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The basal ganglia play a pivotal role in reward-oriented behavior. The striatum, an input channel of the basal ganglia, is composed of
subdivisions that are topographically connected with different cortical and subcortical areas. To test whether reward information is
differentially processed in the different parts of the striatum, we compared reward-related neuronal activity along the dorsolateral–
ventromedial axis in the caudate nucleus of monkeys performing an asymmetrically rewarded oculomotor task. In a given block, a target
in one position was associated with a large reward, whereas the other target was associated with a small reward. The target position–
reward value contingency was switched between blocks. We found the following: (1) activity that reflected the block-wise reward contin-
gency emerged before the appearance of a visual target, and it was more prevalent in the dorsal, rather than central and ventral, caudate;
(2) activity that was positively related to the reward size of the current trial was evident, especially after reward delivery, and it was more
prevalent in the ventral and central, rather than dorsal, caudate; and (3) activity that was modulated by the memory of the outcomes of the
previous trials was evident in the dorsal and central caudate. This multiple reward information, together with the target-direction
information, was represented primarily by individual caudate neurons, and the different reward information was represented in caudate
subpopulations with distinct electrophysiological properties, e.g., baseline firing and spike width. These results suggest parallel process-
ing of different reward information by the basal ganglia subdivisions defined by extrinsic connections and intrinsic properties.

Introduction
The present model for basal ganglia function hypothesizes that
parallel corticobasal ganglia loops of limbic, associative, and mo-
tor domains contribute to their diverse functions. The striatum,
an input station of the basal ganglia, consists of subdivisions that
belong to these loops. Studies using a hand-reaching task in pri-
mates demonstrate that the dorsal and ventral striatum carry
skeletal movement and expectation of reward information, re-
spectively (Apicella et al., 1991; Schultz et al., 1992; Bowman et
al., 1996; Tremblay et al., 1998; Hassani et al., 2001; Cromwell
and Schultz, 2003). However, evidence also suggests equally im-

portant contributions of the dorsal and ventral striatum to mo-
tivational behavior. Electrical stimulation was equally rewarding
in the ventral and dorsal striatum (Prado-Alcala and Wise, 1984;
Wise, 2009). In humans, both the dorsal and ventral striatum are
activated by primary or secondary rewards (Koepp et al., 1998;
Knutson et al., 2001b; Zald et al., 2002; O’Doherty et al., 2004).
Reward information is processed widely in the striatum, but in-
formation of a different nature is represented in the segregated
parts of the striatum; however, anatomical comparisons between
different species must be made carefully (Schultz, 2000; Atallah et
al., 2007; Balleine et al., 2007; Haber and Knutson, 2010). In
rodents, the dorsolateral striatum is implicated in the acquisition
and performance of stimulus–response tasks and habitual re-
sponses (Yin et al., 2004; Graybiel, 2008; White, 2009; Balleine
and O’Doherty, 2010), whereas the dorsomedial striatum has
roles in action– outcome association and flexible, goal-directed
behavioral control (Balleine and Killcross, 1994; Yin and Knowl-
ton, 2006; Ragozzino, 2007; Kimchi and Laubach, 2009b). The
more ventral part, including the nucleus accumbens, is impli-
cated not only in value coding and pavlovian responses (Balleine
and Killcross, 1994) but also in instrumental responses in which
cues indicating future rewards guide behavioral responses
(Everitt et al., 1999; Cardinal et al., 2002; Setlow et al., 2003;
Kelley, 2004; Nicola et al., 2004) and the integration of value and
chosen action (Ito and Doya, 2009; Roesch et al., 2009). Human
imaging studies suggest that the dorsal and ventral striatum cor-
respond to an “actor,” which maintains information about the
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reward outcomes of actions, and to a “critic,” which learns to
predict future rewards, respectively (O’Doherty et al., 2004). A
recent primate study showed that the dorsal and ventral caudate,
a rostral part of the striatum, encode the difference and the sum
of the temporally discounted values, respectively (Cai et al.,
2011).

However, it remains to be clarified whether and how different
striatum subdivisions encode different kinds of reward signal, as
well as motor and cognitive signals at the single-unit level in the
same animal. Such a study would contribute to a better under-
standing of information processing in the striatum for reward-
dependent learning and action control (Daw and Doya, 2006), as
well as elaborating potential therapeutic targets. The caudate nu-
cleus is an ideal region to investigate this issue because it has been
studied extensively for the regulation of saccadic eye movements
(Hikosaka et al., 2000). The purposeful generation of saccade can
be achieved by transient removal of the inhibition from the sub-
stantia nigra pars reticulata, which is caused by disinhibition
from the caudate nucleus. The activity of caudate neurons is
modulated by reward information (Kawagoe et al., 1998; Lauw-
ereyns et al., 2002; Takikawa et al., 2002a; Hikosaka et al., 2006;
Lau and Glimcher, 2007). Thus, the caudate conveys reward in-
formation by which saccadic eye movements are modulated.

In this study, we directly compared reward-related activity in
single neurons at different locations within the caudate nucleus in
monkeys performing an asymmetric reward saccade task. We
found that reward information of a different nature and timescale
was represented during the distinct trial epochs by distinct
groups of neurons.

Materials and Methods
General. We used two hemispheres of two male rhesus monkeys (Macaca
fascicularis; laboratory designations S, 7.0 kg, and F, 5.4 kg). Each animal
had been implanted with a post to allow for the maintenance of a stable
head position. A circular CILUX recording chamber (Crist Instruments)
was placed and tilted laterally by 30° for monkey S and 20° for monkey F.
All aspects of the behavioral experiment, including stimuli presentation,
monitoring of eye movements and neuronal activity, and delivery of
reward, were under the control of a real-time experimentation data ac-
quisition system (Tempo; Reflective Computing). Eye position was mon-
itored using an infrared video tracking system at a time resolution of 240
Hz and spatial resolution of 0.1° (EYE-TRAC6; ASL). Stimuli generated
by an active matrix liquid crystal display projector (EPSON ELP-505)
were rear projected on a frontoparallel screen located at 25 cm from the
monkey’s eyes. The water reward was delivered through a spigot under
the control of a solenoid valve. All experimental procedures were per-
formed in accordance with the National Institutes of Health Guidelines
for the Care and Use of Laboratory Animals and approved by the Com-
mittee for Animal Experiment at Kansai Medical University.

Behavioral task. The monkeys performed a visually guided saccade task
in which the expected reward size was different depending on the target
position. The essential procedure of the task is summarized in Figure 1 A.
Each trial began with the presentation of a central fixation point (FP;
diameter, 0.6°). After the animal maintained fixation on the spot for 1200
ms within a 5° window, the FP was turned off, and a target, a small white
dot (0.6°), appeared at 15° (monkey S) or 10° (monkey F) either right or
left from the FP to which the animal was required to make a saccade. The
monkey maintained fixation on the target for 1600 ms until the target
went off, followed by the delivery of the liquid reward (Fig. 1, top). The
intertrial interval, which started at the time of reward offset and lasted
until FP onset in the next trial, was 3 s. The sequence for the target
position was pseudorandom, subject to the constraint that, within every
four trials (two trials for each of the two positions), the order was deter-
mined randomly (Fig. 1, bottom). In one experimental block consisting
of 16 –24 trials (8 –12 trials for each direction), the reward was always
larger (0.4 ml) for one target location (e.g., left) and smaller (0.05 or 0 ml)

for the other location (e.g., right). Even for the small-reward trials, the
animal had to make a correct saccade; if the animal aborted the trial by
breaking fixation or the saccade was incorrect, the same trial was repeated
until the saccade was performed correctly. In the second block, the direc-
tion of the reward bias was reversed (e.g., right-large and left-small). For
the completion of one “session,” these two kinds of blocks with opposite
reward schedules were alternated two or three times so that a total of four
to six blocks were performed. No explicit cue, other than the reward
received, was given to signal block changes.

Mapping and recording of the caudate. The location of neurons in the
caudate was verified by overlaying penetration record maps on magnetic
resonance (MR) images (0.3T, AIRIS; Hitachi). As shown in Figure 2, A
and B (top), MR images were obtained with the recording chamber filled
with Betadine ointment, which clarified the relative location of the re-
cording chamber and underlying brain structure. The anteroposterior
extent of the recording sites was from 7 to 0 mm anterior to the anterior
commissure for monkey S and 6 mm anterior to 4 mm posterior to the
anterior commissure for monkey F, which corresponded to anterior
24 –31 mm (monkey S) and 19.5–29.5 mm (monkey F) in the Horsley–
Clarke coordinates.

