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Abstract

Aims: Differences in DNA methylation of the serotonin transporter gene (SLC6A4) have been

shown to alter SLC6A4 expression and predict brain functions in healthy individuals. This study

investigated the association between SLC6A4 promoter methylation and threat-related amygdala

activation in individuals with alcohol dependence (AD).

Methods: Methylation of the SLC6A4 promoter region was assessed using peripheral blood DNA

from 45 individuals with AD and 45 healthy controls (HCs). All participants completed an emo-

tional face matching task in a 3-T magnetic resonance imaging (MRI) scanner.

Results: Results did not reveal any association between SLC6A4 promoter methylation variation

and threat-related amygdala activation in HCs or individuals with AD. Furthermore, methylation in

the promoter region of SLC6A4 did not significantly differ between the groups.

Conclusions: Our results do not replicate a previous finding that increased methylation in the pro-

moter region of SLC6A4 is associated with threat-related amygdala activation in healthy indivi-

duals and further show that there is no such association in individuals with AD. Given that the

number of imaging epigenetics studies on SLC6A4 is very limited to date, these inconsistent

results indicate that future research is needed to clarify its association with amygdala reactivity in

both healthy and clinical populations.
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INTRODUCTION

Alcohol use disorder (AUD) affects 15.1 million Americans 18 years
and older (SAMHSA, 2015). This chronic disorder is defined by
compulsive alcohol use, tolerance to its effects, and the development
of negative affective states during withdrawal (Koob, 2014). Both
genetic and environmental factors contribute to the complex eti-
ology of AUD, with heritability ranging from 40 to 70% (Kendler
et al., 2012; Rietschel and Treutlein, 2013). Despite this large gen-
etic component, the identification of genes involved in the patho-
physiology of AUD has been challenging, in part due to the complex
mode of inheritance, small effect size of putative genes, multiple
genes or functional networks involved and clinical heterogeneity.

One approach to dissect this clinical heterogeneity is to focus on
endophenotypes or clinical subdomains, such as negative affect (e.g.
anxiety, depressive symptoms or anhedonia) and negative emotion
processing in AUD. The gene encoding the serotonin transporter
(SERT, 5-HTT), SLC6A4, is one of the most prominent and studied
candidate genes involved in mood and affect regulation (Hariri and
Holmes, 2006; Lohoff, 2010; Thompson and Kenna, 2016). The
SERT mediates presynaptic reuptake of serotonin, thus determining
the duration and magnitude of serotonin signaling. Genetic variation
in the promoter region of SLC6A4, including the serotonin-
transporter-linked polymorphic region (5-HTTLPR) polymorphism,
has been shown to affect the gene’s transcriptional rate both in vitro
and in vivo (Lesch et al., 1996; Pezawas et al., 2005). Moreover, 5-
HTTLPR has been demonstrated to have functional relevance for
fear and anxiety-related behaviors in functional magnetic resonance
imaging (fMRI) studies, where carriers of the short allele showed
increased amygdala activity in response to aversive stimuli compared
to individuals with two long alleles (Smolka et al., 2007; Murphy
et al., 2013). This may be relevant to AUD as studies on the neuro-
biology of AUD have found that altered amygdala activation and
integrity in conjunction with altered corticolimbic emotion regula-
tion may contribute to the negative reinforcement aspects of alcohol
craving, as well as future relapse (Koob and Le Moal, 2008; Wrase
et al., 2008). Given the amygdala’s crucial involvement in the pro-
cessing of fearful stimuli (Phan et al., 2002) and emotional distress
(van Marle et al., 2009), altered amygdala reactivity and conse-
quently altered corticolimbic top-down regulation may contribute to
compulsive drinking behavior through negative reinforcement
mechanisms. However, despite initial evidence for a role of the 5-
HTTLPR, several replication studies have resulted in inconsistent
findings and recent meta-analyses have concluded that other factors,
such as epigenetic modulation, may play an important role that
requires further research (Murphy et al., 2013; Bastiaansen et al.,
2014, 2015; Kaufman, 2015).

