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The basal ganglia appear to have a central role in reinforcement learning. Previous experiments, focusing on activity preceding move-
ment execution, support the idea that dorsal striatal neurons bias action selection according to the expected values of actions. However,
many phasically active striatal neurons respond at a time too late to initiate or select movements. Given the data suggesting a role for the
basal ganglia in reinforcement learning, postmovement activity may therefore reflect evaluative processing important for learning the
values of actions. To better understand these postmovement neurons, we determined whether individual striatal neurons encode infor-
mation about saccade direction, whether a reward had been received, or both. We recorded from phasically active neurons in the caudate
nucleus while monkeys performed a probabilistically rewarded delayed saccade task. Many neurons exhibited peak responses after
saccade execution (77 of 149) that were often tuned for the direction of the preceding saccade (61 of 77). Of those neurons responding
during the reward epoch, one subset showed direction tuning for the immediately preceding saccade (43 of 60), whereas another subset
responded differentially on rewarded versus unrewarded trials (35 of 60). We found that there was relatively little overlap of these
properties in individual neurons. The encoding of action and outcome was performed by largely separate populations of caudate neurons
that were active after movement execution. Thus, striatal neurons active primarily after a movement appear to be segregated into two
distinct groups that provide complimentary information about the outcomes of actions.
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Introduction
Learning the values of actions through experience proceeds in
two phases. An action is selected based (at least partially) on the
expected values of the actions available to the subject. After an
action is completed, the outcome of the movement can be used to
revise these expectations. There is evidence that the basal ganglia
are involved in both of these phases of reinforcement learning
(Houk et al., 1995a; Schultz et al., 1995; Schultz, 1998). Individual
phasically active neurons (PANs) in the striatum respond to spe-
cific events during instrumental conditioning tasks, and as a pop-
ulation, these neurons are responsive from well before action
selection to well after reward receipt (Schultz et al., 1995;
Schmitzer-Torbert and Redish, 2004; Barnes et al., 2005). Given
the available data, it thus seems possible that premovement ac-
tivity participates in action selection, whereas postmovement ac-
tivity is important for updating expectations.

A role for PANs in action selection is supported by physiolog-
ical experiments in primates showing that some neurons with
premovement activity can encode reward expectations in instru-
mental conditioning tasks (Hikosaka et al., 1989c; Apicella et al.,

1992; Hollerman et al., 1998). Neurons active before movement
also show learning-related changes when task contingencies are
changed (Kawagoe et al., 1998; Tremblay et al., 1998; Lauwereyns
et al., 2002a; Takikawa et al., 2002; Pasupathy and Miller, 2005;
Watanabe and Hikosaka, 2005), and respond in a manner con-
sistent with a causal role in biasing the speed (Lauwereyns et al.,
2002b; Itoh et al., 2003; Watanabe et al., 2003) or selection
(Samejima et al., 2005) of particular actions.

Although these observations provide compelling evidence
that striatal PANs encode the learned values of actions and may
influence the speed and frequency with which actions are se-
lected, there are also reports of striatal neurons responding after
movement execution and after reward delivery (Rolls et al., 1983;
Hikosaka et al., 1989c; Apicella et al., 1991). These postmove-
ment responses have not been studied extensively, and although
it is clear that the timing of these responses is inappropriate for
initiating movements, how these neurons would fit into models
of the basal ganglia remains unclear. Previous reports have shown
that postmovement activity in the dorsal striatum can depend on
response modality and task requirements, as well as on learning
(Hikosaka et al., 1989c; Apicella et al., 1991; Hollerman et al.,
1998; Tremblay et al., 1998; Williams and Eskandar, 2006). Two
questions, however, remain unanswered. First, do postmove-
ment neurons encode both reward properties and movement
metrics? Second, how do they encode these properties, if indeed
they encode them at all? Individual PANs, for example, might
independently encode both the direction of a movement and the
outcome associated with that action. If this were the case, then the
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fact that a neuron encodes movement direction would not pre-
dict whether it also encodes the obtained outcome. Alternatively,
individual PANs might interactively encode both the direction of
a movement and the outcome associated with that action; if this
were the case, the fact that a neuron encodes movement direction
might well predict whether or not it also encodes the obtained
outcome.

To better understand postmovement neurons in the striatum,
we studied the activity of neurons in the caudate nucleus while
monkeys performed a saccade task for probabilistic rewards,
which allowed us to measure postsaccadic neuronal responses on
both rewarded and unrewarded trials. We varied the direction of
the instructed saccades and characterized the direction tuning of
neurons throughout the task. We held reward expectation con-
stant by fixing the probability of reward. We found that a subset
of postmovement neurons were sharply tuned for the direction of
the preceding saccade, whereas a different subset of postmove-
ment neurons were differentially responsive to rewarded versus
unrewarded trials. These two PAN populations may play differ-
ent roles in evaluative updating, one providing information
about the saccade selected and the other encoding the outcome
received.

Materials and Methods
Subjects and surgery. Two male rhesus monkeys (Macaca mulatta) were
used as subjects (monkey B and monkey H, �10.5 kg and �11.5 kg,
respectively). All experimental procedures were designed in association
with the university veterinarian, approved by the New York University
Institutional Animal Care and Use Committee, and performed in com-
pliance with the Public Health Service’s Guide for the Care and Use of
Animals.

Before behavioral training, each animal was implanted with a head
restraint prosthesis and a scleral eye coil (Judge et al., 1980) to allow for
the maintenance of stable head position and recording of eye position.
Surgical procedures were performed using conventional aseptic tech-
niques under general anesthesia (detailed in Platt and Glimcher, 1997).
Analgesia and antibiotics were administered during surgery and contin-
ued for 3 d postoperatively. Training began after a postoperative recovery
period of 6 weeks.

After the monkeys had been trained to execute the oculomotor task
used in this study, a second sterile surgical procedure was performed to
implant a circular recording chamber (2 cm diameter, CILUX plastic for
monkey B, stainless steel for monkey H; Crist Instruments, Hagerstown,
MD). The recording chamber was centered stereotaxically over the body
of the caudate nucleus (3 mm posterior to the anterior commissure), 5
mm lateral to the midline, and oriented perpendicular to the stereotaxic
horizontal plane. A portion of the underlying skull was removed (15 mm
diameter), and the recording chamber was bonded to four additional
orthopedic bone screws (Synthes, West Chester, PA) and the original
implant with methyl methacrylate acrylic cement (Biomet, Warsaw, IN).
The recording chamber was regularly cleaned with sterile saline, and
antibiotics were used as necessary.

Experimental setup. Experiments were conducted in a dimly lit sound-
attenuated room. The monkeys were head restrained and seated in a
Plexiglas enclosure (28 � 48 cm). Body movements were monitored
from a separate room using an infrared camera.

