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Claudin protein family members, of which there are at least 27 in humans and mice, polymerize to form tight junctions (TJs)
between epithelial cells, in a tissue- and developmental stage-specific manner. Claudins have a paracellular barrier function. In
addition, certain claudins function as paracellular channels for small ions and/or solutes by forming selective pores at the TJs,
although the specific claudins involved and their functional mechanisms are still in question. Here we show for the first time that
claudin-21, which is more highly expressed in the embryonic than the postnatal stages, acts as a paracellular channel for small
cations, such as Na�, similar to the typical channel-type claudins claudin-2 and -15. Claudin-21 also allows the paracellular pas-
sage of larger solutes. Our findings suggest that claudin-21-based TJs allow the passage of small and larger solutes by both para-
cellular channel-based and some additional mechanisms.

Epithelial cell sheets form and cover every compartment of the
body. Homeostasis is specifically maintained for organ and

tissue function in each compartment. To create sheets with a bar-
rier function, epithelial cells adhere to each other side by side
through well-organized cell-cell adhesion systems (1), such as
tight junctions (TJs), which maintain distinct environments by
blocking the free exchange of molecules across the cell sheet (2, 3).
Accumulating evidence indicates that the molecular strands that
form the TJ barriers are composed primarily of polymerized clau-
dins, which are adhesion molecules containing four transmem-
brane helices (2, 4). The claudins both create the paracellular bar-
rier and determine which ions and/or molecules can selectively
cross it (5–7).

The claudins comprise a large gene family with at least 27
members, in humans or mice, that have distinct expression pat-
terns and properties (2, 3, 8). Epithelial cells generally express
multiple types of claudins; the particular claudin combination ex-
pressed appears to determine the specific properties of each TJ-
based paracellular permselective barrier (9–22). Two categories of
claudins have been proposed, namely, the paracellular barrier type
and the paracellular channel type, based on the transepithelial
electrical resistance (TER) or on the cation and/or anion perme-
ability of many epithelial cell lines (5, 7). Among some claudins
characterized as channel-type claudins, such as claudin-2, -7, -10,
-15, -16, and -17, claudin-2 and -15 have been studied extensively
with respect to specific ions and water (9–11, 14, 17, 20, 21, 23, 24).

The structure of claudin-15 was recently analyzed; this analysis
revealed that two extracellular segments form a unique � sheet
domain fixed to a transmembrane four-helix bundle by a W-LW
claudin consensus motif (25, 26). The high-resolution structure of
claudin-15 suggests that a �-barrel pore created by eight claudin
molecules in the region between two cells can form a paracel-
lular channel, which is regulated by charged residues on the clau-
dins’ extracellular domains.

Although potential mechanisms have been reported for clau-
dins’ paracellular barrier function and channel activity for small
ions and/or solutes, how relatively large solutes occasionally pass

through TJs is still unknown (7, 19). Since the paracellular passage
of large solutes is detected physiologically as a temperature-de-
pendent and nonrestrictive permeability (7, 27, 28), it is likely that
changes in the dynamics of claudin-based TJ strands that result in
gaps are involved (7, 19, 29). However, no information on such
large, temperature-dependent paracellular gaps has been re-
ported, and there is little evidence that any specific claudin is in-
volved in this phenomenon.

Here we found that claudin-21, which is more highly expressed
in the embryonic than the postnatal stages (8), functions as a
paracellular channel for small cations (diameter � 5 Å) and
allows the paracellular passage of larger solutes (diameter � 5
Å). Furthermore, these claudin-21-based paracellular perme-
abilities have temperature-dependent characteristics, similar to
the case for claudin-15. The size- and temperature-dependent
paracellular permeabilities based on claudin-21 may involve two
dynamically regulated paracellular pathways: one that is based on
paracellular channels and another that is unknown. This variation
in claudin-21’s paracellular function may be involved in optimiz-
ing a biological system’s microenvironment. Further studies of
channel-type claudins will increase our understanding of epithe-
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lial barriers and reveal new therapeutic avenues for treating barri-
er-related diseases.

