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Abstract: The blood-brain barrier (BBB) plays important roles in the recovery of traumatic brain injury (TBI) which
is a major factor contributing to cerebral edema. Acid fibroblast growth factor (aFGF) contributes to maintain vas-
cular integrity and restores nerve function. However, whether aFGF protects BBB following TBI remains unknown.
The purpose of this study was to determine whether exogenous aFGF preserves BBB integrity by activating the
PI3K-Akt-Racl pathway and inhibiting RhoA after TBl. BBB permeability was assessed using evans blue dye and
fluorescein isothiocyanate dextran fluorescence. Neurofunctional tests, such as the garcia test, were conducted
in a blinded fashion, and protein expression was evaluated via western blotting and immunofluorescence stain-
ing. Our results showed that aFGF improved neurofunctional deficits, preserved BBB integrity, and up-regulated
tight junction proteins and adherens junction proteins 24 h after experimental TBI. However, the PI3K/Akt inhibi-
tor LY294002 reversed the protective effects of aFGF on neurofunctional deficits and junction protein expression
and significantly suppressed p-Akt and GTP-Rac1 activity. Furthermore, aFGF administration significantly decreased
GTP-RhoA expression in the treated group compared with the vehicle group, while PI3K/Akt inhibition increased
GTP-RhoA expression. Similar results were observed in vitro, as aFGF exerted protective effects on endothelial cell
integrity by up-regulating junction proteins and PI3K-Akt-Rac1 pathway and down-regulating RhoA expression un-
der oxygen-glucose deprivation/reoxygenation (OGD) conditions. These data suggest that exogenous aFGF reduces
RhoA activity in part by activating the PI3K-Akt-Rac1 signaling pathway, thus improving neurofunctional deficits and
preserving BBB integrity after TBI.
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correlated with neurofunctional deficit and dis-
ability severity in TBI patients [3].

Introduction

Traumatic brain injury (TBI) occurs when a phys-

ical force causes brain dysfunction and pathol-
ogy and it is a leading cause of death, disability,
and stroke-related emergencies [1]. TBI com-
prises primary and secondary injuries. Second-
ary injuries occur over a period of time following
an initial trauma and result from the activation
of different pathways related to coagulation,
inflammation, oxidation, and apoptosis [2].
Furthermore, brain edema severity is highly

The blood-brain barrier (BBB) is maintained pri-
marily by complex tight junctions (TJs) and spe-
cific solute carriers that regulate brain microen-
vironment homeostasis to ensure appropriate
neuronal activity. TJs and adherens junctions
(AJs) are the two main types of proteins that
constitute BBB. TJs are composed of multiple
protein components, such as occludins and
claudins, and junction-related molecules linked
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to the actin cytoskeleton via zonula occludens
(ZO) proteins, which play a critical role in main-
taining BBB integrity and paracellular function
[4]. The AJ components p120-catenin, 3-catenin
and VE-cadherin are endothelial cell molecules
which are necessary for the maintenance of
endothelial stability and BBB integrity [5]. AJs
initiate brain endothelial cell-to-cell contact
and promote cell maturation, maintenance,
and plasticity and regulate tensile forces.
Although TJs and AJs are essential and irre-
placeable components of BBB in the central
nervous system (CNS), the exact mechanism
underlying their regulatory effects on BBB per-
meability remains unknown.

Previous studies [6] have shown that increases
in BBB permeability are associated with junc-
tional protein phosphorylation. In addition,
increases in BBB permeability stimulate the
recycling of junctional molecules, proteinase
activated receptors and the subsequent activa-
tion of downstream effectors, such as ras
homolog gene family member A (RhoA), phos-
phatidylinositol 3-kinase (PI3K), Rho-associat-
ed coiled-coil forming protein serine/threonine
kinase (ROCK) of cytoskeletal dynamics and
ras-related C3 botulinum toxin substrate 1
(Racl) [7, 8]. Studies on experimental TBI [9]
have also shown that Rho family GTPase activa-
tion results in the disassembly of TJs and AlJs,
thus increasing BBB damage and ultimately
causing vasogenic edema. In addition, the
PI3K/Akt pathway is required for barrier func-
tion stability. According to a recent study [10],
insulin stabilizes endothelial barrier function
via Racl activation induced by PI3K/Akt path-
way activity. Racl preserves and stabilizes
endothelial cell barrier function, while RhoA
antagonizes endothelial barrier function. How-
ever, the mechanism underlying the crosstalk
among the PI3K/Akt pathway, Racl and RhoA
in the setting of BBB disruption in mice after
TBI remains unknown.

