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The dorsal aspect of the globus pallidus (GP) communicates with the prefrontal cortex and higher-order motor areas, indicating that it
plays a role in goal-directed behavior. We examined the involvement of dorsal GP neurons in behavioral goal monitoring and mainte-
nance, essential components of executive function. We trained two macaque monkeys to choose a reach target based on relative target
position in a spatial goal task or a target shape in an object-goal task. The monkeys were trained to continue to choose a certain behavioral
goal when reward volume was constant and to switch the goals when the volume began to decrease. Because the judgment for the next goal
was made in the absence of visual signals, the monkeys were required to monitor and maintain the chosen goals during the reaching
movement. We obtained three major findings. (1) GP neurons reflected more of the relative spatial position than the shape of the reaching
target during the spatial goal task. During the object-goal task, the shape of the reaching object was represented more than the relative
position. (2) The selectivity of individual neurons for the relative position was enhanced during the spatial goal task, whereas the
object-shape selectivity was enhanced during the object-goal task. (3) When the monkeys switched the goals, the selectivity for either the
position or shape also switched. Together, these findings suggest that the dorsal GP is involved in behavioral goal monitoring and
maintenance during execution of goal-oriented actions, presumably in collaboration with the prefrontal cortex.

Introduction
The basal ganglia (BG) contribute to multiple aspects of compu-
tational processes underlying the volitional behavior through the
interconnections with the frontal cortex (Alexander et al., 1986;
Graybiel, 2008). Above all, the involvement of the BG in the
process of motor execution has been investigated intensively.
Neurophysiological studies revealed that BG neurons of monkeys
encode the direction of arm or eye movement during its execu-
tion (DeLong, 1971; Hikosaka and Wurtz, 1983b). Such repre-
sentation is viewed as essential in the generation of movement as
endorsed by the devastating motor deficits of the patients with
parkinsonism (Marsden, 1982). In addition to motor parameters,
the movement-period activity has been shown to encode the be-

havioral context, such as the presence or absence of sensory sig-
nals (Hikosaka and Wurtz, 1983a; Hikosaka et al., 1989; Mink
and Thach, 1991; Kimura et al., 1992; Romo et al., 1992; Mush-
iake and Strick, 1995; Turner and Anderson, 2005), motor se-
quences (Kimura, 1990; Kermadi et al., 1993), and expected
reward outcomes (Kawagoe et al., 1998). The context-dependent
nature of the movement-period activity is considered to reflect
the involvement of the BG in action generation based on sensory,
memory, or reward information.

The context dependency of movement-period activity has also
been revealed in neurons of the prefrontal cortex, with respect to
the identity of an expected reward (Watanabe, 1996), the target
shape to be acquired (Hoshi et al., 1998), or the relative target
position (Niki, 1974). Subsequent studies found neural correlates
of behavioral goals in the prefrontal cortex (Saito et al., 2005;
Genovesio et al., 2012; Yamagata et al., 2012). Prefrontal goal repre-
sentation during movement is thought to correspond to behavioral-
goal monitoring and goal maintenance, essential components of
executive functions underlying the goal-directed behavior (Luria,
1966; Wise et al., 1996; Miller and Cohen, 2001; Fuster, 2008; Tanji
and Hoshi, 2008; Passingham and Wise, 2012), involving goal deter-
mination (Genovesio et al., 2006; Yamagata et al., 2012), action spec-
ification to achieve a goal (Sakagami and Tsutsui, 1999; Wallis and
Miller, 2003; Cisek and Kalaska, 2005; Nakayama et al., 2008), and
modification of behavior based on its outcome (Barraclough et al.,
2004; Tsujimoto et al., 2012).
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What about the behavioral-goal representation in the BG dur-
ing the motor execution period? We here investigated whether
and how the behavioral goal is represented by movement-period
activity in the dorsal globus pallidus (GP) that is interconnected
across synapses with the prefrontal cortex (Middleton and Strick,
1994; Parent and Hazrati, 1995) and higher-order motor areas
(Akkal et al., 2007; Saga et al., 2011). Because the GP is involved in
providing intrinsic connections within the BG and output to ex-
ternal targets, rather than in receiving inputs from the cerebral
cortex (Flaherty and Graybiel, 1993, 1994; Smith et al., 1998;
Bolam et al., 2000), we considered that it is of crucial importance
to explore the goal representation in the dorsal GP. Our results
show neuronal activity specifying spatial- and object-specific be-
havioral goals during the motor-execution period, providing ev-
idence that the cortico-BG “associative” circuit is involved in the
behavioral goal monitoring and maintenance.

Materials and Methods
Animals and experimental conditions. We used two male monkeys
(Macaca fuscata; 8.5 and 5.0 kg) cared for in accordance with the Na-
tional Institutes of Health guidelines and the guidelines of the Tokyo
Metropolitan Institute of Medical Science and Tamagawa University.
During the experimental sessions, each monkey sat in a chair with its
head and left arm restrained. We installed a button at waist level in front
of the chair that the monkeys could easily press and release with their
right hand. A 19-inch color video monitor equipped with a touch-
sensitive screen was placed in front of the monkey (30 cm from the eyes).
Eye position was monitored at 120 Hz using an infrared eye-tracking
system (resolution, 0.25° visual angle; RHS-M; Applied Science Labora-
tories). The TEMPONET system (Reflective Computing) was used to
control the behavioral task and the opening and closing of a solenoid
valve serially installed in the reward delivery system, as well as to collect
data at 1000 Hz. A liquid reward (apple juice) was delivered via a stainless
steel tube placed in front of the monkey’s mouth.

Surgery and physiological recordings. Before initiation of the physiolog-
ical recordings, aseptic surgery was performed under pentobarbital so-
dium anesthesia (20 –25 mg/kg, i.v.) after induction of anesthesia using
ketamine hydrochloride (10 mg/kg, i.m.) and atropine sulfate. Antibiot-
ics and analgesics were used to prevent postsurgical infection and pain.
Polycarbonate and titanium screws were implanted in the skull, and two
plastic pipes were rigidly attached with acrylic resin. Part of the skull over
the left frontal lobe was removed, and a recording chamber was im-
planted to permit access to the BG.

