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Time moderates the interplay between 5-HTTLPR and stress on
depression risk: gene x environment interaction as a dynamic

process
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The serotonin-transporter-linked promoter region (5-HTTLPR) has been widely investigated as contributing to depression
vulnerability. Nevertheless, empirical research provides wide contrasting findings regarding its involvement in the etiopathogenesis
of the disorder. Our hypothesis was that such discrepancy can be explained considering time as moderating factor. We explored
this hypothesis, exploiting a meta analytic approach. We searched PubMed, PsychoINFO, Scopus and EMBASE databases and
1096 studies were identified and screened, resulting in 22 studies to be included in the meta-analyses. The effect of the 5-HTTLPR x
stress interaction on depression risk was found to be moderated by the following temporal factors: the duration of stress (i.e.
chronic vs. acute) and the time interval between end of stress and assessment of depression (i.e. within 1 year vs. more than 1 year).
When stratifying for the duration of stress, the effect of the 5-HTTLPR x stress interaction emerged only in the case of chronic stress,
with a significant subgroup difference (p = 0.004). The stratification according to time interval revealed a significant interaction only
for intervals within 1 year, though no difference between subgroups was found. The critical role of time interval clearly emerged
when considering only chronic stress: a significant effect of the 5-HTTLPR and stress interaction was confirmed exclusively within
1 year and a significant subgroup difference was found (p = 0.01). These results show that the 5-HTTLPR x stress interaction is a
dynamic process, producing different effects at different time points, and indirectly confirm that s-allele carriers are both at higher
risk and more capable to recover from depression. Overall, these findings expand the current view of the interplay between

5-HTTLPR and stress adding the temporal dimension, that results in a three-way interaction: gene x environment x time.

Translational Psychiatry (2022)12:274; https://doi.org/10.1038/541398-022-02035-4

INTRODUCTION

Stress represents one of the most relevant risk factors for
psychopathologies, including major depression [1, 2]. However,
vulnerability to stress differs among individuals and its con-
sequences are not predictable just by taking into account the
magnitude of the stressor. While serious life-threatening stressful
events do not affect some individuals, milder stressors may trigger
depression in others [3].

Among the factors that potentially explain inter-individual
differences in the vulnerability to stress, gene x environment
interactions, where different alleles of a polymorphism moderate
the effect of the environment on the individual, play a key role [4].
One of the most investigated polymorphisms concerns the
promoter region of the serotonin transporter gene (5-HTTLPR).
The short (s) allele is associated with a reduced transcription level
of the serotonin transporter compared with the long () allele [5, 6].
The action of the 5-HTTLPR in interaction with the environment
has been described for the first time by Caspi and collaborators
[7]. They reported that individuals carrying either one or two

copies of the s allele are more likely to develop major depressive
disorder in response to stress than individuals homozygous for the
| allele. Since then, many studies have confirmed these findings
[8-11]. However, many others reported no evidence of such
interaction [12-14]. Meta-analyses, also, have come to discordant
conclusions [15-19], proposing various reasons to reconcile these
discrepancies including differences in study design and in the
methodologies used in the assessment of psychopathology.
Recently, the view of 5-HTTLPR as producing no relevant effects
is gaining momentum. One of the most recent and largest meta-
analyses on this polymorphism, exploiting different strategies to
subgroup individuals or variables, found no statistically significant
interaction between the 5-HTTLPR and stress [20].

The potential risk action of the 5-HTTLPR is classically
interpreted according to the diathesis-stress model which posits
that a specific allele is associated with high vulnerability. More
recently a different model—the differential susceptibility to
environment—has proposed that individuals bearing the different
alleles of the polymorphism do not differ in terms of vulnerability,
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but in terms of plasticity, i.e. the susceptibility to change
behavioral outcome [21-23]. This is an important conceptual shift
toward a novel theoretical framework: from viewing the two
alleles as associated to different traits of vulnerability (i.e.,
vulnerable or not vulnerable), to considering the polymorphism
as a regulator of a dynamic process (i.e., more or less plasticity).
Accordingly, here we hypothesized that the role of the 5-HTTLPR x
stress interaction clearly emerges when assessing its effects from a
dynamic process perspective. Given the critical role of time in
defining dynamic processes, we expected that temporal factors,
such as duration of stress and the length of the time interval
between end of stress and assessment of depression are key in
determining the outcome of the 5-HTTLPR x stress interaction. In
particular, interpreting the different levels of plasticity associated
to the two alleles as different rates of change in brain function and
behavioral outcome, we expect that (i) the different risk of
depression in s- and l-carriers emerges with time and is thus
evident only following chronic stress. In addition, (i) since
s-carriers are more plastic than I-carriers, they are both at higher
risk and more capable to recover. Therefore, s-carriers show
increased risk to depression only at short time intervals and the
5-HTTLPR x stress interaction is no more significant following long-
time intervals. Differences in the risk of depression when
stratifying studies for duration of stress (i.e. chronic vs. acute)
and time interval between the end of stress and assessment of
depression (i.e. within 1 year vs. more than 1 year) are expected to
confirm our hypothesis.

