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ABSTRACT

Immunolocalization studies of mouse cochlea and
vestibular end-organ were performed to study the
expression pattern of pendrin, the protein encoded
by the Pendred syndrome gene (PDS), in the inner
ear. The protein was restricted to the areas composed
of specialized epithelial cells thought to play a key
role in regulating the composition and resorption of
endolymph. In the cochlea, pendrin was abundant in
the apical membrane of cells in the spiral promi-
nence and outer sulcus cells (along with their root
processes). In the vestibular end-organ, pendrin was
found in the transitional cells of the cristae ampul-
laris, utriculi, and sacculi as well as in the apical
membrane of cells in the endolymphatic sac. Pds-
knockout (Pds)/)) mice were found to lack pendrin
immunoreactivity in all of these locations. Histologi-
cal studies revealed that the stria vascularis in Pds)/)

mice was only two-thirds the thickness seen in wild-
type mice, with the strial marginal cells showing ir-
regular shapes and sizes. Functional studies were also
performed to examine the role of pendrin in endo-
lymph homeostasis. Using double-barreled electrodes
placed in both the cochlea and the utricle, the
endocochlear potential and endolymph potassium

concentration were measured in wild-type and Pds)/)

mice. Consistent with the altered strial morphology,
the endocochlear potential in Pds)/) mice was near
zero and did not change during anoxia. On the other
hand, the endolymphatic potassium concentration in
Pds)/) mice was near normal in the cochlea and
utricle. Together, these results suggest that pendrin
serves a key role in the functioning of the basal and/
or intermediate cells of the stria vascularis to main-
tain the endocochlear potential, but not in the po-
tassium secretory function of the marginal cells.

Keywords: pendred syndrome, pendrin, anion
transporter, cochlea, knockout mouse, endocochlear
potential

INTRODUCTION

Pendred syndrome is an autosomal recessive disorder
characterized by deafness and goiter (OMIM 274600,
see www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?db=
OMIM). The goiter is variable in severity, is caused by
a defect in the incorporation of iodide into thyro-
globulin, and is associated with an abnormal perchl-
orate discharge test (Fraser et al. 1960; Reardon and
Trembath 1996). The deafness in Pendred syndrome
is sensorineural in nature with variable time of onset.
Affected individuals often have structural malforma-
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tions of the inner ear, ranging from isolated dilata-
tion of the vestibular aqueduct to a Mondini malfor-
mation, where the cochlea is missing its apical turn
and has an underdeveloped modiolus (Johnsen et al.
1986; Phelps et al. 1998). Some patients with Pendred
syndrome show evidence of vestibular dysfunction
(episodic vertigo, tinnitus, and vomiting), similar to
that seen in Meniere’s disease (Das 1987; Stinckens
et al. 2001).

The gene (PDS; also called SLC26A4) mutated in
Pendred syndrome was identified in 1997 (Everett et
al. 1997). Immunolocalization studies demonstrated
that the encoded protein, pendrin, is present in the
apical membrane of thyrocytes, where it most likely
acts as an iodide transporter (Bidart et al. 2000b;
Royaux et al. 2000). Pendrin has also been found in
the bicarbonate-secreting cells of the cortical col-
lecting ducts of the kidney (Royaux et al. 2001), the
secretory epithelium of the uterus (Suzuki et al.
2002), syncytiotrophoblasts (Bidart et al. 2000a),
Sertoli cells (Lacroix et al. 2001), and the mammary
gland (Rillema and Hill 2003).

Elucidating the cellular expression pattern and
function of pendrin in the inner ear is particularly
important since it might provide insight about the
etiology of hearing loss in Pendred syndrome. Previ-
ous studies involving mRNA in situ hybridization of
mouse inner-ear tissue demonstrated that Pds is ex-
pressed in the endolymphatic duct and sac, in dis-
crete areas adjacent to the maculae of the utricle and
saccule, and in the spiral prominence region within
the scala media of the cochlea (Everett et al. 1999).
Here, we have extended these studies by establishing
the locations of the pendrin protein in various sub-
structures of the mouse inner ear. In addition, we
have used a Pds-knockout mouse model (Everett et al.
2001) to examine the role of pendrin in endolymph
homeostasis.

