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Abstract
DNA methylation (DNAM) changes in the FKBP5 gene have been identified as a potential molecular mechanism explaining 
how environmental adversity may confer long-term health risks. However, the neurobiological correlates of epigenetic sig-
natures in FKBP5 have only recently been explored in human brain imaging research. The present study aims to investigate 
associations of FKBP5 DNAM and functional network architecture during an implicit emotion regulation task (N = 74 healthy 
individuals). For this, we applied a data-driven multi-voxel pattern analysis (MVPA) to identify regions, where connectivity 
values vary as a function of FKBP5 DNAM, which then served as seed regions for functional network architecture analyses. 
Blood-derived DNA samples were obtained to analyze quantitative DNAM at three CpGs sites in intron 7 of the FKBP5 gene 
using bisulfite pyrosequencing. MPVA revealed a cluster within the right rostral ACC and the paracingulate ACCs, where 
connectivity patterns were strongly related to FKBP5 DNAM. Using this cluster as seed region for connectivity analyses, we 
further identified a functional network, including prefrontal, subcortical, insular, and thalamic regions, where connectivity 
patterns positively correlated with FKBP5 DNAM. A subsequent behavioral domain analyses to determine the functional 
specialization of this network revealed highest effect sizes for subdomains that represent affective and cognitive processes. 
Together, these findings suggest that FKBP5 demethylation predicts a widespread functional disruption in a brain network 
centrally implicated in emotion regulation and cognition, which may in turn convey increased disease susceptibility.
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Introduction

The FK506 binding protein 5 (FKBP5) acts as an impor-
tant regulator of the hypothalamic–pituitary–adrenal (HPA) 
axis, the body’s major stress response system. Following 
stress exposure, rising cortisol levels rapidly induce FKBP5 
transcription by activating glucocorticoid response elements 
(GRE). The protein itself, then provides an ultrashort nega-
tive feedback loop for glucocorticoid receptor (GR) sign-
aling via reducing its cortisol-binding affinity and imped-
ing translocation of the receptor complex to the nucleus 
(Zannas and Binder 2014). Consequently, genetic variants 
associated with increased FKBP5 induction, most promi-
nently the rs1360780 T allele, promote GR resistance and 
impair negative feedback regulation of the HPA axis (Binder 
et al. 2008). This disruption in regulatory homeostasis ulti-
mately results in chronically elevated glucocorticoid levels, 
which have been identified as a frequent correlate of stress-
related psychopathologies (Chrousos, 2009). Consistent 
with this notion, the rs1360780 T allele (along with other 
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high-induction FKBP5 alleles) is considered a risk factor 
for stress-related psychiatric disorders (Rao et al. 2016), in 
particular, upon exposure to environmental adversity (Binder 
et al. 2008; Wang et al. 2018).

In parallel, genetic neuroimaging studies revealed 
structural alterations in brain areas involved in emotion 
processing and regulation of rs1360780 T allele carriers. 
Specifically, individuals carrying one or two rs1360780 T 
alleles were found to display larger right amygdala volumes 
(Hirakawa et al. 2016; Holz et al. 2015), smaller gray matter 
(GM) volume in the dorsal anterior cingulate cortex (dACC) 
(Fujii et al. 2014), alterations in hippocampal shape (Fani 
et al. 2013), and lower white matter (WM) integrity in the 
left posterior cingulum and the dACC (Fani et al. 2014; 
Fujii et  al. 2014). These findings are complemented by 
functional magnet resonance imaging (fMRI) experiments 
demonstrating increased hippocampal and amygdala activ-
ity in response to threat (Fani et al. 2013; Holz et al. 2015), 
as well as altered resting state activity in a frontotempo-
ral–parietal network of rs1360780 T allele carriers (Bry-
ant et al. 2016). In addition, some studies found genotype-
related brain changes to further depend on an individual’s 
disease status (Fani et al. 2016; Han et al. 2017; Tozzi et al. 
2016) and environmental adversity (Grabe et al. 2016; Holz 
et al. 2015; White et al. 2012). In a large study comprising 
1,826 individuals, reductions in GM volume within three 
prominent clusters covering the temporal gyrus, the left and 
hippocampi, the right amygdala, and the anterior cingulate 
cortices were only observed in those TT carriers with a his-
tory of child abuse (Grabe et al. 2016). Likewise, amygdala 
activity during an emotional face-matching task was found 
to increase with the severity of emotional neglect in T allele 
homozygotes (Holz et al. 2015; White et al. 2012). Recent 
research suggests that such persistent gene-environment 
(GxE) interactions on neural systems and disease suscepti-
bility might be conferred via epigenetic modifications such 
as DNA methylation (DNAM). In a seminal study, childhood 
trauma has been linked to allele-specific decreases in DNAM 
of a GR response element (GRE) located in intron 7 of the 
FKBP5 gene, but only in those carrying the rs1360780 T 
allele (Klengel et al. 2013). This demethylation enhances 
the transcriptional response of FKBP5 to cortisol, leading 
to sustained GR resistance and a disruption of the HPA-axis 
feedback control (Klengel et al. 2013).

