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The Essential Role of Primate Orbitofrontal Cortex in
Conflict-Induced Executive Control Adjustment
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!Cognitive Brain Mapping Laboratory, RIKEN Brain Science Institute, Wako, Saitama 351-0198, Japan, 2Department of Experimental Psychology, Oxford
University, Oxford OX1 3UD, United Kingdom, and *Department of Physiology, Monash University, Clayton, Victoria 3800, Australia

Conflict in information processing evokes trial-by-trial behavioral modulations. Influential models suggest that adaptive tuning of
executive control, mediated by mid-dorsal lateral prefrontal cortex (mdIPFC) and anterior cingulate cortex (ACC), underlies these
modulations. However, mdIPFC and ACC are parts of distributed brain networks including orbitofrontal cortex (OFC), posterior cingu-
late cortex (PCC), and superior-dorsal lateral prefrontal cortex (sdIPFC). Contributions of these latter areas in adaptive tuning of execu-
tive control are unknown. We trained monkeys to perform a matching task in which they had to resolve the conflict between two
behavior-guiding rules. Here, we report that bilateral lesions in OFC, but not in PCC or sdIPFC, impaired selection between these
competing rules. In addition, the behavioral adaptation that is normally induced by experiencing conflict disappeared in OFC-lesioned,
but remained normal in PCC-lesioned or sdIPFC-lesioned monkeys. Exploring underlying neuronal processes, we found that the activity
of neurons in OFC represented the conflict between behavioral options independent from the other aspects of the task. Responses of OFC
neurons to rewards also conveyed information of the conflict level that the monkey had experienced along the course to obtain the reward.
Our findings indicate dissociable functions for five closely interconnected cortical areas suggesting that OFC and mdIPFC, but not PCC or
sdIPEC or ACC, play indispensable roles in conflict-dependent executive control of on-going behavior. Both mdIPFC and OFC support
detection of conflict and its integration with the task goal, but in contrast to mdIPFC, OFC does not retain the necessary information for

conflict-induced modulation of future decisions.
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Introduction

The presence of conflict between behavioral choices adversely
affects performance in terms of speed and accuracy (conflict cost;
Botvinick et al., 2001; Carter and van Veen, 2007; Egner, 2007;
Mansouri et al., 2009). The behavioral effect of conflict is not
limited to the current trial, but the experience of a conflict also
influences the performance in the following trial when the subject
makes a decision between the competing choices again; this effect
appears as an improved performance in resolving the conflict
(conflict adaptation effect; Botvinick et al., 2001; Carter and van
Veen, 2007). Conflict-induced behavioral modulations have
been considered as consequences of trial-by-trial context-
dependent tunings of executive control (Botvinick et al., 2001;
Carter and van Veen, 2007; Egner, 2007; Mansouri et al., 2009)
that aim to facilitate conflict resolution. Patients with prefrontal
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damage and various neurological disorders show altered patterns
of conflict-induced behavioral adjustment (Bench et al., 1993;
Goldstein et al., 2001; Mitchell, 2005; Carter and van Veen, 2007).
Therefore, studying neural mechanisms involved in the conflict-
dependent executive control is necessary to gain insight to the
neural basis of executive control functions and the neuropathol-
ogy of brain damage and disorder.

Whereas the contribution of anterior cingulate cortex (ACC)
and mid-dorsal lateral prefrontal cortex (mdIPFC) to executive-
control adjustment have been studied extensively, the contribu-
tions of orbitofrontal cortex (OFC), posterior cingulate cortex
(PCC), and superior-dorsal lateral prefrontal cortex (sdIPFC)
have not been given focus in previous lesion-behavioral and elec-
trophysiology studies in primates. All three regions have exten-
sive neuroanatomical connections with mdIPFC and ACC
(Baleydier and Mauguiere, 1980; Vogt et al., 1992; Petrides, 2005;
Pearson et al., 2011), and imaging studies have shown conflict-
related activation changes in these areas (Bench et al., 1993; Ca-
vada et al., 2000; Botvinick et al., 2001; Goldstein et al., 2001;
Mitchell, 2005; Carter and van Veen, 2007; Egner, 2007; Man-
souri et al., 2009). It is generally assumed that OFC plays a crucial
role in motivational aspects of goal-directed behavior by process-
ing reward information (Lee et al., 2007; Wallis, 2007; Watanabe
and Sakagami, 2007; Padoa-Schioppa and Assad, 2008; Simmons
and Richmond, 2008; Schoenbaum et al., 2009; Peters and
Biichel, 2010; Rushworth et al., 2011). It has recently been sug-
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Figure 1. WCST analog used in lesion study. Trials with low- and high-conflict conditions
were intermingled. Trials started by sample onset on a touchscreen and after the monkey
touched the sample and released its hand, three test items appeared surrounding the sample
and animals had to match the central sample with one of three surrounding test items based on
whether a color-matching or a shape-matching rule was currently reinforced.

gested that PCC is involved in the saliency and change detection
and the ensuing adjustment in behavior (Baleydier and Maugui-
ere, 1980; McCoy and Plat, 2005; Pearson et al., 2011). Previous
studies have suggested a functional distinction between sdIPFC
and the cortex surrounding principal sulcus (PS) in working
memory processes (Petrides, 2005; Buckley et al., 2009). How-
ever, the function of OFC, PCC, and sdIPFC in conflict process-
ing remains unclear.

The Wisconsin Card Sorting Test (WCST; Mansouri et al.,
2007, 2009) provides a changing environment in which a conflict
exists between behavioral rules and a successful performance de-
pends on the proper resolution of conflict and therefore is a
suitable test to examine the contribution of OFC, PCC, and
sdIPFC to conflict processing and conflict-related executive con-
trol adjustment. Using WCST, we found functional dissociation
between these areas in conflict processing.

Materials and Methods

Subjects. Eleven male monkeys (Macaca mulatta and M. fuscata) were
used: three of them were trained, operated, and tested in Oxford, UK (2
were assigned to the OFC lesion group and 1 to the sdIPFC lesion group),
and eight in the RIKEN Brain Science Institute, Wako, Japan. All animal
training, surgery, and experimental procedures were the same in both
laboratories. The lesions were introduced after a minimum of 12 months
of preoperative training with the WCST analog. Neuronal activity re-
cordings were conducted in the cortex between the medial and lateral
orbital sulci (see Fig. 7C, light blue shaded area) from two monkeys after
each monkey had been trained for ~18 months. Those experiments con-
ducted in the UK were licensed in compliance with the UK Animals
Scientific Procedures Act 1986, and those in Japan were done in accor-
dance with the guidelines of the Japanese Physiological Society, and ap-
proved by RIKEN's Animal Experiment Committee.

Lesion study

Nine of the monkeys were used for lesion study. Three of them received
bilateral lesions in OFC, three others in PCC and the remaining three in
sdIPFC.

Apparatus and stimuli. The tasks (Figs. 1, Fig. 7A) were provided in
automated test apparatuses as described in our previous study (Mansouri
et al., 2007; Buckley et al., 2009). The subject sat, unrestrained, in a
wheeled transport cage fixed in position in front of a touch-sensitive
screen on which the stimuli were displayed. A computer, with a millisec-
ond accuracy timer-card to record response times, controlled the exper-
iment and conducted data acquisition. The versions of the WCST used in
this lesion study used 36 different stimuli comprising of six colors (red,
yellow, green, cyan, blue, and magenta) and six shapes (square, triangle,
circle, hexagon, cross, and ellipse). The sample in each trial was selected
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at random (without replacement until the entire set had been used) from
the 36 stimuli. In each trial the test items were also selected from the same
set of 36 stimuli, and at random (with the restrictions imposed by the
necessity to generate either alow- or high-conflict trial). The locations of
the three test items (i.e., to the left/right/bottom of the sample) were also
chosen at random. The size of the stimuli was 5—-6 cm on the screen. The
center-to-center distance between the test items and sample was 15 cm
on the screen.

Behavioral task. The monkeys had to match the sample to one of three
test items either by color or by shape and touch the correct item within
5000 ms to receive a reward. A reward or a distinct visual error signal
(white annulus) was given as feedback after monkeys’ correct or errone-
ous matching, respectively. The relevant rule and its frequent changes
were not cued. Even the reward and error signal by themselves did not
indicate the relevant rule directly and therefore the subjects faced a con-
flict/competition between the potential matching rules. The monkeys
were only able to identify it by applying a rule and then interpreting the
reward or error feedback in the context of the applied rule. The relevant
rule for matching (matching by shape or matching by color) was consis-
tent within a block of trials, and it changed whenever a criterion of 85%
correct performance was achieved in 20 consecutive trials. In individual
trials the monkeys performed the task under one of two different levels of
conflict, namely low-conflict (L) and high-conflict (H; Fig. 1). In the
high-conflict condition, the sample matched one of the test items in color
and another test item in shape but it did not match the remaining test
item in either color or shape. Therefore, the monkeys had to resolve the
competition between two potential matching rules (i.e., matching by
color and matching by shape) to select the target. In the low-conflict
condition, the sample matched one of the test items in both color and
shape but it did not match the other two test items in either color or
shape, thus there was no conflict between the two matching rules. The
low- and high-conflict trials were randomly intermingled and presented
in equal proportion. (Fig. 1).

