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Abstract

B The ability to change an established stimulus—behavior
association based on feedback is critical for adaptive social be-
haviors. This ability has been examined in reversal learning
tasks, where participants first learn a stimulus—response associa-
tion (e.g., select a particular object to get a reward) and then
need to alter their response when reinforcement contingencies
change. Although substantial evidence demonstrates that the OFC
is a critical region for reversal learning, previous studies have not
distinguished reversal learning for emotional associations from
neutral associations. The current study examined whether OFC

INTRODUCTION

Reversal learning is the ability to alter a behavior when re-
inforcement contingencies change. In a typical reversal
learning task, one first learns stimulus-reward contingen-
cies (e.g., selecting a particular object yields a monetary
reward, or choosing the face that will show a happier
expression). Once one has learned the initial association,
the contingencies are reversed (e.g., the object that once
yielded the reward no longer does so) at which point one
needs to respond to the previously unrewarded stimulus
to obtain a reward. Impairments in reversal learning are re-
lated to social abnormality and psychiatric disorders, such
as obsessive compulsive disorder (Remijnse et al., 20006),
major depressive disorder (Remijnse et al., 2009), psycho-
pathy (Budhani, Richell, & Blair, 2006; Mitchell, Colledge,
Leonard, & Blair, 2002; Blair, Colledge, & Mitchell, 2001),
and intermittent explosive disorder (Best, Williams, &
Coccaro, 2002); thus, reversal learning is a skill related to
social and behavioral adaptation.

Previous research has identified the OFC as a critical
region for reversal learning (Ghahremani, Monterosso,
Jentsch, Bilder, & Poldrack, 2010; Tsuchida, Doll, &
Fellows, 2010; Rolls & Grabenhorst, 2008; Kringelbach &
Rolls, 2003). The OFC plays a key role in reversal learning
of various associations, such as object—points (Ghahremani
et al., 2010; Budhani, Marsh, Pine, & Blair, 2007), card—
money (Tsuchida et al., 2010; Fellows & Farah, 2003),
and face—expression contingencies (Rolls & Grabenhorst,
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plays similar roles in emotional versus neutral reversal learning.
The OFC showed greater activity during reversals of stimulus—
outcome associations for negative outcomes than for neutral out-
comes. Similar OFC activity was also observed during reversals
involving positive outcomes. Furthermore, OFC activity is more
inversely correlated with amygdala activity during negative rever-
sals than during neutral reversals. Overall, our results indicate
that the OFC is more activated by emotional than neutral re-
versal learning and that OFC’s interactions with the amygdala are
greater for negative than neutral reversal learning. i

2008; Kringelbach & Rolls, 2003). The critical role of OFC
in reversal learning was also found in animal models (Man,
Clarke, & Roberts, 2009; Bissonette et al., 2008; Rudebeck
et al., 2008).

However, it remains unclear whether the OFC is essential
for reversal learning of emotional associations or reversal
learning in general, irrespective of the emotional valence
of associations. For example, one recent study (Nahum,
Simon, Sander, Lazeyras, & Schnider, 2011) compared
neural activity when the associations-to-be-reversed had
negative valence (e.g., a spider) and when the associations-
to-be-reversed had neutral valence (e.g., a disk). In this
study, participants were instructed to choose which of
the two faces would appear with a target (either a disk
or a spider) on its nose. Over time, the face associated
with the target was switched, and participants had to
choose the previously incorrect face to see a target.
The results revealed similar levels of activity in the OFC
when reversing face—spider associations and face—disk
associations, suggesting that OFC is important for rever-
sal learning of previous associations irrespective of their
emotionality.

In this study, however, reversal trials in the neutral con-
dition involved emotional components as well. In the
neutral condition where a disk was a target stimulus, a
spider appeared on the nose of the previously correct face
to indicate a reversal of face-disk associations. Thus, the
cue to signal reversal in the neutral condition had nega-
tive valence (spider), which makes it unclear whether
the observed OFC activity was as a result of avoiding
to choose a previously correct face that is now associated
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with a spider (emotional associations) or in response to
learning new associations between a correct face and a
disk (neutral associations). To elucidate this, the current
study introduced a novel neutral condition where out-
come cues were always neutral even on reversal trials. In
addition, we had two emotion conditions (positive and
negative) to examine whether the different valence of the
outcomes would produce different patterns of OFC activity
during reversal learning. Using this paradigm, the current
study examined whether OFC activity differs during rever-
sal learning of emotional associations from that of neutral
associations.