The field of epigenetics is rapidly developing in AUD and might
help explain some of the environmental components as they interact
with the genetic architecture (Schuebel et al., 2016; Palmisano and
Pandey, 2017; Lohoff et al., 2018). There is increasing evidence that
chronic alcohol use may alter gene expression in neurons through
changes in DNA methylation (Zhang and Gelernter, 2017). While
research on the role of epigenetic regulation of SLC6A4 in amygdala
reactivity is still limited, one study found that DNA methylation was
associated with differences in SLC6A4 mRNA expression and
in vivo amygdala function. That is, Nikolova et al. (2014) showed
that increased promoter methylation correlated with increased
threat-related amygdala reactivity in healthy individuals, as mea-
sured by blood oxygen level-dependent (BOLD) fMRI. Interestingly,
these epigenetic effects were greater than, and independent of the

5-HTTLPR polymorphism. Therefore, further research on the asso-
ciation between methylation and amygdala reactivity is needed, par-
ticularly in clinical populations, such as AUD patients, as epigenetic
mechanisms adaptively regulate gene expression in response to
environmental influences, such as alcohol use or stress (Jirtle and
Skinner, 2007). While some studies have shown differential SLC6A4
methylation in major depressive disorder, where higher promoter
methylation correlated with family history of depression and more
severe depressive symptoms, little is known about the role of
SLC6A4 methylation in AUD (Kang et al., 2013; Zhao et al., 2013).
Investigating the role of SLC6A4 methylation in AUD will improve
our understanding of functional mechanisms of altered emotion pro-
cessing in AUD and might uncover new treatment targets.

In this study, we investigated SLC6A4 promoter methylation
variation in individuals with alcohol dependence (AD) and healthy
controls (HCs). First, we hypothesized that methylation in the
SLC6A4 promoter would be associated with threat-related amyg-
dala activation in the HCs but that this relationship would signifi-
cantly differ in individuals with AD. Second, we hypothesized that
methylation levels in the SLC6A4 promoter would be significantly
different in AD cases compared to HCs.

METHOD

Participants

Ninety individuals with AD and HCs (45 each, mean age = 39.78,
SD = 11.33) provided written informed consent in compliance with
the Declaration of Helsinki and the Institutional Review Board of the
National Institutes of Health (NIH)/National Institute on Alcohol
Abuse and Alcoholism (NIAAA). Detailed information about the
sample and recruitment can be found elsewhere (Muench et al.,
2018). For sample demographics and characteristics, see Table 1. All
participants underwent the Structured Clinical Interview for DSM-
IV-TR Axis I Disorders (SCID; First et al., 1995). Exclusion criteria
included left-handedness, pregnancy, claustrophobia, or significant
neurological or medical diagnoses, as determined by a history and
physical exam. While other drug dependence diagnoses were not
exclusionary, it should be noted that only one participant met DSM-
IV criteria for cannabis and cocaine dependence. Excluding this par-
ticipant’s data did not affect the results, therefore, they were included
in the analyses reported here. All participants were free from any
psychotropic medications on the day of the fMRI scan.

Additional exclusion criteria for the HC group included positive
urine drug screens or alcohol breathalyzer on the day of the scan, as
well as any DSM-IV-TR diagnosis of current or past AD. There
were no alcohol abstainers in this group.

All participants completed the Face Matching task (a modified
version of the Fearful Faces task, Hariri et al., 2002) in a 3-T MRI
scanner, as well as the Timeline Followback (TLFB) interview, a
measure of alcohol consumption over the previous 90 days (Sobell
and Sobell, 1992), and the Montgomery–Asberg Depression scale
(MADRS) (Svanborg and Åsberg, 1994), a measure of depressive
symptoms.

Face matching task

All participants were administered a Face Matching task (Hariri
et al., 2002). Participants were presented with a target picture at the
top of the screen and two pictures at the bottom of the screen and
asked to identify which picture at the bottom matched the target
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picture via button press. Pictures belonged to one of the following
six categories: angry faces, sad faces, fearful faces, happy faces, neu-
tral faces and geometric shapes. The task consisted of two inter-
leaved blocks of each picture category. Each block started with a 2-s
display of instructions that indicated the task (i.e. ‘match shapes’ vs.
‘match faces’). Each block was 30 s long and consisted of six images
from the same category, shown for five seconds each. There was no
inter-stimulus interval, and there was an equal number of male and
female faces.

