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To provide a meaningful representation of the auditory landscape, mammalian cochlear
hair cells are optimized to detect sounds over an incredibly broad range of frequencies and
intensities with unparalleled accuracy. This ability is largely conferred by specialized ribbon
synapses that continuously transmit acoustic information with high fidelity and sub-millisec-
ond precision to the afferent dendrites of the spiral ganglion neurons. To achieve this extraor-
dinary task, ribbon synapses employ a unique combination of molecules and mechanisms
that are tailored to sounds of different frequencies. Here we review the current understanding
of how the hair cell’s presynaptic machinery and its postsynaptic afferent connections are
formed, how they mature, and how their function is adapted for an accurate perception of

sound.

ensory organs are exquisitely adapted for de-
Stecting input from the external environment.
They fulfil the challenge of maximizing sensitiv-
ity and reliability of signal detection over a wide
dynamic range of stimuli that are graded in mag-
nitude. Mammalian cochlear hair cells are the
sensory receptors responsible for transducing
acoustic stimuli into electrical signals that are
relayed to the brain. Sound leads to deflection
of the hair cell stereocilia, opening mechano-
electrical transducer (MET) channels situated at
their tips (Fig. 1). Cochlear hair cells are sensitive
enough to detect sound-induced displacements
of their stereocilia down to a fraction of a nano-
meter with unparalleled temporal precision (in

the range of psec) from frequencies of only a few
tens of Hz up to >100 kHz in some species. The
specific timing and pattern of these signals pro-
vides a precise representation of the auditory
landscape, allowing us, for example, to localize
sounds in space and to understand speech in a
noisy background. Frequency is mainly encoded
by the position of a hair cell along the length of
the cochlea, an organ within which a tonotopi-
cally organized array of sensory receptors pro-
duces an output that can be mapped all the way
from the periphery to the auditory cortex. In
contrast, intensity and timing of the waveform
of the sound are largely defined by the firing
pattern of the auditory nerve, controlled by
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Figure 1. Morphological organization of an inner hair cell (THC). Hair cell diagram showing the USH1 protein
network essential for mechanoelectrical transduction (upper inset). At the synaptic region the protein otoferlin,
the glutamate transporter (VGLUT3), clarin, harmonin, CDHR23, and CDHRI5 involved in hair cell synaptic
transmission (bottom inset). “?”, the presence of CDHR23 and CDHR15 at the ribbon synapses is still debatable.

high-fidelity neurotransmitter release at the hair
cell ribbon synapses (reviewed by Fuchs 2005).

Adult mammals have two morphologically
and functionally distinct types of sensory hair
cells that have complementary roles in auditory
transduction. A single row of inner hair cells
(IHCs) forms the primary sensory structure that
relays all of the sound information to type I affer-
ent fibers via the release of glutamate-containing
synaptic vesicles. Type I fibers constitute the vast
majority of the spiral ganglion neurons (SGNs)
thatinnervate the cochlea (~95% [Ryugo 1992]).
On the other hand, the three rows of outer hair
cells (OHCs) contribute to the wide dynamic
range of the mammalian cochlea by enhancing
the sensitivity and the frequency tuning proper-
ties of the cochlear partition (Dallos 1992). Upon
stimulation, OHCs contract and elongate their
cylindrical body via the voltage-dependent ac-
tion of the motor protein prestin (Zheng et al.
2000; Liberman etal. 2002). This somatic electro-
motility amplifies the vibration of the cochlear

2 Cite this

basilar membrane and consequently the input
to the IHCs, conferring a sharp tuning to their
responses around a characteristic sound frequen-
cy (for review, see Ashmore 2018). Although ma-
ture OHCs are primarily innervated by efferent
cholinergic neurons (Liberman 1980; Maison
etal. 2003), the role of which is likely to modulate
mechanical amplification in the adult cochlea
(Guinan 1996), they also receive afferent inner-
vation from type II afferent neurones that make
up the remaining ~5% of SGNs.

The opening of the hair cell MET channels
causes the transduction of acoustic information
into a receptor potential (for review, see Fetti-
place and Kim 2014), which activates L-type
(Cayl.3) voltage-gated Ca®* channels located
at the presynaptic active zones in the hair cell’s
basal pole. The resultant Ca** entry triggers the
fusion of synaptic vesicles, releasing glutamate
onto the postsynaptic boutons of SGNs. In co-
chlear hair cells, synaptic vesicles are tethered to
electron-dense organelles called ribbons (Fig. 1).
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This organization, which differs from that of
central nervous system (CNS) synapses, seems
to be characteristic of sensory cell synapses that
respond to sustained and graded stimuli, such as
the synapses of vestibular and lateral line hair
cells, and of photoreceptors and bipolar neurons
in the visual system (Matthews and Fuchs 2010).
Because a fraction of the MET channels is nor-
mally open in the absence of sound stimulation
(Corns et al. 2014a), the resulting inward depo-
larizing MET current leads to spontaneous re-
lease of glutamate at the IHC ribbon synapses
(Glowatzki and Fuchs 2002; Grant et al. 2010).
The resting neurotransmitter release from a sin-
gle IHC modulates the rate of spontaneous ac-
tion potentials (APs) in afferent type I SGNs that
display varying thresholds and sensitivity in re-
sponse to sound.

In cats, each adult IHC is innervated by 5-30
unbranched type I SGNs that form small con-
tacts or boutons paired with a single presynaptic
ribbon (Liberman et al. 1990). In mice and ger-
bils, the number of IHC ribbon synapses varies
tonotopically (between 10 and 20 [Kujawa and
Liberman 2009; Meyer et al. 2009]), with fewer
contacts in the extreme cochlear apex and base,
and higher numbers in the mid-frequency co-
chlear region, which corresponds to the region
that is most sensitive to sounds (i.e., region used
for encoding communication signals and vocal-
ization). Synapses on the modiolar side of the
IHC generally have larger ribbons and smaller
postsynaptic AMPA receptor patches compared
to synapses on the pillar cell side (Fig. 2; Liber-
man et al. 2011). This spatial presynaptic segre-
gation correlates with the morphological and
functional diversity of SGNs in terms of their
activation thresholds and firing rates (Liberman
1982), the latter being at least partly determined
by differences in the properties of glutamate re-
lease from IHC ribbon synapses (Grant et al.
2010). In contrast to type I fibers that make syn-
aptic contact with only one IHC, the peripheral
terminals of type II afferent SGNs form exten-
sive spiraling arborizations with numerous
OHC:s (Fig. 3; Perkins and Morest 1975; Echteler
1992), which are only weakly depolarized by
ribbon-induced neurotransmitter release from
individual OHCs. The function of type II fibers
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Figure 2. Ribbon synaptic configuration in mature
inner hair cells (IHCs). At the IHC modiolar side,
presynaptic regions have larger ribbons (red) and dis-
play higher Ca** inputs (light blue). Afferent neurons
have smaller diameters, higher-threshold (HT) sensi-
tivity and lower spontaneous rate (LSR). At the pillar
side, ribbons are smaller and Ca®" influx appears
more confined; afferents have larger diameter, low-
threshold (LT) sensitivity, and higher spontaneous
rate (HSR). (References for afferent and ribbon char-
acteristics: Liberman 1980 and Liberman et al. 2011;
for presynaptic Ca** influx: Meyer et al. 2009 and
Wong et al. 2014.) (Image reprinted from Safieddine
et al. 2012 with permission from Annual Review of
Neuroscience © 2012.)

is still largely unknown, although they seem to
be activated solely by very loud sounds (Robert-
son 1984; Brown 1994), which led to the as-
sumption that they function as cochlear noci-
ceptors (Weisz et al. 2009; Liu et al. 2015).

