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Abstract

Brain disorders—including psychiatric, neurodevelopmental, and neurodegenerative conditions—
arise from complex interactions between genetic architecture, environmental exposure, and
developmental timing. Rather than isolated molecular lesions, these disorders reflect hierarchical
misalignments in regulatory systems that coordinate gene expression, chromatin state, and neural
network dynamics. Genes establish potential boundaries of regulation, while early environmental
conditions and experiences reshape cis-regulatory element (CRE) accessibility, thereby redefining the
brain’s transcriptional and circuit landscape. During sensitive developmental periods, transient
external signals can become biologically encoded through stable regulatory modifications, creating
enduring trajectories of vulnerability or resilience. Distinct disorders emerge when the same
molecular components operate within divergent regulatory topologies—such as enhancer
overactivation, promoter silencing, or insulation loss—producing disease-specific phenotypes.
Advances in single-cell multi-omics data, clinical data and Al-based modeling now allow
reconstruction of these hierarchical networks, enabling the prediction of regulatory vulnerability and
identification of intervention points. This regulation-centric framework reframes brain disorders as
dynamic failures of gene—environment coordination, highlighting early regulatory plasticity as both
the origin of pathology and a window for preventive treatment.

Keywords: brain disorders; critical periods; cis-regulatory element; regulatory topologies; preventive
treatment

Introduction

Brain disorders—including psychiatric, neurodevelopmental, and neurodegenerative
conditions—represent a major global health burden(Paus et al., 2008; Steinmetz et al., 2024). Despite
decades of research, the mechanisms underlying their onset and progression remain only partially
understood(Sun et al., 2024; Crouse, 2025; Gao et al., 2025b; Ongﬁr and Paulus, 2025). A growing
body of evidence demonstrates that genetic predisposition alone is insufficient to explain disease risk,
and that genes and lived experiences play decisive roles in shaping brain health across the
lifespan(Lida-Alkisti et al., 2024; Gao et al., 2025b). Because the human brain undergoes prolonged
structural and functional maturation, particularly during prenatal and early postnatal periods, it is
uniquely sensitive to both biological and experiential influences(Hensch, 2004; Silbereis et al., 2016;
Monk et al., 2019; Nelson and Gabard-Durnam, 2020; Pefia, 2025). Understanding how these internal
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and external factors interact to shape neural development is essential for elucidating disease
mechanisms.

Genetic programs provide the temporal and spatial scaffolding for brain development. During
neurulation, neurogenesis, neuronal migration, and synaptogenesis, a hierarchy of transcriptional
networks defines the potential range of neural differentiation and circuit formation(Lein et al., 2017).
These networks establish potential regulatory boundaries—windows within which environmental
signals can modulate developmental trajectories without disrupting the fundamental organization of
the brain. Disruption of these genetic boundaries by mutation or stress can lead to early vulnerability
and aberrant connectivity, setting the stage for later psychiatric and neurological disease(Nelson and
Gabard-Durnam, 2020).

Environmental and experiential inputs influence these genetic programs through conserved
molecular signaling pathways. Prenatal factors such as maternal infection, hypoxia, nutritional
deficiency, and toxin exposure alter neurodevelopment via inflammatory, HIF, and Wnt/FGF
pathways(Estes and McAllister, 2016; Szab6 et al., 2025). Postnatal experiences —including sensory
stimulation, social interaction, and stress—affect synaptic maturation through CREB-BDNF,
glucocorticoid receptor, and calcium-dependent signaling cascades (Singh-Taylor et al., 2015;
Mclaughlin et al., 2019; West, 2025). In normal development, these pathways ensure experience-
dependent plasticity; when mistimed or chronically activated, they distort transcriptional timing and
circuit refinement, increasing risk for disorders such as autism spectrum disorder (ASD), depression,
and schizophrenia (Short and Baram, 2019; Huang et al., 2023; Nelson et al., 2025b).

While these findings highlight the interplay between genes and environment, the underlying
regulatory architecture that mediates this interaction remains insufficiently defined. Accumulating
evidence suggests that gene—environment interplay operates through a hierarchical regulatory
system, where chromatin states and cis-regulatory elements (CREs)—including enhancers,
promoters, silencers, and insulators—govern gene accessibility and responsiveness(Andersson and
Sandelin, 2020; Kim and Wysocka, 2023). Genome-wide association studies reveal that most disease-
associated variants reside in noncoding regions enriched for CREs (Guo et al., 2023; Zhu et al., 2024),
while single-cell and spatial omics studies show that CRE activity is both cell-type- and region-
specific (Li et al., 2023; Mannens et al., 2024). These insights point toward a regulatory logic in which
environmental experiences shape disease vulnerability by dynamically reconfiguring the genome’s
control landscape.

In this review, we reframe the study of brain disorders within this regulatory perspective. We
first describe how genetic programs establish developmental boundaries that define the context for
environmental modulation. We then examine how environmental conditions and early experiences
act through signaling pathways to influence neural development and disease susceptibility. Finally,
we explore how emerging evidence places CREs and epigenomic plasticity at the center of this
integration, and how combining clinical data and artificial intelligence approaches could enable
predictive models of disease mechanisms and therapeutic reprogramming.