MRI data acquisition and preprocessing

A Siemens 3-T Skyra scanner (Siemens Medical Solutions USA, Inc.,
Malvern, PA) was used to obtain structural (MPRGE) and func-
tional neuroimaging data. Functional scans were obtained using an
echoplanar-imaging pulse sequence (TR: 2000ms, TE: 30ms, flip
angle: 90°, FOV: 24 × 24 cm2, 38mm slice thickness, 36 slices,
multi-slice mode: interleaved). Presentation

®

software (Version 19.0,
Neurobehavioral Systems, Inc., Berkeley, CA, www.neurobs.com)
was used to present the Face Matching task. Analysis of Functional
NeuroImages (AFNI) version 5 (Cox et al., 2015) was used to pro-
cess each subject’s fMRI data. Following removal of the first three
repetition times (TRs) from each time course, AFNI’s 3dDespike
was used to smooth spikes in signal over time course, and detrend
and interpolate time series to shift time courses for each voxel to be
aligned with the same temporal origin. Next, each time series’
volumes were aligned to the base volume and to the participant’s
skull-stripped anatomy. Subsequently, AFNI’s 3dAllineate was
employed to transform the volumes into the standardized Talairach
and Tournoux space (Talairach and Tournoux, 1988). Images were
smoothed with a 4-mm full-width half-maximum Gaussian kernel,
and motion parameters and their derivates were regressed to

eliminate movement-associated variance. For the Face Matching
task data, stimulus onset times were regressed to detect the signal
that was associated with each of the conditions prior to motion
regression, and TRs with motion derivatives of 0.3 or greater were
excluded from further analysis. All individual masks and registra-
tions underwent visual inspection to verify quality.

BOLD fMRI data and region of interest analyses

Single-subject level analyses on BOLD responses were performed
based on the experimental condition blocks and contrast of interest.
The contrast of interest was [Angry + Fearful] > Shapes. Beta values
corresponding to the contrast of interest in the regions of interest
(ROI) were extracted for each subject. The ROIs were left and right
amygdala. These were extracted using AFNI’s 3Dmask_tool. See
Fig. 1 for an image of the ROIs used.

DNA extraction and methylation analysis

The National Institute on Alcohol Abuse and Alcoholism Laboratory
of Neurogenetics used the Illumina OmniExpress BeadChip (Illumina,
San Diego, CA) to extract ancestry informative markers for the pur-
pose of calculating ancestral proportions for all participants. Ancestry
scores for six ethnic factors (Africa, Europe, Asia, Far East Asia,
Oceania, and Americas) were calculated for each subject using a panel
of 2500 ancestry informative markers present on the Illumina array by
Structure, version 2.2 (https://web.stanford.edu/group/pritchardlab/
structure.html) that performs individual comparison to the CEPH
Diversity panel of 1051 subjects from 51 worldwide populations
(http://www.cephb.fr/en/hgdp_panel.php) (Wiers et al., 2018). Given
the ethnic distribution of the present sample (see Table 1), AIM scores
for Africa, Europe and Asia were used as covariates in the main regres-
sion analysis.

Table 1. Demographics and characteristics of the sample

Alcohol-dependent subjects N = 45 Healthy controls N = 45 P-value

Gender, N (%)
Male 35 (77.8) 22 (48.9) 0.004
Female 10 (22.2) 23 (51.1)

Age, mean years (SD) 43.25 (10.73) 36.30 (10.94) 0.003
Ethnicity, N (%)

Black/African American 24 (53.3) 18 (40.0) 0.088
European American 17 (37.8) 16 (35.6)
Asian 0 (0.0) 6 (13.3)
Multiracial 1 (2.2) 3 (6.7)
Unknown 3 (6.7) 2 (4.4)

Smokers, N (%) 26 (57.8) 0 (0.0) <0.0001
Average number of drinking days in past 90 days, mean (SD) 69.60 (25.19) 18.76 (16.08) <0.0001
Number of heavy drinking days in past 90 days, mean (SD) 59.49 (30.65) 2.42 (7.19) <0.0001
Average number of drinks per drinking day, mean (SD) 13.11 (8.84) 1.80 (1.78) <0.0001
Montgomery–Asberg Depression Score, mean (SD) 12.13 (10.21) 0.87 (1.67) <0.0001
Any Anxiety Disorder—Current N, (%) 8 (9.0) 1 (1.1) 0.010
Any Anxiety Disorder—Lifetime N, (%) 11 (12.4) 1 (1.1) 0.002
Generalized Anxiety Disorder—Current 3 (3.4) 1 (1.1) 0.030
Generalized Anxiety Disorder—Lifetime N, (%) 3 (3.4) 1 (1.1) 0.030
Posttraumatic Stress Disorder—Current N, (%) 2 (2.3) 0 (0.0) 0.150
Posttraumatic Stress Disorder—Lifetime N, (%) 2 (2.3) 0 (0.0) 0.150
Any Mood Disorder—Current N, (%) 5 (5.6) 0 (0.0) 0.020
Any Mood Disorder—Lifetime N, (%) 10 (11.2) 8 (9.0) 0.560
Major Depressive Disorder—Current N, (%) 3 (3.4) 0 (0.0) 0.070
Major Depressive Disorder—Lifetime N, (%) 9 (10.1) 8 (9.0) 0.750

