
Abstract We studied single-neuron activity in the pre-
frontal cortex (PF) while a monkey performed a task ac-
cording to two different rules, termed conditional and spa-
tial. The monkey viewed a video screen, and its task re-
quired a hand movement in response to the dimming of a
light spot. There were four light spots on the screen: right,
left, up, and down from the center. Only one of the four
spots dimmed, and the degree of dimming was slight. Ac-
cordingly, the monkey needed to foveate the “correct”
light spot to detect the dimming. A visual cue indicated
which of the four light spots would be deemed correct
and, thus, would dim on each trial. The sequence of events
was as follows: a fixation spot appeared at the center of
the screen; then, a cue appeared twice at one of the four
potential target locations; then, the four target spots ap-
peared; and, finally, one of them dimmed. Except for the
color of an initial fixation point, the cues, their locations,
and other events were identical for the conditional and
spatial rules. The rules differed in one essential way. For
the conditional rule, nonspatial attributes of the visual cue
indicated which of the four light spots would dim, and the
cue’s location was irrelevant. For the spatial rule, the cue’s
location determined the correct target on that trial. The
light spot at the location of the cue always dimmed, re-
gardless of which cue appeared there. Our sample includ-
ed 221 PF neurons showing significant task-related activi-
ty modulation, distributed among dorsal, dorsolateral, and
ventral PF regions. Between one-third and one-half of the

sample in each of those regions showed statistically sig-
nificant activity differences that could be attributed to the
rule. Selectivity for cues and/or their locations was com-
mon. However, there was no significant regional segrega-
tion of such selectivity. These data support the hypothesis
that PF plays a role in the guidance of behavior according
to previously learned rules.
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Introduction

The prefrontal cortex (PF) was among the first subjects of
behavioral neurophysiology (Fuster and Alexander 1971;
Kubota and Niki 1971), and an extensive series of studies
over the subsequent quarter century sought insight into its
functional organization. Those studies, along with the
neuroanatomical and neuropsychological literature of the
period, have been reviewed previously (Wise et al. 1996).
Several recent studies have extended the pioneering work
by examining the role of PF in processing information
about stimuli, responses, rewards, errors, and other be-
haviorally significant events (Hasegawa et al. 1998; Le-
cas 1995; Miller et al. 1996; Rao et al. 1997; Rolls and
Baylis 1994; Rolls et al. 1996a, 1996b; Sakagami and
Niki 1994b; Watanabe 1996; Wilson et al. 1993). Studies
of stimulus-related information processing have empha-
sized the storage of stimulus information in short-term
memory (e.g., Wilson et al. 1993) and attentional selec-
tion among stimuli (e.g., Miller et al. 1996).

The present study emphasized a more abstract aspect
of information processing in PF, one involving behavior-
guiding rules rather than objects, places, or events such
as rewards. Developing the ideas of Passingham (1993)
and others, we hypothesized that a principal function of
PF involves the application of behavior-guiding rules
(Wise et al. 1996). In the present study, we tested that
hypothesis by comparing the activity of PF cells during
the performance of a task according to two well-learned

I.M. White · S.P. Wise (✉)
Laboratory of Systems Neuroscience,
National Institute of Mental Health, P. O. Box 608,
Poolesville, MD 20837, USA
e-mail: spw@codon.nih.gov
Tel.: +1-301-496-1201, Fax: +1-301-402-0236

Express mail service: S.P. Wise
NIH Animal Center, Elmer School Road, Building 110,
Room 119, Poolesville, MD 20837, USA

Current address: I.M. White
Behavioural Biology Laboratory,
Institute of Toxicology, Swiss Federal Institute of Technology
(ETH Zürich), Schorenstrasse 16,
CH-8603 Schwerzenbach, Switzerland

Exp Brain Res (1999) 126:315–335 © Springer-Verlag 1999

R E S E A R C H  A RT I C L E

Ilsun M. White · Steven P. Wise

Rule-dependent neuronal activity in the prefrontal cortex

Received: 15 July 1998 / Accepted: 7 January 1999



rules. Our strategy in searching for the predicted rule ef-
fects was analogous to that generally used in neuroimag-
ing studies in which two “activity” maps are compared:
we contrasted the activity of each PF neuron during task
performance according to one rule with that of the same
neuron during performance according to the other rule.
These data have been previously reported in abstract
form (White and Wise 1997).

Material and methods

Subject

One male rhesus monkey (Macaca mulatta), 6–7 kg, was used
in this study. All procedures conformed with the Guide for the
Care and Use of Laboratory Animals (revised 1996, ISBN
0–309–05377–3) and complied with an institutionally approved
animal study proposal. The monkey sat, head fixed, in a primate
chair facing a video screen 43 cm away with a switch, termed a
bar, attached to the front of the chair and within easy reach.

Behavioral design

We trained the monkey to perform a task with two rules, condition-
al and spatial, alternating in blocks of 40–70 trials. Conditional-

rule trials began when the monkey fixated a blue spot (1° visual an-
gle) at the center of the video screen. Later, the fixation spot disap-
peared and, simultaneously, one of four complex (2°) visual cues
appeared for 0.25 s at one of four locations: (7° up, down, left, or
right from the center). The four visual cues were distinctively dif-
ferent in color and shape, each being a combination of two shapes
(circles, squares, and rectangles) of different color. Monochrome
versions of the cues, designated A, B, C, and D, are shown in Fig.
1 (lower right). The locations of each cue and the order of their ap-
pearance were randomized to produce 16 cue-location combina-
tions. After either a variable 0.45- to 0.75-s delay or a fixed 0.5-s
delay, the cue reappeared at the same location for 0.25 s. The first
presentation of the cue was termed Q1, the second Q2. [We pre-
sented the cue twice so that it would appear both without (Q1) and
with (Q2) a high level of predictability of that cue. However, that
aspect of the experimental design yielded little of interest and will
not be pursued in this report.] Following Q2, another variable 0.45-
to 0.75-s delay or a fixed 0.5-s delay ensued, after which four white
target spots simultaneously appeared 7° up, down, left, and right
from center. These were the four possible targets of eye movement
on every trial. For conditional-rule trials, the cue’s shapes and col-
ors indicated which of the four target spots would dim, and each
cue was uniquely associated with one of the four potential targets.
A correct eye movement consisted of a saccade to the location in-
structed by the cue. [After the first fifth of the recording sessions, a
saccade to the correct target was reinforced by a drop of liquid diet
(Ensure, Abbott Laboratory) and incorrect eye movements aborted
the trial. During the early recording sessions, no reward was given
for the eye movement and the trial continued if the initial saccade
was to an incorrect target]. If a saccade was made to the correct tar-
get spot, the monkey needed to continue to fixate it in order to de-
tect a subtle dimming. Dimming occurred 0.5, 1.0, or 1.5 s after
target onset (pseudorandomly selected), at which time the monkey
was required to release the bar within 0.55 s to receive reinforce-
ment. Thus, during conditional-rule trials, the nonspatial attributes
of each cue (mainly shape and color) indicated the correct target lo-
cation for that trial, and the cue’s location was irrelevant.
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Fig. 1 Events in the behavioral tasks, showing one example trial
for both rules. The example involves presentation of cue A in the
up location. Events and task periods are described in the Methods
section. Inset at lower right shows monochrome versions of the
cues, placed in the locations with which they are uniquely associ-
ated for the conditional rule. Q1 First presentation of the cue, Q2
second cue presentation, Q cue



During spatial-rule trials, all events and cues were identical to
those for conditional-rule trials, except that the fixation spot was
yellow. Fixation-spot color was intended to help the monkey
readily distinguish the rule at the beginning of each trial – not-
withstanding the fact that, within blocks of trials, the rule was the
same – and to assist in the transition from one rule to the other.
For the spatial rule, the location of the cue indicated where a target
would dim on that trial, which was at the same location as the cue
had previously appeared. The nonspatial attributes of the cue were
irrelevant.

