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Abstract
In life, we must often learn new associations to people, places, or things we already know. The
current functional magnetic resonance imaging study investigated the neural mechanisms
underlying emotional memory updating. Nineteen participants first viewed negative and neutral
pictures and learned associations between those pictures and other neutral stimuli, such as neutral
objects and encoding tasks. This initial learning phase was followed by a memory updating phase,
during which participants learned picture-location associations for old pictures (i.e., pictures
previously associated with other neutral stimuli) and new pictures (i.e., pictures not seen in the
first phase). There was greater frontopolar/ orbitofrontal (OFC) activity when people learned
picture-location associations for old negative pictures than for new negative pictures, but
frontopolar OFC activity did not significantly differ during learning locations of old versus new
neutral pictures. In addition, frontopolar activity was more negatively correlated with the
amygdala when participants learned picture-location associations for old negative pictures than for
new negative or old neutral pictures. Past studies revealed that the frontopolar OFC allows for
updating the affective values of stimuli in reversal learning or extinction of conditioning (e.g.,
Izquierdo & Murray, 2005); our findings suggest that it plays a more general role in updating
associations to emotional stimuli.
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The emotion elicited by stimuli or events affects later memory for that information (see
Dolcos & Denkova, 2008; LaBar & Cabeza, 2006; Phelps, 2004 for reviews). Emotional
items are remembered better than neutral items (e.g., Canli, Zhao, Brewer, Gabrieri, &
Cahill, 2000; Dolcos, LaBar, & Cabeza, 2004; Hamann, Ely, Grafton, & Kilts, 1999).
Intrinsic details (e.g., color, locations) of emotional items are also remembered better than
those of neutral items (D’Argembeau & Van der Linden, 2004; Doerksen & Shimamura,
2001; Hadley & MacKay, 2006; Kensinger, Garoff-Eaton, & Schacter, 2006; MacKay &
Ahmetzanov, 2005; Mather, 2007; Mather, Gorlick, & Nesmith, 2009; Mather & Nesmith,
2008; Nashiro & Mather, in press). These laboratory studies examined memory for the
features of novel items. However, learning new information is only one aspect of human
memory function. In life, we often re-encounter people, objects, or places in new contexts,
and must learn new associations to things we already know. For instance, the first time one

Correspondence concerning this article should be addressed to Michiko Sakaki, 3715 McClintock Ave., University of Southern
California, Los Angeles, CA 90089. msakaki@usc.edu.

NIH Public Access
Author Manuscript
J Cogn Neurosci. Author manuscript; available in PMC 2011 November 1.

Published in final edited form as:
J Cogn Neurosci. 2011 November ; 23(11): 3498–3514. doi:10.1162/jocn_a_00057.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



sees a rattlesnake might be very memorable, but how about the second time? Will it be
harder to learn the new rattlesnake location? Updating existing knowledge is an important
ability required in everyday life. The current study employed functional magnetic resonance
imaging (fMRI) to investigate whether updating memory of emotional information depends
on different neural mechanisms than learning new emotional information.

Most past studies on emotional memory updating used stimulus-reward or stimulus-
punishment association learning paradigms. These studies suggest that updating emotional
memory depends on the frontopolar/ orbitofrontal (OFC) regions. The first line of evidence
comes from studies on reversal learning (e.g., Rolls, 2004; Rolls, McCabe, & Redoute,
2008; Schoenbaum, Saddoris, & Stalnaker, 2007). In a typical reversal-learning task,
animals or humans are first presented with two cues and acquire associations between one of
the cues and a reward. This learning phase is followed by reversal trials, in which
participants have to respond to the previously unrewarded cue to obtain rewards. In fMRI
studies, the frontopolar OFC activates during reversal learning (e.g., Budhani, Marsh, Pine,
& Blair, 2007; Kringelbach & Rolls, 2003; Remijnse, Nielen, Uylings, & Veltman, 2005)
and OFC lesions impair reversal learning in rats (e.g., Schoenbaum, Nugent, Saddoris, &
Setlow, 2002), in monkeys (e.g., Dias, Robbins, & Roberts, 1996; Izquierdo, Suda, &
Murray, 2004), and in humans (e.g., Fellows & Farah, 2003; Hornak, et al., 2004).

Another line of research, examining memory extinction, also suggests that the frontopolar
OFC is necessary for updating emotional associations. For example, OFC lesions impair
extinction of fear or reward conditioning in animals (e.g., Butter, 1969) and in humans (e.g.,
Rolls, Hornak, Wade, & McGrath, 1994). Neuroimaging studies also reveal enhanced
frontopolar OFC activity during extinction of classical aversive conditioning (e.g., Gottfried
& Dolan, 2004; Phelps, Delgado, Nearing, & LeDoux, 2004) and operant reinforcement
conditioning (Finger, Mitchell, Jones, & Blair, 2008). Furthermore, in one study with
humans, cortical thickness of the frontopolar OFC region predicted fear conditioning
extinction (Milad, et al., 2005). Since extinction involves updating emotional memory (i.e.,
inhibiting the original conditioned responses and learning new associations with conditioned
stimuli), these results are consistent with the view that updating emotional memories
depends on the frontopolar OFC.

