ORIGINAL RESEARCH
published: 30 April 2018
doi: 10.3389/fnbeh.2018.00080

Failure to Replicate the Association
Between Fractional Anisotropy and
the Serotonin Transporter Gene
(5-HTTLPR, rs25531)
Tim Klucken 1,2 *, Isabell Tapia León 1,2 , Carlo Blecker 2 , Onno Kruse 1,2 , Tobias Stalder 1
and Rudolf Stark 2,3
1

Department of Clinical Psychology, University of Siegen, Siegen, Germany, 2 Bender Institute of Neuroimaging (BION), Justus
Liebig University, Giessen, Germany, 3 Department of Psychotherapy and Systems Neuroscience, Justus Liebig University,
Giessen, Germany

Edited by:
Pietro Pietrini,
IMT School for Advanced Studies
Lucca, Italy
Reviewed by:
Sören Enge,
Medical School Berlin, Germany
Leonardo Tozzi,
Stanford University, United States
*Correspondence:
Tim Klucken
tim.klucken@uni-siegen.de
Received: 25 September 2017
Accepted: 12 April 2018
Published: 30 April 2018
Citation:
Klucken T, Tapia León I, Blecker C,
Kruse O, Stalder T and Stark R
(2018) Failure to Replicate the
Association Between Fractional
Anisotropy and the Serotonin
Transporter Gene (5-HTTLPR,
rs25531).
Front. Behav. Neurosci. 12:80.
doi: 10.3389/fnbeh.2018.00080

Recent work underlines the importance of alterations in white matter (e.g., measured by
fractional anisotropy (FA)) as a neural vulnerability marker for psychiatric disorders. In this
context, the uncinate fasciculus (UF), which connects the limbic system with prefrontal
areas, has repeatedly been linked to psychiatric disorders, fear processing, and anxietyrelated traits. Individual differences in FA may partly be genetically determined. Variation
in the promoter region of the serotonin transporter gene (serotonin transporter-linked
polymorphic region [5-HTTLPR]) is a particularly promising candidate in this context,
which has been linked to psychiatric disorders as well as to limbic and prefrontal
reactivity. However, findings on the association between the 5-HTTLPR and FA within
the UF-tract have been heterogeneous. The present study investigated this relationship
and extended previous work by considering different genetic classification approaches
as well as sex effects in a human sample (n = 114). All participants were genotyped for
the 5-HTTLPR and the rs25531 polymorphism. As a main result, we did not find any
significant relationship between the 5-HTTLPR and FA in the UF-tract although power
analyses showed an adequate power. In addition, genotype effects were neither found
when different classification approaches were used nor when analyses were carried
out in males or females only. The present findings suggest that the association of the
5-HTTLPR and FA seems to be a more labile phenomenon than previously assumed.
Possible explanations and limitations are discussed.
Keywords: white matter microstructure integrity, diffusion tensor imaging, serotonin, connectivity, uncinate
fasciculus

INTRODUCTION
The use of magnetic resonance imaging (MRI) has led to a deeper understanding of gene × brain
interaction processes, which have been linked to the development, maintenance, and treatment of
psychiatric disorders. In this context, a functional genetic variation within the promoter region of
the serotonin transporter gene (SLC6A4), i.e., the serotonin transporter-linked polymorphic region
(5-HTTLPR), has gained increasing attention over the last decade. A 43 base pair insertion/deletion
located in the promoter region of the serotonin transporter gene results in a long (l-) and a short
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often linked to the 5-HTTLPR (e.g., Klucken et al., 2015). Third,
from a functional perspective, it has been hypothesized that
serotonergic transmission may be critical for neuroplasticity,
which modulates the development and strength of connectivity
of the PFC and limbic areas (e.g., the amygdala) involved in the
serotonergic circuitry (Jonassen and Landrø, 2014). For instance,
findings suggest that postnatal serotonergic transmission has
long-term effects on the neuroplasticity within and around the
amygdala and may thus alter its connectivity (Homberg et al.,
2011). In addition, serotonin is involved in early differentiation
and maturation of nerve cells not only in the amygdala but
also in many other subcortical and cortical areas (Jonassen and
Landrø, 2014). Finally, it has been shown that the UF-tract is also
associated with fear-relevant bottom-up processes and altered
emotion regulation, which are mainly processed by the limbic
system and cortical structures (Montag et al., 2012; Modi et al.,
2013; Zuurbier et al., 2013; Hermann et al., 2017) and are also
closely related to the 5-HTTLPR (Lonsdorf et al., 2009, 2011;
Lonsdorf and Kalisch, 2011).
To date, only three studies have investigated the relationship
between the 5-HTTLPR and the UF-tract in healthy subjects
with heterogeneous results: While one study showed decreased
FA in the low-functional group (Pacheco et al., 2009), a second
study showed increased FA in s-allele carriers, an effect which
was found to interact with age (Jonassen et al., 2012). In another
study, we also observed increased FA-values in s-allele carriers,
but without any significant interactions with age (Klucken et al.,
2015). However, it should be noted that the first two mentioned
studies (Pacheco et al., 2009; Jonassen et al., 2012) were different
from our previous study (Klucken et al., 2015), because they
also focused on other research topics (e.g., age) and therefore
analyzed a sample with a broader age range.
Given the current replication debate (Koole and Lakens, 2012;
Stroebe and Strack, 2014; Strack, 2017), the aim of this study was
to replicate and extend the previous findings by Klucken et al.
(2015). The present study tries to investigate: (1) the association
between the 5-HTTLPR and FA. In addition, (2) we sought to
investigate effects for the bi-allelic and, as an aside, the tri-allelic
classification approach separately in order to increase the depth
of data and inform the current classification debate. Finally,
(3) we also additionally analyzed 5-HTTLPR effects in females
and males separately for identifying potential sex effects in DTI.

