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NEURAL CORRELATES OF EMOTIONAL MEMORIES:
A REVIEW OF EVIDENCE FROM BRAIN IMAGING STUDIES
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What are the neural markers of encoding and retrieving emotional events with
increased efficacy? In recent years, this question has captured the attention of
cognitive neuroscientists who fervently engaged in addressing it using a multitude of
approaches. The present review discusses evidence from brain imaging studies
investigating the neural correlates of the memory-enhancing effect of emotion in
healthy human participants. The available evidence points to two main mechanisms:
one direct involving the medial temporal lobe (MTL), and the other indirect
involving the prefrontal cortex (PFC), among other brain regions. Recent studies
also showed that these mechanisms are sensitive to aspects relevant to social
interactions, as well as to personality-, sex- and age-related differences. Overall, this
evidence provides insights into the brain mechanisms that make emotional
memories special, and points to possible alterations that could lead to negative
affective biases in encoding and remembering emotional memories observed in
affective disorders.
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Anecdotal and scientific evidence (e.g., Bradley & Lang, 1994; Christianson, 1992)
show that emotionally-charged events tend to be better remembered than neutral events.
Typically, the impact of emotion on memory has been investigated at various stages of
memory (from the early stages of memory formation—encoding and early consolidation
of memory traces—to their retrieval) and according to two orthogonal affective
dimensions: arousal and valence' (Lang, Greenwald, Bradley, & Hamm 1993; Russell,
1980). More recently, however, the importance of other aspects, such as the role of social
relevance (Adolphs, 2010) and individual differences (Haas & Canli, 2008; Hamann &
Canli, 2004) has emerged in emotional memory research. The extant research on the
neural correlates of the memory enhancing effect of emotion emphasizes the role of the
amygdala (AMY), an almond-shaped group of nuclei located within the medial-temporal
lobe (MTL), in the encoding (e.g., Dolcos, LaBar, & Cabeza, 2004b; Kensinger & Corkin,
2004; Kensinger & Schacter, 2006a; Ritchey, Dolcos, & Cabeza, 2008; Sergerie, Lepage,
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! Arousal refers to a continuum that varies from calm to excitement, whereas valence refers to a continuum
that varies from pleasant to unpleasant, with neutral as an intermediate value (for methods to assess these
dimensions, see (Bradley & Lang, 1994).
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& Armony, 2006), consolidation (Ritchey et al., 2008), and retrieval (e.g., Dolcos, LaBar,
& Cabeza, 2005; Kensinger & Schacter, 2005; Sergerie et al., 2006) of emotional
memories. Given its multiple connections with core memory structures, as well as with
numerous cortical and subcortical regions involved in diverse functions such as
perception, emotion, elaborative cognitive processes and social cognition (see reviews by
Dolcos & Denkova, 2008; Dolcos, Iordan, & Dolcos, 2011; Dolcos, LaBar, & Cabeza,
2006; Hamann, 2001; LaBar & Cabeza, 2006; LeDoux, 2000; McGaugh, 2004; Phelps,
2004), AMY in concert with these regions plays a critical role in modulating the emotional
and social functions implicated in emotional memory (Buchanan, Tranel, & Adolphs,
2009; Hamann, 2009).

The emphasis of this review is on evidence from functional neuroimaging studies on
healthy human participants investigating the role of the AMY and its interaction with
memory-related MTL brain regions, as well as the role of the PFC in the impact of
emotion on both initial memory formation and memory retrieval. Moreover it also
considers the role of individual differences and the influence of social aspects in the
impact of emotion on memory. Following a brief introduction of animal research and the
development of neuroimaging methods which have led to the investigation of the neural
correlates of emotional memory in humans, the present review discusses the literature in
two main sections, as follows. The first section focuses on functional neuroimaging
evidence revealing the involvement of the AMY and its interaction with memory-related
regions (MTL and PFC) and with other regions involved in emotion processing (Insula),
during encoding and retrieval of emotional events; aspects regarding the role of the social
dimensions are also discussed. The second section discusses the role of personality, sex,
and age differences in the impact of emotion on memory. The review ends with
concluding remarks and a brief presentation of open issues and future directions.

Evidence From Animal Research—Modulation vs. Plasticity?

Historically, considerable evidence of the involvement of AMY in emotional
memory has emerged from animal models, which provide the foundation for investigation
of neural mechanisms underlying emotional learning and memory in humans (Delgado,
Olsson, & Phelps, 2006; LeDoux, 2000; McGaugh, 2000, 2004; Phelps & LeDoux, 2005).
Animal research has primarily emphasised the role of the AMY in emotional learning and
memory, but its specific role continues to be a matter of current debate. The two most
influential hypotheses concerning its role are the modulation and the plasticity hypotheses,
which posit different involvement of the AMY in emotional memory (Dolcos & Denkova,
2008). Specifically, while the modulation hypothesis suggests a modulatory role of the
AMY during the encoding and consolidation of memory processes occurring in other
brain regions (McGaugh, 2000, 2004), the plasticity hypothesis proposes that AMY itself
is a site of plasticity* underlying learning and memory of fear conditioning, as well as
reconsolidation of the memory trace following retrieval (LeDoux, 2007; LeDoux, 2000).
It should be noted that although these hypotheses could be seen as conflicting (e.g., Cahill,
Weinberger, Roozendaal, & McGaugh, 1999; Vazdarjanova & McGaugh, 1998), in reality
they are rather complementary (Fanselow & LeDoux, 1999; Phelps & LeDoux, 2005).
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The apparent contradiction seems to result from the fact that the modulation and the
plasticity hypotheses tended to be tested with different behavioral paradigms (i.e.,
inhibitory avoidance vs. Pavlovian fear conditioning, respectively) that emphasize different
aspects concerning the role of AMY in mediating the impact of emotion on learning and
memory (explicit/declarative types of memory vs. implicit/procedural forms of memory).
However, given that real-life situations typically involve both declarative and non-
declarative aspects of behavior, and that emotion may influence memory not only during
the initial stages but also during the actual retrieval, it is more reasonable to consider both
accounts when investigating the neural correlates of the memory-enhancing effect of
emotion, rather than considering either one or the other of the mechanisms suggested by
the two hypotheses. Evidence from functional neuroimaging studies in humans are
actually consistent with this idea (Dolcos & Denkova, 2008; Dolcos et al., 2011; Dolcos et
al., 2004b, 2005).

The Role of Brain Imaging Methods in Exploring the Impact of Emotion on Memory
Consistent with animal research, human research based on lesion (Adolphs, Cahill,
Schul, & Babinsky, 1997; Adolphs, Tranel, & Denburg, 2000; Cahill, Babinsky,
Markowitsch, & McGaugh, 1995; LaBar, Gatenby, Gore, LeDoux, & Phelps, 1998;
Phelps, LaBar, Anderson, O’Connor, Fulbright, & Spencer, 1998) and pharmacological
methods (Cahill, Prins, Weber, & McGaugh, 1994; Strange & Dolan, 2004; Strange,
Hurlemann, & Dolan, 2003) highlighted the role of the AMY in emotional memory. More
recently, however, human research has also greatly benefited from the advent of brain
imaging methods, which allowed for the specific investigation of emotional memory in
neurologically intact human brain.
Event-Related Designs. A significant contribution to our understanding of the neural
mechanisms of memory has been made by the introduction of event-related designs as
opposed to blocked designs (D’Esposito, Zarahn, & Aguirre, 1999; Donaldson &
Buckner, 2001; Rosen, Buckner, & Dale, 1998). Different from blocked designs,
constrained to averaging brain activity to several trials of the same type over time, event-
related designs allow for analysis of brain imaging data on a stimulus-by-stimulus basis,
so that the individual responses to single events can be specifically identified. An
important advantage of the event-related over the blocked data is that they can be analyzed
and categorised post-hoc according to the subjects’ performance. This advantage has
proven particularly important in investigating the neural correlates of memory processes,
as it allows comparison of brain activity for items that are subsequently remembered vs.
forgotten in a memory test, thereby allowing the possibility of establishing a direct link
between brain activity and memory performance (Paller & Wagner, 2002).