In recent years, a considerable effort has
been made to identify the proteins and molecu-
lar mechanisms underlying the function of hair
cell ribbon synapses, using a combination of
genetics, biochemistry, and electrophysiology.
While there have been numerous advances, the
role of the synaptic ribbon remains largely enig-
matic, and we lack a detailed understanding of
how synaptic vesicle fusion is regulated. None-
theless, the investigation of the molecular basis
of hereditary hearing impairment has provided
an ensemble of entry points to understand the
molecular physiology of ribbon synapses in
mammalian hair cells and their afferent inner-
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Figure 3. Diagram depicting the innervation inner
(THCs) and outer hair cells (OHCs) by spiral ganglion
neurons (SGNs) in the adult cochlea. Illustration of
the mature pattern of cochlear afferent innervation.
Mature IHCs are innervated by ~95% of the type I
SGN fibers. In mice, about 10-20 unbranched mye-
linated SGNs connect with a single IHC while each
neuron receives input from only one IHC. The re-
maining ~5% of SGNs are type II unmyelinated
neurons that project toward the OHCs and spiral to-
ward the base of the cochlea contacting multiple
OHCs.

vation. The aim of this work is to provide an
overview of these advances.

DEVELOPMENT OF MAMMALIAN
COCHLEAR HAIR CELL SYNAPSES

The development of hair cells into functionally
mature sensory receptors in mice takes about
3 weeks from their terminal mitosis around em-
bryonic day 12-14 (Anniko 1983; Pujol et al.
1998) until just after the onset of hearing at
around postnatal day 12 in various altricial ro-
dents (Ehret 1983; Romand 1983). During this
time window, the mechanosensitive hair bun-
dles of both IHCs and OHCs are formed (for
reviews, see Corns et al. 2014b; Barr-Gillespie
2015), and their basolateral membrane proper-
ties undergo substantial morphological and bio-
physical alterations (for reviews, see Housley
et al. 2006; Marcotti 2012; Corns et al. 2014b;
Basch et al. 2016). For these changes to occur,
hair cells go through a critical pre-hearing peri-
od, which differs between IHCs and OHCs
(Fig. 4). Immature hair cells fire spontaneous

Ca®*-dependent action potentials that drive
their own maturation (Johnson et al. 2013; Ce-
riani et al. 2018; Corns et al. 2018) as well as that
of the maturing auditory pathway (Clause et al.
2014; Zhang-Hooks et al. 2016; Shrestha et al.
2018; Sun et al. 2018). Therefore, the correct
maturation of hair cells and SGN innervation
requires the precise timing and integration of
genetic programs and physiologically driven
electrical activity (Corns et al. 2014b; Delacroix
and Malgrange 2015). One of the most crucial
steps in the functional maturation of hair cells is
the formation and refinement of the highly spe-
cialized ribbon synapses (Pujol et al. 1998).

Morphological Changes during the
Maturation of Hair Cell Synapses

Synaptogenesis in mouse IHCs mainly occurs
postnatally (Shnerson et al. 1981; Sobkowicz
etal. 1992). However, Ca>* currents and the cor-
responding Ca**-induced fusion of vesicles with
the presynaptic plasma membrane, which can be
assessed by recording changes in cell membrane
capacitance (AC,,), are detectable in IHCs as ear-
ly as embryonic day 16.5 (E16.5 [Marcotti et al.
2003a; Johnson et al. 2005]). The presynaptic
machinery is functional, although very imma-
ture, a few days before contacts to type I SGNs
are established at around birth (Fig. 4; Sobkowicz
et al. 1986; for review, see Safieddine et al. 2012).
Postsynaptic densities are observed a few days
later (Sobkowicz et al. 1986). At this stage, the
peripheral endings of type I SGNs are highly
branched and make multiple synaptic contacts
with several IHCs and even with OHCs (re-
viewed by Pujol et al. 1998). Over the next two
postnatal weeks, the ribbon synapses undergo
major remodeling to fulfil the different functions
that IHCs have before and after the onset of hear-
ing (i.e., firing spontaneous APs to generate ac-
tivity in the immature auditory circuitry before,
and then responding to sound with graded re-
ceptor potentials). During the first postnatal
week, the size of the Ca®* current rapidly in-
creases, reaching a maximum value around P6-
P7, a time when Ca®*" channels are expressed
throughout the IHC basolateral membrane
(Zampini et al. 2010) and are required to drive
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Figure 4. Maturation of the mouse cochlea. Diagram showing the morphological and functional maturation of
spiral ganglion neurons (SGNs) and hair cells in the mouse cochlea. References on the morphology part: hair cells
terminal mitosis (for review, see Basch et al. 2015); SGNs; terminal mitosis, reaching the hair cell region and their
refinement (Koundakjian et al. 2007; Coate and Kelley 2013; Delacroix and Malgrange 2015); ribbon present in
inner hair cells (IHCs) (Huang et al. 2012); the maturation of ribbon synapses and the establishment of the
gradients within an IHC (Wong et al. 2014; Liberman and Liberman 2016). References on the functional part:
spontaneous action potentials in outer hair cells (OHCs) (Ceriani et al. 2018) and IHCs (Kros et al. 1998; Beutner
and Moser 2001; Marcotti et al. 2003b; Tritsch et al. 2007; Johnson et al. 2017a), onset of function in OHCs
(Marcotti and Kros 1999; Abe et al. 2007) and IHCs (Kros et al. 1998; Marcotti et al. 2003a), and onset of hearing

(Ehret 1983; Romand 1983).

the spontaneous Ca”**-dependent AP activity.
During the second postnatal week, the Ca** cur-
rent amplitude declines and reaches a constant
value of about 100 pA around P12 (Marcotti
et al. 2003b; Johnson et al. 2005), which corre-
sponds to the onset of IHC sensory function (Fig.
4). During the same period, the number of pre-
synaptic ribbons decreases (Sobkowicz et al.
1986; Sendin et al. 2007; Huang et al. 2012) as
a consequence of the pruning of type I SGN
branches (for review, see Pujol et al. 1998),
such that in the mature cochlea, type I SGNs
form one-to-one axosomatic contact with a giv-
en IHC (Fig. 3) (Kujawa and Liberman 2009;
Meyer et al. 2009; Liberman and Liberman
2016). After the onset of hearing, Ca* channels
cluster beneath the ribbon within the IHC pre-

synaptic active zones, resulting in a tighter spatial
coupling between Ca®" influx and exocytosis at
mature synapses (e.g., Wong et al. 2014; Neef
et al. 2018). However, recent evidence suggests
that very tight coupling is only present in rela-
tively low frequency IHCs (Johnson etal. 2017b).