Recent studies have demonstrated another important
aspect of the role of OFC in reversal learning. One study
(Stalnaker, Franz, Singh, & Schoenbaum, 2007) using an
operant reversal learning task of order—solution associa-
tions demonstrated that reversal learning was impaired
in the OFC lesioned group but was not affected in the
amygdala lesioned group. However, a more striking find-
ing was that damage to both OFC and amygdala did not
impair reversal learning compared with a control group
without any lesions. The results together suggest that
the interactions between the OFC and the amygdala are
critical for reversal learning rather than OFC activity alone,
suggesting that the OFC has a modulating effect on the
amygdala that protects old emotional representations.
Similar effects of OFC and amygdala lesions were found
for macaque monkeys’ instrumental extinction learning,
which also required memory updating of old emotional
associations (Izquierdo & Murray, 2005).

Given the evidence that the OFC interacts with the amyg-
dala to update old representations (Stalnaker et al., 2007;
Izquierdo & Murray, 2005) and that the amygdala is more
critical for emotional than neutral memory regardless of
emotional valence (Hamann, Ely, Grafton, & Kilts, 1999), it
seems possible that emotional reversal learning requires
greater OFC activity to counteract the amygdala than does
neutral reversal learning. Thus, we hypothesized that
(1) the OFC will show greater activity during emotional re-
versal learning than neutral reversal learning and (2) OFC
activity will be more negatively correlated with the amyg-
dala during emotional reversal learning than neutral reversal
learning.

METHODS
Participants

Nineteen undergraduates (Mg = 25.58 years, age range =
19-35 years, 11 men and 8 women) participated in the
study. They provided written informed consent approved
by the University of Southern California Institutional Re-
view Board and were paid for their participation. Pro-
spective participants were screened and excluded for any
medical, neurological, or psychiatric illness. Two partici-
pants were excluded from all analyses because of very
poor task performance (their number of errors or number

of no responses was greater than 3 standard deviations
above the mean).

Materials

The face stimuli were color images obtained from the
FACES database developed at the Max Planck Institute for
Human Development (Ebner, Riediger, & Lindenberger,
2010), which included young, middle-aged, and older
adult female and male faces.

Thirty individuals’ faces, which had neutral, happy,
angry, and eyeglasses versions, were used in the main
experiment. These faces were grouped into 15 pairs of
two faces from the same age group (i.e., five pairs of
younger faces, five pairs of middle-aged faces, and five
pairs of older faces), and the gender of each pair was always
the same (i.e., male—male, female—female pairs). One of
five pairs in each age category was randomly selected and
assigned to each participant, resulting in three pairs from
different age groups being used for each participant. Which
of the three pairs were used for which of the three con-
ditions was randomly determined for each participant.
Gender of face pairs were counterbalanced across par-
ticipants, such that half of the participants saw two female
pairs and one male pair whereas the other half saw one
female pair and two male pairs. Each of the faces in a pair
randomly appeared on the left or right side of the screen
on each trial.

Behavioral Procedures

Before the main experiment began, participants completed
two shorter practice blocks outside the scanner. The pro-
cedure in the practice session was the same as the main
task described below, except that it was shorter and had a
different categorization rule. During practice, participants
were asked to identify the person who had a baseball
cap and then who was sad. We used two pairs of faces that
were not used in the main experiment.

The main experiment consisted of positive, negative,
and neutral blocks, the order of which was randomized
across the participants. At the beginning of each block, a
prompt appeared: “Who is happy?”, “Who is angry?”, or
“Who wears glasses?” in the positive, negative, or neutral
conditions, respectively. Each trial lasted for 6 sec and be-
gan with the presentation of two neutral faces with a white
background (see Figure 1). Participants were asked to se-
lect one face with the target characteristics (happy, angty,
or eyeglasses) by pressing a key corresponding to the
left or right side of the screen. Immediately after their
response, feedback was presented for 1 sec on a gray
background. If the response was correct, the selected face
changed (into a happy face, angry face, or face with eye-
glasses), whereas the other face remained neutral. If the
response was incorrect, both of the faces remained neu-
tral. When the participant did not respond within 4 sec,
the warning “please respond faster” was displayed. The
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trial ended with a fixation cross for the remainder of the
6 sec. After three to six consecutive correct responses,
the correct face was reversed. Participants were asked to
keep track of the correct face and change their answers
as soon as they noticed the switch.