2 Note that this nomenclature does not refer to the notion of neuronal plasticity in stricto sensu, as
generally accepted in neuroscience linked to memory processes (see Martin, Grimwood, & Morris, 2000) but
rather to the place where plasticity is expected in relationship to processing leading to increased emotional
memories, as predicted by the two views. Both the modulation and the plasticity hypotheses predict neuronal
plasticity, but while the former view predicts that the amygdala influences plasticity occurring in other brain
regions, the latter view poses that the amygdala itself is a site of plasticity that contributes to the memory-
enhancing effect of emotion.
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The Subsequent Memory Paradigm. One particular event-related experimental paradigm
that allows comparison of brain activity according to subjects’ memory performance is the
so-called subsequent memory paradigm (SMP). Using SMP, one may compare activity
for items that are remembered vs. forgotten in a memory test, thus establishing a direct
link between brain activity and successful memory performance in individual participants.
Comparing brain activity for remembered vs. forgotten items can be done both during the
encoding (learning) phase and during the retrieval (test) phase (see Fig. 1). By sorting
brain activity recorded during encoding based on whether stimuli processed during the
study phase are subsequently remembered (R) or forgotten (F) in a later memory test, one
can calculate the so-called difference in memory or Dm effect—i.e., greater encoding
activity for remembered than for forgotten items (e.g., Paller, Kutas, Shimamura, &
Squire, 1987; Paller & Wagner, 2002), and brain regions showing a positive Dm effect
(R >F) are assumed to mediate processes that lead to successful memory encoding, and
are associated with encoding success (ES). In the case of retrieval, the contrast
“remembered minus forgotten” identifies regions showing greater activity for items in
which retrieval was successful (Hits) than for items in which retrieval failed (Misses).
The activity difference between remembered vs. forgotten items during retrieval is known
as retrieval success (RS) (Prince, Daselaar, & Cabeza, 2005; Weis, Klaver, Reul, Elger, &
Fernandez, 2004).

In the context of investigating the impact of emotion on memory, one of the main
advantages of Dm/ES and RS analyses is that they can take out the confounding effect of
general emotion processing and specifically identify brain activity linked to the memory-
enhancing effect of emotion (Shafer, lordan, Cabeza, & Dolcos, 2011). Specifically, by
contrasting the emotional ES/RS to the neutral ES/RS, one can identify the brain regions
whose memory-related activity is susceptible to emotional modulation during encoding
and/or retrieval. Therefore, neuroimaging studies using event-related designs and the
SMP have been greatly influential in revealing brain regions that show an interaction
between emotion and memory at different stages of memory processing; basic findings
from such studies will be reviewed below.

NEURAL CORRELATES OF THE MEMORY-ENHANCING
EFFECT OF EMOTION ON MEMORY

Based on animal research, human studies have emphasized primarily the role of the
AMY and its interaction with memory-related MTL regions in mediating the memory-
enhancing effect of emotion. The majority of the studies revealed that activity in AMY,
MTL and their interactions are important for memory of negative as well as positive items
matched in arousal, suggesting therefore that their involvement is primarily driven by the
arousal and not the valence of the information. In addition, neuroimaging studies also
demonstrated that AMY and MTL do not interact in isolation, but together with other
brain regions, especially with the prefrontal cortex (PFC), whose involvement seems to also
be susceptible to valence-related effects. Finally, recent evidence suggests that the enhancing
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The subsequent memory paradigm—measuring the impact of emotion on encoding success (ES)
and retrieval success (RS) activity. A. General procedure involved in the subsequent memory
paradigm (SMP). B. Diagram of the comparisons that allow identification of the brain regions
susceptible to emotional ES and RS. R = subsequently remembered items, F = subsequently
forgotten items; ERP = Event-Related Potential, fMRI = functional Magnetic Resonance Imaging.
From Shafer et al. (2011), with permission.
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effect of emotion on memory can be revealed by a more complex interplay among AMY,
MTL, PFC and other emotion-related regions, when besides the typical arousal and
valence dimensions other psychological dimensions, such as social relevance, are taken
into consideration. Evidence supporting these ideas will be discussed in turn below.

The Role of AMY/MTL and Arousal Effects
Emotional Memory Encoding. Several functional neuroimaging studies have associated
the enhancing effect of emotion on memory with AMY (see reviews by Dolcos &
Denkova, 2008; Dolcos et al., 2006; Hamann, 2001; LaBar & Cabeza, 2006; Phelps,
2004). Early studies suggested a link between AMY activity at encoding and later
retrieval of emotionally arousing material (e.g., Cahill et al., 1996; Hamann, Ely, Grafton,
& Kilts, 1999). However, since they used blocked designs, these studies could not
distinguish between brain activity for successfully and unsuccessfully encoded stimuli
within participants, and thus could not specifically assess the role of AMY in successful
encoding of emotional stimuli, as opposed to linking it to general emotion processing. By
contrast, studies involving event-related designs in conjunction with the SMP have
allowed identification of the role of AMY and its interactions with memory-related MTL
brain regions (e.g., hippocampus—HC) in the memory enhancement by emotion, in
neurologically intact human brain (e.g., Dolcos et al., 2004b; Kensinger & Corkin, 2004;
Kensinger & Schacter, 2006a; Ritchey et al., 2008; Sergerie et al., 2000).
The Role of AMY. Such studies combining event-related designs and the SMP revealed
that enhanced memory for arousing stimuli regardless of their valence has been associated
with greater successful encoding activity (Emotional Dm > Neutral Dm) in AMY
(reviewed in Dolcos & Denkova, 2008; Dolcos et al., 2006). Moreover, the involvement
of precise methods (i.e., anatomically-defined regions of interest—ROIs) in the
quantification of the fMRI signal allowed identification with increased specificity of the
contribution of various emotion and memory-related MTL subregions (consisting of HC
and the surrounding parahippocampal cortices) to the observed effects. Consistent with
evidence from animal research (Frey, Bergado-Rosado, Seidenbecher, Pape, & Frey, 2001;
Quirarte, Roozendaal, & McGaugh, 1997; Roozendaal & McGaugh, 1997), arousal
mediated enhancement of memory was found in the basolateral nucleus of AMY (BLA),
as well as in the HC head and the entorhinal cortex (see Fig. 2) (Dolcos et al., 2004b).
Neuroimaging evidence also revealed that the increased AMY activation during
memory formation may depend on the level-of processing during encoding (Ritchey,
Labar, & Cabeza, 2011) and be related to the subjective vividness of subsequent memory
regardless of arousal and valence (Kensinger, Addis, & Atapattu, 2011). The latter finding
suggests that AMY’s involvement may not be always a sign of encoding more details but
rather seems to correspond to the subjective feeling of vivid memory. This finding also
raises the question of how the subjective factors may influence the formation of emotional
memories. In this context, it is worth mentioning that recent evidence also suggests that
the role of the AMY may extend beyond successful encoding of general emotional stimuli
to include successful encoding of personally and/or socially relevant stimuli (e.g.,
Botzung, LaBar, Kragel, Miles, & Rubin, 2010; Harvey, Fossati, & Lepage, 2007,
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From Dolcos et al. (2004b), with permission.
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Kleinhans et al., 2007) (see below for a more detailed discussion on this point).