One example each of a conditional-rule trial (left) and a spa-
tial-rule trial (right) is shown in Fig. 1. For both kinds of trials,
cue A appeared in the “up” location. As noted by the window sur-
rounding the target (which was not visible to the monkey), this cue
signaled that the right target would dim on conditional-rule trials,
whereas the target above the fixation point would dim on spatial-
rule trials.

Surgical and recording procedure

A stainless steel recording chamber (27×36 mm) was implanted
over the left frontal cortex, and a head-restraint device was im-
planted in the same procedure. The monkey received the analgesic
banamine (0.5 mg/kg, IM) for 3 days postoperatively, as well as
antibiotics. Postoperative training resumed one week after surgery.
Tungsten microelectrodes (Haer Instruments, Brunswick, Maine,
1–3 MΩ measured at 1 kHz) were used to record neuronal activity
in the monkey’s frontal cortex. Single-unit potentials were filtered
with a bandpass of 600 Hz to 6 kHz, amplified and discriminated
using a Multispike Detector (Alpha-Omega Engineering, Naza-
reth, Israel) or a time-amplitude waveform discriminator (BAK
Electronics, Rockville, Maryland, USA).

Single-neuron activity was isolated as the monkey performed
the task according to either the conditional or spatial rule, in
roughly equal numbers. Cell activity was recorded during the first
rule for a block of 40–70 trials, then the alternative rule was en-
forced for a similar number of trials. For 62% of the neuronal
sample, we could gather at least one subsequent block of data for
the first rule (to make at least three blocks overall), a percentage
that did not differ significantly among the regions of cortex stud-
ied.

The gaze angle of the right eye was sampled at 250 Hz and re-
corded with an infrared oculometer (Bouis Instruments, Karlsruhe,
Germany). Oculomotor behavior was recorded during each trial
for every neuron. Electromyographic (EMG) activity of shoulder,
neck, and trunk muscles was recorded using surface cup electrodes
at the end of the recording sessions. EMG signals were filtered
and discriminated in the same manner as the neuronal signal to
create a pulse replica. Muscles monitored on the right (perform-
ing) side included deltoid, triceps, biceps, extensor carpi ulnaris,
latissimus dorsi, infraspinatus, pectoral and temporal muscles.
Trapezius was examined bilaterally.

Intracortical microstimulation was employed during the early
phases of neural recording. Trains of 0.2-ms cathodal constant-
current pulses (10–80 µA), delivered at 350 pulses/s for a duration
of 100–350 ms (PSIU-6, Grass Instruments, Quincy, Massachu-
setts, USA), enabled the identification of the frontal eye field.

Data analysis

PF activity was analyzed during time windows in eight task peri-
ods: five stimulus periods and three delay periods. The five stimu-
lus periods consisted of fixation spot onset (during the pre-cue in-
terval), the first presentation of the cue (Q1), the second presenta-
tion of the cue (Q2), target onset, and target dimming (see Fig. 1).
Each of these time windows extended from 50 ms until 250 ms af-
ter stimulus onset. The three delay periods consisted of time win-
dows prior to Q2 (the inter-Q delay), target presentation (the pre-
target delay), and target dimming (the pre-dim delay). Activity
was measured from 200 ms until 100 ms before the relevant event.

A reference period was defined during the pre-Q interval. It lasted
from 300 ms until 100 ms before Q1. While this epoch was not
ideal as a reference period due to anticipatory activity during the
pre-Q interval in some neurons, it was the most useful choice
among the alternatives available and was appropriate for the bulk
of the population.

Both task relatedness and rule effects were detected with a
two-factor ANOVA (α=0.05). A neuron was considered task-relat-
ed if it had activity that significantly differed from that in the ref-
erence period for one or more of the eight task periods examined.
Cells showing rule effects were identified by comparing activity
for the conditional and spatial rules. A neuron was considered rule
dependent if, in addition to being task related, it showed a signifi-
cant rule-to-rule activity difference for a given task period. For
each cell, a Bonferroni correction was applied to compensate for
testing up to eight task periods (P<0.006).

For task periods showing a rule effect, two additional two-fac-
tor ANOVAs (α=0.05) were performed. The first used the cue as
one factor and the rule as the other factor. Cue selectivity was de-
termined by significant main or interactive (rule-by-cue) effects.
The second ANOVA used the cue’s location and the rule as fac-
tors. Location selectivity was determined by significant main or
interactive (rule-by-location) effects.

For neurons with a significant rule effect, we calculated a rule-
effect index as the contrast ratio: (AC–AS)/(AC+AS), where AC is the
activity for a given task period and cue during for the conditional
rule and AS is the analogous value for the spatial rule.

Histology

Near the end of physiological data collection, we made electrolyt-
ic lesions (15 µA for 10 s, anodal current) at two depths along six
tracks. After 10 days, the animal was deeply anesthetized with
barbiturates and subsequently perfused with buffered formalde-
hyde (3% by weight). Steel pins were inserted at known electrode-
penetration coordinates. The brain was removed, photographed,
sectioned on a freezing microtome at 40 µm thickness, mounted
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Fig. 2 Penetrations sites at which task-related neurons were found.
Circle diameter is proportional to the number of task-related neu-
rons at each coordinate. Filled squares indicate the location of
pins inserted at known coordinates. PFd Dorsal prefrontal cortex,
PFdl dorsolateral prefrontal cortex, PFv ventral prefrontal cortex,
F2/F7 supplementary eye field and dorsal premotor areas, Vedge
the ventral extreme of the lateral convexity, Medge the medial limit
of the hemisphere, p principal sulcus, a arcuate sulcus, s superior
precentral sulcus, c central sulcus, i intraparietal sulcus



on glass slides, and stained for Nissl substance with thionin. We
plotted the surface projections of the recording sites and the esti-
mated track of each penetration by reference to the recovered elec-
trolytic lesions and the pin holes (Fig. 2). Four of the six electro-
lytically marked tracks were identified in the histological material,
with good agreement between the marking pins, electrolytic le-
sions, and sulcal landmarks.

Electrode-penetration tracks were reconstructed in relation the
surface morphology; no attempt was made to distinguish the cyto-
architectonic fields comprising PF. A delineation between frontal
granular (including dysgranular) and agranular cortex was made
and considered to be the boundary between the supplementary eye
field (SEF) and the dorsal prefrontal cortex (PFd). For the purpose
of the present analysis, SEF and PMd data were combined and
termed F2/F7, in accordance with the terminology of Matelli et al.
(1991). For PF, cells within the banks and lip of the principal sul-
cus were grouped as the dorsolateral prefrontal cortex (PFdl); cells
on the dorsal convexity were termed the dorsal prefrontal cortex
(PFd); and cells on the ventral convexity were termed the ventral
prefrontal cortex (PFv). We emphasize that these demarcations
were made before the data were analyzed in detail and were not al-
tered post hoc in accordance with the distribution of specific neu-
ronal properties (as illustrated in Figs. 7 and 13). We made no at-
tempt to identify each recording track or the layer in which a giv-
en neuron might be located, but special attention was paid to depth
measurements in reconstructing the trajectory of electrode pene-
trations near either the central or arcuate sulcus. On the basis of
that analysis, data from two penetrations into the ventral premotor
area (PMv) and ten penetrations into or near the frontal eye field
(FEF) were eliminated from the present analysis due to the paucity
of data from those regions.

