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INTRODUCTION 
 

Microglia are the resident immune cells in the central 

nervous system (CNS) and play an essential role in 

brain homeostasis and host defense against pathogens 

[1]. Over the past decades, microglia have received 
increasing scientific interest due to their essential roles 

in CNS health and diseases [2, 3]. In the healthy brain, 

the diverse functions of microglia have been 

demonstrated in many previous studies, from shaping 
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ABSTRACT 
 

Microglia are the resident immune cells in the central nervous system and play an essential role in brain homeostasis 
and neuroprotection in brain diseases. Exosomes are crucial in intercellular communication by transporting bioactive 
miRNAs. Thus, this study aimed to investigate the function of microglial exosome in the presence of ischemic injury and 
related mechanism. Oxygen-glucose deprivation (OGD)-treated neurons and transient middle cerebral artery occlusion 
(TMCAO)-treated mice were applied in this study. Western blotting, RT-PCR, RNA-seq, luciferase reporter assay, 
transmission electron microscope, nanoparticle tracking analysis, immunohistochemistry, TUNEL and LDH assays, and 
behavioral assay were applied in mechanistic and functional studies. The results demonstrated that exosomes derived 
from microglia in M2 phenotype (BV2-Exo) were internalized by neurons and attenuated neuronal apoptosis in 
response to ischemic injury in vitro and in vivo. BV2-Exo also decreased infarct volume and behavioral deficits in 
ischemic mice. Exosomal miRNA-137 was upregulated in BV2-Exo and participated in the partial neuroprotective effect 
of BV2-Exo. Furthermore, Notch1 was a directly targeting gene of exosomal miRNA-137. In conclusion, these results 
suggest that BV2-Exo alleviates ischemia-reperfusion brain injury through transporting exosomal miRNA-137. This 
study provides novel insight into microglial exosomes-based therapies for the treatment of ischemic brain injury.  
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learning-related plasticity to guiding the development of 

neuronal circuits [2, 3]. Meanwhile, growing evidence 

shows that microglia are involved in many CNS 

diseases, for example, traumatic brain injury such as 

spinal cord lesions, neurogenerative disorders such as 

Parkinson’s diseases, and psychiatric diseases such as 

schizophrenia [4]. Therefore, understanding the 

physiological roles of microglia is critical to apply their 

functions in the therapies for brain diseases.  

 

Ischemia-reperfusion injury (IRI) occurring in the brain 

results in irreversible loss of neurons and traumatic 

tissue damage in the IRI-targeted and surrounding areas 

[5]. Following IRI, a group of detrimental biological 

factors significantly emerge in the CNS, including 

excitatory neurotransmitters, excess ion influx, 

generation of free radicals, as well as inflammatory 

factors [6–8]. Inflammatory responses in the brain are 

tightly involved in the activation of microglia. Activated 

microglia, named M1 phenotype, secrete a mass of pro-

inflammatory cytokines that exacerbating neuronal 

damage [6, 7]. However, other studies have reported 

that activated microglia, named M2 phenotype, can 

exert neuroprotective roles through enhancing neural 

proliferation and differentiation, leading to resolution of 

inflammation and tissue repair [7–9]. Kigerl et al. 

reported that microglia in M2 state promote CNS repair 

and attenuate secondary inflammatory-associated injury 

[10]. Essentially, studying the mechanism underlying 

the neuroprotective effect of microglia would be 

beneficial to develop effective treatments for IRI injury.  

 

Exosomes, 40-100 nm in diameter, are small 

extracellular vesicles generated from various types of 

cells, including neurons, cancer cells, epithelial cells, 

and chondrocytes [11]. Previous studies have 

suggested that various bioactive components, such as 

lipids, proteins, mRNAs, microRNAs (miRNAs), and 

other non-coding RNAs (ncRNAs), have been 

identified in the lumen of exosomes [12]. 

Furthermore, these biological components can be 

taken up by neighboring or distant cells, then 

regulating the physiology of recipient cells [13]. 

Given such characteristics, exosomes play crucial 

roles in intercellular communication [13]. Regarding 

microglial exosomes, a study conducted by Huang et 

al. reported that the traumatic brain injury (TBI)-

induced upregulation of exosomal miRNA-124-3p 

derived from microglia exerts an inhibitory effect on 

neuronal inflammation and promotes the neurogenesis 

[14]. In another study reported by Ge et al., the 

elevation of microglial exosomal miRNA-124-3p 

improves cognitive ability and alleviates neuro-
degeneration resulted from repetitive mild traumatic 

brain injury (rmTBI) [15]. Furthermore, microglial 

exosomes attenuate photoreceptor injury and promote 

angiogenesis in the animal model of retinopathy of 

prematurity [16]. As such, microglial exosomes have 

great potential for developing therapeutic strategies 

for brain diseases.  
 

As mentioned above, miRNAs can be transported by 

exosomes between cells and play essential roles in the 

regulation of cellular biology [17]. MiRNAs, a class of 

short non-coding RNAs, can modulate gene expression 

through targeting 3’UTR of mRNA or promoting the 

degradation of mRNA [18]. It has been well-studied 

that miRNAs participate in various physiological and 

pathological processes, such as cell proliferation, 

autophagy, apoptosis, differentiation, tumor cell 

migration, and cell metabolism [18–20]. Meanwhile, the 

roles of exosomal miRNAs also have been reported in 

many diseases. For example, Vinas et al. demonstrated 

that exosomal miRNA-486-5p derived from human 

endothelial colony forming cell inhibits apoptosis of 

endothelial cells and attenuates ischemic injury in the 

kidney [21]. Also, exosomes derived from cardiac 

progenitor cells suppress cardiomyocyte apoptosis 

through exosomal miRNA-21 under oxidative stress 

[22]. Exosomal miRNA-25 originated from bone 

marrow mesenchymal stem cells can decrease 

malondialdehyde content and increase superoxide 

dismutase activity, thus protecting spinal cords in 

response to transient ischemia [23].  
 

