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In recent years, emotion research has gained considerable interest from cognitive
neuroscientists, who generally agree that emotion influences virtually all aspects of
cognition. The mechanisms underlying the impact of emotion on memory have
received particular interest, and have been extensively investigated in both humans
and non-humans. Here, we review evidence from brain imaging studies investigating
the neural correlates of the memory-enhancing effect of emotion in humans, with a
focus on the early stages of memory formation – i.e., encoding and early
consolidation. The vast majority of the evidence has resulted from studies on young
participants, but evidence from recent studies investigating age-related differences in
emotion processing is also available. The extant evidence highlights the role of two
main brain regions that have been systematically associated with memory processes:
the medial-temporal lobe (MTL) and the prefrontal cortex (PFC). The main findings
from studies on young groups show that enhanced memory for emotional events
benefits from joint contribution from both MTL- and PFC-based mechanisms, and
that emotional arousal plays a critical role in mediating these effects. The studies on
older participants provide evidence for preserved emotion processing with aging, as
well as identify age-related differences that may reflect enhanced cognitive control of
emotion and the engagement of compensatory mechanisms associated with healthy
aging. These findings resulting from studies of healthy populations provide novel
insight into understanding alterations in the neural circuitry underlying emotionmemory interaction that may lead to mood and anxiety disorders.

Introduction
Emotional events tend to be better remembered than neutral events. Vivid memories for
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emotionally charged events (the first kiss or the birth of a child, and a tragic accident or
the death of a loved one) are indubitable anecdotal evidence that this is indeed the case,
but there is also scientific evidence supporting this idea (e.g., Bradley, Greenwald, Petry &
Lang, 1992; Christianson, 1992). Studies of emotion typically involve investigation of two
orthogonal affective dimensions: arousal and valence (Lang, Greenwald, Bradley, &
Hamm, 1993; Russell, 1980). 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). Most of the empirical studies to date investigated the effects of these
affective dimensions on various stages of memory (e.g., encoding, retrieval) using
different approaches that range from lesion, neuropsychological, and pharmacological to
functional neuroimaging (reviewed in Dolcos, LaBar & Cabeza, 2006; LaBar & Cabeza,
2006; Haman, 2001; Lane & Nadel, 2000; LeDoux, 2000; McGaugh, 2004; Phelps, 2004).
The emphasis of this review is on evidence from functional neuroimaging studies in
humans, which similar to the majority of studies in animals tended to focus on the impact
of emotion on the early stages of memory formation – encoding and early consolidation.
These studies typically investigate memory-related changes that are initiated at encoding
and may last from minutes (e.g., Dolcos, LaBar, & Cabeza, 2004; Kensinger & Corkin,
2004; Kensinger & Schacter, 2006) to days, or weeks (e.g., Hamann, Ely, Grafton, &
Kilts, 1999; Ritchey, Dolcos, & Cabeza, 2008) following learning. By contrast, late
consolidation changes occur over larger time intervals of years (Dolcos, LaBar, & Cabeza,
2005) and even decades, such as in the case of remote autobiographical memory (for
reviews, see Cabeza & St Jacques, 2007; Svoboda, McKinnon, & Levine, 2006). The
present discussion will highlight evidence from functional neuroimaging studies
investigating the impact of emotion on memory encoding and early consolidation in young
participants, which provide the vast majority of the available evidence to date, but findings
from recent brain imaging studies investigating age-related differences in emotional
memory will also be discussed. The focus will be on the role of the amygdala (AMY), an
almond-shaped group of nuclei within the medial-temporal lobe (MTL) which is critical
for processing various aspects of emotion (Davis & Whalen, 2001; LeDoux, 2000;
McGaugh, 2004; Phelps, 2006; Zald, 2003), on the role of two main memory-related brain
structures (i.e., the MTL memory system and the prefrontal cortex - PFC), and on their
interactions.
The review comprises four main sections, as follows. The first section introduces two
influential hypotheses concerning the role of AMY in the formation of emotional memory,
and briefly discusses the supporting evidence resulting from animal research. The second
section introduces methods used to investigate the impact of emotion on memory in
humans, with a focus on episodic memory (i.e., memory for personal events; Tulving,
1983, 2001, 2002). The third section focuses on functional neuroimaging evidence
revealing the neural correlates of emotional episodic memory formation in young
participants. Finally, the fourth section discusses findings from recent functional
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neuroimaging studies investigating the neural mechanisms of emotional memory
formation in healthy aging. The review ends with concluding remarks and a brief
presentation of open issues and future directions.

1. Evidence from animal research - modulation vs. plasticity?
Historically, considerable evidence of the involvement of AMY in emotional memory
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 AMY in emotional learning and memory,
through studies of both implicit and explicit forms of learning and memory. Implicit/
procedural forms of memory are not associated with conscious recollection and are
independent of the function of the MTL memory system (Graf & Schacter, 1985; Schacter,
1987; Squire, 1994), which consists of the hippocampus (HC) and the associated
parahippocampal (PH) cortices (i.e., entorhinal cortex [EC], perirhinal cortex [PRC], and
parahippocampal cortex proper [PHC]) (Amaral, 1999). By contrast, explicit/declarative
types of memory, such as episodic and semantic memory do involve conscious
recollection of events and facts, respectively, and thus are dependent on the function of the
MTL (Squire, 1992; Squire & Zola-Morgan, 1991; Tulving & Markowitsch, 1998).
In general, the tasks used in animals to investigate explicit or implicit forms of memory
are defined as explicit/implicit according to whether they are dependant on the integrity of
hippocampal regions or not, respectively, even if the tasks per se cannot be classified as
‘pure’ explicit or implicit (Rovee-Collier, Hayne, & Colombo, 2000). A typical task used
to study implicit learning, regarded as HC-independent, is the classical Pavlovian fear
conditioning paradigm. In this paradigm, an initially neutral (conditioned) stimulus (CS),
such as a tone, is paired with an aversive unconditioned stimulus (US), such as an electric
shock, and after repeated temporal CS-US pairings, the CS alone begins to trigger the
conditioned fear responses, consisting of defensive behavior (e.g. freezing) and related
physiological changes (e.g., increased heart rate), even in the absence of the US (for
reviews LeDoux, 2000; Maren, 2001). In contrast to the Pavlovian fear conditioning
paradigm, the inhibitory avoidance paradigm is typically viewed as a HC-dependant
memory task. In this task animals learn to avoid aversive ‘contexts’ – e.g., dark
compartments (otherwise, naturally preferred) where they receive footshocks (see
Wilensky, Schafe, & LeDoux, 2000 for comparison between Pavlovian fear conditioning
and inhibitory avoidance); other examples of HC-dependant tasks are the radial arm maze
and the Morris water maze (Rovee-Collier et al., 2000).
Although it is widely accepted that AMY is involved in emotional learning and memory,
its specific role continues to be a matter of current debate. The two most influential
hypotheses concerning its role have been formulated based on animal studies (i.e., the
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modulation and the plasticity hypotheses), and posit different involvement of AMY in
emotional memory. Specifically, while the modulation hypothesis suggests a modulatory
role of AMY on encoding and consolidation memory processes occurring in other brain
regions (see reviews by McGaugh, 2000, 2004), the plasticity hypothesis proposes that
AMY itself is a site of plasticity* underlying learning and memory of fear conditioning
(see reviews by LeDoux, 2000, 2007).
* It should be noted 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 memoryenhancing effect of emotion.

