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Although the lateral prefrontal cortex (lPFC) and dorsal premotor cortex (PMd) are thought to be involved in goal-directed behavior, the
specific roles of each area still remain elusive. To characterize and compare neuronal activity in two sectors of the lPFC [dorsal (dlPFC)
and ventral (vlPFC)] and the PMd, we designed a behavioral task for monkeys to explore the differences in their participation in four
aspects of information processing: encoding of visual signals, behavioral goal retrieval, action specification, and maintenance of relevant
information. We initially presented a visual object (an instruction cue) to instruct a behavioral goal (reaching to the right or left of
potential targets). After a subsequent delay, a choice cue appeared at various locations on a screen, and the animals could specify an action
to achieve the behavioral goal. We found that vlPFC neurons amply encoded object features of the instruction cues for behavioral goal
retrieval and, subsequently, spatial locations of the choice cues for specifying the actions. By contrast, dlPFC and PMd neurons rarely
encoded the object features, although they reflected the behavioral goals throughout the delay period. After the appearance of the choice
cues, the PMd held information for action throughout the specification and preparation of reaching movements. Remarkably, lPFC
neurons represented information for the behavioral goal continuously, even after the action specification as well as during its execution.
These results indicate that area-specific representation and information processing at progressive stages of the perception–action
transformation in these areas underlie goal-directed behavior.

Introduction
To accomplish a goal-directed behavior, we often must initially
determine a behavioral goal at an abstract level and then select an
action to achieve that goal. For instance, if asked on the phone to
come into an unfamiliar room, look for two objects placed side by
side, and pick up the object on the left, you first establish the
behavioral goal of capturing the left object. Later, when actually
observing the two objects in the room, you select an action to
reach the left object. Clearly, the determination of behavioral
goals and action specification constitute two separate stages of a
goal-directed behavior. Given this distinction, an interesting
question is how each of cortical area contributes to each of these
processes. Although a growing body of evidence has indicated the
involvement of the frontal cortex in diverse aspects of goal-

directed behavior (Passingham, 1993; Wise et al., 1996; Miller
and Cohen, 2001; Fuster, 2008; Tanji and Hoshi, 2008), more
studies are required to determine the exact role of the individual
frontal areas. In this report, we focus on two sectors of the lateral
prefrontal cortex (lPFC) and dorsal premotor cortex (PMd) to
compare their participation in behavioral goal determination
and action specification.

Based on anatomical and functional studies, the lPFC is be-
lieved to have two major sectors: the dorsolateral part (dlPFC)
(area 46/9) and the ventrolateral part (vlPFC) (area 45/12). Early
studies have stressed the involvement of the vlPFC in processing
visual object information and of the dlPFC in visuospatial pro-
cessing (Goldman-Rakic, 1988). However, later studies deter-
mined the importance of across-domain integration (Rao et al.,
1997) and dynamic changes in multiple-domain representations
(Meyer et al., 2011). Another series of experiments proposed that
the vlPFC is involved in task-relevant signal selection and selec-
tive sensory attention (Rushworth et al., 2005), whereas the
dlPFC is involved in information monitoring and abstract rule
processing (Petrides, 1995; Owen et al., 1996; Wallis et al., 2001;
Barraclough et al., 2004; Buckley et al., 2009). However, it is
established that the PMd and lPFC are separate entities with an-
atomical distinctions (Petrides and Pandya, 1999, 2002; Luppino
et al., 2003). As for functional roles, both areas are involved in
multiple aspects of motor behavior (Mitz et al., 1991; Deiber et
al., 1997; Asaad et al., 1998; Toni et al., 1999; Rowe et al., 2000;
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Wise and Murray, 2000; Cisek and Kalaska, 2005), although only
a few studies have proposed preferential involvement of each area
(Boussaoud and Wise, 1993; di Pellegrino and Wise, 1993; Wallis
and Miller, 2003; Hoshi and Tanji, 2004, 2006). These previous
reports provide a foundation for further studies, and here, we
examined the specific roles of the three areas from the perspec-
tive of the behavioral goal retrieval and action specification in
goal-directed behavior. We examined the neuronal activity in
each area while macaques were engaged in a behavioral task spe-

cifically designed to dissociate the two dis-
tinct behavioral factors (Nakayama et al.,
2008; Yamagata et al., 2009).

Materials and Methods
Animals and experimental conditions. Two male
monkeys (Macaca fuscata, monkeys 1 and 3)
and one female monkey (Macaca fuscata, mon-
key 2), weighing 5.0�8.0 kg, were cared for in
accordance with the National Institutes of
Health guidelines and the guidelines of Tokyo
Metropolitan Institute of Medical Science and
Tamagawa University. In monkey 1, neurons
were recorded from the lPFC and PMd; in the
other two monkeys, neurons were recorded
from either the lPFC (monkey 3) or the PMd
(monkey 2). During the experimental sessions,
each monkey sat in a chair with his or her
head and left arm restrained. We installed a
button in front of the chair at waist level. A 19
inch video monitor equipped with a touch-
sensitive screen was placed in front of the mon-
key. Eye positions were monitored with a 240
Hz infrared eye-tracking system (resolution,
0.25° visual angle; R-HS-S6; Applied Science
Laboratories).

Behavioral task. We devised a task for the
monkeys in which four behavioral phases were
separated in time (see Fig. 1 A): (1) encoding a
visual object presented as an instruction cue,
(2) representing a behavioral goal associated
with the visual object, (3) specifying an action
based on the combination of information (re-
membered behavioral goal and a choice cue
signal), and (4) preparing and executing the
action. After an intertrial interval of 3 s, each
trial commenced when the monkey pushed the
button with the right hand and gazed at a fixa-
tion point (a white circle, 1.4° visual angle) that
appeared at the center of the touch-sensitive
screen. If the monkey continued to gaze at the
fixation point for 1200 ms, an instruction cue
(11°) was presented for 800 ms to signal the
animal to select either the right or left target
(i.e., the behavioral goal). To monkey 1 and
monkey 3, four instruction cues were present-
ed; a green circle and a yellow square instructed
to select the target on the right, whereas a red
diamond and a blue cross indicated the left tar-
get should be selected (see Fig. 1 B). To monkey
2, only two instruction cues were presented; a
green circle and a red diamond instructed to
select the target on the right and on the left,
respectively (see Fig. 1 B). These cues were pre-
sented randomly. Because no information
about future targets was available at this stage,
the monkeys were required to select right or left
without specifying a forthcoming action. If the
monkey continued to gaze at the fixation point
for 1200 ms during the subsequent delay, a

choice cue consisting of two gray squares (size of each box, 7°; 11° be-
tween the centers) appeared at one of six different locations on the screen
(see Fig. 1C). At this point, the animal could specify what to do (i.e.,
action) for the first time. After 1500 –2500 ms, the color changed from
gray to white (the GO signal) if the monkey had already fulfilled the
requirement of gazing at the choice cue for �300 ms. (The time for
the fixation requirement at the end of the choice cue period was varied
between 300 and 600 ms to prevent the monkey from predicting the

Figure 1. Main behavioral task, instructions, cue locations, and recording sites. A, Temporal sequence of behavioral events in
the behavioral task. B, Visual signals used to designate selection of left or right in the forthcoming choice cue. Four instruction cues
were presented to monkey 1 and monkey 3, whereas two instruction cues (green circle and red diamond) were presented to
monkey 2. C, Locations of the choice cue and target on the screen. For the choice cue, two gray squares appeared at neighboring
positions (locations 0 – 6, depicted with dotted squares). The target position was selected from five potential targets (T1–T5) that
were located to the left or to the right of the choice cue. D, Cortical map of recording sites. Neuronal activity was recorded from the
vlPFC (blue), dlPFC (red), and PMd (pale blue). PS, Principal sulcus; AS, arcuate sulcus; Spur, spur of arcuate sulcus; CeS, central
sulcus. Scale bar, 10 mm.
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onset of the GO signal.) If not, the onset of the GO signal was post-
poned until the fixation requirement was satisfied. After the GO sig-
nal, if the monkey reached for the target with the right arm within the
next 1.5 s, they received a fruit juice reward 500 ms after touching the
correct square.

