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Abstract Blood-brain barrier (BBB) disruption is a common
pathological feature of many neurological disorders including
stroke and brain trauma, therefore is an important therapeutic
target for treatment of these diseases. Basic fibroblast growth
factor (bFGF) as a member of FGF superfamily plays critical
roles in angiogenesis, neurogenesis, and neuron survival. We
recently showed that recombinant bFGF protects against BBB
disruption in traumatic brain injury in mice. In this study, we
further investigated the mechanisms of recombinant bFGF in
BBB protection by measuring the permeability of cultured
endothelial cell monolayer induced by oxygen-glucose depri-
vation and reoxygenation (OGD/R). We found that recombi-
nant bFGF significantly decreased OGD/R-induced perme-
ability of primary human brain microvascular endothelial cell
(HBMEC) monolayer and preserved OGD/R-induced de-
creases of trans-endothelial electrical resistance (TEER).
Western blot and immunocytochemistry showed that bFGF
significantly rescued OGD/R-induced downregulation of
junction proteins ZO-1, occludin, and VE-cadherin. We
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further show that the BBB protective effect of bFGF is via
FGF receptor 1 (FGFR1) activation as FGFR1 inhibitor can
block this protection effect. Moreover, we revealed that the
BBB protection effect of bFGF is at least partially through
rescuing the OGD/R-induced downregulation of sphingosine-
1-phosphate receptor 1 (SIPR1) protein, as SIPR1 inhibitor or
SIPR1 small interfering RNA blocked the BBB protective
effect of bFGF, whereas S1PR1 agonist alone has comparable
BBB protection effect of bFGF. These findings will improve
our understanding of the protective effect and mechanisms of
bFGF on BBB and propose bFGF as a potential therapeutic
agent against BBB damage in neurological disorders.

Keywords Basic fibroblast growth factor (bFGF) -
Endothelial cell monolayer permeability - Oxygen-glucose
deprivation and reoxygenation (OGD/R) - Junction protein -
FGFreceptor 1 (FGFR1) - Sphingosine-1-phosphate receptor 1
(S1PR1)

Jian Xiao
xfxj2000@126.com

Xiaoying Wang
wangxi@helix.mgh.harvard.edu

School of Pharmaceutical Sciences, Key Laboratory of
Biotechnology and Pharmaceutical Engineering, Wenzhou Medical
University, Wenzhou, Zhejiang 325035, China

Neuroprotection Research Laboratory, Departments of Radiology
and Neurology, Massachusetts General Hospital and Harvard
Medical School, 149 13th Street, Room 2401, Charlestown,
Boston, MA 02129, USA

3 Zhengzhou University First Affiliated Hospital,
Zhengzhou, Henan 450000, China

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12035-017-0544-0&domain=pdf

3132

Mol Neurobiol (2018) 55:3131-3142

Introduction

Blood-brain barrier (BBB) is a highly selective permeability
barrier that separates blood circulation from the brain tissue.
BBB is mainly composed of endothelial cells that are connect-
ed by tight junction proteins including ZO-1, occludin, and
claudin-5 and also adherent junction proteins such as VE-
cadherin [1, 2]. Other components of BBB include pericytes
and astrocytes. BBB plays a critical role in maintaining brain
function by protecting brain tissue from neurotoxins and path-
ogens in the circulation, in the meantime allowing the passage
of small molecules such as water, gas, glucose and amino
acids that are crucial for neuronal function [3]. Compelling
experimental and clinical evidence has demonstrated that
BBB disruption is a critical pathophysiological feature of neu-
rological disorders including stroke and brain trauma [4—6].
BBB dysfunction can persist for a few days through the acute
and subacute phase of stroke [4], marked by increased perme-
ability and decreased gene expression of junction proteins [7],
and significantly contributes to the severe clinical conse-
quences of stroke such as hemorrhagic transformation (HT),
referring to the hemorrhage development within ischemic
brain tissue, and motor and cognitive function deficits [3, 8,
9]. It is therefore of tremendous importance to elucidate the
mechanisms of BBB disruption after stroke, which will bene-
fit the development of therapeutics targeting BBB protection.

