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Introduction

1. Introduction

1.1 Overview of peripheral sound encoding

The auditory sense is of great importance for mammalians to survive and communicate
(Bregman 1990). Maximizing the power of bilateral hearing for tasks like sound source
localization and categorization requires rapid and precise processing of spectrotemporal
information of incoming acoustic stimuli. The peripheral hearing organ in mammalians
is capable of preserving interaural time differences with microsecond precision (Geisler
1998). How is the peripheral ear capable of performing such marvel? Nature has evolved
a highly specialized and efficient peripheral mammalian hearing organ to faithful
transduce acoustic air pressure waveforms into continuous spike trains in tens of
thousands parallel auditory nerve fibers (ANFs). Investigating the mechanisms of the
peripheral auditory system may ultimately demystify the central processing mechanisms.
This thesis is about studying the first stage of sound encoding in the mouse ANFs to
indirectly infer related cochlear physiology. The peripheral auditory system is not just a
sensor but rather a device composed of several components. Before touching the main
topics of the thesis, the anatomy and physiology of the peripheral sound encoding

apparatus is firstly reviewed.

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. 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, Nelken et al. 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 (Huttenbrink 1989).
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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
(BM). 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, Olson, Duifhuis et al. 2012). 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 (Liberman, Gao et al. 2002, Ashmore 2008, Dallos, Wu 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 (Patuzzi and Sellick 1983). At active zones
of IHCs, voltage gated Ca?* channels controls Ca?* signals for triggering neurotransmitter
release (Brandt, Khimich et al. 2005, Frank, Rutherford et al. 2010). Glutamate release
into the synaptic junction between IHCs and the peripheral axon of the SGNs binds to
AMPA type receptors, generating neural spikes that propagate in the SGNs (Glowatzki
and Fuchs 2002, Fuchs, Glowatzki 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, Neef 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 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 10~30 afferent
fibers (Liberman, Dodds et al. 1990), making parallel channels sending information to

the central nervous system.
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1.2 Studying sound encoding through auditory nerve fiber responses

Studying the sound encoding in the cochlea is a challenging because assessing the
working apparatus without disrupting normal functional states of the hearing organ is
difficult. The sound encoding process in the cochlea can be divided into four stages: (1)
a linear mechanical filter of basilar membrane; (2) a nonlinear transducer action of
mechanical amplification of OHCs; (3) synaptic transmission of IHC synapses; (4)
afferent fiber spike generation. The first stage mechanical filter can be approximated as a
time-invariant linear system, thus described by gamma-tone impulse responses. Several
other different experimental approaches exist to understand the cochlear physiology of
the second and third stages. Non-invasive methods including measurements of distortion
product otoacoustic emissions (DPOAE) and auditory brainstem responses (ABRs) and
compound action potential (CAP) recordings near the round window are widely used to
assess the overall status of the cochlea. Because gross potentials obtained from those
methods come from multiple sources, they cannot provide accurate inference about
physiology status at the individual hair cell and ANF level. Recently experimental
approaches like using isolated explanted organs of Corti have advanced studies on
nonlinear properties of OHCs and IHCs, as well as spike generation mechanism of spiral
ganglion neurons (Rutherford, Chapochnikov et al. 2012). However, results from in vitro
studies do not necessarily represent the physiological status in vivo. Computational
modeling is also used in the study of cochlear sound encoding, but it requires assumptions
concerning the physiological process which introduce uncertainty. Experimental data
using different approaches need to be combined to constrain modeling by physiologically
plausible assumptions about sound encoding. ANF responses, as the first stage in the
neural processing underlying hearing, can provide valuable information about cochlear
mechanisms of sound encoding and provide data to further constrain cochlear modeling
studies. Therefore, another widely used approach to gain insight into the process is to

record single unit activity from axons of ANFs.

The studies of single ANF responses started in the 1950s. Initially, the cat was chosen as
the experimental species for those studies, mainly because of the anatomical,
physiological and behavioral data available at that time (Kiang 1965). The general
structure and function of the cochlea and the auditory nerve are similar among mammals.

This is demonstrated in subsequent studies using other mammals including guinea pig
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(Evans 1972), rabbit (Borg, Engstrdn et al. 1988), rat (el Barbary 1991, el Barbary 1991)
and mouse (Taberner and Liberman 2005), which have revealed remarkable similarities
in many aspect of basic ANF response properties. However, it is important to take into
account differences in the acoustic characteristics of the peripheral apparatus of different
species, which strongly influence the hearing range and thresholds but have less or no
impact on IHC synaptic function. Major findings on ANF response properties relevant to

the thesis are summarized below:

(1) Spontaneous activity of ANFs: There are approximately 50,000 cat fibers (Gacek and
Rasmussen, 1961). The major findings from cat studies were that ANFs fire action
potentials spontaneously in a stochastic manner. The time pattern can be described as
a Poisson process with a refractoriness function. ANFs from one IHC can have
different spontaneous firing rates (SR). It seems that in cat, the spontaneous firing rate
is correlated with the morphology and location of the afferent innervation around
IHCs. High SR fibers tend to innervate the pillar side of IHCs and they have more
mitochondria and larger axon diameters while low SR fibers mainly connect the
modiolar side of IHCs, with smaller amount of mitochondrial and smaller axon
diameters (Liberman 1982, Liberman and Oliver 1984, Liberman, Wang et al. 2011).
Fibers with different SR have also been shown to receive input from AZs occupied
by synaptic ribbons of different size and complexity (Merchan-Perez and Liberman
1996). Functionally, low spontaneous rate fibers have lower sensitivity and wider
dynamic range while high spontaneous rate fibers have high sensitivity and narrower
dynamic range (Liberman 1978, Taberner and Liberman 2005). The distributions of
cat, guinea pig, chinchilla and rabbit ANFs are bimodal, but this is not the case in rat,
mouse and basal turn of gerbils (Taberner and Liberman 2005). Therefore, mouse
ANFs cannot be classified into two/three groups like that in cat. However, mouse
ANFs still show heterogeneity in level of spontaneous activity, ranging from
completely silent up to 120 sp/s (Taberner and Liberman 2005). The origin of the SR
heterogeneity is not clear. It can be mediated by presynaptic, postsynaptic
mechanisms or efferent modulation. Unfortunately, direct methods to assess the

mechanisms of spontaneous rate heterogeneity are currently not available.

(2) Tuning curves and frequency selectivity: The frequency selectivity of ANFs is based
on the frequency decomposition of acoustic signals along the tonotopic axis. The
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passive BM responses provide a broad tuning. Subsequent nonlinear amplification of
OHCs provide a sharp tuning tip around characteristic frequency for each ANF
(Figure 1.1A). Perfusion of ototoxic drugs into the cochlea or noise trauma can result
in a change in the shape of ANF tuning curves (Kiang, Liberman et al. 1986). Thus it
is possible to differentiate the OHC amplification problem by looking at the ANF

responses.

50ms silence

>
vy)

50ms tone burst @ CF, 30dB above threshold

Trials

W
atoda=2W.
CF

Threshold

best threshold

Spike Rate (sp/s)

Frequency Ct

Figure 1.1: Illustration of basic response properties of ANFs: tuning curves and
evoked responses. (A) Tuning curve shows the frequency selectivity of each ANF. The
most sensitive frequency is defined as characteristic threshold. The sharpness of tuning
is quantified as the bandwidth (BW) of tuning curve 10 dB above best threshold divided
by the characteristic frequency. A larger Q10 dB value indicates sharper tuning/better
frequency selectivity. (B) Upper panel: raster plot of a representative ANF response to
200 repetitions of tone bursts presented at characteristic frequency, 30 dB above
threshold. Lower panel: post-stimulus time histogram (PSTH) of the spike times in
response to tone bursts. The average spike rates in a 10 ms window during the initial
transient response and later steady state were quantified as onset and adapted rate,
respectively.

(3) Responses to tone bursts: In response to brief pure tones, ANFs fire a train of action
potentials. Adaptation of the firing rate is one prominent feature of the response
(Kiang 1965). A typical response of ANF to tone bursts goes through four stages.
First, at the stimulus onset, there is a transient onset response, during which period
the firing probability reaches maximum for the first few milliseconds of the tone.
After the transient response, there is a decay stage, during which the discharge rate
gradually adapts to a steady-state level. When the stimulus is over, the discharge rate
drops sharply to levels below the spontaneous rate. During the last stage, the discharge
then gradually recovers to its spontaneous activity level (Figure 1.1B). Analysis of
the time course of adaptation have revealed the existence of multiple exponentially-

decaying components in different timescales (Westerman and Smith 1984, Yates,

5



Introduction

Robertson et al. 1985). The time course of adaptation can be described by fitting two-
exponentially decaying components and a constant term to the PSTH. Depending on
the stimulus duration and bin size used to construct post-stimulus time histogram
(PSTH) for quantifying adaptation, different components of adaptation can be
emphasized. For example, histogram window smaller than 1 ms or less emphasize on
rapid adaptation during stimulus onset, as well as another slower short-term adapting
component with time constant about 10-20 ms when stimulated with 50 ms tone bursts
in mouse ANFs (Buran, Strenzke et al. 2010). Because the IHCs receptor potential
does not adapt in response to tonal stimuli (Russell and Sellick 1978), the most likely
location of adaptation is between of receptor potential and spike generation in ANF.
Different biological processes can produce those different adapting components. For
instance, a series of replenishment and diffusion steps involved in the vesicle release
(Furukawa and Matsuura 1978, Moser and Beutner 2000, Sumner, Lopez-Poveda et
al. 2002, Sumner, Lopez-Poveda et al. 2003, Nouvian, Beutner et al. 2006, Goutman
and Glowatzki 2007), binding kinetics of glutamate to receptors and refractoriness of
ANF spiking can contribute to different exponential components. It has been
suggested that one important onset adapting component at the beginning of the
stimulus is refractoriness of neurotransmitter release process and/or postsynaptic
spiking (Berry and Meister 1998). Evidence suggests that short-term adaptation is
mainly of presynaptic origin, reflecting the depletion of the presynaptic pool of
vesicles (Moser and Beutner 2000, Singer and Diamond 2006). Subsequent recovery
from adaptation reflects the replenishment of vesicles (Spassova, Avissar et al. 2004).
Therefore, it is possible to infer the working status of the synaptic vesicle pool

dynamics from ANF responses.

(4) Rate-level function and hair cell lesions: The firing rate of one ANF can be saturated
with increasing sound intensity within a narrow range, which is usually about 20 dB
in mouse ANFs (Taberner and Liberman 2005). Compared with single fiber dynamic
range, our auditory system as a whole is capable of signaling stimulus in a much larger
dynamic range (Plack 2005, Wen, Wang et al. 2009). One property related to this wide
dynamic range is a shallow loudness increase, meaning the growth of perception of
loudness given increasing sound stimulus (Viemeister 1983, Stillman, Zwislocki et al.

1993). Animals and humans suffering from sensorineuronal hearing loss (SNHL) or
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noise trauma have been shown to have steeper loudness recruitment (Heinz and
Young 2004, Joris 2009). Steeper loudness recruitment typically reflects the loss of
active compressive nonlinearity in the cochlea in the case of OHCs damage. ANFs
have elevated thresholds and much steeper rate-level functions in this case (Yates
1990, Yates, Winter et al. 1990). Damage of IHCs results in a decrease in transduction
currents or neurotransmitter release, thus a shallower rate-level function (Heinz and
Young 2004, Joris 2009). ANFs recordings from cats and guinea pigs have confirmed
this observation (Harrison 1981). However, the ANF firing rates alone failed to
explain the shallower loudness recruitment (Heinz and Young 2004). In addition, it
has been suggested that loudness recruitment is a central process, starting possibly at
the level of cochlear nucleus neurons (Cai, Ma et al. 2009, Joris 2009). Nevertheless,

IHCs and OHCs lesions can be reflected in the rate-level function of ANFs.

Dynamic Range

—
N max

rate
increase

Spike Rate

Sound Pressure Level (dB SPL)

Figure 1.2: lllustration of rate-level function and dynamic range of ANF. The
dynamic range is quantified as the range of sound pressure levels in which the rate-level
function showed a rate increase between 10% and 90% of the difference between
spontaneous and maximum rate.

1.3 Early postnatal development changes of ANF response properties

The mammalian peripheral auditory system undergoes rapid developmental changes
around the age of hearing onset. Importantly, cochlea and ANFs in Kittens are initially
nearly unresponsive to acoustic stimuli, but acquire mature response properties during the
first three postnatal weeks (Walsh and McGee 1987, Jones, Leake et al. 2007). In mice,
studies suggest that the cochlea reaches a mature configuration by the 8" to 10" day
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(Mikaelian and Ruben 1965), and the auditory functions start between 9" and 14" day
(Alford and Ruben 1963). However, no single unit studies have been performed to
characterize developmental changes around onset of hearing in mice. The availability of
immunohistochemistry, cell physiology and gross cochlear potential (Mikaelian, Alford
et al. 1965, Mikaelian and Ruben 1965, Sadanaga and Morimitsu 1995) data from mice
of similar ages makes it possible to correlate discharge properties with other development

events in cochlea.

In this study, the following discharge properties of single fiber responses will be
characterized in normal developing C57BL/6 mice during the period of hearing onset
(p10 to p21):

(1) Spontaneous activity: ANFs fire action potentials spontaneously (Kiang 1965). The
question of how the heterogeneity in spontaneous rates emerges is still not clear. In
cat, ANFs with different SRs show different synaptic morphological features
(Liberman 1980, Liberman 1982, Liberman, Wang et al. 2011), suggesting the
existence of presynaptic mechanisms. It has been found that the spontaneous activity
of ANFs is driven by spontaneous neurotransmitter release (Siegel and Relkin 1987,
Siegel 1992, Glowatzki and Fuchs 2002). The observation of intrinsic heterogeneity
in presynaptic calcium signals suggested a presynaptic origin of ANF SR
heterogeneity (Frank, Khimich et al. 2009). Recent data show an emergence of strong
synaptic Ca?* influx at a subset of AZs over postnatal maturation, and a
developmental increase in intensity and variance of Cav1.3 immunofluorescence
(Wong, Jing et al. 2013). One purpose of this study is to investigate how ANF
spontaneous activity changes during the period of presynaptic Ca?* signaling

maturation.

(2) Tuning and frequency selectivity: In kitten, the tuning and threshold of single ANFs
reach mature levels at around second and third postnatal week (Romand 1983,
Romand 1984). Currently, no single fiber data from mice are available on the
development of tuning and frequency selectivity. Indirect methods, for example,
using a masking approach and auditory brainstem responses have been used to
approximate single fiber tuning properties (Saunders, Dolgin et al. 1980, Song,

McGee et al. 2008). Results suggest that the passive tuning of basilar membrane
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reaches mature level by p7, and further active amplification continues to improve
between p14 to p20 (Song, McGee et al. 2008). In this study, the single fiber tuning
properties will be directly characterized in p14-15 and p20-21 mice.

(3) Discharge rate: ANFs in kitten reach maximum discharge rates to tone bursts at CF at
around p20 (Walsh and McGee 1987), during which period the wave | amplitude and
latency of auditory brainstem response (ABR) further develop to mature level (Walsh,
McGee et al. 1986, Walsh, McGee et al. 1986). A similar postnatal development of
ABR responses happens in mice (Song, McGee et al. 2006). The ABR wave |
amplitude is thought to reflect synchronous ANF responses (Melcher, Guinan et al.
1996, Melcher and Kiang 1996, Melcher, Knudson et al. 1996). Another purpose of
this study is to characterize suprathreshold ANF discharge activity underlying the

gross ABR wave I.

(4) Rate-level function: The shape of rate-level functions can be affected by several
factors, for example, OHCs and IHCs function (Heinz and Young 2004). During early
postnatal development, the functional state of cochlea gradually reaches a mature
level. By comparing rate-level functions of ANFs from two different age groups (p14-
15 and p20-21), essential information might be obtained about the main development

events which shape the rate-level function.