Neuronal activity was recorded using a glass-insulated tungsten mi-
croelectrode (�2.0 M� at 1 kHz) inserted into the brain through a
23-gauge guide tube that penetrated the dura mater. We used a hydraulic
microdrive (MO-972; Narishige) to move the electrode using a micro-
meter step. Single-unit potentials were amplified using a multichannel
processor and sorted using a multispike detector (MCP and ASD; Alpha
Omega Engineering).

We recorded neuronal activity from the GP in the left hemisphere
opposite to the task-performing right arm. During each recording ses-
sion, we advanced the electrode vertically in the dorsoventral direction
(see Fig. 2A). The electrode path went through the internal capsule or the
striatum in which cellular activity was absent or the discharge rate was
very low before coming in contact with neurons in the GP, which were
identified by their high spontaneous discharge rate (DeLong, 1971;
Arkadir et al., 2004).

Electromyographic activity was recorded using pairs of Teflon-coated
stainless steel wires (single stranded, 0.0762 mm in diameter) inserted
percutaneously.

Histology. After completion of the physiological recordings, one mon-
key was deeply anesthetized with an overdose of sodium pentobarbital
(50 mg/kg) and killed by perfusion fixation with a mixture of 10% For-
malin in 0.1 M phosphate buffer, pH 7.4 (Saga et al., 2011). The brain was
removed from the skull, postfixed in the same fresh fixative overnight at
4°C, and placed in 0.1 M phosphate buffer, pH 7.4, containing 30% su-

crose. Then serial coronal sections were cut at 60 �m thickness on a
freezing microtome. The sections were mounted on gelatin-coated glass
slides, stained with 1% cresyl violet, and then examined under a light
microscope (Eclipse 80i; Nikon).

Behavioral tasks. Monkeys were trained to perform two goal-oriented
tasks, and each task was presented in a block of trials. In both tasks, after
an intertrial interval of 2000 –2500 ms, each trial began with the presen-
tation of a fixation point (white square, visual angle of 1.4°) at the center
of the screen. When the monkey pressed the hold button with its right
hand and gazed at the fixation point for 600 –1200 ms, a choice cue was
presented. In the spatial-goal (SG) task (Fig. 1A), the choice cue was a
pair of blue circles or triangles (visual angle of 7° � 7° for each; 11° apart
between the centers) that was randomly presented at one of four posi-
tions on the screen (Fig. 1C). When the color changed from blue to white
(the GO signal) after a delay of 1500 –2500 ms, the monkey reached
toward the right or left of the target pair. If the monkey touched either the
right or left target associated with a reward, the choice cue immediately
disappeared, and a drop of apple juice was delivered 1500 ms (Monkey 1)
or 1200 ms (Monkey 2) later. If the monkey touched the target not
associated with a reward, the choice cue immediately disappeared, and
no reward was delivered before the next trial began. In the object-goal
(OG) task (Fig. 1B), the choice cue consisted of a combination of two
objects placed side by side, which was randomly presented at one of four
positions on the screen (Fig. 1C). The right–left spatial order of the circle
and triangle was also randomized. When the color changed from blue to
white (the GO signal), the monkey reached toward the circle or triangle.
If the shape associated with a reward was selected by touch, the choice cue
immediately disappeared, and a drop of apple juice was delivered 1500
ms (Monkey 1) or 1200 ms (Monkey 2) later. If the monkey touched the
object shape not associated with a reward, the choice cue immediately
disappeared, and the next trial began without delivery of a reward.

No external signal acted as a cue that indicated the behavioral goal
associated with a reward (i.e., the choice of either the right or left target in
the SG task and the selection of either a circle or triangle in the OG task)
in either the SG or OG task. Instead, monkeys determined the behavioral
goal based on whether or not they received a reward in the preceding trial,
(i.e., the outcome of their goal selection). The animals were required to
select a particular behavioral goal associated with a reward in 10 –15
successive trials, after which the reward– goal contingency was changed.
Because the choice cue in the SG and OG tasks was presented at unpre-
dictable locations on the screen and because in the OG task the right–left
spatial order of the circle and triangle was also randomized, the animals
determined the forthcoming action (i.e., actual target selection) only
after the choice-cue appearance. During the block of 10 –15 trials, an
equal amount of reward was administered (constant-reward trials). Dur-
ing each block of trials, the animals were required to choose a particular
behavioral goal associated with a reward. However, the reward amount
varied according to an unpredictable reward-reduction schedule. After
the constant-reward trials, the reward volume was reduced by 30% com-
pared with that received in the preceding trial, such that, in five trials, the
volume reached 17% of the original volume. If during these reduced-
reward trials the animals chose to select an alternative behavioral goal,
the reward was restored to its full amount (0.4 ml).

The SG and OG tasks were alternated every four trial blocks; a partic-
ular behavioral goal was rewarded in each block. In the four blocks of the
SG or OG task, the animals were required to adopt each behavioral goal
twice. During the transition from one task to the other, a visually guided
task of 10 –20 trials was intercalated. In this task, a circle or triangle target,
which was always associated with the reward, was presented at one of the
five potential positions on the screen (Fig. 1C). Otherwise, the temporal
sequence of each trial was identical to that of the SG and OG tasks.

Data analyses. We applied statistical analyses to the neuronal activity of
successful trials during the constraint-reward trials. We counted the
number of neuronal spikes in successive 200 ms bins (21 bins in total)
that occurred during four task events: (1) choice-cue appearance (six
bins; three before and three after onset); (2) GO signal appearance (five
bins; four before and one after onset); (3) target touch (four bins; two
before and two after touch); and (4) reward delivery (six bins; three
before and three after delivery). We classified a neuron as “task related” if
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the distribution of the discharge rate (spikes per second) across the 21
bins was significantly different in at least 1 of 18 trial types (i.e., 18
combinations of goal and action; one-way ANOVA, p � 0.001, not
corrected).

