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Abstract

Background Recent studies have confirmed the critical role of neonatal microglia in wound healing and axonal
regeneration following spinal cord injury (SCI). However, the limited migration of microglia to the center of adult
lesion may significantly impede their potential benefits.

Methods We established a model of microglial centripetal migration and prolonged retention in C57BL/6J and
transgenic mice by injecting exogenous C-X3-C motif chemokine ligand 1 (CX3CL1) and macrophage colony-
stimulating factor (M-CSF) directly into the lesion site post-SCl. Wound healing and axonal preservation/regrowth was
assessed anatomically, and kinematics analysis was conducted to determine the recovery of locomotor function.

Results We identified decreased expression and perilesional distribution of CX3CL1 as the primary reason for the
limited centripetal migration of microglia. In situ injection of CX3CL1 into the lesion core promoted microglial
centripetal migration, but alone did not improve functional recovery. Nevertheless, a combinational administration
of CX3CL1 and M-CSF fostered both centripetal migration and prolonged retention of microglia, thereby effectively
displacing blood-derived macrophage infiltration and optimizing wound healing and axonal preservation/regrowth
after SCI. Notably, the beneficial effects of CX3CL1 and M-CSF co-administration were specifically blocked in C-X3-C
motif chemokine receptor 1 (CX3CR1)-deficient mice. These phenomena may be related to the increase in spleen
tyrosine kinase (SYK) levels, which boosts centripetal microglial phagocytosis.

Conclusion Our study uncovers the criticality of microglial location and abundance in orchestrating SCl repair,
highlighting centripetal microglial dynamics as valuable targets for therapeutic intervention.
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Introduction

The discovery of the scar-free repair function of neona-
tal microglia, as well as the loss- and gain-of-function
experiments of adult microglia, have fully confirmed
the indispensable role of microglia in spinal cord injury
(SCI) repair [1-4]. Nevertheless, microglia-mediated
tissue regeneration and repair in the microenvironment
of adult SCI remains a great challenge. Notably, using
the LysM'™™ > Cx3Cr1°? chimera mouse model and
lineage tracing strategies (e.g., Cx3crl1FR::R26-TdT)
have elucidated that C-X3-C motif chemokine receptor
1 (CX3CR1) tagged microglia predominantly localize at
the border of lesion, while Mac-2 labeled blood-derived
macrophages infiltrate into the lesion core [3, 5-7]. We
suspect that such spatial segregation starkly limits the
beneficial functions of microglia.

Microglial activation is largely regulated by the chemo-
kine ligand CX3CL1 and its cognate receptor CX3CR1
[8]. CX3CL1, mainly synthesized by neurons and endo-
thelial cells [9, 10], binds its sole receptor CX3CR1 on
microglia, thereby orchestrating their recruitment to
the site of neuroinflammation [11-13]. The CX3CL1/
CX3CR1 axis is instrumental in microglial activation and
migration, yet its influence on microglial distribution
post-SCI has not been elucidated. Concurrently, several
reports have consistently documented that the activation
of colony-stimulating factor receptor (CSF1R) by macro-
phage colony-stimulating factor (M-CSF) plays a crucial
role in ensuring the survival and repopulation of microg-
lia [3, 14, 15]. Bellver-Landetel et al. showed that an
approximate 20—-25% increase in microglial numbers via
M-CSF hydrogel delivery at the SCI site limits tissue loss
and improves locomotor recovery [3]. These suggest that
promptly enhancing microglial presence and activity at
the lesion core could be a promising SCI repair strategy.

In this study, we demonstrated that CX3CL1 is pre-
dominantly localized around the injury site and signifi-
cantly reduced in the early stages of SCI. Remarkably,
co-administration of CX3CL1 and M-CSF was proved to
be a superior strategy to promote the centripetal migra-
tion and prolonged retention of microglia and effectively
substitute for blood-derived macrophages, thereby opti-
mizing wound healing and axonal preservation/regrowth
compared to in situ injection of CX3CL1 or M-CSF alone
after SCI. This synergistic effect appears to be associated
with an increase in spleen tyrosine kinase (SYK) levels
that enhance the phagocytic capacity of microglia after
SCL

Materials and methods

Animals and surgical procedures

The C57BL/6] (W'T) female mice at age of 8 weeks were
obtained from the Animal Experiment Center of Anhui
Medical University. The CX3CRIS*’ CCR2R® mice [16]
and CX3CR17/~ (CX3CR1SFY/SFP) mice [12] at age of 8
weeks were obtained from Jackson Laboratory (cata-
log no. 032127 and 005582). CX3CR1*/~ (CX3CR1*/SEP)
mice were kindly donated by the Center for Excellence
in Brain Science and Intelligence Technology, Chinese
Acedamy of Sciences. All transgenic mice were bred
to the C57BL/6] background. All mice were housed
in a controlled environment with a 12-hour light-dark
cycle, maintaining optimal humidity and temperature.
The animals were randomly grouped and kept in spe-
cific pathogen-free (SPF) facility, where they were given
unrestricted access to food and water. All procedures
were carried out with the approval of the Ethics Com-
mittee of the Anhui Medical University (Approval No.
LLSC20230809).

The spinal cord crush injury procedure was performed
according to previously established methods [17]. The
mice were anesthetized with isoflurane (induction 4%,
maintenance 2%) before receiving midthoracic (T10)
compression spinal cord injuries. The mice received
a laminectomy at T7-8 vertebra to expose T10 spinal
cord, and crush injury was performed with a calibrated
Dumont #5 forceps (11252-20, Fine Science Tools,
Germany) for 5 s. All SCI mice received Gentamycin
(5 mg/kg, subcutaneous injection) and Buprenorphine
(0.03 mg/kg, subcutaneous injection) to prevent infection
and alleviate pain during the first week after surgery [18,
19]. Bladder care were performed twice daily throughout
the study period.