Only few studies so far have investigated neural correlates 
of FKBP5 DNAM in brain regions implicated in emotion 
processing and regulation. Regarding structural integrity, 
FKBP5 demethylation has been associated with increased 
hippocampal volume (Klengel et al. 2013), lower GM vol-
ume in the inferior frontal orbital gyrus (Tozzi et al. 2017), 
and reduced thickness of the right transverse frontopolar 
gyrus in C allele homozygotes (Han et al. 2017). Moreo-
ver, a recent fMRI study reported tentative evidence for a 

mediating role of FKBP5 DNAM status in the association 
of early life stress and inhibition-related prefrontal activ-
ity (Harms et al. 2017). Building on these first studies, an 
important next step is to identify links between FKBP5 
DNAM and functional brain network alterations, which often 
better account for behavioral variance than regional meas-
ures of activation (Vaidya and Gordon, 2013). Therefore, 
this study aims to investigate associations of FKBP5 DNAM 
in intron 7 with functional network architecture during an 
implicit emotion regulation task. Given that neural correlates 
of (epi-) genetic variation in FKBP5 reported in previous 
studies are not restricted to specific brain regions, we first 
applied a data-driven multi-voxel pattern analysis (MVPA) 
to identify regions, where connectivity values vary as a 
function of DNAM, which then served as seed regions for 
subsequent functional network architecture analyses. Based 
on previous findings, we hypothesized that FKBP5 dem-
ethylation relates to disruptions in clinically relevant brain 
networks implicated in emotion processing and regulation.

Methods

Sample and procedure

Seventy-four healthy Caucasians participated in the study 
(male: n = 45, age: 23.56 ± 2.36, female: n = 29, age 
23.17 ± 3.0). 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 
(e.g., asthma, diabetes), medication intake (e.g., psycho-
tropic drugs), pregnancy, and failure to meet MRI compat-
ibility. After a structured telephonic interview, participants 
were invited for a screening in-person appointment, which 
consisted of the diagnostic interview for psychiatric disor-
ders–short version (Mini-DIPS) to assess point and lifetime 
prevalence of axis I disorders on the basis of DSM IV (Mar-
graf 1994) and an in-house checklist on chronic physical 
diseases, and medication to confirm eligibility. Furthermore, 
blood samples were drawn into EDTA tubes (Sarstedt, Nüm-
brecht, Germany) for DNA extraction and stored at − 20 °C 
for no more than 6 months. For the scanning session, par-
ticipants were scheduled for a second appointment between 
11:00 am and 5:00 pm at the Neuroimaging Centre Dresden 
and were instructed to arrive well-rested. All participants 
were carefully introduced to the study protocol and filled in 
a consent form prior to testing. The scanning session started 
with the acquisition of structural images to acclimate par-
ticipants to the scanning environment and to minimize stress 
reactions related to the scanner setting itself (Muehlhan 
et al. 2011, 2013). After the structural scan, all participants 
completed a resting state (RS) measurement followed by an 
emotional face processing task to assess implicit emotion 
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regulation. The study was conducted in accordance with the 
Declaration of Helsinki and approved by the ethics commit-
tee of the Technische Universität Dresden [EK: 152052012]. 
All participants received a monetary compensation of € 30 
for participation.

Implicit emotion regulation task

Participants viewed 12 blocks of emotional face stimuli 
(Fig. 1), each consisting of neutral, fearful, sad, and happy 
faces taken from the Karolinska Directed Emotional Faces 
set (Lundqvist et  al. 1998), which were presented in a 
pseudo-randomized order. Each 16-s block consisted of two 
stimuli per type of facial expressions (with an equal num-
bers of male and female faces), followed by a 16-s resting 
period. Stimuli appeared only once and were presented for 
800 ms separated by a 300 ms inter-trial-interval. Partici-
pants were instructed to discriminate the sex of each face 
by button-press as fast as possible. The entire task lasted 
for 6 min and 12 s. The paradigm was programmed using 
Presentation® (Version 11.3, Neurobehavioral Systems, 
Inc., Berkeley, CA, USA, www.neuro​bs.com). Stimuli were 
presented on an MRI-compatible monitor and viewed via a 
back-projection mirror. Behavioral responses were acquired 

using an MRI-compatible response Box (LUMItouchTM, 
Photon Control Inc. Burnaby, BC, Canada).

