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The mechanisms underlying the hypoxia-induced dis-
ruption of the barrier function of neural vasculature
were analyzed with reference to the expression of
claudin-5, a component of tight junctions between
neural endothelial cells. The movement of claudin-5
from the cytoplasm to the plasma membrane of cul-
tured confluent brain-derived endothelial (bEND.3)
cells was closely correlated with the increase in the
transendothelial electrical resistance. Inhibition of
the expression of claudin-5 by RNAi resulted in a
reduction of transendothelial electrical resistance, in-
dicating a critical role of claudin-5 in the barrier prop-
erty. Hypoxia (1% O2) altered the location of clau-
din-5 in the plasma membrane and the level of
claudin-5 protein in bEND.3 cells, and these changes
were accompanied by a decrease in the transendothe-
lial electrical resistance. In vivo the claudin-5 mole-
cules were expressed under normoxia in the plasma
membrane of retinal microvascular endothelial cells
but were significantly reduced under hypoxic condi-
tions. Tracer experiments revealed that the barrier
function of hypoxic retinal vasculature with de-
pressed claudin-5 expression was selectively dis-
rupted against small molecules, which is very similar
to the phenotype of claudin-5-deficient mice. These in
vitro and in vivo data indicate that claudin-5 is a target
molecule of hypoxia leading to the disruption of the
barrier function of neural vasculature. (Am J Pathol
2007, 170:1389–1397; DOI: 10.2353/ajpath.2007.060693)

Homeostasis of the microenvironment is essential for the
normal functioning of the nervous system, and it is main-
tained in part by the blood-brain barrier and blood-retinal

barrier. These barriers are formed by the endothelial cells
of neural tissue-specific vasculature. The barrier proper-
ties of vascular endothelial cells in the nervous system is
not intrinsic to the endothelial cells of neural tissue but is
established during embryonic development under influ-
ence of the tissues surrounding the vessels.1–6 It has
been shown that the barrier properties can be induced in
developing blood vessels of nonneural tissue if they are
grown in a neural environment.1,6 In adults, the barrier
function of the neural vasculature is not static and is
regulated dynamically in response to changes in the
surrounding environment, eg, changes in tissue oxygen
concentration7–9 or by inflammatory processes.10,11 In
fact, the blood-brain barrier and blood-retinal barrier are
known to be disrupted in pathological situations such as
in cerebral ischemic diseases and diabetic retinopathy,
and the breakdown can lead to disturbances of the tissue
microenvironment, which subsequently accelerates the
progression of disease processes.7,12

The barrier properties of neural blood vessels are at-
tributed mainly to the presence of complex tight junction
networks between the endothelial cells.13 The identifica-
tion of the integral membrane molecules of tight junctions
was a turning point in the research on the molecular basis
of tight junctions.14–16 Occludin was the first identified
membrane component of tight junctions,17 but subse-
quent studies including gene knockout analyses demon-
strated that occludin was not essential for the tight junc-
tion assembly and rather was involved in the signal
transduction of endothelial cells.18 Later, the claudins
were found to be other components of tight junctions,19

and accumulative evidence has revealed that they
are the key molecules in the tight junction
assembly.14–16,20,21 The claudins are a multigene family
of more than 20 members. The pattern of expression of

Supported by Grant-in-Aid for Scientific Research (C) 17590317 from the
Ministry of Education, Culture, Sports, Science and Technology, Japan (to
E.I.) and a grant from the Takeda Science Foundation (to E.I.).

Accepted for publication December 13, 2006.

Address reprint requests to Eiji Ikeda, Department of Pathology, School
of Medicine, Keio University, 35 Shinanomachi, Shinjuku-ku, Tokyo 160-
8582, Japan, E-mail: eikeda@sc.itc.keio.ac.jp.

