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Abstract

Background: Data from clinical studies and results from animal models suggest an involvement of the neurotrophin system
in the pathology of depression and antidepressant treatment response. Genetic variations within the genes coding for the
brain-derived neurotrophic factor (BDNF) and its key receptor Trkb (NTRK2) may therefore influence the response to
antidepressant treatment.

Methods: We performed a single and multi-marker association study with antidepressant treatment outcome in 398
depressed Caucasian inpatients participating in the Munich Antidepressant Response Signature (MARS) project. Two
Caucasian replication samples (N=249 and N=247) were investigated, resulting in a total number of 894 patients. 18
tagging SNPs in the BDNF gene region and 64 tagging SNPs in the NTRK2 gene region were genotyped in the discovery
sample; 16 nominally associated SNPs were tested in two replication samples.

Results: In the discovery analysis, 7 BDNF SNPs and 9 NTRK2 SNPs were nominally associated with treatment response. Three
NTRK2 SNPs (rs10868223, rs1659412 and rs11140778) also showed associations in at least one replication sample and in the
combined sample with the same direction of effects (P o, =.018, P, =.015 and P, =.004, respectively). We observed an
across-gene BDNF-NTRK2 SNP interaction for rs4923468 and rs1387926. No robust interaction of associated SNPs was found
in an analysis of BDNF serum protein levels as a predictor for treatment outcome in a subset of 93 patients.

Conclusions/Limitations: Although not all associations in the discovery analysis could be unambiguously replicated, the
findings of the present study identified single nucleotide variations in the BDNF and NTRK2 genes that might be involved in
antidepressant treatment outcome and that have not been previously reported in this context. These new variants need
further validation in future association studies.
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Introduction

Despite large efforts during the last decades, antidepressant
treatment efficacy in depression is still unsatisfactory [1,2]. While
antidepressants are generally effective and indispensable for the
treatment of moderate and severe depression, up to two of three
patients do not sufficiently respond to a first antidepressant
treatment attempt [2]. Increased plasma corticosteroid levels,
typically found in many patients with depression [3], may lead to a
reduced trophic support of neurons and an impaired plasticity of
critical brain structures involved in affective disorders [4,5]. Stress-
induced perturbation of hormonal homeostasis, and specifically
elevated corticosteroid concentrations decrease the expression of
hippocampal brain-derived neurotrophic factor (BDNF) [6,7], a
major mediator of neurogenesis and synaptic plasticity involved in
learning and adaptive processes in the adult brain [8]. As
antidepressants have been shown to reverse stress and depression
induced BDNF downregulation and impaired neurogenesis [9,10],
BDNF has been implicated in recovery mechanisms from
depression, which resulted in the neurotrophin hypothesis of depression
[4,5]. In several studies, reduced serum BDNF levels in depression
and reduced hippocampal BDNF expression in mouse models of
affective disorders could be reversed by various antidepressant
interventions [4,5,11-13].

Apart from BDNF, the neurotrophin system comprises the
nerve growth factor (NGF), neurotrophin 3 and 4/5, as well as
their key receptors, the tropomycin receptor kinase (Irk) family,
including the major receptor for BDNF, TrkB, encoded by the
NTRE? gene [11]. Indeed, functional BDNF-TrkB signaling is
required for behavioral effects induced by antidepressants [14] and
increased NTRE2 mRNA expression [15] and signaling [14,16,17]
upon antidepressive interventions have been recently reported.
Thus, these two genes are in the focus of this study.

Up to now, pharmacogenetic studies on polymorphisms in the
neurotrophin system nearly exclusively focused on the BDNF gene,
especially the non-synonymous Val66Met (rs6265) polymorphism.
Despite several attempts to replicate initial associations, many
conflicting results have been reported on this polymorphism
[18,19], which could at least in part be related to population effects
[20]. Despite some positive associations reported for other BDNF
and NTRR2 SNPs [21,22], previous pharmacogenetic studies did
not find a major impact of BDNF and NTRR? polymorphisms on
antidepressant treatment including a German [23] and the
STAR*D sample [24]. Presently there are no SNPs of the
neurotrophin system that have been unambiguously shown to be
associated with treatment response in depression.

We extended the previous approaches by testing pharmacoge-
netic associations not only for variants in the BDNF gene but also
for variations in its main receptor gene, NTREZ?, in depressed
German inpatients participating in the Munich Antidepressant
Response Signature (MARS) project, which is a naturalistic study
dedicated to identify predictors of antidepressant treatment
outcome. We selected 82 tagging SNPs covering 100% of BDNF
variants with a minor allele frequency (MAF) =0.01 and 92.8% of
NTRER? variants with a MAF =0.1 based on HapMap project
data. We tested all nominally significant SNPs out of the discovery
analysis in 2 replication samples, resulting in a total sample size of
894 patients. In addition to our single-marker analysis we
performed multi-marker approaches using a haplotype as well as
a two-way interaction analysis.
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Methods

Ethics Statement

The study was approved by the Ethics Committees of the
Medical Faculties at the Ludwig Maximilians University, Munich,
Germany, and at the University of Muenster, Muenster,
Germany, respectively. Written informed consent was obtained
from all subjects, and the study was carried out in accordance with
the latest revision of the Declaration of Helsinki.