We used a grid system for the electrophysiological recordings.
Throughout all experiments, the grid was positioned at a fixed depth
relative to the recording chamber so that the flat bottom of the grid was
always attached to the surface of the dura. The depth of the neurons was
consistently measured from the bottom of the grid, i.e., from the surface
of the dura. The depth was then normalized as the depth relative to the
top edge of the caudate at the AC�5 level (see Fig. 2 E–H ). For neuronal
recording, a sharpened stainless-steel guide tube (outer diameter, 0.6
mm; inner diameter, 0.35 mm) was inserted through a grid hole, and,
after penetrating the dura, it was lowered until its tip reached �5 mm
above the upper edge of the caudate. We advanced an electrode through
this guide tube to reach the caudate nucleus using a hydraulic microdrive
(MO-97A; Narishige).

The depth of the dorsal border of the caudate was easily identified from
changes in the background firing rate as the electrode traveled through
the cortex, white matter, and caudate (see Fig. 2 E–H, � symbols). The
ventromedial border of the caudate was identified by the lack of activity
for more anterior tracks and the detection of tonic firing with high fre-
quency in the bed nucleus of the stria terminalis for tracks slightly pos-
terior to the anterior commissure. Quieter background activity in the
anterior commissure and the lateral ventricle was also useful information
to confirm the location of the recording sites.

The activity of single neurons was recorded using tungsten electrodes
(0.25 mm diameter, 1–3 M�; Frederick Haer Company). The signal was
amplified with a bandpass filter (150 Hz to 3 kHz; MEG-5100; Nihon
Kohden) and collected at 1 kHz, and single-neuron activity was isolated
using a template-matching spike discriminator (time resolution, 50 kHz
for waveform matching and spike sampling; Alpha Omega). To avoid the
potential confounder of training-related changes in the monkeys’ perfor-
mance, recordings were made from the ventral and dorsal parts of the
caudate on alternate days.

In the caudate, we searched for task-related neurons by visual inspec-
tion while the animals performed the saccade tasks. Among them, typical
putative interneurons (tonically active neurons) with irregular-tonic fir-
ing patterns or with typical suppression of activity in response to target
onset or saccade onset (Shimo and Hikosaka, 2001) were not included for
additional analyses. For the rest, many of them were characterized as
putative projection neurons by their low spontaneous activity in the
absence of a task (�6 Hz) and characteristic activation in bursts of spikes
in relation to the task events, e.g., target onset and saccades. Some other
neurons, however, showed clear task-related modulation in activity sim-
ilar to those of typical projection neurons, but their baseline activity was
higher (�5 Hz); we included these neurons for additional analyses.

Data analyses. Our aim was to examine whether different task-related
information was represented in different parts of the caudate. Thus, we
analyzed the distribution of neurons with different functional character-
istics along with their depth from the top edge of the caudate (see Fig. 3).
There are no anatomically or physiologically detectable landmarks to
delineate the different parts of the striatum (Haber and McFarland, 1999;
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Prensa et al., 2003); nevertheless, to characterize the subdivisions of the
caudate, we divided the caudate according to two previous reports. Cai et
al. (2011) divided the caudate into “dorsal” and “ventral” at the lower
edge of the lateral ventricle. This division is roughly consistent with the
border between the “dorsal” and “central” caudate reported by Haber
and Knutson (2010). Furthermore, Haber and Knutson referred to the
“ventral” caudate located at the farthest ventromedial location. There-
fore, we divided the caudate into dorsal, central, and ventral by applying
the ratio of the physical dorsolateral–ventromedial size of each subdivi-
sion onto our recording axis. Specifically, the caudate was divided de-
pending on the distance from the surface of the dura along the recording
direction (see Fig. 2 E–H; see above, Mapping and recording of the cau-
date). Note that, because the top edge of the caudate posterior to the
anterior commissure was closer to the surface of the brain than that at
AC�5, the normalized depth of the neurons located posterior to the
anterior commissure can be less than zero.

Saccade onset latency, i.e., the time from target onset to saccade onset,
was determined using standard velocity and acceleration threshold-
crossing algorithms. For the analyses of activity, only correct trials were
included. For each neuron, the activity for the following task periods was
computed: baseline activity (400 ms before FP onset), 1200 – 800 and
800 – 0 ms before target onset, early and late reward-delay periods
(0 – 800 and 800 –1600 ms after target onset), and post-reward periods
(400 – 800, 800 –1200, and 1200 –1600 ms after reward delivery). Each
neuron was judged to be “task-related” if its activity during at least one of
the task periods, for at least one of the four task conditions (two targets,

two reward sizes), was significantly modulated (Kruskal–Wallis test, p �
0.01). We defined activity during the particular task epoch as signifi-
cantly modulated if it was significantly different from the baseline period
(Mann–Whitney U test, p � 0.01) or if a significant reward-size, target-
direction, or interaction effect was observed (see below).

We first focused on three types of activity modulation: (1) reward
size-selective signal, which indicated a significant difference in activity
between the large- and small-reward trials; (2) target direction-selective
signal, which indicated a significant difference in activity between the
right- and left-target trials; and (3) reward direction-selective signal,
which indicated a significant difference in activity between the right- and
left-large reward blocks. To analyze the effect of reward size (1) and target
direction (2), we used two-way ANOVA ( p � 0.01) on the activity during
each task period. For the effect of reward direction (3), firing rates during
an 800 ms window before target onset (the pre-target epoch) were com-
pared between the right- and left-large blocks (Mann–Whitney U test,
p � 0.01). The � 2 or Fisher’s exact test was used to analyze whether the
proportion of neurons that showed these effects was different between
the subdivisions of the caudate.

To examine the time course of changes for the reward-direction,
reward-size, and target-direction effects, we computed a receiver operat-
ing characteristic (ROC) value by comparing the firing rates in the same
100 ms test window between the left- and right-large reward trials (see
Fig. 4), the large- and small-reward trials (see Fig. 5), and the left- and
right-target trials (see Fig. 7). We then computed the percentage of neu-

Figure 1. Experimental procedure. A, Top, Visually guided saccade task with an asymmetric reward schedule (1DR-VGS). After the monkey fixated on the FP for 1200 ms, the FP disappeared and
a target cue appeared immediately on either the left or right, to which the monkey made a saccade to receive a liquid reward. The dotted circles indicate the direction of gaze. In a block of 20 –28
trials (e.g., left-large block), one target position (e.g., left) was associated with a large reward, and the other position (e.g., right) was associated with a small reward. The position-reward
contingency was then reversed (e.g., right-large block). Bottom, The trial sequence. Left- and right-large conditions were alternated between blocks. The sequence for the target position was
pseudorandom, subject to the constraint that, within every four trials (2 trials for each of the 2 positions), the order was determined randomly. B, Changes in the mean normalized saccadic reaction
times of all analyzed data before and after target-reward contingency reversal. Error bars indicate 1 SE. *p � 0.01 indicates that the reaction times of the particular trial were significantly different
from those during the last five trials of the block (Mann–Whitney U test).
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rons within each caudate subregion that showed significant modulation
during each time bin (see Figs. 4 F–H, 5H–J, 7F–H ).

We also examined the time course of the trial-by-trial changes in nor-
malized reaction times after the reversal of the position–reward contin-
gency, computed as (reaction time of the trial � average reaction time
over all trials for the same saccade direction)/(SD of the reaction times
over all trials for the same saccade direction) (Fig. 1 B). We then com-
pared the z-scores of all data between the ith trial after a block switch and
the last five trials of the same block (Mann–Whitney U test, p � 0.01; Fig.
1 B). Similarly, for a population-level examination of the trial-by-trial
changes in post-reward activity after a block switch, we normalized the
firing rate during each task period of a given trial by computing its
z-score, i.e., (mean firing rate of the trial � average mean firing rate over
all trials)/(SD of the mean firing rate over all trials) (see Fig. 5K–M ).

To quantify the strength of the reward-size signal, the reward-size
index was computed as activity for (large-reward trials � small-reward
trials)/(large-reward trials � small-reward trials). The strength of the
reward-direction signal of the pre-target activity was computed as (con-
tralateral large trials � ipsilateral large trials)/(contralateral large trials �
ipsilateral large trials) (see Fig. 8).

Results
Two monkeys, S and F, were trained to perform a visually guided
saccade task with an asymmetric reward schedule (1DR-VGS;
Fig. 1A). After the presentation of a target cue, with the informa-
tion of the spatial bias of the reward size (i.e., left-large or right-
large) or “reward direction,” the expected “reward size” (i.e.,
large or small) for that particular trial was fully predicted, except
in the very first trials after a block switch (reversal of the position–
reward contingency). The monkeys indeed capitalized on this
information, as evidenced by their saccade reaction times (Fig.
1B). Consistent with previous reports (Kawagoe et al., 1998;
Takikawa et al., 2002b), both monkeys showed significantly lon-
ger saccadic reaction times when a small reward was expected
than when a large reward was expected (p � 0.0001, Mann–
Whitney U test), and the reaction times changed quickly after a
block switch (Lauwereyns et al., 2002; Watanabe and Hikosaka,
2005).

