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Understanding genetic contributions to individual differences in the capacity for emotional memory has
tremendous implications for understanding normal human memory as well as pathological reactions to
traumatic stress. Research in the last decade has identified genetic polymorphisms thought to influence
cognitive/affective processes that may contribute to emotional memory capacity. In this paper, we review
key polymorphisms linked to emotional and mnemonic processing and their influence on neuromodu-
lator activity in the amygdala and other emotion-related structures. We discuss their potential roles
in specific cognitive processes involved in memory formation, and review links between these genetic
variants, brain activation, and specific patterns of attention, perception, and memory consolidation that
may be linked to individual differences in memory vividness. Finally we propose a model predicting
an influence of noradrenergic, serotonergic, and dopaminergic processes on emotional perception, as
well as on memory consolidation and self-regulation. Outside of the laboratory, it is likely that real-life
effects of arousal operate along a continuum that incorporates other “non-emotional” aspects of mem-
ory. For this reason we further discuss additional literature on genetic variations that influence general
episodic memory processes, rather than being specific to emotional enhancement of memory. We con-
clude that specific neuromodulators contribute to an amygdala-driven memory system that is relatively
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involuntary, embodied, and sensorily vivid.

© 2010 Elsevier Ltd. All rights reserved.

In the most famous passage from Marcel Proust’s A la Récherche
de Temps Perdu (translated as In Search of Lost Time, or Remem-
brance of Things Past), the narrator has bitten into a madeleine, a
small cake dipped in tea, and experiences a wash of inexplica-
ble joy. “Where could it have come to me from, this all-powerful
joy?” he wonders. “I sensed that it was connected to the taste
of the tea and the cake, but that it went infinitely far beyond it,
could not be of the same nature. Where did it come from? What
did it mean? How could I grasp it?” (Proust, 1913: 2002). In the
pages to follow, Proust describes in great phenomenological detail
the effortless and elusive qualities of his memory, distinguish-
ing such seemingly automatic washes of memory from voluntary
efforts at retrieval, and linking it to sensory experience. Proust
described his emotional memory as involuntary, vivid and embod-
ied, perhaps enabling his subsequent formidable recollection of
contextual details concerning thoughts, perceptions, and happen-
ings.

Proust was an outlier. Most people do not share his mnemonic
capacity. On the other hand, some are particularly vulnerable to the
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effects of traumatic memory, as in post-traumatic stress disorder
(PTSD). Such individual differences have tremendous implications
for the understanding of normal human memory as well as patho-
logical mnemonic reactions to traumatic stress, which can differ
across individuals even when they are exposed to the same events.
Some of this difference in capacity may be genetic. Research in the
last decade has identified a number of common genetic variations
thought to interact with life experience to influence the capacity
for emotional memory. In this paper, we review some of these
polymorphisms and their influence on neuromodulatory activity in
the amygdala and other emotion-related structures. We then dis-
cuss their potential roles in specific cognitive processes involved in
memory formation. Yet, although the division of memory into emo-
tional vs. neutral is necessary for interpreting the role of genotype in
memory formation, one limitation of this research s thatitis largely
based on laboratory manipulations designed to exploit effects of
emotion on memory. In naturalistic human autobiographical mem-
ory a strict division between “emotional” and “non-emotional”
memory is less clear. Outside of the lab, it is more likely that
emotional effects on attention and memory operate along a contin-
uum to facilitate retrieval of multifaceted mnemonic information,
including perceptual, cognitive, and semantic information along
with emotional information. We will therefore also discuss addi-
tional literature on genetic variations thought to influence general
processes associated with episodic memory.

doi:10.1016/j.neuropsychologia.2010.11.010

Please cite this article in press as: Todd, R. M., et al. Genetic differences in emotionally enhanced memory. Neuropsychologia (2010),



dx.doi.org/10.1016/j.neuropsychologia.2010.11.010
dx.doi.org/10.1016/j.neuropsychologia.2010.11.010
http://www.sciencedirect.com/science/journal/00283932
http://www.elsevier.com/locate/neuropsychologia
mailto:r.todd@acl.psych.toronto.edu
mailto:becket.todd@gmail.com
dx.doi.org/10.1016/j.neuropsychologia.2010.11.010

GModel
NSY-3876; No.of Pages11

2 R.M. Todd et al. / Neuropsychologia xxx (2010) xxX—Xxxx

A few studies reliably linking common genetic polymorphisms
to personality traits or cognitive processes have been large, well-
replicated association studies that link gene and behavior through
the use of genome-wide screens (e.g., Papassotiropoulos et al.,
2006). However, much research investigating associations between
targeted polymorphisms and behaviors has been hampered by
inconsistent results and failure to replicate, as revealed by recent
meta-analyses (Barnett, Scoriels, & Munafo, 2008; Munafo et al.,
2009). Effect sizes are small due to the contribution of multiple
genes to a given trait or behavior (Butcher et al., 2004; Plomin,
Owen, & McGuffin, 1994), sample sizes are often inadequate, and
there are high levels of noise due to the many intervening factors
between gene and behavior (Munafo, Durrant, Lewis, & Flint, 2009).
In contrast, brain activation patterns elicited by laboratory tasks
provide a mid-level phenotype between genotype and behavior,
and in some cases have relatively robust relations with both (Canli,
2008). An endophenotype approach takes advantage of the greater
sensitivity of brain imaging techniques to both genetic variation
and behavior. We propose an endophenotypic approach to investi-
gate links between genetic variations, patterns of brain activation,
and specific aspects of memory formation and recall. Examining the
role of specific genetic polymorphisms, which influence activity of
key neuromodulators on brain activation patterns, can allow us to
develop a finer-grained taxonomy of processes that influence emo-
tional memory. Ultimately, a behavioral epigenetic approach can be
used to look at the emergence of such patterns in development in
interaction with life experience, which modulates gene expression
and sculpts neural circuitry.

Before discussing neurochemical and genetic influences on
emotionally enhanced perception and memory, however, we
will begin by clarifying terminology used throughout the paper.
First, when we talk about emotional memory, we refer specifi-
cally to long term, episodic memories of emotionally arousing
events. Episodic memory is characterized by subjectively “re-living”
events (Tulving, 2001). Formation of emotional memories crucially
involves amygdala modulation of other brain regions subserv-
ing memory, including the hippocampus and prefrontal regions
(Cahill & McGaugh, 1998; McGaugh, Mcintyre, & Power, 2002;
Roozendaal, McEwen, & Chattarji, 2009). Encoding an emotional
event involves processing initial sensory information as a coherent
construct that is later remembered. We will propose that spe-
cific processes associated with encoding of emotional memories
may include greater allocation of attentional resources to an emo-
tional event (Anderson, 2005) as well as enhancement of perceptual
vividness (Cahill & Anderson, 2009). When referring to attentional
processes potentially implicated in encoding emotional events, we
arereferring to a form of selective attention, or selection bias, driven
by the motivational salience of an object or event. Such selective
attention is thought to be mediated by an emotional saliency net-
work (Barrett & Bar, 2009; Seeley et al., 2007), which includes the
amygdala and orbitofrontal cortices. Such salience-driven selective
attention is often demonstrated via an advantage for emotional
stimuli in capturing limited attentional resources necessary for
an item to enter awareness (Anderson, 2005; Anderson & Phelps,
2001; Lim, Padmala, & Pessoa, 2009), and in “motivated attention”
studies finding increased visual cortex activation for emotionally
salient visual stimuli (Bradley et al., 2003; Padmala & Pessoa, 2008;
Pessoa, Kastner, & Ungerleider, 2002). When we refer to perceptual
vividness, we are referring to the subjective experience of visual
clarity (Cahill & Anderson, 2009). For example, perceptual vividness
can be measured by estimation of the relative clarity with which
images are perceived when they are partially obscured by visual
noise.

Emotional memory formation also includes short and long-
term memory consolidation processes: short-term consolidation
involves a cascade of molecular processes necessary for the for-

mation of new synaptic connections and structural change of
existing ones that takes place over the course of hours (Frankland
& Bontempi, 2005). In humans, it is still not known precisely when
in time consolidation processes can be dissociated from encoding.
Long-term consolidation processes involve reorganization of large-
scale neural systems supporting memory (Frankland & Bontempi,
2005). Finally, a complete taxonomy of mnemonic processes should
include specific qualities of episodic memory at the time of mem-
ory retrieval, or recall, as well. These include memory for specific
objects vs. the context of the experience, temporal vs. spatial detail,
and degree of emotional vividness (Levine, Svoboda, Hay, Winocur,
& Moscovitch, 2002).

1. Genetic influences on emotional memory

It is well established that the amygdala plays a central role
in both encoding and retrieval of emotional memories (Hamann,
2001; LaBar & Cabeza, 2006; Sharot, Delgado, & Phelps, 2004).
Recent research suggests genetic differences influence patterns of
amygdala activation during perceptual and mnemonic processing.
In this review we will focus on four polymorphisms: (1) a deletion
variant of the ADRA2b gene, which influences activity of adrenore-
ceptors; (2) a single nucleotide polymorphism (SNP) (valine to
methionine) in the COMT gene coding the catechol-O-methyl trans-
ferase enzyme that metabolizes prefrontal dopamine; (3) a short
version of the 5HTTLPR serotonin transporter gene, which is associ-
ated with higher 5-HT levels; and (4) a SNP in the TPH2 gene coding
one phase of 5-HT synthesis. Although we focus on these four poly-
morphisms, we emphasize that they are a few of many potential
genetic variations that may ultimately be found to influence emo-
tional memory, and that links between genetics, brain, and behavior
likely involve interactions between multiple polymorphisms and
between genetic inheritance and life experience. With that caveat,
we will review extant research that sheds light on the role of each
of these in specific aspects of memory encoding and consolidation,
highlighting important areas for future research (Table 1).

The often-quoted “flashbulb” quality of intense emotional mem-
ories refers to their relatively enduring nature - as if they were
photographically etched in the brain (Brown & Kulik, 1977). The
modulation hypothesis (McGaugh et al., 2002) proposes that the
amygdala’s role in the formation of everyday emotional memo-
ries (as opposed to flashbulb memories) is to modulate activity
in other brain regions associated with memory formation, includ-
ing the hippocampus, caudate nucleus, insula, entorhinal cortex,
and prefrontal regions. This model suggests that arousal associ-
ated with an emotional event enhances encoding, and interacts
with subsequent influences of arousal on consolidation to enhance
emotional memory. With regard to emotional enhancement of
encoding, growing evidence suggests that the emotional spotlight
cast on salient events heightens our perceptual experience of them
(Cahill & Anderson, 2009). Such heightened experience may be
linked to amygdala enhancement of visual cortex activation for
emotional images (Bradley et al., 2003; Padmala & Pessoa, 2008),
and may contribute to memory vividness (Cahill & Anderson, 2009).
Emotional events also enjoy privileged access to limited atten-
tional resources (Anderson, 2005), and enhanced attention to an
event in turn contributes to emotional memory (Talmi, Anderson,
Riggs, Caplan, & Moscovitch, 2008). Yet subsequent memory is also
influenced by amygdala activation associated with post-encoding
consolidation processes (for review see Roozendaal et al., 2009).
For example, we have shown that neutral pictures of houses were
better remembered one week later when they were followed by
an emotional rather than a neutral event, provided they followed
the event at short intervals. Moreover, individual ratings of a
scene’s arousal predicted recollection of the house that preceded
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Table 1
Key genes thought to influence specific aspects of emotional and episodic memory.

