
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​
v​e​c​​o​m​m​​o​n​s​.​​o​r​​g​/​l​​i​c​e​​n​s​e​s​​/​b​​y​-​n​c​-​n​d​/​4​.​0​/.

Liu et al. Journal of Neuroinflammation          (2025) 22:121 
https://doi.org/10.1186/s12974-025-03445-z

Introduction
Acute mechanical compression causing spinal cord 
injury (SCI) disrupts the integrity of myelin sheaths, lead-
ing to subsequent axonal demyelination and the genera-
tion of a significant amount of myelin debris [1]. As an 
external inhibitory factor at the injury site, myelin debris 
extensively mediates persistent inflammatory responses, 
axonal regeneration failure, fibrosis, and abnormal angio-
genesis after SCI [2, 3]. Microglia, the immune surveil-
lance cells of the central nervous system (CNS), act as the 
primary professional phagocytes responsible for clear-
ing myelin debris from 24  h to 3 days post-injury (dpi) 
[4]. Additionally, microglia coordinate beneficial repair 
functions by interacting with astrocytes and infiltrating 
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Abstract
The persistence of myelin debris after spinal cord injury (SCI) constitutes a formidable barrier to axonal 
regeneration, remyelination, and functional recovery by initiating inflammatory cascades. Microglia, known for 
their superior phagocytic and degradative capabilities, are crucial in clearing myelin debris. Yet, the molecular 
mechanisms governing their function remain elusive. Our previous research has identified a sustained upregulation 
of Fascin-1, an actin-binding protein essential for phagocytosis, in Cx3cr1+ microglia after SCI. Here, we reveal 
that ablation of microglial Fascin-1 exacerbates neuronal loss and hampers motor recovery after SCI, correlating 
with diminished microglial phagocytic activity in Cx3cr1cre+/−;Fascin-1fl/fl mice. We demonstrated that dysregulated 
Fascin-1 phosphorylation impairs microglial phagocytosis, linked to the upstream Mas1/Protein kinase C gamma 
(PKCγ) axis. Pharmacologic activation of the Mas1/PKC axis to drive Fascin-1 phosphorylation in microglia restores 
phagocytic function, thereby alleviating neuronal loss and facilitating neurological recovery after SCI. Our findings 
underscore the critical role of Fascin-1 phosphorylation in microglial phagocytosis and highlight the Mas1/PKCγ 
axis as a promising therapeutic target for SCI.
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monocyte-derived macrophages during the first week 
after SCI [5, 6]. However, the beneficial role of microg-
lial phagocytosis diminishes as infiltrating macrophages 
increasingly supplant and inhibit this process, leading to 
the formation of foamy macrophages and exacerbation of 
inflammation by 7 dpi [4, 7]. Therefore, identifying novel 
and potent targets to enhance microglial phagocytosis 
represents a promising therapeutic strategy aimed at bol-
stering repair mechanisms following SCI.

Our previous study revealed that Fascin-1 is continu-
ously upregulated and specifically expressed in microg-
lia post-SCI [8]. Fascin-1, an intracellular actin-binding 
protein localized in the cytoplasm, plays a critical role 
in regulating the polymerization and stabilization of 
F-actin [9]. In another study, we initially investigated 
how Fascin-1 influences the mechanical properties in 
the microenvironment of SCI. Upregulated Fascin-1 may 
suppress the level of active myosin in microglia, decreas-
ing the stiffness of the injured spinal cord [10]. Fascin-1 
organizes F-actin into parallel bundles, while phosphor-
ylation on Ser39 by protein kinase C (PKC) reduces its 
bundling ability, thereby priming the plasma membrane 
for deformation [11–13]. This process maintains F-actin 
in a dynamic state essential for cellular processes, includ-
ing efficient phagocytosis by immune cells [14]. Based on 
these insights, we hypothesized that the dynamic phos-
phorylation of Fascin-1 mediates the clearance of myelin 
debris by microglia following SCI.

In this study, we demonstrated that microglial Fascin-1 
deficiency impairs phagocytosis, exacerbating neuro-
nal loss and worsening neurological recovery after SCI. 
Transcriptomic data analysis unveiled that Mas1 regu-
lates Fascin-1 phosphorylation via PKCγ. Notably, we 
confirmed that targeting Fascin-1 activation through 
the Mas1 agonist captopril promotes microglial phago-
cytosis, facilitating axonal regeneration and neuro-
logical recovery after SCI. These results underscore the 
significance of the dynamic phosphorylation of Fascin-1, 
regulated by the Mas1/PKCγ axis, in orchestrating the 
clearance of myelin debris by microglia and improving 
neurological outcomes after SCI.

Materials and methods
Animals
All animal experiments were approved by the Institu-
tional Animal Ethics Committee of Anhui Medical Uni-
versity (Approval No. LLSC20211113). All mice were 
in the C57BL/6J background. Wild type mice were pur-
chased from the Experimental Animal Center of Anhui 
Medical University. Cx3cr1cre+/−;Fascin-1fl/fl (Fascin-1 
CKO) mice were generated by crossbreeding Cx3cr1cre+/− 
(background C57BL/6J, Shanghai Model Organisms 
Center, Cat. NO. NM-KI-200079) and Fascin-1fl/fl (back-
ground C57BL/6J, Shanghai Model Organisms Center, 

Cat. NO. NM-CKO-210023). Cx3cr1cre+/− mice were a 
knock-in/knockout (KI/KO) strain, wherein the endog-
enous Cx3cr1 coding sequence was replaced by the Cre 
recombinase. Male and female mice were randomly 
assigned to different groups, ensuring a balanced distri-
bution of sexes within each group. All mice were housed 
under specific pathogen-free conditions with suitable 
humidity and temperature. A 12-hour day-night cycle 
was maintained, and food and water were provided ad 
libitum.

Spinal cord crush injury model and drugs administration
The mice, aged 8–10 weeks, were anesthetized with 
intraperitoneal injection of sodium pentobarbital (50 mg/
kg) and subjected to the standardized surgical proto-
cols referring to our previous study [15]. Briefly, the 
mice underwent laminectomy at the thoracic eight ver-
tebrae, followed by continuous crushing of the thoracic 
ten spinal cord for 5 s with No. 5 Dumont forceps (Fine 
Science Tools, CA), resulting in a distinct clamp mark. 
The injured mice were then resuscitated in an incuba-
tor (22–24 °C) until full awake. All mice received a daily 
subcutaneous injection of Baytril (10  mg/kg) for anti-
infection for 1 week, and bladder care was supplied twice 
daily to prevent urinary retention. Mice that experienced 
a weight loss greater than 25% within the 3 dpi, mice with 
significant post-operative swelling in the hind limbs, and 
mice with infection at the surgical site were excluded 
from the functional motor assessments.

The mice in the captopril treatment group were daily 
intraperitoneally injected with captopril (39  mg/kg, 
S2051, Selleck, United States), an agonist of the ACE2/
Ang-(1–7)/Mas1 axis, after injury until 28 dpi. The mice 
in the control group received intraperitoneal injection of 
equivalent volume of control solvent saline.

