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M1-type microglia can induce astrocytes to deposit
chondroitin sulfate proteoglycan after spinal cord injury
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Abstract

After spinal cord injury (SCl), astrocytes gradually migrate to and surround the lesion, depositing chondroitin sulfate proteoglycan-rich
extracellular matrix and forming astrocytic scar, which limits the spread of inflammation but hinders axon regeneration. Meanwhile, microglia
gradually accumulate at the lesion border to form microglial scar and can polarize to generate a pro-inflammatory M1 phenotype or an
anti-inflammatory M2 phenotype. However, the effect of microglia polarization on astrocytes is unclear. Here, we found that both microglia
(CX3CR1") and astrocytes (GFAP') gathered at the lesion border at 14 days post-injury (dpi). The microglia accumulated along the inner
border of and in direct contact with the astrocytes. M1-type microglia (iNOS'CX3CR1") were primarily observed at 3 and 7 dpi, while M2-
type microglia (Arg1'CX3CR1") were present at larger numbers at 7 and 14 dpi. Transforming growth factor-B1 (TGFB1) was highly expressed
in M1 microglia in vitro, consistent with strong expression of TGF1 by microglia in vivo at 3 and 7 dpi, when they primarily exhibited an M1
phenotype. Furthermore, conditioned media from M1-type microglia induced astrocytes to secrete chondroitin sulfate proteoglycan in vitro.
This effect was eliminated by knocking down sex-determining region Y-box 9 (SOX9) in astrocytes and could not be reversed by treatment with
TGFB1. Taken together, our results suggest that microglia undergo M1 polarization and express high levels of TGFB1 at 3 and 7 dpi, and that
M1-type microglia induce astrocytes to deposit chondroitin sulfate proteoglycan via the TGFR1/SOX9 pathway. The study was approved by the
Institutional Animal Care and Use Committee of Anhui Medical University, China (approval No. LLSC20160052) on March 1, 2016.
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Introduction al., 2017). Although astrocytic scar has beneficial effects,
including limiting inflammation and promoting wound healing,
it also deposits chondroitin sulfate proteoglycan (CSPG), which
attenuates axon growth cone activity, significantly hindering
axonal regeneration (McKeon et al., 1991, 1995; Tran et al.,
2018; Alizadeh et al., 2019). Moreover, eliminating CSPG can
promote SCI repair (Bradbury et al., 2002), highlighting the

Glial cells have been reported to play key roles in
neuroprotection, neurodegeneration, and neuroinflammation
(Amor et al., 2010; Jaerve and Miuiller, 2012; Joya and Martin,
2021). It is widely accepted that astrocytes play critical roles
in maintaining homeostasis, regulating synaptic and neuronal
function, repairing the blood-brain barrier, and alleviating ! ) S .
o= > . . - importance of investigating the mechanism of astrocyte-
neuronal injury (Bélanger and Magistretti, 2009; Cabezas et diated CSPG d it
al., 2014; Allen and Eroglu, 2017). After spinal cord injury mediate eposition.
(SClI), astrocytes gradually migrate to and surround the lesion  The innate microglia, which are immune cells in the central
core, forming astrocytic scar (Wanner et al., 2013; Hara et nervous system, are activated rapidly post-injury (Huang
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and Ye, 2012; Herz et al., 2017). Recently, it was reported
that microglia gradually migrate to the lesion core to form
microglial scar adjacent to the inner side of astrocytic scar
after SCI, and that depletion of microglia results in disruption
of astrocytic scar boundary continuity and macrophage
diffusion after SCI (Bellver-Landete et al., 2019), indicating
that microglia play an important role in the formation and
stabilization of astrocytic scar. Furthermore, the inflammatory
phenotype of microglia is plastic and depends on the injury
microenvironment (Sica and Mantovani, 2012). Classically
activated M1-type microglia induced with lipopolysaccharide
or interferon y are associated with a pro-inflammatory
response (Kroner et al., 2014; Orihuela et al., 2016), while M2-
type microglia induced with interleukin-4 or interleukin-13 are
associated with anti-inflammation and neuroprotection (Van
Dyken and Locksley, 2013). However, the effects of M1- and
M?2-type microglia on CSPG secretion by astrocytes have not
yet been reported.

Studies have shown that transforming growth factor- 1
(TGFB1) can activate TGFB1 receptor on the surface of
astrocytes to promote the secretion of CSPG (Dyck and Karimi-
Abdolrezaee, 2015). Moreover, activating sex-determining
region Y-box 9 (SOX9), a TGFB1 target gene in astrocyte nuclei,
can promote CSPG deposition (McKillop et al., 2013; Yuan et
al., 2017). Whether microglia can regulate astrocyte-mediated
CSPG deposition by secreting TGFB1 remains unclear. We
hypothesized that microglia may secrete TGF1, activating
SOX9 in astrocytes and thereby promoting the deposition
of CSPG after SCI. The aim of this study was to investigate
the role of the TGFB/SOX9 pathway in polarized microglial
regulation of astrocyte CSPG secretion.

