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Summary

Challenging tasks like sound localization or speech recognition are impossible without
reliable and temporally precise neuronal sound encoding. The neuronal code must accurately
preserve signal properties such as intensity and timing. Thus, electrophysiological recordings
from single spiral ganglion neuron provide a detailed picture how auditory sensory information
is encoded. The analysis of the response pattern of the cochlear nucleus cells gives insight into
the auditory systems primary processing after receiving sensory information encoded at
peripheral synapses. Studying the response patterns of spiral ganglion neurons and cochlear
nucleus cells after mutations and deletions of different proteins of the pre- and postsynaptic
sides of the inner hair cell ribbon synapse helps to reveal the role of these proteins in synaptic
transmission and sound encoding.

Starting from presynaptic side of inner hair cell ribbon synapse, we first studied Wrb
protein to reveal its role in the insertion of the tail-anchored protein otoferlin which is essential
for IHC exocytosis (Chapter 3.1). Wrb-deficient mouse inner hair cells had a normal number
of spiral ganglion neurons, Ca®* channels, and membrane-associated synaptic vesicle, but had
less ribbon-associated vesicles. In vivo electrophysiological recordings from postsynaptic
spiral ganglion neurons revealed impaired synaptic vesicles replenishment. In vivo data from
spiral ganglion neurons show a use-dependent phenotype in response to acoustic stimulation.
Therefore, Wrb protein is critical for hearing, probably due to its role in regulating otoferlin
expression and localization (Chapter 4.3).

Next, otoferlin mutant mice were studied to reveal a role of the otoferlin in inner hair
cell exocytosis (Chapter 3.4), postsynaptic sound encoding and sound perception assessed in a
psychophysiological gap and acoustic threshold detection experiments. During prolong
stimulation, inner hair cells exocytosis from Otof'>7515T mjce was severely reduced,
indicating a role of otoferlin in synaptic vesicles reformation. To study sound perception in
Otof'*15T1515T mytant mice, we performed psychophysiological behavioral experiments for the
detection of silent gaps in noise and thresholds sensitivity. The threshold sensitivity was not
affected in Otof'*157515T mytant mice, while the gap detection was impaired. The gap detection
impairment was attributed to the stronger adaptation of acoustically evoked spiral ganglion
neuron spike rates, as well as delayed recovery of the sound onset response in Otof'15T/1515T

spiral ganglion neurons. A similar mechanism might underlie the speech comprehension



difficulties in human patients carrying the same mutation. We therefore suggested that tests for
sound adaptation and temporal coding (e.g. gap detection) should be more commonly used in
clinical settings in order to detect deficits which are not related to sound sensitivity (Chapter
4.4).

Two postsynaptic auditory phenotypes were studied in this thesis: quivering Qv¥
mutant mice (Chapter 3.3) and PSD-95""mice (Chapter 3.2).

In Qv¥ mutants a gene coding for RIV-spectrin is mutated. RIV-spectrin is important
for the proper clustering of voltage-gated sodium channels at the axon initial segments, where
action potentials are generated. The mutation caused impaired action potential generation in
spiral ganglion neurons reflected in a reduction of firing rates and moderately elevated auditory
brainstem response thresholds (Chapters 3.3 and 4.2).

Auditory function of PSD-95"- mice was studied to reveal the role of PSD-95 in AMPA
receptor expression level and clustering at the postsynaptic membrane of spiral ganglion
neuron, as well as understanding how possible impairments may affect synaptic transmission
and sound encoding. PSD-95" mice showed reduced firing rates, delayed action potential
generation as well as a lack of accuracy of coding assessed in the analysis of first spike
latencies. Immunohistochemical studies together with confocal and STED microscopies
revealed a reduced number of AMPA receptors subclusters at the PSD-95" spiral ganglion

neurons postsynaptic membrane (Chapters 3.2 and 4.1).



2 1. Introduction

1 Introduction

1.1 Sound encoding in peripheral nervous system
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Figure 1. Human ear structure

Acoustic signals are first mechanically collected by the external and middle ear. The
external ear channels the energy of the incoming acoustic wave onto the tympanic membrane.
The middle ear connects the tympanic membrane with the oval window via three small ossicles,
namely malleus, incus and stapes (Fig.1). The vibration of the tympanic membrane and ossicle
chain is then transmitted into the fluid (the perilymph) in the cochlea through oval window.
The tiny mechanical devices in the middle ear function as a lever system to match the low air
impedance to high impedance of the inner ear fluid so that the energy not being reflected away
(Geisler, 1998; Schnupp, 2011). At these stages, the external and middle ear together work as
linear mechanical transducers which transform acoustic vibration of air molecules into
travelling waves of the inner ear fluid, unless the middle ear muscles are activated by feedback
mechanisms to attenuate the high intensity sound reaching the cochlea (Hdittenbrink, 1989).

In the inner ear, the mechanical propagation of travelling waves in the cochlear duct is
detected by a sensory epithelium, the organ of Corti, resting on the basilar membrane. The
travelling wave is decomposed along the cochlear axis into different frequency components
due to the tonotopic properties of the basilar membrane and inertial mass of the fluid (Robles

and Ruggero, 2001). The basal part is most sensitive to stimulation by high frequency sounds



while the apex region analyzes low frequency sounds. Thus, the basilar membrane functions
as a Fourier analyzer for frequency decomposition of sound signal. The organ of Corti harbors
two type of hair cells, outer hair cells (OHCs) and inner hair cells (IHCs). IHCs form one row
and OHCs three rows along the cochlear tonotopic axis. The OHCs non-linearly amplify the
vibration of basilar membrane (Ashmore, 2008; Dallos et al., 2008), while the IHCs are the
genuine sensory cells transmitting the mechanical vibration to spiral ganglion neurons (SGNs)
via ribbon synapses (Ciuman, 2011). Vibration-driven deflection of IHC stereocilia leads to
the opening or closing of mechanotransduction channels on hair bundles, and the resulting
cation influx generates the receptor potential of the IHCs membrane. At active zones of IHCs,
voltage gated Ca®* channels (Cav) controls Ca?* signals for triggering neurotransmitter release
(Brandt et al., 2005; Frank et al., 2010a). Glutamate release into the synaptic junction between
IHCs and the peripheral axon of the SGNs binds to ionotropic a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionate (AMPA) type receptors, generating neural spikes that propagate in the
SGNs (Glowatzki and Fuchs, 2002; Fuchs et al., 2003). In complement to the frequency
analyzer function of the basilar membrane, the synaptic junction between IHC and SGN is
specialized for high fidelity temporal processing (Moser et al., 2006; Parsons, 2006). The cell
bodies of SGNs lie in a bony structure, the modiolus of the cochlea. The central axons of spiral
ganglion neurons comprise auditory nerve fibers (ANFs), which then project to the cochlear
nucleus through internal auditory meatus. Those fibers then branch to innervate many different
types of cells throughout the cochlear nucleus. Each IHC contacts 8-20 afferent fibers
(Spoendlin, 1969, 1975; Kiang et al., 1982), making parallel channels sending information to

the central nervous system (Fig.2).
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Figure 2. Organ of Corti (A) and IHC (B) innervated by SGNs

1.2 IHC ribbon synapse structure

Sound encoded in the inner ear by IHCs forming ribbon synapses with 8-20 myelinated
auditory nerve fibres (SGNs) type | (Spoendlin, 1969, 1975; Kiang et al., 1982). Encoding of
acoustic stimuli with high fidelity requires synaptic transmission to be both reliable and
temporally precise. To provide such remarkable temporal fidelity and precision, IHC ribbon
synapses have to be highly specialized in their molecular composition and structure.
Understanding the structure/function relationship highlight the central questions of auditory
science, such as sound encoding and sound perception (Nouvian et al., 2006; Meyer and Moser,
2010; Safieddine et al., 2012; Wichmann and Moser, 2015).

The IHC synapse is characterized by the presence of a large electron-dense presynaptic
structure, the synaptic ribbon, that organizes synaptic active zones and tethers synaptic vesicles
(Meyer and Moser, 2010; Safieddine et al., 2012; Wichmann and Moser, 2015). Most synaptic
ribbons are anchored at the active zone to plasma membrane and opposed to the postsynaptic
site. Approximately 5 % of the ribbons are “floating”, not anchored and probably reflect
ribbon’s turnover (Khimich et al., 2005; Jing et al., 2013). Ribbons vary in shape, size and
number between different species, tonotopic localization, developmental stage, and different
active zones of one cell (Merchan-Perez and Liberman, 1996; Lenzi and von Gersdorff, 2001;
Moser et al., 2006; Matthews and Fuchs, 2010), likely reflecting structural adaptation to the
specific needs in the synaptic sensory coding. Before the onset of hearing (P14 for mice) IHCs



contain a large number of ribbons with small size (Sobkowicz et al., 1982) after the onset of
hearing ribbons have ellipsoid shape and are observed in smaller number (10-20, (Sobkowicz
et al., 1982; Khimich et al., 2005).

Ribbon — associated synaptic vesicles are tethered in a monolayer on the ribbon (Lenzi
etal., 1999) representing only a tiny fraction of all synaptic vesicles. There at least three vesicle
fractions which might be morphologically distinguished at the IHC ribbon synapse: (1)
membrane-proximal vesicles, (2) ribbon-associated vesicles, and (3) free cytosolic synaptic
vesicles (Lenzi et al., 1999, 2002; Schnee et al., 2005).

The main structural components of the ribbon and/or the anchorage of the ribbon to the
active zone include RIBEYE (Schmitz et al., 2000; Zenisek et al., 2003), Bassoon (Khimich et
al., 2005) and piccolino (Regus-Leidig et al., 2013, 2014).

RIBEYE is the major structural component of the ribbon (Schmitz et al., 2000;
Magupalli et al., 2008). RIBEYE is composed of two major domains: the A domain is unique
in structure and assembles the synaptic ribbon, and the B domain which is almost identical to
the transcription repressor CtBP2 encoded by the same gene but with a different transcription
initiation site (Schmitz et al., 2000). The B domain is thought to be involved in tethering of
synaptic vesicles to the ribbon.

Bassoon, a large cytomatrix scaffold protein, is localized at the active zone at the base
of the ribbon (Khimich et al., 2005; Frank et al., 2010a; Jing et al., 2013). Deletion of bassoon
(Altrock et al., 2003) prevents anchoring of the ribbons to the presynaptic membrane (Khimich
et al., 2005). The loss of ribbons at the active zones leads to the reduction of the readily
releasable pool (RRP) at IHC (Buran et al., 2010a), which results in hearing impairment in
mutant mice, suffering of desynchronized afferent synaptic transmission (Khimich et al., 2005;
Buran et al., 2010a; Frank et al., 2010a; Jing et al., 2013). The loss of bassoon also affected the
insertion of the Ca?* channels at the active zones (Frank et al., 2010a). Taken together, the loss
of bassoon and ribbons causes an auditory synaptopathy characterized by intact cochlear
amplification but abnormal ABRs.

Piccolo, a homolog of bassoon, is expressed at conventional synapses (Altrock et al.,
2003). Its short isoform piccolino is expressed at IHCs (Regus-Leidig et al., 2013, 2014). The
short isoform lacks a large C-terminal part and binding sites for, e.g. bassoon or RIM (Regus-
Leidig et al., 2013), predicting different roles of piccolino and bassoon at the IHC ribbon

structure.
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At conventional synapses, the exocytic machinery is controlled by the neuronal SNARE
proteins syntaxin 1, SNAP-25 and synaptobrevin 1 (Jahn and Fasshauer, 2012). At
photoreceptor ribbon synapses, SNAREs are fully present and function (Brandstéatter et al.,
1996). However, IHCs exocytosis appears to be insensitive to neurotoxic and genetic ablation
of neuronal SNAREs (Nouvian et al., 2011). Thus, the role of the syntaxin 1, SNAP-25 and
synaptobrevin 1 and 2 remains to be questionable. Some studies detected SNARE mRNAs and
proteins in the sensory epithelium and IHCs (Safieddine and Wenthold, 1999; Uthaiah and
Hudspeth, 2010; Nouvian et al., 2011), but immunofluorescence imaging in mouse IHCs have
not detected neither SNAP-25, synaptobrevin 1-3, nor syntaxin 1 (Nouvian et al., 2011).
Moreover, in mature IHCs such SNARE regulators as synaptotagmins 1-3 (Beurg et al., 2010;
Reisinger et al., 2011) and complexins (Strenzke et al., 2009; Uthaiah and Hudspeth, 2010)
were absent. Synsptotagmin 7 is the Ca?* sensor for slow secretion of large dense core vesicles
from endocrine cells, which is expressed in IHCs (Safieddine and Wenthold, 1999) and
involved in exocytosis of hippocampal neurons (Virmani, 2003). Mutations in synaptotagmin
7 do not seem to affect IHCs exocytosis (Beurg et al., 2010). IHC specific homolog of
synaptotagmin is multi-C2 domain protein otoferlin (Roux et al., 2006; Beurg et al., 2008;
Dulon et al., 2009; Pangrsic et al., 2010) playing a central role for IHC exocytosis.

Otoferlin mutations cause deafness or temperature-sensitive hearing impairment in
humans (Yasunaga et al., 1999; Varga et al., 2006), rodents and mice (Roux et al., 2006; Longo-
Guess et al., 2007; Schwander et al., 2007; Strenzke et al., 2016). Otoferlin is mostly but not
exclusively found at synaptic vesicles, endosome like structures and the active zone membrane
(Roux et al., 2006; Strenzke et al., 2016). Otoferlin is required for correct vesicular fusion and
replenishment (Roux et al., 2006; Pangrsic et al., 2010; Strenzke et al., 2016; Vogl et al.,
20164). It is acting as a Ca?* sensor in IHCs(Roux et al., 2006; Johnson and Chapman, 2010).
IHC RRP exocytosis is disrupted in the absence of otoferlin (Roux et al. 2006). Furthermore,
besides its role in exocytosis, otoferlin was recently suggested to play a role in vesicles
endocytosis due to its interaction with AP-2 which found to be expressed in IHCs (Duncker et
al., 2013; Jung et al., 2015). AP-2 participates in clatrin-mediated endocytosis via binding to
clatrin-coated vesicles (Keyel et al., 2008; Boucrot et al., 2010). Further investigation to reveal

the role of AP-2 in IHC endocytosis and importance of its interaction with otoferlin is required.



1.3 Otoferlin mutant mice

One of the otoferlin mutant mouse models ‘pachanga’ carries a point mutation in
otoferlin (Schwander et al., 2007). Pachanga mice showed impaired sustained IHC exocytosis
while fast exocytosis reflecting RRP depletion was not affected (Pangrsic et al., 2010).

Otoferlin knockout mice Otof’- displayed a reduction in a short tethers connecting
synaptic vesicles with the active zone membrane(Vogl et al., 2015) supported the idea that
otoferlin plays a role in synaptic vesicles replenishment at IHCs.

Several missense mutations in otoferlin (Pro1987Arg, Glul700GIn and 11e1573Thr)
resulted in age-progressive hearing loss in humans (Varga et al., 2003; Chiu et al., 2010;
Yildirim-Baylan et al., 2014). These patients were not tested for speech perception, auditory
temporal processing, auditory fatigue and temperature sensitivity. Therefore, to reveal the role
of otoferlin in synaptic sound encoding, Strenzke et al. (2016) generated a novel otoferlin
mouse mutant model which carries p.11e515Thr point mutation (in NP_001274418) and
demonstrated intermediate hearing impairment. Human patients with the p.lle515Thr mutation
demonstrate mild low-frequency hearing loss, speech comprehension below the 10" percentile
in quiet and noise condition and impaired ABRs (Varga et al., 2006). The hearing impairment
in Otof'*15™1515T mice depicts the phenotype found in human patients, except for the temperature
sensitivity (Strenzke et al., 2016).

1.4 Tryptophan-rich basic protein (Wrb) knockout

mouse

The transmembrane-recognition complex (TRC40) pathway is important for the
insertion of the tail-anchored proteins into membranes. Otoferlin as a tail-anchored protein is
inserted into the endoplasmic reticulum via TRC40 pathway that has been studied in yeast and
mammalian cell lines in culture (Simpson et al., 2010; Denic et al., 2013; Yamamoto and
Sakisaka, 2015). The membrane insertion of tail-anchored proteins is distinct of translation and
includes (1) recognition by TRC40 (Favaloro et al., 2008) (2) caging to the TRC receptors Wrb
(Vilardi et al., 2011) and calcium-modulating cyclopholin ligand (Yamamoto and Sakisaka,
2015) on the endoplasmic reticulum membrane and (3) unbinding from TRC in an ATP-
dependent manner and insertion into the target membrane (Bozkurt et al., 2009). Recent studies
in mice and zebrafish showed the fundamental importance of the TRC40 pathway in sensory
function. For example, genetic deletion of the calcium-modulating cyclophilin ligand (Bryda
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et al., 2012) in sensory hair cells caused a loss of hair cells and deafness in mice. Moreover,
the zebrafish WRB mutant (pinball wizard, pwi (Amsterdam et al., 2004)) displayed impaired
visual and hair cell functions(Gross et al., 2005). VVogl et al. (2016) investigated the role of the
TRC40 pathway in sensory IHCs of zebrafish and mice. The study was focused on the effect
of disruption of Wrb protein on otoferlin biosynthesis and function.