1.1 The Modulation Hypothesis
According to the modulation hypothesis, AMY exerts neuromodulatory influences on the
encoding and consolidation processes occurring in other brain regions, and can affect both
explicit/declarative and implicit/procedural forms of memory. Specifically, AMY appears
to modulate the function of the MTL memory system during the formation of declarative
memory, and of the striatum during the formation of non-declarative memory through the
engagement of both peripheral and central mechanisms (McGaugh, 2000, 2004;
McGaugh, McIntyre & Power, 2002).
Evidence supporting the modulation hypothesis comes from anatomical, lesion,
pharmacological, and electrophysiological studies (McGaugh, 2000, 2004). Anatomical
evidence shows that AMY is the site of a wide range of afferent and efferent connections
from/to other brain regions (Amaral, Price, Pitkanen & Carmichael, 1992), thus allowing it
to play a modulatory role on memory consolidation. For instance, AMY receives
noradrenergic projections from the nucleus of the solitary tract (which receives projections
from the ascending vagus nerve that has receptors sensitive to stress hormones released
from the adrenal cortex) and sends direct and indirect projections to the MTL memory
regions and other brain regions (Amaral et al., 1992; Pitkanen, Pikkarainen, Nurminen &
Ylinen, 2000).
Lesion and pharmacological studies demonstrated that damage of the basolateral nucleus
of AMY (BLA) or post training administration of β-adrenergic receptors antagonists into
the BLA prevent the memory enhancing effects of stress hormones infused in HC, while
injection of β-adrenergic receptors agonists immediately after training enhance memory
consolidation (e.g., Quirarte, Roozendaal & McGaugh, 1997; Roozendaal & McGaugh,
1997; Roozendaal, Portillo-Marquez & McGaugh, 1996). Finally, evidence from
electrophysiological studies shows that manipulations affecting activity in the BLA
influence the induction of long-term potentiation (LTP) in HC (Frey, Bergado-Rosado,
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Seidenbecher, Pape & Frey, 2001; Ikegaya, Abe, Saito & Nishiyama, 1995; Ikegaya,
Nakanishi, Saito & Abe, 1997; Ikegaya, Saito & Abe, 1995). Thus, AMY, particularly the
BLA, appears to be critical in mediating the influence of the adrenal stress hormones on
processes underlying consolidation of memory for emotionally arousing experiences
occurring in other brain regions.
1.2 The Plasticity Hypothesis
Different from the modulation hypothesis, the plasticity hypothesis posits that AMY itself
is the site of plasticity, which plays a critical role in the effect of emotion on implicit forms
of learning and memory (e.g., fear conditioning). For instance, it has been demonstrated
that the information about the CS and US converges in AMY, which induces synaptic
plasticity that leads to the encoding and storage of the CS-US association (LeDoux, 2007;
Maren, 2001). Interestingly, similar to the evidence supporting the modulation hypothesis,
findings supporting the plasticity hypothesis also identified the BLA as critical in
mediating the effect of emotion on memory, but support the idea that BLA is the site of
plasticity underlying the formation of the CS-US association in fear conditioning, rather
than a site exerting modulatory influence outside of AMY (Fanselow & LeDoux, 1999;
LeDoux, 2000).
The plasticity hypothesis is also supported by anatomical, lesion, pharmacological, and
electrophysiological studies. Anatomical evidence shows that the BLA receives thalamic
and cortical inputs that process the auditory CS and somatosensory US (e.g., pain),
respectively, and sends projections through the central nucleus of AMY (CEA) to
brainstem areas that control the expression of fear responses (for reviews LeDoux, 2000,
2007). Lesion evidence shows that amygdala damage produces deficits in the ability to
form associations between the CS and the US (e.g., LeDoux, Cicchetti, Xagoraris &
Romanski, 1990; Maren, Aharonov & Fanselow, 1996), and pharmacological studies
demostrated that temporary inactivation of AMY prevents the acquisition of fear
conditioning (Maren, Aharonov, Stote & Fanselow, 1996). Finally, electrophysiological
studies have shown that classical fear conditioning produces a lasting change in neural
activity in AMY, in part through the induction of LTP in the BLA (e.g., Rogan, Staubli &
LeDoux, 1997; Sigurdsson, Doyere, Cain & LeDoux, 2007; Tsvetkov, Carlezon, Benes,
Kandel & Bolshakov, 2002). Collectively, these lines of evidence strongly suggest that
AMY is an essential site of encoding and storage of information relevant to fear
conditioning.
1.3. The complementary nature of the modulation and plasticity hypotheses
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). The
apparent contradiction seems to result from the fact that modulation and the plasticity
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hypotheses tended to be tested with different behavioral paradigms (i.e., inhibitory
avoidance vs. Pavlovian fear conditioning, respectively) that emphasize slightly different
aspects concerning the role of AMY in mediating the impact of emotion on learning and
memory. Specifically, while the plasticity hypothesis emphasizes the role of AMY in
‘pure’ implicit (HC-independent) emotional learning, the modulation hypothesis also
highlights the role of AMY in explicit (hippocampus-dependent) memory for emotionallycharged experiences. Also, while the modulation hypothesis tends to focus on early stages
of memory formation, the plasticity hypothesis also accounts for a role of AMY during the
retrieval of emotional memories (Nader, 2003; Nader, Schafe & Le Doux, 2000, but see
Dolcos, LaBar & Cabeza, 2005 for evidence that modulation hypothesis also applies to
retrieval). Thus, given that real-life situations typically involve both declarative and nondeclarative 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.

2. Methods of investigating the impact of emotion on memory in human
research
Findings from studies in humans using methods similar to those involved in animal
research also provide support for the modulation and plasticity hypotheses. Moreover,
human research has also greatly benefited from evidence resulting from studies using noninvasive techniques, such as those involving functional magnetic resonance imaging
(fMRI) and scalp event-related potential (ERP) recordings. Indeed, the advent of brain
imaging methods has opened a new window in the investigation of brain function in
neurologically intact human brain, which complements investigation of brain function
with more traditional methods (e.g., lesion and pharmacological). In the following
paragraphs, we briefly review evidence concerning the role of AMY in the formation of
emotional memory in humans, as resulted from studies using traditional methods, and then
introduce an experimental paradigm that has proven particularly successful in the study of
emotional memory with modern brain imaging methods.
2.1 From animal to human research - lesion and pharmacological evidence
Findings from research on humans are generally consistent with evidence from animal
literature concerning the role of AMY in explicit and implicit memory, and provide
support for both the modulation and the plasticity accounts. In relation to explicit memory,
lesion studies showed that patients with amygdala damage often do not exhibit a memory
advantage for emotionally arousing stimuli (Adolphs, Cahill, Schul & Babinsky, 1997;
Adolphs, Tranel & Denburg, 2000; Cahill, Babinsky, Markowitsch & McGaugh, 1995;
LaBar & Phelps, 1998; Phelps, LaBar, Anderson, O'Connor, Fulbright & Spencer, 1998).
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Also, pharmacological studies showed that adrenergic agonists given prior to or after a
learning episode enhanced memory performance (e.g., Soetens, Casaer, D'Hooge, &
Hueting, 1995), whereas adrenergic antagonists decreased memory performance for
emotional information (Cahill, Prins, Weber & McGaugh, 1994; Strange & Dolan, 2004;
Strange, Hurlemann & Dolan, 2003). Similarly, evidence from research using fear
conditioning paradigms showed that patients with amygdala damage are impaired in the
acquisition of conditioned fear (e.g., LaBar, LeDoux, Spencer & Phelps, 1995). Of
particular interest in this context are studies that provide evidence for a dissociation
between the role of AMY and HC in implicit vs. explicit aspects of a learning experience.
Specifically, is has been shown that patients with amygdala damage are impaired in the
acquisition of conditioned fear despite being able to explicitly report the CS-US
contingency, whereas patients with hippocampal damage show the opposite pattern - they
can acquire fear conditioning responses, but are not able to retain explicit knowledge
concerning the CS-US association (see Bechara et al., 1995; LaBar et al., 1995).
Despite their usefulness in the study of human behavior, lesion and pharmacological
methods also pose a number of disadvantages. For instance, although lesion methods
provide direct evidence concerning the necessity of particular brain regions in a targeted
behavior/cognitive function, lesions are typically not restricted to the regions of interest (e.
g., AMY proper), and thus it is unclear whether the observed deficits (e.g., in memory
performance for emotional items) reflect a lack of amygdalar modulation or damage of the
neighbouring HC and PH regions. Similarly, because of the diffuse nature of the endocrine
effects, pharmacological studies in neurologically intact humans can only indirectly link
the modulatory effect of adrenergic agonists/antagonists to activity in AMY or other brain
regions. Thus, despite their consistency with animal models, most evidence from
pharmacological and lesion research in humans lacks anatomical specificity in identifying
the neural circuitry responsible for the memory-enhancing effect of emotion.
Modern functional neuroimaging methods allow investigation of brain function with
increased specificity, particularly as a result of the introduction of methods that allow
enhanced spatial resolution (e.g., fMRI), as well as of the advance in experimental designs
and data collection and analysis. Below, we will introduce a paradigm involved in the
analysis of event-related fMRI and ERP data that has greatly contributed to our
understanding of the brain mechanisms underlying memory processes in general, and of
the modulatory effects of emotion on memory in particular.
2.2 Functional neuroimaging methods - event-related designs & the subsequent
memory paradigm
A significant contribution to our understanding of the neural mechanisms of memory has
been made by the use of non-invasive in vivo techniques, such as those involving
hemodynamic (e.g., fMRI, Positron Emission Tomography - PET) or electrophysiological
(e.g., ERP) measurements. Functional fMRI and PET typically involves measurements of
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regional cerebral blood flow and oxygenation, and are characterized by excellent spatial
resolution (at the level of millimeters), whereas ERPs typically involve recording of
electrical potentials thorough electrodes placed on the scalp, and is characterized by
excellent temporal resolution (at the level of milliseconds). The two methods can thus
offer complementary information concerning the brain mechanisms and the timing
associated with memory (Rugg, 1998).
An important impact in our understanding of cognitive functions using neuroimaging
techniques had the introduction of event-related designs as opposed to blocked designs
(D'Esposito, Zarahn, & Aguirre, 1999; Donaldson & Buckner, 2001; Rosen, Buckner, &
Dale, 1998). Blocked designs originally used in PET and early fMRI investigations are
constrained to averaging brain activity in response to several trials of the same type over
time. By contrast, event-related designs allow recording and analysis of brain imaging
data (both fMRI and ERP) 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 fMRI (ER-fMRI) and ERP data over the blocked fMRI and PET data is that
they can be analyzed and categorised post hoc according to the subject’s 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.
One such event-related experimental paradigm that allows comparison of brain activity
according to subjects’ memory performance is the so-called subsequent memory paradigm
- SMP. This paradigm was originally introduced in ERP studies of memory encoding (e.g.,
Paller, Kutas, Shimamura & Squire, 1987), but more recently it has been extensively used
in ER-fMRI studies (see review by Paller & Wagner, 2002). Importantly, the SMP also
allowed important advances in our understanding of the brain mechanisms underlying the
impact of emotion on episodic memory. Figure 1 illustrates the advantage of using this
paradigm to investigate the neural correlates underlying the impact of emotion on memory
encoding. 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 (see
Figure 1A) – i.e., greater encoding activity for remembered than for forgotten items (e.g.,
Paller et al., 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.
It is worth mentioning that the Dm effect is also known as the subsequent memory effect
(SME), but for the sake of consistency with the original nomenclature, we will use the
term of Dm throughout the manuscript.

