1duosnuey Joyiny Vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny d-HIN

IN%

o VAT, 1’;

D

®HERS

g

NIH Public Access

Author Manuscript

Published in final edited form as:
J Physiol Paris. 2012 January ; 106(1-2): 47-56. doi:10.1016/j.jphysparis.2011.06.001.

The Efferent Medial Olivocochlear-Hair Cell Synapse

Ana Belén Elgoyhen'-2 and Eleonora Katz'-3

TInstituto de Investigaciones en Ingenieria Genética y Biologia Molecular, Consejo Nacional de
Investigaciones Cientificas y Técnicas, Argentina

°Tercera Catedra de Farmacologia, Facultad de Medicina, Universidad de Buenos Aires, 1428
Buenos Aires, Argentina

3Departamento de Fisiologia, Biologia Molecular y Celular, Facultad de Ciencias Exactas y
Naturales, Universidad de Buenos Aires, 1428 Buenos Aires, Argentina

Abstract

Amplification of incoming sounds in the inner ear is modulated by an efferent pathway which
travels back from the brain all the way to the cochlea. The medial olivocochlear system makes
synaptic contacts with hair cells, where the neurotransmitter acetylcholine is released. Synaptic
transmission is mediated by a unique nicotinic cholinergic receptor composed of a9 and a10
subunits, which is highly CaZ* permeable and is coupled to a Ca?*-activated SK potassium
channel. Thus, hyperpolarization of hair cells follows efferent fiber activation. In this work we
review the literature that has enlightened our knowledge concerning the intimacies of this synapse.
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1. Introduction

Sensory systems respond to stimulus from the surrounding world and use specialized
receptor cells at the periphery to translate those stimuli into electrical signals that neurons
can interpret. Further processing of sensory stimuli by the central nervous system generates
a representation of the outer world called a percept. Sound detection begins when sound
waves strike the eardrum, which transmits that physical stimulus to the organ of Corti within
the cochlea, the sensory epithelium of the mammalian inner ear. The mechanoreceptor cells
of the organ of Corti then transform this mechanical input into electrical signals that are sent
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We provide a review of the properties of the efferent olivocochlear-hair cell synapse
Activation of efferent fibers leads to hyperpolarization of hair cells

This is brought about by the activation of an atypical nicotinic receptor

This receptor is highly calcium permeable

Calcium activates a calcium-dependant SK potassium channel
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to the central nervous system by the auditory nerve (Hudspeth, 1997). Different to vision,
touch and the chemical senses, sound transduction is directly modulated right at the
periphery by efferent fibers (olivocochlear, OC) that travel in reverse, from the brain back to
the inner ear (Guinan, 1996). The present work reviews data which has helped advance our
understanding of how the efferent-hair cell synapse operates.

2. Hair cells of the cochlea

Hair cells of the inner ear are very few, when compared to the millions of photoreceptors of
the retina: approximately 16,000 sensory hair cells in the human cochlea. In addition,
mammalian hair cells do not regenerate after damage, thus the importance of protecting the
inner ear from insults such us exposure to loud sound (Lim, 1986; Brigande and Heller,
2009), which leads to pathologies such as hearing loss and tinnitus (Eggermont and Roberts,
2004; Elgoyhen and Langguth, 2010). Hair cells are organized in a tonotopic fashion
(arranged by frequency sensitivity): those sensitive to high frequency sound are at the basal
end nearer to the tympanic middle ear and those sensitive to low frequency are at the apical
end of the coiled cochlea (Hudspeth, 1997). Hair cells have a high degree of specialization,
with the apical pole carrying the hair bundle specialized for mechanotransduction and the
basal pole highly specialized for the release of neurotransmitter. In mammals, a further
degree of specialization and division of labor is attained by the presence of two types of hair
cells, arranged in rows along the organ of Corti. Inner hair cells (IHCs), of which there are
approximately 3,500 in each human cochlea, are the primary receptor cells and are
innervated by dendrites of the auditory nerve. Outer hair cells (OHCs), approximately
11,000 in each human cochlea, are arranged in three rows and are involved in sound
amplification and fine tuning of the basilar membrane (Hudspeth, 1997). They have a much
less pronounced afferent innervation, but are the target of an efferent neural pathway, the
medial OC (MOC) fibers, that make direct contact at the base of the OHCs (Rasmussen,
1946; Guinan et al., 1983; Warr, 1992; Guinan, 1996). IHCs are also the target of a
descending pathway, the lateral OC pathway, but in this case the efferent axons form a
synapse on the postsynaptic (afferent) terminal and will not be discussed further here.

3. Outer hair cells and amplification

When sound reaches the cochlea, it produces mechanical vibrations. These are sensed and
transduced into an electrical response by motion of the hair bundles of hair cells and
activation of the mechanically-gated ion channels. In addition, the hair cells perform work
and deliver energy to the system, thus increasing the magnitude of their mechanical input.
This amplification of the stimulus constitutes a positive feedback that enhances the
sensitivity of hearing (Dallos, 2008; Hudspeth, 2008).

In mammals, OHCs are the principal players providing the feedback underlying cochlear
amplification. Two alternative mechanisms for amplification have been described: an old
one, also shared by non-mammalian vertebrates, where amplification results from a
nonlinearity in the transduction mechanism itself (Chan and Hudspeth, 2005; Jia and He,
2005; Kennedy et al., 2005) and a newer one in which the hair cell receptor potential drives
a novel motile process within the lateral membrane of the OHC soma (Brownell et al., 1985;
Dallos, 2008). In the latter case, a process known as somatic electromotility (Dallos, 2008),
hyperpolarization causes the cell to expand along its longitudinal axis and depolarization
causes it to contract. Somatic electromotility of OHCs, as the basis for cochlear
amplification, is a mammalian novelty and is mediated by the motor-protein prestin (Zheng
et al., 2000) a member of the solute carrier anion-transport family 26 (SLC26) (Mount and
Romero, 2004; Franchini and Elgoyhen, 2006). Although prestin orthologues exist in non-
mammalian vertebrates (Weber et al., 2003; Franchini and Elgoyhen, 2006; Albert et al.,
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2007; Elgoyhen and Franchini, 2011; Tan et al., 2011), an evolutionary analysis has shown
that only mammalian prestin shows strong signatures of positive selection, most likely
underlying the acquisition of amino acid substitutions to account for the motor function
(Franchini and Elgoyhen, 2006; Schaechinger and Oliver, 2007; Elgoyhen and Franchini,
2011; Tan et al., 2011). The contribution of sterocilia-vs somatic-based mechanisms for
amplification (or the interaction of both processes) in mammals is still a matter of debate.

4. Efferent innervation of the mammalian cochlea

While OHC respond to auditory stimulation and modulate the micromechanics of the
cochlear partition independent of central nervous system control, they are targets of efferent
or centrifugal fibers which originate in the brain (Guinan, 1996). Olivocochlear efferent
neurons permit the central nervous system to control the way that sounds are processed in
the auditory periphery. Lateral OC efferents originate from small neurons in or around the
lateral superior olivary nucleus and project predominately to the IHC area of the ipsilateral
cochlea. They make synaptic contacts on the radial dendrites of Type I auditory afferents
postsynaptic to the IHCs. MOC efferents originate from larger neurons located ventral,
medial and anterior to the medial superior olivary nucleus and project mostly contralaterally
to make synaptic contacts directly onto OHCs (Rasmussen, 1946; Warr, 1975; Warr, 1992).
In addition, before the onset of hearing, OC efferents make functional transient direct
synaptic contacts with IHCs (Glowatzki and Fuchs, 2000; Katz et al., 2004).

Efferent inhibition can be activated by sound presented to the contralateral ear (Kujawa et
al., 1994). However, most studies of efferent inhibition have been performed by electrical
stimulation of efferent axons and measurement of effects in the cochlea (Guinan, 1996).
Medial efferents are myelinated, whereas lateral efferents are not. Myelinated fibers have a
lower threshold for extracellular current stimulation than do unmyelinated fibers. Moreover,
MOC axons travel nearer to the floor of the fourth ventricle where stimulating electrodes are
usually placed. Taken together, these observations imply that electrical stimulation activates
medial but not lateral efferents. Thus, most efferent effects that have been described so far
are attributed to the MOC system (Guinan, 1996).

Electrical stimulation in the floor of the fourth ventricle activates contra- and ipsilateral
axons of the MOC efferents to reduce the amplitude of the compound action potential (‘N1’)
produced by a brief acoustic stimulus (Galambos, 1956), especially at low sound levels.
Moreover, basilar membrane motion is diminished by efferent activity (Murugasu and
Russell, 1996; Russell and Murugasu, 1997). These effects most likely result from an
inhibition of the motor function of OHCs, which is required for sensitive I[HCs responses,
thus indicating that MOC activity reduces amplification. Efferent inhibition also affects the
cochlear tuning mechanism. Thus, efferent activity suppresses the response of a single
auditory nerve fiber such that a louder tone is required to produce a threshold response
(Wiederhold and Kiang, 1970; Gifford and Guinan, 1987). This threshold shift is maximal at
the fiber’s characteristic frequency, but smaller for frequencies above and below the
characteristic frequency. This results in a broader tuning curve and therefore a diminished
frequency selectivity of the afferent neuron.

The ultimate effect and functional role/s of MOC activity on audition is still a matter of
active research. This include, the control of the dynamic range of hearing (Guinan, 1996),
improvement of signal detection in background noise (Dolan and Nuttall, 1988; Winslow
and Sachs, 1988; Kawase et al., 1993), mediating selective attention (Oatman, 1976; Delano
et al., 2007), and protection from acoustic injury (Liberman, 1991; Rajan, 2000; Taranda et
al., 2009b).
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5. Neurotransmitters at the MOC-hair cell synapse and hair cell responses

Acetylcholine (ACh) is the main neurotransmitter released at the MOC-OHC synapse and
for which a clear hair cell response has been described (Housley and Ashmore, 1991; Fuchs
and Murrow, 1992b; Fuchs and Murrow, 1992a; Fuchs, 1996). The first hints of the
cholinergic nature of the cochlear efferents were provided by the histochemical reaction for
acetylcholinesterase labeled processes in the intact cochlea, which disappear in surgically
deefferented cochleas (Churchill et al., 1956; Schuknecht et al., 1959). Extensive
biochemical and immunohistochemical studies have further supported the hypothesis that
ACh is the main neurotransmitter of the MOC system (Eybalin, 1993). At the electron
microscopic level, choline acetyltransferase-like immuno-labeled patches were shown to
correspond to large axosomatic synapses on the OHCs (Eybalin and Pujol, 1987).