Trial Modeling

Each trial was categorized as one of three trial types:
reversal, acquisition and other. “Reversal” described indi-
vidual trials where the participant selected the previously
correct person, but this led to a neutral face expression
indicating that the response was incorrect. Reversal trials
were defined so that they were always followed by a re-
sponse shift in the next trial; thus, trials where the par-
ticipant selected the previously correct person but did
not change their response in a subsequent trial were
not included. This categorization allowed us to capture
brain activity when the participant made a final error
immediately before switching their response. It should
be noted that there were no differences in terms of the
perceptual properties or the stimulus emotionality across
positive, negative, and neutral conditions during the re-
versal trials because participants viewed two neutral faces
during reversal in all conditions. “Acquisition” included
series of trials where the subject’s correct choices of a
particular person led to a change in the face (i.e., happy
face, angry face, or face appearing with eyeglasses). The
first trial of each condition was modeled as “other” (re-
gardless of whether the subject made a correct or incor-
rect choice), as these trials required subjects to guess and
do not reflect learning (or failure of learning) of previous
associations. The rest of the trials, which did not fall into
the categories of reversal or acquisition trials, were also
aggregated as “other.” For example, “other” includes
trials where the participant chose incorrect faces before
reaching the criterion (three to six consecutive correct re-
sponses) or trials where the participant failed to respond
within 4 sec.

Functional MRI Data Acquisition and Preprocessing

Imaging was conducted with a 3-T Siemens MAGNETOM
Trio scanner with a 12-channel matrix head coil at the Uni-
versity of Southern California Dana and David Dornsife
Neuroimaging Center. The imaging parameters were rep-
etition time = 2000 msec, echo time = 25 msec, slice
thickness = 3 mm, interslice gap = 0 mm, flip angle =
90°, and field of view = 192 mm X 192 mm. Data pre-
processing were performed using FMRIB’s Software Library
(FSL; www.fmrib.ox.ac.uk/fsl), which included motion cor-
rection with MCFLIRT, spatial smoothing with a Gaussian
kernel of FWHM 5 mm, high-pass temporal filtering equiva-
lent to 100 sec, and skull stripping of structural images
with BET. MELODIC ICA2 (Beckmann & Smith, 2004) was
used to remove noise components. Registration was per-
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formed with FLIRT; each functional image was registered
to both the participant’s high-resolution brain-extracted
structural image and the standard Montreal Neurological
Institute (MNI) 2-mm brain.

fMRI Data Analyses
Whole-brain Analysis

For each reversal trial for each participant, stimulus-
dependent changes in BOLD signal were modeled with
regressors for feedback and fixation events. Signal from
the feedback and fixation periods were averaged for each
valence condition. The selection period (the initial pre-
sentation of two neutral faces) was modeled as the base-
line level of activity and, therefore, was not included as a
regressor. In addition, motion regressors were included
to adjust for volumes with sharp movement. “Acquisition”
and “other” trials were also modeled. The regressors
were convolved with a double-gamma hemodynamic re-
sponse function, and temporal filtering was applied as
well. Temporal derivatives of each of the regressors were
also included.

Whole-brain analyses were conducted using FSL FEAT
v. 5.98 (FSL; www.fmrib.ox.ac.uk/fsl). z (Gaussianized
T/F) statistic images were thresholded at the whole-brain
level using clusters determined by z > 2.3 and a (cor-
rected) cluster significance threshold of p = .05 (Worsley,
2001) unless otherwise noted. Locations reported by FSL
were converted into Talairach coordinates by the MNI-to-
Talairach transformation algorithm (Lancaster et al., 2007).
These coordinates were used to determine the nearest
gray matter using the Talairach Daemon version 2.4.2
(Lancaster et al., 2000).

ROI Analyses

Given previous findings that the lateral OFC, in particular,
plays an important role in reversal learning (Hampshire &
Owen, 2006; O’Doherty, Kringelbach, Rolls, Hornak, &
Andrews, 2001), we performed ROI analyses to examine
whether this OFC subregion shows different activities
in reversal learning across the conditions. The left and
right lateral OFC were structurally defined using University
of California, Los Angeles’s Laboratory of Neuro Imaging
LPBA40 Atlas (Shattuck et al., 2008), set at a .5 probabilistic
threshold.

