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The Central Claim

Schizophrenia is best understood not as a disease of any single neurotransmitter
system, circuit, or developmental insult, but as an inherent vulnerability surface of the
human brain - a predictable class of failure modes arising from the specific
architectural and regulatory innovations that distinguish Homo sapiens
neurodevelopment from that of all other primates.

The disorder's genetic architecture reflects a polygenic fragility in the synaptic
apparatus: a genetically loaded susceptibility to excessive complement-mediated
synaptic elimination during normative adolescent pruning, which, when triggered by
environmental co-factors, produces cortical excitatory-inhibitory (E/I) imbalance,
downstream striatal dopamine dysregulation, and progressive neuropil loss.

The disorder persists in populations because the genomic substrates that produce it -
maintained by mutation-selection balance across a vast mutational target - are
inextricable from the substrates that produce human cognition itself. This account
integrates genetic, evolutionary, neurodevelopmental, neurochemical, immunological,
and cell-type-resolution evidence into a single coherent framework.

The Genetic Architecture: Polygenicity as Functional Convergence

The genetic evidence now conclusively rules out the existence of a common,
strong-effect risk allele for schizophrenia - the "highly improbable region" of the allelic
spectrum is empty despite near-complete statistical power to detect such variants
(Sullivan et al., 2024).

Instead, the disorder's heritability (~77-81%) is distributed across at least 287
common-variant loci of individually trivial effect (median OR 1.06; Trubetskoy et al.,
2022), 12 recurrent rare CNVs of moderate-to-large effect (OR 1.8-81.2), and ultra-rare
coding variants in at least 20 exome-wide significant genes with ORs of 3-50, including
GRINZ2A, SP4, STAG1, SLC6A1, and KLC1 (Owen et al., 2023; Singh et al., 2022; Chick
et al., 2025).
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Even the most penetrant of these variants are non-deterministic, appearing also in
neurotypical controls.

What is remarkable is the functional convergence.

The convergence of common and rare variant signals on the same genes - GRIN2A and
SP4 appear in both GWAS fine-mapping and SCHEMA exome-wide significant sets;
STAG1 and KLC1 harbor both fine-mapped common variants and exome-wide
significant rare variants - indicates that schizophrenia risk is concentrated in genes
whose dosage and expression timing are under tight constraint, such that both subtle
regulatory shifts and outright loss of function produce overlapping downstream
consequences (Trubetskoy et al., 2022; Chick et al., 2025; Maserrat & Cairns, 2025).

SynGO annotations of prioritized genes span receptors and channels (CACNA1C,
GRIN2A, GABBR?2), endocytic machinery (SNAP91), synaptic organizers (DLGAP2,
LRRC4B, GPM6A), and chromatin looping factors (STAG1) - indicating convergence on
synaptic biology through multiple functional pathways rather than a single molecular
mechanism.

The extensive genetic pleiotropy with bipolar disorder (r~g~ = 0.7), autism, ADHD,
and developmental disorders further confirms that what is being perturbed is general
neurodevelopmental machinery, not a disease-specific pathway (Owen et al., 2023;
Chick et al., 2025; Tandon et al., 2024).

Cell-Type Resolution: Schizophrenia Lives in Specific Neurons

Duncan et al. (2025) integrated PGC3 signals with a 3.4-million-nucleus transcriptomic
atlas spanning 461 cell types across 105 brain regions, identifying ten relatively
independent cell-type associations through forward stepwise conditional analysis.

The strongest signal resided in an SST interneuron subtype localized via MERFISH
spatial transcriptomics to cortical layer 5, followed by PAX6 interneurons co-expressing
GABA and VGLUTS3, and excitatory neurons almost exclusively from the retrosplenial
cortex (probable layer 5).

Subcortical associations included eccentric medium spiny neurons in the amygdala - a
recently discovered MSN class detectable only through transcriptomic approaches -
LAMP5-expressing inhibitory neurons distributed across amygdala, thalamus, and
hypothalamus, and hippocampal excitatory neurons.