1.4 Bassoon and synaptic ribbon

1.4.1 Synaptic ribbon and transmitter release at ribbon synapses

Sensory hair cell synapses are specialized for fast and sustained neurotransmitter release
to precisely encode time-varying sensory stimuli. Their morphological hallmark is the
presence of synaptic ribbon, an ovoid electron-dense structure tethering vesicles around
it (Fuchs, Glowatzki et al. 2003, Nouvian, Beutner et al. 2006). Similar ribbon structures
can also be found in electroreceptors, retinal photoreceptors and bipolar cells, which
together are sensory neurons encoding information by means of graded membrane
potentials (Dieck and Brandst&ter 2006). In mature mouse IHCs, synaptic ribbons are

ovoid in shape and anchored several nanometers away from the presynaptic AZs by a
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single arcuate density, tethering 100 to 200 synaptic vesicles by rows of filament-like
structures (Sobkowicz, Rose et al. 1982, Khimich, Nouvian et al. 2005).

The molecular composition of synaptic ribbon is not entirely clear (review in Pangrsic et
al, TINS 2012). Recent biochemical studies have identified several main protein
components of the synaptic ribbon. First, there is RIBEYE protein, which is an alternative
splicing variant of the transcriptional suppressor, C-terminal binding protein 2(CtBP2)
(Piatigorsky 2001, Khimich, Nouvian et al. 2005, Uthaiah and Hudspeth 2010). Second,
there is RIM protein, which is a synaptic protein also present at conventional synapses
where it interacts with a rab3, a GTPase expressed on synaptic vesicles (Schmitz 2009,
Uthaiah and Hudspeth 2010). Third, KIF3A, a kinesin motor protein has also been
identified (Muresan, Lyass et al. 1999). Bassoon and Piccolo, which are presynaptic
cytometric proteins also found at conventional synapses, are expressed at ribbon synapses
(Khimich, Nouvian et al. 2005). The expression of Bassoon and Piccolo may vary in
different cell types. At bipolar cell ribbon synapses, only Piccolo is expressed, while both
proteins are expressed at photoreceptor ribbon synapses (Brandstatter, Fletcher et al. 1999,
Dick, Hack et al. 2001).

Currently, several hypotheses exist about the function of synaptic ribbons. Given the
morphological observation of large number of synaptic vesicles tethered around the
structure, it is tempting to speculate that synaptic ribbon acts like “conveyor belt” to
supply vesicles. A role of synaptic ribbon in rapid replenishment of vesicles during
sustained neurotransmitter release has been reported in several studies (Parsons, Lenzi et
al. 1994, von Gersdorff, Vardi et al. 1996, Frank, Rutherford et al. 2010, Snellman, Mehta
et al. 2011). Another hypothesis suggests synaptic ribbons are important for establishing
and stabilizing a large number of vesicle release sites, Ca?* channels at the active zone
thereby a large readily releasable pool of vesicles (RRP) (Khimich, Nouvian et al. 2005,
Frank, Rutherford et al. 2010). The third hypothesis suggests a role of synaptic ribbons
in coordinating multi-vesicular release. Experimental evidences supporting multi-
vesicular release have been reported for inner ear and retinal ribbon synapses (Glowatzki
and Fuchs 2002, Singer, Lassova et al. 2004, Singer 2007).
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1.4.2 Presynaptic scaffold protein Bassoon and mouse mutants

Bassoon is a large 420 kDa scaffold protein. It is a zinc-finger CAG/glutamine-repeat
protein located at presynaptic active zones of both excitatory and inhibitory synapses (tom
Dieck, Sanmarti-Vila et al. 1998, Richter, Langnaese et al. 1999). Bassoon is structurally
similar to another presynaptic zinc finger protein Piccolo (Fenster, Chung et al. 2000).
Both proteins appear at nascent synapses during early stage of synaptogenesis and
therefore a role in synapse formation is suggested (Friedman, Bresler et al. 2000, Zhai,
Olias et al. 2000). At photoreceptor ribbon synapses, Piccolo and Bassoon might have
different roles, as Bassoon is found at the base of the ribbon, while Piccolo is concentrated
at the apical region (Dick, Hack et al. 2001).

It has been shown that Bassoon can interact with RIBEYE (tom Dieck, Altrock et al.
2005). Using mutant mice lacking a central domain of Bassoon (Bsn“E**> | partial deletion
of exon 4 and 5 of bassoon gene) a role of Bassoon in the anchorage of ribbon to the
active zones of photoreceptors (Dick, tom Dieck et al. 2003) and inner hair cells (Khimich,
Nouvian et al. 2005) has been suggested. In addition, mutant ribbon synapses show
aberrant clustering of voltage-gated calcium channels and a reduced number of readily
releasable vesicles (Khimich, Nouvian et al. 2005, Frank, Rutherford et al. 2010), leading
to reduced spike rates of auditory nerve firing (Buran, Strenzke et al. 2010, Frank,
Rutherford et al. 2010).

IHCs of Bsn*®*#> mutant mice (Altrock, tom Dieck et al. 2003) show severe synaptic
ribbon loss (Altrock, tom Dieck et al. 2003, Khimich, Nouvian et al. 2005). To exclude a
possible function the remaining fragment in Bsn®®%3 a newly generated bassoon
genetrap mutation was used. Interestingly, IHCs of another newly generated bassoon
genetrap mutation (Bsn®) mice line show a higher fraction of preserved synaptic ribbons
compared to that of Bsn*®*# [HCs. The different ribbon anchorage phenotypes provided

new opportunities for differentiating bassoon/ribbon effect on synaptic physiology.

ATG Stop

——

BSN gene trap insertion | <o—| BSNAE45 deletion site
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Figure 1.3: Illustration of the Bassoon gene and two available mutations.

BSNAEx#5 (purple): the main coding exons 4 and 5 of the Bassoon gene are
knocked out.

BSNY (red): a transcriptional terminal sequence (gene trap vector) is inserted
before the first exon to block transcription.

1.4.3 Purpose of the study using Bassoon mutants

The study started with the hypothesis that a higher fraction of remaining anchored
synaptic ribbons in Bsn? IHCs might cause a milder phenotype than observed in ANF of

Bsn“Ex# hair cells, which have a near-complete loss of ribbons from synapses.

In collaboration with other members of the InnerEarLab, the study intended to address
the following issues:

1. To quantitatively compare ribbon synapses anchorage phenotypes in two mutants.

2. To explore one possible explanation for the ribbon anchorage phenotype: leaky
expression of bassoon in IHCs.

3. To address a potential loose anchorage of remaining synaptic ribbons to the
presynaptic active zones by analyzing 3D confocal images.

4. To quantitatively analyze the effect on presynaptic Ca?* channel and postsynaptic
GIuA2 receptor clustering.

5. To thoroughly compare the in vitro cell physiology and sound encoding phenotypes
in ANFs of both mutants.

Collective results from this study demonstrate that IHC synapses in Bsn mutants have an
abnormal morphology and function, irrespective of the presence or absence of a synaptic
ribbon. The remaining ribbons in Bsn® IHCs were most likely not fully functional
(presumably due to looser anchorage), or other perturbations of the synaptic ultrastructure

(e.g. abnormal calcium channel clustering) dominate the sound encoding deficits.
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1.5 Black swiss mice and hearing deficits

1.5.1 BLSW mice and hearing impairment phenotypes

Dysfunction or loss of hair cells of the organ of Corti or cochlear nerves results in
sensorineural hearing loss (SNHL). Deficits in hearing can lead to severe impairment of
quality of life. About half of the congenital deafness cases is of genetic origin and genetic
predisposition is one of the risk factors in susceptibility to SNHL later in life. Nearly 100
genes have been reported with mutations to be involved in hearing impairment in mouse
(Willott 2001). The similarity of the mouse inner ear anatomy, hereditary pathologies and
genetics to that of human, makes mice an excellent model to study genes underlying
human hearing impairment and hearing loss (Steel 1991).

Besides using forward genetic approaches like targeted mutational analysis by genetic
engineering of known genes in mice to understand the molecular mechanisms underlying
sound encoding, certain mouse strains show spontaneously arisen hearing defects. Studies
of those mice have helped uncovering the pathological process underlying auditory

system dysfunctions (Steel 1995).

The sound encoding defect underlying the hereditary hearing loss phenotypes in Black
swiss (BLSW) mice is unknown. BLSW mice exhibited retinal degeneration (Clapcote,
Lazar et al. 2005), and early-onset, progressive SNHL (Drayton and Noben-Trauth 2006,
Charizopoulou, Lelli et al. 2011). BLSW mice have been shown to have high
susceptibility to audiogenic seizures, characterized by wild running, loss of righting reflex,
and tonic and clonic convulsions (Misawa, Sherr et al. 2002). The susceptibility to
audiogenic seizures in BLSW mice peaks at p21 and nearly disappeared by adulthood
(Misawa, Sherr et al. 2002, Charizopoulou, Lelli et al. 2011). Two quantitative trait loci
(QTL) have been identified underlying hearing loss in BLSW mice: age-related hearing
loss 5 (ahl5) and ahl6, which account for 61% and 32% of the variation observed (Drayton
and Noben-Trauth 2006). Moreover, the juvenile audiogenic monogenic seizure 1 (jamsl)
locus is found to be underlying the audiogenic seizures (Misawa, Sherr et al. 2002).
Genetic mapping suggested adh5 and jams1 phenotypes have a common underlying allele.
Indeed a missense mutation affecting the PDZ domain of GIPC3 has been identified as
the cause underlying SNHL (adhl5) and audiogenic seizure (jamsl) in BLSW mice

(Charizopoulou, Lelli et al. 2011). In human, a frameshift and six missense mutations in
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GIPC3 underlie nonsyndromic hearing loss DFNB72 (Rehman, Gul et al. 2011), and a
missense mutation in W98-042 family leads to early onset bilateral SNHL DFNB95
(Charizopoulou, Lelli et al. 2011).

GIPC3 is a small ~40 kDa protein, which belongs to the GIPC family. Three members
have been identified: GIPC1, GIPC2 and GIPC3, which show over 50% total-amino-acid
identity between each other (Katoh 2002). All three members have a central PDZ domain
and two GIPC homology domains. The PDZ domain of the GIPC protein family has been
shown to interact with Frizzled-3 (FZD3) class of WNT receptor, insulin-like growth
factor-1 (IGF1) receptor, receptor tyrosine kinase TrkA, TGF-beta type I11 receptor (TGF-
beta RIII), integrin alpha6A (ITGAB6), transmembrane glycoprotein TPBG and regulator
of G-protein signaling 19 (Rgs19) (Katoh 2002), implicating a role as an adaptor protein
in cell signaling pathways. GIPC3 is expressed in IHCs, OHCs and spiral ganglion
neurons. Interestingly, GIPC3 has a similar localization in hair cells as VVglut3 and Myosin
VI, both of which can regulate synaptic transmission at the IHC ribbon synapse
(Charizopoulou, Lelli et al. 2011).

Charizopoulou et al. (2011) have characterized the SNLH phenotypes in BLSW mice at
the systems, morphology and cell physiology level. Their findings can be summarized as
follows: (1) In the cochlea of BLSW mice, the expression level of GIPC3 is reduced by
69% at protein level. (2) Analysis of the morphology of organs of Corti of BLSW mice
have revealed that both OHCs and IHCs have abnormal hair bundle organization as early
as P3 and P5. (3) Both OHCs and IHCs have a reduction of mechanotransduction current
at P12. In addition, IHCs of BLSW mice show smaller potassium currents at P13
compared with control of similar age, which was attributed to impaired postnatal
development. (4) At 4-weeks of age, BLSW mice have elevated hearing threshold and
reduced DPOAE amplitude. The ABR wave | amplitude at P14 is significantly larger
compared to that of control. The larger wave | amplitude at P14 was correlated with
susceptibility to audiogenic seizures early after the onset of hearing. (5) Late-onset
degeneration of the organ of Corti and severe loss of spiral ganglion neurons were

observed, especially at base and the mid-apical region.
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1.5.2 Purpose of the study using BLSW mice

One hypothesis built upon the results of the above described studies is that the larger wave
I amplitude, which represents the summed activity of the ANFs, is responsible for seizure
susceptibility at P14 in BLSW mice (Charizopoulou, Lelli et al. 2011). This might result
from the reduced IHCs K™ currents, which allows greater depolarization of IHCs receptor
potential during stimulus. This may lead to enhanced Ca?* dependent neurotransmitter

release, and subsequently elevated synchronized activity of ANFs.

Recording from ANFs in BLSW mice allows a direct assessment of potential abnormally
high or synchronized activation of SGN. In addition, several predictions can be made
given the above results: (1) Reduced DPOAE suggests a problem in mechanical
amplification. Without this amplification, the frequency selectivity of single ANF would
be degraded. (2) The compressive nonlinearity provided by active amplification of OHCs
allows ANFs to encode broad stimulus intensity range. An impaired active amplification
can result in a steeper growth of ANF rate-level functions. (3) Lack of IHCs K™ currents
might lead to a depolarized receptor potential at rest, which may enhance neurotransmitter
at rest, producing a higher spontaneous activity of ANFs. In addition, spontaneous and
evoked spike rates may be altered by changes in presynaptic physiology, which was not
addressed in (Charizopoulou, Lelli et al. 2011). (4) Abnormal ANF firing patterns may

underlie the audiogenic seizures.

This study was intended to address the following questions to better understand the sound

encoding deficit in BLSW mice:

1. To characterize the changes in ANFs response properties in BLSW mice between 2-
3 weeks, the period during the period of which the ABR wave | amplitude decreased
and to explore how those two measurement can be together reflect the pathology of
the SNHL in BLSW mice.

2. To study whether the ANFs responses are consistent with predictions given by the

known sites of lesion in the inner ear.
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1.6 Cochlear implants in restoring the sense of hearing

When hearing impairment happens, auditory prostheses can be used to restore lost
auditory functions. Currently, two types of auditory prostheses are in common use.
Conventional hearing aids amplify sounds to overcome threshold increases. Cochlear
implants (CIs) are provided to patients who are completely deaf because of loss of inner
hair cells. Cls bypass the damaged cochlea and stimulate remaining afferent nerve fibers
directly by electrical currents to provide patient with environmental sound and, in most
cases, speech comprehension. Cls are now recognized as effective auditory prostheses for
many people suffering from profound hearing impairment. For patients whose ANFs does
not function, auditory brainstem implants (ABIs) are used instead. However, ABIs are
less frequently applied to patients due to requirement of brain surgery and the sound

perception provided by ABIs is less effective (Mdler 2006).

Current Cls employ several separate channels to stimulate ANFs at different tonotopic
locations. The purpose of this is to map frequency components of incoming sound to the
appropriate place on the tonotopic axis. There are several limitations of such scheme.
First, it is difficult to surgically implant the electrode array to cover the whole tonotopic
area due to the coiled structure of the cochlea. Therefore, the frequency range that the
implanted electrode array stimulates is a subrange of what a normal cochlea uses. Second,
currents coming from one monopolar electrode spreads within the cochlea and in addition
to exciting afferent fibers nearby also stimulates additional frequencies which leads to
reduced number of independent channels. Bipolar and multipolar stimulation has been
developed to overcome such difficulties. However, the improvement of frequency
resolution by multipolar stimulation comes at the expense of higher energy consumption.
Third, the distance between the electrodes to afferent fibers further pose a physical limit
of the number of channels and minimal effective electrode currents. To solve this problem
requires direct contact between electrode and afferent fibers, which is surgically much

more challenging.

One novel method to overcome difficulties of electrical stimulation is to use optical
stimulation. It has recently been shown that mid-infrared (IR) lasers can evoke action
potentials from ANFs (Littlefield, Vujanovic et al. 2010). Although the mechanisms of

neural excitation by IR laser is not entirely clear, compared with electrical stimulation,
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IR stimulation have much smaller spatial activation pattern by selectively activating
neurons along directly along the optical path. Optical stimulation could potentially
improve the frequency resolution by providing more independent stimulation channels.
Besides, a potential advantage of more independent stimulation channels, simultaneous
excitation and inhibition of neighboring afferent fibers may better mimic nonlinear

behavior of basilar membrane.

