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Abstract

Background Excessive release of glutamate, oxidative stress, inflammation after ischemic brain injury can lead to demy-
elination. Astrocytes participate in the maturation and differentiation of oligodendrocyte precursor cells (OPCs), and play
multiple roles in the process of demyelination and remyelination. Here, we studied the role of Astrocyte-derived exosomes
(AS-Exo) under ischemic conditions in proliferation, differentiation and migration of OPCs in vitro.

Methods and results Exosomes were collected from astrocytes supernatant by differential centrifugation from control astro-
cytes (CT*®), mild hypoxia astrocytes (O2R24°*°) which were applied oxygen-glucose deprivation for 2 h and reperfusion
for 24 h (OGD2hR24h) and severe hypoxia astrocytes (04R24°*°) which were applied oxygen-glucose deprivation for 4 h
and reperfusion for 24 h (OGD4hR24h). Exosomes (20 pg/ml) were co-cultured with OPCs for 24 h and their proliferation,
differentiation and migration were detected. The results showed that AS-Exo under severe hypoxia (O4R24°*°) inhibit the
proliferation of OPCs. Meanwhile, all exosomes from three groups can promote OPCs differentiation and migration. Com-
pared to control, the expressions of MAG and MBP, markers of mature oligodendrocytes, were significantly increased in
AS-Exo treatment groups. AS-Exo treatment significantly increased chemotaxis for OPCs.

Conclusions AS-Exo improve OPCs’ differentiation and migration, whereas AS-Exo with severe hypoxic precondition sup-
press OPCs’ proliferation. AS-Exo may be a potential therapeutic target for myelin regeneration and repair in white matter
injury or other demyelination related diseases.

Keywords Astrocyte-derived exosomes - Oxygen-glucose deprivation - Oligodendrocyte precursor cells - Proliferation -
Differentiation - Migration

Introduction

Excessive release of glutamate, oxidative stress and inflam-
mation after ischemic brain injury can lead to demyelina-
tion [1, 2]. Astrocytes participate in the maturation and
differentiation of oligodendrocyte precursor cells (OPCs),
and play multiple roles in the process of demyelination and
remyelination. Astrocytes can provide nutritional and meta-
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bolic support to other neural cells of the central nervous
system (CNS) [3, 4], playing a vital role in modulating of
CNS extracellular environment in which oligodendrocyte
precursor cells (OPCs) settle. They have many important
and complex functions that can directly affect the genera-
tion and survival of oligodendrocyte lineage cells [3]. Vari-
ous cytokines secreted by astrocytes are closely related to
myelin injury and regeneration. We previously have showed
that inhibition of Cx43 gap junction channel in astrocytes
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under hypoxia can promote the differentiation of OPCs into
mature oligodendrocytes [5]. However, the specific role and
the underlying mechanism of astrocytes in myelin injury and
regeneration remains to be further explored.

Exosomes are nano-sized membrane vesicles with a
lipid bilayer structure secreted by almost all living cells,
which contain cell-specific proteins, lipids, and nucleic acids
(mRNA, miRNA, LncRNA), and the diameter is between
30 and 150 nm [6-8]. They have the ability to cross the
blood-brain barrier and play an important role in cell com-
munication between neurons and glial cells [7]. Studies indi-
cate that Astrocyte-derived exosomes (AS-Exo) are actively
involved in the pathological process of stroke, traumatic
brain injury and other neurological diseases [9, 10]. AS-
Exo inhibit autophagy by mediating the transfer of miR-190b
reducing neuronal damage in experimental ischemic stroke
[11, 12]. The secretion of microvesicles containing Af can
induce apoptosis of cortical neurons, which plays an impor-
tant role in the progression of Alzheimer’s disease [13]. The
level of IL-6 in AS-Exo of ALS patients is elevated, and
positively correlated with the rate of disease progression
[14]. However, the role of AS-Exo in myelin regeneration
and repair in white matter injury needs to be explored.

In this study, we established a simulated ischemia model
to study the effects of AS-Exo on oligodendrocytes precur-
sor cells’ proliferation, differentiation and migration in vitro.
The results showed that AS-Exo in hypoxia conditions pro-
moted the differentiation and migration of oligodendrocyte
precursor cells whereas AS-Exo from severe hypoxia con-
dition inhibited the proliferation of OPCs. AS-Exo might
provide a potential therapeutic target in remyelination.

