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Prefrontal Neurons Represent Winning and Losing during
Competitive Video Shooting Games between Monkeys
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Humans and animals must work to support their survival and reproductive needs. Because resources are limited in the natural environ-
ment, competition is inevitable, and competing successfully is vitally important. However, the neuronal mechanisms of competitive
behavior are poorly studied. We examined whether neurons in the lateral prefrontal cortex (LPFC) showed response sensitivity related to
a competitive game. In this study, monkeys played a video shooting game, either competing with another monkey or the computer, or
playing alone without a rival. Monkeys performed more quickly and more accurately in the competitive than in the noncompetitive
games, indicating that they were more motivated in the competitive than in the noncompetitive games. LPFC neurons showed differential
activity between the competitive and noncompetitive games showing winning- and losing-related activity. Furthermore, activities of
prefrontal neurons differed depending on whether the competition was between monkeys or between the monkey and the computer.
These results indicate that LPFC neurons may play an important role in monitoring the outcome of competition and enabling animals to
adapt their behavior to increase their chances of obtaining a reward in a socially interactive environment.

Introduction

Competition is a crucial part of the lives of both animals and
humans. In nature, animals typically compete against each other
to obtain limited resources, such as food and mates. Winning a
competition improves, and losing diminishes, chances of survival
and reproduction. Humans typically face competitive situations,
including contests, sports, and business. Winning may improve,
whereas losing may degrade, one’s social status. Thus, winning
competitions is vitally important in our lives. Although there are
many psychological and sociological studies on competition
(Reeve et al., 1985; Washburn et al., 1990; Garcia et al., 2006), the
neuronal mechanisms of competitive behavior are poorly stud-
ied. Because competitions occur predominantly in social situa-
tions in which there are opponents, social factors are important
in competition. Although there are neurophysiological studies
that examined neuronal activities of several brain areas while
monkeys performed tasks simulating competitive games, they
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were conducted without social interactions, i.e., with only one
monkey playing a game against an inanimate computer
(Barraclough et al., 2004; Dorris and Glimcher, 2004; Seo and
Lee, 2007; Thevarajah et al., 2009). Thus, we aimed to study
neuronal activity related to competitive behavior and to com-
pare competition-related neuronal activity between social and
nonsocial conditions.

We trained monkeys to play competitive and noncompetitive
games. As previous behavioral studies showed (Rumbaugh et al.,
1989; Washburn et al., 1990), monkeys were able to play video
shooting games by manipulating joysticks to shoot bullets at a
target. We had two types of competitive games: monkey—monkey
(Mon-Mon) and monkey—computer (Mon—Com) competi-
tions. Two monkeys competed against each other in the Mon—
Mon competition (social condition; see Fig. 1A), whereas one
monkey competed against an inanimate computer in the Mon—
Com competition (nonsocial condition; see Fig. 1 B). In the non-
competitive game, a monkey played the game without a rival, in
which no bullets came from the other side (see Fig. 1C). We
recorded neuronal activities while the monkeys played these
video games.

We were especially interested in the lateral prefrontal cortex
(LPEC), because competition involves both cognitive (such as
rules and strategy) and motivational (desire to obtain a reward)
components, and the LPFC is known to be involved in the inte-
gration of cognitive and motivational information (Kobayashi et
al., 2002; Watanabe and Sakagami, 2007; Pan et al., 2008). Fur-
thermore, the LPFC is also involved in the processing of social
information (Zink et al., 2008; Fujii et al., 2009). We hypothe-
sized that activities of LPFC neurons would differ between the
competitive and noncompetitive situations and also differentiate
the competitive situation in which the rival was another monkey
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game. Before participating in this study, the
monkeys had been trained in other tasks and
were accustomed to manipulating a joystick.
They learned to play these games in ~3
months. When neuronal recordings started,
the monkeys had been well trained in these
tasks for >9 months. The experimental tasks
were controlled by a TEMPO system (Reflec-
tive Computing). The experiments were con-
ducted in a dimly lit sound-attenuated booth.

(1) In the Mon—Mon competitive game, two
monkeys competed against each other. Two
monkeys faced a computer monitor (LCD-
AD193VB;1-O Data), arranged at an angle so
that they could see each other (Fig. 14). A
horizontally protruding joystick (40JBK-YO-
20R2G; Sakae Tsushin Kogyo) and a button
(OBSA-60UM; Sanwa Denshi) were in front of
each monkey (Fig. 1D). When both of the
monkeys pushed their own button, a trial
started and two colored (white and yellow) tri-
angles appeared on the left and right sides of
the monitor, facing each other (Fig. 1E). The
triangle represented a turret, and a bullet was
launched from the triangle in the direction that
the joystick was tilted. The monkeys had to re-
turn the joystick to the neutral position to

Start Reward / No reward shoot another bullet. The trajectory of a bullet
was linear and could not be changed after it was
launched. We trained the monkeys to tilt

$gesp 20s< the joystick and shoot at the turret (target) on

( N ’ ' the other side. Once the monkey shot a bullet,

: ——\ : another bullet could not be launched until the
m m bullet disappeared from view. The color of the

(1)Pre-reward (2)Post-reward

Figure 1.

Intertrial interval.

from that in which the rival was an inanimate computer. We
found that LPFC neurons were sensitive to the competition and
animacy of the rival, with most of them showing enhanced activ-
ity in the competitive game, especially when the rival was an-
other monkey. The results indicate the importance of LPFC in
competitive situations to increase chances of winning.

Materials and Methods

Animal subjects. We used three Japanese macaque monkeys (Macaca
fuscata; monkey H: male, 7.1 kg; monkey S: female, 6.4 kg; and monkey P:
male, 8.2 kg). All experiments were conducted in accordance with the
National Academies Press guidelines for animal experiments and were ap-
proved by the ethics committee of our institute. During the experiments,
which were conducted on weekdays, the monkeys obtained all of their fluids
by playing games, but they were given ad libitum access to water during the
weekend.

