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Abstract
Background  The traumatic spinal cord injury (SCI) can cause immediate multi-faceted function loss or paralysis. 
Microglia, as one of tissue resident macrophages, has been reported to play a critical role in regulating inflammation 
response during SCI processes. And transplantation with M2 microglia into SCI mice promotes recovery of motor 
function. However, the M2 microglia can be easily re-educated and changed their phenotype due to the stimuli of 
tissue microenvironment. This study aimed to find a way to maintain the function of M2 microglia, which could exert 
an anti-inflammatory and pro-repair role, and further promote the repair of spinal cord injury.

Methods  To establish a standard murine spinal cord clip compression model using Dumont tying forceps. Using 
FACS, to sort microglia from C57BL/6 mice or CX3CR1GFP mice, and further culture them in vitro with different 
macrophage polarized medium. Also, to isolate primary microglia using density gradient centrifugation with the 
neonatal mice. To transfect miR-145a-5p into M2 microglia by Lipofectamine2000, and inject miR-145a-5p modified 
M2 microglia into the lesion sites of spinal cord for cell transplanted therapy. To evaluate the recovery of motor 
function in SCI mice through behavior analysis, immunofluorescence or histochemistry staining, Western blot and 
qRT-PCR detection. Application of reporter assay and molecular biology experiments to reveal the mechanism of miR-
145a-5p modified M2 microglia therapy on SCI mice.

Results  With in vitro experiments, we found that miR-145a-5p was highly expressed in M2 microglia, and miR-
145a-5p overexpression could suppress M1 while promote M2 microglia polarization. And then delivery of miR-
145a-5p overexpressed M2 microglia into the injured spinal cord area significantly accelerated locomotive recovery 
as well as prevented glia scar formation and neuron damage in mice, which was even better than M2 microglia 
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Introduction
Traumatic spinal cord injury is a common neurologic 
insult worldwide that results in the loss of sensation, 
motor, and autonomic function. The SCI has been prev-
alence over the past 30 years, and the incidence rate 
ranges from 236 to 1298 patients per million in different 
countries [1]. Although the surgical decompensation is 
the most effective treatment till now, the recovery is still 
limited by neuroinflammatory response that resulted 
from the disruption of blood spinal cord barrier and 
further damage from secondary injury [2–4]. There-
fore, exploring the underlying mechanisms of regulating 
inflammatory response during SCI should be very useful 
for developing new therapy strategies.

The first inflammation wave at the initial stage of SCI 
is caused by activated neutrophil that can migrate to the 
injury site. Subsequently, tissue resident microglia and 
lymphocytes as well as monocyte-derived macrophages 
are recruited, activated and released inflammatory 

factors, such as tumor necrosis factor-α (TNF-α) and 
interleukin-1β (IL-1β), leading to the enhanced inflam-
matory response that further promotes the formation 
of syringomyelia and glia scar as well as neurological 
dysfunction [5–7]. Notably, microglia, as issue resident 
macrophages in the central nervous system, agitates 
widespread inflammatory response at the different 
phase of SCI. In the acute phase, microglia polarized to 
the classically activated microglia (M1) secreting the 
high level of inducible nitric oxide synthase (iNOS) and 
pro-inflammatory mediators, such as TNF-α, IL-1β and 
interleukin-6 (IL-6) to promote inflammatory response 
and tissue disruption. In the chronic phase, alterna-
tively activated microglia (M2) express the high level of 
arginase1 (Arg1), mannose receptor (MR, CD206), and 
other growth factors including transforming growth 
factor-β (TGF-β) and insulin-like factor1 (IGF1), to 
halt excessive inflammatory responses and promote the 
repair of the injured spinal cord [8, 9]. Thereby, targeting 

transplantation. Further mechanisms showed that overexpressed miR-145a-5p in microglia inhibited the inflammatory 
response and maintained M2 macrophage phenotype by targeting TLR4/NF-κB signaling.

Conclusions  These findings indicate that transplantation of miR-145a-5p modified M2 microglia has more 
therapeutic potential for SCI than M2 microglia transplantation from epigenetic perspective.
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different polarized microglia should be a new strategy 
for SCI therapy. Recently, many efforts have been made 
to attenuate inflammation after SCI by blocking different 
microglia activity [8]. Noteworthy, Kobashi et al. report 
that transplantation of interleukin-4  (IL-4) induced M2 
microglia can promote recovery of motor function in 
murine SCI model [10], suggesting that cell therapy with 
optimized microglial phenotype might be a potential ave-
nue for SCI treatment. However, our and other’s studies 
have shown that M2 polarized macrophages easily switch 
their phenotype with the various stimuli under patho-
logical microenvironment [11–13]. Therefore, to memory 
the status of transplanted M2 microglia for effective SCI 
therapy needs to be further investigated.

Many studies have reported that miRNAs regulate 
M1/M2 macrophage/microglia polarization and main-
tain their polarization state [14, 15]. microRNAs (miR-
NAs) are ~ 22 nt small endogenous noncoding RNAs 
that induce the decay of mRNA and translational sup-
pression through the interaction with the complemen-
tary sequences in the 3’-untranslated region (3’-UTR) 
of target gene [16]. In order to find the potential miRNA 
candidates for memorizing M2 polarized status, we 
took advantage of miRNAs database combined with 
the literatures [17, 18], and screened out miR-145a-5p 
as a key miRNA on regulating M2 macrophage polar-
ization [19–21]. After that, microglia were transfected 
with miR-145a-5p followed with the LPS + IFN-γ or IL-4 
stimulation, the results showed that miR-145a-5p indeed 
promoted M2 while inhibited M1 microglia polarization. 
Accordingly, miR-145a-5p modified M2 microglia were 
administrated into the SCI mice, and a series of experi-
ments were performed and demonstrated that transplan-
tation of miR-145a-5p overexpressed M2 microglia could 
enhance the injured spinal cord recovery and reduce 
neuron damage by suppressing inflammatory response 
through targeting TLR4/NF-κB signaling.