Two findings elevate this from descriptive atlas-mapping to etiological inference. First,
the three subcortical structures harboring independent significant cell types -
amygdala, hippocampus, thalamus - precisely match the structures showing the largest
volume reductions in first-episode psychosis meta-analyses (Hedges' g = -0.66, -0.46,
-0.31 respectively), providing convergent evidence from entirely independent,
brain-wide, data-driven approaches.

Second, validation against comparison phenotypes confirmed specificity: alcohol
consumption implicated D2 MSNs consistent with optogenetic causal evidence;
multiple sclerosis yielded T and B cell associations; Alzheimer's disease implicated
microglia (Duncan et al., 2025). That the method correctly identifies known biology for
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control conditions substantially strengthens the schizophrenia cell-type identifications.

The finding that SST interneurons and retrosplenial excitatory neurons are shared
across schizophrenia, bipolar disorder, and depression - while other cell types are
disorder-specific - provides a principled biological basis for both genetic pleiotropy and
the diagnostic boundary problems that have plagued psychiatric nosology.

The Developmental Proposition: Prenatal Origins, Adolescent Decompensation

PsychENCODE consortium data from 672 fetal samples demonstrate that SNP-based
heritability of gene expression is highest in the first two trimesters and declines linearly
from postconception weeks 10-18, that schizophrenia GWAS signals are more enriched
among fetal than adult brain regulatory elements, and that H-MAGMA analyses place
risk gene expression peaks at 16-19 weeks postconception - selectively in excitatory
neurons (Birnbaum & Weinberger, 2024).

Population-scale chromatin accessibility profiling identified a neuronal trans-regulatory
domain active in immature glutamatergic neurons during fetal development that
remains detectable as differential chromatin accessibility in adult schizophrenia cases,
providing a direct molecular link between adult-observable abnormalities and
developmental origins.

A particularly striking finding concerns the placenta. Transcriptome-wide association
studies identified 262 genes whose predicted placental expression associates with
schizophrenia risk, 206 of which were not identified in fetal cortical analyses -
indicating an independent prenatal risk pathway operating through the maternal-fetal
interface, with stronger effects in males (Birnbaum & Weinberger, 2024).

This placental pathway offers a mechanism through which obstetric complications and
prenatal adversity amplify genetic liability through a non-neural route.

The developmental model resolves the longstanding puzzle of adolescent onset despite
prenatal origins. Polygenic risk introduces developmental "noise" - subtle perturbations
to circuit construction - that is compensable during childhood through redundancy and
plasticity, but decompensates during adolescent synaptic pruning, myelination, and
prefrontal maturation. This decompensation operates through a specific mechanism:
the complement-microglia pruning system.

The Synaptic Pruning Mechanism: From Vulnerability to lliness

Normal cortical maturation involves the elimination of approximately 40% of
glutamatergic synapses from late childhood through early adulthood, driven by
activity-dependent complement tagging (C1lq, C3, C4) and microglial phagocytosis via
CR3 (Howes & Onwordi, 2023; Pawlak et al., 2025). The C4A structural variant at the
MHC locus, one of the strongest common-variant signals, directly increases C4A
expression and the rate of complement-mediated synaptic elimination (Leucht et al.,
2025).

iPSC-derived microglia from schizophrenia patients exhibit hyperphagocytic activity
linked to elevated C4A, producing elevated complement-dependent synaptic
engulfment when co-cultured with patient-derived cortical neurons - which already
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show reduced synapsin, SV2, PSD-95, and dendritic spine density (Howes & Onwordi,
2023; Pawlak et al., 2025).

The result is a reduction in dendritic spine density and neuropil volume, particularly in
layer III and V pyramidal neurons of the dorsolateral prefrontal cortex - confirmed by
decades of post-mortem studies showing reduced spine density, lower synaptophysin,
and decreased PSD-95 without frank neuronal loss (Howes & Onwordi, 2023; Leucht et
al., 2025).

