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Abstract
Background Ischemic stroke is a severe type of stroke with high disability and mortality rates. In recent years, 
microglial exosome-derived miRNAs have been shown to be promising candidates for the treatment of ischemic 
brain injury and exert neuroprotective effects. Mechanisms underlying miRNA dysregulation in ischemic stroke are 
still being explored. Here, we aimed to verify whether miRNAs derived from exosomes exert effects on functional 
recovery.

Methods MiR-212-5p agomir was employed to upregulate miR-212-5p expression in a rat model of middle cerebral 
artery occlusion/reperfusion (MCAO/R) as well as an oxygen-glucose deprivation/reoxygenation (OGD/R) in vitro. 
Western blot analysis, qRT–PCR and immunofluorescence staining and other methods were applied to explore the 
underlying mechanisms of action of miR-212-5p.

Results The results of our study found that intervention with miR-212-5p agomir effectively decreased infarct volume 
and restored motor function in MCAO/R rats. Mechanistically, miR-212-5p agomir significantly reduced the expression 
of PlexinA2 (PLXNA2). Additionally, the results obtained in vitro were similar to those achieved in vivo.

Conclusion In conclusion, the present study indicated that PLXNA2 may be a target gene of miR-212-5p, and miR-
212-5p has great potential as a target for the treatment and diagnosis of ischemic stroke.
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Introduction
Stroke is a common cerebrovascular emergency that 
leads to serious brain tissue damage and is attributed to 
a sudden occlusion or rupture of blood vessels that pre-
vent blood flow to the brain [1]. Two main stroke types 
have been identified: hemorrhagic stroke and ischemic 
stroke [2]. Ischemic stroke is characterised by high inci-
dence, mortality, disability and recurrence rates, account-
ing for approximately 80% of all strokes [3]. Brain damage 
following permanent or transient focal cerebral ischemia 
triggers a cascade of pathophysiological events, including 
free radical release, microglial polarization, blood–brain 
barrier (BBB) dysfunction, neuronal apoptosis and neu-
roinflammation [4]. The ischemic penumbra exhibits an 
increase in neuronal apoptosis at the acute stage of cere-
bral ischemia, and this process is believed to constitute 
an important part of cerebral ischemic damage [5]. Sal-
vaging the penumbra is central to the concept of neuro-
protection from ischemic stroke [6].

In the central nervous system (CNS), microglia func-
tion as resident immune cells and have dual functions 
in brain tissue injury, regeneration and repair following 
ischemic stroke [7]. Microglia are categorised into proin-
flammatory M1 and anti-inflammatory M2 subtypes [8]. 
M2 microglia are presumed to perform neuroprotective 
functions by augmenting axonal regeneration, remyelin-
ation, neurogenesis, and angiogenesis [9]. Exosomes are 
derived from the internal vesicles of multivesicular bod-
ies with a diameter of 30–150  nm and are secreted by 
different cell types within the brain, including microglia, 
neurons, and astrocytes [10]. As soon as the multivesicu-
lar body fuses with the plasma membranes, exosomes 
are released into the extracellular space, while protect-
ing their contents from degradation [11, 12]. They are 
involved in the transport of functional biochemicals, 
such as messenger RNA (mRNA), microRNAs (miR-
NAs), cytokines, and proteins, and, as a result, participate 
in intercellular communication by directly transferring 
genetic material to target cells [13].

A recent study revealed that exosomal miRNAs exhibit 
regulatory effects on target cells and thus may in fact 
represent a novel pathway of intracellular communica-
tion [14]. Notably, miRNAs, which are small noncoding 
RNA molecules, are processed to form ribonucleoprotein 
complexes that bind to target mRNA, leading to mRNA 
degradation or translational inhibition [15]. One miRNA 
can bind to multiple targets and simultaneously function-
ally inhibit multiple mRNAs to participate in biological 
processes, thereby achieving therapeutic effects on dis-
eases [16]. Based on accumulating evidence, miRNAs 
have vital functions in a broad range of neurological 
diseases, such as spinal cord injury [17], traumatic brain 
injury [18], and stroke [19]. They are mediators that are 
essential for the endogenous neuroprotective response 

to ischemic preconditioning in the brain [20]. More-
over, miRNAs play critical roles in the establishment of 
functional neurons by regulating neuronal morphology 
[21]. Some miRNAs are highly abundant in brain, where 
they serve as effectors required for the development and 
maintenance of neuronal phenotypes [22]. They are also 
expressed in dendrites, where they have been implicated 
in synaptic plasticity by regulating synaptic and dendritic 
spine structures [23]. Among these miRNAs, miR-212-5p 
is expressed at higher levels in a normal brain but shows 
a significant reduction after ischemic stroke. However, 
the mechanism of action of miR-212-5p in mediating 
the crosstalk between neurons and microglial cells is still 
poorly understood.

Further researches are still needed to determine 
whether miR-212-5p exerts a neuroprotective effect after 
cerebral ischemia, as well as the molecular mechanisms 
involved in conferring the neuroprotective properties 
of miR-212-5p. This study aims to verify whether miR-
212-5p is a potential neuroprotective agent for the treat-
ment of ischemic stroke. There was also an investigation 
into potential miR-212-5p targets. We identified that 
Plexin A2 (PLXNA2) was the target gene of exosomal 
miR-212-5p through online databases. We hypothesised 
that miR-212-5p functions as a neuroprotective miRNA 
and inhibits neurological damage by selectively target-
ing PLXNA2 to facilitate neuroprotection and functional 
recovery following ischemic brain injury.

Results
Cytokine production by microglia after stroke
The time course of changes in microglial phenotypes in 
the cortex ischemic penumbra region following transient 
cerebral ischemia was quantified by measuring the intra-
cellular levels of pro- and anti‐inflammatory cytokines 
using qRT–PCR. The mRNA expression of M1-related 
proinflammatory mediators, including IL-6, IL-1β and 
iNOS, was obviously and progressively increased after 
cerebral ischemia, reaching a peak at 24  h (Fig.  1A-C). 
The expression of CD32 and CD86 increased gradually 
after ischemia and remained elevated for at least 7 days 
(Fig. 1D and E). Regarding M2 markers, including TGF-β, 
IL-10, and CD206, we found that TGF-β expression 
peaked at 24 h after surgery in the present study (Fig. 1F). 
IL-10 and CD206 were induced after MCAO/R and 
peaked at 3 to 5 days postinjury (Fig. 1G, H). Dual immu-
nofluorescence staining for CD86/Iba1 and CD206/Iba1 
in the ischemic penumbra of the cerebral cortex showed 
that CD86 expression increased gradually over time for at 
least 7 days (Fig. 1I). Additionally, CD206 expression was 
remarkably lower on day 7 than on days 3 and 5 (Fig. 1J). 
Therefore, the expression of M2 microglial markers was 
abundant at day 3 after surgery.
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The expression of miR-212-5p is decreased in microglial 
exosomes from the ischemic penumbra at 3 days after 
MCAO/R
3 days after MCAO/R, microglial exosomes were col-
lected from the ischemic penumbral cortex to further 
probe the roles of microglial exosomal miRNAs in the 
pathological changes after ischemic stroke. The isolated 
exosome samples were characterised using NTA, TEM, 
and western blot analysis of the exosomal surface mark-
ers (CD9, CD63, CD81). As shown in Fig.  2A, B, exo-
somes exhibited a typical cup-shaped membrane vesicle 
morphology with a diameter ranging from approximately 
30–120  nm. Exosome-specific markers CD9, CD63, 
and CD81 were all present at high levels in the precipi-
tate (Fig.  2C). Western blot analysis also revealed high 

expression of CD11b in precipitate (Fig. 2D). The expres-
sion levels of miRNAs in microglial exosomes was deter-
mined using miRNA sequencing in sham and MCAO/R 
rats. The heatmap of miRNA expression is shown in 
Fig.  2E. The altered expression of miRNAs was further 
validated using qRT–PCR. We screened miR-30c-5p, 
miR-126a-5p, miR-128-3p, miR-212-5p and miR-1949, 
which are reportedly responsible for neurodegenera-
tion. The experimental results showed that the miRNAs 
were significantly downregulated in the ischemic pen-
umbra (Fig.  2F). Based on our miRNA sequencing and 
qRT–PCR results, significantly reduced expression of 
miR-212-5p was observed in the ischemic penumbra and 
it was selected for further study. A search of prediction 

Fig. 1 Measurement of pro- and anti‐inflammatory cytokine levels at 6 h, 1, 3, 5 and 7 days postsurgery. A-E Proinflammatory cytokines released by mi-
croglia (IL‐1β, IL-6, INOS, CD32 and CD86). F-H Anti-inflammatory cytokines released by microglia (anti‐inflammatory cytokines TGF-β, IL‐10 and CD206). I 
Double immunofluorescence staining was applied to examine the expression of CD86 (in green) and Iba1 (in red) in the ischemic penumbra of the cortex 
at different time points. J Double immunofluorescence staining was performed to examine the expression of CD206 (in green) and Iba1 (in red) at differ-
ent time points. Scale bar = 50 μm. The data are presented as the means ± SEM (n = 5 per group). *P < 0.05 and **P < 0.01 compared with the sham group
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databases identified several predicted mRNA targets 
of miR-212-5p that may be involved in the neuropro-
tective effects of the miR-212-5p. The expression lev-
els of PLXNA2, PTEN and FOXO3 was detected in the 
ischemic penumbra (Fig.  2G). Then, a dual-luciferase 
reporter system was carried out to validate PLXNA2 as a 

direct target of miR-212-5p. Transfection of miR-212-5p 
significantly decreased the luciferase activity in PC12 
cells transfected with the wild-type 3′-UTR of PLXNA2 
but did not inhibit luciferase activity in cells containing 
the mutant construct, indicating that PLXNA2 was a 
direct target of miR-212-5p (Fig. 2H-J).

