iil © 2001 Nature Publishing Group http://genetics.nature.com

iii © 2001 Nature Publishing Group http://genetics.nature.ppog reSS

A genetic approach to understanding

auditory function

Karen P. Steel! & Corné J. Kros?

Little is known of the molecular basis of hormal auditory function. In contrast to the visual or olfactory
senses, in which reasonable amounts of sensory tissue can be gathered, the auditory system has proven
difficult to access through biochemical routes, mainly because such small amounts of tissue are available
for analysis. Key molecules, such as the transduction channel, may be present in only a few tens of copies
per sensory hair cell, compounding the difficulty. Moreover, fundamental differences in the mechanism
of stimulation and, most importantly, the speed of response of audition compared with other senses
means that we have no well-understood models to provide good candidate molecules for investigation.
For these reasons, a genetic approach is useful for identifying the key components of auditory trans-
duction, as it makes no assumptions about the nature or expression level of molecules essential for hear-
ing. We review here some of the major advances in our understanding of auditory function resulting
from the recent rapid progress in identification of genes involved in deafness.

Deafness genes

Progress in identifying genes involved in deafness has been remark-
able over the past few years. At the end of 1996, no non-syndromic
deafness genes had been cloned?. In the 4 years since then, 19 new
genes involved in non-syndromic deafness have been identified,
together with an even larger number of genes implicated in syn-
dromic deafness (Table 1). Deafness is a relatively common disor-
der, with approximately 1 in 800 children born with a serious
permanent hearing impairment, and very large proportions of the
population suffering progressive hearing loss as they age (60% of
people over 70 have a hearing loss of 25 dB or greater?). Whereas
single-gene defects probably account for over half of the cases of
childhood deafness, the nature of the genetic contribution to pro-
gressive hearing loss has not yet been clearly defined. So far, 70 loci
involved in non-syndromic deafness have been reported (Box 1),
and over 400 distinct syndromes including hearing impairment are
listed in Online Mendelian Inheritance in Man. Thus, there are
many more genes awaiting identification.

Rapid progress has also been made in identifying deafness genes
in the mouse. Over 90 different genes have now been identified that
affect inner-ear development or function, with many more loci
known to be involved in deafness but not yet identified® (Box 1). In
addition to these, many other genes have been identified that affect
the middle ear or central auditory pathways3. Relatively few of the
identified mouse deafness genes, however, have been shown to be
involved in human deafness. Only eight of the mouse deafness
genes found provide non-lethal models for non-syndromic deaf-
ness in humans: Myo7a (ref. 4), Myo15 (ref. 5), Pou3f4 (refs. 6,7),
Pou4f3 (ref. 8), Colll1a2 (ref. 9), Tecta (ref. 10), Cdh23 (ref. 11) and
Pds (ref. 12). Moreover, only around 20 of the mouse deafness genes
provide models of the 400-plus human syndromes including deaf-
ness (Box 1). The limited overlap in deafness genes identified in
mice and humans indicates that there are still many deafness genes
that have yet to be found in both species.

Despite the obvious gap in the catalog, we now have identified
a significant number of bona fide deafness genes. So, how has the
identification of these deafness genes helped our understanding
of the molecular basis of auditory function?

Sensory hair cells

Sensory hair cells of the inner ear have precisely organized, fin-
ger-like projections called stereocilia, which are arranged in bun-
dles at their upper surface (Figs. 1 and 2). They are packed with
actin filaments, forming a core, and are deflected by the vibration
of sound. The most likely model for hair-cell function proposes
that deflection of the stereocilia pulls on fine links that join adja-
cent stereocilia at their tips. The tip link acts as a gating spring to
open one or more transduction channels, allowing cations to
flood into the cell and depolarize it'3-15, The extremely rapid rate
of hair-cell responses (hair cells in some species respond at over
100 kHz) requires that the opening of the transduction channel
be direct, because transduction using a second messenger system
(as found in olfaction or vision) would be far too slow.