Materials and Methods

Animals

The animal experiments involved in this study were approved
by the Institutional Animal Care and Use Committee of Anhui
Medical University (approval No. LLSC20160052) on March 1,
2016. Owing to the lower limb paralysis and lack of bladder
control evident in mice after SCI, as well as the long urinary
tract of male mice, it is common for this mouse model to
develop urinary tract infection (Jutzeler et al., 2019). In this
study, we used fifty specific pathogen-free female C57BL/6)J
mice (weighing 20-25 g and aged 8-12 weeks), which were
obtained from the Experimental Animal Center of Anhui
Medical University (license No. SYXK (Wan) 2017-006). The
mice were placed in a room with controlled temperature
and humidity and a 12-hour day/night cycle, and had free
access to water and food. All experiments were designed and
reported in accordance with the Animal Research: Reporting
of In Vivo Experiments (ARRIVE) guidelines.

Spinal cord injury model

The mice were anesthetized by intraperitoneal injection of 2%
pentobarbital sodium (P-010; Sigma, St. Louis, MO, USA) and
placed in the prone position. The back was then shaved at the
T10 level, and the skin was disinfected with iodophor. Bone
forceps were used to remove the lamina to expose the spinal
cord at the T10 level, and Dumont forceps with a 0.5-mm-wide
tip (No. 5, 11252-20, Fine Science Tools, Heidelberg, Germany)
were used to completely compress the spinal cord from
both sides for 5 seconds, resulting in moderate compression
injury (Wanner et al., 2013). After the SCI was induced, the
bladder was pressed twice a day to assist mice in urinating
until their urination reflex recovered. Before SCI induction,
the mice were randomly divided into four groups: pre-injury
(n = 8) and 3 (acute phase, n = 14), 7 (subacute phase, n =
14), and 14 (subacute phase, n = 14) dpi. The total number
of animals used in this study was 50. Three mice died due to
intraoperative blood loss.

Cell culture and transfection

The BV-2 microglia cell line was obtained from The Rio de
Janeiro Cell Bank (Cat# 0356, RRID:CVCL_0182, BCRJ, Rio
de Janeiro, Brazil), and the C8-D1A astrocyte cell line was
obtained from the American Type Culture Collection (CRL-
2541, RRID:CVCL_6379, ATCC, Manassas, VA, USA). The C8-
D1A clonal cell line, which has astrocyte characteristics, was
established from postnatal day 8 mouse cerebellum cells that
spontaneously transformed in vitro (Alliot and Pessac, 1984).
Both cell lines were cultured in Dulbecco’s modified Eagle
medium (Cat# SH30021, HyClone, Logan, UT, USA) containing
10% fetal bovine serum (Cat# 10270106, Gibco, Grand Island,
NY, USA), 100 U/mL penicillin, and 100 g/mL of streptomycin
(Gibco). Cells were incubated at 5% CO,, 95% O, and 37°C.
A jetPRIME kit (Cat# 114-15, Polyplus Transfection, Illkirch,
France) was used to transfect small interfering RNA (siRNA)
into C8-D1A astrocytes in accordance with the manufacturer’s
instructions. A nonspecific control siRNA (NC) and an siRNA
targeting mouse SOX9 (siRNA: 5'-GCA GCA CAA GAA AGA CCA
CTT-3') were obtained from GenePharma (Shanghai, China).

Microglial polarization

The BV-2 cells were inoculated at a density of 1 x 10° cells/mL
into six-well plates coated with poly-D-lysine (Cat#t P7280,
Sigma) and cultured overnight. After 24 hours of serum
deprivation, BV-2 cells were treated with phosphate-buffered
saline to induce MO polarization, lipopolysaccharide (100
ng/mL, Beyotime Biotechnology, Shanghai, China) and IFNy (20
ng/mL, Beyotime Biotechnology) to induce M1 polarization,
or IL-4 (20 ng/mL, Beyotime Biotechnology) to induce M2
polarization and cultured for 24 hours (Miron et al., 2013).
Immunocytochemistry and western blotting for the M1
polarization marker inducible nitric oxide synthase (iNOS) and
the M2 polarization marker arginine 1 (Argl) were performed
to confirm the microglial polarization.

Culturing astrocyte cells in microglia-conditioned medium

After the microglia had been incubated in polarization-
inducing media for 24 hours, they were then cultured in
Dulbecco’s modified Eagle medium for another 24 hours, and
the resulting supernatants were removed for use as MO-, M1-,
and M2-type microglia-conditioned media (CMO, CM1, and
CM2, respectively). Astrocytes were treated with microglia-
conditioned medium in vitro. As a positive control, TGFR1 (100
pg/mL, Cat# CK33, Novoprotein, Shanghai, China) was added
to the astrocyte culture medium to promote CSPG production.

Tissue processing

For molecular analyses, mice were anesthetized with 2%
pentobarbital sodium, and the blood was removed by
transcardial perfusion with 0.1 M phosphate-buffered saline.
A 5-mm segment of spinal cord tissue that surrounded the
injury site was harvested and used for western blotting, as
described below. For histological analysis, the blood was
removed as described above, followed by perfusion with
4% paraformaldehyde, and a 5-mm section of the injured
spinal cord was harvested as described above. The spinal
cord segment was then embedded in paraffin, 6-um sagittal
sections were taken using a microtome (RM2235, Leica,
Nussloch, Germany), and every tenth section was mounted
for microscopic analysis.

