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KCNQ4 is an M-type Kþ channel expressed in sensory hair

cells of the inner ear and in the central auditory pathway.

KCNQ4 mutations underlie human DFNA2 dominant

progressive hearing loss. We now generated mice in

which the KCNQ4 gene was disrupted or carried a

dominant negative DFNA2 mutation. Although KCNQ4 is

strongly expressed in vestibular hair cells, vestibular

function appeared normal. Auditory function was only

slightly impaired initially. It then declined over several

weeks in Kcnq4�/� mice and over several months in mice

carrying the dominant negative allele. This progressive

hearing loss was paralleled by a selective degeneration

of outer hair cells (OHCs). KCNQ4 disruption abolished the

IK,n current of OHCs. The ensuing depolarization of OHCs

impaired sound amplification. Inner hair cells and their

afferent synapses remained mostly intact. These cells were

only slightly depolarized and showed near-normal presynaptic

function. We conclude that the hearing loss in DFNA2

is predominantly caused by a slow degeneration of OHCs

resulting from chronic depolarization.
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Introduction

Hearing loss is the most frequent inherited sensory defect

in humans and increases dramatically with age (Petit et al,

2001). Inherited hearing loss may be syndromic (associated

with other abnormalities) or nonsyndromic. Nonsyndromic

deafness may be inherited as X-linked, autosomal dominant

or/and autosomal recessive traits. In general, autosomal

recessive deafness has an early onset and is very severe,

whereas autosomal dominant deafness often develops slowly

over decades.

We had cloned KCNQ4 as a hitherto unknown member of

the KCNQ Kþ channel family, have mapped its gene to the

DFNA2 deafness locus and have identified KCNQ4 mutations

in patients with DFNA2 (Kubisch et al, 1999). These muta-

tions suppressed currents of coexpressed wild-type (WT)

subunits in a dominant negative manner. Like other KCNQ

channels, in particular KCNQ2–KCNQ3 heteromers

(Schroeder et al, 1998; Wang et al, 1998), KCNQ4 mediates

M-type Kþ currents (Kubisch et al, 1999). M-currents may

regulate neuronal excitability and are characterized by their

modulation through neurotransmitters, their voltage depen-

dence and their pharmacological profile (Jentsch, 2000).

Most KCNQ proteins (KCNQ2 to KCNQ5) can form homo-

and heteromeric channels. KCNQ3 is able to associate with

all KCNQ proteins except for KCNQ1. The carboxy-terminal

domain mediating subunit-specific interactions has been

mapped (Schwake et al, 2003). KCNQ4 can form functional

heteromers with KCNQ3 in heterologous expression systems

(Kubisch et al, 1999), but it is unknown whether this occurs

in vivo. In the inner ear, KCNQ4 mRNA was localized to outer

hair cells (OHCs) of the organ of Corti (Kubisch et al, 1999).

Immunocytochemistry revealed the presence of the KCNQ4

protein in plasma membranes of OHCs and type I vestibular

hair cells (Kharkovets et al, 2000). In the first few days after

birth, KCNQ4 was expressed in the entire basal and lateral

membrane of OHCs (Boettger et al, 2002), but after the onset

of hearing (P12–14), it localized exclusively to the basal pole.

This localization suggested (Kharkovets et al, 2000) that

KCNQ4 might serve to extrude Kþ ions that enter OHCs

through apical mechanosensitive channels, which may be

encoded by TrpA1 (Corey et al, 2004). After their exit from

OHCs, Kþ ions are taken up by supporting cells, presumably

using K–Cl cotransport (Boettger et al, 2002, 2003). KCNQ4 is

also quite specifically expressed in several nuclei and tracts of

the central auditory pathway in the brainstem (Kharkovets

et al, 2000).

In order to understand the mechanism leading to DFNA2

deafness and to elucidate the role of KCNQ4 in hearing, we

now generated a constitutive knockout (KO) of KCNQ4 and

a knock-in (KI) of a dominant negative KCNQ4 mutation

we had identified in DFNA2 patients (Kubisch et al, 1999).

Our results show that deafness is due to a slow degeneration

of cochlear OHCs. This degeneration is faster in the total KO

than in animals heterozygous for the dominant negative

mutation. Our study identifies the native Kþ currents that

are mediated by KCNQ4 and provides animal models for

human progressive deafness.
Received: 29 July 2005; accepted: 19 December 2005; published
online: 26 January 2006

*Corresponding author. Zentrum für Molekulare Neurobiologie, ZMNH,
Universität Hamburg, Falkenried 94, Hamburg 20246, Germany.
Tel.: þ 49 40 42803 4741; Fax: þ 49 40 42803 4839;
E-mail: Jentsch@zmnh.uni-hamburg.de
4Present address: Carl-von-Ossietzky-Universität Oldenburg, Carl-von-
Ossietzky-Strasse 9-11, 26111 Oldenburg, Germany

The EMBO Journal (2006) 25, 642–652 | & 2006 European Molecular Biology Organization | All Rights Reserved 0261-4189/06

www.embojournal.org

The EMBO Journal VOL 25 | NO 3 | 2006 &2006 European Molecular Biology Organization

 

EMBO
 

THE

EMBO
JOURNAL

THE

EMBO
JOURNAL

642



Results

Generation of KCNQ4 mouse models

Using homologous recombination in embryonic stem (ES)

cells, we created a mouse line with a deletion of Kcnq4 exons

6–8 and a KI mouse strain carrying the equivalent (G286S)

of the human G285S mutation that was identified in a

patient with DFNA2 and that exerted strong dominant

negative effects (Kubisch et al, 1999) (Figure 1A–C and

Supplementary Figure S1).

The elimination of exons 6–8 yields a non-functional

protein by truncating it at the beginning of the pore-forming

P-segment (Figure 1C). The deletion of a carboxy-terminal

module that is essential for subunit oligomerization (Schmitt

et al, 2000; Schwake et al, 2003) prevents dominant negative

effects on KCNQ3 and KCNQ4 subunits. The dominant nega-

tive G286S mutation (Figure 1B), which changes the first

glycine of the conserved GYG motif in the P-segment,

abolishes channel activity not only in homomeric mutant

channels, but also when present in a heteromer with WT

subunits (Kubisch et al, 1999). This allele is called Kcnq4dn.

