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Abstract

The mechanism of early blood-brain barrier (BBB) disruption after stroke has been intensively studied but still not fully
understood. Here, we report that microRNA-30a (miR-30a) could mediate BBB damage using both cellular and animal
models of ischemic stroke. In the experiments in vitro, inhibition of miR-30a decreased BBB permeability, prevented the
degradation of tight junction proteins, and reduced intracellular free zinc in endothelial cells. Ve found that the zinc
transporter ZnT4 was a direct target of negative regulation by miR-30a, and ZnT4/zinc signaling pathway contributed
significantly to miR-30a-mediated BBB damage. Consistent with these in vitro findings, treatment with miR-30a inhibitor
reduced zinc accumulation, increased the expression of ZnT4, and prevented the loss of tight junction proteins in
microvessels of ischemic animals. Furthermore, inhibition of miR-30a, even at 90 min post onset of middle cerebral
artery occlusion, prevented BBB damage, reduced infarct volume, and ameliorated neurological deficits. Together, our
findings provide novel insights into the mechanisms of cerebral ischemia-induced BBB disruption and indicate miR-30a as

a regulator of BBB function that can be an effective therapeutic target for ischemic stroke.
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Introduction

Blood-brain barrier (BBB) disruption at the early stage
of ischemic stroke is a major cause of brain parenchy-
mal injury’ and regarded as a promising target for
decreasing the hemorrhagic complications of thrombo-
lytic therapy. The mechanism of early BBB disruption
after stroke has been intensively investigated but still
not fully understood. MicroRNAs (miRNAs) are
small, noncoding RNAs that influence target gene
expression through mRNA degradation and transla-
tion inhibition. Although many studies have examined
the role of miRNAs in the pathogenesis of stroke-
induced brain injury, much less attention has been
paid to the functional significance of miRNAs in the
BBB disruption after stroke. Recent studies of
miRNAs expression in the brain microvascular endo-
thelium revealed a set of miRNAs modulating BBB
function under inflammatory conditions.” It was
reported that overexpression of brain endothelial

miR-98 and Let-7g-3p prevented BBB dysfunction by
targeting the inflammatory molecules, CCL2 and
CCL5 in neuroinflammation.> Another miRNA thera-
peutic target for central nervous system neuroinflamma-
tory disorder is brain endothelial miR-155, a negative
regulator of BBB function.* To date, little is known
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about whether miRNAs play any significant role in the
acute cerebral ischemia-induced BBB disruption.

MicroRNA-30a (miR-30a), a member of the miR-30
family, was abundant in human endothelial cells (ECs)
and has been shown to regulate gene expression rele-
vant to hypertension.™® Researchers collected blood
samples from 197 patients with ischemic stroke and
they found circulating miR-30a might be useful bio-
markers for ischemic stroke in humans.” Moreover,
the miR-30a in cerebral cortex of middle cerebral
artery occlusion (MCAO) mice could be inhibited by
hypoxic preconditioning pretreatment.® Therefore,
miR-30a might be involved in the development of the
brain endogenous protective strategy. Our recent stud-
ies showed that miR-30a could regulate ischemia-
induced cell death in primary cultured cortical neurons
and mouse brain after ischemia.”!® However, whether
miR-30a exerts any effect on BBB disruption after
ischemic stroke is unclear.

We have reported that ischemia triggers zinc accu-
mulation in the ischemic cerebral microvessels, which
critically contributes to acute BBB disruption following
ischemic stroke.'! However, the mechanisms of intra-
cellular zinc accumulation in the microvessels after
ischemia are unknown. Under ischemic conditions,
cells may have altered ability to uptake and accumulate
zinc intracellularly. The zinc transporter (ZnT), ZnT4,
located in the plasmatic membrane, mediates zinc
efflux from cytoplasm to prevent an excessive rise of
its intracellular concentration.'”> MiR-30a is highly
conserved between human, mouse, and rat with perfect
match in the 3’-untranslated region (UTR) of ZnT4
mRNA in these species, suggesting that miR-30a
could target and regulate ZnT4. Therefore, we hypoth-
esize that miR-30a may play an important role in zinc-
mediated BBB disruption via ZnT4 following acute
cerebral ischemia.

In this study, using in vitro and in vivo ischemic
BBB models, we examined the role of miR-30a in
acute BBB disruption, and explored the possible mech-
anisms of miR-30a-mediated BBB permeability during
the acute cerebral ischemia.

Materials and methods

Cell culture

Brain microvascular EC bEnd3, pericyte cell line
MBVP, astrocytic cell C8-D1A, and Dulbecco’s modi-
fied Eagle medium (DMEM) were obtained from
American Type Culture Collection (Manassas, VA,
USA). Briefly, cells were cultured in DMEM supple-
mented with 10% fetal bovine serum (FBS), 100 U/mL
penicillin, and 100pug/mL  streptomycin  (Life
Technologies, CA, USA) at 37°C in 5%C0,/95% air.

