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Abstract

Sensory transduction in the cochlea and vestibular labyrinth depends on fluid movements that 

deflect the hair bundles of mechanosensitive hair cells. Mechanosensitive transducer channels at 

the tip of the hair cell stereocilia allow K+ to flow into cells. This unusual process relies on ionic 

gradients unique to the inner ear. Linking genes to deafness in humans and mice has been 

instrumental in identifying the ion transport machinery important for hearing and balance. 

Morphological analysis is difficult in patients, but mouse models have helped to investigate 

phenotypes at different developmental time points. This review focuses on cellular ion transport 

mechanisms in the stria vascularis that generate the major electrochemical gradients for sensory 

transduction.

The ear detects sound waves, which are pressure variations in air (FIGURE 1). Sound enters 

the outer ear and sets the tympanic membrane in motion. Motions are conducted by middle 

ear bones to the oval window, from where they enter the fluid-filled cochlea of the inner ear. 

These “ossicles” translate air pressure variations into fluid movements along the cochlea and 

ensure that the impedance of the air-filled outer ear matches the impedance of the fluid-

filled inner ear. Due to the mechanical properties of the basilar membrane, and owing to an 

active amplification mechanism mediated by electromotile properties of outer hair cells, the 

frequency distribution of the sound is tonotopically projected onto the basilar membrane, 

with the envelope of a travelling wave peaking at dominant frequencies.

Sensory cells on the basilar membrane in the organ of Corti stretch along the entire length of 

the cochlea (FIGURE 2). Mechanical stimulation of sensory cells located at the base of the 

cochlea leads to the sensation of high-frequency sound and stimulation of sensory cells 

located in the apex of the cochlea lead to the sensation of low-frequency sound (FIGURE 1). 

This tonotopic organization of the cochlea is at least in part maintained throughout the 

central processing of auditory stimuli. The sensory process is guarded by intricate feedback 
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mechanisms that include systems of efferent innervation that terminate on the afferent 

nerves and on the sensory cells.

Hair cell mechanoreceptors rely on ionic gradients with a unique organization in the inner 

ear: They allow the passive flow of K+ into cells. These electrochemical gradients are 

achieved by an unusually high K+ concentration and a positive potential of the fluid in the 

scala media, one of the three major fluid spaces of the cochlea (the other two are the scalae 

tympani and vestibuli; see FIGURE 2). Both the high potassium concentration and the 

positive potential are generated by the epithelium of the stria vascularis in the lateral wall of 

the scala media. The stria vascularis thereby generates the driving force for sound detection 

by hair cells, which require almost no input of metabolic energy. In the potassium recycling 

model of the inner ear, K+ ions entering hair cells are brought back to the stria for secretion 

into scala media using a largely intracellular pathway (FIGURE 3). Several of the molecules 

involved in this potassium recycling pathway have been identified through mutations in 

mice and humans that lead to deafness.

Sound-induced vibrations of the basilar membrane cause bending of the stereocilia on the 

apical membrane of the hair cells, which modulates the ionic currents through the 

transduction channels. The modulated current leads to receptor potentials. Stereocilia in the 

apical membrane of hair cells are oriented in a pattern resembling organ pipes. Bending of 

the stereocilia toward the longer stereocilia opens the transduction channel, whereas bending 

toward the shorter stereocilia closes the channel. The main consequence of receptor 

potentials in inner hair cells is the modulation of the release of the neurotransmitter 

glutamate and stimulation of type I afferent dendrites (FIGURE 2). The activity of afferent 

dendrites is modulated by efferent fibers that terminate on the afferents near the base of the 

inner hair cells. Type I afferent axons transmit the primary acoustic input to the brain. In 

contrast to inner hair cells, the main consequences of receptor potentials in outer hair cells 

are “piezo-electric” length changes of the cell body that lead to an amplification of the 

sound-induced vibrations of the basilar membrane (FIGURE 2). Outer hair cells express the 

voltage-sensitive protein prestin at high density in their lateral cell wall. Membrane voltage 

changes cause this relative of anion transporters to slightly contract or expand, thereby 

leading to a shortening of the cell body during membrane potential depolarization and a 

lengthening during membrane potential hyperpolarization. Chicken and zebrafish prestin, 

which are believed to be non-motile, have been shown to exchange SO4
2− or oxalate for Cl− 

with 1:1 stoichiometry (52), but whether the electromotile mammalian orthologs are 

nonconductive is still controversial (5, 39). The resulting amplification of basilar membrane 

vibrations is necessary for the high sensitivity and the sharpness of frequency discrimination 

of the mammalian cochlea. The role protein prestin plays in cochlear sound amplification is 

subject of excellent recent reviews (4, 16).