Memory type Memory stage

Episodic: emotional

Episodic: emotional?

Non-declarative (Conditioning): emotional
Episodic: general

Episodic: general

Episodic: general

Episodic: general

Encoding?Consolidation?
Encoding?Consolidation?
Encoding?Consolidation?

Key brain regions Gene
Amygdala, hippocampus, PFC ADRA2D
PFC, amygdala COMT
Amygdala, medial PFC 5HTTLPR
Hippocampus, temporal cortex APOE
Hippocampus, temporal cortex 5HT2A
Hippocampus PFC BDNF
Hippocampus KIBRA

it (Fig. 1) (Anderson, Wais, & Gabrieli, 2006). To date, the role of
specific genetic variations contributing to individual differences in
enhanced attention and increased perceptual vividness at the time
of an arousing event, effects of arousal on subsequent consolidation
processes, and the influence of each of these on emotional memory
vividness remains an open question.

We will review convergent evidence supporting a model of
genetic influences on emotional memory, the endophenotypic
model of emotional memory (EMEM, Fig. 2). Building on the mod-
ulation hypothesis, this model proposes that, in humans, increased
perceptual vividness at encoding partially predicts emotional
memory vividness. We suggest that such perceptual enhancement
at the time of encoding combines with the influence of arousal on
consolidation, which also enhances memory. The EMEM further
proposes roles for candidate genes associated with neurotrans-
mitter activity in specific aspects of emotional perception and
memory consolidation: (1) genetic variations influencing emo-
tionally enhanced perception modulate activation in motivational
circuitry, including the amygdala, visual cortices, and ventral
prefrontal regions associated with stimulus evaluation and pre-
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Fig. 1. Anderson et al. (2006) found neutral pictures were better remembered one
week later when they preceded arousing images. (A) Schematic illustration of trial
structure. Participants viewed photographs of neutral faces and houses and were
asked to indicate whether they thought the event was memorable. Either 4 or 9s
after test events, modulator events depicted neutral (e.g., household items), positive
arousing (e.g., erotica) or negative arousing (e.g., mutilations). Observers indicated
their emotional arousal by rating the intensity of emotional response to the modu-
lator event, after which they performed a distractor flanker task to allow arousal to
return to baseline. (B) Relation between modulator arousal and recognition mem-
ory for test events. Test events are sorted into quartiles (Q1 =low arousal quartile,
Q4 =high arousal quartile). Short indicates intervals of 4 s, long intervals of 9s. Dot-
ted line represents best linear fit.

diction (Anderson & Phelps, 2001; Barrett & Bar, 2009; Lim et al.,
2009); (2) genetic influences on consolidation influence amygdala
modulation of other regions including the hippocampus, caudate
nucleus and PFC (McGaugh et al., 2002; Roozendaal et al., 2009).
Specifically, we hypothesize that, 5HTTLPR and TPH2 (serotonin)
contribute to heightened emotional perception by influencing allo-
cation of attentional resources required for perceptual awareness
(Anderson, 2005) and/or heightened perceptual vividness (Cahill
& Anderson, 2009) at the time of an emotional event. In con-
trast, ADRA2b (norepinephrine) plays a role in arousal-enhanced
consolidation processes, influencing amygdala and hippocampus
activation immediately following an emotional event (Anderson
et al.,, 2006). We further propose that, COMT (dopamine) influ-
ences prefrontal regulation of amygdala reactivity to aversive
events, which may in turn influence consolidation. However, these
hypotheses have yet to be directly tested. Moreover, although there
is indirect evidence suggesting a link between each of these poly-
morphisms and emotional memory, to date only ADRA2b has been
directly linked to declarative emotional memory, and direct influ-
ences of the other polymorphisms on emotional memory remain
to be demonstrated.

1.1. Noradrenergic influences on emotional memory

As William James pointed out, ‘An experience may be so exciting
emotionally as almost to leave a scar on the cerebral tissues’ (James,
1884). A large body of literature suggests that norepinephrine
(NE) activity enhances this initial excitement. Emotional arousal
releases NE from the locus ceruleus of the brainstem, activating NE
receptors in the amygdala, which in turn enhances consolidation of
emotional memory (McGaugh et al., 2002; Roozendaal et al., 2009).
The modulation hypothesis (McGaugh et al., 2002) proposes that
NE activity implicated in arousal-enhanced consolidation interacts
with arousal levels at encoding to enhance emotional memory.

The EMEM model suggests that enhanced selective attention
to emotionally salient events at the time they are experienced, as
well as arousal-enhanced memory consolidation processes, may
influence the vividness and accuracy of memory. With regard to
the enhanced selective attention, the role of NE on an attentional
advantage for emotional events was demonstrated in a recent
attentional blink (AB) study (De Martino, Strange, & Dolan, 2008).
This study compared the effects of propanolol (a beta blocker that
impairs 3-adrenergic transmission in the brain) and reboxetine
(a selective NE reuptake inhibitor that increases the amount of
available NE). In a standard AB paradigm, two target words are
embedded in a stream of rapidly presented distracters. The blink
effect occurs when the second target (T2) is presented within
500ms of the first target (T1). During this brief time window,
awareness of T2 is impaired due to attentional limitations gating
perception. The blink effect can be reduced if T2 words are emo-
tionally arousing, suggesting privileged access to awareness for
emotional words (Anderson, 2005), an effect that depends upon
an intact amygdala (Anderson & Phelps, 2001). De Martino and col-
leagues found that although the propanolol group showed impaired
target detection, or a larger blink, for all stimuli, the reboxetine
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Fig. 2. Endophenotypic model of emotional memory (EMEM). (A) Key brain regions implicated in enhanced encoding of arousing visual stimuli include the amygdala, regions
of ventromedial PFC implicated in stimulus evaluation and prediction, regions of ventrolateral PFC implicated in selective attention, and visual cortex. Based on evidence for
the influence of these alleles on amygdala activation and perceptual processing, the EMEM proposes that serotonergic processes modulated by SHTTLPR and TPH2 influence
brain systems implicated in enhanced encoding of emotional stimuli. (B) Brain regions important for regulation of amygdala activity include dorsal and ventral medial PFC as
well as lateral PFC. The EMEM proposes that COMT allele influence on prefrontal dopamine levels influences prefrontal regulation of amygdala reactivity to aversive events,
which may in turn modulate consolidation processes. (C) Brain regions modulated by amygdala activity in consolidation of emotional memories according to the modulation
model. The EMEM predicts that noradrenergic processes modulated by ADRA2b in the amygdala may play a role in arousal-enhanced consolidation processes. 5SHTTLPR may

also influence memory consolidation by modulating post-encoding amnesia.

group showed enhanced target detection, or a reduced blink, for
arousing trials only. These results suggest that increased levels
of NE are selectively associated with privileged access to aware-
ness for emotionally salient stimuli. We speculate that such an
attentional advantage may contribute to enhanced encoding of
emotional events.

Several pharmacological studies have found an influence of
NE on emotional memory in humans. Blocking [3-adrenergic pro-
cesses with propanolol prior to encoding has been found to impair
recall for arousing but not for neutral items (Cahill, Prins, Weber,
& McGaugh, 1994; Strange, Hurlemann, & Dolan, 2003). However,
it should be noted that studies using the more selective reboxe-
tine have found a more complex pattern of NE influence on human
emotional memory, either finding no effect of reboxetine on recall
of negative arousing events (Papps, Shajahan, Ebmeier, & O’Carroll,
2002), or finding an effect of valence, with improved recall of pos-
itive relative to negative stimuli (Chamberlain, Muller, Blackwell,
Robbins, & Sahakian, 2006; Harmer, Shelley, Cowen, & Goodwin,
2004).

Proponents of a consolidation account, which suggests that
NE influences consolidation rather than encoding processes (de
Quervain et al., 2007), emphasize findings that participants given
propanolol do not rate stimuli as less emotional than a placebo
group when they rate images a few seconds after first viewing
them (Cahill et al., 1994). A consolidation account is consistent
with animal evidence that post-encoding noradrenergic activity
in the amygdala modulates emotional memory consolidation pro-
cesses in the hippocampus and other regions (Ferry, Roozendaal,
& McGaugh, 1999; Hatfield & McGaugh, 1999; LaLumiere, Buen,
& McGaugh, 2003), and that it influences downstream glucocorti-
coid processes implicated in memory consolidation. Human studies
have also found that injection of epinephrine after viewing pic-
tures enhances memory for pictures one week later (Cahill & Alkire,

2003). However, it should be noted that memory for an item can be
inhibited as well as enhanced by subsequent arousal, and that this
retrograde amnesia is also linked to NE processes in the amgydala
(McGaugh et al., 2002; Strange et al., 2003). Such conflicting find-
ings have been explained in terms of a u-shaped curve, in which
lower doses improve and higher doses impair subsequent memory
(Introini-Collison & McGaugh, 1986). Other contributing factors in
humans may include when memory is measured (recall measured
minutes after encoding may not capitalize on important consolida-
tion effects) as well as the type of encoding task used.

What is the role of genetic influences on NE-modulated emo-
tional perceptual and mnemonic processes? A deletion variant
of the ADRA2b gene, which influences activity in pre-synaptic
adereno-receptors, is thought to be indirectly linked to increased
NE availability in the amygdala (Cousijn et al., 2010). More specifi-
cally, it impairs receptor regulation by G protein-coupled receptor
kinases (GRKs) in inhibitory noradrenergic a,g receptors, and leads
to aloss of receptor desensitization (Small, Brown, Forbes, & Liggett,
2001). Behavioral and imaging data suggest an association of this
functional deletion with increased NE availability, although a causal
link between the deletion variant and increased NE has not been
directly demonstrated (Cousijn etal.,2010; de Quervain et al.,2007;
Rasch et al., 2009). Just as amygdala activity influences allocation
of somatic and attentional resources, activity of ayp receptors is
associated with both basic somatic and higher cognitive processes:
At the somatic level these receptors play a role in vasoconstric-
tion (Fava et al., 2009; Zhang et al., 2005), and the deletion variant
has been found to be linked to increased diastolic blood pressure
(Fava et al.,, 2009); at the level of higher cognition, the deletion
variant may influence memory encoding and consolidation pro-
cesses that enhance emotional memory (de Quervain et al., 2007).
The finding that a gene regulating oyp activity linked to vascular
regulation also influences emotional memory is consistent with
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Proust’s view of emotional memory as akin to involuntary bodily
processes — although links between noradrenergic influences on
vasoconstriction and emotional memory are strongly qualified by
findings that central, but not peripheral, noradrenergic antagonists
impair emotional memory enhancement (van Stegeren, Everaerd,
Cahill, McGaugh, & Gooren, 1998).