Eye movements were measured using the scleral search coil technique
(Fuchs and Robinson, 1966). Horizontal and vertical eye positions were
detected and calibrated using a quadrature phase detector (Riverbend
Electronics, Birmingham, AL) and sampled at 500 Hz.

Visual stimuli were generated using an array of light-emitting diodes
(LEDs) positioned 145 cm from the monkeys’ eyes. The array contained
567 LEDs (21 � 27, 2° spacing), with each LED subtending �0.25° of
visual angle.

Behavioral task. The data reported in this study were collected while
the monkeys performed a delayed saccade task (Fig. 1). Each trial started
with a 300 ms 500 Hz tone, after which the monkey was given 700 ms to

align its gaze to within 2–3° of a yellow LED in the center of the visual
field. After maintaining fixation for 400 ms, a peripheral red LED was
illuminated at one of eight possible locations arranged symmetrically
around the fixation point. These peripheral LEDs were positioned an
equal distance from the fixation point (average eccentricity �16° with a
�2° variation resulting from rectilinear LED spacing). The central fixa-
tion point was extinguished after a random delay of 1000, 1200, or 1400
ms, which cued the monkey to shift gaze within 450 ms to the peripheral
LED (�3– 4°). Note that the fixation point and the peripheral cue were
coilluminated for the duration of the delay; this task has also been re-
ferred to as an overlap saccade task (Hikosaka et al., 1989a). Rewards
were delivered randomly at a fixed percentage of 30 –50% of completed
trials. We occasionally varied this percentage within a session, but it was
held constant for the duration of data collection from any particular
neuron. If a reward was scheduled, 0.38 ml of water was delivered
through a sipper-tube after the monkey fixated for 200 ms after acquisi-
tion of the peripheral cue. Trial timing remained the same whether or not
the trial had been randomly selected for reward delivery, and the monkey
was required to maintain fixation for the duration of the reward epoch
(200 ms), regardless of whether a reward was delivered, in order for the
trial to be recorded as correctly completed. All correctly completed trials
were accompanied by a 200 ms noise burst that served as a secondary
reinforcer. Trials were separated by a 1500 –2500 ms intertrial interval.

We considered a trial aborted if the monkey failed to align its gaze
within the required distance of the fixation or cue LEDs, if an eye move-
ment was made to the cue before the fixation point was extinguished, or
if fixation at the peripheral LED was broken before the completion of the
reward epoch (�1% of aborts). When an abort was detected (most of
which were failures to acquire fixation or broken fixations before the
peripheral cue was even presented), any illuminated LEDs were extin-
guished immediately, neither water nor the secondary reinforcer was
delivered, and the next trial began after a 3000 – 6000 ms time-out.

Electrophysiological recording. At the start of each recording session, an
x–y micropositioner (Crist Instruments) and a hydraulic microdrive
(Kopf Instruments, Tujunga, CA) were mounted to the recording cham-
ber, into which a guide tube support grid had been secured (1 mm spac-
ing; Crist Instruments). A 23 gauge sharpened guide tube, housing a
tungsten steel electrode (2– 4 M� measured at 1 kHz, 0.25 mm diameter
shaft; FHC, Bowdoin, ME), was used to puncture the dura. The guide
tube was lowered until its tip was above or just lateral to the cingulate
sulcus as predetermined using magnetic resonance imaging (3T; Sie-
mens, Ehrlangen, Germany) in monkey B and B-mode ultrasound im-
aging (GE Healthcare, Little Chalfont, UK) (Glimcher et al., 2001) in
monkey H. Electrophysiological signals were amplified, bandpass filtered
(500 –10,000 Hz), and displayed on an oscilloscope. Individual neurons
were isolated using a time–amplitude window discriminator with an
adjustable Schmitt trigger (Bak Electronics, Germantown, MD), which
produced transistor–transistor logic pulses corresponding to the times of
single action potentials. Spike times were recorded with 1 �s resolution.

We lowered electrodes under physiological guidance until we encoun-
tered the dorsal surface of the caudate nucleus. We used a vertical ap-
proach, and as the electrode exited the guide tube, we normally encoun-
tered activity from the cingulate sulcus. After exiting this area, we
encountered several millimeters of white matter, identified by a lack of
neuronal activity punctuated occasionally by fiber potentials. When the

Figure 1. Timeline of delayed saccade task. The fixation point and the peripheral cue were
coilluminated during the delay, which was randomly selected to be 1, 1.2, or 1.4 s in duration.
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electrode reached the caudate nucleus, we nor-
mally encountered injury potentials as well as
spontaneous activity.

Once a caudate neuron was isolated, we had
the monkey perform delayed saccades and sim-
ple fixations to assess neural responsiveness. We
distinguished putative projection neurons from
tonically active neurons (TANs) based on differ-
ences in spontaneous activity, spike waveform,
response to reward, and movement selectivity
(Kimura et al., 1984; Hikosaka et al., 1989a;
Aosaki et al., 1994; Apicella et al., 1997; Lee et al.,
2006). PANs were characterized as those neu-
rons having low spontaneous activity (1.1 � 1
spikes/s, mean � SD), whereas TANs were iden-
tified as those neurons having a higher rate of
spontaneous activity (5.3 � 1.2 spikes/s),
broader spike waveform, characteristic response
to reward, and lack of clear movement selectiv-
ity. When we isolated a PAN and judged the
neuron to be responsive in the task (typically by
observing a phasic response to one or more task
events), we had the monkey perform a series of
delayed saccade trials to eight possible cue direc-
tions (45° angular spacing, eccentricity �16°) to
determine direction tuning and responsiveness
to obtained outcome. We recorded from each
neuron for an average of 123 correctly completed trials (�51, SD), for an
average of 15 trials for each direction (minimum three trials per
direction).

Histology. The location of the recording sites was verified histologically
in monkey H. Lesions were made at the site of neuronal recordings by
passing a 5 �A anodal current through the recording electrode for 10 s.
The animal was premedicated with ketamine and then killed with an
overdose of sodium thiopental. It was perfused intracardially with a sa-
line solution followed by 4% paraformaldehyde in PBS and finally by
30% sucrose in PBS. The brain was then removed from the skull, sub-
merged in 30% sucrose for several days, and then blocked and cut into 40
�m frozen sections. The sections were mounted and stained for Nissl
substance, and camera lucida drawings were made of selected sections.
We constructed a dorsal view of the caudate showing the approximate
positions of our recording sites by reconstructing sections aligned to
guide pins inserted at specific locations within the recording chamber.

Data analysis. We characterized three properties for each neuron: (1)
tuning sharpness, the degree to which a neuron responded more strongly
for some directions versus others; (2) preferred direction; and (3) reward
responsiveness, the degree to which a neuron responded differentially to
rewarded versus unrewarded trials. We used circular statistics to measure
these properties (Fisher, 1993).