Immunofluorescence analysis

Immunohistochemistry

The paraffin-embedded spinal cord tissues were sectioned,
and sections were dewaxed by conventional methods then
heated for 10 minutes at 92-98°C in citrate solution (pH 6.0)
and left to cool to room temperature. Next, the sections
were blocked with 10% donkey serum albumin (Cat# SLO50,
Solarbio, Beijing, China) containing 0.3% Triton X-100 (Solarbio,
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Cat# T8200) for 1 hour at room temperature. The samples
were incubated with primary antibodies at 4°C overnight.
The primary antibodies used to stain the sections were
as follows: rabbit anti-C-X3-C motif chemokine receptor 1
(CX3CR1, 1:500, Abcam, Cat# ab8021, RRID:AB_306203),
goat anti-platelet-derived growth factor receptor B (PDGFRB,
1:40, R&D Systems, Minneapolis, MN, USA, Cat# AF1042,
RRID:AB_2162633), rat anti-glial fibrillary acidic protein
(GFAP, 1:100, Invitrogen, Carlsbad, CA, USA, Cat# 13-0300,
RRID:AB_2532994), rabbit anti-TGFB1 (1:100, Affinity,
Changzhou, China, Cat# AF1027, RRID:AB_2835389), rabbit
anti-iNOS (1:100, Affinity, Cat# AF0199, RRID:AB_2833391),
mouse anti-iNOS (1:50, Santa Cruz Biotechnology, Santa
Cruz, CA, USA, Cat# sc-7271, RRID:AB_627810), mouse
anti-Argl (1:50, Santa Cruz Biotechnology, Cat# sc-271430,
RRID:AB_10648473), rabbit anti-SOX9 (1:100, Abcam, Cat#
ab185966, RRID:AB_2728660), and mouse anti-CSPG (1:100,
Sigma, Cat#f C8035, clone CS56, RRID:AB_476879). The
samples were incubated with secondary antibodies at room
temperature for 1 hour. The secondary antibodies used
were as follows: Alexa Fluor 594 and Alexa Fluor 488 (1:500,
Invitrogen, Cat# A-21206, RRID:AB_2535792, Cat# A-21202,
RRID:AB_141607, Cat# A-21203, RRID:AB_141633, Cat#
A-21207, RRID:AB_141637, Cat# A-11058, RRID:AB_2534105).
4’,6-Diamidino-2-phenylindole, dihydrochloride (1 pg/mL,
Thermo Fisher Scientific, Waltham, MA, USA) was used for
nuclear staining. Normal mouse IgG (1:100, Sigma, Cat#
NI03, RRID:AB_490557) was used as a negative control for
the mouse antibodies to verify the specificity of the positive
staining. An Axio Scope Al microscope (Zeiss, Oberkochen,
Germany) was used to obtain fluorescence signals, and all
images were compared and processed at the same light
intensity. Quantitative analysis was performed using Imagel
(v1.53c, National Institutes of Health, Bethesda, MD, USA).

Immunocytochemistry

The cells were fixed in 4% paraformaldehyde for 10 minutes
and blocked with 5% donkey serum albumin at room
temperature for 30 minutes. They were then incubated with
the primary antibodies listed in the Immunohistochemistry
section above at 4°C overnight.

Imaging analysis and quantification

Five sections spanning the entire length of the injured spinal
cord segment (every tenth 6-um-thick paraffin-embedded
section) were quantified for each animal. Using Zeiss ZEN
imaging software (Zeiss) and a 20x objective, the total number
of CX3CR1%, iINOS’, Argl®, GFAP®, CS56%, and double-positive
cells was counted in each sagittal section of the spinal cord.
To maintain consistency among the different stains, the
fluorescence intensity y value was fixed at 1, and the same
exposure time was used for each image.

Western blot analysis

Radioimmunoprecipitation lysate (Sigma, Cat# R0278)
containing phosphatase inhibitors (Roche, Mannheim,
Germany, Cat# 04906845001) and protease inhibitors (Roche,
Cat# 04693124001) was used to homogenize tissues. The
cells were washed with cold phosphate-buffered saline twice,
after which radioimmunoprecipitation lysate was added
and the mixture was incubated for 30 minutes on ice and
centrifuged at 4°C to obtain the supernatant. The protein
extracts were quantified using an enhanced bicinchoninic
acid protein assay kit (Beyotime Biotechnology, Cat#f PO010S).
The protein samples were separated on dodecyl sulfate-
polyacrylamide gels and transferred to polyvinylidene
membranes. The membranes were blocked at room
temperature with 5% nonfat milk for 1 hour, then incubated
with the following primary antibodies at 4°C overnight:
mouse anti-B-actin (1:5000, Proteintech, Wuhan, China, Cat#

66009-1-lg, RRID:AB_2687938), rabbit anti-TGFB1 (1:100,
Affinity, Cat# AF1027, RRID:AB_2835389), rabbit anti-iNOS
(1:100, Affinity, Cat# AF0199, RRID:AB_2833391), mouse
anti-Argl (1:50, Santa Cruz Biotechnology, Cat# sc-271430,
RRID:AB_10648473), rabbit anti-SOX9 (1:100, Abcam, Cat#
ab185966, RRID:AB_2728660), and mouse anti-CSPG (1:100,
Sigma, Cat# C8035, clone CS56, RRID:AB_476879). The
cells were then incubated with a horseradish peroxidase-
conjugated goat anti-mouse secondary antibody (1:10,000,
Sigma, Cat# A4416, RRID:AB_258167) or a horseradish
peroxidase-conjugated goat anti-rabbit secondary antibody
(1:10,000, Sigma, Cat# A0545, RRID:AB_257896) at room
temperature for 1 hour. The protein bands were then
visualized using a chemiluminescence detection kit (Thermo
Fisher Scientific) and a Tanon 5200 system (Tanon, Shanghai,
China). Quantification was performed via ImageJ, and protein
expression was normalized to B-actin.

