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A B S T R A C T

In this paper we provide a focused review of the literature examining neural mechanisms involved in
cognitive control over memory processes that can influence, and in turn are influenced by, emotional
processes. The review is divided into two parts, the first focusing on working memory and the second on
long-term memory. With regard to working memory, we discuss the neural bases of (1) control
mechanisms that can select against distracting emotional information, (2) mechanisms that can regulate
emotional reactions or responses, (3) how mood state influences cognitive control, and (4) individual
differences in control mechanisms. For long-termmemory, we briefly review (1) the neural substrates of
emotional memory, (2) the cognitive and neural mechanisms that are involved in controlling emotional
memories and (3) how these systems are altered in post-traumatic stress disorder. Finally, we consider
tentative generalizations that can be drawn from this relatively unexplored conjunction of research
endeavors.
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1. Introduction

The prefrontal cortex has been implicated as playing an
important role in cognitive control. Although a variety of models
have been proposed to suggest how prefrontal cortex exerts such
control, some points of general agreement are relevant for the
issues we examine in this paper. First manymodels emphasize the
idea that frontal regions are involved in the selection of processes
related to goal-oriented aspects of behavior. For example, Miller
and Cohen (2001) have argued that cognitive control acts like a
series of switches selecting the processes that will be invoked to
reach a goal, much as switches select the route of a train from the
departure station to its destination. Although some researchers
suggest that the prefrontal cortex does not have a specific
organization for such executive processes (e.g., Duncan and Owen,
2000), other researchers view subprocesses as each occurring in
distinct regions of prefrontal cortex. This latter viewpoint, for
example, has been supported by data from meta-analyses of
neuroimaging work (e.g., encoding, response selection, response
execution; Nee et al., 2007) and by the examination of individuals
who have sustained brain damage in frontal regions (task setting,
performance monitoring, and the initiating and sustaining of
responses, Stuss and Alexander, 2007).

In the search for ‘‘core’’ or basic processes underlying cognitive
control, work on individual differences suggests at least three
separable components of executive function: updating, task
switching and response selection (Miyake et al., 2000). Other
research that spans investigations in human and other primates
also supports the idea that inhibition is a core construct. For
example, it has been suggested that breakdowns in inhibiting
responses to previously reinforced information can underlie the
perseveration that is a classic sign of frontal damage. The idea that
inhibition of responses plays an important role in executive control
is a topic that is examined in other articles included in this special
issue (e.g., Verbruggen and Logan; Chambers et al.) and to which
we make linkages at the end of this review.

Historically, cognitive control mechanisms for the selection
(e.g., Chambers et al., 2007) and inhibition (e.g., Aron et al., 2004)
of responses as well as for selection of incoming sensory
information (e.g., Kastner and Ungerleider, 2000) have been
examinedmost extensively. In contrast,much less is known about
the selection of conceptual information or the selection of
information in memory (e.g., Kan and Thompson-Schill, 2004).
Although there is a large body ofwork implicating the dorsolateral
prefrontal cortex (DLPFC) in maintaining information in working
memory (e.g., Goldman-Rakic, 1996), less research has examined
how information is selected from working memory. One
prominent model suggests that ventral regions of DLPFC are
involved in maintaining information in working memory,

whereas more dorsal regions are involved in the selection and
manipulation of the contents ofworkingmemory (Petrides, 2000).
Another model argues that a portion of inferior frontal cortex, in
particular Brodmann Area (BA) 47, is important in selection
among stored conceptual representations whereas BA 45 is more
involved in post-retrieval selection among active representations
(Badre and Wagner, 2007).

An independent line of research has examined the issue of
neural systems required for cognitive control over emotional
information (for a review see Ochsner and Gross, 2005). Because
emotional information receives priority in processing (e.g., Pessoa
and Ungerleider, 2004), there are many instances in which there is
a need to exert control over the processing of or the response to
such information. The concept of emotion regulation is considered
critical to healthy emotional functioning and is disrupted in a
variety of different types of psychopathology. Of note, lateral and
medial prefrontal regions have been implicated in cognitive
control relevant to emotion, such as suppressing the processing
of emotional information or controlling emotional feelings.

These two lines of research on cognitive control – one on
cognitive control in working memory and the other on cognitive
control of emotional information – have developed somewhat
independently, despite evidence that overlapping cognitive and
neural mechanisms are involved. Moreover, there is also
another independent line of research examining the interface
of emotion and working memory without reference to cognitive
control. Current issues being addressed include examining
whether there are separate systems for the maintenance of
emotional vs. non-emotional information (e.g., Mikels et al.,
2008) and what effects emotional information has on resolving
interference between competing items in working memory (e.g.,
Levens and Phelps, 2008). There is little connection between
these three strands of research, which is unfortunate as the
convergence of them has broad implications for mental health
disorders.

Hence, here we focus more specifically on the intersection of
these three endeavors, namely the neural underpinnings of
cognitive control mechanisms in memory that act on or are
influenced by emotional information. Despite a dearth of research,
cognitive control mechanisms are thought to be very important for
keeping emotionally distracting and intrusive thoughts out of
memory (e.g., Brewin and Beaton, 2002). Such thoughts are
problematic in a variety of psychiatric disorders including
depression, anxiety, post-traumatic stress disorder (PTSD), and
obsessive–compulsive disorder (OCD). And the neural under-
pinnings of control mechanisms for emotional information in
memory, as we review below, are beginning to be explored. As
such, this review is designed to discusswhat limited knowledgewe
have on this important topic.
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For this review on the neural structures that underlie control
processes involving memory and emotion, we divide the paper into
two main sections: one focusing on working memory, and a second
on long-termmemory. In the Section 2, we consider the construct of
working memory rather broadly by focusing on selection processes
for what is placed or prioritized in working memory, as well as
processes that select among the set of active representations. In
Section 3, we consider both the neural mechanisms that can control
how emotional information gets into long-termmemory, as well as
the processes by which they are retrieved. In the final sections, we
speculate on how the cognitive control mechanisms that we have
discussedmight relate to the response inhibition discussed in some
of the other papers in this special issue, and then present some
general conclusions that can be drawn from the literature reviewed.

It should be pointed out that the vast majority of literature
considered in this review relies almost exclusively on findings
from functional magnetic resonance imaging. Interpretations of
data from this method are limited in a number of ways. For
instance, fMRI cannot isolate brain regions that are critical for a
specific function, but only identify those regions that may play a
role. This method also cannot distinguish between excitatory and
inhibitory neural activity, nor can it determine whether signals
reflect activation in a particular brain region or feedback/
feedforward connections from other regions (for a recent review
of these issues, see Logothetis, 2008). Unfortunately, there is little
to no work that examines the neural substrates of control over
information in memory related to emotion by examining
individuals with brain damage or by using other techniques that
temporarily deactivate brain regions, such as transcranial mag-
netic stimulation (TMS). These methods are important because
they can help to isolate those brain regions that are critical for a
given function. Some research using these techniques examines
two of the three constructs we focus on in this review (i.e.,
cognitive control, memory, emotion), but we could find none
where all three were examined together. For example, TMS has
been used to isolate those regions of prefrontal cortex that are
involved in control mechanisms that allow for selection of
materials in working memory, (e.g., Sandrini et al., 2008) but
the linkage with emotional processes has not been investigated.
Likewise, lesion studies have isolated those areas of prefrontal
cortex important for remembering emotional information, such as
the history of risk and reward, (e.g., Clark et al., 2008) but have not
examined the specific cognitive control mechanisms that might be
involved. As research in this area continues, additional knowledge
from studies using these approaches would be invaluable.

2. Working memory

The research that we review in this section examines neural
systems for cognitive control mechanisms related to emotion and
workingmemory. For the purposes of this review, we consider two
somewhat distinct ‘‘flavors’’ of the concept of working memory.
Traditionally, as studied by cognitive psychologists, working
memory is considered the process by which information is
maintained or stored on-line for brief periods of time, typically
between 3 and 10 s, but longer under other circumstances. Often it
is investigated through paradigms in which an item is presented,
followed by a delay during which the item is not present but must
be maintained in mind, after which the item must be identified or
recalled, often from among a series of distractors. However,
relatively little work examining the neural underpinnings of
control mechanisms related to emotion and working memory
employ such a paradigm.

Rather, most of the research discussed in this section examines
control mechanisms that are important for selecting, usually

among a set of representations that are simultaneously active, the
one particular representation that should be prioritized. In
particular, these control mechanisms are often involved in
selecting,which among the active representations, ismost relevant
for task goals. This flavor of ‘‘working memory,’’ which is
conceptualized as the process of maintaining information in an
active state for use in goal-directed behavior, is often represented
in computational and developmental approaches to working
memory (e.g., Morton and Munakata, 2002; Rougier et al., 2005).

In this section, we review research that has relied on one of four
major approaches. The first examines neural control mechanisms
for selection of task-relevant information in the face of potentially
distracting emotional information. The second examines neural
control mechanisms over emotional reactions or responses. The
third examines changes in neural systems of cognitive control with
variations in mood state, and the fourth examines individual
differences in neural mechanisms for control of information in
working memory related more specifically to ruminative tenden-
cies or genetic variation.

2.1. Control mechanisms used to select information in the face of
potentially distracting emotional information

2.1.1. Ignoring emotional information presented simultaneously with
task-relevant information

A number of studies have examined the nature of neural
systems that are engaged in order to focus on task demands in the
face of distracting emotional information. Such mechanisms are
important because emotional information captures attention
relatively automatically (e.g., Pessoa and Ungerleider, 2004).
Hence, researchers have attempted to uncover which brain
systems are required to overcome the relatively more automatic
bias to prioritize processing of emotional information and enable
attention to task-relevant information.

One study that investigated this issue used an oddball task in
which individuals had to identify targets (circles) that occurred
relatively frequentlywithin a series of non-targets (squares). At the
same time, distracting scenes were interspersed and were varied
parametrically for arousal, ranging from neutral to highly arousing
with negative valence. The brain regions responding to the targets
were dissociable from those responding to the emotional
distractors. In particular, the middle frontal gyrus (MFG)
responded to targets while deactivating in response to distractors.
Conversely, inferior frontal gyrus (IFG) responded to distractors
(with the response increasing as a function of the intensity of
arousal), but deactivated to targets (Yamasaki et al., 2002). The
results were interpreted to suggest that attentional and emotional
functions are segregated into two parallel dorsal and ventral
streams in the prefrontal cortex. From this perspective, aspects of
emotional processing are in some sense ‘‘insulated’’ from control
mechanisms. Given that caudal regions of the anterior cingulate
were activated in both tasks, this structure was hypothesized to
provide amechanismwhereby information from the two relatively
independent streams can be integrated.