Results

Behavior

During spatial-rule trials, the monkey typically fixated on
the yellow fixation spot at the center of the screen, then
looked at the cue (Q1), which was either right, up, left, or
down from the fixation spot. During the inter-Q delay, the
monkey continued to maintain fixation of the target loca-
tion (i.e., where the target would be presented). Fixation
of that target thus preceded its presentation and continued
afterward until the target dimmed. During conditional-
rule trials, the monkey typically fixated the blue fixation
spot at the center of the screen, then looked at the cue
(Q1) when it was presented, in the same manner as for
spatial-rule trials. During the inter-Q delay, the monkey
generally made a saccade to the target location, i.e., the
target associated with the particular cue presented on that
trial, then looked back at the location where the first cue
had been presented, until the cue reappeared (Q2). Then
the monkey made a saccade to the target location and
maintained fixation there until it dimmed. When the cue
indicated the target would be at its location, which oc-
curred on 25% of conditional-rule trials, the monkey
maintained gaze at the target location after Q1 offset and
maintained fixation there until the target dimmed, which
closely resembled the behavior on spatial-rule trials. Be-
cause eye-movement pattern appeared to depend on trial
type, we carefully analyzed neuronal activity in relation
to eye-movement data and did so on trial-by-trial basis
for all the rule-dependent cells reported in this paper (see

Interpretational limitations section of the Discussion for a
detailed description of those analyses).

We assessed whether the monkey utilized the color of
the fixation spot to distinguish which rule was operating
in a given trial. When a gray, neutral fixation spot was
used for both rules, the monkey adopted rule-appropriate
behavior within several trials of rule change, based on
the behavioral contingency. This shows that the mon-
key’s reliance on the color of the fixation spot was mini-
mal. However, the monkey’s behavior was often disrupt-
ed by removing fixation-point color. Probably because
this manipulation caused a greater number of errors at
the start of a block of trials, the neutral fixation point of-
ten triggered a demonstration that would cause isolation
of the neuron to be lost. Accordingly, we performed the
neutral fixation-spot test rarely and only when the mon-
key’s behavior was extraordinarily reliable. There was
no other noticeable effect of eliminating the color cue in
the fixation spot on either the animal’s overall ability to
perform the task, once the transition to a new rule had
occurred, or in the neuronal activity data. In none of
eight neurons tested with a neutral fixation point (see
Fig. 5) did neuronal activity significantly differ for a col-
ored versus a neutral gray fixation point (Wilcoxon rank
order test, P>0.05).

Saccadic eye-movement latencies were measured
from the onset of Q1, trial-by-trial, for a typical data set
(taken while recording the activity of the cell illustrated
in Fig. 14). The mean saccadic latency was 118±32 ms
(n=205), with a range from 55 ms to 210 ms. The distri-
bution was bimodal, with one mode at 75 ms and the
other at 135 ms. The faster mode appears to correspond
to express saccades, which were first reported when
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Fig. 3 Reaction time for bar release following dim detection: the
time between target dimming and bar release. Each box plot shows
the mean (horizontal bar within each box), 90% and 95% confi-
dence limits, and outliers (unfilled circles). The sample size (N) is
shown above each box plot. Note that the animal behaved equiva-
lently for all cues, locations, and rules. Rt Right, Lt left, Dn down



activity in relation to any of the task events prior to tar-
get dimming, except for a small increase in deltoid activ-
ity during the period immediately after the fixation spot
appeared. We found no evidence in the EMG records to
indicate that the monkey made different movements dur-
ing spatial- versus conditional-rule trials at times near
bar release or at other times during a trial.

Neuronal data base

Neurons showed a mean reference-period discharge rate
of 7.3±13.1 impulses/s over the entire task-related popu-
lation (n=221 neurons). There was no significant differ-
ence in reference activity between the conditional-rule
(7.6±13.6 impulses/s) and spatial-rule (7.0±12.5 impuls-
es/s) trials (Wilcoxon signed rank test, P>0.05). As not-
ed above, the choice of a reference period was problem-
atic; we did not record activity during the intertrial inter-
val. Therefore, we chose a reference period before Q1.
This led to some false-negative tests for task relatedness,
but did not materially affect the main results. Of 311 PF
neurons adequately tested, 221 showed significant task-
related activity. We place no emphasis on the proportion
of task-related neurons in our sample (221/311) because
a great deal of selection occurred during the isolation of
neurons for recording. In addition to those 221 task-re-
lated PF neurons, a small additional sample of 54 task-
related neurons was obtained in the cortex immediately
caudal to PFd (termed F2/F7), but this was not consid-
ered to be part of PF for the purpose of the present anal-
ysis. In that analysis, we concentrated on the comparison
of neuronal activity for blocks of trials for which differ-
ent rules prevailed. We did not observe any dramatic ac-
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there was a temporal “gap” between a fixation-point off-
set and the onset of a saccade target (Fischer and Boch
1983). In the present task, there was no gap between the
fixation-point offset and Q1 onset. However, the monkey
was highly practiced in making oculomotor responses to
one of the four (and only four) possible cue locations.
Such overtraining to saccade-target location has been
shown to be the most important factor in promoting ex-
press saccades (Paré and Munoz 1996).

The task was designed primarily as a study of rule-de-
pendent oculomotor behavior. Except for the first one-
fifth of the recording sessions, the monkey was explicitly
rewarded for making a saccade to the correct target.
Even in the first fifth of the recording sessions, the mon-
key was implicitly reinforced for a saccade to the correct
target, because only by fixating that light spot could the
subtle dimming be detected. Notwithstanding the focus
on oculomotor behavior, the monkey began each trial by
depressing a bar and, when the target light dimmed,
earned a reward by releasing the bar. This task require-
ment ensured that the monkey maintained active engage-
ment in the task throughout each trial. Accordingly, we
examined aspects of this skeletomotor behavior. Figure 3
shows the reaction time for bar release during the condi-
tional-rule trials and the spatial-rule trials, divided by
cue and location. Overall, the mean bar-release reaction
time was 346±63 ms (SD, n=471) for the conditional-
rule trials and 351±55 ms (n=379) for the spatial-rule tri-
als. The differences in the median values among the
groups were not statistically significant (Kruskal-Wallis
one-way ANOVA on ranks, H=12.8, df=15, P>0.6). We
examined the EMG activity throughout the trial, with
special emphasis on the activity immediately after target
dimming. There was no systematic variation of the EMG

Fig. 4 A Dorsolateral prefron-
tal cortex cell showing a rule
effect, with a preference for
conditional-rule trials. All data
aligned on the onset of Q1.
Data for all cues and cue loca-
tions are combined for each
rule. Averages based on 154
conditional-rule trials and 114
spatial-rule trials. B Ventral
prefrontal cortex cell showing a
preference for spatial-rule tri-
als, in the format of A. Averag-
es based on 69 conditional-rule
trials and 51 spatial-rule trials.
Q1 First presentation of the
cue, Q2 second cue presenta-
tion
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tivity effects of the transition from one rule to the next.
That is, activity in the first few successful trials for a
given rule did not differ in any obvious way from a cells’
activity for the remainder of the block in which the same
rule applied.

Rule effects

The principal result of the present study was that be-
tween one-third and one-half of the task-related PF neu-
rons, depending on the region and task period, showed
statistically significant activity differences, which could
be attributed to the rule. We will consider the population
data below, but we will first describe some specific ex-
amples of rule effects.