Repetition of sample as a confounding issue. The probability that a cor-
rect response to a sample was followed by the presentation of the same
sample in the next trial is a matter of concern in studies of conflict-
induced behavioral adjustment (Mayr et al., 2003). In the task paradigms
used in our lesion and recording studies, the possibility of sample repe-
tition was very low because samples were selected without replacement:
all stimuli in the set (36 samples) had to be exhausted before the next set
starts. Only at the start of a new set, there was a possibility (0.03) for the
repetition of the same sample as that shown in the previous trial. More-
over, because the correct test item was randomly selected from five stim-
uli, the probability of a repetition of identical pair of sample and correct
test item was even smaller.

Surgery. The monkey was moved into the operating theater, intubated,
placed on isoflurane anesthesia (1-2.75%, to effect, in 100% oxygen),
and then mechanically ventilated. The skin and underlying galea were
opened in layers. The temporal muscles were retracted to expose the skull
surface and a bone flap was turned to allow access to the desired lesion
site. The dura was cut and reflected to expose the cortex and the lesion
was made in the intended site by aspiration. A small-gauge metal aspira-
tor equipped with an electro-coagulator was used to aspirate the cortex.
The aspiration was done using an operating microscope and white matter
under the cortex, which is easily distinguishable from gray matter, was
spared as much as possible to the extent that white matter damage was
minimal. The operated monkeys rested for ~14 d after surgery before
beginning postoperative training.

Among various lesion techniques, the neuroexcitotoxic method has an
advantage in that it spares fibers passing through or near the target area.
However, a complete lesion in cortical areas requires a large amount of
toxic compound administration at multiple locations and in many pub-
lished studies the cell body damage is often very far from complete and
rarely bilaterally symmetrical; furthermore in relatively inaccessible areas
like OFC the cortex has to be repeatedly manipulated to gain repeated
access for the numerous injections required and this causes bruising
and/or odemea outside of the intended lesion area. For example, in the
recent study by Rudebeck et al. (2013), between 44 and 97% of cells in
each hemisphere were affected indicating that the extent of lesion was
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very variable and could be significantly incomplete in a particular hemi-
sphere, and at some levels apparently outside of the intended extent of
the lesion. Increasing the amount of injected toxin has the disadvantage
of possible spread to nearby cortical and/or subcortical areas. In contrast,
lesions made by careful aspiration technique are visually guided through
an operating microscope and can be used to remove the entire cortex in
the intended area, and in some areas in the right hands brings the highest
precision in limiting the extent of cortical lesion; it may be impossible to
preclude any white matter damage but the extent of the damage when
done carefully is minimal. In our study, the white matter damage was
minimized by first cauterizing around the periphery of the lesion so that
the cortex within this boundary was devoid of blood supply. This enabled
a very conservative approach: we stopped the aspiration either immedi-
ately after the white matter became visible (which is extremely clear) or
just before this. Any layers of cortex left intact in the area of the lesion
would not survive in the absence of blood supply.

Intended extent of lesions. The intended extent of the OFC lesion (Fig.
2) included at its lateral extent, the cortex in the medial bank of the lateral
orbital sulcus; the lesion included the entire cortex between the medial
and lateral orbital sulci, and also extended medially until the lateral bank
of the rostral sulcus. The anterior extent of the lesion was an imaginary
line drawn between the anterior tips of the lateral and medial orbital
sulcii, and the posterior extent was an imaginary line drawn just anterior
to the posterior tips of these two sulcii. The intended lesion therefore
included cortical areas 11, 13, and 14 of the orbital surface and did not
extend posteriorly into the agranular insula.

The lesion extent in the three PCC-lesioned monkeys included cortex
in the posterior cingulate gyrus and lower bank of posterior cingulate
sulcus extending as far posteriorly as to include area 31 (retrosplenial
cortex excluded; Vogt et al., 1992; Fig. 3).

The lesion extent in sdIPFC group included the cortex on the dorso-
lateral aspect of the prefrontal cortex starting 1 mm dorsal to the princi-
pal sulcus and extending dorsally up to the midline (i.e., lateral area 9 and
the dorsal portions of areas 46 and 9/46) but excluding ventrally situated
cortex that lay within the principal sulcus area; the lesion excluded pos-
teriorly located premotor areas 8A, 8Bd, and 8Bv, nor did it extend
anteriorly into area 10 (Fig. 4).

Histology. At the conclusion of the experiments, animals with OFC or
sdIPFC lesion were deeply anesthetized and then perfused through the
heart with saline followed by formol-saline solution. Their brains were
blocked in the coronal stereotaxic plane, removed from the skull, and
allowed to sink in sucrose-formalin solution, and subsequently cut in 50
um sections on a freezing microtome. Every fifth or tenth section was
retained and stained with cresyl violet.

Data analyses. Data were collected from six consecutive preoperative
and postoperative daily sessions. All the monkeys completed at least eight
blocks of trials in each of the six sessions preoperatively, with one excep-
tion. One monkey in the OFC group could not complete eight blocks in
one of the preoperative sessions, and then an additional session was
introduced. We used session means when we evaluated the number of
rule-shifts and percentage of correct responses by ANOVA. The analyses
of response time focused on daily sessions with at least eight blocks (a
block of trials starts from a rule change and ends with another rule
change). The last block was included in the analyses if the monkeys had
completed at least 20 trials in that block. The data for analyses of number
of rule-shifts and percentage of correct responses were collected from all
the sessions.

We measured the time from the onset of the test items to the monkey’s
first touch on the screen as the response time (RT) and took its reciprocal
(1/RT) to obtain the speed of target selection (STS) in individual trials.
We then averaged the STS separately for each conflict condition (either
low-conflict/high-conflict or LH/HH) and response direction (left/right/
bottom) across daily sessions of each monkey. HH is a high-conflict trial
following a high-conflict trial and LH is a high-conflict trial following a
low-conflict trial. Thus, we obtained a pair of STS values (either low-
conflict/high-conflict or LH/HH) for each response direction of each
monkey. Then, the values were averaged across directions within each
conflict condition. To compare the effects of conflict between the preop-
erative and postoperative performances, differences between the two
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Figure 2.  Extent of bilateral OFC lesion. A, This figure depicts photomicrographs of stained
coronal sections through the area of the intended lesion in the three animals with OFC lesions
(OFC1 to OFC3) alongside drawings of the intended extent of the lesions on drawings of repre-
sentative coronal sections (left column). The top row shows reconstructions of the area of cortex
lesioned on drawings of a representative ventral surface. Numerals indicate the distance in
millimeters from the interaural plane. None of the OFC lesioned animals sustained any bilateral
damage outside the area of the intended region; two animals, OFC2 and OF(3, sustained ex-
tremely slight unilateral damage beyond the intended lateral boundary of the lesion; and in all
three animals the lesions did not extent as far medially as intended. B, Photomicrographs of
stained coronal sections through the area of the intended lesion in the three animals with OFC
lesions (OFC1 to OFC3). Numerals indicate the distance in millimeters from the interaural plane.
The black arrows point to the most lateral and medial extent of the lesion in each section
indicating that the lesion extent was limited to the intended orbitofrontal cortex. Extensive
white matter can be seen to remain intact in the region just dorsal to and between the tips of
these arrows.

conflict conditions (low-conflict, high-conflict, or HH-LH) were calcu-
lated in each monkey and then a paired f test was applied to the preop-
erative and postoperative differences. In Figure 2, to ease comparing the
changes in STS between monkeys and groups, the values were normal-
ized in each monkey by dividing the value in each condition by the mean
of the paired conditions [H/mean(L, H); L/mean(L, H); LH/mean(LH,
HH); HH/mean(LH, HH)] in each monkey.

Overall, the response speed of monkeys significantly decreased after
OFC lesion so that in some trials the response time was extraordinarily
long (Buckley et al., 2009). To remove these outliers, in every preopera-
tive and also postoperative session the trials in which the response time
was outside a range (mean = 2 X SD of the response times for each
response direction in that daily session) were excluded from the analyses.
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indicate the lesion extent.

Recording study

Two macaque monkeys (M. fuscata, M1 and M2) were trained, operated,
and used for recordings in RIKEN Brain Science Institute. The details of
training and recording technique were previously reported (Mansouri et
al., 2006, 2007).