Essential molecules for hair-cell transduction

Several molecules have been identified as having a vital role in
hair-cell transduction because they are specifically expressed in or
around the stereocilia and mutations in their genes lead to deaf-
ness. Three are unconventional myosins: myosins VI, VIIA and
XV (refs. 4,5,16). Mutant myosin VI leads to progressive fusion of
hair cell stereocilia, mutant myosin XV results in short stereocilia,
and mutant myosin VIIA leads to progressive disorganization of
the stereocilia bundle>17-18, These specific defects have been dis-
covered through the study of mice carrying the relevant muta-
tions; defects in myosins VIIA and XV are also involved in human
deafness!®22, The human mutations presumably have effects on
hair-cell development similar to those in the mouse. Myosin VI
may serve to anchor the apical hair cell membrane covering the
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stereocilia to the actin-rich intracellular cuticular plate located
just below the stereocilia array (Fig. 1), to counter the natural ten-
dency of the lipid membranes to ‘zip up’8, which would lead to
fusion of the stereocilia. This suggestion fits well the observation
that, compared with other myosins, myosin VI acts in a ‘reverse’
direction along actin filaments2®—that is, it would move down
the stereocilium. Myosin XV may have a more direct effect on
actin filament formation, as abnormal actin aggregates are
observed in hair cells of mice with mutant myosin XV (ref. 5).
Single-hair-cell measurements from mice with mutations in
the myosin VIIA gene (Myo7a) indicate that when the stereocilia
are in their resting position (that is, not stimulated by sound), the
gating springs seem to be slack and the transduction channels are
closed?4. This contrasts with normal hair cells, which maintain
tension on the gating springs, keeping a small proportion of the
channels open even at rest. In the Myo7a mutants, transducer

currents can be measured, reflecting cation flow into the hair cell
through open transduction channels, but only when the stere-
ocilia bundles are strongly deflected?*. This observation suggests
that myosin VIIA may have a key role in adjusting the tension of
the tip-link/transduction channel complex.

The initial identification of myosin VIIA by genetic means?
has led to a flurry of activity involving other approaches to try to
identify its precise role in hearing and deafness, and to identify
other components of the transduction apparatus that may be
candidates for additional deafness genes. For example, a yeast
two-hybrid screen has identified a new transmembrane protein,
vezatin, that binds to the FERM (4.1, ezrin, radixin, moesin)
domain of the myosin VIIA tail?®. Vezatin may be associated
with the ankle links, a subset of the lateral links that hold the
stereocilia together. It has also been suggested that myosin VIIA
might interact with harmonin, the recently discovered PDZ

Table 1 » Genes and hearing loss

Some molecules involved in non-syndromic deafness?

Molecule Gene Locus

connexin 26 GJB2 DFNB1, DFNA3
connexin 31 GJB3 DFNA2+recessive form
connexin 30 GJB6 DFNA3

KCNQ4 KCNQ4 DFNA2

pendrin PDS DFNB4+Pendred
myosin 7A MYO7A DFNB2, DFNA11+Usher
myosin 15 MYO15 DFNB3

MYH9 MYH9 DFNA17

diaphanous DIAPH1 DFNA1

POU3F4 POUS3F4 X-linked DFN3
POU4F3 POU4F3 DFNA15

a-tectorin TECTA DFNB21, DFNA8/12
coch COCH DFNA9

collagenlla?2 COL11A2 DFNA13+Osmed
otoferlin OTOF DFNB9

DFNAS DFNAS DFNAS

TMPRSS3 TMPRSS3 DFNB10

claudinl4 CLDN14 DFNB29

otocadherin CDH23 DFNB12

Some molecules involved in syndromic deafness?