For the survey of neurons, the electrode was directed almost
parallel to the internal capsule, which enabled us to search from
the dorsolateral-to-ventromedial caudate (Fig. 2A,B). The depth
of each neuron was measured from the dura and was normalized
such that the top edge of the caudate at the AC�5 level was zero
(Fig. 2E–H). Then, as in Figure 2E–H, the caudate was divided
into the three subdivisions by the normalized depth of the re-
cording sites: (1) the dorsal caudate, which extends up to 5 mm;
in monkey F, this region was studied posteriorly and anteriorly to
the anterior commissure, whereas in monkey S, only the anterior
part was studied; (2) the central caudate, which extends 5– 8 mm;
and (3) the ventral caudate, which extends 8 mm or deeper from
the top edge of the caudate. The central and ventral caudate re-
gions were thus located anterior to the anterior commissure.

Neurons with task-related activity were widely distributed
within the caudate, as observed in the coronal views (Fig. 2A–D)
and the planes parallel to the recording paths (Fig. 2E–H). On the
basis of these caudate subdivisions, we analyzed the activity of 138
dorsal (74 from monkey S and 64 from monkey F), 103 central
(81 and 22), and 35 ventral (24 and 11) caudate neurons. The
number and percentage of neurons showing significant modula-
tion of activity for each task epoch (for the definition of “modu-
lated activity,” see Materials and Methods) is shown in Table 1
and by the gray lines in Figure 3. The following analyses revealed
that different reward signals were represented in distinct regions
within the caudate.

Reward-direction-dependent pre-target activity was prevalent
in the dorsal caudate
Many caudate neurons showed significant modulation in activity
during the pre-target epoch (800 ms window before target onset).
However, these neurons were unevenly distributed, with a signif-
icantly larger proportion of neurons in the dorsal than the central
and ventral caudate [p � 0.021, � 2 � 7.68, degrees of freedom
(df) � 2 for monkey S; p � 0.013, � 2 � 8.70, df � 2 for monkey
F; Fig. 3, gray line, “pre-target”; Table 1]. We further confirmed
that some of this pre-target activity was modulated by reward
direction as reported previously (Lauwereyns et al., 2002;
Takikawa et al., 2002a; Ding and Hikosaka, 2006). For example,
the neuron shown in Figure 4A (for its location, see Fig. 2D)
exhibited a gradual increase in activity starting around the middle
of the fixation period until saccade onset. This pre-target activity
was significantly stronger for the contralateral (right)-large block
than for the ipsilateral (left)-large block (p � 4.4 � 10�6, Mann–
Whitney U test). We also found that such reward direction-
selective pre-target activity was prevalent in the dorsal, rather
than the central and ventral, caudate. In both monkeys, approx-
imately one-third (33% for monkey S, 30% for monkey F) of
neurons in the dorsal caudate showed significant reward-
direction-dependent modulation of their pre-target activity,
whereas a smaller proportion of central (15% for monkey S, 0%
for monkey F) and ventral (17% for monkey S, 0% for monkey F)
caudate neurons showed an effect (p � 0.02, � 2 � 7.43, df � 2 for
monkey S; p � 0.002, � 2 � 12.2, df � 2 for monkey F; Fig. 4B).
The detailed distribution of neurons with a reward direction-
selective signal is shown in Figures 2, C, Da, and E, and 3. If the
analysis was restricted to the neurons that showed modulated
activity before target onset, the proportion of reward-direction-
selective neurons was still highest in the dorsal (41% for monkey
S, 42% for monkey F) than the central (25% for monkey S, 0% for
monkey F) and ventral (31% for monkey S, 0% for monkey F)
caudate, although the difference did not reach significance for
monkey S (p � 0.2, � 2 � 3.2, df � 2 for monkey S; p � 0.008,
� 2 � 9.6, df � 2 for monkey F). Among the neurons that showed
reward-direction selectivity, 23 of 43 dorsal (53%) and 8 of 12
central (67%) caudate neurons showed stronger pre-target activ-
ity when the contralateral side was more rewarded than when the
ipsilateral side was more rewarded.

In Figure 4C–E (a comparison of the firing rate of each neuron
between the block types) and in Figure 4F–H (the proportion of
neurons with reward-direction selectivity), the time course of the
reward-direction signal was analyzed. As a population, the
reward-direction signal became evident after fixation onset and
lasted until �400 ms after target onset.

In summary, the reward-direction signal was evident during
the pre-target period, and it was more common in the dorsal than
in the central or ventral caudate.

Reward-size-dependent modulation after target cue
presentation and after reward delivery
Many caudate neurons also showed reward-size-dependent
modulation of activity. For example, the neurons shown in Fig-
ure 5, A and B, which were in the ventral and central caudate,
respectively, exhibited an increase in activity starting after sac-
cade and continuing after reward delivery. This activity was sig-
nificantly stronger for the large- than small-reward trials.

We found a significant difference in the distribution of neu-
rons with stronger post-reward activity for large- than small-
reward trials (measured from 400 to 800 ms after reward onset;
Table 2, p � 2.8 � 10�5, � 2 � 20.9, df � 2 for monkey S; p �
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3.1 � 10�5, � 2 � 20.8, df � 2 for monkey F). Neurons with a
large-reward preference during the post-reward period were
most common in the ventral, rather than the central or dorsal,
caudate in both monkeys (Fig. 5D). The detailed distribution of

neurons with a large-reward preference is shown in Figures 2, C,
Db, and F, and 3. Neurons with a large-reward preference were
sparse in the dorsal caudate, gradually increased in the central
caudate, and were most prominent in the ventral caudate.

Figure 2. The recording sites in monkeys S and F. The location of each neuron is estimated from the depth of the electrode at the time of recording and the depth of the caudate boundary, which was judged
by changes in the background activity, both of which are overlaid on MR images of coronal sections. A, B, Representative full coronal section views of the recording sites at different rostrocaudal levels with the
rectangles outlining the regions magnified in the bottom rows. Note that, in the MR images, the recording chamber filled with Betadine ointment is visible. The diagonal lines in the rectangles are the borders
between the dorsal, central, and ventral caudate. C, D, Distribution of neurons that showed different task modulation. At the top of the panels, AC indicates the level of the anterior commissure, and the positive
and negative numbers indicate the distance in millimeters anterior and posterior to the AC, respectively. a, The green dots indicate the neurons that showed significant reward direction-selective modulation in
their pre-target activity (800 ms before target onset, p � 0.01). b, The red dots indicate the neurons that showed a significantly stronger response after large- than small-reward delivery (400 – 800 ms after
reward onset, p �0.01). c, The blue dots indicate the neurons that showed a significantly stronger response after small- than large-reward delivery (400 – 800 ms after reward onset, p �0.01). The locations
oftheexampleneuronsinFigures4,5,and7areindicatedbythepinkarrows.E–H,Therostral– caudaldistributionofneuronswithdifferentsignals.Thedatafrombothmonkeysareincluded.Thex-axis indicates
the distance from the anterior commissure. The y-axis indicates the depth from the dura, which is normalized so that the depth of the top edge of the caudate at AC�5 is zero. The� symbols (orange, monkey
S; purple, monkey F) indicate the top edge of the caudate estimated by changes in background activity. The gray dots indicate the location of the task-related neurons.
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We also observed neurons that exhib-
ited an opposite reward-size preference.
For example, the dorsal caudate neuron
shown in Figure 5C showed stronger ac-
tivity after small- than large-reward deliv-
ery. As shown in Figure 5D, right (for their
detailed distribution, see Figs. 2C,Dc,G,
3), neurons that showed a small-reward
preference tended to be found more often
in the dorsal than the central or ventral
caudate, although their regional distribu-
tion was not significantly different (Ta-
ble 2, p � 0.29, � 2 � 2.45, df � 2 for
monkey S; p � 0.62, � 2 � 0.95, df � 2
for monkey F).