(s-) allele. Initial studies pointed to a (‘bi-allelic’) dominant effect
with reduced 5-HTT availability and serotonergic functioning
in s-allele carriers compared with homozygote l-allele carriers
(Lesch et al., 1996; Stoltenberg et al., 2002; but Heinz
et al., 2000). Currently, there is an ongoing debate about
alternative (e.g., tri-allelic) classifications (Uher and McGuffin,
2008; Jonassen and Landrø, 2014) stimulated by findings
that a single nucleotide polymorphism (A/G polymorphism
[rs25531]) renders the LG -allele functionally equivalent to
the s-alleles (i.e., reduced 5-HTT availability; ‘‘low-functioning
group’’; ‘‘SS, SLG , LG LG , SLA , LA LG ’’) in contrast to a ‘‘highfunctioning group’’ (‘‘LA LA ’’; Nakamura et al., 2000; Hu et al.,
2006). Irrespectively of the classification approach, converging
findings indicate an increased risk for the development of
psychiatric disorders, like depression, in s-allele carriers and
in the low-functioning group at least in interaction with
stressful life events (Uher and McGuffin, 2008; Karg et al.,
2011 but Risch et al., 2009). Furthermore, meta-analytic data
indicate that homozygous s-allele carriers display increased
cortisol stress reactivity (Miller et al., 2012). Regarding the
interaction between 5-HTTLPR and neural reactivity, studies
have repeatedly linked the s-allele (or the low-functioning group)
to facilitated fear processing by showing increased blood oxygen
level-dependent (BOLD) reactivity in the amygdala (Hariri
et al., 2002, 2005; Bertolino et al., 2005; Canli et al., 2006;
Munafò et al., 2008; Lonsdorf et al., 2011) and higher functional
connectivity between the amygdala and the prefrontal cortex,
which may reflect dysfunctional emotion regulation processes
in this group (Alexander et al., 2009; Schardt et al., 2010;
Lemogne et al., 2011; Kilpatrick et al., 2015; Klucken et al.,
2015).
However, while the association between specific
polymorphisms and functional connectivity has already
been investigated extensively (Meyer-Lindenberg, 2009, 2010),
structural connected (as measured be diffusion tensor imaging)
has gained increased attention in the last years only (Alexander
et al., 2007; Thomason and Thompson, 2011; Bracht et al.,
2015; di Porzio, 2016). Diffusion tensor imaging offers a unique
property to measure the coherence and direction of fiber tracts,
which has been found to contribute to the development of
psychiatric disorders and to be under genetic control (White
et al., 2008; Kochunov et al., 2015).
In this context, the uncinated fasciculus (UF) is of special
interest as a target white matter tract with respect to the
5-HTTLPR due to the following reasons: First, there is
converging evidence that alterations in fractional anisotropy
(FA) of the UF is associated with an increased vulnerability
to psychiatric disorders as well as with neuroticism-related
traits, although the exact relationship is under debate (Kim and
Whalen, 2009; Montag et al., 2012). In detail, most (but not all)
studies found decreased FA in the UF in patients with major
depressive disorders or with anxiety disorders (see Ayling et al.,
2012; Bracht et al., 2015; and White et al., 2008; for extensive
reviews).
Second, the UF connects the limbic system with the prefrontal
cortex (Ebeling and von Cramon, 1992). Structural and neural
alterations in the limbic system and the prefrontal cortex are
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MATERIALS AND METHODS
Subjects
One-hundred and fourteen participants (62 females;
agefemale : M = 22.52 years; SD = 2.79 years; 52 males; age
M male = 24.48 years; SD = 3.29 years) took part in the study
comprising an ethnically homogenous Caucasian sample.
All participants were right-handed and had normal or
corrected-to-normal vision. Participants were interviewed
with a self-developed standardized interview for psychiatric
disorders (e.g., Klucken et al., 2016). This short interview asks
for the major disorders (e.g., mood and anxiety disorders, eating
disorder, etc.) based on the Diagnostic and Statistical Manual of
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Mental Disorders (DSM)-IV Axis I diagnoses as well as traumata
and the consumption of drugs. No subject had a history of any
psychiatric or neurological treatment or a consumption of drugs.
All participants were students of the University of Giessen and
received either course credits or 10 e as a compensation. This
study was carried out in accordance with the recommendations
of the local ethics committee at the University of Giessen with
written informed consent from all subjects. All subjects gave
written informed consent in accordance with the Declaration
of Helsinki. The protocol was approved by the local ethics
committee at the University of Giessen.