Examples of rule effects are shown in Fig. 4 for two
PF cells, one with a preference for conditional-rule trials,
the other for spatial-rule trials. Figure 4A shows a PFdl
cell with greater activity for conditional-rule trials. This
neuron had a phasic increase in activity during the Q1 pe-
riod, which began 80–90 ms after Q1 onset, regardless of

Fig. 5A–E Dorsolateral prefrontal-cortex neuron with rule effect:
repeatability of rule-to-rule activity differences and lack of depen-
dence on oculomotor behavior or fixation-point color. For each
part of the figure, horizontal (Eh) and vertical (Ev) eye-position
traces are shown above the raster and reciprocal interval plot (rip)
displays. All four records (Eh, Ev, rip, and raster) are aligned on
the onset of Q1. The vertical tick marks on each line of the raster
indicate the time of occurrence of action potentials for that neuron.
The plus signs to the left of the alignment show the onset of the
fixation spot, those to the right indicate the offset of Q1 in A–D.
The unfilled squares show Q2 onset time, and the two plus signs
to the right of the squares indicate target onset and target dim-
ming, respectively. All data are from trials in which cue C was
presented in the left location. A Activity for the first block of tri-
als, which involved the spatial rule. B Activity for the third block
of trials, which also used the spatial rule. C Activity for the fourth
block of trials, which used the spatial rule and a fixation point
with a neutral gray color rather than a yellow one. D Activity dur-
ing the second block of trials, which involved the conditional rule.
E Trials for the two rules matched for saccadic eye movement,
with emphasis on saccades to the left. The unfilled square marks
the offset of Q1. Time scale differs from A–D. Note that the rule
effect, as reflected in the lower activity during conditional-rule tri-
als, does not depend on the difference in saccades. Q1 First pre-
sentation of the cue, Q2 second cue presentation
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and again during the inter-Q delay. A detailed trial-by-tri-
al examination of the eye-position records (not illustrat-
ed) ruled out an oculomotor basis for the rule effect.

Figure 5 illustrates three important features of the da-
ta and its analysis: (1) the reliability of the rule effect, as
observed in a repeated-block design; (2) the lack of in-
fluence of fixation-spot color; and (3) the elimination of
an eye-movement correlate on a trial-by-trial basis. The
PFdl neuron illustrated in Fig. 5 had a preference for
spatial-rule trials. For those trials, the cell shows a sig-
nificant increase in modulation at approximately the off-
set of Q1, continuing at roughly that intensity through
the inter-Q delay, and decreasing gradually through the
remainder of the trial (Fig. 5A). For conditional-rule tri-
als, the cell was much less modulated (Fig. 5D). Figure
5B confirms that the activity of the cell returned to the
level and pattern seen in the first block of spatial-rule
trials (Fig. 5A) in a subsequent block of spatial-rule tri-
als, recorded after the conditional-rule block (Fig. 5D).
We can, therefore, confirm that rule effects were not a
reflection of an overall change in cell excitability or
other nonspecific factors. For the cell illustrated in Fig.
5, as with seven others, we also tested the effect of fixa-

the cue or its location. This activity decayed rapidly dur-
ing spatial rule trials. However, for conditional-rule trials,
the early increase in activity decayed much more slowly
than in spatial-rule trials and persisted for the remainder
of the Q1 period and for 100–200 ms after Q1 offset. Fig-
ure 4B shows the activity of a PFv cell with greater activ-
ity for spatial-rule trials, especially during the Q1 period

Fig. 6A–F Dorsolateral prefrontal cortex cell with rule effect:
lack of dependence on cue and location. The vertical tic marks in-
dicate the times of action potentials. All data are aligned an Q1
onset, and the two plus signs to the right of that line indicate Q1
offset (off) and Q2 onset, respectively. The third plus sign indi-
cates the time of target onset and the unfilled square indicates the
time of dimming. The rightmost plus signs indicate the time of bar
release. A Activity for the first block, which required the condi-
tional rule. B Activity for the second, spatial block matched with
A and B for the cue presented on those trials (cue B). C Activity
for the third block, also for the conditional rule. D Activity in the
second block of trials, the same block as in B, but matched with A
and B for the location of the target on each trial. E Comparison of
histograms for the illustrated spatial-rule trials (solid line) versus
conditional-rule trials (dotted line). F Average of B and D (spatial-
rule trials) minus average of A and C (conditional-rule trials). Q1
First presentation of the cue, Q2 second cue presentation
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tion-point color on the differences between rules. The
pattern of activity and its magnitude were not affected
when spatial-rule trials began with the fixation of a neu-
tral gray fixation point, in alternation with blocks of
conditional-rule trials using the same neutral fixation
point (compare Fig. 5C with A and B in contrast to D).
Although it is clear that the oculomotor behavior dif-
fered between the two rules (e.g., Fig. 5A vs. D), trials
with comparable leftward saccades in conditional-rule
trials were compared with spatial-rule trials (Fig. 5E). In
accord with the conditional-rule data shown in Fig. 5D,
trials with matched eye movements also showed little or
no modulation (Fig. 5E, left) compared to spatial-rule
trials (Fig. 5E, right).

Figure 6 emphasizes another important aspect of the
experimental design, the ability to match both the cues
and their locations in order to eliminate the possibility
that those factors underlie the rule effects reported here.
This PFdl cell showed a spatial-rule preference. Figure
6A and C show trials in which cue B was presented when
the non-preferred, conditional rule was in effect. Accord-
ing to the conditional rule, the target of eye movement
would be the upward choice (depicted by the arrow in the
upper, left inset) regardless of the location of cue B.
When the rule was switched to spatial, this activity was
significantly greater than in conditional-rule trials (Fig.
6B and D). The cell showed an anticipatory build up of
activity prior to Q1 onset and a phasic increase after Q1
onset. Figure 6B shows trials matched for the cue used in
Fig. 6A and C. Figure 6D shows trials matched for target
location. Figure 6E compares all four histograms, with
the activity for the spatial rule indicated by the solid lines
and that for the conditional rule depicted by the dotted
lines. The difference between rules was clear and signifi-
cant (Fig. 6F). The comparisons in Fig. 6 show that nei-
ther the cues per se, the location of the cues, nor the loca-
tion of the target account for the rule effect.

Distribution of rule effects across task periods and areas

Rule effects were observed in a substantial minority of
PF neurons, as shown in Tables 1 and 2. The data in Ta-
ble 1 are limited to the PF population. In Table 2, task-
related neurons from the region immediately caudal to
PF (F2/F7) are included.

Rule-effects were observed in each of the eight task pe-
riods examined (Table 1). For 79% of cells showing a rule
effect, the effect was observed in more than one task peri-
od (a mean of 3.6±2.2 task periods per cell). We term the
activity of a each cell in a given task period a case, and we
performed both a case-by-case and cell-by-cell analysis.
Each neuron contributed to Table 1 for each task period in
which it had significant modulation and, for the top row,
also a significant rule effect. The number of tested cases
varies because most cells show significant task-related ac-
tivity in only a subset of task periods. There was relatively
little variation in the proportion of cases showing rule ef-
fects, at least among the first six task periods. There were
no dramatic variations among the various PF areas.

Table 2 gives a breakdown of rule effects by cortical
region. The left half of the table shows a case-by-case
analysis, in which a given cell could contribute several
times, the right half gives the cell-by-cell analysis, based
on a strict Bonferroni correction for multiple tests. The
proportions of neurons showing rule effects are lower for
the cell-by-cell analysis because of this correction. Nev-
ertheless, in all of the frontal regions examined, a sub-
stantial minority of the cells, between one-third and one-
half of the sample, showed a significant rule effect. Note
particularly the values for the “total PF”, that is, PFd,
PFdl, and PFv combined. There was no difference, by re-
gion, in the proportion of cases or cells with rule effects
(Pearson’s χ2, P>>0.1).

