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Abstract

Under social conflict, monkeys develop hierarchical positions through social interactions.
Once the hierarchy is established, the dominant monkey dominates the space around itself
and the submissive monkey tries not to violate this space. Previous studies have shown the
contributions of the frontal and parietal cortices in social suppression, but the contributions
of other cortical areas to suppressive functions remain elusive. We recorded neural activity
in large cortical areas using electrocorticographic (ECoG) arrays while monkeys performed
a social food-grab task in which a target monkey was paired with either a dominant or a sub-
missive monkey. If the paired monkey was dominant, the target monkey avoided taking
food in the shared conflict space, but not in other areas. By contrast, when the paired mon-
key was submissive, the target monkey took the food freely without hesitation. We applied
decoding analysis to the ECoG data to see when and which cortical areas contribute to
social behavioral suppression. Neural information discriminating the social condition was
more evident when the conflict space was set in the area contralateral to the recording
hemisphere. We found that the information increased as the social pressure increased dur-
ing the task. Before food presentation, when the pressure was relatively low, the parietal
and somatosensory—motor cortices showed sustained discrimination of the social condition.
After food presentation, when the monkey faced greater pressure to make a decision as to
whether it should take the food, the prefrontal and visual cortices started to develop buildup
responses. The social representation was found in a sustained form in the parietal and
somatosensory—motor regions, followed by additional buildup form in the visual and prefron-
tal cortices. The representation was less influenced by reward expectation. These findings
suggest that social adaptation is achieved by a higher-order self-regulation process (incor-
porating motor preparation/execution processes) in accordance with the embodied social
contexts.
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Introduction

Human beings are social animals that manipulate behavioral repertoires depending on the
social context generated by integration of environmental conditions and an individual’s past
social experiences. We acquire this socially adaptive intelligence throughout our development.
Social adaptation is a subjective internal process that is unique for each individual. However,
regardless of the uniqueness of the internal mechanism, the expression of our social behavior is
similar; therefore, there must be a common adaptive mechanism within the brain.

In monkey society, social adaptive behavior is also essential, and can be observed as suppres-
sive behavior. When two monkeys are paired and share the same space, one monkey suppresses
its action repertoires within the space to avoid violating the other monkey’s space. This sup-
pressive function for avoiding social conflict is important for maintaining a stable social society
[1]. To achieve this social suppressive behavior, a monkey must consider various social factors
such as its own intentions and those of others [2], past experiences with others, its hierarchical
status [3,4], what others are paying attention to, and the relative distance between individuals
[5]. The monkey must integrate all these social factors, which provide the social context. Fail-
ure to integrate these social factors will lead to inappropriate social behavior.

Autistic humans often fail to perceive social information, such as emotion and intention,
from others’ faces, which leads to disordered social communication [6,7]. To ensure appropri-
ate social behavior, we must control our impulsivity during social interactions. It has been sug-
gested that the prefrontal cortex is involved in the inhibitory control of impulsivity [8-10]. At
the network level, a study of impulsivity in juveniles has shown that the strength of the connec-
tion between the premotor cortex and the attention network including the prefrontal cortex
correlated with the controllability of impulsive behavior [11]. This finding suggests that we
should consider the neural activity in the global brain network when trying to understand the
neural mechanisms responsible for social suppressive behavior.

In previous studies of social suppressive behavior in the monkey, we recorded neural activity
from the parietal [4] and prefrontal [3,4] cortices and the caudate nucleus [12] while monkeys
performed a social food-grab task (see Fig 1A). In these studies, there were few restraints placed
on the monkeys so that they could interact freely and show social adaptive behavior. Neurons
from different areas of the brain exhibited different neural properties during the task. In the
caudate nucleus, we found social context-dependent neural activity during the food-presenta-
tion period before the food-taking period in the social food-grab task [12]. Some neurons in
the caudate nucleus exhibited increased neural activity during the food-presentation period,
but the activity decreased when the monkey showed behavioral suppression. By contrast, the
prefrontal baseline activity exhibited sustained context-dependent modulation [3]. These pre-
frontal neurons showed tonic baseline activity in the socially free condition, which did not
require social adaptation, but showed a significant decrease or increase in baseline activity in
the submissive or dominant mode, respectively. These findings suggest that adaptive social
behavior is achieved by social context-dependent neural modulation.

These previous studies revealed that selected cortical and subcortical regions are involved in
social context-dependent adaptive behavior. However, we do not know how the other areas are
involved in this process, nor how social context is generated, represented, and used. To per-
form the food-grab task in a socially appropriate manner, monkeys must consider who the
paired monkey (PM) is, its past experience with the PM, the relative location of the PM, and
the PM’s intention at that moment. We hypothesized that this information is integrated and
represented as social context in the brain, and is used as a reference for adaptive social behavior
[13]. To investigate this idea further requires recording and analyzing the neural activity from
large cortical areas simultaneously. By using electrocorticographic (ECoG) arrays, we recorded
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Fig 1. Schematic explanation of the social food-grab task. A. Task illustration: Schematic sequence of the food-grab task in the conflict and no-conflict
conditions. The task had five periods: waiting, food preparation, food presentation, movement, and reward. TM, target monkey; PM, paired monkey. The
spaces around the monkeys that were reachable only by the TM and PM are shown in yellow and blue, respectively. Green represents the conflict space,
which was shared by the TM and PM. Task label: The labels of the five periods are shown under the Task illustration. RT, reaction time between the end of
the food-presentation period and the onset of the movement period. B. Duration of the average food-preparation and food-presentation periods for M1 and
M2 for their respective trials is shown as bars before and after the onset of the food-presentation period. The error bars indicate the SDs for the duration.

doi:10.1371/journal.pone.0150934.g001

neural activity from most of the lateral cortical surface and a part of the medial prefrontal cor-
tex while monkeys performed a social food-grab task. We found that the spatiotemporal pat-
terns of neural dynamics correlated with social suppressive behavior.

Materials and Methods

This study is reported according to the ARRIVE guidelines on animal research [14] (see S1
Text for details).