Sample Description

398 Caucasian inpatients (56.0% females, mean age 49.1+14.4
(SD) years) that participated in the MARS project (http://www.
mars-depression.de) were included within 5 days after admission to
the clinic for the treatment of an acute depressive episode, as
described in detail previously [1]. Depressive symptoms were rated
weekly with the 21-items version of the Hamilton Rating Scale for
Depression (HAM-D) and all patients were at least moderately
severe depressed at inclusion (HAM-D =14). Two replication
samples were defined: (1.) 249 newly recruited participants of the
MARS project (MARS replication; 51.4% females, mean age
48.0+13.6 (SD) years), and (2.) 247 of 340 Caucasian inpatients
with an HAM-D =14 at inclusion recruited in a pharmacogenetic
study at the University of Muenster, Westphalia, Germany [23,25]
(Muenster replication; 59.1% females, mean age 49.2+14.9 (SD)
years; see Table 1). MARS patients (V= 647) suffered from a single
major depressive episode (single MDE; 32.9%), recurrent
depression (RD; 56.1%) or bipolar depression (BP; 11.0%).
Among MARS bipolar patients, 42.6% (29 of 68) were
subclassified as bipolar type 1 and 57.4% (39 of 68) as bipolar
type 2. All patients received antidepressant treatment according to
the choice of the attending doctor with antidepressant dosages
adjusted according to therapeutic plasma level ranges. In
accordance with previous studies from the MARS project [1,26-
30], response was defined as an at least 50% reduction after five
weeks of the HAM-D score at admission. Remission at discharge
was defined as a HAM-D <10 (mean duration of hospital stay:
11.5%7.8 (SD) wecks).

DNA Sampling and SNP Genotyping

DNA was extracted from 30 ml of EDTA blood using Puregene
whole-blood DNA extraction kits (Gentra Systems, Minneapolis,
USA). Using the Tagger software implemented in the HapMap
project browser (de Bakker, et al 2005), we retrieved tagging SNPs
for the longest BDNF isoform (NM_170731, 66.86 kb; 18 SNPs)
and the full-length NTRR2? gene (NM_006180, 355.04 kb;
64 SNPs), flanked by additional 20 kb of both 5" and 3’ sequences
according to Human HapMap Project Phase I and II data for the
CEU population, leading to 100% and 92.8% SNP marker
coverage, respectively. Pair-wise r? for a bin of linked SNPs was set
to =0.8. The minor allele frequency (MAF) was set to =0.01
(BDNF) and =0.1 (NTRR?2), respectively. MARS patients were
genotyped using Sentrix Human-1 100 k, HumanHap 300 k and
Human610 Genotyping BeadChips (Illumina Inc., San Diego,
USA) and MALDI-TOF mass-spectrometer (MassArray® system),
as described previously [31]. Patients form the Muenster sample
were genotyped using the MALDI-TOF mass-spectrometer. In
case of insufficient genotyping quality (defined as an experiment-
wise call rate <.97 or significant deviation from the Hardy-
Weinberg equilibrium, HWE), melting curve analysis using real-
time PCR was performed (rs11602246, rs1659412, rs2049046,
rs1491850 in the Muenster replication sample; rs11140778 in the
MARS replication sample). SNPs that entered analysis did not
significantly deviate from HWE (Table 2, S1, S2) using a
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Table 1. Sample characteristics.

All patients MARS Discovery MARS Replication Muenster Replication

N=894 N=398 N=249 N=247 P
Age, mean (SD), y 48.9 (14.3) 49.1 (14.4) 48.0 (13.6) 49.2 (14.9) .58
Female gender, No. (%) 497 (55.6) 223 (56.0) 128 (51.4) 146 (59.1) 22
Unipolar depression, No. (%) 780 (87.2) 345 (86.7) 231 (92.8) 204 (82.6) <.01
HAM-D at admission, mean (SD) 25.9 (6.6) 244 (6.4) 27.1 (5.8) 240 (7.2) <.001
HAM-D at discharge, mean (SD) 7.6 (6.0) 9.1 (5.9) 7.1 (6.2) 5.8 (5.2) <.001
Duration of hospital stay (weeks), mean (SD) 11.5 (9.2) 11.5 (7.8) 10.9 (9.0) 12.0 (11.5) 45
Response at week 5, No. (%) 468 (52.3) 192 (50.1) 147 (63.4) 129 (53.1) .01
Remission at discharge, No. (%) 581 (65.0) 204 (60.7) 172 (72.9) 202 (81.8) <.001
Number of previous episodes, mean (SD) 3.01 (5.4) 2.84 (5.1) 3.51(7.3) 2.76 (2.8) 27
Duration of current episode (weeks), mean (SD) 38.12 (66.0) 41.37 (71.4) 32.63 (55.2) N/A 1
Psychotic symptoms, No. (%) 87 (13.6) 50 (12.6) 37 (15.4) N/A 31
Treatment resistance® at admission, No. (%) 94 (16.7) 54 (15.4) 40 (18.9) N/A .28
#ANOVA and Chi-square, respectively, comparing the different samples. For some variables there are missing data and N does not equal number of total patients.
Percentages are based on available data.
PTreatment resistance was defined as at least 2 antidepressant treatment attempts with an adequate duration and dosage according to Souery et al.
N/A: data not available.
doi:10.1371/journal.pone.0064947.t001

