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C1q is essential for myelination
in the central nervous system (CNS)

Qiang Yu,"® Nan Zhang,”*° Teng Guan,'* Ying Guo,"* Hassan Marzban,' Benjamin Lindsey,’
and Jiming Kong'-¢*

SUMMARY

Myelin sheath in the central nervous system (CNS) is essential for efficient action potential conduction.
Microglia, the macrophages in the CNS, are suggested to regulate myelin development. However, the
specific involvement of microglia in initial myelination is yet to be elucidated. Here, first, by culturing neu-
ral stem cells, we demonstrated that myelin sheath formation only occurred in the presence of a microglia-
conditioned medium. Furthermore, the absence of C1q, a microglia-derived factor, resulted in myelination
failure in the neural stem cell culture. Additionally, adding native human C1q protein was sufficient to
induce myelination in vitro. Finally, in the C1q conditional knockout mouse model (C1qa"™/™:
Cx3cr1€ER), C1q deficiency prior to the onset of myelination led to reduced myelin thickness and
elevated g-ratio during initial myelination. This study uncovers the pivotal role of microglia-derived C1q
in developmental myelination and could potentially pave the way for new therapeutic strategies for treat-
ing demyelinating diseases.

INTRODUCTION

Myelination, a well-regulated program, permits rapid, saltatory impulse propagation along axons, thus playing crucial roles in motor, sensory,
and cognitive functions.” As an electrical insulator, myelin significantly accelerates action potential conduction, with the speed of myelinated
axons reaching up to 150 m/s, in contrast to non-myelinated ones, ranging from 0.5 to 10 m/s.® In the central nervous system (CNS), the initi-
ation of myelination commences with the development of oligodendrocytes (OLs), a multi-step process influenced by various cellular and
extracellular factors.” This process entails the proliferation, migration, and differentiation of oligodendrocyte precursor cells (OPCs), subse-
quent axonal wrapping, and myelin compaction.® Any disruption to this process can cause myelination deficits, potentially leading to neuro-
logical and neurodegenerative disorders, such as leukodystrophies and multiple sclerosis (MS). In rodents, myelination initiates at around
postnatal day 7 (P7) and is almost complete by P40 in most brain regions.®

Microglia, the resident macrophages of the CNS, originate from the yolk sac at around embryonic day 9 (E9), which precedes the emer-
gence of OPCs at E13.”% During development, microglia infiltrate brain and spinal cord tissues in two stages, occurring at around E9 and E11,
respectively.”'? Following the closure of the blood-brain barrier, microglia that have migrated into the CNS become a self-sustaining cell
population."’ Extensive evidence underscores the vital role of microglia in developmental myelination. For instance, OPCs can be rescued
from cell death, and myelin protein synthesis can be facilitated in oligodendrocyte-neuron co-cultures by microglia-conditioned medium.'?
Knockout of microglia, achieved by depleting the Csf1r gene necessary for macrophage survival, results in a 50% decrease in mature OLs."”
Despite these advancements, a comprehensive understanding of how microglia regulate developmental myelination remains elusive.

Generally, microglia’s phagocytic and secretory abilities suggest their potential to influence myelination via cell-cell interactions and se-
cretome-mediated mechanisms. While one study indicates that microglia associate closely with OLs and phagocytose excess myelin sheath in
the developing zebrafish spinal cord,’” this mechanism appears to modulate myelin sheath rather than being essential for initial ensheath-
ment. Conversely, microglia-derived factors play a crucial role in myelination, as shown by enhanced myelin sheath formation in neuron-
OL co-cultures treated with a microglia-conditioned medium.'? Although several microglia-derived factors (IGF-1, TGF-B, TNF-a, IL-1p)
have been suggested,” the critical secretome responsible for myelin sheath development remains to be identified. However, the fact that
a microglia-conditioned medium promotes myelination in the OL-neuron co-culture implies that the pivotal secretome responsible for mye-
lination should be solely produced by microglia rather than OLs and neurons. This can serve as an important criterion for screening the mye-
lination-promoting secretome(s).
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Complement component 1q (C1q), a protein complex predominantly secreted and released by microglia in the mouse brain, is a part of
the innate immune system.'” Traditionally, C1q has been studied as the initial responder of the classical complement pathway, defending the
body against external pathogens.'® However, during CNS development, C1q also functions as an “eat me" signal in synaptic pruning, where it
tags unwanted synapses, thus mediating synaptic removal by microglia.'” Furthermore, C1q interacts directly with myelin-associated glyco-
protein (MAG), contributing to neurite outgrowth.'® However, so far, no evidence directly links C1q to CNS myelination.

The primary objective of this study is to delineate the role of microglia-derived C1q in initiating CNS myelination. Our findings revealed
that microglia-derived C1q was both necessary and sufficient for initial myelination in vitro. Its expression profile correlated spatiotemporally
with initial myelination progression during brain development in vivo. Conditionally knocking out C71q in mice resulted in hypomyelination
during the initial myelination phase. Our data, therefore, bolster the central role of microglia-derived C1q in initiating CNS myelination.

RESULTS
Microglia secretomes are required for myelin sheath formation in vitro

To confirm the role of microglia secretomes in developmental myelination, we devised two culture systems to stimulate myelination in vitro:
cultures based on neural stem cells (NSCs) and cultures derived from spinal cord (SC) tissues. The notable distinction between these two sys-
tems lies in the presence of microglia.'” NSCs predominantly differentiate into neurons, astrocytes, and oligodendrocytes,” whereas micro-
gliain the brain originate from primitive hematopoiesis in the fetal yolk sac,”' resulting in their absence in the NSC cultures. In contrast, micro-
glia are present in the SC cultures (Figure S1).

After cultivating these systems for 4 weeks, we performed immunofluorescence (IF) to label the axons and myelin using their specific
markers, pNF-H and PLP (a major structural protein of the myelin membrane), respectively. We then calculated the myelin coverage ratio
for both culture systems. This ratio was determined by the formula: myelin coverage ratio = overlapping area of PLP and pNF-H/axonal
area X 100%. Our observations revealed an almost four-fold increase in the myelin coverage ratio in the SC cultures compared to the
NSC cultures (Figures 1A and 1B).