Surgery and physiological recordings. After completing the behavioral
training, aseptic surgery was performed under pentobarbital sodium anes-
thesia (20–25 mg/kg, i.v.) with atropine sulfate. Antibiotics and analgesics
were used to prevent postsurgical infection and pain. Polycarbonate screws
were implanted in the skull, and two plastic pipes, rigidly attached with
acrylic resin, were used to securely fix the head during the daily recording
sessions. A part of the skull was removed, and a recording chamber was
implanted.

Neuronal activity was recorded with glass-insulated Elgiloy-alloy mi-
croelectrodes (0.5–2.0 M� at 1 kHz), which were inserted through the
dura mater using a hydraulic microdrive (MO-81-S; Narishige). Single-
unit potentials were amplified with a multichannel processor and
sorted using a multispike detector (MCP Plus 8 and ASD; Alpha
Omega Engineering). The TEMPONET system (Reflective Comput-
ing) was used to control the behavioral task and save data for off-line
analyses at 1000 Hz.

Neuronal activity classification. In this study, we analyzed neurons
whose activity was recorded in �50 successful trials. To detect neurons
with task-related activity, we first counted the number of spikes from
each neuron during successive 200 ms bins (38 bins in total) involving
five task events: the onset of the instruction cue (10 bins; four before, one
during, and five after onset); the onset of the choice cue (10 bins; four
before, one during, and five after onset); the onset of the GO signal (five
bins; four before and one around onset); the onset of the movement (four
bins; one before, one during, and two after onset); and the onset of the
reward (nine bins; four before, one during, and four after onset). We
classified a neuron as “task related” if the discharge rate distribution (in
spikes/second) significantly differed in at least one of the 10 trial types
(five positions of the target on the screen, T1 to T5 in Fig. 1C, each of
which could be associated with a left or right target; ANOVA, p � 0.001,
not corrected).

For the activity during each of the successive 200 ms bins (38 bins in
total as described above), we initially used a one-way ANOVA ( p � 0.01)
to analyze the spike count data in each bin by examining the four visual
stimuli to identify activity selective for the visual objects used as the
instruction cues (i.e., cue-selective activity). For the cue-selective neu-
rons with the significant main effect of OBJECT ( p � 0.01), we used a t
test with Bonferroni’s correction ( p � 0.01) in which we compared
activities in response to the left-instruction cue (RED DIAMOND vs
BLUE CROSS) or to the right-instruction cue (GREEN CIRCLE vs
YELLOW SQUARE). If the activities differed in either comparison,
the cue-selective neuron was judged as OBJECT selective.

For neurons without OBJECT selectivity, we first applied a two-way
ANOVA to examine the behavioral goals (i.e., left or right side of the
choice cue) and the actions (i.e., the five target positions on the screen).
Based on these analyses, we classified neuronal activity into four catego-
ries: (1) behavioral goal only (behavioral goal, �0.01; action, �0.01; and
behavioral goal by action, �0.01), (2) action only (behavioral goal,
�0.01; action, �0.01; and behavioral goal by action, �0.01), (3) selective
for both (behavioral goal, �0.01, and action, �0.01; or behavioral goal
by action, �0.01), and (4) nonselective (behavioral goal, �0.01; action,
�0.01; and behavioral goal by action, �0.01). Neuronal activity classi-
fied as both may play a role in representing the choice cue location or in
integrating it with the behavioral goal. To investigate these possibilities,
we applied a second two-way ANOVA to neuronal activity classified as
both to examine two main factors: the choice cue location and the be-
havioral goal. For these analyses, we used the data obtained with the cues
at positions 1–5 in Figure 1C. We excluded data from trials in which the
choice cue included positions 0 and 6 (see Fig. 1C), which were never
used as reach targets. The second analysis resulted in the identification of
two classes of activity: (1) activity selective only for the choice cue loca-
tions (choice cue, �0.01; behavioral goal, �0.01; and choice cue by
behavioral goal, �0.01) and (2) activity selective for both the choice cue
locations and the behavioral goal (choice cue, �0.01, and behavioral

goal, �0.01; or choice cue by behavioral goal, �0.01). The results of the
two sets of ANOVAs classified activity without object selectivity into five
categories: (1) selective only for the behavioral goal, (2) selective only for
the action, (3) selective only for the choice cue location, (4) selective for
the choice cue location and the behavioral goal (mixed selectivity), and
(5) selective for neither.

Overall, the above analyses led to the classification of neuronal activity
into six categories: (1) selective for the visual objects, (2) selective only for
the behavioral goals, (3) selective only for the actions, (4) selective only
for the choice cue locations, (5) selective for the choice cue locations and
the behavioral goals (mixed selectivity), and (6) selective for neither.

Detection of activity onset. To investigate the onset of activity reflecting
the visual objects and the behavioral goals after the instruction cue onset,
we first applied ANOVA to find neurons whose activity during the 400
ms after the cue onset was selective for the visual objects or the behavioral
goals. If the activity from the baseline period (the 500 ms period preced-
ing the cue onset) increased more than it decreased, the activity was
classified as excited. If the activity decreased more than it increased, the
activity was considered inhibited. For object-selective neurons, the activ-

Figure 2. Control behavioral task and spatial selectivity of lPFC neurons. A, Temporal se-
quence of behavioral events in a control task. The visual signal for the instruction cue, set cue,
and reach target was a square appearing on a screen. B, Locations of the instruction cue, set cue,
and reach target on the screen in the control task. The reach target was selected from five
potential targets (T1–T5) as in the main task (shown in Fig. 1C). C, Distribution of the preferred
locations of neurons with visuospatial response after the instruction cue onset in the control
task. The visuospatial neurons were identified by one-way ANOVA with a factor of five target
locations. These analyses were applied for the activity during 400 ms after the instruction cue
onset. The bar graphs show the fractions of instruction locations that caused the highest dis-
charge rates (preferred locations) for vlPFC (top) and dlPFC (bottom) neurons. The total number
of visuospatial neurons is shown to the right. The star at T3 indicates a significant statistical
difference between the vlPFC and dlPFC ( p � 0.01, Fisher’s exact test).
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ity modulation was calculated as an activity dif-
ference between visual-object presentations
leading to the greatest and the smallest changes
in activity. The activity modulation for the be-
havioral goals was calculated as an activity dif-
ference between the right- and left-instruction
cues. Latency was defined as the point at which
the activity modulation exceeded the mean �
5SD of the baseline period. This criterion was
adopted because our preliminary analyses
showed that lower threshold values often lead
to too short latencies for the frontal cortex and
because the neuronal responses are strong
enough to develop well above the larger thresh-
old value (5SD).