Genes and Environment as Hierarchical Partners in Brain Development and
Disorders

Genes provide potential regulatory boundaries

Human brain development proceeds through a precisely timed and hierarchically organized
sequence of genetic programs, beginning in early embryogenesis and extending well into early
adulthood(Stiles and Jernigan, 2010; Silbereis et al., 2016). These processes include neurulation,
neurogenesis, neuronal migration, axon guidance and neuritogenesis, synaptogenesis, synaptic
pruning and circuit refinement, as well as gliogenesis and myelination(Zhou et al., 2024), each of
which establishes the structural and functional foundation for subsequent stages. Rather than acting
as an immutable script, genetic activity at each stage defines a potential regulatory boundary: a
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temporally and spatially constrained window in which transcriptional networks can respond to
developmental signals while maintaining overall program integrity. These boundaries delineate
when and where environmental modulation can occur, shaping both normal developmental
trajectories and susceptibility to later disease.

Early embryonic and prenatal boundaries

The earliest genetic programs establish the architectural blueprint of the nervous system. During
neurulation (3—4 gestational weeks), transcription factors such as PAX6, SOX2, and OTX2 orchestrate
neural tube formation and dorsal-ventral patterning, while SHH and BMP gradients define
progenitor domains(Libé-Philippot and Vanderhaeghen, 2021; Ypsilanti and Rubenstein, 2023).
Between the fifth and twentieth weeks, neurogenesis generates most cortical and subcortical neurons,
guided by temporally restricted expression of regulators such as FEZF2, EMX2, and
NEUROD1(Telley et al., 2019; Molnar and Kwan, 2024). From 12 to 24 gestational weeks, neuronal
migration organizes cortical lamination through transcriptional cascades involving DCX, RELN, and
LIS1(Silva et al., 2019). Disruptions during these stages—such as folate deficiency, maternal infection,
or hypoxia—can breach these structural boundaries, leading to neural tube defects, microcephaly, or
cortical malformations (Demirtas, 2020; Beke et al., 2022; Leibovitz et al., 2022). These early processes
are largely experience-independent but represent critical windows of molecular vulnerability, where
small perturbations in gene expression yield lifelong architectural consequences (Kostovic et al., 2021;
Russ et al., 2025).

Late gestation: establishing connectivity and network scaffolds

From late gestation through early infancy, the brain transitions from neurogenesis to circuit
formation. Axon guidance and neuritogenesis, driven by genes such as ROBO1, EphA4, and
SEMAZ3A, establish the scaffold for emerging networks (Engle, 2010; Polleux and Snider, 2010). These
processes depend on temporally restricted expression of cytoskeletal and adhesion molecules,
defining a developmental boundary for axonal growth and pathfinding (Barnes and Polleux, 2009;
Kolasinski et al., 2013). Genetic disruptions or environmental insults hypoxia ischemia, preterm birth,
infection, or nutritional deficiency can interfere with callosal development, producing miswired
interhemispheric connections such as agenesis of the corpus callosum or impaired communication
(Paul et al., 2007; Yuan et al., 2020; Bartha-Doering et al., 2021; Shi et al., 2021). These findings illustrate
that even before sensory experience, gene-regulated timing defines how the brain can or cannot
respond to perinatal environmental changes.

Infancy: genetic boundaries meet experience-dependent processes

Beginning in the third trimester and accelerating after birth, synaptogenesis produces exuberant
neural connections, particularly in primary sensory cortices (Kostovic et al., 2021; Luu and Tucker,
2023). During this stage, genes such as BDNF, NRXN1, SHANK3, and NLGN3 regulate synaptic
formation and stabilization, but their activity depends on neuronal activity and sensory input
(Hensch, 2004; Takesian and Hensch, 2013). The coincidence of high synaptic turnover and activity-
dependent gene regulation defines a second type of regulatory boundary —the transition between
intrinsic and experience-driven control. For instance, the visual system’s critical period for ocular
dominance (6-12 months) and the auditory system’s phonemic sensitivity window (0-3 years) rely
on gene programs that are temporarily open to modulation by environmental input (Werker and
Hensch, 2015; Mitchell and Maurer, 2022; Hegde et al., 2024). When sensory input is absent or
mistimed—such as congenital cataract or early deprivation—these windows close prematurely,
leaving persistent functional deficits (Kiorpes, 2015; Mitchell et al., 2023).

Childhood and adolescence: long-range maturation and higher-order boundaries

From childhood through adolescence, genetic programs coordinate synaptic pruning,
gliogenesis, and myelination to refine neural circuits and support higher cognitive functions (Spear,
2013; Baker et al., 2025; Nishio et al., 2025). Genes regulating oligodendrocyte differentiation (OLIG1,
SOX10), axon insulation (MBP), and synaptic pruning (C4A, TREM2) are expressed in tightly
controlled developmental waves(Nishio et al,, 2025). These molecular boundaries coincide with
sensitive periods for language acquisition, socio-emotional regulation, and executive function (Kidd

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.1749.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 October 2025 d0i:10.20944/preprints202510.1749.v1

4 of 20

et al., 2018; Pfeifer and Allen, 2021; Xu et al., 2022). Perturbations in these networks —through chronic
stress, inflammation, or genetic risk variants—can desynchronize the timing of pruning and
myelination, producing vulnerabilities to disorders such as schizophrenia, depression, and anxiety
(Nelson and Gabard-Durnam, 2020; Sydnor et al., 2021; Friedman and Robbins, 2022). Thus, even
higher-order functions emerge within genetically defined temporal limits that determine how long
experience can shape the developing brain.

