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Tight junctions (TJs) create ion-selective paracellular permeability barriers between extracellular compart-

ments. In the organ of Corti of the inner ear, TJs of the reticular lamina separate Kþ-rich endolymph and Naþ-

rich perilymph. In humans, mutations of the gene encoding claudin 14 TJ protein cause profound deafness

but the underlying pathogenesis is unknown. To explore the role of claudin 14 in the inner ear and in other

tissues we created a mouse model by a targeted deletion of Cldn14. In the targeted allele a lacZ cassette is
expressed under the Cldn14 promoter. In Cldn14-lacZ heterozygous mice b-galactosidase activity was

detected in cochlear inner and outer hair cells and supporting cells, in the collecting ducts of the kidney, and

around the lobules of the liver. Cldn14-null mice have a normal endocochlear potential but are deaf due to

rapid degeneration of cochlear outer hair cells, followed by slower degeneration of the inner hair cells, during

the first 3 weeks of life. Monolayers of MDCK cells expressing claudin 14 show a 6-fold increase in the

transepithelial electrical resistance by decreasing paracellular permeability for cations. In wild type mice,

claudin 14 was immunolocalized at hair cell and supporting cell TJs. Our data suggest that the TJ complex at

the apex of the reticular lamina requires claudin 14 as a cation-restrictive barrier to maintain the proper ionic
composition of the fluid surrounding the basolateral surface of outer hair cells.

INTRODUCTION

A hallmark in the development of multicellular organisms is
the separation of fluid compartments by sheets of epithelial
cells, which adhere to each other by using different types of
intercellular junctions (1). Movement of solutes and water
through epithelia occurs both across and between cells, and is
referred to as the transcellular and the paracellular routes,

respectively. The major selective barrier of the paracellular
pathway is created by tight junctions (TJs) (2,3). In freeze
fracture replicas of epithelial cells, TJs appear as a band-like
network of branching and interconnecting thin ridges or
complementary grooves, known as TJ strands (4,5). TJ strands
of adjacent cells associate laterally with each other (3), thus
sealing the intercellular space and preventing or reducing
paracellular diffusion (1). In addition to this barrier function
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TJs contribute to the maintenance of cellular polarity by
forming an intramembrane barrier that restricts the lateral
diffusion of apical and basolateral epithelial membrane
components, which is referred to as the ‘fence function’ (6–9).
TJ strands are composed of at least three types of membrane-

spanning proteins: (i) occludin (10); (ii) members of the
claudin family (11); and (iii) members of the junction
adhesion molecule (JAM) family (12–14). Interactions of these
membrane proteins with the actin-based cytoskeleton and with
membrane-associated proteins are important for the structural
organization of the junctional complex at the plasma membrane
and for signal transduction (15–22).
The claudins are a family of more than 20 highly conserved

TJ proteins which share the same membrane topology and have
various tissue distribution patterns (23). Many tissues express
several different claudins which can interact with each other in
both homotypic and heterotypic manners (23,24). Selectivity
and specificity of paired TJ strands are determined by the type
of claudins present and their mixing ratios (11,25–27).
The importance of claudins in creating the physiological and

structural paracellular barrier function of TJs is supported by
the finding that Clostridium perfringens enterotoxin removes
specific claudins from TJ strands in the intestinal epithelium,
causing TJ disintegration and reduction of the TJ barrier
function (28). Yet, some claudins are not restricted to TJs
(29,30), and it was suggested that they might have additional
roles in cell–cell adhesion and embryonic development (31,32).
Pathological phenotypes of humans and animals with

mutations in specific claudin genes further demonstrate the
importance of these TJ proteins. CLDN16 mutations cause
familial hypomagnesemia with hypercalciuria and nephrocalci-
nosis in humans (33) and chronic interstitial nephritis in cattle
(34,35), both due to dysfunction of paracellular renal transport
mechanisms. Cldn11-null mice demonstrate neurological and
reproductive deficits, due to the absence of TJs in the central
nervous system myelin and between Sertoli cells (36). Cldn1-
null mice and transgenic mice overexpressing Cldn6 die shortly
after birth due to dysfunction of the epidermal permeability
barrier (37,38). We reported that recessive mutations of human
CLDN14 cause profound, congenital deafness, thus demon-
strating a necessary but unknown role of claudin 14 in the
hearing process (39).
In the cochlea of the inner ear (Fig. 1A), the endolymph of

the scala media has high Kþ and low Naþ concentrations, as
opposed to the perilymph of the scala vestibuli and scala
tympani, which has high Naþ and low Kþ concentrations,
similar to cerebrospinal fluid (40,41). The apical membranes of
outer hair cells (OHCs) are exposed to endolymph, whereas the
extracellular space that surrounds the basolateral membranes of
OHCs (the space of Nuel) (Fig. 1A) is filled with cortilymph,
which is similar to perilymph in its composition (42,43). The
transepithelial potential of 80–100mV between the endolym-
phatic and the perilymphatic space, which is defined as the
endocochlear potential (EP), is generated by cells in the stria
vascularis (44–48). The EP is critical for maintaining the
proper sound-induced changes of intracellular potential in
sensory hair cells (49,50). Separation of perilymph and
cortilymph from endolymph is achieved by TJs which seal
the spaces between the cells bordering the compartments
containing these fluids (51). We have previously hypothesized

that claudin 14-related deafness is due to failure in maintaining
fluid compartmentalization in the inner ear (39).
To explore the role of claudin 14 in the inner ear and in other

organs we created Cldn14-null mice. The data suggests that the
absence of claudin 14 from hair cell–supporting cell and
supporting cell–supporting cell TJs leads to altered ionic
permeability through the reticular lamina. This, in turn, triggers
rapid degeneration of cochlear hair cells during the second and
third weeks of life, when hearing function in mice is being
established.