The American Journal of Pathology, Vol. 170, No. 4, April 2007

Copyright © American Society for Investigative Pathology

DOI: 10.2353/ajpath.2007.060693

1389



the different claudin family members varies among the
tissue types, which confers the tissue-specific properties
to the tight junctions.14 The claudins expressed in the
endothelial cells of neural tissue are claudin-1, claudin-3,
claudin-5, and claudin-12,22–24 and they are suggested
to be the candidate molecules responsible for endothelial
barrier function. A study of claudin-5-deficient mice dis-
closed that claudin-5 is indispensable for the barrier
function of neural blood vessels for small molecules.23

Tissue oxygen concentration is known to influence the
expression of various molecules including growth factors,
cytokines, and enzymes.25 Hypoxia stimulates the cellu-
lar production of erythropoietin,26 vascular endothelial
growth factor,27 tyrosine hydroxylase,28 phosphoglycer-
ate kinase 1, and lactate dehydrogenase A.29 Many of
these hypoxia-sensitive molecules are implicated in the
adaptive processes of organisms to hypoxic circum-
stances, such as erythropoiesis, angiogenesis, increase
in respiratory volume, and conversion of the metabolism
to an anaerobic state. In addition, changes in the expres-
sion of certain oxygen-sensitive molecules can also trig-
ger the progression of disease processes in patients with
cerebral ischemic diseases, diabetic retinopathy, and
other diseases.30

Despite recent advancements in the research on tight
junctions, little is known about how the neural vascular
endothelial cells lose their barrier properties under hy-
poxic conditions. Among the components of tight junc-
tions, occludin, claudin-1, and claudin-3 are reported to
be hypoxia-sensitive molecules,9,25,31 suggesting that
the tight junction structure is hypoxia-sensitive. Here, we
demonstrate that the expression and location of claudin-5
in neural microvascular endothelial cells is altered by
tissue hypoxia resulting in a breakdown of the neural
endothelial barrier.

Materials and Methods

Cell Culture

A mouse brain endothelial cell line, bEND.3, was ob-
tained from the American Type Culture Collection (Man-
assas, VA) and cultured in fibronectin-coated culture
dishes (BD Biosciences, Franklin Lakes, NJ) or on fi-
bronectin-coated cell inserts with 0.4-�m pore size (BD
Biosciences). The culture medium was Dulbecco’s mod-
ified Eagle’s medium (4500 mg/L glucose) supplemented
with 10% fetal bovine serum, 100 U/ml penicillin, and 10
�g/ml streptomycin. The cells were incubated with a CO2

level of 5% either with 20% O2 (atmospheric air) for
normoxia or with 1% O2 balanced with N2 for hypoxia.
The hypoxic condition was generated in an oxygen-reg-
ulated incubator (Personal Multi Gas Incubator; Astec,
Tokyo, Japan).

Animal Studies

All animal experiments adhered to the ARVO Statement
for the Use of Animals in Ophthalmic and Vision Research
and were approved by the Laboratory Animal Care and

Use Committee at the School of Medicine, Keio Univer-
sity. Adult male C57BL/6J mice (7 to 10 weeks old; CLEA
Japan, Tokyo, Japan) were maintained in a chamber in
which the O2 concentration could be regulated by con-
trolling the inflow rates of O2 and N2. For hypoxic condi-
tion, the O2 concentration was maintained at 7 to 9% as
described,32 and the oxygen concentration was continu-
ously monitored with an oxygen analyzer (Max O2; Max-
tec, Salt Lake City, UT). After 7 days, the eyes were
enucleated immediately after removing the animals from
the chambers, and the retinas were isolated for immuno-
histochemistry or Western blotting. For immunohistochem-
istry, flat mounts of the retinas were prepared by removing
the cornea, lens, sclera, and vitreous from eyes, which had
been briefly fixed in 4% paraformaldehyde.