Recently developed optogenetic tools have made it possible to selectively excit and
inhibit neural activities by blue and green light. Optogenetic stimulation of neurons is
based on channelrhodopsins (ChRs), a subfamily of rhodopsins that function as light-
gated ion channels. Originally they were found in algae where they are involved in
phototaxis. ChR1 and ChR2 are the first two types of proteins used as optogenetic tool in
neuroscience. When expressed in neurons, a blue light illumination results in
depolarizating photocurrents by inducing conformational changes. ChR2 has been widely
used for targeted activation of neurons in vitro and in vivo. Towards a clinical application
of optogenetic tools and to achieve higher light sensitivity and faster activation, the ChR2-
variant CatCh was developed (Kleinlogel, Feldbauer et al. 2011). Expression of ChR2 in
retinal ganglion cells has been shown to be able to restore visual function in blind rats
(Tomita, Sugano et al. 2010) and a mouse model of retinal degeneration (Lagali, Balya et
al. 2008). This study is intended to explore the potential application of optogenetic
stimulation of auditory afferent nerves expression of ChR2 by first characterization of

light evoked activities.

1.7 Aims and scopes of the studies

To better understand how the cochlear mechanisms relevant to sound encoding in the
ANF responses in this thesis, mouse models were used to study sound encoding in the
mouse cochlea. The availability of genetic manipulation as well as certain strains carrying
genes responsible for various types of SNHL pathology allow us to address questions
about the molecular mechanisms underlying cochlea sound encoding, which otherwise
could not be done in other widely used model mammals like cat, guinea pig, gerbil and

chinchilla.
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In the first part of the thesis, the developmental changes of ANF responses during early
postnatal development in mice will be characterized for the first time. In vitro experiments
and immunohistochemistry have suggested a developmental change of presynaptic Ca2*
channels organization and signaling during the 2 to 3 postnatal week. The question
whether ANF response properties change during the same development period will also

be explored.

Inner hair cells are specialized for sustained transmission with high temporal precision,
featuring the presence of an electron-dense structure, the synaptic ribbon. The availability
of genetic manipulation methods in mice can help us identify the molecular mechanisms
of sound encoding underlying normal or pathological conditions. As an example to
further understand the role of synaptic mechanisms in the sound encoding, ANF sound
encoding in Bassoon mouse mutants was characterized in the second part of the thesis.
Previous results have demonstrated that in Bassoon mutants carrying a bassoon gene
lacking the central region of exons 4 and 5 (Bsn“F*#°) show severe ribbon loss at
presynaptic active zones and deficits in sound encoding. A newly generated Bsn genetrap
mouse strain (Bsn®) showed somehow milder ribbon loss phenotype compared to the
previous mutant strain. By comparing these two mutants, we might be able to differentiate
ribbon dependent functions. Experimental evidences supporting the notion of ‘sick’
loosely anchored synaptic ribbon in Bassoon mutants will be shown, which argue for the
important role of Bassoon/synaptic ribbon in the organization and function of IHC

presynaptic active zone and sound encoding.

Damage to the delicate sensory hair cells in the cochlea leads to SNHL. The mammalian
inner ear of different species shares a common organization. It is thought that, except for
different frequency range of hearing, the sensorineural function in mice is similar to that
in human. Studying the SNHL in mice may provide us insight into human pathology.
Therefore, black swiss mice strain (BLSW), which shows age dependent SNHL and
audiogenic seizures, was used as another example of using single unit recording from
ANFs to demystify the potential source of lesion in the mouse cochlea. BLSW mice carry
a mutation in GIPC3 gene, which has been shown to be underlying human autosomal
recessive deafness DFNB15 and DFNB95 (Charizopoulou, Lelli et al. 2011). By studying
the ANF response properties in BLSW mice, it was found that one of the most likely

deficiencies in this strain is mechanical amplification in the cochlea. In addition to the
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OHCs problem, there might also be inner hair cell changes. Both abnormal of OHCs and

IHCs contribute to the auditory phenotypes in BLSW mice.

Having learned the important role of sensory hair cells in sound encoding in the mouse
cochlea, what can be done if sensory hair cells are damaged that they can no longer
faithfully transmit temporal information onto the ANFs? The current approach is to use
cochlea implant to directly stimulate ANFs using electrical signals. This method has been
successfully applied to human patients. Efforts have been made to enhance the hearing
experience like music perception using cochlea implant. However, the number of useful
channels which can be used using electrical signal is limited by the spread of current in
the tissue. As a potential alternative stimulation method, optical instead of electrical
stimulation might improve the number of stimulation channels. In the last part of the
thesis, optical stimulation of mouse ANFs expressing Channelrhodpsin 2(ChR2) as well
as its variant CatCh was used to characterize the evoke responses of ANFs/cochlear

nucleus neurons.

Results from those studies as a whole demonstrate the power of single unit recordings
from mice ANFs. These data are one step towards understanding the sound encoding in
the mouse cochlea. In depth understanding of this process requires the integration of in
vivo ANF recordings, in vitro cell physiology as well as computational modeling. By
accumulating data using different experimental approaches and manipulations of
different coding components in the mouse cochlea, future studies will help us depict a

more comprehensive picture about this process.
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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 aged between p10 and p21.

2) Black swiss mice (BLSW) aged between p14 and p25. BLSW mice were generated by
outcrossing albino NIH swiss mice to C57BL/6N and then backcrossing to the NIH swiss
line (Clapcote, Lazar et al. 2005). The early-onset hearing loss in BLSW mice has been
a model for progressive sensorineural hearing loss and the GIPC3 mutation has been
found to underlie the hearing phenotype (Charizopoulou, Lelli et al. 2011). C57BL/6 mice

served as controls.

3) Bassoon mutants and wildtype littermates aged between 5-11 weeks with a targeted
deletion of exons 4 and 5 of the bassoon gene (Bsn**#3) (Altrock, tom Dieck et al. 2003).

Mice were bred from parents of inbred C57BL/6 and 129/Sv background heterozygous.

4) Bassoon gene-trap mutants and wildtype littermates aged between 5-11 (Bsn®; derived
from Omnibank ES cell line OST486029; Lexicon Pharmaceuticals) (Frank, Rutherford
et al. 2010, Hallermann, Fejtova et al. 2010). The genetic background is uncharacterized
but derived from the same C57BL/6 x 129/Sv strain as Bsn*545.

5) 6-12 week-old transgenic ChR2 mice (Arenkiel, Peca et al. 2007).

6) 6-12 week-old mice from CD1 background which had undergone transuterine otocyst
injections (Brigande, Gubbels et al. 2009, Reisinger, Bresee et al. 2011) of
adenoassociated-virus 6 (AAV6) to express the ChR2-variant CatCh (Kleinlogel,
Feldbauer et al. 2011)in their SGNs.

All experiments complied with national animal care guidelines and were approved by the
University of Gdtingen Board for animal welfare and the animal welfare office of the

state of Lower Saxony.
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2.2 3D confocal image analysis

To explore the effect of Bassoon disruption on ribbon anchorage and Cav1.3 clustering
in Bsn® mice, quantitative 3D image analysis was performed using immunhistochemistry
and confocal microscopy of organs of Corti stained for goat anti-CtBP2 (1:150; Santa
Cruz Biotechnology), mouse anti-GIuA2 (1:75; Millipore), Rabbit anti-CaV1.3 (1:75;
Alomone Labs) (preparation, staining and imaging were carried out by Dr. Mark. A.
Rutherford as described in (Frank, Rutherford et al. 2010)). The image analysis routines
were based on Matlab (MathWorks, Inc.; programmed by Mr. Gerhard Hoch). The
locations of synapses in confocal image stacks were defined as the centers of mass of
fluorescent spots after thresholding by a subjective intensity criterion for GIuA2 channel
clusters. Locations of CtBP2 and Cav1.3 clusters were defined in the same manner. The
average voxel intensity in the entire synaptic region excluding voxels that exceeded the
threshold value was defined as background and subtracted from each image stack.
Gaussian functions were fitted in X, Y and Z dimensions to locate the voxel of center of
mass of each clusters and also the distance to the centers of mass of the nearest
neighboring cluster in the other two channels within a 500 nm range.
Immunofluorescence intensity was quantified by integrating the voxel intensity values
within a region of interest centered on the voxel where the center of mass of each GIuA2-
positive was located. The size of the region of interest was 9>9>7 voxels in X, Y and Z

direction respectively, corresponding to a volume of ~0.5x0.5%3.0 pm.

2.3 Real time PCR

Real time PCR was performed in order to study the expression of bassoon on the mRNA
level in BSN® mice. Total RNA was isolated from organ of Corti preparations of 5-week-
old mice using TRIzol (Invitrogen). cDNA were obtained by reverse transcription using
random hexamers as primers. Real time PCR was done using ABI Prism 7900 Sequence
Detection System (Applied Biosystems). In brief, cDNAs for Bsn, otoferlin and TBP
(TATA-binding protein as a housekeeping gene) were selectively amplified using the
Tagman Gene Expression Assays Mm01330351_mH, Mm00453306_m1, and
Mm00446973 ml, respectively (Applied Biosystems) in separate reactions (20 pl

volume) following the manufacture’s protocol. Relative amounts of bassoon mRNAs
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were normalized the expression level of otoferlin using the comparative 224 method

(Applied Biosystems).

2.4 ABR measurement

Animals were anesthetized with ketamine (125 mg/kg, 1.p.) and xylazine (2.5 mg/kg, i.p.).
Three subcutaneous needle electrodes were used for recording, one underneath the pinna
(+), one on the vertex (-) and one on the back near the legs as a reference. Stimulus
generation and presentation, as well as data acquisition and processing were controlled
by TDT Ill System (Tucker-Davis-Technologies). Sound pressure levels are provided in
dB SPL RMS (tonal stimuli) or dB SPL peak equivalent (PE, clicks) and calibrated using
a 1/4” Briiel and Kjaer microphone (D 4039, Briiel and Kjaer GmbH). Tone burst (10 ms
plateau, 1ms cos? rise/fall) or clicks of 0.03 ms were presented at 20 Hz in the free field
ipsilaterally using a JBL 2402 speaker (JBL GmbH&Co.). A custom-designed amplifier
was used to amplify the difference potential between the mastoid and vertex needles,
sampling at 50 kHz for 20 ms and filtered offline (300-3000 Hz for aABR, 1-10000 Hz
for oABR). Hearing threshold was determined by visual inspection as the lowest stimulus

intensity that evoked a reproducible response waveform.

2.5 Single unit recording from mouse auditory nerve fibers
2.5.1 Surgical approach

Single unit recordings were applied to study the sound encoding in individual ANFs.
Animals were anesthetized with combination of xylazine (5 pg/g, i.p.) urethane (1.3 Lg/g,
i.p.) and buprenorphine (0.1 po/g, i.p.). Animal temperature was maintained at 36.5 C
using a custom-designed heating pad in a sound proof chamber with ambient temperature
of 33 <C. The surgery and recording procedures were performed as described (Taberner
and Liberman 2005, Strenzke, Chanda et al. 2009). The animal was tracheostomized and
the cartilaginous ear canals were removed before the animal was placed in a custom
designed stereotactic apparatus. The contralateral ear canal was plugged with moist cotton.

The cochlear nucleus was exposed by an occipital approach with partial removal of the
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cerebellum. Glass microelectrodes filled with 2 M NaCl and 1% methylene blue were
advanced in 4pm steps using an Inchworm micromanipulator (EXFO Burleigh) during
noise burst stimulation, targeting the area of the ANFs’ entry zone into the cochlear
nucleus. The posterior region of the anteroventral cochlear nucleus (AVCN), where
spherical bushy cells with similar responding pattern as ANFs are mainly located, was

avoided during targeting.

Cochleostomy was performed on mice expressing either ChR2 or ChR2 variant CatCh to
allow direct laser fiber stimulation of ANFs. A retroauricular approach was used to reach
the left bulla. The cochlea was exposed after opening the bulla. In ChR2-mice, a small
cochleostomy (diameter: ~500 pum) was made by gentle shaving of the bony cochlear
capsule. As CatCh was mainly expressed in the basal turn, the optical fiber was inserted
into the cochlea through the round window when working on those transuterine injected
mice. A 250 um optical fiber coupled to a 473 nm laser (MBL473, 50 mW DPSS,
Changchun, China) was then inserted into the cochleostomy and round window,
respectively. Irradiance was calibrated with a laser power meter (Laser check, Coherent
Inc.) before each experiment.

2.5.2 ANF identification

Sound-responsive neurons were identified by 50 ms noise bursts presented at 90 dB.
ANFs were distinguished from primary cochlear nucleus units based on the electrode
position (interior auditory canal, deeper than 1 mm below the surface of cochlear nucleus)
and their primary-like response characteristics to suprathreshold (30 dB above threshold)
50 ms tone bursts presented at the characteristic frequency of the ANF. A coefficient of
variation of inter-spike intervals of adapted responses >0.5 confirmed the irregular firing
pattern that is typically observed in ANFs (Taberner and Liberman 2005). Following the
experiment, the cochlear nucleus was aspirated to expose the ANF and interior auditory
canal to verify that the electrode had been in the right position. Erroneous unit type
classification was more likely to occur when firing rates were low (e.g. in Bassoon mutant

mice), yielding less clear response patterns.
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In pre-hearing mice (p10-p12), the identification of ANFs based on acoustic evoked
primary-like response was impossible because ANFs did not respond to maximum
acoustic stimuli available at the stimulus rates used. In this case, stereotactic position of
recording was always verified after the recording to make sure the correct targeting. The
depth criterion (>1000 mm below the surface of cochlear nucleus) was also applied to

these data.

2.5.3 Acoustic system and signal processing

The acoustic stimuli were generated digitally using TDT Systems 3 (Tucker-Davis
Technologies). After sound pressure level adjustments by an attenuator (PA5, Tucker-
Davis Technologies), the sound was delivered by an ED-1 speaker (Tucker Davis
Technologies) and a custom-designed close-field probe placed close to the opening of the
left ear canal. Extracellular signals were amplified and bandpass filtered (300-3000 Hz)
using an ELC-03XS amplifier (NPl Electronics). Upon detection of sound-evoked
spiking activity on the connected oscilloscope (TDS2004B, Tektronix) and an audio
monitor, signals were recorded using an analog-to-digital multifunction processor (RX®6,
Tucker-Davis Technologies) at sampling rate of 24414 Hz. Stimulus presentation and
recording were controlled by custom written MATLAB programs. For tuning curves,
spike detection was performed online based on a manually set trigger, whereas all other
data were analyzed offline using a spike detection routine modified from the Wave_Clus
routines (Quiroga, Nadasdy et al. 2004).

2.5.4 Stimulus and response measurements

The spontaneous firing rate of each identified sound responsive unit was first measured
in a 10 s interval without any stimuli. When the spontaneous rate was less than 10 or 2
Hz, an additional 10 or 20 s recording interval was added, respectively. Then, an
automatically adapting algorithm that systematically varied the frequencies and sound
pressure levels of 15 ms tone bursts was employed to determine the characteristic
frequency (CF) and best threshold for each unit. A sequential probability test (Wald 1947)

with p=0.03 was used to determine whether the resulting spike rate was equal to the
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spontaneous rate or to the threshold rate (SR+20 Hz) or if the measurement had to be
repeated to reach statistical significance. The initial step size of 16 dB was halved each
time the threshold was crossed until a precision of 1 dB was reached. Similarly, the initial
1 octave frequency steps was halved for frequencies near the best frequency to determine
the thresholds near the CF with 1/32 octave precision. 50 msTone bursts at CF (2.5 ms
cos? rise /fall, repetition rate at 8 Hz) were used to characterize sound evoked responses.