Tissue Preparation
For western blot analysis, the mice underwent transcar-
dial perfusion with cold phosphate-buffered saline (PBS, 
BL601A, Biosharp, China). Subsequently, a spinal cord 
segment (0.3 cm length) spanning the lesion core was dis-
sected. For immunofluorescence staining, the mice were 
transcardially perfused with PBS and then perfused with 
4% paraformaldehyde (PFA, G1101, Servicebio, China). 
The dissected spinal cord segment (0.5 cm length) span-
ning the lesion core was then subjected to programmed 
post-fixation, dehydration and paraffin embedding. 
Finally, serial 6  μm thick sagittal sections encompass-
ing the lesion core were obtained using a microtome 
(RM2235, Leica, Germany).

Preparation and administration of Myelin debris
The brain tissue from mixed sex mice aged 6–8 weeks 
was harvested and homogenized in 0.32  M sucrose 
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solution on ice. Myelin debris were isolated via sucrose 
density gradient centrifugation, as previously described 
[16]. Subsequently, the myelin debris were mixed with 
3,3’-Dioctadecyloxacarbocyanine perchlorate (DIO, 
C1993S, Beyotime, China) and incubated at 37  °C for 
20  min in the dark. In all in vitro experiments, DIO-
labeled myelin debris were added into cells at a final con-
centration of 1 mg/ml.

Primary microglia extraction, culture, and intervention
Neonatal mice (postnatal days 1 to 4) of mixed sex were 
euthanized for the extraction of primary microglia fol-
lowing the previously described protocol [17]. After 
removing the olfactory bulb and cerebellum, the brains 
were minced in ice-cold PBS and collected in 6-well 
plates. The brain tissue was incubated with 0.5 ml diges-
tion buffer per brain (C0203, Beyotime, China) in a 5% 
CO2, 37  °C incubator for 20  min. Then, a 40  μm cell 
strainer was used to filter the resulting single-cell sus-
pension, followed by centrifugation at 200  g for 10  min 
at room temperature. After resuspension in 5 ml DMEM 
(12100046, Gibco, United States), the cells were seed at a 
density of approximately 5 × 106 in T25 or T75 flasks and 
cultured in a 5% CO2, 37 °C incubator. After 4 days, the 
flasks were shaken at 180 rpm for 30 min on an incubator 
shaker. Microglia can be harvested for up to one month 
thereafter. Collect the culture medium from the LAD-
MAC cells (CRL-2420, ATCC, United States), centrifuge 
at 200 x g for 10 min, filter using 0.22 μm cell strainer to 
prepare 20% LADMAC conditioned medium. The pri-
mary microglia were cultured in DMEM medium con-
taining 20% LADMAC medium, 10% fetal bovine serum 
(FBS, 10270106, Gibco, United States), and 1% penicillin-
streptomycin (C0222, Beyotime, China) in a 5% CO2, 
37 °C incubator [17].

For PKC activating or blocking experiments, microglia 
were pretreated with either the agonist 12-O-tetradec-
anoylphorbol 13-acetate (TPA, 10 ng/ml, S7791, Selleck, 
United States) or the inhibitor Bisindolylmaleimide I 
(BIM, 25 µg/ml, S7208, Selleck, United States) for 12 h. 
Subsequently, microglia were treated with myelin debris 
for 6  h. For the day 5-treated microglia, they had been 
exposed to myelin debris for 5 days prior. Then, For 
knockdown of Fascin-1 gene in vitro, a siRNA targeting 
mouse Fascin-1 (siRNA: 5’-​G​A​U​C​C​A​A​C​C​G​U​U​C​C​A​G​
U​U​T​T-3’) and a nonspecific control siRNA (NC: 5’-​G​C​
C​T​T​C​A​U​G​A​A​C​T​A​A​T​C​T​U-3’) were purchased from 
GenePharma (Shanghai, China). These siRNAs were 
transfected into microglia using jetPRIME (114 − 15, 
Polyplus, United States) according to the manufacturer’s 
instructions.

Transcriptomic dataset analysis
Based on the Gene Expression Omnibus (GEO) database 
(​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​​.​n​l​​m​.​n​i​​h​.​​g​o​v​/​g​e​o​/), we obtained all ​d​i​
f​f​e​r​e​n​t​i​a​l​l​y expressed genes of injury-activated microg-
lia/ macrophages (GSE113566). The Metascape ​(​​​h​t​t​p​s​
:​/​/​m​e​t​a​s​c​a​p​e​.​o​r​g​/​​​​​) was used to perform Gene Ontology 
(GO) enrichment analysis focusing on biological pro-
cesses. The differentially expressed genes were uploaded 
to the Metascape with parameters set to P Value Cut-
off = 0.05 and Min Enrichment = 0.3. Following comple-
tion of the enrichment analysis, the dataset was exported 
and sorted based on the Enrichment value. The top 10 
GO enrichment results were then illustrated. The search 
terms “G protein coupled receptors family” or “protein 
kinase C family” were used to search for target genes and 
the results were presented using GraphPad Prism 8.0 
(GraphPad, United States).

Immunofluorescence staining
For tissue immunofluorescence staining, the 6 μm thick 
spinal cord sections spanning the lesion core were sub-
jected to the staining procedure as previously described 
[18]. Briefly, the sections were blocked in PBS buffer 
containing 10% donkey serum albumin (DSA, SL050, 
Solarbio, China) and 0.3% Triton X-100 (T8200, Solar-
bio, China) at room temperature for 1 h. Then, the sec-
tions were incubated with primary antibodies at 4  °C 
overnight, followed by incubation with corresponding 
secondary antibodies at room temperature for 1  h. The 
primary antibodies utilized were as follows: mouse anti-
Fascin-1 antibody (1:50, sc-21743, Santa Cruz, United 
States), rabbit anti-p-Fascin-1 antibody (1:100, ab90618, 
Abcam, United States), mouse anti-Mas1 antibody 
(1:50, sc-390453, Santa Cruz, United States), rabbit anti-
Cx3cr1 antibody (1:100, ab8021, Abcam, United States), 
mouse anti-Cx3cr1 antibody (1:50, sc-377227, Santa 
Cruz, United States), rat anti-GFAP antibody (1:100, 
13–0300, Invitrogen, United States), rabbit anti-NeuN 
antibody (1:100, 24307, CST, United States), rabbit anti-
MBP antibody (1:100, AB5864, Merck, Germany), mouse 
anti-PKCα antibody (1:50, sc-8393, Santa Cruz, United 
States). The secondary antibodies used were Alexa Fluor 
488 and Alexa Fluor 555 (1:500, A-2206, A-2202, A-2203, 
A-21207, and A11058, Invitrogen, United States). Nuclei 
were stained with 4’,6-diamino-2-phenylindole (DAPI, 
P0126, Beyotime, China). The immunofluorescence 
images were acquired using Axio Scope A1 microscope 
and LSM 900 microscope (Zeiss, Germany). Quantitative 
analysis was performed using ImageJ 2.0 (NIH, United 
States).

For cell immunofluorescence staining, cells were fixed 
with 4% PFA for 15  min, permeabilized with 0.5% Tri-
ton X-100 in PBS for 10 min, and then blocked with 10% 
DSA in PBS for 30  min at room temperature. Primary 

https://www.ncbi.nlm.nih.gov/geo/
https://metascape.org/
https://metascape.org/


Page 4 of 20Liu et al. Journal of Neuroinflammation          (2025) 22:121 

antibodies (as listed above) were diluted with 1% DSA in 
PBS and incubated overnight at 4 °C. Secondary antibod-
ies (as listed above) were diluted with 1% DSA in PBS and 
incubated for 1 h at room temperature. Phalloidin (1:200, 
C2203S, Beyotime, China) specifically bound to F-actin 
(red fluorescence) was used to identify the cellular mor-
phology and contour.

