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Background: Previous studies focused on the relationship between prenatal conditions
and neurodevelopmental outcomes later in life, but few have explored the interplay
between gene co-expression networks and prenatal adversity conditions on cognitive
development trajectories and gray matter density.

Methods: We analyzed the moderation effects of an expression polygenic score (ePRS)
for the Brain-derived Neurotrophic Factor gene network (BDNF ePRS) on the association
between prenatal adversity and child cognitive development. A score based on genes
co-expressed with the prefrontal cortex (PFC) BDNF was created, using the effect size of
the association between the individual single nucleotide polymorphisms (SNP) and the
BDNF expression in the PFC. Cognitive development trajectories of 157 young children
from the Maternal Adversity, Vulnerability and Neurodevelopment (MAVAN) cohort were
assessed longitudinally in 4-time points (6, 12, 18, and 36 months) using the Bayley-
II mental scales.

Results: Linear mixed-effects modeling indicated that BDNF ePRS moderates the
effects of prenatal adversity on cognitive growth. In children with high BDNF ePRS,
higher prenatal adversity was associated with slower cognitive development in
comparison with those exposed to lower prenatal adversity. Parallel-Independent
Component Analysis (pICA) suggested that associations of expression-based SNPs and
gray matter density significantly differed between low and high prenatal adversity groups.
The brain IC included areas involved in visual association processes (Brodmann area 19
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and 18), reallocation of attention, and integration of information across the supramodal
cortex (Brodmann area 10).

Conclusion: Cognitive development trajectories and brain gray matter seem to be
influenced by the interplay of prenatal environmental conditions and the expression
of an important BDNF gene network that guides the growth and plasticity of
neurons and synapses.

Keywords: BDNF, polygenic score, prenatal adversity, cognitive development, gray matter

INTRODUCTION

Brain-derived Neurotrophic Factor (BDNF) is a protein involved
in several biological pathways – from neurogenesis, promotion of
neuronal survival and differentiation, to modulation of synaptic
plasticity – playing a central role in both the developing and adult
nervous system (Hempstead, 2014). Acting through its high-
affinity tyrosine receptor kinase B (TrkB) receptor, it mediates
neurite and spine outgrowth (Binder and Scharfman, 2004; Ji
et al., 2005), and this signaling is also important for synaptic
plasticity (Ji et al., 2005; Lu et al., 2014), a phenomenon that
enables the organism to change according to environmental
stimuli, and makes possible learning and memory. Also, it
controls short and long-lasting synaptic interactions in the
hippocampus, and its expression mediates working memory
processes in the prefrontal cortex (Gold et al., 2003; Xing et al.,
2012; Kowiański et al., 2018). BDNF is expressed in almost all
brain regions, but the highest levels are found in the frontal
cortex, hippocampus, and amygdala (West et al., 2014). Several
studies indicate altered BDNF expression in brain structures
like the prefrontal cortex (PFC), hippocampus, and striatum in
post-mortem human brains of patients that suffered psychiatric
illnesses. There are decreased levels of BDNF mRNA and protein
expression in the hippocampus of suicide victims (Banerjee et al.,
2013), and significant differences in BDNF transcripts allow to
distinguish schizophrenia, bipolar disorder, and major depressive
disorder patients from healthy subjects, suggesting that the
BDNF system is implicated in several physiological aspects of
brain development (Molendijk et al., 2012; Banerjee et al., 2013;
Reinhart et al., 2015).

Prenatal exposure to stress, maternal depression/anxiety, low
social support, and poor access to prenatal health services
have long-term effects on child cognitive development that
are well documented (Monk et al., 2012; O’Donnell et al.,
2014a; Silveira et al., 2017). Brain plasticity and maturation are
affected by positive and negative environmental exposures during
sensitive periods of development (Nelson and Gabard-Durnam,
2020). The brain matures in a hierarchical manner, meaning
that the quality of maturation of early-developing regions will
affect the subsequent development of other regions (Tottenham,
2019). Gene expression in different brain regions at different
developmental stages indicates that timing is an important factor
at the transcriptome level (Somel et al., 2009; Haeussler et al.,
2017). This makes complex cerebral regions, for instance, the
PFC, particularly sensitive to environmental conditions. The PCF
receives several inputs from all other cortical areas, playing a key

role in planning and performance of higher thinking, cognitive,
affective, and social behaviors throughout development (Kolb
et al., 2012); such interconnectivity results in a longer period
needed for maturation (Fuster, 2015).

Expression of BDNF, and TrkB receptors begins early during
brain development, especially in the cortical plate, both in
rodents and primates (for a review, see Bartkowska et al., 2010).
Therefore, it is not surprising that disturbances in its function
early in life have remarkable effects upon neuronal structure
and function. For example, transgenic mice with a functional
reduction in BDNF or TrkB genes have a curtailment of dendritic
arborization in cortical neurons in the prepubertal period (Xu
et al., 2000; Gorski et al., 2003), and impairments in memory
(Gorski et al., 2003). In this scenario, studies using animal models
of prenatal stress have reported altered BDNF signaling during
post-natal development (Badihian et al., 2020; Sobolewski et al.,
2020). Stressors such as maternal immune activation during
gestation, repeated restraint, or variable stress during pregnancy,
cause altered BDNF expression in the PFC at different ages
during development of the offspring (Matrisciano et al., 2012;
Hemmerle et al., 2015; Niu et al., 2020). Accordingly, prefrontal
TrkB and glucocorticoid receptor (GR) activities are known to
be modulated by exposure to stressors (reviewed in Barfield and
Gourley, 2018), and TrkB-GR interaction has been suggested
(Numakawa et al., 2009). Therefore, prolonged variations in
glucocorticoids could affect both GR and BDNF-TrkB function
in the PFC (Barfield and Gourley, 2018), contributing to stress-
induced cognitive alterations. In addition, abnormal signaling in
the BDNF/TrkB pathway was reported to lead to abnormalities
in the GABAergic and glutamatergic activities in the PFC (Sakata
et al., 2009; Zhang et al., 2013).

