rates (see
METHODS). The data points of cells shown in FigsA-24B are indicated in red for cells unaffected by irrelevant information, and
in blue for cells affected by irrelevant information. In each box plot, the diagonal line represents the orientation of the 1st
component from principal component analysis.

Anatomical locations of different types of cells manual go/no-go task with two Japanese monkeys, we found

[Rany prefrontal neurons that were able to code the behavioral
aning of targets based on color and/or motion direction.

ore than one-third of these neurons, however, also coded S-R

Figure IC indicates the locations of electrode penetrations
the primate prefrontal cortex (example from the left hemisphere
monkey ECsimilar distributions were obtained in the other hemi- - . . . .
spheres, not shown here). Considering cells that are unaﬁecte@ﬁjoc'at'ons with presently irrelevant information even though
irrelevant information (red dots), we found an anatomical segidl€ monkey successfully ignored the irrelevant information in

gation: color-feature cells appeared mainly ventral to the princigsi_Pehavior.

sulcus in areas 46 and the upper part of area 12, whereas motiodYPically, the responses to irrelevant information appeared
feature cells tended to be located dorsal to the principal sulcugf (e neuron's inability to completely adapt to the changed
areas 46 and 8A. These results are consistent with anatomical dagiirements of the task. IFor instance, color-feature cells (see
on the connections between color-sensitive areas in inferotempl: 4 A and B,) V\;]ere alb e to d!scrlmlnate betweer_1”go Ian?(
ral cortex and ventrolateral prefrontal cortex (Barbas 1988; Ufj0-90 targets in the color condition, but tended still to lea
gerleider et al. 1989) and the connections between motion-se formation about color even when this feature was irrelevant,
tive areas in parietal cortex and peri-arcuate prefrontal cortliét iS: in the motion condition. Thus relevant and irrelevant
(Andersen et al. 1990; Schall et al. 1995b). Integration cefisR features appear to run in parallelin the brain even up to the

appeared in area 8A, both in the dorsal and ventral sectors, as w@@€ Of decision making, for which prefrontal cortex is pre-
agFi/entral to the principal sulcus. sumed to be responsible (Kim and Shadlen 1999; Sakagami

Considering cells that are affected by irrelevant informatiofnd Tsutsui 1999).

(blue circles), it appears that the same anatomical segregatio _monghthef?eurons thaé \;vere |nfluer|1ced_ by wrel_evagt infor-
holds true for color-feature cells and for integration cells. Witfation. the efiects ranged from complete interaction between
motion-feature cells, the segregation was less clear. relevant and irrelevant information (such as with the neuron

shown in Fig. B) to nonadaptive responses to only one visual
dimension, regardless of whether this dimension is relevant to
the monkey’s discrimination task (such as with the neurons
Our data are the first to show prefrontal representations sifown in Figs. B and 4B). These different types of neuronal
irrelevant information in a feature-discrimination task. Using activity may reflect distinct stages of visual interpretation.

DISCUSSION
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Irrelevant color processing of behavioral meaning. By this intgrpretation, experience_wi_th
018 the task leads to automation of stimulus-response associations
& ot | = Color-feature cells (Logan 1988). The notion that experience can alter visual
E o2 Integration cells procgssing in prefrontal cortex was established.alrea.dy in vi-
S g0 sual-interpretation tasks to guide manual behavior (Niki et al.
o ! ; . .
O s 1990; Rainer and Miller 2000) or oculomotor behavior (Bichot
(c)n 003 and Schall 1999; Bichot et al. 1996). Such training effects can
S KA yi ‘ explain why feature-selective cells respond to one visual di-
B T e 50 s 100 10 0 20 %0 30 400 mension (e.g., color) even when it is presently irrelevant to the
-0.0 . .
0 o Time from cue onset (ms) task. As a consequence, these learning mechanisms would lead
: 0 a competition between relevant and irrelevant S-R associa-
oo t tit bet | t and | t S-R
. . tions.
Irrelevant motion processing
< 018
g o5 | == Motion-feature cells
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c
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FIG. 6. Sliding population histograms of neuronal responses to irrelevant b o
information. The top panel shows the population average of activity to irrel- attention
evant color information in the Motion condition. The histograms are shown - ) go O
separately for the two populations of cells that are responsive to color: o
Color-feature cells (black curve; = 192), and Integration cells (gray curve; 5'
n = 139). Similarly, the bottom panel shows the activity to irrelevant motion (&} .
information in the Color condition, separately for Motion-feature cells (black g COLOR CONDIT‘?N
curve;n = 105) and for Integration cells (gray curves 139). The population congruent go trial

histograms were obtained after 3-point smoothing of the (go — ng) values of
irrelevant information (Color index in the Motion condition; Motion index in
the Color condition) in time epochs of 10 ms minus control [i.e., the average
(go — ng) value during the precue period; seeHops]. For cells with a higher
firing rate to no-go-indicating stimuli we reversed the sign of the index. SENSORY FEATURE

ole]