Figure 7 shows the cortical penetration sites for both
the cells tested for rule effects (Fig. 7A) and the cells

Table 1 Rule effects by task
period, task-related cases in
prefrontal cortex (dorsal + dor-
solateral + ventral prefrontal
cortex) only, excluding the data
from premotor areas. A single
neuron contributes for all task-
related task periods

Pre-Q Q1 Inter-Q Q2 Pre- Target Pre-dim Target Total
interval delay target on dim delay

Cases with 47 51 48 59 57 59 73 72 466
rule effects

Task related cases 99 95 106 114 118 116 215 215 1078

Percentage with 47% 54% 45% 52% 48% 51% 34% 33% 43%
rule effects

Table 2 Rule effects by area. Left: case-by-case analysis, task-re-
lated cases only. A single neuron contributes for all task-related
task periods. Right: cell-by-cell analysis, cells with task-related
cases only. A single neuron contributes only once (with Bonfer-

roni correction for multiple comparisons). PFd Dorsal prefrontal
cortex, PFdl dorsolateral prefrontal cortex, PFv ventral prefrontal
cortex, F2/F7 supplementary eye field and dorsal premotor areas

Cases Cells

PFd PFdl PFv F2/F7 Total PFd PFdl PFv total PF F2/F7 Total

Rule effect 156 159 151 132 598 31 31 27 89 27 116
Task related 380 451 247 253 1331 78 84 59 221 54 275
Percentage with rule effect 41% 35% 61% 52% 45% 40% 37% 46% 40% 50% 42%
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Fig. 8A, B Comparison of ac-
tivity levels for the two rules.
A Scatter plot of activity levels
for the two rules. Each cell is
represented once, with the
point showing the largest abso-
lute value of the rule-effect
index (see Methods section).
B The distribution of rule-ef-
fect indices for the dorsolateral
prefrontal cortex (PFdl), dorsal
prefrontal cortex (PFd), and
ventral prefrontal cortex (PFv)

showing rule effects (Fig. 7B). Cells with rule effects
were distributed across the entire sampled area, with no
apparent clustering or, as emphasized in Table 2, statisti-
cally significant differences among the regions demar-
cated in Fig. 2 (Pearson’s χ2, P>>0.1).

Rule preferences

If a significant rule effect was observed, we then exam-
ined each case’s rule preference. This analysis was done
on a case-by-case basis, rather than a cell-by-cell basis,

Fig. 7A–C Locations of pene-
trations having cells with rule
effects. A Circle diameter is
proportional to the number of
task-related neurons at each co-
ordinate. B Circle diameter
proportional to the proportion
of cases showing a significant
rule effect at each coordinate.
C Locations of penetrations
with cells showing spatial-rule
preferences (plus signs) and/or
conditional-rule preferences
(unfilled circles). Dashed line,
division for χ2 test showing a
rostral concentration of condi-
tional-rule preferences. Sulci as
in Fig. 2. Coordinate scale in
mm

Table 3 Number and percentage of cells with activity in condi-
tional-rule trails greater than that in the spatial-rule trails and vice
versa, by area. Each cell contributes once to the table, according to
the stimulus object and task period with the largest rule-effect in-
dex value. PFd Dorsal prefrontal cortex, PFdl dorsolateral pre-
frontal cortex, PFv ventral prefrontal cortex, F2/F7 supplementary
eye field and dorsal premotor areas

PFd PFdl PFv F2/F7

Conditional > spatial 23 (55%) 24 (47%) 20 (50%) 14 (39%)
Spatial > conditional 19 (45%) 27 (53%) 20 (50%) 22 (61%)

Total number of cells 42 51 40 36
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focused on a distinction between dorsal and ventral PF
regions. Figure 7C shows that there was a significant
preponderance of cells with conditional-rule preferences
in the rostral parts of the sampled region. This difference
was statistically significant (χ2=15.2, df=1, P<0.001).
The rostral-caudal delineation used in the chi-square
analysis is demonstrated by the dashed line in Fig. 7C.
Caudally, no such preponderance was observed.

Magnitude of rule effects

Figure 8A shows the relative magnitude of activity in the
two rule conditions. A rule-effect index (Fig. 8B) was
computed as a contrast ratio (see Methods). A value of
1.0 indicates complete specificity for conditional-rule tri-
als, i.e., no modulation during spatial-rule trials. A value
of –1.0 indicates, conversely, complete specificity for the
spatial rule. Because there were no significant differ-
ences among the PF regions studied (ANOVA, df=2,
F=1.23, P=0.3), data from PFd, PFdl, and PFv were
combined in Fig. 8B. The absolute value of the index
was taken as a measure of selectivity for a rule, indepen-

because we found that a given cell could show a spatial-
rule preference in one task period and a conditional-rule
preference in another (not illustrated). As shown in Table
3, PF cells in each region had preferences for either the
spatial and conditional rules in approximately equal pro-
portions. There was no significant difference in rule
preference by the cortical regions, as defined pre hoc
(Pearson’s χ2=1.35, df=3, P>>0.1). Note, however, that
the pre hoc demarcations of cortical regions primarily

Fig. 9 Dorsolateral prefrontal cortex neuron with location selectiv-
ity, as well as a preference for spatial-rule trials. Each raster and
histogram pair shows the neuron’s discharges for the spatial-rule
trials at the top and for conditional-rule trials at the bottom. In each
plot, the vertical tics indicate the time that an action potential oc-
curred relative to the onset of Q1 (solid vertical line in each raster).
The plus sign to the right of the vertical line indicates the time of
Q2 onset, and the unfilled square indicated the time of target onset.
Event markers and axes are equivalent in every plot. The pairs of
plots to the left, up, down, and right show activity on trials for
which the cues were presented in the corresponding locations (see
Fig. 1). Data for all four cues are combined. Note that this neuron
showed location selectivity for the left, and, when cues were pre-
sented at that location, the rule effect showed a spatial-rule prefer-
ence. Q1 First presentation of the cue, Q2 second cue presentation
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dent of which rule was preferred by the cell. Taking the
most significant difference for each PF cell, the mean ab-
solute values of the rule-effect index for PFd, PFdl, PFv,
and F2/F7, respectively were: 0.66±0.30 (n=42),
0.64±0.29 (n=51), 0.70±0.27 (n=40), and 0.74±0.29
(n=36), for a grand average of 0.68±0.28 (n=182). As in-
dicated in Table 3, there was approximately equal prefer-
ence for the two rules, in each region and overall. The

mean rule-effect index, therefore, was near zero when
the two kinds of preferences were averaged. For the four
regions, PFd, PFdl, PFv, and F2/F7, respectively, the
means were: 0.17±0.71, –0.04±0.71, –0.05±0.76, and
–0.16±0.78. The grand average of all frontal areas exam-
ined was 0.00±0.73. The means near or equal to 0 do not
indicate that there was no rule effect, but rather that the
cells with conditional-rule preferences closely balanced
those with spatial-rule preferences, with any differences
in numbers being compensated by the degree of the ef-
fect.

Location and cue selectivity

For cells showing rule effects, we examined the inci-
dence of cue and location selectivity. Selectivity for the
cue and/or their locations was common in PF neurons.
Figures 9 and 10 show PFdl cells that had location selec-
tivity and also evidenced the complex combinations of
signals typical of PF. Because there was no activity dif-
ference that could be attributed to the features of the four
cues for the cell depicted in Fig. 9, data from all cues are
combined. When the cues were presented to the left, the
cell showed a significant increase in activity after the on-

Fig. 10 Dorsolateral prefrontal cortex cell showing location selec-
tivity, as well as preference for conditional-rule trials. Each row of
data consists of raster and rip (reciprocal interval plots) arrays for
each of the four cues presented at each of the four locations (one for
each column). All data area aligned on the vertical line, which indi-
cates Q1 onset. The vertical tics mark the times of action potentials.
The plus sign to the right of alignment indicates Q1 offset time. All
axes are of the same scale in all plots. The arrows to the right of
each raster indicate the location, from center, of the target on those
trials. Conditional-rule trials on the top four rows, spatial-rule trials
on the bottom four rows. Note that the cell had its greatest activity
for trials in which the cue appears to the right of center
(mean±SD=73±57 impulses/s for the conditional-rule trials with
cues to the right versus 8±14, 14±14, and 6±13 impulses/s for cues
up, left, and down, respectively). Note also that the activity for the
condition rule exceeds that for the spatial rule (for cues to the right,
73±57 impulses/s for conditional-rule trials versus 44±53 impuls-
es/s for spatial-rule trials). Q1 First presentation of the cue
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set of Q1, which continued through the inter-Q delay pe-
riod and the pre-target delay period, ending shortly after
the presentation of the four potential target stimuli. Al-
though the modulation of this cell was modest, even for
its preferred location, it was highly selective for spatial-
rule trials for that location. (One can also see that there
was a slight, but inconsistent increased activity for the
conditional-rule trials when the cue was either up or
down.) Figure 10 shows a PFdl cell with a preference for
cues to the right, but, unlike the cell in Fig. 9, it showed
a conditional-rule preference when the cues were present-
ed at its preferred location. Cell activity increased about
60 ms after Q1 onset and ended before Q2 onset. Its se-
lectivity for the cue location (right) in the Q1 period was
more evident for conditional-rule trials than for spatial-
rule trials, but was statistically significant for both. Thus,
the cell showed both location selectivity (right preference)
and a rule effect (conditional-rule preference). In addi-
tion, the cell showed evidence of cue selectivity, which
differed for the two rules. For conditional-rule trials, cue
B to the right was associated with the greatest level of
discharge (113±66 impulses/s in a time window from 60
to 190 ms after the onset of Q1), but for the spatial rule
trials, modulation was greatest for cue D to the right
(78±70 impulses/s).

