
Sex Modulates the Interactive Effect of the Serotonin
Transporter Gene Polymorphism and Childhood Adversity
on Hippocampal Volume

Daphne Everaerd*,1,2, Lotte Gerritsen1,2, Mark Rijpkema1, Thomas Frodl3, Iris van Oostrom2,
Barbara Franke2,4, Guillén Fernández1,5 and Indira Tendolkar1,2,6

1Donders Centre for Cognitive Neuroimaging, Donders Institute for Brain, Cognition and Behaviour, Radboud University Nijmegen, Nijmegen, The

Netherlands; 2Department of Psychiatry, Radboud University Nijmegen Medical Centre, Nijmegen, The Netherlands; 3Department of Psychiatry,

Trinity College, Institute of Neuroscience, University of Dublin, Dublin, Ireland; 4Department of Human Genetics, Radboud University Nijmegen

Medical Centre, Nijmegen, The Netherlands; 5Department of Cognitive Neuroscience, Radboud University Nijmegen Medical Centre, Nijmegen,

The Netherlands; 6Department of Psychiatry and Psychotherapy, University Hospital Essen, Essen, Germany

The common genetic variation of the serotonin transporter-linked polymorphic region (5-HTTLPR) has been related to depressive

symptoms, in particular after stressful life events. Although it has been investigated in the past, results suggesting that the 5-HTTLPR

genotype also affects hippocampal volume are often inconsistent and it remains unclear to what extent reduced hippocampal volume is

influenced by the effect of stressful life events and 5-HTTLPR genotype. Moreover, sex, which is known to affect the prevalence of

depression substantially, has not been taken into account when trying to disentangle the interactive effect of common genetic variation

and environmental stressors on the hippocampus. We investigated this potentially relevant three-way interaction using an automatic

magnetic resonance imaging (MRI)-based segmentation of the hippocampus in 357 healthy individuals. We determined the 5-HTTLPR

genotype as a biallelic locus and childhood adversity (CA) using a standard questionnaire. An interaction for hippocampal volume was

found between the factors sex, genotype, and severe CA (p¼ 0.010) as well as an interaction between genotype and severe CA

(p¼ 0.007) in men only. Post hoc tests revealed that only male S’-allele carriers with severe CA had smaller hippocampi (p¼ 0.002).

Interestingly, there was no main effect of genotype in men, while female S’-allele carriers had smaller hippocampi than L’L’ carriers

(p¼ 0.023). Our results indicate that sex modulates the interactive effect of the 5-HTTLPR genotype and CA on hippocampal volume.

While the S’-allele is associated with hippocampal volume independent of CA in women, men only have smaller hippocampi if they carry

the risk allele and experienced severe CA.
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INTRODUCTION

Depression is a highly disabling and recurrent disease.
Despite intensive research, optimal treatment is still lacking
and hence, primary prevention of the disorder is a major
goal. Therefore, recent research has focused on under-
standing vulnerability factors for depression investigating
in particular the effect of common genetic variations and
environmental factors on brain regions involved in the
pathophysiology of depression. Understanding the effect of
genetic variation in serotonin neurotransmission is one

important focus of this line of research after an initial study
has shown that short (S)-allele carriers of the serotonin
transporter-linked polymorphic region (5-HTTLPR) exhibit
more depressive symptoms, when they had also experienced
stressful life events and childhood adversity (CA) (Caspi
et al, 2003). After two meta-analyses failing to replicate
this result (Munafò et al, 2009; Risch et al, 2009), a recent
and more complete meta-analysis (Karg et al, 2011) has
confirmed that 5-HTTLPR moderates indeed the relation-
ship between stress and depression. Moreover, a strong
association between the S-allele and increased stress
sensitivity was found in particular when the authors
included only those studies that used childhood maltreat-
ment as their stress measure (Karg et al, 2011). Childhood
maltreatment is known to cause HPA axis dysregulation
and extensive neurobiological alterations (Heim and
Nemeroff, 2001) and can therefore considered to be a form
of severe CA.