Western Blotting

Proteins were extracted from cultured bEND.3 cells and
from isolated retinas by incubating them in phosphate-
buffered saline (PBS) containing 10% Triton X-100, 0.2%
sodium dodecyl sulfate, 1 mmol/L sodium vanadate, 10
mmol/L sodium fluoride, 1 mmol/L phenylmethylsulfonyl
fluoride, 2 �g/ml leupeptin, and 1 �g/ml pepstatin. The
proteins were separated on 12.5% sodium dodecyl sul-
fate-polyacrylamide by gel electrophoresis under reduc-
ing conditions and were electrophoretically transferred
onto polyvinylidene fluoride membranes (ATTO, Tokyo,
Japan). After blocking nonspecific reactions with Block
Ace (Dainippon Pharmaceutical, Osaka, Japan), the
membranes were incubated with rabbit polyclonal anti-
body against claudin-5 (1/250; Zymed, San Francisco,
CA) or rabbit polyclonal antibody against �-actin (1/5000
dilution; Abcam, Cambridge, UK) for 1 hour at room
temperature. After washing in PBS containing 0.1%
Tween 20, the membranes were further reacted with
horseradish peroxidase-conjugated anti-rabbit IgG
(1:15,000 dilution; Amersham Biosciences Corp., Pisca-
taway, NJ) for 30 minutes at room temperature. A chemi-
luminescence reagent, ECL Western blotting detection
reagent (Amersham Biosciences Corp.), was used to
make the labeled protein bands visible. For quantifica-
tion, the density of each band was determined by the NIH
Image 1.41 program (available at ftp from zippy.nimh.
nih.gov/ or from http://rsb.info.nih.gov/nih-image; devel-
oped by Wayne Rasband, NIH, Bethesda, MD). The den-
sity of the claudin-5 band was standardized to that of
�-actin, and the densities in normoxic and hypoxic
bEND.3 cells or retinas were compared.

Immunofluorescence Microscopy

Cultured bEND.3 cells on fibronectin-coated dishes were
fixed with 100% methanol for 5 minutes at room temper-
ature and were incubated with 5% normal swine serum in
PBS for 30 minutes at room temperature to block the
nonspecific binding of antibodies. For in vivo studies, flat
mounts of retinas were fixed with 100% methanol for 5
minutes at room temperature and were treated with PBS
containing 5% normal swine serum and 0.5% Triton
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X-100 for 6 hours at room temperature to block nonspe-
cific binding of antibodies and for the permeabilization of
the tissues. Subsequently, the cells and the flat mounts
were reacted with rabbit polyclonal antibody against
claudin-5 (1/25; Zymed) at 4°C overnight. After washing
with PBS, they were incubated with fluorescein isothio-
cyanate-conjugated swine polyclonal antibody against
rabbit immunoglobulins (DakoCytomation Denmark A/S,
Glostrup, Denmark) for 6 hours at room temperature. The
stained cells and retinal flat mounts were then washed
with PBS and mounted in fluorescent mounting medium
(DakoCytomation) for observation under a confocal mi-
croscope (FluoView FV1000; Olympus, Tokyo, Japan).

Measurement of Transendothelial Electrical
Resistance

bEND.3 cells were grown to confluence on fibronectin-
coated cell inserts with 0.4-�m pore size, and the resis-
tance of inserts was measured using the Millicell ERS
Voltohmmeter (Millipore, Billerica, MA). The transendo-
thelial electrical resistance (TEER) of the inserts was cal-
culated by subtracting the resistance of blank inserts
from that of the inserts with bEND.3 cells and multiplying
the subtracted values by the area of the insert. The TEER
was used as an index of the barrier property of the
bEND.3 monolayer.

Transient Transfection of siRNA

The 21-oligonucleotide small interfering RNA (siRNA)
with the sequence of claudin-5 (5�-AACATCGTTGTC-
CGCGAGTTC-3�) and control non-silencing (5�-AAT-
TCTCCGAACGTGTCACGT-3�) oligonucleotides were
chemically synthesized (QIAGEN, Germantown, MD). For
annealing, 20 �mol/L siRNA in 30 mmol/L Hepes-KOH
buffer, pH 7.4, containing 100 mmol/L CH3COOK, and 2
mmol/L (CH3COO)2Mg was incubated at 90°C for 1
minute and subsequently at 37°C for 1 hour. Then, using
the Nucleofector kit (Amaxa, Gaithersburg, MD), 2 �g of
siRNA was transfected into 1 � 106 bEND.3 cells sus-
pended in 100 �l of Nucleofector solution V. Program
T-20 was selected according to the manufacturer’s in-
structions to achieve a high transfection efficiency. The
cells were then plated onto the fibronectin-coated culture
dishes or cell inserts and further incubated in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal
bovine serum for Western blotting and the measurement
of TEERs.