Encoding emotional memories

Figure 1. The subsequent memory paradigm - measuring the impact of emotion on encoding
success 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 general
(perceptual) and specific (memory) modulation of emotion during encoding. R = Remembered, F =
Forgotten, Dm = Difference in Memory = Subsequent Memory Effect (R > F), Emo = Emotional, Neu
= Neutral.

In the context of investigating the impact of emotion on memory during encoding, one
major advantage of the SMP is that it allows identification of the brain regions that are
specifically susceptible to emotion modulation of memory encoding from brain regions
whose activity is either sensitive to general effects of emotion or to general effects of
memory. As illustrated in Figure 1B, one may first identify the effect of emotion on
general processing (e.g., perception-related) by comparing activity for emotional vs. non-
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emotional stimuli, regardless of performance in the subsequent memory task (i.e., main
effects of emotion; see reviews by Davidson & Irwin, 1999; Phan, Wager, Taylor, &
Liberzon, 2002; Sergerie, Chochol & Armony, 2008; Wager et al., 2003). Similarly,
general effects of memory can be identified by comparing brain activity to remembered
and forgotten items, regardless of their emotional content (i.e., main effect of memory; see
review by Paller & Wagner, 2002). Finally, the specific effect of emotion on memoryrelated activity can then be identified by isolating activity associated with emotion
modulation of successful encoding activity (i.e., memory x emotion interaction). For this,
emotional Dm (remembered emotional - forgotten emotional) and neutral Dm
(remembered neutral – forgotten neutral) are first calculated separately, and then directly
compared with each other to reveal the brain regions showing greater encoding success
activity for emotional than for neutral items (e.g., Dolcos, LaBar, & Cabeza, 2004a,
2004b ; reviewed in Dolcos, LaBar & Cabeza, 2006). It should be noted that different
brain regions might be susceptible to one or more of the above effects – i.e., main effects
of emotion (AMY), or of memory (e.g., HC), or emotion x memory interactions (both
AMY and HC). The diagram in Figure 1B illustrates the expected patterns of activity in
AMY predicting enhanced subsequent memory for emotional stimuli, which should show
not only greater overall activity , but also greater successful encoding activity (i.e., Dm
effect) for emotional than for neutral stimuli.
In the following sections, we will discuss evidence from functional neuroimaging studies
investigating the neural correlates of the modulatory effect of emotion on episodic
memory encoding. Emphasis will be on studies using event-related designs and the
subsequent memory paradigm that specifically isolated the effect of emotion on successful
memory encoding from processing associated with general/perceptual processing. An
important advantage of the investigations using event-related designs and subsequent
memory paradigms is that they tested the impact of emotion on memory encoding as well
as on perceptual processing within the same group of subjects, allowing therefore direct
comparison of these effects. Hence, we will mainly focus on findings resulted from studies
identifying brain activity associated with successful emotional memory encoding, and link
these findings with those identifying brain activity associated with general emotion
processing. The focus will be on the role of the MTL and PFC regions, as resulted from
studies on healthy young participants, and on age-related differences in emotion
processing (see reviews by Cahill, 2005; Hamann, 2005 for discussion of other individual
differences in emotional memory). Finally, given our focus on functional neuroimaging
evidence concerning the enhancing effect of emotion on explicit episodic memory during
encoding, the findings will be mainly discussed in the context of the modulation
hypothesis, although as we will see the findings concerning the role of AMY are also
compatible with the plasticity view (for findings on implicit memory, see LaBar &
Cabeza, 2006; LaBar & Phelps, 1998; Phelps, 2004).
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3. Functional neuroimaging evidence from studies in young participants
3.1. The effect of emotion on successful encoding activity
Role of the amygdala and the MTL memory system
Several functional neuroimaging studies have associated the enhancement effect of
emotion on memory with AMY (see reviews by Dolcos et al., 2006; Hamann, 2001;
LaBar & Cabeza, 2006; Phelps, 2004). Early PET studies suggested a link between
amygdala 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
identifying its role in general emotion processing. More recent fMRI studies (e.g., Canli,
Zhao, Brewer, Gabrieli & Cahill, 2000) have used event-related designs to examine
emotional memory formation, but they did not employ the subsequent memory paradigm
either.
The aforementioned studies focused mainly on AMY, and thus did not provide evidence
for the interaction of this region with memory-related brain regions during the formation
of emotional memories, as predicted by the modulation hypothesis.
Evidence for amygdala-MTL interactions
Studies involving event-related designs in conjunction with the subsequent memory
paradigm, as well as studies providing evidence for amygdala interaction with memoryrelated brain regions (e.g., HC), have proved particularly influential in elucidating the role
of AMY and MTL memory system during the formation of emotional memories in
neurologically intact human brain (e.g., Dolcos, LaBar & Cabeza, 2004b; Kensinger &
Corkin, 2004; Kensinger & Schacter, 2006a; Kilpatrick & Cahill, 2003; Richardson,
Strange & Dolan, 2004; Ritchey, Dolcos & Cabeza, 2008; Sergerie, Lepage & Armony,
2006). The following three main findings provide strong functional neuroimaging
evidence concerning the role of AMY and the MTL memory system in the formation of
emotional memories. First, behavioral results show that emotional stimuli (including
pictures, words, and faces) are better remembered than neutral stimuli, and that this effect
tends to be similar for positive and negative stimuli. This finding suggests that the
memory-enhancement effect of emotion is driven by emotional arousal (i.e., emotional
intensity) rather than by emotional valence (Dolcos, LaBar et al., 2006).
Second, enhanced memory for emotional stimuli has been associated with greater
successful encoding activity (Emotional Dm > Neutral Dm) in both AMY and the MTL
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memory system (e.g., Dolcos et al., 2004b; Kensinger & Corkin, 2004). Notably, 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 AMY and neighbouring MTL memory system subregions to
the observed effects (see Figure 2A). Consistent with evidence from animal research, the
greatest differences between the emotional and the neutral Dm effects were found in the
BLA, the HC head, and the EC (see Figure 2B).
Third, further evidence concerning the role of AMY and the MTL memory system in the
formation of emotional memory comes from findings revealing interactions between an
amygdala-based emotion processing system and the memory-related MTL regions.
Specifically, the study by Dolcos & colleagues (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 Figure 2C), thus providing further
support for the modulation hypothesis (see also Kensinger & Corkin, 2004).
The idea that the formation of emotional memories entails modulatory influences from
AMY on activity in memory regions is also supported by findings from PET and from
combined fMRI/lesion studies. For instance, a PET study by Kilpatrick & colleagues
(Kilpatrick & Cahill, 2003) involved structural equation modeling with PET data and
found that increased memory for subsequently remembered emotional vs. neutral video
clips was associated with increased functional connectivity between AMY and the
PHregions. Moreover, a study by Richardson & colleagues (Richardson et al., 2004)
involved ER-fMRI recording in patients with amygdala and hippocampal lesions and
found evidence for reciprocal dependence between these two brain regions during the
encoding of emotional memories - i.e., hippocampal activity for subsequently remembered
emotional stimuli correlated with the degree of amygdalar pathology, and amygdalar
activity for the same items correlated with the degree of hippocampal pathology. Although
these studies did not involve the subsequent memory paradigm in the strict sense (i.e., by
comparing activity for subsequently remembered vs. forgotten items), they provide strong
support for the idea that AMY exerts modulatory influences on encoding activity in
memory-related brain regions (see also Canli et al., 2000; Hamann et al., 1999).
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Figure 2. Evidence for the modulation hypothesis. A. Three-dimensional view of the anatomicallydefined Regions of Interest (ROIs) in the amygdala (AMY) and the adjacent medial temporal lobe
subregions. On the right side, coronal views of representative slices show the exact location in the brain
of the medial temporal lobe regions. B. Greater emotional Dm than neutral Dm in AMY and MTL
memory system. The bar graphs show greater emotional Dm than and neutral Dm (Emo Dm > Neu
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Dm) in AMY, entorhinal cortex (EC) and the hippocampus (HC). C. Greater correlation between
encoding activity in AMY and MTL memory regions for emotional than for neutral pictures. The
scatterplots illustrate across-subjects correlations between AMY and the left (L) EC for successfully
encoded emotional and neutral pictures. Ctx = Cortex, Emo = Emotional, Neu = Neutral, Dm =
Remembered > Forgotten; n.b., the entorhinal cortex (EC) and the perirhinal cortex (PRC) are part of
the anterior parahippocampal gyrus (PHG), and the parahippocampal cortex proper (PHC) is part of the
posterior PHG (see Amaral et al., 1992). From Dolcos et al., (2004b), with permission.