was done and consisted of 176 T1-weighted sagittal slices (slice
thickness = 0.94 mm; field of view (FoV) = 240 × 240 mm;
TR = 1.58 s; TE = 2.3 s). Diffusion-weighted images were
acquired using a single shot, pulsed gradient, EPI protocol
(interleaved slice procedure; TR = 5.7 s; TE = 59 ms; FoV
232 mm × 232 mm; matrix size = 116 × 116, slice thickness:
2 mm, gap: 0.5 mm, voxel size: 2 mm × 2 mm × 2 mm,
64 directions, b-values = 0 and 1000 s/mm2 ). Skeletonization
was carried out using the Tract-Based Spatial Statistics
module implemented in FSL (Version 5.0.9). First, data were
preprocessed (eddy current and head motion correction, brain
mask for the DTI data, tensor calculation). Anisotropy was
expressed as FA. The UF was taken from the Johns Hopkins
University (JHU) DTI white matter atlas provided by the FSL
software package (Wakana et al., 2007; Hua et al., 2008).
On the first-level, maximum FA were computed for each
participant and each voxel and introduced as dependent variable
for the group analyses. On the second level, group differences in
FA were analyzed with respect to the bi-allelic approach and, as a
supplement, on the tri-allelic approach.
Regarding the bi-allelic approach, two groups (s-allele
group − l/l-allele group and vice versa) were compared (Klucken
et al., 2015). Second, as a supplement, we also compared all three
genotype groups with each other (i.e., s/s-allele group vs. l/l-allele
group; s/s-allele group vs. s/l-allele group; s/l-allele group vs. l/lallele group) to get more insight into potential genotype effects.
Finally, we also explored an alternative approach comparing
two groups with each other (s/s-allele carriers with l-allele
carriers) due to heterogeneous classification strategies over
studies.
In addition, we also explored the tri-allelic approach,
comparing the low-functioning group (‘‘SS, SLG , LG LG ,
SLA , LA LG ’’) with the high-functioning group (‘‘LA LA ’’) to
further explore differences based on alternative classification
approaches. Further, we computed all above mentioned analyses
for males and females separately, because prior studies indicate
potential sex effects in context of DTI and/or 5-HTTLPR
(Pacheco et al., 2009; Jonassen et al., 2012; Montag et al., 2012).
Finally, we also tested for main effects of sex separately.
For all comparisons, t-statistics were computed and tested
one-tailed using threshold-free cluster enhancement (TFCE; see
Smith and Nichols, 2009) with permutation tests (program
Randomize, version 2.9, FSL package). All reported p-values
are FWE-corrected for the number of voxels under analysis.
Significance level was set to α = 0.05.

Power Analysis
A priori power analysis was conducted based on effect sizes
reported in previous research in order to estimate the sample
size necessary. The previously identified studies (Pacheco et al.,
2009; Jonassen et al., 2012; Klucken et al., 2015) were used
for the power analyses. The computed effect sizes between
the 5-HTTLPR and FA-values in the UF-tract were used. A
conservative threshold of 95% sensitivity (1-beta = 0.95) and a
significance level of 0.05 were set for all power analyses. Given
considerable variability in previously reported effect sizes, the
estimates of necessary samples sizes varied between 26 and 98.

Genotyping
DNA was extracted from buccal cells, using a standard
commercial extraction kit (High Pure PCR Template Preparation
Kit; Roche, Mannheim, Germany) in a MagNA Pure LC System
(Roche). Subjects were genotyped for the 5-HTTLPR by means
of polymerase chain reaction (PCR) and gel electrophoresis.
DNA amplification reactions were performed as described below,
using a Mastercycler ep (Eppendorf, Hamburg, Germany).
Approximately 50 ng of genomic template DNA were amplified
using the QIAGEN Multiplex PCR Master Mix (Qiagen,
Germany) and 0.2 μM of each forward (5 -TCC TCC GCT
TTG GCG CCT CTT CC-3 ) and reverse (5 -TGG GGG TTG
CAG GGG AGA TCC TG-3 ) primer (TIB MOLBIOL, Berlin,
Germany). Reactions were carried out in a total volume of
20 μl. Thermal cycling consisted of a 15 min initial denaturation
phase at 95◦ C followed by 32 cycles of 94◦ C (30 s), 65, 5◦ C
(90 s) and 72◦ C (60 s) each with a final extension step of
10 min at 72◦ C. To detect the rs25531, 9 μl of PCR products
were digested by MspI in a 20 μl reaction assay containing
1× CutSmart-Puffer(BioLabs) at 37◦ C for 4 h. Finally, 16 μl of
the restriction enzyme assay solution was separated by means of
gel electrophoresis on a 1% agarose-gel in TBE (120 V, ca. 1:20 h)
and visualized by Serva DNA Stain G.
The bi-allelic results (18 s/s-allele carriers (8 males), 61: s/lallele carriers (24 males), 35 l/l-allele carriers (20 males) as well as
results of the tri-allelic dichotomized model (n = 89 (35 males):
‘‘SS, SLG , LG LG , SLA , LA LG ’’ vs. n = 25 (15 males): ‘‘LA LA ’’) are
presented in the ‘‘Results’’ section.

