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Our gaze tends to be directed to objects previously associated with rewards. Such object values change flexibly or remain stable. Here we
present evidence that the monkey substantia nigra pars reticulata (SNr) in the basal ganglia represents stable, rather than flexible, object
values. After across-day learning of object–reward association, SNr neurons gradually showed a response bias to surprisingly many
visual objects: inhibition to high-valued objects and excitation to low-valued objects. Many of these neurons were shown to project to the
ipsilateral superior colliculus. This neuronal bias remained intact even after �100 d without further learning. In parallel with the
neuronal bias, the monkeys tended to look at high-valued objects. The neuronal and behavioral biases were present even if no value was
associated during testing. These results suggest that SNr neurons bias the gaze toward objects that were consistently associated with high
values in one’s history.

Introduction
Consider the experience of being in a grocery store. You may be
bewildered by so many items around you. But somehow you
choose several items from among many similar items. You may
find, in retrospect, that you chose them because you previously
chose them and liked them. Your everyday choices may thus
depend on your emotional experiences repeated in your history.
Cognitive processes relying on working memories may not be
able to handle such choices because there are so many objects
around you (Shiffrin and Schneider, 1977). Information process-
ing for such everyday choices would instead require object-value
memories with high-capacity and long-term retention. The pro-
cess of choosing requires high capacity because so many objects
must be assessed and compared. Choosing also requires long-
term retention because many objects under consideration are
encountered only rarely. Indeed, animal behavioral studies have
reported a high-capacity long-term memory for choosing high-
valued visual objects or associated motor responses (Vaughan
and Greene, 1984; Fagot and Cook, 2006).

We hypothesized that the substantia nigra pars reticulata
(SNr), a major output of the basal ganglia, is a key structure for
the everyday choice mechanism. Anatomical studies suggest that

the SNr may receive visual object information from the infero-
temporal cortical areas through the tail of the caudate nucleus
(CDt) (Saint-Cyr et al., 1990). Neurons in the CDt indeed re-
spond to visual objects selectively (Caan et al., 1984; Brown et al.,
1995; Yamamoto et al., 2012). Furthermore, the SNr has efficient
access to motor outputs. The SNr controls the initiation of sac-
cadic eye movements through its inhibitory connections to the
superior colliculus (SC) (Hikosaka and Wurtz, 1983). Electrical
stimulation of the CDt induces saccadic eye movements, which
are likely mediated by the CDt’s connection to the SNr
(Yamamoto et al., 2012). Therefore, the SNr appears equipped
with the mechanisms necessary for choosing valuable objects.

Our hypothesis is in line with a general concept that the basal
ganglia play an important role in the selection of behaviors (Red-
grave et al., 1999), particularly behaviors that lead to better re-
ward outcomes (Hikosaka et al., 2006). However, most studies
examined flexible value coding in which subjects were provided
with a small number of options whose reward values were
changed frequently (Hikosaka et al., 2006; Lau and Glimcher,
2008; Hori et al., 2009). In contrast, little is known about the
neuronal mechanisms underlying the stable value coding of
many objects, and this is what we wanted to study. To this end, we
devised a set of experimental procedures in which the monkey
saw many computer-generated visual objects, each associated with
either a large or small reward consistently across many daily sessions,
and then the neuronal activity as well as saccadic behavior was tested.
We found that SNr neurons indeed encode the values of a remark-
able number of visual objects and then retain the object value infor-
mation for a long time with no further learning.

Materials and Methods
Animals. We used two male rhesus monkeys (Macaca mulatta), D and G.
All animal care and experimental procedures were approved by the Na-
tional Eye Institute Animal Care and Use Committee and complied with
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Figure 1. Procedure for learning stable object values. A, Stable object–reward association task. Among a set of eight fractal objects, four were assigned as “high-valued” objects and the other four
were assigned as “low-valued” objects. On each trial, one of the eight objects was presented at one of four positions, and the monkey made a saccade to it. If the object was a high-valued object, a
large reward was delivered. If the object was a low-valued object, a small reward was delivered. For each set of visual objects, the learning procedure was done repeatedly across many daily sessions,
during which each fractal remained to be either a high-valued object or a low-valued object. B, Well learned fractals (�5 learning sessions) used for monkey G. Each row of eight fractals (shown on
each of left and right sides) were used as a set of objects. Among them, the left four fractals were high-valued objects (associated with a large reward) and the right four fractals were low-valued
objects (associated with a small reward). Monkey G learned 648 fractals, among which 288 (shown here) were well learned. Monkey D learned 696 fractals, among which 280 were well learned.
Many of the fractals were shared by both monkeys.
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the Public Health Service Policy on the humane care and use of labora-
tory animals.

General behavioral procedure. Behavioral tasks were controlled by a
QNX-based real-time experimentation data acquisition system [REX;
Laboratory of Sensorimotor Research, National Eye Institute, National
Institutes of Health (LSR/NEI/NIH)]. The monkey sat in a primate chair,
facing a frontoparallel screen 33 cm from the monkey’s eyes in a sound-
attenuated and electrically shielded room. Stimuli generated by an
active-matrix liquid crystal display projector (PJ550, ViewSonic) were
rear-projected on the screen. We created visual stimuli using fractal ge-
ometry (Miyashita et al., 1991). One fractal was composed of four point-
symmetrical polygons, which were overlaid around a common center
such that smaller polygons were positioned more toward the front. The
size of each fractal was �8° � 8°.

Our main aim was to study the responses of SNr neurons to visual
objects when they are associated with different reward values. Specifi-
cally, we hypothesized that SNr neurons encode objects’ reward values
differently depending on whether the values remain stable or change

flexibly. To examine the stable and flexible value coding, we devised two
behavioral procedures, as shown below.
Stable object–value association procedure. To examine behavioral and
neuronal encoding of stable object values, we conducted the learning
procedure (see Fig. 1) and the testing procedure (see Fig. 2) separately on
different days. In the learning procedure, the monkey experienced visual
objects repeatedly in association with consistent reward values and thus
learned their stable values (see Fig. 1). In the testing procedure, neuronal
activity and monkey’s saccade behavior were examined using different
tasks (see Fig. 2). The separation of the learning procedure and the testing
procedure precluded possible influences of working memory or short-
term memory. Also importantly, the testing procedure was done in a
neutral condition: the monkey obtained no reward when learned objects
were presented (in case of behavioral testing) or the monkey did obtain
reward but not in association with particular objects (in case of neuronal
testing). The “neutral” condition during testing was critical to examine
the effect of long-term reward experiences (stable values) because, oth-

Figure 2. Procedures for testing the stable object value coding. A, Procedure for testing SNr neurons’ responses to high-valued objects and to low-valued objects. While the monkey was fixating
a central spot of light, 1– 4 fractal objects (pseudorandomly chosen from a set of 8 objects) were presented sequentially in the neuron’s preferred location. The monkey was rewarded 300 ms after
the final object disappeared. The reward was thus not associated with particular objects. B, Free-viewing task for testing saccade behavior. In one session, a set of eight fractal objects were presented
and the monkey was free to look at these objects (or somewhere else) by making saccades between them. For one presentation, four objects were chosen randomly from the eight objects and for
the next presentation the other four objects were chosen, and this cycle was repeated. No reward was delivered during the free viewing. Occasionally, a white small dot was presented at one of four
positions. If the monkey made a saccade to it, a reward was delivered to the monkey. The testing procedures were done on separate days from the learning procedure (Fig. 1) to avoid possible
influences of working memory or short-term memory.
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erwise, the effect of short-term reward experiences (flexible values) could
change the monkey’s behavior or neuronal activity.

In the following we will explain in detail (1) the learning procedure, (2)
the procedure for testing neuronal activity, and (3) the procedure for
testing saccade behavior.