Note: SD = standard deviation. Boldface indicates significant differences between cases and controls.
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For DNA methylation analysis, blood samples were obtained
from all participants and genomic DNA was extracted using the
QIAamp DNA Blood Maxi Kit (Qiagen, Santa Clarita, CA). DNA
methylation levels of 37 CpG sites in the promoter region of
SLC6A4 were measured using quantitative bisulfite pyrosequencing
by EpigenDx (Hopkinton, MA) following standard EpigenDx proto-
cols. Specifically, 500 ng of genomic DNA was treated with bisulfite
using EZ DNA methylation kits (Zymo Research, Inc., Irvine, CA),
purified following the manufacturer’s protocol, and eluted to a vol-
ume of 46 μL. Next, polymerase chain reaction (PCR) was con-
ducted with 1 μL of bisulfite-treated DNA and 0.2 μM of each
primer. One of the primers was biotin-labeled and purified with
high performance liquid chromatography (HPLC) to achieve purifi-
cation of the final PCR product with Sepharose beads. After the
resulting PCR products were bound to Streptavidin Sepharose High
Performance (GE Healthcare Life Sciences, Marlborough, MA), they
were purified, washed and denatured with a 0.2 μM NaOH solu-
tion. Subsequently, the Pyrosequencing Vacuum Prep Tool
(Pyrosequencing, Qiagen, Gaithersburg, MD) was used for rewash-
ing in accordance with the manufacturer’s protocol. After 5 μM of
sequencing primer was annealed, 10 μL of the resulting PCR pro-
ducts were sequenced by Pyrosequencing on the PSQ96 HS System
(Pyrosequencing).

Methylation status of each CpG site was assessed using QCpG
software (Pyrosequencing) and determined as an artificial C/T single
nucleotide polymorphism (SNP). Methylation levels were computed
by dividing the percentage of the methylated alleles by the total
number of alleles (methylated and unmethylated). For quality con-
trol purposes, non-CpG cytosines were included as internal controls
in each experiment to reveal incomplete bisulfite conversion of the
input DNA, and additional samples of low, medium, and high
methylated DNA were included to serve as controls in each PCR.
Lastly, PCR bias testing was conducted by combining unmethylated
control DNA with in vitro methylated DNA at different ratios (0%,
5%, 10%, 25%, 50%, 75%, 100%) and performing bisulfite modi-
fication, PCR and Pyrosequencing analysis.

Five SLC6A4 assays were employed to analyze 37 CpG dinucleo-
tides across the gene ranging from −1532 to 203 base pairs from the
TSS, based on Ensembl Transcript ID ENST00000261707. Ten CpG
sites where more than 40% of samples showed zero percent methyla-
tion were excluded from further analysis. Consequently, 27 CpG
sites were analyzed, 15 of which coincided with the 20 CpG sites
examined in the study by Nikolova et al. (2014). Supplementary

Table S1 provides detailed information on the location of all 37 CpG
sites, including their genomic location and position relative to the
translational start codon (ATG) and TSS following Genome
Reference Consortium Human Build 38 (GRCh38/hg38), as well as
mean methylation and the number of participants with 0% methyla-
tion for both groups. When comparing the present study’s data to
the original study, it should be noted that CpG site data from
Nikolova et al. (2014) follows Genome Reference Consortium
Human Build 37 [GRCh37/hg19].

Statistical analysis

A personal computer-based statistical software package (IBM SPSS
Statistics

®

20, IBM Corp., Armonk, NY) was used to perform all
statistical analyses. Differences on demographic variables were
examined using t-tests for continuous variables and chi-square tests
for categorical variables. As a dimension reduction approach, princi-
pal component analysis was carried out to estimate principal com-
ponent scores (PCS) accounting for the observed correlation among
methylation at SLC6A4 promoter CpG sites and summarizing the
maximum variability among them. The top PCS was used for fur-
ther analysis.

