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Emotionally arousing events are typically well remembered, but
there is a large interindividual variability for this phenomenon. We
have recently shown that a functional deletion variant of ADRA2B,
the gene encoding the ␣2b-adrenergic receptor, is related to
enhanced emotional memory in healthy humans and enhanced
traumatic memory in war victims. Here, we investigated the neural
mechanisms of this effect in healthy participants by using fMRI.
Carriers of the ADRA2B deletion variant exhibited increased activation of the amygdala during encoding of photographs with
negative emotional valence compared with noncarriers of the
deletion. Additionally, functional connectivity between amygdala
and insula was significantly stronger in deletion carriers. The
present findings indicate that the ADRA2B deletion variant is
related to increased responsivity and connectivity of brain regions
implicated in emotional memory.
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nhanced memory for emotionally arousing events is a highly
adaptive phenomenon, which helps us to remember both
dangerous and favorable situations (1). Under certain conditions, however, this mechanism can also lead to intrusive and
persistent traumatic memories of an extremely aversive event,
thereby contributing to the development and symptoms of
posttraumatic stress disorder (PTSD) (2, 3). Elucidating the
mechanisms of emotional memory formation thus represents an
important aim of modern neuroscience not only in terms of
better understanding basic mnemonic processes, but also with
regard to the clinical relevance (4, 5).
Studies in rodents have indicated that the amygdala is critically
involved in mediating the memory-enhancing effect of emotional
arousal (6–8). Specifically, emotional arousal leads to a release
of norepinephrine (NE) within the amygdala (9), and it has been
shown that such amygdala activation strengthens the storage of
many different kinds of information via its widespread network
of efferent projections to other brain regions (10). Several
human studies support this notion by showing that a pharmacologically induced increase of central noradrenergic transmission enhances memory performance (11–13), whereas a pharmacological blockade of noradrenergic transmission abolishes
the enhancement of memory for emotional information and
prevents enhanced amygdala activation in response to emotional
stimuli (14, 15).
Recently, we reported that carriers of a functionally relevant
deletion variant of ADRA2B, the gene encoding the ␣2badrenoreceptor, exhibit enhanced memory for emotional vs.
neutral pictures compared with noncarriers (16). In that study,
435 participants were presented with neutral and emotional
pictures taken from the international affective picture system
(IAPS) (17). Delayed free recall was tested after 10 min, during
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0907425106

which participants performed on a working memory task. The
finding of increased emotional memory in deletion carriers of
ADRA2B was followed up in 202 survivors of the Rwandan civil
war who had experienced highly aversive emotional situations. In
that sample, carriers of the deletion variant had a significantly
higher score for reexperiencing traumatic memories than noncarriers, indicating the clinical relevance of this genotypic difference in noradrenergic neurotransmission. However, the neural substrates of the differences in emotional memory formation
with regard to this genetic variation within the noradrenergic
system remain unknown.
Because of the important role of the amygdala and the
noradrenergic transmission within this region in mediating the
memory-enhancing effect of emotional arousal, we hypothesized
differential amygdala activity during encoding of emotional
memories in dependence of the ADRA2B genotype. To test this
hypothesis, we used fMRI in 57 young healthy participants who
viewed emotional and neutral IAPS pictures in the MR scanner
and freely recalled them 10 min later. During the 10-min period,
participants performed on a working memory task (n-back).
Procedure and design were adopted from our previous study to
maximize comparability (16). Because the statistical power to
detect an effect of similar size (d ⫽ 0.4) as in the previous study
(n ⫽ 435 subjects) is 32% with 57 subjects (18), we did not expect
statistically significant genotype-dependent differences in emotional memory on the behavioral level. However, we expected
statistically significant genotype-dependent differences in brain
activity because estimation of genetic effects on the level of
neural systems has been shown repeatedly to be more sensitive
than on the behavioral level (19–22). Based on the findings of
our previous study (16), we hypothesized that carriers of the
ADRA2B deletion variant exhibit higher activation of the amygdala during encoding of emotional events compared with noncarriers of the deletion. In addition, we hypothesized that the
genotype-dependent increase in amygdala activity is accompanied by stronger coupling with brain regions related to storage
of episodic memories enhanced by emotional arousal, such as the
medial temporal lobe or neocortical brain regions (23).
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Results
Genotyping and Behavioral Results. In our study sample of 57

