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Background: Synaptic pruning is a critical neurodevelopmental process that eliminates redundant or weak synaptic connections to optimize brain circuitry. In schizophrenia, converging evidence from imaging, genetic, and postmortem studies suggests that this process is pathologically accelerated, particularly in the prefrontal cortex during adolescence. The resulting reduction in synaptic density has been implicated in disrupted neural connectivity observed in psychosis, with the onset of cognitive impairment and negative symptoms.

Objective: This review explores whether modulating aberrant synaptic pruning could serve as a preventive or early intervention strategy for schizophrenia. We analyze domains with emerging therapeutic relevance: tetracycline antibiotics, the complement system and C4 gene, kynurenine pathway modulation, epigenetic therapies, neuroprotective strategies (e.g., BDNF, NF-κB, progranulin), genetic and transcriptional regulators of pruning, and other new, mostly hypothetical, options. We also discuss the limitations of the impact on pruning.

Methods: We conducted a structured review of the mechanisms involved in pruning, as well as clinical trials, preclinical studies, and mechanistic models that investigate molecular targets influencing synaptic pruning in schizophrenia.

Results: Several molecular pathways have been implicated in abnormal synaptic pruning in schizophrenia, including complement C4A overexpression, kynurenine pathway imbalance (KYNA/QUIN), and dysregulation of microglial and transcriptional modulators such as MEF2C and TCF4. While retrospective studies suggest minocycline or doxycycline may reduce psychosis risk, randomized trials remain inconclusive. Emerging interventions, including LSD1 inhibitors, BDNF/progranulin enhancers, and lifestyle-based epigenetic modulation, show promise but require further validation in clinical settings. We also discuss the limitations of these methods, including safety considerations.

Conclusion: Targeted modulation of synaptic pruning represents a promising but complex therapeutic strategy. The timing, specificity, and reversibility of interventions are crucial to avoid disrupting essential neurodevelopment. Future efforts should focus on identifying biomarkers for patient stratification and validating preventive strategies in high-risk populations.
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1 Introduction

Recent advances in neuroscience have reinforced the hypothesis that schizophrenia is a neurodevelopmental disorder, with its roots tracing back to early brain maturation processes (Weinberger, 1987; Rapoport et al., 2012; Birnbaum and Weinberger, 2017). One of the most consistently implicated mechanisms is excessive synaptic pruning during adolescence, a period marked by widespread refinement of cortical circuits, particularly in the prefrontal cortex (Feinberg, 1982; Huttenlocher and Dabholkar, 1997). In individuals at risk for schizophrenia, this pruning appears to be hyperactive, leading to reduced synaptic density, disruptions in long-range connectivity, and impairments in information integration, all hallmark features of the illness observed in neuroimaging and postmortem studies, which have additionally underlined that decrease of dendritic spine density mainly refers to pyramidal neurons, particularly in layers III and V of the dorsolateral prefrontal cortex (DLPFC) (Glantz and Lewis, 2000; Kolluri et al., 2005; Glausier and Lewis, 2013; Sellgren et al., 2019). Significantly, this decrease is not associated with widespread neuronal loss, but rather with a reduction in neuropil volume, defined as the dense meshwork of dendrites, axons, and synaptic contacts that form the substrate of cortical connectivity (Glausier and Lewis, 2013; Konopaske et al., 2014).

This aberrant synaptic elimination is thought to be driven by genetic vulnerabilities, such as increased expression of complement component C4A (Sekar et al., 2016), as well as environmental factors that enhance neuroinflammatory signaling. Notably, pruning abnormalities may precede the onset of clinical symptoms by several years, offering a potential window for early intervention aimed at preserving neural connectivity and preventing negative symptoms and cognitive dysfunctions. Therefore, modulating the pruning process represents both a significant theoretical breakthrough and a therapeutic challenge in the future of personalized psychiatry. This raises a compelling clinical question: is it possible to selectively modulate synaptic pruning in a way that preserves healthy neural connectivity and reduces the likelihood of psychosis onset? The emerging literature suggests that multiple biological systems intersect with the pruning process, ranging from immune and inflammatory signaling, to metabolic and epigenetic regulation and offering potential targets for early therapeutic intervention. While interfering with synaptic pruning carries the risk of disrupting critical neurodevelopmental processes, advances in translational neuroscience and biomarker discovery have opened the door to more refined and reversible strategies. However, interfering with the physiological mechanisms of pruning could have significant consequences, so this approach must be taken with great caution. In this analysis, we review existing knowledge and discuss the possibilities of influencing the pruning process by modulating the various factors involved, with the aim of improving outcomes for patients with schizophrenia.

In order to obtain the most complete picture possible a comprehensive literature search for this review was conducted using major scientific databases including PubMed, Scopus, and Web of Science to identify articles related to synaptic pruning mechanisms and strategies aimed at preventing excessive synaptic pruning, particularly in the context of schizophrenia. The search included publications mostly from the past 20 years, with a focus on articles in English and available in full text. Search terms included combinations of: synaptic pruning, excessive pruning, schizophrenia, microglia, complement system, preventive intervention, prognosis, neurodevelopment, and synaptic plasticity. Initial results yielded over 900 articles; after screening titles and abstracts, 186 full-text articles were assessed as relevant for the review. Inclusion criteria involved articles that explicitly discussed the biological mechanisms of synaptic pruning, the role of pruning dysregulation in the pathogenesis of schizophrenia, and therapeutic or preventive strategies aimed at modulating pruning processes.

Interestingly, despite the significant importance of this topic for further research into effective methods of preventing and treating schizophrenia, only one article has attempted to synthesize the data linking the issues of interest to us here (Germann et al., 2021). However, we ensured that our work would expand on the themes raised in that article.



2 Mechanisms involved in pruning with modulation potential

The Figure 1 illustrates the primary mechanisms involved in process modification, which we will discuss in detail below.
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FIGURE 1
 The main mechanisms modifying the pruning process. MEF2C, myocyte enhancer factor 2C; TCF, transcription factor 4; DISC1, disrupted-in-schizophrenia 1; miR-137, microRNA-137; GABA, gamma-aminobutyric acid; NMDAR, N-methyl-D-aspartate receptor; KYNA, kynurenic acid; QUIN, quinolinic acid; BDNF, brain-derived neurotrophic factor; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells.



2.1 The complement system and the C4 gene

One of the most thoroughly studied biological pathways contributing to abnormal synaptic pruning in schizophrenia is the classical complement cascade. This pathway, a part of the innate immune system, as already mentioned plays a crucial role in marking synapses for elimination during brain development. Notably, the C4A isoform of the complement component 4 gene has been strongly implicated in this process. Groundbreaking research by Sekar et al. used postmortem brain tissue and genetic analyses to demonstrate that individuals with schizophrenia have increased copy numbers and higher expression levels of the C4A gene (Sekar et al., 2016). It leads to elevated production of complement proteins C1q and C3, which bind to synapses and mark them for phagocytosis by activated microglia, the brain’s resident immune cells, similar to how the immune system clears pathogens (Schafer et al., 2012; Hong et al., 2016a; Chen et al., 2025). The expression of complement proteins in neurons, particularly C1q, is regulated by astrocytes. Through this mechanism, astrocytes indirectly instruct microglia on which synaptic structures should undergo phagocytosis (Stevens et al., 2007). This crosstalk suggests that astrocytes serve as upstream regulators of microglial pruning activity. Mechanism of synaptic tagging and engulfment is essential for the developmental refinement of neural circuits, but it appears to be pathologically exaggerated in schizophrenia, particularly during adolescence when cortical pruning peaks (Mallya et al., 2019; Morini et al., 2021). Experimental models using human-derived microglia and induced pluripotent stem cell (iPSC)-derived neurons indicate that microglia from individuals with schizophrenia eliminate significantly more synapses than those from healthy controls. This hyperphagocytic phenotype is associated with increased C4A expression (Sellgren et al., 2019).