Finally, evidence from a recent study involving manipulations of the retention interval also
demonstrated that amygdala - MTL interactions persist and increase over time (Ritchey et
al., 2008). In this study, the 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 is greater for items retrieved after a longer delay (see Figure 3), thus suggesting
that amygdala-MTL interactions underlie consolidation and persistence of the emotional
memories over time.
Figure 3. Greater
connectivity between
amygdala and MTL
predicting the
persistence of emotional
memory. The upper
panels show coronal views
of the left (L) and right
(R) anterior
parahippocampal (PH)
regions whose
connectivity with AMY
was greater for emotional
items retrieved after a
longer delay (1 week) as
compared to those
retrieved after a short
interval (20 minutes). The
scatterplot illustrates the
relationship between
AMY and anterior PH
regions predicting
memory performance for
emotional items after the
longer delay. From
Ritchey et al., (2008),
with permission.
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Evidence for dissociations within the MTL memory system
Investigations aimed at identifying the contribution of various MTL regions during the
formation of emotional memories revealed two main functional dissociations along the
rostrocaudal axis of the MTL. One such dissociation suggests that activity in anterior
memory regions (e.g., EC) predicts memory for emotional items, whereas activity in
posterior MTL regions (e.g., PHC) predicts memory for neutral items (see Figure 4). The
double dissociation suggesting a functional specialization along the longitudinal axis of
the MTL regarding the effects of emotion on memory formation is consistent with
anatomical evidence that anterior portions of the MTL memory regions are more heavily
and reciprocally interconnected with AMY than more posterior MTL regions (Amaral et
al., 1992).
Another functional dissociation within the MTL concerns the contribution of anterior vs.
posterior regions to the formation of emotional memory for item vs. source details
(Dougal, Phelps & Davachi, 2007; Kensinger & Schacter, 2006a). For instance, Kensinger
& Schacter showed that subsequent memory for items but not context was associated with
encoding activity in the anterior MTL memory regions (i.e., EC), whereas subsequent
memory for context was related to activity in more posterior MTL regions (both in HC and
PHC). Interestingly, consistent with this functional dissociation, the study also reported
that AMY seems to contribute to successful encoding of items only, thus suggesting that
emotion enhances memory for aspects that are intrinsically linked to the emotional item
itself, such as its physical appearance but not for all contextual details of an emotional
event, such as the task performed with the item (see also Kensinger, Garoff-Eaton, &
Schacter, 2007).
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 the memory-based MTL structures involving HC regions and the
associated PH cortices. The available evidence also suggests that these effects are driven
by the intensity of emotional events, rather than by their valence. It should also be noted
that, although overall these findings provide strong evidence for the modulation
hypothesis, the AMY findings (particularly from the studies identifying greater encoding
success activity for emotional than for neutral stimuli) are also consistent with the
plasticity hypothesis. Specifically, while amygdala-MTL interactions are predicted only by
the modulation hypothesis, enhanced encoding success activity for emotional than for
neutral stimuli in AMY is predicted by both the modulation and the plasticity views. Thus,
the extant brain imaging evidence concerning the role of AMY during successful encoding
of emotional memory is compatible with both views.
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Figure 4. Functional dissociation along the rostrocaudal axis of the MTL memory system. The
upper panel shows a sagittal view of the anterior parahippocampal gyrus (PHG) (only the EC is shown)
and the posterior PHG (i.e., the parahippocampal cortex proper [PHC]) as located in the brain image
from a representative subject. The line graph below shows differences in the percent signal change
between the emotional and the neural Dms from contiguous slices along the longitudinal axis of the
PHG - i.e., greater Dm effect for emotional than neutral pictures in EC (Emotional Dm > Neutral Dm),
and the opposite effect (Neutral Dm > Emotional Dm) in the PHC. PHG = Parahippocampal Gyrus, Dm
= Remembered > Forgotten. From Dolcos et al., (2004b), with permission.
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Role of the prefrontal cortex
Although the majority of studies have focused on the interaction between emotion-based
amygdala system and memory-related MTL system, the role of the prefrontal cortex (PFC)
in emotional memory formation has also been investigated. This is not surprising, given
that the PFC has probably been associated with episodic memory encoding as frequently
as the MTL (e.g., Brewer, Zhao, Desmond, Glover & Gabrieli, 1998; Fletcher, Shallice, &
Dolan, 1998; Paller & Wagner, 2002; Wagner et al., 1998). Similar to the evidence on the
role of the MTL, the extant evidence concerning the role of the PFC in emotional memory
encoding also suggests arousal-driven effects (e.g., Canli, Desmond, Zhao, & Gabrieli,
2002; Dolcos, LaBar & Cabeza, 2004a; Kilpatrick & Cahill, 2003; Sergerie, Lepage &
Armony, 2005; but see Kensinger & Corkin, 2004). Also similar to the MTL, strong
evidence supporting the role of the PFC comes from studies involving event-related
designs in conjunction with the subsequent memory paradigm, as well as from studies
involving functional connectivity of AMY with memory-related brain regions (e.g., Canli
et al., 2002; Dolcos et al., 2004a; Kensinger & Corkin, 2004; Kilpatrick & Cahill, 2003).
For instance, Dolcos & colleagues (2004a) found that emotional arousal enhanced
successful encoding activity (Dm) in two subregions of the left lateral PFC (i.e., one dorsal
- Brodman Area [BA 9/6] and the other ventral - BA 47), in which the Dm effect for
highly arousing (both pleasant and unpleasant) items was greater than for low arousing
and neutral items (Figure 5).
Figure 5.
Greater
emotional Dm
than neutral Dm
in the lateral
prefrontal
cortex. Coronal
brain views and
bar graphs
illustrating greater
emotional Dm
than neutral Dm
(Pos Dm = Neg
Dm > Neu Dm) in
the left (L) lateral
prefrontal cortex
(PFC). R = Right,
BA = Brodmann
Area, Pos =
Positive, Neg =
Pegative, Neu =
Neutral, Dm =
Remembered > Forgotten. From Dolcos et al., (2004a), with permission.
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These findings were confirmed by studies providing evidence for amygdala-PFC
interactions during emotional memory formation. The PET study by Kilpatrick & Cahill
(2003) also reported increased functional connectivity between AMY and a ventrolateral
PFC (vlPFC) region (BA 47) during encoding of highly arousing negative vs. low arousing
neutral video clips, and the fMRI study by Canli & colleagues (Canli et al., 2002) reported
that encoding activity in a dorsolateral PFC (dlPFC) region (BA 6) correlated positively
with both greater emotional arousal and better subsequent memory for pictorial material.
Given the role of left vlPFC regions in semantic processing (Kapur et al., 1996; Poldrack
et al., 1999; Shallice et al., 1994) and the role of the dlPFC regions in working memory
operations (D'Esposito, Postle & Rypma, 2000; Owen et al., 1999; Petrides, 1995), it is
possible that arousing events enhance memory in part by promoting semantic (vlPFC) and
working memory (dlPFC) processing.
These findings expand the abovementioned evidence concerning the role of the MTL
during the formation of emotional memories by showing that the memory-enhancing
effect of emotion during encoding also benefits from the engagement of PFC mechanisms.
The effects of emotion on MTL and PFC regions, however, may be related to different
mechanisms. The evidence concerning the functions typically attributed to these brain
regions (Moscovitch, 1992; Simons & Spiers, 2003) suggests that in the MTL emotion
enhances the consolidation and storage of memory representations, whereas in the PFC
emotion enhances semantic, strategic, and working memory processes. It has also been
suggested that AMY and MTL are part of basic/direct neurohormonal mechanisms
underlying the memory-enhancement effect of emotion, whereas PFC has an indirect/
mediated involvement in the formation of emotional memories (e.g., by enhancing
strategic, semantic, and working memory processes; LaBar & Cabeza, 2006).
ERP Evidence for Faster Emotional Memory Encoding
Additional evidence concerning the mechanisms underlying the formation of emotional
memories comes from studies using ERP recordings to investigate the electrophysiological
correlates of emotional memory encoding (e.g., Dolcos & Cabeza, 2002; Palomba,
Angrilli & Mini, 1997). Using the SMP, Dolcos & Cabeza (2002) identified a difference in
timing between the emotional and neutral Dm effects: emotional Dm was greater during
an early epoch (400-600ms), while the Dm effects were similar for emotional and neutral
stimuli during a late epoch (600-800 ms post-stimulus onset; see Figure 6). Interestingly,
this effect was again similar for positive and negative stimuli, thus suggesting an effect of
arousal. Although given the spatial resolution of ERPs it is difficult to identify the neural
generators of this effect, faster emotional Dm suggests that emotional stimuli have
privileged access to processing resources leading to subsequent memory, which could be
another mechanism conferring a memory advantage to emotional information.
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Figure 6. Difference in
timing between the
emotional and the neutral
Dms at central electrode
locations. Wave and bar
graphs illustrating that the
emotional Dm effect was
greater than the neutral Dm
during an early epoch (400
– 600 ms following
stimulus onset: Pos Dm =
Neg Dm > Neu Dm), but
not during a late epoch
(600 – 800 ms: Pos Dm =
Neg Dm = Neu Dm). From
Dolcos & Cabeza (2002),
with permission.