In a seminal study by de Quervain et al. (2007), genetic sam-
ples were collected from 435 Swiss participants, who viewed
neutral and emotionally arousing images (positive and negative)
and rated them for intensity and valence. Following the encoding
task they were asked to freely recall the images they had seen.
As would be expected, all participants showed greater recall for
arousing images; however, carriers of the deletion variant showed
significantly greater emotional enhancement of memory than non-
carriers. Memory was enhanced for both positive and negative
images, suggesting ADRA2b facilitates memory processes related
to arousal rather than valence. Following up on this research, an
outstanding question about ADRA2b concerns whether the deletion
variant enhances the vividness of emotional memory via noradren-
ergic enhancement of encoding or post-encoding consolidation.
Because deletion carriers did not rate the emotional pictures as
more arousing during encoding, the authors speculated that the
primary influence was on consolidation processes. However, it is
possible that participant ratings made seconds after viewing may
not be sensitive to arousal-related enhancement of perception or
selective attention occurring at a scale of milliseconds. Moreover,
perceptual enhancement or increased selective attention to arous-
ing images for deletion carriers might not result in the conscious
experience of increased arousal captured by the rating scale.

Given the role of ADRA2b in enhanced emotional memory, the
authors predicted that deletion variant carriers might be more
susceptible to PTSD. They collected genetic samples from 202
refugees from the Rwandan civil war and examined the relation-
ship between ADRA2b and PTSD symptoms (de Quervain et al.,
2007). Regardless of the presence of PTSD, carriers of the dele-
tion variant were more likely to experience intrusive traumatic
memories. Yet they were not more likely to show other PTSD symp-
toms, such as hyperarousal or avoidance, suggesting the deletion
variant has a selective effect on emotional memory. Finally, to
examine the relationship between ADRA2b and amygdala activa-
tion, the same group collected fMRI data from 57 Swiss participants
who again viewed emotionally arousing and neutral pictures and
performed a free recall task 10 min after the scan (Rasch et al.,
2009). Here there were no significant behavioral differences related
to genotype, conceivably because of the considerably smaller N.
Carriers of the deletion variant showed greater amygdala acti-
vation for arousing stimuli than non-carriers, indicating greater
amygdala reactivity to emotional events. There were, however,
no genotype-related differences in amygdala activation associated
with subsequent memory for emotional stimuli. Although one can-
not interpret null fMRI results, an interaction between genotype,
arousal, and memory in the amygdala would provide important
support for the authors’ consolidation account of the influence of
ADRA2b on emotional memory.

A recent study by Cousijn et al. (2010) provides convergent
physiological support for the proposal that deletion variant carriers
do not experience greater arousal at encoding than non-carriers. In
order to measure the interaction of ADRA2b variant with the influ-
ence of transient environmental stress on amygdala activation, the
authors showed participants violent movies (with a neutral movie
control condition) and, following the stressor, showed participants
blocks of dynamic fearful and happy faces. They then measured
amygdala activation in response to the stressor movies as well as
in response to the blocks of faces. In addition to subjective rat-
ings of negative affect, they measured salivary cortisol, heart rate,
and a-amylase. While there was no difference between deletion

variant carriers and non-carriers in amygdala activation following
the stressors, the groups did differ in amygdala activation to the
face blocks: Deletion carriers showed increased amygdala response
to emotional faces (both happy and fearful, again suggesting an
arousal effect) following both stress and no stress conditions. In
contrast, non-carriers showed amygdala responses to faces only in
the non-stress condition. The authors suggest that whereas non-
carriers may have reached a ceiling for amygdala reactivity under
stress, carriers possess enough range to increase amygdala activa-
tion even when baseline levels are high. We suggest that increased
activation following faces may reflect differences in sustained acti-
vation related to consolidation processes following stressor events.
Finally, despite differences in amygdala responses to faces, there
was no difference found between carriers and non-carriers using
more “objective” peripheral physiological measures in response
to the stressful movies. Again, this suggests that, under higher
stress conditions, greater amygdala activation may be associated
more with consolidation than enhanced perception of the event.
For future research, more sensitive measures separating enhanced
attention/perception of emotional stimuli and feelings of arousal
at encoding are required.

An important caveat is that research on amygdala noradrener-
gic influence on emotional memory has focused on [3-adrenergic
processes. The ADRA2b deletion variant affects activity of
adrenoreceptors. The role of o adrenergic activity is more indi-
rect, modulating the influence of 3 adrenoreceptors on memory
(Ferry et al., 1999). Parallels between findings that ADRA2b vari-
ation is linked to amygdala responsiveness to emotional images
(Rasch et al., 2009) and that arousal-enhanced amygdala responses
at encoding are modulated by administration of the 3 adrener-
gic antagonist propanolol (Strange & Dolan, 2004; van Stegeren
et al.,, 2005) are consistent with a putative indirect influence of
ADRA2b on [3 adrenoreceptors. Finally, to date there is no direct
evidence suggesting an influence of ADRA2b on enhanced encod-
ing vs. consolidation processes. To directly test the hypothesis that
the deletion variant facilitates enhancement of consolidation pro-
cesses, future research can investigate the role of the ADRA2b on
both emotionally enhanced attention/perception during emotional
events and post-encoding arousal.

1.2. Dopaminergic influences on emotionally enhanced
perception and memory

Pharmacological studies also indicate a role for dopamine in
emotional memory formation. In non-human animals, inhibition
of both D1 and D2 dopamine receptors in the amygdala has been
found to inhibit fear conditioning, and evidence suggests that
dopamine influences both consolidation and expression of condi-
tioned fear (Greba, Gifkins, & Kokkinidis, 2001; Guarraci, Frohardt,
& Kapp, 1999; Guarraci, Frohardt, Young, & Kapp, 1999). In humans,
administration of dopamine antagonist amisulpride (which blocks
D2/D3 receptors) impaired the memory advantage for emotional
stimuli (Gibbs, Naudts, Spencer, & David, 2007). It did not impair
the attentional advantage for emotional stimuli measured by an
emotional AB task, suggesting a potential role for dopamine in
arousal-related consolidation rather than encoding.

A uniquely human valene (val) to methionine (met) substitution
(val158met) in the gene regulating Catechol-O-methyltransferase
(COMT), an enzyme involved in degradation of dopamine in the pre-
frontal cortex (PFC) as well as degradation of NE, has been linked
to both emotionally enhanced perception and memory among
numerous other characteristics. Individuals with two copies of the
met allele (met/met) have 25-75% less COMT enzyme activity,
resulting in higher levels of extracellular dopamine (DA) in the PFC,
than those with two copies of the val allele (val/val) (Chen, Lipska,
et al., 2004). In contrast, the ancestral val variant is associated with
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lower levels of prefrontal DA, but more DA uptake in the midbrain
(AKkil et al., 2003; Meyer-Lindenberg et al., 2005). Met/met carri-
ers generally perform better than val/val carriers in tasks requiring
working memory (Egan et al., 2001; Raz, Dahle, Rodrigue, Kennedy,
& Land, 2009; Weinberger et al., 2001), a behavioral advantage that
is reflected in lower levels of prefrontal activation during working
memory tasks (Bertolino et al., 2006; Dennis et al., 2010); however,
the met/met genotype has also been associated with behavioral
rigidity (Drabant et al., 2006), anticipatory worry (Enoch, Schuckit,
Johnson, & Goldman, 2003), and obsessive compulsive disorder
(Karayiorgou et al., 1999).

It has been established that DA modulates amygdala reactivity
to emotional stimuli in humans (Hariri et al., 2002; Tessitore et al.,
2002), and the met allele is associated with increased amygdala-
mediated processing of emotional - and particularly threatening -
stimuli. Carriers of the COMT met/met variant show greater amyg-
dala activation in response to arousing negative, but not equally
arousing positive, scenes (Smolka et al., 2005), and the degree of
amygdala activation has been found to be correlated with the num-
ber of met alleles (Heinz & Smolka, 2006). The met allele is also
associated with increased startle responses to aversive stimuli and
behavioral inhibition (Montag et al., 2008). Overall the selectiv-
ity of these responses to aversive stimuli suggests the effects of
the allele are valence or threat specific. Research also suggests that
COMT val158met interacts in an additive fashion with other poly-
morphisms to enhance perception of threatening stimuli (Smolka
et al., 2007). In particular, because COMT is also implicated in NE
degradation, COMT influences on enhanced emotional processing
may also involve NE systems.

COMT-related differences in amygdala activation to threat have
not been associated with differences in subjective arousal ratings
when stimuli are first viewed (Smolka et al., 2005). Moreover,
blocking dopamine receptors does not influence performance on an
emotional AB task (Gibbs et al., 2007), again suggesting a putative
influence on emotional memory would work by enhancing consoli-
dation processes. Nonetheless, carriers of the met/met variant have
been found to show enhancement of arelatively early (between 200
and 300 ms) event related potential [ERP] component associated
with enhanced perceptual processing, known as the early poste-
rior negativity (EPN), as well as a response bias to arousing stimuli
(Herrmann et al., 2009). The relatively short latency of this differ-
ence suggests that the COMT met allele may nonetheless enhance
the perceptual experience of an emotional event.

Mechanisms by which COMT influences attentional and percep-
tual processes are not yet fully understood. Dopamine storage in
the amgydala is positively correlated with BOLD response (Kienast
et al,, 2008), and animal research suggests dopamine influences
amygdala function by reducing inhibitory input from the PFC and
enhancing excitatory input from sensory cortices (Rosenkranz &
Grace, 2002). It has been suggested that the met allele is associated
with greater COMT expression, and therefore higher dopamine lev-
els in the amygdala (Herrmann et al., 2009). Yet although COMT is
expressed in the human amygdala, it is expressed less there than
in many other brain regions (Hong, Shu-Leong, Tao, & Lap-Ping,
1998), and met/met has been primarily associated with higher tonic
levels of prefrontal dopamine (Bilder, Volavka, Lachman, & Grace,
2004). Consistent with a COMT influence on prefrontally mediated-
processes, the met allele has been associated with reduced capacity
to flexibly update and shift attention, resulting in an inability to
disengage attention from stimuli associated with threat (Bishop,
Cohen, Fossella, Casey, & Farah, 2006; Herrmann et al., 2009). It has
also been associated with reduced capacity for extinction follow-
ing fear conditioning (Lonsdorf et al., 2009). Thus, the influence of
COMT genotype on enhanced amygdala processing of threat may
result from differences in prefrontally mediated regulatory pro-
cesses.

