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A B S T R A C T

The astrocyte-endothelial cell interaction is crucial for normal brain homeostasis and blood-brain barrier (BBB)
disruption in pathological conditions. However, the mechanism by which astrocytes control BBB integrity,
especially after traumatic brain injury (TBI), remains unclear. Here, we present evidence that astrocyte-derived
fatty acid-binding protein 7 (FABP7), a differentiation- and migration-associated molecule, may function as a
modulator of BBB permeability in a rat weight-drop model of TBI. Immunohistochemical analysis revealed that
TBI induced increased expression of FABP7 in astrocytes, accompanied by caveolin-1 (Cav-1) upregulation in
endothelial cells. Administration of recombinant FABP7 significantly ameliorated TBI-induced neurological
deficits, brain edema, and BBB permeability, concomitant with upregulation of endothelial Cav-1 and tight
junction protein expression, while FABP7 knockdown resulted in the opposite effects. Furthermore, pretreatment
with daidzein, a specific inhibitor of Cav-1, reversed the inhibitory effects of recombinant FABP7 on matrix
metalloproteinase (MMP)-2/9 expression and abolished its BBB protection after TBI. Altogether, these findings
suggest that astrocyte-derived FABP7 upregulation may represent an endogenous protective response to BBB
disruption partly mediated through a Cav-1/MMP signaling pathway following TBI.

1. Introduction

Traumatic brain injury (TBI) is defined as a head injury sustained
from external force that destroys normal brain function (Nasser et al.,
2016). Among a series of pathological changes after TBI, breakdown of
the blood-brain barrier (BBB) is thought to be a crucial determinant of
TBI severity and recovery time (Alluri et al., 2015; Jha et al., 2019;
Robinson et al., 2018). Following trauma, BBB junctional proteins
loosen and allow serum proteins such as albumin to leak into the brain
parenchyma, which then trigger reactive astrocytes (Alvarez et al.,
2013). Although reactive astrocytes often play a detrimental role in BBB
disruption under pathological conditions, they may also exert protec-
tive effects on barrier function via expressing neurotrophic factors and
cytokines, which are able to induce the restoration of endothelial
junctional proteins (Cheslow and Alvarez, 2016; Ikeshima-Kataoka and

Yasui, 2016). Thus, the identification of astrocytic factors that repair or
protect BBB integrity might provide new insights into TBI therapy.

Fatty acid-binding protein 7 (FABP7), expressed by astrocytes in
developing and mature brains, is a small cytoplasmic protein that serves
as a cellular chaperone for lipophilic molecules (Matsumata et al.,
2016; Zhang et al., 2018). By controlling the uptake and intracellular
distribution of fatty acids, FABP7 is thought to be involved in meta-
bolism, signal transduction and gene regulating activities (Kipp et al.,
2011; Owada et al., 1996b). In the injured brain, FABP7 shows in-
creased expression in astrocytes and is known as a trophic factor in-
volved in astrocytic differentiation and migration, providing essential
support for vascular morphology and function (Sharifi et al., 2011).
However, the participation of FABP7 in BBB regulation, particularly
during brain trauma, remains unidentified. Caveolin-1 (Cav-1) is the
main structural protein of caveolae in the cell plasma membrane and is
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mostly found in brain endothelial cells and in low levels in astrocytes
(Virgintino et al., 2002; Wang and Head, 2019; Zhao et al., 2014).In
several models of adult brain injuries, Cav-1 is increased in the en-
dothelium and has been shown to protect against BBB junctional pro-
tein degradation by reducing the proteolytic activity of matrix me-
talloproteinases (MMPs) in endothelial cells (Badaut et al., 2015; Gu
et al., 2012; Nag et al., 2009). Interestingly, a recent study revealed that
FABP7 was able to regulate the expression of Cav-1 to control lipid raft
function in astrocytes (Kagawa et al., 2015). However, whether FABP7
plays a role in endothelial Cav-1 expression and its link to TBI-induced
BBB disruption have yet to be explored.

Therefore, in this study, we tended to examine the expression profile
of FABP7 and Cav-1 in the TBI brain using a weight-drop impact rat
model and to further characterize the possible role and underlying
mechanisms of FABP7 in the regulation of BBB permeability following
TBI.

2. Materials and methods

2.1. Animals

Adult male Sprague-Dawley rats (n=220, 250–280 g) were pur-
chased from the Animal Center of Chinese Academy of Sciences
(Shanghai, China). All work for this study was performed in accordance
with the Animal Care and Use Committee of Soochow University. All
rats were housed in a light and temperature-controlled room, with
sufficient food and water.

2.2. Traumatic brain injury model

The TBI model was induced using Feeney's weight-drop model as
previously described (Rui et al., 2018). First, adult male rats were in-
traperitoneally anesthetized with 4% chloral hydrate (400mg/kg) and
mounted in a stereotaxic frame. After the fur was shaved and routine
disinfection was performed, a 5-mm-diameter craniotomy was per-
formed at 3.5mm posterior and 4mm lateral to the bregma without
laceration of the dura. Injury was delivered by releasing a steel rod
(40 g weight) from a height of 25 cm onto a copper placed on the cra-
nial dura, creating an impact depth of 2.5mm. Then, the incision was
closed with an interrupted 4–0 silk suture. Sham animals underwent the
identical surgical procedures except the impaction. Body temperature
was maintained at 37 °C using a heating pad throughout all procedures.
After the surgical procedure was accomplished, animals were placed in
a recovery chamber and then were transferred to their home cages.