Collectively, given these previous findings, we 

hypothesize that microglial exosomal miRNAs might 

play neuroprotective effects in the mouse brain under 

ischemic injury. Thus, this study aimed to address our 

hypothesis and related mechanisms. 

 

RESULTS 
 

BV2-CM attenuated OGD-induced neuronal death 
 

Microglia in M2 phenotype play a crucial 

neuroprotective role in several brain diseases, such as 

cerebral ischemia [24] and Parkinson's disease [25]. To 

detmine the mechanism underlying the neuroprotective 

effect of microglia, BV2 cells were treated with IL-4 

(20 ng/mL) to polarized to M2 phenotype [7, 26]. The 

results showed that both mRNA and protein expressions 

of CD206 and ARG, M2 microglia markers [27], were 

upregulated, compared with control BV2 cells (Figure 

1A, 1B). In addition, we found that M2 BV2 cells-

conditioned medium (BV2-CM) decreased apoptosis in 

neurons in the presence of OGD treatment (Figure 1C). 

In LDH assay, BV2-CM decreased LDH activity, 

indicating less cellular injury was detected in neurons 
after OGD treatment (Figure 1D). Intriguingly, we also 

observed that the addition of GW4869, an inhibitor of 

exosome secretion [28], partially reversed the effect of 
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BV2-CM on OGD-treated neurons (Figure 1C, 1D). 

These results together suggested that BV2-derived 

exosomes may participate in a neuroprotective 

mechanism in response to OGD.  

 

BV2-Exo identification 

 

Next, we isolated exosomes from BV2 cells in M2 

phenotype through the ultracentrifugation procedure. By 

TEM, the morphology of exosomes displayed classic 

spherical shape (Figure 2A), and nanoparticle tracking 

analysis revealed that the size of exosomes was in the 

range of 40-130 nm (Figure 2B). Also, Western blotting 

assay suggested that the exosome markers CD63 and 

Tsg101 were positively expressed in the exosomes, 

compared with those of BV2 cells (Figure 2C). 

Collectively, these results indicated that we successfully 

isolated exosomes from BV2 cells in M2 phenotype.  

 

BV2-Exo attenuated neuronal apoptosis induced by 

OGD 

 

Then, we aimed to determine whether BV2-Exo could 

be internalized by neurons. BV2-Exo was cocultured 

with neurons, and the confocal images revealed that 

PKH26-labeled red BV2-Exo were found in the 

cytoplasm of MAP2-positive neurons labeled with 

green fluorescence (Figure 3A). CCK-8 and LDH 

assays suggested that BV2-Exo significantly increased 

cell viability of neurons cocultured with BV2-Exo for 

24 hours, followed by OGD (Figure 3B, 3D). Apoptosis 

of neurons induced by OGD was also attenuated by 

BV2-Exo, as detected by TUNEL staining (Figure 3C). 

Furthermore, in vivo study, we found that BV2-Exo 

could also be taken up by neurons of the ischemic 

mouse brain (Figure 3E). Applying neurobehavioral 

testing to evaluate neurobehavioral performance in mice 

treated BV2-Exo, the results showed that BV2-Exo 

treatment attenuated behavioral deficits induced by 

tMCAO, compared with those treated with PBS control 

treatment (Figure 3F). We also observed that the mice 

treated with BV2-Exo after tMCAO had less infarct 

area and apoptosis than those in the control group 

(Figure 3G, 3H). Together, our observations 

demonstrated that BV2-Exo plays a neuroprotective role 

in neuronal injury induced by ischemic injury in both in 

vitro and in vivo.  
 

MiRNA-137 was associated with the neuroprotective 

effect of BV2-Exo 

 

Exosomal miRNAs have been demonstrated as critical 

functional factors in exosome-mediated intercellular 

communication [29]. Thus, we speculated that miRNAs 

might play an essential role in the neuroprotective effect 

of BV2-Exo. By performing RNA-seq, we identified a 

 

 

Figure 1. M2-phenotype microglia-conditioned medium attenuated oxygen-glucose deprivation (OGD)-induced neuronal death. 

(A) mRNA expressions of CD206 and ARG in BV2 cells treated with or without IL-4 treatment. (B) Protein expressions of CD206 and ARG in BV2 
cells treated with or without IL-4 treatment. (C) TUNEL assay for detecting apoptosis in neurons in 1) control, 2) OGD, 3) OGD plus M2-phenotype 
microglia-conditioned medium (OGD+BV2-CM), and 4) OGD plus M2-phenotype microglia-conditioned medium plus exosome secretion inhibitor 
GW4869 (OGD+BV2-CM+GW4869). Scale bar = 20 μm. (D) Lactate dehydrogenase (LDH) assay for detecting LDH activity in neurons in 1) control, 
2) OGD, 3) OGD+BV2-CM, and 4) OGD+BV2-CM+GW4869. Data are presented as mean±SD. *, p<0.05. At least three replicates were available for 
statistical analysis in each treatment.  
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Figure 2. Identification of M2-phenotype microglia-derived exosomes (BV2-Exo). (A) Morphology of BV2-Exo, as determined by 
transmission electron microscopy. Scale bar = 500 nm (left panel) and 100 nm (right panel). (B) Size distribution of exosomes, as determined by 
nanoparticle tracking analysis. (C) Expression of exosome markers CD63 and Tsg101 in BV2-Exo and BV2 cells. Data are presented as mean±SD. *, 
p<0.05. At least three replicates were available for statistical analysis in each treatment. 