Results
While two monkeys (monkeys 1 and 3)
performed the task, we recorded extracel-
lular neuronal activity in and around the
principal sulcus (dlPFC) and in the infe-
rior convexity region (vlPFC) in the left
hemisphere (Fig. 1D) (see also Fig. 14).
Recording sites, first determined by ob-
serving the principal and arcuate sulci
during craniotomy, were verified by ex-
amining magnetic resonance images (1.5
T; Sonata; Siemens) (Saga et al., 2011). At
the end of each experimental session, we
applied intracortical microstimulation
(ICMS) through the tip of an inserted
electrode (11– 44 pulses of 200 �s width at
333 Hz; current, �50 �A) to map the
frontal eye field (FEF) (Bruce et al., 1985).
Saccadic eye movements were elicited
with ICMS in the anterior bank of the ar-
cuate sulcus with currents of �40 �A. We
operationally defined this area as FEF. We
excluded cells that were recorded from
FEF. We put the border between dlPFC
and vlPFC at 3 mm ventral to the principal
sulcus. Thus, the dlPFC and vlPFC largely
corresponded to area 46d/46v/9 and area
45/12, respectively (Petrides and Pandya,
1999, 2002; Borra et al., 2011; Gerbella et
al., 2012). In total, we found 1149 task-
related lPFC neurons: 358 in the vlPFC
(255 in monkey 1 and 103 in monkey 3)
and 791 in the dlPFC (397 in monkey 1
and 394 in monkey 3). In addition, we

Figure 3. Three examples of neurons selective for visual objects (A) and behavioral goals (B, C). A, Activity of a vlPFC neuron
increased when the yellow square was presented. B, C, Activity of these dlPFC neurons increased when either a red diamond or a

4

blue cross was used to specify the left-target reach. B, In-
creased neuronal activity during instruction presentation. C,
Increased neuronal activity during the delay period. Neuronal
activities were sorted according to the identity of visual ob-
jects. Rasters and spike density functions (smoothed using a
Gaussian kernel; ��10 ms, mean�SEM) indicate activity in
sorted trials. The ordinate represents the instantaneous firing
rate (in spikes/second). Neuronal activity was aligned to the
onset of the instruction, choice cue, and GO signal. The gray
areas on the left indicate when the instruction was presented,
and the gray areas in the middle and on the right represent the
choice cue presentation periods. The tick marks on the hori-
zontal axis are placed at 200 ms intervals.
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Figure 4. Representations of instructed behavioral goals and visual objects in the vlPFC, dlPFC, and PMd. A, Proportion of neurons preferentially responding to two visual objects instructing an
identical behavioral goal among neurons differentially responding to the four visual objects (cue-selective neurons; p � 0.01, one-way ANOVA). The 33% line indicates the chance level at which
neurons with random responses to the four objects would be judged as preferentially responding to two objects instructing an identical behavioral goal. The proportions were calculated for each of
200 ms bins corresponding to t1 bin (101–300 ms relative to the instruction cue onset), t2 bin (301–500 ms relative to the instruction cue onset), and t3 bin (�299 to �100 ms relative to the choice
cue onset). The number of cue-selective neurons is indicated at the top of each bar graph. B, Plots comparing activity in response to visual objects indicating the same instructions (WID; x-axis) and
to objects indicating different instructions (AID; y-axis). Each point represents a cue-selective neuron responding differentially to the four objects used as the instruction cues ( p � 0.01, one-way
ANOVA). The green points represent object-selective neurons, and the blue points represent behavioral-goal-selective neurons, while the gray points represent neurons classified in neither category.
The dotted lines indicate equal activity. The density function (top right in each panel) shows the distribution of the behavioral-goal selective neurons (blue), of the object selective neurons (green),
and of the whole data points (black). P and KSSTAT indicate the p value and the test statistic from the two-sample Kolmogorov–Smirnov test comparing the distribution of the mean values of the
WID and AID.
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found 773 task-related neurons in the PMd (330 in monkey 1 and
443 in monkey 2). The success rate exceeded 95% for the three
animals; therefore, we analyzed the responses in successful trials.

Basic visuospatial response properties of neurons in the lPFC
We first examined the basic visuospatial response properties us-
ing a control task (Fig. 2A) in which a visual signal was presented
in one of five horizontal arrays (Fig. 2B) while the monkeys gazed
at a fixation point. We found that the visual responses of neurons
in the vlPFC and dlPFC were biased toward a contralateral hemi-
field from the recorded hemisphere. Additionally, a significant
fraction of the vlPFC neurons responded best to stimuli pre-
sented at the central visual field (Fig. 2C). These observations
agree with previous reports (Suzuki and Azuma, 1983; Scalaidhe
et al., 1999), confirming that we sampled neurons from the vlPFC
and dlPFC.

Neuronal activity in the lPFC in response to the
instruction cue
We found that many cue-selective lPFC neurons responded se-
lectively to the four visual objects used as the instruction cue (p �
0.01, one-way ANOVA and t test with Bonferroni’s correction).
For example, the neuron shown in Figure 3A exhibited a burst of
activity predominantly when a yellow square was presented. We
also detected cue-selective neurons preferentially responding to
two objects, either during the cue presentation (Fig. 3B) or in the
delay period (Fig. 3C). It was possible that these neurons merely

responded to two of the four objects. However, our subsequent
analyses led to a different interpretation. The two objects that led
to the highest and second highest activity turned out to be the
combination of a red diamond and a blue cross or the combina-
tion of a green circle or a yellow rectangle for �80% of dlPFC
neurons and �60% of vlPFC neurons (Fig. 4A), and both ex-
ceeded the occurrence rate by chance (33%). Because both of
these combinations of objects are associated with a particular
behavioral goal (left or right), we suggest that cue-selective neu-
ronal responses in the vlPFC and dlPFC are generally biased to-
ward the behavioral goal.

To study the time course of the selectivity distribution in each
area, neuronal activity was classified using ANOVA (see Materi-
als and Methods) for every 200 ms bin (Fig. 5, A for vlPFC, B for
dlPFC; Table 1). Neurons selective for the visual objects (green
parts) were found primarily in the vlPFC (Figs. 5A, 14). In the
first bin (101–300 ms) after the instruction cue onset, only 1% of
dlPFC neurons were selective for the visual objects, whereas 8%
of vlPFC neurons were selective (p � 0.001, Fisher’s exact test
between vlPFC and dlPFC). However, in the third bin (501–700
ms) and thereafter, the fraction of the object-selective vlPFC neu-
rons was continuously smaller than the fraction in the first bin
(101–300 ms) (p � 0.01, Fisher’s exact test), suggesting that ob-
ject selectivity was most obvious in the initial encoding phase. In
contrast to neurons selective for the visual objects, neurons selec-
tive for the behavioral goals were commonly observed in the
vlPFC and dlPFC soon after the instruction cue onset (Fig. 5, blue

Figure 5. Temporal profiles of the number of selective neurons in the lPFC and PMd. A–C, Time-dependent distribution of the five neuron categories in the vlPFC (A) and the dlPFC (B) and the four
neuron categories in the PMd [adopted from the study by Nakayama et al. (2008)] (C). Bin width, 200 ms. The histogram inset at the bottom of C shows the distribution of PMd neurons (in monkey
1) in five categories before the choice cue onset. Each category was color coded: the object (green), behavioral goal (blue), choice cue location (gray), mixed selectivity for behavioral goal and choice
cue location (yellow), and action (red). Bins are aligned at the instruction cue onset, choice cue onset, GO onset, screen touch, and reward delivery. Alignments are indicated with dotted lines. The
reward was delivered 500 ms after the screen touch. The bins with arrows, labeled t1 to t7, correspond to the periods used for the instruction categorization analysis (Fig. 4), time-dependent
selectivity analysis (Fig. 12), and density distribution analysis (Fig. 14) and also used in Tables 1–3. D, Time-dependent distribution of neurons with task-relevant selectivity in the three areas. The
histograms show the time courses of the total fractions of neurons with all types of selectivity in the vlPFC (blue), dlPFC (red), and PMd (shaded). The fractions were normalized relative to the values
before choice cue onset (t3).
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bars in A for vlPFC, B for dlPFC; Table 1). In the first bin (101–
300 ms), 7% of vlPFC and 8% of dlPFC neurons were selective for
the behavioral goals (p � 0.55, Fisher’s exact test; Table 1). How-
ever, in the second bin (301–500 ms) and thereafter, neurons in
the dlPFC were more often selective for the behavioral goals than
were those in the vlPFC (p � 0.05, Fisher’s exact test).