The Role of AMY-MTL Interactions. In addition to evidence highlighting the engagement
of AMY during emotional memory encoding, further evidence reveals that arousal-driven
emotional memory enhancement effects emerge from interactions between an AMY-based
emotion processing system and the memory-related MTL regions (Canli, Zhao, Brewer,
Gabrieli, & Cahill, 2000; Dolcos et al., 2004b; Hamann et al., 1999; Kilpatrick & Cabhill,
2003; Richardson, Strange, & Dolan, 2004). Specifically, the study by Dolcos et al.
(2004b) found that Dm activity in AMY and the MTL memory regions was more strongly
correlated with each other for the emotional than for the neutral stimuli (see Fig. 2), thus
providing further support for the modulation hypothesis (see also Kensinger & Corkin,
2004; Kilpatrick & Cahill, 2003). Noteworthy, there is also evidence that the AMY-MTL
interactions contribute to the persistence of emotional memory over time (Ritchey et al.,
2008). In Ritchey et al.’s study, participants were scanned while encoding emotionally
negative and neutral pictures, then their recognition memory was tested following
scanning both after a short delay (20 min after encoding) and after a long delay (1 week
after encoding). This manipulation revealed that the AMY-MTL connectivity during
encoding was greater for items retrieved after a longer delay, thus suggesting that AMY-
MTL interactions underlie consolidation and persistence of emotional memories over time.

Recent evidence also shows that although activity in AMY and MTL is driven
primarily by arousal, their interaction may depend on valence (Ritchey et al., 2011).
Namely, the study by Ritchey et al. (2011) showed that the AMY-MTL interaction was
stronger for encoding of negative stimuli, while the interaction between MTL and
prefrontal cortex (PFC) was stronger for encoding of positive stimuli (see below. for a
discussion on PFC and valence effect), although the basic activation pattern in these
regions was not modulated by valence (Ritchey et al., 2011). These findings suggest that
the effect of valence may not be always reflected in the overall activity of emotion- and
memory-related regions, but it may emerge at the level of their interactions (Mickley
Steinmetz, Addis, & Kensinger, 2010), thus revealing a more complex effect of valence on
AMY activity and its interactions.

In sum, the abovementioned studies have provided strong evidence supporting the
notion that the memory-enhancing effect of emotion during early stages of memory
formation is associated with increased activity and interaction between an emotion-based
system involving AMY and a memory-based system involving HC and the associated
MTL memory regions. The available evidence suggests that AMY is involved in memory
for both positive and negative stimuli (Murty, Ritchey, Adcock, & LaBar, 2010), but some
exceptions are noted. While the arousal effect may be linked primarily to increased
activity in AMY and MTL, the valence effect could be revealed in the connections
between regions rather than directly in their activations and involves regions beyond
AMY and MTL. It should also be noted that, although overall these findings provide
strong evidence for the modulation hypothesis, the AMY findings, showing greater
encoding success for emotional than for neutral stimuli are also consistent with the
plasticity hypothesis.

Emotional Memory Retrieval. While AMY’s involvement in the formation of emotional
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memories has been well documented (for reviews see Dolcos & Denkova, 2008; Dolcos et
al. 2011 ; Dolcos et al., 2006; LaBar & Cabeza, 2006; Phelps, 2004), until relatively
recently its involvement in the retrieval of emotional memories has been more difficult to
demonstrate (for review see Buchanan, 2007; see also Ochsner & Schacter, 2003). This
may be partly due to the methodologies for testing memory, using different kinds of
events—e.g., laboratory micro-events vs. autobiographical events. Laboratory events are
simpler experimenter-generated stimuli, such as lists of words or sets of pictures that are
encoded in laboratory settings and retrieved at different intervals following encoding (e.g.,
minutes, hours, days, weeks, months). By contrast, autobiographical events are events
from one’s own history that are encoded in real-world settings and may be retrieved after
much longer intervals of years and even decades. Hence, retrieval of laboratory events is
dissimilar to retrieval of autobiographical events at least in two aspects: time elapsed
between encoding and retrieval and self-relevance. However, testing memory with both
types of events also presents advantages. While autobiographical events have the
advantage of being close to personal real-life events and to cover temporally dispersed
past episodes, laboratory events have the advantage to be well controlled experimentally
for neuroimaging applications (Maguire, 2001; see also Cabeza et al., 2004).

The Role of AMY. Several studies of retrieval of emotional laboratory events have pointed
to the involvement of the AMY. Similar to the early studies of encoding, the early
retrieval studies share many of the same limitations, as most of them either used blocked
designs that did not allow assessment of the functional neuroimaging data on a trial-by-
trial basis (e.g., Dolan, Lane, Chua, & Fletcher, 2000; Kosslyn et al., 1996; Taylor et al.,
1998), or did not compare activity associated with successfully vs. unsuccessfully
retrieved items, to identify brain activity specifically associated with retrieval success
(e.g., Fossati et al., 2004; Maratos, Dolan, Morris, Henson, & Rugg, 2001).

Studies involving event-related designs in conjunction with the subsequent memory
paradigm have again proven influential in elucidating the role of AMY during successful
retrieval of emotional memory (e.g., Dolcos et al., 2005; Kensinger & Schacter, 2005;
Sergerie et al., 2006). For instance, the study by Dolcos et al. (2005) demonstrated that
emotionally arousing stimuli (both pleasant and unpleasant) were remembered better than
neutral stimuli one year after the initial encoding, and that this effect was associated with
greater retrieval success activity in both the AMY and the MTL memory system (see Fig. 3).
Importantly, because SMP was used in this study, activity in the AMY reflected a
difference between retrieval activity for emotional pictures correctly classified as old
(Emotional Hits) and activity for emotional pictures incorrectly classified (Emotional
Misses), rather than general emotion processing. These findings provided strong evidence
that successful retrieval of emotional memories involves AMY engagement similar to that
identified during successful encoding of emotional memories. Furthermore, refined
examinations of AMY’s activity linked to a differential impact of emotion on recollection-
vs. familiarity-based retrieval® pointed to a specific role of this region in the enhancement

3 Recollection-based retrieval refers to remembering specific contextual details of an event (e.g., about the
time and place of its occurrence), whereas familiarity-based retrieval refers to only knowing that certain
events occurred, but without retrieving specific contextual details (Tulving, 1985).


https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==
https://www.researchgate.net/publication/14301792_Neural_effects_of_visualizing_and_perceiving_aversive_stimuli_A_PET_investigation?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==
https://www.researchgate.net/publication/12622063_Dissociable_Temporal_Lobe_Activations_during_Emotional_Episodic_Memory_Retrieval?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==
https://www.researchgate.net/publication/13544620_The_Effect_of_Emotional_Content_on_Visual_Recognition_Memory_A_PET_Activation_Study?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==
https://www.researchgate.net/publication/13544620_The_Effect_of_Emotional_Content_on_Visual_Recognition_Memory_A_PET_Activation_Study?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==
https://www.researchgate.net/publication/237073924_Neural_Correlates_of_Encoding_Emotional_Memories_A_Review_of_Functional_Neuroimaging_Evidence?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==
https://www.researchgate.net/publication/300219912_Neuroimaging_studies_of_autobiographical_event_memory?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==
https://www.researchgate.net/publication/228027046_The_Memory_Enhancing_Effect_of_Emotion_Functional_Neuroimaging_Evidence?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==