1. Procedure for learning stable object values (see Fig. 1). The goal of
this procedure was to create a fixed bias among fractal objects in
their reward values (i.e., high-valued objects and low-valued ob-
jects). For this purpose we used an object-directed saccade task (see

Fig. 1A). In each session, a set of eight fractal objects was used as the
target. On each trial, one of the fractal objects was chosen pseudo-
randomly as the target and was presented at one of four positions
(right, up, left, and bottom). The monkey was required to make a
saccade to the target to obtain a liquid reward. Importantly, half of
the fractal objects were associated with a large reward (0.11 ml) (i.e.,
high-valued objects), whereas the other half were associated with a
small reward (0.02 ml) (i.e., low-valued objects). One learning ses-
sion consisted of 64 trials (8 trials for each object) for monkey D and

Figure 3. Object-selective responses of an SNr neuron to novel fractal objects. A, Antidromic activation of an SNr neuron to electrical stimulation of the ipsilateral SC. The antidromic nature of the
spikes was confirmed by a collision test (right, bottom). B, Responses of the SNr neuron to novel fractal objects, shown by rasters of dots (top) and spike density functions (bottom). The objects were
presented at the neuron’s preferred location while the monkey was fixating at the central fixation point (see Fig. 2 A). The same neuron as shown in Figure 10. Top and bottom four objects were
assigned as high-valued and low-valued objects in the later learning.
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128 trials (16 trials for each object) for monkey G. On each learning
day, monkey D and G learned 1–22 and 1–25 sets of objects, respec-
tively (see Fig. 6 for monkey G). Each set was learned in one learning
session in 1 d. The same sets of fractals were used repeatedly for
learning across days (or months), throughout which each object
remained to be either a high-valued object or a low-valued object.

2. Procedure for testing neuronal activity (see Fig. 2 A). To examine
the neuronal coding of stable object values, while excluding any
effect of flexible value coding, we used a passive viewing task. In
each session a set of eight fractal objects was used as the visual

stimului. While the monkey was fixating on a central spot of light,
the fractal objects were presented sequentially in the neuron’s pre-
ferred location in a pseudorandom order (presentation time: 400
ms, interobject time interval: 400 – 600 ms). After every 1– 4 object
presentation, a reward was delivered 300 ms later. The reward was
thus not associated with particular objects. Each object was pre-
sented at least six times in one session.

3. Procedure for testing saccade behavior (see Fig. 2 B). To examine
the monkey’s memory of stable object values, while excluding any
effect of flexible value coding, we used a free-viewing task. In fact,

Figure 4. Stable object value coding of an SC-projecting SNr neuron. A, Learning schedule for a set of fractal objects used to test the responses of the SNr neuron (as shown in B). Monkey D learned
the set of objects for 13 sessions across days (black bars). Five days after the last learning session, the SNr neuron was recorded (red bar). One learning session was done in 1 d. B, The responses of
the SNr neuron to the learned object set: high-valued objects (top) and low-valued objects (bottom). For each fractal, the activity is aligned on the onset of the fractal (time 0). The horizontal bar
shown above each raster plots indicate the duration of object presentation (0 – 400 ms).
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there was no rule for the monkey to follow while fractal objects were
presented. On each trial, four of a set of eight fractal objects were
chosen pseudorandomly and were presented simultaneously for
2 s. The monkey was free to look at these objects (or something else)
by making saccade between them, but no reward was given. After a
blank period (0.5 s) another four objects were presented. Occasion-
ally, a white small dot instead was presented at one of four posi-
tions. If the monkey made a saccade to it and held the gaze on it for
300 – 600 ms, a reward was delivered. Each object was presented at
least 25 times in each session. We also used a modified version,
which was the same as the original task except that, before each
fractal presentation, the white dot appeared at the center and the
monkey was required to fixate it for 1000 –1500 ms.

We arranged the learning procedure and the testing procedure in var-
ious ways to examine (1) the neuronal-behavioral changes after long-
term learning, (2) the retention of the object–reward association
information, and (3) the time course of the learning. To examine the
neuronal-behavioral changes, we trained the monkey to learn multiple
object sets for multiple days, and then tested the activity of SNr neurons
and the monkey’s free viewing. To examine the retention of the object–
reward association information, we stopped the learning of particular
object sets that had been learned, and then, after a no-learning period of
days or months, tested SNr neurons’ responses to the previously learned
objects (see Fig. 8). To examine the time course of the learning, we added
new sets of objects on different learning days such that, days or months
later, the monkey had a repertoire of multiple sets of fractal objects with
different degrees of learning (see Fig. 10A). This allowed us to test the

response of a single SNr neuron to objects with different degrees of
object–reward association as well as the monkey’s free viewing.

The actual schedule in stable object-value learning for monkey G is
shown in Figure 6. The learning and testing sessions were often alter-
nated, but in other cases each was performed consecutively across many
days. As evident in this scheme, this experimental procedure required the
monkeys to learn many fractal objects: 87 sets (696 objects) for monkey D
and 81 sets (648 objects) for monkey G. The numbers of well learned
object sets (�5 learning sessions) were 35 sets (280 objects) for monkey
D and 36 sets (288 objects) for monkey G. The 288 well learned objects
for monkey G are shown in Figure 1 B.

Flexible object–value association procedure. This procedure allowed
us to examine behavioral and neuronal encoding of flexible object
values as they were being updated in blocks of trials. Therefore, learn-
ing (of object values) and testing (of the monkey’s behavior and of
SNr neuron’s activity) were done in one task procedure (object-
directed saccade task), as illustrated in Figure 13A. For each monkey,
a fixed set of two fractal objects (say, A and B) was used as the saccade
target. Each trial started with the appearance of a central white spot,
which the monkey had to fixate on. After 1000 –1500 ms while the
monkey was fixating on the central spot, one of the two fractal objects
was chosen pseudorandomly and was presented at the neuron’s pre-
ferred location. The fixation spot disappeared 400 ms later, and then
the monkey was required to make a saccade to the object within 700
ms. If the gaze was held on the object for 400 ms, a liquid reward was
delivered. The monkey received a large reward (0.20 ml) after making
a saccade to one object (e.g., A) and received a small reward (0.016

Figure 5. An SC-projecting SNr neuron encoding stable values of many objects. We tested the neuron’s responses to 120 well learned fractal objects (�5 learning sessions) (left). Shown
superimposed on right are the neuron’s responses to 60 high-valued objects (red) and 60 low-valued objects (blue). Firing rates (shown by spike density functions) are aligned on the onset of the
object (time 0). The object disappeared at 400 ms. The number of learning sessions for these objects ranged from 5 to 22. The last learning of object–reward association had been done 3 d before
the neuronal recording.
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ml) to the other object (e.g., B). During a block of 30 trials, the
object-reward contingency was fixed, but it was reversed in the fol-
lowing block (e.g., B-high-valued, A-low-valued) without any exter-
nal cue. While an SNr neuron was being recorded, these two blocks
(A-high-valued/B-low-valued and B-high-valued/A-low-valued)
were alternated in blocks (their order counterbalanced across neu-
rons). Most trials (24 of 30 trials) were forced trials: one of the two
objects was presented and the monkey had to make a saccade to it. The
rest of trials (6 of 30 trials) were choice trials: two objects were pre-
sented at the same time. Their locations were chosen randomly from
four possible locations (right, up, left, and bottom). The monkey had
to choose one of the objects by making a saccade to it to obtain the
reward associated with the chosen object. If the monkey failed to
make a saccade correctly on either forced or choice trials, the same
trial was repeated. In each recording session, these two types of block
were repeated at least twice.