subjects, 22 subjects (18 students, three males, age 24.8 ⫾ 0.9
years) were heterozygous and eight subjects (all students, two
males, age 22.3 ⫾ 1.3 years) homozygous carriers of the deletion
variant of ADRA2B. A total of 27 subjects (23 students, 11 males,
age 24.0 ⫾ 0.9 years) did not carry the deletion variant (for
genotyping procedure, see SI Methods). Genotype was not
significantly associated with level of education, sex, or age (all
P ⬎ 0.10). Genotype frequencies were in Hardy–Weinberg
equilibrium (P ⬎ 0.50) and corresponded to the frequencies
typically observed in Caucasians (24). As in our previous study
(16), homozygote and heterozygote carriers of the deletion
variant of ADRA2B (n ⫽ 30) were statistically treated as one
group (deletion group) because of the small number of homozygous carriers.
Participants showed a high degree of interindividual variability in memory enhancement for emotional pictures. On average,
subjects recalled 94% ⫾ 17% more negative (range, ⫺46% to
750%) and 106% ⫾ 14% more positive (range, ⫺22% to 650%)
pictures relative to neutral pictures (both P ⬍ 0.0001). The
emotional enhancement of memory was comparable for negative
and positive pictures (P ⬎ 0.25). Consistent with our previous
study (16), carriers of the ADRA2B deletion variant exhibited
increased emotional memory for negative pictures (113% ⫾
18%) compared with noncarriers of the deletion (73% ⫾ 19%).
The size of the genotype effect on emotional memory for
negative pictures was identical to the effect observed in the
previous large behavioral study (both d ⫽ 0.4) but, as expected,
did not reach statistical significance in the current study because
of low statistical power (P ⫽ 0.14, two-tailed). Emotional
memory for positive pictures did not differ significantly between
groups (114% ⫾ 15% vs. 97% ⫾ 16%; P ⫽ 0.42; d ⫽ 0.2). Recall
performance of neutral pictures was identical for both genotype
groups (7.4 ⫾ 0.6 pictures vs. 7.4 ⫾ 0.7 pictures; P ⬎ 0.90).
Subjective arousal ratings (three-point scale) were highest for
negative (2.4 ⫾ 0.4), intermediate for positive (1.9 ⫾ 0.4), and
lowest for neutral (1.4 ⫾ 0.3; all P ⬍ 0.001, for pairwise
comparisons) pictures. Genotype groups did not differ in emotional arousal ratings of the pictures (all P ⬎ 0.40) and working
memory performance in the n-back task (all P ⬎ 0.50).
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Genotype-Independent Brain Activation. We first tested whether

encoding of emotional pictures activated the amygdala. We
performed a genotype-independent analysis comparing brain
activity during viewing of emotional and neutral pictures. As
expected, we observed significantly higher activity in the left and
right amygdala for negative vs. neutral pictures. The activation
in the amygdala was highly robust, surviving even the very
conservative familywise error (FWE) correction for the whole
brain [left: (⫺22, ⫺6, ⫺20), t(56) ⫽ 7.79; right: (19, 0, ⫺20),
t(56) ⫽ 6.85; both P(FWE) ⬍ 0.001, FWE corrected for the
whole brain; see Fig. 1). Consistent with findings from similar
studies (for metaanalyses, see refs. 25 and 26), we observed
additional increased activations in response to negative pictures
in the visual cortex, medial prefrontal cortex, and insula (Table
S1). No brain region showed higher activity for neutral compared with negative pictures. For positive pictures, similar but
smaller effects were observed. Activity during encoding of
positive vs. neutral pictures was higher in the left amygdala
[(⫺19, ⫺3, ⫺16), t(56) ⫽ 4.00; P(SVC) ⬍ 0.006] and right
amygdala [(19, ⫺3, ⫺20), t(56) ⫽ 3.64; P(SVC) ⬍ 0.02; small
volume-corrected (SVC) for the bilateral amygdala]. Again,
additional activation was observed in the visual cortex, cingulate
gyrus, and inferior frontal gyrus/insula (Table S2). Directly
comparing negative and positive pictures revealed a significantly
stronger bilateral amygdala activation during encoding of neg2 of 6 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0907425106