NEURAL CORRELATES OF EMOTIONAL MEMORIES 89

RS activity

2
2
k3]
©
%)
4

Entorhinal Cortex

RS activity

RS activity

Fig. 3. Evidence of the involvement of amygdala (AMY) and memory-related medial temporal lobe
(MTL) regions in emotional memory retrieval. Compared with the neutral (Neu) retrieval success
(RS), the overall emotional (Emo) RS was associated with greater activity in the AMY, Entorhinal
Cortex (EC) and Hippocampus (HC). The left side panels show representative brain slices with the
location of active voxels (in color), as identified in the MTL subregions comparing Emo RS with
Neu RS. The right side panels show graphs displaying the emotional and neutral RS expressed in
percent signal change, as extracted from the active voxels identified in the MTL subregions.
RS = Hits > Misses, L = left, R = right. From Dolcos et al. (2005), with permission.

of recollection rather than familiarity in retrieving emotional memories (Dolcos et al.,
2005; Sharot, Delgado, & Phelps, 2004). This finding provided brain imaging evidence in
support of behavioral evidence showing a differential modulation of recollection-based
retrieval by emotion (Ochsner, 2000; Talarico, LaBar, & Rubin, 2004).


https://www.researchgate.net/publication/12451179_Are_affective_events_richly_recollected_or_simply_familiar_The_experience_and_process_of_recognizing_feelings_past?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==

90 DOLCOS, DENKOVA, & DOLCOS

Recent neuroimaging evidence also suggests that AMY plays a role in the successful
retrieval of personally relevant events following shorter retention intervals. By
investigating basketball fans’ memories for specific basketball games, encoded a few days
before the scanning session, Botzung, Rubin, Miles, Cabeza, and Labar (2010) showed
that AMY activity was modulated by the emotional intensity of the recollected events, and
was greater for extremely high- vs. low-intensity events (Botzung, Rubin, et al., 2010).
Hence, this study also points to the involvement of AMY in the retrieval of emotional,
personally relevant, events (see also Muscatell, Addis, & Kensinger, 2010; Sharot,
Martorella, Delgado, & Phelps, 2007). Taken together, these studies provide evidence of
AMY’s involvement in the recollection of high-arousing and personally relevant events,
although compared to typical autobiographical memories those events occurred in the
relatively near past (from a few days to a few years), as opposed to other personally-
relevant events that may include the whole temporal spectrum of one’s own past.

Unlike AMY’s involvement in the retrieval of laboratory or relatively recent
personally relevant events, which has been well documented, the engagement of the AMY
during retrieval of remote autobiographical episodes temporally dispersed in the one’s
past history is not consistently reported. While some studies found increased activity in
the AMY for emotional autobiographical events (Markowitsch et al., 2000; Markowitsch,
Vandekerckhove, Lanfermann, & Russ, 2003), others did not observe such effect (Oddo et
al., 2010; Vandekerckhove, Markowitsch, Mertens, & Woermann, 2005). In the same
vein, while some studies reported AMY activity to be modulated by emotional intensity
during the early stages of memory retrieval (Daselaar et al., 2008), others failed to observe
such an effect (Addis, Moscovitch, Crawley, & McAndrews, 2004; Maguire & Frith,
2003).

Several factors could be put forward to account for this inconsistency of AMY’s
engagement during retrieval of past emotional autobiographical memories (Denkova,
Botzung, Scheiber, & Manning, 2006). First, AMY’s decreased activity for more remote,
compared to more recently experienced autobiographical events (Maguire & Frith, 2003),
suggests that the former may not be sufficiently vivid and strong to elicit a re-experience
of the associated emotion and, therefore, to engage AMY (see also Ochsner & Schacter,
2000). Second, given that remembering temporally dispersed events from the past is an
effortful process, the increased cognitive effort necessary for the retrieval of those
memories could divert the attentional resources from the emotional value of recollections
(Phan et al., 2004), and hence reduce AMY’s engagement, which may depend on the task
instructions (Smith, Stephan, Rugg, & Dolan, 2006; Denkova, Chakrabarty, Dolcos, &
Dolcos, 2011). Finally, it is also possible that differences in image acquisition parameters,
in pre-processing steps of data (normalisation and smoothing vs. their absence), and in
statistical analyses (whole brain vs. ROI analysis) could, at least partially, account for the
inconsistencies in AMY’s activation across these studies (Greenberg et al., 2005).

The Role of AMY-MTL Interactions. In addition to evidence highlighting the engagement
of the AMY during emotional memory retrieval, further evidence showed increased
interactions between this region and the MTL memory regions during emotional retrieval.
Namely, neuroimaging investigations reported that AMY and HC were more
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systematically co-activated during successful recollection of both typical laboratory
(Dolcos et al., 2005) and autobiographical (Greenberg et al., 2005) emotional events.
These findings are consistent with the idea that AMY and MTL memory system are part
of a synergistic mechanism in which emotion enhances recollection and recollection
enhances emotion. Emotion may enhance recollection because reinstating the affective
context of the original episode is likely to facilitate the recovery of contextual details, such
as where, when, and how the original events happened. In turn, recollection of the context
surrounding an emotional effect is likely to augment the emotional arousal elicited by the
event during retrieval (Dolcos et al., 2005).

There is also evidence that the interaction between the AMY and the MTL memory-
related regions may be modulated by the involvement of the PFC. For instance, a study by
Smith et al. (2006) used dynamic causal modelling to examine the effective connectivity
among AMY, HC, and PFC during retrieval, and reported increased bidirectional
connectivity between AMY and HC and increased engagement of the medial PFC.
Moreover, the latter influenced activity in the AMY and HC during a task requiring
explicit recollection of the emotional information, as compared to a task not requiring
explicit focus on emotional information. This finding suggested that AMY’s involvement
can be modulated by one’s present goals (Cunningham, Van Bavel, & Johnsen, 2008), and
points to the involvement of the top-down processes through the medial PFC during
explicit retrieval of emotional information (see below).

In sum, the studies reviewed above suggest that AMY appears to also play an
important role during retrieval of laboratory and relatively recent personally-relevant
emotional events. The findings pointing to the involvement of the AMY and its
interaction with the MTL during recollection of emotional events extend the modulation
hypothesis to retrieval. However, similar to encoding, the AMY’s engagement is also
consistent with the plasticity hypothesis, particularly if viewed with the reconsolidation
account in mind (Nader, Schafe, & Le Doux, 2000). This suggests that the act of retrieving
emotional memory traces render it labile and then requires AMY dependant mechanisms
similar to those occurring during initial consolidation, in order to ensure their persistence.
Regarding the retrieval of more remote emotional autobiographical memories, due to a
series of potential confounding factors, such as one’s present goals, motivation, or
available cognitive resources, the role of the AMY remains inconclusive.

