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The intrinsic ability of neurogenesis after stroke has been
proven weak, which results in insufficient repair of injury
in the nerve system. Recent studies suggest multiple micro-
RNAs (miRNAs) are involved in the neuroremodeling
process. Targeted miRNAs delivery for amplification of
neurogenesis is promising in promoting the prognosis after
ischemia. Here, we showed that modified exosomes, with
rabies virus glycoprotein (RVG) fused to exosomal protein
lysosome-associated membrane glycoprotein 2b (Lamp2b),
could efficiently deliver miR-124 to the infarct site. Systemic
administration of RVG-exosomes loaded with miR-124 pro-
moted cortical neural progenitors to obtain neuronal identity
and protect against ischemic injury by robust cortical neuro-
genesis. Our study suggests that RVG-exosomes can be
utilized therapeutically for the targeted delivery of gene
drugs to the brain, thus having great potential for clinical
applications.
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INTRODUCTION
Stroke is one of the leading causes of death worldwide and results in
disabilities in about 75% of its survivors.1,2 It is of paramount impor-
tance to develop novel neuroprotective therapies to get enhanced re-
covery. Brain self-repair by neuronal replacement from endogenous
neural stem cells and precursors is insufficient and results in irrevers-
ible loss of neurons. Amplification of this self-repair mechanism by
neuroremodeling could be a promising strategy for stroke treatment.
Tissue responds to injury and remodels after ischemia by altering
their gene and protein expression. MicroRNAs (miRNAs), a family
of non-coding RNAs of 20–25 nt, play pivotal roles during this
remodeling process by regulating target genes at post-transcriptional
level.3 Several studies have demonstrated significant alterations in
the cerebral “miRNA-ome” following ischemia.4,5 These reports
suggest that miRNAs may act as innovative gene therapeutic
candidates contributing to neurogenesis, angiogenesis, and neural
plasticity.

Among numerous miRNAs, microRNA-124 (miR-124) is most abun-
dantly expressed in the central nervous system (CNS).6 It has been re-
ported that attenuation of endogenous miR-124 in neural progenitor
cells in subventricular zone (SVZ) can abolish neuronal differentia-
tion, whereas overexpression leads to acquisition of neuronal iden-
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tity.7,8 After ischemia, the expression of miR-124 was increased in
ischemic penumbra. Exogenous miR-124, by using agomir or liposo-
mated mimic, could reduce infarct area.9,10 Recently, a study showed
that viral vector expressing miR-124 yielded increased angioneuro-
genesis and significant neuroprotection against stroke.11 Studies
above revealed the neuroprotective and neurorestorative potential
of miR-124. However, blood brain barrier (BBB) has been proven
to be the major obstacle for delivery of drugs to the CNS. It has
been estimated that 98% of all small molecules do not cross the
BBB.12 Recently, accumulating evidences showed that exosomes,
which are lipid membrane vesicles of 30 to 100 nm in diameter, could
cross BBB and carry cargoes such as proteins, lipids, and nucleotides,
mediating the intertwined brain remodeling events after stroke.13,14

In order to achieve neuron-specific targeting, rabies virus glycopro-
tein (RVG) has been engineered to exosomal surface via fused protein
lysosome-associated membrane glycoprotein 2b (Lamp2b)-RVG.15

In this study, we wondered whether delivery of miR-124 utilizing
RVG-modified exosomes could protect against cortical ischemia.
Our results showed that RVG-exosome-mediated miR-124 delivery
could efficiently ferry miRNA to the ischemic region and ameliorate
brain injury by promoting neural progenitors to obtain neuronal
phenotype at infarct site.
RESULTS
Characterization of RVG-Lamp2b-Modified Exosomes

