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ABSTRACT

The sensory epithelium of the mammalian inner ear contains two types of mechanosensory cells:
inner (IHC) and outer hair cells (OHC). They both transduce mechanical force generated by sound
waves into electrical signals. In their apical end, these cells possess a set of stereocilia representing
the mechanosensing organelles. IHC are responsible for detecting sounds and transmitting the
acoustic information to the brain by converting graded depolarization into trains of action
potentials in auditory nerve fibers. OHC are responsible for the active mechanical amplification
process that leads to the fine tuning and high sensitivity of the mammalian inner ear. This active
amplification is the consequence of the ability of OHC to alter their cell length in response to
changes in membrane potential, and is controlled by an efferent inhibitory innervation. Medial
olivocochlear efferent fibers, originating in the brainstem, synapse directly at the base of OHC and
release acetylcholine. A very special type of nicotinic receptor, assembled by a9210 subunits,
participates in this synapse. Here we review recent knowledge and the role of both afferent and
efferent synapse in the inner ear.

© 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction

The inner ear of vertebrates has the unique capacity to detect
sound waves and acceleration of body movements. The structure
responsible for these refined tasks comprise a series of intercon-
nected fluid-filled canals inside a bony structure at the base of
the skull. Two main parts can be identified with different function-
alities: the cochlea and the vestibular canals. The cochlea (Fig. 1A)
houses a sophisticated machinery responsible for the detection of
sounds and the conversion from mechanical energy intro electrical
potentials [55,12]. The vestibular canals are responsible for the
detection of changes in body position, and share many features
with the cochlea [20].

The organ of Corti (Fig. 1B) is the sensory epithelium within the
cochlea where hair cells, supporting cells and nerve fibers (that
connect to and from the brain) interact to make hearing happen
[55]. The organ of Corti rests over an acellular membrane, called
basilar membrane, extending all along the cochlea and presenting
unique mechanical properties [55]. It has the capacity to vibrate in
response to fluid movements and propagate this mechanical
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energy to the entire organ of Corti. The way it vibrates in response
to sound is key to understanding cochlear function. Sounds of a
specific frequency produce a general wave within the cochlea,
but movements of the basilar membrane are highly accelerated
only in a very restricted region [122]. This phenomenon is called
frequency tuning, and relies in part on the geometry of the basilar
membrane, which is wider and more flexible at the apical low fre-
quency end and narrower and stiffer at the basal high frequency
end [54]. Hair cells also play a fundamental role, as will be
discussed below.

The mammalian cochlea contains two classes of sensory cells,
inner (IHC) and outer hair cells (OHC) [12]. They present several
common characteristics, such as cellular polarity with stereocilia
in the apex and synaptic connections at the base, but also, func-
tional differences. Information about the acoustic environment is
relayed primarily by synapses at IHC, whereas OHC are involved
in sound amplification by electromechanical feedback.

In the following sections, we will critically discuss recent
advances in some of the most important aspects of inner ear
function: (1) mechano-transduction, that allows for detection of
acoustic inputs; (2) afferent connections with the central nervous
system, that brings information from the environment to the brain;
(3) efferent connectivity, that controls cochlea amplification; and
finally, (4) the association between the efferent system and the
susceptibility to noise-induced hearing loss.

0014-5793/© 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.febslet.2015.08.030&domain=pdf
http://dx.doi.org/10.1016/j.febslet.2015.08.030
mailto:goutman@dna.uba.ar
mailto:mgomezcasati@fmed.uba.ar
mailto:mgomezcasati@fmed.uba.ar
http://dx.doi.org/10.1016/j.febslet.2015.08.030
http://www.FEBSLetters.org
http://crossmark.crossref.org/dialog/?doi=10.1016%2Fj.febslet.2015.08.030&domain=pdf&date_stamp=2015-08-31