Beyond AMY-MTL and Arousal Effects: The Role of PFC and Valence-Related Effects
Although the main focus of the neuroimaging studies of emotion facilitation effect
on memory was on AMY and its interaction with memory-related MTL regions,
increasing emphasis has been also placed on emotion’s ability to influence memory
through cognitive processes supported by other brain regions, such as the PFC (Dolcos et
al.,, 2011). It has been suggested that while AMY and MTL are part of basic/direct
neurohormonal mechanisms underlying the memory-enhancement effect of emotion, PFC
has an indirect/mediated involvement in the formation of emotional memories (e.g., by
enhancing strategic, semantic, and working memory processes) (Dolcos & Denkova,
2008; LaBar & Cabeza, 2006). Moreover, while AMY and MTL systems are modulated


https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==
https://www.researchgate.net/publication/12357660_Fear_memories_require_protein_synthesis_in_the_amygdala_for_reconsolidation_after_retrieval?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==
https://www.researchgate.net/publication/237073924_Neural_Correlates_of_Encoding_Emotional_Memories_A_Review_of_Functional_Neuroimaging_Evidence?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==
https://www.researchgate.net/publication/237073924_Neural_Correlates_of_Encoding_Emotional_Memories_A_Review_of_Functional_Neuroimaging_Evidence?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-59dee09957e0cfe454c76ca878fabd1c-XXX&enrichSource=Y292ZXJQYWdlOzIzNzA3MzkxOTtBUzoxMDQ1NDE5NTM0NjIyODhAMTQwMTkzNjE1Mjk3OQ==

92 DOLCOS, DENKOVA, & DOLCOS

primarily by arousal, PFC involvement seems to also be influenced by valence
(Kensinger, 2004). Namely, the available evidence suggests that various lateral and
medial PFC regions are sensitive to arousal (Dolcos, LaBar, & Cabeza, 2004a; Kilpatrick
& Cahill, 2003; Sergerie, Lepage, & Armony, 2005) and valence (Dolcos et al., 2004a;
Kensinger & Schacter, 2006b), probably reflecting their involvement in higher-order
emotion processing associated with evaluation of emotional valence and/or cognitive
control strategies.

Emotional Memory Encoding. In a series of studies, Kensinger and colleagues found
that successful encoding of positive items involved a fronto-parietal network, whereas
successful encoding of negative items involved a temporo-occipital network (Kensinger &
Schacter, 2008; Mickley Steinmetz & Kensinger, 2009). These findings are consistent
with other studies revealing that encoding of positive information is associated with
activity in specific PFC subregions (Botzung, LaBar, et al., 2010; Dolcos et al., 2004a),
probably due to a more elaborative and cognitive resources demanding processing, while
encoding of negative information is associated with temporo-occipital regions (Mickley &
Kensinger, 2008), probably due to increased sensory processing. These findings suggest
that successful encoding of positive and negative information may depend on different
processing, with positive items involving more elaborate processing engaging PFC and
contributions from semantic processing (Kapur et al., 1996; Poldrack et al., 1999; Shallice et
al., 1994), working memory operations (D’Esposito, Postle, & Rypma, 2000; Owen et al.,
1999; Petrides, 1995), memory control (Anderson et al., 2004), and negative items
involving perceptual processing and engaging posterior areas associated with visual processing
of emotional information (Vuilleumier, Richardson, Armony, Driver, & Dolan, 2004);
Emotional Memory Retrieval. Similarly, functional neuroimaging evidence from studies
of emotional laboratory (Erk, Martin, & Walter, 2005; Maratos et al., 2001; Smith,
Henson, Dolan, & Rugg, 2004; Smith et al., 2006) and autobiographical (Botzung, Rubin,
et al., 2010; Markowitsch et al., 2003; Piefke, Weiss, Zilles, Markowitsch, & Fink, 2003)
memory retrieval also points to the involvement of PFC influenced by the valence. For
instance, increased activity in the medial and/or orbital PFC was associated with retrieval
of positive contextual information (Erk et al., 2005), as well as with retrieval of positive
personal experiences (Markowitsch et al., 2003; Piefke et al., 2003). The medial orbital
PFC has been involved from general emotion processing (Davidson & Irwin, 1999; Phan,
Wager, Taylor, & Liberzon, 2002) to specific reward-related (Dolan, 2007; O’Doherty,
2004; Rolls, 2004) and self-referential processing (de Greck et al., 2008; Ochsner et al.,
2004) (for review see Heinzel & Northoff, 2009). Therefore, it is possible that the
engagement of the medial orbital PFC during retrieval of positive emotional information
is linked to the elaboration of self-relevant rewarding experience. Related to this,
increased activity in orbital PFC together with increased connectivity with HC was
observed in increased memory for socially rewarding stimuli (Tsukiura & Cabeza, 2008)
(see below). Altogether, the available evidence suggests that the involvement of PFC is
sensitive to valence and reward circuitry and might reflect higher order cognitive
processing during both encoding and retrieval of emotional information.
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Interplays among AMY, MTL, PFC and other Emotion Processing Regions:
The Role of Social Context

Recent evidence suggests that the PFC involvement goes beyond the two basic
emotional dimensions (arousal and valence), and extends to more complex dimensions,
such as social relevance. Although fewer studies have investigated the interplay between
social cognition and emotion in memory, it seems to be a promising avenue of research,
which should shed light on our understanding of emotional memory for more ecologically
valid situations, involving interactions with other people and having direct relevance to
our own social behavior. To have an adequate social behavior, humans learn social
conventions and norms, and distinguish between “what is good and what is bad” (Tsukiura
& Cabeza, 2011a, 2011b; Tsukiura, Shigemune, Nouchi, Kambara, & Kawashima,
2012); hence, the social dimension appears to be an important factor in emotional
memory.

Given that social information may carry emotional significance, it should influence
memory through similar mechanisms as emotion, but because of its complexity, it may
also engage additional brain systems. Consistent with this idea, there is evidence that
because of its complexity, the social dimension needs more elaborative processing (e.g.,
interpretation of the stimulus meaning depending on the context and individual
differences) and seems to enhance memory only when sufficient cognitive resources are
available (Sakaki, Niki, & Mather, 2012). Along this idea, Sakaki et al. (2012) suggested
that while processing biologically emotional stimuli is automatic, mediated by increased
activity in and connectivity between AMY and visual cortex, processing socially
emotional stimuli also depends on more elaborative processes involving enhanced activity
in and connectivity between AMY and medial PFC. The involvement of AMY and
medial/orbital PFC regions in complex social functions, such as interpreting and
monitoring affective reactions or processing reward and punishment, have been recently
revealed in neuroimaging studies of emotional memory encoding and retrieval of
information having social connotation (e.g., Botzung, LaBar, et al., 2010; Harvey et al.,
2007; Somerville, Wig, Whalen, & Kelley, 2006; Tsukiura & Cabeza, 2008).

Emotional Memory Encoding. Recent studies suggest that the role of AMY may
extend beyond successful encoding of general emotional stimuli to include successful
encoding of personally and/or socially relevant stimuli (e.g., Botzung, LaBar, et al., 2010;
Harvey et al., 2007; Kleinhans et al., 2007). For instance, by using personally relevant
social stimuli (e.g., portions of basketball games), Botzung, LaBar, et al. (2010) reported
that AMY activity was preferentially sensitive to highly emotional memories, especially
in the context of positively valenced plays. In this context it is interesting to note that
increased AMY activity was also observed when people imagined positive future events
relative to negative future events (Sharot, 2011; Sharot, Riccardi, Raio, & Phelps, 2007).
It may be possible that basketball fans are more apt to consider positive (vs. negative)
plays as more self- and/or socially-defining, and thus this self-referential mode with a
social component could lead to greater AMY involvement in the encoding of positive
personal episodes (but see Northoff et al., 2009). Therefore, these findings suggest that
the involvement of AMY in emotional memory encoding may be influenced by personal
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involvement during encoding of positive episodes, which identifies the social belonging of
the individual (see also Markowitsch & Staniloiua, 2009). This is also in line with
evidence pointing to AMY’s involvement in social behavior in general (see review by
Adolphs, 2010) and in social learning in particular (Davis, Johnstone, Mazzulla, Oler, &
Whalen, 2009).