Behavioral task. The structure, criteria, and parameters of the WCST
analog used for the electrophysiology study were similar to those used for
the lesion study, with some modifications to facilitate single-cell record-
ings and interpretation of neuronal activities (see Figs. 7A, B, 8). In each
trial, a start cue appeared when an intertrial interval was over. The bar
pressing changed the start cue to a fixation point. If the monkey kept
pushing the bar and maintained its gaze on the fixation point for 700 ms,
a sample stimulus replaced the fixation point. If the monkey maintained
eye fixation and bar press for another 630 ms, three test items appeared
(to the left, right, and below the sample). Reward or error-signal was
presented 700 ms after the monkey touched the screen. For the recording

Extent of PCC lesions confirmed in magnetic resonance imaging (MRI). A, MRI scans were taken after the end of
postoperative data collection to verify the lesion extent. The left-most column is for an intact monkey (Intact) and three middle
columns are for the three PCC-lesioned monkeys (PCCT—PCC3) and the right-most column shows the intended lesion extent on
drawings of a representative brain. Coronal sections are taken from seven anterior—posterior levels covering the posterior cingu-
late cortex in each monkey. The sections in PCC-lesioned monkeys were selected so that their gyri and sulci shapes match those of
theintact monkey as much as possible. The gray matter tissues are missing bilaterally in the ventral bank of cingulate sulcus and on
the surface of posterior cingulate gyrus in each PCC-lesioned animal. The lesions of posterior cingulate cortex were asintended with
no damage outside the target area. B, Extent of PCClesion in the medial view of the brain. The shapes of the brain, corpus callosum,
and cingulate sulcus, together with the lesion extent, were reconstructed from structural MRIs in each monkey. The black areas
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study we used CORTEX software (NIMH
CORTEX, RRID:nif-0000-04365) to control
the experiment and data acquisition.

We used 36 stimuli identical to those used in
the lesion studies. A sample was randomly se-
lected from the 36 stimuli without replacement
(all 36 stimuli were used before starting an-
other cycle). Twelve samples were consistently
used in low-conflict conditions, and other 24
samples were consistently used in high-conflict
conditions. We used four fixed arrangements
of test items to make low- and high-conflict
conditions (see Fig. 8). The monkeys were ex-
tensively trained with these fixed arrangements
of samples and test items.

Free-reward trials. Trials in which reward
was delivered without performing the match-
ing task (free-reward trials) were randomly
presented between the usual WCST trials (in
4/40 of trials). The structure of free-reward tri-
als was similar to that in the usual trials in their
early parts (see Fig. 7B). After the start-cue ap-
pearance, the monkey had to push the bar and
fixate the eyes during the fixation period. If the
monkey kept pushing the bar and fixating the
eyes to the end of fixation period, instead of
sample appearance, a reward was delivered and
the trial ended.

After the monkeys had learned the task,
magnetic resonance images of the brain were
taken, and the head holder and recording
chamber were implanted in an aseptic surgery.
After a week of recovery, training was resumed
but now with head fixation and gaze control.
Eye position was monitored by an infrared
system (http://staff.aist.go.jp/k.matsuda/eye/).
The monkeys had to keep their gaze fixed on
the fixation point during the fixation and sam-
ple presentation periods. We kept the fixa-
tion point at the center of the sample. The
size of fixation window was 4° (* 2° from the
fixation point center), which was smaller
than any sample (5 to ~7°). Fixation-break
trials were not included in the calculation of
shift criterion.

Single-cell recording. Recordings started after
each monkey had been trained for ~18
months. The recording area covered the area
between the medial and lateral orbital sulci,
(see Fig. 7C, dark blue area). The electrodes
were guided through a chamber installed over
dorsolateral surface of the brain. Glass-coated
electrodes penetrated through intact dura. The
electrodes were advanced slowly toward OFC
to decrease physical damage to the brain tissue. The recording area was
determined in reference to the magnetic resonance images. The border
and extent of the white and gray matters were determined by tracking the
neuronal activity through the slowly advancing electrode (the maximum
speed of electrode advancement in brain tissue was 9 um/s) to help verify
the position of OFC. Plexon system (NeuroExplorer: Neurophysiological
Data Analysis Package, RRID:nif-0000-10382) was used for amplifica-
tion, filtering and monitoring of the neuronal activities. Signals from a
single cell were isolated on-line and checked by off-line verification. We
did not observe any regional difference in the characteristics of cells
within the recorded area. Therefore, results were reported for all of the
recorded cells.

Data analyses. The analyses were performed in those sessions in which
the neuronal activity was well isolated in at least four consecutive blocks.
Cells (183 and 61) were recorded from M1 and M2, respectively. Firing
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rates were analyzed in the fixation period (600
ms before sample onset), sample period (600
ms starting from 30 ms after sample onset),
and decision period (600 ms following onset of
test items), the pre-reward period (800 ms be- =
fore reward delivery) and the postreward pe-
riod (800 ms starting from the reward
delivery). There was no significant difference
in the proportion of cells representing different

Intended

cognitive processes between the cells recorded +42
from monkeys M1 and M2 and therefore we
reported the neuronal activity for the popula- +39

tion of cells recorded from both monkeys.
To study the effect of current level of conflict
on cellular activity, we focused our analyses on +3
the neuronal activity in the sample and deci-
sion periods, because only after the appearance
of the sample could the monkey know whether +3
a trial would be of the low-conflict or high-
conflict condition. The activity was compared
between low-conflict and high-conflict trials
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by a two-way ANOVA (conflict X rule). The +30 : .
mean firing rate during either the sample or .
decision period in each trial was a data point. 3

Because STS differed between low-conflict and
high-conflict trials, an analysis of cell activities
with a time window around the response may
have been contaminated by an artifact: activi-
ties locked to the test items onset or monkey’s
response might have shown a pseudo depen-
dency on the trial type by truncating rising or
falling activities locked to one event by the win-
dow locked to the other event. To exclude such
effects, we first examined the correlation be-
tween cell activities and STSs, after subtracting
the difference in mean values between H and L
trials. If there was a significant correlation (p <
0.10), we calculated the slope of the linear regression line and subtracted
STS-dependent components of cell activities from the original (before the
mean difference subtraction) values of cell activities in individual low-
conflict and high-conflict trials. This correction was conducted only for the
decision period because in the sample period the monkeys’ hand and eye
position was fixed and the monkeys could initiate the response only after the
onset of test items, which was the beginning of the decision period. In the
selection of cells with significant activity modulation by a two-way ANOVA,
when both the main effect of a factor and interaction of factors were consid-
ered, we adjusted the acceptance level from =0.05 to =0.025.

We analyzed the effect of the conflict level experienced in the previous
trial in fixation, sample and decision periods. The neuronal activity dur-
ing fixation period has unique interests, because the monkey had not
been able to know the conflict level in the coming trial before the sample
onset. The activity in sample and decision periods were analyzed sepa-
rately, because we found that different groups of OFC cells showed sig-
nificant activity modulation depending on the conflict level in the
current trial. In other words, the cell that showed a significant activity
modulation by conflict level in sample period might not show any signif-
icant activity modulation during decision period. Therefore, the statisti-
cal analyses results and characteristics of neuronal activity were reported
separately for each period. In each group of cells showing a significant
modulation in a particular period, there were cells with higher activity in
low-conflict conditions and others with higher activity in high-conflict
conditions. Therefore, when we show pupulation neuronal activity, we
averaged activity for the preferred and nonpreferred conditions of each
cell based on the mean activity in the period in which significant modu-
lation of neuronal activity by conflict level was seen.

Figure 4.

Results
To assess the functional role of sdIPFC, OFC, and PCC in
context-dependent executive control adjustment we trained 11

"o SRR R &R

Lesion extent in sdIPFC. This figure depicts photomicrographs of stained coronal sections through the area of the
intended lesion in the three animals with sdIPFC lesions (sdIPFCT to sdIPFC3) alongside drawings of the intended extent of the
lesions on drawings of representative coronal sections (left column). The top row shows reconstructions of the area of cortex
lesioned on drawings of representative lateral surfaces. Numerals indicate the distance in millimeters from the interaural plane.
The ventral border of the lesion was 1 mm above the dorsal bank of the principal sulcus.

monkeys to perform a version of WCST analog that included
trials of two levels of conflict (Mansouri et al., 2007; Figs. 1, 7A);
nine monkeys (without any lesion or operation) came from two
cohorts of six and three animals that had served as unoperated
control animals in two previous studies (Mansouri et al., 2007;
Buckley et al., 2009). The six animals of the first cohort, based on
preoperative learning scores, were divided into three to receive
OFC lesions and three to receive sdIPFC lesions so that the mean
and range of the numbers of preoperative rule shifts were com-
parable between groups. The second cohort of three monkeys was
assigned to the PCClesion group. The circumscribed lesions were
made with the help of a high-magnification operating micro-
scope with an intention to minimize inadvertent damage to the
surrounding cortical areas or underlying white matter. We com-
pared the preoperative and postoperative performance of the
monkeys in each group and therefore the preoperative perfor-
mance in each group served as the control for the postoperative
performance in that particular group. Single-cell activity was re-
corded from the OFC of two other intact monkeys (see Fig. 7C).
In each trial, the monkeys had to select one of three different
test items that matched a sample based on the currently relevant
matching rule (color or shape). The relevant rule and its frequent
changes (whenever the animals achieved 85% correct in 20 con-
secutive trials) were not cued and therefore the subjects faced a
conflict/competition between the potential matching rules.