In situ injection of CX3CL1 or M-CSF

The SCI mice was immobilized using the stereotaxic
device, and the microinjection needle (7634-01 and
7803-05, Hamilton, Switzerland) was carefully inserted
to a depth of 0.8 mm at the lesion epicenter [20]. One
microliter of 100 ng/pl recombinant mouse CX3CL1
(458-MF-025, R&D Systems, USA) dissolved in sterile
PBS (CX3CL1 group, n=10) or 500 ng/ul recombinant
mouse M-CSF (315-02, Proteintech, China) dissolved in
sterile PBS (M-CSF group, n=8) was injected into the
epicenter of the injured spinal cord at 0.5 pl/min using
a stereotaxic injector (KDS LEGATO 130, RWD, China)
immediately after injury. Additionally, the injured mice
in CX3CL1+M-CSF group (n=24) received the in situ
injection of a 2 pl mixture containing 50 ng/ul recombi-
nant mouse CX3CL1 and 250 ng/ul recombinant mouse
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M-CSE. The control mice received 1 pl PBS (PBS group,
n=10) or heat-inactivated (95 °C for 45 min) CX3CL1
dissolved in sterile PBS (Control group, n=38) [21]. After
injection, the syringe was remained in the position for
one minute before being carefully withdrawn. Finally, the
mice were sacrificed at either 7 or 28 days after injection.

Tissue preparation and immunofluorescent staining

Mice were perfused with ice-cold 0.1 M PBS (Servicebio,
China), followed by 4% paraformaldehyde (PFA, Service-
bio, China). An 8 mm mouse spinal cord segment cen-
tered at the injury site was placed in 4% PFA and post
fixed for 5 h. The tissue was then placed in 30% sucrose
solution and dehydrated at 4 °C for 24—48 h. Finally, it was
embedded in OCT (Biosharp, China), and sagittal sec-
tions were cut serially at 16 pm using a cryostat (NX50,
Thermo Fisher Scientific, USA). The sections were baked
at 50 °C for 1 h and blocked using a solution of 10% nor-
mal donkey serum in PBS containing 0.3% Triton X-100
(SLO50 and T8200, Solarbio, China) at room tempera-
ture for 1 h. The primary antibodies were incubated at
4 °C overnight. The primary antibodies included rabbit
anti-CX3CL1 (1:100, ab25088, Abcam, USA), goat anti-
CX3CL1 (1:50, AF537, R&D Systems, USA), goat anti-
Iba-1(1:200, NB100-1028, Novus Biologicals, USA), goat
anti-CD31 (1:200, AF3628, R&D Systems, USA), chicken
anti-GFP (1:500, GFP1010, Aves Labs, USA), rabbit anti-
Fascin-1 (1:100, ab126772, Abcam, USA), rat anti-Mac-2
(1:100, sc23938, Santa Cruz Biotechnology, USA), rat
anti-GFAP (1:400, 13-0300, Thermo Fisher Scientific,
USA), goat anti-PDGFRp (1:100, AF1042-SP, R&D Sys-
tems, USA), rabbit anti-NeuN (1:500, ab177487, Abcam,
USA), goat anti-5-hydroxytryptamine (5-HT) (1:500,
20079, Immunostar, USA), chicken anti-RFP (1:500, 600-
901-379, Rockland, USA), rabbit anti-SYK (1:100, 13198,
Cell Signaling Technology, USA), rat anti-Ki67 (1:100,
14-5698-80, Invitrogen, USA). Subsequently, the appro-
priate secondary antibodies were incubated for 1 h at
room temperature, including donkey anti-goat Alexa
Fluor 488, donkey anti-rabbit Alexa Fluor 555, donkey
anti-rat Alexa Fluor 488, donkey anti-rat Alexa Fluor 555
and donkey anti-goat Alexa Fluor 555, donkey anti-rab-
bit Alexa Fluor 488 (1:500, A-11055, A-31572, A-21208,
A-48270, A-21432, A-21206, Thermo Fisher Scientific,
USA); donkey anti-chicken Alexa Fluor 488 and donkey
anti-chicken Alexa Fluor 594 (1:500, 703-545-155, 703-
585-155, Jackson Immuno Research Laboratories Inc,
USA). Finally, DAPI (C1005, Beyotime Biotechnology,
China) staining was used to label cell nuclei. The nega-
tive control sections incubated with secondary antibody
alone were all showed no staining.
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ORO staining

Oil red O (ORO) staining was performed using a modi-
fied ORO Staining Kit (C0158S, Beyotime Biotech,
China). Briefly, frozen sections were washed with PBS
and then incubated in 60% isopropanol for 20-30 s. The
modified ORO staining solution was added to the sec-
tions and incubated for 10-15 min at room tempera-
ture. Following staining, tissue sections were thoroughly
rinsed with 60% isopropanol until complete removal of
residual dye was achieved, as confirmed by the absence of
visible staining in non-lesioned areas under macroscopic
examination. Finally, the sections were mounted with
glycerol and observed under a microscope (Zeiss Axio
Scope Al, Zeiss, Germany).

TUNEL assay

The frozen sections were prepared for the terminal
deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) staining using a TUNEL Apoptosis Assay Kit
(12156792910, Roche, Switzerland). According to the
manufacturer's instructions, the sections were incubated
at 50 °C for 1 h and then washed with PBS. The sections
were permeabilized with 0.1% Triton X-100 in 0.1%
sodium citrate for 2 min at 2-8 °C. After washing with
PBS, the sections were incubated with freshly prepared
TUNEL reaction mixture in a dark and humid environ-
ment for 1 h at 37 °C. The DAPI staining was used to
label cell nuclei. Finally, the sections were observed under
a microscope (Zeiss Axio Scope Al, Zeiss, Germany) to
visualize the results of the staining.

Image acquisition and quantitative analysis
Representative images were acquired using a Zeiss Axio
Scope Al fluorescence microscope and a Pannoramic
MIDI section Digital Scanner. Image] software (ver-
sion for Windows 64-bit, NIH, USA) was used for image
processing.

To quantify Fascin-1* and GFP* microglia, Fascin-1*
and GFP" cells were counted in 40 x images of the epi-
center. The data of each sample was determined by aver-
aging three randomly selected images at a magnification
of 40 x, with 3 samples per group.