Integrative perspective: developmental boundaries as scaffolds for vulnerability

Across these stages, brain development reflects a nested hierarchy of regulatory boundaries:
early genetic programs establish the brain’s structure; later ones modulate connectivity and plasticity.
These boundaries are not fixed —they define the permissible range of developmental plasticity.
Environmental influences act within or against these limits, determining whether adaptation or
pathology ensues. When the timing or coordination of these boundaries is disrupted, transient
experiences can become embedded as lasting changes in circuit organization, predisposing the brain
to future disorders (Kostovic et al., 2019; Gabard-Durnam and McLaughlin, 2020; Pfeifer and Allen,
2021). This dynamic interplay between genetic constraints and developmental timing provides the
biological foundation for the concept of hierarchical partnership between genes and environment in
brain development.

Environment as a dynamic modulator across development

Environmental exposures and early-life experiences exert profound and often lasting effects on
brain development by interacting with neurodevelopmental processes(Smith and Pollak, 2020; Gee
and Cohodes, 2021; Torres-Berrio et al., 2025). These interactions are particularly potent during
sensitive or critical periods, when genetic programs temporarily relax their structural constraints,
allowing experience-dependent activity to shape neural circuits (Ribic, 2020; Roder and Kekunnaya,
2021; Wang et al., 2021). While such plasticity enables adaptive tuning to environmental contexts, it
also introduces vulnerability: adverse or aberrant inputs can derail normative trajectories, inducing
structural and functional alterations in neural architecture (Zhu et al., 2022; Milbocker et al., 2024;
Birnie and Baram, 2025; Nelson et al.,, 2025a). The consequences of such perturbations depend
critically on timing, duration, and intensity of exposure, as well as on the developmental processes
active at that moment (Reh et al., 2020; Telzer et al., 2025).

Nutritional deprivation and metabolic imbalance: disruption of structural boundaries

Nutritional deprivation during early development is among the most thoroughly studied
environmental insults, primarily affecting structural processes such as neurulation, neurogenesis,
and myelination (Hart et al., 2025; Liu et al., 2025b; Perumal and Gernand, 2025). Folate deficiency in
the periconceptional and early gestational period—corresponding to the first structural critical
window —impairs neural tube closure, predisposing to severe malformations including anencephaly
and spina bifida (Li et al., 2019; Beke et al., 2022). More broadly, prenatal protein-energy malnutrition
and deficiencies in micronutrients such as iron, zinc, and omega-3 fatty acids interfere with neuronal
proliferation, dendritic arborization, and myelin synthesis (Jarvie et al., 2025; Villalba et al., 2025).
Iron deficiency in particular compromises hippocampal neurogenesis and dopaminergic signaling,
resulting in enduring cognitive deficits (Bastian et al., 2020; Gao et al., 2025a; Zhao et al., 2025). These
nutritional perturbations affect the first wave of developmental boundaries, when genetic control of
structural assembly is dominant but still modifiable, thereby increasing the risk for
neurodevelopmental disorders such as microcephaly, intellectual disability, and attention-
deficit/hyperactivity disorder(Veena et al., 2016; Bennett et al., 2025).

Prenatal stress and early caregiving adversity: modulation of socio-emotional boundaries

In contrast, early-life stress (ELS)—including maternal stress during pregnancy and postnatal
caregiving adversity —primarily impacts psychiatric domains, particularly anxiety, depression, and
post-traumatic stress disorder (PTSD). These influences converge on the second wave of critical
periods, when limbic-prefrontal networks undergo refinement and socio-emotional functions emerge
(Jaffer, 2025; Khan et al.,, 2025). Elevated maternal glucocorticoids during gestation alter the
maturation of limbic and hypothalamic-pituitary-adrenal (HPA) axis circuits, recalibrating
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emotional reactivity and stress responsivity (Krontira et al., 2020; AlvareZ—Mejia et al., 2025). These
changes are mediated through persistent epigenetic and transcriptional effects on genes regulating
glucocorticoid receptors (NR3C1), synaptic plasticity (BDNF), and stress adaptation (FKBP5)(Khan
et al., 2025). Postnatal stress, in forms such as neglect or inconsistent attachment, further disrupts the
coordination between the prefrontal cortex and amygdala, contributing to affective dysregulation
and impaired social cognition (Tomoda et al., 2024; Leisman et al., 2025; Nelson et al., 2025a). The
cumulative outcome of ELS is a sustained reduction in stress-buffering capacity, predisposing
individuals to major depressive disorder, generalized anxiety disorder, and PTSD (Fantasia et al.,
2025; Wu et al., 2025), and in genetically susceptible individuals, it may lower the threshold for
psychosis and bipolar disorder(Aas et al., 2016; Radua et al., 2018; Woolway et al., 2022). Thus, stress
exposure during sensitive socio-emotional periods exemplifies how environmental signals modulate
the plasticity boundaries defined by genetic programs.