Types of shooting games. We trained monkeys to play (1) Mon—-Mon
competitive, (2) Mon—Com competitive, and (3) noncompetitive video
shooting games, as well as (4) a modified version of noncompetitive

Task descriptions of the competitive and noncompetitive conditions. 4, Schematic diagram of the Mon—Mon com-
petitive condition. Each monkey shot bullets from the turret (triangle) of its own color. The lines from the turrets represent the
trajectories of the bullets and did not appear in the actual game. B, Schematic diagram of the Mon—Com competitive condition.
Only one monkey played the game competing against the computer. The PCimage in the figure indicates that the rival was not a
monkey but the computer. In the actual setting, there was nothing in the position of the rival. €, Schematic diagram of the
One-monkey noncompetitive condition. One monkey played a noncompetitive shooting game. In this condition, no bullets came
from the other side. D, Experimental setup. There was a joystick and a button in front of each monkey. Monkeys shared one PC
monitor. E, Position and spatial configuration of the turrets. The turret positions were randomly selected from top, middle, or
bottom, and left or right. These positions changed from trial to trial, but they were fixed within a trial. Open triangles represent
possible positions at which turrets could appear. F, Time course of the competitive shooting game and the analysis periods. ITI,

turret was fixed for each monkey: white for
monkeys H and S, and yellow for monkey P.
The positions of the turrets were randomly se-
lected from top, middle, or bottom, and left or
right (Fig. 1E). These positions changed from
trial to trial, but they were fixed within a trial.
The monkey that made the first successful hit
was the winner. A drop of grape juice (0.3 ml)
was delivered to the winner from a spout posi-
tioned in front of the monkey’s mouth via a
solenoid valve that emitted an audible click at
the time of its operation. The loser did not re-
ceive any reward. When a monkey hit the tar-
get, a 1 s beep was presented, followed (in the
case of the winner) or not followed (in the case
of the loser) by a reward. The beep was always
the same regardless of which monkey won the game. During the beep, a
white cross appeared on the monitor (Fig. 1F) in the trials when the
white-turret monkey won the game, and a yellow cross appeared when
the yellow-turret monkey won. The monkeys had to push the button to
advance to the next trial after the competition came to an end (after a
bullet hit the target). To ensure that both monkeys were motivated to
play the game, the next trial did not start until both monkeys pushed
their own buttons. The intertrial interval differed depending on the
monkey’s response time but was set to be >2's.

(2) In the Mon—Com competitive game, the rival was a computer. This
game was the same as the Mon—Mon competition, except that the rival
was not another monkey but an inanimate computer. Here, only one
monkey played the game in the experimental booth (Fig. 1 B). When the
computer won the game, the solenoid valve at the winner’s side operated
(emitting an audible click) and the juice was delivered into a reservoir.

(3) The noncompetitive game (One-monkey noncompetitive game)
was similar to the Mon—-Mon competitive game, except that only one
monkey played the game without a rival (Fig. 1C). When the monkey
pushed the button, two colored triangles appeared on the left and right
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sides of the monitor, facing each other. The color of the target triangle
was always red, and the color of the turret triangle was the monkey’s own
trained color, so that the monkey could recognize which side of the
triangle was the target. The monkey tried to hit the target. No bullets
came from the other side. In this condition, the monkey was randomly
rewarded in half of the trials. It was impossible for the monkey to lose the
game, and the monkey could shoot bullets until it hit the target. When the
monkey hit the target, a 1 s beep was presented, which was followed by a
reward 50% of the time. The beep was always the same regardless of the
presence or absence of the reward. For the white-turret monkey, white
and yellow crosses appeared during the beep in reward and no-reward
trials, respectively; for the yellow-turret monkey, yellow and white
crosses appeared on the monitor. Therefore, in both the competitive and
noncompetitive conditions, the presentation of the monkey’s own col-
ored cross meant that the reward was going to be delivered, whereas the
presentation of the cross with the other monkey’s color meant that there
would be no reward.

(4) The Two-monkey noncompetitive game was the same as the One-
monkey noncompetitive game, except that there was another monkey
near the game-playing monkey. The other monkey just sat in the same
position as in the competitive condition but did not participate in the
game (see Fig. 6A-4).

Modification of reward probability during the competitive game. The
reward probability was fixed at 50% in the noncompetitive conditions,
whereas it differed depending on the winning rate of the monkey in the
competitive conditions. To exclude the factor of reward probability in
the comparison of neuronal activity between the competitive and non-
competitive conditions, we ensured that the winning rate of each monkey
during the competitive conditions was close to 50%. When the winning
rate was unequal between the monkeys in the Mon—Mon competition
condition, we gave an advantage to the weaker monkey by increasing the
bullet speed. In the Mon—Com competition condition, we ensured that
the monkey’s winning rate would be ~50% by adjusting the hitting
accuracy of the computer.

Monkey’s position during the training and recording periods. During the
training phase, we sometimes changed the monkey’s position between
the left and right chairs to help them better understand that their own
turret appeared on either the left or right side of the monitor, regardless
of their own position. Although we also tried to train the monkeys to play
the game in a reverse condition, in which the color of each monkey’s
turret alternated between white and yellow, we were not successful:
changing the monkey’s original color led to confusion.

Surgery. After the training was completed, surgery was conducted un-
der sterile conditions. The monkey was surgically prepared under so-
dium pentobarbital anesthesia (20 mg/kg body weight, i.v.). A stainless
steel recording chamber (square of 20 X 20 mm) was implanted as a
microdrive receptacle on the skull stereotaxically over the prefrontal cor-
tex. A head-restraining device (15 mm in diameter) was attached to the
skull with dental acrylic. The monkey was given antibiotics every day for
1 week after the surgery.

Recordings. We conducted conventional single-neuronal recordings
from the LPFC. Neuronal recordings were obtained from the monkey
that was positioned on the left for technical reasons. In daily experiments,
we started the recording with either the Mon—Mon competitive or One-
monkey noncompetitive condition. When we found a neuron that ap-
peared to be task related, we recorded its activity in several other
conditions. We tested the activity in the Mon—-Mon competitive and
noncompetitive conditions at least twice to confirm that there was no
nonstationary activity change across blocks.