Reverse Transcription-Polymerase Chain
Reaction (RT-PCR)

RT-PCR was performed to determine the mRNA level of
claudin-5. The level of the mRNA of �-actin was used as
the standard. Total RNA was extracted from the bEND.3
cells cultured under either normoxia or hypoxia for 24
hours using Isogen (Nippon Gene, Toyama, Japan), and
total RNA (2 �g) was reverse-transcribed in a 15-�l re-

action volume with a First-Strand cDNA Synthesis Kit
(Pharmacia Biotech, Uppsala, Sweden) as described.33

One microliter of the reaction mixture was then subjected
to PCR for amplification of each molecule. PCR was
performed in 50 �l containing 800 nmol/L each primer,
250 nmol/L dNTPs, and 5 U of TaqDNA polymerase
(Toyobo, Tokyo, Japan) with a thermal controller (Mini-
Cycler; MJ Research, Inc., Watertown, MA). The number
of PCR cycles was 30 for claudin-5 and 25 for �-actin.
The thermal cycle was 1 minute at 94°C, 2 minutes at
60°C (claudin-5) or 57°C (�-actin), and 3 minutes at
72°C, followed by final extension for 3 minutes at 72°C.
The nucleotide sequences of the PCR primers were 5�-
GACTGCCTTCCTGGACCAC-3� (forward) and 5�-TGAC-
CGGGAAGCTGAACTC-3� (reverse) for claudin-5; and
5�-ATCTGGCACCACACCTTCTACAATGAGCTGCG-3�
(forward) and 5�-CGTCATACTCCTGCTTGCTGATCCAC-
ATCTGC-3� (reverse) for �-actin. The expected sizes of
the amplified cDNA fragments of claudin-5 and �-actin
were 500 bp and 837 bp, respectively. The PCR products
were electrophoresed on a 1.5% agarose gel and then
stained with ethidium bromide.

Real-Time Quantitative Polymerase Chain
Reaction (Real-Time PCR)

For quantitative analysis of the level of claudin-5 mRNA,
TaqMan real-time PCR assay was performed using the
ABI PRISM 7000 Sequence Detection System (Applied
Biosystems, Foster City, CA) according to the manufac-
turer’s protocol. Primers and TaqMan probes specific for
claudin-5 and �-actin were purchased from Applied Bio-
systems (sequences not disclosed). The cycling condi-
tions were 50°C for 2 minutes, initial denaturation at 95°C
for 10 minutes, and then 40 cycles at 95°C for 15 seconds
and 60°C for 1 minute. �-Actin was used to normalize the
amount of claudin-5 mRNA in each sample, and clau-
din-5 to �-actin mRNA ratio (claudin-5 mRNA/�-actin
mRNA ratio) was compared between the bEND.3 cells
under normoxia and hypoxia.

Detection of Tissue Hypoxia

The effect of hypoxic conditions on mouse retinas was
determined by the Hypoxyprobe-1 Plus Kit (Chemicon
International, Temecula, CA). One hour before sacrifice,
pimonidazole hydrochloride (Hypoxyprobe-1; Chemicon
International), which binds to the proteins in hypoxic
cells, was injected into the peritoneal cavities of mice (60
mg/kg). Flat mounts of retinas were prepared and fixed
with 100% methanol for 5 minutes at room temperature.
After 6 hours of incubation with blocking buffer, retinal flat
mounts were reacted with both the fluorescein isothiocya-
nate-conjugated mouse monoclonal antibody against Hy-
poxiprobe-1 (1/50 dilution) and the rat monoclonal anti-
body against CD31 (PECAM-1) (1/500 dilution; BD
Biosciences, San Jose, CA) at 4°C overnight. The flat
mounts were subsequently incubated with Alexa Fluor
546-conjugated goat antibodies against rat immuno-
globulins (Molecular Probes, Eugene, OR) for 6 hours at
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room temperature. The retinas were stained with the anti-
CD31 antibody to make the endothelial cells visible. The
stained flat mounts were observed with a confocal micro-
scope (FluoView FV1000; Olympus).

