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Abstract
It is important to understand the molecular mechanisms of barrier disruption in the central nervous system (CNS) of patients with
multiple sclerosis (MS). The purpose of the present study was to clarify whether claudin-11 is involved in the disruption of two
endothelial barriers (blood-brain barrier (BBB) and blood-spinal cord barrier (BSCB)) and two epithelial barriers (blood-arachnoid
barrier (BAB) and blood-CSF barrier (BCSFB)) in the CNS in MS. Immunohistochemical analysis revealed that, in both normal
human and mouse, claudin-11 is co-localized with claudin-5 in the brain and spinal cord capillaries. The absolute protein
expression level of claudin-11 was nearly equal to that of claudin-5 in rat brain capillaries, but was 2.81-fold greater in human
brain capillaries. The protein expressions of claudin-11 were significantly downregulated in the brain and spinal cord capillaries of
an MS patient and experimental autoimmune encephalomyelitis (EAE) mice. Specific downregulation of claudin-11 with siRNA
significantly increased the transfer of membrane-impermeable FITC-dextran across human brain capillary endothelial cell
(hCMEC/D3) monolayer. As for the epithelial barrier, claudin-11 protein expression was not decreased in choroid plexus epithelial
cells forming the BCSFB in EAE mice, whereas it was decreased in brain and spinal cord meninges that form the BAB. Specific
downregulation of claudin-11 with siRNA in a rat choroid plexus epithelial cell (TR-CSFB) monolayer significantly increased the
permeability of FITC-dextran. In conclusion, our present findings indicate that claudin-11 expression at the BBB, BSCB, and
BAB, but not the BCSFB, is downregulated in multiple sclerosis, impairing the functional integrity of these barriers.
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ER-TR7 A meningeal marker
Glut1 Glucose transporter 1
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cell line
LC-MS/MS Liquid chromatography–tandem mass
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MS Multiple sclerosis
PRM Parallel reaction monitoring
QTAP Quantitative targeted absolute proteomics
SC-cap Spinal cord capillary
SRM Selected reaction monitoring
TM-BBB Mouse brain capillary endothelial cell line
TR-CSFB Rat choroid plexus epithelial cell line
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Introduction

Multiple sclerosis (MS) is an immune-mediated disorder of
the central nervous system (CNS) affecting more than 2 mil-
lion people worldwide, and is characterized by the invasion of
autoreactive lymphocytes into the CNS and the demyelination
of nerves. Current therapeutic agents/methods do not ade-
quately suppress the pathogenesis or progression of MS.
Magnetic resonance imaging has shown that CNS barrier dis-
ruption, detected by gadolinium-DTPA enhancement, occurs
before the appearance of MS lesions and the development of
symptoms [1], suggesting that breakdown of CNS barriers is a
very early event and, indeed, could trigger MS pathogenesis.
This evidence strongly supports the idea that the inhibition of
CNS barrier disruption would be a rational therapeutic strate-
gy to suppress MS pathogenesis and progression. However,
the molecular mechanisms of CNS barrier disruption are not
yet fully understood. Because MS often occurs in young adult
women, it is considered that a hormone-dependent mechanism
might be involved in the barrier disruption. Although it has
been suggested that downregulation of claudin-5 at the blood-
brain barrier (BBB) and claudin-3 at the blood-cerebrospinal
fluid barrier (BCSFB) are involved in the impairment of bar-
rier function in MS [2, 3], there is no evidence that claudin-5
and claudin-3 are functionally regulated by sex hormone at the
CNS barriers.

Claudin-11 is a four-transmembrane protein with 207 ami-
no acids, and is expressed in the tight junctions of myelin
sheaths of CNS oligodendrocytes and Sertoli cells of testes
[4, 5]. Claudin-11 is also expressed at several CNS barriers,
including the BBB, BCSFB, and blood-arachnoid barrier
(BAB) [6–8]. It contributes to tight-junction integrity at the
blood-testis barrier, and it is upregulated by androgen [9, 10].
Notably, compared to male MS patients, more extensive CNS
barrier disruption has been observed in female MS patients,
especially in those with low blood testosterone levels [11].
Pre-administration of dihydrotestosterone (DHT) has alleviat-
ed the severity of experimental autoimmune encephalomyeli-
tis (EAE) in a mouse model of MS [12]. Therefore, it is
thought that loss of claudin-11 is involved in the CNS barrier
disruption in MS, and the reason for the greater severity in
female MS patients may be the lower level of androgen sig-
naling. However, these ideas remain to be fully established.
Furthermore, the physiological importance of claudin-11 in
tight-junction formation of the CNS barriers remains
uncertain.

Spinal cord capillaries form the blood-spinal cord barrier
(BSCB), analogously with the BBB in brain, and its disruption
is considered to allow the invasion of autoreactive lympho-
cytes into spinal cord parenchyma. In healthy rabbits, the
transfer of impermeable markers such as [3H]D-mannitol
and [14C]carboxyl-inulin from circulating blood into the spi-
nal cord was greater than that into the brain [13]. The neuronal

damage and reduction in neuronal numbers in MS patients is
suggested to be more significant in spinal cord than brain,
because MS disability score is better correlated with atrophy
of the spinal cord (especially cervical and thoracic spinal
cords) than that of the brain [14]. Invasion of lymphocytes is
more extensive in spinal cord than brain in acute active EAE.
These findings raise the possibility that the BSCB is more
likely to be impaired than the BBB in MS patients. Because
the protein expression level of claudin-5 is similar in the BBB
and BSCB [15], it is likely that some tight-junction protein
other than claudin-5 is associated with this vulnerability of the
BSCB, but it remains to be identified.

It was recently shown that lymphocytes enter the CSF from
circulating blood via the leptomeninges of the spinal cord and
subsequently invade spinal cord parenchyma from the CSF;
this is an earlier event than direct invasion via the BSCB, and
furthermore, this invasion route into CSF via the
leptomeninges of spinal cord predominates over that via cho-
roid plexus [16]. Therefore, disruption of the BAB separating
the circulating blood and CSF in the leptomeninges might be a
more plausible explanation than impairment of the BCSFB for
lymphocyte invasion into the CSF. However, it is unknown
whether the expression of claudin-11 in MS is more downreg-
ulated at the BAB than at the BCSFB. It is also unclear wheth-
er the downregulation of claudin-11 at these CNS epithelial
barriers decreases the barrier integrity.

Therefore, the purpose of the present study was to clarify
(1) whether claudin-11 expression is downregulated at the
four CNS barriers, BBB, BSCB, BCSFB, and BAB, in MS,
and (2) whether downregulation of claudin-11 expression im-
pairs the integrity of these CNS barriers.

Materials and Methods

Materials

All materials, including probe peptides for proteomics and
antibodies, are described in the supplemental data.

Animals

The animal experiments were conducted based on the
ARRIVE guidelines, and the protocol was approved by the
Institutional Animal Care and Use Committee at Tohoku
University. For details of the animal experiments, refer to the
supplemental data.

Briefly, for the induction of EAE, EAE Induction Hooke
Kits (EK-2110, Hooke Laboratories, Lawrence, MA, USA)
were used according to the manufacturer’s instructions. EAE
was induced in 11-week-old female C57BL/6J mice. Mice
were immunized subcutaneously with 100-μgMOG35–55 pep-
tide emulsified in complete Freund’s adjuvant in the neck and
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lower back (0.1 mL/site, total of 0.2 mL) on day 0. Each
mouse was injected intraperitoneally with 360-ng pertussis
toxin at 0.1 mL/dose at 2 and at 24 h after immunization.
The progression of EAE was evaluated by scoring the clinical
symptoms (see Supplemental Fig. 1). Mice with a clinical
score of 3.0 to 3.5 were used for experiments. The definition
of clinical score was described in Supplemental Fig. 1.