The spike count data during each of the successive 200 ms bins were
analyzed using ANOVA (� � 0.01) with the main factors of relative position
(RP; i.e., right vs left of the choice cue), target shape (TS; i.e., circle vs trian-
gle), and actual (or absolute) target position (TP; i.e., the location of the
correct target on the screen). Based on the analysis, we classified activity into
eight categories: (1) only TP selective (TP, �0.01; RP, �0.01; TS, �0.01); (2)
only RP selective (TP, �0.01; RP, �0.01; TS, �0.01); (3) only TS selective
(TP, �0.01; RP, �0.01; TS, �0.01); (4) selective for both TP and RP (TP,
�0.01; RP, �0.01; TS, �0.01); (5) selective for both RP and TS (TP, �0.01;
RP, �0.01; TS, �0.01); (6) selective for both TP and TS (TP, �0.01; RP,
�0.01; TS, �0.01); (7) selective for all (TP, �0.01; RP, �0.01; TS, �0.01);
and (8) selective for none (TP, �0.01; RP, �0.01; TS, �0.01). We subse-
quently investigated whether the neurons classified as selective for TP re-
flected more of the choice-cue location than the reach TP or vice versa. We
computed two indices: (1) the average activity difference of each TP neuron
when the monkeys made leftward and rightward reaches within each choice-
cue location [the within-choice-cue difference (WCD)]; and (2) the average

activity difference when the monkeys made leftward and rightward reaches
to identical TPs on the screen [the within-identical-target difference
(WTD)]. The smaller the value of an index was, the better neuron activity
represented it. Thus, if the WCD was smaller than the WTD, the neuron was
judged as reflecting more of the choice-cue location than the TP; it was
classified as representing the choice-cue location. If the WTD was smaller
than the WCD, the neuron was judged as reflecting more of the TP than the
choice cue location; it was classified as representing the AP. Based on the
results of these two sets of analyses, we classified activity of such single-factor
selective neurons into four categories: (1) selective for the RP; (2) selective for
the TS; (3) selective for the actual or absolute position of target in space (AP);
and (4) selective for the choice-cue location.

Results
We trained two monkeys to perform two goal-directed tasks: (1)
the SG task; and (2) the OG task. The choice cue for the SG and
OG tasks was randomly presented at various locations on the
screen; thus, the monkeys were able to specify the AP (i.e., the TP
on the screen) only when the choice-cue appeared. Before the
choice-cue appeared, the animals were only able to determine the

Figure 1. Behavioral tasks, choice-cue locations, and behavioral results. A, B, Temporal sequence of behavioral events in the SG task (A) and the OG task (B). ITI, Intertrial interval. C, Locations of
the choice cue and target on the screen. The choice cue consisted of two potential targets appearing side by side (locations 1–5, depicted by squares). D, Cumulative fractions summarizing the
number of trials required for switching the goal after the volume of the reward began to decrease. Left panels, Results for Monkey 1 in the SG and OG tasks; right panels, results for Monkey 2 in the
SG and OG tasks.
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RP (selection of right or left) in the SG task or the TS (selection of
circle or triangle) in the OG task. Thus, the tasks included behav-
ioral decisions at two hierarchical levels: (1) a higher level repre-
senting an abstract aspect of behavior (i.e., behavioral goal, the
selection of right–left or object shape); and (2) a lower level rep-
resenting a concrete or motor aspect (i.e., action). It is notewor-
thy that the reward was associated with the behavioral goal rather
than the action. Moreover, because the choice cue immediately
disappeared when the animals touched the target, no visible sig-
nals were available during the subsequent 1.2–1.5 s before reward

delivery. Thus, to successfully perform the
task, the monkeys were required to keep
track of the behavioral goal during execu-
tion of the action and remember the goal
until the reward was delivered. Thereafter,
when the reward was delivered, they chose
the goal for the next trial on the basis of
the maintained information about the
goal and the amount of reward, and sub-
sequently the chosen goal, in turn, was
kept as the information necessary for the
next trial.

During the last four constant-reward
trials, the success rate was 93% for Monkey 1
and 90% for Monkey 2. When the reward
volume began to decrease (reduced-reward
trials), the monkeys switched the goal
within a few trials (median of 2; Fig. 1D).
These findings indicate that both animals
maintained the behavioral goal associated
with the reward during the constant-reward

trials but quickly switched the goal during the reduced-reward trials.
In both the SG and OG tasks, the reaction time (time from GO signal
onset to button release) and movement time (time from button
release to target touch) were �400 ms (Table 1), indicating that the
animals executed the reaching movements promptly after GO signal
onset.

We recorded neuronal activity in the GP as the monkeys per-
formed the tasks. The electrodes were advanced in the dorsoven-
tral direction to sample neuronal activity in the associative
territory located in the dorsalmost region of the GP (Parent and
Hazrati, 1995; François et al., 2004). The recording sites were
verified by examining magnetic resonance (MR) images (3.0 T,
Sonata; Siemens) taken after the recording chamber was im-
planted (Fig. 2A) and histological sections with markings made
by passing anodal direct currents (20 – 40 �A for 20 s) through
the tip of the recording electrode (Fig. 2B; Nomoto et al., 2010).
In total, we recorded activity from 528 task-related GP neurons
(n � 409 in Monkey 1, n � 119 in Monkey 2) primarily from the
dorsal GP. Activity of these neurons was sampled in at least four
blocks each of the SG and OG tasks. Based on the reconstruction
of the recording sites, it was found that 244 task-related neurons
were in the internal GP (GPi), and 284 task-related neurons were
in the external GP (GPe).

