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Abstract
Rationale: Microglia play a critical role in modulating cell death and neurobehavioral recovery in
response to brain injury either by direct cell-cell interaction or indirect secretion of trophic factors.
Exosomes secreted from cells are well documented to deliver bioactive molecules to recipient cells
to modulate cell function. Here, we aimed to identify whether M2 microglia exert neuroprotection
after ischemic attack through an exosome-mediated cell-cell interaction.
Methods: M2 microglia-derived exosomes were intravenously injected into the mouse brain
immediately after middle cerebral artery occlusion. Infarct volume, neurological score, and neuronal
apoptosis were examined 3 days after ischemic attack. Exosome RNA and target protein expression
levels in neurons and brain tissue were determined for the mechanistic study.
Results: Our results showed that the M2 microglia-derived exosomes were taken up by neurons in
vitro and in vivo. M2 microglia-derived exosome treatment attenuated neuronal apoptosis after
oxygen-glucose deprivation (p<0.05). In vivo results showed that M2 microglia-derived exosome
treatment significantly reduced infarct volume and attenuated behavioral deficits 3 days after
transient brain ischemia (p<0.05), whereas injection of miR-124 knockdown (miR-124k/d) M2
microglia-derived exosomes partly reversed the neuroprotective effect. Our mechanistic study
further demonstrated that ubiquitin-specific protease 14 (USP14) was the direct downstream target
of miR-124. Injection of miR-124k/d M2 exosomes plus the USP14 inhibitor, IU1, achieved
comparable neuroprotective effect as injection of M2 exosomes alone.
Conclusions: We demonstrated that M2 microglia-derived exosomes attenuated ischemic brain
injury and promoted neuronal survival via exosomal miR-124 and its downstream target USP14. M2
microglia-derived exosomes represent a promising avenue for treating ischemic stroke.
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Introduction
Microglia are resident immune cells in the brain
that play an important role in regulating immune
response and brain function [1]. Stroke-induced brain
injury activates microglia and polarizes microglia into

either the “classically activated” M1 phenotype or
“alternatively activated” M2 phenotype [2, 3].
Mounting evidence now suggesting that M1 microglia
produce high levels of pro-inflammatory cytokines
http://www.thno.org
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and exacerbate acute brain damage. In contrast, the
M2 phenotype is consistently considered the
“healing” phenotype, exhibiting neuroprotective
effects on the brain and improving long-term
neurological outcomes after stroke [4-6] through
phagocytosis of neuron debris and secretion of
multiple trophic factors such as brain-derived
neurotrophic factor (BDNF), C-X-C motif chemokine
ligand 12 (CXCL12), and galectin-3 [7, 8]. M2
microglia-conditioned medium has also been well
documented to be neuroprotective [9]; however, the
underlying mechanism of M2 microglia-mediated
neuroprotection remains largely unknown.
Exosomes are membranous vesicles that are
secreted by different cell types [10] and capable of
crossing the blood-brain barrier (BBB) [11]. Increasing
evidence indicates that exosomes play an important
role
in
mediating
cell-cell
communication.
Cell-derived exosome cargo contains a variety of
microRNAs (miRNAs), proteins, mRNAs and DNA,
which can work locally or be stably transferred to
recipient cells. Among them, miRNA is the most
investigated and has been shown to be involved in
many physiological and pathological processes [12].
Over the past decade, exosomes have been employed
as a therapeutic strategy for ischemic stroke.
Mesenchymal stem cell (MSC)-derived exosomes
enriched with the miR-17-92 cluster and miR-133b
benefit neurite remodeling and functional recovery
after ischemic stroke [13, 14]. Neuronal exosomal
miR-132 has been reported as an intercellular signal
mediating neurovascular communication [15].
Microglia-derived microvesicles have been reported
to regulate neuronal excitability [16]. A recent study
showed that increased miR-124 derived from
microglial exosomes following traumatic brain injury
inhibits neuronal inflammation and contributes to
neurite outgrowth via the transfer of these exosomes
into neurons [17]. However, the effect of M2 microglia
on the function of neurons after stroke is still unclear.
In this study, we hypothesized that M2
BV2-derived
exosomes
(M2-EXO)
exert
neuroprotective effects in the ischemic mouse brain
via transfer of miR-124 into neurons and regulation of
its corresponding downstream genes. We injected
M2-EXO and miR-124 knockdown (miR-124k/d)
M2-EXO into ischemic mice to test our hypothesis and
explore the downstream mechanisms.

Methods
BV2 cell activation and identification
BV2 was cultured under complete medium
which was prepared using Dulbecco's modified Eagle
medium (DMEM, HyClone, Logan, UT) with 10%
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Fetal Bovine Serum (FBS, Gibco) and 1% penicillin
streptomycin antibiotic (HyClone). BV2 cells were
treated with interleukin 4 (IL-4) at 20 ng/mL for 48 h
to activate M2 BV2 cells. M2 BV2 cells were identified
using immunostaining, PCR and western blotting
assay.

Exosome isolation, identification and labeling
Exosomes were purified from the cell culture
supernatant of M2 BV2 cells. Prior to culture medium
collection, BV2 cells were washed twice with PBS, and
the medium was switched to exosome-free medium
(ultracentrifugation at 100000 X g for 16 h at 4℃) upon
M2 stimulation. The cells were then cultured for 48 h.
The supernatant was collected and went through
sequential ultracentrifugation at 2000 X g for 30 min,
10000 X g for 30 min, and 100000 X g for 70 min at 4℃.
The exosomes were washed once with PBS at 100000
X g for 70 min and suspended for further
characterization.
A transmission electron microscope (TEM,
Thermo Scientific, Waltham, MA) was used to
identify the form of the exosomes. Nanoparticle
tracking analysis (NTA, Brookhaven, New York) was
used to measure exosome diameter and particle
number. The protein content was measured using
BCA protein assay (Thermo Scientific), and exosome
markers CD9, CD63 and tumor susceptibility gene 101
(TSG101) were detected by western blot analysis.
Fluorescence labeling of exosomes was
performed according to the protocol previously
described [18]. The PKH26 kit was used according to
the instruction manual (Sigma-Aldrich, San Louis,
MO). The labeled exosomes were washed at 100000 g
for 1 h, and the exosome pellet was diluted in PBS and
used for the uptake experiment.

