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Dysfunction of both microglia and circuitry in the medial prefrontal cortex (mPFC) have been implicated in numerous neuropsychiatric disorders, but how microglia affect mPFC development in health and disease is not well understood. mPFC circuits undergo a prolonged maturation after birth that is driven by molecular programs and activity-dependent processes. Though this extended development is crucial to acquire mature cognitive abilities, it likely renders mPFC circuitry more susceptible to disruption by genetic and environmental insults that increase the risk of developing mental health disorders. Recent work suggests that microglia directly influence mPFC circuit maturation, though the biological factors underlying this observation remain unclear. In this review, we discuss these recent findings along with new studies on the cellular mechanisms by which microglia shape sensory circuits during postnatal development. We focus on the molecular pathways through which glial cells and immune signals regulate synaptogenesis and activity-dependent synaptic refinement. We further highlight how disruptions in these pathways are implicated in the pathogenesis of neurodevelopmental and psychiatric disorders associated with mPFC dysfunction, including schizophrenia and autism spectrum disorder (ASD). Using these disorders as a framework, we discuss microglial mechanisms that could link environmental risk factors including infections and stress with ongoing genetic programs to aberrantly shape mPFC circuitry.
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Introduction

The medial prefrontal cortex (mPFC) controls complex cognitive and emotive functions, including decision making, memory, social interactions and mood (Euston et al., 2012). These functions mature throughout a prolonged developmental window, lasting until around postnatal day (P) 60 in mice and the mid-twenties in humans. During this period, a combination of genetic programs and activity-dependent processes refine mPFC circuits (Schubert et al., 2015; Klune et al., 2021). Developmental challenges occurring on a background of genetic risk factors can alter mPFC synapse and circuit maturation. For instance, infection or stress increase the risk of developing neurodevelopmental disorders such as autism spectrum disorder (ASD) (Estes and McAllister, 2015) and schizophrenia (SZ) (Müller et al., 2015).

Microglia are increasingly recognized as key players in synapse development and refinement (Thion et al., 2018; Dorman and Molofsky, 2019). Microglial progenitors enter the brain and spinal cord during embryogenesis, and, through migration and proliferation, ubiquitously colonize the CNS parenchyma (De Biase et al., 2017; Bachiller et al., 2018). Microglia survey their local environment by extending motile processes that interact with nearby cells and sample local signaling molecules (Bachiller et al., 2018; Marinelli et al., 2019). In turn, microglia shape normal circuit maturation (Thion et al., 2018; Zengeler and Lukens, 2021) by regulating aspects of axon guidance (Squarzoni et al., 2014), axon myelination, synapse formation (Gallo et al., 2022), synapse maturation (Hoshiko et al., 2012), and synapse refinement (Schafer et al., 2012; Schafer and Stevens, 2015; Stevens and Schafer, 2018). Because they are exquisitely sensitive to changes in neural activity, inflammation, and stress, microglial support for circuit development can be perturbed by numerous CNS insults (Hanamsagar and Bilbo, 2017). Indeed, microglia exhibit major transcriptional, morphological, and functional changes in many neuropsychiatric disorders including ASD and SZ (Rahimian et al., 2021), suggesting that altered microglial-neuron interactions may critically link genetic risk and early insults to long-term changes in circuit function. More detailed knowledge of how microglia shape mPFC circuit maturation may enable us to effectively intervene when the developmental balance is shifted toward neuropsychiatric disorders.

Microglia express a wide array of membrane-bound receptors that equip them to sense damage-associated molecules, pathogens, chemokines, complement system proteins, purines, and neurotransmitters (Noda et al., 2000; Hickman et al., 2013; Krauthausen et al., 2014; Marinelli et al., 2019). Stimulation of these receptors causes functional changes in microglia by altering their motility, physiological properties (Kreutzberg, 1996; Gomez-Nicola and Perry, 2015), phagocytic activity, and/or cytokine production (Noda et al., 2000; Kuhn et al., 2004). Microglial secreted factors can then act on neuronal and astrocyte receptors to influence processes such as dendritic spine formation and elimination (Parkhurst et al., 2013), insertion of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors at synapses (Heir and Stellwagen, 2020), and membrane excitability (Marinelli et al., 2019; Badimon et al., 2020). Foundational studies also demonstrated that microglial phagocytic function can target synaptic material, supporting physiological elimination of excess synapses during development (Paolicelli et al., 2011; Schafer et al., 2012). Microglia recognize complement system proteins deposited on synapses that signal “eat me” or “don’t eat me” via membrane-bound receptors. This represents one key mechanism by which microglia engulf synaptic compartments (Schafer et al., 2012; Lehrman et al., 2018; Borucki et al., 2020). Collectively, these receptor-ligand interactions exemplify the complex multi-directional communication between cell populations that characterizes CNS development.

Cellular heterogeneity adds a layer of complexity layer of complexity to the mechanisms that support physiological and perturbed circuit maturation. While regional and cell-to-cell variation in neuronal function is widely accepted, the heterogeneity of microglia has only recently been appreciated. Microglia exhibit regional differences in morphology, density, gene expression, cell process motility, and phagocytic activity (De Biase et al., 2017; Ayata et al., 2018; Bachiller et al., 2018; Stowell et al., 2019; Hope et al., 2020), suggesting that their impact on synapse and circuit function likely varies. Moreover, the maturation of microglial populations varies across brain regions (Squarzoni et al., 2014), as do the mechanisms they use to execute synapse pruning (Gallo et al., 2022). This underscores the need to carefully define microglial roles in circuit development on a circuit-by-circuit basis.

Understanding the roles of microglia in mPFC circuit development is of particular importance because of the region’s strong ties to neuropsychiatric disorders. A recent study in rats showed that mPFC spine density peaks around P39, a time that aligns with maximal microglial engulfment of postsynaptic material (Mallya et al., 2019). A second recent study showed that depletion of mPFC microglia in mid-adolescence (P42–P47)—but not in adulthood—reduced dendritic complexity, excitatory synaptic density, and mushroom spine density and induced impairments in cognitive behavioral functions in adults (Schalbetter et al., 2022). Adolescent depletion also increased inhibitory synaptic transmission in adults. Although these studies did not examine molecular mechanisms underlying observed microglial-neuron interactions, their findings indicate that mid-adolescence is a sensitive period when microglia can influence cognitive development by refining mPFC circuits, and that microglia regulate distinct mPFC circuit elements depending on the developmental stage.

In the following sections of this review, we discuss novel findings elucidating how microglia and immune signals regulate synaptogenesis and activity-dependent synaptic refinement, primarily in sensory circuits. We then consider how the glial pathways that sculpt sensory cortices might shape mPFC connectivity during its prolonged development. Finally, we discuss the role of microglia in disease and highlight how disruptions to glia-neuron interactions are implicated in the pathogenesis of neurodevelopmental and psychiatric disorders associated with mPFC dysfunction, including schizophrenia and ASD.



New players in complement-dependent regulation of microglial function

Complement cascade proteins, which are classically used to “tag” pathogens for phagocytic removal by immune cells, can regulate the elimination of supernumerary synapses during development (Stevens et al., 2007; Schafer et al., 2012; Sekar et al., 2016). Key examples of complement-mediated synapse tagging include the “eat me” signal C1q, which is deposited at presynaptic terminals of less-active synapses. C1q then binds and activates C3, forming a complex that can be recognized by the microglial complement receptor 3 (CR3), and provokes synapse engulfment. Although the C1q-C3-CR3 pathway has been shown to regulate synapse removal in multiple contexts, including the developing lateral geniculate nucleus (Schafer et al., 2012), neurodegenerative disease (Hong et al., 2016), and infection (Vasek et al., 2016), many gaps remain in our understanding of the role that complement plays in microglial-synapse interactions. How is the system balanced by “don’t eat me” signals? CD47, which is recognized by microglial receptor Sirp1α, can inhibit microglial synaptic phagocytosis (Lehrman et al., 2018), but are there others? How exactly does C1q become attached to synapses displaying appropriate activity patterns, as microglia themselves appear to be the main producers of C1q (Fonseca et al., 2017; Vukojicic et al., 2019; Burger et al., 2020)? Finally, microglial-based synapse pruning happens independently of the C1q-C3-CR3 pathway in some brain regions (Gunner et al., 2019; Kovács et al., 2021), raising questions about how many distinct mechanisms govern microglial synapse pruning across different brain regions.