Although the role of the amygdala is still under investigation, recent research suggests that it
protects memory for previous emotional events by preventing updating of these memories,
while frontopolar OFC down-regulates the amygdala, allowing for flexible updating of
emotional memories (Schoenbaum, et al., 2007). For example, lesion studies in monkeys
revealed that while OFC lesions impaired reversal learning and extinction learning,
amygdala lesions facilitate both extinction (Izquierdo & Murray, 2005) and reversal learning
(Rudebeck & Murray, 2008). Stalnaker et al. (2007) also provided evidence that the
amygdala mediates the effects of OFC on reversal learning in rats: Whereas lesioning OFC
alone impaired reversal learning (as discussed above), lesioning OFC and amygdala together
did not impair reversal learning. Thus, performance was actually better with an additional
lesion—consistent with the notion that the amygdala works against updating of emotional
memories, but is countered by the OFC. In line with these findings in animals, neuroimaging
research with humans found that the frontopolar region had negative functional connectivity
with the amygdala during extinction learning (Finger, et al., 2008). These results suggest
that the frontopolar OFC facilitates flexible updating of emotional memories by inhibiting
the amygdala’s protection of old emotional memories.

Since past studies on emotional memory updating predominantly relied on either reversal
learning or extinction learning, however, several important questions remain. First, previous
work has not examined how updating emotional information differs from updating non-
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emotional information. In typical reversal learning or extinction learning paradigms,
memory updating always involves emotional components (e.g., learning associations
between a previously rewarding cue and a non-rewarding event; learning associations
between a previously neutral cue and a reward; inhibiting previous aversive or
reinforcement conditioning). Thus, it is unclear whether frontopolar OFC is more involved
when the information to be updated is emotional than when it is non-emotional. Second,
while emotional memory updating does not necessarily mean updating affective values of
stimuli (e.g., remembering the new location of a snake does not require updating the
affective value of the snake), both reversal learning and extinction learning involve re-
learning of affective values of stimuli (e.g., re-learning reward-stimulus association or re-
learning punishment-stimulus associations). Thus, it is not clear whether or not the
frontopolar OFC region is involved in learning new information about existing emotional
memories even when affective values of stimuli do not need to be changed.

In fact, recent behavioral studies suggest that even when people do not have to re-learn
affective values of stimuli, adding new associations to existing emotional memories involves
different processing than learning similar associations to new emotional information (e.g.,
Mather & Knight, 2008; Novak & Mather, 2009). In one study (Mather & Knight, 2008), for
example, participants first learned that some neutral faces predicted emotional pictures, and
other neutral faces predicted neutral pictures. This initial phase was followed by an updating
phase, where they learned intrinsic details (i.e., location) of those neutral faces that
previously predicted either negative or neutral pictures. In addition to the old faces, the
updating phase also involved new negative or new neutral faces that participants had not
seen previously. Consistent with the emotional memory-enhancement shown in past studies
(e.g., Mather & Nesmith, 2008), when faces were new, the locations of negative faces were
remembered better than those of neutral faces. In contrast, the old faces showed the opposite
pattern: Neutral faces previously associated with negative pictures produced worse memory
for their locations than those previously associated with neutral pictures. Thus, it appears
that even when the affective values of stimuli do not need to be updated, adding new
associations to existing emotional memories requires different mechanisms than learning
new emotional items.

The present study examines the brain mechanisms underlying emotional memory updating,
focusing on whether the frontopolar OFC is involved in learning new associations to old
emotional stimuli. We also introduced a neutral memory updating condition, to see whether
the frontopolar OFC plays a more important role in emotional memory updating than in non-
emotional memory updating. The experiment involved two phases: an initial learning phase
and an updating phase. During the initial learning phase, participants viewed emotional or
neutral pictures and studied associations between those pictures and other information (such
as neutral objects or encoding tasks). This initial learning phase was followed by the
updating phase, in which participants learned the location of pictures. The pictures in the
updating phase included those from the initial association phase (i.e., old condition) as well
as new emotional and new neutral pictures (i.e., new condition). If the frontopolar OFC
helps update emotional memory even when affective values of stimuli do not need to be
changed, this brain region should show greater activity during learning locations of old
compared with new emotional pictures. In contrast, the frontopolar OFC activity should not
differ when learning locations of old versus new neutral pictures. In addition, if the
frontopolar OFC counters amygdala’s protection of old emotional memories, the frontopolar
OFC should have negative functional connectivity with the amygdala especially when
participants learn new associations to old emotional pictures.
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Methods
Participants

Twenty Japanese undergraduate and graduate students at University of Tsukuba took part in
the experiment (13 males and 7 females; Mage = 21.2, SD = 1.72). They gave written
informed consent in accordance with the MRI ethics committee of AIST and were paid for
their participation. Prospective participants were screened and excluded for any medical,
neurological, or psychiatric illness. There was an earthquake during one participant’s fMRI
session. We did not include this participant’s data in the analyses.