RESULTS

Generation of Cldn14þ/� mice

Cldn14, the gene encoding claudin 14, has three exons, with
the entire protein of 239 amino acid residues encoded in exon
three (39). A targeting vector was constructed and used to
replace exon three with the neomycin resistance gene and the
lacZ reporter gene, by homologous recombination in R1
embryonic stem (ES) cells (52) (Fig. 1B). Two lines of mice
were generated from distinct recombinant ES cell clones, in
which one of the two wild type (wt) Cldn14 alleles was dis-
rupted (Cldn14þ/�) (Fig. 1C).

Cldn14 expression pattern

We used an important feature of the targeting strategy, which
placed the lacZ reporter gene under control of the endogenous
Cldn14 promoter (Fig. 1B), to study Cldn14 expression
pattern in Cldn14þ/� mice (Fig. 2). At postnatal day 0 (P0),
b-galactosidase activity was detected by X-gal staining in
OHCs at the basal turn of the cochlea (Fig. 2A–C). At P4
b-galactosidase activity was also found in inner hair cells (IHCs)
and, to a lesser extent, in supporting cells, of the middle and
apical turns (Fig. 2D–F). By P7 b-galactosidase activity was
observed in IHCs, OHCs and supporting cells throughout the
cochlea, from base to apex (Fig. 2G–I). Low b-galactosidase
activity was observed in some spiral prominence cells adjacent
to the stria vascularis and in the sensory epithelium of the
vestibular system (data not shown). b-Galactosidase activity
was also detected in the collecting ducts of the kidney and
around the lobules in the liver of adult Cldn14þ/� mice (Fig. 2Y
and Z). The data obtained from the lacZ reporter gene, which
reflects Cldn14 expression, is in agreement with our previously
reported findings, which were based on in situ hybridization,
immunostaining and northern blot analysis (39).

Cldn14-null mice have profound hearing loss with
normal vestibular function

Two clones of Cldn14þ/� ES cells were used to generate two
lines of Cldn14-null mice (Cldn14�/�) on a C57BL/6 and
(129X1/SvJ� 129S1/SvImJ) mixed background. Intercrossing
of heterozygotes yielded Cldn14�/�, Cldn14þ/� and Cldn14þ/þ

mice at the expected Mendelian ratio of 1 : 2 : 1 (80 : 179 : 83),
respectively. Genotypes were confirmed by Southern blot
analysis (Fig. 1C). No Cldn14 transcripts were detected by
reverse transcription (RT)–PCR from kidneys of Cldn14�/�
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mice (Fig. 1D) and no junctional staining was observed in
sensory hair cells of Cldn14�/� mice stained with an anti-
claudin 14 antibody (Fig. 1E). Data is presented for one of the
two lines of mice, which had identical phenotypes.
Cldn14�/� mice are fertile and appear healthy.

Histopathological examination of 41 tissues and a panel of
chemistry tests of serum derived from Cldn14�/�, Cldn14þ/�

and Cldn14þ/þ mice revealed no differences between mice of
these three genotypes, including kidney and liver structure and
function (data not shown). Cldn14�/� mice display no obvious
abnormal behavior which might indicate vestibular dysfunc-
tion, such as circling, head tossing or hyperactivity. Based on
rotarod and elevated beam testing (53,54) vestibular and motor
functions of Cldn14�/� mice are indistinguishable from those
of Cldn14þ/� and Cldn14þ/þ mice (data not shown).
To evaluate hearing, Cldn14�/� and their heterozygous and

wt littermates underwent auditory brainstem response (ABR)

analyses. At 4 weeks of age Cldn14�/� mice were found to
have a profound hearing loss, with ABR thresholds elevated by
50 dB-SPL or more over all frequencies tested, while thresholds
of heterozygous and wt mice were indistinguishable from each
other (Fig. 3). ABR analyses demonstrated that Cldn14�/�

mice were already deaf by the third week of life (P15–P17)
(data not shown). Hearing loss in Cldn14�/� mice was not
caused by reduction or absence of EP, as indicated by normal
EP values which were measured in Cldn14�/� mice at 5 and 10
weeks of age (data not shown).

OHCs and IHCs in inner ears of Cldn14-null mice
degenerate during the second and third postnatal weeks

Scanning electron microscopy (SEM), immunohistochemistry
and X-gal staining revealed that the inner ear of Cldn14�/�

mice developed normally and both IHCs and OHCs were

Figure 1. Generation of Cldn14-null mice. (A) A reconstructed image (40�) of a Lowicryl embedded section (1 mm thick) of freeze-substituted organ of Corti from
a C57Bl/6 mouse at P12. Outer hair cells (OHC) and inner hair cells (IHC) are colored in blue, the reticular llamina (RL) is colored in red, and the space of Nuel
(SN) is colored in yellow. RM, Reissner’s membrane; SV, stria vascularis; TM, tectorial membrane. (B) Schematic representation of the 30 region of the wt Cldn14
allele, the targeting vector and the targeted Cldn14 allele after homologous recombination. PGK, mouse phosphoglycerate kinase-1 promoter; neo, neomycin resis-
tance cassette; tk, HSV thymidine kinase cassette. The positions of 50 and 30 probes used for Southern blot analyses and of restriction endonuclease sites are indi-
cated. B, BamHI; Bs, BsmI. (C) Southern blot analysis of BamHI-digested genomic DNA from wt (þ/þ), heterozygous (þ/�) and Cldn14-null homozygous (�/�)
mice using the 50 probe reveals fragments of 11 kb and 3.5 kb from the wt and mutant alleles, respectively. (D) RT–PCR detection of Cldn14 expression (660 bp
product) in kidneys of wt (þ/þ) and heterozygotes (þ/�), but not in Cldn14-null homozygous (�/�) mice. Similar amplification of b-actin (Actb) (465 bp product)
demonstrates approximately equal amounts of mRNA in all samples. Also shown for each set of reactions are controls in which the cDNA template was substituted
by water (H2O) or by the product of a mock cDNA synthesis (�RT). (E) Whole-mount OC of a wt (þ/þ) and a Cldn14-null homozygous (�/�) mouse at P7 were
processed for immunostaining with an anti-claudin 14 antibody (green). In the wt mouse claudin 14 was localized at the junctional complex along the most apical
borders of IHCs, OHCs and supporting cells (also see Fig. 6A). No junctional staining was observed in the Cldn14�/� mouse. Scale bar¼ 6 mm.
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present and undistinguishable from the wt at P7 (Figs 2P–R,
4B, 5G and J). However, subsequently rapid loss of OHCs was
observed, which progressed from base to apex. At P10–P13
OHCs were missing or disorganized throughout most of the
cochlear length of Cldn14�/� mice, except for the extreme
apex (Figs 2S–U, 4E, 5H and K). By P18 only a few OHCs
with disorganized stereocilia were present, mainly at the most
apical region of the cochlea (Figs 2V–X, 5I and L). Throughout
the cochlea IHCs were partially missing and some had
abnormal stereocilia (Figs 2S, 5H and I).
In Cldn14�/� mice, the first sign of OHC degeneration was

disorganization and loss of stereocilia, followed by swelling of
cell bodies, shortening of the cell length and submerging of the
cell bodies under the reticular lamina, where these cells
eventually lost their integrity and died. For example, at P18 no
OHC stereocilia were observed at the cochlear apex of
Cldn14�/� mice by SEM (Fig. 4D). However, X-gal staining
and immunocytochemistry with antiserum to prestin, an

OHC-specific motor protein and the main constituent of their
lateral plasma membrane (55), revealed that the cell bodies of
some OHCs were still present, although several of them were
degenerated (Fig. 5L).

Membrane-associated claudin 14 is restricted to TJs
between cells of the reticular lamina of the mouse OC

To study claudin 14 cellular localization, we performed
immunohistochemistry with an affinity-purified claudin 14 anti-
body. In inner ears of adult wt C57BL/6 mice immunoreactivity
was detected at the junctional complex along the most apical
borders of IHCs, OHCs and supporting cells (Fig. 6A–C) and in
the cytoplasm of inner and outer pillar cells, Deiter’s cells and to
a lesser extent in the cytoplasm of IHCs and OHCs (Fig. 6D
and E). No immunoreactivity was detected in TJs between the
cells of Reisner’s membrane, the stria vascularis or in the
junctional complex of inner sulcus cells, outer sulcus cells, and

Figure 2. Whole-mount X-gal staining of the organ of Corti (OC), kidney and liver of Cldn14þ/� and Cldn14�/� mice. Whole-mount X-gal staining for
b-galactosidase activity in the OC of Cldn14þ/� mice at P0 (A–C), P4 (D–F) and P7 (G–I) shows spreading of b-galactosidase activity in the three lines of
OHCs (marked by arrowheads), the single line of IHCs (marked by an arrow) and in supporting cells, from base to apex. In Cldn14�/� mice both IHCs and
OHCs are present and normally organized at P7 (P–R). At P13 OHCs are mostly missing at the base and partially missing at the middle and at the apex of
the cochlea (S–U). By P18 most OHCs are missing throughout the cochlea (V–X). Similar degeneration of OHCs is not observed in the OC of age-matched
Cldn14þ/� mice (J–O). Whole-mount X-gal staining of kidney and liver of an adult Cldn14þ/� mouse demonstrates b-galactosidase activity in the collecting ducts
of the kidney (Y) and around the lobules in the liver (Z). No staining was observed in corresponding samples from wt mice. Scale bars¼ 10mm.
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spiral prominence cells (data not shown). A similar pattern of
immunoreactivity was observed in the inner ear of wt mice at P7
(Fig. 1E). In inner ears of Cldn14�/� mice at P7 only some
cytoplasmic staining in supporting cells was observed, which is
probably non-specific. No junctional staining was observed in
Cldn14�/� mice, further validating the specificity of the anti-
body against claudin 14 (Fig. 1E). These observations indicate
that membrane-associated claudin 14 is restricted to TJs between
cells of the reticular lamina of the mouse OC.

Freeze fracture replicas reveal normally appearing TJ
strands between OHCs and supporting cells in the OC
of Cldn14-null mice

We used transmission electron microscopy of freeze fracture
replicas to observe the morphology of TJ strands between
OHCs and supporting cells in the OC of Cldn14�/� mice at P7,
before the loss of OHCs occurs. No obvious qualitative or

quantitative differences were observed between TJ strands of
Cldn14�/� and Cldn14þ/þ mice (Fig. 6F and G).