 

 
 

Figure 3. M2-phenotype microglia-derived exosomes (BV2-Exo) attenuated neuronal apoptosis induced by ischemic injury. 
(A) BV2-Exo was internalized by neurons in vitro, as imaged by confocal microscopy. Red color indicated exosomes (PKH26), blue color 

indicated nuclei (DAPI), and green color indicated neurons (MAP2). Scale bar = 25 μm. (B) Cell viability of neurons treated with OGD or OGD 
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plus BV2-Exo, as determined by CCK-8 assay. (C) TUNEL assay for detecting apoptosis in neurons treated with OGD or OGD plus BV2-Exo. 
Scale bar = 20 μm. (D) Lactate dehydrogenase (LDH) assay for detecting LDH activity in neurons treated with OGD or OGD plus BV2-Exo. (E) 
BV2-Exo was internalized by neurons in vivo, as imaged by confocal microscopy. Red color indicated exosomes (PKH26), blue color indicated 
nuclei (DAPI), and green color indicated neurons (MAP2). Scale bar = 25 μm. (F) Modified neurological severity score for mice treated with 
control treatment (PBS) and BV2-Exo after tMCAO. (G) Relative infarct volume in brains of mice treated with control treatment (PBS) and 
BV2-Exo after tMCAO, displayed as brain cresyl violet staining and brain tissues of ischemic mice treated with indicated treatments. Yellow 
dotted boxes represent the infarct areas. (H) Double-staining of NeuN/TUNEL in brain sections of mice treated with control treatment (PBS) 
and BV2-Exo after tMCAO. Red color indicated NeuN and green color indicated TUNEL staining. Scale bar = 25 μm. Data are presented as 
mean±SD. *, p<0.05. At least three replicates were available for statistical analysis in each treatment. 

 

group of differentially expressed miRNAs between 

BV2-Exo and BV2 Exo-CN, as shown in heatmap and 

volcano plot (Figure 4A, 4B). The results revealed 

that miRNA-137 was one of the upregulated 

miRNAs. Given the essential role of miRNA-137 in 

IRI reported by multiple previous studies [30–32], we 

hypothesized that miRNA-137 might be an essential 

mediator for the function of BV2-Exo. Then, we 

applied RT-PCR assay to verify the results obtained 

from RNA-seq analysis, and we found that miRNA-

137 was also increased in BV2-Exo, relative to BV2 

Exo-CN (Figure 4C). Meanwhile, the expression of 

miRNA-137 was decreased in BV2-Exo derived from 

BV2 cells treated with miRNA-137-IN (Figure 4C). 

 

 
 

Figure 4. MiRNA-137 was upregulated in M2-phenotype microglia-derived exosomes (BV2-Exo). (A, B). Heatmap and volcano 
plot of expression profiles for differentially expressed miRNAs between BV2-Exo and exosomes derived from control BV2 cells (BV2 Exo-CN), 
as determined by RNA-seq analysis. (C) Expression of miRNA-137 in 1) BV2 Exo-CN, 2) BV2-Exo, 3) BV2-Exo derive from BV2 cells treated with 
miRNA-137 inhibitor (BV2-Exo+miRNA-137-IN), and 4) BV2-Exo derive from BV2 cells treated with miRNA-137 inhibitor negative control (BV2-
Exo+miRNA-137-NC), as detected by RT-PCR. (D) Expression of miRNA-137 in neurons treated with 1) control, 2) OGD, 3) OGD plus BV2-Exo, 
4) OGD plus BV2-Exo+miRNA-137-IN, and 5) OGD plus BV2-Exo+miRNA-137-NC, as detected by RT-PCR. Data are presented as mean±SD. *, 
p<0.05. At least three replicates were available for statistical analysis in each treatment. 
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After OGD treatment, the level of miRNA-137 was 

increased in neurons treated with BV2-Exo, whereas 

decreased in those treated with BV2-Exo derived 

from BV2 cells treated with miRNA-137-IN (Figure 

4D). Thus, these results suggested the involvement of 

miRNA-137 in BV2-Exo-related neuroprotection. 

 

BV2-Exo attenuated neuronal apoptosis induced 

OGD through miRNA-137 

 

To further determine the function of miRNA-137, we 

found that the expression of cleaved caspase-3 was 

significantly decreased in BV2-Exo-treated neurons 

after OGD, while partially rescued by treatment of 

BV2-Exo derived from BV2 cells treated with miRNA-

137-IN (Figure 5A). For LDH assay, LDH activity was 

increased by OGD treatment, which was reversed by 

BV2-Exo and BV2-Exo derived from BV2 cells treated 

with miRNA-137-IN with different degrees (Figure 

5B). Notably, we did not observe the different effects of 

these treatments on LDH activity in neurons under 

normal conditions (Figure 5C). Furthermore, TUNEL 

assay revealed that BV2-Exo with reduced expression 

of miRNA-137 could also partially reverse the effect of 

BV2-Exo on apoptosis after OGD (Figure 5D). 

Together, these results suggested that miRNA-137 

participates in, at least in part, the neuroprotective effect 

of BV2-Exo. 