Primary neuron culture
Primary neurons were prepared from cerebral
cortices of 16 to 18-day-old-ICR mouse embryos.
Briefly, dissociated cortical cells were spread on
6-well
plates
coated
with
poly-D-lysine
(Sigma-Aldrich) and cultured in DMEM at a density
of 7 X 105 cells/well. After 4 h of seeding, the medium
was changed to Neurobasal medium (Gibco,
Carlsbad, NM) supplemented with B-27 (Gibco). Cells
were cultured in a humidified incubator at 37℃ with
5% CO2. Cultures were used for experiments 7 to 10
days after seeding.

The oxygen-glucose deprivation (OGD) and
reoxygenation model
Oxygen-glucose deprivation (OGD) experiments
were performed using a specialized sealed chamber
containing an anaerobic gas mixture (95% N2 and 5%
CO2). Culture medium was also replaced with
http://www.thno.org
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deoxygenated glucose-free DMEM (Gibco). After a
45-min challenge, cultures were removed from the
chamber, and the OGD solution in the cultures was
replaced with maintenance medium. Cells were then
allowed to recover for 12 h in a regular incubator.

Animal Experimental design
Forty-eight mice were randomly divided into 6
groups including 1) Sham group: mice that
underwent sham surgery; 2) PBS treated group: 200 μl
PBS was injected through the tail vein for 3
consecutive days; 3) M2-EXO treated group: M2-BV2
cell-derived exosomes were injected through the tail
vein for 3 consecutive days; 4) miR-124k/d EXO
treated group: miR-124 were knocked down by using
lentivirus (miR-124k/d) in M2-BV2 cells, then the
exosomes were isolated and injected through the tail
vein for 3 consecutive days; 5) miR-124k/d EXO plus
IU1 treated group: miR-124k/d EXO was injected
through the tail vein and given an intraperitoneal
injection of 400 μg/kg IU1 for 3 consecutive days; and
6) miRNA vector treated group (miR-cn EXO):
M2-type BV2 cells were stimulated to the M2 type and
then treated with a control lentivirus vector, and the
exosomes were isolated and injected through the tail
vein for 3 days. Each group contained 8 mice, and all
mice underwent neurobehavioral observation. Three
days after tMCAO, 4 mice from each group were used
for protein and RNA collection, and the remaining 4
mice were used for immunostaining.

Transient Middle cerebral artery occlusion
(tMCAO)
Animal procedures were performed according to
a protocol approved by the Institutional Animal Care
and Use Committee of Shanghai Jiao Tong University,
Shanghai, China. The experimental design is shown in
Figure 2E. Sixty-four adult male ICR mice weighing
25 to 30 g were used. Mice were anesthetized with
1.5–2% isoflurane and 30%/70% oxygen/nitrous
oxide. tMCAO was performed as previously
described with minor modifications [19]. Briefly, the
common carotid artery, internal carotid artery and
external carotid artery were separated. A 6-0 nylon
suture coated with silica gel was inserted from the
external carotid artery, followed by the internal
carotid artery and gently inserted into the middle
cerebral artery. The success of occlusion was
determined by monitoring the decrease in surface
cerebral blood flow (CBF) to 10% of baseline CBF
using a laser Doppler flowmetry (Moor Instruments,
Devon, UK). Reperfusion was performed by
withdrawing the suture 1 h after tMCAO. After the
suture was withdrawn, exosomes were immediately
injected through the tail vein, and this injection was
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repeated for a total of 3 days, 100 μg per day.

Neurobehavioral tests
Neurobehavioral tests were performed before
and 3 days after tMCAO by an investigator blinded to
the experimental design. Neurological evaluations
used the modified neurological severity score
(mNSS), which is a composite score of motor, reflex,
and balance tests [20]. The severity score was graded
at a scale from 0 to 14, in which 0 represents normal,
and a higher score indicates a more severe injury [21].

Infarct volume assessment
Mouse brains were perfused with 0.9% saline
and 4% paraformaldehyde (PFA, Sinopharm
Chemical Reagent, Shanghai, China). After perfusion,
brains were removed, placed in 4% PFA overnight
and then fully dehydrated in 30% sucrose for 2 days.
A series of 30-μm-thick brain sections were collected
for a total thickness of nearly 3.6 mm. Infarct volume
was determined by staining the brain sections with
Cresyl violet solution and calculating the ratio of
staining in the ipsilateral and contralateral
hemispheres using ImageJ (National Institutes of
Health, Bethesda, MD). The brain volume was
estimated by the following formula: V = ∑
h/3[∆Sn+(∆Sn*∆Sn+1)1/2+∆Sn+1]. In the formula, V
represents volume, h represents the distance between
the two adjacent brain sections, ∆Sn and ∆Sn+1
represent the different area between the two adjacent
sections.