We characterized tuning sharpness using the magnitude of the vector
sum of the eight cue directions, weighted by the corresponding firing rate
rk, for each direction �k, and normalized by the overall response:

TS � |¥8
k�1rke

i�k

¥8
k�1rk

| .

This statistic (also known as the mean resultant length � 1 � circular
variance) assumes a value of 0 if a neuron responds equally to all direc-
tions (no tuning) and a value of 1 if a neuron responds to only one
direction (sharpest tuning). The preferred direction (PD) was estimated
as the circular mean (vector mean direction). We use the convention that
0° is movement along the horizontal meridian contralateral to the re-
corded hemisphere.

We characterized reward responsiveness by first estimating a response
strength separately for rewarded and unrewarded trials for all eight cue
directions. Response strength was measured using the radius of a circle
with an area equal to the area of each tuning curve: M � (A/�) 1/2, where
A is the area of the tuning curve estimated using the method developed by
Gribble and Scott (2002). We used response strengths estimated for re-

warded (MR) and unrewarded trials (MU) to calculate a reward respon-
siveness index: RR � (MR � MU)/[max(MR, MU)], which yields an esti-
mate of the difference in response strength between rewarded and
unrewarded trials normalized to allow for comparison across neurons.
This index provides a measure of reward responsiveness that is indepen-
dent of direction tuning. It assumes a value of 0 if the neuronal response
is unaffected by whether or not the trial was rewarded (MR � MU). It
assumes values of �1 or �1 when a neuron responds exclusively during
unrewarded or rewarded trials, respectively.

We determined the statistical significance for the circular statistics
using a parametric bootstrap (Efron and Tibshirani, 1994; Stark and
Abeles, 2005). We used bootstrap tests to avoid deriving analytic uncer-
tainty intervals for the measures described above; standard asymptotic
tests for circular statistics (e.g., Fisher, 1993) are not applicable to our
measurements because we repeatedly sampled a variable (firing rate) at
eight fixed directions. For a particular time window for a given neuron,
we generated 2000 bootstrap replications of TS, M, and RR by randomly
sampling from a Poisson distribution (Hanes et al., 1995) with a mean
equal to that of the actual data for each direction. We chose not to
resample from the empirical distribution of firing rates because the num-
ber of trials per direction was small enough to bias estimation (Efron and
Tibshirani, 1994); therefore, our tests are not nonparametric. We com-
puted confidence intervals (CIs, 95%) by sorting the bootstrap replica-
tions and taking the values of the 2.5th and 97.5th percentiles as the lower
and upper CIs, respectively. We deemed TS, M, and RR significant at the
p � 0.05 level when the CIs for these did not enclose zero.

In the first portion of this report, we summarize the tuning and reward
properties across groups of neurons. Because caudate neurons have vari-
able response profiles (both in the timing of peak responses and in the
distribution of activity in time), we used temporal analysis windows
tailored for each neuron (Fig. 2). First, we estimated a spike density
function using a Gaussian smoothing window, combining all trials from
the three cue directions that elicited the largest response over the entire
trial. The bandwidth used for the Gaussian smoothing was chosen to
maximize the information gain per spike (Paulin and Hoffman, 2001) for
each neuron. Next, the peak response for each neuron was estimated as
the maximum of the spike density function, and an analysis window was
defined using the first times to half-maximum before and after the peak
response (half-max windows). This method succeeded in capturing a
significant portion of the neuronal response while maintaining good
signal-to-noise in our other measures.

Finally, we examined the temporal evolution of tuning sharpness over
the course of a trial for single neurons. We did this by computing the

Figure 2. Temporal response profiles for four example PANs. a, Neuron responding before and during cue presentation
(Gaussian smoothing � � 100 ms). Rasters show five trials for each direction arranged according to the right axis (only a subset
of the total trials recorded is plotted for clarity). Spike density functions were estimated from the three cue directions (italicized
directions on the right axis) that elicited the largest responses. The gray regions represent the first times to half-maximal
response before and after the peak response time (see Materials and Methods). b, Neuron responding to cue presentation (� �
55 ms). c, Neuron responding before saccade (�� 45 ms). d, Neuron responding immediately after the completion of a saccade,
but before the onset of reward (� � 32 ms).
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tuning sharpness in 200 ms nonoverlapping windows across the entire
trial.

Neuron classification. We classified our neuronal population into five
exclusive categories based on the timing of peak responses relative to
three task events: cue onset, saccade execution, and reward onset. Precue
neurons had peak response times preceding cue onset. Cue/Delay neu-
rons had peak response times after cue onset and preceding saccade onset
by at least 300 ms. Saccade neurons had peak response times within a 300
ms window preceding saccade completion. Postsaccade neurons had
peak response times after saccade completion, but before reward onset.
Reward neurons had peak response times after reward onset. Finally, we
refer to neurons in the Precue, Cue/Delay, and Saccade categories as
premovement neurons, and those in the Postsaccade and Reward cate-
gories as postmovement neurons. Note that we chose to use saccade
completion to define our categories to be conservative about including
neurons into the Postsaccade category. In practice, all but two Saccade
neurons had peak responses that preceded saccade onset. The remaining
two neurons had peak responses when the eye was moving, and we in-
clude them in the Saccade category.

Results
We recorded from 373 neurons from two caudate nuclei in two
monkeys. Two hundred thirty-four neurons were judged to be
PANs. The remaining 139 neurons were judged to be tonically
active neurons. Of the 234 putative projection neurons, we report
here on 149 (86 from monkey B, 63 from monkey H) that showed
phasic increases in activity relative to baseline at some point in the
delayed saccade task (Fig. 1) and were held for a sufficient num-
ber of trials.

These PANs exhibited a variety of response profiles. Example
neurons are shown in Figure 2; the first two examples responded
around the time of cue presentation, whereas the second two
examples responded around the time of the saccadic eye move-
ment. These examples also illustrate the response timescales we
observed. These differences in response timing and timescale in-
dicated that using a single temporal analysis window for the en-
tire population would be inappropriate. Instead, for each neuron,
we used the first times before and after the peak response time to
define an analysis window (half-max window). In Figure 2, the
duration of the half-max window is �1000 ms for the first exam-

ple, and �250 ms for the last example (rep-
resented by the gray shading in each panel).
Despite these differences in duration, the
half-max windows captured a significant
portion of the response for each neuron, as
might be expected based on the character-
istic responses of projection neurons in the
oculomotor portion of the caudate nucleus
(e.g., Hikosaka et al., 1989a,b,c).