 

 
 

Figure 5. M2-phenotype microglia-derived exosomes (BV2-Exo) attenuated neuronal apoptosis induced oxygen-glucose 
deprivation (OGD) through miRNA-137. (A) Protein expressions of caspase-3 and cleaved caspase-3 in neurons treated with 1) control, 2) 

OGD, 3) OGD plus BV2-Exo, 4) OGD plus BV2-Exo+miRNA-137-IN, and 5) OGD plus BV2-Exo+miRNA-137-NC, as detected by Western blotting 
assay. (B) Lactate dehydrogenase (LDH) assay for detecting LDH activity in neurons treated with 1) control, 2) OGD, 3) OGD plus BV2-Exo, 4) OGD 
plus BV2-Exo+miRNA-137-IN, and 5) OGD plus BV2-Exo+miRNA-137-NC. (C) LDH assay for detecting LDH activity in neurons treated with 1) 
control, 2) BV2-Exo, 3) BV2-Exo plus BV2-Exo+miRNA-137-IN, and 4) BV2-Exo plus BV2-Exo+miRNA-137-NC. (D) TUNEL assay for detecting 
apoptosis in neurons treated with 1) control, 2) OGD, 3) OGD plus BV2-Exo, 4) OGD plus BV2-Exo+miRNA-137-IN, and 5) OGD plus BV2-
Exo+miRNA-137-NC. Data are presented as mean±SD. *, p<0.05. At least three replicates were available for statistical analysis in each treatment. 
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MiRNA-137 mediated the function of BV2-Exo 

through targeting Notch1 

 

To determine the downstream targeting gene of miRNA-

137, we performed bioinformatics analysis in several 

databases, including MiRanda (MicroRNA.org) and 

TargetScan (http://www.targetscan.org). The results 

showed that there was a potential binding site of miRNA-

137 in 3’UTR of Notch1 (Figure 6A). Through 

performing luciferase reporter assay, the results showed 

that the luciferase activity was decreased in 293T cells 

co-transfected with miRNA-137 mimics and luciferase 

reporter plasmids containing wild-type miRNA-137 

binding site, compared with those treated with plasmids 

containing mutant miRNA-137 binding site (Figure 6B). 

Also, we found that BV2-Exo significantly decreased 

mRNA expression of Notch1, which was partially 

reversed by inhibition of miRNA-137 expression in BV2-

Exo (Figure 6C). To further investigate the function of 

Notch1 in the ischemic mouse model, BV2-Exo, BV2-

Exo with reduced expression of miRNA-137, and BV2-

Exo with reduced expression of miRNA-137 plus Cren (a 

selective inhibitor of Notch1) were administrated to 

ischemic mice, respectively. The results demonstrated 

that protein expression of Notch1 was decreased in the 

brains of mice treated with BV2-Exo and BV2-Exo with 

reduced expression of miRNA-137 plus Cren, while 

increased in mice treated with BV2-Exo with reduced 

expression of miRNA-137 (Figure 7A). Functionally, 

decreased expression of Notch1 induced by BV2-Exo 

was associated with decreased neurobehavioral deficits, 

fewer infarct areas in the brain, and less apoptosis (Figure 

7B–7D). In contrast, the elevation of Notch1 induced by 

the downregulation of miRNA-137 led to more severe 

behavioral deficits, more infarct areas, and more 

apoptosis (Figure 7B–7D). We also noticed that the effect 

of increased Notch1 was reversed by Notch1 inhibitor 

Cren. Furthermore, the expression of cleaved caspase-3 

was decreased in mice treated with BV2-Exo and BV2-

Exo with reduced expression of miRNA-137 plus Cren 

while increased in mice treated with BV2-Exo with 

reduced expression of miRNA-137, compared with those 

in the control group (Figure 7E). Collectively, these 

findings suggested that neuroprotective role of BV2-Exo 

was mediated through miRNA-137/Notch1 pathway.  

 

DISCUSSION 
 

Microglial colonize the CNS and play essential roles in 

brain development and maintaining the function of CNS 

[33], primarily including 1) the housekeeping function 

for maintaining neuronal health and normal 

physiological function; 2) the sentinel function for the 

constant perception of environmental changes; as well 

as 3) defensive function required for neuroprotection [2, 

3]. It has been demonstrated that microglial dominate 

sites of CNS injury in which they promote both injury 

and repair [34]. Distinct microglial subsets may cause 

these different effects, i.e., “classically activated” pro-

inflammatory (M1) or “alternatively activated” anti-

inflammatory (M2) cells [7, 35]. Accumulating 

evidence shows that microglia in M2 phenotype display 

notable neuroprotective effect in many brain diseases, 

such as cerebral ischemia [24], intracerebral 

hemorrhage [36], and Parkinson's disease [25]. As such, 

investigating the mechanism underlying the neuro-

protective effect of M2-phenotype microglia would 

make a significant contribution to the treatment of brain 

injuries and diseases. In this study, we reported that 

exosomes secreted by microglia BV2 cells in M2 

phenotype were internalized by neurons that were 

subjected to ischemic injury, thereby promoting the

 

 

 

Figure 6. MiRNA-137 directly targeted Notch1. (A) Putative binding site in 3’UTR of Notch1, as predicted by bioinformatics software. (B) 
Luciferase reporter assay of miRNA-137 targeting on 3’UTR of Notch1. (C) mRNA expression of Notch1 in neurons treated with 1) control, 2) 
OGD, 3) OGD plus BV2-Exo, 4) OGD plus BV2-Exo+miRNA-137-IN, and 5) OGD plus BV2-Exo+miRNA-137-NC, as detected by RT-PCR. Data are 
presented as mean±SD. *, p<0.05. At least three replicates were available for statistical analysis in each treatment. 

http://www.targetscan.org/
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survival of ischemic neurons through exosomal 

miRNA-137 via Notch1 pathway. 