However, another body of work using the emotional Stroop task
leads to a somewhat different conclusion. In this paradigm, the
emotional and non-emotional information is not segregated into
two perceptually distinct representations as in the Yamasaki et al.
(2002) study. Rather, in the emotional Stroop task, which is a
variant of the standard color-word Stroop task, one must attend to
a word’s ink color while ignoring the meaning of the word. The
ability to do so is compared for emotional and non-emotional (i.e.,
neutral) words, and typically reaction time to emotional words is
increased relative to non-emotional words because they auto-
matically attract attention. This attentional bias is not due to the
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inherent semantic or response conflict as occurs for incongruent
trials in the standard color-word Stroop task (e.g., ‘‘red’’ in blue
ink). Although the effects are observed most robustly in the
emotional Stroop task when the words are related to an
individual’s psychopathology (e.g., the word ‘‘web’’ for a spider
phobic), or when clinical populations with significant levels
of anxiety are tested, modest but significant behavioral effects
can be found in individuals without psychopathology (Koven et al.,
2003).

Initial studies concentrated on determining whether distinct
regions of the ACC are engaged by a non-emotional vs. emotional
Stroop stimuli. Using a variant of the standard Stroop task in which
individuals have to identify the number of words on a screen,
participants were more likely to activate rostral regions of the ACC
if the words were emotional (Whalen et al., 1998) whereas more
caudal and dorsal regions when the words are not emotional (Bush
et al., 1998). These studies served as an impetus for making a
conceptual distinction between subdivisions of the ACC, withmore
caudal regions described as the ‘‘cognitive division’’ and more
rostral–ventral regions described as the ‘‘affective division’’ (Bush
et al., 2000). Consistent with the findings of Yamasaki et al. (2002)
these results suggest a potential distinction between regions
involved in cognitive control for emotional vs. non-emotional
information.

However, a somewhat different conclusion was reached in a
whole-brain exploration of a direct contrast between the standard
color-word Stroop task and a color-emotional word Stroop task in
the same participants (Compton et al., 2003). In this study, the
same DLPFC regions were activated when attentional demands
were increased relative to neutral words (i.e., non-color or non-
emotional words), either because the word conflicted with the ink
color or because the word was emotional in nature. These findings
are consistent with other work suggesting that DLPFC regions are
involved in setting a top-down bias or attentional set towards task-
relevant information and away from task-irrelevant information
(Banich et al., 2000a, b;Milham and Banich, 2005). For both tasks, a
top-down bias towards ink color identification and away from
word reading is required, regardless of the content of the word.
Nonetheless, activity in posterior brain regions differed for the two
tasks. Incongruent color words relative to neutral words were
associated with increased left parietal activity and decreased
activity in the parahippocampal gyrus, while negative emotional
words relative to neutral words were associated with bilateral
occipito-temporal activity and decreased amygdala activity. These
findings suggest that even if DLPFC regions are similarly engaged
for top-down biasing, the sites at which they exert their influence
may vary depending on whether or not the information to-be-
ignored is emotional in nature.

A follow-up study, once again directly contrasting activity in
the color-word and emotional Stroop tasks, provided additional
evidence regarding differential engagement of portions of the ACC
for control over emotional vs. non-emotional information
(Mohanty et al., 2007). First, consistent with the findings of Bush,
Whalen and colleagues, dorsal regions of the ACC were engaged by
attentional demand in the standard color-word task (incon-
gruent > neutral) while rostral regions of the ACC were engaged
by attentional demand in the emotional Stroop task (emotio-
nal > neutral). Second, individual differences in reaction time to
incongruent words predicted activation in dorsal ACC while
individual differences in reaction time to negative words predicted
activation in rostral ACC. Third, the pattern of covariation of
activity with other brain regions differed for these two portions of
the ACC. Activity in dorsal ACC engendered by attentional demand
was more highly associated with DLPFC activity than rostral ACC
for both tasks. On the other hand, activity in rostral ACC

engendered by attentional demand in the emotional Stroop task
was correlated more with amygdala activity than DLPFC activity.

Moreover, activity in this rostral region of the ACC, which has
been linked to the regulation of emotional responses (Bush et al.,
2000), appears to be sensitive to aspects of cognitive control that
are associated with tendencies toward psychopathology. Indivi-
duals who are rated high in certain types of anxiety (anxious
arousal, anxious apprehension) show decreased activity in this
region as compared to non-anxious individuals (Engels et al.,
2007). Such a finding suggests that these individuals may have
difficulty exerting cognitive control over emotional information.

Additional work (Herrington et al., 2005) has examined
whether control mechanisms vary depending on the valence of
the to-be-ignored emotional information by comparing activation
observed for positively valenced (e.g., ‘‘desire,’’ ‘‘excite’’) words to
negatively valenced ones (e.g., ‘‘hate,’’ ‘‘sad’’). Relative to a baseline
of neutral words, a similar DLPFC region was engaged regardless of
the word’s valence. However, the nature of that engagement
differed. Of note, therewas an asymmetry such that positivewords
led to more activity in a portion of left DLFPC (BA 9) than did
negative words. This asymmetry of DLPFC activity has been
replicated in two additional studies (Engels et al., 2007; Herrington
et al., submitted).

Note that with respect to the findings reported above and in the
rest of the review, the reference to emotional valence does not
implicate an endorsement of the valence hypothesis of frontal
lateralization (pleasant/unpleasant) over themotivational hypoth-
esis (approach/withdrawal), and the issue of which of these
hypotheses better accounts for the data is not examined in this
article. Rather, valence refers to the property of pleasant or
unpleasant emotion in the experimental context. In the studies
reviewed, valence and motivation are confounded (as positive
valence is typically associated with approach and negative valence
with withdrawal). Some research has associated anger (the only
negatively valenced emotion associated with approach motiva-
tion) with leftward asymmetry, which has been interpreted as
challenging the valence view of frontal lateralization. However,
Stewart et al. (2008) found that different types of anger show
different lateralization patterns, complicating the picture (e.g.,
approach-related anger was not associated with leftward asym-
metry, but another type of anger associated with anger rumination
was). In addition, anger may sometimes have important appetitive
qualities rather than being exclusively negative in valence. These
and other findings suggest that a definitive model of frontal
lateralization for emotion remains to be established.

Nonetheless, the modulation of relative activity across left
and right frontal regions by valence is consistent with other
work. Studies using EEG have found that more activity over the
left hemisphere is associated with processing stimuli of pleasant
valence, while more activity over the right hemisphere is
associated with processing stimuli of unpleasant valence (e.g.,
Davidson, 1992; for a recent review, see Herrington et al., 2006).
Moreover, increased activity of left DLPFC has been observed in
happy mood states (Habel et al., 2005). This literature,
considered along with the fMRI findings discussed above
(Herrington et al., 2005, submitted; Engels et al., 2007), suggests
that cognitive control mechanisms are reciprocally influenced by
regions involved in emotional processing. Given that regions of
orbitofrontal cortex (OFC) are often implicated in the processing
of the emotional valence of sensory stimuli and reward value
(e.g., O’Doherty et al., 2001; Lewis et al., 2007), we speculate that
there are bottom-up influences from these regions to DLPFC
regions involved in cognitive control.

It is noteworthy that a different and more posterior region of
DLPFC was found to be sensitive to individual differences in mood
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state rather than the valence of the to-be-ignoredword (Herrington
et al., submitted). Depressed individuals showed greater right than
left hemisphere activity, whereas control individuals showed
greater left than right hemisphere activity. These findings are
consistent with the modulation of EEG asymmetries observed in
depressed vs. non-depressed individuals (Henriques and Davidson,
1991). Moreover, increased activity of left DLPFC has been observed
in happy mood states (Habel et al., 2005).

The fact that aword’s valence influencedmoreanterior regions of
DLPFC whereas mood influenced a more posterior region (Herring-
ton et al., submitted) is interesting in light of a proposal we have
made regarding the role of these two regions in cognitive control.
Ourmodelhypothesizes thatposterior regionsofDLPFCare involved
inmodulating activity of posterior brain regions to bias toward task-
relevant processing, such as ink color identification, and away from
task-irrelevant processing, such as word reading in the Stroop task.
We have speculated that these regions are involved in more
sustained aspects of attentional control. In contrast, we have argued
that regions of mid-DLPFC are more involved in selecting the task-
relevant representation that must be selected and maintained to
guide processing (e.g., the color blue rather than the word ‘‘red’’ in
the color-word Stroop task) (e.g., Banich, in press; Milham et al.,
2003a), and have speculated that these regions are involved inmore
transient aspects of attentional control.

In a somewhat parallel manner, activity in posterior regions of
DLPFC was found to be sensitive to an individual’s typical mood
state, which is a more static phenomenon. We speculate that these
regions are involved in biasing processing in posterior brain
regions as to produce some of the cognitive characteristics
observed in depression (e.g., decreased activity in left posterior
DLPFC and/or increased activity in right posterior DLPFC may lead
to a deficit in maintaining task-relevant processing and hence
influence executive functioning; see Levin et al., 2007 for review of
relevant cognitive deficits in depression). In contrast, activity in
more anterior regions of DLPFC was sensitive to the valence of a
word, which varied in amore transient manner. This finding is also
consistent with the idea that this anterior region of DLPFC is
involved in control processes related to selection among the set of
potentially task-relevant representations.

In the work reviewed so far, we have discussed the role of the
DLPFC and ACC somewhat in isolation from one another. We now
turn to studies that examine their roles more in tandem. In one
such study, individuals made a decision about centrally presented
houses, while ignoring laterally presented faces that could have
either neutral or negative emotional expressions (Bishop et al.,
2004). Similar to the emotional Stroop task in which words, either
emotional or not must be ignored, in this task faces, either
emotional or not, are to-be-ignored. Lateral prefrontal cortex
(LPFC) was engaged when the initial set of trials within a block
contained a high proportion of negative trials, signaling that the
remaining trials in the block would be negative as well. Such
findings are consistent with the role of DLPFC in top-down
attentional biasing toward task-relevant information that must
receive priority in processing despite potent distracting informa-
tion (e.g., Banich et al., 2000a; Milham et al., 2003a). In contrast,
rostral regions of the ACC were activated when negative faces
appeared in a block that was otherwise composed of a high
proportion of neutral faces. The authors argued that rostral ACC is
involved in conflict arising from the emotionally salient task-
irrelevant information. However, it is not clear exactly what is in
‘‘conflict’’ in this situation.