J.D. Goutman et al./FEBS Letters 589 (2015) 3354-3361

Auditory nerve

Spiral ganglion

3355

< /o I o

Basilar membrane |

=7Z n-mm

Auditory nerve fibers

Fig. 1. Structure of the cochlea and the organ of Corti. (A) Cross-section of the cochlea (top inset shows diagram of the whole cochlea and sectioning scheme). The three
compartments composing the cochlea are indicated (scala timpani, scala vestibuli and scala media). The organ of Corti is located in the scala media. The spiral ganglion
comprises the somas of auditory nerve neurons innervating hair cells. (B) Structure of the organ of Corti. Inner (1) and outer (2) hair cells are indicated. Afferent dendrites
belonging to auditory nerve neurons are indicated in purple, and medial olivary complex neurons in light blue. Some efferent fibers (light blue) also make axo-dendritic
contacts with afferent boutons. Some afferent fibers represent a small proportion (type II) of afferent contacts on OHC. Image by Alan Larsen.

2. Mechano-transduction

Hair cells possess a set of 20-300 modified microvilli, or stere-
ocilia, located in the cellular apex and presenting a stereotyped
array (see Fig. 2A) [55]. In mammalian hair cells, stereocilia are
arranged in three rows of increasing height. Each stereocilia is
formed by a pack of actin filaments and inserts in the apical end
of the hair cell within the so called cuticular plate. At the tip, a
complex machinery devoted to transduce mechanic vibrations into
electrical potentials, is located [ 18]. Sound waves produce coherent
deflections of the cilia at their tapered base, triggering the phe-
nomenon of mechanotransduction [55,69]. Such deflection causes
the opening of a non-selective mechanotransduction (MET) cation
channel (Fig. 2B, for simplicity only two stereocilia are illustrated).
It has been shown that the MET channels produce a large inward
current in hair cells, with an ultrafast temporal signature [27].
MET current increases with deflections toward the tallest stereocil-
ia, and decreases in the opposite direction [57].

The biophysical properties of the MET channel have been exten-
sively studied by electrical recordings of hair cells in in vitro prepa-
rations. The MET channel is a cationic channel, highly selective for
Ca?*, and also permeable to small organic ions [92,27]. This would
explain its unusually large single-channel conductance of 100 pS or
higher. The conductance of the MET channel changes along the
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tonotopical position within the cochlea, suggesting differential
requirements at different frequencies [99]. Minute displacements
of the hair bundle produce dramatic changes in MET channel open
probability. Interestingly, at the bundle resting point channel’s
open probability is actually not zero, but approximately 20-40%
of its maximum [60]. The number of MET channels opened by hair
bundle deflection is relatively low. It has been estimated, using dif-
ferent biophysical methods, that there are 50-100 functional MET
channels per bundle, translating into 1-2 MET channels per stere-
ocilium [52,18,99,5]. Using state of the art imaging techniques, it
was recently proposed that these few MET channels would exclu-
sively be located in the second and third stereociliary rows of
cochlear IHC and OHC, at the bottom of the tip links [5]. However,
this finding contrasts with previous evidence indicating that chan-
nels would be located at both ends of the tip link [18,38]. More
experiments would be needed to elucidate the precise MET chan-
nels location.