RESULTS
The bi-allelic classification results in 18 s/s-allele carriers
(8 males), 61 s/l-allele carriers (24 males) and 35 l/l-allele
carriers (20 males). There was no significant deviation from
2 = 1.02; p = 0.31]. For the
Hardy–Weinberg Equilibrium [X(1)
tri-allelic dichotomized model, the low-functioning group (‘‘SS,
SLG , LG LG , SLA , LA LG ’’) included 89 participants (35 males) and
25 (15 males) in the high-functioning group (‘‘LA LA ’’). There
were no significant differences with respect to age (F (2,113) = 2.45;
2 ≥ 2.85; p = 0.24) in the bi-allelic
p = 0.78) and sex (X(2)

Diffusion Tensor Imaging
Imaging data were collected with a 3 Tesla whole-body
tomograph (Siemens Prisma) and a 64-channel head coil. In
addition to the DTI-sequence, a structural image acquisition
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TABLE 1 | Demographics (age, sex) characteristics with means and standard
deviations and significance of group differences for the three genotype groups.

Age
Age range
Sex (female/male)

s/s

s/l

l/l

p

23.22 (3.2)
19–29
10/8

23.61 (3.4)
18–32
37/24

23.17 (2.8)
19–30
15/20

0.783

females separately. In males, we did not observed any increased
FA-values in the low-functional group as compared with the
high-functioning group (left UF-tract: p = 0.70; right UF-tract:
p = 0.10) or vice versa (left UF-tract: p = 0.46; right UF-tract:
p = 0.57). Similarly, no effects could be found in the female group
comparing the low-functioning group with the high-functioning
group (left UF-tract: p = 0.68; right UF-tract: p = 0.55) or in
the opposite direction (left UF-tract: p = 0.33; right UF-tract:
p = 0.52).

0.240

(see Table 1) and in the tri-allelic classification approach (sex:
2 = 2.49; p = 0.082; age: T
X(1)
(112) = 0.378; p = 0.71).

DISCUSSION

Bi-Allelic Classification

The present study tried to replicate the FA-results by Klucken
et al. (2015) and explored the association between alterations in
FA within the UF and the 5-HTTLPR in a healthy human sample
comprising males and females. To enhance the interpretability
of findings, we computed the impact of the 5-HTTLPR with
different classification approaches as well as sex-specific effects
on FA-values. The results showed no significant association
between the 5-HTTLPR and alterations in FA-values within
the UF. In addition, results did not change significantly using
different classification approaches for the 5-HTTLPR. Finally, no
specific 5-HTTLPR effects could be observed in separate analyses
in males or females.
In sum, the present findings could not replicate previous
results of an association between the 5-HTTLPR and alterations
in FA-values in the UF. We neither found increased nor
decreased FA-values in l-allele carriers, which have been
reported in prior studies (Pacheco et al., 2009; Jonassen and
Landrø, 2014; Klucken et al., 2015). In order to explain these
inconsistent findings, different (post hoc) explanations and
potential limitations need to be considered.
It is important to note that alterations in FA measured by
diffusion tensor imaging may be driven by different structural
facets, like variations in intra-voxel orientational dispersion,
myelination, packing density, membrane permeability, or axon
diameters (Jones et al., 2013). Thus, it is conceivable that only
some of these aspects might be influenced by serotonergic
transmission, which may reduce the actual strength of this
gene × brain association. Correspondingly, several authors
have suggested to avoid the term ’’white matter microstructure
integrity’’ since alterations in FA-values are not necessarily based
on integrity (Jones et al., 2013).
In addition to the mentioned biological considerations,
methodological differences may have influenced the results.
Previous studies used smaller sample sizes and/or females only.
Moreover, the present study used a different DTI-sequence in
contrast to previous studies. These methodological differences
may impact accuracy and signal-to-noise ratio. For instance,
some authors argued that Diffusion-weighted imaging with
>20 directions are more likely to accurately quantify the white
matter structure and the FA-values by improving the signalto-noise ratio (Giannelli et al., 2009). In the current study,
a DTI sequence that encodes for 64 directions of diffusion
was used in contrast to the previous study (Klucken et al.,
2015), which could in turn be more sensitive to detecting
alterations in FA providing greater confidence in the results. In

In the first analysis, we compared the s-allele group with the
l/l-allele group (see Table 2). We did not find any significant
increased FA in any parts of the UF-tract in the s-allele group as
compared to the l/l-allele group in the left (p = 0.65) and the right
UF-tract (p = 0.14). In addition, no significantly increased FA was
observed in the l/l-allele group as compared to the s-allele group
(left UF: p = 51; right UF-tract: p = 0.28). Further detailed group
analyses (i.e., s/s-allele group − l/l-allele group) also provided no
evidence for any significant association between the 5-HTTLPR
and altered FA-values in the left (p = 0.70) or in the right
(p = 0.22) UF-tract. We also could not find any significantly
increased FA-values in the l/l-allele group as compared to the s/sallele group (left UF-tract: p = 0.35; right UF-tract: p = 0.21).
Sex-specific analyses were conducted to analyze if 5-HTTLPR
group differences emerged in males or in females. However, no
increased FA could be reported in the s-allele group as compared
to the l/l-allele group in males (left UF-tract: p = 0.65; right
UF-tract: p = 0.18), or in females (left UF-tract: p = 0.56; right
UF-tract: p = 0.20). In addition, no increased FA-values were
observed in the s/s-allele group compared with the l/l allele group
in males (left UF-tract: p = 0.66; right UF-tract: p = 0.27) and in
females (left UF-tract: p = 0.10; right UF-tract: p = 0.54).