OHC s are contacted by type II SGNs that
begin to acquire their mature innervation pat-
tern from around the end of the first postnatal
week (Simmons 1994; Simmons et al. 1996),
several days before type I SGNs start to show a
mature configuration. During the first postnatal
week, type IT SGNs make many branched con-
tacts with both IHCs and OHCs, reminiscent of
the elaborate branching of type I fibers before
PO. They then go through a stage of synaptic
pruning, as a result of the death of overabundant
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fibers (Barclay et al. 2011; Sundaresan et al.
2016), to reach the mature configuration with
each fiber exclusively innervating between 5
and 30 OHCs (Barclay et al. 2011; Zhang and
Coate 2017). This period of refinement is con-
sistent with the reduction in the number of OHC
synaptic ribbons that occurs from around P3 to
the onset of hearing (Huang et al. 2012). OHCs
express a small Ca** current at birth, which is
down-regulated during the first postnatal week
(Michna et al. 2003; Knirsch et al. 2007; Beurg
et al. 2008), in contrast with the up-regulation
seen in IHCs. By the time OHCs begin to show
electromotile activity (from P7-P8 [Marcotti
and Kros, 1999; Abe et al. 2007]), the size of their
Ca’" current is only about 1/10th of that ob-
served in IHCs at the same stage (Knirsch et al.
2007). In the mature mouse cochlea, each OHC
is innervated by two to three type II SGNs (Berg-
lund and Ryugo 1987) and, therefore, contains
only about two or three presynaptic ribbons
(Huang et al. 2012; Weisz et al. 2012; Ceriani
et al. 2018), which is also about 1/10th of the
ribbons present in adult IHCs. This indicates
that the few ribbon synapses present in electro-
motile OHCs are likely to be functional and
should contribute in some way to cochlear func-
tion, but they appear to be insensitive to sound.

Functional Role of Hair Cell Synapses
in the Pre-Hearing Cochlea

During pre-hearing stages of development,
when most synapses are forming, immature hair
cells fire spontaneous Ca*'-dependent APs
(IHCs [Kros et al. 1998; Beutner and Moser
2001; Marcotti et al. 2003b; Tritsch et al. 2007;
Johnson et al. 2011, 2012]; OHCs [Ceriani et al.
2018]). In contrast, functionally mature hair
cells do not produce spikes but instead generate
graded and sustained receptor potentials (Kros
et al. 1998; Marcotti and Kros 1999). In imma-
ture IHCs, the frequency and pattern of firing
activity can be modulated by extrinsic factors
such as the efferent neurotransmitter ACh (Glo-
watzki and Fuchs 2000; Johnson et al. 2011), and
by the release of ATP from nonsensory cells in
the greater epithelial ridge ([GER], also known
as Kolliker’s organ) that synchronizes the firing

activity of several neighboring IHCs (Tritsch
et al. 2007; Johnson et al. 2011, 2017a; Wang
et al. 2015). A similar ATP-dependent mecha-
nism has also been found to synchronize the AP
activity of neighboring immature OHCs (Ceri-
ani et al. 2018). The synchronized pattern of
APs is relayed to the SGNs and the developing
auditory pathway by bursts of discrete Ca®*-in-
duced exocytotic events from the immature rib-
bon synapses of hair cells, which at this stage
differ from those present in mature hair cells
(IHCs [Beutner and Moser 2001; Johnson et al.
2005, 2009]; OHCs [Beurg et al. 2008; Johnson
etal. 2009]). Although the functional role of APs
and induced neurotransmitter release in imma-
ture hair cells remains unclear, recent studies
have provided compelling evidence for their
role in the development and refinement of au-
ditory circuits. The spiking activity of IHCs dur-
ing the first 2 postnatal weeks plays a crucial role
in promoting neuronal survival (Zhang-Hooks
et al. 2016), refining the immature tonotopic
maps in the different auditory brainstem nuclei
(Clause et al. 2014) and in the maturation of the
hair cell’s ribbon synapses (Johnson et al. 2013).
In the latter case, IHC spiking activity promotes
the developmental change from a high ordertoa
linear Ca**-dependence of exocytosis (Johnson
et al. 2013). In contrast to IHCs, the spiking
activity of immature OHCs is only likely to occur
during the first postnatal week and is required
for the proper maturation of their ribbon syn-
apses as well as their afferent connectivity (Ce-
riani et al. 2018).

MECHANISMS OF SYNAPTIC EXOCYTOSIS
IN MATURE COCHLEAR HAIR CELLS

Hair cell ribbon synapses have unique morpho-
logical, molecular, and physiological character-
istics that distinguish them from conventional
synapses and also from other sensory cell ribbon
synapses (for reviews, see Safieddine et al. 2012;
Wichmann and Moser 2015). These synapses
can maintain neurotransmitter release at high
rates with a high degree of temporal precision.
Calcium-triggered exocytosis at ribbon synapses
is characteristic of sensory systems that respond
to sustained and graded analogue-like stimuli
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(Matthews and Fuchs 2010). However, the over-
all synaptic vesicle cycle at ribbon synapses
appears to be similar to that at conventional syn-
apses of the CNS in terms of vesicle recycling,
trafficking to the active zone, docking to the pre-
synaptic plasma membrane, and priming to ren-
der the vesicles release-ready. In mammalian hair
cells, vesicle fusion and glutamate release at the
active zones is triggered by Ca** entry through
L-type (Ca,1.3) voltage-gated Ca>*-channels in
response to the depolarizing receptor potential,
which is generated by either spontaneous repet-
itive Ca®* APs in immature cells or by the open-
ing of the MET channels in response to sounds
in mature cells (for review, see Corns et al.
2014b). Calcium at the presynaptic active zones
binds to the hair cell’s Ca** sensor, otoferlin,
and triggers the fusion of glutamate-containing
synaptic vesicles with the presynaptic plasma
membrane. Glutamate release into the synaptic
cleft then activates AMPA receptors present on
the terminals of the auditory afferent nerve fi-
bers (Safieddine et al. 2012). Although the over-
all synaptic vesicle cycle is similar between hair
cell and other conventional or ribbon synapses,
there are molecular differences, with hair cells
employing different mechanisms for rapid and
sustained release.

Ribbon Synapses

The rapid and high-fidelity transfer characteris-
tics at IHC ribbon synapses are essential for
sound perception and localization (Fuchs
2005; Glowatzki et al. 2008). Ribbons are elec-
tron-dense ovoid-shaped structures anchored to
the presynaptic membrane close to the center
of the active zone, and able to tether a large
number of synaptic vesicles (Sobkowicz et al.
1986). Vesicles tethered near the base of the rib-
bon and adjacent to the presynaptic membrane
are believed to form the readily releasable pool
(RRP), while those further away are considered
part of the secondary releasable pool (SRP)
(Beutner and Moser 2001; Johnson et al.
2005). The characteristics of hair cell ribbon syn-
apses differ depending on the morphological
and electrical properties of the afferent fibers.
In mature IHCs, each ribbon is juxtaposed to a

Hair Cell Afferent Synapses

single postsynaptic type I SGN terminal (Fig. 5).
The synapses located on the lateral (i.e., pillar
cell) side of the IHC body generally have small-
er ribbons and larger postsynaptic glutamate
AMPA receptor patches, compared to synapses
on the modiolar cell side (Liberman et al. 2011).