Within the complement system, additional regulatory players may also be involved. The complement protein C4 localizes to synapses (Presumey et al., 2017), but its role in synaptic pruning has proven challenging to define. Intriguingly, genetic variants of C4, including alleles that increase C4 copy number, are strongly associated with an increased risk of SZ (Sekar et al., 2016). Loss of cortical gray matter and dendritic spine abnormalities have also been noted in SZ patients, raising the possibility that aberrant synapse pruning by microglia during adolescence is an underlying pathological mechanism driving disease progression (Sekar et al., 2016). A novel transgenic mouse expressing variable copy numbers of human C4A (hC4A) and C4B recently shed light on the molecule’s role in synaptic refinement within the retinogeniculate system (Yilmaz et al., 2021). Within this new humanized mouse model, C4A overexpression (8 copies) boosted microglial synapse engulfment and reduced synaptic density in the dorsal lateral geniculate nucleus (dLGN) of the thalamus during the postnatal window when contralateral and ipsilateral eye inputs to this region are undergoing refinement (P9–10, Figure 1A).
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FIGURE 1
 Region-, synapse-, and age-specific roles for microglia in synapse refinement. (A) Microglia prune retinogeniculate synapses at P9 using a C4-dependent pathway (Yilmaz et al., 2021). (B) Overexpression of C4 enhances synapse pruning in mPFC (Yilmaz et al., 2021). (C) At P15, microglia prune axosomatic synapses between basket cells and pyramidal cells (Favuzzi et al., 2021) while promoting the formation of axo-axonic synapses between chandelier cells and pyramidal cells (Gallo et al., 2022) in rodent somatosensory cortex. (D) Neuronal Fn14 together with microglial TWEAK refine dLGN dendritic spines through activity-dependent, non-phagocytic mechanisms (Cheadle et al., 2020). (E) Synaptogenesis and refinement overlap in space and time and occur over distinct windows of development in sensory systems vs. prefrontal cortex.


The same study also observed synapse density changes in mPFC, a region implicated in the pathogenesis of SZ in humans (Lewis, 1997; Volk and Lewis, 2013; Yilmaz et al., 2021). However, these effects were observed later compared to the visual system. Elevated hC4A copy number (8 alleles) increased C4 protein above control levels at P10 and to a lesser extent at P40. The increase in C4 protein in mPFC preceded an elevation in microglial phagocytic activity and pre-synaptic material engulfment, which peaked during adolescence (P40). A reduction in cortical synapse density was not apparent until early adulthood (P60, Figure 1B), indicating that effects of C4 deposition on microglial activity are cumulative and not instantaneous. Adult mice overexpressing hC4A exhibited deficits in social interactions, increased anxiety-like behaviors, and decreased performance in tasks relying on spatial working memory. Notably, these behaviors have been previously linked to mPFC circuits (Adhikari et al., 2011; Gee et al., 2016; Ko, 2017; Gangopadhyay et al., 2021) and are reminiscent of negative symptoms of schizophrenia in humans (Correll and Schooler, 2020). Interestingly, a loss of C4 protein did not alter spine density in the mPFC, nor did it induce behavioral deficits, suggesting that alternative or redundant pathways contribute to normal maturation of synapses within the frontal cortex.

Recent work using patient-derived microglial-like cells (iMGs) provided new insight into mechanisms through which C4-dependent pathways sculpt synapses (Sellgren et al., 2019). In this study, iMGs effectively engulfed synaptosomes and their presence reduced spine density in co-cultured human-derived neurons. Strikingly, iMGs from schizophrenia patients showed higher levels of phagocytic activity than those derived from a healthy control population. This difference in engulfment was largely explained by features inherent to patient iMGs, and partially modulated by synaptic factors. There was a positive correlation between C4AL alleles, C3 protein deposition on synapses, and levels of synaptic engulfment. This suggests that C4AL, a known risk allele for SZ, may induce pathological circuit alterations in patients by promoting excessive amounts of C3-dependent microglial phagocytosis.

Collectively, these studies illustrate how genetic variation that shifts C4 abundance could be connected to disease via aberrant microglial pruning. It is possible that yet undiscovered genetic variation in other pruning-relevant molecules (either via altered copy number or alterations in enhancers) also contributes to disease risk or etiology. As such, we need a more precise understanding of how and when these molecules shape microglial pruning. It will be important to determine whether biological events can elevate C4 expression during adolescence or provoke C4 production outside of its developmentally appropriate time window, leading to pathological circuit modifications via microglial effectors. Individuals with a higher C4A copy number may exhibit particularly strong increases in C4 in certain situations, and, therefore, experience increased vulnerability in particular contexts. These findings also raise the intriguing possibility that an individual’s risk of developing schizophrenia might be mitigated via interventions that modify microglial pruning activity. Along this vein, minocycline, an antibiotic previously shown to reduce synapse pruning in rodent models (Nutile-McMenemy et al., 2007; Schafer et al., 2012; Inta et al., 2017), elicited a dose-dependent reduction of synaptosome engulfment in vitro. Moreover, a small-scale analysis of electronic health records suggested that adolescents who received chronic doses of minocycline exhibited a reduced risk of incident psychosis (Sellgren et al., 2019). Though these small-scale analyses of patient data are promising, future prospective studies and randomized trials will be necessary to assess the drug’s therapeutic potential. Stratifying or analyzing clinical study cohorts by risk variants with a known impact on microglial biology may also be crucial for uncovering a candidate treatment’s true efficacy.



Microglial regulation of inhibitory synapse development

Synapses are heterogeneous. Distinct expression of synthetic enzymes, membrane-bound receptors, and cell-adhesion proteins at pre and postsynaptic terminals helps specify connectivity between neurons and determines their function within a larger circuit as either excitatory or inhibitory units (Shen and Scheiffele, 2010; Yogev and Shen, 2014). Most work examining synaptic interactions of microglia has focused on excitatory synapses (Paolicelli et al., 2011; Schafer et al., 2012). However, recent work revealed a synaptogenic role for microglia at inhibitory synapses [defined by their expression of ionotropic or metabotropic gamma-aminobutyric acid (GABA) receptors] in postnatal somatosensory cortex in mice (Gallo et al., 2022). The authors showed that microglia promote the formation and maintenance of specialized axo-axonic synapses between inhibitory chandelier cells and the axon-initial segments (AIS) of pyramidal neurons (PyNs) in the somatosensory cortex. Microglial depletion from P7–P18 reduced the number of inhibitory boutons at these specialized chandelier synapses. Importantly, removing GABA B1 receptors (GABAB1Rs) from microglia lowered the frequency of microglia-PyN contacts and diminished the density of inhibitory AIS-associated synapses on these neurons. These observations demonstrate that microglial GABAB1Rs influence—through yet unknown pathways—the synaptogenic interactions between AIS associated-microglia, chandelier cells, and PyNs.

A second recent study identified a key role for microglia in inhibitory synapse pruning during early postnatal development, also in the mouse somatosensory cortex (Favuzzi et al., 2021). While a global depletion of microglia from P1–15 increased the density of both excitatory and inhibitory synapses, deleting GABAB1Rs from microglia only impacted inhibitory synapses—namely, axo-somatic synapses between parvalbumin-positive (PV +) basket cells and PyNs. Together with spatial transcriptomics analyses, these observations suggest that approximately 30% of microglia in the developing somatosensory cortex express GABA1Rs and activation of these receptors regulates microglial interactions with inhibitory synapses. GABAB1R deletion from microglia altered expression of numerous genes, including those associated with synapse pruning and phagocytosis. These observations raise questions about whether GABAB1R expression allows microglia to locate and engage with inhibitory synapses directly or whether activation of these receptors—possibly from tonic local GABA tone—shapes the overall phenotype of the cell, including its phagocytic profile, via regulation of gene expression.

Taken together, these studies indicate that microglia shape the development of inhibitory synapses and highlight the importance of microglial GABAB1Rs in modulating microglial interactions with this specific subset of synapses (Figure 1C). Future studies should seek to elucidate the signaling pathways downstream of microglial GABA receptor activation to clarify how these receptors can promote phagocytosis of synaptic targets in one developmental context and exert synaptogenic effects in another. It also remains to be seen if and when similar GABAR-dependent mechanisms are at play in mPFC development. In general, the question of whether neurotransmitter receptor expression by microglia confers specificity to microglia-synapse interactions also bears further investigation. Do individual GABAR-expressing microglia only interact with inhibitory synapses? These cells also express 5-HT receptors as well as purinergic receptors that allow detection of highly active synapses. How do these signaling systems intersect with GABAR expression to shape specificity of microglial-synapse interactions?



