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ARTICLE INFO ABSTRACT
Atticle history: Background: The brain-derived neurotrophic factor (BDNF) val66met polymorphism is associated with altered
Accepted 16 December 2013 activity dependent secretion of BDNF and a variable influence on brain morphology and cognition. Although a
Available online 31 December 2013 met-dose effect is generally assumed, to date the paucity of met-homozygotes have limited our understanding
of the role of the met-allele on brain structure.
Keywords: Methods: To investigate this phenomenon, we recruited sixty normal healthy subjects, twenty in each genotypic
235:;“1 group (val/val, val/met and met/met). Global and local morphology were assessed using voxel based morphom-
Diffusion etry and surface reconstruction methods. White matter organisation was also investigated using tract-based
MRI spatial statistics and constrained spherical deconvolution tractography.
Val66met Results: Morphological analysis revealed an “inverted-U” shaped profile of cortical changes, with val/met hetero-
Intrinsic curvature zygotes most different relative to the two homozygous groups. These results were evident at a global and local
level as well as in tractography analysis of white matter fibre bundles.
Conclusion: In contrast to our expectations, we found no evidence of a linear met-dose effect on brain structure,
rather our results support the view that the heterozygotic BDNF val66met genotype is associated with cortical
morphology that is more distinct from the BDNF val66met homozygotes. These results may prove significant
in furthering our understanding of the role of the BDNF met-allele in disorders such as Alzheimer's disease and
depression.
© 2014 The Authors. Published by Elsevier Inc. Open access under CC BY -NC-SA license.
Introduction and Fraser, 1995). It is essential for neuronal plasticity which is funda-

mental to both early and late long term potentiation (Pang and Lu,

Brain-derived neurotrophic factor (BDNF) is a secretory protein 2004). A common single nucleotide polymorphism (SNP) occurs in
from the neurotrophin family which is vital for the survival, mainte- the 5’ proBDNF domain at nucleotide 196 (dbSNP number rs6265), of
nance, differentiation and morphology of neurons (e.g. Cohen-Cory guanine to adenine, resulting in a valine (val) to methionine (met)
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amino acid substitution at codon 66 (val66met). This SNP is present in
approximately 36%, (3% homozygous), of the Caucasian population
with a higher incidence in Asian populations (Consortium, 2003).

The BDNF met-allele has been associated with memory impairments
(Kambeitz et al., 2012) and multiple neurological and psychiatric condi-
tions including Alzheimer's disease (AD, Matsushita et al., 2005;
Ventriglia et al,, 2002). A significant number of studies have investigated
the link between BDNF and anxiety, particularly in relation to depres-
sion (MDD, Frodl et al., 2007; Verhagen et al., 2010). Some studies
have indicated that the met/met variant is associated with increased
anxiety (Chen et al., 2006; Montag et al., 2010a), though other studies
have reported contradictory findings (Lang et al., 2005; Sen et al., 2003).

Although the val66met polymorphism does not seem to affect the ac-
tivity of mature BDNF, the intracellular trafficking and activity-dependent
secretion of BDNF is altered (Egan et al., 2003). At a cellular level,
there appears to be a met-dose effect on intracellular localisation
(Chen et al., 2004) and regulation of activity-dependent secretion
of BDNF (Chen et al., 2006). Variations in n-acetyl-aspartate (NAA)
levels in the hippocampus associated with the met-allele also suggest
a functional met-dose effect (Egan et al., 2003).

Whether these findings are correlated with similar met-dose effects
on brain structure has not been investigated thoroughly due to a dearth
of met-homozygotes in the population. Instead, the majority of studies
have concatenated met-carriers to investigate the effects of the
val66met BDNF polymorphism rather than the specific met-dose effect.
Of these studies, a significant number have focused on hippocampal
volumetry (Bueller et al., 2006; Frodl et al., 2007; Szeszko et al., 2005;
Takahashi et al., 2008). However the effect size of met-related volume
reductions in the hippocampii is small and findings are heterogeneous.
Moreover, meta-analysis has raised the possibility that these findings
have been subject to a “winner's curse” rather than a genuine biological
effect of the allele (Molendijk et al., 2012). In whole-brain analyses, the
met-allele has been associated with GM reductions in the bilateral dor-
solateral prefrontal cortex (Pezawas et al., 2004), right thalamus, amyg-
dala and fusiform gyrus (Montag et al., 2009), parahippocampal gyrus
(Montag et al., 2009; Takahashi et al., 2008), and total occipital and tem-
poral GM volume (Toro et al., 2009). However results are conflicting
(Eker et al., 2005), and some studies have found no differences between
groups (Frodl et al,, 2007; Joffe et al., 2009).