Fig. 2 MiRNA sequencing of microglial exosomes 3 days after MCAO/R and qRT–PCR validation. A, B Characterisation of microglial exosomes using 
nanoparticle tracking analysis and transmission electron microscopy scanning. Scale bar = 200 nm. C The exosome markers CD9, CD63, and CD81 were 
detected using western blot analysis. D Microglia-derived exosomes were detected by western blot analysis using the microglia marker CD11b. E Heat-
map showing the levels of miRNAs in microglial exosomes at 3 days after MCAO/R. F Expression of miR-30c-5p, miR-126a-5p, miR-128-3p, miR-212-5p and 
miR-1949 in the ischemic penumbra of the cortex at 3 days after MCAO/R was determined using qRT–PCR. G Expression levels of the miRNA-targeting 
genes PLXNA2, PTEN and FOXO3 in the ischemic penumbra of the cortex at 3 days after MCAO/R. H The target sites of miR-212-5p in PLXNA2 mRNA 3’ 
untranslated region (3’UTR). I Map of the pmirGLO luciferase reporter vector. J Dual luciferase assays revealed the binding of miR-212-5p to the 3’UTR of 
PLXNA2. The data are presented as the means ± SEM (n = 5 per group). *P < 0.05 and **P < 0.01 compared with the sham group. #P < 0.05 compared with 
the miR-NC group
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MiR-212-5p improved motor functional recovery and 
attenuated brain damage
Figure  3  A illustrated the flow chart of the experiment. 
We performed behavioural tests to explore whether 
miR-212-5p improved the motor function of MCAO/R 
rats. The foot fault test was assessed using an irregularly 
spaced horizontal ladder (Fig.  3B). After MCAO/R, the 
misstep rate of right side was significantly higher com-
pared to the sham group, while the rate of misstep in the 
MCAO/R + agomir-212-5p group was significantly lower 

than that in the MCAO/R group on postoperative day 
7 (Fig.  3C). MCAO/R rats revealed higher neurological 
deficit scores, while MCAO/R + agomir-212-5p group 
showed a lower neurological deficit score compared with 
the MCAO/R group (Fig.  3D). After MCAO/R, animals 
showed prolonged MEP latencies and reduced peak 
amplitudes. Animals in the MCAO/R + agomir-212-5p 
group showed significantly better recovery 7 days after 
MCAO/R (Fig. 3E-G). In addition, we conducted a Cat-
Walk gait analysis to evaluate motor function (Fig. 3H). 

Fig. 3 Treatment with agomir-212-5p decreased neurological deficits and improved locomotor activity 7 days after MCAO/R. A The flow chart of the 
experiment. B Schematic of the scoring criteria for the foot fault test. C Foot fault test results. D Neurological deficit scores were evaluated using the Zea 
Longa 5-point scheme. E Illustrative waveforms of motor evoked potential (MEP) for each group. F The amplitude of MEP for each group. G The latency of 
MEP for each group. n = 6 per group. H Schematic representation of the CatWalk gait analysis. I Running duration (s). J Average running speed (cm/s). K 
Right forelimb stride length (cm). L Right hindlimb stride length (cm). The data are presented as the means ± SEM (n = 8 per group). M Results of functional 
connectivity analysis among four groups. *P < 0.05 and **P < 0.01 compared with the sham group, #P < 0.05 and ##P < 0.01 compared with the MCAO/R 
group
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The average running speed became slower with longer 
durations of running after MCAO/R surgery. Agomir-
212-5p reduced the running duration to some extent 
(Fig.  3I); at the same time, it also increased the average 
running speed (Fig.  3J). The stride length was signifi-
cantly decreased in the affected limbs at all measured 
time points after MCAO/R. The rats treated with miR-
212-5p exhibited a significantly improved stride length 
compared with MCAO/R rats (Fig. 3K, L). The results of 
FC analysis showed that compared with sham group, the 
FC between the motor cortex (left) and the retrosplenial 
cortex (right), somatosensory cortex (left), caudate puta-
men (left and right), the ventral part of hippocampus 
(right) was decreased in MCAO/R group. In addition, the 
FC between the motor cortex (left) and medial prefrontal 
cortex (left), motor cortex (left), caudate putamen (right) 
was decreased in MCAO/R + agomir-NC group. How-
ever, compared with the MCAO/R group, the FC between 
the motor cortex (left) and somatosensory cortex (right), 
motor cortex (right), piriform cortex (left) was signifi-
cantly increased in the MCAO/R + agomir-212-5p group. 
Meanwhile, compared with the MCAO/R + agomir-NC 
group, the FC between the motor cortex (left) and peri-
aqueductal grey (right), motor cortex (left) was sig-
nificantly increased in the MCAO/R + agomir-212-5p 
group (Fig. 3M; Table 1). Taken together, treatment with 
agomir-212-5p led to a partial recovery of MEP, enhanced 
the connection of brain neural network by activating 
functional connections between the affected motor cor-
tex and sensory cortex, motor cortex in the whole brain, 
and significantly improved locomotor behaviour.

We collected rat brains on day 7 after MCAO/R and 
performed TTC staining to test the effects of treatment 
with agomir-212-5p on the infarct volume (Fig. 4A). TTC 
staining illustrated a significant increase in white matter 

was observed in the MCAO/R group, whereas the admin-
istration of agomir-212-5p obviously reduced the infarct 
volume of rats subjected to MCAO/R (Fig.  4B). This 
change may suggest a neuroprotective effect of agomir-
212-5p. Tissue sections were stained with H&E and Nissl 
to reveal the histological appearance and histological 
changes in neurons and to further confirm the neuropro-
tective role of miR-212-5p. H&E staining revealed a dis-
ordered cell arrangement, interstitial oedema and a large 
number of necrotic cells in MCAO/R rats (Fig.  4C). In 
addition, Nissl staining showed the number of Nissl-pos-
itive bodies in the ischemic penumbra of the MCAO/R 
group was reduced. Agomir-212-5p treatment effec-
tively ameliorated brain tissue loss and neuronal damage 
(Fig.  4D). NeuN staining further indicated that neuro-
nal apoptosis was decreased after treated with agomir-
212-5p in the cortex (Fig.  4E, F) and striatum (Fig.  4G, 
H) compared with the MCAO/R group. Altogether, these 
results conclusively showed that miR-212-5p effectively 
alleviated cerebral ischemia-induced brain damage.

MiR-212-5p promotes neuroprotection by targeting 
PLXNA2 in MCAO/R rats
Further investigation of the mechanism underlying the 
neuroprotective effects of miR-212-5p was achieved by 
detecting the expression of the miR-212-5p target gene 
PLXNA2. At 3 days after MCAO/R, qRT-PCR analysis 
showed significantly higher levels of PLXNA2, RhoA, 
and ROCK2, whereas treatment with agomir-212-5p sig-
nificantly downregulated their expression in the ischemic 
penumbra (Fig. 5B). Western blot results were consistent 
with the qRT–PCR results (Fig. 5C, D). Finally, we exam-
ined PLXNA2, RhoA and ROCK2 expression in neurons 
by performing double immunofluorescence staining, 
and the neurons in the ischemic penumbra were labelled 

Table 1 Primers sequence for quantitative real-time Polymerase Chain Reaction
Gene Forward primer (5′-3′) Reverse primer (5′-3′)
IL-1β TGTTTCCCTCCCTGCCTCTGAC CGACAATGCTGCCTCGTGACC
IL-6 ACTTCCAGCCAGTTGCCTTCTTG TGGTCTGTTGTGGGTGGTATCCTC
iNOS GAGACGCACAGGCAGAGGTTG AGCAGGCACACGCAATGATGG
CD32 ACACTGTGACACTGATGTGCGAAG TGTAGTTGGCTTGGGCTTGATGC
CD86 TTTCGCAGCCCCAGTTTGATCG GACCAGCAGAAAGAGACAGCACAG
TGF-β GACCGCAACAACGCAATCTATGAC CTGGCACTGCTTCCCGAATGTC
IL-10 GAACCACCCGGCATCTACTG TTCCAAGGAGTTGCTCCCGT
CD206 TGGACAGACGGACGAGGAGTTC GCCACCAATCACAACAACACAGTC
PLXNA2 ACCGACTGGGCAAGGACTCAC GCGAGGTAGGCGTTCATATCTTGG
PTEN TTGAAGACCATAACCCACCACAGC CATTACACCAGTCCGTCCTTTCCC
FOXO3 TGGACGCCTGGACCGACTTC GCTCCGTGCTCGCCAAGATG
RhoA AAGTGGACGGGAAGCAGGTAGAG CATCAGTGTCTGGGTAGGAGAGAGG
ROCK2 GGGAGGTACGACTTGGAAGAAATGG GCTGCTGTCTATGTCACTGCTGAG
Nogo-A TGCAGTGTTGATGTGGGTGTT ATCTGCACCTGATGCCGTTC
NgR TCGGAAGGAGCAGGACTCAGAAC TGAGGGAGGCATAGGATTGGACAG
β-actin TGGCTCTATCCTGGCCTCAC CGCAGCTCAGTAACAGTCCG
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Fig. 4 Agomir-212-5p reduces the infarct volume and mitigates neuronal apoptosis 7 days after MCAO/R. A Brain sections were stained with TTC to 
visualise the ischemic lesions at 7 days after MCAO/R. The white area shows the infarct core. B Quantitative analysis of the percentage of the infarct area. 
C H&E staining. Scale bars = 1000 μm (low magnification) and 50 μm (high magnification). D Nissl staining. Scale bars = 50 μm. E, F Immunofluorescence 
staining for NeuN showing the survival of neurons in the peri-infarct cortex 7 days after MCAO/R. G, H The numbers of NeuN + viable neurons in the 
peri-infarct striatum. The data are presented as the means ± SEM (n = 3 per group). *P < 0.05 and **P < 0.01 compared with the sham group, #P < 0.05 and 
##P < 0.01 compared with the MCAO/R group
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with a NeuN antibody. Immunofluorescence staining 
showed that agomir-212-5p attenuated PLXNA2, RhoA 
and ROCK2 expression in neurons 3 days after MCAO/R 
(Fig. 5E). The results suggested that PLXNA2 and RhoA/
ROCK2 may be involved in the neuroprotective effect of 
miR-212-5p.