All experimental and surgical procedures were performed in accordance with the experi-
mental protocols (No. H24-2-203(4)) approved by the RIKEN ethics committee and the rec-
ommendations of the Weatherall report “The use of non-human primates in research.”
Implantation surgery was performed under sodium pentobarbital anesthesia, and all efforts
were made to minimize suffering. Overall animal care was managed by the Research Resources
Center at the RIKEN Brain Science Institute. Each animal was housed in a large individual
enclosure with other animals visible and was maintained on a 12:12-h light:dark cycle with
lights on at 8:00 am in a room with controlled temperature (25+2°C) and humidity (50+20%).
The animals were given food (PS-A; Oriental Yeast Co., Tokyo, Japan) and water ad libitum,
and daily fruit/dry treats as a means of enrichment and novelty. After every experiment,
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gummy candies and nuts were given as treats. The animals were occasionally provided with
toys. The in-house veterinary doctor checked the animals and updated daily feedings to main-
tain weight. We attempted to offer as humane treatment of our subjects as possible. Five mon-
keys (Macaca fuscata) were included in the present study. Two were provided by the National
BioResource Project of the Ministry of Education, Culture, Sports, Science and Technology
(MEXT), Japan, and the other three were provided by Hamri Co. (Ibaragi, Japan). After com-
pletion of the study, one monkey with implanted ECoG electrodes was retired as an experimen-
tal animal. The other three monkeys, and the other monkey with implanted ECoG electrodes,
participated in other studies; however, the ECoG electrodes have now been removed.

Food-Grab Task

The food-grab task involved one human experimenter and two monkeys: a target monkey
(TM), whose neural activity was recorded, and a PM. The human experimenter and the two
monkeys sat around a round table with a diameter of 60 cm. In the task, the experimenter took
a piece of food from a container placed under the table. The food was presented to the monkeys
for a while and was then placed on the table (Fig 1A, Task illustration). In the conflict condi-
tion, there were three locations for food placement on the table (between the two monkeys
(conflict space), between the experimenter and the TM, or between the experimenter and the
PM (no-conflict spaces)). In the no-conflict condition, there were four locations of the food
placement on the table (right and left sides of TM and PM, respectively) that did not overlap.
The location of the food placement on the table was randomized in every trial so that the mon-
keys could not predict the location before the food was placed. During the task, there was no
instruction regarding which monkey should take the food.

The food-grab task comprised five periods: “waiting,” “food preparation,” “food presentation,”
“movement,” and “reward” (Fig 1A, Task label). When the monkey swallowed the food given in
the previous trial, the next task was started. The waiting period was the period from the time when
the task started to the time when the experimenter started to prepare the food. The food-prepara-
tion period was the period from the time when the experimenter started to prepare the food by
grasping the food from the food container to the time when the experimenter’s hand appeared
above the edge of the table. The food-presentation period was the period from when the experi-
menter’s hand appeared above the edge of the table to the time when the experimenter’s hand
started to move to place the food on the table. During the food-presentation period, the experi-
menter held the food and kept showing the food for a while. The movement period was the period
from the onset of the monkey’s hand movement to the time when the monkey started to eat the
food. The reward period was the period from the time when the monkey started to eat the food to
the time when the monkey swallowed the food. The onset and offset of each period were defined by
analyzing the motion data from the experimenter’s hand and the monkeys’ arms. Each trial started
when the experimenter confirmed that the monkey had finished chewing and swallowing the food
given in the previous trial. The foods were boiled sweet potato, apple, or a small cookie. We ran-
domly selected one of the three types of food for each trial to avoid the monkeys’ habituation.

Task Condition

In the food-grab task, we manipulated two conditions: (1) the social hierarchy between the TM
and the PM, and (2) the relative locations of the two monkeys. We prepared two TMs (M1 and
M2). The age and weight of M1 and M2 were 9 years and 8.8 kg, and 6 years and 8.8 kg, respec-
tively. To manipulate the TMs’ social hierarchical (submissive or dominant) status, each TM
had two PMs. We prepared three monkeys who were not implanted with ECoG arrays as the
PMs (M3-Mb5). The age and weight of M3-M5 were 8 years and 11.7 kg, 4 years and 7.1 kg,
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and 10 years and 10.8 kg, respectively. For M1, M3 was paired as the dominant monkey and
M4 was paired as the submissive monkey. For M2, M5 was paired as the dominant monkey
and M4 was paired as the submissive monkey. The hierarchical ranks were: M3 > M1 > M4
and M5 > M2 > M4. M1 and M2 were not paired in this study. We confirmed the hierarchy in
preliminary experiments also involving the food-grab task. Data from the preliminary experi-
ments were not included in the analysis in this study.

The other conditional manipulation was the relative spatial location of the TM and the PM.
When the monkeys sat next to each other with a relative angle of 90° (conflict condition), they
shared a space, which was called the “conflict space” (Fig 1A, Task illustration, green area).
When the monkeys’ relative angle was 180° (no-conflict condition), there was no overlap in
their peripersonal spaces, and thus no conflict (Fig 1A, Task illustration). In the conflict condi-
tion, there were two relative locations in which the PM sat to either the right or the left of the
TM (right- and left-side conditions). We also set the location of the PM relative to the TM’s
recording hemisphere, which we called the ipsilateral and contralateral conditions. In the no-
conflict condition, there were two relative locations in which the experimenter sat to either the
right or the left of the TM. In the analyses, we combined the right- and left-side trials for the
no-conflict condition into one condition. In summary, the task comprised six conditions: two
types of social hierarchy conditions x three types of spatial conditions.

Duration of Task Periods

During the food-grab task, the experimenter subjectively controlled the duration of the food-
preparation period and the food-presentation period. The averages and standard deviations of
the durations are illustrated by the bar graph in Fig 1B. The average duration of the food-prep-
aration periods for the recording sessions for M1 and M2 were 2136 ms (standard deviation
(SD), 261 ms) and 1736 ms (SD, 222 ms), respectively. The average duration of the food-pre-
sentation periods for the recording sessions for M1 and M2 were 1352 ms (SD, 265 ms) and
730 ms (SD, 117 ms), respectively.

Number of Trials

We performed the food-grab experiments over several successive days to obtain a sufficient
number of trials for the analysis. The ECoG data had good stability over the experiment days
[15]. M1 participated in 242 and 248 trials over 2 days, and M2 participated in 218, 219, and
215 trials over 3 days. Each day’s trials contained all six conditions: submissive or dominant,
and ipsilateral conflict, contralateral conflict, or no conflict. The sequence of task conditions
was randomized every day. For each submissive and dominant condition, the sequential order
of ipsilateral conflict, contralateral conflict, and no-conflict conditions was randomized. All
experiments were performed in the experimental laboratory during the daytime. Table 1 shows
the number of trials for M1 and M2 under each combination of conditions.

ECoG Recording from the TM

We recorded ECoG signals from two monkeys (M1 and M2). Chronically implanted custom-
ized multichannel ECoG electrode arrays (Unique Medical Co., Tokyo, Japan) were used for
the neural recordings [16]. The electrodes were made of 3-mm-diameter platinum discs that
were dimpled at the center after being exposed to an insulating silicone sheet 0.8 mm in diame-
ter. ECoG electrodes with 128 channels and an interelectrode distance of 5 mm were implanted
into the subdural space of the left or right hemisphere of M1 or M2 (Fig 2). The details of the
surgical implantation procedure are available on the Neurotycho.org public server (http://wiki.
neurotycho.org/Surgical_Procedure). The monkeys were postoperatively treated with
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Table 1. Number of trials in each social condition.