Antibodies made directly against either gamma amino butyric acid (GABA) or its
synthesizing enzyme glutamate decarboxylase, show immunoreactivity in cell bodies
located in the superior olivary complex and in terminals located below hair cells, suggesting
GABA as a second neurotransmitter of the efferent system (Eybalin, 1993). Fibers forming
large axosomatic synapses with the OHCs would belong to the medial efferent system
(Eybalin and Altschuler, 1990; Maison et al., 2003a). ACh and GABA might be colocalized
in the same neurons. Thus, immunoelectron microscopy studies provided strong evidence
for choline acetyltransferase and glutamate decarboxilase colocalization in efferent terminals
on OHCs throughout the rat cochlea (Dannhof et al., 1991). A study in mice suggests the
complete congruence of GABAergic and cholinergic markers in the OHC area (Maison et
al., 2003a). The role of efferent gabaergic neurons to OHCs is mostly unknown.

Based largely on chemical neuroanatomical studies, the neuropeptide calcitonin gene-related
peptide (CGRP) has been proposed as a neurotransmitter or neuromodulator in the auditory
system (Kuriyama et al., 1990). CGRP-containing terminals have been identified in radial
afferents beneath IHCs and medial efferent synapses with OHCs (Tohyama et al., 1989;
Kuriyama et al., 1990; Cabanillas and Luebke, 2002; Maison et al., 2003a). However, the
function of this peptide on efferent function remains for the most part unknown.

Efferent innervation of hair cells is not exclusive to mammals. In fact, it is as old as hair
cells themselves (Manley and Koppl, 1998; Simmons, 2002). The first electrophysiological
recordings of hair cell responses to efferent activation came from non-mammalian
vertebrates. The advent of the ex vivo organ of Corti preparation (Glowatzki and Fuchs,
2000; Oliver et al., 2000) has further shown that the overall mechanisms of hair cell
inhibition have been conserved among vertebrates. Intracellular recordings performed in hair
cells of the fish lateral line show that efferent activity causes hyperpolarizing inhibitory
post-syna ptic potentials (IPSPs), which are sensitive to cholinergic antagonists (Flock and
Russell, 1973), thus indicating the cholinergic nature of efferents responses. Subsequent
studies have shown similar IPSPs and/or responses to direct application of ACh in hair cells
of frogs (Ashmore and Russell, 1983; Sugai et al., 1992), reptiles (Art et al., 1984), birds
(Shigemoto and Ohmori, 1991; Fuchs and Murrow, 1992b) and mammals (Housley and
Ashmore, 1991; Glowatzki and Fuchs, 2000; Oliver et al., 2000; Katz et al., 2004; Lioudyno
et al., 2004; Gomez-Casati et al., 2005; Goutman et al., 2005). These consist of a long-
lasting hyperpolarization which is preceded by a brief depolarization. As discussed in the
following sections, hyperpolarization is the result of the influx of cations (Na* and Ca2*)
through a9a.10 nicotinic cholinergic receptors (nAChRs) and the subsequent activation of a
calcium-sensitive SK2 potassium channel (Housley and Ashmore, 1991; Fuchs and Murrow,
1992b; Fuchs and Murrow, 1992a; Elgoyhen et al., 1994; Fuchs, 1996; Nenov et al., 1996b;
Dulon et al., 1998; Oliver et al., 2000; Elgoyhen et al., 2001).
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6. The a9a10 nAChR of hair cells

Throughout the nervous system ACh exerts its effects through two pharmacologically,
structurally, and genetically distinct receptor types, namely the muscarinic and the nicotinic
receptors (Caulfield and Birdsall, 1998; Lukas et al., 1999). Metabotropic muscarinic
receptors are linked to second messenger systems through the activation of G proteins, while
the ionotropic nicotinic receptors are ligand-gated ion channels. Although the cholinergic
nature of the MOC was known since the late “50s (Churchill et al., 1956; Schuknecht et al.,
1959), the structure of the cholinergic receptor mediating synaptic transmission at hair cells
remained unknown for almost four decades. Early electrophysiological recordings and
calcium imaging experiments performed in the chicken hair cells showed that the applicati
on of ACh hyperpolarized the hair cells and also increased the internal Ca2* concentration
for several minutes (Shigemoto and Ohmori, 1991). The hyperpolarization was attributed to
the activation of calcium-dependent potassium channels in response to the release of Ca2*
from intracellular stores, due to the activation of muscarinic cholinergic receptors
(Shigemoto and Ohmori, 1991). Based on the pharmacological properties of ACh-evoked
hyperpolarizing currents in OHCs of the guinea pig cochlea, the participation of muscarinic
receptors in the activation of potassium channels was also proposed (Kakehata et al., 1993).
On the contrary, an additional study performed in isolated guinea pig OHCs concluded that
ACh promoted CaZ* influx from the extracellular space and subsequently activated a Ca%*-
dependent K* current, through the activation of nicotinic receptors (Housley and Ashmore,
1991). These results were further supported by additional pharmacological experiments
performed in guinea pig OHCs (Erostegui et al., 1994). Moreover, similar conclusions were
obtained by (Fuchs and Murrow, 1992b; Fuchs and Murrow, 1992a), who performed tight-
seal recordings in chicken hair cells during brief (50-100 ms) applications of ACh at a
membrane potential of —40 mV. In this case, ACh evoked a small inward current followed
within milliseconds by a much larger and longer lasting outward K* current. The ACh-
evoked K* current depended on Ca2* in the external saline and could be prevented when the
cell was dialyzed with the rapid Ca2* buffer BAPTA (Fuchs and Murrow, 1992a). In
addition, based on its pharmacological profile, a novel nicotinic cholinergic receptor present
at hair cells was proposed (Fuchs and Murrow, 1992b). The conundrum of the nature of the
cholinergic receptor of hair cells was mainly based on its baroque pharmacological profile,
since it is neither activated by muscarine nor nicotine, it is blocked by nicotine and it is
blocked by the nicotinic antagonists curare and a-bungarotoxin, the muscarinic antagonist
atropine, the glycinergic antagonist strychnine and the GAB Aergic antagonist bicuculline
(Fuchs, 1996).

The puzzle was solved with the use of molecular biological techniques and the cloning of a
novel nAChR subunit from a rat olfactory epithelium cDNA library, a9 (Elgoyhen et al.,
1994). The primary structure of this new protein clearly indicated that it belonged to the
nicotinic family of cholinergic receptor subunits (Figure 1). These are members of the “Cys-
loop” family of neurotransmitter-gated ion channels that also includes GABA o, GABA(,
glycine and 5-hydroxytryptamine-3 (SHT3) receptors, as well as some invertebrate anionic
glutamate and histamine receptors (Karlin, 2002). Receptors belonging to this family are
formed by five homologous subunits assembled around a central ion-conducting pore. Each
subunit contains, in its ligand-binding, amino-terminal half, two (presumably disulfide-
linked) cysteine residues separated by 13 other residues, thus giving this family the name of
“Cys-loop” receptors. Four transmembrane regions span the membrane and transmembrane
region two lines the pore of the channel. A big intracellular loop hangs between
transmembrane regions three and four, and the carboxi-terminal region is extracellular.
Several nicotinic receptor subunits have already been identified. The nicotinic receptor at the
neuromuscular junction mediates fast synaptic transmission and has a (a1),pf1y6
stoichiometry (Karlin and Akabas, 1995). Ten genes that encode neuronal nicotinic subunits
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have been cloned in the vertebrate central or peripheral nervous system: a2—a8 and 24
(Boulter et al., 1986; Boulter et al., 1987; Deneris et al., 1988; Wada et al., 1988; Duvoisin
et al., 1989; Couturier et al., 1990; Schoepfer et al., 1990; Le Novere et al., 2002). In
heterologous expression systems, the neuronal subunits a2, a3, a4, and a6 lead to the
assembly of functional nicotinic receptors in combination with either B2 or B 4. They have a
pentameric structure that includes two a and three B subunits (but alternate stoichiometries
have been described) (Moroni and Bermudez, 2006). The a7 and a.8 subunits form part of a
different group within the neuronal nAChR, because they can assemble into functional
receptors in the absence of any other subunit and a7 receptors account for the a-
bungarotoxin-binding sites in the central nervous system (Couturier et al., 1990).

Although a9 belongs to the nAChR family, it is a distant member based on homology at the
amino acid level (Elgoyhen et al., 1994). It clearly forms an evolutionary early divergent
branch within the nAChR family, being closest to the ancestor that gave rise to the family
(Le Novere and Changeux, 1995; Tsunoyama and Gojobori, 1998; Le Novere et al., 2002;
Dent, 2006). This is in agreement with the fact that it has shared pharmacological properties
with GABA 4, glycine and serotonin type 3 receptors (Rothlin et al., 1999; Rothlin et al.,
2003). Thus, when expressed in Xenopus laevis oocytes, a9 forms homomeric (Elgoyhen et
al., 1994), calcium-permeable (Katz et al., 2000), ACh-gated channels with the following
pharmacological properties, which are largely indistinguishable from those reported for the
native hair cell cholinergic receptor: it is not activated but blocked by nicotine and
muscarine, by the nicotinic antagonist curare and by the neuronal nAChR antagonist a.-
bungarotoxin (in a reversible manner, different to the blockade of neuronal receptors), the
muscarinic antagonist atropine, the glycinergic antagonist strychnine, the GABAergic
antagonist bicuculline and the serotonin type 3 receptor antagonists ICS 205-930 and
ondansetron (Elgoyhen et al., 1994; Rothlin et al., 1999; Verbitsky et al., 2000; Rothlin et
al., 2003). Modulation of a9-containing receptors by opioid compounds (Lioudyno et al.,
2000; Lioudyno et al., 2002), ryanodine (Zorrilla de San Martin et al., 2007), ototoxic drugs
such as quinine (Ballestero et al., 2005) and aminoglycoside antibiotics (Rothlin et al., 2000)
and neramexane, a drug under investigation for the treatment of tinnitus (Plazas et al., 2007;
Suckfull et al., 2011), has been also reported. Moreover, some a-conotoxins which are
valuable tools to differentiate nicotinic receptors, have high affinity for a9—containing
receptors (Mclntosh et al., 2005; Ellison et al., 2006; Nevin et al., 2007; McIntosh et al.,
2009). Although originally identified in the olfactory epithelium, the similar
pharmacological profile of recombinant a9 and hair cell cholinergic receptors, clearly
indicates that a9 is a component of the receptor. Moreover, a combination of in situ
hybridization and reverse transcription-polymerase chain reaction (RT-PCR) experiments
has confirmed a9 transcripts in cochlear and vestibular hair cells of several vertebrate
species (Elgoyhen et al., 1994; Glowatzki et al., 1995; Hiel et al., 1996; Morley et al., 1998;
Simmons and Morley, 1998; Lustig et al., 1999; Hiel et al., 2000).

