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Abstract: Genetic variation in the serotonin transporter gene (SLC6A4) has been associated with psy-
chopathology and aberrant brain functioning in a plethora of clinical and imaging studies. In contrast,
the neurobiological correlates of epigenetic signatures in SLC6A4, such as DNA methylation profiles,
have only recently been explored in human brain imaging research. The present study is the first to
apply a resting state functional magnetic resonance imaging approach to identify changes in brain net-
works related to SLC6A4 promoter methylation (N 5 74 healthy individuals). The amygdalae were
defined as seed regions given that resting state functional connectivity in this brain area is under sero-
tonergic control and relates to a broad range of psychiatric phenotypes. We further used bisulfite pyro-
sequencing to analyze quantitative methylation at 83 CpG sites within a promoter-associated CpG
island of SLC6A4 from blood-derived DNA samples. The major finding of this study indicates a posi-
tive relation of SLC6A4 promoter methylation and amygdaloid resting state functional coupling with
key nodes of the salience network (SN) including the anterior insulae and the dorsal anterior cingulate
cortices. Increased intra-network connectivity in the SN is thought to facilitate the detection and subse-
quent processing of potentially negative stimuli and reflects a core feature of psychopathology. As
such, epigenetic changes within the SLC6A4 gene predict connectivity patterns in clinically and behav-
iorally relevant brain networks which may in turn convey increased disease susceptibility. Hum Brain
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INTRODUCTION

Genetic variation in the serotonin transporter gene
(SLC6A4) is widely regarded as a potential risk marker for
affective disorders [Caspi et al., 2010; Gatt et al., 2015]. By
far most research has been dedicated to a 43bp insertion/
deletion polymorphism in the promoter region of SLC6A4
(5-HTTLPR). This genetic variant presumably influences
the transcription rate of the gene with the short (S) allele
being transcriptionally less efficient than the long (L) allele
[Hu et al., 2006; Lesch et al., 1996]. Specifically, the S allele
of 5-HTTLPR has been linked to a broad range of psychi-
atric conditions such as post-traumatic stress disorder
(PTSD) and depression following exposure to environmen-
tal adversity [Caspi et al., 2003; Gressier et al., 2013; Karg
et al., 2011; Sharpley et al., 2014], however overall results
have been mixed [Munafo et al., 2009; Risch et al., 2009].
In parallel, molecular neuroimaging studies investigated
putative mechanisms explaining how genetic variation in
SLC6A4 may transfers into disease vulnerability. One of
the best described neural correlate of 5-HTTLPR is the
finding of heightened amygdala activity at rest [Brock-
mann et al., 2011; Canli et al., 2006; El-Hage et al., 2013;
Rao et al., 2007] and in response to aversive stimuli [Hariri
et al., 2002; Murphy et al., 2013] in S allele carriers.
Although neural activity is thought to be more closely
related to the genetic substrate compared to a psychiatric
disease [Meyer-Lindenberg, 2009], a recent meta-analysis
concluded that the effect of 5-HTTLPR on amygdala reac-
tivity is at best small [Bastiaansen et al., 2014].

Recent studies have promoted the idea that assessing
epigenetic modification in addition to sequence variation
is likely to constitute a more comprehensive approach in
candidate gene studies [Meaney, 2010; Szyf, 2013]. With
regard to SLC6A4 in specific, cytosine methylation within
a promoter-related region of the gene appears to be a bio-
logically relevant marker associated with decreased
SLC6A4 expression [Olsson et al., 2010; Philibert et al.,
2008; Vijayendran et al., 2012; Wankerl et al., 2014; but
also see Duman and Canli, 2015]. Moreover, individuals
exposed to early life stress were found to have higher
SLC6A4 promoter methylation levels [Beach et al., 2010,
2011; Duman and Canli, 2015; Kang et al., 2013; Ouellet-
Morin et al., 2013], which possibly reflect a molecular
pathway from environmental adversity to disease suscepti-
bility. In support of this notion, first studies have linked
SLC6A4 promoter methylation to various psychiatric phe-
notypes such as lifetime diagnosis and severity of depres-
sion [Kang et al., 2013; Olsson et al., 2010; Philibert et al.,
2008] depressive symptoms [Zhao et al., 2013] and unre-
solved trauma [van IJzendoorn et al., 2010], in some cases

dependent on 5-HTTLPR genotype [Olsson et al., 2010;
van IJzendoorn et al., 2010]. Although there is some heter-
ogeneity across studies concerning the specific SLC6A4
region investigated, they overall support the functional
and clinical relevance of SLC6A4 methylation.