Temporal profiles of the number of goal-selective GPi and
GPe neurons
We investigated the time course of the appearance of neuronal
activity selective for each of the RP, TS, and AP (Tables 2, 3). We
first examined the temporal distribution of activity reflecting the
AP (the actual target position on the screen). In the pre-choice-
cue period (200 ms period preceding the choice-cue onset) of
either the SG or OG task, the AP was not represented before the

Figure 2. Recording sites. A, MR images showing the GP of Monkey 1 (M1) and Monkey 2 (M2). The line drawings to the right
of the MR images depict the cortical surface, the caudate nucleus (cd), and the putamen (put). The GP is white. B, A histological
section from Monkey 2 in which the four markings (*) made by passing anodal direct currents through the tip of the recording
electrode are shown. Scale bars: A, 10 mm; B, 1 mm. L, Left hemisphere.

Table 1. Reaction and movement times

Task type

SG task (ms) OG task (ms)

Monkey 1
Reaction time 358 � 2 346 � 2
Movement time 325 � 3 319 � 2

Monkey 2
Reaction time 315 � 2 305 � 2
Movement time 397 � 4 394 � 3

Values are means � SEs in milliseconds.

Table 2. Distribution of goal-selective GP neurons during each epoch of the SG task

Task period

Selectivity
Pre-choice
cue

Post-choice
cue Pre-GO

Early
movement

Late
movement Post-reward

GPi (n � 244)
RP 8 (3) 11 (5) 9 (4) 10 (4) 19 (8) 9 (4)
TS 0 (0) 5 (2) 3 (1) 3 (1) 4 (2) 4 (2)
AP 3 (1) 14 (6) 6 (2) 20 (8) 30 (12) 2 (1)

GPe (n � 284)
RP 12 (4) 8 (3) 13 (5) 18 (6) 17 (6) 7 (2)
TS 3 (1) 5 (2) 5 (2) 9 (3) 5 (2) 2 (1)
AP 1 (0) 25 (9) 3 (1) 31 (11) 36 (13) 4 (1)

Pre-choice cue, 200 ms period preceding the choice-cue onset; Post-choice cue, 200 – 400 ms after the choice-cue
onset; Pre-GO, 200 ms period preceding the GO-signal onset; Early movement, 200 ms period after the button
release; Late movement, 200 ms period preceding the target touch; Post-reward, 200 – 400 ms after the reward
delivery. The parentheses enclose the percentage of neurons relative to the total task-related neurons.

Table 3. Distribution of goal-selective GP neurons during each epoch of the OG task

Task period

Selectivity
Pre-choice
cue

Post-choice
cue Pre-GO

Early
movement

Late
movement Post-reward

GPi (n � 244)
RP 5 (2) 2 (1) 1 (0) 3 (1) 3 (1) 3 (1)
TS 5 (2) 6 (2) 14 (6) 14 (6) 17 (7) 15 (6)
AP 1 (0) 22 (9) 9 (4) 25 (10) 29 (12) 3 (1)

GPe (n � 284)
RP 1 (0) 5 (2) 3 (1) 4 (1) 11 (4) 1 (0)
TS 4 (1) 6 (2) 12 (4) 16 (6) 20 (7) 13 (5)
AP 0 (0) 22 (8) 9 (3) 26 (9) 30 (11) 0 (0)

Pre-choice cue, 200 ms period preceding the choice-cue onset; Post-choice-cue, 200 – 400 ms after the choice-cue
onset; Pre-GO, 200 ms period preceding the GO-signal onset; Early movement, 200 ms period after the button
release; Late movement, 200 ms period preceding the target touch; Post-reward, 200 – 400 ms after the reward
delivery. The parentheses enclose the percentage of neurons relative to the total task-related neurons.
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appearance of the choice cue (binomial
test, p � 0.12). This was reasonable be-
cause it was impossible for monkeys to
specify the forthcoming action at this
stage; the choice cue was presented at var-
ious locations on the screen thereafter. In
contrast, in the post-choice-cue period
(200 – 400 ms after the choice cue onset), a
subset of GPi and GPe neurons repre-
sented the AP (binomial test, p � 0.004).
This indicated that, once the choice cue
was presented, the neural representation
of reach action quickly developed, al-
though the actual movement was exe-
cuted �1 s later. During the movement
execution, 8 –13% neurons represented
the AP, and the fraction of the AP neurons
reached a peak in the late movement pe-
riod (200 ms period preceding the target
touch). Thereafter, when the reward was
delivered, the GP neurons ceased to rep-
resent the AP.

We subsequently analyzed the representation of abstract as-
pects of behavior: the RP and the TS. During the SG task, a subset
of GPi and GPe neurons continuously represented the RP from
the pre-choice-cue period to the late movement period (Table 2;
binomial test, p � 0.01). During the OG task, GPi and GPe neu-
rons represented the TS from the pre-GO period to the post-
reward period (Table 3; binomial test, p � 0.01). These analyses
further revealed that the number of GP neurons selective for the
RP during the SG task or for the TS during the OG task reached
the peak in the late movement period.

Altogether, these observations revealed that it was just before
the target touch (i.e., the late movement period) when the GP
neurons best represented the RP during the SG task, the TS dur-
ing the OG task, and the AP in both tasks. Accordingly, in the
present study, we focused on the neuronal activity during this
period. Furthermore, because the response properties of neurons
in the GPi and GPe were found not different, we show the results
of the GPi and GPe neurons together.

Representation of the RP or TS of the behavioral target
during movement
Figure 3A shows an example of neuronal activity that was sup-
pressed during movement execution when the target to be
reached was on the left of the choice cue. Another subset of
neurons reflected the shape (circle or triangle) of objects to
be reached in the OG task. Figure 3B shows neuronal activity
that was suppressed during execution of the movement when
the TS was a circle.