Depolarizing K+ entry into sensory hair cells relies on a unique arrangement and 

composition of fluids surrounding them. The stria vascularis of the inner ear secretes the 

high K+ containing fluid (endolymph) that bathes the apical poles of the hair cells with their 

mechanoreceptors. In the vestibular organ, functionally similar vestibular dark cells perform 

this task. Complementing the high K+ content, endolymph contains much less Na+ and Ca2+ 

than extracellular fluid found elsewhere in the body. The ion composition of the endolymph 
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resembles intracellular fluid, whereas that of the perilymph corresponds to usual 

extracellular fluids (with ~5 mM K+ ). The cochlear but not the vestibular endolymph is 

additionally kept at a strongly positive “endocochlear potential” (EP). It is generated to a 

large extent by specialized cells of the stria vascularis (intermediate cells) that have no 

equivalent in the vestibular organs (FIGURE 3). Therefore, the potential of the vestibular 

endolymph is on the order of only a few mV, whereas the EP is as high as +100 mV. The EP 

adds to the potential generated at the basolateral membrane of the cochlear hair cells, 

boosting their sensitivity. Consequently, disrupting the EP results in deafness.

Because the electrochemical potential for K+ is very different across the apical and 

basolateral membranes of hair cells, K+ can flow passively both into hair cells at the apical 

pole and out of the cell at the basal side. Since the driving force for K+ exit at the basal side 

is lower than that for K+ entry at the apical pole, they may need more K+-conducting 

channels at the basal pole. Given that hair cells have a negative resting membrane potential 

and experience virtually no K+ concentration gradient across their apical membrane, there is 

already a large driving force for apical K+ into vestibular hair cells. In the cochlea, where it 

is augmented by the EP, it is huge. Since K+ is the main cation in the cytosol, the relative 

change of intracellular ionic concentrations during sensory transduction is minimal.

Why has nature chosen K+ instead of Na+ as carrier ion for the depolarizing current of hair 

cells? The continuous passive influx of K+ at the apical side facing the endolymph allows 

detection of hair bundle movement in either direction, reducing or increasing K+ influx. If 

these currents were carried by Na+, metabolic energy would be required to constantly 

remove Na+ actively from the cell. The energy required for ATP-driven pumps might 

require vascularization close to the hair cells, changing the micromechanics of the cochlea. 

Blood flow would also cause vibration perceived as noise. The hair cells thus use stria 

vascularis as a remote “power plant” to generate the energy necessary for sound 

transduction. To perform its task, the stria is one of the most highly vascularized tissues 

found in the adult mammalian body and is the only epithelium with intraepithelial vessels.

The different K+ concentrations of endolymph and perilymph, which are crucial for the 

passive flux of K+ through hair cells, require an efficient separation of both fluid spaces. 

Tight junctions containing claudin-14 and claudin-9 are likely to play this role by controlling 

paracellular permeability. Mutations in the genes encoding claudin-14 and claudin-9 that are 

present at tight junctions in the organ of Corti underlie autosomal recessive deafness in 

humans (DFNB29) (69) and mice (41). A knockout mouse model shows very early 

degeneration of both outer and inner hair cells (7). Expression of this claudin decreases 

paracellular permeability by making the tight junctions of model MDCK cells less 

permeable to Na+ and K+, a process that may be regulated by phosphorylation (71).

Before we turn in detail to the mechanisms involved in the secretion of K+ into the 

endolymph and the generation of the EP, we shall trace the path of K+ entering the hair cells 

and recycling through a system of channels, transporters, and gap junctions toward the stria 

vascularis and discuss the proteins involved. It should be noted that, although many pieces 

of evidence suggest the presence of K+ recycling in the cochlea and in the vestibular system, 

this concept is not unchallenged (58). Furthermore, several cycling pathways have been 
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described. Part of the K+ may travel through the open perilymph space of the scala tympani. 