Subject Social condition Conflict—contralateral Conflict-ipsilateral No conflict
M1 Dominant 75 72 99

M1 Submissive 60 69 98

M2 Dominant 128 107 132

M2 Submissive 97 96 128

doi:10.1371/journal.pone.0150934.t001

M1

M2

Lateral View

antibiotics (ampicillin, 5 mg/kg bis in die [BID]) for infection, cortisol (dexamethasone, 0.4
mg/kg BID) for brain edema, analgesics (butorphanol, 0.05 mg/kg BID) for surgical pain, and
hemostatics (carbazochrome, 0.2 mg/kg BID) for bleeding. The physiological conditions of the
monkeys were carefully monitored. They were given sufficient food, and their water consump-
tion was monitored daily. If unable to consume an appropriate amount of water, the monkeys
were intravenously or subcutaneously administered lactated Ringer’s solution.

Neural activity was recorded at a sampling rate of 1 kHz and was filtered with a 0.3-500 Hz
band-pass filter using a Cerebus recording system (Blackrock Microsystems, Salt Lake City,
UT, USA). In this study, neural activity was recorded from one monkey at a time, although the
system for recording behavioral data could accommodate recording from multiple monkeys
simultaneously. Electrode positions were identified postoperatively by combining magnetic
resonance and X-ray images (Fig 2).

Medial View

PF
ACC
SM
VM
DM
SS
PC
STG
TEO
HV
V1

| [BISIS ]

Fig 2. ECoG electrode arrays on the cortical surface of the TM. Electrode locations for M1 and M2 are indicated by circles on the lateral and medial views
of a magnetic resonance image. The colors of the circles represent the cortical regions. PF, lateral and medial prefrontal cortices; ACC, anterior cingulate
cortex; SM, supplementary motor cortex; VM, ventral primary and premotor cortex; DM, dorsal primary and premotor cortex; SS, somatosensory cortex; PC,
parietal cortex; STG, superior temporal gyrus; TEO, posterior inferotemporal cortex; HV, higher visual cortex (V2 and V4); and V1, primary visual cortex.

doi:10.1371/journal.pone.0150934.9002
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Behavioral Data Recording

The behavior of the monkeys was monitored using a motion-capture system (Vicon, Oxford,
UK) and a custom-made head-free eye-tracking system [16]. When using the motion-capture
system, monkeys wore a custom-made elastic suit with reflective markers attached at the shoul-
der, elbow, and wrist. The three-dimensional locations of the markers were recorded and
reconstructed in the subsequent offline analysis. The head-free eye-tracking system monitored
corneal reflection of infrared rays, with the sampling rate set at 30 Hz. The right hand of the
experimenter was also monitored using the motion-capture system. Other environmental
information was stored using a conventional video camera. All neural, behavioral, and environ-
mental information was captured synchronously and analyzed later.

Other Settings

The monkeys sat on a primate chair during the performance of the task. The lower half of each
monkey’s body was covered with an aluminum cover. Each had a collar fixed to a pole attached
to the back of the primate chair. Other than these restraints, there was no behavioral restric-
tion, so that the monkeys could move their eyes, head, arms, and torso freely during the task
performance. The bottom of the primate chair was attached to a boom arm that could rotate
around the table. The experimenter rotated the arm and locked the location of each monkey,
so that the animals could not change their location by themselves.

ECoG Data Analysis

Neural activity was recorded (band-pass filtered at 0.3-500 Hz) using 128-channel ECoG
arrays placed on the cortical surface. Fig 2 indicates the locations of the electrodes in M1 and
M2 overlaid on a magnetic resonance image. All signal processing was performed using the
Signal Processing Toolbox and Statistics Toolbox in MATLAB (MathWorks, Natick, MA,
USA).

ECoG data were sorted by the onset of the food-presentation period. The time series of
ECoG data (-3,000 ms to 1000 ms around the onset of the food-presentation period) were
extracted and converted to 250 ms time bins with 125 ms time shift (short “time bin”). A
short-time Fourier transform with a Hanning window was applied to each short time bin to
calculate the power spectrum for each condition, trial, and electrode. The frequency range was
4-160 Hz with 4 Hz resolution. Data obtained across two or three sessions (days) were com-
bined and treated as single-session data without daily normalization because the signal quality
was stable across the different days [15].

Using the short time bins, we defined a long time bin comprising several short time bins.
The time series of ECoG activity was converted to long time bins of 1000 ms with a 125 ms
time shift. The period from -3,000 ms to 1,000 ms had 25 long time bins, and each long time
bin contained seven short time bins. Fig 3 shows the structure of preprocessed ECoG data
(ECoG feature full set).

Decoding Analysis of the Spatial Conditions

Traditional null hypothesis tests, such as the ¢ test, may not be accurate when applied to multi-
ple comparisons with large amounts of data [17]. One way to overcome this problem was to
apply a modern multivariate analysis to the ECoG data. First, we applied a decoder analysis to
determine how well the social conditions were represented in the ECoG power spectrum and
quantified the information about hierarchical conditions by comparing the submissive and
dominant conditions for each conflict-ipsilateral, conflict-contralateral, and no-conflict
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Fig 3. Schematic illustrations of the ECoG feature subsets. This figure shows how the tensor of the power spectrum of ECoG data was constructed. The
ECoG feature tensor had three dimensions: space, time, and frequency. We named these three types of ECoG feature subsets (1) the temporal set, (2) the
spatiotemporal set, and (3) the spectrotemporal set. Each ECoG feature subset was vectored for each trial and was used to construct social decoders to
discriminate the social conditions. The accuracies of the social decoders were compared to identify which ECoG features contained information about the
social conditions.

doi:10.1371/journal.pone.0150934.9003

condition. We used a support vector machine (L2 norm, linear kernel, C value set to 1) as the
neural decoder and evaluated its performance using a 50-fold cross-validation test [18]. The C
value was fixed to compare the performance of decoders under the same condition. The decod-
ers that predicted the social hierarchical conditions were generated in each spatial condition,
and their performances were compared between spatial conditions to evaluate how well the
social condition was represented. We did not compare the spatial conditions directly using the
decoding analysis because it was difficult to distinguish the effects of the spatial factors from
those of nonsocial factors such as the location of the food relative to the conflict space. The
decoders were computed using the power spectrum of the ECoG data (Fig 3, full set), which
included all electrodes, all frequencies, and 26 short time bins from -3000 ms to 375 ms around
the onset of the food-presentation period (full-set neural classifier). We selected 375 ms as the
upper limit of the time when the monkeys were waiting for the food delivery and had not yet
started the reaching action.
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Decoding Analysis of the Social Conditions

We applied the decoding analysis to determine what kinds of neural features discriminate
social conditions that guide social adaptation. We searched systematically to find the subset of
ECoG features (see Fig 3) that contained the most information about social behavioral suppres-
sion. This method is similar to the searchlight method [19,20]. The aim of the searchlight
method is to find a local feature space that contains rich information by continuously shifting
the feature space. First, we grouped ECoG electrodes into 11 spatially discrete clusters based on
the cortical sulcus (Fig 2). The electrode clusters did not overlap each other spatially. Fig 2 illus-
trates the spatial distribution of the ECoG electrode and cortical regions for monkeys M1 and
Ma2.