Basic fibroblast growth factor (bFGF), also known as
FGF2, is a single-chain polypeptide composed of 146 amino
acids and a member of the fibroblast growth factor (FGF)
superfamily. Numerous studies have demonstrated that
bFGF is a multifunctional growth factor involved in the regu-
lation of neuron survival, neurite growth [10], and angiogen-
esis [11]. The biological activities of bFGF are mediated
through its high-affinity binding to its cell surface receptor,
FGF receptor 1 (FGFR1) [12]. In addition, the function of
bFGF is also modulated by its binding to heparin and cell
surface heparan sulfate proteoglycan [13]. Preclinical studies
have shown that administration of exogenous bFGF within
hours of stroke onset reduces infarct size and promotes the
recovery of sensory motor functions [14] potentially by pro-
moting axon spouting and new synapse formation [15]. In the
context of BBB, we recently have demonstrated that exoge-
nous recombinant bFGF administration protects against BBB
disruption caused by traumatic brain injury (TBI) in mice [16],
and the mechanisms may involve regulation of junction pro-
tein expressions, and partially through PI3K-Akt-Racl path-
way, as blocking this pathway partially blocked the BBB pro-
tection effect of bFGF, suggesting that multiple signaling
pathways may be involved in this protection effect.
Sphingosine-1-phosphate (S1P) signaling pathway plays im-
portant roles in vascular system, as experimental evidence has
demonstrated that S1P receptor (SIPR1) protects the integrity
of BBB against various injuries [17, 18]. In this study, we
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aimed to further investigate the additional mechanisms, in-
cluding bFGF receptor and S1PR1, of BBB protection by
exogenous bFGF in neurological disorders by testing the per-
meability of an in vitro-cultured primary human brain micro-
vascular endothelial cell (HBMEC) monolayer exposed to
oxygen-glucose deprivation and reoxygenation (OGD/R).

Material and Methods
Reagents and Antibodies

Primary HBMEC was obtained from Cell Systems
Corporation (ACBRI376, Kirkland, WA). Recombinant hu-
man bFGF was purchased from Sigma (Sigma-Aldrich, St.
Louis, MO). Anti-FGFR1 (mouse), anti-pFGFR1 (rabbit),
anti-claudin-5 (rabbit), anti-VE-cadherin (rabbit), and anti-
S1PR1 (rabbit) antibodies were purchased from Abcam
(Cambridge, MA); anti-occludin (rabbit) and anti-ZO-
I(mouse) antibodies were purchased from Invitrogen
(Carlsbad, CA). S1PR1 inhibitor VPC23019 was purchased
from Cayman Chemical (Ann Arbor, MI). SIPR1 activator
FTY720 was purchased from Sigma (St. Louis, MO).

Endothelial Monolayer Permeability Assay

Primary HBMEC was cultured in complete growth media
EBM-2 (Lonza, Walkersville, MD). The cells were seeded
on the inner surface of collagen-coated Transwell inserts
(6.5-mm diameter, 0.4-pm pore size polycarbonate filter;
Corning, Corning, NY), which were placed in wells of a 24-
well plate with complete EBM-2 media. When the monolayer
of cells was confluent, confirmed by ensuring that it is imper-
meable to media, the cells were serum starved for 8 h with
EBM media without growth supplement before OGD/R treat-
ment. Normal control group is the monolayer culture without
OGD/R treatment. For OGD/R treatment, EBM-2 media were
replaced with DMEM without glucose, and the cells were then
put in a specialized, humidified chamber (Heidolph, incubator
1000, Brinkmann Instruments, Westbury, NY) at 37 °C, which
contained an anaerobic gas mixture (90% N2, 5% H2, and 5%
CO,). After 4-h incubation, the cultures were removed from
the anaerobic chamber, and the OGD medium was replaced
with EBM-2 complete medium without bFGF. The cells were
then allowed to recover in a regular incubator for 20 h
(reoxygenation) before permeability measurement. For the
bFGF-treated group, recombinant bFGF was added to the me-
dium (final concentration 2.5 pM) during OGD/R. After 20-h
reoxygenation, media in both upper and lower chambers were
removed and replaced with fresh media without supplement.
Permeability was measured by adding 0.1 mg/ml of fluores-
cein isothiocyanate (FITC)-labeled dextran (MW, 70,000;
Sigma, St. Louis, MO) to the upper chamber, with lower
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compartment containing fresh serum-free media. After incu-
bation for 20 min, 100 ul of sample from the lower compart-
ment was measured for fluorescence at excitation 490 nm and
emission 520 nm. All independent experiments were per-
formed in duplicate or triplicate.