Negative exposures during the prenatal and early postnatal
period have been associated with cognitive and brain
development in different ways. Behaviorally, the attainment
of cognitive skills is understood as a developmental cascade,
characterized by a cumulative process in which functioning
at a lower level of behavior (e.g., visuomotor integration, fine
motor skills, habituation) affects higher-level functions that
develop later (e.g., IQ, language and executive functions) (Almas
et al., 2016; Choi et al., 2018; Camerota and Willoughby, 2019).
In terms of neurodevelopment, experiments with infant rats
exposed to caretakers that displayed abusive behaviors show
increased levels of methylation of BDNF DNA throughout the
life span, and reduced BDNF gene expression in the adult PFC
(Roth et al., 2009). Prenatal exposure to stress was also associated
with high methylation and lower expression of the BDNF gene
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in the PFC and hippocampus (Roth et al., 2011; Badihian et al.,
2020). In humans, brain structure is also impacted by early
life stressors, resulting in several morphological and functional
alterations (Buss et al., 2010; Hair et al., 2015; Noble et al., 2015).
The mentioned interrelated pathways affect the developing
individual resulting in a predisposition for disease and poorer
developmental outcomes later in life. Adolescence is also a
sensitive period for PFC development. The PFC is one of the last
brain regions to mature (Fuster, 2015; Hoops and Flores, 2017),
and it is known to undergo significant structural remodeling,
with dendritic and synaptic pruning during adolescence
(Bourgeois et al., 1994; Shaw et al., 2020). This period of synaptic
remodeling is believed to generate a refinement of connections
(Barfield and Gourley, 2018). Therefore, exposure to adversities
during this period can impact on PFC circuitry, and on adult
behavior (Shaw et al., 2020). However, before this period of
pruning, there is an initial phase of neuronal differentiation,
dendritic spine and synapse overproduction, that occurs during
prenatal and early childhood periods that will influence future
development, stressing the relance of this sensitive window
(Bourgeois et al., 1994; Lotfipour et al., 2009).

In summary, a large body of evidence indicates that
early exposure to environmental adversity affects cognitive
development, and some individuals are more susceptible than
others to this long-term effect. Individual differences likely
affect the impact of environmental exposure on several child
developmental outcomes (Belsky, 2013; Silveira et al., 2017). It
was shown that genetic variation in the BDNF gene (the Val66Met
polymorphism), which decreases BDNF function (Egan et al.,
2003), can lead to lower memory levels (Egan et al., 2003),
and is associated with impairment in executive functioning
(Nagata et al., 2012). This is particularly significant in individuals
with high levels of early life adversity (Gabrys et al., 2017), in
which this variation was associated with difficulties in attentional
flexibility, a PFC-based function. Also, previous studies involving
Val66Met polymorphisms suggested a role of the BDNF gene in
moderating the effects of early adversity on attention problems
and child behavior (Drury et al., 2012; Gunnar et al., 2012;
O’Donnell et al., 2014b). However, it is known that the action of
a gene is not isolated, but correlated in concert with other genes
in functional networks (Gaiteri et al., 2014).

Genome-wide association studies (GWAS) are an important
technological advance for the understanding of human health
and disease but are still not able to inform the underlying
tissue-specific mechanisms that explain phenotypic variation
(Silveira et al., 2017; Hari Dass et al., 2019). GWAS considers
only the highly significant genetic variants associated with a
disease, thus are not enlightening of the several manifestations
or endophenotypes that may precede the phenotype (Dalle Molle
et al., 2017; Hari Dass et al., 2019). We propose a novel genomics
approach, using a biologically informed genetic score based on
genes co-expressed with the BDNF gene specifically in the PFC
(BDNF ePRS) during the prenatal and early life periods to
investigate the association with child cognitive development from
6 to 36 months of age. For a sub-sample of participants that we
were able to follow up and collect structural Magnetic resonance
images at age 9 we analyzed the multivariate association between

the single nucleotide polymorphisms (SNPs) from the BDNF
ePRS and gray matter density in order to uncover the mechanism
of the interaction between prenatal environment and genotype
and its association with brain development.

MATERIALS AND METHODS

Participants and Cohort Characteristics
Participants’ data were derived from the Maternal Adversity,
Vulnerability and Neurodevelopment prospective community-
based cohort MAVAN (O’Donnell et al., 2014). A hundred and
fifty-seven children from two sites - Montreal (Québec) and
Hamilton (Ontario), Canada - composed the sample of the
present study. Pregnant women were recruited around 13 to
20 weeks of gestation from obstetric clinics in hospitals. They
were eligible to take part in the study if over 18 years of age, fluent
in either English or French, and did not have serious obstetric
complications during the pregnancy or delivery of the child, had
a child with extremely low birth weight, or had any congenital
diseases. Children were monitored from birth up to 12 years
of age using several assessments of neurodevelopment. Ethical
approval for this study was obtained from the Douglas Mental
Health University Institute (Montreal) and St-Joseph’s Healthcare
(Hamilton Integrated Research Ethics Board). For this work, we
considered cognitive neurodevelopmental data from the 6, 12,
18, and 36-months postnatal periods (N = 157), and a magnetic
resonance imaging from a follow-up sample of 47 children at age
nine (mean age = 9.3, SD = 1.4), the characteristics of the sample
are shown in Table 1.

Measures
Cumulative Prenatal Adversity Score
The cumulative prenatal adversity score is a measure used
to describe prenatal adversity conditions. It is composed of
several indicators identified in the literature as being related to
negative children’s outcomes (Silveira et al., 2017). It surveyed
pregnancy conditions, maternal mental health during pregnancy
(anxiety, depression), presence of chronic diseases such as

TABLE 1 | Maternal Adversity, Vulnerability and Neurodevelopment (MAVAN)
sample characteristics.

Variables Cognitive
development sample

(6–36 months)

MRI sample
(9 years)

N = 157 N = 47

Gestational weeks, M (SD) 39.0 (1.2) 39.3 (1.2)

Birth weight (grams), M (SD) 3326.3 (448.3) 3256.1(458.7)

Income less than $30,000 a year 26 (16.5%) 16 (34.0%)

Maternal education: some
community-college or less

14 (8.9%) 6 (12.8%)

Male sex 76 (48.4%) 28 (59.6%)

Smoking during pregnancy 17 (10.8%) 11 (23.4%)

Montreal site 81 (51.5%) 38 (80.8%)

Cumulative prenatal score, M (SD) 1.3 (1.2) 1.2 (1.2)
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TABLE 2 | Psychometric scales used to compose the Cumulative Prenatal Adversity Score.

