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Abstract

The classical complement cascade mediates synapse elimination in the visual thalamus during 

early brain development. However, whether the primary visual cortex also undergoes complement-

mediated synapse elimination during early visual system development remains unknown. Here, 

we examined microglia-mediated synapse elimination in the visual thalamus and the primary 

visual cortex of early postnatal C1q and SRPX2 knockout mice. In the lateral geniculate nucleus, 

deletion of C1q caused a persistent decrease in synapse elimination and microglial synapse 

engulfment, while deletion of SRPX2 caused a transient increase in the same readouts. In 

the C1q-SRPX2 double knockout mice, the C1q knockout phenotypes were dominant over the 

SRPX2 knockout phenotypes, a result which is consistent with SRPX2 being an inhibitor of 

C1q. We found that genetic deletion of either C1q or SRPX2 did not affect synapse elimination 

or microglial engulfment of synapses in layer 4 of the primary visual cortex in early brain 

development. Together, these results show that the classical complement pathway regulates 

microglia-mediated synapse elimination in the visual thalamus but not the visual cortex during 

early development of the central nervous system.
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Introduction

During brain development, synapses are constantly formed and eliminated (Grutzendler et 

al., 2002) via different cell biological processes (Shen and Scheiffele, 2010; Riccomagno 

and Kolodkin, 2015; Südhof, 2021). Both synapse formation and elimination require 

communication between neurons and several glial cell types, including astrocytes (Allen 

and Eroglu, 2017) and microglia (Hammond et al., 2018). This intercellular communication 

is in turn orchestrated by a variety of molecular mechanisms which vary by brain region 

and stage of neurodevelopment (Dalva et al., 2007; Riccomagno and Kolodkin, 2015; de 

Wit and Ghosh, 2016; Wilton et al., 2019). Synapse formation predominates during early 

development, causing the formation of an excess of synapses, which are eliminated later in 

development to achieve proper maturation of neural circuitry (Huttenlocher, 1979). While 

synapse formation and elimination predominate in different stages of development, there is 

extensive overlap between the two processes in most brain regions. Defects in the extent 

or timing of either synapse formation or elimination can lead to neurodevelopmental and 

neurodegenerative disorders (Penzes et al., 2011). Thus, understanding the cellular and 

molecular mechanisms that regulate synapse formation and elimination can provide insight 

into the pathogenesis of neuropsychiatric disorders.

Microglial cells are brain-resident macrophages which play an important role in 

developmental synapse elimination by phagocytosing excess synapses during brain 

development (Li and Barres, 2018). The molecular mechanisms regulating microglia-

mediated synapse elimination during development have recently been intensely investigated. 

These diverse molecular mechanisms include complement cascade mediated ‘eat me’ 

signaling (Stevens et al., 2007; Schafer et al., 2012); CD47, SRPX2 mediated “don’t eat 

me” signaling (Lehrman et al., 2018; Soteros et al., 2018; Cong et al., 2020); chemokine 

fractalkine CX3CL1-CX3CR1 mediated signaling (Paolicelli et al., 2011; Hoshiko et al., 

2012; Gunner et al., 2019); and TREM2 mediated signaling (Filipello et al., 2018). A central 

molecular mechanism mediating synapse elimination is the complement system (Stevens 

et al., 2007), which when activated tags weaker synapses for phagocytic clearance via the 

complement receptor CR3 expressed in microglia (Schafer et al., 2012), a process which 

has been best demonstrated in the dorsal lateral geniculate nucleus (dLGN) of the visual 

thalamus. In the visual cortex, during early neurodevelopment, microglial processes have 

been shown to make dynamic contact with neuronal dendrites, guided by neuronal activity 

and molecular cues, and engulf and eliminate weaker or immature synapses (Tremblay et al., 

2010). However, another study has also shown that in the primary visual cortex, C1q is not 

required for ocular dominance plasticity in early brain development, and its absence does 

not affect spine density on most dendrite segments of layer 2/3 pyramidal neurons (Welsh 

et al., 2020). Thus, despite extensive work on complement and microglia mediated synapse 

elimination in the developing visual thalamus, it remains unclear whether this pathway acts 

in the primary visual cortex to mediate synaptic pruning during early brain development.

Here, we investigate the role of the complement-microglia pathway in mediating 

synapse elimination along the retino-geniculate-cortico visual pathway during early brain 

development. We alter complement activation in the juvenile mouse brain by genetic 

deletion of the complement initiating protein C1qa, which decreases complement activation, 
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or genetic deletion of the neuronal complement inhibitor SRPX2, which increases 

complement activation. We found that deletion of C1qa leads to a persistent decrease in 

microglial engulfment of retinal ganglion cell (RGC) afferents and a persistent increase in 

eye-specific RGC afferent overlap in the dLGN. Conversely, deletion of SRPX2 leads to 

a transient increase in microglial engulfment of RGC afferents and a transient decrease in 

eye-specific RGC afferent overlap in the dLGN. In the C1qa-SRPX2 double KO mouse, we 

found decreased microglial engulfment of RGC afferents and increased eye-specific RGC 

afferent overlap in the dLGN, consistent with SRPX2 being an inhibitor of C1q. However, 

knockout of C1qa, SRPX2, or both C1qa and SRPX2 does not affect synapse density or 

microglial engulfment of synapses in layer 4 of the visual cortex in early development, 

despite these genetic manipulations showing a clear effect in the visual thalamus. Together, 

these findings indicate that the complement-microglia pathway drives synapse elimination in 

the visual thalamus but not the visual cortex during early development.

Materials and Methods

Animal work

All animal work was approved by the University of Texas Health Science Center at San 

Antonio (UTHSCA) Institutional Animal Care and Use Committee (IACUC).

Mice

Mice were maintained in the UTHSCSA animal facility under a 12 hour light:dark cycle 

with ad libitum access to food and water. The following lines were used:

SRPX2-/Y mice

The generation of this mouse line has previously been reported (Soteros et al., 2018), and 

these mice were maintained on a C57BL/6J background. All experiments were performed 

with male SRPX2-/Y and SRPX2+/Y littermates. As SRPX2 is an X-linked gene, it is not 

possible to generate female WT and KO pups in the same litter, and random X-inactivation 

render heterozygous female mice unusable for experiments.

