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Abstract: Caveolin-1 affects the permeability of blood-tumor barrier (BTB) by regulating the expression of tight junc-
tion-associated proteins. However, the effect is still controversial. In the present work, we studied the regulative
effect of caveolin-1 on the expression of tight junction-associated proteins and BTB via directly silencing and over-
expressing of caveolin-1 by recombinant adenovirus transduction of glioma-derived microvascular endothelial cells
in rat brain. The results show that the caveolin-1 downregulation resulted in decreased expression of tight junction-
associated proteins, opening of tight junctions, and increasing the permeability of BTB, whereas the overexpression
of caveolin-1 presented the opposite effects. Therefore, we conclude that caveolin-1 regulates the expression of
tight junction-associated proteins in a positive manner, which further plays a role in the regulation of BTB perme-
ability. This finding provides a novel therapeutic target for selectively opening of BTB.
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Introduction

Blood-tumor barrier (BTB) limits the therapeutic
effects of anti-tumor drugs [1]. Therefore,
selectively increasing the permeability of BTB is
an ideal strategy for glioma treatment with che-
motherapy. Transcellular and paracellular path-
ways are two major strategies for BTB opening
[2]. Caveolae-induced internalization belongs
to transcellular pathway. Caveolin-1, as an
essential structural protein for caveolae forma-
tion, regulates vesicular transport of down-
stream and upstream effectors by combining
the caveolin-1 specific binding domain of multi-
ple signaling molecules via its scaffolding
domain [3-5]. Tight junctions, the important
structure for BTB formation, consist of the inte-
gral membrane proteins (claudins and occlu-
din) and peripheral proteins (zonula occludens,
Z0s). The role of tight junctions is to mediate
the paracellular transport of BTB [6, 7]. Nag et
al. [8] demonstrated an increased permeability
of blood-brain barrier (BBB) in rat cryogenic
brain injury model, and the expression of tight
junction proteins (occludin and claudin-5) were
downregulated when caveolin-1 level increased;
Zhong et al. [9] showed that type 1 immunode-
ficiency virus Tat induced the elevated expres-

sion of caveolin-1 in human brain microvascular
endothelial cells, which sequentially downregu-
lated the expression of occludin, ZO-1 and Z0-2,
and then followed by the increased permeabili-
ty of BBB. However, it is controversial with the
study on caveolin-1 knockout mice [10]. In cave-
olin-1 knockout mice, the vessel function was
defected and the activity of eNOS expressed by
vascular endothelial cells was increased, more-
over, an increased permeability of vessels was
observed. In this study, we tried to modulate
the caveolin-1 expression by using recombinant
adenovirus-based transduction of caveolin-1
into brain microvascular endothelial cells in rat
glioma. Furthermore, we studied the effect of
caveolin-1 on the regulation of tight junction-
associated proteins and the permeability of
BTB in rat glioma model.

Materials and methods
Reagents

Recombinant adenoviral vectors of caveolin-1
were prepared and stored by our lab, amplifying
and purifying by ourselves. Mice monoclonal
antibody for caveolin-1 and rabbit polyclonal
antibody for tight junction-associated proteins
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were purchased from Abcam Ltd. Other regents,
unless otherwise specified, were purchased
from Sigma-Aldrich.

Cell culture

Rat glioma cell line C6 (from the Department of
Neurobiology, China Medical University) were
cultured in high glucose DMEM supplemented
with 10% fetal bovine serum, 100 mg/ml strep-
tomycin and 100 U/ml penicillin. Cells were
placed in the 37°C with 200% humidity and 5%
CO,. Cells were collected when exponential
growth phase was reached. Cell suspension
was prepared in DMEM without addition of
serum after centrifuge.

Animals and experimental groups

Wistar rats (provided by the Center for Experi-
mental Animals of China Medical University)
weighed between 200 g and 250 g were used
as the source of microvessels. Animal studies
were carried out in accordance with NIH Guide
for the Care and Use of Laboratory Animals.
Rats were randomly divided into 5 groups: con-
trol group (glioma modeling rats with PBS injec-
tion), caveolin-1 silencing group (named as
Ad-siRNA-cavl, glioma modeling rats were
injected with Ad-siRNA-cavl in order to silence
caveolin-1), caveolin-1 overexpression group
(named as Ad-cavl, recombinant adenoviral
vector were injected into the brain of glioma
modeling rats to increase the expression of
caveolin-1), and negative controls for caveo-
lin-1 silencing group (named as Ad-siRNA-NC,
no RNA was silenced) and negative controls for
caveolin-1 overexpression group (named as
Ad-EGFP, only expressed the protein of EGFP).
10 rats were included in each group.