Fig. 1. Genotype-independent amygdala activation during encoding of
negative vs. neutral pictures. The t values from the one-sample t test (redwhite) are overlaid on a T1 template and displayed at a threshold of P(FWE) ⬍
0.05, FWE-corrected for the whole brain. The anatomical defined bilateral
amygdala (Talairach atlas) is indicated in blue. Left corresponds to the left side
of the brain.

ative compared with positive pictures [left: (⫺22, ⫺6, ⫺20),
t(56) ⫽ 5.11; right: (22, 0, ⫺20), t(56) ⫽ 4.40; both P(SVC) ⬍
0.001). This difference may be due to the significantly higher
arousal ratings of negative compared with positive pictures.
Genotype-Dependent Analysis. In the next step, we compared

activation levels in the amygdala between ADRA2B deletion
carriers and noncarriers. In accordance with our hypothesis,
deletion carriers activated the amygdala to a significantly higher
degree than noncarriers of the deletion in response to negative
vs. neutral pictures. Particularly in the right amygdala, the
genotype-dependent group difference was robust, surviving
SVC for the bilateral amygdala search volume [(22, ⫺3, ⫺24),
t(55) ⫽ 3.10, P ⫽ 0.002; P(SVC) ⬍ 0.05; Fig. 2 and Table 1]. The
effect did not depend on sex (interaction effect, F1,53 ⫽ 0.1; P ⬎
0.94). Activity in the left amygdala was also significantly higher
in deletion carriers compared with noncarriers, although the
effect was not large enough to survive the correction for multiple
comparisons in the bilateral search volume [(⫺22, 0, ⫺20),

Fig. 2. Genotype-dependent brain activity in the amygdala. (A) Carriers of
the ADRA2B deletion variant activated the right amygdala in response to
negative vs. neutral images to a greater extent compared with noncarriers
[P(SVC) ⬍ 0.05, displayed at an uncorrected threshold of P ⫽ 0.005]. The white
circle indicates the activation in the right amygdala. (B) Parameter estimates
at the peak voxel in the right amygdala for noncarriers and carriers of the
deletion.
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Table 1. ADRA2B genotype-dependent differences in brain activity during encoding of negative vs. neutral pictures

Region

BA

L/R

x

y

z

t(55)

Z

P

40
38
13

9
3
6
6
3

R
L
L
R
L

22
⫺22
⫺30
39
⫺47

⫺3
0
⫺41
17
⫺6

⫺24
⫺20
48
⫺20
⫺8

3.10
2.55
3.69
3.68
3.42

2.96
2.47
3.47
3.46
3.24

0.002*
0.007
0.000
0.000
0.001

Amygdala
Inferior parietal lobule
Superior temporal gyrus
Insula

MNI coordinates

No. of
voxels

Results of the contrast “deletion ⬎ no deletion carriers for negative ⬎ neutral pictures” are shown. L and R indicate left and right
hemisphere, respectively.
*P ⬍ 0.05 after SVC for the bilateral amygdala.
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Emotional Subsequent Memory Analysis. Event-related fMRI also
allows for investigation of brain regions involved in memory formation by analyzing differential activity during encoding of subsequently remembered vs. subsequently forgotten events (subsequent
memory analysis). The emotional subsequent memory (ESM)
analysis identifies brain regions in which the subsequent memory
effect (‘‘difference due to memory,’’ or Dm) is larger for emotional
than neutral items (Dmemotional ⬎ Dmneutral). Independently of
genotype, ESM effects for negative pictures occurred in the
fusiform gyrus, parietal regions, parahippocampus/hippocampus, and insula, as well as the amygdala in our study (Table S3).
ESM effects for positive pictures were only observed in the
anterior hippocampus, weakly extending in amygdala regions
(Table S3). These results are generally consistent with previous
findings (27, 28) and further indicate that the reported brain
regions that show genotype-dependent activity differences belong to a network important for emotional memory.
We also compared ESM effects between genotype groups. It
is important to note that this analysis may ignore group differences in brain activity related to emotional memory performance because it is based on comparing mean brain activity
between the categories ‘‘remembered’’ and ‘‘forgotten,’’ regardless of the number of remembered and forgotten items and
corresponding neural correlates. Thus, brain regions contributing to a genotype-dependent behavioral difference may be
missed in this analysis. However, this analysis can identify brain
regions that are differentially recruited during successful emotional memory encoding, depending on the genotype. In our
sample, carriers of the deletion variant of ADRA2B (compared
with noncarriers) exhibited a significantly stronger ESM effect in
the left insula (Table S4). In contrast, noncarriers had a higher
ESM effect for negative pictures in the occipital lobe. No
genotype-dependent differences in ESM effects were observed
in the amygdala. Separate analyses in each genotype group
revealed that ESM effects in the amygdala were of similar
Rasch et al.

