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ABSTRACT

Schizophrenia is a complex psychiatric disorder that often emerges during adolescence,
a critical period of brain development marked by significant structural and functional changes.
Changes in the adolescent brain, particularly in regions like the prefrontal cortex and
hippocampus, interact with genetic predispositions and environmental stressors to increase the
risk of schizophrenia. By examining prior work in this space, this review demonstrates that
excessive synaptic pruning, altered dopamine signaling, disrupted connectivity, and epigenetic
modifications can interact with risk genes and life experiences, increasing the development of
schizophrenia. Current diagnostic gaps in capturing the pre-psychotic phase are from an
overreliance on retrospective data and a lack of a holistic analysis. Diagnostics and treatments
mostly focus on people who already have psychosis, rather than those in the early stages
before psychosis develops, which limits the opportunities for prevention during the critical
pre-psychotic phase. Additionally, much of the existing research relies on asking patients about
pre-illness behaviors, which may lead to inaccurate or incomplete reporting of early
experiences. The main objective of this paper is to present how the complex interplay between
adolescent brain development and genetic-environmental interactions contribute to
schizophrenia vulnerability and explore how these insights can guide earlier, more personalized
intervention and treatment strategies for at-risk youth.

Keywords: Schizophrenia, Adolescent Brain Development, Neurodevelopment,
Genetic-Environmental Interactions, Epigenetics, Pre-Psychotic Phase

INTRODUCTION

Schizophrenia (SZ) is a serious mental health condition characterized by how a person thinks,
feels, and behaves, involving hallmark symptoms such as hallucinations, delusions, and
disorganized thinking. It affects approximately over 23.6 million people worldwide(1), with nearly
75% of the individuals beginning showing onset of this disease before the age of 25(2). Despite
this early onset, SZ in adolescents often remains undiagnosed and untreated, contributing to
greater clinical severity and worse outcomes compared to the adult-onset disorder(3).

Early onset schizophrenia (EOS) is usually diagnosed using the same criteria as adult-onset
schizophrenia (AOS), which may limit identification of SZ in younger populations and delay
treatment(3). Since the duration of untreated psychosis significantly influences the disease
course, early intervention is critical(4).

Nevertheless, it is difficult to detect symptoms in the initial stage that occurs before the first
acute psychotic episode, as they develop months or years before the onset of schizophrenia.
This includes altered mood, nonspecific anxiety, or relational mistrust that do not meet
DSM-5-TR diagnostic criteria for SZ(5).

To increase the accuracy of EOS identification and inform more effective early-stage treatment
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strategies, we need to first understand how the brain develops and reacts to genetic and
environmental risk factors of SZ, as disruptions in brain development can contribute to biological
changes associated with SZ. The purpose of the paper is to evaluate major risks for SZ,
covering epidemiology, gene-environmental interactions, and environmental risk factors. In
addition, this paper will propose feasible early treatment plans, consisting of pharmacological
interventions, cognitive therapies, and psychosocial & behavioral interventions.

ADOLESCENT BRAIN DEVELOPMENT

In adolescent brain development, the growth of white matter—the part of the brain that’s mainly
made up of myelinated axons which act as communication pathways connecting different
gray-matter regions—is crucial. Changes in white-matter pathways and emotion-related brain
development have been examined using diffusion tenor imaging (DTI), which measures
white-matter integrity. Imaging studies using DTI suggest that white-matter networks keep
strengthening throughout the teenage years(6). Fractional anisotropy—a measurement used in
DTI that reflects how directionally water moves along white-matter fibers in the brain—tends to
rise slowly, around 1-2% per year in regions like the corpus callosum, mirroring the steady
improvements seen in processing speed and executive functioning as adolescents mature(7).
Gray matter, which contains neuronal cell bodies, dendrites, and synapses and forms the cortex
and other brain regions, undergoes substantial structural changes during adolescence, including
synaptic pruning.(8). This process removes unused neural connections and strengthens
frequently used pathways(9,10). MRI studies have shown that the balance of gray and white

matter strengthening are crucial for normative brain maturation during adolescence (Figure
1)(11,12).
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Figure 1. Developmental Trajectories for Total Brain Tissue Volume, Gray Matter Volume
and White Matter Volume in Males and Females'

Sex-specific group level trajectories (blue = males, red-females) for each volume (bold lines with
shaded 95% confidence intervals) are shown with underlying raw data (points = scans, lines link
scans from the same person). Gray matter peaks in early adolescence and declines due to
synaptic pruning, whereas white matter increases steadily. The figure emphasizes adolescence
as a sensitive developmental period during which abnormal pruning may increase vulnerability
to schizophrenia.

