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Abstract

Synapse elimination, also known as synaptic pruning, is a critical step in the maturation of neural
circuits during brain development. Mounting evidence indicates that the complement cascade of
the innate immune system plays an important role in synapse elimination. Studies indicate that
excess synapses during development are opsonized by complement proteins and subsequently
phagocytosed by microglia which expresses complement receptors. The process is regulated

by diverse molecular signals, including complement inhibitors that affect the activation of
complement, as well as signals that affect microglial recruitment and activation. These signals may
promote or inhibit the removal of specific sets of synapses during development. The complement-
microglia system has also been implicated in the pathogenesis of several developmental brain
disorders, suggesting that the dysregulation of mechanisms of synapse pruning may underlie the
specific circuitry defects in these diseases. Here, we review the latest evidence on the molecular
and cellular mechanisms of complement-dependent and microglia-dependent synapse elimination
during brain development, and highlight the potential of this system as a therapeutic target for
developmental brain disorders.
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1| INTRODUCTION

1.1| Synapse elimination in brain development

Synapse elimination is a critical process through which the brain achieves proper
maturation of brain circuits. The developing brain initially over-produces synapses, and
then subsequently eliminates excess synapses in an activity-dependent manner (Changeux
& Danchin, 1976) to achieve circuit specialization and remove redundant neural pathways
(Figure 1a). The selective stabilization of active synapses and preferential elimination of
inactive synapses provides a mechanism for early-life experiences to shape the developing
brain. Brain development in humans has a protracted time course, with developmental
synapse elimination occurring gradually over at least the first two decades of life
(Huttenlocher, 1979), and possibly longer (Petanjek et al., 2011). Synapse elimination
occurs with different time courses depending on the brain region (Huttenlocher &
Dabholkar, 1997), typically with thalamic regions completing the process earlier than
neocortical regions. Within the cortex, sensory and language-related cortical regions mature
by early childhood, while higher-level regions such as the prefrontal cortex undergo synapse
refinement throughout adolescence and into early adulthood (Figure 1b; Huttenlocher &
Dabholkar, 1997; Thompson & Nelson, 2001). This stereotypical progression of synapse
elimination has been observed in many other mammals, including in non-human primates
(Bourgeois & Rakic, 1993; Rakic et al., 1986) and rodents (Pinto et al., 2013). The
observation that developmental synapse elimination occurs in multiple brain regions

and in multiple animals suggests that a conserved core mechanism operates to remove
excess synapses during brain development. The prolonged period over which synapse
elimination occurs, especially in the human prefrontal cortex, creates an extended window
of vulnerability for deleterious environment—gene interactions, and perturbation in synapse
elimination may be a significant factor in the pathogenesis of neurodevelopmental disorders
such as schizophrenia and autism.
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1.2| Complement and microgliainvolvement in synapse elimination

Complement-dependent microglial phagocytosis of synapses has recently been proposed

as a core mechanism for synapse elimination in the developing mammalian brain. The
complement system is composed of a series of serine proteases which, when activated,
sequentially cleave downstream components in a self-amplifying cascade of reactions
(Figure 2). The complement system can be activated through three pathways: the classical,
lectin, and alternative pathways. These initiation pathways all lead to the proteolytic
activation of the core complement effector molecule C3, which can also cleave itself in

a self-amplifying loop. While the classical and lectin pathways rely on danger-sensing
initiation molecules for activation, the alternative pathway is constitutively activated through
the spontaneous hydrolysis of C3. These reactions eventually generate insoluble proteins
which are deposited onto membrane surfaces, where they perform different functions.

In host defense, the complement system deposits membrane attack complexes (MAC)

and opsonins on the surface of invading pathogens, causing membrane lysis and tagging
pathogens for phagocytosis by macrophages. The complement system also opsonizes

and tags apoptotic cells and cellular debris for phagocytic clearance to maintain tissue
homeostasis in the periphery (Bajic et al., 2015). In 2007, a seminal study revealed that
complement proteins perform a similar function in the brain, mediating developmental
synapse elimination. It was shown that mice lacking C1q or C3 show incomplete synapse
elimination at the retinogeniculate synapse (Stevens et al., 2007). Electrophysiological data
show that the supernumerary synapses in the complement knockout mice can release and
sense synaptic vesicles in response to electrical stimulation, suggesting that complement-
mediated synapse elimination does not merely clear away synaptic debris generated by
some other mechanism, but is required for synapses to lose functionality (Stevens et al.,
2007). Complement-mediated synapse elimination is believed to occur through microglial
phagocytosis of weaker C3-tagged synapses via the C3 receptor (CR3) on microglia
(Schafer et al., 2012). This basic model is supported by numerous studies examining both
complement and microglia related genes in brain development (Table 1). Mice with genetic
deletions in several phagocytosis-related or chemotaxis-related microglial proteins, such

as the phagocytotic receptor TREM2 (Filipello et al., 2018) and the fractalkine receptor
CX3CR1 (Paolicelli et al., 2011; Zhan et al., 2014), show supernumerary synapses in

