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Abstract

Introduction: Multicellular crosstalk within the brain tissue has been suggested to play
a critical role in maintaining cerebral vascular homeostasis. Exosomes (EXs) mediated
cell-cell communication, but its role in cerebral ischemic injury is largely unknown.
Rab27a is one of the major genes controlling EX release. Here, we explored the role of
Rab27a in regulating brain EXs secretion, and the effects of Rab27a-mediated EXs on
ischemia evoked cerebral vascular disruption and brain injury.

Methods: Cerebral ischemia was induced in Rab27a knockout (Rab27a'/‘) and wide
type (WT) mice by transient middle cerebral artery occlusion (tMCAOQ). Differential
gene expression analysis was performed in ischemic brain tissue by using mRNA
sequencing. EXs isolated from brain tissue of Rab27a™~ and WT mice (EXWT or

EXRab27a-/ ~~ mice or oxygen

) were pre-administrated into tMCAO operated Rab27a
and glucose deprivation (OGD) treated primary brain vascular endothelial cells (ECs).
Results: We demonstrated that Rab27a expression in the peri-infarct area of brain
was significantly elevated, which was associated with local elevation in EXs secretion.
Rab27a deficiency dramatically decreased the level of EXs in brain tissue of normal
and tMCAO-treated mice, and Rab27a™~ mice displayed an increase in infarct volume
and NDS, and a decrease in cMVD and CBF following tMCAO. Pre-infusion of EXWT
increased the brain EXs levels in the tMCAO operated Rab27a™ mice, accompanied
with an increase in cMVD and CBF, and a decrease in infarct volume, NDS, ROS pro-
duction, and apoptosis. The effects of EXR??72/~ infusion were much diminished al-

XRab27a~/= showed less

though in a dose-dependent manner. In OGD-treated ECs, E
effectivity than EXWT in decreasing ROS overproduction and apoptosis, paralleling

with down-regulated expression of NOX2 and cleaved caspase-3.
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pase-3 expression.
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1 | INTRODUCTION

Ischemic stroke (IS) accounts for 80% of stroke and has become the
leading cause of death and disability worldwide. So far, the patho-
physiology of IS has not been well understood, and there is lack of
efficient therapeutic strategy for IS. Currently, efforts should be
made to reduce neurovascular injury in the acute phase of IS. The
multicellular crosstalk within brain is critical to the maintaining brain
vascular homeostasis and functions. The signaling processes be-
tween brain parenchymal cells and cerebral endothelial contribute
to vascular remodeling in response to ischemic injury.z'3 The in-
creased vascular function is critical for neurological function recov-
ery after stroke.* Therefore, understanding the mechanisms of these
intercellular interactions is pivotal in developing novel therapeutic
strategies for acute IS.

Apart from the traditional models of cellular interactions, such
as paracrine signaling and direct cell-cell contacts,’ an increasing
number of studies have demonstrated that exosomes (EXs) secreted
from various cell types can mediate local and systemic cell-cell inter-
action without direct cell-cell contact.® EXs are nano-sized vesicles
which could regulate target cell functions by transferring biological
cargos, such as lipids, RNAs, and proteins.®” They are generated as
intraluminal vesicles (ILVs) in the lumen of endosomes and secreted
by the fusion of mutivesicular bodies (MVBs) with the plasma mem-
brane.® The processes of EX production are complex and involve
multiple regulators, such as endosomal sorting complexes required
for transport (ESCRT) proteins (e.g., HRS and Tsg101), tetraspanins
(e.g. CD9 and CD81), and Rab GTPases (e.g. Rab31 and Rab27),”*?
and the underlying mechanisms remain largely unclear. In the brain,
EXs derived from all types of brain cells are functional by mediating
intercellular communication.’®'* For example, astrocyte-released
EXs could transport antioxidants and energy substrates to neurons
for exerting neuroprotective effect.'®> EXs derived from hypoxia-
stimulated pericytes can enhance the angiogenesis in brain.!® EXs
from inflammation activated brain ECs have been shown to activate
the neighboring cells in central nervous systems for tissue repair.!®
These studies imply the important roles of brain EXs in regulating
vascular functions and brain homeostasis under physiological and
pathological conditions. However, the molecular mechanisms that
regulating brain EXs release and their effects on cerebrovascular
and brain ischemic injury are unknown.

To explore the role and mechanism of brain EXs in IS, we an-
alyzed the gene expression profile in the brains of IS mice and

Conclusion: Our study demonstrates that Rab27a controls brain EXs secretion and
functions, contributing to cerebral vascular protection from ischemic insult by pre-

venting oxidative stress and apoptosis via down-regulating NOX2 and cleaved cas-

apoptosis, exosomes, ischemic stroke, oxidative stress, Rab27a

identified Rab27a as one of the prominently up-regulated gene in
response to tMCAO, paralleling with the increase in EXs secretion.
Rab proteins are small (21-25kDa) monomeric GTPase/GTP-binding
proteins that play critical roles in the regulation of cell membrane-
trafficking events, such as endocytosis and exocytosis.”’18 Rab27
has been proved to implicate in EXs secretion in Hela cells through
regulating MVBs docking at the plasma membrane.’> Moreover,
Rab27-dependent EXs production contributed to hematopoietic ho-
meostasis and prevention of aberrant chronic inflammation.'? A re-
cent study in a liver ischemic injury model has suggested that Rab27a
mediated liver EXs secretion contributes to hepatic ischemia/reper-
fusion injury.?° It is unclear whether Rab27a-mediated brain endoge-
nous EXs secretion might be involved in regulating cerebral vascular
functions and subsequent brain acute ischemic injury.

In this study, we first analyzed brain gene expression and EXs
secretion in wide type (WT) mice in response to tMCAO and iden-
tified that Rab27a was the responsible gene for the activation of
brain EX release in ischemic situation. Then, we determined the role
of Rab27a in IS by measuring neurological deficit score (NDS), in-
farct volume, cerebral blood flow (CBF), and cerebral microvascular
density (cMVD) in Rab27a knockout (Rab27a™") mice. To further in-
vestigate the effects of Rab27a-dependent EXs, EXs isolated from
Rab27a™ or WT mouse brain tissue were pre-administrated into
cerebral ischemic Rab27a™~ mice. Since vascular ECs apoptosis and
oxidative stress-induced vascular injury and integrity disruption play
a pivotal role in the initiation and development of IS, the roles of
these EXs on ECs oxidative stress and apoptosis were further deter-
mined in both in vitro and in vivo ischemic models. The underlying
mechanisms were investigated by analyzing the NOX2 and cleaved
caspase-3 expression which have been shown to play critical roles