Bonferroni-corrected.05  level ~ of  significance (¢ =.05/ from a German sample recruited at the Max Planck Institute of
82=6.1x10"%. Psychiatry, Munich. Among patients, 47 were classified as
remitters and 65 as responders according to the above mentioned

Protein Analysis criteria. Serum total BDNF levels were assessed with an enzyme-
Morning fasting serum was available in 93 MARS patients at linked immunoabsorbant assay (ELISA) kit (Promega BDNF
admission and after 6 weeks of treatment (mean 6.2+/—1.6 weeks) Emax®, Madison, Wis.). All measurements were performed in

as well in 97 age- and gender-matched healthy controls derived

Table 2. Nominally associated BDNF and NTRK2 SNPs in the MARS discovery sample.

Minor/major
SNP Gene Function?® allele Genotype MAF HWE P° F* (allelic) F* (genotypic)

11 1/2 2/2

rs2049048 BDNF 5 T/C 277 110 11 a7 >.99 .014 .008
rs1491850 BDNF 5 C/T 122 189 87 46 42 .009 .03
rs4923468 BDNF intron A/C 388 10 0 .01 >.99 .01 >.99
rs2049046 BDNF intron AT 133 175 920 45 .03 4.88x10 ° 4.66x10
rs6265 BDNF Val66Met A/G 242 127 29 23 .04 .04 .07
rs11602246 BDNF 3 G/C 322 69 7 .10 17 .009 .034
rs11030094 BDNF 3 A/G 140 178 80 42 .10 1.52x10°4 6.05x10 %
rs10868223 NTRK2 5 T/C 308 82 8 12 35 .03 o1
rs1659412 NTRK2 5 (@2} 320 63 7 .10 .08 .02 .08
rs1662695 NTRK2 intron C/T 301 93 4 13 37 .04 1
rs11140778 NTRK2 intron T/A 247 133 18 21 >.99 .004 .01
rs2277193 NTRK2 intron c/T 205 155 35 .28 46 .02 .08
rs1948308 NTRK2 intron /T 123 202 73 44 .61 .008 .008
rs17418241 NTRK2 intron T/C 331 65 2 .09 75 .04 .09
rs1387926 NTRK2 intron A/G 301 93 3 12 A7 .047 .08
rs1490402 NTRK2 3 G/A 295 98 5 14 40 .009 .01
?According to dbSNP build 132.
®Uncorrected P values for the deviation from Hardy-Weinberg-Equilibrium; note that no P value exceeded the corrected (82 SNPs, Bonferroni) threshold of p<6.1x10"%,
“Nominal P values for associations with response after 5 weeks (strongest phenotype in the discovery sample).
doi:10.1371/journal.pone.0064947.t002
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Figure 1. Development of HAM-D values during antidepressive treatment depending on the rs10868223 (A), rs1659412 (B) and
rs11140778 (C) genotype (combined sample). Repeated measurements (Greenhouse-Geisser, age and sex as covariates) revealed significant
interaction effects for rs10868223 (P=.007) and rs1659412 (P=.012), but not for rs11140778 (P=.645). Stars indicate significant between-subjects
differences at different time points (¥, p<<.05; **, p<<.01; GLM with age and sex as covariates). Error bars are standard errors of the means.

doi:10.1371/journal.pone.0064947.g001

duplicates and mean values were taken for further analysis (mean
difference between unicates was 6.5% +/—6.1 SD).

Power Calculation

The CaTS Power Calculator for Genetic Studies [32] was used
for power calculation using a two-stage design. The experiment-
wise alpha error was set to 6.1x10~* according to a Bonferroni-
correction for 82 investigated SNPs. Given a predicted response
rate to antidepressant treatment of 50% in an inpatient setting
after 5 weeks [1], we calculated that a total sample size of N'= 880
1s sufficient to achieve a power of at least 90% (additive model) to
detect genetic effects in a joint analysis of the discovery and
replication samples assuming a relative risk of 1.40 or larger for
SNPs with an allele frequency of at least 10%. If a multiplicative
model is assumed, as it is proposed for complex diseases [33], a
power of 93% can be expected. We can conclude from this power
analysis that the combined sample size of the present study
(N=894) should be sufficient for detecting small to moderate
effects of the investigated polymorphisms.