MATERIALS AND METHODS
Plasmids and antibodies. Full-length mouse claudin-2, -15, and -21
cDNAs were subcloned into an N-terminally Venus-tagged CAGGS ex-
pression vector. Rat anti-E-cadherin monoclonal antibody (MAb) was a
kind gift from Masatoshi Takeichi (Riken CDB, Japan). Rat anti-ZO-1
MAbs and rabbit anti-green fluorescent protein (anti-GFP) polyclonal anti-
bodies (pAbs) were described previously (8). Rabbit anti-claudin-1, -3, -4,
and -7 pAbs and mouse anti-�-tubulin MAb were purchased from Invit-
rogen. A rabbit anti-claudin-2 pAb was purchased from Immuno-Biolog-
ical Laboratories Co., Ltd. (Gumma, Japan). The rabbit anti-claudin-15
pAb was described previously (17). A rabbit anti-glyceraldehyde-3-phos-
phate dehydrogenase (anti-GAPDH) pAb was purchased from Sigma-
Aldrich Japan (Tokyo, Japan). A polypeptide with the sequence DGSSSW
MADADATQACAPVEEEFDGSFHLTPRPVNQVI, corresponding to the
COOH-terminal cytoplasmic region of mouse claudin-21, was synthe-
sized and coupled via cysteine to keyhole limpet hemocyanin. This con-
jugated peptide was used as an antigen to immunize rabbits and raise a
pAb against claudin-21. Primers and probes used for probe-based quan-
titative real-time PCR were designed by and purchased from Integrated
DNA Technologies, Inc. (Coralville, IA). The primer and probe sequences
were as follows: probe for claudin-21, 5=-6-carboxyfluorescein (FAM)-T
CTAGCTGC-ZEN-GGGTTGGAATGCTT-IABkFQ-3=; forward primer
for claudin-21, 5=-CTGGGACTATTGGGACTTCTG-3=; reverse
primer for claudin-21, 5=-AGGAGACTGGAAAGAGGGTAG-3=; probe
for GAPDH, 5=-FAM-TGCAAATGG-ZEN-CAGCCCTGGTG-IABkFQ-
3=; forward primer for GAPDH, 5=-GTGGAGTCATACTGGAACATGTA
G-3=; and reverse primer for GAPDH, 5=-AATGGTGAAGGTCGGTGT
G-3=.

Cell culture and transfection. MDCK I, MDCK II, or EpH4 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal calf serum (FCS). Transfection was performed using Lipo-
fectamine Plus or Lipofectamine 2000 (Life Technologies Japan Ltd., To-
kyo, Japan) following the manufacturer’s instructions. To establish stable
transfectants, the transfected cells were selected by incubation in medium
containing 500 �g/ml G418 (Nacalai Tesque, Kyoto, Japan), and clones
derived from single cells were picked up.

Immunoblotting. To prepare total cell lysates of MDCK I, MDCK II,
EpH4, and Venus-tagged claudin-expressing transfected MDCK I cells,
epithelial cells were washed with solution A (120 mM NaCl, 10 mM
NaHCO3, 5 mM KCl, 1.2 mM CaCl2, 1.0 mM MgCl2, and 10 mM Tris-
HEPES, pH 7.4) and then lysed with SDS-PAGE sample buffer, sonicated,
and boiled. Constant amounts of protein samples were separated by SDS-
PAGE, transferred to a polyvinylidene difluoride (PVDF) membrane, and
probed with appropriate antibodies. Signals were acquired by using an
Image Quant LAS 4000 instrument (GE Healthcare, Tokyo, Japan).

Immunofluorescence microscopy. MDCK I transfectants plated on
glass coverslips were fixed with ice-cold methanol for 5 min. After being
soaked in phosphate-buffered saline (PBS) containing 1% bovine serum
albumin (BSA), the samples were treated with primary antibodies for 60
min at room temperature. They were then washed three times with PBS,
followed by incubation for 60 min with the appropriate secondary anti-
bodies. The samples were washed with PBS three times and then embed-
ded in mounting medium (Dako Japan Inc., Tokyo, Japan), and the spec-
imens were observed with a confocal laser scanning microscope (LSM710;
Carl Zeiss Japan, Tokyo, Japan) equipped with a 40�, 1.2-numerical-
aperture (NA) lens, with appropriate binning of pixels and exposure time.
Photographs were recorded with a cooled charge-coupled device camera
(Axio Cam; Carl Zeiss Japan, Tokyo, Japan). The images were analyzed
with ZEN software (Carl Zeiss Japan, Tokyo, Japan). The testes and epi-
didymides from embryonic day 18 (E18) and adult mice were embedded
in OCT compound (Sakura Finetek Japan Co., Ltd., Tokyo, Japan) and
frozen in liquid N2. The frozen samples were then cut into approximately

4-�m-thick sections and allowed to dry for 30 min. They were then fixed
for 5 min in ice-cold methanol. The fixed sections were stained with the
appropriate antibodies or normal rabbit serum, and the specimens were
observed with a confocal laser scanning microscope (LSM710; Carl Zeiss
Japan, Tokyo, Japan) equipped with a 40�, 1.2-NA lens, with appropriate
binning of pixels and exposure time. Photographs were recorded with a
cooled charge-coupled device camera (Axio Cam; Carl Zeiss Japan, To-
kyo, Japan). The images were analyzed with ZEN software (Carl Zeiss
Japan, Tokyo, Japan). MDCK I transfectants plated on glass coverslips
were fixed with ice-cold methanol for 5 min. After being soaked in PBS
containing 1% BSA, the samples were treated with primary antibodies for
60 min at room temperature. They were then washed three times with
PBS, followed by incubation for 60 min with the appropriate secondary
antibodies. The samples were washed with PBS three times, embedded in
mounting medium (Dako Japan Inc., Tokyo, Japan), and observed by
fluorescence microscopy (Olympus, Tokyo, Japan). The images were an-
alyzed with MetaMorph (Molecular Devices Japan, Tokyo, Japan).