Luxol fast blue staining
The steps were conducted following the manufacturer’s 
instructions (Luxol fast blue staining kit, C0631S, Beyo-
time, China). The Luxol fast blue (LFB) staining solution 
was preheated at 60 ºC for 30 min. The sections were then 
immersed in LFB staining solution for 2 h at 60 ºC. After 
rinsing in distilled water, the sections were immersed in 
differentiation solution for 15 s and 70% ethanol for 30 s. 
Light microscopy was used to examine LFB-stained tis-
sue sections for the analysis of myelin preservation.

Western blot
The total spinal cord protein was extracted with RIPA 
buffer (R0278, Sigma, United States) supplemented with 
a protease inhibitor (04693124001, Roche, Switzerland) 
and a phosphatase inhibitor (04906845001, Roche, Swit-
zerland). The extracted protein was quantified with BCA 
protein detection kit (P0010S, Beyotime, China). 20  µg 
of protein per sample was resolved on SDS-PAGE elec-
trophoresis and transferred onto a polyvinylidene diflu-
oride (PVDF) membrane. The PVDF membranes were 
blocked with 5% nonfat milk in TBST (ST671, Beyotime, 
China) and then incubated in the primary antibody at 
4  °C overnight. The corresponding secondary antibody 
was incubated at room temperature. All antibodies were 
dissolved in antibody diluent (P0268, Beyotime, China). 
The primary antibodies included mouse anti-Fascin-1 
(1:1000, sc-21743, Santa Cruz, United States), rabbit 
anti-p-Fascin-1 (1:1000, ab90618, Abcam, United States), 
mouse anti-Mas1 (1:1000, sc-390453, Santa Cruz, United 
States), rabbit anti-PKCγ (1:1000, 14364-1-AP, Protein-
tech, China), rabbit anti-PKCγ (phospho T655) (1:1000, 
ab5796, Abcam, United States), mouse anti-PKCα 
(1:1000, sc-8393, Santa Cruz, United States), mouse anti-
GAPDH (1:2000, 60004-1-Ig, Proteintech, China). To 
avoid interference, the blots for Fascin-1 and p-Fascin-1, 
PKCα and PKCγ antibody incubations were obtained 
from separate PVDF membranes, rather than from elu-
tion of the same membrane. GAPDH was probed on 
each gel alongside target proteins. The HRP-conjugated 
secondary antibodies included goat anti-mouse anti-
body (1:100000, A4416, Sigma, United States) and goat 
anti-rabbit antibody (1:100000, A0545, Sigma, United 
States). The protein band was detected with ECL detec-
tion kit (35055, Thermo Fisher Scientific, United States) 
and Tanon 5200 system (Tanon, China). The gray values 

of specific bands were analyzed by normalizing their lev-
els to each GAPDH. Each group involved three individual 
mice or three independent cultures in the experiment. 
ImageJ 2.0 was used for quantitative analysis.

Image acquisition and quantitative analysis
All the representative images were obtained by a Zeiss 
LSM 900 confocal microscope system and a Zeiss Axio 
Scope A1 fluorescence microscope. Post-processing of 
these images was conducted using ZEN 3.3 software and 
ImageJ 2.0 software.

For immunostained Z-stack images in vivo, a z-step of 
1.5 μm was used to acquire the confocal images, result-
ing in 12–13 sections per stack. To quantify Cx3cr1+/
MBP+ cells, the nucleus of the cell of interest was defined. 
Positive co-localization staining was determined in 6 
randomly picked areas and calculated the proportion of 
Cx3cr1+/MBP+ cells. To quantify Cx3cr1+, Mas1+, Fas-
cin-1+ and p-Fascin-1+ cells in vivo, a 100  μm square 
grid spanning the lesion core was generated. Targeted 
cells with DAPI+ staining were quantified in every 6th 
square. To quantify the number of residual NeuN+ neu-
rons around the lesion core, sections were divided into 
three zones based on distance from the lesion core: Z1 
(0–250  μm), Z2 (250–500  μm), Z3 (500–750  μm) and 
Z4 (750–1000  μm) calculated the number of positive 
stained cells for each region as described previously [19, 
20]. Microglia exhibiting phagocytic activity were defined 
as Cx3cr1+ cells containing distinct MBP⁺-stained 
myelin debris. The phagocytic capacity was quantified 
as the ratio of Cx3cr1+/MBP+ cells to the total Cx3cr1+ 
population.

For immunofluorescence images in vitro, a total of > 10 
randomly selected cells in each slide were processed to 
obtaining mean fluorescence intensity of PKCα, PKCγ, 
Fascin-1, p-Fascin-1 and Mas1. To quantify microglial 
phagocytosis, 10 randomly selected cells were collected 
and measured the fluorescence intensity of Dio-myelin 
per Phalloidin+ cell. 3 independent cultures in vitro 
were selected. All quantitative analyses were performed 
blindly.

Motor function assessments
The Basso Mouse Scale (BMS) score was used to assess 
motor function of mice at 0, 1, 3, 7, 14 and 28 dpi, with 7 
animals per group. Scores range from 0 to 9, with 0 rep-
resenting complete paralysis and 9 representing normal 
motor function. The final score for each mouse was cal-
culated as the average of the assessments conducted by 
two blinded researchers.

Footprint analysis was employed to further evaluate 
motor function recovery at 28 dpi. Fore and hind paws 
of each mouse were stained with green and red dyes, 
respectively. The stride length was determined by the 
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Fig. 1 (See legend on next page.)
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distance of the hind paws from start to finish in a step. 
The stride width was determined by the distance between 
the most lateral toes of the left and right paws. The rota-
tion of the paw was determined by the angle between 
the body midline axis and the axis of the hind paw. All 
assessments were performed over three consecutive gait 
cycles per side, with 7 animals per group. All evaluations 
were performed blindly.

Statistical analysis
The data were presented as mean ± standard deviation 
(SD). In all the bar charts, each data point represents an 
individual animal or an independent culture. Hollow data 
points represent values from male mice and solid data 
points denote female mice. One-way or two-way analy-
sis of variance (ANOVA) followed by Tukey’s post hoc 
test was used for comparisons among multiple groups. 
Student’s t test was used for comparisons between two 
groups. Data analysis and graphing were performed with 
GraphPad Prism 8.0. p < 0.05 was considered statistically 
significant.