Trans-Endothelial Electrical Resistance

Trans-endothelial electrical resistance (TEER) of cultured
HBMEC monolayer was measured using an EndOhm-6
chamber and an EVOM resistance meter (World Precision
Instruments, Sarasota, FL) following the manufacturer’s in-
structions. Briefly, the 6 mm Transwell containing cultured
endothelial cell monolayer was transferred into the
EndOhm-6 chamber containing 0.1 M KCl. The culture media
within the Transwell were also replaced with 0.1 M KCL
EndOhm cap was then inserted on the top of the chamber
and Transwell and then connected with the chamber using a
connector cable, and resistance was then measured using the

EVOM resistance meter. A blank Transwell containing 0.1 M
KCI but without any cells was used as blank control.

Cell Viability Assay

The viability of cultured endothelial cells was assessed by
WST assay. Briefly, HBMEC cells were cultured in a 24-
well plate in complete EBM-2 medium. After treatment,
WST-1 reagent (50 pl) was added to each well (containing
450-pl medium) and the cells were incubated for 2 h at
37 °C. The absorbency at 450 nm was measured against a
background blank control using a microplate reader
(SpectraMax M5, Molecular Devices) according to the man-
ufacturer’s protocol.

Western Blot

Western blot was performed following our previously pub-
lished protocol [22]. Briefly, total protein was isolated from
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cultured endothelial cells using lysis buffer (Cell Signaling,
Danvers, MA). Membrane protein was isolated using the
Mem-PER™ Plus Membrane Protein Extraction Kit
(Thermo Fisher Scientific, Waltham, MA) following the man-
ufacturer’s instructions. The proteins were separated on 4—
20% Tris-glycine gel, followed by blotting to nitrocellulose
membrane. The membrane was then incubated with primary
anti-FGFR1 (1:200, Santa Cruz), anti-pFGFR1 (1:200, Santa
Cruz), anti-claudin-5 (1:1000, Invitrogen), anti-occludin
(1:1000, Santa Cruz), anti-ZO-1 (1:1000, Abcam), anti-VE-
cadherin (1:1000, Abcam), and anti-S1PR1 (1:1000, Abcam)
antibodies. After being washed with TBST (250 mM Tris,
27 mM KCl, and 1.37 M NaCl, pH 7.4, 0.1% Tween 20),
the membrane was incubated with corresponding horseradish
peroxidase-conjugated secondary antibodies and washed with
TBST, and immunolabeling was detected by enhanced chemi-
luminescence (ECL; GE Healthcare) according to the manu-
facturer’s instruction. Optical density of protein bands was
quantified with Imagel.

Immunocytochemistry

Cultured neurons were washed with cold PBS (pH 7.4) and fixed
with 4% paraformaldehyde for 30 min. The cells were then
washed with PBS containing 0.1% Tween and further incubated
with 5% FBS for 1 h. Next, the cells were incubated with pri-
mary antibodies against VE-cadherin (rabbit monoclonal; 1:200;
Abcam) and S1PR1 (rabbit polyclonal; 1:200; Abcam) at 4 °C
overnight. After PBS washing, the cells were incubated with
goat anti rabbit IgG conjugated with FITC (1:150; Jackson
ImmunoResearch), respectively, for 1 h at room temperature.
Vectashield mounting medium containing DAPI (for nucleic
staining) (Vector Laboratory, Burlingame, CA) was used to cov-
erslip the immunocytochemic slides. Immunostaining was ana-
lyzed using a fluorescence microscope (Olympus BX51).

