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Abstract

The protein brain-derived neurotrophic factor (BDNF) promotes neural plasticity of the cen-
tral nervous system and plays an important role for learning and memory. A single nucleo-
tide polymorphism (rs6265) at position 66 in the pro-region of the human BDNF gene,
resulting in a substitution of the amino acid valine (val) with methionine (met), leads to atten-
uated BDNF secretion and has been associated with reduced neurocognitive function. Inho-
mogeneous results have been found regarding the effect of the BDNF genotype on
behavior. We determined the BDNF genotype and performance on the Compound Remote
Associate (CRA) task as a common measure of creativity in 76 healthy university students.
In our main analyses, we did not find significant differences between met-carriers (n = 30)
and non-met carriers (n = 46). In a secondary analysis, we found that met-carriers had a
slower solution time (medium effect size) for items of medium difficulty. Our results suggest
that met-carriers and non-met-carriers do not generally differ regarding their creativity, but
non-met-carriers may have a certain advantage when it comes to moderately difficult prob-
lems. The wider literature suggests that both genetic variants come with advantages and
disadvantages. Future research needs to sharpen our understanding of the disadvantages
and, potentially, advantages met allele carriers may have.

Introduction

The protein brain-derived neurotrophic factor (BDNF) is a neurotrophin found in all mam-
mals. BDNF is released following neuronal activity. Its main functions include neuroprotection,
the stimulation of neuronal proliferation, and the modulation of synaptic interactions [1]. Since
BDNF promotes long-term potentiation (LTP) and neural plasticity of the central nervous sys-
tem, it plays an important role in learning and memory [1]. BDNF is widely accepted as an
influential factor in the response to stress and the development of neuropsychiatric diseases and
is a potential target for the development of new drugs [2]. BDNF is hypothesized to be an
important mediator of treatment effects in patients with depression, because increasing
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neuronal plasticity might represent a central mechanism of action of many antidepressant strat-
egies, including pharmacotherapy, electroconvulsive therapy, and psychotherapy [3, 4].

A naturally occurring single nucleotide polymorphism (rs6265) in the pro-region of the
human BDNF gene, at position 66, resulting in a substitution of the amino acid valine (val)
with methionine (met), is responsible for the presence of three different genotypes in humans:
val66val (val/val), val66met (val/met) and met66met (met/met). The presence of the met-allele
results in impaired BDNF secretion following neuronal stimulation and has been associated
with reduced synaptic plasticity [5, 6], impaired learning and memory performance [7-9] and
a higher susceptibility to neurodegenerative and neuropsychiatric disorders including demen-
tia [10, 11].

Whereas a general relationship between BDNF, learning and plasticity is well documented,
details such as the exact behavioral domains affected by the genetic polymorphism are less well
understood. A review of 82 studies found that only 49% of the included studies demonstrated
a significant association between BDNF polymorphism and cognitive performance [12]. The
association was highest in the memory domain and the executive domain, lower in the atten-
tion / concentration domain, and absent in the verbal fluency domain [12]. Interestingly,
while the met-allele is often associated with globally decreased performance, this review dem-
onstrated that val/val homozygotes performed better in the memory domain but val/met carri-
ers were superior in the executive domain [12].

Creativity is a cognitive domain often associated with unconventional ideas, innovation
and progress. Creativity includes two steps: the production of original responses to a given
problem, and the selection of useful solutions among the produced responses [13]. Creativity
is related to cognitive flexibility, i.e. the ability to find different appropriate solutions to a prob-
lem and to flexibly choose the best solution. Cognitive flexibility has emerged as a risk and per-
petuating factor for mental illness [14, 15] and increasing cognitive flexibility is a treatment
goal of psychotherapy [16].

The relation between BDNF genotype and creativity, assessed with the Barrow Welsh Art
Scale, was investigated in a sample of 66 patients with bipolar I disorder of whom 41 were in a
manic and 25 were in a depressive episode, and 78 healthy control subjects [17]. Here, an
advantage of the val/val homozygotic genotype was observed only in patients in a manic state,
but not in those in a depressive state and healthy controls [17]. Apart from this study, research
into the relationship between BDNF genotype and creativity is scarce.

The aim of the present work was to further analyze the relationship between BDNF geno-
type and creativity in a sample of healthy young students. To this end, we used the compound
remote associate task (CRA), measuring verbal associative thinking as an aspect of creativity
[18]. The CRA is a further developed version of the Remote Associate Task (RAT) and widely
used as a measure of creativity [19]. In both tasks, three stimulus words are presented, and the
participant has to find a solution word related to all three stimulus words. Whereas the solu-
tion word needs to be semantically related to the stimulus words in the RAT, the task is to
build compound nouns in the CRA. A German version of the CRA has been validated by our
workgroup [20]. Based on the existing literature, we hypothesized that non-met-carriers
would perform better than met-carriers regarding the solution time and the number of correct
solutions in the CRA.