Figure 3a presents the average response
profile for each neuron, normalized by
peak response and rank sorted by peak re-
sponse time. The timing of peak responses
across our population spanned the entirety
of the trial, from well before cue presenta-
tion to well after saccade execution and
into the reward epoch. In fact, 52% (77 of
149) of the neurons had peak responses
that followed saccade completion. The
peak response times and half-max win-
dows are plotted for each neuron in Figure
3b. As was the case for the examples in Fig-
ure 2, the individual half-max windows
captured a significant portion of the re-
sponse for each neuron across our popula-

tion. We therefore focus the first half of this report on analyses
using these windows, deferring a dynamic analysis examining
activity throughout the trial until the penultimate section of this
report.

Figure 3b also illustrates our classification of each neuron
based on the timing of peak responses relative to cue onset, sac-
cade execution, and reward onset (see Materials and Methods):
Precue (13%), Cue/Delay (20%), Saccade (15%), Postsaccade
(14%), and Reward (38%). The proportions of neurons assigned
to each category were not significantly different between mon-
keys for any category ( p 	 0.10, � 2).

Neurons with peak responses preceding reward onset
In this section, we characterize the direction tuning of PANs with
peak responses preceding reward onset (n � 93; 20 Precue, 30
Cue/Delay, 22 Saccade, 21 Postsaccade). The direction tuning for
eight representative neurons is plotted in Figure 4 (two neurons
from each category except Reward, examples of which are pre-
sented in the next section). PANs displayed a wide range of tun-
ing profiles, ranging from untuned to sharply tuned. These neu-
rons also exhibited preferred directions that included
contralateral as well as ipsilateral cue and saccade directions. A
subset of neurons responding well after saccade execution
showed clear direction tuning for the immediately preceding sac-
cade (e.g., the Postsaccade neuron in Fig. 4, top right).

We used circular statistics to characterize the TS and the PD
for each neuron (see Materials and Methods for details). We
found that most of the neurons in the Cue/Delay, Saccade, and
Postsaccade categories were significantly tuned ( p � 0.05, boot-
strap test for TS) to certain cue or saccade directions, although
tuning sharpness was broadly distributed (Fig. 5a). There was a
significant difference between the average significant TS of the
Cue/Delay, Saccade, and Postsaccade neurons ( p � 0.05,
ANOVA), and post hoc tests revealed that Saccade neurons were
more sharply tuned than Postsaccade neurons ( p � 0.05, Tukey–
Cramer). On the other hand, none of the Precue neurons were
significantly tuned for cue direction. This is expected for those
Precue neurons responding entirely before cue onset (7 of 20 �

Figure 3. Temporal response profiles of all neurons during the delayed saccade task (n � 149). a, Each row represents a spike
density function for a single neuron, estimated using trials from the three target directions that elicited the greatest response for
each neuron. Each spike density function was normalized by its peak response, and the data are sorted by peak response time. b,
Individual peak response times (symbols) with first times to half-maximal response before and after the peak response time
(half-max windows, beginning and end of the line for each row). Neurons are plotted in the same order as in a. The different colors
represent the neuronal categories defined in the Materials and Methods.
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35%), when the monkey did not yet know
which saccade would be instructed. How-
ever, tuning was also not observed for the
65% (13 of 20) of Precue neurons with
half-max windows extending into the cue
epoch. The TS values estimated for Precue
neurons provide an independent check on
the validity of our statistical test for tuning
strength. Most significantly direction-
tuned neurons had TS values greater than
those observed for Precue neurons, al-
though a small number of neurons exhib-
ited statistically reliable, but weak, direc-
tion tuning (in the range observed for
Precue neurons).

For significantly direction-tuned neu-
rons, preferred directions were signifi-
cantly biased toward contralateral direc-
tions ( p � 0.01, Rayleigh test), with a
circular mean of 352 � 29° (�95% CI).
However, when tested by category, the
contralateral bias was significant for the
Postsaccade ( p � 0.01) but not the Cue/
Delay ( p � 0.90) or Saccade ( p � 0.11)
neurons. We summarized tuning across
the population using average tuning curves
(Fig. 5c).

The direction tuning observed in Cue/
Delay and Saccade neurons is related to the
visual cue presentation or to the forthcom-
ing saccade, and possibly both. These neu-
rons encode information appropriate for
the planning and execution of the instructed saccade. Postsac-
cade neurons, on the other hand, encode retrospective direction
information; tuning is with respect to the direction of saccades
already completed.

Neurons active during reward epoch
Rewards were delivered on a random fraction of trials (0.30 –
0.50), and this fraction was held constant while recording from a
neuron; therefore neuronal activity during the reward epoch
could potentially distinguish between rewarded and unrewarded
trials. All correctly executed saccades yielded a secondary audi-
tory reinforcer, meaning that both rewarded and unrewarded
trials were correct if the instructed saccade was executed. Errors
were indicated by a lack of secondary reinforcer and a time out;
error trials were rare, and were excluded from further analysis.
We examined neurons responding during the reward epoch (n �
60; 4 Postsaccade, 56 Reward) to determine the following: (1)
whether they were responsive to reward outcome, (2) whether
they were retrospectively direction tuned, and (3) whether indi-
vidual neurons jointly encoded action and received outcome. A
small subset of Postsaccade neurons responded, albeit less vigor-
ously, during reward delivery and could therefore exhibit signif-
icant reward responsiveness. For completeness, we include four
Postsaccade neurons in our analyses of reward epoch responses
because their half-max windows extended for at least 150 ms of
reward delivery (not the case for any Precue, Cue/Delay, or Sac-
cade neurons).

Tuning profiles for representative Reward neurons are shown
in Figure 6a, where the data are plotted separately for rewarded
and unrewarded trials. As illustrated by the examples, we found
that neurons could be differentially responsive for reward, tuned

for cue or saccade direction, or somewhat responsive to both
reward and direction. We quantified differences between re-
warded and unrewarded responses using a reward responsiveness
index (RR), which measures how much more or less responsive a
neuron is on rewarded trials (see Materials and Methods for de-
tails). Approximately one-half (35 of 60; 1 Postsaccade, 34 Re-
ward) of the neurons active during the reward epoch were differ-
entially responsive to reward delivery ( p � 0.05, bootstrap test
for RR). The majority of these neurons (63%, 22 of 35) had a
modulation 	50% (�RR� 	 0.5) in response to reward. We ob-
served neurons with both signs of reward response (Fig. 6a, top
two examples); 57% of significant neurons (20 of 35) showed
larger response during unrewarded trials relative to rewarded
trials, with the remaining 43% (15 of 35) showing the reverse
(Fig. 6b).