To address this issue of emotional ‘‘conflict,’’ other researchers
(Etkin et al., 2006) have designed an emotional Stroop task in
which there is direct conflict between two sources of emotional
information. This task is more akin to the traditional color-word

Stroop task, in which two sources of color information, one task-
relevant and one task-irrelevant, are placed in conflict. In this task,
the words ‘‘happy’’ or ‘‘fear’’ were displayed across either a happy
face or a fearful one. The conflict in this task is between the
emotional valence of the word as compared to the emotional
valence of the face, and hence probably arises at the semantic
level. The researchers focused specifically on activity for incon-
gruent trials in which conflict exists (e.g., the word ‘‘fear’’ across a
happy face). They examined activity for incongruent trials
preceded by trials that required low attentional control (a
congruent trial preceding the incongruent one: CI) as compared
to high attentional control (an incongruent trial preceding an
incongruent trial: II). As observed in previous studies, there was
less behavioral interference for II trials compared to CI trials
because the previous incongruent trial had already heightened
attentional control.

Of note, they observed greater activity in dorsomedial
prefrontal and bilateral DFLPC for incongruent trials when the
previous trials required low (CI) rather than high (II) attentional
control. The authors interpreted the activation in PFC as being
involved in monitoring for the amount of emotional conflict.
Within the framework provided earlier, we prefer to think that this
finding is consistent with work on the color-word emotional
Stroop task that suggests regions of DLPFC are engaged when
attentional control must be increased to ignore distracting
emotional information. Because the prior trial did not require
much attentional control, increased engagement was required on
the subsequent incongruent trial. We argue that such engagement
occurs whenever distracting information can compete for priority
in processing (e.g., Milham et al., 2003b). As such, DLPFC activity
can be observed even when there is no inherent conflict between
task-relevant and task-irrelevant information (e.g., the word ‘‘kill’’
does not conflict with the color green).

In contrast, the pattern of activation for the cingulate was
opposite that observed for DLPFC. Greater activity in the rostral
anterior cingulate was observed when the prior trial required high
attentional control (II) as compared to lower attentional control
(CI). Moreover, activity for congruent vs. incongruent trials
(regardless of the prior trial) did not differ, suggesting that activity
in this region is not merely reflecting how difficult the trials were.
Of note, greater activity in the rostral ACC predicted less activity in
the amygdala. The authors suggested that the ACC is involved in
resolving conflict and in so doing, inhibits amygdala activity that
might be involved in activation of the sympathetic nervous system
via the hypothalamus.While this is an interesting suggestion, fMRI
data is severely hampered in its ability to provide clear and direct
evidence for inhibition of one brain region over another (see Aron,
2007 for a thoughtful discussion of this issue in general, and also
more specifically with regards to conflict paradigms).

Regardless, these findings are consistent with reduced rostral
ACC activity in anxious individuals during performance of an
emotional-word Stroop task (Engels et al., 2007). One might
speculate that reduced rostral ACC activity may be associated with
increased amygdala activity, both of which lead to the increased
arousal often observed in anxiety. There have been reports
suggesting heightened rostral ACC activity in PTSD, but as we
have argued and demonstrated elsewhere (see review in Engels
et al., 2007), there are different types of anxiety with different
patterns of regional brain activity. The findings on PTSD would
benefit from systematic differentiation of apprehensive vs. acute
aspects of anxiety.

In a subsequent study, participants performed both this
emotional Stroop task as well as a gender Stroop task in which
either male or female faces were presented while the word ‘‘male’’
or ‘‘female’’ was positioned across the face. The individual’s task
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was to identify the face and ignore the word (Egner et al., 2008).
The control networks that were activated for the two versions of
the task were overlapping but somewhat dissociable. Both tasks
activated dorsal regions of the ACC more for incongruent items
when the preceding item was incongruent than when it was
congruent. Such a finding is consistent with that of Mohanty et al.
(2007) who found that both the standard color-word and the
emotional-word Stroop task activate this region.

However, Egner et al. (2008) also found that regions of right
LPFC become activated for the II > CI contrast in the gender conflict
task, but not the emotion conflict task. This lack of engagement for
the emotion conflict task is at odds with their earlier findings
(Etkin et al., 2006) as well as findings of Compton et al. (2003),
Herrington et al. (2005) and Engels et al. (2007), in which DLPFC
was activated for both emotional and non-emotional versions of
the Stroop task. The reason for the lack of engagement of LPFC in
the study of Egner and colleagues is not clear. Conversely, rostral
ACC activation was observed for the II > CI contrast in the emotion
conflict task but not the gender conflict task. Moreover, activity in
the rostral ACC was associated with decreased activity in the
amygdala, consistent with the notion that this region in inversely
associated with the response of the amygdala (Etkin et al., 2006).

2.1.2. Summary
Overall, the findings from the available studies suggest that the

same DLPFC regions are involved in top-down biasing toward task-
relevant information and away from task-irrelevant information
whether the information to-be-ignored is emotional or non-
emotional. There is also some evidence that activity of anterior
regions of DLPFC is influenced by the valence of the information to-
be-ignored. Dorsal regions of the ACC are engaged when either
emotional or non-emotional information must be ignored.
Although some argue that this region is involved in resolving
conflict (e.g., Egner et al., 2008), we prefer the interpretation that
this region is involved in late-stage selection, which is influenced
by how well DLFPC is able to implement attentional control (see
Banich, in press; Milham et al., 2002, 2003b). In contrast, rostral
and pregenual cingulate regions appear to be recruited specifically
when control must be implemented to ignore task-irrelevant
emotional information. Some authors have suggested that this
region serves to down-regulate activity in the amygdala. Such a
relationship will contrast with that discussed later in regards to
long-term memory. In that case, modulation of amygdala activity
has been proposed to occur more via interaction with lateral PFC
and the hippocampus.

2.1.3. Ignoring emotional information when task-relevant
information is maintained across a delay

The issue of emotion and working memory when information
must be maintained across a delay has received scant attention. In
one of the few studies to address this issue, a delayed-response
working memory task was given in which three faces were shown
and the participant’s task was to determine if a probe face
presented after a delay was one of the original three. During the
delay, two distracting scenes were shown with both scenes being
of the same type: either both emotional (highly arousing negative
scenes), both neutral, or both scrambled versions of these scenes
(Dolcos and McCarthy, 2006).

During the delay period, activity was observed in regions
typically involved in working memory, specifically DLPFC, as well
as lateral parietal cortices. In contrast, the emotionally distracting
information engaged regions involved in emotion including the
amygdala and ventrolateral prefrontal cortex (VLPFC). Of note
however, the emotionally distracting information was also
associated with a decrease in DLPFC activity along with a

concomitant drop in performance on the working memory task.
The authors interpreted these results as representing competition
between emotional and non-emotional systems. They suggest that
it is not a mere siphoning of resources that causes the competition,
since DLPFC activity was increased (rather than decreased) when
novel distracting faces rather than emotional scenes were used
during the delay (Dolcos et al., 2008). Such findings are consistent
with the theorizing of a competition between subgenual regions of
the ACC which dominate during emotional processing and LPFC
which dominates during cognitive processing (Drevets and
Raichle, 1998).

However, this dichotomy may not be quite so strict. Although
the amygdala is thought typically to be a structure highly involved
in the processing of emotional information, it has also been found
to be active during processing in a non-emotional working
memory task. This effect was observed in a study in which
individuals were asked to do anN-backworkingmemory task with
non-emotional words (Schaefer et al., 2006). In the N-back task,
individuals see a series of items and must respond every time the
current itemmatches the stimulusN items ago, whereN can be 1, 2
or 3 depending on the condition. This task not only requires
individuals to maintain information in working memory, but also
to update and manipulate those contents in order to compare the
current item to the changing set of items held in working memory.
The faster an individual was on a 3-back version of the task, the
greater was the activity in the left amygdala. As discussed earlier,
regions of the PFC such as the rostral ACC appear to be related to
amygdala function, and as we discuss later in Section 3, there are
hints of LPFC modification of amygdala function as well (e.g.,
Depue et al., 2007). Thus, the findings of this study suggest the
possibility of a reciprocal influence of the amygdala on PFC
functioning. In particular, Schaefer and colleagues suggest that
what links the two regions is the role of both workingmemory and
emotion areas in goal-related behavior. To the degree that the
amygdala is involved in processing information that is attention-
ally relevant, it may up-regulate regions of the PFC involved in
maintaining that information for goal-oriented processes.

2.1.4. Summary
Currently very little work has specifically examined the

influence of emotional processing on tasks that tap working
memory from the perspective of maintaining information across a
delay. This area appears to be one that is ripe for further
investigation since there is contradictory evidence on whether
working memory capacity is diminished or enhanced if portions of
the emotional neural circuitry are engaged. Answering such a
question would seem important for a number of psychiatric
disorders. In anxiety disorders and depression for instance, it is
thought that verbal working memory may be co-opted either
because of verbal thoughts regarding worry or depressive
ruminations, respectively. In disorders such as OCD and PTSD,
visual workingmemorymay also be co-opted by images of harm to
oneself or others, or flashbacks of traumatic experiences,
respectively.

2.2. Cognitive control over emotional information, reactions, and
responses

One paradigm designed to examine cognitive control over
information in working memory is the refreshing paradigm
pioneered by Johnson et al. (2005). In this paradigm, individuals
see words on the screen that they must say out loud. In the refresh
condition, an asterisk appears afterwards and the individual must
say the previously presented word. In the repeat condition, which
acts as a control, the word is simply shown on the screen and the
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word must be repeated. These researchers have proposed that
refreshing is an executive process that allows thoughts or
representations to be put into the foreground and maintained or
augmented. A meta-analysis of experiments utilizing this techni-
que has revealed extensive activation across middle and superior
frontal regions, especially in the left hemisphere and the anterior
cingulate when comparing activation for a refresh condition vs. a
repeat condition (Johnson et al., 2005). Subsequent work has
suggested a critical role for themiddle frontal gyrus, as rTMS to this
area results in a specific elongation of responses to refresh, but not
repeat trials (Miller et al., 2008).