We next compared visual-object selectivity and instructed
behavioral-goal selectivity in the vlPFC and dlPFC. For each cue-
selective neuron responding differentially to the four objects used
as the instruction cues (p � 0.01, one-way ANOVA), we first
computed the activity difference between all six pairs of four
objects. Subsequently, we computed the average difference of
each neuron in response to four pairs of objects instructing a
different behavioral goal [across-instruction difference (AID)]
and to two pairs of objects instructing an identical behavioral goal
[within-instruction difference (WID)]. If activity was correlated
more with the instructed behavioral goals, AID would be greater
than WID. In Figure 4B, we plotted AID against WID for each
cue-selective neuron at three different time points (t1, 101–300
ms relative to the instruction cue onset; t2, 301–500 ms relative to
the instruction cue onset; t3, �299 to �100 ms relative to the
choice cue onset). The density functions revealed that neurons
with object selectivity (green) were clustered in the proximity of
the unity slope line, whereas the neurons selective for the behav-
ioral goals (blue) were above the unity slope line. These results
showed that there are two groups of neurons selective for the
behavioral goals and for the objects and that their proportions
differ between vlPFC and dlPFC. In the dlPFC (middle column),
AID was greater than WID (p � 0.01, Kolmogorov–Smirnov
test), indicating that activity of dlPFC neurons amply reflected
the instructed behavioral goals. In contrast, in the vlPFC (left
column), AID was not different from WID (p � 0.05, Kolmogo-
rov–Smirnov test), indicating that vlPFC neuronal activity was
also considerably influenced by the object features.

Overall, the above findings suggest that dlPFC neurons are
primarily involved in representing the behavioral goal without
encoding the visual objects, whereas vlPFC neurons initially
encode the visual objects but also participate in representing
the behavioral goals. We thus investigated whether the object-

selective vlPFC neurons preferentially turned into the behavioral-
goal selective neurons. The result revealed that the probability
with which a vlPFC neuron gains behavioral-goal selectivity does
not depend on the history of object selectivity (Fisher’s exact test,
p � 0.05).

Subsequently, we examined the onset of activity reflecting the
visual objects and the behavioral goals. In the vlPFC, the object-
selective excited activity began 130 ms after the cue onset (150 ms

Figure 6. Development of object- and behavioral-goal selectivity. A, B, The peristimulus
time histograms showing the averaged selectivity for objects (A) and behavioral goals (B) in
lPFC neurons (bin width, 20 ms). A, The green line and the yellow line indicate excited and
inhibited responses of object-selective vlPFC neurons, respectively. B, The blue line and the
purple line indicate the excited responses of behavioral-goal neurons in the vlPFC and dlPFC,
respectively. The pale-blue line indicates the population selectivity of behavioral-goal neurons
with inhibited responses in the dlPFC. The gray lines indicate the population selectivity of
behavioral-goal neurons in PMd with excited responses (the dark-gray line) and inhibited re-
sponses (the light-gray line). A, B, The vertical dotted lines represent the latencies of selectivity,
separately calculated for excited and inhibited responses, defined as the time at which the
selectivity exceeded the mean � 5SD of the baseline period (500 ms before cue onset). The
translucent ribbons around the solid line indicate �SEM.

Table 1. Fraction of neurons in the dlPFC and vlPFC with selectivity after the
instruction cue onset

Selectivity

200 ms after
instruction
onset (t1)

400 ms after
instruction
onset (t2)

Delay (before
choice cue onset) (t3)

vlPFC
Object 29** (8%) 22** (6%) 9** (3%)
Behavioral goal 25 (7%) 24** (7%) 19** (5%)
Mixed 0 (0%) 0 (0%) 0 (0%)
Choice cue location 1 (0%) 0 (0%) 0 (0%)
Action 2 (1%) 1 (0%) 4 (1%)
Nonselective 301** (84%) 311 (87%) 326** (91%)

Total 358 358 358
dlPFC

Object 10** (1%) 16** (2%) 4** (1%)
Behavioral goal 64 (8%) 106** (13%) 108** (14%)
Mixed 0 (0%) 1 (0%) 1 (0%)
Choice cue location 2 (0%) 0 (0%) 2 (0%)
Action 6 (1%) 4 (1%) 4 (1%)
Nonselective 709** (90%) 664 (84%) 672** (85%)

Total 791 791 791

t1 to t3 correspond to the bins indicated in Figure 5A.

*p � 0.05, **p � 0.01 between the dlPFC and vlPFC by Fisher’s exact test.
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for inhibited activity; Fig. 6A), and the behavioral-goal-selective
excited activity began at 150 ms (Fig. 6B). Thus, vlPFC activity
reflecting the behavioral goals developed while activity reflecting the
visual objects already existed. In the dlPFC, the behavioral-goal-
selective activity began at 170 ms for excited responses and at 330 ms
for inhibited responses (Fig. 6B). Comparison of the behavioral-goal
selectivity in the two areas suggests that the development of the be-
havioral goals in the dlPFC tend to be later than that in the vlPFC.
Examination of the peak selectivity of excited responses supports this
view because the peak was at 190 ms in the vlPFC and at 270 ms in the
dlPFC.

Neuronal activity in the lPFC in
response to the appearance of the
choice cue
After the choice cue onset, the monkeys
could specify a forthcoming action to-
ward a correct target on the screen based on
the combination of two sets of information:
behavioral goal and choice cue location.
During this period, three types of neuronal
activity were newly observed in the lPFC.
The first type reflected the location of the
choice cues, which appeared at one of the six
locations on the screen (Fig. 1C). For exam-
ple, the neuron shown in Figure 7 was active
when the choice cue was located at positions
4 and 5. The magnitude of the choice cue
response was similar regardless of whether
the right- or left-side choice cue was selected
(as indicated by the two arrows). The sec-
ond type of activity reflected the chosen ac-
tions regardless of the behavioral goals. For
example, the neuron shown in Figure 8 was
strongly active when the correct target was
located at position 5 (as indicated by the two
arrows). The third type reflected both the
behavioral goal and the cue location or se-
lected action (mixed selectivity). For exam-
ple, activity of the neuron shown in Figure 9
was greatest when the behavioral goal was
“right ” and the selected action was to reach
toward the rightmost target on the screen
(as indicated by the arrow).

ANOVAs revealed that the three types of
activity developed in an area-dependent
manner (Fig. 5). In the first bin (101–300
ms), neurons selective for the choice cue lo-
cations (gray bars) were found more often
in the vlPFC (12%) than in the dlPFC (7%;
Fisher’s exact test, p � 0.01; Table 2),
whereas neurons selective for the behavioral
goal (blue bars) were found more often in
the dlPFC (8%) than the vlPFC (2%). In
contrast, neurons selective for both behav-
ioral goals and the choice cue location or
selected action (yellow bars) were com-
monly found in both the dlPFC and the
vlPFC (Table 2).

These results suggest that, upon speci-
fying action, vlPFC neurons were strongly
influenced by the choice cue location,
whereas dlPFC neurons were biased to-
ward the behavioral-goal information

stored during the delay period.
To identify the development of action-selective informa-

tion with higher temporal resolution, we applied the same
ANOVA to the activity after calculating inverse interspike in-
tervals with a resolution of 10 ms (Hoshi and Tanji, 2006).
Figure 10 shows the fraction of action-selective neurons
around the choice cue onset. The latency was 100 ms in the
dlPFC and 110 ms in the vlPFC ( p � 0.01 by Fisher’s exact test,
compared with the median of the five 10 ms bins before choice
cue onset), indicating that activity reflecting the actions devel-
oped almost simultaneously in the dlPFC and vlPFC.