Human Tissues and Cell Lines

Human normal frontal lobe sections (male, 49 years old,
Caucasian; female, 60 years old, Caucasian), multiple sclero-
sis frontal lobe sections (male, 64 years old, Caucasian), hu-
man normal spinal cord sections (male, 59 years old,
Caucasian), and multiple sclerosis spinal cord sections (male,
64 years old, Caucasian) were purchased from BioChain
Institute Inc. (Newark, CA, USA) for immunohistochemistry.
Frozen brain cortex of a Japanese subject (male, 77 years old)
was kindly provided by Prof. Takashi Suzuki of Tohoku
University Hospital and used for the analysis of absolute pro-
tein expression levels of claudin molecules. Human brain cap-
illary endothelial cell line (hCMEC/D3 cell line) [17] was
kindly provided by Dr. Pierre-Olivier Couraud (Institut
Cochin, Paris, France). The research protocols used in the
present study were approved by the Ethics Committees of
Tohoku University School of Medicine and the Graduate
School of Pharmaceutical Sciences, Tohoku University. For
full details, including the other cell lines used, refer to the
supplemental data.

Isolation of Human Brain Capillaries, Rat Brain,
and Spinal Cord Capillaries

Human brain microvessels were isolated from the frozen brain
cortex of a Japanese subject (male, 77 years old) as described
previously [18]. Rat brain and spinal cord microvessels were
isolated as described previously [19] with minor modifica-
tions. Details are given in the supplemental data.

Preparation of Whole-Cell Lysates and Subcellular
Fractions

The whole-cell lysates and subcellular fractions from cell lines
and tissues were obtained as described in the supplemental
data.

Proteomics

Protein samples were digested with lysyl endopeptidase and
trypsin. For shotgun proteomics, the resulting peptides were
fractionated by isoelectric point-based separation into 12 frac-
tions over a 3 to 10 linear pH range by a 3100 OFFGEL
Fractionator, and the protein expression of all the claudin

subtypes (claudin-1 to -27 except for claudin-13 and -21)
was screened in the data-dependent acquisition (DDA) mode
in a nanoLC-TripleTOF5600 (SCIEX, Framingham, MA,
USA). For quantitative targeted absolute proteomics (QTAP)
[20], the tryptic peptides were mixed with stable isotope-
labeled peptides for the target proteins, followed by parallel
or selected reaction monitoring (PRM or SRM) with an LC-
MS/MS system to determine the absolute protein expression
levels of the target proteins. For details, see the supplemental
data.

Immunostaining

The brain tissue and backbone were excised from mice and
frozen on dry ice. The cranium and dura mater were removed
during excision of the brain. The frozen brain and backbone
including spinal cord were sectioned with a cryostat. The tis-
sue sections (20 μm thick) were mounted on glass slides, and
fixed with cold acetone for 10 min. These sections and pur-
chased human sections (5–10 μm in thickness, pre-fixed with
acetone) were immersed in 0.2% Triton-X in PBS for 15 min
followed by blocking with 10% donkey serum for 30 min at
room temperature. They were immune-reacted overnight at
4 °C with the primary antibodies, then incubated with the
secondary antibodies for 2 h. Nuclear staining was done with
4′,6-diamidino-2-phenylindole (DAPI) (1 μg/mL) for 10 min.
Images were taken with a confocal laser scanning microscope,
Leica TCS SP8 (Leica Microsystems, Wetzlar, Germany).
Immunostaining of hCMEC/D3 cells treated with EAE serum
and 5α-dihydrotestosterone (DHT) and HEK293 cells ex-
pressing claudin-5 and/or claudin-11 was conducted similarly.
Details of the immunostaining analysis of tissue sections and
cell lines are given in the supplemental data.

Western Blot Analysis

For details, see the supplemental data.

Paracellular Permeability Assay in Monolayers
of hCMEC/D3 and TR-CSFB Cells Treated With Claudin
siRNAs

hCMEC/D3 and TR-CSFB cells were treated with Stealth™

Selected siRNAs for human claudin-11, human claudin-5, rat
claudin-11, and Negative Control Med GC Duplex
(Invitrogen, Carlsbad, CA). The tight-junction integrity of
monolayers of these hCMEC/D3 and TR-CSFB cells was
measured by means of paracellular permeability assay using
70 kDa FITC-dextran, a cellular membrane-impermeable sub-
stance. The effect of siRNA treatment on the protein expres-
sion levels of target molecules was quantified by means of
western blot analysis. The contributions of claudin-11 and
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claudin-5 to the tight-junction formation were calculated as
described in the supplemental data.

Statistical Analysis

An unpaired, two-tailed Student’s t test was performed to de-
termine the statistical significance of differences between two
groups. For more than two groups, one-way analysis of vari-
ance (ANOVA) followed by Dunnett’s t test or Bonferroni’s
test (as indicated in the table and figure legends) was
employed. The standard error of the mean (SEM) was

calculated according to the law of propagation of error as
described previously [21].

Results

Protein Expression of Claudin-11 in Normal Rodent
Blood-Brain Barrier and Blood-Spinal Cord Barrier

To assess the importance of claudin-11 among the claudin
family members in rat, especially compared with claudin-5,
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which is responsible for the tight junctions at the BBB, we
performed LC-MS/MS-based comprehensive proteomic anal-
ysis and quantitative targeted absolute proteomic (QTAP)
analysis. Three peptides specific for claudin-11 and five pep-
tides specific for claudin-5 were detected with high reliability,
while no peptides specific for other claudin subtypes were
detected (Fig. 1a and Supplemental Table 1). The absolute
protein expression levels of claudin-11 and claudin-5 were
almost equal in the whole-cell lysate of isolated rat brain cap-
illaries (Fig. 1b; claudin-11, 6.65 fmol/μg protein; claudin-5,
6.85 fmol/μg protein; p > 0.01, Bonferroni’s test). However,
the protein expression level of claudin-11 in the whole-cell
lysate of the isolated rat spinal cord capillaries was significant-
ly smaller than that of claudin-5 (claudin-11, 3.18 fmol/μg
protein; claudin-5, 5.35 fmol/μg protein; p < 0.01,
Bonferroni’s test), and was also 2.09-fold smaller than that
of claudin-11 in the brain capillaries (Fig. 1b; p < 0.01,
Bonferroni’s test).

To understand whether claudin-11 and claudin-5 are
expressed and function in the same or different capillary en-
dothelial cells, the localization of both proteins in the brain
and spinal cord was examined by immunohistochemical

analysis. Because claudin-11 has been reported to be
expressed in oligodendrocytes of mouse spinal cord and in
plasma membranes (cell junctions) of Sertoli cells in testis
[4, 5], we first confirmed the reactivity of claudin-11 antibody
used in the present study (Supplemental Fig. 2). In both brain
and spinal cord sections of normal mouse, the signals of
claudin-5 (a marker protein specifically expressed in capillary
endothelial cells) overlapped with those of claudin-11 in al-
most all capillary endothelial cells (Fig. 1c). The red-colored
signals in the merged pictures (Fig. 1c (c, g)) represent the
expression of claudin-11 in oligodendrocytes. Furthermore,
claudin-11 protein was clearly detected in the plasma mem-
brane fraction of a mouse brain capillary endothelial cell line
(TM-BBB4) and very slightly detected in the cytosol fraction
(Supplemental Fig. 3). The band intensity calculated with
ImageJ software for the cytosol fraction was 12.1% of the
plasma membrane fraction. These results support the idea that
claudin-11 is localized at the plasma membrane of capillary
endothelial cells.