Measure Description Scoring

Daily Hassles Scale (Lobel and
Dunkel-schetter, 1990)

Indicates the level of struggle and frequency in respect to lack of money for basic
needs such as food and electricity since the beginning of pregnancy. The mean
test-retest reliability of the scale is.79.

Lack of money score above 9.

Center for Epidemiological Studies
Depression Scale (CESD) (Radolf, 1977)

Assesses depressive symptomatology in the general population with emphasis on
affective and somatic components. 20 items are scored on a 4-point Likert scale
and high scores indicate more severe depressive symptoms. The internal
consistency of the scale is.85 (coefficient Alpha).

Prenatal depression scores above 22.

State-Trait Anxiety Inventory (STAI)
(Spielberger, 1989)

A measure of trait and state anxiety composed of 20 items for each construct.
Internal consistency coefficients for the scales ranged from.86 to.95.

Pregnancy anxiety score above 1.95.

Abuse Assessment Screen (Newberger
et al., 1992)

Presence of domestic violence or sexual abuse during pregnancy. One point for the presence.

Marital Strain Scale (Pearlin and
Schooler, 1978)

The Marital Strain Scale of Pearlin and Schooler is used to assess chronic stress
with the romantic partner.

Marital strain score less than 2.9.

Health during pregnancy Presence of chronic diseases during pregnancy: diabetes, hypertension, asthma,
current or resolved), current severe vomiting, vaginal spotting or bleeding during the
past 4–6 weeks, current anemia/constipation/blood in stool, or current
vaginal/cervical/urinary tract infection/diarrhea.

One point for the occurrence of any
pathology.

Smoking Smoking anytime during pregnancy. One point for the presence.

Gestational age Gestational age in weeks. One point if gestational
age ≤ 37 weeks.

Birth size Birth size percentile bellow 10th percentile or above 90th percentile One point for the presence.

Income Household total gross income. One point if less than $30,000 a year.

diabetes, hypertension, vaginal spotting or bleeding, smoking
during pregnancy, low birth size percentile, gestational age,
and socioeconomic characteristics. Further descriptions of all
instruments included in the cumulative prenatal adversity
environment are presented in Table 2. For each met criterion
- such as size percentile below 10th percentile or above 90th
percentile or smoking during pregnancy - one point was given
and all points were summed to obtain the adversity score. For
psychometric scales, we considered 85th percentile as a cut-off
value for positive screening stated by the instrument.

Cognitive Development Measure
The Bayley Mental Scale of Infant Development
The Bayley Mental Scales (BSID-II) development index
(MDI) is a composite of children’s language and cognitive
abilities. It assesses age-appropriate levels of memory, problem-
solving, habituation, incipient number concepts, generalization,
classification, vocalizations, and language skills (Bayley, 1993).
Psychometric properties of the Bayley scale indicated good to
excellent evidence for the validity and reliability of the scale (Silva
et al., 2020). Children’s development assessment was performed
by trained and experienced professionals.

Brain-Derived Neurotrophic Factor Gene Network
Score
Genotyping
At first, genetic variation in children was described using
genome-wide platforms PsychChip and PsychArray (Illumina)
using 200 ng of genomic DNA collected from buccal epithelial
cells. SNPs with low call rate (bellow 95%), low p-values on
Hardy-Weinberg Equilibrium exact test (p < 1e-40), and minor
allele frequency smaller than 5% were removed. Quality control

(QC) procedure was carried out using PLINK 1.951 (Purcell
et al., 2007). Samples of individuals with a call rate less than 90%
were also excluded. Imputation was performed using the Sanger
Imputation Service and the Haplotype Reference Consortium
(HRC) as the reference panel (release 1.1) by McCarthy et al.
(2016) resulting in 20,790,893 SNPs with an information score
higher than 0.80 and posterior genotype probabilities over 0.90.

Brain-Derived Neurotrophic Factor Expression Polygenic
Score
The BDNF ePRS was calculated considering genes co-expressed
with the BDNF gene in the PFC following the protocol described
at Silveira et al. (2017) and Hari Dass et al. (2019). Three genetic
databases were involved in thesis process: the Genenetwork1,
Brainspan2, and GTEx (Genotype-Tissue Expression The GTEx
Consortium, 20133).

First, using the Genenetwork, the genes co-expressed with
the BDNF gene in the PFC in mice were selected considering
an absolute co-expression correlation equal to or higher than
0.5. Based on the Mouse Genome Informatics (MGI) database
we identified human homologous genes. Then, we considered
the Brainspan database to select human homologous transcripts
that are enriched during the prenatal period to five years of age
in the human PFC. At this point, we selected only transcripts
that were differentially expressed in the PFC at ≥ 1.5-fold in
comparison with adult samples, this list had 51 genes. This list
was used to select individual SNPs within start/end ± 500 bp
position of the genes according to NCBI in humans (the National
Center for Biotechnology Information, United States National

1http://genenetwork.org
2http://www.brainspan.org/rnaseq/search/index.html
3https://www.gtexportal.org/home/

Frontiers in Neuroscience | www.frontiersin.org 4 November 2021 | Volume 15 | Article 744743

http://genenetwork.org
http://www.brainspan.org/rnaseq/search/index.html
https://www.gtexportal.org/home/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-744743 November 23, 2021 Time: 12:35 # 5

de Mendonça Filho et al. Prenatal Adversities and BDNF Co-expression Interaction

TABLE 3 | List of genes co-expressed with the BDNF gene and included in the PFC BDNF ePRS.