In Figure 5E–J, the time course of the
reward-size signal was analyzed for all
neurons. Overall activity modulation
from the baseline (400 ms before fixation
onset) for the large- and small-reward tri-
als (Fig. 5E–G, left and middle columns)
was evident in the earlier task periods
(e.g., pre-target period) in the dorsal caudate. The overall activa-
tion peak shifted toward the later task periods (i.e., post-reward
periods) as the recording sites became deeper. The comparison of
activity between the large- and small-reward trials (Fig. 5E–G,
right column) and the percentage of neurons with a significant
reward-size effect (Fig. 5H–J) show that a large-reward prefer-
ence was manifest in the ventral caudate after target onset and
most notably after reward onset (Table 2). Conversely, there was
a tendency that a small-reward preference was manifest in the
dorsal caudate. In the central caudate, neurons with a large-
reward preference were dominant in monkey S, whereas a nearly
equal number of neurons with large- and small-reward prefer-
ence were found in monkey F.

The large-reward preferring activity in the ventral caudate
primarily reflected the size of the received rewards. In the current
task, a reward was given at 1600 ms after the completion of sac-
cades, which enabled us to dissociate between the signal associ-
ated with the expected reward size caused by an action (Knutson
et al., 2001a; Haruno et al., 2004; O’Doherty et al., 2004; Same-
jima et al., 2005; Kim et al., 2009) and the size of the received
reward. If the activity reflected the expected reward size, the ac-
tivity in the previous block should be carried over to the first trial
in the next block. Figure 5K–M shows the time course of the
changes in the post-reward activity (z-score) of the dorsal caudate
neurons with a significant small-reward preference, the central
caudate neurons with a significant large-reward preference, and
the ventral caudate neurons with a significant large-reward pref-
erence. On the very first trial of the large- and small-reward

blocks, the post-reward activity reflected the value of the received
reward, not of the expected reward for all parts of the caudate.
Thus, the value of the received reward, rather than the value of the
expected reward, was the main determinant of post-reward ac-
tivity. Note that, however, the post-reward activity did not simply
encode the received reward size per se, regardless of action be-
cause neurons with large-reward preferring post-reward activity
rarely responded to a liquid reward given outside of the task (data
not shown) (Rolls et al., 1983; Apicella et al., 1991; Hikosaka et al.,
2000). Thus, the post-reward activity encoded the size of the
received reward rather than the size of the expected reward in the
context of this instrumental task (Tricomi et al., 2004).

We also analyzed whether post-reward activity was used to
modulate neuronal activity and behavior in the following trial. A
small number of caudate neurons showed a significant correla-
tion between their post-reward activity and the baseline activity
in the following trial (400 ms before FP onset) for seven (5.1%)
dorsal, three (2.9%) central, and one (2.9%) ventral caudate neu-
rons and between their post-reward activity and pre-target activ-
ity in the following trial for two (1.5%) dorsal, five (4.9%) central,
and two (5.7%) ventral caudate neurons (Spearman’s rank cor-
relation, p � 0.01). Correlations between post-reward activity
and the latency to fixate on the FP and the saccade latency to the
target in the following trial were also observed for only a small
number of neurons (fixation: two dorsal, five central, and zero
ventral; target: one dorsal, four central, and zero ventral caudate
neurons). Altogether, the correlations between post-reward ac-

Figure 3. Proportion of neurons that showed different reward effects depending on the task epoch and recording depth. Gray,
Task related; green, reward-direction signal; red, large-reward signal; blue, small-reward signal; purple, reward-history signal;
dotted black, target-direction signal with either contralateral or ipsilateral preference.

Table 1. The number and percentage (in parentheses) of neurons whose activity was significantly modulated (see Materials and Methods) for each task epoch

Modulated neurons

Area
Number
of neurons Pre-target

Early
reward-delay

Late
reward-delay

Post-reward
4 – 800 ms

Post-reward
8 –1200 ms

Post-reward
12–1600 ms

Monkey S
Dorsal 74 58 (78.4) 53 (71.6) 47 (63.5) 26 (35.1) 21 (28.4) 19 (25.7)
Central 81 49 (60.5) 56 (69.1) 48 (59.3) 43 (53.1) 34 (42.0) 28 (34.6)
Ventral 24 13 (54.2) 13 (54.2) 11 (45.8) 10 (41.7) 17 (70.8) 11 (45.8)

Monkey F
Dorsal 64 45 (70.3) 53 (82.8) 47 (73.4) 46 (71.9) 42 (65.6) 38 (59.4)
Central 22 11 (50.0) 16 (72.7) 16 (72.7) 16 (72.7) 10 (45.5) 9 (40.9)
Ventral 11 3 (27.3) 10 (90.9) 6 (54.5) 9 (81.8) 6 (54.5) 5 (45.5)
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tivity and activity and behavior in the next trial were weak for all
subdivisions.

In summary, a trial-based reward-size signal was prevalent
during the post-reward period, and neurons with a large-reward
preference were more common in the central and ventral cau-
date. Conversely, neurons with a small-reward preference tended
to be common in the dorsal caudate, although the difference was
not significant.

Effect of reward history on behavior and caudate activity
We next analyzed whether the monkeys’ behavior and caudate
activity were also modulated by the memory of past trials or
“reward history,” using a particular feature of the current task. In
the task, the large- and small-reward trials occurred equally often

within a block on average; however, because the number of trials
within a block was fixed, the probability of particular reward
trials was not fixed at 50% from trial to trial. If the previous trial
was a small-reward trial, the probability that the next trial was a
large-reward trial was higher; if the previous trial was a large-
reward trial, the probability that the next trial was also a large-
reward trial was lower (Nakahara et al., 2004; Bromberg-Martin
et al., 2010).

We analyzed the effect of reward history on a behavioral mea-
sure and neuronal activity in two ways. First, we examined the
effect of the immediate reward history by comparing between
trials that were preceded by a large or small-reward trial. We also
examined the influence of the longer-term reward history by
comparing between trials that were preceded by a different num-

Figure 4. Reward-direction effect. A, An example of dorsal caudate neuronal activity showing a reward-direction effect. Spike shape is shown on the left (scale bar, 1 ms), and the location of the
neuron is indicated in Figure 2 Da. Action potentials are shown by raster plots in the chronological order of the trials, separately for leftward and rightward saccades. The changes in firing rate are
shown by the perievent histograms at the top (smoothed with a Gaussian kernel; � � 5 ms; width � 5 �). The activity in the large- and small-reward trials is shown in red and blue, respectively.
The histograms and raster plots are shown in two sections: the left section is aligned to the time of target cue onset (TG on), and the right is aligned to reward onset (RW on). The green dots indicate
the appearance of an FP, the black dots indicate saccade onset (Sac on), and the light blue dots indicate reward onset and offset. The reward offset (RW off) applies only to the large-reward trials.
Note that this neuron showed stronger pre-target activity for the right-large block. B, Percentage of neurons that showed a reward-direction effect. C–E, Temporal course of the reward-direction
effect of each neuron presented as a row of pixels. The ROC value of each pixel is based on the comparison of the firing rate in the same test window centered on the pixel between the contralateral-
and ipsilateral-large blocks. Warm colors (ROC � 0.5) indicate higher firing rates on the contralateral- than ipsilateral-large block, whereas cool colors (ROC � 0.5) indicate higher firing rates on the
ipsilateral- than contralateral-large block. In all panels, the order of the neurons from the top to the bottom is identical to that in Figure 5E–G, where the neurons were ordered based on the strength
of their reward-size effect for post-reward activity. F–H, Temporal course of the fraction of neurons that showed a significant reward-direction effect for each time bin (100 ms duration,
Mann–Whitney U test, p � 0.01).
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Figure 5. Reward size effect. A–C, Examples of ventral (A), central (B), and dorsal (C) caudate neuronal activity showing a reward-size effect. The layout is the same as in Figure 4 A. D, Percent-
age of neurons that showed a significant reward-size effect. E–G, Temporal course of the reward-size effect of each neuron. Left and middle columns, Changes in neuronal (Figure legend continues.)
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ber of consecutive small- or large-reward trials (Fig. 6B, inset).
The monkeys’ behavior and neural activity were compared be-
tween trials that were preceded by a long sequence (i.e., three or
four trials) or a short sequence (only one trial) of large-/small-
reward trials.

We first analyzed the effect of a single previous reward out-
come on the saccade onset latency, i.e., the time from target onset
to saccade onset. Consistent with previous studies (Takikawa et
al., 2002b; Nakahara et al., 2004; Bromberg-Martin et al., 2010),
the immediate reward history significantly modulated the mon-
keys’ behavior, although differently depending on which monkey
was tested. If preceded by a small-reward trial, monkey S showed
significantly shorter reaction times for large-reward trials,
whereas monkey F showed significantly shorter reaction times for
small-reward trials (Mann–Whitney U test, p � 0.01; Fig. 6A).
The measure of long-term reward history (i.e., the number of
trials since the last large- or small-reward trial) produced similar
results. As shown in Figure 6B (left), if the number of trials since
the last large-reward trial was large, the saccadic reaction times in
large-reward trials for monkey S and small-reward trials for mon-
key F became shorter (Mann–Whitney U test, p � 0.01, compar-

ison between “one” vs three or four” trials since the last large
reward). Likewise, as shown in Figure 6B (right), if the number of
trials since the last small-reward trial was large, the saccadic reac-
tion times in large-reward trials for both monkeys and small-
reward trials for monkey F became longer. Altogether, the
saccadic reaction times were modulated by the immediate and
long-term reward history in both monkeys.