Although the pharmacological properties of recombinant a9 receptors clearly recapitulate
those of the native hair cell receptor, the current-voltage relationship, the Ca2* sensitivity,
and the desensitization properties of homomeric a9 receptors do not match those seen in
isolated hair cells (Blanchet et al., 1996; Dulon and Lenoir, 1996; McNiven et al., 1996).
The cloning of the a 10 nAChR from a rat cochlear cDNA library and the expression of both
a9 and a 10 in Xenopus laevis oocytes has demonstrated that the a9a. 10 receptor
recapitulates the pharmacological and biophysical properties of hair cell receptors (Elgoyhen
et al., 2001). It is now accepted that the hair cell cholinergic receptor that mediates synaptic
transmission between efferent olivocochlear fibers and hair cells of the cochlea, is formed
by both a9 and a 10 subunits (Elgoyhen et al., 2001; Lustig et al., 2001; Sgard et al., 2002)
(Figure 2). Using a reporter mutation approach, a pentameric structure with a (a9),(a10)3
stoichiometry has been proposed (Plazas et al., 2005) (Figure 1).
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Since cholinergic efferent feedback to hair cells is a common feature among all vertebrates
(Simmons, 2002), one would expect that the evolutionary history of the genes coding for the
a9 and the a 10 subunits would look similar along all vertebrate lineages. A phylogenetic
analysis of a9 and a10 subunits across vertebrates has provided surprising results
(Franchini and Elgoyhen, 2006). These indicate that in mammals the genes coding for a 10
subunits (CHRNA 10) display a different evolutionary history. Thus, although CHRNA9has
been under strong purifying selection in all vertebrates, CHRNA /0has been under positive
selection pressure only in the mammalian lineage (Franchini and Elgoyhen, 2006; Elgoyhen
and Franchini, 2011). These data have indicated a possible scenario for the evolution of
these nicotinic receptor subunits: after a duplication event that created the CHRNAY and
CHRNA 10 genes, they co-existed without much functional diversion. At some point, in the
lineage leading to mammals, amino acid changes started to accumulate rapidly producing
CHRNA 10to diverge from CHRNAY. This might suggest that mammalian a9a 10 nAChRs
acquired a novel function or new properties which evolved in conjunction with the
specialization of mammalian hearing. Co-varying with the evolutionary history of

CHRNA 101s prestin, the protein responsible for somatic electromotility of mammalian
OHCs, which has also been under positive selection pressure only in mammals (Franchini
and Elgoyhen, 2006). Thus, it is tempting to speculate that CHRNA /0has evolved to give
the mammalian auditory system feedback control of prestin-driven somatic electromotility, a
capacity that is not required in non-mammalian species (Elgoyhen and Franchini, 2011).

7. Ca?+-activated K+ currents and calcium stores

It is an accepted notion that hyperpolarizat ion of hair cells following activation of the
nicotinic receptor is brought about by the activation of a K* current due to the increase of
intracellular Ca+ (Housley and Ashmore, 1991; Fuchs and Murrow, 1992a; Blanchet et al.,
1996; Yuhas and Fuchs, 1999; Glowatzki and Fuchs, 2000; Oliver et al., 2000; Katz et al.,
2004; Gomez-Casati et al., 2005). Ca2* increase following ACh application has been
demonstrated by calcium imaging (Shigemoto and Ohmori, 1991; Blanchet et al., 1996) and
by the use of intracellular calcium buffering (Fuchs and Murrow, 1992a; Oliver et al., 2000).
Moreover, the “bell shaped” current-voltage relation of ACh responses, which is maximal
around —40 mV and disappears at more positive potentials, following the reduction of the
driving force for Ca?* influx (Evans, 1996; Nenov et al., 1996a; Glowatzki and Fuchs, 2000;
Gomez-Casati et al., 2005), is typical of Ca2*-activated K* currents that rely on calcium
influx (Berkefeld et al., 2010). BK channels were initially proposed as underlying the K*
current (Shigemoto and Ohmori, 1991). However, this current is insensitive to cesium block,
thus precluding the participation of BK channels (Yuhas and Fuchs, 1999). The use of
pharmacological tools has further demonstrated that the K* channel belongs to the small
conductance, Ca?*-activated SK family (Doi and Ohmori, 1993; Nenov et al., 1996b; Yuhas
and Fuchs, 1999; Glowatzki and Fuchs, 2000; Oliver et al., 2000). Moreover, by in situ
hybridization (Dulon et al., 1998) and immunohistochemistry (Oliver et al., 2000), the SK2
nature of the channel has been established. BK channels might still play a role in high
frequency OHCs of the basal cochlea (Wersinger et al., 2011). The activation of the SK
component requires extracellular Ca?t+ (Housley and Ashmore, 1991; Fuchs and Murrow,
1992a; Yuhas and Fuchs, 1999), probably indicating influx of Ca2* through the a9a.10
nAChR (Figure 2). This correlates with the high CaZ* permeability reported for recombinant
a9a 10 (Weisstaub et al., 2002) and native hair cell receptors (Gomez-Casati et al., 2005),
PCa/PNa ~ 9, which resembles that shown for ligand-gated ion channels with the highest
Ca?t+ permeability, such as a7 nAChRs (Bertrand et al., 1993; Séguéla et al., 1993), N-
methyl-D-aspartic acid glutamate receptors (Mayer and Westbrook, 1987; Burnashev et al.,
1992) and cyclic nucleotide-gated channels (Dzeja et al., 1999).
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Intracellular CaZ* stores have also been proposed as the source of this cation for SK
activation (Shigemoto and Ohmori, 1990; Shigemoto and Ohmori, 1991; Kakehata et al.,
1993; Yoshida et al., 1994; Evans, 1996; Lioudyno et al., 2004). In particular, ryanodine
receptor expression in hair cells of the rat cochlea has been reported and ryanodine and other
store-active compounds alter the K* currents evoked in hair cells by ACh (Lioudyno et al.,
2004). Thus, it has been proposed that an adjoining synaptoplasmic cistern present in hair
cells acts as a tightly coupled calcium store to serve calcium-induced calcium release,
similar to that produced by ryanodine receptors of the sarcoplamsic recticulum in striated
muscles (Lioudyno et al., 2004)(Figure 2). This is also based on the physical presence of a
synaptic cistern in hair cells, a near-membrane (within 20 nm) endoplasmic reticulum that is
co-extensive with the efferent synaptic contact (Gulley and Reese, 1977; Hirokawa, 1978;
Saito, 1983).

8. Synaptic responses and synaptic plasticity at the mammalian efferent

synapse

The establishment of the ex-vivo organ of Corti preparation (Glowatzki and Fuchs, 2000;
Oliver et al., 2000) has enabled an in depth description of the properties of the efferent-hair
cell synapses. Inner and outer hair cells, supporting cells and both afferent and efferent
synaptic contacts remain functional for several hours after excision of the cochlear turns
from mice or rats at different postnatal stages (from day O to 21). Therefore, using this
preparation it has been possible to study both the pre- and postsynaptic components and the
synaptic mechanisms at functioning mammalian OC-hair cells synapses.

Using this cochlear preparation, SIPSCs have been observed in neonatal IHCs (Glowatzki
and Fuchs, 2000; Katz et al., 2004; Marcotti et al., 2004a; Gomez-Casati et al., 2005;
Goutman et al., 2005; Zorrilla de San Martin et al., 2010) and in OHCs after the onset of
hearing (P21) (Oliver et al., 2000; Lioudyno et al., 2004) (Figure 3). These sIPSCs are due
to the spontaneous release of ACh from the efferent synaptic terminals acting on a9a 10
nACRs which allow the influx of Ca2* into the hair cell thus promoting the subsequent
activation of SK2 potassium channels (Dulon et al., 1998; Glowatzki and Fuchs, 2000;
Oliver et al., 2000; Elgoyhen et al., 2001; Katz et al., 2004). Consistently, in both types of
hair cells, synaptic currents are biphasic (fast inward current followed by a slower outward
component) at membrane potentials between Ex and 0 mV (Figure 3). Negative to Eg, the
ACh activated current is inward, as both currents through the nAChR and the SK channel
flow in the same direction. The kinetically-dominant outward SK component has a decay
time constant of 30 to 50 ms (at room temperature), while inward current through the
nAChHR (isolated by using the fast calcium chelator BAPTA) decays approximately three to
five-fold faster (Glowatzki and Fuchs, 2000; Oliver et al., 2000; Katz et al., 2004; Gomez-
Casati et al., 2005). The resting potential of both IHCs and OHCs is positive to Eg, therefore
the functional significance of efferent activity is to hyperpolarize the hair cells.

The random timing of spontaneous events, however, has precluded the assessment of
efferent release mechanics and plasticity. Therefore, further studies of both the efficacy of
hair cell inhibition and the presynaptic molecules and mechanisms involved, required the
ability to electrically evoke release from the efferent endings. This was first accomplished
by Goutman et al. (2005) who studied the characteristics of electrically evoked ACh release
at the neonatal transient rat MOC-IHC synapse. Electrical stimulation of the efferent axons
to produce evoked release at the MOC-OHC synapse has proven more difficult perhaps due
to damage of these fibers upon crossing the tunnel of Corti. Notwithstanding, very recently,
Ballestero, Elgoyhen and Katz (unpublished observations) have been able to study the
characteristics of synaptic transmission at the MOC-OHC synapse by electrically
stimulating the efferent fibers in cochlear preparations from mice at postnatal ages 11-13. At
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the transient MOC-IHC (Goutman et al., 2005) the kinetics, voltage-dependence and
pharmacology of electrically evoked responses resemble those of spontaneous synaptic
currents (Glowatzki and Fuchs, 2000; Oliver et al., 2000; Katz et al., 2004; Gomez-Casati et
al., 2005), further supporting the notion that the inhibitory sign of the MOC-hair cell
cholinergic synapses are due to Ca2* entry through the a9a.10 nAChR and the subsequent
gating of calcium-activated SK2 potassium channels.

When studying the mechanics of synaptic transmission, Goutman ef al. (2005) showed that
transmitter release at the rat MOC-IHC synapse is of quantal nature and that low frequency
(0.25- 1 Hz) electrical stimulation evokes IPSCs with a mean probability of occurrence of
0.35 and mean amplitudes of —20 pA at —90 mV, corresponding to a quantum content of
about 1. However, with repeated stimulation at high frequencies (40 Hz), IPSCs become
larger and more often. When the efferent fibers are stimulated by trains of 10 successive
shocks, IPSCs reach more than —100 pA in amplitude due to summation and facilitation.
Moreover, the frequency of calcium action potentials in these neonatal IHCs, which promote
the release of glutamate before the onset of hearing (Beutner and Moser, 2001; Marcotti et
al., 2004b), is reduced by electrical stimulation of the efferent fibers, provided that the
stimulation frequency is above 2 Hz (Goutman et al., 2005). These observations indicate that
efferent inhibition only is effective when occurring repetitively, and at sufficiently high
frequencies so that facilitation of transmitter release can occur (Goutman et al., 2005).