Statistical Analysis

Genetic association analysis with binary response variables
(response at week 5 and remission at discharge) was performed by
X? statistics using the WG-Permer software (http://www.
mpipsykl.mpg.de/wg-permer) with allelic and genotypic models.
For all association tests, the level of significance was set t0.05, and
P values were corrected for multiple comparisons using a
resampling method as proposed by Westfall and Young [34]
applying 10° permutations over all performed tests (i.e., for
82 SNPs analyzed in the discovery sample and for 16 SNPs
analyzed in the replication or in the combined sample). Empirical
P values were obtained using the Monte Carlo method
implemented in the WG-Permer software to approximate the
exact P value with the given standard distribution without relying
on asymptotic distributional theory [35].In case of a significant
association, the Armitage’s test for trends [36] was calculated using
the software provided by the Institute for Human Genetics,
Munich (http://ihg2.helmholtz-muenchen.de) and confidence
mntervals were calculated using a log-normal distribution. Forest
plots were drawn using the rmeta software package for R-2.5.0
(http://cran.r-project.org). In the replication study, we used Fisher
products [37] corresponding to the geometric mean of the P values
of the two response variables (i.e. response after 5 weeks and
remission at discharge) to account for possible sample heteroge-
neity. We defined successful replication as a nominal association in
one of the replication samples and same direction of the effect.

Group differences in demographic and baseline clinical data
were compared using Pearson y° test in case of qualitative data
and with ttests for independent samples in case of quantitative
data. Average change during treatment outcome was evaluated
with t-tests for paired samples. Additionally, an analysis of
covariance was applied to evaluate the effects of treatment
outcome (response, remission) on BDNF serum protein concen-
tration with age, sex, and baseline BDNF as covariates. A logistic
regression analysis was applied for evaluating SNPXprotein
interactions as a predictor for response or remission, respectively)
using age and sex as covariates. All statistical analyses were
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conducted with SPSS for Windows (version 18.0, SPSS, Chicago,
USA).

Haplotype Association Testing

The phenotype showing the strongest effect in the single-marker
association analysis was further investigated in a haplotype analysis
using the Haploview 4.1 software [38]. In order to detect
informative associations complementary to our tagging SNP
approach, haplotype analysis was performed using a D’-based
linkage disequilibrium (LD) map based on haplotype blocks
defined according to Gabriel et al. [39] (Figure S1). Analysis was
performed in the discovery sample providing sufficient marker
coverage. We used 10° random permutations implemented in
Haploview to control for false-positive findings. Rare haplotypes
(frequencies <.01) were excluded from the analysis. We report P
values for at least nominally significant haplotypes.

Interaction Analysis

In the combined sample, we analyzed all possible two-way
interactions across both genes (7 BDNFx9 NTREK2 SNPs) and
between the phenotype showing the strongest effect in the single-
marker association analysis using a Bonferroni-corrected.05 level
of significance (0=.05/63=7.9x10"?). The interaction analysis
was performed with a step-wise logistic regression using R-2.5.0
(http://cran.r-project.org). Age, sex and sample origin were
included as covariates, and genotypes were coded following an
allelic model to obtain maximal power.

Linkage Disequilibrium Mapping

We used the Haploview 4.1 software to map the r’-based LD
pattern from the CEU population (release 21). Haplotype blocks
were defined according to the method of Gabriel et al. [39]. Using
the SNP Annotation and Proxy Search (SNAP) program provided
by the BROAD Institute (http://www.broadinstitute.org/mpg/
snap), we further tested, whether the four SNPs that withstood
correction for multiple testing in our combined analysis
(rs2049046, rs10868223, rs1659412, rs11140778) were in gene-
wise LD (within the BDNF and NTRE? gene, respectively) with at
least nominally associated SNPs reported in previous studies [21—
23,40-42]. We wused the 1000 Genomes Project Data set
implemented in SNAP to retrieve LD informations of recently
identified SNPs (e.g. rs61888800). We found only the BDNF SNP
152030324, previously reported by Licinio [22], to be in high LD
(r?=.90) with rs2049046 of the present study. Neither for any
other BDNF (rs7124442, rs61888800, rs908867) nor NTRR2 SNP
(rs1187362, rs1187327, 1s2289656, 1s2378672, 157020204,
rs2013566, rs11140793) annotated in the data set, we could
identify proxies with an r*=.80.

Results

Association Analysis with Antidepressant Treatment

We tested the association between 18 BDNF and 64 NTRR?
tagging SNPs with response after week 5 and remission at
discharge in the MARS study sample (N=398). The strongest
assoclations were found for response after 5 weeks and under an
allelic model (Tables S1 and S2). Seven SNPs in the BDNF gene
and nine SNPs in the NTRA? gene were nominally associated with
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the strongest associated phenotype (response after 5 weeks). In the
BDANF gene region, four SNPs were located in untranslated regions
(two 5" and two 3’ UTRs), two within introns, and one SNP
(rs6265) within an exon resulting in a valine-methionine amino
acid exchange (Val66Met, Table 2 and Figure S2a,b). The
strongest associations were found for rs2049046 (intronic;
P=4.9x10"") and rs11030094 (3' UTR; P=1.5x10"%. In the
sample analyzed, both SNPs were in strong LD (r* =.92). Within
the NTRK? gene, the intronic SNP rs11140778 (P=4.12x107?)
showed the strongest association with response after 5 weeks.