Received 11 November 2011; revised 19 January 2012; accepted 17
February 2012

*Correspondence: D Everaerd, Donders Centre for Cognitive Neuroima-
ging, Donders Institute for Brain, Cognition and Behaviour, Radboud
University Nijmegen, PO Box 9101, 6500 HB Nijmegen, The Netherlands,
Tel: + 31 24 36 10750, Fax: + 31 24 36 10989,
E-mail: D.Everaerd@donders.ru.nl

Neuropsychopharmacology (2012) 37, 1848–1855

& 2012 American College of Neuropsychopharmacology. All rights reserved 0893-133X/12

www.neuropsychopharmacology.org

http://dx.doi.org/10.1038/npp.2012.32
mailto:D.Everaerd@donders.ru.nl
http://www.neuropsychopharmacology.org


It is important to identify brain regions that are sensitive
to gene-by-environment interactions (Brown and Hariri,
2006). Here, the hippocampus has gained attention because
reduced hippocampal volume is related to both childhood
psychosocial stress (Tottenham and Sheridan, 2010) and
depression (Sapolsky, 2000; Videbech and Ravnkilde, 2004).
Moreover, small hippocampal volumes are associated
with poor clinical outcome, a mechanism through which
potential gene-by-environment interactions further impact
on the course of the disease (MacQueen and Frodl, 2011).
The hippocampus has a dense serotonergic innervation
(Jacobs and Azmitia, 1992) so that common genetic varia-
tion of serotonergic neurotransmission could affect hippo-
campal morphology. Interestingly, developmental imaging
studies using spectroscopy found a significantly lower
hippocampal N-acetylaspartate concentration indexing al-
tered neurogenesis, in S-allele as compared with homo-
zygous L carriers (Gallinat et al, 2005).

While Frodl et al (2008) showed that healthy subjects
homozygous for the S’-allele exhibit smaller hippocampi
compared with L/L carriers, Canli et al (2006) only found
evidence for a greater hippocampus in L/L carriers related
to greater life stress (see also O’Hara et al, 2007; Cole et al,
2011; Dutt et al, 2009). Along the continuum to psycho-
pathology, depressed patients carrying the S’-allele and
a history for emotional childhood neglect had smaller
hippocampal volumes compared with patients carrying the
risk S’-allele without CA as well as compared with patients
with CA, but homozygous for the non-risk allele (Frodl
et al, 2010).

Besides the relatively small sample sizes of previous
genetic neuroimaging studies investigating this interaction,
gender differences may have potentially confounded the
results. We hypothesize that sex has a modulatory effect
on this gene-by-environment interaction on hippocampal
volume. Sex steroids are potent modulators of brain
development and the hippocampus contains sex steroid
receptors (MacLusky et al, 1987). Moreover, there is
evidence that stress hormone responses are different
between men and women (Kudielka and Kirschbaum,
2005). The hippocampus is a core structure regulating
stress hormone release and its morphology itself is also
affected by stress, suggesting that sex-specific mechanisms
could moderate the gene-by-environment interaction with
respect to hippocampal volume (Lupien et al, 2009).

Most relevant with respect to understanding the vulner-
ability factors of depression, sexual dimorphism is not only
present in the neural development of the hippocampus.
Heim et al (2010) proposed that gene-by-environment
interactions might occur in a sex-specific manner as an
explanation for the higher prevalence of depression in
women. Thus far, only studies using clinical outcome
measures support the effect gender has on the association of
5-HTTLPR and stressful life events in the prevalence
of depression (Brummett et al, 2008; Sjoberg et al, 2006;
Eley et al, 2004), bypassing possible modulating actions of
the brain.

To test the complex interaction between sex, genotype,
and CA in affecting hippocampal volume, one needs a large
sample of subjects, most optimally a cohort unaffected by
consequences of disease and treatment. Investigating young,
healthy subjects avoids potential effects of (chronic) disease

and medication and thus, it allows a more direct, uncon-
founded investigation of potential correlates of vulnerabil-
ity. Therefore, we set out to investigate 357 young, healthy
subjects using automatic volumetry of the hippocampus
based on 3 Tesla magnetic resonance imaging (MRI),
genotyping, and a questionnaire on CA.