Prenatal infection and immune activation: inflammatory remodeling of developmental timing

Another major environmental perturbation arises from maternal infection and immune
activation (MIA), especially during mid-gestation. These exposures disrupt neurogenesis, neuronal
migration, and microglial-mediated synaptic sculpting(Yockey et al., 2020; Vasistha and Sawa, 2025).
Viral (influenza, CMV, Zika) and bacterial infections induce cytokine surges (IL-6, IL-17, TNF-«) that
alter fetal immune profiles, impairing cortical lamination and subcortical connectivity(Otero et al.,
2025; Suleri et al., 2025). The consequences extend beyond transient inflammation: they permanently
shift developmental timing by altering the closure and reopening of molecular boundaries regulating
neuronal proliferation and differentiation (Kostovic¢ et al., 2021; ten Donkelaar et al., 2023). MIA is
robustly associated with autism spectrum disorder (ASD) and schizophrenia, disorders that differ in
age of onset but share early circuit abnormalities (Estes and McAllister, 2016; Szabd et al., 2025).
Schizophrenia, while manifesting in adolescence, may originate from prenatal immune disruptions
that bias neuronal migration or synaptic pruning (Reisinger and Hannan, 2025). This illustrates how
transient perturbations during early gestational windows can seed vulnerabilities for later psychiatric
phenotypes—a process sometimes termed “developmental mis-timing.”

Sensory deprivation: experience-dependent collapse of plasticity boundaries

Sensory deprivation represents a distinct category of environmental influence, operating during
the highly time-locked sensory critical periods of infancy. Deprivation of visual input—such as
untreated congenital cataract during the first 6 months—irreversibly disrupts ocular dominance
columns and binocular vision(Mitchell and Maurer, 2022; Réder and Kekunnaya, 2022; Czarnek-
Chudzik et al., 2024). Similarly, lack of auditory input during the sensitive window for phoneme
discrimination (birth—3 years) impairs speech perception and language fluency (Ji et al., 2023; Foo et
al., 2024). These experiences are exemplary of boundary-dependent plasticity, where experience-
dependent remodeling is only possible within a narrow temporal window. Once this window closes,
structural stabilization renders further compensation ineffective(Napoli et al., 2020; Prosper et al.,
2025). As a result, early deprivation can propagate deficits from sensory to communicative and
cognitive domains, contributing to disorders such as language delay, developmental coordination
disorder (DCD), and in severe multisensory deprivation, ASD-like features (Mueller and Tronick,
2020; Wallace et al., 2020; Shen et al., 2025).

Environmental toxins: broad-spectrum perturbation of neural maturation

Environmental toxins, including heavy metals (lead, mercury) and air pollutants, act across
multiple stages of development by interfering with neuronal differentiation, synaptogenesis, and
myelination (Btazewicz and Grabrucker, 2022; Dierichs et al., 2025; Merced-Nieves et al., 2025). Lead
exposure in early life impairs dopaminergic signaling and synaptic pruning, disproportionately
affecting attention, impulse control, and learning capacity (Chandra et al., 2025; igen, 2025). These
effects predominantly occur during the first and second waves of sensitivity, producing ADHD and
learning disabilities (Nikanfar et al., 2025). Chronic exposure, however, may induce oxidative stress
and inflammatory cascades that later contribute to neurodegenerative disorders, including
Parkinson’s and Alzheimer’s disease(Ramirez-Mendoza et al., 2024; Jones et al., 2025). Thus, toxins
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provide a molecular continuum linking early developmental vulnerabilities with late-life
degenerative trajectories (Cory-Slechta et al., 2023; Calderon-Garciduenas et al., 2024; Gong and
Zaninotto, 2025).

Social and cognitive deprivation: experience scarcity during complex functional maturation

Social and cognitive deprivation, as observed in institutional rearing or extreme neglect, alters
cortical and subcortical development, particularly during the second wave of critical periods (Mackes
et al., 2020; Lyons-Ruth, 2025; Yang et al., 2025). The absence of enriched linguistic and interactive
environments reduces cortical thickness and connectivity, especially in the prefrontal cortex and
language-related regions (Joffe and Robertson, 2025). These disruptions compromise higher-order
processes—language acquisition, social bonding, and executive control—contributing to reactive
attachment disorder, language delay, and intellectual disability (Harden and Zeanah, 2025).
Longitudinal studies further suggest that such deprivation perpetuates social and cognitive
disadvantages, increasing vulnerability to mood and anxiety disorders in adulthood (Tomeny et al.,
2023; Klass et al., 2024).

Integrative perspective

Across these examples, environmental and experiential inputs act within genetically established
developmental boundaries, reshaping trajectories through distinct molecular, structural, and
functional mechanisms. The specificity of outcomes—whether structural (as in malnutrition or
infection), emotional (as in stress), or sensory-cognitive (as in deprivation)—reflects the alignment
between environmental timing and active developmental processes. These boundaries not only
define vulnerability windows but also determine the long-term persistence of experience-induced
changes. When environmental modulation coincides with open developmental boundaries, neural
systems can adapt; when perturbations occur at their edges or beyond closure, they instead leave
enduring scars in neural architecture, establishing latent risk for psychiatric, neurodevelopmental, or
neurodegenerative disease.