OHCs of OC explants of Cldn14�/�, Cldn14þ/� and
Cldn14

þ/þ mice survive equally well under normal
culture conditions

To determine whether degeneration of OHCs of Cldn14�/�

mice is triggered by a signal intrinsic to the cell or by extra-
cellular conditions, we maintained for up to 10 days (from
P3–P5 to P10–P14) explants derived from the middle turn of
the OC of Cldn14�/�, Cldn14þ/� and Cldn14þ/þ mice in
DMEM culture medium containing 5.3mM of Kþ. Explants
were fixed at P10 and at P14 and immunostained with the
anti-prestin antibody, which revealed that in OC explants of
Cldn14�/� mice OHCs survived as well as in OC explants of
Cldn14þ/� and Cldn14þ/þ mice, and only a few OHCs were
missing in all cases (Fig. 7A and B). This is in contrast to OC
of Cldn14�/� mice in vivo, in which by P10 (Fig. 4E) and P13
(Figs 7C and 2T) most of the OHCs of the middle turn of the
cochlea were missing. By P13 in vivo OHCs were partially
missing from the apical turn as well (Figs 2U, 5H and K).

Claudin 14 expressed in cultured epithelial monolayers
increases paracellular resistance through a selective
discrimination against cations

We next asked whether claudin 14 confers electrophysiologic
properties to TJs that are consistent with its proposed role in
maintaining the paracellular ion barrier at the reticular lamina.
As we have published for claudins 2, 4 and 15, claudin 14 was
expressed under a tightly inducible promoter in cultured clonal
monolayers of MDCK II cells, the cells were grown on porous
culture inserts and the relevant paracellular properties directly
measured using an Ussing-type chamber (27,56). Prior to
induction we detect no claudin 14 by immunoblotting (Fig. 8A)
or by indirect immunofluorescence microscopy. After removal
of doxycycline from the growth media for 4 days strong
immunoblot and immunolocalization signals are observed, with
localization at the TJ (Fig. 8A and data not shown). Expression
of claudin 14 coincides with a 6-fold increase in the
transmonolayer electrical resistance (TER) (Fig. 8B). The
dilution potentials for NaCl reveal a reversal, which occurs
because the permeability ratio for Naþ to Cl� (PNa/PCl) is
strongly decreased. This change in ionic permeability ratio is
completely explained by a strong discrimination against Naþ

without any change in Cl� permeability. Bi-ionic dilution
potentials revealed a similar relative discrimination against all
the alkali metal cations, without a change in their relative
permeability (Kþ

>Naþ>Rbþ>Liþ>Csþ) (data not shown).
We conclude that claudin 14 incorporates into TJs and strongly
discriminates against paracellular movement of cations.

DISCUSSION

The importance of claudin 14 for normal hearing was demon-
strated by the association between profound congenital deafness
and mutations of CLDN14 (39). The phenotype of Cldn14-null
mice is similar to the human phenotype: homozygotes for the
null allele have profound hearing loss, with normal vestibular

Figure 3. ABR analyses of Cldn14þ/þ, Cldn14þ/� and Cldn14�/� mice. (A)
Shown is a sample ABR analysis for a click stimulus from a 4-week-old
Cldn14�/� mouse and his Cldn14þ/� and Cldn14þ/þ littermates. The horizontal
axis is time in milliseconds; the vertical axis is sound intensity in dB-SPL. The
bar to the left of the recordings is a normalized scale of 3mV. Observed thres-
holds in this sample were 40 dB-SPL for the Cldn14þ/þ and Cldn14þ/� mice,
and >100 dB-SPL for the Cldn14�/� mouse. (B) Mean ABR thresholds (dB-
SPL) of Cldn14þ/þ, Cldn14þ/� and Cldn14�/� mice. Results for Cldn14�/�

mice are divided into two groups: for ears with ABR thresholds �100 dB-SPL
the mean thresholds were calculated. Other ears did not have a threshold at
100 dB-SPL, which is the maximum sound intensity tested for each frequency.
The number of ears included in each of these two groups is indicated in brackets.
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function, while heterozygotes have normal hearing (Fig. 3). In
addition to the OC, Cldn14 is expressed in the sensory
epithelium of the vestibular system, and in kidney and liver
(Fig. 2Yand Z). Yet no renal, hepatic or vestibular dysfunction
were observed in humans homozygous for CLDN14 mutations
(39), or in Cldn14-null mice, suggesting that in these tissues
other claudins substitute for the function normally performed by
claudin 14. Indeed, in the tissues expressing Cldn14, other
claudin genes are expressed as well (23,36,57–60). While
claudin 14 is indispensable in the inner ear, it does not seem to be
necessary for normal kidney and liver functions. These
observations demonstrate that TJ strands in certain tissues
contain multiple claudins, some of which are indispensable,
while others appear to be functionally redundant.
In mammals, OHCs are electromechanical cochlear amplifiers

which enhance hearing sensitivity by more than 40 dB (61,62).
This function of OHCs is mediated by the tectorial membrane. A
targeted deletion of the mouse Tecta gene, encoding a-tectorin,
led to detachment of the tectorial membrane from the cochlear
epithelium, and reduced hearing sensitivity by 35 dB–SPL (63).
A hearing loss of 45–65 dB-SPL was observed in prestin-null
mice, in which OHCs are present in most of the cochlea, but lack
electromotility, and both OHCs and IHCs are missing from the
basal 25% of the cochlear spiral (64). InCldn14-null mice by the
age of 3 weeks nearly all OHCs are lost, while there is only a
partial loss of IHCs, which in combination lead to a hearing loss
of 50–60 dB-SPL (Fig. 3).
In Cldn14-null mice TJ strands between supporting cells and

between OHCs and supporting cells in the OC are still present
and appear morphologically normal in freeze fracture replicas
(Fig. 6F and G), suggesting that these TJs contain other
claudins in addition to claudin 14. A similar observation was