METHODS
Overview
This meta-analysis seeks to clarify the effect of the interaction between
5-HTTLPR and stress on depression (i.e., diagnosis or depressive symptoms)
and how time moderates such interplay. This review was registered with
PROSPERO (registration number: CRD42021286237) and was reported
according to the Preferred Reporting Items for Systematic reviews and
Meta Analyses statement (PRISMA) reporting guidelines (Supplementary
Methods 1).

Search strategy and selection criteria

A systematic literature search was conducted in four online databases
(PubMed, PsycholNFO, Scopus and EMBASE) from their inception to July
22th, 2020. The search strategy consisted of three main components: stress
(e.g., trauma* OR stress* OR adverse OR life event*), genetic polymorphism
of serotonin (e.g., 5-HTTLPR OR serotonin transporter gene polymorphism
OR serotonin transporter gene polymorphic region), and depression (e.g.,
depress* OR psychological distress OR mental illness* OR mood disorder*).
The complete search strategy is presented in Supplementary Methods 2.
Reference lists of relevant identified systematic reviews were searched for
additional eligible papers.

After the removal of duplicates, three authors (MB, SP, and CDC)
independently screened article titles and abstracts according to the
eligibility criteria. Studies were retained for the next stage of screening
(full-text analysis) and disagreements were resolved through discussion
and by consulting an additional investigator (IB).

We excluded studies that were not original research (e.g., reviews,
editorials, commentaries) and/or no full-text articles (e.g, meeting
abstracts); studies written in languages other than English; studies where
the 5-HTTLPR variant was not genotyped; studies in which the subjects
were not exposed to stress; studies that did not provide measurements of
depression (including symptoms and/or diagnosis); studies that did not
report the effect of 5-HTTLPR by environment interaction; studies that did
not include information on the time between stress exposure and
assessment of psychopathology; studies that reported the onset of
depression during the pregnancy or 4weeks after delivery (eg.,
postpartum depression); studies that did not report association measures
[Odds Ratio (OR) or Logistic regression coefficient ((3)].

We included studies that: (1) assessed the effect of the interaction
between 5-HTTLPR and stress on depression diagnosis and/or symptoms;
(2) provided information about the time interval between stress and
depression assessment; (3) reported association measures (OR or ).
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When two or more studies included the same population and reported
an overlapping sample, the study with the smallest dataset was excluded
from the meta-analysis.

Rayyan QCRI [24] was used for the screening process.

Outcome

The outcome was the incidence of depression (i.e., depressive episodes
and/or depressive symptoms) in both clinical and general populations.
Risks were assessed through a combination of ORs and adjusted ORs
(@ORs) and associated 95% confidence intervals (95% Cls). For the
outcome, we considered the effect of the following variables: type of
stress (acute [e.g., occasional stressful events] vs. chronic stress [e.g.,
childhood maltreatment, family-related stress]) and time interval (i.e., time
between stress and assessment of depression). In addition, in sensitivity
analyses, we examined whether the tool used for the assessment of
depression (i.e., clinician-observer scales and self-reported scales) impacted
our findings (Supplementary Table 1).

Data extraction and management

For each study, two authors (SP, CDC) independently extracted the
following data: first author’s surname, year published, country, sampling
(e.g., name of the cohort), study design, number of participants, female
percentage, type of stress (e.g. childhood maltreatment, family-related
stress, stressful life events), tools used for stress assessment, age (mean
and/or range) at which the depression was assessed, tool used for the
assessment of depression (Supplementary Table 1), crude OR and/or aOR
and their 95% Clspg, covariates included in the model for aOR, B and
related standard error (SEp).