Temporally, the ECoG power spectra were decomposed into long time bins of 1 s. The
long time bin at each time point included seven short time bins of the ECoG power spectrum.
The spectrum resolution was 4 Hz. The ECoG power spectrum data were analyzed separately
for each of the three feature subsets: (1) a temporal set, (2) a spatiotemporal set, and (3) a
spectrotemporal set (see Fig 3). Using these feature sets allowed us to construct three types of
neural classifier: (1) a temporal neural classifier, (2) a spatiotemporal neural classifier, and (3) a
spectrotemporal neural classifier. The temporal neural classifier was built for each time point
using the power spectra of all regions and all frequencies. The temporal classifier was built to
see how much information about social conditions was represented along the temporal
sequence of the task. The spatiotemporal neural classifier was built for each time point
using the power spectrum of the ECoG data of a single region and all frequencies. The spatio-
temporal neural classifier was built to see how well each cortical region could discriminate
social conditions along the temporal sequence of the task. The spectrotemporal neural classifier
was built for each time point using the power spectrum of all electrodes and a single frequency.
The aim in constructing the spectrotemporal neural classifier was to see how well each fre-
quency domain could discriminate the social conditions along the temporal sequence of the
task.

The chance level of the social condition classifier was determined using randomized label
data. For example, in the conflict condition, the numbers of submissive and dominant condi-
tions in M1 were 129 and 147, respectively. These condition labels were shuffled, and the accu-
racy of the social condition classifiers for the random label was calculated 50 times. The highest
performance of the 50 results was set as the chance level.

Decoding Analysis of the Motor Action

Decoding analysis was applied to determine whether neural features could discriminate motor
actions. We pooled the trials in which the TM used its right and left hands to reach the food in
the conflict conditions and constructed a neural classifier that discriminated whether the TM
used its right or left hand. In this analysis, we built the temporal classifier only to see how
much information about the motor plan was represented along the temporal sequence of the
task.

Decoding Analysis of the Reward Expectation

To extract neural representation of the reward expectation, we developed a classifier using an
ECoG signal and recent outcomes as decoding features that predict whether the monkey could
receive a reward. Decoding features were either a full set or a temporal set of ECoG spectrum
data at a certain time window and the results (succeeded or failed) of the last three trials sepa-
rated into binary categorical variables.
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Results
Behavioral Data

The behavioral evidence for the hierarchical effects was investigated in three ways. Before the
analysis, we excluded trials where the angle between the TM’s gaze direction and a line from
the center of the TM’s body to the center of the table was greater than 60° because, in this case,
the TM was not presumed to be engaged in the task. The number of excluded trials averaged
three each day.

The motion-capture and video data provided three lines of evidence for the effects of hierar-
chical manipulations. The first line of evidence was that the submissive TM did not reach for
the food in the conflict space. By using motion-capture data of the TM’s hand movement, we
calculated the proportion of trials in which the TM moved its hand toward food in the conflict
space when the food was placed in the right and left conflict spaces in the dominant and sub-
missive conditions. The proportions of trials in which movement occurred in the dominant
condition were 97% (M1, right), 100% (M1, left), 98% (M2, right), and 96% (M2, left). These
findings suggested that the TM did not hesitate to take food in the conflict space in the domi-
nant condition. By contrast, the proportions of trials in which movement occurred in the sub-
missive condition were 0% (M1, right), 0% (M1, left), 0% (M2, right), and 5% (M2, left) (Fig
4A, blue bars). This indicated that the TM abandoned attempts to obtain the food in the con-
flict space in the submissive condition. The differences between these figures suggested that the
monkey applied a completely different behavioral strategy depending on the social condition.

As the second line of evidence, the reaction times for food taking in the no-conflict space on
the TM’s side were affected by the social hierarchical conditions. The reaction time was defined
as the time between the end of the food-presentation period and the start of the monkey’s
reaching motion when the food was placed into the no-conflict space on the TM’s side. The
reaction times of the trials in which the food was placed into the no-conflict space on the TM’s
side in the conflict condition and trials in which the food was placed on the TM’s side in the
no-conflict condition were pooled separately, and their median values were calculated. In the
conflict condition, the median reaction times were 333 ms (M1, submissive condition), 225 ms
(M1, dominant condition), 258 ms (M2, submissive condition), and 209 ms (M2, dominant
condition). In the no-conflict condition, the median reaction times were 300 ms (M1, submis-
sive condition), 226 ms (M1, dominant condition), 258 ms (M2, submissive condition), and
158 ms (M2, dominant condition). In both the conflict and no-conflict conditions, the reaction
time was significantly longer (Mann-Whitney U test, p < 0.05) in the submissive condition.
The difference between the reaching behaviors was also confirmed by the rising timing of the
TM’s hand velocity in the movement period, which was shorter in the dominant than in the
submissive condition (Fig 4B).

As the third line of evidence, we observed the biased posture by looking at the TM’s hand
position at the side of the conflict space. There was a significant spatial bias in the hand posi-
tion between the submissive and dominant conditions (Fig 4C, ¢ test, p < 0.05). The TM’s
hand position was closer to its body center (further from the conflict space) in the submissive
condition, but further from its body center (closer to the conflict space) in the dominant condi-
tion. The difference in the hand position between the submissive and dominant conditions
may reflect the degree of the TM’s hesitation to take food.

These behavioral differences confirmed that the TMs changed their behavioral mode accord-
ing to the PMs’ identity. In the submissive condition, the TM’s reaction time when reaching for
food was slow. However, the eye-orientation data confirmed that the TMs did not ignore the
food during the submissive condition in the food-presentation period (Fig 5). In all conditions
including the submissive condition, the TM stared at the food regardless of social conditions.
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table. Error bars indicate the SDs of the hand position.

doi:10.1371/journal.pone.0150934.9004
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doi:10.1371/journal.pone.0150934.9005

monkeys was established spontaneously during the preliminary experiment. Thus, the neural

representation of the social behavioral adaptation found in this task might be similar to that in
natural social adaptive behaviors.