Measurement of TER. For the TER measurements, 1 � 105 cells were
plated on 12-mm-diameter Transwell filters, and the culture medium was
exchanged every day. TER was measured directly in the culture medium
by using a Millicell-ERS epithelial volt-ohmmeter (Merck Millipore,
Darmstadt, Germany). The TER values were calculated by subtracting the
background TER of blank filters and multiplying the result by the surface
area of the filter. The TER values reached a maximum by 6 days under
these experimental conditions.

Electrophysiology. The electrophysiological characterization of MDCK
I cell monolayers was carried out according to published methods (30,
31). Venus-claudin-expressing transfectants of MDCK I cells were grown
on Transwell filters (Costar; Corning Life Sciences, Acton, MA) for 7 days.
To examine the transepithelial conductance, cell layers were mounted in
Ussing chambers. Each chamber was filled with 5 ml of solution (150 mM
NaCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM mannitol, and 10 mM Tris-
HEPES, pH 7.4), and the temperature of the solution was maintained at
37°C, 26°C, 15°C, or 4°C. The solution in chambers was bubbled with
100% O2 continuously. The transepithelial potential was measured
through 3 M KCl-agar bridges connected to calomel electrodes by use of a
voltage-clamping device (Nihon Kohden, Tokyo, Japan). To determine
the NaCl dilution potential, the basal solution was replaced with one
containing 75 mM NaCl instead of 150 mM NaCl (osmolarity was main-
tained by use of mannitol). To measure the permeability for organic cat-
ions, the basolateral medium was changed to a solution containing 75 mM
organic cation chloride salt and 75 mM NaCl. The organic cations in-
cluded methylammonium (MA), ethylammonium (EA), tetramethyl-
ammonium (TMA), tetraethylammonium (TEA), arginine (Arg), and
N-methyl-D-glucamine (NMDG). The NaCl dilution potential and bi-
ionic potential were measured as described previously (31). The transep-
ithelial conductance was calculated by passing a current and measuring
the potential across the epithelial cell sheet according to Ohm’s law. The
current was applied across the epithelial cell sheet through a pair of Ag/
AgCl2 electrodes that were kept in contact with the bathing solutions via a
pair of 1 M NaCl-agar bridges. The potential was compensated for by the
resistance of the solution between the potential-measuring salt bridges.

The resulting potential was corrected for the liquid junction potential,
which was determined by performing analogous experiments using the
method described by Alan Yu’s group (31).

Estimation of the paracellular channel capacity and pore size of
claudin-21 and -15. To estimate the paracellular channel capacity, the
transepithelial permeability for cations (Na�, MA�, EA�, TMA�, TEA�,
Arg�, and NMDG�) of MDCK I-Venus cells, MDCK I-Venus-claudin-21
cells, or MDCK I-Venus-claudin-15 cells at 4°C was determined as de-
scribed above. To estimate the pore size of claudin-21 or -15, the transep-
ithelial permeability of MDCK I-Venus cells for various cations at 4°C was
subtracted from that of MDCK I-Venus-claudin-21 cells or MDCK I-
Venus-claudin-15 cells at 4°C. The resulting permeabilities were plotted
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as a function of cation diameter. The pore size of claudin-21 or -15 was
deduced from the graph.

Estimation of temperature-dependent paracellular pathway capac-
ity and its size exclusion threshold. To estimate the capacity of the tem-
perature-dependent paracellular pathway, the transepithelial permeabil-
ity for cations (Na�, MA�, EA�, TMA�, TEA�, Arg�, and NMDG�) of
MDCK I-Venus, MDCK I-Venus-claudin-21, or MDCK I-Venus-clau-
din-15 cells at 4°C was subtracted from that of MDCK I-Venus, MDCK
I-Venus-claudin-21, or MDCK I-Venus-claudin-15 cells at 37°C, and the
result is referred to here as “cation permeability (37°C 	 4°C).” To esti-
mate the size exclusion threshold of the temperature-dependent permea-
bility, the cation permeability (37°C 	 4°C) of MDCK I-Venus cells was
subtracted from that of MDCK I-Venus-claudin-21 cells or MDCK I-
Venus-claudin-15 cells. The resulting permeabilities were plotted as a
function of the cation diameter. The size exclusion threshold of the tem-
perature-dependent permeability due to claudin-21 or -15 was deduced
from the graph.