Neuronal activities were recorded extracellularly using tungsten elec-
trodes (2.0—8.0 MQ); FHC). An electrode was advanced with a hydraulic
microdrive (MO-95C; Narishige) through a stainless steel guide tube.
Neuronal activities were converted into pulses using a spike waveform
detector (Multispike Detector; Alpha Omega Engineering). We recorded
LPFC neuronal activity from both hemispheres of one monkey (H) and
from one hemisphere of the other monkey (S) while they were playing the
games. Monkey P was always the competitor for both monkeys H and S.
Monkeys H and S never competed against each other because both of
them were trained with the same turret color (white). The recording area
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covered both the dorsal and ventral banks of the principal sulcus (see Fig.
4A). The recording area was determined with reference to magnetic
resonance images (whole-brain coverage, 2 mm slice thickness; Sonata
1.5T; Siemens).

We did not restrict or control the monkey’s eye movements during the
tasks. To examine whether there was any relationship between the
competition-related neuronal activity and monkey’s eye movement, we
monitored the position of the monkey’s eyes with an infrared eye-camera
system (sampling rate, 4 ms; R-22C-1; ISEYO Electronic). We compared
the frequency of saccadic eye movements between the competitive and
noncompetitive conditions during each analysis period by counting the
number of saccades with amplitude exceeding 10° (two-tailed Mann—
Whitney U test, p < 0.05). We also compared the amount of time that
the monkeys viewed different parts of the monitor. We divided the
screen into nine sections (3 X 3) and calculated the amount of time
that the monkeys viewed each section during each analysis period (x>
test, p < 0.05).

To measure licking movements, infrared photobeams and detectors
were positioned across the spout. Licks were detected by breaks of an
infrared beam by the monkey’s tongue (sampling rate, 1 ms).

Analysis of behavioral data. We used the successful hit rate of the first
shot as the measure of hitting accuracy and compared it between the
competitive and noncompetitive conditions. The successful hit rate of
the first shot was defined as the ratio of the number of trials in which the
first shot was successful to the total number of trials. In the competitive
condition, the monkey was sometimes defeated before it hit the target
and hence was not allowed to shoot as many bullets as in the noncom-
petitive condition. For this reason, we calculated the successful hit rate of
the first shot, rather than that of all shots, in the comparison between the
competitive and noncompetitive conditions. It should be noted that, to
calculate the successful hit rate in the competitive condition, the “lose”
trials in which the bullet was launched in the right direction and would
have hit the target if the bullet had been shot much earlier were included
as successful trials. This procedure was used to directly compare the
successful hit rate of the competitive condition with that of the noncom-
petitive condition in which the monkey was never defeated.

Results
Latency and accuracy of the first shot
In this experiment, reward rates were made comparable between
the competitive and noncompetitive tasks so that any difference
in the reward rate would not affect behavior or neuronal activity
between the two kinds of tasks. Thus, in the noncompetitive con-
dition, the reward rate was fixed at 50%. Although the reward
rates could vary depending on the winning rate in the competitive
conditions, we manipulated the reward rate to be close to 50% for
each monkey (see Materials and Methods). The resultant reward
rates were 50.8% (monkey H) and 50.4% (monkey S) in the
Mon-Mon competition condition and 51.0% (monkey H) and
50.4% (monkey S) in the Mon—Com competition condition.
We found behavioral differences in speed and accuracy be-
tween the competitive (both Mon—-Mon and Mon—-Com) and
noncompetitive conditions. Compared with the noncompetitive
condition, the latency from the start of each trial to the time of the
first bullet shot was significantly shorter (Fig. 2A; Bonferroni’s-
corrected, two-tailed t test, p < 0.05), and the successful hit rate
of the first shot (the ratio of the number of trials in which the first
shot was successful to the total number of trials) was significantly
higher (Fig. 2B; Bonferroni’s-corrected, two-tailed t test, p <
0.05) during the competitive games. These findings indicate that
each monkey performed more quickly and more accurately in the
competitive condition and suggest that each monkey’s motiva-
tion was higher in the competitive games.
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Figure 2.  Behavioral data of the competitive and noncompetitive conditions. A, Latency of
the first shot (mean == SEM). Means of the median in each session were compared among the
conditions. One-way ANOVA demonstrated a significant difference in latency among the three
conditions (monkey H: £, 57y = 181.2,p <10 ~'%; monkey S: Fp 415 = 51.4,p <10 °).
Post hoc paired comparisons were conducted using a Bonferroni’s-corrected, two-tailed ¢ test
(*p < 0.05). Monkey H: n = 126 (Mon—Mon), 29 (Mon—Com), and 126 (noncompetition).
Monkey S: n = 195 (Mon—Mon), 29 (Mon—Com), and 195 (noncompetition). B, Successful hit
rate of the first shot (mean == SEM). Data were normalized by the arcsine transformation before
statistical analyses. One-way ANOVA demonstrated a significant difference in the successful hit
rateamong the three conditions (monkey H: £, 5,5 = 154.5,p <10 ~'%; monkey S: £, 41 =
15.5,p <10 ~©). Post hoc paired comparisons were conducted using a Bonferroni's-corrected,
two-tailed t test (*p << 0.05). Monkey H: n = 126 (Mon—Mon), 29 (Mon—Com), and 126
(noncompetition). Monkey S: n = 195 (Mon—Mon), 29 (Mon—Com), and 195 (noncompeti-
tion). MM-C, Mon—Mon competitive condition; MC-C, Mon—Com competitive condition; NC,
noncompetitive condition.

Dominant-subordinate relationship between monkeys

We assessed the dominant—subordinate relationship between any
of the two monkeys that competed against each other (monkey H
vs P and monkey S vs P). We arranged two monkeys sitting in
monkey chairs face to face with a table between them. We put a
food pellet on the table at approximately the same distance from
each monkey, 20—30 times in a session, and counted the number
of times that each monkey got the pellet. The monkeys did not
hesitate to grab the pellet in the presence of the other monkey. We
did not find any significant differences in the ratio of successful
food retrievals between monkeys H and P (51 and 49%, two-
tailed Wilcoxon’s signed-rank test, 7' = 13.5, p = 0.92, n = 9) or
between monkeys S and P (50.4 and 49.6%, two-tailed Wilcoxon’s
signed-rank test, T = 10.5, p = 0.67, n = 8). Thus, there was no clear
dominant—subordinate relationship between the monkeys, at least
during the dominance test used in the present study.