Wrb™M:Cre” mice were generated as described in Vogl et al (2016). In brief, these mice
are conditional Wrb knockouts, generated by flanking exons two to four by loxP sites through
homologous recombination (Wrb™™). To achieve IHC-specific Cre recombination, Wrb™" mice
were then crossed with the mice expressing Cre- recombinase under control of the vesicular
glutamate transporter (Vglut3) promoter, which expression is specific for IHCs (Obholzer et
al., 2008a). Vglut3—Cre transgenic mouse line, in which Cre-recombinase (but without
additional VVglut3) was expressed under the control of the transgenic VVglut3 promoter (Jung et
al., 2015) was named Wrb™"™:Cre” mice.

1.5 IHC ribbon synapse exocytosis

IHC exocytosis relies on stimulus-secretion coupling by Cav1.3 channels (Platzer et al.,
2000; Brandt et al., 2003, 2005). Cav1.3 channels cluster at the ribbon-occupied active tones
of IHCs (reviewed in Wichmann and Moser 2015; Nouvian et al. 2006). Mouse cochlear IHCs
contain approximately 80 Ca?* channel per active zone. There are two hypotheses about Ca?*
channels control of exocytosis: a microdomain hypothesis suggested by Robert’s and
Fettiplace’s groups and nanodomain control hypothesis proposed by Moser’s group (Brandt et
al., 2005). The microdomain hypothesis suggests that exocytosis is controlled by calcium
domains which have micromolar concentration and micrometer size. Alternatively,
experiments on stimulus-secretion coupling in mouse IHCs suggested that exocytic fusion of a
given RRP is controlled only by one or few nearby Ca?* channels (Brandt et al., 2005) -
nanodomain hypothesis of exocytosis control. Released into the synaptic cleft glutamate
neurotransmitter activates AMPA-type glutamate receptors internalized at the postsynaptic
membrane (Matsubara et al., 1996).

Patch-clamp recordings of membrane capacitance of IHCs allowed to discriminate at
least 2 components of the IHC exocytosis: the first kinetic component which mediates
exocytosis at extremely high rates but saturates within a few milliseconds (Moser and Beutner,

2000a; Spassova et al., 2004; Rutherford and Roberts, 2006), and the second kinetic component



which typically triggered by prolonged, strong depolarizing steps (tens of ms to s in duration
(Nouvian et al., 2006)).

RRP size correlates with the number of afferent synapses and varies along the tonotopic
axis of the cochlea (Schnee et al., 2005; Meyer and Moser, 2010), as well as it correlates with
the auditory brainstem response (ABR) wave | amplitude reflecting the compound action
potential of a synchronously activated SGNs (Khimich et al., 2005). In addition, RRP depletion
and replenishment is thought to mediate a short-term adaptation and recovery from it in SGNs
(reviewed in Nouvian et al., 2006).

The sustained, second kinetic component of IHC exocytosis remains to be more
complicated to describe. It has been debatable whether sustained, slow kinetic component of
exocytosis represents simply the serial refilling of the RRP or/and parallel exocytosis at extra
synaptic fusion sites. Schnee et al. (2005) proposed that there are three kinetic components of
exocytosis in turtle IHCs. They suggested that the second kinetic component could be attributed
to the exocytic turnover of the ribbon-associated vesicle population, whereas vesicle re-supply
of the ribbon would come thereafter. However, there are several lines of evidence arguing for
a significant contribution of ribbon-independent and at least in part parallel extra synaptic
exocytosis to the sustained component of IHC exocytosis. First, a preserved sustained
exocytosis in the IHCs that lack 90% of their synapse-associated ribbons (Khimich et al.,
2005). Second, the presence of the docked vesicles at the extra synaptic stretches of the plasma
membrane (Lenzi et al., 1999, 2002). And third, Ca?* unchanging flash photolysis induced
extensive fast exocytosis which by far exceeds fusion of the RRP, suggesting the presence of
many fusion-competent vesicles outside the active zone (Beutner et al., 2001). Taken together,
most evidences support the hypothesis that sustained IHC exocytosis (the second Kinetic
component) represents both the serial refilling of vesicles at the active zones and the parallel
extra synaptic turnover of synaptic vesicles (Nouvian et al., 2006).

1.6 Anteroventral cochlear nucleus cells

Study the functional organization of the cochlear nucleus is essential for comprehension
of the auditory brainstem processing. The cochlear nucleus is divided into dorsal and ventral
parts (reviewed in Cant and Benson 2003). The ventral cochlear nucleus is divided by the
auditory nerve into anterior (AVCN) and posterior divisions. In the AVCN there are three

principal morphological cell types: globular bushy cells spherical bushy cells and stellate or
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multipolar cells. Electrophysiologists classified AVCN units in vivo based on their temporal
response properties to acoustic stimuli exhibited in specific post-stimulus time histogram
(PSTHSs). Based on electrophysiological classification, AVCN units were termed primary-like,
primary-like with notch, chopper and onset units (Oertel et al., 2011). Intracellular labelling of
cochlear nucleus neurons combined with extracellular in vivo recordings revealed relation
between electrophysiological PSTH types and morphologically defined types of neurons (Cant
and Benson, 2003). Spherical bushy cells have primary-like response pattern, globular bushy
cells - primary-like with notch, and stellate cells — chopper patterns.

Stellate cell dendrites run along the path of SGNs (Oertel et al., 2011). Each multipolar
neuron contacted by numerous bouton synapses from only a few SGNs. Depolarization of their
membrane emits regularly timed APs, which in response to the acoustic stimulation produce
chopper type PSTH with regular firing pattern.

Bushy cells receive multiple inputs from just a few SGNs, which envelop their terminal
processes around the entire soma (Nayagam et al., 2011). Because bushy cells contacted by
axosomatic auditory nerve inputs by way of powerful endbulb of Held synapses (Rothman et
al., 1993), each ANF input trigger an AP in the postsynaptic neuron. In response to the tone-
burst stimulation spherical bushy cells produce primary-like PSTH, and globular bushy cells
exhibit primary-like PSTH with a notch (Roos and May, 2012a; Typlt et al., 2012).

1.7 Response properties of auditory nerve fibers

There are a number of responses properties of mouse spiral SGNs, which were analysed
previously (Taberner and Liberman, 2005a), including spontaneous rates (SRs), tuning curves
(TCs), response adaptation, as well as the relation between SR and these response

characteristics.

1.7.1 Spontaneous spikes activity

Spontaneous firing rate (SR) of ANFs was studied in 1961 by Gacek and Rasmussen
(Gacek and Rasmussen, 1961) which found that cat’s SGNs fire spontaneously in a stochastic
manner. Different SGNs innervating one IHC may vary in SRs. It is most probably that in cats
spontaneous firing activity of SGNs correlated with the morphology (diameter of the nerve
fiber) and location of the afferent fibers innervating IHC. High SR fibers mostly connect the
pillar side of IHCs and tend to have more mitochondria and larger axon diameter whereas low

SR fibers tend to innervate the modiolar side of IHCs and they are smaller in diameter and have
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lower number of mitochondria (Liberman, 1982; Liberman and Oliver, 1984). Presynaptic
mechanisms may also contribute to the SGNs heterogeneity: SGNs with different SR have also
been shown to receive input from presynaptic active zones occupied by synaptic ribbons that
vary in size and complexity (Merchan-Perez and Liberman, 1996). Functionally, high SR fibers
have lower activation thresholds and narrower dynamic range while low SR fibers have higher
acoustic thresholds and wider dynamic range (Taberner and Liberman, 2005a). While
Liberman initially classified cat ANFs into low- (<0.5 spike/s), medium- (0.5 -1 18) and high
(>18) — SR fibers, the separation into these groups is less distinct in the mouse. Nevertheless,
mouse SGNs still demonstrate SR heterogeneity, ranging from 0 to 129 spikes/s (Taberner and
Liberman, 2005a). The source of heterogeneity in SGNs spontaneous activity is still not clear
(Grant et al., 2010; Liu et al., 2014; Davis and Crozier, 2015a). There are presynaptic,
postsynaptic mechanisms or efferent modulation may contribute to it. Unfortunately, the
special segregation into modiolar/abneural ribbon synapses is not exact and there are no known

molecular markers for low/high SR fibers.

1.7.2 Tuning curves and frequency selectivity

The frequency selectivity of SGNs is relied on the frequency decomposition of acoustic
signals along the tonotopic axis of basilar membrane. The passive basilar membrane responses
have a broad tuning. Following nonlinear amplification by OHCs has a sharp tuning tip around
characteristic frequency (CF) for each SGN. Active amplification can be perturbed with
application of ototoxic drugs into the cochlea or noise trauma resulting in a change of SGN
tuning curves (Sewell, 1984; Kiang et al., 1986; Muller and Smolders, 2005). Thus, SGN

acoustic responses may detect OHC amplification problem.

1.7.3 Sound — evoked responses
In response to brief pure tones, SGNs generate a train of APs. Adaptation of the spike
rate is remarkable characteristic of the SGN response (Kiang et al., 1965). A typical SGN
response to tone bursts includes four stages:
(1) at the onset of stimulation, the firing rate reaches a maximum for the time constant
of approximately 0.65 ms of the tone (Westerman and Smith, 1984a).
(2) after the transient response the discharge rate gradually adapts to the steady-state
rate.
(3) after the end of the stimulation, the spike rate drops sharply to levels lower than SR.
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(4) atthe last stage, the spike rate gradually recovers to the spontaneous discharge level.

The time course of adaptation has multiple exponentially-decaying components in
different timeframes (Westerman and Smith, 1984a; Yates et al., 1985a). The time course of
adaptation can be defined by fitting single-exponential curve to the post-stimulus time
histogram (PSTH). Different components of adaptation can be revealed depending on the
stimulus duration and bin size used to reconstruct PSTH for quantifying adaptation. For
instance, PSTH bin sizes smaller than 1 ms emphasize on rapid spike rate adaptation during
stimulus onset, as well as another slower short-term adapting component with a time constant
of approximately 10 ms at 50 ms stimulus duration in mouse SGNs (Buran et al., 2010a). Since
IHC receptor potential does not demonstrate a similar decay in response to tone burst
stimulation (Russell and Sellick, 1978; Palmer and Russell, 1986), and the reduction in calcium
current (Hudspeth and Lewis, 1988; Moser and Beutner, 2000a) and AMPA receptors
desensitization in postsynaptic side (Goutman and Glowatzki, 2007a) are not essential,
adaptation is most likely rely on synaptic transmission, e.g., via RRP depletion (Furukawa and
Matsuura, 1978; Moser and Beutner, 2000a; Goutman and Glowatzki, 2011).

Several biological processes may contribute to origination of those different adapting
components. For example, vesicles replenishment and diffusion due to the neurotransmitter
release (Furukawa and Matsuura, 1978; Moser and Beutner, 2000a; Nouvian et al., 2006;
Goutman and Glowatzki, 2007b) as well as kinetics of glutamate neurotransmitter binding to
AMPA receptors, or refractoriness of SGNSs spiking. Short-term adaptation is suggested to have
presynaptic origin, reflecting the depletion of RRP of vesicles (Moser and Beutner, 2000a;
Singer and Diamond, 2006). Following recovery from short-term adaptation reflects the
replenishment of vesicles (Spassova et al., 2004). Therefore, the synaptic vesicle pool

dynamics can be inferred from SGN responses.
1.8 AMPA receptors in spiral ganglion neuron

Fast synaptic transmission between the IHCs and the non-branched dendrites of the
type | myelinated primary SGNs mediated by AMPA receptors at the postsynaptic terminus,
activated by excitatory glutamate release. It has been debated whether this neurotransmitter
may also act via activation of another type of ionotropic glutamate receptors-N-methyl-D-

aspartate (NMDA) receptors. In 1992 S. Safieddine and M. Eybalin checked co-expression of
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NMDR-1 and GluR1-4 mRNAs in SGNs of rat and ginea pig cochleae using a non-radioactive
in situ hybridization technique. AMPA/kainate receptor oligoprobe labeling of GIuR2 and
GIuR3 subunits of was very intense, whereas GIuR1 and GIluR4 mRNAs were not seem to be
expressed in SGNs. Additionally, type | SGNs do not seems to express kainate-preferring
subunits GIUR5 and GIuR6. A weak labelling of GIuR4 probes was observed in ring-shaped
glial cells, surrounding SGNs type I in the spiral ganglion and in glial cells of the osseous spiral
lamina. NMDARL1 oligoprobe labeling was moderate, and it has been suggested that only a
subpopulation of SGNs express functional NMDA receptors (Safieddine and Eybalin, 1992).
Functional NMDA receptors were also expressed in the immature (before hearing onset) SGNs
type | of rat cochleae day 5-7 (Zhang-Hooks et al., 2016).

In 2002 E. Glowatzki and P. Fuchs showed that excitatory postsynaptic currents
(EPSCs) in SGN postsynaptic boutons are mediated by AMPA receptors. They performed
whole-cell tight-seal recordings of postsynaptic currents from afferent boutons of SGNs of P7-
13 rat cochleae. Application of CNQX antagonist on AMPA/kainate receptors completely and
reversibly blocked EPSCs. In addition, they tested the effect of the application of cyclothiazide,
which reduces the desensitization of AMPA receptors but not kainate receptors. Cyclothiazide
prominently reduced the rate of the decay of the EPSCs and had a little effect on the time of its
rise. Based on these findings, it is possible to conclude that the EPSCs of SGNs were mediated
by AMPA receptors, with no participation of NMDA receptors, and minor or no role of kainate

receptors (Glowatzki and Fuchs, 2002).

1.9 PSD - MAGUK proteins at neuronal synapses

Post-synaptic  density-membrane associated guanylate kinase proteins (PSD-
MAGUKGS) are scaffolding proteins, which target, anchor and clusters receptors and channels
to subcellular sites of excitatory glutamate ergic synapses (Elias et al., 2006a; Gardoni et al.,
2009). The multi-domain disc-large homolog (DLG) or PSD-MAGUK proteins include the
following domains: three PDZ (PSD-95/Disc large/Zona occludes 1) domains, a src -
homology 3 (SH3) domain and a C - terminal guanylate kinase (GUK) domain. DLG has four
different homologs, described in vertebrates: synapse - associated protein (SAP)90/PSD-95,
SAP102, SAP97/nhDLg and capsin -110/PSD-93. It has been shown that in central synapses

PSD-95 regulates AMPA receptor surface diffusion and density through its association with
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stargazin (Schnell et al., 2002a) and thus participates in modifying synaptic strength, or
plasticity (Opazo et al., 2011) .In the present thesis | studied a role of PSD-95 for the synaptic
sound encoding and AMPA receptor clustering at IHC ribbon synapses.

1.10 AMPA receptors lateral organization and mobility

It is commonly accepted that the number of AMPA receptors at the postsynaptic density
controls efficiency of the glutamatergic synapses. The efficiency of synaptic transmission
might be determined not only by number of AMPA receptors in synapse (Lisman and
Raghavachari, 2006), but also by the density of AMPA receptors in subdomains and their
distribution (Chen et al., 2007). Another aspect which determines synaptic transmission is the
lateral positioning or distribution of AMPA receptors across the face of the synapse
(MacGillavry et al., 2011). The probability of receptor activation strongly depends on its
alignment with presynaptic release site. Additionally, even in the single synapse the receptor
pattern might be actively modulated, e. g. AMPA receptors might exchange in and out of
synapses within seconds to minutes (Makino and Malinow, 2009). The single - molecule
tracking method using fluorescent quantum dots has helped to clarify that the lateral
positioning of at least some antibody-labeled receptors is constantly changing (Triller and
Choquet, 2008).

AMPA receptor distribution (Fig.3) and its dynamic control relies on interaction with
MAGUK proteins, and particularly with PSD-95, which interacts with AMPA receptors via
subunits of auxiliary transmembrane (Elias et al., 2006b) AMPA regulatory proteins (TARPS).
The acute knockdown of PSD-95 decreases synaptic AMPA receptor clustering and generation
of AMPA- mediated currents (EPSCs) while overexpression of PSD-95 increases it (Elias et
al., 2006a; Schliter et al., 2006). It has been suggested that those alterations in the AMPA
receptor number depends on changes in the PSD-95 “slots”, which indicate that PSD has

limited capacity to hold receptors (Opazo et al., 2011).

Additionally, not only the number of PSD-95 slots, but their affinity to TARPs might
play a critical role in retaining of AMPA receptors within the PSD. Such affinity can be
regulated by activity-dependent phosphorylation of the TARP stargazin by CaMKII

(Ca?*calmodulin-dependent protein kinase 11 (Opazo et al., 2010).