This model is based on current measurements (74) and measurements of sound-induced 

increases in the extracellular K+ concentration in the tunnel of Corti (23). These suggested 

that K+ may reach the scala tympani directly, flowing out from hair cells, as depicted in 

model A of FIGURE 3 or indirectly from Deiters’ cells that may be engaged to buffer 

extracellular K+ concentrations (23). Another concept envisages K+ taken up into Deiters’ 

cells and inner phalangeal cells into which the basal poles of hair cells protrude. They may 

merely buffer K+ (model C of FIGURE 3) or they may relay it to the stria via a system of 

gap junctions and transporters (model B of FIGURE 3) (27), and this has gained support 

from several mouse models described below.

Which are the molecular identities of the channels involved in the conduction of K+ through 

hair cells? Biophysical studies showed that the mechanosensitive channels, through which 

K+ enters and depolarizes hair cells, are nonselective cation channels. ENaC and members 

of the ASIC and Trp channel families have all been candidates for these channels in the past 

but have been ruled out by subsequent studies (13). NompC was identified as a channel 

involved in mechanosensation in Drosophila, and a homolog was localized in 

mechanosensitive organs in C. elegans. Therefore, their homolog TrpA1 was suggested to 

play this role in mammalian hair cells (14) based on in situ hybridization and 

immunohistochemistry. However, this candidate has seemingly been ruled out by the 

generation of a knockout mouse model that is not deaf (31). It is still likely that a member of 

the Trp family of cation channels mediates mechanosensation in hair cells, but an 

unexpected protein family could be involved as well.

A major pathway for K+ exit from outer hair cells is probably the KCNQ4 (also known as 

Kv7.4) K+ channel. Mutations in the gene encoding this channel subunit underlie a slowly 

progressive dominant form of human deafness (DFNA2). These patients carry dominant 

negative mutations leading to hearing loss over years and decades (30). In the cochlea, 

KCNQ4 is present at the basal pole of outer hair cells and to a minor degree also in inner 

hair cells (25, 26). It is also expressed in type I vestibular hair cells and in tracts and nuclei 

of the central auditory pathway (26). The basal localization fits well to a role in K+ exit from 

hair cells. Mouse models with altered Kcnq4 genes have shed light on the patho-

physiological mechanisms underlying DFNA2 deafness (25). When KCNQ4 is absent, 

cochlear outer hair cells degenerate. Inner hair cells and vestibular hair cells appear 

unaffected, correlating with expression levels of KCNQ4. Outer hair cells degenerated first 

(over several weeks) at the basal turn of the cochlea, which mediates high-frequency 

hearing. Another mouse model was analyzed carrying a dominant negative KCNQ4 mutant 

(which was found in humans with DFNA2) inserted into the mouse genome (25). The 

mutant channel subunit decreases KCNQ4 currents when present together with wild-type 

subunits in heteromeric channels. Since Kv-type K+ channels assemble into tetramers, the 

resulting K+ conductance is expected to be reduced to 6.25% in mice and humans 

heterozygous for this mutation. Accordingly, outer hair cell degeneration was much slower 

in mice heterozygous for the dominant negative mutant than in knockout (KO) mice. Patch-

clamp recording carried out before onset of degeneration revealed that outer hair cells in 

such KO mice were depolarized by ~13 mV, whereas inner hair cells were only depolarized 
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by ~7 mV. The depolarization is expected to increase Ca2+ influx through voltage-gated 

Ca2+ channels into these cells and may thereby underlie their slow degeneration. In both the 

KO and the KI, the hearing threshold declined by ~50 dB. Whereas this maximal hearing 

loss was reached after ~6–8 wk in the KO, heterozygous dominant negative KI mice reached 

this level of deafness only after 42–60 wk. This is compatible with the ~6% of KCNQ4 

current remaining in the latter mice and reflects the slow progression of DFNA2-type 

hearing loss in humans. This extent of hearing loss is compatible with a total and selective 

loss of outer hair cell function (remember that inner hair cells were unaffected). Indeed, the 

electromechanical sound amplification by outer hair cells increases hearing sensitivity by 

40–60 dB (33).