Our analyses further revealed that the activity of some caudate
neurons was modulated by the immediate (post small vs large)
and long-term (number of trials since the last large reward, three
or four vs one) reward history. The population histograms in
Figure 6, C and D, illustrate the pre-target activity of dorsal cau-
date neurons, which was significantly stronger if the previous
reward was small or large, respectively. Caudate activity can be
influenced by outcomes located farther back in the past. The
population histograms in Figure 6, E and F, illustrate the pre-
target activity of dorsal caudate neurons, which was significantly
stronger if the number of trials since the last large reward was
large or small, respectively. Note that the effect of the immediate
reward history (previous small vs large) and long-term reward
history (number of trials since the last large reward, three or four
vs one) was positively correlated (Spearman’s rank correlation,
p � 0.001 for all subdivisions; Fig. 6G), indicating that both im-
mediate and long-term history-dependent modulation of cau-
date activity was based on a common history-dependent reward
expectation. Additional analyses revealed that the changes in pre-
target activity depending on both immediate and long-term re-
ward history were in the same direction across different reward
blocks. For example, if the activity was stronger after small re-
wards than after large rewards for the right-large block, it was also
true for the left-large block. There was a significant positive cor-
relation between the strength of reward history effects for the
right- and left-large blocks of both immediate (activity for post
small � post large) and long-term (activity for three or four �
one trials since the last large reward) for the dorsal and central,
but not for the ventral, caudate (Spearman’s rank correlation,
p � 0.05).

Figure 6H shows the percentage of neurons that had signifi-
cantly different pre-target activity depending on the previous re-
ward size (Mann–Whitney U test, p � 0.05/2, Bonferroni’s
correction for two reward-direction conditions); some showed
stronger activity if the previous reward was small, and others

4

(Figure legend continued.) firing rate from baseline are compared for large- and small-reward
trials, separately. The color of each pixel indicates the ROC value based on the comparison of the
firing rate between a control period just before fixation onset (400 ms duration) and a test
window centered on the pixel (100 ms duration). This analysis was repeated by moving the test
window in 20 ms steps. Warm colors (ROC � 0.5) indicate an increase in the firing rate relative
to the control period, whereas cool colors (ROC � 0.5) indicate a decrease in the firing rate.
Right column, Changes in reward-size-dependent modulation. The ROC value of each pixel was
based on the comparison of the firing rate in the same test window centered on the pixel
between the large- and small-reward trials. Warm colors (ROC � 0.5) indicate higher firing
rates for large- than for small-reward trials, whereas cool colors (ROC � 0.5) indicate higher
firing rates for small- than for large-reward trials. In all panels, the neurons have been sorted in
order of their ROC values and the length of time with significant reward modulation during the
post-reward (0 –1600 ms) period. H–J, Temporal course of the fraction of neurons that showed
a significant reward-size effect for each time bin (100 ms duration, two-way ANOVA, p � 0.01).
K–M, Trial-by-trial changes in post-reward activity. Large-reward trials are indicated by the
dark gray areas; small-reward trials are indicated by the white areas. Shown are the mean and
SE of the normalized post-reward activity of the nth trial before and after contingency reversal:
K, dorsal caudate neurons with small-reward preference (n � 26); L, central caudate neurons
with large-reward preference (n � 24); M, ventral caudate neurons with large-reward prefer-
ence (n � 16).

Table 2. The number and percentage of neurons that showed a significant difference in activity depending on the reward size (two-way ANOVA, p < 0.01)

Area Early reward-delay Late reward-delay Post-reward 4 – 800 ms Post-reward 8 –1200 ms Post-reward 12–1600 ms

Reward-value effect (large � small)
Monkey S

Dorsal 9 (12.2) 6 (8.1) 2 (2.7) 3 (4.1) 3 (4.1)
Central 24 (29.6) 14 (17.3) 21 (25.9) 14 (17.3) 14 (17.3)
Ventral 1 (4.2) 1 (4.2) 8 (33.3) 8 (33.3) 5 (20.8)

Monkey F
Dorsal 15 (23.4) 9 (14.1) 5 (7.8) 6 (9.4) 7 (10.9)
Central 7 (31.8) 4 (18.2) 6 (27.3) 3 (13.6) 2 (9.1)
Ventral 6 (54.5) 3 (27.3) 7 (63.6) 3 (27.3) 3 (27.3)

Reward-value effect (small � large)
Monkey S

Dorsal 18 (24.3) 18 (24.3) 8 (10.8) 8 (10.8) 7 (9.5)
Central 10 (12.3) 8 (9.9) 5 (6.2) 6 (7.4) 5 (6.2)
Ventral 0 (0.0) 1 (4.2) 1 (4.2) 3 (12.5) 3 (12.5)

Monkey F
Dorsal 13 (20.3) 12 (18.8) 22 (34.4) 19 (29.7) 15 (23.4)
Central 4 (18.2) 6 (27.3) 7 (31.8) 3 (13.6) 2 (9.1)
Ventral 2 (18.2) 2 (18.2) 2 (18.2) 1 (9.1) 1 (9.1)
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Figure 6. Reward history effect. A, Effect of previous reward size on the saccadic reaction times. Reaction times are normalized by the z-score, and a comparison was performed between the
reaction times for current large-reward trials (red lines) preceded by large rewards (“Post L”) and small rewards (“Post S”) or reaction times for current small-reward trials (blue lines) preceded by
large and small rewards. Error bars indicate SEM. *p � 0.01. B, Effect of the number of trials since the last large-reward trial (left) and the number of trials since the last small-reward trial (right) on
the saccadic reaction times. An example of the measure is shown above the panel. Note that the probability that the next trial would be a large (small) reward was higher if the number of trials since
the last large (small)-reward trial was larger. Statistical comparison was performed between one versus three or four trials. *p � 0.01. C, Population activity for two different reward-direction
conditions with higher (preferred, black) or lower (nonpreferred, purple) block-dependent pre-target activity and with a different reward history: previous large (dashed lines) and small (solid lines).
The data are from dorsal caudate neurons that showed significantly stronger pre-target activity for trials preceded by small-reward trials ( p � 0.05/2, Bonferroni’s correction for two reward-
direction conditions). D, Same as C, except that the data are from dorsal caudate neurons with significantly stronger pre-target activity for trials preceded by large-reward trials. E, F, Same as C and
D, except that the data are from dorsal caudate neurons with significantly stronger pre-target activity if the number of trials since the last large reward was large (3 or 4) (Figure legend continues.)
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showed stronger activity if the previous reward was large (Table
3). The detailed distribution of neurons with reward-history
modulation depending on the previous reward size is shown in
Figures 2H and 3. Across the caudate nucleus, regional distribu-
tion of neurons whose activity was modulated depending on the
previous reward size was significantly different in monkey S (p �
0.02, � 2 � 8.2, df � 2) but not in monkey F (p � 0.5, � 2 � 1.4,
df � 2); however, in both monkeys, there was a tendency that
more neurons in the dorsal and central, rather than the ventral,
caudate showed the effect. In a small number of neurons (Table
3), activity during the early-reward delay and post-reward peri-
ods was modulated by reward history, although the prevalence of
such activity was too low for the identification of any distribution
patterns.

Target-direction-dependent modulation
Some caudate neurons also showed target-direction-selective
modulation. For example, the left dorsal caudate neuron shown
in Figure 7A exhibited significantly stronger activity after the
onset of the target contralateral (right) to the recording site and
during the reward-delay period. In both monkeys, the target-
direction signal was found most often during the early reward
delay period (800 ms after target onset), which included the post-
target and saccade-related periods (Table 4). This was confirmed
by analyses of the time course of the target-direction signal (Fig.
7C–E, a comparison of the firing rate of each neuron between the
target directions) and the proportion of neurons with target-
direction selectivity (Fig. 7F–H).