in ischemia-induced ROS overproduction and apoptosis in ECs.212

2 | MATERIALS AND METHODS

2.1 | RNA extraction and mRNA-seq analysis

Total RNAs were extracted from brain tissues of peri-infarct area
of one IS and one similar brain region of sham group mice using
TRIzol (Invitrogen, USA) according to manufacturer's instructions.
Validation was done by QRT-PCR in ten mice with IS and ten sham
group mice. Subsequently, total RNAs were assessed by electro-
phoresis on a denaturing agarose gel and quantified by NanoDrop
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spectrophotometer (NanoDrop, USA). 2ug total RNAs were used
for stranded RNA sequencing library preparation using TruSeq
Stranded mRNA LT Sample Pre Kit (lllumina) following the manu-
facturer's instruction. Then, RT-PCR reactions were performed with
Phusion high-fidelity DNA polymerase, index (X) primer, and uni-
versal PCR primers. Finally, the mRNA products were fragmented
and purified using the AgencourtAMPure XPPCR (AMPure XP) pu-
rification beads and library qualities were evaluated on an Agilent
2100 Bioanalyzer system. The RNA libraries were sequenced on an
Illumina Hiseq 4000 platform, and 150-bp paired-end reads were
generated. Data processing of raw reads was quality checked by
using fastqc v0.10.1 (http://www.bioinformatics. babraham.ac.uk/
projects/fastqc/). Clean reads were mapped to the reference ge-
nome by using HISAT2 v2.0.4. The mapped reads of each sample
were assembled by using StringTie v1.3.1 in a reference-based ap-
proach.24 DEGene analysis was performed using the DESeg2 R
package. DESeq2 provides statistical routines for determining dif-
ferential expression based on Gene expression data using a model
based on the negative binomial distribution. The resulting P-values
were adjusted using the Benjamini-Hochberg approach for control-
ling the false discovery rate (FDR). Gene with an adjusted p-value of
<0.05 (FDR <0.05) by DESeq and with a fold change of 22 (|log2 fold
change| 21) were considered to be differentially expressed.

2.2 | Quantitative RT-PCR

Total RNAs were extracted from brain tissues of tMCAO and sham
group mice with TRIzol reagent (Invitrogen, USA), and cDNA was
synthesized with the RevertAid First Strand cDNA Synthesis kit
(Thermo Scientific). Quantitative RT-PCR (qRT-PCR) was performed
in triplicate with SYBR Premix Ex Taq (Takara, Japan). The prim-
ers for the genes were synthesized by Sangon Biotech (Shanghai,
China), as follows: 5- AGACCAGAGGGCAGTGAAAGAGG-3'
(forward) and 5- CACCGCTCCATCCGCTTCATG-3'(reverse) for
Rab27a;5- ACTGCCACAGACCTCTCCAACC-3' and 5-CTACTGCC
ACCCACCTCTCCTC-3" for Ykté; 5-CCATTGGGGCTGCCTTTCTA
ACC-3" (forward) and 5-CAACTATGGCTGCTTGTGCTCCTC-3'
(reverse) forRab5a; 5-GCACGGAAGACAGAAAGAGACG-3' and
5-TGATAGGCTGGAGGAGGGATTG-3' for Pdcpéid; 5-CGGGCTA
AGAATTGGGTGAAGGAG-3' and 5-TCATCTGCATAGGCTTGTGC
TTCC-3' for Rab5c; and 5-GAAGGGCTCATGACCACAGTCCAT-3’
and 5-TCATTGTCGTACCAGGAAATGAGCTT-3' for GAPDH. GAPDH
was used to normalize mRNA expression. The relative quantification

of the gene expression was calculated by the 2745CT method.

2.3 | Isolation of brain EXs

EXs were isolated from brain tissue of WT (EX"T) and Rab27a™"
(EXRb272°/7) mice as a previous study described.?® Briefly, the right
(ischemic) hemibrains were separated and finely minced with a
small sharp scissors in 100pl papain solution (20units/ml). Brain

samples in solution were pipette into a 15-ml conical tube contain-
ing 3.5 ml papain solution and incubated at 37°C for 20 min to dis-
sociate the tissue. Then, the solutions were centrifuged 300g for
10 min to discard brain cells, and the supernatants were collected
and centrifuged at 2000g for 20min to remove cells and debris.
The collected supernatants were ultra-centrifuged at 20,000g
for 90min and then at 100,000g for 2 h to pellet tissue EXs. The
pelleted EXs were resuspended with filtered phosphate-buffered
saline (PBS), and aliquot for nanoparticle tracking analysis (NTA)
and transmission electron microscopy (TEM). Additionally, the EXs-
specific markers including CD63 and TSG101 were measured by
western blot analysis.

2.4 | Efficiency of EXs purification analysis

A known amount (5 x 108 particles) of brain EXs was added into 1 ml
of filtered PBS. The EXs/PBS mixture was centrifuged at 100,000g
for 2 h at 4°C to pellet brain EXs. The pellets were resuspended
with filtered PBS and incubated with rabbit anti-CDé3 for 2 h in a
reaction volume, followed by incubation with goat anti-rabbit 1gG
conjugated with Q-dot® 655 (1:350 dilution; Life Technologies) for
90min at RT. Then, filtered PBS was added to the EXs suspension
(incubated with CDé63) to give a final volume of 700pl and subse-
quently analyzed by fluorescence NTA. The efficiency of EXs purifi-
cation rate was calculated as: the number of CD63+ EXs divided by
the total number of EXs.

2.5 | Animal study

The male adult (8-10 weeks and weight 22-24 g) C57BL/ 6 WT and
Rab27a knockout (Rab27a™") mice were purchased from Cyagen
Biosciences Company (Guangzhou, China) and housed in the
Animal Care Facility at the Guangdong Medical University. The
mice were maintained in a pathogen-free environment with free
access to food and water on a 12h light/dark cycle before and
after surgery. Transient middle cerebral artery occlusion (tMCAOQ)
surgery was conducted as we previously described?® for inducing
IS. In brief, mice were anesthetized with 2.5% isoflurane inhala-
tion, and body temperature was maintained through a thermostat-
controlled heating pad. The left common carotid artery, external
carotid arteries (ECA), and internal carotid artery (ICA) were iso-
lated and ligated. A 2.0 cm length of monofilament nylon suture
was inserted from the right ECA into the lumen of ICA, and then
advanced until resistance was felt. Reperfusion was initiated by
withdrawal of the monofilament after 90 min occlusion. Surgeries
were finished and animals were placed back into their cages.
Pain and discomfort were minimized by an initial injection of bu-
prenorphine (0.1 mg/kg, sc) and carperofen (5 mg/kg, sc) followed
with another carperofen injection every 24 h. After tMCAOQO, mice
were transferred to a heating pad for 12h to keep warm. All ex-
perimental procedures were approved by the Laboratory Animal
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Care and Use Committees at Guangdong Medical University. The
animal data reporting in this study has followed the ARRIVE 2.0
guidelines.27

At least, 14 tMCAO surgeries were included to ensure we had
12 1S mice per group. At 48 h after tMCAO surgery, NDS and CBF
were determined in WT and Rab27a™" mice. Then, brain sam-
ples were harvested for analysis of tissue EXs in the peri-infarct
area, or for histological analyses of infarct volume and cMVD. To
evaluate the role of Rab27a™"~ dependent EXs secretion in acute
IS, Rab27a™~ mice were included and randomly divided into four
groups: (1) sham group: Mice underwent the same procedure of
tMCAO surgery, excepting that the monofilament was inserted.
(2) vehicle group: Mice were pre-infused with 100ul PBS twice
(3days apart) before tMCAO surgery (24h after second injec-
tion). (3) EXWT group: Mice were injected via tail vein with EXs
isolated from WT mice brain (EX"T) (1x10™ EXs/ 100pl) thrice
(3days apart) before tMCAO surgery (24 h after third injection).
(4) L-EXR?272/= group: EXs isolated from brain tissue of Rab27a™~
mice (EXR2P2727/7) (4 x 10%° EXs/ 100 ul) were injected thrice (3days
apart) before tMCAO surgery (24 h after third injection). (5) H-
EXRab27a~/~ group: EXRAP2727/~ (1% 101! EXs/ 100 ul) were injected
thrice (3days apart) before tMCAOQ surgery (24 h after third in-

XWT was chosen based on previous publi-

28 In

jection). The dose of E
cations on EXs infusion for treating IS or brain injury in mice.
addition, we tested the dose effect of EX?®272/~ in our study. At
48 h after tMCAOQ, the mice were used for various measurements,
including CBF, NDS, cMVD, infarct volume, cerebral EC apoptosis,
and ROS production.