Statistical analysis

At least three independent replicates were performed for each
experiment, and quantification was performed on blinded
samples. All data are presented as mean + standard error of
the mean (SEM), and statistical analysis was performed using
SPSS version 23.0 (IBM, Armonk, NY, USA). Differences among
multiple groups were compared using one-way analysis of
variance followed by Tukey’s post hoc test. P < 0.05 indicated
that the difference was statistically significant.

Results

Microglia and astrocytes are located adjacent to each other
in the injured region after spinal cord injury

To understand the spatiotemporal distribution of astrocytes
and microglia after SCI, immunofluorescence was performed
to detect the relationship between microglia and astrocytes
pre-injury and 3—14 dpi. After SCI, microglia and astrocytes
gradually migrated to the edge of the lesion core. At 14 dpi,
microglia (CX3CR1") and astrocytes (GFAP®) gathered at the
lesion border (Figure 1A). Microglia were closely adjacent to
the astrocytes in the penumbra (Figure 1B). These findings
suggest that there may be crosstalk between astrocytes and
microglia during glial scar formation.

Microglia are primarily M1-type at 3 and 7 days post-injury

Microglial polarization is an important event that occurs at the
injured site after SCI (David and Kroner, 2011). To understand
the effect of microglial polarization on astrocytes, we detected
the polarized state of microglia pre-injury and 3—14 dpi. As
shown in Figure 2A and B, M1-type microglia (INOS'CX3CR1")
were significantly increased at 3 and 7 dpi (P < 0.0001, vs. pre-
injury), and decreased at 14 dpi (P < 0.0001, vs. 3 and 7 dpi).
The percentages of iNOS'CX3CR1" cells at 3 and 7 dpi relative
to the total number of CX3CR1" cells in the injured spinal cord
were 54.3 + 4.4% and 76.7 + 3.6%, respectively (Figure 2B).
As both M1-type microglia and macrophages express iNOS
(David and Kroner, 2011), we also counted iINOS+CX3CR1-
cells to determine the number of M1-type macrophages and
found that they were increased at 14 dpi (P < 0.0001, vs. pre-
injury, 3 and 7 dpi; Figure 2C). Argl” cells began to appear at 3
dpi and increased significantly at 7 and 14 dpi (P < 0.01 or P <
0.001, vs. pre-injury and 3 dpi, respectively; Figure 2D and E).
The percentages of Arg1"CX3CR1" cells at 7 and 14 dpi relative
to the total number of CX3CR1" cells in the injured spinal cord
were 16.6 + 3.5% and 24.9 + 2.8%, respectively (Figure 2E).
The number of Argl*CX3CR1™ cells (M2-type macrophages)
(Wang et al., 2015) reached a peak at 7 dpi and decreased
significantly at 14 dpi (P < 0.05, vs. 7 dpi; Figure 2F). The
trends that we observed in macrophage polarization are
consistent with those reported in a previous study (Kigerl et
al., 2009; Wang et al., 2015). Therefore, the microglia present
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at sites of SCI at 3—7 dpi are primarily M1-type.

Production of CSPG by astrocytes increases gradually after
spinal cord injury

To evaluate the changes in CSPG production by astrocytes
after SCI, we used an anti-CSPG antibody (CS56) to detect
the spatiotemporal distribution of CSPG pre-injury and 3-14
dpi. CSPG was primarily secreted by astrocytes, and gradually
increased after SCI (Figure 3A and B). At 14 dpi, astrocytes
were located around the border of the lesion core, and this
is where CSPG was deposited as well (Figure 3A). These
results indicated that CSPG secretion by astrocytes gradually
increased after SCI.

Microglia exhibit high TGFB1 immunopositivity at 3 and 7
days post-injury

To explore the reasons for the increased CSPG secretion,
we detected expression of TGFB1, which has been
shown to regulate CSPG production (Dyck and Karimi-
Abdolrezaee, 2015), in microglia pre-injury and 3—14 dpi by
immunofluorescence. There were no TGFB1-immunopositive
microglia prior to SCI, but TGFB1°'CX3CR1" microglia were
increased at 3 and 7 dpi (P < 0.0001, vs. pre-injury and 14 dpi;
Figure 4A and B). The percentages of TGFB1'CX3CR1" cells
at 3 and 7 dpi relative to the total number of CX3CR1" cells
in the injured spinal cord were 34 + 1.1% and 51.3 + 2.4%,
respectively (Figure 4B). These findings correspond with our
earlier observation of microglial M1 polarization at 3 and 7 dpi
(Figure 2A). Taken together, these data suggest that M1-type
microglia express high levels of TGFB1 after SCI.