The main outcome measure in the present study was unilateral
amygdala activation as measured by BOLD fMRI during the presen-
tation of angry and fearful faces in the Face Matching task. This con-
trast was chosen to be consistent with Nikolova et al. (2014). Fearful
and angry facial expressions are considered to indicate an ecologic-
ally valid threat, therefore, amygdala responses to fearful and angry
facial expressions are hereafter referred to as threat-related amygdala
activation (Carré et al., 2013). Shapiro–Wilk tests showed normal
distributions for BOLD responses to fearful and angry faces in the
left (P = 0.830) and right (P = 0.112) amygdala. For the main ana-
lysis, a linear regression model was used to test associations between
the first PCS of promoter methylation and threat-related amygdala
BOLD responses in both groups while controlling for age, gender
and AIM scores for European, Asian, and African ancestry. Next,
linear regression models were used to investigate associations
between the percentage of methylation at individual CpG sites in the
SLC6A4 promoter region and unilateral threat-related amygdala
BOLD responses in both groups while controlling for age, gender
and AIM scores. Between-group differences in regression slopes for
the AD and HC groups were tested by including interaction terms
(group × PC1/SLC6A4 CpG site) in the regression models. To exam-
ine differences in overall SLC6A4methylation, defined as the average
percentage of methylated cytosines, and differences in amygdala
BOLD responses, one-way analyses of covariance (ANCOVAs) were
conducted. Given prior reports of associations between age and
methylation (Muench et al., 2018), as well as between gender and
methylation (Philibert et al., 2008), these ANCOVAs included age
and gender as covariates. Statistical significance was set at P < 0.05
(two-tailed) for all analyses. Analyses were adjusted for multiple
comparisons using the Benjamini–Hochberg procedure. Specifically,
the Benjamini–Hochberg procedure was applied across CpG sites
within each hemisphere.

RESULTS

Association between serotonin transporter gene

methylation and threat-related amygdala activation

The top PCS captured 36% of the methylation variance among all
27 CpG locations in the promoter with a robust eigenvalue of 9.66.

Fig. 1. Amygdala regions of interest (ROIs).
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A linear regression model was used to examine associations between
the top PCS and amygdala BOLD responses in both groups while
controlling for age, gender and AIM scores. Analyses found that the
top PCS was not significantly associated with amygdala BOLD
responses in the left (P = 0.434) or the right hemisphere (P =
0.942). There was no significant group × PC1 interaction effect in
the left (P = 0.498) or right (P = 0.999) amygdala.

Next, linear regression analyses were employed to examine asso-
ciations between SLC6A4 CpG site methylation and threat-related
amygdala activation while controlling for age, gender and AIM
scores (Table 2). Analyses showed that promoter methylation of the
serotonin transporter gene did not correlate with amygdala activa-
tion in response to fearful and angry faces in either group (AD and
HC). There were no significant group × SLC6A4 CpG site methyla-
tion interaction effects in the left (all Ps ≥ 0.085) or the right (all Ps
≥ 0.103) hemisphere. It should be noted that methylation at two
CpG sites (CpG site 14 and CpG site 23) was initially associated
with threat-related amygdala activation in the left hemisphere.
However, these associations did not survive correction for multiple
comparisons (CpG site 14: adjusted P = 0.621; CpG site 23:
adjusted P = 0.621). Furthermore, average methylation across all 27
CpG sites was not associated with amygdala BOLD responses in the
right or left hemisphere.

Group differences in serotonin transporter methylation

and threat-related amygdala activation

Analyses controlling for age and gender showed no significant differ-
ences between the AD and HC group on threat-related amygdala
activation (left amygdala: F(1,86) = 1.74, P = 0.191; right amyg-
dala: F(1,86) = 1.09, P = 0.299) or average methylation across the
27 CpG sites examined in this study (F(1,86) = 0.91, P = 0.342).
Furthermore, analyses comparing the AD and HC group on age-
and gender-adjusted single CpG site methylation found no signifi-
cant differences (data not shown).

DISCUSSION

This case–control study investigated the relationship between methy-
lation variation in the promoter region of the SLC6A4 gene and
amygdala activation during negative emotion processing in indivi-
duals with AD and HCs. Results did not reveal any association
between SLC6A4 promoter methylation variation and threat-related
amygdala activation in healthy individuals or those with AD.
Furthermore, methylation in the promoter of SLC6A4 did not sig-
nificantly differ between groups.