Construction of in vitro BBB model

The in vitro BBB model was constructed according to
the protocol described before.'? Briefly, pericyte cell line
MBVP were seeded on the bottom side of the collagen-
coated polyester membrane of the inserts (Millipore,
MA, USA). The cells were let to adhere to the membrane
surface for 2h, then bEnd3 cells were seeded on luminal
side of the inserts placed in the well of the 24-well culture
plates containing astrocytic cell C8-DI1A.

Transfection of miR-30a mimic and inhibitor

To up- and down-regulate the expression of miR-30a in
ECs, cells were seeded on plates at a density of 60-70%
and transfected with miR-30a mimic, miR-30a inhibi-
tor, or their controls (Exiqon A/S, Vedbaek, Denmark;
GenePharma, Shanghai, China) at a final concentra-
tion of 25nM according to manufacturer’s instruction.
The mimic control and inhibitor control were scram-
bled sequences. Cells were prepared for follow-up treat-
ment and tested 48 h after transfection.

OGD treatment

To mimic ischemic-like condition in vitro, the ECs or
co-cultured cells were exposed to oxygen and glucose
deprivation (OGD), as we described previously.'*
Glucose-free DMEM was pre-equilibrated with 95%
N»/5% CO,. ECs or co-cultured cells were incubated
in a humidified airtight chamber (Billups-Rothberg
Inc., Del Mar, CA, USA) equipped with an air lock
and flushed with 95% N,/5% CO, for 15min. The
chamber was sealed and kept at 37°C for 2h, 4h, or
6 h. The oxygen concentration was below 0.2% as mon-
itored by an oxygen analyzer (Sable Systems, North
Las Vegas, NV, USA). Control groups were incubated
with DMEM without FBS at 37°C in 5% CO,/95%
air. Our previous study showed that zinc accumulates
to high concentrations in microvessels in the first
few hours of stroke. To mimic the ischemia-mediated
increase of extracellular zinc, zinc chloride
(100 pmol/L) was added to the media. The concentra-
tions were selected based on our previous report.'!

In vitro permeability assay

Permeability of the in vitro BBB model was measured
as described previously.'* In brief, after OGD treat-
ment, 750 puL. assay medium was added to each lower
chamber and 150 pL. assay medium containing 100 pg/
mL fluorescein isothiocyanate labelled bovine serum
albumin (FITC-BSA; Invitrogen, Carlsbad, CA) was
added to each insert (upper chamber). Incubation con-
tinued for 1h at 37°C in 5% CO,/95% air. After the
insert was removed, the medium in each lower chamber
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was thoroughly mixed. Aliquots of 150 pL conditioned
media were collected from the lower chamber.
FITC-BSA assay medium and the assay medium
itself (background) were used for measuring fluores-
cence intensity with a fluorescence plate reader.
Permeability of the in vitro BBB model was quantified
as clearance of FITC-BSA from the upper chamber to
the lower chamber after subtracting background fluo-
rescence intensity by using the equation: Clearance
(%) = (Fluorescence in lower chamber/Total fluores-
cence added in upper chamber) x 100.

Transendothelial electrical resistance assay

Transendothelial electrical resistance (TEER) was mea-
sured by RE1600 voltohmmeter (Beijing Kingtech
Technology Co. Ltd., China) according to the manu-
facturer’s instruction. TEER values were calculated
based on the formula: TEER (Q xcm?)=[TEER
total (Q) — TEER blank (Q)] x 0.33 (cm?).

Measurement of cell viability

The cell viability was evaluated by using thiazolyl
blue tetrazolium bromide (0.5mg/mL; Applichem
Inc., Omaha, NE, USA) following the manufacturer’s
instruction.

Dual luciferase reporter assay

Each fragment of the 3-UTR and mutant 3-UTR
of ZnT4 was amplified and cloned into the pmiR-RB-
ReportTM  luciferase reporter vector (RiboBio,
Guangzhou, China). For the luciferase reporter assay,
bEnd3 cells were co-transfected with pmiR-RB-
ReportTM luciferase reporter vector, including the
3-UTR of ZnT4 (either wild type or mutant),
and miR-30a mimic or miR-30a control by using
Lipofectamine 3000. Luciferase assays were performed
by using the dual-luciferase reporter assay system
(Promega, WI, USA) 48 h after transfection.

ZnT4 knockdown by small interfering RNA

Transfection of ZnT4 small interfering RNA (siRNA)
(CGAUGACUCCUUAUUGGACTT) and a non-
targeting vector as negative control (Life Technologies,
CA, USA) was performed according to the protocol
provided by Life Technologies.

Immunocytochemistry

The bEnd3 cells grown on glass coverslips in 24-well
culture plates were fixed with 4% paraformaldehyde
followed by blocking with 3% bovine serum albumin-
phosphate buffered saline (PBS) for 1 h at room tem-
perature. The cells were then incubated overnight at

4°C with the following primary antibodies: anti-
claudin-5 (1:50, Invitrogen, CA, USA), anti-occludin
(1:50, Invitrogen), and anti-ZnT4 (1:100, Absin,
Shanghai, China). After washing, cells were incubated
with secondary antibodies conjugated with Alexa Fluor
488 (1:500, Invitrogen). Cells were then counterstained
with 4',6-diamidino-2-phenylindole (DAPI) for nuclear
labeling. The coverslips were mounted on glass slides
after washing in PBS. Fluorescence images were cap-
tured with a fluorescence microscope (DMI4000B;
Leica Microsystems, Wetzlar, Germany).