To generate RVG-Exos, we fused the RVG peptide to Lamp2b
and introduced the pcDNA3.1(�)-RVG-Lamp2b plasmid into BM-
MSCs. Then we loaded the RVG-Exos with miR-124 mimics or
scrambled miRNAs via electroporation (Figure 1A). To validate
whether the RVG-Lamp2b plasmid was successfully electroporated
into BM-MSCs, we assessed the protein level of Lamp2b (Figure 1B).
ors.
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Figure 1. Characterization of Exosomes

(A) The schematic diagram of plasmid recombination, BM-MSCs electroporation, exosome isolation, and cargo loading. (B)Western blotting of Lamp2b in electoporated BM-

MSCs. Note the higher expression of Lamp2b in RVG-Lamp2b-modified cells compared with control (ctrl) ones. (C) Representative EM image of modified exosomes derived

from BM-MSCs. The scale bar represents 100 nm. (D) Western blotting of Lamp2b, CD63, GM130, Alix in RVG-Lamp2b-modified exosomes, and the parental cells.

(E) Expression level of miR-124 was quantified in exosomes electroporated with scrambled miRNAs (Scr-miR) or miR-124 by qRT-PCR analysis (n = 4). The data were

normalized to U6 expression and expressed as mean ± SEM (**p < 0.01).
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Compared with BM-MSCs electroporated by pcDNA3.1(�) plasmid,
the western blotting showed that the RVG-Lamp2b-modified
cells expressed a higher level of Lamp2b. Then we purified exosomes
from culture supernatants of BM-MSCs. As previously described,15

modification didn’t appear to affect the physical property of the
modified exosomes observed by electron microscopy (EM) (Fig-
ure 1C). Western blot analysis of exosomal markers Lamp2b,
CD63, Alix, and Golgi marker GM130 further confirmed the identity
of the exosomes and inclusion of RVG-Lamp2b on the exosome
(Figure 1D). Next, we examined the efficacy of loading exosomes
with exogenous cargoes. The amount of encapsulated miR-124
was assayed by qRT-PCR. The results showed that the expression
of miR-124 was significantly higher in exosomes loaded with miR-
124 mimics (RVG-Exos-miR124) than that of exosomes loaded
with scrambled miRNAs (RVG-Exo-Scr) (Figure 1E). Moreover,
there were about 1% of the miRNAs encapsulated into the exosomes,
meaning about 500 miRNAs per exosome. All of these data
confirmed the efficient loading and stability of miRNA in the modi-
fied exosomes.

RVG-Lamp2b-Modified Exosomes Specially Target the Injured

Region

To investigate the potential of RVG-Exos to specially deliver miR-124
to the injured region, we established a focal ischemia model. We per-
formed photothrombosis in the somatosensory cortex (Figure 2A).16
Unmodified exosomes (unmodified-Exos) or RVG-Exos were labeled
with 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlo-
rate (DiI) dye. To wash away free DiI, exosomes were resuspended in
0.9% saline and centrifuged for three times before intravenous injection
into C57BL/6 mice at 1 day post ischemia (dpi). Mice were sacrificed
2 hr after DiI labeling for observation of exosome distribution (Fig-
ure 2B). Serial coronal sections were made and images were taken by
confocal microscopy. To test whether miRNAs could get to the
ischemic region, we first injected fluorescein amidite (FAM)-labeled
scrambled miRNAs intravenously at 1dpi. FAM could be scarcely de-
tected 2 hr post injection (Figure 2C). This indicated that without
encapsulation by exosomes, miRNAs could be hardly endocytosed by
the cell. Then we injected DiI-labeled unmodified-Exos and RVG-
Exos, respectively. In unmodified-Exos injected mice, few DiI could
be observed at the core of the injured region (Figure 2D). However,
DiI fluorescence was predominantly detectable in the ischemic region
in RVG-Exos injected mice, with relatively weak fluorescent signal
scattered in the normal brain (Figure 2E). These data showed that
comparedwith unmodified-Exos, RVG-Exos could efficiently promote
targeting delivery. Focal BBB disruptionmay also facilitate the cross of
RVG-Exos at the infarct site, making RVG-Exos effective drug delivery
tools for ischemia treatment. Notably, most of the ischemic area was
DiI positive in the RVG-exosome delivery group, suggesting that be-
sides neurons, astrocytes and endothelial cells might be also the recip-
ient cells. Besides the brain localization of the injected RVG-exosomes,
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Figure 2. Distribution of RVG-Exos in Ischemic

Region

(A) The schematic diagram of photothrombosis

model and the location of local cortex ischemia. The

mice were treated with exosomes at 1 dpi. (B) Strategy

of carrying out ischemic model and DiI labeling.