C1qa−/− mice

C1qatm1c(EUCOMM)Wtsi mice (Jackson 031261) was obtained from Dr. Andrea Tenner’s 

lab (Fonseca et al., 2017). This mouse line contains loxP sites flanking exon 3 of the 

complement C1qa gene. To generate C1qa knockout mice, C1qafl/fl mice were crossed 

with B6N.FVB-Tmem163Tg(ACTB-cre)2Mrt/CjDswJ (also known as β-actin-cre mice, Jackson 

019099) to generate C1QA knockout alleles in the germline. C1qa knockout mice were 

backcrossed to C57Bl6/J prior to conducting experiments. For generation of experimental 

mice, mice were bred as SRPX2-/X;C1qa−/+ × SRPX2X/Y;C1qa−/+. All experiments were 

performed on male littermates.

Labeling of retinogeniculate afferents

Mouse pups (P3 or P9) were anesthetized by hypothermia. Briefly, pups were placed in 

a glove and immersed in crushed ice and water for 5–7 min. During the surgery, the 
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hypothermic pups were placed on an ice pack (3–4 ⁰C). After the surgery, pups were placed 

in a slide warmer (Thermo Fisher scientific, Waltham, Massachusetts) at 33⁰C for at least 

1 h. Adult mice (P29) were anesthesized with Avertin (0.025 mL/g). Pups and adult mice 

received intravitreal injections of cholera toxin-β subunit (CTβ) conjugated to Alexa 488 

dye (ThermoFisher Scientific, Cat no. C22841, 0.5% in Dulbecco’s phosphate buffered 

saline) into the left eye and cholera toxin-β subunit (CTβ) conjugated to Alexa 555 dye 

(ThermoFisher Scientific, Cat no. C22843, 0.5% in Dulbecco’s phosphate buffered saline) 

into the right eye. The injection volume for P3 pups was 0.5 μL per eye, while P9 pups 

and P29 mice received 1 μL per eye. After 24 h, pups and adult mice were dissected for 

transcardial perfusion with PBS, followed by 4% paraformaldehyde (PFA). Brains were 

postfixed in 4% PFA for overnight, washed with PBS and rinsed to cryoprotect in 30% 

sucrose, and then sectioned coronally with a Leica SM2010R sliding microtome at 40 μm, 

mounted on Superfrost Plus slides (Thermo Fisher Scientific, Waltham, Massachusetts), and 

coverslipped with Fluoromount-G (SouthernBiotech, Birmingham, AL).

Quantification of lateral geniculate nuclei (LGN) images and preparation of 
photomicrographs

Images were acquired on a Zeiss AxioObserver microscope with a Zeiss Apotome.2 module, 

as previously described (Cong et al., 2020). All images were collected and quantified blind, 

with the same parameters for each label. The five brain sections that contained the largest 

ipsilateral projections, corresponding to the central dLGN area, were selected for analysis. 

All analyses were conducted on sections with Alexa 488-labeled contralateral and Alexa 

555-labeled ipsilateral projections. Raw images were imported into Image J and cropped to 

exclude the vLGN and IGL region, then the overlapping area with both contralateral and 

ipsilateral projections was quantified using the multi-threshold protocol (Torborg and Feller, 

2004; Torborg et al., 2005).

RNAscope in situ hybridization (ISH) combined with immunohistochemistry (IHC).

RNAscope ISH on fresh frozen tissue was used to detect SRPX2 mRNA localization. 

To identify cell type-specific expression, we combined RNAscope mRNA detection with 

antibody-based IHC. Fresh frozen tissue was used for SPRX2 mRNA with co-staining for 

neuronal marker NeuN or oligodendrocyte marker Olig2 detection, while paraformaldehyde 

(PFA)-fixed tissue was used for SRPX2 mRNA with co-staining for microglia marker Iba1 

or astrocyte marker GFAP detection. A Leica cryostat was used to cut 20 μm sections of 

retina and brain, which were mounted on Superfrost Plus slides (ThermoFisher Scientific, 

4951PLUS-001). RNAscope ISH was performed on both tissue preparations according to 

the manufacturer instructions (ACDBio RNAscope® 2.5 HD Reagent Kit-RED, Cat. no. 

322350) with slight modifications. Briefly, tissues were pretreated separately with hydrogen 

peroxide for 10 min and Protease Plus for 30 min at RT followed by a wash in PBS. SRPX2 

probe (RNAscope® probe Mm-SRPX2, Cat. no. 802711) was incubated with tissues at 40 

°C for 2 h. Subsequent amplification steps were performed according to the manufacturer 

instructions. After the chromogen development step, the slides were washed with PBS 

and PBST (1x PBS containing 0.25% Triton X-100) once separately, and further blocked 

with PBST containing 2% normal goat serum for 1 h at RT. Primary antibodies of cell-

specific marker NeuN (EMD Millipore, Cat. no. ABN91, 1:500), Iba1 (Wako Chemicals, 

Cong et al. Page 4

Glia. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cat. no. 019-19741, 1:500), GFAP (EMD Millipore, Cat. no. AB5541, 1:500) and Olig2 

(Abcam, Cat. no. ab109186, 1:500) and subsequent incubation with secondary antibodies 

and DAPI were both prepared in PBST containing 2% normal goat serum. Primary antibody 

incubations were performed for overnight at 4 °C, and secondary antibody incubations were 

performed for 1 hr at room temperature. Secondary antibodies include goat anti-mouse 

IgG1 Alexa 488 (Thermo Fisher, A-21121), donkey anti-chicken IgY Alexa 488 (Jackson 

ImmunoResearch, 703-545-155), goat anti-rabbit Alexa 488 (Thermo Fisher, A-11034), and 

DAPI (ThermoFisher Scientific, Cat. no. D1306). After final washes with PBST and PBS, 

slides were cover-slipped with Fluoromount-G (Southern Biotech). Images were acquired 

with a Zeiss Observer Z1 inverted microscope (Zeiss Objective Plan-Apochromat 63x/1.4 

Oil) with a Zeiss Apotome.2 module. All images were acquired in 63x magnification and 

analyzed using Image J (NIH).

Immunohistochemistry.

The following IHC protocol was performed to stain for SRPX2, NeuN, complement protein, 

synapse density, and microglial engulfment of synapses. Mice were anesthetized with 

Avertin (0.5 mg/g) and transcardially perfused with ice-cold PBS and 4% paraformaldehyde 

(PFA). Brains and eyes were dissected and immediately post-fixed in 4% PFA for overnight 

at 4°C, then cryoprotected in 30% sucrose in PBS for 2–3 days, and then sectioned at 

40 μm. Free-floating sections were first washed with 0.2% TX-100 in PBS (PBT) then 

blocked 1 hr at RT in 10% normal donkey/goat serum (Jackson Immunoresearch) in PBT. 

Slices were reacted with primary antibodies overnight at 4°C, washed with PBT for 3 

times, then incubated with secondary antibodies and DAPI for 2 hr at room temperature. 

