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Abstract

Enlargement of the vestibular aqueduct (EVA) is a

common inner ear malformation found in children with

sensorineural hearing loss that is frequently

associated with loss-of-function or hypo-function

mutations of SLC26A4. SLC26A4 codes for pendrin,

which is a protein that is expressed in apical

membranes of selected epithelia and functions as an

anion exchanger. The comparatively high prevalence

of EVA provides a strong imperative to develop

rational interventions that delay, ameliorate or prevent

hearing loss associated with this phenotype. The

development of rational interventions requires a

fundamental understanding of the role that pendrin

plays in the normal development of hearing, as well

as a detailed understanding of the pathobiologic

mechanisms that, in the absence of fully functional

pendrin, lead to an unstable hearing phenotype, with

fluctuating or progressive loss of hearing. This review

summarizes studies in mouse models that have

focused on delineating the role of pendrin in the

physiology of the inner ear and the pathobiology that

leads to hearing loss.

Introduction

Enlargement of the vestibular aqueduct (EVA) is a

malformation that is commonly identified in children with

sensorineural hearing loss [1, 2]. In some populations,

mutations of SLC26A4 (MIM #605646) occur in as many

as 13-14% of deaf subjects [3, 4]. Phenotypes include an

enlarged vestibular aqueduct (EVA or DFNB4; MIM

#600791) and progressive, often fluctuating, hearing loss

with an onset typically before or around the time of

speech and language acquisition [5, 6]. Vestibular deficits

may be present but symptoms and signs are far less

prominent due to compensatory mechanisms [7, 8]. The

high prevalence of EVA-associated hearing loss provides

an imperative to investigate the etiology of SLC26A4-

related deafness with the ultimate goal to develop

strategies to preserve hearing in affected individuals. This

review summarizes studies in mouse models that have

focused on delineating the role of pendrin in the physiology
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of hearing. Clinical phenotypes and the genetics of hearing

loss associated with EVA are reviewed elsewhere [9,

10].

Development of the murine inner ear

The development of the murine inner ear begins

with an ectodermal invagination that forms an otocyst at

embryonic day (E) 9.5 (Fig. 1; for a recent review, see

[11]). The otocyst is initially filled with amniotic fluid of

plasma-like composition [12]. When and how the

developing epithelia change the composition of the luminal

fluid is currently unknown. Between E10 and E10.5, two

protrusions begin to extend from the otocyst; one forms

the cochlea and the other forms the endolymphatic sac.

While the protrusions elongate and the cochlea coils, the

center of the otocyst reorganizes into the vestibular

labyrinth. The lumen of the endolymphatic sac opens at

E10.5 and the lumen of the cochlear protrusion opens at

E14.5 [13]. Lumen formation depends on fluid secretion

in the vestibular labyrinth and fluid absorption in the

endolymphatic sac [13]. Fluid secretion is most likely

driven by ion transport; however, which ions are

transported to promote lumen formation during embryonic

development is currently unknown. This is in contrast to

the well-defined composition of mature endolymph that

is widely believed to arise after P3 [14, 15].

The mature inner ear consists of two arrays of

interconnected fluid compartments that are enclosed

by highly heterogeneous epithelia (Fig. 1). One array

includes the cochlea, the saccule and the endolymphatic

duct and sac. The other array includes the utricle, three

ampullae and three semicircular canals [16]. The luminal

fluid enclosed in both arrays of epithelia-lined

compartments is called endolymph and the fluid

surrounding the epithelium is called perilymph. Endolymph

is an unusual extracellular fluid in that it contains in

most parts of the mature inner ear, with the notable

exception of the endolymphatic sac, a high K+

concentration and low Na+ and Ca2+ concentrations. The

composition of perilymph, in contrast, is more

like a conventional extracellular fluid that contains Na+,

K+ and Ca2+ concentrations similar to other extracellular

fluids, such as plasma or cerebrospinal fluid. For tables

that list fluid compositions of adult inner ears, see [14].

Stimulation of the inner ear sensory organs is

derived from the appropriate mechanical stimulus, which

is sound for the cochlea and angular and linear

acceleration, including gravity, for the vestibular labyrinth.

The transduction channels located in the hair bundles of

the vestibular sensory cells acquire mechanosensitivity

at E17 [17, 18]. The onset of vestibular function, however,

is ~8 days later, at ~P4, concurrent with the general

maturation of the organ and the maturation of the

innervation [19, 20]. Similarly, transduction channels in

cochlear hair cells acquire mature mechanosensitivity at

P0 [18], and onset of hearing is ~ 12 days later, at P12,

concurrent with the general maturation of the cochlea

and the maturation of the endocochlear potential, which

rises between P6 and P15 [21-23].