Probe-based qRT-PCR. The primers and probes used to detect the
expression of mouse claudin-21 and mouse GAPDH genes were pur-
chased from Integrated DNA Technologies, Inc. (Coralville, IA). The se-
quences of the primers and probes are described in “Plasmids and anti-
bodies” above. Template cDNAs from several tissues of E18.5 and adult
C57BL/6 mice were purchased from Genostaff Co., Ltd., Tokyo, Japan.
Thunderbird probe qPCR mix (Toyobo Co., Ltd., Osaka, Japan) was used
as the PCR reagent. Probe-based quantitative real-time reverse transcrip-
tion-PCR (qRT-PCR) was performed with a ViiA7 real-time PCR system
(Applied Biosystems Japan Ltd., Tokyo, Japan) under the following con-
ditions: 94°C for 2 min followed by 40 cycles of 95°C for 15 s and 60°C for
1 min. The resulting data were analyzed using ViiA7 HRM software (Ap-
plied Biosystems Japan Ltd., Tokyo, Japan).

3= rapid amplification of cDNA ends (3=RACE). Total RNA was ex-
tracted from mouse tissues. The RT-oligo-dT primer used for reverse
transcription is shown in Table S1 in the supplemental material. A partial
fragment of claudin-21 was amplified using the claudin-21 F1 and
3=RACE reverse primers shown in Table S1.

To perform the multiple-sequence alignment analysis, claudin-21’s
genomic region sequence was retrieved from the GenBank database (ac-
cession no. NG_020884). Multiple-sequence alignment was performed
using the ClustalW program (32).

Homology modeling of claudins for structural analysis. The multi-
ple-sequence alignment of mouse claudin-2, -10a, and -21 for homology
modeling was performed using the ClustalW program (32). After manu-
ally modifying the alignment, homology models for claudins were built
with MODELLER software v9.12 (33), using the atomic coordinates of
mouse claudin-15 as a starting template, with disulfide bond restraint.
The disordered regions of claudin-15 were manually removed using
COOT software (34). The final model was further refined by using CNS
v1.3 (35) without experimental data. The surface distribution of the elec-
trostatic potential was calculated using Adaptive Poisson-Boltzmann
Solver (APBS) (36). All structural figures were prepared using PyMOL
(http://www.pymol.org/).

Animal experiments. All animal experiments were performed in ac-
cordance with protocols approved by the Osaka University School of
Medicine Animal Studies Committee.

Statistical analysis. Results are expressed as means 
 standard errors
of the means (SEM). The statistical significance of the difference between
2 sets of data was evaluated by Student’s t test. P values of �0.05 were
considered statistically significant.

RESULTS
Claudin-21 nomenclature. The claudin family has at least 27
members in humans and mice, according to PSI-BLAST searches
(8), and its nomenclature has been clarified (8, 37). Claudin-21
was previously called claudin-24 (38) or claudin-25 in the NCBI

database. Here we use the latest nomenclature for this molecule,
designating it claudin-21 (8).

Establishment of MDCK I cell monolayer exogenously ex-
pressing claudin-21. We first examined the endogenous protein
expression of claudin-21 in the major cultured epithelial cell lines,
such as MDCK I, MDCK II, and EpH4, using an anti-claudin-21
antibody that specifically reacts with claudin-21 (see Fig. S1 in the
supplemental material). We did not detect endogenous clau-
din-21 protein in any of these cell lines (see Fig. S2). Next, to
characterize claudin-21, we established several clones of Venus-
tagged mouse claudin-21 stably transfected MDCK I cells (MDCK
I-Venus-claudin-21) and mock-transfected MDCK I cells
(MDCK I-Venus) (see Fig. S3A), because MDCK I cells show a
prominent paracellular barrier activity (9). Venus-claudin-21 was
localized to the lateral membranes of MDCK I-Venus-claudin-21
cells and colocalized with a TJ marker, ZO-1 (Fig. 1A; see Fig.
S4A), although endogenous claudin-21 localization in MDCK I
cells was not detected by immunofluorescence assay (Fig. 1A).
These data showed that exogenous claudin-21 was integrated into
the TJs as a component of the claudin strands.

Electrophysiological characterization of claudin-21 as a
paracellular channel-type claudin. To unravel the functions of
claudin-21 at the TJs in paracellular permeability, which is corre-
lated with the TER, we first analyzed the TER in MDCK I-Venus-
claudin-21 and MDCK I-Venus cells every day for 1 week. In the
MDCK I-Venus cells, the TER increased due to the maturation
of a cell sheet with a paracellular barrier. In contrast, the TER
did not increase in the MDCK I-Venus-claudin-21 cells (Fig.
2A, panel a), suggesting the possibility that claudin-21 played a
role as a paracellular channel. To characterize claudin-21 in more
detail, we used three independent claudin-21-expressing clones in
the following experiments. First, we found by immunoblotting
and/or immunofluorescence assay that exogenous claudin-21 ex-
pression did not alter the levels of endogenous claudin-1, -3, -4,
and -7 (see Fig. S3 in the supplemental material) or those of the
other channel-type claudins, claudin-2 and -15 (see Fig. S5).