Non-phagocytic interactions between microglia and synapses

Microglia can also shape neuronal connectivity through non-phagocytic mechanisms (Weinhard et al., 2018). Microglial contact with dendrites promotes postsynaptic calcium elevations that increase likelihood of dendritic spine formation (Miyamoto et al., 2016). Conversely, microglial contact with dendritic spines can also increase likelihood of spine retraction, possibly via modification of local extracellular matrix and reductions in synapse stability (Tremblay et al., 2010; Nguyen et al., 2020). Microglial secretion of BDNF and TNFα can shape dendritic spine dynamics (Parkhurst et al., 2013) and AMPAR trafficking at synapses, respectively (Heir and Stellwagen, 2020). Finally, microglia can partially wrap around synapses and shape their function without progressing to full synapse engulfment, an interaction referred to as trogocytosis (Weinhard et al., 2018). Many of these non-phagocytic mechanisms for microglial interaction with synapses have been examined in a limited number of contexts and their involvement in maturation and refinement of many circuits, including mPFC circuits, remains unexplored.

Recent studies have identified yet more signaling pathways by which microglia can influence synapse structure and function. In the retinogeniculate system, there is a sensitive window of development (P20–P27) during which activity increases dendritic spine density in the dLGN (Cheadle et al., 2020). During this period, activity also increases microglial expression of the cytokine TWEAK and neuronal expression of its receptor Fn14. While Fn14 promoted spine formation, microglial TWEAK inhibited Fn14 function, acting to decrease spine density in dLGN neurons. Hence, in this system, microglia may exert precise control over synapse number, sensing neuronal activity and limiting synapse formation to keep neuronal excitability within an optimal range (Figure 1D). As Fn14-TWEAK signaling did not regulate engulfment of axon terminals by microglia and the complement system did not regulate spine density, separable microglial mechanisms may exist for regulation of pre- and postsynaptic synaptic compartments. New work shows that Fn14 is expressed in the deep layers of the developing frontal cortex (Ferro et al., 2021), suggesting microglia may use TWEAK-Fn14 to regulate activity-dependent circuit refinement there.



Extrapolating lessons from sensory cortices to the mPFC

In the past decade, numerous studies have corroborated the idea that microglia sculpt developing neuronal circuits (Paolicelli et al., 2011; Schafer et al., 2012; Stevens and Schafer, 2018). Aligning the emerging work on microglial functions in sensory circuits with studies of mPFC synaptic development can help us develop testable predictions about how microglia regulate maturing mPFC circuits in health and disease (Figures 1E, 2). For example, in somatosensory cortex, classes of inhibitory cells and their synapses mature along different timelines. The number of chandelier cell synapses on the AIS peaks around P18 (Gallo et al., 2022), while the density of axosomatic basket cell synapses continues to rise until at least P30 (Favuzzi et al., 2021). Microglia shape this inhibitory landscape by promoting formation of axo-axonic chandelier synapses (Gallo et al., 2022) and pruning axosomatic synapses from PV + basket cells (Favuzzi et al., 2021), showing distinct interactions with individual synaptic compartments that are likely guided by the developmental status of the inhibitory neurons and their PyN targets. In mPFC, a similar time course of chandelier cell followed by basket cell maturation is observed (Miyamae et al., 2017). Hence, we may predict that mPFC microglia contact neuronal compartments to align their regulatory functions (synaptogenesis vs. pruning) to the developmental status of nearby synapses. However, depleting mPFC microglia in adolescence (P42–P52) produced the most profound changes in adult inhibitory synapses (Schalbetter et al., 2022), suggesting that microglial regulation of mPFC inhibitory synapses may be shifted to later time points than those observed in somatosensory cortex.
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FIGURE 2
Genetic, environmental and microglial influences on synaptic connectivity in development and disease. (A,B) Immune and neuronal factors (Gauthier et al., 2010; Marín, 2012; Nieto et al., 2013; Volk and Lewis, 2013b; El-Ansary and Al-Ayadhi, 2014; McAllister, 2014; English et al., 2015; Estes and McAllister, 2015; Sinclair et al., 2016; Ishizuka et al., 2017; Gao et al., 2018; Jiang et al., 2018; Huang et al., 2019; Trossbach et al., 2019; Wiebe et al., 2019; Barbosa et al., 2020; Chen et al., 2020; Boukouaci et al., 2021) known to be altered in ASD and SZ. Purple text represents elements that are affected in both disorders. (C) Open question: to what extent do bidirectional microglia-neuron interactions regulate synaptic connectivity? (D,E). Microglia regulate excitatory and inhibitory connectivity during healthy development. (F) In the context of genetic and environmental risk factors, microglia alter their phenotypes and contribute to altered synaptic connectivity. Many open questions remain, especially regarding the role of microglia in mediating maladaptive changes in inhibitory synaptic connectivity.


New work indicates that microglia use different signaling pathways to regulate dendritic spines depending on the stage of development (Cheadle et al., 2020; Yilmaz et al., 2021). In both sensory systems and mPFC, a period of synaptogenesis is followed by experience-dependent refinement, albeit along different timelines. After a wave of synaptogenesis in the dLGN (P0–5) (Schafer et al., 2012; Yilmaz et al., 2021), microglia prune presynaptic material and thin dendritic spines using complement-dependent phagocytosis (Yilmaz et al., 2021). Later, during experience-dependent refinement (P20-P27), microglia-secreted TWEAK reduces the density of bulbous spines using non-phagocytic mechanisms. In mPFC, microglial depletion before adolescence (beginning P28) reduces the density of long thin (presumably immature) spines while depletion during adolescence (beginning P42) reduced the density of mushroom (presumably mature) spines. These observations suggest that mPFC microglia may utilize distinct mechanisms to refine spines depending on the maturity level of individual synapses. Additional studies will be needed to clarify what defines whether and when microglia engage phagocytic or non-phagocytic mechanisms to regulate neuronal connectivity. Complement cascades play a role in adolescent mPFC synapse refinement (Yilmaz et al., 2021), but potential roles for Fn14-TWEAK and other non-phagocytic microglial-synapse interactions in mPFC remain to be determined.



Roles of microglia in disease onset and progression

Microglia play a clear role in establishing and maintaining the exquisite balance of excitatory and inhibitory synapses that is required for proper circuit function. In ASD and SZ, dysfunctional social and cognitive behaviors have been linked to alterations in excitatory and inhibitory synaptic connectivity in mPFC (Volk and Lewis, 2013; Estes and McAllister, 2015; Schubert et al., 2015; Sohal and Rubenstein, 2019). Neuroimaging studies show reduced cortical gray matter and reduced spine density in individuals with SZ, consistent with the widely accepted hypothesis that excessive spine pruning in adolescence and early adulthood contributes to symptom onset (Glantz and Lewis, 2000). Convergent evidence also indicates that some features of SZ arise from deficits in cortical PV + interneurons (Lewis et al., 2005; Sohal et al., 2009; de Jonge et al., 2017). In the PFC of individuals with SZ, PV + interneurons show reduced expression of the GABA synthetic enzyme GAD67 and fewer PV + chandelier cells form cartridge synapses on the AIS (Rocco et al., 2017) of PyNs. Moreover, individuals with SZ show altered gamma oscillations –which depend critically on PV + cell activity (Sohal, 2012; Mathalon and Sohal, 2015)– during a working memory task (Barr et al., 2010). Reductions in mPFC spine density have also been described in mouse models of ASD (Bourgeron, 2015; Guo et al., 2019), and several ASD risk genes regulate inhibitory neuron function and inhibitory synapses. However, in contrast to the specific deficits in PV + neuronal function observed in SZ, inhibition may be affected more broadly in ASD (Chao et al., 2010; Marín, 2012). As an example, deleting the risk gene MECP2 from all GABAergic interneurons recapitulated most behavioral features of Rett’s syndrome, a form of ASD, while deletion in specific regions or other broad cell types only recapitulated some features (Marín, 2012).

While a large body of work has identified perturbations in neuronal genes and proteins that affect synaptic connectivity (Figures 2A,B; Gauthier et al., 2010; Marín, 2012; Nieto et al., 2013; Volk and Lewis, 2013; El-Ansary and Al-Ayadhi, 2014; McAllister, 2014; English et al., 2015; Estes and McAllister, 2015; Sinclair et al., 2016; Ishizuka et al., 2017; Gao et al., 2018; Jiang et al., 2018; Huang et al., 2019; Trossbach et al., 2019; Wiebe et al., 2019; Barbosa et al., 2020; Chen et al., 2020; Boukouaci et al., 2021), accumulating evidence indicates that microglia are also key loci of dysfunction in neurodevelopmental disorders (Koyama and Ikegaya, 2015; Jin et al., 2017; Comer et al., 2020; Petrelli et al., 2020; Xu et al., 2020). In ASD and SZ, mPFC microglia have amoeboid morphology and increased cytokine production that is characteristic of an activated state (Fillman et al., 2013; Momtazmanesh et al., 2019). C4 was recently identified as a SZ risk gene (Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2014) and mutations in C4B have been linked to ASD (Estes and McAllister, 2015), suggesting microglia-mediated synaptic refinement is affected. Transcriptomic analyses of the brains of ASD patients revealed an enrichment of microglial modules (Gandal et al., 2018). Moreover, the studies we reviewed here highlight new mechanisms by which microglia can shape excitatory and inhibitory synaptic equilibrium and how changes in microglial gene expression can tip the balance of synaptic connectivity in pathological directions. Future studies that build on this work can determine how microglial functions are affected in diseases like SZ and ASD and will provide important insights into their normal developmental functions in mPFC.