Onset and location of pendrin expression

in the murine inner ear

Pendrin is expressed in epithelial cells in the cochlea,

the vestibular labyrinth and in the endolymphatic sac of

the inner ear [24, 25] (Fig. 2). In the endolymphatic sac,

pendrin is expressed in mitochondrial-rich cells

that are interspersed among the principal ribosomal-rich

cells [25-27]. In the cochlea, pendrin is expressed in a

spiraling sheet of outer sulcus and spindle cells located in

the lateral wall while in the vestibular labyrinth, pendrin is

expressed in sheets of transitional cells that surround

sensory cell patches that are engaged in cation

reabsorption [25, 28, 29].

The earliest expression of pendrin in the inner

ear occurs in the endolymphatic sac at embryonic day

(E) 11.5 and surges steeply from E13.5 to E14.5 [30]

(Fig. 3). The onset of expression in the cochlea, utricle

and saccule occurs at E13.5-E14.5 and the onset of

expression in ampullae occur at E16.5.

Pendrin is a Cl-/HCO
3

- exchanger in the

inner ear

Pendrin in the inner ear functions mainly as a Cl-/

HCO
3

- exchanger [23, 30, 31]. Functionality was tested

in spiral prominence epithelial cells using a

microfluorometric assay that utilizes specific

characteristics of pendrin including sensitivity to

DIDS, transport of alkaline equivalents OH- and HCO
3

-

and the fact that pendrin, unlike other anion exchangers,

transports formate [23]. Consistent with pendrin-mediated

transport of HCO
3

- into endolymph are the findings that

mice lacking pendrin have a more acidic endolymph in

the cochlea, the utricle and the endolymphatic sac [23,

30, 31].
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Fig. 1. Development of the murine inner ear. Inner ear

development begins with an ectodermal invagination at

embryonic (E) day 9 and the formation of an otic vesicle at E9.5.

The endolymphatic sac and the cochlea develop as protrusions

of the otic vesicle at E10 and E11, respectively. The lumen of

the endolymphatic sac and the cochlea open at E11 and E14.5,

respectively. Two complete turns of the cochlea and a complete

vestibular labyrinth consisting of the saccule, utricle, ampullae,

endolymphatic duct (ED), and endolymphatic sac (ES) are

formed by E18. Schematics were created by author and inspired

by published photomicrographs [16, 52]. A similar diagram of

the cochlea at E18 has been contributed by the author to

another publication [13].

Fig. 2. Location of pendrin expression in

the murine inner ear. The endolymphatic

duct and sac, the cochlea, the utricle and

saccule, and the ampullae contain epithelia-

lined luminal compartments that are filled

with endolymph and surrounded by

perilymph, with the exception of the

endolymphatic sac, which is surrounded

by cerebrospinal fluid. A) Cross-sections

of the endolymphatic duct and sac. The

depicted simple morphology of the

endolymphatic sac (ES) represents the late

phase of embryonic development. During

the early postnatal period of development,

Pendrin expression is essential for the

development of a hearing phenotype in

mice

Work towards an understanding of the role of

pendrin in hearing has been tremendously accelerated by

a knock-out mouse model Slc26a4-/-, formerly called Pds-

/- that lacks exon 8 of Slc26a4 [32]. Studies in these

mice demonstrate that pendrin is essential for the

development of a normal and robust hearing phenotype.

Slc26a4-/- mice fail to develop a normal hearing phenotype,

whereas Slc26a4+/- mice do develop a normal hearing

phenotype. Slc26a4-/- mice have been used to delineate

primary and secondary consequences of a lack of pendrin

expression on the development of the inner ear, hearing

and balance [13, 23, 25, 30, 31, 33- 36]. More recently

two additional mouse models have been established; one

is based on a missense mutation of Slc26a4 [37] and the

other is a knock-in of a splice-site mutation at exon 8 of

Slc26a4 [38].

the morphology of the endolymphatic sac becomes more complex with epithelial ridges and tubular infoldings. Throughout life,

however, the endolymphatic duct penetrates through a canal in the bone, which is the vestibular aqueduct. Pendrin is most

prominently expressed in the apical membrane of mitochondria-rich cells in the endolymphatic sac. B) Cross-section of one turn

of the cochlea. The depicted morphology of the cochlea represents the mature stage of development which is acquired during the

second postnatal week. The cochlea consists of an epithelia-lined duct that is filled with endolymph. This duct is surrounded by

two open fluid compartments that are filled with perilymph. The main structures of the cochlear duct are the stria vascularis (SV),