The percentage of dorsal caudate neurons that showed target-
direction selectivity, including both contralateral and ipsilateral
preference during the early reward delay period, was 15% (mon-
key S) and 25% (monkey F), which is consistent with previous
reports (Ding and Hikosaka, 2006; Lau and Glimcher, 2007).
There was also a tendency that more dorsal and central caudate
neurons showed target-direction selectivity, which was especially
true for neurons with contralateral preference, although the dif-
ference was not significant (p � 0.2, df � 2, � 2 � 3.0 for monkey
S; p � 0.4, df � 2, � 2 � 1.6 for monkey F, for contralateral-

preferring neurons; Figs. 3, 7B; Table 4). Some neurons also
showed an interaction effect between target direction and ex-
pected reward size (Table 5); however, the regional difference in
the distribution of neurons with a significant interaction effect
was not significant.

Degree of convergence of the different task signals
As presented in the previous sections, caudate neurons carried a
variety of reward-related information, i.e., reward direction, re-
ward size, reward history, and target direction. We further ana-
lyzed whether single neurons carried multiple signals. The Venn
diagrams of Figure 8A show the number and proportion of neu-
rons that showed reward-size (including both large- and small-
reward preference), reward-direction, or reward-history (during
the pre-target, early reward delay, or post-reward periods) ef-
fects. In all caudate areas, these three reward signals were signif-
icantly exclusive (Fisher’s exact test, p � 0.05), except for the
relationship between the reward-direction and reward-history
(all caudate areas) or reward-size and reward-history (ventral
caudate) effects . We further examined whether the strength of
the reward-direction and reward-size effects were correlated (Fig.
8B). In the dorsal caudate, some neurons were distributed in the
top left quadrant of the graph, indicating that these neurons
showed small-reward preferring post-reward activity as well as
contralateral-preferring reward direction-selective pre-target ac-
tivity. However, in the central and ventral caudate, there was no
systematic correlation between the two different reward signals.

In the dorsal caudate, some neurons showed either target-
direction and/or reward-size effects in their early reward-delay
activity. These effects were not correlated (Fig. 8D), although
they were not significantly exclusive (Fig. 8C, Fisher’s exact test,
p � 0.28).

In summary, different reward signals were primarily encoded
by separate populations of neurons, except for some neurons that
showed reward-history and reward-direction effects.

Electrophysiological characteristics of the neurons and
reward coding
Previously, electrophysiological properties, e.g., spike width and
baseline firing rate, have been associated with different cell types
in the striatum (Berke et al., 2004; Gage et al., 2010); however,
their distribution did not show clear borders within the striatum.
We now tested whether the different kinds of reward signals were
encoded by specific groups of neurons with particular electro-
physiological characteristics. Spike waveforms were recorded for
most of the analyzed neurons (130 of 138 dorsal, 94 of 103 cen-
tral, and 32 of 35 ventral caudate neurons). Spike width was

4

(Figure legend continued.) or small (1), respectively. G, The difference in normalized pre-
target activity between three or four versus one trial since the last large-reward trial ( y-axis)
was positively correlated with the difference in normalized pre-target activity between trials
preceded by small versus large reward trials (x-axis). H, Percentage of neurons that showed a
significant difference in pre-target activity depending on the reward size of the previous trial.
Neurons that showed stronger activity when preceded by both small- and large-reward trials
(for at least 1 of the 2 reward blocks) are included. Lt, Left; Rt, right; L, large; S, small.

Table 3. The number and percentage of neurons that showed a significant difference in activity depending on the reward size of the previous trial (Mann–Whitney U test,
for pre-target period, p < 0.05/2, Bonferroni’s correction for two reward-direction conditions; for early-reward delay or post-reward periods, p < 0.05/4, Bonferroni’s
correction for the four trial types)

Reward-history effect

Previous large � previous small Previous small � previous large

Area Pre-target Early reward-delay Post-reward 4 – 800 ms Pre-target Early reward-delay Post-reward 4 – 800 ms

Monkey S
Dorsal 4 (5.4) 6 (8.1) 1 (1.4) 15 (20.3) 5 (6.8) 0 (0.0)
Central 11 (13.6) 0 (0.0) 0 (0.0) 16 (19.8) 3 (3.7) 1 (1.2)
Ventral 0 (0.0) 0 (0.0) 0 (0.0) 1 (4.2) 0 (0.0) 0 (0.0)

Monkey F
Dorsal 8 (12.5) 1 (1.6) 1 (1.6) 6 (9.4) 2 (3.1) 2 (3.1)
Central 4 (18.2) 2 (9.1) 1 (4.5) 2(9.1) 1 (4.5) 0 (0.0)
Ventral 1 (9.1) 0 (0.0) 1 (9.1) 0 (0.0) 0 (0.0) 1 (9.1)
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Figure 7. Target-direction effect. A, Examples of dorsal caudate neuronal activity showing a target-direction effect during the early reward-delay period. This neuron also showed a reward-size
effect (large-reward dominant) after target onset. The layout is the same as in Figure 4A. B, Percentage of neurons that showed a significant target-direction effect during the early reward-delay
period. C–E, Temporal course of the target-direction effect of each neuron. Left and middle columns, Changes in neuronal firing rate from baseline are compared for contralateral and ipsilateral
target trials, separately. Right column, Changes in target-direction-dependent modulation comparing the firing rate between the contralateral and ipsilateral target trials. Warm colors (ROC � 0.5)
indicate higher firing rates for contralateral than for ipsilateral trials, whereas cool colors (ROC � 0.5) indicate higher firing rates for ipsilateral- than for contralateral-reward trials. In all panels, the
order of the neurons from the top to the bottom is identical to that in Figure 5E–G, where the neurons were ordered based on the strength of their reward-size effect for post-reward activity. F–H,
Temporal course of the fraction of neurons that showed a significant target-direction effect for each time bin (100 ms duration, two-way ANOVA, p � 0.01). TG on, Target cue onset; RW on, reward
onset; RW off, reward offset; Fix start, fixation start; Sac on, saccade onset.
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measured as the duration between the initial trough and the fol-
lowing peak of the wave. The baseline firing rate was computed as
the mean firing rate during the baseline period (400 ms before
fixation onset) of the very first trial of the recording session be-
cause, as soon as the task session starts, the activity during the
intertrial interval, including the baseline period, may be modu-
lated by any kind of task context.

Figure 9A shows the distribution of the spike width and base-
line firing rate, depending on the recording depth. We found that
the spike width was significantly different (Kruskal–Wallis test,
p � 0.025) depending on the recording site; the spike width of
neurons in the ventral caudate (median, 0.55; mean, 0.57 	 0.13
ms) was significantly shorter than in the central (median, 0.67;
mean, 0.64 	 0.13 ms) and dorsal caudate (median, 0.68; mean,
0.63 	 0.14 ms) (p � 0.01). This appeared to contradict the
findings of Cai et al. (2011) that indicated a longer spike width in
the ventral striatum. However, neurons with a very short spike
width (�0.3 ms; dots in the left top quadrant of the figure) were
distributed more often in the dorsal striatum, which was consis-
tent with the same report.

The baseline firing rate was higher than that previously reported
for putative projection neurons (Schultz et al., 1992; Hassani et al.,
2001; Cromwell and Schultz, 2003) but consistent with the report of
Cai et al. (2011). The higher vigilance of the monkeys during the
experimental sessions may be one of the possible causes of their
higher baseline activity. There was no significant difference in the
baseline firing rate between the caudate subdivisions (Kruskal–Wal-
lis test, p � 0.21; dorsal caudate: median, 5.0 and mean, 7.5 	 9.8 Hz;
central caudate: median, 2.5 and mean, 5.3 	 8.5 ms; ventral cau-
date: median, 5.0 and mean, 6.2 	 6.7 ms).

We further observed that neurons carrying different re-
ward signals had specific electrophysiological properties.
First, neurons with a significant reward-direction effect
showed a longer spike width and higher baseline firing rate
than neurons without this effect (Fig. 9B). This difference was
significant for the dorsal (spike width, p � 0.002 and baseline,
p � 0.002) and central caudate (spike width, p � 0.02), but the
trend held for all caudate regions. Neurons with a reward-
history effect also showed significantly higher baseline activity
in the dorsal caudate (Fig. 9E, p � 0.04).

Neurons with a significant reward-size effect showed different
trends (Fig. 9C,D). Spike width did not show significant changes
depending on the reward-size effect. Regarding the baseline firing
rate, however, in the ventral caudate, it was significantly lower for
neurons with a large-reward preference than those without this
preference (p � 0.001); in the dorsal caudate, it was also signifi-
cantly lower for neurons with a small-reward preference than
those without this preference (p � 0.03).

Thus, neurons with a longer spike width and higher baseline
firing rates tended to be sensitive to reward direction, particularly in
the dorsal caudate. Conversely, neurons with lower baseline firing
rates were sensitive to reward size in the dorsal (small-reward pref-
erence) and ventral (large-reward preference) caudate.