Whereas links between COMT and enhanced amygdala response
to threat have been solidly established, there is less evidence
linking the COMT vall158met polymorphism with emotionally
enhanced memory. Initially the met/met variant was associated
with greater executive function/working memory rather than emo-
tionally enhanced memory (e.g., Egan et al., 2001). However, a
recent study found an interaction between COMT and ADRA2bD in
modulating memory for both arousing and neutral images (Gibbs,
Naudts, Azevedo, & David, 2010). In this study, participants viewed
neutral and negative arousing images and were given a recognition
memory test one week later. Participants who were homozygous
for the val allele (val/val) who were not carriers of the deletion vari-
ant showed relatively poorer memory for all items compared to all
other participants, suggesting that for val/val carriers, possessing
the deletion variant may mitigate memory impairments associated
with COMT genotype. While this data is suggestive, more research
on the influence of COMT genotype on emotional memory as well as
other types of memory, using larger sample sizes and more refined
measures, is required.

1.3. Serotonergic influences on emotionally enhanced perception
and memory

Serotonin has also been linked to emotionally enhanced mem-
ory. Research in non-human animals implicates serotonergic
systems in fear conditioning (for review see Buhot, Martin, & Segu,
2000). In humans, administration of citalopram, a serotonin reup-
take inhibitor, abolished potentiated startle following negative
images and increased episodic memory for positive relative to neg-
ative stimuli (Harmer et al., 2004). Conversely, acute tryptophan
depletion (tryptophan is a 5HT precurser) has been found to impair
delayed memory recall for positive and neutral, but not negative,
words (Klaassen, Riedel, Deutz, & Van Praag, 2002) (for review see
Merens, Willem Van der Does, & Spinhoven, 2007). These results
suggest that serotonergic influences on emotional memory are sen-
sitive to valence.

Two polymorphisms influencing serotonergic processes have
been linked to enhanced perceptual processing of emotionally
arousing images and to temperamental anxiety: a short version of
the 5HTTLPR serotonin transporter gene, which is associated with
higher serotonin levels, and a SNP in the TPH2 gene coding the first
phase of serotonin synthesis from tryptophan.

1.3.1. 5HTTLPR

The short version of the 5HTTLPR gene is associated with
higher levels of neuroticism and harm avoidance (Lesch et al.,
1996; Munafo, Clark, & Flint, 2005) and attentional bias to neg-
ative stimuli (Canli, Ferri, & Duman, 2009). Carrying the short
allele interacts with life stress to influence vulnerability to clin-
ical anxiety and depression (Canli et al., 2006; Fox et al., 2005),
and is associated with panic disorder (Maron, Hettema, & Shlik,
2010) and altered patterns of emotion regulation (Canli & Lesch,
2007). It has been robustly linked to enhanced amygdala activa-
tion in response to negative facial emotion (Dannlowski et al.,
2009; Hariri & Weinberger, 2003) and other threatening stimuli
(Munafo, Brown, & Hariri, 2008). However, the tonic model (Canli
et al., 2005, 2006) challenges this interpretation, pointing to evi-
dence that heightened amygdala reactivity in short allele carriers
reflect decreased activation to neutral stimuli rather than increased
activation to negative stimuli, possibly reflecting greater tonic
amygdala activation in short allele carriers. There is also evidence
that the short 5HTTPLPR allele is associated with altered patterns
of amygdala-prefrontal connectivity, mediating prefrontal regula-
tion of amygdala activity (Heinz et al., 2005; Pezawas et al., 2005).
Importantly, short allele carriers show greater conditioned star-
tle potentiation than non-carriers, suggesting a role for 5SHTTLPR in
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emotional learning, whereas COMT variation has not been found
to predict the acquisition of fear conditioned responses (Lonsdorf
et al., 2009).

1.3.2. TPH2

A more recently discovered polymorphism in the TPH2 gene
has found to have similar effects on amygdala responses to emo-
tional stimuli (Canli, Congdon, Todd Constable, & Lesch, 2008).
An additive effect has been found for TPH2 and 5HTTLPR for the
same early posterior negative ERP component (EPN) that is mod-
ulated by COMT genotype. Like the COMT met allele, the T variant
of TPH2 and the short variant of 5HTTLPR predict a larger EPN for
arousing images (Herrmann et al., 2007). At a latency of ~240 ms,
the timing of this occipital ERP component is consistent with
a time-course required for altered perceptual processing follow-
ing meaning extraction from a complex visual scene. Although
it has been plausibly suggested that this EPN effect is due to
amygdala modulation of visual processing, to the best of our
knowledge there is no direct evidence to support that hypothesis.
Although all three polymorphisms influence perceptual processing
at ~240ms, suggesting a similar role in enhancement of emo-
tional processing, the COMT met allele and the short 5HTTLPR
allele have often been associated with biased response to negative
stimuli. In contrast, carrying the T variant of TPH2 is associ-
ated with heightened amygdala response to both positive and
negative stimuli. Thus, whereas all three polymorphisms may
enhance perceptual processing, amygdala sensitivity to valence vs.
arousal may depend on the neuromodulator system mediating the
response.

Despite evidence linking these serotonergic polymorphisms to
enhanced emotional perception, which may in turn be linked to
emotional memory, there is, to our knowledge, no direct evi-
dence of an effect on emotionally enhanced memory. Importantly,
only 5HTTLPR has been associated with fear learning, suggest-
ing an influence of serotonin on emotional memory - at least
for non-declarative forms of memory. However, Strange, Kroes,
Roiser, Tan, and Dolan (2008) found that, whereas carriers of the
short allele did not show enhanced memory for negative words
in a free recall task given shortly after encoding, they did show
a larger effect of retrograde amnesia for neutral words directly
preceding emotional words. This suggests that the allele influ-
ences arousal effects on post-perceptual memory processes in a
manner that resembles dose effects of higher levels of NE. Future
studies can test 5HTTLPR influence on recall following longer
intervals (e.g., 24 h to one week), as well as investigating the influ-
ence of 5HTTLPR on consolidation and reconsolidation processes
(Dudai & Eisenberg, 2004; Nader, Schafe, & Le Doux, 2000; Schiller
et al,, 2010) implicated in specific aspects of emotional mem-
ory.

In summary, evidence to date supports a model wherein
amygdala sensitivity to salient stimuli may vary according to
genetic variations influencing the contributions of specific neu-
romodulatory systems. Based on this evidence, we hypothesize
that serotonergic processes linked to amygdala discrimination of
valence or arousal, depending on the gene, contribute to heightened
emotional perception. In contrast, noradrenergic processes medi-
ated by ADRA2b may play arole in arousal-enhanced post-encoding
processes mediated by amygdala influence on hippocampal activ-
ity. Finally, we propose that differences in prefrontal dopamine
mediated by the COMT gene may modulate prefrontally-driven reg-
ulatory processes that in turn influence amygdala activity linked to
enhanced modulation of hippocampal consolidation (Fig. 1). How-
ever, evidence suggesting the role of each of these polymorphisms
in each stage of emotional memory mixed and these hypotheses
will need to be directly tested.

2. Other polymorphisms associated with episodic memory

Contrasting effortful retrieval processes with embodied and
involuntary aspects of memory, Proust pointed out, “It is the same
with our past. It is a waste of effort for us to try to summon it; all the
exertions of our intelligence are useless. The past is hidden outside
the realm of our intelligence and beyond its reach, in some mate-
rial object (in the sensation that this material object would give us)
which we do not suspect” (Proust, 1913: 2002). We suggest that the
genetic polymorphisms influencing amygdala activation, reviewed
above, may contribute to the effortless sensory quality of emotional
memory via a system that is at least partly independent of more
effortful fronto-hippocampally mediated processes. This proposal
is supported by evidence that variations in the ADRA2b gene fail
to predict memory for neutral items (de Quervain et al., 2007),
just as adrenergic agonists enhance access to awareness selectively
for emotional but not neutral events (De Martino et al., 2008).
Yet counter to Proust’s introspective observations of the nature
of memory, there is also evidence that encoding of remembered
emotional events is not entirely effortless. Memory for arousing
events has been associated with activity in frontal regions that
mediate explicit semantic elaboration at encoding (Dolcos, LaBar,
& Cabeza, 2004), although differences in the degree of memory
rehearsal have been found insufficient to account for differences
in emotional memory (Guy & Cahill, 1999). Moreover, convergent
evidence suggests that amygdala-centered systems implicated in
emotionally enhanced memory are at least partly independent
of frontally mediated voluntary memory. For example, activity in
frontal-hippocampal networks, associated with controlled encod-
ing processes, predicts memory for less arousing events (Kensinger
& Corkin, 2004). These networks are functionally distinct from
amygdala-hippocampal networks which are active during encod-
ing of highly arousing events (Kensinger & Corkin, 2004). Thus, the
fate of neutral and even low arousal emotional memories may be
influenced more by prefrontally mediated semantic associations
on hippocampal activity. Finally, developmental evidence indicates
that, whereas numerous aspects of explicit memory and executive
function decline with age, emotional memory remains relatively
preserved (Denburg, Buchanan, Tranel, & Adolphs, 2003), again
suggesting partial independence of emotional memory systems.

Based on laboratory evidence of partial independence of emo-
tional memory systems, we have focused on polymorphisms
associated with effects of arousal on emotional memory. How-
ever, there is growing evidence that, at the level of brain systems,
emotion and cognition cannot be fully disembedded (Lewis, 2005;
Pessoa, 2008). In keeping with this view, probes of naturalistic auto-
biographical memory (Levine, 2004; Levine et al., 2002) suggest
that in daily life other aspects of memory, primarily mediated by
fronto-hippocampal and temporal networks, may work in tandem
with amygdala systems to contribute to memory vividness. Thus,
whereas all of the polymorphisms reviewed above are associated
with altered amygdala activation, and may contribute to aspects
of emotional memory, some of these and other genes also modu-
late hippocampal and prefrontal regions, with associated effects on
episodic memory. Additional genes, which we will briefly review,
include a (Val to Met) SNP in the BDNF gene (Val66Met), a (His to
Try) SNP in the HTR2A gene (His452Try), the €4 variant of the APOE
gene, and a (T to C) SNP in the KIBRA gene.

The BDNF gene is involved in hippocampal synaptic plastic-
ity and long-term potentiation (Huang, Kirkwood, Pizzorusso,
Porciatti, Morales, & Bear, 1999; Lu, 2003). At the molecular level,
the Val66Met polymorphism is associated with reduced secretion
of brain-derived neurotrophic factor (BDNF), a protein promot-
ing neuron survival and growth, in the hippocampus (Chen, Patel,
etal., 2004; Egan et al., 2003). Carriers of this variant show reduced
episodic memory performance (Egan et al., 2003; Goldberg et al.,
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2008; Hariri et al., 2003) [although see (Harris et al., 2006; Strauss
et al., 2004) for inconsistent findings]. Carriers also show altered
structure and function in brain regions associated with episodic
memory formation and retrieval. They have reduced neuronal
integrity in the hippocampus (Egan et al., 2003), as well as smaller
hippocampal volume (Bueller et al., 2006; Pezawas et al., 2004;
Szeszko etal.,2005), abnormal hippocampal activation (Hariri et al.,
2003), and smaller prefrontal cortex volumes (Pezawas et al., 2004).