Materials and methods
Astrocyte and OPCs culture

All animal procedures were approved by the Institutional
Animal Care and Use Committee of the Huazhong Uni-
versity of Science and Technology. Rat Sprague—Dawley
pups (PO-P2) were obtained from the Experimental Animal
Center of Tongji Medical College, Huazhong University of
Science and Technology. The culture of mixed glial cells
was prepared as previously described [15—17] with minor
modifications. Briefly, cerebral tissue was extracted from rat
Sprague—Dawley pups (PO-P2). After removed the menin-
ges, it was cut into small pieces and digested with 0.25%
trypsin (Genom, China). Cells were cultured with Dulbec-
co’s Modified Eagle’s Medium and Ham’s F12 (DMEM/
F12, Hyclone, USA) plus 1% penicillin/streptomycin with
10% fetal bovine serum (FBS, sijiqing, China) and plated
on 75-cm? flasks coated with poly-p-lysine (Sigma-Aldrich,
USA). The cell medium was changed every 2 days with 10%
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FBS in DMEM/high glucose (Hyclone, USA). Cultures were
incubated at 37 °C and 5% CO,.

For isolation of OPCs, microglia were removed by shak-
ing for 2 h at 200 rpm at 37°C. Then, the cell supernatant
containing OPCs was obtained after shaking for 18 h at
220 rpm, filtered through a filter with an aperture of 40 pm
and preplated on a 100 mm uncoated sterile Petri dish for
1 h. Purified OPCs were seeded onto poly-p-lysine coated
glass coverslips or plates, and maintained in medium con-
sisting of DMEM/F12 (Hyclone, USA) supplemented with
1% N2 (Gibco, USA), 1% B27 (Gibco, USA), 10 ng/ml
PDGF-AA (Peprotech, USA), 10ng/ml FGF-basic (Pepro-
tech, USA) to promote proliferation (proliferation medium).
After 1 day in culture, platelet-derived growth factor recep-
tor at (PDGFRa*) OPCs accounted for 95%. And differ-
entiated culture was performed 2 days later in medium of
DMEM/F12 (Hyclone, USA) supplemented with 1% N2
(Gibco, USA), 1% B27 (Gibco, USA), 10 ng/ml CNTF
(Peprotech, USA), 50 ng/ml T3 (Invitrogen, USA) to allow
differentiation (differentiation medium).

After microglia and OPCs removal, trypsin was added for
digestion and then the supernatant was collected for centrifu-
gation. Purified astrocytes were plated onto poly-p-lysine
coated coverslips in 24-well culture dishes at a density of
4% 10* cells/well or six-well plates at a density of 4 x 10
cells/well. In purified cultures, more than 95% cells were
glia fibrillary acidic protein-positive (GFAP").

Exosome-free FBS

Exosomes in fetal bovine serum were removed by filtration
and ultracentrifugation. First, a 0.22 pm needle filter was
used to filter FBS, then FBS was transferred to an ultracen-
trifuge tube and centrifuged at a speed of 150,000xg for 7 h.
Finally, we collected the supernatant in tube and discarded
the precipitate to obtain exosome-free FBS.

Oxygen-glucose deprivation

Oxygen-glucose deprivation (OGD) was performed as
previously described [15, 17]. Astrocytes were incubated
in DMEM/F12 supplemented with 10% FBS, and medium
was changed every 2 days. Monolayer astrocytes were tiled
to 80-90% of the petri dish for further processing, washed
twice and incubated in glucose-free DMEM (Gibco, USA).
Then, astrocytes were transferred into anoxic incubator with
a gas mixture of 92% N,/5% CO,/3% O, at 37 °C. Fresh
medium (DMEM/F12 supplement with 5% exo-free FBS)
was replaced for reperfusion culture for 24 h after 2 h and
4 h of hypoxia. As normal control, astrocytes were cultured
in medium (DMEM/F12 supplement with 5% exo-free
FBS) with normoxic and maintained in standard incubation
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conditions. The cell supernatants from all groups were col-
lected for further study after 24 h reperfusion.