Relatively fewer studies have examined the effects of the val66met
polymorphism on white matter (WM) microstructural organisation in
healthy individuals (Carballedo et al., 2012; Chiang et al., 2011;
Kennedy et al., 2009; Montag et al., 2010b; Soliman et al., 2010; Tost
et al., 2013; Voineskos et al., 2011). One of the largest diffusion-MRI
studies to date (n = 455, n = 21 met/met) reported increased frac-
tional anisotropy (FA) associated with the met-allele in several white
matter tract areas including the splenium of the corpus callosum, fornix
and left inferior longitudinal fasciculus (ILF) (Chiang et al.,, 2011). The
remaining studies had few if any met-homozygotes and the findings
are inconsistent. For example, while one study reported reduced FA bi-
laterally in the uncinate fasciculus amongst met-carriers (Soliman et al.,
2010), others have reported increases in FA associated with the met-
allele (Carballedo et al., 2012; Chiang et al., 2011; Tost et al., 2013). Sev-
eral other studies have failed to find any effect of genotype on brain
structure (Kennedy et al., 2009; Montag et al., 2010b; Voineskos et al.,
2011). Most recently, increased FA in the left anterior cingulum bundle
was found in met-carriers (Carballedo et al., 2012).using deterministic
tensor-based tractography. Additionally increased FA has been found
in several clusters amongst met-carriers including portions of the
splenium and body of the corpus callosum, the posterior thalamic radi-
ation, posterior and bilateral superior corona radiata, the right internal
capsule and the superior longitudinal fasciculus (Tost et al., 2013).

In summary, there is a significant lack of convergence in analyses of
the BDNF val66met polymorphism on brain structure. Over and above
differences in sample sizes and methodology, it may be that the varia-
tion in the relative proportions of hetrozygous and homozygous met-

carriers which are often concatenated within the same sample group
may contribute to these inconsistencies. However, without a quantita-
tive analysis of the met-dose effect, the relative contribution of this var-
iation is unknown. To date no such study has been undertaken.

The aim of this study was to distinguish between the effects of met-
homozygotes, heterozygotes and val-homozygotes on brain structure
by recruiting balanced genetic groups. Given the heterogeneity of previ-
ous analysis, we proposed to use a quartet of complementary ap-
proaches to determine the structural correlates of each genotype. In
the first instance, because BDNF is widely expressed in the brain
(Binder and Scharfman, 2004), and has been shown to affect cortical
morphology (Montag et al., 2009; Pezawas et al., 2004), we employed
a global morphological parameter, namely cortical intrinsic curvature
(Ronan et al., 2011, 2013) which is a function of the differential expan-
sion of the surface during development, and may be related to the un-
derlying architecture and connectivity of the cortex. Intrinsic
curvature is mathematically more fundamental to a surface than fold-
ing, and has been demonstrated to be more sensitive to case-control
differences than measures of gyrification (Ronan et al., 2012).

We further employed voxel-based morphometry (VBM) which is
specifically designed to obviate global size and shape differences for the
purpose of identifying regional changes between groups (Good et al.,
2001). Furthermore we employed the recent tractography method of
constrained spherical deconvolution (CSD) to assess, sub-cortical white
matter organisation (Jeurissen et al., 2011). CSD holds significant advan-
tages over previously used tensor-based models in its ability to estimate
multiple contributing fibre orientations within a voxel, making the recon-
struction of fibre bundles in areas of crossing fibres possible (Tournier
etal,, 2007). We also utilised the automated restricted voxelwise method
of tract-based spatial statistics (TBSS, Smith et al., 2006) to investigate
diffusion throughout the core white matter tracts of the brain at a voxel
level to compliment the tract specific tractography analysis.

By combining these complimentary approaches and with the novel-
ty of a large met-homozygous group we aimed to more fully character-
ise the changes in brain structure associated with the val66met
polymorphism of BDNF.

Methodology
Participants

Healthy subjects, prospectively genotyped for the BDNF val66met
gene polymorphism, were recruited from a database of approx
11,000 subjects at the Phase I GSK Clinical Unit and the Cambridge
BioResource, Cambridge Biomedical Research Centre (CBRC). Of
these approx. 350 had the rare met/met polymorphism. Information
letters were sent to those on the database about the study and those
that responded and fulfilled our exclusion/inclusion criteria were
then included in a smaller database. Inclusion criteria included
being right-handed, male or female, age 18-55 years and of a healthy
weight (>50 kg men, >40 kg female and able to fit comfortably into
scanner). Exclusion criteria included having a medical condition
which could potentially affect the studies goals; neurological disorders
including learning disability/disorder, family history of epilepsy, history
of alcohol or drug abuse within the previous 6 months, history of Axis I
psychiatric disorders, smokers, positive test results for HIV, Hep B or
Hep C, use of prescription or non-prescription drugs including vitamins,
herbal or dietary supplements within 7 days of screening. This smaller
database included approx. 25 met/met subjects. From this database,
subjects were prospectively recruited into 3 groups (20 val/val;
20 val/met and 20 met/met) in a randomised and blinded manner
such that the recruitment team and the experimentors were blinded
to the genotype. One person in the team (not involved in recruitment
or analysis) was unblinded such that equal number of subjects were in-
cluded in the groups matched for age, gender and IQ. Subjects were also
asked to refrain from caffeine and alcohol intake 24 h prior to and on
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the day of testing. Written informed consent was obtained from all
participants. Ethical approval for this study was received from the Na-
tional Research Ethics Service (NRES) committee East of England —
Cambridge South. This study comprised part of larger study of various
behavioural, neuroimaging, neuropsychometric and neurophysiologi-
cal assessment of the BDNF polymorphism in human behaviour.

