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Abstract. This article examines the child’s neurodevelopmental trajectory from conception to
the early years of life, focusing on the critical stages of typical and atypical neurodevelopment.
Through the lens of Psychoneuroendocrinoimmunology (PNEI), the article analyzes the shift
from genetic determinism to a dynamic and probabilistic model in which epigenetics plays a cen-
tral role. The theoretical frameworks of the exposome and DOHaD (Developmental Origins of
Health and Disease) are explored, highlighting the impact of environmental factors, maternal-
fetal stress and maternal immune activation (MIA) on brain connectomics and on the genesis of
neurodevelopmental disorders (NDDs), with particular reference to autism spectrum disorder
(ASD). The article examines the molecular mechanisms of neuronal migration, microglia-
mediated synaptic pruning and alterations of the gut-brain axis. Finally, it discusses the func-
tional meaning of atypical sensory profiles and stereotypies, proposing a therapeutic paradigm
shift based on brain plasticity, environmental modification and early clinical intervention aimed
at relational and sensory enrichment.
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Introduction: A Paradigm Shift in Neurodevelopment

The human brain is the most complex non-linear biological system known to
science. Historically, developmental biology and child neuropsychiatry have oper-
ated under the hegemony of genetic determinism, a reductionist model that re-
garded DNA as a rigid and immutable program — an “architectural blueprint” ca-
pable of univocally determining the structural and functional destiny of the indi-
vidual. Within this older framework, neurodevelopmental disorders were inter-
preted almost exclusively as the product of intrinsic errors in the genetic code.

Modern neuroscience, integrated with the paradigm of Psychoneuroendocri-
noimmunology (PNEI), has radically dismantled this static view. As the biologist
Richard Strohman (2003) clearly put it, DNA is not a program of action but a vast
vocabulary. The genetic code contains the words, but it is the environment, experi-
ence, relationships and metabolic context that write a narrative endowed with bio-
logical and psychological meaning. The genome thus emerges not as a destiny but
as a field of molecular possibilities, constantly modulated by external and internal
signals.

Neurodevelopment is not a linear process of structural accumulation but a dy-
namic developmental trajectory that begins at the very moment of conception and
reaches its peak of vulnerability and plasticity during intrauterine life and the first
postnatal year. In these critical time windows, the constant interaction between ge-
nome and epigenome shapes the configuration of neural networks. Understanding
neurodevelopment today means abandoning the obsolete dichotomy between na-
ture and nurture in favor of a systemic view in which the child’s biology is co-
constructed, moment by moment, through interaction with the environment and
with the maternal relational matrix.

The Architecture of the Mind: Connectome, Interactome
and Emergence

The child’s brain does not develop as a set of isolated anatomical modules ma-
turing independently, but as a complex network of synaptic and structural connec-
tions known as the “connectome” (Sporns, Tononi & Kétter, 2005). Brain connec-
tomics studies the brain as a complex graph made up of nodes (specialized brain
areas) and edges (the white matter tracts and synapses connecting them).

In the early years of life, brain architecture undergoes a profound dynamic
transition. Before the age of seven, the pediatric connectome features so-called hy-
perconnected cortical “hubs”, located mainly in the primary sensory and motor ar-
eas. These hubs act as convergence zones for information arriving from the outside



world. As neurodevelopmental maturation proceeds, the interactome — the totality
of molecular and cellular interactions governing these networks — expands, allow-
ing a shift from predominantly local connectivity to long-range connectivity link-
ing posterior to anterior (frontal and prefrontal) regions, which are required for
higher executive functions, emotional regulation and social cognition.

A key concept of this architecture is emergence. In complex systems theory,
emergent properties are functions of a global system that cannot be traced to its in-
dividual components but arise solely from their dynamic interactions. The mind,
consciousness, empathy and the capacity to integrate sensory stimuli do not reside
in a single neuron or in an isolated brain area; they are emergent properties of the
brain interactome.