15

Studying the mechanisms of activity-dependent modifications in synaptic strength, a
phenomenon known as synaptic plasticity is important for revealing the molecular basis of
learning and memory. During long-time potentiation (LTP), when activity of synapse is
persistently increases based on previous activity, extra synaptic AMPA receptors are highly
mobile (50-80% mobile fraction (Borgdorff and Choquet, 2002). The mobile extra synaptic
AMPA receptors can enter, scan and exit synapses within around 2 s (Opazo et al., 2011). Such
high mobility is needed to facilitate recovery from synaptic depression due to AMPA receptors
desensitization during high frequency stimulation (Opazo et al., 2010). During LTP extra
synaptic AMPA receptors redistribute to the synaptic site. The surface redistribution of AMPA
receptors is likely due to diffusional trap mechanisms (Opazo et al., 2010). During LTP,
increased anchoring of diffusing AMPA receptors at synaptic surface might be due to increase
in affinity of AMPA receptors to existing 'slots’ or involve a new 'slots' at synapses. Later it
has been revealed that synaptic AMPA receptors stabilization is mainly based on interactions

within a protein tripartite complex composed on PSD-95, stargazin and AMPA receptors.

Almost half of synaptic AMPA receptors are packed and stabilized in clusters of
about 80 nm wide and include about 20 receptors each (so-called in this thesis ‘subclusters’,
or nanodomains according Constals et al. (2015)). The other half is highly mobile within the
synaptic site (Nair et al., 2013). The AMPA receptor subclusters are tightly bind by stargazin
(Tomita, 2004; Cais et al., 2014) and stabilizes it at the synaptic membrane through binding
of its C-terminus to PDZ domain-containing of PSD-95 or other MAGUKSs. Constals et al.
(2015) showed that stabilization of AMPA receptors depend on their glutamate-triggered
conformational changes (open, closed and desensitized states (Constals et al., 2015a)). Using
single-molecule tracking method it has been shown (Constals et al., 2015a) that desensitized
AMPA receptors have increased mobility compare to closed or open ones due to less
affinity/avidity for stargazin. This desensitization induced increase in AMPA receptor
removal (20-30%) from subclusters and synaptic sites without overall modification of the
AMPA receptor subcluster organization (Constals et al., 2015a). Higher mobility of
desensitized AMPA receptors is necessary for the faster recovery from glutamate-induced
high-frequency short-term depression, occurring due to AMPA receptors desensitization.
Thus, increased mobility of desensitized AMPA receptors allows rapid turnover of AMPA

receptors at the glutamate synaptic sites required for the fast synaptic transmission.
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Figure 3. AMPA receptors and PSD-95 in SGN (modified from Opazo et al. 2012; Angonno and
Huganir 2012; Jones and Svitkina 2016, and Hsu et al. 2014 )

1.11 AMPA receptors in spiral ganglion neurons

The previous chapter considered that in hippocampal neurons the synaptic strength may
be dynamically regulated by changes in the postsynaptic AMPA receptors surface and its
recycling in response to the glutamate release. In cultured auditory neurons glutamate agonists
and antagonists alter surface and total number of GIuA2 subunits (glutamate receptors main
subunit in SGNs) (Chen et al., 2007). In this study Chen et al. found that in response to
application of glutamate agonists (20 microM AMPA, NMDA or glutamate for 10 min) surface

GIuA2 was reversibly decreased (by 55-60%) when compared with application of artificial
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perilymph. Application of glutamate receptors antagonists alone, D-(-)-2-amino-5-
phosphonovaleric acid (APV, 50 microM, a selective inhibitor of NMDA-induced surface
GIluA2 removal) and 6, 7-dinitroquinoxaline-2,3-dione (DNQX, 20 microM, a selective blocker
of AMPA-induced surface GluA2 removal) did not produce a significant reduction of surface
GIluAZ2, but each could partially (40-50%) reduce agonist-induced removal of surface GIuA2

receptors.

Further on, Chen et al. (2007) showed that the previous finding in cultured auditory
neurons may be relevant to transmission of acoustic information in vivo. ABR thresholds and
impact of sound-evoked changes on surface AMPA receptors in SGNs were studied in
CBAJ/Cal mice at 6-8 age of weeks (Chen et al., 2007). After 2-6 min of 10-min broad-band
acoustic-noise exposure (1-40 kHz, 116 dB sound pressure level), ABRs were measured and
then cochleae were homogenated for biotinylation of all cochlear surface proteins and further
extraction for western blot analysis. Surface AMPA receptors decreased to 49% after 2 min of
noise exposure compare to cochlea without noise exposure and recovered to 64% at 20 min,
and to 91% 1 h after noise. The decrease of surface AMPA receptor in vivo following to noise
exposure correlated with the recovery of ABR thresholds to sound stimuli. This is consistent
with the idea that the number of postsynaptic AMPA receptors in SGNs plays a role in
regulation of sensitivity of cochlear neurons to acoustic stimuli. Infusion of APV and DNQX
glutamate receptors antagonists blocked neuronal responses to the acoustic stimuli, whereas
infusion of APV antagonist of NMDA receptors alone revealed no acute effects on ABR
thresholds. These findings once more confirmed a major role of AMPA receptors in cochlear

neurotransmission (Glowatzki and Fuchs, 2002; Chen et al., 2007).

Rapid regulation of synaptic efficiency of auditory neurons may have several roles.
First, it could be one of the sources of heterogeneity of the synaptic response range to
transmitter release from inner hair cells (Liberman, 1982; Grant et al., 2010). Second, it can
contribute to a stable spontaneous discharge rate of cochlear afferent neurons. Finally, during
continuous high-intensity acoustic stimulation regulation of expressed AMPA receptors may

reduce excitotoxicity in auditory neurons (Chen et al., 2009).

Studying AMPA receptors recycling in auditory neurons is important for revealing the

role of AMPA receptors in regulating the synaptic strength and modulating synaptic
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neurotransmission. Even subtle changes in synaptic efficiency may lead to alteration in the
response characteristics of auditory neurons, making it an advantageous model to investigate

synaptic neurotransmission and sound encoding.
1.12 PSD-95 deficient mice

PSD-95 knockout (PSD-957) mice lack PSD-95 protein expression due to genetic
deletion of the guanylate -kinase domain of PSD-95 (Abbas et al., 2009). They have lifelong
and juvenile-like ocular dominant plasticity which characterized by experience-dependent
cortical plasticity in the primary visual cortex V1, induced by monocular deprivation (Huang
et al., 2015a) and increased number of AMPA-silent synapses. The silent synapses are
excitatory glutamatergic synapses containing on the postsynaptic membrane NMDA-type but
not AMPA-type glutamatergic receptors, thought to be immature (Isaac et al., 1995; Liao et
al., 1995). It has been shown by Huang et al. (2015) that PSD-957 mice have disrupted
experience- dependent maturation of silent synapses. Thus, PSD-95 is required for experience
— dependent reduction of silent synapses. The prevention of silent synapse maturation leads to
abolished termination of the critical period for juvenile-like ocular-dominant plasticity in
pyramidal neurons of V1 (Huang et al., 2015b). In addition, PSD-95 mice showed preserved
ocular dominance plasticity in the visual cortex after somatosensory cortex stroke which was
absent in wild type (Greifzu et al., 2016). This finding indicates that an increased number of
AMPA-silent synapses preserves ocular dominance plasticity either in healthy brain or in
another experimental paradigm of cortical plasticity, such as long-range influence on primary

visual cortex V1 - plasticity after somatosensory cortex stroke (Greifzu et al., 2016).

1.13 Action potential generation in neurons

The dendrites of a nerve cell receive stimulus that causes sodium channels to open
(Fig.4). The sufficient opening drives the intracellular potential from -70 mV to -55 mV. After
reaching the action potential threshold, more voltage-gated sodium channels open. The sodium
influx drives the intracellular membrane potential up to about +30 mV. Described processes
called depolarization. When the peak potential of around +40 mV is reached, the sodium
channels close and potassium channels open. The slower kinetics of the potassium channels
allows sufficient time to reach a positive potential which is prerequisite for the action potential
(AP).
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Figure 4. Action potential

When potassium channels are opened the membrane begins to repolarize back toward
its resting potential. Commonly, the repolarization overshoots the resting potential to about -
90 mV. This process called hyperpolarization and prevents a neuron from prematurely firing
of the AP or retrograde AP transmission. After hyperpolarization, sodium-potassium pumps

bring the membrane back to the resting potential of -70 mV.
1.14 AIS structure and function

Based on localization, function, and molecular composition, the AIS cytoskeleton has
two parts: submembrane and cytoplasmic (Jones and Svitkina, 2016). The cytoskeletal
components include ankyrin-G (AnkG), RIV-spectrin, and actin filaments (Fig.5). The
cytoplasmic cytoskeleton consists of microtubules, actin filaments, and neurofilaments (Jones
and Svitkina, 2016). AIS has two main functions: (1) to integrate synaptic inputs and to initiate
AP generation and (2) to ensure neuronal polarity function. The AIS polarity function serves
as a diffusion barrier to restrict the mobility of plasma membrane components and to prevent
their migration from the axonal domain to the somatodendritic domain, and as intracellular
selective filter allowing transport of organelles and molecules between these two domains
through the cytoplasm (Jones and Svitkina, 2016).

The AIS layers or regions include (Fig.5) the plasma membrane (outermost surface),

submembrane cytoskeleton (middle layer), and inner AIS shaft (cytoplasmic region). These
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layers are organized by the multimodal scaffolding protein AnkG acting as a master organizer
of the AIS (Fig.5).
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Figure 5. Voltage-gated sodium channels at AIS (modified from Jones and Svitkina 2016)

1.14.1 Plasma membrane AIS region

The plasma membrane of the AIS is enriched with specialized transmembrane proteins
(including voltage-gated ion channels) and specific cell adhesion molecules (CAMs, Fig.5).
Voltage-gated ion channels allow the unique electrical properties of the AIS and nodes of
Ranvier (Zhou et al., 1998; Ho et al., 2014) and include voltage-gated sodium (Nav), potassium
(Kv), and calcium (Cav) channels. High densities of Nav channels are required for AP initiation
(Kole et al., 2008).

Sodium channels at AIS

Various sodium channel subtypes have been described to be expressed at the AlS, but
the major Nav subtypes include Nav1.1, Nav1.2, and Nav1.6 channels (Boiko et al., 2003; Hu
et al., 2009; Leterrier et al., 2011) Those channels were expressed at the AIS of motoneurons,
retinal ganglion cells, and cortical pyramidal cells, respectively (Brackenbury et al., 2008,
2010; Brachet et al., 2010). It has been indicated in many studies that mutations in Nav channels
are involved in development of various neurological and psychiatric disorders. For instance,

de novo heterozygous mutations in Navl.l causes Dravet Syndrome, a form of severe
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myoclonic childhood-onset encephalopathy, in which various epileptic phenotypes are seen
(Claes et al., 2001). Missense mutations in Navl.1 (Volkers et al., 2011; Xu et al., 2012),
Navl.2 (Touma et al., 2013), and Nav1.6 (Oliva et al., 2014) showed implication into the
numerous forms of genetic epilepsies. Dysfunction of Nav was also linked to genetic autism
spectrum disorders (Weiss et al., 2003). Nav1.1 testing for genetic epilepsies is applied in the
clinic (Hirose, 2013) and disruptions in this isoform of Nav have been identified in sporadic
autism (O’Roak et al., 2012) and familial hemiplegic migraine (Cestele et al., 2013). Mutations
in the Nav1.2 is highly associated with genetic autism (Sanders et al., 2012). Mutations in
SCNB8A the gene encoding Nav1.6 causes motor deficits in human and mice (Trudeau, 2006).
In summary, because of wide diversity of polymorphisms revealed for Nav channels, particular
contribution of each channel subtype into development of psychiatric disorders is still

necessary(Hsu et al., 2014).

Potassium channels at AIS at plasma membrane

Potassium channels at the AIS modulate AP initiation (Pan, 2006; Lorincz and Nusser,
2008; Johnston et al., 2010) through suppression of neuronal excitability by counteracting Nav
channels either actively or passively as a shunt (Dodson et al., 2002; Goldberg et al., 2008;
Shah et al., 2008). Several types of Kv channels have been identified at the AIS: Kv1.1, Kv1.2,
Kv7.2 (KCNQ2), and Kv7.3 (KCNQ3). Unlike Kv7.2 and Kv7.3, Kv1.1 and Kv1.2 do not
contain AnkG- binding motifs and instead bind to the synaptic scaffolding protein PSD-93
(Ogawa and Rasband, 2008). Kv1 channels are critical for shortening APs (Kole et al., 2007,
Shu et al., 2007). Kv7 channels are known to set the resting potential and through this play a
role in controlling Nav activation (Battefeld et al., 2014).

Calcium channels at AIS plasma membrane

Voltage-gated calcium (Cav) channels contribute to the modulation of the AP at AlS in
various ways (Yamada and Kuba, 2016). Cav2.3 and Cav3 activated at relatively lower
thresholds and facilitate AP generation by enhancing after depolarization (Bender and Trussell,
2009). Cav2.1 and Cav2.2 exhibit higher activation thresholds and suppress AP generation and
promote AP repolarization by augmenting the bypass conductance via activation of Ca?*-
activated K* (BK) channels (Yu et al., 2010).
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Neurofascin at AIS at plasma membrane

In addition to ion channels, the L1 CAMSs neurofascin 186 (NF-186) and neuronal cell
adhesion molecule (NrCAM) clustered at the AIS via interaction with AnkG (Fig.5 (Bennett
and Baines, 2001a)). CAMs at the AIS can contribute to the interaction of the submembrane
cytoskeleton with the extracellular matrix (Jones and Svitkina, 2016) or other cells. For
instance, NF-186 hippocampal neurons attract components of the AIS extracellular matrix (e.g.
brevican (Hedstrom et al., 2007; Frischknecht and Seidenbecher, 2012). Disruption of NF186
in mice results in AIS disintegration, Purkinje cell dysfunction and impairment of motor
learning (Zonta et al., 2011).

1.14.2 Submembrane AIS region

The submembrane cytoskeleton is composed of actin filaments, AnkG (the master
organizer of the AIS), and BIV-spectrin (Fig.5, (Jones and Svitkina, 2016)). The submembrane

cytoskeleton is important for AIS polarity function.

Ankyrin-G at AIS submembrane

AnkG may be considered as AIS master organizer of the AIS. Two neuron-specific
large AnkG isoforms, 270 kDa and 480 kDa, localize particularly at AIS and along the distal
axon in nodes of Ranvier (Kordeli et al., 1995). AnkG clustered at the proximal axon initially,
involves almost all other AIS proteins to the plasma membrane and functions within all layers
of the AIS (Bennett and Baines, 2001b; Leterrier et al., 2015). This multiple role in AIS
organization based on domain constitution of AnkG playing various roles in interaction with
other AIS parts: membrane-binding domain at N-terminus, spectrin-binding domain, serine-
rich domain, and C-terminal domain (Mohler et al., 2002). Through its membrane-binding
domain, AnkG associates with plasma membrane region of AIS and through spectrin-binding
domain with submembrane region (Fig.5). The C-terminal tail projects into the inner AlS shaft,
where it is may interact with other partners (Leterrier et al., 2015), e.g. microtubules (Bennett
and Baines, 2001a). AnkG depletion in neurons leads to impaired formation of the AIS and
nodes of Ranvier, and AnkG deficiency contributes to development of several neurological

diseases, such as epilepsy, schizophrenia, bipolar disorder, autism spectrum disorder,
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Alzheimer's disease (Buffington and Rasband, 2011; Hsu et al., 2014). Severe ataxia was found
in mice lacking AnkG in their cerebellum (Jenkins and Bennett, 2001). Such neurological
disorders are likely based on the loss of voltage-gated sodium channels and impaired AP
generation (Zhou et al., 1998; Komada and Soriano, 2002).