While performing the SG task, 36 (7%) of the 528 task-related
neurons were selective for the RP alone during the 200 ms period
preceding target touch (Table 4). During the OG task, 37 (7%)
neurons were selective for the TS alone (Table 4). Because only a
few neurons were selective for more than one factor (Table 4), we
focused on neurons selective for the RP or TS alone. Among the
neurons selective for the RP or TS, only three represented the RP
in the SG task and the TS in the OG task, indicating that primarily
distinct groups of neurons represented the RP and TS.

We calculated the population activity of the behavioral-goal-
selective neurons by sorting activity according to trials that re-
quired reaching for right–left or triangle– circle targets. We
plotted the time course of population activity that exhibited RP

selectivity during the SG task (Fig. 4A) and TS selectivity during
the OG task (Fig. 4C) after separating the population of neurons
that exhibited more (top trace) or less (bottom trace) activity
during the 200 ms movement period while aiming for either of
the two targets. We found that the target selectivity was expressed
as a short-term decrease in activity before reaching toward one
target and as a longer-lasting increase in activity (with long-lead
premovement buildup) before reaching toward the other target
(Fig. 4A,C, left). Subsequently, we examined the time courses of
the changes in magnitude of RP and TS selectivity by plotting
time-dependent differences in activity (Fig. 4A,C, right column).
The selectivity gradually increased during the preparatory period
and formed a peak during motor execution, culminating just
before the target touch by the monkeys (25 spikes/s for RP-
selective neurons during the SG task and 24 spikes/s for TS-
selective neurons during the OG task). The selectivity diminished
rapidly thereafter.

Representation of RP and TS is behavioral-task dependent
In the next analysis, we examined RP and TS selectivity in trials
during which the selection of the RP or TS was not the behavioral
task requirement. We found that only nine neurons (2%) were
selective for the TS (Table 4) during the SG task. Conversely, 14
(3%) neurons were selective for the RP during the OG task. These
results indicate that selectivity for the RP or TS appeared in a
significantly smaller number of neurons unless the spatial- or
object-specific selection was task relevant ( p � 0.01, � 2 test;
Table 4).

Given the task-dependent preponderance of spatial- or
object-selective neurons, we compared the magnitudes of target
selectivity by comparing the population activity of the RP-
selective neurons (identified in the SG task) during the OG task

Figure 3. Two examples of GP neurons. A, B, Rasters and spike– density functions (smoothed using a Gaussian kernel; �� 10
ms) show activity sorted according to the screen touch. The ordinate represents the instantaneous firing rate (in spikes per second).
Blue, Right-goal trials; red, left-goal trials; magenta, circle-goal trials; green, triangle-goal trials. A, Neuron showing differential
activity between the right and left goals during movement in the SG task. B, Neuron showing differential activity between the circle
and triangle goals during movement in the OG task.

Table 4. Number of GP neurons selective for the RP, TS, and AP of 528 task-related
neurons

Selectivity

Task type RP TS AP RP � AP TS � AP RP � TS RP � TS � AP

SG task 36 (7) 9 (2) 66 (13) 10 (2) 4 (1) 1 (0) 1 (0)
OG task 14 (3) 37 (7) 59 (11) 3 (1) 7 (1) 0 (0) 0 (0)

The parentheses enclose the percentage of neurons relative to the total task-related neurons.
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(Fig. 4B) versus during the SG task (Fig.
4A) and the activity of the TS-selective
neurons (identified in the OG task) dur-
ing the SG task (Fig. 4D) versus during the
OG task (Fig. 4C). RP-selective neurons
exhibited less selectivity during the OG
task (Fig. 4B) than during the SG task (Fig.
4A), and the TS-selective neurons exhib-
ited less selectivity during the SG task (Fig.
4D) than during the OG task (Fig. 4C).

These findings were statistically veri-
fied using the following analyses. For the
RP-selective neurons during the SG task,
we subtracted discharge rates for the
“right” trials from those for the “left” tri-
als. The calculation was performed sepa-
rately with respect to the SG and OG tasks
(Fig. 5A). This analysis revealed that the
absolute RP selectivity was greater during
the SG task than during the OG task (Fig.
5B; p � 0.0003, Kolmogorov–Smirnov
test). For the TS-selective neurons during
the OG task, we subtracted discharge rates
for the “triangle” trials from those for the
“circle” trials (Fig. 5C). The TS absolute
selectivity was significantly greater during
the OG task than during the SG task (Fig.
5D; p � 0.0001, Kolmogorov–Smirnov
test).

Changes in target-selective neuronal
activity while switching
behavioral goals
While performing both the spatial-
selection and object-selection tasks, the
monkeys were required to switch their be-
havioral goals during the reduced-reward
trials. We reasoned that, if the neuronal
activity reflected the choice behavior of
the monkeys, the RP and TS selectivity
would covary with the behavioral goals
chosen by the monkeys. To test this possi-
bility, we examined how RP and TS selec-
tivity would change in trials in which the
monkeys switched goals. For both tasks,
the target associated with higher (lower)
discharge rate was referred to as the “pre-
ferred” (“nonpreferred”) target. Neuro-
nal activity remained high as long as the
monkeys chose the preferred target in the
SG task (Fig. 6A, blue trace) and OG task
(Fig. 6B, red trace). Subsequently, neuro-
nal activity for the preferred RP and TS
began to decrease one trial before the
monkey switched goals, and activity ap-
proximately reached the level of the non-
preferred RP and TS in the first trial after
the monkeys switched goals. In contrast,
neuronal activity for the nonpreferred RP
and TS remained low as long as the mon-
keys continued to choose the nonpre-
ferred target (Fig. 6A, red trace, B, green
trace). Neuronal activity began to increase