Tracer Experiments

To determine the permeability of the mouse retinal ves-
sels, tracer experiments were performed as described.23

Under deep anesthesia with pentobarbital sodium, the
mouse chest cavity was opened, and a 24-gauge can-
nula was inserted into the left ventricle. Each mouse was
perfused with 500 �l/g body weight of PBS containing
100 �g/ml Hoechst stain H33258 (molecular mass, 534 d;
Sigma) and 1 mg/ml tetramethylrhodamine-conjugated
lysine-fixable dextran (molecular mass, 10 kd; Molecular
Probes). The isolated retinas were flat mounted and ob-
served with a confocal microscopy (FluoView FV1000;
Olympus).

Statistical Analyses

All of the data are expressed as the means � SD. The
data were analyzed with Mann-Whitney tests, and differ-
ences were considered to be statistically significant at
P � 0.05.

Results

Correlation between Expression of Claudin-5
and Induction of Barrier Function of Monolayer
of bEND.3 Cells

bEND.3 cells that had reached confluence were cultured
for an additional 11 days under normoxia, and the ex-
pression of claudin-5 was determined by Western blot-
ting and immunocytochemistry. The barrier function of a
monolayer of bEND.3 cells was also evaluated by mea-
surements of the TEERs.

After the cultured bEND.3 cells reached confluence,
the cellular protein level of claudin-5 increased and
reached a steady-state level at day 3 (Figure 1A). In
addition, the claudin-5 molecule relocated to the plasma
membranes between adjacent bEND.3 cells at day 7
(Figure 1B). The detection of claudin-5 in the plasma
membrane was strongly correlated with the increase in
the TEER of the bEND.3 monolayer (Figure 1C).

To evaluate the role of claudin-5 in the barrier function
of bEND.3 monolayer in more detail, the RNAi technique
was used to inhibit the expression of claudin-5. Monolay-
ers of bEND.3 cells that had the expression of claudin-5
depressed failed to develop the increased TEER but
did so with non-silencing oligonucleotides were used
(Figure 2).

Hypoxia-Induced Changes in Claudin-5
Expression and Barrier Function of Monolayer of
bEND.3 Cells

The expression of claudin-5 was analyzed and compared
between the bEND.3 cells cultured under normoxic and
hypoxic conditions. Confluent bEND.3 cells were cul-
tured for an additional 7 days under normoxia to obtain
the cells with claudin-5 exclusively located in the plasma
membranes. The cells were then exposed for 24 hours to
either normoxic or hypoxic conditions, and the expres-
sion of claudin-5 was evaluated by immunocytochemistry
and Western blotting.

Figure 1. Claudin-5 expression and TEER in monolayer of bEND.3 cells.
bEND.3 cells at the confluent state were cultured for an additional 11 days
under normoxic condition, and the expression of claudin-5 (A, B) and barrier
property of bEND.3 monolayer (C) was investigated. A: Western blotting
with its quantitative analysis (bottom panel) showed that the cellular protein
level of claudin-5 increased and reached a steady-state level around day 3,
whereas the level of �-actin, a loading control, was almost unchanged. B:
Immunocytochemistry showed that the predominant cytoplasmic location of
claudin-5 immediately after reaching confluence (a) gradually changed to a
relocation to the plasma membranes. Finally, claudin-5 was exclusively
located to the plasma membranes 7 days after reaching confluence (d). a, 1
day; b, 3 days; c, 5 days; d, 7 days; e, 9 days; f, 11 days after reaching
confluent state. C: The barrier property of bEND.3 monolayer was evaluated
by measuring the TEER. A high correlation existed between the location of
claudin-5 to the plasma membranes and the increase in the TEER of bEND.3
monolayer.
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Our results showed that the amount of claudin-5 mol-
ecules in the plasma membranes was decreased under
hypoxic conditions, which was accompanied by a de-
crease in their cellular protein levels (Figure 3, A and B).
Interestingly, the changes in the expression level of the
mRNA of claudin-5 mRNA were not significantly different
between cells cultured under normoxia and hypoxia (Fig-
ure 3C). The hypoxic bEND.3 monolayer with diminished
localization of caludin-5 to plasma membranes showed
weak barrier properties with significantly lower TEER than
that of the normoxic monolayer (Figure 3D). In addition,
bEND.3 cells recovered from these hypoxic changes in
claudin-5 expression and TEER when they were further
incubated under normoxia for 48 hours (data not shown).