The effect of emotional context in this paradigm was
investigated by showing three words simultaneously, two of
which were neutral and one of which was emotional. The neural
systems engaged by refreshing a neutral word as compared to an
emotional one were identical, except for additional activation in
anterior orbitofrontal cortex (BA 10)when a neutralword had to be
refreshed. The authors interpreted this finding as suggesting that
orbitofrontal regions might play a role in controlling emotional
responses that might interfere with on-going processing of the
neutral word (Johnson et al., 2005, Exp. 6).

Other work has more directly examined the ability to control
emotional reactions or responses. Often in these studies
individuals are asked to suppress the emotional response or to
attempt to ‘‘re-appraise’’ it in a more cognitive and less
emotional manner. Some of the earliest work examined the
ability to suppress responses to sexually arousing pictures as
compared to just viewing them (Beauregard et al., 2001). This
study identified regions of the right superior frontal gyrus and a
pregenual region (part of the ‘‘affective’’ division) of the ACC. A
subsequent study by the same group compared brain activation
when individuals must inhibit a sad response to pictures as
compared to just viewing them (Lévesque et al., 2003). This
process also engaged portions of the right PFC, specifically
regions of the right OFC (BA 11) and right DLPFC (BA 9).
Furthermore, activity in these regions was related to how much
the individuals self-reported a change in sadness, with more
activation associated with greater ratings of sadness. Unlike the
prior study, there was no significant change in activity in the ACC
associated with this type of attempt to control emotion.

In other studies, individuals were not asked to suppress
emotion, but rather to re-appraise information in non-emotional
terms. For example, when shown a picture of women crying
outside a church, individuals were told to think of an alternative
interpretation from the one most obvious—that someone had
died. This re-appraisal might instead involve imagining that the
women were at a wedding and were overjoyed at the new
marriage.When reappraising highly negative scenes as compared
to just viewing them, increased activation has been observed in
lateral and medial PFC (BA 6, 8, 32) along with a concomitant
decrease in activation of the amygdala and medial OFC. Of note,
the degree of activity in the dorsal (‘‘cognitive’’) region of the ACC
predicted the degree of the drop in self-reported negative affect
across individuals during reappraisal (Ochsner et al., 2002), a
finding that has been replicated (Phan et al., 2005). These findings
suggest that cognitive control regions play an important
role in re-appraisal and controlling emotional responses. When
individuals are not told to regulate their response to sad
emotion (Phan et al., 2005) or to maintain such a response
(Schaefer et al., 2002), activation in the amygdala increases,
suggesting that the amygdala is a region to which such cognitive
control is directed.

Further research indicates that the regions involved in
regulation may vary depending on whether the negative emotion
is to be down-regulated, as previously discussed, or up-regulated

(e.g., if viewing a picture of a ferocious dog, imagine it is about to
bite you). Both processes activate the previously noted regions of
LPFC and the dorsal regions of the ACC implicated in cognitive
control, suggesting a common set of control regions regardless of
valence. However, another set of regions showed different
activation during the down-regulation as compared to the up-
regulation of negative emotion. In particular, during down-
regulation, there was greater activity of right lateral inferior
cortex (LIFC), a region that has been previously implicated in
inhibition (e.g., Aron et al., 2004). In contrast, up-regulation led to
increased activity in left rostromedial PFC, which has been
implicated in the retrieval of emotions. In both cases, amygdala
activation was modified depending on task demands (i.e.,
increased during retrieval of negative emotions and decreased
during suppression) (Ochsner et al., 2004). To preview, these
findings are consistent with those examining the suppression of
negative information in long-term memory that (1) suggests that
activity in right IFG associated with such suppression and (2)
changes in amygdala activity when negative memories are
suppressed (Depue et al., 2007).

Other researchers have examined the degree to which such
regulatory mechanisms over negative affect may be disrupted
in depression (Johnstone et al., 2007). As in prior studies,
individuals were shown negative pictures and were told either
to (1) attend to emotion invoked by a picture (no regulation) (2)
increase the emotion or (3) decrease the emotion. When
comparing the decrease condition to the attend condition,
several findings were noted. For control individuals, increased
activation was observed in left lateral and left ventrolateral
areas of PFC (BA 8, 45/47) as well as the insula. Depressed
individuals, however, showed bilateral PFC activity. Further-
more, the relationship between ventromedial prefrontal cortex
(VMPFC) activity and amygdala activity differed between the
groups consistent with prior work suggesting that the VMPFC
may act as a mediator by which lateral areas of prefrontal cortex
exert control over the amygdala (Urry et al., 2006). In particular,
the greater the activity in VMPFC for controls, the less the
amygdala activity. In contrast, the greater the activity in VMPFC
activity in depressed individuals, the greater the amygdala
activity. This finding suggests that attempts at reappraisal are
counterproductive in the depressed group and may lead to
greater rather than less engagement of neural areas involved in
emotion, such as the amygdala.

Finally, researchers have attempted to disentangle the effect of
controlling a negative mood state from the content of the
representation associated with that mood state. In this study
(Cooney et al., 2007), individualswere asked to remember a happy
autobiographical memory and as expected, this condition yielded
activation in OFC, temporal cortex and the parahippocampal
gyrus. Afterwards, they were induced into a sad mood state by
watching a film clip of a girl dying of cancer. Next, theywere asked
to recall the positive autobiographical memory, which lessened
their sad mood. Notice that in this study the individual does not
attempt to actively modulate or exert control over the mood
induced by either the film clip or the autobiographical memory.
The investigators examined which brain areas were more active
for the second recall of the positive autobiographical memory
(after sad mood induction) as compared to the first recall (prior to
sad mood induction). This contrast yielded increased activity in
VMPFC and subgenual regions of the ACC, but not in dorsolateral
PFC and caudal regions of the ACC that have been implicated in
cognitive control. As such, this study helps to implicate more
dorsal regions of PFC as playing a role in effortful control over
emotional thoughts rather than being engagedwhenever emotion
is being processed.
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2.2.1. Summary
The research using reappraisal has implicated LPFC and

sometimes regions of the dorsal ACC as being important for
regulating emotional responses or reactions. Additional evidence
suggests that this regulation acts on the activity of the amygdala,
possibly via the VMPFC and/or subgenual ACC.

2.3. Mood state influences on cognitive control

There has been relatively little research designed to examine
how mood states affect cognitive control mechanisms involved in
working memory. At least one study (Gray et al., 2002) suggests
that emotion exerts its influence by modulating activity in regions
involved in cognitive control. In this study, individuals watched
short videos to induce one of three emotional states (pleasant/
approach, unpleasant/withdrawal, or neutral). Individuals were
scanned while performing two versions of a 3-back working
memory task: one using words and one using faces. N-back tasks,
as discussed earlier, do not just tap the ability to maintain
information in workingmemory, but also the ability tomanipulate
the contents of working memory (e.g., instructions involve
maintaining the last two items that occurred and selecting the
item from two trials ago to compare with the current trial).
Emotion appeared to modulate DFLPC activity induced by the N-
back task. Furthermore, activity in bilateral regions of BA 9
appeared to be driven equally by contributions from the task-
specific nature of the information (e.g., words or faces) and the
emotional mood that had been induced. In particular, activity in
this region was greatest for the word task during unpleasant mood
and the face task during pleasant mood. In contrast, activity in
this region was least for the word task during a pleasant mood
and the face task during an unpleasant mood. The authors
suggest that these results argue that systems for emotion and
cognitive control are interrelated. These results are consistent
with the findings of Herrington et al. (2005), who found that
DLPFC activity could be modulated by the valence of the
information to-be-ignored. However the effects occurred bilat-
erally in the study of Gray et al. (2002) rather than varying by
hemisphere depending on emotional valence, as was the case in
Herrington et al. (2005).

In another study, individuals were induced into either a neutral
emotional state via ambient air or a negative emotional state via
the smell of rotten yeast while performing a 2-back verbal working
memory task. Like the Gray et al. (2002) study, males showed
activity in DLPFC regions that reflected an interaction between
working memory processing and emotional state. In contrast, no
such interaction was observed for females (Koch et al., 2007).

One can also examine the effect of mood on control mechan-
isms inworkingmemory by comparing performance of individuals
who are depressed vs. those who are not. Non-medicated
individuals with depression showed greater DLPFC activity in
comparison of a 2-back vs. 1-back condition relative to controls
even though task performance was not significantly different.
Moreover, they showed greater dorsal ACC activity even though
the group difference did not reach statistical significance (Matsuo
et al., 2007). This finding is consistent with other work indicating
that individuals who have only recently started anti-depressant
medication (within the past 2 weeks) show greater PFC activity in
left inferior (BA 6/44), left middle (BA 46) and ACC (BA 32) regions
than controls, even though performance between the groups does
not differ (Harvey et al., 2005). Such data are also consistent with a
larger body of work suggesting that executive functions are
compromised in depressed individuals, and that people who are
depressed have to exert more cognitive control and effort to
maintain levels of performance comparable to those of non-

depressed controls (see Levin et al., 2007, for a review). The
increased engagement of regions of PFC involved in cognitive
control mechanisms in depressed individuals seems to reflect such
compromise.

2.3.1. Summary
The relatively few studies in existence suggest that negative

mood canmodulate activity in cognitive control regions associated
with memory maintenance and updating.

2.4. Individual differences

Another way to examine the neural underpinnings of the
relationship between cognitive control mechanisms involved in
working memory and emotion is to investigate individual
differences in the relationship between these functions. To date,
there is very little research on this topic (although, we will return
to this topic a bit more in Section 3, especially as it relates to PTSD).
One characteristic that appears, on the face of it, to lie at the
confluence of these processes is rumination, which is the tendency
to actively maintain a specific set of thoughts, usually negative in
valence.

Depressive rumination is defined as repetitively and passively
focusing attention on one’s experience of negativemood states and
the possible causes, meanings and implications of that mood
(Nolen-Hoeksema, 1991). The prevailing viewpoint, mainly taken
from a clinical perspective, is that individuals who tend to
ruminate as measured by self-report questionnaires like the
Ruminative Response Styles (RRS) questionnaire (Nolen-Hoek-
sema and Morrow, 1991) are attentionally inflexible. For example,
ruminators have difficulty abandoning rules being maintained in
working memory in the Wisconsin Card Sorting Task even though
they are given feedback indicating that the rule is no longer correct
(Davis and Nolen-Hoeksema, 2000).