Lesion extent
In all the lesion groups, the resulting lesions were as intended
(Figs. 2—4). Our previous study (Buckley et al., 2009) showed that



Mansouri et al. ® Orbitofrontal Cortex Function in Conflict Processing

A  Pre-operative Il B C

Post-operative [ High-conflict

N
N
)

100 -

Number of rule shifts per day

N

Percentage of correct responses
Percentage of correct responses

OFC
sdIPFC
PCC
OFC
sdIPFC
PCC

o
8I'I'I

100 1

o

Percentage of correct responses
Percentage of correct responses

Early Late  Early Late Early Late

High-conflict Low-conflict HH

Figure 5.

monkeys with lesions within ventrolateral prefrontal cortex were
impaired in even applying matching rules (color- or shape-
matching) in a control test that required rule-based matching
with no rule-shift within a daily session. Therefore, in our current
study, we aimed at making complete and bilateral lesions within
OFC without affecting the nearby cortical areas (such as ventro-
lateral prefrontal cortex). We achieved this goal as shown in Fig-
ure 2B, where the black arrows indicate the lateral and medial
limits of the OFC lesions. Correspondingly, although our OFC-
lesioned monkeys were impaired in performing the WCST, they
had intact ability in rule-based matching evidenced by their intact
performance in the control test with no rule-shift within a day.
Also, by inspecting just dorsal and just lateral to the most medial
arrows in OFCI1, OFC2, and OFC3 animals (Fig. 2B), it may be
appreciated that the white matter was largely spared.

OFC includes different cytoarchitectural regions with differ-
ent anatomical connections and therefore different regions
within OFC might support different cognitive functions (Rush-

100 -

Behavioral consequences of bilateral lesions in OFC, sdIPFC, or PCC. A, The mean number of rule-shifts is shown for
preoperative and postoperative performances. B, €, The mean percentage of correct responses averaged over all the trials in high-
and low-conflict trials. It was low in high-conflict trials because the monkeys’ performance dropped to a very low level in high-
conflict trials after rule shifts. Percentage of correct responses in high-conflict trials decreased after lesions were made in OFC, but
notin sdIPFCor PCC. OFC-lesioned monkeys were notimpaired in performing low-conflict trials. D, The mean percentage of correct
responses of OFC group in low-conflict and high-conflict trials, separately shown for the early (first 10 trials) and late (the last 10
trials) parts of individual blocks. The performance in high-conflict trials was low in the early part but recovered to a high level
toward the end of the block. The percentage of correct responses significantly decreased postoperatively in both early and late parts
of individual blocks. E, The same as D, but for LH (high-conflict after low-conflict) and HH (high-conflict after high-conflict) trials.
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worth et al., 2011). The lesion extent in
our study included different regions
within OFC including ventromedial and
lateral orbital prefrontal cortex (Rush-
worth et al., 2011) and our recording was
limited to an area depicted in Figure 7C
and therefore we were unable to dissociate
the functions of subregions within OFC.
Future studies selectively targeting cir-
cumscribed areas within OFC would be
necessary to show the crucial function of
OFC subregions in the WCST.

Low-conflict

Effects of lesions on number of rule
shifts and percentage of

correct responses

Data were collected from six consecutive
daily sessions preoperatively and also
from six consecutive daily sessions post-
operatively. We found that the number of
rule shifts per daily session decreased after
OFC lesions, but not after sdIPFC or PCC
lesions. Preoperatively the OFC, sdIPFC,
and PCC groups successfully performed
the task as evidenced by their abilities to
make 10.1 * 0.58,10.8 = 1.1,and 12.2 =
0.2 shifts (mean * SE) between matching
rules per daily session, respectively. Be-
cause the number of trials provided
within a daily session was fixed to 300, the
number of rule shifts per day is a measure
of the overall performance of monkeys in
adapting to rule-changes. The numbers of
rule-shifts in postoperative testing were
LH 7.83 +0.7,11.3 + 0.8, and 12.4 + 0.34 in
OFC, sdIPEC, and PCC groups, respec-
tively. A two-way ANOVA test [monkey
(between-subject factor) X lesion (pre/
post, within-subject factor)] applied to
the number of rule-shifts showed that
there was no significant change in the
number of rule-shifts between the preop-
erative and postoperative tests in sdIPFC
and PCC groups (main effect of lesion,
sdIPFC group: F(, ;5 = 1.9;p = 0.19; PCC
group: F(; 5 = 0.3; p = 0.69). However, a significant decrease in
the number of rule-shifts per session was seen after lesions were
made in OFC (main effect of lesion: F; ;5, = 12.49; p = 0.003;
Fig. 5A).

The reduction in the number of rule shifts per daily session
after OFC lesions was due to an impairment of performance in
high-conflict trials. A three-way ANOVA [monkey (between-
subject factor) X lesion (pre/post, within-subject factor) X con-
flict (high/low, within-subject factor)] applied to the percentage
of correct responses showed a significant interaction of lesion and
conflict factors (F,,;5) = 12.52; p = 0.003) in addition to signif-
icant main effects of lesion (F; ;5 = 15.93; p = 0.001) and con-
flict (F(; 5, = 674.53; p < 10~ ") factors in the OFC group. A
follow up two-way ANOVA (monkey X lesion) applied sepa-
rately to the percentage of correct responses in low- and high-
conflict trials showed that the main effect of Lesion was
significant in high-conflict (F(, ,5, = 15.12;p = 0.001), but not in
low-conflict trials (F, ;5) = 0.49; p = 0.49). This indicates that

OFC
sdIPFC
PCC

Early Late
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monkeys’ performance after the OFC lesion was significantly im-
paired in the high-conflict, but not in the low-conflict, trials
(Figs. 5B, C). The percentage of correct responses in high-conflict
trials was low in the early part of individual blocks immediately
after the rule change and increased in the late part of individual
blocks. The OFC lesions consistently reduced the percentage of
correct responses in both early (the first 10 trials after rule switch)
and late (the last 10 trials before rule switch) parts of individual
blocks. A two-way ANOVA test [monkey (between-subject fac-
tor) X lesion (pre/post, within-subject factor)] applied to the
percentage of correct responses in early part of the block showed
a significant main effect of lesion in OFC group (F; ;5) = 5.1;p =
0.039). The same ANOVA applied to the percentage of correct
responses in late part of the block also showed a significant main
effect of lesion (F, ;5) = 12.26; p = 0.003) (Fig. 5D). No reduc-
tion in percentage of correct responses in low-conflict trials con-
firms that OFC-lesioned monkeys did not have any problem in
perceptual, motor, or matching abilities because the impairment
only appeared when the monkeys had to resolve the conflict be-
tween the matching rules. Additional control tests also confirmed
that OFC-lesioned monkeys did not have any impairment in
rule-based (color or shape) matching.

Effects of lesions on behavioral modulation by conflict in the
current trial

We found that, similar to the behavioral effects of conflict in
humans, the level of conflict between behavioral rules influenced
the monkeys’ behavior in current as well as in subsequent trials.
With regard to current trials we found that target selection was
slowed by the presence of conflict in all the monkey groups (Fig.
6A): the STS (which was calculated as the reciprocal of the time
between the test item onset and the first screen touch) was slower
in high-conflict trials indicating that the presence of conflict ad-
versely affected the monkeys’ performance (conflict cost). To
examine the effect of conflict experienced in the current trial on
STS, the mean of STS was calculated separately for low- and
high-conflict trials in each response direction (left, right, and
bottom) in each of the six preoperative testing sessions. A three-
way ANOVA [monkey (between-subject factor) X conflict (low/
high, within-subject factor) X response direction (within-subject
factor)] applied to the mean STS values showed a significant main
effect of conflict factor (OFC group: F, ;5 = 41.40; p = 0.00001;
sdIPFC: F(; 15, = 205.38; p < 10 %; PCC group: F(; ;5 = 79.32;
p<10"°).