Reissner’s membrane (RM) and the organ of Corti (OC). Stria vascularis generates the endocochlear potential and secretes K+

into endolymph. The organ of Corti contains the sensory hair cells. Pendrin is expressed in epithelial cells of the spiral prominence

(SP), in root cells (R) and in spindle cells of stria vascularis. Other relevant structures include the spiral limbus (Lim) and the spiral

ligament (Lig). C-D) Cross-sections of the saccule or utricle and an ampulla. Pendrin is expressed in transitional cells, which are

epithelial cells surrounding the sensory hair-cell patches in the saccule, utricle and ampulla and that are engaged in cation

absorption. Schematic diagrams created by the author. A similar diagram was contributed by the author to another paper [53].

Pendrin in Inner Ear Development Cell Physiol Biochem 2011;28:527-534
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Primary consequences of a lack of pendrin

expression: Enlargement and acidification

The first pathobiological alteration in Slc26a4-/- mice

is an enlargement of the entire membranous labyrinth that

begins at E14.5 and is most dramatic in the endolymphatic

sac but also present at this early time in the cochlea [30,

32]. The enlargement depends on a balance between fluid

secretion in the vestibular labyrinth that ‘pumps up’ the

cochlea and fluid absorption in the endolymphatic sac that

‘drains’ the cochlea [13] (Fig. 4). Neither the mechanisms

of fluid secretion nor the mechanisms of fluid absorption

are understood in the in the embryonic inner ear. Lumen

formation and enlargement are most likely dependent on

passive water movements osmotically driven by ion

transport. The enlargement causes stretching of epithelial

cells with the notable exception of vestibular and cochlear

sensory cells that may be protected by dense actin rings

associated with rigid tight junctions that provide greater

structural stability. By E18.5 the enlargement amounts to

a ~10 fold larger volume of scala media in Slc26a4-/-

mice compared to Slc26a4+/- mice (Fig. 4). The onset of

this enlargement, however, coincides with cochlear lumen

formation at E14.5 [30].

The second pathobiological alteration in the inner

ear of Slc26a4-/- mice is an acidification of cochlear

endolymph that develops at E15.5, which is 1-2 days after

the failed onset of pendrin expression in the cochlea [30]

(Fig. 3). Lack of pendrin expression also causes an

acidification of the endolymphatic sac, although later, at

E17.5, which may be due to greater buffering power in

the endolymphatic sac [30]. The acidification of

endolymph is not limited to the embryonic endolymphatic

sac and cochlea but has been demonstrated in the adult

cochlea and in the utricle of the vestibular labyrinth of

Slc26a4-/- mice [23, 31].

These two primary pathobiological alterations, the

enlargement and the luminal acidification, are of greatest

Fig. 3. Time course of development between

embryonic day 9.5 and postnatal day 15 in the

presence and absence of pendrin. Key events

in the development of the cochlea are noted

above the time line and key events in the

development of the endolymphatic sac are noted

below the time line. Events that take place in the

absence of functional pendrin expression are

depicted in red font. Abbreviations are: ES,

endolymphatic sac; Cx26, connexin 26; SV, stria

vascularis; OC, organ of Corti; EP, endocochlear

potential; OHC, outer hair cells.

Fig. 4. Cochlear enlar-

gement is key event in the

pathobiology leading to the

failure to acquire a normal

hearing phenotype. A)

Diagram illustrating that

development of the inner

ear, including cochlear

lumen formation, depends

on fluid secretion in the

vestibular labyrinth and fluid

absorption in the endo-

lymphatic sac. A similar
diagram has been contributed by the author to another publication [13]. B-C) Loss of functional pendrin expression leads to a 10-

fold enlargement of scala media. Diagrams in B and C are based on cochleae obtained from P7 Slc26a4+/- and Slc26a4-/- mice,

respectively [9]. Abbreviations: S, stria vascularis; H, hair cells in the organ of Corti; M, modiolus; and N, cochlear nerve

including spiral ganglion.

WangemannCell Physiol Biochem 2011;28:527-534
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significance because they spread the effect of pendrin

deficiency from pendrin-expressing cells to a multitude

of other cells [13]. The acidification affects all pH-

sensitive mechanisms and the enlargement may impair

cell-to-cell communication due to lengthening of diffusional

distances between epithelial cells and between epithelial

cells and mesenchymal cells.