Figure 7. Neuronal activity reflecting choice cue location. After choice cue onset, this dlPFC neuron exhibited greater phasic activity
when the location of the choice cue was placed on the right (T4 –5 and T5– 6). Neuronal activity was sorted according to the location of the
target on the screen (Fig. 1C, T1 to T5 rows) as well as the instructions signaling a left or right future target (left and right columns). Neuronal
activity was aligned to the onset of the instruction, choice cue, and GO signal. The gray areas on the left indicate when the instruction was
presented, and gray areas in the middle and on the right represent the choice cue presentation periods. The location of the choice cue is
shown in parentheses (Fig. 1C). The arrows indicate responses to the choice cue presented at T4 and T5.
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Neuronal activity in lPFC in the
preparation and execution of action
While the monkeys prepared to initiate
the reaching movements during the
choice cue period, neurons reflecting the
choice cue location (Fig. 5, gray parts) and
neurons with mixed selectivity (Fig. 5, yel-
low parts) gradually decreased. By the
time the GO signal appeared, neurons in
the dlPFC and vlPFC rarely reflected the
choice cue location (Table 2). In contrast,
10 –11% of dlPFC neurons and 5–9% of
vlPFC neurons continuously reflected the
selected action (red bars). Neurons selec-
tive for the actions were found more fre-
quently in the dlPFC than in the vlPFC
(p � 0.01, Fisher’s exact test; Table 2).
During execution of the action, 13% of
dlPFC neurons and 8% of vlPFC neurons
reflected the intended action. These re-
sults suggested that lPFC neurons selec-
tively represented the information for
action until the action is executed with ap-
propriate movements and that the selec-
tivity for the choice cue location
disappears.

Moreover, lPFC neurons were found
to represent the behavioral-goal informa-
tion throughout the action preparation
and action execution periods. The neuron
shown in Figure 11 was active while the
monkey prepared and executed the in-
tended action under the behavioral goal of
the left side reach regardless of the target
position. Remarkably, the behavioral-goal-
selective activity was represented during the
period when the intended action was pre-
pared: 10 –12% of dlPFC neurons and
5–9% of vlPFC neurons reflected the behav-
ioral goals at this stage of action preparation.
Neurons selective for the behavioral goals
were found more frequently in the dlPFC
than in the vlPFC (p � 0.05, Fisher’s exact
test; Table 2). Another unexpected finding
was that the behavioral-goal-selective activ-
ity continued to be present at the behavioral
stage of executing the action with motor
acts: 13% of dlPFC neurons and 15% of
vlPFC neurons reflected the behavioral goal
during the motor execution. Notably,
behavioral-goal-selective neurons in the
vlPFC and dlPFC were no less frequent than action-selective neu-
rons during the preparatory period for action. Furthermore, dur-
ing the execution of motor acts, the behavioral goals were more
strongly represented than the specified actions among vlPFC
neurons (p � 0.001, Fisher’s exact test), although the two sets of
behavioral selectivity were comparable among dlPFC neurons.

Given this abundance of behavioral-goal-selective activity, we ex-
amined whether individual lPFC neurons represented
behavioral-goal information throughout the task phases beginning
from the presentation of the instruction cue to the action execution
or whether separate groups of neurons held the behavioral-goal in-
formation during a specific phase of the task period. We first found

that only a minority of lPFC neurons exhibited behavioral-goal se-
lectivity both during a period preceding (Fig. 12, �299 to �100 ms,
t3) and following (501–700 ms, t5) the choice cue appearance. Con-
versely, 97% of vlPFC and 83% of dlPFC neurons selective for the
behavioral goal after the choice cue (during t5) did not show selec-
tivity before the choice cue onset (t3). We also found that 92% of
vlPFC and 77% of dlPFC neurons that were behavioral-goal selective
during the action execution period (t7) did not exhibit goal selectiv-
ity in the period preceding the choice cue appearance (t3). We then
applied the comparison to all possible pairs of 200 ms bins before
and after the choice cue onset. In 90–100% of vlPFC cases and in
73–83% of dlPFC cases, the behavioral-goal selectivity was reflected

Figure 8. Neuronal activity reflecting an action. Immediately after the choice cue onset, this dlPFC neuron exhibited the
greatest phasic activity when the correct target was located at T5 (arrows). The display formats are the same as those used
in Figure 7.
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only in either bin. In addition, we did not find a tendency that a
goal-selective neuron gains a particular selectivity after the choice
cue onset (p � 0.05, Fisher’s exact test). We next expanded the time
range of the comparison into 600 ms. We looked for neurons with
behavioral-goal selectivity in at least one of three bins (�699 to
�500, �499 to �300, and �299 to �100 ms) before the choice cue
onset and neurons with the goal selectivity in at least one of three bins
(301–500, 501–700, and 701–900 ms) after the choice cue onset (Fig.
13). In vlPFC of 43 neurons with the goal selectivity before the choice
cue onset, 33 neurons (77%) lost the goal selectivity after the appear-

ance (Fig. 13A), while in dlPFC 125 of 178
goal-selective neurons (70%) lost the goal
selectivity (Fig. 13B). Conversely, in vlPFC
56 of 66 goal-selective neurons (85%) newly
gained the goal selectivity after the choice
cue onset (Fig. 13A), while in dlPFC 130 of
183 goal-selective neurons (71%) newly
gained the goal selectivity (Fig. 13B). These
results indicate that a majority of neurons
that showed behavioral-goal selectivity be-
fore the choice cue onset ceased to represent
the information after its onset, and a large
amount of goal-selective activity occurred
de novo after the choice cue appearance.

Comparison of the response properties
of PMd and lPFC neurons
Finally, we compared the response prop-
erties of lPFC neurons with those of the
PMd (n � 773; 330 in monkey 1 and 443
in monkey 2) (Nakayama et al., 2008).
Figure 5C [adopted from the study by Na-
kayama et al. (2008)] shows the classifica-
tion of the PMd neurons into the five
categories (without the category of object
selectivity). For the PMd neurons re-
corded from monkey 1 to which four vi-
sual objects were presented, we applied
the same set of ANOVA as that applied to
the lPFC neurons to classify the activity
into the six categories including object se-
lectivity. This analysis revealed that only a
small number of PMd neurons reflected
the visual objects (3%; n � 9 of 330 during
the 101–300 ms after the instruction cue
onset; Fig. 5C, inset). We subsequently ex-
amined the selectivity of the PMd neurons
in monkey 1 for the instructed behavioral
goals and for the visual objects in the same
manner as we did for vlPFC and dlPFC
neurons (Fig. 4). In �90% of cases, the
visual responses were classified according
to the behavioral goals (Fig. 4A, right).
Furthermore, AID was greater than WID
(Fig. 4B, right column). It was remarkable
that PMd neurons started to strongly re-
flect the instructed behavioral goals in the
first bin (101–300 ms, t1) after the in-
struction cue onset.

The virtual absence of object selec-
tivity in the PMd is consistent with the
fact that the PMd does not interconnect
with the inferotemporal cortex or vlPFC

(Barbas and Pandya, 1987; Matelli et al., 1998; Luppino et al.,
2003). We reported previously that the behavioral-goal selec-
tivity appeared at 150 ms in the PMd (Fig. 6 B, gray lines)
(Yamagata et al., 2009). Thus, the goal selectivity in the PMd
developed in parallel with that in the vlPFC (latency, 150 ms)
and earlier than that in the dlPFC (latency, 170 ms).