In SZ, the maturation process deviates: pruning may be excessive or mistimed, and
white-matter development becomes disrupted, especially in the prefrontal cortex. Disrupted
white-matter integrity weakens communication between brain regions involved in memory,
planning, and emotional regulation. An MRI study shows that EOS patients indicate abnormally
accelerated cortical pruning and reduction in gray-matter volume in key areas such as the
hippocampus, temporal lobe, cerebellum, corpus callosum, and ventricles(13). Longitudinal MRI
studies found an ~8% decline in cortical gray matter volume in childhood-onset SZ compared
with ~2% in healthy controls, particularly in the frontal and temporal lobes(14) . At the cellular
level, abnormal synaptic pruning may involve excessive microglial elimination of synapses, as
demonstrated in the schizophrenia patient-derived cellular model shown in Figure 2.
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Figure 2. Increased synapse engulfment by iMGs in a schizophrenia patient-derived
cellular model(15).

This figure illustrates that in schizophrenia, microglia excessively eliminate synaptic connections
compared to healthy brains, driven by increased tagging of synapses for removal. This
overpruning leads to a loss of neural connections that are important for normal brain
communication. Synaptosomes are tiny pieces of nerve endings that contain the parts of a
synapse used to send and receive signals between brain cells. C3 and C4 are immune signaling
proteins that help tag cells or debris for removal.

GENETIC RISK FACTORS

The genetic components play a substantial role in SZ, with an estimated heritability of 80%(16).
Having a first degree relative—such as a parent, sibling, or child—with schizophrenia is one of
the most significant predictors of this disorder, increasing an individual’s likelihood of developing
it by roughly seven- to ninefold (7.0-9.3) compared to the general population(17). This increased
risk is partly due to inherited genetic differences that make a person more likely to develop SZ.
Additionally, the inheritance of schizophrenia does not follow a simple single-gene pattern.
Instead, a significant portion of its genetic liability is polygenic, arising from the combined effects
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of many common genetic variants that individually contribute small amounts of risk but
collectively increase vulnerability to the disorder(18). In 2014, The Psychiatric Genomic
Consortium studied the DNA of nearly 36,989 people with SZ and 113,075 healthy controls,
identifying 128 significant genetic associations across 108 locations in the genome (called loci)
that were linked to the disorder (p < 5x107*), 83 of which were newly discovered loci(19).
However, these common risk alleles each only cause small increases in risk (often odds ratios
near 1.1-1.2), meaning that carrying one variant alone has little impact and that risk builds only
when many such variants are combined(20).

Genome-wide association studies (GWAS) have helped identify many of the common variants
that contribute to the polygenic risk. In 2009, large genetic collaborations, including the
International Schizophrenia Consortium (ISC), SGENE, and the Molecular Genetics of
Schizophrenia (MGS) project, identified the first genome-wide significant genetic risk factors for
SZ. One major finding was the Major Histocompatibility Complex (MHC) region on chromosome
6 (6p21.3), which contains genes involved in immune system function(21). The association
between this region and schizophrenia suggests that immune-related processes may contribute
to disease susceptibility, providing a potential link between genetic risk and immune dysfunction.
It was also found that the TCF4 gene also helps regulate gene expression during brain
development(22). Alterations in TCF4-related pathways may therefore influence
neurodevelopmental processes relevant to SZ. Because adolescence is a period when synaptic
pruning, calcium signaling, and immune pathways are rapidly reorganizing(23), disruptions in
genes like TCF4 and NRGN may interfere with normal neutral maturation, increasing the
likelihood that abnormal connectivity forms, a process associated with EOS(24).