Figure 4. Population activity and selectivity of goal-selective neurons. A, Left panel shows population activity (mean �
SEM) of the RP neurons in the SG task (n � 36). Only activity during the SG tasks was chosen. The activity was plotted
separately for the trials in which the goals were the preferred (blue) and nonpreferred RPs (red). Right panel shows mean
differences in population activities. The data were aligned with respect to the screen touch. B, Population activity (left) and
population selectivity (right) of the RP neurons identified in the SG task (n � 36) during the OG task are shown in the same
format as A. C, Left panel shows population activity (mean � SEM) of the TS neurons during the OG task (n � 37). Only
activity during the OG tasks was chosen. The activity was plotted separately for the trials in which the goals were the
preferred (green) and nonpreferred (magenta) TSs. Right panel shows the mean differences in population activity. D,
Population activity (left) and population selectivity (right) of the TS neurons identified in the OG task (n � 37) during the
SG task are shown in the same format as C.
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one trial before switching the goals. The
nonpreferred RP and TS representations
reached the level of the preferred RP and
TS in the first trials after the switch. Fur-
thermore, in the trials when the switch
was made, the neuronal target selectivity
was abolished. These results reveal that RP
and TS selectivity were dynamically al-
tered and closely correlated with the
choice behavior of the monkeys.

Representation of AP on the screen
In addition to neurons that represented
the RP and TS, a group of dorsal GP neu-
rons preferentially reflected the AP (the
reaching movement direction or the TP on
the screen). The neuron depicted in Figure
7A showed greater movement-period activ-
ity when the AP was on the left side of the
screen, and the activity level was similar re-
gardless of the task. Of the 528 task-related
neurons, the number of neurons that were
selective for the AP alone (ANOVA, p �
0.01) totaled 66 (13%) in the SG task and 59
(11%) in the OG task. Among the neurons
selective for the AP in either task (n � 101),
24 (24%) were selective for the AP in both
tasks. Figure 7B shows the population activ-
ity calculated for the two APs leading to the
highest and lowest discharge rates (left, SG
task; right, OG task), and Figure 7C shows
population selectivity calculated as the dif-
ference in activity between the two APs.
These data reveal that AP selectivity was
prominent during execution of the reaching
movement and that selectivity appeared as an increase as well as a
decrease in activity.

We subsequently examined the distributions of the preferred
and nonpreferred positions of the AP neurons; the TP associated
with higher (lower) discharge rate was referred to as the preferred
(nonpreferred) TP. We found that, in both tasks, the preferred
and nonpreferred TPs tended to be more numerous at leftmost or
rightmost position than at the positions between them (Table 5).
We then examined the relationships between the preferred and
nonpreferred TPs for each neuron. In 48 (73%) of the 66 AP
neurons during the SG task, the preferred TPs and the nonpre-
ferred TPs were in the opposite sides of the screen center. In 44
(67%) neurons, there were at least two potential TPs between the
preferred and nonpreferred TPs (Table 6). During the OG task, in
40 (68%) neurons of the 59 AP neurons, the preferred TPs and
the nonpreferred TPs were in the opposite sides of the screen
center. In 37 (63%) neurons, there were at least two potential TPs
between the preferred and nonpreferred TPs (Table 6). These
results revealed that, in a majority of AP neurons, the preferred
and nonpreferred TPs were far apart from each other across the
screen center, indicating that the AP neurons had a linear trend of
location preference.

Muscle activity and eye movement
In sessions between neuronal recordings, we monitored the fol-
lowing muscles bilaterally during task performance: biceps and
triceps brachii, deltoid (anterior, lateral, and posterior heads),
trapezius, flexor, and extensor carpi radialis, supraspinatus, in-

Figure 6. Modified activity of RP and TS neurons around goal switching. A, Modified activity
in the SG task. Mean population activity of neurons in the SG task is plotted in �6 trials relative
to the trial when the monkeys switched goals. Before calculating population activity, the activ-
ity of each neuron was normalized with respect to the highest discharge rate of the 13 trials. The
blue line indicates a trial sequence in which the monkeys switched from the preferred to non-
preferred RP. The red trace indicates a trial sequence in which the monkeys switched from the
nonpreferred to the preferred RP. The error bars represent SEs. B, Modified activity in the OG task
calculated in the same manner as described for the SG task (A). The magenta line indicates a trial
sequence in which the monkeys switched from the preferred to the nonpreferred TS. The green
line indicates a trial sequence in which the monkeys switched from the nonpreferred to the
preferred TS.

Figure 5. Task-dependent modification of RP and TS representations by single neurons. A, Scatter plot comparing RP
selectivity of RP neurons (identified in the SG task, n � 36) in the SG task (x-axis) and the OG task ( y-axis). RP selectivity
was calculated by subtracting the firing rate during the reaching movement to the right goal from that to the left goal. B,
Cumulative fractions of absolute RP selectivity for the data in A are shown. Blue, SG task; red, OG task. C, Scatter plot
comparing the TS selectivity of the TS neurons (identified in the OG task, n � 37) between the SG task (x-axis) and the OG
task ( y-axis). TS selectivity was calculated by subtracting the firing rate during the reaching movement to the triangle goal
from that to the circle goal. D, Cumulative fractions of absolute TS selectivity for the data in B are shown. Magenta, SG task;
green, OG task.
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fraspinatus, pectoralis major, rhomboid, and neck and paraver-
tebral muscles. Muscles in the right forelimb, but not the neck/
paravertebral muscles or the muscles in the left forelimb,
exhibited changes in activity during movement execution. We used

the ANOVA to examine the selectivity for
behavioral goal and action using muscle ac-
tivity as the dependent variable. The mus-
cles did not reflect the RP or TS (ANOVA,
p � 0.01). During and around movement
execution, the monkeys were not required
to gaze at the fixation point. Thus, in
advance of the execution of reaching move-
ments, monkeys made saccadic eye move-
ments to the reach targets. We investigated
the time of occurrences of saccades before,
during, and after the arm-reaching move-
ments based on the continuous traces of the
gaze directions monitored at 120 Hz using
the infrared eye-tracking system. By detect-
ing the timing of the last saccades to the
reach targets relative to the reaching move-
ments in randomly sampled 500 trials, we
found that the monkeys made the last sac-
cades 599�6 ms (mean�SEM, Monkey 1)
and 407 � 4 ms (Monkey 2) before the tar-
get touch. These results revealed that, dur-
ing the 200 ms period just before touching
the targets, activity during which we
analyzed, the monkeys made few eye move-
ments if any, ruling out a possibility that eye
movements could account for RP or TS se-
lectivity. Altogether, these analyses revealed
that the arm or eye movements could not
account for the RP or TS selectivity.