2.6 | Structured illumination microscopy

The levels of EXs in brain tissue were detected by three-
dimensional structured illumination microscopy (3D-SIM) as a
previous study described with modification.'* The brains were
dissected from mice and frozen in liquid nitrogen and then cut into
20-pm-thick sections. The mice brain tissue sections were incu-
bated with Rabbit anti-CDé63 (1:100, abcam) and Mouse monoclo-
nal anti-CD31 (1:100; Invitrogen) at 4 °C overnight. Subsequently,
the slices were incubated with the following secondary antibod-
ies for 1 h at room temperature: Alexa fluor647 labeled donkey
anti-rabbit secondary antibody (1:500, abcam) for CD63, and goat
anti-mouse IgG H&L (Alexa Fluor® 488) (1:500, abcam) for CD31.
Cellular nuclear was stained with DAPI (1:1000, abcam) for 7 min
at room temperature. After wash with washing buffer, the brain
sections were collected for image analysis using a Nikon super-
resolution microscope equipped with a 100 xsilicone oil immer-
sion objective. Images were captured using Nikon NIS-Elements
and taken using Z-stacks with step sizes of 0.12pm. To quantify
the EXs numbers in brain sections, CD63-positive particles in 5
random fields were averaged for individual slice by using NIS-
Elements Ar with N-SIM imaging and analysis module command
with these options: Size (um), 0.05-0.2; Circularity, 0.01-1.

2.7 | Nanoparticle tracking analysis

The concentration and size distribution of EXs were measured by
NTA as we previously described.?” In brief, suspended EXs were di-
luted in 1 ml PBS and applied to NanoSight (NS300) to automatically
measure the average diameter and concentration.

2.8 | Transmission electron microscopy

For evaluating the quality of isolated EXs by electron microscopy,
10 pl suspended EXs were pipette onto carbon-coated copper grids.
After the sample was dry, micrographs were taken with a calibrated
magnification of 100,000-fold by a TEM.%®

2.9 | Detection of EXs merging with ECs in the
peri-infarct area

The PKH26 (Sigma) labeled EXs (1x 10t EXs/ 100pul) were in-
jected into Rab27a™" mice via tail vein according to our previous
report with minor modification.?® Briefly, the PKH26 labeled EXs
were washed with 1 x PBS and pelleted by ultracentrifuge at 100,
000g for 90 mins to clear the free PKH26 before they were admin-
istrated into mice via tail vein. EXs-free PBS which has received
the same treatment as EXs solution was set as vehicle control.
After 24 h of EXs infusion, mice were subjected to tMCAOQO surgery.
The brains were isolated 24 h after tMCAO and frozen in liquid
nitrogen and then cut into sections (20-pm-thick). Brain sections
were fixed with 4% paraformaldehyde, permeabilized with 0.5%
Triton X-100 for 10 min, and incubated with Mouse monoclonal
anti-CD31 (1:100; Invitrogen) for cerebral ECs at 4 °C overnight
and the sections were then incubated with goat anti-mouse 1gG
H&L (Alexa Fluor® 488) (1:500, abcam) secondary antibody for
1 h. DAPI dye (358 nm) was used to stain cell nucleus. After rinsing
with wash solution, the sections were observed under a confo-
cal microscope (Olympus Corporation, Japan) for determining the

merger of EXs with ECs.

2.10 | Detection of ROS production in cerebral ECs
in the peri-infarct Area

As we previously reported,® ROS production in cerebral ECs was
measured using DHE (Beyotime, Molecular Probes) fluoromicrog-
raphy based on manufacturer's instructions. Rab27a™"" mice were
pre-infused with PBS, EXT, L-EXR202727/~ or H-EXR2P272~/~ 3nd then
subjected to tMCAO surgery. 48h later, mice were sacrificed and
DHE (2 pM) was superfused cortically for 60 min by intracardiac in-
jection. At the end of the perfusion, the mice brains were quickly
removed and frozen in =80 °C, cut into 20um, and incubated with
Mouse monoclonal anti-CD31 (1:100; Invitrogen) for microvessels

(1:100, abcam, USA) at 4 °C overnight, following with incubation of
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goat anti-mouse IgG H&L (Alexa Fluor® 488) (1:200, abcam, USA)
for 60min. The nuclei were counterstained with DAPI for 7 min at
room temperature. The ROS-dependent vascular fluorescence was
observed by confocal microscopy. The percentage of DHE-positive
ECs of each slice was calculated from the average value of 5 ran-
domly selected fields in per-infarct area.

2.11 | Detection of cerebral EC apoptosis

The cerebral ECs apoptosis was detected by TUNEL assay kit
(Beyotime) according to the manufacturer's instructions. In brief,
the mice brain tissue sections (20 um) were incubated with Mouse
monoclonal anti-CD31 (1:100; Invitrogen) for cerebral ECs at 4
°C overnight, after incubated with Cy3 goat anti-mouse second-
ary antibody, the slices were further incubated with TUNEL work-
ing solution (Beyotime, china) for 60min at 37°C. The nuclei were
counterstained with DAPI for 7 min at room temperature. The
slices were observed under a confocal microscopy. The labeled ECs
(TUNEL+CD31+) were considered as apoptotic cerebral ECs. The
labeled cells in the peri-infarct area of each section were counted
in 5 random fields by an investigator who was unaware of grouping
information.

2.12 | Measurements of cerebral blood flow and
microvascular density

The CBF of mice was measured using PeriCam PSI System (Perimed,
Sweden) as we previously described.3° Briefly, Rab27a™"~ mice were
pre-infused with PBS or various EXs and then subjected to tMCAO
surgery. After 48h, mice were anesthetized and placed on a stere-
otaxic apparatus. A crossing skin incision was made on the head
to expose the whole skull. PeriCam PSI System scanning was per-
formed on the intact skull for approximately 1 min. The relative
CBF was calculated using the formula: CBF of ipsilateral side/CBF
of contralateral sidex100%. The cerebral microvascular density
(cMVD) was measured as we previously described by using CD31
(1:50; Invitrogen) staining.“ The microvascular was counted when
its length is twice its width. The mean density of cMVD from six
sequential brain sections of the individual mouse was calculated
by an investigator who was unaware of grouping and expressed as

numbers/mm?.

2.13 | Measurements of neurological deficits and
infarct volume

The infarct volume and neurological deficit scores (NDS) were meas-
ured by 2% 2,3,5-triphenyltetranzolium chloride (TTC) staining and
5-point scale method as we previously reported‘26 All tests were
performed by an investigator who was unaware of the grouping
information.