A (His to Try) SNP in the HTR2A gene (His452Try) is related to
reduced function of the serotonin 2A receptor. Carriers of this vari-
ant also show reduced episodic memory performance (de Quervain
et al., 2003; Reynolds, Jansson, Gatz, & Pedersen, 2006; Sigmund,
Vogler, Huynh, de Quervain, & Papassotiropoulos, 2008; Wagner,
Schuhmacher, Schwab, Zobel, & Maier, 2008), and reduced brain
volume in the temporal lobes and hippocampus (Filippini et al.,
2006). More recently additional episodic memory-related variants
have been identified within HTR2A gene (Sigmund et al., 2008).

The APOE gene, which is responsible for lipoprotein metabolism
(Mahley, 1988), has also been associated with episodic memory.
Carriers of the 4 allele of the APOE gene again show reduced per-
formance on episodic memory tasks (De Blasi et al., 2009; Deary
et al., 2002; Nilsson et al., 2006; Wikgren et al., 2010), although
there have been conflicting results for APOE (Bennett et al., 2005;
Bondi, Salmon, Galasko, Thomas, & Thal, 1999; Savitz, Solms, &
Ramesar, 2006). This allele is also associated with differences in
structure and function consistent with poorer episodic memory,
including reduced hippocampal volume (Cohen, Small, Lalonde,
Friz, & Sunderland, 2001; Plassman et al., 1997) and reduced medial
temporal lobe function during mnemonic tasks (Borghesani et al.,
2008; Kukolja, Thiel, Eggermann, Zerres, & Fink, 2010). Moreover,
carrying the &4 allele increases an individual’s risk fourfold for
developing late-onset Alzheimer disease (Bondi et al., 1999; Corder
et al., 1993), in which episodic memory loss is a defining fea-
ture. Some research suggests that the effects of €4 on cognitive
performance are primarily due to a greater prevalence of preclin-
ical Alzheimer’s disease participants in €4 groups. Indeed, studies
have shown that the effects of €4 on episodic memory are greatly
reduced or diminished when Alzheimer’s disease is accounted for
(Bennett et al., 2005; Bondi et al., 1999; although see (Deary et al.,
2002). Additional studies in healthy subjects are needed to deter-
mine the nature of the relationship between APOE, cognition and
disease.

Finally, the KIBRA gene has recently been associated with
episodic memory performance in a replicated genome-wide asso-
ciation study (Papassotiropoulos et al., 2006). Specifically, carriers
of a (T to C) SNP in this gene show enhanced episodic mem-
ory performance in comparison to non-carriers (Papassotiropoulos
et al., 2006). Although this association has been replicated in sub-
sequent studies, conflicting results have also been found (e.g.,
Need et al., 2008). KIBRA is most highly expressed in sub regions
of the hippocampus and temporal lobes (Johannsen, Duning,
Pavenstadt, Kremerskothen, & Boeckers, 2008; Papassotiropoulos
et al., 2006). Non-carriers of the T-allele show increased activity
in the hippocampus and other regions during episodic memory
when behavioral performance is matched to that of T-allele car-
riers (Papassotiropoulos et al., 2006), suggesting that non-carriers
require increased hippocampal processing to achieve the same
level of performance as T-allele carriers. Recent research suggests
that KIBRA may interact with other genes to modulate episodic
memory performance (Hintsch et al., 2002). The interactive effects
of multiple genetic variants may account for some inconsistent
findings and will need to be explored further in relation to episodic
memory (de Quervain & Papassotiropoulos, 2006).

Whereas the studies reviewed above established links between
specific genotypes and episodic memory in general, the goal of
future research is to delineate more carefully the influence of these

genotypes on stages of memory formation and retrieval as well
as different sub-processes that influence episodic memory (e.g.,
vividness, emotion, etc.). Although some effort has been made to
investigate, more specifically, some of these factors (e.g., Bates
et al., 2009; Chen, Lipska, et al., 2004; Chen, Patel, et al., 2004;
de Quervain et al.,, 2003; Egan et al., 2003; Hariri et al., 2003;
Preuschhof et al., 2010; Sigmund et al., 2008; Wagner et al., 2008),
this research has focused on laboratory material to probe episodic
memory. Employing more naturalistic autobiographical stimuli,
with a greater reliance on memory vividness, may provide a more
sensitive and ecologically valid measure of episodic memory, which
is relevant given the small effect sizes that plague genetic studies
of cognition.

3. Conclusions

Proust conjectured that vivid, emotionally laden memories are
more closely linked to automatic bodily processes than the higher-
order meaning-making systems that drive voluntary memory. That
is, emotional memories reconstitute the personal past through the
vehicle of the body and its sensory engagement with the world
beyond voluntary control (Thompson, 2007). The genetic poly-
morphisms reviewed in this paper, which influence activity of
neurotransmitters linked to emotional memory, are all associated
with individual differences in amygdala responses to salient events.
We suggest that the amygdala’s role in formation of emotional
memories contributes to a relatively involuntary type of memory
that, as Proust suggested, is embodied, tangible, and sensorily vivid.
This view of amygdala-mediated memory is distinguished from
other aspects of memory driven more by prefrontal influences on
hippocampal activity.

Anatomical support for the Proustian view can be found in
evidence that the amygdala has been found to be anatomically
linked to all but eight cortical structures (Young, Scannell, Burns, &
Blakemore, 1994), and is thus neuroanatomically optimally located
to integrate information from the body and the world. In addition to
its influence on hippocampal memory consolidation (Roozendaal
et al., 2009) it may influence perceptual processing via struc-
tural and functional links with multiple levels of the ventral visual
stream (Amaral, Behniea, & Kelly, 2003; Anderson & Phelps, 2001;
Lim et al., 2009). Via connections to the brainstem, the amyg-
dala can also evoke basic action repertoires (such as freezing and
startle responses and facial actions linked to emotional expres-
sion) and trigger changes in heart rate, blood pressure, galvanic
skin response, corticosteroid release, pupil dilation, and respira-
tion (Davis & Whalen, 2001). Thus, connections from the amygdala
to hypothalamus and brainstem facilitate activation of the body’s
automatic response systems, connections from the amygdala to
sensory systems facilitate enhanced sensory processing, and con-
nections to the hippocampus and PFC provide an architecture that
can support the embodied sensuality of emotional memory. These
emotional effects promote richness of episodic memory that is
associated with multisensory recollective processes. In turn, it is
likely that polymorphisms influencing more effortful aspects of
episodic memory combine with those primarily implicated in emo-
tional memory in both an additive and interactive fashion, further
contributing to individual differences in episodic memory recall.

New findings on genetic influences on emotional encoding and
memory open the possibility of understanding genetic founda-
tions of an evolutionarily conserved emotional memory system -
one that may emerge earlier in development and resist decline
in old age. Such a genetically endowed motivated memory sys-
tem ensures that memory retention is modulated by memory
importance (Cahill & McGaugh, 1998). Yet such a system is always
modulated - and modulates - newer, PFC influences on mnemonic
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processes. An important area of future research will involve map-
ping developmental trajectories of these genetic influences. This
includes various aspects of motivated encoding, consolidation,
reconsolidation, and retrieval, and the brain networks that mediate
them, across the lifespan.

References

Akil, M., Kolachana, B. S.,Rothmond, D. A., Hyde, T. M., Weinberger, D. R., & Kleinman,
J. E. (2003). Catechol-O-methyltransferase genotype and dopamine regulation
in the human brain. Journal of Neuroscience, 23(6), 2008-2013.

Amaral, D. G, Behniea, H., & Kelly, J. L. (2003). Topographic organization of pro-
jections from the amygdala to the visual cortex in the macaque monkey.
Neuroscience, 118(4), 1099-1120.

Anderson, A. K. (2005). Affective influences on the attentional dynamics supporting
awareness. Journal of Experimental Psychology General, 134(2), 258-281.

Anderson, A. K., & Phelps, E. A. (2001). Lesions of the human amygdala impair
enhanced perception of emotionally salient events. Nature, 411(6835), 305-309.

Anderson, A. K., Wais, P. E., & Gabrieli, ]. D. (2006). Emotion enhances remembrance
of neutral events past. Proceedings of the National Academy of Sciences of the
United States of America, 103(5), 1599-1604.

Barnett, . H., Scoriels, L., & Munafo, M. R. (2008). Meta-analysis of the cognitive
effects of the catechol-O-methyltransferase gene Val158/108Met polymor-
phism. Biological Psychiatry, 64(2), 137-144.

Barrett, L. F., & Bar, M. (2009). See it with feeling: Affective predictions during object
perception. Philosophical Transactions of the Royal Society of London: B Biological
Sciences, 364(1521), 1325-1334.

Bates, T. C., Price, ]. F., Harris, S. E., Marioni, R. E., Fowkes, F. G., Stewart, M. C,,
et al. (2009). Association of KIBRA and memory. Neuroscience Lettters, 458(3),
140-143.

Bennett, D. A, Schneider, J. A., Wilson, R. S,, Bienias, J. L., Berry-Kravis, E., & Arnold, S.
E. (2005). Amyloid mediates the association of apolipoprotein E e4 allele to cog-
nitive function in older people. Journal of Neurology, Neurosurgery, and Psychiatry,
76(9), 1194-1199.

Bertolino, A., Rubino, V., Sambataro, F., Blasi, G., Latorre, V., Fazio, L., et al. (2006).
Prefrontal-hippocampal coupling during memory processing is modulated by
COMT val158met genotype. Biological Psychiatry, 60(11), 1250-1258.

Bilder, R. M., Volavka, ], Lachman, H. M. & Grace, A. A. (2004). The
catechol-O-methyltransferase polymorphism: Relations to the tonic-phasic
dopamine hypothesis and neuropsychiatric phenotypes. Neuropsychopharma-
cology, 29(11), 1943-1961.

Bishop, S.]., Cohen, ]. D., Fossella, J., Casey, B. J., & Farah, M. ]. (2006). COMT genotype
influences prefrontal response to emotional distraction. Cognitive Affective and
Behavioral Neuroscience, 6(1), 62-70.

Bondi, M. W., Salmon, D. P., Galasko, D., Thomas, R. G., & Thal, L. ]. (1999). Neuropsy-
chological function and apolipoprotein E genotype in the preclinical detection
of Alzheimer’s disease. Psychology and Aging, 14(2), 295-303.

Borghesani, P. R., Johnson, L. C., Shelton, A. L., Peskind, E. R., Aylward, E. H., Schel-
lenberg, G. D., et al. (2008). Altered medial temporal lobe responses during
visuospatial encoding in healthy APOE*4 carriers. Neurobiology of Aging, 29(7),
981-991.

Bradley, M. M., Sabatinelli, D., Lang, P. ]., Fitzsimmons, ]J. R., King, W., & Desai, P.
(2003). Activation of the visual cortex in motivated attention. Behavioral Neuro-
science, 117(2), 369-380.

Brown, R., & Kulik, S. (1977). Flashbulb memory. Cognition, 5, 73-99.

Bueller, ]. A., Aftab, M., Sen, S., Gomez-Hassan, D., Burmeister, M., & Zubieta, J. K.
(2006). BDNF Val66Met allele is associated with reduced hippocampal volume
in healthy subjects. Biological Psychiatry, 59(9), 812-815.