To examine the effect of lesions on conflict cost, we calculated
one normalized grand average (across sessions and directions)
for each monkey and used it for the statistical analyses. A paired ¢
test applied to the differences in conflict cost (low-conflict - high-
conflict) between the preoperative and postoperative perfor-
mances showed that there was no significant change in the
conflict cost following OFC lesion (one-tailed, .,y = 0. 35, p =
0.38) or mdIPFC lesion (one-tailed, .,y = 0.19, p = 0.44) or PCC
lesion (one-tailed, t,, = 0.86, p = 0.24) indicating that the mod-
ulation of STS by the current conflict did not depend on any of
OFC, sdIPFC, or PCC (Fig. 6A). Our previous study also showed
that lesions in ACC or mdIPFC did not impair the behavioral
effects of the currently experienced conflict. These findings indi-
cate that the adverse effects of current conflict level on the STS do
not depend on the integrity of ACC, mdIPFC, sdIPFC, PCC, or
OFC. Other brain areas, or a very distributed network, might
mediate the effect of current conflict level on STS.
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Figure 6.  Conflict-induced behavioral adjustments. The panels in top, middle, and bottom

rows show the behavioral measures in OFC-, sdIPFC-, and PCC-lesioned groups, respectively. 4,
The mean normalized STS in low-conflict and high-conflict trials. Lesions within OFCor sdIPFCor
PCCdid not make any significant change in the difference between low- and high-conflict trials.
B, The preoperative and postoperative STSin LH (high-conflict after low-conflict) and HH (high-
conflict after high-conflict) trials. The difference in STS between LH and HH trials was signifi-
cantly decreased after lesions were made in OFC.

Effects of lesions on behavioral modulation by conflict in the
previous trial

To estimate the behavioral effect of conflict experienced in the
previous trial (conflict-adaptation effect), we measured the dif-
ference in STS between those high-conflict trials that followed
low-conflict trials (LH condition) with those high-conflict trials
that followed high-conflict trials (HH condition). STS was calcu-
lated in the second trial of each LH or HH trial sequence. All pairs
of consecutively correct trials were used in this calculation. To
examine the effect of conflict experienced in the previous trial on
STS, the mean of STS was calculated separately for LH and HH
trials in each response direction (left, right, and bottom) in each
of the 6 preoperative testing sessions. Preoperatively, the mon-
keys’ STS was faster in HH than LH trials in all the monkey
groups (Fig. 6B, preoperative): a three-way ANOVA ([monkey
(between-subject factor) X previous conflict (LH/HH, within-
subject factor) X response direction (within-subject factor)] ap-
plied to the mean STS values showed a significant main effect of
previous conflict factor (OFC group: F, ;5, = 4.40; p = 0.054;
sdIPFC: F, 5, = 9.10; p = 0.009; PCC group: F(; ;5 = 14.10; p =
0.002). However, lesions in OFC, sdIPFC and PCC had different
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WCST analog used in the cell-recording study. A, In each trial, a start cue appeared when an intertrial interval was over. The bar pressing changed the start cue to a fixation point. If the

monkey kept pushing the bar and maintained its gaze on the fixation point for 700 ms, a sample stimulus replaced the fixation point. If the monkey maintained eye fixation and bar press for another
630 ms, three test items appeared (to the left, right, and below the sample). The relevant rule for matching (matching by shape or matching by color) was consistent within a block of trials, and it
changed without any notice to the monkey when a criterion of 85% correct performance was achieved. The relevant rule was not cued and the monkeys were only able to identify it by applying a
rule and then interpreting the reward or error feedback in the context of the applied rule. B, Free-reward trials. In each trial the bar pressing changed the start cue to a fixation point, if the monkey
maintained eye fixation and bar pressing for 630 ms, instead of the sample onset, a reward (the same type and amount as the reward in ordinary trials) was given. , The extent of lesioned area (gray
shading) on ventral view of the brain in OFC group. Single-cell recording was conducted in the area depicted in dark blue color.

consequences in each group: a paired ¢ test comparing conflict-
adaptation (HH-LH) between the preoperative and postopera-
tive performances showed that there was a significant decrease in
conflict-adaptation in OFC group (one-tailed, t,) = 11.6, p =
0.0037) but not in sdIPFC (one-tailed, ¢,, = 1.32, p = 0.16) or
PCC (one-tailed, t,, = 0.44, p = 0.35) group (Fig. 6B).
Preoperatively, the percentage of correct responses in the sec-
ond trials of HH trials was significantly higher than that in LH
trials. A ¢ test (two-tailed paired) applied to the mean percentage
of correct responses showed that there was a significant difference
between HH and LH trials in OFC group (f,, = 7.6, p = 0.017),
in sdIPFC group (t,, = 19.4, p = 0.0026), and in PCC group (¢,
= 5.37, p = 0.033). Postoperatively, whereas the percentage of
correct responses in both HH and LH trials decreased, the differ-
ence between them did not change from the preoperative differ-
ence. A t test applied to the differences of percentages of correct
responses between HH and LH trials in the preoperative and
postoperative sessions showed that there was no significant dif-
ference between preoperative and postoperative performances
following OFC lesion (one-tailed paired ¢ test t,, = 0.4, p =

0.36), sdIPFC lesion (t,) = 1.6, p = 0.13), or PCC lesion (t,, =
0.64, p = 0.29). This was the case for both the early and late parts
of individual blocks (OFC group, early part of block: #,, = 0.15,
p = 0.45; late part of block: ¢,y = 0.34, p = 0.38; Fig. 5E). Thus,
the OFC lesions reduced the effects of the conflict experienced in
the previous trial on the speed of target selection, but not the
percentage of correct responses. This differential effect of brain
lesion on modulation of response time and response accuracy
was previously reported in humans with other conflict tasks
(Gehring and Knight, 2000): the percentage of correct responses
was not different between patients with brain damage and control
subjects, whereas a significant difference in response latency
could still be detected between the patients and control group. It
was suggested that the response-time was a more sensitive behav-
ioral measure. Because our previous study (Buckley et al., 2009)
had shown that OFC lesion significantly increased the response
time of monkeys, we provided a relatively long response window
(5000 ms) for monkeys. This response window allowed us to
avoid many time out trials (trials in which the monkey fail to
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Combinations of samples and test items arrangements presented in the cell-recording study to make the low-conflict and high-conflict conditions. The four test item arrangements are

numbered and shown at the top, with “S” in the middle representing the sample. The numbers in the first line of table indicates the test item arrangement used for samples shown below. The two
leftmost columns indicate the relevant matching rule and appropriate response-direction. Twelve and 24 samples were shown in the low-conflict and high-conflict conditions, respectively. There
were 32 combinations of samples shown in the low-conflict condition and those shown in the high-conflict conditions (4 X 8) in each response direction with each rule. The number of combinations
summed to 192 with three response directions and two rules. We compared the firing rate of cells in these 192 combinations to examine the consistency of selectivity for conflict condition.

respond within the response window) and measure the exact
distribution of response time.

Neuronal activity in OFC modulated by the conflict in the
current trial

Our findings indicated that lesions within OFC, but not in
sdIPFC or PCC, impaired a behavioral index of trial-by-trial
context-dependent adjustment of executive control. We then ex-
plored the neural mechanisms underlying the impairment by
recording single cell activity in OFC of two intact monkeys (M1
and M2). Both monkeys successfully performed the WCST ana-
log (Figs. 7A, B, 8) even with the additional requirement of eye
fixation. Monkeys M1 and M2 had 11.5 = 0.27 and 6.8 * 0.25
(mean * SE) rule-shifts per daily session. For both monkeys, the
STS was significantly slower in high-conflict trials than in low-
conflict trials in all three response directions (Fig. 9A), and the
STS in HH trials was significantly faster than that of LH trials in
all three response directions (Fig. 9B). In contrast to the lesion
study, in the recording study, because different samples were
consistently used in the high-conflict and low-conflict trials (Figs.
74, 8), the monkeys could know the conflict level of the trial as
soon as the sample was presented. This design allowed us to com-
pare the activity between the two conflict levels while the hand-

and eye-positions were fixed and before the monkey had initiated
its motor response (Mansouri et al., 2007).

We found that the OFC cell activity differed between low-
conflict and high-conflict trials in the sample and decision peri-
ods. When we applied a two-way ANOVA (conflict X rule) to the
activity in correct trials of 244 recorded cells, we found that 48
cells (19.7%) and 61 cells (25%) showed a significant (p = 0.05)
main effect of conflict in the sample and decision periods, respec-
tively (Fig. 10, an example cell; Fig. 13 A, B, population of cells).
These numbers of cells were significantly greater than the num-
ber of cells we could obtain by chance (binomial tests, sample
period: p < 107'% decision period: p < 10~'%). None of these
cells showed a significant interaction between the rule and con-
flict factors indicating that the activity difference between low-
and high-conflict trials was independent from the relevant rule.
The activity was higher in high-conflict trials in some cells (21/48
and 30/61 cells in the sample and decision periods, respectively)
and higher in low-conflict trials in others. Because STS differed
between low- and high-conflict trials, an analysis of cell activities
with a time window around the response (decision period activ-
ity) may have been contaminated by an artifact: activities locked
to the test items onset or monkey’s response might have pro-
duced a pseudo dependency on the trial type by truncating rising
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Figure9.  The conflict experiencedin currentand previous trials influenced monkeys’ behav-

ior in the single cell recording study. A, The normalized mean STS in low-conflict and high-
conflict trials is shown for the two monkeys, separately for the three response directions. For
both monkeys, in all the three response directions, the STS was significantly faster in low-
conflict trials. B, The normalized mean STS in the second trial of HH and LH trial sequences is
shown for each monkey. For both monkeys, the normalized STS in HH trials was higher than that
of LH trials.

or falling activities locked to one event by the window locked to
the other event. We excluded such effects by subtracting STS-
dependent components of cell activities from the original (before
the mean difference subtraction) values of cell activities and then
compared the neuronal activities between low- and high-conflict
trials (see Materials and Methods). We also examined whether
this activity differences between low- and high-conflict trials re-
sulted from nonspecific factors (see below).

