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Animal and human studies have documented the existence of developmental windows (or sensitive periods) when experience can
have lasting effects on brain structure or function, behavior, and disease. Although sensitive periods for depression likely arise
through a complex interplay of genes and experience, this possibility has not yet been explored in humans. We examined the effect
of genetic pathways regulating sensitive periods, alone and in interaction with common childhood adversities, on depression risk.
Guided by a translational approach, we: (1) performed association analyses of three gene sets (60 genes) shown in animal studies to
regulate sensitive periods using summary data from a genome-wide association study of depression (n= 807,553); (2) evaluated
the developmental expression patterns of these genes using data from BrainSpan (n= 31), a transcriptional atlas of postmortem
brain samples; and (3) tested gene-by-development interplay (dGxE) by analyzing the combined effect of common variants in
sensitive period genes and time-varying exposure to two types of childhood adversity within a population-based birth cohort (n=
6254). The gene set regulating sensitive period opening associated with increased depression risk. Notably, 6 of the 15 genes in this
set showed developmentally regulated gene-level expression. We also identified a statistical interaction between caregiver physical
or emotional abuse during ages 1–5 years and genetic risk for depression conferred by the opening genes. Genes involved in
regulating sensitive periods are differentially expressed across the life course and may be implicated in depression vulnerability.
Our findings about gene-by-development interplay motivate further research in large, more diverse samples to further unravel the
complexity of depression etiology through a sensitive period lens.
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INTRODUCTION
Sensitive periods are stages of heightened plasticity when
experience can have particularly strong and enduring effects on
brain structure, behavior, and health [1–5]. To date, sensitive
periods have been most commonly studied with respect to
sensory systems and related domains, including vision, hearing,
and language learning, in animals [6–8] and humans [9, 10]. This
research has revealed that sensitive period plasticity occurs
through an orchestration of genes and life experiences [11, 12].
As shown in Fig. 1 and previously summarized elsewhere [12],
robust evidence from in vivo experiments with genetically
modified mice or rats has shown that several dozen genes
regulate the opening, closing, and expression of sensitive periods
in the visual and auditory systems [12–15]. For instance, some
opening genes (e.g., Bdnf or Gad2 [12, 16, 17]) initiate, accelerate,
or delay the onset of sensitive periods by regulating parvalbumin
(PV) cell maturation and altering the ratio of excitatory and

inhibitory circuit activity. Some closing genes (e.g., Acan and Rtn4r)
can regulate the formation of perineuronal nets (PNNs), which
operate as a “molecular brake” of sensitive period plasticity [18].
Expression genes (e.g., Nr2a or Stat1 [19, 20]) maintain the
duration of sensitive periods by circuit rewiring and consolidation.
Beyond the primary sensory cortex, these genetic pathways have
been recently implicated in plasticity mechanisms that configure
the prefrontal cortical network [21], which regulates cognition and
mood [8, 18, 21]. Thus, alterations in genetic pathways involved in
sensitive period regulation have developmental impacts across
brain regions and could give rise to varying levels of psychiatric
vulnerability.
To that end, accumulating evidence from molecular studies

suggest genetic dysregulation of sensitive period plasticity may
explain risk for neuropsychiatric disorders. For instance, in mouse
models of autism, researchers observed mistimed sensitive period
onset due to premature or impoverished PV circuits [22, 23]. In
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both clinical patients and animal models, reduction of sensitive
period triggers (PV+ interneurons) or molecular brakes (PNNs)
and sensitive period-related transcriptional or epigenetic aberra-
tions confer greater risk for schizophrenia [22–24]. Recent findings
from large-scale genome-wide association studies (GWAS) also
point towards associations between variants located in genes
implicated in sensitive period regulation (e.g., GABBR1
[22, 23, 25, 26], GRIN2A [24, 27–30], NCAM1 [26, 31], and NCAN
[30]) and neuropsychiatric illnesses such as schizophrenia,
depression, and bipolar disorder.
Environmental perturbations during sensitive periods are also