Real-Time PCR

Quantitative real-time PCR (RT-PCR) was used to measure
S1PR1 messenger RNA (mRNA) levels in cultured
HBMEC following the standard protocols. Briefly, total
RNA was extracted using miRNeasy kit (Qiagen) following
the manufacturer’s instructions and quantified spectrophoto-
metrically at 260 nm using a NanoDrop 2000C
spectrophotomer (Thermo Scientific); the purity of RNAs
was assessed by the ratio of the absorbance at 260 and
280 nm (A260/280) >1.80. One hundred nanograms of total
RNAs was reverse transcribed into complementary DNA
(cDNA) using random primers and M-MLV reverse transcrip-
tase (Invitrogen) according to the manufacturer’s instructions.
S1PR1 mRNA levels were tested using specific SIPR1 primer
and TagMan Gene Expression Assays in triplicates (ABI
7500HT, Applied Biosystems). Each reaction was performed
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Fig. 2 Recombinant bFGF ameliorates OGD/R-induced downregulation of P>
endothelial junction proteins. After exposure to 4-h OGD followed by 20-h
reoxygenation, endothelial junction proteins including tight junction proteins
claudin-5, occludin, and ZO-1 and adherent junction protein VE-cadherin were
measured by Western blot for total proteins or isolated membrane fraction. a
Representative image of western blot for total junction proteins. b—d
Quantification of the relative total protein levels of occludin, ZO-1, and VE-
cadherin. e Representative image of Western blot for membrane junction
proteins. NaK-ATPase was used as membrane internal marker. f-h
Quantification of the relative membrane protein levels of occludin, ZO-1, and
VE-cadherin. i Immunostaining for VE-cadherin protein in cultured endothelial
cells after OGD/R and bFGF treatment. Nuclei were stained using DAPI (n =4,
*p < 0.05 vs normal control, #p < 0.05 vs OGD/R group)

with 50 ng of cDNA. B2M was used as an internal control
housing keeping gene. Changes in gene expression (fold
change) were determined using the 2”22 method with nor-
malization to B2M.

Small interfering RNA-Mediated Gene Silencing

S1PR1 small interfering RNA (siRNA) and control siRNA
were obtained from Santa Cruz Biotechnology. siRNA trans-
fection was conducted following the manufacturer’s instruc-
tion. Briefly, HBMEC was cultured on six-well plates or
Transwell for 2 days. siRNA duplex and siRNA Transfection
Reagent (Santa Cruz) were separately diluted with Transfection
Medium (Santa Cruz) and then mixed together and incubated at
room temperature for 40 min. The cells were washed once with
siRNA Transfection Medium and then incubated with mixed
siRNA and siRNA Transfection Reagent for 5 h at 37 °C. The
cells on six-well plates were collected for Western blot to detect
S1PR1 protein level, and cells in Transwell underwent OGD/R
treatment and tested for permeability.

Statistical Analysis

Results were expressed as mean + SEM. The number of
samples was six per group for endothelial monolayer
permeability assays and four for western blot experi-
ments. Multiple comparisons were evaluated by one-
way ANOVA followed by Tukey—Kramer’s tests be-
tween all groups. P < 0.05 was considered statistically
significant.

Results

Recombinant Basic Fibroblast Growth Factor Reduces
Oxygen-Glucose Deprivation and Reoxygenation-Induced
Endothelial Monolayer Permeability

Through Upregulating FGF Receptor 1 Activity

To examine the effect of recombinant bFGF treatment on
OGD/R-induced endothelial monolayer permeability, cultured
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(2.5 uM) was used to treat the cells during OGD/R, and then,
the permeability of FITC-dextran (70 kDa) was measured.
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Fig. 2 (continued)

Our results show that OGD/R significantly increased
HBMEC monolayer permeability (2.8 + 0.25-fold of nor-
mal control), while treatment with recombinant bFGF sig-
nificantly reduced the permeability compared to OGD/R
(1.6 £ 0.24-fold of normal control), indicating the protec-
tive effect of bFGF on OGD/R-induced endothelial mono-
layer permeability (Fig. 1a).

To further validate the effect of recombinant bFGF on en-
dothelial monolayer integrity, we tested the TEER using the
EndOhm chamber and EVOM resistance meter. We show that
OGDJ/R significantly deceased the TEER of cultured HBMEC
monolayer compared to normal control (0.39 + 0.07-fold of
normal control), whereas bFGF treatment significantly res-
cued the TEER compared to GOD/R condition (0.83 £ 0.09-
fold of normal control) (Fig. 1b), further proving the protec-
tive effect of bFGF on endothelial monolayer integrity.