To wash away free DiI dye, DiI-labeled exosomes

(DiI-Exos) were resuspended by 0.9% saline and

centrifuged for three times. Mice were sacrificed 2 hr

after injection and the brain coronal sections were

harvested. The square indicates the selected region

of the representative brain sections. (C–E) Represen-

tative immunofluorescence images of ischemic region

from mice receiving free FAM-labeled scrambled

miRNAs (C), DiI-labeld unmodified-Exos (D), and

DiI-labeled RVG-Exos (E). The brain was harvested

2 hr after tail vein injection. The dashed line delineates

the lesion area. Note the scarcely detected FAM

in the scrambled miRNAs injected group, few DiI at

the core of infarct site in the unmodified-Exos in-

jected group, and predominant labeling of DiI in the

ischemic region in the RVG-Exos injected group. The

images presented were representative sections of

the whole ischemic region. The scale bars represent

50 mm.
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we also observed abundant exosome distribution in liver, spleen, and
lung,which shouldbe attributed to the reticuloendothelial system func-
tion (Figure S1). Moreover, we did not observe any significant change
of food intake, body weight, and physical activity after exosomal injec-
tion, suggesting no obvious side effects of exosome injection.

Effects of miR-124 on the Putative mRNA Target Expression

After loading modified exosomes with miR-124, we examined
whether RVG-Exos could deliver miR-124 to the ischemic region.
280 Molecular Therapy: Nucleic Acids Vol. 7 June 2017
By qRT-PCR analysis, we compared the
expression level of miR-124 in the contralat-
eral and ipsilateral (to the injured side) cortex
of RVG-Exos-miR124 and RVG-Exos-Scr
treated mice (Figure 3A). In the contralateral
cortex, the expression of miR-124 is relatively
higher in RVG-Exos-miR124 treated mice
than the control group, yet without statis-
tical significance. In the injured cortex,
the expression of miR-124 was significantly
increased after RVG-Exos-miR124 injection.
These results demonstrated that miR-124
could be efficiently delivered to the infarct
site by RVG-Exos.

miRNAs target about 60% of mammalian
genes and are involved in most biological
and pathological processes.14 Based on the
gene regulatory role of miRNAs, we sup-
pose that ectopic miR-124 expression may
have dramatic effect on the gene network after stroke. We pro-
duced the ischemic model and injected RVG-Exos-miR124 and
RVG-Exos-Scr at 1 dpi. Then we harvested the ischemic tissue
at 3 dpi and examined the mRNA expression of E2F1, Gli3,
Stat3, and TCF12, which were previously predicted under the
regulation of miR-124 and participated in neural differentia-
tion17–21 (Figure 3B). The results of qRT-PCR showed that there
was no significant difference of mRNA expression of E2F1 and
TCF12, while significant decrease of Gli3 and Stat3 upon exosomal



Figure 3. Effects of miR-124 on Putative mRNA

Target Expression

(A) qRT-PCR analysis of miR-124 in the contra-

lateral (Contra) and ipsilateral cortex of RVG-Exos-

miR124 or RVG-Exos-Scr treated mice (n = 4). The

data were normalized to U6 and expressed as mean ±

SEM (*p < 0.05). (B) Changes in expression of E2F1,

Gli3, Stat3, and TCF12 in the ischemic region were

assessed by qRT-PCR analysis (n = 4). The data were

normalized to b-actin expression and expressed as

mean ± SEM (*p < 0.05).
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miR-124 injection, indicating the functional regulation of target
genes by exosomal miR-124.