Given past findings that the amygdala also plays a role
in reversal learning in interaction with the OFC (Stalnaker
et al., 2007; Izquierdo & Murray, 2005), we performed ROI
analyses for the left and right amygdala. The amygdala were
segmented from each participant’s high-resolution struc-
tural scan using FreeSurfer (surfer.nmr.mgh.harvard.edu)
and FSL FAST (FSL, www.fmrib.ox.ac.uk/fsl). For each
participant, the amygdala from the segmenting software
judged as more accurate was selected for further manual
correction. Next, manual correction of this selected ROI
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Figure 1. Experimental
procedure. Due to the limited
number of faces allowed to be
used for publication, the face
pair in Figure 1 is an example
but not an actual pair used in
the experiment. In the actual
experiment, the two faces in a
pair were from the same age
group and gender, and three
different face pairs were used
for each condition for each
participant. The positive (top),
negative (middle), or neutral
blocks (bottom) were assigned
to the participant in a random
order. The two people were
randomly assigned to the right
or the left of the screen. The
trial began with a presentation
of two people displaying neutral
expressions during which the
participant had to select one
person by pressing a key.
Feedback was presented for

1 sec, which was followed

by a fixation cross for the
remainder of the 6 sec.

(A) In acquisition trials where
the response was correct,

the selected face changed
(into a happy face, angry

face, or face with eyeglasses,
respectively), whereas the
other face remained neutral.
(B) In reversal learning trials
where the response was
incorrect, both of the faces
remained neutral. Across
conditions, the task for the
participant was to keep track
of the correct person because
it switched midgame. The
correct person changed

after between three and six
consecutive correct trials;

the number of trials before
the change was unknown

to the subject.

A Acquisition Trials

Selection
(up to 4 sec)

Positive
“Who will be happy?”

Negative
“Whowill be angry?”

Neutral
“Who will wear glasses?”

Selection
(up to 4 sec)
Positive
“Who will be happy?”

Negative
“Whowill be angry?”

i

Neutral
“Who will wear glasses?”

Feedback
(1 sec)

RE-
b

B Reversal Learning Trials

Feedback
(1 sec)

Fixation
(remainder of the 6 sec)

Fixation
(remainder of the 6 sec)
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was carried out using FSLView and involved removing
erroneous voxels in nonamygdala regions (e.g., hippocam-
pus, white matter). For both ROI analyses, FSL Featquery
was used to extract percent signal change values.

Functional Connectivity Analyses

To examine functional connectivity, we applied a beta
series correlation analysis (Gazzaley, Cooney, Rissman, &
D’Esposito, 2005; Rissman, Gazzaley, & D’Esposito,
2004). This allowed us to use trial-to-trial variability to
characterize dynamic interregional interactions. The left
lateral OFC, which served as the seed region, was func-
tionally defined based on shared voxels from activation
clusters (contrasting the positive and negative conditions,
respectively, to the neutral), voxel-thresholded at a z =
2.3 in the whole-brain analysis.

First, a new general linear model design file was con-
structed where each reversal trial was coded as a unique
covariate, resulting in up to 39 independent variables
(the maximum number of reversal trials achieved by
participants across all three conditions). To reduce the
confounding effects of the global signal change, the mean
signal level over all brain voxels was calculated for each
time point and was used as a covariate. The model also
involved additional nuisance regressors for acquisition
and “other” trials. Second, the least squares solution of
the general linear model yielded a beta value for each
reversal trial for each individual participant. These beta
values were then sorted by conditions. Third, mean ac-
tivity (i.e., mean parameter estimates) was extracted for
each individual reversal trial from a seed region. Fourth,
for each condition, we computed correlations between
the seed’s beta series and the beta series of all other
voxels in the brain, thus generating condition-specific seed
correlation maps. Correlation magnitudes were converted
into z scores using the Fisher’s r-to-z transformation.
Condition-dependent changes in functional connectivity
were assessed using random effects analyses, which were
thresholded at the whole-brain level using clusters de-
termined by Z > 2.3 and a (corrected) cluster significance
threshold of p = .05.

RESULTS
Behavioral Results

The errors made in the first trial of each condition were
excluded, as those were guessing errors and were not be-
cause of failure of learning previous associations. The rest
of the errors were divided into two types: reversal and
other. The total number of reversal errors was calculated
for each condition. A one-way repeated-measures ANOVA
(conditions: positive, negative, neutral) revealed no signifi-
cant difference between conditions (Mpositive = 10.41,
SE = 0.47; Mpegaive = 10.82, SE = 0.38; Mpeya = 10.94,
SE = 047), F(2,32) = 0.90, MSE = 1.46, p = .42, n,* =
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.05, suggesting that participants performed similarly across
conditions. The total number of other errors was also
calculated for each condition; however, no significant dif-
ferences across conditions were found, F(2, 32) = 0.77,
MSE = 091, p = 47, 7," = .05,

fMRI Results

First, we contrasted brain activity during reversal and ac-
quisition to examine whether the OFC is more important
for reversal learning than acquisition. For the rest of the
analyses, we contrasted brain activity during the reversal
trials across conditions in which there were no differences
in the perceptual properties or the stimulus emotionality
(Figure 1B).