Next, to examine the ion permeability of the claudin-21-ex-
pressing transfectants, we performed detailed electrophysiological
measurements by using an Ussing chamber assay. The Na� per-
meability (PNa), calculated from the conductance and dilution
potential, was 1.2 � 10	6 cm/s for MDCK I-Venus cells and 11.4 �
10	6 cm/s for MDCK I-Venus-claudin-21 cells (Fig. 2A, panel b).
On the other hand, the Cl	 permeability (PCl) was not signifi-
cantly increased (Fig. 2A, panel b).

We next measured the permeabilities for variously sized small
cations and found that the permeabilities for monocations were
significantly increased in MDCK I-Venus-claudin-21 cells com-
pared to MDCK I-Venus cells (Fig. 2A, panel c). Taken together,
these data indicate that claudin-21 contributes a cationic selectiv-
ity to the paracellular permeability. These results suggest that clau-
din-21 functions as a paracellular channel for small cations, sim-
ilar to the typical channel-type claudins claudin-2 and -15.

Next, to characterize the size dependency of the claudin-21-
based paracellular permeability, we assessed the passage of larger
cations, such as methylammonium (MA�), ethylammonium
(EA�), tetramethylammonium (TMA�), tetraethylammonium
(TEA�), arginine (Arg�), and N-methyl-D-glucamine
(NMDG�), across MDCK I-Venus and MDCK I-Venus-clau-
din-21 cell sheets. There were significant increases in the perme-
abilities for MA�, EA�, TMA�, TEA�, Arg�, and NMDG� across
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FIG 1 Mouse claudin-21 localization in MDCK I transfectant clones. (A) MDCK I cells or Venus-claudin-21-expressing transfected MDCK I cells (MDCK
I-Venus-claudin-21 cells) were cultured to confluence on glass coverslips and examined by confocal laser scanning microscopy. The cells were triple stained with
an anti-GFP pAb, an anti-claudin-21 pAb, and an anti-ZO-1 MAb. The anti-GFP-positive signals overlapped the anti-claudin-21-positive signals and the
anti-ZO-1-positive signals. Stacked images of the apical or basal side of the epithelial cells are shown. Green, GFP; red, claudin-21; blue, ZO-1. Bars, 10 �m. (B)
MDCK I cells or Venus-claudin-15-expressing transfected MDCK I cells (MDCK I-Venus-claudin-15 cells) were cultured to confluence on glass coverslips and
examined by confocal laser scanning microscopy. The cells were stained with an anti-GFP pAb and an anti-ZO-1 MAb. The anti-GFP-positive signals overlapped
the anti-ZO-1-positive signals. Stacked images of the apical or basal side of the epithelial cells are shown. Green, GFP; red, ZO-1. Bars, 10 �m.
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FIG 2 Physiological analyses of exogenous claudin-21-expressing MDCK I cells. (A) (a) Measurement of transepithelial electric resistance in mock-transfected
MDCK I cells (MDCK I-Venus), Venus-claudin-21-expressing transfected MDCK I cells (MDCK I-Venus-claudin-21), and Venus-claudin-15-expressing
transfected MDCK I cells (MDCK I-Venus-claudin-15) (n � 3/group). (b) Transepithelial ion permeabilities for Na� and Cl	 of MDCK I-Venus, MDCK
I-Venus-claudin-21, and MDCK I-Venus-claudin-15 cells (n � 4/group). n.s., not significant; **, P � 0.01; ***, P � 0.001. (c) Monovalent cation transepithelial
permeabilities of MDCK I-Venus and MDCK I-Venus-claudin-21 cells (n � 4/group). **, P � 0.01. (d) Transepithelial ion permeabilities for Na�, MA�, EA�,
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the MDCK I-Venus-claudin-21 cell sheets compared to the
MDCK I-Venus cell sheets (Fig. 2A, panel d; see Fig. S6A, panel a,
in the supplemental material). These results indicate that clau-
din-21 increases the paracellular permeability not only for small
cations, such as Na�, MA�, and EA� (diameter � 5 Å), but also
for larger cations, such as TMA�, TEA�, Arg�, and NMDG� (di-
ameter � 5 Å).

Previous reports have shown that the paracellular passage
across TJs is temperature dependent (12, 28, 31), and this property
may depend on the molecular dynamics of the claudin-based TJ
strands. Therefore, we assessed the temperature dependency of
the paracellular permeability of MDCK I-Venus-claudin-21 cell
sheets for small and large cations. The results showed that the
paracellular permeabilities of the MDCK I-Venus-claudin-21 cell
sheets for Na�, MA�, EA� TMA�, TEA�, Arg�, and NMDG�

were significantly decreased at 4°C compared to those at 37°C
(Fig. 2B, panel a; see Fig. S6A, panel b, in the supplemental mate-
rial). These data indicated that the claudin-21-based paracellular
permeability was temperature dependent, presumably due to a
decrease in the dynamics of claudin-21. It was thus possible that
the claudin-21-based permeability at 4°C was caused by the for-
mation of “cation-selective” and “size-restrictive” pores by this
protein. Size exclusion analysis indicated that the approximate
diameter of the paracellular pore of claudin-21 was 5.6 Å at 4°C
(Fig. 2B, panel b).