Rate-level functions were measured using 25 tone bursts per level, ranging between 20
dB below and 50 dB above threshold. The sequence of stimulus levels was generated
randomly in 5 dB steps. For each stimulus trial, the number of spikes was counted over a
fixed window from the stimulus onset to the stimulus offset. Spike counts for each level
were then averaged to generate a rate-level function. Rate-level functions were fitted
using a five-parameter model (Sachs and Abbas 1974, Sachs, Winslow et al. 1989,
Taberner and Liberman 2005). The input sound pressure “Pin” first passes through a non-
linearity that represents the BM compressive nonlinearity (equation 1). 6 in equation 1
represent the point when P became compressed non-linear function of “Piy”. o is fixed at
0.27. The driving rate Rq is expressed as a non-linear saturating function of BM output ”P”’
(equation 2). Oe in equation 2 represents threshold of the saturating function. The
exponent  in equation 2 allows the saturation function have a steeper rate-level function.
Finally, the total discharge rate is expressed as the sum of the stimulus-driven rate Rq and
a spontaneous rate (Rsp). The fitting was done in Matlab using Isqcurvefit function, which
solves nonlinear curve-fitting problem in least-square sense. Goodness of fit was assessed
by computing root mean square error (<20 spikes/s). Dynamic range is defined as the
range of sound pressure levels in which the rate-level function showed a rate increase
between 10% and 90% of the difference between spontaneous and maximum rate (Figure
1.2). The calculation of dynamic ranges for ANFs were based on the model fitted rate-
level functions. For signal detecting analysis, the standard derivation of the rate across

trials for each level was also computed and smoothed using a moving average filter.

1)
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Ry = R, ( (Z_E)ﬁ> )

Riot = Rsp + Ry (3)

Recovery from adaptation was measured in the forward masking paradigm (Frank,
Rutherford et al. 2010), in which a 100 ms tone burst (Masker, at CF, 30 dB above
threshold) was followed by a 15 ms tone burst (Probe) presented at the same frequency
and stimulus level as the masker. The masker and probe were separated by 3 or 4
randomly ordered intervals between 4 to 256 ms. Stimulus trials were presented at a rate

of 2 Hz rate and each interval was repeated 30 times.

To measure the ability of ANFs to encode amplitude modulated tones, transposed tones
with CF carrier frequency which were amplitude modulated by a half wave rectified
modulator sinusoid (125 Hz, 250 Hz, 500 Hz and 1 kHz) were presented. For each
modulation frequency, the time-varying amplitude of the carrier wave was varied in 5 dB
steps and each trial lasted 2 s. The vector strength, or synchronization index (SI)
(Goldberg and Brown 1969) was calculated as described. In brief, a postzero-crossing
histogram was first generated using spike times to measure synchrony. Instead of using a
synchrony noise floor, Rayleigh statistics (Mardia and Jupp 2000) was used to assess the
statistical significance. Values of Sl that failed to reach a criterion p<0.001 (r>13.5) were
discarded. Rayleigh test values >13.8 (p<0.01) indicated that the synchronization of
neuronal activity reflected a sample of an oriented distribution that is not attributed to
chance (Buunen and Rhode 1978).

2.6 Data analysis and statistics

Data analysis was performed using Matlab, Igor Pro (Wavemetrics), ImageJ software

(http://rsb.info.nih.gov/ij/) and Graphpad (GraphPad Software, Inc.). For comparing two

groups, unpaired, two-tailed t test were used if the samples passed normality test (Jarque-
Bera test) and equal variance under F-test. In all other cases, the non-parametric unpaired,

two-tailed Mann-Whitney-Wilcoxon rank test was used. For comparing multiple samples,
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one-way ANOVA followed by Dunn’s tests were used. Means are expressed as
meanxSEM, 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 nerve fiber responses during early postnatal development in mice

3.1.1 Developmental changes of spontaneous spiking activity of mouse ANFs

before and after hearing onset

No sound-evoked single-unit spiking activity was detected in p10-12 mice using noise or
tone bursts up to 100 dB (Figure 3.1D). For this reason, putative ANF units were
identified only by their stereotactic positions of the recording electrode in p10-12 mice,
which was verified at the end of each experiment. The erroneous inclusion of cochlear
nucleus units can nonetheless not be completely ruled out. Figure 3.1A shows
spontaneous burst activity of one representative putative ANF. The spikes were clustered
in “mini-burst”, which were separated from each other by approximately 120 ms. Mini-
bursts were clustered into “maxi-bursts” that could last for >1 ms and were separated
from each other by intervals of several seconds (Figure 3.1A-B). In contrast, the inter-
spike interval distribution in pl4-15 and p20-21 mice can typically be described as
Poisson process with a dead interval, with a coefficient of variation of approximately 1
(Kiang 1965). However, the multimodal ISI distribution in p10 mice was reflected in the
increase of a ISI CV greater than 1 (2.240.2, n=15), which was significantly larger than
that of pl4-p15 or p20-21 ANFs (Figure 3.1C, 1.0#0.1, p<0.001, n=10 or 0.940.1,
p<0.0001, n=11; Kruskal-Wallis One Way ANOVA with post hoc Dunn’s multiple

comparison test).
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Figure 3.1: Putative ANF firing properties before hearing onset. (A) Example traces
of spontaneous spiking activity of a pl0 (top) and a pl4 (bottom) ANF. The
spontaneous activity in p10 ANFs was characterized by the presence of bursts of
activity (maxi-burst) containing clusters of spikes (mini-bursts). (B) Inter-spike interval
(1S1) histogram of the spontaneous activity of representative ANFs in three age groups
(blue: p10; red: pl4; black: p20). The multiple peaks in p10 include the interspike
interval within a mini-burst (~10 ms), the inter-mini-burst interval (~120 ms) and longer
inter-maxi-burst intervals. (C) Coefficients of variation of ISI for ANFs in three
development age groups. A CV around 1 is typical for a Poisson process. A higher CV
is related to more regular bursting activity. The mean ISI CV for p10 ANFs (n=15) was
significantly larger than that for p14-15 or p20-21 ANFs (p<0.001, n=10 or p<0.0001,
n=11). (D) Average post stimulus time histogram of p10 and p11 ANFs in response to
50 ms noise bursts at 90 dB. No sound evoked responses were observed at this sound
level at a stimulus rate of 8 Hz (n=14).

In addition, when comparing the spontaneous rates of fibers recorded before and after
the onset of hearing, the spontaneous discharge rate (averaged over the entire sampling

period and including bursting activity) was significantly lower at p10-11 (Figure 3.2,
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pl0-11, 11.6 £2.0 Hz, n=40 vs. p14-21, 23.5 £4.0, n=24, p<0.01, Mann-Whitney test),
while there was no statistic significant changes of spontaneous rate from p14-15 to p20-
21 (23.9%£6.3 Hz, n=12 vs. p20-21, 23.5+5.0 Hz, n=12, Mann-Whitney test, n.s.).

c

jel

©

o

(TR

(0]

=

£

g = p10-p11
=] = p14-p15, p20-p21
©o

0 20 40 60
Spontaneous rate (spk/s)

Figure 3.2: Cumulative distribution of spontaneous discharge rate of fibers before and
after the onset of hearing. Note the right shift of distribution indicate the emergence of
high spontaneous rate ANFs after the onset of hearing.

3.1.2 Maturation of frequency selectivity after hearing onset

After the onset of hearing, sound evoked responses of ANFs undergo further
developmental refinement. The ANFs respond selectively to certain ranges of frequencies
of sinusoidal stimuli that correspond to the cochlear tonotopic location of the inner hair
cell they innervate. Thus, each ANF is tuned to a particular frequency, which is referred
to as “characteristic frequency” (CF). The threshold was defined as the intensity of the
stimulus level required to evoke 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 3.3A shows representative ANF tuning curves of the two age groups. P14-15
ANFs had tuning curve shapes resembling those of p20-21 ANFs. However, the ANF
threshold at the CF further decreased as ANFs matured from p14-15 to p20-21 (Figure
3.3B, 8-16 kHz, p<0.01, n=5 for p14-15, n=7 for p20-21; 16-32 kHz, p<0.05, n=6 for
pl4-15, n=4 for p20-21, Mann-Whitney test). Sharpness of tuning was quantified for each
tuning curve by calculating the Q10 dB, which is the CF of the fiber divided by the
bandwidth of the tuning curve at 10 dB above the CF threshold. Because the Q10 dB is a
function of CF in cat ANF (Kiang 1965), fibers were binned into three octave groups
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according to their CFs (4-8 kHz, 8-16 kHz and 16-32 kHz). The frequency tuning of ANFs
in p20-21 mice was significantly sharper compared to p14-p15 (Figure 3.3C, 8-16 kHz,
p<0.01, n=5 for p14-15, n=7 for p20-21; 16-32 kHz, p<0.05, n=6 for p14-15, n=4 for p20-
21, Mann-Whitney test, statistical testing was not done for the 4-8 kHz group because of

insufficient sample size).
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Figure 3.3: The hearing thresholds decreased and the sharpness of tuning increased
during early postnatal development after onset of hearing. (A) Representative tuning
curves of p14-15 (red) and p20-21 (black) ANFs. (B) The threshold at characteristic
frequency for each fiber decreased from pl14-15 to p20-21. (C) Sharpness of tuning,
measured as Q10 dB, improved after onset of hearing from p14-15 to p20-21 ANFs.

3.1.3 Maturation of response to pure tone bursts after hearing onset

In response to 50 ms suprathreshold tone bursts presented 30 dB above threshold at CF,
ANFs fire trains of action potentials. The response latency for each fiber was quantified
as median first spike latency. The response latencies in p14-15 were significantly longer
than those at p20-21 (Figure 3.4B, p<0.01, 5.8 £0.4 ms n=12 vs. 4.3 £0.3 ms, n=12,
Mann-Whitney test). The same tone burst stimuli was repeated 200 times, and a post-
stimulus-time histogram (0.5 ms binwidth) was constructed to display the time
distribution of spike discharge time relative to the stimulus onset for each fiber. A typical
ANF responded to tone bursts with a sharp onset response, which gradually adapted to a
steady state rate. Figure 3.4A shows average PSTH of fibers aligned to their median first
spike latency for the p14-15 and p20-21 age groups. There was a tendency of higher onset
rates (firing rate in 1 ms after the response latency) in p20-21 ANFs (p=0.06, 391.7 £36.2
Hz, n=12 for p20-21 vs. 302.5 £34.2, n=12 for p14-15, Mann-Whitney test), while the

adapted rate (firing rate between 45 to 50 ms after response latency) was significantly
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larger in p20-21 ANFs (p<0.001, 187.3 9.0 Hz, n=12 for p20-21 vs. 121.3 +13.3 Hz,
n=12 for pl14-15, Mann-Whitney test). Adaptation was quantified by fitting a double
exponential function to derive fast and slow adaptation components (Westerman and
Smith 1984). Both the fast and slow adaptation time constants between the two groups
were not significant different (fast: p=0.5, 0.25 +0.08 ms vs. 0.35 +0.10 ms; slow: p=0.8,
11.3 1.2 msvs. 11.9 £2.0 ms, n=12 for p20-21, n=12 for p14-15, Mann-Whitney test).
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Figure 3.4: Development of ANF responses to suprathreshold tone bursts after the
onset of hearing. (A) Average post-stimulus-time histogram (PSTH) of p14-15 and p20-
21 ANFs in response to 50 ms CF tone bursts at 90 dB. PSTHSs were aligned to the bins
of their respective median first spike latency before averaging. (B) pl4-15 ANFs
responded to tone bursts with longer latency. (C) The average steady state (adapted)
rate was significantly higher in p20-21 ANFs compared to p14-15, while there was also
a tendency for higher average onset rates.

3.1.4 Development of rate-level function after hearing onset

The discharge rate of ANF fibers increased monotonically with increasing stimulus levels
(Sachs and Abbas 1974). This relationship was studied by measuring the rate-level

function. A five parameter phenomenological model (Taberner and Liberman 2005)
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adapted from Sachs-Abbas model (Sachs, Winslow et al. 1989) was used to fit the rate-
level function to better approximate the dynamic ranges.

Figure 3.5A shows example rate-level functions of the two age groups. The improvement
of hearing thresholds from p14-15 to p20-21 ANFs were reflected in the horizontal shift
of rate-level functions. The dynamic range is defined as the range of sound pressure levels
in which the rate-level function showed a rate increase between 10% and 90% of the
difference between spontaneous and maximum rate of fitted rate-level function. No
statistical significant difference between dynamic ranges was observed between the two
age groups (p=0.65, 12.7 £4.4 dB, n=11 for p20-21 vs. 13.9 £8.0 dB, n=11 for p14-15).
There was also no systematic correlation between spontaneous rates and dynamic ranges.
However, ANFs with lower spontaneous discharge rates tended to have greater diversity
in their dynamic ranges. Two p14-15 ANFs firing at spontaneous rates <5 Hz showed
non-saturating responses given the highest sound stimulus levels (Figure 3.5B). In
summary, individual p14-15 ANFs can already encode a similar range of stimulus levels
as p20-21 fibers. The main difference was that p14-15 ANFs had higher thresholds
compared to those of p20-21 fibers.
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Figure 3.5: Changes of rate-level functions during early post natal development. (A)
Example rate-level functions of p14-15 (red) and p20-21(black). (B) Similar dynamic
ranges between p14-15 and p20-21 ANFs groups. Red arrows indicate two p14-15
fibers of low spontaneous rate (<5 Hz) showing non-saturating rate-level functions.
Corresponding rate-level functions in (A) are shown in orange.
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3.2 Synaptic ribbon and presynaptic structure in sound encoding: lessons from

Bassoon mutants

In the previous study, single fiber response properties during early postnatal development
were characterized. We have discussed one potential hypothesis that presynaptic Ca?*
signaling and Cav1.3 channel organization causes heterogeneity of ANFs. Interestingly,
the ANF heterogeneity seems to be correlated with the morphology and size of a special
presynaptic structure in IHC: synaptic ribbon (Liberman 1980, Liberman, Wang et al.
2011). The presynaptic protein Bassoon has been shown to have a function in anchoring
synaptic ribbon and organizing Cav1.3 channel clustering (Altrock, tom Dieck et al. 2003,
Khimich, Nouvian et al. 2005, Frank, Rutherford et al. 2010). In this study, the advantage
of molecular manipulation in mice was utilized to gain further insight into the role of

presynaptic scaffold protein Bassoon and synaptic ribbon in sound encoding.