The molecular identity of many key players in the mechano-
trasduction complex is still unknown, despite great research
efforts. MET channel properties and evidence from invertebrates
has pointed toward a channel of the ‘transient receptor potential’
(TRP) family as the pore forming molecule [10]. Some of the TRP
channels, such as TRPA have high conductance, elevated Ca%* per-
meability and are mechano-sensitive. However, this hypothesis
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Fig. 2. Stereocilia and mechano-transduction: (A) Scanning electron-micrograph of the surface of the organ of Corti. On the top, the row of IHC stereocilia. The three bottom
rows belong to OHC. Scale: 15 pm. Image by Marc Lenoir, INSERM Montpellier, from “Journey into the World of Hearing”, www.cochlea.eu, edu website by Rémy Pujol et al.,
NeurOreille, Montpellier. (B) Mechano-transdcution scheme. In the left diagram, two stereocilia (for simplicity) are illustrated at resting state, connected by a tip link. The tip
link is attached to a transduction channel. Deflection of the stereocilia, produced by mechanical force, pulls open the MET channel and activates the current through the
channel (as indicated in the text, channels could be located at the bottom of the stereocilia, or even at the top).
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could not be confirmed [74], and newly presented evidence indi-
cates that members of the transmembrane channel-like family are
part of the channel complex [93]. Recently, it has been shown that
the tip link, the connecting threads between each stereocilia and
its neighboring one from a different row, is formed by cadherin-
23 (CDH23) and protocadherin-15 (PCDH15) [65]. Both are trans-
membrane proteins presenting long extracellular domains with
several cadherin repeats. The tip link component PCDH15 would
couple to the MET channel, not directly, but through two recently
described molecules: TMHS (tetraspan membrane protein of hair
cell stereocilia; also known as LHPLF5), and TMIE (transmembrane
inner ear protein) forming a ternary complex [129,131]. TMHS
mutations affect tip-link assembly and conductance of the trans-
ducer channel, whereas MET currents are abolished by a homozy-
gous Tmie-null mutation, suggesting that both proteins are closely
associated with the channel.

In OHC, MET is coupled to the extraordinary capacity of these
cells to amplify sound vibrations. OHC are able to elongate (or con-
tract) within milliseconds in response to changes in its membrane
potential [7,2]. These cellular movements would further accelerate
basilar membrane motion to produce amplification of a low inten-
sity sound wave [2]. The contractile mechanism involves a protein
of the chloride transporters family, called prestin [132], which is
highly expressed in the basolateral membrane [53]. Conforma-
tional changes driven by the movements of chloride ions would
facilitate the elongation or contraction of the cell [13,56]. Different
studies on both isolated hair cells and mammalian cochleas in vivo
have demonstrated the importance of functional prestin in healthy
hearing [2]. Sound amplification and frequency discrimination are
lost in mice lacking prestin [79,9]. Mice expressing a mutant pres-
tin devoid of electromotility display a similar degraded hearing
capability and auditory tuning curves [14].

3. Afferent synapse

Auditory information is conveyed to the brain through the affer-
ent synapse onto IHC. In mammals, the afferent synapse is special-
ized in form and function. The active zone is defined by a slight
thickening of the plasma membrane associated with a unique
structure, called synaptic ribbon, that appears as a dense body in
electron-micrographs (see Fig. 3A, inset) [90]. This structure is typ-
ically surrounded by clear-core synaptic vesicles [114].

The ribbon synapses between IHC and afferent dendrites of
auditory nerves are glutamatergic. Release of glutamate triggers
activation of AMPA receptors, composed of GluR2/3 and GluR4
subunits, in the postsynaptic terminals [87,3,40]. No NMDA com-
ponent has been found in the normal operation of the synapse,
although in certain conditions of intense acoustic stimulation
NMDA receptors are transiently expressed [96]. Expression of
NMDA receptors could be linked to the appearance of pathological
conditions such as tinnitus [50,105]. As in other synapses of the
auditory pathway, neurons show synaptic adaptations to effi-
ciently respond to high frequency stimuli [120]. For instance,
synaptic currents are fast, with decay times of <0.5 ms, and neu-
rons show low input resistance which ensures fast synaptic poten-
tials, little synaptic integration, and high fidelity responses in a
cycle-by-cycle manner (Fig. 3A inset) [40,107]. The average ampli-
tude of these currents is large, driving boutons of auditory nerve
neurons to fire with short latency and little jitter [107]. However,
EPSCs amplitudes present high variability (coefficient of variations:
77-95%), and quantal content present no dependence on stimulus
intensity [40]. These phenomena have brought interest, but the
mechanism behind the release of vesicles at this synapse is still
not completely understood. It has been suggested that EPSCs are
made by a highly coordinated release of multiple vesicle, and that

the amplitude of each event (not the probability of occurrence) is
totally in-dependent of the cytoplasmic Ca?* concentration
[40,44]. More recently, it has been proposed that the variability
in EPSC size could be accounted for by the variable opening of
the fusion pore in a single vesicle, rather than multiple [8].