In Vivo Expression of Claudin-5 in Retinal Blood
Vessels under Normoxia and Hypoxia

Mice were maintained in either atmospheric air or in
decreased O2 concentration for 7 days, and then their
retinas were processed for immunohistochemistry to in-
vestigate the in vivo expression of claudin-5 in the retinal
blood vessels. Oxygenation of retinal tissues was evalu-
ated by the intraperitoneal injection of pimonidazole hy-
drochloride, and it was confirmed that the retinal tissues
from mice maintained under decreased O2 concentration
were hypoxic as compared with those from mice in at-
mospheric air (Figure 4). Retinal blood vessels of mice in
atmospheric air expressed claudin-5 with its distinct lo-
cation at the interfaces of adjacent endothelial cells of
both proximal and peripheral blood vessels. The expres-
sion of claudin-5 was reduced in the blood vessels of
hypoxic retina from mice maintained in air with de-
creased O2 concentration (Figure 5A, a and b). A signif-
icant decrease (approximately 41%) in the claudin-5 ex-
pression of hypoxic retinas was confirmed by Western
blotting (Figure 5B). Suppression of claudin-5 expression
was predominantly observed in the peripheral small
blood vessels, in contrast to its relatively preserved ex-
pression in the proximal blood vessels. In some of the
capillaries, the signal for claudin-5 was hardly detected
by immunohistochemistry (Figure 5A, c and d).

Permeability of Retinal Blood Vessels with
Reduced Expression of Claudin-5

The permeability of the retinal blood vessels under nor-
moxia and hypoxia was evaluated by tracer experiments
using Hoechst stain H33258 (534 d) and tetramethylrho-
damine-conjugated lysine-fixable dextran (10 kd). The
injected dextran was detected in the vascular lumen with
minimal leakage from blood vessels in both normoxic and
hypoxic retinas (Figure 6). The extravasation of the
Hoechst H33258 dye was manifested by the nuclear
staining of surrounding retinal glial and neural cells, and
the degree of staining was enhanced in the hypoxic
retina as compared with that in normoxic retina (Figure 6).

Discussion

The hypoxia-induced breakdown of the barrier properties
of neural blood vessels often accelerates the progression
of diseases such as cerebral ischemic diseases and
diabetic retinopathy.7,12 However, the molecular mecha-
nisms involved with the barrier disruption by hypoxia
have not been determined. Identification of the molecules
responsible for the hypoxic disruption of endothelial bar-
rier would yield the new therapeutic targets of the intrac-
table diseases. We focused on claudin-5, which is a
member of claudin family and is involved in the assembly
of tight junctions between neural microvascular endothe-
lial cells.22,23 Our results showed that the expression of
claudin-5 is altered by hypoxia, which results in the dis-

Figure 2. Relationship between the TEER of the bEND.3 monolayer and the
expression levels of claudin-5. A: Expression level of claudin-5 in bEND.3
cells was altered by the RNAi technique, and Western blotting with quanti-
tative analysis (bottom panel) confirmed the depressed claudin-5 expression
in cells that were treated with siRNA specific for claudin-5 compared with the
cells treated with non-silence oligonucleotides. The level of �-actin was used
as a control for protein loading. B: bEND.3 cells with depressed expression
of claudin-5 (closed square) failed to develop the monolayer with the TEER
equivalent to that of bEND.3 monolayer without the depression of claudin-5
(open square). *P � 0.01.
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ruption of the barrier properties of neural vascular endo-
thelial cells.

When bEND.3 cells, which are derived from mouse
neural vascular endothelial cells, were cultured in the
confluent state under normoxic conditions, they formed a
monolayer and acquired barrier properties. We found
that bEND.3 cells expressed claudin-5, which was lo-
cated predominantly in the cytoplasm just after they
reached confluence. Under normoxic conditions, clau-
din-5 relocated to the plasma membranes at the interface
of adjacent cells. This localization of claudin-5 was also
well correlated with the development of the barrier prop-
erties of the bEND.3 monolayer, which was determined
by measuring TEER. The location of claudin-5 in the
plasma membrane and the increase in the TEER of con-
fluent bEND.3 cells reached a steady-state level after the

Figure 4. Oxygenation of retinas from mice under normoxia or hypoxia. To
evaluate the tissue hypoxia, pimonidazole hydrochloride (Hypoxyprobe-1)
was injected into the peritoneal cavities of mice maintained under either
normoxic or hypoxic conditions for 7 days, and pimonidazole hydrochloride
incorporated into hypoxic cells was detected by immunostaining (a, b).
Immunostaining for CD31 was performed to examine the retinal vasculature
(c, d). Merged view (e, f) figured the hypoxic metabolism of the retinas from
mice that had been maintained under hypoxia, especially in the areas distant
from the blood vessels.