Mice homozygous for either genotype were obtained at

approximately Mendelian ratio. Staining for the KCNQ4

protein revealed its presence at the base of WT OHCs

(Figure 1D), as described previously (Kharkovets et al,

2000). In contrast, KCNQ4 could not be detected in OHCs

from Kcnq4�/� mice (Figure 1E), a result that also confirmed

the specificity of the antibody. Because the expression of the

dominant negative allele might be changed by the intronic

loxP sites (Figure 1B), mutant mRNA levels were determined

by quantitative PCR from brainstem, which also expresses

KCNQ4 (Kharkovets et al, 2000). Its abundance was indis-

tinguishable from that of the WT message (Supplementary

Figure S1C).

Both KCNQ4 mouse models lacked a visible phenotype and

displayed normal growth and development. Although KCNQ4

is expressed in type I vestibular hair cells (Kharkovets et al,

2000), the vestibular function of KO mice appeared normal.

They lacked a circling behaviour and performed equally well

in rotarod tests. In histological analysis, the vestibular organ

appeared normal (Figure 5H and data not shown). As KCNQ4

is also weakly expressed in the heart (Kubisch et al, 1999),

electrocardiogram (ECG) analysis was performed. It did not

reveal obvious abnormalities (data not shown).

Evaluation of hearing

We examined auditory function by measuring auditory brain-

stem responses (ABR) to clicks and tone bursts and oto-

acoustic emissions. ABR reflect the synchronized electrical

activity of the ascending auditory pathway and thus provide

information on the sequential processing of acoustical signals

in the inner ear and brainstem. Otoacoustic emissions, on the

other hand, reflect OHC activity. The nonlinear properties of

the cochlear amplifier, which depends on the electromotility

of OHCs, leads to emission of multiple frequencies like 2f1�f2
when the cochlea is exposed simultaneously to two frequen-

cies f1 and f2. These can be measured as distortion product

otoacoustic emissions (DPOAEs) (Robles and Ruggero, 2001).

Auditory brainstem responses to clicks with an upper

frequency limit of 5.5 kHz were used to determine hearing

thresholds of mice of different genotypes from P14 (14 days

after birth) up to the age of 60 weeks (Figure 2A and B). WT

animals had a hearing threshold of about 57 dB pe SPL (peak

equivalent sound pressure level) that remained stable over

time. At P14 (mice begin to hear at P10–11), Kcnq4�/�,

Kcnq4þ /dn and Kcnq4dn/dn animals had a higher hearing

threshold than controls. However, after an additional week

(P21), their hearing ability at these frequencies approached

that of WT controls. At that time, ABR latencies and inter-

peak intervals of waves I–V were normal (no significant

differences (o5%)) (Supplementary Figure S2). As these

peaks originate in distinct brainstem regions involved in

auditory processing, the loss of KCNQ4 expression in these

tracts and nuclei (Kharkovets et al, 2000) apparently had no

major effect.

Both Kcnq4�/� and Kcnq4dn/dn animals thereafter devel-

oped a significant hearing loss. In heterozygous dominant

negative mice (Kcnq4þ /dn), the hearing loss was variable and

progressed more slowly. Both Kcnq4þ /dn and Kcnq4dn/dn

animals displayed a threshold shift of about 50–60 dB pe

SPL (compared to WT of the same age) at 42 weeks

(Figure 2B). In old mice (412 weeks), the average hearing

loss of Kcnq4dn/dn mice (n¼ 37) was somewhat more pro-

nounced than that of Kcnq4�/� mice (n¼ 28, DB11 dB;

Figure 1 Generation of KCNQ4-deficient mice. (A) Scheme of
mouse genomic Kcnq4 sequence (exons shown as white boxes)
with an insertion of a loxP site in intron 5 and a neomycin selection
cassette (NEO) that was flanked by loxP sites in intron 8. A point
mutation introduced into exon 6 causes the G286S amino-acid
exchange that is equivalent to a mutation found in a patient
(Kubisch et al, 1999). After homologous recombination in ES
cells, treatment with Cre-recombinase yielded two types of clones
that were selected for injection into blastocysts: (B) a clone carrying
the G286S mutation and two intronic loxP sites (it encodes a
channel carrying the dominant mutation in the pore, as indicated
by the red ball in the topology model below); (C) a clone in which
deletion of exons 6–8 leads to a truncated, non-functional protein
schematically shown below. Immuncytochemistry on the organ of
Corti of WT (D) and Kcnq4�/� (E) mice revealed the KCNQ4 protein
(green) at the base of WT but not KO OHCs. Supporting Deiters’
cells (DC), located at the base of OHCs, are stained for the KCl
cotransporter KCC4 (Boettger et al, 2002) (red). Nuclei are stained
with TOTO (blue). Scale bar: 29mm (D).
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Po0.001; Figure 2A). No hearing impairment was detected in

Kcnq4þ /� animals.

To investigate whether the lack of KCNQ4 affects hair cell

function at 3 weeks, when low-frequency clicks revealed only

slight, nonsignificant differences in hearing ability and when

OHCs had not yet degenerated (see below), we measured

ABR at a higher frequency and determined otoacoustic emis-

sions. In response to a 16 kHz stimulation (that excites the

region of high sensitivity in mouse cochlea), the ABR thresh-

old of 3-week-old Kcnq4�/� mice was shifted by about 35 dB

pe SPL compared to controls (62.971.8 dB pe SPL (n¼ 7) for

KO versus 27.872.8 dB pe SPL (n¼ 9) for WT).

DPOAEs could be recorded from 3-week-old Kcnq4�/�

mice, albeit with lower amplitude (Figure 2C). Consistent

with the ABR findings, the average input–output function of

DPOAEs showed a shift of about 20 dB (4 KO versus 6 WT

mice, f2¼16 kHz; Figure 2D). At 8–10 weeks of age, DPOAEs

were not distinguishable from the noise floor in Kcnq4�/�

mice, but were readily observed in WT littermates (data not

shown).

