Cell Tissue Res (2015) 361:387-399
DOI 10.1007/s00441-015-2113-z

REVIEW

Molecular basis of hair cell loss

David N. Furness

Received: 6 October 2014 / Accepted: 5 January 2015 /Published online: 13 February 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract Mechanisms that lead to the death of hair cells are
reviewed. Exposure to noise, the use of ototoxic drugs that
damage the cochlea and old age are accompanied by hair cell
death. Outer hair cells are often more susceptible than inner
hair cells, partly because of an intrinsically greater suscepti-
bility; high frequency cells are also more vulnerable. A com-
mon factor in hair cell loss following age-related changes and
exposure to ototoxic drugs or high noise levels is the genera-
tion of reactive oxygen species, which can trigger intrinsic
apoptosis (the mitochondrial pathway). However, hair cell
death is sometimes produced via an extracellular signal path-
way triggering extrinsic apoptosis. Necrosis and necroptosis
also play a role and, in various situations in which cochlear
damage occurs, a balance exists between these possible routes
of cell death, with no one mechanism being exclusively acti-
vated. Finally, the numerous studies on these mechanisms of
hair cell death have led to the identification of many potential
therapeutic agents, some of which have been used to attempt
to treat people exposed to damaging events, although clinical
trials are not yet conclusive. Continued work in this area is
likely to lead to clinical treatments that could be used to pre-
vent or ameliorate hearing loss.

Keywords Hair cell loss - Apoptosis - Necrosis -
Necroptosis - Auditory trauma

Introduction

Hair cells are the sensory receptors of the hearing organ (the
cochlea) and balance system (vestibular apparatus) in all ver-
tebrates, and of the pressure-detecting lateral line in fish and
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amphibians. Each hair cell is equipped with a mechanically
sensitive hair bundle composed of stereocilia at its apex. The
hair cell responds to physical deflection of this stereociliary
bundle via a transducer apparatus, which lies within the bun-
dle and which, on stimulation, allows the influx of cations (K
and Ca®") into the hair cell, depolarising it (for a review, see
Hackney and Furness 2013). At the base of the hair cell are
two types of innervation: afferent fibres that form a variety of
types of post-synaptic endings, depending on hair cell type
and location, and efferent fibres that are pre-synaptic to the
hair cell or the afferent fibres (for a review, see Spoendlin
1985). On depolarisation of the hair cell, neurotransmitter is
released onto the afferent endings and action potentials are
transmitted along the neurites of the neuron. The efferent
nerve endings appear primarily to modulate the activity of
the hair cells or afferent fibres. Afferent and efferent fibres
travel together in cochlear, vestibular or lateral line nerves
(depending on the organ of origin) that convey the information
along the appropriate pathway and ultimately to or from the
brain.

As hair cells play such a central role within these sensory
systems, hair cell loss causes loss of sensory function in each
of them. Hair cell loss is most often studied in the auditory
system as this is a major cause of hearing impairment in the
human population, itself the commonest sensory deficit expe-
rienced by both children (Deltenre and Van Maldergem 2013)
and adults (Li-Korotky 2012). The environmental causes of
hair cell loss are multi-factorial, as are the internal mecha-
nisms that produce it. Hearing loss occurs as a result of genetic
abnormality, infection and disease, exposure to chronic or
acute episodes of high noise intensity and administration of
a number of therapeutic drugs required in cases in which the
severity of the condition being treated overrules the need to
preserve hearing. It also occurs with age, with the possible
involvement of confounding factors such as noise exposure
or infection at any time in the life course, and might also be

@ Springer



388

Cell Tissue Res (2015) 361:387-399

dependent on age-related hearing loss genes (ARHL). Each of
these forms of hearing loss has its own features and not all
target the hair cell. However, a substantial number do and, in
the commonest conditions, hair cell loss is progressive.
Although in birds and other vertebrates, hair cells can be re-
placed by natural regeneration via supporting cell division or
transdifferentiation (Wan et al. 2013), in mammals, they do
not undergo natural replacement to any large extent. Thus, the
hair cell loss is permanent. This review will consider the molec-
ular mechanisms underlying cochlear hair cell loss in mammals.

Organisation of the auditory sensory epithelium and hair
cells

In order to understand hair cell loss, it is first necessary to
review the structure of the hair cells, where they are located,
and their function. In mammals, the hearing organ is the
spiral-shaped cochlea, consisting of a membraneous tube
spiralling around a central pillar of bone, broader at the base
and narrower at the apex (Fig. 1a). Hair cells and surrounding
supporting cells are situated in the organ of Corti, a sensory
epithelium that sits on a fibrous membrane, the basilar mem-
brane, which runs along this tube longitudinally (Fig. 1b). The
basilar membrane forms the lower border of the cochlear duct,