the brain. Conversely, mice lacking genes that inhibit either the complement system or
microglial phagocytosis display reduced synapse densities, including mice lacking the
microglial phagocytosis inhibitory factor CD47 (Lehrman et al., 2018) and the novel
complement inhibitor SRPX2 (Cong et al., 2020). This model is also supported at the
anatomical level by histological and live imaging studies showing microglial processes
apposed to synaptic elements and presence of synaptic material within microglial lysosomes
(Tremblay et al., 2010; Weinhard et al., 2018), as well as a proteomic study showing the
existence of C1g-tagged synaptosomes (Gyorffy et al., 2018). Furthermore, human genetic
studies have begun to implicate complement component genes and its regulators in the
pathogenesis of neurodevelopmental disorders such as schizophrenia (Havik et al., 2011;
Sekar et al., 2016). While multiple neuron intrinsic and extrinsic molecular mechanisms
have been shown to regulate synapse elimination (Riccomagno & Kolodkin, 2015), the
totality of the evidence suggests that complement-mediated and microglia-mediated synapse
elimination is a core mechanism in brain development. This review critically summarizes the
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evidence for complement and microglia involvement in synapse elimination during normal
and pathological brain development, focusing on studies in humans and mammalian animal
models.

2| ROLE OF COMPLEMENT AND MICROGLIA IN DEVELOPMENTAL
SYNAPSE ELIMINATION

2.1|] Complement and complement inhibitor expression in the brain

Historically, the brain was believed to be devoid of complement activity because the blood
brain barrier segregates it from blood-derived complement components. However, recent
studies have shown that both neurons and glia express complement components in the
developing brain. While studies have reported the presence of complement protein in the
brain by immunostaining or blotting, the most definitive demonstration of local complement
expression is the detection of MRNA transcripts in specific brain cells. Several studies have
now reported the existence of low levels of complement component mMRNA transcripts in
neurons in the healthy post-mortem human brain (Sager et al., 2021; Shen et al., 1997), as
well as in the mouse brain (Stevens et al., 2007). Studies in mice have also reported that
microglia are the predominant source of C1q (Fonseca et al., 2017) and C3aR (Lian et al.,
2016), while astrocytes are the predominant source of C3 (Clarke et al., 2018; Lian et al.,
2016). These studies indicate that complement components are expressed endogenously in
the brain, and may participate in normal physiological functions such as mediating microglia
phagocytosis of excess synapses during development.

In addition to complement proteins, the brain also expresses complement inhibitors. In the
periphery, nearly all cells express at least one membrane bound complement inhibitor to
inhibit non-specific and spontaneous activation of blood-derived complement components.
For example, many mammalian cells possess sialylated proteoglycans on the cell surface,
which binds to the complement inhibitor Factor H (cFH), the predominant complement
inhibitor in blood (Makou et al., 2013). However, brain cells do not detectably express most
known conventional complement inhibitors (Cahoy et al., 2008). This raises the question
of whether the brain possesses mechanisms to counteract complement activity to prevent
“runaway” synapse elimination. We have recently shown that neurons express a novel
complement inhibitor which protects synapses from elimination during brain development
(Cong et al., 2020). Thus, the brain endogenously expresses both complement components
and complement inhibitors to dynamically shape developing brain circuits.

2.2| Lateral geniculata nucleus of the thalamus

The involvement of the complement system in synapse elimination was first uncovered

at the retinogeniculate synapse of the visual system (Stevens et al., 2007), a classic

model for developmental synapse elimination. Several characteristics make this synapse
experimentally attractive for these studies. In this model system, synapse elimination is
activity-dependent and takes place over a short period immediately after birth (Huberman et
al., 2008), allowing for rapid results. In the span of 2—4 weeks, retinal ganglion cell (RGC)
axons from both eyes transition from initially evenly innervating the entire lateral geniculate
nucleus (LGN), to eventually innervating distinct stereotypical surround-center regions, with
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synapses formed by axons from the ipsilateral eye being eliminated from the surround
region, and synapses from the contralateral eye being eliminated from the center region
(Figure 3a,b). Both populations of axons can be easily labeled and manipulated through
intravitreal injection of the eyes. Intriguingly, before the discovery of the role of complement
at this synapse, several immune-associated genes have already been shown to affect synapse
elimination in the LGN, including the class I major histocompatibility complex (MHC)
genes (Corriveau et al., 1998; Huh et al., 2000) and the neuronal pentraxins NP1/NP2
(Bjartmar et al., 2006). The earliest evidence for complement involvement in this process
came from the Barres lab, which in the course of investigating astrocytic factors that affect
neuronal function, found that coculturing RGCs with astrocytes caused a large increase in
RGC C1q mRNA expression, and that C1q protein is localized to retinogeniculate synapses.
Genetic deletion of both CLQA and C3 caused a persistent deficit in retinogeniculate
synapse elimination, assessed both histologically and electrophysiologically, suggesting
that the classical complement pathway plays a role in synapse elimination (Stevens et

al., 2007). However, it should be noted that even in the C1QA and C3 KO mice, some
synapse elimination still occurs in the LGN, suggesting that complement components
operate in concert with other molecular pathways to regulate synapse elimination in this
brain region. Subsequently, the Stevens lab identified TGF-f as the astrocyte-derived