Protein Expression Analysis of Claudin-11 in Normal
Human Blood-Brain Barrier, Blood-Spinal Cord
Barrier, and a Human Brain Capillary Endothelial Cell
Line (hCMEC/D3)

The absolute protein expression level of claudin-11 in whole-
cell lysate of brain capillaries isolated from human normal
brain was 18.4 fmol/μg protein, which is 2.81-fold greater
than that of claudin-5 (6.56 fmol/μg protein) (Fig. 2a; p <
0.05, t test). hCMEC/D3 cells showed a single band corre-
sponding to the molecular weight of claudin-11 protein in
western blotting, while claudin-11 was not detected in
HEK293 cells, which are claudin-11-negative (Fig. 2b).
hCMEC/D3 cells also showed a 1.49-fold greater protein ex-
pression level of claudin-11 than claudin-5 in the plasma
membrane fraction (Fig. 2c; claudin-11, 3.31 fmol/μg protein;
claudin-5, 2.22 fmol/μg protein; p < 0.05, t test).
Immunohistochemical analysis showed that the signals of
claudin-11 in human brain (male 49 years old, female 60 years
old) and spinal cord sections overlappedwith those of claudin-
5 (Fig. 2d), as was also the case in mouse sections, suggesting
that claudin-11 is co-expressed in the same capillary endothe-
lial cells as claudin-5. Interestingly, in contrast to the situation
in mouse, claudin-11 signals on oligodendrocytes were negli-
gible, suggesting that claudin-11 is mainly expressed in the
capillaries of human brain and spinal cord.

Downregulation of Claudin-11 Protein in Brain
and Spinal Cord Capillaries of EAE Mice and a MS
Patient

To clarify whether claudin-11 expression level is decreased at
the BBB and BSCB in MS, brain and spinal cord sections of

�Fig. 1 Protein expression of claudin-11 in normal rodent blood-brain
barrier and blood-spinal cord barrier. a Pooled rat brain capillaries were
isolated from the frozen brains of three normal Wistar rats. Whole-tissue
lysate (1mg protein/sample) was digested with Lys-C and trypsin, and the
digests were separated into 12 fractions by off-gel electrophoresis. Each
fraction was examined with the nanoLC-TripleTOF5600 in the data-
dependent acquisition (DDA) mode. The obtained data was analyzed
with Protein Pilot software (Sciex), and searched against the rat UniProt
database, which includes the amino acid sequences of claudin-1 to -27,
except for claudin-13 and -21. The names of claudin-26 and -27 in the
UniProt database are Btransmembrane protein 114^ and Btransmembrane
protein 235,^ respectively. Peptides with a Bconfidence value^ of more
than 0.99 in the Protein Pilot search were defined as reliably identified,
and were selected. Whether peptides were unique (specific) to a single
protein among the rat proteome was checked by NCBI protein blast
search. The numbers of reliably detected peptides specific for individual
claudin subtypes are shown in this figure. Their peptide sequences are
listed in Supplemental Table 1. N.D. not detected. bWhole-tissue lysates
of the pooled rat brain (B-cap) and spinal cord (SC-cap) capillaries were
prepared from 3 normal frozen brains and 12 normal frozen spinal cords
(Wistar rat), respectively. Thewhole-tissue lysates (50μg protein/sample)
were digested with Lys-C and trypsin. Using peptide samples spiked with
internal standard peptides, the absolute protein expression levels of
claudin-11 and -5 were measured by the nanoLC-TripleTOF5600 in the
PRM/MRM-HR mode (two injections/sample). The protein expression
level of each molecule was calculated from the quantitative data obtained
from four sets of transitions. The data represent the mean ± SEM. These
data were analyzed statistically by means of one-way analysis of variance
(ANOVA) and Bonferroni’s test. *p < 0.01, significantly different. N.S.
not significantly different (p > 0.01). c Brain and backbone (containing
the spinal cord) excised from normal C57BL/6J mice were frozen with
dry ice and sliced into 20-μm sections with a cryostat. The slices were
fixed with cold acetone and co-stained with anti-claudin-5 (green; a, e, c,
d, g, h) and anti-claudin-11 (red; b, f, c, d, g, h) antibodies. Nuclei were
stained with DAPI (blue in merged images; c, d, g, h). Scale bar, 75 μm
(a, b, c, e, f, g) or 25 μm (d, h)
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EAE mice (clinical score, 3.0 to 3.5; Supplemental Fig. 1)
were stained with anti-claudin-11 antibody together with an-
tibody to glut1, which is specifically expressed in capillary
endothelial cells at the same level in normal and EAE mice
[22] (Fig. 3 for high magnification and Supplemental Fig. 4
for low magnification). The claudin-11 signals were signifi-
cantly decreased in the capillaries of brain and spinal cords in
EAE mice, compared to normal mice (Fig. 3a, b). Low-
magnification pictures showed that the claudin-11 signals
were decreased in a broad range of capillaries (Supplemental
Fig. 4a, b), and the signal intensity ratio (claudin-11/glut1)
was significantly decreased by 30.8 and 41.1% in the brain
and spinal cord capillaries, respectively, of the EAE mice
(Fig. 3c; p < 0.05, t test). We utilized these changes together
with the absolute protein expression levels of claudin-11 in the
normal isolated brain and spinal cord capillaries (Fig. 1b) to
estimate the absolute protein expression levels of claudin-11
in the EAE mice. The level in the spinal cord was 1.87 fmol/
μg protein, and was significantly smaller than that (4.60 fmol/
μg protein) in the brain capillaries (Fig. 3d; p < 0.05, t test).
The claudin-11 signals in the capillaries in sections of brain
frontal lobe and spinal cord of the MS patient were also de-
creased compared with normal tissues (Fig. 3e, g). Decreased
claudin-11 signals relative to glut1 signals were also observed
in the low-magnification pictures (Supplemental Fig. 4c, d).
The signal intensity ratio (claudin-11/glut1) was significantly

decreased by 39.4 and 48.4% in the brain and spinal cord
capillaries, respectively, of the MS patient (Fig. 3f, h; p <
0.05, t test).

Dihydrotestosterone Suppresses the Decrease
in Claudin-11 Protein Expression at the Plasma
Membrane of EAE-Serum-Treated hCMEC/D3 Cells

It has been reported that androgen suppresses CNS barrier
disruption in MS patients [11]. It has also been reported that
the tight-junction-forming ability of claudin-11 is enhanced by
androgen at the blood-testis barrier [10], though it is not clear
whether claudin-11 at the CNS barrier is regulated by andro-
gen. To understand whether claudin-11 is involved in the
androgen-induced suppression of BBB and BSCB disruption
in MS, EAE-serum-treated hCMEC/D3 cells (considered to
be a multiple sclerosis BBB model) were exposed to dihydro-
testosterone (DHT), and changes in the expression of claudin-
11 were examined (Fig. 4a). The signals of claudin-11 disap-
peared on the plasma membrane of EAE-serum-treated
hCMEC/D3 cells and appeared in the cytosol of some of the
cells. The loss of claudin-11 from the plasma membrane was
suppressed by DHT treatment. Furthermore, the plasma mem-
brane fraction was isolated by the Minute Plasma Membrane
Protein Isolation Kit (Invent Biotechnologies, Plymouth, MN,
USA) and used for the absolute quantification of claudin-11.
The protein expression level of claudin-11 was 0.312 ±
0.021 fmol/μg protein (mean ± SEM) in the plasma mem-
brane fraction of EAE-serum-treated hCMEC/D3 cells, and
significantly smaller (p < 0.01, Bonferroni’s test) than that of
normal serum-treated cells (1.51 ± 0.11 fmol/μg protein). In
the plasma membrane fraction of the DHT- plus EAE-serum-
treated hCMEC/D3 cells, it was 1.12 ± 0.12 fmol/μg protein
(p < 0.01, significantly different from that of EAE-serum-
treated hCMEC/D3 cells, Bonferroni’s test).