Neuronal activities related to competition

We recorded 321 LPFC neurons from two monkeys (126 from
monkey H; 195 from monkey S). We analyzed neuronal data in
relation to winning/losing the game, as well as the presence/ab-
sence of a reward. We examined neuronal activities separately for
the two periods: during the 1000 ms before the reward delivery
(pre-reward period) and during the 1000 ms after the reward
delivery (post-reward period; Fig. 1 F). Because we found differ-
ential baseline activities (1000 ms period before the start of the
trial) in many neurons (126 neurons showing higher and 26 neu-
rons showing lower activity in the competitive compared with the
noncompetitive condition, Mann—Whitney U test, p < 0.05), we
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Table 1. Effects of competition and reward factors

Pre-reward Post-reward Total

Competition and Reward factors 66 (45.5%) 40 (37.7%) 106 (42.2%)
competition > noncompetition and reward > 22 12 34
no-reward (Win-competitive[ + ] activity)

competition > noncompetition and 34 22 56
no-reward > reward (Lose-competitive[ 4 |
activity)

noncompetition > competition and 2 1 3
no-reward > reward (Win-competitive[ — ]
activity)

noncompetition > competition and reward > 8 5 13
no-reward (Lose-competitive[ — ] activity)

Competition factor 45(31.0%) 30(28.3%) 75 (29.9%)
competition > noncompetition (Win—Lose- 38 23 61

competitive[ + ] activity)
noncompetition > competition (Win—Lose- 7 7 14
competitive[ — ] activity)

Reward factor 34(23.4%) 36 (34.0%) 70 (27.9%)
reward > no-reward 16 9 25
no-reward > reward 18 27 45

Total 145 106 251

The number of neurons in which the main effect was significant on two-way ANCOVA (competition and reward
factors) is listed.

conducted two-way ANCOVA in which activities during the
baseline period served as the covariate to eliminate the possible
influence of the baseline activity on pre-reward and post-reward
period activity. The first factor was whether or not the condition
was competitive (competition factor). The second factor was
whether or not a reward was given (reward factor). In this anal-
ysis, we included only the data from the Mon—Mon competitive
and One-monkey noncompetitive games. We identified 251 neu-
rons (78.2%) with significant effects of either one or both factors
during the two analysis periods. For neurons in which significant
effects were observed during both analysis periods, additional
analyses were conducted on the period in which the effect size was
larger. The effect size was defined as the sum of the percentage of
variance explained (PVE, the ratio of the sum of squares for an
independent variable to the total sum of squares) for the compe-
tition and reward factors and their interaction. Among the 251
neurons, 75 (29.9%) were modulated by only the competition
factor, 70 (27.9%) by only the reward factor, and 106 (42.2%) by
both factors (Table 1). We focus here on 181 neurons (75 neurons
with only the competition factor being significant and 106 neu-
rons with both the competition and reward factors being signif-
icant). Hereafter, we call them “competitive neurons.”
Examples of competitive neurons are illustrated in Figure 3.
The neuron in Figure 3A showed greater activity in reward trials
under the competitive compared with the noncompetitive con-
dition. Two-way ANCOVA revealed that both the competition
and reward factors were significant (competition factor, F(, g5 =
28.0,p < 10 7%, PVE = 21.5%; reward factor, F(, g5 = 14.3,p <
10 %, PVE = 11.0%; interaction, F, 45, = 2.8, p = 0.10, PVE =
2.1%). The neuron in Figure 3B showed a higher rate of firing in
no-reward trials under the competitive compared with the non-
competitive condition. Two-way ANCOVA revealed that both
the competition and reward factors, as well as interaction, were
significant (competition factor, F(, o5y = 10.5, p = 0.002, PVE =
7.3%; reward factor, F(; 105, = 21.2, p < 10 % PVE = 14.8%;
interaction, F(, ;o5 = 4.3, p = 0.04, PVE = 3.0%). The neuron in
Figure 3C showed higher firing rates in both reward and no-
reward trials under the competitive compared with the noncom-
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Figure3. LPFCneurons that showed competitive activities. A—C, Raster and histogram displays for neurons that showed competitive activities: Win-competitive[ +] (A), Lose-competitive[+]
(B), and Win—Lose-competitive[ +] (C). Displays in the left and right columns show activity in the competitive and noncompetitive conditions, respectively. The top and bottom rows show activity
during reward and no-reward trials, respectively. The left vertical line in each display indicates the timing of a successful hit by either monkey. The right vertical line indicates the timing of a reward
delivery (reward trials) or 15 after a successful hit (no-reward trials). Each shaded area indicates the period when the typical activity of each type was observed. H, Successful hit; R, reward delivery;
NR, 1 s after a successful hit. D—I, Mean relative magnitude of activity calculated from population data for each type of neuron (normalized mean = SEM). D, Win-competitive[+]; E, Lose-
competitive[ +1; F, Win—Lose-competitive[ +1; G, Win-competitive[ —]; H, Lose-competitive[ —1; and /, Win—Lose-competitive[ —]. To obtain normalized population activity, we first obtained
the mean spike rates for each neuron. We then calculated the relative magnitude of the spike rate for each type of neuron by alignment of the type of neuron in which the highest activity was
observed. This analysis was conducted for the period in which the effect size was larger for each neuron. Data from different analysis periods were pooled and averaged. The mean relative magnitudes
were significantly different among trial types for all types of neurons (Kruskal-Wallis A test, Win-competitive[+], H = 90.46, p << 10 ~"°; Lose-competitive[+], H = 153.61,p < 10 ~*3;
Win—Lose-competitive[+],H = 176.18,p << 10 ~; Win-competitive[ — ], H = 8.87,p = 0.03; Lose-competitive[ —],H = 37.5,p << 10 ~ % Win—Lose-competitive[—], # = 38.95,p < 10 ~5).
*p < 0.05, Bonferroni's-corrected two-tailed Mann—Whitney U test. W[+], Win-competitive[+]; L[+], Lose-competitive[+]; WL[+], Win—Lose-competitive[+]; W[—], Win-competi-
tive[—1;L[—]1, Lose-competitive[ — ]; WL[ — ], Win—Lose-competitive[ —].J, K, Mean PVE. The plot shows the averaged PVE of each factor in the two-way ANCOVA (competition and reward factors
and their interaction), separately for each type of neuron (mean == SEM). We used a two-tailed Mann—Whitney U test to determine whether these PVE values were significantly greater than the
chance level by comparing them with those calculated from the randomized data. *p << 0.05; **p << 10 >