Specifically, nonadaptive responsiveness to one visual di-

<<
mension seems to be derived from a purely sensory neural cod 5 INTEGRATION  MOTOR
and so could reflect the input from extrastriate and/or associ-| 5
ation visual areas such as V4 and IT for color information and = __> —O/ g0 3 Lever
MT and MST for motion direction. The interaction between automatic . () release
relevant and irrelevant information in integration cells, on the '
other hand, can be characterized as a congruency effect towar atttion X
the output side of the decision-making process. o > | 90 0
N
ntial m f information pr ing in prefrontal

ngggf tial mode of information processing in prefronta o T —

incongruent go trial

The conceptual scheme in Fig. 7 shows how responses tc
irrelevant features could be gated through prefrontal cortexric. 7. Conceptual scheme of the responses to irrelevant visual informa-
We propose that the conversion of visual information intépn, exemplified by comparison of a congruemopj and an incongruent
appropriate behavior is a hierarchically organized decisio__otton) go trial in the color condition. The information flows from left to

. . . . - ight, from independent sensory modules through feature-selective units to-
making process (Sakagami and Tsutsui 1999), in which f&gsd integration units, which in turn control motor preparation. Excitatory

ture-selective cells (i.e., color- and motion-feature cells) gegonnections are indicated with lines ending in arrowheads; inhibitory connec-
erate behavioral significance based on specific sensteys are indicated with lines ending in circles. Depending on the task de-

properties and send their output to integration cells, which s, ormaton processi is electely enhanced fr only e relevant
turn encode the appropriate behavioral action. This ProCe€Ssn in the motion pathway). Through the fixed associations, both relevant

represented in Fig. 7 with information flOWing from indepenﬁhick lines) and irrelevant (thin lines) information arrives in the integration
dent sensory modules through feature units toward integrati@ndule. Because of the attentional enhancement, the relevant information (i.e.,
units, which in turn influence motor preparation. purple = go) outweighs the irrelevant information. However, the irrelevant

b P _ s information does influence the decision-making process to some extent, lead-
. In this SCheme_’ Itis pre_su_med that long-term tramlng ena.blg to less efficient discrimination when the irrelevant feature primes a differ-
fixed or automatic associations between representations Ind

! ' ehf answer (rightward motios no-go, botton) as compared with when it
dependent visual modules and feature-selective representatiifigs the same answer (leftward motiengo, top).
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Depending on the attentional demands, we assume thatironal codes cause interference on behavioral performance. The
information processing is selectively enhanced for only theo monkeys in the present study showed clear interference
relevant visual pathway (e.g., in Fig. 7, the color pathwaygffects in their behavioral reaction times in a speeded version of
Through the fixed associations, however, both relevant atd task with otherwise exactly the same experimental set-up,
irrelevant information travels from the feature modules to thehereas with the delayed version of the task we found interfer-
integration module. Because of the attentional modulation (@ince effects in the error rates in the motion condition but not in the
ther enhancement or suppression), relevant information color condition. Reaction times are a more sensitive behavioral
average outweighs the irrelevant information. In this wayneasure of interference effects than error rates because they can
prefrontal circuits appear to be organized so that they can filtes related to the decision process rather than the decision outcome
out irrelevant information during the decision-making proces@ylacLeod 1991). Given that the present study establishes that
leading to smaller responses to irrelevant features in the latieere exist responses to irrelevant features in prefrontal cortex at a
than in the earlier stages of decision making (i.e., smalleognitive stage dissociable from motor control, the next step in
irrelevant responses by integration cells, see Fig. 6). Yet ttigs research should be to estimate the influence of such irrelevant
irrelevant information influences even integration cells to sonpeefrontal neuronal codes on behavior. This can be done, for
extent, leading to less efficient discrimination when the irreirstance, by recording single-cell activity during a speeded dis-
evant feature primes a different answer than the relevant fesimination task (Lauwereyns et al. 2000) so that trial-by-trial
ture (potton) as compared with when both features prime theeuronal signals can be correlated to behavioral reaction times.
same answenqp). A related matter is the question of the relationship of the