Materials and methods
Mice
Animal experiments were conducted with male mice on 
C57BL/6 background (18–20  g, 6-8wks). In some case 
CX3CR1GFP transgenic mice (stock#005582, Jackson 
Laboratory, Bar Harbor, ME, USA) were used for tracing 
CX3CR1+ microglia. All mice were housed under specific 
pathogen-free (SPF) conditions, and maintained in sepa-
rate cages on a 12/12hr light/dark cycle at 21 ± 2  °C and 
50% relative humidly as well as were free access to food 
and water at all time. The mouse genotype was detected 
by PCR with genomic DNA extracted from mouse tail. 
All primers were listed in Table S1.

All animal experiments were approved by the Animal 
Experiment Administration Committee of Fourth Mili-
tary Medical University. All animal manipulations were 

performed in accordance with the National Institutes of 
Health Guide for the Care and Use of Laboratory Ani-
mals (NIH Publications, eighth edition) revised in 2012, 
and all efforts were made to minimize animal numbers 
and their sufferings.

Primary microglia isolation and cell culture
In order to analyze the contribution of tissue-resident 
macrophages during SCI, primary microglia were iso-
lated according to the reported method with a little 
modification [22]. The neonatal mice were immersed 
into 75% alcohol for 5 min in order to disinfect fully, and 
then were decapitated. The skull and meningeal were cut 
out from their brains with ophthalmic scissors and twee-
zers, and the cerebral cortex was diced up using a flamed 
razor blade to ensure no tissue chunks remained. To add 
trypsin-EDTA solution (0.25%:0.02%, C0201, Beyotime, 
China) into the shredded tissue and incubate them in the 
37℃ incubators for 20 min for complete digestion. Then, 
the cells were seeded into a 75 cm flask, and cultured with 
Dulbecco’s modified Eagle’s medium (DMEM, 11965092, 
Gibco, USA) containing 10% fetal bovine serum (FBS) 
and 2 mmol/L L-glutamine, supplemented with 10% pen-
icillin-streptomycin (C0222, Beyotime, China) and 20 ng/
mL Macrophage Colony Stimulating Factor (M-CSF) in a 
5% CO2 incubator at 37℃. After 14 days, the mixed cells 
were separated at 200 rpm for 4 h and the microglia were 
cultured in cell plate overnight.

Microglia polarization and cell transfection
Primary microglia and BV2 cells (microglia cell line) were 
cultured in DMEM with 10% FBS plus 2 mmol/L L-glu-
tamine, respectively. Primary microglia or BV2 cells were 
stimulated with LPS (50 ng/mL, Sigma, St. Louis, MO, 
USA) and IFN-γ (20 ng/mL, PeproTech, Rocky Hill, USA) 
or IL-4 (20 ng/mL, PeproTech) for 24 h to induce M1 or 
M2 polarized microglia. Cells were transfected with syn-
thetic miR-145a-5p mimics or antisense oligonucleotides 
(ASO) (RiboBio Biotech, Guangzhou, China), and siRNA 
against TLR4 or control oligoribonucleotides (Ctrl) using 
Lipofectamine 2000(Invitrogen, USA), respectively. The 
sequences of miR-145a-5p and siRNA against TLR4 were 
shown in Table S1.

Reporter assay
The 3’-UTR of TLR4 was amplified using a mouse cDNA 
library as a template, and point mutations were also gen-
erated by PCR. The PCR primers were listed in Table S1. 
Wild-type or mutant 3’-UTR fragments of TLR4 were 
inserted into the pGL3-promoter (Promega, Madison, 
WI, USA) to generate reporter plasmids. HEK293T cells 
were seeded to 48-well plates overnight, and then trans-
fected with different combinations containing reporter 
plasmids and miRNA using Lipofectamine 2000 reagent, 
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with a Renilla luciferase vector (phRL-TK, Promega) as 
an internal control. Cells were harvested 24–48  h after 
transfection, and the relative luciferase activity was mea-
sured with the Dual Luciferase Reporter Assay System 
(Promega, Madison, WI, USA).

In vivo cell therapy for SCI mice
Mice were anesthetized with sodium pentobarbital 
(80 mg/kg, intraperitoneally). Then, the hair was removed 
from their dorsal and the surrounding skin was disin-
fected with 70% ethanol. Bilateral laminectomy of verte-
brae T9 was performed to expose the spinal cord without 
damaging the dura. The clip compression model was 
adopted to induce spinal cord injury (SCI) using modi-
fied Domont type forceps as described previously [23]. 
The spinal cord was compressed laterally and vertically 
from both sides for 30 s using a pair of forceps with a tip 
width of 0.3 mm on mice. All operations were carried out 
under microscope.

Mice were mounted on a stereotaxic apparatus. The 
M2 microglia with oligoribonucleotides (oligo) or miR-
145a-5p overexpressed M2 microglia were diluted to 
a concentration of 9 × 10 5/30 µL. Then 5µL of Matri-
gel (Corning, New York, NY, USA) with miR-145a-5p 
overexpressed M2, M2 microglia with oligo (1.5 × 105/5 
µL) or 5 µL Matrigel was injected into the center of the 
injured spinal cord slowly and vertically using a Hamilton 
syringe, respectively. Mice suffering laminectomy alone 
served as sham group. All operations were carried out 
under microscope.

All the surgeries were performed under aseptic condi-
tions. Animal care was conducted under the Guide for 
Use of Experimental Animals of Fourth Military Medi-
cal University. After confirmation of Matrigel solidifica-
tion, the spine and subcutaneous tissues were manually 
restored. Put the food and water in a place where mice 
can contact convincedly, and massage the bladder of 
mice gently to help them urinate twice a day.