We hypothesized that the lower myelin coverage ratio in the NSC cultures resulted from the absence of microglia, which was verified by the
absence of microglia marker lbatin the NSC cultures (Figure 1C). To validate this hypothesis, we conducted a rescue experiment by intro-
ducing microglia-conditioned medium (MCM) into the NSC cultures. As anticipated, the addition of MCM successfully triggered the myelin
sheath formation in the NSC cultures, showing a marked contrast to the control (vehicle) group (Figures 1D and 1E). These findings suggest a
pivotal role of microglia secretomes in developmental myelination.

Microglia-derived C1q is required for myelin sheath formation in vitro

The results of our microglia-conditioned medium rescue experiments inspired further exploration into the potential microglia-derived factors
that might regulate myelination. The inability of the NSC cultures to form myelin sheath on their own (Figure 1A IV') suggests that the candi-
date factor does not originate from other sources, such as OLs, astrocytes, and neurons. Given that C1q is known to be predominantly
secreted by microglia in the brains of mice,'® we focused on C1q as a possible candidate for investigation.

Initially, we measured the expression levels of C1q in the NSC culture medium (NSCm) and the SC culture medium (SCm). Due to the low
concentrations of C1q in these mediums, we utilized immunoprecipitation (IP) to enrich the C1q protein concentration, followed by Western
blotting. We used brain tissues from adult rats as a positive control. While we did not observe C1q expression in fresh media from both the
NSC and SC culture groups, C1qwas detectable in the SCm but not the NSCm after 4 weeks of culture (Figure 2A). We also noted an increase
in C1q levels in the SCm over time (Figure 2B). This data indicated the presence of C1q in the SC cultures but not the NSC cultures, aligning
with the understanding that microglia are the primary source of C1q in the mouse brain.

To delve deeper into C1q's role in developmental myelination, we collected the C1g-containing SCm as a treatment for the NSC cultures.
Specifically, in one group, we treated the NSC cultures with unprocessed SCm for 4 weeks. In another group, we used a C1q antibody to
perform IP and remove C1q from the SCm. This removal process was reiterated until no detectable C1q remained in the magnetic beads’
eluent (Figure 2C). We then added this C1g-deficient SCm to the NSC cultures. As expected, the treatment with unprocessed SCm success-
fully stimulated myelination in the NSC cultures (Figure 2D IV). However, this effect was strongly negated when C1q was removed from the
SCm (Figure 2D IV'), showing a significant decrease in the myelin coverage ratio (Figure 2E). These findings indicate that C1q is necessary for
the in vitro myelination process.

C1q is sufficient to induce myelination in vitro
To demonstrate if C1q is sufficient to stimulate myelination in vitro, we incorporated native human C1q protein (Abcam, ab96363) into the
NSC cultures. We quantified the myelin coverage ratio after 4 weeks and plotted a dose-response curve to visualize the induction of myeli-
nation by varying concentrations of C1q. Our findings revealed that the myelin coverage ratio within the NSC cultures increased dose-depen-
dently upon C1q supplementation (Figures 3A and 3B). Notably, myelination reached its peak at a C1qg concentration of 300 nM. Conse-
quently, we utilized this concentration of C1q in subsequent experiments.

We also evaluated the myelin coverage ratio at distinct time points (2w, 3w, 4w, 5w, 6w) to generate a time-course curve. In five groups based
on the treatment administered: SC, NSCs, NSCs+SCm, NSCs+SCm-C1q (where C1q was removed before addition), and NSCs+C1q, we
observed that myelination was progressively augmented in the C1q addition group, beginning from the 4th week (Figure 3C V-V”, 3D). This trend
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Figure 1. Microglia secretomes are required for myelin sheath formation in vitro

(A) Immunofluorescence staining of axons (green) and myelin (red) in the spinal cord (SC) tissue cultures and neural stem cells (NSCs) differentiation cultures. Cells
were stained with antibodies to pNF-H (green), PLP (red) and Hoechst (blue) after 4 weeks of culturing. Overlapping areas of green signals and red signals were
analyzed, indicating myelinated axons (IV and IV').

(B) Quantification of myelin coverage ratio in the SC culture system and the NSC culture system (n = 8 different cultures). Myelin coverage ratio = overlapping
area/axonal area X 100%. Student's t test. T = 18.32.

(C) Immunofluorescence staining of neural stem cells (nestin) and microglia (Iba1) in the NSC culture.

(D)Immunofluorescence staining of axons and myelin in NSC cultures treated with vehicle (control) or microglia-conditioned medium (MCM).

(E) Quantification of myelin coverage ratio NSC cultures treated with vehicle or MCM (n = 3 different cultures). Student’s t test. T = 10.04. Scale bars represent
20 pm in all images. All values are presented as mean + s.d. in the graph. **p < 0.01.

mirrored the patterns in the SC and NSCs+SCm groups (Figure 3C I-I”, llI-1ll”, 3D). Meanwhile, the NSCs group and NSCs+SCm-C1q group ex-
hibited similar trends with no significant myelination observed (Figure 3CII-Il”, IV-IV", 3D). These findings demonstrate that C1q supplementation
in vitro can induce myelination in a dose- and time-dependent manner, indicating that C1q is sufficient for in vitro myelination within the CNS.
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Figure 2. Microglia-derived C1q is required for myelin sheath formation in vitro

(A) IP and Western blot analysis of C1q expression in neural stem cell culture medium (NSCm) and spinal cord tissue culture medium (SCm). The culture medium
was collected after 4 weeks of culturing. Brain tissues from adult rats were used as a positive control, while the fresh medium was used as a negative control.
(B) IP and Western blot analysis of C1q expression in NSCm and SCm at defined weeks, as indicated.

(C) IP and Western blot analysis of C1q expression in SCm after first-time IP and second-time IP before the addition to the NSC culture.