At the presynaptic level, some important questions relevant for understanding the mechanics
of synaptic transmission are starting to be solved, namely the types of ion channels that
support and/or regulate the release of ACh and the sensitivity of the process of release to
extracellular Ca%*. These issues are being studied in the mouse MOC-THC synapse before
the onset of hearing (postnatal day 12 in altricial rodents) by recording IPSCs in the whole-
cell configuration while electrically stimulating the MOC efferent axons (Zorrilla de San
Martin et al., 2010). An important question is whether other neurotransmitters and
neuromodulators like GABA and CGRP, which have been reported to be present at the
MOC cholinergic efferent synaptic terminals (Eybalin, 1993; Cabanillas and Luebke, 2002;
Maison et al., 2003a), modulate ACh responses in cohlear hair cells. The involvement of the
gabaergergic system in the regulation of MOC-hair cell synapses is being studied, using the
above mentioned approach, at the transient MOC-IHC synapse in cochlear preparations
from wild-type and GABAg knock-out mice by Wedemeyer, Elgoyhen and Katz
(unpublished observations).

In a recent work Zorrilla de San Martin ef al. (2010) showed that the quantum content of
transmitter release at the mouse MOC-IHC synapse is low, around 1 (at 1Hz stimulation
frequency), similar to that described for the same synapse in neonatal rats (Goutman et al.,
2005). In addition, they have investigated the sensitivity of the release process to CaZ*,
based on the known high non-linearity of the relationship between external Ca?* and the
amount of transmitter released (Dodge and Rahamimoff, 1967). They found that the best fit
to the power relation between external Ca?* and quantum content (m = K [CaZ*]on, (Dodge
and Rahamimoff, 1967)) has a coefficient of about 2.6 which suggests the cooperative
involvement of at least two Ca2* molecules in those described at other fast synapses
triggering the release of each vesicle of ACh. This value falls in the lower range of (Dodge
and Rahamimoff, 1967; Mintz et al., 1995; Borst and Sakmann, 1996) and may reflect
differences in the release machinery and/or the types of voltage gated calcium channels
(VGCCs) supporting release at this synapse. At the MOC-IHC synapse, transmitter release
is supported by both P/Q and N-type VGCCs (Zorrilla de San Martin et al., 2010). This is
consistent with that shown for many mammalian synapses, at which both P/Q and N-type
VGCCs mediate synaptic transmission (Reid et al., 2003; Fedchyshyn and Wang, 2005).
Moreover, L-type VGCC functionally coupled to the activation of BK channels negatively
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regulate ACh release at the MOC-IHC synapse (Zorrilla de San Martin et al., 2010). Thus,
the following scenario has been proposed (Zorrilla de San Martin et al., 2010).
Depolarization from an incoming action potential activates P/Q-, N-, and L-type VGCCs.
Influx of Ca?* via P/Q- and N-type VGCCs closely associated with the release machinery
would support release. In addition, influx of Ca?* via L-type VGCCs (functionally coupled
with BK channels) and possibly farther away from the release machinery (Urbano et al.,
2001; Flink and Atchison, 2003), together with membrane depolarization, would activate
BK channels (Figure 2). As reported for other systems (Storm 1987, Marcantoni 2007),
activation of BK channels would accelerate repolarization and reduce transmitter release.

This transient MOC-IHC synapse is functional before the onset of hearing (Glowatzki and
Fuchs, 2000; Katz et al., 2004) and its activity can prevent spontaneous CaZ*-action
potentials present in neonatal (Goutman et al., 2005). These Ca2* action potentials
(Glowatzki and Fuchs, 2000; Tritsch et al., 2007) trigger glutamate release at the first
synapse of the auditory system (Beutner and Moser, 2001; Glowatzki and Fuchs, 2002) and
is thought to be critical for the establishment and refinement of synaptic connections in the
auditory system (Tritsch et al., 2007; Tritsch and Bergles, 2010; Tritsch et al., 2010).
Therefore, this negative feedback loop made up by L-type VGCCs coupled to the activation
of BK channels reduces ACh release from the efferent terminals and may thus be relevant
for achieving the patterned activity at the first auditory synapse that likely contributes to the
correct establishment of synapses throughout the auditory pathway.

9. Lessons from genetically modified mice

The generation of different genetically modified mouse models has enabled further
understanding of the function of key players at the MOC efferent-hair cell synapse. These
include those that target modifications in the genes encoding the a9 and a. 10 nAChRs, SK2,
GABA 4 receptor subunits and CGRP.

The analysis of mice carrying a null mutation for CHRNA 9 have provided a clear
demonstration that this subunit is a main component of the native OHC cholinergic receptor
(Vetter et al., 1999). These mice fail to show suppression of cochlear responses (measured
by distortion product otoacoustic emissions and compound action potentials) during efferent
fiber electrical stimulation at the floor of the fourth ventricle. These results further
demonstrate the key role a9 receptors play in mediating the known effects of the
olivocochlear system. Moreover, these null mutant mice have aberrant efferent innervation,
being OHCs innervated by one large terminal, instead of multiple smaller terminals as in
wild types. This suggests that a9-containing nAChRs play some role in normal synaptic
formation and establishment (Vetter et al., 1999; Murthy et al., 2009b). Behavioral studies
on this a9 knockout mouse model have shown no decrease in tone detection and intensity
discrimination in continuous background noise, suggesting that central efferent pathways
work in combination with the peripheral olivocochlear system to enhance hearing in noise
(May et al., 2002). Further studies have shown no changes in cochlear sensitivity, based on
compound action potential thresholds, and OHC electromotility in the a9 knockouts (He et
al., 2004). CHRNA 10null mutant mice have shown that, while functional homomeric a9
channels are present in OHCs, they are insufficient to drive normal olivocochlear efferent
inhibition to the cochlea, demonstrating that the a. 10 subunit is also an essential component
of the hair cell nAChR (Vetter et al., 2007).

The generation of a mouse model that overexpresses the a9 subunit and an a9 knockin with
enhanced MOC activity, have suggested the participation of the a9a10 nAChRs in
protecting the inner ear from damage produced by overly loud sounds (Maison et al., 2002;
Taranda et al., 2009b). This adds to previous literature showing the involvement of the MOC
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system in protection from acoustic injury (Liberman, 1991; Reiter and Liberman, 1995;
Maison and Liberman, 2000; Rajan, 2000). The a9 overexpressor mice show significantly
reduced acoustic injury from exposures causing either temporary or permanent threshold
shifts, without changing pre-exposure cochlear sensitivity to low- or moderate-level sound
(Maison et al., 2002). The a9 knockin mice has a threonine for leucine amino acid
substitution at position L9 (L9’T) of the second transmembrane domain of the protein and
was built based on the described properties of recombinant receptors assembled from mutant
receptors (Plazas et al., 2002). L9’T receptors have an enhanced apparent affinity for ACh,
slower desensitization kinetics and spontaneous openings in the absence of the agonist, thus
rendering receptors with a gain-of-function. Likewise, L9’T hair cells have an enhanced
apparent affinity for ACh and slower desensitization kinetics in the presence ACh, which is
translated into very prolonged IPSPs (Taranda et al., 2009b). Consistent with these effects,
in mutant mice shock-evoked MOC activation produces both enhanced and prolonged
cochlear suppression 7n vivo. Moreover, L9’T knockin mice have attenuated sound-induced
permanent acoustic injury, again indicating the importance of the MOC efferents in cochlear
protection. The fact that a line of mice which overexpresses SK2, thus leading to enhanced
MOC activity, lack protection from acoustic injury suggests that efferent-mediated cochlear
protection is mediated by other downstream effects of ACh-mediated Ca* entry, different
from those involving SK2-mediated hyperpolarization (Maison et al., 2007).

By using SK2 knockout mice (Bond et al., 2004), this subtype of SK channel has been
shown to be solely responsible for encoding the calcium-activated potassium channel in
cochlear hair cells (Johnson et al., 2007; Kong et al., 2008). Moreover, the expression of
SK2 channels seems necessary for the expression of functional ACh responses, since in SK2
knockout mice, OHCs are completely insensitive to exogenous ACh, implying absent or
otherwise dysfunctional nAChRs. Likewise, spontaneous cholinergic synaptic currents are
not seen in OHCs from these mice. In addition, neither efferent synaptic currents nor
responses to exogenous ACh are present in neonatal IHCs in the SK2-knockout mice. The
fact that cholinergic responses are completely absent in hair cells from these SK2 null mice,
even though the amount of a9 and a10 mRNA, as evaluated by quantitative RT-PCR does
not differ from those in wild-type animals (Kong et al., 2008; Murthy et al., 2009a), strongly
suggests that SK?2 is fundamentally required for the assembly, trafficking, and/or anchorage
of the nAChR macromolecular synaptic complex to the membrane. This is further supported
by results derived from the analysis of a line of mice that constitutively express the a 10
subunit (Taranda et al., 2009a). Using this same SK2 knockout animal model, SK2 channels
have been shown to be necessary for the long-term survival of MOC fibers and synapses
(Murthy et al., 2009a).

Mice carrying deletions of GABA 4 receptor subunits have provided some evidence towards
the role of the GABAergic efferent innervation to hair cells. Rather than underlying an
independent action on OHC motility, GABA at the OHC/efferent synapse might modulate
cholinergic effects. Thus, a reduction in electrically-evoked efferent suppression in 32 nulls
has been reported. However, histological analysis revealed a reduction in density of OHC
efferents, suggesting a GABAergic role in the maintenance of the efferent innervation
(Maison et al., 2006). In the case of CGRP, mice carrying a null mutation of the gene coding
for aCGRP have suggested a postsynaptic effect on cochlear afferent neurons via release of
the neuropeptide from lateral OC terminals rather than an effect on the MOC system
(Maison et al., 2003b).

10. Conclusions

A long way has been traveled since the first description of ACh as the neurotransmitter at
the MOC-hair cell synapse, to the establishment of the double signature of the synaptic
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currents, the discovery of the molecular structure of the nAChR, the analysis of synaptic
plasticity and the generation of genetically modified mice. These basic research findings
might be leading the way to new therapeutics of inner ear disorders such as noise-induced
hearing loss and tinnitus (Elgoyhen et al., 2009).