Immunohistochemistry
Immunohistochemistry
was
performed
according to the protocol previously described [22].
Briefly, the brain tissue was removed from the
anti-freezing solution, and the immunohistochemistry
procedures were followed. The primary antibodies
used were those targeting arginase (ARG; 1:50; Santa
Cruz, CA), CD206 (1:200; Abcam, Cambridge, MA),
Iba-1 (1:200 dilution, WAKO, Osaka, Japan),
mitogen-activated protein 2 (MAP2; 1:200, 1:100;
Millipore, Billerica, MA) and NeuN (1:200, Millipore).
TdT-mediated dUTP nick end labeling (TUNEL) and
NeuN double staining was performed following the
manufacturer’s
instructions
on
double
immunostaining
(Roche
Diagnostics,
Basel,
Switzerland). We performed statistical analysis of the
immunohistochemistry data by counting the number
of CD206 and IBA1, ARG and IBA1, CD16/32 and
IBA1, TUNEL and DAPI double-positive cells and
GFAP positive cells in 5 regions in the striatum of
peri-infarct area of each brain slice, with 2 brain
sections (600 μm apart) in each mouse, 4 mice per
group.
http://www.thno.org
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TUNEL staining
To determine whether treatment with M2-EXO
reduces apoptosis in cortical neurons, we performed
TUNEL assays. Cells were fixed with 4%
para-formaldehyde. After the cells were washed with
PBS, the TUNEL assay was performed according to
the manufacturer's protocol using the fluoresceinconjugated probe. Cells were counterstained with
DAPI to assess the nuclear morphology. DAPI (1:1000,
Beyotime, China) staining was performed by
incubating the slides for 10 min at room temperature.
The slides were washed and imaged with
fluorescence microscopy. In order to determine
whether M2-EXO treatment could reduce apoptosis in
neuronal cells, we performed TUNEL assay. In
peri-infarct area of brain section, we counted the
number of NeuN/TUNEL double-positive cells and
NeuN-positive cells in 5 regions of each brain section.
For in vitro study, we counted the number of
DAPI/TUNEL double-positive cells and DAPI
positive cells in 5 region of each cell slide in each
group for statistical analysis. To evaluate the
proportion of injury, we calculated the ratio of
DAPI/TUNEL double-positive cells to DAPI-positive
cells.

Lactate dehydrogenase (LDH) and cell survival
assay
The death of primary neurons was measured by
LDH release in the culture medium. Levels of LDH
release in the supernatants of cultured cells were
measured using the LDH assay kit (Beyotime).
Percent cell death was calculated using the formula: %
cytotoxicity = LDH release (OD492)/maximum
(OD492). Cell survival assays were performed by using
Cell Counting Kit-8 solution (Dojindo, Kumamoto,
Japan). The CCK-8 solution was added to each well 2
h prior to the sample collection time point.
Absorbance was measured at 450 nm using a
microplate reader.

Western blot analysis
Western blotting of exosomes was performed as
previously described [23]. Tissue samples were
collected from the ipsilateral hemisphere and
quantified with the BCA protein assay (Pierce,
Rockford, IL, USA).The primary antibodies were
those targeting CD9 (1:1000), TSG101 (1:500), ARG
(1:200), CD206 (1:1000), total caspase-3 (1:1000, Cell
Signaling technology, Beverly, MA), cleaved
caspase-3 (1:1000), USP14 (1:1000 dilution, Abcam),
and β-actin (1:1000). For quantify western blot data,
we analyzed the band gray values of 4 samples. After
calculating the gray value of the band relative to the
expression of the internal reference, we standardized
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the levels to those of the control group and then
performed statistical analysis.

RNA extraction and real-time PCR
Total RNA from exosomes was extracted by
TRIzol LS reagent (Invitrogen, Carlsbad, CA), and
total RNA from tissues was extracted by TRIzol
reagent (Invitrogen) 3 days after tMCAO. Total RNA
was isolated according to the manufacturer’s protocol.
Single-strand cDNA was synthesized using a
universal cDNA synthesis kit (Qiagen, Hilden,
Germany) under the following conditions: 42°C for 1
h and then 95°C for 5 min. The expression of miRNA
was tested by a fast real-time PCR system (7900 HT,
ABI, Foster City, CA) using a SYBR Green master mix
(Qiagen) with the following cycling conditions: 95°C
for 10 min followed by 40 cycles of 95°C for 10 s and
60°C for 1 min. miR-16 was used as the exosomal
miRNA endogenous control and GPADH as the
control for tissues and cells. The relative expression
was normalized to that in the control group.

Lentiviral vector transduction
BV2 cells were transduced with miR-124
inhibitor-expressing lentiviruses at a multiplicity of
infection of 200 particles/cell in DMEM (HyClone),
and incubated at 37°C in 5% CO2 in 24-well plates.
Three days after transduction GFP signal was
observed by fluorescence microscopy. No-load
shRNA lentivirus was used as a control.

Luciferase reporter assay
293T cells are commonly used in luciferase
reporter detection systems. miRNAs act primarily
through the 3'UTR acting on target genes. The
purpose of this experiment was to verify the
relationship between miR-124 and USP14. Therefore,
we inserted the 3'UTR region of USP14 into a vector
and transfected the vector into 293T cells.
Additionally, we performed site-directed mutagenesis
to further determine the site of action of the miRNA
and the 3' UTR of the target gene. Luciferase activity
was assayed using the Dual-Luciferase® Reporter
Assay System (Promega, Fitchburg, WI), and the ratio
of Renilla (OBIO, Shanghai, China) luciferase to firefly
luciferase activity was determined. The mouse USP14
3’UTR was amplified and cloned into a pGL4 vector
containing the firefly luciferase reporter gene (ObiO
Co., Ltd, Shanghai, China). For the luciferase assay,
293T cells were cotransfected with 100 ng firefly
luciferase constructs, 10 ng pRL-TK Renilla luciferase
plasmid, and 100 nmol/L synthetic miR-124 mimic
and no-load vector. The results are expressed as
relative luciferase activity (firefly luciferase/Renilla
luciferase).
http://www.thno.org
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Statistical analysis
All data are expressed as the mean±standard
deviation (SD). ANOVA with Student-NewmanKeuls multiple-comparisons posttest was used to
compare gene expression. Comparisons between 2
groups were made by Student’s t test. A p<0.05 was
considered significantly different. Statistical analysis
was carried out with Prism GraphPad 6.