Human acidic fibroblast growth factor (aFGF)
stimulates angiogenesis and proliferation of
fibroblasts, which forms granulation tissue dur-
ing the wound healing process. Interest in
determining how aFGF affects the nervous sys-
tem has inspired more clinical and animal stud-
ies. Some previous studies [11] have shown
that FGF receptor (FGFR) signaling has an inti-
mate relationship with the adhesion molecules
of BBB and that aFGF activates Racl through
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the PI3K/Akt signaling pathway in human cor-
neal endothelial cells and bone marrow stromal
cells. However, no study has provided evidence
regarding whether aFGF participates in BBB
protection following TBI.

The purpose of the present study is to deter-
mine whether aFGF preserves BBB integrity
and reduces neurofunctional deficits by activat-
ing the PI3K-Akt-Racl pathway and inhibiting
RhoA after TBI. Evans blue (EB) dye, fluorescein
isothiocyanate (FITC)-dextran fluorescence,
garcia test, western blotting and immunofluo-
rescence were used to evaluate BBB integrity
and neurofunction and to quantify the levels of
activated Akt, Racl, RhoA, TJs and AJs expres-
sion on both an experimental mouse TBI model
and an OGD-treated endothelial cell model. We
found that exogenous aFGF administration
attenuated experimental TBI in mice, specifi-
cally by preserving endothelial TJs and Als,
reducing vasogenic brain edema and attenuat-
ing neuronal dysfunction and BBB damage. We
also found that aFGF induced PI3K-Akt-Racl
signaling pathway activation and consequently
inhibited RhoA GTPase activity, thus preserving
endothelial TJs and AJs.

Materials and methods
Reagents and antibodies

aFGF was purchased from Zhejiang Grostre
Biotechnology Co., Ltd. Flux of fluorescein iso-
thiocyanate labeled dextran (FITC-dextran),
PI3K inhibitor LY294002 and evans blue (EB)
were purchased from Sigma (Sigma-Aldrich, St.
Louis, MO). Anti-B-catenin and anti-p120-
catenin were purchased from Abcam (Abcam,
Cambridge, MA). Anti-claudin-5, anti-occludin,
anti-Akt and anti-p-Akt (Serd73), anti-zonula
occludens (Z0)-1, and the appropriate second-
ary antibodies were from Santa Cruz Biotech-
nology. GTP-Racil, total-Racl, GTP-RhoA and
total-RhoA were detected using Racl/Cdc42
and Rho Activation Assay Kits (Millipore,
Temecula, CA). Mouse brain endothelial cells
(bEnd.3) were purchased from Sciencell
(Carlsbad, CA, USA).

Animal treatment
C57BL/6N male mice weighing 20-25 g were

purchased from the Animal Center of the
Chinese Academy of Sciences (Shanghai,
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China). All animal experiments were approved
by the Animal Care and Use Committee of
Wenzhou Medical University (Wenzhou, China)
and conducted in accordance with the Temple
University Guidelines. The mice were main-
tained in the animal care facility in a tempera-
ture-controlled room (25°C) for a minimum of 7
days under 12/12 h light/dark cycles and were
allowed ad libitum access to food and water
prior to the experiments. Mice were randomly
distributed into four groups: (I) Sham group, (Il)
TBI group (mice were received same volume of
saline), () TBI plus aFGF group (0.5 pg/g aFGF
was intranasally administrated 1 h before
induction of the TBI model), (IV) TBI plus aFGF
and LY294002 group (0.5 pg/g aFGF and 50
nmol/kg LY294002 were intranasally adminis-
trated 1 h before induction of the TBI model, n
= 6 in each group). To determine the effects of
aFGF after TBI in mice, we subjected sham
operation mice to surgery, but these mice were
not subjected to a cortical impact. The animals
were sacrificed 24 h after injury.

Surgical preparation for TBI

The TBI model of parasagittal fluid percussion
(FP) brain injury was established as described
previously. Briefly, the animals were anesthe-
tized via intraperitoneal injections of 10 mli/kg
4% choral hydrate and mounted on a stereo-
taxic system (David Kopf Instruments, Tujunga,
California). The surgeries and the subsequent
steps were all performed under aseptic condi-
tions. The skull was exposed by cutting the
scalp at the midline. A 3-mm diameter manual
trephine (Roboz Surgical Instrument Co.,
Gaithersburg, MD) was used to carefully pene-
trate the skull to remove the bone flap. The
mice were subjected to TBI, and a craniotomy
incision was made over the right parietal cortex
between the lambda and the bregma, approxi-
mately 1 mm from the midline. The stereotaxic
frame was tilted thus the plane of the cerebral
cortex was perpendicular to an impactor tip,
which impacted the cerebral cortex at a velocity
of 4.0 m/sec and achieved a penetration depth
of 1.5 mm and a dwell time of 600 ms. The
mice were subsequently allowed to recover
from anesthesia in a warm chamber for 24 h.
The sham-operated control mice underwent
only a parietal craniotomy and were not injured
or treated.
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BBB integrity and permeability assay