In mice, the shape of the ribbon tends to
change from roughly spherical at pre-hearing
stages to more ellipsoidal/elongated in function-
ally mature IHCs (Sobkowicz et al. 1982; Khi-
mich et al. 2005; Miiller et al. 2005). In the gerbil
cochlea, a similar morphological transition only
occurs in the IHCs in the basal end (Johnson
et al. 2008) that respond to high-frequency
sounds (~30 kHz [Miiller 1996]). In the apical
low-frequency cochlear region (below ~1-2
kHz, which is absent in the mouse [Miiller
et al. 2005]), there is an approximately spherical
shape in the adult gerbil (Johnson et al. 2008).
The reason for these differences is unclear, but
seems to be related to the different receptor po-
tential characteristics of low- and high-frequen-
cy cells, which are phase-locked to the sound
waveform itself (phasic response) for the for-
mer, and to the much slower intensity modula-
tions of the waveform (tonic response) for the
latter (Dallos 1985; Palmer and Russell 1986).
These findings also indicate that the ribbon
shape is unlikely to be solely correlated with
the stage of development.

Hair cell ribbon synapses further differ from
conventional CNS synapses in that they do not
seem to express neuronal SNARE proteins
(Nouvian et al. 2011). Additionally, mature
IHCs do not express the classical Ca**-sensing
proteins such as synaptotagmins 1, 2, and 9
(Safieddine and Wenthold 1999; Beurg et al.
2008; Pangrsi¢ et al. 2012). Instead, cochlear
hair cells express otoferlin as the primary Ca**
sensor for exocytosis (Roux et al. 2006), which is
also involved in other parts of the synaptic ves-
icle cycle such as in vesicle priming (Michalski
etal. 2017), vesicle replenishment (Johnson etal.
2010; Pangrsi¢ et al. 2010), clathrin-mediated
endocytosis (Duncker et al. 2013), and regu-
lating the inactivating component of the Ca®*
current (Vincent et al. 2017). Otoferlin belongs
to the ferlin family and is located in the mem-
brane of hair-cell synaptic vesicles. Otoferlin is
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Figure 5. Colocalization between presynaptic ribbons and postsynaptic GluA2 in mature inner hair cells (IHCs). A
confocal z-stack projection of IHCs triple-immunostained for otoferlin (green), the ribbon protein RIBEYE (blue),
and the GluA2 subunit of postsynaptic AMPA receptors for glutamate (red). At mature IHC synapses, all RIBEYE
and GluA2 puncta “co-localize” (arrowheads indicate just a few of them). Dotted lines provide a rough indication of
the basolateral membrane around the THC synaptic region. Note that the RIBEYE antibody also stained the THC
nuclei (n). The insets (top-right corners) are an expanded view of the IHC synaptic region. Scale bar, 5 um.

thought to be evolutionarily older than synapto-
tagmins (Lek et al. 2012) and possesses many
synaptotagmin 1-like properties. However, oto-
ferlin and synaptotagmin 1 are not functionally
equivalent since neither protein can rescue exo-
cytosis in the absence of the other (Reisinger
etal. 2011). One synaptotagmin that is expressed
in the mature cochlea is synaptotagmin 4 (Sa-
fieddine and Wenthold 1999; Johnson et al.
2010), and has been shown to contribute to the
unusual linear Ca** dependence of vesicle fusion
at mature IHC synapses (Johnson et al. 2010; see
also Safieddine et al. 2012).

Even though IHCs do not seem to have neu-
ronal SNAREs, otoferlin has been shown to bind
Ca’" and interact with the t-SNARE proteins syn-
taxinl and SNAP25, as well as with the heterotri-
meric form of the syntaxin1/SNAP25 complex, in
a Ca’"-dependent manner (Roux et al. 2006; Ra-
makrishnan et al. 2009; Johnson and Chapman
2010). In addition, otoferlin stimulates SNARE-
mediated membrane fusion in vitro in the
presence of Ca>" (Johnson and Chapman 2010).
Current work is devoted to clarifying these dis-
crepancies with the aim of unveiling the vesicle
fusion machinery at THC ribbon synapses.
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Ribbons are anchored to the presynaptic
active zone by the cytomatrix protein bassoon
(Khimich et al. 2005). The protein RIBEYE is
the major component of synaptic ribbons (Za-
nazzi and Matthews 2009), including those
in mouse cochlear hair cells (Khimich et al.
2005). RIBEYE is composed of one A domain,
which has a unique structure and forms the scaf-
folding of the ribbon, and the B domain that is
encoded by the transcriptional corepressor
CtBP2 gene, albeit using a different transcription
initiation site (Schmitz et al. 2000). The full ge-
netic deletion of Ribeye in the mouse retina abol-
ishes all presynaptic ribbons in bipolar neurons,
leading to severe impairment of the rapid and
sustained components of neurotransmitter re-
lease (Maxeiner et al. 2016). This significant
functional impairment showed that RIBEYE
plays a crucial role in determining the nano-
domain coupling between Ca*" channels and
synaptic vesicle exocytosis at retinal ribbon syn-
apses. However, deletion of RIBEYE from hair
cell synapses resulted in only mild hearing loss
and subtle changes in the physiology of IHC syn-
apses, suggesting a possible role of the ribbon in
synaptic vesicle replenishment (Jean et al. 2018)
and/or its action as a biological buffer maintain-
ing a constant number of vesicles at the release
site (Becker et al. 2018).

Presynaptic Calcium Channels

Cochlear hair cells express L-type Ca,1.3 volt-
age-gated Ca®' channels almost exclusively
(>90% of all Ca** channels [Platzer et al. 2000;
Michna et al. 2003]), and these channels are
directly responsible for the Ca** entry that trig-
gers exocytosis at their ribbon synapses (Brandt
etal. 2003; Beurg et al. 2008). The Ca®* channels
below hair cell ribbons are not only different
from those found at conventional synapses
(which are of the Ca,2 type), but also differ
from those of rod photoreceptor ribbon syn-
apses (of Ca,1.4 type) (reviewed by Pangrsi¢
etal. 2018). In hair cells, the Ca,1.3 Ca** current
shows only a small inactivation (e.g., Koschak
et al. 2001; Johnson and Marcotti 2008; Johnson
et al. 2008; Zampini et al. 2013), which is likely
to be driven by the combined expression of the

Hair Cell Afferent Synapses

carboxy-terminal Ca,1.3 short and long iso-
forms (Scharinger et al. 2015; Vincent et al.
2017). This slow inactivating component of the
Ca,1.3 current is required to sustain the contin-
uous release of synaptic vesicles characteristic of
graded ribbon synapses (Vincent et al. 2017).

The number of Ca** channels per active
zone has been estimated, from single-channel
and whole-cell recordings, to be between 40
and 180 in both immature (Brandt et al. 2003;
Zampini et al. 2010) and mature (Zampini et al.
2013) IHCs. These values are also corroborated
by a recent study using 3D-STED nanoscopy in
mature mouse IHCs (Neef et al. 2018). Single
Ca®" channels at hair cell synapses exhibit a
very short opening latency (~50 psec) at vol-
tages near to the peak of the Ca** current (Zam-
pini et al. 2013). This is sufficiently rapid to ac-
curately encode the onset of sound and to
support the cycle by cycle phase-locking up to
a few kHz observed in the firing pattern of au-
ditory afferent fibers in mammals (Palmer and
Russell 1986). Ca,1.3 Ca®* channels activate at
around —70 mV (Zampini et al. 2013) and thus
are partially active at the expected resting mem-
brane potential in vivo (between —50 and —60
mV [Palmer and Russell 1986; Johnson 2015]).
The resting Ca®" entry triggers sustained exocy-
tosis from hair cells that drives the background
spontaneous firing activity of auditory fibers
(Robertson and Paki 2002). The number of
Ca®" channels and their gating properties differs
between individual active zones within the same
IHC (Frank et al. 2009; Meyer et al. 2009), and is
likely to sustain different resting neurotransmit-
ter release rates. This, in turn, could contribute
to the different firing thresholds and spontane-
ous rates seen among type I SGN.