Table 1. Key Schizophrenia-Associated Genes and Their Neurodevelopmental Roles
This table summarizes key schizophrenia-associated genes, highlighting their biological
functions, roles in neurodevelopment, and proposed mechanisms through which genetic
variation may disrupt adolescent brain maturation and contribute to early-onset schizophrenia.

Gene / Genomic Major TCF4 (Transcription | NRGN (Neurogranin)
Region Histocompatibility Factor 4)
Complex (MHC)
region (chromosome
6p21.3)
Chromosomal 6p21.3 18921.2 11924.2
Location
Primary Biological Antigen presentation | Acts as a Modulates
Function to T lymphocytes and | transcription factor intracellular calcium
immune that regulates gene signaling by
regulation(25) expression critical for | regulating calmodulin
neurodevelopment, availability,
neuronal supporting synaptic
differentiation, and plasticity, learning,
synaptic function(26). | and memory(27).
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Neurodevelopmental
/ Neural Role

Regulates synaptic
pruning and neural
circuit refinement
through
complement-mediate
d signaling between
neurons and
microglia during brain
development(28,29).

Regulates neuronal
differentiation,
cortical development,
and synaptic
plasticity by
controlling gene
expression during
brain
maturation(30,31).

Supports synaptic
plasticity and
activity-dependent
circuit refinement by
regulating
calcium—calmodulin
signaling in
developing and
mature
neurons(32,33).

Relevance to
Schizophrenia (SZ)

Linked to abnormal
synaptic pruning and
increased disease
susceptibility(34,35).

Linked to altered
cortical development,
synaptic plasticity,
and cognitive
function(30,36).

linked to altered
calcium-dependent
synaptic signaling
and cognitive
dysfunction,
particularly affecting
learning and
memory(32,36).

Proposed Mechanism
in EOS/SZ

Promotes excessive
microglia-mediated
synaptic pruning
during adolescence,
leading to abnormal
cortical thinning and
connectivity in
EOS(15).

Alters transcriptional
regulation of genes
involved in cortical
development and
synaptic plasticity,
increasing
vulnerability to
abnormal neural
circuit maturation in
EOS(37).

Disrupts
calcium-dependent
synaptic signaling,
impairing
activity-dependent
synaptic refinement
and contributing to
cognitive dysfunction
in EOS(27,32,33).

Polygenic risk scores and variants within the MHC region have been linked to altered white
matter development and reduced brain connectivity, suggesting that genetic risk factors may
directly influence neural network formation during adolescence(38).

ENVIRONMENTAL RISK FACTORS

Although schizophrenia is highly heritable, environmental factors account for an estimated
15-40% of disease risk and contribute to variation in susceptibility across populations(39).
Epidemiology studies show higher incidence rates in SZ among males, urban populations, and
migrants than native-born populations.(40)

Premature rupture of membranes, gestational ages shorter than 37 weeks, and use of
resuscitation or incubators were identified as significant risk factors for the subsequent
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development of SZ(41). In the United States Collaborative Perinatal Project, individuals with 3+
hypoxia-related obstetric complications were over 5 times more likely to develop SZ compared
to those with no hypoxia-related obstetric complications. One of the most replicated findings in
the research of SZ is the association between winter and early spring births. Subjects born
during this period have a 5-15% increase in risk of SZ(42), while on the other hand there is a
decline in SZ risks for autumn births(43). One explanation is increased exposure to nutritional
deficiencies or maternal infections during critical stages of pregnancy(44). For example,
respiratory infections such as influenza are more prevalent during the winter, potentially
increasing maternal immune activation and inflammatory signaling that may affect the
developing fetal brain(45).