petitive condition without differential activity between the win
and lose trials under the competitive condition. Two-way
ANCOVA revealed that only the competition factor was signifi-
cant (competition factor, F; g3, = 23.8,p < 10, PVE = 22.0%;
reward factor, F(, 43y = 0.8, p = 0.38, PVE = 0.7%; interaction,
F(143 = 0.4, p = 0.54, PVE = 0.4%).

Among 181 competitive neurons, 151 neurons (83.4%) showed
higher and 30 neurons (16.6%) showed lower activities in the com-
petitive than in the noncompetitive condition. The former and latter

type of neurons were designated as positive [+] type and negative
[—] type, respectively. Higher activities in the competitive than in
the noncompetitive condition (positive [+] type) were observed on
reward trials in 34 neurons (18.8%; Win-competitive[ +], competi-
tion > noncompetition and reward > no-reward; Table 1), on
no-reward trials in 56 neurons (30.9%; Lose-competitive[+ ], com-
petition > noncompetition and no-reward > reward; Table 1), and
on both reward and no-reward trials in 61 neurons (33.7%; Win—
Lose-competitive[ +], competition > noncompetition; Table 1).
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Among the remaining 30 neurons with lower activity in the compet-
itive than in the noncompetitive condition (negative [—] type),
lower activities were observed on reward trials in three neurons
(1.7%; Win-competitive[ — ], noncompetition > competition and
no-reward > reward; Table 1), on no-reward trials in 13 neurons
(7.2%; Lose-competitive[ —], noncompetition > competition and
reward > no-reward; Table 1), and on both reward and no-reward
trials in 14 neurons (7.7%; Win-Lose-competitive[ —], non-
competition > competition; Table 1). Figure 3D-I indicates
normalized population activity for Win-competitive[+] (D),
Lose-competitive[+] (E), Win-Lose-competitive[+] (F),
Win-competitive[—] (G), Lose-competitive[—] (H), and Win—
Lose-competitive[ —] (I) neurons. Figure 3, ] and K, indicates the
mean PVE for each factor (competition factor, reward factor, and
interaction) for each type of neuron. To determine whether these
PVE values were significantly greater than the chance level, the PVE
of each factor was compared with the PVE calculated from the ran-
domized data combining all the competitive and noncompetitive, as
well as reward and no-reward, trials for each neuron.

Locations from which these three types of neurons were re-
corded are illustrated in Figure 4. There was no clear segregation
in any type of competitive neuron. We did not observe any dif-
ference in the frequency of saccadic eye movements or in the
amount of time that the monkeys viewed each section on the
monitor between the competitive and noncompetitive condi-
tions (see Materials and Methods).

Motivational effects on competitive activities

Because the motivational level was significantly higher in the
competitive than in the noncompetitive conditions (Fig. 2), it
may be argued that competitive activity may simply reflect the
different motivational level between the conditions but not the
competitive nature of the games. To examine the possible effect
of the motivational level on competitive neuronal activity, we
reconducted two-way ANCOVA (competition and reward fac-
tors) on 181 competitive neurons, adding the reaction time (RT;
the latency of the first shot) besides the baseline activity as a
covariate. Given that the RT reflects the monkey’s motivational
level, we reasoned that, if competitive activities of LPFC neurons
simply reflect the monkey’s motivational level, then two-way
ANCOVA with RT as a covariate would not reveal a significant
effect of the competition factor. However, the effect of the com-
petition factor was still significant in most of them (174 of 181),
although there was no significant effect of competition in seven
neurons (three Win-competitive, one Lose-competitive, and
three Win—Lose-competitive).

We further analyzed the correlation between RT and neuronal
activity. Because the RT reflects the animal’s motivation and the
LPEC is supposed to process reward expectation for the period
before reward delivery and outcome evaluation after delivery, it is
interesting to clarify whether the correlation between the ani-
mal’s RT and activity of each type of competitive neuron is dif-
ferent between the pre-reward and post-reward periods. We thus
calculated the Pearson’s correlation coefficient between the mon-
key’s RT and competitive neuronal activity in each neuron sepa-
rately for the pre-reward and post-reward periods. The mean
correlation coefficients obtained were quite small. They were
within *0.1 for each type of neuron in both the pre-reward and
post-reward periods, except for Win-competitive[+] (—0.14 =
0.04) and Win-competitive[ —] (0.24 = 0) (mean * SEM) neu-
rons in the post-reward period. We then applied two-way
ANOVA (neuron type and analysis period factors) to the corre-
lation data separately for positive [+] and negative [—] type
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neurons and found no significant effect in any factor (positive
[+] type neurons, neuron type factor, F, 45, = 2.05, p = 0.13;
analysis period factor, F(; 1,5, = 0.66, p = 0.42; the interaction,
F;.145) = 1.94, p = 0.15; negative [ —] type neurons, neuron type
factor, F, 5,y = 0.1, p = 0.90; analysis period factor, F; ,,) = 2.28,
p = 0.14; the interaction, F, ,,) = 1.68,p = 0.21). Thus, there was
no significant difference in RT — neuronal activity correlation
between the pre-reward and post-reward periods. These results
indicate that competitive activities of LPFC neurons do not re-
flect the monkey’s RT during either the pre-reward or post-
reward periods and do not simply reflect the differential
motivational level between the conditions.

