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Abstract
In this review, we summarize the potential functional roles of transient receptor potential (TRP)
channels in the vertebrate inner ear. The history of TRP channels in hearing and balance is
characterized at great length by the hunt for the elusive transduction channel of sensory hair cells.
Such pursuit has not resulted in unequivocal identification of the transduction channel, but
nevertheless revealed a number of candidates, such as TRPV4, TRPN1, TRPA1, and TRPML3. Much
of the circumstantial evidence indicates that these TRP channels potentially play significant roles in
inner ear physiology. Based on mutations in the corresponding mouse genes, TRPV4 and TRPML3
are possible candidates for human hearing, and potentially also balance disorders. We further discuss
the role of the invertebrate TRP channels Nanchung, Inactive, and TRPN1 and how the functional
analysis of these channels provides a link to vertebrate hearing and balance. In summary, only a few
TRP channels have been analyzed thus far for a prospective role in the inner ear, and this makes the
search for additional TRPs associated with inner ear function quite a tantalizing endeavor.

Introduction
Inner ear disorders affect our senses of hearing and balance. Loss of hearing is one of the most
prevailing disabilities, and it has been estimated that more than 275 million people worldwide
have impairment of auditory function (http://www.who.int/mediacentre/factsheets/fs300/en/).
Likewise, about 30% of people over the age of 65 are affected by dizziness or vertigo [1]. In
the United States, about 30 million people are affected by hearing loss and more than 90 million
Americans, age 17 and older, have experienced dizziness or balance problems (http://
www.vestibular.org/vestibular-disorders/statistics.php) [2,3].

The principal causes for hearing loss are genetic disposition (2-3 children in 1,000 are born
with partial to profound compromise of auditory function), aging, noise exposure, certain
infections, and ototoxic drugs (http://www.nidcd.nih.gov/health/hearing/). Balance disorders
have similar causes, with infections or inflammations of the labyrinth or the vestibular nerve
probably being the predominant reasons (http://www.nidcd.nih.gov/health/balance/) [4].
Degeneration and death of sensory hair cells is causal in greater than 80% of individuals with
hearing loss and chronic balance disorders [5].

Sensory hair cells convert mechanical stimulation into electrical signals. This process, also
known as mechanotransduction, happens in the mechanosensitive organelle, the hair bundle,
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which protrudes from the cell’s apical surface. The hair bundle is composed of a few tens to
hundreds of actin-rich stereocilia that are arranged in a staircase fashion. Stereocilia are tapered
at their base, which enables them to pivot near their basal insertion points. In addition, the
stereocilia are organized in stepped rows of increasing length. Individual stereocilia are
laterally linked along their longitudinal shafts, which allows the whole hair bundle to move as
a unit. Mechanical deflection of the bundle toward the tallest stereocilia leads to shearing
motions between adjacent stereocilia that are exerted by tip links, connectors between the tips
of shorter stereocilia with its taller neighbor. The consequential increase of mechanical tension
in the transduction apparatus increases the open probability of mechanically gated ion channels
located at or near the tips of stereocilia, resulting in an influx of cations that depolarizes the
hair cell, thereby generating a receptor potential (for reviews, see [6,7]).

Invertebrates provide a link between TRP channels and hearing
The most prominent invertebrate mechanoreceptor organs are the mechanosensory tactile
bristles and the chordotonal organs of Drosophila melanogaster, which are localized, for
example, inside the antenna. The antennal chordotonal organ, also known as the Johnston’s
organ, mediates the fly’s sense of hearing. Sound wave-evoked vibrations of the antenna are
transmitted to the cilia of the chordotonal mechanosensory neurons. The chordotonal organs
are quite similar in their architecture with the tactile bristle mechanosensors (for detailed
diagrams, we refer the reader to references [8,9]): movement of the hollow hair shaft of the
tactile bristle acts as a lever arm and deflects the dendritic tip of the mechanosensory neuron
that extends into the base of the shaft [10,11]. This deflection of the bristle hair elicits a
directionally sensitive and adapting receptor current that is very similar in its features to the
mechanoreceptor current of vertebrate hair cells [12,13]. These similarities are also manifested
in the extracellular milieu surrounding the ciliated dendrites of the Drosophila mechanosensory
neurons. This extracellular fluid is rich in K+ and has an unusual low concentration of Ca2+,
which is very similar to the ionic composition of the endolymph surrounding the stereocilia of
vertebrate hair cells [14]. Deflection of the bristle shaft toward the fly’s cuticula gates the
mechanosensory transduction channels allowing influx of K+ and other ions into the neuron,
which elicits a transduction current [12]. The very short latency of this response indicates a
direct gating and argues against an involvement of second messenger systems. Overall, it has
been proposed that the invertebrate mechanosensors display structural and molecular
similarities with vertebrate hair cells [9].