While the C4-complement–microglia axis is seen as a major contributor to synaptic deficits and cognitive dysfunction in schizophrenia, there are currently no clinical trials directly targeting C4A modulation (Ripke et al., 2014). However, indirect evidence suggests the pathological activation of this pathway in patients: multiple observational studies have reported elevated peripheral levels of C4 and C3 (Chen et al., 2021; Mohd Asyraf et al., 2022; Goker et al., 2023), also in ultra-high risk group (Laskaris et al., 2019).

Potential therapeutic strategies to counteract complement-mediated synapse elimination include inhibitors of complement proteins C1q or C3 (e.g., ANX005, a humanized anti-C1q antibody), monoclonal antibodies that block complement activation, and broad-spectrum microglial modulators like minocycline, which demonstrated minocycline has demonstrated anti-inflammatory and anti-phagocytic effects in both preclinical and early clinical studies (Miyaoka et al., 2008; Yang et al., 2022). Although many of these approaches remain largely preclinical or repurposed, they hold promise for selectively reducing hyperactive pruning without globally suppressing essential immune functions—an important consideration given the developmental significance of complement signaling.



2.2 Kynurenine pathway

The kynurenine pathway, a major route of tryptophan metabolism, plays a pivotal role in neurodevelopment, neurotransmission, and immune regulation (Pedraz-Petrozzi et al., 2020; Chen et al., 2024). Among its metabolites, kynurenic acid (KYNA) and quinolinic acid (QUIN) exert opposing effects on glutamatergic signaling and microglial activity, both of which are implicated in the pathophysiology of schizophrenia and particularly in synaptic pruning abnormalities (Schwarcz et al., 2012; Plitman et al., 2017; Inam et al., 2023). KYNA is synthesized primarily in astrocytes via kynurenine aminotransferases (especially KAT-II) and functions as an endogenous antagonist of NMDA receptors at the glycine site and α7 nicotinic acetylcholine receptors (α7-nAChRs) (Schwarcz et al., 2012). At physiological concentrations, KYNA plays a neuroprotective role, mitigating excitotoxicity and oxidative stress. However, in schizophrenia, elevated KYNA levels have been consistently observed in cerebrospinal fluid and postmortem cortical tissue, especially in the prefrontal cortex (Erhardt et al., 2007; Linderholm et al., 2012; Schwarcz et al., 2012; Plitman et al., 2017). This excessive KYNA may contribute to glutamatergic hypofunction, cognitive impairment, and disruption of microglial-mediated synaptic pruning during adolescence (Wonodi and Schwarcz, 2011). In contrast, QUIN, primarily synthesized by activated microglia, is a potent NMDA receptor agonist that promotes neuroinflammation, excitotoxicity, and oxidative stress. In the context of schizophrenia, elevated QUIN may drive excessive synaptic elimination, particularly when the balance between KYNA and QUIN is dysregulated (de Bie et al., 2016). The KYNA: QUIN ratio is therefore considered a key indicator of the neuroprotective versus neurotoxic potential of kynurenine pathway metabolism (Schwarcz et al., 2012). A comprehensive meta-analysis synthesizing over 100 studies and 10,000 subjects found no significant difference in absolute KYNA levels between individuals with schizophrenia and controls (Marx et al., 2021). However, the study revealed a significantly reduced KYNA/kynurenine ratio, indicating a metabolic shift away from the neuroprotective KYNA branch and potentially toward the neurotoxic QUIN pathway. This pattern may help explain excessive synaptic pruning observed in schizophrenia, particularly in early stages of illness. Mentioned findings are supported by experimental evidence from animal models. In rodents, pharmacological inhibition of KAT-II lowers brain KYNA levels, improves cognitive performance, and normalizes synaptic architecture (Bortz et al., 2017; Chang et al., 2018; Pocivavsek et al., 2019). Clinically, the KYN-5356 compound, a selective KAT-II inhibitor developed by Kynexis, completed a Phase 1 study demonstrating good tolerability and pharmacokinetics in healthy volunteers. A Phase 2 trial in individuals with schizophrenia is planned for 2025 (Kynexis Therapeutics, 2024). In animal models, inhibiting KAT-II by BFF816 or PF-04859989 decreased KYNA levels and improved working memory and protect synaptic integrity by preventing abnormal microglial phagocytosis (Linderholm et al., 2012; Kozak et al., 2014; Pocivavsek et al., 2019; Orhan et al., 2023).



2.3 Epigenetic mechanisms and therapies

Epigenetic mechanisms are undergoing increasingly intensive research, including schizophrenia (Swathy and Banerjee, 2017). In general, the most important of these include DNA methylation, which usually leads to the silencing of gene expression, and histone modifications (e.g., acetylation, methylation), which affect chromatin accessibility and regulate transcription (Kouzarides, 2007). In addition, non-coding RNAs, especially microRNAs, play an important role in regulating gene expression at the post-transcriptional level (Thomas and Zakharenko, 2021). In the excessive pruning observed in schizophrenia, DNA methylation (e.g., of genes encoding neurotrophic and inflammatory factors) and histone demethylation by the LSD1 (lysine-specific demethylase 1) affect microglial activation and the regulation of genes involved in synapse elimination (Park et al., 2022). LSD1 modulates chromatin accessibility and the transcription of neuronal genes that are involved in synaptic development and inflammation. Vafidemstat, a selective LSD1 inhibitor of lysine-specific demethylase 1 (LSD1/KDM1A), which is currently being investigated for its potential antipsychotic and pro-cognitive effects, may enhance neuroplasticity, reduce microglial activation, and normalize excessive synaptic pruning, particularly in the early stages of psychosis. The EVOLUTION phase IIb clinical trial is currently assessing its efficacy and safety in patients with schizophrenia (Oryzon Genomics, 2021). In addition to pharmaceuticals, lifestyle-based epigenetic interventions also show promise. Regular physical activity promotes the expression of brain-derived neurotrophic factor (BDNF) through histone acetylation, which aids in synaptic growth and decreases vulnerability to neurodegeneration linked to pruning. Furthermore, adequate sleep, anti-inflammatory diets (rich in omega-3 fatty acids and polyphenols), and supportive social relationships have been associated with beneficial epigenetic modifications in genes related to stress responses and neuroplasticity (Hölzel et al., 2011; McEwen and Morrison, 2013; Kaliman et al., 2014). These non-pharmacological strategies may buffer against maladaptive epigenetic remodeling and reduce the risk of pathological pruning during critical periods of neurodevelopment; they also appear to be the safest and most easily implemented. While many of these interventions are still in preclinical or exploratory stages, their combined potential to influence synaptic stability and immune function through epigenetic regulation supports their consideration as complementary strategies for preventing or slowing the progression of schizophrenia. Preclinical studies using rodent models have provided compelling evidence that epigenetic mechanisms tightly regulate synaptic pruning during postnatal brain development. Dysregulation of key enzymes such as histone deacetylases (HDACs), DNA methyltransferases (DNMTs), and LSD1 has been shown to alter microglial activation, synapse elimination, and behavioral outcomes relevant to schizophrenia. For instance, conditional knockout of HDAC1 or HDAC2 in mice disrupts the maturation of prefrontal circuits and impairs synaptic refinement (Akbarian and Huang, 2009), while pharmacological HDAC inhibition can reverse social and cognitive deficits in neurodevelopmental models (Guan et al., 2009). Similarly, inhibition of LSD1, a histone demethylase enriched in neural progenitors and synaptic compartments, leads to preserved synaptic density and reduced microglial-mediated pruning in postnatal mice, particularly under inflammatory conditions (Rusconi et al., 2016).