3.2.1 Bsn% IHCs ribbon anchorage phenotypes

To study the morphology of IHC afferent synapses, confocal images of
immunohistochemical labeling of postsynaptic AMPA receptors GluA2, CtBP2/ribeye
(labeling synaptic ribbon/some nuceli) and presynaptic Cayv1.3 Ca?* channels of whole-
mounted organ of Corti (images acquired by Dr. Mark Rutherford) were analyzed. The
number of afferent synapses per IHC was quantified by counting the number of
postsynaptic marker GluA2-immunofluorescent spots in Bsn% and WTgimages processed
in parallel. In the 5-8 kHz tonotopic range, both Bsn% and WTg: had an average of 11.4
afferent synapses per IHC (Figure 3.6A, n=2264 synapses in 199 IHCs vs. n=1682
synapses in 148 IHCs), indicating a normal connectivity. While in WTg IHCs, nearly all
GIuA2 spots had a juxtaposed synaptic ribbon (97.2%), most mutant synapses lacked
juxtaposed ribbons (56.4%, 4-11 weeks with no clear age dependence), which were
referred to as ribbonless synapses. Compared to Bsn“®*#> which showed an age
dependent decrease of ribbon occupied synapses from ~47% at pll to 22% at p21 and
12% at p70 (Khimich, Nouvian et al. 2005, Jing, Rutherford et al. 2013), the loss of

synaptic ribbon seems less severe in Bsn?',
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Previous electron microscopy (EM) data on a small set of Bsn® IHC synapses suggested
a tendency of increased distance between synaptic ribbon and plasma membrane (Frank
2010). Here, a different approach was used to analyze the spatial organization of the
synaptic structure. The 3D center of mass distances between CtBP2-, Cay1.3- and GluA2-
immunofluorescent spots in confocal image stacks were calculated for each triple cluster
of juxtaposed CtBP2-, Cav1.3- and GluA2-immunofluorescence (see methods for details).
The distance between CtBP2 and Cav1.3 spots was larger in Bsn? IHCs compared to that
at WT synapses (Figure 3.6B, p<0.001, n=99 synapses in Bsn% vs. n=250 synapses in
WTg). The enlarged distance between CtBP2 spots to Cav1.3 and GIuA2 spots in Bsn%
synapses confirmed the notion a looser ribbon anchorage to the presynaptic active zone.
There was no significant difference for GluA2-Cayv1.3 distances (Figure 3.6B, p=0.06,
n=227 synapses in Bsn% vs. n=263 synapses in WTy), arguing against a more general

disruption of the synaptic ultrastructure in the absence of Bassoon.
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Figure 3.6: 3D confocal imaging analysis of synaptic organization in Bsn® mutants.
(A) IHCs stained with antibodies against GIuA2 (blue, labeling postsynaptic glutamate
receptors), CtBP2 (red, labeling synaptic ribbons and some nuclei) and Cav1.3 (green,
labeling presynaptic Ca?* channels). Note in both Bsn® IHCs, the number of GIuA2
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spots was comparable to WTg, but the number of CtBP2 spots was reduced. (B) 3D
center of mass distance distribution between pairs of Cay1.3-CtBP2 and GIuA2-Cay1.3
positive clusters from one representative pair of images, showing enlarged ribbon
distance to presynaptic active zone and comparable distance of pre- and post- synaptic
markers. (C) Schematic illustration of active zone (AZ) organization in WT (left),
mutant ribbon-occupied (middle) and mutant ribbonless synapses (right). Insect shows
deconvolved high-magnification images of representative synapses. (Immunostaining
images were obtained by Dr. Mark Rutherford, Cartoon illustration was drawn by Lin-
da Hsu)

3.2.2 Residual expression of bassoon in BSN9 IHCs

It is not clear why the two mutants showed different synaptic ribbon occupancy
phenotypes. Bsn“E*#*5 mutant mice were generated by knock out the exon 4 and 5 of
bassoon gene, resulting an expression of mMRNA fragment of bassoon. The mRNA
fragment encodes for a 180 kD protein fragment. However, the fragment did not appear
to be synaptically localized in immunohistochemistry studies of the brain (Altrock, tom
Dieck et al. 2003) and hair cells (Frank, Rutherford et al. 2010). Morphology and
physiology in heterozygous mice did not support a dominant negative function of the
fragment. In contrast, the Bsn® mice were generated by inserting a termination sequence
between exons 1 and 2 of bassoon gene to block the transcription. No residual bassoon
expression was found in Western blots and immunohistochemistry of brain tissue
(Hallermann, Fejtova et al. 2010). However, residual expression of a small amount of
whole-length mRNA could not be excluded. We therefore performed real-time PCR and

immunohistochemistry studies.

The residual expression of bassoon was first investigated at mRNA level. Real-time PCR
of organ of Corti from Bsn® mice was carried out to test possible bassoon mRNA. A
residual expression of bassoon mRNA in Bsn® organs of Corti amounted to 3% of

wildtype levels was found (6 organ of Corti each, data not shown).

The expression of bassoon at protein level was investigated by immunolabeling Bassoon,
synaptic ribbons (CtBP2), and Cay1.3 channels (Performed by Dr. Mark Rutherford).
Bassoon-immunolabeling was detected at virtually all afferent wildtype IHC synapses
that were colabeled by CtBP2 and Cav1.3 (Figure 3.7A). However, in Bsn® IHCs,

bassoon immunoreactivity was bared detectable in the triple staining preparations (Figure

36



Results

3.7B). Here, a possible bassoon immunofluorescence was found at one synapse out of
hundreds of synapses in 72 IHCs (Figure 3.7B, white frame). In another preparation of
double-labeled for Cay1.3 and bassoon, weak bassoon immunoreactivity was found

overlapping with Cay1.3 clusters at <5% of synapses (Frank, Rutherford et al. 2010).

Taken together, a small amount of leaky expression was detected by Real-time PCR
experiments, which was barely detectable at protein level. A few copies of molecules may
support the synaptic anchorage of the ribbon in Bsn® IHCs, but are not sufficient to

support the normal tight spatial coupling of synaptic ribbon to the presynaptic membrane.

Figure 3.7: Leaky expression of bassoon in a subset of Bsn% IHCs. IHCs were stained
with antibodies against Bassoon (blue), synaptic ribbons (CtBP2, red) and Cavl.3
channels (green). (A) At synapses of WT, Bassoon clustered at juxtaposition to CtBP2
and Cavl.3 colabeled spots. Additional bassoon-positive, but CtBP2- and Cay1.3-
negative spots represent efferent synapses contacting postsynaptic structures. Insets
show two representative examples at all three channels and bassoon channel only. (B)
At synapses of Bsn, Bassoon punctas were barely detectable by visual inspection.
Insects show a weak bassoon-positive synapse (white frame) and a synapse with
bassoon immunofluorescence not exceeding background level (golden frame). (Images
were obtained by Dr. Mark Rutherford)

3.2.3 Ribbon-dependent effects on synaptic morphology and physiology in Bsn¢t
IHCs

The observation of a higher fraction of ribbon-occupied synapses triggers the question,
whether it is possible to scrutinize ribbon-dependent effects on the presynaptic active
zone using the Bsn? mutant? If those looser anchored ribbons were functional different

properties of the 47.3% ribbon-occupied and 52.7% ribbonless synapses, it should be
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observed in the 47.3% ribbon-occupied synapses. Previous results suggested a possible
role of synaptic ribbons in organizing Cav1.3 channels (Frank, Rutherford et al. 2010).
Triple immunolabeling of CtBP2, Cav1.3 and GIluA2 of organs of Corti (staining
performed by/in collaboration with Dr. Mark Rutherford; Figure 3.6A) enable us to study
ribbon-dependent effects on synaptic organizations in Bsn? IHCs. Immunofluorescence
intensities of CtBP2, Cav1.3 and GIuA2 spots were quantitatively analyzed. Using GIuA2
as a synaptic marker, the synaptic Cav1.3 immunofluorescence intensity was found to be
reduced compared to WTg IHCs. Ribbon-occupied synapses had significantly stronger
Cav1.3 immunofluorescence than ribbonless synapses in Bsn® IHCs (Figure 3.8A,B). In
contrast, the mean intensities of GIuA2 spots were not significantly different between
genotypes and the distributions were nearly indistinguishable regardless of the presence
or absence of a ribbon (Figure 3.8C). The GIuA2 organization was also assessed in
BsnEx*S |HCs using STED microscopy by Drs. Mark Rutherford and Benjamin Harke.
In mutant synapses, the ring-like organization of GluA2 clusters was retained, albeit with
slightly smaller diameter in the absence of a ribbon (Figure 3.8D).
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Figure 3.8: Ribbon dependent morphological differences in Bsn® IHCs. (A, C)
Quantification of the representative pair of triple labelings shown in Figure 3.6. Cav1.3
immunofluorescence intensity in Bsn® IHCs (violet, n=108 Bsn? ribbonless synapses;
red, n=108 ribbon-occupied synapses) had reduced intensity compared to WTg (black,
n=105 synapses). Ribbon-occupied Bsn® synapses had more Cayl.3
immunofluorescence than ribbonless synapses but less than WTg. However, the
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distributions of GIuA2 cluster immunofluorescence intensities of Bsn? and WTy
synapses were not different (C). (B) Representative pair of double-staining of GIuA2
(blue) and Cav1.3 (green), showing reduced Cayl1l.3 but not GIuA2 receptor
immunofluorescence intensities in the Bsn® IHCs. (D) STED microscopy of BsnAEx#/3
IHCs stained for GIuA2 receptors (blue) and synaptic ribbons (CtBP2, red). Both WTg
and Bsn**5 synapses retained the ring-like morphology of GIUA2 clusters. However,
in the absence of a presynaptic ribbon, the ring diameters appeared slightly smaller
(Data from Drs. Mark Rutherford, Benjamin Harke).

To correlate the morphological differences to IHC physiology, in vitro cell physiology
experiments were carried out by Dr. Thomas Frank. Both mutants had reduced whole cell
Ca?* currents (Figure 3.9A), consistent with the reduced Cayv1.3 immunofluorescence as
previously described (Figure 3.8A, B). The maximum Ca?* current in Bsn% was
intermediate between Bsn“P*S and WT IHCs. This is consistent with a milder
physiological phenotype and function of synaptic ribbons in stabilizing presynaptic
Cav1.3 clusters (Frank, Rutherford et al. 2010). The voltage-dependence of Ca?* channels
was not different among IHCs of the different genotypes. To probe the exocytosis of IHCs,
capacitance measurements were carried out by depolarizing the IHC to the potential of
maximum Ca?* current for 20 ms (Figure 3.9B) and 100 ms. The capacitance change
during the first 20 ms can be interpreted as the size of readily releasable pool (Moser and
Beutner 2000), while the capacitance changes between 100 ms and 20 ms reflected the
sustained component of exocytosis. There was no difference between the RRP size
between Bsn? and Bsn**#3, However, Bsn% IHCs had a significantly larger sustained
component of exocytosis compared to that of Bsn*®#> IHCs (Figure 3.9C), suggesting
that vesicle replenishment is better preserved. Intracellular application of the slow-
binding Ca?* chelator 5mM EGTA in whole-cell recordings did not cause a stronger
relative suppression of exocytosis in either Bsn mutant, suggesting an unaltered spatial
coupling between synaptic Ca?* channels and release-ready vesicles (Figure 3.9C, D).
The recovery of RRP upon depletion was probed using pair-pulse protocol, during which
the first 20 ms or 100 ms depolarization depleted the pool. After various different intervals,
another depolarization of the same duration was used to test the recovery of the RRP after
depletion. The recovery rate in Bsn% was again intermediate between Bsn*®*#> and WT
IHCs. In summary, the cell physiology confirmed that Bsn% IHCs with their larger
fraction of ribbon-occupied synapses show better preserved presynaptic function than

BsnEx*S |HCs, which mostly lack synaptic ribbons. The residual looser anchored
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synaptic ribbons in Bsn% IHCs support better maximum whole cell Ca?* current, sustained

exocytosis and replenishment of RRP, but do not maintain a normal size of the RRP.
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Figure 3.9: Effect of Bassoon disruption on synaptic functions. (A) Ca?* current-
voltage relationships. Bsn*¥*> IHCs had reduced peak Ca?* current compared to their
respective control (80%, p<0.01 for Bsn%; 71%, p<0.001 for Bsn*E*#5; n=24 for WTy,
n=26 for Bsn%, n=43 for WTag.ws, N=46 for Bsn*E*#3), (B) Representative traces of
perforated patch clamp experiments on IHCs, illustrating a comparable reduction in
capacitance jumps following 20 ms depolarization to the membrane potential eliciting
the maximum Ca?* current in Bsn mutants compared to wildtype IHCs (mean reduction
of 40% in Bsn*F** and 44% in Bsn%"). Replacing endogenous intracellular buffers by 5
mM [EGTA]; led to a comparable reduction in exocytosis in all genotypes. (C-D)
Average ACn, for indicated pulse durations. Only the sustained component (AC,100-
ACm20) was significantly more affected in Bsn“®*%3 than in Bsn% IHC. Comparable
relative reduction of exocytosis in the presence of 5 mM [EGTA]i suggests comparable
coupling of vesicle fusion to presynaptic Ca?* influx in both mutants. (n=24 for WTy,
n=25 for Bsn%, n=38 for WT aex4s, N=36 for Bsn*t#?), (E) There was a tendency for
more pronounced vesicle pool depletion in Bsn*5#> compared to Bsn® in paired pulse
experiments (n>20 for WTg, n>13 for Bsn%, n>23 for WT agxss, =20 for BsnAB#s;
number provides minimum available for all intervals). (Data from Dr. Thomas Frank)

3.2.4 Sound encoding phenotypes in Bsn9t and BsnAF*#> ANFs

Having observed ribbon-dependent effects on Cav1.3 channel clusters and IHC cell
physiology, it was interesting to test for ribbon-dependent effects on sound encoding in

ANFs. The in vitro physiology data were obtained from whole IHCs, which summed the
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responses of 10-20 active zones and potential Ca®* influx and exocytosis at the extra-
synaptic membrane. This method is not able to address the ribbon dependent effect on
sound encoding at the individual synapse level. Individual synapses can be studied by
recording from postsynaptic boutons, where the afferent fibers make contact with IHCs
(Glowatzki and Fuchs 2002, Grant, Yi et al. 2011). However, it is difficult to apply this
technically challenging experiment to adult mice. Dr. Hideki Takago successfully
recorded from Bsn“Ex#> postsynaptic afferent boutons of type I SGNs at postnatal days 9-
11. At that age, the fraction of ribbon-occupied synapses in IHCs was ~47%. Results were
in agreement with the impaired exocytosis and vesicle replenishment in Bsn mutants. The
EPSCs frequency were reduced at rest (0.11 #0.03 Hz in Bsn*®%5 n=7; 0.79 30.26 Hz
in WT agx4/5, N=5, p<0.05) and during application of 40 mM K* (0.59+40.34 Hz in Bsn®F*,
n=5; 10.9 +3.70 Hz in WT agx4ss5, N=5, p<0.05). Every WT aex4/s and Bsn*F*#> pouton had
EPSCs with smooth rise and fall (monophasic) and more complex waveforms
(multiphasic). The amplitude of both monophasic and multiphasic EPSCs were on
average two fold smaller in Bsn“Ex*S afferent, but showed unaltered kinetics. No
segregation of postsynaptic responses into different groups was observed, but this

analysis was hindered by the paucity of events.

3.2.4.1 Spontaneous discharge activity

An alternative method for single synapse analysis is to record directly from auditory nerve
fibers. Here, single-unit recordings from ANFs were used to address the question above.
Responses of ANFs from Bsn9, Bsn®®45 WTqt, WTagxass and HZagxas (heterozygous)
were compared under identical experimental conditions. Each ANF was first
characterized by assessing its spontaneous discharge activity in the absence of sound
stimuli. As previously reported (Buran, Strenzke et al. 2010), Bsn*®*#> ANFs lacked
fibers with high spontaneous rate (Figure 3.9B2). Bsn% ANFs showed a similar phenotype
(Figure 3.10B1). In both mutants, the spontaneous firing rate never exceeded 50 spike/s,

while some WT fibers spontaneously fired at a rate over 100 spike/s.

The time pattern of spontaneous discharge activity is highly irregular. 1t can be described
as a “Poisson process”, where the interval between successive spikes is drawn randomly

from an exponential function with a dead time (Kiang 1965). Representative inter-spike
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interval histogram with similar spontaneous rate from four genotypes were shown in
Figure 3.10A. The irregular, Poissonian spike pattern was retained in both mutants. To
quantify the regularity of spontaneous firing, the coefficient of variation of inter-spike
interval was computed for each fiber with non-zero spontaneous firing rate. There was no
difference between the CVs of Bsn® and Bsn“F*#> ANFs (0.9940.03, n=43 for Bsn%; 0.98
+0.02, n=31 for Bsn“E**5), as well as between WTg and WTagxas ANFs (0.8940.03,
n=29 for WTgt; 0.9440.04, n=23 for WT agx4/s).
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Figure 3.10: Time pattern of spontaneous activities and lack of high spontaneous rate
fibers in Bsn mutants. (A1-A2) Representative inter-spike interval histogram of fibers
with similar spontaneous rates (WTg: 40.4 spikes/s, Bsn%: 39.9 spikes/s, WT agxa/s: 35.6
spikes/s, BsnAEx#¥5: 38.3 spikes/s). (B1-B2) Cumulative histogram of spontaneous
discharge rate across fibers indicated a lack of high spontaneous rate fibers in both
mutants.

3.2.4.2 Tuning curves and threshold

Next, tuning curves of ANFs from Bsn wild-types and mutants were characterized. The

hearing frequency range differed for the two mouse strains, presumably due to differences
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in the genetic background. Most ANFs from Bsn® and WTg mice had CFs ranging
between 16 and 50 kHz, while most ANFs from Bsn“E**> and WTagx4/s mice had CFs
ranging between 8 and 30 kHz. Bsn% and Bsn*E**> had a similar range of CFs and normal

thresholds when comparing to their respective littermate controls (Figure 3.11A1, B1).