2.3. Tissue collection and sectioning

Rats received an overdose of sodium pentobarbital (80mg/kg; in-
traperitoneal (IP) injection) at the prescribed survival time and were
transcardially perfused with 200mL of 4 °C 0.9% saline or 200mL
phosphate-buffered saline (PBS) followed by 250mL of ice-cold 4%
paraformaldehyde. Then, tissue samples surrounding the contusion
area that was located<3mm from the margin of the contusion site (or
the region located< 3mm from the parietal craniotomy in the sham-
operated group) were collected on ice and rapidly frozen in liquid ni-
trogen until further use in messenger RNA (mRNA) and protein ex-
pression analyses (Fig. S1). For brain tissue sectioning, brains were
steeped in 4% paraformaldehyde at 4 °C overnight and then cryopro-
tected with 15% and 30% sucrose. Then, 15-μm-thick brain sections
between −2.12mm bregma and− 4.80mm bregma were collected
using a microtome. Every fifth section beginning from a random start
point was used for further staining by an investigator blinded to ex-
perimental conditions.

2.4. Study design and experimental groups

Four separate experiments were conducted in the present study (Fig.
S2).

Experiment I

For the time-course analysis of endogenous FABP7 and Cav-1 after
TBI, rats were randomly seperated into six groups as follows (n=6/
group): sham, 6, 12, 24, 48, and 72 h post TBI. Molecularly, real-time
PCR and western blotting were used to detect the temporal expression
levels of FABP7 and Cav-1. In addition, double immunofluorescence
staining was applied to detect the cellular localization of target mole-
cules at 24 h following TBI.

Experiment II

To assess the role of FABP7, recombinant FABP7 (rh-FABP7,
Proteintech, United States) was prepared in dimethyl sulfoxide (DMSO)
and injected intraperitoneally at doses of 5, 15 and 45 μg/kg 1 h after
TBI induction. Rats were randomly divided into five groups: sham,
TBI+ vehicle, TBI+ rh-FABP7 (5 μg/kg, L), TBI+ rh-FABP7 (15 μg/
kg, M), TBI+ rh-FABP7 (45 μg/kg, H). Neurobehavioral scores were
evaluated at 24 h, 3d, 7d, 14d after TBI in above groups (n=12/
group). In addition, brain edema and Evans blue (EB) extravasation
were detected 24 h after TBI in the sham, TBI+ vehicle, and TBI+ rh-
FABP7 groups (45 μg/kg, H) (n=6/group).

Experiment III

In order to further explore the BBB protective effect of FABP7, small
interfering RNA (siRNA) of FABP7 was administered by in-
tracerebroventricular (ICV) injection at 24 h before TBI modeling. Rats
were randomly divided into 5 groups: sham, TBI+ vehicle, TBI+ rh-
FABP7 (45 μg/kg), TBI+ scramble siRNA (TBI+ si-Ctr), TBI+ FABP7
siRNA (TBI+ si-FABP7). Neurobehavioral tests were assessed at 24 h,
3d, 7d, 14d after TBI (n=12/group). Brain edema, EB extravasation,
western blot and double immunofluorescence were measured at 24 h
after TBI (n=6/group).

Experiment IV

To investigate the underlying relationship of FABP7 and Cav-1 on
BBB function, Daidzein (0.4 mg /kg; Sigma-Aldrich, United States), a
specific inhibitor of Cav-1 (Zhao et al., 2017), was administered by IP
injection at 1 h before TBI modeling and then followed with rh-FABP7
(45 μg/kg) treatment. Rats were randomly divided into 5 groups
(n= 6/group): sham, TBI+ vehicle, TBI+ rh-FABP7 (45 μg/kg),
TBI+ rh-FABP7+DMSO, TBI+ rh-FABP7+daidzein. Western blot,
immunofluorescence staining, and EB fluorescence were examined at
24 h after TBI.

2.5. Intracerebroventricular drug administration

For FABP7 in vivo knockdown, rat FABP7 siRNA (Guangzhou Ribo
Biotechnology Co., Ltd., China) or scramble siRNA were administered
at 24 h before TBI induction by ICV injection performed as previously
described (Ni et al., 2018). The stereotactic ICV injection site was re-
lative to bregma: 1.5 mm posterior; 1.0 mm lateral; 3.2 mm depth.
Then, 500 pmol/5 μL siRNA were inserted into the ipsilateral ventricle
using a 10-μL Hamilton syringe (Hamilton Company, United States) at a
rate of 0.5 μL/min. After an additional 8min, the needle was removed
over a 3-min period, and the burr hole was sealed with bone wax.
Target sequence: CCAAACCAACGGTGATTAT.
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2.6. Real-time PCR