factor which increased C1q expression in RGCs, and showed that deletion of TGF-
receptor |1 (TGFBRII) specifically in RGCs phenocopied the LGN synapse elimination
deficits found in the complement KO mice (Bialas & Stevens, 2013). Another study from
the Stevens lab showed that the cell type that mediate complement-dependent synapse
elimination is microglia, the tissue-resident professional phagocyte of the brain. Microglia
were shown to engulf less active synapses in the LGN, and genetic deletion of both C3

and its receptor CR3/CD11b, which is only expressed by microglia in the brain, caused
reductions in both microglial synapse engulfment and synapse elimination (Schafer et

al., 2012). These foundational papers laid the basic molecular and cellular framework for
complement-dependent synapse elimination, which has been validated by subsequent studies
examining genes that antagonize this process. Deletion of “don’t eat me” signal CD47

or its receptor SIRPa., which inhibit peripheral macrophage phagocytosis, also increases
microglial engulfment of retinogeniculate synapses and synapse elimination in the LGN
(Lehrman et al., 2018), as does genetic deletion of SRPX2, a neuronal complement inhibitor
which binds to and inhibits C1q (Cong et al., 2020). Together, these studies show that
complement-mediated and microglia-mediated synapse elimination plays an important role
in retinogeniculate synapse elimination during early postnatal development of the visual
system (Figure 3c).

2.3| Hippocampus

While developmental synapse elimination largely occurs during the early postnatal period
in the thalamus, in the cortex, analysis of synapse elimination is more complicated due to
the presence of different classes of synapses in diverse subregions, as well as the occurrence
of synapse elimination over an extended time period. In the hippocampus, deletion of the
fractalkine receptor CX3CR1, a chemotaxis receptor for the fractalkine CX3CL1 (Harrison
et al., 1998), caused a transient reduction in microglia numbers in the hippocampal CA1
region at P15. Histology with both confocal microscopy and electron microscopy showed
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that microglia engulfed synapses in hippocampal CAL, and dendritic spine density and
mEPSC frequency are both increased at P15 (Paolicelli et al., 2011), suggesting that
microglia prune synapses in the hippocampus during early development. While spine density
was shown to be normal by P40 (Paolicelli et al., 2011), a subsequent study reported that
numbers of multisynapse boutons were persistently reduced even at P40 in the CX3CR1 KO
mouse (Zhan et al., 2014), suggesting that a transient deficit in microglia synapse pruning
can lead to persistent circuitry defects. In another study, genetic deletion of TREM2, a
phagocytosis receptor expressed by microglia, led to a reduction in microglia numbers and
increased synapses in the hippocampal CA1 region at P18-P20, along with a reduction

in microglia synaptic engulfment in this region (Filipello et al., 2018). Finally, microglial-
specific deletion of SIRPa, the CD47 “don’t eat me” signal receptor, led to a reduction in
CAL synapses at both P15 and P30 (Ding et al., 2021). Thus, manipulations of microglia

in the hippocampal CAL region in early development leads to perturbations of synapse
elimination in this region.

While microglia-oriented studies in the hippocampus have focused on time points before the
first month, complement expression in the hippocampus is generally low at early postnatal
ages (Shi et al., 2015; Stephan et al., 2013), and studies involving complement genes have
focused on later time points when complement expression is more robust. A study using
the C1QA KO mouse revealed no deficit in dentate gyrus granule cell spine density even at
18 months, when C1QA expression is relatively high in the region (Stephan et al., 2013),
and a comprehensive study with the C3 KO mouse showed that VGIut2 synapse densities
are similar in KO and WT mice at 1 month, but in the KO mouse, these synapses fail to
show an age-dependent decline seen in WT mice (Shi et al., 2015). Intriguingly, this effect
is CA3-specific, and CAL synapse densities are similar in KO and WT at all ages (Shi

et al., 2015). Thus, complement and microglia involvement in synapse elimination in the
hippocampus varies depending on both the region and the time point of analysis.

2.4| Neocortex

Studies in the neocortex have generally found involvement of either microglia or
complement in synapse elimination in late, but not early postnatal development. For
example, in the primary visual (V1) cortex, baseline layer 2/3 apical spine density at
P10-P30 is largely unchanged in the CLQA KO mouse (Welsh et al., 2020), and synapse
elimination due to ocular dominance plasticity induced by monocular deprivation at P28—
P30 does not require either CLQA (Welsh et al., 2020) or CX3CR1 (Schecter et al., 2017).
However, at P30, a serial section EM and two-photon live imaging study in L2 of the V1
cortex found microglial processes apposed to synapses, and light deprivation and reexposure
stimulated microglia to contact and engulf synapses more frequently (Tremblay et al., 2010).
In addition, microglial deletion of SIRPa as well as global KO of the SIRPa ligand CD47
both caused a decrease in VGlutl synapses in the V1 cortex at P30 but not earlier (Ding

et al., 2021). Epileptiform activity was also detected at multiple regions in the neocortex of
the CLQA KO mouse but not in the WT, and increased EPSCs can be recorded from L5
pyramidal neurons when glutamate is uncaged in L4 and L5, suggesting that more synapses
are present in these layers in the C1QA KO mouse (Chu et al., 2010). In the somatosensory
(SS) cortex, synapse elimination induced by whisker lesioning at P10 requires CX3CR1
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but not CR3 (Gunner et al., 2019). At later time points, developmental spine pruning in