To evaluate neuron preservation, the spinal cord seg-
ments located at various distances up to 1 mm adjacent
to the lesion borders were segmented into Z1, Z2, and
Z3 zones of 250 pm width in a 5 x image, and NeuN"*
cells were counted in each zone [22, 23]. To determine
the proportional area of tissue occupied by fibrotic scar,
the PDGFRB" area was normalized to the area of the
spinal cord segment spanning the injured core in a 5 x
image [5]. Similarly, the GFAP™ area, Mac-2" area, RFP*
area, and SYK" area was normalized to the area of the
spinal cord segment spanning the injured core in a 5 x
image. In addition, the fluorescence density was used for
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quantifying the expression of CX3CL1, 5-HT, and ORO.
Exposure time and gain were kept constant between con-
ditions for each fluorescence channel. For each sample,
the spinal cord sections spanning the injured core and
two adjacent spinal cord sections spaced 100 um apart
were quantified. The date from each section were aver-
aged, with 3—5 samples per group.

All quantifications were done blindly with respect to
the identity of the animals.

Behavioral analysis

The locomotor recovery of the mice was evaluated in a
blinded manner by two experienced examiners using
the Basso Mouse Scale (BMS) score prior to injury and
at various time points (0, 3, 7, 14, 21, and 28 days) after
SCI [24]. The average of the scores of both hind limbs
obtained from two investigators was used as the final
data.

The footprint analysis was performed to further eval-
uate kinematics at 4 weeks after SCI, as previously
described [24]. Green and red dyes were painted on
the front and hind paws of the mice, respectively. Sub-
sequently, the mice were allowed to walk on a narrow
track (long 80 cm and width 4 cm). The stride length was
determined by the distance between the hind paws of the
previous step and the following step. The distance of the
outermost toe of the left paw to the outermost toe of the
right paw was used to determine stride width. Paw rota-
tion was determined by the angle between the midline
axis of the hind paw and the midline axis of the body. For
all evaluations, three consecutive gait cycles were mea-
sured in the bilateral hind paws, and the average value
was taken as the final data for each mouse.

Statistical analysis

The data were shown as individual data points, with error
bars representing the mean * standard error of the mean
(SEM). The GraphPad Prism 6.0 (GraphPad, USA) was
used for data analysis. For comparison between the two
groups, Student’s unpaired t-tests was used. For multiple
comparisons, one-way or two-way analysis of variance
(ANOVA) followed by Bonferroni post hoc tests was
used. A p value <0.05 was statistically significant.

Results

Neuron and endothelial cell-derived CX3CL1 is distributed
around the SCl lesion site

Microglia, following SCI, are known to aggregate at the
border of the lesion, forming neuroprotective structures
referred to as “microglial scars” [3]. However, the spe-
cific mechanism governing microglial distribution and
its potential correlation with the expression of the che-
mokine CX3CL1 remain to be elucidated. To address
this gap, we conducted immunofluorescence staining for
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Iba-1 and CX3CL1 pre-SCI and at 3, 7, 14, 28 days post-
injury (dpi). The results showed that both CX3CL1 and
microglia were predominantly localized at the edge of
lesion core, suggesting a spatially and temporally coordi-
nated interaction between the two (Fig. 1A, B). Notably,
CX3CL1 expression was significantly reduced at 3 and 7
dpi, before returning to baseline levels between 14 and 28
dpi (n=5 mice per group/time point, P<0.05, "P<0.01,
"P<0.001 and ""'P<0.0001, Fig. 1B, C). Further, we iden-
tified the cellular sources of CX3CL1 using antibodies
against NeuN (a neuronal marker) and CD31 (an endo-
thelial cell marker), revealing co-localization of CX3CL1
with both NeuN and CD31 in the lesion penumbra (Fig.
S1A, B). This suggests that neurons and endothelial cells
are the primary sources of CX3CL1 in the injured spinal
cord.

In addition, utilizing CX3CR1*~ (CX3CR1*/SF?) or
CX3CR17~ (CX3CRI1SFP/SFP) transgenic mice, where
microglia are GFP-labelled, we further confirmed the pri-
mary localization of microglia and CX3CL1 at the edge of
the lesion core at 14 dpi (Fig. S1C, D). However, in these
CX3CR1-deficient mice, the distribution of CX3CL1
and GFP-labelled microglia was notably dispersed and
misaligned (Fig. S1D), contrasting with the mutual con-
tact or co-staining observed in wild-type (WT) SCI
mice (Fig. 1B). This indicates that CX3CL1 functions as
a chemoattractant for microglial migration, necessitating
the presence of the receptor CX3CR1. Overall, our data
underscore the impact of diminished CX3CL1 levels and
its perilesional distribution on the localization and func-
tion of microglia after SCL

In situ injection of CX3CL1 promotes centripetal migration
of microglia after SCI

Given the localization of CX3CL1 and microglia at the
lesion periphery post-SCI, we sought to investigate
whether microglia could migrate towards the lesion
epicenter in response to CX3CL1. We administered
recombinant mouse CX3CL1 (CX3CL1 group) via in
situ injection immediately after SCI in mice, alongside
control injections of heat-inactivated CX3CL1 (Con-
trol group) and PBS (PBS group) (Fig. 1D). Immuno-
histochemical analysis of injured spinal cords revealed
elevated CX3CL1 levels at the lesion site in the CX3CL1
group compared to the Control and PBS groups at 7 dpi
(n=3 mice per group, ~ P<0.0001, Fig. 1E, H). We uti-
lized Fascin-1 as a specific microglial marker, given its
specific expression in CX3CR1" microglia at the lesion
edge, while not being expressed in macrophages within
the lesion core, as reported in our previous study [25].
We observed a significantly higher number of Fascin-1*
microglia within the lesion core at 7 dpi in the CX3CL1
group compared to the Control and PBS groups (n=4
mice per group, ~ P<0.0001, Fig. 1F, I), suggestive
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(See figure on previous page.)