Discussion
By recording neuronal activity throughout the caudate, we found
a clear functional gradient of reward signals with a different na-
ture and timescale, and during different task epochs in the
dorsolateral-ventromedial axis (Voorn et al., 2004). Specifically,
a block-wise reward-direction signal was encoded before target

Table 4. The number and percentage of neurons that showed a significant difference in activity depending on the target direction (two-way ANOVA, p < 0.01)

Area
Early
reward-delay

Late
reward-delay

Post-reward
4 – 800 ms

Post-reward
8 –1200 ms

Post-reward
12–1600 ms

Target direction effect for contralateral � ipsilateral
Monkey S

Dorsal 5 (6.8) 1 (1.4) 0 (0.0) 1 (1.4) 1 (1.4)
Central 2 (2.5) 3 (3.7) 2 (2.5) 1 (1.2) 1 (1.2)
Ventral 0 (0.0) 2 (8.3) 0 (0.0) 0 (0.0) 0 (0.0)

Monkey F
Dorsal 8 (12.5) 4 (6.3) 1 (1.6) 1 (1.6) 0 (0.0)
Central 2 (9.1) 1 (4.5) 1 (4.5) 0 (0.0) 0 (0.0)
Ventral 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

Target direction effect for ipsilateral � contralateral
Monkey S

Dorsal 6 (8.1) 4 (6.3) 5 (6.8) 0 (0.0) 0 (0.0)
Central 4 (4.9) 4 (4.9) 4 (4.9) 0 (0.0) 1 (1.2)
Ventral 3 (12.5) 0 (0.0) 0 (0.0) 1 (4.2) 0 (0.0)

Monkey F
Dorsal 8 (12.5) 8 (12.5) 1 (1.6) 0 (0.0) 1 (1.6)
Central 2 (9.1) 1 (4.5) 3 (13.6) 0 (0.0) 0 (0.0)
Ventral 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

Table 5. The number and percentage of neurons that showed a significant interaction effect (reward-size and target direction, two-way ANOVA, p < 0.01)

Interaction effect (reward-size and target-direction)

Area Early reward-delay Late reward-delay Post-reward 4 – 800 ms Post-reward 8 –1200 ms Post-reward 12–1600 ms

Monkey S
Dorsal 5 (6.8) 6 (8.1) 1 (1.4) 1 (1.4) 2 (2.7)
Central 7 (8.6) 5 (6.2) 3 (3.7) 1 (1.2) 0 (0.0)
Ventral 3 (12.5) 0 (0.0) 0 (0.0) 3 (12.5) 1 (4.2)

Monkey F
Dorsal 7 (10.9) 5 (7.8) 3 (4.7) 3 (4.7) 4 (6.3)
Central 1 (4.5) 0 (0.0) 2 (9.1) 0 (0.0) 1 (4.5)
Ventral 1 (9.1) 0 (0.0) 1 (9.1) 0 (0.0) 0 (0.0)
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Figure 8. Different reward-related signals are represented primarily by separate groups of neurons. A, The Venn diagrams show the number and percentage of neurons that showed significant
reward-size, reward-direction, and reward-history effects. Note that the reward-history effect was judged to be present if the activity of at least one of the pre-target, early reward delay, and
post-reward periods was affected by the size of the previously given reward. B, Reward-size signal and reward-direction signal were encoded primarily by separate groups (Figure legend continues.)
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onset that was most prevalent in the dorsal, rather than the cen-
tral and ventral, caudate. Conversely, a trial-based positive
reward-size signal was predominantly encoded after reward de-
livery. The signal was prevalent in the central and, most pro-
foundly, ventral caudate. There were also neurons that carried a
negative reward-size signal, neurons whose activity was modu-
lated by reward history (Yamada et al., 2007; Goldstein et al.,
2012) or target direction; all of them tended to be distributed in
the dorsal and central caudate, rather than in the ventral caudate.
Finally, such multiple reward information was represented
largely by independent population of neurons, indicating func-
tional segregation at the single neuron level (Schmitzer-Torbert
and Redish, 2004; Lau and Glimcher, 2007).

Cytoarchitectonic and histochemical markers do not indicate
an obvious boundary between the striatal subdivisions; however,
mapping of different reward signals (Fig. 3) suggests functional
segregation within the caudate. Notably, our data showed that the
distribution of different reward signals accorded well with the
subdivisions defined by cortical inputs in monkeys (Kelley et al.,
1982; Selemon and Goldman-Rakic, 1985; Groenewegen et al.,
1987; Heimer et al., 1987; Alexander and Crutcher, 1990; Saint-
Cyr et al., 1990; Yeterian and Pandya, 1991; Parent and Hazrati,
1994; Eblen and Graybiel, 1995; Haber, 2003). The dorsolateral
caudate receives input from sensory motor areas, the central cau-
date receives input from the anterior cingulate and dorsolateral
prefrontal cortex, and the ventral caudate receives input from
medial and orbital frontal cortical areas.

In addition to these anatomical connections, the intrinsic
characteristics of the different parts of the caudate may underlie
the functional regional differences. The observed functional seg-
regation in the caudate accorded well with the tripartite subdivi-
sion defined by calbindin immunoreactivity in humans (Karachi
et al., 2002). The time course of changes in dopamine concentra-
tion in the ventral striatum is slower than that in the dorsal
striatum (Wickens et al., 2007); acetylcholine modulation of do-
pamine transmission occurs via different nicotinic and musca-
rinic receptors between the dorsal and ventral striatum (Threlfell
and Cragg, 2011). The present data showed that the electrophys-
iological properties were also different depending on the caudate
subdivisions and different aspects of reward information. Fur-
ther studies, such as pharmacological manipulation combined
with electrophysiological recordings, for the different tasks, are
required to elucidate the relationship between the electrophysio-
logical characteristics and the intrinsic properties of neurons to
support specific function of each caudate subdivision.

Dorsal caudate is involved in creating block-wise spatial bias
related to action
Activity before cue presentation was reportedly abundant in the
dorsal, rather than the ventral striatum (Apicella et al., 1992;

Schultz et al., 1992). Using the saccade task, Hikosaka et al. re-
ported reward direction-selective pre-target activity in the cau-
date (Lauwereyns et al., 2002; Takikawa et al., 2002a; Ding and
Hikosaka, 2006). However, the distribution of these neurons
within the caudate has never been thoroughly examined. Here,
we observed this reward direction-selective pre-target activity in
the dorsolateral, but not the central or ventral, caudate.

The pre-target caudate activity could make the superior col-
liculus, located downstream of the cortico-basal ganglia eye
movement system, more excitable (Sato and Hikosaka, 2002;
Ikeda and Hikosaka, 2003). Then, the action process will be closer
to the “threshold,” leading to the quicker generation of saccades
(Hikosaka et al., 2006) (Fig. 1B). The pre-target activity may be
derived from the prefrontal cortical areas, including the frontal
eye field, which also showed similar reward direction-selective
pre-target activity (Ding and Hikosaka, 2006). The dorsal cau-
date also receives dopaminergic projections from the ventral tier
of the substantia nigra pars compacta (SNc) (Hedreen and De-
Long, 1991; Lynd-Balta and Haber, 1994; Haber et al., 2000),
which tend to respond to both appetitive and aversive stimuli, or
“salient stimuli” (Ikemoto and Panksepp, 1999; Horvitz, 2000;
White and Salinas, 2003; Ungless, 2004; Matsumoto and Hiko-
saka, 2009). Thus, the dorsal caudate is involved in creating re-
ward position-selective activity, receiving and integrating similar
activity from the prefrontal cortex and the saliency signal from
the dopaminergic system.

Reward information with a block-wise, longer timescale should
arise as a result of learning. Studies in rodents showed that lesions of
the dorsolateral striatum impair the acquisition and execution of
motor sequences and habitual responses in instrumental tasks (Kim-
chi et al., 2009a; White, 2009; Yin et al., 2009). Such relatively auto-
matic and often contextually bound (Balleine and O’Doherty, 2010)
behavioral control may be a characteristic of information processing
in the dorsolateral striatum, which is expressed as the reward term in
the current task. Note, however, that the current data do not reject
the possibility that the dorsolateral caudate is involved in flexible
goal-directed behavioral control, such as stimulus–action–reward
association or explicit planning as suggested in other studies (Wun-
derlich et al., 2012). The degree of involvement in habitual or goal-
directed behavioral control by the dorsal caudate may vary
depending on the task context and difficulty.