2.14 | Culture of primary brain ECs

The microvascular endothelial cells (ECs) of mouse brain were iso-
lated and cultured from Rab27a™~ mice based on a previous report
with minor modification.®! Briefly, the mice were humanely killed
by inhalation of excess CO, and cleansed three times with 75% al-
cohol. The brain and its cerebral hemispheres were removed and
placed in a petri dish containing a sterile PBS solution. The surface
blood vessels, pia mater, and cerebral medulla were removed from
the cortex. The harvested tissue was cut into pieces, homogenized
into suspensions, and filtered through an 80pm mesh screen. The
collected tissues were then filtered through a 200-pm mesh screen.
The oversize residue was collected and centrifuged at 1000rpm for
5 min at 4°C. The resulting precipitate was collected and digested
with 0.2% type Il collagenase (Sigma-Aldrich, St. Louis, MO, United
States) in phosphate-buffered saline at 37°C for 30min and then
centrifuge at 1000g for 5 min at 4°C. At last, the microvessel pel-
lets were resuspended in 10 ml endothelial cell culture medium (10%
FBS, 30pg/mL ECGS, 15U/ml heparin, 325pug/ml glutathione, 1 pl/
mL 2-mecaptoethanol, 100U/ml penicillin, and 100 pg/ml strepto-
mycin, sigma) and plated on rat tail collagen 1 coated six-well cell
culture plates at 37°C with 5% CO, in air. The growth of other types
of cells and impurities was reduced through the differential adhe-
sion method. Cells were washed twice with PBS and digested with
1 ml of trypsin-EDTA (0.25% trypsin with 0.25% EDTA) for 3-4 min
until the majority of cells contract to round. Full medium was added
to end the digestion and cells were shook off and suspended with
full medium, and seeded into culture flasks pre-coated with rat tail
collagen 1. Cells were incubated at 37°C in 5% CO,. The medium
was replaced every 3days. In addition, we added experiment to de-
tect the purity of isolated ECs by the endothelial cell marker CD31.
The cells were incubated with Mouse monoclonal anti-CD31 (1:100;
Invitrogen) at 4°C overnight, and incubated with goat anti-mouse IgG
H&L (Alexa Fluor® 488) (1:500, abcam) for 1 h at room temperature.
Cellular nuclear was stained with DAPI (1:1000, abcam) for 7 min
at room temperature. The percentage of CD31+ ECs was examined

under a fluorescence microscope (Leica, TCS SP5II, Germany).

2.15 | Co-culture assay of EXs with ECs

EXs were labeled with PKH26, a red fluorescence cell membrane
dye, according to the manufacturer's protocol. Briefly, EXs (50 ug/
ml) were labeled with PKH26 (2 pM) at room temperature (RT) for
5 min. An equal volume of 1% bovine serum albumin (BSA) was
added to stop staining. The PKH26-labeled EXs were co-culture
(37°C, 5% CO,) with ECs for 12h. EXs-free PBS which has received
the same treatment as EXs solution was set as vehicle control. Then,
cells were washed with PBS and incubated with fluorescein isothio-
cyanate (FITC)-conjugated anti-beta Actin antibody (abcam, 1:100)
for 1 h at room temperature. The incorporation of EXs into ECs
was examined under a fluorescence microscope (Leica, TCS SP5lI,
Germany).
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To explore the effects of Rab27a-dependent EXs secretion on
ischemia-induced EC injury. ECs were co-cultured with culture me-
dium or incubated with EXWT, L-EXR&027~ or H-EXR3P2727/~ for 24h
before subjected to oxygen and glucose deprivation (OGD). ECs co-
cultured with culture medium under normoxic conditions for 24h
was set as control group. OGD experiments were performed as we
previously described.?® Briefly, the ECs were cultured in glucose-free
Dulbecco's modified Eagle medium (life technology, USA) and incu-
bated in a hypoxia incubator (1% 0,, 5% CO,, and 94% N,; Thermo
Fisher Scientific, USA) and maintained at 37°C for 6 h. Cells were
then substituted with fresh normal culture medium and incubated in
a standard 5% CO2 incubator for 24 h. After that, cells were collected

for ROS, apoptosis, and signaling pathway protein expression analysis.

2.16 | ROS production analysis in cultured ECs

Intracellular ROS level in ECs was measured by dihydroethidium
(DHE; Beyotime) staining followed with immunofluorescence analy-
sis as we reported previously.*° Briefly, ECs were pre-incubated with
EXWT, L-EXReDZ7a/~ H-EXRab27a~/~ or culture medium for 24h and
then subjected to OGD treatment followed with incubation of DHE
solutions (5 uM) for 2 h at 37°C. The fluorescence intensity of ROS
in each slice was detected under a fluorescence microscope and cal-
culated from the average value of 5 randomly selected fields by an
investigator who was unaware of grouping. The measurement was

carried out in triplicate for calculating the average value.

2.17 | Apoptosis analysis

Cell apoptosis was analyzed by using Annexin V-PE/7-AAD apop-
tosis detection kit (BD Biosciences) according to the manufacturer’
instructions. Briefly, after EXs incubation and OGD as described
above, ECs were fixed and stained with Annexin V-PE and 7-AAD
solution followed by flow cytometry analysis. The measurement was

carried out in triplicate and the average value was calculated.

2.18 | Western blotting analysis

The proteins of ECs were extracted with cell lysis buffer (Applygen
Technologies company, China) supplemented with protease in-
hibitor tablet (Thermo scientific, USA). Protein lysates were elec-
trophoresed trough SDS-PAGE gels and transferred onto PVDF
membranes. The membranes were blocked with 5% non-fat milk for
1 h and incubated with primary antibodies against p-actin (1:1000,
EarthOx, San Francisco, CA, USA), cleaved caspase-3 (1:1000, CST,
USA), Nox (1:1000, Abcam, USA), TSG101 (1:400, Abcam), CD63
(1:400, Abcam) at 4°C overnight. Membranes were then incubated
with HRP-conjugated anti-mouse or ant-rabbit IgG (1:40,000;
EarthOx, San Francisco, CA, USA) for 1 h at room temperature. Blots
were developed with ECL solution (Amersham, Sweden).

2.19 | Statistical analysis

The data of NDS were expressed as median (range). All other
data are expressed as mean+SEM (standard error of the mean).
Kolmogorov-Smirnov (KS) test was used to examine the data nor-
mality. Comparisons for two groups were analyzed by independent
t-tests. GraphPad Prism 7 software was used for analyzing the data.
Multiple comparisons between or among groups were analyzed by
the Kruskal-Wallis test followed by a Tukey post hoc test (SPSS 25,
USA). The parametric data including CBF, infarct volume, cell ROS
production and apoptosis, and effects of brain EXs treatment were
assessed using one- or two-way ANOVA, followed by the Tukey test.

For all measurements, a p <0.05 was considered statistic significant.