MiR-212-5p promotes synaptic plasticity and attenuates 
axonal degeneration in MCAO/R rats
Synapse structures in the sham group were complete, 
including intact pre- and postsynaptic structures. Fewer 

synaptic vesicles, blurred or missing synaptic clefts 
and abnormal synaptic structures were observed after 
MCAO/R surgery (Fig. 6A). Pre- and postsynaptic struc-
tures are indicated in light pale violet and green, respec-
tively (Fig. 6B). The number of synapses and width of the 
synaptic space were improved in response to treatment 
with agomir-212-5p (Fig. 6C, D). A substantial reduction 
in the density of MAP-2 staining was observed, however, 
this phenomenon could be reversed by agomir-212-5p 
treatment (Fig.  6E). We next examined the effect of 
agomir-212-5p on attenuating axonal degeneration. The 

Fig. 5 Agomir-212-5p inhibited the PLXNA2 and RhoA/ROCK2 in the ischemic penumbra at 3 days following MCAO/R. A The asterisks denote the ob-
servation site. B PLXNA2, RhoA and ROCK2 mRNA expression in the ipsilateral brain was analysed using qRT–PCR. C Representative images of western 
blots for PLXNA2, RhoA and ROCK2 in each group. β-Actin was detected as an internal reference. D Quantitative analysis of the western blot results. E 
Immunofluorescence staining for the PLXNA2, RhoA and ROCK2 proteins in neurons from each group. Scale bar = 50 μm. The data are presented as the 
means ± SEM (n = 4–6 per group). *P < 0.05 and **P < 0.01 compared with the sham group, #P < 0.05 and ##P < 0.01 compared with the MCAO/R group
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Fig. 6 MiR-212-5p promotes synaptic plasticity and attenuates axon degeneration at 7 days following MCAO/R. A Ultrastructures of the synapses in the 
ischemic penumbra analysed using TEM. Scale bar = 2 μm. B Schematic of the presynaptic (violet) and postsynaptic (green) structures. C The number of 
synapses in the ischemic penumbra of the cortex in each group. D Width of the synaptic space (nm). n = 3 per group. E Immunofluorescence staining 
shows MAP-2 (in green) expression in the ischemic penumbra of the cortex. Nuclei were stained with DAPI and are visualised in blue. Scale bar = 50 μm. 
F Representative images of western blots for Nogo-A, NgR, and GAP-43. G Quantitative analysis of the western blot results. n = 4–6 per group. H-J Im-
munofluorescence staining was performed to show the presence of Nogo-A, NgR and β III tubulin in the ischemic penumbra of the cortex. Nuclei were 
stained with DAPI and are visualised in blue. Scale bar =, 50 μm. The data are presented as the means ± SEM. *P < 0.05 and **P < 0.01 compared with the 
sham group, #P < 0.05 and ##P < 0.01 compared with the MCAO/R group
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western blot results revealed that the levels of Nogo-A 
and the NgR, which showed increased expression fol-
lowing MCAO/R, were reduced after intervention with 
agomir-212-5p. Growth-associated protein-43 (GAP-43), 
a neuronal-specific protein, was significantly higher in 
the MCAO/R + agomir-212-5p group than the MCAO/R 
group (Fig. 6F, G). Western blot analyses of Nogo-A and 
NgR were further verified by performing immunofluo-
rescence staining (Fig.  6H, I). Treatment with agomir-
212-5p strongly protected axons from MCAO/R-induced 
degeneration (Fig.  6J). Overall, these findings demon-
strated that increasing miR-212-5p expression may be a 
potential strategy for promoting synaptic plasticity and 
inhibiting axonal degeneration after MCAO/R-induced 
focal cerebral ischemia.

MiR-212-5p facilitates dendritic spine formation and 
dendritic growth in rats after MCAO/R
We measured dendritic complexity in vivo by perform-
ing Golgi-Cox staining of brain sections to assess the role 
of miR-212-5p. The apical and basal dendrites exhibited 
marked decreases in complexity at 7 days after MCAO/R, 
and MCAO/R rats showed a reduced number of den-
drite intersections (Fig.  7A-E) and decreased dendritic 
branches (Fig. 7F, G). We also compared spine densities 
on apical dendrites and basal dendrites. A significant 
reduction in dendritic spine density was observed after 
MCAO/R when counting the spine numbers. However, 
the decrease in the dendritic spine density was allevi-
ated by agomir-212-5p (Fig. 7H-K). Together, these data 
indicated that miR-212-5p may play an important role in 
enhancing dendritic spine formation and in promoting 
dendritic growth.

MiR-212-5p promotes neuroprotection by targeting 
PLXNA2 in vitro
For the in vitro study, PC12 cells exposed to an OGD 
environment were used to assess the neuroprotective 
effect of miR-212-5p. We first investigated the levels of 
the PLXNA2, RhoA and ROCK2 proteins using western 
blot analysis. The results for PLXNA2, RhoA and ROCK2 
expression in cells were similar to those obtained in the 
rat brain tissue (Fig. 8A, B). Moreover, the intensities of 
PLXNA2, RhoA and ROCK2 immunofluorescence stain-
ing were increased after OGD/R injury, but the increases 
were reversed in the agomir-212-5p group (Fig.  8C-E). 
These results were further confirmed using qRT–PCR 
(Fig. 8F-H). Collectively, PLXNA2 may be involved in the 
effect of miR-212-5p.

MiR-212-5p attenuates apoptosis and axonal degeneration 
in vitro
As shown in Fig.  9A, immunofluorescence staining 
showed a marked increase in Cleaved–Caspase 3 levels 

following OGD/R, whereas agomir-212-5p treatment 
significantly reduced cell death. The OGD/R group 
exhibited higher levels of the NogoA and NgR mRNAs 
than the agomir-212-5p treatment group (Fig.  9B, C). 
Similarly, cellular immunofluorescence experiments fur-
ther confirmed these results. OGD/R increased Nogo-A 
and NgR mRNA expression and decreased β III tubulin 
expression, but agomir-212-5p treatment significantly 
reversed these changes (Fig. 9D-F). These results demon-
strated that miR-212-5p exerts a neuroprotective effect 
on cell death in vitro.

Discussion
M2 microglia have been reported to protect neurons 
through a paracrine mechanism or by releasing neuro-
trophic factors [24]. The mechanisms underlying the 
interaction of microglia with neurons for neuronal sur-
vival are poorly understood. Revealing the molecular 
mechanisms underlying M2 microglia’s protective role in 
ischemic stroke will contribute to identifying additional 
potential therapeutic targets for ischemic stroke. The 
current study is the first to show that a miR-212-5p inter-
vention exerted a neuroprotective effect and ameliorated 
motor deficits in MCAO/R rats by targeting PLXNA2. 
This study reports several important discoveries. First, 
miR-212-5p expression was substantially decreased in 
microglial exosome extracts from the ischemic penumbra 
region of the ipsilateral hemisphere of the brain during 
the acute phase of ischemic stroke. Second, miR-212-5p 
treatment attenuated neuronal damage by restoring den-
dritic spine formation, dendritic growth, and synaptic 
plasticity and attenuating axon degeneration. Third, miR-
212-5p ameliorates early brain injury and improves neu-
rological performance and motor function in MCAO/R 
rats by directly targeting PLXNA2. Our results reveal 
that miR-212-5p may be a crucial factor contributing to 
neuroprotection that exerts its function by regulating the 
expression of its downstream target gene PLXNA2.

The early pathological changes of cerebral ischemia 
involve a series of complex reactions in the CNS, includ-
ing genomic, molecular and cellular alterations, which 
may contribute substantially to neuronal damage [25]. 
Brain-resident immune cells such as astrocytes, microg-
lia, or endothelial cells participate in activating inflam-
matory responses after ischemic injury and communicate 
with one another via the systemic production of inflam-
matory mediators and cytokines [25]. Microglia are first 
rapidly activated in response to brain injury, and acti-
vated microglia polarize to an anti-inflammatory (M2) 
phenotype during the early period following ischemic 
stroke and subsequently transform into a pro-inflamma-
tory (M1) phenotype [26]. The neuroprotective effect of 
microglia on ischemic stroke primarily relies on microg-
lia with the M2 phenotype [27]. M2 microglia exert 
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neuroprotective effects by attenuating local inflamma-
tion, engulfing and clearing cell debris, and modulating 
tissue remodeling [28]. However, the mechanism under-
lying the effects of M2 microglia on neuronal functions 

still requires further clarification. A delayed neuronal 
death and excitotoxic injury in the brain’s ischemic pen-
umbra are major markers of neuronal tissue damage fol-
lowing ischemic injury [29]. The surviving neurons in the 

Fig. 7 MiR-212-5p promoted dendritic spine formation and dendritic growth at 7 days following MCAO/R. A Representative Golgi-Cox-stained pho-
tomicrograph of brains from rats subjected to MCAO/R. Scale bar = 50 μm and 20 μm. B The apical dendritic intersections were counted at increasing 
distances from the centre of the soma. C The total number of intersections in the apical dendrites. D The basal dendritic intersections were counted at 
increasing distances from the centre of the soma. E The total number of intersections for the basal dendrites. F The total number of branches of apical 
dendrites. G The total number of branches of basal dendrites. H Graphs of dendritic spines on apical dendrites. Scale bar = 10 μm. I Density of dendritic 
spines along apical dendrites. J Graphs of dendritic spines on basal dendrites. Scale bar = 10 μm. K Density of dendritic spines along basal dendrites. The 
data are presented as the means ± SEM (n = 3 per group). *P < 0.05 and **P < 0.01 compared with the sham group, #P < 0.05 and ##P < 0.01 compared with 
the MCAO/R group
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ischemic penumbra directly accelerate neurological func-
tion recovery following ischemic stroke [30]. Thus, acute 
stroke treatment aims to salvage ischemic penumbra tis-
sue in order to minimize long-term functional deficits.