Surprisingly, very little is known about the neurobiolog-
ical correlates of epigenetic signatures in SLC6A4 which
possibly mediate differential vulnerability on a systemic
level. A first imaging study using voxel-based morphome-
try reported a significant link between SLC6A4 promoter
methylation within an AluJb element and structural
changes in mood-related brain areas including the hippo-
campus, amygdala, and insula [Dannlowski et al., 2014].
With regard to functional measures, a recent seminal
study provides strong evidence for a positive association
of SLC6A4 promoter methylation and threat-related amyg-
dala reactivity [Nikolova et al., 2014]. In addition, a second
task-based fMRI study suggests that neural activity in the
anterior insula elicited by negative emotional stimuli posi-
tively correlates with the degree of SLC6A4 methylation
[Frodl et al., 2015]. These findings well-align with neural
alterations observed in 5-HTTLPR S allele carriers [Hariri
et al., 2002; Murphy et al., 2013].

Building on the seminal work conducted by Nikolova
and coworkers, an important next step is to identify
amygdala-based functional connectivity networks associ-
ated with SLC6A4 methylation. These network-based
measures often better account for effects of genetic varia-
tion [Meyer-Lindenberg, 2009] and behavioral variance
[Vaidya and Gordon, 2013] than regional measures of acti-
vation. Aiming to address this question, we assessed rest-
ing state functional connectivity (rsFC) patterns with the
amygdalae as seed regions in 74 healthy adults. This
approach provides a reliable measure of functional cou-
pling between brain regions unbiased by specific task
demands [Fox and Raichle, 2007; Shehzad et al., 2009].
Aberrant amygdala rsFC has been linked to a broad range
of clinically relevant phenotypes including fear learning
[Feng et al., 2014; Schultz et al., 2012] as well as anxiety
and mood disorders [Cullen et al., 2014; Patel et al., 2012;
Peterson et al., 2014]. Moreover, amygdala rsFC appears to
be responsive to pharmacological treatment directly target-
ing the serotonin transporter [Faria et al., 2014]. We further
used bisulfite pyrosequencing to analyze quantitative
methylation at 83 CpG sites within a 799-bp promoter-
associated CpG island of SLC6A4 [Philibert et al., 2007]
from blood-derived DNA. Importantly, two independent
post-mortem studies indicate significant correlations
between (site-specific) SLC6A4 promoter methylation lev-
els measured in amygdala tissue and peripheral blood
cells [Nikolova et al., 2014; Riese et al., 2014]. These
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studies highlight the usefulness of peripheral epigenetic
markers in SLC6A4 for the present study.

MATERIALS AND METHODS

Sample and Procedure

Seventy-four healthy Caucasians [male: n 5 45, age:
23.56 (6 2.36); female: n 5 29, age: 23.17 (6 3.0)] partici-
pated in the present study. All participants were right
handed and had normal or corrected to normal vision.
Exclusion criteria were current or past mental and/or
chronic physical diseases (for example, asthma, diabetes),
medication intake (for example, psychotropic drugs), preg-
nancy, and failure to meet the MRI compatibility. After a
structured telephone screening, participants were invited
to a first appointment in order to complete the diagnostic
interview for psychiatric disorders—short version (Mini-
DIPS) which asseses point and lifetime prevalence of axis I
disorders on the basis of DSM IV criteria [Margraf, 1994].
Furthermore, blood samples were drawn into EDTA tubes
(Sarstedt, N€umbrecht, Germany) for DNA extraction and
stored at 2208C for no more than 6 months. For the scan-
ning session, all participants were scheduled a second
appointment between 11:00 am and 5:00 pm at the Neuroi-
maging Center and were instructed to arrive well-rested.
After entering the lab, participants were introduced to the
study protocol and filled out the consent form prior to
testing. The scanning session started with the acquisition
of the structural image in order to acclimate participants
to the scanning environment and to reduce stress reactions
related to the scanner setting itself [Muehlhan et al., 2011,
2013]. During the RS acquisition, participants were
instructed to close their eyes and let their mind wander
but stay awake during the measurement. After completing
the experiment, participants were explicitly asked whether
they fell asleep during the scan which all participants had
neglected. The study was conducted in accordance with
the Declaration of Helsinki and approved by the Ethics
Committee of the Technische Universit€at Dresden [EK:
152052012]. All participants received a monetary reward
for participation.