the SS cortex occurs over 1-3 months (Bian et al., 2015), and is decreased in the C3 KO
and increased by the deletion of the complement inhibitor SRPX2 (Cong et al., 2020). In
addition, VGIut2 but not VGlutl synapses are decreased in L4 of the SS cortex of the
SRPX2 KO mouse (Cong et al., 2020), suggesting that the complement system specifically
regulates thalamocortical synapses in the cortex. Taken together, these studies suggest that
complement and microglia contribute to synapse elimination in the sensory cortices in the
juvenile/adolescent mouse, at age 1 month or later.

brain regions

In addition to the LGN, hippocampus, and sensory cortices, microglia and/or complement
involvement in synapse elimination has also been reported in other brain regions. In the
nucleus accumbens of the adolescent rat, at P20—P54, dopamine D1 receptor (D1r) synapses
are associated with C3 and microglial processes, and blocking C3-CR3 interaction with an
inhibitory peptide increased D1r synapses in male but not female rats (Kopec et al., 2018).
Another study also showed that conditional astrocytic deletion of interleukin-33 (IL33), a
cytokine which has been implicated in tissue homeostasis in the periphery, also reduces
microglial engulfment of synapses and increases synapse density in both the thalamus and
spinal cord at P12-P30 (Vainchtein et al., 2018). These observations were phenocopied in
the conditional microglial deletion of the IL33 receptor IL1IRL1 (Vainchtein et al., 2018).
These studies suggest that complement- and microglia-mediated synapse elimination may
take place in nearly all brain regions.

3| ROLE OF COMPLEMENT - AND MICROGLIA-MEDIATED SYNAPSE
ELIMINATION IN NEURODEVELOPMENTAL DISEASES

3.1| Schizophrenia

The strongest evidence for complement involvement in human neurological function

comes from studies of schizophrenia. A large GWAS study of schizophrenia, involving

tens of thousands of schizophrenic patients, has previously shown that the MHC locus

on chromosome 6 harbors the strongest genetic risk for schizophrenia (Schizophrenia
Working Group of the Psychiatric Genomics Consortium, 2014). In 2016, a landmark study
deconstructed the risk on chromosome 6, and showed that the risk is associated with the

C4 gene within the MHC locus, which has an unusually complex structure (Sekar et al.,
2016). The human C4 gene exists as two paralogous isotypes, C4A and C4B, each of which
can be present in multiple copies at the C4 locus. C4A and C4B are 99% identical, but
differ at a critical domain which determines their substrate specificity, with C4A binding
more efficiently to proteins, and C4B binding more efficiently to carbohydrates (Law &
Dodds, 1997). C4A alleles are also expressed at higher levels than C4B alleles. The study
found that schizophrenia risk increases with increasing C4A allele copy number (Sekar et
al., 2016), and indicating that C4 confers the greatest schizophrenia risk of any known gene.
The same study also examined the C4 KO mouse, and found that LGN synapse elimination
was impaired in the mice. Remarkably, excessive synapse elimination has been proposed
as the cause of schizophrenia as early as 1982 (Feinberg, 1982), and loss of gray matter
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(Cannon et al., 2002, 2015) and dendritic spines (Garey et al., 1998; Glantz & Lewis, 2000;
Sweet et al., 2009) are some of the most consistent anatomical findings in schizophrenia
patients. Schizophrenia symptoms also tend to emerge in adolescence or early adulthood,

a time frame when synapse elimination is occurring in the neocortex. Other complement-
related genes implicated in schizophrenia include CSMD1/CSMD2 (Havik et al., 2011;

Liu et al., 2017), which are complement inhibitors that are highly expressed in the brain
(Escudero-Esparza et al., 2013; Kraus et al., 2006). More modern research techniques have
also been utilized to probe the synapse elimination-schizophrenia hypothesis. Microglia
derived from schizophrenic patients using iPSC-like techniques show increased neuronal
complement deposition and synapse phagocytosis (Sellgren et al., 2019), and radioligand-
based PET imaging for TSPO, a protein elevated in activated microglia and astrocytes, show
increased levels of TSPO in patients at high risk for schizophrenia (Bloomfield et al., 2016).
Therefore, taken together, current human studies strongly suggest that synapse elimination is
a major underlying biological mechanism for schizophrenia pathogenesis.