METHODS

Pds-knockout mice

Wild-type (Pds+/+) and Pds-knockout (Pds)/)) mice
were obtained from matings of Pds+/) mice. The
generation and phenotypic characterization of the
Pds)/) mice have been described (Everett et al.
2001).

Immunofluorescence studies

Whole-mount immunohistochemical studies of
mouse inner-ear specimens were performed essen-
tially as described (Belyantseva et al. 2000). Specifi-
cally, 2–4-week-old mice were euthanized according
to the NIH animal care and use procedure by CO2,

and their temporal bones removed. Cochleae were
dissected out of the temporal bone and perfused with
4% paraformaldehyde in phosphate-buffered saline
(PBS; 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4 Æ
7H2O, 1.4 mM KH2PO4) through the round and oval
windows and a small fenestra in the apex of the
cochlear bony capsule. The cochleae were then
postfixed in the same solution for 2 h at room tem-
perature and washed in PBS. Segments of stria vas-
cularis and organ of Corti together with Reissner’s
membrane were dissected out using a fine needle.
Samples were permeabilized in 0.5% Triton X-100 for
30 min and washed with PBS, followed by overnight
incubation at 4�C in blocking solution (2% bovine
serum albumin, 5% normal goat serum; Vector Lab-
oratories, Burlingame, CA). The tissue was then in-
cubated for 1 h at room temperature with affinity-
purified pendrin antibody h760-780 (Royaux et al.
2001) diluted 1:1000 in blocking solution. After
washing in PBS, specimens were incubated for 40
min in fluorescein-conjugated goat anti-rabbit sec-
ondary antibody (1:250 dilution; Vector Laborato-
ries) and then stained with rhodamine-phalloidin
(1:100 dilution; Molecular Probes, Eugene, OR).
After washing in PBS, tissues were mounted using the
ProLong Antifade kit (Molecular Probes) for 20 min
at room temperature. Special attention was paid
during mounting of the samples in order to make
Reissner’s membrane flat and nonwrinkled, without
covering the organ of Corti. The images were ob-
tained using a laser scanning confocal microscope
(Zeiss LSM510).

To dissect out the endolymphatic sac (ES), 2-week-
old C57Bl6 (n = 4) and Pds-knockout (n = 5) mice
were euthanized as described above. The temporal
bones were removed and fixed with 4% paraformal-
dehyde for 2 h at room temperature. The dura mater
encephali of the posterior cerebral fossa containing
the ES was removed from the temporal bone using a
fine needle and microscissors using a dissection mi-
croscope. The entire ES was opened from the edge of
the proximal sac portion and processed for immun-
ocytochemistry in the same manner as pieces of the
organ of Corti. The ES was mounted flat in a drop of
antifade media with its luminal surface up on a glass
slide, covered with a coverslip, and examined by
scanning confocal microscopy.

Endocochlear potential and endolymphatic
potassium measurements

Pds)/) and appropriately matched wild-type (129Sv/
Ev) mice were studied at 4–7 weeks of age, when the
auditory system is normally mature. Animals were
anesthetized with inactin (thiobutabarbital sodium
salt; Sigma Chemical, St. Louis, MO) at a dose of 140
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mg/kg (IP), and anoxia was induced by intramus-
cular injection of succinylcholine chloride (1 mg/g)
after establishment of deep anesthesia followed by
occlusion of the trachea. The endocochlear poten-
tial (EP) and endolymphatic potassium concentra-
tion ([K+]) were measured with double-barreled
microelectrodes as described previously (Marcus et
al. 2002). Measurements were made in the apical
turn of the cochlea after thinning the bone over the
stria vascularis and creating a small hole (�30 lm)
for probe entry or in the basal turn by an approach
through the round window membrane. The utricu-
lar potential and [K+] were measured with tech-
niques similar to those described above for the
cochlea. The utricle was approached by removal of
the stapes from the oval window. Potassium-selective
electrodes were calibrated as in previous studies
(Marcus et al. 2002). In conjunction with the EP and
[K+] measurements, routine histological examina-
tion of the stria vascularis was performed. For these
studies, mice were transcardially perfused with 2.5%
glutaraldehyde, 1.5% paraformaldehyde in 150 mM
NaCl, 2 mM KH2PO4, 8 mM Na2HPO4 (pH 7.3).
Temporal bones were removed. The perilymphatic
scalae were then perfused with the same fixative, and
the ears postfixed for 24 h at 4�C. Temporal bones
were then decalcified in Cal-EX (Fisher Scientific,
Boston, MA) for 2 days, dehydrated in graded alco-
hol and xylene, embedded in paraffin, sectioned at
5-lm thickness, and stained with hematoxilin and
eosin. The Institutional Animal Care and Use Com-
mittee of Kansas State University approved all ex-
perimental protocols.