In neurodevelopmental disorders, and in autism spectrum disorder (ASD) in
particular, this network architecture is altered. A fragmentation of the connectome
is frequently observed, characterized by short-range local hyperconnectivity (espe-
cially in primary sensory areas) together with long-range hypoconnectivity (be-
tween the prefrontal cortex and posterior or limbic regions). This imbalance pre-
vents the proper integration of information, turning the flow of environmental
stimuli into a disorganized and chaotic whole that lacks central coherence.

Phases of Brain Development: From Embryogenesis to
Adolescence

The neurodevelopmental trajectory unfolds through a sequence of biological
events tightly orchestrated in time and space, each representing both a marvel of
evolutionary engineering and a window of potential vulnerability to epigenetic in-
sults.

Neurogenesis and Cell Proliferation

During the first months of gestation, the ventricular zone of the fetal neural tube
is the site of massive neuronal proliferation. Billions of neural stem cells divide
symmetrically and asymmetrically to generate the neurons and glial cells that will
make up the brain. This phase requires a perfect energetic and metabolic balance.

Neuronal Migration and Positioning

Once generated, neurons must migrate from their deep site of origin towards
the outer surface to form the cerebral cortex, which is organized into six distinct
layers. This journey takes place along radial glial processes and requires the coor-



dinated action of molecular adhesion and signaling complexes, among which
NEGR1 (Neuronal Growth Regulator 1) and FGFR2 (Fibroblast Growth Factor Re-
ceptor 2) stand out.

If these molecular guidance mechanisms are disrupted (for instance by an in-
flammatory state or by environmental toxicants), neurons fail to reach their correct
destination and come to a halt in the deep layers. This mispositioning leads to the
formation of atypical neural networks (Belmonte et al., 2004) that receive incoher-
ent input and fail to integrate into the global connectome — a pathological finding
frequently reported in neuroanatomical models of autism.

Explosive Synaptogenesis

Between the last trimester of pregnancy and the first two postnatal years, the
child’s brain undergoes an unprecedented synaptic explosion. Trillions of redun-
dant connections are deliberately created. The brain produces an excess of connec-
tions to ensure that, whatever the environment into which the child is born, the
structural bases for learning and adaptation are in place.

Experience-dependent synaptic pruning

This phase, which extends into adolescence, marks the crucial transition from
the potential brain to the functional brain. Pruning consists in the selective elimina-
tion of redundant, weak or unused synapses, guided by experience and environ-
mental stimuli. The true architects of this process are microglial cells, the resident
macrophages of the central nervous system. Microglia do not merely perform im-
mune defense functions; they act as genuine “gardeners” of the brain: they recog-
nize less active synapses through molecular complement signals and phagocytose
them, optimizing neural circuits and reducing the organ’s energy consumption.

If pruning is deficient or delayed, the brain remains flooded with an overabun-
dance of immature and weak synapses. This phenomenon underlies the patho-
physiology of autism: the absence of proper pruning generates high background
noise in brain circuits (Holiga et al., 2019). Neural networks fail to specialize; in-
formation is dispersed across countless synaptic rivulets, preventing the system
from distinguishing the relevant signal from incidental stimuli.

Myelination

In parallel with pruning, oligodendrocytes wrap axons in myelin sheaths, in-
creasing the conduction velocity of nerve impulses up to a hundredfold. Mye-



lination proceeds in a caudo-rostral direction (from posterior motor and sensory
areas towards the anterior frontal lobes) and is completed only in early adulthood,
marking the full maturation of planning and inhibitory control abilities.

Epigenetics, the Exposome and the DOHaD Framework

To understand the heterogeneity of developmental profiles, modern medical re-
search has had to integrate three revolutionary scientific concepts: the exposome,
epigenetics and the DOHaD theory.

Epigenetics comprises the set of molecular mechanisms through which the
exposome communicates with the genome, altering gene expression without modi-
tying the underlying nucleotide sequence. The main epigenetic mechanisms in-
clude:

DNA methylation: the addition of methyl groups at CpG islands, which general-
ly silences gene transcription.