Bisulfite Pyrosequencing and Genotyping

Quantitative methylation at 83 CpG sites within a 799-
bp promoter-associated CpG island of SLC6A4 initially
described by Philibert et al. [2007] was performed by
Varionostic GmbH (Ulm, Germany, http://www.
varionostic.de). Cytosine methylation within this region
appears to be of functional relevance as it has been found
to predict lower SLC6A4 mRNA expression in studies by
our own [Wankerl et al., 2014] and other groups [Olsson
et al., 2010; Philibert et al., 2008; Vijayendran et al., 2012].
For analysis, genomic DNA was extracted from EDTA
whole blood samples and bisulfite-treated using the EZ

DNA Methylation Gold Kit (Zymo Research, Range, CA).
Subsequent pyrosequencing was performed on the Q24/
ID System and percent methylation at each CpG site was
quantified using the PyroMark Q24 software (Qiagen). A
detailed protocol containing amplicon and sequencing pri-
mers is provided elsewhere [Wankerl et al., 2014]. The per-
centages of methylation values passing quality control
were> 95% for each individual CpG site. As previously
reported, we observed significant interindividual variation
regarding percentages of methylation at the CpG sites
investigated (Supporting Information Fig. S3). Methylation
levels were averaged across the 83 individual CpG sites to
calculate a mean SLC6A4 promoter methylation score for
each participant (referred to as SLC6A4 methylation). In
accordance with previous studies, mean methylation
scores were used for association analysis with fMRI data
[Frodl et al., 2015; Nikolova et al., 2014]. As indicated by a
Kaiser–Meyer–Olkin criterion larger than 0.5 (0.53), meth-
ylation across all CpG-sites share a substantial portion of
covariance (Cureton and D’Agostino, 1983), which is an
important prerequisite for applying this procedure for our
data. In addition, significant associations with functional
connectivity values were reported for each of the 83 indi-
vidual CpG sites separately to inform future studies
regarding potential regions of interest.

In addition, participants were genotyped for 5-HTTLPR
according to a previously published protocol [Alexander
et al., 2009] in order to control for genetic variation in
SLC6A4. Genotyping included the analysis of the A/G
single-nucleotide polymorphism (rs25531) within the
length polymorphism which results in the distinction of
the genetic variants LA and LG, with the latter being func-
tionally similar to the S allele [Hu et al., 2006]. This allows
for conducting analyses based on the 5-HTTLPR/rs25531
mini-haplotype by comparing low [LG/S] and high [LA]
expressing variants. Genotype frequencies (SS 5 9, LGLG 5 1,
SLG 5 4, SLA 5 32, LGLA 5 7, LALA 5 21 were in Hardy–
Weinberg equilibrium (bi-allelic: x2

ð1Þ5 0.18, P 5 0.669, tri-
allelic: x2

ð3Þ5 0.77, P 5 0.855). As previously noted, mean
SLC6A4 methylation levels did not differ as a function of
5-HTTLPR genotype [Wankerl et al., 2014].

MRI Data Acquisition

MRI images were acquired using a 3-Tesla Trio-Tim
MRI whole-body scanner (Siemens, Erlangen, Germany). A
standard 12 channel head coil and standard headphones
were applied. Structural images were obtained by using a
Magnetization Prepared Rapid Gradient Echo Imaging
(MPRAGE) sequence (repetition time (TR) 1,900 ms, echo
time (TE) 2.26 ms, flip angle a 5 98). Functional measure-
ments were obtained using a T2* weighted gradient echo
planar images (EPI) sequence (TR 2,200 ms, TE 25 ms, flip
angle a 5 808). In each functional run, 200 whole brain vol-
umes of 38 axial slices with a voxel size of 3.4 mm 3

3.4 mm 3 3 mm (25% gap) were acquired sequentially.
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Each slice had a matrix size of 64 3 64 voxels resulting in
a field of view of 220 mm.