Design and Materials
The updating phase involved learning 120 picture-location associations. Forty pictures were
new pictures not seen in the initial learning phase (i.e., new condition), while the other 80
pictures were old pictures learned in the initial learning phase (i.e., old condition). To
address the effects of the type of initial associations, half of the old pictures were associated
with neutral objects in the initial learning phase (i.e., old-object), whereas the other half
were associated with encoding tasks (i.e., old-task).

We employed 120 matched-picture pairs, in which each negative picture was yoked with a
visually similar, but less arousing neutral picture (Mather & Nesmith, 2008). The 120 pairs
were grouped into three sets of 40 matched-pair pictures. Each stimulus set was assigned to
one of the three stimulus type conditions (i.e., old-object, old-task and new conditions). The
assignment was counterbalanced across participants. Forty matched-picture pairs assigned to
each stimulus type condition were further divided into two groups of 20 pairs (i.e., Set A and
B). For half of the participants, we used only the negative versions from Set A and the
neutral versions from Set B, while for the other half, we used the neutral versions from Set
A and the negative versions from Set B. Thus, each participant was shown just one of the
two pictures from a matched pair, resulting in 20 negative and 20 neutral pictures in each
condition. In addition to the matched pictures, we employed 40 drawings of common neutral
objects (e.g., apple, pen) obtained from a previous study (Snodgrass & Vanderwart, 1980),
internet, and a commercialized DVD. Forty pictures assigned to the old-object condition
were randomly paired with these neutral objects.

Behavioral Procedures
Participants completed a practice session of the experimental trials outside the scanner (with
neutral stimuli not used in the main session). After participants entered the scanner, an initial
T1-weighted sagittal localizer and a T1-weighted axial image were acquired, followed by
study sessions. The study consisted of a) the initial learning phase and b) the updating phase,
each of which was followed by a memory test (Figure 1). All tasks were conducted while
participants were in the scanner, but they were not scanned during any of the memory tests.

Initial learning phase—The initial learning phase involved learning 40 picture-object
pairs and 40 picture-task pairs. To enhance participants’ memory, each pair was repeated in
a second block. The block order was counterbalanced across participants. Thus, half of the
participants completed the initial learning phase in the following order: 1) picture-object, 2)
picture-task, 3) picture-task, and 4) picture-object blocks. The other half received sessions in
a different order: 1) picture-task, 2) picture-object, 3) picture-object, and 4) picture-task
blocks.

In the picture-object block (Figure 2A), participants were first shown either a negative or
neutral picture for 2 sec, which was followed by a neutral object for 3 sec. The picture
remained on the screen during the object presentation. The object was shown either at the
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left bottom or the right bottom of the screen. Participants were asked to indicate the location
of the object (i.e., left or right) by pressing keys, and to memorize an association between
the picture and the object. After the object and the picture disappeared, a fixation cross was
presented for 4-6 sec, which was followed by a next trial. The trial order was randomized
regardless of the picture valence.

A similar procedure was employed in the picture-task block (Figure 2A). On each trial,
participants were presented with either a negative or neutral picture. Two seconds later, one
of the following two questions was shown for 3 sec while the picture still remained on the
screen: a) a question about themselves (self-task; “Have you seen similar scenes?”) or b) a
question about their mothers (other-task; “Has your mother seen similar scenes?”). Half of
the pictures were paired with the “self” task, while the other half were paired with the
“other” task. The assignment of the tasks was counterbalanced across participants.
Participants were asked to memorize an association between the picture and the task, and
also to press keys to indicate their answers to the questions. On the self-task trials, they were
told to answer whether they had seen a similar scene in other contexts (e.g., movies or TVs)
or not. On the other-task trials, they were asked to answer whether they thought their
mothers had seen similar pictures or not. The trial order was randomized regardless of the
picture valence and the type of questions.

Memory test for the initial learning phase—Immediately after participants completed
each learning block, their memory about the associations was tested by a forced-choice
memory test. In the memory test on the picture-object associations (Figure 2B), participants
were shown one of the 40 pictures presented in the preceding learning block with two
neutral objects: a) the one associated with the picture, and b) another object associated with
a different picture from the same valence category. Participants were told to indicate which
object was associated with the picture. When they selected the wrong object, they saw
“incorrect” on the screen for 1 sec. A similar procedure was used in the memory test on the
picture-task association. Participants were shown each of the 40 pictures presented in the
preceding learning block, and asked to indicate whether the picture was paired with the self
question or with the other question. They saw “incorrect” on the screen for 1 sec when they
selected the wrong question.

