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Brief Communications

Neuronal Activity Related to Reward Size and Rewarded
Target Position in Primate Supplementary Eye Field

Yusuke Uchida,"* Xiaofeng Lu,* Shogo Ohmae,' Toshimitsu Takahashi,> and Shigeru Kitazawa':?
Department of Neurophysiology, School of Medicine, Juntendo University, Bunkyo-ku, Tokyo 113-8421, Japan, and 2Core Research for Evolutional Science

and Technology, Japan Science and Technology Agency, Kawaguchi, Saitama 332-0012, Japan

Several areas of the macaque brain are known to be related to the reward during the performance of saccadic eye-movement tasks.
Neurons in the supplementary eye field (SEF) have been reported to be involved in the prediction and detection of a reward. We describe
a group of neurons in the SEF that became active during the period of reward delivery after saccades toward a specific direction, but
showed weaker activity in other directions, although the same amount of reward was given in each direction. Moreover, this directional
reward activity was modulated by the reward size. Our results demonstrate that the SEF cells may reflect both reward amount and target
positions toward which a movement was rewarded, and suggest that they may play an important role in providing information about the

value of each saccade according to the spatial target location.
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Introduction
For the successful performance of a task, reward is an essential
element of a trial. Thus, the reward nature of behavior has inter-
ested researchers for many years (Tolman, 1932). Many areas of
the brain contribute to the reward process during voluntary
movements, such as the basal ganglia (Hollerman and Schultz,
1998; Kawagoe et al., 1998; Schultz et al., 1998), prefrontal cortex
(Watanabe, 1996; Leon and Shadlen, 1999), cingulate motor area
(Shima and Tanji, 1998), and parietal cortex (Platt and Glimcher,
1999). More specifically, several areas of the macaque brain un-
derlying saccadic eye movements, including the caudate, frontal
eye field (FEF), and supplementary eye field (SEF), are known to
signal rewards during performance of saccadic eye-movement
tasks. The caudate provides information about both reward size
and the target positions toward which a movement was rewarded
(rewarded target position) (Takikawa et al., 2002; Kawagoe et al.,
2004; Lau and Glimcher, 2005; Ding and Hikosaka, 2006),
whereas the FEF provides only information on the rewarded tar-
get position, in particular (Coe et al., 2002; Roesch and Olson,
2003; Ding and Hikosaka, 2006). Although the SEF plays an im-
portant role in predicting and detecting rewards (Amador et al.,
2000; Stuphorn et al., 2000), it is unknown whether activity in the
SEF actually reflects rewarded target position or reward amount.
To address this question, we trained two monkeys in a sac-
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cadic eye-movement task, in which each monkey had to make a
total of eight center-out saccades to each of eight targets located at
0° (right), 45°, 90° (up), 135°, 180° (left), 225°, 270° (down), and
315°. Rewards of varying size were delivered after each successful
saccade. Single-cell recordings were performed in the SEFs while
the monkeys performed the task.

Materials and Methods

Subjects. Animals were cared for in accordance with the Guiding Princi-
ples for the Care and Use of Animals, approved by the Council of the
Physiological Society of Japan. All experiments were approved by the
Committee for Animal Experimentation of Juntendo University School
of Medicine.

We used two Japanese monkeys (Macaca fuscata), monkey SU (6.7 kg)
and monkey SO (7.2 kg). The experiments were performed while the
monkey’s head was fixed and its eye movements were recorded. For this
purpose, a head holder, an eye coil, and a recording chamber were im-
planted surgically (Lu et al., 1998).

Task procedures. The monkeys were trained to perform a visually
guided saccadic eye movement task in which each monkey made 18°
saccades to each of eight targets located at 0° (right), 45°, 90° (up), 135°,
180° (left), 225°, 270° (down), and 315° from a central fixation point. A
trial began with presentation of the fixation point, on which the monkey
had to fixate for 500 ms (fixation period). After the fixation period, a
target was presented randomly at one of the eight target locations. The
animal continued to fixate for 500—800 ms, until the fixation point dis-
appeared (“go” signal, delay period). After the go signal, the monkey
made a saccade to the target (saccade period) and held on the target for
200 ms (target hold period). The saccade period was the duration from
leaving the fixation point to acquiring the target (“targetin”). The target-
hold period was followed by water reward delivery. The reward was
delivered in two different manners: (1) the monkey received a constant
amount of reward (valve opening time of 60 ms) at the end of each
successful trial, through a block consisting of 80 trials; (2) small (40 ms)
and big (80 ms) rewards were delivered after 16 trials alternately, through
ablock consisting of 160 trials. Once the animals performed consistently,
with >85% accuracy at the end of the training period, we began to record
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Figure 1.

reward-related cells.

the activity of single cells extracellularly using a tungsten microelectrode
(diameter, 0.25 mm; length, 80 mm; impedance, 0.4—1.0 M{); measured
at 1 kHz; Frederic Haer, Bowdoinham, ME). Action potentials were iso-
lated using a cluster cutting technique (off-line sorter; Plexon, Dallas,
TX). Eye movements were recorded using a search coil method (MEL-
20U; Enzanshi-Kogyo, Tokyo, Japan) (Robinson, 1963).