Exosomes’ isolation and characterization

Exosomes were isolated from the cell culture superna-
tant of astrocyte in control (CT®*°) (n=37), OGD2hR24h
(O2R24%°) (n=39), and OGD4hR24h (04R24%°) (n=139).
The culture supernatant was collected after 24 h reperfusion
and went through sequential ultracentrifugation at 300xg for
10 min to remove living cells, 2000x g for 10 min to remove
dead cells, 12,000xg for 30 min to remove cell debris,
120,000xg for 3 h to get exosomes at 4 °C. The exosomes
were washed once with phosphate-buffered saline (PBS) at
120,000xg for 100 min and suspended with 100 ul PBS.

A transmission electron microscopy (JEM-1200EX,
Japan) was used to identify the morphology of exosomes.
The exosomes (10 pl) were loaded on the copper electron
microscope grid for 3 min, and marked with phosphotungstic
acid solution, dried at room temperature for 5 min, and then
imaged on the machine. Exosomal protein markers (CD63
and Alix) and albumin were detected by western blot. All
samples were measured using nanoparticle tracking analysis
(NTA) with Zeta View S/N 17-310 (Germany) and corre-
sponding software Zeta View 8.04.02.

Exosomes labeling and uptake

Exosomes were labeled with a PKH26 fluorescent labeling
kit (Sigma, USA) according to the instructions. Briefly, exo-
some samples were added 1 ml Diluent C from the PKH26
kit, and then added 5 ul PKH26 dye into the 1 ml Diluent
C tubes, mixed continuously for 30 s by gentle pipetting.
Quenched reaction was induced by adding 2 ml 10% BSA
in PBS for 5 min at room temperature. Then 1.5 ml of a
0.971 M sucrose solution was added by pipetting slowly and
carefully into the bottom of tube. The exosome pellet was
resuspended in PBS by gentle pipetting after centrifuging at
120,000xg for 3 h at 4 °C. Subsequently, OPCs were incu-
bated with the PKH26-labeled exosomes for 24 h. The cells
were fixed and stained with 4,6-diamidino-2-phenylindole
(DAPI), and images were taken under a confocal microscope
(Olympus, FV500, Japan).

Cell Counting Kit-8

For Cell Counting Kit-8 (CCK-8; Dojindo, Japan) assay,
astrocytes were cultured on 96-well plates at a density of
5000 cells/well. Astrocytes’ viability was detected by a
CCK-8 assay after oxygen-glucose deprivation treatment at
different time according to manufacturer’s methods.

Immunofluorescence staining

The cells were fixed with ice cold 4% paraformaldehyde
for 15 min, permeabilized with 0.25% Triton X-100 in
PBS, blocked with 10% bovine serum albumin (BSA) for
1 h at room temperature, then incubated with primary anti-
bodies (rabbit anti-glia fibrillary acidic protein [GFAP]
[1:200; Cell Signaling technology, USA], anti-rabbit
PDGFR-a [1:200; Abcam, Cambridge], rat anti-myelin
basic protein [MBP] [1:200; Millipore, USA], mouse anti-
myelin-associated glycoprotein [MAG] [1:200; Santa Cruz
Biotechnology, USA] with 5% BSA overnight at 4 °C, and
incubated for 1 h at room temperature with the appropriate
secondary antibody (fluorescein isothiocyanate [FITC]-
conjugated goat anti-mouse IgG, Alexa Fluor 594-con-
jugated goat anti-rat IgG, cyanine3-conjugated goat anti-
rabbit IgG, Alexa Fluor 488-conjugated goat anti-Rabbit
IgG [1:200; Jackson-ImmunoResearch]). The images
were captured using a fluorescent microscope (Olympus,
BXS51, Japan) and laser confocal microscope (Olympus,
FV5000, Japan). Cells were counted in visual field by
Image J software.

OPCs proliferation assay

OPCs were exposed to AS-Exo (20 pg/ml) for 24 h in prolif-
eration medium after OPCs purification on glass coverslips
for 1 day. 5-Ethynyl-2-deoxyuridine (EdU) was detected by
the Cell-Light™ EdU Apollo® 567 In Vitro Imaging Kit
(Ribobio) following the manufacturer’s instructions. Then,
coverslips were incubated with DAPI to reveal total nuclei.
Images of the stained coverslips were acquired with a fluo-
rescence microscope (Olympus, BX51). EQU-DAPI double
positive cells were counted by ImagelJ cell counter plugin.
The protein was extracted from each group. The expression
of PDGFR-a was detected by western blot.