Fig. 1 Insitu injection of CX3CL1 into the injured spinal cord enhances microglial migration towards the epicenter. (A) Schematic illustration of the ex-
perimental design depicts the lesion core (LC), with the large blue rectangle delineating the low-magnification field of view and the inset box indicating
the corresponding region for high-magnification imaging presented in panel B. (B) Representative images of immunofluorescent staining of spinal cord
with Iba-1 (green) and CX3CL1 (red) in sagittal sections before SCI (Pre) and at 3, 7, 14 and 28 dpi. The region of interest (ROI) represents the high-mag-
nification image within the dotted box on the left. Asterisks show the injured core. (C) Quantification of the mean density of CX3CL1 signals at different
time points within the lesion site (n=5 mice per group/time point). (D) Schematic diagram illustrating in situ injection of 1 ul CX3CL1 (CX3CL1group),
heat inactivation of CX3CL1 (Control group) or PBS (PBS group) into the epicenter immediately after SCI. Immunofluorescent staining was performed at
7 dpi. (E) GFAP (green) and CX3CL1 (red) staining of the injured cords from the CX3CL1, Control, and PBS groups at 7 dpi. (F) Immunofluorescence stain-
ing of GFAP (green) and Fascin-1 (red) reveals the centripetal migration of Fascin-1* microglia at the injury sites in the CX3CL1 group compared to the
control and PBS groups at 7 dpi. (G) Immunofluorescence staining of Mac-2 (red) and DAPI (blue) in sagittal sections from the CX3CL1, Control and PBS
groups at 7dpi. (H) Quantification of the density of CX3CL1* signal in the epicenter at 7 dpi (n =3 mice per group). (1 and J) Quantification of the number
of Fascin-1* cells (1) in the epicenter and percentage of Mac-2" area (J) within the spinal cord segment spanning the injured core at 7 dpi (n=4 mice per
group). The data are presented as means = SEM (error bars). 'P<0.05 and “P<0.01, "P<0.001 and ~'P<0.0001. Statistical analysis was performed using

one-way ANOVA followed by Bonferroni post hoc tests. Scale bars=100 um (B, E and F), 200 um (G), 20 um (ROI)

of centripetal migration of microglia in response to
CX3CLL1 in situ injection. Concurrently, the extent of
Mac-2* macrophage infiltration was significantly reduced
in the CX3CL1l-injected mice post-SCI, compared to
controls (n=4 mice per group, = P<0.001, Fig. 1G, J).
These findings indicate that CX3CL1-induced successful
centripetal migration of microglia can supplant blood-
derived macrophage infiltration after SCI.

Microglial centripetal migration alone does not
significantly influence scar formation and neuron
preservation after SCI

Next, we examined the impact of microglial centrip-
etal migration on scar formation and neuron preserva-
tion following SCI. Immunofluorescence staining results
revealed no discernible difference in GFAP~ lesion area
or PDGFRP* fibrotic scar formation among the CX3CL1,
Control, and PBS groups at 28 dpi (=4 mice per group,
P>0.05, Fig. 2A-C). Furthermore, NeuN staining in spe-
cific zones (Z1-Z3) located at varying distances from the
lesion core showed no significant impact of microglial
migration on the number of preserved neurons in the
CX3CL1 group compared to the Control and PBS groups
at 28 dpi (n=3 mice per group, P>0.05, Fig. 2D, E). In
conclusion, these results suggest that microglial centrip-
etal migration alone has no significant effect on scar for-
mation and neuron preservation after SCIL.

Co-administration of CX3CL1 and M-CSF enhances both
centripetal migration and prolonged retention of microglia
after SCI

The functional dynamics of microglia post-SCI may be
intricately linked to their population density. Previous
studies have shown that administration of M-CSF can
stimulate microglial proliferation during critical peri-
ods, thereby limiting tissue loss and enhancing func-
tional recovery [3]. To explore the potential relationship
between microglial function and their quantity, we co-
administered CX3CL1 and M-CSF (CX3CL1+M-CSF
group) to boost both microglial migration and prolif-
eration in vivo (Fig. 3A). As a control, in situ injection

of recombinant mouse M-CSF (M-CSF group) were
also performed. Immunofluorescence staining showed
that there were significantly more Fascin-1" microglia
in the epicenter of the CX3CL1+M-CSF group com-
pared with the CX3CL1 group and M-CSF group at 28
dpi (7 =4 mice per group, ~ P<0.0001, Fig. 3B, C). Inter-
estingly, the number of Fascin-1" cells in the CX3CL1
group exhibited a significant decline within the lesion
core at 28 dpi relative to 7 dpi (Fig. 1F, I; Fig. 3B, C). To
assess the impact of in situ injection of CX3CL1 + M-CSF,
CX3CL1, and M-CSF on microglial migration and reten-
tion within the injury core, we detected the prolifera-
tion and apoptosis of microglia using Fascin-1, Ki67, and
TUNEL staining at 7 and 28 dpi. Our findings unveiled
a robust enhancement in Ki67" cell proliferation in the
CX3CL1 + M-CSF and M-CSF groups compared to the
CX3CL1 group at 7 dpi (Fig. 4A, C). Additionally, the
CX3CL1 group showed noticeable TUNEL" cell apopto-
sis relative to the CX3CL1 + M-CSF and M-CSF groups at
28 dpi (Fig. 4B, D). These observations shed light on the
reason of the diminished presence of migrating microg-
lia within the injury core in the CX3CL1 group at 28 dpi.
Importantly, Fascin-1 staining revealed pronounced cen-
tripetal migration of microglia in the CX3CL1 + M-CSFE
group at both 7 and 28 dpi. In stark contrast, the injured
core of the M-CSF group displayed a paucity of Fascinl®
cells (Fig. 4), indicating M-CSF’s limited capacity to
promote microglial migration. Moreover, the observed
increase in Ki67" proliferating cells at 7 dpi in the M-CSFE
group (Fig. 4A) suggests that these cells may be mac-
rophages rather than microglia (Fig. 3D, E). Our find-
ings collectively demonstrate that co-administration of
CX3CL1 and M-CSF promotes both centripetal migra-
tion and prolonged retention of microglia, surpassing
the effects of administering CX3CL1 or M-CSF alone
post-SCI.