In vivo, [**CJUCB-] PET imaging confirms large-effect-size reductions in presynaptic
SV2A binding in frontal and anterior cingulate cortices, uncorrelated with cumulative
antipsychotic exposure (Howes & Onwordi, 2023). Longitudinal structural MRI
demonstrates accelerated grey matter loss beginning in the prodromal stage, and
preclinical MRI-confocal studies establish that dendritic spine and neuropil loss
quantitatively accounts for these grey-matter signal reductions (R? > 0.9; Howes &
Onwordi, 2023).

From Synaptic Loss to Symptom Domains: The Circuit Cascade

Excessive pruning of cortical glutamatergic synapses produces E/I imbalance by
preferentially removing excitatory inputs onto fast-spiking parvalbumin-positive
GABAergic interneurons, reducing their inhibitory tone on pyramidal neurons (Leucht
et al., 2025; Howes et al., 2024). The resulting cortical disinhibition has two
downstream consequences.

First, it reduces signal-to-noise ratio in prefrontal circuits, impairing working memory
and executive function - the negative and cognitive symptom domains detectable as
premorbid cognitive deficits approximately 1.5 SD below controls before any psychotic
episode (Leucht et al., 2025).

Second, disinhibited glutamatergic projections from prefrontal cortex to the associative
striatum drive elevated presynaptic dopamine synthesis capacity and release in the
dorsal caudate (Hedges' g = 0.7), the direct substrate of positive symptoms (Howes et
al., 2024). This striatal dopamine excess is already present in clinical and genetic
high-risk states and predicts transition to psychosis.

The cholinergic system intersects this cascade at multiple points. Meta-analysis reveals
consistent reductions in muscarinic M1/M4 receptor binding in striatum (g = -0.81) and
hippocampus (g = -0.87), with lower nicotinic a7 availability correlating with both
positive symptoms and cognitive impairment (Saint-Georges et al., 2025).

Striatal M4 receptors on cholinergic interneurons normally inhibit dopamine release;
their reduction provides a permissive condition for the dopaminergic excess driven by
cortical disinhibition, explaining why M4 agonism (xanomeline-trospium) achieves
antipsychotic efficacy without direct D2 blockade (Leucht et al., 2025; Saint-Georges et
al., 2025).

The negative symptom dimension - present in up to 60% of patients, with no approved
pharmacological treatment - arises from asymmetric impairment of reward circuitry:
reduced positive prediction error signaling in ventral striatum while negative prediction
error processing remains intact, explaining why patients can experience pleasure but
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cannot use reward signals to motivate future behavior (Marder & Umbricht, 2023).

Environmental Amplification and the Gut-Brain Axis

The pruning-vulnerability model requires environmental co-factors to explain why only
a fraction of genetically loaded individuals develop the full syndrome. Prenatal immune
activation (maternal influenza, Toxoplasma gondii, CMV) primes fetal microglia toward
a pro-inflammatory phenotype, increasing baseline complement expression and
lowering the threshold for excessive pruning during adolescence (Rantala et al., 2022;
Pawlak et al., 2025).

Chronic psychosocial stress activates the HPA axis, elevating pro-inflammatory
cytokines (IL-6, TNF-a) that amplify NF-kB-complement signaling and microglial
phagocytosis (Rantala et al., 2022; Ermakov et al., 2022).

The microbiota-gut-brain axis provides a concrete convergent pathway. Schizophrenia
patients consistently show gut dysbiosis with elevated Proteobacteria and reduced
SCFA-producing commensals, resulting in increased circulating LPS, TLR4/NF-kB
pathway activation, and proinflammatory cytokine cascades (Su et al., 2025; Zhu et al.,
2025).

These cytokines upregulate indoleamine 2,3-dioxygenase, diverting tryptophan
metabolism toward the neurotoxic kynurenine pathway while reducing serotonin
synthesis - converging directly on the NMDA hypofunction model (Su et al., 2025; Fisar,
2023).