associated with risk for neuropsychiatric disorders [32, 33].
Observational epidemiologic studies in humans show that
exposure to childhood adversity may have time-dependent effects
on brain structure and function [34], as well as social, emotional,
and behavioral processes, ranging from fear conditioning to stress
reactivity and psychopathology symptoms [4, 35, 36]. This work
has generally found that adversity during the first 5 years of life is
associated with the greatest risk for psychiatric outcomes relative
to exposure after age 5 years or no exposure [4]. Adversity is
thought to disrupt sensitive period functioning through
experience-expectant processes, wherein the brain is primed
through genetic instruction during restricted periods of develop-
ment to expect a normative set of environmental inputs [37].
Experiences of childhood adversity, including acts of social
commission (e.g., physical or sexual abuse) or social and material
omission (e.g., neglect, poverty) [38]) are therefore understood as
violations of expected environmental inputs that can lead to
impaired brain plasticity and mental disorders [39].
Depression is thought to be governed by the interplay between

genetic variations and time-dependent experiences over the life
course [40, 41]. Although the timing and duration of depression-
related sensitive periods are unknown, preclinical and molecular
studies have implicated sensitive period biology in the etiology of
depression. For example, the molecular signature of sensitive
period closure, PNNs, has protective effects against oxidative
stress [42]. Oxidative stress responses are connected to the
pathophysiology of major depressive disorder (MDD) [43, 44] and
are impacted by childhood adversity [45, 46]. Moreover, deficits in
GABAergic transmission, which plays a key role in regulating
sensitive period timing, can alter susceptibility to early-life stress

[47]. Therefore, stress exposures during developmental periods of
heightened vulnerability may give rise to more severe symptoms
of depression, especially among individuals with genetic variation
linked to disrupted sensitive period timing [47–49].
However, to our knowledge, no studies have investigated the

independent and joint roles of gene sets regulating develop-
mental plasticity and exposure to time-varying early-life adversity
on depression risk. Here we pursued the overarching hypothesis
that genetic variation governing sensitive period plasticity
interacts with adverse life experiences during specific develop-
mental windows to shape risk for depression. We tested this
hypothesis using a translational approach, bridging and triangu-
lating sources of evidence (from animal models and human
studies) [50], types of data (cross-sectional and longitudinal), and
disciplines (genetics, developmental neuroscience, and epidemiol-
ogy). Adopting a pathway-based approach similar to previous
studies on neuropsychiatric disorder etiology [51, 52], we focused
on three sets of genes encompassing existing molecular evidence
for sensitive period biology, which regulate the opening (n= 15
genes), closing (n= 39 genes), and expression (n= 8 genes) of
sensitive periods (conceptual framework shown in Fig. 1). These
genes were identified from a thorough review of preclinical
literature on genetic variation involved in regulating develop-
mental plasticity. Given the predominance of evidence from
sensory cortex, we focused mainly on these brain regions while
reviewing the literature, although similar mechanisms have been
identified in subcortical structures [53–55]. The following three
research questions are sequentially investigated (as shown in
Fig. 2):

(1) Does variation in sensitive period genes identified from
animal models predict risk for depression in humans?

(2) Are the sensitive period genes implicated in depression risk
developmentally regulated? If so, can we identify variants in
these genes that function as developmental expression
quantitative trait loci (which we refer to as “d-QTLs”),
shaping developmental timing of expression patterns in
the brain?

(3) Does variation in sensitive period genes interact with time-
dependent effects of adversity to shape levels of depressive
symptoms? In other words, is there evidence for develop-
mental gene–environment interplay (dG × E)?

METHODS AND MATERIALS
Research question 1: examining the association between
sensitive period gene sets and risk for depression
Genetic data. To evaluate the strength of association between genetic
pathways involved in regulating sensitive period functioning and risk for
depression, we analyzed summary statistics from a GWAS meta-analysis of
depression, comprising 414,055 cases and 892,299 controls from 3 large-
scale depression samples: UK Biobank, the Psychiatric Genomics Con-
sortium, and 23andMe, Inc. [56]. Across subsamples, depression was
defined using minimal (e.g., self-reported symptoms) and deep phenotyp-
ing (e.g., structured clinical interviews) approaches. Therefore, the analyses
captured genetic architecture of general depression, rather than strict
clinical diagnosis of MDD. Details about the genotyping and quality-control
procedure are provided by Howard et al. [56].