Collectively, the extant
evidence suggests that
encoding of emotional
events is mediated by
arousal and is
associated with greater
encoding success
activity and interactions
between emotion- and
memory-related brain
regions (i.e., AMY and
MTL/PFC,
respectively), and may benefit from faster access to processing resources.
3.2. The effect of emotion on general\perceptual processing
Functional neuroimaging studies involving event-related designs have also been useful in
identifying brain regions associated with general emotion processing, regardless of their
involvement in memory processes (e.g., Dolcos et al., 2004a, 2004b; Kensinger &
Schacter, 2006a, 2006b). Apart from identifying the neural mechanisms underlying the
effect of emotion on successful encoding, these studies also shed light on the effect of
emotional arousal and valence on MTL and PFC activity associated with the perception
and evaluation of emotional information within the same group of subjects. The main
findings suggest that overall, AMY is sensitive to emotional arousal, while also showing
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preference for negative valence, and that different PFC subregions are sensitive to arousalor valence-related influences.
Role of the amygdala
Although traditionally AMY has been associated with negatively-valenced emotions,
particularly fear (Adolphs, Tranel, Damasio & Damasio, 1995; Calder, Lawrence &
Young, 2001; Morris et al., 1996; Whalen et al., 1998; Zald, 2003), a number of recent
functional neuroimaging studies suggest a more general role of this region in emotion
processing. The initial association of AMY with negative emotions was due in part to the
fact that most of the early studies involved only negative stimulation, whose effects were
then overgeneralised. More recently, however, a number of functional neuroimaging
studies involving both positive and negative stimuli have also reported amygdala
responses to various positively-valenced stimuli, including verbal (Garavan, Pendergrass,
Ross, Stein & Risinger, 2001; Hamann & Mao, 2002; Kensinger & Schacter, 2006b),
pictorial (Dolcos, Graham, LaBar & Cabeza, 2003; Hamann, Ely, Hoffman & Kilts, 2002;
Kensinger & Schacter, 2006b), olfactory (Anderson et al., 2003) and gustatory (Small et
al., 2003) stimuli. A common denominator of the studies reporting valence-independent
amygdala activity seems to be the fact that positive and negative stimuli were equated for
emotional arousal. Interestingly, amygdala sensitivity to equally arousing positive and
negative stimuli was reported not only in studies where emotional content was taskrelevant (i.e., participants’ task is to rate the emotional content of the stimuli while brain
activity is recorded - e.g., Dolcos et al., 2003), but also in studies where emotional content
was task-irrelevant (i.e., participants are not explicitly instructed to focus on the emotional
content of the items, - e.g., Kensinger & Schacter, 2006b).
Identification of valence-independent activity of AMY for equally arousing emotional
items suggests that AMY response is driven by the emotional arousal, regardless of
valence, but there is evidence suggesting that AMY shows preference for processing
negative emotions even in conditions where arousal is equated for positive and negative
stimuli. For instance, Dolcos et al. (2003) observed that while AMY was activated for
both positive and negative pictures, bilaterally, the right amygdala was more activated for
negative pictures. Overall, these findings are consistent with the general view associating
AMY with negative emotions (Davidson & Irwin, 1999; Zald, 2003) as well as with recent
evidence from meta-analysis studies identifying valence-independent effects in AMY
(Sergerie et al., 2008; Wager et al., 2003; but see Straube, Pohlack, Mentzel & Miltner,
2008).
Role of the PFC
The subsequent memory paradigm has also proven useful in investigating the effect of
arousal and valence on PFC activity associated with emotion perception and evaluation,
which complements its usefulness in identifying PFC activity mediating successful
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emotional memory encoding. Below, we discuss two main findings concerning functional
dissociations identified in the lateral and medial PFC.
Valence-related dissociations within the lateral PFC - evidence for the valence
hypothesis
The valence hypothesis of emotion processing posits a hemispheric asymmetry in the
processing of emotional information (Davidson & Irwin, 1999), with the left hemisphere
being preferentially involved in processing positive emotions and the right hemisphere
being more involved in processing negative emotions. Although this hypothesis has been
long supported by lesion and electrophysiological evidence (Aftanas, Varlamov, Pavlov,
Makhnev & Reva, 2001; Morris, Robinson, Raphael & Hopwood, 1996; Paradiso,
Chemerinski, Yazici, Tartaro & Robinson, 1999; Starkstein et al., 1989; Tomarken,
Davidson, Wheeler & Doss, 1992; Wheeler, Davidson & Tomarken, 1993), it has only
relatively recently received support from functional neuroimaging studies (Canli,
Desmond, Zhao, Glover & Gabrieli, 1998; Dolcos et al., 2004a). For instance, Dolcos &
colleagues (Dolcos et al., 2004a) identified specific regions in the left dlPFC and right
vlPFC that were specifically involved in processing positive and negative emotions,
respectively (see Figure 7). Interestingly, apart from the left-right distinction, these
findings are also consistent with a dorsal-ventral dissociation, as the lateral PFC region
showing sensitivity to negative emotion is also more ventral than that showing preference
for positive emotions (see also Kensinger & Schacter, 2006b). Given the functions
attributed to these regions, it is possible that the dlPFC region contributes to processing of
positive stimuli in working memory, whereas the vlPFC might be engaged to cope with
the negative emotions (Dolcos, Kragel, Wang & McCarthy, 2006; Dolcos & McCarthy,
2006).
Arousal- and valence-related dissociations within the medial PFC - converging fMRI
and ERP evidence
Different from the lateral PFC, the medial PFC is sensitive to both arousal and valence.
Specifically, a dorso-ventral dissociation has been reported (see Figure 8A), in that the
dorsomedial PFC (dmPFC) is sensitive to arousal regardless of valence, whereas the
ventromedial PFC (vmPFC) is sensitive to positive valence (Dolcos et al., 2004a;
Kensinger & Schacter, 2006b). Given the evidence concerning the function of these
medial PFC regions, these findings could reflect the contribution of the dmPFC to general
processing of emotional information (Lane, Reiman, Ahern, Schwartz & Davidson, 1997;
Lane, Reiman, Bradley et al., 1997; Phan et al., 2002; Reiman et al., 1997), and the
involvement of the vmPFC in processing positive emotions and in appetitive behavior
(George et al., 1995; Kringelbach & Rolls, 2004; Paradiso, Johnson et al., 1999; Wager et
al., 2003).
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Figure 7. Evidence for the valence hypothesis of emotion processing in the lateral PFC. Coronal
brain views and bar graphs illustrating left-lateralised vs. right-lateralised patterns of brain activity
associated with processing of positive (Pos > Neg = Neu) vs. negative (Neg > Pos = Neu) pictures,
respectively. BA = Brodmann Area, dlPFC = Dorsolateral PFC, vlPFC = Ventrolateral PFC. From
Dolcos et al., (2004a), with permission.