Neuronal responses to reward were influenced by the level of
conflict experienced during the course of achieving the
reward

We also found that in another group of OFC cells, neuronal
responses to reward were influenced by the level of conflict expe-
rienced during the course of achieving the reward. It is known
that OFC cells represent attributes of expected and obtained re-
ward (Thorpe et al., 1983; Tremblay and Schultz, 2000; Hikosaka
and Watanabe, 2000; Lee et al., 2007; Wallis, 2007; Padoa-
Schioppa and Assad, 2008; Simmons and Richmond, 2008;
Schoenbaum et al., 2009; Kobayashi et al., 2010; Hosokawa et al.,
2013). A t test comparing the difference in neuronal activity be-
tween pre-reward and postreward periods (reward response)
showed that 152 of 244 OFC cells (62.3%) significantly (p =
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0.025) changed their activity after the reward delivery in low- or
high-conflict trials. A two-way ANOVA [conflict (low/high) X
rule (color/shape)] applied to these reward-responses showed
that there were significant main effects of conflict or significant
interactions (p = 0.025) for 40 cells (26.3%). This number of cells
is significantly greater than the number of cells that could be
obtained by chance (binomial test, p < 10 ~°). Three example
cells that showed significant effects of conflict are shown in Fig-
ures 11 and 12 (Fig. 13C, population activity). Our further anal-
yses of neuronal activity in free-reward trials and in relation to
changes in reward expectation from early to later parts of indi-
vidual trial blocks indicated that the conflict-related activity
modulation was not related to different levels of reward expecta-
tion (see below).

Activity difference between low- and high-conflict trials was
not due to selectivity for physical features of the sample
stimuli

Our analyses showed that the activity difference between low-
and high-conflict trials was not due to selectivity for physical
features of the sample stimuli. As did the example cell shown in
Figure 10, most of the 48 and 61 cells showed consistent conflict-
level-dependent activities regardless of the physical identity of the
sample stimuli. In the recording study, 12 and 24 samples were
presented in low-conflict and high-conflict conditions, respec-
tively. There were 96 combinations of samples presented in low-
conflict and high-conflict conditions that required responses in
the same direction (4 samples presented in low-conflict condi-
tions X 8 samples presented in high-conflict conditions X 3 di-
rections; Fig. 8). Each combination of samples was presented
under the two matching rules and provides two comparisons.
Thus, there were 192 comparisons. In 47 of 48 cells (98%) with
significant differences between low- and high-conflict trials in the
sample period and in 54 of 61 cells (89%) with significant differ-
ences in the decision period, there were differences in a consistent
low- versus high-conflict direction in at least 109 of 192 compar-
isons (it is p = 0.01 to obtain this or larger ratios in a cell by
chance). We thus statistically confirmed a consistent difference
for the majority of cells (~90%). The overall probability that
these numbers of cells show the consistent differences is ex-
tremely low (binomial test: p < 10 '°). These results indicate
that the currently experienced conflict is encoded in OFC cell
activity as a distinct variable independent from physical features
of the sample stimuli.

Activity difference between low- and high-conflict trials was
not due to effects of differences in certainty about reward on
cellular activities

It has been reported that OFC cells modulated their activities
depending on the level of reward expectation (Thorpe et al., 1983;
Tremblay and Schultz, 2000; Hikosaka and Watanabe, 2000; Lee
et al., 2007; Wallis, 2007; Padoa-Schioppa and Assad, 2008; Sim-
mons and Richmond, 2008; Schoenbaum et al., 2009; Kobayashi
et al., 2010; Hosokawa et al., 2013). The percentage of correct
responses in low-conflict trials was higher than those in high-
conflict trials, which means that the monkeys received rewards
more frequently in low-conflict trials. Then, the monkeys were
likely more certain about the upcoming reward in low-conflict
trials than high-conflict trials. Therefore, the activity differences
between low-conflict and high-conflict trials found in the present
study in the sample and decision periods and in the reward-
response might be caused by the difference in monkeys’ certainty
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Activities of OFC cells represented currently experienced conflict level; an example cell. The leftmost peristimulus time histograms (PSTH) show activities in low-conflict and

high-conflict trials when color- or shape-matching rules were relevant. Each column of the right histograms shows activities in low-conflict (top) and high-conflict (bottom) trials that required the
application of the same rule and responses in the same direction. The raster-grams show spikes in individual trials. Samples presented in each condition are shown above individual histograms.
Bin-width is 50 ms for the leftmost PSTH, and 20 ms for other PSTH. Left and right vertical broken lines indicate the sample and test items onset, respectively. Only correct trials were included.

about reward availability. To evaluate this possibility we made
following analyses:

The percentage of correct responses in high-conflict trials was
significantly different between the early and late parts of the block
(Mansouri and Tanaka, 2002; Mansouri et al., 2006). The per-
centage was lower after the rule change in the early part of the
block. Thus, it is expected that the monkeys were less certain
about upcoming reward in the early part of the block. On the
other hand, the percentage of correct responses in low-conflict
trials was consistently high throughout the block. If the certainty
level was the main factor modulating the OFC cell activity, then
the difference in certainty level between the early and late parts of
the block should have also modulated the neuronal activity, and
should have done so only in high-conflict trials.

To examine this possibility, we first applied a two-way
ANOVA [early/late X conflict (low/high)] to activities in low-
conflict and high-conflict trials within the first 10 and the last 10
trials of individual blocks. Of 48 cells that showed a significant
difference between low-conflict and high-conflict trials in the
sample period, only 3 and 4 cells showed significant early/late
main effects and significant interactions, respectively. Although
the numbers of trials included in this test were smaller than the
number used in the ANOVA to examine effects of conflict level,
22 of 48 cells showed significant main effects of Conflict. There-
fore, the rareness of a significant interaction cannot be attributed
to the paucity of trials and the resulting reduced sensitivity of the
test. Of 61 cells that showed a significant difference between low-
conflict and high-conflict trials in the decision period, only four
and five cells showed significant early/late main effects and sig-
nificant interactions, respectively, whereas 31 of 61 cells showed
significant Conflict main effects. Of 40 cells that showed a signif-
icant difference between low-conflict and high-conflict trials in
the reward-response, only two and two cells showed significant
early/late main effects and significant interactions, respectively,
whereas 17 of 40 cells showed significant conflict main effects.

Second, we compared the neuronal activities in high-conflict

trials between the early and later parts of the block in cell popu-
lation. For each cell, we calculated the mean neuronal activity in
the sample and decision periods, as well as the mean reward-
response for the early and late parts of the block. Because the
activity was higher in low-conflict trials for some cells and in
high-conflict trials for others, the comparisons were conducted
separately for each cell group. There were no significant differ-
ences in the magnitude of the neuronal activity between the first
and last 10 trials in either group of cells (paired ¢ test, for cells with
higher activities in high-conflict trials; sample period: f,y =
1.08, p = 0.29; decision period: t,9, = 1.08, p = 0.29; reward-
response: f(9y = 1.73, p = 0.101); for cells with higher activities in
low-conflict trials; sample period: #,5, = 0.25, p = 0.81; decision
period: ¢35, = 0.35, p = 0.73; reward-response ¢4y = 0.31, p =
0.76).

Third, we calculated the correlation between the conflict-
induced modulation of neuronal activity (activity in high-
conflict trials minus activity in low-conflict trials) and the activity
difference between high-conflict trials in the early and late parts
of the block (activity in the early parts minus activity in the late
parts). Because the distribution of difference values significantly
deviated from normal distribution (Kolmogorov—Smirnova test,
p < 0.05), we used nonparametric correlation test. There was no
significant correlation (sample period: Spearman’s p = 0.13, p =
0.38; decision period: Spearman’s p = —0.19, p = 0.14).

