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a  b  s  t  r  a  c  t

Background:  The  brain-derived  neurotrophic  factor  (BDNF)  Val66Met  polymorphism  (refSNP  Cluster
Report:  rs6265)  is  a  common  and  functionally  relevant  single  nucleotide  polymorphism  (SNP).  The  gene
itself, as  well  as the  SNP  rs6265,  have  been  implicated  in  hippocampal  learning  and  memory.  However,
imaging  genetic  studies  have  produced  controversial  results  about  the  impact  of  this  SNP  on hippocampal
volumes  in  healthy  subjects.
Methods:  We  examined  the  association  between  the  rs6265  polymorphism  and  hippocampal  volume  in
643 healthy  young  subjects  using  automatic  segmentation  and  subsequently  included  these  data  in a
meta-analysis  based  on  published  studies  with  5298  healthy  subjects  in total.
Results: We  found  no  significant  association  between  SNP  rs6265  and  hippocampal  volumes  in our  sample
(g  =  0.05,  p  =  0.58).  The  meta-analysis  revealed  a  small,  albeit  significant  difference  in  hippocampal  vol-
umes  between  genotype  groups,  such  that  Met-carriers  had  slightly  smaller  hippocampal  volumes  than
Val/Val  homozygotes  (g =  0.09,  p =  0.04),  an association  that  was  only  evident  when  manual  (g =  0.22,
p  =  0.01)  but  not  automatic  tracing  approaches  (g =  0.04,  p =  0.38)  were  used.  Studies  using manual  trac-
ing  showed  evidence  for  publication  bias  and  a significant  decrease  in  effect  size  over  the  years  with
increasing  sample  sizes.
Conclusions:  This  study  does  not  support  the association  between  SNP  rs6265  and  hippocampal  volume
in  healthy  individuals.  The  weakly  significant  effect  observed  in  the  meta-analysis  is  mainly  driven  by
studies  with  small  sample  sizes.  In  contrast,  our  original  data  and  the  meta-analysis  of  automatically
segmented  hippocampal  volumes,  which  was  based  on  studies  with  large  samples  sizes,  revealed  no
significant  genotype  effect.  Thus,  meta-analyses  of the association  between  rs6265  and  hippocampal
volumes  should  consider  possible  biases  related  to measuring  technique  and  sample  size.

© 2014  The  Authors.  Published  by  Elsevier  Ltd.  This  is  an  open  access  article  under  the  CC  BY license
(http://creativecommons.org/licenses/by/3.0/).

Contents

1. Introduction  .  . .  .  .  . .  .  . . .  .  .  . .  .  . . .  .  . . . .  . . .  . . . .  . . . .  . . .  .  . . .  .  . . .  . . .  . . . .  .  . . . . . . .  . . . .  . .  .  . . . . . .  .  . . . . .  . . .  .  . . . .  . . . . . . . .  . . . . .  . . .  . .  .  .  . . . . .  .  . .  .  .  .  . . . . .  . . . . .  . . .  . . . . . 268
2.  Material  and  methods  . .  .  . . .  . . . . . .  .  . . . .  . . . .  . . .  .  . . .  . . . .  . . . .  . . .  .  . . . . . .  .  . . . .  . . .  .  .  .  . . . . .  . .  . . . . .  .  . .  . . .  .  . . . . . . . . . . .  . . . . . . .  .  .  . . .  . . .  .  . .  .  .  .  . . . . . . . . .  .  . . .  . . .  . . .  268

∗ Corresponding author at: Psychiatric University Hospital Basel, Wilhelm Klein-Strasse 27, 4056 Basel, Switzerland. Tel.: +41 061 325 81 87.
E-mail  address: stefan.borgwardt@upkbs.ch (S. Borgwardt).

1 These authors contributed equally to this work.

http://dx.doi.org/10.1016/j.neubiorev.2014.03.011
0149-7634/© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/3.0/).

dx.doi.org/10.1016/j.neubiorev.2014.03.011
http://www.sciencedirect.com/science/journal/01497634
http://www.elsevier.com/locate/neubiorev
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neubiorev.2014.03.011&domain=pdf
http://creativecommons.org/licenses/by/3.0/
mailto:stefan.borgwardt@upkbs.ch
dx.doi.org/10.1016/j.neubiorev.2014.03.011
http://creativecommons.org/licenses/by/3.0/