Morphological analysis of the inner ear

The morphology of the inner ear was assessed by haematox-

ylin–eosin (HE) staining of paraffin sections. First, abnorm-

alities were observed in Kcnq4�/� animals at an age of about

4 weeks, whereas they became detectable in Kcnq4þ /dn

animals only later (Figure 3A–L and Supplementary Table

1). We observed a selective degeneration of OHCs of the basal

(high frequency) turn, whereas inner hair cells (IHCs) and

the neurons of the spiral ganglion were apparently not

affected. The degeneration, which displayed considerable

variability between individual animals, progressed over

time. Examination of 1-year-old animals revealed a nearly

complete loss of OHCs in the basal turn of both Kcnq4�/� and

Kcnq4þ /dn genotypes (Figure 3J–O and Supplementary Table

1), whereas OHCs of the apical (low frequency) turn were

apparently preserved over the entire lifespan. Even at 1 year

of age, the degeneration nearly exclusively affected OHCs,

while leaving IHCs largely intact. These results were con-

firmed by staining OHCs with an antibody against the motor

protein prestin (Weber et al, 2002) and IHCs for calretinin

(Dechesne et al, 1994) in basal (Figure 3M–O) and apical

(Figure 2P–R) turns. A few old (41 year) Kcnq4�/� and

Kcnq4þ /dn animals also displayed a loss of IHCs of the basal

turn that was associated with a neurodegeneration in the

spiral ganglion. However, even in WT animals, some IHC

degeneration was occasionally seen in basal turns.

The position of Reissner’s membrane, which delimits the

scala media, was normal in all genotypes, indicating that salt

and fluid secretion by the stria vascularis was not signifi-

cantly impaired. Although KCNQ4 is expressed in type I

vestibular hair cells (Kharkovets et al, 2000), histological

examination revealed no degeneration in the vestibular

organ. We could neither detect morphological changes in

the cochlear nucleus, a relay station in the central auditory

pathway that expresses KCNQ4 (Kharkovets et al, 2000).

The ultrastructure of the organ of Corti was investigated

by electron microscopy (Figure 4). At 10 weeks of age, OHCs

and IHCs of apical turns were well preserved in the KO

(Figure 4B) as compared to WT (Figure 4A). In basal turns,

however, OHCs showed cytoplasmic vacuolization that was

not observed in the WT (Figure 4C and D). In spite of these

degenerative changes in OHCs, the cuticular plate and the

tight junctions, which are important for maintaining the

electrochemical gradient between the scala media and

the perilymph bathing the basolateral membranes of hair

cells, appeared intact (Figure 4E and F). High-power electron

Figure 2 Hearing ability of Kcnq4 genotypes as a function of age.
(A) Time course of ABR thresholds (low-frequency clicks): Kcnq4þ /þ

(WT) and Kcnq4þ /� animals have thresholds of B57 dB pe SPL,
which remain constant after the onset of hearing at B2 weeks. After
improving from postnatal day 14 (P14) to BP21, Kcnq4�/� (KO)
hearing deteriorates rapidly to a constant hearing loss of B51 dB pe
SPL after 8 weeks. (B) ABR thresholds of homo- and heterozygous
animals carrying the dominant negative G286S Kcnq4dn allele
compared to WT littermates. In Kcnq4dn/dn mice, hearing loss
progresses as in KO mice to reach B62 dB pe SPL. Kcnq4þ /dn

mice mimicking heterozygous DFNA2 patients develop deafness
much more slowly. (C) Power spectrum of the microphone signal
recorded from representative 3-week-old Kcnq4�/� (red) and
Kcnq4þ /þ (black) mice showing the 2f1�f2 distortion product
otoacoustic emission (DPOAE at 10.7 kHz), as well as the primary
tones (f1¼13.3 kHz and f2¼16 kHz); mutant data are laterally offset
for better visibility. (D) Input–output functions for DPOAEs (noise
floor subtracted 2f1�f2 DPOAE, f2¼16 kHz, six ears for WT (black)
and four ears for KO (red)). Dashed lines represent linear approx-
imations of the suprathreshold part of the input–output functions.
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Figure 3 Degeneration in the organ of Corti. Basal turns of the cochlea of WT, Kcnq4þ /dn and Kcnq4�/� (KO) mice (left, centre and right
panels, respectively) at ages stated at left were either stained with HE (A–L) or with an antibody against prestin (green) and against calretinin
(red) (M–O). As the time course of degeneration varied, representative pictures are shown. No changes were seen in mutated cochleae at P14
(B, C) or P28 (E, F) compared to WT of the same age (A and D, respectively). At 7 weeks (G–I), OHCs of KO mice (I) showed severe
degeneration, whereas those of Kcnq4þ /dn mice (H) remained largely intact. At 1 year of age (J–L), OHCs of both mutants had disappeared,
whereas IHCs appeared normal. This was confirmed by staining for the OHC marker prestin and for calretinin, which labels IHCs, in a basal
cochlear turn of 1-year-old mice of the three genotypes (P–R). Similar staining of apical turns from 1-year-old mice reveals the presence of both
OHCs and IHCs. For a statistical analysis of hair cell degeneration, see Supplementary Table 1. Scale bar: 30mm (M).
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microscopical pictures of IHCs and OHCs of apical turns of

10-month-old animals did not reveal differences between WT

and KO (Figure 4G–J). Except for occasional double ribbon

synapses in the KO (Figure 4M), which are commonly inter-

preted as a sign of immaturity (Sobkowicz et al, 1982), the

synaptic zones of KO IHCs did not differ morphologically

from WT controls of the same age (4 months) (Figure 4K

and L).