The total RNA of pericontusional cortex tissues was isolated using
TRIzol Reagent (Invitrogen, United States) and spectrophotometric
analysis (OD260/280 > 1.8) was used to ensure the purity and
quantity of RNA. One microgram RNA for each sample was reverse-
transcripted using SuperScript™ III Reverse Transcriptase Kit (Thermo
Fisher, United States). Real-time-PCR analysis was conducted on
QuantStudio™ Dx Real-Time PCR Instrument (Life Technologies
Corporation, United States) using a PowerUp™ SYBR™ Green Master
Mix kit (Thermo Fisher, United States) and corresponding primers. The
expression levels for each gene were normalized to the endogenous
control glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA
level and presented as the fold change relative to the sham group
(2−ΔΔCT). All samples were analyzed in triplicate. The primer sequences
were synthesized by Invitrogen Life Technologies (Shanghai, China)
and are exhibited as follows:

FABP7: F: 5′-GCAAGTGGGAAATGTGACCA-3′;
R: 5′-GTGTCCGGATCACCACTTTG-3′;
Cav-1: F: 5′-GCATCAGCCGTGTCTATTCC-3′;
R: 5′-TGCTGATGCGGATATTGCTG-3′;
GAPDH: F: 5′-TGGCCTTCCGTGTTCCTACC-3′;
R: 5′-CGCCTGCTTCACCACCTTCT-3′.

2.7. Western blot analysis

The pericontusional cortex tissues were homogenized and lysed in
ice-cold RIPA buffer (Beyotime, China) with phosphatase inhibitor
cocktails (Beyotime, China). The tissue homogenate was centrifuged at
12000 rpm for 20min at 4 °C and the supernatant was stored at−20 °C.
The total protein concentrations were determined using a bicinchoninic
acid (BCA) Protein Assay Kit (Thermo Fisher Scientific, Carlsbad, CA,
USA). Proteins were separated using SDS-PAGE gel electrophoresis and
transferred to polyvinylidene difluoride (PVDF) membranes (Millipore,
United States), followed by blocking with 5% fat-free dry milk for 1 h at
room temperature. The blots were then incubated with the following
primary antibodies for 24 h at 4 °C: rabbit anti-FABP7 (1:1000, CST,
United States), rabbit anti-Cav-1 (1:1000, Abcam, United States),
mouse anti-claudin-5 (1:1000, Invitrogen, United States), rabbit anti-
occludin (1:125, Invitrogen, United States), rabbit anti-zonula occlu-
dens-1 (ZO-1, 1:1000, Abcam, United States), rabbit anti-MMP-2
(1:1000, Abcam, United States), rabbit anti-MMP-9 (1:1000, Abcam,
United States), chicken anti-albumin (1:1000, Abcam, United States),
and rabbit anti-GAPDH (1:10,000, Sigma, United States). The next day,
the PVDF membranes were washed with Tris-buffered saline-Tween
(TBST) buffer for three times, and then were incubated with corre-
sponding secondary antibodies, including goat anti-rabbit IgG-HRP
(Invitrogen, United States), goat anti-mouse IgG-HRP (Invitrogen,
United States) and goat anti-chicken IgG-HRP (Invitrogen, United
States), for 2 h at 4 °C. The blots were finally probed with enhanced
chemiluminescence (ECL) (Millipore, United States) and visualized with
an imaging system (Bio-Rad, United States). The data of western blot
were quantified by Image J software (National Institutes of Health,
United States).

2.8. Immunofluorescence staining

Sections were washed three times in PBS with 0.3% Triton X-100
(PBST) for 5min each and blocked with 10% goat serum (Gibco, USA)
in PBST for 1 h at room temperature. The following primary antibodies
were incubated at 4 °C overnight in 5% normal goat saline (NGS) in
PBST: rabbit anti-FABP7 (1:500, CST, United States), rabbit anti-Cav-1
(1:500, Abcam, United States), mouse anti-claudin-5 (1:200, Invitrogen,
United States), sheep anti- von Willebrand factor (vWF, 1:200, Abcam,
United States), rabbit anti- vWF (1:400, Abcam, United States), rabbit
anti-MMP-2 (1:200, Abcam, United States), rabbit anti-MMP-9 (1:500,

Abcam, United States), and mouse anti- glial fibrillary acidic protein
(GFAP, 1:200, Bio-Rad, United States). After washing the slides in PBS
for three times, the corresponding fluorescence-conjugated secondary
antibodies including Alexa Fluor 488 donkey anti-rabbit IgG antibody
(1:1000, Invitrogen, United States) and Alexa Fluor 555 donkey anti-
mouse IgG antibody (1:1000, Invitrogen, United States) were applied at
room temperature for 1 h. As negative controls, sections were incubated
without primary antibody. Slides were observed with a Leica DMi8
laser confocal microscope (Leica Microsystems, Germany) after coun-
terstaining with 4′, 6-diamidino-2-phenylindole dihydrochloride (DAPI)
for 10min. The data were obtained from 30 randomly selected micro-
scopic fields (six fields per section×five sections per rat) with LAS X
software.