Histone modification: acetylation or methylation of histone tails, which alters
chromatin compaction, making DNA more or less accessible to the transcriptional
machinery.

Non-coding RNAs (miRNAs): small RNA molecules that degrade target mRNA
or block its translation in the cytoplasm.

Through these biochemical switches, an experience of severe stress or exposure
to environmental toxicants can “switch off” protective genes (such as those in-
volved in the synthesis of neurotrophic factors like BDNF) or “switch on” pro-
inflammatory genes.

The exposome (Wild, 2005) represents the totality of non-genetic exposures to
which an individual is subjected over the entire life course, starting from concep-
tion. It includes not only exposure to chemical and physical factors (air pollutants,
heavy metals, endocrine disruptors, microplastics, drugs, nutrients) but also expo-
sure to psychological and social factors (maternal stress, trauma, socioeconomic
deprivation, quality of the attachment relationship). The exposome concept recog-
nizes that the environment constantly penetrates our biology and modifies it.

The DOHaD theory (Developmental Origins of Health and Disease), originally for-
mulated by the epidemiologist David Barker (1995), postulates that the environ-
mental and metabolic conditions experienced during crucial phases of fetal devel-
opment and early childhood durably program the structure, function and metabo-
lism of organs, thereby determining susceptibility to chronic metabolic, cardiovas-
cular and neuropsychiatric diseases in adulthood. In this context, as Barker himself
stated, «the womb may be more important than the home» (as cited in Burgio,
2015, p. 1).



Fetal programming is the mechanism through which the fetus “reads” the
mother’s biochemical state (via the placental transfer of stress hormones such as
cortisol, cytokines and nutrients) and adapts its own gene expression to prepare for
the external environment (Burgio, 2015). If the mother is immersed in a hostile,
stressful or pollutant-saturated environment, the fetus will receive continuous
alarm signals. This alters the development of the unborn child’s hypothalamic-
pituitary-adrenal (HPA) axis, inducing a state of stress hyperreactivity, remodeling
amygdala circuits and predisposing the child to atypical developmental trajecto-
ries.

Primary prevention must therefore focus decisively on safeguarding maternal
and child health during the first 1000 days (from conception to two years of age),
reducing maternal-fetal distress and minimizing exposure to environmental pollu-
tion, since protecting proper cellular programming in this early phase is the only
way to safeguard the health of future generations.

Maternal Immune Activation (MIA) and Persistent
Neuroinflammation

One of the most groundbreaking discoveries of contemporary neuroscience
concerns the role of the maternal immune system in guiding or diverting fetal
brain development. Maternal immune activation (MIA) (Estes & McAllister, 2016)
is a pathophysiological model that applies when the mother undergoes a systemic
immune insult during gestation, due to infections (viral or bacterial), autoimmune
diseases or acute and prolonged psychological stress.

In response to these conditions, the maternal immune system releases high con-
centrations of pro-inflammatory cytokines into the bloodstream, including inter-
leukin-6 (IL-6), interleukin-17 (IL-17) and tumor necrosis factor alpha (TNF-o).
These molecules can cross the placental barrier (Nugent & Bale, 2015) and enter the
fetal compartment, where they interact directly with receptors expressed on neural
stem cells and on fetal microglial cells that are still differentiating.

The impact of MIA on the developing brain is profound:

it alters neuronal proliferation and migration, contributing to structural cortical
abnormalities;

it induces a phenotypic shift of microglia towards a persistently activated, pro-
inflammatory state (M1 phenotype).

This state of persistent neuroinflammation does not end at birth but may be-
come chronic within the child’s central nervous system for years.

The clinicopathological demonstration of this phenomenon lies in the landmark
studies by Vargas and colleagues (Vargas et al., 2005). Through post-mortem analy-



sis of brain tissue from individuals with ASD aged 5 to 44 years, the researchers
documented marked and widespread microglial and astrocytic activation in the
cerebral cortex, white matter and cerebellum. Increased production of specific
chemokines and cytokines was found in the cerebrospinal fluid and brain tissue of
these patients, notably monocyte chemoattractant protein-1 (MCP-1) and trans-
forming growth factor beta-1 (TGF-31).