Electrophysiology. Based on a stereotaxic atlas (Saleem and Logothetis,
2007), we placed two rectangular chambers, one targeting the SNr and
the other targeting the SC. The SNr chamber was placed over the fron-
toparietal cortex, tilted laterally by 35°. The SC chamber was placed over
the midline of the parietal cortex, tilted posteriorly by 40°. MR images
(4.7 T, Bruker) were then obtained along the direction of the recording
chamber, which was visualized with gadolinium that filled grid holes and
the space outside the grid and inside chamber. Single-unit recordings and
electrical stimulations were performed using tungsten electrodes (Fred-
erick Haer) advanced by an oil-driven micromanipulator (MO-97A, Na-
rishige). The recording and stimulation sites were determined by using a
grid system, which allowed recordings at every 1 mm between penetra-
tions. The electrode was introduced into the brain through a stainless
steel guide tube, which was inserted into one of the grid holes and then to
the brain via the dura. The electrical signal from the electrode was am-
plified with a bandpass filter (200 –5 kHz; BAK) and collected at 1 kHz.
Spike potentials of single neurons were isolated online using a custom
voltage-time window discrimination software (MEX, LSR/NEI/NIH).

Identification of SNr-SC neurons. We identified SC-projecting SNr
neurons by antidromic activation (Hikosaka and Wurtz, 1983). In each
experiment, we inserted a tungsten microelectrode in the SC. After pass-

ing through the surface of the SC, we lowered
the electrode while testing neuron’s visual and
saccade-related response. When we found SC
neurons that were predominantly activated in
the presaccadic period, we fixed the electrode
in that position for stimulation. We then low-
ered another electrode in the SNr while stimu-
lating the SC until spikes with fixed latencies
were detected. The antidromic nature of the
spikes was confirmed using a collision test
(Hikosaka and Wurtz, 1983). A biphasic pulse
with cathodal and anodal components was
used for the stimulation. The currents for the
cathodal pulse ranged from 20 to 180 �A; the
currents for the anodal pulse were made lower
than those for the cathodal pulse.

Data analysis. We analyzed the effects of
object-value association learning on neuronal
and behavioral discriminations of high-valued
and low-valued objects. To assess the neuronal
discrimination, we first measured the magni-
tude of the SNr neuron’s response to each frac-
tal object by counting the numbers of spikes
within a test window in individual trials. For
stable object-value learning, the test window
was 100 – 400 ms after the onset of the object in
the passive-viewing task. For flexible object-
value learning, the test window was 100 –300
ms after the onset of the object in the object-
direct saccade task. The neuronal discrimina-
tion was defined as the area under the receiver
operating characteristic (ROC) based on the
response magnitudes of the SNr neurons to

high-valued objects versus low-valued objects. It was computed for each
object set for stable object-value learning and for each SNr neuron for
flexible object-value learning. The statistical significance of the neuronal
discrimination was tested using Wilcoxon rank-sum test.

To assess the behavioral discrimination, we computed the choice rate
for large-reward-associated objects, which was defined as follows:
nSACg/(nSACg � nSACb), where nSACg and nSACb are the numbers of
saccades toward high-valued and low-valued objects, respectively. For
stable object-value learning, the choice rate was computed by the mon-
key’s saccade choice in the free-viewing task between four high-valued
objects and the other four low-valued objects. For flexible object-value
learning, the choice rate was computed by the monkey’s saccade choice in
the choice trials of the object-directed saccade task between the high-
valued object (object that was recently associated with a large reward)
and the low-valued object (object that was recently associated with a
small reward).

To examine possible contributions of SNr neuronal activity to object-
value learning, we first focused on the periods in which the monkey
showed clear saccade biases (well learned periods): �5 daily learning
sessions in stable object-value learning; fifth or later trials after the rever-
sal of the object-reward contingency in flexible object-value learning. We
then examined changes in the neuronal and behavioral discriminations
during learning (learning curves). To this end, the neuronal and behav-
ioral discriminations were computed individually after nth learning ses-
sion in stable object-value learning (neuronal, see Fig. 10; behavioral, see
Fig. 12) and for nth trials in flexible object-value learning (see Fig.
14G,H). For the neuronal learning in flexible object-value learning, we
quantified the magnitude of SNr neuron’s responses in each trial as the
difference of firing rate between a test window (100 –300 ms after object
onset) and a baseline window (500 – 0 ms before object onset).

Results
SNr neurons robustly encode stable object values
To test the hypothesis that SNr neurons encode stable object
values, we used the stable object–value association procedure.
This procedure consisted of (1) object–reward association learn-

Figure 6. Actual experimental schedule for monkey G. The monkey experienced 712 fractal objects grouped into 89 sets (8
fractals each). Each row indicates the schedule for each object set (black, learning; red, testing of neuronal activity) across the days
of the monkey’s career in this study. Among the 89 object sets, 81 sets were used for object–reward association learning; eight sets
were used only for testing. As the monkey learned many fractal objects, new object sets were added for object–reward association.
Thus, at any point during the career, the monkey had learned many object sets in different degrees (i.e., different number of
learning sessions). This means that the neuronal learning curve can be inferred from weak to strong response biases of one SNr
neuron (recorded on a particular day) to the object sets with small to large amount of learning, as illustrated in Figure 10 A. Many
learned object sets were omitted from learning sessions and, after many days (up to 165 d) of no further learning, were used for
testing SNr neurons’ responses and the monkey’s saccade behavior. The shaded area indicates the experiments shown in Figure 5.
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ing (Fig. 1A) and (2) neuronal and behavioral testing (Fig. 2).
These subprocedures were done on separate days so that any
effect of recently updated object values (i.e., flexible values) was
excluded (see Materials and Methods).

For object–reward association learning, the monkeys were
trained to learn many sets of fractal objects with different
amounts of reward by using a saccade task (Fig. 1A). Among a set
of eight fractal objects, four were always associated with a large
reward (“high-valued objects”); the other four were always asso-
ciated with a small reward (“low-valued objects”). Each object set
was learned in one session in 1 d. Other object sets were added for
learning on subsequent days. Thus, the monkey learned multiple
object sets on most experimental days, each set being learned on
consecutive days (see Fig. 6). Some of the objects monkey G
learned are shown in Figure 1B.

To test neuronal responses, we recorded the spike activity of
single SNr neurons using a passive viewing task (Fig. 2A). To
evaluate only the effects of stably maintained object values while
avoiding any effect of recently updated (i.e., flexible) object val-
ues, we used two specific procedures: (1) the neuronal testing was
done at least 1 d after the last learning; (2) the reward given to the
monkey during the neuronal (Fig. 2A) and behavioral (Fig. 2B)

testing was not associated with either high-valued or low-valued
objects.

We recorded the spike activity of single SNr neurons, many of
which projected to the SC (Fig. 3A). First we tested the responses
of SNr neurons to novel fractal objects. The responses of an SC-
projecting SNr neuron are shown in Figure 3B. The SNr neuron
responded to the eight novel objects differentially, mostly with
inhibitions in varying magnitudes and time courses.

We found that the object–reward association across many
daily learning sessions induced differential responses in SNr
neurons. We tested their responses to the learned fractal ob-
jects while the monkey was passively viewing them. A typical
example is shown in Figure 4 B. This SC-projecting SNr neu-
ron was strongly inhibited by all of the high-valued objects
(Fig. 4 B, top); in contrast, it was mostly excited by the low-
valued objects (Fig. 4 B, bottom). At the time of neuronal
testing, the monkey had completed 13 learning sessions for
this set of fractals, but had not seen the fractals for 5 d before
the recording of this SNr neuron (Fig. 4 A).