Dopamine dysregulation is considered a final common pathway in schizophrenia(46). In
adolescence or early adulthood, stresses such as substance use or social hardship may push a
person with underlying neurodevelopmental vulnerabilities past a critical point, leading to the
onset of full psychosis(47). Drugs such as cannabis, cocaine, and amphetamines increase the
risk of SZ because of how much it induces dopamine(48).Meta-analyses indicate that 25-36%
of individuals with substance-induced or brief psychosis later transition to
schizophrenia-spectrum disorders.(49)

Several studies have demonstrated that being born and raised in an urban area increases the
risk of psychosis compared to a rural birth and upbringing. Between the years 1999 to 2020,
The total number of deaths due to SZ was higher in urban areas (7,253 deaths) than rural areas
(2,106 deaths)(50). However, urban morality may also be rising due to factors like limited
continuity of care, homelessness, substance use, pollution, and urban medical systems, so this
trend is most likely to be caused by multiple factors.

Social disadvantage is associated with increased psychosis risk across development.
Researchers found that up to 19 years before the first hospitalization, the odds of being single
and unemployed were higher for people with schizophrenia than the controls of healthy
patients(51).

During adolescence, social exclusion more commonly manifests as bullying, peer rejection, and
social withdrawal. In a longitudinal study of over 1.4 million Swedish residents followed for up to
15 years, greater neighborhood-level personal trust (an indicator of social capital) was
associated with reduced incidence of non-affective psychotic disorders (hazard ratio ~0.89; 95%
Cl, 0.83-0.96) and bipolar disorder without psychosis, independent of socioeconomic and
demographic confounders(52). However, the direction of this association remains uncertain.
Social adversity may increase the risk of psychosis, but social withdrawal can also appear
before schizophrenia develops and may be partly linked to genetic risk(53). This means the
relationship may work in both directions.

GENE-ENVIRONMENT INTERACTIONS

Gene-environment interactions (G x E) are crucial and very widespread in SZ. However,
identifying these interactions remains challenging because environmental effects often depend
on exposure timing, genetic background, and the large number of possible gene—environment
combinations, increasing the risk of false-positive findings, and reducing statistical power.
Epidemiological studies had shown that individuals who were homozygous for the Met allele at
the Catechol-O-Methyltransferase (COMT) Val158Met were more sensitive to stress(54). People
who possess the same two alleles for Met have increased dopamine activity in the prefrontal
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cortex, making them more sensitive to stress and potentially increasing SZ risk under
high-dopamine conditions.

SNAP-25 is a gene involved in neurotransmitter release, and the mice used in the experiment
carried a reduced-function (mutant) version of this gene, making them genetically vulnerable. A
study on mice showed that mutation in the SNAP-25 gene displays several SZ-associated
endophenotypes, including hyperactivity and increased behavioural sensitivity to
psychostimulants, a class of drugs that increase alertness(55). SNAP-25 mutants are more
susceptible to the negative effects of prenatal stress, particularly in terms of social behavior and
sensory processing. In one study, both the SNAP-25 mutation and prenatal stress independently
disrupted prepulse inhibition (PPI), a measure of sensory gating(55) found in SZ. Another
experiment found that prenatal nicotine exposure in mice with reduced SNAP-25 function led to
hyperactivity, impaired social interaction, and weakened long-term synaptic plasticity. Although
either factor alone caused only mild abnormalities, combining the mutation with prenatal nicotine
exposure produced greater hyperactivity, social deficits, and impaired long-term synaptic
plasticity, a process essential for learning and memory.(55)

Interestingly, while many prenatal stressors tend to worsen SZ-related outcomes in certain
genetic models, they appear to alleviate some SZ-like behaviors in mice carrying mutations in
the RELN gene (reeler mice). RELN (Reelin) is a gene that makes a protein important for brain
development, helping neuronal migration and synapse formation(56). Reduced Reelin disrupts
these processes, contributing to abnormal brain organization(56). Reduced Reelin has been
linked to SZ-like features including impaired social behavior, cognitive deficits, motor
abnormalities, and altered GABA signaling(57)(58). However, mild prenatal stress surprisingly
improved social interaction and reduced anxiety-like behavior in heterozygous reeler mice,
suggesting that the effects of prenatal stress vary depending on genetic background(59). While
RELN dysfunction has also been observed in humans with schizophrenia, the stress-induced
behavioral improvement reported here has only been demonstrated in mice, not humans(60).