Molecule Gene Structures involved
connexin 32 GJB1 peripheral nerves
ATP6B1 ATP6B1 renal acidosis
pendrin PDS thyroid

KvLQT1 KCNQ1 heart

IsK KCNE1 heart

myosin 7A MYO7A retina

EYAl EYAl kidney, jaw

PAX3 PAX3 pigmentation
MITF MITF pigmentation
SOX10 SOX10 pigmentation, gut
EDNRB EDNRB pigmentation, gut
EDN3 EDN3 pigmentation, gut
FGFR3 FGFR3 skull

treacle TCOF1 skull and jaw
norrin eye, brain
collagens 4 COL4A3/4/5 kidney

collagen 2 COL2A1 eye, joints, palate
collagen 11 COL11A1/2 skeleton

USH2A USH2A retina

harmonin USH1C retina
otocadherin CDH23 retina

DDP TIMMS8A muscle

Type of protein
channel component
channel component
channel component
channel component
ion transporter
motor molecule
motor molecule
motor molecule
cytoskeletal protein
transcription factor
transcription factor
extracellular matrix
extracellular matrix
extracellular matrix
synapse component
novel

serine protease
junction protein
cadherin

Syndrome Type of protein
Charcot-Marie-Tooth channel component
renal tubular acidosis and deafness ion pump

Pendred ion transporter
Jervell and Lange-Nielsen channel component
Jervell and Lange-Nielsen channel component
Usher 1B motor molecule

branchio-oto-renal

Waardenburg type 1
Waardenburg type 2
Waardenburg type 4
Waardenburg type 4
Waardenburg type 4

craniosynostosis with deafness

Treacher Collins
Norrie

Alport

Stickler

Osmed, Stickler
Usher 2A

Usher 1C

Usher 1D

DFN1

transcription factor
transcription factor
transcription factor
transcription factor
receptor

ligand

receptor

trafficking protein
extracellular matrix
extracellular matrix
extracellular matrix
extracellular matrix
extracellular matrix
PDZ clustering protein
cadherin
mitochondrial protein

aDFNA loci are autosomal dominant, DFNB loci are autosomal recessive, and DFN are X-linked. Syndromes are indicated where the molecule is also involved.

bOther major systems involved in the syndrome are indicated. For further details see Box 1.
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Fig. 1 Schematic illustration of the top, apical surface of a hair
cell, showing two of the tens to hundreds of stereocilia that make
up the hair bundle and are inserted into the cuticular plate.
Movement in the excitatory direction tips the stereocilia over to

excitatory direction

Bob Crimi

the right and opens the transduction channels due to increased transduction lateral
force on the tip links, which act as gating springs. The stereocilia tip link/ channel Ca2*, link
contain a core of parallel actin filaments oriented so as to enable gating \e
upward movement (towards the tips of the stereocilia) of spring :
myosins, except myosin VI, which moves backwards. Main func- ) /myosm M
tional localizations of myosin VIIA and myosin VI are indicated, Caz+ / i
with the direction of movement/force indicated by arrowheads. |8 harmonin?
Myosin VI, which may hold down the apical cell membrane below @X
the stereacilia, is uniformly abundant throughout the (pale blue) -y ®->Ca2*
cuticular plate actin (not shown). Vezatin may be involved in ten-
sioning the ankle links by connecting them, by means of myosin Caz* "® .
VIIA, to the actin core. Harmonin (speculative localization shown, oo™ lipid
green) or other as yet undiscovered PDZ-domain-containing pro- - bilayer
teins may similarly mediate tensioning by myosin VIIA of other . uis
lateral links and tip links. The Atp2b2 calcium pump is distributed actin___—37]
quite uniformly over the stereociliary membrane. ColC 4 Ssoore ®->Ca2+
bolcldgnd
ca?* @\ -
- . . - L
(postsynaptic density protein, disc-large, zo0-1)- J |
domain—containing protein present in stereocilia and 1 iy
known to underlie Usher syndrome type 1C (refs. myosin VI \ / \ \7\%“6
26,27). By indirectly binding such transmembrane and Ve links
membrane-associated proteins to the actin core, T

myosin VIIA might tension the various types of link-
ages (tip links and lateral links) between the stereacilia.