Transmitter release at the hair cell’s ribbon synapse occurs in
response to graded changes in presynaptic membrane potential,
not action potentials, similarly to some retinal synapses [88]. In
the absence of sound stimulation, IHC resting membrane potential
is approximately at —60 mV, and upon the arrival of a sound, tran-
sient depolarizations up to 0 mV typically occur [106,11]. Synaptic
transmission at hair cells is controlled by voltage-gated Ca%* chan-
nels of the L-type, that are located beneath the ribbon [100,58,31],
and present low activation threshold and little inactivation [95].
These characteristics, together with the resting membrane poten-
tial of IHC, result in some degree of Ca®* channel opening in the
absence of sound stimulation. The function of this basal activity
has been a matter of speculation. Recently, it has been proposed
that it could contribute to a form of short-term plasticity, produc-
ing a noticeable increase in synaptic efficacy and also reducing
latency and jitter of release events [45]. Precise timing is indis-
pensable for the normal operation of the synapse, that should
encode acoustic signals in the sub-millisecond range. Other forms
of plasticity, such as short-term depression, also influences timing
by delaying transmitter release. It has been suggested that a bal-
ance between synaptic depression and the speeding imposed by
strong stimuli determines correct information transfer at IHC
ribbon synapses [42].

The IHC is innervated by 10-20 auditory nerve fibers, and every
fiber contacts the IHC with an unmyelinated single ending to form
a single ribbon synapse [76]. These fibers present both overlapping
and differential features. All neuronal activity is driven by trans-
mitter release from IHC [102]. Upon acoustic stimulation, spiking
increases, signaling to the brain the arrival of a given stimulus
[37,68]. Persistent stimulation leads to a drop in spike rate at the
auditory nerve, producing sensory adaptation, similar to that
observed in other sensory modalities [68,127,117]. This phe-
nomenon of adaptation would contribute to set the dynamic range
in which neurons code sound intensities, and play an important
role in speech encoding [115,17]. The cellular basis for this activity
drop in spike rates is based on synaptic depression at the IHC affer-
ent synapse. Both pre- and post-synaptic mechanisms, such as
synaptic depression and desensitization of receptors, respectively,
were shown to play important roles [89,47,44].

The specialized synaptic organelle present in hair cells, the rib-
bon, also called synaptic rod or body, is a matter of intense inves-
tigation. It is thought that by concentrating vesicles in the active
zones, the ribbon would increase the supply rate of these vesicles,
supporting the capacity of the synapse to continuously release
neurotransmitter [88]. Complementary to this role, ribbons could
also serve as a diffusional barrier for Ca®" ions entering the cell
through voltage-gated channels, producing a high ionic concentra-
tion in the vicinity of active zone [46]. The first molecular compo-
nent of the ribbon to be identified was named ribeye and it is only
found in this type of synapses [111]. It has been shown that ribeye
can interact with itself and that multiple ribeye-ribeye aggregation
might generate the three dimensional scaffold of the synaptic rib-
bon [84]. Bassoon, a presynaptic protein found ubiquitously in the
brain, has a special role at the ribbon synapse. It binds to ribeye,
and is responsible for anchoring ribbons to the presynaptic plasma
membrane and clustering Ca?* channels in the active zones
[66,119,30]. In bassoon deficient synapses, ribbons appear floating
freely in the cytoplasm and synaptic transmission is profoundly
impaired [66]. Synaptic currents occur almost normally, but at a
lower rate and with a deficient recovery process [59].
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Fig. 3. Afferent and efferent synapse on hair cells of the cochlea. (A) Scheme of the IHC afferent synapse. A postsynaptic bouton of auditory nerve neuron is included (size is
overemphasized for illustration purposes). Between 10 and 20 neurons innervate each IHC. A synaptic ribbon is observed opposing to the postsynaptic bouton. An electron-
micrograph of the ribbon is shown in detail. Ca®* influx, through voltage-activated calcium channels, is coupled to release of synaptic vesicles. Inset: detail of a synaptic
current elicited by the release of a glutamate-filled vesicle/s, and also a synaptic potential followed by an action potential. (B) Detailed diagram of the synaptic terminal of
MOC neurons onto OHC. MOC terminals release acetylcholine, which activates 09010 nicotinic receptors in OHCs. Ca?* influx through these receptors activates SK channels.
A Ca?* store (included in the diagram) is always observed in direct opposition to the location of the nicotinic receptors. Top inset: typical response of a hair cell to acetylcholine
release. Note the initial and small inward current (carried by the nicotinic receptors) followed the larger outward component due to SK activation. Modified from [118].