3 | RESULTS

3.1 | Rab27a expression and EXs level were
increased in the peri-infarct area of ischemic brain

To explore the molecular mechanisms by which ischemia regulates
EXs secretion, we performed mRNA-seq analysis to screen the dif-
ferentially expressed genes in the peri-infarct area of tMCAO mice
compared with the sham group mice and analyzed the gene profiles
related to EXs biogenesis and secretion. A heat map performed on the
differentially expressed mRNAs is shown in Figure 1A. Based on this
mRNA profiling data, we selected the top five up-regulated mRNAs
including: Rab5c, Pdcdéip, Rab5a, Ykté, and Rab27a, and validated
their expression by using qRT-PCR. As shown in Figure 1B, Rab27a
was the most significantly upregulated gene related to EXs generation
in peri-infarct area of tMCAQO mice (T = 19.91, Pyyc0 vs sham <0-0001).
We further verified that the expression of Rab27a by western blot
analysis (Figure 1C: T = 6.964, P, 40 vs sham = 0-0022). Additionally,
we observed that the expression of EXs-specific marker CD63 was
substantially increased in peri-infarct area of brain tissue (T = 6.152,
Pimcao vs sham = 0-0035; Figure 1C). According to the data of super-
resolution microscopy and NTA analysis, the level of EXs in peri-
infarct area of brain tissue was substantially increased at day 2 after
tMCAO in WT mice (Figure 1D: T = 21.07, PiMcAO vs sham <0-0001;
Figure 1E: T = 8.41, P40 vs sham <0-0001). These data indicated that
the Rab27a and EXs levels in brain tissue were up-regulated in re-
sponse to ischemic injury.

3.2 | Rab27a deficiency decreased EXs
secretion and aggravated the brain ischemic injury

Rab27a was totally knocked out in the brain tissue of Rab27a”~ mice
(vs WT; Figure 2A). We isolated EXs from brain tissue of WT and
Rab27a™~ mice. Western blot analysis confirmed the expression of EX
special markers CD63 and TSG101 (Figure 2B). NTA and TEM analy-
ses of brain tissue EXs showed that EX"T and EXR®272/~ were simi-

lar in size with diameter of 100+ 50nm (Figure 2C,D). Fluorescence
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NTA analysis showed that higher percentages (290%) of brain EXs 3.3 | Systemic administration of EXs increased the

were recovered by our isolation and purification methods (Figure 2E),
indicating the majority of element we collected was EXs through
our isolation and purification method. Moreover, we found that the
level of EXs in brain tissue of Rab27a™~ mice was decreased by about
60% as measured by using super-resolution microscopy (Figure 2F:
T = 33.34, Prapo7a /e vs wr<0-0001) and NTA methods (Figure 2G:
T=24.32, Prapozar/-vs WT <0.0001). Interestingly, tMCAOQO did not sig-
nificantly increase the level of EXs in peri-infarct area of Rab27a™"~
mice as measured by super-resolution microscopy (Figure 2F:
T = 1.96, Prapaza s vs wr = 0.058) and NTA methods (Figure 2G:
T = 1.73, Prap27as- vs wr = 0-092), suggesting that ischemia-induced
brain EXs increase depends on the Rab27a pathway.

After 48h of tMCAO surgery, the cerebral injury was as-
NDS, cMVD,
CBF. As shown in Figure 3, the infarct volume (Figure 3A:
T = 11.78, Ppapr7a /- vs wr<0.0001) and NDS (Figure 3B: T = 3.68,
PRrab27a/- vs WT = 0.0018) were more severe in Rab27a”" mice.
In addition, we also observed that the CBF (Figure 3C: T = 16.36,
Prab27a—/- vs w7<0.0001) and cMVD (Figure 3D: T 11.17,

Praba7a—/- vs wr <0.0001) was significantly lower in Rab27a™~ mice

sessed by measuring the infarct volume, and

after tMCAO surgery, suggesting that Rab27a deficient compromises
the collateral microcirculation in the brain. These data indicated that
Rab27a™~ mice are more sensitive to cerebral ischemic injury.

level of EXs in peri-infarct area of IS mice

To determine the efficiency of systemic infusion of EXs on increas-
ing the level of EXs in the peri-infarct area of Rab27a™"~ mice, PBS,
EXWT, L-EXR2b2727/~ or H-EXR2P272/~ \ere injected via tail vein in-
jection (Figure 4A), and the EXs level in peri-infarct area of brain
tissue in Rab27a™"~ mice were measured by super-resolution micros-
copy and NTA analysis. We observed that the level of EXs in brain
tissue of Rab27a™"
infusion of EXWT as measured by using super-resolution microscopy
(Figure 4B: T = 21.83, PEX(WT) vs Vehicle <0.0001) and NTA methods
(Figure 4C: T = 25.7, Peywr) vs venicle <0-0001). Compared to EX"T

treatment, pre-infusion of H-EXRaP272~/= ayerted attenuated effects

mice were significantly increased when pre-

on increasing EXs level as measured by using super-resolution mi-
croscopy (Figure 4B: T = 6.94, p, cx(rab27a/) vs exewr) < 0-0001) and
NTA methods (Figure 4C: T = 8.01, Py ex(raba7a-/-) vs Exew) < 0-0001),
and L_ExRab27a—/—

by using super-resolution microscopy (Figure 4B: T

less effects as measured
8.77,
PLEX(Rab27a~/-) vs H-EX(Rab27a—/—)<O'0001) and NTA methods (Figure 4C:

displayed even

T = 6.61, P Ex(Rab27a-/-) vs H-EX(Rab27a—/—)<O'0001)' Our results indi-
cated systemic infusion of EXs could increase the local level of EXs
in the peri-infarct area of ischemic brain and that Rab27a plays a
critical role in restoring EXs level in peri-infarct area.



MAETA CN'S Neuroscience & Therapeutics _Wl LEY: 1603
(A) (B) ©)
WT Rab27a” EXWT EXRab27a-/- EXRab27a-/- _
Rab27a CD63 '

TSG101 S S—

AU — —

es]
=
ool
=

Rab27a-/-
(D) 9.5 —_ EXReb2re (E) 120+
= E 35
g 8.5
= > 1004 —2F&—
] & 30 g~ —
[} 7.5+ 09 2 o (o
) 3} 2 X
[&] ot < 804
£ 6.51 £ 2.5 S X
< < L.: 8
&5.59 S04 . 5.8 607
= g = 2
- wn
243 E 1.5 X B 407
£ 351 B m
S 5 1.0 20
8 2.5 S
§ 15 B 8 0.5 02 o | |
R ¢ N v Total CD63+EXs
0 100 200 300 400 0 100 200 300 400
Size (nm) Size (nm)
(F) WT Rab27a™
Sham tMCAO
o = WT (G)
< 2 == Rab27a’ = WT
A £, 5 mmRab27a
@] = 54
*x ] 'g 2.0 o % 1504
a ... B & b 09 D
O i Y = 55| [ S e
=3 g B100] (S
o = = O
'!é é’ 1.0+ *k ns 'g g % ns
£ 2 20.5- = & 504
g 5 = > 5
= <00 L=
is S ' - X
© WT  Sham tMCAO 2 0 :
= &3] WT  Sham tMCAO

FIGURE 2 Levels of brain EXs were significantly reduced in Rab27a™"~ mice. (A) Rab27a expression in brain tissue of WT mice and
Rab27a™"~ mice was measured by Western blotting. (B) EXs-specific marker CD63 and TSG101 were detected by Western blotting. (C) TEM
was used to detect the size and morphology of EXWT or ExRab272~/~ (D) The concentration and size of EXs from brain tissue of WT mice
(EXWT) or Rab27a™~ mice (EXR?P?72") were detected by NTA. (E) The purification efficiency of CD63+ EXs in the total brain vesicles; data
were expressed as mean+SEM, n = 3 mice per group. (F) The level of brain EXs in WT mice and Rab27a™~ mice under normal or IS condition
were observed using structured illumination microscopy. EXs (CDé63, red), cerebral vessels (CD31, green). (G) The level of brain EXs in WT
mice and Rab27a™~ mice under normal or IS condition were detected by using NTA. *p<0.05, **p <0.01 compared with the WT group;
"p>0.05 compared to the sham group; all data were expressed as mean+SEM, n = 20 fields from 4 mice per group