Fig. 1 a Diagram of a human
cochlea showing the spiral shape
and the location of the cross
section shown in b. b The spirally
wound duct of the cochlea is here
cut across five times and is
subdivided by two transverse
membranes, the basilar
membrane (BM) and Reissner’s
membrane (RM). The hair cell
epithelium, the organ of Corti
(OC) with its overlying tectorial
membrane (7M), lies on the
basilar membrane. The
innervation that supplies the hair
cells emanates from the spiral
ganglion (SG), the neurons of
which also project into the central
modiolus (M) and from there to
the auditory brain stem (arrow).
The area in the red box is
equivalent to the image shown in
c. ¢ Cross section of the cochlear
duct of a guinea pig showing the
structures described in b. d Detail
of ¢ illustrating the two types of
hair cell (inner and outer), the
supporting cells that surround
them and the TM. Bars50 pm (c),
25 pm (d)
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a triangular-shaped chamber with its upper boundary formed
by Reissner’s membrane and its side wall composed of the
stria vascularis and spiral ligament (Fig. 1c). The cochlear
duct contains the scala media, a chamber bounded by the cells
lining the cochlear duct. Above and below the scala media are
two other parallel chambers, the scala vestibuli and the scala
tympani. An important feature of these chambers is that,
whereas the upper and lower chambers contain a fairly typical
extracellular fluid (called perilymph) that has a high sodium
ion concentration, the middle chamber is unusual in that it
contains a high potassium ion concentration (endolymph).
This ionic compositional difference is maintained by homeo-
static tissues in the lateral wall and by tight junctions between
the apices of all the cells that line the scala media, including
the hair cells and their supporting cells, which together form
the upper surface of the organ of Corti, called the reticular
lamina (Fig. 1d). The stria vascularis, a three-layered tissue
lining the lateral wall of the scala media gives rise to a
“battery”, developed by a combination of potassium-
handling mechanisms and Kir4.1 potassium channels that
help power the transduction process, called the endolymphatic
potential (for a review, see Wangemann 2006). The mainte-
nance of these ionic differences is relevant not only to the
sensory function of the hair cells, but also to the preservation
of the cells, as will be seen later.

b

outer hair
cells

nner hair cells ——
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Acoustic vibrations enter the cochlea at the oval window
and form waves of pressure in the fluids that cause the basilar
membrane to vibrate, forming a travelling wave along it from
the base of the cochlea to its apex. For a pure tone entering the
ear, the travelling wave reaches a peak at a specific point along
the cochlear duct depending on the frequency of the tone.
Complex sounds with multiple frequencies produce multiple
peaks with high frequencies peaking towards the base of the
spiral and decreasing frequencies peaking further and further
towards the apex along a tonopic axis. The basilar membrane
vibration in turn moves the organ of Corti up and down and
also causes the overlying tectorial membrane to shear in a
radial direction across the top of the organ of Corti; this ulti-
mately directs the stimulus energy of the vibration to the
stereociliary bundle of the hair cell (Fig. 1d).

Two varieties of hair cell are present, the inner and the outer
hair cell. These two types are morphologically, anatomically
and functionally distinct and interact differently with the tec-
torial membrane (for a review, see Fettiplace and Hackney
20006).

Inner hair cells are flask-shaped with a central nucleus and
apical hair bundle. Viewed from above, this bundle contains
stereocilia in an almost linear arrangement. The stereocilia
form rows that increase in height across the bundle like a
staircase. Typically, in mice, inner hair cells possess about
50 of these stereocilia. The inner hair cells themselves form
a single row running along the basilar membrane-organ of
Corti and about 3400 of them are found in a human cochlea
(Rask-Andersen et al. 2012). The main function of inner hair
cells is to detect the vibration of the basilar membrane and to
code for its amplitude in the auditory nerve fibres, between 10

and 20 of which communicate with the base of each inner hair
cell. This coding relates to the intensity (or loudness) of the
sound, a louder sound producing a greater response in the
inner hair cell. The radial motion of the tectorial membrane
seems to generate fluid movements across the bundle that
elicits transduction. The mechanical activity of the basilar
membrane/organ of Corti complex, however, is complicated,
as other factors, which will not be considered here, also affect
the characteristics of the mechanical response. The frequency
of the sound is coded for primarily by the location of the hair
cell, with apical hair cells responding to lower frequencies, the
response systematically changing to higher frequencies as the
location moves more basally, i.e. the coding frequency is de-
termined by virtue of the position of the hair cells along the
spiral. The frequency eliciting the best response is specific to
the nerve fibres that uniquely innervate each hair cell. Some
temporal coding might also occur as for lower frequencies,
auditory nerve fibre firing can be phase-locked to the stimulus
frequency whereby action potentials occur synchronously
with the peak of each cycle of the acoustic wave. Temporal
coding is likely to be important in sound localisation as it
allows the precise timing of stimuli coming into the two ears
to be compared (Joris 2003).

Outer hair cells are more cylindrical than inner hair cells,
with a basal nucleus and apical hair bundle, this time arranged
as a W-shape (Fig. 2a). The approximately 100 stereocilia per
cell (in mice) are organised in rows increasing in height as
before but the tips of the tallest row are embedded in the lower
surface of the tectorial membrane and so are driven directly by
tectorial membrane movement. About three times as many
outer hair cells are present as inner hair cells and, hence, about

Fig. 2 Scanning electron micrographs of the upper surface of the organ
of Corti (reticular lamina). a Normal structure of the reticular lamina: the
hair bundles of the hair cells are seen organised in precise rows: the W
shapes of the three rows of outer hair cells (OHC) and the more linear
bundles of the one row of inner hair cells (//C) separated by supporting
cell apices. b The reticular lamina from a low frequency region of a
guinea pig cochlea damaged by kanamycin, a strongly ototoxic
aminoglycoside antibiotic. Some outer hair cells are missing, those

which have degenerated having been replaced by scars derived from the
expanded apices of supporting cells. ¢ The reticular lamina from a high
frequency region of a guinea pig cochlea damaged by kanamycin in the
same experiment as in b. Very few outer hair cell bundles are left, the
outer hair cells of the high frequency region being more susceptible than
those of the low frequency region. Inner hair cells (/HC) seem relatively
intact at this level of the cell but the cell bodies below the reticular lamina
cannot be seen and thus their condition is uncertain. Bar10 pm
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12,000 occur in a human cochlea but their contribution to
auditory nerve activity is weak, if there is any at all. Instead,
their main function is to enhance the motion of the basilar
membrane. In response to the stimulus delivered to the hair
bundle, the outer hair cell transduces like an inner hair cell but
the stimulus is converted into contraction-elongation move-
ments that increase the vertical displacement of the basilar
membrane. This amplifies the movement to its greatest extent
at the frequency that generates the peak of motion, and the
amplified signal is detected by the inner hair cell (for a review,
see Fettiplace and Hackney 2000).