The sharp frequency selectivity requires normal mechanical amplification function of
OHCs. Distortion product otoacoustic emissions (DPOAE) showed no significant
differences (Khimich, Nouvian et al. 2005, Buran, Strenzke et al. 2010), arguing against
an amplification problem in Bsn mutants. Consistent with this observation, the sharpness
of tuning for individual Bsn® and Bsn“F**> fibers, quantified as Q10 dB, was comparable
to that of their respective controls (Figure 3.11A2, B2).
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Figure 3.11: Normal auditory nerve fiber thresholds and sharpness of tuning of tuning
curves. (Al, B1) Thresholds at CF for 45 Bsn®, 29 WTy (Al), 31 Bsn*®%5 and 23
WT aexass (B1) fibers. The filled round circles and lines show the mean threshold as a
function of CF. Data were binned according to CF into four groups (dotted vertical line).
Mean thresholds for both mutants in each bin were not significantly different. Note
more fibers of high CFs (>32 kHz) presented in the sample in genetrap strain (A1)
compared to the partial deletion strain (B1). (A2, B2) Sharpness of tuning as a function
of CF for the same population of fibers in Al and B1. Larger Q10 dB indicates sharper
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tuning curves. Bsn® ANFs tuned between 16 kHz and 32 kHz on average had sharper
tuning curves (p<0.01).

3.2.4.3 Responses to tone burst stimulation

If the remaining ribbons in Bsn? IHCs can support normal synaptic function in sound
encoding, we might be able to separate the ANF responses into two groups, one from
ribbon-occupied synapses, and the other from ribbonless synapses.

ANF responses in Bsn mutants to 50 ms tone bursts stimulation presented at 30 dB above
threshold at CF showed typical high instantaneous firing rate at sound onset followed by
adaptation (Figure 3.12A, B). The response latency was quantified as median first spike
latency. In both Bsn mutants, the average median first spike latencies were longer (Figure
3.12C), possibly due to failure of firing an action potential at stimulus onset. Adaptation
was likely dominated by the depletion of the presynaptic RRP of vesicles (Moser and
Beutner 2000, Goutman and Glowatzki 2007, Buran, Strenzke et al. 2010). Bsn® and
BsnEx*> showed similar rapid (0.34 #0.07 ms for Bsn%; 0.36 +0.08 ms for Bsn*5*4?)
and slow (16.0 1.6 ms for Bsn%; 13.1 1.9 ms for Bsn“E*#") adaptation time constants,
which were not different from those of their respective controls (rapid component: 0.64
+0.19 ms for WTg; 0.37 +0.07 ms for WTagxass; slow component: 15.6 2.5 ms for
Bsn9; 14.7 +1.5 ms for Bsn*F*#5). Both mutants also showed similar reduction in onset
and adapted firing rate (Figure 3.12D). No obvious segregation into groups of Bsn? ANFs
was observed, which would possibly indicate a difference between ribbon-occupied and

ribbonless synapses.
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Figure 3.12: The sound encoding of tone bursts were affected to a similar extent for
both Bsn mutants. (A) Representative ANF evoke response to a tone burst presented 30
dB above threshold at the CF. (B) Average post-stimulus-time histogram of Bsn
mutants. Evoked firing rate were reduced to a similar extent in both mutants but with
unaltered adaptation. Fibers were aligned to the bin of median first spike latency before
averaging. (C) Measuring response latency by median first spike latency. Bsn® fibers
had significantly longer median first spike latency compared to WT (5.34).2 ms, n=45
for Bsn® vs. 4.4402 ms, n=29 for WTg, p<0.01). There was also a tendency of longer
median first spike latency for BsnE*#* fibers (5.140.2 ms n=32 for Bsn*E*% vs, 4.640.3
ms, n=23 for WT aexss, p=0.13). (D) Quantifying the firing rate for each individual unit
indicated similar reduction in the onset (401.7430.2 spikes/s for WTg vs. 408.7436.6
spikes/s for WT agxas; 195.9415.6 for Bsn® vs. 216.4422.0 for Bsn*B#5) and adapted
firing rate (177.0+13.2 spikes/s for WTq vs. 176.6413.7 spikes/s for WT agxus;
113.948.1 spikes/s for Bsn% vs. 111.348.7 spikes/s for BsnEx4?),

The recovery from adaptation likely reflects the replenishment of the RRP. Previously,
paired-pulse experiments in whole cell physiology were used to probe the process (Figure
3.9E). Here, an in vivo forward-masking paradigm was applied. Similar to the paired-
pulse protocol, a 100 ms tone burst was first presented, followed by another 15 ms probe
tone separated by varying silent intervals. The probe evoked firing rate was normalized
to adapted rate and masker evoked onset rate in same duration to assess the time course
of recovery. According to the postulated role of Bassoon/synaptic ribbon in vesicle

replenishment that was also indicated in previous capacitance recording, a slower
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recovery was expected, which might be more pronounced in Bsn® ANFs. However,
similar time courses of recovery in Bsn®, Bsn*5%3 and wildtype littermate controls were
found, indicating that vesicle replenishment of the smaller RRP was sufficient following

the more physiological stimulation in vivo.
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Figure 3.13: The time course of recovery from forward masking was similar in ANFs
from all genotypes, indicating a normal time course of replenishment of the smaller
synaptic vesicle pool. Top, illustration of the stimulus paradigm for the forward
masking experiment: 100 ms masker tone burst and a 15 ms probe tone burst are
separated by a silent interval of varying duration. Both tone bursts are presented at CF,
30 dB above threshold. The duration of a complete cycle is 500 ms. Bottom, the
recovery time course of forward masking was presented as the ratio of firing rates in
response to the 15 ms probe stimulus to the first 15 ms of the masker response. The
time course of recovery from forward masking was similar in all genotypes (n=29 for
Bsn®, n=16 for WTg, n=17 for Bsn*®*5, n=12 for WT ax4ss).

3.2.4.4 Rate-level function and dynamic range

Rate-intensity functions from both mutants are shown in Figure 3.14A. The reduced spike
rate in both mutants was obvious also in this analysis. These rate-level functions had a
shallower slope in both mutants and broader dynamic range. The increase in dynamic
range was more pronounced in Bsn%, but a tendency was also found in Bsn*F**> mice
(Figure 3.14B).
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Figure 3.14: Rate-level function and dynamic range. (A) Rate-level functions of 20
WTy (black), 32 Bsn® (red) (A1), 20 WTaewss (grey) and 27 Bsn*t4 (violet) (A2)
ANFs. (B) Dynamic ranges of BSN® ANFs were broader compared to WTy: fibers
(26.3+1.7 dB for BSN® vs. 17.8+1.7 dB for WT, p<0.001). A tendency was also found
for BsnEx¥> ANFs (21.141.5 dB for Bsn*t#° vs, 18.941.7 dB for WT agxass, p=0.3).

3.2.4.5 Phase locking to amplitude modulated tones

Using amplitude modulated tones, the phase locking was measured using transposed CF
tones, the amplitude of which is modulated by 125, 250, 500 and 1000 Hz at different
amplitudes at 5 dB steps. Higher modulation frequencies cannot be followed because of
the membrane time constant of IHCs low-pass filtering the response to the
mechanoelectrical transducer current. Both mutants showed a similar ability to encode

amplitude modulation when using Sl as a measure of phase locking (Figure 3.15).
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Figure 3.15: Average synchronization index as a function of modulation frequency.

Both Bsn® and Bsn*®*> ANFs showed similar dependence for all four modulation
frequencies without reaching significant.
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In summary, the single unit recording from ANFs did not support the segregation of
responses in Bsn?' mice into two groups, which was otherwise predicted if the remaining

looser anchored synaptic ribbon can support additional function in vivo.

3.2.5 Auditory population responses in Bsn9 and BsnA*®x45 mice

The single unit results above did not reveal a clear functional role of remaining Bsn®
ribbon-occupied synapses. However, it is still possible to reveal differences by assessing
the population responses. We next analyzed auditory brainstem responses (ABR), of
which wave | reflects the compound action potential of the ANFs (Melcher, Guinan et al.
1996, Melcher and Kiang 1996, Melcher, Knudson et al. 1996). The sound pressure levels
evoking a reproducible threshold response were significantly elevated to a similar degree
in both Bsn mutants when comparing to their respective littermate control (Figure 3.16A).
ABR thresholds of Bsn? mice were slightly elevated compared those of Bsn®E%3, This
might have resulted from the different genetic backgrounds since a similar increase was
also found for WTqt mice compared to WTaexa/s mice. In response to suprathreshold click
stimulation (80 dB peak equivalent), the ABR waveforms were comparable in Bsn and
Bsn®®#5 mutants (Figure 3.16B). Both waveforms showed a reduction of wave |
amplitude, indicating a major reduction of synchronized activation of the ANFs. A small
potential preceding ABR wave |, presumably representing the summating potential that
primarily reflects the receptor potential of the IHCs, was unaffected in both mutants. We
observed reduced amplitudes and a slight delay in latencies of all waves at all stimulus
intensities. The amplitudes of central auditory responses (wave Il and higher) were better
preserved, possibly reflecting some degree of compensation by convergence of auditory
nerve fibers onto the neurons of the cochlear nucleus or homeostatic plasticity in the
auditory brain stem nuclei. ABRs from all genotypes showed a comparable amplitude
reduction when the click stimulus rate was increased from 20 to 100 Hz (data not shown).
In summary, no significant differences were detected between two Bsn mutants at

population response level as well.
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Figure 3.16: Auditory brainstem responses. (A) ABR thresholds for click and 12 kHz
tone burst stimuli were shifted to a comparable degree in Bsn® and Bsn“*®%> animals
compared to their respective littermate controls. The difference between WT and
WT aexas Was strain dependent. (B) Average of ABR waves in response to 100 dB
(mutants) or 80 dB (wildtypes) click stimuli from Bsn® (red, n=7) and Bsn“E*> (purple,
n=6) mutants and WTg (black, n=9) and WTagws (grey, n=3) controls. The lack of
ABR peak | wave may be explained by the reduced reliability of spiking activity. (B)
The thresholds are elevated by 25dB SPL in both mutants in response to 12kHz tone
bursts and clicks.
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3.3 Early onset progressive sensorineural hearing loss in Black Swiss Mice:

auditory nerve responses in relation to underlying cochlear pathophysiology

3.3.1 Early onset hearing loss reflected in auditory population responses

BLSW mice show early onset progressive hearing loss. To characterize the degradation
of hearing, we first recorded the auditory brainstem responses from p14 and p21 BLSW
as well as C57BL/6 control mice. Both p14 and p21 BLSW mice had significantly
elevated thresholds (Figure 3.17A). If there was gain of function at p14 of ANF responses,
we might be able to see that reflected in the amplitude of ABR wave I. When stimulated
at high sound pressure levels, the wave | amplitude of BLSW mice grew steeper to a
comparable size as in C57 control at p14, while the amplitude at p21 was much reduced
(Figure 3.17B). A steeper amplitude growth function indicates abnormal recruitment of
ANFs in the absence of compressive nonlinearity in the cochlea, for example, due to the
lack of OHCs mechanical amplification. This observation suggested several possibilities
in BLSW mice: (1) the dependence of discharge rate of ANFs on stimulus intensity is
abnormally steep in at least p14 mice. (2) From p14 to p21, the synchronous spike activity

and/or spike rate was reduced in ANFs. (3) The number of ANF was reduced.
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Figure 3.17: Auditory population responses in BLSW mice. (A) ABR thresholds for
click and 12 kHz tone burst stimuli were elevated in both p14 (n=9) and p21 (n=10)
BLSW mice compared to C57BL/6 control (n=4 for p13; n=7 for p20-24). (B) Average
ABR wave | amplitude as a function of click sound pressure level. In BLSW p14 mice
(n=11), higher click levels were needed to evoke a reproducible ABR wave I, but the
amplitude of this wave can grow very steeply to a value which was comparable to
C57BL/6 controls (n=4 for p13; n=9 for p20-27). However, at p21 (n=10), the wave |
amplitude of BLSW mice did not reach p14 and control levels.
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To address the question if the synapse number is reduced in BLSW IHCs Dr. Sangyong
Jung performed immunohistochemistry using antibodies against GIuA2 and CtBP2 to
mark postsynaptic and presynaptic structures, respectively. Synaptic ribbons were
juxtaposed to GIluA2 immunofluorescence clusters, suggesting a qualtitatively
undisturbed ribbon anchorage in BLSW IHCs (Data not shown). Moreover, the number
of synapses in the mid-apical region, measured by counting GluA2 immunofluorescence
clusters, was comparable between BLSW and C57BL/6 IHCs in both p14 and p21 mice
(Data not shown, Dr. Sangyong Jung). This observation is compatible with previous
histological experiments, which revealed a normal morphology of the organ of Corti and
the spiral ganglion neurons at 8-week-old BLSW mice, but a significant degenerating
starting at the base and progressing towards the apex at 52-week-old mice (Charizopoulou,
Lelli et al. 2011). Therefore, the reduction of ABR wave | amplitude at p21 in BLSW

mice could not be attributed to degeneration of afferent innervation.

3.3.2 ANF response properties and cochlear lesion in BLSW mice

3.3.2.1 Frequency tuning and threshold changes indicate an OHC amplification
deficit in the BLSW cochlea

Next, single ANF recordings were used to assess the ANF response properties in BLSW
mice. A loss of amplification can lead to broader tuning curves and elevated threshold
near CF (Kiang, Liberman et al. 1986). Figure 3.18A shows representative tuning curves
of BLSW ANFs. Both p14-18 and p21-25 ANFs had significantly higher threshold at CF
compared to C57BL/6 controls. There was an age dependent increase in the threshold
from p14-18 to p21-25 (Figure 3.18B). Tuning curves were more broadly tuned compared
to wildtype fibers. While there was an age dependent increase in the sharpness of tuning
in C57BL/6 mice, the Q10 dB of tuning curves of BLSW fibers showed no age dependent
change and was much smaller than that of controls. In summary, BLSW ANFs have
higher single fiber threshold as well as lower frequency selectivity. The age dependent
elevation in fiber threshold from p14-18 to p21-25 may explain the reduced ABR wave |

amplitude because less fibers were recruited in response to the same stimulus level.
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Figure 3.18: Tuning curve thresholds and frequency selectivity in BLSW ANFs. (A)
Representative tuning curves of BLSW p14-18 (red) and p21-25 (blue) ANFs. (B)
BLSW p14-18 (66.6 +3.1 dB, n=13, p<0.0001) and p21-25 (77.8 £1.8 dB, n=12) ANFs
have significantly elevated thresholds at CF compared to C57BL/6 p14-15 (38.5 +£3.9
dB, n=12) and p20-21 (5.4 + 3.7 dB, n=12) fibers. (C) Sharpness of tuning was
significantly broader in BLSW ANFs (2.7 £0.5, n=12 for BLSW p14-18 v.s. 4.3 0.4,
n=12 for C57BL/6 pl14-15, p<0.05; 2.1 +0.5, n=7 for BLSW p21-25 v.s. 7.1 +0.6,
n=12 for C57BL/6 p20-21, p<0.0001).

3.3.2.2 Spontaneous discharge activity

In the absence of sound stimuli, ANFs spontaneously discharge action potentials (Kiang
1965). The time pattern was highly irregular, Poisson-like events. Figure 3.19A shows
representative inter-spike interval distribution from BLSW and C57BL/6 control ANFs.
The inter-spike interval histogram in BLSW fibers showed a Poisson-like distribution,
which was indistinguishable from that observed in wildtype control ANF when matched

for the spontaneous discharge rate (Figure5.3A).