Brain Regions Showing Greater Activity during
Reversal than Acquisition

When collapsed across the three valence conditions, re-
versal compared with acquisition trials produced increased
activity in OFC/insula (BA 47/BA 13), dorsolateral pFC
(BA 9), frontopolar area (BA 10), and ACC (BA 24 and
BA 32). Furthermore, secondary motor cortex (BA 6),
somatosensory association cortex (BA 7), V3 (BA 19),
superior temporal gyrus (BA 22), and supramarginal gyrus
part of Wernicke’s area (BA 40) showed increased activity
in reversal than acquisition trials. Thus, consistent with
previous research (Ghahremani et al., 2010; Tsuchida
et al., 2010; Rolls & Grabenhorst, 2008; Kringelbach &
Rolls, 2003), the OFC showed greater activity during rever-
sal than acquisition trials, indicating a critical role of the
OFC in reversal learning.

Brain Regions Showing Different Activity during
Emotional versus Neutral Reversal Learning

We examined our hypothesis that the positive and negative
emotion conditions produce different patterns of brain
activity than the neutral condition during reversal learn-
ing. The whole-brain analysis revealed greater activity in
the negative than neutral conditions in inferior frontal
gyrus/OFC (BA 47), precentral gyrus (BA 9), frontal pole
(BA 10), anterior cingulate (BA 24, BA 32), and insula
(BA 13). Other regions showing significant differences
in the negative—neutral contrast are reported in Table 1.
There were no significant findings in other contrasts
(negative—positive, positive—negative, positive—neutral,
neutral-positive, neutral-negative). However, when we
used a lower threshold (a voxel threshold of z = 2.3),
the positive—neutral contrast yielded similar results to the
ones in the negative—neutral contrast. When compared
with the neutral condition, the positive condition pro-
duced greater activity in inferior frontal gyrus/OFC (BA 47;
Figure 2), precentral gyrus (BA 9), frontal pole (BA 10),
anterior cingulate (BA 24), and insula (BA 13). Although
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Table 1. Brain Activity Showing Significant Differences between Conditions during Reversal Learning. L = left; R = right

MNI Talairach

Area H BA X y z X y z Z max
Negative > Neutral

Precuneus L 7 0 —40 52 -5 —44 47 3.34
Postcentral gyrus L 3 -18 -30 74 -19 —36 67 3.27
Anterior cingulate L 24 2 —14 36 0 —18 35 3.19
Thalamus R 22 —32 6 19 —32 7 3.64
Superior temporal gyrus R 22 58 10 —14 53 8 -7 3.45
Parahippocampal gyrus R 34 26 2 -16 23 1 -10 3.31
Insula L 13 =50 —48 22 —48 —48 19 3.58
Fusiform gyrus L 37 —48 —54 -2 —46 —52 -3 3.56
Fusiform gyrus L 37 —58 —56 -2 —55 —53 —4 3.48
Lentiform nucleus L —32 —20 -2 —31 -20 0 3.40
Superior temporal gyrus L 41 —38 —30 6 —36 —30 6 3.33
Caudate L —38 —30 2 -36 —30 3 3.26
Inferior frontal gyrus L 47 —44 26 -30 —41 25 =21 3.19
Inferior frontal gyrus L 47 =36 32 —4 —34 29 3 3.18
Inferior frontal gyrus L 47 —52 22 -8 —49 20 -2 3.16
Postcentral gyrus R 31 6 —52 30 4 —53 26 3.47
Cuneus L 7 0 —64 36 -2 —65 31 3.00
Cuneus L 7 0 —74 40 -2 —74 33 2.90
Precentral gyrus L 9 —40 28 38 —38 21 40 3.44
Inferior frontal gyrus L 9 —54 14 30 =51 9 31 3.20
Precentral gyrus L 6 —44 6 44 —42 0 43 3.05
Superior temporal gyrus R 22 58 —32 2 53 —32 4 3.19
Insula R 13 52 —34 26 47 -36 25 3.14
Superior temporal gyrus R 42 66 —30 16 60 —31 17 3.10
Lentiform nucleus L -20 10 8 —20 7 12 3.18
Claustrum L —34 2 6 —33 0 9 3.17
Claustrum L —34 -2 6 —33 —4 9 3.10
Anterior cingulate L 32 —4 42 —14 —4 39 -5 3.65
Frontal pole R 10 2 66 -12 1 61 -1 3.03
Frontal pole L 10 -8 66 —14 -8 61 -3 3.00
Middle occipital gyrus L 19 —40 —82 10 —38 =79 5 3.63
Middle occipital gyrus L 18 —26 —94 14 =25 =90 8 3.60
Cuneus L 17 —22 —94 12 —22 —90 6 3.60
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Table 1. (continued)