Replication Studies

In order to replicate these findings we genotyped the 16 SNPs
showing nominally significant associations for the strongest
phenotype (response after 5 weeks) in the MARS discovery sample
in two replication samples. Although all patients fulfilled the same
inclusion criteria (at least moderate depressive episode: HAM-
D=14) and did not differ in baseline demographics, there were
significant differences in baseline depression severity and response
to antidepressant treatment between the three samples (Table 1).
In particular, patients in the Muenster replication sample had a
lower HAM-D at baseline compared to the discovery sample
(P<.001; Bonferroni post-hoc test). Both replication samples had
lower HAM-D scores at discharge than the discovery sample
(P<.001, each; Bonferroni post-hoc test). Highest remission rates at
discharge were observed in the Muenster sample, whereas highest
response rates after week 5 were found in the MARS replication
sample. To better account for this sample heterogeneity, we used
Fisher Products [37] of these two phenotypes (i.e. response after 5
weeks and remission at discharge) in subsequent analyses of the
replication samples (referred to as ‘outcome’ if not otherwise
specified).

Treatment outcome was tested in replication samples under the
allelic model, which showed the strongest associations in the
discovery sample. Of the 16 nominally associated SNPs in the
discovery sample, we found one BDNF SNP (rs11602246; P=.01)
and one NTRE2 SNP (rs10868223; P=.009) to be nominally
associated with outcome in the MARS replication sample
(M=249). In the Muenster replication sample, the three NTRR?
SNPs rs1659412, rs1662695 and rsl11140778 showed nominal
associations (P=.01; P=.03; P=.003, respectively). In the
combined analysis of all patients across the three samples we
found the SNPs rs2049046 (BDNF, P,,,=.021), rs10868223
(NTRR2; P,,=.018), rs1659412 (NTRK2; P,,=.015) and
rs11140778 (NTRR2; P,,,=.004) to be significantly associated
with response after correction for multiple testing (Table 3,
Figure 1). According to our definition of a positive replication, we
could replicate the three NTRE2 SNPs (rs10868223, rs1659412
and rs11140778) as they showed associations in at least one
replication sample and had a lower P value in the combined
analysis compared to any single sample of the study, withstanding
correction for multiple testing. For these three markers, we
calculated the Armitage test of trends as a measure of the effect
size separately in the three different samples and for both
phenotypes (Figure 2). Under the definition for a replication, the
most significantly associated BDNF marker in the discovery
sample, 152049046 could not be replicated, although the
association in the combined analysis still withstood correction for
multiple testing (P, =.02).

As the results of single SNP associations might be confounded
by combining patients with bipolar and unipolar depression, we
reanalyzed the combined sample for unipolar depressed patients
only (NV=780; 16 SNPs). Again, rs10868223, rs1659412 and
rs11140778 showed the strongest association with outcome
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withstanding correction for multiple testing (£, =.009, P, =.04
and P, =.012, respectively).

Medication- and Gender-specific Associations

Stratifying the patients in the combined sample according to
their antidepressant medication (tricyclic antidepressants, TCA;
serotonin-noradrenaline reuptake inhibitors, SNRI;noradrenergic
specific-serotonergic antidepressants, NASSA; noradrenaline re-
uptake inhibitors, NARI; monoaminoxidase inhibitors, MAOI
and others) revealed SSRI-specific associations for rs2049046
(BDNF) and 1s11140778 (NTRE?). Co-medication of mood
stabilizers, benzodiazepines and lithium did not reveal genotype-
dependent differences in prescription rates for these SNPs.
Gender-specific effects were observed for rs11140778 (males)
and rs1659412 (females) (Tables S3-S5; Document S1).

Haplotype Association Testing

We performed a haplotype-based association analysis to test for
informative associations complementary to our single marker
approach using the discovery sample providing sufficient marker
coverage (82 SNPs, best phenotype of the single marker analysis in
this sample (response after week 5), allelic model). Nine of twenty
D’-based haplotype blocks (2 in the BDNF and 7 in the NTRR?
gene, respectively; Figure S1) contained nominally significant
haplotypes, most of them including SNPs that had been nominally
associated in the single marker analysis of both, the discovery as
well as the combined sample (Figure 3, Table S6). The GC
haplotype of block 1 (rs1030094, rs11602246) and the GGGACT
haplotype of block 3 (r6265, rs11030109, rs10835211, rs2049046,
rs4923468 and rs12273363), both within the BDNF gene, showed
a significant association withstanding a permutation-based cor-
rection for  multiple testing  (Peorr = 7.4X% 1073 and
Pror =7.3%x1077, respectively).

Interaction Analysis

We performed gene-wise logistic regression for each pair of
7 BDNF and 9 NTRE2 SNPs genotyped in the combined sample,
including age, sex and sample origin as covariates. Given a
Bonferroni-based threshold of significance for 7 x9 =63 statistical
tests (0= 7.9%x107?), the interaction of the BDNF SNP rs4923468
with the NTRR? SNP rs1387926 showed a significant association
with outcome (P=4.6x10"%. No other pairs of BDNF and
NTRE2 SNPs showed associations.