Figure 11 shows another example of cue selectivity.
This PFdl cell showed a preference for conditional-rule
trials during inter-Q delay (IQD) and during the Q2 peri-
od. Its activity depended upon the cue, but its cue prefer-
ence differed by task period, with the greatest activity for
cue C in the inter-Q delay and for cue A in the Q2 peri-
od. Thus, unlike the cell illustrated in Fig. 10, which
showed a cue preference that differed by rule, Fig. 11
shows a cue preference that differs by task period.

Often, however, the selectivity of individual PF neu-
rons was more complex than either cue or location selec-

tivity alone. An example is illustrated in Fig. 12. For
conditional-rule trials (Fig. 12A), but not for spatial-rule
trials (Fig. 12B), this cell showed a complex cue and lo-
cation selectivity, which depended on the combination or
interaction of cue and location. After Q1 offset and
again, to a greater extent, for the Q2 period, activity was
greater when cues B and C were presented, but mainly
when they were presented down or to the right of the fix-
ation spot. This combination was intriguing because, ac-
cording to the conditional rule, cues B and C indicated
that targets up and to the left, respectively, would dim on
those trials. Accordingly, the cell had its greatest activity
for cues indicating targets up and to the left, but only
when they occurred down and to the right.

We do not present the frequencies of the various com-
binations of cell properties illustrated in Figs. 9, 10, 11,
12. The number of such combinations was very large,
and the number in each “category” very small. We do
note that virtually every conceivable combination was
observed.

Table 4 shows the numbers of neurons with cue selec-
tivity, location selectivity, or both. There was no signifi-
cant difference among the examined regions in such se-
lectivity (Pearson’s χ2 test, P>>0.1). These distributions
are plotted in Fig. 13. There was no obvious clustering or
regional preference for spatial selectivity, cue selectivity,
or the combination of both within the sampled region.

Note that cells with cue and/or location selectivity,
but without rule effects, were not included in the analysis
above. All the cells included in Table 4 or illustrated in
Fig. 13 showed significant rule effects. However, we did
examine cue and location selectivity for cells lacking
rule effects. For those neurons as well, we could not ob-
serve any segregation by cortical region according to cue
or location selectivity (not illustrated). In a further exam-
ination, a cell-by-cell analysis was performed for all

Fig. 11 Ventral prefrontal cor-
tex cell with cue selectivity, as
well as a preference for condi-
tional-rule trials. Bar plot
shows means and standard de-
viations in the reference period
(REF), inter-Q delay (IQD),
and Q2 period for both condi-
tional-rule trials (top row) and
for spatial-rule trials (bottom
row). Q Cue, Q2 second cue
presentation
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task-related neurons in the sample, including cells both
with and without rule effects. Because the properties of
the cells differed by task period, a cell with cue selectivi-
ty in one task period, but location selectivity in a differ-
ent task period was classed as having “both” kinds of se-
lectivity. Averaged over the entire PF sample, 15% of the
cells showed only cue selectivity or only location selec-
tivity (which accounted for 30% of the sample). An addi-
tional 33% showed both kinds of selectivity. By area,
16%, 9%, and 24% of the cells recorded had only cue se-
lectivity in PFd, PFdl, and PFv, respectively. Similarly,
14%, 9%, and 24% showed only location selectivity. Of
course, a cell-by-cell analysis increases the number of
cells showing combined location and cue selectivity, due
to collapsing data across task periods. The percentages
of PF cells showing both kinds of selectivity were 24%,
48%, and 24%, in PFd, PFdl, and PFv, respectively.

Cells lacking rule effects

Many cells showed task-related activity, but lacked a
rule effect (see Table 2). Particularly common was the
pattern shown in Fig. 14. Although showing no main ef-
fect of the rule, the cell had activity during the inter-Q
delay, continuing until the four potential targets ap-
peared. That discharge pattern was highly specific for
trials in which the dimming target was to the right of the
fixation point. This was true for conditional-rule trials
whenever cue A was presented, whether it was in the
right, up, left, or down location (Fig. 14A). It was equal-
ly true for the spatial-rule trials, regardless of which cue
was presented in the right location (Fig. 14B). Hence,
the cell’s activity appeared to be selective for the loca-
tion of the target (to the right), regardless of the rule or
cues that indicated that target.

Discussion

Rule effects

A substantial minority of the PF neurons in the present
study showed activity differences that could be attributed
to the behavior-guiding rule. Some neurons showed
highly selective activity for the spatial task, some
showed selectivity for the conditional task, and some
showed a more complex selectivity, involving preferenc-

es for different rules during different task periods. These
data support the hypothesis that PF plays a role in guid-
ance of behavior according to previously learned rules
(Passingham 1993; Wise et al. 1996) and that much of
the special information processed by PF is managerial in
nature (Grafman 1995).

As noted in the Introduction, the experimental design
reported here has many similarities to those previously
used to analyze PF activity. However, most previous
studies have attempted to construct, as independent vari-
ables, either sensory information processing (Fuster
1973; Rolls and Baylis 1994; Rolls et al. 1996b; Rosen-
kilde et al. 1981; Tanila et al. 1991; Yamatani et al.
1990), stimulus localization and attention (Lecas 1995;
Mikami et al. 1982; Vaadia et al. 1986), response guid-
ance (Barone and Joseph 1989; Boch and Goldberg
1989; Komatsu 1982; Kubota and Niki 1971; Kubota et
al. 1974; Niki 1974; Watanabe 1986a, 1986b), short-term
memory (Abeles et al. 1993; Barone and Joseph 1989;
Funahashi et al. 1993a, 1993b; Kojima and Goldman-
Rakic 1982; Miller et al. 1996; Quintana and Fuster
1993; Watanabe 1990, 1992), reward-related information
processing (Critchley and Rolls 1996; Kubota and Ko-
matsu 1985; Rosenkilde et al. 1981; Thorpe et al. 1983;
Watanabe 1996), timing (Niki and Watanabe 1979), or
various combinations of those factors. The present ex-
periment, by contrast, was designed to identify rule ef-
fects per se by attempting to exclude the variables listed
above. That is, we tested the hypothesis that PF activity
should exhibit signals reflecting behavior-guiding rules
(Wise et al. 1996) in addition to signals that reflect stim-
uli, events, responses, rewards, attention, etc. Our strate-
gy was to identify these more abstract signals by com-
paring activity during the same stimuli and responses,
while attempting to control other factors to the extent
possible. We emphasize that nothing here contradicts
previous findings about stimulus, response, reward, or
attention effects on PF activity. Rather, our data support
the view that, in addition to those specific factors, PF ac-
tivity reflects more general information processing, such
as that reflecting rules. The cells lacking rule effects in
the present study may be solely involved in processing
information about specific cues, actions or knowledge of
results, or they may be sensitive to rules other than the
two tested here.