Interestingly, the spatial dissociation of arousal and valence is consistent with a similar
dissociation in timing identified in ERP studies. Specifically, ERP studies investigating
the effect of arousal and valence found that ERPs recorded from frontocentral electrodes
were sensitive to both arousal and valence (Cuthbert, Schupp, Bradley, Birbaumer &
Lang, 2000; Dolcos & Cabeza, 2002), but there was a dissociation in timing, with positive
valence being processed faster (see Figure 8B). Namely, ERPs from these sites were
sensitive to positive valence (Positive > Negative & Neutral) during an earlier (500-800
ms) and then to arousal (Positive = Negative > Neutral) during a later epoch (800-1200
ms). Although it is difficult to make strong arguments concerning the neural generators of
these ERP effects, it is possible that the dissociation in timing observed in the ERPs
reflects the spatial dissociation of arousal and valence identified with fMRI. At any rate,
these findings provide strong evidence that general emotion processing in the medial
frontal areas is sensitive to both arousal and valence.
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Figure 8. Converging fMRI and ERP evidence concerning arousal and valence-based effects in
the medial PFC. A. Functional MRI evidence supporting a dorso-ventral spatial dissociation in the
medial PFC associated with the processing of arousal (dmPFC) and positive (vmPFC) valence,
respectively. B. ERP evidence supporting a temporal dissociation at the medial frontal electrodes in the
processing of positive valence and arousal during early (500-800 ms ) vs. late (800-1200 ms) epochs,
respectively. From Dolcos et al. (2004a) and Dolcos & Cabeza (2002), with permission.

In sum, the evidence concerning the effect of emotion on general processing suggests that
arousal is also a main factor influencing activity of AMY, although this region also shows
preference for negative valence. As for the PFC, the available evidence suggests that
various lateral and medial PFC regions are sensitive to arousal and valence, probably
reflecting their involvement in higher-order emotion processing associated with evaluation
of emotional valence and emotion regulation strategies.
3.3. Linking the general and memory-specific effects of emotion
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One open question in the context of the evidence provided by the studies involving the
SMP concerns the link between brain activity reflecting general emotion processing and
activity specifically contributing to successful encoding of emotional memories. On the
one hand, a main advantage of involving the SMP is that it allows dissociation of brain
regions associated with general vs. memory-specific processing. For instance, this method
allowed identification with increased specificity of AMY subregions showing greater
encoding success activity for emotional than for neutral items (i.e., BLA), from larger
amygdala areas showing overall sensitivity to general emotion processing. This suggests
an inclusion relationship between the general and memory-specific regions within AMY.
On the other hand, a limitation of this method is that it cannot rule out the possibility that
some brain regions that are not identified as showing Dm effects, and thus clearly
contribute to the formation of emotional memories, might still contribute to the memoryenhancing effect of emotion (e.g., by influencing encoding activity in other brain regions).
For instance, our investigation of the role of PFC in general vs. memory-specific effects of
emotion did not identify overlapping regions clearly showing both general and memoryspecific effects driven by emotional arousal. Specifically, while general effects of arousal
where identified in the medial PFC and right lateral PFC, memory-specific effects were
identified in the left lateral PFC. Although these findings are still consistent with the
existence of ‘inclusion’ relationships between PFC subregions showing general vs.
memory-specific effects, given the structural and functional complexity of the PFC this
notion cannot be applied in a similar way as in the case of AMY.
However, this does not exclude the possibility that PFC subregions identified as showing
general effects may also contribute indirectly to the memory-enhancing effects of emotion.
For instance, it is possible that the medial and lateral PFC regions identified as being
sensitive to emotional arousal and valence during general processing of emotion
processing (see Figures 7 & 8) may influence memory-encoding activity in the lateral
PFC subregions and thus contribute to the memory-specific effects observed in these
regions (see Figure 5). To investigate this issue, it is critical to combine the SMP with
methods that allow assessment of functional connectivity among various brain regions
inside an outside of the PFC. Although we have not investigated this possibility in our
previous studies in young participants described above (but see Dolcos et al., 2006), we
employed such a combined approach in recent investigations of age-related differences in
the effect of emotion on memory, which involved both ‘static’ assessments using the SMP
and ‘dynamic’ assessments using methods that examine functional connectivity (see the
section below and papers by St. Jacques, Dolcos, & Cabeza, 2008a, 2008b).
Collectively, functional neuroimaging evidence highlights the role of AMY/MTL and the
PFC regions in emotional memory formation and general emotion processing. The
evidence concerning the memory-enhancing effect of emotion suggests that the effect of
emotion on memory formation is driven mainly by arousal, is mediated by both direct
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(MTL-based) and indirect (PFC-based) mechanisms, and benefits from privileged access
to processing resources.