Updating phase—In the updating phase, participants were asked to learn 120 picture-
location associations. During one-third of the trials, they saw new pictures that they had not
seen in the initial learning sessions (i.e., new condition). On the remaining trials, they were
shown pictures that had been associated with tasks or neutral objects (i.e., old condition).
Unlike the initial learning phase, participants studied picture-location associations only
once. They were told that they would have just one trial to learn each picture-location
association, and to do their best to memorize each association during its presentation. On
each trial (Figure 2C), participants were shown one picture at either the left top or the right
bottom of the screen for 2 sec. They were asked to memorize an association between the
picture and the location. The picture was followed by a 2-sec blank screen and then a pink or
a green dot appeared at the center of the screen for 1 sec. Participants were asked to press
keys to indicate the color of the dots. The dot was followed by a 4-6 sec interval and then
the next trial started. The trial order was randomized regardless of picture valence and
stimulus type. The 120 trials were divided into three blocks of 40 trials and participants took
a 1-min rest between blocks.

Memory test for the updating phase—Immediately after the updating phase,
participants were shown each of the 120 pictures presented in the updating phase in the
center of the screen, and asked to remember whether the picture was shown at the left-top or
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the right-bottom of the screen (Figure 2D). We did not give participants “incorrect”
feedback.

Functional MRI Data Acquisition and Preprocessing
All scanning was performed on a 3.0-T MRI Scanner (GE 3T Signa) equipped with EPI
capability using the standard head coil for radiofrequency transmission and signal reception.
27 axial slices (4 mm thick and 0.2 mm gap, interleaved) were prescribed to cover the whole
brain. A T2* weighted gradient echo EPI was employed. The imaging parameters were
TR=2s, TE=30ms, FA=75, and FOV=20 cm×20 cm (64×64 mesh). To avoid head
movement, participants wore a neck brace and were asked not to talk or move during
scanning. Each participant’s data were individually pre-processed by SPM5 (Wellcome
Trust Center for Neuroimaging). In the preprocessing analysis, images were corrected for
slice timing and motion, then spatially normalized into the Montreal Neurological Institute
(MNI) template and spatially smoothed using a Gaussian kernel of 8mm FWHM.

FMRI Data Analysis
The main purpose of the current study was to compare brain activity during learning
locations of old versus new pictures. Therefore, we report functional MRI results from the
updating phase and do not report those from the initial learning phase. Because we found
similar results across two initial association types (i.e., old-object vs. old-task; see results
from conjunction analyses), we report results from an analysis collapsing these two
subcategory conditions as the main results. The comparisons across the initial association
types (e.g., old-object vs. old-task; self vs. other) are beyond the scope of this paper and not
reported here.

Whole brain analyses—For each participant, stimulus-dependent changes in BOLD
signal were modeled with regressors for each event type (new negative, new neutral, old
negative, and old neutral pictures). For the old picture conditions, pictures for which the
participant could not recall correct associates in the second-round memory test of the initial
learning phase were modeled separately. Because only a few trials fell in this category (see
Table 1), we did not perform any statistical tests for these items. The model also involved
additional regressors for dots and rests. The regressors were convolved with the canonical
hemodynamic response function. A high-pass filter (cutoff period = 128 s) was applied to
remove low-frequency artifacts from the data. The effects of each event type were estimated
using a fixed-effects model. The data were then entered into a random effects analysis. The
threshold was set at p < .05 –FDR combined with a cluster extent threshold of 10 contiguous
voxels. Locations reported by SPM 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).

Conjunction analyses—To examine whether the frontopolar OFC activated in response
to old negative pictures regardless of the type of initial associations (i.e., old-object vs. old-
task), we conducted a conjunction analysis. The analysis method was similar to the analysis
described above, except that the GLM design file had separate regressors for pictures in old-
object condition and those in old-task condition for each valence category. After the effects
of each event type were estimated using a random effects analysis, conjunction analyses
were performed, using a masking function of SPM. Each contrast entered into the
conjunction analyses was thresholded at p < .001 -uncorrected, resulting in conjunction
probability of p < .00001. Clusters of activations that involved less than 10 contiguous
voxels were discarded.
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Regions-of-interest (ROI) analyses—Given past findings that the amygdala plays an
important role in emotion and memory (LaBar & Cabeza, 2006; Phelps, 2006), we
structurally defined bilateral amygdala based on the AAL atlas (Tzourio-Mazoyer, et al.,
2002) and performed ROI analyses, using the MarsBar toolbox
(http://marsbar.sourceforge.net/).