miR-124-Loaded Exosomes Ameliorate the Brain Injury by

Promoting Neurogenesis

Since miR-124 is well known for its proneuronal role in both
the developing and mature brain,22 we further investigated the
effect of miR-124 on neural differentiation and neurogenesis
post ischemia. We injected RVG-Exos with no miRNAs, RVG-
Exos-Scr, and RVG-Exos-miR124 into ischemic mice at 1 dpi.
We first examined the expression of neural progenitor marker
Sox2 in the ischemic cortex at 5 dpi (Figure 4A). In the
RVG-Exos and RVG-Exos-Scr group, Sox2 was induced rapidly
around the lesion area at 5 dpi as previously reported (Figures
4B and 4C).23 However, cell quantification in the ischemic region
showed that the number of Sox2-positive cells decreased signifi-
cantly after RVG-Exos-miR124 injection (Figures 4D and 4E).
The expression of another neural progenitor marker Nestin was
also examined (Figures 5A and S2). Similarly, Nestin exhibited
the same expression change at 5 dpi. In the injured cortex, cells
richly upregulated Nestin in RVG-Exo and RVG-Exo-Scr treated
mice (Figures 5B and 5C), while there was a notable reduction
of Nestin-positive cells in RVG-Exos-miR124 treated mice, sug-
gesting the fate change of neural progenitors (Figures 5D and
5E). Both Sox2 and Nestin are markers of the neural progenitor
cells, and there are a robust percentage of the neural progenitor
cells expressing both markers. Immunohistochemistry of Sox2
and Nestin in the ischemic cortex at 5 dpi revealed that nearly
all the Sox2-positive neural progenitors around the injured area
were Nestin positive (Figure 6), which suggests that exosomal
miR-124 delivery might promote these progenitor cells toward
neurogenesis.

Considering the expression of Sox2 and Nestin decreased
significantly after ischemia, we wondered whether the fate of
these neural progenitors was changed into neuronal lineage
under the effect of miR-124. Then we examined neuro-
genesis at 7 dpi (Figure 7A). The immature neuronal marker
Molecu
doublecortin (DCX) scattered at an infarct
site in RVG-Exos and RVG-Exos-Scr treated
mice (Figures 7B and 7C). But the num-
ber of DCX-positive cells in RVG-Exos-miR124 treated
mice was approximately twice as much as that of control
groups (Figures 7D and 7E). Our results showed that exo-
some-encapsulated miR-124 greatly promoted adult neurogen-
esis post ischemia via biasing neural progenitors into neuronal
lineage.

DISCUSSION
In the present study, we for the first time performed targeting
delivery of miR-124 to the ischemic cortex using modified
exosomes. The RVG-modified exosomes efficiently delivered
miR-124 to the infarct region and promoted neurogenesis in the
adult cortex after ischemia. Our results demonstrate that systemic
administration of engineered exosomes could be a superior candi-
date for specifically transporting gene drugs for the treatment of
stroke.

Neuroremodeling by neurogenesis after stroke has been proven ex-
isting, although weak, especially after adult cortical ischemia.24,25

Therapeutically enhancing neurogenesis would greatly benefit
recovery. As miRNAs regulate myriads of genes, a handful of
studies target on miRNAs’ therapeutic potentials.26 miRNA-9,
miRNA let-7b, miR-137, and miR-184 have been reported to
regulate neural stem cell proliferation and differentiation at
different stages.27–30 MiR-124, the most brain-enriched miRNA,
is SVZ neuronal fate determinant and mediates stroke-induced
neurogenesis in adult SVZ and striatum.7,11,31 In our study, we
found that ectopic expression of miR-124 in cortex promoted
neural progenitors to differentiate into neuronal lineage and
further yielded the amelioration against ischemia via cortical
neurogenesis. We carefully limited the infarct region in the
cortex and excluded all those corpus callosum injured cases.
The DCX-positive cells formed clusters and distributed along
the ischemic border. But we didn’t observe the migrating route
of new born neurons from SVZ, the well acknowledged neural
stem cell niche.32 It will be interesting to investigate the cellular
origin of these cortical neuroblasts and explore the underlying
mechanisms.
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Figure 4. RVG-Exos-miR124 Reduces Sox2