Further analysis revealed a relative reduction of Mac-2*
macrophages in the CX3CL1+M-CSF group compared
to the CX3CL1 and M-CSF groups after SCI (n=4 mice
per group,  P<0.0001, Fig. 3D, E). This observation was
further validated in the CX3CR1FPCCR2%P transgenic
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Fig. 2 The early centripetal migration of microglia alone does not significantly contribute to scar formation and neuron preservation after SCI. (A) Im-
munofluorescence staining of GFAP (green) and PDGFR (red) in sagittal sections from the CX3CL1, Control and PBS groups at 28 dpi. ROl represents the
high-magnification image within the dotted box on the left. Asterisks show the injured core. (B and C) Quantification of the percentage of GFAP— area (B)
and PDGFRB+ area (C) within the spinal cord segment spanning the injured core at 28 dpi (n=4 mice per group). (D) Representative immunofluorescence
images of NeuN+ neurons in Z1-Z3 zones adjacent to central lesion core in the CX3CL1, Control and PBS groups at 28 dpi. (E) Quantification of NeuN+
neurons in Z1-Z3 zones adjacent to central lesion core in the CX3CL1, Control and PBS groups at 28 dpi (n =3 mice per group). The data are presented as
means+ SEM (error bars). Statistical analysis was performed using either one-way (B and C) or two-way (E) ANOVA followed by Bonferroni post hoc tests.

Scale bars=200 um (A and D), 20 um (ROI)

mouse model, where the percentage of RFP* macro-
phages in the injury epicenter was significantly lower
in the CX3CL1+M-CSF injection group compared to
the PBS injection group at 28 dpi (#=3 mice per group,
""P<0.0001, Fig. 3F, G). Altogether, our results confirm
the cooperative role of M-CSF and CX3CL1 in mediating
centripetal migration and prolonged retention of microg-
lia while effectively mitigating macrophage infiltration
following SCI.

Centripetal migration and prolonged retention of
microglia promotes wound healing, axonal preservation/
regrowth and locomotor functional recovery after SCI

The potential therapeutic effects of co-administration
of CX3CL1 and M-CSF on SCI recovery were further
explored. Immunofluorescence staining analysis revealed
that the CX3CL1+M-CSF group showed a significant
reduction in GFAP~ lesion area and PDGFRp" fibrotic

scar formation and an increase in the number of neurons
within Z1-Z3 zones (n=3 or 4 mice per group, P<0.05,
“P<0.01, "P<0.001 and “"P<0.0001, Fig. 5), along with
elevated 5-HT" fiber density and enhanced 5-HT" axo-
nal preservation/regrowth across the lesion site at 28
dpi compared with the PBS group (n=3 mice per group,
"P<0.001, Fig. 6A, B). Conversely, no significant differ-
ences were observed between the CX3CL1 group, the
M-CSF group, the PBS group, and the Control group
(Fig. 5; Fig. 6A, B).

Concurrently, mice in the CX3CL1 + M-CSF combina-
tion treatment group demonstrated remarkable motor
function recovery, as evidenced by higher BMS scores
and improved hind limb locomotor performance at 14,
21 or 28 dpi compared to the PBS and the monotreat-
ment groups (#=8 mice per group, P<0.05, "P<0.01,
"P<0.001, ""P<0.0001, Fig. 6C-G). In contrast, no obvi-
ous disparities in BMS score or foot print analysis were
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nofluorescence images of RFP (red) and GFP (green) in sagittal sections of the injured spinal cord from the CX3CL1+M-CSF and PBS groups at 28 dpi
of CX3CR1°FPCCR2RFP mice. (G) Quantification of the percentage of RFP* area within the spinal cord segment spanning the injured core at 28 dpi (n=3
mice per group). The data are presented as means + SEM (error bars). "P<0.0001, the CX3CL1 +M-CSF group versus the CX3CL1, M-CSF and PBS groups.
Statistical analysis was performed using one-way ANOVA followed by Bonferroni post hoc tests (C and E), or Student’s two-tailed unpaired t-test (G). Scale
bars=100 um (B and F), 200 um (D), 20 um (ROI)
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Fig. 4 Microglial proliferation and apoptosis in the epicenter at 7 and 28 dpi after in situ injection. (A and B) Images of spinal cord sections from the
CX3CLT+M-CSF, CX3CL1, and M-CSF groups stained with antibodies against Fascin-1 and Ki67 at 7 dpi or 28 dpi. (C and D) Images of spinal cord sec-
tions from the CX3CL1+M-CSF, CX3CL1, and M-CSF groups stained with antibodies against Fascin-1 and TUNEL at 7 dpi or 28 dpi. White arrowheads
indicate the apoptosis of cell (D). ROl represents the high-magnification image within the dotted box on the left. Asterisks show the injured core. Scale

bars=100 pum, 20 um (ROI).

noted between the other groups (n=8 mice per group,
P>0.05, Fig. 6C-G). Altogether, these data indicate the
significance of centripetal migration and prolonged
retention of microglia in promoting optimal functional
recovery after SCI.

The beneficial effects of combined administration of
CX3CL1 and M-CSF are specifically blocked in CX3CR17/~
mice

To further confirm that the combined injection of
CX3CL1 and M-CSF works through specifically target-
ing the receptor CX3CR1 on microglia, we conducted the
co-administration experiments on both CX3CR1*/~ and
CX3CR17/~ mice immediately post-SCI (Fig. 7A). Consis-
tent with prior observations in WT mice (Fig. 3B, C), the
co-administration also significantly augmented the distri-
bution of GFP-labelled microglia within the injury core
in CX3CR1*'~ mice (n=3 mice per group,  P<0.0001,
Fig. 7B, C). However, in CX3CR1™/~ mice, characterized
by the absence of the CX3CR1 receptor, this treatment
proved ineffective in promoting centripetal migration of
microglia (Fig. 7B, C).