The present results can be contrasted with those of
Kurata and Wise (1988), who studied activity in PMd
while monkeys performed according to a nonspatial (col-

Table 4 Number and percentage of cases with significant cue se-
lectivity, location selectivity, or both by cortical region (ANOVA,
α=0.05). PFd Dorsal prefrontal cortex, PFdl dorsolateral prefron-

tal cortex, PFv ventral prefrontal cortex, F2/F7 supplementary eye
field and dorsal premotor areas

PFd PFdl PFv F2/F7

Cue selective 20 (11%) 33 (13%) 19 (15%) 20 (17%)
Location selective 21 (11%) 50 (20%) 19 (15%) 12 (10%)
Both 15 (8%) 33 (13%) 7 (6%) 10 (8%)
Total selective/cases 56/188 (30%) 116/247 (47%) 45/124 (36%) 42/119 (35%)
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or) versus a spatial mapping rule. They found that the
rule rarely affected delay-period activity. The present
findings, then, might then be taken as evidence of a dif-
ference between PMd and PF. However, we do not adopt
such a view for several reasons: the simplicity of a two-
choice task (Kurata and Wise 1988) versus the complexi-
ty of the present four-choice task that had various addi-
tional delays and a bar release requirement; the fact that,
in the study of Kurata and Wise, nonspatial cues always
appeared in the center of the display rather than to the
left and right; and the present findings for premotor cor-
tex (F2/F7 in Table 2), which do not suggest a major dif-
ference in the proportion of cells with rule effects.

There are results in the neurophysiological literature
that are consistent with those presented here, although
they have not been interpreted as reflections of behavior-
guiding rules. Rather, relevant neurophysiological find-
ings have been attributed to sensorimotor transforms or
as pertaining to decision making and response selection.
For example, using a matching-to-sample design, Has-
egawa et al. (1998) found that, after an identical pair of
choice stimuli (one of which matched the sample), 73%
of PFdl neurons (with a few cells probably in PFv)
showed different activity, depending on the direction of
eye movement, which was to be made to the matching
stimulus regardless of where it appeared. They interpret-

Fig. 12A, B Dorsolateral pre-
frontal-cortex cell with com-
plex combination of location
and cue selectivity, as well as a
preference for conditional-rule
trials. A Conditional-rule trials.
Each set of raster and rip
(reciprocal interval plot) dis-
plays is presented in a location
analogous to their location on
the screen, separately for each
of the four cues. The arrows
above the right side of each
display show the location, rela-
tive to center, of the target on
those trials. All data are aligned
on the onset of Q1. The plus
sign to the right of alignment
indicates Q1 offset, and the un-
filled square shows the time of
Q2 onset. All axes are of the
same scale in all plots. B Spa-
tial-rule trials, format as in A.
Q1 First presentation of the
cue, Q2 second cue presenta-
tion

A
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ed the activity difference as a reflection of the response
decision. However, this signal may have reflected a rule
guiding eye movements to the left when the matching
stimulus was in that location and vice versa. Other stud-
ies have led to similar results with similar interpretations
(Komatsu 1982; Quintana et al. 1988; Watanabe 1986a;
Yajeya et al. 1988). Watanabe (1986a, 1986b, 1990,
1992) has reported a series of results on paired associate
tasks, i.e., arbitrarily mapped visual stimuli, which could
be interpreted as rule effects. However, in those studies,
either the movement was constant (Watanabe 1990,
1992) or was a simple go/no-go choice (Watanabe
1986a, 1986b). In none of those experiments could the

selection of action among alternatives be analyzed, as in
the present study, which is a critical feature of behavior
according to abstract rules. In a particularly intriguing
study, Sakagami and Niki (1994a) found that 28% of
PFv cells had an activity that differed when fixation-
point color indicated whether position, color, or shape of
a subsequent stimulus was relevant to instructing a rapid
versus slow bar release. Their finding compares to the
present observation that 46% of PFv cells have rule ef-
fects.

Fig. 12B B
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Functional localization

We found no evidence for a dominance of nonspatial in-
formation processing in PFv or of spatial information in
PFdl, as suggested by previous studies (O’Scalaidhe et
al. 1997; Wilson et al. 1993). Cells with cue selectivity
were not segregated from those with location selectivity.
Indeed, both kinds of selectivity were often observed in
the same cell (see Fig. 13C). Similarly, neurons with a
preference for the conditional (nonspatial) rule were not
concentrated in PFv, nor were cells with a spatial-rule
preference concentrated in PFdl. Our results thus agree
generally with those of Rao et al. (1997), who studied PF
activity during the short-term storage of spatial and non-
spatial information in a recognition memory task. They
too found little evidence for segregation of spatial versus
nonspatial information processing in PF. And, as in the
present results, Rao et al. (1997) often observed the com-
bination of spatial and nonspatial selectivity in individu-
al neurons. Our results extend those of Rao et al. (1997),
whose task required the use of information for stimulus
recognition, to a task with requiring the mapping of
stimulus information onto an action or goal.

There are several possible explanations for the appar-
ent discrepancy of the present results with those of Wil-
son et al. (1993). The tasks were very different, both in
design and motivation. Wilson et al. (1993) aimed at
confirming the working-memory theory of PF function.
Thus, their nonspatial task included an imposed delay
period to enhance mnemonic demands. In the present
task, the stimulus working-memory demands were small.

The monkey could and did fixate the instructed target
soon after the relevant information was received. While
it is conceivable that differing mnemonic demands may
explain the discrepancy between our results and those of
Wilson et al. (1993), this perspective does not contribute
to understanding the conflict between their results and
those of Rao et al. (1997; Rushworth and Owen 1998).
Further, other work has shown that a memory require-
ment is not necessary for observing nonspatial selectivity
in PFv neurons (O’Scalaidhe et al 1997). Accordingly,
other factors need to be considered.

As we acknowledge in more detail below, our rules
were neither purely spatial nor purely nonspatial. The
monkey was required to map nonspatial information on-
to a response goal, sometimes at an arbitrarily associat-
ed location. Mapping nonspatial onto spatial informa-
tion could have obscured an underlying regional spe-
cialization. Nevertheless, if nonspatial information pro-
cessing were predominant in PFv, as has been suggest-
ed, we would predict greater activation there for condi-
tional-rule trials than for spatial-rule trials. Nonspatial
information was crucial to task performance for the con-
ditional rule, but was irrelevant for the spatial rule. The
present results lend no support to that idea. Another po-
tentially important factor involves the reorientation of
selective spatial attention. Wilson et al. (1993) present-
ed nonspatial instruction stimuli only centrally, in con-
trast to the spatial instructions, which were presented
only paracentrally (Funahashi et al. 1989). In the pres-
ent study, this factor was eliminated: cues were always
presented in paracentral locations. At least some of the

Fig. 13A–C Distribution of lo-
cation and cue selectivity for
cases with significant rule ef-
fects. A Locations of cases
with cue selectivity. B Penetra-
tions with cases showing both
cue and  location selectivity.
C Penetrations with location
selectivity. Format as in Fig. 7



neurophysiological data that has been interpreted in
terms of spatial versus nonspatial information process-
ing may instead reflect central versus paracentral in-
structional information, and the shifts in spatial atten-
tion triggered by the latter.

Finally, we need to consider the recording sites desig-
nated as PFdl and PFv in more detail. As far a we can
judge from the published surface maps, the recording
sites designated as PFdl here correspond reasonably
closely to many of those considered to be PFdl (area 46)
by Funahashi et al. (1989) and in subsequent studies
from the same laboratory. As for the area designated PFv
by Wilson et al. (1993), which comprised the caudal half
of the ventral convexity adjacent to the principal sulcus,
the present sample of PFv neurons includes most of this
region, with a concentration of task-related cells in its
more caudal aspects.