dimension in carriers and noncarriers of the deletion variant
(Table S3).
Functional Connectivity. To further investigate the influence of the
ADRA2B polymorphisms on neural substrates of emotional
memory encoding, we calculated the functional connectivity
[psychophysiological interaction (PPI)] between the right amygdala and all other brain areas during encoding of negative vs.
neutral pictures in carriers and noncarriers of the deletion. This
method allowed us to identify brain regions that differ in their
association with the seed region between negative and neutral
picture conditions, excluding general associations due to neuroanatomical constraints or simple perceptual processes. We
observed that coupling during encoding of negative pictures
between the right amygdala and left insula was significantly
higher in deletion compared with no-deletion carriers [(⫺44, ⫺6,
0), t(55) ⫽ 3.29; P ⫽ 0.001; deletion vs. no-deletion group; Fig.
3). Connectivity with the right amygdala in deletion carriers was
also increased in the left inferior frontal gyrus [Brodmann’s area
(BA) 47; (⫺33, 14, ⫺16), t(55) ⫽ 3.61; P ⬍ 0.001] and the left
postcentral gyrus [BA 3; (⫺36, ⫺25, 48); t(55) ⫽ 3.63; P ⬍
0.001). No brain regions exhibited significantly decreased connectivity with the right amygdala for carriers vs. noncarriers of
the deletion variant of ADRA2B.

Discussion
In accordance with our main hypothesis, carriers of the ADRA2B
deletion variant exhibited higher amygdala activation in response
to negative vs. neutral pictures compared with noncarriers. This
differential responsivity of the amygdala to emotional stimuli is

Fig. 3. Genotype-dependent differences in connectivity between the right
amygdala and the left insula. (A) In deletion carriers, amygdala and insula
activity was positively coupled during encoding of negative pictures, whereas
an inverse association was observed in noncarriers. The difference in connectivity estimates between the genotype groups was significant (P ⫽ 0.001,
displayed at a threshold of P ⫽ 0.005). The white circle indicates the increase
in connectivity in the left insula. (B) Parameter estimates for the genotypespecific difference in connectivity with the amygdala in the left insula.
PNAS Early Edition 兩 3 of 6