OPCs differentiation assay

OPCs were cultured for 2 days in proliferation medium,
and then shifted into differentiation medium with AS-Exo
(20 pg/ml) for 24 h. Cells were fixed with 4% paraformal-
dehyde and stained with anti-myelin basic protein (MBP),
anti-myelin-associated glycoprotein (MAG) to detect cell
differentiation. MBP and MAG-positive cells were counted
by Imagel. In statistical analysis, we calculated the expres-
sion levels of MBP+and MAG+cells and the total number
of cells in each field. The cells protein was extracted from
each group. The expression of MBP and MAG, the protein
marker in mature oligodendrocytes, was detected by western
blot.
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OPCs migration assay

Migration of OPCs were performed in chambers (5 pm pore
size filter; Constar, Corning, USA) as previously described
[18, 19]. Briefly, the upper chamber was seeded with 5 X 10*
OPCs in 200 ul of DMEM/F12, and the lower chamber was
filled with 600 ul of DMEM/F12 (negative control), prolif-
eration medium (positive control), and exosomes from dif-
ferent groups of astrocytes in DMEM/F12. After 24 h of
incubation at 37 °C with 5% CO,, non-migrated cells were
removed from the upper surface of the filter with a cotton
swab, whereas migrated cells in the lower side of the fil-
ter were fixed with 4% paraformaldehyde (PFA) for 15 min
and stained with 1% crystal violet for 30 min. The number
of migrated cells were determined by 8—10 random fields
per well, and counted using Image]J cell counter plugin. All
experiments were run at least triplicate for each group.

Western blot

Total proteins were collected from cells samples using
RIPA lysis buffer (Beyotime, Haimen, China) with protease
inhibitor cocktail and quantified with the BCA kit (Beyo-
time Biotechnology, Haimen, Jiangsu Province, China). The
proteins were subsequently transferred to a nitrocellulose
membrane (0.45 pm, Millipore, USA) after sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
Then, the membranes were blocked in 5% non-fat milk for
1 h at room temperature. The membranes were incubated
with primary antibodies of mouse anti-CD63 (1:1000, Santa
Cruz biotechnology, USA), Rabbit anti-Albumin (1:1000,
Proteintech, USA), mouse anti-Alix (1:1000, Cell Signaling
technology, USA), rabbit anti-PDGFR-a (1:1000, Abcam,
Cambridge), rat anti-MBP (1:1000, Millipore, USA), mouse
anti-MAG (1:1000, Santa Cruz Biotechnology, USA), rab-
bit anti-f-actin (1:1000, servicebio, China) at 4 °C over-
night. After washing three times with Tris-buffered saline
containing 0.1% Tween-20 (TBST), the membranes were
incubated with the HRP-conjugated secondary antibody
(goat anti-rabbit IgG, goat anti-rat IgG, goat anti-mouse
IgG, 1:5000, Promoter, China) for 1 h at room temperature.
The protein bands were visualized with Bio-Rad ChemiDoc
XRS+imaging system. Photographic development was by
chemiluminescence (ECL, servicebio, China). And intensity
of each band was analyzed by ImageJ. The expression level
of each protein was normalized to f-actin.

Statistical analysis
All experimental data from at least three independent
experiments analyzed by GraphPad Prism 6.0 software

(GraphPad Software, USA). The results were presented as
mean =+ standard deviation (SD). Statistical comparisons
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were realized with one-way analysis of variance (ANOVA)
for multiple comparisons between groups. Differences
between groups were considered statistically significant
when P value < 0.05.

Results

Effects of oxygen-glucose deprivation
and reperfusion (OGD/R) on astrocyte activation

Purified astrocytes were identified by immunostaining with
GFAP. And GFAP? cells reached 95% after 2 days culture
(Fig. 1a). After astrocytes exposure to normoxia or OGD/R,
the CCKS assay was used to assess the viability of astro-
cytes. We tested four durations of OGD, which were 0.5 h,
1 h, 2 and 4 h, respectively. At acute phase (0 h reperfusion),
cell survival rate decreased significantly after OGD for 4 h
(Fig. 1b). However, cell survival rate increased significantly
after astrocytes were deprived of oxygen and glucose for
2 h and reperfusion for 24 h, which was possibly due to
proliferation (Fig. 1c). GFAP immunofluorescence staining
at OGD2hR24h and OGD4hR24h was used to verify the
activation of astrocytes. The results showed that astrocytes
in control group presented a flat and polygonal morphol-
ogy. In OGD2hR24h and OGD4hR24h groups, astrocytes
became hypertrophy and clustered (Fig. 1d). Quantitative
analysis results showed that GFAP fluorescence intensity
(the average fluorescence intensity of single cell) increased
in group of OGD2hR24h and OGD4hR24h (Fig. le).