Mutations in two new cadherin-related genes were
reported in the deaf mouse mutants waltzer!? and
Ames waltzer?8 in the last issue of Nature Genetics.
Intriguingly, both mouse mutants show disorganization of the
stereocilia bundle reminiscent of the disorganization seen in
Myo7a mutantsl? (Fig. 3). Cadherins are often thought to be
involved in cell-cell interactions, but disorganized stereocilia in
waltzer and Ames waltzer mutants indicate that these cadherins
might instead be involved in the lateral links or even the tip links
that join adjacent stereocilia. Vezatin or harmonin might be
involved in these linkage complexes as well.

Another newly identified and essential cytoskeletal component
of stereocilia is espin, an actin-bundling protein reported to be
depleted in the deaf mouse mutant jerker, which has a frameshift
mutation in the espin gene?® (Espn).

The transducer channel seems to be relatively non-selective
for different cations, and it is likely that both potassium and
calcium ions flow into the hair cell through the open transducer
channel®%31, A rapid influx of calcium would have immediate
effects on the cytoskeleton of the stereacilia, and so might be
expected to be carefully controlled. A calcium pump was shown
to be abundant in the cell membrane covering each stereocil-
ium, allowing local control of calcium levels by pumping the
ions out of the stereocilium32. The finding of mutations in
Atp2b2 in the deaf waddler mouse mutant, associated with a
lack of the calcium pump in hair cells of this mutant, provided
the molecular identity of the pump3334, The pump is also
located at the base of inner hair cells of the cochlea (Fig. 2),
where auditory nerve fibers form synapses, and may thus also
be involved in local control of calcium at the synapse.

plate
actin

Unique components of hair-cell synaptic activity

Synapses of cochlear hair cells, specifically inner hair cells that
receive the bulk of the afferent innervation of the cochlea, have
unique demands placed on them by the extremely rapid response
time of the hair cells and the requirement for this to be faithfully
transmitted to the cochlear nerve. Accurate timing information is
necessary to permit a range of functions, such as perception of
timing differences between the two ears to allow localization of
the source of a sound. Thus, it is not surprising that some com-
ponents of the synaptic apparatus seem to be specialized. The
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expression of Atp2b2 is one example, although it is expressed in
the brain as well as in hair cells33,

The otoferlin gene, OTOF, is mutated in some cases of dom-
inantly inherited, progressive deafness in humans®. Its protein
is located at the base of inner hair cells, next to the synaptic
region (Fig. 2). Together with its sequence similarity to other
ferlin molecules, these features indicate that it might be
involved in synaptic vesicle recycling—although a mouse
model is not yet available to test this hypothesis.

In contrast to neurons of the central nervous system, which use
N-, P- or Q- type calcium channels, L-type calcium channels are
required to couple sound-induced depolarization to neurotrans-
mitter release in auditory hair cells. This was demonstrated using
mice lacking a class D L-type calcium channel¥ (D-LTCC,
encoded by Cacnald). The null mutants grew and reproduced
normally, despite a propensity to cardiac arrhythmia, but were
profoundly deaf and their inner hair cells had diminutive volt-
age-gated calcium currents. L-type calcium channels activate
rapidly and inactivate very slowly, thus allowing the precisely
timed periodic release of neurotransmitter essential for normal
hearing. So far, it is not known whether any forms of human
deafness are associated with defects in this ion channel.