Several miRNAs protect neurons from neuronal injury 
and exert neuroprotective effects. MiR-9 contributes 
to neuronal survival and regeneration after ischemia. 
Transfection with a miR-9 mimic increases the viability 

of neurons, facilitates neurite elongation and promotes 
neuronal proliferation, leading to functional recov-
ery of ischemic stroke [31]. In a mouse ischemic stroke 
model, miR-215-associated neuroprotection suppresses 
autophagy activity and reduces apoptosis, which results 
in a further reduction in the infarct volume and improves 
functional recovery [32]. Upregulation of miR-21 reduces 
stroke-related inflammation, thereby protecting against 

Fig. 8 Agomir-212-5p suppressed the PLXNA2 and RhoA/ROCK2 in PC12 cells following OGD/R. A Representative photographs of western blots show-
ing PLXNA2, RhoA and ROCK2 levels in each group. β-Actin was used as an internal reference. B Quantitative analysis of the western blot results. C-E 
Immunofluorescence staining results for the PLXNA2, RhoA and ROCK2 (in green) proteins in neurons in each group. Nuclei were stained with DAPI and 
are visualised in blue. Scale bar = 50 μm. F-H qRT–PCR was performed to assess the mRNA levels of PLXNA2, RhoA and ROCK2 in each group. The data 
are presented as the means ± SEM (n = 4–6 per group). *P < 0.05 and **P < 0.01 compared with the sham group, #P < 0.05 and ##P < 0.01 compared with 
the MCAO/R group
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BBB disruption, increasing neuronal cell survival, and 
importantly, enhancing functional outcomes following 
cerebral ischemia-reperfusion in rats [33]. According 
to recent studies, exosomes secreted from microglia are 
essential to mediate interactions between microglia and 
neurons by transferring proteins, mRNAs and miRNAs 
[34]. Exosomes miRNAs have a variety of functions, such 
as neural protection, apoptosis resistance, anti-oxida-
tion, anti-inflammatory, and blood brain barrier repair 
[35]. Exosomal miR-124-3p is transported from microg-
lial cells to neurons; furthermore, miR-124-3p regu-
lates the Rela/ApoE pathway to ameliorate injury, which 

contributes to the recovery of cognitive outcomes [36]. 
In the current study, we found that miR-212-5p expres-
sion was significantly decreased in microglia exosomes 
following cerebral ischemia reperfusion using miRNA 
sequencing method. Thus, miR-212-5p may contribute to 
cerebral ischemia reperfusion and was chosen as a candi-
date miRNA for further study.

The miR-212 belongs to the miR-132/212 family, which 
having a high level of expression in the brain [37], and it 
is associated with neuronal remodeling, synaptic plastic-
ity, and communication between immune cells and neu-
rons [38, 39]. The expression of miR-132 is widespread 

Fig. 9 MiR-212-5p reduces neuronal apoptosis and attenuates axonal degeneration in PC12 cells following OGD/R. A Cleaved-Caspase 3 immunofluores-
cence staining (in green). Nuclei were stained with DAPI and are visualised in blue. Scale bar = 50 μm. B, C Nogo-A and NgR gene expression levels in PC12 
cells. Gene expression levels were examined using qRT–PCR and normalised to β-actin. D-F Immunofluorescence staining was conducted to reveal the 
presence of Nogo-A, NgR and β III tubulin in PC12 cells. Nuclei were stained with DAPI and are visualised in blue. Scale bar = 50 μm. The data are presented 
as the means ± SEM (n = 5 per group). *P < 0.05 and **P < 0.01 compared with the sham group, #P < 0.05 and ##P < 0.01 compared with the MCAO/R group
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throughout the CNS, with neurons having the high-
est level, followed by astrocytes, oligodendrocytes, and 
microglia, while miR-212 is predominantly expressed in 
non-neuronal cells [40]. MiR-132/212 contributes to neu-
ral development, maturation, morphogenesis and func-
tion. More importantly, miR-132/212 has a crucial role in 
regulating inflammation. It can reduce the infiltration of 
inflammatory cells, especially microglia, while reducing 
the release of inflammatory cytokines. Therefore, miR-
212 is also called ‘neurimmiR’ since miR-212 participate 
in the cross-talk between neural and immune functions 
[41]. In our studies, M2 microglia were present at the 
highest levels on the third day after surgery, and miRNA 
sequencing results from exosomes extracted from 
microglial cells suggested a reduction in miR-212-5p 
expression. Our in vivo study revealed that miR-212-5p 
was downregulated in the ischemic penumbra region at 
72 h after MCAO/R. The expression of miR-212-5p was 
also decreased in vitro after PC12 cells were subjected to 
OGD/R. Furthermore, identification of the miR-212-5p 
target genes is important for understanding the role of 
miR-212-5p in the pathological process of cerebral isch-
emia. In the current study, it was observed that PLXNA2 
may be a direct target gene of miR-212-5p in cerebral 
ischemia.

PLXNA2 is a member of the PLXNs family, initially 
identified as important regulators of axon growth cone 
guidance and axon extension, which participates in axon 
repulsion during development [42]. According to a pre-
vious study, PLXNA2 limits axonal growth, which ulti-
mately broadly limits recovery from CNS injury [43]. 
Over the past few years, PLXNs have been increasingly 
recognized as an important role in immunity, regulating 
various cellular signaling pathways in an independent 
or dependent manner [44]. Recent studies have revealed 
that PLXNs are important for maintaining microglial 
homeostasis, and they are closely related to inflamma-
tory mediator production [45]. It has been reported that 
the crosstalk between PLXNA1 and Toll-like receptor 4 
signaling pathway enhances the activation of microglia 
[46]. However, little is known about the mechanism of 
PLXNA2 in cerebral ischemia reperfusion-induced neu-
ral injury. Our previous studies found PLXNA2 to be an 
important mediator of inflammatory responses induced 
by microglia polarization after cerebral ischemia reper-
fusion in rats [47]. The findings suggested that PLXNA2 
inhibition may be a potential mechanism associated with 
neural repair after acute stroke. In the current study, 
PLXNA2 expression in neurons in the ischemic penum-
bra region was inhibited by agomir-212-5p in MCAO/R 
rats. Based on these findings, there is a possibility that 
PLXNA2 is a downstream target gene for miR-212-5p 
that may play an important role in impaired functional 
recovery following ischemic stroke. Further, the PLXN 

family executes its functions by directly binding Rho 
family GTPases via an intracellular domain [48]. RhoA 
has been identified as a negative regulator of neurite out-
growth during development, and its major downstream 
effector, Rock2, is associated with the induction of RhoA-
driven neurite retraction [49]. RhoA/Rock2 upregula-
tion contributes to neuroinflammation, blood-brain 
barrier dysfunction, axon growth inhibition and neuro-
nal apoptosis following ischemic stroke [50]. Inhibition 
of RhoA/Rock2 signalling may effectively induce axonal 
regeneration following injury [51]. It has been suggested 
that miR-30b facilitate neuronal regeneration and neu-
rite growth by regulating the Sema3A/NRP-1/PlexinA1/
RhoA/ROCK axis to promote functional recovery follow-
ing spinal cord injury [52]. According to our study, the 
miR-212-5p agomir treatment also suppressed RhoA and 
ROCK2 expression in ischemic penumbra. Our data indi-
cated that the administration of the miR-212-5p agomir 
enhances axonal protection after acute axonal injury, 
increases GAP-43 and β III tubulin protein expression 
and decreases Nogo-A and NgR expression. Moreover, 
the morphology of damaged dendrites was sufficiently 
restored.

This study still has several limitations. First, we mainly 
focused on the effect of miR-212-5p on the pathological 
progression of ischemic stroke and neuronal protection, 
while the effect of exosomes transfected with miR-212-5p 
requires further analysis. Second, we only validated the 
altered expression of this miRNA in the acute stage of 
MCAO/R. More studies are needed to explore the long-
term effects of miR-212-5p.

Conclusion
In conclusion, our findings reveal that PLXNA2 may be 
a target gene of miR-212-5p. MiR-212-5p and its target 
gene contribute to increase of neuronal survival, allevia-
tion of axonal degeneration and improvement of motor 
function after MCAO/R (Fig. 10). Consequently, agomir-
212-5p treatment may be a strategy for ischemic brain 
injury with great potential and promising clinical applica-
tion value.

Materials and methods
Animals
We obtained adult male Sprague–Dawley (SD) rats 
weighing 260–280  g from Shanghai Laboratory Animal 
Research Center (Shanghai, China). Only male rats were 
used in this study because a previous study documented 
the neuroprotective effects of oestrogens on animal mod-
els of cerebral ischemia [53]. We housed all rats under 
standard laboratory conditions of of 23 ± 2  °C, 40–50% 
humidity, and 12 h–12 h light-dark cycle. Food and water 
were freely available to the animals. The Animal Ethics 
Committee of Shanghai University of Traditional Chinese 
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Medicine reviewed and approved all experimental proto-
cols, and all animal procedures followed the guidelines of 
the National Institutes of Health Guide for the Care and 
Use of Laboratory Animals.

Animal model of ischemic stroke and 
intracerebroventricular injection
Pentobarbital sodium (30  mg/kg, intraperitoneal) was 
used to anesthetize rats. Then, rat was placed in a supine 
position, and a midline incision was made on the neck 
to expose the left external carotid artery (ECA), internal 
carotid artery (ICA) and common carotid artery (CCA). 
Surgical silk was used for ligation of the ECA to block 
blood flow, and the left ICA and CCA were temporarily 
clamped using microvascular clips. In the ECA, a small 
incision was made. Then, a silicon-coated suture (L3600, 
Jia Ling Biotechnology Co. Ltd., Guangzhou, China) 
was gently advanced from the ECA stump into the ICA 
to occlude blood flow in the MCA. The silicon-coated 
monofilament nylon suture was fixed for 2  h, and ICA 
perfusion was restored. Rats in the sham group under-
went the same operation with the exception of the mono-
filament nylon suture being inserted.