In both SZ and ASD, it is thought that environmental challenges—such as infection or stress—occurring on a background of genetic risk can promote disease presentation (Estes and McAllister, 2015; Comer et al., 2020). However, the median age of onset is younger for ASD compared to SZ (Solmi et al., 2022), suggesting that in ASD, disease risk is intertwined with earlier-occurring developmental processes. This may explain why changes in cortical inhibition are more widespread in ASD whereas, in SZ, changes are more specific to mPFC PV + interneurons (Marín, 2012), which mature during adolescence (Du et al., 2018; Klune et al., 2021). Microglia are sensitive to environmental risk factors for SZ and ASD and early inflammatory events that increase risk for ASD and SZ can alter the developmental trajectory of microglia (Estes and McAllister, 2015; Parikshak et al., 2016). Moreover, the studies we discussed above demonstrate how microglia play age- and region-specific roles in spine (Cheadle et al., 2020; Yilmaz et al., 2021; Schalbetter et al., 2022) and PV-PyN (Favuzzi et al., 2021; Gallo et al., 2022) synapse maturation. As a result, insults that occur at different times likely affect distinct microglial-neuron interactions. In this way, microglia may determine, at least in part, when and where neuronal dysfunction arises in ASD and SZ, suggesting they are promising therapeutic targets.



Looking ahead: Future research and unanswered questions

In healthy development, microglia and neurons undergo programmed developmental changes in their transcriptional profiles (Matcovitch-Natan et al., 2016; Hammond et al., 2019) and microglia exhibit region- and age-dependent differences in physical attributes and transcriptional status (De Biase et al., 2017; Hope et al., 2020). This underscores an urgent need to better understand the specific attributes of mPFC microglia across development—in healthy and diseased brains. The new studies we reviewed here suggest that microglia may tailor their functions to match the developmental status of local synapses and that microglial functions define sensitive windows of mPFC development. In the context of ASD vs. SZ risk, this implies that microglia may react to neuronal changes in synapse status and activity. Alternatively, transcriptional changes in microglia may be key drivers of neuronal dysfunction. Future studies that distinguish between these possibilities are needed to inform new therapeutic avenues (Figures 2C–F).

Most currently available tools for manipulation of microglia impact microglia throughout the CNS and caution is warranted in interpreting the impact of these manipulations on specific circuits. However, performing spatially restricted manipulations of microglia is challenging due to their resistance to infection with adeno-associated viruses (AAVs)—non-toxic viruses that are commonly used to manipulate gene expression in the brain. To advance the field, new approaches are needed for spatially restricted manipulation of these cells. In the meantime, as we learn more about the molecular mechanisms guiding neuron-glia interactions in mPFC, we can use neuronally-targeted AAVs to manipulate their interactions in a spatially and temporally restricted manner. With such tools in hand, we can determine when and how microglia regulate specific classes of mPFC synapses. Future studies can investigate to what extent microglia play simultaneous roles in pruning and synaptogenesis within mPFC—potentially at different classes of synapses—and whether microglia may toggle between states that promote synapse formation vs. pruning.

When investigating the roles of microglia in mPFC and sensory circuit development, it will also be important to consider potential contributions from astrocytes. Astrocytes shape circuit development in similar ways to microglia. Astrocyte-secreted proteins regulate synaptogenesis (Christopherson et al., 2005; Kucukdereli et al., 2011) and promote the clustering of glutamate AMPA receptors during synapse maturation (Allen et al., 2012). Moreover, astrocytes can phagocytically prune both excitatory and inhibitory synapses (Chung et al., 2013; Tasdemir-Yilmaz and Freeman, 2014). How do astrocytes and microglia coordinate their respective roles in circuit formation and refinement? Do they work in parallel or sequentially? Can each cell type compensate for the other in case of insults that damage one or both cell populations?

In addition to directly modulating synapse development, astrocytes signal to microglia to alter microglial function. For example, astrocyte-derived IL-33 signals to microglia to promote microglial synapse engulfment and neural circuit maturation in the thalamus and spinal cord (Vainchtein et al., 2018). Astrocytes can also release complement protein C3 in models of Alzheimer’s disease (Lian et al., 2015, 2016) raising questions about whether astrocytes secrete complement components in normal or pathological development with downstream consequences for microglial engulfment of synapses. Conversely, microglia can signal to astrocytes, with effects on synaptic function (Pascual et al., 2012) and astrocyte capacity to induce synaptogenesis (Liddelow et al., 2017). Based on these findings, microglia and astrocytes are likely to continuously regulate each other’s phenotype. A more comprehensive mapping of astrocyte-microglial signaling will be crucial to fully define how these glial cells shape neurodevelopment. Astrocyte-microglial communication also raises a cautionary note when interpreting microglial depletion experiments as providing evidence that microglia directly regulate synapses. Indeed, microglial depletion and repopulation can alter astrocyte gene expression (Coleman et al., 2020). Perturbation of astrocyte function has been implicated in ASD and SZ (Trépanier et al., 2016; Tarasov et al., 2020; Zhang et al., 2020; Notter, 2021; Wang et al., 2021; Allen et al., 2022) and astrocyte dysfunction in PFC has been implicated in inducing anxiety-like behaviors (Li et al., 2021) and cognitive impairment (Brockett et al., 2018; Petrelli et al., 2020), making the PFC of particular interest for studying astrocyte-microglial interactions.



Concluding remarks

Studies from the past decade corroborate the notion that microglia and other immune system factors sculpt developing neuronal circuits (Paolicelli et al., 2011; Schafer et al., 2012; Stevens and Schafer, 2018). The work highlighted in this review demonstrates that microglia influence excitatory and inhibitory synapse maturation through a variety of complement-dependent, phagocytic and non-phagocytic signaling pathways. Further, microglial interactions with developing neural circuits seem to be tailored to specific classes of synapses, as well as the developmental stages of local neurons. Compared to our knowledge of their role in sensory system refinement, our understanding of how and when microglia regulate mPFC development remains limited. It is critical to address these knowledge gaps as mounting evidence links glial and prefrontal dysfunction to the same neuropsychiatric disorders, suggesting they might be causally related.



Author contributions

All authors listed have made a substantial, direct, and intellectual contribution to the work, and approved it for publication.



Funding

This work was supported by the Brain Research Foundation Fay/Frank Seed Grant no. BRFSG-2020-02 (LAD), the Whitehall Foundation Research Grant no. 2019-12-43 (LAD), the Klingenstein Fellowship in Neuroscience 20215431 (LAD), the DGSOM Seed Grant (LAD and LMD), the Brain Research Foundation Fay/Frank Seed Grant no. BRFSG-2021-01 (LMD), the Geffen Scholarship (SB-B), the NSF GRFP DGE-2034835 (MC), and the David Geffen Scholarship (SB-B).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

Adhikari, A., Topiwala, M. A., and Gordon, J. A. (2011). Single units in the medial prefrontal cortex with anxiety-related firing patterns are preferentially influenced by ventral hippocampal activity. Neuron 71, 898–910.

Allen, M., Huang, B. S., Notaras, M. J., Lodhi, A., Barrio-Alonso, E., Lituma, P. J., et al. (2022). Astrocytes derived from ASD individuals alter behavior and destabilize neuronal activity through aberrant Ca2+ signaling. Mol. Psychiatry 27, 2470–2484. doi: 10.1038/s41380-022-01486-x

Allen, N. J., Bennett, M. L., Foo, L. C., Wang, G. X., Chakraborty, C., Smith, S. J., et al. (2012). Astrocyte glypicans 4 and 6 promote formation of excitatory synapses via GluA1 AMPA receptors. Nature 486, 410–414. doi: 10.1038/nature11059

Ayata, P., Badimon, A., Strasburger, H. J., Duff, M. K., Montgomery, S. E., Loh, Y.-H. E., et al. (2018). Epigenetic regulation of brain region-specific microglia clearance activity. Nat. Neurosci. 21, 1049–1060. doi: 10.1038/s41593-018-0192-3

Bachiller, S., Jiménez-Ferrer, I., Paulus, A., Yang, Y., Swanberg, M., Deierborg, T., et al. (2018). Microglia in neurological diseases: A road map to brain-disease dependent-inflammatory response. Front. Cell. Neurosci. 12:1–17. doi: 10.3389/fncel.2018.00488

Badimon, A., Strasburger, H. J., Ayata, P., Chen, X., Nair, A., Ikegami, A., et al. (2020). Negative feedback control of neuronal activity by microglia. Nature 586, 417–423.