Results
Microglial Fascin-1 knockout exacerbates neuronal loss 
and impairs locomotor function recovery after SCI
Building upon our prior findings that Fascin-1 is consis-
tently and specifically upregulated in Cx3cr1+ microglia 
after SCI, we constructed conditional Fascin-1 knock-
out in microglia (Cx3cr1cre+/−;Fascin-1fl/fl, Fascin-1 
CKO) mice to further explore the function of Fascin-1 
in microglia after SCI (Fig.  1A) [8]. Immunofluores-
cence staining confirmed the targeted ablation of Fas-
cin-1 in microglia, with rare expression of Fascin-1 at 
14 dpi (Fig. 1B; Supplemental Fig. 1A). To evaluate neu-
ronal survival, we selected 4 designated regions (Z1-Z4) 
from the rostral to caudal end and measured the num-
ber of NeuN+ cells/mm2 in each portion [19, 20]. Fas-
cin-1 CKO mice displayed a marked reduction in residual 
NeuN+ neurons within the Z1-Z4 regions compared to 
their Fascin-1fl/fl counterparts (Fig.  1C and D). Fascin-1 
CKO mice showed a significantly decreased LFB+ area 
compared with Fascin-1fl/fl mice at 28 dpi (Supplemental 
Fig. 2A and 2B). Additionally, the BMS scores of Fascin-1 
CKO mice were significantly lower at 28 dpi (Fig.  1E), 
and footprint analysis revealed worse locomotor function 

characterized by hind paws dragging, longer step widths, 
and greater paw rotations (Figs. 1F-I). These results indi-
cate that Fascin-1 is pivotal for microglial neuroprotec-
tive function in mitigating neuronal loss and facilitating 
locomotor function recovery after SCI.

Fascin-1 modulates microglial phagocytosis of Myelin 
debris after SCI
Microglia are rapidly activated to phagocytize and 
degrade myelin debris during the acute phase of SCI, 
which aids in resolving inflammation and preserving neu-
rons [21, 22]. To uncover the role of Fascin-1 in microg-
lial phagocytosis, we detected the changes in microglial 
phagocytosis of MBP+ myelin debris in the injured Fas-
cin-1 CKO mice. Immunofluorescence results showed 
that microglial phagocytosis of myelin debris, repre-
sented by Cx3cr1+MBP+ microglia, was mainly observed 
in the acute phase of SCI (1 and 3 dpi), while Fascin-1 
CKO mice exhibited a lower proportion of Cx3cr1+MBP+ 
microglia at 1, 3, and 7 dpi compared to Fascin-1fl/fl mice 
(Figs.  2A and 2B). Compared to the Wild type (WT) 
group, Cx3cr1cre+/− mice exhibited a 30% reduction in the 
phagocytic capacity of WT microglia. Meanwhile, Fas-
cin-1 CKO mice exhibited nearly a 60% loss of this capac-
ity than Cx3cr1cre+/− control (Supplemental Figs. 3A and 
3B). This suggests that Fascin-1 knockout in microglia 
impedes their phagocytosis of myelin debris after SCI. To 
corroborate these in vivo findings, we established an in 
vitro primary microglia culture system. A siRNA target-
ing Fascin-1 was transfected to knockdown Fascin-1 in 
microglia, Dio-myelin debris was added 24  h later. The 
co-localization of phalloidin-labeled microglia with Dio-
myelin showed that microglial phagocytosis of myelin 
debris increased until 3 days after induction but was 
decreased by more than 50% at 5 days (Figs. 2C and 2D), 
consistent with the in vivo findings that microglia exhib-
ited robust phagocytic capacity during the acute phase 
(1–3 dpi) but experienced phagocytosis blockade at 7 dpi 
(Figs.  2A and 2B). Importantly, low co-localization lev-
els of microglia and Dio-myelin during 0–5 d (< 10% in 
Myelin + siFascin-1 group) indicated that targeted knock-
down of Fascin-1 in microglia significantly impaired 
their phagocytosis of myelin debris (Figs.  2C and 2D; 
Supplemental Figs. 1B and 1C). These results suggest that 

(See figure on previous page.)
Fig. 1  Ablation of Fascin-1 in microglia exacerbates neuronal loss and inhibits motor recovery after SCI. (A) Pattern diagram of the construction of 
Cx3cr1cre+/−;Fascin-1fl/fl (Fascin-1 CKO) mice. (B) Immunofluorescent staining verified the knockdown efficiency of Fascin-1 (red) in Cx3cr1+ microglia 
(green) at 14 dpi. R and C represent the rostral and caudal sides of the injury, respectively. (C) Representative immunofluorescence images of GFAP+ 
astrocytes (green) and NeuN+ neurons (red) in Z1-Z4 zones adjacent to the lesion core in mice at 28 dpi. (D) Quantification of NeuN+ neurons in (C). (E) 
Behavioral testing using the BMS score was performed at 0–28 dpi. *p < 0.05, ***p < 0.001 in (D) and (E) by twoway ANOVA followed by Tukey’s post hoc 
test. (F) Footprint assays in Fascin-1fl/fl and Fascin-1 CKO mice at 28 dpi. (G-I) Quantification of Paw rotation (G), Stride length (H), and Stride width (I) in 
Footprint assays (F). Hollow data points represent values from male mice. Solid data points denote female mice. Scale bars: 100 μm (B) and (C). R and C 
represent the rostral and caudal sides of the injury respectively. Data are presented as means ± SD. n = 7 mice per group in (D), (E) and (G-I). ***p < 0.001 
in (G-I) by Student’s t test
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Fig. 2  Fascin-1 regulates microglial phagocytosis in vivo and vitro (A) Representative immunofluorescence images of Cx3cr1+ microglia (red) and MBP 
(green) at 1, 3 and 7 dpi in Fascin-1fl/fl and Fascin-1 CKO mice. White arrowheads indicate microglia phagocytosing MBP. (B) Quantification of the percent-
age of Cx3cr1+ cells containing MBP in (A). Hollow data points represent values from male mice. Solid data points denote female mice. (C) Representative 
immunofluorescence images of primary microglia (phalloidin staining, red) incubated with Dio-myelin (1 mg/ml, green) at 0–5 d in vitro. (D) Quantifica-
tion of intensity of Dio-Myelin staining/cell in (C). Scale bars: 5 μm (A) and 20 μm (C). Data are presented as means ± SD. n = 7 mice per group in (B). n = 3 
independent cultures in (D). *p < 0.05, **p < 0.01, ***p < 0.001 by twoway ANOVA followed by Tukey’s post hoc test
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Fig. 3 (See legend on next page.)
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Fascin-1 is essential for microglial phagocytosis of myelin 
debris after SCI.

Fascin-1 phosphorylation is key to enhancing microglial 
phagocytosis
The dynamic balance between Fascin-1 phosphorylation 
and dephosphorylation is critical for maintaining plasma 
membrane deformation, thereby modulating phagocy-
tosis and migration [9]. To explore whether Fascin-1 
phosphorylation modulates microglial phagocytosis, 
we assessed the expression levels of Fascin-1 and phos-
phorylated Fascin-1 (p-Fascin-1) in vivo between 1 and 
7 dpi. Immunofluorescence results showed that com-
parable expression levels of p-Fascin-1 and Fascin-1 at 
1 and 3 dpi in SCI mice, corresponding to the period of 
robust microglial phagocytosis (Figs.  3A-C). However, 
the p-Fascin-1/Fascin-1 ratio decreased by 60–70% at 7 
dpi, coinciding with reduced microglial phagocytic activ-
ity (Figs. 3A-C). Western blot analysis corroborated that 
Fascin-1 phosphorylation levels were similar at 1 and 3 
dpi but decreased by nearly 50% at 7 dpi, aligning with 
the immunofluorescence results (Figs.  3F-H). This indi-
cates a positive correlation between Fascin-1 phosphory-
lation and microglial phagocytic activity.