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 inter-regional interactions. First, a new GLM design file was
constructed where each individual trial for each condition was coded with a unique
covariate, resulting in 120 independent variables. To reduce the confounding effects of the
global signal change, the global mean signal level over all brain voxels was calculated for
each time point and was used as a covariate. The model also involved additional regressors
for dots and rests. Second, the least squares solution of the GLM yielded a beta value for
each trial for each individual participant. These beta values were then sorted by stimulus
type. As a third step, mean activity (i.e., mean parameter estimates) was extracted for each
individual trial from a seed region. As a fourth step, for each stimulus type, 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. To assess the map-wise
significance of the correlation at the group level, random-effects t tests were conducted on
the z-transformed correlation maps of the individual participants. Cluster-based FWE
corrections (p < .05) were employed with t = 3.61 for height threshold, resulting in
thresholded correlational maps for each condition. Condition-dependent changes in
functional connectivity were also assessed using random-effects analyses, which were
thresholded at p < .005-uncorrected at voxel-level combined with a cluster extent threshold
of 20 contiguous voxels. To further examine interactions among brain regions involved in
learning locations of old negative pictures, multi-level mediation analyses were performed
(Zhang, Zyphur, & Preacher, 2009). For each trial of the old negative conditions in each
participant, we extracted the percent signal change from our regions of interests, such as
bilateral hippocampus, bilateral amygdala, and the frontal pole. The frontal pole was defined
based on an activation cluster obtained in the whole brain analysis (see results section). The
hippocampus and amygdala were defined anatomically based on the AAL atlas. Then, we
tested whether the interactions between two regions were mediated by another region with
treating each trial as a level-1 unit and each participant as a level-2 unit.

Results
Behavioral Results

Memory test for the initial learning phase—A 2 (type: object vs. task) X 2 (valence:
negative vs. neutral) X 2 (repetition: 1st round vs. 2nd round) analysis of variance
(ANOVA) was performed on correct recall rates in the memory tests during the initial
learning phase. The ANOVA revealed significant effects of repetition, F (1, 18) = 85.56, p
< .01, R2 = .35, and of type, F (1, 18) = 19.08, p < .01, R2 = .12, and a significant interaction
between type and repetition, F (1, 18) = 5.01, p < .05, R2 = .59. Participants remembered
picture-object associations better than picture-task associations in the first round, F (1, 18) =
28.22, p < .01, but not in the second round (p > .05). Indeed, their performance was at
ceiling levels in the second round (see Table 1). Thus, although participants had more
difficulty learning picture-task associations than picture-object associations, they could
acquire most of the picture-task and picture-object associations within two rounds.
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Memory test for the updating phase—A 3 (type: old-object, old-task, vs. new) X 2
(valence: negative vs. neutral) ANOVA on the correct location recall rates in the updating
phase did not yield any significant effects (ps > .20; Table 1). Thus, contrary to previous
findings (e.g., Mather & Nesmith, 2008), we did not observe emotion enhancement of
picture-location associations for new items. Similarly, although past studies revealed that
people are worse at remembering picture-location associations for old emotional items than
for old neutral items (Mather & Knight, 2008; Novak & Mather, 2009), we did not find the
same pattern in the current study. While the past studies employed eight locations with no
overlaps, the current study employed only two locations (i.e., left-top or right-bottom) and
they were spatially overlapping with each other. This might have resulted in less salient
picture-location associations that were more difficult to learn in the current study, which
might have obscured the effects of emotion.

FMRI Results
Brain regions showing different activity between old and new pictures—The
whole-brain analysis during the updating phase revealed increased activity in the anterior
prefrontal region, including the frontal pole and the inferior OFC (BA 11; 47), when people
learned picture-location associations for old negative pictures than for new negative pictures
(Figure 3A; Table 2). Old negative pictures also induced greater activity in the angular
gyrus, posterior cingulate, superior frontal gyrus, superior temporal gyrus and occipital
gyrus than did new negative pictures. In contrast, the old - new contrast for neutral pictures
did not reveal any significant differences at the same threshold level. When we employed a
lower threshold (p = .001-uncorrected), old neutral pictures produced greater activity in
posterior cingulate (0 -30 26 in MNI; BA 23), occipital lobe (-4 -86 32; BA 18), angular
gyrus (-38 -80 42, BA 39) than did new neutral pictures, but we still did not find a
significant difference in frontopolar OFC activity (Figure 3B). Reverse contrasts (i.e., new
negative – old negative; new neutral – old neutral) did not reveal any significant differences.
Thus, it appears that frontopolar OFC is involved more in making associations to old items
than to new items when items are emotional but not when items are neutral. Supporting this
idea, an interaction contrast, [old negative – new negative] > [old neutral – new neutral],
revealed significant activation in right frontal pole (Figure 3C, 3D; Table 2) with p < .001 –
uncorrected with a cluster threshold of 10 voxels. There were no other regions showing
significant results in this interaction analysis.