Animal model of focal cerebral ischemialreperfusion

All animal experimental procedures in this study were
approved by the Institutional Animal Care and Use
Committee of University of New Mexico (NM,
USA), in concordance with the National Institutes of
Health guidelines for care and use of laboratory ani-
mals and the Animals in Research: Reporting In Vivo
Experiments guidelines. Animals were housed under
standard laboratory conditions. Food and water were
available ad libitum. Male Sprague-Dawley rats (290—
320 g, 9-12 weeks old) were anesthetized with 2% iso-
flurane in N,O:0, (70%:30%) and subjected to focal
cerebral ischemia using the suture occlusion model, as
we previously described.'> The rats underwent 2h
MCAO and then were reperfused for 72 h by withdraw-
al of the monofilament suture. Rectal temperature was
regularly maintained at 37.0°C during surgery with a
homeothermic heating pad. The rats displayed typical
neurologic deficit of MCAO, circling to the non-
ischemic side, were included in this study. All outcome
measures were performed by investigators blind to the
experimental group.

Tail vein injection

Considering the possible applications in clinic, injection
was performed at 90 min post MCAO onset, instead of
pretreatment before ischemia to simulate a potential
intervention in stroke patients. MiR-30a inhibitor or
inhibitor scramble was injected via the lateral tail
vein in a randomized way; the dose was 10 mg/kg in
PBS, total injected volume was 300 uL. Dosage was
recommended by the instruction manual. Inhibitor
scramble was used as a negative control.

Evaluation of BBB permeability in ischemic rats
by Evan’s Blue leakage

Evan’s Blue (EB, 2% wt/vol in PBS; Sigma) was intra-
venously administered via tail vein after 2h MCAQO/
70 h reperfusion. After 2h circulation (at the end of
72 h reperfusion), the rats were transcardially perfused
with saline. The brain was then removed and cut into



644

Journal of Cerebral Blood Flow & Metabolism 41(3)

five 2-mm-thick coronal slices. Brain slices were photo-
graphed to visualize EB leakage. Quantitative assess-
ment of BBB disruption was achieved by measuring EB
content in the ischemic hemispheric tissue as we previ-
ously reported.'® In brief, non-ischemic and ischemic
hemispheric tissues were weighed and homogenized in
50% wt/vol trichloroacetic acid. The fluorescence
intensity of the supernatant was measured on a micro-
plate fluorescence reader. The EB content was calculat-
ed using a standard curve and expressed as ng per g of
brain tissue.

Measurement of brain edema of ischemic rats

Measurement of brain edema is another way to assess
the BBB damage after cerebral ischemia. In our study,
brain edema was evaluated by measuring the hemi-
spheric areas of each 2 mm thick brain slice on the dig-
ital photographs obtained as described previously.'’
Using Imagel] software, hemisphere enlargement was
quantified as relative increase of the brain area in the
ischemic  hemisphere versus the non-ischemic
hemisphere.

Measurements of neurological deficits and infarct
volume

At the end of 72h reperfusion, neurological deficits
were assessed by a blinded investigator with two meth-
ods: Ludmila Belayev'® and Zea-Longa score."”

After the evaluation of neurological deficits, brains
were harvested and cut into 2-mm-thick coronal sec-
tions. The brain sections were incubated for 20 min in
0.5% 2,3,5-triphenyltetrazolium chloride (TTC; Sigma-
Aldrich, St. Louis, MO, USA) solution at 37°C. The
infarct area of each brain section was measured using
the ImageJ Software.

Zinc detection by FluoZin-3

Intracellular zinc was measured by using FluoZin-3
(Invitrogen), a selective fluorescent probe for free zinc
in cells. ECs were plated onto glass coverslips. After
treatments, ECs were washed with DMEM three
times to remove extracellular zinc before incubating
with DMEM containing 2.5 pM FluoZin-3 for 45 min
at room temperature. The coverslips were mounted on
the glass slide after washing in DMEM. Images were
acquired using a fluorescence microscope (Olympus
OX71, Tokyo, Japan). Immunofluorescence intensity
was quantified by ImageJ and all results were normal-
ized to the cell number.

To visualize zinc accumulation in ischemic micro-
vessels, we co-stained microvessels with FluoZin-3
and the endothelial marker Tomato Lectin. Briefly, at
the end of reperfusion, Tomato Lectin (1.25mg/kg;

Vector Laboratories, CA, USA) was administrated by
tail vein and circulated for 5min to label the vessels.
Then brains were harvested and cut into 20 pm slices.
After incubation with 5 pmol/L FluoZin-3 for 1 h in the
dark, the sections were counterstained with DAPI.