To probe the complement-related mechanisms underlying schizophrenia pathogenesis,
several mouse models have been created. Overexpression of C4 in the mouse prefrontal
cortex using in utero electroporation caused decreased spine densities, increased microglia
synapse engulfment, and impaired social behavior (Comer et al., 2020). Another elegant
study utilized transgenic expression of the human C4A or C4B gene in the C4 knockout
mouse, thereby replacing the murine C4 gene with the human version (Yilmaz et al., 2021).
The study found that the human C4A gene can substitute for the murine gene in rescuing
synapse elimination deficits in the LGN, but not the human C4B gene, suggesting that
C4A may be more efficient at supporting synapse elimination due to its binding bias for

a protein target at the synapse. Overexpression of human C4A by increasing transgenic
gene dosage reduced synapse density at the prefrontal cortex at P60, increased synaptic
uptake by microglia, and produced several behavioral deficits including reduced sociability,
increased anxiety, and spatial working memory defects (Yilmaz et al., 2021). These studies
suggest that C4 overexpression in mice produces behavioral deficits resembling negative
symptoms in schizophrenia. Prefrontal cortex miswiring was also found in a two-hit

mouse model which combines genetic deletion of Disrupted-In-Schizophrenia 1 (DISC1)
with the environmental intervention of maternal immune activation (MIA). In addition

to disorganized oscillatory entrainment of prefrontal neurons, the two-hit model caused
decreased synapse density and increased microglial synapse engulfment, as well as impaired
working memory (Chini et al., 2020). These deficits were reversed by administration

of minocycline, an antibiotic which may act through regulating microglia (Chini et al.,
2020). This study suggests that environmental factors can contribute to the pathogenesis of
schizophrenia, and that targeting microglia is a possible therapeutic strategy.

3.2 | Autism spectrum disorders

Autism spectrum disorders (ASDs) are a class of neurodevelopmental diseases characterized
by a triad of symptoms: impairment in social interactions, language and communication
deficits, and repetitive and restrictive behavior. While large GWAS studies have not yielded
any genes obviously associated with complement or microglia, several small candidate

gene and familial gene linkage studies have provided suggestive evidence of complement
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involvement. The C4B null allele, in particular, has been associated with both ASD (Mostafa
& Shehab, 2010; Odell et al., 2005; Warren et al., 1994, 1995) and autoimmune diseases
(Fielder et al., 1983; Mostafa & Shehab, 2010). In addition, a recent study has also found
decreases in C1qg, C4 and C3 mRNA levels in the frontal cortex of ASD patients (Fagan et
al., 2017). Anatomical studies have found increased microglia activation (Hammond et al.,
2018) in ASD patients. Increased dendritic spine density has also been seen in the cortex

of ASD patients (Hutsler & Zhang, 2010), as well as in fragile X patients who show a
syndromic form of autism (Irwin et al., 2001). Furthermore, cortical neurons cultured from
iPSCs derived from ASD patients bearing mutations in the SHANK?2 susceptibility gene
show increased synapse densities and hyperconnectivity (Zaslavsky et al., 2019). However,
functional brain imaging studies in humans have generally found underconnectivity between
brain regions (Geschwind & Levitt, 2007; Just et al., 2004). This has led to suggestion that
underconnectivity between brain regions and overconnectivity in local brain circuits can
simultaneously cause impairment in some behavioral domains and enhancement in other
domains (Geschwind & Levitt, 2007), accounting for the heterogeneity in ASD patients.

ASD is both heterogeneous and highly heritable, and GWAS studies suggest that a diverse
set of genes affecting many different biological processes are involved in ASD pathogenesis
(De Rubeis et al., 2014; Grove et al., 2019). In mouse models, both underpruning and
overpruning of synapses have resulted in various behavioral abnormalities that resemble
ASD symptoms (Table 2). Mouse models that show impaired social behavior and/or
repetitive behavior in the context of reduced complement activity or microglial activation
include the CX3CR1 fractalkine receptor KO mouse (Zhan et al., 2014), the TREM2
phagocytosis receptor KO mouse (Filipello et al., 2018), the autophagy-related ATG7
microglial conditional KO mouse (Kim et al., 2017), the HOXB8 microglial conditional
KO mouse (Chen et al., 2010; Nagarajan et al., 2018), and the C3 prefrontal cortex
knockdown mouse (Fagan et al., 2017). On the other hand, several mouse models showing
increased complement activation in the brain also show social defects. Specifically, both C4
overexpression mouse models show social interaction deficits (Comer et al., 2020; Yilmaz
et al., 2021), and deletion of the neuronal complement inhibitor SRPX2 results in normal
sociability but impaired social memory (Soteros et al., 2018). Thus, it is possible that a
complex set of brain circuits is required for social behavior, and that these circuits are
sensitive to both overpruning and underpruning of synapses.

3.3| Epilepsy

Recent research suggests that some forms of epilepsy may be caused by circuitry miswiring
during brain development. Epilepsy is broadly divided into generalized and focal epilepsies.
While the genetic basis of generalized epilepsy is well established and is commonly due