Glioma modeling with C6 cells in rats

1x10° C6 cells in 10 pl culture medium were
stereotactically (1 mm anterior and 3 mm right
to the bregma, 4 mm deep from the dura after
withdraw 0.5 mm) injected into the brains of
rats after anesthesia with intraperitoneal injec-
tion of 10% chloral hydrate (3 ml/kg). After 10
min injection, the needle was remained in the
place for another 10 min with the aim of allow-
ing the cells to fully settle down in the caudate
nucleus area. The needle was withdrawn slow-
ly. The surgery area was disinfected with peni-
cillin solution before stitching it.
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Transduction of the recombinant adenoviral
vector

On day 18 post-transplantation of C6 cells, 20
pl recombinant adenovirus was injected into
the brain at the same place where C6 cells
were injected. The injection procedures were
performed as described above. At 48 h after
injection, rats were sacrificed, and the brains
were processed for further experiments.

Evans blue (EB) experiment

The permeability of BTB was evaluated based
on leakage of EB. Rats were anesthetized and
followed by femoral vein injection of 2 mg/kg
2% EB. Around 2 h after injection, the chest
cavity was opened to expose the heart. Left
ventricle was perfused with physiological
saline, and the brain was extracted after clear
solution was drained from the right atria. After
weighing the right- and left-brain, EB dye was
extracted from the brains by immersion of the
brains in 1 ml/100 mg of formamide overnight
at 60°C and measured spectrophotometrically
at 620 nm. The formamide solution was set up
as a negative control.

Transmission electron microscope

Rat decapitation was performed after anesthe-
sia. The tumor tissues was recovered from the
brains and washed with physiological saline
before fixation in 2.5% glutaraldehyde for 2 h.
After rinsing with PBS for 3 times (15 min for
each time), the tissues were fixed in 1% osmic
acid for 1 h and followed by a washing step with
0.1 M PBS. The tissues were stained with ura-
nyl acetate for 2 h, and sequentially dehydrated
for 15 min in each dilution of propanone (50%,
70%, 80%, 90%, and 100%). The tissues were
final dehydrated 2 times in 100% propanone
for 20min each time and followed by immersion
steps (aceton:embedding medium = 1:1, placed
in oven at 37°C for 2 h, aceton:embedding
medium = 1:4 at 37°C overnight, and embed-
ding medium at 45°C for 2 h). The tissues can
be observed after embedding and polymeri-
zation.

Western blot
The tumor tissues from each group were

homogenized at 4°C in 1 ml lysis buffer (2 mM
EDTA, 10 mM EGTA, 0.4% NaF, 20 mM Tris-HClI,
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Figure 1. Altering the expression of caveolin-1 affects
EB content in the brain of glioma modeling rat, the
later representing the permeability of BTB. Relative
EB content are shown. Values are means + SD (n =
10, each). 4P < 0.01 and *P < 0.01 vs. control, Ad-
SiRNA-NC and Ad-EGFP group.

protease inhibitors, PH 7.5) and suspended on
ice for 1 h. Samples were centrifuged at
14,000xg for 30 min at 4°C, the supernatant
was collected for the cytosolic fraction (CF).
The pellet was resuspended in lysis buffer con-
taining 1% Triton X-100 and 0.1% SDS at 4°C.
Samples were then centrifuged at 14,000xg
for 30 min at 4°C. The supernatant was col-
lected for the membrane fraction (MF). The pro-
tein concentrations of supernatant samples
were determined using BCA™ Protein Assay Kit
(Pierce). Equal amounts of MF proteins (10-20
ug) were separated by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and processed
with mice monoclonal antibody for caveolin-1
(diluted 1:250) and rabbit polyclonal antibody
for occludin (diluted 1:500), claudin-5 (diluted
1:500) and Z0-1 (diluted 1:500). GAPDH (dilut-
ed 1:5000) was applied as an inner control.
Immune complexes were visualized by enhan-
ced chemiluminescence (ECL kit; Santa Cruz
Biotechnology).