Bisulfite pyrosequencing

Quantitative DNAM analysis of the FKBP5 gene was per-
formed by Varionostic GmbH (Ulm, Germany). The targeted 
region contained three CpGs sites corresponding to intron 
7 bin 2 in Klengel et al. (2013) that are located within, or 
in proximity to, a functional consensus GRE (Fig. 2). After 
extensive screening of functionally relevant regions of the 
FKBP5 gene, a seminal study reported that DNAM levels 
at these particular sites were found to vary as a function 
of early trauma, and thus constitutes a promising target for 
investigating epigenetic correlates of emotion processing 
and regulation (Klengel et al. 2013). A detailed description 
of the well-established bisulfite pryrosequencing protocol 
with amplicon and sequencing primers has been published 
elsewhere (e.g., Klengel et al. 2013). Briefly, genomic DNA 
extracted from EDTA whole blood was bisulfite-treated 
using the EZ DNA Methylation Gold Kit (Zymo Research, 
Range, CA, USA). Subsequent pyrosequencing was per-
formed on the Q24/ID System, including three human meth-
ylation standards (0%, 50%, 100%). Percent DNAM at each 
CpG site was quantified using the PyroMark Q24 software 

Fig. 1   Schematic illustration of 
the implicit emotion regulation 
task depicting an exemplary 
picture for each facial expres-
sion and the consecutive base-
line condition

Fig. 2   Schematic representation of the human FKBP5 gene. The 
upper panel depicts the FKBP5 locus in 5′–3′ orientation. Black bars 
indicate the 11 exons. The lower panel shows the targeted region ana-

lyzed by bisulfite pyrosequencing (intron 7 bin 2, comprising three 
CpG sites marked in bold letters). The functional consensus glucocor-
ticoid response element (GRE) is underlined

http://www.neurobs.com
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(Qiagen) with standard quality control settings implemented 
in the software. All samples passed quality control. For 
subsequent analyses, mean percent DNAM levels across the 
three CpG sites analyzed within FKBP5 intron 7 bin 2 were 
calculated and logit-transformed to achieve normal distribu-
tion requirements for statistical testing. Mean FKBP5 DNAM 
levels were 83.95 ± 3.90. Additional analyses revealed that 
DNAM patterns were unrelated to sex, age, smoking status, 
and the use of oral contraceptives in the female subsample 
(all p values ≥ 0.40). Consequently, these variables were not 
considered as covariates in subsequent analyses.

FKBP5 rs1360780 genotyping

To rule out potential confounding effects of rs1360780, all 
participants were genotyped by means of MALDI-TOF mass 
spectrometry using the MassARRAY-4 system, Complete 
iPLEX Gold Genotyping Reagent Set, and the GenoTYPER 
software (Agena Bioscience). The rs1360780 genotype fre-
quencies in our sample are as follows: CC = 45, CT = 21, 
TT = 8, indicating a slight departure from Hardy–Weinberg 
equilibrium (HWE: Chi2 = 4.38, df = 1, p = 0.036). Although 
deviation from HWE was marginal (i.e. genotype frequen-
cies would be in HWE, if the sample included only one 
CT instead of one CC carrier); we additionally genotyped 
rs1360780 by real-time PCR using a LightCycler 480 Sys-
tem (Roche Diagnostics, Mannheim, Germany) to exclude 
the possibility of genotyping errors. Primers and hybridi-
zation probes were customized produced (TIB MOLBIOL, 
Berlin, Germany). Respective real-time PCR results, 100% 
replicated the MassARRAY findings. Carriers of the protec-
tive rs1360780 genotype (CC) did not differ from risk allele 
carriers (CT, TT), regarding mean FKBP5 DNAM levels 
(t = 0.18, p = 0.87).