Notably, early-life stress and maternal immune activation models exhibit excessive synaptic elimination in the prefrontal cortex, paralleled by altered expression of epigenetic regulators and increased microglial engulfment activity (Marchi et al., 2021). We also know that omega-3 deficiency intensifies pruning in mice (Madore et al., 2020). Epigenetic interventions in these models—such as administration of HDAC inhibitors (e.g., valproate, sodium butyrate), DNMT inhibitors (e.g., RG108), or LSD1 inhibitors (e.g., ORY-1001)-have shown promise in restoring synaptic integrity and preventing long-term behavioral abnormalities (Sun et al., 2016; Christopher et al., 2017). These findings suggest that targeting epigenetic pathways may normalize aberrant pruning dynamics and offer a protective effect during critical periods of neurodevelopment.



2.4 Neuroprotection

Modulation of the brain-derived neurotrophic factor (BDNF) pathway is perceived as a promising neuroprotective strategy for preventing schizophrenia-related brain changes. BDNF plays a critical role in neuronal survival, synaptogenesis, and activity-dependent plasticity (Toader et al., 2025). In schizophrenia, decreased BDNF levels have been consistently associated with cognitive deficits and negative symptoms (Green et al., 2011; Fernandes et al., 2015; Yang et al., 2019). Consequently, BDNF is often used as a surrogate biomarker in clinical trials assessing the efficacy of novel interventions. Importantly, BDNF signaling is functionally intertwined with the transcription factor NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells), forming a regulatory feedback loop essential for maintaining synaptic integrity. Upon binding to its TrkB receptor (tropomyosin receptor kinase B), BDNF activates downstream signaling cascades, particularly PI3K/Akt and MAPK/ERK (phosphatidylinositol 3-kinase/protein kinase B and mitogen-activated protein kinase/extracellular signal-regulated kinase, respectively), which converge on NF-κB activation. This, in turn, promotes the transcription of genes critical for neuronal survival and plasticity, including Bcl-2 and c-Fos (B-cell CLL/lymphoma 2 and BCL2 apoptosis regulator, respectively) (Yoshii and Constantine-Paton, 2007; Minichiello, 2009). Reciprocally, NF-κB can also induce BDNF expression, creating a homeostatic circuit that sustains neuroplasticity and resilience under both physiological and stress-related conditions (Kaltschmidt and Kaltschmidt, 2009). This regulatory system is also influenced by additional molecular factors. TrkB signaling modulates pruning via local synaptic activity and neurotrophin gradients, guiding the elimination or maintenance of synapses during adolescence (Johnstone and Mobley, 2020). Conversely, stress-activated pathways such as the c-Jun N-terminal kinase (JNK) cascade and the transcription factor p53 can counteract neurotrophic signaling. JNK is activated by oxidative stress and cytokines, promoting microglial reactivity and synapse elimination (Castro-Torres et al., 2024), while p53 expression in microglia has been shown to facilitate synaptic loss in early neuroinflammation (Jebelli et al., 2014). Under neuroinflammatory conditions, which are typical in early psychosis, this axis becomes particularly vulnerable. Activated microglia utilize NF-κB to upregulate key elements of the classical complement cascade (e.g., C1q and C3), leading to synaptic tagging and excessive pruning (Hong et al., 2016b). When BDNF levels are concurrently reduced, either due to genetic predisposition or environmental insults, this immune-mediated elimination of synapses remains unchecked, contributing to cortico-limbic circuit disintegration and progression toward psychosis (Mondelli et al., 2011; Popovic et al., 2019). Enhancing BDNF availability may thus buffer against such maladaptive pruning. During adolescence, when synaptic remodeling is very intense, BDNF levels can be increased through regular physical activity, sufficient sleep, stress reduction, and anti-inflammatory diets rich in omega-3 fatty acids and polyphenols such as curcumin and resveratrol (Aid et al., 2007; Gómez-Pinilla, 2008; Szuhany et al., 2015). These interventions also appear to normalize NF-κB activity and reduce microglial overactivation (Yu et al., 2018; Zhang et al., 2019; Liu et al., 2021). In parallel, pharmacological agents such as N-acetylcysteine (NAC), 7,8-dihydroxyflavone, epigallocatechin gallate, and alpha-lipoic acid provide antioxidant and neurotrophic support to maintain synaptic architecture (Seifert et al., 2010). In summary, the BDNF–NF-κB axis, interacting with TrkB, JNK, and p53 signaling pathways, constitutes a multidimensional target for safeguarding synaptic stability during vulnerable developmental windows. Its modulation through both lifestyle and pharmacological strategies holds promise for reducing schizophrenia risk. At this stage, the significance of non-pharmacological interventions should be particularly emphasized. Future research should focus on stratifying interventions based on molecular profiles and timing of neurodevelopmental stages, particularly in high-risk adolescents (Angelucci et al., 2005).

Proinflammatory cytokines are increasingly recognized as key regulators of microglial-mediated synaptic pruning, particularly during adolescence. Under physiological conditions, cytokines such as interleukins IL-1β, IL-6, and TNF-α (tumor necrosis factor alpha) participate in maintaining neural homeostasis. However, when elevated chronically or during sensitive developmental windows, these molecules can intensify microglial activation, upregulate complement components, and induce excessive synaptic elimination (Boulanger, 2009; Perry and Holmes, 2014).

In the adolescent brain, cytokines influence pruning through several interconnected mechanisms. Firstly, they enhance microglial phagocytic capacity, promoting the engulfment of tagged synapses via the classical complement cascade (C1q/C3), often through activation of the NF-κB signaling pathway (Hong et al., 2016a). Secondly, proinflammatory cytokines impair neurogenesis and promote neuronal apoptosis, compounding the synaptic loss observed in schizophrenia (Yirmiya and Goshen, 2011). Thirdly, cytokines modulate astrocyte function and glutamate uptake, indirectly affecting synaptic stability (Tilleux and Hermans, 2007; Ye et al., 2013; Haroon et al., 2017). Astrocytes also release a range of signaling molecules, including TGF-β, which has been shown to drive neuronal C1q expression and consequently synaptic refinement (Bialas and Stevens, 2013). In addition, astrocytic cytokines can exert either pro- or anti-inflammatory effects, modulating microglial activity and thereby influencing the extent of synaptic elimination.