(D) Immunofluorescence staining of axons (green) and myelin (red) in the NSC culture treated with SCm or C1g-deficient SCm. NSC cultures were treated with
SCm or C1g-deficient SCm (C1q was removed by IP) for 4 weeks. Cells were stained with antibodies to pNF-H (green), PLP (red) and Hoechst (blue). Overlapping
areas indicate myelinated axons, as shown in [V and IV'. Scale bars represent 20 um.

(E) Quantification of myelin coverage ratio in the NSC cultures (shown in Figure 1A IV), NSCs+SCm (Figure 2D IV), NSCs+SCm-C1q (Figure 2D IV') groups (n = 8
different cultures). One-way ANOVA. F = 135.9. All values are presented as mean =+ s.d. in the graph. **p < 0.01.

Expression profiles of C1q in mouse brains correlate with myelination development

To corroborate our findings, we extended our investigation to in vivo experiments. We studied the protein expression profiles of C1q along-
side the timeline of myelination in the brains of C57BL/6 mice to ascertain any potential correlations between the expression patterns of C1q
and the initiation of myelination.

Expression levels of C1g and myelin basic protein (MBP, a marker of mature myelin) were measured in the brain tissues of postnatal mice.
We detected C1q and MBP expression in P1-P30 mouse brains as the initial myelination occurs during the first postnatal month. Western
blotting results revealed that C1q expression was detectable as early as P1 and experienced a notable increase from P10 to P30
(Figures 4A and 4B). A similar trend was observed for MBP expression, which was detectable from P7 and underwent significant elevation
thereafter (Figures 4A and 4B). These data illustrate that C1q expression precedes MBP expression, and both show considerable increases
during the first postnatal month.
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Figure 3. C1q is sufficient to induce myelination in vitro

(A) Immunofluorescence staining of axons (green) and myelin sheath (red) in NSCs cultures treated with different doses of native human C1q protein for 4 weeks.
The images were post-processed to show the overlapping area between PLP and pNF-H, indicating myelinated axons.

(B) Dose-response curve generated via quantification (n = 6, 8, 14, 10, 13, and10 different cultures for OnM, 10nM, 30nM,100nM, 300nM, and 1M, respectively) of
(A). One-way ANOVA. F = 44.25. The asterisks indicated significant difference compared to the non-treated (0 nM) group.

(C) Immunofluorescence staining of axons (green) and myelin sheath (red) in different culturing groups at defined weeks, as indicated. SC, spinal cord tissue
cultures. NSCs, neural stem cell cultures. NSCs+SCm, neural stem cell cultures treated with SCm. NSCs+SCm-C1q, neural stem cell cultures treated with
C1g-deficient SCm. NSCs+C1q, neural stem cell cultures treated with native human C1q protein.

(D) Quantification of myelin coverage ratio in different culturing groups (n =9, 9, 8, 12, 12 different cultures for SC; 8, 8, 8, 11, 12 different cultures for NSCs+SCm;
9,10, 13, 12, 12 different cultures for NSCs+C1q; 10, 12, 8, 12, 12 different cultures for NSCs+SCm-C1q; 8, 12, 8, 12, 12 different cultures for NSCs). Two-way
ANOVA. The asterisks indicated a significant difference compared to the NSCs group. All values are presented as mean + s.d. in all graphs. Scale bars
represent 20 pm in all images. **p < 0.01.

To explore a spatial correlation between C1q and MBP, we conducted IF on mouse brain tissues. In agreement with the Western blotting
results, both C1q and MBP expression were found to increase with age, and both were disseminated throughout most of the brain at P20
(Figure S2A). Brain regions that experience earlier myelination (Figure 4C), such as the brainstem (BS) and corpus callosum (CC), also dis-
played elevated levels of C1q expression (Figure 4D). Within the same brain region, for instance, the brainstem and corpus callosum, a similar
pattern was observed between C1q expression and MBP expression, both undergoing gradual increase with age (Figures 4E and S2B).
Collectively, these data suggest a similar temporal and spatial correlation between C1q and MBP expression during early brain development.
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Figure 4. Expression profiles of C1q in mouse brains correlate with myelination development
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(A) Western blot analysis of C1q expression and MBP expression in postnatal C57BL/6 mouse brains. Protein expression levels at different ages (P1, P3, P5, P7,
P10, P20, P30) were shown. The total protein (stain-free) was used as the loading control.
(B) Quantification of C1q expression and MBP expression at different time points (n = 3 different animals). Data were normalized to C1q expression at P30. One-
way ANOVA. The symbol * indicates a significant difference between two adjacent time points. For C1q expression, F = 28.83. For MBP expression, F = 34.52.
(C and D) Quantification of C1q expression and MBP expression (Figure S2A) in representative anatomical brain regions at defined ages (n = 3 different animals).
CC, corpus callosum. CTX, cerebral cortex. TH, thalamus. HY, hypothalamus. BS, brainstem. Data were normalized to the expression values in CC at P1. Two-way

ANOVA. The asterisks indicated a significant difference compared to other brain regions (color-matched) at the same time point.

(E) Immunofluorescence staining of C1q and MBP expression in the brainstem of C57BL/6 mice at defined ages. The thickness of the sections was 20 um. Tissue
sections were stained with antibodies to C1q (green), MBP (red) and Hoechst (blue). Scale bars represent 50 um. All values are presented as mean =+ s.d. in all
graphs. *p < 0.05, **p < 0.01.
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Figure 5. Early C1q deletion leads to reduced myelin thickness and elevated g-ratio in vivo

(A) Western blot analysis of C1q expression in control (FL/FL) and KO mouse brains at age of P10. The newborn pups were treated with tamoxifen from P3 to P9
and the samples were collected at P10.

(B) Quantification of expression in control and KO mouse brains (n = 3 different animals). Student's t test. T = 5.145.

(C) Immunofluorescence staining of C1g and MBP expression in coronal brain sections of FL/FL and KO mice. The thickness of the sections was 20 um. Tissue
sections were stained with antibodies to C1q (green), MBP (red) and Hoechst (blue). Scale bars represent 500 pm.

(D) Schematic showing different injection strategies in different groups.

(E) Toluidine blue staining of myelin sheath in FL/FL and KO mice brains. Group a, b, ¢, and d match the injection strategy shown in (D). The thickness of the
microsections was 0.5 um. Scale bars represent 10 pm.