We established that the site of recording was in the SEF, using criteria
based on preoperative anatomic magnetic resonance imaging (AIRIS, 0.3
T; Hitachi, Tokyo, Japan) and intracortical microstimulation (50 nega-
tive pulses of 0.2 ms duration at 330 Hz with currents <50 uA) (Schlag
and Schlag-Rey, 1987) (Fig. 1).

Data analysis. We examined whether a cell’s discharge rate was signif-
icantly higher for anyone of the five task periods (fixation, delay, saccade,
target hold, reward period) than for the prefixation control period (test,
p < 0.05). If so, the neuron was defined as a “task-related cell.” In this
study, we focused on the neuronal responses during saccade and reward
periods because larger numbers of task-related cells were seen in the
saccade and reward periods (supplemental Table 1, available at www.
jneurosci.org as supplemental material). The task-related activity of the
saccade and reward periods was classified according to the following six
types of neuron, depending on the degree of specificity for saccade, re-
ward, and spatial biases.

S-cell. We examined whether a cell’s discharge rate was significantly
higher for the saccade period (go signal to target-in) than for the control
period (200 ms). If so, the cell was defined as a “saccade-related cell”
(S-cell or S-activity; f test, p < 0.05).

R-cell. We examined whether a cell’s discharge rate was significantly
higher for the reward period (300 ms post reward onset) than for the
control period. If so, the cell was defined as a “reward-related cell” (R-cell
or R-activity; ¢ test, p < 0.05).

SD-cell. We examined whether an S-cell’s discharge rate differed sig-
nificantly among the eight directions. If so, the cell was defined as a
“directionally biased S-cell” (SD-cell; ANOVA, p < 0.05).

RD-cell. We examined whether an R-cell’s discharge rate differed sig-
nificantly among the eight directions. If so, the cell was defined as a
“directionally biased R-cell” (RD-cell; ANOVA, p < 0.05).

SDT-cell. We examined whether there was a directional tuning effect in
an SD-cell. The mean firing rate during the saccade period ( f) was fitted
by a cosine function with a lower limit of zero: f = max(0,acos((0 —
d)m/180) + B), (—45 < 6 = 315), where «, 6, d, and B denote the
amplitude of modulation, the direction of the target (in degrees), the
preferred direction, and the baseline activity, respectively. The function
had three parameters to be estimated («, d, B) that are illustrated in
Figure 1 (amplitude, preferred direction, mean). If the correlation be-
tween the actual firing rate in the saccade period and the cosine model
prediction (Pearson’s correlation coefficient) was significant, the cell was
defined as an SD-cell with directional tuning (SDT-cell; p < 0.05) (Geor-
gopoulos et al., 1982; Shibuya et al., 2007).

Monkey SU

Recording and stimulation sites (dotted lines) of SEF neurons for monkeys SO and SU. Dotted lines are drawn relative
to brain anatomy, constructed from the MRI image. The recordings were centered ~5 mm to the right or left of the midline for
each monkey. Views of the recording and stimulation sites are enlarged. Squares show sites of microstimulation for evoking
saccades (threshold =50 w.A) and recording, circles show sites of recording, and closed symbols indicate the existence of
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RDT-cell. The same technique was applied to
RD-cells. If the correlation between the actual
firing rate in the reward period and the cosine
model prediction was significant, the RD-cell
was defined as an RD-cell with directional tun-
ing (RDT-cell; p < 0.05)

Results

Directional tuning of

reward-related activity

The SEF was identified by its location
(dorsomedial frontal cortex, 1-4 mm
from midline, slightly anterior to the level
of the frontal eye field) and the results of
intracortical microstimulation (saccades,
not body movements, evoked with cur-
rents of <50 wA) (Schlag and Schlag-Rey,
1987) (Fig. 1). Among 181 cells recorded
from the SEFs, there were 42, 37, 81, 54,
and 78 cells that showed significantly
higher activity during fixation, delay, sac-
cade, target hold, and reward periods, respectively (supplemental
Table 1, available at www.jneurosci.org as supplemental mate-
rial). We focused on saccade- and reward-related cells (S- and
R-cells) in this study. We found that among 81 S-cells and 78
R-cells, more than half showed directionally biased activity (SD-
cells, 67%, n = 54; RD-cell, 72%, n = 56). Moreover, most SD-
and RD-cells showed significant directional tuning effects. We
refer to these cells as SDT-cells (83%; n = 45) (Fig. 2B) and
RDT-cells (82%; n = 46) (Fig. 2A). Twenty-one of them were
both members of the SDT- and RDT-cell groups.