Statistical analysis

Data were analyzed by one-way analysis of vari-
ance (ANOVA) and post-hoc comparisons
(Bonferroni test). The values were considered
significantly different at P < 0.05. All experi-
ments were repeated 3-5 times and data
expressed as the mean + SEM of several inde-
pendent experiments.
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Results
Evaluation of BTB permeability

First, the relative content of EB was calculated
(EB content in the tumor side of brain/EB con-
tent in the non-tumor side of brain). Then, the
relative content of EB in the different groups
was compared. The results showed that the
content of EB in Ad-siRNA-cavl treated brains
was significantly increased, whereas in the
Ad-cavl group, EB content was downregulated.
In addition, no meaningful changes were
observed in all negative control groups (Figure
1).

Ultrastructural changes of BTB tight junction

Tight junction of BTB opened and became
broader in Ad-siRNA-cavl treated group com-
pared with the control groups, whereas the
junction in Ad-cavl group was tight and dis-
played as the narrow black belt (Figure 2).

Altered expression of caveolin-1 and tight
junction-associated proteins

The expression of caveolin-1 was dramatically
reduced, concordant with decreased expres-
sion of tight junction-associated proteins occlu-
din, claudin-5 and ZO-1 (P < 0.01). However, the
expression of caveolin-1 in Ad-cavl treated
group was obviously upregulated, as well as the
expression of tight junction-associated pro-
teins. There were no significant changes obser-
ved in the control groups (Figure 3).

Discussion

The results indicated that caveolin-1 gene
silencing resulted in reduced expression of
tight junction-associated proteins, broadening
and opening of tight junction, and increased
permeability of BTB; On the contrary, the over-
expression of caveolin-1 led to the opposite
effects. Therefore, we believe that caveolin-1
regulates the expression of tight junction-asso-
ciated proteins in a positive manner.

Tight junction is important for the integrity and
permeability of BTB. Claudins and occludin, as
transmembrane molecules, compose tight
junction complex. Tight junction complex com-
bines adherence molecules of adjacent endo-
thelial cells to form tight junction and physiolog-
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Control

Ad-cavl

ical barrier for paracellular diffusion [11, 12].
Claudins is involved in the establishment of
tight junction [13, 14]; occludin increases the
tightness of junction and decreases the perme-
ability of physiological barrier [15-17]. ZO-1, as
a membrane cofactor protein, plays a role in
the regulation of tight junction by binding
together with occludin, claudins and actin cyto-
skeleton [18, 19]. The reduced level of tight
junction-associated proteins and the alteration
in their distribution cause the opening of tight
junction and the increased permeability of BBB
[20]. Caveolin-1 regulates the expression of
tight junction-associated proteins, but the regu-
lated effects are highly controversial. Some
studies suggested the negative regulation of
caveolin-1 on the expression of tight junction-
associated proteins. For instance, by applica-
tion of in vivo imaging system for study of occlu-
din and ZO-1 internalization, Amanda et al. [21]
reported that TNF and active MLCK (myosin
light chain kinase) could stimulate the caveo-
lin-1-dependent occludin internalization, and
reduced the expression of occludin on the
membrane of intestinal endothelial cells and
the function of membrane barrier. Additionally,
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Ad-EGFP

Ad-siRNA-cavl

Figure 2. Dectecting the ultrastruc-
' tural changes of tight junction in gli-
¥, oma modeling rats after altering the
expression of caveolin-1. Reduced ex-
pression of caveolin-1 accompanies
. the opening of BTB tight junction. In
contrast, compact tight junction, that
is, lower permeability of BTB is corre-
lated with the overexpression of ca-
veolin-1. Scale bar represents 1 ym.