Ventral and central caudate are involved in trial-based reward
size coding
Many ventral and some central, but not dorsal, caudate neurons are
involved in encoding trial-based positive reward-size information
around the receipt of the reward. Previous studies also stressed the
importance of the ventral striatum, including the ventral caudate, for
the expectation or receipt of primary and secondary rewards (e.g.,
liquid rewards and money) (Schultz et al., 1992; Delgado et al., 2000;
Hassani et al., 2001; Knutson et al., 2001a; Cromwell and Schultz,
2003; O’Doherty et al., 2004; Yacubian et al., 2006; Delgado et al.,
2008a; Tremblay et al., 2009) and the consumption of addictive
drugs in humans (Boileau et al., 2003; Cox et al., 2009). In rodents,
pharmacological manipulation of the ventral striatum, especially the
nucleus accumbens, disrupted changes in response speed depending
on the upcoming reward magnitude (Everitt et al., 1991; Parkinson
et al., 1999; Cardinal et al., 2002; Nicola, 2007), indicating that the
ventral stratum is important for reward evaluation, which is used to
control actions.

The positive reward-size signal observed in the ventral and
central caudate may be derived from the medial and orbital fron-
tal cortical areas (Ferry et al., 2000; Haber et al., 2006) or subcor-

4

(Figure legend continued.) of neurons. In the panels, the x-axis indicates the strength of the
reward-size effect, computed for the activity measured from 4 to 800 ms after reward onset, as
follows: (large reward trials � small reward trials)/(large reward trials � small reward trials).
The y-axis indicates the strength of the reward-direction effect, computed for the activity mea-
sured at 800 ms before target onset, as follows: (contralateral-large block � ipsilateral-large
block)/(contralateral-large block � ipsilateral-large block). The red-, blue-, and green-filled
dots and bars indicate neurons with a significant large-reward preference, small-reward pref-
erence (two-way ANOVA, p�0.01), and reward-direction signal, respectively (Mann–Whitney
U test, p�0.01). The black-filled dots and bars indicate neurons with a significant effect of both
reward size and reward direction. C, D, Same as A and B, except that they show reward-size and
target-direction effects during the early reward-delay period in the dorsal caudate.
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tical areas, including the amygdala (Russchen et al., 1985;
Friedman et al., 2002; Fudge et al., 2002), which also encodes
reward value (Belova et al., 2007). The ventral caudate also re-
ceives dopaminergic projections that encode the positive and

negative values of conditioned and unconditioned stimuli (Ma-
tsumoto and Hikosaka, 2009). However, it is unlikely that post-
reward responses are derived directly from the dopamine signal
because the dopaminergic neurons in the current task typically

Figure 9. Effectsofspikewidthandbaselinefiringrateonrewardsignals. Ineachpanel,eachdotcorrespondstooneneuron;thex-axis indicatesspikewidth(left)andbaselinefiringrate(right),andthey-axis
indicatesthedepthoftherecordingsites.Thehorizontalbrokenlines indicatetheborderbetweenthesubdivisionsofthecaudate.Theverticalcoloredlines indicatethemedianofthespikewidthorbaselinefiring
rate,withorwithouttheeffect.Histogramsareshownforthesubdivisionswithsignificantdifferences(Mann–WhitneyUtest,p�0.05).Thevertical linesindicatethemedianvalueforneuronswithandwithout
the effect. A, Spike width and baseline firing rate of each neuron at different depths. The brown lines indicate the median value for each subdivision of the caudate. B, Reward-direction effect. The green dots and
black open circles indicate neurons with and without a reward-direction effect, respectively. The green and black lines indicate the median value for each subdivision. C, Reward-size effect with large-reward
preference. D, Reward-size effect with small-reward preference. E, Reward-history effect during either the pre-target, early reward-delay, or post-reward periods.

15978 • J. Neurosci., November 7, 2012 • 32(45):15963–15982 Nakamura et al. • Diverse Reward Signals in the Primate Caudate



respond to target onset, not to reward delivery (Kawagoe et al.,
2004).

Additional anatomical and physiological studies are required
to delineate the exact border between the central and ventral
caudate to relate the current study to previous studies in rodents.
The ventral caudate in the present study may be related to the
nucleus accumbens and surrounding areas studied in rodents.
Conversely, the central caudate in the present study may be re-
lated, at least in part, to the dorsomedial striatum in rodents,
which has been implicated in flexible goal-directed behavioral
control. The current study did not address whether the central
caudate was related to such a behavioral control, because the task
used did not require trial-and-error decision making.

We also observed that some caudate neurons responded more
strongly after small rewards than large rewards. The role of the
striatum in aversive information processing has been docu-
mented in the ventral and dorsal striatum of rodents (Abercrom-
bie et al., 1989; Horvitz, 2000; White and Salinas, 2003; Salamone,
2007). Additional studies in rodents indicate a rostrocaudal seg-
regation of appetitive versus aversive information within the ven-
tral striatum (Reynolds and Berridge, 2001). Human fMRI
studies also identified aversive information-related activation but
mainly in the ventral striatum (Ploghaus et al., 2000; Jensen et al.,
2003; Seymour et al., 2005; Balleine et al., 2007; Tom et al., 2007;
Delgado et al., 2008b) or dorsal putamen (Seymour et al., 2007).
Unlike these human studies, we showed that neurons with a
small-reward preference were rather abundant, although not sig-
nificantly so, in the dorsal caudate. Such a discrepancy could be
attributable to differences in the types of negative rewards exam-
ined in the current study; a negative reward means a small or no
reward, whereas many studies used aversive outcomes, e.g., elec-
tric shock or monetary loss.

Dorsal and central caudate carry history-dependent
reward information
We found that caudate neurons carried reward history signals,
which were useful for improving the reward expectation in the
upcoming trials. Note that this reward history effect was contrary
to what would have been expected under conventional reinforce-
ment learning in which the reward expectation signals evoked by
a cue would increase (or decrease) in the next trial by the presence
(or absence) of a reward in the previous trial. In this case, the
reinforcement effect is history dependent, being a linear weighted
average of the past outcomes (Bayer and Glimcher, 2005; Same-
jima et al., 2005; Kim et al., 2009). In our study, in contrast, the
reward expectation should decrease or increase with the presence
or absence of a reward in the previous trial, respectively, if the
reward history is additionally taken into account for the expecta-
tion at the time of the target cue (Nakahara et al., 2004;
Bromberg-Martin et al., 2010). Indeed, we found such history-
dependent modulation in the activity of the caudate, in the im-
mediate and long term, together with modulation of the saccade
reaction times. Thus, caudate activity may signal the reward ex-
pectation, using higher-level information, such as task structure,
in addition to reinforcement based on the reward history, as
found in earlier studies. This suggestion may also extend to the
basal ganglia circuit, given the previous findings of similar mod-
ulation of dopamine and lateral habenula neural activity (Naka-
hara et al., 2004; Bromberg-Martin et al., 2010).

In this study, the reward history effect was observed most
often during the pre-target period. This may be attributable to the
fact that the effect is critical for generating saccadic eye move-
ments based on the reward direction, which was known during

the pre-target period, rather than the trial-by-trial reward infor-
mation, which was known after target onset. Neurons with the
effect were found more often in the dorsal and central, rather
than the ventral, caudate, indicating a possible source in the sen-
sory motor, dorsolateral, and anterior cingulate cortical areas.
Additional studies should reveal where and how the variety of
reward history information is generated and used in the basal
ganglia circuit for learning and decision making (Yamada et al.,
2007; Histed et al., 2009; Noonan et al., 2010; Walton et al., 2010;
Bernacchia et al., 2011; Enomoto et al., 2011; Hayden et al., 2011;
Kolling et al., 2012).

Functional segregation and integration of the different
reward signals in the caudate
One possible mechanism by which these segregated functional
loops involving different parts of the caudate operate in a coor-
dinated manner is that the ventral caudate influences the dorsal
caudate through a loose topographic “spiral loop” (Haber and
Knutson, 2010) in which partly overlapping circuits constitute
convergent and divergent connections between the striatum and
midbrain dopaminergic system. The reward-size information
from the just-performed trial may be one of the factors used to
compute the reward prediction error signal in dopaminergic
neurons, which in turn will be transmitted widely in the striatum
or frontal cortical areas. Another possible interaction from the
ventral to dorsal caudate is via the striosome (or patch), which
receives inputs from the limbic areas, e.g., amygdala and parahip-
pocampal formation, and projects heavily to the SNc (Russchen
et al., 1985; Gerfen et al., 1987; Ragsdale and Graybiel, 1988). The
SNc would, in turn, send reward prediction error signals to the
striatum (McClure et al., 2003). In addition to information trans-
fer between the striatal subdivisions, coordination between dif-
ferent functional reward loops may also be achieved by their
mutual competition at the cortical level (Thorn et al., 2010) or
downstream targets (Hikida et al., 2010).
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