Immunohistochemical staining of occludin and
claudin-5 in cerebral microvessels

To investigate the level of tight junction proteins (TJPs)
in microvessels themselves after ischemia, we co-stained
brain sections with the antibody of occludin or claudin-
5 and the endothelial marker Tomato Lectin. Briefly, at
the end of reperfusion, Tomato Lectin was administrat-
ed (see Section “Zinc detection by FluoZin-3” above).
The primary antibodies were: occludin (1:500,
Invitrogen), claudin-5 (1:500, Invitrogen), followed by
secondary antibodies conjugated with Alexa Fluor 488
(1:1000, Invitrogen). The images of microvessels were
captured using a fluorescence microscope after DAPI
staining.

Isolation of cerebral microvessels from rat brain after
ischemialreperfusion

To examine the impacts of miR-30a on cerebral micro-
vessels, we extracted cerebral microvessels from brains
of ischemic rats as previously reported.'" Briefly, at the
end of 72 h reperfusion, the hemispheric cerebral tissue
was minced and homogenized in ice-cold PBS. Then
the homogenate was filtered through a 41 um nylon
mesh. Cerebral microvessels retained on the mesh
were then purified with Dextran T-500 and stored at
—80°C until further analysis.

Real-time RT-PCR

Total RNAs, including miRNAs from bEnd3 cells and
isolated microvessels, were extracted with the
miRCURY™ RNA Isolation Kit (Exiqon A/S,
Vedbaek, Denmark) according to the manufacturer’s
protocol. Reverse transcription was performed by
using the Universal cDNA synthesis kit II (Exiqon A/
S, Vedbacek, Denmark). The quantitative real-time RT-
PCR (qRT-PCR) amplification was performed with
QuantStudio™ 3 Real-Time PCR Systems (Thermo
Fisher Scientific, MA, USA) using ExiLENT SYBR®
Green master mix (Exiqon A/S, Vedbaek, Denmark)
according to the manufacturer’s protocol, with U6
used as an internal control. Relative expression level
was calculated with the following equation: relative
gene expression — 27(ACt sample — ACt control).
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Western blot analysis for occludin, claudin-5, and
ZnTs in cultured ECs and isolated cerebral
microvessels

Antibodies used in this study were anti-occludin poly-
clonal antibody (1:500, Invitrogen), anti-claudin-5
monoclonal antibody (1:1000; Invitrogen), anti-ZnT1

polyclonal antibody (1:1000, Absin, Shanghai,
China), anti-ZnT2 polyclonal antibody (1:1000,
Biorbyt, Cambridge, UK), anti-ZnT3 polyclonal

antibody (1:1000, Proteintech, IL, USA), anti-ZnT4
polyclonal antibody (1:1000, Invitrogen), mouse anti-
f-actin monoclonal antibody (1:1000; Santa Cruz
Biotech.), and the IRDye 800CW goat anti-rabbit or
IRDye 680RD goat anti-mouse as secondary antibod-
ies (1:10,000, Li-cor). Cell lysate (30 pug of protein) was
resolved on an SDS-PAGE (10% SDS gel) and
transferred onto polyvinylidene difluoride membrane
(Bio-Rad, Hercules, CA), and incubated for 1h in
Tris-buffered saline with Tween (TBST; 10mM Tris,
pH 8.0, 150 mM NacCl, and 0.1% Tween 20) containing
10% non-fat milk. The membrane was then incubated
overnight at 4°C with primary antibodies and with sec-
ondary antibodies for 1h. Bands on membranes were
detected using the Odyssey Infrared Imaging System
(LI-COR) with Molecular Imaging Software V4.0.

Data analysis

Statistical analyses were performed using SPSS 19.0.
Data reported were presented as mean=+ SD.
Statistical analysis was performed using Student’s
t-test or Mann—Whitney U test to determine statistical
differences between two groups where appropriate.
One-way analysis of variance followed by Bonferroni/
Dunn post hoc test was used for multiple comparisons.
A value of p<0.05 was considered statistically
significant.

Results

Inhibiting miR-30a decreases OGD-induced
endothelial barrier disruption

To determine the expression of miR-30a in ECs after
OGD, we examined miR-30a levels using qRT-PCR.
Our results showed that miR-30a levels significantly
increased at 2, 4, and 6h after OGD (Figure 1(a)).
To determine the effect of miR-30a on ischemia-
induced BBB damage, we first used miR-30a mimic
or miR-30a inhibitor to up- or down-regulate miR-
30a in the BBB model in vitro. MiR-30a level was
significantly increased by transfection with miR-30a
mimic and dramatically decreased by transfection
with miR-30a inhibitor (Figure 1(b) and (e)).

The results of FITC-BSA permeability and TEER
value demonstrated that exposure of the triple cell
co-culture model to 2-6 h OGD induced marked alter-
ations in BBB integrity. MiR-30a mimic could increase
OGD-induced FITC-BSA permeability and reduce the
TEER value, whereas miR-30a inhibitor could effec-
tively inhibit OGD-induced FITC-BSA permeability
and increase the TEER value (Figure 1(c), (d), (D),
and (g); Supplementary Figure 1). Meanwhile, we
also found that OGD-induced reduction of EC viabil-
ity was recovered by treatment with miR-30a inhibitor
(Figure 1(h)).