Sections were further washed 3x in PBT and 3x in PBS. The slices were free-floated onto 

Superfrost Plus glass slides and cover-slipped with Fluoromount-G (Southern Biotech). 

The following primary antibodies were used: mouse IgG2b anti-SRPX2 (Creative Biolabs, 

CBMAB-S1587-CQ, 1:1500), rabbit anti-NeuN (Proteintech, 26975-1-AP, 1:1000), rabbit 

anti-C1q (Abcam, ab182451 1:1000), goat anti-rat C3 (MP Bio, 0855730 1:1000), guinea 

pig anti-VGlut1 (Synaptic Systems, 135–304, 1:2500), guinea pig anti-VGlut2 (Synaptic 

Systems, 135–404, 1:2500), mouse IgG1 anti-PSD95 (Synaptic Systems, 124–011, 1:500), 

guinea pig anti-VGat (Synaptic Systems, 131–004, 1:500), mouse IgG1 anti-gephyrin 

(Synaptic Systems, 147–021,1:500), rabbit anti-Iba1 (Wako Chemicals, 019–19741 1:1000), 

rat anti-CD68 (Bio-Rad, MCA1957, 1:1000). Secondary antibodies include: goat anti-rabbit 

Alexa 488 (Thermo Fisher, A-11034), donkey anti-rat Alexa 647 (Jackson ImmunoResearch 

712-605-153), goat anti-guinea pig Alexa 555 (Thermo Fisher Scientific, A-21435), goat 

anti-mouse IgG2b Alexa 555 (Fisher scientific, Cat. no. A21147), goat anti-mouse IgG2a 

Alexa 488 (Fisher scientific, Cat. no. A21131), Cy5 AffiniPure donkey anti-guinea pig 

(Jackson, 706-105-148), Cy5 AffiniPure donkey anti-goat (Jackson, Cat. no. 705-175-147), 

goat anti-mouse IgG1 Alexa 488 (Thermo Fisher, A-21121), and DAPI (ThermoFisher 

Scientific, Cat. no. D1306). All secondary antibodies and DAPI were used at a concentration 

of 1:500.

Colocalization, complement deposition & synapse density analysis.

Images were acquired with a Zeiss AxioObserver inverted microscope (Zeiss Objective 

Plan-Apochromat 63x/1.4 Oil) equipped with a Zeiss Apotome.2 module and Zeiss Plan-
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Apochromat 63x/1.4 oil objective. Identical imaging parameters were used for all genotypes 

for the comparative analysis. To measure C1q and C3 deposits, and determine synapse 

density, ImageJ (NIH) was used for image processing. Individual channels were first 

Z-projected with summation over a depth of 3 μm and background-subtracted. Threshold 

channels were empirically determined and then consistently applied to each channel for 

all subjects. For quantifying C1q and C3 deposits, the Analyze Particles tool was used 

to quantify the number of individual C1q & C3 puncta. For synapse density, colocalized 

puncta were first obtained by using the image calculator tool to multiply the individual pre 

& post-synaptic channels, and the resulting image was then quantified with the Analyze 

Particles tool.

Microglial engulfment assays.

CTB engulfment in the dLGN and VGlut2 engulfment in layer 4 of the primary visual 

cortex as previously described (Cong et al., 2020). Three dimensional reconstructions of 

microglia were derived from high resolution confocal images of Iba1 cells using the Imaris 

software (version 9.2, Bitplane, Concord MA). Using the image processing tool in Imaris, 

background subtraction was performed on all channels, followed by a Gaussian filter. Iba1-

positive cells were surface rendered with 0.1 μm smoothing. Disconnected processes were 

merged with the cell body to create a single surface. A mask was applied to the surface 

rendered microglia for the channel containing CD68 to isolate the CD68 signal only within 

the microglia for surface rendering (0.1 μm smoothing). For CTB and VGlut2 engulfment 

assays, a mask was applied to the surface rendered CD68 within microglia for either 

the CTB or VGlut2 channels to reveal only the CTB or VGlut2 signal within microglial 

lysosomes. The isolated CTB or VGlut2 channels were surfaced rendered with 0.1 μm 

smoothing. The volume of the reconstructed surfaces for Iba1, CD68, CTB or VGlut2 were 

recorded. The % engulfment of CTB or VGlut2 within microglial lysosomes was calculated 

using the formula: volume of engulfed material found in lysosome/volume of Iba1+ cell.

Statistics

GraphPad Prism v8 was used for all statistical analyses. All measurements were taken 

from blinded samples. No data points were excluded from analysis. When comparing two 

conditions, unpaired two-tailed Student’s t-test were used. When comparing more than two 

conditions, one-way ANOVA was performed, followed by two-tailed Dunnett’s post-hoc test 

comparing all means to the control SRPX2+/Y mean. Data of SRPX2+/Y and SRPX2-/Y used 

in eye specific segregation analysis are the same batch analyzed in previous study (Cong 

et al., 2020). Eye specific segregation curves were analyzed with two-way ANOVA, with 

two-tailed Dunnett’s post-hoc test. All images shown in figures are representative images of 

data quantified in the corresponding graphs.

Results

C1q is required for the effect of SRPX2 on retinogeniculate refinement

Refinement of retinogeniculate axons in the dorsal lateral geniculate nucleus (dLGN) of 

the visual thalamus is a classic model system for the study of developmental synapse 

elimination. It has previously been shown that genetic deletion of the complement initiator 
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C1qa causes a decrease in the refinement of retinogeniculate synapses in the dLGN (Stevens 

et al., 2007), and the deletion of the complement inhibitor SRPX2 causes an increase in 

retinogeniculate synapse refinement (Cong et al., 2020). While it has been shown that 

SRPX2 binds to C1q and inhibits the activation of C1r and C1s proteolytic activity in 
vitro, it is unclear in vivo whether SRPX2 acts through C1q to exert its effect on synapse 

elimination. To test whether the effect of SRPX2 on synapse refinement is dependent on 

C1q activity, we generated mice of four genotypes: wildtype, SRPX2-/Y knockout, C1qa−/− 

knockout, and C1qa−/−;SRPX2-/Y double knockout mice. To assess retinogeniculate axon 

refinement in the dLGN, we injected cholera toxin B (CTB) conjugated to Alexa 488 

or Alexa 555 dyes into the left or right eyes of mice respectively at P3, P9 and P29. 