Data analysis. We pursued a pathway analysis of summary data from the
meta-analysis described above. Specifically, we performed competitive
gene-set analyses using the Multi-marker Analysis of GenoMic Annotation
(MAGMA) software (Version 1.06) [57]. MAGMA uses a nested approach to
first summarize single-nucleotide polymorphism (SNP)-level associations
into gene-level associations and then gene set-level associations, allowing
for the detection of aggregated signals at even modest levels. In the
current analysis, SNP-level estimates were obtained from the meta-analysis
of depression described above [56]. For the gene-level analyses, we
annotated each of the SNPs reported in the summary data to genes using

Fig. 1 Gene sets regulating three aspects of sensitive period
functioning in the sensory systems of rodents. Gene sets identified
by Hensch [13] and Takesian and Hensch [12]. Opening genes: BDNF,
ARNTL, CLOCK, GABBR1, GABRA1, GABRA2, GABRB3, GAD1, GAD2,
SLC6A1, NTRK2, OTX2, NPTX2, HTR3A, CHRNA4. Closing genes:
OTX2, GCLC, GCLM, LYNX1, MAG, MBP, HLA-C, HLA-A, HLA-B, PODN,
LILRB3, LILRB1, PTPRS, RTN4, ACAN, BCAN, HAPLN1, HAPLN3, HAPLN4,
NCAN, PTS, TNR, VCAN, ADAMTS15, ADAMTS4, ADAMTS8, CSGALNACT1,
HAS1, HAS2, HAS3, MME, MMP15, MMP24, MMP3, MMP8, DLG4, PILRB,
CAM5, NCAM1. Expression genes: CREB1, KCNK2, NGF, GRIN2A, DLG4,
PVALB, STAT1, TNF. (Note: 60 genes are presented in total; OTX2 and
DLG4 are duplicated).
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human genome build 37 (hg19) as the reference. Gene-level p-values were
calculated using the sum of −log(p-values) of all tested SNPs within a
gene, defined as the region between the transcription start and stop sites
of each gene [57]. For the gene set-level analyses, we grouped the
60 sensitive period genes into their respective sets based on their
biological functions (Fig. 1). To perform a competitive gene-set analysis, we
compared the gene-level results for our three sensitive period gene sets to
the gene-level results of the rest of the genome; this test determined
whether the average association between genes in the given set and
depression was stronger than that of other genes not in the set. We
included a corrected p-value that empirically accounted for multiple
testing, using 10,000 random permutations. In contrast to single genetic
variant-level analyses, this gene-set approach tested specific biological
pathways to assess their potential as therapeutic targets [57]. Moreover, in
the context of polygenicity (i.e., thousands of loci each conferring modest
risk), aggregating functionally consistent signals can substantially improve
statistical power [40, 58].
Of note, five genes in our analysis were located in the major

histocompatibility complex (MHC), a region of the genome involved in
human immunity that contains polymorphic loci with long-range linkage-
disequilibrium (LD) patterns [59]. Although these features could make
interpretation of SNP-level associations more difficult, we did not remove
SNPs in the extended MHC region, as LD is explicitly modeled in MAGMA
to produce unbiased results (see Supplemental Materials).

Research question 2: investigating the developmental
regulation of depression-implicated sensitive period gene sets
Gene expression data. We investigated the temporal expression patterns
of sensitive period genes within the left hemisphere of three brain regions
involved in the pathophysiology of depression (amygdala, hippocampus,
and medial prefrontal cortex (mPFC)) [60]. Data came from BrainSpan
[61, 62] (http://www.brainspan.org), a transcriptional atlas of healthy,
postmortem brain donors (ages 5.7 weeks post conception to 82 years)
without large-scale genomic or other abnormalities (see Supplemental

Materials). In brief, the 31 postnatal donors studied represented both sexes
(42% were female) and were predominantly of European ancestry (58%).
BrainSpan investigators classified donors by developmental stage at time
of death: 0–5 months (n= 3); 6–11 months (n= 3); 1–5 years (n= 2); 6–11
years (n= 3); 12–19 years (n= 4); 20–39 years (n= 9); 40–59 years (n= 4);
and 60+ years (n= 3). Prenatal donors and the right hemisphere data
were not analyzed here, due to lack of data suitability or availability (see
Supplemental Materials).
Quality-controlled, quantile-normalized exon microarray data [63] were

downloaded from Gene Expression Omnibus (GSE25219). For each brain
region, expression levels for all probes within an exon were averaged to
obtain an expression value for each exon. Probes were annotated to genes
using the UCSC Human Genome (hg19) reference sequence. Similar to
prior studies [64, 65], we used the median of all exons within each gene as
the estimate of gene expression. Expression values are presented in log(2)
values; thus, each one-unit difference represents a doubling of expression.
Although RNA-sequencing data were available in BrainSpan, that dataset
contained only one-third of the sample size, which was too small for our
analysis (see Supplemental Materials).