TGFB1 is highly expressed in M1-type microglia in vitro
Next, we observed the expression of TGFR1 by microglia
subjected to in vitro polarization. The western blotting results
showed that treatment of BV-2 cells with lipopolysaccharide
and IFNy significantly induced expression of iNOS (P < 0.0001,
vs. MO and M2), a marker of M1 polarization (David and
Kroner, 2011; Hu et al., 2015), while treatment with IL-4
significantly increased expression of Argl (P < 0.001, vs. MO
and M1), a marker of M2 polarization marker (David and
Kroner, 2011; Hu et al., 2015), indicating that polarization was
successfully induced (Figure 5A-C). Western blotting (Figure
5A and D) and immunocytochemistry (Figure 5E) indicated
that TGFB1 expression was significantly increased in M1-type
microglia (P < 0.0001, vs. MO and M2), suggesting that TGF1
is highly expressed by M1-type microglia.

Conditioned media from M1-type microglia promote CSPG
secretion by astrocytes

To assess the effect of microglial polarization on astrocytes,
we treated astrocytes with conditioned media from
polarized microglia. Western blot (Figure 6A and B) and
immunocytochemistry (Figure 6C) analyses showed that CM1
up-regulated CSPG expression by astrocytes (P < 0.01, vs.
CMO and CM2). Moreover, western blotting (Figure 6A and D)
and immunocytochemistry (Figure 6E) showed that CM1 also
promoted SOX9 expression in astrocytes (P < 0.01, vs. CMO
and CM2). These results suggested that M1-type microglia
could promote astrocyte-mediated CSPG production.

M1-type microglia promote astrocyte-mediated CSPG
secretion via the TGFB1/SOX9 pathway

To determine the signaling pathway involved in M1-type
microglia-induced CSPG secretion by astrocytes, we used
SiRNA to knock down SOX9 expression in astrocytes in vitro.
Western blotting showed that CSPG production and SOX9
expression decreased after siSOX9 transfection (P < 0.01 or P <
0.05, vs. CMO, respectively), indicating that SOX9 knockdown
was effective. CSPG production and SOX9 expression increased
in astrocytes treated with CM1 (P < 0.001, vs. CMO0), but

decreased when SOX9 expression was knocked down (P <
0.0001, vs. CM1; Figure 7). In astrocytes treated with TGF1,
CSPG production and SOX9 expression increased (P < 0.0001,
P <0.001, vs. CMO, respectively), but when SOX9 was knocked
down, CSPG production and SOX9 expression declined even
with TGFB1 treatment (P < 0.0001, vs. CMO + TGFB1; Figure
7). These results showed that M1-type microglia express high
levels of TGFB1 and activate SOX9 expression in astrocytes,
thus promoting CSPG production.

Discussion

Astrocytes, as the main components of glial scar after SCI,
have been the focus of considerable research in recent
years. Although astrocytic scar helps limit inflammation and
promote wound healing after SCI, it also deposits CSPG,
which significantly hinders axonal regeneration. It is widely
accepted that inhibiting CSPG deposition can promote
axonal regeneration after SCI, highlighting the importance of
investigating the mechanism of CSPG deposition (Dyck and
Karimi-Abdolrezaee, 2015; Lang et al., 2015). In the present
study, we found that microglia were located along the inner
border of accumulated astrocytes after SCI, indicating that
there may be crosstalk between microglia and astrocytes. At
3 and 7 dpi, microglia were primarily M1-type and expressed
high levels of TGFB1, consistent with in vitro results showing
that M1-type microglia expressed high levels of TGF1. CM1
induced astrocytes to produce large amount of CSPG by
activating SOX9, while SOX9 knockdown in astrocytes resulted
in inhibition of CSPG secretion. Therefore, we propose that
M1-type microglia promote astrocyte-mediated deposition of
CSPG via the TGFB1/SOX9 pathway after SCI.

During the subacute period of SCI (7-14 dpi), activated
astrocytes gradually gather at and surround the lesion
core, adhering to each other and overlapping to form a
barrier structure called astrocytic scar (Okada et al., 2006).
Although astrocytic scar has neuroprotective effects, including
inhibiting inflammation and promoting tissue retention, it
also deposits CSPG, which inhibits axonal regeneration and
functional recovery. CSPG is composed of a protein core and
varying glycosaminoglycans, primarily neurocan, versican,
brevican, and NG2; its deposition peaks at 14 dpi and persists
throughout the chronic stage of SCI (Tran et al., 2018).
The protein tyrosine phosphatase sigma transmembrane
receptor expressed on the surface of the axon growth cone
monomerizes upon contact with CSPG glycosaminoglycan
fragments, leading to growth cone dystrophy and failure of
axonal regeneration (Shen et al., 2009). It has been shown that
inhibiting CSPG deposition can promote axonal regeneration,
suggesting that inhibition of CSPG deposition after SCI may
have therapeutic value (Faulkner et al., 2004; Anderson et al.,
2018). A recent study showed that microglia can form another
type of scar, referred to as microglial scar, after SCI. At 4-14
dpi, microglia proliferated extensively and gradually migrated
to the edge of the lesion core, forming microglial scar along
the inner side of astrocytic scar (Bellver-Landete et al., 2019).
When spinal cord microglia were eliminated by treatment
with PLX5622, a colony stimulating factor 1 receptor inhibitor
(ElImore et al., 2014), astrocytic scar lost its compactness, and
the inflammatory cells in the lesion core spread, leading to the
deterioration of motor function in mice. Therefore, microglial
scar may be involved in astrocytic scar formation after SClI,
and could limit inflammation and promote wound healing
and neurological recovery (Bellver-Landete et al., 2019). Our
results confirm that microglia and astrocytes gathered at the
lesion border at 14 dpi, and that microglia were located in
close proximity to astrocytes. However, it remains unclear
whether there is crosstalk between microglia and astrocytes,
which could have implications for SCI treatment.
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Figure 1 | Spatiotemporal distribution of microglia (CX3CR1") and astrocytes (GFAP’)
in spinal cord sections from mice with spinal cord injury.