MATERIALS AND METHODS

Participants

A total of 357 (136 male and 221 female) subjects were
included in this study. All participants gave written
informed consent and the study was approved by the local
ethics committee (CMO Region Arnhem-Nijmegen, The
Netherlands). The sample consisted of healthy subjects of
Caucasian descent, with a mean (SD) age of 24.3 (6.3) years
for males and 23.3 (5.1) years for females. They were
screened before participation in this study by self-report
questionnaires: participants were excluded if they had a
history of somatic disease potentially affecting the brain,
current or past psychiatric or neurological disorder,
medication (except hormonal contraceptives) or illicit drug
use during the past 6 months, history of substance abuse,
current or past alcohol dependence, pregnancy, lactation,
menopause, or MRI contraindications.

Genotyping

Genetic analyses were carried out at the Department of
Human Genetics of the Radboud University Nijmegen
Medical Centre, in a laboratory that has a quality certifi-
cation according to CCKL criteria. High molecular weight
DNA was isolated from saliva using Oragene containers
(DNA Genotek, Ottawa, Ontario, Canada) according to the
protocol supplied by the manufacturer. The 5-HTTLPR
genotype was the genotype at the single-nucleotide poly-
morphism (rs25531) in this region, with alleles designated
as LG, LA, and S (Parsey et al, 2002). Because it is thought
that the LG is comparable to the S-allele with regard to gene
transcription and function, we reclassified the alleles on the
basis of the resulting expression levels of the SLC6A4/5-HTT
gene into L’L’, S’L’, and S’S’ genotypes (Wendland et al,
2006). Testing for Hardy–Weinberg equilibrium did not
show deviation from the expected distribution (p40.05).

MRI Acquisition

Anatomical T1-weighted MRI data were acquired at the
Donders Centre for Cognitive Neuroimaging. All scans
covered the entire brain and had a voxel size of 1� 1�
1 mm3.

To make use of the best possible signal to noise ratio, all
images were acquired at 3 Tesla Siemens Trio or TimTrio
scanners (Siemens, Erlangen, Germany), using small varia-
tions to a standard T1-weighted 3D MPRAGE sequence (TR
2300 ms, TI 1100 ms, TE 3.93 ms, 192 sagittal slices, field of
view 256 mm). These variations included TR/TI/TE/slices
of 2300/1100/3.03/192, 2300/1100/2.92/192, 2300/1100/2.96/
192, 2300/1100/2.99/192, 1940/1100/3.93/176, and 1960/
1100/4.58/176, and the use of GRAPPA parallel imaging
with an acceleration factor of 2.
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Image Data Processing

Whole brain segmentation of gray matter, white matter,
and cerebrospinal fluid was performed using the VBM
5.1 toolbox version 1.19 (dbm.neuro.uni-jena.de/vbm/)
in SPM5 (http://www.fil.ion.ucl.ac.uk/spm/) using priors
(default settings). Total volume of gray matter and white
matter was calculated by adding the resulting tissue
probabilities. Total brain volume (TBV) was defined as
the sum of white matter and gray matter volume. For the
automatic segmentation of the hippocampus, we used
FIRST v1.2 (http://www.fmrib.ox.ac.uk/fsl/first/index.html)
in FSL 4.1.4 (http://www.fmrib.ox.ac.uk/fsl; Patenaude,
2007). This method is based on Bayesian statistical models
of shape and appearance for 17 structures from 317
manually labeled T1-weighted MR images. To fit the
models, the probability of the shape given the observed
intensities is used (Patenaude, 2007). In addition, to model
intensity at the structural boundary, automatic boundary
correction was applied. After segmentation, the volume of
the left and right hippocampus was calculated by multi-
plying the number of voxels in a specific structure with the
voxel volume (1 mm3). To detect obvious segmentation
errors (like brain structures located outside the brain),
visual inspection of the segmented structures projected onto
the T1-weighted MRI scans was done using the software
MRIcroN Version Beta 7 (http://www.mricro.com/mricron).
Total hippocampal volume was defined as the sum of left
and right hippocampal volumes.

Assessment of CA

CA was assessed using an adapted version of the List of
Threatening Life Events developed by Brugha et al (1985)
with the aim of assessing the stress of life events. This
inventory encompasses life events that are likely to occur
relatively frequently and score relatively high on long-term
threat. Participants were asked whether they had experi-
enced a list of predefined events before the age of 16 years.
This list comprised events like death of a parent, severe
illness of self or spouse, moving house and abuse. Presence
of CA was defined as having experienced at least one CA
before the age of 16 years.