Multi-kingdom metagenomic profiling reveals depletion of butyrate-producing bacteria
(Faecalibacterium, Roseburia) and enrichment of pro-inflammatory taxa alongside
upregulation of tryptophan catabolism genes, with ubiquinone biosynthesis correlating
with both PANSS total scores and CRP (Zhu et al., 2025).

C4A polymorphisms interact with microbial variables - negative correlations between
plasma LPS-binding protein and C4A copy number were observed specifically in
patients - positioning complement-mediated pruning as a node where genetic risk,
developmental timing, and environmental exposure converge (Su et al., 2025).

The 22q11.2 Deletion as Proof of Concept

The 22g11.2 deletion syndrome concentrates haploinsufficiency across ~46 genes -
many encoding mitochondrial, synaptic, and immune proteins - yet produces psychosis
in only 25-40% of carriers despite a 20-30-fold elevation in risk (Murphy et al., 1999;
Schneider et al., 2014). The incomplete penetrance demonstrates that synaptic
vulnerability is necessary but not sufficient, and that psychosis requires additional
failure of compensatory homeostatic mechanisms.

The mechanistic lynchpin is mitochondrial bioenergetics. MRPL40 haploinsufficiency
produces ~50% ATP reductions and defective mitochondrial calcium buffering in
iPSC-derived neurons, preferentially compromising parvalbumin-positive fast-spiking
interneurons whose extraordinary metabolic demands make them the first cellular
casualties of ATP insufficiency (Li et al., 2019; Devaraju & Zakharenko, 2017).
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The result is precisely the cortical E/I imbalance predicted by the pruning model:
PRODH haploinsufficiency elevates proline to concentrations that inhibit
GAD-dependent GABA synthesis (Crabtree et al., 2016), while DGCR8-driven miRNA
depletion derepresses DRD2 and suppresses glutamatergic receptor subunits (Zinkstok
et al., 2019).

In vivo MRS confirms elevated hippocampal glutamate alongside reduced GABA in
deletion carriers, with further glutamate elevation in those with psychotic symptoms
correlating with hippocampal volume loss - direct evidence of excitotoxic degeneration
(Mancini et al., 2023).

Critically, what determines whether a given carrier crosses the psychosis threshold is
the integrity of mitochondrial quality control. Deletion carriers who develop psychosis
show depolarized mitochondria with aged protein populations and elevated lysosomal
pH stalling autophagic degradation; non-psychotic carriers show the youngest
mitochondrial populations of any group, indicating compensatory upregulation of
biogenesis (Li et al., 2021; Stronati et al., 2024).

That genes dysregulated in 22q11.2DS neurons are enriched for idiopathic
schizophrenia GWAS and SCHEMA signals confirms that the same convergent
pathways disrupted by distributed common variants can be disrupted by concentrated
haploinsufficiency with equivalent phenotypic results (Nehme et al., 2022).

This model reveals mitochondrial bioenergetics as a critical upstream determinant of
whether complement-mediated pruning becomes pathological - a dimension largely
invisible in GWAS but consistent with postmortem findings of reduced OXPHOS gene
expression in idiopathic schizophrenia brains (Hjelm et al., 2015).

Why Schizophrenia Is Human-Specific: Evolutionary Persistence

The evolutionary question is not why schizophrenia exists, but why the genomic
architecture that produces it was selected. Sandroni and Chaumette (2025) compile
convergent evidence from three classes of human-lineage-specific genomic features.

Human Accelerated Regions - non-coding regulatory segments conserved across
vertebrates but showing accelerated substitution in the human lineage - are enriched
for schizophrenia-associated SNPs, with approximately 8.3% of human-chimpanzee
HAR substitutions arising after divergence from Neanderthals and Denisovans
(~500,000 years ago).