The notion that decision-making in prefrontal cortex is inprefrontal neuronal code to different types of motor control.
deed organized hierarchically finds support in the anatomidafe used fixed one-to-one mapping between visual features and
segregation of different types of cells (FigC)las well as the manual responses in the present task. Consequently, we cannot
temporal differences between color- and motion-feature ceifglicate whether the irrelevant neuronal activity pertains to the
on the one hand and integration cells on the other hand (Fig. B¢havioral meaning of the visual features (go or no-go) or
Color- and motion-feature cells showed a more phasic andhether the irrelevant activity is more tightly linked to the
slightly faster response to the irrelevant feature, consistent witsponse dimension (manual lever release). To tease apart
their presumed function toward the perceptual or input side thfese two possibilities, future research should examine the
the decision-making process, whereas integration cells shovieftlience of irrelevant features on neuronal activity in situa-
a more sustained and slower response, consistent with thiins with variable instead of fixed stimulus-response mapping.
presumed function toward the motor-preparation or output sidiis issue can be resolved, for instance, by comparing the
of the decision-making process (see also Sakagami and Tsupgriceptual decision-making process of the same neurons in
1999). manual versus oculomotor tasks. In this respect, it is interesting

Another finding that supports the notion of a hierarchical ote note that the present manual go/no-go task revealed neurons
ganization is that integration cells show a high consistency in theiith multidimensional discriminative activity that could not be
preference for either go- or no-go-indicating features across bolduced to oculomotor activity in the frontal eye field. Our
visual dimensions: Out of 139 integration cells, 75 cells (53.9%ata, which were obtained while the monkey gazed at a fixation
consistently preferred go-indicating stimuli; 51 cells (36.7%) cospot, suggest that the process of perceptual decision-making
sistently preferred no-go-indicating stimuli; and only 13 cellsould be more independent from motor control than has been
(9.4%) showed a different preference in the color than in tlseiggested recently (Gold and Shadlen 2000).
motion dimension. This observation suggests that integration cells
do indeed integrate behaviorally relevant information from mupgig| prefrontal activation by irrelevant features
tiple dimensions rather than showing a random combination of
tuning curves to independent sensory features. Partial activation by task-irrelevant information in prefrontal

In sum, the activity of the neural population as a wholeortex might simply be regarded as the corollary of the notion
includes both sensory-derived input and behaviorally relevahat there are prefrontal representations of relevant information
output signals as should be expected from a neural substratenafasks with complex stimuli (e.g., Asaad et al. 2000; Bichot
decision making (Kim and Shadlen 1999; Leon and Shadlend Schall 1999; Hoshi et al. 2000; Rainer et al. 1998, 1999;
1998; Zhang et al. 1997). In this population, however, irrel&akagami and Niki 1994a; White and Wise 1999). However, in
vant stimulus representations compete with relevant represprevious studies, which were not designed to study responses
tations throughout the entire decision-making process. Eventask-irrelevant features, decision-making was performed in
toward the output side of this process, the irrelevant stimulsguations where there was no irrelevant visual dimension that
representations are still strong enough to influence the activitguld imply an alternative S-R association. For instance, the
of Integration cells. Thus the cells showing partial responsesstudy by Bichot and Schall (1999) showed history effects from
irrelevant features appear to be part of a network that take®vious S-R associations in a situation where the monkey
sensory input and turns it into a decision output. As such, thgserformed a conjunction task, for which it had to consider both
cells could be merely intermediate in the computation prthe color and the shape of the target. The partial activation by
cess—that is, they could be hidden units in a multilayer neuralprevious S-R association, then, was derived from a task-
network. Alternatively, the partial responses to irrelevant feaelevant visual dimension. In other studies, there were no
tures could represent interference, which in turn may distudompeting S-R associations from different dimensions. For
the monkey’s decision-making behavior. instance, in the study by Asaad et al. (2000), the monkey

In this regard, further research is needed to investigate to wpatformed different tasks such as a spatial task and an object
extent the representations of irrelevant information in prefrontask, but the stimuli changed with the task as well so that the
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monkey was presented with simple dots in the spatial taBlevAHASHI S, GHAFEE MV, AND GoLbMAN-RAkic P. Prefrontal neuronal
(With no possibility of interference from object information) or activity in rhesus monkeys performing a delayed anti-saccade Naglre

. . . 365: 753-756, 1993.
with a reference object at the center of the screen (with BOsrer IM. The Prefrontal CortexNew York: Raven, 1997.

possibility of interference from spatial information). Hoshi oL Ji anp SHabLen MN. Representation of a perceptual decision in devel-
al. (2000) used a similar design. oping oculomotor commandalature 404: 390394, 2000.
One intriguing study by White and Wise (1999) did showpoLbman-Rakic PS. Circuitry of primate prefrontal cortex and regulation of