Single SNr neurons differentiated many fractal objects into
high-valued and low-valued objects, as exemplified in Figure 5.
We tested the responses of this SC-projecting SNr neuron to 120

Figure 7. Stable object value coding of SNr neurons in monkey D (left) and G (right). They are shown separately for neurons antidromically activated from the SC (left) (D: n � 52; G: n � 36) and
neurons not antidromically activated from the SC (right) (D: n � 33; G: n � 30). A–D, Averaged responses to high-valued objects (red) and low-valued objects (blue). The data were obtained for
well learned sets (�5 learning sessions). E–H, Comparison between the responses to high-valued objects and the responses to low-valued objects. Plotted for each recording session (each dot) are
the average response to high-valued objects (abscissa) and the average response to low-valued objects (ordinate). The response was measured as the difference in firing rate between the test
window (100 – 400 ms after object onset) and the baseline window (500 –1000 ms before fixation point onset). I–L, Discrimination between high-valued and low-valued objects in individual
recording sessions measured by ROC area based on spike counts in a test window. ROC 0.5 would mean no differentiation; ROC 1.0 would mean that the neuronal activity was always lower (or more
inhibited) by high-valued objects than low-valued objects; ROC 0.0 would mean the opposite. Black bars indicate neurons with statistically significant discrimination assessed by Wilcoxon rank-sum
test ( p � 0.05). A triangle indicates the mean of the ROC areas: 0.79 for I and J, 0.73 for K, and 0.76 for L�.
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well learned fractal objects (�5 learning sessions) (Fig. 5, left).
The SNr neuron was mostly inhibited by the 60 high-valued ob-
jects (red lines) and mostly excited by the 60 low-valued objects
(blue lines) (Fig. 5, right). The last learning sessions for these
objects were done 3 d before the recording of this SNr neuron.
Thus, the SNr neuron robustly encoded reward values of many
objects after they were associated with the same reward values
stably across days. In other words, the responses of the SNr neu-
ron represented the stable memories of object values. For each
SNr neuron, we tested 8 –184 well learned objects (mean, 32 ob-
jects), but did not see a clear memory limit.

Throughout the whole experimental period (10 months for both
monkeys), the monkey learned many fractal objects: 696 objects (87
sets) for monkey D and 648 objects (81 sets) for monkey G. Among
them, we tested neural responses to 216 and 240 well learned objects
(�5 learning sessions) for monkey D and G (Fig. 1B), respectively.
The actual learning and recording schedule for monkey G is shown
in Figure 6. The experiments shown in Figure 5 is indicated by a
shaded area in which 15 sets of fractal objects (120 objects) were
presented while the SNr neuron was recorded.

We examined the responses of 151 SNr neurons in two mon-
keys to the well learned objects. Among them, 93 neurons were

Figure 8. An SC-projecting SNr neuron retaining object values after a long period of no learning. A, Learning schedule for a set of fractal objects. Monkey D learned the set of objects for 14 sessions
across days (black bars). Then the learning for this object set was stopped for 108 d, until the SNr neuron was tested (red bar). The same format as Figure 4 A. B, After the long retention period, the
SNr neuron clearly discriminated between high-valued and low-valued objects. Note that during the retention period, the monkey learned many other fractals.
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shown to project to the ipsilateral SC. As a
population, they were clearly inhibited by
high-valued objects and excited by low-
valued objects (Fig. 7A–D). The responses
to high-valued and low-valued objects are
plotted for individual sessions in Figure
7E–H. Most data points are located above
the unity line, indicating that the firing
rates were lower in response to high-
valued objects than to low-valued objects.
To quantify neuron’s discriminability be-
tween high-valued and low-valued ob-
jects, we calculated the ROC area for each
session. In a large majority of the record-
ing sessions, the ROC area was larger than
0.5 and its distribution was heavily skewed
toward 1.0 (Fig. 7I–L). In 130 of 151 neu-
rons (86.1%), the discrimination was sta-
tistically significant (Wilcoxon rank-sum
test, p � 0.05), indicating that a majority
of SNr neurons reliably categorized visual
objects based on long-term reward expe-
riences. These results were consistent
across monkeys and across the two groups
of SNr neurons with and without anti-
dromic activation from the SC. Thus, the
information on stable object values is con-
veyed to the SC by SNr neurons that were
antidromically activated from the SC, and
possibly to other brain areas by SNr neu-
rons that were not antidromically acti-
vated from the SC.

SNr neurons retain object-value
information for a long time
Our results have suggested that high-
capacity memories of object values are rep-
resented in SNr. However, for the brain to
have high-capacity memories, the values of
individual objects need to be retained for a
long time; otherwise, memories would not
accumulate. To test this hypothesis, we
stopped the learning of the monkey on
some of the learned sets, and after a long
delay (108–165 d) tested the object-value
information in SNr neurons (Fig. 6, upper
one-third). An example is shown in Figure
8. Before recording from this neuron, the
monkey had learned the object set for 14
sessions and then learning was stopped for
108 d (Fig. 8A). During this period, the
monkey never saw the objects but contin-
ued to learn many other objects. This SC-
projecting SNr neuron was clearly inhibited
by the high-valued objects (previously asso-
ciated with a large reward) (Fig. 8B top) and excited by the low-
valued objects (previously associated with a small reward) (Fig. 8B,
bottom).

A majority of SNr neurons tested after the long retention pe-
riod (�100 d) showed similarly clear reward biases (Fig. 9, right),
which were comparable with the biases obtained after short re-
tention periods (�20 d) (Fig. 9, left). In particular, the mean
ROC area after long-retention periods (0.74) was not signifi-

cantly different from that after short retention periods (0.77) (t
test, p � 0.2). These results indicate that SNr neurons, as a pop-
ulation as well as individually, retained the information of object
values �100 d with little degradation. Notably, the object-value
information in SNr neurons was not disrupted even though, dur-
ing the retention period, the monkeys learned many other objects
and neuronal responses were tested repeatedly without reward
feedback (Fig. 6).

Figure 9. Long-term retention of object values by SNr neurons. Comparison between short retention periods (�20 d, left) and
long retention periods (�100 d, right). The data were obtained from 151 and 22 SNr neurons for short and long retention periods,
respectively, in two monkeys for well learned sets (�5 learning sessions). The same format as in Figure 7. A, B, Averaged responses
to high-valued objects (red) and low-valued objects (blue). C, D, Comparison between the responses to high-valued objects and
the responses to low-valued objects. E, F, Discrimination between high-valued and low-valued objects in individual recording
sessions measured by ROC area. Black bars indicate neurons with statistically significant discrimination assessed by Wilcoxon
rank-sum test ( p � 0.05). A triangle indicates the mean of the ROC areas: 0.77 for short retention periods and 0.74 for long
retention periods. There was no statistical difference in the mean ROC area between the two groups of data (t test, p � 0.18). Data
in C–F are based on each recording session (short retention period, n � 563; long retention period, n � 76).
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SNr neurons learn object values slowly
Our results so far have shown that SNr neurons encode object
values after long-term learning (�5 learning sessions). We then
asked how long it takes for SNr neurons to acquire the object
value. To answer this question, we introduced many sets of novel
fractals on different learning days, while the monkey continued
to learn other object–reward associations (Fig. 10A). On the day
of testing, we recorded from single SNr neurons and examined
their responses to the multiple object sets with different degrees
of learning.

The responses of a single SNr neuron to the multiple object
sets (Fig. 10A) are shown in Figure 10B. In responses to a new
object set (Fig. 10B, 0 session), the neuron showed no differential
responses (as there had been no learning). The neuron showed a
hint of differential responses to another object set that had been
learned once (Fig. 4B, 1 session). The difference became larger

when the tested set had been learned in
more sessions (Fig. 10B, 2–19 sessions).
We used 19 object sets with different de-
grees of learning, and the neuron’s learn-
ing curve is illustrated as changes in the
ROC area (Fig. 10C). We examined 118
SNr neurons in this manner (Fig. 11). For
most of the neurons, the ROC area tended
to be larger for experienced in more learn-
ing sessions object sets. The change in the
averaged ROC areas (Fig. 10D) suggests
that the object-value information in SNr
neurons developed gradually in the first
several daily sessions before reaching a
plateau level.