Besides the AMY, recent research showed increased activity in the medial orbital

PFC during encoding of socially relevant stimuli (e.g., Harvey et al., 2007; Tsukiura &
Cabeza, 2008). For instance, increased activity in the orbitofrontal cortex was associated
with encoding of attractive faces (e.g., Harvey et al., 2007; Tsukiura & Cabeza, 2011a). In
addition, greater activity in the medial orbital PFC together with enhanced connectivity
with the HC have been observed during encoding of socially rewarding stimuli (i.e.,
smiling faces) (Tsukiura & Cabeza, 2008) (see Fig. 4). This finding emphasizes the
interplay between reward-related brain regions (i.e., orbital PFC) and memory-related
regions (i.e., MTL) during the formation of memory for attractive social stimuli. In
contrast, the enhancing effect of socially negative signals (e.g., untrustworthy faces) on
memory is mediated by increased activity and connectivity in the Insula and HC (Tsukiura
et al., 2012; see also Botzung, LaBar, et al., 2010).
Emotional Memory Retrieval. The involvement of AMY and memory-related MTL
regions together with the engagement of the PFC have been revealed not only during
encoding but also during retrieval. First, AMY seems sensitive to faces associated with
social descriptors (Somerville et al., 2006). Second, increased activity in and interactions
between AMY and HC have been observed for socially induced memory errors during
retrieval (Edelson, Sharot, Dolan, & Dudai, 2011), suggesting that social interaction could
have long lasting effects on memory through AMY-HC mechanisms. Finally, regarding
PFC, the right medial PFC appears to mediate retrieval of social context, while the left
medial PFC seems to underlie self-generation in retrieval (Mano et al., 2011), thus
revealing that dissociable regions within PFC mediate social processing and self-
referential processing during episodic memory retrieval.

In sum, the recent neuroimaging studies considering the impact of the social aspect
on the emotional enhancing effect on memory emphasize the involvement of the AMY,
along with HC, PFC, and the Insula, during both encoding and retrieval. The engagement
of the AMY/HC and the medial PFC was linked to memories for positive events, while the
HC and Insula were linked to memory for social items with negative connotations. Thus,
when more complex dimensions that are important for our social everyday life are
considered, brain regions associated with social cognition, such as the PFC, come to play
an important role.

INDIVIDUAL DIFFERENCES IN THE NEURAL CORRELATES OF EMOTIONAL MEMORY
The importance of individual differences is emerging in the research of emotional

memory. Investigation of how the neural mechanisms involved in the emotion
enhancement effect of memory vary between individuals allows for better understanding
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Evidence for the involvement of orbital PFC and MTL in the enhancement of memory for stimuli
with social connotation. Activation and effect sizes in A. the right orbitofrontal cortex (OFC) and
hippocampus (HC) during successful encoding of face—name associations for smiling relative to
neutral expressions. B. Correlation between OFC and HC activity was observed for attractive faces
(orange) but not for neutral (green) or unattractive (blue) faces. Error bars represent standard error.
*p < 0.05. From Tsukiura and Cabeza (2008 & 2011a), with permissions.
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of the underlying mechanism in normal conditions and of their changes that lead to
emotional memory dysfunctions, as observed in affective disorders (e.g., negative
memory biases in depression). In this context, of particular importance along with
investigation of individual differences that affect the impact of emotion on memory, such
as sex- and age-related, is investigation of personality-related differences linked to general
(extraversion, neuroticism) and specific (emotion regulation) traits affecting emotion
processing. For instance, understanding the role of habitual use of emotion regulation
strategies necessary to efficiently deal with emotionally challenging events/situations,
may be critical in preventing the development of affective disorders by reversing possible
negative biases in memory for emotional events (Denkova, Dolcos, & Dolcos, 2012).

Recent evidence suggests that clinical negative affective bias in affective disorders
may be linked to excessive AMY involvement and altered control of emotion in the PFC
regions (Johnstone, van Reekum, Urry, Kalin, & Davidson, 2007; Mayberg, 1997). Thus,
it becomes critical to understand the factors that might contribute to individual differences
in the involvement of the AMY as well as its interaction with cognitive control regions in
emotional memory. Such factors could be linked to personality- and sex-related
differences in emotional reactivity as well as in emotion control/regulation (e.g., Domes et
al., 2010; Mak, Hu, Zhang, Xiao, & Lee, 2009), which might explain the increased
incidence of affective disorders in people high in neuroticism (Bienvenu et al., 2004) and
in women (Kessler, 2003). In addition to those factors, investigation of age-related
differences in emotion processing also has the potential to contribute to our understanding
of the neural mechanisms of altered emotional memory in mood and anxiety disorders as
well as potential therapeutic cures, as aging is characterised not only by overall
preservation of ability to process emotional information (Keightley, Winocur, Burianova,
Hongwanishkul, & Grady, 2006; Mather, 2006; Phillips, MacLean, & Allen, 2002), but
also by an enhanced ability to control emotion (Gross et al., 1997, Mather & Knight,
2005); the latter is reflected in a positive bias—i.e., the tendency to attenuate negative
emotions and enhance positive emotions (Mather, 2006; Mather & Carstensen, 2005).
Below, we will discuss findings from studies aiming to understand the role of personality-,
sex- and age-related difference in the involvement of the AMY and its interaction with
memory and/or cognitive control regions in emotional memories.

Personality-Related Differences

Available behavioral research suggests that affective biases in memory may be
related to individual variations in personality traits linked to general emotion processing,
such as extraversion and neuroticism (Rubin, Berntsen, & Bohni, 2008; Young & Martin,
1981). While factors associated with positive affect, such as extraversion (Costa &
McCrae, 1980; John & Srivastava, 1999), are associated with positive memories (Rusting,
1999), personality traits associated with negative affect, such as neuroticism, are linked to
negative memories (Mayo, 1983; Ruiz-Caballero & Bermudez, 1995). We recently
identified such relationships in the case of retrieving personal memories for real-life
events (Denkova et al., 2012). Namely, we showed that extraversion contributed to
remembering more positive personal experiences and to maintaining a positive state,
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whereas neuroticism predicted the phenomenological characteristics of negative
autobiographical memories; also, only the latter was modulated by sex-related differences.

Regarding the relationship between individual differences in both general emotion
processing and specifically linked to emotional memory and brain activity, recent
neuroimaging studies have shown that personality traits, such as extraversion and
neuroticism, influence the neural correlates of emotion processing across a range of
emotional processes, including experience, perception, attention, and memory (Canli,
Sivers, Whitfield, Gotlib, & Gabrieli, 2002; Hamann & Canli, 2004; Hooker, Verosky,
Miyakawa, Knight, & D’Esposito, 2008; Touryan et al., 2007). It has also been suggested
that individual differences in emotional biases linked to personality might be rooted in an
attentional network driven primarily by the AMY reactivity during the encoding of
emotional stimuli (Haas & Canli, 2008). Moreover, Hooker et al. (2008) reported that
activity in AMY and HC correlate with the level of neuroticism, during fear learning.
These findings suggest that neuroticism, which has also been linked to vulnerability to
affective disorders (Bienvenu et al., 2004), is associated with an increased sensitivity in
the AMY and HC leading to enhanced encoding of negative associations. Of note,
evidence of increased AMY to HC volume ratio has been linked to negative memory
biases in healthy subjects (Gerritsen et al., 2011), thus suggesting that altered functioning
of the AMY is not only disorder specific, but can also be observed in individuals
characterized by traits linked to negative affect and hence more prone to develop affective
disorders (Hariri et al., 2002; Morey et al., 2011).