Gene Symbol Ensembl Description PFC Co-expression Correlation
with the BDNF gene in mice

PGD ENSG00000142657 Phosphogluconate dehydrogenase −0.81

CBX5 ENSG00000094916 Chromobox 5 0.7

SET ENSG00000119335 SET nuclear proto-oncogene 0.65

NUP62 ENSG00000213024 Nucleoporin 62 0.63

PFDN2 ENSG00000143256 Prefoldin subunit 2 0.62

SMARCD1 ENSG00000066117 SWI/SNF related, matrix associated, actin dependent regulator of
chromatin, subfamily d, member 1

−0.62

CCT4 ENSG00000115484 Chaperonin containing TCP1 subunit 4 0.61

CCT2 ENSG00000166226 Chaperonin containing TCP1 subunit 2 0.60

GTF2F2 ENSG00000188342 General transcription factor IIF subunit 2 0.59

EIF3E ENSG00000104408 Eukaryotic translation initiation factor 3 subunit E 0.59

SLC39A6 ENSG00000141424 Solute carrier family 39 member 6 −0.59

SEZ6 ENSG00000063015 Seizure related 6 homolog −0.58

BTG3 ENSG00000154640 BTG anti-proliferation factor 3 0.57

MYCN ENSG00000134323 MYCN proto-oncogene, bHLH transcription factor 0.57

ODC1 ENSG00000115758 Ornithine decarboxylase 1 0.57

ANTXR2 ENSG00000163297 ANTXR cell adhesion molecule 2 0.56

BCL10 ENSG00000142867 BCL10 immune signaling adaptor 0.56

CCT3 ENSG00000163468 Chaperonin containing TCP1 subunit 3 0.56

MYL12A ENSG00000101608 Myosin light chain 12A 0.56

SERBP1 ENSG00000142864 SERPINE1 mRNA binding protein 1 0.56

NR4A2 ENSG00000153234 Nuclear receptor subfamily 4 group A member 2 0.55

IGSF9 ENSG00000085552 Immunoglobulin superfamily member 9 0.55

PTPRS ENSG00000105426 Protein tyrosine phosphatase receptor type S −0.54

PHF5A ENSG00000100410 PHD finger protein 5A 0.54

RSL1D1 ENSG00000171490 Ribosomal L1 domain containing 1 0.54

ARF4 ENSG00000168374 ADP ribosylation factor 4 0.54

NFIL3 ENSG00000165030 Nuclear factor, interleukin 3 regulated 0.54

SEC61A1 ENSG00000058262 SEC61 translocon subunit alpha 1 0.53

PSMA2 ENSG00000106588 Proteasome 20S subunit alpha 2 0.53

DNAJB5 ENSG00000137094 DnaJ heat shock protein family (Hsp40) member B5 0.53

GDI2 ENSG00000057608 GDP dissociation inhibitor 2 0.53

NFIB ENSG00000147862 Nuclear factor I B −0.53

LMO3 ENSG00000048540 LIM domain only 3 −0.53

RPL11 ENSG00000142676 Ribosomal protein L11 −0.52

NA ENSG00000155130 Myristoylated alanine rich protein kinase C substrate 0.52

DACT1 ENSG00000165617 Disheveled binding antagonist of beta catenin 1 0.52

KDM6B ENSG00000132510 Lysine demethylase 6B 0.52

NPM1 ENSG00000181163 Nucleophosmin 1 0.51

CDK8 ENSG00000132964 Cyclin dependent kinase 8 −0.51

OBSCN ENSG00000154358 Obscurin, cytoskeletal calmodulin and titin-interacting RhoGEF −0.51

ING1 ENSG00000153487 Inhibitor of growth family member 1 0.50

RBM7 ENSG00000076053 RNA binding motif protein 7 0.50

MTHFD2 ENSG00000065911 Methylenetetrahydrofolate dehydrogenase (NADP + dependent) 2,
methenyltetrahydrofolate cyclohydrolase

0.50

BAZ1A ENSG00000198604 Bromodomain adjacent to zinc finger domain 1A 0.50

SEC11A ENSG00000140612 SEC11 homolog A, signal peptidase complex subunit 0.50

MMP24 ENSG00000125966 Matrix metallopeptidase 24 −0.50

Library of Medicine4). From the gathered SNPs we retained
only common SNPs between MAVAN genodata and GTEx and

4https://www.ncbi.nlm.nih.gov/variation/view/

applied a linkage disequilibrium clumping procedure (r2 > 0.2),
to keep independent SNPs with the lowest association p-values in
the across 500 kb region. The final list consisted of 46 genes, with
a 473 SNPs included in the BDNF ePRS.
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FIGURE 1 | Gene ontology processes related to the genes included in the co-expression PFC BDNF ePRS.

Finally, to calculate the BDNF ePRS score we used the GTEx
as a reference to weight the selected 473 SNPs. We multiplied the
number of effect alleles for each SNP by the estimated coefficient
of the association between each SNP and the genes’ expression
in the PFC and by the sign of correlation between the gene
expression of the particular gene and the BDNF. We summed all
weighted SNPs to obtain the PFC BDNF ePRS score. High ePRS
scores indicate higher predicted expression levels of genes that
composed the BDNF network. The calculation of the BDNF ePRS
score was done using PRSoS software tool (Chen et al., 2018).

In order to control for population stratification a principal
component analysis was performed using SMARTPCA on the
pruned dataset. For the pruned dataset we kept common variants
(MAF > 0.05), not in linkage disequilibrium (r2 < 0.20, with
a sliding window of 50 kb and an increment of 5 SNPs).
Pruning was performed using PLINK 1.9. Based on a screen plot
inspection the first three principal components that were the
most informative of population structure were retained (Price
et al., 2006). For validation of how the gene network scores
change across brain regions, developmental stage, and gene of
interest see Hari Dass et al. (2019).

Data Analysis
Brain-Derived Neurotrophic Factor Expression
Polygenic Score Enrichment Analysis
Biological interpretation of genes that comprised our genetic
score was performed using enrichment analysis using
MetaCoreTM (Clarivate Analytics). The enrichment identifies
statistically significant pathway maps and gene ontology
processes associated with this list of genes after false discovery
rate (FDR) correction, to summarize the most enriched
and pertinent biology associated with the set of genes under

investigation (Huang et al., 2009). We also performed enrichment
analysis to identify genes differentially expressed at different
developmental phases, via functional mapping of genetic and
expression using the FUMA tool (Watanabe et al., 2017).