Expression in Ischemic Region

(A) Strategy of carrying out ischemic model and

Sox2 immunohistochemistry. (B–D) Immunohisto-

chemistry of Sox2 in the ischemic cortex of (B)

RVG-Exos-, (C) RVG-Exos-Scr-, and (D) RVG-Exos-

miR124-treated mice at 5 dpi. (E) Cell quantification

of Sox2-positive cells in the ischemic region via

counting the ischemic area of every eighth slice of

the whole ischemic region. Note the significantly

decreased expression of Sox2 in RVG-Exos-miR124

treated mice compared with RVG-Exos and RVG-

Exos-Scr injected mice (n = 5). The data were ex-

pressed as mean ± SD (**p < 0.01). The scale bars

represent 50 mm.
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Since the first report that exosomes contain both mRNAs
and miRNAs which can be delivered from parent cells to
recipient cells,13 more and more studies revealed the roles
of exosome-mediated intercellular genetic communication in
CNS diseases. Glioblastoma-derived exosomes vehicle mRNAs/
miRNAs to normal host cells to promote tumor growth.33

Schwann cell-derived miRNAs stimulated axonal growth and
regeneration after nerve damage when taken up by adjacent
neurons.34 Inflammation-induced endothelial cell-derived exo-
somes modulate the cellular status of pericytes by transferring
miRNAs.35 Compared with other kinds of cells, cultured MSC is
an efficient producer for exosomes, allowing the production on
a larger scale.36 Emerging data show that exosomes released
from MSCs make therapeutic benefits in stroke. MSC-derived
exosomes are capable of transferring miR-133b to neurons and
282 Molecular Therapy: Nucleic Acids Vol. 7 June 2017
subsequently contribute to neurite outgrowth
after stroke.37,38 These indicate that MSC-
derived exosomes not only cross the BBB,
but also deliver functional cargo to modulate
gene expression in the recipient cells. Due
to the small size, exosomes can avoid
phagocytosis by macrophages. They are
naturally stable to escape endosomal-lyso-
somal degradation compared with polymeric
nanoparticles and liposomes. Collectively,
with lack of immunogenicity, these features
make exosomes promising candidates for
gene drug delivery.39 In our study, the
qRT-PCR showed that the expression of
miRNA-124 in the ischemic cortex was signif-
icantly increased at 3 dpi after exosome
injection, indicating persistent and suffi-
cient miR-124 concentration for treatment.
Considering MSCs-derived exosomes package
a repertoire of bioactive molecules and can
promote the outcome of stroke without artifi-
cial loading,40 there may be other factors
besides miR-124 contributing to the beneficial effects observed
in our experiment.

To date, targeting drugs to brain cells is a troublesome challenge. In
our study, DiI fluorescence ferried by RVG-Exos scattered in the
normal brain, which was consistent with the distribution pattern re-
ported by Alvarez-Erviti in 2011.15 However, compared with unmod-
ified exosomes, the concentrated fluorescence in the ischemic region
showed high targeting efficiency of RVG-Exos with BBB disruption.
Except the RVG system, modifying exosomal surface proteins with
targeting ligands or receptor-specific antibodies has also been used
to achieve tailored delivery.41 Considering the therapeutic application
of exosomes, the better alternative may need a homing device that is
specific for a target which is induced or upregulated under patholog-
ical conditions.42 In our study presented here, most of the ischemic



Figure 5. RVG-Exos-miR124 Reduces Nestin

Expression in Ischemic Region

(A) Strategy of carrying out ischemic model and

Nestin immunohistochemistry. (B–D) Immunohisto-

chemistry of Nestin in the ischemic cortex of (B)