Buhot, M. C,, Martin, S., & Segu, L. (2000). Role of serotonin in memory impairment.
Annals of Medicine, 32(3), 210-221.

Butcher, L. M., Meaburn, E., Liu, L., Fernandes, C., Hill, L., Al-Chalabi, A., et al. (2004).
Genotyping pooled DNA on microarrays: A systematic genome screen of thou-
sands of SNPs in large samples to detect QTLs for complex traits. Behavioral
Genetics, 34(5), 549-555.

Cahill, L., & Alkire, M. T. (2003). Epinephrine enhancement of human memory con-
solidation: Interaction with arousal at encoding. Neurobiology of Learning and
Memory, 79(2), 194-198.

Cahill, L., & Anderson, A. K. (2009). Emotional learning in humans. In L. Squire (Ed.),
The new encyclopedia of neuroscience. London: Elsevier.

Cahill, L., & McGaugh, J. L. (1998). Mechanisms of emotional arousal and lasting
declarative memory. Trends in Neurosciences, 21(7), 294-299.

Cahill, L., Prins, B., Weber, M., & McGaugh, J. L. (1994). Beta-adrenergic activation
and memory for emotional events. Nature, 371(6499), 702-704.

Canli, T. (2008). Toward a neurogenetic theory of neuroticism. Annals of the New York
Academy of Sciences, 1129, 153-174.

Canli, T., Congdon, E., Todd Constable, R., & Lesch, K. P. (2008). Additive effects of
serotonin transporter and tryptophan hydroxylase-2 gene variation on neural
correlates of affective processing. Biological Psychology, 79(1), 118-125.

Canli, T., Ferri, J., & Duman, E. A. (2009). Genetics of emotion regulation. Neuroscience,
164(1), 43-54.

Canli, T., & Lesch, K. P.(2007). Long story short: The serotonin transporter in emotion
regulation and social cognition. Nature Neuroscience, 10(9), 1103-1109.

Canli, T., Omura, K., Haas, B. W., Fallgatter, A., Constable, R. T., & Lesch, K. P. (2005).
Beyond affect: A role for genetic variation of the serotonin transporter in neural

activation during a cognitive attention task. Proceedings of the National Academy
of Sciences of the United States of America, 102(34), 12224-12229.

Canli, T., Qiu, M., Omura, K., Congdon, E., Haas, B. W., Amin, Z., et al. (2006). Neural
correlates of epigenesis. Proceedings of the National Academy of Sciences of the
United States of America, 103(43), 16033-16038.

Chamberlain, S. R., Muller, U., Blackwell, A. D., Robbins, T. W., & Sahakian, B. J.
(2006). Noradrenergic modulation of working memory and emotional memory
in humans. Psychopharmacology (Berlin), 188(4), 397-407.

Chen, ]., Lipska, B. K., Halim, N., Ma, Q. D., Matsumoto, M., Melhem, S., et al.
(2004). Functional analysis of genetic variation in catechol-O-methyltransferase
(COMT): Effects on mRNA, protein, and enzyme activity in postmortem human
brain. American Journal of Human Genetics, 75(5), 807-821.

Chen, Z. Y., Patel, P. D., Sant, G., Meng, C. X, Teng, K. K., Hempstead, B. L., et al.
(2004). Variant brain-derived neurotrophic factor (BDNF) (Met66) alters the
intracellular trafficking and activity-dependent secretion of wild-type BDNF
in neurosecretory cells and cortical neurons. Journal of Neuroscience, 24(18),
4401-4411.

Cohen, R. M., Small, C, Lalonde, F., Friz, J., & Sunderland, T. (2001). Effect of
apolipoprotein E genotype on hippocampal volume loss in aging healthy
women. Neurology, 57(12), 2223-2228.

Corder, E. H., Saunders, A. M., Strittmatter, W. ]., Schmechel, D. E., Gaskell, P. C., Small,
G. W, et al. (1993). Gene dose of apolipoprotein E type 4 allele and the risk of
Alzheimer’s disease in late onset families. Science, 261(5123), 921-923.

Cousijn, H., Rijpkema, M., Qin, S., van Marle, H. ], Franke, B., Hermans, E. ], et al.
(2010). Acute stress modulates genotype effects on amygdala processing in
humans. Proceedings of the National Academy of Sciences of the United States of
America, 107(21), 9867-9872.

Dannlowski, U., Konrad, C., Kugel, H., Zwitserlood, P., Domschke, K., Schoning, S.,
et al. (2009). Emotion specific modulation of automatic amygdala responses by
5-HTTLPR genotype. Neuroimage, 53(3), 893-898.

Davis, M., & Whalen, P. J. (2001). The amygdala: Vigilance and emotion. Molecular
Psychiatry, 6(1), 13-34.

De Blasi, S., Montesanto, A., Martino, C., Dato, S., De Rango, F., Bruni, A. C,, et al.
(2009). APOE polymorphism affects episodic memory among non demented
elderly subjects. Experimental Gerontology, 44(3), 224-227.

De Martino, B., Strange, B. A., & Dolan, R.]. (2008). Noradrenergic neuromodulation of
human attention for emotional and neutral stimuli. Psychopharmacology (Berlin),
197(1), 127-136.

de Quervain, D. J., Henke, K., Aerni, A., Coluccia, D., Wollmer, M. A., Hock, C,, et al.
(2003). A functional genetic variation of the 5-HT2a receptor affects human
memory. Nature Neuroscience, 6(11), 1141-1142.

de Quervain, D.]., Kolassa, I. T., Ertl, V., Onyut, P. L., Neuner, F., Elbert, T., et al. (2007).
A deletion variant of the alpha2b-adrenoceptor is related to emotional memory
in Europeans and Africans. Nature Neuroscience, 10(9), 1137-1139.

de Quervain, D. ., & Papassotiropoulos, A. (2006). Identification of a genetic cluster
influencing memory performance and hippocampal activity in humans. Proceed-
ings of the National Academy of Sciences of the United States of America, 103(11),
4270-4274.

Deary, I. J., Whiteman, M. C,, Pattie, A,, Starr, J. M., Hayward, C., Wright, A. F,, et al.
(2002). Cognitive change and the APOE epsilon 4 allele. Nature, 418(6901),
932.

Denburg, N. L., Buchanan, T. W., Tranel, D., & Adolphs, R. (2003). Evidence for pre-
served emotional memory in normal older persons. Emotion, 3(3), 239-253.
Dennis, N. A, Need, A. C,, LaBar, K. S., Waters-Metenier, S., Cirulli, E. T., Kragel, J.,
et al. (2010). COMT val108/158 met genotype affects neural but not cognitive

processing in healthy individuals. Cerebral Cortex, 20(3), 672-683.

Dolcos, F., LaBar, K. S., & Cabeza, R. (2004). Interaction between the amygdala and
the medial temporal lobe memory system predicts better memory for emotional
events. Neuron, 42(5), 855-863.

Drabant, E. M., Hariri, A. R,, Meyer-Lindenberg, A., Munoz, K. E., Mattay, V. S.,
Kolachana, B. S., et al. (2006). Catechol O-methyltransferase val158met geno-
type and neural mechanisms related to affective arousal and regulation. Archives
of General Psychiatry, 63(12), 1396-1406.

Dudai, Y., & Eisenberg, M. (2004). Rites of passage of the engram: Reconsolidation
and the lingering consolidation hypothesis. Neuron, 44(1), 93-100.

Egan, M. F,, Goldberg, T. E., Kolachana, B. S., Callicott, J. H., Mazzanti, C. M., Straub, R.
E. etal.(2001). Effect of COMT Val108/158 Met genotype on frontal lobe function
and risk for schizophrenia. Proceedings of the National Academy of Sciences of the
United States of America, 98(12), 6917-6922.

Egan, M. F,, Kojima, M., Callicott, J. H., Goldberg, T. E., Kolachana, B. S., Bertolino,
A., et al. (2003). The BDNF val66met polymorphism affects activity-dependent
secretion of BDNF and human memory and hippocampal function. Cell, 112(2),
257-269.

Enoch, M. A., Schuckit, M. A., Johnson, B. A., & Goldman, D. (2003). Genetics of
alcoholism using intermediate phenotypes. Alcoholism: Clinical and Experimental
Research, 27(2), 169-176.

Fava, C., Montagnana, M., Guerriero, M., Almgren, P., von Wowern, F., Minuz, P.,
et al. (2009). Chromosome 2q12, the ADRA2B I/D polymorphism and metabolic
syndrome. Journal of Hypertension, 27(9), 1794-1803.

Ferry, B, Roozendaal, B., & McGaugh, J. L. (1999). Basolateral amygdala noradrenergic
influences on memory storage are mediated by an interaction between beta- and
alphal-adrenoceptors. Journal of Neuroscience, 19(12), 5119-5123.

Filippini, N., Scassellati, C., Boccardi, M., Pievani, M., Testa, C., Bocchio-Chiavetto, L.,
et al. (2006). Influence of serotonin receptor 2A His452Tyr polymorphism on
brain temporal structures: A volumetric MR study. European Journal of Human
Genetics, 14(4), 443-449.

doi:10.1016/j.neuropsychologia.2010.11.010

Please cite this article in press as: Todd, R. M., et al. Genetic differences in emotionally enhanced memory. Neuropsychologia (2010),



dx.doi.org/10.1016/j.neuropsychologia.2010.11.010

GModel
NSY-3876; No.of Pages11

10 R.M. Todd et al. / Neuropsychologia xxx (2010) xxX—Xxxx

Fox, N. A, Nichols, K. E., Henderson, H. A., Rubin, K., Schmidt, L., Hamer, D., et al.
(2005). Evidence for a gene-environment interaction in predicting behavioral
inhibition in middle childhood. Psychological Science, 16(12), 921-926.

Frankland, P. W., & Bontempi, B. (2005). The organization of recent and remote
memories. Nature Reviews Neuroscience, 6(2), 119-130.

Gibbs, A. A., Naudts, K. H., Azevedo, R. T., & David, A. S. (2010). Deletion variant of
alpha2b-adrenergic receptor gene moderates the effect of COMT val(158)met
polymorphism on episodic memory performance. European Neuropsychophar-
macology, 20(4), 272-275.

Gibbs, A. A., Naudts, K. H., Spencer, E. P., & David, A. S. (2007). The role of dopamine
in attentional and memory biases for emotional information. American Journal
of Psychiatry, 164(10), 1603-1609, quiz 1624.

Goldberg, T. E., Iudicello, J., Russo, C., Elvevag, B., Straub, R., Egan, M. F., et al. (2008).
BDNF Val66Met polymorphism significantly affects d’ in verbal recognition
memory at short and long delays. Biological Psychology, 77(1), 20-24.

Greba, Q,, Gifkins, A., & Kokkinidis, L. (2001). Inhibition of amygdaloid dopamine D2
receptors impairs emotional learning measured with fear-potentiated startle.
Brain Research, 899(1-2), 218-226.