Research in our laboratory and others has suggested that
ruminators’ attentional inflexibility may be linked specifically to
an impairment in cognitive control mechanisms that have been
proposed to keep previously relevant, but now irrelevant,
information out of working memory (Joormann et al., 2006;
Joormann and Gotlib, 2008; Whitmer and Banich, in press). For
example, one study used a backward inhibition paradigm (Mayr
and Keele, 2000). In this paradigm, one switches between different
tasks across trials. Responses are slower if one has to return
immediately back to a previous task (e.g., pick the oddly shaped
item, pick the largest item, pick the oddly shaped item) as
compared to a new task (e.g., pick the oddly shaped item, pick the
largest item, pick the moving item). This finding has been
interpreted as demonstrating that access to representations in
working memory of a very recent task set (e.g., pick the oddly
shaped item) is more difficult than access to less recent task sets.
This phenomenon is often interpreted as automatic inhibition of
previous but no longer relevant task sets (Mayr and Keele, 2000).
We have found that individuals with a high tendency to ruminate
do not have trouble switching their attentional focus from one
task to another, but they do have trouble inhibiting mental
representations of previous task demands when they switch their
attention to new task demands (Whitmer and Banich, 2007).
Hence, ruminators’ attention may remain fixated on certain
thoughts because inhibitory mechanisms do not effectively
remove information that is no longer needed from working
memory. Such findings are consistent with work linking working
memory processes with cognitive control. For example, the ability
tomanipulate the contexts of workingmemory predicts the ability
to maintain on-task thoughts (Kane et al., 2007) and the ability to
suppress unwanted thoughts (Brewin and Smart, 2005).
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When confronted with emotionally negative information, the
negative bias associated with depressive rumination coupled with
a faulty inhibitory mechanism may make it difficult to be
distracted away from such thoughts (Whitmer, submitted for
publication). Consistent with this idea, functional imaging studies
have found that when ruminators are presented with emotionally
negative material, the amygdala shows sustained activity as
compared to non-ruminators (Ray et al., 2005).

Interestingly, a review of the literature on people who ruminate
but are not clinically depressed suggests that this deficit is not
specific to the valence of information being controlled; instead
rumination appears to be associated with a tendency to fixate
attention on any information perceived to be important whether it
is emotionally neutral, negative or positive (e.g., Whitmer and
Banich, 2007; Joormann and Gotlib, 2008; Davis and Nolen-
Hoeksema, 2000; see Whitmer, submitted for publication for a
longer discussion of this issue). This inflexibility in attention will
primarily become maladaptive when an individual’s attentional
focus is also biased to selectively process negative information
over neutral or positive information, as may occur in depressed
individuals or in those individuals with negative cognitive
tendencies like pessimism, low self-esteemor cognitive distortions
(Ciesla and Roberts, 2007; Whitmer, submitted for publication).

At present, very little research has been done to discern the
neural mechanisms underlying an increased tendency to engage in
rumination. Some research has attempted to determine if an
overactive amygdala may be linked to excessive rumination. In
support of such a hypothesis, two studies have found that in
clinically depressed individuals, increased tendencies to ruminate
were moderately associated with sustained amygdala activity in
response to evaluation of emotionally negative words as compared
to emotionally positive words (Siegle et al., 2002, 2006). However,
these findings are insufficient to conclude that depressive
rumination is caused by an overreactive amygdala for two reasons.
First, the correlation between rumination and sustained amygdala
activity may actually be due to underlying variables. For example,
these studies did not control for the influence of depressed mood
and therefore sustained amygdala activity may be due to
rumination’s association with depressed mood. Sustained amyg-
dala activity may also simply reflect heightened negativity in
clinically depressed people who ruminate and may not be due to
some more inherent mechanism involved in prolonging rumina-
tion. Future research clearly needs to control for these other
explanatory factors. Second, an overactive amygdala may not be
causing overmaintenance of negative information (i.e., rumination)
but instead may be merely reflecting the overmaintenance of
negative information. For example, faulty mechanisms in working
memory (e.g., inhibitory deficits) may cause the negative
information to be overly maintained and sustained amygdala
activity may just be the result of such deficits in control of working
memory.

Another fMRI study examined a tendency to ruminate in
individuals whowere not clinically depressed while they looked at
emotionally negative pictures and instructed to either regulate
their emotional reaction or to just look at the picture (Ray et al.,
2005). When participants just looked at the pictures, an increased
tendency to ruminate was associated with increased amygdala
activity, in line with the studies discussed above. However, if
participants were told to diminish their emotional response then
rumination was actually associated with decreased amygdala
activity. This study may have two implications. First, it suggests
that ruminators are quite capable of exerting cognitive control over
their emotions but that their problemmay lie in their failure to use
such cognitive control to override their emotional thoughts when
not explicitly told to do so. In line with such an idea, other studies

have shown a similar effect for non-emotional information. For
example, ruminators can switch their attention between non-
emotional stimuli if explicitly told to do so (e.g., in a task switching
paradigmWhitmer and Banich, 2007) but not if they have to learn
on their own from negative feedback that a switch is needed (e.g.,
WCST; Davis and Nolen-Hoeksema, 2000). Second, these findings
may argue against a hypothesis that proposes that an overactive
amygdala is causing ruminators to overmaintain negative infor-
mation. If that were the case, then ruminators should have had
difficulty in diminishing amygdala activity when down-regulating
negative emotions. Therefore, these results instead suggest that
other deficits (e.g., in cognitive control mechanisms for working
memory) are causing overmaintenance of negative information.

Unfortunately, there is a dearth of research done on the role of
other brain regions, such as the PFC, in driving an increased
tendency toward rumination. Therefore, there is a clear need for
future research to pinpoint the neural underpinnings of ruminative
tendencies and their relationship to neural structures involved in
cognitive control.

2.4.1. Summary
In sum, depressive rumination is associated with an impaired

ability to keep previously relevant, but now irrelevant information,
out of working memory. A consequence of this inability may be an
inflexible cycle of thoughts about such information. If personality
traits or negative mood cause an attentional bias towards negative
information in particular, such inflexible thinking may increase
negativity and thereby increase negative mood. The neural
underpinnings of such control mechanisms as they relate to
negative emotional thought remain to be determined.

3. Long-term memory

The question of how emotional memories are controlled and
regulated is one that has fascinated scientists and clinicians since
the time of Freud, who suggested that memories may be repressed
to keep anxiety at bay. Inmore recent times, researchers have been
examining the neural mechanisms involved in the suppression of
emotional thoughts, as well as the neural underpinnings of control
mechanisms in individuals who may experience seemingly little
control over retrieval of memories, such as seen in those who have
been traumatized or have PTSD and experience unwanted flash-
backs of disturbing memories. In this section of the paper we
examine (1) the neural substrates of emotional memory, (2) the
cognitive and neural mechanisms that allow for control over
emotional memories, emphasizing the suppression of negative
memories and (3) cognitive control mechanisms in PTSD.

3.1. The neural substrates of emotional memory

Memories for emotional events are more persistent and vivid
than other memories (Christianson, 1992; Phelps, 2004, 2006). A
key conceptual issue that warrants attention is the fact that recent
studies examining emotional memory have focused on the highly
arousing nature of emotional stimuli or experimental contexts as
the key component contributing to enhanced memory (Cahill,
2000; Canli et al., 1999; Dolcos et al., 2005). Several studies have
demonstrated that the highly arousing nature of emotional stimuli
and not their unpleasant valence, as self-reported by subjects,
promotes enhanced emotional memory (Cahill and McGaugh,
1990; Hamann, 2001; Dolcos et al., 2004).

Previous research has shown that the amygdala and hippo-
campus are necessary for the enhanced memory observed for
emotional material and contexts (Cahill et al., 1995; LaBar and
Phelps, 1998; Phelps and LeDoux, 2005). Recent neuroimaging
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studies have further illustrated that amygdala and hippocampus
activation during encoding of emotional stimuli is related to better
recollection of those stimuli (Cahill et al., 2001; Hamann et al.,
1999; Canli et al., 2000; Dolcos et al., 2004, 2005).

Insights into how these structures may be involved in
emotional memory have been derived from studies that examine
the anticipation of aversive or negative stimuli. Increased activity
in right DLPFC and dorsal ACC has been observed during
anticipation of viewing aversive items, but not when they are
actually being viewed. This finding suggests that these regions are
involved in modulatory control processes. Consistent with this
interpretation, the activation of right DLFPC was associated with
self-reports of increased negative affect (Nitschke et al., 2006).

In contrast, the amygdala and hippocampus exhibit activity
both during anticipation and actual viewing of aversive stimuli,
and may be the sites at which DLPFC regions exert their control.
Activity in these two regions has been related to subsequent
memory for aversive stimuli. In particular, dorsal amygdala and
anterior hippocampus activations in anticipation of aversive
emotional stimuli are positively associated with immediate
recognition of the stimuli, whereas ventral amygdala activation
in response to aversive emotional stimuli is positively associated
with delayed recognition of the stimuli. Increased attention to
potential threat/aversion likely drives the dorsal amygdala
activation and the hippocampus is brought on-line because it
has been proven adaptive in the past to remember emotional, in
this case aversive, stimuli. Ventral amygdala activation is likely
present because of its role in modulating consolidation of
emotional memory via the hippocampus (Mackiewicz et al., 2006).

3.1.1. Summary
Based on the body of neuroimaging studies on emotional

memory, it is evident that the amygdala and hippocampus work in
tandem. It has been argued that the amygdala can modulate the
encoding and storage of hippocampal-dependent memories. In
contrast the hippocampus, by forming episodic representations of
emotional information, can in turn influence the amygdala when
emotional events are encountered (Phelps, 2004).

3.2. Control over emotional memories—non-clinical samples

3.2.1. Behavioral evidence from the Think/No-Think paradigm
The Think/No-Think paradigm (TNT) (Anderson and Green,

2001) has been used to provide unique insight into the cognitive
and neural mechanisms involved in the suppression and ampli-
fication of emotional memories (Depue et al., 2006, 2007). The TNT
paradigm, derived from the Go/No-go task, requires individuals to
exert control over memory representations as opposed to motor
responses. The task is divided into three phases. In the training
phase, participants learn cue-target pairing until they reach a very
high degree of accuracy. In the experimental phase, only the cue is
shown. For some cues, the individual is asked to think about or re-
remember the target (Think condition) while for other cues, the
individual is told to try and not let the target enter consciousness
(No-Think condition). During this phase of the experiment
participants are also given repeated attempts, usually between 6
and 12, to invoke either re-remembering or suppression of the
target, depending on condition. For a subset of items, no cue is
shown during the experimental phase and they serve as a baseline
for the final test phase. In the test phase the individual is shown
each cue and asked to recall the target that was paired with it.
Typically compared to baseline, recall of items in the Think
condition is enhanced and recall in the No-Think condition is
reduced. These effects are amplified with increasing chances to
exert cognitive control (e.g., 12 vs. 6 repetitions).