RESULTS

Localization of pendrin in the cochlea

Immunofluorescence staining of mouse cochlea us-
ing an anti-pendrin antibody demonstrated the
presence of the protein in outer sulcus cells and in
the apical membrane of cells of the spiral promi-
nence (Fig. 1a). The level of expression was variable
from cell to cell. Pendrin immunoreactivity was ab-
sent in the stria vascularis, Reissner’s membrane, and
the organ of Corti. The outer sulcus cells reside be-
tween cells of the spiral prominence, neighboring the
stria vascularis and the supporting cells of Claudius.
They form a single cuboidal cell layer, as visualized by
staining with rhodamine-phalloidin (OSC; Fig. 1a,
left panel). The outer sulcus cells are associated with
long projections (outer sulcus cell roots, SCR) that
extend into the spiral ligament. Optical sections re-
vealed cell processes throughout the plasma mem-
brane that stain for pendrin in a nonpolarized
pattern (Fig. 1b).

Localization of pendrin in the vestibular system

Immunofluorescence staining of mouse vestibular
end-organ revealed the presence of pendrin in
the transitional epithelium of the utricle and sac-
cule, next to the sensory epithelium of the macula
(Fig. 2a). The luminal membrane of these cells
that faces the endolymphatic space was strongly
labeled with the anti-pendrin antibody (see inset of
Fig. 2a). As with the utricle and saccule, the pend-
rin-positive cells of the ampullae (Fig. 2b) are
the transitional cells residing next to the sensory
epithelium.

Localization of pendrin in the
endolymphatic sac

Immunofluorescence staining of mouse endolym-
phatic sac allowed two cell types to be discerned.
Pendrin was detected in the apical membrane of cells
that protrude slightly into the lumen (Fig. 3a–d);
these cells might correspond to the mitochondria-
rich cells (or light cells) described previously (Dahl-
mann and von During 1995; Furuta et al. 1991;
Lundquist 1976). This membrane is populated with
abundant microvilli that show significant immunore-
activity with the anti-pendrin antibody (data not
shown). The pendrin-positive cells represent roughly
one-third of the epithelial cells that label with rhod-
amine-phalloidin; it is interesting to note that previ-
ous reports indicated that the mitochondria-rich cells
constitute �30% of the endolymphatic sac epithelial
cells in mice (Hultcrantz et al. 1988). A similar pro-
portion of pendrin-positive cells was also found in
the distal portion of the endolymphatic sac (Figs. 3i
and j); these cells are flat, and their apical plasma
membrane does not protrude into the lumen. The
presence of morphologically distinct cells in the distal
portion of the endolymphatic sac that seem to cor-
respond to the bulging cells of the proximal portion
is consistent with previous findings (Dahlmann and
von During 1995).

Examination of whole-mount inner-ear
specimens from Pds-knockout mice

Parallel studies were also performed using inner-ear
specimens obtained from Pds-knockout mice (Everett
et al. 2001). Immunofluorescence staining of the
cochlea and vestibular end-organ from Pds)/) mice
failed to reveal any pendrin immunoreactivity; for
example, no pendrin labeling was seen in the spiral
prominence region (Fig. 4a, compare with Fig. 1a).
Interestingly, in adult Pds)/) mice, the marginal cells
of the stria vascularis do not form the typical cob-
blestone pattern and show very irregular shapes and
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FIG. 1. Immunolocalization of pendrin in the mouse cochlea.
Whole-mount cochlea preparations from a 2-week-old mouse were
stained with an anti-pendrin antibody followed by FITC-conjugated
anti-rabbit antiserum and rhodamine-phalloidin (F-actin staining). a.
The labeling of F-actin (red) is shown on the left; note the contour of
the epithelial cells (facing upward) and the various cell populations
(SV: stria vascularis; SP: spiral prominence; OSC: outer sulcus cells).
Also note the distinctive cobblestone arrangement of marginal cells