RVG-Exos-, (C) RVG-Exos-Scr-, and (D) RVG-Exos-

miR124-treated mice at 5 dpi. (E) Cell quantification of

Nestin-positive cells in the ischemic region via counting

the whole ischemic area of every eighth slice of the

ischemic region. Note the significantly decreased

expression of Nestin in RVG-Exos-miR124 treated

mice compared with RVG-Exos and RVG-Exos-Scr

injected mice (n = 5). The data were expressed as

mean ± SD (**p < 0.01). The scale bars represent

50 mm.
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area was DiI positive in the RVG-exosome delivery group, suggesting
that besides neurons, astrocytes and endothelial cells might be also the
recipient cells. Future studies identifying the targeting peptide specific
for neural progenitors and with high BBB penetrating capacity are
still needed.

Conclusions

In summary, our results have shown that RVG-modified exosomes
are efficient tools for gene drug delivery to the ischemic cortex.
Systemic administration of RVG-exosomes loaded with miR-124
can promote cortical neural progenitors to obtain neuronal identity
and attenuate ischemic injury by cortical neurogenesis. Considering
the intrinsic weak ability of neurogenesis in the adult cortex
after ischemia, our study suggests that treatment with RVG-Exos-
Molecu
miR124 during the acute phase of stroke can
be a promising therapeutic strategy for neuro-
protection and neuroremodeling via promoting
neurogenesis.

MATERIALS AND METHODS
Animals and Photothrombosis Model

Male C56BL/6 mice (8–10 weeks old, 22–25 g)
were used. All animal experiments were carried
out under protocols approved by the Animal
Care and Use Committee of Fourth Military
Medical University. Focal cortical ischemia
was induced as previously described.16 Briefly,
after the tail injection of Rosa Bengal (Sigma)
at 25 mg/kg, a skull window was made without
hurting brain tissue, ranging from 0.8 to 2.4 mm
posterior to the Bregma and 0.5 to 2.1 mm right
to the midline. The skull window was illumi-
nated for 9.5 min by an optic fiber connected
to a cold light source.

Lamp2b Modification

Lamp2b was cloned with cDNA from mice
cortex and was inserted between Nhe1 and
BamH1 into a pcDNA3.1(�) vector. Primers designed to encode
RVG were used to introduce the targeting ligand between Xho1
and BspE1. BM-MSCs were electroporated with pcDNA3.1(�)-
RVG-Lamp2b plasmid to produce RVG-positive exosomes (RVG-
Exos).

Cell Culture

Bone marrow from adult male mice was mechanically harvested from
femurs as previously described.37 Cells were washed by PBS and sus-
pended in a-modified minimum essential medium (MEM, HyClone),
supplemented with 20% fetal bovine serum (FBS, Gibco) and antibi-
otics. At 3 days later, cells tightly adhered to the plastic flasks were
considered to be P0 BM-MSCs. BM-MSCs were used within the
eighth passage for exosome collection.
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Figure 6. Immunohistochemistry of Sox2 and Nestin

Double staining of Sox2 and Nestin in the ischemic cortex

at 5 dpi. Most of the neural progenitors were double-

positive cells. The arrowheads point to double-stained

representative cells. The scale bar represents 50 mm.
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Exosome Isolation and Characterization

Exosomes were purified from cell culture supernatant of BM-MSCs.
Prior to culture medium collection, BM-MSCs were washed twice
with PBS, and the medium was switched to serum-free medium. Af-
ter incubation for 48 hr, the supernatant was collected and went
through sequential ultracentrifugation at 2,000 � g for 30 min,
10,000 � g for 30 min, and 100,000 � g for 4 hr at 4�C. To avoid
contamination by the FBS-derived exosomes, FBS was also spun
before applied to BM-MSCs culture as previously described.43 The
exosomes were washed once with PBS and resuspended for further
characterization.