Since many of the SNr neurons pro-
jected to the SC, the differential responses
of SNr neurons are likely to lead to differ-
ential responses of SC neurons. Specifi-
cally, because the SNr–SC connection acts
as an inhibitory gate (Hikosaka et al.,
2000), the inhibitory responses of SNr
neurons to high-valued objects should
open the gate to facilitate saccades to
high-valued objects. To test this hypothe-
sis, we examined the monkey’s saccadic
eye movements in a free-viewing condi-
tion while learned objects were presented
(Fig. 2B). We found that, after the object–
reward association learning, the monkey
made saccades more frequently to high-
valued objects than to low-valued objects
(Fig. 12A). Notably, the preferential look-
ing toward high-valued objects developed
gradually, and its average time course was
very similar to the development of the av-
erage response bias of SNr neurons (com-
pare Figs. 10D and 12B, r � 0.89).

Note that both SNr neuronal re-
sponses in passive-viewing task and sac-
cades in the free-viewing condition are
likely automatic rather than goal-directed
because rewards were not associated with
particular objects during the two tasks.
These results suggest that SNr is involved
in preferential looking toward valuable
objects based on long-term learning and

that the SNr-SC inhibition may underlie the reward-based, but
nongoal-directed, gaze bias. Interestingly, after the long retention
period, the object-value information in the SNr remained intact
(Fig. 10D, data point on right), but the saccade bias became
weaker (Fig. 12B, data point on right). This suggests that, even
though the neuronal memories were retained, the monkey’s gaze
was influenced by unknown factors that developed during the
retention period.

SNr neurons are weakly influenced by flexible object values
The results so far have indicated that, as SNr neurons slowly
acquired discriminative responses to many visual objects de-
pending on their stable values, the monkey also acquired discrim-
inative gaze responses to these objects. The remarkable
neuronal– behavioral correlation might be explained if the activ-
ity of SNr neurons simply reflected saccadic motor outputs. To

Figure 10. SNr neurons learn stable object values gradually. A, Learning schedule for 19 sets of fractal objects used for testing
the responses of an SNr neuron (as shown in B and C). Note that multiple sets of fractals were added for learning at different points
in the monkey’s career, so that when an SNr neuron was recorded, the amount of learning varied across the fractal objects. B, The
responses of an SNr neuron to fractal object sets with seven different degrees of learning (0 –19 sessions). The responses are shown
for each set, separately for high-valued objects (red) and low-valued objects (blue). C, Learning curve of the neuron shown in B. The
neuron’s discrimination between high-valued and low-valued objects for each object set (expressed as an ROC area) is plotted
against the number of learning sessions for the object set. Data points are connected by lines to illustrate the neuron’s learning
curve. For sessions 0 and 5, we used two object sets, and the mean ROC area is used for the learning curve. D, Averaged learning
curve across 118 SNr neurons in two monkeys. Data point on right indicates the average of neuronal biases that were obtained
�100 d after the last learning. Error bars, �1 SEM.
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test this possibility, we examined whether
the SNr neurons also changed their re-
sponses flexibly as the monkey changed its
gaze preference frequently based on work-
ing memory of object values.

Figure 13A shows the flexible object–
value association procedure in which two
fractal objects alternated their values in
blocks of trials. On each trial, one of the
two objects was presented at the neuron’s
preferred location, and the monkey made
a saccade to it. One object was associated
with a large reward and the other object
was associated with a small reward. The
reward amounts for these objects were
fixed within a block of 30 trials, but were
reversed in the following block. These two
blocks were repeated at least twice in each
recording session.

To test the monkey’s preference, we in-
cluded a choice trial in which the two fractal
objects were presented simultaneously and
the monkey was required to choose one by
making a saccade to it. The reward amount
was determined by the chosen object. As
shown in Figure 13B, the monkey typically
chose the object that was recently associated
with a large reward. The choice tendency de-
veloped quickly in several trials after the re-
versal of the object–reward contingency.
These results indicate that the monkeys flex-
ibly changed their preference as the objects
changed their values.

The responses of a single SC-projecting SNr neuron are shown
in Figure 13C. The neuron was inhibited by both fractal objects,
but with different magnitudes. The responses showed no robust
changes across blocks of trials regardless of whether the object
was high-valued (i.e., recently associated with a large reward)
(indicated by red bars) or low-valued (i.e., recently associated
with a small reward) (blue bars). The average firing rates (shown
at bottom) showed that the neuron was slightly more inhibited by
the high-valued object (red) than by the low-valued object (blue)
in the later part of object presentation (i.e., after 200 ms). Nota-
bly, these changes were much smaller than the differential re-
sponses of the same SNr neuron to the objects that had been
assigned stable values (Fig. 5).

The averaged activity of all SNr neurons tested also showed
slightly stronger inhibitory responses on large-rewarded than
small-rewarded trials (Fig. 14A,B). To quantify individual neu-
ron’s discriminability, we calculated ROC area based on the re-
sponses between large-rewarded and small-rewarded trials (Fig.
14C,E). The average ROC areas were significantly larger than 0.5
(monkey D: mean, 0.58; t test, p � 1.43 � 10	5; monkey G:
mean, 0.54; t test, p � 0.55 � 10	2). A small number of SNr
neurons (monkey D, 11 of 39; monkey G, 6 of 37) showed value
differential responses (shown in black). Overall, the differential
responses of SNr neurons in this condition (i.e., flexibly changing
values) were much smaller than in the stable value condition in
both monkeys. This was true even though the monkeys showed
strong reaction time bias (Fig. 14D,F, paired t test, p 
 0 in both
monkeys). The discrepancy between SNr neuron activity and sac-
cade behavior is also indicated by monkey D’s gaze preferences to
the high-valued object. Every time the values of the objects were

reversed, the monkey quickly learned to choose the high-valued
object across trials (Fig. 14G, black curve). SNr neurons also
showed a sign of learning (Fig. 14G, red curve), but much more
slowly than the monkey’s choice rate. For example, between the
third and seventh trials, the monkey’s choice was already biased
toward the high-valued object (t test, p 
 7.99 � 10	5), yet the
SNr neurons’ activity still showed a weak bias toward the other
object that had been the high-valued object in the preceding
block of trials (t test, p � 0.03). Monkey G also showed a weak but
consistent choice bias toward the high-valued object after 15th
trial, but the neuronal bias was unclear. These results indicate
that SNr neurons learned object values slowly and therefore were
unable to keep track of flexibly changing values.

In summary, it is unlikely that the activity of SNr neurons
simply reflect saccadic motor outputs. The monkey prefers to
look at high-valued objects whether their values have been stably
maintained or flexibly changed, but SNr neurons would contrib-
ute to the preferential looking based on stable object values, but
not based on flexible object values.

Discussion
We found that SNr neurons robustly encoded the stable values of
many visual objects. Most SNr neurons, including many SC-
projecting neurons, showed opposite responses (i.e., inhibitory
and excitatory) to high-valued objects (i.e., previously associated
with large rewards) and low-valued objects (i.e., previously asso-
ciated with small rewards). Since the SNr-SC connection is inhib-
itory (Hikosaka and Wurtz, 1983), the SNr neurons’ inhibitory
responses to high-valued objects would lead to disinhibitions of
saccadic neurons in the SC, thus leading to more saccades to
high-valued objects. In contrast, the SNr neurons’ excitatory re-
sponses to low-valued objects would lead to enhanced inhibitions

Figure 11. Learning curves for individual SNr neurons in monkey D (left) and monkey G (right). A, B, For each neuron, its
discrimination between high-valued and low-valued objects (expressed as an ROC area) is plotted against the number of learning
sessions for all sets of fractals tested, and the data points thus obtained are connected with lines in a unique color (which reflects
the neuron’s learning curve). An example is shown in Figure 10C. C, D, Distribution of the linear correlation coefficients between the
ROC area and the number of learning sessions obtained for individual neurons. The distribution was shifted toward positive values,
indicating that each neuron’s discrimination between high-valued and low-valued objects became stronger with object–reward
association learning. The mean correlation coefficients were 0.48 for monkey D and 0.41 for monkey G (triangles). The neuronal
data obtained by �3 sets were excluded.
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of saccadic neurons in the SC, thus leading to fewer saccades to
low-valued objects. Indeed, the monkeys developed a strong bias
in gaze toward high-valued objects versus low-valued objects in the
free-viewing condition. Moreover, the monkeys’ gaze bias toward
high-valued objects developed slowly across daily learning sessions
and its time course was very similar to the development of the SNr
neurons’ discriminative responses to high-valued versus low-valued
objects. In contrast, when objects changed their values frequently,
the responses of SNr neurons to the objects showed only minor
changes, although the monkeys changed their gaze bias flexibly.
Our findings thus suggest that SNr neurons may be predomi-
nantly involved in the choice of objects based on their stable
values, rather than flexible values.