BBB integrity was studied in the experimental
mice. We intravenously injected 0.25 ml of 2%
EB dye into the mice. After 2 h, the mice were
perfused with saline solution to wash away any
dye remaining in the blood vessels. Brains tis-
sue samples were harvested, and the right
hemisphere was dissected and weighed. The
samples were centrifuged at 12,000 g for 15
min to remove the supernatant. EB dye was
detected via spectrophotometry (ex: 610 nm,
em: 680 nm) and quantified according to a
standard curve. To quantify low-molecular-
weight molecular leakage, we injected the mice
with 2% FITC-dextran (100 pyg/ml, 0.2 ml). Two
hours later, the mice were subjected to system-
ic intracardiac perfusion with 1 USP U/ml hepa-
rin in saline to flush the FITC-dextran out of the
vasculature. Five minutes later, the mice were
euthanized, and their perfused brains were
subsequently harvested. Supernatant fluores-
cence was measured using an EnSpire Manager
Multimode Plate Reader (ex: 485 nm, em: 535
nm) (PerkinElmer, Waltham, USA).

Neurofunctional assessment

Neurofunctional testing was conducted in a
blinded fashion. The mice were evaluated via
the garcia test, which is used to identify various
sensorimotor deficits. This garcia test consists
of 7 independent sub-tests, which examine
spontaneous activity (l), axial sensation (ll),
vibrissae proprioception (lll), limb symmetry
(IV), lateral turning ability (V), forelimb out-
stretching (VI), and climbing (VII). Scores for
each sub-test range from O (worst performance)
to 3 (best performance), and the total garcia
score (maximum score of 21 points) is calcu-
lated as the sum of all sub-test scores.

Cell culture and the in vitro oxygen glucose
deprivation/reoxygenation (OGD) model

Endothelial cells bEnd.3 were maintained in an
incubator at 37°C in a humidified atmosphere
of 5% CO,/95% air in dulbecco’s modified eagle
medium (DMEM) until they attached to their
plates. After the endothelial cells reached 80%-
90% confluence, the normal growth medium
was replaced with medium without glucose.
The cells were then incubated in an anaerobic
chamber for 24 h. The oxygen level within the
anaerobic chamber was maintained below
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0.5%. After OGD, the glucose-free DMEM was
replaced with normal growth medium, and the
cells were once again incubated under normal
culture conditions. The cells were pretreated
with aFGF (100 ng/ml) before being subjected
OGD. To evaluate the effects of PI3K/Akt acti-
vation on OGD further, we pretreated the cells
with or without a specific inhibitor, LY294002
(20 uM), for 1 h. After 24 hours, the cells were
detached and collected for further study. All
experiments were performed in triplicate.

Epithelial barrier function assay

For the permeability experiments, FITC-dextran
(70 kDa) flux across the endothelial cells was
analyzed. Briefly, the endothelial cells were
seeded onto polycarbonate 24-well transwell
chambers with a 0.4 mm mean pore size and a
0.3 cm? surface area (Millicell Hanging Cell
Culture Inserts, USA) at a density of 2x10*
cells/well in 100 pl of medium. The cells were
incubated with FITC-dextran (1 mg/ml) in medi-
um for 4 h at a constant temperature of 37°C.
Then, the relative fluorescence passing through
the chamber (in the lower chamber) was deter-
mined using an EnSpire Manager Multimode
Plate Reader (PerkinElmer, Waltham, USA) at
an excitation wavelength of 485 nm and an
emission wavelength of 520 nm.

Western blot analysis

The levels of claudin-5, ZO-1, occludin, B-ca-
tenin, p120-catenin expression were deter-
mined by western blotting at 24 h after TBI.
Brain tissue samples from the right peri-contu-
sional cortex were harvested, and total proteins
were purified using protein extraction reagents.
The samples (100 pg per lane) were separated
on a 12% gel and then transferred onto 0.22
mm PVDF membranes. The membranes were
blocked in 5% non-fat milk for 1 h at room tem-
perature before being incubated overnight with
the following antibodies: claudin-5 (1:500),
Z0-1 (1:200), occludin (1:500), p-Akt (1:500),
p120-catenin (1:1000), B-catenin (1:1000),
GTP-Racl (1:1000), total Racl (1:1000), GTP-
RhoA (1:1000) and total RhoA (1:1000). The fol-
lowing day, the membranes were washed and
treated with horseradish peroxidase-conjugat-
ed secondary antibodies for 2 h at room tem-
perature before being scanned using a
ChemiDicTM XRS+ Imaging System (Bio-Rad
Laboratories, Hercules, CA, USA). Band densi-
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ties were quantified with Multi Gauge Science
Lab 2006 Software (FUJIFILM Corporation,
Tokyo, Japan).