MRI Data Preprocessing and

Connectivity Analysis

Prior to preprocessing the first four scans were dis-
charged due to T1 equilibration effects. The remaining
functional scans were spatially realigned and unwarped to
correct for interscan movement. The structural image was
segmented and normalized to the MNI (Montreal Neuro-
logical Institute, Quebec, Canada) reference brain. Func-
tional images were normalized to the reference brain
followed by outlier detection (ART-based scrubbing).
Finally, images were smoothed using an 8 mm Gaussian
kernel. These steps were implemented in the conn toolbox
pipeline [Whitfield-Gabrieli and Nieto-Castanon, 2012] and
based on SPM12 (Wellcome Trust Center for Neuroimag-
ing, UCL, London, UK). The conn toolbox (version 15a)
was further used for functional connectivity analysis. Time
series were extracted from the unsmoothed spatially nor-
malized data to avoid confounding signals from surround-
ing regions. Prior to first-level analyses, a denoising
procedure including the component-based correction
method [CompCor; Behzadi et al., 2007] and temporal
band-pass filtering of 0.008 Hz–0.09 Hz was applied to
remove motion artifacts, physiological and other artifactual
effects from the fMRI-signal. Moreover, the six movement
parameters and a matrix containing the ART-detected out-
liers were included as first level nuisance covariates. For
time-series extraction, binary masks from the left and right
amygdala were created using the automated anatomical
labeling atlas [Lancaster et al., 2000] from the WFU Pickat-
las [Maldjian et al., 2003]. Then, seed-to-voxel analyses
were performed for each participant and a general linear
model was used to calculate positive and negative connec-
tivity of both amygdalae on the second level. Additionally,
SLC6A4 methylation was implemented as second level
covariate to test for voxel wise correlations between the
seed-to-voxel connectivity values and SLC6A4 methylation.
For all connectivity analyses, the statistical threshold for
each voxel was set at P< 0.001, cluster-wise FWE-corrected
for multiple comparisons (P< 0.05). Finally, 6 mm spheri-
cal volumes were built around the peak voxel of the seed-
to-voxel connectivity maps. Averaged time series from
both amygdala masks and each spherical volume were
further used to calculate Region of Interest - to - Region of
Interest (ROI-to-ROI) connectivity values for a visual
inspection of the cluster of points. Connectivity maps were
automatically labeled by conn using the anatomy toolbox
v2.0 [Eickhoff et al., 2007] and manually complemented by
the WFU Pickatlas [Maldjian et al., 2003]. In addition, we
calculated effect sizes for the correlation analyses between
connectivity strength and SLC6A4 methylation. These b-
values represent changes in Fisher-Z-scores (z-transformed
correlation coefficients) for each unit change in SLC6A4

methylation. For additional analyses using distinct amyg-
dala subregions as seeds, maximum probability maps for
the basolateral (LB), the centromedial (CM), and the super-
ficial (SF) divisions were created using the anatomy tool-
box v2.0 [Eickhoff et al., 2007].

RESULTS

Resting State Seed-to-Voxel Connectivity

Seed-to-voxel analyses of amygdala rsFC revealed con-
nectivity patterns which largely overlap with those identi-
fied by prior studies [Robinson et al., 2010; Roy et al.,
2009]. Figure 1 depicts connectivity maps while Table I
presents peak voxels and respective cluster sizes. Briefly,
the amygdala seed regions showed positive rsFC to a net-
work comprising large parts of the insular cortices, tem-
poropolar areas, superior and middle temporal regions,
the inferior frontal gyri as well as the dorsal/ventral ante-
rior cingulate cortices (ACCs) and the dorsal posterior
ACCs. Increased rsFC with the amygdala seeds was
further observed for parahippocampal regions, the
putamina and entorhinal cortices, the fusiform gyri, subge-
nual regions, premotor and primary motor cortices,

Figure 1.