Spatial Tightening between Synaptic Vesicles
and Calcium Channels

Before the onset of hearing, the synaptic archi-
tecture and neuronal wiring patterns in the
cochlea undergo substantial activity-dependent
refinement. One of the major changes that oc-
curs in the hair cell’s synaptic machinery is an
increase in the Ca”" sensitivity of exocytosis. In
immature spiking THCs Ca** APs trigger exocy-
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tosis with a low Ca”" efficiency of release (Beut-
ner and Moser 2001; Johnson et al. 2005). With
maturation, as IHCs lose the ability to fire Ca®*
spikes (Kros et al. 1998), extrasynaptic Ca>"
channels are removed leaving channels localized
only at the presynaptic active zones, and the rib-
bons become larger and less numerous (Wong
et al. 2014). These changes, together with other
morphological and functional refinements, re-
sult in a tighter spatial coupling between Ca**
channels and synaptic vesicles at the active
zones, a property crucial for determining the
kinetics and Ca®" efficiency of exocytosis at
functionally mature synapses (e.g., Fedchyshyn
and Wang 2005; Ledo and von Gersdorff 2009;
Chen et al. 2015).

After the onset of hearing, the Ca** elevation
evoked by the opening of a single Ca®" channel
atan individual IHC active zone seems sufficient
to elicit a vesicle fusion event (Brandt et al. 2005;
Zampini et al. 2013; Wong et al. 2014). For this
to be possible, the distance between the channel
and the Ca®" sensor must be very close, like-
ly within 100 nm (Neher 1998). Such a close,
nanometer-scale coupling has been referred to
as a “nanodomain” control of exocytosis; it dif-
fers from the more distant micrometer-scale, or
“microdomain” coupling observed at conven-
tional synapses, where Ca>" entry through nu-
merous channels is required to trigger vesicle
fusion (Neher 1998). These different coupling
organizations have also been characterized by
the confining effects that Ca** buffers, principal-
ly BAPTA and EGTA, have on exocytosis. These
Ca”" buffers have similar affinities for Ca>", but
BAPTA has a much higher binding rate constant
than EGTA (Naraghi and Neher 1997), which
enables it to buffer increases in intracellular Ca®*
much closer to its source (Neher 1998). There-
fore, the binding of EGTA to Ca®" is too slow to
block the release of a nanodomain-coupled RRP,
even at concentrations in the mm range. Howev-
er, EGTA is able to block RRP release when the
Ca”" channels and vesicle release sites are within
a microdomain. As a result, EGTA effectively
acts as a high-pass temporal filter for Ca®"
(Wang and Augustine 2015).

Recent experiments in mature IHCs have
demonstrated that 5-10 mm intracellular EGTA

progressively reduced the release of the RRP
from the apical to the base of the gerbil cochlea
(Fig. 6; Johnson et al. 2017b). Therefore, the
spatial coupling between Ca®* channels and
the vesicle fusion machinery changes from a
nanodomain configuration in the low-frequen-
cy apical regions (~<2 kHz) to a microdomain
configuration in the high-frequency basal re-
gions (~>2 kHz) (Johnson et al. 2017b). These
findings are corroborated by postsynaptic re-
cordings from rat type I SGN terminals tuned
to sounds in the several kHz range (Miiller
1991), where the fastest component of vesicle
release was greatly reduced by 5mm EGTA
(Goutman and Glowatzki 2007). In the lowest
frequency regions of the mammalian cochlea
(those tuned below a few kHz), the IHC receptor
potential has a predominantly phasic compo-
nent that is phase-locked to the sound frequency
and graded in size to the stimulation intensity
(Dallos 1985; Cheatham and Dallos 1993). The
advantage of having a tight nanodomain cou-
pling in low-frequency IHCs would be to pro-
vide the accurate temporal encoding needed for
phase-locking (Rose et al. 1967; Li et al. 2014). A
feature of phase-locking in type I SGNs that is
difficult to reconcile with Ca**-dependent exo-
cytosis is that its timing is independent of the
presynaptic stimulus intensity (i.e., IHC depola-
rization) (Rose et al. 1967). Some mechanisms
have been proposed, including a possible bal-
ance between THC Ca** channel facilitation
and synaptic depression (Cho et al. 2011; Gout-
man 2012) and others based on single Ca*"
channel properties (Magistretti et al. 2015).
The latter includes the large Ca** tail currents
elicited upon IHC repolarization, which are fast-
er and larger than the Ca®" current observed in
response to depolarization. Indeed, Ca®" tail
currents have been shown to elicit phase-locked
excitatory postsynaptic currents (EPSCs) (Gout-
man 2012; Graydon et al. 2011). Moreover, the
nanodomain Ca** channel configuration allows
for the synchronized release of multiple vesicles
(Graydon et al. 2011), resulting in the large am-
plitudes of AMPA receptor-mediated EPSCs ob-
served in the IHCs (Glowatzki and Fuchs 2002).

The specialization of low-frequency IHCs
for a phase-locked response is also dictated by
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Figure 6. The coupling between Ca”* entry and exocytosis differs as a function of IHC position along the mature
cochlea. (A-C) The kinetics of RRP vesicle pool release in mature gerbil IHCs from apical (A), middle (B), and
basal (C) cochlear regions in the presence of 0.1 mm EGTA (black circles) and 10 mm EGTA (gray circles).
Average AC,, points were obtained in response to voltage steps from 2 to 50 msec (to —11 mV) that elicit the
release of the RRP. The x-axis time refers to the voltage step duration. Note that 10 mm EGTA blocks RRP release
in the basal coil THCs, reduces it significantly in the middle coil, but only slightly in the apex. (From Fig. 2 in
Johnson et al. 2017b; reprinted, with permission, from the Journal of Neuroscience © 2017.)

their larger resting MET and K" currents, and
by a more strongly depolarized resting poten-
tial, making their responses to sinusoidal stim-
ulation temporally more precise than in IHCs
responding to high-frequency sounds (Johnson
2015). In the high-frequency cochlear regions,
the low-pass filtering characteristics of the IHC
membrane limit the phase-locking abilities of
IHCs to a few kHz. In these regions, IHCs
respond instead with graded and sustained
receptor potentials to accurately represent mod-
ulations in sound intensity represented in the
envelope of the waveform (Russell and Sellick
1978). Therefore, high frequency IHCs are not
able to follow the frequency components of
sound and, as such, do not require the precise
timing provided by nanodomain synaptic cou-
pling, other than for signaling the timing of
stimulus onset. High-frequency IHCs, instead,
seem to be specialized for accurately encoding
the wide dynamic range of stimulus intensity
(Johnson 2015), where changes in the amplitude
and kinetic properties of the macroscopic Ca*"
current, and not through single channels, is what
is relevant, a requirement to which a microdo-
main coupling seems more adapted (Magistretti
et al. 2015).