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 using a mag-
netization prepared rapid gradient echo imaging (MPRAGE) 
sequence (TR 1900 ms, TE 2.26 ms, flip angle α = 9°). Func-
tional measurements were obtained using a T2* weighted 
gradient echo planar imaging (EPI) sequence (repetition time 
(TR) 2000 ms, echo time (TE) 25 ms, flip angle α = 80°). In 
each functional run, 179 whole brain volumes of 35 axial 
slices with a voxel size of 3.4 mm × 3.4 mm × 2.5 mm (25% 
gap) were acquired sequentially in an ascending order. Each 
slice had a matrix size of 64 × 64 voxels resulting in a field 
of view of 220 mm.

fMRI data preprocessing

All analysis steps were performed using the CONN-tool-
box v17f (Whitfield-Gabrieli and Nieto-Castanon 2012) 
running in Matlab R2012a (The MathWorks Inc., Natick, 
MA, USA). Prior to preprocessing, the first four scans were 
discharged due to T1 equilibration effects. The remaining 
175 scans were spatially realigned and unwarped to correct 
for interscan movement. Acquisition times were corrected, 
the structural and functional images were segmented, and 
all images were directly normalized to the MNI (Montreal 
Neurological Institute, Quebec, Canada) reference brain. 
Finally, the functional scans were spatially smoothed using 
an 8 mm Gaussian kernel. These steps were implemented 
in the CONN-toolbox as default preprocessing pipeline and 
based on SPM12 (Wellcome Department of Imaging Neu-
roscience, UCL, London, UK). Additionally, data artifacts 
related to movements larger than 0.9 mm to the previous 
frame or changes in global mean intensity greater than five 
standard deviations from the mean image intensity for the 
entire scan were detected using the Artifact Detection Tools 
(http://www.nitrc​.org/proje​cts/artif​act_detec​t).

Two regressors were modeled, which represent the 12 
task and 10 resting blocks. Prior to first-level analyses, a 
denoising procedure including the component-based cor-
rection method (CompCor; (Behzadi et al. 2007) and tem-
poral high-pass filtering (> 0.01 Hz) was applied to remove 
motion, physiological, and other artifactual effects from the 
fMRI signal. Moreover, the six movement parameters and a 
matrix containing the ART-detected outliers were included 
as first-level nuisance covariates.

Multi‑voxel pattern analysis (MVPA)

We used the MVPA as implemented in the Conn-toolbox 
v17.f, which has been used in several prior studies (Thomp-
son et al. 2016; Whitfield-Gabrieli et al. 2016). First, we 
calculated the pairwise task-related connectivity pattern 
between each voxel and all other voxels of the brain. The 
dimensionality of the multi-voxel pattern was reduced using 
a principle component analysis. For this, 14 components 
were used which correspond to 20% of the study sample 
(Hair et al. 2006). Furthermore, a multivariate pattern anal-
ysis was performed to calculate associations between any 
of the 14 components and FKBP5 DNAM. This analysis 
revealed one cluster, located within the right rostral ante-
rior cingulate (rACC) cortex (see results section). In a next 
step, post hoc analyses were performed using the cluster 
identified in the MVPA analysis as seed region for seed-
to-voxel connectivity analysis to test for associations with 
FKBP5 DNAM. All analyses were conducted using a height 
threshold of p < 0.001; cluster-level family-wise error (FWE) 
was corrected p < 0.05 using a two-sided contrast. Finally, 

http://www.nitrc.org/projects/artifact_detect
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average functional time series was extracted from each clus-
ter (seed region) and every individual to calculate region 
of interest-to-region of interest (ROI-to-ROI) connectivity 
values for a visual inspection of the cluster of points.

Behavioral domain profiling

To characterize the identified brain network in more details, 
a behavioral domain analysis based on the BrainMap data-
base (brainmap.org) was performed. The BrainMap database 
contains over 16000 functional imaging experiments clas-
sified into five main domains (action, cognition, emotion, 
interoception, and perception) and 51 subdomains (Fox 
et al. 2005). These metadata can be used to analyze brain 
regions with regard to mental processes in which they are 
involved. The analysis was conducted on April 4th, 2018 and 
was restricted to “normal mapping” studies. In this search 
context, only brain mapping studies were considered that 
have investigated functional activation in healthy subjects. 
No intervention studies or studies reporting group compari-
sons were considered. In detail, respective clusters from the 
seed-to-voxel connectivity analysis were stored as binary 
masks and transformed into the Talairach space using the 
software Mango (http://ric.uthsc​sa.edu/mango​/). Afterward, 
the Behavioral Analysis Plugin (v.: 2.2) was used to check 
which portion of the coordinates in the BrainMap database is 
allocated to the masks and whether this differs significantly 
from a random distribution. This test was repeated for all 51 
subdomains and the results were converted to an effect size 
(z value) corrected for the size of the masks and multiple 
testing of the 51 subdomains. Only z-values above 3 sur-
vived this correction are thus, reported in the results section 
(Lancaster et al. 2012).