We used TS and PD to quantify direction tuning, calculating
each statistic separately for rewarded and unrewarded trials (Fig.
7). Seventy-two percent of these neurons (43 of 60) were signifi-
cantly direction tuned for at least one reward condition ( p �
0.05, bootstrap test for TS). This direction tuning occurred quite
late in the trial; statistics for the vast majority of these neurons
were computed using half-max windows that began after the sac-
cade to the cue was completed. Neurons showed similar tuning
for rewarded and unrewarded trials. The neurons significantly
tuned for both reward conditions (51%, 22 of 43) tended to be
more sharply tuned; these neurons showed a strong agreement
between tuning sharpness (Pearson’s linear correlation r � 0.84,
p � 0.001) and preferred direction (T-monotone circular-
circular association � 0.88, p � 0.001) for rewarded and unre-
warded trials. This indicates that some neurons responding dur-
ing the reward epoch were sharply tuned for saccade direction

Figure 4. Phasically active neurons exhibit a variety of tuning for cue or saccade direction. Polar plots of direction tuning for
eight example neurons (two neurons each for Precue, Cue/Delay, Saccade, and Postsaccade categories; examples for the Reward
category are shown in Figs. 6, 8). The TS and response strength ( M ) are also listed for each neuron. Contralateral movements are
to the right. The panels marked with asterisks correspond to the neurons in Figure 2. Firing rates were estimated using the times
to half-maximal response before and after the peak response time for each neuron. The half-max windows were as follows:�757
to 301 ms and �758 to 246 ms relative to cue onset for the Precue neurons; 166 to 1262 ms and �2 to 287 ms relative to cue
onset for the Cue/Delay neurons, �518 to 50 ms and �642 to 73 ms relative to saccade completion for the Saccade neurons; 13
to 238 ms and �53 to 208 ms relative to saccade completion for the Postsaccade neurons.
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independently of whether or not reward was delivered. Similar to
neurons with peak responses preceding reward onset, neurons
responding during the reward epoch displayed a broad range of
tuning profiles. The average tuning sharpness was 0.35, which
indicates that neurons responding during the reward epoch were,
on average, slightly less sharply direction tuned than Cue/Delay,
Saccade, and Postsaccade neurons.

The preferred directions for significantly tuned neurons had a
circular mean of 235 � 46° (�95% CI). In contrast to the neu-
rons with peak responses preceding reward onset, the preferred
directions across the population of neurons responding during
the reward epoch were not biased toward contralateral directions
in a unimodal manner ( p 	 0.10, Rayleigh test), nor were there
significantly more direction-tuned neurons that preferred con-
tralateral directions ( p 	 0.05, � 2 test).

We examined whether individual neurons jointly encoded ac-
tion and reward outcome by looking for a relationship between
tuning sharpness and reward responsiveness. If information
about action and reward outcome were encoded independently,
there would be no systematic variation in measures of these prop-
erties. In Figure 8, the reward responsiveness index is plotted
against the tuning sharpness for neurons that were significant for
either RR or TS for either rewarded or unrewarded conditions
( p � 0.05). We found that postmovement PANs encoded move-
ment and reward information interactively rather than indepen-
dently. Absolute reward responsiveness and tuning sharpness
were negatively correlated (Spearman rank correlation rs �
�0.43, p � 0.01), indicating that the more sharply tuned a neu-

ron was for saccade direction, the less it
discriminated rewarded from unrewarded
trials. However, as indicated by the
L-shaped distribution of the data in Figure
8, this is not simply a negative linear corre-
lation. Neurons appear to be segregated
such that some neurons primarily encoded
received outcome, whereas others primar-
ily encoded saccade direction. This conclu-
sion is supported by an analysis of the joint
distribution. If reward responsiveness and
tuning sharpness were encoded indepen-
dently across our population, then the joint
distribution of these properties should be
predicted from their marginal distribu-
tions; knowing that a neuron was sharply
tuned for direction provides no additional
information about its degree of reward re-
sponsiveness. We used the marginal medi-
ans to predict the joint distribution of �RR�
and TS under the independence hypothe-
sis. The marginal medians (Fig. 8, dashed
lines) predict that 25% of the data points
should fall into each of the quadrants de-
fined by their intersection. This indepen-
dence hypothesis is rejected ( p � 0.01, � 2

test). The joint distribution of reward re-
sponsiveness and tuning sharpness has
fewer than expected sharply tuned neurons
with large differential reward responses,
which supports the impression given by the
paucity of data in the top right quadrant of
Figure 8. This result remains true if we
adopt a stricter significance level for in-
cluding neurons in Figure 8 ( p � 0.01 in-

stead of p � 0.05). As expected, a more stringent criterion leads to
fewer neurons with tuning sharpness �0.10 being labeled as sig-
nificantly direction tuned. Importantly however, both the corre-
lation and the marginal median analyses remain highly signifi-
cant (rs � �0.58, p � 0.01 and p � 0.01, � 2 test, respectively).
Thus, neurons active during the reward epoch appear to fall into
two categories, one that encodes the direction of the just-
completed saccade and one that encodes whether or not a reward
was received.

In addition, we note that our conclusions were still supported
even when we used a different criterion for direction tuning. We
selected an alternative criterion using data recorded from PANs
that responded primarily before the appearance of the peripheral
target (Precue). In our task, because reward expectation was held
constant, a Precue neuron could not exhibit direction tuning
before the onset of the peripheral target because cue directions
were randomly selected on each trial. Thus, Precue neurons serve
as a useful control because estimates of the tuning sharpness for
these neurons are obtained when the null hypothesis must be true
(no direction tuning). As expected, no Precue neurons were
deemed significant by our statistical test, and none exhibited a
tuning sharpness 	0.25 (Fig. 5a). Therefore 0.25 is a justifiable,
albeit conservative, alternative criterion for direction tuning. Us-
ing this alternative criterion, we find that of the 35 neurons in
Figure 8 that were significantly reward responsive, 26 would be
categorized as untuned, whereas only 9 would be considered di-
rection tuned. In addition, of the 19 neurons in Figure 8 that were
“direction only,” 15 remained categorized as direction tuned.

Figure 5. Direction-tuning summary for neurons with peak responses preceding reward onset. a, Histograms of TS. Colored
bars indicate statistically significant direction tuning ( p � 0.05, bootstrap test for TS). Arrows indicate means for significant TS.
There were no significantly tuned Precue neurons. b, Stacked polar histogram of preferred directions for significantly tuned
neurons. The population preferred directions are significantly biased toward contralateral directions ( p � 0.01, Rayleigh test),
with a circular mean of 352 � 29° (� 95% CI, triangle and arc along outer edge). c, Population tuning functions. Each category
is plotted separately, and except for the Precue category, only significantly tuned neurons are included in the average. The
symbols represent the mean (�1 SEM), and the lines represent the best-fitting von Mises (circular Gaussian) function. The firing
rate of each neuron was normalized to its average response to all directions; a value of 1 indicates no modulation from the mean
(i.e., untuned).
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Thus, using an alternative criterion for direction selectivity, we
continue to find that postmovement neurons segregate with re-
spect to tuning strength and reward responsiveness, consistent
with our conclusion that reward-responsive neurons are distinct
from direction-tuned neurons.