Tri-Allelic Classification
As an aside, we also compared the low-functioning group
with the high-functioning group. However, irrespectively of
the classification approach, we did not find any significantly
increased FA in the UF-tract in the low compared with the
high-functional group (left UF-tract: p = 0.64; right UF-tract:
p = 0.10) or vice versa (left UF-tract: p = 0.58; right UF-tract:
p = 0.33). We analyzed potential genotype effects in males and
TABLE 2 | Analyses of fractional anisotropy (FA) in the uncinate fasciculus (UF)
with respect to the main results of this study (bi-allelic classification approach)
using one-tailed t-tests.
Analyses
s-allele group −
l/l allele group
l/l allele group −
s-allele group
s/s-allele group −
l/l-allele group
l/l-allele group −
s/s-allele group

Side

T max

pFWE−corr

L
R
L
R
L
R
L
R

1.26
2.42
1.53
2.15
1.03
2.17
1.70
2.17

0.65
0.14
0.51
0.28
0.70
0.22
0.35
0.21

L, left side; R, right side; FWW, family-wise error.
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addition, there is evidence that inflammation and other processes
may impact FA-analyses irrespectively of other biological and
methodological aspects. Moreover, it should be noted that the
present study tried to replicate our previous results (Klucken
et al., 2015) and differed in the DTI sequence and the statistical
analyses to the two other previous studies (Pacheco et al.,
2009; Jonassen et al., 2012). For instance, Jonassen et al.
(2012) investigated age-specific effects by exploring a broad age
range, while the present study explored a student sample (age
range: 18–32 years). Pacheco et al. (2009) statistically ‘‘controlled
for’’ differences based on ethnicity, while the present study
investigated Caucasian participants with a European background
only. Pacheco et al. (2009) also used a different statistical
approach and conducted regression analyses by entering the
number of low-expressing alleles as variable, while the present
study conducted group analyses to ensure comparability to
our previous study (Klucken et al., 2015), which investigated
associations of the 5-HTTLPR, brain activations, and structural
differences.
It is also conceivable that the association between structural
coupling and genetic variations is more pronounced in
interaction with stressful conditions, like the development
of psychiatric disorders or stressful life events. In line with
this notion, a series of studies found no main effects but
(only) interaction effects between FA-values and 5-HTTLPR
on specific psychiatric symptoms and treatment responses
for different tracts and psychiatric disorders (Tatham et al.,
2016, 2017). In congruence with this, Kelly et al. (2014) also
observed similar findings for further genotypes by showing no
association between specific different genetic variations (e.g., for
schizophrenia) and white matter alterations in healthy subjects,
which already has been confirmed in meta-analyses for patients
(Ellison-Wright and Bullmore, 2009).
However, while initial studies reported an association
between altered FA-values and psychiatric disorders, emotional

processing, or genetic variations, current studies have
seriously challenged these findings. Recent studies observed
no associations between white matter FA-values and psychiatric
disorders (Olvet et al., 2016; Delaparte et al., 2017) or even with
different polygenic risk factors in a large (UK Biobank) sample
(Reus et al., 2017). In addition, it should be noted that our results
are limited to the studied age range, while other studies explored
samples with a broader age range (Jonassen and Landrø, 2014).
The small number of participants for analyses on sex-specific
differences in genotype groups is also likely to decrease the
power of respective tests. Finally, as a limitation, no toxicological
analyses were conducted. Further studies should investigate such
potential differences in more detail.
In sum, we would like to point out that the present results
do not principally argue against gene × (structural) brain
interactions. The surprising (null) results may also support the
view that the reported effects may exist in specific constellations
only, or are relatively small, and/or may require specific
parameters, which are not entirely clear to date. However, it
is also possible that genome wide association studies are more
promising than (single) candidate gene analyses in context of
functional and structural alterations as well as diffusion tensor
imaging.

REFERENCES

versus non-anxious depression. J. Psychiatr. Res. 89, 38–47. doi: 10.1016/j.
jpsychires.2017.01.012
di Porzio, U. (2016). The brain within. Front. Hum. Neurosci. 10:265. doi: 10.3389/
fnhum.2016.00265
Ebeling, U., and von Cramon, D. (1992). Topography of the uncinate fascicle
and adjacent temporal fiber tracts. Acta Neurochir. 115, 143–148. doi: 10.1007/
bf01406373
Ellison-Wright, I., and Bullmore, E. (2009). Meta-analysis of diffusion tensor
imaging studies in schizophrenia. Schizophr. Res. 108, 3–10. doi: 10.1016/j.
schres.2008.11.021
Giannelli, M., Cosottini, M., Michelasi, M. C., Lazzarotti, G., Belmonte, G.,
Bartolozzi, C., et al. (2009). Dependence of brain DTI maps of fractional
anisotropy and mean diffusivity on the number of diffusion weighting
directions. J. Appl. Clin. Med. Phys. 11, 176–190. doi: 10.1120/jacmp.v11i1.2927
Hariri, A. R., Drabant, E. M., Munoz, K. E., Kolachana, B. S., Mattay, V. S.,
Egan, M. F., et al. (2005). A susceptibility gene for affective disorders and
the response of the human amygdala. Arch. Gen. Psychiatry 62, 146–152.
doi: 10.1001/archpsyc.62.2.146
Hariri, A. R., Mattay, V. S., Tessitore, A., Kolachana, B., Fera, F., Goldman, D.,
et al. (2002). Serotonin transporter genetic variation and the response
of the human amygdala. Science 297, 400–403. doi: 10.1126/science.
1071829
Heinz, A., Jones, D. W., Mazzanti, C., Goldman, D., Ragan, P., Hommer, D.,
et al. (2000). A relationship between serotonin transporter genotype and in vivo

AUTHOR CONTRIBUTIONS
TK, ITL, CB, OK and RS designed the experiment. TK, ITL and
OK collected the data. TK, ITL, CB, OK, TS and RS were involved
in data analyses and the interpretation of data for the work and
wrote the manuscript.