For each study, three authors (MB, SP, CDC) calculated the time interval
(that is, the time interval between stress and depression) in the following
way. In the case of acute adverse conditions, the time interval was defined
as the maximum period of time within which the stress might have
occurred (e.g.events occurred within the year preceding the assessment of
depression have a time interval of 1 year). In the case of chronic stress, the
time interval was defined as the period of time between the end of the
chronic stress (i.e., 18years of age in the case of family adversity and
childhood maltreatment) and the assessment of depression (mean age at
which the assessment was carried out). If the depression assessment
overlapped with the stress period (e.g., the effect of family-related stress
on adolescent depression) or the stress represented a permanent
condition (e.g., discrimination or low socio-economic status) the time
interval was considered as zero.

Quality assessment

The risk of bias related to study quality was carried out by using the critical
appraisal tools of Joanna Briggs Institute (JBI) [25]. This tool designed different
checklists of items for different studies design (i.e., longitudinal, cross-sectional,
and case-control) and is recommended by the Cochrane Methods [26]. The
available answers for each item were “yes”, “no”, “not-applicable” and “unclear”.
The risk of bias of individual studies was determined with the following cutoffs:
low risk of bias if 70% of answers scored yes, moderate risk if 50 to 69%
questions scored yes, and high risk of bias if yes scores were below 50%
[25, 27]. Quality assessment was done by four authors (FC, MB, SP, CDC) and
any disagreements were resolved by discussion.

Statistical analysis

All statistical analyses have been performed using the R program (version
4.0.5) and meta package [28]. For both main and subgroup analyses, the
effect size measures of the risk of depression were crude ORs and aORs
related to the gene x environment interaction pooled together; findings
were presented in forest plots.

When studies reported B and related SEg, the former was transformed
into OR and the latter was used to calculate the 95% Clsor (Supplementary
Methods 3a). Since the R function (metagen) used to perform the meta-
analyses requires information on logSEqg and logOR as inputs, all ORs and
related standard error (SEor) (Supplementary Methods 3b) were trans-
formed by applying the R function log.

To model between-study variance we applied the DerSimonian and
Laird random-effects model, a conservative approach when heterogeneity
among the studies cannot be excluded. The heterogeneity among the
results was explored by using Cochran’s Q and I? statistics; the
heterogeneity was categorized as low (P = 25%), moderate (> =50%),
and high (* = 75%) [29].

Translational Psychiatry (2022)12:274
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Duplicate records removed
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Fig. 1 PRISMA flow diagram. Diagram of the literature search (identification) and selection process (screening, eligibility, inclusion).

Heterogeneity was investigated by means of subgroup analyses. Studies
were split into subgroups based on duration of stress (chronic vs. acute),
time interval between the end of the stress and the assessment of
depression (longer than 1year vs. shorter than or equal to 1year) and
types of tool used for the assessment of depression (clinician-observer
scales vs. self-reported scales). We selected the time interval of 1year
because, on the one hand, several authors proposed intervals up to 1 year
as periods in which the gene x environment effects are strongest [30-33]
and, on the other, this interval was compatible with the time intervals
analyzed in the included studies.

Subgroup difference tests were performed to determine whether the
effect of the 5-HTTLPR interaction varies significantly among subgroups of
studies defined by temporal factors as duration of stress and time interval
between end of stress and assessment of depression [34].

To assess the robustness of our results, a series of sensitivity analyses
were performed by repeating the main analysis substituting alternative
decisions that were arbitrary: (i) when investigating the moderating effect
of the duration of the stress, if any of the studies included in this analysis
reported independent effects for both chronic and acute stress, the effect
of the stress closer in time to the assessment of depression was
considered; (ii) when investigating the moderating effect of the time
interval, if the same study reported independent stress events at different
time intervals, the shortest interval was considered; (iii) when investigating
the moderating effect of the diagnostic tool, if the same study assessed

Translational Psychiatry (2022)12:274

depression with different tools, the tool categorized as clinician-observer
scale was considered.

To assess potential publication bias, a funnel plot of study effect sizes
against standard errors was visually inspected for asymmetry. Asymmetry
was also statistically tested with Egger’s bias test with p <0.05 indicating
asymmetry.

