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The effect of life stress on depression is moderated by a repeat
length variation in the transcriptional control region of the sero-
tonin transporter gene, which renders carriers of the short variant
vulnerable for depression. We investigated the underlying neural
mechanisms of these epigenetic processes in individuals with no
history of psychopathology by using multimodal magnetic reso-
nance-based imaging (functional, perfusion, and structural), geno-
typing, and self-reported life stress and rumination. Based on
functional MRI and perfusion data, we found support for a model
by which life stress interacts with the effect of serotonin trans-
porter genotype on amygdala and hippocampal resting activation,
two regions involved in depression and stress. Life stress also
differentially affected, as a function of serotonin transporter
genotype, functional connectivity of the amygdala and hippocam-
pus with a wide network of other regions, as well as gray matter
structural features, and affected individuals’ level of rumination.
These interactions may constitute a neural mechanism for epige-
netic vulnerability toward, or protection against, depression.

amygdala | emotion | environment | gene | hippocampus

dverse life events can reveal profound interindividual dif-
ferences, rousing resilience in some and exposing suscep-
tibility to mood disorders, including depression, in others. Dia-
thesis-stress models have sought to explain these individual
differences in terms of genetic predispositions interacting with
environmental factors (1). Behavioral genetic studies have sup-
ported these models (2), with current work focusing on molec-
ular and neural mechanism that may underlie these associations.
Dysfunction of the serotonin (5-hydroxytryptophan, 5-HT)
system is implicated in mood disorders, and variation within
serotonergic genes has been associated with negative emotional
traits such as neuroticism and harm avoidance (3). For example,
higher scores in these traits are associated with a common short
variant of a repetitive sequence in the transcriptional control
region of the 5-HT transporter gene (5-HTT, SERT, SLC6A4),
which results in low 5-HT uptake function (4). Two metaanalyses
have concluded that presence of the short variant of this repeat
(5-HTT-linked polymorphic region, S-HTTLPR) is associated
with higher levels of neuroticism or harm avoidance (5, 6).
Although neuroticism itself is a risk factor for depression (7), the
link between 5S-HTTLPR genotype and depression has been
more tenuous, suggesting that S-HTTLPR genotype does not
have a consistent main effect on depression but instead may be
moderated through other variables (8).
Caspi et al. (9) conducted a 23-year longitudinal study in
a large sample of individuals who were genotyped for the
5-HTTLPR. They found that carriers of the 5S-HTTLPR short
variant showed more depressive symptoms, diagnosed depres-
sion, and suicidality as a function of stressful life events than
individuals homozygous for the 5-HTTLPR long variant, thus
demonstrating a significant gene-by-environment (GxE) inter-
action. Several replication studies also have reported a moder-
ating effect of 5S-HTTLPR genotype on the effect of life stress on
depression (10, 11), although some reported an effect only in
females (12, 13), and others failed to find any significant GXE
interaction (14, 15). It is possible that methodological differences

www.pnas.org/cgi/doi/10.1073/pnas.0601674103

in subject selection account for some inconsistencies across
studies or that clinical assessments or measures of self-report are
not sensitive enough to reveal a GxE interaction reliably.

We followed an endophenotype approach (16) to investigate
a GxE interaction for 5-HTTLPR genotype. The endophenotype
approach seeks to capture gene effects by using dependent
variables that are more sensitive than clinical assessment or
self-report, such as measures of brain activation. Indeed, the
effect size of a given genotype can be one order of magnitude
greater when it is measured in terms of brain activation than in
terms of traditional behavioral measures (17).

Prior work has shown that S-HTTLPR genotype modulates
brain activation in regions associated with affective processing.
The first such study by Hariri ez al. (18) reported that amygdala
activation in healthy participants during a face-matching task was
greater in carriers of the 5-HTTLPR short variant than in
individuals homozygous for the 5-HTTLPR long variant. This
observation later was replicated by the same group (19, 20) and
by others in social phobic patients (21). Other studies extended
these reports by showing that 5S-HTTLPR genotype modulates
functional connectivity between the amygdala and prefrontal
cortex (22) and that it plays a role in cognitive processes that go
beyond reactivity to affective stimuli (23). Based on these
studies, we designated the amygdala as an a priori region of
interest.