Behavior analysis
After cell therapy, locomotive function was evaluated 
by the Basso Mouse Scale (BMS) [24], the hindlimb 
reflex score [10] and the Louisville Swim Scale (LSS) [25] 
according to the literature described. For BMS, mice were 
placed in an open field and observed for over 4 min using 
a 0-9-point rating system. For hindlimb reflex score, mice 
were suspended by the tail at a height of 30 cm for 14 s, 
and then posture was scored according to the follow-
ing criteria: 0, normal; 1, failure to stretch hindlimbs; 2, 
hindlimb clasping; and 3, hindlimb paralysis. For LSS, 
to evaluate three characteristics of swimming that are 
highly altered by spinal cord injury–namely, hindlimb 
movement, forelimb dependency, and body position. The 
motor function was quantified before SCI and on the 1st, 

3rd, 5th, 7th, 10th, 12th, 14th, 21th, and 28th days post-
injury (dpi). All behavioral analyses were carried out by 
two observers blind with respect to the identity of the 
animals.

Immunohistochemistry staining
For the histology and immunofluorescence experi-
ments, mice were anesthetized with sodium pentobarbi-
tal(80 mg/kg) via intraperitoneal administration, the then 
were transcardially perfused with sterile 0.9% normal 
saline followed by 4% PFA in PBS (pH 7.4). Spinal cords 
of T9 level (5 mm above and below around the lesion epi-
center) were dissected out and then were immersed in 
PBS solution containing 30% sucrose at a 4℃ freezer for 
2 days. For each mouse, a spinal cord segment of 5 mm 
centered over the lesion site was embedded in optimal 
cutting temperature (OCT) compound, 14  μm-thick 
longitudinal frozen sections were cut continuously with 
a microtone (Leica Biosystems Ltd, shanghai), and then 
performed by immunofluorescence staining. Some mice 
were fixed for 3 h (without dehydration). The spinal cord 
segment of 10 mm centered over the lesion site was made 
and 5 μm consecutive tissue sections was cut in longitu-
dinal direction with the microtome followed by immuno-
histochemistry staining. The tissue sections were finally 
observed with a laser confocal microscope (FV-100, 
Olympus, Tokyo). The antibody information was listed in 
Table S2.

Histopathological staining
At 28 dpi, paraffin sections from each group were heated 
at 60  °C, placed in xylene I and II for 30 min, and then 
placed in gradient alcohol solutions of 100%, 100%, 95%, 
95%, and 80% for 5  min each. The sections were rinsed 
twice with double-distilled water, and continued with the 
following experiments.

Hematoxylin and eosin (HE) staining was carried out 
as previously described [26]. Briefly, sections were incu-
bated with hematoxylin for 1 min, double-rinsed in dis-
tilled water, and differentiated in 1% hydrochloric acid, 
following double-rinsed in distilled water, and then 
stained with eosin (Sigma-Aldrich) for 2 min.

For Nissl staining, tissue sections were incubated in 
0.1% cresyl-violet acetate (Sigma-Aldrich; Merck KGaA) 
at room temperature for 10 min. The tissues were rinsed 
in double-distilled water for 8  min and differentiated in 
70% ethanol with acetic acid for 2 min.

For Luxol fast blue (LFB) staining, tissue sections were 
incubated in 0.1% LFB (Sigma, St. Louis, MO, USA) in 
acidified 95% ethanol overnight at 60 °C. The slides were 
then differentiated and counterstained with 0.05% lith-
ium carbonate aqueous solution for 10s and then put in a 
70% alcohol solution for 20s.
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All sections were dehydrated by a conventional alcohol 
gradient (80%, 95%, 95%, 100%, 100% alcohol for 2 min), 
placed in xylene I and II for 10 min, and then sealed with 
neutral gum. Finally, these tissue sections were observed 
under a microscope, and photographed with an image 
acquisition system. Three blinded experimenters cal-
culated and quantitatively analyzed the cell number of 
infiltration and surviving neurons, and the lesion area 
of myelin using Image-Pro Plus 6.0 (Media Cybernetics 
Inc., USA). For each mouse, five spinal cross-sections in 
the rostral-caudal plane taken from the level of the injury 
were analyzed.

qRT-PCR
Total RNA extraction, reverse transcription, and real-
time PCR were performed as described previously [27], 
with β-actin or U6 RNA (for miRNA) as internal control. 
The PCR primers are shown in Table S1.

Western blot
Total cells were lysed in the RIPA buffer supplemented 
with protease inhibitors (Beyotime, Shanghai, China). 
Protein concentration was determined with a BCA Pro-
tein Assay Kit (Pierce, Waltham, MA, USA). Samples 
were separated by SDS-PAGE, and blotted on polyvi-
nylidenefluoride (PVDF) membranes. Membranes were 
blocked with 5% skim milk solution for 2 h and probed 
with primary and secondary antibody, as listed in Table 
S2. Membranes were developed using chemoluminescent 
reagents (Pierce).

TUNEL assay and flow cytometry
Apoptotic cells were detected using TUNEL assay kit 
(Promega, Madison, WI) according to the supplier’s 
instructions. Single cell suspensions of injured spinal 
cord were prepared by previously described [28], and 
then cells incubated with primary antibodies and second-
ary antibodies listed in Table S2, dead cells were excluded 
by 7-AAD staining, and then analyzed using FACS Can-
toII (BD Biosciences, San Jose, CA). Data were analyzed 
using Flowjo V.10 software (TreeStar, Ashland, OR).

Statistics
All values are presented as the means ± SD or SEM. Sta-
tistical differences between two groups were analyzed 
using an unpaired t-test. Multigroup differences were 
assessed by one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s post hoc test. The behavioral score was 
analyzed using two-way ANOVA with Bonferroni post 
hoc tests. Images were quantitatively analyzed using 
Image Pro Plus 6.0 software (Media Cybernetics Inc., 
USA). Graph Pad Prism 8.4.2 software was used to carry 
out the statistical analyses. P < 0.05 was considered as a 
statistically significant difference.