2.9. Neurological score

At 1, 3, 7, and 14 days after surgery, neurological function was as-
sessed by two blinded examiners using the modified Garcia test and
beam balance test. The modified Garcia test was used to comprehensive
evaluate motor function, sensory function and autonomous movement.
The scoring system included seven parameters including spontaneous
activity, body proprioception, vibrissae touch, spontaneous movement
of limbs, lateral turning, forelimb walking, and climbing wall of cage.
Each subtest was scored from 0 to 3 (total 0–21 points) (Garcia et al.,
1995). The beam balance test was used to assess deficits in the ves-
tibular system. Rats were placed on a beam to walk for 1min and de-
tected deficits in the ability to balance. The score (0–4) was decided by
the walking distance (Luong et al., 2011).

2.10. Brain water content

Brain edema was estimated using the wet/dry method. Briefly, at
24 h after TBI, the brains were quickly removed from the skull and
separated into the ipsilateral cerebral hemisphere and the contralateral
cerebral hemisphere. The sample was first weighed to determine the
wet weight (WW) and then dried in an incubator at 105 °C for 72 h and
reweighed to obtain the dry weight (DW). Brain water content was
calculated using the following formula: brain water content= (WW-
DW)/WW×100%.

2.11. BBB permeability

BBB permeability was determined by measuring EB extravasation.
At 2 h before the animals were euthanized, 2.5% EB dye (5mL/kg;
Sigma-Aldrich, United States) in saline was injected via the caudal vein.
The right and left hemisphere brains were separately collected, rapidly
weighed, homogenized in 50% trichloroacetic acid. After overnight
incubation at 4 °C and centrifugation at 15,000 g for 30min, 0.8mL of
the supernatant was measured for absorbance at 620 nm using a spec-
trophotometer. For EB fluorescence, after injected with EB dye, rats
were intracardial perfused with 60mL PBS and 60mL 4% paraf-
ormaldehyde. Then the brains were removed and steeped in 4% par-
aformaldehyde at 4 °C for 24 h, followed by dehydrated with 15% and
30% sucrose. 15-μm-thick coronal sections were collected and were
visualized using a laser confocal microscope Leica DMi8 (Leica
Microsystems, Germany). The intensity of EB fluorescence was analyzed
from 30 randomly selected microscopic fields (six fields per sec-
tion×five sections per rat) with LAS X software.

2.12. Statistical analyses

All data were presented as the mean ± standard error of the mean
(SEM). Analysis was performed using SPSS 18.0 software. For time
course testing measurement, One-way analysis of variance (ANOVA)
followed by Dunnett's post hoc test was used to determine individual
group differences. For evaluation of behavioral data, two-way ANOVA
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with repeated measurements followed by Dunnett's post hoc test was
used to determine significant differences. For FABP7 and Cav-1-positive
cell counts, a Student t-test was used to determine significant differ-
ences. Other data were analyzed using one-way ANOVA with Tukey's
post hoc test to compare data from multiple groups. Statistical sig-
nificance was defined as P < .05.

3. Results

3.1. Time course of endogenous FABP7 and Cav-1 expression after TBI

We first assessed the expression levels of endogenous FABP7 and
Cav-1 during the acute phase of TBI. Real-time PCR and western blot
analyses revealed that both mRNA and protein expression of FABP7
were significantly increased beginning at 12 h after TBI and reached a
peak at 24 h after TBI. Following this peak, the level of FABP7 declined
at 48 h, returning close to the normal level by 72 h after TBI (Fig. 1A, C;
Fig. S5). Similar to the trend in FABP7 expression, the expression of
Cav-1 mRNA and protein was also elevated after TBI, peaking at 24 h
and then declining gradually but remaining higher than the expression
in the sham group (Fig. 1B, D; Fig. S5).

3.2. Distribution of endogenous FABP7 and Cav-1 in the Peri-injury cortex
after TBI

Then, we conducted double immunofluorescence staining to detect

the distribution of FABP7 and Cav-1 with the neuronal marker NeuN,
microglial marker CD11b, astrocytic marker GFAP, and endotheliocyte
marker vWF. The results showed that the majority of FABP7-positive
cells at 24 h after TBI were colabeled with GFAP (Fig. 2A) but not la-
beled with NeuN, CD11b, or vWF. In brain tissue, the number of FABP7-
positive astrocytes was rare in sham animals and remarkably increased
in the peri-injury cortex at 24 h after TBI (Fig. 2D). In addition, Cav-1-
positive cells were mainly colabeled with vWF, and the im-
munoreactivity of Cav-1 in endotheliocytes was significantly increased
at 24 h after TBI compared with that in the sham group (Fig. 2C, E).

3.3. Administration of exogenous FABP7 ameliorated neurological deficits,
brain Edema, and BBB permeability after TBI

To verify whether upregulation of FABP7 was involved in TBI-in-
duced brain injury, three different dosages of recombinant FABP7
protein (5, 15, or 45 μg/kg) were administered via IP injection at 1 h
post trauma. The western blot results showed that rh-FABP7 treatment
caused a significant increase in FABP7 expression in brain tissue from
the perilesional area at 24 h post TBI (Fig. S6A). Neurological scores
were evaluated at 1, 3, 7 and 14 days after TBI. As shown in Fig. 3A and
B, rats in the vehicle groups showed significantly impaired neurological
function in the Garcia test and beam balance test, whereas adminis-
tration of rh-FABP7 at a dose of 45 μg/kg apparently improved the
neurological evaluations at all tested time points. We then further de-
termined the effects of recombinant FABP7 on brain edema and BBB