Animal models of maternal immune activation (MIA), such as prenatal exposure to lipopolysaccharide (LPS) or poly(I: C), have shown that elevated cytokine levels in the offspring are associated with excessive synaptic pruning and schizophrenia-like behavioral phenotypes (Garay et al., 2013; Knuesel et al., 2014). Administration of cytokine inhibitors during adolescence, such as monoclonal antibodies against IL-6R or TNF-α, can mitigate synaptic loss and improve cognitive functions in rodent models (Missault et al., 2014; Choi et al., 2016).

In humans, elevated serum levels of IL-6 and TNF-α in ARMS group predict transition to full-blown schizophrenia, suggesting a pathophysiological role of systemic inflammation (Mondelli et al., 2017). Adjunctive treatment with anti-inflammatory agents such as celecoxib or aspirin has shown modest but reproducible effects in improving negative symptoms when combined with antipsychotics (Laan et al., 2010; Müller et al., 2010). Pilot studies involving tocilizumab (anti-IL-6R) have begun to explore its potential to modulate immune-mediated neural changes in schizophrenia (Khandaker et al., 2018). Although most cytokine-targeted interventions remain in experimental stages, these findings underscore their promise as modulators of aberrant neurodevelopmental trajectories in schizophrenia.

Progranulin (GRN) serves as a protective factor against excessive synaptic pruning by microglia (Cenik et al., 2012). A deficiency in GRN leads to hyperactivation of microglia, increased expression of proteins C1q and C3, and impaired synaptic elimination during the pruning process (Petkau and Leavitt, 2014; Paushter et al., 2018). Studies on mice with GRN haploinsufficiency show an excessive removal of synapses in the cortex, along with behavioral abnormalities that resemble frontotemporal dementia (Lui et al., 2016). Additionally, reduced GRN expression impairs synaptic plasticity and long-term potentiation (LTP); therefore, GRN deficits may be related to the pathophysiology of schizophrenia and autism (Martens et al., 2012; Petkau and Leavitt, 2014; Lui et al., 2016). GRN concentrations, can be increased through several methods. One of the most effective approaches is to inhibit sortilin (SORT1), a protein responsible for the endocytosis and degradation of GRN. Blocking this pathway increases GRN levels in both the plasma and the brain (Hu et al., 2010). Another strategy involves the use of epigenetic drugs, such as histone deacetylase inhibitors (HDACi) and DNA methyltransferase inhibitors (DNMTi), which enhance GRN gene expression at the transcriptional level (Arrant et al., 2018). Preclinical studies have yielded promising results with certain natural compounds, including curcumin and trehalose, which stabilize GRN or directly or indirectly influence its production (Holler et al., 2016; Zhou et al., 2021). Research is also being conducted on gene therapies, such as AAV-GRN (adeno-associated viral progranulin), and the correction of GRN mutations using CRISPR-Cas9 (clustered regularly-interspaced short palindromic repeats-associated protein 9), particularly in the context of frontotemporal dementia (FTD) (Raitano et al., 2015; Arrant et al., 2018; Amado et al., 2019). Additionally, certain signaling pathways, such as mTOR and inflammatory cytokines (TNF-α, IL-1β), may indirectly regulate GRN levels, paving the way for new therapeutic opportunities in diseases linked to excessive synaptic pruning (Paushter et al., 2018).



2.5 Genes, transcription factors, and gene regulators


2.5.1 Microglial factors

PU.1 factor (also known as SPI1) is a crucial regulator of microglial function, influencing both phagocytosis and the activation of brain immune cells (Cakir et al., 2022). The factors SALL1, MEF2C, and MAFB (spalt like transcription factor 1, myocyte-specific enhancer factor 2C, MAF bZIP transcription factor B, respectively) play significant roles in defining the phenotype and identity of microglia and in controlling pruning activity by regulating the microglial transcriptome (Yeh and Ikezu, 2019). Additionally, MEF2C is known to regulate the expression of genes that contribute to synaptic stability (Harrington et al., 2016).



2.5.2 Neuronal and neurodevelopmental factors

Transcription factor 4 (TCF4) factor, also known as TCF7L2, is linked to the genetic risk of schizophrenia and plays a role in neuronal development as well as the regulation of gene expression in response to Wnt signaling and neural development. The NPAS3 (neuronal PAS domain protein 3) protein, part of the bHLH-PAS (the basic helix–loop–helix-PER-ARNT-SIM) superfamily, is involved in neurogenesis and the development and function of the cortical reelin system. Disruptions in its function have been observed in mouse models that mirror schizophrenia symptoms (Bernier et al., 2014). Additionally, proteins TBR1 (T-box brain transcription factor 1), TCF4, and TOP3B (DNA topoisomerase III beta) are crucial for the differentiation of cortical neurons, the establishment of appropriate neuronal connections, and the maintenance of synaptic stability, with TBR1 specifically playing a key role in layer VI (Rosato et al., 2021). The protein product of the DISC1 (Disrupted-in-Schizophrenia 1) gene, while primarily recognized for its structural functions, is also involved in neuronal migration and synaptic plasticity, which influences the structure of neuronal circuits (Dahoun et al., 2017; Fu et al., 2020). Research using animal models emphasizes the important role of DISC1 in the communication between GABAergic interneurons and pyramidal neurons (Sauer and Bartos, 2022), while both in vitro and in vivo studies have demonstrated that mutations in DISC1 lead to cytoarchitectural abnormalities in the cerebral cortex (Kamiya et al., 2005; Norkett et al., 2016) or behavioral changes resembling those seen in schizophrenia (Hikida et al., 2007; Niwa et al., 2013). RBFOX-1 protein (RNA binding protein, fox-1 homolog), which regulates alternative mRNA splicing in neurons, is found to have mutations in some individuals with schizophrenia. These mutations affect the composition of NMDA receptors and synaptic plasticity (Gehman et al., 2011; O’Leary et al., 2022). Additionally, the expression of RBFOX1 was found to be decreased in the PFC of individuals with this psychosis (O’Leary et al., 2022), particularly in parvalbumin-positive (PV+) GABAergic interneurons, which are key coordinators of the synchronous firing of pyramidal glutamatergic neurons (Chung et al., 2024). Lastly, dysregulation of NR4A2, also known as nuclear receptor related 1 protein (NURR1), may indirectly impact synapse survival due to its role in maintaining the dopaminergic system in schizophrenia (Ancín et al., 2013; Corley et al., 2016). The NURR1 mutant mouse is suggested as a potential model for studying behavioral and molecular mechanisms associated with schizophrenia (Rojas et al., 2007).



2.5.3 Astrocytic factors

Astrocytes are capable of directly engulfing synaptic elements through receptor-mediated mechanisms. Two key proteins-receptors, MEGF10 (multiple EGF-like domains 10) and MerTK (Mer tyrosine kinase), enable astrocytes to identify and remove superfluous synapses. Mouse models deficient in MEGF10 and MerTK display excessive synapse numbers and disrupted circuit organization, underscoring the importance of astrocyte-dependent pruning in sculpting neural networks (Chung et al., 2013).





3 Other research directions


3.1 Tetracycline antibiotics

Tetracycline antibiotics, especially minocycline, exhibit neuroprotective effects unrelated to their antibacterial properties and may influence synaptic pruning, a process crucial for brain maturation, while disturbed in schizophrenia, autism, and Alzheimer’s disease, among others. Table 1 summarizes the proposed mechanisms of minocycline's effect on the pruning process.