Conjunction analyses—Next, we examined brain activity shared by the two contrasts: a)
[old-object negative > new negative], and b) [old-task negative > new negative]. This
conjunction analysis confirmed greater activity in the frontal pole for old negative pictures
than for new negative pictures (see Table 3). The activation extended into inferior OFC (BA
11). A similar conjunction analysis on neutral pictures did not reveal any significant activity.
These results suggest that the frontopolar OFC was involved in learning locations of old
emotional pictures, regardless of the type of initial associations.

Brain regions showing different activity for old negative vs. old neutral
pictures—A comparison between old negative and old neutral pictures did not reveal any
significant results at p < .05 -FDR. When we employed a lower threshold (p < .001 –
uncorrected with a cluster threshold of 10 voxels), however, we found that old negative
pictures produced greater activity in bilateral amygdala and parahippocampal gyrus (Figure
4). In addition, the frontal pole and the ventrolateral prefrontal cortex (VLPFC) showed
greater activity to old negative pictures than to old neutral pictures (Table 4). Although these
clusters are not overlapping with the regions where we found significant differences when
contrasting old negative versus new negative pictures in the previous whole brain analysis,
past studies reported activity in similar regions for reversal learning (e.g., Cools, Clark,
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Owen, & Robbins, 2002; Remijnse, et al., 2005). Thus, the brain regions implicated in
reversal learning may help not only to update affective values of stimuli as shown in
previous reversal learning studies, but also to learn new information about old emotional
memories in general. A reverse contrast did not reveal any significant results even at p < .
001 –uncorrected.

ROI analyses—Separate 2 (valence) X 2 (novelty) ANOVAs were performed on the
percent signal changes from left and right amygdala. These ANOVAs found significant
effects of valence, F (1, 18) = 13.53, 8.13, ps < .05, with no other significant effects. This
indicates that negative pictures induced greater activity in the bilateral amygdala than
neutral pictures, regardless of the novelty (left: Mneg = 0.15; Mneut = 0.05; right: Mneg =
0.15; Mneut = 0.04).

Functional connectivity analysis—To address the role of the frontal pole, a beta series
correlation analysis was employed, using the right frontal pole cluster previously identified
as showing a significant interaction between valence and novelty as a seed region. The
analysis revealed that right frontal pole was negatively correlated with bilateral medial
temporal lobe (MTL), including hippocampus, amygdala and parahippocampal gyrus,
during learning associations to old negative pictures (Figure 5A). Although this frontopolar
cluster had similar negative connectivity with MTL for new negative (Figure 5B) and old
neutral pictures (Figure 5C), direct comparison revealed that old negative pictures produced
greater negative correlations between frontal pole and MTL than did old neutral or new
negative pictures (Tables 5-6; Figure 6). Thus, the frontal pole had negative connectivity
with MTL especially when learning associations to old emotional pictures.

The inverse correlation between the right frontal pole and the amygdala suggests that the
frontal pole might inhibit the amygdala’s protection of old emotional memories (Izquierdo
& Murray, 2005). If the frontal pole counters the amygdala to allow for emotional memory
updating, however, it does not seem reasonable that the frontal pole would inhibit
hippocampus which is known to help emotional memory updating (Corcoran, Desmond,
Frey, & Maren, 2005). Given that the amygdala has strong reciprocal connections with the
hippocampus (Pitkanen, Pikkarainen, Nurminen, & Ylinen, 2000), one possible explanation
is that the amygdala mediates the negative relationships between the frontal pole and the
hippocampus. Multilevel mediation analyses supported this possibility; The left amygdala
significantly mediated the negative relationships between the left hippocampus and the
frontal pole cluster (Sobel test: z = 2.88, p < .01), and that the right amygdala mediated the
negative relationships between the right hippocampus and the frontal pole cluster (z = 2.98,
p < .01). In addition, the effects of the frontal pole on the hippocampus were no longer
significant after controlling the effects of the amygdala (ps > .10). To confirm the
meditational role of the amygdala, a Multilevel Structural Equation Modeling (MSEM)
analysis was also performed (Muthén & Asparouhov, 2008). The Akaike information
criterion (AIC) and Bayesian Information Criterion (BCI) were used to compare the fit of
the following two models: The first model assumed that the left amygdala mediates the left
hippocampus-frontal pole interactions and the right amygdala mediates the right
hippocampus-the frontal pole interactions, and the second model posited that the left
hippocampus mediates the left amygdala-frontal pole interactions and the right hippocampus
mediates the right amygdala-frontal pole interactions. The MSEM analysis revealed a better
fit for the first model (AIC = 4266.77; BIC = 4443.77) than the second model (AIC =
4295.26; BIC = 4455.13). These results suggest that the negative relationships between the
hippocampus and the frontal pole for old negative pictures were mediated by the amygdala.
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Discussion
The current fMRI study addressed the neural mechanisms of learning new associations to
old emotional memories. Our results indicated that the frontopolar OFC showed greater
activity when participants learned the locations of old emotional items than of new
emotional items. In contrast, this region did not show increased activity to old neutral items
compared to new neutral items. In fact, we found an interaction of valence and novelty in
the right frontal pole. In addition, the frontal pole had negative correlations with MTL when
people learned locations of old emotional pictures during the updating phase. Importantly,
this negative connectivity was modulated by the type of stimuli; the frontal pole had less
negative connectivity with MTL for new emotional and old neutral pictures, and the
negative connectivity between the frontal pole and MTL did not emerge for new neutral
pictures. Although the frontal pole showed negative correlations not only with the amygdala
but also with the hippocampus which is known to help emotional memory updating
(Corcoran, et al., 2005), subsequent mediation analyses suggested that the negative
hippocampus-frontopolar relation was mediated by the amygdala. The meditational role of
the amygdala was also confirmed by the MSEM analysis. Thus, it appears that while the
frontal pole had negative connectivity with the amygdala when learning new associations to
old emotional items, the amygdala had positive relations with the hippocampus, which
resulted in the negative correlations between the frontal pole and the hippocampus.