Xia et al. [22, 23] showed that caveolin-1 level
increased in the microvascular endothelial cells
derived from the BTB after a low-MHz ultrason-
ic irradiation. Meanwhile, the expression of
tight junction-associated proteins Z0-1, occlu-
din and claudin-5 decreased and the distribu-
tion of them altered. However, study from
Schubert et al. [24] on caveolin-1 knockout
mice demonstrated that tight junction in lung
microvascular system was reduced in size and
changed in shape, and the ability of paracellu-
lar transport of eosin enhanced. Miyawaki-
Shimizu et al. [25] revealed that in vivo siRNA-
induced caveolin-1 silencing increased the
junction space between vascular endothelial
cells and the permeability of the microvascular
system in lung. In addition, Song et al. [26]
used adenovirus delivery system of siRNA to
specifically silence the caveolin-1 in cultured
brain microvascular endothelial monolayer
cells (BMEC). This study indicated that reduced
expression of caveolin-1 accompanied the
diminished expression of tight junction-associ-
ated proteins occludin and ZO-1, the height-
ened permeability of BMEC, and occludin exhib-
ited dissociation from the cytoskeletal frame-
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Figure 3. Caveolin-1 regulates the expression of tight junction-associated proteins. The regulation has a positive
effect. (A) Expression of caveolin-1 protein; (C) Occludin; (E) Claudin-5; (G) ZO-1. Form left to right, lanes 1, 2, 3, 4,
and 5 represent control, Ad-siRNA-cavl, Ad-siRNA-NC, Ad-cavl, and Ad-EGFP group, respectively. Integrated density
values (IDVs) of caveolin-1 (B), occludin (D), claudin-5 (F), and ZO-1 (H) are shown. Values are means + SD (n = 10,
each). 4P < 0.01 and *P < 0.01 vs. control, Ad-siRNA-NC and Ad-EGFP group.

work. Studies mentioned above suggested that
caveolin-1 has a positive effect on the regula-
tion of tight junction-associated proteins, which
consistent with the results described by our
study. We demonstrated that, in rat glioma
model, the overexpression and silence of cave-
olin-1 induced by recombinant adenovirus-
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mediated transduction to microvascular endo-
thelial cells of BTB regulated the expression
level of tight junction-associated proteins and
the permeability of BTB.

The signaling pathways involved in the regula-
tion of caveolin-1 on the permeability and integ-
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rity of microvascular endothelial system follow-
ing its positive regulation on the expression of
tight junction-associated proteins are not well
studied. With the isolation and characterization
of caveolae, caveolin-1 is not only able to com-
bine the binding domain of targeted proteins
via its scaffolding domain with intention to
inhibit the catalytic activity of the most signal-
ing proteins but also has a synergic effect with
caveolae on the internalization of multiple sig-
naling proteins, such as EGF receptor, insulin
receptor, Src family kinase, PKCs, eNOS, Grb2,
mSOS1 and Nck [27, 28]. Caveolin-1 and its
scaffolding domain regulate the activity of Src
kinase in a negative manner. Several studies
reported that suppressed caveolin-1 expres-
sion stimulated the Src kinase activity and
resulted in the instability of the junction struc-
tures [29-32]. For instance, Src family kinase
inhibitor PP1 could relieve the symptoms of
hydrocephalus and the elevated permeability of
BBB resulted by subarachnoid hemorrhage; A
phosphatase inhibitor calyculin A increased the
permeability of cultured endothelial monolayer,
and Src family kinase inhibitor herbimycin A
could significantly improve the function of the
barrier. Additionally, eNOS can be negatively
regulated by caveolin-1 and its scaffolding
domain [33-35]. In caveolin-1 knockout mice,
the activity of eNOS and permeability of
microvessels were increased and the function
of vessels was defected [36]. NOS inhibitor
L-NAME could mend the vessel functions [37].
Ex vivo study of the vessels derived from the
caveolin-1 knockout animal revealed that con-
tinuous elevation of eNOS activity resulted in
the increased permeability of vessels [38, 39].
Thus, the effect of caveolin-1 on microvascular
integrity and permeability may be due to the
altered expression of tight junction-associated
proteins that are regulated by signaling pro-
teins, such as, but not limited to, Src family
kinase and eNOS.

To our knowledge, our findings revealed for the
first time that caveolin-1 plays a positive role in
the expression of tight junction-associated pro-
teins of microvascular endothelial cells in rat
glioma model. Briefly, downregulation of caveo-
lin-1 results in the decreased expression of
tight junction-associated proteins, increased
permeability of BTB. This regulative function
might provide novel therapeutic targets for the
treatment of the selective BTB opening.
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