The animals were randomly assigned to 4 groups: the 
sham group, MCAO/R group, MCAO/R + agomir-NC 
group and MCAO/R + agomir-212-5p group. According 
to previous reports, agomir-212-5p and agomir-NC were 
injected intracerebroventricular (ICV) injection 30  min 
before MCAO/R [54]. The skull was exposed by mak-
ing an incision along the midline of the scalp. Injection 

coordinates were 1.0  mm posterior and 1.5  mm lateral 
to the bregma at a depth of 3.5  mm. Agomir-212-5p or 
agomir-NC (10 µM in 7 µl) was slowly injected. Simulta-
neously, 7 µl of 0.9% NaCl was injected into lateral ven-
tricle both in the sham and MCAO/R groups. The needle 
was retained in situ for 5 min following injection.

Isolation of microglial exosomes from the injured brain
Microglial exosomes from the ischemic penumbra por-
tion of the cortex were isolated as previously described 
[36]. In each group, the ischemic penumbra portion of 
the cortex was rapidly isolated from the left hemisphere. 
Samples were digested with collagenase type 3 (75 U/ml, 
Worthington Biochemical Corporation, Lakewood, NJ, 
USA) at 37 °C for 15 min. Then, the cells were centrifuged 
at 2000 × g at 4  °C for 10 min to remove dead cells and 
subsequently centrifuged again for 30  min at 10,000 × 
g at 4  °C to remove cellular debris. After collecting the 
supernatant, it was filtered through a 0.22 μm filter. Sam-
ples were centrifuged at 100,000 × g at 4  °C for 70 min, 
and the supernatant was removed. Calcium- and magne-
sium-free Dulbecco’s PBS (Gibco, USA) was applied to 
resuspend the exosome pellet. Samples were incubated 
for 1 h with 50 mL of 3% BSA containing 1.5 µg of anti-
CD11b biotinylated antibody (NB110-89474B, Novus, 
CO, USA) at room temperature to isolate microglial exo-
somes. Subsequently, the mixture was incubated with 
Pierce Streptavidin Plus UltraLink Resin (Thermo Fisher 
Scientific, Waltham, MA, USA) at room temperature for 
30 min. Thereafter, centrifuged at 800 × g for 10 min at 
4 °C of the samples was performed. The supernatant was 
discarded after centrifugation, and microglial exosomes 
were recovered and stored at 4 °C until use in subsequent 
analysis.

Exosome identification
Nanoparticle tracking analysis (NTA), transmission elec-
tron microscopy (TEM) and western blot analysis were 
applied to characterize exosomes. First, exosomes were 
analysed by performing NTA. In order to measure the 
size and concentration of exosome particles, we used 
NTA ZetaView PMX 110 (Particle Metrix, Meerbusch, 
Germany) and ZetaView 8.04.02. Isolated exosome sam-
ples were appropriately diluted in 1 × PBS (Biological 
Industries, Israel). NTA was performed at 11 positions, 
and the measurement results were recorded. The Zeta-
View system was calibrated using 110  nm polystyrene 
particles. Temperature was maintained at approximately 
26.26 and 27.21 °C.

Exosome morphology was analysed using negative-
staining TEM. In 50 µl of 2% PFA, exosomes were resus-
pended, and the exosomal suspension (5  µl) was placed 
on Formvar/carbon-loaded copper mesh and washed 3 
times in PBS. The copper mesh was floated onto a drop 

Fig. 10 A schematic diagram showing the potential molecular mecha-
nism by which the miR-212-5p agomir exerts a neuroprotective effect to 
alleviate ischemic neuronal damage
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of 1% glutaraldehyde for 5  min and then washed. After 
washes with distilled water, copper meshes were placed 
on droplets of a uranyl-oxalate solution for 5  min and 
then transferred to methylcellulose for 10  min. Excess 
liquid was removed with filter paper and samples were 
allowed to air dry for 10 min. Electron micrographs were 
obtained with a JEOL 1230 transmission electron micro-
scope (JEOL, Tokyo, Japan).

The expression of the exosome marker proteins CD9, 
CD63 and CD81 was evaluated using western blot analy-
sis. To identify microglia-derived exosomes, CD11b was 
used. Exosome samples were first lysed using RIPA buffer, 
and total protein was separated on 12% SDS–PAGE gels 
and transferred to a polyvinylidene difluoride (PVDF) 
membrane (Millipore, Billerica, MA, USA). After block-
ing the membranes for 1  h with 10% skim milk formu-
lated in Tris-HCI buffered saline solution (TBST), they 
were overnight incubated with primary antibodies. Anti-
bodies included CD9 (1:1000, ab92726, Abcam, Cam-
bridge, UK), CD63 (1:1000, AF5117, Affinity Biosciences, 
Cincinnati, OH, USA), CD81 (1:500, DF2306, Affinity 
Biosciences, Cincinnati, OH, USA) and ITGAM/CD11b 
(1:500, DF2911, Affinity Biosciences, Cincinnati, OH, 
USA). The PVDF membranes were then incubated with 
HRP-conjugated secondary antibodies (1:5000) at room 
temperature for 1  h. UVP BioSpectrum imaging system 
(BioSpectrum 410, USA) was used to detect protein sig-
nals using WesternBright ECL reagent (Advansta, USA).

MiRNA sequencing analysis and target gene prediction
MiRNA sequencing was performed by KangCheng Bio-
tech, Shanghai, China. After the total RNA samples were 
extracted with TRIzol reagent and tested and quanti-
fied using agarose gel electrophoresis and a NanoDrop 
spectrophotometer, the library was constructed, and 
the quality of the library was tested using an Agilent 
2100 Bioanalyzer. In order to generate single-stranded 
DNA, mixed sequencing libraries of different samples 
were denatured with 0.1  M NaOH, and 51 cycles of 
sequencing were performed using an Illumina NextSeq 
500 sequencer according to the supplier’s instructions. 
TargetScan (http://targetscan.org/) and miRDB (http://
mirdb.org/miRDB/) were used to predict miR-212-5p 
downstream target genes, and genes related to neurode-
generation were selected for further analysis.

Dual-luciferase assay
The wild-type PLXNA2 3′UTR (WT) or PLXNA2 
3′UTR mutant (MUT) of the miR-212-5p binding site, 
was inserted into the dual-luciferase pmirGLO vector 
(GenePharma, Shanghai, China). The WT and MUT 
luciferase reporter plasmids were cotransfected into 
PC12 cells along with miR-212-5p or negative control 
(NC) using Lipofectamine 2000 (GenePharma Co., Ltd., 

Shanghai, China) according to the manufacturer’s pro-
tocol. Luminescence was detected with a dual-luciferase 
reporter assay (Promega, Madison, WI, USA) using a 
GloMax instrument (Promega).

Cell culture, treatments, and oxygen–glucose deprivation/
reperfusion (OGD/R)
We obtained PC12 cells from the Shanghai Institute of 
Cell Biology and cultured them in DMEM containing 
10% FBS and 1% penicillin/streptomycin. The cells were 
cultured at 37  °C in a humidified 5% CO2 environment. 
For experiments with transfected cells, cells were trans-
fected with 100 nM agomir-212-5p or agomir-NC. Trans-
fected cells were used for subsequent experiments 24  h 
after transfection. We then changed the culture medium 
to glucose-free culture medium. The cells were incubated 
at 37  °C in a low-oxygen incubator for 4 h (1% O2, 94% 
N2, and 5% CO2). Subsequently, the cells were switched 
to regular medium and maintained under standard (5% 
CO2 and 37 °C) conditions for reperfusion.

Behavioral tests
Neurological deficits were scored by an observer blinded 
to the groups using Zea Longa scores [55]: 0 = no symp-
toms of neurological deficits; 1 = cannot extend the right 
forepaw completely; 2 = circling to the right; 3 = falling to 
the right; 4 = unable to walk spontaneously.

The foot fault test was performed in accordance with 
a previously described method [56]. Eight rats were 
included in each group. We tested rats’ ability to walk 
over a ladder with irregular spacing (1–3 cm) on 3 occa-
sions and video recorded to assess the impairment in 
right forelimb function after stroke. Scoring was based 
on the following criteria: 0 = total miss; 1 = deep slip; 
2 = slight slip; 3 = replacement; 4 = correction; 5 = partial 
placement; 6 = correct placement. The misstep rate refers 
to the number of steps with a walking score of 0, 1 or 2. 
To calculate the misstep rate, we used the following for-
mula: (the number of wrong steps of the right forelimb/
total steps) × 100%.

The motor performance and coordination of animals 
were evaluated using an automated quantitative gait anal-
ysis system (CatWalk™, Wageningen, The Netherlands). 
Each group included eight rats. During the experiment, 
the room was dark and quiet. Prior to experimentation, 
each rat performed 3 trials without any interruption to 
cross the pressure-sensitive plate of the Catwalk system. 
The rat was placed at one end of a 150-cm-long runway 
consisting of a glass platform covered by a black tunnel 
with a food reward at the opposite end of the runway. 
This test was performed before and on days 1, 3, 5, and 
7 following the surgery, respectively. Data were acquired 
and analysed using CatWalk version 10.6 software.

http://targetscan.org/
http://mirdb.org/miRDB/
http://mirdb.org/miRDB/
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Motor evoked potential (MEP)
Electrophysiological tests were conducted on the 7th day 
following modelling with an electromyography evoked 
potentiometer (9033A07, Keypoint; Medronic, Skov-
lunde, Denmark). After the rat was anesthetized, the 
recording electrode was placed on the right biceps bra-
chii, and the stimulating electrode was inserted into the 
rat’s upper jaw which was near the left motor cortex. Sin-
gle square-wave electrical pulse (100 µs) was applied, and 
the stimulation intensity increased gradually until latency 
and amplitude were no longer changed. The latency and 
amplitude of the MEP were obtained.