of the stria vascularis. The labeling of pendrin (green) is shown on
the right. The merged image, shown in the middle, reveals the two
pendrin-staining populations of cells next to the stria vascularis;
these include epithelial cells of the spiral prominence and outer
sulcus cells. Note the heterogeneous levels of pendrin labeling from
cell to cell. Scale bar = 20 lm. b. Optical sections of the above-
labeled cochlea reveal the presence of pendrin (green) in the sulcus
cell roots (SCR) underneath the layer of outer sulcus cells.

FIG. 2. Immunolocalization of pendrin in the mouse vestibular
end-organ. Whole-mount preparations of macula utriculi from a 2-
week-old mouse were stained with an anti-pendrin antibody
followed by FITC-conjugated anti-rabbit antiserum and rhodamine-
phalloidin (F-actin staining). a. The round plaque with actin-rich
(red) hair cells (HC) corresponds to the macula of the utricle. Pendrin

staining (green) is seen in the apical membrane of cells adjacent to
the sensory epithelium and identified as vestibular transitional cells
(TC). The latter is more clearly seen at higher magnification (in the
inset). b. In the ampulla, pendrin labeling (green) is also seen in the
apical membrane of vestibular transitional cells that neighbor the
sensory epithelium.
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sizes. This abnormality appears at roughly one
month of age. Confocal imaging of the stria vascu-
laris shows loss of the cobblestone pattern of mar-
ginal cells and signs of degeneration in the
intermediate and basal cell layers (Fig. 4). The tight
junctional barrier of the basal cell layer is compro-
mised by the degeneration of some basal cells, which
appears as abnormal openings in this cell layer (Fig.
4c). Pendrin immunoreactivity was also absent in the
endolymphatic sac in Pds)/) mice (Fig. 3e–h, k, and
l). Once again, the morphology of this inner-ear
structure is abnormal in Pds-knockout mice, being
notably dilated and relatively easy to remove by
dissection. These findings are consistent with the
increased volume of endolymphatic spaces (i.e.,

endolymphatic hydrops) seen in the inner ears of
Pds)/) mice (Everett et al. 2001).

Histological examination of the stria vascularis
in Pds)/) mice

The severe endolymphatic hydrops encountered in
the adult cochlea of Pds)/) mice appears to be asso-
ciated with a severely degenerated organ of Corti
structure (Fig. 5a), consistent with previous findings
(Everett et al. 2001). Importantly, the tunnel of Corti
is well formed (Fig. 5a, inset), suggesting that slowed
postnatal development of the cochlea is not a con-
tributing cause of the lack of an EP in these animals
(see below) (Marcus et al. 2002). However, striking

FIG. 3. Immunolocalization of pendrin in the endolymphatic sac of
wild-type and Pds-knockout mice. Whole-mount preparations of the
proximal anddistal portionsof the endolymphatic sac from2-week-old

mice were stained with an anti-pendrin antibody followed by FITC-

conjugated anti-rabbit antiserum and rhodamine-phalloidin. a–h.
Optical sections through the epithelium of the proximal portion of the

endolymphatic sac of wild-type (a–d) and Pds-knockout (e–h) mice.
Panels a and e show the most superficial sections through the

epithelium facing the endolymphatic space. Arrows indicate the

apical surfaces of bulging cells that stain positive for pendrin (green)

in wild-type (a–c) but not in Pds-knockout (e–g) mice. Panels d and h
show the outermost sections of the same epithelium, where pendrin is

absent in Pds-knockoutmice. The apicalmembranes of only a few cells
facing the lumen at this level of optical section are stained with the

pendrin antibody (the proximal portion of the ES is very rough, with

many grooves and invaginations). i–l. Optical sections through the
epitheliumof thedistalportionof the endolymphatic sacofwild-type (i,
j) and Pds-knockout (k, l) mice. Note that pendrin staining is seen in a
subpopulationof cells of thewild-type but notPds-knockoutmice. The
thickness of all optical sections was 0.4 lm. Scale bars = 20 lm.
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changes were seen in the lateral wall of the cochlea,
including a dramatic reduction in the spiral ligament
and a significant thinning of the stria vascularis (Fig.
5b). Specifically, the stria was 20.5 ± 1.1 lm thick in
wild-type mice (n = 3), compared with 13.4 ± 0.2 lm
thick in Pds)/) mice (n = 4) (Fig. 5c).