268 F. Harrisberger et al. / Neuroscience and Biobehavioral Reviews 42 (2014) 267–278

2.1.  Original  data  of  643  healthy  subjects  . . .  .  . . .  .  . . .  . . .  .  . . . . . .  . . . . . . .  .  . . . .  .  . . . . . .  .  . . .  . .  . . . . . . . .  . . . . .  .  . .  . . . . .  . . . . .  .  . . .  .  . . . . . . . . . .  .  . . .  . .  . . . .  .  . . . . .  268
2.1.1. Participants  . . . . .  . . . . . . .  . . . .  . . .  .  . . .  . . . .  . . .  . . . . . . .  . . . . .  . .  .  . . . . . . .  . . . . . . .  .  . . . . . . .  . . .  . . . . .  . . . . . . .  .  . . . . . .  .  . . . . . .  .  . . . . . . .  . .  .  .  .  .  . . . .  . . .  . . .  268
2.1.2.  Genotyping .  .  . . . . . . .  . . . .  . . .  .  . . .  .  . . .  .  . . .  . . . .  . . .  . . . . . . . . . .  . . .  .  . . .  . . . . . .  . . .  . . . . .  . . .  . .  . . . . .  . . .  . . . .  .  . . .  . . . . .  . . .  . .  . . . .  .  . .  .  .  .  .  . . . .  .  . . . . .  . .  .  269
2.1.3.  Image  acquisition  and  extraction  of hippocampal  volumes  . . . .  .  . . . . . .  .  .  .  . . . .  . . .  . . . .  .  . . . .  .  . .  . . . . . . .  .  . .  .  .  . . . . .  .  .  . .  . .  .  .  .  .  . . . . . . . . . . 269
2.1.4.  Association  analysis .  . . .  . . . .  .  . .  .  .  . .  . .  . .  . . .  .  .  . .  . . .  .  . . .  .  . .  .  . . .  .  . . .  . .  .  . . . . . .  .  . . . . . .  . . . . . . .  .  . . . . . . .  . . . . . . .  . . . .  . . .  .  .  . .  .  .  . . .  .  . . . . . .  . . .  .  .  .  .  269

2.2.  Meta-analysis  . . .  . . .  .  . . .  .  . . .  .  . . .  . . . . . . .  . . . .  . . .  .  . . .  .  . . .  . . . . . .  .  . . . .  . . . . . . . .  .  .  . . . .  . . . .  . . . . .  .  . . . .  . . .  . .  . . .  . . .  . .  .  . . . .  .  . . . . . . . .  .  .  .  . . .  .  . . . . .  . .  . . . .  .  .  . .  269
2.2.1. Literature  search  and  inclusion  criteria  . .  . . .  . . . . . . .  .  . . . . . .  . . . . . . .  . . .  . . .  . . . .  . . .  . . .  .  . . . .  . . .  . . . . . . . .  .  . . . . . .  .  . . . .  .  .  . . . . . . . . .  .  . . .  .  .  .  . . .  269
2.2.2.  Data  extraction.  . . .  .  . . .  .  . . .  .  . . .  . . . . . . . . . . . . . . .  . . .  . . . .  .  . .  .  . .  . . . . .  . . . . .  . . . . .  . . .  . . . . . .  .  .  . . .  .  .  . .  . . .  .  . . . .  . .  .  . . .  . . . .  . . . . . . . .  .  .  .  .  . .  .  . . . .  . . . 270
2.2.3. Quality  assessment  . .  .  . . .  .  . . . .  . .  . .  . .  .  . .  .  .  . .  .  . . . .  .  . .  . . . .  .  . . . . . . .  . . . . . .  . . .  . . .  . . .  . . . .  .  . . .  . . . .  . . .  . .  .  . . . . .  . .  .  . . .  .  .  . . .  . . . . . .  .  . .  .  .  .  . . . .  . . .  270
2.2.4.  Data  analysis  .  . . . . . . .  . . .  .  . . .  .  . . .  .  . . .  . . . .  . . .  . . . . . . .  . . . . . . .  .  . . . . . .  . . .  . . . .  . . .  . . .  . .  .  . . . .  . . .  .  . . . .  . . .  .  . . . . . . .  .  . . . .  . . . . .  . .  .  .  . .  .  . . . . .  . .  . . .  . .  270