After 24 hours, we fixed and sectioned the brains for imaging (Figure 1A, C and E). To 

quantitate the synapse refinement in the developing dLGN for the four mouse lines, we 

measured the overlapping area between contralateral and ipsilateral axon projections. In 

wildtype mice, axons from the ipsilateral and contralateral eyes largely overlap at P4 (Figure 

1A, B), begin to segregate at P10 (Figure 1C, D), and almost completely segregate into 

eye-specific domains by P30 (Figure 1E, F), a time point at which the eye-specific domains 

are similar to that in adulthood (Huberman et al., 2008; Assali et al., 2014). In SRPX2-/Y 

knockout mice, contralateral and ipsilateral retinogeniculate inputs in the dLGN are already 

partially segregated at P4 (Figure 1A, B), a time point before eye-specific segregation 

occurs in wildtype mice. By P10, axon segregation has reached near-maximal levels in the 

SRPX2 (Figure 1C, D). However, by P30, axon segregation in wildtype mice has caught 

up to that in SRPX2-/Y knockout mice, suggesting that presence of a ceiling effect in this 

assay. In C1qa−/− knockout mice, axon refinement is impaired compared to wildtype mice 

starting at P10 (Figure 1C, D), and this impairment persists to P30 (Figure 1E, F). The 

C1qa−/−;SRPX2-/Y double knockout mice showed a similar phenotype to C1qa−/− knockout 

mice at every time point assessed (Figure 1B, D, F), indicating that C1q is required for the 

effect of SRPX2 deletion on LGN synapse elimination. Thus, we replicated previous reports 

that C1qa deletion decreases axon segregation (Stevens et al., 2007) while SRPX2 deletion 

increases axon segregation (Cong et al., 2020) in the dLGN. We further showed that in 

SRPX2-/Y knockout mice, C1qa co-deletion reversed SRPX2’s effect on axon refinement in 

the dLGN at all time points. These results are consistent with SRPX2 being an inhibitor of 

C1q, and in the absence of C1q, SRPX2 no longer exerts an effect on synapse elimination.

Effect of SRPX2 on microglial engulfment is dependent on C1q in the dLGN

Complement proteins act as ‘eat me’ signals in the brain, directing microglia to engulf 

immature synapses during development (Schafer et al., 2012). Our previous study showed 

that SRPX2 deletion increased microglial engulfment of synapse in the dLGN in a 

C3-dependent manner (Cong et al., 2020). However, it remains unclear if the effect of 

SRPX2 on microglial engulfment is dependent on C1q. To assess microglial engulfment 

of synapses in the dLGN, we injected Alexa 555 conjugated CTB into both eyes of mice 

intravitreously at P3, P9 and P29. After 24 hours, we fixed and sectioned the brains, and 

stained the brain sections for microglial marker Iba1 and lysosome marker CD68 (Figure 

2A, Supplementary Figure 1). Individual microglia cells within the core region of the dLGN 

were randomly selected and imaged at high resolution, and a 3D reconstruction of the 

microglia was created. The volume of CTB tracer contained within CD68 positive and Iba1 
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positive microglial lysosomes was quantitated. In this assay, SRPX2-/Y mice show increased 

levels of microglial retinogeniculate synapse engulfment at P4 and P10, which declines 

to wildtype levels by P30 (Figure 2B–D). C1qa−/− mice had persistently decreased levels 

of microglial retinogeniculate synapse engulfment at all three time points (Figure 2B–D). 

C1qa−/−;SRPX2-/Y mice showed reduced levels of microglial axon engulfment similar to the 

C1qa−/− mice at all time points (Figure 2B–D). Thus, these results show that SRPX2’s effect 

on microglial engulfment of synapses in the dLGN requires the presence of C1q.

Expression pattern of SRPX2 in the developing visual retino-geniculo-cortical pathway

In the visual system, light information received by the retina is transmitted by retinal 

ganglion cells (RGCs) to relay neurons in the LGN, which in turn transmit visual 

information to the primary visual cortex. After assessing the effect of C1q and SRPX2 

deletion on synapse elimination and microglial engulfment in the LGN, we wanted to 

examine if these processes are also altered in the primary visual cortex. As development 

of circuitry in the primary visual cortex can potentially be affected by changes in other 

brain regions caused by deletion of complement genes, we set out to characterize the 

expression of complement-related genes in the retino-geniculo-cortical pathway. As it has 

already previously been shown that C1q is present in the entire retino-geniculo-cortical 

pathway (Stevens et al., 2007; Bialas and Stevens, 2013; Welsh et al., 2020), we focused 

on examining the expression of SRPX2 in the retina, dLGN, and primary visual cortex, 

using RNAscope fluorescent in situ hybridization (ISH) to detect SRPX2 mRNA, combined 

with DAPI counterstaining to show nuclei. We found that at P4, SRPX2 mRNA is 

distributed over multiple layers of the retina, including in the ganglion cell layer (Figure 

3A). As development progresses, SRPX2 mRNA gradually becomes localized to the 

inner nuclear layer at P10 and P30 (Figure 3A). As the dLGN RGC axon refinement 

phenotype of SRPX2-/Y knockout mice is maximal at P4, we combined RNAscope ISH with 

immunostaining for cell-specific markers in order to determine if SRPX2 mRNA is localized 

to RGCs in the ganglion cell layer at P4. We found that SRPX2 mRNA in the ganglion cell 

layer at P4 are mainly colocalized with cell bodies that are positive for the neuronal marker 

NeuN, with a small percentage of SRPX2 mRNA also colocalized with the astrocyte marker 

GFAP, but no SRPX2 mRNA are found in cell bodies that are positive for the microglia 

marker Iba1 or the oligodendrocyte marker Olig2 (Figure 3B, C). These results show that at 

P4, SRPX2 is primarily expressed in retinal ganglion cells.

To determine if SRPX2 is also expressed primarily in neurons in the dLGN and primary 

visual cortex, we also performed RNAscope ISH in these brain regions, combined with 

IHC for the neuronal marker NeuN. In both the dLGN and the primary visual cortex, 

we observed that SRPX2 mRNA is localized primarily to NeuN-positive neuronal soma 

(Figure 3C). These results show that SRPX2 is expressed primarily in neurons throughout 

the retino-geniculo-cortical pathway.

To verify that SRPX2 is expressed in neurons, we also performed immunostaining for 

SRPX2 protein and the neuronal marker NeuN in the P4 retina (Figure 3E), dLGN (Figure 

3F), and visual cortex (Figure 3G). The results show that SRPX2 protein is present in NeuN 

positive neurons in all 3 brain regions.