Negative Mood

The Positive Affect Negative Affect Schedule (PANAS)
consists of two 10-item scales designed to provide brief
measures of positive and negative affect (Watson et al,
1988). The two scales index two distinct, but moderately
negatively correlated, factors. PANAS was used as a
covariate in our analysis to correct for possible recollection
bias.

Recollection bias is not only found in depressed subjects,
but also in never-depressed individuals that are for example
neurotic (Chan et al, 2007) or family members of MDD
patients (Jaenicke et al, 1987). In the light of these findings,
it is therefore possible that those of our healthy subjects
with more risk factors for depression are also more likely to
report negative life events due to recollection bias, resulting
in an overestimation of the effect of life events when not
correcting for PANAS scores.

Statistical Analysis

Statistical analysis was performed using PASW Statistics 18.
Significance level was p¼ 0.05. An interaction effect of sex,
genotype, and CA was tested by adding a product term
(sex*5-HTTLPR*CA) to the fully adjusted models. When
significant, these interaction effects would be further
explored using two-way interaction models and simple post
hoc T-tests with Bonferroni correction. With Bonferroni
correction, our post hoc significance level will be p¼ 0.05/
(2� 2� 2)¼ 0.006. Covariates in all analyses were age, level
of education, MRI protocol, and negative mood state
measured with PANAS. Moreover, we used TBV as a
covariate to control for gender-specific differences in brain
size that could affect the outcome of our specific volumes.

The main effect of 5-HTTLPR on hippocampal volumes
was examined by conducting analyses of covariance
(ANCOVA). The main effect of CA on hippocampus was
examined in an equivalent analysis. Individual differences
between the different genotypes were explored using simple
post hoc T-tests. When comparing 5-HTTLPR genotypes, we
also compared S’/S’ and S’/L’ together to L’/L’ (thus S’-allele
carriers vs non-S’-allele carriers, respectively) to investigate
whether potential effects are more generally related to the
presence of the S’-allele.

RESULTS

There were no significant differences in covariates between
the two sexes, except for TBV (larger in males, po0. 001)
and educational level (higher in females, p¼ 0.037)
(Table 1). Note that all analyses were stratified for these
aspects.

To make sure that the variation in MRI protocols did
not systematically influence our automatic segmentation of
the hippocampus, we conducted an ANOVA with MRI
protocol as independent and total hippocampus volume as
dependent variable. This analysis showed no significant
effect of MRI protocol on hippocampus volume
(F(16 340)¼ 20.4, p¼ 0.204). Moreover, the different MRI
protocols were equally distributed between the genotypes
(w2¼ 30.5, df¼ 32, p¼ 0.542), CA groups (w2¼ 11.9, df¼ 16,
p¼ 0.750), and sexes (w2¼ 23.7, df¼ 16, p¼ 0.096).

Three-Way Interaction between CA, Genotype, and Sex

We did not find an interaction effect of CA with genotype
and sex. Since a previous meta-analysis suggests a parti-
cularly strong association between the S’-allele and more
severe CA like maltreatment (Karg et al, 2011), we selected
the following items from the List of Threatening Life Events:
death of a close relative or friend and victim of abuse, war
or disaster (items 3, 6, 7, 8, 9, 17, and 18; see Table 2). These
events were marked as severe CA. The selection of these
specific events was motivated by evidence that death of a
loved one and any violent event or sexual trauma in
childhood is highly associated with subsequent PTSD
symptoms (Breslau et al, 1999; Copeland et al, 2007). Most
importantly, with respect to our research question we found
that there was a three-way interaction between severe CA,
genotype, and sex on total hippocampus volume (p¼ 0.01),
even when not corrected for the PANAS (p¼ 0.016).
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Two-Way Interaction between Severe CA and Genotype