As the impact of a loss of KCNQ4 may depend on hetero-

merization with KCNQ3 or on a coexpression with other

KCNQ channels, we investigated their cochlear expression

by immunocytochemistry. In the cochlea, KCNQ1 is found

exclusively in the apical membranes of marginal cells of the

stria vascularis (Neyroud et al, 1997). An antibody against

KCNQ2 (Cooper et al, 2001) failed to label hair cells, but

stained apparently unmyelinated segments of axons innervat-

ing these cells (Figure 5A and B). An antibody against KCNQ3

(Cooper et al, 2001) did not label cochlear structures,

although it stained brain sections under the same conditions

(Devaux et al, 2004) (data not shown). Whereas KCNQ5 was

found in vestibular hair cells, where its expression over-

lapped with KCNQ4 (Figure 5C–E), no specific KCNQ5 signal

was detected in the organ of Corti with our own antibody or

that of Villarroel and co-workers (Yus-Najera et al, 2003).

Kþ currents of outer and inner hair cells

Patch-clamp studies of hair cells from the first apical turn

were performed on animals from various genotypes at P12–

14, that is, before degenerative changes became visible.

Resting potentials VR of OHCs were measured at zero current

in the current clamp mode of the whole-cell configuration

with an extracellular solution containing 5.8 mM Kþ .

Kcnq4þ /þ and Kcnq4þ /� animals showed similar values of

Figure 4 Semithin sections of apical (A, B) and basal turns (C–E)
of 10-week-old WT and Kcnq4�/� mouse cochleae. Sensory cells in
(B) are well preserved, whereas OHCs in (D) show vacuolization of
the cytoplasm. Note the presence of the reticular lamina and
cuticular plate (cp) in an ultrathin section from a basal turn of a
10-week-old Kcnq4�/� organ of Corti (E). (F) Higher magnification
of the boxed area in (E), with normal tight junction (arrow). (G–J)
High-power transmission electron micrographs of 10-week-old (G,
H) and 4-month-old (I, J) OHCs and IHCs, respectively, from WT
and KO mice in the apical cochlear turn. Even after 4 months, when
KO OHCs of basal turns have degenerated, they are morphologically
unaltered in the KO. (K–M) Ultrastructural analysis of synaptic
zones of IHCs from 4-month-old WT and KO mice. In addition to
mature single ribbon synapses (K, L), double ribbon synapses
typically found in immature IHCs were found in the KO (M).
(r: synaptic ribbon; A: afferent dendrite). Scale bars: 20mm (A–E),
1 mm (F), 2.5 mm (G–J) and 0.5mm (K–M).

Figure 5 Expression of KCNQ2 and KCNQ5 in the inner ear.
(A) KCNQ2 (green) in afferent fibres of IHCs that are identified
by calretinin staining (red). DC: supporting Deiters’ cells. (B) Counter-
staining for myelin-associated glycoprotein (MAG, red) shows
that KCNQ2 (green) is present in unmyelinated segments of the
nerve. No KCNQ2 staining is detected in IHCs or OHCs. (C) KCNQ5
is expressed in a subset of vestibular hair cells of the crista ampullaris,
which also express KCNQ4 (red) (D) as shown in the overlay (E).
(F–H) Vestibular expression of KCNQ5 in WT (F), Kcnq4þ /�

(G) and Kcnq4�/� (H) mice. Scale bars: 29.4 mm.
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Figure 6 Patch-clamp analysis of OHCs and IHCs. Representative whole-cell Kþ currents from OHCs of Kcnq4þ /þ (A, B), Kcnq4�/� (D, E) and
Kcnq4þ /dn (G, H) mice before (A, D, G) and after the application of 0.5mM XE991 (B, E, H). (C, F, I, K, L) I/V curves derived from tail currents
in WT (C) and mutated OHCs (F, I, K, L) before (J) and after (K) the application of 0.5 mM XE991. Cells were clamped to voltages between
þ 40 and �140 mV in steps of 10 mV. Values shown are mean7s.e.m.; n¼ 6–9. There is a significant XE991-sensitive current component in WT
(D) (C), which was fitted with a Boltzmann function (Supplementary Methods). This component was present neither in KO (Kcnq4�/�) OHCs
(F) nor in Kcnq4dn/dn mice (L). OHCs of Kcnq4þ /� (K) and Kcnq4þ /dn mice (I) have decreased XE991-sensitive currents. (J) Resting membrane
potentials of OHCs. OHCs of Kcnq4�/�, Kcnq4þ /dn and Kcnq4dn/dn mice were depolarized by 10–17 mV compared to WT (Kcnq4þ /þ ).
Asterisks show statistical significance at the Pp0.001 level (t-test). (M) Resting membrane potentials of IHCs were significantly lower (by
6–8 mV) in Kcnq4�/�, Kcnq4dn/dn and Kcnq4þ /dn mice than in WTand Kcnq4þ /� animals (Pp0.005, t-test). In (J, M), numbers in bars indicate
the number of measurements n, error bars s.e.m. (N) I/V relationship of the hyperpolarizing whole-cell Kþ currents of IHCs (Supplementary
Figure S3). Differences between Kcnq4þ /þ and Kcnq4þ /dn mice are significant at �150 mV. Values are given as the mean7s.e.m.; n¼ 5–11. In
I/V curves, data points were connected by lines, except for the Boltzmann fit of XE991-senstitive currents in (C).
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VR¼�58.070.9 and �57.471 mV, respectively. By contrast,

OHCs from Kcnq4�/�, Kcnq4þ /dn and Kcnq4dn/dn mice were

depolarized by about 10–17 mV compared to WT

(VR¼�45.671.4, �46.971.6 and �41.072.1 mV, respec-

tively) (Figure 6J).

In WT OHCs, depolarizing pulses induced slowly activat-

ing and partially inactivating outward currents. At 40 mV,

steady-state current amplitude reached 9373% of the peak

current amplitude (n¼ 13, Kcnq4þ /þ OHC; Figure 6A).