(F-M) Quantification of myelin thickness and g-ratio in groups a, b, ¢, and d. F-G, H-I, J-K, and L-M refer to the results in group a, b, ¢, and d, respectively. n = 3
different animals. In each group, 3 FL/FL mice and 3 KO mice from the same litter were compared. For each FL/FL or KO mouse, 200 axons were counted. Myelin
thickness = (outer diameter — inner diameter)/2. G-ratio = inner diameter/outer diameter. Student's ttest. T values for F-M are 42.67, 32.29, 35.3,49.2, 1.628, 0.553,
2.041, 0.369. All values are presented as mean + s.d. in all graphs. *p < 0.05, **p < 0.01, ns, non-significant.

Early C1q deletion leads to reduced myelin thickness and elevated g-ratio in vivo

To gain a comprehensive understanding of C1qg's role in myelination in vivo, we generated a conditional C1q knockout (KO) mouse model
(C1ga™"™: Cx3er1<®ER) by mating the C1ga™™: Cx3cr1“ER*/~ mice with C1ga™™: Cx3cr1"*ER~/~ mice to exclusively delete C1q gene in
the mouse brain upon tamoxifen treatment.'® The promoter used in this transgenic model, Cx3cr, is robustly expressed in microglia.”” This
forms the basis for the targeted deletion of C1qin mouse brains, although lower levels of Cx3cr1 expression have also been documented in
subpopulations of astrocytes”® and neurons.” The deletion of C1qin mouse brains was validated by both Western blotting (Figures 5A and
5B) and IF (Figure 5C). In the same litter of newborn pups, the ones with Cre* genotypes were used as the experimental group (KO group),
while the Cre™ pups were used as the littermate control (FL/FL). The experiments were continued only when a minimum of three KO mice and
three FL/FL mice from the same litter were available to ensure statistical robustness in the analysis.

We conducted microsections of medulla samples, followed by toluidine blue staining, to contrast the structural differences of myelin
sheaths between KO and FL/FL groups. We use medulla tissues as myelination occurs earlier in brainstem (Figure 4). We measured and
analyzed myelin thickness and g-ratio values using the software MyelTracer, developed by Kaiser et al.,”
strategy (Figure 5D). In Group a, pups received tamoxifen injections every 24 h from P3 to P9 and were sacrificed at P10. Group b was similarly
injected during P3 to P9 but received additional injections from P13 to P19 before being collected at P20. For Group ¢, tamoxifen was admin-
istered from P13 to P19, and the pups were collected at P20. Group d pups were treated with tamoxifen from P3 to P9 and collected at P20.

Surprisingly, in Groups a (Figures 5E, 5F, and 5G) and b (Figures 5E, 5H, and 5I), the KO group exhibited markedly reduced myelin thickness
and significantly elevated g-ratio values in the medial lemniscus. Additionally, statistical analysis of axons of varying diameters showed that
C1q deficiency resulted in reduced myelin thickness and elevated g-ratio across all axon diameter categories (Figures S3A and S3B). These
results suggest that deletion of C1qg before myelination onset impacts subsequent myelination stages. Conversely, when the C1g gene was
deleted after myelination onset (Group c), we observed no significant differences in myelin thickness or g-ratio between the KO and FL/FL
groups (Figures 5E, 5J, and 5K), regardless of axonal diameters (Figure S3C). This implies that C1q might not play a crucial role after myeli-
nation initiation.

in four groups based on the injection

In Group d, acting as a rescue experiment, the FL/FL group displayed a slightly thicker myelin sheath than the KO group (Figures 5E and
5L), while the g-ratio remained consistent between the two groups (Figure 5M). The reduction in myelin thickness exclusively occurred in the
small and medium axons, while the g-ratio remained unchanged regardless of axonal diameters (Figure S3D). This indicates that C1q re-
expression can partially rescue myelination development, albeit not achieving full recovery. These findings underscore C1q’s significant
role during the initial myelination stage.

C1q deficiency leads to impaired myelin-axon associations while the overall myelin production remains unchanged

To further probe the specific effect of C1q on myelin sheath development, we measured the MBP expression in the brain tissues of KO mice
via Western blotting. Newborn pups were injected with tamoxifen from P3 for seven consecutive days and collected at P10 (Figure 4A). Inter-
estingly, MBP expression levels exhibited no significant differences between FL/FL and KO groups (Figures 4B and 6C). IF analysis showed
that MBP distribution in KO groups did not reveal substantial changes compared to FL/FL groups (Figure 6D). Similarly, MBP expression levels
in specific brain regions, such as the brainstem (BS), corpus callosum (CC), and cerebral cortex (CTX), did not differ significantly between FL/FL
and KO groups (Figures S4A and S4B). These findings suggest that the overall MBP production and distribution in various brain areas were not
impacted by C1qg knockout.

Given that myelin needs to wrap compactly around axons to be fully functional, we aimed to determine if the knockout of C1q could affect
the association between myelin and axons. Axons (oNF-H) and myelin (MBP) in the corpus callosum were co-stained, and the overlapping area
was quantified to indicate the myelinated axons. Notably, the KO group exhibited a less precise alignment between MBP and pNF-H, char-
acterized by a branch-shaped myelin morphology (Figure 4E I, II'). Correspondingly, statistical analysis revealed a significantly reduced
myelin coverage ratio in the KO groups (Figure 6F). These data strongly suggest that while C1q knockout does not affect overall myelin pro-
duction, it impacts the associations between myelin and axons during the myelination process. Of note, these observations aligned with the
in vitro findings in the NSC cultures, which demonstrated the presence of myelin without direct contact with axons (Figure 1A II', 1D ).
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Figure 6. C1q deficiency leads to impaired myelin-axon associations while the overall myelin production remains unchanged

(A) Schematic showing strategy of tamoxifen injection and sample collection.

(B) Western blot analysis of MBP expression in control (FL/FL) and KO mouse brains at age of P10.

(C) Quantification of MBP expression (Western blot) in control and KO mouse brains (n = 3 different animals). Student's t test. T = 0.6705.