Prior work also highlighted the effect of stress on neural
morphology, particularly in the hippocampus (24). Furthermore,
abnormal hippocampal volume has been reported in depressed
patients (25-29), suggesting that life stress, possibly in interac-
tion with 5-HTTLPR genotype, may affect hippocampal struc-
ture (and perhaps function) in healthy individuals. We therefore
designated the hippocampus as a second a priori region of
interest.

Our primary goal was to evaluate whether these regions
of interest showed evidence of a GxE interaction for the
5-HTTLPR. Our secondary goal was to compare two models of
5-HTTLPR function. The “standard” (or phasic activation)
model represents the view that presence of the short variant is
associated with increased amygdala reactivity to negative emo-
tional stimuli. It is based on several reports that carriers of the
short variant show greater activation to negative than neutral
stimuli in the amygdala (18-22). Integrating this model with the
GxE literature reviewed above, one would expect that short-
variant carriers with more life stress experience should exhibit
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Table 1. GxE effect on activation

Condition and loci ~ Volume, mm3  Zscore X Y z
Fear-Fixation

Hippocampus 312 2.94 -32 -18 -14
Sad-Fixation

Hippocampus 312 2.79 —-32 -18 -14

Hippocampus 200 2.81 32 -32 -6
Happy-Fixation

Amygdala 280 2.96 -22 -10 -12

Hippocampus 408 3.1 -32 -18 -14
Neutral-Fixation

Amygdala 296 2.91 -22 -8 —-12

Hippocampus 360 2.97 -32 -18 -14

Negative correlations for S; positive correlations for L.

greater amygdala reactivity to negative stimuli than those with
less life stress experience. This association would lead to the
prediction that short-variant carriers should exhibit a positive
correlation between life stress and amygdala activation to neg-
ative (and only negative) stimuli compared with a fixation rest
condition. We have proposed an “alternative” (or tonic activa-
tion) model (23), which posits that presence of the short variant
does not enhance amygdala reactivity to emotional stimuli but
rather enhances amygdala activation at rest. This model is based
on our demonstration that increased amygdala activation in
short-variant carriers to negative-neutral stimuli is not driven by
increased activation to negative stimuli but instead is driven by
decreased activation to neutral stimuli when compared with a
fixation rest condition. Integrating our alternative model with
the GxE literature reviewed above, one would expect that
short-variant carriers with more life stress experience should
exhibit greater increases in amygdala activation at rest than those
with less life stress experience. This association would lead to the
prediction that short-variant carriers should exhibit a negative
correlation between life stress and amygdala activation to neu-
tral test stimuli compared with a fixation rest condition.

Results

Interaction of 5-HTTLPR and Life Stress: Effect on Neural Activation.
Both a priori regions of interest showed a significant (P < 0.05,
familywise-error-corrected) interaction of S-HTTLPR genotype
and life stress (Table 1 and Fig. 1). The pattern of correlations
was consistent with our tonic activation model but not with the
standard phasic activation model: Compared with a fixation rest
condition, activation to face stimuli correlated negatively with
life stress in the S group and correlated positively with life stress
in the L group. Fig. 1 shows an example from both the amygdala
and hippocampus in response to neutral faces, relative to a
fixation rest condition (depictions for all significant conditions
are available as Figs. 4 and 5, which are published as supporting
information on the PNAS web site).

Recalculation of the data with respect to a potentially func-
tional A/G single-nucleotide polymorphism (SNP rs25531; refs.
30 and 31) within 5-HTTLPR found that the observed interac-
tion may have been driven by the presence of longg carriers in
the L group. However, the number of longg carriers (n = 4) was
too small to draw any firm conclusions regarding the role of this
SNP and, therefore, was not further considered.

Whole-brain analysis identified additional regions in which
activation to face stimuli was moderated by a significant (P <
0.005, uncorrected, 20 voxels extent) interaction of 5S-HTTLPR
genotype and life stress. Among these regions, the left inferior
occipital gyrus, a brain region engaged in visual processing,
stood out because it showed a significant GXE interaction across
all four contrasts. Other regions modulated by the GxE inter-
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Fig. 1. Amygdala and hippocampal activation as a function of 5-HTTLPR
genotype and life stress. (Left) Clusters represent voxels in which amygdala (A)
and hippocampus (H) activation to neutral faces-fixation varied significantly
as an interaction of life stress and 5-HTTLPR genotype. (Center and Right)
Columns show scatterplots of percent mean activation across the cluster
shown in Left as a function of life stress for the 'S Group” (n = 32) and "L
Group” (n = 16), respectively.

action included the superior parietal lobule and superior tem-
poral gyrus, which play a role in imitation and, therefore, may
serve as a basis for more complex, socially oriented behaviors
(32). A complete listing of these regions is available in Table 2,
which is published as supporting information on the PNAS web
site.