3.  Results  . . .  .  . . . . .  . .  . . . . .  .  . . .  .  . . .  .  . . .  .  . . . . . .  . . .  .  . . .  .  . .  .  . . . .  . . . . . . . . . .  . . . . . . .  .  . . . .  . . .  . . .  . .  .  . . . . . .  . . . . . . .  . . . . .  . . .  . . . .  . . .  . .  . . .  . . . .  .  .  . . . .  .  . . . . . .  . . . . . . . . .  .  .  . 270
3.1.  Association  analysis  of  643  healthy  subjects  .  .  .  . .  .  .  . . .  . . . .  .  . . .  . . .  . . .  .  . . . . . . . . .  . . .  . . . . .  . . . . .  . . .  . .  . .  .  . . . .  .  . . .  . . . . . .  .  .  . .  .  . . . . . .  .  . . . .  . . .  .  .  .  . . .  . . 270
3.2.  Description  of studies  and cohorts  included  in  the  meta-analysis  . . . . .  . . . . . .  . . .  .  . . . . . . . .  . . . . . . .  . . .  . . . .  .  . . . . .  . . .  .  . . . .  .  . . . . .  .  . . .  .  . .  . .  .  .  . . . .  .  271
3.3.  Meta-analysis  of  one  original  and 31  previously  published  samples  . . . . . . .  .  . .  . . .  . .  .  . . . .  .  . . .  .  . . . . . . .  . . . . . . .  . . . . .  . .  . . . . .  .  .  . .  .  . . . . . .  . . .  .  .  .  .  .  .  271
3.4.  Effect  of moderators  .  . . .  .  . . . . . .  . . .  .  . . .  .  . . .  .  . . .  . . . .  . . .  .  . . . . . . .  . . . .  . . . .  . . . .  . . . .  . . .  . .  . . . . . . .  .  . . .  . . . . .  . . . . . . . .  . .  . . . .  .  . . . . . .  .  . .  .  . . . .  . . .  .  .  .  . . .  . . . . . 271

4.  Discussion  . .  .  . . . .  .  . . .  .  . . .  .  . . .  .  . . .  .  . . . . . . . . . .  . . . .  . . .  .  .  . .  .  . . .  .  . . .  . . . . . . .  .  . . . .  . .  . . . . . . .  .  . . . . .  . . .  .  . . .  .  .  . . . . . . .  . . . . . . . . . .  . . .  . . . .  .  . . . . . .  . . .  . . . . . .  .  .  .  .  . . . . .  . 271
Acknowledgments  . .  .  . .  . . . .  . . . . . . .  . . .  .  . . .  .  . . .  .  . . .  . . . .  . . .  . . . .  . . . .  . . . . . .  .  .  . . . .  .  . .  . . .  . . .  . . . .  . . .  . .  . .  . . .  .  . . .  . . .  .  .  . .  . . .  .  .  . . .  . . . .  . . . . . . . .  . .  .  . . . . . . . . .  .  .  . . . . 276
Appendix  A.  Supplementary  data .  . . .  . . . .  .  . . .  . . . .  . . .  . . . . . . . .  . . .  . . .  .  . . . . . .  .  . . . . . .  . . . . . .  .  . . .  . .  .  . . .  .  . . .  .  . . .  . . . .  . .  .  . . .  . . . .  .  . . . . . . .  .  . . . . .  .  . . .  .  .  .  . . .  . . .  276
References  . . .  .  . . . . .  .  . .  . . .  . . . .  . . . .  . . .  .  . . .  .  . . .  . . .  . . . .  .  . . .  .  . . .  . . .  .  . . . . . .  .  .  .  . .  . . . . . . .  . . .  . .  . . .  . .  . . .  . . . . .  . .  . . . . . . .  .  . . . . . . .  . . . . . .  .  . . . .  . . . . .  .  . . .  .  .  .  . . . . . . . . . .  276