Cong et al. Page 8

Glia. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



C1q and SRPX2 do not regulate synapse elimination in layer 4 of the visual cortex in early 
development

The primary visual cortex receives input from relay cells in the dLGN, which sends 

axons that terminate mainly in layer 4 of the visual cortex. To further characterize the 

contribution of C1q to synapse elimination in layer 4 of the primary visual cortex during 

early development, we assessed synapse density in that region in wildtype, SRPX2-/Y 

knockout, C1qa−/− knockout, and C1qa−/−;SRPX2-/Y double knockout mice, at P4, P10 

and P30. We assessed synapse density in layer 4 of the primary visual cortex by staining 

for the corticocortical synapse markers VGlut1/PSD95, the thalamocortical synapse markers 

VGlut2/PSD95, and the inhibitory synapse markers VGAT/gephyrin. To our surprise, despite 

the clear phenotypes in synapse elimination in the dLGN, layer 4 synapse densities for all 

markers assessed were comparable to wildtype levels at all time points for all genotypes 

(Figure 4A–F). This suggests that synapse elimination in the layer 4 of the primary visual 

cortex proceeds normally despite the molecular perturbations in the knockout mice, and 

despite the circuitry changes in the LGN region. These results indicate that the major types 

of synapses in layer 4 of the primary visual cortex develop normally even after genetic 

deletion of C1qa or SRPX2 deletion, and that the classical complement pathway is not 

required for synapse elimination in visual cortex during early development.

SRPX2 deletion does not alter complement activation in layer 4 of the visual cortex in early 
development

We have previously found that deletion of SRPX2 in the developing dLGN leads to a 

transient increase in complement activation, resulting in excessive complement-mediated 

microglial engulfment of synapses. To understand whether loss of SRPX2 also leads to 

complement activation in the visual cortex, we performed IHC for C1q and C3 on brain 

slices from SRPX2+/Y and SRPX2-/Y mice at P4, P10, and P30 (Figure 5A, C), and 

quantitated the levels of C1q and C3 in layer 4 of the primary visual cortex (Figure 5B, 

D). We found that SRPX2-/Y mice has levels of C1q and C3 in layer 4 that are comparable 

to levels in wildtype SRPX2+/Y mice at all time points (Figure 5B, D). These data indicate 

that complement activity levels in the early developing visual cortex are not sensitive to 

SRPX2 expression. We speculate that SRPX2 deletion does not lead to excess complement 

activation in the primary visual cortex because layer 4 synapses are not actively undergoing 

complement-mediated synapse elimination at this early developmental time point.

C1q and SRPX2 do not regulate microglial engulfment of synapses in the layer 4 of the 
visual cortex during early development

Previous studies indicate that microglial engulfment of synapses occurs in the primary visual 

cortex during early development on or before P30 (Tremblay et al., 2010; Ding et al., 2021). 

While genetic deletion of C1qa and SRPX2 did not cause a detectable change in synapse 

density, microglial engulfment of synapses may be a more sensitive readout. Given that 

VGlut2 positive thalamocortical synapses has been found to be engulfed by microglia in 

other cortical regions (Soteros et al., 2018; Cong et al., 2020; Yilmaz et al., 2021), we 

assessed microglial engulfment of VGlut2 synapses in layer 4 of the primary visual cortex. 

We performed IHC for the thalamocortical synapse marker VGlut2, microglial marker Iba1, 
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and lysosome marker CD68 on brain slices from wildtype, SRPX2-/Y knockout, C1qa−/− 

knockout, and C1qa−/−;SRPX2-/Y double knockout mice, at P4, P10 and P30. Image stacks 

of individual microglia in layer 4 of the visual cortex were 3D-rendered, and the amount 

of VGlut2 within Iba1 and CD68-positive microglial lysosomes was quantified. For all 4 

genotypes assessed, at all time points, microglial engulfment of synapses is nearly identical 

(Figure 6, Supplementary Figure 2). These results indicate that the classical complement 

pathway does not regulate microglial engulfment of synapses in the visual cortex during 

early development.

Discussion

Synapse formation and elimination occurs continuously in the brain, and these processes 

are especially dynamic during early development. Complement- and microglia-dependent 

synapse elimination has been shown to play an important role in the development of 

the visual thalamus (Stevens et al., 2007; Schafer et al., 2012). However, whether the 

complement pathway plays a role in synapse elimination in the developing cortex remains 

unclear. Here, we show that during early development before P30, genetic deletion of 

C1qa or SRPX2 affects synapse elimination and microglial engulfment of synapses in the 

dLGN but not the visual cortex. We also show that the effect of SRPX2 on thalamic 

synapse elimination requires the presence of C1q, consistent with its role as an inhibitor 

of C1 protease activity (Cong et al., 2020). Our results suggest that the regulation of 

developmental synapse elimination by the classical complement pathway varies depending 

on the brain region and time point, and that in the early developing visual system, the 

classical complement pathway regulates synapse elimination in the visual thalamus but not 

the visual cortex.

Complement-dependent signaling in synapse elimination

Synapse elimination occurs continuously throughout brain development, but at different 

rates during different development periods. Many brain regions go through a maturation 

process comprising of 2 developmental periods, an initial period of net synapse formation 

when the rate of synapse formation exceeds that of synapse elimination, followed by a 

period of net synapse elimination when the rate of synapse elimination exceeds that of 

synapse formation (Huttenlocher, 1979; Rakic et al., 1986). An outstanding question in 

developmental neuroscience is whether similar molecular and cellular mechanisms subserve 

synapse elimination in both developmental periods, or whether the brain engages different 

mechanisms in different periods. In the visual thalamus, both developmental periods are 

completed by P30 (Huberman et al., 2008), and extensive research has shown that the 

complement-microglia pathway mediates synapse elimination from P10 to P30 in the visual 

thalamus, coincident with the period of net synapse elimination (Stevens et al., 2007; 

Schafer et al., 2012; Bialas and Stevens, 2013; Sekar et al., 2016; Cong et al., 2020). 

In the mammalian cortex, the period of net synapse elimination occurs in adolescence 

(Huttenlocher, 1979; Rakic et al., 1986; Pinto et al., 2013), which occurs after P30 in 

rodents. A pair of early studies on C1qa knockout mice on the P30 sensorimotor cortex 

found that layer 5 pyramidal neurons in these mice had increased dendritic spine densities 

and greater responses to uncaged glutamate in layer 4 and 5 (Chu et al., 2010; Ma et al., 
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2013), suggesting that there is a defect in developmental synapse pruning in the cortex of 

C1qa knockout mice. We had also found that in the P60 to P90 somatosensory cortex, layer 

4 thalamocortical synapses are eliminated via the complement-microglial pathway (Cong 

et al., 2020). Complement-dependent synapse elimination has also been observed outside 

of the developmental time periods, in both the adult animal, as well as in pathological 

situations. In the adult hippocampus, complement-dependent synapse elimination has been 

implicated in mediating the forgetting of memories (Wang et al., 2020), and complement-

dependent elimination of hippocampal synapses has been implicated in virus induced 

amnesia (Vasek et al., 2016) and Alzheimer’s disease associated memory loss (Hong et 

al., 2016; Shi et al., 2017). In the thalamus, complement-dependent synapse losses in the 

ventral and visual thalamus have also been observed in mouse models of frontal temporal 

dementia (FTD) and multiple sclerosis (MS) respectively (Lui et al., 2016; Werneburg et 

al., 2020). In the cortex, excessive synapse elimination in the human juvenile cortex has 

also been implicated in the pathogenesis of schizophrenia (Sekar et al., 2016; Sellgren et 

al., 2017; Yilmaz et al., 2021). Thus, current evidence suggest that complement-microglial 

synapse elimination is a major mechanism for synapse removal in multiple brain regions 

during the developmental period of net synapse elimination, as well as in adulthood and in 

many pathological situations.