Hair cell loss

Loss of hair cells (Fig. 2b, c) is characteristic of a number of
different types of auditory damage or genetic defect and, in-
deed, of ageing, although in the last-mentioned case there is
the potential for cumulative effects other than just those of
ageing alone leading to hair cell loss. Noise insult tends to
produce hair cell loss in varied locations, related to the type
ofnoise stimulus. Studies of animals by using overexposure to
pure tone acoustic stimuli tend to show maximum damage in
particular regions along the organ of Corti (e.g. Fredelius et al.
1987); the regions involved are presumably dependent on the
frequencies and intensities of sound in the damaging noise,
although variability is apparent in the individual responses.
However, a typical pattern of hair cell loss in ageing or oto-
toxicity starts with the outer hair cells at the base of the co-
chlea, progressively moving apically and including the inner
hair cells at a later stage (see Jiang et al. 1993;
Mahendrasingam et al. 2011), although there are many excep-
tions to this. This suggests an increased vulnerability of the
higher frequency hair cells.

Some studies have attempted to understand the tonotopic
pattern of hair cell loss, and changes are evident in the expres-
sion of a variety of proteins along the cochlea possibly affect-
ing the vulnerability of high-frequency hair cells compared
with low-frequency hair cells. Jenisen-Smith et al. (2012) sug-
gest that basal outer hair cells are metabolically more suscep-
tible to environmental changes. Another mechanism that has
been suggested is failure of calcium homeostasis. In mam-
mals, mutations in the gene encoding plasma membrane cal-
cium ATPase2 (PMCA?2) cause deafness (Mammano 2011).
Changes in PMCAZ2 expression along the cochlea have been
postulated as being responsible for the greater sensitivity of
basal hair cells, although a systematic quantitative study has
found no evidence for a substantial difference in PMCA2
expression along the tonotopic axis (Chen et al. 2012).

The evidence of changes in other calcium-regulating pro-
teins nevertheless makes differential susceptibility to calcium
toxicity plausible. Calcium loading has been reported in noise-
induced hearing loss (Jacob et al. 2013). In another study, the
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calcium-sensing cochlear protein, otoferlin, has been reported
to be present in low-frequency but not high-frequency hair
cells (Engel et al. 2006). It has been concluded that otoferlin
and calcium-activated potassium channels (BK channels) play
important roles in cell survival under noise-damaging condi-
tions. Evidence from studies of non-mammalian systems in-
dicates that the failure of calcium homeostasis is a factor in the
death of hair cells (Esterberg et al. 2014).

The vulnerability of the basal outer hair cells to other dam-
aging agents has also been investigated. One suggestion is the
involvement of transient receptor potential vanilloid 1 and 4
channels in the susceptibility of high-frequency hair cells to
ototoxic antibiotics (Lee et al. 2013). These channels are
thought to provide a route of entry of aminoglycosides into
the hair cell. However, aminoglycosides can also enter
through the transduction channels of the hair cells
(Alharazneh et al. 2011). Thus, a combination of characteris-
tics is likely to make the high-frequency hair cells more vul-
nerable than the low-frequency ones.

Finally, reports that basal outer hair cells are more suscep-
tible to free radicals (Sha et al. 2001) are also worth noting.
This could provide a common factor in the typical pattern of
hair cell loss. The increased vulnerability has been attributed
to a lower expression of glutathione, an anti-oxidant, in basal
hair cells.

Processes of hair cell degeneration

Numerous causes of hair cell loss have been reported, ranging
from direct physical damage and death to factors that trigger a
more defined response, depending on the type and magnitude
of damage. Clearly, a significant traumatic event that leads to a
break in the reticular lamina and physical damage to the cells
themselves does not allow protective mechanisms to be en-
gaged. This is the case when high-intensity sound (130 dB)
causes extreme mechanical movements and tearing of the del-
icate epithelium and leads to the mixing of the endolymph and
perilymph (Rauchegger and Spoendlin 1981). Subsequent to
this, chronic cell loss can occur by mechanisms that attempt to
prevent or limit other damaging effects (Fetoni et al. 2014), as
discussed below. In the case of the tearing of the reticular
lamina and fluid mixing, the optimal distribution of ions (i.e.
primarily potassium and sodium) is disturbed. The hair cells
normally sit with their apical surfaces (including the hair bun-
dle) bathed in endolymph and, hence, exposed to high potas-
sium and low sodium ions, with their basolateral surfaces
being bathed in perilymph and, hence, exposed to low potas-
sium and high sodium levels. Evidence suggests that elevated
potassium is toxic to the hair cell if it builds up to excess
(Nouvian et al. 2003). Failure to eliminate potassium from
the perilymph could result in this toxic build up.

With less damaging agents, hair cells go through a number
of stages before finally becoming lost. Moreover, the loss of
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the hair cell might be expected to leave a hole in the organ of
Corti through which the two distinct fluids, endolymph and
perilymph, would mix. However, evidence has been presented
that, at least if time permits, the organ of Corti is able to
remodel, as the hair cells degenerate so that a scar is formed
derived from adjacent supporting cells (Fig. 2b, c).