Behavioral data

Reaction time (RT) means and accuracy rates were calcu-
lated for each participant. RTs below 100 ms and above 
1100 ms were counted as errors and were not considered 
for further analyses. Subsequent correlation analyses were 
performed to test for associations between behavioral data 
(RT and accuracy rates) and seed-to-voxel connectivity, as 
well as FKBP5 DNAM. One person was excluded from the 
behavioral analyses due to technical problems.

Results

Correlations of functional network architecture 
and FKBP5 DNAM: multi‑voxel pattern analysis

We first applied a data-driven MVPA to identify potential 
seed regions for subsequent functional network architecture 

analyses. The MVPA analysis revealed one cluster where 
connectivity values varied with FKBP5 DNAM (Fig. 3). 
This cluster has an extension of 111 voxels and comprises 
parts of the right paracingulate gyrus (paCiG) and the right 
rACC. The peak voxel of the cluster was located at the MNI 
coordinates x = 08, y = 48, z = − 04. Results are reported at a 
statistical threshold of p ≤ 0.001, family-wise error corrected 
(FWE) at cluster level of p ≤ 0.05.

Correlations of functional network architecture 
and FKBP5 DNAM: seed‑to‑voxel analysis

Subsequent seed-to-voxel analysis using the MVPA clus-
ter as seed region revealed five clusters, where connectivity 
values were positively correlated with FKBP5 DNAM. For 
a detailed description of cluster sizes and peak voxels, see 
Table 1. Seed-to-voxel connectivity maps are depicted in 
Fig. 4a.

A first cluster within the right hemisphere (peak voxel: 
x = 32, y = 04, z = 02) covers 26% of the insular cortex (352 
voxel), 30% of the putamen (244 voxel), 63% of the fron-
tal operculum (196 voxel), 5% of the temporal pole (130 
voxel), 14% of the inferior frontal gyrus pars opercularis 
(99 voxel), 6% of the central operculum (53 voxel), 3% of 
the frontal orbital cortex (48 voxel), 15% of the superior 
temporal gyrus, anterior division (48 voxel), 7% of the 
inferior frontal gyrus, pars triangularis (41 voxel), 14% 
of the pallidum (39 voxel), 6% of the planum porale (23 
voxel), 1% of the thalamus (13 voxel), and 2% of the cau-
date (nine voxel). 463 voxel could not be labeled. The 
second cluster within the left hemisphere (peak voxel: 

Fig. 3   Results from the multi-voxel pattern analysis (MVPA) are 
depicted on a right medial view of a gray matter glass brain. Within 
this rostral ACC cluster, FKBP5 DNA methylation correlates with 
connectivity patterns of the MVPA components

http://ric.uthscsa.edu/mango/
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Table 1   Peak voxels and cluster 
sizes derived from correlation 
analyses of the rostral ACC 
seed-to-voxel connectivity and 
FKBP5 methylation

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. β values represent changes in 
Fisher-Z-scores (z transformed correlation coefficients) for each unit change in FKBP5 methylation
IFG inferior frontal gyrus, MFG middle frontal gyrus, Temp. Pol temporal pole, β statistical strength

Region Hemisphere Cluster size MNI coordinates Z value β value

X Y Z

1 Putamen R 1752 32 04 02 4.97 0.55
Insula R 40 16 00 4.69
Temp. Pol. R 56 14 − 06 4.62

2 Putamen L 777 − 24 10 − 06 4.65 0.50
Caudate L − 20 12 12 4.39
Putamen L − 28 08 02 4.26

3 MFG R 271 42 36 24 4.15 0.41
MFG R 34 40 18 3.73
IFG R 40 34 12 3.55

4 Thalamus R 160 06 − 16 12 4.42 0.34
5 MFG L 142 − 32 48 20 4.02 0.33

MFG L − 42 42 16 3.65

Fig. 4   Results from the subsequent correlational analysis between 
seed-to-voxel connectivity and FKBP5 DNA methylation. a The 
seed region was the rostral ACC cluster (black sphere) isolated in the 
MVPA. The clusters indicate regions were seed-to-voxel connectiv-
ity most strongly vary with FKBP5 DNA methylation. The two-sided 
contrast is presented using a height threshold of p < 0.001, FWE clus-
ter level corrected for multiple comparisons p < 0.05. Clusters are 
depicted on superior and anterior view of a gray matter glass brain. 