Data analysis. To investigate whether the expression patterns of sensitive
period genes were developmentally regulated, we tested the hypothesis
that developmental stage at the time of death explained a significant
amount of variation in gene expression. Specifically, we performed
multiple regression analysis using an omnibus F-test to compare the full
model (with developmental stage included as a categorical variable) to a
baseline model (only adjusting for two principal components capturing
genetic ancestry). The amount of variation in gene expression additionally
explained by developmental stage was quantified using the increase in R2.
To reduce multiple testing burden, we focused only on genes in the gene
sets associated with depression risk from analyses of the first research
question.
Further, to explore whether certain genetic variants could shape

developmental expression patterns of sensitive period genes implicated

Fig. 2 Systematic approach to examining the role of sensitive period-regulating genes, alone and in interaction with exposure to
adversity, on risk for depression. We approached the above three questions systematically and sequentially, with results from each stage of
analysis guiding our approach at the next stage. Specifically, gene sets associated with depression risk in question 1 analysis were used to
address question 2, where we characterized the developmental trajectories of their gene expression levels and examined whether the
trajectories were shaped by certain variants. Similarly, variants annotated to genes in gene sets associated with depression risk were used to
compute a gene-set genetic risk score in question 3. Results from question 2 analysis suggested the existence of a biologically defined
sensitive period based on levels of gene expression, which guided how the timing of environmental exposure was parameterized in question
3 analysis.
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in depression, we tested the interactions between genotype and
developmental stage on expression. Genotype was included as a
categorical variable instead of the conventional additive model, to capture
the potential nonlinear relationship between genotype and trajectories of
gene expression; developmental stage was modeled as an ordinal variable,
with both linear and quadratic effects to account for nonlinearity while
retaining model parsimony. An F-test was then performed to compare the
genotype-by-developmental timing model (with the interaction terms) to
the baseline model (without the interaction terms). Of note, we restricted
these exploratory analyses to the mPFC, as we saw the most evidence for
developmental regulation in this brain region. More details are provided in
Supplemental Materials.

Research question 3: investigating interactions between
genome-wide and gene set-level genetic liability to
depression, timing of exposure to adversity, and depressive
symptoms in development (i.e., dG × E)
Dataset and measures. To examine potential dG × E, we analyzed data
from 6254 child participants in the Avon Longitudinal Study of Parents and
Children (ALSPAC), a UK-based prospective, longitudinal birth cohort of
children followed for more than two decades [66–68]. Approval for the
study was obtained from the ALSPAC Ethics and Law Committee and the
Local Research Ethics Committees. Consent for biological samples was
collected in accordance with the Human Tissue Act 2004 [69]. More details
are available on the ALSPAC website, including a fully searchable data
dictionary: http://www.bristol.ac.uk/alspac/researchers/our-data/.
The analytic sample included all participants who were genotyped and

had data on the outcome, average depressive symptoms from 10.5 to 23
years of age [70, 71]. Details about the genotype data collection and
quality-control procedure are provided in Supplemental Materials.
Depressive symptoms across adolescence and into young adulthood were
measured by averaging clinically administered and child self-reports of
depressive symptoms using the Short Mood and Feelings Questionnaire
[72] (Supplemental Materials). We focused on average symptoms to
maximize the analytic sample size and measure general levels of
symptoms across development.
We studied two commonly occurring and frequently studied types of

adversity, both of which have been consistently associated with
psychopathology symptoms in childhood [73] and adulthood [74, 75].
They represent examples of how expectations of environmental inputs
may be disrupted during development [76, 77]. Prior literature [73, 78] and
our own analyses (see Supplemental Materials) provided converging
evidence of a time-dependent relationship between exposures to socio-
economic disadvantage or caregiver physical or emotional abuse and
depressive symptoms. Socioeconomic disadvantage was measured as a
time-varying construct based on maternal reports of the extent to which
the family had difficulty affording items for the child, rent or mortgage,
heating, clothing, or food. Similarly, caregiver physical or emotional abuse
was measured through repeated assessments completed by the mother
and her partner, which reported whether either of them had been
physically or emotionally cruel to the child. Exposure was defined as a
three-level variable: no exposure before age 10.5 years, exposure during
ages 1–5 years, and exposure at other time points outside the sensitive
period (grouped into before or after the sensitive period).