Genotyping

DNA was extracted from blood samples via standard methods and
genotyped for the BDNF Val66Met SNP via TagMan 50exonuclease
assay (Applied Biosystems, Foster City, CA, USA).

Morphometric analysis

MRI data acquisition

MR images were acquired on a 3 T Siemens TimTrio at the Wolfson
Brain Imaging Centre, University of Cambridge. Structural data were ac-
quired with a sagittal MPRAGE T1-weighted, three-dimensional, inversion
recovery gradient echo sequence with the following parameters: Inversion
time = 900 ms; echo time = 2.98 ms; repetition time = 2300 ms flip
angle = 9°; voxel dimensions = 1 mm x 1 mm x 1 mm. Acquisition
time = 9.14 min.

A 2D interleaved axial diffusion echo planar imaging (EPI) sequence
was applied for the diffusion data acquisition where 63 diffusion gradi-
ent directions were used with b = 1000 s/mm? and one B, reference
image was acquired with the following parameters: TE = 90 ms,
TR = 7800 ms, FOV = 192 mm, matrix = 192 x 192, slice thickness
2 mm, voxel dimension =2 mm x 2 mm x 2 mm. Acquisition
time = 8.44 min.

Morphometric analysis

We use multiple methods of analysis. For intrinsic curvature we use
the skew of the distribution as a global metric. Both VBM and TBSS are
voxel-based methods where analysis between groups is done in a
voxel by voxel manner. In tractography the median FA is extracted
from the isolated tracts for analysis.

Global analysis: intrinsic curvature

Cortical reconstructions were generated using FreeSurfer (Dale et al.,
1999; Fischl and Dale, 2000; Fischl et al., 1999a,b). The FreeSurfer pro-
gramme was specifically developed for cortical reconstruction. In brief,
raw image data voxels were sub-sampled to voxels of size 1 mm?®. After
that the data were normalized for intensity. RF-bias field inhomogenieties
were modelled and removed, followed by skull-stripping. The cerebral
white matter was subsequently identified after which the hemispheres
were separated, tessellated and deformed to produce an accurate and
smooth representation of the grey-white interface. Reconstructions
were edited manually, where inaccuracies occurred. These edits were
made on two-dimensional slices though the reconstruction and hence
may be considered to be effectively unbiased with respect to the morpho-
logical parameters which are three-dimensional.

The software Caret (v5.65, http://brainmap.wustl.edu/caret) was used
to calculate cortical intrinsic curvature per vertex of each subject's
FreeSurfer-reconstruction. This process has been detailed elsewhere
(Ronan et al., 2013). Intrinsic curvature arises from the differential expan-
sion of the cortical surface, such that regions with a greater degree of dif-
ferential expansion have a greater degree of intrinsic curvature. Because
expansion is mediated by the underlying regional cytoarchitecture, intrin-
sic curvature is taken as a proxy of this (Ronan et al,, 2011, 2013). Once
generated in Caret, the derived surface curvature files were subsequently
imported to MatLab where a low-pass filter was applied to remove aber-
rantly high curvature values that were not compatible with the resolution
of the cortical reconstruction (Ronan et al., 2012, 2013). For each subject,
the value per vertex contributed to the distribution of all values across the

cortex for that subject, from which the skew was calculated. Cortical in-
trinsic curvature has a heavily skewed distribution (Pienaar et al., 2008;
Ronan et al, 2011, 2012). As brain size changes, this distribution changes
both its mean value as well as its shape (Ronan et al., 2012, 2013). Because
we are interested in the degree of curvature independent of head size, we
calculated the skew of the distribution rather than its mean.

Regional analysis: VBM

Structural data was analysed with FSL-VBM (Douaud et al., 2007
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLVBM), an optimised VBM proto-
col (Good et al., 2001), carried out with FSL tools (Smith et al., 2004).