RESULTS

Our search identified 2466 publications from inception to 2021.
After exclusion of duplicates, 1096 records were screened,
resulting in 310 publications for eligibility assessment. Following
full-text reading, 24 studies met the inclusion criteria for the meta-
analysis (Fig. 1). As three studies [35-37] considered overlapping
populations, we excluded from the analyses those with the
smallest samples (Supplementary Table 2). Characteristics of the
22 articles included in the meta-analysis [7, 14, 37-56] are
summarized in Table 1.

Overall effect

Overall, a significant 5-HTTLPR x stress interaction on depression
was found (OR 1.14, 95% Cl 1.03-1.27, p=0.01; n =22 studies

SPRINGER NATURE
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Study OR [95%CI] Weight
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Random Effect 1.01[0.91; 1.12] 61.2% 'S
Heterogeneity: 1% = 58%, %2 = 21.3 (p = 0.01) :
Duration of stress : chronic
+
—_—
Random Effect 1.43[1.16; 1.77] 38.8% <>
Heterogeneity: 1% = 52%,x2,= 25.25 (p = 0.01) ‘
Random Effect 1.14[1.03; 1.27] 100.0% [ ‘ A ‘ ‘
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Test for subgroup differences: x; =8.26, df =1 (p <0.01) Odds Ratio

Fig.2 The duration of stress affects the 5-HTTLPR x stress interaction. Forest plot (OR and 95% Cl) for 22 studies assessing the relationship
between 5-HTTLPR, stress and depression stratified by duration of stress, chronic vs. acute. The area of each square is proportional to the
study weight in the analysis. The diamond represents pooled estimates from random-effects meta-analysis. Dashed line represents the overall

effect. OR Odds Ratio, Cl confidence interval.

yielding 23 effect sizes, totaling 27,383 participants). There was
moderate heterogeneity between studies (> =66%, X2 = 65.30,
p <0.0001, Fig. 2).

Duration of stress (chronic vs. acute)

When stratifying studies for duration of stress (i.e., chronic vs.
acute), the effect of 5-HTTLPR on depressive outcome was
statistically significant only in interaction with chronic, but not
acute, stress (respectively, OR 1.43, 95% Cl 1.16-1.77, p <0.001,
P =52%, X2 =25.25, p=0.01 and OR 1.01, 95% Cl 0.91-1.12,
p=0.81, P= 58%, x2 =21.3, p=0.01; Fig. 2). The interaction test
confirmed a subgroup difference (p =0.004), meaning that the
duration of stress significantly affects the effect of the 5-HTTLPR x
stress interaction. The sensitivity analysis confirmed a significant
5-HTTLPR x stress effect on depressive outcome in the subgroup
of studies on chronic stress only (OR 1.17, 95% Cl 1.01-1.34,
p=0.03, I>=60%, X2 =35.09, p=0.001), despite the subgroup
difference failed to reach statistical significance (p = 0.13; Supple-
mentary Table 3).

Time interval (longer than 1 year vs. shorter than or equal to
1 year)

When stratifying the studies in two subgroups based on the time
interval between the end of stress and assessment of depression,
we found a significant effect of the 5-HTTLPR x stress interaction
on depression risk only for those studies in which the time interval
was shorter than or equal to 1year (OR 1.23, 95% Cl 1.03-1.46,

Translational Psychiatry (2022)12:274

p=0.02, P=67%, x2=239.35, p<0.01), but not for those with
time intervals longer than 1year (OR 1.07, 95% ClI 0.90-1.26,
p =045, >=56%, x2=1823, p=0.02; Supplementary Fig. 1).
The subgroup difference failed to reach statistical significance
(p=0.25). The sensitivity analysis considering the longer time
intervals revealed a statistically significant subgroup difference
(p = 0.04) (Supplementary Table 4).

Chronic stress and time interval
To investigate both temporal factors, we stratified only studies
investigating chronic stress for time interval (i.e., shorter than or
equal to 1year vs. longer than 1 year), because the analysis of
acute stress revealed no effect. The subgroup difference was
statistically significant (p =0.01) and a robust 5-HTTLPR x stress
interaction was found within 1year (OR 1.53, 95% Cl 1.17-2.02,
p =0.002, > =45%, X2 =10.94, p=0.09) but not for longer time
intervals (OR 1.03, 95% Cl 091-1.17, p=0.64, P =42%,
X2 =15.46, p=0.08; Fig. 3). When the same study reported
chronic stress at different time intervals, the shortest interval was
included in the analysis. The sensitivity analysis with these
alternative choices (Supplementary Table 5) confirmed both the
subgroup difference (p =0.02) and the effect of the 5-HTTLPR x
stress interaction on depressive outcome only within 1year (OR
1.53, 95% ClI 1.14-2.07, p = 0.005, P =54%, x2 =10.77, p = 0.06).
To investigate at higher resolution the length of the time
interval in which the 5-HTTLPR x stress interaction was significant,
we stratified the studies that considered intervals within 1 year