Methods
Participants

The study had been approved by the local Ethics Committee of the University of Freiburg,
Germany (vote number 297/11). Participants were recruited between February and May 2012.
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Table 1. Characteristics of the study sample.

val-met / met-met val-val p-value
N 30 46
gender 9 male 13 male 0.87

21 female 33 female
age in years 23.6+2.5 23.3+3.3 0.62
SPM 104.8 + 10.5 108.7 +10.1 0.12
MWT 1109 + 12.3 112.1+13.7 0.69

SPM standard progressive matrices IQ estimate; MWT Mehrfachwahl-Wortschatztest IQ estimate. P-values refer to
t-test for age, SPM and MWT and to a Chi-square test for gender.

https://doi.org/10.1371/journal.pone.0291397.t1001

Authors who were involved in recruitment, screening and conducting the experiments had
access to information that could identify individual participants during data collection. The
analyzed sample consists of 76 of 80 university students who participated in the validation
study for 130 German CRA items [20]. All participants were right-handed and indicated Ger-
man as their native language. Participants were free of internistic, neurological or psychiatric
disorders and free of CNS-active medication. They were recruited through postings at the Uni-
versity of Freiburg, gave their written informed consent and received 20 Euros as a
compensation.

Four participants were excluded from this sample for the present analysis because their
BDNF genotype was not determined. Our sample consisted of 22 males and 54 females with a
mean age of 23.4 £ 2.9 years. The BDNF genotype was val-val in 46 individuals and val-met or
met-met in 30 individuals. Of the met-carriers, 27 were val-met and 3 where met-met geno-
types. Met-carriers and non-met-carriers did not differ significantly regarding their age and
estimated general intelligence (Table 1).

Compound Remote Associate task (CRA)

The Compound Remote Associate task (CRA) is a measure of verbal associative thinking that
is considered an aspect of creativity [18]. A German version of the CRA has been validated by
our workgroup [20]. For each CRA item, the participant receives three stimulus nouns. The
task is to find a solution noun that can be combined with each of the three stimulus nouns to
build compound nouns as quickly as possible. An example is "battle-corn-work" as stimulus
nouns, where the solution word would be ‘field’ (compound words "battlefield", "cornfield",
"fieldwork"). Every CRA item has only one solution word.

In the present study, two non-overlapping lists consisting of 65 items each with matched
item difficulty were used. Each participant received 65 CRA items with different difficulty
levels.

Prior to the task, a standardized printed instruction was provided. Three example CRA
items were presented and potential questions were answered prior to the actual test trial. The
task was presented on a computer screen using the Presentation® software. At the beginning
of each trial, a black screen appeared. Each trial had to be started by the participant by pressing
the SPACE button. The three stimulus nouns of each CRA item appeared in the middle of the
screen (Arial, font size 50 pt, black on white screen, separated by dashes). Participants were
instructed to press the SPACE button as soon as they knew the answer and give the solution
word verbally as quickly as possible. Trained study staff noted down the answer and whether
or not it was correct. Participants were allowed a maximal solution time of 60 seconds per
item. After they had completed half of the items, they had a recovery break of 10 minutes. The
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Fig 1. Study design.
https://doi.org/10.1371/journal.pone.0291397.9001

CRA has two primary outcome variables: the number of correctly solved items per participant
and the solution time for correctly solved items, i.e. the time until the space button is pressed.

Determination of BDNF genotype

Blood sample analyses were performed by GATC Biotech in Konstanz, Germany. Genomic
DNA was purified from 3 ml of whole blood and used to amplify a 281 bp polymerase chain
reaction product surrounding the site of the Val66Met polymorphism for subsequent direct
sequencing. Direct sequencing was performed with 3.2 pmol of the reverse primer used for ini-
tial PCR amplification. The genotype of each participant was determined following two inde-
pendent rounds of direct sequencing. The following primers were used: 50-CAGGTGAGAA
GAGTGATGACCA-30 (forward) and 50-GCATCACCCTGGACGTGTAC-30 (reversed). Each
participant was typed as val-val, val-met or met-met. For all further analyses, met-carriers were
combined to one group consisting of both the val-met and met-met genotype to allow for com-
parable sizes of the subgroups. The study design is depicted in Fig 1.

Control variables

To check whether potential group differences in CRA performance were attributable to group
differences in general intelligence, two control tasks were performed. The Mehrfachwahl-
Wortschatztest-B (MWT-B) was used as an estimate of verbal intelligence [21]. It consists of
37 items with increasing difficulty, each consisting of a list of four nonsense words and one
real word. The task is to identify the real word. Raven’s standard progressive matrices (SPM)
were used as an additional non-verbal measure of intelligence [22]. Both the MWT-B and the
SPM allow for estimates of general intelligence.

Statistical analyses

The sample size of 80 participants was chosen because assuming an o-error probability of 5%
and a type 2 error probability of 20%, a sample size of 80 participants would be sufficient to
detect a moderate effect (Cohen’s d = 0.65) between groups.

The total sample of 130 CRA items (65 items per participant) was divided into three sub-
groups according to their level of difficulty. The level of difficulty was operationalized as the
percentage of participants who correctly solved the corresponding item in the present sample.
The same approach for estimating the difficulty of CRA items was used in the German valida-
tion study [20]. Items solved by up to one third of participants were classified as difficult, items
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solved by up to two thirds were classified as medium, and items solved by more than two thirds
were classified as easy. There were 45 items in the easy category, 42 items in the medium cate-
gory and 43 items in the difficult category.