Rival’s animacy and neuronal activity

Previous neuroimaging studies have shown that human brains
show differential activity depending on whether the subject be-
lieves that the rival is another human or a computer during com-
petitive games (Gallagher et al., 2002; Sanfey et al., 2003; Rilling et
al., 2004; Fukui et al., 2006). We thus examined the effect of a
rival’s animacy (another monkey or an inanimate computer; Fig.
1 A, B) on competitive neuronal activities. There were significant
differences in both speed and accuracy between the Mon—Mon
and Mon—-Com conditions in one monkey (monkey H; Fig.
2 A, B; Bonferroni’s-corrected, two-tailed t test, p < 0.05), indi-
cating that this monkey was more motivated during the Mon-
Mon competition. Furthermore, licking latency, which was
defined as the latency when the monkey licked the spout for the
first time after a bullet hit the target in each trial, was significantly
longer when the monkeys lost a competition in the Mon—-Mon
than in the Mon—Com competitions in both monkeys (monkeys
often made spontaneous licking movements even when there was
no juice delivery) (monkey H, Mon-Mon, 554 * 9 ms, Mon—
Com, 520 * 9 ms, median = SEM, two-tailed Mann—Whitney U
test, p = 0.01; monkey S, Mon—Mon, 393 = 11 ms, Mon—Com,
352 * 11 ms, median * SEM, two-tailed Mann—Whitney U test,
p = 0.005). We analyzed 58 neurons that were recorded during
both the Mon—-Mon and Mon—Com competition conditions (29
neurons from monkey H, 29 neurons from monkey S). To elim-
inate the possible influence of baseline activity (27 of the 58 neu-
rons showed differential baseline activity between the two
conditions) on pre-reward and post-reward period activity, we
conducted two-way ANCOVA (p < 0.05) in which activities dur-
ing the baseline period served as the covariate. The first factor was
whether the rival was another monkey or the computer (rival
factor). The second factor was whether or not a reward was given
(reward factor). Forty (17 from monkey H and 23 from monkey
S) of the 58 neurons showed competitive activities. Nineteen
of the 40 neurons (47.5%) were modulated by the rival factor
(these 19 were all positive [+] type neurons). Seventeen of them
(89.5%) showed higher and two neurons (10.5%) showed lower
activity in the Mon—Mon than in the Mon—Com competition con-
dition. Figure 5, A and B, illustrates examples of animacy-sensitive
neurons (A, Win-competitive[ +]; B, Lose-competitive[+]). These
neurons showed greater activity in the Mon—Mon than in the Mon—
Com competition condition when the monkey won (A) or lost ( B)
a competition, respectively. Figure 5C indicates the mean PVE of
each factor (rival and reward factors and their interaction) for the 40
competitive neurons. To determine whether these PVE values were
significantly greater than the chance level, the PVE of each factor was
compared with the PVE calculated from the randomized data com-
bining all the Mon—-Mon and Mon—Com competitions, as well as
reward and no-reward trials for each neuron. Both rival and reward
factors significantly contributed to the activities of these neurons
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Recording sites of neurons that showed competitive activity. 4, Recording areas. Recording areas are highlighted by a pink ellipse on a lateral view of the monkey brain. We recorded

from neuronsin both the upper and lower bank of the principal sulcus. Most of the recordings were made from neurons in the region between AP30 and AP40. AP, Anterior—posterior. B, C, Recording
sites of neurons that showed competitive activity were mapped onto comparative locations of the right hemisphere of each monkey's brain based on magnetic resonance images (B, monkey H; €,
monkey S). The circles, dots, and triangles represent locations in which neurons showed Win-competitive (Win-competitive[ +] and Win-competitive[ —]), Lose-competitive (Lose-competitive[ +]
and Lose-competitive[ —]), and Win—Lose-competitive activity (Win—Lose-competitive[ +] and Win—Lose-competitive[ —]), respectively. There were no biases in the recorded areas for each type
of neuron across four parts separated by the dorsal and ventral parts from the principal sulcus and the anterior and posterior parts from AP 35 (x 2 test; Win-activity, x> = 2.71, p = 0.44;
Lose-activity, x> = 0.11,p = 0.95; Win-Lose-activity, x> = 4.3, p = 0.23; the data were pooled from 2 monkeys). The vertical dashed line represents AP 35. AS, Arcuate sulcus; PS, principal sulcus.

(Mann—Whitney U test, p << 0.001). These A
results indicate that the monkey’s behavior

and LPFC neuronal activity were modu-

lated by the rival’s animacy.

Effects of the presence of

another monkey

We examined the effect of the presence of
another monkey to investigate whether
competitive neuronal activity was caused
by the competitive nature of the game or
by the presence of another monkey within
view. To do this, we introduced a modi-
fied version of the noncompetitive condi-
tion in which the monkey played the game
in the presence of another monkey that was
sitting nearby but did not participate in the
game (Two-monkey noncompetition) (Fig.
6A-4). There were no significant differ-
ences in behavioral measures of speed or
accuracy between the One-monkey and
Two-monkey noncompetition conditions
(Fig. 6B,C; Bonferroni’s-corrected, two-
tailed ¢ test, p > 0.05). Of 24 LPFC neurons
that were recorded in all of the four condi-
tions (Mon—-Mon competition, Mon—Com
competition, One-monkey noncompeti-
tion, and Two-monkey noncompetition, all
24 neurons were recorded from monkey S),
we analyzed 20 neurons that showed com-
petitive activity (these 20 were all positive
[+] type neurons) by two-way ANCOVA
(p < 0.05). The first factor was whether or
not the condition was competitive (compe-
tition factor). The second factor was
whether or not there was another monkey nearby (the presence fac-
tor). We pooled the data from the reward and no-reward trials in this
analysis. Fifteen neurons (75%) were modulated by the competition
factor, whereas only one neuron was modulated by the mon-
key’s presence factor. Figure 6, D and E, shows examples of
competitive neurons (D, Win-competitive[+]; E, Lose-