Missing molecules

It is clear that although these known essential molecules are highly
likely to have critical roles in hair-cell function, the molecular basis
of many key steps has yet to be established. Two key molecules that
have not yet been identified are the transducer channel and the
outer hair cell motor. The latter is known to be abundant in the
basolateral membranes of outer hair cells, and responds to hair cell
stimulation by changing conformation, thus changing the shape of
the hair cell and providing amplification of the vibration of the
cochlear partition in a localized region. In the past year, exciting
candidates for these two molecules have emerged. A fructose trans-
porter, Glut5, and the newly identified prestin molecule (which has
similarity to sulfate transporters) have both been proposed as can-
didates for the outer hair-cell motor on the basis of physiological
features and expression patterns3”38 (Fig. 2). When expressed in a
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Fig. 2 Schematic illustrations of an inner hair cell (IHC, flask
shaped) and an outer hair cell (OHC, cylindrical) showing
locations in the basolateral membrane of functionally
important gene products. Inner hair cells are true sensory
receptors that signal the reception of sound to the brain
through afferent auditory nerve synapses. It is thus per-
haps not surprising to find hearing defects associated with
molecules that may affect the synaptic transmitter release
function of these cells: the D-LTCC L-type calcium channel,
the Atp2b2 calcium pump and otoferlin. Outer hair cells
have a localized motor function within the cochlea with
which prestin and possibly Glut5 are thought to be associ-
ated. The potassium channel KCNQ4 is likely to be involved
in potassium recycling. The different expression pattern of
these genes in inner compared with outer hair cells empha-
sizes their different functions in cochlear responses.

these genes (COL11A2 and TECTA) also lead to
human hearing impairment®#2,

lonic environment of hair cells

One of the surprising aspects of the genetic
approach to understanding auditory function has
been the number of deafness genes that appear to
affect ionic homeostasis in the cochlear duct. The
fluid bathing the upper surface of the hair cell,
called endolymph, has a high potassium and low
sodium concentration and is maintained at a high
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positive resting potential of around +100 mV in the
mouse. This high resting potential is essential for
normal hair cell function, because when it is

(motor
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kidney cell line, prestin endows the cells with electro-motile proper-
ties much like outer hair cells, an important test to which Glut5 has
not yet been put. Moreover, the developmental increase of prestin
immunolabeling in the lateral wall of outer hair cells has the same
time course as the acquisition of electromotility, whereas Glut5
immunolabeling appears later3®. Ablation of these two genes in
mice will no doubt shed light on their respective roles.

A genetic approach in Drosophila melanogaster has led to the
identification of a candidate for the transduction channel of verte-
brate hair cells. Random mutagenesis by ethyl methanesulfonate
(EMS) followed by screening for bristle defects led to the identifica-
tion of the gene nompC, which encodes a product with features in
common with the hair-cell transduction channel, including adapta-
tion to sustained stimuli and directional selectivityC.

Tectorial membrane defects

The tectorial membrane (shown in pale gray in Fig. 4) is an extra-
cellular gel-like matrix delicately positioned above the hair cells,
providing a mass against which stereocilia can bend. Mutations in
three different genes, encoding o-tectorin (Tecta), collagen 1102
(Col11a2) and otogelin (Otog), all lead to ultrastructural defects of
the tectorial membrane associated with moderate impairment of
cochlear function®104, The Tecta™~ mouse has been used to define
precisely the role of the tectorial membrane in cochlear biophysics.
As expected, mechanical responses in the cochlea of the mutants
show raised thresholds and thus reduced sensitivity, but surpris-
ingly the responses do still show reasonable tuning® (enhancement
of the response at a particular frequency of sound stimulation com-
pared with responses to other frequencies). Mutations in two of