Our results do not replicate the previous finding by Nikolova
et al. (2014) that increased methylation in the promoter region of
SLC6A4 was associated with amygdala activation in healthy indivi-
duals. Two additional studies have found associations between
SLC6A4 promoter methylation and amygdala reactivity to negative
emotional stimuli in healthy adolescents and adults (Frodl et al.,
2015; Swartz et al., 2017). Our discrepant finding may be due to
clinical heterogeneity in our HC population, such as presence of
early life stress or anxiety levels. In addition, it should be noted that
the present study’s sample was ethnically mixed with only 33
Caucasian participants (16 HC and 17 AD; see Table 1), while par-
ticipants in the prior study by Nikolova et al. (2014) were of
European ancestry only. While we did control for ancestry inform-
ative markers in our analyses, the power to detect associations that
may only be present in individuals of European ancestry might have

been reduced. Future studies in larger, well-balanced samples are
needed to investigate this association in individuals of different
ancestries. Furthermore, future studies should consider that several
additional factors affect threat-related amygdala reactivity, including
multiple serotoninergic genes, environmental factors, and corticolim-
bic neurocircuitry (Fisher and Hariri, 2012; Kaufman, 2015).
However, a more recent study reported an interaction effect of
methylation of the retrotransposonal Alu element (AluJb) in the
SLC6A4 promoter region and major depressive disorder on right
amygdala responsiveness to emotional faces but no association
between amygdala reactivity and methylation among HCs
(Schneider et al., 2018), which is consistent with the present study.
Given that the number of imaging epigenetics studies on SLC6A4 is
very limited to date, these inconsistent results indicate that future
research is needed to clarify its association with amygdala reactivity
in both healthy and clinical populations.

There was no significant difference in age- and gender-adjusted
SLC6A4 overall or single CpG site methylation levels between AD
cases and controls. This is consistent with a previous study that
found no difference in methylation at 7 SLC6A4 CpG sites in 27
AD cases and 15 controls (Park et al., 2011). In contrast, preclinical

Table 2. Summary of results from linear regression models pre-

dicting amygdala activation from group, percentage methylation

at each of the 27 individual CpG sites, and their interaction term

while controlling for age, gender and ancestry informative

markers

CpG
Site

CpG
ID

Distance to
TSS

Left amygdala Right amygdala

b P-
value

b P-
value

1 311 −1532 −0.016 0.916 −0.061 0.695
2 312 −1525 −0.021 0.886 −0.136 0.379
3 313 −1519 −0.051 0.738 −0.139 0.381
4 299 −1061 0.152 0.361 −0.104 0.548
5 298 −1059 −0.050 0.767 −0.142 0.415
6 297 −1057 −0.072 0.664 −0.221 0.194
7 296 −1046 −0.101 0.501 −0.052 0.736
8 295 −1030 0.210 0.145 0.230 0.125
9 294 −1022 0.268 0.069 0.247 0.106
10 293 −994 0.070 0.632 0.047 0.755
11 291 −977 0.053 0.709 −0.051 0.727
12 272 −200 −0.119 0.540 0.155 0.438
13 252 59 0.102 0.527 0.132 0.426
14 251 63 0.310 0.040 0.097 0.541
15 250 65 0.188 0.228 0.175 0.282
16 249 72 0.085 0.603 −0.206 0.223
17 248 77 −0.010 0.945 −0.012 0.936
18 247 82 −0.061 0.686 −0.199 0.206
19 246 84 0.198 0.200 0.189 0.239
20 245 98 −0.027 0.894 −0.080 0.706
21 244 102 0.124 0.420 0.084 0.598
22 243 117 0.115 0.463 −0.144 0.380
23 239 133 0.282 0.050 0.004 0.978
24 236 160 −0.071 0.639 0.137 0.378
25 235 173 −0.022 0.885 0.127 0.420
26 234 200 0.072 0.632 −0.111 0.473
27 233 203 −0.103 0.495 −0.011 0.946