TABLE 1 The main mechanisms of action of minocycline that can reduce excessive pruning processes.


	Mechanism of action
	Description
	Potential effects
	Key references

 

 	Inhibition of microglia 	Reduction of synaptic activation and phagocytosis 	Protection of neuronal connections 	Yrjänheikki et al. (1999); Tikka et al. (2001); Henry et al. (2009)


 	Inhibition of MMP-9 	Reduction of synaptic degradation 	Stabilization of the extracellular matrix 	Brundula et al. (2002); Yong et al. (2004)


 	Anti-inflammatory action 	Decrease of TNF-α and IL-1β levels 	Reduction of inflammation in the brain 	Kim and Suh (2009); Plane et al. (2010); Garrido-Mesa et al. (2013)


 	Antiapoptotic effects 	Protection of neurons from cell death 	Potential improvement in negative symptoms and cognitive function 	Pardo et al. (2005); Hong et al. (2016b); Sekar et al. (2016)





MMP-9, metalloproteinase 9; TNF-α, tumor necrosis factor alpha; IL-1β, interleukin 1 beta.
 

Evidence from a large-scale, population-based cohort study indicates that adolescents treated with doxycycline or minocycline for non-psychiatric infections may experience altered long-term psychiatric outcomes. In this retrospective cohort study, Sellgren et al. analyzed national health register data from over 1,000,000 individuals in Sweden and identified those exposed to tetracycline-class antibiotics during adolescence (Sellgren et al., 2019). The analysis revealed that exposure to minocycline or doxycycline for at least 90 consecutive days between the ages of 13 and 18 was associated with a significantly reduced risk of developing psychosis (adjusted hazard ratio: −0.6). It suggests a possible protective effect against early neurodevelopmental disturbances involved in the pathogenesis of schizophrenia. From a mechanistic perspective, minocycline crosses the blood–brain barrier and exhibits anti-inflammatory, anti-apoptotic, and microglia-modulating properties. These biological actions may interfere with abnormal synaptic pruning, particularly the microglia-mediated engulfment of synapses, which has been implicated in the early stages of schizophrenia. One open-label clinical study investigated the efficacy of minocycline as an adjunctive treatment in patients with schizophrenia receiving stable antipsychotic therapy. Twenty-two participants were administered minocycline at a dose of 150 mg/day for 4 weeks. The study reported statistically significant improvements in positive, negative, and general psychopathology symptoms measured by the PANSS scale, with benefits persisting 4 weeks after discontinuation. The treatment was well tolerated, with no serious adverse effects reported. The authors suggest that minocycline’s therapeutic potential may be linked to its ability to inhibit microglial activation, suppress inducible nitric oxide synthase (iNOS), and reduce caspase activity (Miyaoka et al., 2008). To further investigate these effects in a clinical context, the BeneMin trial (Deakin et al., 2018) was conducted. This 12-month, randomized, double-blind, placebo-controlled study assessed the efficacy of adjunctive minocycline in individuals with recent-onset schizophrenia (illness duration of less than 5 years). Two hundred seven participants received either minocycline (starting at 200 mg/day, then 300 mg/day) or a placebo in addition to standard antipsychotic treatment. The primary outcome, reduction in negative symptoms measured by the PANSS negative symptom subscale, did not differ significantly between the groups. Additionally, secondary biomarker outcomes, including medial prefrontal cortex gray matter volume, fMRI-based dorsolateral prefrontal cortex activation, and plasma IL-6 concentration, showed no statistically significant changes attributable to minocycline. Therefore, the trial failed to replicate the earlier promising findings from open-label and pilot studies, casting doubt on the clinical utility of minocycline in established schizophrenia. The results of the clinical trial NCT02569307, which investigates the use of minocycline and/or omega-3 fatty acids as adjunctive treatments alongside standard clinical care for individuals with At-Risk Mental State (ARMS), have not yet been published. This randomized controlled trial aims to evaluate whether these agents can delay or reduce the incidence of transition to first-episode psychosis (FEP), potentially by modulating neuroinflammatory pathways and abnormal synaptic pruning processes believed to underlie early pathophysiological changes in schizophrenia (Mushtaq et al., 2015).

In studies on mouse models of intracerebral hemorrhage, minocycline significantly suppressed C1q/C3–CR3 complement system proteins in the lesion area. It reduced microglial activation, neuronal apoptosis, and brain edema while improving neurological function. This effect was dependent on complement pathway inhibition, resulting in neuroprotection in this model (Li et al., 2021). In a series of experiments conducted on rats during the postnatal and adolescent periods, researchers investigated the effects of minocycline on neurogenesis in the subventricular zone (SVZ) and synaptic pruning. Minocycline inhibited or disrupted the proliferation of precursor cells, impaired neurogenesis, differentiation, and migration of nerve cells, and increased neuronal apoptosis in the postnatal stage of development (Shigemoto-Mogami et al., 2014; Inta et al., 2017). This inhibition of pruning resembles the actions of NMDA receptor antagonists, which have been associated with neuronal developmental disorders and may disturb the balance of plasticity in very young mice (Inta et al., 2016). Then, it is worth noting that although minocycline generally protects the nervous system in adults, it may disrupt regular pruning during early development. In cases of hyperactive pruning linked to C4A overexpression in schizophrenia, minocycline could be beneficial, provided that the timing of the intervention and the molecular profile of the patients are appropriately matched (Inta et al., 2017).



3.2 N-acetylcysteine (NAC)

NAC is one of the best-studied adjunctive therapies in schizophrenia, with particular emphasis on its role in regulating pathological synaptic pruning. Its mechanisms of action include antioxidant, anti-inflammatory, and glutamatergic pathways, which collectively protect the neuropil from excessive synaptic elimination. NAC serves as a precursor of glutathione (GSH), the brain’s main intracellular antioxidant. Schizophrenia is associated with reduced glutathione levels in the prefrontal cortex and hippocampus, contributing to oxidative stress, dendritic damage, and increased synaptic vulnerability (Do et al., 2009; Steullet et al., 2016). By replenishing glutathione, NAC mitigates oxidative damage and thereby prevents excessive pruning of synaptic connections. Oxidative stress and inflammatory stimuli activate microglia, leading to heightened synaptic phagocytosis. NAC reduces microglial activation and decreases the expression of pro-inflammatory cytokines, thereby suppressing pathological pruning processes (Bitanihirwe and Woo, 2011). NAC also modulates the cystine/glutamate antiporter system (xCT), indirectly affecting NMDA receptor activity. This redox-sensitive mechanism may reduce NMDA hypofunction and restore excitatory-inhibitory balance, which is crucial for preventing maladaptive synaptic elimination (Berk et al., 2008). Clinical studies have shown that NAC improves negative and cognitive symptoms in schizophrenia, most likely by enhancing synaptic plasticity and neuroprotection (Berk et al., 2008; Conus et al., 2018). A 6-month study assessing NAC or placebo effects on functional connectivity (FC) between cingulate cortex regions in 20 patients in the early phase of psychosis and 74 controls showed that, compared with placebo, NAC supplementation increased FC between regions linked to positive symptoms and processing speed in early psychosis (Mullier et al., 2019). Animal studies support these findings, showing that NAC protects dendrites and spines from oxidative stress-induced degeneration (Steullet et al., 2016).