Interaction of 5-HTTLPR and Life Stress: Effect on Amygdala and
Hippocampal Functional Connectivity. We next evaluated whether
the interaction of 5-HTTLPR genotype and life stress modulated
functional connectivity between amygdala and hippocampus,
based on the clusters listed in Table 1, and other brain regions.
These analyses revealed a significant (P < 0.005, uncorrected, 20
voxels extent) GxE effect in a large set of brain regions. For
example, a GxE effect altered functional connectivity between
hippocampus and putamen, which is of interest because these
regions are engaged in separate but interacting memory systems
(33). A number of regions believed to represent circuitry re-
quired for imitative behavior or its relay to emotion-related
systems (32, 34), such as the superior parietal lobule, superior
temporal gyrus, precentral gyrus, anterior cingulate, caudate
nucleus, and insula, also were moderated by this GXE interaction.
A complete listing of these regions is available in Table 3, which
is published as supporting information on the PNAS web site.

Interaction of 5-HTTLPR and Life Stress: Effect on Amygdala and
Hippocampal Absolute Cerebral Blood Flow (aCBF) at Rest. The
functional MRI (fMRI) data presented above are consistent
with our tonic activation model of 5-HTTLPR function. How-
ever, a more direct test of the model requires a measure of
absolute level of activation at rest. We therefore conducted
perfusion scans on 21 subjects to test two predictions made by
our model.

The first prediction was that carriers of the 5-HTTLPR short
variant should have higher amygdala activation at rest than
noncarriers, based on our previous work (23). This prediction
was confirmed in a two-sample ¢ test comparing aCBF between
the S and L groups, which found a significant difference in the
predicted direction for both the amygdala [cluster 1: 351 mm?,
Montreal Neurological Institute (MNI) coordinates: —24, —7,
—7; cluster 2: 189 mm?3, MNI coordinates: 20, —11, —9; mean
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Fig. 2. aCBF in amygdala and hippocampus. (A Left Upper and Lower)
Clusters represent voxels where aCBF (measured in ml-100 g~ "-min—") differed
significantly between the S Group (n = 13) and L Group (n = 8). (A Right Upper
and Lower) Bar graphs show level of activation in amygdala and hippocampus,
with error bars depicting SEM. (B) Scatterplots from clusters within amygdala
(Upper) and hippocampus (Lower) that showed a significant interaction of life
stress and aCBF.

activation difference across both clusters: #(19) = —3.24, P <
0.005] and the hippocampus [cluster 1: 1,512 mm?3, MNI coor-
dinates: —33, —20, —7; cluster 2: 648 mm?>, MNI coordinates: 29,
—20, —7; mean activation difference across both clusters: #(19) =
—5.28, P < 0.001; Fig. 24].

The second prediction was that the interaction of 5-HTTLPR
genotype and life stress also should affect the resting activation
in the amygdala and hippocampus. Indeed, as shown in
Fig. 2B, we observed a significant interaction effect of 5-HT-
TLPR genotype and life stress on resting level activation in the
amygdala (cluster 1: 567 mm?, MNI coordinates: —24, —8 —7,
cluster 2: 351 mm?3, MNI coordinates: 23, —9, —5; univariate
analysis of variance, based on mean of both clusters of GxE
interaction: F(y, 17y = 6.49, P = 0.02), and in the hippocampus

Canli et al.
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Fig.3. GxE effect on self-reported rumination. Scatterplots of self-reported
rumination as a function of life stress for the S Group (n = 13) and L Group
(n = 8), respectively.