Acknowledgments

A.B.E is supported by the Howard Hughes Medical Institute International Scholar Program, the Tinnitus Research
Initiative, the NIH (RO1 DC001508), the University of Buenos Aires, Consejo Nacional de Investigaciones
Cientificas y Técnicas and Agencia Nacional de Promocién Cientifica y Tecnoldgica, Argentina. E.K. is funded by
the NIH (RO1 DC001508), the University of Buenos Aires, Consejo Nacional de Investigaciones Cientificas y
Técnicas and Agencia Nacional de Promocién Cientifica y Tecnoldgica, Argentina.

References

Albert JT, Winter H, Schaechinger TJ, Weber T, Wang X, He DZ, Hendrich O, Geisler HS,
Zimmermann U, Oelmann K, Knipper M, Gopfert MC, Oliver D. Voltage-sensitive prestin
orthologue expressed in zebrafish hair cells. J Physiol. 2007; 580:451-461. [PubMed: 17272340]

Art J, Fettiplace R, Fuchs P. Synaptic hyperpolarization and inhibition of turtle cochlear hair cells. J
Physiol (Lond). 1984; 365:525-550. [PubMed: 6097676]

Ashmore JF, Russell 1J. Sensory and effector functions of vertebrate hair cells. J Submicrosc Cytol.
1983; 15:163-166. [PubMed: 6302298]

Ballestero JA, Plazas PV, Kracun S, Gomez-Casati ME, Taranda J, Rothlin CV, Katz E, Millar NS,
Elgoyhen AB. Effects of quinine, quinidine, and chloroquine on alpha9alphal0 nicotinic cholinergic
receptors. Mol Pharmacol. 2005; 68:822-829. [PubMed: 15955868]

Berkefeld H, Fakler B, Schulte U. Ca2+-activated K+ channels: from protein complexes to function.
Physiol Rev. 2010; 90:1437-1459. [PubMed: 20959620]

Bertrand D, Galzi J, Devillers-Thiery A, Bertrand S, Changeux J. Mutations at two distinct sites within
the channel domain M2 alter calcium permeability of neuronal a7 nicotinic receptor. Proc. Natl.
Acad. Sci. USA. 1993; 90:6971-6975. [PubMed: 7688468]

Beutner D, Moser T. The presynaptic function of mouse cochlear inner hair cells during development
of hearing. J Neurosci. 2001; 21:4593-4599. [PubMed: 11425887]

Blanchet C, Erostegui C, Sugasawa M, Dulon D. Acetylcholine-induced potassium current of guinea
pig outer hair cells: its dependence on a calcium influx through nicotinic-like receptors. J. Neurosci.
1996; 16:2574-2584. [PubMed: 8786433]

Bond CT, Herson PS, Strassmaier T, Hammond R, Stackman R, Maylie J, Adelman JP. Small
conductance Ca2+-activated K+ channel knock-out mice reveal the identity of calcium-dependent
afterhyperpolarization currents. J Neurosci. 2004; 24:5301-5306. [PubMed: 15190101]

Borst JG, Sakmann B. Calcium influx and transmitter release in a fast CNS synapse. Nature. 1996;

383:431-434. [PubMed: 8837774]

Boulter J, Connolly J, Deneris E, Goldman D, Heinemann S, Patrick J. Functional expression of two
neuronal nicotinic acetylcholine receptors from cDNA clones identifies a gene family. Proc. Natl.
Acad. Sci. USA. 1987; 84:7763-7767. [PubMed: 2444984]

Boulter J, Evans K, Goldman D, Martin G, Treco D, Heinemann S, Patrick J. Isolation of a cDNA
clone coding for a possible neural nicotinic acetylcholine receptor a-subunit. Nature. 1986;
319:368-374. [PubMed: 3753746]

Brigande JV, Heller S. Quo vadis, hair cell regeneration? Nat Neurosci. 2009; 12:679-685. [PubMed:
19471265]

Brownell W, Bader C, Bertrand D, de Ribaupierre Y. Evoked mechanical responses of isolated
cochlear hair cells. Science. 1985; 227:194—-196. [PubMed: 3966153]

Burnashev N, Schoepfer R, Monyer H, Ruppersberg J, Gunther W, Seeburg P, Sakmann B. Control by
asparagine residues of calcium permeability and magnesium blockade in the NMDA receptor.
Science. 1992; 257:1415-1419. [PubMed: 1382314]

Cabanillas LA, Luebke AE. CGRP- and cholinergic-containing fibers project to guinea pig outer hair
cells. Hear Res. 2002; 172:14—17. [PubMed: 12361863]

J Physiol Paris. Author manuscript; available in PMC 2013 January 01.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Elgoyhen and Katz

Page 13

Caulfield MP, Birdsall NJ. International Union of Pharmacology. X VII. Classification of muscarinic
acetylcholine receptors. Pharmacol Rev. 1998; 50:279-290. [PubMed: 9647869]

Couturier S, Bertrand D, Matter J-M, Hernandez M-C, Bertrand S, Millar N, Valera S, Barkas T,
Ballivet M. A neuronal nicotinic acetylcholine receptor subunit (a7) is developmentally regulated
and forms a homo-oligomeric channel blocked by a-BTX. Neuron. 1990; 5:847-856. [PubMed:
1702646]

Chan DK, Hudspeth AJ. Ca2+ current-driven nonlinear amplification by the mammalian cochlea in
vitro. Nat Neurosci. 2005; 8:149—-155. [PubMed: 15643426]

Churchill JA, Schuknecht HF, Doran R. Acetylcholinesterase activity in the cochlea. Laryngoscope.
1956; 66:1-15. [PubMed: 13287137]

Dallos P. Cochlear amplification, outer hair cells and prestin. Curr Opin Neurobiol. 2008; 18:370-376.
[PubMed: 18809494]

Dannhof BJ, Roth B, Bruns V. Anatomical mapping of choline acetyltransferase (ChAT)-like and
glutamate decarboxylase (GAD)-like immunoreactivity in outer hair cell efferents in adult rats.
Cell Tissue Res. 1991; 266:89-95. [PubMed: 1747916]

Delano PH, Elgueda D, Hamame CM, Robles L. Selective attention to visual stimuli reduces cochlear
sensitivity in chinchillas. J Neurosci. 2007; 27:4146—4153. [PubMed: 17428992]

Deneris ES, Connolly J, Boulter J, Wada E, Wada K, Swanson LW, Patrick J, Heinemann S. Primary
structure and expression of B2: a novel subunit of neuronal nicotinic acetylcholine receptors.
Neuron. 1988; 1:45-54. [PubMed: 3272154]

Dent JA. Evidence for a diverse Cys-loop ligand-gated ion channel superfamily in early bilateria. J
Mol Evol. 2006; 62:523-535. [PubMed: 16586016]

Dodge FA Jr. Rahamimoff R. On the relationship between calcium concentration and the amplitude of
the end-plate potential. J Physiol. 1967; 189:90P-92P.

Doi T, Ohmori H. Acetylcholine increases intracellular Ca2+ concetration and hyperpolarizes the
guinea-pig outer hair cell. Hearing Res. 1993; 67:179-188.

Dolan DF, Nuttall AL. Masked cochlear whole-nerve response intensity functions altered by electrical
stimulation of the crossed olivocochlear bundle. J Acoust Soc Am. 1988; 83:1081-1086.
[PubMed: 3356813]

Dulon D, Lenoir M. Cholinergic responses in developing outer hair cells of the rat cochlea. European
J. Neurosci. 1996; 8:1945-1952. [PubMed: 8921285]

Dulon D, Luo L, Zhang C, Ryan AF. Expression of small-conductance calcium-activated potassium
channels (SK) in outer hair cells of the rat cochlea. Eur J Neurosci. 1998; 10:907-915. [PubMed:
9753158]

Duvoisin RM, Deneris ES, Patrick J, Heinemann S. The functional diversity of the neuronal nicotinic
acetylcholine receptors is increased by a novel subunit: B4. Neuron. 1989; 3:487-496. [PubMed:
2642007]

Dzeja C, Hagen V, Kaupp UB, Frings S. Ca2+ permeation in cyclic nucleotide-gated channels. EMBO
J. 1999; 18:131-144. [PubMed: 9878057]

Eggermont JJ, Roberts LE. The neuroscience of tinnitus. Trends Neurosci. 2004; 27:676—-682.
[PubMed: 15474168]

Elgoyhen AB, Franchini LF. Prestin and the cholinergic receptor of hair cells: Positively-selected
proteins in mammals. Hear Res. 2011; 273:100-108. [PubMed: 20056140]

Elgoyhen AB, Johnson DS, Boulter J, Vetter DE, Heinemann S. a9: an acetylcholine receptor with
novel pharmacological properties expressed in rat cochlear hair cells. Cell. 1994; 79:705-715.
[PubMed: 7954834]

Elgoyhen AB, Katz E, Fuchs PA. The nicotinic receptor of cochlear hair cells: a possible
pharmacotherapeutic target? Biochem Pharmacol. 2009; 78:712-719. [PubMed: 19481062]

Elgoyhen AB, Langguth B. Pharmacological approaches to the treatment of tinnitus. Drug Discov
Today. 2010; 15:300-305. [PubMed: 19931642]

Elgoyhen AB, Vetter D, Katz E, Rothlin C, Heinemann S, Boulter J. Alpha 10: A determinant of

nicotinic cholinergic receptor function in mammalian vestibular and cochlear mechanosensory hair
cells. PNAS, USA. 2001; 98:3501-3506. [PubMed: 11248107]

J Physiol Paris. Author manuscript; available in PMC 2013 January 01.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Vd-HIN

Elgoyhen and Katz

Page 14

Ellison M, Haberlandt C, Gomez-Casati ME, Watkins M, Elgoyhen AB, McIntosh JM, Olivera BM.
Alpha-RgIA: a novel conotoxin that specifically and potently blocks the alpha9alphal0 nAChR.
Biochemistry. 2006; 45:1511-1517. [PubMed: 16445293]

Erostegui C, Norris CH, Bobbin RP. In vitro characterization of a cholinergic receptor on outer hair
cells. Hearing Res. 1994; 74:135-147.