to mutations in ion channels (Oyrer et al., 2018), focal epilepsy has long been considered
an acquired condition, such as occurring as a result of miswiring after traumatic brain
injury. Only recently has there been an appreciation that developmental processes and
genes can also contribute to focal epilepsies (Thomas & Berkovic, 2014). This concept is
exemplified by protocadherin 19 (PCDH19) epilepsy, caused by mutations in the X-linked
PCDH19 gene. Unusually, the disease manifests in heterozygous female carriers, but not
homozygous females or hemizygous males (Dibbens et al., 2008). A defect in synapse
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formation and brain wiring as a result of mismatched synaptic cadherins has been proposed
as a mechanism for PCDH19 epilepsy (Hoshina et al., 2021). Evidence for complement
involvement in human epilepsy derives largely from studies examining brain samples
resected from patients with refractory epilepsy (RE) which are resistant to drug treatment,
which has found elevated levels of C1q and C3 protein levels in RE samples when compared
with samples resected from patients with non-epileptic lesions (Aronica et al., 2007; Wyatt
etal., 2017). Genetic support for complement involvement also comes from studies of the
human SRPX2 gene. SRPX2 is a neuronal complement inhibitor (Cong et al., 2020), and
several SRPX2 mutations have been linked to rolandic epilepsy and language impairments
(Chen et al., 2017; Roll et al., 2006; Schirwani et al., 2018). SRPX2 expression is also
regulated by the language-associated transcription factor FoxP2 (Roll et al., 2010; Sia et
al., 2013). Mutations in another potential complement inhibitor, CSMD3, has also been
reported to be associated with epilepsy (Shimizu et al., 2003). These studies suggest that
complement-mediated synapse elimination is a plausible mechanisms for some forms of
epilepsy, although more research is required to determine whether complement activation is
a causal factor for epilepsy, or a consequence of seizures.

4| CONCLUSION: FUTURE WORK

Despite tremendous progress in uncovering the role of the innate immune system in
sculpting developing brain circuits, many important mechanistic details remain obscure.
Below, we list several major questions in the field that remain unanswered.

How are synapses selected for complement-mediated and microglia-mediated elimination?
Synapse elimination is believed to be due to competition between neighboring axons for
postsynaptic partners based on differences in activity levels (Huberman et al., 2008; Sanes
& Lichtman, 1999). While microglia have been shown to selectively phagocytose less active
synapses (Schafer et al., 2012), it is unclear how they recognize and phagocytose less
active synapses while sparing more active synapses. One possible mechanism is that more
active synapses may selectively express or retain a complement- or microglial inhibitory
protein, thereby protecting active synapses from elimination. Candidates for such a protein
include the microglia inhibitory protein CD47, which has been shown to be colocalized
with more active inputs in the LGN (Lehrman et al., 2018), and the neuronal complement
inhibitor SRPX2 (Cong et al., 2020). Another possibility is a punishment-based mechanism
whereby less active synapses are selected for elimination. One such mechanism may involve
long term depression (LTD), a physiological process that serves to selectively weaken
specific synapses. LTD has long been known to cause morphological changes such as
spine shrinkage and loss (Bastrikova et al., 2008; Néagerl et al., 2004), and recently, some
forms of LTD has been shown to involve the activation of caspase-3 (Li et al., 2010),

the central regulator of apoptosis. Caspase activation in apoptotic cells is known to cleave
flippases and lead to the externalization of phosphatidylserine (PS) in the cell membrane
(Nagata et al., 2016). In the periphery, this acts as a signal for phagocytosis of apoptotic
cells by phagocytes. A recent proteomic study has shown that C1g-tagged synaptosomes
contain cleaved caspase-3, and is also enriched in annexin V, which binds PS (Gyorffy

et al., 2018). Furthermore, microglia contain several receptors for PS, including TREM2
(Shirotani et al., 2019; Wang et al., 2015) and GPR56 (L. et al., 2020), and PS may be
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required for microglial synaptic pruning (Li et al., 2020; Scott-Hewitt et al., 2020). While
this is a plausible mechanism, more research is required to understand whether protection-
based and/or punishment-based mechanisms operate to achieve activity-regulated synapse
elimination by microglia.

What cell types are involved in coordinating complement-mediated and microglia-mediated
synapse elimination? The neuronal synapse exists in close proximity to surrounding
astrocytic processes, forming the tripartite synapse. The astrocyte is therefore uniquely
positioned to sense the activity state of both presynaptic and postsynaptic boutons.
Astrocytes have long been known to be able to sense various signals from neurons, including
neurotransmitters and signaling molecules (Fields & Stevens-Graham, 2002). Astrocytes can
also secrete factors to regulate neuronal complement expression, such as TGF-B (Bialas &
Stevens, 2013), as well as secrete factors to regulate microglial phagocytosis of synapses,
such as IL-33 (Vainchtein et al., 2018). Astrocytes also express receptors for C1q (Iram et
al., 2016), and can directly phagocytose synapses through the MEGF10/MERTK pathway
(Chung et al., 2013). Finally, neurons can communicate directly with microglia, such as

by the release of extracellular ATP (Badimon et al., 2020). Despite the recent progress,

it is likely that we have only begun to scratch the surface in elucidating the full set

of communications between all the different cell types that are necessary for the proper
orchestration of synapse elimination.