[cluster 1: 1,782 mm?3, MNI coordinates: —33, —20, —7; cluster
2: 540 mm?3, MNI coordinates: 29, —20, —9; univariate analysis
of variance, based on mean of both clusters of GXE interaction:
F(], 17) = 555, P = 003]

We next investigated the GXE effect on rumination, a form of
dysfunctional cognitive reappraisal of negative life events that is
a risk factor for depression and anxiety disorders (35). Based on
our finding of a significant GXE effect on amygdala resting
activation and a prior report associating amygdala activation
with trait rumination (36), we predicted a similar GXE effect on
self-reported rumination. Indeed, there was a strong GxE inter-
action [F(1, 17) = 7.38, P < 0.02]): Life stress correlated negatively
with rumination for the L group but positively with rumination
for the S group (Fig. 3). This pattern is particularly remarkable,
given that the S group had experienced significantly fewer life
stressors than the L group had [#(19) = —2.67, P < 0.02; mean
life stress categories reported: 4.5 vs. 8.8].

Interaction of 5-HTTLPR and Life Stress: Effect on Gray Matter Volume
and Concentration. We (23) and others (20) have described a main
effect of S-HTTLPR genotype on brain structure. Others have
documented the effects of stress on brain structural features
(24). We therefore conducted a voxel-based morphometry
(VBM) analysis on the 48 participants of the fMRI study to
evaluate the interaction of S-HTTLPR genotype and life stress.

There was a significant (P < 0.05, familywise error-corrected)
GxE effect on gray matter volume in the left amygdala and
hippocampus (amygdala: 353 mm?3, maximum P = 0.002, Z =
2.97, MNI coordinates: —18, —5, —26; hippocampus: 261 mm?,
maximum P = 0.001, Z = 3.19, MNI coordinates: —25, —10,
—27). For both regions, the effect was driven primarily by the L
group, which exhibited a positive correlation in gray matter
volume with life stress, whereas the S group showed null
correlations with life stress.

There was a significant (P < 0.05, familywise error-corrected)
GxE effect on gray matter density in the right hippocampus (422
mm?3, maximum P = 0.002, Z = 2.93, MNI coordinates: 34, —28,
—15). Life stress correlated negatively with gray matter density
in the L group and positively in the S group. Thus, measures of
gray matter volume and density identified two clusters in the
hippocampus that differed in laterality, location within the
hippocampus, and direction of the GxE interaction. This varia-
tion suggests that the GxE interaction affects gray matter volume
and structure through different mechanisms.

There was very little evidence that these GxE effects on
amygdala and hippocampal structure can account for their fMRI
activation patterns. Activation was not correlated with either
gray matter volume or density for the sample overall. The only
significant correlation was between hippocampal activation in
the L group and gray matter volume (r = .53, P < 0.05), which
was limited to the neutral-fixation contrast. These findings
suggest that the GxE effect on gray matter structure is not
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sufficient to account for all observed GxE effects on amygdala
and hippocampal activation, although it may account for hip-
pocampal activation in one condition.

Whole-brain analyses identified additional large regions that
showed a significant (P < 0.05, corrected at the cluster level)
interaction of S-HTTLPR genotype and life stress. These regions
include premotor, motor, and somatosensory regions, as well as
the anterior cingulate cortex and caudate nucleus. A complete
listing of these regions is available in Table 4, which is published
as supporting information on the PNAS web site.

Discussion

Individual differences in 5-HTTLPR genotype are associated
with anxiety and depression-related personality traits (3-5) but
act as a moderator between life stress and depression (9). We
now have begun to identify the neural mechanisms underlying
this moderator effect. Prior GXE studies with clinical evaluations
and self-report have highlighted the vulnerability of 5-HTTLPR
short-variant carriers, creating the impression that carriers ho-
mozygous for the long variant are not (or less) affected by life
stress. However, our data show that at the neural level of
analysis, life stress affects both groups of individuals but in an
opposite manner. In our a priori regions of interest, the corre-
lation between life stress and activation to face stimuli (relative
to a resting fixation condition) was negative in the S group but
positive in the L group. This GxE interaction was significant at
corrected levels for the amygdala in response to happy and
neutral facial expressions (and near significance at P = 0.59,
corrected, in response to fearful and sad facial expressions) and
for the hippocampus in response to all facial expressions (all
relative to fixation).