Fig. 3 Scanning electron micrographs of the upper surface of outer hair cells,
showing the stereocilia bundles. a, Control at four days old, showing three rows
of outer hair cells with neat V-shaped arrays of stereocilia. b, A waltzer mutant
(vAlbAAIRY showing three rows of outer hair cells with disorganized stereocilia. The
vAIb mutation is described in ref. 11. Scale bar, 5 um. Figure provided by R. Holme.
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reduced to zero, the result is deafness*. The organ
of Corti, including the sensory hair cells and sup-
porting cells, sits on a relatively permeable basilar membrane. Below
this is another fluid-filled channel containing perilymph (shown in
pink in Fig. 4), high in sodium and low in potassium, much more
like a normal extracellular fluid. Within the organ of Corti, the baso-
lateral membranes of inner hair cells are surrounded by support
cells, but the body of outer hair cells is exposed to another fluid,
cortilymph (shown in yellow in Fig. 4), with a potassium concentra-
tion slightly higher than that of perilymph. Potassium ions accumu-
late in the cortilymph during exposure to loud sounds, and reach
even higher concentrations in the extracellular space around inner
hair cells*. The particular ionic environment of the hair cell is
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Fig. 4 lllustration of cochlear duct showing the proposed
lateral (right) and medial (left) K* ion recycling pathways
from the sensory hair cells within the organ of Corti back
to the endolymph?8. During sound stimulation, K* floods
into the hair cells and must be removed. The lateral route
for recycling involves K* transport through supporting cells
of the organ of Corti and fibrocytes of the lateral wall
through gap junctions to the stria vascularis, where it is
pumped out into the endolymph. The medial route
involves passage through supporting cells to the left of the
inner hair cells via gap junctions to the interdental cells on
the lumenal surface, which may pump the K* back into the
endolymph (small red arrow on left). Excess K* in the peri- K*
lymph above and below the endolymph-filled cochlear
duct may be taken up for recycling by either route, as
shown by arrows.

1 KCNQ4

3 Pou3f4

clearly important to its function, because muta-
tions affecting endolymph lead to deafness.

It has been known for some time that the
potassium pumped into the endolymph is not
immediately derived from the rich blood supply
of the stria vascularis*>#6 (the structure on the
lateral wall of the duct responsible for generating
the endolymph; shown in blue in Fig. 4). Instead,
it has been proposed that the potassium ions may
be recycled within the cochlear duct*”#8 (Fig. 4). After leaving the
hair cells, the potassium is thought to be taken up by the support-
ing cells of the organ of Corti, and returned to the stria vascularis
for pumping back into the endolymph. There are several possible
routes for potassium recycling, including a lateral route through
an extensive network of gap junctions linking supporting cells to
the fibrocytes of the spiral ligament and back to the stria vascu-
laris*”, and routes through the perilymph to the spiral ligament
either above or below the endolymph compartment and hence to
the stria®®. Another route is a medial recycling pathway not
involving the stria vascularis®®. In this proposed pathway, excess
potassium is returned to the endolymph by means of medial sup-
porting cells, spiral limbus fibrocytes and interdental cells, all cou-
pled by gap junctions, and pumped out into endolymph by
Na-K-ATPase pumps expressed in interdental cells7—49,

Molecules involved in homeostasis

Mutations have been reported to affect several components of
these recycling routes, providing strong support for the model as
well as identifying some of the molecules involved.

KCNQ4 encodes a potassium channel and is mutated in domi-
nant, progressive hearing loss®. Within the cochlea, immunola-
beling of the channel protein is found predominantly in outer
hair cells, and may serve as the first step in recycling by allowing
potassium to flow out of the cells through their basolateral mem-
branes, into the cortilymph. Its physiological properties when
expressed in Xenopus laevis oocytes support this suggestion®?,
Subsequent experiments®! established that KCNQ4 is a compo-
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nent of the ion channel that underlies the potassium current I ..
This current is characteristic of outer-hair cells® and is activated
at the cell’s normal resting potential, thus allowing potassium
ions flowing in through the transduction channels to exit the cell.
Most of the reported mutations act in a dominant-negative man-
ner invitro in X. laevis oocytes, but at least one mutation seems to
exert its effect through haploinsufficiency33. KCNQ4 immunola-
beling has also been seen in auditory brainstem nuclei®* and
mRNA expression is seen in some inner-hair cells®. Still, there is
no evidence for the presence of Iy , in inner-hair cells>%, and no
animal model is yet available to unravel the mechanism leading
to hearing impairment consequent to KCNQ4 mutation.