These findings of the current study are consistent with recent evidence that the frontopolar
OFC helps re-learn affective values of stimuli, by countering amygdala’s protection of
previous emotional memories (e.g., Stalnaker, et al., 2007). Finger et al. (2008), for
example, found that during extinction learning, the frontal pole showed enhanced activity
and had negative connectivity with the amygdala. While those past studies relied on the
stimulus-reward/ stimulus-punishment association paradigm and examined re-learning of
affective values of stimuli, the present study observed similar patterns when learning new
associations to old emotional items without changing the affective values of the emotional
items. Thus, it appears that the frontopolar OFC plays an important role in emotional
memory updating, even when the affective values of stimuli do not need to be updated.
However, the frontal pole has been also implicated in memory retrieval (e.g., Prince,
Daselaar, & Cabeza, 2005). This suggests an alternative possibility that people tend to have
stronger memories about emotional items than neutral items during the initial learning
phase, and that the enhanced frontopolar activity to old negative stimuli reflects retrieval of
the initial exposures to those items. Furthermore, the negative correlations between the
amygdala and the frontal pole have been reported in other situations where emotional
memory updating is not necessarily required, such as emotion regulation (Urry, et al., 2006),
and resting (Roy, et al., 2009). Future research is needed to elucidate the precise role of the
frontopolar OFC in learning associations to old emotional memories.

In addition to the frontopolar OFC, old negative pictures produced greater activity in the
angular gyrus and posterior cingulate than did new negative pictures. Although a similar
contrast on neutral items [old neutral > new neutral] did not find any significant effects at
the same threshold level, an additional analysis with a lower threshold revealed greater
activity in these regions for old neutral than for new neutral pictures. In addition, we did not
find a significant valence and novelty interaction in these two regions. Thus, it seems likely
that the angular gyrus and posterior cingulate are involved in memory updating situations in
general, regardless of the affective natures of memories. Past studies suggest that the angular
gyrus implements stimulus-driven/ bottom-up attention (e.g., Chambers, Payne, Stokes, &
Mattingley, 2004; Corbetta, Patel, & Shulman, 2008). Transcranial magnetic stimulation
administered on this region disrupted shifts of attention from one visual cue to another
visual stimulus (Chambers, et al., 2004). The angular gyrus also activates when shifting
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attention to mentally generated stimuli, such as other person’s mind or viewpoint (Saxe &
Kanwisher, 2003) and retrieved episodic memories (Cabeza, Ciaramelli, Olson, &
Moscovitch, 2008). These findings suggest that when people viewed old items, they
remembered memories about initial exposures to those stimuli, and that the greater angular
gyrus activity to old items than new items reflects bottom-up attention shifts to those
retrieved memories.

The posterior cingulate has also been implicated in memory retrieval (Nielsen, Balslev, &
Hansen, 2005). Increased activity in this region is observed when people remember their
autobiographical memories in detail (Addis, Wong, & Schacter, 2007), and recognize
familiar people (Maddock, Garrett, & Buonocore, 2001), objects and places (Sugiura, Shah,
Zilles, & Fink, 2005). The posterior cingulate also activates during successful memory
retrieval, especially when items were encoded with a deep encoding task than with a shallow
encoding task (Shannon & Buckner, 2004). In addition, the posterior cingulate has strong
reciprocal connections with MTL memory structures (e.g., Vogt & Pandya, 1987). These
findings suggest that the posterior cingulate activity we observed with old items reflects
retrieved memories acquired in the initial association phase. However, the posterior
cingulate has been also implicated in self-referential processing (e.g., Johnson, et al., 2006)
and consciousness (e.g., Vogt, Vogt, & Laureys, 2006). Further research should address the
precise role of this region in memory updating.