All analyses were performed with the statistical software R Studio Version 1.3.959 [23].

First, data were visually inspected for outliers using histograms. No outliers were observed.
Descriptive values are given as means and standard deviations, if not indicated otherwise. We
calculated analyses of variance (ANOVA) with the between-subject factor BDNF genotype
(val-val vs. val-met / met-met) and the within-subject factor difficulty of the CRA item (easy,
medium, difficult) as main analyses. Two ANOVA were performed with two different depen-
dent variables: the mean time in seconds until a correct answer was given (solution time), and
the number of correctly solved items. T-tests for independent samples were performed for sec-
ondary analyses. The level of significance was set at p < .05 (two-sided). Effect sizes were com-
puted as partial eta square (n2) for ANOVA and as Cohen’s d for t-tests. 2 from 0.01 and
smaller than 0.06 indicate a small effect, n2 from 0.06 and smaller than 0.14 indicate a medium
effect and n2 from 0.14 indicate a large effect. Cohen’s d from 0.2 and smaller than 0.5 indicate
a small effect, Cohen’s d from 0.5 and smaller than 0.8 indicate a medium effect, and Cohen’s
d from 0.8 indicate a large effect.

Results

Main analysis

For the ANOVA with the solution time as a dependent variable, the BDNF genotype as a
between-subject factor and the item difficulty as a within-subject factor, the main effect of the
factor BDNF genotype was not significant (F = 1.66, df = 1, p = .20). The interaction between
BDNEF genotype and item difficulty was also not significant (F = 1.87, df = 2, p = .16). n2 indi-
cated small effect sizes (0.02 for the main effect and 0.03 for the interaction effect). For the
ANOVA with the number of correct solutions as a dependent variable, the BDNF genotype as
a between-subject factor and the item difficulty as a within-subject factor, the main effect of
the factor BDNF genotype was not significant (F = 2.30, df = 1, p = 0.13). The interaction
between BDNF genotype and item difficulty was also not significant (F = 0.18, df = 2, p = .83).
12 indicated small effects (0.03 for the main effect and < 0.01 for the interaction).

Secondary analyses

Item difficulty. As exploratory analyses, t-tests for group differences (met-carriers versus
non-met-carriers) were performed within each difficulty category for the solution time and
the number of correct solutions (Figs 2 and 3). Val-val genotypes had a significantly faster
solution time for correctly solved items of medium difficulty (t = 2.39, df = 41.41, p = .021,
Cohen’s d = 0.63 indicating a medium effect size). There was no significant group difference
in the solution time for correctly solved easy items (p = .25) and difficult items (p = .90). The
number of correct solutions did not differ between groups for easy items (p = .52), items of
medium difficulty (p = .43) and difficult items (p = .38).

Discussion

Our study is among the first to analyze the association between BDNF polymorphism and cre-
ativity. Our main result is that for the investigated total sample of 130 CRA items, there was no
significant difference between val-val carriers and val-met / met-met carriers regarding the
solution time and the total number of correct solutions. We found a faster solution time in val-
val carriers for items of medium difficulty. This pattern of results suggests that val-val carriers
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are generally not more creative than met-carriers, but may have an advantage when it comes
to solution speed especially for items of medium difficulty. Our result is well in line with one
previous study that did not find a difference in creativity, measured with a different task, in
healthy subjects with and without the met allele [17].

The wider literature, however, suggests a relatively clear picture of the val-met / met-met
variants leading to reduced use-dependent release of BDNF [24], decreased experience-depen-
dent plasticity [25], abnormal hippocampal functioning [26, 27], and poorer neurocognitive
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performance, especially in the memory domain [28]. Met-allele carriers have, on average, a
steeper decline of cognitive functions during healthy aging and disease-related loss of neurons
[29-31].

In contrast to this alleged common knowledge, another large cohort study of middle-aged
and older adults did not find any differences in hippocampal volume and memory perfor-
mance between met-carriers and non-met-carriers [32]. Many psychiatric disorders have been
associated with impaired synaptic plasticity and abnormal hippocampal functioning. However,
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the val-met / met-met allele has not been identified as a risk factor for depression [33, 34],
post-traumatic stress disorder [35, 36], or obsessive-compulsive disorder [37]. Met-carriers
appear to have a higher risk for bipolar disorder in European but not Asian populations [34].
For schizophrenia, a higher risk was found for met-met but not val-met carriers [38]. Together,
the literature on the role of the BDNF polymorphism is controversial and leaves many unre-
solved issues. It is, overall, consistent with the notion that the Val66Met polymorphism is rele-
vant, but not determinant, as a risk factor for neuropsychiatric disorders [39].

In neurocognitive studies investigating behavioral performance of humans with different
BDNEF genotypes, several factors could explain inconsistent findings: cross-sectional vs. longi-
tudinal studies, the exact cognitive domain / brain region involved in the investigated task,
and the current mental state of the investigated participants. Our study adds task-difficulty to
these factors.