Fig. 1. Expression of endogenous FABP7 and Cav-1 in the peri-injury cortex after TBI. Quantitative real-time PCR analysis was performed to determine the relative
expression levels of FABP7 (A) and Cav-1 (B) mRNA to GAPDH mRNA. The protein levels of endogenous FABP7 (C) and Cav-1 (D) in the sham and TBI groups were
determined by western blot. The relative densities of each protein were normalized to those in the sham group. The expression levels of FABP7 and Cav-1 were
increased at both the mRNA and protein levels after TBI. Statistical analyses were performed using one-way ANOVA followed by Dunnett's post hoc test. n=6 for
each group per time point. Data are expressed as the mean ± SEM. * P < .05, ** P < .01 vs. the sham group.

Q. Rui, et al. Experimental Neurology 322 (2019) 113044

4



Fig. 2. Double immunofluorescence staining of FABP7 and Cav-1 in the peri-injury cortex after TBI. (A) Representative immunostaining images of FABP7 (green)
with GFAP (red)-marked astrocytes to show expression profiles in the sham and 24-h TBI groups. (B) Schematic drawing of a coronal brain section. The squares
indicate the detected areas of immunofluorescence staining analysis. (C) Representative immunostaining images of Cav-1 (green) with vWF (red)-marked en-
dotheliocytes to show expression profiles in the sham and 24-h TBI groups. The nuclei were fluorescently labeled with DAPI (blue). The arrows indicate the
colocalization of FABP7 and Cav-1. Scale bar= 50 μm. (D) Quantification of the number of FABP7-positive astrocytes. (E) Quantification of Cav-1-positive en-
dotheliocytes. Statistical analyses were performed using Student's t-test; data are expressed as the mean ± SEM, n=6 for each group; ** P < .01 vs. the sham
group. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Effects of exogenous FABP7 on neurological outcome, brain water content and BBB permeability after TBI. Neurological function was assessed using Garcia
test score (A) and beam balance score (B) at 1, 3, 7, and 14 days after TBI; n=12 for each group. Brain water content (C) and EB dye extravasation (D) were
measured at 24 h after TBI; n= 6 for each group. Statistical analyses were performed using two-way ANOVA followed by Dunnett's post hoc test for neurobehavioral
tests and one-way ANOVA followed by Tukey's post hoc test for other evaluation; data are expressed as the mean ± SEM,; ** P < .01 vs. the sham group; # P < .05
vs. the vehicle group. Ipsi indicates the ipsilateral injured hemispheres; Contra, contralateral uninjured hemispheres.
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Permeability at 24 h after TBI. Brain water content and EB dye leakage
in the ipsilateral hemisphere of the vehicle-treated TBI group was sig-
nificantly increased compared with that in the sham group (Fig. 3C, D).
However, this increase in brain edema and EB extravasation was sig-
nificantly attenuated by 45 μg/kg rh-FABP7 treatment at 24 h post-TBI.
Thus, we selected the highest dosage (45 μg/kg) of rh-FABP7 for the
following studies.

3.4. Silencing of endogenous FABP7 aggravated neurological deficits, brain
Edema and BBB permeability after TBI

To further evaluate the role of FABP7 in BBB integrity, specific
FABP7 siRNA was administered by ICV injection 24 h before TBI in-
duction. The western blot results showed that FABP7 expression at 24 h
after TBI was efficiently knocked down by FABP7 siRNA pretreatment
(Fig. 4A; Fig. S6B). Contrary to the effects of rh-FABP7, FABP7 siRNA
significantly aggravated the neurological impairments from 1 to
14 days after TBI (Fig. 4B, C). Meanwhile, brain edema (Fig. 4D) and EB
extravasation (Fig. 4E) in the ipsilateral cerebral hemisphere were
significantly increased by FABP7 knockdown at 24 h after TBI. The EB
fluorescence intensity in the peri-injury cortex (Fig. 4F, G) was con-
sistent with the EB extravasation measured by spectrophotometry.

3.5. Effects of exogenous FABP7 and endogenous FABP7 deletion on
vascular integrity after TBI

Vascular endothelial cells and tight junctions (TJs) are two major
components of the BBB. We next evaluated the effects of FABP7 on the
immunoreactivity of vWF (a marker of endothelial cells) and claudin-5
(a marker of TJs) using immunofluorescence staining. TBI causes a loss
of vWF and claudin-5 immunoreactivity in brain tissue from the peri-
lesional area. Treatment with rh-FABP7 rescued both the cellular

localization of vWF and claudin-5. Conversely, FABP7 knockdown by
siRNA further aggravated the loss of both immunoreactivities (Fig. 5A).
To quantify these changes, low-magnification images of vWF and
claudin-5 immunoreactivity in the peri-injury cortex were used for
fluorescence intensity measurements. Consistent with the detection
from high-magnification images, rh-FABP7 treatment significantly re-
duced vWF and claudin-5 degeneration, while its knockdown exerted
the opposite effect (Fig. 5B-D). Additionally, in accordance with the
immunostaining results, western blot analysis also showed loss of
claudin-5 as well as other TJ proteins ZO-1 and occludin after TBI, and
this loss was mitigated by rh-FABP7 treatment and further augmented
by FABP7 knockdown (Fig. S3A-C).