Data analysis. Using summary statistics provided by Howard et al. [56] as
weights, we generated a polygenic risk score (PRS) representing risk for
depression conferred by common variants in the gene set(s) associated

with depression in analyses of the first research question (3617 SNPs
before clumping). As a comparison, we additionally generated a genome-
wide PRS including all SNPs associated with depression in the summary
statistics at the threshold of p < 0.05. Prior to computing the PRS, clumping
was performed to eliminate SNPs that were in high LD (r2 > 0.25). PRS
calculations were conducted in PLINK 1.90 [79].
All analyses controlled for the following covariates (measured at

childbirth): sex, maternal age, number of previous pregnancies, home
ownership, highest level of maternal education, and maternal marital
status. We also adjusted for the top four genetic principal components to
control for population stratification. To reduce potential bias and maximize
statistical power, missing exposure and covariate data were multiply-
imputed using the MICE package [80] in R among participants with data on
average depressive symptoms. All subsequent multiple regression analyses
were performed using 20 imputed datasets. Estimates were combined to
account for variation between- and within-imputed datasets. To examine
whether patterns of developmental gene-by-environment interplay
differed between male and female participants, we performed sex-
stratified analyses as a secondary investigation.

RESULTS
Are genetic pathways involved in regulating sensitive periods
associated with depression risk?
Of the three gene sets examined, only the gene set regulating the
opening of sensitive periods was associated with risk for
depression (corrected p-value= 0.01, Table 1). There was no
evidence for associations between gene sets involved in the
closing or expression of sensitive periods and depression risk.

Are sensitive period genes implicated in depression risk
developmentally regulated?
Developmental stage was significantly associated with expression
levels in six opening genes, explaining up to 54% of the additional
variation in gene-level expression beyond genetic ancestry
(Supplemental Table S1). We observed evidence for develop-
mental regulation in the mPFC but not hippocampus or amygdala
(Fig. 3). Three of the six opening genes with evidence of
developmental regulation had a nadir of expression between
ages 1 and 5 years: gene expression levels between ages 1 and 5
years were significantly different from other time points at GABRA1
(β=−2.33, 95% confidence interval (95% CI) [−3.47, −1.19], p=
3 × 10−4), GAD1 (β=−1.88, 95% CI [−2.78, −0.98], p= 2 × 10−4),
and GAD2 (β=−2.32, 95% CI [−3.25, −1.39], p= 2 × 10−5).
We further examined whether genotype was associated with

developmental expression of these genes. To identify SNPs
associated with developmental gene expression (d-QTLs), we
tested SNP-by-age interactions on expression levels of the
opening genes. Analyses were limited to the mPFC and examined
144 independent SNPs (Supplemental Materials).
We found nominal evidence (p < 0.05) for SNP-by-age interac-

tions at five loci (Supplemental Table S2), with two SNPs
(rs1442060, an intron variant in GABRA2; rs7900976, an intron
variant in GAD2) showing significant associations after accounting
for the number of SNPs tested within each gene. GABRA2 was

Table 1. Gene-set association analysis for genetic pathways regulating sensitive periods using data from a genome-wide meta-analysis of depression
(n= 807,553).