This activation pattern is consistent with our tonic activation
model but not the standard phasic activation model of
5-HTTLPR function. Specifically, we confirmed our prediction
that short-variant carriers should exhibit a negative correlation
between life stress and amygdala activation to neutral stimuli
compared with a fixation rest condition. We also extended this
prediction to the hippocampus, which is our second a priori
region of interest. In contrast, the phasic activation model had
predicted that short-variant carriers should exhibit a positive
correlation between life stress and amygdala activation to neg-
ative stimuli compared with a fixation rest condition. We found
no evidence for such a positive correlation. Instead, we found a
negative correlation that was near corrected significance levels
both for the fearful-fixation and sad-fixation contrasts.

The fact that we observed a similar GXE pattern across
stimulus conditions is problematic for the phasic, but not for the
tonic, activation model. The phasic model is stimulus-dependent,
because it explains the association between the 5-HTTLPR
short-variant and negative-affective traits (4) in terms of greater
amygdala reactivity to negative stimuli. In contrast, the tonic
model is stimulus-independent, because it explains the associa-
tion between the 5-HTTLPR short-variant and negative-
affective traits (4) in terms of higher amygdala resting activation,
which may engender a chronic state of vigilance, threat, or
rumination.

Although the foregoing analysis of our data finds much
support for the tonic model, the relative nature of fMRI-based
contrast analysis does not allow a definitive conclusion on the
validity of these two models. We therefore measured absolute
levels of cerebral blood flow by using perfusion imaging. Our
perfusion data confirmed that 5-HTTLPR short-variant carriers
indeed show elevated levels of amygdala activation at rest
compared with carriers who were homozygous for the long
variant. Our analysis also revealed a significant GxE effect for
amygdala and hippocampus, such that life stress correlated
positively with resting activation in the S group and negatively in
the L group. Given that amygdala activation is associated with
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trait rumination (36), we hypothesized and confirmed that life
stress correlates positively with rumination in the S group and
negatively in the L group. This pattern suggests a mechanism by
which genotype differentially affects amygdala-resting activation
and rumination levels as a function of life stress. Such a
mechanism may imbue L subjects with a protection against, and
render S subjects vulnerable toward, mood disorders such as de-
pression (35), although the small perfusion sample size warrants
replication.

Both a priori regions of interest also showed evidence for a
GxE effect on gray matter structural features. Volume of both
the left amygdala and hippocampus increased with greater life
stress in the L group but was unaffected by life stress (null
correlation) for the S group. Gray matter density was affected by
a GxE interaction only in the right hippocampus, where it
decreased with life stress in the L group (and increased in the S
group). Thus, the interaction of life stress and 5-HTTLPR
genotype appears to affect gray matter volume and density
differently through mechanisms that are unknown. These com-
plex interactions may explain why prior studies have reported
conflicting results relating hippocampal morphology to mood
disorders (25-28, 37).

Whole-brain analyses of activation, functional connectivity,
and gray matter density and volume revealed additional regions
that were moderated by the interaction of S-HTTLPR genotype
and life stress. What is striking regarding these regions is that
they belong to a system that mediates imitative behavior, from
which social behavior may have evolved (32). Regions involved
in imitation, imitative learning or social mirroring (32, 34), and
affected by a GxE interaction in this study, include the superior
parietal lobule, superior temporal gyrus, inferior frontal gyrus,
precentral gyrus, anterior cingulate, striatum (caudate nucleus),
insula, and amygdala. Some of these regions contain mirror
neurons (38-40), which are activated during goal-directed be-
havior or the observation of such behavior in others, and Von
Economo neurons, which are believed to play a role in social
bonding (41). Our study suggests that social behavior may be
subject to an interaction of 5S-HTTLPR genotype and life stress
and that mirror neurons or Von Economo neurons may be the
neural substrate of such GxE interactions. Future imaging
studies in humans could address whether an interaction of
S-HTTLPR and life stress moderates neural activation during
imitation or social processing tasks. Future electrophysiological
studies in macaque monkeys could test more directly whether
such GxE interactions moderate the behavior of mirror and Von
Economo neurons.