Guarraci, F. A, Frohardt, R.J., & Kapp, B. S. (1999). Amygdaloid D1 dopamine receptor
involvement in Pavlovian fear conditioning. Brain Research, 827(1-2), 28-40.

Guarraci, F. A,, Frohardt, R. ], Young, S. L., & Kapp, B. S. (1999). A functional role for
dopamine transmission in the amygdala during conditioned fear. Annals of the
New York Academy of Sciences, 877, 732-736.

Guy, S. C., & Cahill, L. (1999). The role of overt rehearsal in enhanced conscious
memory for emotional events. Consciousness and Cognition, 8(1), 114-122.
Hamann, S. (2001). Cognitive and neural mechanisms of emotional memory. Trends

in Cognitive Sciences, 5(9), 394-400.

Hariri, A. R., Goldberg, T. E., Mattay, V. S., Kolachana, B. S., Callicott, J. H., Egan,
M. F,, et al. (2003). Brain-derived neurotrophic factor val66met polymorphism
affects human memory-related hippocampal activity and predicts memory per-
formance. Journal of Neuroscience, 23(17), 6690-6694.

Hariri, A. R.,, Mattay, V. S., Tessitore, A., Fera, F., Smith, W. G., & Weinberger, D. R.
(2002). Dextroamphetamine modulates the response of the human amygdala.
Neuropsychopharmacology, 27(6), 1036-1040.

Hariri, A. R., & Weinberger, D. R. (2003). Functional neuroimaging of genetic vari-
ation in serotonergic neurotransmission. Genes, Brain and Behavior, 2(6), 341-
349.

Harmer, C. J., Shelley, N. C., Cowen, P. ]., & Goodwin, G. M. (2004). Increased pos-
itive versus negative affective perception and memory in healthy volunteers
following selective serotonin and norepinephrine reuptake inhibition. American
Journal of Psychiatry, 161(7), 1256-1263.

Harris, S. E., Fox, H., Wright, A. F., Hayward, C., Starr, J. M., Whalley, L. ]., et al. (2006).
The brain-derived neurotrophic factor Val66Met polymorphism is associated
with age-related change in reasoning skills. Molecular Psychiatry, 11(5), 505-
513.

Hatfield, T., & McGaugh, ]J. L. (1999). Norepinephrine infused into the basolateral
amygdala posttraining enhances retention in a spatial water maze task. Neuro-
biology of Learning and Memory, 71(2), 232-239.

Heinz, A., Braus, D. F., Smolka, M. N., Wrase, ]., Puls, L., Hermann, D., et al. (2005).
Amygdala-prefrontal coupling depends on a genetic variation of the serotonin
transporter. Nature Neuroscience, 8(1), 20-21.

Heinz, A., & Smolka, M. N. (2006). The effects of catechol O-methyltransferase geno-
type on brain activation elicited by affective stimuli and cognitive tasks. Reviews
in the Neurosciences, 17(3), 359-367.

Herrmann, M. ., Huter, T., Muller, F., Muhlberger, A., Pauli, P., Reif, A., et al. (2007).
Additive effects of serotonin transporter and tryptophan hydroxylase-2 gene
variation on emotional processing. Cerebral Cortex, 17(5), 1160-1163.

Herrmann, M. ., Wurflein, H., Schreppel, T., Koehler, S., Muhlberger, A., Reif, A.,
et al. (2009). Catechol-O-methyltransferase Val158Met genotype affects neu-
ral correlates of aversive stimuli processing. Cognitive Affective and Behavioral
Neuroscience, 9(2), 168-172.

Hintsch, G., Zurlinden, A., Meskenaite, V., Steuble, M., Fink-Widmer, K., Kinter, J.,
et al. (2002). The calsyntenins - A family of postsynaptic membrane proteins
with distinct neuronal expression patterns. Molecular and Cellular Neuroscience,
21(3), 393-409.

Hong, J., Shu-Leong, H., Tao, X., & Lap-Ping, Y. (1998). Distribution of catechol-O-
methyltransferase expression in human central nervous system. Neuroreport,
9(12),2861-2864.

Huang, Z. J., Kirkwood, A., Pizzorusso, T., Porciatti, V., Morales, B., Bear, M. F., et al.
(1999). BDNF regulates the maturation of inhibition and the critical period of
plasticity in mouse visual cortex. Cell, 98(6), 739-755.

Introini-Collison, 1. B., & McGaugh, J. L. (1986). Epinephrine modulates long-term
retention of an aversively motivated discrimination. Behavioral and Neural Biol-
ogy, 45(3), 358-365.

James, W. (1884). What is an emotion? Mind, 9, 188-205.

Johannsen, S., Duning, K., Pavenstadt, H., Kremerskothen, ., & Boeckers, T. M. (2008).
Temporal-spatial expression and novel biochemical properties of the memory-
related protein KIBRA. Neuroscience, 155(4), 1165-1173.

Karayiorgou, M., Sobin, C., Blundell, M. L., Galke, B. L., Malinova, L., Goldberg, P., et al.
(1999). Family-based association studies support a sexually dimorphic effect of
COMT and MAOA on genetic susceptibility to obsessive—compulsive disorder.
Biological Psychiatry, 45(9), 1178-1189.

Kensinger, E. A., & Corkin, S. (2004). Two routes to emotional memory: Distinct
neural processes for valence and arousal. Proceedings of the National Academy of
Sciences of the United States of America, 101(9), 3310-3315.

Kienast, T., Hariri, A. R., Schlagenhauf, F., Wrase, J., Sterzer, P., Buchholz, H. G., et al.
(2008). Dopamine in amygdala gates limbic processing of aversive stimuli in
humans. Nature Neuroscience, 11(12), 1381-1382.

Klaassen, T., Riedel, W. ]., Deutz, N. E., & Van Praag, H. M. (2002). Mood congruent
memory bias induced by tryptophan depletion. Psychological Medicine, 32(1),
167-172.

Kukolja, J., Thiel, C. M., Eggermann, T., Zerres, K., & Fink, G. R. (2010). Medial tem-
poral lobe dysfunction during encoding and retrieval of episodic memory in
non-demented APOE epsilon4 carriers. Neuroscience, 168(2), 487-497.

LaBar, K. S.,& Cabeza, R.(2006). Cognitive neuroscience of emotional memory. Nature
Reviews Neuroscience, 7(1), 54-64.

LaLumiere, R. T., Buen, T. V., & McGaugh, J. L. (2003). Post-training intra-basolateral
amygdala infusions of norepinephrine enhance consolidation of memory for
contextual fear conditioning. Journal of Neuroscience, 23(17), 6754-6758.

Lesch, K. P., Bengel, D., Heils, A., Sabol, S. Z., Greenberg, B. D., Petri, S., et al. (1996).
Association of anxiety-related traits with a polymorphism in the serotonin trans-
porter gene regulatory region. Science, 274(5292), 1527-1531.

Levine, B.(2004). Autobiographical memory and the self in time: Brain lesion effects,
functional neuroanatomy, and lifespan development. Brain and Cognition, 55(1),
54-68.

Levine, B., Svoboda, E., Hay, J. F., Winocur, G., & Moscovitch, M. (2002). Aging and
autobiographical memory: Dissociating episodic from semantic retrieval. Psy-
chology and Aging, 17(4), 677-689.

Lewis, M. D. (2005). Bridging emotion theory and neurobiology through dynamic
systems modeling. Behavioral and Brain Sciences, 28(2), 169-194, discussion
194-245.

Lim, S. L., Padmala, S., & Pessoa, L. (2009). Segregating the significant from the
mundane on a moment-to-moment basis via direct and indirect amygdala con-
tributions. Proceedings of the National Academy of Sciences of the United States of
America, 106(39), 16841-16846.

Lonsdorf, T. B., Weike, A.1.,Nikamo, P., Schalling, M., Hamm, A. O., & Ohman, A. (2009).
Genetic gating of human fear learning and extinction: Possible implications for
gene-environment interaction in anxiety disorder. Psychological Science, 20(2),
198-206.

Lu, B.(2003). BDNF and activity-dependent synaptic modulation. Learning and Mem-
ory, 10(2), 86-98.

Mahley, R. W. (1988). Apolipoprotein E: Cholesterol transport protein with expand-
ing role in cell biology. Science, 240(4852), 622-630.

Maron, E., Hettema, J. M., & Shlik, J. (2010). Advances in molecular genetics of panic
disorder. Molecular Psychiatry, 15(7), 681-701.

McGaugh, J. L., McIntyre, C. K., & Power, A. E. (2002). Amygdala modulation of mem-
ory consolidation: Interaction with other brain systems. Neurobiology of Learning
and Memory, 78(3), 539-552.

Merens, W., Willem Van der Does, A. ], & Spinhoven, P. (2007). The effects of sero-
tonin manipulations on emotional information processing and mood. Journal of
Affective Disorders, 103(1-3), 43-62.

Meyer-Lindenberg, A., Kohn, P. D., Kolachana, B., Kippenhan, S., Mclnerney-Leo,
A., Nussbaum, R, et al. (2005). Midbrain dopamine and prefrontal function in
humans: Interaction and modulation by COMT genotype. Nature Neuroscience,
8(5), 594-596.

Montag, C., Buckholtz, J. W., Hartmann, P., Merz, M., Burk, C., Hennig, ]., et al. (2008).
COMT genetic variation affects fear processing: Psychophysiological evidence.
Behavioral Neuroscience, 122(4), 901-909.

Munafo, M. R., Brown, S. M., & Hariri, A. R. (2008). Serotonin transporter (5-HTTLPR)
genotype and amygdala activation: A meta-analysis. Biological Psychiatry, 63(9),
852-857.

Munafo, M. R,, Clark, T., & Flint, J. (2005). Does measurement instrument moder-
ate the association between the serotonin transporter gene and anxiety-related
personality traits? A meta-analysis. Molecular Psychiatry, 10(4), 415-419.

Munafo, M. R, Durrant, C., Lewis, G., & Flint, J. (2009). Gene X environment interac-
tions at the serotonin transporter locus. Biological Psychiatry, 65(3), 211-219.

Munafo, M. R, Freimer, N. B., Ng, W., Ophoff, R., Veijola, J., Miettunen, J., et al. (2009).
5-HTTLPR genotype and anxiety-related personality traits: A meta-analysis and
new data. American Journal of Medical Genetics: Part B Neuropsychiatric Genetics,
150B(2), 271-281.

Nader, K., Schafe, G. E., & Le Douy, ]. E. (2000). Fear memories require protein syn-
thesis in the amygdala for reconsolidation after retrieval. Nature, 406(6797),
722-726.

Need, A. C.,, Attix, D. K., McEvoy, J. M,, Cirulli, E. T., Linney, K. N., Wagoner, A. P.,
et al. (2008). Failure to replicate effect of Kibra on human memory in two large
cohorts of European origin. American Journal of Medical Genetics Part B, 147B(5),
667-668.

Nilsson, L. G., Adolfsson, R., Backman, L., Cruts, M., Nyberg, L., Small, B.]., et al. (2006).
The influence of APOE status on episodic and semantic memory: Data from a
population-based study. Neuropsychology, 20(6), 645-657.