How to Spot Risk Early

Early intervention approaches that focus on recognizing individuals at elevated risk for
psychosis may delay or prevent the first episode, reduce iliness severity, and improve long-term
outcomes. On detecting early syndromes, there are three criteria that indicate being at-risk:
showing attenuated psychotic symptoms (APS), which are psychotic-like experiences that occur
with reduced frequency or intensity; having brief, limited intermittent psychotic symptoms
(BLIPS), episodes of psychosis that appear suddenly but subside on their own within a week;
and possessing a genetic predisposition that increases susceptibility to developing a psychotic
disorder(61). All three groups require evidence of a decline in functioning lasting at least one
month within the past year.

Recent interest in early identification in this field has led to the development of various
assessment tools. Examples of these tools include an interview for retrospective assessment of
onset of schizophrenia (IRAOS), a structured interview used to look back and figure out when
and how symptoms first started in a person’s life, and a scale of prodromal symptoms, a rating
scale that clinicians score on how severe each early symptom is(62). Although these
assessments improve risk stratification compared to population baseline rates, they are not
definitive diagnostic tools and are primarily used in specialized clinical settings rather than
universal screening. Because early schizophrenia symptoms can overlap with autism spectrum
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disorder, mood disorders, trauma-related conditions, and substance-related symptoms,
clinicians consider developmental history, symptom course, substance use, and changes in
functioning when ruling out alternative diagnoses(63,64).

Individuals with At-Risk Mental State (ARMS) may be identified through school-based
screening, primary care, or specialized mental health services, although most cases are still
detected only after help-seeking or first-episode psychosis(65). To improve early detection, we
need approaches that catch symptoms before they become severe. Teaching mental health
awareness in schools and families can help people recognize early warning signs(66). Finally,
reducing stigma through education and peer support encourages young people to seek help
earlier(67) . However, the limitations are early-detection strategies that face financial, logistical,
and ethical challenges. Universal screening remains limited by those challenges, including false
positives caused by overlap with normal adolescent development.

Clinical interviews alone may not fully capture the underlying neurobiological changes that
precede psychosis. Neuroimaging techniques such as computed tomography (CT) and
magnetic resonance imaging (MRI) have therefore been explored as complementary tools to
detect structural brain alterations during the high-risk stage. The most frequently reported
findings included enlargement of the ventricular system and reduced gray matter volume,
particularly within the cortical and subcortical regions of the frontal and temporal lobes, as well
as the limbic system(68). While structural MRI focuses on the brain’s anatomy, functional MRI
(fMRI) may offer greater potential for exploring the dysconnectivity hypothesis(69). The
dysconnectivity hypothesis is the idea that schizophrenia is not caused by damage to just one
brain region, but by poor communication between different brain regions(70). fMRI studies have
identified abnormal activity and connectivity in frontal, temporal, and parietal regions before
psychosis onset, supporting the dysconnectivity hypothesis (71).

Although MRI findings are promising, measures such as gray matter volume remain susceptible
to confounding factors including head motion, limiting their use as standalone predictive
biomarkers.(72)

Table 3. Neuroimaging Modalities Used in Schizophrenia Research

These imaging tools demonstrate that schizophrenia is associated with both structural brain
changes and disrupted functional connectivity. However, while neuroimaging provides valuable
insight into underlying neurobiology, it is not currently sufficient for diagnosis or routine early

screening.
Imaging Modality What It Measures What It Shows in SZ /
High-Risk Individuals
Structural MRI Brain anatomy (gray matter, Reduced gray matter in
white matter, ventricles) frontal and temporal lobes;
ventricular enlargement(73)
Functional MRI (fMRI) Brain activity and functional Aberrant activation in regions
connectivity including the left inferior
prefrontal cortex and
hippocampus(74)
CT scan Brain structure Modest enlargement of sulci
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and ventricles(75)

Diffusion Tensor Imaging White-matter microstructure Reduced integrity in tracts
(DTI) such as the corpus
callosum(76)

EARLY TREATMENTS

The goal of early treatments for people with First-Episode Psychosis (FEP) is to reduce
symptom severity, delay progression, lower the risk of transition to psychosis, and improve
quality of life(77). Current treatment guidelines for individuals at clinical high risk and FEP
recommend cognitive behavioral therapy (CBT), family-focused therapy, and other psychological
approaches(78,79). In addition to these, needs-based and pharmacological interventions such
as antipsychotics and Omega-3 fatty acids are also employed to reduce the likelihood of
transition to psychosis(80).