Even though the depolarization of outer hair cells in the KO mouse model demonstrated a 

crucial role of KCNQ4 in the maintenance of their resting potential, other K+ channels might 

contribute to the exit of K+ from hair cells as well. One such channel might be the BK Ca2+-

activated K+ channel, as suggested by another mouse model (48). The degeneration of outer 

hair cells in those mice was attributed to a secondary loss of KCNQ4 expression, the 

mechanism of which is unclear. As such, a downregulation of outer hair cell KCNQ4 protein 

levels was also observed in the barttin KO mouse (Ref. 47; see below) and by 

hypothyroidism (40), and may be an unspecific stress response of these cells.

How is K+ Released From Hair Cells Subsequently Removed?

The basal poles of cochlear hair cells are oriented toward special supporting cells. These are 

called Deiters’ cells in the case of outer hair cells and inner phalangeal cells in the case of 

inner hair cells. The membranes of Deiters’ cells facing the hair cells express KCC4 and 

KCC3, K+-Cl− cotransporters (inner phalangeal cells only show KCC3 expression at these 

locations) (9, 10). Mice lacking KCC4 show rapidly progressive hearing loss due to a 

degeneration of outer hair cells (9). The time course of degeneration was comparable to that 

of KCNQ4 knockout mice. Outer hair cells are also expected to depolarize when K+ removal 

from the clefts between basal poles and Deiters’ cells is impaired. KCC cotransporters may 

relay the K+ ions released via KCNQ4 into the underlying Deiters’ cell/epithelial cell/

fibrocyte system. Although KCC cotransporters mostly mediate the exit of KCl from cells, 

they usually operate close to equilibrium (22). It is conceivable that in the tiny cleft between 

Deiters’ cell and outer hair cell a high K+ concentration ensures transport directed into 

Deiters’ cells. KCl uptake will be favored by a low intracellular Cl− concentration in 

Deiters’ cells. This might be achieved by Cl− extrusion through KCC3, which is not only 

expressed in Deiters’ cells but also in the epithelial cells that are coupled to them via gap 

junctions. KCl transport may proceed both in and out of this electrically coupled syncythium 

if the K+ concentration at the Deiters’ cell side is high, whereas it is kept low through active 

removal at the other side. Usually cells employ the 3Na+/2K+-ATPase or Na+/K+/2Cl− 

cotransporters for K+ accumulation, but both processes require the input of metabolic energy 

(Na+/K+/2Cl− cotransport requires Na+ extrusion by the ATPase). Thus a role of KCC4 in 

K+ removal fits very well into the scheme of largely passive K+ movement in the organ of 

Corti. It also fits to the observation that outer hair cells degenerate before morphological 

alterations in Deiters’ cells can be detected (9). Hence, a loss of outer hair cells due to 
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Deiters’ cell degeneration, which might be a consequence of defective cell volume 

regulation (a known role of KCC4), can be excluded (9).

The importance of KCC cotransporters for hearing is highlighted by a second mouse model. 

Mice in which KCC3 has been disrupted also develop deafness, again due to hair cell 

degeneration (10). Compared with KCC4 knockout mice, the degeneration occurs at a much 

slower time scale. In addition to Deiters’ cells, epithelial cells attached to them, and 

fibrocytes underlying the stria vascularis express KCC3. These fibrocytes degenerate 

likewise during adolescence in these mice (10). Interestingly, fibrocytes below the organ of 

Corti and below the stria vascularis express KCC3, but there is a conspicuous region where 

KCC3 staining is absent (type II fibrocytes). In gerbil, this particular region shows high 

NKCC1 expression (15). Interestingly, Deiters’ cells and the epithelial cells sitting on the 

basilar membrane are connected by gap junctions, as are the fibrocytes in the lateral wall of 

the cochlea. It is likely that K+ is transported through these gap junctions from cell to cell. 