Another question for future research concerns participants’ behavioral memory
performance. Contrary to previous behavioral studies (Mather & Knight, 2008; Mather &
Nesmith, 2008; Novak & Mather, 2009), our participants showed neither emotional memory
enhancement for new pictures, nor emotional memory impairment for old pictures. Since we
employed only two overlapping locations, the location manipulation was less salient in the
current study than in past studies that employed eight locations. Fewer locations in the
current study also resulted in higher chance level in the memory test (50% rather than
around 12%). Thus, our behavioral memory measures were less sensitive than previous
ones. Even though the memory performance was not significantly different, however, the
brain activity patterns were substantially modulated by the stimulus novelty and valence.
While our memory measure was a discrete variable, brain activity signals were continuous
variables and should have greater statistical power (e.g., Cohen, 1983), which could explain
significant effects in the neural measures but not in the behavioral measures. Related to this
issue, we did not have enough trials in which participants failed to remember the locations in
the updating phase, and could not separately analyze results from remembered items and
those from failed items. Future research should employ more sensitive behavioral measures
and address the brain mechanisms of emotional memory updating while considering
differential memory performance.

In summary, the current study addressed the brain mechanisms underlying emotional
memory updating. The results indicated that the frontopolar OFC is activated when learning
new associations to old emotional items, and that this region has negative connectivity with
the amygdala during updating old emotional memories. This pattern is consistent with the
idea that the frontopolar OFC counters the amygdala’s protection of old emotional
memories, allowing for more flexible updating of old emotional memories. This region has
been implicated in re-learning reward-stimulus or punishment-stimulus associations (e.g.,
Finger, et al., 2008; Kringelbach & Rolls, 2003). Our results suggest that the frontopolar
OFC plays a more general role in learning new associations to old emotional stimuli.
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Figure 1.
Overview of the study procedures. The experiment involved the initial learning phase and
the updating phase. The initial learning phase included a block to learn 40 picture-object
associations and another block to learn 40 pictures-task associations, each of which was
immediately followed by a memory test. To enhance participants’ memory, the learning-test
cycle was repeated once. This initial learning phase was followed by the updating phase,
during which participants learned picture-location associations for 80 pictures from the
initial learning phase (i.e., old pictures) and also for 40 new pictures (not shown during the
initial learning phase). Immediately after they learned all of the 120 picture-location
associations, their memory about the picture-location associations was tested. All sessions
were conducted while participants were in a scanner, but they were not scanned during
memory tests (shown in gray). FMRI data analyses reported in the paper were performed on
the updating phase (highlighted by two lines).
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Figure 2.
Schematic representations of trials in each phase. (A) On each trial of the initial learning
phase, participants viewed a picture, and 2 sec later, they saw a neutral object (in the picture-
object block) or an encoding task (picture-task block) for 3 sec. The picture remained on a
screen while the object and the task were shown. Participants were asked to learn each
picture-object and picture-task pair as much as possible. (B) In the memory tests on the
picture-object associations, participants were presented with one picture with two objects,
and asked to indicate which object was paired with the picture in the preceding learning
block. Similarly, in the memory tests on the picture-task associations, participants were told
to indicate which task was paired with the picture. (B) During the updating phase,
participants viewed 80 pictures studied in the initial learning phase (i.e., old condition) and
40 new pictures (i.e., new condition). Each picture was presented at one of the two locations
(i.e., left-top or right-bottom), which was followed by a green or pink dot. Participants were
told to the memorize picture-location associations and also to indicate the color of the dot by
pressing keys. (D) During the memory test on the picture-location associations, participants
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saw each picture at the center of the screen and were told to indicate the location of the
picture in the updating session.
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Figure 3.
Differential frontopolar/OFC activity when learning associations for old pictures and for
new pictures during the updating phase. (A) Frontopolar/ OFC regions showed greater
activity for old emotional items than for new emotional items. (B) The old vs. new contrast
for neutral pictures did not show differences. (C, D) The greater frontopolar activity for old
negative but not old neutral pictures led to a significant interaction between valence and
novelty in right BA 10.
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Figure 4.
(A) Left and (B) right amygdala and adjacent parahippocampal gyri showed greater activity
to old negative pictures than to old neutral pictures. (C) A coronal view of the activations
(the left amygdala/ parahippocampal gyrus cluster is pointed by an arrow and the right
amygdala/ parahippocampal gyrus cluster is circled).
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Figure 5.
Functional connectivity with right frontal pole cluster for each condition (x = 20, y = 56, z =
-22). The right frontal pole had significant negative connectivity with MTL for (A) old
negative, (B) new negative, and (C) old neutral pictures, but not for (D) new neutral
pictures.
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Figure 6.
Differential correlation maps with right frontal pole. Frontal pole had more negative
correlations with (A) right amygdala and (B) right parahippocampal gyrus for old negative
pictures than for new negative pictures. Frontal pole also had greater negative correlations
with (C) bilateral parahippocampal gyrus for old negative pictures than for old neutral
pictures.
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