The spheres illustrate the locations of the peak voxel, the red blobs 
the indicate cluster extensions. b Scatterplots for visual inspection 
illustrate results from subsequent extracted mean connectivity values 
(ROI-to-ROI analyses) and FKBP5 methylation. MFG middle frontal 
gyrus. The clusters are labeled according to the location of their peak 
voxels. A detailed description of the covered brain regions is reported 
in the text
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x = − 24, y = 10, z = − 06) covers 26% of the putamen (226 
voxel), 13% of the insular cortex (174 clusters), 15% of 
the frontal operculum (53 voxel), 8% of the caudate (41 
voxel), 1% of the frontal orbital cortex (21 voxel), 1% of 
the thalamus (ten voxel), 3% of the pallidum (nine voxel), 
and 1% of the central opercular cortex (six voxel). 237 
voxel could not be labeled. The third cluster (peak voxel: 
x = 42, y = 36, z = 24) in the right hemisphere covers 2% 
of the frontal pole (136 voxel), 2% of the middle frontal 
gyrus (64 voxel), 1% of the inferior frontal gyrus, pars tri-
angularis (five voxel), and 1% inferior frontal gyrus, pars 
opercularis (four voxel). 62 voxel could not be labeled. 
The fourth cluster (peak voxel: x = 06, y = − 16, z = 12) 
covers 11% of the right thalamus (140 voxel). Twenty 
voxel could not be labeled. The fifth cluster (peak voxel: 
x = − 32, y = 48, z = 20) covers 2% of the left frontal pole 
(135 voxel). Seven voxel could not be labeled. No negative 
associations between seed-to-voxel connectivity values 
and FKBP5 DNAM could be observed.

For descriptive purposes, we further conducted ROI-
to-ROI analyses to calculate the mean connectivity values 
between the MVPA-based seed region and each of the five 
clusters from the seed-to-voxel analysis to visualize the posi-
tive correlation between connectivity values and FKBP5 
DNAM (Fig. 4b). Visual inspection of the scatterplots con-
firmed that the strong positive correlations between FKBP5 

DNAM and functional connectivity values are not driven by 
outliers.

The observed associations of FKBP5 DNAM with brain 
connectivity measures were comparable, when controlling 
for rs1360780 genotype, age and sex in respective analyses. 
Results are shown in Supplementary Table S1; Figure S2.

Behavioral domain analyses

Histograms of the behavioral domains associated with those 
clusters where connectivity values varied as a function of 
FKBP5 DNAM were analyzed to determine their functional 
specialization using behavioral domain metadata extracted 
from BrainMap. As summarized in Fig. 5, the analysis iden-
tified 22 subdomains with the highest effect sizes on the 
domain “other emotion”, which represents general affective 
processes that do not explicitly fit into other subdomains for-
mulated in the database (see: brainmap.org/taxonomy/behav-
iors.html#Emotion). Besides further emotion subdomains 
such as anxiety and disgust, there were also high effect 
strengths in other subdomains spanning cognition, action, 
perception, interoception, and language. In addition to the 
behavioral characterization of the entire network, we further 
performed behavioral domain analyses for each single clus-
ter (see Figure S 1). These analyses yielded largely compa-
rable results, but revealed that only both clusters covering 

Fig. 5   Behavioral domain analysis. The analysis shows the behavioral 
profile of the identified ACC-based network associated with FKBP5 
DNA methylation. The results are based on the studies recorded in 
the brainmap.org database. Only subdomains with an effect size 

greater than 3 are shown, because these subdomains survived correc-
tion for the size of the network mask and for multiple testing across 
all 51 subdomains
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the middle frontal gyri (MFG: cluster 3 and 5) were solely 
related to the cognitive subdomains working memory and 
attention.

Behavioral data

Participants showed an average accuracy rate of 94.4% (SD 
12.3%) with a mean RT of 571.2 ms (SD 48.5 ms). The 
correlation analyses between behavioral data with both the 
ROI-to-ROI connectivity and FKBP5 DNAM revealed no 
significant results.

Discussion

The present study is the first to investigate associations of 
epigenetic variation in the FKBP5 gene and functional neu-
ral network architecture during an implicit emotion regu-
lation task. Specifically, MVPA revealed a cluster within 
the right rACC and the adjunct paCiGs, where connectivity 
patterns were strongly related to FKBP5 DNAM. Using this 
cluster as seed region for subsequent connectivity analyses, 
we further identified a functional network, including pre-
frontal, subcortical, insular, and thalamic regions, where 
connectivity patterns positively correlated with FKBP5 
DNAM.