Cognitive Development Trajectories
With the aim of exploring cognitive development longitudinally,
we first run item analysis across different age-based forms of the
Bayley Mental Scale using 1-parameter (Rasch) Item Response
Theory (IRT). IRT modeling assumes that the probability of a
correct response to an item is based only on the ability of the
subject and the difficulty of items (Rasch, 1960; de Ayala, 2009),
and thereby yields both sample and test independent estimates
of item parameters and individual abilities on the latent trait
being measured (DeMars, 2010). To scale infant performance
for growth interpretations, concurrent vertical scaling was
performed taking advantage of an overlapping common item
structure (Kolen and Brennan, 2014). This analytical approach
provides information on the developmental ordering of items,
and the measurement precision associated with the reliability of
items and the scores of participants. The calculated separation
index shows the scale scores’ capacity to discriminate among
children with high, medium, and low ability. The higher the
value, the better the separation that exists between the items
and between persons and the more precise the representation of
the measured ability. Reliability values above 0.80 are considered
adequate and separation index above 3 suggests that the scores are
sensitive enough to discriminate participants (Linacre, 2010). At
this stage cognitive development was estimated using Winsteps
Version 3.7 (Linacre, 2010); psychometric properties of the
Bayley Mental scaled items and estimates of items’ fit can be
found in the supplementary materials.
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FIGURE 2 | Average gene expression in brain areas at different developmental stages.

Modeling of the cognitive development curve was performed
using Linear Mixed Effects Model (LME) (Gałecki and
Burzykowski, 2013; Fox and Weisberg, 2019). Models were
fitted including the fixed effect of prenatal adversity score, BDNF
ePRS, three population stratification principal components,
children’s sex, and age at data collection time point, and a
quadratic term to model the observed non-linear pattern
between age and the outcome. We also considered an interaction
term between prenatal adversity, BDNF ePRS, and age. For
random effects, participants’ age and the quadratic age term
were specified as nested effects with an autoregressive error
correlation structure (Fox and Weisberg, 2019), to model
individual cognitive development. The pseudo R2 for generalized
mixed-effect models (Nakagawa and Schielzeth, 2013) was used
to compute Cohen’s f 2 measure of local effect size, in which
values bellow 0.02 indicate small effect sizes, medium values
from 0.02 to 0.15, and values greater than 0.15 are considered
large effect (Selya et al., 2012). Packages lme4 (Pinheiro et al.,
2018) and reghelper (Hughes, 2020) from R software (R Core
Team, 2019) were used to perform the statistical analysis.

Structural Magnetic Resonance Imaging
Acquisition and Data Preparation
High-resolution T1-weighted images for the whole brain of
47 children from MAVAN cohort were acquired using a 3T
Trio Siemens scanner in Montreal and GE MR750 Discovery
3T Magnetic Resonance Imaging (MRI) scanner in Hamilton.
We used the following parameters: Montreal) 1 mm isotropic
3D MPRAGE, sagittal acquisition, 256 × 256 mm grid,
TR = 2300 ms, TE = 4 ms, FA = 9degrees; Hamilton) a
3D inversion recovery-prepped, T1-weighted anatomical data
set, fSPGR, axial acquisition, TE/TR/flip angle = 3.22/10.308/9,
512 × 512 matrix with 1mm slice thickness and 24cm FOV.
Computational Anatomy Toolbox (CAT12) from the Statistical
Parametric Mapping software (SPM12) was used to process the
T1-weighted images. In the preprocessing step, the images were
normalized, registered to Montreal Neurological Institute (MNI)
space, and segmented into gray matter (GM) and white matter
(WM) by voxel-based morphometry. After a high-dimensional

Diffeomorphic Anatomical Registration Through Exponentiated
Lie Algebra (DARTEL) normalization, that takes into account
the sample specific spatial intensity distribution of structural
MRI, a smoothing process was applied using 8mm full width
half maximum kernel.

Parallel Independent Component Analysis
A multivariate Parallel Independent Component Analysis (p-
ICA) was performed to identify the relationship between two
different data modalities in a data-driven manner (Khadka et al.,
2016). In this case, the components of BDNF ePRS (genotype
∗ GTEx gene expression slope for each SNP) and whole-
brain voxel-based gray matter density were used. This analysis
estimates the maximally independent components within each
data modality separately while also maximizing the association
between modalities using entropy terms based on information
theory (Liu and Calhoun, 2014; Pearlson et al., 2015). This
process results in each identified independent component
resultant from the p-ICA, being an additive subcomponent of the
overall multi variant signal that also considers the relationship
with a second data modality The prenatal adversity score was
used to define the groups for comparison (23 children high
environmental score, 24 children low environmental score),
aggregated with the most significant principal components from
population stratification for adjustment (ethnicity). The Fusion
ICA Toolbox5 within MATLAB R© R2019 was used to run the
analysis. The number of independent components estimated
using minimum description length criteria (Calhoun et al.,
2010; Pearlson et al., 2015) was 15 for genetic data and 8
for MRI data. The different resulting ICs are interpretable
as brain Talairach coordinates are extracted from the MRI
components, indicating brain regions that contribute to the
overall independent component. As for the genetic modality, the
biological relevance of the functionally related SNPs statistically
correlated with brain phenotypes is inferred by subsequent
enrichment analysis, using annotation software such as the
Metacore, thus providing information for interpretation of the
genetic independent components. To identify significant brain

5http://mialab.mrn.org/software/fit/

Frontiers in Neuroscience | www.frontiersin.org 7 November 2021 | Volume 15 | Article 744743

http://mialab.mrn.org/software/fit/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-744743 November 23, 2021 Time: 12:35 # 8

de Mendonça Filho et al. Prenatal Adversities and BDNF Co-expression Interaction

TABLE 4 | Descriptive statistics of scaled cognitive developmental ability
estimates of the Bayley Mental items.

Timepoint N Mean SD

6 months 157 −4.82 13.26

12 months 157 43.61 12.41

18 months 157 100.52 17.72

36 months 157 217.25 16.42

regions and SNPs that contributed the most to the ICs, IC weights
were converted to z-scores and a threshold at | z| > 2.5 was
used. Loading coefficients, which describe the presence of the
identified component across subjects (Liu et al., 2012), were
extracted for each component, modality, and subject. The mean
subject-specific loading coefficients of these components between
children from high and low prenatal adversity groups were
compared using Student’s t-test.

RESULTS

Establishment of the Early Life
Brain-Derived Neurotrophic Factor Gene
Network
The biologically-informed method for selecting SNPs
is designed to capture the genes intricately acting in
conjunction with the BDNF gene in the prenatal and early
life period, hence describing the gene network of interest
acting during a specific sensitive period of development.
The final list consisted of 46 genes and can be seen in
Table 3.