Secondary consequence of a lack of

pendrin expression: Impaired cell-to-cell

communication

Impaired cell-to-cell communication may be

responsible for the premature onset of connexin 26

expression that has been observed in basal cells of stria

vascularis at E18.5 and for the retarded development of

stria vascularis that is most prominent at P3 [30] (Fig. 3).

Further, impaired cell-to-cell communication may be

responsible for the retarded development of the organ of

Corti that is most prominent between P5 and P10 [36].

Cell stretching increases the diffusional distances between

the cells located in the organ of Corti that bear thyroid

hormone receptors and mesenchymal cells in the spiral

limbus and spiral ligament that express deiodinase Dio2

between P6-8. Deiodinase type 2 is the enzyme that

generates bioactive thyroid hormone tri-iodo-thyronine

(T3) from the blood-borne prohormone thyroxine (T4)

[39]. Delivery of T3 may depend on cell-to-cell diffusion

via gap junctions and on the overall distance between the

locations of hormone production and hormone receptors.

Lengthening of these diffusional distances in Slc26a4-/-

mice appears to be responsible for a local hypothyroidism

that is evident from a delayed opening of the tunnel, a

delayed arrival of efferent innervation, and delayed

changes in gene expression levels [36]. It remains to be

determined whether the retardation of stria vascularis

leads to a delay in the onset of K+ secretion, which is a

major function of stria vascularis.

Secondary consequence of a lack of

pendrin expression: Oxidative stress, loss

of Kcnj10 expression and loss of the

endocochlear potential

At P10, which is ~2 days prior to the normal onset

of hearing in mice, the stria vascularis of Slc26a4-/- mice

is subjected to oxidative stress [34] and fails to build up a

normal endocochlear potential [23] (Fig. 3). Oxidative

stress results in elevated amounts of nitrated and oxidized

proteins. Elevated amounts of oxidized and nitrated

proteins were found in the stria vascularis but not in the

adjacent spiral ligament of Slc26a4-/- mice [34]. The

combination of oxidative and nitrative stress leads to a

loss of the K+ channel Kcnj10 that is responsible for the

generation of the endocochlear potential [34, 40]. Whether

the integrity of tight junctions is weakened by cell

stretching and/or acidification and whether this

conceivable compromise contributes to the failure to build

up a normal endocochlear potential is currently unknown.

The impression that Slc26a4-/- mice bear holes in the

basal cell barrier, however, was later revealed to be an

artifact caused by pigmentation that blocked the confocal

laser beam [25, 27].

The endocochlear potential is essentially a K+

equilibrium potential generated by the K+ channel Kcnj10

that is expressed in intermediate cells of the stria

vascularis. The potential is generated across the basal

cell barrier in conjunction with the very low K+

concentration of intrastrial fluid and the high K+

concentration in the cytosol of intermediate cells [40, 41].

Marginal cells maintain the very low K+ concentration of

intrastrial fluid by transporting K+ into endolymph. Suited

for high rates of K+ secretion, marginal cells are endowed

with a high density of mitochondria and situated adjacent

to capillaries. Sources of oxidative stress in stria vascularis

include superoxide free radicals generated as a by-product

of the mitochondrial metabolism and nitric oxide free

radicals produced by nitric oxide synthase expressed in

endothelial cells [34]. It is unclear whether oxidative stress

in the stria vascularis of Slc26a4-/- mice is due to a failure

to express sufficient levels of defense mechanisms or

due to higher metabolic rates.

Elevated metabolic rates may be a function of higher

rates of K+ secretion necessary to maintain a normal

endolymphatic K+ concentration in an ~10-fold expanded

volume of endolymph [27]. The enlarged volume may be

prone to higher rates of K+ leakage, which would need to

be offset by higher rates of K+ secretion. Marginal cells

detect K+ concentrations at the apical membrane by an

unknown mechanism [42, 43]. Low apical K+

concentrations lead to a marked increase in the rate of

K+ secretion. In addition, the K+ channel Kcnq1, which

mediates K+ secretion across the apical membrane of

marginal cells, is activated by extracellular acidification

[44], which further increases the rate of K+ secretion

and metabolism, as well as oxidative and nitrative stress.