For fluorescence labeling of exosomes, a 4 mg/mL solution of DiI
(Molecular Probes) was added to the PBS (1:200) and incubated
following the manufacturer’s instructions. After the isolation
by sequential ultracentrifugation as mentioned above, DiI-labeled
exosomes (DiI-Exos) were resuspended in 0.9% saline and centri-
fuged at 10,000 � g for 30 min. This procedure was repeated for
three times to wash free DiI away (Figure 2B). Then DiI-Exos
were injected intravenously through tail vein into ischemic mice
at 1 dpi.

For EM, purified exosomes from BM-MSCs were resuspended in
PBS and imaged by transmission electron microscope as detailed
before.44

miR-124 Loading

Exosomes at a total protein concentration of 12 mg (BCA Protein
Assay Kit, Thermo Scientific) were electroporated with 12 mg
miR-124 mimics (RVG-Exos-miR124) or scrambled miRNAs
(GenePharma) (RVG-Exo-Scr) at 350 V and 150 mF in 0.4 cm
electroporation cuvetes.15 To remove the unincorporated free
miR-124, exosomes were washed with cold PBS twice by ultracentri-
fugation at 100,000 � g for 90 min. Efficiency of electroporation was
validated by qRT-PCR for detection of miR-124 levels.

Western Blotting

For cell western blotting, control BM-MSCs or BM-MSCs elec-
troporated with pcDNA3.1-RVG-Lamp2b plasmid were lysed by
RIPA buffer. Blots were incubated with primary antibodies overnight
at 4�C. The primary antibodies used were as follows: goat anti-
Lamp2b (1:1,000, Abcam), mouse anti-b-actin (1:5,000, Sigma),
284 Molecular Therapy: Nucleic Acids Vol. 7 June 2017
mouse anti-CD63 (1:1,000, Abcam), rabbit
anti-Alix (1:1,000, Abcam), rabbit anti-GM130
(1:1,000, Abcam), and mouse anti-GAPDH
(1:5,000, Abcam). Corresponding HRP-conju-
gated anti-goat, anti-rabbit, or anti-mouse (1:10,000, Pierce) second-
ary antibodies were incubated for 1 hr at room temperature. Bands
were visualized with an ECL kit (Pierce).

RNA Isolation and qRT-PCR

Total RNA was extracted from exosomes or ipsilateral/contralateral
cortex using TRIzol reagent (Invitrogen) according to the manufac-
turer’s instructions.

For analysis of mRNA levels, reverse-transcription was performed
using PrimeScript First-Strand cDNA Synthesis Kit (Takara), and
cDNAs were used for qRT-PCR using PrimeScript RT Master Mix
(Takara).

For analysis of miRNA levels, total RNA was reverse-tran-
scribed to cDNA using miRcute miRNA First-Strand cDNA Syn-
thesis Kit (Tiangen Biotech), and qRT-PCR was carried out using
miRcute miRNA qPCR Detection Kit (SYBR Green) (Tiangen
Biotech).

All PCR reactions were run in triplicate and mRNA or miRNA
expression, relative to b-actin or U6 snRNA, was calculated using
the 2�DDCt method.

Immunofluorescence

Serial coronal sections of 14 mm in thickness were prepared on a cryo-
stat. After being incubated with 0.3% Triton X-100 and 3% bovine
serum albumin (BSA) in PBS for 1 hr, the following primary anti-
bodies were incubated overnight at room temperature: rabbit anti-
Sox2 (1:200, Sangon Biotech), goat anti-Nestin (1:200, Santa Cruz
Biotechnology), and rabbit anti-DCX (1:400, Abcam). Corresponding
secondary antibodies as Alexa Fluor 488 and Alexa Fluor 594 (donkey
anti rabbit or anti-goat IgG, 1:800, Invitrogen) were incubated for 3 hr
at room temperature. Cellular nuclei were stained by Hoechst 33342
(1:100, Sigma).