After the choice cue onset, action selectivity began at 110 ms in
the PMd (Fig. 10, right), revealing that it developed in parallel
with the vlPFC (110 ms) and dlPFC (100 ms). It was noteworthy

Figure 9. Neuronal activity reflecting the behavioral goal and the choice cue location (i.e., mixed selectivity). This vlPFC neuron
was more active when the instruction indicated that the right-target reach. Subsequently, when the choice cue appeared, the
activity of this neuron changed as a function of two behavioral factors: its activity was greater if the target was located more to the
right of the screen, but only when the instruction had specified to reach to the right side of the choice cue (i.e., mixed selectivity).
The display formats are the same as those in Figure 7.
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that lPFC neurons exhibiting a variety of behavioral selectivity
greatly increased just after the choice cue onset. In Figure 5D, we
overlaid the fraction of task-selective neurons in the three areas,
normalized with respect to the values obtained before the choice
cue onset (�299 to �100 ms; Fig. 5A–C). The number of task-
selective neurons increased 4.2 (in the vlPFC) and 2.4 (in the
dlPFC) times after the choice cue onset, whereas the increase was
1.7 times in the PMd. A closer look at the selectivity distribution
revealed that lPFC neurons began to show selectivity for multiple
behavioral factors : the choice cue location (Fig. 5A, B, gray bars),
the behavioral goal together with the choice cue location (yellow
bars), and action (red bars), while continuing to represent selec-
tivity for the behavioral goal (Fig. 5A,B, blue bars). In contrast,
information reflected in the PMd switched from the behavioral
goal to the action (Fig. 5C); a majority of the goal-selective
neurons (80%; 219 of 275 neurons) lost the goal selectivity
after the choice cue onset (Fig. 13C), whereas a smaller num-
ber of neurons newly gained the goal selectivity (n � 56). A
considerable fraction of PMd neurons also integratively rep-
resented the behavioral goal and the choice cue location soon
after the choice cue onset (yellow bars at 101–300 ms; Fisher’s
exact test, p � 0.001). These results im-
ply that the lPFC involvement repre-
sents diverse sets of task-relevant
information, whereas the PMd is in-
volved in transforming the behavioral-
goal information into action-specific
information toward the preparation
and execution of action. This notion is
supported by the fact that lPFC neurons
reflecting the action were more abun-
dant just after the choice cue onset,
whereas the action selectivity gradually
increased in the PMd toward execution
of the reaching movements (Figs. 5, 10).

During the behavioral stages of action
preparation and execution, PMd neurons
reflecting the behavioral goals decreased,
and neurons reflecting the action became
dominant (Fig. 5C) (Nakayama et al.,
2008). In contrast, lPFC neurons contin-
ued to represent information specifying
both the behavioral goal and action (Fig. 5A,B). Fisher’s exact
test confirmed that the distribution of PMd neurons selective for
the behavioral goal and action is different from that of dlPFC and
vlPFC neurons during motor preparation (at t6 in Fig. 5A; p �
0.001; Table 3) and motor execution (at t7; p � 0.001), indicating
that parallel representations of behavioral goals and actions in the
lPFC persisted even at this behavioral stage, whereas
the behavioral-goal representation faded away in the PMd.

Localization of neurons
Figure 14 shows the distribution of the three classes of neurons at
six different time points. The visual-object neurons were lo-
cated primarily in the vlPFC, just after the instruction cue onset
(left column). The behavioral-goal neurons were found in the
vlPFC, dlPFC, and PMd until the choice cues were presented.
Thereafter, they decreased in the PMd, whereas they were rep-
resented in the vlPFC and dlPFC until the movements were
executed (middle column). The action-selective neurons in the
vlPFC and dlPFC were prevalent just after the choice cue onset,
whereas in the PMd, they increased during the preparation and
execution of reaching movements (right column).

Discussion
In the present study, we compared the neuronal activity in the
vlPFC, dlPFC, and PMd of monkeys performing a behavioral task
that initially required the retrieval of a behavioral goal and, sub-
sequently, the specification of action. As summarized in Figure
15, we found several aspects of area-selective participation in the
representation and processing of task-relevant information at in-
dividual task stages constituting the goal-directed behavior de-
spite common participation from each area.

Involvement of the three areas in retrieving behavioral goals
associated with visual objects
When the instruction cue was presented, a sizeable number of
vlPFC neurons, but fewer dlPFC neurons, exhibited responses
that were selective for object features of the visual cue (Fig. 5,
green bars); PMd neurons showed little, if any, of feature-
selective activity. This finding is in agreement with the anatomi-
cal report that the vlPFC is the major receiving area of input from
the inferotemporal cortex (IT) (Webster et al., 1994), suggesting
that vlPFC neurons substantially participate in encoding visual-
object feature signals for subsequent use. In contrast, participa-

Figure 10. Time course of the development of action selectivity after the onset of the choice cue. Bin-by-bin plots of action
selectivity expressed as fractions of all task-related neurons in the vlPFC (left panel), dlPFC (middle panel), and PMd (right panel).
The fraction of neurons was calculated successively for each 10 ms bin. The gray lines indicate the latency. The dotted lines indicate
when the choice cue appeared. The tick marks on the horizontal axis are placed at 100 ms intervals.

Table 2. Fraction of neurons in the dlPFC and vlPFC with selectivity after the choice
cue onset

Selectivity
200 ms after choice
cue onset (t4)

600 ms after choice
cue onset (t5)

Around GO
onset (t6)

Screen
touch (t7)

vlPFC
Object 2 (1%) 0 (0%) 2 (1%) 0 (0%)
Behavioral goal 7** (2%) 31 (9%) 19* (5%) 53 (15%)
Mixed 19 (5%) 18 (5%) 7 (2%) 11 (3%)
Choice cue location 43** (12%) 12 (3%) 3 (1%) 4 (1%)
Action 63 (18%) 31 (9%) 18** (5%) 27* (8%)
Nonselective 224 (62%) 266 (74%) 309** (86%) 263 (73%)

Total 358 358 358 358
dlPFC

Object 0 (0%) 0 (0%) 2 (0%) 1 (0%)
Behavioral goal 62** (8%) 93 (12%) 77* (10%) 104 (13%)
Mixed 28 (4%) 40 (5%) 19 (2%) 26 (2%)
Choice cue location 52** (7%) 15 (2%) 17 (2%) 10 (1%)
Action 143 (18%) 83 (10%) 86** (11%) 93* (13%)
Nonselective 506 (64%) 560 (71%) 590** (75%) 557 (71%)

Total 791 791 791 791

t4 to t7 correspond to the bins indicated in Figure 5A.

*p � 0.05, **p � 0.01 between the dlPFC and vlPFC by Fisher’s exact test.
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tion of the dlPFC in encoding visual objects was limited. This
finding appears to contradict a previous study reporting signifi-
cant object encoding in the dlPFC (Meyers et al., 2012). This appar-
ent discrepancy is likely because the previous study required
monkeys to memorize the visual objects themselves for some time,
whereas in our study, we required prompt transformation of visual-
object information into behavioral-goal information.

The object feature selectivity in the vlPFC was rapidly replaced
with activity that exhibited selectivity for the behavioral goal (Figs. 4,
5). Time analyses of selectivity development revealed that
behavioral-goal selectivity developed promptly in the PMd and

vlPFC. In the PMd, activity reflecting the be-
havioral goal developed almost simultane-
ously with that in the vlPFC at �150 ms.
Because the vlPFC and PMd are not directly
interconnected (Barbas and Pandya, 1987;
Luppino et al., 2003), the behavioral goal
seems to develop in parallel in these two ar-
eas. The behavioral goal in the PMd may be
retrieved through the basal ganglia (BG)
(Nixon et al., 2004). It is probable that the
two networks (i.e., IT–vlPFC and BG–PMd)
take part in determining the behavioral goal
associated with the visual signal (Kurata and
Hoffman, 1994; Miyachi et al., 1997; Mur-
ray et al., 2000; Toni et al., 2002; Brasted and
Wise, 2004). However, the dlPFC is thought
to be involved in retrieving the behavioral-
goal information through the corticocorti-
cal connections with the vlPFC or PMd, or
via connections with the BG (Middleton
and Strick, 2000).

As stated before, the visual-object in-
formation was promptly processed to
reflect the behavioral goal in the lPFC, in-
dicating that the visual signal was readily
processed to provide information neces-
sary to fulfill the requirement imposed by
the behavioral task. This finding of trans-
formation of visual information into
behavior-specific information agrees with
previous reports showing that the lPFC is
involved in categorizing visual objects
(Freedman et al., 2001), integrating visual
objects and saccade directions (Asaad et
al., 1998), determining GO/NOGO re-
sponses based on visual object signals
(Sakagami et al., 2001), shifting cognitive
set according to sensory feedback (Koni-
shi et al., 1996; Nakahara et al., 2002),
retrieving or selecting task-relevant in-
formation based on sensory signals
(Thompson-Schill et al., 1998; Rushworth
et al., 2005), and selecting the direction of
saccades in a strategic manner based on
visual stimuli (Genovesio et al., 2005). In
other reports, sensory signals used as an
instruction cue were found to generate in-
formation that specifies the behavioral
rule [i.e., to follow either a spatial rule or a
conditional rule (White and Wise, 1999)
or to select a matching-to-sample rule or a
non-matching-to-sample rule (Wallis et

al., 2001; Bunge et al., 2003) in performing a forthcoming behav-
ioral task]. The present study extends these studies by showing
that the lPFC is involved in promptly encoding the abstract be-
havioral goal after the instruction cue onset.