Barbosa, A. G., Pratesi, R., Paz, G. S. C., dos Santos, M. A. A. L., Uenishi, R. H., Nakano, E. Y., et al. (2020). Assessment of BDNF serum levels as a diagnostic marker in children with autism spectrum disorder. Sci. Rep. 10:17348.

Barr, M. S., Farzan, F., Tran, L. C., Chen, R., Fitzgerald, P. B., and Daskalakis, Z. J. (2010). Evidence for excessive frontal evoked gamma oscillatory activity in schizophrenia during working memory. Schizophr. Res. 121, 146–152. doi: 10.1016/j.schres.2010.05.023

Borucki, D. M., Toutonji, A., Couch, C., Mallah, K., Mallah, K., and Tomlinson, S. (2020). Complement-mediated microglial phagocytosis and pathological changes in the development and degeneration of the visual system. Front. Immunol. 11, 1–16. doi: 10.3389/fimmu.2020.566892

Boukouaci, W., Lajnef, M., Richard, J. R., Wu, C. L., Bouassida, J., Rafik, I., et al. (2021). HLA-E circulating and genetic determinants in schizophrenia and bipolar disorder. Sci. Rep. 11:20260. doi: 10.1038/s41598-021-99732-9

Bourgeron, T. (2015). From the genetic architecture to synaptic plasticity in autism spectrum disorder. Nat. Rev. Neurosci. 16, 551–563.

Brockett, A. T., Kane, G. A., Monari, P. K., Briones, B. A., Vigneron, P. A., Barber, G. A., et al. (2018). Evidence supporting a role for astrocytes in the regulation of cognitive flexibility and neuronal oscillations through the Ca2+ binding protein S100β. PLoS One 13:1–19. doi: 10.1371/journal.pone.0195726

Burger, C. A., Jiang, D., Li, F., and Samuel, M. A. (2020). C1q regulates horizontal cell neurite confinement in the outer retina. Front. Neural Circuits 14:583391. doi: 10.3389/fncir.2020.583391

Chao, H.-T., Chen, H., Samaco, R. C., Xue, M., Chahrour, M., Yoo, J., et al. (2010). Dysfunction in GABA signalling mediates autism-like stereotypies and Rett syndrome phenotypes. Nature 468, 263–269. doi: 10.1038/nature09582

Cheadle, L., Rivera, S. A., Phelps, J. S., Ennis, K. A., Stevens, B., Burkly, L. C., et al. (2020). Sensory experience engages microglia to shape neural connectivity through a non-phagocytic mechanism. Neuron 108, 451.e–468.e. doi: 10.1016/j.neuron.2020.08.002

Chen, Q., Deister, C. A., Gao, X., Guo, B., Lynn-Jones, T., Chen, N., et al. (2020). Dysfunction of cortical GABAergic neurons leads to sensory hyper-reactivity in a Shank3 mouse model of ASD. Nat. Neurosci. 23, 520–532. doi: 10.1038/s41593-020-0598-6

Christopherson, K. S., Ullian, E. M., Stokes, C. C., Mullowney, C. E., Hell, J. W., Agah, A., et al. (2005). Thrombospondins are astrocyte-secreted proteins that promote CNS synaptogenesis. Cell 120, 421–433.

Chung, W.-S., Clarke, L. E., Wang, G. X., Stafford, B. K., Sher, A., Chakraborty, C., et al. (2013). Astrocytes mediate synapse elimination through MEGF10 and MERTK pathways. Nature 504, 394–400.

Coleman, L. G., Zou, J., and Crews, F. T. (2020). Microglial depletion and repopulation in brain slice culture normalizes sensitized proinflammatory signaling. J. Neuroinflammation 17:27. doi: 10.1186/s12974-019-1678-y

Comer, A. L., Carrier, M., Tremblay, M. -È, and Cruz-Martín, A. (2020). The inflamed brain in schizophrenia: The convergence of genetic and environmental risk factors that lead to uncontrolled neuroinflammation. Front. Cell. Neurosci. 14:274. doi: 10.3389/fncel.2020.00274

Correll, C. U., and Schooler, N. R. (2020). Negative symptoms in schizophrenia: A review and clinical guide for recognition, assessment, and treatment. Neuropsychiatr. Dis. Treat. 16, 519–534.

De Biase, L. M., Schuebel, K. E., Fusfeld, Z. H., Jair, K., Hawes, I. A., Cimbro, R., et al. (2017). Local cues establish and maintain region-specific phenotypes of basal ganglia microglia. Neuron 95, 341.e–356.e. doi: 10.1016/j.neuron.2017.06.020

de Jonge, J. C., Vinkers, C. H., Hulshoff Pol, H. E., and Marsman, A. (2017). GABAergic mechanisms in schizophrenia: Linking postmortem and in vivo studies. Front. Psychiatry 8:118. doi: 10.3389/fpsyt.2017.00118

Dorman, L. C., and Molofsky, A. V. (2019). Demystifying microglia: And now the work begins. Immunity 50, 11–13. doi: 10.1016/j.immuni.2018.12.025

Du, X., Serena, K., Hwang, W. J., Grech, A. M., Wu, Y. W. C., Schroeder, A., et al. (2018). Prefrontal cortical parvalbumin and somatostatin expression and cell density increase during adolescence and are modified by BDNF and sex. Mol. Cell. Neurosci. 88, 177–188. doi: 10.1016/j.mcn.2018.02.001

El-Ansary, A., and Al-Ayadhi, L. (2014). GABAergic/glutamatergic imbalance relative to excessive neuroinflammation in autism spectrum disorders. J. Neuroinflammation 11:189. doi: 10.1186/s12974-014-0189-0

English, J. A., Fan, Y., Focking, M., Lopez, L. M., Hryniewiecka, M., Wynne, K., et al. (2015). Reduced protein synthesis in schizophrenia patient-derived olfactory cells. Transl. Psychiatry 5, e663–e663. doi: 10.1038/tp.2015.119

Estes, M. L., and McAllister, A. K. (2015). Immune mediators in the brain and peripheral tissues in autism spectrum disorder. Nat. Rev. Neurosci. 16, 469–486.

Euston, D. R., Gruber, A. J., and McNaughton, B. L. (2012). The role of medial prefrontal cortex in memory and decision making. Neuron 76, 1057–1070.

Favuzzi, E., Huang, S., Saldi, G. A., Binan, L., Ibrahim, L. A., Fernández-Otero, M., et al. (2021). GABA-receptive microglia selectively sculpt developing inhibitory circuits. Cell 184, 4048.e–4063.e.

Ferro, A., Vrudhula, U., Auguste, Y. S. S., and Cheadle, L. (2021). The cytokine receptor Fn14 regulates neuronal transcription during development and brain function in the adult. bioRxiv [Preprint] doi: 10.1101/2021.08.16.456505

Fillman, S. G., Cloonan, N., Catts, V. S., Miller, L. C., Wong, J., McCrossin, T., et al. (2013). Increased inflammatory markers identified in the dorsolateral prefrontal cortex of individuals with schizophrenia. Mol. Psychiatry 18, 206–214. doi: 10.1038/mp.2012.110

Fonseca, M. I., Chu, S. H., Hernandez, M. X., Fang, M. J., Modarresi, L., Selvan, P., et al. (2017). Cell-specific deletion of C1qa identifies microglia as the dominant source of C1q in mouse brain. J. Neuroinflammation 14:48. doi: 10.1186/s12974-017-0814-9

Gallo, N. B., Berisha, A., and Van Aelst, L. (2022). Microglia regulate chandelier cell axo-axonic synaptogenesis. Proc. Natl. Acad. Sci. U. S. A. 119, 1–12. doi: 10.1073/pnas.2114476119

Gandal, M. J., Haney, J. R., Parikshak, N. N., Leppa, V., and Steve Horvath, D. H. G. (2018). Shared molecular neuropathology across major psychiatric disorders parallels polygenic overlap. Science 697, 693–697.

Gangopadhyay, P., Chawla, M., Dal Monte, O., and Chang, S. W. C. (2021). Prefrontal-amygdala circuits in social decision-making. Nat. Neurosci. 24, 5–18.

Gao, R., Piguel, N. H., Melendez-Zaidi, A. E., Martin-de-Saavedra, M. D., Yoon, S., Forrest, M. P., et al. (2018). CNTNAP2 stabilizes interneuron dendritic arbors through CASK. Mol. Psychiatry 23, 1832–1850.