Neural Contribution of Discriminating Social Conditions

Classifiers were generated to discriminate the social conditions (submissive vs dominant) and
the reward outcome by using the full set of ECoG spectrum data during the period 3000 ms
prior to 375 ms after the start of the food-presentation period. Table 1 shows numbers of trials
in different social conditions for each monkey, and Table 2 shows the accuracy of the social
classifier, reward expectation classifier, and chance level of these classifiers. The result shows
the accuracy of the social classifier was higher than that of the chance level and the accuracy of
the social classifier was much higher than that of the reward expectation classifier. These results
suggest that the neural signal was more representative of social condition than reward
expectation.

The social classifiers were developed for each conflict-contralateral, conflict-ipsilateral, and
no-conflict condition. Fig 6 shows the accuracy of the classifiers by using the full set of ECoG
spectrum data during the period from 3000 ms prior to 625 ms after the start of the food-

Table 2. The results of social condition classifier, reward expectation classifier and chance level of these classifiers.

Subject Social condition Reward expectation
M1 Accuracy (%) 79.58% 62.62%
M1 Chance level 55.01% 58.48%
M2 Accuracy (%) 73.98% 55.35%
M2 Chance level 58.16% 57.65%

doi:10.1371/journal.pone.0150934.1002
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doi:10.1371/journal.pone.0150934.9006

presentation period for the conflict-contralateral, conflict-ipsilateral, and no-conflict condi-
tions. A chi-square test for independent variables was conducted to show significant differences
between each ratio of a condition’s neural classifier accuracy to its chance level. The chi-square
test for independent variables is a well-known parametric test. The probability distribution of
the accuracy must be binomial. The statistics are illustrated in Fig 6. We found a significant dif-
ference in accuracy between the conflict-contralateral condition and no-conflict conditions (in
M1, Z =2.713, p < 0.01, and in M2, Z =7.115, p < 0.01) and the tendency of the results (con-
flict-contralateral condition > conflict-ipsilateral condition > no-conflict conditions) was
similar in both monkeys.

This result suggested the following: (1) the ECoG could extract neural information related
to the social hierarchical condition; (2) the ECoG data were more informative about the social
conditions under the conflict condition than under the no-conflict condition; and (3) the
ECoG data under the conflict-contralateral condition were more informative than those under
the conflict-ipsilateral condition. Because the conflict-contralateral condition showed the
highest accuracy, we focus on this condition in the following analysis.

We searched for the brain region that determined which temporal timing and frequency
band discriminated the social conditions. We decomposed the full set of ECoG sensor data into
three subsets of ECoG features (Fig 3). We constructed three types of neural classifier: tempo-
ral, spatiotemporal, and spectrotemporal. The results of these neural classifiers explain how the
information about social conditions was distributed in the feature space of the ECoG data. Fig
7A shows that the accuracy of the temporal classifier gradually increased over time during the
food-preparation and food-presentation periods. During these periods, the accuracies reached
80% in both M1 and M2. The spatiotemporal neural classifier showed a specific spatiotemporal
pattern (Fig 7B) of accuracy that could discriminate the social conditions. The cortical region
that showed the greatest accuracy was localized in the parietal and somatosensory-motor
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Fig 7. Accuracies of the temporal, spatiotemporal, and spectrotemporal neural classifiers. All figures are aligned to the start of the food-presentation
period (vertical dashed lines). The range of time intervals used in the analysis was —3000 ms to 1000 ms for M1 and —3000 ms to 625 ms for M2. The
numbers on the x-axis indicate the end of each long time bin. A: Temporal sequence of the accuracy of the temporal neural classifier in the conflict—
contralateral condition. B: Temporal sequence of the accuracy of the spatiotemporal neural classifier in the conflict-contralateral condition. The color of the
bars represents the accuracy of the classifier. C: Temporal sequence of the accuracy of the spectrotemporal neural classifier in the conflict—contralateral
condition. The color of the bars represents the accuracy of the classifier.

doi:10.1371/journal.pone.0150934.9007

cortices (PC, SS, VM, and DM) before the appearance of food, and this region expanded to the
visual and prefrontal cortices (V1, PF, ACC, and SM) after the appearance of food. These
trends were similar in the two monkeys.

The spectrotemporal neural classifier showed (Fig 7C) that the accuracy of the neural classi-
fier increased sparsely across frequency ranges during the food-preparation period and tended
to increase across wide frequency ranges after the onset of the food-presentation period (Fig
7C). There was no obvious common distribution pattern in the frequency domain in M1 and
Ma2.

These findings showed that there was consistency across individuals in the temporal and
spatiotemporal neural classifiers, but that there was less individual consistency in the spectro-
temporal neural classifier. This suggests that the information about social hierarchy is localized
spatiotemporally. In the following analysis, we focus on the detailed spatiotemporal pattern of
accuracy obtained from the spatiotemporal neural classifier.

The Sequential Appearance of Information on Social Hierarchy on
Cortical Regions

The accuracy of the spatiotemporal neural classifier was mapped on the brain image to illus-
trate more comprehensively the spatiotemporal pattern of the representation of social condi-
tions (Fig 8A). During the waiting and early food-preparation periods, when the food did not
appear and the competition was still implicit, the TM’s hand position differed significantly
between social conditions (Fig 4C), indicating that the effect of social status had started and
was maintained across trials. The accuracy was already high and the representation was local-
ized mainly in the parietal and somatosensory—motor cortices (Fig 8A, left column). During
the following food-preparation period when the experimenter prepared the food under the
table, the visual, high-order motor, and prefrontal cortices gradually started to discriminate the
social conditions (Fig 8A, middle) and the accuracy was sustained. During the food-presenta-
tion period when the food appeared and the competition became explicit, the accuracy
remained higher in most of the cortical regions (Fig 8A, right). These results indicate that the
information about discriminating social hierarchical conditions spread gradually and progres-
sively over the entire cortical surface as the social conflict became more explicit. Note that the
monkey could not prepare an action plan during these epochs because there was no available
information about a location of reaching goal. To dissociate the motor preparation from the
social condition, we applied two decoder analyses. Fig 8B shows the accuracy of the motor
action decoder in three epochs. The hand movement classifier was constructed to predict
which arm the monkey would use during the reaching period. The decoder showed high pre-
dictive performance in the movement period, but not before the food-presentation period.
This result suggested that the monkey did not prepare a detailed motor plan during these
periods.