Figure 2A shows a sample RDT-cell. There was enhance-
ment of the neural discharge in the upward direction only
during a reward period. The discharge became weaker in the
unpreferred directions. Statistically, the spike rate of neuronal
activity during the reward period (300 ms postreward onset)
differed significantly across the eight directions (ANOVA, p =
0.001). Correlation between the spike rate of the reward pe-
riod and the cosine model prediction was significant (r = 0.68;
p = 0.006). The preferred direction of neuronal activity was 78
degrees. However, for an SDT-cell (Fig. 2B), there was en-
hancement of the neural discharge in the up and right-upward
directions only during a saccade period. The discharge became
weaker in the unpreferred directions. Statistically, the spike
rate of the neuronal activity during the saccade period (from
go signal to target in) differed significantly across the eight
directions (ANOVA, p = 0.008). Correlation between the
spike rate of the saccade period and the cosine model predic-
tion was significant (r = 0.76; p = 0.001). The preferred di-
rection of neuronal activity was 51°.

The distributions of the preferred spatial directions of the SDT
and RDT activities are shown in Figure 2, Cand D. The preferred
directions of SDT and RDT activities were both significantly bi-
ased toward the side contralateral to the side of the recording
(Fig. 2D, binomial test, reward, p = 0.03; saccade, p = 0.004),
although the preferred directions were distributed all around.
Overall, reward-related cells (R-cell, 43%; n = 78) were as com-
mon as saccade-related cells (S-cell, 45%; n = 81). Most of the
R-cells showed directionally biased activity (RD-cells, 72%; n =
56). Moreover, most of the RD-cells showed neural activity with
directional cosine tuning (RDT-cells, 82%; n = 46). Thus, these
results demonstrate rewarded target position selectivity in the
SEF neurons.
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Figure2. Reward-and saccade-related activity with a directional tuning effect. A, Reward-related activity, shown in raster and histogram format, is aligned to reward onset. The filled dots, filled
triangles, and filled squares indicate the Go-signal, Target-in (end of the saccade), and reward onset, respectively. The cell was consistently active during the reward periods after upward saccades
and less strongly after left- and right-upward saccades. The center graph indicates the fitted sinusoidal curve of the neuronal activities across eight directions. PD, Preferred direction; r, a correlation
coefficient to test the association between the actual firing rate of the reward period and the cosine model prediction. B, Saccade-related activity. The cell was consistently active during the upward
saccades and right-up saccade, and less strongly after left-up and rightward saccades. Other conventions are as in A. €, Spatial distribution of the preferred directions of rewarded-target-position-
specific activity and saccade-direction-specific activity of SEF cells. Vectors indicate the preferred directions of the reward-related activities (left) or saccade-related activities (right). Three broken
circles of different diameters indicate the three levels of significance of correlation between the actual firing rate of the reward (left) or saccade (right) periods and the sine model prediction. D,
Comparison between the number of preferred directions contralateral and ipsilateral to recorded SEF. *p << 0.05; **p << 0.01.

In 21 neurons that were both members of RDT and SDT cell ~ Reward-amount-dependent activity in SEF

classes, the preferred direction durirlg the reward period corre- We further investigated whether there was reward size selectivity

lated significantly with the preferred direction during the saccade ~ in 84 SEF neurons, by delivering constant rewards, and then small
(r=10.63; p = 0.0021). and large rewards. Many of the 84 neurons showed significantly
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Figure 3.

Bottom, The neuronal activity in the nonpreferred direction.

higher activity during fixation (n = 19; 23%), delay (n = 21;
25%), saccade (n = 33; 39%), target hold (n = 27; 32%), and
reward (n = 37; 44%) periods than in the control period (sup-
plemental Table 1, available at www.jneurosci.org as supplemen-
tal material). The ratio of neurons with significant activation was
comparatively large during the saccade and reward periods, al-
though such neurons were found in all task periods.