An example in which this has been studied in detail is the
response to ototoxic antibiotics in guinea pigs. As noted pre-
viously, the outer hair cells show the greatest susceptibility
(Fig. 2). The basal part of the outer hair cell below the reticular
lamina tends to degenerate first, whereas the apex retains its
tight junctions. Subsequently, the apices are extruded at the
same time that the supporting cells swell up and maintain a
seal across the hole that would otherwise be formed. The
extrusion occurs upwards from the reticular lamina (Forge
1985). This has also been observed in vestibular system epi-
thelia after the trans-tympanic injection of gentamicin (Quint
et al. 1998) and in naturally ageing cochleae (D.N. Furness
and C.M. Hackney, unpublished observations; Fig. 3).
Whether this is always true remains to be established, as holes
have been noted occasionally after kanamycin damage in
guinea pigs (Furness and Hackney 1986) and the situation
for other species might also be different. Nevertheless, mor-
phological features of hair cell loss and supporting-cell expan-
sion indicate that the organ of Corti has evolved mechanisms
to prevent or limit the spread of damage.

When hair cell degeneration has been triggered, two main
pathways lead to death, as with other tissues of the body.
These are: (1) catastrophic cell death (necrosis) in which the
cell contents are released into the environment and (2) pro-
grammed cell death (apoptosis) in which a trigger sets in mo-
tion a careful and proscribed sequence of energy-dependent
events that lead to cellular degeneration without loss of the

Fig. 3 Mode of hair cell
degeneration in guinea pigs
following kanamycin damage (a)
and old age (b). In both cases, the
apices of the outer hair cells
appear to be extruded from the
surface of the reticular lamina
without leaving a gap, because of
the expansion of supporting cells.
The hair bundles at this stage are
still present, even though the
apices are no longer attached to
the rest of the cell body. Bar5 pm

contents of the cell. A “third pathway” has also been de-
scribed after noise damage (Bohne et al. 2007). Recently, a
form of controlled necrosis, necroptosis, has also been sug-
gested to occur (Park et al. 2012). In general, necrosis is bad
for tissues, leading to inflammation and damage to other cells
nearby because of the release of intracellular enzymes, where-
as apoptosis leads to the destruction of a cell with fewer col-
lateral effects.

Mechanisms of cell death

As a prelude to discussing further the mechanisms leading to
death of the hair cell, it is worth briefly reviewing the general
features of the two main types of cell death, namely necrosis
(necroptosis) and apoptosis. However, the study of cell-death
mechanisms is in itself a substantial topic and here only a brief
mention of the major molecular players can be given.

Necrosis and necroptosis

Necrosis is characterised by swollen intracellular organelles,
pyknosis (condensation of the nucleus), breakdown of the cell
membranes, and release of the cell contents (Fig. 4; Naganska
and Matyja 2001). The release of cell contents and the failure
also to clear up apoptotic cells provokes or contributes to
further inflammatory changes and the death of other cells
(Szondy et al. 2014). A form of programmed necrosis
(necroptosis) has also been described (for a review, see Yuan
and Kroemer 2010). Necroptosis can be triggered by factors
such as receptor interacting protein (RIP) kinases.
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Fig. 4 a Representation of the morphological stages in the two main
modes of cell death: necrosis (leff) and apoptosis (right). In necrosis,
the nucleus condenses and the cell starts to fragment, ultimately
releasing its contents into the surrounding environment. In apoptosis,
the nucleus condenses, the cell membrane becomes convoluted and
apoptotic bodies form containing cell organelles and nuclear material.
The apoptotic bodies are phagocytosed by macrophages, hence
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In apoptosis, the cell membranes become convoluted but do
not disintegrate. The nucleus becomes pyknotic and starts to
break up into smaller parts, with the chromatin becoming con-
densed (for a review, see Strasser et al. 2011). The cytoplasm
also condenses and the cell then forms blebs that are phago-
cytosed by surrounding macrophages (Fig. 4).

Various methods can detect apoptosis in tissues, such as:
looking for apoptotic proteins by using immunohistochemis-
try; labelling the DNA and looking for morphological chang-
es, for example, by using Hoechst 33342 (Hu et al. 2000);
TUNEL staining combined with morphological evaluation
(Nishizaki et al. 1999). TUNEL detects DNA fragmentation
and severe DNA damage. It relies on the presence of nicks in
the DNA that can be localised by terminal deoxynucleotidyl
transferase, an enzyme that catalyzes the addition of
deoxyuridine triphosphates that are conjugated to a marker.
However, such DNA damage might also occur during autol-
ysis (self-destruction caused by the intracellular release of a
cell’s own enzymes) and not necessarily only as a conse-
quence of the classical apoptotic pathway.
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preventing the release of cell contents into extracellular space. b
Simplified representation of the extrinsic and intrinsic pathways
involved in apoptosis and some of the key players in each. Note that
external signals trigger the extrinsic pathway; the one shown here is
FasL but numerous others exist. The intrinsic pathway can be activated
by intracellular triggers, such as reactive oxygen species (ROS) amongst
others, and also by the extrinsic pathway

Apoptosis takes place under genetic control and involves a
bewildering array of triggers and signalling pathways.
Common triggers include reactive oxygen species (ROS)
and extracellular ligands. A role for nitric oxide has also been
suggested (see Wang et al. 2010). A variety of genes are in-
volved, such as aspartate-specific cysteine proteases
(caspases), apoptotic protease activating factor 1 (4PAF-1) a
cofactor for caspase 9, the B-cell lymphoma 2 (BCI-2) family
including an interacting mediator of cell death (BIM) and he-
patic leukaemia factor (HLF) and c-Jun N-terminal kinases
(/NK), amongst others. The BCI-2 family includes both pro-
and anti-apoptotic genes. Caspases cleave various proteins,
with secondary effects such as DNA cleavage leading to chro-
matin condensation and the stimulation of cytoskeletal pro-
teins such as actin to induce bleb formation and shape chang-
es. They are themselves activated from pro-caspases by other
caspases (Strasser et al. 2011).