FUNDING
This study was supported by the German Research Foundation
(KL2500/4-1).

Alexander, A. L., Lee, J. E., Laza, M., and Field, A. S. (2007). Diffusion tensor
imaging of the brain. Neurotherapeutics 4, 316–329. doi: 10.1016/j.nurt.2007.
05.011
Alexander, N., Kuepper, Y., Schmitz, A., Osinsky, R., Kozyra, E., and Hennig, J.
(2009). Gene-environment interactions predict cortisol responses after acute
stress: implications for the etiology of depression. Psychoneuroendocrinology
34, 1294–1303. doi: 10.1016/j.psyneuen.2009.03.017
Ayling, E., Aghajani, M., Fouche, J.-P., and van der Wee, N. (2012). Diffusion
tensor imaging in anxiety disorders. Curr. Psychiatry Rep. 14, 197–202.
doi: 10.1007/s11920-012-0273-z
Bertolino, A., Arciero, G., Rubino, V., Latorre, V., De Candia, M., Mazzola, V.,
et al. (2005). Variation of human amygdala response during threatening stimuli
as a function of 5’HTTLPR genotype and personality style. Biol. Psychiatry 57,
1517–1525. doi: 10.1016/j.biopsych.2005.02.031
Bracht, T., Linden, D. A., and Keedwell, P. (2015). A review of white matter
microstructure alterations of pathways of the reward circuit in depression.
J. Affect . Disord. 187, 45–53. doi: 10.1016/j.jad.2015.06.041
Canli, T., Qiu, M., Omura, K., Congdon, E., Haas, B. W., Amin, Z., et al. (2006).
Neural correlates of epigenesis. Proc. Natl. Acad. Sci. U S A 103, 16033–16038.
doi: 10.1073/pnas.0601674103
Delaparte, L., Yeh, F.-C., Adams, P., Malchow, A., Trivedi, M. H., Oquendo, M. A.,
et al. (2017). A comparison of structural connectivity in anxious depression

Frontiers in Behavioral Neuroscience | www.frontiersin.org

5

April 2018 | Volume 12 | Article 80

Klucken et al.