Maintenance of behavioral-goal information in early- and
late-task phases
During the delay period between the instruction cue and choice cue,
the dlPFC maintained the behavioral-goal information more than
the vlPFC did, which agrees with previous reports indicating that the
dlPFC is involved in monitoring of information stored in working

Figure 11. Neuronal activity reflecting the behavioral goals after choice cue presentation. In this dlPFC neuron, prominent
selectivity for the behavioral goal was observed during choice cue and movement periods. Activity gradually increased toward
movement onset, when the instruction had indicated the behavioral goal involving the left-target reach. Neuronal activity was
sorted according to the location of the target on the screen (Fig. 1C, T1–T5 rows) as well as the instructions signaling a left or right
future target (left and right columns). Neuronal activity was aligned to the onset of the instruction, choice cue, and GO signal. The
gray areas on the left indicate when the instruction was presented, and the gray areas in the middle and on the right represent the
choice cue presentation periods. The locations of choice cues are shown in parentheses (Fig. 1C).
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memory (Petrides, 1995). The involvement
of PMd neurons reflecting the behavioral
goal during the delay period was stronger
than that in the lPFC. This activity is useful
for the transformation of behavioral-goal
information to action-selective informa-
tion, as reported in our previous study (Na-
kayama et al., 2008).

It is remarkable that the behavioral-
goal information maintained by lPFC
neurons during the instructed delay pe-
riod largely terminated soon after the ap-
pearance of the choice cue, and a new
population of lPFC neurons began main-
taining that information during the late
phases of the behavioral task, throughout
the action specification, preparation, and
execution periods (Figs. 12, 13). This find-
ing suggests that the early and late phases
of behavioral-goal representation serve
different objectives. It is hypothesized that
the early behavioral-goal signal was inte-
grated with the choice cue information to
provide the basis for selecting the action,
whereas the late signal was used to keep
the behavioral-goal information on line
for a variety of potential behavioral de-
mands. The behavioral-goal representa-
tion in preparation for action agrees with
previous reports indicating that lPFC ac-
tivity may reflect the relative spatial posi-
tion (Niki, 1974) or shape of targets to be
captured or the rules governing the target
selection (Hoshi et al., 1998, 2000). The
behavioral-goal representation could fur-
ther be used for behavioral-state monitor-
ing (Milner, 1963; Petrides and Milner,
1982), long-term behavioral planning
(Luria, 1966; Shallice, 1982), goal/subgoal
structuring (Goel and Grafman, 1995), or
willed behavioral control (Norman and
Shallice, 1986; Frith et al., 1991; Lau et al.,
2004) (Fig. 15).

In contrast, the time course of the
behavioral-goal representation in the
PMd appeared different and declined
considerably after the choice cue. As re-
ported earlier, this time course points to
the transition of behavioral-goal informa-
tion into the representation of selected ac-
tion (Nakayama et al., 2008).

Representation and processing of
information for action specification
When the choice cue was presented, we
first observed responses encoding its spa-
tial location (Fig. 7). This visuospatial re-
sponse was greater in the vlPFC than in the dlPFC, suggesting that
the vlPFC is more dependent on visual signals in specifying the
action. Second, the appearance of activity selective for the action
was prompt in both areas (starting �110 ms), indicating readi-
ness for the action specification. This readiness seems to be due to
ample representation of the behavioral goal, especially in the

dlPFC. Third, action selectivity in PMd developed in parallel with
dlPFC and vlPFC, which may appear incompatible with previous
studies reporting that activity reflecting a motor command tends
to develop earlier in the PMd than in the lPFC (Wallis and Miller,
2003; Hoshi and Tanji, 2004, 2006). However, this discrepancy
may be explained by differences in the task design. In the current

Figure 12. Time-dependent selectivity of each neuron for each behavioral factor. For each 200 ms time bin in the task period,
the properties of individual neurons were classified into one of six categories based on their specific selectivity for each of the
behavioral factors. Activity profiles of individual neurons are displayed consecutively. Each row represents data for a single neuron.
Data for the vlPFC (A) and dlPFC (B) are displayed separately. In the left panels, neurons were sorted according to selectivity at the
end of the instructed-delay period (t3) and after the choice cue onset (t5, marked with gray triangles). In the right panels, neurons
were sorted according to their selectivity at the end of the instructed-delay period (t3) and at the screen touch (t7, marked with
gray triangles). Additional sorting was made according to selectivity between t3 and t5 (in the left panels) and between t3 and t7
(in the right panels). Different colors indicate the selectivity of the neurons for object (green), behavioral goal (blue), choice cue
location (gray), behavioral goal and choice cue location (yellow), and action (red). To the right of each panel, we indicate the
comparison of the selectivity of each neuron at two distinct bins (at t3 and t5, at t3 and t7). BG, Neurons selective for the behavioral
goals; nBG, neurons nonselective for the behavioral goals. The parentheses enclose the number of neurons in each group.
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study, actions could be specified through the direct interactions
between the neurons maintaining the behavioral goals and those
encoding the choice cue locations.

On considering the nature of the action specification signal in
the lPFC, it is important to refer to the literature examining the
aspects of action representation in this area. In an object-copying
task (Averbeck et al., 2003), lPFC neurons were found to repre-
sent the shape of objects to be copied or the temporal sequences
of actions for the process of copying. Subsequently, in a series of
studies using a spatial maze task (Mushiake et al., 2006), lPFC
neurons were found to represent predominantly the future direc-
tion of the motion of the objects to be manipulated rather than
the arm movement to achieve that operation. Furthermore, lPFC
neurons coded the spatial endpoints during tracking of a maze
more often than the individual movements to be performed
(Saito et al., 2005). More recently, lPFC neurons were found to
represent the category of temporal patterns constituting a series
of actions (Shima et al., 2007). In view of the wealth of abstract-
level coding of actions demonstrated in previous reports, the
action-selective activity of lPFC neurons found in this study likely
codes the action substantially in an abstract sense; in particular, it
likely represents an intentional aspect of action to capture the
target on the screen rather than specifying movement itself. In
addition, the possible involvement of lPFC neurons in coding
spatial attention for action should also be considered (Lebedev et
al., 2004; Rushworth et al., 2005).

In contrast, previous studies have repeatedly demonstrated that
PMd neurons are involved in planning attributes of motor elements
to be performed (Wise et al., 1996; Cisek and Kalaska, 2005). Thus,
the action-selective activity in the PMd, directly connected to the

primary motor cortex (Dum and Strick,
2005), most likely codes the direction of arm
reach movements.

Conclusion
We compared neuronal activity in the
vlPFC, dlPFC, and PMd during perfor-
mance of a behavioral task that sorted out
the following behavioral factors: retrieval of
behavioral goal information from a visual
cue, maintenance of the goal-selective
information, transformation of the
behavioral-goal signal into action specifi-
cation signals, and preparation/execution
of the action. We found that the magni-
tude of activity representing each of the
behavioral factors and their time courses
varied greatly among the three areas. Such
selectivity in the representation and pro-
cessing of information at progressive

stages encompassing the perception–action transformations un-
derlie the goal-directed behavior exemplified in this study (Fig. 15).
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tial roles of monkey striatum in learning of sequential hand movement.
Exp Brain Res 115:1–5.

Murray EA, Bussey TJ, Wise SP (2000) Role of prefrontal cortex in a net-
work for arbitrary visuomotor mapping. Exp Brain Res 133:114 –129.