Reward

No reward

Figure5.
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Effects of the rival’'s animacy on LPFC neuronal activity. A, B, Examples of neurons that showed greater activity in win (4) and
lose (B) trials during the Mon—Mon than during the Mon—Com competition. Displays in the left and right columns show activity in the
Mon—Mon and Mon—Com competitions, respectively. The top and bottom rows show activity during reward and no-reward trials, respec-
tively. Each shaded area indicates the period when typical animacy-related activity was observed. The configuration of each raster and
histogram display is the same as in Figure 3A—C. ¢, Mean PVE for the competitive neurons that were recorded in both the Mon—Mon and
Mon—Com competition conditions. The plot shows the averaged PVE of each factor in the two-way ANCOVA (rival and reward factors
and their interaction) (mean == SEM). We used a two-tailed Mann—Whitney U test to determine whether these PVE values were signifi-
cantly greater than the chance level by comparing them with those calculated from the randomized data. **p << 0.001.

competitive[ +]). These neurons showed competition-related activ-
ity, which was not modulated by the mere presence of another
monkey. Figure 6 F indicates the mean PVE for each factor (compe-
tition and presence factors and their interaction). To determine
whether these PVE values were significantly greater than the chance
level, the PVE of each factor was compared with the PVE calculated
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Figure 6.  Effects of competition and the presence of another monkey on monkey behavior and LPFC neuronal activity. A, Schematic
diagrams of the Mon—Mon competitive (7), Mon—Com competitive (2), One-monkey noncompetitive (3), and Two-monkey noncompet-
itive (4) conditions. In the Two-monkey noncompetitive condition, there were two monkeys in the experimental booth, but only one
monkey played a noncompetitive game, whereas the other monkey did not participate in the game. B, , Latencies and successful hit rates
of the first shot were compared among the four (Mon—Mon competition, Mon—Com competition, One-monkey noncompetition, and
Two-monkey noncompetition) conditions. B, Latency of the first shot (mean == SEM). One-way ANOVA demonstrated a significant differ-
enceinlatency among the four conditions (F g, = 12.86,p << 10 ~°). Post hoc paired comparisons were conducted using aBonferron’s-
corrected, two-tailed t test (*p << 0.05). n = 24 (each condition). G, Successful hit rate of the first shot (mean == SEM). Data were
normalized by the arcsine transformation before statistical analyses. One-way ANOVA demonstrated a significant difference in successful
hitrateamong the four conditions (F 5 ;) = 4.29,p = 0.007). Post hoc paired comparisons were conducted using a Bonferroni's-corrected,
two-tailed t test (*p << 0.05). n = 24 (each condition). D, E, Examples of neurons that showed greater activity in reward trials (D) and in
no-reward trials () during the competitive compared with during the noncompetitive conditions. Neuronal activities during reward trials
(D) and no-reward trials (E) under each condition are shown. Each shaded area indicates the period when typical activity in relation to
competition and the presence of another monkey was observed. The configuration of each raster and histogram display is the same as in
Figure 3A—C. For B-E: 1, Mon—Mon competition; 2, Mon—Com competition; 3, One-monkey noncompetition; 4, Two-monkey noncom-
petition. F, Mean PVE for the competitive neurons that were recorded in the four conditions. The plot shows the averaged PVE of each factor
in the two-way ANCOVA (competition and presence factors and their interaction) (mean == SEM). We used a two-tailed Mann—Whitney U
testto determine whether these PVE values were significantly greater than the chance level by comparing them with those calculated from
the randomized data. **p << 10 7.

from the randomized data combining all the competitive and
noncompetitive trials for each neuron. Only the competition fac-
tor significantly contributed to the activities of these neurons
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(Mann-Whitney U'test, p < 10 7). Thus,
the effect of competition on the competi-
tive neuronal activity was more profound
than the effect of the presence of another
monkey, indicating that competitive
LPFC neurons showed differential activi-
ties not because there was another mon-
key present but because the game was
competitive.

Discussion

In this study, we found that monkeys’ be-
haviors were significantly different between
the competitive and noncompetitive games.
The monkeys shot bullets more quickly and
more accurately in the competitive than in
the noncompetitive condition, indicating
that they were more highly motivated in
competitive than in noncompetitive games
(Fig. 2). These observations are consistent
with those in a previous behavioral study
(Washburn et al., 1990).

Also, many LPFC neurons showed dif-
ferential activity between the competitive
and noncompetitive conditions in rela-
tion to the response outcome (reward and
no reward) (Fig. 3). These differential
LPFC activities were observed despite the
similarity between the competitive and
noncompetitive conditions. The amount of
juice reward, the required response to get
the reward (hitting the target), and the au-
ditory and visual stimuli presented after a
successful hit were identical between the
competitive and noncompetitive condi-
tions. The reward probability was also com-
parable between the conditions. We did not
observe any difference in eye movements or
in eye positions between the competitive
and noncompetitive conditions.

Because LPFC s concerned with motiva-
tion (Kobayashi et al., 2002; Watanabe and
Sakagami, 2007; Pan et al., 2008) and the
monkey’s motivation was higher in the
competitive condition, it may be argued
that the competitive activity simply reflects
the monkey’s enhanced motivational level.
However, most of the competitive neurons
maintained the differential activity even
when we analyzed the data after eliminating
the effects of the differential motivational
levels on neuronal activity, suggesting that
the competitive activity does not simply re-
flect the monkey’s motivational level.

What aspect other than the motiva-
tional level induced differences in LPFC
neuronal activity between the competitive
and noncompetitive games? It may be the
difference in response requirement to ob-
tain a reward. The monkey had to hit the
target before the rival did in the competi-

tive but not in the noncompetitive game. In the competitive
game, whether or not the monkey could obtain a reward de-
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pended not only on how well (fast and accurate) it performed the
game but also on how well the rival did. This competitive nature
of the games likely induced the competitive activity observed in
this study.