Next, we assessed the temperature-dependent paracellular per-
meabilities of the MDCK I-Venus and MDCK I-Venus-clau-
din-21 cell sheets for various cations. The temperature-dependent
permeabilities (the permeabilities at 37°C minus the permeabili-
ties at 4°C) of the MDCK I-Venus-claudin-21 cell sheets for small
and large cations were increased compared to those of the MDCK
I-Venus cell sheets (Fig. 2B, panel d). We also found that the
claudin-21-based paracellular permeability was proportional to
the temperature (see Fig. S6B, panel a, in the supplemental mate-
rial) and showed a preference for cations (see Fig. S6B, panel b).
We further determined that claudin-21 contributed to the tem-
perature-dependent paracellular permeability, with a size exclu-
sion threshold of approximately 5.6 Å (Fig. 2B, panel e). These
findings supported the idea that the temperature dependency of
paracellular permeability was due to a change in the molecular
dynamics of TJ strands (7, 19, 29), including the dynamics of
paracellular channel formation.

These characteristics of claudin-21 were compared to those of
claudin-15, which has been identified as a typical paracellular
channel. For this purpose, we also examined the electrophysiolog-
ical characterization of claudin-15’s paracellular channel activity
in stable transfectants of MDCK I cells expressing N-terminally
Venus-tagged mouse claudin-15 (MDCK I-Venus-claudin-15

cells). The exogenous claudin-15 of MDCK I-Venus-claudin-15
cells was mainly colocalized with the TJ marker ZO-1 (Fig. 1B; see
Fig. S4B in the supplemental material). The claudin-15 expression
level of MDCK I-Venus-claudin-15 cells was high enough to de-
crease the TER (Fig. 2A, panel a), and the paracellular channel
functions of this claudin were similar to those of claudin-21 in our
MDCK I cell system. First, claudin-15 formed a cation-selective
pore for Na� but not for Cl	 (Fig. 2A, panel b). Claudin-15 in-
creased the paracellular permeability not only for small cations,
such as Na�, MA�, and EA� (diameter �5 Å), but also for larger
cations, such as TMA�, TEA�, Arg�, and NMDG� (diameter �5
Å) (Fig. 2A, panel d). Furthermore, the claudin-15-based paracel-
lular permeability was temperature dependent (Fig. 2B, panel a).
The size exclusion analysis indicated that the approximate diam-
eter of the paracellular pore of claudin-15 was 5.6 Å at 4°C (Fig.
2B, panel e). Finally, the temperature-dependent permeabilities
(the permeabilities at 37°C minus the permeabilities at 4°C) of the
MDCK I-Venus-claudin-15 cell sheets for small and large cations
were increased compared to those of the MDCK I-Venus cell
sheets (Fig. 2B, panel c), and the temperature-dependent paracel-
lular permeability had a size exclusion threshold of approximately
5.6 Å (Fig. 2B, panel f).

Taken together, these data showed that claudin-21 forms cat-
ion-selective and size-restrictive paracellular pores for small cat-
ions, such as Na�, and that it also regulates the cation-selective
permeability for larger solutes, similarly to claudin-15. The para-
cellular functions of claudin-21 and -15 were temperature depen-
dent, by a mechanism that is a subject for future study.

Structural analysis of the claudin-21-based paracellular
pore. To verify claudin-21’s ion selectivity, we built homology
models of claudin-21 based on the crystal structure of claudin-15
(25). We also built structural models of claudin-2 and -10a, as
channels with a preference for positively and negatively charged
ions, respectively. The recently analyzed structure of claudin-15
revealed that the charge-selective passage across TJs depends on
the charges of the residues in the extracellular domain. Mutation
of the negatively charged residues Asp55 and Asp64, located on
one edge of the �-sheet domain of claudin-15, to positively
charged residues converts the ion selectivity to the opposite charge
(10) (Fig. 3A and B, panels a and b). In addition to these residues,
evidence suggests that residues on �3-�4 in other channel-form-
ing claudins are essential for determining the charge selectivity of
TJs (10). The distribution of the electrostatic potential at the ex-
tracellular surface of claudin-15 shows that half of the �-sheet
domain forms a negatively charged “palm” (Fig. 3A and B, panels
a and b). Our homology models also indicate that the cation-
selective claudin-2 and the ion channel claudin-21 have similarly
negatively charged surfaces, whereas the surface of anion-selective