Evans M. Acetylcholine activates two currents in guinea-pig outer hair cells. J. Physiol. 1996;
491:563-578. [PubMed: 8866879]

Eybalin M. Neurotransmitters and neuromodulators of the mammalian cochlea. Physiol. Rev. 1993;
73:309-373. [PubMed: 8097330]

Eybalin M, Altschuler RA. Immunoelectron microscopic localization of neurotransmitters in the
cochlea. J Electron Microsc Tech. 1990; 15:209-224. [PubMed: 1973730]

Eybalin M, Pujol R. Choline acetyltransferase (ChAT) immunoelectron microscopy distinguishes at
least three types of efferent synapses in the organ of Corti. Exp Brain Res. 1987; 65:261-270.
[PubMed: 3549347]

Fedchyshyn MJ, Wang LY. Developmental transformation of the release modality at the calyx of Held
synapse. J Neurosci. 2005; 25:4131-4140. [PubMed: 15843616]

Flink MT, Atchison WD. Iberiotoxin-induced block of Ca2+-activated K+ channels induces
dihydropyridine sensitivity of ACh release from mammalian motor nerve terminals. J Pharmacol
Exp Ther. 2003; 305:646—652. [PubMed: 12606686]

Flock A, Russell 1J. The post-synaptic action of efferent fibres in the lateral line organ of the burbot
Lota lota. J Physiol. 1973; 235:591-605. [PubMed: 4772401]

Franchini LF, Elgoyhen AB. Adaptive evolution in mammalian proteins involved in cochlear outer
hair cell electromotility. Mol Phylogenet Evol. 2006; 41:622-635. [PubMed: 16854604]

Fuchs P. Synaptic transmission at vertebrate hair cells. Current Opinion in Neurobiol. 1996; 6:514—
519.

Fuchs PA, Murrow BW. Cholinergic inhibition of short (outer) hair cells of the chick’s cochlea. J.
Neurosci. 1992a; 12:800-809. [PubMed: 1545240]

Fuchs PA, Murrow BW. A novel cholinergic receptor mediates inhibition of chick cochlear hair cells.
Proc. R. Soc. Lond. B. 1992b; 248:35-40.

Galambos R. Suppression of auditory nerve activity by stimulation of efferent fibers to the cochlea. J.
Neurophysiol. 1956; 19:424-437. [PubMed: 13367873]

Gifford ML, Guinan JJ Jr. Effects of electrical stimulation of medial olivocochlear neurons on
ipsilateral and contralateral cochlear responses. Hear Res. 1987; 29:179-194. [PubMed: 3624082]

Glowatzki E, Fuchs P. Cholinergic synaptic inhibition of inner hair cells in the neonatal mammalian
cochlea. Science. 2000; 288:2366-2368. [PubMed: 10875922]

Glowatzki E, Fuchs P. Transmitter release at the hair cell ribbon synapse. Nature Nerosci. 2002;
5:147-154.

Glowatzki E, Wild K, Brandle U, Fakler G, Fakler B, Zenner HP, Ruppersberg JP. Cell-specific
expression of the alpha 9 n-ACh receptor subunit in auditory hair cells revealed by single-cell RT-
PCR. Proc. R. Soc. Lond. B. 1995; 262:141-147.

Gomez-Casati ME, Fuchs PA, Elgoyhen AB, Katz E. Biophysical and pharmacological
characterization of nicotinic cholinergic receptors in cochlear inner hair cells. J Physiol. 2005;
566:103-118. [PubMed: 15860528]

Goutman JD, Fuchs PA, Glowatzki E. Facilitating efferent inhibition of inner hair cells in the cochlea
of the neonatal rat. J Physiol. 2005; 566:49-59. [PubMed: 15878942]

Guinan, JJ. The Cochlea. Dallos, Popper and Fay; New York, Springer-Verlag: 1996. Physiology of
olivocochlear efferents; p. 435-502.

Guinan JJ, Warr WB, Norris BE. Differential olivocochlear projections from lateral vs medial zones of
the superior olivary complex. J. Comp. Neurol. 1983; 221:358-370. [PubMed: 6655089]

Gulley RL, Reese TS. Freeze-fracture studies on the synapses in the organ of Corti. ] Comp Neurol.
1977; 171:517-543. [PubMed: 833356]

He DZ, Cheatham MA, Pearce M, Vetter DE. Mouse outer hair cells lacking the alpha9 ACh receptor
are motile. Brain Res Dev Brain Res. 2004; 148:19-25.

J Physiol Paris. Author manuscript; available in PMC 2013 January 01.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Elgoyhen and Katz

Page 15

Hiel H, Elgoyhen A, Drescher D, Morley B. Expression of nicotinic acetylcholine receptor mRNA in
the adult rat peripheral vestibular system. Brain Res. 1996; 738:347-352. [PubMed: 8955534]

Hiel H, Luebke AE, Fuchs PA. Cloning and expression of the alpha9 nicotinic acetylcholine receptor
subunit in cochlear hair cells of the chick. Brain Res. 2000; 858:215-225. [PubMed: 10700617]

Hirokawa N. The ultrastructure of the basilar papilla of the chick. J] Comp Neurol. 1978; 181:361-374.
[PubMed: 690270]

Housley GD, Ashmore JF. Direct measurement of the action of acetylcholine on isolated outer hair
cells of the guinea pig cochlea. Proc. R. Soc. Lond. B. 1991; 244:161-167.

Hudspeth A. How hearing happens. Neuron. 1997; 19:947-950. [PubMed: 9390507]

Hudspeth AJ. Making an effort to listen: mechanical amplification in the ear. Neuron. 2008; 59:530—
545. [PubMed: 18760690]

Jia S, He DZ. Motility-associated hair-bundle motion in mammalian outer hair cells. Nat Neurosci.
2005; 8:1028-1034. [PubMed: 16041370]
Johnson SL, Adelman JP, Marcotti W. Genetic deletion of SK2 channels in mouse inner hair cells

prevents the developmental linearization in the Ca2+ dependence of exocytosis. J Physiol. 2007;
583:631-646. [PubMed: 17627990]

Kakehata S, Nakagawa T, Takasaka T, Akaike N. Cellular mechanism of acetylcholine-induced
response in dissociated outer hair cells of guinea-pig cochlea. J. Physiol. (Lond.). 1993; 463:227-
244. [PubMed: 7504105]

Karlin A. Ion channel structure: emerging structure of the nicotinic acetylcholine receptors. Nature
Reviews Neurosc. 2002; 3:102-114.

Karlin A, Akabas M. Toward a structural basis for the function of nicotinic acetylcholine receptors and
their cousins. Neuron. 1995; 15:1231-1244. [PubMed: 8845149]

Katz E, Elgoyhen AB, Gomez-Casati ME, Knipper M, Vetter DE, Fuchs PA, Glowatzki E.
Developmental regulation of nicotinic synapses on cochlear inner hair cells. J Neurosci. 2004;
24:7814-7820. [PubMed: 15356192]

Katz E, Verbitsky M, Rothlin C, Vetter D, Heinemann S, Elgoyhen A. High calcium permeability and
calcium block of the a9 nicotinic acetylcholine receptor. Hearing Res. 2000; 141:117-128.

Kawase T, Delgutte B, Liberman MC. Antimasking effects of the olivocochlear reflex. II.
Enhancement of auditory-nerve response to masked tones. J Neurophysiol. 1993; 70:2533-2549.
[PubMed: 8120597]

Kennedy HJ, Crawford AC, Fettiplace R. Force generation by mammalian hair bundles supports a role
in cochlear amplification. Nature. 2005; 433:880-883. [PubMed: 15696193]

Kong JH, Adelman JP, Fuchs PA. Expression of the SK2 calcium-activated potassium channel is
required for cholinergic function in mouse cochlear hair cells. J Physiol. 2008; 586:5471-5485.
[PubMed: 18818242]

Kujawa SG, Glattke TJ, Fallon M, Bobbin R. A nicotinic-like receptor mediates suppression of
distortion product otoacustic emissions by contralateral sound. Hearing Res. 1994; 74:122—134.

Kuriyama H, Shiosaka S, Sekitani M, Tohyama Y, Kitajiri M, Yamashita T, Kumazawa T, Tohyama
M. Electron microscopic observation of calcitonin gene-related peptide-like immunoreactivity in
the organ of Corti of the rat. Brain Res. 1990; 517:76-80. [PubMed: 2376009]

Le Novere N, Corringer PJ, Changeux JP. The diversity of subunit composition in nAChRs:
evolutionary origins, physiologic and pharmacologic consequences. J Neurobiol. 2002; 53:447—
456. [PubMed: 12436412]

Le Novere N, Changeux J. Molecular evolution of the nicotinic acetylcholine receptor: an example of
multigene family in excitable cells. J. Molec. Evol. 1995; 40:155-172. [PubMed: 7699721]

Liberman MC. The olivocochlear efferent bundle and susceptibility of the inner ear to acoustic injury.
J Neurophysiol. 1991; 65:123-132. [PubMed: 1999726]

Lim DJ. Effects of noise and ototoxic drugs at the cellular level in the cochlea: a review. Am J
Otolaryngol. 1986; 7:73-99. [PubMed: 3515985]

Lioudyno M, Hiel H, Kong JH, Katz E, Waldman E, Parameshwaran-Iyer S, Glowatzki E, Fuchs PA.

A “synaptoplasmic cistern” mediates rapid inhibition of cochlear hair cells. J Neurosci. 2004;
24:11160-11164. [PubMed: 15590932]

J Physiol Paris. Author manuscript; available in PMC 2013 January 01.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Elgoyhen and Katz

Page 16

Lioudyno M, Verbitsky M, Holt J, Elgoyhen A, Guth P. Morphine inhibits an a9-acetylcholine
nicotinic receptor-mediated response by a mechanism which does not involve opioid receptors.
Hearing Research. 2000; 149:167-177. [PubMed: 11033256]

Lioudyno MI, Verbitsky M, Glowatzki E, Holt JC, Boulter J, Zadina JE, Elgoyhen AB, Guth PS. The
alpha9/alphal0-containing nicotinic ACh receptor is directly modulated by opioid peptides,
endomorphin-1, and dynorphin B, proposed efferent cotransmitters in the inner ear. Mol Cell
Neurosci. 2002; 20:695-711. [PubMed: 12213449]

Lukas RJ, Changeux JP, Le Novere N, Albuquerque EX, Balfour DJ, Berg DK, Bertrand D,
Chiappinelli VA, Clarke PB, Collins AC, Dani JA, Grady SR, Kellar KJ, Lindstrom JM, Marks
MJ, Quik M, Taylor PW, Wonnacott S. International Union of Pharmacology. XX. Current status
of the nomenclature for nicotinic acetylcholine receptors and their subunits. Pharmacol Rev. 1999;
51:397-401. [PubMed: 10353988]

Lustig L, Hiel H, Fuchs P. Vestibular hair cells of the chick express the nicotinic acetylcholine
receptor subunit alpha9. J Vestib. Res. 1999; 9:359-367. [PubMed: 10544374]

Lustig LR, Peng H, Hiel H, Yamamoto T, Fuchs P. Molecular cloning and mapping of the human
nicotinic acetylcholine receptor a10 (CHRNA10). Genomics. 2001; 73:272-283. [PubMed:
11350119]