Gauthier, J., Champagne, N., Lafrenière, R. G., Xiong, L., Spiegelman, D., Brustein, E., et al. (2010). De novo mutations in the gene encoding the synaptic scaffolding protein SHANK3 in patients ascertained for schizophrenia. Proc. Natl. Acad. Sci. U.S.A. 107, 7863–7868. doi: 10.1073/pnas.0906232107

Gee, D. G., Fetcho, R. N., Jing, D., Li, A., Glatt, C. E., Drysdale, A. T., et al. (2016). Individual differences in frontolimbic circuitry and Anxiety emerge with adolescent changes in endocannabinoid signaling across species. Proc. Natl. Acad. Sci. U. S. A 113, 4500–4505. doi: 10.1073/pnas.1600013113

Glantz, L. A., and Lewis, D. A. (2000). Decreased dendritic spine density on prefrontal cortical pyramidal neurons in schizophrenia. Arch. Gen. Psychiatry 57, 65–73.

Gomez-Nicola, D., and Perry, V. H. (2015). Microglial dynamics and role in the healthy and diseased brain: A paradigm of functional plasticity. Neuroscientist 21, 169–184. doi: 10.1177/1073858414530512

Gunner, G., Cheadle, L., Johnson, K. M., Ayata, P., Badimon, A., Mondo, E., et al. (2019). Sensory lesioning induces microglial synapse elimination via ADAM10 and fractalkine signaling. bioRxiv [preprint] doi: 10.1101/551697

Guo, B., Chen, J., Chen, Q., Ren, K., Feng, D., Mao, H., et al. (2019). Anterior cingulate cortex dysfunction underlies social deficits in Shank3 mutant mice. Nat. Neurosci. 22, 1223–1234. doi: 10.1038/s41593-019-0445-9

Hammond, T. R., Dufort, C., Dissing-Olesen, L., Giera, S., Young, A., Wysoker, A., et al. (2019). Single-cell RNA sequencing of microglia throughout the mouse lifespan and in the injured brain reveals complex cell-state changes. Immunity 50, 253.e–271.e. doi: 10.1016/j.immuni.2018.11.004

Hanamsagar, R., and Bilbo, S. D. (2017). Environment matters: Microglia function and dysfunction in a changing world. Curr. Opin. Neurobiol. 47, 146–155. doi: 10.1016/j.conb.2017.10.007

Heir, R., and Stellwagen, D. T. N. F. - (2020). Mediated homeostatic synaptic plasticity: From in vitro to in vivo models. Front. Cell. Neurosci. 14:565841.

Hickman, S. E., Kingery, N. D., Ohsumi, T. K., Borowsky, M. L., Wang, L. C., Means, T. K., et al. (2013). The microglial sensome revealed by direct RNA sequencing. Nat. Neurosci. 16, 1896–1905. doi: 10.1038/nn.3554

Hong, S., Beja-Glasser, V. F., Nfonoyim, B. M., Frouin, A., Li, S., Ramakrishnan, S., et al. (2016). Complement and microglia mediate early synapse loss in Alzheimer mouse models. Science 352, 712–716.

Hope, K. T., Hawes, I. A., Moca, E. N., Bonci, A., and De Biase, L. M. (2020). Maturation of the microglial population varies across mesolimbic nuclei. Eur. J. Neurosci. 52, 3689–3709. doi: 10.1111/ejn.14740

Hoshiko, M., Arnoux, I., Avignone, E., Yamamoto, N., and Audinat, E. (2012). Deficiency of the microglial receptor CX3CR1 impairs postnatal functional development of thalamocortical synapses in the barrel cortex. J. Neurosci. Off. J. Soc. Neurosci. 32, 15106–15111. doi: 10.1523/JNEUROSCI.1167-12.2012

Huang, C. C. Y., Muszynski, K. J., Bolshakov, V. Y., and Balu, D. T. (2019). Deletion of Dtnbp1 in mice impairs threat memory consolidation and is associated with enhanced inhibitory drive in the amygdala. Transl. Psychiatry 9:132. doi: 10.1038/s41398-019-0465-y

Inta, D., Lang, U. E., Borgwardt, S., Meyer-Lindenberg, A., and Gass, P. (2017). Microglia activation and schizophrenia: Lessons from the effects of minocycline on postnatal neurogenesis, neuronal survival and synaptic pruning. Schizophr. Bull. 43, 493–496. doi: 10.1093/schbul/sbw088

Ishizuka, K., Fujita, Y., Kawabata, T., Kimura, H., Iwayama, Y., Inada, T., et al. (2017). Rare genetic variants in CX3CR1 and their contribution to the increased risk of schizophrenia and autism spectrum disorders. Transl. Psychiatry 7:e1184. doi: 10.1038/tp.2017.173

Jiang, D.-Y., Wu, Z., Forsyth, C. T., Hu, Y., Yee, S. P., Chen, G., et al. (2018). GABAergic deficits and schizophrenia-like behaviors in a mouse model carrying patient-derived neuroligin-2 R215H mutation. Mol. Brain 11:31. doi: 10.1186/s13041-018-0375-6

Jin, X.-R., Chen, X.-S., and Xiao, L. (2017). MeCP2 deficiency in neuroglia: New progress in the pathogenesis of rett syndrome. Front. Mol. Neurosci. 10:316. doi: 10.3389/fnmol.2017.00316

Klune, C. B., Jin, B., and DeNardo, L. A. (2021). Linking mPFC circuit maturation to the developmental regulation of emotional memory and cognitive flexibility. Elife 10, 1–33. doi: 10.7554/eLife.64567

Ko, J. (2017). Neuroanatomical substrates of rodent social behavior: The medial prefrontal cortex and its projection patterns. Front. Neural Circuits 11:41. doi: 10.3389/fncir.2017.00041

Kovács, R. Á, Vadászi, H., Bulyáki, É, Török, G., Tóth, V., Mátyás, D., et al. (2021). Identification of neuronal pentraxins as synaptic binding partners of C1q and the involvement of NP1 in synaptic pruning in adult mice. Front. Immunol. 11:599771. doi: 10.3389/fimmu.2020.599771

Koyama, R., and Ikegaya, Y. (2015). Microglia in the pathogenesis of autism spectrum disorders. Neurosci. Res. 100, 1–5.

Krauthausen, M., Saxe, S., Zimmermann, J., Emrich, M., Heneka, M. T., and Müller, M. (2014). CXCR3 modulates glial accumulation and activation in cuprizone-induced demyelination of the central nervous system. J. Neuroinflammation 11:109. doi: 10.1186/1742-2094-11-109

Kreutzberg, G. W. (1996). Microglia: A sensor for pathological events in the CNS. Trends Neurosci. 19, 312–318.

Kucukdereli, H., Ullian, E. M., Stokes, C. C., Mullowney, C. E., Hell, J. W., Agah, A., et al. (2011). Control of excitatory CNS synaptogenesis by astrocyte-secreted proteins Hevin and SPARC. Proc. Natl. Acad. Sci. USA 108, E440–E449. doi: 10.1073/pnas.1104977108

Kuhn, S. A., Landeghem, F., Zacharias, R., Färber, K., Rappert, A., Pavlović, S., et al. (2004). Microglia express GABAB receptors to modulate interleukin release. Mol. Cell. Neurosci. 25, 312–322.

Lehrman, E. K., Wilton, D. K., Litvina, E. Y., Welsh, C. A., Chang, S. T., Frouin, A., et al. (2018). CD47 protects synapses from excess microglia-mediated pruning during development. Neuron 100, 120.e–134.e.

Lewis, D. A. (1997). Development of the prefrontal cortex during adolescence: Insights into vulnerable neural circuits in schizophrenia. Neuropsychopharmacology 16, 385–398. doi: 10.1016/S0893-133X(96)00277-1

Lewis, D. A., Hashimoto, T., and Volk, D. W. (2005). Cortical inhibitory neurons and schizophrenia. Nat. Rev. Neurosci. 6, 312–324.

Li, X., Zhong, H., Wang, Z., Xiao, R., Antonson, P., Liu, T., et al. (2021). Loss of liver X receptor β in astrocytes leads to anxiety-like behaviors via regulating synaptic transmission in the medial prefrontal cortex in mice. Mol. Psychiatry 26, 6380–6393. doi: 10.1038/s41380-021-01139-5

Lian, H., Litvinchuk, A., Chiang, A. C., Aithmitti, N., Jankowsky, J. L., and Zheng, H. (2016). Astrocyte-microglia cross talk through complement activation modulates amyloid pathology in mouse models of Alzheimer{\textquoteright}s disease. J. Neurosci. 36, 577–589. doi: 10.1523/JNEUROSCI.2117-15.2016

Lian, H., Yang, L., Cole, A., Sun, L., Chiang, A. C., Fowler, S. W., et al. (2015). NFκB-activated astroglial release of complement C3 compromises neuronal morphology and function associated with Alzheimer’s disease. Neuron 85, 101–115. doi: 10.1016/j.neuron.2014.11.018

Liddelow, S. A., Guttenplan, K. A., Clarke, L. E., Bennett, F. C., Bohlen, C. J., Schirmer, L., et al. (2017). Neurotoxic reactive astrocytes are induced by activated microglia. Nature 541, 481–487.