 

Over the last decade, numerous studies demonstrate that 

the effect of exosomes in intercellular communication 

constitutes an essential mechanism for local and 

systematic intercellular transportation of bioactive 

cargos, such as proteins, DNA, mRNAs, long 

noncoding RNAs (lncRNAs), and miRNAs, which can 

significantly regulate the physiological processes in the 

recipient cells [37, 38]. Given these critical roles, 

exosome-mediated therapeutic strategies have received  

 

 

 
 

Figure 7. M2-phenotype microglia-derived exosomes (BV2-Exo) attenuated tMCAO-induced neuronal apoptosis through 
Notch1. (A) Protein expression of Notch1 in brains of mice treated with 1) control, 2) tMCAO plus BV2-Exo, 3) tMCAO plus BV2-Exo+miRNA-

137-IN, 4) tMCAO plus BV2-Exo+miRNA-137-IN and Crenigacestat, and 5) tMCAO plus BV2-Exo+miRNA-137-NC, as detected by Western 
blotting assay. (B) Modified neurological severity score for mice treated with 1) control, 2) tMCAO plus BV2-Exo, 3) tMCAO plus BV2-
Exo+miRNA-137-IN, 4) tMCAO plus BV2-Exo+miRNA-137-IN and Crenigacestat, and 5) tMCAO plus BV2-Exo+miRNA-137-NC. (C) Relative 
infarct volume in brains of mice treated with 1) control, 2) tMCAO plus BV2-Exo, 3) tMCAO plus BV2-Exo+miRNA-137-IN, 4) tMCAO plus BV2-
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Exo+miRNA-137-IN and Crenigacestat, and 5) tMCAO plus BV2-Exo+miRNA-137-NC, displayed as brain cresyl violet staining and brain tissues 
of ischemic mice treated with indicated treatments. Yellow dotted boxes represent the infarct areas. (D) Double-staining of NeuN/TUNEL in 
brain sections of mice treated with 1) control, 2) tMCAO plus BV2-Exo, 3) tMCAO plus BV2-Exo+miRNA-137-IN, 4) tMCAO plus BV2-
Exo+miRNA-137-IN and Crenigacestat, and 5) tMCAO plus BV2-Exo+miRNA-137-NC. Red color indicated NeuN and green color indicated 
TUNEL staining. Scale bar = 25 μm. (E) Protein expression of caspase-3 and cleaved caspase-3 in brains of mice treated with 1) control, 2) 
tMCAO plus BV2-Exo, 3) tMCAO plus BV2-Exo+miRNA-137-IN, 4) tMCAO plus BV2-Exo+miRNA-137-IN and Crenigacestat, and 5) tMCAO plus 
BV2-Exo+miRNA-137-NC, as detected by Western blotting assay. Data are presented as mean±SD. *, p<0.05. At least three replicates were 
available for statistical analysis in each treatment. 

 

growing attention and applied in many diseases studies, 

including cancers [39], cardiovascular diseases [40, 41], 

and metabolic disease [42]. Meanwhile, microglia-

derived exosomes also display essential roles in the 

development and progression of  CNS diseases [43]. For 

example, Chang et al. reported that alpha-synuclein-

induced exosomes express higher levels of major 

histocompatibility complex (MHC) class II molecules 

and membrane tumor necrosis factor alpha (TNF-alpha) 

and promote neuron apoptosis, suggesting that microglial 

exosomes might be critical mediators for neuro-

degeneration in Parkinson's disease [44]. A recent study 

reported by Li et al. suggested that TBI-induced increase 

of miRNA-124-3p in microglial exosomes suppresses 

neuronal autophagy, thereby proecting injured nerve [45]. 

In addition, exosomes generated from lipopolysaccharide 

(LPS)-activated microglia promote neuron apoptosis, 

which can reversed by the knockdown of TNF-inducible 

protein 3 (TNFAIP3) [45]. In the present study, we 

observed that M2-phenotype BV2 cell-conditioned 

medium could reduce neuronal death and apoptosis 

following OGD, in which BV2-Exo is an essential factor 

mediating the neuroprotective role of BV2 cell-

conditioned medium. Together, microglial exosomes 

exert critical role in the neuroprotection in the CNS 

diseases, including ischemic injury.  

 

It has been well documented that miRNAs are tightly 

involved in the regulation of diverse physiological and 

pathological processes [46, 47]. For ischemic brain 

injury, the crucial neuroprotective roles of miRNAs have 

uncovered in many previous studies. For instance, 

miRNA-21 and miRNA29b are unregulated in neurons, 

whereas miRNA-30b, miRNA-137, and miRNA-107 are 

downregulated in astrocytes in the presence of OGC 

treatment, suggesting the distinct role of each miRNA in 

different types of neural cells under ischemic condition 

[48]. Zhao et al. demonstrated that miRNA-23a-3p 

attenuates ischemic injury in mice treated with focal 

cerebral ischemia-reperfusion, which associated with an 

upregulated level of superoxide dismutase and reduced 

production of reactive nitrogen species [49]. 