Immunofluorescence staining

The cells were fixed with 4% paraformaldehyde
at 25°C for 15 min, permeabilized with 0.5%
triton x-100 in PBS for 10 min, blocked with
10% BSA containing 0.05% tween-20 in PBS for
1 h, incubated with primary rabbit polyclonal
antibodies against claudin-5 (1:100), occludin
(1:100), p120-catenin (1:1000) and B-catenin
(1:2000) in 1% BSA at 4°C overnight and fina-
lly incubated with Alexa-Fluor594/647 donkey
anti-mouse/rabbit secondary antibodies (1:
500; Invitrogen Corporation, Carlsbad, CA,
USA) for 1 h at 37°C. Cellular nuclei were coun-
terstained with DAPI (Sigma-Aldrich) for 5 min.
After the cells were incubated with these sec-
ondary fluorescence antibodies and stained
with DAPI, immunofluorescence images were
captured under a fluorescence microscope
(Keyence, Tokyo, Japan). The slides were mo-
unted with Fluoromount-G® mounting media
on glass and imaged under a fluorescence
microscope at 400x magnifications using a
Nikon ECLPSE 80i microscope.

Statistical analysis

Data were expressed as the mean + SEM if nor-
mally distributed. Student’s t test was used
between 2 groups if data were normally distrib-
uted. Otherwise, we used the Wilcoxon rank
sum test instead. For analyzing 3 or more
groups, statistical analysis was performed
using one-way analysis of variance (ANOVA) if
data were normally distributed and variance
homogeneous; otherwise, the Kruskal-Wallis
test was performed, followed by post-hoc
adjustment using Bonferroni’s multiple com-
parisons test. Normality was checked using the
Kolmogorov-Smirnov test and the homogeneity
of variance was checked by the Levene test. A
probability value P < 0.05 was considered to
show statistical significance.

Results

aFGF attenuates TBIl-induced neurofunctional
deficits and BBB integrity disruption in mice

Given that TBI can disrupt cerebral autoregula-
tion and cause BBB breakdown, we evaluated
BBB integrity and neurofunction 24 h after
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Figure 1. Exogenous aFGF (0.5 pg/g) administration improves neurofunctional deficits 24 h after experimental TBI
in C57BL/6 mice. A. Representative effects of aFGF on EB extravasation. B. Summary data showing EB extrava-
sation fluorescence. C. aFGF-treated mice performed differently on the garcia test than vehicle-treated mice. D.
FITC-dextran fluorescence 24 h after TBI. *P < 0.05 versus sham group. **P < 0.01 versus sham group. #P < 0.05
versus TBI group. Data are presented as the mean + standard error of the mean. n = 6.

modeling to determine the role of aFGF after
TBI in mice. EB dye was intravenously injected
into the brain after TBI (Figure 1A). Sham-
operated mice received no EB dye. EB extrava-
sation was markedly reduced in aFGF-treated
mice compared with vehicle-treated mice 24 h
after experimental TBI surgery (Figure 1A).
Similar results were obtained regarding fluores-
cence intensity (Figure 1B). Furthermore, the
garcia test was performed to evaluate neuronal
dysfunction after TBI in mice. We found that
garcia neuroscores were low in vehicle-treated
mice but were significantly increased in aFGF-
treated mice 24 h after modeling, suggesting
that aFGF (0.5 pg/g) treatment significantly
ameliorated neuronal dysfunction (Figure 1C).
Given that FITC-dextran is commonly used to
measure BBB permeability [12], FITC-dextran
was used in the present study. As expected, the
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level of FITC-dextran passing through BBB
increased significantly after TBl and decreased
in mice receiving aFGF treatment (Figure 1D).
These results indicate that aFGF treatment
reduces neurological deficits by ameliorating
BBB disruption following experimental TBI in
mice.

To examine BBB integrity further, we examined
the levels of TJs and AJs at 24 h after TBI. The
western blotting and graphical quantification
results indicated that the expression levels of
each TJ (claudin-5, occludin and Z0O-1) and AJ
protein (p120-catenin and [-catenin) were
increased in TBI tissue samples and were
increased to greater extent when aFGF treat-
ment preceded TBI, suggesting that aFGF pre-
served BBB integrity by regulating the expres-
sion of TJs and AJs (Figure 2 and Figure S1).

Am J Transl Res 2017;9(3):910-925
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Figure 2. aFGF administration attenuates the loss of
the TJ proteins claudin-5, occludin, and ZO-1. The AJ
proteins p120-catenin and B-catenin improve BBB in-
tegrity following experimental TBI in mice. GAPDH was
used as a loading control and for band density nor-
malization. A. Representative western blots of the TJ
proteins claudin-5, occludin, and Z0O-1 and the AJ pro-
teins p120-catenin and B-catenin. B. Quantified data
regarding expression of the TJ proteins claudin-5, oc-
cludin, and ZO-1. C. Quantified data regarding expres-
sion of the AJ proteins p120-catenin and B-catenin. *P
< 0.05 versus sham group. **P < 0.01 versus sham
group. #P < 0.05 versus TBI group. Data are presented

as the mean * standard error of the mean. n = 6.