Meanwhile, the GFAP~ lesion area and PDGFRp*
fibrotic scar formation were markedly elevated, and
the retention of NeuN* neurons within the Z1-Z3
zones was significantly reduced in CX3CR17/~ mice
compared to their CX3CR1*/~ counterparts at 28 dpi
(n=3 mice per group, P<0.05 and “P<0.01, Fig. 7D-
G). Furthermore, 5-HT" fiber density exhibited a pro-
nounced decrease, and there was a notable absence of
axonal preservation/regrowth across the lesion site in
CX3CR17~ mice contrast to CX3CR1*~ mice (n=3
mice per group, P<0.01, Fig. 7H, I). These deficits were
accompanied by inferior motor recovery in CX3CR17/~
mice, as evidenced by lower BMS scores and compro-
mised foot print analysis at 14, 21 and 28 dpi, compared
to CX3CR1*'~ mice (n=6 mice per group, P<0.05,
"P<0.001 and “"P<0.0001, Fig. 7J-L). Collectively, these
data unequivocally substantiate that the beneficial effects
of CX3CL1 and M-CSF co-administration are specifically

blocked in CX3CR1”~ mice when compared to their
CX3CR1*~ counterparts, emphasizing the pivotal role
of the CX3CR1 receptor in mediating these therapeutic
outcomes.

Centripetal migration and prolonged retention

of microglia mitigates the accumulation of foamy
macrophages by increasing SYK levels after SCI

Recent studies have elucidated that the spleen tyrosine
kinase (SYK) signaling plays a critical role in reprogram-
ming microglia towards a disease-associated phenotype
with enhanced tropism and efficient phagocytic clear-
ance ability for pathological amyloid beta deposits in
Alzheimer’s disease models [26, 27]. To investigate the
potential contribution of SYK signaling to the observed
benefits of centripetal migration and prolonged retention
of microglia post-SCI, we performed immunofluores-
cence staining of SYK in all groups. Our analysis revealed
a significant elevation in SYK levels at the lesion site in
the CX3CL1+M-CSF group compared to the M-CSE,
Control and PBS groups at 28 dpi (n=4 mice per group,
“P<0.01, "P<0.001 and “P<0.0001, Fig. 8A, B). Con-
sistently, Oil Red O (ORO) staining unveiled a notable
reduction in foamy macrophages within the lesion core
of the CX3CL1+M-CSF group relative to the other
groups at 28 dpi (7 =3 mice per group, P<0.05, Fig. 8C,
D), aligning with the increased SYK expression. No sig-
nificant differences were found in SYK expression lev-
els or foamy macrophage accumulation between the
CX3CL1 group, the M-CSF group, and the Control or
PBS groups at 28 dpi (n=3 or 4 mice per group, P>0.05,
Fig. 8A-D). Moreover, the expression level of SYK in
CX3CR1*~ mice displayed a significant augmentation
compared to CX3CR1~/~ mice at 28 dpi following the co-
administration of CX3CL1 and M-CSF (n=3 mice per
group, P<0.01, Fig. 8E, F). Taken together, our data sug-
gest that the beneficial effects of the co-administration
of CX3CL1 and M-CSF appear to be associated with ele-
vated SYK levels, which potentially enhance the phago-
cytic efficiency of the centripetal microglia after SCI.
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Fig. 5 Co-administration of CX3CL1 and M-CSF effectively diminishes lesion size, reduces scarring, and preserves neuron survival after SCI. (A) Immu-
nofluorescence staining of GFAP (green) and PDGFR (red) in sagittal sections from the CX3CL1+M-CSF, CX3CL1, M-CSF and PBS groups at 28 dpi. ROI
represents the high-magnification image within the dotted box on the left. Asterisks show the injured core. (B and €) Quantification of the percentage
of GFAP™ area (B) and PDGFRB* area (C) within the spinal cord segment spanning the injured core at 28 dpi (=4 mice per group). (D) Representative
immunofluorescence images of NeuN* neurons in Z1-Z3 zones adjacent to central lesion core in the CX3CL1+M-CSF, CX3CL1, M-CSF and PBS groups
at 28 dpi. (E) Quantification of NeuN* neurons in Z1-Z3 zones adjacent to central lesion core in the CX3CL1+M-CSF, CX3CL1, M-CSF and PBS groups at
28 dpi (n=3 mice per group). The data are presented as means+ SEM (error bars). <005, “P<0.01, TP<0.001 and "P<0.0001, the CX3CL1 +M-CSF

group versus the CX3CL1, M-CSF and PBS groups. Statistical analysis was performed using either one-way (B and C) or two-way (E) ANOVA followed by

Bonferroni post hoc tests: Scale bars=200 um (A and D), 20 um (ROI).

Discussion

The present study elucidates a novel facet of adult microg-
lial function in the healing dynamics of SCI. We propose
that the advantageous roles of adult microglia are criti-
cally restricted by their post-injury spatial positioning,
which is closely related to the reduction of the chemo-
kine CX3CL1 and its perilesional distribution, as well as
the dominant infiltration by macrophages. Our findings
demonstrate that the co-administration of CX3CL1 and
M-CSEF significantly enhances both centripetal migration

and prolonged retention of microglia, more effectively
than either compound alone, thereby displacing mac-
rophage infiltration and facilitating tissue repair. These
results highlight the criticality of microglial location and
abundance in the orchestration of SCI repair. In addition,
we identify a potential link between the combined effects
of CX3CL1 and M-CSF and the upregulation of SYK, a
kinase that augments the phagocytic capacity of the cen-
tripetal microglia after SCI, offering novel insights into
the targeted modulation of microglial functional activity.
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Fig. 6 Co-administration of CX3CL1 and M-CSF enhances axonal preservation/regrowth and improves locomotor function recovery after SCI. (A) Im-
munofluorescence staining of NeuN (green), 5-HT (red) and DAPI (blue) in sagittal sections from the CX3CL1+M-CSF, CX3CL1, M-CSF, Control and PBS
groups at 28 dpi. ROI represents the high-magnification image within the dotted box on the left. White arrowheads indicate the lesion site. (B) Quanti-
fication of 5-HT density within the spinal cord segment spanning the injured core of the CX3CL1+M-CSF, CX3CL1, M-CSF, Control and PBS groups at 28
dpi (n=3 mice per group). (C) Time course of functional recovery assessed by the BMS score after SCI (n=8 mice per group). (D) Footprint analysis per-
formed at 28 dpi reveals improved functional recovery in the CX3CL1 +M-CSF group (n=8 mice per group). (E-G) Quantification of the footprint analysis
parameters (stride length, stride width, and paw rotation) after SCI (n=8 mice per group). The data are presented as means+ SEM (error bars). **P < 0.01
and #%%P < 0.0001, the CX3CL1+M-CSF group versus the PBS group; P<0.05, “"P<0.01, ""P<0.001, "P<0.0001, the CX3CL1 +M-CSF group versus the
CX3CL1, M-CSF, Control and PBS groups; P < 0.001, the CX3CL1 + M-CSF group versus the M-CSF group; 4P <0.001, the CX3CL1 +M-CSF group versus
the CX3CL1 group. Statistical analysis was performed using either one-way (B, E-G) or two-way (C) ANOVA followed by Bonferroni post hoc tests. Scale

bars=200 um (A), 50 um (ROI).