Other molecular components of the release machinery are only
partially shared with those of central synapses. Synaptotagmin, the
canonical Ca?* sensor present in synaptic vesicles, does not inter-
vene in exocytosis at hair cells [108]. Instead, another candidate
called otoferlin, with various Ca%* binding domains, has been iden-
tified in a genetic screening in hearing impaired patients [104].
Otoferlin presents high affinity for Ca?" and also binds to the
SNARE (N-ethylmaleimide sensitive factor attachment protein
receptor) complex in a Ca®>* dependent manner, two fundamental
properties required for a Ca®* sensor candidate. Transgenic mice
with a null otoferlin mutation show strongly impaired hearing
and non-functional afferent synapses, albeit structurally normal
[104,94]. It has been also suggested, based on both physiological
and structural studies, that otoferlin could mediate the replenish-
ment of vesicles at active zones after prolonged synaptic activity
[94]. Other key players of vesicular exocytosis, such as SNARE com-
plex proteins, have also been investigated at IHC afferent synapses.
It was initially described that neuronal isoforms of SNAP-25, syn-
taxin I and synaptobrevin I were expressed at the IHC afferent
synapse [108]. More recently this idea has been challenged by a
study indicating that release at this synapse is totally independent
of the SNARE complex [91]. More experiments are required to
determine how vesicles are released at the hair cell ribbon synapse.

The afferent neurons that have been described so far contact
only IHC, are classified as type I, and represent 95% of all afferents
[67]. There is a minor percentage of neurons, called type II, that
receive inputs from several OHC with en passant synapses.
Glutamate also mediates synaptic transmission at these synapses,
and ribbons have been found in OHC, with somewhat different
shapes [125]. Expression of kainate receptors subunits (GluK2
and GluK5) have been detected in type II fibers [35]. However, it
is unlikely that type II neurons also encode acoustic information,
given that the activity level in these synapses is very low and
insufficient to drive neurons to fire in basal conditions [124].
Alternatively, it has been suggested that type Il neurons may have
a role in coding pain in the ear [28].

4. The efferent synapse

In addition to the ascending afferent neural pathway, the mam-
malian auditory system comprises descending efferent or centrifu-
gal neural projections originating in the auditory brainstem and
going all the way to the inner ear. Two efferent components can
be distinguished originating in the medial, and the lateral, nuclei
of the superior olivary complex (MOC and LOC respectively) [49].
The LOC system has been far less studied than the MOC system.
The LOC consists of unmyelinated axons projecting to the dendrites
of auditory nerve fibers near the IHC afferent synapses [49]. The
role of the LOC system is still unknown, but the presence of several
neurotransmitter and modulators in its terminals, such as dopa-
mine, acetylcholine and GABA, suggest that it has complex func-
tions [25].

The main effect of the MOC efferent innervation is to inhibit
cochlear responses by decreasing the gain of the OHC amplifier.
This effect is observed as a reduction in basilar membrane motion,
and also as a transient loss in auditory nerve sensitivity to sound
[49]. MOC neurons directly contact OHC producing inhibitory
synaptic currents once activated [1,39]. The nature of this inhibi-
tory input was a matter of debate over a long period of time, due
to its complex biophysical and pharmacological characteristics.