White Matter Microstructure Integrity and 5-HTTLPR

protein expression and alcohol neurotoxicity. Biol. Psychiatry 47, 643–649.
doi: 10.1016/s0006-3223(99)00171-7
Hermann, A., Stark, R., Blecker, C. R., Milad, M. R., and Merz, C. J. (2017).
Brain structural connectivity and context-dependent extinction memory.
Hippocampus 27, 883–889. doi: 10.1002/hipo.22738
Homberg, J. R., Olivier, J. D. A., Blom, T., Arentsen, T., van Brunschot, C.,
Schipper, P., et al. (2011). Fluoxetine exerts age-dependent effects on behavior
and amygdala neuroplasticity in the rat. PLoS One 6:e16646. doi: 10.1371/
journal.pone.0016646
Hu, X.-Z., Lipsky, R. H., Zhu, G., Akhtar, L. A., Taubman, J., Greenberg, B. D.,
et al. (2006). Serotonin transporter promoter gain-of-function genotypes are
linked to obsessive-compulsive disorder. Am. J. Hum. Genet. 78, 815–826.
doi: 10.1086/503850
Hua, K., Zhang, J., Wakana, S., Jiang, H., Li, X., Reich, D. S., et al. (2008).
Tract probability maps in stereotaxic spaces: analyses of white matter anatomy
and tract-specific quantification. Neuroimage 39, 336–347. doi: 10.1016/j.
neuroimage.2007.07.053
Jonassen, R., Endestad, T., Neumeister, A., Foss Haug, K. B., Berg, J. P., and
Landrø, N. I. (2012). The effects of the serotonin transporter polymorphism
and age on frontal white matter integrity in healthy adult women. Front. Hum.
Neurosci. 6:19. doi: 10.3389/fnhum.2012.00019
Jonassen, R., and Landrø, N. I. (2014). Serotonin transporter polymorphisms
(5-HTTLPR) in emotion processing: implications from current neurobiology.
Prog. Neurobiol. 117, 41–53. doi: 10.1016/j.pneurobio.2014.02.003
Jones, D. K., Knösche, T. R., and Turner, R. (2013). White matter integrity, fiber
count, and other fallacies: the do’s and don’ts of diffusion MRI. Neuroimage 73,
239–254. doi: 10.1016/j.neuroimage.2012.06.081
Karg, K., Burmeister, M., Shedden, K., and Sen, S. (2011). The serotonin
transporter promoter variant (5-HTTLPR), stress, and depression
meta-analysis revisited: evidence of genetic moderation. Arch. Gen. Psychiatry
68, 444–454. doi: 10.3410/f.7852958.8195056
Kelly, S., Morris, D. W., Mothersill, O., Rose, E. J., Fahey, C., O’Brien, C.,
et al. (2014). Genome-wide schizophrenia variant at MIR137 does not impact
white matter microstructure in healthy participants. Neurosci. Lett. 574, 6–10.
doi: 10.1016/j.neulet.2014.05.002
Kilpatrick, L. A., Mayer, E. A., Labus, J. S., Gupta, A., Hamaguchi, T., Mizuno, T.,
et al. (2015). Serotonin transporter gene polymorphism modulates activity and
connectivity within an emotional arousal network of healthy men during an
aversive visceral stimulus. PLoS One 10:e0123183. doi: 10.1371/journal.pone.
0123183
Kim, M. J., and Whalen, P. J. (2009). The structural integrity of an amygdalaprefrontal pathway predicts trait anxiety. J. Neurosci. 29, 11614–11618.
doi: 10.1523/JNEUROSCI.2335-09.2009
Klucken, T., Kruse, O., Schweckendiek, J., Kuepper, Y., Mueller, E. M., Hennig, J.,
et al. (2016). No evidence for blocking the return of fear by disrupting
reconsolidation prior to extinction learning. Cortex 79, 112–122. doi: 10.1016/
j.cortex.2016.03.015
Klucken, T., Schweckendiek, J., Blecker, C., Walter, B., Kuepper, Y., Hennig, J.,
et al. (2015). The association between the 5-HTTLPR and neural correlates of
fear conditioning and connectivity. Soc. Cogn. Affect. Neurosci. 10, 700–707.
doi: 10.1093/scan/nsu108
Kochunov, P., Jahanshad, N., Marcus, D., Winkler, A., Sprooten, E., Nichols, T. E.,
et al. (2015). Heritability of fractional anisotropy in human white matter:
a comparison of Human Connectome Project and ENIGMA-DTI data.
Neuroimage 111, 300–311. doi: 10.1016/j.neuroimage.2015.02.050
Koole, S. L., and Lakens, D. (2012). Rewarding replications: a sure and simple
way to improve psychological science. Perspect. Psychol. Sci. 7, 608–614.
doi: 10.1177/1745691612462586
Lemogne, C., Gorwood, P., Boni, C., Pessiglione, M., Lehéricy, S., and Fossati, P.
(2011). Cognitive appraisal and life stress moderate the effects of the
5-HTTLPR polymorphism on amygdala reactivity. Hum. Brain Mapp. 32,
1856–1867. doi: 10.1002/hbm.21150
Lesch, K. P., Bengel, D., Heils, A., Sabol, S. Z., Greenberg, B. D., Petri, S.,
et al. (1996). Association of anxiety-related traits with a polymorphism in
the serotonin transporter gene regulatory region. Science 274, 1527–1531.
doi: 10.1126/science.274.5292.1527
Lonsdorf, T. B., Golkar, A., Lindstöm, K. M., Fransson, P., Schalling, M.,
Ohman, A., et al. (2011). 5-HTTLPR and COMTval158met genotype gate