Although, the monkey did not appear to prepare a precise motor plan before food presenta-
tion, it was still possible to show social context-dependent modulation of attention, arousal,
and motivation. These parameters are highly subjective, so it is not easy to quantify and control
them under a natural social setting. Instead of directly measuring these parameters, we referred
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doi:10.1371/journal.pone.0150934.g008

to the outcomes of the previous three trials as a reflection of these parameters. If a monkey
obtains a food reward in each of the previous three trials, its food expectation will be high,
therefore attention, arousal, and motivation levels must be high. Conversely, when a monkey
fails to obtain a food reward for three successive trials, its expectation will be low, therefore
attention, arousal, and motivation levels must be low. Fig 8C shows the results of the food
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expectation decoder during four epochs before and after food presentation that predicts out-
comes of the trial from neural activity and the history of the previous three trials. The predic-
tion performance was below 60% before food presentation, which suggested that reward
expectation was not much represented during the periods.

Discussion

In this study, we found that the relationship between the specific spatiotemporal neural pattern
and social suppressive behavior was more obvious in the contralateral condition, and the neu-
ral pattern was not contaminated much by reward expectation and related subjective internal
states. Abstract information about social behavioral control in the frontal cortex observed in
this study might reflect the higher-order cognitive process that suppresses an impulsive
response to the food under the submissive condition. The similar neural modulation can be
observed during preparatory period as a simple form of motor preparation/execution processes
under non-social setting. Our finding suggests that there is higher-order cognitive mechanism
that can regulate the motor control mechanism studied previously under non-social setting.

Conventionally it is thought that motor control is achieved by multiple steps; 1) motivation/
intention > 2) action planning/evaluation > 3) decision making > 4) motor preparation > 5)
motor execution > 6) outcome evaluation > 7) action completion [21]. These functional steps
tended to be assigned to multiple cortical areas and sequential activation starts from rostral
part of frontal lobe and expand to caudal part. Neural mechanism of rostro-caudal sequential
processing has been studied mostly in non-social setup. In contrast, there is no stable delay/
preparatory period (step 2—4 in above that are often set in conventional behavioral task) in nat-
ural social setting, because social context is fragile and instantly influenced by others’ behavior
that requires momentary behavioral response. In our food grab task, social context is relatively
stable so that during waiting, food preparation, food show and food delivery periods, monkey
could start action preparation in accordance with current social context. This tells that motor
preparation/execution mechanism could be potentially involved in the neural modulations at
any period during the performance of the social food-grab task as an underlying neural basis.

Generally, information about cognitive function is presumed to be localized in a specific fre-
quency band [22]. By contrast, our findings suggest that the combination of the power spec-
trum in the broadband frequency enabled the neural classifier to extract a stable and unique
representation of social information in the spatial and temporal dimensions (Fig 7A and Fig
7B), even though there was an individual difference in the frequency domain (Fig 7C). One
possible interpretation of the individual difference is that the difference in the frequency
domain reflected a difference in how cortical regions communicate with each other, even if the
participating regions are the same [23]. In the following discussion, we focus on the common
spatiotemporal patterns between subjects in the prefrontal, V1, and parietal and somatosen-
sory—motor areas during the delay period before motor preparation had started.

ECoG data in the prefrontal area could discriminate the social hierarchical condition during
the food-presentation period not during preceding the waiting and food-preparation period.
Since prefrontal cortex guides action sequence as executive system and there was little perfor-
mance of discriminating social hierarchical conditions in prefrontal cortex, motor preparation/
execution sequence was not yet much started during the waiting and food-preparation periods
(see Fig 8B). Fujii et al. showed that the baseline activity level of neurons in the prefrontal cor-
tex remained high in the dominant condition and was suppressed in the submissive condition
[3]. They noted that the prefrontal cortex is a candidate area that may generate and retain the
neural representation of the social conditions when the social behavioral mode is sustained
throughout the task. However, our findings suggest that the prefrontal regions had less ability
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to retain information about social conditions during the period when the food was invisible
(Figs 7B and 8). The difference between the previous study [3] and this study might relate to
the duration of the trials. The mean duration of one trial during the food-grasp task was 5 s in
the previous study and 14 s for M1 and 11 s for M2 in our study. The main difference between
the previous study and our study is that in our study the experimenter waited until the monkey
had finished eating the food. In our study, the average intervals between reward timing (when
the monkey started to eat the food) in a previous trial and the onset of the food-presentation
period in the next trial were 11 s for M1 and 9 s for M2. In the previous study, neural activity in
the prefrontal cortex showed sustained representation of the social condition because of the
continuous cortical state, but in our study this was observed mainly after the appearance of
food. It has been hypothesized that the prefrontal cortex is involved more in the change in con-
text [24,25] than in maintaining the context. Our finding seems to support this hypothesis
because the prefrontal cortex represented the social contextual information during the period
when social competition became explicit and when the monkey was required to make a behav-
ioral decision [26,27].

During the period before food presentation (early context period), the information about
social context was created to enable execution of the cognitive decision-making process that
followed. In the natural social environment, this social decision function is acquired as a con-
trol of impulsivity through development. Shannon et al. found that the high correlation
between blood oxygen level-dependent activity in the premotor region and that in the brain
networks associated with spatial attention and executive control (frontal eye fields, dorsolateral
prefrontal cortex, and anterior cingulate cortex) regulates impulsivity in juveniles [11]. This
suggests that the maturation of the connection of the attention and executive control network
with the premotor cortex is involved in the self-regulation of impulsivity. It also suggests that it
is not possible to dissociate pure social adaptation mechanism from motor control (preparation
and execution processes) because of the developmental origin. Social adaptive mechanism is
acquired through development as a self-regulation system that can override impulsive motor
response.

The contributions of the premotor and parietal cortices during the early context period in
the social conditional classification may suggest a possible contribution of the mirror neuron
system [28,29]. However, during these periods, the monkeys showed almost no goal-directed
actions, and this is unlikely to explain the contribution of the mirror neuron system in the
social conditional classification.

The V1 area started to discriminate the social condition after the onset of the food-presenta-
tion period (Figs 7B and 8). Because the TM stared at the food around the onset of the food-
presentation period independent of the submissive or dominant condition (Fig 5), the differ-
ence in social contextual representation in the V1 area may reflect the input of cognitive pro-
cesses, such as attention to the food [30]. Even though the TM saw the food in both conditions,
it is possible that it observed the food more carefully in the dominant condition because the
probability of acquiring the food was higher in the dominant condition than in the submissive
condition, and the higher expectation for the food may induce greater recruitment of the atten-
tion mechanism as a top-down modulation [31,32].