BDNF Protein Analysis

In order to evaluate the potential functional impact of the
assoclated polymorphisms, we measured BDNF serum protein
concentration in 93 unselected MARS patients with available
blood samples at admission and after antidepressant treatment.
Compared to 97 age- and sex-matched healthy controls, no
difference in baseline BDNF concentration could be observed
(22.13 ng/ml  +/—9.98 SD (patients) vs. 22.49 ng/ml +/
—9.74 SD (controls); P=.803). Also during antidepressant treat-
ment, no change in average BDNF levels was found (22.13 ng/ml
+/—9.98 SD vs. 23.19 ng/ml +/—10.00 SD; P=.258, paired t-
test). However, when considering antidepressant treatment out-
come in terms of remission status, we observed a significant effect
on the BDNT concentration after treatment (P=.024) with higher
BDNTF concentration levels in remitters. No effects were detected
for response status (P=.279). When testing the moderating effects
of NTRK2 SNPs showing a replicated effect on treatment outcome,
we observed a genotype xprotein (after treatment) interaction for
rs10868223 with remission (P=.019) and for rs11140778 with
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Figure 2. Forest plots for the three replicated NTRK2 SNPs rs10868223 (A), rs1659412 (B) and rs11140778 (C). For each sample, odds
ratios and P values calculated with the Armitage’s test are indicated separately for the two phenotypes remission at discharge (blue boxes) and
response after week 5 (pink boxes). Diamonds were used for the combined sample (N=894).

doi:10.1371/journal.pone.0064947.9002

response (P=.038) (see Figure S3). These effects were significant at NTRE?2 SNPs in the combined analysis with transcripts of either
the nominal level, not surviving correction for multiple testing. BDNF or NTRKZ2, we found nominal associations for rs11140778

Further, interrogating a publicly available expression quantita- and rs10868223 with two BDNF transcripts (GI_34106709-A, and
tive trait loci (eQTL) database (GENEVAR; [43]) for the three
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GI_34106708-I; P=.03 and P=.03) not withstanding correction
for multiple testing.

Discussion

This pharmacogenetic study investigated the association of
18 BDNF and 64 NTREK? tagging SNPs with antidepressant
treatment outcome in a representative sample of Caucasian

< -
(=] s
=3 o
(=] o
o’ o
o -1
- -
- -
w w
- -

1s6265
rs11030109
rs10835211
1s2049046
rs4923468
rs12273363

Block 1 (1 kb)
1 2

Block 3 (64 kh)
) 6

Figure 3. Significant haplotype blocks, both located in the
BDNF gene, which showed association with response after 5
weeks (best phenotype of the single marker analysis). Note, that
for optimal gene coverage, haplotype analysis was performed in the
discovery sample only (N=398, 82 SNPs).
doi:10.1371/journal.pone.0064947.9003
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Table 3. Association with Treatment Outcome.

MARS Discovery MARS Replication Muenster Replication Combined Sample

N=398 N=249 N=247 N=894

Beneficial

SNP Gene g 4 P P PP allele
rs2049048 BDNF .052 33 .05 .019 24
rs1491850 BDNF .002 .64 .75 .06 .54
rs4923468 BDNF .046 n.p.© .59 .60 >.99
rs2049046 BDNF 1.0x10°° 93 .82 .002 .021 T
156265 BDNF .10 a7 64 .07 .60
rs11602246 BDNF .014 .010 64 32 99
rs11030094 BDNF 9.0x10 > .70 73 016 .19
rs10868223 NTRK2 .039 .009 49 .002 .018
rs1659412 NTRK2 041 A1 .010 .001 015
rs1662695 NTRK2 077 72 .032¢ .038 42
rs11140778 NTRK2 014 .10 .003 1.8x10°* .004 A
rs2277193 NTRK2 13 .09 .60 .61 >.99
rs1948308 NTRK2 .009 .08 1.00 013 .19
rs17418241 NTRK2 .025 .29 72 .54 >.99
rs1387926 NTRK2 .021 .36 .76 .30 99
rs1490402 NTRK2 .004 21 91 .08 .70
*Empirical P values for the associations with treatment outcome (FPM analysis) under an allelic model.
5p value, permutation-based correction for multiple testing (16 SNPs).
“Not polymorphic.
YNote that this P value would not fulfill a more conservative threshold of alpha=.025 correcting for the fact that two replication samples have been analyzed.
doi:10.1371/journal.pone.0064947.t003

inpatients. We tested all 16 nominally significant SNPs of the
discovery analysis in 2 replication samples, resulting in a total
sample size of 894 patients.

We found 3 WNTRE2 SNPs (rs10868223, rs1659412 and
rs11140778) showing associations in the discovery and at least
one replication sample as well as in the combined sample of 894
patients with a lower P value as compared to the discovery sample
and withstanding correction for multiple testing. None of these
NTRRK? markers has been investigated in pharmacogenetic studies
so far. Nevertheless, the functional impact of these non-coding
SNPs remains unclear as robust association could neither be found
in our protein analysis nor in a publicly available eQ'TL database.