Apoptosis has also been subdivided into an extrinsic (or
death receptor) and an intrinsic (or mitochondrial) pathway
(Fig. 3). These pathways differ in that the extrinsic pathway
acts through a signalling pathway involving cell-death recep-
tors on the surface, whereas the intrinsic pathway is triggered
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by cytokine deprivation, intracellular damage or oncogene
expression. The two pathways are not mutually exclusive
and can interact.

Death-receptor pathways are initiated via receptor
oligomerisation induced by their ligands (Guicciardi and
Gores 2009), an event that in turn results in the recruitment
of specific adaptor proteins and the activation of caspases-8
and —10. An example of the extrinsic pathway (Fig. 4) is
that activated by Fas ligand (FasL), which activates antigen
1 (Fas, also known as CD95 and APO-1) followed by FAS
adaptor protein (FADD) and then caspase-8. Other extrinsic
receptors are tumour necrosis factor-alpha (TNF-oc), TNF-
related apoptosis-inducing ligand (TRAIL) and death recep-
tors (DR), each of which has its own intracellular mediators
leading to caspase activation. TNF-oc can also activate JNK
and this can lead to the inhibition of Bcl-2, itself a pro-
survival factor, by phosphorylation. In the absence of cas-
pase activation, stimulation of death receptors can also lead
to necroptosis (for a recent review of death receptor path-
ways, see Lavrik 2014).

The intrinsic pathway is stimulated by intracellular
stressors, including ROS, but can also be triggered by activa-
tion through the extrinsic pathway. For example, both ROS
(Wu and Bratton 2013) and some of the extracellular signals
noted above lead to Bcl-2 family activation, two members of
which, the BCI-2 antagonists BCI-2 associated X protein
(BAX) and BCI-2 killer protein (BAK), create pores in mito-
chondria. The pores allow cytochrome ¢ and other materials to
be released into the cytoplasm to act as apoptosis-promoting
factors. Cytochrome c release can lead to the generation of
further ROS, producing a feedback loop increasing the dam-
age to mitochondria and inducing further cytochrome c re-
lease. Cytochrome c triggers APAF-1 mediated activation of
caspase-9. The intrinsic and extrinsic pathways are similar in
that caspase-8 and —9 both initiate effector caspases —3, —6
and —7 leading to apoptosis by proteolysis and DNA cleavage
(via the caspase-activated DNAase, CAD). Activated caspase
8 can also cleave Bid, a normally pro-survival member of the
Bcl-2 family, forming truncated Bid, which leads to apoptosis
(Strasser et al. 2011). Another important protein in the intrin-
sic pathway is p53, a tumour suppressor. When DNA damage
occurs and its repair fails, p53 is phosphorylated and this leads
to the activation of BAX triggering the mitochondrial pathway
(Niemenen et al. 2013).

Activation of the death receptor ligands does not always
lead to apoptosis. For example, TNF-« receptor activation can
have anti-apoptotic effects. It can initiate the nuclear factor
(NF-«kB) pathway and the mitogen-activated protein kinase
(MAPK) pathways, which promote pro-survival genes
(Marques-Fernandes et al. 2013). NF-«B is a protein complex
that controls the transcription of DNA and is associated with
cellular responses to stimuli such as stress, cytokines and free
radicals.

Apoptosis can also be triggered by caspase-independent
pathways. One such trigger is endonuclease G (endoG), which
is a DNAase that is released from mitochondria and cleaves
DNA in chromatin in the nucleus (Li et al. 2001). Another is
apoptosis-inducing factor (AIF), which plays a similar role to
endoG (Candé et al. 2002).

Apoptosis is also regulated by micro-RNAs (miRNAs).
These are non-coding RNAs that act to determine protein
expression during transcription and post-transcriptionally.
Many are associated with cancer (for a review, see
Jovanovic and Hengartner 2006). For example, the inhibition
of several miRNAs (miR-1d, 7, 148, 204, 210, 216 and 296)
has been found to lead to increased caspase-3 activity, with
one miRNA (miR-214) leading to decreased activity (Cheng
et al. 2005). More recently, Xiong et al. (2010) and Roshan
et al. (2014) have demonstrated the involvement of miR-29 in
apoptosis. miR-29 appears to target two anti-apoptotic mole-
cules, Bcl-2 and myeloid cell leukaemia 1 (Mcl-1), which
promotes cell survival by acting on Bcl-2; silencing these
proteins mimics the apoptotic-promoting effect of miR-29,
whereas their over-expression reduces apoptosis. miR-29
over-expression also stimulates the mitochondrial pathway.
This miRNA appears to influence voltage-dependent anion
channel 1 (VDACI), a mitochondrial outer-membrane ion
channel, which is up-regulated several-fold in several brain
regions following miR-29 knockdown in mice. Partial recov-
ery of apoptosis can be obtained by the down-regulation of
VDACI in miR-29 knockdown cells (Roshan et al. 2014).

Another apoptotic regulator is miR-34, which is involved
with p53 signalling. miR-34 can induce apoptosis and is itself
regulated by p53. This pathway is known to be involved in the
suppression of tumourigenesis. miR-34 also appears to be
involved in a feedback loop stimulating the up-regulation of
p53 (He et al. 2007).

Necrosis and apoptosis of hair cells

Necrosis and apoptosis have been demonstrated in hair cells
by a number of studies looking at different forms of auditory
damage. In many cases, these two processes occur side-by-
side. For example, after kanamycin-induced hair cell damage,
cells displaying features either of necrosis or apoptosis can be
observed (Jiang et al. 2006). However, determining whether
these structural features reflect classical mechanisms is more
difficult.