3.6. Cav-1 inhibition abolished the protective effects of exogenous FABP7
on endothelial TJ proteins after TBI

Cav-1 has been reported to be involved in the stabilization of en-
dothelial TJ proteins such as claudin-5, thereby protecting BBB in-
tegrity (Choi et al., 2016a; Choi et al., 2016b). We next focused on the
effects of FABP7 on Cav-1 expression. As shown in Fig. S4A, rh-FABP7
treatment further increased TBI-induced Cav-1 overexpression. In
contrast, FABP7 knockdown by siRNA significantly inhibited Cav-1
upregulation after TBI. To further confirm whether the protective effect
of FABP7 on BBB integrity was mediated by Cav-1, daidzein, a specific
inhibitor of Cav-1, was simultaneously administered by IP injection 1 h
before TBI induction, followed by rh-FABP7 treatment in TBI rats.
Western blot analysis showed that daidzein markedly decreased the
Cav-1 protein level (Fig. 6A; Fig. S7); meanwhile, daidzein pretreat-
ment also inhibited the increase in the expression of TJ proteins
claudin-5, occludin and ZO-1 induced by rh-FABP7 (Fig. 6B; Fig. S4B,
C). To provide direct evidence on the role of Cav-1 in FABP7-mediated
TJ protein protection, we next conducted double immunofluorescence

Fig. 4. Effects of FABP7 knockdown on BBB integrity after TBI. (A) Representative western blot images and quantitative analysis of FABP7 knockdown efficiency. The
Garcia test score (B), beam balance score (C), brain water content (D), and EB extravasation (E) in the ipsilateral cerebral hemisphere are shown. (F) Representative
fluorescent images of EB extravasation and quantitative analysis of the intensity of EB fluorescence in the peri-injury cortex. (G) Quantification of the relative
fluorescence intensity of EB fluorescence is shown. Scale bar= 50 μm. Statistical analyses were performed using two-way ANOVA followed by Dunnett's post hoc test
for behavioral tests and one-way ANOVA followed by Tukey's post hoc test for other evaluation; data are expressed as the mean ± SEM, n=12 for the behavior tests
in each group, n=6 for the other tests in each group; ** P < .01 vs. the sham group; # P < .05 vs. the vehicle group; & P < .05, && P < .01 vs. the control siRNA
(si-Ctr) group.
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staining. As shown in Fig. 6C, postinjury treatment with rh-FABP7
presented increased Cav-1 immunoreactivity in the lesion site colabeled
with rescued claudin-5 immunoreactivity. However, inhibiting en-
dothelial Cav-1 immunoreactivity by daidzein pretreatment abolished

the protective effect of rh-FABP7 on claudin-5 expression, as a sig-
nificant reduction in its immunoreactivity was observed in the same
location as Cav-1 (Fig. 6C-E).

Fig. 5. Effects of exogenous FABP7 and endogenous FABP7 deletion on vascular integrity after TBI. (A) Representative high-magnification images of a cortical vessel
immunostained for the endothelial cell marker vWF (red) and the TJ protein claudin-5 (red). Scale bar= 50 μm. (B) Low-magnification images demonstrating the
extent of vWF and claudin-5 loss after TBI. Scale bar= 50 μm. Quantification of the relative fluorescence intensity of vWF (C) and claudin-5 (D) is shown below.
Statistical analyses were performed using one-way ANOVA followed by Tukey's post hoc test; data are expressed as the mean ± SEM, n=6 for each group; **
P < .01 vs. the sham group; # P < .05 vs. the vehicle group; & P < .05 vs. the si-Ctr group. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Q. Rui, et al. Experimental Neurology 322 (2019) 113044

7



(caption on next page)

Q. Rui, et al. Experimental Neurology 322 (2019) 113044

8



3.7. Cav-1 inhibition reversed the protective effects of exogenous FABP7 on
MMP-2/9 expression and BBB permeability after TBI

Cav-1 is known to inhibit endothelial MMPs, which are key reg-
ulators of TJ protein degradation and BBB permeability during TBI (Gu
et al., 2012; Jin et al., 2015). Therefore, we investigated whether the
BBB-protecting effects of FABP7 may also involve MMPs in our model
system. As evaluated by immunofluorescence staining and western blot,
increased MMP-2 and MMP-9 expressions were observed in the peri-
injury cortical vessel after TBI, and expressions of MMP-2 and MMP-9
were significantly reduced by rh-FABP7 treatment (Fig. 7A-D; Fig. S7).
However, pretreatment with daidzein reversed the inhibitory effects of
rh-FABP7 on MMP-2 and MMP-9 expression. In addition, consistent
with the trend in MMP-2/9 expressions, daidzein pretreatment abol-
ished the protective effects of rh-FABP7 on BBB permeability, as in-
dicated by the increase in albumin level and EB leakage (Fig. 7E, F; Fig.
S7).