This apparent specialization of high- and
low-frequency cells for signaling, respectively,
level and timing with accuracy, is likely to relate
to the two main strategies used in mammals to

localize stimuli of different frequencies. Low-
frequency input is mainly directed to the medial
superior olive (MSO) that compares the inter-
aural timing differences (ITDs) of phase-locked
activity in SGNs arriving from the two ears
(Chirila et al. 2007). High-frequency input is
predominantly sent to the lateral superior olive
(LSO) that compares interaural level differences
(ILDs) arising from the graded responses of
IHCs in each ear (Caird and Klinke 1983).
Therefore, the accuracy of neuronal phase-lock-
ing is a basic requirement for localizing acoustic
sources in the low kHz range, allowing the de-
tection of ITDs as small as 10 usec. For high
frequency sound stimuli the level differences
need to be accurate enough to discriminate
ILDs down to as little as 1-2 dB (Grothe et al.
2010). The phenomenal timing accuracy for
low-frequency IHCs and level coding for high-
frequency IHCs are likely to be evolutionary
specializations driven by the need for survival,
predation, and communication. An extreme ex-
ample of this is in the barn owl, which has an
exceptional ability of maintaining phase-locking
in auditory neurons for frequencies of up to
~10 kHz (Koppl and Yates 1999).

Based on the experimental evidence dis-
cussed above, the idea that the Ca** influx-exo-
cytosis coupling tightens with IHC development
(Moser and Vogl 2016) is only applicable to low-
frequency IHCs. It seems more likely that this
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hair cell specialization is driven more by the spe-
cific frequency-dependent requirements of IHCs
in the adult cochlea (Johnson et al. 2017b). It is
unknown whether a similar distinction between
high and low-frequency Ca®" coupling configu-
rations also applies to the synapses of OHCs
along the mature cochlea.

Mechanisms Driving Monophasic
and Multiphasic EPSCs

Intracellular patch clamp recordings from type I
SGN boutons have shown that vesicle release at
IHC ribbon synapses evokes EPSCs of variable
amplitude and waveform (Glowatzki and Fuchs
2002; Li et al. 2009; Grant et al. 2010). The ma-
jority (>70%) of EPSCs are “monophasic” show-
ing similar kinetics, with a rapid rise time fol-
lowed by a slow exponential decay, but have a
wide range of peak amplitudes that vary from 30

PA to about 800 pA. The remaining EPSCs are
“multiphasic” with multiple peaks and variable
rise times and amplitudes. Although the mech-
anisms driving monophasic and multiphasic
EPSCs remain largely unknown, it seems rea-
sonable to consider that they result from varying
degrees of synchronization between the fusion of
multiple presynaptic vesicles. The largest mono-
phasic EPSCs could, in principle, originate from
>20 vesicles (Glowatzki and Fuchs 2002).

The very low open probability of Cay1.3
Ca®" channels in THCs at rest (Zampini et al.
2010, 2013) makes it unlikely that large mono-
phasic EPSCs could be produced by the simul-
taneous opening of several Ca** channels within
a single nanodomain. This suggest that the
opening of a single Ca®* channel could be re-
sponsible for triggering the simultaneous fusion
of multiple vesicles (Jarsky et al. 2010; Graydon
et al. 2011; Magistretti et al. 2015). With IHC
depolarization, Ca®" channels switch to a burst-
ing mode of opening (Zampini et al. 2013),
which would increase the fraction of Ca®* chan-
nels that open and the probability (i.e., the
reliability) of vesicle fusion (Magistretti et al.
2015). Therefore, bursting Ca** channel activity
primarily drives vesicle fusion at the IHC pre-
synaptic active zones, and since the number of
channels in a bursting-like mode increases with

depolarization (Zampini et al. 2013), so does the
frequency of EPSCs events, but not the ampli-
tude, which has been shown to be independent
of the amount of presynaptic Ca** influx (Glo-
watzki and Fuchs 2002; Grant et al. 2010). A
recent computational modeling study proposed
that the largest EPSCs correspond to the com-
plete fusion of a single vesicle, while incomplete
or flickering fusion events, as well as differences
in vesicle volume, are responsible for variable-
size monophasic EPSCs (Chapochnikov et al.
2014). Although a third mechanism has been
proposed where vesicles pre-fuse to contain
varying amounts of neurotransmitter (com-
pound or cumulative vesicle fusion: Matthews
and Fuchs 2010), evidence for this in hair cells
is lacking.

In a microdomain, which is the expected
configuration in high-frequency IHCs, vesicle
fusion would reflect the macroscopic Ca** cur-
rent. Since the average open probability of the
Ca®* channels increases with depolarization, the
average intracellular Ca®* concentration would
also elevate, at least up to the peak of the current-
voltage relationship for the Ca** current (Zam-
pini et al. 2013). In contrast to the nanodomain
scenario, it is likely that both the rate (number
of vesicles that fuse at different times) and the
amplitude (probability that more vesicles fuse at
the same time) of EPSCs increases with the
Ca®* summation caused by IHC depolarization.
Future work will likely require a combination
of electrophysiology and imaging at single syn-
apses to fully understand how IHC ribbon syn-
apses drive EPSCs in SGNs at both low- and
high-frequency cochlear regions.

Type | Spiral Ganglion Afferent Fibers

The fate of mammalian SGNs is specified during
early embryonic development from around E9,
which is before the final mitosis of the pro-
sensory cells (future hair cells) on E14.5 (Koun-
dakjian et al. 2007). The molecular programs
defining SGN identity, as well as the molecules
and mechanisms required for their peripheral
and central neuronal outgrowth, remain largely
unknown (reviewed by Appler and Goodrich
2011; Coate and Kelley 2013; Delacroix and Mal-
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grange 2015). The peripheral axons of type I
SGNs make contact with the IHCs from around
birth in mice. They show a highly branched pat-
tern at this stage, synapsing with several IHCs
and also with OHCs. This initial wiring pattern
undergoes progressive pruning or refinement
during the first few postnatal days, reaching the
characteristic adult-like bipolar neuronal con-
figuration during the second postnatal week. In
the mature cochlea, type I SGNs display un-
branched peripheral axons that each innervate
a single IHC (Fig. 3). In the adult cochlea, each
IHC is innervated by several type I SGNs, each
neuron forming a single bouton-like contacts
juxtaposed to a single presynaptic ribbon (Liber-
man et al. 1990; Meyer et al. 2009). It is well
established that the SGNs innervating a given
IHC vary considerably in their thresholds,
spontaneous firing rates, and operating ranges
(Liberman 1982). Such diversity in type I fiber
characteristics is believed to facilitate the accu-
rate temporal and spectral encoding of acoustic
stimuli over an extremely wide range (covering
12 orders of magnitude) of sound intensities.
Type I SGNs discharge APs spontaneously
in the absence of external sounds (Jones et al.
2007) and can be subdivided based on their
spontaneous rate (SR) and threshold, with the
latter being the stimulus intensity required to
increase the firing rate above the SR. Studies of
several mammalian species have shown that the
SR is correlated with firing threshold, such that
high SR neurons have low thresholds and low SR
neurons have high thresholds (Liberman 1982).
Single unit in vivo recordings from type I SGN
fibers in different mouse strains suggested that,
of the fibers innervating each IHC, 49%-67% are
low-SR (high threshold) and 33%-51% high-SR
(low threshold) (Taberner and Liberman 2005).
This division into high- and low-SR subpopula-
tions is, however, likely to be an oversimplifica-
tion considering the wide dynamic range of
sound intensities processed by type I SGNGs.
Possible tonotopic variations in the above
fractions cannot be excluded. Indeed, the intrin-
sic biophysical properties of type I SGNs are
known to vary as a function of their frequency
position along the cochlea (Davis and Liu 2011).
Therefore, the response properties of the differ-