Altered distribution of TJPs, particularly occludin
and claudin-5, or their loss from microvessels is fre-
quently seen in the compromised BBB following cere-
bral ischemia and reperfusion.'®!” We examined
whether the altered BBB permeability by miR-30a
was due to the loss of TJPs under OGD condition.
The changes of occludin and claudin-5 in ECs from
inhibitor scramble, and miR-30a inhibitor groups are
shown in Figure 1(i) and (). Statistical analysis indi-
cates that the loss of occludin and claudin-5 in control
(inhibitor scramble) groups progressively deteriorated
with increased duration of OGD treatment.
Meanwhile, miR-30a inhibitor markedly blocked the
loss of occludin and claudin-5 comparing with the
inhibitor scramble groups (Figure 1(j) and (k)).

These findings indicate that inhibiting miR-30a
could decrease the permeability and block the loss of
TJPs in OGD-treated in vitro BBB model.

MiR-30a regulates the intracellular level of free zinc
in brain microvascular ECs under OGD condition

The results above clearly show that inhibition of
miR-30a could reduce OGD-induced endothelial barri-
er disruption. We then investigated the mechanism by
which miR-30a mediated the OGD-induced endothelial
barrier disruption in vitro. Our previous study reported
zinc accumulation in ischemic microvessels leads
to BBB disruption after ischemia.'' Therefore, we
sought to determine whether miR-30a regulates intra-
cellular free zinc under OGD condition in vitro.
MiR-30a mimic or inhibitor was used to treat bEnd.3
cells, and cells were treated with 100 uM zinc under
2h OGD condition that mimics the environment of
ischemic brain. Intracellular free zinc was detected
using FluoZin-3 fluorescence probe (Figure 2(a)). We
found that under normoxia with or without zinc
administration, low level of free zinc in bEnd.3 cells
was detectable, while adding 100puM extracellular
zinc significantly increased intracellular free zinc
under OGD condition, which is consistent with our
previous reports.”’ MiR-30a mimic could significantly
enhance the intracellular level of free zinc, whereas
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miR-30a: microRNA-30a; TEER: transendothelial electrical resistance; OGD: oxygen and glucose deprivation.

miR-30a inhibitor decreased the intracellular level of
free zinc (Figure 2(b)). These results demonstrate that
miR-30a could regulate intracellular level of free zinc
under OGD condition.

To demonstrate the contribution of miR-30a to the
biological effects of zinc on brain endothelial barrier
integrity, we transfected miR-30a inhibitor in zinc-
treated ECs, and then measured the permeability and
TEER in the triple cell co-culture model (Figure 2(c)
and (d); Supplementary Figure 2), occludin, and
claudin-5 levels (Figure 2(e) to (g)) in ECs after 2h
OGD. The results show that adding zinc greatly
increased FITC-BSA permeability, reduced the TEER
value, and exacerbated the loss of TJPs under OGD
condition. Most importantly, inhibition of miR-30a
largely abolished zinc-induced effects on 2h

OGD-treated ECs. These results suggest that miR-
30a plays an important role in zinc-mediated BBB
disruption.

ZnT4 is a direct target of miR-30a

To explore the possible mechanism of miR-30a inhib-
itor in decreasing intracellular zinc accumulation, we
performed bioinformatics analysis by TargetScan7.2
search and found a binding site for miR-30a at the
3’-UTR of ZnT4 mRNA with a high possibility rank-
ing (Figure 3(a), aggregate probability of conserved
targeting (PCT) score 0.95, rank 164/1576), implying
that miR-30a may repress translation of ZnT4. Dual-
luciferase assay verified that miR-30a mimic signifi-
cantly inhibited luciferase activity of the reporter
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OGD: oxygen and glucose deprivation; miR-30a: microRNA-30a.

vector containing the intact miR-30a binding site but
not the mutant 3-UTR of ZnT4 (Figure 3(b)). These
results identified ZnT4, one of zinc transporter pro-
teins, as a potential target for miR-30a interaction.

To test experimentally whether ZnT4 is regulated by
miR-30a, bEnd.3 cells were transfected with miR-30a
mimic or miR-30a inhibitor. As shown in Figure 3(c) to
(h), up-regulation of miR-30a with miR-30a mimic
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Figure 3. ZnT4 is a direct target of miR-30a. (2) Specific binding sequence of miR-30a on ZnT4 mRNA and mutant sequence integrated
in dual-luciferase reporter plasmid were presented. (b) Luciferase reporter assay was performed by co-transfection of luciferase reporter
containing 3’-UTR (wild type or mutant) of ZnT4 with miR-30a mimic or mimic scramble into bEnd.3 cells. (c) and (f) The levels of ZnTs
in bEnd.3 cells were measured using Western blot. fi-actin was used as a loading control. (d) and (g) Quantitative analysis of ZnT4 levels.
(e) and (h) Quantitative analysis of ZnT -3 levels. *P < 0.05 vs. mimic scramble or inhibitor scramble. n = 4/group.

miR-30a: microRNA-30a.

down-regulated ZnT4, whereas down-regulation of
miR-30a with miR-30a inhibitor greatly up-regulated
ZnT4. There were no significant differences in the
ZnT1, ZnT2, and ZnT3 protein levels. These results
suggest that miR-30a could directly recognize the
3’-UTR of ZnT4 mRNA to negatively regulate ZnT4
protein level.