Contributions of Claudin-11 and Claudin-5
to Tight-Junction Formation in Human Brain Capillary
Endothelial Cells

To clarify whether the downregulation of claudin-11 protein
expression at the BBB and BSCB of MS contributes to the
decrease in the barrier integrity, we measured the permeability
of dextran (70 kDa) across a monolayer of claudin-11-
knockdown hCMEC/D3 cells (Fig. 4b, c). We confirmed that
claudin-11 siRNA treatment caused a significant decrease in
the protein expression level of claudin-11 (p < 0.05, Dunnett’s
test); claudin-5 expression was also decreased, thoughwithout
statistical significance (p > 0.05, Dunnett’s test). The dextran
permeability was significantly increased (p < 0.01, Dunnett’s
test), suggesting that downregulation of claudin-11 expression
contributes to the decrease of barrier integrity. hCMEC/D3
cells treated with claudin-5 siRNA also showed significantly

�Fig. 2 Protein expression of claudin-11 in normal human blood-brain
barrier, blood-spinal cord barrier, and a human brain capillary
endothelial cell line (hCMEC/D3 cell). a Whole-tissue lysate of human
brain capillaries isolated from frozen normal brain cortex (77 years old,
male) was digested with Lys-C and trypsin. The peptide samples spiked
with internal standard peptides were measured by the nanoLC-
4000QTRAP in the SRM mode using three or four sets of SRM
transitions per peptide pair (non-labeled target peptide and the
corresponding stable-isotope-labeled internal standard peptide). The
data represent the mean ± SEM. p < 0.05, significantly different
between two groups (Student’s t test). Claudin-3 was not detected and
so the protein expression level was estimated to be under the limit of
quantification (ULQ; < 0.410 fmol/μg protein). b Whole-cell lysates
prepared from hCMEC/D3 cells and HEK293 cells (as a claudin-11-
negative cell line) were subjected to SDS-PAGE. Western blot analysis
was performed with anti-claudin-11 and anti-β-actin antibodies.
Molecular mass in kilo Daltons is shown on the left. The bands at 19
and 42 kDa correspond to the molecular weights of claudin-11 and β-
actin, respectively. c The plasma membrane fraction of hCMEC/D3 cells
was digested with Lys-C and trypsin, and the protein expression levels of
claudin-11 and -5 were quantified by means of HPLC-API5000
according to the same procedure as used for the human brain capillary
sample. The data represent the mean ± SEM. p < 0.05, significantly
different between two groups (Student’s t test). d Human normal frontal
lobe sections from a male donor (49 years old, Caucasian) and a female
donor (60 years old, Caucasian) and human normal spinal cord sections
from a male donor (59 years old, Caucasian) were purchased from
BioChain Institute Inc. The slices were co-stained with antibodies
against claudin-5 (green; a, e, i, c, d, g, h, k, l) and claudin-11 (red; b, f,
j, c, d, g, h, k, l). Nuclei were stained by DAPI (blue in merged images; c,
d, g, h, k, l). Scale bar, 75 μm (a, b, c, e, f, g, i, j, k) or 25 μm (d, h, l)
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increased dextran permeability (p < 0.01, Dunnett’s test), but
these cells showed significant decreases in protein expression
of not only claudin-5 but also claudin-11 (p < 0.05, Dunnett’s
test). Additional experiment to check the off-target effect for
the other potential BBB components was conducted with the
claudin-11-knockdown hCMEC/D3 cells by a relative quan-
titative proteomic analysis, and then, no significant change
was observed in the protein expression level of occludin,
VE-cadherin, and glucose transporter 1 between knockdown
and control cells (p > 0.05, Bonferroni’s test).

Next, the contributions of claudin-11 and claudin-5 to
tight-junction formation were calculated as described in the
BMaterials and Methods^ section. As shown in Table 1, the
contribution (total activity) of claudin-11 was 2.03-fold small-
er than that of claudin-5 in the hCMEC/D3 cell monolayer
(6.59 for claudin-11, 13.4 for claudin-5 (×10−6 cm/min)). To
evaluate the contributions at the human BBB in vivo, the
activity per 1 mol of claudin-11 or claudin-5 in the hCMEC/
D3 cell monolayer (single-molecule activity) was combined
with the absolute protein expression level in isolated human

brain capillaries. The contributions of claudin-11 and claudin-
5 to tight-junction formation at the human in vivo BBB were
estimated to be almost equal (36.7 for claudin-11, 39.6 for
claudin-5).

Cis and Trans Binding Patterns of Claudin-11
and Claudin-5 in Tight-Junction Formation

The knockdown of claudin-5 expression by siRNA also
caused downregulation of claudin-11 expression in hCMEC/
D3 cells (Fig. 4b). In order to understand the molecular mech-
anism underlying this observation, the interaction patterns of
claudin-11 and claudin-5 were investigated using gene-
transfected HEK293 cell lines (Fig. 5). We considered that,
if the signals of claudin proteins are observed on the plasma
membrane at locations where there is no neighboring cell, the
claudin proteins would be stabilized on the plasma membrane
by cis-binding. On the other hand, if the signals are observed
at cell-cell junctions, the claudin proteins would be stabilized
on the plasma membrane by trans-binding. As shown in Fig.
5a, in a monoculture of claudin-11-transfected cells, the green
signals of claudin-11 were observed at cell-cell junctions, but
were not observed at plasma membrane locations where there
is no neighboring cell. On the other hand, in a monoculture of
claudin-5-transfected cells, signals of claudin-5 were observed
at both locations (Fig. 5b). In a co-culture of claudin-11- and
claudin-5-transfected cells, the cell-cell junctions showed
claudin-5 signals but no claudin-11 signal (Fig. 5c). This sug-
gests that claudin-5 and claudin-11 do not exhibit trans-
binding to each other. In claudin-5 and claudin-11 double-
transfected cells, the yellow signals of overlapping claudin
proteins were observed at both plasma membrane locations
where there are neighboring cells and where there are no
neighboring cells (Fig. 5d). These results suggest that the
binding patterns of claudin-11 and claudin-5 in cells express-
ing both of them would follow one of the two models illus-
trated in Fig. 5e.

Protein Expression of Claudin-11 at the Epithelial
Barriers of the Central Nervous System in EAE Mouse
and Its Contribution to Epithelial Tight-Junction
Formation

Invasion of lymphocytes into the CSF is observed in MS,
indicating that not only the capillary endothelial cell barriers
but also the epithelial barriers (BCSFB (choroid plexus) and
BAB) are disrupted. Therefore, we histochemically examined
the expression of claudin-11 in the choroid plexus of EAE
mice, together with the expression of claudin-3, which has
been reported to contribute to tight-junction formation of the
BCSFB [3]. The signals of claudin-11 and claudin-3 were
observed in the plasma membrane of choroid plexus epithelial
cells of both EAE and normal mice (Fig. 6a). Western blot