At least three connexin genes, GJB2, GJB3 and GJB6, are involved
in human genetic deafness®®58, and the proteins they encode are
located in regions of the cochlear duct that are rich in gap junctions,
suggesting that all three connexins are essential components of the
gap junctions. Mice carrying mutant versions of some of these con-
nexins are being developed to test this suggestion. As the potassium
reaches the stria, it is believed to be pumped into the marginal cells
on the surface of the stria by a Na-K-ATPase, aided by a K-Na-Cl
cotransporter®. This cotransporter has now been identified as the
product of Slc12a2, by the finding of its mutation in the shaker-with-
syndactylism mouse mutant and by two independent mouse
mutants in which the gene is deleted, all of which fail to secrete
endolymph®%-62, Potassium then flows into the endolymph through
a channel at the lumenal surface of marginal cells, and the two com-
ponents of this channel have been identified by a genetic approach:
mutations in either KCNQ1 (a member of the same family of potas-

Box 1 » Web sites dedicated to the genetics of hearing impairment in mice and humans

The Hereditary Hearing Loss Homepage (Van Camp, G. & Smith, R.J.H.) includes current listings of identified genes and loci
involved in non-syndromic deafness with references and convenient markers for linkage analysis. Details of many types of syndromic

deafness are also included, plus links to other relevant sites.
http://www.uia.ac.be/dnalab/hhh

Mouse mutants with hearing or balance defects (Steel, K.P.). This table lists many of the mouse mutants with known or suspected
auditory system defects, arranged by type of defect and including chromosomal localizations and underlying genes where known,

plus key references.
http://www.ihr.mrc.ac.uk/hereditary/mousemutants.htm

Homepage of Hereditary Hearing Impairment in Mice (Zheng, Q.Y., Johnson, K.R. & Erway, L.C.). A table of mouse mutants with
hearing impairment organized by chromosomal location, together with tables giving corresponding human forms of deafness.

http://www.jax.org/research/hhim/
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sium channel subunits as KCNQ4) or KCNEL1 (the gene encoding
the auxiliary subunit minK or IsK) cause Jervell and Lange-Nielsen
syndrome in humans, and mutation of Kcnel in the mouse leads to
failure of endolymph secretion®3-65, Reports of mutations in these
genes, plus the pathology observed in the mutant mice where avail-
able, all support the model for potassium recycling.

Two other molecules have been implicated in endolymph
homeostasis after mutations were found to be associated with
human deafness. These were interesting in that the genes are
expressed in discrete patches of epithelial cells lining the
endolymphatic compartment. ATP6B1 mutations were found
in people with renal tubular acidosis and deafness; the gene is
expressed in interdental cells and is thought to be involved in
pH control of endolymph®. The pendrin gene (PDS) is
mutated in Pendred syndrome and some cases of non-syn-
dromic deafness®”-68 and is expressed in the endolymphatic
duct and sac, but also in epithelial cells just below the stria vas-
cularis on the lateral wall of the cochlear duct®®. Pendrin acts as
an iodide/chloride transporter in vitro, and its location indi-
cates it may be involved in endolymph homeostasis. A mouse
mutation of Atp6b1 has not yet been described, but the Pds~
mouse shows very early dilation of the endolymphatic com-
partments and otoconial defects, both supportive of a role for
pendrin in endolymph homeostasis!2,

An ideal approach

The genetic approach is proving to be a powerful tool in unrav-
eling the molecular basis of cochlear function. Progress in the
past few years in identifying deafness genes has been remark-
able. Knowing some of the molecules involved can lead directly
to others, and the use of the yeast two-hybrid system to discover
molecules interacting with myosin VIIA is a good example of
this. As we knew all along, however, moving from identification
of a gene to understanding its function is usually a slow process.
We have summarized some of the major advances in under-
standing cochlear physiology, but we have not considered many
genes now known to be essential for auditory system develop-
ment because of their involvement in genetic deafness. We have
also ignored the growing evidence that single genes can be
involved in late-onset hearing loss in humans, especially in
dominantly inherited deafness, which suggests that lifelong
maintenance of the cochlea is critical. The large number of deaf
mouse mutants with no obvious human homologue, and
human deafness genes localized or identified with no equivalent
mouse model available, indicates that we still have much to
learn about deafness from a genetic approach.
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