. : - - : : : : behavior by representational memory. kHandbook of Physiology. The
partial activation of irrelevant features in a conflict situation (== " System. Higher Functions of the BraBethesda, MD: Am.

between two rules. Yet one of the two rules involved spatialppysiol. soc., 1987, sect. 1, vol. V, p. 373-417.

information, which may not be ideal as a task-irrelevant dianes DP anp ScHaLL JD. Neural control of voluntary movement initiation.
mension, especially when the monkey has to process visudicience274: 427-430, 1996. o _

information at the same position in space. Specifically, und@apsH! E, SHiMa K, anp Tanai J. Neuronal activity in the primate prefrontal

the conditionalrule in the White and Wise study, the monkey Soiiit:ﬁr(')gi:;';O%gfggzso_fzgq%orzggée.cmn based on two behavioral rules.

was required tO idemif)_’ an object at a partiCU|a[’ position, \{VhihelM JN AND SHADLEN MN. Neural correlates of a decision in the dorsolateral
the same position implied an alternative behavioral meaning. Iprefrontal cortex of the macaquiat Neurosci2: 176-185, 1999.
could be argued that the monkey had to allocate attention to tHgWEREYNS J, Koizumi M, SakacAmI M, HIKOSAKA O, KOBAYASHI S, AND

P i ; ; ; ; ; TsutsulK. Interference from irrelevant features on visual discrimination by
ObJeCt S position to be able to Identlfy the ObJeCt’ |mply|ng that macaquesNlacaca fuscatp a behavioral analogue of the human Stroop

spatial information was not entirely irrelevant to the monkey’s effect.  Exp Psychol Anim Behav Proceas: 352357, 2000.

task even under theonditionalrule. The same argument carn.eon Ml anp SHADLEN MN. Exploring the neurophysiology of decisions.
be applied to Sakagami and Niki (1994a) or to the interferenceNeuron21: 669-672, 1998.

effects observed with the anti-saccade paradigm (e_g. E@sAN GD. Toward an instance theory of automatizati®sychol Red5:

. 492-527, 1988.
nahashi et al. 1993)' MacLeob CM. Half a century of research on the Stroop effect: an integrative

In contrast, in the present study, the monkey was required t@eview. Psychol Bull109: 163-203, 1991.
discriminate one of two visual dimensions, either color Ot H. Prefrontal activity during delayed alternation in the monkey. I. Rela-
motion, while ignoring the alternative visual dimension be- tion to the direction of the responsBrain Res68: 185-196, 1974.

: : : _ ot H, Sucita S, AND WATANABE M. Modification of the activity of primate
cause it carried an alternative S-R association. Thus we Co“Igontal neurons during learning of a GO/NO-GO discrimination task and its

examine how prefrontal cortex responds to visual informationyeyersal: a progress report. Ikision, Memory, and the Temporal Lobe,

that was clearly task-irrelevant but could prime the same or &dited by Iwai E and Mishkin M. New York: Elsevier, 1990, p. 295-304.

different manual response than the task-relevant informatidissingHam RE. The Frontal Lobes and Voluntary ActioNew York: Oxford,

We found phenomenally different responses to irrelevant iE/-i1993~
a

f ti in th f ti I ted f f { INER G, AsaaD WF, AND MILLER EK. Selective representation of relevant
ormation In three tunctionally segregated groups or prefron information by neurons in the primate prefrontal cortiature 393: 577—

neurons. These responses could all be characterized as resiig, 199s.
uals of S-R associations from the alternative discriminatidtvner G ano MiLLER EK. Effects of visual experience on the representation
condition (Fig. 5). Color-feature cells leaked information about of objects in the prefrontal corteNeuron27: 179189, 2000.

. . . . INER G, Rao SC,AnD MILLER EK. Prospective coding for objects in primate
color in the motion condition, whereas motion-feature ceI@“prefrontal cortex] Neuroscilo: 5493-5505, 1999.

still responded to motion in the color condition. In integratioRucaw M anp Niki H. Encoding of behavioral significance of visual stimuli
cells, relevant and irrelevant input from different visual dimen- by primate prefrontal neurons: relation to relevant task conditixq
sions appeared to be combined, leading to a congruency efng@train R%Sg?: %3_436'519?4?' \ectivity of gol _ .
i _ iceriminati KAGAMI M AND Niki H. Spatial selectivity of go/no-go neurons in monkey
in the go/no-go discrimination. prefrontal cortexExp Brain Resl00: 165-169, 1994b.

o ) Sakacami M anp TsuTtsui K. The hierarchical organization of decision mak-
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