Results
M2 BV2-conditioned medium protected
neuronal survival
To investigate if M2 BV2-derived exosomes are
involved in neuroprotection, BV2 cells were first
polarized to the M2 type by the addition of 20 ng/ml
IL-4, which significantly increased the expression of
M2 BV2 markers ARG and CD206 (Figures S1A-C).
As shown in Figures 1A and 1B, M2-conditioned
medium significantly decreased apoptosis of neurons
and increased viability of neurons subjected to OGD,
while the addition of GW4869 (a small-molecule
inhibitor that reduces exosomal secretion) in
conditioned medium partly reversed the protective
effect, suggesting that exosomes derived from M2
BV2 cells are involved in neuroprotection after OGD.
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To quantify the protective effect of M2
BV2-conditioned medium on neurons that underwent
OGD, an LDH assay was performed for rapid
quantification of cell viability. Cellular injury was
quantified by the amount of LDH released [24]. To
quantify the protective effect of M2 microglia
conditioned medium on neurons that underwent
OGD, Lactate dehydrogenase (LDH) assay was
performed. LDH assay allows rapid evaluation of
cellular injury by measuring the amount of LDH
released [24]. The level of LDH was normalized to
that in the control group. OGD treatment increased
cell injury by 6.5-fold and the addition of conditioned
medium decreased cell death to 3-fold that in the
control group. Notable, GW4869 reversed the
protective effect of M2 microglia-conditioned medium
(Figure 1C).
Exosomes were then isolated from M2 BV2 cells
by ultracentrifugation and identified using a TEM,
nanoparticle tracking analysis (NTA) and western
blot analysis. As shown in Figure 1D, the typical
cup-shaped membrane vesicle morphology was
observed, and the diameter of particles was in the
range of 30-120 nm. Western blot analysis showed
that exosome markers including CD9, TSG101, and
CD63 were expressed in exosomes (Figure 1E).

Figure 1. M2 microglia-conditioned medium protected neuronal survival and identification of M2-EXO. A. TUNEL staining showed apoptosis of: 1)
neurons under normal culture conditions (Normal), 2) neurons underwent OGD treatment (OGD), 3) neurons pretreated with M2-BV2-conditioned medium (CM)
and exposed to OGD injury (OGD+CM), 4) neurons pretreated with M2-BV2 CM plus GW4869 and exposed to OGD injury (OGD+CM+GW4869). Scale bar=50
μm. B. Quantification of A shows the fold change of TUNEL-positive cells relative to control. C. LDH release of neurons treated with M2 microglia CM and CM plus
GW4869 after OGD injury. D. Nanoparticle tracking analysis and transmission electron microscopy imaging of M2 microglia-derived exosomes. Scale bar =200 nm.
The enlarged picture shows the structure of the exosomes. Scale bar =100 nm. E. Expression of exosomal markers CD9, TSG101 and CD63 in M2-EXO. 1B and 1C
showed the fold change to the control group. All data are presented as the mean±SD. *, p<0.05; **, p<0.01; ***, p<0.001.

http://www.thno.org

Theranostics 2019, Vol. 9, Issue 10

2915

Figure 2. M2-EXO attenuated neuronal apoptosis and improved neurobehavioral recovery after stroke. A. Confocal imaging showing that
PKH-26-labeled exosomes (Red) were taken up by neurons (Green) in vitro. Scale bar=50 μm. B. Cell viability of neurons treated with M2-EXO after OGD. C.
TUNEL staining of cultured neuron and bar graph showing the number of TUNEL+ neurons. Scale bar=50 μm. D. Cell viability of neurons treated with M2-EXO after
OGD. E. In vivo experimental scheme. F. Confocal imaging of brain sections showing that PKH-labeled exosomes (Red) were taken up by MAP-2+ neurons after tail
vein injection. Scale bar=10 μm. G. Neurological score showing neurobehavioral recovery of mice treated with PBS and M2-EXO. H. Cresyl violet staining of brain
sections treated with PBS and M2-EXO for 3 days after tMCAO. Dashed line shows the infarcts. Zoomed-in images of the ischemic area are shown in order to closely
observe the ischemic area. I. Bar graph showing the percentage of infarct volume normalized to the normal side. Scale bar=50 μm. J. Zoomed-in image of brain cresyl
violet staining and partial enlargement of the infarct area and peri-infarct area. Scale bar=50 μm. K. Costaining and statistical analysis of TUNEL and NeuN
double-positive cells in mice treated with PBS and M2-EXO. Scale bar=50 μm. M2-EXO: neurons pretreated with exosomes derived from M2-BV2 cells. NC: negative
control. *, p<0.05; **, p<0.01.