NEUROSCIENCE

t(55) ⫽ 2.55; P ⫽ 0.007; P(SVC) ⫽ 0.14]. Also, during encoding
of positive pictures, the left amygdala exhibited increased but
nonsignificant activation in deletion carriers vs. noncarriers
[(⫺25, 3, ⫺20), t(55) ⫽ 2.04; P ⬍ 0.03; P(SVC) ⫽ 0.35).
According to our statistical criterion (i.e., SVC), we focused on
genotype-dependent differences in the right amygdala during
encoding of negative pictures in our further analysis.
In addition to the genotype-dependent differences in amygdala activity, exploratory whole-brain analysis revealed that
carriers of the deletion variant of ADRA2B exhibited increased
activation in the left insula in response to negative pictures. The
same activity pattern was also observed in the inferior parietal
lobule as well as the superior temporal gyrus (Table 1). During
encoding of positive pictures, noncarriers of the deletion had
higher activation in the cingulate gyrus [(⫺22, ⫺44, 24), t(55) ⫽
3.86; P ⬍ 0.001). No other genotype-dependent suprathreshold
activation was observed.
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in line with the known role of the noradrenergic system and the
amygdala in mediating the memory-enhancing effects of emotional arousal (6).
Evidence for the involvement of the amygdala in the formation of emotional memories is very strong (ref. 4, for a review).
As known from numerous studies in rodents, the enhancing
effect of emotion on memory critically depends on the functional
integrity of the amygdala and the noradrenergic neurotransmission within the amygdala during and shortly after learning
(29–31). According to the modulation hypothesis, the amygdala
is not the primary storage site for memories strengthened by
emotional arousal, but it promotes synaptic plasticity underlying
memory formation in other brain regions via increased release
of the neurotransmitter noradrenaline (see refs. 5, 10, 32, and 33
for reviews). Several human studies support this notion by
indicating impairment of emotional memories in patients with
selective amygdala lesions (34–36) and dependence of emotional
memory formation on noradrenergic neurotransmission (11–
14). Moreover, the noradrenergic system seems to be a promising
target for the pharmacological prevention/reduction of traumatic memories in PTSD (37). Imaging studies have consistently
shown that activity in the amygdala during encoding is correlated
with retrieval success of memories tested after several hours,
weeks, or years (38–42). Based on this background and our data,
we conclude that the ADRA2B genotype-dependent differences
are related to altered amygdala activation in response to emotional events.
In vitro, the deletion of three glutamic acid residues of the
␣2b-adrenergic receptor studied here results in inhibition of
adenylcyclase, but also in decreased agonist-promoted phosphorylation and receptor desensitization (24). Because these
data suggest both agonistic and antagonistic effects, the exact
molecular mechanism by which the deletion variant influences
noradrenergic neurotransmission during emotional memory encoding remains to be determined. However, both the data of our
behavioral as well as of the present imaging study strongly suggest
that the deletion variant results in increased noradrenergic availability in response to emotional events, leading to increased amygdala activation as well as enhanced emotional memories (16).
Because the ␣2-adrenoceptors act as autoreceptors inhibiting NE
release, our data suggest that the deletion variant acts primarily as
a loss-of-function polymorphism of the ␣2b-adrenergic receptor in
the regulation of emotional memories.
With regard to the time course, our imaging results speak for
a genotype-dependent difference in amygdala activation already
during the encoding phase, which explains why the ADRA2B
genotype alters emotional memory recall as early as 10 min after
learning (16). Because differences in amygdala activity and
connectivity during the encoding phase readily predict recall of
memories tested after several weeks or years (40, 43), the degree
of the initial response of the amygdala to emotional stimuli also
appears to be crucial for initializing processes of memory
formation for the long term. Noradrenergic transmission is
known to modulate both short-term memory processes (44) and
long-term memory consolidation (45) of emotionally arousing
information. Therefore, it is possible that genotype-dependent
differences in ␣2b-adrenoreceptor function not only affect memory
encoding but also affect later phases of emotional memory formation and involve additional brain regions. In fact, enhancing effects
of emotion on memory become even more pronounced after longer
retention intervals (46). Although the current study focused on
encoding and early memory formation processes, future studies will
have to examine the effects of genetic variations in the adrenergic
system on long-term consolidation of emotional memories and their
neural underpinnings.
Independently of genotype group differences in general amygdala responsivity and memory performance, no genotypedependent difference in the amygdala was observed when com4 of 6 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0907425106