However, between these two gap junction systems, K+ has to pass the extracellular space, 

exiting from the epithelial system and being subsequently taken up by type III fibrocytes. It 

is attractive to assume that K+ exits the epithelial gap junction system through KCC3, then is 

taken up by the fibrocyte Na+/K+/2Cl− cotransporter. The cotransporter would create a low 

K+ concentration in the space between those cells, just like in the space between strial 

intermediate and marginal cells (see below). This low extracellular K+, in turn, will favor the 

outward movement of K+ and Cl− through KCC3, resulting in a low Cl− concentration in the 

epithelial gap junction system that connects these cells with Deiters’ cells. As discussed 

above, a low Cl− concentration in Deiters’ cells would favor K+ and Cl− entry though KCC4 

(and KCC3) based on the reasonable assumption that extracellular K+ is higher close to 

Deiters’ cells (where it is supplied by K+ efflux from outer hair cells) than close to type II 

fibrocytes (where it is lowered by uptake through NKCC1).

In this attractive K+ recycling model (model B in FIGURE 3), potassium ions may therefore 

be transported through many layers of cells efficiently via gap junctions and KCC 

cotransporters until again metabolic energy [dissipating Na+ gradients using the NKCC1 

(Na+/K+/2Cl−) cotransporter] provides new impetus for the rest of the pathway toward the 

stria vascularis. The idea of K+ recycling is in fact older and was originally based on 

morphology and the finding that K+ supply to the strial marginal cells originates from 

perilymph rather than blood (29, 59). The finding that disruption of proteins involved in K+ 

transport along this recycling pathway leads to a common phenotype, hair cell degeneration, 

supports this concept. However, alternative K+ pathways have been postulated and may well 

act in parallel to the pathway outlined above, such as models A and C of FIGURE 3. All K+ 

pathways are shown as arrows in FIGURE 3.

Although disruption of the ion channels and transporters discussed above mostly results in 

outer hair cell degeneration, disruption of many of the K+ secretory mechanisms in the stria 

additionally leads to a physical collapse of the endolymph space. This reflects the loss of 

fluid secretion associated with impaired KCl transport into the endolymph. Endolymph is 

enclosed by heterogeneous epithelia that include the stria vascularis, the organ of Corti, and 

Reissner’s membrane. As its volume decreases, the more compliant Reissner’s membrane 

approaches the basilar membrane, organ of Corti, and stria vascularis. Likewise, the 
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membraneous semicircular canals of the vestibular organ may collapse and may assume a 

starlike shape in cross sections.

The stria vascularis does not merely secrete K+-containing fluid. It also generates the lumen-

positive EP. Two tight-junction barriers at the marginal cell layer and the intermediate/basal 

cell layer ensure that neither K+ nor electric potential is dissipated. The K+ secretory 

mechanism in the marginal cells is depicted in FIGURE 3. Energized by inward movement 

of one Na+ ion, a basolateral Na+/K+/2Cl− cotransporter (NKCC1) moves 2 Cl− and 1 K+ 

ion against their electrochemical gradients into the cell. It additionally provides Na+ for the 

operation of the 3Na+/2K+-ATPase, which ultimately energizes NKCC1 but also contributes 

to K+ transport. The accompanying Cl− is recycled at the basolateral membrane via Cl− 

channels. K+ is secreted into the endolymph via K+ channels. The apical membrane 

potential difference is on the order of few mV because K+ concentrations are similar on both 

sides. This also ensures that the voltage-activated K+ conductance formed by KCNQ1/

KCNE1 heteromeric channels is active (6, 51). However, based on microelectrode studies, 

the basolateral membrane voltage is very low as well (38). This membrane has a dominant 

Cl− conductance, which ensures together with a high intracellular Cl− concentration (36) 

that the EP generated by the preceding cell layer is not dissipated. Since the mechanisms 

described above are tightly linked, isolated disruption in mice often leads to similar 

phenotypes based on a loss of KCl secretion into the endolymph space and consecutive loss 

of fluid secretion.

Knockout models for NKCC1 show a lack of K+ secretion into the endolymphatic space 

and, as a consequence, exhibit a collapse of Reissner’s membrane and of the vestibular 

endolymph system (17, 18). Their phenotypes include bidirectional circling, hyperactivity, 

and head bobbing described as shaker/waltzer behavior, although mice may also exhibit 

neurological deficits related to the lack of neuronal NKCC1 (46).