These findings significantly extend previous neuroimag-
ing studies investigating neural correlates of genetic variants 
associated with increased FKBP5 induction. Specifically, 
carriers of the high-inducing rs136078 T allele were found 
to display structural and functional alterations in multiple 
brain areas involved in emotion regulation that prominently 
include frontal regions. For example, the rs1360780 T alleles 
has been linked to smaller GM volume in the dACC (Fujii 
et al. 2014), lower white matter integrity in the left poste-
rior cingulum, and the dACC (Fani et al. 2014; Fujii et al. 
2014), as well as altered resting state activity in a fronto-
temporal–parietal network (Bryant et al. 2016). In addition, 
a large MRI study (N = 1826 individuals) reported signifi-
cantly lower GM volumes within three clusters covering the 
temporal gyrus, the left hippocampi, the right amygdala, 
and the rACC of child abuse survivors homozygous for the 
T allele (Grabe et al. 2016). Strikingly, this GxE interac-
tion effect on volume reductions of the rACC corresponds to 
brain regions that exactly match our MVPA-derived cluster, 
where functional connectivity patterns were found to vary 
as a function of FKBP5 DNAM. This is interesting in so far 
as the combination of the T allele and childhood trauma 
exposure was found to induce a demethylation of FKBP5 
intron 7 bin 2 (Klengel et al. 2013). In turn, this demethyla-
tion has been suggested to convey long-term dysregulation 
of neuroendocrine systems via promoting GR resistance and 
possibly constitutes a mediating pathway from maltreatment 

to negative health outcomes (Binder, 2017; Klengel et al. 
2013). Our study now suggests that FKBP5 demethylation 
relates to impaired functional rACC network architecture, 
indicating that neural correlates of (epi-) genetic variation 
linked to enhanced FKBP5 transcription are not limited to 
structural rACC changes.

As detailed in comprehensive reviews, the ACC consti-
tutes as a central hub for integrating multimodal information 
to guide self-regulation and decision making across different 
domains (Bush et al. 2000; Posner et al. 2007) The rACC 
(also referred to as pregenual ACC), and adjacent frontal 
midline structures in specific play a central role in gener-
ating emotional responses by coordinating its autonomic, 
visceromotor, and endocrine components (Kober et al. 2008; 
Sturm et al. 2013). Among its multiple functions, the rACC 
is crucially involved in implicit emotion and stress regula-
tion (Etkin et al. 2011; Lederbogen et al. 2011), self-effi-
cacy (Lockwood and Wittmann, 2018), automatic cognitive 
control (Rive et al. 2013), and further guides the motiva-
tion to achieve and maintain task goals (Kober et al. 2008; 
Wager et al. 2005). A wealth of clinical studies suggests 
that structural and functional alterations of the rACC range 
among the most consistently identified neural features of 
stress-related disorders. For example, significant GM density 
reductions in the rACC have been reported in patients with 
PTSD (Bromis et al. 2018) and major depression (Schmaal 
et al. 2017) compared to healthy controls. These findings 
are paralleled by fMRI and positron emission tomography 
(PET) studies demonstrating a general hypoactivation of the 
rACC in PTSD patients during symptom provocation (Brit-
ton et al. 2005; Lanius et al. 2007) and in response to nega-
tive or trauma-related stimuli (Shin et al. 2005; Williams 
et al. 2006). Together, these findings indicate the potential 
clinical relevance of an aberrant functional rACC connec-
tivity that has been linked to FKBP5 demethylation in the 
current study.

With regard to potential mechanisms underlying the asso-
ciation of rACC functional connectivity and FKBP5 DNAM, 
it is important to note that the ACC exhibits a high density 
of GR (Herman et al. 2005), rendering this area particularly 
vulnerable to excessive glucocorticoid signaling. It is thus 
tempting to speculate that FKBP5 demethylation perma-
nently increases glucocorticoid levels (Klengel et al. 2013), 
which have been shown to induce neurotoxic effects (Lupien 
et al. 2018) and functional connectivity changes via dendritic 
remodeling and effects on postsynaptic dendritic spine plas-
ticity (Hall et al. 2015). With regard to the rACC in specific, 
circulating cortisol levels and impaired HPA-axis feedback 
regulation were indeed found to inversely correlate with vol-
ume and white matter integrity (fractional anisotropy values) 
of the rACC (Ota et al. 2013; Treadway et al. 2009). Besides 
its modulatory effect on the GR, FKBP5 exerts a broad 
impact on neuronal functioning and synaptic plasticity, for 
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example, via regulating mTOR and calcineurin pathways, 
autophagy, and DNA methyltransferases (Rein, 2016). These 
findings align well with results from first epigenetic imaging 
studies that demonstrated associations of FKBP5 demethyla-
tion and impaired morphology in other frontal brain regions 
(Han et al. 2017; Tozzi et al. 2017). Importantly, our cross-
sectional data do not rule out the alternative possibility of 
pre-existing differences in rACC network architecture as a 
cause for differential FKBP5 DNAM. As a central part of 
the limbic stress regulation system, the rACC significantly 
modulates the release of GC (Diorio et al. 1993) that have 
been identified as a crucial mediator of environmentally 
induced epigenetic changes, including demethylation of the 
FKBP5 gene (Klengel et al. 2013). Consequently, longitudi-
nal studies are needed to draw any firm conclusion regarding 
the causal mechanisms underlying the observed association 
of epigenetic changes in the FKBP5 and rACC functional 
network architecture.