Since bFGF normally functions through its receptor
FGFR1, we tested the effect of bFGF treatment on FGFR1
activation by measuring the phosphorylation of FGFRI.
Cultured HBMEC was subjected to 4-h OGD followed by
4-h reoxygenation, and then, the protein levels of FGFR1
and phosphorylated FGFR1 (p-FGFR1) were examined by
Western blot. The results show that total FGFR1 protein level
was not changed by OGD/R or OGD/R plus bFGF, whereas
the level of p-FGFR1 was significantly decreased by OGD/R,
and this decrease was significantly rescued by bFGF treatment
(Fig. 1c, d), suggesting that bFGF may function through pro-
moting FGFR1 activation in endothelial monolayer after
OGD/R injury.
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To test whether FGFR1 activation is involved in the pro-
tective effect of bFGF for endothelial monolayer integrity, we
treated the cultured HBMEC monolayer with bFGF combined
with a specific FGFR1 inhibitor, PD173074 (50 nM), and then
measured and compared the permeability and TEER with
bFGF treatment alone. Our results show that PD173074
blocked the protective effect of bFGF on endothelial mono-
layer integrity, as the permeability of bFGF and PD173074
co-treated group is significantly higher than bFGF-treated
group (Fig. la). Furthermore, the TEER of bFGF and
PD173074 co-treated group is significantly decreased com-
pared to bFGF-alone-treated group (Fig. 1b). These results
suggest that the protective effect of bFGF on endothelial
monolayer integrity is mediated by FGFR1 activation.

To test whether the protective effect of bFGF on endothelial
monolayer integrity is simply due to protection against OGD/
R-induced cytotoxicity, we further assessed the effect of bFGF
treatment on the viability of cultured HBMEC. HBMEC was
subjected to 4-h OGD followed by 20-h reoxygenation.
Recombinant bFGF (2.5 uM) was used to treat endothelial
cells during OGD/R. Cell viability was assessed using WST
assay normalized by cell number counting. Our results show
that OGD/R did not significantly change the viability of en-
dothelial cells, and bFGF did not significantly change the cell
viability either (Fig. 1e), suggesting that the protective effect
of bFGF against OGD/R-induced endothelial monolayer per-
meability is not through increasing cell viability.

Recombinant Basic Fibroblast Growth Factor Rescues
Oxygen-Glucose Deprivation and Reoxygenation-Induced
Downregulation of Endothelial Junction Proteins

Since endothelial tight junction and adherent junction proteins
are important regulators of endothelial paracellular permeabil-
ity, we next examined the effect of bFGF treatment on endo-
thelial junction protein expression after OGD/R. After 4-h
OGD followed by 20-h reoxygenation, total protein levels of
tight junction proteins claudin-5, occludin, and ZO-1 and ad-
herent junction protein VE-cadherin were examined by
Western blot. Our results show that OGD/R significantly re-
duced the protein levels of occludin, ZO-1, and VE-cadherin.
Recombinant bFGF treatment significantly rescued the ex-
pression of these proteins (Fig. 2a—d). Claudin-5 protein level
was not significantly changed by either OGD/R or bFGF.
Since adjacent endothelial cells are mainly connected by
membrane-localized junction proteins, we further tested the
membrane localization of these junction proteins in cultured
HBMEC after 4-h OGD and 20-h reoxygenation. Membrane
protein was isolated from HBMEC and then subjected to
Western blot. NaK-ATPase was used as a membrane internal
marker. Our results show that OGD/R significantly reduced
the protein levels of occludin, ZO-1, and VE-cadherin in the
membrane, while bFGF21 treatment significantly rescued
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these protein levels (Fig. 2e—h). Claudin-5 protein level in the
membrane was not significantly changed by either OGD/R or
bFGEF. These results suggest that bFGF may protect against
OGD/R-induced BBB disruption through rescuing the junc-
tion protein expression and localization on cell membrane.

We further performed immunocytochemistry to test the
membrane localization of VE-cadherin in HBMEC after 4-h
OGD and 20-h reoxygenation. Our results show that VE-
cadherin is predominantly localized on endothelial membrane.
OGDJ/R significantly decreased the membrane localization of
VE-cadherin, while bFGF treatment significantly rescued the
membrane localization of VE-cadherin. Furthermore, the
FGFRI1 inhibitor PD173074 (50 nM) significantly blocked
the effect of bFGF on recovering membrane localization of
VE-cadherin (Fig. 2i), indicating that this effect is mediated by
FGFRI1 activation.