SPRINGER NATURE
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Fig.3 Time interval between the end of the stress and the assessment of depression affects the 5-HTTLPR x stress interaction in chronic
stress studies. Forest plot (OR and 95% Cl) for 16 studies assessing the relationship between 5-HTTLPR, chronic stress and depression
stratified for time intervals (i.e. longer than 1 year, shorter than or equal to 1 year). The area of each square is proportional to the study weight
in the analysis. The diamond represents pooled estimates from random-effects meta-analysis. Dashed line represents the overall effect. OR

QOdds Ratio, Cl confidence interval.

into two time intervals: between 1year and 6 months and less
than 6 months (Supplementary Fig. 2). We found that the
interaction was significant in both between 1 year and 6 months
(OR 1.30, 95% CI 1.06-1.59 p=0.01, ?=6%, Q=1.07, p =0.30)
and within 6 months (OR 1.66, 95% Cl 1.08-2.55, p=0.02,
PP=43%, y2=7.04, p=0.13). The difference between the
subgroups was not significant (p =0.31).

Tool used for the assessment of depression (clinician-observer
scales vs self-reported scales)

When studies were stratified for type of tool used for the
assessment of depression—categorized as clinician-observer
scales or self-reported scales (Supplementary Table 1), the
subgroup difference failed to reach statistical significance
(p =0.37; clinician-observer scales: OR 1.12, 95% Cl 1.00-1.26,
p=0.05 I*>=69%, X2=45.05, p<0.071; self-reported scales: OR
1.32, 95% CI 0.95-1.83, p=0.10, P = 64%, X2 =19.26, p<0.01;
Supplementary Fig. 3). The sensitivity analysis confirmed these
results, and the subgroup difference did not reach statistical
significance (p = 0.53; Supplementary Table 6).

Quality assessment (risk of bias) and publication bias

Eight of the 22 included studies (describing 23 populations) show
moderate risk of bias, 15 studies show low risk, while no study
showed high risk (Supplementary Table 7). Visual inspection of
funnel plots and the Egger test indicate publication bias
(p =0.032; Supplementary Fig. 4).

DISCUSSION
The present results show an overall evidence for an effect of the
5-HTTLPR x stress interaction on the depression risk in line with

SPRINGER NATURE

some previous studies and meta-analyses [15, 16, 19], but in
contrast with others [17, 18]. Such discrepancy, on the one hand,
might be due to the different cohorts of patients investigated or
to the different studies included in the meta-analyses. On the
other, it corroborates the view that a moderating factor
determines the outcome of the 5-HTTLPR x stress interaction.
We identified time as a key moderating factor and showed that
temporal factors contribute to the outcome of the interaction,
reconciling the potential discrepant results reported in the
literature.

The first temporal factor affecting the 5-HTTLPR x stress
interaction was the duration of stress. After stratifying for chronic
and acute stress, a significant subgroup difference was found and
a robust effect of the interaction between the polymorphism and
chronic, but not acute, stress on depression risk emerged (Fig. 2).
This is in line with previous analyses that assessed the relevance of
different types of stress and found only marginal evidence for a
significant association between 5-HTTLPR with acute stressful
events [16]. This factor may also account for the discrepancy
among previous meta-analyses since some included almost
exclusively studies on acute stress [17, 18]. The relevance of
chronicity is also in line with the study by Caspi and collaborators
who reported a clear dose-dependent effect of the number of
stressful life events suffered by patients in making the effect of the
5-HTTLPR emerge [7]. Accordingly, the distinction between
chronic and acute stresses is widely acknowledged in the
psychiatric field and a larger impact of chronic stress on the risk
of depression has been reported [1, 57].