Activation time constants of these currents were derived

from monoexponential fits to the first 16 ms after stimulus

onset and ranged from 2073 ms at �20 mV to 671 ms at

40 mV. Hyperpolarizing steps led to instantaneous inward

currents (Figure 6A) that deactivated with an approximately

monoexponential time course. Time constants ranged from

1071 ms at �140 mV to 2373 ms at �110 mV (n¼ 13,

Kcnq4þ /þ OHC). XE991 (0.5 mM), a selective inhibitor of

KCNQ channels (Wang et al, 1998), inhibited the instanta-

neous inward current components in response to hyperpolar-

izing voltage steps and decreased the amplitude of the

outward currents (Marcotti and Kros, 1999) (Figure 6A–C).

I/V curves obtained from tail current analysis (Figure 6C)

showed that, in the WT, Kþ currents activated already at

voltages more negative than �100 mV. Inhibition by XE991

revealed that a major component of the KCNQ-independent

current component activated at a threshold of about �40 mV.

The XE991-sensitive current component activated at roughly

�120 mV. Fitting the current–voltage relationship with a

Boltzmann function yielded a half-maximal activation of

V1/2¼�8671.6 mV for the XE991-sensitive component

(Figure 6C). This component was significantly reduced in

Kcnq4þ /� mice (Figure 6K). In Kcnq4�/� (Figure 6D–F) and

Kcnq4dn/dn mice (Figure 6L), it was completely abolished. A

small portion of these currents was still measured in Kcnq4þ /dn

animals (Figure 6G–I). XE991 application did not influence

the resting membrane potential in Kcnq4�/� and Kcnq4dn/dn

mice, whereas it depolarized WT OHCs. Effects of the drug

were poorly reversible; therefore, the preparation was

discarded after XE991 application.

Compared to OHCs, resting membrane potentials of WT

IHCs were more hyperpolarized (VR¼�68.671.1 mV)

(Figure 6M). The disruption of Kcnq4 led to a depolarization

of IHCs. In line with our inability to detect KCNQ4 in IHCs by

immunocytochemistry (Kharkovets et al, 2000), this depolar-

ization (by 6–8 mV) was much less pronounced than in

OHCs (VR¼�62.471.1mV for Kcnq4�/�, VR¼�63.871.1mV

for Kcnq4þ /dn and VR¼�61.671 mV for Kcnq4dn/dn).

Differences within the groups of mice carrying different

KCNQ4 mutations were again not significant. We were unable

to detect a clear XE991-sensitive current component in WT

IHCs, although the inhibitor depolarized these cells by 3–

5 mV. Membrane currents of IHC differed in the transient

response to hyperpolarization (Supplementary Figure S3).

We, therefore, analysed the voltage dependence of activation

11 ms after the onset of the voltage change. IHC of Kcnq4�/�

and Kcnq4dn/dn mice showed smaller inward currents

than Kcnq4þ /þ and Kcnq4þ /dn mice (Figure 6N and

Supplementary Figure S3).

Presynaptic function of inner hair cells

Ca2þ currents and exocytosis in apical IHCs of mature

Kcnq4�/� mice were studied at 8 weeks, when hearing was

already severely reduced (Figure 2A). For comparing the

intrinsic presynaptic function, cells were stimulated from a

hyperpolarized potential (�74 mV). Figure 7A displays repre-

sentative Ca2þ currents and exocytotic capacitance changes

of WT and Kcnq4�/� IHCs in response to 20 ms double-pulse

depolarizations to test for fast exocytosis (Moser and Beutner,

2000). These were not significantly different between geno-

types (Figure 7B). Similar findings were obtained with 50 ms

double-pulse depolarizations (Figure 7C), which mainly test

Figure 7 Presynaptic properties of IHCs. (A) DCm responses (mid-
dle) and Ca2þ currents (bottom) of two representative Kcnq4�/�

and WT IHCs to a 2� 20 ms depolarization to �24 mV (top; black
bar represents the 70 mV peak-to-peak, 1 kHz sine wave potential
used for Cm estimation). The 40 ms of the Cm following stimulation
were disregarded because of a conductance-related artefact (same
in B, D). (B) Average DCm (top) and Ca2þ currents (bottom) evoked
by 2� 20 ms depolarization in Kcnq4�/� (n¼ 10) and WT (n¼ 14)
IHCs. (C) Responses to 2� 50 ms double-pulse depolarizations
(n¼ 9 for KO and n¼ 11 for WT). The differences between geno-
types in (B, C) are not statistically significant. (D) Ca2þ current I/V
relationships of WT (K) and KO IHCs (&) when holding at the
resting potential of WT IHCs (�69 mV, normalized to their respec-
tive peak currents), and of WT IHCs when holding at the resting
potential of KO IHCs (�63 mV (J), normalized to the mean WT
peak current elicited from a holding potential of �69 mV). (E, F)
Representative montages of confocal stacks obtained from WT (E)
and KO (F) organs of Corti immunostained for the presynaptic
ribbon (green, Ribeye/CtBP2; Schmitz et al, 2000) and postsynaptic
glutamate receptors (red, GluR2/3). In both whole mounts, ribbons
and dendrites are mostly juxtaposed, indicating intact gross synapse
morphology with anchored ribbons. Scale bars: 5 mm.
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the slow component of exocytosis (Moser and Beutner, 2000).

The voltage dependence of Ca2þ current activation from a

holding potential of �69 mV (resting potential of WT IHCs;

Figure 6M) was unchanged in Kcnq4�/� IHCs (Figure 7D). To

mimic the effect of the slight depolarization of KO IHCs, Ca2þ

currents were measured after a 20 s long pre-depolarization to

the potential of Kcnq4�/� IHCs (�62.4 mV; Figure 6M). The

small and nonsignificant reduction of the peak Ca2þ current

(Figure 7D) is unlikely to cause a major block of IHC

exocytosis.

Immunostaining of afferent IHC synapses (Figure 7E and

F) for presynaptic ribbons (Ribeye, green) (Khimich et al,

2005) and postsynaptic glutamate receptors (GluR2/3, red)

revealed comparable numbers of ribbon-containing afferent

synapses (11.970.7 for KO, n¼ 60 IHCs of four ears and

12.170.5 for WT, n¼ 42 IHCs of four ears). Consistent with

the electron microscopy (Figure 4K and L), these data suggest

that synapse morphology in the KO is intact.