The protective effects exerted by aFGF against
neurofunctional deficits and BBB integrity
disruption after TBI are partially dependent on
the PI3K/Akt pathway

We found in our previous study [13] that the
PI3K/Akt pathway mediated the neuroprotec-
tive effects of bFGF. We therefore hypothesize
that the PISK/Akt pathway also mediates the
effects of aFGF. To confirm our hypothesis, we
intranasally injected the PI3K/Akt inhibitor
LY294002 into the left striatum in each mouse.
Neuronal dysfunction, EB extravasation and
FITC-dextran fluorescence were evaluated at
24 h after experimental TBI. The results showed
that aFGF plus LY294002 significantly increas-
ed EB extravasation compared with aFGF treat-
ment alone (Figure 3A and 3B), indicating that
aFGF and LY294002 co-administration can
reversed the protective effects of aFGF. In addi-
tion, the garcia test results showed that ani-
mals treated with aFGF plus LY294002 exhib-
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ited significantly lower neuroscores than ani-
mals treated with aFGF alone (Figure 3C).
Finally, FITC-dextran was used to determine the
extent of BBB disruption and permeability alter-
ations at 24 h after experimental TBIl. The
results showed that the amount of FITC-dextran
passing through the basolateral side of the
BBB was significantly increased in mice receiv-
ing aFGF plus LY294002 compared with that in
mice receiving aFGF alone (Figure 3D). These
data suggest that the PI3K/Akt inhibitor
reversed the protective effects of aFGF on neu-
rofunctional deficits after experimental TBI.

After completion of these experiments, mice
were perfused with paraformaldehyde, and
their brains were processed for western blot-
ting using antibodies against TJ and AJ proteins.
The representative results pertaining to the
ipsilateral cerebral cortex tissue samples from
the sham, vehicle-treated, aFGF-treated, and
aFGF plus LY294002-treated mice are shown
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in Figure 4 and Figure S2. Claudin-5 levels were
significantly decreased in mice receiving aFGF
plus LY294002 compared with mice receiving
aFGF alone. Similar results were observed
regarding occludin, Z0-1, p120-catenin and
-catenin levels (Figure 4 and Figure S2). These
results indicate that LY294002 reverse the
effects of aFGF on TJs and AJs and that the pro-
tective effects exerted by aFGF on neurofunc-
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Figure 3. The PI3K/Akt inhibitor LY294002
(50 nmol/kg) reverses aFGF-induced BBB
injury attenuation 24 h after experimen-
tal TBI in mice. A. EB extravasation in the
mouse brain. B. Summary data showing
EB extravasation fluorescence. C. Garcia
test results. D. FITC-dextran fluorescence
in mice subjected to TBI. *P < 0.05 versus
sham group. ***P < 0.001 versus sham
group. #P < 0.05 versus TBI group. &P <
0.05 versus TBI plus aFGF group. Data are
presented as the mean * standard error of
the mean. n = 6.

tional deficits after experimental TBI are par-
tially dependent on the PI3K/Akt pathway.

aFGF preserves BBB function by inhibiting
RhoA activity via the PI3K-Akt-Racl signaling
pathway following experimental TBI in mice
Given that the small GTPases RhoA and Racl

play crucial roles in TJs and adhesion molecule
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Figure 4. Addition of the Akt inhibitor LY294002 reverses the effects of aFGF
on the expression of the TJ proteins claudin-5, occludin, and Z0O-1 and the
AJ proteins p120-catenin and B-catenin 24 h after TBI in mice. GAPDH was
used as a loading control and for band density normalization. A. Representa-
tive western blots of the TJ proteins claudin-5, occludin, and ZO-1 and the AJ
proteins p120-catenin and B-catenin. B. Quantified data regarding expres-
sion of the TJ proteins claudin-5, occludin, and ZO-1. C. Quantified data re-
garding expression of the AJ proteins p120-catenin and B-catenin. *P < 0.05
versus sham group. **P < 0.01 versus sham group. #P < 0.05 versus TBI
group. &P < 0.05 versus TBI plus aFGF group regarding TJ expression. $P
< 0.05 versus TBI plus aFGF group regarding AJ expression. Data are pre-

sented as the mean * standard error of the mean. n = 6.