Mutations in the invertebrate TRP genes TRPN1 (also known as nompC), Inactive (iav), and
Nanchung (nan) have been shown to affect transduction in bristle and chordotonal
mechanoreceptors of Drosophila melanogaster [8,12,15].

Vertebrate orthologues of TRPN1 have been identified only in zebrafish and Xenopus.
Interference with zebrafish TRPN1 affects hair cell function, suggesting a role in hair cell
transduction [16,17]. It is noteworthy that TRPN1 appears to be absent from all sequenced
mammalian genomes. Iav and nan are essential for hearing in Drosophila melanogaster [8,
15] and are the closest homologues of TRPV4, a vertebrate TRP channel that has been cloned
from a chicken cochlear duct cDNA library. TRPV4 is expressed in hair cells and marginal
cells of the stria vascularis, a cochlear organ that is responsible for creating the unique ionic
milieu of the endolymph, the inner ear fluid that is essential for proper hair cell function [18].

Naturally, vertebrate TRPN1 and TRPV4 genes have been considered candidates for the
elusive mechanoelectrical transduction channel of vertebrate hair cells. A number of other TRP
channels, such as TRPML3 and TRPA1 have also been put on the map, inter alia, based on
their expression in sensory hair cells. In the following sections, we will review each of these
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channels, particularly with regard to their latent etiological potential to cause inner ear
disorders.

TRPN1 – a shrouded mystery channel, or end of story?
TRPN1 was identified initially through positional cloning in fruitfly loss-of-function mutants
[12]. It is expressed in sensory bristle cells, and contains 29 amino-terminal ankyrin repeats,
followed by six predicted transmembrane-spanning domains. TRPN1 has a low, but significant
homology to other TRP family members, and thus earned a place as a unique subfamily member
of the TRPN subfamily [19].

TRPN1 fly mutants lacked receptor potentials and currents in their tactile bristles, but continued
to display a small non-adapting mechanosensory current [12]. This non-adapting transduction
current in chordotonal organs implies that either a second “primary” transduction channel
exists, or that the TRPN1 channel acts as a mechanosensitive amplifier for another
mechanically-gated transduction channel [9,20]. It has been proposed that this other channel
is composed of the TRPV4-related proteins Inactive and Nanchung [8,15,21].

Recently, vertebrate TRPN1 orthologues were discovered in zebrafish (Danio rerio) and frog
(Xenopus laevis) [16,17]. TRPN1 mRNA was detected in several zebrafish organs including
the ear [16]. Moreover, Xenopus TRPN1 protein was immunologically detected in hair cells
of the lateral line and the vestibular system. In these hair cells TRPN1 immunoreactivity was
found in the kinocilium, which is the single axonemal cilium of hair cells [17]. To explore the
functionality of TRPN1 in zebrafish, Sidi et al. [16] used antisense morpholino
oligonucleotides, which disrupt the native expression of TRPN1 in fish larvae. As a
consequence of this disruption, the TRPN1-deficient animals displayed abnormal acoustic
startle response and atypical swimming behavior that is characteristic of auditory and vestibular
dysfunctions, respectively. Even though this result is indicative that TRPN1 might be part of
the mechanotransduction machinery in zebrafish, questions still remain. For example, TRPN1
immunoreactivity was only observed in kinocilia, but not in stereocilia [17]. Stereocilia are
undisputedly the principal location of the mechanoelectrical transduction machinery, since not
all hair cells have a kinocilium (for example mammalian cochlear hair cells) or when they do,
they only possess them transiently during development. Moreover, small interfering RNAs or
morpholino antisense oligonucleotides can have non-specific, off-target effects ([22,23], but
see also [24]).