The ACC-based network associated with FKBP5 DNAM 
comprised numerous clusters in prefrontal, subcortical, insu-
lar, and thalamic regions. To characterize the functional sig-
nificance of this network in more detail, we subsequently 
performed a behavioral domain analysis. As expected for 
an emotion regulation task, this analysis revealed the overall 
highest effect strength for emotion subdomains, thus con-
firming that previous studies have equally highlighted the 
relevance of the respective network for emotion regulation 
and processing. Specifically, these emotion subdomains were 
related to three of the five clusters (referred to as 1, 2, 4 in 
Table 1), where rACC connectivity values were positively 
correlated with FKBP5 DNAM. These clusters cover relevant 
brain areas of the basal ganglia structures, including the 
putamina and the striatum, as well as the insulae, opercula, 
and thalami. Respective regions are centrally implicated in 
emotion recognition, the detection of relevant stimuli, sali-
ence mapping, motivational processes, and the coordination 
of different brain networks (Lichev et al. 2015). Besides 
subdomains related to emotion, behavioral domain analysis 
identified numerous cognitive subdomains, including work-
ing memory, attention, action inhibition, and execution. The 
involvement of brain regions related to respective cognitive 
processes appears plausible, given that participants had to 
keep the task requirement in mind and were instructed to 
identify the sex of each face by button-press. In addition, 
higher order cognitive functions and their respective net-
works have also been suggested to play a decisive role for 
emotion regulation (LeDoux and Pine, 2016). Lastly, the 
ACC-based network associated with FKBP5 DNAM further 
consisted of a number of subdomains that appear rather 
unrelated to the specific task used such as interoception 
(sexuality, bladder function), perception (perception of pain 
and taste), music recognition, and language. Some of these 
domains may offer an interesting starting point for future 

studies investigating epigenetic underpinnings of maladap-
tive emotion regulation. For example, a recent meta-analy-
sis concludes that neuronal structures underlying language 
functions also play a central role in emotion regulation and 
excessive worrying (Weber-Goericke and Muehlhan, 2018).

Limitations

Several limitations of the present study should be acknowl-
edged. First, reported results rely on peripheral measures 
of FKBP5 DNAM, which may not necessarily generalize 
to neural tissue. However, post-mortem (Tylee et al. 2013) 
and studies on living humans (Braun et al. 2017) revealed 
substantial correlations of DNAM profiles in peripheral and 
neural cells, providing a solid base for analyzing DNAM in 
blood and saliva samples. Moreover, rodent models revealed 
parallel changes of FKBP5 DNAM profiles in both peripheral 
cells and neural tissue after chronic corticosterone expo-
sure (Ewald et al. 2014), indicating that DNAM changes in 
response to environmental signals appear to be system-wide. 
Second, we observed no significant correlations of ROI-to-
ROI connectivity values and accuracy rates or response 
times during the implicit emotion regulation task. However, 
as the experiment consisted of a simple sex discrimination 
task, it was not designed to produce significant variance 
in behavioral responses. Finally, findings from the current 
study remain preliminary until independent replication in 
larger samples is available.

Conclusion

In conclusion, the present study suggests that FKBP5 dem-
ethylation predicts reduced ACC-based network connectiv-
ity with brain areas crucially involved in emotion regula-
tion and cognition. One could speculate that such a poorer 
recruitment of ACC-based network components might con-
fer deficits in implicit emotional sensitivity and automatic 
“moment-to-moment” emotion regulation (McRae et al. 
2008). These deficits may further affect the transition from 
implicit to explicit regulation strategies, e.g., when con-
fronted with events of emotional or motivational significance 
(Gyurak et al. 2011). In addition, an impaired ACC-network 
connectivity might contribute to an incorrect salience alloca-
tion, and thus to poorer explicit emotion regulation strate-
gies. Such impairments in salience mapping and emotion 
regulation are discussed as a potent risk factor for affective 
disorders (Etkin et al. 2015; Menon, 2011) that have been 
previously linked to enhanced FKBP5 transcription (Wang 
et al. 2018).
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