For cell quantification, the ischemic region was defined by the outer
lining of Nestin-positive cells as before.16 All the quantification was
performed in this region (Figure S2). Cells were counted from every
eighth slice of the ischemic region and five mice were included for
comparison in each group. The cell counting was performed in a
design-blind manner.



Figure 7. RVG-Exos-miR124 Promotes Robust

Neurogenesis in Ischemic Region

(A) Strategy of carrying out ischemic model and DCX

immunohistochemistry. (B–D) Immunohistochemistry of

DCX in the ischemic cortex of (B) RVG-Exos-, (C) RVG-

Exos-Scr-, and (D) RVG-Exos-miR124-treated mice at 7

dpi. (E) Cell quantification of DCX-positive cells in the

ischemic region via counting the ischemic area of every

eighth slice of the whole ischemic region. Note the

robustly increased expression of DCX in RVG-Exos-

miR124 treated mice compared with RVG-Exos and

RVG-Exos-Scr injected mice (n = 5). The data were ex-

pressed as mean ± SD (**p < 0.01). The scale bars

represent 50 mm.
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Statistical Analysis

Data are presented as mean ± SD or mean ± SEM. A two-tailed
Student’s t test or ANOVAwas used to analyze the relative expression
of qRT-PCR and cell counting. p values less than 0.05 were considered
as statistically significant.

SUPPLEMENTAL INFORMATION
Supplemental Information includes two figures and two tables and
can be found with this article online at http://dx.doi.org/10.1016/j.
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Supplementary information 
 
Supplementary Table 1. Primer information for vector cloning. 
 

Names Primers 

Lamp5F ATCCGCTAGCGGTCGCCACCATGTGCCTCTCTCCGGTT 

Lamp5R GTCACTCGAGCATAAAGGCAAGTACCCTTTGAA 

Lamp3F GTCACTCGAGGTCACATCCGGAGGTGCAGAATGGGAGATGAATTTCA 

Lamp3R ATCCGGATCCTTAGTGTTACAGAGTCTGATATCC 

RVG F TCGATACACCATTTGGATGCCCGAGAATCCGAGACCAGGGACACCTT

GTGACATTTTTACCAATAGCAGAGGGAAGAGAGCATCCAACGGGT 

RVG R CCGGACCCGTTGGATGCTCTCTTCCCTCTGCTATTGGTAAAAATGTCAC

AAGGTGTCCCTGGTCTCGGATTCTCGGGCATCCAAATGGTGTA 

 

  



Supplementary Table 2. Primer information for RT-PCR. 
 

Names Forward primers Reverse primers 

E2f1 CAGTTGCTTGTTGGAGGTGA AGATTTAGTGAGGTTTCATAGCG 

Stat3 TGCTTGTCGGTTGGAGGTGT GGGAAAGGAAGGCAGGTTGA 

Gli3 CTTATGTAAGTACGCATCCCG CACCAACTGCCTGTCCACTC 

Tcf12 GTCTTCCGCCAATGTCCAGC CCCAAGTGCATCACCCGTCT 

β-actin CTGTCCCTGTATGCCTCTG ATGTCACGCACGATTTCC 

miR-124 CGTGTTCACAGCGGACCTTG Universal primer provided 

in the Tiangen Kit U6 CTCGCTTCGGCAGCACA 

 

  



Supplementary figures and figure legends 

 

 

Supplementary Figure 1. Distribution of RVG-Exos in other tissues. 

Representative immunofluorescence images of liver, spleen, lung, heart, kidney from 

mice received DiI-labeled RVG-Exos. Tissues were harvested 2h after in tail injection. 

Scale bars=50μm. 



 

Supplementary Figure 2. Immunohistochemistry of Nestin in the ischemic region. 

All the quantification of immunohistochemistry of this study was performed in this 

Nestin expressing area (outlined by white line). Note the clear Nestin expression in the 

ischemic cortex rather than normal cortex. Scale bars=100μm. 
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