made in Cldn1-null mice, where TJ strands in the epidermis
were not affected morphologically, but nevertheless failed to
maintain the epidermal permeability barrier (37). These findings
demonstrate that the elimination of an essential claudin from TJ
strands which are composed of multiple claudins may have a
functional, but not necessarily an ultrastructural effect that
could be detected by electron microscopy. In contrast, in
Cldn11-null mice there is a complete absence of TJ strands
from the central nervous system myelin and between Sertoli
cells (36), suggesting that claudin 11 is either the only claudin
in these TJs, or that it is essential for TJ formation and/or
maintenance.
One of the roles of TJs in epithelial physiology is maintenance

of cellular polarity (6). The intact TJ strands between OHCs and
supporting cells in the OC of Cldn14�/� mice observed by
freeze fracture replicas (Fig. 6F) seems to exclude a selective
breakdown of apical membrane polarization. During OHC
degeneration in Cldn14�/� mice, the cuticular plate, an actin-
rich region found at the apical end of OHCs, was present even
after stereocilia were lost and OHC bodies descended under the
reticular lamina, and the localization of prestin to the lateral
membrane of OHCs was not affected (Fig. 5J–L). These findings
suggest that loss of cell polarity may not be the cause for OHC
death in Cldn14�/� mice, which maintain at least some aspects
of cell polarity. However, the possibility of partially altered cell
polarity as a cause for OHC degeneration in Cldn14�/� mice
cannot be ruled out.
TJ transmembrane proteins have been shown to be involved

in signal transduction pathways (65) through their interactions
with other membrane-associated proteins, such as ZO-1, ZO-2,
ZO-3 (66) and MUPP1 (19). Some of these proteins, in turn,
are implicated in signal transduction pathways that regulate

Figure 4. Hair cell degeneration in the organ of Corti (OC) of Cldn14�/� mice. Scanning electron microscopy (SEM) micrographs of the organ of Corti reveal
normally organized IHCs and OHCs at P7 in both Cldn14þ/þ (A) and Cldn14�/� mice (B). By P18 IHCs and OHCs appear normal in Cldn14þ/þ mice (C) but
stereocilia of OHCs are completely missing in Cldn14�/� mice (D). Scale bar¼ 20mm. (E) A reconstructed image (20�) of whole-mount OC from the apical turn
of the cochlea of a Cldn14�/� mouse at P10, following X-gal staining, shows base-to-apex progression of OHC degeneration.
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specific gene expression (67,68). Claudin 14-binding proteins
and the signaling pathways in which claudin 14 is involved are
unknown. The effect of the absence of claudin 14 on OHCs
may result from altered expression of other genes which are
required for OHC maintenance and survival. However, our

experiments with OC explants argue against this hypothesis.
OHCs of OC explants of Cldn14�/� mice survived as well as
those of Cldn14þ/þ mice up to P14, after 10 days in normal
culture conditions. In contrast, most OHCs of the middle turn
of OC of Cldn14�/� mice in vivo are missing by P10, and by

Figure 5. Immunohistochemistry of the organ of Corti (OC) of Cldn14þ/� and Cldn14�/� mice with an anti-prestin antibody and rhodamine-phalloidin. Whole-
mount OC of Cldn14þ/� and Cldn14�/� mice at P7, P13 and P18 were processed for immunostaining with an anti-prestin antibody (green), which served as a
marker for OHC bodies. Rhodamine-phalloidin staining (red) was used to observe the actin-rich stereocilia and cuticular plate of cochlear hair cells. Shown are
confocal cross-sections (0.6mm thick) from the apical region, taken at the levels of the stereocilia (A–C, G–I) and the OHC body (D–F, J–L). Scale bar¼ 10mm.
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P13 many OHCs are missing from the apical turn as well. This
observation suggests that OHC death in Cldn14�/� mice is not
triggered by a signal intrinsic to the cell, but by extracellular
factors.
TJs play a central role in regulation of paracellular

permeability (1). It has been hypothesized that claudins create
charge-selective channels in the paracellular space and that
paracellular ionic selectivities of different epithelia are
determined by varying combinations and levels of different
claudins. Moreover, it was suggested that claudins determine
ion permeability through the electrostatic charges on their
extracellular amino acid residues (56). For example, discrimi-
nation against sodium ions by claudin 4 depended on a single
basic residue in the first extracellular domain, while two of

the three acidic residues in the first extracellular domain of
claudin 15 were shown to affect discrimination against chloride
ions (56). Following this line of reasoning, the first extracellular
domain of claudin 14 contains eight basic residues (H29, R31,
R32, H35, K48, H57, R68 and R81) (GenBank accession
number AY029237), suggesting that it may be a barrier to
positively charged ions, such as potassium.
We tested the electrophysiologic properties of claudin 14 by

expressing it in cultured monolayers of MDCK cells under
an inducible promoter. MDCK type II cells express many
different claudins but the full pattern is not known for lack of
reagents. However, Cldn14 is not normally expressed in these
cells (Fig. 8A). MDCK II monolayers are normally quite leaky
(their paracellular conductance greatly exceeds transcellular