MNI

Talairach

Area H BA X

z X y z Z max

Positive > Neutral

No significant results

Negative > Positive

No significant results

Positive > Negative

No significant results

Neutral > Negative

No significant results

Neutral > Positive

No significant results

these results based on use of a lower threshold should
be interpreted with caution, they provide useful informa-
tion about the similarities between the positive and nega-
tive conditions in contrast with the neutral condition.
Next, we combined the positive and negative conditions
(together called the emotion condition) and contrasted
them against the neutral condition. The emotion condi-
tion yielded greater activity in areas including inferior fron-
tal gyrus/OFC (BA 47), precentral gyrus (BA 9), insula
(BA 13), and anterior cingulate (BA 24) than did the neutral
condition, whereas the reverse contrast showed no signifi-
cant findings (Table 2; Figure 2). The results suggest that
the OFC is more important for emotional than for neutral
reversal learning. Although not hypothesized, other re-
gions, such as insula, also seem more involved in emotional
reversal learning than in neutral reversal learning.

ROI Analysis for the Lateral OFC

One-way ANOVAs (comparing positive, negative, and
neutral conditions) were performed on the percent sig-
nal change from the left and right lateral OFC. There
was a significant effect of Condition in the left lateral
OFC, F(2, 32) = 6.55, MSE = 0.05, p < .01, n,> = .29,
but not in the right lateral OFC (p = .21). Post hoc  tests
suggest that the left lateral OFC showed significantly
greater activity in the negative than the neutral condi-
tions, #(16) = 3.40, p = .004, and in the positive than
the neutral conditions, ¢(16) = 2.22, p = .04, whereas
there was no significant difference between the negative
and the positive conditions (p = .18; see Figure 3).
These results suggest that the left lateral OFC is more
involved in emotional reversal learning than in neutral
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reversal learning, regardless of valence. However, it re-
mains unclear why this region showed reduced activity
during neutral reversals than baseline, and additional
investigation is needed to address this point.

ROI Analysis for the Amygdala

One-way ANOVAs (comparing positive, negative, and
neutral conditions) were performed on the percent sig-
nal change from the left and right amygdala. There was
a marginally significant effect of Condition in the left
amygdala, F(2, 32) = 2.95, MSE = 0.13, p = .067, n,” =
.16, and a significant effect of Condition in the right amyg-
dala, F(2, 32) = 7.44, MSE = 0.08, p = .002, n,” = .32.
A post hoc ¢ test suggests that the left amygdala showed
significantly greater activity in the negative than the neu-
tral conditions, #(16) = 2.93, p = .01, and the same pat-
tern was seen in the right amygdala, #(16) = 3.99, p =
.001 (Figure 4). The right amygdala also showed sig-
nificantly greater activity in the positive than the neutral
conditions, #(16) = —2.59, p = .020. There were no other
significant findings.

Functional Connectivity Analysis with the Left Lateral
OFC as a Seed Region

The whole-brain connectivity analysis comparing the neg-
ative and neutral conditions revealed that the negative
condition produced a significantly greater negative corre-
lation between the left lateral OFC and the left parahip-
pocampal gyrus/amygdala than did the neutral condition
(Figure 5; Table 3). We did not find greater negative
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Figure 2. (A) The OFC
showed greater activity when A
participants reversed negative !
associations than neutral
associations. (B) The positive—
neutral contrast also showed

a similar pattern of left lateral
OFC activity (as compared with
the neutral condition) when the
voxel threshold was lowered to
z = 1.65 for image B. Although
the low-threshold map should
be interpreted with caution,

it provides useful information
about the similarities between
the positive and negative B =3
conditions in contrast to the
neutral condition. (C) When
positive and negative conditions
were combined, the emotion
condition showed greater
activity in the left lateral OFC
than did the neutral condition,
(D) whereas the reverse
contrast showed no significant
findings. The images were
thresholded at the whole-brain
level using clusters determined
by z > 2.3 and a (corrected)
cluster significance threshold
of p = .05, except for image B.
The bar graphs show the mean
percent signal change within a
sphere of 3-mm radius centered
at the peak voxel in the left
lateral OFC for each contrast
(A: [x, 9, z] = —42, 32, —16;
B: [x, 9, z] = —42, 26, —10;

C: [x, 9, 2] = —42, 26, —10).