Resting-state functional magnetic resonance imaging 
(fMRI)
We used a 11.7 T scanner (Bruker, Ettlingen, Germany) 
for the fMRI scans. 5% isoflurane was used to induce 
anesthesia, and anesthesia was maintained with iso-
flurane (1.5%) and dexmedetomidine (0.05  mg/kg). 
Resting-state fMRI data were collected using single 
echo planar imaging (EPI) with the following param-
eters: flip angle = 90°, slice thickness = 0.3  mm, number 
of average = 1, repetition time (TR) = 3000ms, Echo time 
(TE) = 8.142 ms, field of vision (FOV) = 27 × 27 mm2. The 
fMRI data were preprocessed using Statistical Parametric 
Mapping 8 (SPM 8) toolbox (http://www.fil.ion.ucl.ac.uk/
spm/) based on the MATLAB (R2014b; Mathworks, 
Natick, MA, USA). All the images were transformed to 
Nifti format, followed by slice timing and realign. Non-
brain tissues were removed manually and each image was 
manually reoriented by setting the origin to the anterior 
commissure. Finally, images processing with normalize 
and smooth. In the following FC analysis, the ipsilateral 
(left) motor cortex was selected as the region of inter-
est (ROI) to examine whole-brain functional connectiv-
ity, and then performing Fisher’s Z transformation. The 
comparison between groups was carried out using two-
sample t-test in SPM8. P < 0.001 was considered to be sta-
tistically significant.

Evaluation of the infarct volume
Rat brains were quickly removed and frozen at -20 °C for 
20  min; subsequently, the frozen brains were coronally 
sliced into five 2-mm-thick coronal slices. Brain tissue 
slices were stained with 2% 2,3,5-triphenyltetrazolium 
chloride (TTC) (Sigma-Aldrich, St. Louis, MO, USA) and 
incubated at 37 °C for 20 min in the dark, followed by fix-
ation with 4% paraformaldehyde (PFA). The infarct area 
was calculated using Image J software.

Western blot analysis
Brain tissue corresponding to the ischemic penumbra 
and cells were collected and homogenised with RIPA 
lysis buffer (Beyotime, Shanghai, China). By using BCA 

protein assay reagents (Beyotime, Shanghai, China), pro-
tein concentrations were determined. A tissue sample 
(80 µg) and cellular sample (30 µg) were loaded and sepa-
rated on SDS–PAGE gels prior to being transferred to a 
PVDF membrane. The PVDF membranes were blocked 
with protein-free rapid blocking buffer for 20  min and 
then incubated with primary antibodies against PLXNA2 
(1:1000, #5658, Cell Signaling Technology, Beverly, MA, 
USA), Rho protein A (RhoA) (1:5000, ab187027, Abcam, 
Cambridge, UK), Rho-associated kinases 2 (ROCK2) 
(1:10000, ab125025, Abcam, Cambridge, UK), GAP43 
(1:100000, ab75810, Abcam, Cambridge, UK), neurite 
outgrowth inhibitor-A (Nogo-A, 1:1000, DF8581, Affin-
ity Biosciences, Cincinnati, OH, USA), nogo receptor 
(NgR, 1:500 DF13593, Affinity Biosciences, Cincinnati, 
OH, USA), and β-actin (1:1000, #4970, Cell Signaling 
Technology, Beverly, MA, USA) at 4 °C overnight. On the 
following day, the membranes were incubated with HRP-
conjugated secondary antibodies (1:5000) for 1 h at room 
temperature. The UVP BioSpectrum imaging system 
(BioSpectrum 410, USA) was used in conjunction with 
WesternBright ECL reagent (Advansta, USA) in order to 
detect protein signals. Finally, all bands were subjected to 
densitometry analysis with ImageJ.

H&E and nissl staining
For Nissl staining, haematoxylin–eosin (H&E) staining 
and immunofluorescence staining, samples of brain were 
fixated in 4% paraformaldehyde, then dehydrated and 
embedded in paraffin. Subsequently, brain Sect.  (5  μm 
thick) were fixed on poly-L-lysine-coated slides for H&E 
staining and Nissl staining. For HE staining, the slices 
were stained with haematoxylin and eosin with an H&E 
assay kit (G1003, Servicebio, Wuhan, China). Slices were 
stained with 0.1% cresyl violet for Nissl staining (G1036, 
Servicebio).

Immunofluorescence staining
For paraffin tissue sections, sections were dewaxed with 
xylene and rehydrated with alcohol. The sections were 
subjected to heat-induced antigen retrieval, blocked with 
10% goat serum albumin containing 0.3% Triton X-100, 
and incubated with the indicated primary antibodies 
overnight at 4°C. PC12 cells were washed with PBS, fixed 
with 4% paraformaldehyde, permeabilized with 0.3% Tri-
ton X-100 in PBS for 15 min, and incubated with 10% goat 
serum albumin at room temperature for 1 h. Next, slides 
were incubated at 4°C overnight with primary antibodies 
against Iba1 (1:100, ab15690, Abcam, Cambridge, UK), 
CD206 (1:200, ab64693,, Abcam, Cambridge, UK), CD86 
(1:200, PA5-88284, ThermoFisher, Waltham, MA, USA), 
PLXNA2 (1:200), RhoA (1:150), ROCK2 (1:200), NeuN 
(1:200, ab104224, Abcam, Cambridge, UK), Cleaved-Cas-
pase 3 (1:200, BF0711, Affinity Biosciences, Cincinnati, 

http://www.fil.ion.ucl.ac.uk/spm/
http://www.fil.ion.ucl.ac.uk/spm/
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OH, USA), Nogo-A (1:200), NgR (1:200), microtubule-
associated protein 2 (MAP-2, 1:200, 17490-1-AP, Protein-
tech, Wuhan, China) and β III tubulin (1:500, ab52623, 
Abcam, Cambridge, UK). The following day, the samples 
were incubated with Alexa Fluor® 488-conjugated Affi-
niPure goat anti-rabbit (1:200, 33106ES60, YEASEN, 
Shanghai, China) or Alexa Fluor® 594-conjugated Affi-
niPure goat anti-mouse (1:200, 33212ES60, YEASEN, 
Shanghai, China) secondary antibodies at 37°C for 30 
min. Nuclear staining was performed using 4’, 6-Diamid-
ino-2-phenylindole (DAPI, Beyotime, Shanghai, China). 
All images of immunofluorescence staining were cap-
tured using a fluorescence microscope (DM6000B, Leica, 
Germany). Images were analysed using ImageJ software.

Quantitative RT–PCR (qRT–PCR)
Total RNA samples from cells and brain tissues using 
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and 
were reversely transcribed to cDNA using reverse tran-
scription kit (A3500, Promega, Madison, WI, USA). Tar-
get genes were examined using a SYBR-Green RT–PCR 
kit (QPK-212, TOYOBO, Osaka, Japan) and a LightCy-
cler 480 system (Roche, San Francisco, CA, USA). PCR 
conditions were as follows: predenaturation for 5 min at 
95  °C, followed by 40 cycles of 95  °C for 10 s, 60  °C for 

10 s, and 72 °C for 10 s. U6 (for miRNA) and β-actin (for 
mRNA) were used as an internal inference. Reactions 
were performed in triplicate, and the 2–ΔΔCt method was 
applied to estimate the results [57]. Tables 2 and 3 show 
the primer sequences designed for this study.

Transmission electron microscopy
After cutting brain tissues into 1mm3 pieces, we fixed 
them with 2.5% glutaraldehyde for 2 h. The tissues were 
then washed and fixed in osmic acid (1%) for 1 h, dehy-
drated in ethanol, and embedded. Then, 50-nm ultrathin 
sections were prepared and stained with uranyl ace-
tate and lead citrate. The images were captured using a 
transmission electron microscope (Tecnai G2 Spirit Bio 
TWIN, FEI Company, USA).

Golgi-Cox staining, sholl analysis and measurement of the 
spine density
The rat brain was dissected and subjected to Golgi-Cox 
staining with an FD Rapid GolgiStain Kit (FD Neuro-
technologies, Columbia, MD). Rats were deeply anaes-
thetized with sodium pentobarbital, and brains were 
removed as quickly as possible while handling carefully 
avoiding damage to the brain tissue. Briefly, the extracted 
brains were soaked in a mixture of a 1:1 volumetric ratio 

Table 2 Primers sequence for quantitative real-time Polymerase Chain Reaction
Gene Forward primer (5′-3′) Reverse primer (5′-3′)
miR-30c-5p GCGCGTGTAAACATCCTACACT AGTGCAGGGTCCGAGGTATT
miR-126a-5p GCGCGCATTATTACTTTTGG AGTGCAGGGTCCGAGGTATT
miR-128-3p CGCGTCACAGTGAACCGGT AGTGCAGGGTCCGAGGTATT
miR-212-5p GCGACCTTGGCTCTAGACTGC AGTGCAGGGTCCGAGGTATT
miR-1949 CGCGTATACCAGGATGTCAGC AGTGCAGGGTCCGAGGTATT
U6 AGAGAAGATTAGCATGGCCCCTG ATCCAGTGCAGGGTCCGAGG

Table 3 Results of functional connectivity analysis among four groups
Contrast MNI Coordinates
Name Region Label Extent t-value x y z
S > M R_Cortex_Retrosplenial 36 5.634 12 32 13

L_Cortex_Somatosensory 23 5.114 -36 20 -53
R_Caudate_Putamen 16 4.766 26 -40 -53
R_Hippocampus_Ventral 10 4.473 53 -28 11
L_Caudate_Putamen 12 4.210 -24 -9 -57

 S > M + NC L_Cortex_Motor 23 5.152 -26 22 -85
L_Cortex_Medial_Prefrontal 14 4.971 -9 15 -95
R_Caudate_Putamen 16 4.676 36 -30 -49

M > M + agomir R_Olfactory_Nuclei 28 5.449 14 -13 -95
M < M + agomir R_Cortex_Somatosensory 15 -6.398 38 28 -39

R_Cortex_Motor 12 -4.946 7 38 -27
L_Cortex_Piriform 10 -4.824 -38 -34 -57

M + NC > M + agomir R_Amygdala 13 4.492 51 -49 -21
M + NC < M + agomir L_Cortex_Motor 37 -5.958 -24 18 -83

R_Periaqueductal_Grey 10 -4.569 5 -18 19
Abbreviations: S, Sham group; M, MCAO/R group; M+NC, MCAO/R+agomir-NC group; M+agomir, MCAO/R+agomir-212-5p group; R, right; L, left. 
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of solutions A:B for 2 weeks in the dark at room tempera-
ture. Then, the brain tissue was transferred into another 
solution (C) and stored in the dark for 3 days. Coronal 
slices (100  μm thickness) were prepared using a vibrat-
ing slicer (Leica, VT1200 S) and stained using standard 
staining procedures. For the Sholl analysis, NeuronJ plu-
gin was used for neuronal tracing and Sholl Analysis plu-
gin (http://fiji.sc/Sholl_Analysis) was used in ImageJ. The 
cell body was selected, and a count of dendrite intersec-
tions around the center of the cell body was performed 
at 20-µm intervals. The number of spines on segments of 
10  μm dendrites was counted to evaluate the dendritic 
spine density.