Gene set (sensitive period functioning) Number of genes β SE Unadjusted p-value Corrected p-value

Opening 15 0.84 0.31 0.0032 0.01

Closing 39 0.27 0.18 0.0656 0.1806

Expression 8 0.03 0.42 0.4743 0.8493

These results came from the most recent genome-wide meta-analysis of depression [53]. Using the Multi-marker Analysis of GenoMic Annotation (MAGMA)
software, we first annotated SNPs to genes, ran a gene-level analysis, and then ran a competitive gene-set analysis using the gene sets as described, testing the
null hypothesis that genes in the tested gene set were jointly no more associated with the phenotype than genes not in the gene set. The corrected p-value
refers to p-values based on 10,000 random permutations, which empirically accounted for multiple testing.
Bolded values indicate a corrected p-value < 0.05.
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upregulated early in life and downregulated later in life for both
major and minor allele homozygotes, whereas the expression level
was more stable over time for heterozygotes (Supplemental
Fig. S1). GAD2 was upregulated over time for major allele
homozygotes and downregulated for heterozygous individuals
(Supplemental Fig. S1). There were only two data points available
from homozygous minor individuals, so the trend over time was
not discernible. These findings suggest that genetic variants may
be associated with different patterns of gene expression over the
life course.

How does variation in sensitive period genes interact with the
timing of exposure to adversity to shape depressive
symptoms?
Average depressive symptoms across adolescence were heritable
in our sample (h2SNP= 9.1%, SE= 0.05, p= 0.03). The genome-
wide PRS for depression was significantly associated with average
depressive symptoms (β= 0.40, 95% CI [0.30, 0.49], p < 1 × 10−22).
The gene set-level PRS representing all SNPs annotated to

the opening genes did not have a main effect on the outcome
(β=−0.01, 95% CI [−0.11, 0.08], p= 0.76). Socioeconomic
disadvantage showed a time-dependent association with
depressive symptoms. Specifically, exposure between ages 1

and 5 years was associated with increased symptoms (β= 0.84,
95% CI [0.57, 1.11], p= 7.86 × 10−10). This effect estimate was
twice as large as the increase associated with exposure at other
time points (β= 0.37, 95% CI [−0.01, 0.74], p= 0.05). Exposure
to caregiver physical or emotional abuse during both time
periods, meaning between ages 1–5 years or at other time
points outside this range, had similar associations with
increased depressive symptoms (βages1–5 = 0.87, 95% CI [0.54,
1.20], p= 3.08 × 10−7; βother = 0.83, 95% CI [0.47, 1.19], p=
6.23 × 10−6; Supplemental Tables S5 and S6).
When assessing the main genetic and environmental effects

additively, we observed similar patterns: both the genome-wide
PRS and childhood adversity exposures were associated with
depressive symptoms, and no effect of gene set-level PRS was
detected (Fig. 3, Models 4 and 5). Although there was no evidence
supporting dG × E for socioeconomic disadvantage (Fig. 3, Models
6 and 7), we found evidence for dG × E effects for caregiver
physical or emotional abuse. Specifically, the opening gene PRS
was unassociated with depressive symptoms among participants
reporting no exposure or exposure at time points outside the
sensitive period, whereas a higher opening gene PRS was
associated with higher levels of depressive symptoms among
participants exposed between ages 1 and 5 years (Fig. 4, Model 7).

Fig. 3 Temporal expression patterns of genes involved in regulating the opening of sensitive periods. AMY, amygdala; HIP, hippocampus;
mPFC, medial prefrontal cortex. Thicker lines indicated a significant association between developmental stage and gene expression (i.e.,
developmental regulation) based on results from multiple regression analyses. The evidence for developmental regulation was found in the
mPFC. In particular, three genes showed decreased expression between ages 1 and 5 years (GABRA1, GAD1, and GAD2).
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These findings suggest that signals for gene-by-development
interplay may be adversity and pathway specific (Fig. 5).
In testing for sex-specific effects, we also observed opposing

effect estimates for opening gene risk scores and the effects of
childhood adversity on depressive symptoms, which revealed a
general pattern of females being at greater risk than males
(Supplemental Materials).