Apoptotic hair cells have been detected by using Hoechst
staining after noise damage (Hu et al. 2000) and by using
TUNEL during ageing (Usami et al. 1997), although as noted
above, the latter might also reflect autolysis (Nishizaki et al.
1999). A number of other studies have shown the cochlear
expression of apoptosis-promoting genes, such as caspases
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and p53 following noise trauma and during ageing (see Hu
etal. 2009; Tadros et al. 2008; Fetoni et al. 2014). Attempts to
visualise TUNEL staining and other markers for apoptosis
after ototoxicity (kanamycin damage) suggest that the classic
apoptotic pathways are not always involved (Jiang et al.
2006). Other studies, however, do implicate classic apoptotic
pathways in ototoxicity. Certainly, after aminoglycoside tox-
icity, hair cells with apoptotic features can be observed
(Fig. 5). Ototoxic drugs might, therefore, trigger a wider vari-
ety of pathways for cell death in the cochlea.

One of the common factors involved in the apoptotic death
of hair cells and a potential trigger of cell death is the gener-
ation of ROS. ROS are involved in cell signalling pathways
and therefore have specific functions in cells (Morgan and Liu
2011). These energetic particles are released during a variety
of cell processes and can be created by the increased activity
of mitochondria. However, in relatively low doses, oxidative
stressors such as ROS can cause mitochondrial injury in hair
cells (Baker and Staeker 2012). The increased production of
ROS in turn further affects the mitochondria. Indeed, they are
known to cause damage to mitochondrial DNA. Noise expo-
sure increases mitochondrial activity and so promotes further
formation of ROS. Aminoglycoside antibiotics (Sha and
Schacht 1999) and cisplatin (Ravi et al. 1995) both appear to
induce the formation of ROS. Another common feature of
noise damage and aminoglycoside ototoxicity is the involve-
ment of the INK pathways (Wang et al. 2003). More details of
the contribution of these are found in the individual sections
below.

The involvement of ROS in many cases of cochlear dam-
age primarily implicates the intrinsic pathway in hair cell
death, as ROS appear to interact with this pathway in multiple
ways (Wu and Bratton 2013). ROS alter the function of Bcl-2
family members, regulating the kinases that phosphorylate
them. This includes MAPK, JNK and extracellular signal-
regulated kinase (ERK; Torres 2003). The production of

Fig. 5 High-frequency inner hair a
cells in a normal guinea pig
cochlea (a) and after kanamycin-
induced damage (b). In b, the cell
shows signs of undergoing
apoptosis. Compared with a, the
nucleus (V) is showing
condensation and becoming
misshapen, the cell membrane is
becoming convoluted and
irregular and the cytoplasm is
condensing. Bar 5 um
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apoptosis regulator miR-29a is altered by oxidative stress in
an organ of Corti cell line exposed to the oxidative stressor
tertbutyl hydroperoxide (t-BHP). Exposure to low concentra-
tions appears to down-regulate miR-29a but higher concentra-
tions up-regulate it (Wang et al. 2010). Possibly, with suffi-
cient oxidative stress, this miRNA is increased, initiating
apoptosis.

Because the generation of ROS seems to be a major factor
in inducing hair cell apoptosis, this raises the question of
whether both extrinsic and intrinsic pathways are involved
in hair cell loss. Clear FasL expression has not been detected
in hair cells, even after experimentally induced labyrinthitis
(Bodmer et al. 2003a). The same group has also shown that, in
mutants with an absence of Fas receptor function, hair cell loss
after aminoglycoside toxicity is no different from that in con-
trol mice (Bodmer et al. 2003b). Moreover, no TNFx recep-
tors or other receptors associated with extrinsic pathways have
been reported on hair cells. On the other hand, both caspase-8
and TNF receptor type 1-associated death domain protein
(TRADD) are found in outer hair cells after a combination
of ethacryinic acid (a loop diuretic) and cisplatin ototoxicity
(Ding et al. 2007; see also Devrajan et al. 2002). RIPs are
expressed by hair cells and play a role in outer hair cell
necrosis/necroptosis (Zheng et al. 2014). Increasing emphasis
will probably be laid on cochlear studies of necroptosis, as this
is a rapidly growing area in its own right (Jouan-Lanhouet
et al. 2014).

In agreement with the process of apoptosis in other
tissues, macrophages would be expected to be present in
order to phagocytose apoptotic bodies and cellular debris
from necrosis within the cochlea. Indeed, another common
feature of noise-induced damage and aminoglycoside tox-
icity is the recruitment of macrophages (see Fredelius and
Rask-Andersen 1990; Ladrech et al. 2007). Their role lies
in the clearing up of the cellular debris produced by cell
death.
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Cell death in response to processes that cause cochlear
damage

Age-related hearing loss

Oxidative stress and mitochondrial dysfunction are clearly
involved in ARHL, as in other forms of age-related tissue
degeneration (Fujimoto and Yamasoba 2014). Mice that lack
the gene for superoxide dismutase 1, an antioxidant that de-
fends cells against oxidative stress, show premature hair cell
loss and ARHL (McFadden et al. 1999). Oxidative stress
causes Bak to be expressed in the cochlea, hence increasing
mitochondrial damage, whereas deletion of the Bak gene pre-
vents early hair cell loss in C57BL/6 J mice (Someya et al.
2009), a strain that shows accelerated ARHL. Evidence ob-
tained from other systems has shown that BAK and BAX
work together (Westphal et al. 2011) and might form a pore
in the mitochondrial membranes allowing the release of cyto-
chrome c (Bleiken et al. 2013).

mi-RNAs are also likely to play a role in hair cell degener-
ation in ageing. In a study of mi-RNAs involved in age-related
hair cell loss, Zhang et al. (2013) noted that miRNAs that
exhibited approximately two-fold up-regulation included
members of the miR-29 family and miR-34 family, which
are known regulators of pro-apoptotic pathways. In contrast,
miRNAs that were down-regulated by about two-fold were
members of the miR-181 family and miR-183 family, which
are known to be important for proliferation and differentiation,
respectively. The shift of miRNA expression favouring apo-
ptosis occurs before hearing threshold elevation and hair cell
loss are observed suggesting that they are part of the process
leading to the degeneration.