�Fig. 3 Downregulation of claudin-11 protein in the brain and spinal cord
capillaries of EAE mice and an MS patient. a, b EAE was induced in
female C57BL/6J mice by immunization with MOG35–55 peptide
emulsified in complete Freund’s adjuvant. Mice also received
intraperitoneal injections of 360-ng pertussis toxin in 100 μL PBS at 2
and 24 h after MOG injection. In control mice, PBS was injected instead
ofMOG emulsion and pertussis toxin. EAEmice with a clinical score of 3
to 3.5 were used for immunohistochemistry. Brain and backbone
(including the spinal cord) excised from control (normal) and EAE
mice were frozen with dry ice and sliced into 20-μm sections with a
cryostat. The slices were fixed with cold acetone and co-stained with
the antibodies against glut1 (green) and claudin-11 (red). Nuclei were
stained with DAPI (blue in merged images). Scale bar, 25 μm.
Arrowheads indicate the loss of claudin-11 signal in the capillaries. c
The fluorescence intensities of glut1 and claudin-11 in three capillaries
in the mouse brain and spinal cord sections were quantified by LAS X
software. The intensity ratio (claudin-11/glut1) was calculated and
compared between normal (control) and EAE mice. The value of
normal mice was normalized to 100%. The data represent the mean ±
SD. d The absolute protein expression level of claudin-11 at the BBB and
BSCB in EAE mice was estimated by the multiplication of [absolute
protein expression level of claudin-11 at BBB and BSCB in normal rat]
(Fig. 1b) and [100 − (%decrease in claudin-11/glut1 intensity ratio in
EAE mice)] (c). The protein expression level in normal rats was
assumed to be the same as that in normal mice. The data represent the
mean ± SEM. The SEM was calculated according to the law of
propagation of error. e, g Human normal frontal lobe section (male,
49 years old, Caucasian), MS frontal lobe section (male, 64 years old,
Caucasian), normal spinal cord section (male, 59 years old, Caucasian),
and MS spinal cord section (male, 64 years old, Caucasian) were
purchased from BioChain Institute Inc. The slices were co-stained with
antibodies against glut1 (green) and claudin-11 (red). Nuclei were stained
with DAPI (blue in merged images). Scale bar, 25 μm. Arrowheads
indicate the loss of claudin-11 signal in the capillaries. f, h The
fluorescence intensities of glut1 and claudin-11 in three capillaries in
the human brain and spinal cord sections were quantified by LAS X
software. The intensity ratio (claudin-11/glut1) was calculated and
compared between normal and MS sections. The value of normal
sections was normalized to 100%. The data represent the mean ± SD
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analysis showed that the band intensities of both claudins in
the choroid plexus were almost identical in EAE and normal
mice (Fig. 6b; the claudin-11/β-actin and claudin-3/β-actin
band intensity ratios in EAE mice were 92.3 and 89.1% of
normal mice, respectively). By contrast, at the brain surface
(meninges), the claudin-11 signal overlapped with that of ER-
TR7, which is a marker of arachnoid and pia mater, in normal
mice, while the claudin-11 signal disappeared in the meninges
of EAE mice (Fig. 6c). In the meninges of the upper thoracic
spinal cord, the claudin-11 signal was observed as a thin line
on the meninges layer stained with ER-TR7 antibody (dura,
arachnoid, and pia mater) in normal mice, but was greatly
decreased in the ER-TR7 antibody-stained meninges layer in
EAE mice (Fig. 6d). Furthermore, the claudin-11 signal was
also greatly decreased in the ER-TR7 antibody-stainedmenin-
ges layer of the lower thoracic spinal cord in EAE mice
(Supplemental Fig. 5e, f, arrow). Many invading cells were
observed in the parenchyma of the spinal cord in EAE mice
(Fig. 6d ( f ), arrow; blue-colored nuclei), but not in normal
mice. The invasion sites (blue-colored nuclei) appeared to be
close to meninges where the signal of claudin-11 was relative-
ly weak (Supplemental Fig. 5e, f, arrow). The nuclear staining

(blue) in the spinal cord parenchyma overlapped with the sig-
nals of CD3e (Supplemental Fig. 6), suggesting that the in-
vading cells were CD3-positive T lymphocytes from the cir-
culating blood.

We next investigated whether downregulation of claudin-
11 expression at the CNS epithelial barrier decreases the bar-
rier integrity by using a rat choroid plexus epithelial cell line
(TR-CSFB). Claudin-11 siRNA treatment reduced the protein
expression of claudin-11 (Fig. 6f; the claudin-11/Na+/K+-
ATPase band intensity ratio was 58.0% of control siRNA
group; p < 0.05, t test), and increased dextran permeability
across the TR-CSFB cell monolayer (Fig. 6g; 96.8 ×
10−6 cm/min for claudin-11 siRNA group and 72.8 ×
10−6 cm/min for control siRNA group; p < 0.05, t test).
These results suggest that the downregulation of claudin-11
expression increases the paracellular permeability in the CNS
epithelial barrier.

Discussion

The present study has provided the first evidence that claudin-
11 contributes to tight-junction formation in the CNS endo-
thelial and epithelial barriers, and its protein expression level
is significantly downregulated at the BBB, BSCB, and BAB
in MS. Claudin-11 and claudin-5 appeared to contribute
equally to tight-junction formation at the BBB (Table 1),
whereas the absolute protein expression level of claudin-11
was significantly smaller than that of claudin-5 at the BSCB
(Fig. 1b) and became extremely small in EAE mice (Fig. 3d).
T lymphocyte invasion into spinal cord parenchyma was ob-
served at regions where claudin-11 expression was decreased
at the BAB in EAE mice (Fig. 6d and Supplemental Figs. 5
and 6). These results suggest that downregulation of claudin-
11 expression at the BSCB and spinal cord BAB facilitates the
invasion of autoreactive lymphocytes into the spinal cord pa-
renchyma in MS; this would be consistent with a report that
the neuronal damage in the spinal cord is greater than that in
the brain in MS [14].

Until now, claudin-11 had not been considered to play an
important role at the BBB and BSCB, because its messenger
RNA (mRNA) expression is relatively small compared to oth-
er claudin subtypes, such as claudin-5, -10, and -22 [23].
However, protein expression level generally reflects molecu-
lar function better than the mRNA expression level, so we
conducted a comprehensive proteomic analysis using isolated
rat brain capillaries, and detected claudin-11 protein in addi-
tion to claudin-5 (Fig. 1a). The possibility that claudin-11
protein in the isolated capillary fraction is due to contamina-
tion with oligodendrocytes was ruled out by the observation
that claudin-11 was expressed in human and mouse brain cap-
illary endothelial cell lines (hCMEC/D3 and TM-BBB4 cells,
respectively) (Fig. 2 and Supplemental Fig. 3), as well as by

�Fig. 4 Effect of androgen on claudin-11 protein expression in EAE-
serum-treated hCMEC/D3 cells, and the influence of claudin-11
downregulation on barrier integrity of a hCMEC/D3 cell monolayer. a
hCMEC/D3 cells were cultured in normal medium with or without
dihydrotestosterone (DHT; 100 nM) for 5 days. After that, the medium
was changed to medium containing 10% serum collected from normal or
EAE mice (clinical score > 3.0), and incubation was continued with or
without dihydrotestosterone (100 nM) for 24 h. The cells were fixed with
4% PFA/phosphate buffer and co-stained with the antibodies against β-
actin (green; a, d, g, c, f, i) and claudin-11 (red; b, e, h, c, f, i). Nuclei were
stained with DAPI (blue in merged images; c, f, i). Scale bar, 25 μm.
Arrowheads indicate the expression of claudin-11 in the cell membrane. b
hCMEC/D3 cells were treated with 20 nM siRNA for 6 h and cultured in
medium without siRNA for 18 h. After 7 days, whole-cell lysate
(22.5 μg) of hCMEC/D3 cells was prepared and subjected to SDS-
PAGE, and western blot analysis was performed with anti-claudin-11,
anti-claudin-5, and anti-β-actin antibodies. Molecular mass in kilo
Daltons is shown on the right. The band intensities were calculated
with ImageJ software and those of claudin-11 and claudin-5 were
normalized with respect to β-actin. The band intensity ratio (claudin-11/
β-actin, or claudin-5/β-actin) in the control siRNA condition was
normalized to 100%. N.S. not significantly different from the control
siRNA (p > 0.05). *p < 0.05, significantly different from the control
siRNA, based on one-way analysis of variance (ANOVA) followed by
Dunnett’s test. The data represent the mean ± SD (n = 3). c hCMEC/D3
cells were treated with siRNA and cultured in 6-well Transwell plates for
7 days under the same experimental conditions as used for the western
blot experiment, and then were used for FITC-dextran permeability
analysis. After removal of the medium, 1 mg/mL FITC-dextran
(70 kDa) solution (1.5 mL) was added to the Transwell insert. The
concentration of FITC-dextran in the receiver well was measured at 15,
30, and 45 min. The permeability coefficient was calculated as described
in the BMaterials and Methods^ section. p < 0.01, significantly different
from the control siRNA condition, based on one-way analysis of variance
(ANOVA) followed by Dunnett’s test. The data represent the mean ± SD
(n = 3)
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the observation of claudin-11 signals in the capillaries in brain
and spinal cord sections (Figs. 1c and 2d). Thus, we can con-
clude that claudin-11 is expressed in the capillary endothelial
cells of brain and spinal cord.