Although ACh was identified in the late 50 s as the principal
neurotransmitter released by MOC efferent fibers [97], the molec-
ular nature of the postsynaptic receptor remained unknown for
roughly five decades. Both metabotropic muscarinic receptors
linked to second messenger cascades as well as ionotropic, nico-
tinic, ligand-gated ion channels had been proposed, and were the
basis of a large quantity of contradictory literature in the field
[25,24,6]. The cloning of two new receptor subunits of the nicotinic
family, o9 and «10, deciphered the molecular nature of the hair
cell cholinergic receptor and established its addition within the
nicotinic family of cholinergic receptor subunits [21,23]. Recombi-
nant receptors assembled from these subunits present a mixed
nicotinic-muscarinic pharmacology [21,23,103,121], similar to

85U80117 SUOWIWIOD BAIER1D el |dde auy Aq pausench a1 SopIe YO 88N Jo S3InJ Joj ARIqIT8UIIUO AB]IM UO (SUORIPUD-PUB-SWLRY 0" AB] 1M AR Iq1fBUIIUO//SANY) SUORIPUOD PUE SWR L 83 885 *[£202/TT/22] uo Arigiauluo AB|im ‘Ssuomebisanu| ap fuoeN 0ksuod 130INOD Aq 0£0°'80'STOZ PSS [/9TOT 0T/10p/wod A 1mAiqeuI|UO'SGRJ//SdY WoJ papeojumod ‘ZZ ‘STOT ‘89VEELST



3358 J.D. Goutman et al./FEBS Letters 589 (2015) 3354-3361

responses found years before in multiple end-organ preparations
[33]. The 90110 receptor is a cationic channel with high Ca®* per-
meability [123,41]. In hair cells, Ca®* influx leads to the activation
of a Ca?*-dependent small potassium conductance, SK2, producing
cellular hyperpolarization (Fig. 3B, see also inset for detail of the
currents) [33]. The coupling of ®9a10 and SK2 underlies the bipha-
sic shape of efferent synaptic currents, as can be observed in Fig. 3B
[32,86,6,39]. However, it is still a matter of debate whether Ca®*
entering through o910 receptors is sufficient to activate the
SK2 channels or if alternatively, Ca?* release from an internal store
might also take place. This latter possibility is supported by the
finding of an extensive cistern tightly juxtaposed to the synaptic
contact in OHC [109,34], and also some evidence indicating that
the phenomenon of Ca?*-induced Ca®* release could occur [81].

Recent data indicates that Ca%* permeability of the a9a10 nico-
tinic receptors varies among species, being high in mammals and
low in non-mammalian vertebrates, such as chicken [83,82]. Evo-
lutionary analyses indicate that the mammalian o910 has been
under strong selective pressure, acquiring non-synonymous sub-
stitutions in the coding regions of 9 and o10 [29,82]. An increased
Ca?*-permeable mammalian receptor might have been the pheno-
typic consequence of this evolutionary process. This could have
been necessary to drive the activation of the large conductance,
Ca%*- and voltage-gated potassium channels, BK, present in effer-
ent contacts of OHC in high frequency regions of the mammalian
cochlea [126]. The Ca®* affinity of BK channels is two orders of
magnitude lower than that of SK channels [26], requiring higher
Ca?* influx for activation.

MOC neurons can fire at high frequencies in response to sound
[77]; the louder the stimuli, the faster neurons fire. Inhibition of
OHC is strongly dependent on the firing rate of these neurons, as
transmitter release presents a robust enhancement when triggered
at short succession [4]. While significant progress has been made
in defining the cellular mechanisms of hair cell inhibition [22],
the functional role(s) of this sound-evoked feedback system,
including control of the dynamic range of hearing [49], improve-
ment of signal detection in background noise [19,128,64], mediat-
ing selective attention [16], and protection from acoustic injury
[98,118], remain controversial.

It is important to note that OHC are not the only targets of MOC
fibers. During a critical period of postnatal development of the
altricial rodent cochlea, IHC transiently receive cholinergic inner-
vation which is also mediated by a9210 receptors [33,39,63]. Dur-
ing this period, comprising the first 2 weeks after birth, mice are
deaf, but spontaneous electrical activity in the organ of Corti has
been shown to occur. IHC are able to fire Ca®* action potentials
[70], driving neurons in the auditory pathway to respond rhythmi-
cally. This activity would be important for the normal maturation
of synapses and circuits of the entire auditory pathway, and ceases
after the onset of hearing [62]. Activity of the MOC to IHC input is
also inhibitory during this developmental period, and would con-
trol the excitability of the hair cells [39,43,61,113].