Hair Cell Afferent Synapses

ent type I SGN subgroups is likely to result from
the combination of intrinsic biophysical differ-
ences in ion channel expression, together with
pre- and postsynaptic differences, such as in the
size of the presynaptic ribbon and Ca®* channel
distribution (Goutman and Glowatzki 2007;
Frank et al. 2009; Meyer et al. 2009; Grant et al.
2010; Davis and Liu 2011; Liberman et al. 2011;
Wichmann and Moser 2015). Although the mo-
lecular cues involved in specifying a particular
type I SGNs subgroup are unknown, a recent
study has shown that type I SGN heterogeneity
is seeded soon after they make contact with
IHCs, since specific molecular markers that dif-
ferentiate between fiber subgroups become iden-
tifiable from around birth (Shrestha et al. 2018).
While these molecular markers are present early
on, and are therefore independent of IHC input,
the final SGN functional diversification seems to
depend on presynaptic IHC activity during the
first postnatal week. The absence of IHC synap-
tic activity during development disrupted the
relative proportions of each type I subgroup,
with low-SR fibers being significantly depleted
(Shrestha et al. 2018; Sun et al. 2018). However,
another recent study has instead suggested that
the acquisition of type I SGN subgroup specifi-
cation could, in fact, be regulated entirely genet-
ically by intrinsic factors expressed by each SGN
and, as such, be independent from IHC-driven
activity (Petitpré et al. 2018).

Despite the discrepancies regarding the role
of THC activity in shaping SGN diversity, these
studies have contributed to identifying type
I SGN subtype-specific molecular signatures.
These distinct marker genes can be used in fu-
ture studies to generate novel transgenic mouse
lines to assign specific functions to the different
neural subtypes identified. They will also have a
direct implication for human health by provid-
ing insights into understanding the etiology of
noise-induced and age-related hearing impair-
ment, and enabling the development of thera-
peutic measures that can specifically target fiber
subgroups. The ability to direct therapies to-
ward specific neurons seems especially relevant
considering recent findings that murine type I
SGNs may exhibit differential vulnerability to
aging and damage. Studies using single fiber
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recording have shown that there is a selective
reduction in the percentage of the low-SR neu-
rons in both noise-exposed and aging rodents,
resulting in an auditory synaptopathy type of
hearing impairment (Kujawa and Liberman
2015; see also Kohrman et al. 2018). Currently,
there is no clear explanation to why low-SR au-
ditory fibers are more affected by noise exposure
than the high-SR fibers.

Type Il Spiral Ganglion Afferent Fibers

Adult OHCs are primarily innervated by cholin-
ergic efferent neurons (Liberman 1980; Maison
et al. 2003). OHCs also make around 3-5 affer-
ent synaptic contacts with type II SGNs that, in
contrast to type I SGNs, are unmyelinated fibers
of small caliber and form extensive arborizations
with dozens of OHCs (Fig. 3; Perkins and Mo-
rest 1975; Echteler 1992; Martinez-Monedero
et al. 2016). The role of type II SGNs is still
largely unknown, which may be explained by
their scarcity (they form 5% of the SGNs enter-
ing the cochlea), but also because they are ex-
tremely difficult to identify and record from.
Although type II SGNs project to the brain,
they appear to be insensitive to acoustic stimu-
lation, adding to the difficulty in characterizing
them (Robertson 1984; Brown 1994; Robertson
et al. 1999).

In vitro intracellular recordings have dem-
onstrated that type II afferents exhibit very small
synaptic potentials (about 4 mV), and that sev-
eral OHCs make functional synaptic contact
with one type II afferent fiber (Weisz et al.
2009, 2012). For the type II fiber to reach firing
threshold (by depolarizing the nerve by about
25 mV), the simultaneous stimulation of the en-
tire population of OHCs connected to each fiber
was required (Weisz et al. 2014). Morphological
studies have also shown the presence of a large
number of postsynaptic densities that are not
juxtaposed to presynaptic ribbons (Martinez-
Monedero et al. 2016; Vyas et al. 2017).

Over the years, several roles have been as-
cribed to type II SGNs (for a recent review, see
Fuchs 2018). Based upon the current experi-
mental data, the most likely function seems to
be that they are activated solely by trauma (Flo-

res et al. 2015; Liu et al. 2015; for a recent review,
see Zhang and Coate 2017), leading to the as-
sumption that they function as cochlear noci-
ceptors (Weisz et al. 2009; Liu et al. 2015). OHC
damage causes the release of ATP from nearby
nonsensory cells, which strongly excites type II
fibers (Liu et al. 2015). In agreement with these
findings, type II fibers are known to survive co-
chlear damage (Ryan et al. 1980) and, as such,
are ideally suited to signal cochlear trauma to
the brain.

PROGRESS IN IDENTIFYING THE GENES
ESSENTIAL FOR SYNAPTIC TRANSMISSION
IN THE COCHLEA

Over the past 25 years, the genetics of hearing
loss has undergone a complete transformation.
Human genetics and the study of mouse models,
engineered to carry mutations in a number of
genes associated with deafness, have led to a tre-
mendous progress toward understanding the
molecular anatomy and physiology of hair cell
ribbon synapses. Here, we discuss a number of
gene discoveries in families with hereditary
hearing loss, all of which have been associated
with the elucidation of some of the mechanisms
leading to auditory synaptopathy (Fig. 1).

Otoferlin Genetics, Physiology
and Pathophysiology

Otoferlin was originally identified through link-
age analysis combined with a candidate gene
approach aimed at identifying the molecular ba-
sis of hereditary hearing defects, and was found
to be defective in DENBY, a recessive form of
human prelingual deafness (Yasunaga et al.
1999; Varga et al. 2006). The human otoferlin
gene encodes multiple long and short isoforms,
which is due to several alternative splicing and
translation initiation sites (Yasunaga and Petit
2000). To date, more than 90 different otoferlin
mutations have been reported, most of which
result in a severe-to-profound hearing loss, al-
though some mutations are associated with ep-
isodic deafness conditioned by fever (Mahdieh
et al. 2012). Otoferlin is a carboxy-terminal
transmembrane protein containing six C2 do-
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mains (each consisting of a tandem of four-
stranded B-sheets) that have been involved in
Ca®" and phospholipid binding (Rizo and Siid-
hof 1998). In contrast, the classical Ca** sensing
synaptotagmins are amino terminal transmem-
brane proteins containing two C2 domains.
Otoferlin is enriched in the IHC synaptic active
zone and was the first molecule identified to be
involved in synaptic vesicle exocytosis in audi-
tory hair cells (Roux et al. 2006). This and later
studies (Pangrsic et al. 2010; Strenzke et al. 2016;
Michalski et al. 2017) have revealed a synaptop-
athy as one of the primary mechanisms leading
to human deafness (DFNB9 [Roux et al. 2006]).
The similarity in the results of audiological
tests between DFNB9 patients and Otof '~
mice, together with the extensive pathophysio-
logical analysis conducted on Otof’~ mice,
strongly suggest that DFNB9 deafness is indeed
caused by a primary defect in synaptic vesicle
fusion at the IHC synapse. Moreover, the func-
tion of otoferlin as a major presynaptic Ca>'-
sensor at the mature IHC synapse was demon-
strated in vivo by exploring a knock-in mouse
model expressing a modified version of otoferlin
wherein the Ca**-binding property of the C,C
domain was genetically neutralized (Michalski
et al. 2017). These mutant (Ofof<*“’“*“) mice
have normal hearing thresholds (assessed by au-
ditory brainstem responses [ABRs]), and their
IHCs show normal otoferlin expression and rib-
bon synapse ultrastructure. However, both the
fast and the sustained components of IHC exo-
cytosis in these mice displayed a decreased Ca**-
sensitivity despite the IHCs having normal
Ca”"-currents. These results led to the conclu-
sion that otoferlin operates as a Ca** sensor at
the IHC synapse, setting both the rate and the
Ca®* concentration threshold for triggering syn-
aptic vesicle fusion and replenishment (Michal-
ski et al. 2017).