Images were reoriented to standard space, brain-extracted and grey
matter-segmented before being aligned to the MNI 152 template
(Andersson et al., 2007). MNI 152 alignment involved affine registration
of grey matter images to GM ICBM-152 to create a first pass affine tem-
plate; non-linear re-registration of native grey matter images to the af-
fine template was then performed. Resulting warped images were
averaged and reflected along the mid-line to create a left-right symmet-
ric, study-specific grey matter template in MNI 152 space. To avoid bias
in the form of favouring one group over another during registration, all
subjects were included in the template construction process.

All native images were non-linearly registered to the study-specific
template and modulated to correct for local expansion and contraction
due to the non-linear component of the spatial transformation. Modula-
tion was achieved by multiplication of each voxel of each registered
image by the Jacobian of the associated warp field. Finally, modulated
grey matter images were smoothed with an isotropic Gaussian kernel
with a sigma of 3 mm. At each step, quality and error identification
was determined visually using data rendered into a web browser. No
images were rejected in this process.

TBSS and tractography

Diffusion MRI data processing and analyses

Diffusion-weighted (DW) images were corrected for eddy current
induced geometric and motion distortions, including rotation of the B-
matrix (Leemans and Jones, 2009), using the graphical toolbox
ExploreDTI v4.8.2 (Leemans et al., 2009). Tensor estimation was per-
formed by non-linear robust estimation of tensors by outlier rejection,
RESTORE, (Chang et al., 2005). Data quality was determined visually in-
cluding steps outlined previously (Tournier et al., 2011). No images
were rejected in this process. T1-weighted structural MR images were
corrected for non-uniform bias using N3 (Sled et al., 1998), brain extrac-
tion performed using the FSL brain extraction tool BET (Smith, 2002)
and finally registered to the corrected FA diffusion images using the
FSL's linear registration tool FLIRT (Jenkinson and Smith, 2001).

TBSS

Voxel-by-voxel based statistical analysis was carried out on the
corrected FA data using Tract Based Spatial Statistics, TBSS (Smith
etal.,, 2006). Briefly all FA images were non-linearly aligned to the target
FMRIB58_FA standard space image then affine transformed to MNI152
1 mm? standard space. These images were merged and averaged to
generate a study specific mean FA image and FA skeleton preparation
using an FA threshold of 0.2.

Tractography

Whole brain deterministic tractography using CSD (Tournier et al.,
2007) with interpolation of the fibre orientation distribution (FOD) was
performed in ExploreDTI v4.8.2 (Jeurissen et al., 2011; Leemans et al.,
2009). The following parameters were applied: maximum spherical har-
monic order for CSD 8, seed point resolution 2 x 2 x 2 mm>, step size
1 mm, angle threshold 40 and 45 depending on tract anatomy and
fibre length range 50-500 mm. Tracts were selected for analysis based
upon their previous implication in the literature (Carballedo et al.,
2012; Chiang et al., 2011; Kennedy et al., 2009; Montag et al., 2010b;
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Soliman et al., 2010; Tost et al., 2013; Voineskos et al., 2011) and biolog-
ical connection to diseases associated with the met66val allele: the
splenium of the corpus callosum, inferior longitudinal fasciculus (ILF,
45 ), fornix, cingulum bundle (CB; dorsal and anterior), arcuate fascicu-
lus (AF) and uncinate fasciculus (UF, 40 ). To avoid bias all regions were
drawn on the structural T1 images, registered to the FA.

For anatomical tract definition, the splenium of the corpus callosum,
UF, AF and ILF were isolated following a modified version of Wakana
et al. (2007) protocols. Dorsal and anterior CB's were defined similarly
to a previous study (Carballedo et al., 2012) and the fornix was isolated
with a single coronal gate at its apex. Segments of tracts used for subse-
quent analysis are shown in Fig. 1 and lie between the gates indicated in
green. (For details of anatomical tract definition see supplementary
information).

Statistical analyses

Statistical analyses were carried out in IBM SPSS statistics 20 unless
otherwise stated. The Chi-squared test was used to assess gender

balance across genotype-groups. The Shapiro-Wilks test and Levene's
test were used to determine normality of distribution and homogeneity
of variance respectively for median FA of the tracts, intrinsic curvature,
extracted grey matter volumes and age. A one-way ANOVA was
employed to compare age between groups. A three-level one-way uni-
variate analysis of co-variance (ANCOVA) was employed for all analyses,
so as to be unbiased in our approach and fully utilise having 3 balanced
genotype groups.

Intrinsic curvature analysis

Group differences in intrinsic curvature skew were tested using an
ANCOVA with whole brain surface area, hemisphere, age and gender
as covariates. Post-hoc Bonferroni-corrected pairwise comparisons,
with the same covariates, followed significant findings.