How might the choices based on stable values be useful? When
an animal forages in the forest, it may encounter many objects,
but would choose appetizing objects and avoid bitter, nauseating,
or inedible objects. Such choices need to be prompt and efficient.

The animal may not thrive well if it makes
trial-and-error tasting or ponders too
much. Rather, efficient choices are likely
based on the long-term memories of these
objects, as suggested in behavioral studies
in humans (Standing, 1973; Brady et al.,
2008) and animals (Vaughan and Greene,
1984; Fagot and Cook, 2006). The object-
value memories represented by SNr neu-
rons would be ideal for such prompt and
efficient choices. SNr neurons encoded
the values of a remarkable number of ob-
jects. This would be essential because the
animal experiences so many objects
throughout its life. SNr neurons catego-
rized objects into high-valued and low-
valued ones even when no action or no
reward feedback was expected, as if the
information were processed automati-
cally. This would be suitable because the
animal may encounter valuable objects
unexpectedly. Furthermore, the SNr neu-
rons’ discriminative responses were re-
tained for a long time. This would be
beneficial because the values of many ob-
jects may remain unchanged.

We predicted that SNr neurons would
influence the choice of gaze, since many of
the SNr neurons projected to the SC. In-
deed, gaze (as well as attention) is at-
tracted by reward-associated objects in
monkeys (Hikosaka et al., 2006), rodents
(Gallagher et al., 1990), and humans
(Theeuwes and Belopolsky, 2012). More-
over, the association with rewards induces
lasting effects on attentional processing in
monkeys (Bichot and Schall, 1999; Peck et
al., 2009) and humans (Hickey et al., 2010;
Kristjánsson et al., 2010; Anderson et al.,
2011; Awh et al., 2012) even several days
later (Della Libera and Chelazzi, 2009;
Anderson et al., 2011). It also promotes
visual perceptual learning in humans even
when the stimuli are processed uncon-
sciously (Seitz et al., 2009). We speculate
that the SNr may be a key mechanism to

guide gaze and possibly attention based on learned object values.
The SNr may also contribute to manual choice (e.g., reach out
and manipulate objects), because gaze choice precedes or guides
manual choice in humans (Johansson et al., 2001; Hayhoe and
Ballard, 2005) and monkeys (Miyashita et al., 1996).

The memories represented by SNr neurons are akin to skill
memories. A skill develops gradually with repeated practice in a
consistent context, has high capacity compared with working
memory (Shiffrin and Schneider, 1977), and is retained for a long
time with little gradation (Hikosaka et al., 2002), as observed in
our monkeys’ gaze behavior and SNr neurons’ activity. Another
feature of a skill is its speed: a motor response is evoked quickly by
a particular sensory input, often beyond subjective control
(Hikosaka et al., 2002). Since SC-projecting SNr neurons differ-
entiate between high-valued and low-valued objects �150 ms
after they appear (Fig. 7A), saccades could be biased to rewarded
objects within 200 ms at most after they appear. These consider-

Figure 12. Monkeys learned stable object values gradually. A, Example behavioral learning curve. The monkey’s preference
among a set of eight objects (shown above) is plotted against the number of learning sessions. The monkey’s preference was tested
in a free-viewing task (Fig. 2B). The testing was done at least 1 d after the last learning. Inset graph shows, as an example, the total
numbers of saccades to four high-valued objects (red) and four low-valued objects (blue) in the free-viewing task. B, The averaged
behavioral learning curve across 128 sets of fractals in two monkeys. Data point on right indicates the average of behavior biases
obtained �100 d after the last learning. Error bars, �1 SEM.
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ations suggest that the SNr could be a me-
diator of visuomotor skills. This
hypothesis is consistent with a general
theory that the basal ganglia are essential
for skill or habit memories (Mishkin et al.,
1984; Yin and Knowlton, 2006; Graybiel,
2008; Ashby et al., 2010; Seger and Spier-
ing, 2011).

Perhaps most relevant to our study is a
series of seminal studies by Mishkin and
colleagues suggesting that the basal gan-
glia are responsible for the choice of ob-
jects based on stable values (Mishkin et al.,
1984). In their experiment, the monkey
was presented with pairs of objects in suc-
cession, and was asked to choose one ob-
ject from each pair. One object in each
pair was consistently associated with a re-
ward. By repeating choices across daily
learning sessions, the monkey gradually
became able to choose reward-associated
objects (Malamut et al., 1984). Notably,
this learning was not impaired by lesions
of hippocampus-amygdala regions
(Malamut et al., 1984), but was impaired
by lesions of the caudate tail (CDt)
(Fernandez-Ruiz et al., 2001), which is
known to receive inputs from the infero-
temporal cortex (Saint-Cyr et al., 1990;
Yeterian and Pandya, 1995) and send out-
puts to the SNr (Szabo, 1972; Saint-Cyr et
al., 1990; François et al., 1994). Our results
are consistent with the basal ganglia hy-
pothesis offered by Mishkin and col-
leagues (1984) and may further reveal
underlying single cellular mechanisms.

What is striking about the responses of
SNr neurons was that almost invariably
they were more inhibited by stably high-
valued objects than stably low-valued ob-
jects (Fig. 7). Such a homogeneous bias
among neurons is present in brain areas
involved in motivational control for flex-
ibly valued objects (Schultz, 1998; Matsu-
moto and Hikosaka, 2009), but has rarely
been found in sensorimotor areas in-
volved in decision-making (Schultz et al.,
2003), even among SNr neurons (Sato
and Hikosaka, 2002). This is particularly remarkable because the
same SNr neurons responded to visual objects variably if the
monkey had not experienced the objects with long-term reward
biases (Fig. 3B). It is as if visual information were replaced with
value information. Importantly, however, this cannot occur as a
single global process because the stable value information is at-
tached to the objects individually and separately. We thus pro-
pose the following hypothesis: the visual information is gradually
but robustly modified through long-term reward experiences
and this occurs separately for individual objects depending on
their associated values.