This study demonstrated unequivocally that autism is not a static, purely “neu-
ro-architectural” disorder but an active, dynamic and chronic neuroinflammatory
process, mediated by an innate immune response of the central nervous system
that continues to disrupt synaptic homeostasis throughout life. Moreover, this un-
derlying immune vulnerability creates susceptibility to a postnatal “second hit”.
Subsequent infections, severe intestinal dysbiosis or early psychosocial stress may
act on microglia already primed by MIA, triggering an amplified and destructive
inflammatory response that results in clinical regression or worsening of neuro-
psychiatric symptoms.

Sensory Profiles and Autism Spectrum Disorder (ASD)

The clinical picture of neurodevelopmental disorders, and of autism in particu-
lar, is not limited to deficits in social communication and emotional reciprocity but
is intrinsically rooted in a profound alteration of sensory processing. This evidence
has been formally incorporated into the DSM-5 diagnostic criteria (American Psy-
chiatric Association, 2013), which list hyper- or hyporeactivity to sensory input, or
unusual interest in sensory aspects of the environment, among restricted and re-
petitive behaviors.

Neuropsychological models, in particular the Sensory Profile framework (Er-
mer & Dunn, 1998), show that each individual has a specific neurological threshold
for responding to stimuli and a specific mode of behavioral response. In children
with ASD, the processing of sensory stimuli (visual, auditory, tactile, olfactory,
gustatory, vestibular and proprioceptive) is marked by extreme atypicality and
fluctuation, which manifests in three main profiles:

Hyperreactivity (hypersensitivity): characterized by an extremely low neurological
threshold. Ordinary environmental stimuli (the hum of a fluorescent lamp, the tex-
ture of a fabric, background noise in a room, a faint odor) are perceived by the
child’s brain as painful, threatening or overwhelming signals. The behavioral re-
sponse is often avoidance, intolerance or an acute anxiety crisis (meltdown).

Hyporeactivity (hyposensitivity): characterized by a pathologically high neurologi-
cal threshold. The child appears not to register stimuli from the outside world: does
not respond to their name, shows apparent insensitivity to physical pain or extreme



temperatures, and requires stimuli of massive intensity to elicit a neural response.

Sensory seeking: the child has a high threshold but, unlike the hyporeactive pro-
file, adopts an active behavioral strategy to reach the necessary level of neurologi-
cal arousal. This translates into a relentless search for intense stimulation: watching
rotating objects, systematically sniffing surfaces, producing continuous vocal nois-
es, seeking deep pressure contact.

Clinical studies using standardized instruments such as the Sensory Profile
show that sensory abnormalities in the autistic population have high predictive
value for the onset of severe behavioral problems such as emotional dysregulation,
irritability and aggression (Fabbri-Destro et al., 2022).

The biological link between the altered connectome and the sensory profile
lies, as mentioned above, in the failure of synaptic pruning. The “background
noise” generated by the excess of unpruned synapses allows primary sensory
networks (which mature first and are metabolically very robust) to retain an ab-
solute competitive advantage within the brain, dominating its electrical activity.
As a result, higher integrative networks (fronto-parietal and prefrontal) fail to
modulate and filter incoming stimuli in a top-down manner. The child is thus at
the mercy of an environment perceived as unpredictable, threatening and chaotic
(Ayres, 2005).