Voxel-based morphometric analysis

Grey matter voxel-wise GLM statistical analysis of the 3 groups was
performed using CamBA v2.3.0 (http://www-bmu.psychiatry.cam.ac.
uk) with gender, age and total intracranial volume as covariates.

Fig. 1. Reconstructed white matter tracts superimposed on T1-MRI for anatomical reference. Green lines indicate the extent of the segments included in analyses. (A) Splenium of the
corpus callosum, (B) fornix, (C) dorsal cingulum bundle, (D) anterior cingulum bundle, (E) uncinate fasciculus and (F) inferior longitudinal fasciculus.
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Statistical inference was by permutation analysis on voxel clusters, with
a statistical threshold corrected such that the expected number of false
positive clusters in the intracranial volume was <1 (Bullmore et al.,
1999). The location of significant clusters was established in relation
to the anatomical automatic labelling (AAL) atlas in MNI standard
space (Tzourio-Mazoyer et al., 2002). Post-hoc Bonferroni-corrected
pairwise comparisons, with the same covariates, followed on the
volumes extracted from significant clusters.

TBSS analysis and tractography

For TBSS voxel-wise GLM statistical analysis along the skeleton was
performed using randomise, part of the FSL programme, with age and
gender as covariates. This involved permutation analysis (10,000 ran-
dom) and threshold-free cluster enhancement (TFCE) to correct for
multiple comparisons (Behrens et al., 2007; Nichols and Holmes, 2002).

For tractography, segments of tracts were analysed to minimise var-
iability in tract length allowing adjusted tract volume (tract volume/
median tract length) to be used as a covariate (Vos et al., 2011), along
with age and gender in an ANCOVA to compare median FA between
groups. Post-hoc Bonferroni-corrected pairwise comparisons, with the
same covariates, followed for tracts with significant findings.

Cross modality testing

Secondary to significant findings in the primary analysis we investi-
gated the presence of links between these findings from the different
modalities by correlation analysis (Pearson correlation).

Results
Demographics

Groups did not differ significantly in gender proportion or mean age
(Table 1). One met/met subject was not available for the curvature
analysis, however this did not result in any demographic differences be-
tween the groups in terms of age (F») = 0.84, p = 0.43) or gender
(x*> = 24, p = 0.58). Similarly DW data was not available for one
member of the val/met group, this did not affect the age (F(,) = 0.48,
p = 0.62) or gender ( %2y = 0.77,p = 0.71) balance between groups.

Intrinsic curvature

A main effect of group was found on the intrinsic curvature skew
(Fizy = 10.29, p < 001, adj. R* = 0.31). The mean intrinsic curvature
skew for each group was as follows: met/met 5.48 + 0.14; val/met
5.38 + 0.18; val/val 5.53 4+ 0.19. Post-hoc Bonferroni-corrected
pairwise comparisons revealed a significantly smaller intrinsic curva-
ture skew in the val/met group compared to the val/val group
(Fa1y = 16.00, p < 0.001, adj. R? = 0.28, Fig. 2A) and a non-significant
trend towards reduction compared to the met/met group
(F(1y = 6.02, p = 0.05, adj. R* = 0.28). There was no statistically
significant difference between the met/met and val/val groups,
although there was a non-significant trend (F;) = 5.35, p = 0.07,
adj. R* = 0.27).

Table 1
Participant demographic variables.

Demographic variable BDNF genotype Group comparison

met/met  val/met val/val Test statistic p value
n 20 20 20
Age, mean (SD) 42.2(9.7) 409(10.1) 39.0(11.2) F=0.50 0.61
Age, range 20-55 24-55 19-54
Sex (male/female) 10/10 15/5 14/6 =052 077

Voxel-based morphometry

Voxel-wise analysis revealed 3 significant regions of group differ-
ences in grey matter volume following thresholding at the cluster
level; 1) cerebellum, 2) cerebellum/fusiform and 3) right superior fron-
tal/supplementary motor area (see Table 2 and Fig. 3). In each case the
val/met group showed either significantly larger (or trends towards
significantly larger) values than both other groups, while there was no
statistically significant difference between the homozygous groups
resulting in a “U-shaped profile” (Table 2, Fig. 3).

TBSS and tractography

TBSS failed to detect clusters that survived correction for multiple
comparisons across genotype-groups.

The single rater's (NJF) intra-rater reliability was greater than 86% in
defining tracts (ICC range 0.86-0.99). Median FA outliers were defined
as lying outside the mean 4 3 times the SD. One right UF and two
splenium tracts were removed on this basis which did not affect mean
age or gender balance between the groups (right UF: age, F») = 0.60,
p = 0.55; gender, )(2(2) = 0.79, p = 0.68; splenium: age, Fy = 0.84,
p = 0.44; gender, y%) = 0.34,p = 0.85).