Maison SF, Adams JC, Liberman MC. Olivocochlear innervation in the mouse: immunocytochemical
maps, crossed versus uncrossed contributions, and transmitter colocalization. J Comp Neurol.
2003a; 455:406-416. [PubMed: 12483691]

Maison SF, Emeson RB, Adams JC, Luebke AE, Liberman MC. Loss of alpha CGRP reduces sound-
evoked activity in the cochlear nerve. J Neurophysiol. 2003b; 90:2941-2949. [PubMed:
12904337]

Maison SF, Liberman MC. Predicting vulnerability to acoustic injury with a noninvasive assay of
olivocochlear reflex strength. J Neurosci. 2000; 20:4701-4707. [PubMed: 10844039]

Maison SF, Luebke AE, Liberman MC, Zuo J. Efferent protection from acoustic injury is mediated via
alpha9 nicotinic acetylcholine receptors on outer hair cells. J Neurosci. 2002; 22:10838-10846.
[PubMed: 12486177]

Maison SF, Parker LL, Young L, Adelman JP, Zuo J, Liberman MC. Overexpression of SK2 channels
enhances efferent suppression of cochlear responses without enhancing noise resistance. J
Neurophysiol. 2007; 97:2930-2936. [PubMed: 17267753]

Maison SF, Rosahl TW, Homanics GE, Liberman MC. Functional role of GABAergic innervation of
the cochlea: phenotypic analysis of mice lacking GABA(A) receptor subunits alpha 1, alpha 2,
alpha 5, alpha 6, beta 2, beta 3, or delta. J Neurosci. 2006; 26:10315-10326. [PubMed: 17021187]

Manley GA, Koppl C. Phylogenetic development of the cochlea and its innervation. Curr Opin
Neurobiol. 1998; 8:468-474. [PubMed: 9751658]

Marcantoni A, Baldelli P, Hernandez-Guijo JM, Comunanza V, Carabelli V, Carbone E. L-type
calcium channels in adrenal chromaffin cells: role in pace-making and secretion. Cell Calcium.
2007; 42:397-408. [PubMed: 17561252]

Marcotti W, Johnson SL, Kros CJ. Effects of intracellular stores and extracellular Ca(2+) on Ca(2+)-
activated K(+) currents in mature mouse inner hair cells. J Physiol. 2004a; 557:613-633.
[PubMed: 15064328]

Marcotti W, Johnson SL, Kros CJ. A transiently expressed SK current sustains and modulates action
potential activity in immature mouse inner hair cells. J Physiol. 2004b; 560:691-708. [PubMed:
15331671]

May BJ, Prosen CA, Weiss D, Vetter D. Behavioral investigation of some possible effects of the
central olivocochlear pathways in transgenic mice. Hear Res. 2002; 171:142-157. [PubMed:
12204358]

Mayer M, Westbrook G. Permeation and block of N-methyl-D-aspartic acid receptor channles by
divalent cations in mouse cultured central neurones. J. Physiol. (Lond). 1987; 394:501-527.
[PubMed: 2451020]

Mclntosh JM, Absalom N, Chebib M, Elgoyhen AB, Vincler M. Alpha9 nicotinic acetylcholine
receptors and the treatment of pain. Biochem Pharmacol. 2009; 78:693-702. [PubMed:
19477168]

J Physiol Paris. Author manuscript; available in PMC 2013 January 01.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Elgoyhen and Katz

Page 17

Mclntosh JM, Plazas PV, Watkins M, Gomez-Casati ME, Olivera BM, Elgoyhen AB. A novel alpha-
conotoxin, PelA, cloned from Conus pergrandis, discriminates between rat alpha9alphal0 and
alpha7 nicotinic cholinergic receptors. J Biol Chem. 2005; 280:30107-30112. [PubMed:
15983035]

McNiven Al, Yuhas WA, Fuchs PA. lonic dependence and agonist preference of an acetylcholine
receptor in hair cells. Auditory Neurosci. 1996; 2:63-77.

Mintz IM, Sabatini BL, Regehr WG. Calcium control of transmitter release at a cerebellar synapse.
Neuron. 1995; 15:675-688. [PubMed: 7546746]

Morley B, Li H, Hiel H, Drescher D, Elgoyhen AB. Identification of the subunits of the nicotinic
cholinergic receptors in the rat cochlea using RT-PCR and in situ hybridization. Molec. Brain
Res. 1998; 53:78-87. [PubMed: 9473597]

Moroni M, Bermudez I. Stoichiometry and pharmacology of two human alpha4beta2 nicotinic receptor
types. J Mol Neurosci. 2006; 30:95-96. [PubMed: 17192644]

Mount DB, Romero MF. The SLC26 gene family of multifunctional anion exchangers. Pflugers Arch.
2004; 447:710-721. [PubMed: 12759755]

Murthy V, Maison SF, Taranda J, Haque N, Bond CT, Elgoyhen AB, Adelman JP, Liberman MC,
Vetter DE. SK2 channels are required for function and long-term survival of efferent synapses on
mammalian outer hair cells. Mol Cell Neurosci. 2009a; 40:39-49. [PubMed: 18848895]

Murthy V, Taranda J, Elgoyhen AB, Vetter DE. Activity of nAChRs containing alpha9 subunits
modulates synapse stabilization via bidirectional signaling programs. Dev Neurobiol. 2009b;
69:931-949. [PubMed: 19790106]

Murugasu E, Russell 1J. The effect of efferent stimulation on basilar membrane displacement in the
basal turn of the guinea pig cochlea. J Neurosci. 1996; 16:325-332. [PubMed: 8613799]

Nenov AP, Norris C, Bobbin RP. Acetylcholine response in guinea pig outer hair cells. I. Properties of
the response. Hear Res. 1996a; 101:132-148. [PubMed: 8§951440]

Nenov AP, Norris C, Bobbin RP. Acetylcholine responses in guinea pig outer hair cells. IT Activation
of a small conductance Ca2+-activated K+ channel. Hearing Res. 1996b; 101:149-172.

Nevin ST, Clark RJ, Klimis H, Christie MJ, Craik DJ, Adams DJ. Are alpha9alphal0 nicotinic
acetylcholine receptors a pain target for alpha-conotoxins? Mol Pharmacol. 2007; 72:1406-1410.
[PubMed: 17804600]

Oatman LC. Effects of visual attention on the intensity of auditory evoked potentials. Exp. Neurol.
1976; 51:41-53. [PubMed: 1261642]

Oliver D, Klocker N, Schuck J, Baukrowitz T, Ruppersberg JP, Fakler B. Gating of Ca2+-activated K+
channels controls fast inhibitory synaptic transmission at auditory outer hair cells. Neuron. 2000;
26:595-601. [PubMed: 10896156]

Plazas, P.; Katz, E.; Elgoyhen, A. Unconventional properties of an a9a10 nicotinic receptor mutated in
the Leu9” of the channel domain; 32nd Annual Meeting, Society for Neuroscience; Orlando,
USA. 2002; 2002.

Plazas PV, Katz E, Gomez-Casati ME, Bouzat C, Elgoyhen AB. Stoichiometry of the
{alpha}9{alpha}10 Nicotinic Cholinergic Receptor. J Neurosci. 2005; 25:10905-10912.
[PubMed: 16306403]

Plazas PV, Savino J, Kracun S, Gomez-Casati ME, Katz E, Parsons CG, Millar NS, Elgoyhen AB.
Inhibition of the alpha9alphal0 nicotinic cholinergic receptor by neramexane, an open channel
blocker of N-methyl-D-aspartate receptors. Eur J Pharmacol. 2007; 566:11-19. [PubMed:
17466293]

Rajan R. Centrifugal pathways protect hearing sensitivity at the cochlea in noisy environments that
exacerbate the damage induced by loud sound. Journal of Neuroscience. 2000:6684—-6693.
[PubMed: 10964973]

Rasmussen GL. The olivary peduncle and other fiber projections of the superior olivary complex. J.
Comp. Neurol. 1946; 84:141-219. [PubMed: 20982804]

Reid CA, Bekkers JM, Clements JD. Presynaptic Ca2+ channels: a functional patchwork. Trends
Neurosci. 2003; 26:683-687. [PubMed: 14624853]

Reiter ER, Liberman MC. Efferent-mediated protection from acoustic overexposure: relation to slow
effects of olivocochlear stimulation. J Neurophysiol. 1995; 73:506-514. [PubMed: 7760114]

J Physiol Paris. Author manuscript; available in PMC 2013 January 01.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Elgoyhen and Katz

Page 18

Rothlin C, Verbitsky M, Katz E, Elgoyhen A. The a9 nicotinic acetylcholine receptor shares
pharmacological properties with type A y-aminobutyric acid, glycine and type 3 serotonin
receptors. Molec. Pharmacol. 1999; 55:248-254. [PubMed: 9927615]

Rothlin CV, Katz E, Verbitsky M, Vetter D, Heinemann S, Elgoyhen AB. Block of the a9 nicotinic
receptor by ototoxic aminoglycosides. Neuropharmacology. 2000; 39:2525-2532. [PubMed:
11044724]

Rothlin CV, Lioudyno MI, Silbering AF, Plazas PV, Casati ME, Katz E, Guth PS, Elgoyhen AB.
Direct interaction of serotonin type 3 receptor ligands with recombinant and native alpha 9 alpha
10-containing nicotinic cholinergic receptors. Mol Pharmacol. 2003; 63:1067-1074. [PubMed:
12695535]

Russell 1J, Murugasu E. Medial efferent inhibition suppresses basilar membrane responses to near
characteristic frequency tones of moderate to high intensities. J Acoust Soc Am. 1997;
102:1734-1738. [PubMed: 9301050]

Saito K. Fine structure of the sensory epithelium of guinea-pig organ of Corti: subsurface cisternae and
lamellar bodies in the outer hair cells. Cell Tissue Res. 1983; 229:467-481. [PubMed: 6839349]

Schaechinger TJ, Oliver D. Nonmammalian orthologs of prestin (SLC26AS5) are electrogenic divalent/
chloride anion exchangers. Proc Natl Acad Sci U S A. 2007; 104:7693-7698. [PubMed:
17442754]

Schoepfer R, Conroy WG, Whiting P, Gore M, Lindstrom J. Brain a-bungarotoxin binding protein
cDNAs and Mabs reveal subtypes of this branch of the ligand-gated ion channel gene
superfamily. Neuron. 1990; 5:35-48. [PubMed: 2369519]

Schuknecht HF, Churchill JA, Doran R. The localization of acetylcholinesterase in the cochlea. AMA
Arch Otolaryngol. 1959; 69:549-559. [PubMed: 13636599]