Which synapses, circuits, and behaviors are affected by complement-mediated and
microglia-mediated synapse elimination? It is clear that not all forms of synapse elimination
in the brain are dependent on complement and microglia. ODP in the V1 cortex, for
example, does not require either C1q (Welsh et al., 2020) or CX3CR1 (Schecter et

al., 2017), while whisker-lesioning induced synapse elimination in the SS cortex is
dependent on CX3CR1 but not CR3 (Gunner et al., 2019). In addition, C3-dependent
developmental synapse elimination in the SS cortex in juvenile mice appears to target only
thalamocortical synapses, while sparing cortico-cortical synapses (Cong et al., 2020; Soteros
et al., 2018). The specific set of synapses targeted by complement/microglia-mediated
synapse elimination may also differ depending on sex. It has long been known that blood
complement levels are lower in females (Gaya da Costa et al., 2018; Lachmann, 2010),

and there is evidence that complement genes contribute to sex-biased vulnerability to
autoimmune diseases (Kamitaki et al., 2020). A study in rats also showed that blocking
C3-CR3 interaction abolishes male/female differences in social play and microglial
engulfment of D1R (Kopec et al., 2018). There are also differences in the sensitivity of
various behaviors to complement-mediated and microglia-mediated synapse elimination.
For example, memory-associated behaviors appear to be asymmetrically sensitive to
complement deletion, being relatively intact in complement deficient mouse models and
impaired in complement over-activation mouse models, whereas social behavior appear

to be impaired in both complement under-activation and over-activation models (Table

2). Understanding which synapses are selectively vulnerable to complement/microglia
elimination, and how this vulnerability translates to impaired behavior, will lead to a deeper
understanding of how activity-dependent synapse elimination shapes behavior in health and
disease.
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Recent research has led to major conceptual advances in the role of neuroimmune
processes in the healthy brain. Complement-mediated and microglia-mediated synapse
elimination in particular has been shown to play a critical role in normal brain development
as well as in the pathogenesis of neurodevelopmental diseases. Furthermore, aberrant
activation of complement in the adult and aged brain has also been linked to a number

of neurodegenerative diseases (Gomez-Arboledas et al., 2021; Presumey et al., 2017)
Solving these major unanswered questions will deepen our understanding of this important
process, and may lead to new treatment strategies for intractable neurodevelopmental and
neurodegenerative diseases (Boxes 1 and 2).
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BOX 1
The complement system in tissue homeostasis

During normal development, the complement system helps maintain tissue homeostasis
by tagging dead cells and other unwanted cellular material for phagocytic clearance.
Proper maintenance of tissue structure is essential to prevent adverse consequences,

such as disruption of tissue function or the emergence of auto-immunity. For example,
mice lacking C1q, the initiating component of the classical complement cascade, are
only mildly immunocompromised, but die of glomerulonephritis with large numbers of
apoptotic bodies in their kidneys and elevated levels of auto-antibodies in their blood
(Botto et al., 1998). In humans, loss-of-function mutations in the C1q, C2, and C4 lead
to a paradoxical increase in auto-antibodies and inflammation, and are major genetic risk
factors for the autoimmune disease systemic lupus erythematosus (SLE; Lewis & Botto,
2006; Macedo & lsaac, 2016; Moser et al., 2009). Therefore, the complement system
plays a critical role in tissue homeostasis, and a certain amount of complement activation
is normal and necessary for the proper development of many organs.
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BOX 2
Complement deficiencies in humans

Inherited complement deficiencies in humans are rare, although the large number of
complement genes may contribute to under-diagnosis (Grumach & Kirschfink, 2014).
Homozygous deficiencies in complement components with complex gene structures,
such as the C4 gene, have been detected in as much as 1-10% of the human population
(Liesmaa et al., 2018). Furthermore, complement deficiencies can also be acquired,
typically through liver disease. While rare, complete complement deficiencies in all
complement pathways exist in humans and are not fatal. Genetic deficiency of any early
component of the classical pathway (C1q, C1r/s, C2, and C4) leads to autoimmune
diseases such as SLE (Lewis & Botto, 2006), whereas patients deficient for components
in the lectin and alternative pathways (MBL, MASPs, and C3) and components in

the terminal pathway (C5 to C9) are susceptible to recurrent bacterial infections
(Mayilyan, 2012). Deficiencies in peripheral complement regulatory proteins leads to
over-activation of complement and tissue damage. For example, mutations in Factor

H are linked to atypical hemolytic uremic syndrome (aHUS) and age-related macular
degeneration (AMD; Mayilyan, 2012). Interestingly, complete complement deficiencies
appear neurologically innocuous in humans. This is in agreement with data from
complement KO mice, which despite their described anatomical brain abnormalities
show mild behavioral phenotypes. Indeed, unusually for knockout mice, the C3 KO mice
appears to perform better than wildtype mice in several memory tasks (Perez-Alcazar et
al., 2014; Shi et al., 2015), especially when comparing aged animals. Current evidence
therefore suggests that complement over-activation is more likely to lead to neurological
deficits in humans.
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FIGURE 1.

Developmental timeline for synapse formation and elimination. (a) Average dendritic spine
density throughout the brain during normal development (solid line), autism (dotted line),
and schizophrenia (dashed line). (b) Inset highlights regional temporal differences in
synapse formation and elimination. The prolonged period of synapse elimination in the
prefrontal cortex that extends from adolescence to adulthood (blue line). Top graph: (a)
Reprinted with permission from Penzes et al. (2011); bottom graph: (b) Reprinted with
permission from Thompson and Nelson (2001)
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FIGURE 2.
The complement cascade: classical, lectin, and alternative pathways. Initiation of the

complement cascade occurs through three routes: the classical pathway (C1q binds
antibody-antigen complex), the lectin pathway (MBL binds mannose-residues on pathogen)
and the alternative pathway (C3 spontaneously hydrolyzes into C3-H20). Each route yields
a C3 convertase (C4bC2a or C3[H20]Bb) which cleaves the downstream complement
component C3 into a and b fragments. The signal is amplified by the generation of more C3
convertase from C3b fragments. Inactivated, membrane-bound C3b fragments interact with
the C3 receptor (CR3). Robust C3b production enables the formation of C5 convertases
(C4bC2aC3b and C3bBbC3b), leading cell lysis via insertion of the membrane attack
complex (MAC)
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FIGURE 3.