CBT helps individuals recognize and modify distorted thinking patterns, promoting healthier
emotional responses and behaviors(81). Studies show that CBT for SZ can reduce both positive
and negative symptoms, and the effects often remain even after therapy ends(82). Once
patients describe their thoughts and interpretations of their symptoms, CBT helps them develop
strategies to manage symptoms, such as reducing distress from auditory hallucinations or
challenging paranoid thoughts(83). These methods are preferred as they are well-tolerated and
pose no risk of side effects compared to pharmacological interventions(64).

Early treatment for schizophrenia usually begins with antipsychotic medication. For individuals
who are newly diagnosed, second-generation (atypical) antipsychotics (SGA) are generally
preferred over first-generation options®. They balance dopamine antagonism, compounds that
block dopamine receptors, with serotonin effects, they tend to have broader symptom coverage
(positive and negative) and better tolerability for many patients, making them preferred as
first-line. Common examples include aripiprazole, risperidone, and olanzapine(84).
First-generation antipsychotics (typical) (FGA) are used for rapid control of severe psychotic
symptoms, violent behavior, or severe agitation. In short, they are more commonly used for
acute psychosis(85). Examples include chlorpromazine (thorazine) and haloperiod (Halod)(84).
Family-focused therapy (FFT) combines psychoeducation with communication and
problem-solving training to reduce relapse, lower hospitalization rates, and improve quality of life
for patients and their families(86)(87). A meta-analysis found that FFT reduces relapse risk by
50—60% reduction compared with usual care(88). Family members would finally experience the
reduced burden of care, improved relationships, and better mental and physical health
outcomes overall.

FUTURE DIRECTIONS AND CONCLUSION

Future directions in schizophrenia care should move toward precision psychiatry, which
integrates biological, genetic, environmental, and digital biomarkers to predict risk and
personalize early interventions(89). By moving beyond symptom-based diagnosis, this approach
seeks to identify high-risk individuals before full psychosis onset and deliver targeted,
individualized treatment strategies. For precision psychiatry to work clinically, multiple data types
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must be combined, including genetic profiles, multi-omics data, brain imaging, lab biomarkers,
and electronic/digital health records(90). This big data alone must be high quality and
interpreted through the lens of brain biology to make it clinically meaningful. However, even with
these technologies, many prediction models can act like a “black box”, giving answers without
meaningful reasoning. This is difficult in psychiatry, where decisions still depend heavily on
conversations, observations, and clinical experience(91). However, even if predictive models are
found to work, the “black box” problem remains important because clinicians must understand
how predictions are made before making high-stakes decisions. Poor interpretability can lead to
difficulty in detecting bias and determining whether a prediction is realistically possible. The
goal of precision psychiatry is to merge data-drive tools with human judgement and improve
care without replacing the patient-clinician connection.

One of the key areas within precision psychiatry is pharmacogenomics, the science studying the
influence of genes on an individual's response to medications(92). While early single-gene
approaches, such as CYP450 testing, showed limited predictive value (93), newer multigene
tests incorporating machine-learning approaches have demonstrated improved ability to predict
treatment response(94)(95). Similar strategies could eventually help antipsychotic selection and
reduce trial and error prescribing SZ. Future advances will likely come from integrating genetic
information with neuroimaging, molecular biomarkers, and clinical data to develop more
accurate and individualized approaches to prevention and treatment(96)(97).

This review examined how adolescent brain development interacts with genetic and
environmental risk factors to shape vulnerability to schizophrenia, highlighting early intervention
as a critical window for prevention and treatment. Research shows that adolescence is a period
of increased brain adaptability, during which changes in brain connections, dopamine activity,
and stress responses can combine with inherited risk and environmental factors to increase the
chances of developing psychosis. Understanding these processes is not just important for
science, but also because it demonstrates that SZ does not happen suddenly, but instead
develops gradually, providing opportunities for early recognition and support.
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