expression in bEnd.3 cells and endothelial cells
found in other organs [14], we performe west-
ern blot to confirm the hypothesis that aFGF
protects BBB via PI3K-Akt-Racl pathway-
dependent RhoA inhibition. The levels of phos-
phorylated Akt, GTP-Racl, and GTP-RhoA
expression were quantified after TBI. We found
that the levels of p-Akt, GTP-RhoA and GTP-
Racl expression were significantly enhanced
following experimental TBI. In addition, aFGF
administration significantly increased Akt phos-
phorylation and GTP-bound Racl activation in
the treated group compared with the sham and
vehicle groups (Figure 5). However, p-Akt and
GTP-Racl activity was markedly diminished
after administration of the Akt inhibitor
LY294002. aFGF administration significantly
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decreased GTP-bound RhoA
expression in the treated gro-
up compared with the sham
and vehicle groups, but the
Akt inhibitor LY294002 in-
creased GTP-RhoA expression
(Figure 5). Taken together,
these findings suggest that
aFGF protectes neurofunction
and preserves BBB integrity
24 h after experimental TBI in
part by inhibiting RhoA ex-
pression, up-regulating Racl
expression and activating the
PI3K-Akt-Racl signaling path-
way.

The protective effects exerted
by aFGF against OGD-induced
BBB disruption in vitro are
partially dependent on the
PI3K/Akt pathway

To determine whether aFGF
can ameliorate BBB injury, we
studied endothelial cells in an
OGD model. As was shown in
Figure 6A, paracellular FITC-
dextran permeability was dra-
matically increased in endo-
thelial cells after OGD treat-
ment, and FITC-dextran le-
akage was ameliorated in
aFGF-treated cells. TJ and AJ
proteins (claudin-5, occludin,
Z0-1, pl120-catenin, and f-
catenin) expression was eval-
uated via western blotting
after OGD treatment in vitro. As was shown in
Figure 6B, OGD treatment markedly reduced
the levels of TJs and AJs expression in the treat-
ed group compared with the control group.
Meanwhile, aFGF significantly increased the
levels of TJs and AJs in the aFGF-treated group
compared with the OGD-treated group. Based
on the western blot assay results, we perform-
ed claudin-5, occludin, B-catenin and p120-
catenin immunostaining to confirm whether
aFGF preserved BBB integrity in endothelial
cells. The result showed that OGD treatment
decreased the expression of TJ and AJ proteins,
while aFGF administration preserved BBB
integrity by significantly augmenting the expres-
sion of TJ and AJ proteins. However, the Akt
inhibitor LY294002 reversed the protective
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group. $P < 0.05 versus TBI plus aFGF group. Data are presented as the mean + standard error of the mean. n = 6.

effects exerted by aFGF on BBB integrity and
reversed the TJs and AJs activation induced by
aFGF (Figure 6B-D). Figure 7A showed that
claudin-5 expression levels were significantly
increased after aFGF treatment compared with
the control group and that LY294002 partially
reversed the effects of aFGF on the expression
of TJ and AJ proteins. Similar results were
observed regarding endothelial cell occludin,
B-catenin and p120-catenin protein expression
(Figure 7B-D). All these findings illustrate that
aFGF increases BBB tightness in part by regu-
lating the expression of TJ and AJ proteins via
the PI3K/Akt pathway in OGD-treated endothe-
lial cells.
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aFGF preserves BBB function by inhibiting
RhoA activity via the PIBK-Akt-Racl signaling
pathway under OGD conditions in vitro

Encouraged by the protective effects exerted
by aFGF on RhoA activity via the PI3K-Akt-Racl
signaling pathway after TBI in mice, we per-
formed additional experiments to determine
whether aFGF can inhibit RhoA function via the
same mechanism in vitro. Endothelial cells sub-
jected to OGD conditions were treated with
aFGF or aFGF plus the Akt inhibitor LY294002.
Western blot analyses of the endothelial cells
were conducted, and the changes in the expr-
ession levels of phosphorylated Akt, GTP-Raci,

Am J Transl Res 2017;9(3):910-925
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total Racl, RhoA, GTP-RhoA and total RhoA
were quantified after OGD treatment. The
results showed that aFGF enhanced p-Akt and
GTP-Racl expression and decreased GTP-RhoA
expression under OGD conditions. The Akt
inhibitor LY294002 was also administered to
OGD-treated endothelial cells and significantly
reversed the effects of aFGF on p-Akt, GTP-
Racl, and GTP-RhoA expression (Figure 8).
These data demonstrate that the PI3K-Akt-
Racl pathway mediated the protective effects
exerted by aFGF by inhibiting RhoA. All these
findings show that aFGF attenuates BBB injury
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by inhibiting RhoA expression and by activating
the PI3K-Akt-Racl signaling pathway, both in
vivo and in vitro.