Séguéla P, Wadiche J, Dineley-Miller K, Dani JA, Patrick JW. Molecular cloning, functional
properties, and distribution of rat brain a7: a nicotinic cation channel highly permeable to
calcium. J. Neurosci. 1993; 13:596-604. [PubMed: 7678857]

Sgard F, Charpentier E, Bertrand S, Walker N, Caput D, Graham D, Bertrand D, Besnard F. A novel
human nicotinic receptor subunit, a 10, that confers functionality to the a9-subunit. Molec
Pharmacol. 2002; 61:150-159. [PubMed: 11752216]

Shigemoto T, Ohmori H. Muscarinic agonists and ATP increase the intracellular Ca2+ concentration
in chick cochlear hair cells. J. Physiol. (Lond.). 1990; 420:127-148. [PubMed: 2324982]

Shigemoto T, Ohmori H. Muscarinic receptor hyperpolarizes cochlear hair cells of chick by activating
Ca(2+)-activated K+ channels. J Physiol. 1991; 442:669-690. [PubMed: 1798048]

Simmons DD. Development of the inner ear efferent system across vertebrate species. J Neurobiol.
2002; 53:228-250. [PubMed: 12382278]

Simmons DD, Morley BJ. Differential expression of the alpha 9 nicotinic acetylcholine receptor
subunit in neonatal and adult cochlear hair cells. Brain Res Mol Brain Res. 1998; 56:287-292.
[PubMed: 9602155]

Storm JF. Action potential repolarization and a fast after-hyperpolarization in rat hippocampal
pyramidal cells. J. Physiol. 1987; 385:733-759. [PubMed: 2443676]

Suckfull M, Althaus M, Ellers-Lenz B, Gebauer A, Gortelmeyer R, Jastreboff PJ, Moebius HJ,
Rosenberg T, Russ H, Wirth Y, Krueger H. A randomized, double-blind, placebo-controlled
clinical trial to evaluate the efficacy and safety of neramexane in patients with moderate to severe
subjective tinnitus. BMC Ear Nose Throat Disord. 2011; 11:1. [PubMed: 21223542]

Sugai T, Yano J, Sugitani M, Ooyama H. Actions of cholinergic agonists and antagonists on the
efferent synapse in the frog sacculus. Hear Res. 1992; 61:56—64. [PubMed: 1526894]

Tan X, Pecka JL, Tang J, Okoruwa OE, Zhang Q, Beisel KW, He DZ. From zebrafish to mammal:
functional evolution of prestin, the motor protein of cochlear outer hair cells. J Neurophysiol.
2011; 105:36—44. [PubMed: 21047933]

Taranda J, Ballestero JA, Hiel H, de Souza FS, Wedemeyer C, Gomez-Casati ME, Lipovsek M, Vetter
DE, Fuchs PA, Katz E, Elgoyhen AB. Constitutive expression of the alphalO nicotinic
acetylcholine receptor subunit fails to maintain cholinergic responses in inner hair cells after the
onset of hearing. J Assoc Res Otolaryngol. 2009a; 10:397—406. [PubMed: 19452222]

J Physiol Paris. Author manuscript; available in PMC 2013 January 01.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Elgoyhen and Katz

Page 19

Taranda J, Maison SF, Ballestero JA, Katz E, Savino J, Vetter DE, Boulter J, Liberman MC, Fuchs
PA, Elgoyhen AB. A point mutation in the hair cell nicotinic cholinergic receptor prolongs
cochlear inhibition and enhances noise protection. PLoS Biol. 2009b; 7:¢18. [PubMed:
19166271]

Tohyama Y, Kiyama H, Kitajiri M, Yamashita T, Kumazawa T, Tohyama M. Ontogeny of calcitonin
gene-related peptide in the organ of Corti of the rat. Brain Res Dev Brain Res. 1989; 45:309-312.

Tritsch NX, Bergles DE. Developmental regulation of spontaneous activity in the Mammalian cochlea.
J Neurosci. 2010; 30:1539-1550. [PubMed: 20107081]

Tritsch NX, Rodriguez-Contreras A, Crins TT, Wang HC, Borst JG, Bergles DE. Calcium action
potentials in hair cells pattern auditory neuron activity before hearing onset. Nat Neurosci. 2010;
13:1050-1052. [PubMed: 20676105]

Tritsch NX, Yi E, Gale JE, Glowatzki E, Bergles DE. The origin of spontaneous activity in the
developing auditory system. Nature. 2007; 450:50-55. [PubMed: 17972875]

Tsunoyama K, Gojobori T. Evolution of nicotinic acetylcholine receptor subunits. Mol Biol Evol.
1998; 15:518-527. [PubMed: 9580980]

Unwin N. Refined structure of the nicotinic acetylcholine receptor at 4A resolution. J. Mol. Biol. 2005;
346:967-989. [PubMed: 15701510]

Urbano FJ, Depetris RS, Uchitel OD. Coupling of L-type calcium channels to neurotransmitter release
at mouse motor nerve terminals. Pflugers Arch. 2001; 441:824-831. [PubMed: 11316267]

Verbitsky M, Rothlin C, Katz E, Elgoyhen AB. Mixed nicotinic-muscarinic properties of the a9
nicotinic cholinergic receptor. Neuropharmacology. 2000; 39:2515-2524. [PubMed: 11044723]

Vetter D, Lieberman M, Mann J, Barhanin J, Boulter J, Brown M, Saffiote-Kollman J, Heinemann S,
Elgoyhen A. Role of a9 nicotinic ACh receptor subunits in the development and function of
cochlear efferent innervation. Neuron. 1999; 23:93-103. [PubMed: 10402196]

Vetter DE, Katz E, Maison SF, Taranda J, Turcan S, Ballestero J, Liberman MC, Elgoyhen AB,
Boulter J. The alphalO nicotinic acetylcholine receptor subunit is required for normal synaptic
function and integrity of the olivocochlear system. Proc Natl Acad Sci U S A. 2007; 104:20594—
20599. [PubMed: 18077337]

Wada K, Ballivet M, Boulter J, Connolly J, Wada E, Deneris ES, Swanson LW, Heinemann SF,
Patrick J. Functional expression of a new pharmacological subtype of brain nicotinic
acetylcholine receptor. Science. 1988; 240:330-334. [PubMed: 2832952]

Warr, W. Organization of olivocochlear efferent sytems in mammals. In: Douglas, W.; Popper, A.;
Fay, R., editors. The mammalian auditory pathway: Neuroanatomy. Springler-Verlag; New
York: 1992. p. 410-448.

Warr WB. Olivocochlear and vestibular efferent neurons of the feline brain stem: their location,
morphology and number determined by retrograde axonal transport and acetylcholinesterase
histochemistry. J Comp Neurol. 1975; 161:159-181. [PubMed: 47866]

Weber T, Gopfert MC, Winter H, Zimmermann U, Kohler H, Meier A, Hendrich O, Rohbock K,
Robert D, Knipper M. Expression of prestin-homologous solute carrier (SLC26) in auditory
organs of nonmammalian vertebrates and insects. Proc Natl Acad Sci U S A. 2003; 100:7690—
7695. [PubMed: 12782792]

Weisstaub N, Vetter D, Elgoyhen A, Katz E. The alpha9/alphal0 nicotinic acetylcholine receptor is
permeable to and is modulated by divalent cations. Hearing Res. 2002; 167:122—-135.

Wersinger E, McLean W], Fuchs PA, Pyott SJ. BK channels mediate cholinergic inhibition of high
frequency cochlear hair cells. PLoS One. 2011; 5:e13836. [PubMed: 21079807]

Wiederhold ML, Kiang NYS. Effects of electrical stimulation of the crossed olivocochlear bundle on
cat single auditory nerve fibres. J. Acoust. Soc. Amer. 1970; 48:950-965. [PubMed: 5480390]

Winslow RL, Sachs MB. Single-tone intensity discrimination based on auditory-nerve rate responses
in backgrounds of quiet, noise, and with stimulation of the crossed olivocochlear bundle. Hear
Res. 1988; 35:165-189. [PubMed: 3198509]

Yoshida N, Shigemoto T, Sugai T, Ohmori H. The role of inositol triphosphate on ACh-induced
outward currents in bullfrog saccular hair cells. Brain res. 1994:644.

J Physiol Paris. Author manuscript; available in PMC 2013 January 01.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Vd-HIN

Elgoyhen and Katz

Page 20

Yuhas WA, Fuchs PA. Apamin-sensitive, small-conductance, calcium-activated potassium channels
mediate cholinergic inhibition of chick auditory hair cells. ] Comp Physiol [A]. 1999; 185:455—
462.

Zheng J, Shen W, He DZ, Long KB, Madison LD, Dallos P. Prestin is the motor protein of cochlear
outer hair cells. Nature. 2000; 405:149-155. [PubMed: 10821263]

Zorrilla de San Martin J, Ballestero J, Katz E, Elgoyhen AB, Fuchs PA. Ryanodine is a positive
modulator of acetylcholine receptor gating in cochlear hair cells. J Assoc Res Otolaryngol. 2007;
8:474-483. [PubMed: 17647061]

Zorrilla de San Martin J, Pyott S, Ballestero J, Katz E. Ca(2+) and Ca(2+)-activated K(+) channels that
support and modulate transmitter release at the olivocochlear efferent-inner hair cell synapse. J
Neurosci. 2010; 30:12157-12167. [PubMed: 20826678]

J Physiol Paris. Author manuscript; available in PMC 2013 January 01.



1duosnuey Joyiny Vd-HIN 1duosnuey Joyiny Vd-HIN

1duosnuepy Joyiny Vd-HIN

Elgoyhen and Katz

Page 21

ECD

TMs

ICD

Figure 1.

Structure of a nAChR. A. Side view indicating the extracellular domain (ECD), membrane
spanning regions (TMs) and only a short piece of the intracellular domain (ICD). B. View
from the top indicating a putative arrangement of subunits according to the a9,a.103
stoichiometry Plazas et al (2005). C. Structure of a monomer, in green transmembrane
region 2. Adapted from: PDB ID: 2BG9.PDB N. Unwin (2005) Refined structure of the
nicotinic acetylcholine receptor at 4A resolution J.Mol.Biol. 346: 967. The image was made
with VMD software support. VMD is developed with NIH support by the Theoretical and
Computational Biophysics group at the Beckman Institute, University of Illinois at Urbana-
Champaign. http://www .ks.uiuc.edu/Research/vmd/.
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Hair cell

Synaptoplasmic Cistern

Figure2.
Schematics of the MOC-hair cell synapse, indicating its pre- and post-synaptic components.
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Figure 3.

Spontaneous inhibitory postsyanptic curents recorded in an OHC at —60 mV. Not the
biphasic nature of responses: a rapid depolarization is followed by a prolonged
hyperpolarization. Courtesy of Jimena Ballestero
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