Isolation, identification and uptake of exosomes

Exosomes were collected from astrocytes’ supernatant by
sequential ultracentrifugation (Fig. 2a). Three experimen-
tal groups of AS-Exo were used in the following experi-
ments: control exosomes (CT®*°), OGD2hR24 exosomes
(O2R24%*°), OGD4hR24 exosomes (0O4R24°*°). The typi-
cal cup-like membrane vesicle morphology was observed
by transmission electron microscopy (Fig. 2b). Western
blot analysis showed that exosome markers including Alix
and CD63 were expressed in exosomes of all three groups.
Albumin was a common pollutant in exosomes, and it was
barely expressed in each group (Fig. 2¢). Nanoparticle track-
ing analysis (NTA) indicated that exosomes had a narrow
size distribution, and the peaks of exosomal dimeters were
located at 117.5 nm, 133.3 nm and 113.5 nm, respectively
(Fig. 2d).

The expression of PDGFR-a (a marker of OPCs) was
detected by immunofluorescence, and PDGFR-a* cells
reached 95% after OPCs were cultured in proliferation
medium for one day (Fig. S1). Exosomes were labeled
with a PKH26 fluorescent labeling which can mark the cell
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Fig. 1 Effects of OGD duration

on cell viability of astrocytes. a
a Astrocytes were identified

by GFAP immunofluorescence

staining. Scale bar =50 pm. b,

¢ Cell viability of astrocytes

exposed to OGD for 0.5 h, 1 h,

2 h, 4 h, followed by reperfu-

sion for 24 h. d GFAP immu-

nostaining after OGD2hR24h,

OGD4hR24h and control.

Scale bar =50 pm. e. Statisti- b
cal results of GFAP in mean

fluorescence intensity. Values

are from 4 independent experi-

ments. *p <0.05; **p<0.01;

*#%p <0.001
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Fig.2 Isolation, identifica-

tion and uptake of exosomes. a
a Schematic diagram of

exosomes preparation:
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outline the shape of the OPCs, indicating exosomes were
taken up by OPCs. A PKH26 negative control experiment
showed that a small amount of dye entered the OPCs and no
dye signal was observed in the blank control group (Fig. 2e).
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Astrocyte-derived exosomes inhibit
the proliferation of OPCs under severe hypoxia

condition

After 1 day of OPCs culture, the medium was replaced
with proliferation medium containing exosomes (CT*°,

Fig. 3 Effects of exosomes
derived from astrocytes after
oxygen-glucose deprivation

on the proliferation of OPCs.

a Schematic diagram of the
co-culture process of OPCs
and AS-Exo in proliferation.

b Representative images of EAU
and DAPI staining of OPCs in
4 groups. Scale bar =100 pm.
c Statistical results of the
percentage of EAU positive cells
in OPCs culture after AS-Exo
treatment. d Representative
images of western blot for
PDGFR-a and p-actin in OPCs
after control and AS-Exo treat-
ment. e Quantitative analysis
of the expression of PDGFR-a
in OPCs after control and AS-
Exo treatment normalized to
fB-actin. Data are presented as
mean +SD (n=4)

O2R24%°, 04R24°*°, 20 ug/ml) or PBS using the same vol-
ume as control for 24 h (Fig. 3a). We examined the effect
of exosomes on proliferation of OPCs by measuring EAU
staining and western blot. A significant decrease in the
percentage of EdU out of DAPI cells was observed with
04R24%*° as compared to control and CT®*°, whereas those

a C *
Exosomes [ #
_150
Il 5 I
Z 100 T
% T
I I I g 50
0 1d 2d T} )
« ?J+o Q/+o ‘?)+°
l OPCs I < L ’ﬁz&u b‘?&b‘
o o
b
Control