It has been shown that IHCs in BLSW cochlea have higher resting membrane potential
(Charizopoulou, Lelli et al. 2011), which might lead to an increase in the spontaneous
discharge rate. Consistent with this prediction, the spontaneous discharge rate distribution
for fibers sampled in BLSW mice was shifted to larger rate compared to that of wildtype
controls (Figure 3.19B). The elevation of single fiber threshold complicates the
interpretation of this observation (Figure 3.18), because a subset of high threshold fibers
may not be activated by up to 100 dB noise bursts. This might lead to an undersampling

of a population of high threshold fibers with low spontaneous firing rates.
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Figure 3.19: Spontaneous activity in BLSW ANFs. (A) Inter-spike interval
distribution of two representative p15 ANFs with similar spontaneous firing rate from
BLSW (red, 32.6 Hz) and C57BL/6 (black, 40.9 Hz). The typical Poisson-like
distribution was retained in BLSW ANFs. (B) Cumulative histogram of spontaneous
rate distribution. On average, ANFs of BLSW mice had significantly higher
spontaneous discharge rate (45.0 6.7 Hz, n=25 for BLSW p14-18, p20-25 pool; 23.5
+4.0 Hz, n=24 for C57BL/6 p14-15, p20-21 pool; p<0.01)

3.3.2.3 Rate-level functions and dynamic range in BLSW ANFs

The mechanical amplification of OHCs enables a broad dynamic range of ANFs by
nonlinearly compression of the input signal into more gradually basilar membrane
vibrations (Yates 1990, Yates, Winter et al. 1990). Lack of amplification might lead to a
loss of this compressive nonlinearity, so that the rate-level functions of ANFs might raise

more steeply than those of control ANFs.

Representative rate-level functions of BLSW and C57BL/6 ANFs are illustrated in Figure
3.20A. Rate-level functions were constructed from average rates in response to tone
bursts of different levels at CF. The elevated threshold at CF was also obvious. Rate-
level functions were fitted with a five parameters models (Chapter 2) to better
approximate dynamic range. As shown in Figure 3.20B, dynamic ranges in BLSW fibers
were significantly narrower than those in C57BL/6. In summary, rate-level functions of
BLSW ANFs have much steeper growth slope compared to that of wildtype controls. This

is consistent with an abnormal OHCs mechanical amplification function as early as p14.
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Figure 3.20: Rate-level functions and dynamic range for BLSW and C57BL/6 ANFs.
(A) Representative rate-level functions of different age groups. (B) Narrower overall
dynamic range in BLSW ANFs compared to those in C57BL/6 (9.9 £0.6 dB, n=19 for
BLSW ANFs; 13.7 +1.1 dB, n=20 for C57BL/6, p<0.01).

3.3.2.4 Discharge rate and adaptation to suprathreshold tone bursts

The maximum ABR wave | amplitude in p14 BLSW mice can be as large as wildtype
level, but not in p21 mice (Figure 3.17B). BLSW mice showed high susceptibility to
audiogenic seizures at p14, which was suggested to be correlated with an increased wave
I amplitude at that age (Charizopoulou, Lelli et al. 2011). Therefore, the evoked responses
from animals aged around p14 and p21 were compared. BSLWs ANFs tended to have
shorter median first spike latency at p14-18 (Figure 3.20B) without reaching significance.
The onset rate was significantly larger in BLSW ANFs (Figure 3.20C) and the adapted
rate showed a tendency to be increased but did not differ significantly from that of
C57BL/6 fibers. At the age of p21-25, BLSW ANFs fired at a rate and latency comparable
to that of both BLSW p14-18 and C57BL/6 ANFs, arguing against the reduced amplitude
at p21 BLSW mice resulted from reduced spike rate and spike synchrony (Figure 3.21 C,
D).

To assess the adaptation time course, which most likely reflect depletion of presynaptic
RRP of vesicles (Moser and Beutner 2000, Goutman and Glowatzki 2007) a double
exponential function was fitted to the PSTH (Westerman and Smith 1984). Both BLSW
and C57BL/6 ANFs showed virtually identical rapid (0.32 +0.065 ms, n=25 for BLSW
ANFs; 0.28 +0.062 ms, n=24 for C57BL/6 ANFs) and short term adaptation time
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constants (10.3 1.1 ms, n=25 for BLSW ANFs; 11.8 1.1 ms, n=24 for C57BL/6 ANFs),

with no age dependence (data not shown).
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Figure 3.21: Evoked responses of BLSW and C57BL/6 ANFs to 50 ms
superathreshold tone bursts at CF. (A) Average post-stimulus time histogram of 13
BLSW p14-18 (red, left), 12 C57BL/6 p14-15 (black, left), 12 BLSW p21-25 (purple,
right) and 12 C57BL/6 p20-21 (gray, right) ANFs. PSTHSs were aligned to the bins of
their respective median first spike latency before averaging. (B) Median first spike
latencies of the fibers in (A). BLSW p14-18 fibers tended to have shorter latency in
comparison to pl4-15 C57BL/6 fibers. However, the difference did not reach
significance. (C) Significantly larger onset firing rate (average firing rate over 1 ms
window after median first spike latency) for BLSW pl14-18 ANFs compared to
C57BL/6 pl4-15 (414.2 £33.9 Hz for BLSW p14-18; 302.5 +34.2 Hz for C57BL/6
pl4-15, p<0.05). There was a tendency for larger onset rates of BLSW ANFs at 3-4
weeks (491.7 +40.9 Hz for BLSW p21-25; 391.7 £36.2 Hz for C57BL/6 p20-21,
p=0.06). (D) Analysis of adapted rate (average firing rate over the last 5 ms window of
tone bursts after median first spike latency). Adapted firing rates did not differ
significantly in both age groups.

55



Results

Next, the recovery time course from adaptation was studied using a forward masking
paradigm. The masker elicits rapid adaptation, which can be attributed to depletion of
presynaptic RRP of vesicles. The recovery was revealed by using a probe stimulus of
identical intensity following masker tone with different intervals (Figure 3.22A). A
similar time course of recovery was found in BLSW and C57BL/6 fibers, indicating that

vesicle replenishment was not affected in BLSW IHCs.
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Figure 3.22: Recovery from adaptation assessed using a forward-masking paradigm.
(A) Representative responses of a BLSW ANF (p22) to the experimental paradigm. (B)
Similar time course of recovery from forward masking in BLSW (n=9) and C57BL/6
(n=8) ANFs. Firing rates in response to 15 ms probe stimulus was normalized to the
last 15 ms (0% recovery) and first 15 ms of masker response (100% recovery).

3.3.2.5 Unaltered phase locking to amplitude-modulated tones

Transposed tones (CF carrier frequency continuous tones which were amplitude-
modulated by a half wave rectified modulator sinusoid) with modulation frequencies of
125 Hz, 250 Hz, 500 Hz and 1 kHz were used to measure the ability of ANFs to encode
amplitude modulated tones. The receptor potential of IHCs was modulated using this
paradigm. As the modulation frequency increases, the membrane potentials cannot follow
the modulation because of membrane time constant, which leads to decreased ability of
phase locking to amplitude modulation. BLSW ANFs showed similar ability to synchrony
with those amplitude-modulated tones (Figure 3.23). This result suggests that BLSW
IHCs can still encode temporal information using graded membrane potential. Therefore,

IHCs retained the ability to transduce mechanical vibration into proper membrane
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potential even with the presence of abnormal stereocilia morphology (Charizopoulou,
Lelli et al. 2011). This, as well as the shorter first spike latency also argues against an
increased membrane time constant as it might be expected given the reported reduction

of the IHC potassium conductance.
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Figure 3.23: Average maximum synchronization index (SI) as a function of
modulation frequency of 15 BLSW and 7 C57BL/6 ANFs.

3.3.3 IHC cell physiology in BLSW mice

Previous results from single fiber recordings support the notion of a lack of OHC
mechanical amplification (Charizopoulou, Lelli et al. 2011), which possibily results from
a reduction in maximum transduction current amplitude in OHCs. Moreover, a similar
reduction in maximum transduction current was also observed at p12 in BLSW IHCs
(Charizopoulou, Lelli et al. 2011). A reduced maximum transduction current in IHC
would predict a smaller receptor potential, therefore a smaller voltage dependent
neurotransmitter release. However, single ANF recording did not show signs of reduced
neurotransmitter release. To further understand ths discrepancy, additional cell physilogy
experiments were performed by Dr. Sangyong Jung. BLSW IHCs aged between p14 and
p21 showed significantly larger maximum Ca?* current, and a hyperpolarizing shift of the
voltage-dependence of Ca?" channels compared to wildtype IHCs. In response to
depolarization that evoked maximum Ca?* current of different durations, BLSW IHCs
showed significantly larger fast and sustained exocytosis. The fast component of
exocytosis was interpreted as the size of readily releasable pool (RRP), while the

sustained component mainly reflects vesicle replenishment.
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The larger sustained exocytosis in vitro suggests a possible gain of neurotransmitter
release in vivo, thus a gain of sustained spike rate in ANFs. Indeed, previous single finber
recording results showed significantly larger onset response and a tendency of larger
adpated response in pl4-18 ANFs. These observations could be explained by (1)
reduction in maximum transduction currents in vivo condition, and (2) a gain of function
of Ca2* influx upon smaller transduction current, triggered comparable or even larger
neurotransmitter release. The larger sustained exocytosis may reflect an abnormal

recycling of cell membrane or exocytosis that happens outside of AZs.
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3.4 Optical stimulation of ChR2 expressing ANFs: endeavor towards rescuing

hearing by light
3.4.1 Optogenetic stimulation of ChR2 mice cochlea

In collaboration with Dr. Victor Hernandez, we first studied the expression pattern of
ChR2 in cochlea of the transgenic mice. Here, ChR2 is coupled to YFP and the expression
is controlled under the Thy-1.2 promoter. ChR2-YFP signal was detected in the somata
as well as in the peripheral and central axons of most spiral ganglion neurons (SGN), but
not in hair cells. 4-10-week-old ChR2 mice were used for the subsequent studies as the

expression of ChR2 started from the end of the 3™ postnatal week (data not shown).

A 473 nm continuous wave laser coupled via a 250 um optical fiber was inserted into the
cochlea via a small cochleostomy. Figure 3.24 shows an example traces of optical
auditory brainstem responses (0ABR) evoked by laser stimulation. The 0ABR reflect
optical evoked population responses of neurons, which can be inhibited by tetrodotoxin
application to the round window. To better understanding the optical evoke response of
individual ANF and cochlear nucleus neurons, single unit recordings were subsequently
performed. In three successful experiments, nine neurons responded to optogenetic
stimulation (Figure 3.24). Because acoustically evoked responses were not available for
those neurons, an unambiguous classification of unit into ANF or cochlear nucleus could
not be performed. These neurons most likely represent a mixture of ANFs and cochlear
nucleus neurons. Light responsive neurons typically fired one or two action potential(s)
in response to 5/10 ms laser pulses, and only two neurons fires multiple spikes using 10
ms/30 ms laser pulse stimulation. One of the neurons fired spontaneously. Six neurons
responded with a relatively short first spike latency at stimulus onset (4.8 0.3 ms from
light onset, excluding one neuron with spontaneous firing: 4.6 0.3 ms). Given such short
latency, it is tempting to suggest these neurons most likely represent ANFs or globular
bushy cells, which receive calyx type innervation from ANF. The trial-to trial variance of
the first spike timing was very small for this subpopulation (0.08 +0.06 ms? without vs.
0.40 +=0.03 ms with inclusion of the spontaneously firing neuron). For comparison,
responses of ANFs to acoustic clicks obtained in another set of experiment on C57BL/6
mice (From Dr. Nicola Strenzke) showed an average first spike latency of 3.2 0.9 ms

(p<0.01 compared to optogenetic stimulation, including the spontaneously firing neuron),
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and a mean trial-to-trial variance of 0.07 %1.00 ms? (p<0.02 compared to optogenetic

stimulation, including the spontaneously firing neuron). Three other neurons had a longer

(13.2 1.6 ms) and more variable (2.40 #0.90 ms?) first spike latency and likely represent

cochlear nucleus neurons.
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Figure 3.24: Microelectrode recordings from individual neurons of the auditory
pathway in response to optogenetic stimulation. (A) Upper: simultaneously recorded
0ABR; Middle: relatively short latencies and remarkably high reliability and temporal
precision of single neuron spiking near the internal auditory canal, presumably
representing ANFs in response to intracochlear laser light stimulation; Bottom: post-
stimulus-time histogram (PSTH) of several neurons, distinguished by greyscale values.
(B) Same for a different population of single neurons encountered within the cochlear
nucleus, showing slightly longer latencies, lower reliability and increased jitter. (C)
Same for a representative tungsten microelectrode recording from a neuron of the
central nucleus of the inferior colliculus (IC), demonstrating delayed responses with
reduced temporal precision. Insect: variance and average of the first spike latency of
the neurons analyzed in a-c. Filled symbols represent units with spontaneous activity,
typically associated with an increased variance of the first spike latency (IC recordings
were performed by Dr. Victor H. Hernandez).
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3.4.2 AAV6 mediated expression of Catch variant in SGNs and light-evoked

responses

The application of optogenetic stimulation requires expression of ChR2 in spiral
ganglions (SGNs). One promising method is to use virus-mediated transduction of SGNs.
Adeno-associated viruses (AAV) have been shown to transduce murine SGNs without
compromising hearing. In collaboration with Dr.Victor H. Hernandez and Dr. Kristen
Reuter, we performed transuterine AAV6 virus injections into the left otocyst of 8-14
embryos at 11.5 days post coitum amd achieved reliable and selective transduction of
SGNs. Another ChR2 variant CatCh was chosen for this study because it shows higher
Ca2* permeability and was reported to provide for a 70 fold higher light sensitivity of
neurons compared to wild-type ChR2 (Kleinlogel, Feldbauer et al. 2011). CatCh was
fused to YFP. Immunocytochemistry data showed that CatCh-YFP was expressed in the
membrane of SGN somata as well as their neurites contacting IHCs. Expression persisted
at least up to postnatal day 59 with no obvious decay of expression level, and the
expression was most abundant in the base of the cochlea (data not shown).

Next, single unit recording was performed using injected mice. Here, the optical fiber was
inserted into the round window mainly because of the expression pattern of Catch in the
base of the cochlea. Fourteen light responsive neurons were detected in two successful
experiments (one neuron was excluded from analysis because the small spike amplitude
hindered precise analysis of spike rate and timing). The short recording duration (10 ms)
during those two experiments did not allow recording from neurons with long response
latencies (>9 ms, Figure 3.25A). Firing of CatCh-expressing neurons required less laser
power than needed in ChR2 transgenic mice (data not shown). The mean first spike
latency in response to maximum laser power was found to be shorter than those of
putative ANFs/bushy cells in the ChR2 mice (2.8 0.2 ms, n=9 in the CatCh mice vs. 4.8
+0.3 ms, n=6 in ChR2 mice, p<0.001) and with very small trial-to trial variance (0.02 +
0.01 ms?). The response latency and precision depended on stimulus intensity (Figure
3.25B). The evoked spikes were more reliable and precise with shorter latency when light
power was increased (Figure 3.25B).
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Figure 3.25: Analysis of responses from single neurons in Catch-transfected mice by
optogenetic stimulation. (A) Reliability and precision of first spikes as a function of
median first spike latency (FSL) in response to 5-10 ms maximum laser power
stimulation. Red dots indicate three neurons, on which additional acoustic stimulation
experiments were performed (Figure 3.26) .Top: Reliability is the proportion of trials
eliciting a spike during the 1 ms bin centered at median FSL. Bottom: FSL variance in
response to the same stimuli. (B) Quantification of the first spike latency (indicated by
arrow in (A): Top: reliability of spiking (proportion of trials eliciting a spike during the
time of window of stimulation); Bottom left: mean FSLs; Bottom right: FSL variance
in response to 5~10 ms flashes at different light intensities. Greyscale values indicate 7
different light-responsive neurons near the internal auditory canal.