Furthermore, Stary et al. reported that the inhibition of 

miRNA-200c leads to a significant reduction in infarct 

volume and neurological deficit through targeting reelin, 

indicating miRNA-200c is a potential biological target 

for mitigating injury induced by transient cerebral 

ischemia [50]. In the present study, RNA-seq and RT-

PCR analysis revealed that miRNA-137 was upregulated 

in BV2-Exo, relative to BV2-Exo-CN. Furthermore, the 

knockdown of miRNA-137 could partially reverse the 

neuroprotective effect of BV2-Exo. Collectively, these 

results indicate the involvement of miRNA-137 in the 

role of microglial exosomes. MiRNA-137 is abundantly 

expressed in the CNS and participates in the regulation 

of neuron maturation and differentiation [30, 31]. Li et 

al. demonstrated that miRNA-137 is a hypoxia-

responsive miRNA to inhibit mitophagy through 

targeting mitophagy receptors NIX and FUNDC1 [32]. 

In addition, miRNA-137 exerts an inhibitory effect on 

anesthesia-induced neurodegeneration and memory loss 

in the hippocampus through silencing CDC42 [51]. 

Taken together, these results indicate that miRNA-137 is 

an essential miRNA to modulate protective responses in 

the brain.  

 

To further investigate the mechanism in which microglia 

exosomal miRNA-317 plays a neuroprotective role in 

response to ischemic injury, we applied bioinformatics 

analysis and luciferase reporter assay to determine the 

downstream targeting gene of exosomal miRNA-317. 

Our results revealed that Notch1 was a direct target of 

miRNA-137 and that BV2-Exo derived from miRNA-

137-knockdown BV2 cells plus Notch1 inhibitor 

Crenigacestat exerts a similar neuroprotective role as 

BV2-Exo alone. Our observations are consistent with a 

previous study reporting that miRNA-137 protects 

neurons from OGD-induced injury via targeting Notch1 

signaling pathway [52]. It has been demonstrated that 

Notch signaling pathway plays a critical role in 

ischemia-associated injury in various physiological 

systems, such as the kidney [53] and heart [54]. In the 

CNS, the upregulation of miRNA-210 is associated with 

angiogenesis in ischemic brain cortexes of adult rats 

through the involvement of Notch1 signaling [55]. 

LncRNA GAS5 promotes mouse ischemic stroke 

through acting as a competing endogenous RNA 

(ceRNA) for miRNA-137 to regulate Notch1 signaling 

[56]. Also, Li et al. reported the importance of miRNA-

137/Notch1 pathway in hypoxia-associated retinal injury 

[57]. Notably, to the best of our best knowledge, we first 

reported that Notch1 acts as a downstream target of 

exosomal miRNA in ischemic injured neurons, 

suggesting that Notch signaling is also essential for 
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intercellular communication between injured cells and 

the surrounding microenvironment. These observations 

might also provide a potential target for developing 

treatments for ischemic injury in the brain.  

 

With regard to the limits of this study, the first should be 

addressed is the cell line used in our study. Although 

BV2 cells are an immortalized neonatal mouse microglia 

cells, which is a universal surrogate of primary microglia 

in vitro experiments [58], BV2 cells have a different gene 

expression profile than primary microglia and 

differentially behave in response to stimuli [59]. Thus, 

the results obtained from BV2 cells can not be applied 

entirely in primary microglia. Secondly, due to the 

relatively small sample size in vivo experiments, the 

results of these experiments should be interpreted with 

caution until more samples are used to study further.  

 

In conclusion, the results suggest that microglial 

exosomes could alleviate ischemic brain injury in vitro 

and in vivo through transporting exosomal miRNA-137 

and its targeting gene Notch1. This study provides novel 

insight into the development of exosomal miRNAs-based 

therapeutic strategies for ischemic brain injury.  

 

MATERIALS AND METHODS 
 

Cell culture  

 

BV2 cells were purchased from Elabscience (Wuhan, 

China) and cultured in Dulbecco's modified Eagle 

medium (DMEM) (Sigma-Aldrich, Shanghai, China) 

supplemented with 10% Fetal Bovine Serum (FBS) 

(Thermo Fisher Scientific, Waltham, USA), 1% 

streptomycin, and 1% penicillin (Thermo Fisher 

Scientific, Waltham, USA). BV2 cells were subjected to 

interleukin 4 (IL-4) (20 ng/mL) for 48 hours to convert to 

M2 phenotype, which was verified using PCR and 

Western blotting assay to detect M2 microglia markers. 

After identification, BV2 M2 cells were seeded in culture 

dishes for 24 hours, and the medium was collected and 

centrifuged at 500×g for 5 min. The supernatant was 

collected as the conditioned medium (BV2-CM) for 

subsequent experiments. Primary cortical neurons were 

collected from C57BL/6 mice at 16-18 embryonic days 

(Department of Laboratory Animal Science, Fudan 

University, Shanghai) as previously described [60]. 

Primary neurons were cultured in an incubator at 37° C in 

5% CO2, and the medium was replaced every three days. 

Primary neurons were used for subsequent experiments 

between 7 and 10 days in culture. 

 

Oxygen-glucose deprivation (OGD) treatment  

 

Before OGD treatment, primary cortical neurons were 

treated with 20 μg exosomes (BV2-Exo) or BV2-Exo-

CN for 24 hours. Oxygen-glucose deprivation (OGD) 

treatments were performed in a sealed chamber filled 

with 95% N2 and 5% CO2. During OGD treatment, cells 

were cultured in deoxygenated glucose-free DMEM 

(Thermo Fisher Scientific, Waltham, USA). After 45-

min OGD treatment, cells were moved to a regular 

incubator to recover for 12 hours, and the medium was 

replaced with normal maintenance medium. 