3.4 | Rab27a deficiency decreased the
effects of EXs on reducing cerebral vascular ROS
overproduction and EC apoptosis in IS mice

<0.0001)
XWT

vs Vehicle

and EC apoptosis (Figure 5C,E: T = 9.06, PexowT)

in peri-infarct area of Rab27a”~ mice. Compared with E

XRab273~/~ ayerted attenuated ef-

treatment, pre-infusion of H-E
fects on decreasing the cerebral vascular ROS overproduction
EX"Tlabeled with PKH26 were pre-infused into tMCAO operated  (Figure 5B,D: T = 2.99, Py, ey rab27a /) vs exwr) = 0-0079) and EC

Rab27a™~ mice. The fluorescent of PKH26 labeled EX"T was ob-

served in cerebral microvessels of Rab27a™~ mice brainat 48 h after

tMCAO (Figure 5A). We further detected the effects of EXWT, L-
ExRab27a~/= op H EXRaD272/= 4 ischemia-induced cerebral vascular
ROS production and apoptosis in Rab27a™ mice. We found that
infusion of EXWT significantly decreased the cerebral vascular ROS

overproduction (Figure 5B,D: T = 11.49, p ¢y <0.0001)

vs Vehicle

apoptosis (Figure 5C,E: T = 4.64, PH-EX(Rab27a-/-) vs EX(WT) = 0.0002),
and L-EXR2%272/~ displayed even less effects on decreasing the
cerebral vascular ROS overproduction (Figure 5B,D: T = 10.57,

PLEX(Rab27a-/-) vs H-EX(Rab27a—/-)<0-0001) and EC
(Figure 5C,E: T=4.68, PLEX(Rab27a-/-) vs H-EX(Rab27a~/-) = 0.0002). Our

apoptosis

results indicated that Rab27a mediated EXs secretion was impor-
tant for protecting cerebral microvessels from ischemia-induced
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ROS overproduction and EC apoptosis, and the effects were

dose-dependent.

3.5 | Rab27a deficiency decreased the effects of
EXs on protecting mice from cerebral ischemic injury

The effects of pre-infusion of EXWVT, L-EXR#b2727/~ or H-EXRaP272~/~
on cerebral injury were further explored by analyzing the cMVD,
CBEF, infarct volume, and NDS in tMCAO operated Rab27a™"~ mice.
We found that infusion of EXWT significantly increased the cMVD
(Figure 6C: T = 34.68, PEXOWT) vs Vehicle <0-0001), while decreased
the infarct volume (Figure 6A: T = 12.86, p_, 1) vs vehicie <0-0001)
and NDS (Figure 6B: T = 6.45, PEX(WT) vs vehice <0-0001) in tMCAO
Rab27a™"~ mice. Compared to EXWT treatment, pre-infusion of H-
EXR¥272~/~ axerted attenuated effects on increasing the cMVD
(Figure 6C: T=3.07, PH-EX(Rab27a~/-)vs EX(WT) = 0.0066), and decreasing
theinfarctvolume (Figure 6A:T:2'75‘pH-EX(Rab27a—/—)stX(WT):0'013)
and NDS (Figure 6B: T = 2.61, PEX(WT) vs Vehicle = 0.018), and L-
gxRab27a-/~ displayed even less protective effects in increasing the
cMVD (Figure 6C: T = 4.92, PLEX(Rab27a-/-) vs H-EX(Rab27a—/-) = 0.0001)

(Figure 6A: T 4.69,

and decreasing the infarct volume

Rab27a""

PLEX(Rab27a-/-) vs H-EX(Rab27a-/-) = 0.0002) and NDS (Figure 6B: T = 2.46,
PLgx(Rab27a-/-) vs H-EX(Rab27a-/-) = 0-024).

As shown in Figure 6D, the data on day O, which the CBF was
detected immediately after tMCAQ, indicated that all the mice
received an equal amount of ischemic insult. On day 2, the CBF
was significantly increased after EX"T administration (Figure 6D:
T=13.71, PEX(WT) vs Vehic|e<0.0001). Compared with EXWT treatment,
pre-infusion of H-EXRaP272~/~

ing the CBF (Figure 6D: T =2.14, p,, ¢ raba7a-/-)vs exowr) = 0-046), and
L_EXRab27a—/—

exerted attenuated effects on increas-

displayed even less protective effects in increasing the
CBF (Figure 6D: T = 2.76, PLEX(Rab27a~/-) vs H-EX(Rab27a/-) = 0.013). Our
results indicated that Rab27a play a pivotal role in protecting cere-
bral microvessels and brain from ischemic injury by regulating the

release amount of EXs as well as the functions of individual EX.

3.6 | Rab27a-dependent EXs protected ECs from
OGD-induced ROS overproduction, apoptosis, and
upregulation of NOX2 and Caspase-3

Primary ECs were cultured from Rab27a™ mice, and we ob-
served a high purity of up to 95% CD31+ ECs by our isolation and
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FIGURE 4 Pre-infusion of EXs increased the brain EXs level in Rab27a™~ mice. (A) Schematic depicting the workflow for the in vivo and in
vitro experiments. (B) Immunofluorescence of CD31 (green) and CD63 (red) in the peri-infarct area of Rab27a™~ mice using super-resolution
microscopy. Scale bar: 5 um. (C) EXs levels in the peri-infarct brain tissues in different EX infusion groups measured by super-resolution

microscopy and NTA. *p <0.05, **p <0.01 compared with the vehicle group; #p<0.05, #p <0.01 compared with the E

XWT group; *p<0.05,

**p<0.01 compared with the L-ExRab27a=/~ group. All data were expressed as mean+SEM, n = 20 fields from 4 mice per group

purification methods (Additional file 2: Figure S1). To explore the
role of brain EXs in ischemic ECs, we conducted OGD experiments
in cultured brain microvascular ECs. After co-cultured of ECs with
PKH26-labeled EXs for 24 h, we observed EXs in the cytoplasm of
ECs (Figure S2). As shown in Figure 7, pre-incubation of EXWT sig-
nificantly decreased the NOX2 expression (Figure 7A,B: T = 5.05,
PEX(WT) vs culture medium = 0.0073) and ROS production (Figure 7E,G:
T = 14.93, PEX(WT) vs culture medium = 0.0001) in OGD-injured ECs.
ComparedtoEXWTtreatment, pre-incubation of H-EXR2°272~/~ exerted

attenuatedeffectsonreducingNOX2expression(Figure7A,B:T=3.05,
Pii-ex(Rab27a—r-) vs ExwT) = 0-038) and ROS production (Figure 7E,G:
T =3.88, Py ex(rab27a-/-) vs Exwn) = 0-018), and L-EX®?*272/" displayed
even less effects in decreasing NOX2 expression (Figure 7A,B:
T=291, PLEX(Rab27a-/-) vs H-EX(Rab27a~/-) = 0.044) and ROS production
(Figure 7E,G: T = 3.41, p|_gyRab27a-/-) vs H-EXRab27a/-) = 0.027).
According to the flow cytometry analysis, we found that pre-
incubation of EXVT significantly decreased the cleaved caspase-3