Then, what do the competitive activities reflect? A previous
study indicated that winning a competition could enhance re-
ward value in monkeys (Washburn et al., 1990). It is also known
that LPFC neurons encode reward value (Amemori and Sawagu-
chi, 2006b; Kim et al., 2008) and show differential activity de-
pending on whether or not a monkey expects and/or obtains a
more preferable outcome (Watanabe, 1996; Leon and Shadlen,
1999; Hikosaka and Watanabe, 2000). Another study indicated
that LPFC neurons respond differently depending on whether or
not the monkey anticipates the absence of a more preferable re-
ward (Watanabe et al., 2002). Thus, Win-competitive activity
may reflect the monkey’s expecting/obtaining a reward whose
value may have been enhanced in the competitive condition,
whereas Lose-competitive activity may reflect the monkey’s ex-
pecting/facing the absence of a highly valued reward during the
competitive condition. Another interpretation for Win-
competitive and Lose-competitive activities is that they may code
the result of a competition. A previous study reported LPFC neu-
rons that coded the correctness of a monkey’s behavior in relation
to whether the behavioral response was correct or not indepen-
dent of the presence or absence of a reward (Watanabe, 1989). To
win a competition, it is critical to adjust behavior according to the
previous response outcome (win or lose). Thus, Win-
competitive and Lose-competitive activities may play important
roles in monitoring the response outcome in a competition.

Another group of neurons showed competition-induced
activity changes regardless of the presence or absence of the
reward (Win-Lose-competitive activity; Fig. 3C). This type of
neuron may be more concerned with differentiating compet-
itive from noncompetitive situations than with differentiating
between positive and negative outcomes. Similar valence-
independent, outcome-related neuronal activities were re-
ported previously in LPFC (Kobayashi et al., 2006). Also,
previous studies reported that LPFC neurons show context-
dependent activities (White and Wise, 1999; Wallis et al., 2001;
Watanabe et al., 2002; Amemori and Sawaguchi, 2006a,b; Ichihara-
Takeda and Funahashi, 2008; Kennerley and Wallis, 2009), which
are related to coding cognitive and/or motivational context informa-
tion. Win—Lose-competitive activity may thus be concerned with
coding the cognitive and motivational context regarding competi-
tive situations. Competition-related differential baseline activities
observed in the present study may also be concerned with monitor-
ing the cognitive and motivational context regarding competitive
situations, because previous studies reported that LPFC neurons
show context-monitoring baseline activities (Watanabe et al., 2002;
Amemori and Sawaguchi, 2006a,b).

LPFC neurons appear to be sensitive to social factors because
we found some that showed differential activity between when
the rival was another monkey and when it was the computer (Fig.
5). Because the mere presence of another monkey (Two-monkey
noncompetition) did not induce competitive LPFC activity (Fig.
6), it is likely that the presence of an actual rival specifically
induced the competitive activity. Although a previous study
showed that the responses of LPFC neurons differed depending
on the social rank of the counterpart monkey in a food-grab task
(Fujii et al., 2009), the social rank between the monkeys probably
did not affect neuronal activity in this study because we did not
find a clear dominant—subordinate relationship between the
monkeys that competed against each other in the shooting games.
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However, we found differences in the monkey’s behavior, as well
as neuronal activity, depending on the animacy of the rival. One
of the monkeys (monkey H) showed better behavioral perfor-
mance in the Mon-Mon competitive than in the Mon-Com
competitive condition (shorter latency for the first shot and bet-
ter hitting accuracy; Fig. 2). Furthermore, the monkey’s licking
behavior was different in lose trials between the Mon—Mon and
Mon—-Com competitive conditions. Although there was no dif-
ference in licking latency in win trials between the conditions,
licking behavior in lose trials appeared much later in the Mon—
Mon than in the Mon—Com competition. This behavioral differ-
ence may be explained by the difference in the animal’s attention
between the conditions. When a monkey won a competition, it
may have focused its attention on receiving the coming reward in
both conditions, yielding no difference in licking latency between
the two. When the monkey lost a competition, however, its at-
tention may have been caught by the other monkey receiving a
reward in the Mon—Mon competition, but not in the Mon—Com
competition, in which there was no monkey that received a
reward. Although the monkey could hear the sound of the
solenoid valve that delivered the juice to the reservoir even in
lose trials in the Mon—Com competition, it seems that the
sound did not catch the monkey’s attention so much. Thus, it
is likely that seeing the rival receive a reward induced the delay
in the onset of spontaneous licking when the monkey lost the
game in the Mon—-Mon competition. These results indicate
that the social situation in which the rival is another monkey
appears to make the monkey pay more attention to the rival
than the nonsocial situation in which the rival is an inanimate
computer. Attention to an animate rival may modulate neu-
ronal activities of LPFC neurons, which may then lead to bet-
ter performance in socially competitive situations. Additional
studies are needed to examine the effects of social factors on
LPFC neuronal activity by using various kinds of situations,
such as competition between dominant and subordinate mon-
keys or between monkeys and humans.

Itis also important to study other brain regions using the same
tasks, especially the medial prefrontal cortex (MPFC) that is in-
dicated to be involved in social functions (Decety et al., 2004;
Behrens et al., 2008; Zink et al., 2008; Marsh et al., 2009; Zahn et
al., 2009; Tricomi et al., 2010), and compare response properties
of neurons among different regions. Indeed, recent human neu-
roimaging studies indicate that the MPFC, including the anterior
cingulate area, plays the most important role in social cognition
(Blakemore, 2008). An fMRI study indicated activation of the
MPEFC in relation to cooperative behavior during a game, with
the activity being more enhanced when the subject played games
with a human than with a computer (McCabe et al., 2001). Thus,
it is likely that MPFC neurons would show differential activity
depending on whether the rival is another monkey or the com-
puter in our task.

In summary, the present study showed that monkeys were
highly motivated to play a competitive video game and that com-
petition induced greater modification in LPFC activity, especially
in social situations in which there was competition between mon-
keys. It is important for survival in nature for animals to compete
against others and obtain limited resources, such as food and
mates. Our findings suggest that LPFC neurons may play an
important role in adapting behavior to increase the chances of
obtaining a reward in a socially interactive environment by
monitoring response outcomes and cognitive/motivational
context information regarding competitions.
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