Metacore R© enrichment analysis of the 46 genes that
contributed to the BDNF ePRS shows false discovery rate (FDR)
for pathway maps (Figure 1). Gene ontology processes were
enriched for several epigenetic processes, neuron differentiation,
and cellular transport. The main biological processes involved
in the BDNF ePRS network included biosynthesis of complex
macromolecules, regulation of gene expression and RNA
transcription, maintenance of neuronal stem cells, neurogenesis,
and neuron development.

To enlighten which genes of the BDNF ePRS are differentially
expressed at different developmental phases, we performed
a functional mapping of genetic and expression using the
FUMA tool (Watanabe et al., 2017). In Figure 2, it is possible
to observe that some genes comprising our genetic score have
specific expression patterns across distinct developmental
periods, suggesting that the function of this gene network varies
during development. It is important to notice that our score
is enriched for early life developmental periods (transcripts
differentially expressed in the PFC in comparison with adult
samples), so it is expected that these genes would be highly
expressed in early life.

To further understand these different expressions across
development, we performed enrichment analysis in the subset
of genes that co-variated with age (ARF4, CBX5, CCT2,
DACT1, KDM6B, MYCN, MYL12A, NFIB, ODC1, PGD,

TABLE 5 | Results of the linear mixed-effect regression analysis of cognitive
developmental trajectories.

β SE f2 P

Intercept −12.65 1.66 0.18 < 0.001

BDNF ePRS −3.19 1.35 0.01 0.02

Prenatal Adversity 0.31 0.75 0.03 0.68

BDNF ePRS x Prenatal Adversity 1.73 0.79 0.01 0.03

Age (months) 10.60 0.23 3.20 < 0.001

BDNF ePRS x Age 0.17 0.06 0.01 0.01

Prenatal Adversity x Age −0.14 0.04 0.02 < 0.001

BDNF ePRS x Prenatal Adversity x Age −0.12 0.04 0.02 < 0.001

Age quadratic term −0.07 0.01 0.26 < 0.001

Sex female 1.87 1.67 0.00 0.27

PC1 −34.50 20.64 0.01 0.10

PC2 21.31 15.79 0.01 0.18

PC3 −8.11 16.30 0.00 0.62

RSL1D1, SERBP1, SET, SEZ6, SLC39A6, SMARCD1). These
genes are significantly enriched for the gene ontology process of
regulation of gene expression, DNA transcription, biosynthesis
of RNA, and macromolecules. The subset list of genes was
also related to chromatin remodeling, axogenesis, and nervous
system development.

Cognitive Development Trajectories
Repeated measures analysis of variance yielded significant
mean differences of cognitive development at each time point,
F(3,468) = 962.8, P < 0.001, with significant Bonferroni
adjusted p-values for pairwise comparisons between all age
groups. Descriptive data on cross-sectional scaled cognitive
development at 6, 12, 18, and 36 months are presented in
Table 4.

To best characterize the cognitive developmental trajectories
from 6 to 36 months we visually inspected the scaled cognitive
scores, and data suggested that cognitive skills followed a
curvilinear trajectory, which we modeled by adding age quadratic
term that reached statistical significance. Our final LME model
is presented in Table 5. The model considered growth velocity
(age linear term), and acceleration (age quadratic term) of
cognitive development, and an interaction effect between BDNF
ePRS, prenatal adversity, and age. Neither of the covariates
(population stratification components and sex) significantly
predicted the outcome.

The BDNF ePRS score, prenatal adversity and age presented
a significant interaction on cognitive development trajectory
(β = −0.12, P < 0.001). Cognitive development differences
for children with higher BDNF ePRS scores exposed to
low and to high prenatal adversity were larger (Figure 3,
red line [low adversity] vs purple line [high adversity])
in comparison to children with low BDNF ePRS scores
(Figure 3, green line [low adversity] vs blue line [high
adversity]). The model shows that, on average, infants
with high BDNF genetic scores were more susceptible
to prenatal adversity exposure (higher BDNF ePRS and
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FIGURE 3 | Cognitive developmental growth as function of age, BDNF gene network and cumulative prenatal adversity. Predicted estimates of cognitive
development were plotted considering high (+ 1SD) and low (–1SD) BDNF ePRS and high (+ 1SD) and low (–1SD) prenatal adversity for sake of the interaction
visualization. Prenatal adversity effects on cognitive development trajectories are larger for children with high BDNF ePRS scores (red vs purple lines) in comparison
with children with low BDNF ePRS scores (green and blue lines).

higher prenatal adversity was associated with slower cognitive
development trajectory).

Brain-Derived Neurotrophic Factor
Expression Polygenic Score and Gray
Matter Associations
Magnetic Resonance Imaging scans from 47 participants at age
nine, indicated significant pairs of ICs from two data modalities,
the whole-brain voxel-based gray matter density and SNPs
from the BDNF ePRS. This means that the pICA identified
relationships between the two data modalities, allowing the
characterization of the associations between specific portions
of our gene network and specific brain regions, suggesting
an anatomo-functional basis of the phenotypic differences in
neurodevelopmental trajectories. These associations indicated
that the genetic IC 10 (G10) was significantly correlated to MRI
IC (B6), r = −0.65, p = 5.76e-07; genetic component 13 (G13)
and MRI component (B8), r = 0.63, p = 1.45e-06; and genetic

component 11 (G11) and MRI component 5 (B5), r = −0.42,
p = 2.98e-03.

Comparison of the mean loading coefficients of these three ICs
between children from high and low prenatal adversity groups
indicated statistically significant differences for G10 (t = 2.36,
p = 0.02), G11 (t = −2.05, p = 0.04), B8 (t = −3.34, p = 0.001)
and B5 (t = 2.09, p = 0.04), see Supplementary Table 5. This
means that participants from the two prenatal adversity groups
contributed differently to the overall IC data pattern.