CREs as molecular translators linking development and disease

During brain development, environmental conditions and early-life experiences interact with
genetic programs not by directly altering gene sequences, but by engaging CREs—the molecular
interfaces where external cues are translated into transcriptional responses (Nord and West, 2020;
Mitschka and Mayr, 2022; Song and Ovcharenko, 2025). CREs—including enhancers, promoters,
insulators, and silencers—constitute a hierarchical regulatory architecture that determines when,
where, and to what extent genes respond to developmental and experiential inputs. In this
framework, CREs function as molecular translators, bridging environmental signals with the
transcriptional and epigenetic landscapes that shape neural trajectory and disease vulnerability.

CRE types and their developmental functions

Each CRE class operates as a distinct regulatory node linking experience to gene activity.

Enhancers integrate sensory, metabolic, and hormonal signals to modulate gene transcription in
an activity-dependent manner (Andersson and Sandelin, 2020; Preissl et al., 2023). In developing
sensory cortices, enhancer accessibility is dynamically tuned by neuronal firing and calcium influx,
enabling environmental input to reinforce specific circuit configurations(Griffith et al., 2024).

Promoters act as developmental checkpoints, responding to intrinsic timing cues such as
transcription factor cascades and metabolic state, thereby ensuring sequential gene activation during
neuronal differentiation (Pahl et al., 2021; Li et al., 2025).

Insulators define regulatory boundaries, ensuring that enhancer-promoter communication
remains circuit-specific and preventing cross-activation between unrelated gene networks (Gaszner
and Felsenfeld, 2006; Tang et al., 2015; Chen et al., 2023).

Silencers operate as developmental brakes, suppressing genes that should remain inactive in a
given cell type or stage (Li et al., 2025). Their timely repression of inappropriate pathways safeguards
cellular identity and prevents ectopic signaling.
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Collectively, these CREs establish a layered regulatory landscape, within which environmental
signals can modify, but not overwrite, genetically preconfigured programs—thus defining the
“permissive boundaries” of developmental plasticity.

Environmental modulation of CRE accessibility during sensitive periods

During sensitive and critical periods, environmental and experiential inputs can alter CRE
accessibility, reconfiguring chromatin topology and leaving long-term molecular imprints. These
changes are often stable across the lifespan, thereby converting transient experiences into enduring
regulatory memory (Roberts et al., 2024).

In prenatal environments, maternal immune activation increases enhancer accessibility at
cytokine-responsive loci within microglia and radial glia (Han et al., 2021; Hayes et al., 2022),
reprogramming immune-synaptic crosstalk in cortical development. Similarly, nutritional
deprivation—particularly folate or iron deficiency —reduces promoter activation of neurogenesis-
related genes (SHH, FGFS8), delaying neuronal differentiation and myelination (Wang et al., 2022; Liu
et al., 2025a). Prenatal hypoxia modifies enhancer—promoter looping at mitochondrial and oxidative
phosphorylation genes (ND1, COX6B2), compromising energy metabolism in developing neurons
(Chevalier, 2020; Kremsky et al., 2023).

In early postnatal experiences, maternal separation and chronic stress induce glucocorticoid
receptor-binding silencers near FKBP5 and CRHR1 in the hippocampus and amygdala (Bolton et al.,
2020; Plank et al., 2021), creating persistent epigenetic desensitization of stress-regulatory circuits.
Conversely, enriched environments and sensory stimulation reopen activity-dependent enhancers at
BDNF and ARC, reinforcing synaptic plasticity in visual and auditory cortices (Reh et al., 2020; Eckert
et al, 2021; Carter et al, 2025). These findings underscore that experience acts through CRE
remodeling, determining whether developmental plasticity results in adaptive tuning or maladaptive
vulnerability.

CRE dysregulation as a shared mechanism across brain disorders

Distinct patterns of CRE dysregulation correspond to specific classes of brain disorders,
reflecting how different regulatory layers—enhancers, promoters, insulators, and silencers—fail to
maintain proper boundaries of gene control.

Autism spectrum disorder (ASD): enhancer dysregulation of synaptic genes

Multiple studies have identified enhancer malfunction in cortical progenitors and excitatory
neurons of ASD models (Cotney et al., 2015). CHD8 and SHANK3 enhancers show aberrant histone
acetylation (H3K27ac) and altered 3D chromatin looping, leading to dysregulated synaptic gene
expression (Gompers et al., 2017; Fazel Darbandi et al., 2024). This enhancer overactivity disrupts the
timing of excitatory—inhibitory balance formation, producing core social and communication deficits
characteristic of ASD.

Major depressive disorder (MDD): promoter dysfunction in stress-responsive networks

In MDD, environmental stress interacts with genetic predisposition to alter promoter
accessibility in limbic circuits. Promoters of FKBP5, NR3C1, and BDNF exhibit hypermethylation or
histone deacetylation in hippocampal and prefrontal neurons(Zhang et al., 2024). These changes
blunt transcriptional responsiveness to glucocorticoids, impair synaptic resilience, and perpetuate
maladaptive stress signaling (Pefia, 2025). The promoter thus acts as the locus where chronic stress
“reprograms” transcriptional sensitivity, converting transient adversity into enduring affective
vulnerability.