Together, these results indicate that neurons responsive dur-
ing the reward epoch encode information about saccade direc-
tion as well as received outcome. As was the case for Postsaccade
neurons, direction tuning exhibited by these neurons consti-
tutes a retrospective coding of direction. Furthermore, there
was relatively little overlap of these properties in individual
neurons, and the encoding of direction and received outcome
appeared to be performed by largely separate populations of
caudate neurons.

Postmovement responses are aligned to the
instructed saccade
It is possible that PAN responses that occurred late in the trial
were related to events after the primary, instructed saccade; for
example, these responses may be related to the secondary saccade
that moves the eye away from the target position after reward
delivery. We checked for this possibility by analyzing whether

Figure 6. Neurons with responses during the reward epoch respond differentially to reward
delivery. a, Example neurons with peak responses after reward onset. The reward responsive-
ness index for each neuron is listed in the top left corner of each polar plot. b, Histogram of RRs
for all neurons with the first time to half-maximal response after the peak response time half-
max windows extending at least 150 ms into the reward epoch (n � 60, 4 Postsaccade neurons,
56 Reward neurons). Only one Postsaccade neuron exhibited a significant RR (tuning functions
plotted in Fig. 8).

Figure 7. Neurons responding after saccade execution are direction tuned. a, Tuning
strength estimated from rewarded plotted against TS estimated from unrewarded trials for
neurons with a significant tuning strength for either condition (light gray symbols, n � 43, 3
Postsaccade neurons, 40 Reward neurons). The dark filled symbols represent neurons that have
jointly significant tuning strengths for rewarded and unrewarded trials (n � 22, 2 Postsaccade
neurons, 20 Reward neurons). b, Preferred direction estimated from rewarded plotted against
preferred direction estimated from unrewarded trials.
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individual neuronal responses were better aligned to the primary
or secondary saccade. Figure 9a plots the responses of two post-
movement PANs, aligned to the onset of both the primary and
secondary saccades. In both cases, aligning to the secondary sac-
cade reduces the peak response and distributes the response more
widely in time. We used the peak response and the half-width, the
time between the two points of half the peak response, to quantify
how “phasic” a response was when aligned to the primary or
secondary saccade. The data for individual postmovement neu-
rons is plotted in Figure 9b, which shows that the great majority
of postmovement neurons exhibited responses that were better
aligned to the primary rather than secondary saccade. Figure 9c
shows that similar results are obtained when the same analysis
was performed on Saccade neurons. These results support our
conclusion that postmovement neurons convey information
about events temporally linked to the primary, instructed
saccade.

Dynamic tuning analysis
We restricted analyses in the preceding sections to a single tem-
poral window containing the peak response for each neuron.
Although our categorization (Precue, Cue/Delay, Saccade, etc.)
provides information regarding how tuning sharpness evolves
through a trial, this provides fairly coarse information because
each category included individual neurons responding at differ-
ent times. Furthermore, the half-max windows did not fully cap-

ture the responses of the small number of
neurons that were multiphasic or had slow
buildup activity preceding a phasic burst
[particularly Saccade neurons (Fig. 3)]. We
addressed these aspects of our data by esti-
mating tuning sharpness in 200 ms non-
overlapping windows spanning the entire
trial for each neuron.

A summary of direction tuning across
our population is provided in Figure 10a,
where the percentage of significant activa-
tions is plotted as a function of time. Ap-
proximately 30% of our population be-
came significantly tuned for direction
shortly after cue presentation, and this
fraction remains approximately constant
throughout the delay, saccade, and reward
epochs, falling to chance levels �800 ms
after reward onset. This percentage is lower
than those in the previous sections of this
report because it was estimated with re-
spect to the entire population (black line)
or all neurons responding above baseline
for each window (dashed black line). Be-
cause PAN response profiles were distrib-
uted throughout the trial, the number of
neurons responding vigorously in any par-
ticular window was relatively small. De-
spite this, it appears that an approximately
constant number of neurons encode cue or
saccade direction for a significant fraction
of a trial.

How does the percentage of signifi-
cantly tuned neurons relate to response
sharpness? The mean population response
(Fig. 10a, blue line) closely matches the
percentage of significantly tuned neurons

(Fig. 10a, black lines) except for epochs preceding cue onset,
where the functions deviate as a result of untuned Precue neurons
being included in the average. Because our tuning sharpness mea-
sure (TS) does not depend on our response strength measure
(M), the correspondence between significance and average re-
sponse in Figure 10a does not obviously reveal how tuning sharp-
ness evolves through a trial. It is possible that tuning sharpness
depends on response strength; different neurons underlying the
average response come to represent cue or saccade direction at
different times throughout the trial. For example, Cue/Delay
neurons could be primarily tuned immediately after cue onset
when their firing rates were highest, whereas Saccade neurons
could be primarily tuned immediately preceding the saccade
when their firing rates were highest. This is suggested by the
temporal tiling of responses illustrated in Figure 3, as well as by
Figure 10b, which shows the average response separated by neu-
ron category. Alternatively, tuning sharpness might not depend
on response strength, and sharp tuning for direction might exist
despite large changes in firing rate. The average tuning sharpness
(Fig. 10c) supports the latter alternative, revealing a dissociation
of tuning sharpness from peak response time and average re-
sponse. The Saccade and Postsaccade populations, in particular,
show average tuning sharpnesses that do not match their respec-
tive average response strengths. In summary, these data indicate
that the sharpest tuning is not aligned to the maximal response.
Rather, these populations become tuned shortly after cue presen-

Figure 8. Relation between direction tuning and absolute reward responsiveness for neurons with peak responses after
saccade execution. The tuning sharpness along the abscissa is taken as an average of the tuning sharpness for the rewarded and
unrewarded conditions, weighted by the reciprocal of the width of the associated confidence interval. Only neurons that are
significant for either RR or TS are plotted (n � 54, 3 Postsaccade neurons, 51 Reward neurons). Four example neurons that were
jointly significant for both TS and RR are shown (the single Postsaccade neuron differentially responsive to reward, and 3 Reward
neurons). The dashed lines represent the marginal medians. The quadrants defined by the intersection of these lines would each
contain 25% of the data points under the hypothesis of independence between tuning sharpness and reward responsiveness.
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tation, and remain tuned at an approximately constant tuning
sharpness until reward onset.