In contrast, among the 84 SEF cells, cells with activity that
changed with the size of reward were most commonly found in
the reward period (n = 25; 30%), but rarely in other task periods
(fixation, 4%, n = 3; delay, 10%, n = 8; saccade, 8%, n = 7; target
hold, 12%, n = 10) (supplemental Table 1, available at www.
jneurosci.org as supplemental material). We called cells with re-
ward size modulation during the reward period “reward amount
cells.” Most of these reward amount cells (n = 22; 88%) showed
significantly higher activity during the delivery of the big reward
(big-reward cells) than for the smaller reward (¢ test, p < 0.05). In
contrast, few cells (n = 3; 12%) showed significantly higher ac-
tivity during the delivery of the small reward (¢ test, p < 0.05).
Among 22 big-reward cells, 16 displayed directionally biased ac-
tivity with a directional tuning effect. An example of a big-reward
cell in the preferred direction is shown in Figure 3, A and B. The
cells became active during the reward delivery period when the
same reward was consistently given after each successful trial
(Fig. 3A). The same cells showed significantly higher spike activ-
ity during the big reward trials than during the small reward trials

5 A 7B
s A A PR g

-200 1]

Reward size modulation in SEF cells. The activity in the preferred direction, shown in raster and histogram format, is
aligned with reward onset. A, When the monkey received the same amount of reward at the end of each trial through a block (see
Materials and Methods), the cell was consistently active during the reward period. B, When small and big rewards were delivered
after 16 trials, alternately, through a block (see Materials and Methods), the same cell as in A was consistently active during the
big-reward trials. The activity became weaker during the small-reward trials. €, Saccadic eye movements: V, vertical; H, horizon-
tal. Black, Eye-movement traces during the small-reward trials; red, eye movement traces during the big-reward trials. D, E, The
neuronal activity of a total of 16 reward-size-related cells are shown on average. Top, Neuronal activity in the preferred direction.
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(Figs. 3B) (p = 0.006). The mean neural
discharges of the big reward-specific cells
Riward (n = 16) in the preferred direction and in

| the anti-preferred direction are shown in
34 |

Figure 3, D and E. The mean activities in
s

Eye movement

the preferred direction (top) (n = 16) were
analogous to the examples shown in Fig-
ure 3, A and B.

Although we found no significant dif-
ference in the saccade parameters between
the big- and small-reward trials, including
saccade latency and saccade speed (Fig.
3C), trial success rates changed. The trial

e V—

-200 0

300 (ms]

<
(SPIS)

w
(=1

n=16 [ success rate was the ratio of 160 successful

| L trials in a block to the total number of trials
| that the monkey performed within the
block. The trial success rate was greater in
Al iy the large-reward trials than in the small-
reward trials (95% versus 81%). The in-
creased error rate (14%), which was pri-
marily caused by abandoning trials in
which the fixations were cut short, may
20 reflect lowered motivation during the
small-reward trials.

10 In summary, among 37 R-cells, 25
(68%) showed reward-size selectivity. This
result demonstrated reward-size selectiv-
ity in the SEF. In addition, many reward-
size-related cells also showed spatial-
location specificity (64%; n = 16). Thus,
together with the finding of a total of
46 rewarded-target-position-specific cells
(RDT cells), our results suggest that SEF
cells show both reward-size selectivity
and rewarded-target-position selectivity.
These two dynamics of reward can be
present in a single SEF cell.

300 {ms)

Discussion
Our data demonstrate that many neurons in SEF exhibited
reward-related activity, associated with not only the reward
amount but also the target positions toward which a movement
was rewarded. The results suggest that SEF cells provided infor-
mation about both reward size and rewarded target position.
Previous studies have shown that neurons in monkey SEFs
change their behavior flexibly depending on many kinds of task-
specific demands, including object-centered coding of saccades
(Olson and Gettner, 1995), arbitrary visuo-oculomotor associa-
tion (Chen and Wise, 1995, 1996, 1997), anti-saccades (Schlag-
Rey et al., 1997), performance monitoring (Stuphorn et al.,
2000), anticipatory pursuit (Missal and Heinen, 2004), predict-
ing the correct saccade (Amador et al., 2004), planning of sac-
cades in response to pattern and spatial cues (Olson et al., 2000),
remembered spatial sequence (Histed and Miller, 2006), saccade
collision (Park et al., 2006), saccade sequence (Lu et al., 2002),
and countermanding saccades (Stuphorn and Schall, 2006).
Given such diverse capabilities of SEF neurons, rewarded target
position and reward-amount selectivity in supplementary eye
field may not be surprising. However, to our knowledge, no study
has reported this.