Mallya, A. P., Wang, H. D., Lee, H. N. R., and Deutch, A. Y. (2019). Microglial pruning of synapses in the prefrontal cortex during adolescence. Cereb. Cortex 29, 1634–1643.

Marín, O. (2012). Interneuron dysfunction in psychiatric disorders. Nat. Rev. Neurosci. 13, 107–120.

Marinelli, S., Basilico, B., Marrone, M. C., and Ragozzino, D. (2019). Microglia-neuron crosstalk: Signaling mechanism and control of synaptic transmission. Semin. Cell Dev. Biol. 94, 138–151. doi: 10.1016/j.semcdb.2019.05.017

Matcovitch-Natan, O., Winter, D. R., Giladi, A., Vargas Aguilar, S., Spinrad, A., Sarrazin, S., et al. (2016). Microglia development follows a stepwise program to regulate brain homeostasis. Science 353:aad8670. doi: 10.1126/science.aad8670

Mathalon, D. H., and Sohal, V. S. (2015). Neural oscillations and synchrony in brain dysfunction and neuropsychiatric disorders: It’s about time. JAMA Psychiatry 72, 840–844. doi: 10.1001/jamapsychiatry.2015.0483

McAllister, A. K. (2014). Major histocompatibility complex i in brain development and schizophrenia. Biol. Psychiatry 75, 262–268.

Miyamae, T., Chen, K., Lewis, D. A., and Gonzalez-Burgos, G. (2017). Distinct physiological maturation of parvalbumin-positive neuron subtypes in mouse prefrontal cortex. J. Neurosci. 37, 4883–4902. doi: 10.1523/JNEUROSCI.3325-16.2017

Miyamoto, A., Wake, H., Ishikawa, A. W., Eto, K., Shibata, K., Murakoshi, H., et al. (2016). Microglia contact induces synapse formation in developing somatosensory cortex. Nat. Commun. 7:12540. doi: 10.1038/ncomms12540

Momtazmanesh, S., Zare-Shahabadi, A., and Rezaei, N. (2019). Cytokine alterations in schizophrenia: An updated review. Front. Psychiatry 10:892. doi: 10.3389/fpsyt.2019.00892

Müller, N., Weidinger, E., Leitner, B., and Schwarz, M. J. (2015). The role of inflammation in schizophrenia. Front. Neurosci. 9:372. doi: 10.3389/fnins.2015.00372

Nguyen, P. T., Dorman, L. C., Pan, S., Vainchtein, I. D., Han, R. T., Nakao-Inoue, H., et al. (2020). Microglial remodeling of the extracellular matrix promotes synapse plasticity. Cell 182, 388.e–403.e. doi: 10.1016/j.cell.2020.05.050

Nieto, R., Kukuljan, M., and Silva, H. (2013). BDNF and schizophrenia: From neurodevelopment to neuronal plasticity, learning, and memory. Front. Psychiatry 4:45. doi: 10.3389/fpsyt.2013.00045

Noda, M., Nakanishi, H., Nabekura, J., and Akaike, N. (2000). AMPA-kainate. J. Neurosci. 20, 251–258.

Notter, T. (2021). Astrocytes in schizophrenia. Brain Neurosci. Adv. 5:23982128211009148.

Nutile-McMenemy, N., Elfenbein, A., and DeLeo, J. A. (2007). Minocycline decreases in vitro microglial motility, β1- integrin, and Kv1.3 channel expression. J. Neurochem. 103, 2035–2046. doi: 10.1111/j.1471-4159.2007.04889.x

Paolicelli, R. C., Bolasco, G., Pagani, F., Maggi, L., Scianni, M., Panzanelli, P., et al. (2011). Synaptic pruning by microglia is necessary for normal brain development. Science 333, 1456–1458.

Parikshak, N. N., Swarup, V., Belgard, T. G., Irimia, M., Ramaswami, G., Gandal, M. J., et al. (2016). Genome-wide changes in lncRNA, splicing, and regional gene expression patterns in autism. Nature 540, 423–427.

Parkhurst, C. N., Yang, G., Ninan, I., Savas, J. N., Yates, J. R. III, Lafaille, J. J., et al. (2013). Microglia promote learning-dependent synapse formation through brain-derived neurotrophic factor. Cell 155, 1596–1609. doi: 10.1016/j.cell.2013.11.030

Pascual, O., Ben Achour, S., Rostaing, P., Triller, A., and Bessis, A. (2012). Microglia activation triggers astrocyte-mediated modulation of excitatory neurotransmission. Proc. Natl. Acad. Sci. 109, E197–E205.

Petrelli, F., Dallérac, G., Pucci, L., Calì, C., Zehnder, T., Sultan, S., et al. (2020). Dysfunction of homeostatic control of dopamine by astrocytes in the developing prefrontal cortex leads to cognitive impairments. Mol. Psychiatry 25, 732–749. doi: 10.1038/s41380-018-0226-y

Presumey, J., Bialas, A. R., and Carroll, M. C. (2017). Complement system in neural synapse elimination in development and disease. Adv. Immunol. 135, 53–79.

Rahimian, R., Wakid, M., O’Leary, L. A., and Mechawar, N. (2021). The emerging tale of microglia in psychiatric disorders. Neurosci. Biobehav. Rev. 131, 1–29. doi: 10.1016/j.neubiorev.2021.09.023

Rocco, B. R., DeDionisio, A. M., Lewis, D. A., and Fish, K. N. (2017). Alterations in a unique class of cortical chandelier cell axon cartridges in schizophrenia. Biol. Psychiatry 82, 40–48. doi: 10.1016/j.biopsych.2016.09.018

Schafer, D. P., and Stevens, B. (2015). Microglia function in central nervous system development and plasticity. Cold Spring Harb. Perspect. Biol. 7:a020545.

Schafer, D. P., and Stevens, B. (2019). Microglia function in central nervous system development and plasticity. 1–18.

Schafer, D. P., Lehrman, E. K., Kautzman, A. G., Koyama, R., Mardinly, A. R., Yamasaki, R., et al. (2012). Microglia sculpt postnatal neural circuits in an activity and complement-dependent manner. Neuron 74, 691–705. doi: 10.1016/j.neuron.2012.03.026

Schalbetter, S. M., von Arx, A. S., Cruz-Ochoa, N., Dawson, K., Ivanov, A., Mueller, F. S., et al. (2022). Adolescence is a sensitive period for prefrontal microglia to act on cognitive development. Sci. Adv. 8:eabi6672. doi: 10.1126/sciadv.abi6672

Schizophrenia Working Group of the Psychiatric Genomics Consortium (2014). Biological insights from 108 schizophrenia-associated genetic loci. Nature 511, 421–427.

Schubert, D., Martens, G. J. M., and Kolk, S. M. (2015). Molecular underpinnings of prefrontal cortex development in rodents provide insights into the etiology of neurodevelopmental disorders. Mol. Psychiatry 20, 795–809. doi: 10.1038/mp.2014.147

Sekar, A., Bialas, A. R., de Rivera, H., Davis, A., Hammond, T. R., Kamitaki, N., et al. (2016). Schizophrenia risk from complex variation of complement component 4. Nature 530, 177–183.

Sellgren, C. M., Gracias, J., Watmuff, B., Biag, J. D., Thanos, J. M., Whittredge, P. B., et al. (2019). Increased synapse elimination by microglia in schizophrenia patient-derived models of synaptic pruning. Nat. Neurosci. 22, 374–385. doi: 10.1038/s41593-018-0334-7

Shen, K., and Scheiffele, P. (2010). Genetics and cell biology of building specific synaptic connectivity. Annu. Rev. Neurosci. 33, 473–507. doi: 10.1146/annurev.neuro.051508.135302

Sinclair, D., Cesare, J., McMullen, M., Carlson, G. C., Hahn, C. G., Borgmann-Winter, K. E., et al. (2016). Effects of sex and DTNBP1 (dysbindin) null gene mutation on the developmental GluN2B-GluN2A switch in the mouse cortex and hippocampus. J. Neurodev. Disord. 8:14. doi: 10.1186/s11689-016-9148-7

Sohal, V. S. (2012). Insights into cortical oscillations arising from optogenetic studies. Biol. Psychiatry 71, 1039–1045.