Although we did not observe a segregation of spatial
and nonspatial rule preferences along the dorsal-to-ven-
tral dimension, we did observe a significant preponder-
ance of cells with conditional rule preferences rostrally
(see Fig. 7C). This finding agrees with Rushworth et al.
(1997), who examined neuroimaging data from a wide
range of studies contrasting spatial tasks (involving spa-
tial memory and motion perception) with nonspatial
tasks (emphasizing the perception or memory of colors,
forms, or faces). Especially in the ventral portions of PF,
their meta-analysis indicated that the nonspatial tasks
tended to produce activation foci that were more rostral
than spatial tasks.

Interpretational limitations

We have used the terms conditional and spatial for the
two rules studied here, but, as we acknowledge above,
neither rule was purely nonspatial. The conditional rule,
indeed, demanded a spatially directed response. It may,
thus, be argued that both rules were spatial in that they
both required spatial information processing. Conversely,
it may also be argued that both rules were conditional. In
this view, the monkey may approach the so-called spatial
rule as an arbitrary mapping exercise, which, in any
event, can be construed as formally similar to a condi-
tional rule (Passingham 1993). Further, despite the well-
known and dramatic effects of attention, in which pre-
frontal cells may be rendered virtually unresponsive to
unattended stimuli (see di Pellegrino and Wise 1993), the
importance of the nonspatial attributes of the cues may
have taken on such overall importance in the task that
they affected cell activity for both rules, even when be-
haviorally irrelevant. Accordingly, we do not argue that
the rule effects are specific to conditional versus noncon-
ditional rules, although we cannot rule out that possibility
(see Parker and Gaffan 1998). The current experimental
design also has the flaw that the monkeys could have ig-
nored either the spatial information in the cue (in the con-
ditional task) or its nonspatial information (in the spatial
task). Thus, we cannot rule out the possibility that differ-

ences in neuronal activity may have reflected selective at-
tention for either spatial or nonspatial information. The
monkey failed to learn a more complex version of the
task, with distractors and constant central fixation, that
eliminated this flaw in the behavioral design.

The use of a colored fixation spot must be acknowl-
edged as a weakness in the experimental design. When
we used the neutral (gray) fixation point, fixation-point
color was not a significant factor in the activity of any of
the eight cells tested or for the animal’s behavior, once
the transition between rules had occurred. However, we
acknowledge that this was a small neuronal sample. As
noted in the Results, presumably because this manipula-
tion caused a slight decrease in reward rate, the mon-
key’s behavior often led to the loss of cell isolation. Ac-
cordingly, we performed the neutral fixation-spot test on-
ly when the monkey’s behavior was extraordinarily reli-
able and not as often as originally planned. It is therefore
difficult to completely rule out an effect of fixation-point
color, and we acknowledge that some of the rule effects
may reflect color (or light intensity) effects. However,
based on the relative paucity of cells with color selectivi-
ty in PF (Quintana et al. 1988; Tanila et al. 1991; Yajeya
et al. 1988) and the fact that the monkey could perform
the task without fixation-point color, this appears to us to
be an unlikely explanation for the rule effects. Further,
the rule effects long outlasted the presentation of the fix-
ation point during each trial. As shown in Table 1, sub-
stantial proportions of PF neurons showed rule effects in
all of the task periods examined. That is, the fixation
spot was absent during seven of the eight task periods,
some occurring many seconds after the fixation spot had
disappeared.

We compensated for the fact that oculomotor behavior
differed between the two rules, at least for parts of the tri-
al, by performing an exhaustive trial-by-trial analysis for
each of the cells showing a rule effect. We ruled out eye
movement with up to three approaches, depending on the
type of rule effect and activity pattern of each cell:

1. Some cells did not modulate activity at all immediate-
ly before, after, or during movement.

2. For the others, we first compared activity for spatial-
rule trials with the same eye movements made for
those conditional-rule trials (25%) in which the cue
was at the target location. In those conditional-rule
trials, the monkey’s oculomotor behavior was very
similar to the spatial-rule trials. For many cases with
rule effects, this comparison was sufficient to rule out
eye movement.

3. For those cases that still appeared to have rule effects
that could possibly be attributed to eye movements,
we made plots and examined the issue further. We
chose examples of the same eye movement performed
during the two rules, as illustrated in Fig. 5, to rule
out a strictly oculomotor account of the rule effect.
Cells with oculomotor relationships were not accept-
ed as showing rule effects. Further, we observed ap-
proximately the same proportion of rule effects
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The fact that this study is based on data from a single
monkey is also noteworthy. Although there is ample
precedent for one-monkey studies in behavioral neuro-
physiology, the absence of independent sampling needs
to be acknowledged. However, we are not aware of any
statistical justification for requiring a second subject in
neurophysiological studies. We hypothesized that, under
the experimental conditions we created, we would ob-
serve a neuronal signal reflecting the behavior-guiding
rules. Such a signal was observed clearly in the first sub-
ject studied. The examination of further subjects would
not subtract the signal from the first and, accordingly, we
terminated the study after collecting data from one sub-
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throughout the pre-Q interval, during which the mon-
key was fixating the central fixation spot, as for the
other time periods sampled. This finding provides
strong additional grounds to reject an oculomotor in-
terpretation of the rule effect.

Sampling problems have always been of concern in sin-
gle-neuron studies. For the data presented here, we iso-
lated neurons as the monkey performed the task accord-
ing to both rules, in approximately equal proportions.
Nevertheless, neurons that had little modulation during
one rule (but might be highly task-related for the other
rule) were likely to be under-represented in our sample.

Fig. 14A, B Dorsal prefrontal-
cortex cell without a rule ef-
fect, but showing target selec-
tivity. Format as in Fig. 12.
A Conditional-rule trials.
B Spatial-rule trials. Q1 First
presentation of the cue, Q2 sec-
ond cue presentation

A



tribution through the prefrontal cortex suggests that this
factor constitutes an important aspect of PF function.

Conclusion

Our data support the hypothesis that one function of PF
involves the application of behavior-guiding rules to the
information inherent in specific objects, places, and
events. We have argued elsewhere that PF supports this
function through the learning of new rules and the rejec-
tion of outdated rules as the basis for current action
(Wise et al. 1996). We make no claim for a special role
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ject. We do not dispute the possibility that other mon-
keys might adopt different strategies, which might yield
a different neurophysiological result.

Finally, while we conclude that the activity of many
PF neurons reflects the rule that guides current behavior,
we do not mean to imply by this statement that cells
showing rule effects are necessarily involved in rule im-
plementation. Instead, cells with rule effects could be af-
fected by other neurons, either nearby or at distant loca-
tions, that implement the rule. The rule effects reported
here may simply reflect rules implemented by networks
elsewhere. However, the substantial proportion of cells
reflecting the behavior-guiding rule and their broad dis-

Fig. 14B B



of PF in rule guidance on the basis of the present results.
We did not test any neurons outside the frontal lobe, and,
therefore, we make no claim about the specificity of rule
effects to PF. Wise et al. (1996) outline the case for such
a role of PF based on a variety of studies, to which the
present results can be added. We can also not make any
statement about a role for PF in rule acquisition on the
basis of the present study. We make here only the weaker
claim that our results are consistent with the hypothesis
that PF activity reflects the guidance of behavior accord-
ing to well-learned rules.

Our study aimed at testing an “executive function”
hypothesis for PF, so termed to distinguish these related
ideas from a view of PF function that emphasizes storage
and manipulation of sensory information in working
memory (Goldman-Rakic 1984, 1987, 1994; O’Scala-
idhe et al. 1997). The underlying theme of the executive
function hypothesis is that PF generates, evaluates, and
guides appropriate actions and strategies (Grafman 1995;
Owen et al. 1996; Parker and Gaffan 1998; Passingham
1993) and selects information relevant to current behav-
ior (Miller et al. 1996; Petrides 1996; Rushworth et al.
1997). The present experiment was devoted to testing
one prediction of these ideas, specifically that neuronal
activity in PF should reflect behavior-guiding rules when
stimuli, responses, reward information, and other aspects
of behavior common to both rules are held constant. Our
results support that hypothesis.
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