Location of neurons selective for RP,
TS, and AP
We reconstructed the recording sites
based on the MR structural images of the
two monkeys (Fig. 2A), the histological
sections obtained in one monkey (Fig.
2B), and on documents summarizing the
relationship between the depth of the
electrodes and overall discharge proper-
ties of cells. Neurons specifically selective
for RP, TS, or AP were found in the dorsal
part of the GPe and GPi, with no segrega-
tion in their distributions (Fig. 8).

Discussion
We trained monkeys to achieve a behav-
ioral goal in fulfilling either of two behav-
ioral requirements imposed on two
behavioral tasks. In both tasks, the selec-
tion of a forthcoming goal was made by
monkeys themselves based on the amount
of reward provided as the outcome of the
behavioral-goal selection. Therefore, the
monkeys were required to keep hold of
the behavioral goal until the acceptance
of a reward outcome. We found that
movement-period activity in a subset of
dorsal GP neurons exhibited either the se-
lectivity for the RP during execution of the

SG task or the selectivity for the TS during the OG task. We
further found that the selectivity of these neurons underwent
modulations closely reflecting the behavioral goal chosen by the

Figure 7. Neuronal activity reflecting the reach target AP. A, Spike– density function (smoothed using a Gaussian kernel; ��10 ms)
of GP neuronal activity. The ordinate represents the instantaneous firing rate (in spikes per second). The activity was aligned with the screen
touch.LeftcolumnshowsactivityintheSGtask(red,theleftRP;blue,therightRP).TherightcolumnshowsactivityintheOGtask(magenta,
the circle TS; green, the triangle TS). From top to bottom, The TP was shifted from the leftmost to rightmost positions on the screen, as
illustrated in the right insets. B, Population activity�SEM of neurons reflecting AP in the SG task (left, n�66) and OG task (right, n�59).
Dark gray, Population activity when the monkeys touched a preferred target that caused the highest neuronal discharge rates. Light gray,
Population activity when monkeys touched a nonpreferred target that caused the lowest neuronal discharge rates. C, Population selectivity
calculated as the mean difference in activity between the preferred and nonpreferred trials.
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monkeys when they switched the goals. We also found that the
activity representing the direction of movement in space was
modified, depending on the SG or OG task. These findings are
taken to indicate the involvement of the dorsal GP in represent-
ing the behavioral goals, as the information necessary to be mon-
itored and held in memory, to be referred to at the time of motor-
target decision.

The design of behavioral tasks and the limitations of the
present study
The present behavioral task was designed to find the representa-
tion of spatial- and object-specific behavioral goals. Either goal
information had to be monitored during a goal acquisition and to
be maintained until the reward occurrence, to be referred to as
the basis for the judgment to determine the behavioral goal in the
next trial. Depending on the nature of reward (reward amount),
a current behavioral goal was either preserved or discarded, cor-
responding to behavioral-goal “stay” or “shift” in a previous re-
port (Genovesio et al., 2005). Conversely, the current behavioral
task was not designed to study neural correlates of behavioral-
goal switch or mechanisms underlying the behavioral strategies in
task switching; the occurrences of behavioral-goal shift was by far
infrequent than the occurrences of goal maintenance. Although our
study addresses the issue of behavioral-goal maintenance, the exact
nature of the involvement of the GP in behavioral-goal shift remain
to be studied in future works.

The dorsal GP belongs to the associative territory
Anatomical studies revealed that the distinct subdivisions within
each nucleus of the BG are preferentially interconnected with the
distinct subdivisions within the frontal cortex (Alexander et al.,
1986; Middleton and Strick, 2000) and that the entire frontal
cortex as a whole communicates with the BG through multiple
parallel circuits classified as associative, limbic, and motor cir-
cuits (Parent and Hazrati, 1995). In the GPi and GPe, the asso-
ciative territory is in the dorsal portion, the limbic territory is in
the ventral and rostral portion, and the sensorimotor territory is
in the ventral and caudal portion. In accordance with this view, a
pathophysiological study showed that microinjection of bicucul-
line, a GABAA receptor antagonist, into each territory causes spe-
cific deficits in monkeys. Bicuculline injection into the associative
territory of the GPe causes cognitive deficits similar to the hyper-
activity disorder in humans, whereas the injection into the sen-
sorimotor territory causes motor deficits and that into the limbic

territory causes a stereotypy (Grabli et al., 2004). Together with
the evidence that the dorsal GP preferentially projects to the lat-
eral prefrontal cortex (Middleton and Strick, 1994, 2002) and
higher-order motor areas (Akkal et al., 2007; Saga et al., 2011),
these anatomical and pathophysiological observations show that
the dorsal GP is a component of the associative territory and
involved in cognitive processes beyond motor executions. An-
other major associative territory of the BG is the substantia nigra pars
reticulata (SNpr). The SNpr, as well as the dorsal GPi, sends outputs
to the prefrontal cortex via the thalamus (Middleton and Strick,
2002), indicating the SNpr is also involved in cognitive processes.
Actually, neurons in the SNpr are shown to represent object values
(Yasuda et al., 2012). These observations call for future investiga-
tions to examine functional specializations of the SNpr and dorsal
GPi.