Note: Boldface indicates significance. Negative numbers in the distance to
TSS column indicate that the CpG site is located downstream of the transcrip-
tional start site (TSS), while positive numbers indicate that the CpG site is
located upstream of the TSS.
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data has shown brain region-specific effects of prenatal alcohol
exposure, including increased SLC6A4 mRNA expression in the
hippocampus, as well as increased SLC6A4 methylation (upstream
of a putative TSS) and decreased mRNA expression in the hypothal-
amus (Ngai et al., 2015). Furthermore, a clinical study found altered
SLC6A4 methylation levels in newborns of mothers who were
drinking lightly before or during pregnancy (Lee et al., 2015). These
mixed findings on the association between alcohol use and SLC6A4
methylation may be explained by methodological differences, a lack
of power due to the small sample sizes in the present study and Park
et al. (2011), or the fact that methylation varies at different CpG
sites. Taken together, these findings indicate that epigenetic variation
in the SLC6A4 promoter might be affected by alcohol exposure and
that multiple CpG sites may work in concert to contribute to the
pathogenesis of AUD, with each single CpG site contributing only a
small effect to the clinical phenotype. Further research is required to
improve our understanding of how alcohol use affects methylation
at different SLC6A4 CpG sites and how these changes relate to
alcohol-related phenotypes. In addition, studies with individuals at
different stages of AUD might contribute to a deeper insight into
epigenetic methylation dynamics at SLC6A4 CpG sites.

Some limitations in this study should be noted. First, our study
may have lacked statistical power to detect the possibly small effect
size of SLC6A4 CpG site methylation on threat-related amygdala
reactivity. Based on our sample size of 90, we had a power of 78%
with a moderate effect size (R2 = 0.3) and Bonferroni-corrected
alpha (0.05/54), indicating that there is a possibility of false nega-
tives due to a lack of power. Second, AD cases and controls were
not well matched for smoking status (i.e. current smokers vs. non-
smokers) with a smoking rate of 57.8% in AD cases and 0% in con-
trols. However, an ANCOVA controlling for age and gender
showed that there was no difference in threat-related amygdala acti-
vation between smokers and non-smokers in the AD group [left
amygdala: F(1,41) = 2.04, P = 0.161; right amygdala: F(1,41) =
0.04, P = 0.843]. Nevertheless, future studies in samples balanced
for smoking status are needed that might also examine other poten-
tial confounds, such as diet, exercise, and circadian rhythms.
Furthermore, heterogenous blood cell types between participants
could have confounded methylation levels. It should be noted that
we used targeted pyrosequencing to examine 37 CpG sites only.
Therefore, we were unable to employ deconvolution algorithms,
which require genome-wide methylation data, to adjust for cell type
heterogeneity. Finally, as it was not possible to directly measure
methylation levels in the brain, we used DNA extracted from periph-
eral blood samples. However, a recent study has reported a strong
correlation between mean methylation levels in the blood and brain
(= 0.90; Horvath et al., 2012). While blood-brain correlations of
methylation levels vary across different brain regions, methylation in
promoter CpG island sites has been shown to be largely conserved
across brain tissue and blood from the same individuals (Davies
et al., 2012). For the serotonin transporter gene, associations
between peripheral SLC6A4 promoter methylation and in vivo sero-
tonin synthesis in the orbitofrontal cortex, as well as correlations
between SLC6A4 methylation in peripheral blood leukocytes and
postmortem amygdala tissue have been reported (Wang et al., 2012;
Riese et al., 2014), supporting the potential of peripheral tissues,
such as blood, to serve as proxies for methylation levels in neural
tissues. Importantly, blood samples are easily obtainable and could
thus be collected repeatedly to track changes in epigenetic variation
prior to detoxification and after varying periods of abstinence. This
approach could greatly improve our understanding of epigenetic

mechanisms in AUD. Lastly, age and gender were included as cov-
ariates in all analyses because cases and controls were not well
matched for these variables.

In summary, our study did not replicate a previous finding of an
association between SLC6A4 methylation and threat-related amyg-
dala activation in healthy individuals and further showed that there
was no such association in individuals with AD. Moreover, there
was no significant difference in SLC6A4 promoter methylation
levels between individuals with and without AD. However, given
the small number of available studies on neuroimaging epigenetics
studies of SLC6A4 in clinical and healthy populations, future
research is needed. The continued exploration of the role of epigen-
etic mechanisms, such as DNA methylation and histone acetylation,
in disease-related endophenotypes may uncover gene-environment
interactions that contribute to psychopathology, which could lead to
more precise treatments for individuals with AUD.
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