Results
At the acute phase of SCI, tissue resident microglia were 
dominant macrophage population on the lesion sites
Because vigorous inflammatory reaction occurs during 
the acute phase of SCI, to analyze the dynamic change 
of inflammatory cells become more meaningful for SCI 
therapy. Herein, we established a standard spinal cord 
clamp contusion mouse model to mimic clinical SCI [23], 
and then analyzed the immune cell subsets of injured 
spinal cord at different time points using FACS (Fig-
ure S1A-D). The results showed that the percentage of 
Ly6G+ granulocytes increased dramatically at 24 h after 
SCI, and then decreased gradually to the steady-state 
level post-SCI 7days (7dpi) (Figure S1E). Simultaneously, 
CD11b+ myeloid cells presented a continuous ascension 
and reached to the peak after day 3 of SCI (3dpi) as well 
as maintained a relative high level on 7dpi (Figure S1F). 
Further comparative analysis showed that the percent-
age of CD11b+CD45lo (microglia) was more dominant 
macrophage subsets at the different time points of SCI 
compared with the CD11b+CD45hi monocyte-derived 
macrophages (Figure S1G, H), indicating that microglia 
could contribute more to SCI during the acute phase. 
Targeting the microglia should be one alternative strategy 
to treat SCI.

miR-145a-5p was highly expressed in M2 type microglia, 
and overexpression of miR-145a-5p promoted M2 while 
inhibited M1 microglia polarization
Recently, Kobashi et al. report that transplantation of 
M2-deviated microglia promotes recovery of motor 
function after SCI [10]. However, because M2 macro-
phages are unstable and easily change their phenotype in 
tissue microenvironment [11, 29, 30], therefore, it is bet-
ter to memory the identity of transplanted M2 microglia 
in vivo. Our previous studies have reported that microR-
NAs can regulate macrophage polarization as well as 
memory the polarized macrophage status [11, 31, 32], 
we wondered whether there is specific microRNA to 
memory M2 microglia status. Fortunately, miR-145a-5p, 
one microRNA exclusively related with M2 macrophages 
[17, 18], was highly expressed in M2 polarized microglia 
(Figure S2A). Next, to better understand the role of miR-
145a-5p during microglia polarization, we transfected 
miR-145a-5p mimics or NC into microglia cell line BV2 
cells followed with the PBS, LPS + IFN-γ or IL-4 stimula-
tion for 24  h. Both qRT-PCR and Western blot showed 
that transfection with miR-145a-5p mimics in microglia 
markedly promoted the expression of M2 related mark-
ers including Arg1, Mrc1, YM1 and IL-10, while inhib-
ited the level of M1 markers, such as TNF-α, IL-6, IL-1β 
and iNOS (Fig.  1A, C and D). As expected, this effect 
was completely reversed after miR-145a-5p antisense 
oligonucleotides (ASO) transfection (Fig.  1B, E and F). 
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Fig. 1  miR-145a-5p promoted M2 while inhibited M1 microglia polarization leading to the reduced oxidative stress-induced neuron damage. (A) BV2 
cells were transfected with miR-145a-5p mimics or Ctrl and stimulated with PBS, LPS + IFN-γ or IL-4 for 24 h, respectively. The mRNA level of M1 mark-
ers including TNF-α, IL-6, IL-1β and iNOS, as well as M2 markers containing Arg1, Mrc1, YM1 and IL-10 were determined by qRT-PCR, respectively (n = 5). 
(B) BV2 cells were transfected with miR-145a-5p ASO or Ctrl and treated as (A). The mRNA level of M1 and M2 markers were determined by qRT-PCR, 
respectively (n = 5). (C, D) BV2 cells were treated as (A), and then collected and lysed. The protein level of iNOS and Arg1 were detected by Western blot. 
Representative image (C) and quantitative data (D) were shown (n = 4). (E, F) BV2 were treated as (B), and then collected and lysed. The protein level of 
iNOS and Arg1 were detected by Western blot. Representative image (E) and quantitative data (F) were shown (n = 4). (G, H) The supernatant of BV2 cells 
treated as (A) was collected, and then co-cultured with H2O2-treated hippocampal neurons. The activated cleaved-caspase 3 of neuron was determined 
by Western blot. Representative image (G) and quantitative data (H) were shown (n = 4). Data shown as mean ± SEM. *, p < 0.05; **, p < 0.01; ***, p < 0.001; 
****, p < 0.0001 by unpaired student’s t-test. ASO, antisense oligonucleotides
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These results were further confirmed using cultured dif-
ferent polarized CX3CR1+ primary microglia after miR-
145a-5p transfection (Figure S2B-2 J).

Moreover, in order to assess whether miR-145a-5p 
overexpressed microglia can exert the protective effects 
on injured neuron in vitro, we treated primary hippo-
campal neurons with 100µM H2O2 for 0.5  h to induce 
the oxidative stress-induced neuron damage according to 
the previous studies [33–35]. And then, to incubate them 

with the conditional medium (CM) from cultured dif-
ferent polarized microglia with or without miR-145a-5p 
overexpression. After co-culture 6  h, cells were lysed 
and cleaved-caspase3 were detected. The results showed 
that miR-145a-5p-transfected M1 microglia could sig-
nificantly decrease the expression of activated caspase3 
in neuron than M1 microglia alone (Fig. 1G, H). Consis-
tently, the number of TUNEL+ apoptotic neurons were 
also remarkably reduced after co-cultured with the CM 

Fig. 2  Injured spinal cord was obviously repaired after transplantation miR-145a-5p overexpressed M2 microglia. (A) Representative images of Luxol Fast 
Blue (LFB) staining with coronal spinal cord sections after cell transplantation 28 days. Scale bars = 200 μm. (B) Quantitative analysis of the demyelination 
in SCI tissue sections with different treatment shown in (A) (n = 4). (C) Representative images of Nissl’s staining in SCI tissue sections with different treat-
ment 28 days. Scale bars = 20 μm. (D) Quantitative analysis of the number of survival neurons at different distance from the epicenter of injury in each 
group shown in (C) (n = 4). (E) Representative images of immunofluorescent analysis of CS56 (red), GFAP (green) and Hoechst (blue) on injured spinal cord 
tissue sections with different treatment 2 weeks. Scale bars = 100 μm. (F) Quantitative analysis of mean intensity value of CS56 and GFAP as well as the 
CSPGs+ area in different group shown in (E) (n = 4). Data shown as mean ± SEM. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****p < 0.0001 by one-way ANOVA 
with Turkey’s multiple comparison test
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from the miR-145a-5p-transfected M1 microglia (Figure 
S2K, L). Taken together, these results indicated that the 
overexpression of miR-145a-5p in microglia could pro-
mote M2 while repress M1 microglia polarization, lead-
ing to the neuron injury and apoptosis reduction.