In contrast to 5-HTTLPR genotype, which is an objective
measure of individual differences, retrospective self-report of
life stress history is subjective and less precise. Although we
based our measure of life stress events on items included in the
life stress calendar method used by Caspi et al. (9), our self-
report version did not benefit from the analytical and fact-
checking skills of an experienced interviewer nor were data
acquired in a longitudinal format. Therefore, we have to be
mindful of the possibility that individuals may have differed from
one another in their ability to remember events accurately. This
concern would be particularly problematic if the measure were
based on free recall (which it was not) or when dating or
enumerating the number of instances that a particular event
occurred (which is information that was not used in the current
set of analyses). Instead, we enumerated the number of life stress
items (out of a maximum of 28 questionnaire items) that
participants endorsed as personal experiences. The sample used
in the present study was too small to conduct additional analyses
on the role of particular life stressors, because any individual
item was endorsed by only a subset of subjects. Increasing the
sample size to follow-up with more specialized analyses could
address whether chronic stressors have a similar effect as short-
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term stressors or whether the impact of early childhood stressors
differs from that of more recent stressors in adulthood. Because
our current sample is too small to take into consideration
multiple occurrences of the same type of experience, age at the
time of the experience, its recency or duration, or levels of
subjectively experienced stress, we regard this enumeration
method as a relatively blunt measure of life stress. It is likely that
with a significantly larger sample, one could extract additional
information regarding neural correlates of epigenesis if these
additional variables were taken into account, corroborated by
third parties, or if life stress data were collected during the course
of a prospective study. As studies begin to refine the method-
ologies for capturing these epigenetic effects on the brain, we
may better understand the mechanisms that render some indi-
viduals susceptible and others resilient to depression and other
mood disorders.

Materials and Methods

Participants. Forty-eight healthy adults (mean age = 24.7, SD =
5.6; 26 males) participated in the fMRI and voxel-based mor-
phometry studies, and 21 healthy adults (mean age = 30.4, SD =
8.5; 14 males) participated in the perfusion and rumination
studies. Exclusion criteria included history of diagnosed psycho-
pathology, current use of mood-altering medication, substance
abuse during the 6 months before the scan, history of severe head
trauma, neurosurgery, or neurological condition, pregnancy, or
any standard MRI counter indications. All participants gave
written informed consent, and the institutional review boards of
Stony Brook and Yale universities approved all procedures.

Mood and Personality Measures. Personality traits of extraversion
and neuroticism, and positive and negative mood states were
assessed by using standard self-report questionnaires (42, 43).
Life stress history was based on a self-report questionnaire
developed from items in the life history calendar (44) and
contained 28 items related to work, financial and legal problems,
death and serious illness, family and relationships, and other
stressful life events. Participants checked a box indicating
whether (and if so, when or how often) they had ever experi-
enced a particular event. For this current set of analyses, life
stress was quantified as the number of categories that were
endorsed by each participant (possible range of scores: 0-28).
Participants in the perfusion study also completed a rumination
questionnaire, the Ruminative Response Scale (45).

Genotyping. Participants were genotyped according to a protocol
published in ref. 4. For all subsequent analyses, the sample was
dichotomized according to the presence (s/s and s/1, S group) or
absence (I/1, L group) of the S-HTTLPR short variant. This
dichotomy was made a priori, based on the fact that serotonin
uptake in human lymphoblastoid cells is comparable for cells
that carried either one or two copies of the S-HTTLPR short
variant, whereas cells that were homozygous for the 5S-HTTLPR
long variant had ~2-fold higher uptake (4). Within the L group,
participants also were genotyped for the presence of a rare A/G
single-nucleotide polymorphism (SNP rs25531) that was recently
identified in the 5-HTTLPR (31). Demographic information on
the S and L groups is available as Supporting Text, which is
published as supporting information on the PNAS web site.

fMRI Task Procedures. Participants viewed four 18-second blocks
each of neutral, happy, sad, and fearful face stimuli (6 face
stimuli per block), which were presented in semirandom order
(each of the four block types was presented before the order was
reset and begun again). For each trial, the participant pressed a
button indicating whether the face was male or female. Stimuli
did not repeat and, thus, there were 24 images per type of facial
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expression (equal numbers of males and females). Each session
began and ended with 30 seconds of fixation cross presentations.

Imaging Procedures. All participants were scanned in a 3T Sie-
mens Trio scanner located in the Magnetic Resonance Research
Center at Yale University.

VBM and fMRI. High-resolution images for VBM analysis (46) were
acquired with a sagittal 3D MPRAGE sequence [inversion
time = 1,100, repetition time (TR) = 2,530, echo time = 3.66,
flip angle = 7°, matrix = 256 X 256]. For fMRI, 24 functional
whole-brain images (5 mm thickness), taken through the plane
parallel to the anterior commissurae and posterior commissurae
line, were acquired by using a gradient echo T2*-weighted
echo-planar imaging scan (TR = 1.5 s; echo time = 30 ms; flip
angle = 80°; field of view = 220 X 220 mm).