The Cl− ions accompanying the K+ are recycled at the basolateral membrane via ClC-Ka 

and ClC-Kb, as was proposed from whole cell patch-clamp analysis and single-cell PCR (2, 

34, 49). Both subunits heteromerize with a β-subunit called barttin. This is illustrated by 

deafness in human Bartter’s syndrome type IV that results from mutations in BSND, the 

gene encoding barttin (8), and deafness in a recent mouse model we produced (47). Barttin 

is present in the basolateral membranes of strial marginal and various cell types of the distal 

nephron (19).

The absence of functional ClC-K chloride channels from the basolateral membrane in 

kidney tubule cells due to mutations in either ClC-Kb (Bartter’s syndrome type III) or 

barttin (type IV) entails salt loss (8, 56). Interestingly, expression of ClC-Ka and -Kb is 

redundant in the inner ear, as hypothesized from the finding that Bartter type III patients 

hear normally and that ClC-Ka knockout mice have not been reported to be deaf. This is 

supported by patients showing Bartter type IV symptoms with mutations in both ClC-Ka and 

-Kb but not barttin (45, 53). Thus ClC-Kb expression is rate limiting only in the kidney, 

explaining why its disruption alone leads to Bartter’s syndrome without deafness.
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In barttin KO mice, NKCC1 cotransporter function is expected to be impaired in strial 

marginal cells, since Cl− recycling is strongly reduced at the basolateral membrane. This is 

similar to impairment of Cl− reabsorption in Bartter Type I patients (with defective luminal 

ROMK potassium channels) where K+ recycling limits NaCl reabsorption in the thick 

ascending limb of the kidney tubule. Unexpectedly, fluid secretion into the endolymph was 

not affected in barttin KO mice. The position of Reissner’s membrane was normal in mice 

with selective deletion of barttin in the inner ear. Both spurious Na+ and Cl− conductances 

could help to maintain K+ uptake at the basolateral membrane via a Na+-K+-ATPase or 

NKCC1. The mechanism of hearing loss turned out to be related to the loss of EP. This 

potential is believed to be largely generated across the apical membrane of the intermediate 

cells facing the marginal cells. It expresses KCNJ10 (Kir 4.1), and mice with a deletion of 

this inwardly rectifying K+ channel are also deaf but show diminished K+ secretion in 

addition to loss of the EP (37). Mutations in KCNJ10 have been shown to cause deafness, 

epilepsy, ataxia, and changes in renal calcium and magnesium handling in humans (8a, 54). 

To generate a large potential difference across this membrane, intrastrial K+ must be low—

this has been established by ion-selective microelectrode studies (44, 50). Its low 

concentration relies on effective removal of K+ by the strial marginal cells. With Cl− 

recycling at the basolateral membrane impaired, NKCC1 will cease to operate. This will 

affect K+ removal from the intrastrial space by both NKCC1 and the 3Na+/2K+-ATPase 

since the former provides the latter with Na+. The K+ concentration in the intrastrial space is 

expected to rise, collapsing the voltage at the apical membrane of strial intermediate cells. 

Accordingly, the EP was reduced from about +100 mV to roughly +15 mV, whereas 

endolymphatic K+ concentration was normal in barttin-deficient mice (47). A loss of EP 

impairs hair cell function, and a hearing loss of 60 dB was indeed observed. A loss of 

otoacoustic emissions apparent at hearing onset indicates that outer hair cell dysfunction 

occurs before degenerative changes appear.

As expected, disruption of the luminal K+ exit channel from strial marginal cells leads to a 

very severe loss of K+ secretion. This luminal exit is mediated by KCNQ1/KCNE1 

heteromeric channels (35, 65). Loss-of-function mutations in either of these subunits cause 

recessive Jervell-Lange-Nielsen syndrome in humans (60), characterized by deafness and 

cardiac arrhythmia. Heteromeric KCNQ1/KCNE1 also play an important role in repolarizing 

cardiac cells. Notably, dominant mutations in either subunit, leading to Romano-Ward-

syndrome (70), affect the heart but not the inner ear. The residual function of ~6% 

homomeric wild-type channels expected to assemble in these heterozygous patients is 

apparently sufficient to sustain K+ secretion in the stria. In contrast, a KCNE1 knockout 

mouse model (64) showed a collapse of Reissner’s membrane and a degeneration of hair 

cells at an early stage in cochlear development. A mouse deficient for KCNQ1 (32) 

replicates the ear phenotype of KCNE1 knockout mice, providing genetic evidence that 

other subunits or other potassium channels cannot substitute for this heteromer in the stria 

vascularis. The latter had already been suggested by the complete absence of K+ secretion in 

Ussing chamber experiments on stria from KCNE1 knockout mice (64).