3.3 Other compounds with potential effects on synaptic pruning

In addition to NAC, several other compounds show potential in modulating pathological synaptic pruning through antioxidant, anti-inflammatory, and neuroplasticity-supporting actions.


3.3.1 Sulforaphane

This natural isothiocyanate present in cruciferous vegetables, is a potent activator of the Nrf2–ARE (nuclear factor erythroid 2-related factor 2–antioxidant response element) pathway, which regulates the expression of antioxidant and detoxifying enzymes. Activation of this pathway increases glutathione synthesis, improves redox balance, and reduces oxidative stress in the brain. In animal models, sulforaphane reduced microglial activation and protected against dendritic degeneration. Moreover, small clinical studies in patients with schizophrenia reported that sulforaphane supplementation improved cognitive functions, possibly by protecting the neuropil from excessive pruning (Dickerson et al., 2021; Hei et al., 2022).



3.3.2 Glutathione precursors

L-cysteine and various exogenous forms of glutathione (e.g., GSH esters, liposomal glutathione) constitute another group of potential interventions. They act by increasing substrate availability for glutathione synthesis, thereby supporting antioxidant mechanisms and reducing synaptic vulnerability to oxidative stress-induced pruning. Clinical data on their efficacy remain limited, but experimental findings indicate that enhancing redox systems may help preserve neuronal network integrity and counteract dendritic spine loss (Do et al., 2009).



3.3.3 Omega-3 fatty acids

These fatty acids, especially eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), exhibit potent anti-inflammatory and neuroprotective properties. Their actions include reducing pro-inflammatory cytokine levels (e.g., TNF-α, IL-6) and supporting the expression of neurotrophic factors such as BDNF, which is critical for synaptic plasticity. Omega-3 supplementation has been studied in individuals at ultra-high risk for psychosis and was shown to reduce the risk of transition to first-episode psychosis (Amminger et al., 2010). This effect relies on the protection of synapses from degradation caused by neuroinflammatory and oxidative processes linked to excessive pruning.




3.4 Endocannabinoid system modulators

Activation of CB₂ receptors, mainly present in microglia, has a neuroprotective effect, reducing synaptic phagocytosis and limiting inflammation in the CNS (Mecha et al., 2016; de Almeida and Martins-de-Souza, 2018; Ferranti and Foster, 2022). Cannabidiol (CBD) suppresses pro-inflammatory signaling pathways (e.g., NF-κB, STAT3) reducing microglia-mediated neuroinflammation and preserving neuronal integrity (Yousaf et al., 2022). CBD is being studied in the context of early schizophrenia as part of the CANGLIA study, which assesses the effect of CBD on microglia activation using proton MRI spectroscopy (Bossong, 2017; Rodrigues da Silva et al., 2025).



3.5 Gut-brain axis modulators

Short-chain fatty acids (SCFAs), such as butyrate, may influence microglial activation and neuroinflammatory gene expression, suggesting their potential involvement in pruning regulation (Valles-Colomer et al., 2019; Ju et al., 2023). Research indicates that in animal models, interventions to correct intestinal dysbiosis may alleviate pathological synaptic pruning by modulating microglial activity and the C3/CR3 complement pathway. In mice, chronic stress induced dysbiosis and excessive C3 activation, leading to synaptic loss, whereas restoration of normal microbiota inhibited this process (Hao et al., 2024). Supplementation with prebiotics, probiotics, or synbiotics reduced inflammation, improved microglial function, and preserved dendritic spine density (Chunchai et al., 2018). Fecal microbiota transplantation (FMT) from young individuals increased synaptic plasticity and reduced the aging phenotype of microglia (D’Amato et al., 2020).



3.6 Neurosteroids

Substances from this group, especially allopregnanolone (ALLO), have anti-inflammatory effects and counteract excessive microglial activation (Jolivel et al., 2021). ALLO inhibits activation of toll-like receptors (TLR2/TLR4) on microglia, thereby preserving a ramified, surveying morphology and reducing phagocytic activity that contributes to pathological synaptic pruning. In mouse and rat models, ALLO (3α,5α-THP) directly inhibits MyD88-dependent TLR4 signaling and diminishes expression of TLR4 and TLR7, leading to reduced production of pro-inflammatory cytokines and normalization of microglial morphology (Balan et al., 2021). In vitro studies using BV-2 (immortalized mouse-derived microglial cell line) and primary murine microglia demonstrate that ALLO induces extension of cellular processes and decreases phagocytosis, indicating its ability to oppose neuroinflammatory pruning (Jolivel et al., 2021).

Golexanolone, a novel GABA-A receptor modulating steroid antagonist, was found to inhibit microglial and astrocyte activation, normalize glial function, and maintain ramose microglial morphology, counteracting structural changes typical of neuroinflammation (Bäckström et al., 2024).

Etifoxine, a clinically used neurosteroid that acts as a Translocator Protein (TSPO) ligand, significantly reduces microglial activation in brain injury models, such as traumatic brain injury (TBI) in rats. This reduction in activation leads to decreased production of pro-inflammatory cytokines and offers protection to nerve cells from degeneration (Simon-O’Brien et al., 2016). The mechanism behind this effect is linked to TSPO activation, which promotes the synthesis of neurosteroids, including pregnenolone, progesterone, and allopregnanolone, which are powerful modulators of GABA-A and have properties that inhibit inflammation and neurodegeneration (Rupprecht et al., 2010, 2023). Additionally, etifoxine has been observed to improve functional and cognitive outcomes in TBI models. This improvement is associated with enhanced mitochondrial homeostasis and reduced microglial activation, mechanisms that are both crucial for protecting synapses during pathological pruning (Palzur et al., 2021). In animal models of CNS injury progesterone reduces levels of inflammatory metabolites of C3 and proinflammatory cytokines (IL-1β, TNF-α) and may have a protective effect on synaptic structure (Pettus et al., 2005; Zhou et al., 2024).

Although none of the above approaches has yet undergone full clinical validation in the context of schizophrenia, their mechanisms of action suggest the potential for selective modulation of pruning and reduction of neurodegeneration. Further translational research and the determination of a safe therapeutic window are needed.




4 Emerging strategies in preventing maladaptive synaptic pruning

Beyond pharmacological interventions, several novel and still largely experimental strategies are under investigation:


4.1 Microglia-targeted immunotherapy

Microglia play a central role in pruning through CR3 (complement receptor 3), which recognizes complement-opsonized synapses and triggers their phagocytosis (Schafer et al., 2012). Experimental blockade of the CR3 signaling pathway reduced synapse elimination in animal models, suggesting that immunotherapies targeting microglial activity may represent a strategy to preserve synaptic connectivity in schizophrenia (Hong et al., 2016a).



4.2 Cellular therapies

Patient-derived induced pluripotent stem cells (iPSCs) allow in vitro modeling of pathological pruning and neuron–microglia interactions. It enables the study of individual genetic variants (e.g., C4) and testing of candidate drugs under biologically relevant conditions (Sellgren et al., 2019).



4.3 Optogenetics and chemogenetics

Advanced tools such as optogenetics and chemogenetics (designer receptors exclusively activated by designer drugs, DREADDs) permit selective and reversible control of microglial and neuronal activity in animal models. These methods allow precise dissection of causal links between microglial activation and synaptic elimination, paving the way for potential future interventions targeting specific cell populations (Yeh et al., 2017; Bolton et al., 2022; Roux et al., 2023).