The parietal and somatosensory-motor cortices could discriminate the social hierarchical
conditions before and after the onset of the food-presentation period (Figs 7B and 8A). We
note that we did not analyze the food-reaching period to dissociate the influence of motor exe-
cution. The context periods we analyzed were the waiting, food-preparation, and food-presen-
tation periods in which the monkey waited for the food delivery, and these had minor effects
on motor control (Fig 4B). By contrast, the significant difference in the TM’s hand position
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between the submissive and dominant conditions showed that social context was maintained
during these periods (Fig 4C).

A straightforward interpretation of why these cortical regions could discriminate social
hierarchy lies in the difference in motor preparation/intention under different social condi-
tions. It seems natural to think that the TM was less motivated in the submissive condition, but
was eager in the dominant condition. The difference in the monkey’s intention might lead to a
difference in motor preparation/intention, even though there was no observable difference in
the motor behavior between the dominant and submissive conditions (Fig 4B) and no future
motor planning was represented in the regions (Fig 8B). Reward expectation was also tested
using recent reward acquisition history, but the activity pattern did not reflect the preparation/
intention level during these periods (Fig 8C). The smaller contribution of the prefrontal cortex
during the early context period indicates that, once the rank of social hierarchy was established
between the monkeys, the prefrontal cortex was not required to sustain the social contextual
information, but the information could be sustained as an embodiment representation
observed in the monkey’s posture, which is controlled by the parietal and somatosensory-
motor cortices. This suggests that social adaptation is achieved by a higher-order decision pro-
cess in accordance with the embodied social contexts during earlier context period [13] fol-
lowed by releasing motor preparation and execution processes during later context period and
movement period.

We suggest that the change in spatiotemporal pattern representing the information about
the social condition in multiple cortical regions reflects the adaptive behavioral-modulation
process that produces social suppressive behavior. In this study, we have shown the social
adaptive neural mechanism at the activity level, but it remains unclear how this function is
achieved at the dynamic network level [32]. Further understanding of the mechanisms under-
lying the functional network of social adaptive behavior will require new analytical methods to
visualize the dynamic information processing of the large-scale network.

Supporting Information

S1 Text. The ARRIVE Guidelines Checklist.
(DOC)

Acknowledgments

We thank Tomonori Notoya for technical assistance and Naomi Hasegawa for veterinary care.
The two monkeys were provided by NBRP “Japanese Monkeys” through the National BioRe-
source Project of MEXT, Japan. This work was supported by JSPS KAKENHI Grant Numbers
23118003 and 23650225, and “Brain Machine Interface Development” performed under the
Strategic Research Program for Brain Sciences by MEXT, Japan.

Author Contributions

Conceived and designed the experiments: TY YN NF. Performed the experiments: TY YN.
Analyzed the data: TY NO. Contributed reagents/materials/analysis tools: TY NO YN NF.
Wrote the paper: TY NO NF.

References
1. Alexander RD (1987) The biology of moral systems. New York: Aldine De Gruyter.

2. Fogassil, Ferrari PF, Gesierich B, Rozzi S, Chersi F, Rizzolatti G. (2005) Parietal lobe: from action
organization to intention understanding. Science 308: 662—-667. PMID: 15860620

PLOS ONE | DOI:10.1371/journal.pone.0150934 March 10, 2016 19/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150934.s001
http://www.ncbi.nlm.nih.gov/pubmed/15860620

@ PLOS | one

Cortical Activity Representation of Social Context in Japanese Macaque

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24.

25.

26.

Fujii N, Hihara S, Nagasaka Y, Iriki A (2009) Social state representation in prefrontal cortex. Soc Neu-
rosci 4: 73-84. doi: 10.1080/17470910802046230 PMID: 18633840

Fuijii N, Hihara S, Iriki A (2007) Dynamic social adaptation of motion-related neurons in primate parietal
cortex. PLoS One 2: e397. PMID: 17460764

Caggiano V, Fogassi L, Rizzolatti G, Thier P, Casile A (2009) Mirror neurons differentially encode the
peripersonal and extrapersonal space of monkeys. Science 324: 403—406. doi: 10.1126/science.
1166818 PMID: 19372433

Baron-Cohen S, Jolliffe T, Mortimore C, Robertson M (1997) Another advanced test of theory of mind:
evidence from very high functioning adults with autism or asperger syndrome. J Child Psychol Psychia-
try 38:813-822. PMID: 9363580

Baron-Cohen S, Wheelwright S, Hill J, Raste Y, Plumb | (2001) The "Reading the Mind in the Eyes"
Test revised version: a study with normal adults, and adults with Asperger syndrome or high-functioning
autism. J Child Psychol Psychiatry 42: 241-251. PMID: 11280420

Nelson RJ, Trainor BC (2007) Neural mechanisms of aggression. Nat Rev Neurosci 8: 536-546.
PMID: 17585306

Davidson RJ, Putnam KM, Larson CL (2000) Dysfunction in the neural circuitry of emotion regulation—
a possible prelude to violence. Science 289: 591-594. PMID: 10915615

Takahashi A, Nagayasu K, Nishitani N, Kaneko S, Koide T (2014) Control of intermale aggression by
medial prefrontal cortex activation in the mouse. PLoS One 9: €94657. doi: 10.1371/journal.pone.
0094657 PMID: 24740241

Shannon BJ, Raichle ME, Snyder AZ, Fair DA, Mills KL, Zhan D, et al. (2011) Premotor functional con-
nectivity predicts impulsivity in juvenile offenders. Proc Natl Acad Sci U S A 108: 11241—11245. doi:
10.1073/pnas.1108241108 PMID: 21709236

Santos GS, Nagasaka Y, Fujii N, Nakahara H (2012) Encoding of social state information by neuronal
activities in the macaque caudate nucleus. Soc Neurosci 7: 42-58. doi: 10.1080/17470919.2011.
578465 PMID: 21961907

Fuijii N, Iriki A (2012) Social Rules and Body Scheme. In: De Waal FBM, Ferrari PF, editors. The Pri-
mate Mind: Cambridge: Harvard University Press. pp. 48—64.

Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG (2010) Improving bioscience research
reporting: the ARRIVE guidelines for reporting animal research. PLoS Biol 8: €1000412. doi: 10.1371/
journal.pbio.1000412 PMID: 20613859

Chao ZC, Nagasaka Y, Fuijii N (2010) Long-term asynchronous decoding of arm motion using electro-
corticographic signals in monkeys. Front Neuroeng 3: 3. doi: 10.3389/fneng.2010.00003 PMID:
20407639

Nagasaka Y, Shimoda K, Fujii N (2011) Multidimensional Recording (MDR) and Data Sharing: An Eco-
logical Open Research and Educational Platform for Neuroscience. PLoS One 6: €22561. doi: 10.
1371/journal.pone.0022561 PMID: 21811633

Stevenson IH, Kording KP (2011) How advances in neural recording affect data analysis. Nat Neurosci
14:139-142. doi: 10.1038/nn.2731 PMID: 21270781

Fan RE, Chang KW, Hsieh CJ, Wang XR, Lin CJ (2008) LIBLINEAR: A Library for Large Linear Classifi-
cation. J Mach Learn Res 9: 1871-1874.