Seed-to-voxel connectivity maps. Red blobs depict regions posi-

tively coupled to the amygdalae. Blue blobs indicate regions neg-

atively coupled to the amygdalae. Results are presented on a

voxel-level of P< 0.001, FWE cluster-level corrected for multiple

comparisons (P< 0.05). Connectivity maps are presented on a

rendered brain surface (upper figure) from MRIcron (http://

www.mccauslandcenter.sc.edu/mricro/mricron/) and on a medial

and axial slice of an anatomically averaged image of all partici-

pants build with SPM 12 (lower figure). Anatomical labeling is

reported in the text. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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somatosensory-, primary auditory, and associative visual
cortices as well as subcentral areas and piriform cortices.
Negative correlations with the amygdaloid time series
were observed for parts of the superior, middle and orbital
prefrontal cortices, the inferior parietal lobules, parts of
the precunei and the cerebellar crus 1 and 2.

Correlations of Amygdala Resting State

Functional Connectivity and SLC6A4 Methylation

Connectivity values of three distinct clusters were
found to vary with SLC6A4 methylation. As depicted in
Figure 2A, correlational analyses revealed a positive relation
between SLC6A4 methylation levels and amygdala resting
state functional coupling with specific clusters which corre-
spond to well-known key nodes of the salience network
[Menon and Uddin, 2010]. These associations were found
for both hemispheres with slightly stronger effects being
observed for the right amygdala network (Supporting Infor-

mation Table S1 and Fig. S1). Specifically, a large medial
cluster covered parts of the dorsal and ventral anterior cin-
gulate cortices which extend to the premotor cortices. Fur-
thermore, a lateral cluster comprised the left anterior insula,
the inferior frontal gyrus, the operculum as well as the
putamen. A second lateral cluster covered the right anterior
insula, the operculum and the pars triangularis of the infe-
rior frontal gyrus. These clusters largely overlap with those
which were found to be positively coupled with the amyg-
dala in the initial seed-to-voxel analyses of amygdala rsFC
(Supporting Information Fig. S2). Table II presents effect
sizes for respective correlational analyses with b-values rep-
resenting changes in Fisher-Z-scores (z-transformed correla-
tion coefficients) for each unit change in SLC6A4
methylation. To ensure the robustness of our findings with
regard to potential confounds, respective analyses were
repeated by entering sex, age, and 5-HTTLPR/rs25531
genotype as covariates into the model. Controlling for these
variables yielded largely comparable results with only small
deviations in peak voxels and cluster sizes (see Table II(B)).

TABLE I. Peak voxels and cluster sizes from seed-to-voxel analyses

Region Hemisphere Cluster size

MNI coordinates

z-valuex y z

Positive
Parahippocampal gyrus L 82110 224 202 220 >8.00
Parahippocampal gyrus R 25 00 218 >8.00
Claustrum R 32 216 10 >8.00
Cerebellum 8 L L 231 220 260 52 4.81
Cerebellum 8 L L 225 252 258 4.43

Negative
Inferior parietal lobule R 3727 46 248 42 6.75
Precuneus L/R 00 274 44 5.38
Precuneus R 08 270 44 5.32
Inferior parietal lobule L 2028 246 254 48 6.36
Inferior parietal lobule L 228 270 46 4.48
Middle frontal gyrus R 1388 46 36 28 5.68
Middle frontal gyrus R 48 24 42 4.98
Middle frontal gyrus R 42 20 50 4.89
SMA L 949 208 22 48 5.60
Front. sup. medial gyrus R 08 32 42 5.32
Front. sup. medial gyrus L 204 36 38 4.62
Middle frontal gyrus L 745 242 22 44 5.49
Middle frontal gyrus L 240 16 52 4.24
Middle frontal gyrus L 234 14 58 4.22
Sup. orbital cortex L 626 226 52 206 4.85
Not labeled L 244 60 212 3.86
Not labeled L 24 58 218 3.72
Crus 1 L L 531 254 266 234 4.66
Crus 2 L L 244 268 248 4.60
Crus 2 L L 234 276 252 4.29
Sup. orbital cortex R 664 22 50 212 4.39
Front. sup. gyrus R 26 68 04 4.09