Microglia are double-edged swords in the aftermath
of SCI. While traditionally perceived as detrimental to
recovery due to their release of pro-inflammatory cyto-
kines and resultant neurotoxicity [28-31], emerging
evidence supports a more nuanced role. Depletion of
microglia disrupts glial scar formation, diminishes neu-
ronal survival, exacerbates axonal dieback, and impairs
locomotor recovery, thereby underscoring their ben-
eficial contributions [2, 3]. The application of single-cell
sequencing technology has significantly advanced our
understanding of microglia, offering a deeper insight into
cell subtypes associated with distinct functional proper-
ties [2, 32, 33]. Despite variations in classification, recent
delineations categorize pre- and post-SCI microglia into
several subtypes, each exhibiting unique temporal pro-
files and functional signatures. For instance, homeostatic
microglia predominate in healthy conditions, while acti-
vated microglia emerge at 1-3 dpi, followed by proliferat-
ing microglia mostly observed at 3—7 dpi, phagocytosing
microglia at 7 dpi, lipid processing microglia at 7-28
dpi, and patrolling microglia mainly evident at 28 dpi [2,
33-35]. These studies have illuminated temporal shifts
in microglial functions and subtypes post-SCI, yet the
impact of microglial location and distribution on their
functionality and activity remains underexplored.

The disruption of the blood-spinal cord barrier (BSCB)
post-SCI leads to the preferential infiltration of blood-
derived macrophages into the injury core, culminating
in the formation of foamy macrophages that aggravate
inflammation and impede reparative processes [7, 36].
Kobayakawa et al. have confirmed that accelerating the
Cbha-directed centripetal migration of macrophages and
curtailing their dissemination can significantly amelio-
rate tissue pathology and improve functional recovery
after SCI [37]. Greenhalgh et al. shows that infiltrating
macrophages may inhibit microglial phagocytic activity
via the prostaglandin E2 (PGE2)/EP2 receptor signaling
pathway [38]. These studies suggest that the perilesional
distribution of microglia is related to the preferential site
occupation of macrophages and their inhibitory influ-
ence on microglial function. Accordingly, we emphasize
that altering microglial localization emerges as a valuable

strategy,
effects.

The CX3CL1/CX3CR1 axis is implicated in microg-
lial migration and their consequential role in SCI repair.
Our study corroborates prior observations of reduced
CX3CL1 expression post-SCI [39], and extends the
understanding by revealing the perilesional distribution
of CX3CL1 originating from neurons and endothelial
cells around the lesion site. This reduction and distribu-
tion of CX3CL1 are suggested as potential reasons for
microglia positioning at the injury edge. Meanwhile, we
demonstrate that in-situ CX3CL1 injection can effec-
tively and specifically promote centripetal microglial
migration to supplant macrophage infiltration. In a study
by Freria et al., the use of a CX3CR1™/~ mouse model
revealed that the deletion of CX3CR1 reporter promotes
neuroprotection and augments plasticity in spared fibers
after SCI, proposing a detrimental role for the CX3CL1/
CX3CR1 axis in SCI [40]. However, contrasting results
emerge from other studies in traumatic brain injury and
SCI, where using a CX3CR1”~ mouse model confirms
a beneficial function of this axis in microglia, assisting
in neuronal preservation and promoting motor recov-
ery [41, 42]. Here, our data indicate that CX3CL1 and
M-CSF co-administration shows beneficial effects in WT
and CX3CR1"~ mice, but these effects are specifically
blocked in CX3CR1~/~ mice.

Importantly, the co-administration of CX3CL1 and
M-CSF has proved a superior strategy to promote the
centripetal migration and prolonged retention of microg-
lia, successfully supplanting blood-derived macrophages
and optimizing wound healing and axonal preservation/
regrowth more effectively than the individual adminis-
tration of either molecule post-SCI. Despite the fact that
CX3CL1 alone induces microglial centripetal migration,
these microglia in the injured core undergo apoptosis
and are significantly reduced at 28 dpi, thereby compro-
mising their functionality. Conversely, M-CSF injection
alone primarily promotes cell proliferation, yielding infil-
trating macrophages in the lesion core. This underscores
the significance of co-administering CX3CL1 and M-CSF
to facilitate both centripetal migration and prolonged