Inhibition of miR-30a decreases ischemia-induced
BBB disruption through ZnT4/zinc pathway

To determine whether ZnT4 regulates the intracellular
level of free zinc, we used siRNA to silence the

expression of ZnT4 in bEnd.3 cells treated with
100 uM zinc under 2h OGD condition mimicking the
environment of ischemic brain. Immunofluorescent
staining and Western blot analysis showed that ZnT4
siRNA effectively knocked down ZnT4 protein level in
bEnd.3 cells at 48h after ZnT4 siRNA transfection
(Figure 4(a) to (c)). Knocking down ZnT4 resulted in
a significantly increase of the intracellular level of free
zinc (Figure 4(d) and (e)). These results demonstrate
that ZnT4 plays an important role in regulating intra-
cellular level of free zinc.

To confirm whether miR-30a exerts its effect on
brain endothelial barrier integrity through regulation
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Figure 4. ZnT4 plays an important role in intracellular zinc regulation and miR-30a-mediated endothelial barrier integrity. (a) Co-
staining of ZnT4 (green) and DAPI (blue). Scale bar: 20 um. (b) Representative immunoblots of ZnT4 and the loading control f-actin.
(c) Quantitative data of ZnT4 level. Representative image (d) and quantitative analysis (e) of zinc fluorescence after 2h OGD

treatment. Scale bar: 50 pm. *P < 0.05 vs. siRNA-NC, n = 4/group. (f) and (g) The barrier integrity of the triple cell co-culture model
increased after miR-30a inhibition, and this effect of miR-30a inhibitor was reversed by ZnT4 siRNA. *P < 0.05 vs. inhibitor scramble.

#P < 0.05 vs. miR-30a inhibitor. n=4/group.

siRNA-NC: siRNA-ZnT4 negative control group; miR-30a: microRNA-30a.

of ZnT4, we measured the BBB permeability and
TEER in the triple cell co-culture model after co-
transfection miR-30a inhibitor and ZnT4 siRNA. Our
results show that inhibition of ZnT4 expression by
using siRNA blocked the miR-30a inhibitor-induced
protective effect on brain endothelial barrier integrity

under condition of 2h OGD with exogenously added
zinc (Figure 4(f) and (g); Supplementary Figure 3).
Together, these results from in vitro experiments
demonstrate  inhibition of miR-30a decreases
ischemia-induced BBB disruption by reducing intracel-
lular levels of free zinc via ZnT4.
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MiR-30a inhibitor reduced zinc accumulation and
rescued the loss of ZnT4 in the microvessels of
ischemic brain

To examine whether zinc accumulated in ischemic
microvessels, brain slices were co-stained with zinc-
specific fluorescence indicator (FluoZin-3), endotheli-
um cell marker (Tomato Lectin), and nuclear-specific
marker (DAPI). Zinc signal was almost invisible in

Tomato Lectin-positive microvessels in non-ischemic
hemisphere, whereas zinc fluorescence exhibited mark-
edly increased and well co-localized with Tomato
Lectin-labeled microvessels in ischemic hemisphere,
indicating that ischemia/reperfusion lead to zinc accu-
mulation in ischemic microvessels. Furthermore,
administration of miR-30a inhibitor essentially pre-
vented the zinc accumulation in ischemic microvessels
(Figure 5(a)). These findings indicate that miR-30a
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Figure 5. Effects of miR-30a on zinc accumulation and ZnT4 after cerebral ischemia in vivo. (a) Zinc accumulation in microvessels of
brain slices was measured by co-staining of zinc-specific fluorescence indicator, FluoZin-3 (green) with Tomato Lectin (red) and
nuclear marker (DAPI, blue). Scale bar: 20 um. (b) The levels of ZnT4 were measured using Western blot in the extracts of
microvessels isolated from ischemic rat brain. The level of f-actin was used as a loading control. (c) Quantitative analysis of ZnT4
level. *P < 0.05 vs. contralateral hemisphere (Non-I) in inhibitor scramble group; #P < 0.05 vs. ischemic hemisphere (1) in inhibitor

scramble group. n = 5/group.
miR-30a: microRNA-30a; DAPI: 4,6-diamidino-2-phenylindole.
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inhibitor decreased zinc accumulation in the microves-
sels in the ischemic region.

We also assessed the levels of ZnT4 in microvessels
isolated from ischemic brain using Western blot
(Figure 5(b)). It was shown that ZnT4 decreased in
ischemic microvessels, while miR-30a inhibitor up-
regulated ZnT4 in ischemic microvessels (Figure 5(c)).
These results indicate that miR-30a regulates ZnT4 in
microvessels isolated from ischemic rat brain.