The dorsal GP and representation of behavioral goal
and action
The role of the dorsal GP in behavioral control has been exam-
ined in functional studies. As for oculomotor control, neurons in

Table 5. Distribution of preferred and nonpreferred target positions of AP neurons

Position

T1 T2 T3 T4 T5

SG task (n � 66)
Preferred position 17 12 6 13 18
Nonpreferred position 27 7 9 8 15

OG task (n � 59)
Preferred position 25 4 6 11 13
Nonpreferred position 17 5 12 11 14

Table 6. Number of targets between preferred and nonpreferred positions for AP
neurons

Number of targets

Task type 0 1 2 3

SG task (n � 66) 5 17 27 17
OG task (n � 59) 4 18 21 16

Figure 8. Schematic of GP coronal sections showing the distribution of neurons selec-
tive for RP, TS, and AP. A–D, The solid lines represent the GP, and the dotted lines indicate
the borders between the GPi and GPe segments. Sections from the rostral, middle, and
caudal areas of the GP are shown from left to right. The distributions of neurons from
the two monkeys are overlaid. Each point represents one neuron. A, Neurons selective
for RP in the SG task (n � 36). B, Neurons selective for AP in the SG task (n � 66). C,
Neurons selective for TS in the OG task (n � 37). D, Neurons selective for AP in the OG task
(n � 59).
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the dorsal GPe are shown to have large visuospatial receptive and
movement fields (Kato and Hikosaka, 1995; Shin and Sommer,
2010). Yoshida and Tanaka (2009) showed that modulations in
dorsal GPe neuronal activity are enhanced during anti-saccades.
These results suggest that the dorsal GP is of importance for
behavioral factors other than movement execution. In line with
this view, we here showed that movement-period activity in
the dorsal GPi and GPe represents abstract behavioral goals
and that the selectivity for action (i.e., target in space) is task
dependent. Although we did not detect any differences in GPi
and GPe neurons with respect to the goal and action represen-
tations during reaching movement (cf. Arimura et al., 2013),
the GPi is at the output stage and GPe is at the intermediate
stages of the information processing within the BG. In view of
apparent differences in anatomical connectivity of the GPe
and GPi, new lines of research are needed to reveal functional
specializations in these areas.

BG representation of abstract aspects of motor behavior has
been revealed in other reports. Putamen and GP neurons are
shown to represent a TP or a movement direction as the intended
movement direction (Mitchell et al., 1987; Alexander and
Crutcher, 1990a,b). Here we extended these findings by showing
that dorsal GP neurons represent the RP and TS of an intended
target, namely the behavioral goal, beyond the movement direc-
tion in space.

Previous studies have also reported reward-dependent modu-
lations of activity in the BG. Activity of neurons in the caudate nu-
cleus is dynamically modified by reward expectation (Kawagoe et al.,
1998) and shows anticipatory and memory-contingent activity
when a reward is associated with a certain position or color (Lauw-
ereyns et al., 2002). Movement-period activity in the GP is modified
by reward expectation (Arkadir et al., 2004) and reward probability
(Pasquereau et al., 2007). Premovement activity of striatal neurons
reflects reward values associated with the direction of handle turns
(Samejima et al., 2005). These modulations are considered to reflect
the involvement of the BG in the action generation based on reward
expectation. We here extended these concepts into the goal repre-
sentations during reaching movement by showing that the OG se-
lectivity is enhanced when the monkeys execute an action based on
the object contingency with reward, as seen in the prefrontal cortex
(Hoshi et al., 1998, 2000). We also showed in the present study that
the SG selectivity during movement, which was also found in the
prefrontal cortex (Yamagata et al., 2012), is enhanced when they
execute an action based on the spatial contingency. These findings
indicate that the dorsal GP and the prefrontal cortex dynamically
represent the spatial- and object-specific goals during movement in
a goal-oriented manner.

However, it is also conceivable that the exact functional roles
played by the BG and the prefrontal cortex may differ. One in-
triguing possibility is that the prefrontal cortex takes part in mon-
itoring and maintenance of behavioral goal in a new context,
whereas the BG do so in a learned or familiar context (Toni et al.,
2002). In line with this view, the present study revealed that a
subset of GP neurons preferentially represents behavioral goals
when the choice behavior is established and stable. Houk and
Wise (1995) proposed that the BG play a role in contextual pat-
tern recognition for triggering sustained activity enhancement or
suppression in the thalamus and the cerebral cortex. According
to this view, one aspect of goal representation during movement
may be to register the context of goals to initiate or suppress
subsequent information processing in the cerebral cortex for
goal-directed behavior and also to inhibit opposing or irrelevant

goals (Mink, 1996; Hazy et al., 2007; McNab and Klingberg,
2008).

In humans, Corbetta et al. (1991) reported that the dorsal GP
and caudate nucleus are involved in selective attention to visual
features. The goal representation revealed in the present study is
considered to stem from selective attention to the task-relevant
features of the reach target during movement execution. Monchi
et al. (2001) revealed neurovascular activation in the caudate
nucleus of human subjects while they performed the Wisconsin
Card Sorting Test (WCST), a test of executive function (Milner,
1963). Furthermore, WCST performance deteriorated after im-
pairment of circuits comprising the prefrontal cortex and BG
(Cummings, 1993; Dubois and Pillon, 1997). Abstract goal rep-
resentation observed in the dorsal GP may play a part in the
successful performance of the WCST by providing neural sub-
strates for behavioral goal monitoring and maintenance during
the card sorting, particularly when attended features are kept
constant.

In addition to the goal representation, we found that a subset
of the dorsal GP neurons encodes the direction of action. The
action representation was generally linear rather than categorical
like the goal representation. Because the projections from the
dorsal GP to the primary motor cortex are meager, these neurons
may be involved in specifying the TP in space. Of the 101 neurons
selective for the AP in either the SG or OG task, 77 (76%) neurons
showed this property only in either task. The task dependency of
the activity reflecting action indicates that the action representa-
tion in the dorsal GP is under a strong influence of the behavioral
goals.

Altogether, the findings in the present study suggest that the
dorsal GP is involved in behavioral goal monitoring and mainte-
nance during execution of goal-oriented actions, presumably in
collaboration with the prefrontal cortex.
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