Mechanisms of synapse elimination during early development

While the rate of synapse elimination peaks during the developmental period of net synapse 

elimination, synapse elimination occurs in the cortex even during the earlier period of net 

synapse formation. Indeed, microglial phagocytosis of synapses has been observed in the 

visual cortex in P28-P32 mice, and light deprivation caused microglia to become less motile 

and more associated with larger dendritic spines (Tremblay et al., 2010). However, there 

have been conflicting reports on whether early synapse elimination in the cortex is also 

dependent on complement. Increased spine densities have been reported layer 5 neurons in 

the P30 sensorimotor cortex of C1qa knockout mice (Chu et al., 2010; Ma et al., 2013), but 

in the primary visual cortex of the same mice, spine densities of layer 2/3 neurons were 

largely unchanged, and ocular dominance plasticity in the visual cortex is also intact (Welsh 

et al., 2020), suggesting that C1q does not regulate synapse elimination in the P30 visual 

cortex but does so in the sensorimotor cortex. Another study found that whisker trimming 

in the P4 to P10 mouse causes synapse loss and microglial phagocytosis of synapses in 

the somatosensory cortex, which are blocked by CX3CR1 deletion but not CR3 deletion, 

indicating that the synapse elimination in this system is complement-independent and is 

instead dependent on the fractalkine signaling pathway (Gunner et al., 2019). In this study, 

we found that genetic deletion of C1qa or SRPX2 does not affect synapse density or 

microglial synapse engulfment in layer 4 of the primary visual cortex, despite the same 

genetic perturbations showing clear effects on synapse elimination in the dLGN. While 

differences in experimental paradigms, brain regions, or time points may account for the 

discrepancies among studies, our results suggest that during the initial period of net synapse 

formation, microglial phagocytosis of synapses occurs but is not mediated by complement 

signaling.

Cong et al. Page 11

Glia. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Other molecular mechanisms regulating microglial phagocytosis of synapses

In addition to the complement system, multiple other molecular mechanisms are also known 

to regulate microglial phagocytosis of synapses. These mechanisms include CX3CL1-

CX3CR1 fractalkine signaling (Paolicelli et al., 2011; Zhan et al., 2014; Gunner et al., 

2019), SIRPα-CD47 signaling (Lehrman et al., 2018; Ding et al., 2021), IL-33 (Vainchtein 

et al., 2018), TREM2 (Filipello et al., 2018), GPR56 (Li et al., 2020), and MERTK 

(Park et al., 2021). The CX3CL1-CX3CR1 fractalkine signaling pathway is believed to 

recruit microglia to neurons in the developing brain, and mice lacking the fractalkine 

receptor CX3CR1 show a transient increase in hippocampal CA1 pyramidal dendritic 

spine density at P15 which normalizes by P40 (Paolicelli et al., 2011). Furthermore, in 

the P4 to P10 somatosensory cortex, activity deprivation by whisker trimming causes 

synapse elimination of VGlut2 synapses in the deprived somatosensory cortex and increased 

microglial phagocytosis of VGlut2 synapses, which are blocked by genetic deletion of 

CX3CR1, but not by deletion of the complement receptor CR3 (Gunner et al., 2019). 

These results suggest that the fractalkine signaling pathway may be a key regulator of 

microglial synapse phagocytosis during early postnatal development of the cortex. However, 

an ultrastructural and live imaging study of the visual cortex in CX3CR1 knockout mice at 

P15 to P60 reported that genetic deletion of CX3CR1 does not affect microglial motility 

or contact with dendritic spines at these ages (Lowery et al., 2017), and ocular dominance 

plasticity in the visual cortex induced by eyelid suturing in the P28 juvenile mouse is 

similarly unaffected in the CX3CR1 knockout mouse (Lowery et al., 2017; Schecter et 

al., 2017). While these studies utilize mouse models and readouts which are associated 

with synapse elimination, they do not directly measure developmental synapse elimination 

in the visual cortex, and more work is required to probe the role of the fractalkine 

signaling pathway in the early development of the visual cortex. Another possible molecular 

mechanism is the SIRPα-CD47 “don’t eat me” signaling pathway, which has been shown to 

protect synapses in the dLGN from microglial phagocytosis during development (Lehrman 

et al., 2018). In the microglia-specific SIRPα knockout mouse and the CD47 conventional 

knockout mouse, VGlut1 synapse density in the visual cortex is normal at P5 and P15 but 

is decreased at P30 (Ding et al., 2021), suggesting that the SIRPα-CD47 may be a key 

regulator of synapse elimination in the visual cortex before P30. Finally, astrocytes have 

also been found to engulf synapses in early development, through the MEGF10/MERTK 

pathway (Chung et al., 2013). Indeed, astrocytic engulfment of retinogeniculate afferents in 

the P5-P9 LGN greatly exceeds microglial engulfment of the same afferents due largely to 

the greater abundance of astrocytes (Chung et al., 2013), suggesting that astrocytic removal 

of synapses may be a major mechanism in synapse elimination in early development.

The complement system in retinal disease

Mounting evidence implicates complement activation and synapse loss in the pathogenesis 

of degenerative retinal diseases such as glaucoma and age-related macular degeneration 

(AMD) (Rosen and Stevens, 2010; Kawa et al., 2014). Glaucoma is characterized by 

degeneration of retinal ganglion cells associated with elevated intraocular pressure, but is 

also accompanied by alterations of neural circuits in higher visual areas such as the LGN 

and visual cortex (Rosen and Stevens, 2010). Complement C1q is upregulated in the retina 

of glaucomatous DBA/2J mice (Stevens et al., 2007), as well as in the retinas of monkeys 
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and humans with glaucoma (Stasi et al., 2006). Genetic or pharmacological inhibition of 

complement C1q (Williams et al., 2016), C5 (Reinehr et al., 2019) and C3aR1 (Harder et al., 

2020) are sufficient to reduce axon degeneration and RGCs loss in glaucoma mouse models. 