paring mean brain activity for the picture categories
‘‘remembered’’ and ‘‘forgotten’’ in the ESM analysis, because the
ESM effects in the amygdala were of similar dimension in both
genotype groups. Thus, a similar ESM effect occurs at different
general responsivity levels of the amygdala, depending on
ADRA2B genotype. Together with the observed genotypedependent increase in general amygdala responsivity, our results
suggest that the amygdala is involved in successfully encoding
emotional memories in both genotype groups, but at different
levels. In the left insula, however, ESM effects were larger for
carriers of the deletion variant of ADRA2B, indicating that in
deletion carriers, the insula might play a more pronounced role
in relation to successful emotional memory encoding compared
with noncarriers. This notion is compatible with the observed
increased connectivity between the amygdala and the insula
during the encoding of negative pictures in deletion carriers.
Such increased connectivity between the amygdala and the
insula points to a tightened communication within brain areas
known to be involved in affective processing (47, 48). The insular
cortex is known to be highly important for the acquisition and
long-term consolidation of aversive memories in rodents and acts
in close interaction with the amygdala to promote memory
formation (32, 33). Posttraining infusions of cAMP in the insula
enhance inhibitory avoidance in rats (49), and in vivo tetanic
stimulation of the amygdala induces long-term potentiation in
the insular cortex (50, 51).
Evidence for an involvement of the insula in emotional
memory is also provided by human studies. During aversive
conditioning, increases in brain activity associated with the
conditioned stimulus are consistently observed in insular regions
(52–54). Also, during encoding of negative pictures, higher
insula activation was observed in young participants, who exhibited a stronger extent of emotional memory enhancement than
older participants (55). Importantly, heightened amygdala and
insula responsivities to emotional- or trauma-related stimuli
have been observed in PTSD patients (47, 56, 57) as well as in
several other affective disorders (48). This hyperactivity is
related to symptom severity in PTSD patients (58). Moreover,
insula activity correlates directly with the intensity of intrusions
(‘‘flashbacks’’) of traumatic memories (59). Interestingly, in our
previous study we found evidence that the ADRA2B deletion
variant is not only related to stronger emotional memories in
healthy subjects but also to stronger traumatic memories in war
victims (16). Thus, the present finding of an ADRA2B deletion
variant-related increase in amygdala activity and amygdala–
insula interaction during encoding of emotional events in healthy
subjects might also have implications for understanding the
mechanisms underlying the development of traumatic memories
in PTSD.
Materials and Methods
Participants. A total of 57 healthy young subjects (mean age, 24.1 ⫾ 0.6 years;
range, 18 –38 years; 16 males) participated in the study. All subjects were free
of any lifetime neurological or psychiatric illness and did not take any medication at the time of the experiment. The experiments were approved by the
ethics committee of the University of Zürich. Written informed consent was
obtained from all subjects before participation.
Picture Task. Stimuli consisted of 72 pictures that were selected from the IAPS
(17) as well as from in-house standardized picture sets that allowed us to
equate the pictures for visual complexity and content (e.g., human presence).
On the basis of normative valence scores (from 1 to 9), pictures were assigned
to emotionally negative (2.3 ⫾ 0.6), emotionally neutral (5.0 ⫾ 0.3), and
emotionally positive (7.6 ⫾ 0.4) conditions, resulting in 24 pictures for each
emotional valence. Negative and positive pictures were equated for valence
extremity (P ⬎ 0.60). Mean normative arousal ratings were 5.9 ⫾ 0.9 (negative), 3.4 ⫾ 0.5 (neutral), and 4.9 ⫾ 0.8 (positive). Picture categories significantly differed in normative arousal ratings (negative ⬎ positive ⬎ neutral; P ⬍
0.001). Four additional pictures showing neutral objects were used to control
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Encoding Phase. The pictures were presented for 2.5 seconds in a quasirandomized order so that at maximum, four pictures of the same category
occurred consecutively. A fixation cross appeared on the screen for 500 msec
before each picture presentation. Trials were separated by a variable intertrial
period of 9 –12 sec (jitter) that was equally distributed for each stimulus
category. During the intertrial period, participants subjectively rated the
picture showing scenes according to valence (negative, neutral, positive) and
arousal (large, medium, small) on a three-point scale (Self Assessment Manikin) by pressing a button with a finger of their dominant hand. For scramble
pictures, participants rated form (vertical, symmetric, or horizontal) and size
(large, medium, small) of the geometrical object in the foreground. The
encoding phase of the picture had a total duration of 22 min. Participants
were not told that they had to remember the pictures for later recall.
Participants were instructed and trained on the picture task before being
positioned in the scanner. Training consisted of presentation and rating of five
pictures, including scenes and scrambled pictures, which were not used during
scanning.
Free Recall. At 10 min after picture presentation, memory performance was
tested by using a free-recall task, which required participants to write down
a short description (a few words) of the previously seen pictures. Remembered
primacy and recency pictures as well as training pictures were excluded from
the analysis. No time limit was set for this task. Two trained investigators
independently rated the descriptions for recall success (interrater reliability,
⬎99%). No details were required for correct scoring because we used only
distinct pictures. As in our previous study (16), we used the relative difference
between successfully recalled negative (or positive) and neutral pictures as
dependent variables, with the number of successfully recalled neutral pictures
set to 100%. The absolute number of recalled neutral pictures was used as a
covariate in the statistical analysis of emotional memory performance to
control for differences in memory capacity.
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Procedure. After receiving general information about the study and giving
their informed consent, participants were instructed and then trained on the
picture task and the n-back task (described in the SI Methods) they later
performed in the scanner. After training, they were positioned in the scanner.
The participants received earplugs and headphones to reduce scanner noise.
Their head was fixated in the coil by using small cushions, and they were told not
to move their heads. Functional MR images were acquired during the performance of the picture task and the n-back task in two separate sessions (total
scanning time approximately 30 min). After finishing the tasks, participants left
the scanner and were taken to a separate room for free recall of the pictures.
Finally, participants filled out questionnaires, gave saliva for genotype analysis,
and were debriefed. The total length of the experimental procedure was ⬇3 h.
Participants received 25 Swiss francs per hour for participation.