Recent literature suggests that better performance of val-val carriers could be limited to
cross-sectional studies, whereby met-carriers seem to be superior when it comes to training
effects in longitudinal studies. In healthy young individuals comparable to our sample, detri-
mental effects of the val-met / met-met alleles in a vocabulary learning task could be overcome
by a repetitive training paradigm whereby met-carries even showed better training effects than
non-met-carriers [40]. In a sample of male Vietnam combat veterans with traumatic brain
injury, the met allele was a predictor of better recovery of executive functioning [41]. In our
sample of students, ongoing "cognitive training" during university studies, or training effects
of the trial period prior to the actual assessment, could have minimized differences that may
have been present at an earlier point of time.

Previous literature has demonstrated that the effect of the BDNF polymorphism depends
on the cognitive domain, whereby the val-val variant is associated with benefits in hippocam-
pus-dependent declarative memory, but met-carriers perform better in executive tasks [12].
Also in other cognitive domains including response inhibition [42] and reasoning skills [43],
met-carriers demonstrated better performance than non-met-carriers. Other domains such as
verbal fluency and attention seem to be relatively unaffected by the BDNF polymorphism [12].
A potential explanation for our findings is therefore that associative thinking as a subdomain
of creativity is one of the cognitive domains not largely affected by the BDNF polymorphism.
A limitation of our study is that creativity is a multifaceted construct [44, 45], whereby the cur-
rent study only investigated verbal associative thinking as one aspect of creativity, but may not
be generalizable to other aspects. Another limitation is that due to the relatively small sample
size, the statistical power in our study may have been too low to identify the effects of a single
nucleotide polymorphism since such effects are known to be small. Future studies are needed
to replicate our findings.

Interestingly, one previous study investigating the relationship between creativity and
BDNF polymorphism suggests that the current mental state may moderate this relationship
since the authors found a superiority of non-met-carriers with bipolar disorder only in a
manic but not in a depressed state [17]. The same study did not find a difference in creativity
in healthy controls.

In our data, we find relatively weak support for the notion that the val-val homozygote par-
ticipants performed better in items with medium difficulty since our main analysis was not sta-
tistically significant. The significant finding for moderately difficult items may be attributable
to the fact that variance is highest in items of medium difficulty, whereas variance is low in
very easy items (solved by most subjects) and very difficult items (not solved by most subjects).

Together, the literature suggests that it would be an oversimplification to assume overall
worse cognitive performance in carriers of the met-allele. On the contrary, the two genotypes
may each come with different strengths and weaknesses. The prevalence of the different BDNF

PLOS ONE | https://doi.org/10.1371/journal.pone.0291397 September 13, 2023 8/12


https://doi.org/10.1371/journal.pone.0291397

PLOS ONE

BDNF and creativity

genotypes differs between ethnical groups, with a prevalence of met-carriers of around 20% in
European samples, but met-carriers and non-met-carriers being approximately equally distrib-
uted in Asian samples [46]. From an evolutionary standpoint, it makes little sense to assume
that a genetic variant with such a high prevalence comes with no advantages and is detrimental
under all circumstances [47]. Future research might identify a more refined profile of cognitive
impairments and advantages of met-carriers. Understanding exactly in which domain, under
which circumstances met-carriers have disadvantages or advantages could help us understand
why met-carriers may have a higher risk for neuropsychiatric diseases such as dementia and
may also help to inform preventive strategies and treatment options.

Author Contributions

Conceptualization: Elisabeth Hertenstein, Marion Kuhn, Jonathan-Gabriel Maier, Lukas
Frase, Dieter Riemann, Bernd Feige, Christoph Nissen.

Data curation: Bernd Feige.
Formal analysis: Elisabeth Hertenstein, Kristoffer Daniel Fehér, Bernd Feige.

Investigation: Elisabeth Hertenstein, Marion Kuhn, Nina Landmann, Jonathan-Gabriel
Maier, Lukas Frase, Bernd Feige, Christoph Nissen.

Methodology: Elisabeth Hertenstein, Marion Kuhn, Nina Landmann, Jonathan-Gabriel
Maier, Carlotta Louisa Schneider, Lukas Frase, Bernd Feige.

Project administration: Marion Kuhn, Nina Landmann.

Resources: Christoph Nissen.

Software: Bernd Feige.

Supervision: Lukas Frase, Dieter Riemann, Bernd Feige, Christoph Nissen.
Visualization: Elisabeth Hertenstein, Kristoffer Daniel Fehér, Christoph Nissen.
Writing - original draft: Elisabeth Hertenstein.

Writing - review & editing: Marion Kuhn, Nina Landmann, Jonathan-Gabriel Maier, Car-
lotta Louisa Schneider, Kristoffer Daniel Fehér, Lukas Frase, Dieter Riemann, Bernd Feige,
Christoph Nissen.