Statistical analysis
An analysis of the data was performed with SPSS Sta-
tistics software (version 22; SPSS, Chicago, IL, USA). 
We presented our data as mean ± standard errors of the 
means (SEM). The independent sample t test was used 
to detect significant differences between two groups. For 
comparisons between multiple groups, one-way analy-
sis of variance (ANOVA) was performed. An additional 
post-hoc comparison was made using the least significant 
difference (LSD) test in the case of equal variances and 
Dunnett’s T3 in the case of unequal variances. It was con-
sidered statistically significant when the P was less than 
0.05.

Abbreviations
MCAO/R  Middle cerebral artery occlusion /reperfusion
OGD/R  Oxygen-glucose deprivation (OGD/R) and reperfusion
CCA  Common carotid artery
ICA  Internal carotid artery
ECA  External carotid artery
SD rat  Sprague-Dawley rat
Iba-1  Microglia
PLXNA2  Plexin A2
GAP-43  Growth associated protein-43
IL-1β  Interleukin-1β
IL-10  Interleukin-10
IL-6  Interleukin-6
INOS  Inducible nitric oxide synthase
MEP  Motor evoked potentials
Nogo-A  Neurite outgrowth inhibitor-A
NTA  Nanoparticle tracking analysis
RF  Right forelimb
RH  Right hindlimb
RhoA  Ras homolog family member A
ROCK2  Rho-associated coiled-coil forming protein kinase 2
TTC  2,3,5-trihenyl tetrazolium chloride
H&E  Hematoxylin and eosin
TEM  Transmission electron microscopy
FMRI  Functional magnetic resonance imaging

Acknowledgements
Not applicable.

Authors’ contributions
SL, JW and XX had the equal contribution to this research. XH, MZ and JX are 
the co-corresponding authors and they completed the project design. SL, JW, 
XX and XH conducted the experiments and drafted the manuscript. YL, JM, YD 
and JZ contributed to the data analysis. CS, MZ and JX revised the manuscript. 
All authors read and approved the final manuscript.

Funding
This work was supported by the National Key R&D Program of China [Grant 
Nos.: 2018YFC2001600, and 2018YFC2001604]; National Natural Science 
Foundation of China [Grant Nos.: 81802249, 81871836, 81874035, and 
81902301]; Shanghai Science and Technology Committee [Grant Nos.: 
18511108300, 18441903900, and 18441903800]; Shanghai Rising-Star Program 
[Grant No.: 19QA1409000]; Shanghai Municipal Commission of Health and 
Family Planning [Grant No.: 2018YQ02, and 201840224]; Shanghai Youth Top 
Talent Development Plan and Shanghai “Rising Stars of Medical Talent” Youth 
Development Program [Grant No.: RY411.19.01.10]; Program of Shanghai 
Academic Research Leader [Grant No.: 19XD1403600].

Data Availability
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All experimental protocols were reviewed and approved by the Animal Ethics 
Committee of Shanghai University of Traditional Chinese Medicine, and all 
animal procedures were performed in compliance with the National Institutes 
of Health Guide for the Care and Use of Laboratory Animals.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Authors’ information
Not applicable.

Received: 29 December 2022 / Accepted: 27 July 2023

References
1. Hankey GJ, Stroke. Lancet. 2017;389(10069):641–54.
2. Della-Morte D, Guadagni F, Palmirotta R, Testa G, Caso V, Paciaroni M, Abete 

P, Rengo F, Ferroni P, Sacco RL, Rundek T. Genetics of ischemic stroke, stroke-
related risk factors, stroke precursors and treatments. Pharmacogenomics. 
2012;13(5):595–613.

3. Donnan GA, Fisher M, Macleod M, Davis SM. Stroke Lancet. 
2008;371(9624):1612–23.

4. Dirnagl U. Pathobiology of injury after stroke: the neurovascular unit and 
beyond. Ann N Y Acad Sci. 2012;1268:21–5.

5. Radak D, Katsiki N, Resanovic I, Jovanovic A, Sudar-Milovanovic E, Zafirovic 
S, Mousad SA, Isenovic ER. Apoptosis and Acute Brain Ischemia in ischemic 
stroke. Curr Vasc Pharmacol. 2017;15(2):115–22.

6. Manning NW, Campbell BC, Oxley TJ, Chapot R. Acute ischemic stroke: time, 
penumbra, and reperfusion. Stroke. 2014;45(2):640–4.

7. Ma Y, Wang J, Wang Y, Yang GY. The biphasic function of microglia in ischemic 
stroke. Prog Neurobiol. 2017;157:247–72.

8. Li R, Liu W, Yin J, Chen Y, Guo S, Fan H, Li X, Zhang X, He X, Duan C. TSG-6 
attenuates inflammation-induced brain injury via modulation of microglial 
polarization in SAH rats through the SOCS3/STAT3 pathway. J Neuroinflam-
mation. 2018;15(1):231.

9. Cai W, Liu S, Hu M, Sun X, Qiu W, Zheng S, Hu X, Lu Z. Post-stroke DHA Treat-
ment protects against Acute Ischemic Brain Injury by skewing macrophage 
polarity toward the M2 phenotype. Transl Stroke Res. 2018;9(6):669–80.

10. Guo M, Wang J, Zhao Y, Feng Y, Han S, Dong Q, Cui M, Tieu K. Microglial 
exosomes facilitate alpha-synuclein transmission in Parkinson’s disease. Brain. 
2020;143(5):1476–97.

11. Boyer MJ, Kimura Y, Akiyama T, Baggett AY, Preston KJ, Scalia R, Eguchi S, Rizzo 
V. Endothelial cell-derived extracellular vesicles alter vascular smooth muscle 
cell phenotype through high-mobility group box proteins. J Extracell Vesicles. 
2020;9(1):1781427.

http://fiji.sc/Sholl_Analysis


Page 20 of 20Li et al. Biological Research           (2023) 56:52 

12. Zeringer E, Barta T, Li M, Vlassov AV. Strategies for isolation of exosomes. Cold 
Spring Harb Protoc. 2015;2015(4):319–23.

13. Tkach M, Thery C. Communication by Extracellular vesicles: where we are and 
where we need to go. Cell. 2016;164(6):1226–32.

14. Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO. Exosome-
mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic 
exchange between cells. Nat Cell Biol. 2007;9(6):654–9.

15. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell. 
2004;116(2):281–97.

16. Wahid F, Shehzad A, Khan T, Kim YY. MicroRNAs: synthesis, mechanism, func-
tion, and recent clinical trials. Biochim Biophys Acta. 2010;1803(11):1231–43.

17. Liu NK, Wang XF, Lu QB, Xu XM. Altered microRNA expression following 
traumatic spinal cord injury. Exp Neurol. 2009;219(2):424–9.

18. Redell JB, Liu Y, Dash PK. Traumatic brain injury alters expression of hip-
pocampal microRNAs: potential regulators of multiple pathophysiological 
processes. J Neurosci Res. 2009;87(6):1435–48.

19. Wei Z, Qi X, Chen Y, Xia X, Zheng B, Sun X, Zhang G, Wang L, Zhang Q, Xu 
C, Jiang S, Li X, Xie B, Liao X, Zhu A. Bioinformatics method combined with 
logistic regression analysis reveal potentially important miRNAs in ischemic 
stroke. Biosci Rep. 2020;40(8).

20. Saugstad JA. MicroRNAs as effectors of brain function with roles in ischemia 
and injury, neuroprotection, and neurodegeneration. J Cereb Blood Flow 
Metab. 2010;30(9):1564–76.

21. Sim SE, Bakes J, Kaang BK. Neuronal activity-dependent regulation of MicroR-
NAs. Mol Cells. 2014;37(7):511–7.

22. Jovicic A, Roshan R, Moisoi N, Pradervand S, Moser R, Pillai B, Luthi-Carter 
R. Comprehensive expression analyses of neural cell-type-specific miRNAs 
identify new determinants of the specification and maintenance of neuronal 
phenotypes. J Neurosci. 2013;33(12):5127–37.

23. Costa-Mattioli M, Sossin WS, Klann E, Sonenberg N. Translational control of 
long-lasting synaptic plasticity and memory. Neuron. 2009;61(1):10–26.

24. Saijo K, Glass CK. Microglial cell origin and phenotypes in health and disease. 
Nat Rev Immunol. 2011;11(11):775–87.

25. Tuttolomondo A, Pecoraro R, Pinto A. Studies of selective TNF inhibitors in the 
treatment of brain injury from stroke and trauma: a review of the evidence to 
date. Drug Des Devel Ther. 2014;8:2221–38.