(A) Representative immunofluorescence images showing the spatiotemporal
distribution of microglia (CX3CR1") and astrocytes (GFAP') pre-injury and 3, 7, and 14
dpi. Over time, microglia and astrocytes gradually gathered at and surrounded the
lesion core. The asterisks indicate the lesion core. (B) Microglia and astrocyte were
located in close proximity in the penumbra. At least three independent replicates
were performed for each experiment. Scale bars: 200 um in the left three columns in
A; 50 um in the left three columns in B; 20 um in the rightmost columns in A and B.
CX3CR1: C-X3-C motif chemokine receptor 1; DAPI: 4',6-diamidino-2-phenylindole,
dihydrochloride; dpi: days post-injury; GFAP: glial fibrillary acidic protein.
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Figure 2 | Microglial polarization in spinal cord sections from mice with spinal cord injury.

(A) Representative immunofluorescence images showing the spatiotemporal distribution of CX3CR1 (red, stained with Alexa Fluor 594) and iNOS (green, stained
with Alexa Fluor 488) pre-injury and 3, 7, and 14 dpi. CX3CR1" microglia were mainly M1-type at 3 and 7 dpi. Colocalization of the proteins is shown in yellow.
Nuclear staining (DAPI) is shown in blue, and white arrowheads indicate the colocalization observed with a 40x objective. (B) Percentage of iNOS'CX3CR1" cells
relative to the total number of CX3CR1" cells in the injured spinal cord. (C) Quantification of the number of INOS'CX3CR1™ cells in the injured spinal cord. (D)
Representative immunofluorescence images showing the spatiotemporal distribution of CX3CR1 (red, stained with Alexa Fluor 594) and Arg1l (green, stained by
Alexa Fluor 488) pre-injury and 3, 7, and 14 dpi. The highest number of Arg1'CX3CR1™ macrophages was seen at 7 dpi. Colocalization of the proteins is shown in
yellow. Nuclear staining (DAPI) is shown in blue, and white arrowheads indicate the colocalization observed with a 40x objective. Scale bars: 200 um in the left
three columns in A and D; 20 um in the rightmost columns in A and D. (E) Percentage of Arg1"'CX3CR1" cells relative to the total number of CX3CR1" cells in the
injured spinal cord. (F) Quantification of Arg1'CX3CR1™ cells in the injured spinal cord. The data are presented as mean + SEM (n = 3 independent experiments)
and were analyzed by one-way analysis of variance, followed by Tukey’s post hoc test. At least three independent replicates were performed for each experiment.
*P<0.05, ¥**P < 0.01, ¥***P < 0.001, ****P < 0.0001. Argl: Arginine 1; CX3CR1: C-X3-C motif chemokine receptor 1; DAPI: 4',6-diamidino-2-phenylindole,
dihydrochloride; dpi: days post-injury; GFAP: glial fibrillary acidic protein; iNOS: inducible nitric oxide synthase; ND: not determined; Pre: pre-injury.

Figure 3 | CSPG secreted by astrocytes in the spinal cord of mice
with spinal cord injury.

(A) Representative immunofluorescence images showing the
spatiotemporal distribution of CSPG (red, stained with Alexa

Fluor 594) and GFAP (green, stained with Alexa Fluor 488) pre-
injury and 3, 7, and 14 dpi. GFAP" astrocytes gradually gathered

at and surrounded the lesion core from 3 dpi to 14 dpi, while

CSPG deposition colocalized with GFAP around the lesion core

and increased significantly from 7 to 14 dpi. Colocalization of the
proteins is shown in yellow. Nuclear staining (DAPI) is shown in blue,
and white arrowheads indicate the colocalization observed with

a 40x objective. The asterisks indicate the lesion epicenter. Scale
bars: 200 um in the left three columns; 20 um in the right column.
(B) Quantification of CSPG'GFAP" cells in the injured spinal cord.
The data are presented as mean + SEM (n = 3 per group). **P <
0.001, ***P < 0.001, ****P < 0.0001 (one-way analysis of variance
followed by Tukey’s post hoc test). CSPG: Chondroitin sulfate
proteoglycan; DAPI: 4',6-diamidino-2-phenylindole, dihydrochloride;
dpi: days post-injury; GFAP: glial fibrillary acidic protein.
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CX3CR1 TGFp1 Merged Merged+DAPI Figure 4 | TGFB1 immunopositivity of microglia in the

g;’rjwmuw spinal cord of mice with spinal cord injury.
74 (A) CX3CR1 (red, stained with Alexa Fluor 594) and TGFR1
C14d (green, stained with Alexa Fluor 488) double labeling.