Transplantation of miR-145a-5p-overexpressed M2 
microglia promoted tissue repair of murine SCI
Next, we expected to investigate whether delivery of 
miR-145a-5p-overexpressed M2 microglia were more 
benefit for SCI recovery than M2 microglia transfected 
with oligoribonucleotides (M2 + oligo) transplantation. 
Firstly, we harvested the primary microglia from the 
cerebral cortex of neonatal C57BL/6 mice on the first 
day of birth according to the reported protocol [22]. And 
then, determined the purity of isolated primary microg-
lia by FACS. As the Figure S3A shown, the percentage 
of CD45+CD11b+ microglia could reach to 98.7%. Sec-
ondly, we cultured miR-145a-5p overexpressed microg-
lia followed with IL-4 stimulation, as well as established 
murine SCI model according to the previous study 
(Figure S3B-D). Continuously, we examined the cell 
transplantation efficiency by injecting the Cy5 labeled 
miR-145a-5p microglia into the lesion site of spinal cord, 
and found that a large amount of Cy5+ cells appeared in 
the injured spinal cord area (Figure S4A). Accordingly, we 
delivered the M2 microglia or miR-145a-5p-transfected 
M2 microglia (namely M2-miR-145a-5p) to the injured 
site of spinal cord and performed further experiments as 
shown in the scheme of Supplemental Fig. 3E.

To evaluate the therapy effects of M2-miR-145a-5p 
microglia administration on SCI mice, spinal cord sec-
tions after cell administration 28 days were stained by 
Hematoxylin and Eosin (HE) staining and Luxol Fast 
Blue (LFB) staining. Compared to the SCI group and 
SCI treated with M2 microglia (SCI + M2) group, SCI 
treated with M2-miR-145a-5p microglia (SCI + M2-miR-
145a-5p) group showed the obvious narrowed wound 
area of spinal cord (Figure S4B, C). Consistently, LFB 
staining of coronal sections showed the least demyelin-
ation area in SCI + M2-miR-145a-5p group (Fig.  2A, B). 
Moreover, Nissl staining for ventral motor neurons 
exhibited more survived neuron at injury site except epi-
center area in SCI + M2-miR-145a-5p group compared to 
the other groups (Fig. 2C, D). In addition, using immu-
nofluorescent staining with the longitudinal injured spi-
nal cord sections, the expression of glial fibrillary acidic 
protein (GFAP) and chondroitin sulfate proteoglycan 
(CSPG) that are the astrocytes markers displayed sig-
nificant reduction after M2-miR-145a-5p microglia 
treatment 2 weeks, although M2 microglia treatment 
also showed less density of astrocytes in the lesion site 
(Fig. 2E, F). Collectively, these results demonstrated that 
M2-miR-145a-5p microglia transplantation could be 

more benefit for tissue repair of injured spinal cord com-
pared to the M2 microglia treatment.

Transplantation of miR-145a-5p-overexpressed M2 
microglia enhanced the locomotor recovery of SCI mice
We further investigated the recovery of locomotive func-
tion of SCI mice after transplantation of M2-miR-145a-5p 
microglia using the Basso mouse scale (BMS), BMS sub-
score, the Louisville Swimming Scale (LSS) and hindlimb 
reflex scoring. BMS and BMS subscore indicated that 
the motor function of SCI mice gradually recovered in 
all treatment groups. However, the locomotive function 
recovery was significantly faster in the M2-miR-145a-5p 
microglia group than that in the M2 microglia group at 
each time points after cell transplantation (Fig.  3A-C). 
Similarly, LSS score, which was calculated depending on 
hindlimb movement, forelimb dependency and trunk 
instability as well as the body position, indicated that 
M2-miR-145a-5p microglia treatment could remarkably 
improve the movement ability of SCI mice compared 
with the other treatment group (Fig.  3D, E). Similarly, 
for hindlimb reflex scoring, a significant improvement 
was also observed after transplantation of the M2-miR-
145a-5p microglia into SCI mice 28 days (Fig.  3F). In a 
word, transplantation of miR-145a-5p-overexpressed M2 
microglia improved the locomotive function of SCI mice, 
even better than M2 microglia transplantation.

Transplantation of miR-145a-5p-overexpressed M2 
microglia alleviated inflammatory reaction in murine SCI 
model by enhancing M2 macrophage phenotype
Next, we wondered whether tissue repair of injured spi-
nal cord after M2-miR-145a-5p microglia transplantation 
was due to the increased anti-inflammation M2 microg-
lia. In order to address this question, we observed the 
phenotype of tissue-resident CX3CR1+microglia using 
Arg1 immunofluorescence staining on the 3rd, 7th, and 
28th day after cell transplantation. The results showed 
that the expression of Arg1 in CX3CR1+ microglia was 
significantly higher in the M2-miR-145a-5p group than 
that in M2 microglia group (Fig.  4A-E). Furthermore, 
the protein level of M1 and M2 markers were detected 
by Western blot after cell transplantation 7 days. As 
expected, the expression of Arg1 was also higher in 
M2-miR-145a-5p group than that in M2 transplanted 
group, whereas the expression of iNOS and TNF-α 
was decreased significantly in M2-miR-145a-5p group 
(Fig.  4G, H). Consistently, infiltrated inflammatory cells 
in injured spinal cord were less in M2-miR-145a-5p 
group than those in M2 and control group by HE stain-
ing (Fig.  4I, J). Collectively, these results indicated that 
transplantation with M2-miR-145a-5p microglia could 
enhance the M2 microglia polarization in the injured 
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area of spinal cord as well as reduce inflammatory reac-
tion of SCI mice.