 

Real-time PCR 

 

Total RNA was isolated from exosomes or brain tissues 

using PolyATtract® mRNA Isolation Systems 

(Promega, Madison, USA) according to the 

manufacturer's instruction. RNA concentration and 

purity were determined using NanoDrop 2000 (Thermo 

Fisher Scientific, Waltham, USA) according to the 

manufacturer's instruction. Reverse transcription was 

performed using GoScript™ Reverse Transcription 

System (Promega, Madison, USA) according to the 

manufacturer's instruction. RT-PCR assay was 

performed using GoTaq® Green Master Mix (Promega, 

Madison, USA) in 7900 HT PCR system (ABI, Foster 

City, USA) according to the manufacturer's instructions. 

The primer information was list in Table 1. The 

expressions of GAPDH and U6 were used as control. 

The relative expressions were calculated using 2-ΔΔCt 

method [61].  

 

Western blotting  

 

Total protein was isolated from the ipsilateral hemisphere 

samples, and the amount of protein was measured using 

Pierce™ BCA Protein Assay Kit (Thermo Fisher 

Scientific, Waltham, USA). The procedure of Western 

blotting was performed as previously described [62]. The 

primary antibodies were as follows: CD63 (1:1000), 

Tsg101 (1:1000), CD206 (1:1000) (Abcam, Shanghai, 

China); caspase-3 (1:1000), cleaved caspase-3 (1:1000), 

ARG (1:200), Notch1 (1:500), and GAPDH (1:1000) 

(BD Biosciences, San Jose, USA). Proteins were 

determined using enhanced chemiluminescence 

(MilliporeSigma, Burlington, USA) and photographed 

using a Molecular Imager VersaDoc 4000 system (Bio-

Rad, Hercules, USA). 

 

Cell transfection, luciferase reporter assay and 

exosome labeling  

 

BV2 cells (2 × 106 cells) were transfected with 

lentiviruses containing miRNA-137 inhibitor (miRNA-

137-IN) (OriGene, Rockville, USA) for 72 hours, 

according to the manufacturer's instructions. Lentivirus 
containing negative control shRNA was used as a 

control (miRNA-137-NC). HEK 293T cells (2 × 

106 cells) (Sigma-Aldrich, Shanghai, China) were 
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Table 1. Primer information. 

Genes  Primers sequences 

CD206 F: 5’- AAGGCGGTGACCTCACAAG -3’ 

CD206 R: 5’-  AAAGTCCAATTCCTCGATGGTG -3’ 

ARG F: 5’- CAAGCTGGGAATTGGCAAAG -3’ 

ARG R: 5’- GGTCCAGTCCATCAACATCAA -3’ 

Notch1 F: 5’-  GCAGTTGTGCTCCTGAAGAA -3’ 

Notch1 R: 5’-  CGGGCGGCCAGAAAC -3’ 

GAPDH F: 5’- AAGGTGAAGGTCGGAGTCAAC -3’ 

GAPDH R: 5’- GGGGTCATTGATGGCAACAATA -3’ 

U6 F: 5'- CTCGCTTCGGCAGCACA -3' 

U6 R: 5’- AACGCTTCACGAATTTGCGT -3’ 

MiRNA-137  5’- CTACAAAGGGAAGCCCTTTC -3’ 

 

co-transfected with miRNA-137 mimics (RiboBio, 

Guangzhou, China) and luciferase reporter plasmids 

containing wild-type or a mutant miRNA-137 binding 

site in 3’UTR of Notch1 using the Lipofectamine™ 

3000 Transfection Reagent (Invitrogen, Waltham,  

MA, USA) according to the manufacturer’s 

instructions. At 24 hours post-transfection, relative 

luciferase activities were measured using the dual-

luciferase reporter assay kit (Promega, Madison, 

USA). Exosomes were fluorescently labeled using the 

PKH26 Fluorescent Cell Linker Kits according to the 

manufacturer's instructions (Sigma-Aldrich, Shanghai, 

China).  

 

Exosome isolation and identification  

 

Exosomes (BV2-Exo) were isolated from the culture 

supernatant of M2 BV2 cells using the ultra-

centrifugation method, as previously described [63]. 

Briefly, donor cell M2 BV2 cells were washed with 

PBS solution twice, and the medium was replaced with 

exosome-free medium (ultracentrifugation at 100,000 g 

for 16 hours) for 48 hours. Then, the supernatant was 

collected and was subjected to serial ultracentrifugation 

at 2000×g for 30 min, 10000×g for 30 min, and 

100000×g for 60 min at 4° C. Next, exosomes were 

washed with PBS solution once at 100000×g for 60 

min and were suspended for further identification. 

Exosomes (BV2-Exo-CN) isolated from BV2 without 

being treated IL-4 were used as control. The protein 

content of exosomes was measured using Pierce™ 

BCA Protein Assay Kit (ThermoFisher Scientific, 

Waltham, USA). Exosomal markers CD63 and 

TSG101 were determined by Western blotting assay. 

Then, transmission electron microscope (TEM) 

(Philips, Amsterdam, Netherlands) and nanoparticle 

tracking analysis were performed toverify the 

identification of exosomes, as previously described 

[63].  