MiR-30a inhibitor restored the loss of occludin and
claudin-5 in microvessels of ischemic stroke rats

We further investigated whether the expression of TJPs

microvessels of ischemic stroke rats. We measured the
levels of occludin and claudin-5 in microvessels by
using immunohistochemistry approach. The fluores-
cence intensity of occludin was high in non-ischemic
microvessels, whereas ischemia/reperfusion markedly
reduced occludin signal intensity in microvessels.
Most importantly, treatment of miR-30a inhibitor in
the ischemic animal rescued the loss of occludin in
ischemic microvessels (Figure 6(a)). Similar results
were observed in the fluorescence of claudin-5 in micro-
vessels (Figure 6(b)).

We also assessed the levels of occludin and claudin-5
in isolated microvessels using Western blot (Figure 6
(c)). It was shown that both occludin (Figure 6(d)) and

could be influenced by miR-30a inhibitor in claudin-5 (Figure 6(e)) in microvessels decreased after
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Figure 6. MiR-30a inhibitor prevents the loss of occludin and claudin-5 in microvessels isolated from ischemic rats. (a) Co-staining of
occludin (green), Tomato Lectin (red), and DAPI (blue). (b) Co-staining of claudin-5 (green), Tomato Lectin (red), and DAPI (blue).
Scale bar: 20 um. (c) The representative bands of occludin and claudin-5 in microvessels isolated from ischemic rats using Western
blot. (d) Quantitative analysis of occludin. (e) Quantitative analysis of claudin-5. *P < 0.05 vs. contralateral hemisphere (Non-I) in
inhibitor scramble group; #P < 0.05 vs. ischemic hemisphere (1) in inhibitor scramble group. n = 5/group.

miR-30a: microRNA-30a; DAPI: 4,6-diamidino-2-phenylindole.
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ischemia, while miR-30a inhibitor completely restored
each of them to the non-ischemic control level. These
results indicate that inhibition of cerebral miR-30a pre-
vented ischemia-induced loss of TJPs in microvessels.

MiR-30a inhibitor decreases ischemia-induced BBB
injury in vivo

We next examined the effect of miR-30a on BBB
damage in vivo. FITC-conjugated miR-30a inhibitor
or inhibitor scramble was administrated at 90 min post
MCAO onset instead of pretreatment before ischemia.
Fluorescence microscopy detected FITC-positive oligo-
nucleotides (green, Supplementary Figure 4, arrows)
associated ~ with  cerebral  microvessels.  Some
fluorescein-labeled molecules also crossed the BBB and
were seen in the brain parenchyma (Supplementary
Figure 4, stars). Administration of miR-30a inhibitor
severely decreased the level of miR-30a in cerebral
microvessels from brain of ischemic rats (Figure 7(a)).
EB extravasation and brain edema were used to assess
the severity of BBB damage after ischemia/reperfusion.

significantly increased EB leakage in ischemic hemi-
spheres, and miR-30a inhibitor markedly reduced EB
extravasation in ischemic hemispheres (Figure 7(b) and
(c)). Similarly, treatment with the miR-30a inhibitor sig-
nificantly reduced ischemia-induced hemisphere edema
(Figure 7(d)). These results indicate that inhibition of
cerebral miR-30a provides neurovascular protection
against disrupting BBB integrity following cerebral
ischemia.

To determine whether miR-30a inhibitor provides
sustained protection, we evaluated cerebral infarction
and neurological functions at 72h after reperfusion.
Notably, miR-30a inhibitor reduced cerebral infarct
volume relative to the inhibitor scramble group
(Figure 7(e) and (f)). Similar protective effects of
miR-30a inhibitor were observed for neurological func-
tion assessment using Ludmila Belayev (Figure 7(g))
and Zea-Longa scores (Figure 7(h)). It is worth
noting that miR-30a inhibitor treatment did not
affect cerebral blood flow (Supplementary Figure 5)
and other physiological parameters (Supplementary

We found that cerebral ischemia/reperfusion Table 1) compared to control. Collectively, these in
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Figure 7. MiR-30a inhibitor reduces ischemia-induced BBB injury in vivo. (a) MiR-30a expression in the cerebral microvessels
isolated from brain of ischemic rats injected with miR-30a inhibitor or scrambled control. (b) EB extravasation was measured to
evaluate the BBB permeability after 2 h ischemia/72 h reperfusion. Brain slices showed EB extravasation (blue dye leakage) in inhibitor
scramble and miR-30a inhibitor groups. (c) Quantitative analysis of EB content in ischemic hemisphere. (d) Quantitative analysis of
relative edema volume by measuring ischemic hemispheric enlargement. (e) Representative TTC-stained coronal sections illustrating
infarction in rats with 2h MCAO plus 72 h reperfusion. (f) Quantitative analysis of infarction volume. (g) Ludmila Belayev neurological
scores were assessed. (h) Zea-Longa neurological scores was evaluated. *P < 0.05 vs. inhibitor scramble. n = 5-8/group.

miR-30a: microRNA-30a.
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vivo findings strongly suggest that miR-30a inhibitor
prevents BBB disruption and improves histological and
neurological outcomes after ischemia.