Figure 6. Immunolocalization of claudin 14 in the mouse organ of Corti (OC) and freeze fracture replicas of the apical junctional region of OHCs in the OC of
Cldn14�/� and Cldn14þ/þ mice. (A–E) Whole-mount OC of an adult C57B1/6 mouse was processed for immunostaining with an anti-claudin 14 antibody (green).
Rhodamine-phalloidin staining (red) was used to observe the actin-rich stereocilia and the cuticular plate of cochlear hair cells. Shown are confocal cross-sections
of the reticular lamina (0.7mm thick) taken at different focal planes. (A) The double immunostaining of the optical section of the outermost layer of the reticular
lamina. Claudin 14 was localized at the junctional complex along the most apical borders of IHCs, OHCs and supporting cells. The single row of IHCs is marked
by an arrow. The three rows of OHCs are marked by arrowheads. No junctional staining was observed in Cldn14�/� mice, further validating the specificity of the
antibody against claudin 14 (Fig. 1E). (B and C) The red and green channels, respectively, of the same focal plane of the OC, stained with rhodamine-phalloidin (B)
and with the anti-claudin 14 antibody (C). Note the bright outlines of the junctions between the heart-shaped cuticular plates of the OHCs, oval-shaped cuticular
plates of the IHCs and apical surfaces of the supporting cells stained with the anti-claudin 14 antibody. (D and E) Represent the red (D) and green (E) channels,
respectively, of the optical section 2mm below the optical sections depicted in (B and C), but still at the level of OHC cuticular plates. No staining with anti-claudin
14 antibody is observed at this optical section level along the junctions between hair cells and supporting cells, but cytoplasmic staining in the OHCs, IHCs and
supporting cells is seen (E). Scale bar¼ 10mm. (F and G) Freeze fracture replicas of the p-face of OHC apical junctional region in the OC of Cldn14�/� (F) and
Cldn14þ/þ (G) mice at P7.TJ strands appear as several rows of particles (ridges) which are parallel to the apical membrane (top) and a complex pattern of ridges
running basally (bottom). The smooth face above the parallel TJ strands is the p-face of the OHC apical membrane. Scale bar¼ 200 nm.
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conductance). In addition, they are highly cation selective, as
indicated by a PNa/PCl value of 2.5 (27). Following expression of
either claudin 4, claudin 14 or claudin 15 in MDCK II cells the
monolayers become much tighter, as indicated by the increase in
TER (27,56) (Fig. 8B). However, each one of these claudins has a
different effect on selective ion permeability. Expression of
claudin 15 does not significantly affect the normal Naþ

selectivity (56). Expression of claudin 4 decreases the PNa/PCl

value from 2.5 to 1.6, thus indicating a selective decrease in Naþ

permeability (27). Following expression of claudin 14 the ionic
selectivity is reversed, indicating a strong discrimination against
Naþ andKþ (Fig. 8B). These properties are preciselywhatwould
be required to maintain the high cation gradients between
perilymph and endolymph. Presumably in the Cldn14-null mice
and humans other claudins remain but lack the ability tomaintain
the paracellular barrier against cations at the reticular lamina.
The onset of OHC loss in Cldn14-null mice, at 8–9 days after

birth, coincides with several important developmental pro-
cesses which occur in inner ears of normal mice, including
increase in endolymph Kþ concentration, onset of EP, and
formation of the space between OHCs, which is referred to as
the space of Nuel (69,70) (Fig. 1A). We hypothesize that the
absence of claudin 14 from TJs in the OC leads to altered ionic
permeability of the paracellular barrier of the reticular lamina
(71), and perhaps results in elevated Kþ concentration in the
space of Nuel, which is normally filled with the Kþ-poor
cortilymph (42,43). Long term exposure of the basolateral
membranes of OHCs to high Kþ concentrations is toxic and
causes prolonged OHC depolarization, which eventually leads
to cell death (72,73). Our hypothesis regarding the cause for
OHC loss in Cldn14-null mice is supported by our experiments
with MDCK II monolayers transfected with CLDN14 and
with OC explants. A mechanism of OHC death due to Kþ-
intoxication was suggested to underlie the phenotype of mice
deficient for the K-Cl co-transporter Kcc4, which are deaf due
to early hair cell degeneration, explained by insufficient
removal of Kþ from the space of Nuel (74). A similar mecha-
nism of OHC degeneration was also suggested for hearing loss
due to acoustic trauma (42,75).
Both IHCs and OHCs express similar levels of Cldn14

(Fig. 2), but in contrast to OHCs, IHCs are less affected by the
lack of claudin 14 (Figs 2, 4 and 5). IHCs may express
additional claudins, which are not expressed in OHCs, and
which compensate for the lack of claudin 14. In addition,
unlike OHCs, the basolateral membranes of IHCs are not
surrounded by a liquid-filled space. IHCs may be less sensitive
than OHCs to an elevated concentration of Kþ or another factor
which is causing OHC death in the absence of claudin 14.

Figure 7. OHCs of OC explants of Cldn14�/� and Cldn14þ/þ mice and of
Cldn14�/� mice in vivo. OC explants from the middle turn of the cochlea were
maintained in normal culture conditions from P4 to P14. At P14 explants were
fixed and processed for immunocytochemistry using the anti-prestin antibody
(green) and rhodamine-phalloidin (red), to observe OHC bodies and stereocilia,
respectively. OHCs in OC explants of Cldn14�/� mice (B) survived as well as
in OC explants of Cldn14þ/þ mice (A). This is in contrast to OC of Cldn14�/�

mice in vivo, in which by P13 most of the OHCs of the middle turn of the
cochlea were missing (C). Scale bar¼ 10 mm.
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The normal EP values found in adult Cldn14-null mice
indicate that function of the stria vascularis in these mice is
normal. Considering the predicted failure in cochlear fluid
compartmentalization in Cldn14-null mice, there are two
possible explanations for this finding. The volume of liquid
within the space of Nuel is very small relative to the scala
media (Fig. 1A). Leakage of endolymph into this space may
significantly change its ionic composition and cause OHC
death. However, the effect of this leakage in the scala media
may be undetectable, or it can be compensated for by increased
Kþ secretion by the marginal cells of the stria vascularis
(44,46). Alternatively, it is possible that the EP declines during
the second and third weeks of life of Cldn14-null mice, while
OHC loss is in progress. The reticular lamina might then
be re-sealed by supporting cells, using TJs that do not include
claudin 14, and thus by the age of 5 weeks the leakage of
endolymph is minimized or stopped, and EP is restored.
In the OC the apical parts of hair cells and supporting cells

form the reticular lamina, which maintains the ion barrier
between endolymph and perilymph. This barrier is necessary
for normal hearing (71). Occasional loss of hair cells occurs
under normal conditions, while more pronounced OHC loss is
observed after aminoglycoside treatment or noise trauma.
Under these conditions the integrity of the reticular lamina is
preserved by supporting cells, which provide a mechanism for
maintenance of inner ear permeability barriers during structural

reorganization (76–78). In Cldn14-null mice the absence of
claudin 14 from TJs in the reticular lamina leads to rapid and
massive death of OHCs, which provides insight into the
pathogenesis of human deafness due to CLDN14 mutations,
and further demonstrates the important role of claudins in
regulating the paracellular barrier.