TRPN1’s potential role for inner ear function in vertebrates remains enigmatic. In anticipation
of an in-depth electrophysiological characterization of the Danio and Xenopus TRPN1
proteins, we await additional information buttressing a role of this potential
mechanotransduction channel in hearing and balance. The spotty phylogenetic appearance of
the TRPN1 gene in some vertebrate classes, in tunicates, in sea urchins, and in invertebrate
species is puzzling (Fig. 1). We speculate that mammalian TRPN1 may play a highly successful
hide-and-seek game with molecular biologists or the whole gene disappeared, possibly
independently, during early evolution of mammals as well as birds and other animal classes.
Unless a mammalian TRPN1 is identified, we conclude that a potential role of TRPN1 in human
hearing and balance disorders is out of the question.

The sensory hair cell transduction channel candidate TRPA1 – functional
relevance in hearing and balance to no avail?

Of the more than 30 known mammalian TRP channels, TRPA1 was put forward in 2004 as a
compelling candidate for a component of the hair cell’s transduction machinery [25]. This
candidacy was supported by an impressive accumulation of evidence starting with showing
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that expression of TRPA1 mRNA in vestibular hair cells is first detectable at embryonic day
15 (E15) and peaks at E17, which is the time point when vestibular hair cells display functional
transduction. Corey and colleagues [25] also showed localization of TRPA1 protein to a place
near the stereociliary tips of hair cells where the transduction apparatus is localized. When they
disrupted the transduction apparatus by eliminating the tip links, they noticed that TRPA1
immunoreactivity at the stereociliary tips was reduced by up-to 85%. Knockdown of TRPA1
with morpholino oligonucleotides in the inner ears of zebrafish and with small interfering
RNAs in mouse vestibular hair cells impeded hair cell transduction.

Despite these convincing, but circumstantial, findings and the demonstration that some of
TRPA1’s electrophysiological features are similar with those of the transduction channel
[26], a loss of gene function in the form of two independently generated knock out mouse lines
revealed that TRPA1 is not essential for hair cell or inner ear function [27,28]. In the face of
this rather sobering evidence, it became obvious that TRPA1 might either be a redundant
component of the transduction complex, or that the protein is outright irrelevant for hair cell
transduction [24].

TRPV4 and a possible link to age-related hearing loss
TRPV4 has been cloned from a chicken cochlear duct cDNA library and is expressed in sensory
hair cells and marginal cells of the stria vascularis, the cochlear organ that is generating the
special ionic environment inside the scala media that is required for proper hair cell function
(Fig. 2) [18,29]. Similar to TRPA1, TRPV4 also has electrophysiological features reminiscent
of those of the transduction channel. TRPV4 is gated by hypotonicity, a form of
mechanosensation [18,30], yet it has been suggested that the mechanical gating of TRPV4 is
mediated by an indirect mechanism [31,32], although direct mechanical gating of TRPV4
remains a possible activation modality. Reminiscent of a potential role for TRPV4 in hair cell
mechanotransduction is: i) its homology with the invertebrate osmo- and mechanoreceptor
OSM-9 [33-35], and ii) that TRPV4 is the closest vertebrate homologue of Inactive and
Nanchung, two TRP genes that are essential for hearing in Drosophila melanogaster [8,15].

Consistent with an osmosensory function, TRPV4 is expressed in the epithelial cells of kidney
tubules, and the circumventricular organ of the brain [36-38]. Beside activation by cell swelling
and the cell swelling-induced arachidonic acid metabolite 5’,6’-epoxyeiconsatrienoic acid,
TRPV4 is further activated by heat (>27 °C), by 4α-phorbol 12,13-didecanoate, and by
bisandrographolide A, the active compound of an herbal plant extract used in traditional Eastern
medicine [18,31,39-43].