Our findings may be relevant to several remarkable studies in
primate frontal lobes underlying eye movements, including the
SEF, FEF, and caudate, all of which are associated with rewards.
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In the SEF, many neurons are clearly related to reward, predicting
and detecting reward events (Amador et al., 2000). Our data show
that a number of cells display reward-related activity during the
reward period. This result may correspond with the detecting
activity in their study. That is, such reward-detecting cells may
play an important role in presenting the value of each saccade,
which is perhaps essential for motivating the behavior. In the
FEF, neurons show strong associations with rewarded target po-
sition, but not reward size (Ding and Hikosaka, 2006), whereas
clear selectivity for both reward size and rewarded target position
was seen in the caudate neurons (Lau and Glimcher, 2005; Ding
and Hikosaka, 2006).

The interesting finding in our study is the target/saccade po-
sition effect. Although the caudate and FEF cells have been shown
to be involved in providing information about reward size and
rewarded target position (Ding and Hikosaka, 2006), they used a
paradigm in which only one of two movements was rewarded. In
contrast, in our study, saccades in all eight directions were re-
warded. Thus, this paradigm in which eight target/saccade posi-
tions were rewarded enabled us to better understand the target/
saccade position effect in the SEF. It is clear from our data that
there were some SEF cells that became active during the period of
reward delivery in a specific target direction, but weaker activity
was seen for other directions, although the same amount of re-
ward was given for each direction. This suggests that the SEF cells
may reflect target positions toward which a movement was re-
warded and they perhaps encode the relationship between par-
ticular movement and reward.

Another important difference with other reward-related ef-
fects described previously is the timing and nature of the reward
effect. The activity in FEF and caudate responded to target onsets
or other events that led up to the reward (Ding and Hikosaka,
2006). Reward modulated the gain in these sensorimotor repre-
sentations before the reward delivery. In our present study, how-
ever, only a smaller number of cells (20%; n = 37) showed task
related activity in the delay period (target onset to Go-signal)
than in the reward period (43%; n = 73). Furthermore, only a few
cells showed the reward amount related activity in the delay
(10%; n = 8), saccade (8%; n = 7) and target-hold (12%; n = 10)
periods, before the reward delivery (supplemental Table 1, avail-
able at www.jneurosci.org as supplemental material). Thus, un-
like the study by Ding and Hikosaka (2006), we found only a weak
reward amount effect during the prereward periods. In the study
Ding and Hikosaka (2006), the target was only presented at two
positions (left or right). In a given block of trials, one position was
associated with big reward (for example, right) and the other
position was associated with small reward (left). In other words,
in a single block, the monkeys always received the big reward
when the target was presented at right position. Therefore, the
target position was actually a cue to instruct the reward amount.
In contrast, in our study, target position was not associated with
the reward amount. There was no instruction of reward amount
until monkey received the reward. This probably led to the ab-
sence of the modulation of prereward activity.

At this point, we do not know what will occur in the SEF cells
if we use a task in which the target position is associated with
reward size. Yet, in Amador et al.’s study, they found that the SEF
cells were related to both reward expectation/prediction and de-
tection when the constant reward was supplied. But the number
of predicting cells (n = 23, 35%) was found to be smaller than
that (n = 31; 48%) of detecting (Amador et al., 2000). Their
results were actually consistent with our data that 28 (28%) and
78 (43%) cells displayed higher activity before and after the re-
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ward onset when the reward was supplied constantly (supple-
mental Table 1, available at www.jneurosci.org as supplemental
material). Thus, our data together with the data from Amador et
al.’s study has shown a clear tendency that reward is explicitly
represented by the SEF cells. That does not seem to be the case for
the caudate and FEF cells, which seem to represent reward
implicitly.

One might ask whether the higher neuronal activity during
the large reward trials could simply have been caused by the
longer time taken by the monkey to consume the water re-
ward. We think that this is unlikely for several reasons. First,
inspection of the monkeys during recordings revealed no as-
sociation between the activity of these neurons and move-
ments of the mouth. Second, the monkeys received water re-
wards for all eight directions, but reward neurons showed
higher activity in their preferred directions and lower activity
in the antipreferred direction when monkeys performed either
large- or small-reward trials (Figs. 3 D, E). Finally, others have
reported that reward-related activity in the SEF could be dis-
sociated from activity related to mouth movements (Amador
et al., 2000).

In conclusion, SEF may be involved in reinforcement in per-
forming or learning the correct saccadic eye movement, by pro-
viding spatially relevant reward mechanisms and information on
reward size.
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