AMD is a leading cause of vision loss in the aged population in developed countries, 

and polymorphisms in complement factor H has been strongly associated with AMD risk 

(Edwards et al., 2005; Haines et al., 2005; Klein et al., 2005). Despite promising genetic 

and preclinical data, the use of complement-directed drugs for clinical treatment of retinal 

diseases has been complicated by the complex effects of the complement pathway in the 

brain. While complement activation is associated with synapse and neuronal loss, under 

some conditions, both C1q (Benoit and Tenner, 2011; Schartz and Tenner, 2020) and C3 

(Harder et al., 2017) can also be neuroprotective. Gaining a comprehensive understanding of 

the effect of C1q and its regulators on the development of the visual system will be helpful 

in understanding its role in diseases of the visual system, and may aid the development of 

anti-complement therapeutics in these diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Main Points:

1. C1q and SRPX2 regulate synapse elimination in the visual thalamus but not 

the visual cortex in early development

2. The regulation of synapse elimination by SRPX2 requires C1q.
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Figure 1: C1q and SRPX2 regulate synapse elimination in the dLGN.
RGC afferents in the dLGN were labelled by injecting CTB-Alexa-488 and CTB-Alexa-555 

into the left eye and right eye, respectively (A, C, E), Representative P4 (A), P10 (C), and 

P30 (E) CTB-labelled dLGN images. Scale bars 200 μm. (B, D, F), Multi-threshold analysis 

of percentage of P4 (B), P10 (D), and P30 (F) dLGN area receiving inputs from both 

eyes. Data plotted as mean ± S.E.M., and analyzed by two-way ANOVA and two-tailed 

Dunnett’s post-hoc test with means compared to SRPX2+/Y control. ****p < 0.0001, 

***p < 0.001, **p < 0.01, SRPX2+/Y, n=6 animals; SRPX2-/Y, n=8 animals; C1qa−/−, 
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n=8 animals; C1qa−/−;SRPX2-/Y, n=4 animals (B). ****p < 0.0001, ***p < 0.001, **p < 

0.01, *p < 0.05, SRPX2+/Y, n=7 animals; SRPX2-/Y, n=7 animals; C1qa−/−, n=8 animals; 

C1qa−/−;SRPX2-/Y, n=3 animals (D). ****p < 0.0001, **p < 0.01, SRPX2+/Y, n=4 animals; 

SRPX2-/Y, n=4 animals; C1qa−/−, n=4 animals; C1qa−/−;SRPX2-/Y, n=3 animals (F).
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Figure 2: C1q and SRPX2 regulate microglial engulfment of retinogeniculate synapses in the 
dLGN.
RGC axons were labelled with CTB-Alexa-555, and microglia engulfment of RGC axons 

were measured.(A) Left panel: representative image of a microglia from the dLGN of a 

P4 SRPX2+/Y mouse, stained for microglial marker Iba1 (green), lysosome marker CD68 

(blue), and CTB-Alexa-555 (red). Scale bar 10 μm. Middle panel: 3D reconstruction of 

microglia, showing volume of microglia in green, volume of lysosome in blue, and volume 

of CTB-Alexa-555 in red. Scale bar 10 μm. Right panel: enlargement of cell body of 

microglia. (B, C, D) Quantitation of percentage of microglial lysosome volume containing 

CTB-555 at P4 (B), at P10 (C), at P30 (D), plotted as mean ± S.E.M., and analyzed by 

one-way ANOVA followed by two-tailed Dunnett’s post-hoc test with means compared to 

SRPX2+/Y control. * p<0.05, ** p<0.01. SRPX2+/Y, n=40 cells from 4 mice; SRPX2-/Y, 

n=41 cells from 4 mice; C1qa−/−, n=37 cells from 4 mice; C1qa−/−;SRPX2-/Y, n=48 cells 

from 4 mice (B); * p<0.05. SRPX2+/Y, n=24 cells from 4 mice; SRPX2-/Y, n=23 cells from 

4 mice; C1qa−/−, n=20 cells from 4 mice; C1qa−/−;SRPX2-/Y, n=21 cells from 4 mice (C); 

* p<0.05. SRPX2+/Y, n=30 cells from 3 mice; SRPX2-/Y, n=33 cells from 3 mice; C1qa−/−, 

n=33 cells from 3 mice; C1qa−/−;SRPX2-/Y, n=29 cells from 3 mice (D).
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Figure 3: Expression of SRPX2 in the developing mouse retina, dLGN, and visual cortex
RNAscope ISH of SRPX2 in the retino-geniculo-cortical visual pathway. (A) Representative 

images of RNAscope ISH for SRPX2 mRNA (red) in the mouse retina at P4, P10, 

and P30. Nuclei were stained with DAPI (blue). Scale bar 100 μm. (B) Representative 

images of combined RNAscope ISH for SRPX2 mRNA (red) and immunostaining for 

cell-specific markers (green) for neurons (NeuN), microglia (Iba1), astrocytes (GFAP), and 

oligodendrocytes (Olig2) in the mouse retina ganglion cell layer at P4. Nuclei were stained 

with DAPI (blue). Scale bar 10 μm. (C) Quantification of ISH for SRPX2 mRNA in the 

mouse retina ganglion cell layer at P4. The number of SRPX2 mRNA puncta colocalized 

with the DAPI area of each cell type is plotted as the mean ± S.E.M. Data were analyzed 

using one-way ANOVA with two-sided Dunnett’s post hoc test comparing all means to 

NeuN. NeuN, n = 8 images from 3 mice, Iba1, n = 10 images from 3 mice, GFAP, n = 10 

images from 3 mice, Olig2, n = 5 images from 3 mice, *p < 0.05, **p < 0.01, ***p < 0.001. 

(D) RNAscope ISH for SRPX2 mRNA (red) combined with immunostaining for neuron 

marker NeuN (green) and DAPI (blue) in the dLGN and layer 4 of the primary visual cortex. 

Scale bar 25 μm. (E) Representative images of SRPX2 (red) and neurons (NeuN, green) 

in the mouse retina at P4. Nuclei were stained with DAPI (blue). Scale bar 20 μm. (F) 
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Representative images of SRPX2 (red) and neurons (NeuN, green) in the mouse dLGN at 

P4. Nuclei were stained with DAPI (blue). Scale bar 20 μm. (G) Representative images of 

SRPX2 (red) and neurons (NeuN, green) in the mouse visual cortex at P4. Nuclei were 

stained with DAPI (blue). Scale bar 20 μm.
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Figure 4: C1q and SRPX2 do not regulate synapse elimination in layer 4 of the primary visual 
cortex during early development.
Layer 4 visual cortex of brain slices from SRPX2+/Y, SRPX2-/Y, C1qa−/−, 

C1qa−/−;SRPX2-/Y mice were stained for various synaptic markers at P4, P10, and P30. 