Frontiers in Behavioral Neuroscience | www.frontiersin.org

amygdala reactivity and habituation. Biol. Psychol. 87, 106–112. doi: 10.1016/
j.biopsycho.2011.02.014
Lonsdorf, T. B., and Kalisch, R. (2011). A review on experimental and clinical
genetic associations studies on fear conditioning, extinction and cognitivebehavioral treatment. Transl. Psychiatry 1:e41. doi: 10.1038/tp.2011.36
Lonsdorf, T. B., Weike, A. I., Nikamo, P., Schalling, M., Hamm, A. O.,
and Ohman, A. (2009). Genetic gating of human fear learning and
extinction: possible implications for gene-environment interaction in
anxiety disorder. Psychol. Sci. 20, 198–206. doi: 10.1111/j.1467-9280.2009.
02280.x
Meyer-Lindenberg, A. (2009). Neural connectivity as an intermediate phenotype:
brain networks under genetic control. Hum. Brain Mapp. 30, 1938–1946.
doi: 10.1002/hbm.20639
Meyer-Lindenberg, A. (2010). Behavioural neuroscience: genes and the anxious
brain. Nature 466, 827–828. doi: 10.1038/466827a
Miller, R., Wankerl, M., Stalder, T., Kirschbaum, C., and Alexander, N. (2012).
The serotonin transporter gene-linked polymorphic region (5-HTTLPR) and
cortisol stress reactivity: a meta-analysis. Mol. Psychiatry 18, 1018–1024.
doi: 10.1038/mp.2012.124
Modi, S., Trivedi, R., Singh, K., Kumar, P., Rathore, R. K. S., Tripathi, R. P., et al.
(2013). Individual differences in trait anxiety are associated with white matter
tract integrity in fornix and uncinate fasciculus: preliminary evidence from a
DTI based tractography study. Behav. Brain Res. 238, 188–192. doi: 10.1016/j.
bbr.2012.10.007
Montag, C., Reuter, M., Weber, B., Markett, S., and Schoene-Bake, J.-C. (2012).
Individual differences in trait anxiety are associated with white matter tract
integrity in the left temporal lobe in healthy males but not females. Neuroscience
217, 77–83. doi: 10.1016/j.neuroscience.2012.05.017
Munafò, M. R., Brown, S. M., and Hariri, A. R. (2008). Serotonin transporter
(5-HTTLPR) genotype and amygdala activation: a meta-analysis. Biol.
Psychiatry 63, 852–857. doi: 10.1016/j.biopsych.2007.08.016
Nakamura, M., Ueno, S., Sano, A., and Tanabe, H. (2000). The human serotonin
transporter gene linked polymorphism (5-HTTLPR) shows ten novel allelic
variants. Mol. Psychiatry 5, 32–38. doi: 10.1038/sj.mp.4000698
Olvet, D. M., Delaparte, L., Yeh, F.-C., DeLorenzo, C., McGrath, P. J.,
Weissman, M. M., et al. (2016). A comprehensive examination of white matter
tracts and connectometry in major depressive disorder. Depress. Anxiety 33,
56–65. doi: 10.1002/da.22445
Pacheco, J., Beevers, C. G., Benavides, C., McGeary, J., Stice, E., and Schnyer, D. M.
(2009). Frontal-limbic white matter pathway associations with the serotonin
transporter gene promoter region (5-HTTLPR) polymorphism. J. Neurosci. 29,
6229–6233. doi: 10.1523/JNEUROSCI.0896-09.2009
Reus, L. M., Shen, X., Gibson, J., Wigmore, E., Ligthart, L., Adams, M. J.,
et al. (2017). Association of polygenic risk for major psychiatric illness with
subcortical volumes and white matter integrity in UK Biobank. Sci. Rep.
7:42140. doi: 10.1038/srep42140
Risch, N., Herrell, R., Lehner, T., Liang, K.-Y., Eaves, L., Hoh, J., et al. (2009).
Interaction between the serotonin transporter gene (5-HTTLPR), stressful
life events, and risk of depression: a meta-analysis. JAMA 301, 2462–2471.
doi: 10.1001/jama.2009.878
Schardt, D. M., Erk, S., Nüsser, C., Nöthen, M. M., Cichon, S., Rietschel, M., et al.
(2010). Volition diminishes genetically mediated amygdala hyperreactivity.
Neuroimage 53, 943–951. doi: 10.1016/j.neuroimage.2009.11.078
Smith, S. M., and Nichols, T. E. (2009). Threshold-free cluster enhancement:
addressing problems of smoothing, threshold dependence and localisation
in cluster inference. Neuroimage 44, 83–98. doi: 10.1016/j.neuroimage.2008.
03.061
Stoltenberg, S. F., Twitchell, G. R., Hanna, G. L., Cook, E. H., Fitzgerald, H. E.,
Zucker, R. A., et al. (2002). Serotonin transporter promoter polymorphism,
peripheral indexes of serotonin function and personality measures in families
with alcoholism. Am. J. Med. Genet. 114, 230–234. doi: 10.1002/ajmg.
10187
Strack, F. (2017). From data to truth in psychological science. A personal
perspective. Front. Psychol. 8:702. doi: 10.3389/fpsyg.2017.00702
Stroebe, W., and Strack, F. (2014). The alleged crisis and the illusion of exact
replication. Perspect. Psychol. Sci. 9, 59–71. doi: 10.1177/1745691613514450
Tatham, E. L., Hall, G. B. C., Clark, D., Foster, J., and Ramasubbu, R. (2017).
The 5-HTTLPR and BDNF polymorphisms moderate the association between

6

April 2018 | Volume 12 | Article 80

Klucken et al.

White Matter Microstructure Integrity and 5-HTTLPR

uncinate fasciculus connectivity and antidepressants treatment response
in major depression. Eur. Arch. Psychiatry Clin. Neurosci. 267, 135–147.
doi: 10.1007/s00406-016-0702-9
Tatham, E. L., Ramasubbu, R., Gaxiola-Valdez, I., Cortese, F., Clark, D.,
Goodyear, B., et al. (2016). White matter integrity in major depressive disorder:
implications of childhood trauma, 5-HTTLPR and BDNF polymorphisms.
Psychiatry Res. 253, 15–25. doi: 10.1016/j.pscychresns.2016.04.014
Thomason, M. E., and Thompson, P. M. (2011). Diffusion imaging, white matter,
and psychopathology. Annu. Rev. Clin. Psychol. 7, 63–85. doi: 10.1146/annurevclinpsy-032210-104507
Uher, R., and McGuffin, P. (2008). The moderation by the serotonin transporter
gene of environmental adversity in the aetiology of mental illness: review
and methodological analysis. Mol. Psychiatry 13, 131–146. doi: 10.1038/sj.mp.
4002067
Wakana, S., Caprihan, A., Panzenboeck, M. M., Fallon, J. H., Perry, M.,
Gollub, R. L., et al. (2007). Reproducibility of quantitative tractography

White, T., Nelson, M., and Lim, K. O. (2008). Diffusion tensor imaging in
psychiatric disorders. Top. Magn. Reson. Imaging 19, 97–109. doi: 10.1097/
RMR.0b013e3181809f1e
Zuurbier, L. A., Nikolova, Y. S., Ahs, F., and Hariri, A. R. (2013). Uncinate
fasciculus fractional anisotropy correlates with typical use of reappraisal in
women but not men. Emotion 13, 385–390. doi: 10.1037/a0031163
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2018 Klucken, Tapia León, Blecker, Kruse, Stalder and Stark. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

methods applied to cerebral white matter. Neuroimage 36, 630–644.
doi: 10.1016/j.neuroimage.2007.02.049

Frontiers in Behavioral Neuroscience | www.frontiersin.org

7

April 2018 | Volume 12 | Article 80