Spectrins at AIS submembrane

Spectrin molecules typically form aB-heterotetramers included two o and two B
subunits that shaped in flexible rod structures 150-200 nm in length (Jones and Svitkina, 2016).
A typical a-spectrin consists of one incomplete spectrin repeat at the N-terminus, twenty
complete repeats of spectrin, a Src homology 3 (SH3) domain and C-terminal domain including
two EF-hand motifs, one of which is Ca?*-binding motif. A typical R-spectrin includes N-
terminal actin-binding domain, sequenced by 16 tandem full spectrin repeats, an incomplete
17" spectrin repeat, a variable specific domain, and C-terminal plekstrin homology (PH)
domain (Fig.5). B-spectrin interacts with AnkG through its spectrin repeats 4-15 (Yang et al.,
2007) and with actin filaments through their N-terminal actin-binding domains, but ankG and
actin do not bind to the alpha-spectrin subunit of spectrin molecule (Jones and Svitkina, 2016).
There are five different genes encoding R-spectrins in mammals, but only RIV-spectrin is
specifically localized at the AIS and nodes of Ranvier in mature neurons (Berghs et al., 2000;
Bennett and Baines, 2001a), where it interacts with Nav through its binding to AnkG 480/270
(Jenkins and Bennett, 2001; Komada and Soriano, 2002). Genetic removal of multiple RIV-
spectrins in mice results in reduced clustering of ankG and Nav at AIS and nodes of Ranvier.
Mice carrying this mutation exhibit tremors and contraction of hindlimbs (Komada and
Soriano, 2002). There are six isoforms of alternatively spliced gene encoded 31V-spectrins:
RIV-X1 - BIV-Z6 (Komada and Soriano, 2002; Berghs et al., 2000). Only BIV- X1 and BIV-X6
specifically expressed in at the AIS and nodes of Ranvier of the peripheral and central nervous
system (Berghs et al., 2000; Lacas-Gervais et al., 2004). Selective depletion of RIV-Z1 isoform
from neurons causes AIS and nodal loss due to the absent binding to actin interacting with
actin-binding domain which exclusively present only in this 3-spectrin isoform (Lacas-Gervais
et al., 2004). A truncated isoform of BIV-X6, which misses the N-terminus and the first 10
repeats of spectrin, demonstrated specific role in Nav channels clustering at the AIS and nodes

of Ranvier (Uemoto et al., 2007). Due to the tight interaction between AnkG and BIV-spectrin,
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impaired 3-spectrin expression or function may contribute to several psychiatric disorders (Hsu
et al., 2014). Chromosome de novo microdeletion in genes encoding for BIV-spectrin caused
autism and spherocytosis combined phenotype in patient (Griswold et al., 2011). In mice,
mutation in BIV-spectrin causes auditory and motor neuropathies, resulting in the autosomal
recessive quivering phenotype (Parkinson et al., 2001). There are two o-Spectrin genes in
mammals: al-spectrin (in erythrocytes) and all-spectrin (ubiquitous), both have a variety of
isoforms resulted from alternative splicing (Riederer et al., 1986). It is still unclear whether a-

spectrins are present at AlS.
1.14.3 Cytoplasmic AIS region

The cytoplasmic AIS region contains neurofilaments, microtubules, and actin filaments
(Fig.5). These major cytoskeletal filaments play different roles in neuronal morphology,

integrity and function (Luo, 2002; Barnes and Polleux, 2009; Kapitein and Hoogenraad, 2011).
1.15 AP generation in spiral ganglion neurons

Mouse IHCs are innervated by myelinated unbranched bipolar SGNs type I, where
excitatory presynaptic glutamate release triggers AP generation. Bipolar SGNs are different
from other neurons and do not have a classical AlS, instead postsynaptic heminode (Liberman,
1980; Hossain et al., 2005; Kim and Rutherford, 2016a).

Each SGN in cats and mice has a postsynaptic heminode located 20-40 um from its
presynaptic active zone on an IHC (Liberman, 1980; Hossain et al., 2005). VVoltage-gated ion
channels have been identified in SGNs (Oak and Yi, 2014; Davis and Crozier, 2015b) and
distribute at different parts of rat SGNs (Kim and Rutherford, 2016b). High-voltage-activated
Kv3.1b strictly clustered at nodes and heminodes, and Kv2.2 localized at the juxtaparanodes
and further expressed centrally along the first internode. Nav1.1 clustering partly overlapped
Nav1.6 and AnkG at the spike-initiating heminodes. Kv7.2 and Kv7.3 channels expressed at
heminodes, nodes, internodes, and the unmyelinated synaptic terminal segments (Kim and
Rutherford, 2016).

It has been considered in the previous chapter that APs in the axons initiated by voltage-
gated ion channels enriched at the AIS. Therefore, the question about topography of the spike

generation in SGNs relied on the question about distribution of the ion channels in it. Based on
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evidences about voltage-gated ion channels topography at SGNs, Kim and Rutherford (2016)
concluded that the SGN heminode exhibits molecular-anatomical specializations of the AIS

and proposed as a preferred site of AP initiation.
1.16 Quiverer mutant mice

The autosomal recessive mouse mutation quiveriring (Qv) produces ataxia with hind
limb paralysis, deafness and tremor. Six spontaneously mutated alleles have been identified:
QV’, QvZ, Qv¥, Qv¥, Qv¥, and Qv'"*? (Bronson et al., 1992). Quivering mice carrying a loss-
of-function mutation in the mouse R1V-spectrin gene (SPNB4) show impaired ion channels
clustering in myelinated nerves resulting in auditory and motor neuropathies (Parkinson et al.,
2001). The severity of phenotype is correlated to the length of RI1V-spectrin loss: Qv (81% of
wild type peptide length), Qv? (65%), Qv (86%), Qv* (53%), and Qv (19%) (Parkinson
etal., 2001; Bronson et al., 1992). The severity of auditory phenotype in quivering mutant mice

correlates with loss of peptide length (or lack of expression, in Qv!"#?%): Qv< Qv¥< Qv"®?,

In Qv mutants ABR wave | (representing responses from the SGNs) was broadened
and delayed, and ABR wave Il (representing responses from AVCN neurons) was strongly
reduced. In Qv* and Qv'"®?’ mutants ABR waves were reduced in amplitude, latencies were

prolonged and, except wave |, which was sometime poorly formed, other waves were absent.

Immunohistochemical studies of Qv'"?’ mice revealed a disruption of the voltage-gated
sodium and potassium channels localization at the AIS and nodes of Ranvier. Finally, single
unit extracellular recordings from cochlear nucleus neurons was performed in Qv4J mutants to
explain severely reduced acoustically evoked ABR wave |l amplitude indicating central
deafness (Kopp-Scheinpflug and Tempel, 2015a). There were slightly increased acoustically
stimulated neuronal response thresholds, but neither the spontaneous nor sound - evoked firing
rates were reduced compare to the wild type littermates. However, cochlear nucleus neurons
showed severely reduced accuracy of the AP generation, as well as impaired phase locking to
the sinusoidal amplitude modulations, calculated as vector strength (Chapter 2.3.4 of
“Materials and Methods”). First spike latencies of sound-evoked spiking were significantly
longer, and a jitter was significantly increased indicating impaired temporal encoding. Based
on these data, Kopp-Scheinpflug and Tempel (2015) proposed that the loss of phase-locking to

the stimulus on the single neuron level disrupts the synchronized response of neuronal
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population which leads to the reduced summation of the extracellular field potentials so they
can no longer be detected by the ABR electrode. Therefore, the loss of temporal precision
rather than loss of threshold sensitivity is responsible for the reduced ABR wave Il and
consequent waves in this mutant (Kopp-Scheinpflug and Tempel, 2015).

The Qv¥ allele contains a single-base insertion (InsT6786) that produces a frameshift
at amino acid G2209 and a new 49-amino-acid extension with no homology to previously
described peptides. This is a single loss-of-function point mutation affecting the C-terminal
region of BIV-spectrin (Parkinson et al., 2001). An in vivo study of granule cell function in the
dentate gyrus of Qv¥’ mutants revealed their reduced ability to generate APs and decreased
network excitability (Winkels et al., 2009). Auditory function of these mutant mice was not yet

investigated.
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2 Materials and Methods

2.1 Animals

The following mouse lines were used in the studies covered in this thesis:
1) C57BL/6 mice 14-15 days old.
2) PSD-95"and PSD-95""* mice aged between P14 and 6 to 12 weeks. PSD-95 KO mice were
generated as described previously (Yao et al., 2004). PSD-95""* littermates served as a control.
3) BIV-spectrin Qv mutants and wild type littermates aged between 6 and 12 weeks. These
mutants have a single loss-of-function point mutation in mouse gene SPNB4 affecting the C-
terminal region of BIV-spectrin (Parkinson et al., 2001).
4) WRB"M:Cre” mice and their wild type littermates aged between P14 and P23. Mice were
generated as described previously (Vogl et al., 2016b). Wild type littermates were used as a
control.
4) Otof'>15T515T mice were generated by targeted mutagenesis of a genomic vector and
homologous recombination in mouse embryonic stem cells (Strenzke et al., 2016). Mice aged
between 4 to 50 weeks old.

All experiments complied with national animal care guidelines and were approved by
the University of Gottingen Board for animal welfare and the animal welfare office of the state
of Lower Saxony.

2.2 ABR measurement

ABRs represent synchronized neuronal activity along the auditory pathway in response
to sound onset. The SGNs and auditory brainstem nuclei of it generate responses, reflected in
ABR waves (Fig.6). All ABR recordings were performed by Nadine Hermann and Stefan
Thom.

To perform ABR measurement animals between 6 and 12 weeks old were administered
with ketamine (125 mg/kg, i.p) and xylazine (2.5 mg/kg, i.p.) as anaesthetic. To record data
three subcutaneous needles were used, (+) underneath the pinna, (-) on the vertex and one as a
common ground near the legs on the back (Fig.7). To generate and present the stimulus and to
acquire and process data TDT 1ll System was used (Tucker-Davis-Technologies). Acoustic
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pressure levels are presented in dB SPL RMS (tonal stimuli) or dB SPL peak equivalent (PE,

clicks).
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Figure 6. ABR waves sources: wave | — SGN; wave Il — globular bushy cells; wave 111 —
spherical bushy cells and medial nucleus of the trapezoid body; wave IV — medial superior
olive; wave V — lateral lemniscus and inferior colliculus (Strenzke, unpublished)

Acoustic pressure levels are calibrated with 1/4” Briiel and Kjaer microphone (D 4039,
Briel and Kjaer GmbH). With the help of JBL 2402 speaker 10 ms plateau with 1ms cos2

rise/fall tone bursts or 0.03ms clicks were introduced at 20 Hz ipsilateral in free field.

Figure 7. Mouse preparation for the ABR recording. Anesthetized mouse with needle
electrodes, inserted subcutaneously. JBL 2402 loudspeaker placed near the left ear (Photo provided by

Nicola Strenzke)

Amplifier of a custom design was utilized for the amplification of the (+) and (-) needles
difference potential, with a 20ms sample of 50 kHz and offline filter (300-3000 Hz for
Automated Auditory Brainstem Response). To determine hearing threshold visual inspection
was utilized based on lowest intensity of the stimulus to evoke response waveform that is

reproducible.
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2.3 Single unit extracellular recordings from ANFs and

Cochlear nucleus neurons

2.3.1 Surgical approach

To analyze the encoding of sound in individual ANFs single unit recordings were
implemented. Anesthetic combined of urethane (1.3 pg/g, i.p.), xylazine (5 ng/g, i.p.) and
buprenorphine (0.1 pg/g, i.p.) was administered to the animals. Heating pad of a custom design
was used to maintain animal temperature at 36.5 °C. Animal was placed in a double-walled
chamber that was sound proof with 33 °C ambient temperature. Procedures for surgery and

IR 2

Figure 8. Surgical approach for SGN and Cochlear nucleus neurons single unit
recording (Photos provided by Anna Gehrt)
A — Tracheostomy.
B — Positioning at the stereotaxic system.
C — Exposed occipital bone.
D — Partially removed cerebellum exposed superior semicircular canal with reference
point (dark spot at the bone).

Tracheostomy was performed on the animal (Fig.8A), removal of cartilaginous ear
canals was performed before placing the animal in a stereotactic apparatus of custom design
(Fig.8B). Moist cotton was used to plug contralateral ear canal (Fig.8C). Occipital approach
was used to expose the cochlear nucleus with cerebellum partially removed (Fig.8D). 1%

methylene blue and 2 M NaCl filled glass microelectrodes were inserted in 4pm steps utilizing
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EXFO Burleigh Inchworm micromanipulator at the time of noise burst stimulation, with ANFs’
entry zone into cochlear nucleus area being targeted. AVCN posterior region was avoided as a
target, due to high concentration of spherical bushy cells, which possess responding pattern

similar to ANFs.

2.3.2 ANFs and cochlear nucleus neurons identification

Noise bursts at 50 ms intervals introduced at 80 dB were used to identify sound-
responsive neurons. To distinguish between primary cochlear nucleus units and SGNs,
electrode position was utilized (interior auditory meatus, submerged beyond 1 mm depth below
the cochlear nucleus surface) as well as SGNs primary-like response characteristics to 50ms
tone bursts administered at suprathreshold presented at their characteristic frequency. Irregular
firing pattern typical for SGNs was confirmed by over 0.5 value for the inter-spike intervals of
adapted responses variation coefficient (Taberner and Liberman, 2005b).

Verification of the proper electrode position was performed succeeding the experiment,
by aspirating the cochlear nucleus to expose interior auditory canal and the ANF. The higher
probability for the defective classification of the unit type was more likely to take place during
low firing rates (e.g. in WRB knockouts), resulting in response patterns that were less clear.
Data was evaluated against the depth criterion (to be lowered >900 mm below cochlear nucleus

surface).

2.3.3 Acoustic system and signal processing

Tucker-Davis Technologies TDT Systems 111 were used to generate the acoustic stimuli
After the adjustment of sound pressure level using PA5 attenuator (Tucker-Davis
Technologies), ED-1 speaker was used to deliver the sound (Tucker Davis Technologies), and
a close-field probe of a custom design was positioned near the left ear canal opening. Bandpass
was filtered (300-3000 Hz) and extracellular signals amplified with the help of ELC-03XS
amplifier (NP1 Electronics). Once sound-evoked spiking activity was detected on the audio
monitor and connected oscilloscope (TDS2004B, Tektronix), analog-to-digital multifunction
processor (RX6, Tucker-Davis Technologies) was used to record the signals at 24414 Hz
sampling rate. Custom written MATLAB Software was used to control the recording and
presentation of the stimulus. All the data were analyzed offline through the spike detection

routine based on N. Strenzke routines. The quality of spike sorting was rated subsequently and
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in most cases double-checked by independent observer (N. Strenzke) blinded to the strain and

genotype.

2.3.4 Stimulus and response measurements

At first, without any stimuli present, the spontaneous firing rate for each identified
sound responsive unit was measured in a 10 s interval. An additional 10 or 20 s recording
interval was added, when spontaneous rate was less than 10 or 2 Hz respectively. Afterwards,
automatically adapting algorithm was employed, designed to define the best threshold and CF
for each unit, that varied sound pressure levels and frequencies of 15 ms tone bursts
systematically. Sequential probability test with p=0.03 (Wald 1947) was applied to define
whether statistical significance was reached and acquired spike rate was equivalent to the
threshold rate (SR+20 Hz) or it was comparable with the spontaneous rate or if the
measurement had to be repeated. To reach the precision of 1 dB, original 16 dB step size was
halved every time threshold was crossed. Similarly, to achieve CF with 1/32 octave precision,
original 1 octave frequency step was halved for frequencies near the best frequency to
determine the thresholds.

For sound evoked responses characterization, 50 ms tone bursts at CF (2.5 ms cos? rise
[fall, repetition rate at 8 Hz) were used (Fig.9A).

Forward masking paradigm (Frank, Rutherford et al. 2010) was used to measure
recovery from adaptation, in which 100 ms tone burst (Masker, 30 dB above threshold, at CF)
was succeeded by a 15 ms tone burst (Probe) which was presented at the same stimulus level
and frequency as the masker (Fig.9C). Several randomly ordered intervals between 4 to 256
ms were used to separate the probe and masker. Each interval was repeated 30 times and
stimulus trials were presented at a rate of 2 Hz.

25 tone bursts per level were used to measure rate-level functions, with a range between
20 dB below and 50 dB above threshold (Fig.9D). 5 dB steps were used to randomly generate
sequence of stimulus levels. Over a fixed window between stimulus onset and stimulus offset
the number of spikes was counted for each stimulus trial. For each level spike counts were then
averaged and a rate-level function was generated. They were fitted utilizing five-parameter
model (Sachs and Abbas, 1974; Sachs et al., 1989a; Taberner and Liberman, 2005b). The
fitting was done using Isqcurvefit function in Matlab, which solves nonlinear curve-fitting

problem in least-square sense. Computing root mean square error (< 20 spikes/s) was used to
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assess the goodness of fit. Dynamic range was defined as the sound pressure levels range where
rate-level function displayed rate increase between 10% - 90% of the spontaneous and
maximum rate difference (Fig.9D). ANFs dynamic ranges calculation was based on the model
fitted rate-level functions. To analyze signal detection, standard derivation of the rate across
trials for each level was also computed and smoothed using a moving average filter.

To measure ANFs ability for amplitude modulated tones encoding, amplitude
modulated by a half wave rectified modulator sinusoid (500 Hz) transposed tones with CF
carrier frequency were presented (Fig.9 E). The time — varying amplitude of the carrier wave
was increased in 5 dB steps every 2 s. Synchronization index (SI) (Goldberg and Brown 1969)
or vector strength was calculated as described (Fig.4 F).