References

1. Hofer MM, Barde YA. Brain-derived neurotrophic factor prevents neuronal death in vivo. Nature. 1988;
331: 261-262. https://doi.org/10.1038/331261a0 PMID: 3336438

2. Notaras M, Hill R, van den Buuse M. The BDNF gene Val66Met polymorphism as a modifier of psychiat-
ric disorder susceptibility: progress and controversy. Mol Psychiatry. 2015; 20: 916-930. https://doi.org/
10.1038/mp.2015.27 PMID: 25824305

3. Castrén E, Antila H. Neuronal plasticity and neurotrophic factors in drug responses. Mol Psychiatry.
2017; 22: 1085—1095. https://doi.org/10.1038/mp.2017.61 PMID: 28397840

4. Lima Giacobbo B, Doorduin J, Klein HC, Dierckx RAJO, Bromberg E, de Vries EFJ. Brain-Derived Neu-
rotrophic Factor in Brain Disorders: Focus on Neuroinflammation. Mol Neurobiol. 2019; 56: 3295-3312.
https://doi.org/10.1007/s12035-018-1283-6 PMID: 30117106

5. Antal A, Chaieb L, Moliadze V, Monte-Silva K, Poreisz C, Thirugnanasambandam N, et al. Brain-
derived neurotrophic factor (BDNF) gene polymorphisms shape cortical plasticity in humans. Brain
Stimulation. 2010; 3: 230-237. https://doi.org/10.1016/j.brs.2009.12.003 PMID: 20965453

6. Ninanl, Bath KG, Dagar K, Perez-Castro R, Plummer MR, Lee FS, et al. The BDNF Val66Met polymor-
phism impairs NMDA receptor-dependent synaptic plasticity in the hippocampus. J Neurosci. 2010; 30:
8866—-8870. https://doi.org/10.1523/JNEUROSCI.1405-10.2010 PMID: 20592208

PLOS ONE | https://doi.org/10.1371/journal.pone.0291397 September 13, 2023 9/12


https://doi.org/10.1038/331261a0
http://www.ncbi.nlm.nih.gov/pubmed/3336438
https://doi.org/10.1038/mp.2015.27
https://doi.org/10.1038/mp.2015.27
http://www.ncbi.nlm.nih.gov/pubmed/25824305
https://doi.org/10.1038/mp.2017.61
http://www.ncbi.nlm.nih.gov/pubmed/28397840
https://doi.org/10.1007/s12035-018-1283-6
http://www.ncbi.nlm.nih.gov/pubmed/30117106
https://doi.org/10.1016/j.brs.2009.12.003
http://www.ncbi.nlm.nih.gov/pubmed/20965453
https://doi.org/10.1523/JNEUROSCI.1405-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20592208
https://doi.org/10.1371/journal.pone.0291397

PLOS ONE

BDNF and creativity

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24,

25.

26.

27.

Schofield PR, Williams LM, Paul RH, Gatt JM, Brown K, Luty A, et al. Disturbances in selective informa-
tion processing associated with the BDNF Val66Met polymorphism: Evidence from cognition, the P300
and fronto-hippocampal systems. Biological Psychology. 2009; 80: 176—188. https://doi.org/10.1016/j.
biopsycho.2008.09.001 PMID: 18838100

Cao B, Bauer IE, Sharma AN, Mwangi B, Frazier T, Lavagnino L, et al. Reduced hippocampus volume
and memory performance in bipolar disorder patients carrying the BDNF val66met met allele. Journal of
Affective Disorders. 2016; 198: 198-205. https://doi.org/10.1016/j.jad.2016.03.044 PMID: 27018938

Richter-Schmidinger T, Alexopoulos P, Horn M, Maus S, Reichel M, Rhein C, et al. Influence of brain-
derived neurotrophic-factor and apolipoprotein E genetic variants on hippocampal volume and memory
performance in healthy young adults. J Neural Transm. 2011; 118: 249-257. https://doi.org/10.1007/
s00702-010-0539-8 PMID: 21190051

Lim YY, Hassenstab J, Goate A, Fagan AM, Benzinger TLS, Cruchaga C, et al. Effect of BDNF Val66-
Met on disease markers in dominantly inherited Alzheimer’s disease: Effect of BDNF Val66Met on AD
Markers. Ann Neurol. 2018; 84: 424—435. https://doi.org/10.1002/ana.25299 PMID: 30014553

Shen T, You Y, Joseph C, Mirzaei M, Klistorner A, Graham SL, et al. BDNF Polymorphism: A Review of
Its Diagnostic and Clinical Relevance in Neurodegenerative Disorders. Aging Dis. 2018; 9: 523-536.
https://doi.org/10.14336/AD.2017.0717 PMID: 29896439

Toh YL,Ng T, Tan M, Tan A, Chan A. Impact of brain-derived neurotrophic factor genetic polymorphism
on cognition: A systematic review. Brain Behav. 2018; 8: €01009. https://doi.org/10.1002/brb3.1009
PMID: 29858545

Weinberger AB, Green AE, Chrysikou EG. Using Transcranial Direct Current Stimulation to Enhance
Creative Cognition: Interactions between Task, Polarity, and Stimulation Site. Front Hum Neurosci.
2017; 11: 246. https://doi.org/10.3389/fnhum.2017.00246 PMID: 28559804

Ben-Zion Z, Fine NB, Keynan NJ, Admon R, Green N, Halevi M, et al. Cognitive Flexibility Predicts
PTSD Symptoms: Observational and Interventional Studies. Front Psychiatry. 2018; 9: 477. https://doi.
0rg/10.3389/fpsyt.2018.00477 PMID: 30337890

Anacker C, Hen R. Adult hippocampal neurogenesis and cognitive flexibility—linking memory and
mood. Nat Rev Neurosci. 2017; 18: 335—-346. https://doi.org/10.1038/nrn.2017.45 PMID: 28469276

Hayes SC, Strosahl K, Wilson K. Acceptance and commitment therapy: The Process and Practice of
Mindful Change. 2nd ed. New York: Guildford Press; 2012.