Sohal, V. S., and Rubenstein, J. L. R. (2019). Excitation-inhibition balance as a framework for investigating mechanisms in neuropsychiatric disorders. Mol. Psychiatry 24, 1248–1257. doi: 10.1038/s41380-019-0426-0

Sohal, V. S., Zhang, F., Yizhar, O., and Deisseroth, K. (2009). Parvalbumin neurons and gamma rhythms enhance cortical circuit performance. Nature 459, 698–702. doi: 10.1038/nature07991

Solmi, M., Radua, J., Olivola, M., Croce, E., Soardo, L., de Pablo, G. S., et al. (2022). Age at onset of mental disorders worldwide: Large-scale meta-analysis of 192 epidemiological studies. Mol. Psychiatry 27, 281–295. doi: 10.1038/s41380-021-01161-7

Squarzoni, P., Oller, G., Hoeffel, G., Pont-Lezica, L., Rostaing, P., Low, D., et al. (2014). Microglia modulate wiring of the embryonic forebrain. Cell Rep. 8, 1271–1279. doi: 10.1016/j.celrep.2014.07.042

Stevens, B., Allen, N. J., Vazquez, L. E., Howell, G. R., Christopherson, K. S., Nouri, N., et al. (2007). The classical complement cascade mediates CNS synapse elimination. Cell 131, 1164–1178.

Stevens, B., and Schafer, D. P. (2018). Roles of microglia in nervous system development, plasticity, and disease. Dev. Neurobiol. 78, 559–560. doi: 10.1002/dneu.22594

Stowell, R. D., Sipe, G. O., Dawes, R. P., Batchelor, H. N., Lordy, K. A., Whitelaw, B. S., et al. (2019). Noradrenergic signaling in the wakeful state inhibits microglial surveillance and synaptic plasticity in the mouse visual cortex. Nat. Neurosci. 22, 1782–1792.

Tarasov, V. V., Svistunov, A. A., Chubarev, V. N., Sologova, S. S., Mukhortova, P., Levushkin, D., et al. (2020). Alterations of astrocytes in the context of schizophrenic dementia. Front. Pharmacol. 10:1612. doi: 10.3389/fphar.2019.01612

Tasdemir-Yilmaz, O. E., and Freeman, M. R. (2014). Astrocytes engage unique molecular programs to engulf pruned neuronal debris from distinct subsets of neurons. Genes Dev. 28, 20–33. doi: 10.1101/gad.229518.113

Thion, M. S., Ginhoux, F., and Garel, S. (2018). Microglia and early brain development: An intimate journey. Science 362, 185–189. doi: 10.1126/science.aat0474

Tremblay, M. Ě, Lowery, R. L., and Majewska, A. K. (2010). Microglial interactions with synapses are modulated by visual experience. PLoS Biol. 8:e1000527. doi: 10.1371/journal.pbio.1000527

Trépanier, M. O., Hopperton, K. E., Mizrahi, R., Mechawar, N., and Bazinet, R. P. (2016). Postmortem evidence of cerebral inflammation in schizophrenia: A systematic review. Mol. Psychiatry 21, 1009–1026. doi: 10.1038/mp.2016.90

Trossbach, S. V., Hecher, L., Schafflick, D., Deenen, R., Popa, O., Lautwein, T., et al. (2019). Dysregulation of a specific immune-related network of genes biologically defines a subset of schizophrenia. Transl. Psychiatry 9:156. doi: 10.1038/s41398-019-0486-6

Vainchtein, I. D., Chin, G., Cho, F. S., Kelley, K. W., Miller, J. G., Chien, E. C., et al. (2018). Astrocyte-derived interleukin-33 promotes microglial synapse engulfment and neural circuit development. Science 359, 1269–1273. doi: 10.1126/science.aal3589

Vasek, M. J., Garber, C., Dorsey, D., Durrant, D. M., Bollman, B., Soung, A., et al. (2016). A complement–microglial axis drives synapse loss during virus-induced memory impairment. Nature 534, 538–543. doi: 10.1038/nature18283

Volk, D. W., and Lewis, D. A. (2013). Prenatal ontogeny as a susceptibility period for cortical GABA neuron disturbances in schizophrenia. Neuroscience 248, 154–164. doi: 10.1016/j.neuroscience.2013.06.008

Vukojicic, A., Delestrée, N., Fletcher, E. V., Pagiazitis, J. G., Sankaranarayanan, S., Yednock, T. A., et al. (2019). The classical complement pathway mediates microglia-dependent remodeling of spinal motor circuits during development and in SMA. Cell Rep. 29, 3087.e–3100.e. doi: 10.1016/j.celrep.2019.11.013

Wang, Q., Ying, K., Ding-Yu, W., Ji-Hong, L., Wei, J., Qiang-Long, Y., et al. (2021). Impaired calcium signaling in astrocytes modulates autism spectrum disorder-like behaviors in mice. Nat. Commun. 12:3321. doi: 10.1038/s41467-021-23843-0

Weinhard, L., di Bartolomei, G., Bolasco, G., Machado, P., Schieber, N. L., Neniskyte, U., et al. (2018). Microglia remodel synapses by presynaptic trogocytosis and spine head filopodia induction. Nat. Commun. 9:1228. doi: 10.1038/s41467-018-03566-5

Wiebe, S., Nagpal, A., Truong, V. T., Park, J., Skalecka, A., He, A. J., et al. (2019). Inhibitory interneurons mediate autism-associated behaviors via 4E-BP2. Proc. Natl. Acad. Sci. 116, 18060–18067. doi: 10.1073/pnas.1908126116

Xu, Z. X., Kim, G. H., Tan, J. W., Riso, A. E., Sun, Y., Xu, E. Y., et al. (2020). Elevated protein synthesis in microglia causes autism-like synaptic and behavioral aberrations. Nat. Commun 11:1797. doi: 10.1038/s41467-020-15530-3

Yilmaz, M., Yalcin, E., Presumey, J., Aw, E., Ma, M., Whelan, C. W., et al. (2021). Overexpression of schizophrenia susceptibility factor human complement C4A promotes excessive synaptic loss and behavioral changes in mice. Nat. Neurosci. 24, 214–224. doi: 10.1038/s41593-020-00763-8

Yogev, S., and Shen, K. (2014). Cellular and molecular mechanisms of synaptic specificity. Annu. Rev. Cell Dev. Biol 30, 417–437. doi: 10.1146/annurev-cellbio-100913-012953

Zengeler, K. E., and Lukens, J. R. (2021). Innate immunity at the crossroads of healthy brain maturation and neurodevelopmental disorders. Nat. Rev. Immunol. 21, 454–468. doi: 10.1038/s41577-020-00487-7

Zhang, L., Verwer, R. W. H., Lucassen, P. J., Huitinga, I., and Swaab, D. F. (2020). Prefrontal cortex alterations in glia gene expression in schizophrenia with and without suicide. J. Psychiatr. Res. 121, 31–38. doi: 10.1016/j.jpsychires.2019.11.002



OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Synapse-specific roles for microglia in development: New horizons in the prefrontal cortex



		Introduction



		New players in complement-dependent regulation of microglial function



		Microglial regulation of inhibitory synapse development



		Non-phagocytic interactions between microglia and synapses



		Extrapolating lessons from sensory cortices to the mPFC



		Roles of microglia in disease onset and progression



		Looking ahead: Future research and unanswered questions



		Concluding remarks



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Neuroscience

Synapse-specific roles
for microglia in development:
New horizons in the prefrontal

cortex







OPS/images/fnmol-15-965756-g002.jpg
A Immune Factors B Neuronal Factors

Maternal Immune Activation Disrupted E/I balance
Altered cytokine profiles: Altered interneuron gene expression:

IL-1B, IL-6, IL-10, IFN-g, IL-33 \/ CHD8, MECP2, FMR1, DLX2,
Synaptic pruning: C4, Cx3CR1, Cx3CIH, A ERBB4, EIF4E

HLA/MHC variants Synaptic proteins: SHANKS,
Altered MG gene expression: 1 NRXN1-3, CNTNAP2, GABARs
Chd8, MECP2, FMR1, EIF4E N ] / GABA synthetic pathway:

Growth factor pathways: BDNF,
TGF-B, TGFBR2, TrKB

T

GADG67, GAT-1

Cc

: maturation :
E n
i + genetic/ :
environ. :

risk :









OPS/images/fnmol-15-965756-g001.jpg
== Q
00 O 2
CT £

O C A
E @ &

o o

S 0%

X T o

L

ge

A

P15 SSC

PO

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

ey

-

¢

P9 dLGN

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll







OPS/images/logo.jpg
’ frontiers | Frontiers in Molecular Neuroscience