Recombinant Basic Fibroblast Growth Factor Rescues
Oxygen-Glucose Deprivation and Reoxygenation-Induced
Downregulation of Sphingosine-1-Phosphate Receptor 1
Protein Expression via FGF Receptor 1 Activation

S1PR1 has been reported to regulate the expression of endothe-
lial junction proteins [19]. We then tested whether bFGF treat-
ment can change the SIPR1 protein expression. HBMEC was
subjected to 4-h OGD followed by 4-h reoxygenation, and bFGF
was added during OGD and reoxygenation. Total SIPR1 protein
levels were measured by Western blot. Our results show that
OGD/R significantly reduced SIPR1 protein levels, while
bFGF treatment significantly rescued SIPR1 protein expression
(Fig. 3a, b). Furthermore, the specific FGFR1 inhibitor
PD173074 (50 nM) significantly blocked the upregulation effect
of bFGF on S1PR1 protein expression (Fig. 3a, b).

Moreover, we performed immunocytochemistry to exam-
ine S1PR1 protein expression in HBMEC after OGD/R and
bFGF treatment. We show that OGD/R significantly reduced
S1PR1 protein expression in HBMEC compared to normal
condition, while bFGF treatment significantly rescued
S1PR1 protein expression. Additionally, PD173074 signifi-
cantly blocked the effect of bFGF in rescuing S1PR1 protein
expression (Fig. 3c). These results suggest that bFGF can
rescue OGD/R-induced SIPR1 downregulation, via FGFR1
activation.

We further examined the mRNA expression of SIPR1 gene
by RT-PCR in cultured HBMEC after 4-h OGD followed by
4-h reoxygenation, with or without bFGF treatment. Our re-
sults show that OGD/R significantly decreased SIPR1 mRNA
levels, but bFGF treatment only slightly increased (no signif-
icance) SIPR1 mRNA compared to the OGD/R group
(Fig. 3d). These data suggest that bFGF may rescue SIPR1
protein expression mainly through increasing protein transla-
tion, but not gene transcription.

The Protective Effect of Recombinant Basic Fibroblast
Growth Factor Against Oxygen-Glucose Deprivation
and Reoxygenation-Induced Endothelial Monolayer
Permeability Is Dependent on Sphingosine-1-Phosphate
Receptor 1 Activation

We next examined whether SIPR1 is required for the protec-
tive effect of bFGF on endothelial monolayer integrity. We
first used a specific inhibitor of SIPR1, VPC23019 (final con-
centration 40 nM) [20], to treat the HBMEC monolayer in
combination with bFGF, and then measured the FITC-
dextran permeability and TEER. Our results show that bFGF
significantly decreased OGD/R-induced HBMEC monolayer
permeability, while VPC23019 significantly reversed this ef-
fect when co-treated with bFGF (Fig. 4a). Moreover, bFGF
significantly rescued OGD/R-induced decrease in TEER,
whereas VPC23019 also significantly blocked this effect
(Fig. 4b). VPC23019 alone did not significantly change the
permeability and TEER of the endothelial monolayer.

There are limitations for chemical inhibitors of SIPR1 in
that they might have off-target effect; we therefore further
validated the involvement of SIPR1 in bFGF protection effect
on endothelial monolayer integrity using siRNA-mediated
gene silencing. Western blot showed that SIPR1 siRNA sig-
nificantly decreased S1PR1 protein level compared to normal
cells or control siRNA-transfected cells (Fig. 4c). In HBMEC
monolayer permeability assay in Transwells, SIPR1 siRNA
transfection significantly reversed the protection effect of
bFGF on FITC-dextran extravasation, compared to control
siRNA (Fig. 4d).

To further validate the roles of SIPR1 in the protective effect
of bFGF on endothelial monolayer integrity, we used a widely
used SIPR1 agonist FTY720 [21] (final concentration 50 nM)
to treat cultured HBMEC monolayer alone or in combination
with bFGF. Our results show that FTY720 alone significantly
reduced OGD/R-induced HBMEC monolayer permeability, to
a degree comparable to bFGF treatment, while co-treatment
with bFGF and FTY720 did not further reduce the permeability
(Fig. 4e). Moreover, FTY720 alone also significantly rescued
OGD/R-induced decrease of TEER, to a degree comparable to
bFGF treatment, and bFGF and FTY720 co-treatment did not
further increase the TEER (Fig. 4f). Overall, these data suggest
that the protective effect of recombinant bFGF against OGD/R-
induced endothelial monolayer permeability is at least partially
through SIPR1 activation.