Perfusion scanning. Participants were scanned by using the MRI
arterial spin labeling perfusion technique to measure the aCBF at
rest. We have implemented QUIPSSII (47) with gradient echo-
planar imaging for data acquisition. The eight-channel phased-
array coil was used for imaging to improve the signal-to-noise ratio.
Imaging parameters were as follows: TR, 3,000 ms; echo time, 21
ms; the inversion time for the first slice is 1,400 ms; inversion time
1,700 ms; and delay time (TD) is adjusted to the maximum within
each TR; 256 X 192 mm? field of view, 6.0-mm slice thickness with
2-mm gap, 64 X 48 image matrix, readout bandwidth 2,442 Hz per
pixel. Ten anterior commissurae and posterior commissurae-
aligned slices were acquired for the top and bottom parts of the
brain, respectively. The proton density (PD) weighted image was
acquired by using the same sequence as perfusion except that the
TR was set to 10 seconds, TD equals 0, and the postinversion
recovery time was adjusted to the maximum. The longitudinal
relaxation time (T1) mapping was performed with an ultrafast
Look-Locker echo-planar imaging T1 mapping sequence (48). Both
PD and T1 mapping was performed in the same slice locations as
the perfusion weighted imaging, and the PD and T1 maps were used
for the aCBF estimation.

Data Analysis. VBM was conducted according to an optimized
VBM protocol (49): age, sex, S-HTTLPR genotype, life stress,
gene-by-life stress, and total gray matter volume were included
in the model as covariates to control for confounds. The level of
statistical significance was set at P < 0.05, corrected at the cluster
level. Perfusion data were analyzed as follows: Functional im-
ages were motion corrected by using SPM99. Time series of the
perfusion-weighted images were obtained by pairwise ‘“‘sur-
round” subtraction between interleaved label and control pairs
(50-52). The aCBF was calculated from the average perfusion-
weighted images for each condition. Other parameters used in
cerebral blood flow quantification: T4,, 1,490 ms; a, 0.90;
inversion time, 1,400 ms for the first slice. Difference maps for
each individual then were transformed to a reference brain space
and for group statistical analysis (53). Analyses of aCBF levels
were conducted with customized software and restricted to the
hippocampus and amygdala. fMRI data were preprocessed,
normalized to the gray matter template, and spatially smoothed
with an 8-mm full-width half-maximum isotropic Gaussian filter.
Statistical analysis of functional data were conducted in SPM2
and based on fixed-effects models (54) at the individual subject
level of analysis and random effects models (55) for group-level
analyses. At the individual level of analysis, contrast images were
constructed comparing each of the three emotion conditions
(happy, sad, and fearful) and the neutral face condition to the
fixation-resting condition. At the group level of analysis, we
conducted the following analyses to assess epigenetic effects. To
evaluate the interaction of genotype and life stress on neural
activation, we conducted a multiple regression analysis in SPM2,
into which we entered four variables: genotype, life stress, the
interaction of genotype and life stress, and age. Because the

PNAS | October 24,2006 | vol. 103 | no.43 | 16037

PSYCHOLOGY

NEUROSCIENCE



Lo L

P

1\

BN AS PN AN D

sample was dichotomized based on 5-HTTLPR genotype, infor-
mation the presence or absence of the s variants was coded as
“+1” and —1%, respectively. The variable coding life stress
represented the number of life stress categories endorsed by each
individual. The interaction term was the product of the genotype
code with the number of endorsed life stress events. By assigning
weights of zero to the variables for genotype, life stress, and age
and assigning a weight of one to the interaction variable, we were
able to conduct a multiple regression analysis within SPM in
which we correlated brain activation for each of the contrasts of
interest that was uniquely associated with the interaction term,
while partialling out any main effects due to genotype, life stress,
or age. To evaluate epigenetic effects on functional connectivity,
we conducted psychophysiological interaction analyses (56) for
each individual, the results of which then were entered into
multiple regression group-level analyses as described above.
Epigenetic effects on brain structure were assessed by using
multiple regression analyses on data derived from a VBM
analysis.
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