DISCUSSION
Three notable findings emerged from our analyses. First, we found
that genetic variation in genes governing the onset of sensitive
periods was associated with risk for depression at the population
level. Although the mechanism underlying this association
remains unknown, we posit that, because these genes regulate
the initial maturation of inhibitory signaling during early devel-
opment [6, 12], their altered function might therefore delay the
onset of sensitive period plasticity. Such effects could result in
aberrant responses to external stimuli during the process of fear
learning and other cognitive functions critical to affective
development [81], and thus increase the risk for depression and
other neuropsychiatric disorders. Notably, OTX2, one of the genes
involved in sensitive period onset, mediates the effect of early-life
stress on brain structures implicated in depression and lasting
susceptibility to stress both in animal models and in humans
[82, 83].
By contrast, we found no effect of genetic pathways involved in

the duration or closure of sensitive periods on depression. The
lack of association with closing genes is somewhat surprising
given previous studies suggesting that PNN maturation plays an
instrumental role in the emergence of higher-order functioning

(e.g., social memory formation) [84] and has protective effects
against toxic stress exposures [42]. The lack of evidence from our
study could be due to the heterogeneity among genes included in
the closing set. Among the 39 genes in this set, some relate to the
formation of PNNs (e.g., ACAN, RTN4R), whereas others affect
myelin and myelin-associated inhibitors that restrict plasticity (e.g.,
PIRB) [12]. Although these 39 genes all regulate the closure of
sensitive periods, they had mixed effects on depression risk.
Namely, only 11 out of the 39 genes showed gene-level
associations with depression risk (Supplemental Table S7 and
Fig. S2). We analyzed the entire closing set to preserve the
biological interpretation of this pathway and avoid cherry-picking;
however, testing somewhat heterogeneous genes as one pathway
might have diluted the signals.
Second, we showed that genes involved in sensitive period

functioning were developmentally regulated in the mPFC,
although not the hippocampus or amygdala. Configurations of
the prefrontal cortical network during sensitive periods have been
implicated in different developmental trajectories and vulner-
ability to neuropsychiatric disorders, suggesting that plasticity of
mPFC may play a prominent role in development [21]. The
absence of evidence for developmental regulation in the
amygdala or hippocampus was unexpected, because the trajec-
tories of GABAergic signaling markers in these regions vary over
time in animal models [85]. Our inability to identify time-varying
patterns in these regions could be attributed to the limited sample
size; although they were not significant, some genes (e.g., GABRA1,
GAD1, and GAD2) did show similar trends of expression in the
amygdala and hippocampus. The lack of discernable develop-
mental regulation might also be due to variability in inhibitory
mechanisms across subregions of brain structures. For example,

Fig. 4 Effect estimates of the main genetic effects, main environmental effects, and G × E interactions using data from ALSPAC
(n= 6254). Thicker lines indicate that the estimates are statistically significant at p < 0.05/7= 0.007, accounting for testing 7 models.
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the dorsal and ventral mPFC have opposing effects on fear
expression and extinction, limiting the ability to detect differences
when analyzing the mPFC as a whole [86, 87]. We were unable to
tease apart substructure differences in the current study, as
subregion data were unavailable.
Moreover, the nadir in expression levels of opening genes

between ages 1 and 5 years suggests that the regulation of these
genes is particularly relevant during this time period. This decline in
the transcription of plasticity-related genes co-occurred with
reported periods of decreased synaptogenesis and increased
pruning or maturation of the central nervous system, which may
signal the start of developing higher-order cognition or more
complex behavior [88, 89]. Although previous literature has pointed
to heightened sensitivity to stress in mPFC during adolescence due
to dysregulated glucocorticoid production [90], our results point to
an earlier period of developmental sensitivity marked by the
downregulation of GABA signaling pathways. However, we were
unable to fully disentangle different patterns between individuals
across time due to the lack of repeated gene expression measures.
Future studies are needed to confirm the importance of the
developmental window between ages 1 and 5 years for the
regulation of these opening genes. We also provided a proof of
concept for identifying genetic loci predicting developmental
regulation of genes—which we call d-QTLs. Although our results
are preliminary given the restrictions of sample size and data
availability, the d-QTL framework holds potential for studying the
heterogeneity of sensitive period timing and responsivity across
individuals with different genetic profiles.
Third, in a population-based sample of adolescents, we did not

observe any main effects of genetic risk for depression conferred by
the opening gene-set pathway. However, we found evidence for its
interaction with exposure to caregiver physical or emotional abuse
during a potential sensitive period, ages 1–5 years. This gene-by-
developmental interplay suggests that variation in the genetic
regulation of sensitive period onsets may exert little or no influence
on depression risk in children receiving typical environmental inputs.
However, when coupled with a stressful environment during specific
periods of development, a higher genetic predisposition toward