CTexo

O2R24¢x°

0O4R24°x°

PDGFR-a — —— '— [

B-actin




Molecular Biology Reports (2021) 48:5473-5484

5480

——

MAG

Exosomes

|

2d 3d MBP

1d

OPCs

B-actin ————

(unoe-

B

P
(ungoe-

9%)dgaN

e 9
- O

9%)OVIN

o

- .
o+® A zkﬂv&\
2 %
%, o
= %4 i zknw\
* w ﬂv
: % o

¥ H K
x [ %, ° x .0&0
_\ o i g
< 0

o

o
w
-

19%)d9IN Jo
uoissaidxa anne|ay

o o
5 5

o~
(LO%)OVIN J0
uoissaldxa aAle|oy

™

()]

HEEEEE
LN | |
w v &:

MAG Merge

MBP

O2R24%° 0O4R24%°

Control CT®®

pringer

Qs



Molecular Biology Reports (2021) 48:5473-5484

5481

«Fig.4 AS-Exo promote the differentiation of OPCs. a Schematic
diagram of the co-culture process of OPCs and AS-Exo in differen-
tiation. b Images of western blot for MBP, MAG and f-actin in four
groups. ¢ Quantitative analysis of MAG in OPCs groups after control
and AS-Exo (CT™°, O2R24°, O4R24*°) treatment. The expression
of MAG was normalized to f-actin. d Quantitative analysis of MBP
in four groups. The expression of MBP was normalized to p-actin.
e Immunostaining images of MBP and MAG in four groups. Scale
bar =100 pm. f The relative expression of the ratio of the number
of MAG positive to the DAPI* cells in control and AS-Exo (CT®°,
O2R24%°, O4R24%°) treatment groups. g The relative expression
of the ratio of the number of MBP and DAPI double positive to the
DAPI* cells in control and AS-Exo (CT®°, O2R24°°, Q04R24°*°)
treatment groups. Data are presented as mean+SD (n=4)

in O2R24%° showed no significant changes compared to
control and CT®*°. Meanwhile, there is no significant statis-
tical difference between control and CT**° (Fig. 3b and c).

The PDGFR-«a level was examined by western blot in the
groups treated with PBS, CT®*°, O2R24%°, O4R24°, In
agreement with the results of EQU immunofluorescent stain-
ing, the O4R24*° group showed a lower level of PDGFR-a
compared to control and CT®*° (Fig. 3d and e). In conclusion,
AS-Exo with severe hypoxia can inhibit the proliferation of
OPCs, but have marginal effect on OPCs’ proliferation with
control and mild hypoxia.

Astrocyte-derived exosomes promote
the differentiation of OPCs

OPCs were cultured in proliferation medium for 2 days, then
cells were washed twice with PBS and replaced with differ-
entiation medium containing exosomes (CT®°, O2R24°,
04R24%°, 20 ug/ml) or PBS of the same volume as control,
and the intervention lasted 24 h (Fig. 4a). Myelin basic pro-
tein (MBP) and myelin-associated glycoprotein (MAG) are
specific markers of mature oligodendrocytes. The effects of
exosomes on differentiation were assessed by exposing cul-
tured OPCs to the different types of exosomes for 24 h. As
shown in Fig. 4b, the expression of MBP and MAG were
upregulated with CT®*°, O2R24°*° and O4R24°*° compared
to control. And quantitative analysis also showed that the
expression of MAG and MBP was significantly increased
with AS-Exo (Fig. 4c and d), indicated that exosomes pro-
moted differentiation.

To further confirm the effect of AS-Exo on OPCs dif-
ferentiation, we monitored OPCs differentiation by double-
staining with antibodies against MBP and MAG (Fig. 4e).
During the preliminary experiment, it was found that the
amount of apoptosis after the intervention of exosomes in
different groups was rare (Fig. S2). The results of immu-
nofluorescence staining confirmed that AS-Exo had higher
numbers of MBP and MAG positive cells than control, and
there is no statistical difference among CT®*°, O2R24°*°
and O4R24%° (Fig. 4e—g). Taken together, AS-Exo can

promote the differentiation of OPCs in both normal and
OGD conditions.

Astrocyte-derived exosomes augment the migration
of OPCs in vitro

Transwell migration assay was used to detect the chemot-
actic movements of OPCs after AS-Exo treatment (Fig. 5a).
The results showed that the number of OPCs migrated to the
bottom of chamber was significantly increased with CT*°,
O2R24°*°, and O4R24° treatment compared to negative
control (Fig. 5b). In negative control, there is marginal OPCs
migration. However, in the groups of exosomes, the numbers
of OPCs migration increased significantly (Fig. 5b and ¢). In
conclusion, it indicates that AS-Exo can improve chemotaxis
for OPCs.