Alzheimer’s disease (AD): loss of insulation and ectopic enhancer-promoter interactions

In AD, chromatin insulation is weakened in microglia and cortical neurons, leading to enhancer
spillover and hyperactivation of inflammatory and immune genes (Nott et al., 2019; Sudwarts and
Thinakaran, 2023; Winfree et al., 2023). Disrupted topologically associating domains (TADs) around
TREM2 and APOE permit enhancers that normally regulate neuronal genes to aberrantly activate
immune loci, contributing to chronic neuroinflammation (Balusu et al., 2023). Such insulation loss
effectively “breaks” regulatory boundaries, allowing pathological cross-talk between metabolic and
inflammatory programs.
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Developmental timing and the persistence of CRE reprogramming

A central insight from recent epigenomic studies is that the timing of CRE remodeling
determines its permanence and pathological consequence (Nott and Holtman, 2023). During early
sensitive periods, chromatin is highly accessible, and external cues can establish new enhancer-
promoter configurations that persist through mitotic inheritance. Once developmental boundaries
close, similar stimuli evoke transient responses without lasting genomic memory. This temporal
asymmetry explains why prenatal or early postnatal exposures—such as infection, malnutrition, or
stress—produce life-long vulnerability, whereas equivalent adult exposures often do not (Ribic, 2020;
Reisinger and Hannan, 2025).

Moreover, cell-type-specific CRE maps reveal that different brain regions exhibit distinct
“regulatory openness” profiles, aligning with regional selectivity of disease. For instance, stress-
responsive enhancers are concentrated in limbic neurons, while metabolic and inflammatory
enhancers are enriched in microglia of the temporal cortex (Preissl et al., 2023; Mannens et al., 2024).
This organization creates an intrinsic gradient of susceptibility across the brain, modulated by both
genetic predisposition and experiential context.

In each case, the pathology arises not from isolated mutations or transient environmental insults,
but from the failure to preserve the hierarchical order of regulation that normally constrains neural
plasticity. CREs, by integrating external signals into this regulatory hierarchy, serve as both recorders
of developmental history and architects of disease susceptibility. Understanding their temporal
dynamics and network connectivity may thus redefine how we conceptualize and eventually target
brain disorders—shifting from a focus on altered gene expression to a broader view of regulatory
logic and boundary integrity that governs brain health across the lifespan.

The Regulatory Logic of Brain Disorders

Hierarchical regulation of vulnerability

Brain disorders emerge from multilevel interactions that integrate genetic architecture,
environmental input, and regulatory organization(Nord and West, 2020; Mitschka and Mayr, 2022;
Song and Ovcharenko, 2025). These layers form a hierarchical regulatory system rather than a linear
cascade: genes define potential boundaries of regulation, environments shape their dynamic states,
and network activity stabilizes or disrupts communication between regulatory modules.

At the genetic layer, risk variants often localize to noncoding domains that influence the
structure and connectivity of CREs, determining which genes are permissive to modulation(Dong et
al., 2022b; Zhu et al.,, 2024). At the environmental layer, stress, infection, or metabolic imbalance
modify CRE accessibility through signaling pathways such as glucocorticoid, cytokine, and
neurotrophin cascades(Bolton et al., 2020; Boyce et al., 2020; Han et al., 2021; Hayes et al., 2022),
thereby tuning transcriptional responsiveness. Finally, at the network layer, neuronal and glial
communication constrains how these molecular perturbations propagate across circuits(Preissl et al.,
2023; Mannens et al., 2024; Carter et al., 2025), creating emergent system-level behaviors.

Disease specificity thus depends not solely on the presence of mutations or exposures, but on
the topology of imbalance across layers—whether the disruption originates in genetic scaffolds,
regulatory states, or network communication(Gandal et al., 2018; Virolainen et al., 2022). ASD, for
instance, reflects enhancer network overactivation within cortical progenitors(Cotney et al., 2015;
Dong et al., 2022a), while MDD arises from promoter desensitization in stress circuits(Zhang et al.,
2024), and AD from insulation loss in chromatin—network coupling(Nott et al., 2019; Winfree et al.,
2023). These examples illustrate that distinct diseases correspond to distinct patterns of regulatory
topological collapse(Balusu et al., 2023; Sudwarts and Thinakaran, 2023).

Encoding experience into biology

Environmental experiences, both adverse and enriching, are not transient events in brain
development—they are biologically encoded through CRE-mediated transcriptional and epigenetic
remodeling(Dsilva and Galande, 2024; Roberts et al., 2024). External inputs act through canonical
signaling pathways (e.g., CREB, glucocorticoid receptor, MAPK, and NF-«B), which converge on
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chromatin to modify the accessibility and histone status of specific regulatory loci(Khan et al., 2025).
Once engaged, these changes can transform short-lived experiences into persistent regulatory
memories, stored in the epigenome and reflected in stable changes in gene expression and circuit
dynamics(Pena, 2025).

For example, early social deprivation during infancy reduces prefrontal enhancer accessibility
at BDNF and NR3Cl, leading to long-term suppression of stress-adaptive transcriptional
programs(Tomoda et al., 2024; Leisman et al., 2025) and heightened emotional reactivity in adulthood.
Conversely, positive social enrichment reopens these CREs, enhancing neuronal plasticity and
resilience(Eckert et al.,, 2021; Carter et al., 2025). This bidirectionality illustrates that regulatory
plasticity functions as a biological memory system, encoding both risk and protection.