=8 Negative - Neutral 0.2

Positive - Neutral
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(=]
i
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B Emotion
ONeutral

—0.1

=02

mean % signal change

0.3

~0.4-

correlations between the left lateral OFC and the amyg-
dala in any other contrasts.

DISCUSSION

Although many previous studies suggested that OFC is
important for reversal learning, they did not indicate
whether the OFC is more involved in reversal learning

of emotional associations or equally involved in reversal
learning regardless of the valence of associations. To in-
vestigate this, we introduced a novel condition where
feedback was always neutral, enabling us to examine
the differences in neural activity during neutral versus
emotional reversal learning.

In line with our first hypothesis, we found that OFC is
more involved in emotional reversal learning than neu-
tral reversal learning. The whole-brain and ROI results
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Table 2. Brain Activity Showing Significant Differences between Emotion vs. Neutral Conditions during Reversal Learning

MNI Talairach

Area H BA X y z X y z Z max
Emotion > Neutral

Insula L 13 =50 —48 22 —48 —48 19 3.06
Fusiform gyrus L 37 —58 —56 6 -55 —54 4 3.50
Fusiform gyrus L 37 —48 —54 -2 —46 —52 -3 3.44
Anterior cingulate L 24 0 -16 36 -1 -20 35 3.26
Posterior cingulate L 31 2 —26 50 0 =30 46 3.24
Posterior cingulate L 23 -2 -10 32 -3 —14 32 3.20
Insula R 13 52 —34 26 47 —36 25 3.32
Insula R 13 60 —32 18 54 —33 18 3.30
Superior temporal gyrus R 22 64 —40 10 58 —40 10 3.21
Transverse temporal gyrus L 41 —34 -30 10 —33 —30 10 3.32
Lentiform nucleus L —32 —20 —4 —31 —20 -2 3.19
Superior temporal gyrus L 41 —40 -30 2 —38 -30 3 2.92
Precentral gyrus L 9 —40 28 36 —38 21 38 3.48
Inferior frontal gyrus L 9 —54 14 30 =51 9 31 3.06
Inferior frontal gyrus L 9 =50 12 28 —48 7 29 2.99
Inferior frontal gyrus L 47 —36 32 —4 —34 29 3 3.47
Inferior frontal gyrus L 47 —46 22 —22 —43 21 —14 3.19
Inferior frontal gyrus L 47 —52 20 —14 —49 18 -7 3.09
Middle occipital gyrus L 18 —22 —94 14 —22 —90 8 3.67
Middle occipital gyrus L 19 —36 —88 14 —35 -85 8 3.46

Neutral > Emotion

No significant results

L = left; R = right.

revealed that the OFC produced greater activity during
reversal learning of negative associations than of neutral
associations. Although relatively weaker (and nonsignifi-
cant), OFC activity was found in the positive-neutral con-
trast compared with the negative—neutral contrast, the
positive and negative conditions showed a similar pattern
of OFC activity during reversal trials (as compared with
the neutral condition). In addition, the ROI analysis in-
dicated that the left lateral OFC showed significantly
greater activity in the negative and positive conditions
than in the neutral condition, with no significant differ-
ences between the positive and negative conditions. These
results largely supported our first hypothesis that OFC
plays a more critical role in emotional than neutral reversal
learning. We also found that OFC has greater inverse cor-
relations with parahippocampal gyrus/amygdala during
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reversal learning in the negative condition than in the
neutral condition. Although we did not find similar patterns
in the positive—neutral contrast, these results are in line
with our second hypothesis and suggest that OFC down-
regulates amygdala to allow for flexible reversal learning.
The negative correlations between the OFC regions
and the amygdala have also been implicated in previous
studies using different learning tasks that have reversal
learning components. One study used an extinction learn-
ing paradigm where initial object—point associations were
reversed in the extinction phase so that participants had
to learn to respond to previously punishing objects and
avoid responding to previously rewarding objects (Finger,
Mitchell, Jones, & Blair, 2008). During successful extinc-
tion, frontopolar OFC activity showed significant negative
correlations with activity in the right and left amygdala.
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Figure 3. The left lateral OFC activity during reversal learning across
conditions. The left lateral OFC showed significantly greater activity
in the negative than neutral conditions and in the positive than
neutral conditions (ps < .05).