Discussion

Traumatic brain injury is an unforeseen perva-
sive clinical disease caused by vehicle acci-
dents, falls, football collisions, gunshot wounds
and devastating earthquakes that result in
debilitating neurological degeneration in survi-
vors. TBI is a complex neurological injury that
initiates many critical cellular and molecular
pathways causing neurovascular dysfunction,

Am J Transl Res 2017;9(3):910-925
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BBB destruction, even cell apoptosis and death
[15]. BBB is the interface between blood com-
ponents and the neural tissues within the brain
and spinal cord, whose disruption has been
identified as an important hallmark of severe
brain injury [16]. It was found in our previous
study that bFGF treatment can attenuate BBB
dysfunction and neurological deficits in a TBI
model [13]. aFGF is not only similar to bFGF in
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terms of its chemical structure and biological
function but also has some advantages over
bFGF. The aim of the present study is to investi-
gate the effects of aFGF on BBB function after
experimental TBI. The result shows that aFGF
decreases BBB permeability and increases the
expression of TJ and AJ proteins. However, the
PI3K/Akt inhibitor reversed these neuroprotec-
tive effects by regulating RhoA and Racl

Am J Transl Res 2017;9(3):910-925
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expression. These data suggest that aFGF
increases BBB integrity via the PI3K-Akt-Racl
signaling pathway by decreasing RhoA expres-
sion in a hydraulic pressure-induced TBI model
in mice.

BBB dysfunction is an early event following TBI
and plays a major role in the development of
vasogenic edema and the exacerbation cyto-
toxic edema. One study [17] has reported that
progressive cerebral edema increases BBB
permeability as early as one day after TBI, and
another study [18] has shown that BBB leakage
can persist for as long as 5 weeks after brain
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injury in a rat model, indicating that brain injury
definitely leads to BBB disruption. Several
drugs have been reported to promote TBI repair
by improving BBB integrity. For instance, polox-
amer-188 attenuates TBIl-induced BBB dam-
age, thus decreasing cerebral edema in a
mouse controlled cortical impact injury model
[19]. Caffeic acid phenethyl ester protects BBB
integrity and reduces contusion volumes follow-
ing TBI in both rat and mouse models [20].
Moreover, studies [21] have also reported that
growth factors, such as NGF, can attenuate
TBIl-induced cerebral edema, as determined via
assessments of hemisphere water content at

Am J Transl Res 2017;9(3):910-925



Blood-brain barrier integrity preserved by aFGF

12, 24 and 72 h after experimental TBI induc-
tion. It has also been previously reported that
FGF administration preserves endothelial TJs
and AlJs, reduces perihematomal brain edema
and improves neurofunctional deficits at 72 h
after ICH induction [22]. Although some of
these drugs are extracted from herbs, and oth-
ers are endogenous or exogenous growth fac-
tors, all of them promote injury repair by pre-
serving BBB integrity. The results of the present
study indicate that experimental TBI increased
EB extravasation and BBB permeability to FITC-
dextran, while aFGF significantly decreased
BBB permeability during the experimental peri-
od in mice. aFGF also increased garcia neuros-
cores (Figure 1), indicating that exogenous
aFGF administration exerts protective effects
on neural function and BBB permeability and
promotes recovery from experimental TBI.

Cells such as astrocyte endfeet, pericytes, peri-
vascular astrocytes and endothelial cells in the
vasculature form BBB parenchyma, while cellu-
lar elements (TJs, AJs and the basal lamina)
constitute its structure [23]. Structurally, endo-
thelial cells and their junctions is the first barri-
er between the blood stream and nervous tis-
sue [24]. In MDCK cells, claudin-5 and occlu-
dins have been shown to contribute to TJ local-
ization and stability and to cooperate in regulat-
ing BBB permeability [25]. Moreover, the levels
of ZO-1 and occludin expression were signifi-
cantly decreased after TBI, and degrading Z0-1
and occludins in endothelial TJs facilitated cap-
illary leakage, resulting in increased BBB per-
meability [26]. Moreover, studies [27] have
reported that pl20-catenin expression was
correlated with increased BBB permeability in
human brain microvascular endothelial cells
(HBMEC) after LPS challenge. Tran et al [28]
has suggested that B-catenin maintains BBB
integrity and that its transcriptional expression
plays a key role in BBB integrity. As was shown
previously, TJs and Als are vital to BBB perme-
ability, and changes in their expression severely
affect cell tightness. Our results indicate that
aFGF markedly increases the expression of TJs
and AJs both in vitro and in vivo (Figures 2 and
6) and attenuate brain damage. However, we
have also noted differences between our in
vivo and in vitro models. The levels of TJs and
AlJs are up-regulated after TBI in mice (Figure 2)
but down-regulated after OGD treatment
(Figure 6), as TJs and AJs take part in regulating
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BBB integrity and stress and play important
compensatory roles under pathological TBI
conditions. However, in cell OGD models, TJs
and AJs are destroyed by the lack of oxygen and
glucose and are thus unable to exert compen-
satory effects in mice.