Within this neurobiological framework, the phenomenon of stereotypies (repet-
itive movements such as rocking, hand flapping or the repetition of words) takes
on an entirely new meaning. Historically regarded as bizarre symptoms to be elim-
inated or suppressed pharmacologically or behaviorally, stereotypies are in fact
remarkable tools for bottom-up self-regulation. When the child’s brain is over-
whelmed by sensory background noise and by the anxiety generated by an unpre-
dictable external environment, performing a rhythmic, repetitive movement entire-
ly under the child’s control produces a pure sensory input that is 100% predictable.
This coherent stimulus acts as a neural “anchor”, reducing sympathetic nervous
system activation, lowering cortisol levels and allowing the system to restore a
semblance of homeostatic balance. Forcibly interrupting a stereotypy without first
modifying the sensory environment means depriving the child of their only neuro-
functional survival strategy against sensory collapse.

The Gut-brain Axis and the Role of the Microbiome

The systemic perspective of PNEI requires us to regard the central nervous sys-
tem not as an isolated entity enclosed within the skull, but as an organ in constant
bidirectional communication with the rest of the body’s biology. The clearest ex-
ample of this interconnection is the gut-brain axis (Dinan & Cryan, 2017), a com-



plex communication network linking the central nervous system, the neuroendo-
crine system, the immune system and the enteric nervous system (the so-called in-
testinal “second brain”).

At the center of this axis lies the gut microbiome, the vast community of tril-
lions of microorganisms (bacteria, viruses, fungi) that co-evolves with humans and
performs fundamental metabolic, immune and neurochemical functions. The mi-
crobiome may be regarded as the epigenetic organ par excellence (Woo & Alenghat,
2022): it produces signaling molecules capable of travelling via the vagus nerve,
altering the blood-brain barrier and directly influencing brain gene transcription
and microglial activation.

In people with neurodevelopmental disorders, and in ASD in particular, the
prevalence of chronic gastrointestinal symptoms (abdominal pain, persistent con-
stipation, diarrhea, altered intestinal permeability) is markedly higher than in the
neurotypical population, as confirmed by clinical meta-analyses (McElhanon et al.,
2014). This clinical finding reflects the frequent co-occurrence of intestinal dysbio-
sis in autism spectrum disorders, i.e. a qualitative and quantitative alteration of
microbiome composition (Zheng et al., 2026), often characterized by reduced mi-
crobial biodiversity, an increased Firmicutes/Bacteroidetes ratio and the prolifera-
tion of pathogenic or opportunistic bacterial species (such as certain Clostridia or
Sutterella strains).

Intestinal barrier integrity: dysbiosis reduces the production of short-chain fatty
acids (SCFAs) such as butyrate, which nourish colonocytes and maintain the integ-
rity of tight junctions. Loss of this barrier results in the so-called leaky gut syn-
drome.

Endotoxin translocation: through the permeable gut, toxic bacterial fragments
such as lipopolysaccharide (LPS) pass into the systemic circulation, triggering low-
grade inflammation that aggravates central neuroinflammation (Hughes et al.,
2018) and alters blood-brain barrier permeability.

Neurotransmitter synthesis: gut bacteria are responsible for the synthesis or mod-
ulation of precursors of key neurotransmitters such as serotonin (90% of which is
produced in the gut by enterochromaffin cells stimulated by the microbiome) and
GABA. A dysbiotic microbiome alters the balance between excitatory (glutamate)
and inhibitory (GABA) neurotransmission in the brain — a bioelectrical trait typical
of the autistic brain, characterized by cortical hyperexcitability.

Therapeutic interventions aimed at restoring intestinal eubiosis — through spe-
cific nutritional protocols, the rational use of prebiotics and targeted probiotics
and, in the most severe cases, fecal microbiota transplantation (FMT), which is un-
der investigation in international research — do not simply aim to resolve a diges-
tive problem; they represent a bottom-up therapy capable of reducing circulating



inflammatory cytokine levels, modulating microglial activation and, consequently,
significantly improving the child’s behavioral symptoms, attention, hyperactivity
and relational availability.

Clinical Interventions, Neural Plasticity and Environmental
Enrichment

Accepting the dynamic, PNEI-based model of neurodevelopment radically
transforms the approach to clinical therapy in pediatrics. If the brain is not a com-
puter rigidly hard-wired at birth but a plastic system in constant co-construction
with the environment, early diagnosis and intervention become absolute ethical
and clinical imperatives.