Fascin-1 phosphorylation is primarily driven by the 
PKC family [11, 12, 23]. To elucidate the hypothesis that 
PKC triggers Fascin-1 phosphorylation and mediates 
microglial phagocytosis, we analyzed the published tran-
scriptomic data (GSE113566) of macrophages/microg-
lia after SCI [24]. The GO/KEGG analysis showed that 
phosphorylation was a key enrichment criterion for dif-
ferentially expressed genes (DEGs) within 7 dpi (Fig. 3D). 
Further analysis of PKC subtype expression in macro-
phages/microglia for 14 dpi revealed higher levels of 
PKCα and PKCγ, with PKCγ exhibiting more pronounced 
changes (Fig. 3E). Western blot results indicated that the 
expression level of PKCγ peaked at 3 dpi but significantly 
decreased at 7 dpi, while PKCα expression remained 
unchanged from 1 to 7 dpi (Figs. 3F-H). We further veri-
fied these findings in an in vitro microglia culture sys-
tem with myelin debris induction. Immunofluorescence 
results showed significantly higher PKCγ expression 
compared to PKCα during the period of robust microg-
lial phagocytosis at 1 and 3 days after induction, but the 
expression of PKCγ was decreased by nearly 50% at 5 

days (Figs.  4A and 4B). Immunofluorescence and west-
ern blot results further confirmed that p-Fascin-1/Fas-
cin-1 ratio and PKCγ expression were upregulated at 
1 and 3 days but significantly downregulated at 5 days 
post-induction (Figs.  4C-G). These results suggest that 
the balance of Fascin-1 phosphorylation, particularly 
the elevation of p-Fascin-1/Fascin-1 ratio, contributes to 
microglial phagocytosis, with PKCγ as a major kinase for 
Fascin-1 phosphorylation.

Targeting PKCγ activation promotes Fascin-1 
phosphorylation and enhances microglial phagocytosis
Considering the decreased phagocytosis of myelin 
debris by microglia at 5 d, accompanied by a significant 
decrease in p-Fascin-1 and PKCγ, we administered the 
TPA to activate the PKCγ pathway in primary microglia 
at days 0 and 5 in vitro to explore the role of PKCγ in Fas-
cin-1 phosphorylation and microglial phagocytosis. At 5 
days after myelin debris induction, immunofluorescence 
results showed that TPA efficiently activated the phos-
phorylation of Fascin-1, accompanied by the enhance-
ment of microglial engulfment of myelin debris (Figs. 5A, 
5C, 5D and 5E). Western blot showed that the expression 
of p-Fascin-1 and p-PKCγ was significantly increased at 
5 days after myelin debris induction in vitro, further sug-
gesting that PKCγ activated by TPA in microglia pro-
moted Fascin-1 phosphorylation (Figs.  5A, 5B, 5F, 5G 
and 5H). These findings indicate that targeting PKCγ 
activation can promote Fascin-1 phosphorylation and 
rescue microglial phagocytosis blockade.

Mas1 is an upstream signaling molecule in the PKC/
Fascin-1 pathway regulating microglial phagocytosis
G protein-coupled receptors are well-established 
upstream signaling molecules that activate various PKC 
subtypes [25, 26]. To further explore the upstream reg-
ulatory molecules of PKCγ that mediate Fascin-1 phos-
phorylation, we analyzed the transcriptomic data of 
macrophages/microglia after SCI, focusing on G pro-
tein-coupled receptors [24]. The data revealed that Mas1 
exhibited the highest fold change among 24 examined G 
protein-coupled receptors at 3 dpi (Figs.  6A). Immuno-
fluorescence staining of the injured spinal cord showed 
that Mas1 was highly colocalized with Cx3cr1+ microg-
lia, with Cx3cr1+Mas1+ microglia accounting for up to 

(See figure on previous page.)
Fig. 3  Impaired microglial phagocytosis is accompanied by downregulation of Fascin-1 phosphorylation in vivo (A) Representative immunofluorescence 
images of p-Fascin-1 (red) and Fascin-1 (green) at 1, 3, and 7 dpi in WT mice. (B) Quantification of Mean Fluorescent Intensity (MFI) for p-Fascin-1 and 
Fascin-1 at 1, 3, and 7 dpi in WT mice. Hollow data points represent values from male mice. Solid data points denote female mice. (C) Quantification of 
p-Fascin-1/Fascin-1 in (A). (D) Gene ontology (GO) analysis of the published transcriptomic data (GSE113566) depicts the top 10 functional categories 
of differentially expressed genes in macrophages/microglia after SCI. (E) Bar graph of the average expression levels of PKC family members at 0–14 dpi 
in macrophages/microglia. (F) Western blot analysis of Fascin-1, p-Fascin-1, PKCα and PKCγ at 1, 3, and 7 dpi in WT mice. (G) Quantification of Fascin-1, 
p-Fascin-1, PKCα and PKCγ at 1, 3, and 7 dpi in WT mice (relative to GAPDH expression) in (F). (H) Quantification of p-Fascin-1/Fascin-1 in (F). Scale bar: 
10 μm (A). Data are presented as means ± SD. n = 7 mice per group in (B) and (C). n = 3 mice per group in (G) and (H). *p < 0.05, **p < 0.01 by oneway ANOVA 
followed by Tukey’s post hoc test
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Fig. 4  The change trend of Fascin-1 phosphorylation during microglial phagocytosis in vitro. (A) Representative immunofluorescence images of PKCα 
(red) and PKCγ (green) in primary microglia incubated with myelin (1 mg/ml) at 0–5 d. (B) Quantification of MFI for Fascin-1, p-Fascin-1, PKCα and PKCγ 
at 0–5 d. (C) Representative immunofluorescence images of p-Fascin-1 (red) and Fascin-1 (green) in primary microglia incubated with myelin (1 mg/ml) 
at 0–5 d. (D) Quantification of p-Fascin-1/Fascin-1 in (C). (E) Western blot analysis of Fascin-1, p-Fascin-1, PKCα and PKCγ in primary microglia incubated 
with myelin (1 mg/ml) at 0–5 d. (F) Quantification of Fascin-1, p-Fascin-1, PKCα and PKCγ at 0–5 d (relative to GAPDH expression) in (E). (G) Quantification 
of p-Fascin-1/Fascin-1 in (E). Scale bars: 20 μm (A) and (C). Data are presented as means ± SD. n = 3 independent cultures in (B), (D), (F), and (G). *p < 0.05, 
**p < 0.01, ***p < 0.001 by oneway ANOVA followed by Tukey’s post hoc test
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Fig. 5  Upregulation of Fascin-1 phosphorylation partially restores microglial phagocytosis in primary microglia in vitro. (A) Representative immunocyto-
chemistry images of p-Fascin-1 (red), Fascin-1 (green) and primary microglia (phalloidin staining, red) incubated with Dio-myelin (1 mg/ml, green) at 0 or 
5 d in primary microglia treated with or without TPA (10 ng/ml, an agonist of PKCγ). (B) Western blot analysis of Fascin-1, p-Fascin-1, PKCγ and p-PKCγ in 
primary microglia incubated with myelin (1 mg/ml) at 0 or 5 d treated with or without TPA (10 ng/ml). (C) Quantification of MFI for p-Fascin-1, Fascin-1 at 
0 or 5 d in primary microglia treated with or without TPA (10 ng/ml) in (A). (D) Quantification of p-Fascin-1/ Fascin-1 in (A). (E) Quantification of intensity 
of Dio-Myelin staining/cell in (A). (F) Quantification of Fascin-1, p-Fascin-1, PKCγ and p-PKCγ in primary microglia incubated with myelin (1 mg/ml) at 0 
or 5 d treated with or without TPA (10 ng/ml) (relative to GAPDH expression) in (B). (G) Quantification of p-Fascin-1/Fascin-1 in (B). (H) Quantification of 
p-PKCγ/PKCγ in (B). Scale bar: 20 μm (A). Data are presented as means ± SD. n = 3 independent cultures in (B-H). *p < 0.05, **p < 0.01, ***p < 0.001 by oneway 
ANOVA followed by Tukey’s post hoc test
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Fig. 6 (See legend on next page.)
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60% of Cx3cr1+ microglia in the uninjured spinal cord. 
Approximately 40% of Cx3cr1+ microglia expressed Mas1 
at 3 dpi, while this proportion declined to less than 15%, 
coinciding with microglial phagocytosis blockage at 7 dpi 
(Figs. 6B and 6D). Western blot results showed that the 
expression of Mas1 was upregulated at 3 dpi but down-
regulated significantly at 7 dpi (Figs. 6C and 6G). These 
results indicated a positive correlation between Mas1 
levels and the phagocytic capacity of microglia. Further-
more, both immunofluorescence and western blot analy-
ses confirmed that Mas1 expression was upregulated at 
1 and 3 days but downregulated significantly at 5 days 
after myelin debris induction in vitro (Figs.  6E, 6F, 6H 
and 6I). The above results suggest that Mas1 may be a key 
upstream molecule regulating microglial phagocytosis 
after SCI.