When further exploring this interaction by computing
a two-way analysis with the factors genotype� severe CA
for males and females, separately, we found a significant
interaction in males (p¼ 0.007/p¼ 0.01), but not in females
(p¼ 0.638/p¼ 0.740). When reanalyzing these data for
S’-allele carriers vs L’/L’ carriers, the three-way inter-
action sex� genotype� severe CA (p¼ 0.045/p¼ 0.062)
and the two-way interactions genotype� severe CA in
males (p¼ 0.003/p¼ 0.005) and in females (p¼ 0.344/
p¼ 0.299) confirmed our results (Table 2), indicating that
we identified an effect that is more generally related to the
presence of the S’-allele. Finally, post hoc T-tests performed
in the male subgroup only revealed that severe CA is
associated with smaller hippocampi in male S’-allele carriers
(p¼ 0.002/p¼ 0.002, also significant after Bonferroni cor-
rection), but not in males with the L’/L’ genotype (p¼ 0.600/
p¼ 0.686) (Figure 1). We also followed up the two-way
interaction between genotype and severe CA by separately
investigating the effects of severe CA and genotype on
hippocampal volume. We found no main effect of either
of these factors in men (maximum p¼ 0.995/p¼ 0.991).
While females also showed no main effect of severe CA
(p¼ 0.611/p¼ 0.579), female L’/L’ carriers showed larger
hippocampi compared with S’-allele carriers (p¼ 0.023/
p¼ 0.024) (Figure 2). This last effect, however, is not
significant after Bonferonni correction (p40.006) (Table 3).

DISCUSSION

In this study, we show for the first time that sex modulates
the interactive effect of the 5-HTTLPR genotype and CA on

hippocampal volume. We found a significant three-way
interaction, which was driven by the fact that only male
S’-allele carriers exhibited an association between severe
CA and smaller hippocampal volume (Figure 1). Contrary,
in females differences in hippocampal volume were only
found as a function of genotype (independent of CA)
whereby S’-allele carriers showed smaller hippocampal
volumes. Interestingly, we neither found a main effect of
genotype nor CA in men. Taken together, our results imply
a sex-specific dissociation in genetic and environmental
effects on hippocampal volume in a healthy sample that is

Table 2 List of Threatening Life Events Before the Age of 16

1 Serious illness or injury to subject

2 Serious illness or injury to a close relative

3 Death of first-degree relative including child or spouse or death of close
family friend or second-degree relative

4 Separation due to marital difficulties

5 Broke off a steady relationship

6 Verbal or physical aggression in family

7 Verbal or physical aggression outside of family

8 Sexual abuse or violence in family or relationship

9 Sexual abuse or violence outside of family or relationship

10 Pregnancy or childbirth

11 Marriage or living together

12 Other family changes (adoption or children moving out of house)

13 Serious financial problems

14 Problems with police

15 Moving house

16 Long-term separation from (one of) parents

17 Victim of war violence

18 Witness of disaster or severe accident

Adapted from Brugha et al (1985).

Table 1 Characteristics of the Study Population

Male
(n¼ 136)

Female
(n¼221) p-Value

Age (SD) 24.3 (6.3) 23.3 (5.1) 0.101

Total brain volume (ml) (SD) 1379.2 (98.4) 1229.7 (97.4) 0.000*

Educational level 0.037*

Low (%) 30 (22.1) 30 (13.6)

Intermediate (%) 17 (12.5) 29 (13.3)

High (%) 89 (65.4) 162 (73.3)

5-HTTLPR

S’/S’ (%) 39 (28.7) 76 (34.4) 0.295

S’/L’ (%) 66 (48.5) 88 (39.8) 0.124

L’/L’ (%) 31 (22.8) 57 (25.8) 0.613

CA

X1 Event (%) 97 (71.3) 150 (67.9) 0.555

X1 Severe event (%) 79 (58.1) 113 (51.1) 0.229

PANAS-negative symptoms (SD) 11.9 (3.6) 12.1 (4.1) 0.756

*Indicates a significant difference (po0.05). Chi-square tests were used for
genotype and CA (childhood adversity) differences, all other tests were T-tests.

Figure 1 Differences in the effect of severe childhood adversity (CA) on
total hippocampus volumes between subjects with different genotypes.
Results are indicated per sex and corrected for age, level of education,
TBV (total brain volume), MRI protocol, and PANAS score. This graph
shows a significant negative effect of a history of severe CA in male S’-allele
carriers only. Error bars represent standard errors. **Indicates po0.01.
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suggestive of a sex-specific vulnerability to develop depres-
sion. A smaller hippocampus that reflects a risk factor to
develop depression (Amico et al, 2011) can already be found
in females with the more pathogenic allele of 5-HTTLPR,
whereas in males it may be only present if both genetic and
environmental risk factors co-occur.