Kriegeskorte N, Goebel R, Bandettini P (2006) Information-based functional brain mapping. Proc Natl
Acad SciU S A 103: 3863—-3868. PMID: 16537458

Tsuchiya N, Kawasaki H, Oya H, Howard MA 3rd, Adolphs R (2008) Decoding face information in time,
frequency and space from direct intracranial recordings of the human brain. PLoS One 3: €3892. doi:
10.1371/journal.pone.0003892 PMID: 19065268

Passingham RE. (1993) The Frontal Lobes and Voluntary Action (Oxford Psychology Series). Oxford
University Press.

Wang XJ (2010) Neurophysiological and computational principles of cortical rhythms in cognition. Phy-
siol Rev 90: 1195-1268. doi: 10.1152/physrev.00035.2008 PMID: 20664082

Donner TH, Siegel M (2011) A framework for local cortical oscillation patterns. Trends Cogn Sci 15:
191-199. doi: 10.1016/j.tics.2011.03.007 PMID: 21481630

Tanji J, Hoshi E (2001) Behavioral planning in the prefrontal cortex. Curr Opin Neurobiol 11: 164—170.
PMID: 11301235

Nakahara K, Hayashi T, Konishi S, Miyashita Y (2002) Functional MRI of macaque monkeys perform-
ing a cognitive set-shifting task. Science 295: 1532—-1536. PMID: 11859197

Sakagami M, Pan X (2007) Functional role of the ventrolateral prefrontal cortex in decision making.
Curr Opin Neurobiol 17:228-233. PMID: 17350248

PLOS ONE | DOI:10.1371/journal.pone.0150934 March 10, 2016 20/21


http://dx.doi.org/10.1080/17470910802046230
http://www.ncbi.nlm.nih.gov/pubmed/18633840
http://www.ncbi.nlm.nih.gov/pubmed/17460764
http://dx.doi.org/10.1126/science.1166818
http://dx.doi.org/10.1126/science.1166818
http://www.ncbi.nlm.nih.gov/pubmed/19372433
http://www.ncbi.nlm.nih.gov/pubmed/9363580
http://www.ncbi.nlm.nih.gov/pubmed/11280420
http://www.ncbi.nlm.nih.gov/pubmed/17585306
http://www.ncbi.nlm.nih.gov/pubmed/10915615
http://dx.doi.org/10.1371/journal.pone.0094657
http://dx.doi.org/10.1371/journal.pone.0094657
http://www.ncbi.nlm.nih.gov/pubmed/24740241
http://dx.doi.org/10.1073/pnas.1108241108
http://www.ncbi.nlm.nih.gov/pubmed/21709236
http://dx.doi.org/10.1080/17470919.2011.578465
http://dx.doi.org/10.1080/17470919.2011.578465
http://www.ncbi.nlm.nih.gov/pubmed/21961907
http://dx.doi.org/10.1371/journal.pbio.1000412
http://dx.doi.org/10.1371/journal.pbio.1000412
http://www.ncbi.nlm.nih.gov/pubmed/20613859
http://dx.doi.org/10.3389/fneng.2010.00003
http://www.ncbi.nlm.nih.gov/pubmed/20407639
http://dx.doi.org/10.1371/journal.pone.0022561
http://dx.doi.org/10.1371/journal.pone.0022561
http://www.ncbi.nlm.nih.gov/pubmed/21811633
http://dx.doi.org/10.1038/nn.2731
http://www.ncbi.nlm.nih.gov/pubmed/21270781
http://www.ncbi.nlm.nih.gov/pubmed/16537458
http://dx.doi.org/10.1371/journal.pone.0003892
http://www.ncbi.nlm.nih.gov/pubmed/19065268
http://dx.doi.org/10.1152/physrev.00035.2008
http://www.ncbi.nlm.nih.gov/pubmed/20664082
http://dx.doi.org/10.1016/j.tics.2011.03.007
http://www.ncbi.nlm.nih.gov/pubmed/21481630
http://www.ncbi.nlm.nih.gov/pubmed/11301235
http://www.ncbi.nlm.nih.gov/pubmed/11859197
http://www.ncbi.nlm.nih.gov/pubmed/17350248

@' PLOS ‘ ONE

Cortical Activity Representation of Social Context in Japanese Macaque

27.

28.

29.

30.

31.

32.

Barraclough DJ, Conroy ML, Lee D (2004) Prefrontal cortex and decision making in a mixed-strategy
game. Nat Neurosci 7: 404—410. PMID: 15004564

Rizzolatti G, Fabbri-Destro M (2008) The mirror system and its role in social cognition. Curr Opin Neuro-
biol 18: 179—-184. doi: 10.1016/j.conb.2008.08.001 PMID: 18706501

Rizzolatti G, Fogassi L, Gallese V (2001) Neurophysiological mechanisms underlying the understand-
ing and imitation of action. Nat Rev Neurosci 2: 661-670. PMID: 11533734

Gilbert CD, Sigman M (2007) Brain states: top-down influences in sensory processing. Neuron 54:
677-696. PMID: 17553419

Sharma J, Sugihara H, Katz Y, Schummers J, Tenenbaum J, et al. (2014) Spatial Attention and Tempo-
ral Expectation Under Timed Uncertainty Predictably Modulate Neuronal Responses in Monkey V1.
Cereb Cortex pii: bhu086.

Siegel M, Donner TH, Engel AK (2012) Spectral fingerprints of large-scale neuronal interactions. Nat
Rev Neurosci 13: 121-134. doi: 10.1038/nr3137 PMID: 22233726

PLOS ONE | DOI:10.1371/journal.pone.0150934 March 10, 2016 21/21


http://www.ncbi.nlm.nih.gov/pubmed/15004564
http://dx.doi.org/10.1016/j.conb.2008.08.001
http://www.ncbi.nlm.nih.gov/pubmed/18706501
http://www.ncbi.nlm.nih.gov/pubmed/11533734
http://www.ncbi.nlm.nih.gov/pubmed/17553419
http://dx.doi.org/10.1038/nrn3137
http://www.ncbi.nlm.nih.gov/pubmed/22233726