Discussion

Hypoxic-ischemic injury induces oligodendrocyte and
axonal damage by releasing inflammatory factors, ROS, and
excitatory amino acids [20]. The adult brain has endogenous
myelin regeneration protection mechanism by activating
OPC:s to increase the amount of mature OLs [21, 22]. How-
ever, it was found that OPCs located in SVZ can migrate to
the periphery of ischemia, but could not successfully mature
and differentiate into oligodendrocytes [23, 24]. So, the pro-
liferation and successful differentiation of OPCs into mature
oligodendrocytes is a key factor in the recovery of white
matter injury and demyelinating diseases [25]. Astrocytes
regulate OPC’s proliferation and differentiation by provid-
ing energy [26, 27], secreting cytokines [3], and exchang-
ing materials through gap junction channels [28-30]. In this
study, we demonstrated that oxygen-glucose deprivation
induces the activation of astrocytes, and exosomes-derived
from astrocytes under hypoxia condition can inhibit the pro-
liferation whereas promote OPCs differentiation and migra-
tion in vitro.

The communication between exosomes and oligo-
dendrocyte lineage cells is significant for remyelination.
The exosomes produced by dendritic cells stimulated
with low levels of IFNy can promote myelination, reduce
oxidative stress and improve myelination, and IFNy-
DC-Exos is preferentially taken up by oligodendrocytes
[31]. MSC-exosomes increase vessel density and myelin-
positive area in the striatum, improve functional recovery
and white matter remodeling in rats after ICH [32]. And
MSC-derived exosomes enriched in miR-17-92 improve
axonal extension and myelination by regulating the PI3K/
Akt/mTOR pathway to promote the recovery of function
after stroke [33]. Environmental enrichment (EE) serum
exosomes are enriched in miR-219, which is necessary
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Fig.5 AS-Exo increase the a
migration of OPCs in vitro.

a A schematic diagram of the
transwell test. Exosomes were
added in the lower chamber

to detect their chemotaxis.

b Representative image of
crystal violet staining in differ-
ent groups. The lower chamber
was filled with DMEM/F12
(negative control), prolifera-
tion medium (positive control),
CT™°, O2R24%°, O4R24%°,
Scale bar = 100 pm. ¢ Statisti- b
cal results showed that all
AS-Exo treatment groups could
promote the migration of OPCs.
Relative migration of OPCs was
normalized to negative control
group. *p<0.05; **p<0.01;
*#%p < 0.001; **#*+*¥p <0.0001
(n=4)
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and sufficient for OPCs differentiation into myelinating
cells, and increase myelin content [34, 35]. It is reported
that serum exosomes suppress T cell activation, improve
the maturation of OPCs, and pregnancy exosomes facili-
tate OPCs migration into active CNS lesions [36]. Thus,
exosomes may play a significant role in regulating the
differentiation of OPCs in white matter injury. Indeed,
we found that AS-Exo promoted the migration and
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differentiation of OPCs, and inhibit the proliferation of
OPCs under severe hypoxia condition.

Recent studies have revealed that AS-Exo play an impor-
tant role in functional recovery in neurological disease. The
extracellular vesicles of astrocytes contain functional gluta-
mate transporters and may regulate brain homeostasis [37].
Overproduction of phosphorylated Tau in human astrocytes
exposed to amyloid beta and over-release in exosomes also
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indicate the role of AS-Exo in the pathological progression
of AD disease [38]. Meanwhile, AS-Exo may play an active
role involving inflammation in multiple sclerosis [39], and
ameliorate neuronal damage by suppressing autophagy in
ischemic stroke [11]. Our results also showed that AS-Exo
promoted the differentiation of oligodendrocyte precursor
cells into mature oligodendrocytes, suggesting a potential
role of AS-Exo in remyelination after CNS disorders.

In conclusion, our results indicate that AS-Exo can
improve the differentiation and maturation of OPCs, and
facilitate OPCs migration. AS-Exo under severe hypoxia
significantly inhibit the proliferation of OPCs. AS-Exo may
be a potential therapeutic way for myelin regeneration and
repair in white matter injury or other demyelinating related
diseases.
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