The G11-B5 IC pair showed significant differences for both
the genetic and brain-phenotype components concerning high
and low prenatal adversity and was selected for further analysis.
This pair is of primary interest to our study aims and suggests
that the relationship between these components is moderated by
variations in the quality of the perinatal environment (Figure 4).
The G10-B6 and G13-B8 pairs were less informative regarding
our main objective, as for the G10-B6 pair only the genetic
modality had a significant difference between our groups of
interest, and for the G13-B8 pair, only the brain-phenotype
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FIGURE 4 | Associations between Gene IC G11 and Brain IC B5. (A) Bar plots of estimated loading coefficients for statistically significant brain phenotype (B-5) and
genetic component (G11) pair. (B) Brain areas comprising the B5 component according to group differences. (C) Scatter plot of loading coefficients of B5 and G11
and association between them for low and high prenatal adversity groups. Lines and dots colors represent the High and Low prenatal adversity score groups.
(D) Enrichment analysis of G11 dominant SNPs. Loading coefficients represent the weight of the overall components for each subject. Significant differences in
components are seen contrasting high and low adversity groups, indicating that individuals from high and low adversity groups contributed differently to the overall
pattern of the component. *P < 0.05.

component was significant. Brain regions and SNPs comprising
these components are described in Supplementary Tables 3, 4.

The interpretation of the significant ICs pair was done by
extracting brain Talairach coordinates from MRI IC and by
enrichment analysis of the genetic IC, proving interpretable
information from the observed patterns. All the significant brain
regions for the B5 component as well as for the other brain-
phenotype components (B6 and B8) are listed in Supplementary
Materials. Many regional variations contribute to the B5
component, located mainly in distinct portions of the occipital,
frontal, and parietal cortex. The most prominent regions
according to Brodmann areas were 19 and 18 (occipital cortex),
7 (parietal cortex), 6 (frontal cortex) that contributed bilaterally
and both negatively and positively to the overall pattern.
Brodmann area 10 (anterior PFC) was also associated with the
genetic component, although with a less prominent contribution

to the overall pattern of the component (Figure 4B). In the G11
component, from the 473 SNPs used, 16 significantly contributed
to the component (Z-Threshold > ± 2.5). Enrichment analysis
showed significant pathway maps related to these SNPs such
as the transcription role of heterochromatin protein 1 (HP1)
family in transcriptional silencing (FDR = 0.001) and start of
DNA replication in early S phase on cell cycle (FDR = 0.018).
As for process networks, cell cycle S phase and mitosis
(FDR = 0.016) were significant, and gene ontology processes
were related to central nervous system development, more
specifically commissural neuron axon guidance (FDR = 0.001)
and regulation of mRNA processing (FDR = 0.025), response to
dsRNA (FDR = 0.011) and negative regulation of transcription by
RNA polymerase II (FDR = 0.017). This suggests that variations
in gray matter density from the identified regions (from B5)
and identified SNPs (from G11) vary together across the sample
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subjects and that subjects from high and low prenatal adversity
groups contribute differently to the overall data pattern of B5 and
G11 (Figures 4A,C).

DISCUSSION

This study aimed at examining the hypothesis that the effects
of prenatal exposure to adversity on cognitive trajectories are
moderated by the prefrontal BDNF gene network. Differential
response to prenatal exposure was captured using a novel
bioinformatics approach that provides a biologically-informed
genetic score, based on genes co-expressed with the BDNF in
the PFC. Significant associations between SNPs weighted by gene
expression and gray matter density at 8 to 10 years of age were
located mainly in distinct portions of the occipital, frontal, and
parietal cortex.

Longitudinally, high BNDF ePRS levels at the PFC were
associated with higher environmental susceptibility in predicting
the cognitive growth trajectory. Our data support the differential
susceptibility model that postulates that individuals that are more
likely to be affected by adverse environmental conditions are also
most likely to benefit from positive conditions (Belsky, 2013;
Belsky et al., 2018). The highest differences were observed in
later development (36 months). This result might be related
to the delayed messenger RNA expression in the PFC (Somel
et al., 2009) and corroborates the enrichment analysis done
with FUMA that shows different patterns of gene expression
especially at beginning of infancy (Figure 4). Previous research
found constancy on BDNF mRNA levels through development
in the hippocampus, and variability at the temporal cortex
with the highest expression in neonates that decreased with age
(Webster et al., 2006).

The neurobiological processes enriched in the BDNF ePRS
network were mostly associated with biosynthesis of complex
macromolecules, regulation of gene expression and RNA
transcription, maintenance of neuronal stem cells, neurogenesis,
and neuron development. This is in line with previous animal
research that proposes that BDNF system is critically involved
in neuron development (Jones et al., 1994), regulation of genes
that are associated with synaptic function (Mariga et al., 2015),
dendritic growth of cortical neurons (Martin and Finsterwald,
2011), and formation of the neural networks being secreted
locally by activity-dependent manner (Hayashi et al., 2007).

Going beyond the analysis of polymorphisms in G × E
studies, we integrated information about the gene network of the
BDNF with its function at the PFC in a specific developmental
period, taking advantage of a cumulative measure of prenatal
adversity that reflects a more global level of environmental
influence (Silveira et al., 2017; Camerota and Willoughby,
2019). Several mechanisms might be involved in the relation of
prenatal adversity and cognitive development, and the observed
moderation by the BDNF ePRS. For example, activity-dependent
transcription of BDNF is controlled by at least 9 distinct
promoters, partially mediated by dynamic changes in DNA
methylation (Martinowich et al., 2003; Sakata et al., 2009).
Boersma et al. (2013) have found evidence of reduced BDNF

expression in response to increased methylation of BDNF at the
exon IV in both the amygdala and the hippocampus of prenatally
stressed rat’s offspring. In humans, prenatal depressive symptoms
were also associated with the BDNF promoter IV region along
with NR3C1 1F (Braithwaite et al., 2015), suggesting that this
epigenetic marker is developmentally sensitive to the quality of
the early environmental exposure (Romens et al., 2015).

Another mechanism that may be involved, is the variability
of gene expression in different brain regions at different
developmental stages. In order to verify if the genes that
composed the PFC BDNF ePRS are co-expressed in infancy and
if the list of co-expressed genes is maintained in adulthood,
we used databases that included gene expression levels in the
human cortex. The heatmap obtained (Figure 2) demonstrates
that a high proportion of these genes have different expression
levels from early prenatal to late infancy, but others maintained
a similar pattern. The pattern of the specific genes that varied
from early prenatal to late infancy points to a special role of the
network during development, which may be implicated in the
relation of early life adversity effect on cognitive development
(Gold et al., 2003; Braithwaite et al., 2015).