MATERIALS AND METHODS

Cldn14 gene disruption

A 13 kb clone containing Cldn14 exon three and flanking
sequences was isolated from a 129X1/SvJ mouse genomic
library (Stratagene, La Jolla, CA), and used to construct the
targeting vector (Fig. 1B). A 3.3 kb DNA fragment from the
second intron of Cldn14 and including exon three splice-
acceptor sitewas generated by PCR, using the following primers:
50-AGGGACATGAAGGTAGAGGCTG-30 and 50-GCAGCTA-
GCTTGACCAGTCGACCAGGGATGGATCTGGTCCTTAG-30.
This fragment was ligated to a 3.6 kb fragment harboring the
Escherichia coli lacZ gene with a translation initiation codon in
a Kozak consensus (CCACCatgG), and inserted into the Xho I
site of the pPNT plasmid (79). A 4.7 kb DNA fragment derived
from the region downstream of Cldn14 exon three was gene-
rated by PCR, using the following primers: 50-TG-
ACCAGGATCCGAAAGCCTCATCTGAGTCCTGG-30 and
50-TGACCAGGATCCGCTCTAGTCCTGAAGAGTGAGC-30.
This fragment was inserted into the BamHI site of pPNT. The
PGK-neo cassette was located between the two fragments. For
negative selection with Ganciclovir the HSV-tk cassette was
placed downstream of the 30 fragment of homologous
sequence. The targeting vector was designed to replace exon
three with PGK-neo, for positive selection with G418, and with
the lacZ reporter gene, which would be transcriptionally
regulated by the endogenous Cldn14 promoter (Fig. 1B).
R1 ES cells (52) were electrophorated with the Not I-linearized

targeting vector and grown in the presence of G418 and
Ganciclovir, using standard protocols at the University of
Michigan Transgenic Animal Model Core. A total of 384
resistant ES clones were screened for the homologous recombina-
tion event by Southern blot analysis with probes located both 50

and 30 to the integration site (Fig. 1B). Twelve recombinant clones
were identified, and three of them were used for injection into
C57BL/6 blastocysts, to generate chimeric mice. Mice hetero-
zygous for the targeted allele were obtained by mating male
chimeras with C57BL/6 females. Germline transmission was
confirmed by Southern blot and PCR analyses. Animal experi-
ments were performed according to the guidelines of the
University of Michigan and the National Institute on Deafness
and other Communication Disorders (NIDCD) Animal Care and
Use Committee (ACUC) (protocol 971-00).

DNA and RNA analyses

Extraction of genomic DNA from mouse tails and Southern
blot analysis were performed following standard procedures
(80,81). Poly (A)þ RNAwas isolated from mouse kidney using
Poly (A) Pure mRNA purification reagents (Ambion, Austin,
TX). Reverse transcription was performed with 500 ng of

Figure 8. Claudin 14 expressed in cultured epithelial monolayers increases
paracellular resistance through a selective discrimination against cations.
(A) Western blot analysis of two separate stable MDCK II Tet-Off cell lines
transfected with CLDN14. Cells were cultured on filters for 4 days, uninduced
(u) or induced (i) for transgene expression. Multiple aliquots of whole cell
lysates were separated by SDS-PAGE, followed by immunoblotting with spe-
cific antibodies for claudin 14, ZO-1, b-tubulin and claudin 1. Endogenous
claudin 14 was not detected in the uninduced cells. In the induced cells, a spe-
cific band of 26 kDa was detected by the claudin 14 antibody. (B) Mean� STD
error of three separate MDCK clones expressing CLDN14. Each measurement
was determined in duplicate. ADilution potential, corrected for electrode poten-
tial. BCalculated from the constant field equation. CCalculated using the
Kimizuka–Koketzu equation. *P< 0.0001.
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poly (A)þ RNA in a 20 ml reaction volume using the Superscript
first-strand synthesis system (Invitrogen, Carlsbad, CA). RT–PCR
was performed with 2–4 ml of cDNA in a 50 ml reaction volume
in the presence of 1� PCR reaction buffer (PE Applied
Biosystems, Foster City, CA), 0.02U of thermostable DNA
polymerase, 10 pmol each of forward and reverse primers,
160 mM of each dNTP and 1.5mM MgCl2. Primer sequences
were: Cldn14 (GenBank accession number AY029237):
50-CCAGCACAGCGGTCCAG-30 and 50-GGGGCACGGT-
TGTCCTTGTAG-30; Actb (GenBank accession number
NM_007393): 50-GTCCACACCCGCCACCAGTTC-30 and
50-CCAGAGGCATACAGGGACAGC-30. Cycling conditions
were 95�C for 5min, followed by 35 cycles of 95�C for 30 s,
60�C (Cldn14) or 57�C (Actb) for 30 s, and 72�C for 60 s
(Cldn14) or 30 s (Actb), and a final step of 72�C for 10min.