given their location-dependent functional
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Fig. 7 The beneficial effects of combined administration of CX3CL1 and M-CSF are specifically blocked in CX3CR1~~ mice. (A) Schematic diagram illus-
trating in situ injection of 2 ul of CX3CL1 and M-CSF into the epicenter immediately after SCI in CX3CR1~/~ (CX3CR157”/6F) and CX3CR1*~ (CX3CR17/C™)
mice. Histological analysis was performed at 28 dpi. (B) Representative immunofluorescence images of GFAP (red) and GFP (green) from sagittal sections
of the injured spinal cord of CX3CR1~~ and CX3CR1*/~ mice at 28 dpi. RO represents the high-magnification image within the dotted box on the left.
Asterisks show the injured core. (C) Quantification of the number of GFP* microglia in the epicenter of CX3CR1~~ and CX3CR1*/~ mice at 28 dpi (1=3
mice per group). (D) Representative images of sections of the injured spinal cord of CX3CR1~~ and CX3CR1%/~ mice at 28 dpi, stained with antibodies
against GFAP (green), PDGFRR (red) and NeuN (purple). (E and F) Quantification of the percentage of GFAP™ area (E) and PDGFRR* area (F) within the
spinal cord segment spanning the injured core in CX3CR1~~and CX3CR1*/~ mice at 28 dpi (n=3 mice per group). (G) Quantification of NeuN* neurons in
Z1-Z3 zones adjacent to central lesion core in CX3CR1~~ and CX3CR1*/~ mice at 28 dpi (n =3 mice per group). (H) Immunofluorescence staining of 5-HT
(red) and DAPI (blue) in sagittal sections of the injured spinal cord from CX3CR1™~ and CX3CR1*~ mice at 28 dpi. White arrowheads indicate the lesion
site. (I) Quantification of 5-HT density within the spinal cord segment spanning the injured core in CX3CR1~~ and CX3CR1*/~ mice at 28 dpi. (n=3 mice
per group). (J) Time course of functional recovery of CXCR1~~ and CX3CR1*/~ mice assessed by the BMS score after the combined treatment of CX3CL1
and M-CSF post-SCl (n=6 mice per group). (K) Footprint analysis performed at 28 dpi reveals improved functional recovery in the CX3CR1*/~ mice after
the combined treatment of CX3CL1 and M-CSF. (L) Quantification of the footprint analysis parameters (stride length, stride width, and paw rotation) in
CX3CR17~ and CX3CR1*~ mice at 28 dpi (n=6 mice per group). The data are presented as means+SEM (error bars). "P<0.05, "P<0.01, "P<0.001 and
P <0.0001, the CX3CR1*/~ mice versus the CX3CR1~~ mice. Statistical analysis was performed using two-way ANOVA (G and J) followed by Bonferroni

post hoc tests, or Student’s two-tailed unpaired t-test (C, E, F, 1 and L). Scale bars=200 um (D and H), 100 um (B), 20 um (ROI)

retention of microglia, which are crucial for tissue repair
following SCI. We postulate that this co-administration
fosters a beneficial microglial response through sev-
eral mechanisms: (1) effective migration displacing
macrophages and alleviating their inhibitory effect on
microglial function; (2) sufficient microglial density and
retention for reparative action; (3) the necessity of the
CX3CR1 receptor engagement; (4) the association with
heightened SYK expression, further supporting repara-
tive processes.

SCI leads to neuronal and myelin debris accumulation,
posing a formidable barrier to axonal regeneration and
functional recovery [43]. The microglial clearance of such
debris is critical in mitigating secondary neuronal dam-
age [44]. SYK, known for its role in antifungal immune
responses [45], has been implicated in microglial phago-
cytosis and neuroprotection in demyelinating diseases
[26]. Our results suggest that the SYK upregulation in the
centripetal microglia may be instrumental in the reduc-
tion of foamy macrophages, thus promoting functional
recovery after SCI. Furthermore, our results posit that
centripetal microglia exhibit stronger phagocytic and
lipid metabolic capabilities compared to blood-derived
macrophages, possibly due to the pronounced upregu-
lation of SYK signaling. In addition, we observed that

co-administration-induced SYK upregulation was sup-
pressed in CX3CR1~/~ mice, suggesting direct regulation
of SYK activity in SCI by the CX3CL1/CX3CR1 axis.

There are several limitations that should be acknowl-
edged. First, although young female mouse models pro-
vide methodological consistency, their clinical relevance
may be limited given that 68.3% of traumatic SCI patients
are male with a median age of 59.2 years [46]. While our
study achieved adequate statistical power (p<0.05, 95%
CI), further validation through large-scale preclinical
studies across diverse age groups and both sexes is nec-
essary to confirm the biological relevance of these find-
ings. Second, regarding methodological considerations,
while Fascin-1 has proven valuable for microglial identi-
fication in SCI models [25], Cx3cr1¢RT2::.R26-td Tomato
and Tmem119FRT2;; R26-td Tomato mice should enable
more precise microglial tracking in future experiments.
Third, the observed increase in 5-HT* axon follow-
ing treatment may be attributed to either neuroprotec-
tive effects or axonal regrowth, including regeneration
and sprouting [47]. The specific underlying mechanisms
require further investigation. Finally, the role of SYK in
regulating microglia to promote their repair functions,
and its potential as a therapeutic target for SCI, remains
to be verified.
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Fig. 8 Co-administration of CX3CL1 and M-CSF may exert beneficial effects by enhancing SYK levels in CX3CR1* microglia and reducing foamy cell re-
cruitment after SCI. (A) Immunofluorescence staining of SYK (green) and DAPI (blue) in sagittal sections from the CX3CL1 4+ M-CSF, CX3CL1, M-CSF, Control
and PBS groups at 28 dpi. ROI represents the high-magnification image within the dotted box on the left. Asterisks show the injured core. (B) Quantifica-
tion of the percentage of SYK* area within the spinal cord segment spanning the injured core at 28 dpi (n=4 mice per group). (C) Lipid accumulation
was determined by ORO staining at 28 dpi. (D) The quantification of the ratio of the mean density of ORO signal to the lesion area within the spinal cord
segment spanning the injured core at 28 dpi (n =3 mice per group). (E) Representative immunofluorescence images of SYK (red) and GFP (green) in sagit-
tal sections of the injured spinal cord from CX3CR1~~ and CX3CR1*~ mice at 28 dpi. These mice were treated with an in situ injection of 2 ul of CX3CL1
and M-CSF into the epicenter immediately after SCI. (F) Quantification of the percentage of SYK™ area within the spinal cord segment spanning the in-
jured core in CX3CR17~ and CX3CR1*/~ mice at 28 dpi (n=3). The data are presented as means+ SEM (error bars). "P<0.05and "P<0.01, "P<0001 and
""'P<0.0001. Statistical analysis was performed using one-way ANOVA followed by Bonferroni post hoc tests (B and D), or Student’s two-tailed unpaired

t-test (F). Scale bars=200 um (A, Cand E), 20 um (ROI)

Conclusions

In conclusion, our study establishes that the co-admin-
istration of CX3CL1 and M-CSF represents a superior
strategy for promoting centripetal migration and pro-
longed retention of microglia after SCI. This combined
intervention, targeting microglial reposition, effectively
substitutes for blood-derived macrophages, thereby opti-
mizing wound healing and facilitating axonal preserva-
tion/regrowth. These discoveries identify centripetal
microglial dynamics as promising targets for SCI therapy.
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