Ototoxicity

Ototoxicity is a general term describing the damaging effect of
a variety of drugs on the hearing organ. Drugs that have these
effects include anti-cancer agents, such as cisplatin and
carboplatin, and aminoglycoside antibiotics, such as strepto-
mycin and gentamicin. Many of these drugs are still in clinical
use, despite having the side effect of ototoxicity.

Ototoxic drugs appear to target the hair cells, sometimes
selectively. For example, aminoglycoside antibiotics have
been used as an experimental tool to generate selective outer
hair cell loss (Ryan and Dallos 1975; Harrison and Evans
1979; Fig. 2), although they clearly also affect the inner hair
cells, but to a lesser extent (Fig. 5). Aminoglycoside antibi-
otics can also produce, in common with many other agents
that affect hearing, a base-to-apex gradient in their effect on
hair cells, with basal hair cells being intrinsically more sensi-
tive than apical ones (Richardson and Russell 1991).

Studies of kanamycin ototoxicity initially implied that ap-
optosis was the main route of hair cell death (Nakagawa et al.

1998). However, as became apparent subsequently, the modes
of hair cell loss produced by ototoxic drugs are varied, even
for a single drug. Thus, in the study by Jiang et al. (2006), both
apoptotic and necrotic features were observed as a result of
kanamycin-induced hair cell loss but a lack of the usual apo-
ptotic markers was noted. This led the authors to conclude that
the pathway did not include classic apoptosis. Nevertheless, in
another study in which the kanamycin and a loop diuretic
(bumetanide) were administered sequentially in mice, outer
hair cells were shown to display TUNEL and activated
caspase-3 labelling, implying that they mostly died via an
apoptotic process (Taylor et al. 2008). Inner hair cells were
less susceptible and the effects were delayed but they also
showed features of autophagy, apoptosis and necrosis.

Cisplatin also induces apoptotic hair cell loss (Devarajan
et al. 2002; Garcia-Berrocal et al. 2007; Ryback et al. 2007;
De Freitas et al. 2009), stimulating the expression of a number
of apoptotic factors (Jamesdaniel et al. 2008). These include
pro-survival activating transcription factor 2 (ATF2), pro-
apoptotic serine-threonine protein kinase and RIP. Both ex-
trinsic and intrinsic pathways have been suggested to be in-
volved (Devarajan et al. 2002).

A common feature of ototoxic agents is the production of
ROS (Huang et al. 2000; Rizzi and Hirose 2007). ROS have
thus been implicated in hair cell death in ototoxicity, including
aminoglycoside- and cisplatin-induced hair cell loss (Ryback
et al. 2007; Op de Beeck et al. 2011). Cisplatin ototoxicity
induces the production of ROS and free radicals and these
act on the hair cell membrane to generate 4-hydroxynonenal,
a mediator of apoptosis (Huang et al. 2000).

The involvement of miRNA in ototoxicity-induced apopto-
sis has yet to be thoroughly investigated. One report suggests
that miR-34 is up-regulated after kanamycin-induced ototox-
icity but this does not appear to be associated with hair cells
(Yu et al. 2010).

Acoustic trauma

In noise-induced hair cell loss, as with the other conditions
mentioned previously, evidence indicates that ROS play a
major role (Ohinata et al. 2000; Fetoni et al. 2013). Thus,
the intrinsic pathway is involved. EndoG and AIF have both
been detected in the cochlea after noise-induced damage
(Yamashita et al. 2004) suggesting that caspase-independent
cell death is also a possible mechanism in hair cell loss. AIF
and endoG both translocate from the mitochondria into the
nucleus in hair cells, the former into both apoptotic and ne-
crotic hair cells, as shown by Han et al. (2006). In the same
study, caspase-3 activation has also been detected in hair cells.
Thus, caspase-dependent, caspase-independent and necrotic
cell death all occur together after noise damage. Activation
of the TNF« pathway in noise damage in the cochlea has also
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been reported, although the data do not show whether this
pathway is expressed in hair cells (Hu et al. 2009).

The necrotic process after noise damage appears to involve
two pathways, according to morphological evidence present-
ed by Bohne et al. (2007). In this study, the authors suggest
that one form of necrotic cell death is typified by outer cells
undergoing a swollen phase (oncosis) followed by death
(necrosis) and the other (their “third pathway”) by outer hair
cells losing their basolateral membrane but retaining cyto-
plasm in a cylindrical shape. The latter might be a feature
specific to cochlea, as Bohne et al. (2007) suggest that it could
be a result of exposure to increased levels of potassium from
nearby degenerated outer hair cells. However, outer hair cells
also have a complex sub-plasma membrane cortical lattice that
could potentially hold the cytoplasm in place after loss of the
membrane (see Bannister et al. 1988). This morphological
feature of a retained shape could simply reflect the possibility
that the lattice does not always break down early during hair
cell degeneration and that its presence physically constrains
the remaining cytoplasm into a cylinder.