(D) Immunofluorescence staining of MBP distribution in coronal brain sections of FL/FL and KO mice. The thickness of the sections was 20 um. Tissue sections

were stained with antibodies to MBP (red) and Hoechst (blue). Scale bars represent 500 pm.
(E) Immunofluorescence staining of MBP and pNF-H expression in corpus callosum areas of FL/FL and KO mice. The thickness of the sections was 20 um. Tissue

sections were stained with antibodies to pNF-H (green), MBP (red) and Hoechst (blue). Overlapping areas were highlighted in yellow, indicating myelinated

axons. Scale bars represent 50 um.
(F) Quantification of the myelin coverage ratio of FL/FL and KO mice (n = 3 different animals) shown in E. Myelin coverage ratio = overlapping area of pNF-H and

MBP/axonal area x 100%. Student's t test. T = 3.778. All values are presented as mean + s.d. in all graphs. *p < 0.05, ns, non-significant.

DISCUSSION

Microglia have long been implicated in the close regulation of CNS myelination.'® In our study, we observed that microglia-conditioned me-
dium successfully induced myelination in cultures of neural stem cells (NSCs), which were unable to form myelin sheaths on their own (Figure 1).
These findings confirm the crucial role of microglia in CNS myelination in vitro, despite the absence of physical interaction between microglia
and other glial cells during the initial myelination process. Instead, we hypothesize that microglia may secrete key factors that regulate the
initial myelination.

These key factors are likely predominantly secreted by microglia rather than other glial cells or neurons. Indeed, previous studies have
reported that microglia secretomes play essential roles in myelinogenesis. For instance, microglia can produce insulin-like growth factor 1
(IGF1) to support the development of OPCs around P7 and maintain the homeostasis of mature OL around P20.”° However, IGF1 expression
has also been detected in neurons, OPCs, and astrocytes.”® Another study has shown that microglia enhance oligodendrogenesis in the early
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postnatal stage by releasing proinflammatory cytokines, such as TNF-a. and IL-1B.”” Nevertheless, these cytokines can also be primarily pro-
duced by neurons.”®?’ Therefore, it is unlikely that the central regulation of myelination is solely attributed to the factors reported thus far.

Interestingly, a recent study has provided solid evidence demonstrating that microglia are the primary source of C1q in mouse brains, '
prompting us to investigate microglia-derived C1q as a potential target. Surprisingly, we discovered that the non-processed SCm could
induce myelination in NSC cultures, while the C1g-deficient SCm could not (Figure 2). This finding strongly suggests that C1q is necessary
for myelination in vitro. Furthermore, we observed that native human C1q protein alone could significantly rescue myelination in the NSC
cultures in a dose-dependent manner (Figure 3), strongly indicating that C1q is also sufficient for CNS myelination in vitro. Some previous
studies achieved myelination in neuron-OL co-cultures without utilizing C1q.%° Nevertheless, these studies did not specifically investigate
the presence of microglia or C1q in the culture. Here in our study, we simplified the experimental conditions by adding just C1q protein
into the culturing system, highlighting a unique role of C1q for myelin sheath development in vitro.

The process of myelination is known to follow a specific time course and sequence, closely correlated with developmental milestones.’ In
rodents, myelination initiates around postnatal P7 and begins with motor-sensory roots, special senses, and the brainstem.*” These structures
are essential for reflex behavior and survival. Therefore, we aimed to investigate the correlation between this sequential pattern of myelination
and the expression profiles of C1q. Our data demonstrated that C1q expression preceded the onset of myelination in the mouse brain (Fig-
ure 4). Moreover, brain regions that underwent earlier myelination (such as the brainstem and corpus callosum) exhibited higher levels of C1q
protein expression. These findings suggest a parallel relationship between C1q expression and the development of myelination in the mouse
brain, supporting that C1g may also play a role in CNS myelination in vivo.

C1q, a component of the innate immune system, plays a crucial role in embryonic survival and development.®® To further investigate the
specific role of C1q in the mouse brain, we utilized the Cre-loxP system to generate a C1q conditional knockout mouse line (C1ga™™:
Cx3cr1ER). This approach not only allowed us to selectively knock out C1q expression in the mouse brain while leaving its expression un-
affected in other systems, but also offered the advantage of temporal control over gene expression by administering tamoxifen at different
time points. In our study, the experimental design aimed to knock out the C1g gene as early as possible to create a C1g-deficient environment
during the initial stages of myelination. However, we encountered challenges as pups at P1 or P2 were too fragile to tolerate the toxicity of
tamoxifen, resulting in their death before the designated collection date (P10). To address this issue, we optimized the experimental protocol
and ultimately injected the pups from P3 for seven consecutive days. At P10, the KO group exhibited signs of hypomyelination (Figure 5). We
obtained similar results in another group where pups were injected with tamoxifen from P3 to P9 and P13 to P19, with collection at P20. We
omitted three days during the injection process to prevent adverse effects from the prolonged injection. These findings indicated that the
deletion of C1q before the initiation of myelination affected the early stages and later stages of myelination. Interestingly, when we deleted
C1q after initiating myelination by applying tamoxifen from P13 to P19, we observed no significant differences in myelin thickness and g-ratio
between the KO and control groups at P20. This suggests that C1g may not play a critical regulatory role once myelination has been initiated.

Interestingly, at P10, the C1g KO group showed no significant alterations in the overall and local levels of MBP expression compared to the
control group (Figure 6). These findings indicate that C1g may not play a significant role in MBP production, which aligns with our in vitro data
demonstrating that robust PLP expression was observed even without C1q in the culture medium (Figure 2D). However, the myelin sheath is a
complex, multilayered structure characterized by close associations between OL processes and axons. Therefore, we further investigated how
C1qg might influence axon-myelin associations. Interestingly, our data revealed poor alignment between axons and myelin in the C1q KO
group at P10 (Figure ), strongly indicating that C1g may be crucial in mediating the proper formation and alignment of myelin around axons
during CNS development.