miR-145a-5p suppressed inflammation by targeting the 
TLR4/NF-κB signaling in vitro
Based on observation above, we further expected to 
uncover the mechanisms of miR-145a-5p in M2 microg-
lia benefited the tissue repair of SCI. Taking advantage 
of miRNA target gene prediction databases in miR-
Walk, we predicted and screened out TLR4 as potential 
target gene of miR-145a-5p. The binding sequence of 
miR-145a-5p on 3’-UTR of TLR4 as shown in Fig.  5A. 
And then, the reporter assay showed that overexpres-
sion of miR-145a-5p in microglia cell line BV2 defi-
nitely reduced luciferase activity of cells transfected with 
reporter plasmids containing the wild-type 3’-UTR of 
TLR4, whereas disruption of the proximal seed sequence 

(1737–1744  bp) of TLR4 3’-UTR completely abrogated 
this effect (Fig. 5B). Subsequently, BV2 cells were trans-
fected with miR-145a-5p mimics or control followed 
by PBS, LPS + IFN-γ or IL-4 stimulation for 24  h, and 
the levels of TLR4 and NF-κB signaling related mol-
ecules were determined by Western blot (Fig.  5C). The 
results showed that the expression of TLR4 and the 
phosphorated p65(P-p65) were significantly decreased 
in miR-145a-5p overexpressed microglia under differ-
ent polarized status (Fig. 5D). Moreover, to confirm the 
contribution of TLR4 to miR-145a-5p-mediated inflam-
mation repression, we co-transfected microglia with a 
miR-145a-5p inhibitor and siRNA targeting TLR4 fol-
lowed with LPS + IFN-γ stimulation. The results showed 
that knockdown of TLR4 indeed reduced the phospho-
rated level of p65. Meanwhile, the miR-145a-5p inhibitor 
not only rescued the expression of TLR4/NF-κB pathway 

Fig. 3  miR-145a-5p overexpressed M2 microglia transplantation improved the locomotor function of SCI mice. (A) Mouse movement behaviors on a 
plank were photographed in different group including sham, SCI, SCI with M2 + oligo microglia delivery, and SCI with miR-145a-5p overexpressed M2 
microglia delivery after 28 days. (B, C) The Basso mouse scale (BMS) score (B) and subscore (C) in (A) were analyzed and quantitatively compared (n = 6). 
(D) Mouse swimming in water in different group was recorded. (E) LSS score in (D) was statistically analyzed (n = 6). (F) hindlimb reflex scoring was statisti-
cally analyzed (n = 6). Data shown as mean ± SEM, *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001, SCI mice with M2-miR-145a-5p microglia treatment 
versus SCI mice without treatment. #, p < 0.05; ##, p < 0.01; ###, p < 0.001; ####, p < 0.0001, SCI mice with M2 microglia treatment versus SCI mice without 
treatment. &, p < 0.05; &&, p < 0.01; &&&, p < 0.001; &&&&, p < 0.0001, SCI mice with M2-miR-145a-5p microglia treatment versus SCI mice with M2 microglia 
treatment. Statistical analysis was performed using a two-way repeated ANOVA with Bonferroni’s post hoc test
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Fig. 4  Delivery of M2 microglia transfected with miR-145a-5p alleviated inflammation in SCI mice. (A-F) CX3CR1GFP/+ microglia were transfected with 
miR-145a-5p mimics or Ctrl and stimulated with IL-4 to induce M2 microglia, and then to delivery these microglia into SCI mice, respectively. After trans-
plantation 3, 7 and 28 days, Arg1, as an M2 marker, was stained (A, C, E). Nucleic was costained with Hoechst. The mean inflorescence intensity of Arg1+ 
microglia was measured and quantitatively compared (B, D, F) (n = 5). (G, H) The protein level of the Arg1, iNOS, and TNF-α in injured spinal cord was 
detected by Western blot after cell transplantation 7 days (G). The quantitative data were calculated and shown in (H) (n = 4). (I) Representative images of 
HE staining with SCI sections after cell treatment 28 days. Scale bars = 200 μm. (J) The infiltrated inflammatory cells were counted and quantitatively com-
pared (n = 4). Data shown as mean ± SEM. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001 by one-way ANOVA with Turkey’s multiple comparison test
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related molecules but also upregulated the level of M1 
markers TNF-α, IL-1β and iNOS, and TLR4 knockdown 
reversed the effect of miR-145a-5p inhibitor (Fig. 5E, F). 
Taken together, these results indicated that miR-145a-5p 
might alleviate the inflammation response by targeting 
TLR4/NF-κB signaling in vitro.

Transplantation of miR-145a-5p overexpressed M2 
microglia attenuated the inflammation response of SCI 
mice by repressing TLR4/NF-κB signaling
As described in Figure S3B, we established T9 crushed 
SCI mice model and transplanted M2-miR-145a-5p 
microglia, M2 microglia or control mixed with matrigel 
into the epicenter site of injured spinal cord, respectively. 