Padmala, S., & Pessoa, L. (2008). Affective learning enhances visual detection and
responses in primary visual cortex. Journal of Neuroscience, 28(24), 6202-6210.

Papassotiropoulos, A., Stephan, D. A, Huentelman, M. J., Hoerndli, F. J., Craig, D. W.,
Pearson, J. V., et al. (2006). Common Kibra alleles are associated with human
memory performance. Science, 314(5798), 475-478.

Papps, B. P., Shajahan, P. M., Ebmeier, K. P., & O’Carroll, R. E. (2002). The effects of
noradrenergic re-uptake inhibition on memory encoding in man. Psychophar-
macology (Berlin), 159(3),311-318.

Pessoa, L. (2008). On the relationship between emotion and cognition. Nature
Reviews Neuroscience, 9(2), 148-158.

doi:10.1016/j.neuropsychologia.2010.11.010

Please cite this article in press as: Todd, R. M., et al. Genetic differences in emotionally enhanced memory. Neuropsychologia (2010),



dx.doi.org/10.1016/j.neuropsychologia.2010.11.010

GModel
NSY-3876; No.of Pages11

R.M. Todd et al. / Neuropsychologia xxx (2010) xxX—Xxxx 11

Pessoa, L., Kastner, S., & Ungerleider, L. G. (2002). Attentional control of the process-
ing of neural and emotional stimuli. Brain Research: Cognitive Brain Research,
15(1),31-45.

Pezawas, L., Meyer-Lindenberg, A., Drabant, E. M., Verchinski, B. A., Munoz, K.
E., Kolachana, B. S., et al. (2005). 5-HTTLPR polymorphism impacts human
cingulate-amygdala interactions: A genetic susceptibility mechanism for
depression. Nature Neuroscience, 8(6), 828-834.

Pezawas, L., Verchinski, B. A., Mattay, V. S., Callicott, J. H., Kolachana, B. S., Straub, R.
E., et al. (2004). The brain-derived neurotrophic factor val66met polymorphism
and variation in human cortical morphology. Journal of Neuroscience, 24(45),
10099-10102.

Plassman, B. L., Welsh-Bohmer, K. A., Bigler, E. D., Johnson, S. C., Anderson, C. V.,
Helms, M. ], et al. (1997). Apolipoprotein E epsilon 4 allele and hippocampal
volume in twins with normal cognition. Neurology, 48(4), 985-989.

Plomin, R., Owen, M. ., & McGuffin, P. (1994). The genetic basis of complex human
behaviors. Science, 264(5166), 1733-1739.

Preuschhof, C., Heekeren, H. R, Li, S. C., Sander, T., Lindenberger, U., & Backman, L.
(2010). KIBRA and CLSTN2 polymorphisms exert interactive effects on human
episodic memory. Neuropsychologia, 48(2), 402-408.

Proust, M. (1913: 2002). The way by Swann’s (L. Davis, Trans.). London, UK: Penguin.

Rasch, B., Spalek, K., Buholzer, S., Luechinger, R., Boesiger, P., Papassotiropoulos, A.,
et al. (2009). A genetic variation of the noradernergic system is related to differ-
ential amygdala activation during encoding of emotional memories. Proceedings
of the National Academy of Sciences of the United States of America.

Raz, N, Dahle, C. L., Rodrigue, K. M., Kennedy, K. M., & Land, S. (2009). Effects of age,
genes, and pulse presssure on executive functions in healthy adults. Neurobiol-
ogy of Aging, doi:10.1016/j.neurobiolaging.2009.05.015.

Reynolds, C. A., Jansson, M., Gatz, M., & Pedersen, N. L. (2006). Longitudinal change
in memory performance associated with HTR2A polymorphism. Neurobiology of
Aging, 27(1), 150-154.

Roozendaal, B., McEwen, B. S., & Chattarji, S. (2009). Stress, memory and the amyg-
dala. Nature Reviews Neuroscience, 10(6), 423-433.

Rosenkranz, J. A., & Grace, A. A. (2002). Dopamine-mediated modulation of odour-
evoked amygdala potentials during pavlovian conditioning. Nature, 417(6886),
282-287.

Savitz, J., Solms, M., & Ramesar, R. (2006). Apolipoprotein E variants and cognition in
healthy individuals: A critical opinion. Brain Research Reviews, 51(1), 125-135.

Schiller, D., Monfils, M. H., Raio, C. M., Johnson, D. C., Ledoux, ]. E., & Phelps, E. A.
(2010). Preventing the return of fear in humans using reconsolidation update
mechanisms. Nature, 463(7277), 49-53.

Seeley, W. W., Menon, V., Schatzberg, A. F., Keller, ]., Glover, G. H., Kenna, H., et al.
(2007). Dissociable intrinsic connectivity networks for salience processing and
executive control. Journal of Neuroscience, 27(9), 2349-2356.

Sharot, T., Delgado, M. R., & Phelps, E. A. (2004). How emotion enhances the feeling
of remembering. Nature Neuroscience, 7(12), 1376-1380.

Sigmund, J. C., Vogler, C., Huynh, K. D., de Quervain, D. ]., & Papassotiropoulos, A.
(2008). Fine-mapping at the HTR2A locus reveals multiple episodic memory-
related variants. Biological Psychology, 79(2), 239-242.

Small, K. M., Brown, K. M., Forbes, S. L., & Liggett, S. B. (2001). Polymorphic dele-
tion of three intracellular acidic residues of the alpha 2B-adrenergic receptor
decreases G protein-coupled receptor kinase-mediated phosphorylation and
desensitization. The Journal of Biological Chemistry, 276(7), 4917-4922.

Smolka, M. N., Buhler, M., Schumann, G., Klein, S., Hu, X. Z., Moayer, M., et al. (2007).
Gene-gene effects on central processing of aversive stimuli. Molecular Psychia-
try, 12(3), 307-317.

Smolka, M. N., Schumann, G., Wrase, ]., Grusser, S. M., Flor, H., Mann, K., et al. (2005).
Catechol-O-methyltransferase val158met genotype affects processing of emo-

tional stimuli in the amygdala and prefrontal cortex. Journal of Neuroscience,
25(4), 836-842.

Strange, B. A., & Dolan, R. ]J. (2004). Beta-adrenergic modulation of emotional
memory-evoked human amygdala and hippocampal responses. Proceedings
of the National Academy of Sciences of the United States of America, 101(31),
11454-11458.

Strange, B. A., Hurlemann, R., & Dolan, R. ]. (2003). An emotion-induced retrograde
amnesia in humans is amygdala- and beta-adrenergic-dependent. Proceedings
of the National Academy of Sciences of the United States of America, 100(23),
13626-13631.

Strange, B. A., Kroes, M. C,, Roiser, ]. P., Tan, G. C., & Dolan, R. J. (2008). Emotion-
induced retrograde amnesia is determined by a 5-HTT genetic polymorphism.
Journal of Neuroscience, 28(28), 7036-7039.

Strauss, J., Barr, C. L., George, C. ], Ryan, C. M., King, N., Shaikh, S., et al. (2004). BDNF
and COMT polymorphisms: Relation to memory phenotypes in young adults
with childhood-onset mood disorder. Neuromolecular Medicine, 5(3), 181-
192.

Szeszko, P.R., Lipsky, R., Mentschel, C., Robinson, D., Gunduz-Bruce, H., Sevy, S., et al.
(2005). Brain-derived neurotrophic factor val66met polymorphism and volume
of the hippocampal formation. Molecular Psychiatry, 10(7), 631-636.

Talmi, D., Anderson, A. K., Riggs, L., Caplan, ]. B., & Moscovitch, M. (2008). Immediate
memory consequences of the effect of emotion on attention to pictures. Learning
and Memory, 15(3), 172-182.

Tessitore, A., Hariri, A. R,, Fera, F., Smith, W. G., Chase, T. N., Hyde, T. M,, et al.
(2002). Dopamine modulates the response of the human amygdala: A study
in Parkinson’s disease. Journal of Neuroscience, 22(20), 9099-9103.

Thompson, E. (2007). Mind in life: Biology, phenomenology, and the sciences of mind.
Boston, MA: Harvard University Press.

Tulving, E. (2001). Episodic memory and common sense: How far apart? Philosoph-
ical Transactions of the Royal Society of London: B Biological Sciences, 356(1413),
1505-1515.

van Stegeren, A. H., Everaerd, W., Cahill, L., McGaugh, ]J. L., & Gooren, L. J. (1998).
Memory for emotional events: Differential effects of centrally versus periph-
erally acting beta-blocking agents. Psychopharmacology (Berlin), 138(3-4), 305-
310.

van Stegeren, A. H., Goekoop, R, Everaerd, W., Scheltens, P., Barkhof, F., Kuijer, J. P.,
et al. (2005). Noradrenaline mediates amygdala activation in men and women
during encoding of emotional material. Neuroimage, 24(3), 898-909.

Wagner, M., Schuhmacher, A., Schwab, S., Zobel, A., & Maier, W. (2008). The
His452Tyr variant of the gene encoding the 5-HT2A receptor is specifically asso-
ciated with consolidation of episodic memory in humans. International Journal
of Neuropsychopharmacology, 11(8), 1163-1167.

Weinberger, D. R., Egan, M. F., Bertolino, A., Callicott, ]. H., Mattay, V. S., Lipska, B.
K, etal. (2001). Prefrontal neurons and the genetics of schizophrenia. Biological
Psychiatry, 50(11), 825-844.

Wikgren, M., Karlsson, T., Nilbrink, T., Nordfjall, K., Hultdin, ]., Sleegers, K., et al.
(2010). APOE epsilon4 is associated with longer telomeres, and longer telomeres
among epsilon4 carriers predicts worse episodic memory. Neurobiology of Aging.

Young, M. P., Scannell, ]. W., Burns, G. A., & Blakemore, C. (1994). Analysis of connec-
tivity: Neural systems in the cerebral cortex. Reviews in the Neurosciences, 5(3),
227-250.

Zhang, H., Li, X., Huang, J., Li, Y., Thijs, L., Wang, Z., et al. (2005). Cardiovascu-
lar and metabolic phenotypes in relation to the ADRA2B insertion/deletion
polymorphism in a Chinese population. Journal of Hypertension, 23(12), 2201-
2207.

doi:10.1016/j.neuropsychologia.2010.11.010

Please cite this article in press as: Todd, R. M., et al. Genetic differences in emotionally enhanced memory. Neuropsychologia (2010),



dx.doi.org/10.1016/j.neuropsychologia.2010.11.010
http://dx.doi.org/10.1016/j.neurobiolaging.2009.05.015

	Genetic differences in emotionally enhanced memory
	Genetic influences on emotional memory
	Noradrenergic influences on emotional memory
	Dopaminergic influences on emotionally enhanced perception and memory
	Serotonergic influences on emotionally enhanced perception and memory
	5HTTLPR
	TPH2


	Other polymorphisms associated with episodic memory
	Conclusions
	References