Measurement of endolymphatic potential and
potassium levels

In wild-type mice, penetration of the endolymphatic
space with double-barreled electrodes resulted in
abrupt voltage change at both electrodes, with the
recordings returning to baseline upon withdrawal
(Fig. 6a). The EP and [K+] in the cochlear endo-
lymph of wild-type mice [basal turn: 96.2 ± 3.9 mV,
113.0 ± 10.9 mM (n = 6); apical turn: 92.3 ± 2.6 mV,
120.0 ± 7.8 mM (n = 6); Fig. 6b] were similar to val-
ues reported previously (Marcus et al. 2002; Sadanaga
and Morimitsu 1995; Yamasaki et al. 2000). In Pds)/)

mice, the EP was dramatically reduced in both the
basal [)15.0 ± 5.0 mV (n = 5)] and apical [)2.5 ± 0.
9 mV (n = 5)] turns. In contrast, the [K+] was normal
in Pds)/) mice [basal turn: 104.1 ± 21.7 mM (n = 5);
apical turn: 101.1 ± 12.4 mM (n = 5); Fig. 6b]. In
wild-type mice, anoxia reduced the strongly positive
EP in the apical cochlear turn to )37.3 ± 1.4 mV
(n = 3) within 3–5 min (Fig. 6c); in contrast, anoxia
reduced the EP in the apical cochlear turn of Pds)/)

mice by less than 4 mV to )3.1 ± 0.3 mV (n = 2; Fig.
6c). Interestingly, Pds)/) mice were found to be
normal with respect to utricular potential (UP) and
utricular [K+]; specifically, the UP was near zero
(wild-type: )1.0 ± 3.8 mV, n = 6; Pds)/) mice:
0.0 ± 3.3 mV, n = 4) and utricular [K+] was normal
(wild-type: 107.6 ± 8.8 mM, n = 6; Pds)/) mice:
109.3 ± 18.4 mM, n = 4) in both wild-type and Pds)/)

mice (Fig. 6d).

FIG. 4. Examination of the lateral wall of the cochlea in Pds-
knockout mice by scanning confocal microscopy. Whole-mount
cochlea preparations from an adult Pds-knockout mouse were
stained with an anti-pendrin antibody followed by FITC-conjugated
anti-rabbit antiserum and rhodamine-phalloidin. a–c. Optical sec-
tions through the epithelium of the stria vascularis and spiral
prominence region (SV: stria vascularis; OSC: outer sulcus cells). a.
No pendrin immunoreactivity (green; compare with Fig. 1a) was
detected in the spiral prominence region (SV: stria vascularis; OSC:
outer sulcus cells). Marginal cells of the stria vascularis in Pds-
knockout mice are irregular in shape and size (as opposed to the
normal cobblestone arrangement; compare with Fig. 1a). b, c. Op-
tical section through the intermediate cell layer, which is the only
stria layer that is highly vascularized [note the nonspecific staining of
erythrocytes (green) in the blood vessels of the stria vascularis], and
then the basal cell layer. The presence of round and oval-shaped
openings suggest degeneration of this cell layer and disruption of its
barrier function. Optical sections were taken at depths of 4.5 lm for
b (intermediate cell layer) and 9.0 lm for c (basal cell layer). Scale
bar = 40 lm.

b
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DISCUSSION

Studies of Pendred syndrome patients (Everett et al.
1997) and Pds-knockout mice (Everett et al. 2001)
convincingly demonstrate that pendrin is essential for
the normal functioning of the mammalian inner ear. In
both humans and mice, the absence of pendrin results
in deafness and, in most instances, vestibular dysfunc-
tion. In the present study, we elucidated the expression
pattern of pendrin in the mouse inner ear and per-
formed direct physiological measurements of inner-ear
fluids produced in the presence and absence of pend-
rin. The latter provided insight about the role of
pendrin in the formation of a positive EP and a high
[K+] in cochlear endolymph, both of which are known
to be essential for normal auditory function.