Soeiro-de-Souza MG, Post RM, de Sousa ML, Missio G, do Prado CM, Gattaz WF, et al. Does BDNF
genotype influence creative output in bipolar | manic patients? Journal of Affective Disorders. 2012;
139: 181-186. hitps://doi.org/10.1016/j.jad.2012.01.036 PMID: 22484201

Bowden EM, Jung-Beeman M. Normative data for 144 compound remote associate problems. Behav
Res Methods Instrum Comput. 2003; 35: 634—639. https://doi.org/10.3758/bf03195543 PMID:
14748508

Hood RW. On creativity as defined by the remote associates test. Psychol Rep. 1969; 24: 914. https://
doi.org/10.2466/pr0.1969.24.3.914 PMID: 5809082

Landmann N, Kuhn M, Piosczyk H, Feige B, Riemann D, Nissen C. Entwicklung von 130 deutschspra-
chigen Compound Remote Associate (CRA)-Wortratseln zur Untersuchung kreativer Prozesse im
deutschen Sprachraum. Psychologische Rundschau. 2014; 65: 200-211.

Lehrl S. Mehrfachwahl-Wortschatz-Intelligenztest: MWT-B. Bahlingen: Spitta Verlag; 1999.

Van der Elst W, Ouwehand C, van Rijn P, Lee N, Van Boxtel M, Jolles J. The shortened Raven Stan-
dard Progressive Matrices: item response theory-based psychometric analyses and normative data.
Assessment. 2013; 20: 48-59. https://doi.org/10.1177/1073191111415999 PMID: 21807748

R Core Team. R: A language and environment for statistical computing. Vienna, Austria: R Foundation
for Statistical Computing; 2013.

de Assis GG, Hoffman JR, Bojakowski J, Murawska-Ciatowicz E, Cigszczyk P, Gasanov EV. The Val66
and Met66 Alleles-Specific Expression of BDNF in Human Muscle and Their Metabolic Responsivity.
Front Mol Neurosci. 2021; 14: 638176. https://doi.org/10.3389/fnmol.2021.638176 PMID: 34025349

Kleim JA, Chan S, Pringle E, Schallert K, Procaccio V, Jimenez R, et al. BDNF val66met polymorphism
is associated with modified experience-dependent plasticity in human motor cortex. Nat Neurosci.
2006; 9: 735-737. https://doi.org/10.1038/nn1699 PMID: 16680163

Egan MF, Kojima M, Callicott JH, Goldberg TE, Kolachana BS, Bertolino A, et al. The BDNF val66met
polymorphism affects activity-dependent secretion of BDNF and human memory and hippocampal
function. Cell. 2003; 112: 257-269. https://doi.org/10.1016/s0092-8674(03)00035-7 PMID: 12553913
Hao R, Qi Y, Hou D-N, Ji Y-Y, Zheng C-Y, Li C-Y, et al. BDNF val66met Polymorphism Impairs Hippo-
campal Long-Term Depression by Down-Regulation of 5-HT3 Receptors. Front Cell Neurosci. 2017;
11: 306. https://doi.org/10.3389/fncel.2017.00306 PMID: 29075179

PLOS ONE | https://doi.org/10.1371/journal.pone.0291397 September 13, 2023 10/12


https://doi.org/10.1016/j.biopsycho.2008.09.001
https://doi.org/10.1016/j.biopsycho.2008.09.001
http://www.ncbi.nlm.nih.gov/pubmed/18838100
https://doi.org/10.1016/j.jad.2016.03.044
http://www.ncbi.nlm.nih.gov/pubmed/27018938
https://doi.org/10.1007/s00702-010-0539-8
https://doi.org/10.1007/s00702-010-0539-8
http://www.ncbi.nlm.nih.gov/pubmed/21190051
https://doi.org/10.1002/ana.25299
http://www.ncbi.nlm.nih.gov/pubmed/30014553
https://doi.org/10.14336/AD.2017.0717
http://www.ncbi.nlm.nih.gov/pubmed/29896439
https://doi.org/10.1002/brb3.1009
http://www.ncbi.nlm.nih.gov/pubmed/29858545
https://doi.org/10.3389/fnhum.2017.00246
http://www.ncbi.nlm.nih.gov/pubmed/28559804
https://doi.org/10.3389/fpsyt.2018.00477
https://doi.org/10.3389/fpsyt.2018.00477
http://www.ncbi.nlm.nih.gov/pubmed/30337890
https://doi.org/10.1038/nrn.2017.45
http://www.ncbi.nlm.nih.gov/pubmed/28469276
https://doi.org/10.1016/j.jad.2012.01.036
http://www.ncbi.nlm.nih.gov/pubmed/22484201
https://doi.org/10.3758/bf03195543
http://www.ncbi.nlm.nih.gov/pubmed/14748508
https://doi.org/10.2466/pr0.1969.24.3.914
https://doi.org/10.2466/pr0.1969.24.3.914
http://www.ncbi.nlm.nih.gov/pubmed/5809082
https://doi.org/10.1177/1073191111415999
http://www.ncbi.nlm.nih.gov/pubmed/21807748
https://doi.org/10.3389/fnmol.2021.638176
http://www.ncbi.nlm.nih.gov/pubmed/34025349
https://doi.org/10.1038/nn1699
http://www.ncbi.nlm.nih.gov/pubmed/16680163
https://doi.org/10.1016/s0092-8674%2803%2900035-7
http://www.ncbi.nlm.nih.gov/pubmed/12553913
https://doi.org/10.3389/fncel.2017.00306
http://www.ncbi.nlm.nih.gov/pubmed/29075179
https://doi.org/10.1371/journal.pone.0291397