4.4 Nanotechnology in drug delivery

Microglia-targeted nanoparticles and nanocarriers for anti-inflammatory or antioxidant drugs represent an innovative strategy to precisely deliver therapeutic agents to cortical regions most vulnerable to excessive pruning. This approach minimizes systemic side effects while enhancing local neuroprotection, making it a promising translational direction (Zhao et al., 2020; Battaglini et al., 2024).



4.5 Neuropeptides

Increasing attention is focusing on neuropeptides regulating sleep, mood, and social interactions, such as orexin and oxytocin. Evidence suggests that they modulate microglial activity and support synaptic plasticity, indirectly influencing pruning. Neuropeptide-based interventions may help restore neuroimmune balance and improve neuronal network function in schizophrenia (Makinodan et al., 2012; Yuan et al., 2016; Selles et al., 2023).




5 Discussion


5.1 Early identification of high-risk individuals

A family history of schizophrenia, affective disorders, or psychotic spectrum disorders is one of the most important risk factors for excessive synaptic pruning. Early identification of such individuals allows them to be included in monitoring and prevention programs even before the first psychotic symptoms appear (Feinberg, 1982). Detection of prodromal symptoms and windows of plasticity through the recognition of subtle changes in cognitive function, sleep, mood, or social interactions in individuals with a family history provides an opportunity for intervention at a time when brain plasticity remains high and the pruning process is potentially modifiable (Germann et al., 2021). In addition, individuals with a family history may undergo imaging tests, such as magnetic resonance imaging, to assess cortical volume or gray matter density, as well as analysis of neuroinflammatory biomarkers in body fluids. Early detection of such abnormalities provides an opportunity to take preventive measures before structural changes in the brain become permanent (Cannon et al., 2015). In individuals with a family history of schizophrenia, the selection of strategies to minimize factors that exacerbate pruning should be of particular importance. Data from previous studies indicate the possibility of implementation of stress reduction methods, improving sleep quality, modulating the gut microbiota (probiotics, diet), and avoiding psychoactive substances such as THC or amphetamines (Germann et al., 2021). As mentioned, early use of anti-inflammatory and microglial-modulating drugs, such as minocycline, may be associated with reduced gray matter loss in high-risk groups. However, it needs further studies (Miyaoka et al., 2008).



5.2 Limitations of interventions on pruning

Targeting synaptic pruning is a promising approach for preventing or mitigating neurodevelopmental disorders like schizophrenia. However, several important limitations and risks must be discussed.

First, synaptic pruning is a vital and evolutionarily conserved physiological process that refines neural circuits by eliminating weak or redundant synapses. This process optimizes cognitive and behavioral functions. Interfering with synaptic pruning, especially in a non-selective or poorly timed way, could disrupt critical brain maturation and lead to long-term issues such as cognitive overload, impaired learning, or autistic-like traits characterized by excessive synaptic connectivity (Tang et al., 2014; Gandal et al., 2018).

Second, current pharmacological interventions (summary in Table 2), including minocycline and kynurenine pathway modulators, operate on broad molecular pathways and have multiple effects. For instance, while minocycline reduces microglial activation, it may also impair neurogenesis or disrupt immune homeostasis (Miyaoka et al., 2008; Marchi et al., 2021). A practical approach probably should be time-limited (e.g., to adolescence or a prodromal stage), molecularly selective (e.g., only against hyperactive C4A), and reversible in action. An example is the use of sarcosine as an NMDA receptor modulator, which lowers glutamate levels and can reduce information noise in the hippocampus without permanently impairing plasticity (Tsai and Lin, 2010; Strzelecki et al., 2015). However, interfering with pruning may disrupt other processes of brain maturation and plasticity. Synaptic pruning is crucial for eliminating redundant connections, optimizing neural networks, facilitating memory formation, and promoting effective learning (Huttenlocher and Dabholkar, 1997). If microglial inhibition occurs too early or too strongly, it could prevent beneficial pruning and compromise synaptic plasticity, especially during adolescence, a time of active cortical remodeling. As previously noted, inhibiting the pruning in a non-selective manner can lead to network overload, adaptive deficits, or an excess of low-quality synapses (analogous to the phenotype observed in autism) (Tang et al., 2014; Gandal et al., 2018). Furthermore, suppressing microglial activity in certain models has been shown to impair emotional learning and memory formation on clinical level (Paolicelli et al., 2011).


TABLE 2 Summary of pharmacologic pruning-targeted strategies in schizophrenia.


	Research focus
	Mechanism
	Clinical evidence
	Key references

 

 	Tetracyclines (minocycline, doxycycline) 	Anti-inflammatory, microglia-modulating; inhibits complement system and microglial phagocytosis 	Reduced risk of psychosis in Swedish cohort (Sellgren et al., 2019); mixed results in BeneMin RCT (Deakin et al., 2018) 	Miyaoka et al. (2008); Deakin et al. (2018); Sellgren et al. (2019); Li et al. (2021)


 	Complement system and C4 	Excessive synaptic tagging via C1q/C3 and phagocytosis by microglia driven by C4A overexpression 	Increased C4A expression linked to schizophrenia; indirect clinical targeting via microglial modulation 	Schafer et al. (2012); Sekar et al. (2016); Sellgren et al. (2019); Chen et al. (2025)


 	Kynurenine pathway 	KYNA inhibits NMDA; imbalance with QUIN promotes microglial activation and excitotoxicity 	Altered KYNA: QUIN ratio in schizophrenia; early trials of KAT-II inhibitors (e.g., KYN-5356) 	Schwarcz et al. (2012); Plitman et al. (2017); Pocivavsek et al. (2019); Marx et al. (2021)


 	Epigenetic modulation 	Histone/DNA modifications (HDACs, DNMTs, LSD1) regulate pruning genes and microglial activity 	Ongoing trial of LSD1 inhibitor vafidemstat; lifestyle epigenetic effects (e.g., exercise, diet) 	Kaliman et al. (2014); Swathy and Banerjee (2017); Oryzon Genomics (2021); Park et al. (2022)


 	BDNF–NFκB Axis and neuroprotection 	BDNF/TrkB promotes synaptic stability; NFκB mediates complement activation and cytokine signaling 	BDNF upregulation via lifestyle and nutraceuticals (e.g., NAC, 7,8-DHF); preclinical validation 	Minichiello (2009); Green et al. (2011); Hong et al. (2016b); Yu et al. (2018)


 	Cytokines and inflammation 	IL-1β, IL-6, TNF-α drive microglial pruning via NFκB and complement induction 	Elevated cytokines in ARMS/FEP; mixed results from trials with COX-2 and IL-6R inhibitors 	Boulanger (2009); Missault et al. (2014); Mondelli et al. (2017); Khandaker et al. (2018)


 	Progranulin (GRN) 	Protects synapses by suppressing microglial activation and C1q/C3 expression 	GRN upregulation strategies under investigation (e.g., SORT1 inhibition, HDACi, CRISPR) 	Petkau and Leavitt (2014); Lui et al. (2016); Paushter et al. (2018)


 	Gene regulators (SPI1, MEF2C, DISC1, RBFOX1) 	Microglial/neuronal transcription factors regulate synaptic stability and pruning 	Genetic association studies; animal models show pruning dysregulation and behavior changes 	Kamiya et al. (2005); Harrington et al. (2016); O’Leary et al. (2022)