Discussion
In this study, using cultured HBMEC, we demonstrated that
exogenous recombinant bFGF protects against OGD/R-

induced disruption of endothelial monolayer integrity. We
found that (1) bFGF significantly reduced OGD/R-induced
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HBMEC monolayer permeability to FITC-dextran and re-
versed OGD/R-induced decrease of TEER, via FGFR1 acti-
vation, (2) bFGF significantly rescued OGD/R-induced
downregulations of tight junction proteins occludin and ZO-
1 and adherent junction protein VE-cadherin, (3) bFGF sig-
nificantly recued OGD/R-induced downregulation of S1PR1
protein expression measured, and (4) the protective effect of
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Fig. 3 Recombinant bFGF rescues OGD/R-induced SI1PR1
downregulation via FGFR1 activation. HBMEC was subjected to 4-h
OGD followed by 4-h reoxygenation; bFGF or bFGF combined with
PD173074 was treated during OGD/R. The intracellular protein levels
of SIPRI were measured by Western blot, immunocytochemistry, and
RT-PCR. a Representative image of Western blot for SIPR1. b
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bFGF on OGD/R-induced endothelial monolayer permeabili-
ty is dependent on upregulation of SIPR1 demonstrated by
both S1PR1 inhibitor and activator.

BBB damage significantly contributes to the pathophysio-
logical progression of neurodegeneration diseases including
stroke and brain trauma, thus is an important target for
therapeutics development against these diseases. Our recent
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Quantification of SIPR1 protein levels. ¢ Immnocytochemistry for
measurement of SIPR1 protein. Nuclei were stained using DAPI. d RT-
PCR to measure the gene transcription of SIPR1. (n = 4, *p < 0.05 vs
normal control, #p < 0.05 vs OGD/R group, &p < 0.05 vs OGD/R +
bFGF group)
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Fig. 4 The protective effect of recombinant bFGF on endothelial
monolayer permeability is through S1PR1-dependent mechanisms. To
examine whether S1PR1 is required for the protective effect of bFGF
on endothelial monolayer integrity, we used a specific inhibitor of
S1PR1, VPC23019, and also SIPR1 siRNA to treat the cultured
endothelial monolayer in combination with bFGF and then measured
the endothelial monolayer permeability and TEER. We also used an
S1PR1 agonist, FTY720, to treat endothelial monolayer and compared
its effect with bFGF. a Permeability of FITC-dextran in cultured HBMEC
monolayers after OGD/R treated with bFGF or bFGF combined with
VPC23019. b TEER measurement of HBMEC monolayers after OGD/

study has demonstrated that recombinant bFGF protects
against BBB disruption caused by TBI in mice [16],

R treated with bFGF or bFGF combined with VPC23019. ¢
Representative Western blot image and quantification diagram showing
the effect of SIPRI siRNA in silencing SIPRI protein expression. d
Permeability of FITC-dextran in cultured HBMEC monolayers after
OGD/R treated with bFGF or bFGF combined with SIPR1 siRNA or
control siRNA. e Permeability of FITC-dextran in cultured HBMEC
monolayers after OGD/R treated with bFGF or FTY720 or bFGF +
FTY720. f TEER measurement of HBMEC monolayer after OGD/R
treated with bFGF or FTY720 or bFGF + FTY720 (n = 6, *p < 0.05 vs
normal control, #p < 0.05 vs OGD/R group, &p < 0.05 vs OGD/R +
bFGF group)

potentially through regulation of junction protein expressions
and partially through PI3K-Akt-Racl pathway. As a
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Fig. 4 (continued)

continuous study, here we aimed to explore the additional
mechanisms of bFGF in BBB protection. We clearly validated
the BBB protection effect of bFGF using OGD/R-induced
endothelial monolayer permeability and revealed that this pro-
tective effect is mediated through FGFR1 activation and
S1PR1 upregulation by recombinant bFGF. These findings
suggest that bFGF may have BBB protection effect in a wide
range of neurological disorders including stroke and brain
trauma, and this protection effect may be mediated through
multiple mechanisms.