Many transport mechanisms found in stria vascularis were first discovered in the vestibular 

labyrinth where K+ secretion is mediated by vestibular dark cells that are largely equivalent 

to strial marginal cells (65). Some K+ transport mechanisms are unique to the stria vascularis 
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and are not found in its vestibular equivalent. Based on prominent expression of gastric-type 

proton ATPase in the stria and the lateral cochlear wall and the effect of inhibitors on the 

EP, its role in K+ recycling was hypothesized (55), but very high doses of inhibitors were 

required, and endolymph pH regulation may be impaired under these circumstances as well. 

It is therefore unlikely that this process directly contributes to the generation of the EP. A 

prominent difference between cochlear stria and the vestibular epithelium is the lack of 

intermediate cells, generating the EP in the stria. KCNJ10 expression was found to be 

restricted to strial intermediate cells, with no expression in the vestibulum (21, 62). 

Consistently, KCNJ10 KO mice show deafness but lack an apparent vestibular phenotype 

(37). In this mouse model, vestibular K+ secretion was unaffected, but the K+ content of the 

cochlear endolymph was reduced. Absence of KCNJ10 expression and thereby loss of the 

EP is also found in a Pendred syndrome mouse model (20, 67). Pendrin is a member of the 

SLC transporter family and may exchange chloride for bicarbonate in the inner ear. A series 

of studies has established a chain of events that ultimately lead to a loss of KCNJ10 in the 

stria and, consequently, a reduction of the EP. Loss of pendrin causes acidification of the 

cochlear endolymph (68), which in turn impairs Ca2+ absorption from endolymph (42, 68), 

causing free oxygen radical stress (57), which ultimately abolishes KCNJ10 expression in 

intermediate cells (67). Heterozygous mutations in both pendrin and KCNJ10 lead to a 

hearing loss with enlarged vestibular aquaduct, as in Pendred syndrome. Data from 

heterozygous pendrin KO mice suggest this is again due to reduced KCNJ10 expression 

(72). Altered pH affecting ion transporter expression may hint at the mechanism in two other 

settings, where mechanisms have not been studied in great detail so far. Deafness is also 

associated with mutations in two H+ ATPase subunits, ATP6B1 (24) and ATP6V0A4 (61), 

the latter of which was shown to be expressed in the inner ear. Interestingly, a KO model for 

claudin-11 (28) shows a similar phenotype as in KCNJ10 KO mice where there is an 

increased hearing threshold, a strongly reduced EP, but normal K+ concentration in the 

endolymph. In claudin-11-deficient mice, tight junctions are missing between strial basal 

cells, whereas they are morphologically normal between strial marginal cells. An intact 

electrical barrier in the basal cell layer is therefore essential for the generation of the EP.

Intermediate cells and basal cells connect to underlying fibrocytes via gap junctions at their 

basal side. Gap-junction channels or connexons consist of six connexin hemichannels on 

each opposing cell membrane. The importance of intermediate cell and fibrocyte gap 

junctions for hearing is illustrated by human mutations affecting several of their isoforms 

expressed in the inner ear. Connexin-26, -30, -31, and -43 are mutated in hereditary forms of 

deafness, and KO mouse models replicate this phenotype [connexin-30 (63), connexin-26 

(11)], although mechanisms may be diverse. Mutations in connexin-26 underlie DFNB1, the 

most frequent form of prelingual human deafness (3). A detailed analysis of mice with 

connexin-26 inactivated specifically in the epithelial gap-junction network revealed that 

supporting cells for the IHCs are the first to undergo apoptosis, followed by outer hair cells 

and their supporting cells (11). The epithelial gap-junction network is believed to funnel K+ 

away from the hair cells, and this mouse model thus supports the notion of K+ recycling via 

this route. Both EP and endolymph K+ were normal before any morphological change in the 

organ of Corti but were reduced later, probably as result of damage to the reticular lamina 

sealing endolymph from perilymph (11).
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Interestingly, the endolymph K+ concentration was initially normal in connexin-30 KO 

mice, but the EP was absent (63). It is tempting to speculate that the arrangement of 

electrically coupled cells underlying the intermediate cells allows full exploitation of the K+ 

diffusion potential created across the “apical” membrane of intermediate cells (facing the 

marginal cells) for the generation of the EP. If their basal membranes also expressed a 

dominant K+ conductance, the resulting transepithelial voltage would be nullified. These 

cells must maintain the basolateral membrane potential close to 0 mV, either via a 

nonselective cation conductance, which would load a single cell layer heavily with Na+, or a 