TMA�, TEA�, Arg�, and NMDG� of MDCK I-Venus, MDCK I-Venus-claudin-21, and MDCK I-Venus-claudin-15 cell sheets at 37°C (n � 4/group). Statistical
analysis was performed on 2 sets of data from MDCK I-Venus and MDCK I-Venus-claudin-21 cells or MDCK I-Venus and MDCK I-Venus-claudin-15 cells. ***,
P � 0.001. (B) (a) Transepithelial ion permeabilities for Na�, MA�, EA�, TMA�, TEA�, Arg�, and NMDG� of MDCK I-Venus, MDCK I-Venus-claudin-21,
and MDCK I-Venus-claudin-15 cell sheets at 4°C (n � 4/group). Statistical analysis was performed on 2 sets of data from MDCK I-Venus and MDCK
I-Venus-claudin-21 cells or MDCK I-Venus and MDCK I-Venus-claudin-15 cells. **, P � 0.01; ***, P � 0.001. (b) Estimation of the approximate diameter of
claudin-21’s pore (arrow). (c) Temperature-dependent paracellular permeabilities (permeabilities at 37°C minus permeabilities at 4°C) for Na�, MA�, EA�,
TMA�, TEA�, Arg�, and NMDG� of MDCK I-Venus, MDCK I-Venus-claudin-21, and MDCK I-Venus-claudin-15 cell sheets (n � 4/group). Statistical analysis
was performed on 2 sets of data from MDCK I-Venus and MDCK I-Venus-claudin-21 cells or MDCK I-Venus and MDCK I-Venus-claudin-15 cells. ***, P �
0.001. (d) Estimation of the size exclusion threshold of the temperature-dependent paracellular permeability due to claudin-21 (arrow). (e) Estimation of the
approximate diameter of claudin-15’s pore (arrow). (f) Estimation of the size exclusion threshold of the temperature-dependent paracellular permeability due
to claudin-15 (arrow).
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FIG 3 Structural analysis of the claudin-21-based paracellular pore. (A) Alignment of the amino acid sequences of paracellular channel-type mouse claudins, including
claudin-21. Numbers at the top indicate the amino acid positions of mouse claudin-15. Negatively and positively charged amino acids in the first extracellular segment
are shown in red and blue, respectively. Representative claudin motifs are shown in gray. (B) (a) Electrostatic potential of the claudin-15 surface contoured from 	2 kT/e
(red) to �2 kT/e (blue). (b) Ribbon representation of claudin-15 with a transparent surface and viewed from the same direction as in panel a, with color changes from
the N terminus (blue) to the C terminus (red). (C) Electrostatic potential surfaces of the extracellular domains of homology models (claudin-2, -21, and -10a), viewed
as in panel B. Dashed ovals indicate the �3-�4 region, where residues important for charge selectivity of the paracellular channel are located.
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claudin-10a is positively charged (Fig. 3C). These surface distri-
butions of the electrostatic potential help to explain the permea-
bility preference of claudin-21 for Na� rather than Cl	. In partic-
ular, it has been suggested that the grooves in the specific palm
region of all the strands from �1 to �5 form a paracellular ion
pathway that contributes to claudins’ ion selectivity (25).

Claudin-21 expression in vivo. To confirm claudin-21’s ex-
pression in vivo, we examined the mRNA expression of claudin-21
in several tissues of E18.5 and adult mice by probe-based qRT-
PCR. We detected a high level of claudin-21 mRNA expression in
the testis with epididymis of the E18.5 mice (see Fig. S7A in the
supplemental material). We found by immunofluorescence assay
that claudin-21 was expressed in the epididymis but not in the
testis in E18 mice and colocalized with the tight junctional mark-
ers occludin (Fig. 4A) and ZO-1 (see Fig. S7B and C, panel a). We
detected the signal for claudin-21 in the adult mouse epididymis
but not in the testis, and the signal was colocalized with the tight
junctional marker occludin (Fig. 4B; see Fig. S7C, panel b). To

validate the quite low claudin-21 mRNA expression in several tis-
sues other than the E18.5 testis and/or epididymis (Fig. 4A), we
carried out 3=RACE using RNAs from fetal mouse liver (see Fig.
S8A). This method was suitable for the detection of the quite small
amount of claudin-21 mRNA because this method verified ampli-
fication from claudin-21 mRNA but not from genomic DNA. The
claudin-21 3=RACE products indicated the presence of mature
claudin-21 mRNA with a poly(A) tail following the AATAAA se-
quence (see Fig. S8B). These findings revealed that claudin-21
mRNA is expressed in vivo, as previously reported (8), and that
claudin-21 resides in the TJ strands in vivo.

DISCUSSION
New classification of claudin-21 as a paracellular channel-type
claudin. Here we identified claudin-21 as a paracellular channel-
type claudin. Although we could show that MDCK I cells, which
are canine cells, expressed at least claudin-1, -3, -4, -7, -14, and
-19, well-characterized RT-PCR-appropriate primer sets or anti-

FIG 4 Claudin-21 expression in mouse tissues. Immunofluorescence micrographs show epididymides from an E18 mouse (A) and an adult mouse (B) costained with
an anti-claudin-21 pAb and an antioccludin MAb or with antiserum and an antioccludin MAb. DAPI (4=,6-diamidino-2-phenylindole) was used to detect nuclei. The
anti-claudin-21- or antiserum-positive signals (green), the antioccludin-positive signals (red), and nuclei (blue) are shown. Bars, 50 �m.
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bodies are not available for all 27 canine claudins. However, given
that claudin-21’s effect on MDCK I cell permeability was signifi-
cant and was similar to the effects of claudin-2 and -15, which are
representative paracellular channel-type claudins, we conclude
that claudin-21 is a paracellular channel-type claudin.