Statistical analysis found a significant effect of group in the right dor-
sal CB (Table 3, Fig. 2B). No other significant effects were observed in the
remaining tracts examined, a trend was seen in the splenium of the cor-
pus callosum (Table 3). Subsequent post-hoc Bonferroni-corrected
pairwise analysis of the right dorsal CB revealed the overall group differ-
ence to be driven by the met/met group having a significantly lower FA
than the val/met group (Table 3, Fig. 2B), the other comparisons showed
no statistically significant difference between groups (Table 3).

Correlations

No significant relationship was detected between morphometric GM
differences, white matter anisotropy or intrinsic curvature. A correlation
was seen between the intrinsic curvature skew and the GM volume of
cluster 3, however this was not significant following correction (Pearson
correlation —0.26, p = 0.046, uncorrected).

Discussion

This is the first comprehensive study of the effect of met-homozy-
gosity and heterozygosity on grey and white matter morphometry.
Such analyses are rare and offer a key insight into the effects of the
BDNF val66met polymorphism. Our results indicate a global and local
effect of genotype on cortical morphology and white matter organisa-
tion. However, contrary to our expectations we found no evidence to
support a met-dose effect in any of the modalities used herein. Instead
we found that the met-allele has a significant but non-uniform effect
on brain structure, with homozygotes (met/met and val/val) more sim-
ilar than heterozygotes (val/met) across all our findings irrespective of
modality.

To date the majority of structural investigations in BDNF have
focused on regional effects, despite the fact that the gene is expressed
globally (Binder and Scharfman, 2004). Our results indicate that BDNF
has a global effect on cortical morphology in line with previous analyses
(Toro et al., 2009).

In our global analysis of cortical morphology, the results of intrinsic
curvature analysis indicate that a single copy of the met-allele is associ-
ated with a modest decrease in curvature skew, which in turn may be
interpreted as an increase in the degree of intrinsic curvature and
hence differential expansion (the degree of non-uniform expansion).
Previous experiments and theoretical considerations have related the
degree of differential expansion to neuronal density, with regions of
higher density reducing the degree of cortical differential expansion
owing to a proportionately greater degree of tangential pressure
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Fig. 2. Intrinsic curvature and anisotropy. A significant effect of genotype was seen on intrinsic curvature skew (A) and on the FA in the right dorsal cingulum bundle (B). Post-hoc analysis
revealed that val/met has a significantly smaller intrinsic curvature than val/val. Also there is a significant reduction in FA in the met/met group when compared to val/met in the right
dorsal cingulum bundle. Box plots with interquartile range and median line. Whiskers represent max and min values.

under expansion which acts to reduce spatial variance (Ronan et al.,
2011, 2013). In turn neuronal density has been demonstrated to have
a reciprocal relationship with local connectivity, where higher densities
are related to a decrease in synaptic connectivity and dendritic
aborisation (Cullen et al., 2010; Schlaug et al., 1993; Welker, 1990).
Based on this rationale, we may tentatively interpret the decrease in in-
trinsic curvature skew as reflecting a change in the intrinsic structure of
the cortex, possibly reflecting decreased neuronal density and associat-
ed changes in intrinsic connectivity. At one level these results are in
agreement with the wider literature, where BDNF has been demonstrat-
ed to be influential in the density of neurons (Gorski et al., 2003) and the
formation, maintenance and modulation of connectivity (Cao et al.,
2007; Horch etal,, 1999; McAllister et al., 1997). However there is a pau-
city of studies on the specific met-dose effect on these changes. More-
over these effects are often observed to be layer-specific (Gorski et al.,
2003; McAllister et al., 1997) making it difficult to reconcile these obser-
vations with the results reported herein which are based on the

Table 2
Summary of VBM clusters.

tangential morphology of the cortex which is insensitive to such radial
variations.

Local effects were also uncovered both in grey matter volume and
white matter organisation. We have shown 3 clusters of genotypic
difference in grey matter volume. The first two are mainly constrained
to the cerebellum but also include voxels in lingual areas bilaterally.
The third is unilateral on the right side including areas of the superior
and middle frontal areas and supplementary motor area. Adequately
comparing these regional difference findings to the literature is some-
what of a challenge as the whole brain is usually neglected in favour
of analyses focussed on the hippocampus. However our cluster in the
right fusiform gyrus does correspond to a previous finding of reduced
volume amongst met-carriers in this area (Montag et al., 2009). In the
same study right frontal regions were also implicated, but these regions
do not overlap directly with our right frontal cluster but do support our
findings in laterality and adjacent regions affected (Montag et al., 2009).
Hippocampal investigations in BDNF are legion, and most commonly