100 TGFB1 colocalized with CX3CR1 at 3 and 7 dpi, but not

pre-injury or at 14 dpi. The asterisks indicate the lesion

80 % epicenter. Colocalization of the proteins is shown in
60 yellow. Nuclear staining (DAPI) is shown in blue, and white
40 arrowheads indicate the colocalization observed with a 40x

objective. Scale bars: 200 um in the left three columns; 20
ND um in the right column. (B) Percentage of TGFB1"CX3CR1"
cells relative to the total number of CX3CR1" cells in the
injured spinal cord. The data are presented as the mean
+ SEM (n = 3 independent experiments). ****p < 0.0001
(one-way analysis of variance followed by Tukey’s post hoc
test). CX3CR1: C-X3-C motif chemokine receptor 1; DAPI:
4',6-diamidino-2-phenylindole, dihydrochloride; dpi: days
post-injury; ND: not determined; TGFB1: transforming
growth factor-B1.
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Figure 5 | TGFB1 is highly expressed by M1-type microglia.

(A) Western blotting shows the expressmn of M1 (iNOS) or M2 (Arg1l) polarization markers and TGFR1 in BV-2 cells after polarization induction. (B) Quantitative
analysis of iINOS expression shown in (A). B-Actin was used as the loading control. iNOS was expressed at significantly higher levels in M1-type m|crog||a than

in MO- or M2-type microglia. (C) Quantitative analysis of Argl protein expression shown in (A). Argl was expressed at significantly higher levels in M2-type
microglia than in MO- or M1-type microglia. (D) Quantitative analysis of TGFB1 protein expression shown in (A). TGFB1 was expressed at significantly higher
levels in M1-type microglia than in MO- or M2-type microglia. The data are presented as the mean + SEM (n = 4) and were analyzed by one-way analysis of
variance, followed by Tukey’s post hoc test. ***P < 0.001, ****P < 0.0001. (E) Representative immunocytochemistry images of TGFB1 (green, stained with Alexa
Fluor 488) in BV-2 cells after polarization induction. The TGFB1 fluorescence intensity was strongest in M1-type microglia, suggesting that these cells expressed
the highest levels of TGFR1. DAPI (blue) was used to stain the nuclei. At least three independent replicates were performed for each experiment. Scale bar: 50
um. Argl: Arginine 1; DAPI: 4',6-diamidino-2-phenylindole, dihydrochloride; iNOS: inducible nitric oxide synthase; TGFB1: transforming growth factor-f1.
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Figure 6 | CM1 induces CSPG production by astrocytes.

(A) Western blot analysis of SOX9 and CSPG expression in C8-D1A cells treated with conditioned media from MO-, M1-, or M2-type microglia (CMO, CM1, or CM2,
respectively). (B) Quantitative analysis of CSPG expression shown in A. B-Actin was used as the loading control. CSPG production increased significantly after CM1
treatment. (C) Representative immunofluorescence images of CSPG (red, stained with Alexa Fluor 594) in C8-D1A cells after treatment with conditioned medium.
CSPG fluorescence intensity was strongest after CM1 treatment, suggesting that this treatment condition most strongly promoted CSPG production. DAPI (blue)
was used to stain the nuclei. Scale bar: 50 um. (D) Quantitative analysis of SOX9 protein expression shown in A. SOX9 expression increased significantly after CM1
treatment. The data are presented as the mean + SEM (n = 4). **P < 0.01 (one-way analysis of variance followed by Tukey’s post hoc test). (E) Representative
immunofluorescence images of SOX9 (green, stained with Alexa Fluor 488) in C8-D1A cells treated with conditioned medium. SOX9 fluorescence intensity

was strongest after CM1 treatment, suggesting that this treatment condition most strongly promoted SOX9 expression. At least three independent replicates
were performed for each experiment. Scale bars: 20 um in C and E. CM: Conditioned medium; CSPG: chondroitin sulfate proteoglycan; DAPI: 4',6-diamidino-2-
phenylindole, dihydrochloride; SOX9: Sex-determining region Y-box 9.

A - = B C ook
csec D D - _,-- 250 kDa 209 200 M1
. setokok ok sokskok sekokok I:I CMO
SOXT e w— B e -l . 56 kD2 < 15 ok gk ! c 15 ; : ] CMO+siSOX9
g — g v I Jcmi
© A "
B-ACtin s - S— - WS @ 43 kDa < 40 sk <=3 [ CM1+siSOX9
o 0 =y B 1.0 * [ CMO+TGFB1
oMo+ + _ - + + a o [ CMO+siSOX9+TGFp1
siSOX9 - + - + - + 0.51 [ 3 og Ijl
oM1 - - + + - - el ,“'-| !_ . sl i
TGFB1 - - — — + + 0 - 0 T T T 4 T

Figure 7 | M1-type microglia induce astrocyte to produce CSPG through the TGFB1/SOX9 pathway.