Characterization of the claudin-21-based pore in the para-
cellular channel. In the present study, we electrophysiologically
determined that claudin-21 forms a charge-selective and size-re-
strictive pore for small cations. The recently determined structure
of claudin-15, analyzed by X-ray crystallography at a 2.4-Å reso-
lution, indicates that the paracellular pathway is formed by the
claudin’s extracellular domain (25, 26). The surface distribution
of the electrostatic potential at claudin-21’s pore region has a neg-
ative charge, which would cause its pore to be attractive for cations
but repulsive for anions. Together with our experimental results,
this electrostatic surface distribution supports our assignment of
claudin-21 as a paracellular channel showing a preference for cat-
ions. With regard to the paracellular permeation of Na�, the most
abundant cation in the body, the physiologically estimated diam-
eter of claudin-21’s pore (�5.6 Å) is smaller than the diameter of
hydrated Na� (7.2 Å) (39). To pass through the claudin-21-based
channel, Na� might be partially dehydrated, similar to the case for
claudin-2-based channels (�6.5 Å) (31). Moreover, evidence sug-
gests that claudin-2 mediates paracellular water flow as well as ion
permeation (24). Further comparative analyses of these channel-
forming claudins will help to clarify their specific functions in
biological systems.

Temperature dependence of claudin-21-based paracellular
permeability. In the present study, exogenously expressed clau-
din-21 showed temperature-dependent paracellular permeabili-
ties for both small and larger cations. It was previously reported
that the typical paracellular channel-type claudin-2 also has a tem-
perature-dependent paracellular permeability for small cations
(12, 31). Considering that claudins polymerize to form the TJ
strands, it seems reasonable that the paracellular pathway, includ-
ing the pore formation of paracellular channels, is not static but
is dynamically regulated, consistent with its temperature depen-
dency. In this respect, few studies of the dynamic behaviors of TJ
strands and TJ proteins have been reported (27, 29, 40). Further
quantitative analyses of the relationship between the molecular
dynamics of claudins and paracellular permeability are required
to clarify the regulation of the paracellular pathway.

General aspects of paracellular channel claudins. Although
we propose here that claudin-21 is a channel-type claudin, its
expression pattern and relatively low endogenous level suggest
that it functions in a restricted set of tissues (8). The expression of
claudin-21 is high during embryonic stages, although its expres-
sion persists at low levels in the adult. This developmental expres-
sion pattern suggests that claudin-21 has morphogenetic func-
tions. Future analyses of the embryonic stage-specific functions
of the paracellular channel-type claudin-21 will provide insight
about the regulation of microenvironments in developing biolog-
ical systems.

The systematic characterization of each claudin has provided
insight into the formation and regulation of leaky and tight TJs in
vitro and in vivo. The in vivo analysis of knockout mice has also
provided useful information about the physiological roles of clau-
dins. For example, a recent mouse study revealed that claudin-2
and -15 have paracellular cation channel activity in the small in-
testine, elucidating the molecular players that determine the para-

cellular channel function in this organ. These claudins were found
to be required for the paracellular flow of sodium ions into the
lumen for the absorption of glucose, amino acids, and bile acids,
which are required for lipid digestion (17, 20).

The physiological roles of the paracellular permeability for
large solutes have not been clarified. However, pathophysiological
roles have been reported for some claudin knockout mice. For
example, the loss of claudin-5 increases the paracellular permea-
bility for large solutes across TJs between endothelial cells in the
brain (41). In addition, the intestine-specific loss of claudin-7,
which increases the paracellular permeability for the intestinal
microbiota-derived chemotactic peptide fMLP across colonic ep-
ithelial cell sheets, specifically causes colonic inflammation (22).
These findings suggest that the paracellular permeability for vari-
ous solutes is specifically regulated by the TJ strands to maintain
biological systems.

Although the expression and roles of these relatively abundant
claudins have gradually been uncovered, much less is known
about the roles of the less abundant, cell-type-specific claudins.
Claudins expressed at low levels or in only a few tissues or sites are
likely to be involved in the fine regulation of tissue function-spe-
cific homeostasis. Additional functional analyses of these systems
will shed light on the importance of compartmentalization and
the formation and regulation of homeostasis in specific biological
systems.

Our present findings indicate that further analyses of claudin-
21-based TJs may help to elucidate the molecular mechanisms
underlying the paracellular permeability for variously sized sol-
utes. Further investigation of this protein may help to reveal how
paracellular pathways are precisely controlled.
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