Another reason for inconsistencies with previous
studies could be found in the use of different segmentation
methods for the hippocampus. Many different segmentation
protocols for the hippocampus exist and discrepancies are
known to occur, most frequently at specific anatomical
boundaries such as the anterior hippocampal-amygdala
border (Konrad et al, 2009). The deformable model of FSL
FIRST has been shown to give accurate and robust results
for the segmentation of 15 subcortical structures. For the
hippocampus, the median quantitative Dice overlap mea-
sures are in the range of 0.8–0.844, which is comparable to
or better than other automated methods (Patenaude et al,
2011).

Our results support the data of Frodl et al (2008) showing
that in healthy subjects the S’-allele is the risk allele for
smaller hippocampal volumes. In the light of missing addi-
tional evidence on the hippocampus, in particular Selvaraj
et al (2011) support a reduction of grey matter in healthy
S’-allele carriers in different brain regions. Moreover, our
findings support the meta-analysis of Karg et al (2011) in
that we only found an effect of CA when severe CA was
entered in the analysis, suggesting that at least in healthy
male S’-allele carriers there was no strong impact of milder
stressors on hippocampal volume.

The modulatory effect of sex on the interaction between
5-HTTLPR and environmental stressors has thus far only
been investigated in clinical studies on depressive symp-
toms that are not directly comparable to our results. In fact,
at first sight those data seem counterintuitive to the data
presented here. For example, Eley et al (2004) showed that

Figure 2 Differences in total hippocampus volumes of S’-allele
compared with L’/L’ carriers per sex when corrected for age, level of
education, TBV (total brain volume), MRI protocol, and PANAS score.
This graph shows that female S’-allele carriers have a significantly smaller
hippocampal volume than female L’/L’ carriers. Error bars represent
standard errors. *Indicates po0.05.

Table 3 Genotype Effects on Hippocampal Volume

5-HTTLPR genotype S’-allele carriers vs L’/L’

F Mean difference (95% CI) p-Value F Mean difference (95% CI) p-Value

3-way 6.634 F 0.010* 4.001 F 0.045*

2-way

Females 0.222 F 0.638 0.897 F 0.344

Males 7.162 F 0.007** 8.553 F 0.003**

Main effect of genotype

Females 5.599 F 0.061 5.187 �0.205 (�0.0381 to �0.029) 0.023*

Males 0.013 F 0.993 0.004 0.010 (�0.286 to 0.307) 0.947

All 2.786 F 0.248 2.587 �0.127 (�0.283 to 0.028) 0.108

S’/S’ vs L’/L’

Females 2.843 �0.173 (�0.374 to 0.028) 0.092 F F F

Males 0.000 0.001 (�0.347 to 0.350) 0.995 F F F

All 1.355 �0.107 (�0.287 to 0.073) 0.244 F F F

S’/L’ vs L’/L’

Females 5.465 �0.230 (�0.424 to �0.037) 0.019* F F F

Males 0.009 0.015 (�0.300 to 0.330) 0.925 F F F

All 2.738 �0.142 (�0.311 to 0.026) 0.098 F F F

In main effects of 5-HTTLPR genotype df¼ 2, in other effects df¼ 1. *Indicates po0.05, **indicates po0.01.
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an increase in the number of S-alleles increased the
likelihood of being in the high depression group only for
female adolescents within a high environmental risk group,
suggesting that the interactive effect may also play a role for
females. Sjoberg et al (2006) and Brummett et al (2008)
found also that in women the S-allele, combined with a
stressor, was associated with higher depression scores. In
males, however, it was the L-allele, combined with a
stressor, that was related to more depressive symptoms. It
should be noted that all three studies did not reclassify the
LG-allele as S’-allele, which could lead to an unbalanced
underestimation of the effect per sex (eg, an underestima-
tion of S’-allele effects in males only if the LG-allele would
have been more prevalent in males than in females). In
addition, two of the three studies investigated adolescents.
In adolescence, however, neural sex differences show
dynamic changes during development, with a 1–2 years
earlier peak in cortical and subcortical gray matter
trajectories in females than in males (Lenroot and Giedd,
2010). More specifically, the hippocampus, containing sex
steroid receptors, also shows sexual dimorphism in growth
rate during this period (MacLusky et al, 1987; Suzuki et al,
2005). Thus, evaluating sex differences in this age can lead
to different results than those found in an adult population.
Moreover, the interaction between 5-HTTLPR and environ-
mental stressors during development may be related to
different psychopathology in the two sexes. The poly-
morphism has not only been associated with depressive
symptoms, but also with other behavioral outcome mea-
sures such as social cognition and behavior (Canli and
Lesch, 2007). In conclusion, it is difficult to compare the
effect of the interaction between 5-HTTLPR and environ-
mental stressors on clinical outcome measures with those
on brain correlates that may represent a neurobiological
vulnerability in healthy subjects.