Figure 3. Hypoxia-induced changes in the expression of claudin-5. bEND.3
cells with claudin-5 located in the plasma membranes were cultured under
either normoxia or hypoxia for 24 hours. Immunocytochemistry (A) and
Western blotting (B) with its quantitative analysis (bottom panel in B)
revealed that the localization of claudin-5 to plasma membranes [A (a,
normoxia; b, hypoxia] as well as the cellular protein level of claudin-5
decreased under hypoxic condition. C: The mRNA level of claudin-5 was
determined by RT-PCR (a) and real-time quantitative PCR (b). The claudin-5
mRNA level was approximately the same under normoxic and hypoxic
conditions. Protein and mRNA levels of �-actin were also quantified as the
controls of those of claudin-5. D: TEERs of bEND.3 monolayers under
normoxia and hypoxia were measured, and the barrier property of bEND.3
cells was disrupted by hypoxia. *P � 0.05, **P � 0.01.
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incubation for 7 days. Therefore, the maturation of con-
fluent bEND.3 cells as neural microvascular endothelial
cells was thought to be accomplished at day 7 after they
reached confluence. The critical role of claudin-5 in the
induction of barrier properties of endothelial cell mono-
layer was further confirmed by the specific inhibition of
claudin-5 expression by RNAi, which blocked the in-
crease in TEER of confluent bEND.3 monolayer even
under normoxic conditions. These findings prompted us
to analyze and compare the expression of claudin-5 in
bEND.3 cells under normoxia and hypoxia to determine
whether claudin-5 was a target molecule for the hypoxic
disruption of barrier function of neural blood vessels. The
data clearly demonstrated that hypoxia reduced the re-
location of claudin-5 molecules to the plasma mem-
branes, which was accompanied by a decrease in the
protein level of claudin-5 in the cells. The functional sig-
nificance of the hypoxia-induced changes in the expres-
sion of claudin-5 in endothelial cells was confirmed by the
decrease in the TEER of the cellular monolayer.

To verify the effect of tissue hypoxia on the claudin-5
expression and subsequently on the barrier function of
neural microvasculature in vivo, flat mounts of the retina
were used because the entire vascular tree could be
easily analyzed. Using the incorporation of pimonidazole
hydrochloride into retinal cells as a measure, our data
showed that the retinal tissues became hypoxic by plac-
ing mice in a chamber containing 7 to 9% O2 concentra-

tion. With this in vivo model, the degree of expression of
claudin-5 in the endothelial plasma membranes was re-
duced in the hypoxic retina. This was accompanied by a
decrease in the protein level of claudin-5 in the whole
retina. These changes in the expression pattern of clau-
din-5 in the retinal endothelial cells in vivo were essentially
identical to those observed in the cultured bEND.3 cells
under hypoxic conditions. The hypoxic depression of
claudin-5 expression was predominantly observed in the
peripheral capillaries, whereas claudin-5 molecules in
the endothelial cell membranes of proximal arteries were
relatively well preserved, suggesting the critical role of
claudin-5 in the barrier disruption in hypoxic retinas. The
barrier function of retinal vasculature under normoxia and
hypoxia was also assessed by using Hoechst stain
H33258 (534 d) and dextran (10 kd) as tracers. The
extravasation of the injected Hoechst stain was en-
hanced in the hypoxic retina compared with that in the
normoxic retina. In contrast, dextran, a tracer molecule of
larger size, remained inside the vessels in both normoxic
and hypoxic retinas. Thus, the barrier function in hypoxic
retinal blood vessels was selectively disrupted against
small molecules, and this phenotype is identical to that of
brain blood vessels in claudin-5-deficient mice.23 It was
reported that there were molecules expressed differently
between the immortalized retinal and brain capillary en-
dothelial cell lines.34,35 Although it remains to be dis-
cussed whether our in vivo data of retinal blood vessels