Fig. 5  miR-145a-5p suppressed inflammation by targeting TLR4/ NF-κB signaling in vitro. (A) Schematic diagrams showing the predicted binding se-
quence between miR-145a-5p and wide-type (WT) or mutant 3’-UTRs of TLR4. (B) Dual luciferase assay was performed in HEK293T cells after co-transfect-
ed with reporter plasmids containing WT or mutant 3’-UTRs of TLR4 as well as miR-145a-5p mimics or Ctrl (n = 4). (C) Representative Western blot showing 
the expression of TLR4 and NF-kB signal-related molecules such as p65 in BV2 that were transfected with miR-145a-5p mimics or Ctrl followed by PBS, 
LPS + IFN-γ or IL-4 stimulation for 24 h. (D) Quantitative analysis of the protein level of TLR4 and p65 as well as P-p65 in (D) (n = 4). (E) BV2 was transfected 
with miR-145a-5p inhibitor or Ctrl and siTLR4 followed by LPS + IFN-γ stimulation for 24 h. The expression of TLR4, p65 and P-p65, as well as TNF-α, IL-1β 
and iNOS was detected by Western blot (n = 4). (F) Quantitative analysis of the protein level in (E) (n = 4). Data shown as mean ± SEM, *, p < 0.05; **, p < 0.01; 
***, p < 0.001; ****, p < 0.0001 by one-way ANOVA with Turkey’s multiple comparison test
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After 7 days of cell transplantation, spinal cord sections 
of different treatment group were performed immunoflu-
orescence staining with Ibal1, a microglia special marker, 
and TLR4. As shown in Fig.  6A and B, TLR4 positive 
signal in Ibal1+ cells were significantly reduced at the 
lesion site after M2-miR-145a-5p microglia administra-
tion compared to the Ctrl and M2 microglia group. Sub-
sequently, protein was extracted from the injured spinal 
cord, and the TLR4/NF-κB pathway related molecules 
were detected by Western blot (Fig. 6C). The protein lev-
els of TLR4 and P-p65 were also significantly decreased 
in M2-miR-145a-5p group compared with that in the 
other groups (Fig. 6D, E). Collectively, these results fur-
ther verified that delivery of M2-miR-145a-5p microglia 
could attenuate SCI by inhibiting TLR/NF-κB signaling 
in vivo.

In summary, our results firstly revealed that delivery of 
miR-145a-5p overexpressed M2 microglia could promote 
the tissue repair of murine SCI than M2 microglia trans-
plantation alone. The underlying mechanisms might be 

that miR-145a-5p promoted anti-inflammation M2 while 
suppressed pro-inflammation M1 microglia polarization 
by targeting TLR/NF-κB signaling (Fig. 6F).

Discussion
Microglia, as the tissue resident macrophages originated 
from the yolk sac of embryo, has been observed to rapidly 
mobilize to the lesion site and initiate the inflammatory 
response during the first week post-SCI. Meanwhile, it 
is found that M2 microglia is transiently occurred in the 
injury area at the early stage of SCI, while M1 microglia 
can exist in the lesion site for a long time [36, 37]. Because 
M2 microglia possess the ability of anti-inflammation 
and tissue repair while M1 microglia own pro-inflamma-
tion and tissue damage features, several studies have been 
performed to recover SCI by harnessing the M2 microg-
lia phenotype [38–40]. Especially, Kobashi et al. find that 
transplantation of IL-4-induced M2 microglia promotes 
the recovery of motor function as well as reduces neuro-
inflammatory response after SCI [10]. However, under 

Fig. 6  Transplantation of miR-145a-5p overexpressed M2 microglia attenuated SCI by inhibiting TLR4/NF-κB pathway in vivo. (A) Tissue section was 
stained with Ibal1(Green), TLR4 (Red) and DNA(Hoechst) after different treatment for SCI on day 7. (B) Quantitative analysis and comparison of the inten-
sity mean value of TLR4 in (A) (n = 4). (C) The expression of TLR4 and p65 as well as P-p65 were detected by Western blot with the spinal cord lysis from SCI 
mice with different treatment as (A). (D, E) The protein level of TLR4 (D), p65 and P-p65 (E) in (C) was quantitatively compared (n = 4). (F) The Scheme of 
miR-145a-5p overexpressed M2 microglia transplantation promoted the tissue repair of SCI by targeting TLR4/NF-κB signaling and abolishing inflamma-
tion response. Data shown as mean ± SEM. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001 by one-way ANOVA with Turkey’s multiple comparison test

 



Page 13 of 16Li et al. Journal of Translational Medicine          (2024) 22:724 

pathological state, M2 macrophages could be more eas-
ily re-educated to M1 macrophages, conversely not yet. 
For example, to impede the tumor progression, many 
strategies focus on promoting M2-like tumor associated 
macrophages (TAMs) switch to M1-like TAMs [11, 32]. 
It is reminiscent of Liu’s study in which IL-4-induced M2 
microglia exhibit M1 microglia features after second-
ary LPS stimulation, while LPS-stimulated M1 microglia 
appear not to respond to a secondary IL-4 stimulation 
[13]. These studies suggest that complicated mechanisms 
including epigenetic programs might involve in the regu-
lation of macrophage polarization, and M2 macrophages 
are easily remodeled by tissue microenvironment. Based 
on these studies, in current study, to further improve the 
efficiency of M2 macrophage transplantation for SCI 
treatment, we took advantage of miRNA modification 
to memory the M2 phenotype from the epigenetic way, 
and found that miR-145a-5p, a non-coding RNA mol-
ecule, could promote M2 microglia polarization pheno-
type while inhibit M1 microglia polarization to control 
inflammatory response. Excitingly, when delivery of miR-
145a-5p modified M2 microglia into the injured area, the 
locomotor function and neuron survival of SCI mice was 
improved, especially better than M2 microglia transplan-
tation alone. However, in our study, we only observed 
the SCI recovery after miR-145a-5p modified microg-
lia transplantation 28 days, and its long-term of effect 
should be studied in the future.