expression (Figure 7A,C: T = 6.38, PeywT) vs culture medium = 0-0031)
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and apoptosis (Figure 7D,F: T = 5.47, ey ) vs cutture medium = 0-0054)
in OGD-injured ECs. Compared with EXWT treatment, pre-
incubation of H-EXR®®272/~ exerted decreased effects on re-
ducing the cleaved caspase-3 expression (Figure 7A,C: T = 3.30,
PH-EX(Rab27a/-) vs EX(WT) = 0.03) and apoptosis (Figure 7D,F: T = 3.36,
PH-EX(Rab27a-/-) vs EX(WT) = 0.028), and L-EXR?272/~ displayed even less
effects in decreasing the cleaved caspase-3 (Figure 7A,C: T = 3.93,
P Ex(Rab27a-/-) vs H-EX(Rab27a—-) = 0-017) and apoptosis (Figure 7D,F:
T =292, P pyRab27a-/-) vs H-EX(Rabz7a—s-) = 0-043). Taken together, our
results indicated that Rab27a-dependent EXs secretion from brain
tissue could protect ECs from OGD induced ROS overproduction
and apoptosis via regulating NOX2/ROS and cleaved caspase-3

pathway, and the effects were dose-dependent.

4 | DISCUSSION

The major findings of this study are that ischemia could promote
Rab27a expression and EXs secretion in peri-infarct area of mouse
brain, and that Rab27a™~ mice were more sensitive to ischemia-
induced cerebral vascular injury. In the tMCAO model of Rab27a™"

mice, pre-infusion of brain EXs could promote vascular functions

and reduce brain injury, and protect cerebral ECs from oxidative
stress and apoptosis. In OGD/R model of ECs, brain EXs could
decrease oxidative stress and apoptosis via inhibiting NOX2 and
Caspase-3 expression. These beneficial effects were decreased in
brain EXRa27a7/~,

The multicellular crosstalk within brain could be critical to main-
tain the homeostasis of vascular microcirculation and the normal
function of brain microenvironment.? Previous studies by ours and
others demonstrate that EXs play a key role in mediating intercel-
lular communication between ECs, neurons and astrocytes, and in
maintaining neurovascular homeostasis and functions under physio-
logical or ischemic conditions.?®3233 However, the regulation of EXs
production in brain is largely unknown and the role of brain tissue
EXs in IS remains unclear. In the present study, by using structured
illumination microscopy (SIM) and NTA techniques, we firstly ob-
served that EXs production in peri-infarct area of acute IS mouse
was obviously increased. Our finding is supported by a previous
study demonstrating that the EXs level in ischemic liver tissue was
significantly increased.?° Recently, SIM with high resolution (X,Y
axis: 115nm, Z axis:269 nm) has been widely used to detect the cel-
lular biological structures, such as Iysosomes,11 mitochondrias,34

and extracellular vesicles® in cultured cells. In the present study,
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FIGURE 6 Pre-infusion of EXs protected Rab27a™~ mice from ischemic injury. (A) Representative images and summarized data showing
the infarct volume in tMCAO operated Rab27a™~ mice. (B) Summarized data showing the NDS of Rab27a™"~ mice after tMCAO surgery. (C)
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mice. *p<0.05, **p<0.01 compared with the vehicle group; #p<0.05, ##p <0.01 compared with the EXWT group; Tp<0.05, **p<0.01

compared with the L-EXR2b272~/~

we firstly used the 3D-SIM to analyze the EXs in peri-infarct area
of brain tissue. To investigate the possible genes responsible for the
brain EXs biogenesis and secretion, we analyzed the differential ex-
pressed genes which may be involved in EXs biogenesis and secre-
tion in ischemic brain.2¢® Our data showed that Rab27a was the
mostly elevated protein, indicating that Rab27a might involve in the
EXs biogenesis and secretion of ischemic brain. Rab27a is an import-
ant member of Rab protein family. Different Rab isoforms have been
shown to play diverse functional roles in regulating the generation
and function of EXs.%? For example, Rab22a has been reported to
mediate EXs secretion of breast cancer cell and could promote cell

group. All data were expressed as mean+SEM (n = 10mice/group)

proliferation and migration.*® Rab35 has been proved to regulate oli-
godendroglia EXs secretion, which may play functional role in cen-
tral nervous system41 Recently, Rab27-dependent bone marrow EXs
has been demonstrated to inhibit chronic inflammation in bacterial
LPS-treated Rab27a and Rab27b double knockout mice.” Rab27a
and Rab27b have been shown to regulate EX secretion by affect-
ing transport or docking of MVBs to the target plasma membrane
in Hela cells.?

To explore the effects of Rab27a-dependent EXs production
on cerebral ischemic injury, we carried out experiments utilizing
the Rab27a-deficient mouse model. As expected, the brain EXs
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FIGURE 7 Pre-incubation of EXs decreased ECs ROS overproduction and apoptosis under OGD condition. (A-C) Representative bands
and summarized data showing the protein level of NOX and cleaved caspase-3 in ECs. (D, F) Representative images and summarized
data showing the apoptosis of ECs pre-incubated with various EXs. (E, G) Representative images and summarized data showing the ROS

production in ECs pre-incubated with various EXs. p<0.05, ~

“p<0.01 compared with the control group; *p <0.05, **p <0.01 compared with

the culture medium group; #p<0.05, #p <0.01 compared with the EXWT group; *p<0.05, *"p <0.01 compared with the L-ExRab27a-/~ group.

All data were expressed as mean+SEM (n = 3/group)

level was obviously reduced in Rab27a™~ mice, which was in line
with previous studies demonstrating that Rab27a can control EX
secretion in Hela cell lines and in mice liver.1>2° However, tMCAO
did not significantly increase the level of EXs in peri-infarct area of
Rab27a™"

brain EXs secretion in ischemic condition. Rescue experiment that

mice. Our finding suggested that Rab27a was essential in

builds Rab27a overexpression in brain tissue of Rab27a™~ mice can
further verify the role of Rab27a in controlling brain EXs secretion
and functions. Moreover, we found that Rab27a™~ mice had de-
creased cMVD and CBF at the acute stage of IS. Studies have re-
ported that decreased cMVD and CBF after stroke were associated

with increased infarct volume and NDS.23*? To our expectation,
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the infarct volume and NDS were increased in Rab27a™" mice.
These indicated that Rab27a contribute to brain EXs secretion
and might play important roles in protecting cerebrovascular and
brain ischemic injury. We further pre-infused brain EXs from WT
or Rab27a™" mice into tMCAO Rab27a™~ mice and found that
both types of brain EXs could increase EXs level in mice, suggest-
ing that the administration of ectogenic EXs could restore brain