The tuning sharpness calculated using multiple smaller win-
dows agrees with that computed using the half-max window for
each neuron (Fig. 5), suggesting that those neurons with prelude
or buildup activity preceding the peak response should exhibit
direction tuning early in the trial. This is verified by examining
the tuning sharpness for individual neurons (Fig. 11). There are
subsets of neurons from the Cue/Delay, Saccade, and Postsaccade
categories that become tuned shortly after cue onset [neurons in
Fig. 11 are ordered according to peak times (Fig. 3)]. Some of
these neurons remain tuned for much of the time between cue
onset and saccade execution (horizontal streaks across Fig. 11
with approximately the same gray level indicate approximately
constant tuning sharpness). Moreover, comparing Figures 3 and
11 reveals that tuning sharpness is not necessarily related to over-
all response strength; some neurons show significant direction
tuning well outside of the half-max windows.

Reward neurons were quite different. These neurons rarely
showed direction tuning early in the trial, but instead showed

direction tuning primarily restricted to the reward epoch. This is
less surprising, however, because Reward neurons showed very
little response (Fig. 10b) until around the expected time of reward
delivery. The corresponding absolute reward responsiveness for
these neurons is plotted on the bottom right side of Figure 11a.
For those neurons that have significant tuning for at least one
window during the reward epoch (n � 53), there is a significant
negative correlation between �RR� and the maximum TS (rs �
�0.62, p � 0.001). Resorting the data for the subset of neurons
with significant RR according to the absolute magnitude of RR
(Fig. 11b) confirms that neurons with large reward responsive-
ness show little or no direction tuning, whereas most of the
sharply tuned neurons show little reward responsiveness. The
neurons with the sharpest direction tuning during the reward
epoch are not plotted in Figure 11b because their RRs were not
significantly different from zero; they do not encode received
outcome. These results are consistent with our previous analyses
based on tailored temporal analysis windows (Fig. 8).

Recording locations
We targeted our recordings to the body of the caudate nucleus
based on previous work by Hikosaka et al. (1989a), who showed
that this portion of the striatum contains neurons related to sac-
cadic eye movements. Figure 12, a and b, shows our recording
locations. Figure 12c illustrates the spatial distribution of the
PANs we recorded, aligned to the anterior commissure. We did

Figure 9. Postmovement responses align better to the primary instructed saccade than to
the secondary saccade. a, Example postmovement neurons, showing the metrics used to quan-
tify differences between the primary saccade to the instructed target and the secondary saccade
after reward delivery. b, Summary for postmovement neurons (21 Postsaccade, open symbols;
56 Reward, shaded symbols). The response is higher and narrower for the majority of neurons.
c, Neurons most active immediately preceding the primary saccade are plotted for comparison.

Figure 10. Dynamic tuning analysis, population averages. a, Population significance of TS as
a function of time. The solid black line represents the percentage significance from the entire
population (n � 149). The dashed line shows percentage significance from all neurons re-
sponding above baseline in each window. The mean population response (blue line) was esti-
mated by averaging response strength ( M) across neurons for each 200 ms window. b, Average
response ( M) for each neuron category. c, Average TS for each neuron category. Data are plotted
for those windows in which at least 15 neurons responded at least 1.5 times above baseline.
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not observe any obvious clustering of neurons according to the
time of peak response; neurons with very different peak responses
could be found intermixed throughout the region of the caudate
nucleus we recorded from.

Discussion
Hikosaka and colleagues found that some caudate neurons re-
spond selectively for eye movements early enough to initiate sac-
cades by disinhibiting the superior colliculus (Hikosaka et al.,
1993). They also found that some caudate neurons respond in a
manner not directly related to movement initiation (Hikosaka et
al., 1989c). Postmovement activity is also common in the stria-
tum and may play a role in evaluative processing after goal-
directed movements (Tremblay et al., 1998; Cromwell and
Schultz, 2003; Fujii and Graybiel, 2005; Williams and Eskandar,
2006). Clarifying how postmovement neurons encode move-
ment properties is critical for understanding both the types of
information the striatum transmits to downstream brain struc-
tures and the role of this structure in reinforcement learning.

We found that actions and outcomes were encoded by largely
separate populations of postmovement PANs in a probabilisti-
cally rewarded saccade task. One subset of neurons was tuned for
the direction of the immediately preceding saccade. Another sub-
set responded differentially on rewarded versus unrewarded trials
and was relatively untuned for saccade direction. We also com-
pared the response properties of postmovement PANs with those
of premovement PANs, providing a quantitative characterization
of these neurons throughout the planning, execution, and feed-
back stages of instructed eye movements.

Retrospective direction tuning
Postmovement neurons exhibited slightly lower tuning sharp-
ness than premovement neurons. Although some postmovement
neurons had prelude activity tuned for the direction of the im-
pending saccade, many neurons did not show tuning until later,
often during the reward epoch and sometimes starting after the
typical offset times of burst neurons in the superior colliculus that

generate saccades (e.g., Sparks, 1978). It
has previously been shown that many pal-
lidal neurons respond too late to initiate
arm movements (Anderson and Horak,
1985), and one hypothesis is that this activ-
ity influences muscle activity after move-
ment initiation. The ballistic nature of sac-
cades makes this explanation unlikely in
our results. The postmovement activity we
observed also appears too late and variable
to be obviously useful as a corollary dis-
charge (Wurtz and Sommer, 2004), al-
though it may play a role in organizing se-
quences of movements (Graybiel, 1995).
Postmovement activity may function to
signal different task components such as
the completion and accuracy of the in-
structed action, the termination of fixa-
tion, or the impending reward uncertainty
(Fujii and Graybiel, 2003).

Another possibility is that postmove-
ment activity provides feedback about the
consequences of recently executed actions.
Reinforcement learning models com-
monly incorporate a short-term memory,
termed an eligibility trace, that keeps re-
cently executed actions eligible for plastic-

ity (Sutton and Barto, 1998). Eligibility traces help associate re-
inforcers with specific actions and can increase learning speed,
particularly in situations in which multiple events intervene be-
tween actions and outcomes. It is thus possible that retrospective
direction coding in the caudate and the pallidum may be related
to the eligibility traces of learning theory. This is consistent with
the hypothesis that activity in the basal ganglia promotes learning
in cortical areas (Wise et al., 1996) via projections through the
substantia nigra pars reticulata (SNr) and thalamus (Ilinsky et al.,
1985; Middleton and Strick, 1994), an idea supported by recent
experiments (Fujii and Graybiel, 2005; Pasupathy and Miller,
2005).

The direction tuning of postmovement neurons was broad in
two senses; there were individual neurons with broad tuning, and
tuning sharpness varied widely across the neuronal population.
Some PANs exhibited statistically significant, but weak, direction
tuning. Because it is unclear how the activity of caudate neurons
is decoded in downstream brain structures, it remains possible
that weakly direction-tuned neurons participate in encoding
movement direction. After all, neurons in the SNr are broadly
tuned (Hikosaka and Wurtz, 1983), yet projections from these
neurons to the superior colliculus are important for initiating
precise saccades (Hikosaka and Wurtz, 1985).