(A) Western blot analysis of SOX9 expression and CSPG production in C8-D1A cells after treatment. (B, C) Quantitative analysis of the CSPG production (B) and SOX9
expression (C) shown in (A). B-Actin was used as the loading control. The blots (n = 3) were quantified. The data are presented as the mean + SEM. *P < 0.05, **P <
0.01, ¥**P < 0.001, ****P < 0.0001 (one-way analysis of variance followed by Tukey’s post hoc test). At least three independent replicates were performed for each
experiment. CM: Conditioned medium; CSPG: chondroitin sulfate proteoglycan; SOX9: sex-determining region Y-box 9; TGFB1: transforming growth factor-f1.
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SCIl can trigger a complex immune response, which
includes activation of resident microglia and infiltration of
blood-derived macrophages, resulting in an inflammatory
response. It is generally believed that neuroinflammation
has both advantages and disadvantages for SCI repair, due to
differences in immune cell phenotypes and time after injury
(David and Kroner, 2011; Miron and Franklin, 2014; Rust and
Kaiser, 2017). In previous studies, it was difficult to distinguish
between microglia and macrophages after SCI based on
morphology and antigenic markers, so they were analyzed
collectively as a single microglia/macrophage population
(David and Kroner, 2011). These cells can polarize to an M1 or
M2 phenotype due to changes in the microenvironment after
SCI. Classically activated M1-type microglia/macrophages
aggravate tissue injury by producing pro-inflammatory factors
(IL-1B, TNFa, IL-6, etc.), proteases, and reactive oxygen
species (Miron and Franklin, 2014). In contrast, alternately
activated M2-type microglia/macrophages secrete growth-
promoting factors (IL-10, IGF-1, etc.) and engulf myelin debris,
supporting tissue repair (Ma et al., 2015; Song et al., 2017).
However, due to the difficulty of distinguishing microglia
from macrophages, microglial polarization after SCI requires
further investigation. In recent years, studies using transgenic
strategies have shown that CX3CR1, transmembrane protein
119, and purinergic receptor P2Y, G protein coupled 12 are
specific markers of microglia (Wang et al., 2015; Bennett et
al., 2016; Walker et al., 2020). In the present study, CX3CR1
was used to specifically label microglia after SCI to explore
the polarization of microglia rather than macrophages, and
showed that microglia primarily exhibited an M1 phenotype
at 3 and 7 dpi. Furthermore, we found that M1-type microglia
can promote CSPG secretion by astrocytes in vitro.

Studies have shown that TGFB1 can activate TGFB1 receptor
on the surface of astrocytes to increase the transcription
of CSPG-related genes via the TGFB1/mothers against
decapentaplegic homolog 2 signal pathway, promoting the
deposition of CSPG after brain injury (Schachtrup et al.,
2010; Dyck and Karimi-Abdolrezaee, 2015). McKillop et al.
(McKillop et al., 2013) found that CSPG deposition is due to
SOX9 activation in astrocyte nuclei. Furthermore, TGFB1 can
induce SOX9 pathway activation in astrocytes, while SOX9
inhibition can reduce CSPG deposition (Yuan et al., 2017).
Taken together, these findings suggested that the TGFB1/
SOX9 pathway is involved in CSPG deposition, but it remained
unclear what cell type produces TGFB1 and whether the
TGFB1/SOX9 pathway is involved in M1-type microglial
regulation of CSPG deposition. In the present study, we found
that microglial expression of TGFB1 increased dramatically
after M1 polarization in vitro, which was consistent with the
high levels of TGFB1 expression exhibited by microglia in
vivo at 3 and 7 dpi, when they presented primarily an M1
phenotype. Furthermore, M1-type microglia can induce
astrocytes to produce CSPG in vitro. To confirm the effect of
the TGFB1/SOX9 pathway on M1-type microglia regulation
of CSPG secretion by astrocytes, we designed a rescue
experiment and found that, after SOX9 was knocked down
in astrocytes, even the addition of TGFB1 could not rescue
the production of CSPG by astrocytes. One limitation of
this study is that only a single antibody was used to detect
M1/M?2 polarization. In future studies, we will use a more
systematic approach in the in vivo experiments, including
the incorporation of additional methods and markers, to
further verify our conclusions. Furthermore, it is unlikely that
TGFBR1, which is an exocrine cytokine, is the only mediator of
crosstalk between microglia and astrocytes, given that the
direct contact between microglia and astrocytes suggests that
membrane receptors may also play an important role in this
process; this possibility requires further investigation.

In conclusion, after SCI, microglia gathered at the lesion

border at 14 dpi along the inner border of astrocytic scar. The
microglia primarily exhibited an M1 phenotype and expressed
high levels of TGFB1 at 3 and 7 dpi, while at 14 dpi they
exhibited primarily an M2 phenotype. Furthermore, we found
that M1-type microglia can induce astrocytes to deposit CSPG
via the TGFB1/SOX9 pathway in vitro. The findings from the
present study may help develop new therapeutic strategies
for reducing CSPG deposition, promoting axonal growth, and
accelerating functional repair after SCI.
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