Discussion

In order to understand the mechanisms underlying the slowly

progressive hearing loss in autosomal dominant DFNA2, we

have generated and analysed two different KCNQ4 mouse

models. Mice heterozygous for a KI of a dominant negative

mutation found in patients (Kubisch et al, 1999) closely

reflect the pathology of DFNA2. The second model, a com-

plete KO of the KCNQ4 potassium channel, provides a loss-of-

function model for KCNQ4 and hence a better understanding

of the physiological roles of KCNQ4.

Our mouse models recapitulate the slowly progressive

hearing loss in DFNA2 patients. Fortunate from an experi-

mental point of view, the rate of progression is much faster

in these mice than in humans, in whom the hearing loss

develops over decades (Coucke et al, 1999; De Leenheer et al,

2002). The total KO of KCNQ4 caused a more rapid progres-

sion towards deafness than the heterozygous presence of the

dominant negative mutant. This suggests that the presence of

1/16 of KCNQ4 currents, which is predicted to remain with

tetrameric Kþ channels upon heterozygous expression of a

strong dominant mutant, may lead to a significant delay in

hair cell degeneration. Mice heterozygous for the total KO

showed no hearing abnormalities, implying that 50% of

currents are sufficient for normal function.

KCNQ4 not only forms functional homo-oligomers, but

can also assemble with KCNQ3 to form hetero-oligomeric

channels (Kubisch et al, 1999) that will also be functionally

suppressed by the dominant negative KCNQ4 mutation. RT–

PCR on RNA from whole cochleae had revealed the presence

of KCNQ3 message (Kubisch et al, 1999). However, we were

unable to detect KCNQ3 in cochlear sections by immuno-

fluorescence with a KCNQ3 antibody that works in immuno-

histochemistry on brain tissue (Devaux et al, 2004). This

discrepancy might be explained by the higher sensitivity of

the PCR technique. The apparently complete loss of XE991-

sensitive currents in the total KO (Figure 5D) argues against a

significant presence of KCNQ3 in OHCs. However, as homo-

meric KCNQ3 yields only small currents (Schroeder et al,

1998; Kubisch et al, 1999), we cannot rule out that OHCs

express low levels of KCNQ3. The observation that Kcnq4dn/dn

mice display a slightly more pronounced hearing loss than

KO mice (Figure 2) might then be interpreted as a dominant

negative effect on KCNQ3.

The present mouse models support our previous hypoth-

esis that the slow progression of DFNA2 hearing loss is due

to a chronic depolarization and subsequent degeneration of

OHCs that ensues from the loss of a major OHC Kþ efflux

pathway (Kubisch et al, 1999; Kharkovets et al, 2000). In WT

animals, the IK,n current is already present to some degree at

the normal resting potential. Owing to the lack of this current,

KO OHCs were depolarized by about 10–17 mV. This depolar-

ization may increase Ca2þ influx through voltage-gated Ca2þ

channels, which may constitute a chronic stress for the cells

and lead to their degeneration. Depolarizing OHCs by raising

extracellular Kþ was previously shown to have deleterious

short- and long-term effects on OHCs (Zenner et al, 1994).

Interestingly, the KO of the a-subunit of the BK channel, a

Ca2þ -activated Kþ channel that is also expressed in hair

cells, led to deafness in mice as well (Rüttiger et al, 2004).

At first, our mice, just as DFNA2 patients, showed only a

slight hearing impairment. At that time, we found reduced

DPOAEs despite normal counts of OHCs. Several mechanisms

might contribute to the reduced cochlear amplification.

Firstly, the observed OHC depolarization of 10–17 mV

would decrease the mechanoelectrical transduction current

by lowering the driving force for apical Kþ influx that

normally amounts to about 150–160 mV. This would reduce

both stereociliar (Chan and Hudspeth, 2005; Kennedy et al,

2005) and somatic (Zheng et al, 2000; Liberman et al, 2002)

amplification mechanisms. Secondly, the lack of KCNQ4

reduced the membrane conductance at physiological vol-

tages. The resulting increase of the membrane time constant

would cause a major reduction of the AC component of the

receptor potential, resulting in a decreased somatic (prestin-

mediated) amplification. Thirdly, the depolarization may

reduce the dynamic range of the somatic OHC amplification

by shifting its operating point away from the optimal voltage.

In contrast to OHCs, a degeneration of IHCs was observed

only in rare cases in old animals. It was limited to basal turns

of the cochlea. The morphology and in vitro function of

afferent IHC synapses appeared normal as well (Figures

4K–M and 7). Satisfyingly, the extent of the mean maximum

hearing loss in our mice (50–60 dB) is compatible with a

selective loss of OHCs, electromotile cells that amplify the

mechanical vibration. The selective pharmacological ablation

of OHCs led to a hearing loss of about 30–50 dB (Ryan and

Dallos, 1975) and the genetic ablation of the motor protein

prestin increased the hearing threshold by 40–60 dB

(Liberman et al, 2002). Accordingly, the 16 kHz DPOAEs,

which reflect the amplifying properties of high-frequency

OHCs, were absent in 3-month-old KO animals. The prefer-

ential degeneration of OHCs in basal, high-frequency turns

correlates with the clinical observation that DFNA2 hearing

loss preferentially affects high frequencies (De Leenheer et al,

2002).

In patients with DFNA2, the hearing loss is not complete

either. It typically reaches 40–60 dB at 1 kHz at about 50 years

of age (De Leenheer et al, 2002). At later ages, however,

hearing loss can exceed 80 dB at 1 kHz and can even be more

severe at higher frequencies. Because such an extent of

hearing loss cannot be explained by a loss of OHCs alone,

there might be an additional impairment of IHCs at an age

when presbyacusis sets in.
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The slight depolarization of IHCs agrees with the detection

of KCNQ4 mRNA (Beisel et al, 2000; Kharkovets et al, 2000)

and IK,n-like currents in IHCs (Marcotti et al, 2003; Oliver

et al, 2003). Oliver et al (2003) have suggested that a loss of

KCNQ4 may cause DFNA2 deafness via a degeneration of

IHCs caused by an increase of their [Ca2þ ]i. The present data,

however, argue against IHC dysfunction or degeneration as

a major mechanism in DFNA2. The depolarization could

potentially impair afferent synaptic transmission by inactiva-

tion of IHC Ca2þ channels. We failed to detect any obvious

functional or morphological synaptic defects (Figure 7).