4. Discussion

In the present study, we described a novel role of astrocyte FABP7 in
protecting BBB integrity following TBI in rats. Our data showed that
endogenous FABP7 expression was upregulated in astrocytes, which
may have beneficial effects on BBB permeability, brain edema and
neurological deficits after TBI. Such neurovascular protection by FABP7
was partly mediated by inducing endothelial Cav-1 overexpression,
which in turn mitigated TJ protein degradation associated with MMP-
2/9.

BBB disruption is one of the most frequently investigated mechan-
isms of TBI and has been commonly used to evaluate the degree and
extent of brain injury (Daneman and Prat, 2015; Jha et al., 2019). As-
trocytes are known to interact with endothelial cells via producing and
secreting soluble factors such as retinoic acid (Mizee et al., 2014) and α-
dystrobrevin (Lien et al., 2012) to induce vascular proliferation, an-
giogenesis, endothelial cell morphology, and ultimately influence the
phenotype of the BBB under pathological conditions (Alvarez et al.,
2013; Theis et al., 2005). FABP7, expressed by astrocytes in developing
and mature brains, is known to bind with the highest affinity to doc-
osahexaenoic acid (DHA), a polyunsaturated fatty acid of the n-3 fa-
mily, and to be essential for neurogenesis as a positive regulator of
proliferation in developing astrocytes in the brain (Kurtz et al., 1994;
Owada et al., 1996a). Moreover, DHA has been demonstrated to pre-
vent cerebrovascular EB leakage and brain edema following focal cer-
ebral ischemia and spinal cord injury, suggesting a role for FABP7 in
regulating BBB integrity (Hong et al., 2015; Samaddar, 2016). In the
present study, we found that FABP7 was increased significantly in the
early stage of TBI, and immunohistochemical observations showed that
FABP7 was predominantly expressed in reactive astrocytes. These
findings were consistent with previous reports showing elevated FABP7
levels in serum from patients with mild traumatic brain injury and
acute ischemic stroke (Pelsers et al., 2004; Wunderlich et al., 2005).
However, the expression profile of FABP7 and its cellular localization in
the brain were not explored in these studies. Furthermore, several lines
of evidence have confirmed that FABP7 is a key regulator of astrocytic
function (Sharifi et al., 2011; Kamizato et al., 2019). In the stub-injured
mouse brain, FABP7 showed increased expression in astrocytes and
regulated the proliferative response of astrocytes by controlling fatty

acid homeostasis (Sharifi et al., 2011). Most recently, FABP7 upregu-
lation in astrocyte was reported to protect from the induction of in-
flammation leading to demyelination in a mouse model of multiple
sclerosis (Kamizato et al., 2019). However, none of the previous studies
have focused on the BBB regulation in relation to the neuroprotection
induced by FABP7. Our study demonstrated that silencing endogenous
FABP7 using siRNA exacerbated TJ proteins degradation accompanied
by a leaky BBB and progressive development of brain edema. In con-
trast, recombinant FABP7 treatment significantly ameliorated these
pathological processes following TBI. These results suggest that FABP7
may have a protective effect on BBB integrity following TBI.

Thus far, the exact molecular mechanism involved in FABP7-
mediated BBB regulation remains unknown. Endothelial Cav-1, a major
structural protein of caveolae, may be a good molecular candidate for
studying changes in BBB permeability in response to astrocyte-derived
factors because of its involvement in mediating the transcellular
transport pathway (Deng et al., 2012). Cav-1 has also been shown to be
involved in the stabilization of endothelial TJ proteins such as claudin-
5, thereby protecting BBB integrity (Choi et al., 2016a; Choi et al.,
2016b). In fact, increased expression of Cav-1 in the endothelium has
been reported in several rodent models of brain injuries, including cold
cortical injury, spinal cord injury, and brain ischemia (Jasmin et al.,
2007; Nag et al., 2007; Shin, 2007). Silencing of Cav-1 can exacerbate
the pathological damage in the BBB following injury (Jasmin et al.,
2007). Consistent with the observations in a juvenile controlled cortical
impact model (Badaut et al., 2015), the expression of Cav-1 at both the
mRNA and protein levels was found to increase in vascular endothelial
cells during the acute period following TBI in our present study.
However, in a rat model of transient middle cerebral artery occlusion,
Gu et al. obtained opposite results showing decreased Cav-1 expression
at 24, 48 and 72 h in the in cortex microvessels of ischemic brain (Gu
et al., 2012). In the same study, a decrease in Cav-1 expression was
correlated with an increase in TJ protein degradation and enhanced
BBB permeability in Cav-1 knockout mice (Gu et al., 2012). This dis-
crepancy in Cav-1 expression might be due to differences in animal
models, time points, focus areas, and experimental conditions. Inter-
estingly, a recent study revealed that FABP7 regulated the expression of
Cav-1 to control lipid raft function in astrocytes (Kagawa et al., 2015).
FABP7 knockdown reduced the expression of Cav-1 at the protein and
transcriptional levels in cultured astrocytes, and FABP7 re-expression in
FABP7 knockout astrocytes rescued the decreased level of Cav-1
(Kagawa et al., 2015). In the present study, recombinant FABP7 treat-
ment further augmented Cav-1 upregulation after TBI, while its
knockdown exerted the opposite effect. Therefore, we plausible that the
changes of Cav-1 expression in endothelial may be involved in BBB
protection by FABP7 after TBI. To verify this hypothesis, we used
daidzein, a specific inhibitor of Cav-1 protein (Zhao et al., 2017). As
expected, daidzein significantly inhibited endothelial Cav-1 expression
and reversed the protective effects of exogenous FABP7 on TBI-asso-
ciated TJ protein degradation in endothelial cells. Together, these ob-
servations suggest that endothelial Cav-1 upregulation contributes to
the FABP7-mediated BBB protection in TBI.