The endocochlear potential and oxidative/nitrative

stress may comprise a negative feedback system that

Pendrin in Inner Ear Development Cell Physiol Biochem 2011;28:527-534
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can oscillate and generate fluctuations in the endocochlear

potential and in hearing threshold [13] (Fig. 5). It is

conceivable that the sensitivity of the endocochlear

potential to oxidative/nitrative stress is responsible for the

fluctuating hearing loss documented in patients [5, 45-

47]. The hypothesized feedback loop is comprised of three

elements. First, reactive oxygen species (ROS) including

superoxide anion and nitric oxide are generated by

marginal cells of stria vascularis as a byproduct of

metabolism [34]. Second, the ROS-sensitive K+ channel

Kcnj10 that generates the endocochlear potential and

supplies K+ to the marginal cells [41, 43]. Third, K+-

induced stimulation of K+ secretion [42, 43]. ROS-induced

loss of Kcnj10 would abolish the endocochlear potential

and hearing and the associated reduction in K+ flux toward

marginal cells would limit the rate of K+ secretion,

metabolism and ROS production. The reduced ROS

production would then permit restoration of Kcnj10

expression, Kcnj10 channel function would restore the

endocochlear potential and restore hearing but also supply

increased amounts of K+ to marginal cells, which again

would stimulate K+ secretion, metabolism and ROS

production. Fluctuating hearing loss is hypothesized to be

generated through such a feedback loop.

Secondary consequence of a lack of pendrin

expression: Elevated endolymphatic Ca2+ concentrations

and degeneration of sensory cells and stria vascularis

At P10, ~2 days prior to the normal onset of hearing,

the cochlea fails to lower the endolymphatic Ca2+ to

normal adult levels of 20 µM [23] (Fig. 3). The failure to

lower the endolymphatic Ca2+concentration may be due

to a lack of Ca2+ absorption via acid-sensitive epithelial

Ca2+ channels [23, 31, 48]. Whether and how loss of

pendrin leads to a loss of expression of Ca2+ transporters,

as observed in the kidney [49], remains to be determined.

Sensory hair cells degenerate between P15 and P30

after a period of thyroid hormone deprivation and under

the burden of an elevated luminal Ca2+ concentration,

luminal acidification and the lack of an endocochlear

potential [32]. Similarly, marginal cells of stria vascularis

degenerate after P15 and macrophage invade stria

vascularis at ~P30 [33]. Curiously, the invasion of stria

vascularis with pigmented macrophages is so dramatic

that the structure acquires a dark appearance that is visible

to the naked eye in isolated murine temporal bones [25].

Location of essential pendrin expression

The observation that pendrin is expressed in multiple

locations within the inner ear raises the question whether

all sites of pendrin expression are of equal importance or

whether pendrin in some locations is of greater importance

for the development of a normal hearing phenotype. A

tentative answer toward this question can be deduced

from observations made in Foxi1-/- mice [50, 51]. Foxi1

controls pendrin expression in the endolymphatic sac but

not in the cochlea or the vestibular labyrinth. Consequently,

Foxi1-/- mice express pendrin in the cochlea and the

vestibular labyrinth but not in the endolymphatic sac. The

observation that Foxi1-/- mice are deaf suggests that

pendrin expression in the endolymphatic sac is essential

for the development of a normal hearing phenotype. This

finding is surprising from the standpoint that the

endolymphatic sac is the inner ear structure that is most

remote from the cochlea. The observation, however, is

less surprising when considering that Foxi1-/- mice

develop an enlargement of the inner ear similar to the

enlargement found in Slc26a4-/- mice. Whether Foxi1-/-

mice also develop an acidification, is currently not known.

Regardless, deafness may be a common consequence of

the enlargement.

Fig. 5. Diagram of stria vascularis illustrating a

negative feedback mechanism that leads to the

fluctuating loss of Kcnj10, the K+ channel that

generates the endocochlear potential. Fluctuating

losses of the endocochlear potential can be

expected to lead to fluctuating losses of hearing. A

similar diagram was contributed by the author to

another paper [9].

WangemannCell Physiol Biochem 2011;28:527-534
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Conclusions

Humans bearing loss-of-function or hypo-function

mutations of SLC26A4 develop normal or near-normal

hearing but typically lose hearing progressively during

childhood, often after a period of fluctuating hearing loss.

This apparently fundamental difference between humans

and mice, which fail to ever acquire normal hearing

thresholds, should not obscure studies in mouse models

that have provided unprecedented insights into the

mechanisms that may be responsible for hearing loss in

human patients. It is most likely that mouse models will

be instrumental in the development of interventions that

secure for children, who are bearing mutations of

SLC26A4, a life-time of normal hearing.
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