To further confirm whether Mas1 mediates microg-
lial phagocytosis through the PKC/Fascin-1 pathway, we 
employed the Mas1 agonist captopril to activate Mas1 
and the PKCγ inhibitor BIM to inhibit the activation of 
the PKC/Fascin-1 pathway induced by Mas1 in vitro [27]. 
Immunofluorescence results showed that captopril sig-
nificantly activated the Mas1/PKCγ pathway, promoted 
Fascin-1 phosphorylation, and enhanced microglial 
engulfment of myelin debris before and after 5 days of 
myelin debris induction (Figs. 7A-D and 7F). Importantly, 
compared with the captopril group, inhibition of PKCγ 
by BIM significantly hindered Fascin-1 phosphorylation 
and microglial phagocytosis (Fig. 7A-D and F). The quan-
titative analysis of western blot showed consistent results 
with the above immunocytochemistry data (Figs. 7E, 7G 
and 7H). In conclusion, these results indicate that Mas1 
is an upstream molecule positively regulating the PKC/
Fascin-1 pathway and mediating microglial phagocytosis.

Modulating Fascin-1 phosphorylation for neuroprotection 
and locomotor function recovery after SCI
To explore the therapeutic potential of targeting Fascin-1 
phosphorylation post-SCI, we administered daily intra-
peritoneal injections of captopril in SCI mice to activate 
the PKCγ/Fascin-1 pathway, thereby modulating the 
balance of Fascin-1 phosphorylation in vivo. Immuno-
fluorescence results showed that the number of NeuN+ 
neurons in the Z1-Z4 region of injured spinal cord at 28 

dpi was higher in mice received captopril treatment, as 
compared to the control group (Figs. 8A-C). LFB staining 
results indicated that a greater demyelinated lesion area 
in control mice than in captopril treated mice at 28 dpi 
(Supplemental Figs.  2C and 2D). Additionally, the mice 
in captopril group achieved better hindlimb locomotor 
function at 28 dpi, corresponding to higher BMS scores 
(Fig.  8D). Footprint analysis further showed that the 
captopril-treated mice had longer stride lengths, shorter 
stride widths and smaller paw rotation angles at 28 dpi, 
indicating improved locomotor function (Figs. 8E-H). In 
conclusion, these findings suggest that modulating the 
balance of Fascin-1 phosphorylation by activating the 
Mas1/PKCγ/Fascin-1 pathway is a potential strategy for 
SCI treatment (Fig. 9).

Discussion
Microglia play a pivotal role in promoting tissue repair by 
efficiently clearing myelin debris during the acute phase 
after SCI [4–6]. Our previous investigation identified a 
specific upregulation of Fascin-1 in microglia after SCI 
[8]. In this study, we utilized Fascin-1 CKO mice sub-
jected to a spinal cord crush injury model to elucidate the 
functional significance of Fascin-1 in microglial phago-
cytosis. Our findings underscore that Fascin-1 abla-
tion in microglia exacerbates neuronal loss and impedes 
neurological recovery after SCI. We highlight that the 
actin-binding protein Fascin-1 in modulating microg-
lial function, particularly by enhancing the phagocyto-
sis of myelin debris in a time dependent manner, thus 
implicating Fascin-1 as indispensable for the generation 
of microglial responses to myelin debris. Mechanisti-
cally, our results reveal that the phagocytic activity of 
microglia is governed by the phosphorylation of Fascin-1, 
orchestrated downstream of the Mas1/PKCγ signaling 
axis. Notably, pharmacological intervention targeting 
the Mas1/PKCγ axis with captopril effectively restores 
the balance of Fascin-1 phosphorylation and microglial 
phagocytosis, consequently ameliorating neuronal loss 
and promoting neurological recovery after SCI. Col-
lectively, our study elucidates a molecular mechanism 
involving dynamic Fascin-1 phosphorylation in the regu-
lation of microglial phagocytosis.

(See figure on previous page.)
Fig. 6  Impaired microglial phagocytosis was accompanied by downregulation of Mas1 in vivo (A) Bar graph of the average expression levels of G protein-
coupled receptor family members at 3 dpi and 7 dpi in macrophages/microglia after SCI transcriptomic data (GSE113566). (B) Representative immuno-
fluorescence images of Cx3cr1+ microglia (red), Mas1 (green) at 0–7 dpi in WT mice. The lesion core is marked with asterisks (*). (C) Western blot analysis 
of Mas1 at 0–7 dpi in WT mice. (D) Quantification of Cx3cr1+MBP+ microglia numbers at 0–7 dpi in WT mice. Hollow data points represent values from 
male mice. Solid data points denote female mice. (E) Representative immunofluorescence images of Mas1 in primary microglia incubated with myelin 
(1 mg/ml) at 0–5 d. (F) Western blot analysis of Mas1 in primary microglia incubated with myelin (1 mg/ml) at 0–5 d. (G) Quantification of Mas1 in primary 
microglia incubated with myelin (1 mg/ml) at 0–5 d (relative to GAPDH expression) in (C). (H) Quantification of Mas1 in primary microglia incubated with 
myelin (1 mg/ml) at 0–5 d (relative to GAPDH expression) in (F). (I) Quantification of MFI for Mas1 in primary microglia incubated with myelin (1 mg/ml) at 
0–5 d in (E). Scale bar: 50 μm (B) and 20 μm (E). Data are presented as means ± SD. n = 7 mice per group in (D). n = 3 independent cultures in (G-I). *p < 0.05, 
**p < 0.01, ***p < 0.001 by oneway ANOVA followed by Tukey’s post hoc test
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Fig. 7 (See legend on next page.)
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Axonal rupture and subsequent demyelination lead 
to the accumulation of abundant myelin debris within 
and around the injury core after SCI [28]. Myelin debris 
increases dramatically in the first week and persists in the 
spinal cord microenvironment for an extended period 
[4, 29]. Previous research has implicated the abnormal 
buildup of myelin debris in various detrimental effects, 
including the inhibition of axonal regeneration, sup-
pression of oligodendrocyte maturation, induction of 
pro-inflammatory cytokine release, and exacerbation of 
macrophage infiltration [2, 3, 30, 31]. Microglia respond 
promptly to the presence of myelin debris within 24  h, 
engaging in direct interactions with damaged axons and 
emerging as the predominant phagocytic cell at 3 dpi [4]. 
Notably, microglia exhibit nearly five times the myelin 
debris engulfment rate compared to macrophages at 3 
dpi. However, less than 5% of microglia contained myelin 
debris at 7 dpi. This mirrors the results from our study. 
Microglia exhibit robust phagocytic activity in the early 
injury stage without transforming into foamy cells. How-
ever, during the initial week post-injury, microglia appear 
to experience phagocytosis blockage. Subsequently, 
macrophages gradually replace microglia as the main 
phagocytic cells. Phagocytosis of myelin debris by foamy 
macrophages triggers the release of pro-inflammatory 
cytokines, exacerbating neuroinflammatory responses. 
Therefore, microglial phagocytosis of myelin debris is 
critical for SCI repair. Understanding the key regula-
tory mechanisms of microglial phagocytosis explored in 
this study would be beneficial to ameliorate microglial 
phagocytosis blockage, thereby alleviating local inflam-
mation after injury and inhibiting the formation of foamy 
macrophages.