dysregulated sensitive periods could lead to heightened vulner-
abilities [91]. As this interaction was only observed for one type of
childhood adversity, the mechanisms underlying the biological
embedding of exposures and psychopathology could be adversity
specific. Socioeconomic disadvantage captures elements of both
material deprivation and heightened psychosocial stress. Exposure
in early life, especially during a sensitive period of plasticity, could
have a lasting impact on development through structural alterations
in the social environment [92, 93] or other biological mechanisms,
including epigenetic regulation or genetically orchestrated neural
mechanisms such as glucocorticoid dysregulation, which may
ultimately alter individual responses to early-life stress [90, 92]. In
addition, our data came from a homogeneous sample of European
ancestry children in the United Kingdom, where most families of
participants were relatively socioeconomically advantaged [67].
Thus, we were unable to capture large detrimental effects of
extreme financial hardship and their potential interactions with
genetic variation.
Several limitations of our study are noted. First, we focused on

the analysis of sensitive period-regulating genes that were first
identified from rodent studies of primary sensory cortical
structures. Nevertheless, similar sensitive period mechanisms are
implicated in the plasticity of more evolutionarily conserved
subcortical structures [94], such as the amygdala and hippocam-
pus. For example, Gogolla et al. [53] showed that formation of
PNNs coincided with a developmental critical period of fear
extinction in the amygdala. If and when other key genetic
components of developmental plasticity in subcortical regions
emerge, future population-based studies should further examine
those pathways. Second, the lack of detailed phenotypic data in
BrainSpan made it impossible for us to test whether the
developmental regulation of genetic pathways was impacted by
life experiences, and whether different trajectories may contribute
to depression risk. By studying associations between phenotypic
experiences and gene expression levels across time in humans,
future studies can better link observable environmental risks to
underlying molecular changes. Further, the limited sample size in
BrainSpan reduced the generalizability and power of our analyses,

Fig. 5 Associations between gene set-level PRS of the opening genes and depressive symptoms at different levels of exposure to
childhood adversity, predicted by multiple regression modeling. Depressive symptoms were measured using the Short Mood and Feelings
Questionnaire, which ranged on a scale of 0–26, as represented on the Y-axis. The opening genetic score summarizes genetic variations
associated with depression in a set of genes involved in regulating the opening of sensitive periods, based on primarily preclinical studies of
cortical regions of the brain. The intercepts and slopes plotted above were based on fitted regression models examining potential gene-by-
development interplay using data from the ALSPAC (Fig. 4, Model 7). A Lines representing a linear relationship between the opening genetic
score and depressive symptoms in different exposure groups did not show any obvious patterns of cross-over. B We observed evidence for
a statistical interaction, where a positive association between the genetic score and depressive symptoms was only observed for individuals
exposed to caregiver physical or emotional abuse between ages 1 and 5 years in B.
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which should be addressed when larger databases of brain gene
expression across the life span become available. Third, measures
of depression varied across research questions: whereas depres-
sion examined in Question 1 (from the GWAS of depression) was a
minimally phenotyped binary construct, depressive symptoms
were measured through research-clinic administered and self-
reported questionnaires in Question 3 (ALSPAC). Although a
minimal phenotype may still yield important biological insights in
large samples [95], discrepancies between phenotype operatio-
nalizations should be kept in mind as we draw connections across
datasets. Fourth, all three data sources comprised predominantly
White populations, restricting the generalizability of our findings.
As African American and non-White Hispanic adolescents
experience a greater burden of childhood adversity [96, 97],
interactions between genetic risk and environmental exposures
may also disproportionally contribute to susceptibility for mental
health disorders in racial and ethnic minority populations and
perpetuate health disparities [98]. It should remain a priority of
neuropsychiatric genetic studies to expand the recruitment and
research of non-White samples [99]. Larger individual studies or
meta/mega-analyses including high-risk samples of marginalized
communities and rigorous assessments of phenotypes are also
warranted.
In conclusion, our study provides a translational model for

testing novel neurobiological pathways, triangulating concepts
and data from genetics, developmental sciences, and epidemiol-
ogy. Through the integration of genetic risk, experiences over the
life course, and physiological markers across domains of
functioning, interdisciplinary translational studies hold great
potential to unravel the complexity of depression etiology and
identify novel targets for prevention or intervention.
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