Pendrin is expressed in the lateral wall of the
cochlea, more precisely in the cells of the spiral
prominence as well as the outer sulcus cells and their
associated processes [i.e., the outer sulcus cell roots
(Duvall 1969; Galic and Giebel 1989)]. These immu-
nolocalization results are in agreement with data
generated previously by mRNA in situ hybridization
(Everett et al. 1999). The outer sulcus cells are situ-

ated in the lateral wall of the cochlear duct, between
the spiral prominence cells adjacent to the stria vas-
cularis and Claudius cells. Capillaries run between
the outer sulcus cells and their roots, and it is thought
that these cells transport endolymph electrolytes
from the cochlear duct to the capillaries (Hawkins
1976). Outer sulcus cells serve to mediate the regu-
lation of sodium and potassium levels in endolymph
(Chiba and Marcus 2000, 2001; Marcus and Chiba
1999), although many details of how this is accom-
plished remain to be determined. The expression of a
known anion transporter, pendrin, in outer sulcus
cells is thus consistent with the proposed role of this
protein in maintaining the ionic composition of
endolymph (Everett et al. 1999, 2001). Moreover, the
dramatic changes in surface development of the
outer sulcus cells in mouse occur between postnatal
days 6 and 14, when cuboidal cells covering the outer
sulcus cells degenerate to expose a newly forming cell
layer (Lim and Anniko 1985). In Pds-knockout mice,
the massive degeneration of outer hair cells is seen
mostly after postnatal day 14 (Everett et al. 2001),
corresponding to the period of functional maturation
of the outer sulcus cells.

FIG. 5. Comparison of cochlear
structure in wild-type and Pds-
knockout mice, a. Microscopic
examination of the basal turn of
the cochlear duct in wild-type
(+/+) and Pds-knockout ()/)) adult
mice (�6 weeks old). Scale
bar = 0.1 mm, applies to both a
and b. The small size of scala
tympani is a typical finding in
Pds-knockout mice. A higher-
magnification view of the organ of
Corti from a Pds-knockout mouse
showing open tunnel space (T) is
also provided (inset of the right
panel). b. Microscopic
examination of the lateral wall of
the cochlear duct (basal turn) in
wild-type and Pds-knockout mice.
Scale bar = 10 lm. c. Bar graph
depicting the maximal thickness of
the stria vascularis in wild-type
(n = 3) and Pds-knockout (n = 4)
mice. The green bars in b illustrate
the positions of these measure-
ments in those specimens. RM,
Reissner’s membrane; SV, stria
vascularis; OC, organ of Corti; T,
tunnel of Corti; B, bone; SL, spiral
ligament. Significance between
groups was tested with the t-test
for unpaired samples; *, P < 0.05.
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Endolymph in the cochlea is a unique and vitally
important extracellular fluid. Its ionic composition is
similar to that of an intracellular microenvironment,
which is high in potassium and low in sodium
(Wangemann and Schacht 1996). The maintenance
of such an ionic balance in endolymph and the es-
tablishment of a positive EP are essential for normal
auditory function. Potassium serves as the current-
carrying ion through the transduction channels of
the sensory hair cells, and the EP serves as part of the
requisite driving force. Potassium is secreted by the
strial marginal cells, and the EP is generated across

the intermediate cells, which form a functional
syncytium with the basal cell barrier (Marcus et al.
2002). Thus, one can readily appreciate how major
perturbations in the ionic milieu of endolymph can
have adverse consequences for inner-ear structure
and function. Indeed, the results reported here,
coupled with previous studies of Pds-knockout mice
(Everett et al. 2001), reveal the range of inner-ear
abnormalities encountered in the absence of pend-
rin: endolymphatic hydrops, absence of an EP, and
thinning of both the stria vascularis and the spiral
ligament. The hydrops is likely due, at least in part, to