M2-EXO attenuated neuronal apoptosis both
in vitro and in vivo
To examine if M2-EXO could be taken up by
neurons, M2-EXO were incubated with neurons for 24
h. 3D confocal images showed that PKH26-labeled
exosomes (red) were localized in the cytoplasm of
MAP2+ neurons (green), suggesting exosomes were
taken up by neurons (Figure 2A). To investigate the
effects of M2-EXO in neuroprotection, we treated
primary neurons with M2-EXO for 24 h to allow
sufficient exosome uptake and then performed OGD
for 45 min. After reoxygenation for 12 h, treatment
with M2-EXO significantly increased cell survival and
decreased neuronal apoptosis, as demonstrated by
neuronal survival, TUNEL staining and the LDH

assay (Figures 2B-2D).
We next examined the effect of M2-EXO in
ischemic mice. PKH26-labeled exosomes were
detected in the ischemic mouse brain after 3 days of
injection, and exosomes were localized to the
cytoplasm of neurons (Figure 2F). The mNSS further
showed that treatment with M2-EXO greatly
attenuated neurobehavioral deficits 3 days after
stroke compared to PBS treatment (Figure 2G).
Compared to PBS treatment, treatment with M2-EXO
significantly reduced infarct volume 3 days after
tMCAO (Figure 2H and 2I). A zoomed-in image of
the ischemic area and peri-infarct area are also shown
(Figure 2J). Furthermore, the M2-EXO group had
fewer apoptotic neurons than the PBS group (Figures
2K).
http://www.thno.org
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Exosomal miR-124 was involved in
neuroprotection
Exosomes are well documented to be enriched
with miRNAs and able to deliver miRNA from host
cells to target cells to further regulate the function of
recipient cells. To explore the underlying mechanism
of M2-EXO-mediated neuroprotection, we examined
several miRNAs related to neuroprotection including
miR-9, miR-124, and miR-132. Our PCR results
showed that after treatment with M2-EXO, only
miR-124 was significantly upregulated, while the
expression of miR-9 and miR-132 were comparable
among all groups in vitro (Figure 3A).
Next, we verified the underlying mechanism by
knocking down miR-124 in M2-EXO. Transfection of
lentivirus carrying miR-124-shRNA downregulated
the expression of miR-124 not only in M2-EXO
(miR-124k/d-EXO, Figure S2) but also in neurons
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treated with miR-124k/d-EXO (Figure 3B).
Cleaved-caspase 3 expression reduced in the M2-EXO
treated group. miR-124k/d M2-EXO could also partly
rescue its expression (Figure 3C). As shown in Figure
3D, LDH was higher in the group treated with
miR-124k/d EXO than in the group treated with
M2-EXO. Treatment with miR-124k/d-EXO partly
reversed the neuroprotective effect of M2-EXO;
however, treatment with either M2-EXO or
miR-124k/d-EXO had no effect on neuronal death
under normal conditions (Figure S3). The number of
TUNE-positive cells was reduced in M2-EXO treated
group, and the number of apoptotic cells rescued by
miR-124k/d M2-EXO was decreased than M2-EXO
group, while miR-cn EXO showed the similar result to
M2-EXO (Figure 3E). Therefore, M2-EXO could
reduce neuronal apoptosis caused by OGD, and
miR-124 played a role in neuroprotection.

Figure 3. Treatment with M2-EXO protected neuronal survival via miR-124. A. Expression of miR-132, miR-9 and miR-124 in neurons treated with
M2-EXO after OGD. B. Expression of miR-124 in neurons treated with M2-EXO, miR-124 knockdown exosomes (miR-124k/d EXO) and control shRNA after OGD.
C. Expression of total caspase-3 and cleaved caspase-3 in neurons treated with M2-EXO, miR-124k/d EXO and control shRNA after OGD. D. LDH assay of neurons
treated with M2-EXO, miR-124k/d EXO and control shRNA after OGD. E. Number of TUNEL+ neurons treated with M2-EXO, miR-124k/d EXO and control
shRNA after OGD. Scale bar=50 μm. Data are presented as the mean±SD. *, p<0.05; **, p<0.01; ***, p<0.001.

http://www.thno.org
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Figure 4. Expression of putative miR-124 targets. A-F. Expression of putative miR-124 targets ROCK, SRGAP1, USP14, CREB, Co-REST, and MAPK14 in
neurons treated with M2-EXO after OGD. G-H. Dual luciferase assays of miR-124 targeting effects on USP14 3’-UTR. Data are presented as the mean±SD. ***,
p<0.001.

miR-124 derived from M2-EXO increased
neuronal survival by regulating its downstream
target USP14
To investigate the mechanism of the
miR-124-mediated neuroprotective effects, we
scanned the miRBase and determined the expression
of several miR-124 targets that are related to
neuroprotection. The expression of ROCK, SRGAP1,
MAPK14, USP14, CREB, and Co-REST was detected
in cultured neurons treated with M2-EXO (Figures
4A-4F). Treatment with M2-EXO significantly
reduced the expression of ROCK and USP14. A
dual-luciferase reporter system further demonstrated
that USP14 is a direct target of miR-124. miR-124
mimic significantly inhibited luciferase activity in
293T cells transfected with the USP14 3’-UTR.
However, the USP14 mutant did not change the
luciferase activity level compared to the blank vector,
suggesting that USP14 was a direct target of miR-124.
Our result demonstrated USP14 was the direct target
of miR-124 (Figure 4G, 4H). Furthermore, treatment
with M2-EXO decreased USP14, while treatment with
miR-124k/d-EXO increased USP14, suggesting that
M2-EXO regulates USP14 expression through
miR-124 (Figure S4).

miR-124 derived from M2-EXO attenuated
neural deficits and neuronal apoptosis in mice
after stroke by downregulating USP14
To investigate whether M2-EXO exerted
neuroprotective effects in the ischemic mouse brain
by miR-124 and its downstream target USP14,
miR-124k/d-EXO and the inhibitor of USP14, IU1,
were administered in a mouse model of stroke. IU1 is
the
abbreviation
of
1-[1-(4-Fluorophenyl)-