As a critical actin-binding protein, Fascin-1 regu-
lates cell migration, invasion, and adhesion. Our previ-
ous studies indicated that Fascin-1 is predominantly 
expressed in microglia following SCI, with negligible 
expression in oligodendrocytes and macrophages [8]. 
Upon microglial activation, Fascin-1 expression was 
consistently upregulated but did not exhibit a signifi-
cant association with microglial M1 pro-inflammatory 
and M2 anti-inflammatory phenotypes. Elevated levels 
of Fascin-1 facilitated microglial migration, contributing 

to scar formation around the injured region and enhanc-
ing recovery of motor function [32]. Our subsequent 
research confirmed that Fascin-1 limits myosin activity in 
microglia, thereby regulating the mechanical properties 
of the injured spinal cord. Given the role of microglial 
scar formation in facilitating tissue repair following SCI, 
coupled with the ability of Fascin-1 to promote microg-
lial migration, we present novel evidence showing that 
specific deletion of Fascin-1 in microglia disrupts the 
spatial organization of CD68+ microglia/macrophages 
at the injury site [10]. This disruption leads to a greater 
dispersion of microglia/macrophages across the lesion 
area rather than their aggregation at the injury core, 
highlighting a critical role of Fascin-1 in maintaining the 
localized accumulation of microglia/macrophages nec-
essary for effective injury response and repair Despite 
low expression in macrophages and monocytes post-
SCI, Cx3cr1cre mice have been demonstrated as effective 
tools for genetic manipulation specifically in microglia 
[5, 33]. Leveraging this, we conducted the Fascin-1 CKO 
mice to investigate the function of Fascin-1 in microglia 
in this study. Our findings demonstrated that Fascin-1 
deficiency in microglia dramatically exacerbated neuro-
nal loss at the site of injury and impaired hind limb swing 
function, underscoring the beneficial role of microglial 
Fascin-1 in rapid response and pathology mitigation after 
SCI. Further investigation into microglial phagocytic 
capacity revealed that the absence of Fascin-1 in microg-
lia inhibited the engulfment of myelin debris both in vivo 
and in vitro. These results collectively suggest that the 
protective function of microglia during the initial week 
post-SCI may be attributable to Fascin-1.

The role of Fascin-1 in maintaining actin polymeriza-
tion and depolymerization hinges on the delicate bal-
ance of Fascin-1 phosphorylation. Notably, the Ser-39 
residue within the Fascin-1 sequence serves as a piv-
otal phosphorylation site, where active PKCα or PKCγ 
directly engages with Ser-39 via the C1B domain of the 
PKC regulatory region [34]. Furthermore, the dynamic 
interplay between Fascin-1 and PKC is prominently 
observed within cellular protrusions and filopodia dur-
ing cell migration, with the efficacy of these interactions 
contingent upon Fascin-1 phosphorylation status and 

(See figure on previous page.)
Fig. 7  Mas1 could be the upstream receptor to restore partial microglial phagocytosis in vitro (A) Representative immunofluorescence images of Mas1 
(red) at 0 or 5 d in primary microglia incubated with myelin (1 mg/ml) treated with captopril (22 µg/ml, a Mas1 receptor agonist) or BIM (25 µg/ml, a 
inhibitor of PKCγ). (B) Representative immunofluorescence images of Fascin-1 (red), p-Fascin-1 (green) and primary microglia (phalloidin staining, red) 
incubated with Dio-myelin (1 mg/ml, green) at 0 or 5d in primary microglia incubated with myelin (1 mg/ml) treated with captopril (22 µg/ml, a Mas1 
receptor agonist) or BIM (25 µg/ml, a inhibitor of PKCγ). (C) Quantification of p-Fascin-1/Fascin-1 in (B). (D) Quantification of intensity of Dio-Myelin stain-
ing/cell at 0 or 5 d in primary microglia with captopril or BIM treatment. (E) Western blot analysis of Mas1, PKCγ, p-PKCγ, Fascin-1 and p-Fascin-1 at 0 or 
5 d in primary microglia with captopril or BIM treatment. (F) Quantification of MFI for Mas1, PKCγ, p-PKCγ, Fascin-1 and p-Fascin-1 at 0 or 5 d in primary 
microglia with captopril or BIM treatment in (A) and (B). (G) Quantification of Mas1, PKCγ, p-PKCγ, Fascin-1 and p-Fascin-1 at 0 or 5 d in primary microglia 
with captopril or BIM treatment (relative to GAPDH expression) in (E). (H) Quantification of p-PKCγ/PKCγ in (E). (I) Quantification of p-Fascin-1/Fascin-1 in 
(E). Scale bar: 20 μm (A) and (B). Data are presented as means ± SD. n = 3 independent cultures in (C), (D), (F), and (G-I). *p < 0.05, **p < 0.01, ***p < 0.001 by 
oneway ANOVA followed by Tukey’s post hoc test
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PKC activity [23]. Sema5A induces PKC phosphorylation 
of fascin-1, thereby reducing its actin-binding/bundling 
activity to inhibit cell migration and invasion in human 
gliomas [13]. Remarkably, pharmacological inhibition 

of PKC activity with BIM leads to notable alterations in 
cellular morphology, characterized by shortened and 
rigid filopodia, concomitant with enhanced cell migra-
tion [23]. These effects are accompanied by a discernible 