FIG. 6. Endolymphatic potential (EP)
and [K+] in the cochlea and utricle of
wild-type and Pds-knockout mice.
Inner-ear specimens from wild-type
(+/+) and Pds-knockout ()/)) mice were
subjected to various electro-
physiological studies. a. Representative
measurements of EP and [K+] from the
apical cochlear turn. Arrow up,
electrode insertion into scala media.
Arrow down, extraction of electrode, b.
Summary of EP and [K+] in the basal (T1)
and apical (T2) turns of the cochlea, c.
Steady-state EP from the apical turn
of the cochlea during anoxia ()EP).
d. Utricular potential (UP) and endo-
lymphatic [K+] in the utricle.
Significance between groups was tested
with the t-test for unpaired samples; *,
P < 0.05; NS, not significant.
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disruption of the cation-absorbing function of the
outer sulcus cells and vestibular transitional cells (see
below), both known to be responsible for absorbing
sodium and potassium from cochlear endolymph
(Lee et al. 2001; Marcus and Chiba 1999) and both
sites of pendrin expression. While pendrin has been
shown to be an anion transporter (Scott et al. 1999),
its function in the inner ear appears to be required
for proper transepithelial absorption of cations.
However, the nature of any proposed interactions
between pendrin and known inner-ear cation trans-
porters (Chiba and Marcus 2001) is currently not
known.

In Pds-knockout mice, the delayed morphologic
changes in the K+-secreting marginal cells of the stria
vascularis and the physical separation of these cells
from those normally expressing pendrin cannot yet
be explained. However, the changes are likely
brought about either by disruption of a paracrine
signaling pathway between outer sulcus cells and
strial marginal cells or changes in other important
constituents of the inner-ear fluids (e.g., calcium and
pH). Similar issues are relevant for the degeneration
of hair cells seen in mice lacking KCNJ10 K+ channels
in strial intermediate cells (Marcus et al. 2002). The
normal endolymph [K+] in Pds-knockout mice sug-
gests that the morphologic changes do not interfere
with fundamental secretory mechanisms of the mar-
ginal cells. However, even though the basic mecha-
nisms seem to be intact, the K+ secretory rate could
conceivably be reduced if there is decreased cation
absorption by outer sulcus cells.

The findings reported here have other interesting
implications. First, the thinner stria vascularis in Pds-
knockout mice may be due to increased endolymph
pressure and dilation of the scala media compart-
ment or consequent degeneration of basal and/or
intermediate cells (Figs. 4 and 5). In viable dominant
spotting mice (Wv/Wv), which lack intermediate cells,
the stria is reduced in thickness by about the same
amount seen in Pds-knockout mice, and the absence
of intermediate cells is correlated with the absence of
an EP (Carlisle et al. 1990). Indeed, recent studies
have demonstrated that the KCNJ10 potassium chan-
nels expressed in intermediate cells are responsible
for generating the EP (Marcus et al. 2002). Second,
the thinner spiral ligament is a potentially important
observation in light of the hypothesis that fibrocytes
in this connective tissue serve to transport potassium
from the organ of Corti to the stria vascularis via a gap
junction system (Kikuchi et al. 1995). A similar gap
junction system has been identified in the vestibular
system (Kikuchi et al. 1994). If the apparent degen-
eration of the spiral ligament reduces the function-
ality of its constituent fibrocytes, the importance of
these cells in potassium homeostasis could be called

into question since the [K+] of cochlear endolymph
in pendrin-deficient mice was found to be normal.
On the other hand, the efflux of potassium from
endolymph may be reduced in Pds-knockout mice
since the driving force (i.e., the EP) is reduced and
the hair cell efflux pathway is compromised or ab-
sent.

The EP changes in Pds-knockout mice observed
under anoxic conditions indicate a loss of functional
hair cells within the organ of Corti. In a normal
mouse, anoxia (or transport inhibitors) interferes
with active transport in the stria vascularis and causes
the normal EP of about +80 to 100 mV to decline
within minutes to about )30 mV. This negative value
reflects the activity of viable hair cells (see equation 7
with ET = 0 in Dallos 1983), which maintain function
during anoxia for at least 30 min by glycolysis (Thal-
mann et al. 1972). The reduced magnitude of the
negative EP value measured in pendrin-deficient
mice is consistent with a loss of functional hair cells,
with the difference in EP seen between the apical and
basal turns in these animals perhaps reflecting a
variable extent of hair cell loss. A similar reduction in
)EP was observed in mice lacking the potassium
channel KCNJ10 within the strial intermediate cells;
these mice show degeneration in the organ of Corti
(unpublished observations; Marcus et al. 2002).