26. Hu X, Li P, Guo Y, Wang H, Leak RK, Chen S, Gao Y, Chen J. Microglia/macro-
phage polarization dynamics reveal novel mechanism of injury expansion 
after focal cerebral ischemia. Stroke. 2012;43(11):3063–70.

27. Jiao Y, Wang J, Zhang H, Cao Y, Qu Y, Huang S, Kong X, Song C, Li J, Li Q, Ma 
H, Lu X, Wang L. Inhibition of microglial receptor-interacting protein kinase 
1 ameliorates neuroinflammation following cerebral ischaemic stroke. J Cell 
Mol Med. 2020;24(21):12585–98.

28. Hu X, Leak RK, Shi Y, Suenaga J, Gao Y, Zheng P, Chen J. Microglial and 
macrophage polarization-new prospects for brain repair. Nat Rev Neurol. 
2015;11(1):56–64.

29. Broughton BR, Reutens DC, Sobey CG. Apoptotic mechanisms after cerebral 
ischemia. Stroke. 2009;40(5):e331–9.

30. Murphy TH, Corbett D. Plasticity during stroke recovery: from synapse to 
behaviour. Nat Rev Neurosci. 2009;10(12):861–72.

31. Nampoothiri SS, Rajanikant GK. miR-9 Upregulation integrates post-
ischemic neuronal survival and regeneration in Vitro. Cell Mol Neurobiol. 
2019;39(2):223–40.

32. Sun H, Zhong D, Jin J, Liu Q, Wang H, Li G. Upregulation of miR-215 exerts 
neuroprotection effects against ischemic injury via negative regulation of 
Act1/IL-17RA signaling. Neurosci Lett. 2018;662:233–41.

33. Yao X, Wang Y, Zhang D. microRNA-21 confers Neuroprotection Against Cere-
bral Ischemia-Reperfusion Injury and alleviates blood-brain barrier disruption 
in rats via the MAPK signaling pathway. J Mol Neurosci. 2018;65(1):43–53.

34. Budnik V, Ruiz-Canada C, Wendler F. Extracellular vesicles round off communi-
cation in the nervous system. Nat Rev Neurosci. 2016;17(3):160–72.

35. Upadhya R, Madhu LN, Attaluri S, Gitai DLG, Pinson MR, Kodali M, Shetty G, 
Zanirati G, Kumar S, Shuai B, Weintraub ST, Shetty AK. Extracellular vesicles 
from human iPSC-derived neural stem cells: miRNA and protein signatures, 
and anti-inflammatory and neurogenic properties. J Extracell Vesicles. 
2020;9(1):1809064.

36. Ge X, Guo M, Hu T, Li W, Huang S, Yin Z, Li Y, Chen F, Zhu L, Kang C, Jiang 
R, Lei P, Zhang J. Increased Microglial Exosomal miR-124-3p alleviates 
neurodegeneration and improves cognitive outcome after rmTBI. Mol Ther. 
2020;28(2):503–22.

37. Qian Y, Song J, Ouyang Y, Han Q, Chen W, Zhao X, Xie Y, Chen Y, Yuan W, Fan 
C. Advances in roles of miR-132 in the nervous system. Front Pharmacol. 
2017;8:770.

38. Wanet A, Tacheny A, Arnould T, Renard P. miR-212/132 expression and func-
tions: within and beyond the neuronal compartment. Nucleic Acids Res. 
2012;40(11):4742–53.

39. Aten S, Hansen KF, Hoyt KR, Obrietan K. The miR-132/212 locus: a complex 
regulator of neuronal plasticity, gene expression and cognition. RNA Dis. 
2016;3(2).

40. Hernandez-Rapp J, Rainone S, Hebert SS. MicroRNAs underlying memory 
deficits in neurodegenerative disorders. Prog Neuropsychopharmacol Biol 
Psychiatry. 2017;73:79–86.

41. Soreq H, Wolf Y. NeurimmiRs: microRNAs in the neuroimmune interface. 
Trends Mol Med. 2011;17(10):548–55.

42. Takahashi T, Fournier A, Nakamura F, Wang LH, Murakami Y, Kalb RG, Fujisawa 
H, Strittmatter SM. Plexin-neuropilin-1 complexes form functional semapho-
rin-3A receptors. Cell. 1999;99(1):59–69.

43. Shim SO, Cafferty WB, Schmidt EC, Kim BG, Fujisawa H, Strittmatter 
SM. PlexinA2 limits recovery from corticospinal axotomy by mediating 
oligodendrocyte-derived Sema6A growth inhibition. Mol Cell Neurosci. 
2012;50(2):193–200.

44. Kiseleva EP, Rutto KV. Semaphorin 3A in the Immune System: twenty years of 
study. Biochem (Mosc). 2022;87(7):640–57.

45. Xuan FL, Yan L, Li Y, Fan F, Deng H, Gou M, Chithanathan K, Heinla I, Yuan L, 
Seppa K, Zharkovsky A, Kalda A, Hong LE, Hu GF, Tan Y, Tian L. Glial receptor 
PLXNB2 regulates schizophrenia-related stress perception via the amygdala. 
Front Immunol. 2022;13:1005067.

46. Ito T, Yoshida K, Negishi T, Miyajima M, Takamatsu H, Kikutani H, Kumanogoh 
A, Yukawa K. Plexin-A1 is required for toll-like receptor-mediated microglial 
activation in the development of lipopolysaccharide-induced encephalopa-
thy. Int J Mol Med. 2014;33(5):1122–30.

47. Li S, Hua X, Zheng M, Wu J, Ma Z, Xing X, Ma J, Zhang J, Shan C, Xu J. PLXNA2 
knockdown promotes M2 microglia polarization through mTOR/STAT3 
signaling to improve functional recovery in rats after cerebral ischemia/reper-
fusion injury. Exp Neurol. 2021;346:113854.

48. Zhang L, Buck M. Molecular Dynamics Simulations Reveal Isoform Specific 
Contact Dynamics between the Plexin rho GTPase binding domain (RBD) 
and small rho GTPases Rac1 and Rnd1. J Phys Chem B. 2017;121(7):1485–98.

49. Fujita Y, Yamashita T. Axon growth inhibition by RhoA/ROCK in the central 
nervous system. Front Neurosci. 2014;8:338.

50. Lu W, Wen J. H(2)S-mediated inhibition of RhoA/ROCK pathway and noncod-
ing RNAs in ischemic stroke. Metab Brain Dis. 2023;38(1):163–76.

51. Yuan XB, Jin M, Xu X, Song YQ, Wu CP, Poo MM, Duan S. Signalling and 
crosstalk of rho GTPases in mediating axon guidance. Nat Cell Biol. 
2003;5(1):38–45.

52. Wang X, Li B, Wang Z, Wang F, Liang J, Chen C, Zhao L, Zhou B, Guo X, Ren 
L, Yuan X, Chen X, Wang T. miR-30b promotes spinal cord sensory function 
recovery via the Sema3A/NRP-1/PlexinA1/RhoA/ROCK pathway. J Cell Mol 
Med. 2020;24(21):12285–97.

53. Simpkins JW, Rajakumar G, Zhang YQ, Simpkins CE, Greenwald D, Yu CJ, 
Bodor N, Day AL. Estrogens may reduce mortality and ischemic damage 
caused by middle cerebral artery occlusion in the female rat. J Neurosurg. 
1997;87(5):724–30.

54. Zhang S, Jin T, Wang L, Liu W, Zhang Y, Zheng Y, Lin Y, Yang M, He X, Lin H, 
Chen L, Tao J. Electro-acupuncture promotes the differentiation of endog-
enous neural stem cells via Exosomal microRNA 146b after ischemic stroke. 
Front Cell Neurosci. 2020;14:223.

55. Longa EZ, Weinstein PR, Carlson S, Cummins R. Reversible middle cerebral 
artery occlusion without craniectomy in rats. Stroke. 1989;20(1):84–91.

56. Metz GA, Whishaw IQ. Cortical and subcortical lesions impair skilled 
walking in the ladder rung walking test: a new task to evaluate fore- and 
hindlimb stepping, placing, and co-ordination. J Neurosci Methods. 
2002;115(2):169–79.

57. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using 
real-time quantitative PCR and the 2(-Delta Delta C(T)) method. Methods. 
2001;25(4):402–8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


	Focal ischemic stroke modifies microglia-derived exosomal miRNAs: potential role of mir-212-5p in neuronal protection and functional recovery
	Abstract
	Introduction
	Results
	Cytokine production by microglia after stroke
	The expression of miR-212-5p is decreased in microglial exosomes from the ischemic penumbra at 3 days after MCAO/R
	MiR-212-5p improved motor functional recovery and attenuated brain damage
	MiR-212-5p promotes neuroprotection by targeting PLXNA2 in MCAO/R rats
	MiR-212-5p promotes synaptic plasticity and attenuates axonal degeneration in MCAO/R rats
	MiR-212-5p facilitates dendritic spine formation and dendritic growth in rats after MCAO/R
	MiR-212-5p promotes neuroprotection by targeting PLXNA2 in vitro
	MiR-212-5p attenuates apoptosis and axonal degeneration in vitro

	Discussion
	Conclusion
	Materials and methods
	Animals
	Animal model of ischemic stroke and intracerebroventricular injection
	Isolation of microglial exosomes from the injured brain
	Exosome identification
	MiRNA sequencing analysis and target gene prediction
	Dual-luciferase assay
	Cell culture, treatments, and oxygen–glucose deprivation/reperfusion (OGD/R)
	Behavioral tests
	Motor evoked potential (MEP)
	Resting-state functional magnetic resonance imaging (fMRI)
	Evaluation of the infarct volume
	Western blot analysis
	H&E and nissl staining
	Immunofluorescence staining
	Quantitative RT–PCR (qRT–PCR)
	Transmission electron microscopy
	Golgi-Cox staining, sholl analysis and measurement of the spine density
	Statistical analysis

	References