Human-specific segmental duplications overlap known schizophrenia CNV hotspots at
1g21, 15q13.3, and 16p11.2, promoting non-allelic homologous recombination during
meiosis and generating recurrent copy-number variants at rates that cannot be
eliminated by selection without simultaneously eliminating the duplications themselves.

Most compellingly, the Olduvai domain - the most highly amplified coding sequence in
the human genome (~300 copies versus 125 in great apes) - shows direct
dosage-dependent relationships with brain volume and cognitive performance, while
copy-number variation in specific clades associates with symptom dimensions in
schizophrenia cohorts (Sandroni & Chaumette, 2025).
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The Olduvai domain is not a risk factor for schizophrenia; it is the molecular substrate
of human cortical expansion, and schizophrenia is one of its failure modes.

Selection analyses confirm that schizophrenia risk SNPs are enriched among variants
under purifying selection and in loss-of-function-intolerant genes, consistent with
mutation-selection balance (Sandroni & Chaumette, 2025; Owen et al., 2023). Evidence
for positive selection on risk alleles is weak or absent; protective alleles sometimes
show positive-selection signatures. This effectively rules out classical balanced
polymorphism, group-selection models, and kin-selection accounts.

Crow's (2000) lateralization-language hypothesis correctly identified the core insight -
that schizophrenia vulnerability is yoked to a species-defining cognitive innovation - but
erred in localizing the mechanism to a single sex-linked gene. The vulnerability is
distributed across hundreds of loci, many residing in or near human-lineage-specific
regulatory innovations.

The genes implicated - GRIN2A, CACNA1G, SETD1A, TRIO, C4A - are among the most
highly constrained in the genome (pLI near 1.0), under intense purifying selection for
their primary functions (Singh et al., 2022).

Schizophrenia persists not because its alleles confer hidden benefits, but because the
mutational target is so large that new risk variants arise as fast as selection removes
them - and because eliminating the genomic instabilities that generate recurrent CNVs
would require dismantling the structural architecture of human cortical expansion.

Synthesis

Schizophrenia emerges when a polygenic burden across synaptic, complement,
chromatin, and mitochondrial genes - maintained in populations by mutation-selection
balance over a vast mutational target embedded within human-lineage-specific
regulatory and structural innovations - biases the complement-microglia pruning
apparatus toward excessive synaptic elimination during adolescence.

The seeds of dysfunction are planted prenatally, when risk gene expression peaks in
first- and second-trimester excitatory neurons and placental tissue, introducing subtle
perturbations to circuit construction in specific cell populations: cortical layer 5 SST
interneurons, retrosplenial excitatory neurons, and subcortical integration hubs in
amygdala, hippocampus, and thalamus.

These perturbations are initially compensated by developmental plasticity but
decompensate during adolescent remodeling, with mitochondrial bioenergetic
insufficiency determining whether vulnerable synapses can withstand the pruning
challenge. Environmental hits - prenatal infection, chronic stress, gut dysbiosis - prime
and amplify this process through convergent neuroinflammatory cascades targeting
NMDA receptor function and complement activity.

The resulting loss of cortical glutamatergic synapses produces E/I imbalance: reduced
prefrontal inhibitory tone (negative and cognitive symptoms) and disinhibited striatal
dopamine (positive symptoms), with cholinergic receptor deficits providing a
permissive condition for dopaminergic excess.
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The disorder lacks a necessary or sufficient etiology, a single pathophysiological
pathway, or distinct diagnostic boundaries (Tandon et al., 2024) precisely because it is
not a disease entity but a failure-mode distribution of a complex developmental system -
a system whose extraordinary computational power is inseparable from its
extraordinary sensitivity to perturbation. Schizophrenia is, in the most literal genomic
sense, the price Homo sapiens pays for being Homo sapiens.

This account predicts that effective prevention will require not better antipsychotics
but temporally targeted, biomarker-stratified interventions - complement modulation,
mitochondrial quality-control enhancement, and BBB stabilization - before the cortical
damage is done.
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