RNA-seq 

 

Total RNA and cDNA of BV2-Exo and BV2-Exo-CN 

were prepared as described above. The procedure of 

RNA-seq was performed on Illumina Hiseq2500 

platform according to the manufacturer's instructions 

Majorbio Biotech Co., Ltd. (Shanghai, China). RNA-

seq analysis was performed as previously described [64] 

and the instruction provided by Majorbio Biotech Co., 

Ltd. The clean reads were obtained through quality 

control and then blasted against the Rfam database to 

annotate the miscellaneous RNAs [65]. After filtering 

snRNA, scRNA, rRNA, and other non-coding RNA, the 

remaining sRNAs were aligned to the miRBase version 

21.0 to identify the known and novel miRNAs. Then, 

the differential miRNA expression profile was 

calculated by the package DESeq2 [66] and edgeR [67]. 

MiRNAs with |log2fold change| ≥2 and P adj-value <0.05 

were identified as statistical differences. Volcano plots 

and heatmaps of differential miRNA expression profiles 

were plotted by R Package TRAPR [68].  

 

Immunohistochemistry and TUNEL assay 

 

Immunohistochemistry assay was performed as 

previously described [69, 70]. The primary antibodies 

used were as follows: CD206 (1:500), AGR (1:500), 

MAP2 (1:500) (Abcam, Shanghai, China). The double-

staining of TUNEL/DAPI was performed for in vitro 

study using TUNEL Assay Kit according to the 

manufacturer's instructions (Abcam, Shanghai, China). 

The double-staining of NeuN/TUNEL was performed 

for the infarct area of brain sections for in vivo study 

(Abcam, Shanghai, China). For the quantification of 

apoptotic cells, the stained cells or sections were viewed 

under a fluorescence microscope (Olympus, Tokyo, 

Japan). The mean of TUNEL-positive cells at least 5 

random microscopic regions were counted for each 

sample by two independent lab technicians.  
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CCK-8 and lactate dehydrogenase (LDH) assay 

 

Cell viability was determined using Cell Counting Kit-8 

(CCK-8) according to the manufacturer's instructions 

(Dojindo, Kumamoto, Japan). Absorbance was 

determined at 450 nm using a microplate reader 

(BioTek, Winooski, USA). Lactate dehydrogenase 

(LDH) assay was performed to determine the death rate 

of primary neurons using LDH assay kit according to 

the manufacturer's instructions (Abcam, Shanghai, 

China). 

 

In vivo ischemic mouse model  

 

All experiments performed on animals were approved 

by the Institutional Animal Care and Use Committee of 

Heilongjiang University of Traditional Chinese 

Medicine. Thirty-six C57BL/6 male mice (6-8 weeks 

old; 24-28 g) (Department of Laboratory Animal 

Science, Fudan University, Shanghai) were randomly 

divided into six groups (n=12). Except for mice in the 

sham group (n=12), the other thirty mice were 

subjected to transient middle cerebral artery occlusion 

(tMCAO) surgery, as previously described [71]. To 

verify the success of surgery, the interruption and 

reperfusion of surface cerebral blood flow was 

confirmed using transcranial laser Doppler (DRK4, 

Devon, UK). After surgery, mice were randomly 

divided into five groups (n=12), including 1) PBS 

group: mice were injected with PBS (200 μl); 2) BV2-

Exo group: mice were injected with BV2-Exo; 3) BV2-

Exo-miRNA-137-IN group: mice were injected with 

exosomes derived from BV2 cells treated with miRNA-

137-IN; 4) BV2-Exo-miRNA-137-IN+ Crenigacestat 

group: mice were co-injected with exosomes derived 

from BV2 cells treated with miRNA-137-IN and 100 

μg/kg Crenigacestat (Cren) (LY3039478) [72]. 5) 

miRNA-137-NC group: mice were injected with 

exosomes derived from BV2 cells treated with miRNA-

137-NC. The injection of exosomes (100 μg/day) was 

immediately performed through the tail vein after the 

surgery and lasted for three consecutive days. Three 

days after surgery, six mice in each group were used 

for detecting RNA and protein expressions, and the 

other six mice were used for immunohistochemistry 

assay. Infarct volume was evaluated as previously 

described [73]. Briefly, the brain was sectioned in a 

cryostat into a series of 20 μm sections and strained 

with 0.1% cresyl violet. The ratio of staining in the 

ipsilateral and contralateral hemispheres was 

determined using ImageJ [74]. The influence of 

postischemic edema to the infarct volume was 

corrected for swelling by comparing nonischemic  

and ischemic hemispheres, as previously described [75, 

76]. The infarct volume was calculated through the 

formula: 

( )h/3 Sn Sn Sn 1 1/2 Sn 1 ,V  =  +   + +  +   

 

where V indicates volume, h indicates the distance 

between the two adjacent sections, contralateral area 

subtracts normal area of the ipsilateral hemisphere was 

calculated as the infarct area ΔS, and ∆Sn and ∆Sn+1 

indicates the different area between the two adjacent 

sections [77]. 

 

Neurobehavioral testing 

 

To determine neurobehavioral performance, all mice 

underwent modified neurological severity score 

(mNSS) testing 1 day before and 3 days after tMCAO 

surgery, in which motor, reflex, and balance functions 

were evaluated. The evaluation score was from a 

normal score 0 to the most severe deficit score 14 [78].  
 

Statistical analysis 
 

Data were represented as mean ± standard deviation 

(SD). Comparisons between groups were performed 

using ANOVA and Student's t-test. Statistical analysis 

was performed using SPSS 13.0 (SPSS, Inc., Chicago, 

USA). p<0.05 was regarded as statistical difference. 
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