Interestingly, the absolute protein expression levels of
claudin-5 and -11 in brain capillaries were almost equal in
rat (Fig. 1b), whereas human brain capillaries and hCMEC/
D3 cells exhibited more abundant protein expression of
claudin-11 than claudin-5 (Fig. 2a, c). There is no species
difference in the protein expression level of claudin-5 between
rat and human, whereas claudin-11 is 2.77-fold more abun-
dantly expressed in human than rat (Figs. 1b and 2a).
Although it is not feasible to completely remove other paren-
chymal cells from the capillary fraction, immunohistochemi-
cal analysis showed that claudin-11 signals were only seen in
the capillaries (not oligodendrocytes) in human brain sections,
as shown in Fig. 2d, so the protein expression level of claudin-
11 in brain capillary endothelial cells may be greater in human
than rat. In addition, the signal of claudin-11 was also predom-
inantly observed in the capillaries in human spinal cord sec-
tions (Fig. 2d), whereas in mouse spinal cord sections, it was
observed not only in the capillaries but also in oligodendro-
cytes (Fig. 1c). Therefore, spinal cord capillary endothelial
cells may also have a greater protein expression level of
claudin-11 in human than rodent. However, the numbers of
donors used in the present study was limited. Although our
previous quantitative proteomics study has shown that the
inter-individual differences in the protein expression levels
for most of the membrane proteins in the isolated human brain
capillaries were within approximately 2-fold range [18], fur-
ther quantification of claudin-11 using more human donors

Table 1 Contributions of claudin-11 and claudin-5 to tight-junction formation at the human blood-brain barrier

Claudin-11 Claudin-5

Difference in FITC-dextran permeability coefficient [claudin siRNA-control siRNA] (×10−6 cm/min) 6.25 ± 0.72 13.5 ± 0.7

Knockdown efficiency (%) siRNA for claudin-11 47.4 ± 9.8 23.4 ± 8.3

siRNA for claudin-5 72.3 ± 9.4 65.6 ± 9.2

Absolute protein expression level in hCMEC/D3 (fmol/μg protein) 3.31 ± 0.23 2.22 ± 0.38

Single-molecule activity ((×10−6 cm μg protein)/(min·fmol))
[= contribution of 1 mol of claudin to the change of FITC-dextran permeability coefficient]

1.99 ± 0.86 6.04 ± 1.62

Total activity in hCMEC/D3 (×10−6 cm/min)
[= contribution of each claudin to the restriction of FITC-dextran permeability in hCMEC/D3 cell monolayer]

6.59 ± 2.98 13.4 ± 3.9

Absolute protein expression level in human brain capillary (fmol/μg protein) 18.4 ± 3.1 6.56 ± 0.77

Activity at the human blood-brain barrier (×10−6 cm/min)
[= contribution of each claudin to the restriction of FITC-dextran permeability in human blood-brain barrier]

36.7 ± 15.3 39.6 ± 10.3

Difference in FITC-dextran permeability coefficient in an hCMEC/D3 cell monolayer [(claudin-11 or claudin-5 siRNA condition) − (control siRNA
condition)] was calculated from the results in Fig. 4c. The knockdown efficiency of claudin-11 and -5 proteins in hCMEC/D3 cell monolayer by the
respective siRNAwas calculated from the data in Fig. 4b. Absolute protein expression levels in hCMEC/D3 cells and human brain capillaries were taken
from the data in Fig. 2a, c, respectively. Single-molecule activity is the contribution per one claudin-11 or − 5molecule to the change of the FITC-dextran
permeability coefficient, and was calculated as described in the BMaterials and Methods^ section. Total activity (= contribution to tight-junction
formation) in an hCMEC/D3 monolayer and in human blood-brain barrier was calculated by multiplying the [single molecule activity] and the [absolute
protein expression level in hCMEC/D3 cells] or [absolute protein expression level in human brain capillaries], respectively. Each value represents the
mean ± SEM. The SEM was calculated according to the law of propagation of error

�Fig. 5 Cis and trans binding patterns of claudin-11 and claudin-5 in tight
junctions. a Claudin-11-transfected HEK293 cells were cultured and
stained with antibodies against claudin-11 (green). Nuclei were stained
with PI (red). Scale bar, 25 μm. High-magnification images (i and ii) are
shown in the right side, and arrowheads indicate plasma membrane
locations where there is no neighboring cell. The binding pattern of
claudin-11 (green strand) is illustrated using two claudin-11-transfected
cells (green color cells). b Claudin-5-transfected HEK293 cells were
cultured and stained with antibodies against claudin-5 (green). Nuclei
were stained with PI (red). Scale bar, 25 μm. High-magnification
images (i and ii) are shown on the right side, and arrowheads indicate
plasma membrane locations where there is no neighboring cell. The
binding pattern of claudin-5 (red strand) is illustrated using two claudin-
5-transfected cells (red-colored cells). c Claudin-11-transfected HEK293
cells and claudin-5-transfected HEK293 cells were co-cultured and co-
stained with antibodies against claudin-11 (green) and claudin-5 (red).
Scale bar, 25 μm. High-magnification image (i) is shown on the right
side, and arrowheads indicate plasma membrane locations where claudin-
11-transfected and claudin-5-transfectedHEK293 cells are adjoining. The
binding pattern of claudin-5 (red strand) and claudin-11 (green strand) is
illustrated using one claudin-5-transfected cell (red color cell) and one
claudin-11-transfected cell (green color cell). d HEK293 cells double-
transfected with claudin-11 and claudin-5 were cultured and co-stained
with antibodies against claudin-11 (green) and claudin-5 (red). Scale bar,
25 μm. High-magnification images (i and ii) are shown on the right side,
and arrowheads indicate the plasma membrane locations where there are
neighboring cells (ii) and no neighboring cell (i). The binding pattern of
claudin-5 (red strand) and claudin-11 (green strand) is illustrated using
two double-transfected cells (yellow color cells). a–d Circle and cross
represent that the binding in the indicated direction (cis or trans) is
suggested and not suggested based on the immunostaining data,
respectively. e Two possible models for cis and trans binding of
claudin-11 and claudin-5 in cells expressing both (such as brain and
spinal cord capillary endothelial cells), based on the results in a–d.
Claudin-11 and claudin-5 strands are illustrated in green and red,
respectively
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would be needed in future to determine the average and var-
iance of claudin-11 expression level at the human BBB and
BSCB, and carefully discuss the species difference in the
claudin-11 level.