NTRE? polymorphisms have so far been studied for association
with childhood-onset mood disorders [40,44], Alzheimer’s disease
[45], suicidality [31,46] and antidepressant response [21,24,47].
Dong and colleagues [21] found two NTRA? coding SNPs
(rs2289657 and rs56142442) to be associated with response in a
Mexican American MDD sample (V= 272), whereas association of
NTRR2 SNPs was neither found in the GENDEP [47] nor the
STAR*D sample [24]. The significant NTRK2 SNPs found in the
present study are located 5’ of the transcriptional unit (rs10868223
and rs1659412) and in an intron (rs11140778). They are not in LD
with previously reported NTRR2 SNPs. In addition, as previous
studies did not tag regions far outside the coding regions,
rs10868223 and rs1659412 could not have been detected so far.

Similarly to previous studies that report interactive
BDNFXNTRR? interaction on the SNP level for geriatric
depression [48] and suicidality [31,46], we found a BDNFXNTRR?2
SNP interaction for antidepressant treatment outcome in the
present study. The findings of our interaction study have to be
interpreted cautiously as only nominally associated SNPs from the
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initial sample entered the analysis and we corrected the p-value
only for this subset of SNPs. Future studies, including SNP xSNP
and SNPXxprotein analyses, need to substantiate these initial
findings and may help elucidating the complex interplay of BDNF
and its main receptor TrkB.

It has been suggested that various antidepressants may act
differentially on the neurotrophin system [49] and pharmacoge-
netic associations may be restricted to specific drug treatments
[22]. In the BDNF gene, Dwivedi et al. found a desipramine-
specific increase in exons I and III mRNA in both the frontal
cortex and hippocampus, whereas fluoxetine increased only exon
II mRNA in the hippocampus [49]. Similarly, we found a
differential pattern of associated SNPs dependent on the type of
antidepressant in our study. In particular, the intronic BDNF SNP
152049046 and the NTRK2 SNP rs11140778, both significantly
associated in the combined sample, may exert their effects on
response via SSRI-mediated mechanisms. We found that the
strong association of rs2049046 in the discovery sample is related
to SSRI treated patients only. Interestingly, Domschke et al. [23]
described a SSRI-specific association for the BDNF SNP
rs7124442, and most previous studies showing pharmacogenetic
associations with BDNF included SSRI treated patients only
[19,50-52]. However, Licinio et al. [22] described an intronic
BDNF SNP to be nominally associated with response in a
desipramine treated, but not a fluoxetine treated subgroup of
Mexican Americans. Our own results do not contradict the
hypothesis of medication-specific effects of BDNF polymorphisms
upon treatment outcome. To further substantiate this assumption,
larger samples with a randomized parallel group design are
necessary.

Although our study was sufficiently powered to detect small to
moderate genetic effects, we could not resolve the ambiguity of
pharmacogenetic findings for BDNF. Several clinical and preclin-
ical studies have assigned a major impact of BDNF in the
pathophysiology of depression and its recovery mechanisms, while
pharmacogenetic and case-control studies on BDNF polymor-
phisms have produced conflicting results [19,22-24,41,47,50-56].
In particular, a recent meta-analysis including a total of
2812 MDD patients and 10843 controls did not find an
association of the functional Val66Met (rs6265) polymorphism
with unipolar depression in the total sample, but in a separate
analysis of male participants [57]. Similarly, no consistent case-
control association could be demonstrated in bipolar depression
[42,58-61]. Considerable global population diversity of BDNF
allele and haplotype frequencies have been held responsible for
these inconsistencies across studies [20].

In an extensive exonic analysis including novel sequence
variants in a Mexican American sample, Licinio et al. [22]
detected eight nominally significant markers associated with
response. Interestingly, one of them, rs2030324 is located in the
same LD block as rs2049046 in the CEU population (SNP’s pair-
wise r2=0.9) that showed significant association in the combined
sample of the present analysis. Nevertheless, the SNP was not
assoclated in our replication samples. Using different BDNF SNPs,
one of our replication samples was previously analyzed by
Domschke and coworkers [23] who found a negative effect of
the BDNF SNP 137124442 TT genotype on treatment outcome
(V= 254), particularly in anxious depression. Nevertheless, as the
analysis of 10 SNPs including rs6265 in outpatients genotyped in
the STAR*D sample did not show any significant association with
response, the authors concluded that the BDNF gene does not have
major impact on antidepressant treatment response and only a
potential minor role in the context of melancholic depression [23].
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Concerning BDNF, this is in line with findings from the present
study.

A gender-specific stratification of our sample indicates that the
strong association of the NTRRK2 SNP rs11140778 in the combined
sample mainly originates from the male subgroup of patients. On
the other hand, rs1659412, also significantly associated in the
combined sample, appears to moderate antidepressant response
predominantly in female patients. Of note, both SNPs did not
even show nominal associations in the opposing gender. Gender-
specific effects have been reported for BDNF associations with
depression and antidepressant treatment [23,57], as well as for
NTREK?2 with obsessive-compulsive disorder [44]. Nevertheless,
results have to be interpreted cautiously and subsamples might still
have been underpowered to rule out false-negative associations.