Figure 5. In vivo effect of tissue hypoxia on the expression of claudin-5 in retinal blood vessels. Expression of claudin-5 in retinas from mice that had been
maintained under normoxia or hypoxia for 7 days was investigated by immunofluorescence (A) and Western blotting (B). The level of �-actin was used as a
loading control of Western blotting. A: Claudin-5 expression in the plasma membranes of retinal blood vessels is depressed in mice under hypoxia (b, d) in
contrast to the distinct expression in the mice under normoxia (a, c). The decrease in claudin-5 expression by hypoxia was distinct in the peripheral blood vessels
(arrows in a) compared with the reserved expression of claudin-5 in the proximal blood vessels (arrowheads in a) (c, d). B: Tissue protein level of claudin-5
significantly decreased in the hypoxic retina compared with the normoxic retina (top panel, gel of Western blotting; bottom panel, quantitative analysis of Western
blotting for the relative decrease in claudin-5 expression in hypoxic retina). *P � 0.05.
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could be interpreted as the common findings of neural
blood vessels, our in vitro and in vivo data indicate that
claudin-5 is one of molecules responsible for the hypoxia-
induced disruption of the barrier of neural blood vessels.

The expression and location of the tight junction mol-
ecules, such as claudins, occludin, ZO-1, and ZO-2, are
finely controlled during embryonic development. The re-
location of claudin-5 to the plasma membrane of neural
endothelial cells was shown to be enhanced as the blood
vessels mature.36 The appropriate expression of junc-
tional molecules in epithelial and endothelial cells is cru-
cial for the normal functioning of tissues, and distur-
bances of the expression of tight junction molecules, both
congenital and acquired, cause various pathological
conditions.21,37 Accumulating evidence has disclosed
that the localization of claudins to cell junctions can be
controlled transcriptionally, translationally, and posttrans-
lationally, depending on the stimuli, and that the re-
sponse to a stimulus is also different among the different
members of the claudin family.21,38,39 It has been re-
ported that exposure of brain-derived endothelial cells to
hypoxic conditions resulted in the depressed localization
of occludin, ZO-1, and ZO-2 to the plasma membrane,
although their protein levels were little affected.8,9 A sig-
nificant increase in the protein level of claudin-1 by hy-
poxic stimuli has also been reported.31 Through the
screening of molecules whose mRNA levels in endothe-

lial cells were controlled by the oxygen concentration,
claudin-3 was found to be a hypoxia-sensitive mole-
cule.25 In contrast, an in vivo study has shown that the
level of claudin-3 in brain microvessels was unchanged
following exposure to hypoxia and reoxygenation.40

Claudin-like protein of 24 kd (CLP24) was also identified
as a cell junction protein which modulates the paracellu-
lar permeability in response to hypoxia, although it is
associated with adherens junctions but not with tight
junctions.41

In the present study, the disappearance of claudin-5
from the plasma membranes of hypoxic endothelial cells
was accompanied by a decrease in the cellular protein
level of claudin-5. In contrast, the level of claudin-5
mRNA was almost unchanged regardless of the oxygen
concentration. Therefore, the hypoxia-induced changes
in the expression of claudin-5 are attributable to the post-
transcriptional regulation such as a reduced translation
and the enhanced degradation of claudin-5 molecules.
For the posttranscriptional regulation of total cellular pro-
tein level of tight junction molecules, a down-regulation of
claudin-1 by a transcription factor, Snail,42 and a degra-
dation of occludin in the proteasome pathway through the
specific ubiquitination of occludin by Itch43 have been
reported. It is possible that the ubiquitin-proteasome
pathway is also involved in the hypoxic changes in clau-
din-5 expression through the degradation of claudin-5
molecules. The cleavage of claudin-5 molecules by pro-
teases such as matrix metalloproteinases might be en-
hanced in hypoxic endothelial cells, because matrix met-
alloproteinases are suggested to play a role in the blood-
brain barrier disruption.44 However, further studies are
needed to clarify the mechanisms involved in the hy-
poxia-induced decrease in the cellular protein level of
claudin-5.
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