4. Role of individual differences in the impact of emotion on memory encoding
- the effect of aging
Investigation of individual differences in the impact of emotion on cognition and
particularly on memory has relevance for understanding mood and anxiety disorders, in
which alterations of the neural circuitry underlying emotion-cognition interactions in
normal conditions may be the cause of the negative affective bias observed in these
clinical conditions. For instance, remembering of and ruminating on negative memories
observed in depression may be linked to dysfunctional amygdala-hippocampal interactions
that ‘favor’ recollection of negative events (Hamilton & Gotlib, 2008). Thus, it becomes
critical to understand the factors that might contribute to individual differences in the
susceptibility to affective disorders.
One such factor could be related to differences in emotional reactivity observed between
males and females (Barrett, Lane, Sechrest, & Schwartz, 2000; Davis, 1999; Kring &
Gordon, 1998; Lang, Greenwald, Bradley & Hamm 1993; Seidlitz & Diener, 1998;
Shields, 1991), which might explain the increased incidence of affective disorders in
women. Indeed, there is functional neuroimaging evidence that the enhanced emotional
memory observed in women is linked to differential engagement of the neural circuitry
underlying the processing of emotional information (Armony & Sergerie, 2007; Cahill et
al., 2001; Cahill, Uncapher, Kilpatrick, Alkire & Turner, 2004; Canli et al., 2002;
Mackiewicz, Sarinopoulos, Cleven & Nitschke, 2006). Moreover, studies investigating
sex-related differences in emotional memory have also identified hemispheric differences
in the role of AMY – i.e., left-lateralised in females and right-lateralised in males (see
reviews by Cahill, 2005; Hamann, 2005). It is expected, however, that differential
susceptibility to affective disorders may be associated not only with differences in the
basic brain mechanisms responsible for detection/processing and memory for emotional
information (i.e., involving amygdala/MTL regions), but also in mechanisms associated
with higher-level emotion processing, such as those involving the control of emotional
response (i.e., involving PFC regions). Indeed, studies investigating neural alterations in
mood disorders (Johnstone, van Reekum, Urry, Kalin & Davidson, 2007; Mayberg, 1997;
Mayberg et al., 1999) suggest that emotional dysregulation (a major symptom in
depression) is linked to dysfunctional interactions between AMY and the medial PFC.
Therefore, investigation of individual differences that influence the ability to control
emotion is an avenue of research that has the potential to contribute to our understanding
of alterations leading to emotion dysregulation (Ochsner & Gross, 2005; 2007).
Investigation of age-related differences in emotion processing also has the potential to
contribute to our understanding of the neural mechanisms underlying the enhanced
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cognitive control of emotion. On the one hand, evidence suggests an overall cognitive
decline with aging (e.g., Daselaar, Dennis & Cabeza, 2007), although there is also
evidence suggesting the existence of compensatory mechanisms, whose engagement allow
healthy elderly to perform in cognitive tasks as well as their younger counterparts
(Cabeza, Anderson, Locantore & McIntosh, 2002; Dolcos, Rice & Cabeza, 2002). On the
other hand, evidence from the affective domain suggests not only overall preservation of
ability to process emotional information with aging (Keightley, Winocur, Burianova,
Hongwanishkul & Grady, 2006; Mather & Knight, 2006; Phillips, MacLean & Allen,
2002), but also an enhanced ability to control emotion (Gross et al., 1997; Mather &
Knight, 2005), which is reflected in a positive affective bias - i.e., the tendency to
attenuate negative emotions and enhance positive emotions (Mather, 2006; Mather &
Carstensen, 2005).
Therefore, investigation of the neural correlates of the enhanced ability to control emotion
in populations characterised by a positive affective bias may prove critical to
understanding the neural substrate of emotion dysregulation in affective disorders, which
are characterised by a negative affective bias. In the following paragraphs, we will discuss
evidence concerning age-related difference in the neural correlates underlying processing
associated with emotional memory formation and emotion regulation. Emphasis will be on
findings from recent reports involving event-related designs in conjunction with the
subsequent memory paradigm, and on evidence resulting from investigation of age-related
differences in functional connectivity within the circuitry underlying emotion processing.
4.1. The effect of aging on emotional memory formation - compensation vs. emotion
regulation?
Behavioral evidence suggests that overall the memory-enhancing effect of emotion is
preserved with aging (e.g., Comblain, D'Argembeau & Van der Linden, 2005; Denburg,
Buchanan, Tranel & Adolphs, 2003; Kensinger, Brierley, Medford, Growdon & Corkin,
2002), but age-related changes consistent with a positive affective bias are also observed.
Specifically, it has been shown that older adults may either not show a memory
enhancement for negative items (Grady, Hongwanishkul, Keightley, Lee & Hasher, 2007),
or may show a shift towards favoring memory for positive over negative information - i.e.,
compared to younger adults, older adults tend to recall less negative information and more
positive information (Charles, Mather & Carstensen, 2003; Mather, 2006; Mather &
Carstensen, 2005). Thus, an important question concerns the neural mechanisms
underlying age-related changes in the memory-enhancing effect of emotion in the context
of preserved emotion function.
Recent fMRI evidence suggests that preserved emotional enhancement of memory in
aging is associated with relative preservation of amygdala structure and function, as well
as with changes in the neural circuitry underlying emotion processing in healthy older
adults (St Jacques et al., 2008b; Kensinger & Schacter, 2008). The study by St Jacques &
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colleagues (St Jacques et al., 2008b), for instance, showed similar involvement of AMY in
emotional memory encoding in both younger and older participants - i.e., greater encoding
success activity for emotional than for neutral stimuli (Emotional Dm > Neutral Dm).
However, the study also identified age-related differences in the formation of emotional
memories in both MTL and PFC regions – i.e., a decrease in the MTL contribution (along
with other posterior brain regions, including visual cortex) coupled with an increase of the
dlPFC involvement. Moreover, these opposing effects of aging on MTL and dlPFC
activity were also observed in the functional connectivity of these brain regions with AMY
(see Figure 9).

Figure 9. Opposing age-related changes in the MTL and PFC connectivity with the amygdala
during encoding of emotional memories. Coronal brain view and bar graphs illustrating decreased
functional connectivity with AMY in HC (A) and enhanced functional connectivity with AMY in the
dorsolateral PFC (dlPFC) during encoding of memories for negative pictures (B). L = Left, BA =
Brodmann Area. From St Jacques et al. (2008b), with permission.