. . . .@CF
40dsdwmwwmm

20dBﬂl,wwppr4mm
OdBﬂﬁl*Mm

synchronization
0.8 =

o
o
|

synchronization
index
o
~
|

A Post-stimulus time histogram B Single exponential fitting
g ONSet rate
800 800 =
£ 3
= 600 = 600 time course of adaptation, T
® ©
< 400 /adapted rate © 400
X X
a o
® 200 spontaneous rate 200 -
0 T I — 0 T I  E—
0 50 100 150 200 0 50 100 150 200
time (ms) time (ms)
masker probe
c Tsms D [ soms S
dynamic range
400 inter-stimulus interval 2004 max
N 4,16, 64 or 256 ms g go%‘
> = 150 |
Q o) steepness /
© ® /
2 o 100+ i rate
= X ! increase
@ 3 J
® 50 v
—— SR_"10%
0 1 1 1 1 0 T T
0 50 100 150 200 0 50 100
time (ms) sound intensity (dB)
E F
perfect w1 —
1ms max

synchronization

NO sl 0

synchronization

20 0

I 1 I |
20 40 60 80

sound intensity (dB)

Figure 9. Representative examples illustrating the analysis of sound evoked response

measurements



33

A — Poststimulus time histogram, obtained after 50 ms tone burst stimulation at CF 30
dB above the threshold. Primary-like type of PSTH is one of the criterion for ANF
identification. B — single-exponential fitting of each recorded PSTH is used to define t —
time course of response adaptation.

C - Recovery from forward-masking stimulation. Following 100 ms tone burst
stimulation at CF 30 dB above the threshold, probe stimulation is presented after various
silent intervals (4, 16, 64 and 256 ms). Onset responses to masker and probe analyzed
further to estimate recovery from depression.

D — Rate level function to 50 ms tone bursts at CF 20 dB below up to 50 dB above
threshold 5 dB steps. Steepness and dynamic range (the range of intensities over which
the spike rate increased from 10% to 90% of the evoked rate).

E — Phase-locking to amplitude-modulated tones.

F — Synchronization index (or vector strength, a measure of phase locking to amplitude

modulation) for a range of intensities.

2.4 Immunohistochemistry

To study morphological changes in the IHC ribbon synapses, mouse cochleae were
dissected after animal was sacrificed. The dissected organ of Corti was fixed in 4% PFA during
10 min on ice. Immunostaining and confocal microscopy was performed mostly as described
Khimich et al. (2005).

2.4.1 IHC ribbon synapse number

Presynaptic major ribbon protein RIBEYE (1:200, mouse, BD Bioscience) was co-
stained with postsynaptic AMPAR protein GluA2/3 (1:100, rabbit, Chemicon). The number of
colocalized puncta was counted to determine the number of IHC ribbon synapses. Secondary
antibodies Alexa 488 (1:200, goat anti rabbit, MoBiTec) and Alexa 546 (1:200, goat anti
mouse, MoBiTec) were used to image stained proteins with a confocal microscope (Leica SP5,

63xobjective).

2.4.2 AMPAR subclusters number and distance from presynaptic active
zone
Organs of Corti of PSD-95" and their wild type littermates were dissected, fixed and

stained with primary antibodies as described above. To achieve greater resolution to study the
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morphology of AMPAR cluster, STED microscopy was performed to image IHC ribbon

synapses.

2.4.3 PSD-95 expression and localization in SGNs

Combination of 3 primary antibodies was used to address the question about the
expression and localization of PSD-95 protein in SGNs: PSD-95 (1:200, mouse, Sigma
Aldrich), GluA2/3 (1:100, rabbit, Chemicon) and CtBP2 (1:150, goat, Abcam). Secondary
antibodies STAR 580P (1:200, donkey anti rabbit, Abberior), STAR 635P (1:200, donkey anti
mouse, Abberior) were used to image PSD-95 and GIuA2/3 with STED microscope and Alexa
488 (1:200, donkey anti goat, MoBiTec) to image ribbon with confocal microscope.

2.4.4 PSD-93 expression in PSD-957/- and PSD-95*/*SGN’s

The scaffolding MAGUK protein PSD-93 was stained with a monoclonal antibody
against PSD-93 (1:200, mouse; University of California, Davis/National Institutes of Health
NeuroMab) together with GIuA2/3 (1:100, rabbit, Chemicon). Secondary antibodies STAR
580P (1:200, goat anti mouse, Abberior) and STAR 635P (1:200, goat anti rabbit, Abberior)
were used to image structures with STED microscope.

2.4.5 SAP-102 expression in SGNs

C57BI/6 mice of age P14 were used to study the question about expression of SAP-102
in mouse SGNs. SAP-102 primary monoclonal antibodies (1:100, mouse; University of
California, Davis/National Institutes of Health NeuroMab) were combined with GIluA2/3
AMPA receptor subunits antibodies (1:100, rabbit, Chemicon). Secondary antibodies STAR
580P (1:200, goat anti mouse, Abberior) and STAR 635P (1:200, goat anti rabbit, Abberior)

were used to image synapses with STED resolution.

2.5 STED microscopy

2D STED microscopy was used to image IHC ribbon synapses with resolution 80 nm
in X, 80 nm in Y and 200 nm in Z dimensions. An Abberior STED microscope (Abberior
Instruments 2-color STED 775 QUAD Scanning) with a 100x magnification and immersion
oil were used to image stained IHC ribbon synapses. The system is based on an Olympus 1X83
microscope (4-color LED illumination source and a monochrome wide field camera) equipped
with the Abberior QUAD scanner (Scan field: >80%80 um, Line frequency: 2 kHz). The STED
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system has two pulsed excitation laser sources with wavelengths of 594 and 640 nm and a
pulsed STED laser of 775 nm.

Analysis of STED microscopy images was performed in an aim to reveal the question
about a possible impairment of AMPA receptors cluster arrangement. | used Imaris software
and performed the analysis blinded to the genotype of the animals. Two algorithms were
applied depending on imaging approaches: (1) for a big stack of many imaged synapses, |
applied a custom-written algorithm, named Autoregressive Motion; (2) for singly imaged
synapses (in intention to reduce bleaching and image particularly oriented synapse) | applied
an algorithm named MarkByHand integrated into Imaris Image Analysis Software

(http://www.bitplane.com/imaris/imaris). Both custom algorithms were implemented by

Gerhard Hoch and both have similar analysis settings but differ in the area of analysis. With
both algorithms, fluorescent spots of a diameter of about 100 nm for AMPA receptor
nanoclusters or of 300 nm for IHC ribbons were automatically detected. The algorithm applies
Gaussian filtered versions of the original image for background subtraction. A “Quality” filter
implemented in Imaris which represents the fluorescence intensity at the center of the spots,
was used to analyze the singly imaged synapses. Further thresholding allowed manual
adjustment and detection of spots. Spots with lower intensity values could be identified by
moving the yellow inclusive region to the left. Both algorithms allowed to identify the centers
of mass of individual AMPA receptor nanoclusters and ribbons. Imaris tools were then used to
measure distances from each nanocluster to the center of the mass of the nearest ribbon
(Fig.20A). For the quantification of the number of AMPA receptor nanoclusters per synapse
and the measurement of the distances from each nanocluster to the ribbon, we considered only

the synapses with one ribbon per AMPA receptors cluster.

2.6 Intellicage

Operant conditioning in the “Audiobox” (Auditory Box IntelliCage System, TSE
Systems GmbH; Fig. 10) was carried out essentially as described in de Hoz & Nelken, 2014.
The experiments had been started by Elisabeth Auge.

2.6.1 Transponder injection
Otof'ST515T mytant mice and their wild type littermates were injected with transponder

after they achieved age of 4 weeks. Mice were briefly anesthetized with isoflurane and
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buprenorphine (0.1 pg/g, i.p.). Transponder was injected subcutaneously on the back. Animal

was placed back to the cage to recover after anesthesia.

2.6.2 Intellicage setup

The Audiobox serves both as a living area for the experimental animals and as their
testing platform (de Hoz and Nelken, 2014a). Mice were kept in groups of 5-10 animals. The
Audiobox consists of two compartments connected by a long tube (Fig.10A). The first
compartment included two normal mouse cages connected by tubes. Those cages served as a
home cage with a free access to food and wheels for running. The second compartment of the
Audiobox, the “corner” (Fig.10B), had water access in the bottles placed inside a sound-
attenuated box (Fig.10C). The corner has two ports where mouse may access water by nose-
poking, “nose-poke”. For the presentation of sound stimuli, a loudspeaker is positioned directly
above the corner. There is also an air valve in the ceiling of the corner allowing punishment by
air puffs.

Each entrance of a mouse into the corner, a “visit”, was detected by an antenna located
at its opening that recognizes the injected transponder. The start of the visit was defined by the
detection of the implanted transponder and the activation of a heat sensor located within the
corner. The end of the visit was defined when the same transponder was not detected anymore
and the heat sensor was no longer activated. Visits to the drinking corner, nose-pokes to the
sliding door to the water bottle, and drinking were automatically registered by the system for
each mouse. Sound stimulus presentation, opening and closing of the doors giving access to
the water bottles, and air puff punishment were computer controlled according to the
experimenter’s settings for each mouse. There was no interference by humans except for
weekly cleaning and re-filling of water bottles.

Thus, the Audiobox system recognizes specific mouse that visits the corner and
therefore can select the stimulus to be presented and air puff punishment or water reward
accordingly and collect data on the number and duration of visits, nosepokes and licks for each
mouse and stimulus setting.

In the gap detection experiment, mice were conditioned to attempt to drink water only
when continuous broadband noise was present. When the noise was interrupted by 90 ms silent
gaps, access to the water bottles was denied and drink attempts were punished by air puffs (1

Bar air pressure). After reaching > 30% discrimination performance, we first achieved
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generalization to varying gap durations and then in the experimental phase introduced shorter
gaps in a total of 8% of the trials.

In the threshold detection experiment mice were conditioned to attempt to drink only
in silence. When the silence was interrupted by 80 dB noise burst, access to the water bottles
was denied and drink attempts were punished by air puffs (1 Bar air pressure). After reaching
> 30% discrimination performance, first achieved generalization to varying gap durations and
then in the experimental phase other sound intensities were introduced in a total of 8% of the

trials.

Figure 10. Intellicage setup under laptop computer control (Photos provided by
Elisabeth Auge)
A — Two cages, connected with tube, one has a running wheel and another a “house”,
where mice can hide, sleep or play. Both cages have feeders.
B — One cage connected to the sound-proof box, where mice have access to the water.

C — Water bottles in the corner with transponder detector.

2.7 Data analysis

Data analysis was performed using Matlab (Mathematics), Igor Pro (Wavemetrics),
ImageJ software (Fiji) (http://rsb.info.nih.gov/ij/), Imaris 7.6.5 and Statistica 13.2. For

comparing two groups, unpaired, two-tailed t-test were used if the samples passed normality
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test (Jarque-Bera test). In all other cases, the non-parametric unpaired, two-tailed Mann-
Whitney test was used. For comparing multiple samples, one-way ANOVA followed by
Dunn’s tests were used. Means are expressed as mean+SEM, unless specified otherwise.

Significance is shown as follows: * p<0.05, ** p<0.01, *** p<0.001 and n.s. (not significant).
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3 Results
3.1 Auditory phenotype of Wrb™" Cre* mice

3.11 WRB disruption causes progressive hearing impairment in mice,
observed in strongly impaired ABRs

Wrb":Cre® mice were generated as described in the Appendix Supplementary
Methods in Vogl et al (2016). In brief, these mice are conditional Wrb knockouts, generated
by flanking exons two to four by loxP sites through homologous recombination (Wrb™™). To
achieve IHC-specific Cre recombination, Wrb™" mice were then crossed with the mice
expressing Cre- recombinase under control of the vesicular glutamate transporter (Vglut3)
promoter, which expression is specific for IHCs (Obholzer et al., 2008b; Ruel et al., 2008; Seal
et al., 2008) and to some classes of neurons (ElI Mestikawy et al., 2011). Vglut3 — Cre
transgenic mouse line, in which Cre-recombinase (but without additional Vglut3) was
expressed under the control of the transgenic Vglut3 promoter (Jung et al., 2015) was named
Wrb™M:Cre” mice.

ABRs were recorded for 3 age groups: group I: P14-17, 1I: P21-26; I1I: >29. Group |
was analyzed in order to estimate early changes in auditory function right after hearing onset
(P14), when auditory sensitivity is not yet fully mature. Wrb™™:Cre” mice had strong, age-
progressive ABR impairment (Fig.11 A-A’’). ABR wave I, which reflects SGN compound
action potentials, was progressively reduced in Wrb™™:Cre” mice. In a line with ABR wave |

amplitude progressive reduction, ABR thresholds were progressively elevated (Fig.11B-B’’).
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Figure 11. Degraded ABRs in Wrb™™:Cre” mice (adapted from (Vogl et al., 2016a))
A-A"-Averages of ABRs in Wrb™™:Cre” (red traces, SEM pink) and Wrb**:Cre* (black
traces, SEM grey) mice. ABRs were recorded for three separate age groups (A-A", as
indicated in the graph) using 80 dB click at 20 Hz stimulation rate. Wrb™™:Cre® mice
demonstrated age-progressive reduction of ABR wave I.

B-B"-ABRs in Wrb™™:Cre” mice showed a progressive threshold increase, and Wrb**:Cre”
mice had normal thresholds. Statistical comparison of the threshold at 12 kHz was done by
Kruskal-Wallis test, and p-values were taken from post hoc Dunn's multiple comparison test.
Measurements in which no ABR was observed at the maximal available tone burst level (90
dB) or click level (120 dB) scored as 100 dB threshold. Data is represented as means£SEM.

3.1.2 Impaired sound encoding in Wrb®®:Cre* SGN's

ABR wave | age-progressive reduction suggested SGN impaired synaptic sound
encoding. Therefore, in vivo extracellular recording from individual SGNs were performed for
P16-21 mice.

All recorded Wrb™M:Cre” showed SRs lower than 20 Hz, unlike in Wrb*'*:Cre” SGNss,
where high SR fibers were readily found (Fig.12A). Tuning curves and acoustic thresholds
were well preserved in Wrb™f:Cre” mice (Fig.12B,C). Sound evoked responses of SGNs were

better than in described earlier pachanga mutants (Pangrsic et al., 2010), giving an opportunity
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for detailed analysis of sound encoding, which was missing for otoferlin deficient mutants.
Firing rates and latencies were studies in response to 50 ms tone burst stimulation at CF 30 dB
above threshold. Tones were played at three different stimulus repetition rates (2, 5 and 10 Hz,
Fig.12D-D’’). Recorded PSTHs showed use-dependent reduction in onset and adapted firing
rates of Wrb™M:Cre” SGNs'(Fig.12E). Spike rates were decreased when stimulation rates were
increased. In line with the reduction of spike rates, median FSL was dramatically increased, as
well as variance of FSL (standard deviation of FSL, or jitter) was enhanced (Fig.12F). This
defined spike reduction and impaired synchrony of coding may likely explain strong ABR
wave | reduction and high thresholds.
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Figure 12. Sound encoding in SGNs of WRB"M:Cre* mice (adapted from (Vogl et al., 2016a)
A — All recorded Wrb™™:Cre” SGNs had SRs below 20 Hz (p > 0.05, Kolmogorov—Smirnov
test).
B — Well preserved tuning curves from Wrb"™:Cre® and Wrb**:Cre®* SGNs indicating

retained active cochlear amplification in spite disruption of Wrb in IHCs.
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C — Normal thresholds at the CF in Wrb™":Cre” SGNss.

D-D” — Mean PSTH+SEM of Wrb™™:Cre” and Wrb**:Cre” SGNSs in response to 50 ms tone
bursts presented at CF, 30 dB above threshold at stimulus rates of 2 Hz (D), 5 Hz (D’), or 10
Hz (D"). While the general response pattern was preserved, spike rates were dramatically
reduced in Wrb"™:Cre” SGNSs, especially at higher stimulus rates. SGN and CN neurons
responses of Otof"9P% animals from Pangrsic et al (2010) were replotted for direct
comparison.

E — Spike rates in response to sound onset and adapted rates were significantly reduced in
Wrb™"™:Cre” SGNs (stimulus rate 5 Hz, p < 0.001).

F — Median FSL following stimulus onset was greatly increased in Wrb™":Cre® SGNs
compared to Wrb**:Cre” (stimulus rate 5 Hz, p < 0.001).

G — 100-ms masker tone presented at CF, 30 dB above threshold was followed by silence
intervals of variable duration and 15-ms probe tone (CF, 30 dB above threshold). In
Wrb™":Cre” SGNSs, the response to the first 5 ms of the masker probe tone (shown as a
fraction of the response to the first 5 ms of the masker) was strongly reduced. Data represents
means+SEM.

To estimate recovery from synaptic depression and suggested impairment of vesicles
replenishment of readily releasable pool of Wrb™M:Cre” mice, forward masking stimulation
was applied to SGNs. Spike rate adaptation of SGN is thought to reflect partial depletion of
RRP, whereas recovery from adaptation might reflect RRP replenishment (Moser and Beutner,
2000b; Goutman and Glowatzki, 2007b; Frank et al., 2010b). Wrb™™:Cre” SGNs showed
slower recovery from adaptation. These results indicating that impaired sound encoding in
Wrb™™:Cre” SGNs is due to reduced vesicle replenishment, which resulting in lower size of

standing RRP.