MMPs are proteolytic zinc-containing enzymes responsible for the
rapid degradation of TJ proteins and the extracellular matrix around
brain microvessels, subsequently leading to opening of the BBB(Galliera
et al., 2015; Rempe et al., 2016; Yang et al., 2007). After TBI, excessive
production of MMP-2/9 is a typical molecular event in the impairment

Fig. 6. Cav-1 inhibition abolished the protective effects of exogenous FABP7 on endothelial claudin-5 after TBI. TBI rats received an IP injection of daidzein (0.4 mg
/kg) 1 h before trauma, followed by rh-FABP7 treatment as indicated. Western blot bands and quantitative analysis of Cav-1 (A) and claudin-5 (B) expression in the
peri-injury cortex are shown. (C) Representative double immunofluorescence staining of Cav-1 (green) with claudin-5 (red) in the experimental groups. Scale
bar= 50 μm. The relative fluorescence intensities of Cav-1 (D) and claudin-5 (E) are shown below. Statistical analyses were performed using one-way ANOVA
followed by Tukey's post hoc test; data are expressed as the mean ± SEM, n= 6 for each group; * P < .05, ** P < .01 vs. the sham group; # P < .05, ## P < .01
vs. the vehicle group; @ P < .05, @@ P < .01 vs. the rh-FABP7+DMSO group. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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of TJ proteins and the associated dysfunction of the BBB (Abdul-Muneer
et al., 2016). In fact, Cav-1 is considered as a key regulator of MMPs
activity in cerebrovascular endothelial cells (Gu et al., 2012; Jin et al.,
2015). During cerebral ischemia-reperfusion injury, the loss of en-
dothelial Cav-1 initiates the activation of MMPs and secondary BBB

disruption (Gu et al., 2012). In contrast, the re-expression of Cav-1
inhibited MMP-2/9 activation, promoted TJ protein recovery and de-
creased brain edema in Cav-1 knockout mice (Choi et al., 2016a). In
agreement with these results, we also found that TBI induced a sig-
nificant increase in MMP-2/9 expression, which was subdued by

Fig. 7. Cav-1 inhibition reversed the protective effects of exogenous FABP7 on MMP-2/9 expression and BBB permeability after TBI. (A) Representative im-
munostained images for MMP-2 and MMP-9. Scale bar= 50 μm. (B) Quantification of the fluorescence intensity of MMP-2 and MMP-9 staining. Western blot bands
and quantitative analysis of the MMP-2 (C), MMP-9 (D) and albumin levels (E) in the experimental groups are shown. (F) Representative fluorescent images of EB
extravasation and quantitative analysis of the intensity of EB fluorescence in the peri-injury cortex. Scale bar= 50 μm. Statistical analyses were performed using one-
way ANOVA followed by Tukey's post hoc test; data are expressed as the mean ± SEM, n=6 for each group; ** P < .01 vs. the sham group; # P < .05, ##
P < .01 vs. the vehicle group; @ P < .05 vs. the rh-FABP7+DMSO group.
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exogenous FABP7. However, the pharmacological inhibition of Cav-1
reversed the protective effect of exogenous FABP7 on MMP-2/9 ex-
pression, accompanied by a worsening of BBB integrity after TBI. These
findings suggest that the Cav-1/MMP signaling pathway is a part of the
underlying protective mechanism of FABP7 on the BBB after TBI.

However, there are several limitations of this study that need to be
mentioned. First, astrocyte-endothelial cell crosstalk is crucial to BBB
function and is substantially modified following traumatic injury in the
brain (Assis-Nascimento et al., 2018; Cheslow and Alvarez, 2016;
Ikeshima-Kataoka and Yasui, 2016). Although our in vivo research
identifies endothelial Cav-1 as a specific FABP7 target, we cannot rule
out whether FABP7 contributes to BBB protection by other signaling
pathways. In addition, Cav-1 has recently been reported to regulate
oxidative stress in the vascular endothelium (Shiroto et al., 2014). Cav-
1 knockdown by siRNA promotes a significant increase in endothelial
reactive oxygen species production (Shiroto et al., 2014), which has
been established to be detrimental and lead to major alterations in BBB
structure and function following TBI (Pun et al., 2009). Thus, whether
the antioxidant property of endothelial Cav-1 also plays a role in
FABP7-mediated vasoprotection needs to be clarified in future studies.

In conclusion, the present findings indicate that astrocyte-derived
FABP7 protects BBB integrity after TBI, which is associated with reg-
ulation of the Cav-1/MMP signaling pathway in endothelial cells
(Fig. 8). Our study provides new insight into astroglial function in BBB
control under pathological conditions and suggests that recombinant
FABP7 may be an effective therapeutic strategy for TBI patients.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.expneurol.2019.113044.
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