A further temporal factor moderating the 5-HTTLPR x stress
interaction was the length of the time interval between the end of
stress and assessment of depression. When stratifying for time
interval, a robust interaction between the polymorphism and

Translational Psychiatry (2022)12:274



stress emerged only at intervals shorter than or equal to 1year
(Supplementary Fig. 1). The relevance of time in moderating the
5-HTTLPR x stress interaction emerged even more clearly when
considering both temporal factors: duration of stress and time
interval. When including only chronic stress studies and stratifying
for time interval, a significant subgroup difference was found, and
the effect of the interaction emerged only within time intervals
shorter than 1 year (Fig. 3).The highly significant heterogeneity in
the overall group of studies on chronic stress was no more
significant after subgrouping for the two time intervals, corrobor-
ating the hypothesis that the 5-HTTLPR x stress interaction
produces different and well defined effects on the risk of
depression before and after 1year from the end of the stress.

The duration of the time interval in which the effect of the
interaction is strongest has been previously debated. Some
authors proposed that such interval lasts from one to 3 months
[30] while others found an interval up to 6 months [31, 32] or up to
1year [33]. To better define such duration, we analyzed the
5-HTTLPR x stress interaction stratifying the studies that con-
sidered intervals within 1year into two intervals: shorter than
6 months and between 6 months and 1year. We found no
subgroup difference and the interaction was significant in both
intervals, confirming that the effects are detectable up to 1year
from the end of stress. However, the heterogeneity in both two
subgroups was reduced and the OR point estimate appears
inversely proportional to the length of the time interval,
supporting the view that the interaction may produce different
effects at subsequent time intervals within 1 year. Since only two
studies report data related to the time interval between 6 months
and 1 year, this warrants further analyses.

The distinction between clinician-observer scales and self-
reported scales has been widely shown to be relevant in assessing
psychiatric disorders [58, 59]. Therefore, we stratified the studies
for these classes of tools categorized as clinician-observer scales
vs. self-reported scales (Supplementary Table 1). In both groups of
studies, no significant 5-HTTLPR x stress interaction on depression
risk was found; however, the group of studies exploiting clinician-
observer scales was close to the statistical significance, suggesting
that this class of tools could be more reliable in revealing gene x
environment interaction effects (Supplementary Fig. 3).

Dynamic processes are highly relevant in the neuroscientific
and psychiatric fields. Biological characteristics, from psychological
traits to neural properties, are increasingly acknowledged as
factors changing over time and being dependent on the context
[60-62]. Growing evidence points to neural plasticity—the
capability of the brain to change its function and structure—as
being a dynamic process producing effects that differ in time and
according to the environment [22]. Indeed, an enhancement of
neural plasticity does not produce a univocal outcome but opens
a window of opportunity for a change at the neural and
behavioral levels [63]. Accordingly, plasticity has been proposed
to act through permissive causality since it affects the duration
and likelihood of a change to occur but does not define the form
that such change should take [22]. The 5-HTTLPR regulates neural
and behavioral plasticity as shown both at preclinical [64, 65] and
clinical [23, 66-68] levels. The molecular mechanisms linking
5-HTTLPR and serotonin to plasticity regulation have been
proposed to include the modulation of neuronal firing properties,
affecting signal processing and long-term synaptic plasticity, and
the neurogenesis [69, 70]. The important involvement of the
5-HTTLPR in plasticity suggests that the results obtained in this
study can be interpreted from the perspective of a dynamic
process. This implies that the different levels of plasticity
associated to the two alleles of the 5-HTTLPR translate into
different rates of change in brain function and behavioral
outcome in response to stress. Accordingly, the 5-HTTLPR x stress
interaction emerges almost exclusively following chronic stress
because the different outcomes associated to the different
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plasticity levels characterizing the s- and |- carriers become
magnified as a function of the duration of the stress. By contrast,
with acute stressful events there is no time for this difference to
emerge. In addition, the loss of the effect of the interaction after
time intervals longer than 1year from the end of stress can be
explained by the higher plasticity level shown by s-carriers,
compared to I-carriers, that make them at higher risk but also
more able to recover from depression [23, 71]. Therefore, at short
time intervals from the end of the stress, s-carriers show an
increased risk of depression. However, since they are also more
able to recover, at long-time intervals the difference between s-
and I-carriers disappears and the 5-HTTLPR x stress interaction is
no more significant.