5. Noise-induced hearing loss

Noise-induced hearing loss (NIHL) is a worldwide condition
that leads to considerable communication problems in affected
individuals and presents an important socio-economic risk factor
[112]. Despite several identified details about its etiology, the
underlying mechanisms that lead to NIHL have been only partially
resolved. Depending on the kind, duration and intensity, overexpo-
sure to loud sounds causes trauma to the ear, deteriorating our
ability to hear [110], and leads to tinnitus (phantom sound percep-
tion) [15]. It has been demonstrated that mechanical damage, as
well as metabolic disturbances induced by intense sound exposure,

lead to NIHL [110]. Changes in cellular structures in the organ of
Corti include: stereocilia disarrangement, synaptic terminal swel-
lings, supporting cells with altered morphology, and even hair cell
death [80]. OHC are the most vulnerable to acoustic over-exposure.
Above a specific intensity level, OHC show signs of metabolic
exhaustion with the accumulation of reactive oxygen and nitrogen
species [130]. Given that mammalian hair cells do not regenerate
[48], the loss of cells determines an irreversible loss of hearing
capacity.

Temporary and/or permanent auditory threshold shifts can
occur in response to exposure to overly loud sounds. Permanent
NIHL is due to the irreversible destruction of cochlear hair cells
and/or damage to their mechano-sensory hair bundles [78]. It
has been proposed that temporary NIHL is due to swelling of
cochlear nerve terminals at their hair-cell synapses [116,101].
However, recent work in both mouse [72] and guinea pig [36]
has shown that acoustic overexposures causing reversible thresh-
old elevations can lead to an irreversible degeneration of auditory
nerve fibers. The loss of hair cell synapses and auditory nerve ter-
minals is rapid (within hours post-exposure), while the loss of
auditory nerve cell bodies in the spiral ganglion is slow (months
to years) [72,73,75]. Thus, these recent studies indicate that the
damage due to exposure to loud sounds go beyond that previously
described.

Several lines of evidence suggest that the MOC system has an
important role in the protection from trauma produced by overly
loud sounds. Stimulation of the MOC fibers during sound overex-
posure produces a reduction of sensitivity loss [98] and chronic
sectioning of the olivocochlear bundle renders the ear more vul-
nerable to permanent acoustic injury [51,71]. Moreover, the
strength of this sound-evoked olivocochlear feedback pathway to
the inner ear (in humans) is inversely correlated with the degree
of hearing loss after acoustic trauma [85]. A transgenic mouse line
was recently engineered carrying an enhanced MOC-OHC synapse
due to an o9a10 receptor with increased gating properties [118].
Mutant mice exhibit higher tolerance to noise-induced trauma,
further pinpointing to the participation of the MOC in protection
of the inner ear. It is still unknown whether protection is due to
reduced mechanical vibration of the sensory epithelium, or if Ca%*
entry through o9a10 produces downstream effects impacting
on OHC function. Since hearing loss and tinnitus are a worldwide
burden [112], and exposure to loud sounds is one of the main
underlying causes, the development of drugs that target a9x10
receptors has been recently suggested [22].

6. Conclusions and perspectives

During the past 20 years, important advances have been made
in order to uncover the molecular basis of hearing. Given the pecu-
liarities of this sensory modality, detection of the simplest sound
requires a very complex series of cellular events. The biophysical
and physiological details of phenomena such as mechano-
transduction, non-exhausting afferent synaptic transmission and
efferent control of the hearing sensitivity are only starting to
emerge. An in-depth understanding of the underpinnings of how
hearing takes place at the cellular and molecular level, will enable
the development of more powerful tools for preventing and
treating hearing loss.
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