Sex-Related Differences

In our society, it is commonly believed that women are more emotional than men.
Consistent at least in part with this widely held belief, researchers have found that women
seem to be more emotionally expressive (Kring & Gordon, 1998), display more extensive
knowledge of emotional experience (Barrett, Lane, Sechrest, & Schwartz, 2000), and
recall more emotional autobiographical memories (Davis, 1999; Seidlitz & Diener, 1998)
than men do. Moreover, neuroanatomical research revealed sex-related differences in
emotion-related brain regions (e.g., AMY and OFC volumes) (Goldstein et al., 2001; Gur,
Gunning-Dixon, Bilker, & Gur, 2002). Consistent with behavioral and neuroanatomical
evidence suggesting differences between men and women, recent evidence from brain
imaging studies also pointed to sex-related differences in the involvement of the AMY in
emotional memory (e.g., Andreano & Cahill, 2009; Cahill, 2003; Hamann, 2005). One
such notable difference revealed a sex-related hemispheric asymmetry in the role of the
AMY in emotional memory encoding (e.g., Cahill et al., 2001; Cahill, Uncapher,
Kilpatrick, Alkire, & Turner, 2004b; Canli, Desmond, Zhao, & Gabrieli, 2002) (see Fig.
5), with left AMY being associated with successful emotional memory encoding in
women and right AMY being associated with successful emotional memory encoding in
men (but see Fischer, Sandblom, Nyberg, Herlitz, & Backman, 2007).

Moreover, this hemispheric lateralisation seems to be confined to the basolateral
amygdala (BLA), and observed following longer (2 weeks) but not shorter (minutes)
retention intervals (Mackiewicz, Sarinopoulos, Cleven, & Nitschke, 2006), which
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A. Women > Men B. Men > Women

Fig. 5. Sex-related hemispheric asymmetry in AMY. A. Activity in the left AMY while viewing
emotionally arousing images was more significantly related to subsequent memory for the images
in women than in men, and B. the opposite pattern was observed in the right AMY—greater
activity in men than in women. From Cabhill et al. (2004b), with author’s permission.

suggests that this sex-related lateralisation is influenced by memory consolidation
processes. Mackiewicz et al. (2006) reported a left-sided activation in the BLA for
delayed recognition memory in women and a right-sided activation in men. Interestingly,
these laterality differences were not observed for dorsal AMY, whose activity was
associated with anticipatory processes and predicted immediate, but not delayed
recognition memory (see also Talmi, Anderson, Riggs, Caplan, & Moscovitch, 2008).

Further investigation of the impact of sex on AMY involvement during emotional
memory encoding suggests that the sex-related lateralisation in the AMY also depends on
the sex of the faces. Namely, the left AMY seems to be preferentially involved during
successful encoding of female emotional faces in women, while the right AMY is
correlated with successful encoding of male emotional faces in men (Armony & Sergerie,
2007). This finding emphasises the impact of the sex of the faces and not only the sex of
the subjects on the lateralisation of the AMY, and thus highlights the potential relation
between the perceiver and the stimulus in term of social/biological relevance. In relation
to the latter point, the social aspect seems to modulate the differences between women and
men. For instance, women seems to have a greater preference for socially-relevant items
(e.g., faces and persons vs. scenes) (Proverbio, Adorni, Zani, & Trestianu, 2008;
Proverbio, Zani, & Adorni, 2008), which suggests that feminine and masculine roles as
established by the society, rather than the sex per se, seem to influence these differences in
emotional memory (Cahill, Gorski, Belcher, & Huynh, 2004a).

Overall, the abovementioned findings point to hemispheric differences in the role of
the AMY during emotional memory encoding and consolidation. Given the function
attributed to the left and right hemisphere in verbal/local vs. nonverbal/global processing,
it is possible that the pattern revealed by these studies could be due to the use of verbal/
local strategies during emotional encoding by women and the use of visual spatial/global
strategies by men. However, recent evidence suggests that taking into account the social
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Fig. 6. Opposing age-related changes in the MTL and PFC connectivity with the AMY during emotional
memory encoding. Coronal brain view and bar graphs illustrating A. Age-related decreased
functional connectivity between AMY and HC and B. Age-related enhanced functional
connectivity between AMY and dorsolateral PFC (dIPFC) during encoding of memories for
negative pictures. L = left, BA = Brodmann Area. From St Jacques et al. (2009), with permission.

dimension and gender-specific societal roles is also of particular interest in understanding
differences between women and men in emotional memory.

Age-Related Differences

Extant evidence points to a positive affective bias in healthy aging, in the context of
preserved emotion function, which also affects emotional memory. According to the
Socioemotional Selectivity Theory, SST (Carstensen, Fung, & Charles, 2003; Carstensen,
Isaacowitz, & Charles, 1999; Mather, 2006; Mather & Carstensen, 2005), to enhance their
well-being, older people prioritise more emotion-related goals (they pursue emotional
satisfaction) and demonstrate a positive bias in their emotional memories. This positive
affective bias is reflected in older adults’ tendency either to spontaneously recall few
negative memories (Schlagman, Schulz, & Kvavilashvili, 2006), to reappraise negative
autobiographical memories in a more positive way (Comblain, D’ Argembeau, Van der
Linden, & Aldenhoff, 2004), to remember past events in a more positive way (Kennedy,
Mather, & Carstensen, 2004), or to remember more positive than negative personal
memories (Fernandes, Ross, Wiegand, & Schryer, 2008).

Regarding the neural correlates, evidence suggests that preserved emotional
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enhancement of memory in aging is associated with a relative preservation of AMY
structure and function (Kensinger & Schacter, 2008; St Jacques, Dolcos, & Cabeza, 2009).
For instance, the study by St Jacques et al. (2009) showed similar involvement of AMY in
emotional memory encoding in both younger and older participants (reflected in greater
encoding success activity for emotional than for neutral stimuli Emotional Dm > Neutral
Dm). This study also identified decreased functional connectivity between the AMY and
MTL, but increased connectivity between the AMY and PFC (see Fig. 6).

These findings suggest an age-related reduction in the contribution of the AMY-MTL
mechanisms, which may be compensated by enhanced contribution of AMY-PFC
mechanisms to the formation of emotional memories. These age-related differences in the
emotional network are consistent with a more general pattern of Posterior-Anterior Shift in
Aging (the PASA model)—i.e., diminished engagement of the posterior brain regions
compensated by enhanced contribution of the PFC regions (Davis, Dennis, Daselaar,
Fleck, & Cabeza, 2008; Dennis & Cabeza, 2008). Given that the PASA pattern observed
in the cognitive domain is interpreted as reflecting the engagement of compensatory
mechanisms (Davis et al., 2008; Grady et al., 1994), the abovementioned findings from
the affective domain could also be interpreted as reflecting compensatory engagement of
PFC mechanisms as a result of overall diminished contribution of the MTL mechanism.
This interpretation is consistent with the behavioral findings that showed overall better
memory for emotional than for neutral stimuli in both young and older groups, although
the latter group also showed a reduction in the emotional enhancement of memory
(possibly as a result of reduced contribution from the direct MTL mechanisms, St Jacques
et al., 2009).