The view of neural plasticity as a dynamic process has been
already successfully exploited to explain the action of selective
serotonin reuptake inhibitors (SSRIs) [63, 72, 73], which have a
molecular mechanism overlapping with that of 5-HTTLPR [6]. The
undirected susceptibility to change model posits that SSRI
treatment does not affect mood per se but, by increasing neural
plasticity, increases the likelihood of a change in mood that is
driven by the quality of the living conditions and defined by time
[63]. Recent studies have demonstrated such a hypothesis both at
preclinical [72, 74, 75] and clinical [67, 68, 76, 77] levels. The
dynamic nature of SSRI outcome has been described also for
endpoints different from depression, such as vulnerability to
obesity [78], and growing evidence suggests the same conceptual
approach applies to interpret the action of other classes of drugs
regulating plasticity, such as psychedelics [79, 80]. The present
results indicate that the same theoretical model can be applied to
explain also 5-HTTLPR outcome and, in a broader perspective, the
effects of interventions affecting brain plasticity. In addition, it can
be also relevant to assess the time-dependent effects of responses
such as avoidance behavior or anxiety, as this polymorphism was
originally reported to be associated with anxiety-related traits in
both human subjects and animal models [5, 81]. To this aim,
further studies assessing the anxiety response according to the
5-HTTLPR at different time intervals are warranted.

Different limitations of this study should be acknowledged. We
excluded all studies that used statistical approaches different from
odds ratio or logistic regression, reducing the number of available
studies. Although we stratified risk estimates for depression
diagnosis at different times from the end of stress, we could not
reliably investigate all possible intervals because of the irregular
distribution of the time intervals investigated in the published
studies. In addition, most of the studies included in the present
analyses considered as chronic stress only early life adversity,
making further investigations of the 5-HTTLPR x chronic stress
interaction in adulthood warranted. However, several studies that
have not been included in the present analysis because of
differences in the statistical approaches suggest that the results
here reported can be generalized to other age stages
[10, 36, 66, 82]. Though for this study we considered chronic
and acute stress to differ only for the duration, there might be
differences in the quality and quantity of the stressor itself. Thus,
further studies are warranted to better detail the differences
between acute and chronic stress. Finally, though there is no
univocal definition of childhood duration, in the present study we
set its age limit at 18 years as indicated by the World Health
Organization [83]. This can represent a limitation when young
adults live in their family environment and are still subjected to
abuse/maltreatment after the 18 years of age.

In conclusion, our findings support the 5-HTTLPR x stress
interaction hypothesis and show that the effect of the interaction
on depression risk is significantly moderated by time. This is
corroborated by the fact that two independent temporal factors,
duration of stress and time interval between end of stress and
assessment of depression, affect the outcome of the interaction in
a coherent and complementary fashion. In addition, given the key
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role played by the 5-HTTLPR in regulating neural plasticity, these
findings fit and corroborate the view of neural plasticity as a
dynamic process. A critical implication is that the two alleles of the
5-HTTLPR, which are associated to different plasticity levels, do not
univocally lead to a beneficial or detrimental outcome per se, but
their value must be estimated according to temporal factors and
the context [62]. This view potentially reconciles the discrepancies
on the effect of the 5-HTTLPR x stress interaction reported in the
literature. In addition, it explains apparently discordant findings
concerning vulnerability and recovery associated with 5-HTTLPR
alleles: s-carriers are both at higher risk for depression within
1year and have depressive episodes that are about 20 weeks
shorter compared to I-carriers [71, 84]. It also justifies the broad
effects of this polymorphism that concern not a single psycho-
pathology but many mental disorders including mood disorders,
obsessive-compulsive disorder and autism [34, 85-87]. Indeed, the
view of plasticity as a dynamic process involved in the shift
between a pathological and a healthy state makes it a key process
in almost all psychiatric disorders. This view might also inform
other studies on the outcome of gene x environment interactions
involving other gene polymorphisms know to regulate neural
plasticity, such as the dopamine receptor D4 and the brain-
derived neurotrophic factor genes [23, 88, 89]. Finally, it is worth
noting that the role of 5-HTTLPR in plasticity suggests novel
approaches, not only to predict risk of depression, but also to
develop personalized preventive and therapeutic interventions
whose effectiveness differs between s- and I-carriers depending
on time elapsed from stress [90-92]. Overall, our findings point
out the need of a gene x environment x time interaction to
understand how brain activity evolves over time to promote
mental health.

CODE AVAILABILITY
All R codes used to generate the meta-analysis results can be obtained from the
authors upon request.
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