Genetics, Physiology, and Pathophysiology
of the Vesicular Glutamate Transporter 3

The normal function of glutamatergic IHC rib-
bon synapses requires one of the vesicular glu-
tamate transporters (VGLUTS) that are crucial
for the refilling of synaptic vesicles with glu-
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tamate. To date, three VGLUT isoforms,
VGLUT1-3, have been identified and func-
tionally characterized in mammals, all of which
belong to the family of type I phosphate trans-
porters (also called the SLC17 family) (Sanchez-
Mendoza et al. 2017). ITHCs express only the
VGLUTS3 isoform, which is characterized by an
unusual distribution (Seal et al. 2008). Mice lack-
ing VGLUT3 (Vglut3™'~ mice) are profoundly
deaf, but display normal MET currents in re-
sponse to deflection of the hair bundle. The
OHCs and the IHCs of these mice also show
normal basolateral membrane biophysical prop-
erties of both. However, the afferent boutons of
the primary auditory fibers projecting to
Vglut3™'~ THCs do not have synaptic-evoked
glutamate receptor currents, indicating a failure
of presynaptic glutamate release. In humans, the
p-A211V and p.M206Nfs*4 mutations of the
gene encoding VGLUTS3 (Slc17a8) are responsi-
ble fora progressive hearing loss (DFNA25 [Ruel
etal. 2008; Ryu et al. 2016]), linking an auditory
synaptopathy to the VGLUT3 defect.

Synaptic Physiology and Pathophysiology
of Usher Proteins

Usher syndrome (USH) is the most frequent
cause of deafness associated with blindness,
with an estimated incidence of 1 in every
6000 births (Richardson et al. 2011). This syn-
drome is classified as three types (USH1, USH2,
and USH3) according to the severity, the age of
the onset of hearing impairment, the presence
or absence of a vestibular disorder, and the age
of onset of the retinal impairment (with USH1
being the most severe type). Currently, 10 genes
whose mutations are responsible for Usher syn-
drome have been identified. These genes en-
code proteins with a wide range of functions
(Cosgrove and Zallocchi 2014), including two
cadherin-related transmembrane proteins (cad-
herin 23 and protocadherin 15, or CDHR23
and CDHRIS5, associated with USH1D and
USHLIE, respectively), two scaffold proteins (har-
monin and usherin, associated with USH1C and
USH2A, respectively), a G-protein-coupled re-
ceptor (ADGRV1, associated with USH2C),
and a transmembrane protein from the tetraspa-
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nin family (clarin-1, associated with USH3A).
The observation of a common developmental
failure of hair cell stereocilia in mouse models
harboring mutations in the various genes asso-
ciated with Usher syndrome, have led to the
conclusion that Usher protein function is essen-
tial for development and function of stereocili-
ary hair bundles (Boéda et al. 2002; Siemens
etal. 2002; El-Amraoui and Petit 2005; Cosgrove
and Zallocchi 2014). Interestingly, human ge-
netics and the investigation of mouse models
for genes involved in Usher syndrome have un-
covered an unexpected role for these proteins in
the morphological and functional maturation of
the IHC ribbon synapse. For example, harmo-
nin forms a complex with Ca,1.3 Ca®* channels
at the mouse IHC synapse, which enhances their
voltage-dependent facilitation and synchroniza-
tion with exocytosis (Gregory et al. 2011, 2013).
In addition, clarin-1, CDHR15, ADGRV]1, and
specific isoforms of CDH23 have been shown to
form a complex at the IHC ribbon synapse (Zal-
locchi et al. 2012). Mice lacking any one of the
components of this complex, such as clarin-1 or
CDHRI5, suffer defective synaptic maturation,
thus reinforcing the role of Usher proteins at
IHC synapses. Finally, the role of clarin-1 in
auditory hair cells was recently clarified through
the characterization of two knockout mouse
models for the protein, one with a total dele-
tion of the gene coding for clarin-1, and another
with a conditional deletion of this gene oc-
curring during postnatal stages (Dulon et al.
2018). Comparative morphofunctional analyses
of these mice, combined with protein-protein
interaction studies showed that clarin-1 is es-
sential for normal auditory hair bundle structure
and function, as well as for the function of the
presynaptic Ca,1.3 Ca** channels at IHC ribbon
synapses and, subsequently, for the normal dis-
tribution of postsynaptic AMPA receptors.

FINAL REMARKS AND CONCLUSIONS

Over the last two decades, there have been sig-
nificant advances in our understanding of how
mechanoelectrical transduction at the stereocili-
ary bundle and sensory coding at the ribbon syn-
apses of hair cells are adapted to extract useful

information from the acoustic environment.
Considerable attention has been given to deci-
phering the mechanisms underpinning neuro-
transmitter release at IHC ribbon synapses,
which represent the first synapse in the auditory
pathway. The properties of this synapse are key to
determining how acoustic information is encod-
ed with such speed and high fidelity. Several im-
portant proteins have been identified that are
specific to ribbon synapses. These include oto-
ferlin, Cay1.3 Ca** channels, RIBEYE, VGLUT3,
and are different from those expressed at conven-
tional synapses in the CNS and at other ribbon
synapses such as those present in the retina. The
unique combination of these proteins, together
with their specialized pre- and postsynaptic or-
ganization, allow hair cell ribbon synapses to
encode information with an unparalleled perfor-
mance in terms of sustained high rates of vesicle
release. We now know that fusion-competent
vesicles tethered to the synaptic ribbon are cou-
pled with Ca®* channels forming either a nano-
or a microdomain depending on the frequency
range to which IHCs respond. The diversity of
the pre- and postsynaptic elements within each
hair cell ensures the decomposition of large
amounts of acoustic information into manage-
able componentsthatare represented in real time
by the firing activity of equally specialized SGN
fibers. Despite these efforts, we are still far from
having a comprehensive understanding of the
molecular composition and physiology of the
hair cell ribbon synapse. For example, the iden-
tity of key components of the vesicle fusion ma-
chinery is still largely unknown, nor is it clear
how Ca** regulation at individual synapses af-
fects the different response characteristics of
the SGNs. New genetic tools, including transgen-
ic animals, are beginning to be developed and
these, in combination with high-resolution
optical imaging and possibly in vivo electrophys-
iological recordings, will address some of the re-
maining unanswered questions.
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