Moreover, we did not observe significant changes in pre-

synaptic Ca2þ currents upon chronic depolarization to the

putative resting potential of Kcnq4�/� IHCs. Therefore, it is

unlikely that an IHC synaptic defect contributes largely to

DFNA2 pathology. Our work neither supports the hypothesis

that a differential expression of KCNQ4 in IHCs and sensory

neurons is the basis of DFNA2 (Beisel et al, 2005).

Although KCNQ4 is highly expressed in type I vestibular

hair cells (Kharkovets et al, 2000), neither the total KO nor

the dominant negative line showed vestibular symptoms.

Also patients with DFNA2 do not display vestibular symp-

toms. We have shown here that the vestibular cells that

express KCNQ4 also express KCNQ5 (Figure 5C–E), suggest-

ing that KCNQ5 may compensate the loss of KCNQ4,

although it is not upregulated in the KO (Figure 5F–H).

Future patch-clamp experiments may clarify this issue and

could reveal whether KCNQ4 mediates the gK,l current of

vestibular hair cells (Correia and Lang, 1990), as postulated

previously (Kharkovets et al, 2000).

An important conclusion from the present study is that

the IK,n current in OHCs (Housley and Ashmore, 1992) is

mediated by KCNQ4. Such a role of KCNQ4 had been

proposed on the basis of a biophysical and pharmacological

comparison between IK,n and KCNQ4 currents (Marcotti and

Kros, 1999; Kharkovets et al, 2000) and by the localization

of KCNQ4 and IK,n currents to the basal pole of OHCs

(Nakagawa et al, 1994; Santos-Sacchi et al, 1997;

Kharkovets et al, 2000). However, in heterologous expression

in oocytes, KCNQ4 activates at voltages that are 70–80 mV

more positive than IK,n (Housley and Ashmore, 1992;

Mammano and Ashmore, 1996; Kubisch et al, 1999;

Marcotti and Kros, 1999). In transfected mammalian cells

(Sogaard et al, 2001; Chambard and Ashmore, 2005), KCNQ4

activates at voltages that are B20 mV more negative than

observed in oocytes. The absence of IK,n currents in Kcnq4�/�

OHCs now demonstrates that these are mediated by KCNQ4,

either in a homomeric or heteromeric complex. Several

possibilities to explain the differences in voltage dependence

come to mind: OHCs may express KCNQ4-interacting pro-

teins that are lacking in heterologous expression, or KCNQ4

gating may be influenced by post-translational modifications

or interactions with small intracellular molecules. Recently, it

was suggested that KCNQ4 phosphorylation via PKA and

coupling to a complex that may include prestin leads to the

negative shift of the voltage for activation of KCNQ4

(Chambard and Ashmore, 2005).

In a recent pharmacological study, linopirdine, an inhibitor

of several KCNQ isoforms (KCNQ2–5), was infused at con-

centrations of up to 1 mM into cochleae of guinea-pigs, either

acutely or up to 7 days (Nouvian et al, 2003). Although the

resulting reduction of otoacoustic emissions and the selective

degeneration of OHCs agree with the present study, the

irreversibility of drug effects even after short application

and the very fast degeneration of OHCs (Nouvian et al,

2003) argue for additional toxic effects on OHCs.

Furthermore, linopirdine may have additional effects

by inhibiting KCNQ2 on cochlear neurons that innervate

hair cells (Figure 5A and B), or by blocking nicotinic acetyl-

choline receptors of OHCs and IHCs (Gómez-Casati et al,

2004).

In summary, our mouse models faithfully reproduce

human deafness of DFNA2 type and have revealed that

slowly developing hearing loss is mainly caused by a degen-

eration of OHCs. In addition, the loss of the KCNQ4-depen-

dent IK,n current affects OHC amplification, most likely as a

consequence of OHC depolarization. The dominant negative

KI strain, which directly replicates a human DFNA2 muta-

tion, provides a valuable model system for DFNA2 and for

slowly developing deafness in general. Indeed, hearing loss in

the elderly is the most common sensory defect in humans

with a huge impact on the individuals and society. The

present mouse model may be useful to test pharmacological

strategies (e.g. Kþ channel openers) to delay the progression

of deafness.

Materials and methods

Generation of mice with an altered KCNQ4 gene
Genomic sequence was obtained from a mouse ES cell line (MPI-2,
derived from a 129SvJ mouse strain). A fragment of genomic DNA
was amplified using primers in introns 1 and 10 and was cloned in
the pKO-V901 vector (Lexicon Genetics). A loxP site was inserted by
PCR between exons 5 and 6, and a ‘floxed’ neomycin resistance
(NEO) cassette between exons 8 and 9 by ligation into an Eco47III
site (Figure 1). A diphtheria toxin A cassette was fused 50. For the
KI, the mutation G286S (equivalent to human G285S) was
additionally inserted into exon 6. Sequenced constructs were
electroporated into MPI2 ES cells. Clones having undergone
homologous recombination were transfected with a plasmid
expressing Cre-recombinase. Cells with an exclusive deletion of
the NEO cassette were used to generate mice with ‘floxed’ and
dominant negative alleles, and those with deleted exons 6–8
(leading to a frameshift) for the KO line. Cells were injected into
C57BL/6 blastocysts that were implanted into foster mothers. The
resulting chimeras were bred with C57Bl/6 females. Heterozygous
animals stemming from two different ES cell clones were inbred
to yield mutant mice. Experiments were performed on littermates
with C57Bl/6-129SV mixed background. For primer sequences, see
Supplementary data.