The above considerations lead to an important question: do
SNr neurons store the memories of stable object values? SNr
neurons are likely to receive object-selective signals from the in-
ferotemporal cortical areas through the CDt (Saint-Cyr et al.,

1990) and the SNr neuronal signals may be fed back to the infero-
temporal cortex (Middleton and Strick, 1996). Neurons in the
inferotemporal cortex are known to change their responses such
that, through natural experience, they can respond to particular
visual objects regardless of their appearances (Li and DiCarlo,
2008, 2012), but this “tolerance” learning occurs in an unsuper-
vised manner and does not require rewarding experiences (Li and
DiCarlo, 2012). Some neurons in the inferotemporal cortex
change their responses to visual objects depending on their stable
reward values, but the changes are minor (Jagadeesh et al., 2001;
Mogami and Tanaka, 2006). In contrast, the object-selective re-
sponses of CDt neurons are modulated by stable values, similarly
to SNr neurons but less robustly (S. Yamamoto, H. F. Hyoung,
and O. Hikosaka, unpublished observation). These results raise
the possibility that synaptic plasticities occur within the SNr, per-

Figure 13. Weak influences of flexibly changing object values on activity of an SNr neuron. A, Flexible object–reward
association task. The monkey was required to hold gaze on the fixation spot until it was turned off (overlap period, 400 ms) and
then make a saccade to the object. Two fractal objects were associated with large and small rewards in a reversible manner in
blocks of trials (1 block, 30 trials). On most trials (4 of 5 trials) one of the two objects was presented at the neuron’s preferred
position (forced trials). Occasionally (1 of 5 trials) two objects were presented and the monkey had to choose one of the objects
(choice trials, not shown). B, Changes in the choice of monkey D on choice trials across four blocks. The plots close to the
horizontal red bars indicate choices preferring the high-valued object (i.e., whichever object was recently associated with the
large reward). C, Spike activity of a single SC-projecting SNr neuron during the flexible object–reward association task aligned
on the onset of the object (time 0). Vertical red and blue bars on the left of the rasters indicate large-reward and small-reward
trials. The purple tick in each raster line indicates the onset of the saccade toward the presented object. The averaged responses
are shown separately for the high-valued object (red) and the low-valued object (blue). Black horizontal bars indicate the
overlap period. The data were obtained from the same neuron as shown in Figure 5.

16930 • J. Neurosci., November 21, 2012 • 32(47):16917–16932 Yasuda et al. • Stable Object Values in Oculomotor Basal Ganglia



haps in addition to the CDt or the inferotemporal cortex. Such
synaptic plasticities might be achieved by dopaminergic inputs to
the SNr (Ruffieux and Schultz, 1980; Waszcak and Walters, 1983;
Radnikow and Misgeld, 1998), as dopamine neurons encode re-
ward prediction errors (Schultz, 1998) and can induce synaptic
plasticities (Wickens et al., 2003).
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Kristjánsson A, Sigurjónsdóttir O, Driver J (2010) Fortune and reversals of
fortune in visual search: reward contingencies for pop-out targets affect
search efficiency and target repetition effects. Atten Percept Psychophys
72:1229 –1236. CrossRef Medline

Lau B, Glimcher PW (2008) Value representations in the primate striatum
during matching behavior. Neuron 58:451– 463. CrossRef Medline

Li N, DiCarlo JJ (2008) Unsupervised natural experience rapidly alters
invariant object representation in visual cortex. Science 321:1502–
1507. CrossRef Medline

Li N, Dicarlo JJ (2012) Neuronal learning of invariant object representation
in the ventral visual stream is not dependent on reward. J Neurosci 32:
6611– 6620. CrossRef Medline

Figure 14. Flexible object value coding of SNr neurons shown separately for two monkeys. A, B, Average responses of SNr
neurons to the high-valued object (i.e., recently associated with a large reward) (red) and the low-valued object (i.e., recently
associated with a small reward) (blue). The data were obtained from 39 neurons in monkey D (left) and 37 neurons in monkey
G (right). C, E, SNr neurons’ discriminations between high-valued and low-valued objects measured by ROC area based on
spike counts in a test window. Black bars indicate neurons with statistically significant discrimination assessed by Wilcoxon
rank-sum test ( p � 0.05). A triangle indicates the mean of the ROC areas (monkey D: 0.58; monkey G: 0.54). D, F, The mean
saccade reaction times (Saccade RT) for large-reward trials were significantly shorter for high-valued than for low-valued
objects (paired t test, p 
 0 in both monkeys). Note that the reaction time was measured from the offset of the fixation point.
For (A–F ), the neuron’s responses in the initial four trials in each block have been excluded. G, H, Behavioral (black) and
neuronal (red) learning curves associated with flexible object values. The behavioral learning curve is the choice rate for the
high-valued object. The neuronal learning curve is the averaged ROC areas across trials after the reversal of the object–reward
contingency.

Yasuda et al. • Stable Object Values in Oculomotor Basal Ganglia J. Neurosci., November 21, 2012 • 32(47):16917–16932 • 16931

http://dx.doi.org/10.1073/pnas.1104047108
http://www.ncbi.nlm.nih.gov/pubmed/21646524
http://dx.doi.org/10.1016/j.tics.2010.02.001
http://www.ncbi.nlm.nih.gov/pubmed/20207189
http://dx.doi.org/10.1016/j.tics.2012.06.010
http://www.ncbi.nlm.nih.gov/pubmed/22795563
http://dx.doi.org/10.1038/9205
http://www.ncbi.nlm.nih.gov/pubmed/10448220
http://dx.doi.org/10.1073/pnas.0803390105
http://www.ncbi.nlm.nih.gov/pubmed/18787113
http://www.ncbi.nlm.nih.gov/pubmed/7500134
http://dx.doi.org/10.1016/0006-8993(84)90735-2
http://www.ncbi.nlm.nih.gov/pubmed/6692139
http://dx.doi.org/10.1111/j.1467-9280.2009.02360.x
http://www.ncbi.nlm.nih.gov/pubmed/19422618
http://dx.doi.org/10.1073/pnas.0605184103
http://www.ncbi.nlm.nih.gov/pubmed/17088563
http://dx.doi.org/10.1073/pnas.061022098
http://www.ncbi.nlm.nih.gov/pubmed/11274442
http://www.ncbi.nlm.nih.gov/pubmed/7705508
http://www.ncbi.nlm.nih.gov/pubmed/2355257
http://dx.doi.org/10.1146/annurev.neuro.29.051605.112851
http://www.ncbi.nlm.nih.gov/pubmed/18558860
http://dx.doi.org/10.1016/j.tics.2005.02.009
http://www.ncbi.nlm.nih.gov/pubmed/15808501
http://dx.doi.org/10.1371/journal.pone.0014087
http://www.ncbi.nlm.nih.gov/pubmed/21124893
http://www.ncbi.nlm.nih.gov/pubmed/6306173
http://www.ncbi.nlm.nih.gov/pubmed/10893428
http://dx.doi.org/10.1007/s00221-002-1258-7
http://www.ncbi.nlm.nih.gov/pubmed/12444481
http://www.ncbi.nlm.nih.gov/pubmed/16424448
http://dx.doi.org/10.1152/jn.00104.2009
http://www.ncbi.nlm.nih.gov/pubmed/19812294
http://www.ncbi.nlm.nih.gov/pubmed/11431510
http://www.ncbi.nlm.nih.gov/pubmed/11517279
http://dx.doi.org/10.3758/APP.72.5.1229
http://www.ncbi.nlm.nih.gov/pubmed/20601703
http://dx.doi.org/10.1016/j.neuron.2008.02.021
http://www.ncbi.nlm.nih.gov/pubmed/18466754
http://dx.doi.org/10.1126/science.1160028
http://www.ncbi.nlm.nih.gov/pubmed/18787171
http://dx.doi.org/10.1523/JNEUROSCI.3786-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22573683


Malamut BL, Saunders RC, Mishkin M (1984) Monkeys with combined
amygdalo-hippocampal lesions succeed in object discrimination learning
despite 24-hour intertrial intervals. Behav Neurosci 98:759 –769.
CrossRef Medline

Matsumoto M, Hikosaka O (2009) Representation of negative motivational
value in the primate lateral habenula. Nat Neurosci 12:77– 84. CrossRef
Medline

Middleton FA, Strick PL (1996) The temporal lobe is a target of output from
the basal ganglia. Proc Natl Acad Sci U S A 93:8683– 8687. CrossRef
Medline

Mishkin M, Malamut B, Bachevalier J (1984) Memories and habits: two
neural systems. In: Neurobiology of Human Learning and Memory
(Lynch G, McGaugh JL, Weinberger NM, eds), pp 65–77. New York: The
Guilford.