Mushiake H, Saito N, Sakamoto K, Itoyama Y, Tanji J (2006) Activity in the
lateral prefrontal cortex reflects multiple steps of future events in action
plans. Neuron 50:631– 641.

Nakahara K, Hayashi T, Konishi S, Miyashita Y (2002) Functional MRI of
macaque monkeys performing a cognitive set-shifting task. Science
295:1532–1536.

Nakayama Y, Yamagata T, Tanji J, Hoshi E (2008) Transformation of a
virtual action plan into a motor plan in the premotor cortex. J Neurosci
28:10287–10297.

Niki H (1974) Prefrontal unit activity during delayed alternation in the
monkey. II. Relation to absolute versus relative direction of response.
Brain Res 68:197–204.

Nixon PD, McDonald KR, Gough PM, Alexander IH, Passingham RE (2004)

Figure 14. Density distributions of selective neurons in the lPFC. Cortical surface maps show the distribution of neurons
responding with selectivity to the object (left), behavioral goal (middle), and action (right). The distribution is expressed as the
proportion of neurons with significant selectivity against the number of task-related neurons in each miniature portion of the
cortex subdivided into 1 mm square grids. Data from two animals are overlaid with reference to the principal sulcus and its caudal
end. The white dotted lines indicate the border between the dlPFC and vlPFC. From the top to bottom row, the six time periods
(labeled t1–t4, t6, and t7) correspond to the 200 ms bins in Figure 5. The color codes are provided in a scale at the bottom right. The
horizontal white line indicates the principal sulcus (PS), and the curved white line indicates the arcuate sulcus (AS). The short white
line at the right next to the arcuate sulcus indicates the spur of the arcuate sulcus (Spur).

12948 • J. Neurosci., September 12, 2012 • 32(37):12934 –12949 Yamagata et al. • Frontal Association Cortex and Behavioral Control



Cortico-basal ganglia pathways are essential for the recall of well-
established visuomotor associations. Eur J Neurosci 20:3165–3178.

Norman DA, Shallice T (1986) Attention to action: willed and automatic
control of behavior. In: Consciousness and self regulation: advances in
research and theory (Davidson R, Schwartz G, Shapiro D, eds), pp 1–18.
New York: Plenum.

Owen AM, Evans AC, Petrides M (1996) Evidence for a two-stage model of
spatial working memory processing within the lateral frontal cortex: a
positron emission tomography study. Cereb Cortex 6:31–38.

Passingham RE (1993) The frontal lobes and voluntary action. Oxford: Ox-
ford UP.

Petrides M (1995) Impairments on nonspatial self-ordered and externally
ordered working memory tasks after lesions of the mid-dorsal part of the
lateral frontal cortex in the monkey. J Neurosci 15:359 –375.

Petrides M, Milner B (1982) Deficits on subject-ordered tasks after frontal-
and temporal-lobe lesions in man. Neuropsychologia 20:249–262.

Petrides M, Pandya DN (1999) Dorsolateral prefrontal cortex: comparative
cytoarchitectonic analysis in the human and the macaque brain and cor-
ticocortical connection patterns. Eur J Neurosci 11:1011–1036.

Petrides M, Pandya DN (2002) Comparative cytoarchitectonic analysis of
the human and the macaque ventrolateral prefrontal cortex and cortico-
cortical connection patterns in the monkey. Eur J Neurosci 16:291–310.

Rao SC, Rainer G, Miller EK (1997) Integration of what and where in the
primate prefrontal cortex. Science 276:821– 824.

Rowe JB, Toni I, Josephs O, Frackowiak RS, Passingham RE (2000) The
prefrontal cortex: response selection or maintenance within working
memory? Science 288:1656 –1660.

Rushworth MF, Buckley MJ, Gough PM, Alexander IH, Kyriazis D, McDonald
KR, Passingham RE (2005) Attentional selection and action selection in the
ventral and orbital prefrontal cortex. J Neurosci 25:11628–11636.

Saga Y, Iba M, Tanji J, Hoshi E (2011) Development of multidimensional
representations of task phases in the lateral prefrontal cortex. J Neurosci
31:10648 –10665.

Saito N, Mushiake H, Sakamoto K, Itoyama Y, Tanji J (2005) Representa-
tion of immediate and final behavioral goals in the monkey prefrontal
cortex during an instructed delay period. Cereb Cortex 15:1535–1546.

Sakagami M, Tsutsui Ki, Lauwereyns J, Koizumi M, Kobayashi S, Hikosaka O
(2001) A code for behavioral inhibition on the basis of color, but not
motion, in ventrolateral prefrontal cortex of macaque monkey. J Neurosci
21:4801– 4808.

Scalaidhe SP, Wilson FA, Goldman-Rakic PS (1999) Face-selective neurons
during passive viewing and working memory performance of rhesus
monkeys: evidence for intrinsic specialization of neuronal coding. Cereb
Cortex 9:459 – 475.

Shallice T (1982) Specific impairments of planning. Philos Trans R Soc
Lond B Biol Sci 298:199 –209.

Shima K, Isoda M, Mushiake H, Tanji J (2007) Categorization of behav-
ioural sequences in the prefrontal cortex. Nature 445:315–318.

Suzuki H, Azuma M (1983) Topographic studies on visual neurons in the
dorsolateral prefrontal cortex of the monkey. Exp Brain Res 53:47–58.

Tanji J, Hoshi E (2008) Role of the lateral prefrontal cortex in executive
behavioral control. Physiol Rev 88:37–57.

Thompson-Schill SL, Swick D, Farah MJ, D’Esposito M, Kan IP, Knight RT
(1998) Verb generation in patients with focal frontal lesions: a neuropsy-
chological test of neuroimaging findings. Proc Natl Acad Sci U S A
95:15855–15860.

Toni I, Schluter ND, Josephs O, Friston K, Passingham RE (1999) Signal-,
set- and movement-related activity in the human brain: an event-related
fMRI study. Cereb Cortex [Erratum (1999) 9:196] 9:35– 49.

Toni I, Rowe J, Stephan KE, Passingham RE (2002) Changes of cortico-
striatal effective connectivity during visuomotor learning. Cereb Cortex
12:1040 –1047.

Wallis JD, Miller EK (2003) From rule to response: neuronal processes in
the premotor and prefrontal cortex. J Neurophysiol 90:1790 –1806.

Wallis JD, Anderson KC, Miller EK (2001) Single neurons in prefrontal cor-
tex encode abstract rules. Nature 411:953–956.

Webster MJ, Bachevalier J, Ungerleider LG (1994) Connections of inferior
temporal areas TEO and TE with parietal and frontal cortex in macaque
monkeys. Cereb Cortex 4:470 – 483.

White IM, Wise SP (1999) Rule-dependent neuronal activity in the prefron-
tal cortex. Exp Brain Res 126:315–335.

Wise SP, Murray EA (2000) Arbitrary associations between antecedents and
actions. Trends Neurosci 23:271–276.

Wise SP, Murray EA, Gerfen CR (1996) The frontal cortex-basal ganglia
system in primates. Crit Rev Neurobiol 10:317–356.

Yamagata T, Nakayama Y, Tanji J, Hoshi E (2009) Processing of visual sig-
nals for direct specification of motor targets and for conceptual represen-
tation of action targets in the dorsal and ventral premotor cortex.
J Neurophysiol 102:3280 –3294.

Figure 15. Diagram of our working hypothesis regarding the role of the lPFC and PMd in processing two sets of information given with the instruction cue and choice cue to achieve a goal-oriented
behavior. Representation of information processed at progressive stages about the behavioral requirements for behavioral-goal retrieval, action specification, and action planning and execution
differs in the lPFC (top) and PMd (bottom). The blue rectangles indicate information encoded from visual signals, which was greater in the vlPFC. The red rectangles signify a set of information
maintained more strongly in the dlPFC. Hypothetical uses of signals represented as the outcome of the final stage of information processing are listed on the right.
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