bFGF plays its physiological functions through membrane-
bound FGFRs, a family of tyrosine kinase receptors including
FGFR1, FGFR2, FGFR3, and FGFR4. FGFR 1-3 are predom-
inantly localized in the central nervous system, whereas
FGFR4 is mainly expressed in the lung and kidney [22-24].
Although bFGF can also signal through FGFR2 and FGFR3,
existing studies up to date suggest that FGFR1 might be the
primary mediator for bFGF signaling [25, 26]. However, there
is little direct evidence proving the indispensable role of
FGFRI1 in bFGF signaling in the central nervous system. For
example, bFGF has been demonstrated to be essential for cell
proliferation and neurogenesis during cortex development,
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and bFGF gene regulation is synchronized with that of
FGFRI1, suggesting their functional correlation [27]. A very
recent study showed that bFGF protects the integrity of blood-
spinal cord barrier (BSCB) after contusive brain injury in the
rats, and the interaction of FGFR1 with Cavolin-1 may play
important roles in this process [28]. In this current study, we
found that bFGF can rescue the activity of FGFR1 ameliorat-
ed by OGD/R treatment. Moreover, the specific inhibitor of
FGFR1, PD173804, blocked the protective effect of bFGF in
OGD/R-induced endothelial monolayer permeability. These
results demonstrate the role of FGFR1 as a mediator of
bFGF signaling.

Sphingosine-1-phosphate (S1P) signaling pathway,
which is mediated by S1P receptors (SIPR), plays impor-
tant regulatory roles in vascular system including angio-
genesis, vascular stability, and permeability [17, 18].
Experimental evidence has demonstrated that SIPR1 pro-
tects the integrity of BBB against various injuries. For
example, SIPR1 activation is required for the protective
effect of activated protein C (APC) on endothelial barrier
integrity upon systemic inflammation [29]. A recent study
shows that SIPR1 is involved in the protective effect of
artesunate, a traditional anti-malaria drug, on BBB integ-
rity in subarachnoid hemorrhage in rats [20]. A more di-
rect evidence arose from the finding that selective S1PR1
agonist protects against intracerebral hemorrhage by en-
hancing BBB integrity, as well as reducing brain infiltra-
tion of lymphocytes, neutrophil, and microglia [19]. Here,
we found that recombinant bFGF rescues OGD/R-induced
downregulation of SIPR1 protein expression, and the in-
volvement of SIPR1 in the BBB protection effect of
bFGF was further confirmed using multiple approaches
including S1PR1 inhibitor, siRNA silencing, and agonist.
These data strongly support the role of SIPR1 in the pro-
tection of BBB integrity. It is worth noting that this
S1PR1-dependent mechanism may be just part of the
mechanisms underlying the BBB protective effect of
bFGF, as S1PR1 inhibitor and gene silencing did not
completely abolish the BBB protection effect of bFGF
in our study. Other mechanisms may also be involved in
bFGF-mediated BBB protection, such as the PI3K-Akt-
Racl pathway as we demonstrated in our recent report
on TBI-induced BBB disruption [16]. These signaling
molecules could serve as potential targets in developing
therapeutics against BBB disruption in neurological
disorders.

There are a few caveats in this study. First, we did not test
the roles of other bFGF receptors, i.e., FGFR2 and FGFR3, in
the BBB protection effect of bFGF. These factors may also
play important roles in the pathophysiological function of
bFGF, which warrants further investigation in the future.
Second, this is only an in vitro study to prove the protective
effect of bFGF on OGD/R-induced BBB damage and possible
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mechanisms. This effect has to be further validated in in vivo
animal stroke models, which will be investigated in our future
study.

In summary, in this study, we clearly demonstrated that
exogenous recombinant bFGF treatment protected against
OGD/R-induced HBMEC monolayer permeability through
rescuing the expression of endothelial junction proteins, and
this effect is dependent on FGFR1 activation and S1PR1 up-
regulation. These findings, combined with our recent report of
bFGF protection for BBB in TBI [16], provide solid evidence
for the protective effect of bFGF in neurological disorders
including stroke and brain trauma, which may facilitate the
development of bFGF as a therapeutic agent for these neuro-
logical disorders.

BBB, blood-brain-barrier; bFGF, basic fibroblast growth
factor; BSCB, blood-spinal cord barrier; FGFR1, FGF recep-
tor 1; FITC, fluorescein isothiocyanate; HBMEC, human
brain microvascular endothelial cell; HT, hemorrhagic trans-
formation; OGD/R, oxygen-glucose deprivation/
reoxygenation; RT-PCR, quantitative real-time PCR; S1PRI1,
sphingosine- 1-phosphate receptor 1; TEER, trans-endothelial
electrical resistance
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