Miyashita K, Rand MK, Miyachi S, Hikosaka O (1996) Anticipatory sac-
cades in sequential procedural learning in monkeys. J Neurophysiol 76:
1361–1366. Medline

Miyashita Y, Higuchi S, Sakai K, Masui N (1991) Generation of fractal pat-
terns for probing the visual memory. Neurosci Res 12:307–311. CrossRef
Medline

Mogami T, Tanaka K (2006) Reward association affects neuronal responses
to visual stimuli in macaque TE and perirhinal cortices. J Neurosci 26:
6761– 6770. CrossRef Medline

Peck CJ, Jangraw DC, Suzuki M, Efem R, Gottlieb J (2009) Reward modu-
lates attention independently of action value in posterior parietal cortex.
J Neurosci 29:11182–11191. CrossRef Medline

Radnikow G, Misgeld U (1998) Dopamine D1 receptors facilitate GABAA

synaptic currents in the rat substantia nigra pars reticulata. J Neurosci
18:2009 –2016. Medline

Redgrave P, Prescott TJ, Gurney K (1999) The basal ganglia: a vertebrate
solution to the selection problem? Neuroscience 89:1009 –1023. CrossRef
Medline

Ruffieux A, Schultz W (1980) Dopaminergic activation of reticulata neu-
rones in the substantia nigra. Nature 285:240 –241. CrossRef Medline

Saint-Cyr JA, Ungerleider LG, Desimone R (1990) Organization of visual
cortical inputs to the striatum and subsequent outputs to the pallido-
nigral complex in the monkey. J Comp Neurol 298:129 –156. CrossRef
Medline

Saleem KS, Logothetis NK (2007) A combined MRI and histology atlas of
the rhesus monkey brain in stereotaxic coordinates. London: Academic.

Sato M, Hikosaka O (2002) Role of primate substantia nigra pars reticulata

in reward-oriented saccadic eye movement. J Neurosci 22:2363–2373.
Medline

Schultz W (1998) Predictive reward signal of dopamine neurons. J Neuro-
physiol 80:1–27. Medline

Schultz W, Tremblay L, Hollerman JR (2003) Changes in behavior-related
neuronal activity in the striatum during learning. Trends Neurosci 26:
321–328. CrossRef Medline

Seger CA, Spiering BJ (2011) A critical review of habit learning and the basal
ganglia. Front Syst Neurosci 5:66. Medline

Seitz AR, Kim D, Watanabe T (2009) Rewards evoke learning of uncon-
sciously processed visual stimuli in adult humans. Neuron 61:700 –707.
CrossRef Medline

Shiffrin RM, Schneider W (1977) Controlled and automatic human infor-
mation processing: II. Perceptual learning, automatic attending, and a
general theory. Psychol Rev 84:127–190. CrossRef

Standing L (1973) Learning 10,000 pictures. Q J Exp Psychol 25:207–222.
CrossRef Medline

Szabo J (1972) The course and distribution of efferents from the tail of the
caudate nucleus in the monkey. Exp Neurol 37:562–572. CrossRef
Medline

Theeuwes J, Belopolsky AV (2012) Reward grabs the eye: oculomotor cap-
ture by rewarding stimuli. Vision Res. Advance online publication. Re-
trieved August 8, 2012. doi:10.1016/j.visres.2012.07.024. CrossRef
Medline

Vaughan W, Greene SL (1984) Pigeon visual memory capacity. J Exp Psy-
chol Anim Behav Proccess 10:256 –271. CrossRef

Waszcak BL, Walters JR (1983) Dopamine modulation of the effects of
gamma-aminobutyric acid on substantia nigra pars reticulata neurons.
Science 220:218 –221. CrossRef Medline

Wickens JR, Reynolds JN, Hyland BI (2003) Neural mechanisms of reward-
related motor learning. Curr Opin Neurobiol 13:685– 690. CrossRef
Medline

Yamamoto S, Monosov IE, Yasuda M, Hikosaka O (2012) What and where
information in the caudate tail guides saccades to visual objects. J Neuro-
sci 32:11005–11016. CrossRef Medline

Yeterian EH, Pandya DN (1995) Corticostriatal connections of extrastriate
visual areas in rhesus monkeys. J Comp Neurol 352:436 – 457. CrossRef
Medline

Yin HH, Knowlton BJ (2006) The role of the basal ganglia in habit forma-
tion. Nat Rev Neurosci 7:464 – 476. CrossRef Medline

16932 • J. Neurosci., November 21, 2012 • 32(47):16917–16932 Yasuda et al. • Stable Object Values in Oculomotor Basal Ganglia

http://dx.doi.org/10.1037/0735-7044.98.5.759
http://www.ncbi.nlm.nih.gov/pubmed/6487412
http://dx.doi.org/10.1038/nn.2233
http://www.ncbi.nlm.nih.gov/pubmed/19043410
http://dx.doi.org/10.1073/pnas.93.16.8683
http://www.ncbi.nlm.nih.gov/pubmed/8710931
http://www.ncbi.nlm.nih.gov/pubmed/8871244
http://dx.doi.org/10.1016/0168-0102(91)90121-E
http://www.ncbi.nlm.nih.gov/pubmed/1660991
http://dx.doi.org/10.1523/JNEUROSCI.4924-05.2006
http://www.ncbi.nlm.nih.gov/pubmed/16793883
http://dx.doi.org/10.1523/JNEUROSCI.1929-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19741125
http://www.ncbi.nlm.nih.gov/pubmed/9482788
http://dx.doi.org/10.1016/S0306-4522(98)00319-4
http://www.ncbi.nlm.nih.gov/pubmed/10362291
http://dx.doi.org/10.1038/285240a0
http://www.ncbi.nlm.nih.gov/pubmed/7374778
http://dx.doi.org/10.1002/cne.902980202
http://www.ncbi.nlm.nih.gov/pubmed/1698830
http://www.ncbi.nlm.nih.gov/pubmed/11896175
http://www.ncbi.nlm.nih.gov/pubmed/9658025
http://dx.doi.org/10.1016/S0166-2236(03)00122-X
http://www.ncbi.nlm.nih.gov/pubmed/12798602
http://www.ncbi.nlm.nih.gov/pubmed/21909324
http://dx.doi.org/10.1016/j.neuron.2009.01.016
http://www.ncbi.nlm.nih.gov/pubmed/19285467
http://dx.doi.org/10.1037/0033-295X.84.2.127
http://dx.doi.org/10.1080/14640747308400340
http://www.ncbi.nlm.nih.gov/pubmed/4515818
http://dx.doi.org/10.1016/0014-4886(72)90099-4
http://www.ncbi.nlm.nih.gov/pubmed/4631188
http://dx.doi.org/10.1016/j.visres.2012.07.024
http://www.ncbi.nlm.nih.gov/pubmed/22902641
http://dx.doi.org/10.1037/0097-7403.10.2.256
http://dx.doi.org/10.1126/science.6828891
http://www.ncbi.nlm.nih.gov/pubmed/6828891
http://dx.doi.org/10.1016/j.conb.2003.10.013
http://www.ncbi.nlm.nih.gov/pubmed/14662369
http://dx.doi.org/10.1523/JNEUROSCI.0828-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22875934
http://dx.doi.org/10.1002/cne.903520309
http://www.ncbi.nlm.nih.gov/pubmed/7706560
http://dx.doi.org/10.1038/nrn1919
http://www.ncbi.nlm.nih.gov/pubmed/16715055

	Robust Representation of Stable Object Values in the Oculomotor Basal Ganglia
	Introduction
	Materials and Methods
	Results
	SNr neurons robustly encode stable object values
	SNr neurons retain object-value information for a long time
	SNr neurons learn object values slowly
	SNr neurons are weakly influenced by flexible object values
	Discussion

	References