3.2 Sound encoding in PSD-95/" mice

3.2.1 ABRs in PSD-957" mice
ABRs were measured by Stefan Thom in order to detect a possible sound encoding

impairment in PSD-95"mice. ABR wave |, which reflects responses of SGN, was significantly
reduced in amplitude, indicating a sound encoding defect. No reduction or delay of following

ABR waves was found (Fig.13A-C), and ABR thresholds were normal, suggesting that the
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peripheral sound encoding impairment in PSD-95" mice was very mild and mostly

compensated in the auditory brainstem.
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Figure 13. ABRs in PSD-957 and wild type mice
A — ABRs to 20 Hz Click stimulation at 80 dB. In PSD-95" mice the first peak is reduced,
but other peaks were mostly preserved, suggesting a mild synaptic deficit in SGN sound
encoding and compensation of it in the auditory brainstem.
B — ABR wave | amplitude is reduced in PSD-95"" mice.
C — ABR wave latencies are normal in PSD-957- mice.

D — ABR thresholds of PSD-95"mice are normal across different frequencies.

3.2.2 Disruption of PSD-95 entails reduction of spike generation in SGNs
The primary mechanism underlying defined ABR distortions was possible to study by

recording responses of single SGNSs. Single unit extracellular recording in vivo recordings were
performed to study impaired synaptic sound encoding in SGNs. Genotyping of PSD-95 mice
was done by Man Ho Wang.
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Spontaneous discharge rates of SGNs were recorded in silence. PSD-957 mice showed
significantly lower SRs (Fig.14A).

The SGNs respond selectively to particular ranges of frequencies of sinusoidal stimuli
that correspond to the cochlear tonotopic location of the inner hair cell they innervate. Thus,
each SGN is tuned to certain characteristic frequency (CF, see chapter in Introduction). The
threshold was defined as the minimum intensity of the stimulus level needed to trigger a spike
rate exceeding spontaneous rate by 20 Hz. A tuning curve can be obtained by plotting threshold
as a function of stimulus frequency. Figure 14B shows representative ANF tuning curves of
PSD-957 and PSD-95 wild type littermates of them. Defined thresholds were then plotted
versus their CFs. PSD-957"SGNs have better preserved single unit thresholds.

SGN:s fire trains of APs in response to 50 ms suprathreshold tone bursts applied at 30
dB above threshold at CF. These tone bursts were presented 200 times, and post-stimulus time
histograms “PSTH” (0.5 ms binwidth) were constructed to display the time distribution of spike
generation time in relation to the stimulus onset for each SGN. The typical PSTH of SGNs has
a sharp onset response, which gradually adapts to the steady state rate. In addition, 50 ms tone
bursts may vary in stimulation frequency (2, 5, 10 Hz). Figure 14D, E, F shows the significant
reduction of spike rate in PSD-957- SGNs at either slow 2 Hz stimulation, or faster 5 Hz and
10 Hz. Figure 14G, H, | demonstrate that at each frequency of stimulation both peak and steady
state rates were reduced. In PSD-95"* and PSD-957 SGNs peak and steady state rates were
respectively (meantSEM; p-value, Mann-Whitney U-test): 819.1+41.7 vs 617.7+36.9 and
255.1+9.7 vs 180.1+10 at 5Hz stimulation (p<0.001); 913.8+58.9 vs 632.6+42.8 and
303.2+13.8 vs 181.1+10.5 at 2Hz stimulation (p<0.001); 574.4450.5 vs 403.5+38.4 and
216.5+13.5 vs 133.3+9.2 at 10 Hz stimulation (p=0.001).

No further decay of steady state spike rate of PSD-957 SGNs was observed during
longer (100 ms tone burst 30 dB above threshold at CF) stimulation (Fig.14J).

The latency of sound onset responses of SGN was quantified as median first spike
latency “FSL”. In PSD-957 SGNs onset responses were significantly delayed (Fig.14K, in
PSD-95** vs PSD-957" SGNs4.5+0.12 ms vs 5+0.2, p=0.01, Mann-Whitney U-test).

Sound onset coding precision was estimated as the variance of FSL (jitter). In PSD-95
"jitter was significantly greater, indicating that sound encoding in SGNs of knockouts is less
precise (Fig.14K). In PSD-95"* vs PSD-957, respectively (mean+SEM; p-value, Mann-
Whitney U-test): 1.3+0.1 ms? vs 1.7+0.2 ms? (p=0.05). The time constant of adaptation of a
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spike rate was quantified by fitting a single exponential function to each recorded PSTH. The
time course of adaptation in PSD-957 was significantly shorter (Fig.14M). In PSD-95""* vs
PSD-95", respectively (mean+SEM): 6.3+0.5 vs 3.9+0.4. The strength of adaptation,
quantified as peak-to-rate ratio, was not different (Fig.14M, in PSD-95"* vs PSD-957"
respectively: 0.3+0.01 0.3+0.01.

Increase of stimulus level monotonically increases the discharge rate of SGNs (Sachs
and Abbas, 1974). This correlation was studied in rate-level functions. The Sachs-Abbas model
(Sachs et al., 1989b) was adapted into five parameter phemenological model by Taberner and
Liberman (Taberner and Liberman, 2005a). This model fits the rate-level function and better
approximates dynamic ranges. The dynamic range was defined as the range of intensities over
which the spike rate increased from 10% to 90% of the evoked rate. Figure 14N shows normal
rate-level thresholds, but reduced maximal rates. No statistical significant difference was
observed between dynamic ranges of PSD-957 and wild types (Fig.140): 16.6+2.1 dB vs.
18.7+1.9 dB in PSD-95*"* vs. PSD-957 respectively (p=0.46, t-test). To estimate the slope of
the rate-level function, the steepness was calculated the maximal increase of spike rate per 5dB
increase of the stimulus intensity. Figure 14P shows that PSD-957 mice have significantly
reduced steepness (Fig.14L): 18.5+1.4 vs 14.2+1.4 in PSD-95"* vs. PSD-957" respectively
(p=0.04, Mann-Whitney U-test), which can be explained as a result of a decrease of spike rates.

The temporal precision of spike generation was assessed as ability to phase-lock. Phase
locking was measured using transposed amplitude modulated CF tones, which were amplitude
modulated by 500 Hz at different intensities (5 dB steps). PSD-957 SGNs showed similar
phase locking ability, estimated as Sl (Fig.14Q): 0.66+0.03 n=18 vs. 0.62+0.03 n=23 of PSD-
95** vs. PSD-95" respectively (p=0.57, Mann-Whitney U-test).

Forward-masking paradigm was applied to estimate synaptic depression and recovery
from it. 100 ms CF masker tone burst was first presented, followed by another 15 ms probe
tone separated by varying inter-stimulus intervals (4, 16, 64 and 256 ms). To estimate recovery
from forward masking, ratios between onset responses to probe and masker stimulation were
calculated for various inter-stimulus intervals. For PSD-95"" there was no significant difference
between probe-to-masker response ratios at various silence intervals (Fig14), where in PSD-
95*"* vs PSD-957" SGNs ratios at 4, 16, 64 and 256 ms silent intervals were respectively:
0.6£0.02 vs. 0.5+0.01; 0.7+0.03 vs. 0.7+0.02; 0.9+0.02 vs. 0.8+0.03; 0.99+0.04 vs. 0.99+0.04,
(p=0.27, repeated measures ANOVA).
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Figure 14. Sound encoding in PSD-95" and wild type SGNs
A — SR of SGNs, measured in silence. PSD-957 mice have significantly reduced SRs
(p=0.02, Kolmogorov —Smirnov test).
B, C—Tuning curves and defined thresholds at CFs were well preserved in PSD-957 SGNSs.
D-D’’ — Mean PSTHs+SEM of PSD-95** and PSD-957- SGNs in response to 50 ms tone
bursts presented at CF, 30 dB above threshold at stimulus rates 2, 5 and 10 Hz. While
general response pattern was well preserved, PSD-957- SGN showed reduced spike rates,
especially at higher stimulus rates.
E-E’ — Spike rates in response to sound onset. Peak rates in PSTH with 0.5 ms binwidth
and steady-state rates averaged between 35 and 45 ms after stimulus onset were lower in
PSD-95""SGNs.
F — Mean PSTHs+SEM of PSD-95** and PST-957 SGNs in response to 100 ms tone bursts
presented at CF 30 dB above threshold at 5Hz stimulus rate. PSD-957 SGN had reduced
peak and adapted rates with no further spike decline at the end of long stimulation.
G — In a line with the reduction in spike rates, FSL following stimulus onset was increased
compared to PSD-95*"* at 5 Hz stimulation. PSD-95"- SGNs were also more variable in FSL
indicated in greater jitter.
H — Adapted to peak rate ration, calculated from PSTHSs at 5 Hz stimulation. The ratio
estimates a strength of adaptation which was normal in PSD-957 SGNSs.
I — Time course of adaptation, calculated after single exponential fitting to each recorded
PSTHs at 5Hz stimulation. Mean values showed significantly faster adaptation in PSD-95
" SGNss.
J — Rate-level functions, recorded in response to 50 ms tone burst presented 30 dB above
threshold at CF. PSD-957 SGNs demonstrated normal rate-level function compare to PSD-
95** SGNss.
K — Calculated from rate-level function dynamic range was not significantly different in
PSD-957 SGNss.
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L — Calculated from rate-level function steepness necessary to estimate the slope of the
function. In PSD-95" steepness was significantly reduced compared to PSD-95** SGNs.
M — Calculated Sl plotted versus maximal spike rates. Phase-locking ability as an estimation
of a temporal precision of a coding was assessed in SI. PSD-95" SGNs showed normal
phase locking in response to transposed amplitude modulated CF tones.

N — Forward-masking experiment: a 100 ms masker CF tone, 30 dB above threshold was
followed by silence intervals of variable duration and 15 ms probe tone (CF, 30 dB above

threshold). PSD-957 SGNs recovered from forward-masking stimulation normally.

3.2.3 Impaired AP generation in PSD-957- SGNs compensated in CN
neurons

Stellate (or multipolar, or chopper) cells are cells of the ventral cochlear nucleus (Oertel
et al., 2011). They have dendrites which run parallel to the path of SGNs. Each stellate cell
receives many inputs from only a few SGNs. Depolarizing current trigger, a train of APs in
them. In response to tone burst stimulation stellate cells produce “chopper” PSTH with regular
firing pattern. Despite impaired spike generation in PSD-95"" mice, stellate cells responses to
the 50 ms tone burst stimulation at CF 30 dB above threshold were normal (Figl5A). In PSD-
95** vs. PSD-957 mice onset and steady-state rates were respectively (mean+SEM; p-value,
Mann-Whitney U-test): 829.7+£69.3 vs. 678+95.3 and 235.9+18.3 vs. 223.7+28.3 (p=0.14 and
p=0.66 respectively).

Globular bushy cells in anterior ventral cochlear nucleus receive multiple inputs from
just a few SGNs, which wrap their terminal branches around the entire soma (Nayagam et al.,
2011), the so-called modified endbulbs of Held. Globular bushy cells have primary-like PSTHs
with a “notch” (Roos and May, 2012b). These cells preserve the temporal characteristics of the
SGN input. As well as in stellate cells described above, in globular bushy cells impaired firing
rate of SGNs in PSD-957 was also compensated (Fig.15B). In PSD-95 wild types vs. PSD-95"
"~ mice onset and steady-state rates were respectively (mean+SEM; p-value, Mann-Whitney U-
test): 1154.67+45.68 vs. 1053.2+69.59 and 221.53+8.55 vs. 217.79+19.28 (p=0.12 and 0.7

respectively).
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Figure 15. Sound encoding in PSD-95"- and wild type globular and stellate cochlear nucleus cells
A — Globular bushy cells responses to 5 Hz stimulation of 50 ms tone burst 30 dB above
threshold at CF (black and red traces — mean value, grey and pink traces —+SEM). PSD-95"
bushy cells have normal spike rates, suggesting central compensation.

B — Stellate cells responses to stimulation, described above (black and red traces — mean

value, grey and pink traces — £SEM). Both, peak and adapted spike rates were normal.
3.2.4 Microscopy studies of the IHC ribbon synapses in PSD-95/"mice
IHC ribbon synapse counting in PSD-95/- SGNs

Preliminary immunofluorescence analysis of IHC ribbon synapses number was done
by Sangyong Jung. Organs of Corti of two mice at P14 were stained for IHC ribbons with
CtBP2 and AMPARs of SGNs with GIuA2/3 antibodies. 25 cells per genotype were analysed.
Preliminary quantification suggests that PSD-957 have a normal number of IHC ribbon

synapses at P14, which was in average 12.5 synapses per IHC (Fig.16).

PSD-95** PSD-95"

Figure 16. Preliminary immunofluorescence analysis of IHC ribbon synapses number
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A — Confocal imaging of IHC ribbon synapses: CtBP2 anti ribbon (red) and GluA2/3 anti
AMPARSs (green) in PSD-95" at the age P14.

B — The same immunostaining for ribbons and AMPARs at IHC ribbon synapses of PSD-
957, done in parallel. PSD-95" mice seems to have normal number of IHC ribbon synapses
(12,5 per IHC).

PSD-95 and AMPAR clusters arrangement in SGNs

Immunostaining of PSD-95 in C57BI/6 mice of age P14 showed that it expressed in
SGNs (Fig.17B). 2D STED imaging allowed to estimate the shape of PSD-95 cluster and its
relation to the AMPAR cluster. It is appeared that PSD-95 (Fig.17 B, inset) organized in similar
to AMPAR cluster shape.

C merged

Figure 17. PSD-95 expression in SGNs
A — AMPARs subunits GluA2/3 stained in SGNs of C57BI/6 mouse of P14 age (bigger
panel); XY confocal imaging. AMPARSs organized in clusters with ring-like shape (several

clusters at the panel); 2D STED imaging, maximal projection of XYZ stack.
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B — PSD-95 expression at SGNs. STED image reveals similar to AMPARs shape of PSD-95

cluster (inset).
C —Merged images of PSD-95 and GluA2/3 subunits of AMPAR clusters colocalized in

SGNSs.
Scale bars: 10 um in big panels (confocal imaging, XY scanning) and 300 nm in insets

(STED imaging, z-stack, maximum intensity projection of the entire synapse volume).

To estimate a relation between presynaptic ribbon and postsynaptic AMPARs and
PSD-95, triple staining of PSD-95, CtBP2 anti ribbon and GluA2/3 glutamate receptor
subunits anti AMPARs was performed for PSD-95-/-mice and their littermates of age 6
weeks (Fig.18A-A’"’, B-B’’"). Postsynaptic AMPARs and PSD-95 are superimposed to the
presynaptic ribbon and organized in the ring-like shape clusters. PSD-95 is arranged within

the AMPAR cluster. No expression of PSD-95 was observed in PSD-95-/- SGNE.

PSD-95++, 6 wks old PSD-957, 6 wks old

merged

Figure 18. Triple staining for CtBP2 (ribbon), GluA2/3 (AMPAR subunits) and PSD-95
in PSD-95** and PSD-957 SGNs. Preliminary data from 2 mice aged between 6 weeks
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A, B — Confocal imaging of CtBP2 stained in PSD-95" and littermate control SGNs (bigger
panel) and 2D STED (insets).

A’, B’ — Confocal imaging of GluA2/3 subunits of AMPARs expressed in PSD-95** (A”)
and PSD-957(B’) SGNs (in bigger panels). 2D STED imaging of AMPARs indicated its
possible reduction in PSD-957 SGNs (in insets).

A, B> — Confocal imaging of PSD-95, expressed in PSD-95** and absent in PSD-95"
SGNs (in bigger panel).

A, B> — Merged confocal imaging of CtBP2, GluA2/3 and PSD-95 in PSD-95** and
PSD-95" SGNs.PSD-95 and AMPAR clusters are super-imposed to the ribbon (bigger
panel). 2D STED imaging of z-stack showed that PSD-95 is arranged within the AMPAR
cluster (A’”’, in inset).

Scale bars: 10 um in big panels (confocal imaging, XY scanning) and 300 nm in insets
(STED imaging, z-stack, maximum intensity projection of the entire synapse volume).

Reduction of AMPAR subclusters number in PSD-95/- SGNs

Analysis of relation of presynaptic CtBP2 (stained for ribbon) and postsynaptic
GluA2/3 (stained for AMPARs) and PSD-95 in the previous chapter suggested a possible
reduction of the AMPAR cluster in PSD-957- SGNs. In addition, PSD-957 mice demonstrated
reduced, delayed and less reliable spikes generation in SGNs, considered in the previous
chapters. These findings raised a question, how AMPARs arranged in PSD-957" SGNs.

STED microscopy was done in order to reveal the AMPAR cluster organisation in PSD-
95** and PSD-95"" IHC ribbon synapses. Such high resolution of STED imaging (Chapter 2.5)
allowed to asses a nanocluster organization of AMPAR cluster and calculate a number of its
subclusters and distance of each subcluster to the corresponding synaptic ribbon (Fig.20A).