Initial studies used non-emotional word–word pairings to
examine this aspect of cognitive control (Anderson and Green,
2001; Anderson et al., 2004).More recently our laboratory has used
the paradigm to examine control over emotional and pictorial
stimuli (Depue et al., 2006). Specifically, we compared control for
neutral and negative pictorial material information that was
equated for arousal. We found that emotional and pictorial
information were susceptible to similar cognitive control mechan-
isms as previously observed for non-emotional words. More
importantly, however, we found that the effects of cognitive
control were enhanced for emotional as compared to non-
emotional material. Hence, recall of information was greater for
emotional information in the Think condition while recall of
information was poorer for emotional than non-emotional
information in the No-Think condition. Moreover, this effect
increased with attempts at control (i.e., 10 vs. 5 attempts).

3.2.2. Neural substrates of the suppression of emotional memories
Although behavioral work with the TNT task illustrates that

cognitive mechanisms can successfully exert their effect on
emotional memories, they are not able to highlight the specific
neural mechanisms that allow for such control. A recent study in
our laboratory provides some insight into this question. Our study
was built on prior findings (Anderson et al., 2004) in which regions
of DLPFC and ACC were found to show increased activation for No-
Think trials than Think trials when non-emotional words were
used for the cue-target pairings. In addition, this study revealed
that greater activity in DLPFC correlated with reduced activity in
the hippocampus during No-Think trials to reduce the likelihood of
retrieval.

Using our negative emotional stimuli from our prior behavioral
TNT study we focused on the neural mechanisms involved in
control of such information (Depue et al., 2007) since this issue is
highly relevant for psychiatric disorders such as PTSD and OCD.
Our results suggest that the ability to suppress or not think about
emotional memory invokes controlmechanisms that are separable
from those involved in the elaboration of memory. These control
mechanisms are composed of at least two distinct pathways that
appear to exert their influence at different times during the
multiple attempts at cognitive control. In the first half of attempts
at control (attempts 1–6), increased activity in inferior prefrontal
regions is associated with reduced activity in the thalamus and
visual cortex, which may reflect a modulatory influence of
prefrontal over sensory components of memory representation.
In the second half of attempts at cognitive control (attempts 7–12),
increased activity in lateral prefrontal regions is associated with
decreased activity in the hippocampus and amygdala, which may
reflect modulation of memory processes and emotional compo-
nents of memory representation, respectively. Finally, the overall
timing of these effects may be orchestrated by a modulatory
influence from frontopolar cortex that first predicts inferior and,
then afterwards, lateral prefrontal regions. This work directly
supports the previous findings of Anderson et al. (2004), which
demonstrated a relationship between activity in DLPFC and the
hippocampus, which was interpreted as a potential mechanism for
reducing encoding and/or retrieval processes during No-Think
trials.

One possible interpretation of these sets of findings is that these
prefrontal areas are involved in directly modulating activity in
posterior, hippocampal and amygdalar regions, and that the
negative association reflects inhibition of one region over activity
in the other. However, as discussed earlier, it is impossible to
demonstrate this definitively with MRI data as they do not allow
for the demonstration of causal relationships, that can be observed
with TMS (Aron, 2007). A potential alternative interpretation is
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that variations in activity inmedial frontal regions are explained by
how engaged a subject is in a given task. According to this
argument, it is difficult to determine an ‘‘absolute’’ baseline for
medial temporal regions in fMRI studies as in some cases more
activity can be observed during a fixation baseline than during
performance, for example, as in an odd/even task (Stark & Squire,
2001). The proposed explanation is that when people are not
engaged in task demands, they are thinking to themselves (e.g.,
ruminating) which leads to activity in medial temporal regions. By
this account, if individuals are more engaged in task demands on
No-Think than Think and fixation trials, there will be less time for
self-generated thoughts, less engagement of hippocampal cortex
and memory mechanisms (i.e., more rumination), and therefore
less activity in these regions.

Although a logical possibility, we do not find it a compelling
argument regardless of whether the decreased hippocampal
activity on No-Think trials is called ‘‘inhibition’’, ‘‘suppression’’
or ‘‘decreased engagement in the task’’. The point remains that
memory structures involved in retrieval are significantly less
active on No-Think trials than Think trials or during whatever
thoughts may be occurring during the fixation baseline. Were this
decreased activity just the result of being more engaged in task
demands for No-Think than Think trials, one would expect that the
engagement in the No-Think taskwould remain steady or decrease
across trials, as one gets more practice at exerting cognitive
control. Hence, this hypothesis makes the opposite prediction of
what we observed. Steady or decreasing engagement in task
demands on No-Think trials would lead to steady or increasing
activity in medial temporal regions across trials. Rather, what we
observed was that activation in hippocampal regions decreased
over No-Think trials, which is more suggestive of an active control
process that works to suppress or inhibit retrieval processes.
Moreover, the degree of activity in prefrontal regions in cognitive
control regions across individuals predicted the degree of
(de)activation in the hippocampus and amygdala. Hence, we
believe a more parsimonious explanation is that these prefrontal
regions exert modulatory influence over hippocampal regions that
allow for reduced activation of memories that are to-be-forgotten
or suppressed.

Other recent work from ERP research using the TNT paradigm
lends further support for the idea that cognitive control mechan-
isms can be used to exert control over memory (Bergström et al.,
2007). The results showed that ERP components were significantly
different in Think as compared to No-Think trials. Early portions of
the ERP (200–300 ms) showed increased positive amplitude over
frontal leads but increased negativity over parietal–occipital leads
for Think compared to No-Think trials. This pattern is thought to
index strategic processes that are involved in voluntarily control-
ling recollection. In addition, a late (500–800 ms) parietal
positivity was observed that was specific to Think items that
were remembered. This late positivity has been suggested to index
conscious recollection of memories. Hence this set of findings
provides additional evidence that the strength of memories is
indeed reduced on No-Think as compared to Think trials.

3.2.3. Differences between the suppression and retrieval of
emotional memories

Our research has also suggested that the cognitive control
mechanisms involved in the suppression, inhibition or reduction of
the strength of memories may be somewhat different than those
involved in the retrieval and enhancement of memories. Beha-
viorally, we have found that retrieval of memories in the Think
conditions as measured by effective recall of both emotional and
non-emotional information increased linearly as a function of the
number of attempts at cognitive control. In contrast, the cognitive

control mechanisms involved in memory suppression do not
appear to simply be the converse—a decrease in memory as a
function of repetition (Depue et al., 2006). One of the most
intriguing findings from our behavioral studies was the apparent
paradoxical effect inwhich (a) a small number of attempts to forget
or not retrieve emotional information actually led to marginally
significant better recall for that information, whereas (b) only
when the number of attempts to forget or not retrieve emotional
information was further increased, was there a significant drop in
recall. Thus, the relationship between attempts at suppressive
cognitive control and subsequent recall was non-monotonic.

There are some hints in our data that the non-monotonic nature
of the relationship between suppression of repetitions and
subsequent recall, appears to be related to the vividness or
elaborateness of stimuli, and is not necessarily driven only by
whether or not the content being controlled is emotional. This idea
would be consistent with the suggestion by Anderson and
colleagues that only intrusivememories are subject to suppression
(Anderson et al., 2004; Levy and Anderson, 2002), as well as
findings discussed earlier that the arousal induced by emotional
stimuli rather than their emotionality per se drives subsequent
recall.

Evidence for this assertion comes from the following data. In
our behavioral work (Depue et al., 2006), we found that the non-
monotonic function for suppressive control of emotional vs. non-
emotional information is greater for pictures than words; clearly
the pictures are more elaborate, rich and vivid representations of
information than word stimuli. In addition, in our neuroimaging
study (Depue et al., 2007) we observed that the initial
hippocampal activity (suppression attempts 1–3) was greater
for No-Think items that were successfully suppressed than for
those that were not. Hence we speculate that cognitive control
may be easier to exert over items that have a more well-
elaborated memory representation. This idea is supported by
recent work in computational modeling (Norman et al., 2004)
suggesting thatmore elaborated representationsmay be easier to
control.

Such an explanation provides a tentative means of interpreting
the clinical phenomenon that painful and disturbing memories
require ‘‘working through’’ or ‘‘revisitation’’ before they can be
processed and suppressed (Freud, 1904). It may be that memories
must be elaborated before they can be effectively controlled. This
idea is also consistent with clinical descriptions of therapeutic
approaches to PTSD, where enhancement of traumatic memories
often precedes their suppression (Bower and Sivers, 1998). In
contrast, ruminative aspects of OCD and depression may represent
conditions where these control mechanisms are compromised
(Van Der Kolk et al., 1996). Hence, individual differences in the
effectiveness of control mechanisms of suppression may con-
tribute to the susceptibility of disorders such as OCD and PTSD (de
Silva and Marks, 2001) and merit further investigation.

3.2.4. Summary
Cognitive control mechanisms appear to be able to modulate

memory for emotional information more effectively than for non-
emotional information. Increased effectiveness in forgetting
specific memories appears to be associated with two somewhat
dissociable pathways. The first involves inferior frontal cortex,
which is associated with reductions in activity in sensory
processing regions, suggesting that it may aid in the suppression
of sensory aspects of the memory. The second involves the middle
frontal gyrus, which is associated with reduction in activation in
the aymgdala and hippocampus, suggesting that it may play a role
in suppressing multimodal and emotional aspects of the memory.
Furthermore, cognitive control processes that lead to the diminu-
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tion vs. retrieval/enhancement of emotional information are not
converse processes. Rather suppression of negative emotional
information appears to be more successful when that information
is initially better elaborated.

3.3. Cognitive control and post-traumatic stress disorder

Cognitive processing in individuals with PTSD has received
much attention, due in large part to the nature of several PTSD
symptoms, such as intrusive thoughts and hypervigilance. These
symptoms as well as behavioral data suggest that two main
processes affected in PTSD are memory (Amir et al., 1996; Vrana
et al., 1995) and attention/cognitive control (MacLeod et al., 2002;
Matthews and MacLeod, 2002). Illustrating their importance,
cognitive processing variables and memory disorganization have
been found to predict PTSD severity both at 3 and 6 months post-
onset. This association holds evenwhen controlling for depression,
suggesting this may be distinct to PTSD (see review by Brewin and
Holmes, 2003). For the most part, these two processes – cognitive
control and memory – have been conceptualized as independent.
However, it is likely there is a relationship between the two
processes and we therefore explore the potential interrelationship
here.