The current study highlights the central role of microglia-derived C1q in the initial myelination mechanism. However, the precise upstream
and downstream mechanisms involved in this process remain to be fully elucidated. In this regard, we propose potential mechanisms from the
perspectives of oligodendrocyte (OL) development and axonal regulation. Based on our data, it appears that C1g may not be necessary for
OL differentiation, as it did not significantly affect the overall myelin production. However, other stages of OL development, such as OPC
migration, proliferation, and wrapping, are likely to be involved. During the wrapping stage, actin polymerization and depolymerization pro-
cesses drive the extension and wrapping of OL processes, respectively.” Interestingly, C1q has been shown to exhibit binding activity with
actin from various tissues in vitro,”>*® suggesting a potential mechanism in which C1q may directly interact with cytoskeleton components to
affect the wrapping process during initial myelination. Moreover, axonal regulation should also be considered. Studies by Mayoral et al.*’
have demonstrated that the initiation of CNS myelination in the optic nerve depends on axon caliber rather than neuronal signaling. It is
known that almost all axons greater than 0.2 pm in diameter in the CNS are myelinated,*® indicating the importance of axonal biophysical
properties in myelination. However, our data did not observe a caliber-sensitive mechanism, as even larger axons failed to undergo myeli-
nation in NSC cultures lacking C1q. Therefore, it is likely that another mechanism for the initiation of CNS myelination, apart from axonal diam-
eter, exists.

One intriguing observation is that OLs can myelinate synthetic nanofibers in vitro.*”"° However, this does not necessarily imply that myeli-
nation is utterly independent of axonal signals. Instead, it is possible that inhibitory signals exist on the surface of axons, preventing myeli-
nation from occurring until these signals are removed or neutralized. Indeed, axons express certain inhibitory or repulsive signals, such as
JAM2*" and LINGO-1,* which prevent myelination. Given that C1q can act as an "inhibitor of the inhibitors" by neutralizing MAG to promote
neurite outgrowth,'® C1q may function similarly to inhibit the inhibitory molecules expressed by axons, thereby facilitating the initiation of
CNS myelination. Further investigations are needed to explore these potential mechanisms and clarify the intricate interplay between
C1q, OLs, and axons during the myelination process.
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A recent study by McNamara et al.”® used a microglia-deficient mouse model and reported unaltered myelin sheath formation in the

corpus callosum compared to control mice, suggesting that microglia may not be essential for developmental myelination. It is worth noting
that their conclusion was based on brain samples from one-month-old mice, at which point myelination in most brain areas is typically
completed.”* In contrast, our in vivo experimental setup focuses specifically on the onset of myelination, which occurs around P7 in rodents.
During this critical period, OLs establish contact with axons and initiate the wrapping process. It is worth considering that the in vivo context is
significantly more complex than in vitro systems and may involve various compensatory mechanisms. Therefore, differences in initial myeli-
nation might not be as evident in later stages of development. Moreover, they selectively eliminated a subgroup of CNS macrophages
(TMEM119* microglia), leaving another group intact (LYVE1™" perivascular macrophages). This remaining group of macrophages could serve
as a potential source of C1q production,* which might explain the observed unaltered myelination in their knockout mice. Therefore, while
the study provides valuable insights, our research offers robust evidence supported by both in vitro and in vivo settings.

While we have demonstrated a beneficial role of C1q in developing brains, it is important to acknowledge that previous studies have pre-
dominantly associated C1q with neurodegenerative diseases. For example, elevated levels of C1q, along with other complement proteins,
have been observed in the brains and spinal cords of individuals with multiple sclerosis (MS) compared to controls.”® However, it is chal-
lenging to determine whether the higher levels of C1q are protective or detrimental, and whether the changes in C1q levels are a cause
or a consequence of these neurodegenerative diseases. It would be interesting and valuable to expand our scope to investigate the role
of C1q in the context of remyelination and neurodegenerative diseases in future studies.

In summary, our findings highlight the central role of microglia-derived C1q in the initial myelination of the CNS, significantly enhancing
our understanding of microglial functions in the developing brain. Further studies are needed to unravel the detailed upstream and down-
stream signaling pathways to obtain a more comprehensive understanding. Additionally, the roles of C1q in remyelination and neurodegen-
erative diseases need to be further elucidated, which could provide insights into potential targets for treatment strategies.

Limitations of the study

This study has some limitations. First, we opted for a conditional knockout mouse model to avoid the lethal effects of a complete knockout.
However, C1qfrom other sources, such as blood macrophages, may leak into the CNS through the blood-brain barrier (BBB), which is not fully
developed at a young age."”’ Second, a previous study suggests the presence of a small amount of C1q in interneurons in this conditional
knockout mouse model,'” which may introduce variables in the KO mouse brains. Third, when treating the transgenic mice, we applied tamox-
ifen from P3 instead of earlier time points to avoid its fatal toxicity to newborn pups. This may result in an incomplete C1q deletion before
myelination onset. Lastly, our current study did not employ electron microscopy (EM), which would provide detailed information about
the ultrastructure of the myelin sheath. We plan to incorporate this in future analyses.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat polyclonal anti-IgG antibody Abcam Cat# ab182931

Rabbit polyclonal anti-C1ga antibody Abcam Cat# ab155052

Rabbit monoclonal anti-C1q antibody [4.8] Abcam Cat# ab182451; RRID: AB_2732849

Goat polyclonal anti-MBP antibody
Rabbit monoclonal anti-lbal antibody
Mouse monoclonal anti-Nestin antibody
Mouse monoclonal anti-pNF-H antibody
Goat polyclonal anti-PLP antibody
Hoechst 33342

VeriBlot for IP detection reagent (HRP)
Goat anti-rabbit secondary antibody, HRP
Mouse anti-goat IgG-HRP

Donkey anti-mouse IgG Alexa Flour 488
Donkey anti-mouse IgG Alexa Flour 594
Donkey anti-rabbit IgG Alexa 488
Donkey anti-goat IgG Alexa 594

Santa Cruz Biotechnology
Abcam

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Millipore Sigma

Abcam

Thermo Fisher Scientific
Santa Cruz Biotechnology
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