The interaction of sex with CA, possibly due to the
neuroprotective effects of estrogen (Sherwin, 1998), may be
an important bias when investigating genotype effects on
the hippocampus. Estrogen positively modulates seroto-
nergic effects of the brain (Kugaya et al, 2003) and may act
as a ‘brake’ on the HPA axis (Young and Korszun, 2010). In
the light of these findings, it is not surprising that salivary
cortisol increases in response to stress in men are up to
twice as high as in women (Kudielka et al, 2009). Hence,
neurotoxic effects of cortisol, caused by childhood stress,
could have a larger impact in males than in females before
menopause (Sapolsky, 2000). This has already been
demonstrated in children with PTSD, where boys show
more adverse effects of childhood maltreatment on brain
development than girls (De Bellis and Keshavan, 2003).
Estrogen can also directly influence hippocampal develop-
ment by blocking the neurodegenerative effects of gluco-
corticoids (Pruessner et al, 2010).

Given that the S-allele seems to be associated with an
impaired serotonin reuptake activity in the brain (Heils
et al, 1996), this may also dampen the modulatory effects of
estrogen. Such a direct association between female-specific
effects of the S-allele and brain structure is also supported
by the main effect of the S-allele on hippocampal volume in
females in our data.

A major strength of our study is the large sample size of
healthy men and women. One limitation is the use of

questionnaires in the assessment of CA. However, by
making the distinction between CA and severe CA, we
expect to have created a more specific assessment of CA.
Finally, by using the PANAS as a covariate in our analysis,
we have corrected for recollection bias, in which negative
mood would influence memory by making it more sensitive
to recall negative events.

A clear limitation is that we could not replicate our data
in an independent sample, which should be the main goal of
future studies. It is possible that we underestimate the
interactive effect of the aforementioned factors because we
may have excluded those subjects who were more affected
by CA and developed neuropsychiatric disorders with
hippocampal damage, such as PTSD (Karl et al, 2006). In
addition, it is possible that our population is too young to
show the full extent of CA effects on the hippocampus and
that the effects may have been even larger when using an
older population (Tottenham and Sheridan, 2010). Future
studies should address these issues ideally comparing
subjects of different age groups throughout adulthood.
Finally, it is important to mention that our study population
does not seem to suffer from less life events than the general
population (Cuijpers et al, 2011), but at the same time does
not suffer from mental health problems due to the exclusion
criteria applied. This implies that our sample consists of
subjects belonging to the more resilient part of the
population and therefore adequately reflects the healthy
segment of a putative health-disease continuum.

In summary, our results show that sex significantly
modulates the effects 5-HTTLPR genotype and childhood
events have on hippocampal morphology. While in women
the S’-allele alone is sufficient to reduce hippocampal
volume, in men a history of severe CA modulates the effect
within S’-allele carriers. Even though these results require
replication, our findings contribute to the understanding of
sex differences in the pathophysiology of depression and
indicate a mechanistic account of how a specific risk allele
and adverse events may increase the vulnerability for
depression. Future studies aiming to investigate the effects
of the serotonin transporter-linked polymorphic region
should consider the sex-specific nature of this gene-
by-environment interaction, thereby reducing the chance
of false negative results.
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Munafò MR, Durrant C, Lewis G, Flint J (2009). Gene X
environment interactions at the serotonin transporter locus.
Biol Psychiatry 65: 211–219.
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