As with ototoxic drugs, evidence therefore exists for both
apoptosis and necrosis following noise-induced damage.
However, the balance between necrosis and apoptosis is un-
clear. One study has demonstrated that high noise levels can
produce membrane damage (Hu and Zheng 2008). However,
rather than leading to necrosis, this appears to trigger apopto-
sis. In a study of permanent-noise-induced outer hair cell loss,
Zheng et al. (2014) have shown the necrosis triggering factors
RIP1 and RIP3 are up-regulated, together with the apoptosis
signalling molecule, caspase-8. Inhibition of caspases reduces
the number of apoptotic nuclei but increases the expression of
RIP1 and RIP3 and the number of necrotic nuclei. Inhibition
of necrosis has the opposite effect decreasing the number of
necrotic nuclei and increasing the number of apoptotic nuclei,
although no corresponding increase in caspase-8 expression
has been detected. Instead, caspase-9 is up-regulated. These
results support the suggestion that a balance occurs between
the two methods of cell death in noise-induced hair cell loss
but that this can vary depending on conditions. Indeed, the
intensity of the noise might be a factor in determining this
balance (for a review, see Op de Beeck et al. 2011).

Preventing apoptosis and necrosis as a therapy
for ameliorating hair cell loss

Many studies have detailed a plethora of tests of various drugs
and agents as potential therapeutic interventions in ototoxicity,
ARHL and noise damage. These broadly fall into two catego-
ries: those aimed at interrupting the signalling mechanisms
that lead to apoptosis and necrosis and those aimed at
inhibiting specific parts of the cell-death pathways.
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Many strategies centre on the reduction of ROS, the intra-
cellular trigger for intrinsic apoptosis. Blocking the generation
of ROS by using anti-oxidant drugs such as N-acetylcysteine
(NAC) and salicylate might be protective against their dam-
aging effects (Kopke et al. 2000; Duan et al. 2004). MitoQ,
another anti-oxidant that accumulates in mitochondria, is also
protective against gentamicin (Ojano-Dirain et al. 2014). In
organ cultures exposed to gentamicin, ROS were reduced by
melatonin, tacrolimus and dexamethasone, which also caused
a reduction in the expression of several factors implicated in
apoptosis (Bas et al. 2012). These agents were otoprotective
in vivo. Another anti-apoptotic agent, TAT-FNK (a combina-
tion of an artificial protein based on Bcl-xL called FNK and of
TAT [trans-activation response element], a regulator of viral
transcription; see Kashio et al. 2007), inhibited
aminoglycoside-induced ototoxicity when released from a
gel placed against the round window in guinea pigs (Kashio
et al. 2012). The damage was induced by a kanamycin sul-
phate and ethacrynic acid mixture, and the anti-apoptotic
agent was introduced prior to administration of the ototoxic
agents.

Inhibition of each of the cell death pathways has been tried
with agents that block various stages. Neomycin-induced hair
cell loss can be attenuated in organ of Corti explants by
inhibiting the expression of dimethylated histone H3K4 by
using lysine-specific demethylase 1. This treatment can be
recapitulated in vivo and is accompanied by reduced
caspase-3 expression (He et al. 2014). Amelioration of the
ototoxic and apoptotic promoting effects of cisplatin has also
been found by using inhibitors. Examples of this are histone
deacetylase inhibitors such as trichostatin A (Wang et al.
2013). Experiments on organ cultures derived from 3-day
old mice showed a reduction in cisplatin-induced hair cell loss
on pre-treatment with trichostatin A. Microarray analysis re-
vealed that this treatment prior to cisplatin exposure reduced
the expression of apoptotic genes associated with the TNF and
p53 pathways, compared with cisplatin alone. These were
TNFRSF1a, a TNF receptor, and p53 itself.

The effects of aminoglycosides can also be attenuated by
necrosis and necroptosis inhibitors (Park et al. 2012). NecroX
treatment caused a reduction in hair cell loss in mouse organ
of Corti cultures and decreased apoptotic nuclei on TUNEL
staining. Similar results were found in zebrafish lateral line
(Song et al. 2014). Inhibition of p53 by pre-treatment with
pifithrin alpha or KX1-004 also has protective effects on noise
damage by reducing apoptosis (Fetoni et al. 2014).

Whereas the numerous studies on otoprotection are
pointing the way, an effective clinical treatment has not yet
been found, although some clinical trials with NAC have been
undertaken (Kopke et al. 2007). In a clinical study of head and
neck cancer patients taking cisplatin, no overall benefit was
found but a small number of individuals showed some protec-
tion by transtypmanic NAC (Yoo et al. 2014). In another study
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of noise-induced hearing loss, some benefit was found in that
NAC reduced the size of temporary threshold shifts (Lin et al.
2010). These and other clinical studies imply a future for
agents that interfere with the mechanisms of programmed cell
death.

Concluding remarks

In this review, the mechanisms that lead to the death of hair
cells have been evaluated. The commonest factor in the three
main kinds of cochlear damage is the generation of ROS,
which can trigger intrinsic apoptosis. However, in some cases,
hair cell death is produced via an extracellular signalling path-
way leading to extrinsic apoptosis. Necrosis and necroptosis
also play a role and, for a given damaging event, a balance
exists between these possible routes of cell death, with no one
mechanism being exclusively activated. Further, we should
bear in mind that, whereas this review focuses on hair cell
death, other targets are present within the cochlea, such as
the neural elements in the spiral ganglion and the homeostatic
tissues of the lateral wall, in which cell death leading to hear-
ing loss can occur. Finally, the many studies of these mecha-
nisms of hair cell death have led to the identification of nu-
merous potential therapeutic agents, of which some have been
used to attempt to treat people suffering cochlear damage.
Thus, the continued work in this area is likely ultimately to
lead to clinical treatments to prevent or ameliorate hearing loss.
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