We propose the concept of biological encoding: experience — regulatory memory — behavioral
phenotype. This principle reframes how experience sculpts vulnerability —not by directly altering
neuronal structure, but by reconfiguring the rules that govern gene expression. The persistence of
such regulatory memory explains why early environmental perturbations have life-long behavioral
and emotional consequences, even after the original stimuli have ceased.

Plasticity and reversibility of regulatory states

Despite their stability, regulatory states encoded in CREs remain partially plastic, particularly
in circuits that retain chromatin flexibility into adolescence and adulthood(Mannens et al., 2024). This
plasticity offers a theoretical basis for therapeutic intervention. The reversibility of disease-associated
regulatory programs depends on two key properties: chromatin accessibility and CRE
responsiveness to new signaling contexts(Hwang et al., 2025). When these properties remain intact,
pharmacological or behavioral inputs can reprogram transcriptional networks toward health.

Epigenetic drugs targeting histone deacetylases or methyltransferases can reactivate silent
promoters and enhancers, restoring expression of plasticity genes such as BDNF and ARC(Autry and
Monteggia, 2012). Likewise, behavioral interventions—including sensory retraining, enriched
environments, and cognitive therapy —can induce CRE reactivation via neuronal activity—dependent
signaling. These combined approaches represent a programmable therapeutic logic, wherein
interventions are designed not to replace genes or block pathways, but to rewrite the regulatory
instructions governing them.

Such strategies suggest that even complex psychiatric and neurodegenerative disorders may be
amenable to re-regulation rather than irreversible degeneration(Kampmann, 2024). By targeting the
intermediate layer of control—the chromatin-level logic that links genes, environment, and
experience—future therapies could move from symptom suppression toward true restoration of
regulatory homeostasis.

In summary, brain disorders can be understood as diseases of disrupted regulation: genes
provide the architecture, experience encodes lasting molecular memory, and the balance between
flexibility and constraint determines both vulnerability and recovery. The emerging challenge is to
map this multilayered logic—to identify where, when, and how the brain’s regulatory boundaries
can be safely reprogrammed.

Mechanistic and Theoretical Implications of the Regulatory Logic Model

From gene-centric to regulation-centric pathology

Traditional models of brain disorders emphasized gene-centric pathology, seeking causal
variants or differentially expressed genes (DEGs) responsible for disease risk(Gandal et al., 2018;
Virolainen et al., 2022). However, growing evidence demonstrates that genetic changes alone cannot
explain disease onset or specificity. What defines pathology is not which genes are altered, but how
their regulatory networks are rewritten (Nord and West, 2020; Song and Ovcharenko, 2025).

In this regulation-centric framework, CREs—enhancers, promoters, insulators, and silencers—
serve as the organizing logic that determines a gene’s responsiveness to internal and external cues.
CREs provide the “regulatory grammar” by which identical genes can exhibit divergent behaviors
across developmental stages, cell types, or environmental contexts. A mutation in a CRE, or an
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environmentally induced change in its accessibility, may thus redirect the gene’s transcriptional
trajectory without altering its sequence.

Disease vulnerability reflects contextual misregulation: a gene may remain structurally intact
but becomes inappropriately activated, silenced, or disconnected from its normal regulatory
neighborhood. Individual differences in CRE topology, developmental timing, and environmental
exposure create distinct trajectories even among individuals sharing similar genetic variants(Bolton
et al.,, 2020; Boyce et al., 2020; Hayes et al., 2022). This perspective reframes brain disorders as
disruptions of regulatory architecture rather than static gene lesions.

The same gene produces disease-specific outcomes through distinct regulatory topologies

A striking implication of the regulatory logic model is that the same gene can produce opposite
phenotypic effects across disorders, depending on its regulatory topology. Genes such as BDNF, IL6,
and NRXN1 exemplify this principle.

BDNF, which supports neuronal survival and synaptic plasticity, operates under multiple
enhancer networks that respond to both activity-dependent and stress-related cues. In ASD,
hyperactive enhancer loops amplify BDNF transcription, driving excessive synaptic connectivity and
hyperplastic circuits(Gompers et al., 2017). Conversely, in MDD, promoter silencing through DNA
methylation and histone deacetylation reduces BDNF expression in prefrontal and hippocampal
neurons, leading to emotional dysregulation and cognitive rigidity.

IL6, a pleiotropic cytokine, exhibits region-specific regulatory rewiring across
neuroinflammatory disorders. In Alzheimer’s disease (AD), loss of insulator integrity in temporal
cortex microglia allows ectopic enhancer activation, sustaining chronic inflammation (Nott et al,,
2019). In MDD, promoter demethylation and NF-«B signaling in prefrontal neurons enhance IL6
transcription transiently, linking peripheral inflammation to mood regulation (Miller and Raison,
2016; Is et al., 2025).

NRXNT1, a synaptic adhesion molecule, displays developmental topology shifts that determine
disease outcome. In schizophrenia, prefrontal cortical enhancers are selectively silenced, weakening
inhibitory circuitry and executive function (Fromer et al., 2014; Sekar et al., 2016). In ASD, alternative
enhancer networks in auditory cortex increase excitatory-inhibitory imbalance and sensory
hyperreactivity(Stidhof, 2008; Werling et al., 2018).