The results of immunohistochemical co-staining indicate
that the claudin-11 and claudin-5 co-exist in same endothelial
cell, because the claudin-11 signal was completely overlapped
with the claudin-5 signal in brain and spinal cord capillaries
(Figs. 1c and 2d). Therefore, it is also important to understand
their relative contributions to tight-junction formation in the

same endothelial cell. Based on the result of the siRNA knock-
down experiment in the hCMEC/D3 cell, we calculated the
extent of contribution of claudin-11 or claudin-5 per 1 mol
(Bsingle-molecule activity^ in Table 1). Then, we multiplied
it by the absolute protein expression level in the human iso-
lated brain capillaries in order to calculate the contribution at
the human BBB (BActivity at the human blood-brain barrier^
in Table 1). The contributions of claudin-11 and claudin-5
were almost equal. BThe contribution of claudin-11 or
claudin-5 per 1 mole (single-molecule activity)^ described
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above represents how much the permeability of the
membrane-impermeable FITC-dextran across the hCMEC/
D3 cell monolayer increases when the protein expression level
of each claudin decreases by 1 mol. Therefore, Bthe contribu-
tion at the human BBB (Activity at the human blood-brain
barrier)^ described above represents how strongly each
claudin at the human BBB contributes to the limitation of
permeation of membrane-impermeable substances across the
human BBB.

It appears that claudin-5 plays an important role in sta-
bilizing claudin-11 expression, because claudin-11 was
significantly downregulated by the knockdown of
claudin-5 (Fig. 4b). To verify this, we examined the inter-
action pattern of these two molecules. Claudin-11 was lo-
calized at all the plasma membranes when both claudins
were co-expressed in the same cells (Fig. 5d), while no
signal of claudin-11 was observed at the plasma membrane
in locations where there is no neighboring cell when only
claudin-11 is expressed (Fig. 5a). It has been reported that
claudin-4 and claudin-8 or claudin-16 and claudin-19 are
stabilized on the membrane via cis binding with each other
in renal epithelial cells [24, 25]. Similarly, our results sug-
gest that cis binding of claudin-11 could be destabilized by
the knockdown of claudin-5. In contrast, claudin-5 appears
to be stabilized on the plasma membrane via both cis and

trans bindings (Fig. 5b). This is consistent with the obser-
vation that knockdown of claudin-11 in the hCMEC/D3
cell monolayer did not significantly influence claudin-5
expression (Fig. 4b). These facts, which the expression of
claudin-11 depended on that of claudin-5 but the expres-
sion of claudin-5 did not depend on that of claudin-11, may
indicate that the claudin-5 functions as an upstream regu-
lator of the expression of claudin-11. Therefore, claudin-5
may substantially contribute to the tight junction formation
more strongly than claudin-11 at the human BBB, although
the individual contribution of claudin-11 and claudin-5
was estimated to be almost equal above. Furthermore, re-
garding trans binding, claudin-11 can bind to claudin-11,
whereas claudin-11 and claudin-5 cannot bind with each
other (Fig. 5a, c). Overall, we propose that claudin-11 and
claudin-5 interact in the manner shown in model 1 or 2
(Fig. 5e) to form tight junctions.

Our previous study raised the possibility that claudin-
11, unlike claudin-5, plays an important role in forming the
CNS epithelial barriers as well as the CNS endothelial bar-
riers, because the absolute protein expression level of
claudin-11 was higher than those of other tight-junction
proteins in the human choroid plexus [26]. Thus, we inves-
tigated the importance of claudin-11 at the BCSFB and
BAB. As shown in Fig. 6, claudin-11 was observed not only

�Fig. 6 Protein expression of claudin-11 at the central nervous system epithelial barriers in EAE mouse, and the influence of claudin-11 downregulation
on the barrier integrity of an epithelial cell monolayer. EAEmice with a clinical score of 3 to 3.5 (limp tail and complete paralysis of hind legs) were used
for immunohistochemistry. a Brains excised from normal and EAE mice were frozen with dry ice and sliced into 20-μm sections with a cryostat. The
slices including choroid plexus were fixed with cold acetone and stained with antibodies against claudin-11 (green; b, d) or claudin-3 (green; a, c). Nuclei
were stained with DAPI (blue). Scale bar, 25 μm. CSF cerebrospinal fluid. bWhole-tissue lysates of the pooled choroid plexuses of two normal mice or
two EAE mice were subjected to SDS-PAGE, followed by western blot analysis using anti-claudin-11, anti-claudin-3, and anti-β-actin antibodies.
Molecular mass in kilo Daltons is shown on the right. c The brains excised from normal and EAE mice (cranium and dura mater were removed) were
frozen with dry ice and sliced into 20-μm sections with a cryostat. The slices were fixedwith cold acetone and co-stained with antibodies against ER-TR7
(a meningeal cell marker) (green; a, d, c, f) and claudin-11 (red; b, e, c, f). Nuclei were stained with DAPI (blue in merged images; c, f). Scale bar, 75 μm.
Arrowheads indicate the meninges, where the claudin-11 signal appears in normal mice and is lost in EAE mice. P parenchymal tissue. d The upper
thoracic backbone (including the upper thoracic spinal cord) was excised from normal and EAEmice (vertebra and dura mater were not removed), frozen
with dry ice, and sliced into 20-μm sections with a cryostat. The slices were fixed with cold acetone and co-stained with antibodies against ER-TR7
(green; a, d, c, f) and claudin-11 (red; b, e, c, f). Nuclei were stained with DAPI (blue in merged images; c, f). Scale bar, 75 μm. Arrowheads indicate the
meninges, where the claudin-11 signal appears in normal mice and is lost in the EAEmice. Arrows indicate DAPI (blue) signals, suggesting the presence
of many cells. P parenchymal tissue, Ve vertebra. e The structures of the choroid plexus including the BCSFB and the meninges including the BAB are
illustrated. In the choroid plexus, claudin-3 and claudin-11 are expressed in epithelial cells forming the tight junctions (BCSFB). The brain and spinal
cord sections used in c, d were prepared by slicing the tissues along with the blue lines (i) and (ii), respectively. The structures of the meninges in these
brain and spinal cord sections are illustrated. The boxes marked with dotted lines (c, d) represent almost the same positions as the pictures in c, d,
respectively. In the case of the brain meninges, the cranium and dura mater were removed before the immunostaining, and so these are illustrated with
dotted lines. Meninges consist of dura mater, arachnoid epithelial cells, and pia mater, which are all ER-TR7-positive and are shown in green. In
meninges, only arachnoid epithelial cells form tight junctions, so it is considered that the signals of claudin-11 (red thin lines) overlapping with ER-TR7
signals in the meninges in c, d represent claudin-11 in arachnoid epithelial cells. f TR-CSFB cells were treated with 50-nM negative control siRNA or
claudin-11 siRNA for 6 h and cultured in medium without siRNA for 18 h. TR-CSFB cells were cultured for 7 days, and the plasma membrane fraction
was prepared with a Minute Plasma Membrane Protein Isolation Kit. The sample was subjected to SDS-PAGE, followed by western blot analysis using
anti-claudin-11 and anti-Na+/K+-ATPase antibodies. Molecular mass in kilo Daltons is shown on the right. The band intensity was calculated with
ImageJ software and normalized over the area selected. The band intensity of claudin-11 was normalized with respect to Na+/K+-ATPase intensity. The
band intensity ratio (claudin-11/ Na+/K+-ATPase) under the control siRNA conditionwas normalized to 100%. p < 0.05, an unpaired two-tailed Student’s
t test was used to determine the significance of differences between two groups. The data represent mean ± SD (n = 3). g TR-CSFB cells were treated
with siRNA, cultured in 6-well Transwell plates for 7 days under the same experimental conditions as in the case of the western blot experiment, and then
used for FITC-dextran permeability analysis. After removal of the medium, 1 mg/mL FITC-dextran (70 kDa) solution (1.5 mL) was added to the
Transwell insert. The concentration of FITC-dextran in the receiver well wasmeasured at 15, 30, and 45min. The permeability coefficient was calculated
as described in the BMaterials andMethods^ section. p < 0.05, an unpaired two-tailed Student’s t test was used to determine the significance of differences
between two groups. The data represent the mean ± SD (n = 3)
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at the plasma membrane of choroid plexus epithelial cell but
also in the brain and spinal cord meninges, because the
claudin-11 signals overlapped with the signals of ER-TR7,
which is a marker of dura (thick), arachnoid (thin), and pia
(thin) mater. Among the dura, arachnoid, and pia mater, only
arachnoid epithelial cell forms tight junctions [27]. Therefore,
claudin-11 is considered to be expressed on arachnoid epithe-
lial cells. The knockdown experiment with TR-CSFB cells
suggested that claudin-11 contributes to the formation of
CNS epithelial barriers (Fig. 6f, g), although we could not
obtain arachnoid epithelial cell monolayers. In EAE mice,
the protein expression level of claudin-11 was significantly
decreased at the arachnoid mater of the brain and spinal cord
(Fig. 6c, d). However, it was not significantly decreased in the
choroid plexus, as was also the case for claudin-3, which is an
important claudin subtype at the BCSFB (Fig. 6a, b).
Approximately 80% of the CSF volume exist in the subarach-
noid space, which faces the BAB, not the BCSFB [28]. The
invasion of lymphocytes into the CSF in MS occurs via the
leptomeninges of the spinal cord to a greater extent than via
the choroid plexus [16]. This is consistent with the downreg-
ulation of claudin-11 at the BAB, but not the BCSFB, in the
EAE mice, suggesting that claudin-11 could be a major
claudin subtype in the CNS epithelial barrier, and its down-
regulation inMSmay permit the invasion of lymphocytes into
the CSF from circulating blood via the meninges.