On the other hand, given the evidence supporting an enhanced cognitive control of
emotion with aging (Gross et al., 1997; Mather & Knight, 2005), an alternative account
for increased PFC involvement is that it reflects enhanced engagement of emotion
regulation strategies in older adults. If that was the case, given the evidence that some
emotion regulation strategies increase emotional memory (Dillon, Ritchey, Johnson, &
LaBar, 2007), preserved emotional enhancement of memory in aging could be a ‘by-
product’ of enhanced emotion regulation. These findings involving negative emotions,
along with findings from studies investigating similar effects involving positive emotions
(see also Kensinger & Schacter, 2008), are consistent with the positivity bias in
remembering emotional memories reported in aging (Mather, 2006; Mather & Carstensen,
2005). At any rate, these findings not only provide brain imaging evidence supporting the
positive affective bias in healthy aging, but may also provide insight into identification of
therapeutic approaches that would capitalize on the “elders’ wisdom” in controlling
emotions to provide effective emotion control strategies aimed at reversing negative
affective biases in affective disorders.
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CONCLUSIONS AND FUTURE DIRECTIONS

The overarching goal of the present review was to discuss findings from brain
imaging studies investigating the neural correlates of the memory-enhancing effect of
emotion during both encoding and retrieval. The extant evidence points to two main
mechanisms involved in the memory-enhancing effect of emotion—one based in the MTL
and the other outside of the MTL, involving the PFC, among other regions. These two
mechanisms seem to have dissociable contributions to the enhancing effect of emotion:
AMY and MTL are part of basic/direct neurohormonal mechanisms underlying the
memory-enhancement effect of emotion (bottom-up mechanism), whereas PFC is part of a
mechanism (also including the parietal cortex—PC) that has an indirect/mediated
involvement in emotional memories, by enhancing strategic, semantic, working memory,
and attentional processes (top-down mechanism) (see Fig. 7).

While both mechanisms are sensitive to arousal, the indirect mechanism is also
sensitive to valence. In this context, it should be mentioned that the PFC also exerts

Prefrontal
Cortex

Parietal

Fig. 7. Diagram summarizing the neural correlates of the memory-enhancing effect of emotion. Two main
mechanisms involved in the memory-enhancing effect of emotion were identified—one based in
the MTL, involving the AMY and MTL memory regions, and the other outside of the MTL,
involving the prefrontal cortex (PFC), among other brain regions. The AMY and MTL are part of
basic/direct neurohormonal mechanisms underlying the memory-enhancement effect of emotion
(bottom-up mechanism), whereas PFC is part of a mechanism (also including the parietal cortex—
PC) that has an indirect/mediated involvement in emotional memories, by enhancing strategic,
semantic, working memory, and attentional processes (top-down mechanism). While both
mechanisms are sensitive to arousal, the indirect mechanism is also sensitive to valence.
Investigation of sex-related differences identified a hemispheric asymmetry in the MTL-based
system, with the left side being linked to enhanced emotional memory in women and the right side
being linked to enhanced emotional memory in men. Moreover, investigation of age-related
differences provided evidence that the two systems are differentially affected by aging, which is
associated with reduced MTL and enhanced PFC engagement in emotional memory. Finally,
investigation of emotional memory for social aspects identified valence-specific engagement of
other brain regions that contribute to the memory-enhancement by emotion in social contexts—i.e.,
memory for socially-relevant information involves activity in and interactions between orbital PFC
and MTL, in the case of items with positive connotations, and Insula and MTL for items with
negative connotations. Adapted from Dolcos et al., 2011, with permission.
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influences on AMY and MTL activity, depending on the subjects’ retrieval focus.
Noteworthy, when more complex dimensions, such as social aspects, are taken into
consideration, other brain regions are also engaged—increased activity in the orbital PFC
together with increased connectivity with the HC enhance memory for socially relevant
positive information, while increased activity in the Insula and its connectivity with the
HC enhance memory for social items with negative connotations. Finally, activity in the
two basic neural systems is modulated by individual variations linked to personality-, sex-
and age-related differences. For instance, investigation of sex-related differences
identified a hemispheric asymmetry in the MTL-based system, with the left side being
linked to enhanced emotional memory in women and the right side being linked to
enhanced emotional memory in men. Moreover, investigation of age-related differences
provided evidence that the two systems are differentially affected by aging, which is
associated with reduced MTL and enhanced PFC engagement in emotional memory.

Despite the significant progress in clarifying the circuitries subserving the memory-
enhancing effect of emotion, several issues still need to be investigated in future research.
First, the effect of cognitive/executive processes on the involvement of the AMY in
memory for emotional events remains unclear. Although emotion regulation research has
gained an increasing interest recently (Ochsner & Gross, 2005), the vast majority of
functional neuroimaging studies to date tended to focus on the effect of cognitive control
on the immediate emotional experience, rather than on the effect on memory (but see
Dolcos, Sung, Denkova, Dixon, & Dolcos, 2011). Specifically, it is unclear how the
engagement of various cognitive control strategies affect the impact of emotion on
memory (but see Dillon et al., 2007), and the underlying neural circuitry. Investigation of
the neural mechanisms underlying the effect of emotion regulation on memory processes
has relevance to understanding clinical conditions such as depression and anxiety, in
which emotion dysregulation is often among the core debilitating features.

Second, the role of individual differences in mediating the impact of emotion on
memory is still not well understood. While there is evidence that personality traits such as
neuroticism and extraversion may induce opposing biases in the memory emotional
information (Rusting, 1999; Denkova et al., 2012), and that sex-related differences in
memory could be linked to dissociable engagement of emotion regulation strategies
(Denkova et al., 2012), the neural circuitry mediating these effects remains poorly
investigated.

Third, while the role of the AMY in the retrieval of emotional memories is well
documented, its role in the simulation of future emotional events is not known. Previous
studies have identified evidence for connectivity between AMY and the rostral anterior
cingulate cortex during the imagination of (positive) future events (Sharot et al., 2007),
but new tasks able to capture the AMY’s involvement in how memory is used to simulate,
plan, and predict the future await investigation.

Fourth, while the mechanisms underlying enhanced memory for emotional
information when stimuli are presented in isolation have been systematically explored, it
remains unclear how emotion enhances the bindings between different components of
information (Mather, 2007; Mather & Nesmith, 2008). Investigations of the neural
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mechanisms underlying the emotional relational memory (Thoresen et al., 2011) has a
direct impact on understanding everyday phenomena like forgetting or confusing different
elements of an emotional event.

Finally, the mechanisms dissociating negative and positive affective biases in the
impact of emotion on memory are also not well understood. While most of the studies
tended to focus on negative memories, investigation of positive memories has been largely
neglected. Available evidence shows that positive thinking and orientation toward
positive experiences promote mental well-being and maintain an overall positive mood
(Davidson, 2004; Davidson, Jackson, & Kalin, 2000), which has become increasingly
relevant in today’s society. Therefore understanding the role of the AMY and its interplay
with other brain regions that lead to opposing affective biases in encoding, consolidation,
and retrieval of emotional memories is likely to have implications for addressing a variety
of issues relevant to both healthy everyday life and clinical behavior.
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