There are limits to extrapolating data from whole-
animal gene-knockout studies for explaining fully the
corresponding human condition. For example, one
difference between humans and mice is the time of
EP establishment, which does not occur until the
second and third week after birth in rodents. To ad-
dress this issue, we included the analysis of a valid
indicator of cochlear development, the tunnel of
Corti, and the measurement of the EP and [K+] in the
vestibular system. As with KCNJ10-knockout mice
(Marcus et al. 2002), Pds-knockout mice have a well-
developed tunnel space in the organ of Corti, con-
sistent with generally normal cochlear development.
This finding, along with the normal vestibular endo-
lymphatic [K+], supports our interpretation that the
absence of an EP is due specifically to local alterations
of the stria vascularis. The lack of changes in the
utricular potential (UP) is consistent with the hy-
pothesis that the abnormalities caused by the absence
of pendrin occur within the deep layers of the stria
vascularis, for which there is no counterpart in the
vestibular system.

In fact, a slightly different (perhaps more com-
plex) situation might be occurring within the vestib-
ular end-organ, where pendrin is expressed in the
transitional cells that reside next to the sensory epi-
thelium. These cells occupy a position in the vestib-
ular labyrinth analogous to that of the outer sulcus
cells in the cochlea, situated between the potassium-
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secreting cells and the sensory hair cells. In the utri-
cle and saccule, transitional cells may play a role in
the formation and/or remodeling of otoconia (Ciges
et al. 1983), which is a pH-dependent process. Inter-
estingly, otoconia in Pds-knockout mice are notably
absent or, in some cases, grossly abnormal (Everett et
al. 2001). Thus, the role of pendrin in the vestibular
end-organ might include maintaining the appropri-
ate endolymphatic pH, perhaps through the trans-
port of bicarbonate, and its absence may lead to an
abnormal local pH and the formation of aberrant
otoconia. It is relevant to point out that pendrin is
present in the intercalated cells of the cortical col-
lecting duct of the kidney, where it plays a role in
bicarbonate transport (Royaux et al. 2001).

Finally, pendrin is also expressed in the apical
membrane of a subpopulation of cells of the endo-
lymphatic sac. The morphology of these cells coupled
with the presence of oxidative enzymes and cytokera-
tin-7, which is characteristic of secretory cells, suggests
that they might be involved in energy-dependent
electrolyte and water transport (Danckwardt–Lillie-
strom et al. 2000). The endolymph of the cochlea and
vestibular end-organ is potassium-rich and sodium-
poor, whereas the luminal content of the endolym-
phatic sac is sodium-rich and potassium-poor (Mor-
genstern 1985; Silverstein and Schuknecht 1966). The
latter fluid has a pH of 6.65 in the guinea pig (Tsu-
jikawa et al. 1992). Perhaps the function of pendrin in
the endolymphatic sac is to maintain the ionic and/or
pH homeostasis between these two compositionally
distinct fluids. It is interesting to note that there are
ultrastructural similarities between the epithelia of the
renal collecting duct [where pendrin is involved in
bicarbonate transport (Royaux et al. 2001)] and the
inner-ear endolymphatic sac (Dahlmann and von
During 1995; Peters et al. 2002).

In summary, our studies demonstrate that pendrin
is expressed in a restricted subset of cells in the inner
ear, all of which are in contact with endolymph and
are believed to play a role in regulating the unusual
ionic composition of this fluid. The presence of
pendrin in these cells is essential for auditory and
vestibular function, as evidenced by the phenotypic
features of humans and mice devoid of normal
pendrin. Structurally, the cochlea of Pds-knockout
mice is associated with morphological abnormalities
of spiral ligament and stria vascularis cells and with
degeneration of sensory hair cells, even though none
of these cell types express pendrin. Physiologically,
the lack of pendrin in these mice results in the ab-
sence of a normal EP. These observations suggest that
pendrin function is needed for normal development
of inner-ear structures. Together, these studies greatly
advance our understanding of pendrin function in
the inner ear, provide important insight into the eti-

ology of deafness in Pendred syndrome, and point to a
series of future studies that might provide additional
details about the anion(s) being transported by
pendrin in these different cells of the inner ear.
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