Cat# sc-13914; RRID: AB_648798
Cat# ab 178847; RRID: AB_2832244
Cat# sc-33677; RRID: AB_627995
Cat# sc-32730; RRID: AB_670160
Cat# sc-23570; RRID: AB_2165797
Cat# B2261

Cati# ab 131366

Cat# 31460

Cat# sc-2354

Cat# A-21202

Cat# A-32744

Cat# A-21206

Cat# A-11058

Chemicals, peptides, and recombinant proteins

Native human C1q protein Abcam Cat# ab 96363
Critical commercial assays

Pierce BCA protein assay kit Thermo Fisher Scientific Cati#f 23225
Experimental models: Organisms/strains

Mouse: C57BL/6 University of Manitoba N/A

B6(SJL)-C1gat™ «EUCOMMWESI /T o
B6.129P2(C)-Cx3cr1tm?2-1(cre/ERT2)ung
Sprague Dawley rat

Jackson Laboratory, USA
Jackson Laboratory, USA

University of Manitoba

RRID: IMSR_JAX:031261
RRID:IMSR_JAX:020940
N/A

Software and algorithms

GraphPad Prism 9 GraphPad https://www.graphpad.com

ImageJ ImageJ https://imagej.nih.gov/ij/download.html
MyelTracer Kaiser, T.et al.”” N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Jiming Kong

(Jiming.Kong@umanitoba.ca).

Materials availability

This study did not generate new unique reagents.

Data and code availability

e All data reported in this paper will be shared by the lead contact upon request.
e This paper does not report original code.

e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Animals

Animals were housed within the Central Animal Care Services at the University of Manitoba. All the experimental procedures involving animals
were approved by the Bynnatyne Campus Protocol Management & Review Committee at the University of Manitoba. Room temperature was
maintained at 24°C. C57BL/6 mice were used to determine the expression profiling of C1q and MBP. For each endpoint, three mice (multiple
litters, two males and one female) were utilized for experiments. Experiments were conducted using C57BL/6 mice at ages of P1, P3, P5, P7,
P10, P20, and P30. Transgenic mice, specifically Bé(SJL)—C1qatmk(EUCOMM)W“i/TennJ (RRID: IMSR_JAX:031261, also referred to as C1anL
mice)'® and B6.129P2(C)-Cx3cr1tm21(ere/ERT20ung) § (RRID:IMSR_JAX:020940) were procured from the Jackson Laboratory. We mated
Clga™™: Cx3er1€ER* mice with C1ga"™™: Cx3cr1€ER" mice, and their newborn litters included both Cre* and Cre™ genotypes. We
designated the Cre” mice (FL/FL mice) as the controls, whereas the Cre™ mice (KO mice) from the same litter were utilized in the experimental
group. Genotyping of the mice was conducted by PCR screening, following protocols provided by the Jackson Laboratory. Tamoxifen
(Thermo Scientific™, J63509) was dissolved in corn oil at a concentration of 20 mg/ml. Each pup was then administered a 15 ul intraperitoneal
injection of tamoxifen once every 24 hours. Tamoxifen was applied in both experimental pups (Cre” mice) and their littermate controls (Cre”
mice). Experiments were conducted using the transgenic mice at ages of P10 and P20. For experiments using the transgenic mice, we did not
control the sex of mice included in the study. This is because we compared three KO mice with three FL/FL mice from the same litter to mini-
mize variables, and it was impossible to match the sex and genotypes at the same time from the same litter.

Primary cultures

For neural stem cell culture and differentiation, pregnant female Sprague Dawley rats (E14.5) were euthanized humanely by cervical disloca-
tion. The collected embryos were placed in Earle’s Balanced Salt Solution (EBSS) solution on ice. Cortices were then dissected, triturated, and
passed through a 40 um mesh before being plated at a density of 500 cells/ul. The cells were maintained in complete StemPro NSC media,
which included KnockOut™ DMEM/F-12 Basal Medium (Gibco), 2% StemPro Neural Supplement (Gibco), 2 mM GlutaMAX-| Supplement
(Gibco), FGF basic and EGF recombinant proteins (Gibco, both at 20 ng/ml), and 1x Penicillin-Streptomycin-Neomycin (PSN) antibiotic
mixture (ThermoFisher). Differentiation was initiated by centrifuging the neural stem cells and plating them on a 6-well plate coated with
poly-L-ornithine and laminin in complete StemPro NSCs media. After two days of incubation, the medium was switched to the growth fac-
tor-free NSC Differentiation Medium, comprising of KnockOut™ DMEM/F-12 Basal Medium (Gibco), 2% StemPro Neural Supplement
(Gibco), 2 mM GlutaMAX-I Supplement (Gibco), and 1x PSN antibiotic mixture (ThermoFisher). The cells were then fed every three days,
with half of the medium being replaced with a fresh neural differentiation medium each time. For morphological studies, a cell suspension
of 50,000 cells in 100 pL was seeded onto each coverslip. The sex of the embryonic tissue-derived cells was unknown. All cells were cultured at
37°C in a humidified incubator under a 5% CO, atmosphere.

Spinal cord tissue cultures were performed as per the previously published protocol.* Briefly, embryos at E14.5 from Sprague Dawley rats
were disassociated. The spinal cord tissues were then dissected, triturated, and collected into a centrifuge tube containing Hank's balanced
salt solution (HBSS, calcium/magnesium-free). After centrifugation at 90 g, the supernatant was discarded and the cells were resuspended in
plating medium (50% DMEM, 25% horse serum, 25% HBSS, and 2mM glutamine). The cell suspension was then passed through a 40 pm mesh
before being plated at a density of 1,500 cells/ml. For morphological studies, a total of 150,000 cells (equivalent to 100 uL cell suspension)
were seeded onto each coverslip. The culture medium was half-replaced three times weekly with the spinal cord differentiation medium, con-
taining DMEM (4500 mg/L glucose), 0.5% hormone mix (1mg/mL apo-transferrin, 20 mM putrescine, 4 uM progesterone, and 6 uM selenium),
10 ng/mL biotin and 50 nM hydrocortisone. In the first 12 days of culture, insulin (10 pg/mL) was added into the culture. The sex of the em-
bryonic tissue-derived cells was unknown. All cells were cultured at 37°C in a humidified incubator under a 5% CO, atmosphere.