1. Introduction

Brain-derived neurotrophic factor (BDNF) – a member of the
nerve growth factor family – plays an important role in neurogen-
esis and is implicated in several molecular processes in the central
nervous system (Barde et al., 1982; Lu and Gottschalk, 2000; Park
and Poo, 2013). BDNF is highly expressed in the hippocampus, a key
region for adult neurogenesis (De Quervain and Papassotiropoulos,
2006; Milner et al., 1998), and is thought to be involved in learning
and memory (Cunha et al., 2010). Pro-BDNF can induce apoptosis,
while mature BDNF predominantly mediates cell survival and neu-
ronal differentiation (Pang et al., 2004; Korte et al., 1995; Pastalkova
et al., 2006). The single nucleotide polymorphism (SNP) rs6265
at codon 66 of the BDNF gene predicts a valine (Val) to methi-
onine (Met) substitution in the pro-region of the protein, which
is important for proper BDNF sorting. The Val66Met substitution
has been investigated in a transgenic mouse model of defective
BDNF secretion in hippocampal neurons (Chen et al., 2004; Egan
et al., 2003). BDNF Met/Met mice have smaller hippocampal vol-
umes, less dendritic arbor complexity of hippocampal neurons
and impaired synaptic plasticity, as indicated by a decrease in
NMDA-receptor-dependent long-term depression and long-term
potentiation (Chen et al., 2006; Ninan et al., 2010).

Defects in synaptic plasticity and long-term potentiation, core
mechanisms of hippocampus-dependent learning and memory, are
thought to underlie – at least in part – neurocognitive impairments
in a broad spectrum of neuropsychiatric disorders (Fusar-Poli
et al., 2012; Lu et al., 2013). Another characteristic of neuropsychi-
atric disorders, such as schizophrenia, bipolar disorder, depression,
post-traumatic stress disorders and personality disorders, is the
reduction in hippocampal volume (Geuze et al., 2005; Smieskova
et al., 2010; Walter et al., 2012). It is still not clear to what extent
these hippocampal volume abnormalities are driven by genetic
liability (Sullivan et al., 2003). One putative genetic risk factor
of these alterations might be the BDNF polymorphism described
above (Boulle et al., 2012; Frielingsdorf et al., 2010). The effect
of this polymorphism has often been studied in healthy subjects,
because in a healthy population, changes in brain volumes are inde-
pendent of effects of illness or medication, and of disease-related
genetic risk factors (Fusar-Poli et al., 2013; Smieskova et al., 2009).

To date findings from structural magnetic resonance imag-
ing (sMRI) studies investigating genotype-dependent association
of rs6265 SNP on hippocampal volumes are inconsistent. While
three recent meta-analyses report that Met-carriers have smaller
hippocampal volumes than Val/Val homozygotes (Hajek et al.,

2012; Kambeitz et al., 2012; Molendijk et al., 2012a), the relation
between rs6265 and hippocampal volumes is confounded by sev-
eral problems: Firstly, two of these studies (Kambeitz et al., 2012;
Molendijk et al., 2012a) included a variety of neurocognitive disor-
ders, suggesting that hippocampal volumes were probably affected
by burden of illness, medication or comorbid conditions and were
not necessarily related to the SNP per se. Secondly, all of these
meta-analyses incorporated studies with children/adolescents and
elderly subjects. This can be critical, as hippocampal volumes
undergo age-related changes (Karnik et al., 2010; Walhovd et al.,
2011; Goodro et al., 2012). Finally, although one of the previous
meta-analyses focuses exclusively on healthy subjects (Hajek et al.,
2012), the analysis in this study was restricted to manual tracing
of hippocampal volumes without considering automatic measure-
ment techniques.

The present study aimed to control for these confounding fac-
tors. First, we assessed the association between the BDNF rs6265
polymorphism and hippocampal volumes using the automated
tracing technique in 643 healthy young volunteers. Because the
effect size of this association is known to be small (Kambeitz et al.,
2012; Molendijk et al., 2012a), we then increased statistical power
by means of meta-analytic techniques (Kim-Cohen et al., 2006;
Munafò et al., 2009; Brandys et al., 2011). We  therefore performed a
systematic review of the hippocampal volumes in healthy subjects
genotyped for SNP rs6265 and combined these data with our origi-
nal results in a meta-analysis. Additionally, we examined the effect
of potential moderators such as measuring technique, MR mag-
netic field strength, age, gender, ethnicity, Val/Met ratio, sample
size, quality rating, hippocampal volumes normalized to intracra-
nial volume (ICV), and publication year.

2. Material and methods

2.1. Original data of 643 healthy subjects

2.1.1. Participants
We  recruited 643 healthy young subjects (383 women;

age range 18–35 years, mean age ± standard deviation (SD)
22.87 ± 3.22). Participants filled in a self-rating questionnaire con-
cerning their health status, medication, and drug consumption.
All included subjects were free of any physical, neurological or
psychiatric illness, and were taking no medication. 87% of the sub-
jects were students and 91% were right-handed (see Table 1). The
ethics committee of the Canton of Basel approved the experiments.
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