Fig. 8  Intraperitoneal injection of captopril protected residual neurons and promotes locomotor recovery after SCI (A) Mice were injected intraperitone-
ally with captopril (39 mg/kg) or the control solvent immediately after surgery until 28 dpi. (B) Representative immunofluorescence images of GFAP+ 
astrocytes (green) and NeuN+ neurons (red) in Z1-Z4 zones adjacent to the lesion core in mice treated with or without captopril (39 mg/kg) at 28 dpi. R 
and C represent the rostral and caudal sides of the injury respectively. (C) Quantification of NeuN+ neurons numbers in (B). (D) Behavioral testing using 
the BMS score was performed at 0–28 dpi in mice treated with or without captopril (39 mg/kg). *p < 0.05, **p < 0.01, ***p < 0.001 in (C) and (D) by twoway 
ANOVA followed by Tukey’s post hoc test. (E) Footprint assays in mice treated with or without captopril (39 mg/kg) at 28 dpi. (F-H) Quantification of Paw 
rotation (F) Stride length (G) Stride width (H) in Footprint assays. Hollow data points represent values from male mice. Solid data points denote female 
mice. Scale bars: 100 μm (B). Data are presented as means ± SD. n = 7 mice per group in (C-H). *p < 0.05, **p < 0.01, ***p < 0.001 in (F-H) by Student’s t test
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modulation of the balance of Fascin-1 phosphorylation, 
underscoring the regulatory significance of Fascin-1 
phosphorylation in governing cellular dynamics. In this 
study, we found that the phosphorylation level of Fas-
cin-1 gradually decreased during the first week after SCI, 
hinting at a potential correlation between the dimin-
ished phagocytic capacity of microglial cells and the 
perturbation in Fascin-1 phosphorylation. Notably, we 
unveiled concomitant alterations in PKCγ levels at both 

transcriptional and protein levels, suggesting a coordi-
nated regulation with Fascin-1 phosphorylation dynam-
ics. Importantly, activating PKCγ using TPA in primary 
microglia promoted Fascin-1 phosphorylation and 
enhanced microglial phagocytosis. This implicates PKCγ 
as a pivotal kinase orchestrating Fascin-1 phosphoryla-
tion in microglial phagocytosis. We are further explor-
ing more pharmacological agents that might influence 
Fascin-1 phosphorylation in our study. Future research 

Fig. 9  The function of the balance of Fascin-1 phosphorylation in modulating microglial phagocytosis following SCI. Microglia has extremely robust 
phagocytic activity in early injury stage (3 dpi), but appears phagocytosis blockage in subacute stage (7 dpi). Pharmacological intervention targeting the 
Mas1/PKCγ axis with captopril effectively restores the balance of Fascin-1 phosphorylation and microglial phagocytosis
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should concentrate on elucidating the molecular mecha-
nisms underlying Fascin-1 phosphorylation by specifi-
cally targeting the phosphorylation site of Fascin-1 and 
examining the protein expression of PKCγ.

The surface of microglia is rich in G protein-coupled 
receptors, which assist in recognizing cellular debris 
and initiating the phagocytic process, thereby expedit-
ing clearance and neuroprotection [35, 36]. G protein-
coupled receptors represent classical upstream receptors 
that regulate PKC function [37]. In this study, we ana-
lyzed transcriptomic data of microglia/macrophages 
after SCI and found that Mas1 was the G protein-cou-
pled receptor with the most significant expression level 
changes between 3 and 7 dpi. Further investigation of 
Mas1 expression after SCI and in vitro microglial phago-
cytosis model revealed that a correlation with microglial 
phagocytic ability. In our in vitro model, activation of 
Mas1 combined with inhibition of PKCγ revealed that 
the Mas1/PKCγ axis regulated Fascin-1 phosphorylation, 
thereby promoting microglial phagocytosis. This under-
scores Mas1 as a pivotal regulator in promoting microg-
lial Fascin-1 phosphorylation to augment phagocytic 
activity. Captopril, an agonist of Mas1, has been used in 
the treatment of neurological and psychiatric disorders 
[38]. In the murine lupus model, intraperitoneal admin-
istration of Captopril reduced hippocampal and cerebral 
cortex levels of C3 and IgG, ameliorating intracerebral 
inflammation [39]. Our findings underscore the poten-
tial of Captopril in salvaging Fascin-1 phosphorylation 
in microglia, thereby safeguarding residual neurons and 
fostering locomotor recuperation. It should be acknowl-
edged that Mas1 is not solely expressed in Cx3cr1+ 
microglia, implying potential involvement of other cell 
types. Notably, the influence on the regulation of vascu-
lar endothelial cells and revascularization in the spinal 
cord microenvironment might be a significant contribu-
tor to the recovery of motor function in mice after SCI. 
Consequently, the beneficial effects of captopril on spinal 
cord injury (SCI) extend beyond its impact on Fascin-1 
phosphorylation and the intricate molecular processes 
involved warrant extensive exploration. Further inqui-
ries are warranted to delineate the cellular distribution of 
Mas1 and ascertain the most efficacious administration 
route. These endeavors will provide crucial insights into 
the precise mechanisms underpinning the therapeutic 
effects of Captopril and optimize its clinical translation 
for SCI treatment.

In summary, our study elucidates the pivotal role of 
Fascin-1 phosphorylation in governing microglial phago-
cytosis after SCI, confirming the significance of the 
Mas1/PKCγ axis in modulating this phosphorylation 
balance. Targeting the activation of the Mas1/PKCγ axis 
emerges as a promising therapeutic strategy for preserv-
ing residual neurons and fostering locomotor function 

recovery following SCI. These findings shed light on 
potential avenues for SCI intervention, emphasizing the 
importance of precise molecular regulation in maintain-
ing the balance of Fascin-1 phosphorylation to promote 
neuroprotection and functional restoration.

Limitations of the study part
In this study, the Cx3cr1cre+/− mouse line was used to 
achieve microglia-specific knockdown of Fascin-1. In 
addition to microglia, this mouse line also affects peri-
vascular and blood-derived macrophages which express 
Cx3cr1 [40]. Cx3cr1cre+/− mice have a minimal probability 
of leakage into neurons [41]. Our investigation concen-
trated on microglial phagocytosis during in vivo experi-
ments conducted from 1 to 7 dpi, as prior studies have 
indicated that macrophages are not yet the predominant 
phagocytic cells within the microenvironment during 
this time window [4]. Our previous studies have shown 
that the proportion of cells other than microglia express-
ing Fascin-1 is exceptionally low, which partly supports 
the reliability of our model [8]. Therefore, Cx3cr1cre 
mice remain a crucial tool for the specific targeting of 
microglial cells. In the context of microglial phagocytosis, 
Cx3cr1 has been widely recognized in previous studies as 
a key microglial marker. Cx3cr1 functions as a receptor 
that significantly influences phagocytic activity. It plays 
an integral role in the communication between microg-
lia and neurons, with its signaling pathways modulating 
the microglial response to injury and disease. By regulat-
ing the recruitment and activation of microglia, Cx3cr1 
impacts their ability to engulf and clear cellular debris, 
pathogens, and other harmful substances within the 
CNS [42, 43]. The genotype of the transgenic mice used 
in our research was Cx3cr1cre+/−;Fascin-1fl/fl, with a par-
tial knockout of Cx3cr1, which may result in partially 
impaired microglial phagocytosis. Controls including 
Cx3cr1cre+/− and Fascin-1fl/fl are provided in Supplemen-
tary Fig. 3 and the results indicate that Fascin-1 ablation 
is critical for the impairment of microglial phagocytosis. 
However, we cannot entirely exclude the possibility that 
Cx3cr1 deletion may have an interfering or synergistic 
effect on Fascin-1 deficiency. Therefore, it is important 
to acknowledge the limitations associated with the use of 
Cx3cr1cre+/− mice in this study. Further research is neces-
sary to establish Tmem119 [2] or Hexbcre mouse line that 
would allow for the specific elimination of Fascin-1 in 
microglia.
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