The extent of disability in MS is better correlated with
atrophy of the spinal cord than that of the brain [14], and this
suggests that the spinal cord is more likely to be damaged. In
EAE mice, the absolute protein expression level of claudin-11
was 2.46-fold smaller in the capillaries of the spinal cord than
in those of the brain (Fig. 3d). The decrease of claudin-11
expression in the MS patient was greater in the spinal cord
(48.4%) than in the brain (39.4%) (Fig. 3f, h). In the low-
magnification immunostaining pictures of both EAE mice
and the MS patient, the signals of claudin-11 in the spinal cord
capillaries were broadly weakened (Supplemental Fig. 4).
Also, in locations where claudin-11 expression was downreg-
ulated in the spinal cord arachnoid mater, invasion of T lym-
phocytes into parenchyma was observed by immunostaining
of CD3e, a T lymphocyte marker (Fig. 6d and Supplemental
Figs. 5 and 6). The greater downregulation of claudin-11 in
the spinal cord region could explain the more significant bar-
rier breakdown and atrophy in spinal cord than brain.

The findings in female EAE mice and the male MS
patient suggest that claudin-11 expression may be down-
regulated in both males and females with MS (Fig. 3).
DHT suppressed the loss of claudin-11 from the plasma
membrane of hCMEC/D3 cell exposed to EAE serum
(Fig. 4a). Also, in the normal human brain sections, the
signal intensities of claudin-11 were not significantly dif-
ferent between males and females (Fig. 2d). These results
suggest that claudin-11 expression level is not induced by

androgen, at least under normal conditions. On the other hand,
testosterone suppresses the degradation of tight-junction mole-
cules induced by TGF-β2 and TNF-α in Sertoli cells and sta-
bilizes them on the membrane [29, 30]. This supports the idea
that androgen maintains the expression and membrane locali-
zation of claudin-11 by suppressing inflammatory cytokine-
induced degradation in MS, rather than by increasing the tran-
scription of claudin-11. Because the hCMEC/D3 cell line is
derived from a female [17], the present results (Fig. 4a) may
imply that androgen also plays a role in maintaining claudin-11
expression in females. This would be consistent with the obser-
vation that female MS patients with a lower blood testosterone
level exhibit greater disruption of CNS barriers [11]. However,
one potential issue is that the human brain and spinal cord
sections used in the present study were only derived from a
male MS patient but not female ones. Further study would be
needed in future to generalize the role of claudin-11 to female
MS patients.

Claudin-5 expression is downregulated in the brain cap-
illaries in MS [31], and this might lead to downregulation
of claudin-11 expression in MS because the binding of
claudin-11 in the cis direction is destabilized by the loss
of claudin-5. Our comprehensive proteomic analysis did
not detect any claudin subtypes other than claudin-5 and
claudin-11 (Fig. 1a). Therefore, the simultaneous downreg-
ulation of claudin-5 and claudin-11 in MS could account for
the significant disruption of CNS barriers. However, claudin-5
knockout mice did not show altered permeability of > 800-Da
molecules compared to wild-type mice [32], even though
claudin-11 expression is considered to be decreased as well.
Other proteins such as occludin and ZO-1 also support the
formation of tight junction, but do not contribute substantially
to the barrier integrity. Therefore, it is possible that some other
unidentified molecule is also involved in tight-junction integ-
rity. On the other hand, we found that in a hCMEC/D3 cell
monolayer, the knockdown of claudin-5 downregulated
claudin-11 expression and increased the permeability of
70 kDa dextran (Fig. 4b, c). Further work will be needed to
establish the reason for the difference between the results in
mice and hCMEC/D3 cells, although it should be noted that
barrier integrity of a hCMEC/D3 cell monolayer is weak com-
pared to that of in vivo tight junctions [17].

In the present study, the in vitro hCMEC/D3 and TR-CSFB
cell monolayers were used to show that the claudin-11 is in-
volved in the integrities of CNS endothelial and epithelial
barriers, respectively. However, it is necessary to conduct the
in vivo permeability experiment using the claudin-11 knock-
out mice in order to demonstrate the in vivo contribution of
claudin-11 at the CNS barriers. Furthermore, it would be im-
portant to examine whether the claudin-11 knockout mice is
more likely to induce the EAE than wild-type mice in order to
properly clarify the involvement of claudin-11 in the onset and
progression of MS.
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A critical issue in the present study was that the sample size
is small, although the downregulation of claudin-11 protein
expression at the CNS barriers was demonstrated both in EAE
mice and MS patient. Three EAE mice were used for each
experiment because we were stably able to generate the
EAE mice with the clinical score more than 3.0. To properly
conclude that the claudin-11 expression level is downregulat-
ed in the MS, further study using more mice and MS patient
samples would be needed in future. It is also important to
clarify the differences in the extent of downregulation of
claudin-11 level among the different regions of brain and spi-
nal cord or the different disease state of MS, in order to clarify
how general the preliminary findings in the present study are
in the MS.

In conclusion, our present results demonstrate firstly that
the protein expression level of claudin-11 is significantly
downregulated at the BBB, BSCB, and BAB, but not
BCSFB, in MS, and secondly that downregulation of
claudin-11 expression decreases the integrity of the CNS en-
dothelial and epithelial barriers. These findings advance our
understanding of the molecular mechanisms of CNS barrier
breakdown in MS, and indicate that prevention of claudin-11
downregulation may be a promising strategy for the treatment
of MS. However, the present study is a preliminary one be-
cause the sample size was small. Further study using more
samples would be needed to properly understand the patho-
physiological role of claudin-11 at the CNS barriers in the MS
in detail.
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