Phenotypical analysis of TRPV4 homozygous knockout mice revealed deficiencies in fluid
homeostasis regulation and cutaneous mechanosensation [37,44,45], but auditory brainstem
responses (ABRs) and distortion product otoacoustic emissions (DPOAEs), two measures of
auditory function, were indistinguishable between 3-month-old homozygous Trpv4 -/- animals
and wild-type littermates (Liedtke and Heller, unpublished; [46]). Nevertheless, in a recent
report it was shown that 6-month-old homozygous Trpv4 -/- animals have higher ABR
thresholds and increased vulnerability to acoustic injury than their wild type littermates,
suggesting that TRPV4 indeed plays an important role in the murine cochlea, but not likely in
hair cell mechanotransduction [46]. Specifically, the 6-month-old Trpv4 -/- mice displayed
significantly higher auditory thresholds than wild-type mice when hearing was assessed one
week after exposure to noise at 128 dB sound pressure level.

It is interesting to note that the human TRPV4 gene is located within a 20-cM region of
chromosome 12q21-24, a locus that was identified by genetic linkage analysis, for delayed-
onset, progressive non-syndromic hearing loss codenamed DFNA25 [47]. Circumstantially,
this human pathology coincides to a certain extent with the hearing problems reported in
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Trpv4 -/- mice. Mutations in human TRPV4 therefore may account for some rare forms of
hereditary hearing loss.

In fruitflies, the TRPV4 orthologue, Nanchung, and its heteromeric partner, Inactive, are
essential for hearing and are expressed in chordotonal neurons where they localize to their
sensory cilia [8,15]. Moreover, Nanchung and Inactive directly participate in
mechanotransduction and have a modulatory role in auditory gain control of mechanical
transduction [21]. In vertebrates, however, the high expression levels of TRPV4 in the stria
vascularis [18] suggest that its function in the mammalian cochlea could be primarily to
modulate ionic homeostasis. Nevertheless, we cannot completely exclude a role for TRPV4 in
sensory hair cells, where the channel is expressed at low levels, particularly in older mammals.

TRPML3 – a clear link between a TRP and inner ear disorders
The discovery of Trpml3 mutations that confer the varitint-waddler (Va) mouse phenotype put
this putative ion channel in the center stage of hearing transduction [48]. Classified as a member
of the mucolipin (TRPML) subfamily of TRP ion channels, mucolipin 3 or TRPML3, is a
protein with six predicted transmembrane domains, a putative pore loop sequence between
transmembrane domains 5 and 6, and a distinctively long extracellular loop sequence between
transmembrane domains 1 and 2 [48].

Homozygous Va mice are profoundly deaf, display vestibular defects (circling behavior,
imbalance, head-bobbing, waddling), pigmentation deficiencies, sterility, and perinatal
lethality [48,49] (see also a more detailed review by Atiba-Davies and Noben-Trauth in this
issue). Di Palma and colleagues [48] discovered that Va is an allele of Trpml3 where an alanine
residue at amino acid position 419 is substituted with proline (A419P). This mutation is located
within putative transmembrane domain 5, just proximal to the pore region. A second allele
(VaJ) that arose in the Va background was found to carry an additional missense mutation
resulting in an isoleucine to threonine amino acid substitution at position 362 (I362T) located
between predicted transmembrane domains 3 and 4. VaJ animals display a phenotype with
reduced severity, particularly in heterozygous animals [50].

Ultrastructural studies showed that deafness in Va and VaJ mice is due to progressive cellular
aberration of sensory hair cells and intermediate cells in the stria vascularis (see also Fig. 2).
Intermediate cells are melanocytes that play an essential role in maintaining the ionic
composition of the endolymph, which generates the endocochlear potential (EP) in the inner
ear fluid that is indispensable for proper sensory hair cell function. The cellular defects and the
potential the loss of intermediate cells have been linked to a small or absent endocochlear
potential (EP) in VaJ mice that live long enough to allow measurement of the EP [49].
Furthermore, sensory hair cell defects in varitint-waddler mice already become visible during
embryonic development in the form of distinctive disorganization of stereociliary bundles
[48,51].