For STED image analysis, the centres of mass of the synaptic ribbons and glutamate
receptor subclusters was determined using algorithms implemented in Imaris/Matlab software.
Experiments done for 2 age groups of PSD-957 and their littermates: P14 (1 mouse per
genotype) and 6-8 weeks old (3 mice per genotype). There was no difference between these
two age groups in number of AMPAR subclusters (Tablel). Thus, further analysis was done
for the pooled data. PSD-957 SGNs showed significant reduction of the number of AMPAR
subclusters in PSD-95"* vs PSD-957" SGNs (Fig.20B), mean+SEM respectively: 7,3+0,2 vs
5,240,5, p<0.01, Mann-Whitney U-test).
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Analysis of a distances from each detected AMPAR subcluster in synapse to the centre
of the mass of corresponding synaptic ribbon was done for P14 PSD-957 and their littermates
(1 mouse per genotype). There was no difference in the distances of AMPAR subclusters from
the centre of a mass of a ribbon in PSD-957 and PSD-95"* SGNs (Fig.20C in PSD-95"* vs
PSD-957" SGNs mean+SEM (nm) distances from each detected AMPAR subcluster to the
corresponding synaptic ribbon respectively: 420+10 vs. 441+20, p=0.92, Mann-Whitney U-
test).

PSD-95", P14 PSD-95*, P14

Figure 19. STED microscopy of AMPA receptors in PSD-957 and wild type SGNs. Data obtained

from P14 PSD-95" mice and wild type littermate organs of Corti stained for CtBP2 (synaptic
ribbons) and GIuA2/3 (AMPA receptors). Each image is a maximum intensity projection of optical

sections containing the entire synapse volume
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Table 1 Quantification of AMPAR sub-clusters for the different age groups
P14 6-8 weeks old Pooled data
Number of AMPAR 4,8+0,5 5,2+0,3
sub-clusters in PSD-
957" (mean+SEM)
Number of AMPAR 7,8+0,4 7,2+0,2
sub-clusters in PSD-
95+/+
(mean+SEM)
PSD-957, number of 24 89

analysed synapses
PSD-95** , number of 40 143

analysed synapses
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Figure 20. Analysis of AMPAR subclusters in PSD-957 and PSD-95** SGNs
A — Imaris analysis of STED images of wild type IHC ribbon synapse.
B — Reduced number of AMPAR sub-clusters per IHC ribbon synapse in PSD-957 synapses.
C — Distance between glutamate receptor subcluster and the ribbon is comparable between
PSD-95" and PSD-95** synapses. Averages of distances determined in individual synapses
are shown as grey dots for PSD-95"* and pink — for the PSD-957"SGNs.
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PSD-93 and SAP-102 MAGUKs expression in SGNs

Synaptic transmission in PSD-957 SGNs have very subtle impairment. Targeting of
AMPA receptors might be regard to compensation with the other MAGUK proteins.
Compensatory function of PSD-93 and SAP-102 MAGUKSs was proposed in primary
hippocampal cultures (Elias et al., 2006a) acutely knockdowned for PSD-95: in immature
synapses (P10) PSD-95 deletion was compensated with SAP-102, and in mature synapses
(>P11) — with PSD-93.

PSD-957, P14 PSD-95%, P14

Figure 21. PSD-93 expression in PSD-957 and PSD-95** SGNs
A, B - GluA2/3 AMPAR subunits expressed in PSD-95" and wild type SGNs. STED images
demonstrate the ring-like shape of AMPAR cluster.
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A’, B’ — PSD-93 is expressed in PSD-957 and PSD-95** SGNs and forms clusters with a
ring-like shape that overlaps with the GIuA2/3 cluster.

A”’, B”” — Merge image of GluA2/3 subunits of AMPAR cluster, colocalized with PSD-93
cluster.

Scale bars: 10 um in big panels (confocal imaging, XY scanning) and 300 nm in insets

(STED imaging, z-stack, maximum intensity projection of the entire synapse volume).

Possible compensation of the PSD-95 in PSD-957 SGNs was studied preforming
immunostaining of PSD-93 and SAP-102 vs CtBP2 in SGNs. Both PSD-93 and SAP-102
MAGUKSs were expressed in P14 SGNs. PSD-93 was organized in ring-like shape clusters and
superimposed to AMPAR cluster in PSD-95"* and PSD-95"- SGNs. SAP-102 in PSD-95*"*
SGNs was arranged in ring-like shape cluster and superimposed to AMPAR (Fig.22). Further
analysis of the expression pattern and arrangement of clusters in the synapse of PSD-957 SGNs
might help to understand compensatory impact of PSD-93 and SAP-102 on AMPAR

clustering.

SAP-102

merged

Figure 22. STED imaging of SAP-102 expression at SGNs of C57BI/6 mouse at P14
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A — GIluA2/3 subunits of AMPARS.

B — SAP-102 is expressed in SGNs of P14 wild type mouse and organized in ring-like

clusters.

C — SAP-102 is colocalized with AMPAR cluster.
Scale bars: 7 um in big panels (STED imaging, XY scanning) and 300 nm in insets (STED

imaging, z-stack, maximum intensity projection of the entire synapse volume).

3.3 Auditory phenotype of Qv’ mutant mice

3.3.1 ABRs in Qv¥ mutant mice

ABRs were recorded by Nadine Hermann in 8 Qv¥ mutants and in 9 wild type

littermates with an average age of 61.6+12.8 and 92.6+16.2 days respectively. Figure 23A

demonstrates delayed and broadened ABR waves in response to click stimulation (80 dB SPL,

stimulus frequency 20 Hz). Although amplitude of ABR wave | was not reduced, its latency

was increased, as well as latencies of the following waves (Fig.23B, C). ABR thresholds upon

different frequencies were moderately elevated. These findings suggested that Qv¥’ mutant
mice might have impaired synaptic sound encoding in SGNs as well as in cochlear nucleus

neurons.
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Figure 23. ABRs in Qv¥ mutant and wild type mice
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A — Broadened and delayed ABR waves in Qv¥ mutant mice.

B — ABR wave | amplitude in mutant mice, compared with wild type.

C — Delayed ABR waves of Qv mutant mice (red traces — Qv¥ mutants, black traces — Qv
wild types).

D — Elevated ABR thresholds of Qv¥ mice at 4, 8 and 16 kHz, and not significant increase

at 24 and 32 kHz of tone burst stimulation.

3.3.2 Sound encoding in Qv mutant mice

Extracellular single unit in vivo recordings from SGNs and cochlear nucleus neurons
were performed to study primary mechanism, underlying defined ABRs impairments. Qv®
wild types were 11+0.5 weeks old and Qv¥ mutant mice were 10+0.6 weeks old.

SRs were recorded in silence. Qv¥ mutant SGNs showed lower SRs (Fig24A). Figure
24B and C show that SGNs of Qv mutant mice have well preserved acoustic thresholds.

Sound evoked responses of SGNs were recorded under 50 ms tone burst stimulation at
CF 30 dB above threshold. Qv mutant mice have reduced onset and steady-state spike rates
at various stimulation frequencies (Fig. 24D, D, D’ and E, E’, E”’). Peak and steady-state rates
in wild type vs Qv¥ mutant SGNs were respectively (mean+SEM, p-value, t-test):
965.88+71.10 vs 604.17+93.87 and 279.61+16.94 vs 204.41+20.40 at 2 Hz stimulation (p<0.01
and p=0.01 respectively); 871.17+71.35 vs 665.36+58.45 and 272.84+14.00 vs 198.18+11.38
at 5 Hz stimulation (p=0.03 vs p< 0.01 respectively); 660+59.42 vs 439.17+61.62 and
206.24+14.13 vs 149.84+15.66 at 10 Hz stimulation (p=0.02 and p=0.01 respectively).

Increased ABR wave | latency indicated a possible impairment in temporal precision
of spike generation. To estimate accuracy of coding, FSL of recorded PSTHs were analysed.
Qv¥ mutant mice exhibited no significant delay in onset responses and had no greater jitter
(Fig.24F). Median FSL (ms) and variance of FSL (ms?) in wild type vs Qv®’ mutant SGNs were
respectively (meantSEM): 4.31+0.26 vs 4.66+0.26 (p=0.37, t-test) and 1.93+£0.49 vs 2.20+£0.33
(p=0.08, Mann-Whitney U-test).

Synaptic recovery from depression was estimated as a recovery from forward masker
stimulation in a forward masking paradigm. A 100 ms CF masker tone burst was presented,
followed by another 15 ms probe tone by different silent intervals (4, 16. 64 and 256 ms). The
ratio between onset responses to the masker and tone was then calculated at various silent
intervals. This calculated ratio as a function of recovery from synaptic depression was normal
in Qv¥ mutant SGNs (Fig.24G).
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The temporal precision of spike generation was evaluated as the ability for phase

locking to transposed amplitude modulated CF tones. Qv mutant mice were comparable in
their ability to phase lock, calculated as Sl (Fig.24H).
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Figure 24. Sound encoding in Qv mutant and wild type SGNs

B, C — Tuning curves and defined thresholds at CFs well preserved in Qv¥ mutant mice.

D, D’, D>’ — Mean PSTH+SEM of wild types and Qv¥® mutants in response to 50 ms tone

bursts presented at CF, 30 dB above threshold at stimulus rates of 2 Hz (D), 5 Hz (D) or 10
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Hz (D’). While the general response pattern was well preserved, Qv¥ mutants had reduced
spike rates, especially at higher stimulus rates.

E, E’, E’ — Spike rates in response to sound onset. Peak rate in PSTH with 0.5 ms binwidth)
and steady-state rates (averaged between 35 and 45 ms after stimulus onset) were lower in
Qv® mutant SGNs.

F — In consistence with the reduction in spike rates, FSL following stimulus onset was
increased compared to wild type littermates, especially at higher stimulus rates. Qv® mutant
SGNs greater jitter (p=0.03, Mann-Whitney U-test).

G — Forward masking experiment: a 100 ms masker CF tone, 30 dB above threshold was
followed by an inter-stimulus interval of variable duration and 15 ms probe tone (CF, 30 dB
above threshold). Qv¥mutant SGNs recover normally from forward masking stimulation.

H — Amplitude modulated by a half wave rectified modulator sinusoid (500 Hz) transposed
tones with CF carrier frequency were presented. The time — varying amplitude of the carrier
wave was increased in 5 dB steps every 2 s. Qv¥ mutant mice were comparable to wild type
in their ability to phase lock, calculated as SI.

3.3.3 Partial compensation in Qv¥ mutant globular bushy cells

Delayed ABR wave Il in Qv¥ mutant mice suggested a possible impairment in sound
encoding of CN neurons. Therefore, globular bushy cells (neurons of AVCN) were recorded
in silence and under 50 ms tone burst stimulation (30 dB above threshold, CF, 5 Hz of stimulus
rate). Qv mutant globular bushy cells had lower SRs (Fig.25A). The thresholds at CFs were
normal (Fig.25B). Recorded under tone burst stimulation, PSTHs exhibited normal peak rates
at the stimulus onset, and reduced adapted rates indicating partial compensation for the
impaired synaptic input from Qv¥ mutant SGNs (Fig.25C, D): wild types vs Qv¥ mutant
globular bushy cells onset and steady-state rates were respectively (mean+SEM, p-value, t-
test): 1241.36+£58.84 vs 1122.59+37.78 and 247.20+9.71 vs 201.26+7.49 (p=0.08 and
p=2.15*10" respectively). There was no delay or greater jitter of the FSLs in wild type vs Qv¥
mutant median FSL and variance FSL at 5 Hz stimulation respectively (mean£SEM, p-value,
Mann-Whitney U — test): 4.03+0.19 vs 3.85+0.11 and 2.99+1.63 vs 2.52+0.96 (p=0.39 and
p=0.8 respectively).
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Figure 25. Sound encoding in Qv¥ mutant and wild type globular bushy cells
A — Globular bushy cells of Qv¥ mutant mice had lower spontaneous rates.
B — Normal thresholds at the CF in Qv¥ mutant globular bushy cells.
C — Mean PSTHs+SEM of wild types and Qv¥ mutant globular bushy cells in response to
50 ms tone bursts presented at CF, 30 dB above threshold at stimulus rate 5 Hz. While peak
rate of Qv¥ mutant globular bushy cells was normal, steady-state rate only partially
compensated.
D — Spike rates in response to sound onset. Peak rate (maximum rate in PSTH with 0.5 ms
binwidth) and steady-state rates (averaged between 35 and 45 ms after stimulus onset).

3.3.4 Full compensation in Qv mutant stellate cells

In Qv¥ mutant stellate cells, SRs recorded in silence were similar to wild type
(Fig.26A). They showed normal thresholds (Fig.26B) and normal peak and steady-state rates,
defined after recording PSTHs at 50 ms tone burst stimulation, 30 dB above threshold at CF
(Fig.26C,D): wild types vs Qv¥ mutant onset and steady-state rates were respectively
(meantSEM): 801.78+71.45 vs 803.85+62.67 and 226.75+14.55 vs 213.74+13.90 (p=0.98 and

p=0.52 respectively, t-test).There was also no delay or impaired precision of the spike
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generation at the stimulus onset (wild type vs Qv¥ median FSL and variance FSL at 5 Hz
stimulation, respectively (meantSEM): 7.29+0.51 vs 7.54+0.71 and 2.85+0.50 vs 2.31+0.57
(p=0.78 and p=0.48 respectively, Mann-Whitney U-test ). Thus, Qv®’ mutant stellate neurons
fully compensate for the impaired synaptic transmission in Qv3’ mutant SGNss.
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Figure 26. Sound encoding in Qv¥ mutant and wild type stellate cells
A — Stellate cells of Qv¥ mutant mice had normal SRs, recorded in silence.
B — Normal thresholds at the CF in Qv® mutant stellate cells.
C — Mean PSTH+SEM of wild type and Qv¥ stellate cells in response to 50 ms tone bursts
presented at CF, 30 dB above threshold at stimulus rate 5 Hz. Both, peak and steady-state
rates were normal, indicating full compensation of impaired synaptic input from SGN of
Qv¥ mutant mice.
D — Spike rates in response to sound onset. Mean values are black for wild type and red for
Qv¥ mutant.
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3.4 Sound perception in Qrof**7/P5T

mice

Otof'*15T1515T mice were studied to reveal the role of multi-C2 domain protein otoferlin
in IHC synaptic function, in sound encoding of SGNs and temperature-sensitive deafness in
humans carrying the 1le515Zhr mutation in otoferlin (Strenzke et al., 2016). They studied sound
perception in Otof'*1571515T mjce,

Two key aspects of perception - discrimination and generalization — were studied in
threshold discrimination and gap detection ability, respectively.

In the first experiment for the gap detection ability, we conditioned mice to attempt to
drink water only in continuous broadband noise. If noise was interrupted by conditioning 90
ms silence gaps, access to water was forbidden (doors in the corner were closed), and trials to
drink were punished by 1 Bar air puff (de Hoz and Nelken, 2014b). When discrimination
performance was more than 30%, shorter gaps were introduced in a total of 8% of the attempts.
Otof'15T/1515T gttempted to drink at the trials with short gaps, whereas Otof*"" mice avoided
drinking when gaps were longer than 3 ms (Fig.27A). This is consistent with the previously
studied gap thresholds, which were near 2 ms in CBA/J mice (Radziwon et al., 2009). The
interpolated 50% value of the normalized discrimination function was used to estimate
approximate gap thresholds, which were in wild type and Otof'®*>™515T mice respectively:
2.7+0.4 ms and 17.2+4.9 ms.

In the second experiment mice were conditioned to drink in silence and to avoid
drinking when 12 kHz tone bursts were presented. Otof'®*57515T showed comparable hearing
thresholds in two Otof'*157115T mice and one Otof*™ mouse.

The impaired gap detection ability and normal sound pressure sensitivity in
Otof'*15T1515T mice are consistent with the result of in vivo recordings from SGNs demonstrated

impaired recovery from adaptation but normal sound sensitivity.
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Figure 27. Gap detection and threshold sensitivity in Otof'***™*T and wild type mice (modified
from Strenzke et al., 2016)

A — Left axis — attempts to drink as a normalized fraction of visits. While hearing a
continuous noise (88% of visits, lower axis) mice were allowed to drink. In 8% of visits, the
noise was interrupted by 90 ms gaps and drink attempts were punished by air puffs. Similarly,
for experimental stimuli (0.5% of visits each; mice were not allowed to drink and drink
attempts were punished by air puffs. While for the wild type mice gap detection threshold
was between 1 and 3 ms, it was greatly increased in Otof**"515T mijce.
B — Threshold discrimination in Otof">**""**%T mice (Strenzke et al., 2016).
On the left axis — fraction of attempts to drink, experimental protocol similar to (A) but
testing discrimination between silence and tone bursts of varying intensities. All three mice
had a detection threshold between 50 and 60 dB SPL.
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4 Discussions

4.1 PSD-95 and synaptic AMPA receptors in sound

encoding

4.1.1 Reduction of ABR wave I amplitude in PSD-95"- mice

The first evidence suggesting that PSD-957 mice have auditory phenotype was study
of the ABRs reflecting synchronized response activity across the auditory brainstem. PSD-95
" 'mice showed reduced ABR wave | amplitude, whereas the other ABR peaks were well
preserved and neither ABR waves latencies nor ABR thresholds were changed compared to
control littermates. Such specific reduction in amplitude wave | across different stimulus
intensities suggested a sound encoding synaptic deficit in SGNs and central compensation of
it in the auditory brainstem. The idea about compensation in the central synapses is consistent
with the previous findings in PSD-95 deficient mice showed normal synaptic transmission in
acute hippocampal slices (Elias et al., 2006Db). Elias et al. (2006) found that the genetic lack of
either PSD-95 or PSD-93 have almost no effect on the synaptic transmission in hippocampal
neurons of adult mice, whereas PSD-95"/PSD-93" mice have a clear synaptic deficiency. Our
finding of a reduced ABR wave | amplitude suggested that, in contrast the central synapses,
the peripheral IHC ribbon synapses may still have impaired synaptic transmission. An
alternative explanation of the reduction of ABR wave | amplitude could in principle be the loss
of ribbon synapses (Roux et al., 2006), but preliminary immunohistochemistry and confocal
microscopy data suggest a normal number of ribbon synapses in PSD-957 mice. Therefore, in
order to explain a primary synaptic mechanism underlying the reduction of ABR wave |

amplitude we set out to study the response properties of single SGNs of PSD-957" mice.