(A, C, E) Representative images of layer 4 visual cortex immunostained for excitatory 

presynaptic marker VGlut1 (magenta) and excitatory postsynaptic marker PSD95 (green) 

(A), excitatory presynaptic marker VGlut2 (magenta) and excitatory postsynaptic marker 

PSD95 (green) (C), and inhibitory presynaptic marker VGAT (magenta) and inhibitory 

postsynaptic marker gephyrin (green) (E). Circles indicate colocalized presynaptic and 

postsynaptic puncta. Scale bar 10 μm. (B, D, F) Quantification of colocalized pre-and-

postsynaptic markers VGlut1+PSD95 (B), VGlut2+PSD95 (D), and VGAT+gephyrin (F) 

at P4, P10 and P30. Data shown as mean ± S.E.M., and analyzed by one-way ANOVA, 

followed by two-tailed Dunnett’s post-hoc test compared to SRPX2+/Y control. For 

VGlut1+PSD95 (B): at P4, SRPX2+/Y, n=19 images from 4 mice; SRPX2-/Y, n=19 images 

from 4 mice; C1qa−/−, n=19 images from 4 mice; C1qa−/−;SRPX2-/Y, n=19 images from 4 
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mice; at P10, SRPX2+/Y, n=18 images from 4 mice; SRPX2-/Y, n=18 images from 4 mice; 

C1qa−/−, n=17 images from 4 mice; C1qa−/−;SRPX2-/Y, n=18 images from 4 mice; at P30, 

SRPX2+/Y, n=16 images from 4 mice; SRPX2-/Y, n=15 images from 4 mice; C1qa−/−, n=16 

images from 4 mice; C1qa−/−;SRPX2-/Y, n=16 images from 4 mice; For VGlut2+PSD95 

(D): at P4, SRPX2+/Y, n=17 images from 4 mice; SRPX2-/Y, n=22 images from 4 mice; 

C1qa−/−, n=18 images from 4 mice; C1qa−/−;SRPX2-/Y, n=20 images from 4 mice; at P10, 

SRPX2+/Y, n=13 images from 4 mice; SRPX2-/Y, n=14 images from 4 mice; C1qa−/−, n=13 

images from 4 mice; C1qa−/−;SRPX2-/Y, n=12 images from 4 mice; at P30, SRPX2+/Y, 

n=22 images from 4 mice; SRPX2-/Y, n=21 images from 4 mice; C1qa−/−, n=23 images 

from 4 mice; C1qa−/−;SRPX2-/Y, n=22 images from 4 mice; For VGAT+Gephyrin (F): at P4, 

SRPX2+/Y, n=14 images from 4 mice; SRPX2-/Y, n=14 images from 4 mice; C1qa−/−, n=13 

images from 4 mice; C1qa−/−;SRPX2-/Y, n=14 images from 4 mice; at P10, SRPX2+/Y, 

n=12 images from 4 mice; SRPX2-/Y, n=13 images from 4 mice; C1qa−/−, n=11 images 

from 4 mice; C1qa−/−;SRPX2-/Y, n=13 images from 4 mice; at P30, SRPX2+/Y, n=22 

images from 4 mice; SRPX2-/Y, n=19 images from 4 mice; C1qa−/−, n=19 images from 4 

mice; C1qa−/−;SRPX2-/Y, n=22 images from 4 mice.
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Figure 5: SRPX2 does not regulate complement activation in layer 4 of primary visual cortex 
during early development.
Layer 4 visual cortex from SRPX2+/Y, and SRPX2-/Y mice were stained for C1q and C3 at 

P4, P10, and P30. (A, C) Representative images of brain slices immunostained for C1q (A) 

and C3 (C). Scale bar 10 μm. (B, D) Quantification of C1q density (B), and C3 density (D) 

at P4, P10 and P30. Data shown as mean ± S.E.M., and analyzed by two-tailed unpaired 

t-test compared to SRPX2+/Y control. For C1q (B) and C3 (D): at P4, SRPX2+/Y, n=12 

images from 4 mice; SRPX2-/Y, n=16 images from 4 mice; at P10, SRPX2+/Y, n=18 images 

from 4 mice; SRPX2-/Y, n=18 images from 4 mice; at P30, SRPX2+/Y, n=22 images from 4 

mice; SRPX2-/Y, n=16 images from 4 mice.
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Figure 6: C1q and SRPX2 do not regulate microglia engulfment of synapses in layer 4 of the 
primary visual cortex during early development.
Brain slices from SRPX2+/Y, SRPX2-/Y, C1qa−/−, C1qa−/−;SRPX2-/Y mice were stained 

for synapse and microglial markers to assess microglial synapse engulfment in layer 4 of 

the primary visual cortex at P4, P10, and P30. (A) Left panel: representative image of a 

microglia from the layer 4 of the primary visual cortex of a P4 SRPX2+/Y mouse, stained 

for microglial marker Iba1 (green), lysosome marker CD68 (blue), and thalamocortical 

synapse marker VGlut2 (red) from both eyes. Middle panel: 3D reconstruction of microglia, 

showing volume of microglia in green, volume of lysosome in blue, and volume of VGlut2 

in red. Scale bar 10 μm. Right panel: enlargement of cell body of microglia. (B, C, D) 

Quantitation of percentage of microglial volume containing VGlut2 at P4 (B), at P10 (C), 

at P30 (D), plotted as mean ± S.E.M., and analyzed by one-way ANOVA followed by 

two-tailed Dunnett’s post-hoc test with means compared to SRPX2+/Y control. SRPX2+/Y, 

n=67 cells from 4 mice; SRPX2-/Y, n=64 cells from 4 mice; C1qa−/−, n=62 cells from 4 

mice; C1qa−/−;SRPX2-/Y, n=67 cells from 4 mice (B); SRPX2+/Y, n=98 cells from 4 mice; 

SRPX2-/Y, n=112 cells from 4 mice; C1qa−/−, n=100 cells from 4 mice; C1qa−/−;SRPX2-/Y, 

n=95 cells from 4 mice (C); SRPX2+/Y, n=81 cells from 3 mice; SRPX2-/Y, n=82 cells from 

3 mice; C1qa−/−, n=77 cells from 3 mice; C1qa−/−;SRPX2-/Y, n=83 cells from 3 mice (D).
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