2,5-dimethyl-1H-pyrrol-3-yl]-2-(1-pyrrolidinyl)
ethanone. It is the specific reversible inhibitor of the
catalytic site of USP14 [25]. IU1 treatment significantly
downregulated the expression of USP14 in neurons
(p<0.01) (Figure S4). As shown in Figure 5A,
treatment with M2-EXO significantly reduced the
infarct volume 3 days post ischemia. Injection of
miR-124 k/d EXO partly increased the infarct volume,
while the addition of IU1 substantially decreased the
infarct volume to a size comparable to that in the
group treated with M2-EXO. An assessment of
neurological score was performed to investigate the
effect of M2-EXO on the neural deficit after stroke
(Figure 5B). Treatment with M2-EXO greatly
attenuated the neurobehavioral deficit at day 3 after
stroke, and the addition of IU1 substantially
improved neurological outcomes. The USP14 level
was examined in the groups treated with PBS,
M2-EXO, miR-124k/d EXO, miR-124k/d EXO plus IU
and miR-cn EXO. The PBS group showed a high level
of USP14, and treatment with M2-EXO reduced
USP14 expression. Treatment with miR-124k/d-EXO
plus IU1 was shown to substantially decrease the
expression of USP14 that resulted from miR-124
downregulation (Figure 5C). TUNEL staining and
western blot analysis were performed to test the
neuroprotective effects of M2-EXO in vivo. As shown
in Figure 5D, western blot analysis showed that both
treatment with M2-EXO and treatment with
miR-124k/d-EXO plus IU1 substantially decreased
the expression of cleaved caspase-3. Treatment with
M2-EXO resulted in significantly fewer apoptotic
neurons than did treatment with PBS or
miR-124k/d-EXO (p<0.05), and miR-124k/d-EXO
plus IU1 treatment also significantly decreased the
number of apoptotic neurons (Figure 5E).
http://www.thno.org
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Figure 5. Treatment with M2-EXO promoted neuronal survival by downregulation of USP14 expression. A. Cresyl violet-staining of brain sections
treated with PBS, M2-EXO, miR-124k/d EXO and miR-124k/d EXO+IU1 for 3 days after tMCAO. Dashed line shows the infarcts. Bar graph shows the percentage of
infarct volume normalized to the contralateral side. B. Neurological score shows the neurobehavioral recovery of mice treated with PBS, M2-EXO, miR-124k/d EXO,
miR-124k/d EXO plus IU1 and miR-cn EXO. C. Expression of USP14 in mice treated with PBS, M2-EXO, miR-124k/d EXO, miR-124k/d EXO plus IU1 and miR-cn
EXO. D. Expression of total caspase-3 and cleaved caspase-3 in mice treated with PBS, M2-EXO, miR-124k/d EXO, miR-124k/d EXO plus IU1 and miR-cn EXO. E.
TUNEL and NeuN costaining showed apoptosis of neurons in mice treated with PBS, M2-EXO, miR-124k/d EXO, miR-124k/d EXO+IU1 and miR-cn EXO. Arrows
indicate apoptotic neurons. Scale bar=50 μm. Bar graph shows the number of apoptotic neurons in mice treated with PBS, M2-EXO, miR-124k/d EXO, miR-124k/d
EXO+IU1 and miR-cn EXO. miR-cn EXO: control shRNA EXO. Data are presented as the mean±SD. *, p<0.05; **, p<0.01; ***, p<0.001.

Discussion
Previous studies have shown that the
neuroprotective effect of M2 microglia was mainly
mediated by the phagocytosis and paracrine secretion