3.3.1. Control mechanisms in PTSD

3.3.1.1. Behavioral evidence. It is frequently observed that people
with PTSD are hypervigilant (MacLeod et al., 2002; Matthews and
MacLeod, 2002), which is the result of a strong attentional bias for
threat. Experiments using the emotional Stroop task have
demonstrated an attentional bias for threat in people with PTSD
above and beyond that observed in the normal population.
Specifically, individuals with PTSD are slower at naming the color
of words that are relevant to their trauma rather than trauma
words in general, regardless of the trauma experienced. Results are
robust across different media and modalities (Constans, 2006) and
across individuals with PTSD resulting from different types of
trauma, including rape (Cassidy et al., 1992; Foa et al., 1991),
sexual abuse (McNally et al., 2000), combat (Constans et al., 2004;
McNally et al., 1993), and accidents (Bryant and Harvey, 1995;
Buckley et al., 2002). Deficits are positively correlated with
symptom severity (McNally et al., 2000).

However, these effects may be moderated by the degree to
which an individual dissociates. According to DePrince and Freyd
(1999), dissociation results when thoughts, emotions, and
experiences are not normally integrated. Freyd has also character-
ized dissociative experiences similarly, stating that ‘‘dissociative
experiences are characterized by a disruption in integration of
consciousness, attention, and/or memory’’ (Freyd et al., 1998, p.
S91). High levels of dissociative experience have been related to a
history of trauma (Freyd et al., 1998) and studies have suggested
that dissociation is an important construct in PTSD (Bremner et al.,
1992; Koopman et al., 1994).

Of interest, dissociation appears to influence aspects of
attention and cognitive control. One study found that high levels
of dissociation were associated with more interference on a Stroop
task than low levels (Freyd et al., 1998). Following up on this
finding, DePrince and Freyd (1999) found that although high
dissociation was indeed associated with high levels of interference
on a classic Stroop task, this interference was reduced when
simultaneously attempting to recall the words. Low levels of
dissociation were associated with the opposite pattern. This
finding suggests that attentional context may moderate the effect
of dissociation on alterations in cognitive control. Of note, high
dissociators could better exert cognitive control when also

engaged in another task, consistent with their ability to exert
control by dissociating when placed in a traumatic context. The
same study also found a relationship between dissociation and
memory, such that high dissociators were better able to recall the
neutral words than the trauma words, with low dissociators being
able to recall the trauma words better than the neutral words
(DePrince and Freyd, 1999). This finding suggests that these
alterations in cognitive control mechanisms can influence the
nature of memories that are retrieved.

3.3.1.2. Neuroimaging evidence. Neuroimaging techniques have
been used to examine the neural bases of control mechanisms
in PTSD. Before discussing this research, however, it is instructive
to consider how individuals with PTSD respond in general to
traumatic or threatening information. Neuroimaging indicates that
individuals with PTSD have increased amygdala activation to fear-
related stimuli, including fearful faces and trauma related words
(Rauch et al., 2000; Shin et al., 2004, 2005; Nemeroff et al., 2006). It
is thought that this increased amygdala activation is part of the
larger neural system that leads to hypervigilance to threat seen in
people with PTSD. The degree of amgydala hyperactivation in
response to trauma cues in individuals with PTSD is linked to
symptom severity (Pissota et al., 2002; Fredrikson and Furmark,
2003; Shin et al., 2004). Furthermore, Shin et al. (2005) have found
that increased amygdala activation in people with PTSD is
functionally associated with decreased VMPFC activity, which
has been suggested by Johnstone et al. (2007) to mediate lateral
prefrontal control over the amygdala. Supporting this idea is a
recent meta-analysis by Etkin and Wager (2007) which notes
evidence across neuroimaging studies for decreased VMPFC
activity as well as decreased anterior cingulate activation in
individuals with PTSD.

A small body of work has more directly examined the neural
bases of cognitive control in individuals with PTSD. These have
generally used variants of the Stroop task. Shin et al. (2001) found
that combat veterans with PTSD showed decreased ACC activation
as compared to combat veterans with no PTSD when performing a
counting emotional Stroop task. Interestingly, they did not show
the same ACC deficit when performing a non-emotional counting
Stroop task, suggesting a specific deficit only in response to
emotional activation. Bremner et al. (2004) found that when
performing an emotional Stroop task, women with PTSD demon-
strated decreased blood flow in the ACC as compared to women
with similar trauma histories but no PTSD. Conversely, when
performing a classic Stroop task, the women with no PTSD
demonstrated increased blood flow in visual association cortex and
right inferior parietal cortex. Taken together, these studies suggest
that people with PTSD fail to recruit the ACC to the degree it is
neededwhen theymustmaintain and direct attention in the face of
distracting information that is threatening.

3.3.2. The nature of memory in PTSD
People with PTSD demonstrate enhanced recall of trauma-

related materials (Brewin and Holmes, 2003). Concordant with
studies of emotional memory in general, people with PTSD are not
just more likely to recall trauma-related materials, but the
memories of these materials or actual events are often vivid and
long-lasting (Brewin and Holmes, 2003). Experimental tasks have
demonstrated that people with PTSD have greater explicit (e.g.,
Vrana et al., 1995) and implicit (e.g., Amir et al., 1996) memory for
trauma-related material as compared to non-trauma-related
material. Not only do people with PTSD demonstrate increased
recall of trauma-related material, but they also exhibit difficulty
forgetting trauma material. In a directed forgetting study by
McNally et al. (1998), women with a history of childhood sexual
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abusewith PTSD exhibited deficits in recalling positive and neutral
words, but not trauma words.

Despite the fact that autobiographical memories of trauma in
people with PTSD are lacking in detail and coherence (Brewin and
Holmes, 2003), flashbacks are often dominated by sensory detail.
Most flashbacks are disjointed and fragmentary, with the person
vividly re-experiencing specific aspects of the trauma in great
detail. Flashbacks, as compared to autobiographical memories,
appear to be happening in the present. In one study (Reynolds and
Brewin, 1998), flashbacks were reported as the most frequent
intrusion by 43% of patients with PTSD as compared to 9% of
patients with depression and 0% of non-patients. Based on results
of studies like this, it has been hypothesized that flashbacksmay be
distinctive to PTSD (Brewin and Holmes, 2003).

Paradoxically, it has been found that increased recall of trauma-
related material is coupled with difficulty in retrieving autobio-
graphical memories of the trauma (Buckley et al., 2000). Clinicians
note observations of clients with PTSD reporting confusion,
disorganization, and forgetfulness associated with the trauma
memory, although they simultaneously report that suchmemories
are vivid and persistent (Herman, 1992). Multiple studies have
demonstrated an association between trauma history and over-
general memory, such that more severe trauma history is
predictive of more overgeneral memory of the trauma (Kuyken
and Brewin, 1995;McNally et al., 1994, 1995). Furthermore, people
with PTSD aremore physiologically responsive to autobiographical
trauma scripts than generic trauma scripts (McNally et al., 1998).

3.3.3. Control over traumatic memory in individuals with PTSD
In order to study the neural mechanisms involved in the recall

of traumatic memories as well as re-experiencing (including
flashbacks) of the trauma, script-driven paradigms have been
frequently employed in fMRI and PET research (e.g., Shin et al.,
2004; Osuch et al., 2001; Lanius et al., 2001, 2004). In a typical
script-driven paradigm, each participant constructs an autobio-
graphical narrative of a traumatic experience and some other
neutral emotional experience, which acts as the control. During the
fMRI or PET scan, the participant is read their script aloud and
instructed to recall the specific memory in the script and to
remember sensory details of the experience. It has been verified by
participants that this paradigm does induce PTSD symptoms,
including re-experiencing of the trauma (Rauch et al., 1996).

In general, script-driven studies have found decreased activa-
tion or blood flow in ACC, medial and inferior frontal cortices, and
the thalamus while there is increased activation or blood flow in
the amygdala and other limbic and paralimbic structures in people
with PTSD (for review, see Lanius et al., 2006). A functional
connectivity study found that participants with PTSD who
reported a reliving or flashback response to the trauma script,
show increased interrelationships between activity in the right
ACC and a set of regions including occipital cortex, right parietal
cortex, and posterior cingulate cortex. In contrast, control
participants’ activity in right ACC was associated with a different
set of regions: left PFC and the left anterior cingulate cortex (Lanius
et al., 2004). Lanius et al. (2004) suggest these patterns reflect the
phenomenon that PTSD participants experience the memories
primarily visually, whereas control participants experience the
memories more linguistically, in the form of a narrative. This
interpretation is in line with the paradoxical behavioral findings of
increased recall of trauma-related material being associated with
decreased autobiographical recall of the trauma. The predominant
activity in the right hemisphere for individuals with PTSD is also
consistent with evidence suggesting that various right hemisphere
regions are critically involved in response to threat (for review, see
Nitschke and Heller, 2002; Nitschke et al., 2000).

Additionally, these data suggest that some mechanisms of
cognitive control have gone awry. Decreased ACC activation aswell
as decreased medial and inferior frontal activation suggests a shift
from a task-oriented focus in which attention is directed toward
performance andmonitoring behavior in light of a goal to a threat-
oriented state, in which attention is directed broadly toward the
assessment of danger. This shift is associated with a deficit or at
least amarked decrease in cognitive control functions reflected, for
example, in an inability to inhibit a response to emotional
distractors. In addition, the decreased thalamic activity and
increased limbic activity suggests emotion-driven sensory over-
load. Decreased activation of medial and inferior frontal regions
would further contribute to reduced regulation of this responding
that is emotionally driven and sensory in nature.

However, individuals with PTSD may dissociate from, rather
than re-experience, traumatic memories. Although the majority of
PTSD participants report a reliving or flashback experience to the
trauma script, approximately 30% of participants dissociate when
they are listening to the trauma script (Lanius et al., 2006).
Therefore, Lanius et al. (2006) examined brain activation in a
subset of participants in a script-driven fMRI study who reported
dissociating while listening to the script. These participants
demonstrated increased activation in the anterior cingulate cortex,
inferior and medial frontal cortices, and temporal, parietal, and
occipital cortices. Lanius et al. (2002) report that their pattern of
findings is consistent with other imaging studies of dissociation.
These findings are quite opposite of those discussed previously in
people experiencing reliving/flashbacks during the trauma script.
In fact, this pattern of increased activation in these cognitive
control regions suggests people who dissociate are better able to
maintain attention in the face of distraction and suppress
responding that is emotionally driven and sensory in nature.
Dissociation provides some cognitive advantage or survival value,
in that it allows people to exhibit cognitive persistence in the face
of high emotional distraction.