PLOS ONE

BDNF and creativity

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

Kambeitz JP, Bhattacharyya S, Kambeitz-llankovic LM, Valli |, Collier DA, McGuire P. Effect of BDNF
val(66)met polymorphism on declarative memory and its neural substrate: a meta-analysis. Neurosci
Biobehav Rev. 2012; 36: 2165-2177. https://doi.org/10.1016/j.neubiorev.2012.07.002 PMID:
22813992

Boots EA, Schultz SA, Clark LR, Racine AM, Darst BF, Koscik RL, et al. BDNF Val66Met predicts cogni-
tive decline in the Wisconsin Registry for Alzheimer’s Prevention. Neurology. 2017; 88: 2098-2106.
https://doi.org/10.1212/WNL.0000000000003980 PMID: 28468845

Portaccio E, Bellinvia A, Prestipino E, Nacmias B, Bagnoli S, Razzolini L, et al. The Brain-Derived Neu-
rotrophic Factor Val66Met Polymorphism Can Protect Against Cognitive Impairment in Multiple Sclero-
sis. Front Neurol. 2021; 12: 645220. https://doi.org/10.3389/fneur.2021.645220 PMID: 33815257

Altmann V, Schumacher-Schuh AF, Rieck M, Callegari-Jacques SM, Rieder CRM, Hutz MH. Val66Met
BDNF polymorphism is associated with Parkinson’s disease cognitive impairment. Neurosci Lett. 2016;
615: 88-91. https://doi.org/10.1016/j.neulet.2016.01.030 PMID: 26806863

for the Alzheimer’s Disease Neuroimaging Initiative, Kim A, Fagan AM, Goate AM, Benzinger TLS, Mor-
ris JC, et al. Lack of an association of BDNF Val66Met polymorphism and plasma BDNF with hippocam-
pal volume and memory. Cogn Affect Behav Neurosci. 2015; 15: 625-643. https://doi.org/10.3758/
5$13415-015-0343-x PMID: 25784293

Chen L, Lawlor DA, Lewis SJ, Yuan W, Abdollahi MR, Timpson NJ, et al. Genetic association study of
BDNF in depression: finding from two cohort studies and a meta-analysis. Am J Med Genet B Neurop-
sychiatr Genet. 2008; 147B: 814-821. https://doi.org/10.1002/ajmg.b.30686 PMID: 18205169

Li M, Chang H, Xiao X. BDNF Val66Met polymorphism and bipolar disorder in European populations: A
risk association in case-control, family-based and GWAS studies. Neurosci Biobehav Rev. 2016; 68:
218-233. https://doi.org/10.1016/j.neubiorev.2016.05.031 PMID: 27236043

Wang T. Does BDNF Val66Met Polymorphism Confer Risk for Posttraumatic Stress Disorder? Neurop-
sychobiology. 2015; 71: 149—-153. https://doi.org/10.1159/000381352 PMID: 25925851

Bountress KE, Bacanu S-A, Tomko RL, Korte KJ, Hicks T, Sheerin C, et al. The Effects of a BDNF
Val66Met Polymorphism on Posttraumatic Stress Disorder: A Meta-Analysis. Neuropsychobiology.
2017; 76: 136—142. https://doi.org/10.1159/000489407 PMID: 29874672

Tukel R, Gurvit H, Ozata B, Oztlrk N, Ertekin BA, Ertekin E, et al. Brain-derived neurotrophic factor
gene Val66Met polymorphism and cognitive function in obsessive-compulsive disorder. Am J Med
Genet B Neuropsychiatr Genet. 2012; 159B: 850—858. https://doi.org/10.1002/ajmg.b.32092 PMID:
22911909

Kheirollahi M, Kazemi E, Ashouri S. Brain-Derived Neurotrophic Factor Gene Val66Met Polymorphism
and Risk of Schizophrenia: A Meta-analysis of Case-Control Studies. Cell Mol Neurobiol. 2016; 36: 1—
10. https://doi.org/10.1007/s10571-015-0229-z PMID: 26134309

de Assis GG, Hoffman JR. The BDNF Val66Met Polymorphism is a Relevant, But not Determinant,
Risk Factor in the Etiology of Neuropsychiatric Disorders—Current Advances in Human Studies: A Sys-
tematic Review. Brain Plast. 2022; 8: 133—142. https://doi.org/10.3233/BPL-210132 PMID: 36721394