Previous studies have reported that various
molecular mechanisms regulate the expression
of TJ and AJ proteins in BBB. For example, the
Wnt/B-catenin signaling pathway [29] and
sonic hedgehog (Shh) pathway [30] have been
shown to regulate TJs and AJs maturation and
gene transcription. The PISK/Akt pathway is
activated during BBB formation, leading to PI3K
phosphorylation and phosphatidylinositol (3, 4,
5)-triphosphate generation [31]. This pathway
plays a central role in 3-chloropropanediol-
induced biphasic paracellular claudin-5 expres-
sion loss [32]. Li et al [33] have reported that
LY294002 pretreatment significantly attenu-
ates changes in BBB permeability, indicating
that the RhoA/PI3K signaling pathway has an
intimate relationship with BBB permeability.
PI3K/Akt is a downstream signaling pathway
activated by growth factors that exerts essen-
tial neuroprotective effects. Daniels et al [34]
have reported that the small GTPase Racl reg-
ulates endothelial permeability and TJ forma-
tion in a BBB model in vitro. Another study [35]
has shown that EGF treatment preserves
blood-spinal cord barrier integrity and improves
functional recovery after spinal cord injury by
blocking Racl activation in endothelial cells.
It's been found in the present study that aFGF
recovers TBIl-induced BBB breakdown and that
the PI3K/Akt inhibitor LY294002 abolishes the
protective effects of aFGF on TJs and AlJs, indi-
cating that PI3K/Akt pathway activation is
responsible for the protective effects of aFGF.

Despite the above findings, how some factors
induce and maintain BBB function remains
unclear. Several cytoplasmic signaling mole-
cules, such as Rho kinase, Rac-1, and phospho-
lipase C, have been localized to TJs and AJs and
may regulate their assembly and disassembly
[36]. One study [37] has reported that they con-
tribute to TJs and AJs maintenance and endo-
thelial cell polarity by regulating the small
GTPase Racl and the Rho signaling pathway.
Huang et al [22] have reported that exogenous
FGF treatment reduces RhoA activity via FGFR-
induced PI3K-Akt-Racl signaling pathway acti-
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vation, thus preserving BBB integrity following
ICH in mice. It's been confirmed in the present
study that aFGF increases GTP-Racl protein
expression and decreases GTP-RhoA protein
expression in experimental TBI mice and under
OGD conditions in endothelial cells (Figures
5-8). PI3K-Akt inhibition significantly inhibits
PI3K-Akt-Racl signaling pathway activity and
increases RhoA expression compared with the
aFGF-treated group. To the best of our knowl-
edge, this is the first study to demonstrate that
the PI3K-Akt-Racl pathway mediates the pro-
tective effects of aFGF by inhibiting RhoA.

Based on the findings of this study and those of
our previous study, we conclude that both aFGF
and bFGF can effectively protect BBB from
damage following TBI by regulating junction
protein expression via the PI3K-Akt-Racl path-
way. Although bFGF and aFGF both play impor-
tant roles in TBI patients, there are many differ-
ences between them. aFGF release is much
slower than bFGF release in animal models,
and the effects of aFGF last longer than those
of bFGF [38]. aFGF also has stronger affinity for
FGFRs [39]. Moreover, aFGF significantly reduc-
es the occurrence of delayed neuronal death,
while bFGF has only a slight effect on delayed
neuronal death [40]. However, bFGF is more
comprehensively accepted by researchers with
respect to its role in healing brain injury. The
neuroprotective effects of bFGF may be facili-
tated by its direct promotion of the up-regula-
tion and secretion of neuronal trophic factors,
such as NGF and BDNF [41]. Therefore, both
aFGF and bFGF have specific advantages and
should be used in different situations. However,
aFGF and bFGF both have potential as thera-
pies for TBI.
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Figure S1. Level of TJ proteins (claudin-5, occludin, ZO-1) and AJ proteins (p120-catenin, -catenin) expression of
six mice following experimental TBI. aFGF administration attenuates the loss of the TJ proteins (claudin-5, occludin,
Z0-1) and AJ proteins (p120-catenin B-catenin). GAPDH was used as a loading control and for band density normal-
ization.
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Figure S2. Level of TJ proteins (claudin-5, occludin, ZO-1) and AJ proteins (p120-catenin, B-catenin) expression of six
mice following experimental TBI. Addition of the Akt inhibitor LY294002 reverses the effects of aFGF on the expres-
sion of the TJ proteins (claudin-5, occludin, ZO-1) and AJ proteins (p120-catenin, B-catenin) 24 h after TBI in mice.
GAPDH was used as a loading control and for band density normalization.