For preparation of microglia-conditioned-medium, on the first postnatal day (P1), Sprague Dawley rat pups were decapitated. The cortical
tissues were dissected and collected.”” The cortical cells were dissociated and cultured in Dulbecco’s Modified Eagle Medium (DMEM) sup-
plemented with 20% Fetal Bovine Serum (FBS). After 10 days in vitro, microglia were harvested by shaking the flasks for 1 hour at 220 rpm. The
harvested microglia were seeded and cultured in DMEM supplemented with 10% FBS. After two days of culture, the microglia-conditioned
medium was collected and diluted at a ratio of 1:10 with NSC Differentiation Medium. All cells were cultured at 37°C in a humidified incubator
under a 5% CO, atmosphere.

METHOD DETAILS

Immunoprecipitation

SureBeads Protein G Magnetic Beads (BIO-RAD, Cat# 161-4023) were used according to the manufacturer’s instructions. Initially, media sam-
ples were incubated with magnetic beads coated with anti-lgG antibody (1:100, Abcam Cat# ab182931) at room temperature. After this in-
cubation, the beads were magnetized, and the supernatant was collected. This step reduces nonspecific bindings. Next, the collected super-
natant was incubated with fresh beads coated with anti-C1q antibody (1:100, Abcam Cat# ab155052) at room temperature. This step serves to
precipitate the target protein. The subsequent steps followed standard Western blot procedures. The primary anti-C1q antibody (Abcam
Cat# ab155052) was used at a concentration of 1:500, and the secondary anti-rabbit antibody (Abcam Cat# ab131366, RRID: AB_2892718)
was used at a concentration of 1:1000. Before adding the magnetic beads, protein concentrations of each sample were normalized using
the bicinchoninic acid (BCA) assay.
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Western blot

Brain tissues were homogenized and normalized using the BCA assay. Following denaturation at 95°C for 5 minutes, the samples were loaded
on 12% gel prepared with a TGX stain-Free FastCast Acrylamide Kit (BIO-RAD, Cat#161-0183). The proteins were then transferred to a poly-
vinylidene difluoride membrane. Blots were blocked with 5% milk in TBS buffer containing 0.05% Tween-20 for 1 hour before being incubated
with specific primary antibodies overnight at 4°C. We used the anti-C1q antibody (1:500, Abcam Cat# ab182451, RRID: AB_2732849) and anti-
MBP antibody (1:1000, Santa Cruz Biotechnology Cat# sc-13914, RRID: AB_648798) as the primary antibodies to detect C1g and MBP, respec-
tively. After washing with TBS buffer, the blots were incubated with secondary antibodies (1:5000) for 1 hour at room temperature. Peroxidase
activity was visualized with an Enhanced Chemiluminescent Substrate kit (Perkin-Elmer) according to the manufacturer’s instructions. The op-
tical density of a specific band was normalized based on the total protein loaded.

Immunofluorescence staining (IF)

Cell culturing samples were fixed with 4% paraformaldehyde (PFA) for 15 minutes at room temperature. For in vivo experiments, mice were
perfused with 4% PFA, followed by cryoprotection in 30% sucrose. Brain tissues were sectioned into 20 um thick slices. Samples were washed
thrice with PBS, blocked with PBST containing 1% BSA for 30 minutes at room temperature, and then washed with PBS containing 0.25% Triton
X-100. The samples were incubated with one of the following primary antibodies: anti-lbalantibody (1:1000, Abcam Cat# ab 178847, RRID:
AB_2832244), anti-Nestin antibody (1:1000, Santa Cruz Biotechnology Cat# sc-33677, RRID: AB_627995), pNF-H antibody (1:500, Santa Cruz
Biotechnology Cat# sc-32730, RRID: AB_670160), anti-PLP antibody (1:500, Santa Cruz Biotechnology Cat# sc-23570, RRID: AB_2165797), anti-
Clgantibody (1:500, Abcam Cat# ab 182451, RRID: AB_2732849), anti-MBP antibody (1:1000, Santa Cruz Biotechnology Cat# sc-13914, RRID:
AB_648798). After washing thrice, the samples were incubated with Alexa Fluor® conjugated secondary antibodies for 1 hour at room tem-
perature in the dark. The samples were then incubated with Hoechst 33342 to identify the nuclei (1:1000, Sigma B2261). We used myelin
coverage ratio to quantify the myelin sheath. This ratio was determined by the formula: myelin coverage ratio = overlapping area of PLP
and pNF-H / axonal area x 100%. Image J (National Institutes of Health, Bethesda, MD, USA) was used to quantitively determine the over-
lapping areas of PLP and pNF-H. Briefly, the images were split into two channels, green (pNF-H) and red (PLP). For each channel, after
threshold adjustment, the “Create Selection” was used to turn the above-threshold pixels into a selection. Then, this selection was added
to ROl Manager. In the ROl manager window, both ROIs (PLP and pNF-H) were selected, and the “More >> AND" function was used to create
an overlap between the two signals. The area of each signal were quantified using the “Measure” function in the ROl manager window. The
confocal microscopy (Zeiss, Axio Observer Z1 LSM 700) was used for all immunostaining images.

Microsection and toluidine blue staining

As previously described,” ! mice were anaesthetized and perfused with 2% PFA and 2% glutaraldehyde (GTA) in PBS. The brainstem was
dissected and post-fixed with 1% OsOy for 2 hours at room temperature. Following dehydration with graded alcohols, the samples were
embedded with Epon. Tissue blocks were cut into 0.5 um sections and stained with toluidine blue. The slides were examined under a light
microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using the GraphPad Prism 9 software (La Jolla, CA), which included Student’s t-test, one-way ANOVA,
and two-way ANOVA. Values are presented as means + standard deviation. The differences were considered significant when P<0.05.
*P<0.05; **P<0.01. All sample sizes (n) are indicated in the figure legends. For in vitro studies, n represents different cultures (from different
animals). For in vivo studies, n represents different animals. All statistical details of experiments could be found in the figures and figure
legends.
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