of neurotrophic factors [26]. The molecular signal that
mediates interactions between microglia and neurons
to further promote neuronal survival is unclear.
Unveiling the molecular mechanism by which
M2-BV2 exert protective effects on neurons would
http://www.thno.org
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help develop new strategies for the treatment of
ischemic stroke. Our present study demonstrated that
exosomes derived from M2-BV2 cells are taken up by
neurons and further promote their survival, and this
process is mediated by exosomal miR-124 and its
target USP14.
Recent studies have revealed that microglia play
an important role in regulating the function of
neurons, including cell survival [27], neurogenesis
[28], and synaptogenesis [29]. The communication
between microglia and neurons is essential to
synchronize diverse functions with brain activity.
Accumulating evidence has shown that extracellular
vesicles secreted from microglia are key players in
mediating
microglia-neuron
interactions
and
neuro-inflammation by mRNA, miRNA and
proteins [30].
For
example,
microglia-derived
exosomes contribute to the neurologic prognosis of
Alzheimer’s disease by affecting the propagation of
Tau [31]. Chang et al reported that α-synuclein
induced an increase in exosomal secretion by
microglia, and these activated exosomes expressed a
high level of MHC class II molecules and tumor
necrosis factor (TNF)-α, thereby enhancing the
progression of Parkinson’s disease [32]. Thus,
microglial exosomes may play a significant role in
regulating the neurologic functional recovery in acute
neurologic diseases such as ischemic stroke. Indeed,
in our study we found that M2-BV2-derived medium
significantly decreased neuronal apoptosis and death
after OGD, while the exosome secretion inhibitor
GW4869 partly reversed such protective effects,
suggesting that exosomes derived from M2-BV2conditioned
medium
participated
in
the
neuroprotection. Notably, the addition of GW4869
only partly reversed the neuroprotective effects
provided by M2-BV2-conditioned medium (20%),
suggesting that other factors such as fibroblast growth
factor (FGF), nerve growth factor (NGF) and BDNF
secreted by M2-microglia could also potentiate
neuronal survival [27].
In the central nervous system, many miRNAs
were closely related to neuroprotection after ischemic
stroke. miR-9 plays an important role in neuronal
survival and regeneration after ischemia. miR-9
mimic transfection enhanced post-ischemic neuronal
cell viability, and increased the proliferation and
neurite elongation of neurons, which contributes to
ischemic stroke recovery [33]. miR-132 is a
neuron-specific miRNA that plays a key role in
synapse development, synaptic plasticity, and
structural remodeling and is important in the growth
and remodeling of dendrites in the development of
neural circuits [34-36]. Previous studies demonstrated
that the dysregulation of miR-132 and its target
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protein is associated with epilepsy, Alzheimer's
disease, and the pathophysiological process of
Parkinson's disease [37-39]. In ischemic injury,
inhibition of miR-132 increased neuronal damage
after cerebral ischemia while overexpression of
miR-132 in hippocampal neurons provided strong
protection against ischemia-induced neuronal death
[40]. Downregulation of miR-124 can aggravate
hypoxic injury of the neuronal cell line PC12 via
intercellular adhesion molecule-1 (ICAM-1) [41].
Overexpression of miR-124 attenuates MPP+-induced
neuronal damage by targeting signal transducer and
activator of transcription-3 (STAT3) [42]. In addition,
overexpression of miR-124 can reduce M1
macrophage activation and promote the M2
regulatory phenotype, and inhibition of miR-124 can
increase M1 levels [43, 44]. miR-9 and miR-124 play
important roles in microglial regulation and
activation
in
neuroinflammation
and
neurodegenerative diseases [45]. Therefore, we
selected miR-9, miR-124 and miR-132 in the study.
Our exosomal miRNA array data validated miR-124
was up-regulated in M2-BV2 cell-derived exosomes.
In the present study, neuronal cells were subjected to
45 min of OGD, and miR-124 was measured 12 h after
re-oxygenation, a previous study showed that
miR-124 was upregulated 24 h after re-oxygenation
[46]. The upregulation of miR-124 expression may be
time dependent. Our in vivo study demonstrated
miR-124 was up-regulated in the ischemic penumbra
region at 72 h after tMCAO (Figure S5), which is
consistent with previous studies [46-48].
BV2-derived exosomes were taken up by
neurons both in vitro and in vivo. Through time-lapse
recording, we found that neurons began taking up
BV2-derived exosomes as early as 45 s after the
addition of exosomes to neuronal culture (Figure S6,
video 1, 2). Our in vivo studies showed that exosomes
were able to cross the BBB. Only a small number of
exosomes were taken up by neurons after 3
continuous days of tail vein injection, and very few
exosomes were detected in the brain at day 3 if only
one injection was applied immediately after tMCAO
(data not shown), which is consistent with the results
observed in another study [49], as most of the
exosomes may be cleared out due to metabolism.
Thus, there is a high demand to promote target
delivery of exosomes to neurons. In the figure 2F, the
uptake of M2-EXO by neurons was showed in the
ischemic penumbra region. There was a high demand
to promote the targeted delivery of exosomes into
neurons. The exosomes were able to enter the body
through circulating blood and were engulfed by cells
in the ischemic core, ischemic penumbra, and the
sham group mouse brain, but the numbers of
http://www.thno.org
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exosomes in each area differed (Figure S7). Previous
methods such as fusing the neuron-specific rabies
virus glycoprotein (RVG) peptide to MSC-derived
exosomes have shown increased target delivery of
exosomes
to
neurons,
further
improving
neurobehavioral recovery than unmodified exosomes
[17]. The use of this strategy to promote target
delivery of M2-EXO to neurons should be examined
in the future. However, this is a proof-of-concept
study, and the main purpose of this study was to
investigate whether treatment with M2-EXO was
neuroprotective tMCAO. Neuronal death is known to
occur from minutes to hours after tMCAO; therefore,
we hypothesized that injection of M2-EXO
immediately after tMCAO would maximize its
neuroprotective effect. Our results demonstrated that
the delivery of M2-EXO immediately after tMCAO
reduced ischemic brain injury. The ideal time window
of exosome delivery is an important issue, and
whether a prolonged latency to injection of M2-EXO is
still able to reduce brain injury needs to be studied in
the future.
In addition to neuron cell survival, we also
examined microglia and astrocyte activity. We
examined 2 brain slices from each of 4 mice in each
group and counted the number of glial fibrillary
acidic protein (GFAP)- and ionized calcium binding
adaptor molecule (IBA1)-positive cells in 3 regions
from each brain slice. The number of astrocytes was
decreased in the M2-EXO group than in the control
group. We used IBA1 and CD16/32 double staining
and IBA1 and ARG double staining to identify
microglia and astrocytes, respectively and found that
activation of M1 microglia cells decreased and M2