 	Other novel approaches (e.g., CBD, SCFA, neurosteroids) 	Modulate microglia via CB2, TLR, gut-brain axis, and GABA-A related neurosteroids 	Preclinical evidence; CANGLIA study with CBD ongoing 	Mecha et al. (2016); Bossong (2017); Jolivel et al. (2021); Bäckström et al. (2024)





RCT, randomized controlled trial; C4A, complement component 4A; C1q/C3, complement proteins involved in synaptic tagging; KYNA, kynurenic acid; QUIN, quinolinic acid; NMDA, N-methyl-D-aspartate receptor; KAT-II, kynurenine aminotransferase II; HDAC, histone deacetylase; DNMT, DNA methyltransferase; LSD1, lysine-specific demethylase 1; NAC, N-acetylcysteine; 7,8-DHF, 7,8-dihydroxyflavone; NFκB, nuclear factor kappa-light-chain-enhancer of activated B cells; IL-1β, interleukin-1 beta; IL-6, interleukin-6; TNF-α, tumor necrosis factor alpha; ARMS, at-risk mental state; FEP, first-episode psychosis; COX-2, cyclooxygenase-2; IL-6R, interleukin-6 receptor; GRN, progranulin gene; SORT1, sortilin 1; SPI1, spleen focus-forming virus proviral integration oncogene; MEF2C, myocyte enhancer factor 2C; DISC1, disrupted-in-schizophrenia 1; RBFOX1, RNA-binding fox-1 homolog 1; CBD, cannabidiol; SCFA, short-chain fatty acids; CB2, cannabinoid receptor type 2; TLR, toll-like receptor; GABA-A, gamma-aminobutyric acid type A receptor.
 

Third, most clinical data on these interventions are limited or inconclusive. Some retrospective studies suggest that early exposure to tetracycline antibiotics might reduce the risk of psychosis (Sellgren et al., 2019). However, a prospective randomized trial, like BeneMin, failed to demonstrate clinical benefits of minocycline on negative symptoms or neuroimaging biomarkers in schizophrenia, although it may be too late for interventions, as main changes occurred earlier (Deakin et al., 2018). Likewise, therapies that modulate the complement system (e.g., C1q/C3 inhibitors) or the kynurenine pathway are still in preclinical or early clinical development, leaving their long-term effects on brain function unknown. From this perspective, it is worth emphasizing non-pharmacological options which, although ultimately less effective, should be assessed as safe (Table 3).


TABLE 3 Summary of non-pharmacologic pruning-targeted strategies potentially limiting excessive synaptic pruning in schizophrenia.


	Intervention
	Proposed mechanism related to pruning
	Evidence
	Key references

 

 	Lifestyle modification (stress reduction, sleep hygiene, exercise) 	Reduces chronic stress and glucocorticoid-induced oxidative stress; promotes BDNF expression and synaptic plasticity 	Clinical studies show exercise increases hippocampal volume and BDNF; sleep regulation linked to improved synaptic homeostasis 	Pajonk et al. (2010); Wulff et al. (2010)


 	Omega-3 fatty acids supplementation 	Anti-inflammatory, enhances BDNF, reduces microglial activation, protects dendritic spines 	RCTs show reduced transition to psychosis in high-risk individuals 	
Amminger et al. (2010)



 	Dietary interventions (antioxidant-rich diet, sulforaphane from cruciferous vegetables) 	Activation of Nrf2 pathway, increased glutathione, reduced oxidative damage to synapses 	Small clinical studies: sulforaphane improved cognition in schizophrenia 	Shiina et al. (2015); Hei et al. (2022)


 	Gut microbiota modulation (probiotics, prebiotics, FMT) 	Influences microglial maturation and activity, regulates kynurenine pathway and inflammation 	Preclinical evidence: microbiota transplantation improved synaptic plasticity; emerging early clinical data 	Zheng et al. (2019); Cryan et al. (2020)


 	Cognitive remediation and social interventions 	Stimulates activity-dependent synaptic strengthening, may counterbalance excessive elimination 	Meta-analyses: improved cognition and functional connectivity in schizophrenia 	
Wykes et al. (2011)



 	Mindfulness, yoga, meditation 	Stress reduction, decreased systemic inflammation, improved connectivity in default mode network 	fMRI studies suggest improved regulation of neuroplasticity and inflammation 	
Cahn and Polich (2006)



 	Early detection and monitoring (“risk mapping”) 	Identifying prodromal symptoms and family history allows preventive interventions before peak pruning 	Family-history based high-risk cohorts show abnormal cortical thinning trajectories 	
Cannon et al. (2015)






BDNF, brain-derived neurotrophic factor; RCT, randomized controlled trial; Nrf2, nuclear factor erythroid 2–related factor 2; FMT, fecal microbiota transplantation; fMRI, functional magnetic resonance imaging.
 

Fourth, the heterogeneity of schizophrenia’s pathophysiology presents another challenge. Not all patients with schizophrenia exhibit excessive pruning or inflammatory markers. Consequently, interventions aimed at modulating pruning may only be beneficial for specific subgroups, such as those with elevated C4A expression or dysregulation in the kynurenine pathway, underscoring the need for stratified, biomarker-guided treatment approaches (Sekar et al., 2016; Orhan et al., 2023).

Finally, ethical concerns arise when considering preventive interventions during adolescence or prodromal stages, particularly in individuals who are asymptomatic. The risk–benefit ratio must be carefully evaluated, as altering fundamental neurodevelopmental mechanisms can have unpredictable long-term consequences. In summary, while modulating synaptic pruning is an intriguing hypothesis-driven target, it necessitates the use of highly selective, timing-sensitive, and reversible strategies. These strategies should ideally be combined with biomarker profiling and individualized risk assessment to avoid unintended neurodevelopmental trade-offs.




6 Conclusion

The hypothesis that excessive synaptic pruning during adolescence contributes to the pathogenesis of schizophrenia has opened new avenues for preventive strategies targeting neurodevelopmental processes. This review highlights a range of interventions, both pharmacological and molecular, that may modulate microglial activity and synaptic refinement in vulnerable individuals. These include tetracycline antibiotics (minocycline), modulation of the complement cascade (especially C4A), kynurenine pathway regulators (KYNA/QUIN balance), epigenetic therapies (LSD1, HDACs, lifestyle factors), neuroprotective agents such as BDNF and progranulin, and targeting specific transcription factors involved in pruning dynamics (e.g., MEF2C, PU.1). While these approaches demonstrate promise in preclinical and early clinical studies, several challenges remain. Pruning is a physiological process essential for healthy brain maturation and circuit optimization. Broad or untimely inhibition could lead to adverse developmental consequences, including cognitive overload or autism-like features. Furthermore, schizophrenia is a heterogeneous disorder, and hyperactive pruning may characterize only a subset of patients. Future interventions must therefore be precise and targeted at appropriate developmental windows, guided by biomarkers (e.g., C4A levels, kynurenine metabolites), and designed to preserve beneficial neuroplasticity. Ultimately, integrating mechanistic insight from molecular neuroscience with individualized clinical risk profiling may enable early, selective modulation of synaptic pruning. Such strategies hold the potential to alter disease trajectories and improve outcomes in schizophrenia, while minimizing unintended disruption of neurodevelopmental processes.
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