Peak voxels are labeled according to the WFU Pickatlas. SMA: supplementary motor area. Results are reported using a statistical thresh-
old of P< 0.001, FWE cluster-level corrected (P< 0.05) for multiple comparisons.
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For descriptive purposes, we further conducted ROI-to-
ROI analyses by extracting mean connectivity values
between the amygdala seeds and the spheres around the
peak voxels of each cluster (Table II, Fig. 2A). Visual
inspection of the scatter plots confirmed that the strong

positive correlations of SLC6A4 methylation and amygdala
rsFC with key nodes of the salience network (dACC, left
insula, right insula) are not driven by outliers. Additional
analyses using distinct amygdala subregions as seeds indi-
cated that both the BL and CM amygdala account for
respective rsFC correlations with SLC6A4 methylation
while no associations were observed for the SF division
(Supporting Information Fig. S3). Supporting Information
Table S2 further illustrates correlations of percentage
methylation at specific CpG sites and amygdala rsFC with
the dACC, the left and the right insula. Notably, these
analyses revealed a cluster of individual CpG sites (CpG
76–83) with particularly strong associations. This cluster
nicely corresponds to those sites with largest interindivid-
ual variation in overall methylation levels (Supporting
Information Fig. S4).

For reasons of completeness, we further analyzed effects
of 5-HTTLPR genotype on amygdala rsFC. Both the seed-
to-voxel and the ROI-to-ROI analyses revealed no signifi-
cant differences in amygdala rsFC between carriers of at
least one low-expressing variant with carriers of two high-
expressing alleles.

DISCUSSION

The present study is the first to investigate the func-
tional connectivity patterns associated with epigenetic var-
iation in SLC6A4, a key candidate gene in psychiatric
research. The major finding indicates a strong positive
relation between SLC6A4 methylation and amygdaloid
resting state functional coupling with key nodes of the
salience network (SN) including the anterior insulae (AI)
and the dorsal ACCs. These associations were primarily
driven by rsFC patterns of the BL and CM amygdala and
were particularly strong for a specific cluster of individual
CpG sites in SLC6A4 (CpG 76–83). Combined with the
positive correlation of SLC6A4 methylation and amygdala
reactivity reported in a task-based study [Nikolova et al.,
2014], our findings suggest that neural substrates of epige-
netic changes in SLC6A4 are not limited to regional amyg-
dala activity but extend to connectivity patterns of larger
brain networks. Moreover, our resting state data concurs
with findings obtained in two previous task-based studies,
which suggest neural activity in both the amygdala and
AI to be particularly sensitive to variability in SLC6A4
methylation [Frodl et al., 2015, Nikolova et al., 2014].

The pattern of amygdala rsFC observed with increased
SLC6A4 methylation in the present study has been widely
characterized as a clinically and behaviorally relevant neu-
ral marker. According to a rich literature, the SN serves to
evaluate the relevance of internal and environmental stim-
uli, initiates their subsequent processing, and further
guides behavioral responses by switching between other
large-scale neurocognitive networks [Menon and Uddin,
2010; Uddin, 2014] Increased intra-network connectivity in
the SN is thought to facilitate the detection and additional

Figure 2.