Several limitations of the present study should be mentioned.
First, although our power analysis suggested being sufficient to
detect moderate genetic effects in the combined sample, the study
might still have been underpowered for statistical effects in
complex phenotypes like antidepressant response possibly ac-
counting for the lack of replication of BDNF associations found in
the discovery sample. Another issue are the multiple statistical tests
performed in this study including several post-hoc analyses. Thus,
although having corrected for the number of SNPs genotyped,
reported association may still have been found just by chance. In
addition, at least part of the patients have been also analyzed on
genome-wide level [29] without significant association of BDNF
and NTRE? polymorphisms. Nevertheless, the current study
follows a candidate gene approach with selectively genotyped
SNPs. Conversely, a random selection of 82 SNPs genotyped in
325 patients in the discovery sample using Human610 Genotyping
BeadChips (165 responder, 160 non-responder) resulted in only
two nominal significant associations (P=.003 and P=.026,
respectively), not withstanding correction for 82 SNPs investigated
(P=.118 and P=.874; Westfall-Young; data not shown).

Further, although statistically significant, the clinical relevance
of observed genetic effects can be questioned. According to recent
approaches, combining multiple genetic markers could provide
more reliable and meaningful prediction of antidepressant
response [29]. Nevertheless, several clinical and preclinical studies
implicated pathophysiological involvement of the neurotrophins in
antidepressant response [4,5,11-13]. We therefore argue, that a
thorough genetic approach with extended gene coverage like in
the present study can add to the understanding and characteriza-
tion of the neurotrophin system in antidepressant response
mechanisms.

Heterogeneity of patients is an important issue in genetic
association studies and may have limited the replication of initial
findings in the present study. In particular, we observed marked
differences in depression severity and response rates among
samples. In addition, besides unipolar depression, patients with a
bipolar disorder were included, which might have impaired the
homogeneity of our sample. Nevertheless, during a depressive
episode, there are no pathognomonic characteristics that can
reliably differentiate the two disorders and misdiagnosis of bipolar
disorder as unipolar depression occurs frequently [62,63]. Given a
relatively high annual conversion rate of recurrent unipolar to
bipolar disorder [64], these entities may indeed share common
disease mechanisms, too. Further, neither clinical data [1,64] nor
genetic analyses [29,65] support the view that these clinical entities
must be considered separately and a re-analysis with unipolar
patients only confirmed the initial findings. All patients fulfilled the
same inclusion criteria and did not differ in baseline demograph-
ics, duration of hospital stay and other characteristics of the
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current episode. In addition, adjusting quantitative phenotype
variables for sample origin did not alter the SNP associations.

Four SNPs (rs2049046, rs6265, rs9969765 and rs11140793)
showed nominal deviations from the HWE (DHW) including the
most significantly associated SNP in the discovery analysis
(rs2049046). Using a Bonferroni-based threshold for multiple
testing of the HWE can be questioned and may not be
conservative enough. However, given that 82 SNPs have been
genotyped in the initial sample, false positive deviations of HWE
can be expected in about 4 cases for an alpha set t0.05, which may
have been the case in the current analysis. DHW may also rely on
the underlying disease or phenotypic model itself and may thus be
regarded as an indicator of a true association (discussed in [66]).
Further, there was no indication for insufficient genotyping quality
as a possible explanation for DHW and deviations were only slight
(minimal P=.02) which has been reported in previous studies with
assoclated variants (e.g. [67]).

The current study does not have a placebo arm, making it
impossible to disentangle placebo-related and real pharmacolog-
ical effects, and only a part of our patients was treated with only
one class of antidepressant agent, increasing the risk of false-
positive and false-negative findings in the medication-specific
analyses. On the other hand, due to the naturalistic design of the
present study allowing medication of doctor’s choice, our results
are probably more generalizable and more relevant for clinical
practice. In addition, still a considerable number of patients
entered the medication-specific analysis and our findings are in
line with previous studies that reported BDNF SNP associations in
SSRI treated patients [19,23,50-52].

In summary, in an extended gene coverage approach, we found
variants in the WNTRE? gene that may potentially predict
antidepressant treatment outcome. Consistent with previous
reports, no major effect of the extensively studied BDNF Val66Met
polymorphism with antidepressant response could be found. The
functional impact of associated variants remains unclear and
replications of associations in subsequent studies including
functional assessments like RNA and protein measurements are
warrant to further substantiate initial findings of the present study.

Supporting Information

Figure S1 D’-based linkage disequilibrium (LD) of the
BDNF (left panel) and NTRK? (right panel) gene regions
retrieved from HapMap for the CEU population (release
21). Haplotype blocks were defined according to Gabriel et al.
[39].
(TTF)

Figure $2 R%-based linkage disequilibrium (LD) of the
BDNF (A) and NTRK?2 (B) gene regions retrieved from
HapMap for the CEU population (release 21). Diamonds
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