The TRPML subfamily consists of two more members, namely, TRPML1 and TRPML2.
Recent observations indicate that TRPML1 is a functional ion channel with preference to
monovalent cations [52]. The functional properties of TRPML2 and TRPML3, however,
remain to be investigated. Interestingly, TRPML1 and TRPML2 proteins have been reported
to localize to the lysosomal compartment of cells, and heterologous coexpression of either
TRPML1 or TRPML2 with TRPML3 changes the subcellular distribution of TRPML3 from
the endoplasmic reticulum to the lysosomes [53]. This observation suggests that TRPML3 may
have distinct roles in cells, depending on the influence of TRPML1 or TRPML2. Note,
however, that in hair cells, TRPML3 has been detected in vesicle-like intracellular structures
as well as in the plasma membrane, particularly in stereocilia [48]. Heterologous expression
of TRPML3 in HEK293, NIH 3T3, and HeLa cells also shows protein localization both in the
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plasma membrane and intracellularly, consistent with its observed distribution in sensory hair
cells (Grimm and Heller, unpublished observations). These observations suggest that TRPML3
may play multiple roles at different subcellular locations.

Since the discovery of the A419P substitution in TRPML3, no further evidence has been
reported as to the mechanism behind the vestibular abnormalities or hearing loss in the Va
mice. Nonetheless, we speculate that the pathological correlates of the A419P mutation may
be due to proline-induced structural anomaly in the TM5 domain that also could alter the pore
helix, pore loop, and TM6 region. Prolines are known to break alpha-helical protein
conformations, creating “kinks, hinges, or swivels” of the otherwise rigid helical structure
[54]. While molecular modeling has obvious limitations, theoretical models are useful tools to
further analyze mutational effects of amino acid substitutions within the core structure of
protein domains, and it would be useful to further dissect the proline-induced structural change
in TRPML3. Molecular modeling has been successfully used to investigate effects of amino
acid substitions on distinct channel domains, e.g. pore helix, selectivity filter, etc.; see
[55-58]). Nonetheless, a potential modification of the complete TM5-pore loop-TM6 core
structure of TRPML3 manifested by a single amino acid deviation quite distant from the
predicted central pore region warrants further investigation.

In summary, the relatively distinct varitint-waddler phenotype associated with mutations in
Trpml3 indicates that human hereditary hearing and balance disorders may as well be linked
to the human TRPML3 gene. The human TRPML3 locus, located at 1p22.3, therefore is a bona
fide candidate for syndromic hearing loss, but perhaps also for non-syndromic types of hearing
impairment.

Concluding Remarks
The history of TRP channels in hearing and balance disorders is characterized mainly by the
hunt for the elusive sensory hair cell’s transduction channel. Although the vertebrate
transduction channel still remains a mystery, a number of TRPs are connected to a potential
physiological function in the inner ear. To date, TRPML3 and TRPV4 are the two most
prevailing candidates for human hearing and balance disorders. Nevertheless, PCR-based
expression analyses show that many TRP channels are expressed in the mammalian organ of
Corti (Fig. 3). We consequently conclude that in-depth analysis of additional TRPs may reveal
more connections of TRP channels with inner ear disorders. Likewise, we remain optimistic
that a member of the TRP superfamily may turn out to be the mammalian sensory hair cell
transduction channel, but as the saying goes, “it ain’t over until the fat lady sings.”
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Figure 1. Occurrence of TRPN1 genomic DNA or expressed sequence tags in various animal classes
Classes, where existence of TRPN1 can be verified using GenBank database searches, are
shown in red; individual species with a TRPN1 gene are italicized.
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Figure 2. Schematic picture of a cross section of the mammalian cochlea (adapted from [59,60])
Specifically labeled are sensory hair cells and intermediate and marginal cells of the stria
vascularis. The scala media, filled with potassium-rich endolymph and the endocochlear
potential (EP) of +85 mV is indicated. Listed in parentheses after the individual cell type names
are the TRP channels that were reported to be expressed in these cell types; expression of
TRPML3 in the stria vascularis is supported by findings from our laboratory (Grimm and
Heller, unpublished observations).
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Figure 3. Expression analysis of TRP channels in the murine organ of Corti
As a template, cDNA from an organ of Corti library (a gift from Dr. Bechara Kachar, NIH,
Bethesda, USA) was used to PCR amplify TRP channel fragments with specific sense and
antisense primers. Primers that did not give signals in this analysis were functionally verified
with cDNA from other mouse tissues (not shown).
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