To further explore the interaction between cumulative
prenatal adversity exposure with our genetic scores, we analyzed
the association of the BDNF ePRS weighted SNPs in relation and
brain matter density considering groups of high x low adversity.
The strongest associations were observed at Brodmann areas 19,
6, 18, and 7 that contributed bilaterally and both negatively and
positively to the overall pattern. The areas are related to visual
association processes, including visual-motor integration, feature
extracting, interpretation of images, attentional and multimodal
integrating functions, as well as planning of complex and
coordinated movements and convergence between vision and
proprioception (Gentile et al., 2011; Bear et al., 2016). Significant
associations were also found at the anterior PFC (Brodmann area
10). This area is involved in higher-order cognitive functions, for
instance, the processing of internal states, strategic processes in
memory recall, reallocation of attention, and more broadly the
integration of information from across the supramodal cortex
(Ramnani and Owen, 2004; Baird et al., 2013), all of which may be
associated with the differential responsiveness to environmental
adversity, as reflected in our main interaction finding.

Previous research indicates that prenatal exposure to tobacco
correlates with a decrease in cortical thickness in the orbitofrontal
cortex, in addition to the reduction in BDNF mRNA and protein
levels (Lotfipour et al., 2009; Yochum et al., 2014). Experimental
and prospective studies have shown that high pregnancy anxiety
is negatively associated with gray matter volume, spine density,
and dendritic complexity in the PFC (Murmu et al., 2006; Buss
et al., 2010) supporting the idea that prenatal adversity has
implications at the neurobiological and structural level.

The integration of genotype and gray matter data using p-ICA
analysis suggests that environmental conditions have an especial
impact on important neurodevelopmental processes. The G11
component is implicated in neural growth, DNA replication,
regulation of mRNA processing, and commissural neuron axon
guidance. The aforementioned processes are highly susceptible
to environmental influences via epigenetic factors including

Frontiers in Neuroscience | www.frontiersin.org 11 November 2021 | Volume 15 | Article 744743

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-744743 November 23, 2021 Time: 12:35 # 12

de Mendonça Filho et al. Prenatal Adversities and BDNF Co-expression Interaction

DNA methylation and histone acetylation changes (Martinowich
et al., 2003; Boulle et al., 2012; Braithwaite et al., 2015).
The central role that the BDNF plays in neural development,
learning, and memory processes suggests that prenatal exposure
to unfavorable intrauterine conditions may compromise proper
cognitive function via dysfunction of the BDNF system (Jones
et al., 1994; Gomez-Pinilla and Vaynman, 2005; Boersma et al.,
2013). The disruption of the BDNF network could be even more
critical to the more susceptible individuals identified in our study
since BDNF function have been repeatedly related to learning and
memory, as well as the somatosensory and visual cortices (Gold
et al., 2003; Lotfipour et al., 2009; Chiang et al., 2011; Xing et al.,
2012). Thus, the observed environmental groups’ differences in
common components of gray matter density and the weighted
SNPs appear to play a role in a complex phenotype such as
cognitive development.

Although long-lasting effects of prenatal adversity exposure
were observed in cognitive behavior and gray matter density,
we acknowledge that a continued influence of prenatal maternal
adversity during the postnatal period is mediated through the
quality of mother-infant interactions and the environmental
conditions (Monk et al., 2012). The quality of interactions
between caregivers and infants during the postnatal period can
have a profound impact on several developmental domains
predicting neuronal excitability and synaptic plasticity via
epigenetic pathways (Meaney, 2010; Nguyen et al., 2015; Ohta
et al., 2017). It is important to highlight that prenatal negative
exposure is not determinant of a negative outcome, but rather
offers possible optimistic opportunities for intervention during
postnatal development (Bos et al., 2009; Silva et al., 2020).

With this work we expect to contribute with the
understanding of how prenatal adversity and the BDNF
gene network shape neural and cognitive development, aiming at
ultimately inform and improve both prevention and intervention
endeavors, yet a few limitations should be addressed. This
study would benefit from replication in a different longitudinal
cohort specific to the age bands that comprised our sample
since during this period children go through several important
sensitive periods of development. The smaller sample size
of our neuroimaging study is also an aspect that suggests a
need for replication using a falsification approach to avoid
Type-I errors. Also, PFC subregions have been reported to
develop following temporally different trajectories (Shapiro
et al., 2017). Therefore, depending on the time when the
stressor is applied, distinct effects could be expected in these
different subregions, leading to later effects on specific aspects
of cognitive behavior. Distinct PFC regions have also been
shown to interact differently with the HPA axis: in rodents, GR
gene knockdown in the IL cortex potentiated CORT response
to a novel stressor in animals previously subjected to chronic
stress, while GR knockdown in the PL cortex did not result in
the same effect (McKlveen et al., 2013). In addition, functions
such as attentional flexibility, reversal learning, and working
memory, for example, are dependent on distinct PFC regions
(Birrell and Brown, 2000; Manes et al., 2002; McAlonan and
Brown, 2003; Gisquet-Verrier and Delatour, 2006). Although
exposure to post-natal stress can have opposing effects on

dendrite structure and spine density in distinct PFC regions,
such as mPFC and OFC (Liston et al., 2006), specific effects of
prenatal stress on neuronal structure according to different PFC
regions are less studied. Unfortunately, the database (GTEx)
used to calculate our polygenic score did not have expression
data available from distinct PFC regions. We believe that
future studies approaching this point considering specific PFC
regions are warranted.

The broader literature on G x E contains few reports of a
network approach specific to a determined brain region, use
of psychometric modeling to obtain cognitive development
trajectories, and the integration of genotype data with
neuroimage. We demonstrated that the PFC BDNF gene
network moderates the association between exposure to
cumulative prenatal adversity and cognitive growth. Our
results provide support for the developmental origins of health
and disease (DOHaD), along with prenatal fetal programing
of biological mechanisms, and differential susceptibility
hypotheses (Silveira et al., 2007; Belsky, 2013; Barth et al.,
2019). The focus on genes co-expressed with the BDNF allowed
us to identify different patterns of enrichment throughout
developmental stages that are in line with the multiple
sensitive periods of brain development (Knudsen, 2004).
It also made it possible to inspect specific pathways more
comprehensively than the candidate-gene approach (Silveira
et al., 2017). Thus, we expect to contribute to the understanding
of neurobiological processes of cognitive development, and
how prenatal adversity exerts a long-term influence on this
complex phenotype.
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