We also observed that tuning sharpness varied widely across
our population, consistent with earlier observations that the sizes
of movement fields of caudate neurons are variable (Hikosaka et
al., 1989a). This does not pose a difficulty insofar as it is possible
to decode precise information from a population of neurons with
heterogeneous direction tuning (Jazayeri and Movshon, 2006),
although it is an open question whether downstream brain struc-
tures can appropriately decode this information.

Reward responses
A separate population of postmovement PANs encoded whether
or not a reward had been received. Our work extends previous
descriptions of reward-related responses in the dorsal striatum,

Figure 11. Dynamic tuning analysis, individual data. a, TS for each neuron plotted as a function of time. The order of neurons
is the same as in Figure 3. TS is only plotted for those windows in which direction tuning is significant ( p � 0.05), and the
neuronal response was above baseline. b, Neurons with significant RR, resorted according to increasing �RR�.
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which have only examined postmovement
responses when the outcomes are fully ex-
pected (Apicella et al., 1991; Hollerman et
al., 1998; Cromwell and Schultz, 2003) or
during learning when reward expectations
are changing (Tremblay et al., 1998; Wil-
liams and Eskandar, 2006). In our task, re-
wards were delivered with a fixed probabil-
ity, allowing us to dissociate reward
outcome from correct task performance
and changing reward expectations.

The prevalence of reward responses is
consistent with functional magnetic reso-
nance imaging studies showing increased
activity in the dorsal striatum in response to
rewards (Delgado et al., 2000; Knutson et
al., 2001; Haruno et al., 2004) and reward
prediction errors (RPEs) (O’Doherty et al.,
2004; Haruno and Kawato, 2006). RPEs,
together with eligibility traces, are core ele-
ments in temporal-difference models of re-
inforcement learning (Sutton and Barto,
1998). It is possible that the reward-
responsive neurons we observed encode
RPEs, which would be consistent with pro-
jections to the striatum from midbrain do-
pamine neurons, which encode RPEs
(Schultz, 1998; Bayer and Glimcher, 2005).

Segregation of action and outcome
Postmovement PANs encoded informa-
tion about actions and obtained outcomes
interactively; the fact that a neuron was
strongly direction tuned predicted that it
was unlikely to also be reward responsive,
suggesting that movement direction and
obtained outcomes are encoded by two dis-
tinct groups of neurons at the level of the
caudate nucleus (cf. Schmitzer-Torbert
and Redish, 2004).

How information flows through the basal ganglia is the sub-
ject of much inquiry (Alexander et al., 1986; Bar-Gad et al., 2003).
Our observations in postmovement neurons suggest that at the
level of the striatum, information about actions and received
outcomes is segregated, although it remains possible that these
neurons also encode other variables (e.g., reward expectation,
discussed below). In addition, information might be specifically
integrated downstream of the striatum. Current evidence sug-
gests that this information is combined independently in pallidal
neurons (Arkadir et al., 2004) and that the fraction of neurons
encoding movement direction increases as information is trans-
mitted from the putamen to the pallidum (Pasquereau et al.,
2007).

Relation to work manipulating reward expectation
Our findings relate to work on the relationship between action
and reward expectation. Hikosaka and colleagues (Kawagoe et
al., 1998) examined the encoding of movement direction and
reward expectation in caudate PANs using a task in which mon-
keys were rewarded for saccades to one of four targets, but were
required to make saccades to all four. They showed that reward
expectation can modulate the direction tuning of premovement
PANs; the direction tuning of some neurons reflects the direction

of the rewarded target, consistent with the idea that these neurons
interactively encode movement direction and reward expectation
(Kawagoe et al., 1998). In some PANs, reward expectation can
sharpen direction tuning. The degree of sharpening has been
measured in Precue PANs responding before target onset, and
the direction tuning induced by reward expectation in these neu-
rons is comparable in tuning sharpness to what we observed in
postmovement neurons (cf. Takikawa et al., 2002). In addition to
these neurons, Hikosaka and colleagues have also identified
PANs that respond for all movements in a block when reward is
associated with a specific target (Ding and Hikosaka, 2006; Koba-
yashi et al., 2007). Moreover, premovement PANs can be modu-
lated by relative expected value (Cromwell and Schultz, 2005;
Samejima et al., 2005). These results indicate that premovement
PANs can be powerfully modulated by reward expectation.

Postmovement PANs may also be modulated by reward ex-
pectation, a possibility our results do not exclude. Ding and Hi-
kosaka (2006) showed that postsaccadic PAN activity can be
modulated by reward expectation, although less frequently than
premovement PAN activity. They suggest that the caudate con-
tributes to evaluating rewards associated with particular actions,
a hypothesis elaborated by our findings. Related work in pre-
movement neurons (Kawagoe et al., 1998; Pasquereau et al.,

*

*

Figure 12. Recording locations. a, Structural MRI image for monkey B. We used vitamin E-filled capillary tubes as grid
markers, which allowed us to section the image in the plane of the recording grid. The white line through the center of the grid
represents the angle of approach, and its length is the same as the guide tube used during recording. Cd, Caudate nucleus; CS,
cingulate sulcus; Put, putamen. b, Camera lucida drawings of histological sections for monkey H. The position of each section is
estimated relative to the anterior commissure (AC). The asterisk in each section indicates the location of electrolytic lesions
recovered in the caudate nucleus. LV, Lateral ventricle. c, Recording locations for task-related PANs, plotted separately for each
neuronal category. The caudate outline represents the boundaries of the nucleus when viewed from above as taken from the
atlas of Francois et al. (1996).
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2007) suggests that reward expectation may also modulate direc-
tion tuning in postmovement neurons. This type of postmove-
ment activity might function to convey reward expectations to
midbrain dopamine neurons via known projections (Joel and
Weiner, 2000) to enable the computation of action-specific re-
ward prediction errors (Houk et al., 1995b; Doya, 2000). Another
possibility is that postmovement activity reactivates their target
neurons to coincide with the dopamine efflux that occurs in re-
sponse to unpredicted rewards, thereby promoting plasticity in
downstream structures that is specific to rewarded actions (func-
tioning as an eligibility trace).

Conclusion
We characterized saccadic direction tuning in striatal PANs ac-
tive during a probabilistically rewarded saccade task. Many neu-
rons had peak responses after saccade execution. These post-
movement PANs were functionally segregated, and may play
different roles in evaluative updating; one population encodes
information about the saccade just executed, whereas another
encodes the received outcome. We also examined how direction
tuning evolved through time across PANs, and found that selec-
tivity for saccade direction was sustained after cue onset to well
after saccade execution. Together, these results suggest that a
subset of caudate PANs may participate in evaluating the out-
comes of actions.
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