Positive correlations between amygdala resting state connectivity

values and SLC6A4 methylation. A: Correlations between amygdala

seed-to-voxel connectivity values and SLC6A4 methylation. Clusters

are presented on a superior view of a glas brain build with conn

toolbox (upper figure) and on axial and coronar slices of an ana-

tomically averaged image of all participants build with SPM 12

(middle and lower figure). Results are presented on a voxel-level

of P< 0.001, FWE cluster corrected for multiple comparisons

(P< 0.05). B: Scatter plots for visual inspection illustrate results

from subsequent extracted mean connectivity values (ROI-to-ROI

analyses): v/dACC 5ventral/dorsal anterior cingulate cortices,

AI 5 anterior insulae. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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processing of potentially negative stimuli and may render
the individual more prone to psychopathology, e.g., when
salience is misattributed to trivial events [Menon and
Uddin, 2010]. This notion is consistent with a growing
number of task-based and resting state studies suggesting
that increased activation and stronger functional coupling
of the SN is implicated in a broad range of anxiety disor-
ders, most notably PTSD [Hayes et al., 2012; Patel et al.,
2012; Peterson et al., 2014]. As confirmed by recent meta-
analyses, hyperactivation across core regions of the SN
including the amygdala, the AI, and the dorsal ACC range
among the most consistently identified neural features of
PTSD [Hayes et al., 2012; Patel et al., 2012]. In addition,
PTSD patients were repeatedly found to exhibit greater
rsFC between the amygdala and the AI [Rabinak et al.,
2011; Sripada et al., 2012a,b]. These two regions are charac-
terized by dense reciprocal connections [Reynolds and
Zahm, 2005] broadly implicated in emotion generation,
fear learning, and salience attribution [LeDoux, 1995;
Menon and Uddin, 2010; Uddin, 2014]. As detailed in
respective studies, behavioral manifestations of heightened
amygdala–AI functional coupling may comprise symptoms
of hypervigilance, a pervasive state of arousal irrespective
of actual danger, as well as stronger anticipation of nega-

tive events [Rabinak et al., 2011; Sripada et al., 2012a,b].
Regarding affective disorders, increased reactivity to nega-
tive stimuli of the SN, specifically of the amygdala, the AI,
and the dorsal ACC, has proven a frequent and
meta-analytically confirmed correlate of Depression
[Hamilton et al., 2012]. In contrast, analyses of rsFC in
depressed patients applying both model-free and seed-
based ROI approaches failed to identify a consistent pat-
tern of altered functional coupling within the across indi-
vidual studies [Avery et al., 2014; Connolly et al., 2013;
Cullen et al., 2014; Pannekoek et al., 2014; Veer et al.,
2010]. In conclusion, the pattern of enhanced SN intrinsic
connectivity observed in individuals with higher SLC6A4
methylation appears to be of clinical significance and pos-
sibly reflects a premorbid risk factor for psychopathology
in our sample of young adults.

In support of this idea, stronger functional coupling
within core regions of the SN not only predicts psychiatric
phenotypes, but has further been linked to increased self-
reported anxiety [Baur et al., 2013], enhanced fear learning
[Feng et al., 2014; Schultz et al., 2012], and stress exposure
[van Marle et al., 2010] in healthy populations. Referring
to the assumption that enhanced sensitivity for salient
events may underlie negative affect, a recent study

TABLE II. Peak voxels and cluster sizes derived from correlation analyses of amygdala seed-to-voxel connectivity

and SLC6A4 methylation

Region Hemisphere Cluster size

MNI coordinates

z-value b-valuex Y z

A dACC R 3266 06 22 40 5.45 0.08
ACC L 210 28 26 4.98
SMA L 208 212 62 4.64

Insula L 832 240 08 06 4.09 0.07
Putamen L 220 06 206 4.04
Insula L 240 16 00 3.98

Insula R 468 42 16 08 4.18 0.08
Insula R 36 22 04 4.15
Operculum R 54 14 02 3.72

B dACC R 3356 06 22 40 5.33 0.08
SMA L 208 212 62 5.01
SMA L 06 00 46 4.83

Insula L 628 238 18 202 3.93 0.07
Operculum L 242 10 08 3.90
Putamen L 220 06 206 3.89

Insula R 405 36 22 04 4.17 0.08
Operculum R 42 16 08 4.04
Operculum R 54 14 02 3.71

Peak voxels are labeled according to the WFU Pickatlas. Results are reported using a statistical threshold of P< 0.001, FWE cluster-level
corrected (P< 0.05) for multiple comparisons. dACC: dorsal anterior cingulate cortex; SMA: supplementary motor area. b 5 statistical
strength, b-values represent changes in Fisher-Z-scores (z-transformed correlation coefficients) for each unit change in SLC6A4
methylation.
A: Main effects of SLC6A4 methylation, B: Main effect of SLC6A4 methylation corrected for 5-HTTLPR genotype, sex and age.
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identified amygdala-AI rsFC as a promising biomarker for
elevated state anxiety levels in healthy individuals [Baur
et al., 2013]. Moreover, rsFC of the amygdala and dorsal
ACC has been found to increase directly after stress expo-
sure [van Marle et al., 2010] and Pavlovian fear condition-
ing [Feng et al., 2014; Schultz et al., 2012], with the
magnitude of this change being predictive of a stronger
conditioned fear response [Schultz et al., 2012]. The respec-
tive change in connectivity patterns has been suggested to
reflect the process of fear memory storage, as the dorsal
ACC presumably enhances fear expression and consolida-
tion via excitation of the amygdala [Milad et al., 2007].
Consequently, the stronger amygdala–dorsal ACC func-
tional coupling associated with increased SLC6A4 methyla-
tion may render the individual more sensitive to long-
term fear memories following adverse experiences.