RGC axon segregation. (a) Schematic for the retinal ganglion cell (RGC) axon segregation
assay for synapse refinement. Intraocular injections of anterograde tracer CT conjugated
with A488 (green) or A55 (red) illuminate the ipsilateral and contralateral RGC axons
innervating in the dLGN. (b) Segregation of CTp-labeled axonal territories in the dLGN
over the first two postnatal weeks of life. Overlapping inputs in yellow. (c) Binocular
innervation of thalamic relay neurons in the developing dLGN by ipsilateral (green)

and contralateral (red) RGC axons, at age P10 (left). Genetic deletion of several immune-
related genes produces deficits in eye-specific axon segregation, causing increased bilateral
innervation (middle). Deletion of “don’t eat me” signals results in excessive synapse
elimination, causing decreased bilateral innervation (right)
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TABLE 1

Anatomical readouts in complement/microglia mouse models

Author
Stevens et al. (2007)

Schafer et al. (2012)
Bialas and Stevens
(2013)

Lehrman et al. (2018)

Cong et al. (2020)

Paolicelli et al. (2011)

Zhan et al. (2014)

Filipello et al. (2018)

Tremblay et al. (2010)

Schecter et al. (2017)
Welsh et al. (2020)

Ding et al. (2021)

Chu et al. (2010)

Cong et al. (2020)

Kopec et al. (2018)

Gene

C3 KO, C1QA
KO

CR3/CD11b
knockout
Tgfbr2 KO
CD47

SRPX2

CX3CR1

CX3CR1

TREM2

CX3CR1 KO
C1QAKO

Microglial
SIRPa KO,
CD47 KO

C1QA KO

SRPX2 KO

CR3 antagonist

Genefunction

Complement
components

Complement
receptor

Regulator of C1q
expression

Phagocytosis
inhibitor
Complement
inhibitor
Fractalkine
receptor

Fractalkine
receptor

Phagocytosis
receptor

Complement
inhibitor

Complement
receptor

Region Time point
LGN P10-P30
LGN P10-P30
LGN P10
LGN P5-P60
LGN P4-P30
CAl P15

CAl P40

CAl P18-P20
V1 cortex P28

V1 cortex P28-P31
V1 cortex P10-P30

CAl, Vlcortex P30

Neocortex P30
LGN, SS P30-P90
cortex

NAC P20-P54
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Results

Persistent deficit in eye-specific axon
segregation

Persistent deficit in RGC axon
segregation

Persistent deficit in RGC axon
segregation

I VGlut2+ retinogeniculate synapses

Transient deficit in RGC
axon segregation, ¢ VGlut2+
retinogeniculate synapses

I Microglia cell density, T synapse
density

| Multisynapse bouton density

I Microglia cell density, 1 synapse
density

Microglia engulfment of synapses
modulated by activity

No difference in ODP

No difference in L2/3 apical dendritic
spines, no difference in ODP

| VGlutl+ synapses

Epileptiform activity, T L4 and L5
synapses

Reduction in VGIut2/PSD95 puncta
and dendritic spine density

I D1R engulfment
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TABLE 2

Behavioral readouts in complement/microglia mouse models

Author

Fagan et al. (2017)
Perez-Alcazar et al. (2014)
Stephan et al. (2013)

Shi et al. (2015)

Chini et al. (2020)

Yilmaz et al. (2021)

Chu et al. (2010)
Comer et al. (2020)
Steen et al. (2013)
Distler et al. (2012)
Zhu et al. (2020)
Kim et al. (2017)
Filipello et al. (2018)

Genetic

C3 knockdown

C3 knockout

C1QA knockout

C3 knockout
PolyIC/DISC1 knockout

Human C4 overexpression

C1QA knockout

C4 1UE overexpression
CSMD1

CSMD1

SUSD4

ATG7

TREM2

Genefunction
Complement component
Complement component
Complement component
Complement component
Two hit SZ model

Complement component

Complement component
Complement component
Complement inhibitor
Complement inhibitor
Complement inhibitor
Autophagy

Phagocytosis receptor
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Behavior

Social interaction deficit, repetitive behavior
Enhanced place and reversal learning
Enhanced spatial memory in aged mouse
Enhanced memory, less anxiety

Working memory deficit

Social interaction deficit, increased anxiety, spatial
memory deficit

Spontaneous epileptiform activity

Social interaction deficit

Increased anxiety

Normal PPI, social interaction

Increased anxiety, impaired motor function
Social interaction deficit

Social interaction deficit, repetitive behavior
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