Finally, we examined neuronal responses to free-rewards
(Figs. 11, 12). The reward given in free-reward trials was less
expected than the rewards given after a response in ordinary
high-conflict and low-conflict trials because free-reward trials
were randomly presented among ordinary WCST trials. If the
uncertainty in reward expectation was the actual factor modulat-
ing the neuronal activity, the neuronal response to reward should
have been the largest in free-reward trials, intermediate in high-
conflict trials, and the smallest in low-conflict trials. For all the 40
cells with significant conflict-induced modulation of reward re-
sponse, we calculated the mean reward responses in low- and
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Figure 11.  Conflict-dependent activity modulation of two OFC cells. Cellular activity

(aligned at reward delivery) was modulated by the conflict experienced in the course of obtain-
ing thereward. 4, Inthis cell, the neuronal response to reward had two consecutive components
and was the largest in free-reward trials followed by low-conflict and then high-conflict trials.
B, Inthis second cell, response to reward was the highest in high-conflict trials. See Figure 12 for
an additional example cell.

high-conflict trials, as well as in the free-reward trials separately
in color and shape blocks. Of 80 cases (40 cells X 2 rules), only in
17 cases there was such an order. The possibility of having the
order by chance is 1/6, and the number of cases expected by
chance was 13. Seventeen of 80 is not significantly different from
13 of 80 (x*-independence test: x> = 0.66, p = 0.42). This means
that the difference in the magnitude of reward responses between
low- and high-conflict trials cannot be explained by the level of
uncertainty in reward expectation.

These results indicated that the modulation of OFC cell activ-
ity by the level of conflict experienced in the trial was not related
to the different levels of reward expectation or uncertainty be-
tween low- and high-conflict trials because the neuronal re-
sponses of OFC cells in sample or decision periods were not
modulated by the changes in reward expectation from early to
later parts of individual trial blocks.

OFC cell activity was not modulated by the conflict
experienced in the previous trial

The modulation of behavior in the current trial by the level of
conflict experienced in the previous trial requires a mnemonic
process to hold the memory of experienced conflict across trials
(Mansouri et al., 2007, 2009). We previously (Mansouri et al.,
2007) observed that the neuronal activity of mdIPFC in the fixa-
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Figure 12.  Responses of another OFC cell to rewards were modulated by the experienced

conflict. The peristimulus time histograms show activities in low-conflict, high-conflict and
free-reward trials, separately for the blocks in which the color- (top) or shape-matching (bot-
tom) rules were relevant. The modulatory effect of conflict on neuronal response to reward was
seen when the monkeys applied the shape-matching rule. The neuronal response to reward
was much weaker when the same reward was delivered in free-reward trials. The correspond-
ing raster-grams show spikes in individual trials. The neuronal activities are aligned at the time
of reward delivery. Bin-size, 50 ms.

tion period was modulated by the level of conflict experienced in
the previous trial. Thus, we also compared the cellular activity in
OFC between LH and HH trials during the fixation period in
which the monkeys fixated their hands and eyes but could not
know the conflict level in the next trial. We used only the data
derived from correct trials that were preceded by correct trials. A
two-way ANOVA [previous-conflict (LH/HH) X rule] showed
that of the 244 OFC cells, only 11 cells (4.5%) had a significant
(p = 0.05) main effect of previous-conflict. This number of cells
is not greater than the number of cells that could be obtained by
chance (p > 0.1, binomial test). We thus did not observe signif-
icant activities in OFC in relation to the maintenance of conflict
information across trials.

Thus our results suggest that, although both mdIPFC and
OFC are involved in extracting and representing conflict, only
mdIPFC is involved in maintaining the conflict information to
modulate the upcoming behavior.

Did monkeys implement different strategies in low- and
high-conflict trials?

In the low-conflict condition, the correct response could be
found based on the identity of the object, rather than applying the
color- or shape-matching rule. Therefore, the monkeys might
change the strategy between low-conflict and high-conflict trials:
the identity-matching strategy in low-conflict trials and imple-
menting color- or shape-matching rule in high-conflict trials.
However, in the WCST analog used in the present study, there
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Figure13.  Mean activity of cell populations for the different cell groups that showed signif-
icant activity modulation by the conflict level. A, The mean activities in 48 cells that showed
significant activity modulation by the conflict level during the sample epoch (left). Note that the
same population of cells did not show conflict-related activity modulation after the reward
delivery (right). B, The mean activities in 61 cells that showed significant activity modulation by
conflict level during the decision epoch. Note that the same population of cells did not show
conflict-related activity modulation after the reward delivery. ¢, The mean activities in 40 cells
in which the neuronal response to reward was modulated by the conflict experienced in the
course of reward achievement. Note that those cells with significant modulation of their reward
response by conflict did not show conflict-level-dependent activity modulation during sample
or decision periods. The mean activities in each bin (55 ms) were calculated for the low- and
high-conflict conditions. In each cell, the activities in each bin were normalized by the mean
activity in low- and high-conflict conditions in that bin. Because some cells had higher activity in
low-conflict conditions and other cells had higher activity in high-conflict condition, the aver-
aged activity across the cells was calculated for the preferred (the conflict condition in which the
cell showed the higher activity) and nonpreferred (the conflict condition in which the cell
showed the lower activity) conditions. Preferred and nonpreferred conditions are depicted in
red and black color, respectively. The dotted lines show the SEM (=) in each bin. Left, The
activities are aligned at sample onset. Right, The activities are aligned at reward delivery. Green
and blue lines in the x-axis show the sample and decision periods, respectively.

was no cue for the currently relevant rule, and therefore the mon-
keys had to maintain the currently relevant rule across trials, in
working memory, to respond correctly in high-conflict trials. In
addition, low-conflict trials were randomly intermingled with
high-conflict trials. Therefore, if the monkeys had used the
identity-matching strategy in low-conflict trials, the working
memory of the relevant rule should have been maintained, while
the monkeys were performing the unrelated task, in low-conflict
trials, to be used in the upcoming high-conflict trials. We tested
whether macaque monkeys could do this, by putting three types
of interruption during the intertrial interval of WCST trials. (1)
In a modified versions of the WCST analog (WCST-interruption
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Figure 14.  The consequences of interrupting WCST and performance in LH and HH trials. 4,
Interrupting WCST by a face-detection task. Right-side bar shows percentages of correct re-
sponses in the first trial of WCST analog following interruption by two consecutive face-
detection trials. Left-side bar indicates percentages of correct responses in the same context,
but without interruption. B, Interrupting WCST by a salient event. Right-side bar shows per-
centages of correct responses in the first trial of WCST analog following interruption by free-
reward (two small food pellets). Left-side bar indicates percentages of correct responses in the
same context, but without interruption by free-reward. The tilted squares indicate the values of
individual monkeys. The free-reward was given in the middle of usual ITI period after the
monkeys reached 85% correct performance (shift criterion). The face-detection task was intro-
duced after the monkey reached the shift criterion. The rule did not change and remained the
same in the trial that followed the interruptions.

test), when the monkey’ performance reached 85% by a rule we
asked the monkey to perform one or two trials of a face-detection
task (touch a face but not a non-face object when they were
presented side by side) in a face-detection trial (interruption) and
then return to WCST and continue with the same rule which was
relevant before the interruption (Buckley et al., 2009). In the first
WCST trial after the interruption the monkeys’ performance
dropped to the chance level (50%) (Fig. 14A). (2) An increase of
the intertrial interval from 6 to 11 s decreased the performance of
control monkeys from 85 to 74% of correct responses (Buckley et
al., 2009, their Fig. 3A). (3) In another version of WCST (WCST-
free-reward test), when the monkey’ performance reached 85%
by a rule we gave free-rewards (two food pellets) during the in-
tertrial interval and then required them to continue WCST with
the same rule as before the interruption. In the first WCST trial
after the free-reward the monkeys’ performance dropped to the
chance level (Fig. 14B). These results indicated that various types
of interruption are very disruptive to the working memory of the
currently relevant rule.

Given this fragility of rule working memory, the performance
in high-conflict trials following a low-conflict trial (i.e., the sec-
ond trials of LH trial sequences) should have been close to the
chance level if the monkeys had implemented another strategy to
perform the low-conflict trials. However, the percentage of cor-
rect responses in high-conflict trials following a low-conflict trial
was very high in later parts of individual blocks (Figs. 5D, E).
These results indicate that even after performing a low-conflict
trial (that last for ~18 s, including the intervening intertrial in-
terval) the performance in the following high-conflict condition
was >80% correct.

The fragility of rule working memory and the high perfor-
mance in LH trials in the latter parts of individual blocks,
together, suggest that the monkeys consistently used the working
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memory of the currently relevant rule in low-conflict as well as
high-conflict trials. This is also supported by another piece of
evidence obtained with the same WCST task as the one used in
the present study: the rule-dependent activities of mdIPFC cells
in low-conflict trials were as strong as those in high-conflict trials
(Mansouri et al., 2006).