Collectively, these findings suggest an age-related reduction in the contribution of the
direct amygdala-MTL mechanisms, which is compensated by the 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
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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., 2008b).
Given the evidence supporting 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.
At any rate, these findings clearly suggest that preserved emotion function with aging is
accompanied by differential involvement of the direct (MTL-based) vs. mediated (PFCbased) mechanisms involved in the memory-enhancing effect of emotion during encoding.
Moreover, 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).
4.2. The effect of aging on emotion perception - evidence for enhanced emotion
regulation
Preserved memory-enhancing effect of emotion in aging is linked to overall relative
preservation of the emotional response (Keightley et al., 2006; Mather & Knight, 2006;
Phillips et al., 2002), which depends on relatively preserved anatomical integrity of AMY
(Good et al., 2001; Grieve, Clark, Williams, Peduto & Gordon, 2005; Soininen et al.,
1994). However, evidence also suggests age-related changes in the general response
associated with perception and evaluation of emotional information, which is also
consistent with a positive affective bias. Supporting this idea, it has been shown that older
adults not only tend to remember fewer negative memories, but also to experience
decreased negative affect and report fewer negative experiences, as well as to show
increased positive affect over time (Gross et al., 1997; Mather, 2006; Mroczek, 2001).
Functional neuroimaging evidence suggests that age-related changes in general emotion
processing are linked to changes in amygdala and frontal cortex activity, and in their
interaction. Although some reports suggest age-related decrease in amygdala activation
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(Fischer et al., 2005; Tessitore et al., 2005, but see Wright, Wedig, Williams, Rauch &
Albert, 2006), others show that diminished amygdala activity is limited to negative
stimuli, as opposed to positive stimuli (Mather et al., 2004). As for the frontal cortex,
consistent with enhanced emotion control in aging (Gross et al., 1997), the extant evidence
suggests age-related increase in PFC activity (e.g., Gunning-Dixon et al., 2003; Leclerc &
Kensinger, 2008; Tessitore et al., 2005). Moreover, a recent investigation of functional
connectivity within the emotional network (St Jacques et al., 2008a) provided evidence for
age-related increase in amygdala-frontal interactions during processing of negative
stimuli, in the context of preserved amygdala function (Figure 10). Specifically, older
adults showed enhanced connectivity between activity in the amgdala and the anterior
cingulate cortex (ACC) while rating the emotional content of negative pictures.
Interestingly, these age-related differences in amygdala-ACC interactions were associated
with changes in the perceived emotional content of negative pictures, as shown by more
‘neutral’ responses given by the older participants to the negative pictures (St Jacques et
al., 2008a).

Figure 10. Preserved amygdala function and increased amygdala-ACC connectivity in healthy
aging. A. Coronal brain view and bar graph showing overlapping activity in the right AMY region
during processing of negative pictures (Neg > Neu) in young and older adults. B. Sagittal/lateral brain
view and bar graph showing age-related increase in the interaction between AMY and the anterior
cingulate cortex (ACC) during processing of negative pictures. From St Jacques et al. (2008a), with
permission.
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These findings, along with evidence from studies investigating age-related changes in the
medial frontal activity during processing of positive stimuli (Leclerc & Kensinger, 2008),
provide strong support for the enhanced cognitive control of emotion in the elderly, which
can be expressed as a tendency to attenuate negative affect and/or to enhance positive
affect - the positivity effect (Mather, 2006; Mather & Carstensen, 2005).
In sum, behavioural and brain imaging evidence supports the idea of age-related
differences in the processing of emotional information in the context of relative
preservation of the mechanisms responsible for the memory-enhancing effect of emotion
and emotional evaluation. These phenomena are associated with differential involvement
of the MTL and PFC mechanisms and relative preservation of anatomical and functional
integrity of the AMY. Age-related differences in the MTL and PFC mechanisms reflect
decreased MTL contribution associated with increased PFC involvement and with
enhanced amygdala-PFC interactions, which could reflect the engagement of
compensatory mechanisms and/or enhanced emotion regulation.

Conclusions and future directions
The overarching goal of the present review was to discuss functional neuroimaging
evidence concerning the neural correlates of the enhancing effect of emotion on the early
stages of memory formation – encoding and early consolidation in young and older
participants. The available evidence highlights the contribution of direct/MTL-based and
indirect/PFC-based mechanisms during the formation of memory for emotional events in
young participants, and identifies emotional arousal as the main factor responsible for the
memory-enhancing effect of emotion. The extant evidence also suggests preservation of
these mechanisms in healthy aging, but identifies differential involvement of the direct vs.
indirect ‘routes’ (i.e., diminished MTL contribution accompanied by enhanced PFC
involvement), possibly reflecting the engagement of compensatory mechanisms and/or
enhanced cognitive control of emotion. Notably, the involvement of the SMP paradigm
had an important contribution in identifying the role of specific brain regions/subregions
to these effects. Finally, ERP evidence also suggests that operations leading to enhanced
memory for emotional events may also benefit from privileged access of emotional
information to processing resources.
Although the available functional neuroimaging studies provide valuable evidence
concerning the neural mechanisms underlying the memory-enhancing effect of emotion, a
number of issues remain unclear. The first category of open questions refers to conceptual
and practical aspects that could contribute to further understanding of the mechanisms
underlying the impact of emotion on memory. For instance, the vast majority of evidence
identifying the role of the MTL and PFC mechanisms clearly indicates contributions of
these regions through neuroendocrine modulations and semantic/working memory
operations, respectively, but these possible routes have rarely been systematically
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investigated (but see Talmi, Anderson, Riggs, Caplan, & Moscovitch, 2008). Also, while
the extant evidence clearly identifies emotional arousal as the main property responsible
for the memory-enhancing of emotion, the impact of arousal of specific possible
operations (e.g., semantic, processing, attention), as well as role of other factors (e.g.,
emotional valence) have rarely been investigated (but see Kensinger & Corkin, 2004;
Kensinger, 2004; Talmi, Schimmack, Paterson, & Moscovitch, 2007).
Moreover, given that most of the available evidence results from studies focusing on the
role of fundamental emotional dimensions (e.g., arousal vs. valence), it is not clear
whether similar mechanisms contribute to the memory-enhancing effect of emotion in the
case of specific emotions that may share one or both of these general properties (e.g.,
anger vs. sadness, anger vs. fear). Finally, while the SMP had unprecedented contribution
to increasing specificity in identifying the role of various brain regions, this method by
itself does not allow identification of dynamic interactions among these regions that
contribute to the enhancing effect of emotion on memory. Thus, future research should
aim at ‘dissecting’ the effects of emotion on specific operations that may enhance
memory, along with identifying the role of general and particular emotional properties,
and using methods that involve both ‘static’ and ‘dynamic’ assessments of the neural
circuitry responsible for the memory-enhancing effect of emotion inside and outside of the
MTL and PFC regions.
Another category of open questions refers to aspects related to the effect of cognitive/
executive processes that may mediate the impact of emotion on memory. Worth
mentioning in this context are open questions concerning the impact of emotion regulation
strategies. Although emotion regulation research has gain an increasing interest recently
(Ochsner & Gross, 2005), the vast majority of functional neuroimaging studies to date
tend to focus on the effect of cognitive control on the immediate emotional experience,
rather than on the effect on memory. 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. Thus, future investigations should
examine the neural mechanisms underlying the effect of emotion regulation on memory
processes. Investigation of these issues has relevance to understanding clinical condition
such as depression and anxiety, in which emotion dysregulation is often among the core
debilitating features.
In this context, it is also worth mentioning the importance of further elucidating the neural
mechanisms underlying the enhanced ability to control emotions observed in healthy
elderly. Although existing evidence from brain imaging studies in healthy aging suggests
automatic engagement of emotion control during processing of emotional information (e.
g., St Jacques et al., 2008a, 2008b; Kensinger & Schacter, 2008), the nature of specific
regulation strategies is not known. Investigation of this issue would be particularly
interesting in the context of direct comparisons with clinical groups in which the
engagement of emotional control is dysfunctional (e.g., affective disorders) (Hamilton &
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Gotlib, 2008; Johnstone et al., 2007; Keedwell, Andrew, Williams, Brammer, & Phillips,
2005).
Investigation of the latter issues is particularly relevant in the larger context of examining
the role of individual differences in mediating the impact of emotion of memory. Along
with the effect of age- and sex- related differences discussed or alluded to in the present
review, another important area that has not received enough attention concerns the role of
personality-related differences. For instance, there is evidence that personality traits such
as neuroticism and extraversion may induce opposing biases in the memory emotional
information (Rusting, 1999), and that these biases modulate the neural mechanisms of
learning emotional experiences (Hooker, Verosky, Miyakawa, Knight, & D'Esposito,
2008). However, to our knowledge the role of individual differences that mediate emotioncognition interaction affecting the impact of emotion on memory, and the associated
neural circuitry, remain largely unknown.
In summary, investigation of these issues not only has relevance for understanding the
functioning of the normal brain, but will also provide novel insight into understanding and
finding cures for psychiatric (e.g., affective disorders, schizophrenia) and neurological
conditions (e.g., Alzheimer’s, Parkinson’s diseases), which are associated with alterations
in emotion-cognition interactions.
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