SENSE head coil. Functional time series were acquired with a sensitivityencoded (60), single-shot echo-planar sequence (SENSE-sshEPI). We used the
following acquisition parameters: echo time ⫽ 35 ms, field of view (FOV) ⫽ 22
cm, acquisition matrix ⫽ 80 ⫻ 80, interpolated to 128 ⫻ 128, voxel size: 2.75 ⫻
2.75 ⫻ 4 mm3, and SENSE acceleration factor R ⫽ 2.0. By using a midsagittal
scout image, 32 contiguous axial slices were placed along the anterior–
posterior commissure plane covering the entire brain with a repetition time ⫽
3,000 msec ( ⫽ 82°). The first two acquisitions were discarded because of T1
saturation effects.
Preprocessing and data analysis was performed by using SPM5 (Statistical
Parametric Mapping; Wellcome Department of Cognitive Neurology, London,
U.K.; http://www.fil.ion.ucl.ac.uk/spm/) implemented in Matlab 2008a (Mathworks). Volumes were slice-time-corrected to the first slice, realigned to the
first acquired volume, normalized into standard stereotactic space (template
provided by the Montreal Neurological Institute, Montreal, Canada), and
smoothed by using an 8-mm full-width-at-half-maximum Gaussian kernel. A
128-sec-cutoff high-pass filter was added to the confound partition of the
design matrix to account for low-frequency drifts, and a correction for intrinsic
autocorrelations was included in the analysis. For each subject, evoked hemodynamic responses to event types were modeled with a delta (stick) function corresponding to stimulus presentation convolved with a canonical hemodynamic response function within the context of a general linear model.
The pictures accounting for possible primacy and recency effects as well as
button presses during valence and arousal ratings were modeled separately.
In addition, six movement parameters from spatial realigning were included
as regressors of no interest.
For all genotype-independent analyses, we used a threshold of P ⬍ 0.05,
corrected for multiple comparisons in the whole brain (FWE t(54) ⫽ 5.24), in
a minimum of 20 adjacent voxels (k ⫽ 20). In the comparisons of genotype
groups, an uncorrected threshold of P ⬍ 0.001 in a minimum number of three
adjacent voxels (k ⫽ 3) was used for an exploratory analysis of the whole brain.
According to our hypotheses, the left and right amygdala were regions of
interest (ROIs) where SVC was applied with a threshold of P ⬍ 0.05. The ROIs
contained the left and right amygdala as defined by the Talairach atlas (61)
implemented in the software WFU PickAtlas v2.4 (62).
Functional Connectivity Analyses. To further investigate the association of
ADRA2B genotype with amygdala BOLD response and network coupling
during memory encoding, we performed a PPI analysis as a measure of
task-related functional connectivity (63) within SPM5. We used as seed the
peak of activation in the right amygdala identified in the comparison between
the genotype groups (Montreal Neurological Institute coordinates: x ⫽ 22, y ⫽
⫺3, z ⫽ ⫺24). We did not include as additional seed the peak in the left
amygdala, given that it did not survive correction for multiple comparisons.
The time course of the seed was extracted for each subject, mean-centered,
high-pass-filtered, and deconvolved. A general linear model was then computed by using three regressors: a physiological regressor (the time course
response in the seed region), a psychological regressor (the contrast between
negative and neutral pictures), and a PPI term, calculated as the cross-product
of the previous two terms. The individual PPI contrasts were entered in a
second-level random-effects analysis to investigate differences in connectivity
between genotypes (P ⬍ 0.001 uncorrected; k ⫽ 3).

fMRI Data Acquisition and Processing. Measurements were performed on a
Philips Intera 3T whole-body MR unit equipped with an eight-channel Philips

ACKNOWLEDGMENTS. This work was supported by Swiss National Science
Foundation Grants PP00P3-123391 and CRSIK0㛭122691 (to D.J.-F.d.Q.) and
PP00P3-114813 and CRSIK0㛭122691 (to A.P.), the European Science Foundation (EUROStress) (D.J.-F.d.Q. and A.P.), and a grant from the Zürich Center for
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