Discussion

Our behavioral results showed marked similarity in conflict-
induced behavioral modulations between monkeys and humans,
which enabled us to examine their neural substrate and mecha-
nisms in monkeys. In previous human imaging studies investi-
gating conflict-related processes, although there was OFC
activation of in some studies (Bench et al., 1993; Goldstein et al.,
2001; Mitchell, 2005), the activation in ACC and mdIPFC has
been more frequently observed (Botvinick et al., 2001; Kerns et
al., 2004; Carter and van Veen, 2007; Egner, 2007) leading to
executive control models that assume crucial roles for ACC and
mdIPFC but not for OFC. Here, we found evidence of crucial
involvement of OFC, but not sdIPFC or PCC, in these context-
dependent executive control adjustments.

Based on imaging and electrophysiogical findings it has been
suggested that PCC plays an important role in saliency or change
detection (Pearson et al., 2011) and in performance monitoring
and exploring the alternative reward sources (Heilbronner and
Platt, 2013). However, in our experiments PCC-lesioned mon-
keys were not impaired in cognitive flexibility (in WCST analog)
or the conflict-induced behavioral adjustments. Hence, the
aforementioned suggested roles for PCC might be limited to the
early learning period or when the task rules and contingencies are
unclear, or when frequent changes in reward contingencies re-
quire exploring the value of alternative options in a highly dy-
namic environment.

Previous studies have suggested functional differences be-
tween sdIPFC and the cortex surrounding principal sulcus in
working memory processes (Petrides, 2005; Buckley et al., 2009).
As we previously found that the conflict-induced behavioral ad-
justment was impaired in mdIPFC-lesioned monkeys (Mansouri
etal., 2007), our current finding that the conflict-induced behav-
ioral modulation was intact in sdIPFC-lesioned monkeys indi-
cated another functional distinction between these two closely
located and connected prefrontal areas.

It has been generally assumed that the OFC’s contribution to
cognition is the assignment of value to stimuli, choices, or
behavior-guiding rules; a view which is also supported by obser-
vations that single cell activity in OFC encodes both primary
rewards and the stimuli associated with reward, and that re-
sponses to reward-associated stimuli are modulated when reward
contingencies change (Thorpe et al., 1983; Dias et al., 1996, 1997;
Bechara et al., 2000; Elliott et al., 2000; Hikosaka and Watanabe,
2000; Tremblay and Schultz, 2000; Wallis and Miller, 2003; Rob-
erts, 2006; Wallis, 2007; Rolls, 2004; Fellows, 2007; Lee et al.,
2007; Szatkowska et al., 2007; Padoa-Schioppa and Assad, 2008;
Simmons and Richmond, 2008; Schoenbaum et al., 2009; Ko-
bayashi et al., 2010; Noonan et al., 2010, 2012; Peters and Biichel,
2010; Walton et al., 2010; Rushworth et al., 2011; Hosokawa et al.,
2013). In our previous study (Buckley et al., 2009) we found that
after dropping to a chance level following an error commission,
there was a rapid learning after a single experience of correct
rule-matching and obtaining a reward. This rapid reward-based
learning was impaired in OFC-lesioned monkeys and therefore,
we proposed that OFC was necessary for assessing the behavioral
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outcome (reward) to update the value of behavioral rules in the
WCST.

OFC-damaged humans and monkeys show impairment in a
diverse range of tasks in which decisions should be made among
alternative choices (Butter et al., 1963; Butter, 1969; Bachevalier
and Mishkin, 1986; Bechara et al., 2000; Izquierdo et al., 2004;
Wallis, 2007; Buckley et al., 2009; Camille et al., 2011; Glischer J
et al., 2012). Conflict in information processing is an inherent
aspect of many of these tasks, in which context-dependent adjust-
ment of executive control might enhance assessment and learn-
ing from behavioral outcome. OFC-damaged subjects are also
impaired in tests of executive functions such as the WCST and
Stroop test (Bench et al., 1993; Wallis, 2007; Buckley et al., 2009)
and imaging studies have shown activation of OFC in tests of
executive function (Bench et al., 1993; Goldstein et al., 2001;
Mitchell, 2005). The conflict-induced modulation of upcoming
behavior has been considered as a behavioral index of conflict-
induced executive control adjustment and we found that this was
significantly attenuated after OFC lesion. We cannot simply ex-
plain this finding based on deficits in reward processing.

Recording the neuronal activity in OFC brings insight to pos-
sible mechanisms through which OFC contributes to executive
control processes. We found that neuronal activity in OFC rep-
resented conflict level as an independent variable (Figs. 10,
13 A, B) and maintained this information through to the time of
behavioral goal achievement (Figs. 11, 12, 13C). This implies that
OFCisinvolved in conflict representation, which may be a crucial
step in the ensuing recruitment of cognitive control and conse-
quently in resolution of conflict. The WCST analog is a multifac-
eted test that requires participation and coordination of multiple
cognitive processes, such as rule-based behavior, inhibition of the
irrelevant rule, working memory of rule, and assessment of the
behavioral outcome. Therefore, OFC might support conflict-
induced executive control recruitment, which could conse-
quently enhance the other cognitive processes that support
performance in WCST.

Conflict-induced augmentation of control might enhance se-
lective processing of the relevant rule and its maintenance in
working memory and inhibit the irrelevant rule and therefore
improve the performance in the upcoming trial. We found that
responses of OFC cells to rewards also represented the level of
conflict that the monkey had experienced through the course to
obtain the reward. This integration of information about conflict
and reward in OFC cell activities might support two important
aspects of OFC function. First, stabilizing the behavior-guiding
rule after reward and promoting change in the implemented rule
after no reward are crucial when the reward or no reward results
from selection between competing behavioral rules or when there
is insufficient information available to determine the appropriate
course of action and therefore a proper decision depends on the
estimated value of stimuli, responses, or rules obtained through
their reward contingencies (Mitchell, 2005). The detection of
conflict experienced in the course of reward achievement can
adjust the amount of rule value change after the feedback; no
change in low-conflict trials but change in high-conflict trials. A
related explanation, consistent with the cognitive map of task
space model (Wilson et al., 2014), is that OFC lesioned animals
failed to disambiguate task state and accordingly failed to imple-
ment appropriate task-state-specific strategies, which would be
to focus onto the outcome and the rule just applied in the current
trial to detect the most advantageous rule (Mansouri et al., 2006;
Buckley et al., 2009).
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Second, because conflict resolution can be considered to be
cognitively challenging, bringing it to bear upon task perfor-
mance could be considered an additional cost of performing a
task. OFC might represent the conflict-induced cognitive chal-
lenge and modulate the evaluation of behavioral outcomes ac-
cordingly, that is, depending on the level of cognitive challenges
encountered during the course of decision-making, appropriate
cost-benefit analyses may be facilitated, which is an important
aspect of action evaluation (Lee et al., 2007; Padoa-Schioppa and
Assad, 2008; Rangel et al., 2008; Hosokawa et al., 2013).

It has been proposed that in the context of choice behavior
OFC might be involved in evaluating the available evidence and
constructing an estimate of certainty or confidence about deci-
sions (Kepecs et al., 2008; Mainen and Kepecs, 2009). The confi-
dence or certainty about the upcoming decision might be
influenced by the level of conflict in information processing and
our results indicate that OFC might be involved in encoding and
maintaining conflict information and therefore in informing
those processes that construct decision confidence or certainty.
However, our findings indicate that the OFC cell activity repre-
senting conflict did not necessarily encode uncertainty about the
upcoming decision or outcome (reward) because (1) the changes
in uncertainty within a block (imposed by periodic yet unan-
nounced rule-changes) did not influence OFC cell activity before
or during decision making and (2) the neuronal response to re-
ward was not affected by different levels of reward expectation.
Therefore, conflict as an inherent aspect of many tasks involving
choice behavior, is represented by mdIPFC and OFC not only for
informing certainty or confidence about decision in some tasks
but also for adaptive recruitment of executive control to support
conflict resolution and to decrease the error likelihood.

Conclusion

The neuroanatomical connections of OFC place it as an impor-
tant hub where information regarding the motivational (or emo-
tional) and cognitive (or executive) aspects of a goal-directed
behavior can be integrated (Lee et al., 2007; Watanabe and Sak-
agami, 2007). The OFC might support several core functions
depending on the task demands. Representing behavioral out-
come (positive and negative) and the value of behavioral options
enables several cognitive functions such as informing emotional
and motivational aspects of cognition and also assessing and
learning from the behavioral outcome for guiding the choice be-
havior. Encoding the conflict in information processing might
enable other cognitive functions such as constructing an estimate
of the cost and benefit of a behavioral rule or action; informing
internal representation of task state or decision confidence, as
well as recruitment of executive control when conflict or uncer-
tainly level (and therefore the error likelihood) is high. Our find-
ings suggest that the role of primate OFC in cognition extends
beyond reward-related processing to encode conflict information
and the ensuing executive control adjustment.
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