In autism spectrum disorder, the golden therapeutic window coincides with the
preschool years (before 3-4 years of age). During this period, synaptic pruning and
myelination are at their peak of flexibility, and network connectivity has not yet
become rigidly set in stable pathological configurations. The goal of modern neu-
ropsychiatric and rehabilitative therapy is not “to correct a mechanical defect” but
to steer the competition between neural networks towards functional and resilient
outcomes.

Clinical interventions of proven efficacy are based on the principles of experi-
ence-dependent neuroplasticity and environmental enrichment, and are organized
along three fundamental lines.

Adapting the Sensory and Relational Environment

To reduce overload in hyperreactive children, the environment must be made
structured, predictable and low in simultaneous stimuli. This means slowing the
pace of communicative interaction, using visual supports to make daily routines
predictable, and modulating lighting and acoustics in everyday settings. By reduc-
ing chaotic external stimulation, the metabolic and electrical demand on hyperac-
tive sensory hubs is lowered, allowing the nervous system to emerge from a state
of constant sympathetic alarm.

Amplifying Functional Connections
Through relationship-based and ecological play-based therapies such as the
Early Start Denver Model (Rogers & Dawson, 2010), or developmental-relational

approaches, therapists and parents use contingent affective and empathic interac-
tion as a powerful neurobiological stimulus. The coherent repetition of attuned
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communicative exchanges simultaneously activates the child’s sensory, motor and
emotional areas, driving the connectome to create and strengthen long-range syn-
apses linking the prefrontal cortex (involved in reciprocity) with posterior areas.

Modifying Competition between Networks

By placing the child in a context of warm, predictable and attuned relational
experiences, higher integrative networks — previously “silent” or hypofunctioning
because of excessive background noise — are progressively recruited and activated.
The brain system thus regains a dynamic equilibrium: prefrontal networks resume
their top-down control over sensory and limbic modulation, and the subsequent
process of synaptic pruning can finally select and eliminate weak connections
adaptively.

The clinical approach must therefore move beyond purely training-based tech-
niques focused on the mere extinction of overt behavior, and embrace interven-
tions that address the child’s biology as a whole: reducing systemic inflammation
(gut-brain axis), clearing the exposome of pollutants and toxic stress, and enriching
the relational matrix, thereby transforming a trajectory of vulnerability into a path
of deep neurodevelopmental resilience.

Conclusions

The fascinating and complex journey of neurodevelopment, read through the
modern frameworks of Psychoneuroendocrinoimmunology, connectomics and ep-
igenetics, offers a profoundly renewed vision of pediatric health and disease.

In our view, neurodevelopmental disorders and autism spectrum disorder can
no longer be regarded as unalterable genetic sentences written in the cell nucleus
from conception, nor as psychopathological conditions isolated from the rest of the
body. They represent the dynamic, plastic and probabilistic outcome of complex
developmental trajectories in which epigenetic events, maternal immune activa-
tion, persistent neuroinflammatory states (Hughes et al.,, 2018) and alterations of
the gut-brain axis divert the proper maturation of the brain connectome.

Far from generating a sense of medical helplessness, this awareness conveys a
message of deep hope and responsibility. If environment and experience have the
biological power to influence the developmental trajectory negatively, they also
possess, through epigenetic and plastic mechanisms, the extraordinary power to
heal and reshape it. The challenge for modern medicine lies in primary prevention
during the first thousand days of life: for example, by implementing in clinical
practice procedures and protocols for the observation and clinical assessment of
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early infant motor development (Caruso et al., 2020); by protecting the biological
and psychological health of pregnant women; by reducing the impact of the toxic
exposome to a minimum; and, at the same time, by activating early and appropri-
ate habilitative interventions tailored to each child, which use relational attune-
ment and metabolic care to guide the infant’s brain towards its full developmental
potential.
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