XWT

EXs level under ischemic condition. Interestingly, E mice were

more effective than EXReP272~/~

mice on increasing brain EXs level.
These differences may be attributed to the high ability of Rab27a-
dependent EXs to cross the blood-brain barrier. There are reports
demonstrated that various EX membrane proteins, such as adhe-
sive molecules, membrane transferring proteins contributed to
promote EXs entry into the brain.*® Further study is needed to
clarify whether Rab27a-dependent EXs are enriched with these
proteins. What is more, pre-infusion of EXs from WT or Rab27a™"
mice could merge into cerebral vessels and increase cMVD and
CBF of IS mice. To be noted, EXs from WT mice were more effec-
tive than EXs from Rab27a™" mice on promoting cMVD and CBF.
There are reports from ours and other researches demonstrated
that the functions of EXs on target cells are highly correlated with
their cargos.33'44 Therefore, we supposed that Rab27a-dependent
EXs may enriched with vasoprotective bioactivators, which need
further investigation. Our findings first imply the critical roles of
Rab27a not only in regulating EXs secretion but also in modulating
the cargos of EXs in brain tissue. Further study showed that EXWT
could more effectively reduce the infarct volume and NDS of IS
mice than EXRaP27a~/~

Since cMVD and CBF are important for maintaining neurovas-

cular function after 15,2833

we presumed that Rab27a-dependent
EXs could inhibit brain ischemic injury by protecting vascular func-
tions. In addition, EXRP2727/~ with high concentration were more
effective than with low concentration on regulating EXs level and
neurovascular functions investigated in this study, demonstrating
that their effects were in a dose-dependent manner. Our data in-
dicated that the endogenously produced brain EXs play a critical
role in protecting cerebral vessels and brain from acute ischemic
injury, and Rab27a was important for their beneficial effects. In
recent years, EXs have been considered as fundamental mecha-
nism of communication between tissue cells and play important
roles in microenvironment homeostasis in liver,?> hematopoietic
system,'? central nerves system.'® Our data add new evidence to
the protective effect of brain EXs in maintaining brain and vas-
cular homeostasis. In the present study, we focus on the role of
Rab27a in regulating brain EXs secretion and in cerebral vascu-
lar damage from ischemic injury. We did not clarify the effects of
Rab27a on the secretion of EXs from specific brain cells, such as
endothelial cells, astrocytes, and neurons on ischemic stroke. Of
note, Rab27a has been found to express in a wide range of brain
cells, including neurons,* microglial cells,*® endothelial progeni-
tor ceIIs,47 and astrocytes.48 EXs derived from some brain cells
under ischemic condition have been reported to be increased and
associated with neurovascular function recovery after stroke.

Ischemic pre-condition has shown to promote astrocyte EXs re-
lease and contribute to axonal outgrowth and functional remod-
eling after ischemic stroke.** Our previous studies demonstrated
that the levels of EXs derived from endothelial progenitor cells
(EPC-EXs) were significantly increased in plasma and brain tissue

after ischemic stroke*?>°

and were negatively correlated with in-
farct volume and cell apoptosis, while positively correlated with
microvessel density.’® Therefore, Rab27a might be implicated in
promoting EPCs or astrocytes EXs releasing after stroke and these
EXs might contribute to protect against cerebral ischemic injury,
which will be detected in our future research work. Meanwhile,
we observed that Rab27a knockout did not completely abolish the
generation of brain EXs, suggesting that there are other proteins
implicated in mediating brain EXs section and their therapeutic
effects, which need further investigation.

Cerebral vascular oxidative stress and apoptosis is the initia-
tion of various CNS diseases, such as ischemic stroke,”® vascular
dementia,®? and Alzheimer's disease.’® It has been proved by us
and others that EXs derived from ECs, stem cells, or astrocytes
could protect neurovascular cells from ischemia-induced oxida-
tive stress and apoptosis.33’44'54 In this study, we determined the
role of Rab27a in the effects of brain EXs on ischemia-induced
endothelial oxidative stress and apoptosis. We found that the in-
fusion of EXs from WT mice and Rab27a™" could reduce ischemia-
induced cerebral EC oxidative stress and apoptosis in vitro and
in vivo. The effects of EXR227”~ were reduced when compared
with EXWT, Recently, there are evidence from us and others
showing that exosomal cargos, such as ACE2,”® miR-132-3p,%®
TIMP2,%¢ etc can enhance the effects of EXs on ischemia-induced
EC apoptosis and oxidative stress. Thus, Rab27a-dependent EXs
may enriched with these cargos, which need further investiga-
tion. In addition, we observed that H-EXR?*272"/~ displayed better
efficacy than L- EXR2P272°/~ i vitro and in vivo, suggesting that
the protective effects of Rab27a-mediated brain EXs section are
dose-dependent. Overall, these findings indicated that Rab27a-
mediated brain EXs secretion might exert their protective effects
on ischemic injured cerebral vessels via reducing cerebral EC ox-
idative stress and apoptosis. In the present study, we only used
adult male mice to study the role of Rab27a-dependent EXs in
protecting against cerebral ischemic injury. Sex has been shown
to be an important factor involved in cerebral ischemic injury and
functional outcome after stroke.’’>? There is evidence demon-
strated that female-APOE ¢4 carriers showed a faster reduction
in cerebral blood flow than that of the male-APOE ¢4 carriers.>’
The female and male individuals were also shown to suffer differ-
ent pathological damage from stroke, including differential oxi-
dative stress, inflammation, and apoptosis.’” Recently, Partha K
Chandra., et al reported the sex disparities in gene expression and
canonical pathway in brain microvessels, which could explain at
least in part the stroke outcome differences in male versus female
subjects.(’0 Therefore, further studies are needed to investigate
the effects of Rab27a-dependent brain EXs on protecting against
cerebral ischemic injury in mice of different sexes.
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To further clarify the underlying mechanism involved in the pro-
tective effects of Rab27a-dependent brain EXs in OGD-induced oxi-
dative stress in brain ECs, we detected the NOX2 expression, which
has been proved to be important in regulating ROS production.®!
We found that EXs could significantly decrease NOX2 expression
and EXs lacking Rab27a were less effective. Our findings indicate
that the antioxidant effect of Rab27a in brain EXs via the NOX2/

XWT or EXRab27a—/—

ROS pathway. Meanwhile, we also found that E
pre-treatment could remarkably decreased cleaved caspase-3 ex-
pression in OGD-injured ECs, and EX"T were more effective than
H-EXR2b272~/= Cleaved casepase-3 is a typically pro-apoptosis pro-
tein.®? Thus, these data indicated that Rab27a dependent brain EXs
could protect ECs from OGD-induced oxidative stress and apopto-
sis via inhibiting NOX2 and cleaved caspase-3 expression. Not sur-
prisingly, the effects of these EXs on reducing NOX2 and cleaved
caspase-3 were dose-dependent, which were correspondence with
their effects on regulating EC oxidative stress and apoptosis.

Although our findings indicate that Rab27a-dependent brain EXs
secretion is important to maintain cerebral vascular homeostasis
and prevention of ischemic injury via reducing vascular EC oxidative
stress and apoptosis, it remains to be clarified which cell origin of the
EXs plays a major role. Novel mouse strains with cell-specific knock-
out and overexpression of Rab27a gene are expected to address this
question. Our recent studies have demonstrated that the antioxi-
dative stress and antiapoptosis effects of EXs are highly depend on
their cargos, such as protein and microRNAs.3%5% Therefore, further
studies are needed to explore the functional contents in Rab27a
dependent brain EXs and their relationship with NOX2 and cleaved
caspase-3.

5 | CONCLUSIONS

In conclusion, our findings suggest that Rab27a is a major protein
controlling brain EXs secretion at both physiological and ischemic
conditions, which is essential for maintaining cerebral vascular ho-
meostasis and preventing brain ischemic injury via reducing oxida-

tive stress and apoptosis in acute stage of ischemic stroke.
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