These examples highlight that disease specificity arises from distinct CRE network
configurations, not from the gene identity itself. Each disorder represents a unique topological failure
in regulatory communication—whether through enhancer overactivation, promoter desensitization,
or insulation collapse. Understanding this topology-dependent logic enables a shift from cataloging
DEGs to reconstructing regulatory network states that govern transcriptional behavior.

Predicting the full regulatory logic through single-cell multi-omics and computational
modeling

To translate the regulatory logic model into predictive frameworks, advances in single-cell
multi-omics now enable direct observation of the molecular hierarchy linking genes, CREs, and cell
identity. Integration of scRNA-seq, scATAC-seq, and single-cell methylome data reveals how
chromatin accessibility, transcription, and epigenetic memory interact at the cell-type level (Zhu et
al.,, 2024; Chawla et al., 2025; Hwang et al., 2025).

By mapping these features across development and disease, researchers can construct regulatory
state maps that capture how environmental inputs reshape network topology over time. These maps
can then feed into computational regulatory network models, which infer causal relationships among
transcription factors, CRE clusters, and downstream pathways (Gao et al., 2025b). Such models
integrate temporal and spatial information to predict which regulatory boundaries are most
susceptible to disruption and which can be therapeutically reprogrammed.

Ultimately, this approach aims to reconstruct the complete regulatory hierarchy —from genetic
architecture through chromatin topology to network behavior —thereby linking molecular states to
clinical phenotypes. By uniting biological data and computational inference, it becomes possible to
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forecast individual vulnerability, identify early molecular inflection points, and design targeted
interventions that restore regulatory equilibrium (Kampmann, 2024; West, 2025).

In this vision, brain disorders are no longer defined by static gene lists but by dynamic regulatory
topologies—a shift that aligns molecular neuroscience with systems-level logic and opens the door
to truly mechanistic predictions of disease and recovery.

Outlook and Conclusion: Toward Predictive and Interventional Regulatory
Logic

Reframing disease as regulatory misalignment

Across the evidence presented, brain disorders emerge not from isolated molecular lesions but
from hierarchical misalignments in regulatory systems that coordinate genes, chromatin states, and
neural networks. Genetic predispositions provide the architectural scaffold, but environmental
inputs—ranging from prenatal stress and infection to sensory deprivation—reshape the regulatory
landscape through CRE-mediated mechanisms. This remodeling redefines gene expression potential
and determines network resilience or fragility.

Rather than viewing pathology as the failure of a single pathway, this framework conceptualizes
disease as a disturbance in regulatory equilibrium, where feedback loops between molecular and
circuit levels lose synchronization. The same molecular components may support adaptation in one
developmental window but trigger dysfunction when regulation collapses.

Restoring regulation rather than repairing genes

Translational neuroscience is now shifting from targeting individual molecules to reconstructing
regulatory logic. Epigenetic and activity-dependent therapies exemplify this transition.
Pharmacological agents—such as HDAC inhibitors, DNMT modulators, and BET bromodomain
blockers—can reopen silent CREs or restore chromatin flexibility. When paired with behavioral or
sensory interventions that re-engage plastic circuits, these compounds act synergistically to re-
establish appropriate gene—environment coupling.

This dual strategy —epigenetic modulation plus experience induction—represents a form of
“biological reprogramming.” Rather than suppressing symptoms, it aims to reinstate the original
developmental regulatory logic that underpins circuit balance and emotional stability. As regulatory
plasticity extends into adolescence and adulthood, these approaches open the door to interventions
that are restorative rather than compensatory, repositioning therapeutic neuroscience around the
reconfiguration of chromatin—network interactions.

Building predictive frameworks for early vulnerability

A major next step is to move from retrospective understanding to predictive prevention. The
combination of single-cell multi-omics, clinical data and Al-driven modeling enables reconstruction
of full regulatory hierarchies across development and disease.

By integrating chromatin accessibility, transcriptional output, and epigenetic marks with
longitudinal environmental data, clinical reports, computational systems can generate regulatory
vulnerability atlases—maps that identify which cell types, CREs, and signaling pathways are most
susceptible to disruption at specific developmental windows.

Ultimately, computational biology may reconstruct the entire causal chain from environment —
regulation — network — behavior, allowing early interventions that preempt maladaptive
developmental trajectories rather than treating established disorders.

This predictive turn represents a paradigm shift: understanding vulnerability becomes the
cornerstone of therapy, and prevention—grounded in regulatory insight—supersedes reactionary
treatment.

Early regulation as both risk and opportunity

The dynamic plasticity of early regulatory systems is a double-edged sword: it confers
extraordinary capacity for adaptation but also heightened vulnerability to adverse input. Yet this
same flexibility offers the most powerful leverage point for prevention. By identifying early
regulatory inflection points —periods when environmental experience can durably reconfigure CRE
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accessibility and circuit tuning—researchers can design targeted strategies that stabilize trajectories
before pathology emerges.

Future work must therefore integrate longitudinal developmental studies, in vivo chromatin
imaging, and Al-guided causal modeling to define how early experiences encode regulatory memory.
Through such efforts, the field can move toward a comprehensive model where environment and
genome interact dynamically to shape the regulatory logic of the brain—a framework that unites
mechanism, prediction, and intervention into a single continuum.
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