In the light of these findings, one attractive hypothesis
derived from animal models holds that epigenetic pro-
gramming of neural networks reflects a systemic pathway
explaining how environmental exposure may confer differ-
ential disease susceptibility [Szyf, 2013]. Besides genetic
contributions, SLC6A4 methylation possibly captures the
net effect of a broad range of those environmental influen-
ces relevant for long-term changes in neural phenotypes
under serotonergic control. Within the past years, growing
evidence documents a link between increased SLC6A4
methylation and early adversity, such as sexual abuse
[Beach et al., 2010, 2011; Vijayendran et al., 2012], different
types of childhood trauma [Kang et al., 2013], and bullying
victimization [Ouellet-Morin et al., 2013], although individ-
ual findings vary regarding the specific CpG sites
involved. In contrast, we failed to detect such associations
for maternal prenatal stress and childhood maltreatment,
indicating that these specific types of adversity unlikely
account for variability in SLC6A4 methylation within the
present sample [Wankerl et al., 2014]. Although the precise
environmental correlates of SLC6A4 methylation are still
largely unexplored, it is tempting to speculate that epige-
netic modifications following adverse experiences shape
neural circuitry in a way to facilitate salience detection
and enhance fear learning. While this process is potentially
adaptive under threatening environmental conditions, it
may at the same time predispose the individual for the
development of stress-related psychiatric disorders.
Indeed, several initial studies report associations of
increased SLC6A4 promoter methylation with unresolved
trauma [van IJzendoorn et al., 2010] and depressive symp-
toms [Olsson et al., 2010; Philibert et al., 2008; Zhao et al.,
2013] in some cases dependent on genetic variation in
SLC6A4 [Olsson et al., 2010; van IJzendoorn et al., 2010]. In
sum, these findings concur with the idea that epigenetic
programming of rsFC in the salience network might reflect
a link between exposure to adversity and disease
susceptibility.

Several limitations of the present study should be
acknowledged. First, reported results rely on peripheral

measures of SLC6A4 methylation which may not necessar-
ily generalize to neural tissue. However, post-mortem
studies have provided a solid base for the use of periph-
eral markers by demonstrating substantial correlations
across blood and neural cells for both genome-wide [Byun
et al., 2009] and SLC6A4 promoter [Nikolova et al., 2014;
Riese et al., 2014] methylation in specific. Second, our
study was underpowered to systematically evaluate joint
contributions of genetic and epigenetic variation in the
SLC6A4 gene. This potentially powerful approach should,
however, be adopted in larger-scale genetics imaging stud-
ies targeting the SLC6A4 gene as it may allow the detec-
tion of larger effects compared to those typically reported
for 5-HTTLPR. Indeed, SLC6A4 methylation has been
recently found to moderate associations of 5-HTTLPR on
clinically relevant phenotypes, including depression [Ols-
son et al., 2010], unresolved trauma [van IJzendoorn et al.,
2010], and cortisol stress reactivity [Alexander et al., 2014].
Third, our cross-sectional findings provide no insights into
causal relations or underlying mechanisms which have
contributed to the observed association of SLC6A4 pro-
moter methylation and rsFC. Fourth, our findings might
be based on a generally more resilient sample as we had
explicitly excluded individuals with current or past psy-
chopathology. Lastly, a recent study raised the possibility
that fMRI measurements of amygdala activation might be
confounded by stimulus correlated signal fluctuation in
nearby veins [Boubela et al., 2015].

In conclusion, our findings suggest that SLC6A4 methyl-
ation predicts aberrant rsFC of the amygdala with key
regions of the SN, which has been described as a common
feature of neuropsychiatric disorders. As methylation pro-
files appear to be responsive to behavioral [Roberts et al.,
2014] and pharmacological [Korzus, 2010] interventions,
uncovering their neural correlates may bear potential
implications for the development of future treatment strat-
egies targeting epigenetic mechanisms.
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