Discussion

MiRNAs have emerged as key gene regulators in many
diseases, including stroke. This is the first study to
investigate the role of miR-30a in ischemia-induced
BBB damage, in vitro and in vivo. Our results demon-
strate that inhibition of miR-30a significantly decreased
the neurovascular complications after cerebral ische-
mia. The mechanisms of miR-30a in BBB injury may
involve regulating zinc concentration by targeting
ZnT4. Findings from our experiments provide a novel
insight into the role of miRNAs in BBB disruption
during acute cerebral ischemia.

Recent studies have indicated the importance of
miRNAs in the regulation of BBB function.
MiR-155 inhibition at subacute phase of ischemia led
to preservation of brain endothelial TJPs integrity and
promoted recovery after experimental mouse stroke.>!
In addition, miR-150 inhibitor significantly ameliorat-
ed BBB disruption in permanent MCAO by directly
targeting Tie-2, a factor involved in maintaining BBB
integrity.>? In ECs, members of the miR-30 family reg-
ulated vascular development and sprouting in angio-
genesis.”> A previous study revealed that miR-30a
stimulated arteriolar branching by down-regulating
the Notch ligand DII4 expression, thereby controlling
endothelial tip cell behavior.” The current study pro-
vides direct evidence that in vitro overexpression of
miR-30a resulted in increased OGD-induced BBB per-
meability, whereas inhibition of miR-30a expression
reduced OGD-induced BBB permeability.

TJPs between ECs are vital for the maintenance of
BBB integrity, which restricts paracellular permeabili-
ty.>* The transmembrane proteins occludin and
claudin-5 are key molecules sealing the gaps between
adjacent ECs.”® We investigated the role of miR-30a
in the loss of occludin and claudin-5 proteins during
cerebral ischemia. The results show that inhibition of
miR-30a could rescue the loss of occludin and claudin-
5 after ischemia, in vitro and in vivo.

The potential mechanisms of miR-30a-mediated
BBB permeability after ischemia were explored in this
study. We have reported that ischemia-induced zinc
accumulation in the microvessels was a critical contrib-
uting factor to ischemia-induced BBB damage.'' More
interestingly, our results reveal that miR-30a could reg-
ulate intracellular level of free zinc under ischemia con-
dition. Zinc has been reported to be released from
neurons into extracellular space®*?’” and accumulate
in microvessels thereby participate in BBB damage fol-
lowing ischemic stroke. But the mechanism of zinc

accumulation in microvessels during cerebral ischemia
is not well understood. Several studies have focused on
zinc metabolism related to miRNAs.?** In the present
study, we found that exogenous zinc increased BBB
permeability and exacerbated loss of TJPs in OGD-
treated ECs. At the same time, inhibition of miR-30a
reduced intracellular zinc accumulation and abolished
zinc-induced effects. Our studies also provide the evi-
dence that zinc accumulates in high concentration in
ischemic microvessels. The involvement of miR-30a in
zinc accumulation was further demonstrated in a rat
model of ischemic stroke.

A major finding of the present study is that miR-30a
could regulate the expression of ZnT4 both in vitro and
in vivo. Dual-luciferase reporter assay also confirmed
that ZnT4 is the direct target of miR-30a. Zinc homeo-
stasis in cells is tightly regulated by two major protein
groups. The Zrt/IRT-like protein family promotes zinc
influx to cytoplasm and the ZnT family mediates zinc
efflux from cytoplasm into intracellular compartments
or out of the cells.***! ZnT4 is involved in zinc homeo-
stasis in the cerebral cortex after hypoxia—ischemia.*
Our experimental results show that up-/down-regula-
tion of miR-30a could enhance/decrease the intracellu-
lar level of free zinc through regulating the expression
of ZnT4. A previous study from our lab demonstrates
that down-regulated ZnT1 enhances zinc accumulation
in astrocytes after ischemic stroke.®® In the present
study, we report that ZnT4 mediated intracellular
zinc efflux in ECs and was involved in miR-30a-
mediated BBB permeability, thus providing a novel
mechanism for intracellular free zinc accumulation
and BBB damage after ischemic stroke.

Very importantly, the present study shows inhibition
of miR-30a protects BBB from ischemia-induced
damage in a rat model of ischemic stroke. It is partic-
ularly worth noting that inhibition of miR-30a with
miR-30a inhibitor, even at 90 min post MCAO onset,
attenuated BBB impairment, as well as tissue damage,
thereby offering functional improvements. EB extrava-
sation and brain sampling were conducted at 72 h post
ischemia since it is well recognized that the brain injury
is stable or mature. Our findings suggest that miR-30a
may be a novel target for reducing BBB damage at the
early stage of cerebral ischemia, thus providing a clin-
ically effective approach to diminish neurovascular
complications from thrombectomy intervention and
thrombolytic therapy.

In conclusion, our results demonstrate miR-30a
could regulate acute ischemia-induced BBB permeabil-
ity through ZnT4/zinc signaling pathway, and that
inhibition of miR-30a could attenuate BBB breakdown
and ischemic infarction, leading to better outcome. Our
findings provide novel insights into the mechanisms of
cerebral ischemia-induced BBB disruption and suggest
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miR-30a is a negative regulator of BBB function that
could be an effective therapeutic target for ischemic
stroke.
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