Histology

The following tissues were obtained from three males and
three females of each genotype (Cldn14�/�, Cldn14þ/� and
Cldn14þ/þ) at the age of 4 weeks: brain, thymus, spleen,
pancreas, lymph nodes, liver, kidneys, adrenal gland, salivary
glands, Harderian gland, trachea, thyroid, esophagus, aorta, lung,
testes, epididymis, urinary bladder, ovaries, uterus, oviducts,
cervix, urinary bladder, prostate, seminal vesicles, preputial
gland, heart, tongue, skeletal muscle, sciatic nerve, eyes,
stomach, small intestine, cecum, colon, rectum, skin, sternum,
vertebrae, femur and spinal cord. Tissues were fixed in buffered
aqueous zinc formalin, embedded in paraffin, sectioned at 5mm,
and stained with hematoxylin and eosin (HE). Tissue samples
containing bone were decalcified in a solution of formic acid and
sodium citrate prior to sectioning.

Serum chemical analysis

Serum derived from six mice of each genotype (Cldn14�/�,
Cldn14þ/� and Cldn14þ/þ) at 4 weeks of age was analyzed
by the Department of Laboratory Medicine at NIH (http://
www.cc.nih.gov/cp/CC/animal/animal_test_menu.html). The
analysis included complete serum chemistries and electrolytes,
liver function tests, creatine kinase, GGTP, amylase, lipase,
cholesterol, triglycerides and uric acid.

Auditory and vestibular testing

Vestibular function of 10 mice of each genotype (Cldn14�/�,
Cldn14þ/� and Cldn14þ/þ) was evaluated at 3 months of age by
a rotarod test, with an accelerating speed treadmill (Stoelting,
Wood Dale, IL), and by a beam walking test, following
standard procedures (53,54). Hearing was evaluated by ABR
analyses at two time points: five wt and six Cldn14�/� mice
were tested at P15–P17; 10 mice of each genotype (Cldn14�/�,
Cldn14þ/� and Cldn14þ/þ) were tested at 4 weeks of age. Mice
were anesthetized with intraperitoneal injection of 2.5%
Avertin (0.015ml/g body weight). All recordings were done
in a sound-attenuated chamber using an auditory evoked
potential diagnostic system (Intelligent Hearing Systems,
Miami, FL) with high-frequency transducers, as previously
described (82). Responses to 50 ms duration clicks, and 8, 16
and 32 kHz tone bursts were recorded. Thresholds were

determined in 5 dB steps of decreasing stimulus intensity, until
waveforms lost reproducible morphology. The maximum sound
intensity tested for each frequency was 100 dB-SPL. EP
measurements were performed on 5 and 10-week-old mice of
all three genotypes as described (83).

Electron microscopy

Cochleae of Cldn14�/�, Cldn14þ/� and Cldn14þ/þ mice rang-
ing from P7 to P18 were obtained and processed for SEM as
described (84). Freeze fracture replicas were obtained from
basal and apical coils of P7 mice cochleae and processed for
electron microscopy as described (85).

Immunohistochemistry and X-gal staining

Cochleae of Cldn14�/�, Cldn14þ/� and Cldn14þ/þ mice ran-
ging from P7 to P18 were obtained and processed for immuno-
histochemistry with an antibody against the N-terminus of
prestin (55). Immunolocalization of claudin 14 was performed
on a cochlea of an 8-week-old C57Bl/6 mouse, as well as
cochleae of P7 wt and Cldn14-null mice, with an antibody
against claudin 14 (39). Rhodamine-phalloidin staining
(Molecular Probes, Eugene, OR) was performed as described
(84). Activity of the lacZ reporter gene product, b-galactosidase,
was detected by whole mount X-gal staining (86). For all
heterozygous samples stained with X-gal, corresponding
samples from wt mice were processed simultaneously as
controls for endogenous b-galactosidase activity. No staining
was observed in these control samples.

Mouse OC cultures

OC cultures were prepared from cochleae of Cldn14�/�,
Cldn14þ/� and Cldn14þ/þ mice at P3–P5 according to the
procedure described (87) with some modifications. The
cochleae were dissected in Leibowitz cell culture medium,
L-15 (Invitrogen, Carlsbad, CA). The OC spiral was dissected
away from the modiolus, stria and spiral ligament. The tectorial
membrane was removed and the middle and apical turns of the
OC were separated from the basal turns and cut into two pieces.
Each piece was transferred and adhered to a glass bottom petri
dish (MatTek Corp, Ashland, MD) coated with CellTak
(Collaborative BioMedical Products, Bedford, MA) and filled
with 2ml of DMEM culture medium supplemented with
7% fetal bovine serum (Invitrogen, Carlsbad, CA). Cultures
were maintained at 37�C and 5% CO2 for several days up
to either P10 or P14, and then fixed in 4% paraformaldehyde
for 2 h at room temperature and processed for immunocyto-
chemistry using the anti-prestin antibody and rhodamine-
phalloidin as described previously.

MDCK cell cultures and electrophysiologic
measurements

Full-length CLDN14 cDNAwas isolated from a human kidney
cDNA library using standard PCR techniques and cloned into
the pTRE vector (Clontech Laboratories Inc.). Multiple clonal
lines were selected in the doxycycline repressible tet-off MDCK
cell line (Clontech Laboratories Inc.), which were tightly
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inducible and expressed claudin 14 in all cells. Antisera against
human claudin 14 was raised in rabbits using the peptide
QDEAPYRPYQAPPRA. Culture methods, immunoblotting,
immunofluorescence microscopy and electrophysiologic mea-
surements were performed as previously described (27,56).
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