Extent (voxels) Lobe Regions (AAL atlas)
Cluster 1 958 Cerebellum Cerebellum (crus2_R, 7b_R, 8_R)
Cluster 2 1551 Frontal Lingual (R, L)
Temporal Fusiform R
Parietal Cerebellum (crus1R, 4_5L, 4_5R, 6 L, 6R, 9R)
Cerebellum Vermis (4.5, 6,9 10)
Cluster 3 886 Frontal Frontal (SupR, MidR)
Parietal Precentral R
Supp motor area R
Post hoc
met/met v val/met met/met v val/val val/met v val/val
Cluster 1 Fay 6.73 2.40 13.93
p 0.09 1.00 0.006**
adj. R? 0.11 0.07 0.25
Cluster 2 Fay 20.33 3.27 28.31
<0.001"** 0.71 <0.001***
adj. R? 0.44 0.15 048
Cluster 3 Fay 15.07 044 19.58
0.004** 1.00 <0.001***
adj. R? 0.29 0.10 032

**p < 0.001, **p < 0.01.
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Fig. 3. Voxel-based morphometry. Three clusters of significant group effect were found in the grey matter VBM analysis. These clusters are highlighted in the image above and detailed in
the table. Graphs indicate the differences in the GM volume between the 3 genotypes within each cluster. Box plots with interquartile range and median line. Whiskers represent max and
min values.

Table 3
Summary of tractography findings.
Tract Mean FA (SD) Test statistic (F(2)) p value
met/met val/met valjval
Dorsal CB right 0.51 (0.04) 0.55 (0.04) 0.53 (0.04) 3.50 0.04*
Dorsal CB left 0.57 (0.03) 0.58 (0.04) 0.59 (0.05) 0.04 0.96
Splenium 0.73 (0.03) 0.72 (0.03) 0.74 (0.02) 2.80 0.07
Fornix 0.33 (0.06) 0.31(0.04) 0.31 (0.06) 139 0.26
ILF left 0.47 (0.02) 0.45 (0.03) 0.46 (0.03) 0.79 0.46
ILF right 0.43 (0.02) 0.43 (0.03) 0.43 (0.03) 032 0.73
Anterior CB left 0.42 (0.04) 0.43 (0.05) 0.43 (0.06) 0.42 0.66
Anterior CB right 0.39 (0.04) 0.41 (0.05) 0.41 (0.05) 2.03 0.14
Arcuate left 0.51 (0.03) 0.52 (0.02) 0.51 (0.04) 133 0.27
Arcuate right 0.43 (0.03) 0.44 (0.04) 0.44 (0.05) 0.19 0.83
Uncinate left 0.41 (0.04) 0.41 (0.04) 0.40 (0.04) 0.57 0.57
Uncinate right 0.39 (0.02) 0.41 (0.04) 0.39 (0.04) 1.07 0.35
Post hoc
met/met v val/met met/met v val/val val/met v val/val

Dorsal CB right Fa) 837 1.20 131

p 0.02* 0.84 0.26

adj. R? 0.14 0.04 —0.06

*p <0.05.
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indicate a met-effect of reduced hippocampal volume (Pezawas et al.,
2004), although these changes are not consistent (Koolschijn et al.,
2010; Toro et al., 2009), and have recently been suggested to be artificial
due to a “winners curse” (Molendijk et al., 2012). In our analysis we did
not detect an effect of genotype in the hippocampus.

A subtle local effect of genotype was found on the white matter or-
ganisation of the right dorsal cingulum bundle and this was found to
be due to a statistically significantly higher FA amongst the heterozy-
gotes compared to the met-homozygotes. Met-homozygotes have not
previously been examined in the literature. However, there has been a
report of increased FA in the left anterior and dorsal CB amongst val/
met-heterozygotes relative to val-homozygotes (Carballedo et al.,
2012). We did not observe differences between groups in white matter
organisation across the left CB or any other tract examined which is
largely consistent with the literature to date comparing met-carriers
to val-homozygotes (Kennedy et al., 2009; Montag et al., 2010b;
Voineskos et al., 2011). Previous inconsistency in the literature could
largely be due to the mixing of met-homozygotes and heterozygotes
when they may in fact have diverging effects on white matter micro-
structure relative to the val-homozygous group. Also anisotropy in all
studies prior to the present analysis has depended upon tensor-based
methods and may therefore be confounded by collapsing changes in
multiple within-voxel compartments. The amount of white matter
voxels that exhibit a configuration with multiple fibre populations has
recently been estimated to be up to 90%, invalidating tensor based
tractography approaches in large parts of the brain (Jeurissen et al.,
2013). Spherical deconvolution based tractography, used here,
deconvolves the diffusion signal into multiple estimated contributing
compartments representing differently oriented bundles within each
voxel and may therefore overcome the above mentioned potential con-
found. Our restricted voxel-based analysis (TBSS) failed to detect any
difference in groups this may be due to limitations in the method of
TBSS as well as the above mentioned confounds in using tensor based
methods. These include the thinning of white matter tracts to a skeleton
thereby reducing the amount of white matter examined and skeleton
dys-contiguity where crossing tracts or tract junctions occur (Smith
et al.,, 2006). This may account for the inconsistency across our diffusion
findings.