Evaluation of hearing
Animals were anaesthetized with Ketamin/Rompun and kept
warm. Electrodes were placed subcutaneously on the head
(reference electrode at the vertex and active electrodes at both
mastoids). The ABR stimuli consisted of 200 ms (low frequency)
clicks with a flat spectrum up to 5.5 or 16 kHz tone bursts. Averaged
responses were amplified with band-pass setting of 50–2500 Hz.
Near the threshold, the intensity was varied in steps of 5 dB and
responses for 2000 sweeps were averaged at each intensity level.
The hearing threshold was defined as the lowest intensity to
generate a reproducible ABR waveform.

For DPOAE, a 24-bit sound card together with the ED1/EC1
speaker system (Tucker-Davis) was used to generate two primary
tones (f1 and f2) with a ratio of f2/f1¼1.2 and f2¼16 kHz. Primary
tones were coupled into the ear canal by a custom-made probe
containing an MKE-2 microphone (Sennheiser) and adjusted to an
intensity of 60 dB sound pressure level at the eardrum. The
microphone signal was amplified (DMP3, MIDIMAN) and analysed
by fast Fourier transformation.
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Histological analysis and immuncytochemistry
Inner ears were dissected from the temporal bone and fixed at
41C for 1.5 h in 4% PFA in PBS. From P8 onwards, bones were
decalcified with rapid decalcifier and postfixed with 4% PFA for
15 min. For immunohistological staining, 8mm cryosections were
prepared after incubation in 30% sucrose in PBS and embedding in
Tissue Freezing Medium (Leica). Sections were blocked with 3%
normal goat serum (NGS), 2% BSA and 0.5% NP-40 in PBS.
Primary and secondary fluorescence-labelled antibodies were
applied in PBS with 3% normal goat serum and 0.1% NP-40. For
investigating IHC ribbon synapses, whole-mount immunohisto-
chemistry was used. The following primary antibodies were used:
rabbit anti-KCNQ4 (K4C; Kharkovets et al, 2000), anti-prestin
(Weber et al, 2002), anti-calretinin (Swant), anti-CtBP-2 mouse
monoclonal (Becton-Dickinson), rabbit anti-GluR2/3 (Chemicon)
and anti-KCNQ2 rabbit polyclonal (Cooper et al, 2001). A rabbit
antiserum was generated against the peptide KSLSVQNLIRSTEELN-
amide that represents KCNQ5 residues 793–808. The affinity-
purified serum was specific as shown by Western blotting and
immunocytochemistry of KCNQ5-transfected HEK cells. Secondary
antibodies were Alexa Fluor 568 goat anti-mouse IgG and Alexa
Fluor 488 goat anti-rabbit IgG (Molecular Probes). TOTOs-3 iodide
was used for staining nuclei. For HE staining, tissue specimens were
paraffin-embedded and sectioned to 5 mm.

Preparation of semithin and ultrathin sections
Cochleae from three anaesthetized KO and WT animals (age: 10
weeks and 4 months) were quickly removed and perfused through
the round window with 3% glutaraldehyde in PBS and left in the
fixative overnight, decalcified for 3 days in 10% EDTA (pH 7.3) at
41C, cut in two, postfixed in 2% osmium tetroxide for 30 min,
dehydrated in a graded series of ethanol solutions and embedded in
Epon. The blocks were cut in semithin (0.5 mm) and ultrathin
(60 nm) sections. Semithin sections were stained with methylene
blue. Ultrathin sections stained with uranyl acetate and lead citrate
were examined with a Zeiss 902 electron microscope.

Patch-clamp measurements of hair cells
Cochleae were dissected and kept in cold preparation solution,
which contained (in mM) 144 NaCl, 5.8 KCl, 0.1 CaCl2, 2.1 MgCl2,
0.7 NaH2PO4, 5.6 glucose and 10 HEPES. The apical turn of the
cochlea was dissected, fixed with a nylon net on the coverslip and
perfused with the bath solution (in mM: 144 NaCl, 5.8 KCl, 2 CaCl2,

0.9 MgCl2, 0.7 NaH2PO4, 5.6 glucose, 10 HEPES, pH 7.3). Patch-
clamp measurements employed the whole-cell configuration. After
equilibrating the cell interior with the pipette solution (in mM: 135
KCl, 3.5 MgCl2, 0.1 CaCl2, 2.5 Na2-ATP, 5 EGTA, 5 HEPES, pH 7.3),
the resting potential was measured as the zero-current voltage in
the current clamp mode of the patch-clamp amplifier. For the clamp
protocol and additional details, see Supplementary Methods.

Ca2þ currents and capacitance measurements of inner hair
cells
For recording Ca2þ currents and DCm, the pipette contained (in
mM) 130 Cs-gluconate, 10 TEA-Cl, 10 4-AP, 10 CsOH-HEPES, 1
MgCl2 and amphotericin B (Calbiochem; up to 250 mg/ml) and the
extracellular solution (105 NaCl, 35 TEA-Cl, 2.8 KCl, 2 CaCl2, 1
MgCl2, 10 NaOH–HEPES, 10 glucose). Currents were sampled at
20 kHz and low-pass filtered at 2 kHz using EPC-9 amplifiers
controlled by ‘Pulse’-software (HEKA). Cm was measured using the
Lindau–Neher technique (Lindau and Neher, 1988). Currents were
leak-corrected and only cells with a leak current o�40 pA at
�74 mV and an access resistance of o30 MO were analysed further.
Voltages were corrected for liquid junction potentials (14 mV). DCm

was estimated as the difference of the mean Cm after the end of the
depolarization and the mean pre-pulse Cm (the initial 100 ms after
the depolarization were skipped) and averaged for each stimulus
in a given cell. The grand averages of Ca2þ current amplitudes and
DCm for a stimulus were calculated from mean estimates of
individual cells contributing more than three responses to 20 ms,
were expressed 7s.e.m. and compared for statistical differences
using the unpaired t-test.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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