Although surgical decompression and stabilization can 
treat SCI, the ability of axonal regeneration still is lim-
ited. In order to overcome this issue, cell transplantation 
becomes a more powerful therapy approach to repair the 
injured spinal cord by replacing damaged and lost resi-
dent cells [41, 42]. Currently, a variety of cell types have 
been tested in SCI treatment, which include multipo-
tent neural stem cells (NSCs), lineage-restricted neural 
progenitor cells (NPCs), embryonic stem cells (ESCs), 
mesenchymal stem cells and induced pluripotent stem 
cells (iPSCs). Despite these cell types are benefit for 
SCI treatment, several issues including ethical deriva-
tion, long-term immunosuppressive agent usage, large 
amount of homogeneous cell expansion as well as possi-
ble carcinogenesis has hindered their clinical application 
[43, 44]. Considering these issues, autologous immune 
cells, such as microglia/bone marrow-derived macro-
phages, have been applied [10, 45]. However, no matter 
M1 microglia or M2 microglia transplantation, they all 
show beneficial or detrimental effect. On the one hand, 
M1 microglia indeed participates in clearance of apop-
totic and degenerating myelin. On the other hand, M1 
microglia can cause neurological damage via producing 
some pro-inflammatory factors and proteases. Similarly, 
M2 microglia one side reduce inflammation response and 
enhance SCI recovery by expressing anti-inflammatory 

factors. Meanwhile, M2 microglia phenotype will be 
unstable in injured spinal cord microenvironment [38, 
46]. Therefore, in this study, we took advantage of epi-
genetic mechanism to modify M2 type microglia with 
miR-145a-5p, and found that miR-145a-5p modified M2 
microglia definitely promoted the repair of injured spinal 
cord by attenuating neuroinflammation. What’s more, 
miR-145a-5p overexpressed M2 microglia remained 
long time in vivo (data not shown), suggesting that M2 
microglia features could be stable through epigenetic 
memory.

microRNAs, as one of epigenetic regulator, play a very 
important role in cell differentiation, proliferation, apop-
tosis as well as in disease progress [16, 47, 48]. Using in 
situ hybridization assay, previous studies have demon-
strated that miR-145a-5p is mainly expressed in neural 
cells, astrocytes and microglia of spinal cord [49]. But, 
with a contusive SCI model, miR-145a-5p is found to 
be downregulated in injured spinal cord tissues that is 
accompanied by massive neurons lost [50, 51]. This result 
is consistent with our finding that the expression of miR-
145a-5p was significantly decreased in mice after SCI 
1 day (data not shown). Moreover, the downregulation of 
miR-145a-5p expression is detected in neurons of murine 
sciatic nerve injury model that leads to neuron cell death 
[51, 52]. Similarly, Wang CY et al. has reported that miR-
145a-5p is one negative regulator of astrogliosis that can 
result in the formation of glial barrier and hinder axonal 
regeneration by targeting GFAP and c-Myc [49]. All these 
results suggest that miR-145a-5p can exert anti-inflam-
mation role in central nervous system (CNS). Consis-
tently, as an anti-inflammation microRNA, miR-145a-5p 
mimic also reduce the inflammatory response in airway, 
vascular smooth muscle and retinal endothelial cells [53–
55]. However, we could not ignore the pro-inflammatory 
role of miR-145a-5p in other pathological situation, such 
as atherosclerosis [56]. The complicated role of miRNAs 
might attribute to their different targets and pathway.

The pro-inflammatory immune response driven by acti-
vated microglia is a key contributor to the pathogenesis 
of SCI. The phenotypic transformation of microglia from 
steady state to the activated state is initiated by some pat-
tern recognition receptors including Toll-like receptor- 4 
(TLR4) [57]. Using TLR4-deficient mice combined with 
the spinal cord ischemia-reperfusion injury model, Bell 
MT et al. report that TLR4 knockout decrease microglia 
activation and pro-inflammatory factors production as 
well as preserve the neuronal viability and motor function 
of SCI mice [58]. Conversely, TLR4-mediated microglia 
activation can induce pro-inflammatory cytokines con-
taining TNF-α, IL-6 and IL-1β production by NF-κB sig-
naling, which will aggravate disease progress, such as SCI 
and several neurodegenerative diseases [59]. These stud-
ies indicate that blocking TLR4-mediated inflammation 
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signaling should be benefit for neuroinflammation abro-
gation. Interestingly, in our study, TLR4 was identified as 
one target gene of miR-145a-5p, and overexpressed miR-
145a-5p in microglia could remarkably induce M2 type 
microglia activation while inhibit M1 type by targeting 
TLR4/NF-κB signaling. Transplantation of miR-145a-5p 
modified M2 microglia promoted the SCI recovery by 
reducing neuroinflammation in mice.

Although our work provides another better option 
with miR-145a-5p modified M2 microglia transplanta-
tion for SCI treatment than that with M2 microglia, it 
still remains some limitations. First, in this study, we used 
common clip compression SCI murine model that can 
simulate combined impact-compression in clinic com-
pared with the other models, such as contusion model 
and transection model etc. Notably, kobashi et al. used 
the skin biopsy puncher that is uncommon SCI model to 
observe the effect of M2 macrophage therapy. In future, 
we may adopt more SCI models to extend our miRNA-
modified M2 macrophage application. Second, the 
mechanisms of miR-145a-5p overexpressed M2 microg-
lia promotes spinal cord injury recovery may need to be 
further explored. For instance, it is possible that miR-
145a-5p overexpressed M2 microglia transplantation 
promotes SCI recovery by regulating neighboring cells 
in tissue microenvironment via releasing exosome or the 
other factors. Except that, because several miRNAs can 
bind with one target gene to repress mRNA translation, 
it is possible to combine several same types of miRNAs, 
which can be transfected into M2 macrophages or encap-
sulated in nanoparticle for SCI therapy. Last, it is a little 
far to extend our findings to humans, because human 
microglia are not easily acquired in vitro, although we 
can take advantage of iPSCs. In near future whether we 
can induce microglia from autologous monocytes using 
gene editing technique is worth of exploring.

In a word, our study firstly demonstrates that delivery 
of miR-145a-5p overexpressed M2 microglia might pro-
mote the locomotor function recovery of SCI mice by 
targeting TLR4/ NF-κB signaling, the therapy effect of 
SCI with M2-miR-145a-5p microglia transplantation was 
better than M2 microglia transplantation.
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