Common across all our findings is the “U-shaped” profile, where het-
erozygotes are distinct from the homozygotes. Given our relative lack of
insight in to the biology of the BDNF met-allele, as well as a dearth of
studies examining the met-dose effect on brain structure, it is yet too
early to know how to interpret these changes. However it does offer
the important insight that, by grouping all met-carriers together, previ-
ous quantitative investigations may have missed an important aspect of
the interaction between the met and val alleles. Although not explicitly
discussed or statistically significant, several studies have indicated sim-
ilar U-shaped trends in BDNF. Examples include prior to task-related ac-
tivity but not after (Kleim et al., 2006), or in memory scores and NAA
levels of schizophrenia patients and their siblings (Egan et al., 2003).
However a number of studies have also indicated a predominance of
met-dose effects of BDNF on cortical microstructure (Chen et al., 2004;
Liu et al., 2012). Moreover, in a sister-study of the current analysis, a
met-dominant effect was most likely in fMRI response (Dodds et al.,
2013) as well as plasticity (using TMS, Teo et al., in press). While this
may suggest that there is not a simple relationship between genotype
and phenotype, it more importantly emphasises the importance of rep-
lication of our structural analysis. In general, the heterogeneity of struc-
tural findings, in terms of the pattern, and effect-size is, as Molendijk
and colleagues point out, further enhanced by the paucity of studies
which explicitly model the met-dose effect (Molendijk et al., 2012).
The results of this study clearly indicate that further work is required
to illuminate these global and regional effects.

Our findings suggest that the effect of the met allele is more strongly
felt in the grey matter compared to the white. Significant group differ-
ences in the VBM analysis ranged in effect size from moderate to large

(adj. R? = 25-48%) while the significant finding in the right dorsal cin-
gulum bundle corresponded to a small (14%) effect size. We see this as a
true finding given the robust methods used and the similar pattern to
the VBM and intrinsic curvature findings. Changes in FA can be very sub-
tle and it is possible that our sensitivity to detect differences in FA may
be limited by the methods employed and given a larger sample size ef-
fects of similar small size may have been detected in some other tracts,
however this is speculative and we await the replication of this finding
and the addition of more with the help of balanced groups as used here-
in. Alternatively, it remains possible that although BDNF is expressed
throughout the brain, the val66met polymorphism may have its main
effect at synapses in the grey matter where it is known to modulate
the activity dependent secretion of BDNF (Egan et al., 2003). Further re-
search shall determine this.

There are important limitations to this study. Recruiting participants
for studies, such as this, where one of the groups is comprised of individ-
uals with a rare genotype (met/met, 3%) can be exceedingly difficult.
This was in part overcome by the prospective recruitment of partici-
pants from a large database of subjects of known genotype. Despite hav-
ing a significantly larger number of met-homozygotes participate in this
study than previous studies there remains a small risk that we may be
missing a subtle effect of genotype that a larger study would have
found. Gender by BDNF genotype interactions have been shown
(Shalev et al., 2009; Verhagen et al., 2010) which may have confounded
our findings as our val/met and val/val groups were more dominated by
men, however we have minimised this risk by including gender as a co-
variate in all our analyses. The segmentation of tracts to account for par-
tial volume effects is another potential confound (Vos et al., 2011), and
it is possible that changes in peripheral tract regions were excluded
from analysis. More generally there are multiple alleles upstream of
the BDNF gene associated with the val66met polymorphism, which
may contribute to the heterogeneity of results across the literature in
a fundamental way (Okada et al., 2006) and thus obfuscate the true na-
ture of the BDNF polymorphism in limited sample sizes such as the one
we report. Similarly, epigenetic modulation of BDNF gene regulation
may also confound results (Boulle et al., 2012).

Conclusion

In this study we explicitly examined the role of met-load in the BDNF
val66met polymorphism on human cerebral grey and white matter
morphometry. Our results indicate global and local changes associated
with the met66 allele of BDNF which do not occur in a dose-
dependent manner. Our findings of a non-linear pattern of genotypic ef-
fect illustrate the importance of classifying met-homozygous, heterozy-
gous and val-homozygous subjects into separate groups to adequately
determine the effect of the met-allele. Elucidating the role of variation
in the gene coding for this cerebral neuronal growth factor is essential
to ultimately understanding its potential as a risk factor or target in
the treatment of depression.
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