Freundlieb N, Backhaus W, Briiggemann N, Gerloff C, Klein C, Pinnschmidt HO, et al. Differential
effects of BDNF val66met in repetitive associative learning paradigms. Neurobiology of Learning and
Memory. 2015; 123: 11-17. https://doi.org/10.1016/j.nIm.2015.04.010 PMID: 25933507

Krueger F, Pardini M, Huey ED, Raymont V, Solomon J, Lipsky RH, et al. The role of the Met66 brain-
derived neurotrophic factor allele in the recovery of executive functioning after combat-related traumatic
brain injury. J Neurosci. 2011; 31: 598-606. https://doi.org/10.1523/JNEUROSCI.1399-10.2011 PMID:
21228168

Beste C, Baune BT, Domschke K, Falkenstein M, Konrad C. Paradoxical association of the brain-
derived-neurotrophic-factor val66met genotype with response inhibition. Neuroscience. 2010; 166:
178-184. https://doi.org/10.1016/j.neuroscience.2009.12.022 PMID: 20034542

Harris SE, Fox H, Wright AF, Hayward C, Starr JM, Whalley LJ, et al. The brain-derived neurotrophic
factor Val66Met polymorphism is associated with age-related change in reasoning skills. Mol Psychia-
try. 2006; 11: 505-513. https://doi.org/10.1038/sj.mp.4001799 PMID: 16446742

Hertenstein E, Waibel E, Frase L, Riemann D, Feige B, Nitsche MA, et al. Modulation of creativity with
transcranial direct current stimulation. Brain Stimulation. minor revision.

Ford DY, Harris JJ. The elusive definition of creativity. The Journal of Creative Behavior. 1992; 26: 186—
198. https://doi.org/10.1002/.2162-6057.1992.tb01175.x

Reference SNP Report. In: National Library of Medicine, National Center for Biotechnology Information
[Internet]. 2023 [cited 8 Jun 2023]. Available: https://www.ncbi.nlm.nih.gov/snp/rs6265#frequency_tab

PLOS ONE | https://doi.org/10.1371/journal.pone.0291397 September 13, 2023 11/12


https://doi.org/10.1016/j.neubiorev.2012.07.002
http://www.ncbi.nlm.nih.gov/pubmed/22813992
https://doi.org/10.1212/WNL.0000000000003980
http://www.ncbi.nlm.nih.gov/pubmed/28468845
https://doi.org/10.3389/fneur.2021.645220
http://www.ncbi.nlm.nih.gov/pubmed/33815257
https://doi.org/10.1016/j.neulet.2016.01.030
http://www.ncbi.nlm.nih.gov/pubmed/26806863
https://doi.org/10.3758/s13415-015-0343-x
https://doi.org/10.3758/s13415-015-0343-x
http://www.ncbi.nlm.nih.gov/pubmed/25784293
https://doi.org/10.1002/ajmg.b.30686
http://www.ncbi.nlm.nih.gov/pubmed/18205169
https://doi.org/10.1016/j.neubiorev.2016.05.031
http://www.ncbi.nlm.nih.gov/pubmed/27236043
https://doi.org/10.1159/000381352
http://www.ncbi.nlm.nih.gov/pubmed/25925851
https://doi.org/10.1159/000489407
http://www.ncbi.nlm.nih.gov/pubmed/29874672
https://doi.org/10.1002/ajmg.b.32092
http://www.ncbi.nlm.nih.gov/pubmed/22911909
https://doi.org/10.1007/s10571-015-0229-z
http://www.ncbi.nlm.nih.gov/pubmed/26134309
https://doi.org/10.3233/BPL-210132
http://www.ncbi.nlm.nih.gov/pubmed/36721394
https://doi.org/10.1016/j.nlm.2015.04.010
http://www.ncbi.nlm.nih.gov/pubmed/25933507
https://doi.org/10.1523/JNEUROSCI.1399-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21228168
https://doi.org/10.1016/j.neuroscience.2009.12.022
http://www.ncbi.nlm.nih.gov/pubmed/20034542
https://doi.org/10.1038/sj.mp.4001799
http://www.ncbi.nlm.nih.gov/pubmed/16446742
https://doi.org/10.1002/j.2162-6057.1992.tb01175.x
https://www.ncbi.nlm.nih.gov/snp/rs6265#frequency_tab
https://doi.org/10.1371/journal.pone.0291397

PLOS ONE BDNF and creativity

47. Tettamanti G, Cattaneo AG, Gornati R, de Eguileor M, Bernardini G, Binelli G. Phylogenesis of brain-
derived neurotrophic factor (BDNF) in vertebrates. Gene. 2010; 450: 85-93. https://doi.org/10.1016/j.
gene.2009.07.023 PMID: 19879341

PLOS ONE | https://doi.org/10.1371/journal.pone.0291397 September 13, 2023 12/12


https://doi.org/10.1016/j.gene.2009.07.023
https://doi.org/10.1016/j.gene.2009.07.023
http://www.ncbi.nlm.nih.gov/pubmed/19879341
https://doi.org/10.1371/journal.pone.0291397