4.1.2 Impaired sound encoding in PSD-957- afferent IHC ribbon synapses

Reduction of spontaneous and evoked spike rates in PSD-95/- SGNs
Recorded in silence, spontaneous activity in PSD-957 SGNs was significantly reduced,

whereas single unit sound thresholds were normal. In consequence to reduced SRs, evoked
activity of PSD-957- SGNs was also significantly reduced in both onset and adapted spike rates,
detecting a clear synaptic sound encoding deficit. Thus, suggested in ABR study synaptic

deficit in PSD-957- SGNs was confirmed on the single neuron level. In its turn, reduced spikes
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rates in PSD-957- SGNs may contribute to the decreased ABR wave | amplitude of PSD-95"

mice.

Impaired accuracy of coding of first spike generation in PSD-95/- SGNs
Accurate sound onset encoding is necessary for important auditory tasks, such as sound

localization in space. It requires precise timing and reliable occurrence of first spikes in SGNs
(Buran et al., 2010b). Analysis of FSLs of recorded PSTHSs revealed significantly delayed first
spikes in PSD-957 SGNs and larger first spike jitter indicating impaired temporal precision
and reliability of sound encoding. It has been suggested by Kopp-Scheinpflug and Thempel
(2015) that the loss of temporal precision rather than the loss of threshold sensitivity might
contribute to the lack of the ABR waves amplitudes (Kopp-Scheinpflug and Tempel, 2015b;
Moser and Starr, 2016). Additional contribution to the reduced ABR wave | amplitude might

be due to the reduction of spike rates in this knockout.

Is presynaptic site contributing to the auditory phenotype of PSD-95/- mice?
To address the question about possible presynaptic contribution to impaired synaptic

transmission in PSD-957" SGNs, a forward-masking paradigm (Harris and Dallos, 1979) was
applied to analyse synaptic depression and recovery from it. While spike rate adaptation is
considered to reflect partial depletion of the readily releasable pool of synaptic vesicles (RRP,
(Westerman and Smith, 1984b; Yates et al., 1985a)), recovery from adaptation likely reflects
RRP replenishment (Moser and Beutner, 2000b; Spassova et al., 2004; Goutman and
Glowatzki, 2007b; Frank et al., 2010b). It has been shown previously that impaired recovery
from synaptic depression is linked to impaired RRP vesicle depletion and replenishment in
WRB™"™:Cre® (Vogl et al., 2016) and Otof'>*>™515T mjce (Strenzke et al., 2016) leads to the
lower vesicular turnover at the active zone in vivo and reduced exocytosis, resulting in the
impaired sound encoding. Nevertheless, PSD-95"- SGNs showed normal recovery from
synaptic depression suggesting the intact presynaptic function. To clarify certainly most
probable intact IHC exocytosis, patch-clamp recordings from IHCs (Lindau and Neher, 1988;
Moser and Beutner, 2000b) would be required.

Faster spike rate adaptation in PSD-95/- SGNs
For in vivo recordings, the fast form of the sound-evoked spike rate adaptation in the

auditory nerve is mostly attributed to the depletion of the RRP (Westerman and Smith, 1984b;
Yates et al., 1985b). PSD-957 SGNs evoked responses showed faster spike rate adaptation
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compared to wild type control, suggesting that postsynaptic mechanisms are also involved in
modulation of the synaptic time course of spike rate adaptation in PSD-957 mice. The idea
about a role of the postsynaptic contribution to the short-term plasticity of AMPA-ergic
synapses in neuronal cultures has been considered by Constals et al. (2015). By quantum dots
fluorescent labelling they showed that the short-term plasticity of AMPA receptors during
high-frequency stimulation depends not only on presynaptic neurotransmitter release and
postsynaptic AMPA receptor activation and recovery from desensitization, but also on fast
AMPA receptor lateral diffusion (Constals et al., 2015b). Desensitized AMPA receptors are
more mobile due to the reduced affinity to the auxiliary TARP stargazin, which is important
for AMPA receptors stabilization at the synaptic site (Schnell et al., 2002b; Kessels et al., 2009;
Constals et al., 2015b). During AMPA receptor recycling desensitized receptors are removed
from synaptic site and newly exocytosed receptors stabilized at the synaptic surface by binding
to the C-terminus of the auxiliary protein stargazin to PSD-95 (Bats et al., 2007; Opazo et al.,
2010; Anggono and Huganir, 2012). The recycling might be impaired in the absence of PSD-
95 that may lead to reduced internalization of the laterally diffused AMPA receptors. Lower
AMPA receptors stabilization at the synaptic site may causes lowlier replacement of
desensitized AMPA receptors from subclusters (Petrini et al., 2009; Opazo et al., 2012), which
could lead to the faster spike rate adaptation in PSD-95"- SGNs.

4.1.3 Immunohistochemical, confocal and STED microscopy studies of

AMPA receptor

In order to explain the impairment in sound encoding in the SGNs of PSD-95"" mice
we next studied the AMPA receptors shape of a cluster and number of subclusters (or
nanodomains,(Nair et al., 2013)) per synapse.

PSD-95, PSD-93 and SAP-102 were expressed in mature (8-12 weeks old) IHC ribbon
synapses and superimposed to the AMPA receptor clusters as described by other authors
(Meyer et al., 2009; Rutherford, 2015). The postsynaptic AMPA receptor cluster has a ring-
like shape which surrounds the release face of the presynaptic active zone, indicated by the
presence of the ribbon. AMPA receptors arrays are on average ~900 nm in diameter (Meyer et
al., 2009). We now used STED microscopy to reveal distinct AMPA receptor subclusters and
define that in PSD-957" SGNs the number of subclusters was reduced from 8 to 6 on average.

Thus, it seems likely the number of available AMPA receptors is also reduced in PSD-957
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SGNs and that it might explain the reduction of the AP rates. This idea might be supported by
recent studies in central synapses showing that the AMPA receptor surface regulates the
synaptic strength (Migaud et al., 1998; Schnell et al., 2002b; Ehrlich, 2004; Elias et al., 2006b;
Carlisle et al., 2008; Zhang and Lisman, 2012). Reduction of AMPA receptor surface
expression plays a role in protection of auditory nerve fibers against excitotoxic damage (Chen
et al., 2009).

There is a large heterogeneity in the amplitude and shape of the SGN EPSCs which
have been described by Glowatzki and Fuchs (2002). Maintained synaptic transmission in
PSD-957 SGNs might be due to the compensatory function of the expressed PSD-93 and/or
SAP-102 proteins. In hippocampal synapses it has been shown that in the absence of PSD-95
other MAGUKSs may compensate for its function of targeting AMPA receptors at the
postsynaptic membrane: PSD-93 in mature synapses and SAP-102 in immature synapses. Our
data shows that both — PSD-93 and SAP-102 proteins — are expressed in mature SGNs of wild
type as well as PSD-957 mice. A further investigation of the compensatory function for the
disrupted PSD-95 would require a study PSD-93 and SAP-102 knockouts as well as their
double knockouts.

4.1.4 Central compensation of SGNs synaptic deficit in AVCN neurons
Despite reduced spike generation and impaired accuracy of sound encoding in PSD-957" SGNss,
stellate and globular bushy cells demonstrated normal onset and adapted spike rates indicating
central compensation in the cochlear nucleus neurons. This was consistent with well-preserved
ABR wave Il and wave Il reflecting responses of globular bushy and stellate cells in the
AVCN, respectively. Normal spike generation in central neurons of auditory brainstem of PSD-
957 mice might be explained by compensation of the PSD-93 or/and SAP-102 for the absence
of PSD-95 in deficient neurons (Elias et al., 2006b).

4.2 Impaired sound encoding in Qv mutant mice

Loss-of-function mutations in the mouse RIV-spectrin gene cause reduced voltage-
gated sodium channel densities at the AIS and nodes of Ranvier, where AP are generated
(Komada and Soriano, 2002; Yang, 2004; Hossain, 2005). Functional studies of RIV-mutants
have revealed abnormal ABRs (Parkinson et al., 2001; Lacas-Gervais et al., 2004). Whereas
Qv, Qv¥ and Qv mutants demonstrate substantial alterations in ABR waveforms

morphology, including a general absence of later peaks, broadened and delayed wave peaks,
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and reduced amplitudes (Parkinson et al., 2001), which makes them the model of central
deafness caused by central nervous system not cochlear dysfunction (Bock et al., 1983; Horner
and Bock, 1984; Parkinson et al., 2001). In the present study Qv* mutant mice showed
broadened and delayed ABR wave | as well as other waves indicating that in this quivering
mutant would have hearing impairment originated from peripheral and central neuropathy.
Taken together with moderately elevated ABR thresholds in Qv mutant mice, the waveform
changes suggested a sound encoding impairment in the SGNs as well as successive cochlear
nucleus neurons in these mutants.

Extracellular single unit in vivo recordings from mature (6-12 weeks old) Qv mutant
mice revealed lower SRs and evoked spike rates. Both the onset and adapted spike rates were
significantly reduced, indicating an impairment of AP generation, which may explain
moderately elevated ABR thresholds. Interestingly, the single unit thresholds were better
preserved, and a sharpness of the TCs was comparable to the wild types indirectly suggesting
normal cochlear amplification. Synaptic recovery from depression was assessed in the forward-
masking paradigm (Harris and Dallos, 1979). Qv¥ mutant SGNs demonstrated normal
recovery from synaptic depression suggesting normal vesicle pool depletion and recovery at
IHC ribbon synapses.

Impaired voltage-gated sodium channels clustering at the AIS and nodes of Ranvier
(Komada and Soriano, 2002; Yang, 2004; Hossain, 2005), the ABR changes, and the
impairment of accuracy of the spike coding is more severely affected in Qv* mutants (Kopp-
Scheinpflug and Tempel, 2015a). However, Qv¥ mutant SGNs showed only slightly increased
median FSLs compared to wild types and not significantly greater jitter. Moreover, a temporal
precision of the spike generation evaluated as ability for phase locking to transposed amplitude
modulated CF tones was precise in Qv¥ mutant SGNs. Thus, delayed ABR waves and
moderately elevated ABR thresholds most likely reflect the reduced spike rates in Qv¥ mutant
SGNs.

Extracellular in vivo recordings from AVCN neurons revealed almost intact response
properties of globular bushy cells and stellate cells in Qv¥ mutant mice. Stellate cells had
normal SRs, single unit thresholds and both onset and adapted evoked spike rate. Globular
bushy cells had lower SRs, normal thresholds sensitivity and onset evoked spike rate, but
reduced adapted spike rate. These findings suggest a presence of mechanism possibly

compensating for the reduced input from primary auditory afferents. Thus, the contribution of
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the AVCN stellate and globular bushy cells to the longer ABR latencies and moderately
elevated ABR thresholds in Qv¥ mice seems to be minor. Further study of the temporal
precision of the spike generation in stellate and globular bushy cells might reveal comparable
changes to the previously defined reduced synchrony of coding in Qu* AVCN neurons (Kopp-

Scheinpflug and Tempel, 2015a).

4.3 Auditory synaptopathy phenotype of WRB"":Cre*
mice

Auditory function of WRB™:Cre” mice was studied in three age groups in order to
detect early onset of a hearing impairment: P14-17, P21-26, P>29. In all age groups
WRB™"M:Cre” mice showed a progressive reduction of the ABR wave | amplitude and an
elevation of ABR thresholds. Cochlear amplification function of these mice was normal
indicating intact OHCs amplification function. Mechanoelectrical transduction measurement
of the hair bundle of IHC revealed normal morphological changes and maintenance of IHC
hair bundle (Vogl et al., 2016).

WRB"M:Cre” mice displayed normal numbers of afferent synapses, Ca* channels, and
membrane-proximal vesicles, but contained less ribbon-associated vesicles. Patch-camp of
IHCs showed impaired sustained exocytosis, e.g. impaired synaptic vesicle replenishment
(Vogl et al., 2016). Thus, impaired ABRs of WRB™M:Cre” mice based on perturbed sound
encoding at the IHC synapse and classified as auditory synaptopathy phenotype (Moser and
Starr, 2016). Indeed, extracellular single unit in vivo recordings revealed severely reduced
sound-evoked onset and adapted spike rates in WRB™™:Cre® SGNs which caused by reduced
neurotransmitter exocytosis of WRB™™:Cre” IHC. Sound-evoked spike rates of WRB™:Cre”
SGNs were profoundly reduced when faster stimulus rates were applied showed a use-
dependent reduction of AP generation. Consistent with the onset spike rate reduction, median
of FSL in response to the stimulus onset was dramatically increased in WRB**:Cre” SGNs
and showed larger jitter. Together with the reduced evoked spike rates and impaired accuracy
of coding likely explains the severe ABR phenotype in WRB™"M:Cre” mice.

Since sustained exocytosis and, thus, vesicles replenishment of RRP seemed to be
impaired at the WRB™™:Cre” IHCs active zones, it has been necessary to confirm this
hypothesis by studying the recovery of onset spiking from forward masking (Harris and Dallos,
1979). Consistent with a slowed vesicle replenishment at the active zones of WRB™™:Cre”
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IHCs, knockout SGNs revealed a stronger adaptation and slower recovery from it. This results
show that the reduced vesicles replenishment rate in WRB™M:Cre” IHCs lowers the size of the
standing RRP in vivo, resulting in impaired sound encoding in WRB™™:Cre” mice.

In addition, all WRB™™:Cre” SGNs had SRs below 20 Hz and were not significantly
different from wild type control. TCs and acoustic thresholds were also not significantly
changed in WRB":Cre” SGNs.

Taken together, our SGN recordings contribute to the multidisciplinary study which
demonstrates that TRC40 pathway is necessary for the efficient insertion of the tail-anchored
protein otoferlin to the endoplasmic reticulum and that disruption of the WRB protein reduces
otoferlin level in IHCs and corrupts sound encoding in mouse cochleae (see chapter 1.4 of
Introduction). The observed reduction of the poorly inserted otoferlin limits the rate of vesicle
replenishment at the IHC synapse and therefore impairs sound encoding in WRBfl/fl:.CreA

mice.

4.4 Impaired gap detection in Otof*""*T mice

The multi-C2 domain protein otoferlin (Pangrsic et al., 2012) is required for hearing
and essential for exocytosis at the IHC ribbon synapse (Roux et al., 2006; Pangrsic et al., 2010;
Strenzke et al., 2016). Mutations in otoferlin cause profound prelingual deafness DFNB9
(Yasunaga et al., 1999; Varga et al., 2003). Otof'>57515T mutant mouse showed strongly
reduced sustained exocytosis during prolonged stimulation (Strenzke et al., 2016), indicating
that otoferlin is essential for replenishment of RRP at IHC ribbon synapse. Correspondingly,
sound evoked spike rates were profoundly reduced in onset and adapted rates, and Otof!>157/1515T
SGNs revealed enhanced spike rate adaptation and slowed recovery from it (Strenzke et al.,
2016).

Patients with otoferlin mutations demonstrate auditory fatigue when challenged with
continuous tones, as well as speech comprehension difficulties (Wynne et al., 2013). Sound
perception of the Otof'*'7/515T mice was studied by psychophysiological assessment of gap
detection ability and thresholds sensitivity. Otof'*°"515T mice showed impaired perception of
the silent gaps in noise. The impairment might be explained by the reduction of the adapted
spike rate in combination to the slower recovery of the sound onset response. The gap detection
impairment in Otof'®7515T mice is consistent with the speech recognition difficulties in

patients with otoferlin mutation. Those patients would demonstrate normal sound sensitivity,
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and similarly, Otof'®'5™1515T mice showed normal behavioural sound thresholds sensitivity.
Based on positive reward, psychophysiological assessment of gap detection ability and sound
thresholds sensitivity in Otof'S*°7515T mice, allowed to detect speech perception disability in

humans carrying otoferlin mutation.
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