Cl− conductance in the presence of high intracellular chloride. The nature of this conductive 

pathway, however, remains elusive. Another possibility is that loss of the endothelial barrier 

in connexin-30 KO mice (12) leads to shunting of the EP, but since the endothelial barrier 

was already affected before development of the EP, more quantitative examination will be 

necessary to establish this as the cause. Interestingly, overexpression of connexin-26 

restored hearing in connexin-30-deficient mice (1).

Gap junctions most probably have additional functions in the cochlea, which are more 

related to their transfer of signaling molecules rather than to ion transport (73). A recent 

review has addressed these functions (43).

Summary

Even with a large variety of mouse models available for components of strial electrolyte 

transport, answers to many open questions will rely on the elimination of proteins in a cell-

specific manner to assess in isolation the effects of their disruption on the K+ recycling 

pathway. It is still not entirely clear, for example, how gap junctions contribute to the 

generation of the EP. It should also be noted that, although many pieces of evidence support 

the concept of K+ recycling in the cochlea and vestibulum, there are also alternative models 

(reviewed in Ref. 66). However, it is reassuring that the components of the stria have been 

sufficiently characterized for mathematical models of K+ transport, based on some 

experimental data and assuming K+ recycling, to predict accurately a number of other 

experimentally confirmed parameters (35, 43).
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FIGURE 1. Overview of the inner ear
A: sound encodes time and amplitude information for pressure variations in air, which reach 

the outer ear. The bar of music was taken from “Fantasie in C Moll” by W.A. Mozart, 

KV475, completed 1785 in Wien. It was reproduced with permission from the publisher 

(Munchen, Germany: G. Hale Verlag, 1992). B: impedance conversion by the middle ear 

ossicles from air to the fluid-filled cochlea, depicted uncoiled to reveal the location of 

frequency detection. Due to passive properties of the basilar membrane and active 

amplification through the electromotile outer hair cells, a standing wave peaks at the base of 

the cochlea for high frequencies and at the apex for low frequencies. C: anatomy of the 
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cochlea and vestibular labyrinth. Parts of this figure have been redrawn from Ref. 36a, with 

permission of the authors, editors, and publisher (Elsevier).
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FIGURE 2. Diagram of a cross section of the coiled cochlea
The scala media (pink) is filled with endolymph, an unusual extracellular fluid that is high in 

K+ and low in Na+ and Ca2+ content. The composition of this fluid is maintained by the 

epithelial cells bounding the cochlear duct lumen that include the stria vascularis in the 

lateral wall, Reissner’s membrane, and the organ of Corti that contains the sensory inner hair 

cells and the outer hair cells that provide amplification of the sound-induced mechanical 

vibrations of the basilar membrane. Parts of this figure have been redrawn from Ref. 36a, 

with permission of the authors, editors, and publisher (Elsevier).
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FIGURE 3. Overview over the stria marginalis and its K+ transport mechanisms and two 
alternative K+ pathways removing K+ from the hair cells
The stria vascularis consists of three distinct cell types: marginal cells, intermediate, and 

basal cells. Intermediate cells are connected via gap junctions to basal cells, which in turn 

form connexons with underlying fibrocytes. Model A postulates that K+ released from hair 

cells cycles back to the stria vascularis through the open perilymph space, whereas model B 

entails K+ recycling through inner phalangeal cells, marked as supporting cells (SC) here, in 

the case of inner hair cells (IHC) or Deiters’ cells (DC) in the case of outer hair cells (OHC). 

These cells act as a K+ buffer in model C. Note that these three models are not mutually 

exclusive. Parts of this figure have been redrawn from Ref. 36a, with permission of the 

authors, editors, and publisher (Elsevier).
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