microglia cells increased. The expression of
inflammatory factors such as IL-1 and TNF-α was
lower in groups treated with EXO than in the control
group, and the expression of IL-10 and transforming
growth factor (TGF)-β was higher in the group treated
with M2-EXO than in the control group (Figure S8).
The results suggested that M2-EXO treatment
decreased the inflammation and immune responses
after tMCAO.
Several labeling strategies were used for in vivo
exosome tracking such as luciferase reporters [50, 51],
fluorescent proteins [52, 53], and fluorescent lipophilic
dyes [52, 54-57]. Among them, fluorescent lipophilic
dyes including Dil, DiR, PKH26 and PKH67 were
mostly widely used owing to important chemical
features such as 1) no significant effect on the viability
and other physiological properties of the target cell; 2)
fast diffusion into and uniform labeling of the plasma
membrane; and 3) cost-efficient and easy to operate
and observe, thereby making them ideal for in vivo
applications.
Other
molecular
probe-based
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approaches such as superparamagnetic iron labeling,
radionuclides labeling have their own limitations,
which included requirement of large instruments,
complicated probe synthesis, cost expensive and
potential toxicity. Therefore, we chose PKH26 staining
for exosome labeling in our study. We further
examined the distribution of exosomes in other
organs post injection by histology. We found that
PKH26 labeled exosomes were mostly present in
spleen and liver after intravenous injection (Figure
S9). After exosome delivery, we did not find swelling
and inflammation in the spleen and liver. Exosome
treatment did not cause animal weight loss and death,
suggesting exosomes are not toxic to organs. In
addition, previous studies have revealed effects of
extracellular vesicle in various organs of the mouse
including the thymus, heart, lung, liver, spleen,
kidney, adrenal gland, ovary, uterus and brain.
Studies have also demonstrated that repeated
administration of extracellular vesicles in mice does
not cause visible toxicity, assessed by changes in body
weight, immune response and tissue pathological
changes up to 3 weeks [58]. One study suggested that
naturally occurring secreted membrane vesicles are
less toxic and better tolerated in the body than
exogenous vesicles, as evidenced by their ubiquitous
presence in biological fluids, and have an intrinsic
homing ability. miRNA is abundant in the contents of
exosomes. Exosomes mainly exert their function by
transferring exosomal miRNA to recipient cells,
thereby modulating downstream gene expression to
further regulate the function of recipient cells. We
evaluated the expression of miR-9, miR-132 and
miR-124, all of which are abundant in microglial
exosomes and have been reported to play important
roles in regulating the function of neurons [59].
However, only the expression of miR-124 was greatly
increased in M2-EXO compared to that in M0-EXO.
MiR-124 has been shown to promote M2 polarization
in microglia and exert an anti-inflammatory effect on
injured neurons via microglial exosome transfer after
traumatic brain injury [60, 61]. Downregulation of
miR-124
expression
is
an
indicator
of
neuro-inflammation in various diseases such as
experimental autoimmune encephalomyelitis [44] and
intracerebral hemorrhage [62]. Previous studies have
also reported that injection of miR-124 promotes
neuroprotection and function recovery upon stroke
onset [17, 60]. In this study, we demonstrated that
exosomes can be transmitted horizontally to neurons,
thereby exerting neuroprotective effects. Through
coculture with exosomes, neuronal miR-124
expression was upregulated, and survival increased.
M2 microglia exosome treatment increased miR-124
expression in neurons, and treatment of neurons with
http://www.thno.org
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M2 microglial exosomes with miR-124 expression
knocked down decreased miR-124 expression and
reversed the neuroprotective effects of the exosomes,
suggesting that M2 microglial exosomes exert their
protective effect mainly via transfer of miR-124 to
neurons, rather than by stimulating endogenous
miR-124 expression in neurons. Importantly, other
miRNAs in addition to miR-124 may also mediate the
neuroprotective effects of M2-EXO. Exosomes contain
many other miRNAs in addition to miR-124.
Therefore, we used an exosomal miRNA array to
explore more possible functional miRNAs in
exosomes (Figure S10). miR-124 was shown to be
highly expressed. Other neuroprotection-related
miRNAs such as miR-219, miR-218 and miR-186 were
upregulated, and miR-145, miR-125 and miR-207 were
downregulated. Further studies are warranted to
determine whether other miRNAs are involved in this
process. In addition, we envision that injection of
miR-124 hyper-expressing M2-EXO could be a more
effective treatment for stroke.
Potential downstream target of miR-124 related
to neuroprotection, such as ROCK, SRGAP1,
MAPK14, USP14, CREB and Co-REST, were selected
from miRBase and TargetScan. However, only the
expression of ROCK and USP14 was found to be
significantly downregulated after treatment with
M2-EXO. USP14 was a deubiquitinated protein that
banded back to the proteasome to trim the K48 Ub
chain and negatively regulate proteasome activity
[63]. Inhibition of USP14 activity by IU1 enhanced
proteasome activity [64], thus reduced oxidative
stress-induced cell death in vitro [65]. It was reported
that miR-124 played a neuroprotective role by directly
targeting USP14 after cerebral ischemia [48]. ROCK
was a key regulator of the actin cytoskeleton, and was
proven to play an important role in neuroprotection
after stroke [66]. Studies showed that miR-124
modulates the function of neural regeneration by
targeting Rho/ROCK pathway [67]. However,
whether miR-124 exerted its neuroprotection through
modulating ROCK was unclear. We purposed to
investigate the target of exosomal miR-124 mediated
neuroprotection after stroke, therefore, we chose
USP14 as one potential target. USP14 could not be the
only target for miR-124, whether M2-exosomal
miR-124 protected neuronal survival via targeting
ROCK needs to be further investigated. In this study,
we examined whether USP14 is involved in the brain
damage caused by ischemic stroke and inhibits it by
miR-124 to promote neuroprotection. USP14 is a
major regulator of the proteasome that has been
thought
to
inhibit
the
degradation
of
ubiquitin-protein conjugates and be very important in
regulating synaptic activity in mammals [68]. The
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inhibitor of USP14, IU1, is associated with reduced
protein aggregates and considered a therapeutic
target in the stroke model [69]. Both the dual
luciferase assay and loss-of-function study strongly
indicated that USP14 is the direct downstream target
of miR-124 and that M2-EXO exerted their
neuroprotective effects through modulation of
miR-124 and USP14.

Conclusions
In conclusion, our results indicate that M2-EXO
can improve the outcome of tMCAO, and the
associated mechanism may be partly related to
miR-124 and IU1. We hypothesize that M2-EXO may
be a potential therapeutic target for treating ischemic
stroke and that may be partly related to miR-124 and
IU-1.
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