Similarly, a recent study on memory updating using a
long-term memory paradigm (Sakaki, Niki, & Mather,
2011) found that the frontal pole had negative correlations
with the amygdala when people learned new associations to
old emotional items. These findings are consistent with the
idea that the frontopolar OFC helps update old associations
by countering amygdala’s protection of previous rep-
resentations (Schoenbaum, Saddoris, & Stalnaker, 2007,
Stalnaker et al., 2007). By including a novel neutral condi-
tion, the current study further demonstrated that there
were greater negative correlations between the OFC and

0.6 5 H Negative
O Positive
i o~ @ Neutral
0.4+
0.2+

mean % signal change in the amygdala

Left Right

Figure 4. The amygdala activity during reversal learning across
conditions. Both the left and right amygdala showed significantly
greater activity in the negative than neutral conditions (p < .05).

z > 2.3, a corrected cluster threshold of p < .05

Figure 5. The left lateral OFC cluster showed more negative
functional connectivity with the left parahippocampal gyrus/amygdala
in the negative condition than in the neutral condition. The image
was thresholded at the whole-brain level using clusters determined
by z > 2.3 and a (corrected) cluster significance threshold of p = .05.

amygdala during reversal learning of negative associations
than that of neutral associations, consistent with the notion
that OFC—amygdala interactions are particularly important
for reversal learning of emotional associations.

The question remains as to why we did not observe
greater negative correlations between the OFC and the
amygdala in the positive than the neutral conditions. One
possible explanation is that positive reversal learning did
not evoke as strong an emotional response as did negative
reversal learning; hence, reversals of positive associations
required less OFC involvement to modulate old represen-
tations in the amygdala than did reversals of negative asso-
ciations. In fact, our ROI results suggest that both the left
lateral OFC and bilateral amygdala showed less activity
during positive than negative reversal learning (albeit the
differences between the positive and negative conditions
were not significant), suggesting that positive reversal
learning may require less OFC resources than does nega-
tive reversal learning. Related to these findings, previous
research suggests that negative reversal learning is more
difficult or effortful than positive reversal learning. A
recent ERP study (Willis, Palermo, Burke, Atkinson, &
McArthur, 2010) found that people performed worse at
switching associations formed with angry expressions than
with happy expressions. In addition, they found that P3s
amplitude was reduced and P3b latency was delayed during
negative compared with positive reversal learning, sug-
gesting that old negative representations may be more
resistant to modification than old positive representa-
tions. Taken together, our findings suggest that OFC is
involved in both positive and negative reversal learning;
however, there might be differences between the two
conditions with respect to task difficulty and the timing
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Table 3. Brain Regions Showing Differential Negative Connectivity with the Left Lateral OFC across Conditions

MNI Talairach
Area H BA X y z X y z Z max
Negative > Neutral
Parahippocampal gyrus/amygdala L 34 -10 0 —13 -10 -1 -8 4.14
Anterior cingulate L 25 1 5 -9 0 4 -3 3.44
Caudate L —12 24 -1 -12 21 5 3.30
Hypothalamus 1 2 -9 0 1 —4 3.24
Inferior frontal gyrus L 47 -16 17 —10 —16 15 —4 3.19
Positive > Neutral
No significant results
Negative > Positive
No significant results
Positive > Negative
Supramarginal gyrus R 40 48 —45 30 48 —45 30 3.50
Inferior parietal lobule R 40 50 —43 51 50 —43 51 3.48
Precuneus L 31 -9 —67 22 -9 —67 22 3.64
Cingulate gyrus L 31 -1 —41 39 -1 —41 39 3.79
Neutral > Negative
Cingulate gyrus R 31 10 —44 42 8 —46 38 3.74
Middle temporal gyrus L 39 —54 =73 11 =52 =71 6 5.05
Middle temporal gyrus L 22 —54 -31 6 -51 -31 6 4.30
Superior temporal gyrus R 22 40 —53 13 36 —53 11 3.82
Inferior parietal lobule L 40 —60 —37 33 =57 -39 29 3.66
Neutral > Positive
Superior temporal gyrus L 42 —66 —32 19 —62 -33 17 4.22
Middle temporal gyrus L 39 —54 —74 13 —52 -71 8 3.93
Anterior cingulate L 32 -16 24 34 -16 18 36 4.36
Insula L 13 —45 -3 6 —42 -5 9 3.66

L = left; R = right.

of neural activity. Further investigation is needed to test
these possibilities.

In conclusion, the current study provides important new
information about the role of OFC in reversal learning. Our
results suggest that the OFC is more critical for emotional
than neutral reversal learning and that OFC’s interactions
with the amygdala are greater for negative than neutral re-
versal learning. Future research should investigate more
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precise roles of the OFC during positive and negative re-
versal learning by using various levels of stimulus intensity
and task difficulty.
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