3.3.4. Summary
Individuals with PTSD show increased responsiveness to threat

stimuli, which appears to be strongly associated with amygdala
activation. Initial studies suggest that control over the amydala
may occur via cingulate and other prefrontal mechanisms.
Memory processing is also altered in PTSD; trauma-related
memories are often vivid in nature, but non-trauma-related
information is overgeneral. Poor control over trauma-related
memories appears to be associated with decreased cingulate as
well as lateral and medial prefrontal activation. In contrast,
individuals who exhibit dissociation show increased activation in
these areas, suggestive of increased cognitive control.

4. Linkage to response inhibition

As this paper appears in a special issue related to inhibition, it is
worthwhile to consider how the processes discussed in this paper
relate to those discussed in other papers in this issue. In many of
the instances described above, cognitive control has been
conceptualized as a potential mechanism for selecting certain
types of information or processes over others. For example, in
Stroop and conflict paradigms, tasks require task-relevant
information or processes to be selected over task-irrelevant
information or processes. In task-switching paradigms, the current
task set must be selected over a prior one, inmemory tasks a target
must be distinguished from among distractors, and in emotion
regulation paradigms, a mood, emotional response, feeling or
thought must be selected over others. In describing many of these
paradigms, researchers use the word ‘‘inhibitory processing’’ to
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describe the effects. For example, papers often refer to ‘‘inhibiting a
memory’’ or ‘‘inhibiting word reading’’.

To understand what these phrases mean requires considering
two major theoretical conceptualizations of inhibition. One
viewpoint is that inhibition is an active process—it is a cognitive
control mechanism whereby a process or access to a representa-
tion is interrupted or stopped (see the discussion of neural circuitry
of the ‘‘kill switch’’ in the Stop-Signal paradigm; Chambers, Garvan
and Bellgrove, this issue). Another viewpoint is that inhibition is
really an epiphenomenon of competition between two or more
alternatives (see Verbruggen and Logan, this issue, in which they
use a horse-race model between two alternatives to explain
performance in the Stop-Signal paradigm). Which viewpoint
characterizes the effects of cognitive control related to memory
and emotion described in the current manuscript, and what, if any
of the neural machinery that we have described is related to that
involved in response inhibition?

Models of response inhibition have focused on the role of the
basal ganglia and its connection with frontal regions, especially
right inferior frontal cortex (RIFC) (for a more detailed description
see Aron et al., 2007). Corroborative evidence for the importance of
these areas comes from studies examining clinical populations,
such as individuals with ADHD or individuals who are substance
dependent, who may exhibit deficits in response inhibition,
alterations in brain activation on response inhibition tasks
compared to controls, and differential effects of drugs that alter
neurotransmission (for a longer discussion see Chambers, Garavan
and Bellgrove, this issue; Jentsch, Groman and James, this issue).
For the most part, these brain regions are not those that we have
highlighted, which in contrast, have included dorsolateral pre-
frontal cortex, ventromedial prefrontal cortex and the anterior
cingulate cortex.

However, there may be more overlap between these sets of
regions than meets the eye. In particular, recent computational
models have suggested that basal ganglia mechanisms gate
information in prefrontal cortex, sending a signal either to retain
the current information in working memory or to replace it
(O’Reilly and Frank, 2006). Because these effects are thought to
depend on relative activation of the Go vs. No-go pathways within

the basal ganglia, their effect will be obscured in the neuroimaging
studies described above because fMRI does not have the spatial
resolution to discriminate between them. Moreover this model
suggests that such a mechanism is shaped through reinforcement
learning that includes not only the basal ganglia but also the
amgydala. Another common region is pre-SMA, which in our
studies and many others, co-occurs with activity in dorsal ACC
when cognitive control is required. As noted by others in this issue
(Chambers, Garavan and Bellgrove) pre-SMA has been implicated
in response inhibition as well. This raises the possibility that
inhibitory circuits involving the basal ganglia and portions of the
pre-SMA are invoked whether inhibitory processes act on motor
responses or other types of representations, such as those in
working memory. Although these dorsal regions of the cingulate
are sometimes also engaged when emotional information must be
ignored or controlled, a more anterior and ventral region of
cingulate cortex is usually involved. Whether the functions of
these portions of the cingulate are identical but just act on different
representations (cognitive vs. emotional) or whether the nature of
the process performed by these two cingulate regions is
fundamentally different remains to be seen.

Right inferior frontal cortex is implicated both in response
inhibition and in memory suppression. Exactly what distinguishes
the role played by RIFC from that played by dorsal cingulate/pre-
SMA remains to be determined. It may be that RIFC is involved in
the override of motor-plans, but cingulate regions are involved in
aspects of the selection of stimulus-response mappings or the
channel of information (e.g., word/color, auditory/visual) that will
be used to guide responding (see Milham and Banich, 2005, for a
discussion of this potential role of dorsal ACC). Another out-
standing issue is the role that DLPFC may play with regards to
inhibition. Generally it is thought of as a region whose activity is
involved in top-down selection of task-relevant information (see
for example Banich et al., 2000a, b) under conditions of attentional
demand. However, to the degree that ‘‘inhibiting’’ one response or
memory for another requires a change in the attentional set or
context that is used to select responding, DLPFC may be involved.
As can be seen, although there are potential points of contact
between the processes involved in response inhibition and

Fig. 1. Themajor regions involved in cognitive control overmemory representations that are associatedwith emotional information or emotional processes. Areas involved in
cognitive control are depicted by rectangles, whereas the regions on which such control is exerted are depicted by ovals. Arrows from one structure to another indicate the
direction of influence. Dotted lines represent potential feedback mechanisms and dashed lines indicate potential inhibitory influences.
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inhibition or control over memories (both short-term and long-
term, emotional or non-emotional), the exact nature of their
potential overlap remains to be determined.

5. Conclusions

Research examining the interface of cognitive control, memory
and emotion is still in its infancy, despite the large implications for
mental health disorders such as post-traumatic stress disorder. In
Fig. 1 we provide an overview of themain regions that appear to be
involved and their interrelationships. One major issue of conten-
tion is whether there are general cognitive control mechanisms
that are invoked over both emotional and non-emotional memory
information, or whether these control mechanisms are somewhat
separable. At present, some tentative generalizations may be
possible. The lateral prefrontal regions and the anterior cingulate
are recognized as playing a large role in cognitive control, and they
appear to so do over emotional information in both working
memory and long-term memory. However, there appears to be at
least some specialization of these control mechanisms in the
cingulate, with more anterior and pregenual regions playing a
more predominant role when the information is emotional in
nature.

The sites at which these brain regions exert their control may
differ for emotional and non-emotional information. For emotional
information, the sites at which control is implemented include
ventral and orbitofrontal regions, the amygdala, regions processing
sensory aspects of the memory, and the hippocampus. The exact
circuitry bywhich this control is exerted however remains an issue
of debate, with some individuals suggesting direct control of the
amygdala and hippocampus and others suggesting mediation via
intermediate relay stations.

Evidence exists at present that such processes and pathways are
altered in individuals with tendencies related to psychopathology,
such as depressive ruminations, or individuals who are experien-
cing PTSD. A challenge for future research will be to determine
what aspects of cognitive control and neural systems are
compromised similarly across these disorders, what are specific
to each disorder, and how they may be remedied by therapeutic
interventions.

Acknowledgements

Writing of this paper byM.T.B., W.H., and G.A.M. was supported
by NIMH P50 MH 079485 (M.T.B., P.I.) and NIMH R01 MH061358
(W.H, P.I.) M.T.B. would also like to thank her students, K.L.M.,
B.E.D., and A.J.W. and her colleagues, G.A.M. and W.H., for the
interesting and stimulating collaborative research that they have
performed with her related to the topic of this review.

References

Amir, N., McNally, R.J., Wiegartz, P.S., 1996. Implicit memory bias for threat in
posttraumatic stress disorder. Cognitive Therapy and Research 20, 625–635.

Anderson, M.C., Ochsner, K.N., Kuhl, B., Cooper, J., Robertson, E., Gabrieli, S.W.,
Glover, G.H., Gabrieli, J.D.E., 2004. Neural systems underlying the suppression of
unwanted memories. Science 303, 232–235.

Anderson, M.C., Green, C., 2001. Suppressing unwanted memories by executive
control. Nature 410, 366–369.

Aron, A., 2007. The neural basis of inhibition in cognitive control. The Neuroscientist
13, 214–228.

Aron, A., Durston, S., Eagle, D.M., Logan, G.D., Stinear, C.M., Stuphorn, W., 2007.
Converging evidence for a fronto-basal-ganglia-network for inhibitory control
of action and cognition. Journal of Neuroscience 27, 11860–11864.

Aron, A., Robbins, T.W., Poldrack, R.A., 2004. Inhibition and the right inferior frontal
cortex. Trends in Cognitive Sciences 8, 170–177.

Badre, D., Wagner, A.D., 2007. Left ventrolateral prefrontal cortex and the cognitive
control of memory. Neuropsychologia 45, 2883–2901.

Banich, M.T., in press. Executive function: the search for an integrated account.
Current Directions in Psychological Science.

Banich, M.T., Milham, M.P., Atchley, R.A., Cohen, N.J., Webb, A., Wszalek, T., Kramer,
A.F., Liang, Z.-P., Barad, V., Gullett, D., Shah, C., Brown, C., 2000a. Prefrontal
regions play a predominant role in imposing an attentional ‘‘set’’: evidence from
fMRI. Cognitive Brain Research 10, 1–9.

Banich, M.T., Milham, M.P., Atchley, R.A., Cohen, N.J., Webb, A., Wszalek, T., Kramer,
A.F., Liang, Z.-P., Wright, A., Shenker, J., Magin, R., Barad, V., Gullett, D., Shah, C.,
Brown, C., 2000b. fMRI studies of Stroop tasks reveal unique roles of anterior
and posterior brain systems in attentional selection. Journal of Cognitive
Neuroscience 12, 988–1000.
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