To test if the recorded neurons are from auditory nerve/cochlear nucleus, additional
acoustic stimulations were applied to four units. Three of them showed responses to both
noise/tone bursts (Figure 3.25 red dots). Figure 3.26A,B shows acoustic and optical
evoked responses of two neurons. Both neurons have CF between 10 to 16 kHz (Figure
3.26C, D). The short recording duration of 10 ms did not allow PSTH based unit
classification. However, the neuron in Figure 3.26 A, C have a precise onset response
followed by a silent interval about 1 ms, which is a typical pattern seen from globular
bushy cell in the cochlear nucleus (Blackburn and Sachs 1989, Taberner and Liberman
2005). Another neuron showed less clear response pattern for robust classification (Figure
3.26B), probably because 125 dB tone bursts failed to drive the neuron to maximum firing

rate due to cochlear damage after cochleostomy.
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Figure 3.26: Acoustic and optogenetic stimulation confirmed the activation of
neurons in the auditory pathway. (A, B) Top: Representative traces showing two
neurons’ responses to optical stimulation. Bottom: corresponding acoustic evoked
response to 125 dB tone bursts at different stimulus frequencies. (C, D) Responses of
neurons corresponding to (A, B) to tones of different frequencies and SPLs. For the
neuron in (A), 100 dB tone bursts at 8-, 10- and 16 kHz failed to elicit a change in
number of evoked spikes, while the same 125 dB tone evoked a larger response at 12
kHz. A similar pattern was observed in another neuron (B).

ANFs are capable of firing at a sustained rate at about 300 Hz during stimulation (Kiang
1965). The next question is if optogenetic stimulation can drive a fiber firing at that rate.
Here, two different experimental paradigms were used. In the first paradigm, a 5-8 ms
laser pulse in 10 ms trial was applied to each single fiber at different stimulus rate. Figure
3.27A shows a representative fiber’s responses at different stimulation rates. This fiber
was capable to follow stimulation at least up to 60 Hz. As the repetition rate increased,
the response latencies as well as the variance of FSL increased (Figure 3.27B left and

middle). Only two units did not show any spikes during 1 ms bin centered at median FSL
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when stimulated with a repetition rate above 20 and 40 Hz, respectively (Figure 3.27B
right). For technical reasons, the paradigm described above cannot stimulate at a rate
above 100 Hz. Therefore, another pulse train protocol was designed to drive the laser
pulse at a higher rate. Two light responding neurons were identified in additional two
CatCh-AAYV injected animals. Figure 3.27C shows one neuron’s response to 3 ms pulse
train stimulation. At stimulus rate of 125- and 200 Hz, the neuron fired evoked spikes
only in the first few pulses (Figure 3.27C). Another neurons, which responded with long
median first spike latency (13 ms), fired only one spike in response to the first 5 ms light
pulse in each trial at stimulus rate of 100 Hz. Thus, 3 or 5 ms maximum laser power
stimulation failed to continuously drive those two neurons to a firing rate above 100 Hz.
Future works are needed to address the question whether shorter latency or reduced laser
power might be able to drive ANFs or cochlear nucleus neurons to fire at a higher

sustained rates.
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Figure 3.27: Responses of neurons to different stimulus rates. (A) Stimulation with 5
ms light pulses elicits precise and reliable spiking in a representative ANF in a CatCh-
transfected mouse at stimulus rate up to at least 60 Hz. (B) Quantification of response
properties as a function of repetition rate of ten light responding neurons to 5-8 ms long
laser stimulation. Left: median first spike latency; Middle: first spike latency variance;
Right: Onset rate in 1 ms bin centered at median first spike latency. (C) Responses to 3
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ms light pulse train separated by different intervals (10 ms, 5 ms and 2 ms for 77 Hz,
125 Hz and 200 Hz, respectively) in another neuron. Each trial lasts 500 ms, and
contains 20 light pulses. Responses of 20 trials were plotted on top of each other. Red
arrow indicate cluster of spikes in response to light pulse. The number of cycles having
evoked spikes decreased as stimulus rate increased.
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4. Discussions

4.1 Auditory nerve fiber response properties during early postnatal development

During normal postnatal development in mice, several development changes occur in the
peripheral auditory system. In this study, single fiber responding properties were
characterized during the period of early postnatal age in mice. Before hearing onset (p12),
spontaneous bursting activity was recorded from ANFs/cochlear nucleus neurons, which
were still not responsive to tone or noise stimuli. After onset of hearing, several properties
were found to further develop from pl4-15 to p20-21 mice, including threshold,
frequency selectivity and maximum evoked discharge rate to tone bursts at CF.

4.1.1 Development of spontaneous activity

4.1.1.1 Presynaptic mechanisms

Spontaneous activity has been observed during the development of several mammalian
sensory systems (Blankenship and Feller 2010). This activity in the absence of sensory
input is thought to be important for the development of sensory neurons and their synaptic
connections (Blankenship and Feller 2010, Bulankina and Moser 2012). Bursting activity
has been observed for developing auditory system of several species (Eggermont, Smith
et al. 1993, Gummer and Mark 1994, Lippe 1994, Tritsch, Yi et al. 2007). The patterned
pre-sensory activity has been attributed to the pulsatile Ca?* action potential (AP)
generated by IHCs, triggering a burst of glutamate release (Beutner and Moser 2001),
which in turn drives a burst of action potentials in ANF (Tritsch, Yi et al. 2007, Tritsch,
Rodriguez-Contreras et al. 2010, Johnson, Kennedy et al. 2012). It has been shown that
both purinergic signaling from supporting cells (Tritsch, Yi et al. 2007, Tritsch,
Rodriguez-Contreras et al. 2010) and IHC transduction current (Johnson, Kennedy et al.

2012) may underlie the generation of IHC spontaneous action potentials.

Ca?* influx through Cay1.3 channels is essential for neurotransmission between IHCs and
afferent fibers (Platzer, Engel et al. 2000, Brandt, Striessnig et al. 2003). Recently, robust

synaptic Ca?* influx was observed using Ca®* imaging techniques before hearing onset
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(Wong et al., 2013). During postnatal development before hearing onset, the efficiency
of Ca?* triggered exocytosis increases (Beutner and Moser 2001, Johnson, Marcotti et al.
2005). Two mechanisms are likely underlying this development in Ca?* dependent
exocytosis. First, it has been proposed that different sets of molecules are involved in
driving exocytosis before and after the onset of hearing. For instance, IHCs may switches
from an otoferlin-independent to an otoferlin-dependent mechanism during early
postnatal days (Beurg, Michalski et al. 2010). Second, Cav1.3 channels undergo
developmental refinement. It has recently been shown that there is an emergence of AZs
with stronger synaptic Ca?* influx and Cav1.3 cluster immunofluorescence, which was
interpreted as an increase in the number of Cay1.3 channels, after the onset of hearing
(Wong, Jing et al. 2013). Given the essential role of presynaptic Ca?* in neurotransmitter
release, reorganization of presynaptic Cay1.3 channels or a change in Ca?* signaling may
be accompanied with the change in firing properties. Interestingly, we indeed observed
the emerging of ANFs with higher spontaneous rate (Figure 3.2) in mice around the onset
of hearing, which coincide with the period when a larger Cay1.3 channel complement and

stronger presynaptic Ca?* signaling appear at a subset of synapses.

4.1.1.2 Alternative mechanisms

Evidences suggest that the ANF spontaneous discharge activity is controlled by
presynaptic Ca?" influx before and after hearing onset (Robertson and Paki 2002). It is
unlikely that the spontaneous activity is generated by intrinsic activity of ANF, because
manipulation cochlear perilymph with solution high in Mg?* and low in Ca?*, which
affects neurotransmitter release, led ANFs to fall silent (Siegel and Relkin 1987). Several
other possible mechanisms exist to explain the emerging of high spontaneous rate fibers
after the onset of hearing. First, the sensitivity of each fiber to glutamate release might
increase after hearing onset. This may come about with postsynaptic GIUA receptor
upscaling or a change in intrinsic excitability, both of which may lead to change in the
efficiency of action potential generation for a given similar level of glutamate input.
However, in vivo and in vitro electrical physiology recordings suggest that ANFs have a
very high sensitivity to presynaptic events, that nearly any synaptic event can generate an
action potential (Russell and Sellick 1978, Siegel 1992, Rutherford, Chapochnikov et al.

2012). Therefore, this mechanisms might play a role in at least some fibers.
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Alternatively, the amount of neurotransmitter released spontaneously is controlled by the
resting membrane potential, which can be regulated by several mechanisms. It has been
shown that around the onset of hearing, the up-regulation of potassium conductance,
voltage-activated K* channels of large conductance (BK) enable a large hyperpolarizing
conductance to maintain the resting membrane potential from generating action potential
in response to transduction current. Thus it is unlikely that an increase in the resting

membrane potential enables more neurotransmitter release at rest.

Another possibility is a change in endocochlear potential (EP) around onset of hearing.
Pharmacological manipulation of EP by injection of furosemide was found to decrease
both the EP and the spontaneous activity (Sewell 1984). Recordings showed the EP in
mice reached mature level at around p11, increased during p12-16, and then recovered to
its mature level again at p20 (Sadanaga and Morimitsu 1995). Therefore, the development
of EP in infant mice may regulate the resting neurotransmitter release by affecting the
driving force for the depolarization of membrane potential. However, no significant
difference in SR was observed between pl14-15 and p20-21 ANFs. Alternatively, a
developmental change in ionic composition of endolymph, for example, potassium
concentration, may affect the depolarizing electrical current in the HCs through

mechanotransduction channels (Anniko and Wroblewski 1986).

4.1.1.3 Emerging of ANF response heterogeneity

After hearing onset, the transmission is controlled by graded membrane potential in IHC.
One IHC connects to 10-30 afferent fibers, each with distinct firing properties in the
absence of sound and stimulus dependency. Currently, it is hypothesized that single IHC
decompose the auditory information contained in the membrane potential into
functionally diverse ANFs via synaptic mechanisms (Frank, Khimich et al. 2009, Grant,
Yi et al. 2010, Liberman, Wang et al. 2011). However, it is not entirely clear which
mechanisms contribute most to this heterogeneity. Here, the result that the emergence of
stronger presynaptic Ca?* signal coincides with that of higher SR fibers supports
presynaptic Ca* signaling heterogeneity as a likely candidate mechanism. For example,
a variation in the number of channels would relate to ANF heterogeneity (Frank, Khimich

et al. 2009). A computational model assuming difference in maximum presynaptic Ca?*
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conductance is able to reproduce fibers with different SR as well as sensitivity to

suprathreshold tone bursts (Sumner, Lopez-Poveda et al. 2002, Wong, Jing et al. 2013).

The heterogeneity of SR has been shown to correlate with fiber threshold and dynamic
range in cat (Liberman 1978). One drawback of using mice to reproduce this observation
is that it is difficult to record a large number of ANFs from a single animal. Between
animal hearing threshold variation could mask this dependency. Despite the technique
difficulties, Taberner and colleagues found indications of a weak correlation between
spontaneous rate and fiber threshold (Taberner and Liberman 2005).

Certain presynaptic and postsynaptic morphological features have also been shown to be
related to SR heterogeneity. Early morphological studies using electron and light
microscopy combined with single unit labeling showed that ANFs with different
spontaneous rate correlate with a number of morphological features. (1) ANFs innervate
distinct location around IHCs with different presynaptic ribbon synapse complexity. Low
spontaneous rate fibers connect with synapses from the modiolar face/basal pole of IHCs,
which have larger ribbons and smaller receptor patches than synapses located in the
opposite area of the cell (Liberman 1982, Liberman, Wang et al. 2011). (2) Low
spontaneous rate fibers have also been shown to have a smaller postsynaptic bouton size
and contain less mitochondria compared to that of high spontaneous fibers (Liberman
1980). (3) Low spontaneous rate fibers tend to have smaller fiber diameters (Liberman
and Oliver 1984, Merchan-Perez and Liberman 1996). However, no direct experimental

evidence is available to prove causality.

4.1.2 Development of tuning properties

Immature ANFs in mice showed higher tuning threshold and smaller tuning curve tip
sensitivity (Figure 3.2). An improvement in threshold may result from the maturation of
the external ear and middle ear, which perform much efficient transduction of acoustic
stimuli to the inner ear. The broader tuning frequency selectivity in pl4-15 mice is
reminiscent of tuning curves from fibers after applying ototoxic drugs or acoustic trauma
which damage OHCs, leading to reduced mechanical amplification. Similar observations
in developing mice suggests during early onset of hearing, the OHCs mechanical

amplification function does not yet reach mature level. Mechanical amplification of
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OHCs requires transduction currents. The EP difference between two and three weeks-
old mice cannot explain the immature active amplification. Although the light
microscopic morphology of HCs and tectorial membrane have adult appearance and
configuration by p8 (Mikaelian and Ruben 1965), hair bundles and transduction channels
might not be fully developed at p14-15. Alternatively, the expression of motor proteins,
prestin, may not reach adult levels to perform efficient amplification (Abe, Kakehata et
al. 2007).

An elevation in fiber threshold can also be observed in rate-level functions, characterized
by a shift to higher intensities. A pure lack of OHCs amplification will predict a loss of
basilar membrane nonlinearity, which in turn, leads to steeper rate-level functions. In
contrast to this prediction, single ANFs have similar slopes in p14-15 mice compared to
that in p20-21. Similar observations were obtained when ototoxic drugs or acoustic
trauma induced combined IHCs and OHCs damage (Heinz, Colburn et al. 2002, Heinz
and Young 2004). This suggests that both OHC and IHC function did not reach mature
levels in p14-15 mice.

4.1.3 Development of responses to tone bursts

In response to suprathreshold tone bursts at CF, ANFs in p14-15 and p20-21 mice showed
typical temporal response patterns. The comparable adaptation time course indicated that
stimulus driven neurotransmitter release kinetics reached mature level as early as pl14,
albeit with lower average onset and adapted discharge rates (Figure 3.3). In addition, the
responses latency became shorter during maturation. Those single fiber properties in
response to suprathreshold tone bursts were in general consistent with results obtained
using indirect measurement, like auditory brainstem responses (ABRs), which reflect
synchronous activity of ANFs. Both the latency and amplitude of ABR wave | undergo
further developmental changes after hearing onset (Walsh, McGee et al. 1986, Walsh,
McGee et al. 1986, Walsh, McGee et al. 1986). The shorter latency and larger wave |
amplitude of ABR wave I in p20-21 mice are consistent with direct measurements from

single fiber recordings.

Single fiber recordings revealed a decrease in response latency of 1.5 ms during

maturation from pl14-15 to p20-21. The longer latency in pl14-15 might be due to
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immature middle ear conduction, synaptic delay, spiral ganglion neuron spike generation
or conducting velocity. Middle ear conduction deficits have been found to lead to ABR
latency increases. However, the latency increases might be due to the attenuation of sound
intensity arriving in the cochlea. Therefore, the immature conduction by external and
middle ear could introduce a delay in the response. Basilar membrane properties are also
not likely to introduce a delay long enough to account for single fiber latency, given the
length of basilar membrane and conduction velocity of mechanical vibration in the
cochlear fluid. A synaptic delay, spike generation and spiral ganglion conduction velocity
may account for most part of the delay in p14-15 ANFs. An analysis of ABR wave |
latencies in kitten suggested nerve conduction time during first postnatal week can
account for 0.3 ms total latency delay, leaving a synaptic delay of about 1.4 ms . Another
possible source of the improvement in response latencies with maturation may be due to
the emerging of higher fraction of large, “monophasic” EPSC waveforms (Grant, Yi et al.
2010). A difference in EPSC waveforms has been suggested to be able to shape the spike
latency (Rutherford, Chapochnikov et al. 2012). It is also possible that during maturation,
an increase in fiber diameters and myelination shortens the single fiber response latencies
in p20-21 ANFs.

The smaller average onset and adapted discharge rate in p14-15 ANFs is most likely a
result of events downstream of the endocochlear potential (EP) because EP reach mature
level at around p11 in mice (Sadanaga and Morimitsu 1995). For example, p14-15 IHCs
might have less transduction channels on its hair bundles, or IHCs may have smaller

readily releasable pool size and slower neurotransmitter replenishment rate.
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4.2 Bassoon and synaptic ribbon in sound encoding

IHCs use graded receptor potential to transmit continuously time-varying signals. The
IHC ribbon synapses are remarkable in their capability to sustain high rate of transmission
for relatively long period of time and still preserve submillisecond precision of sound
encoding (Geisler 1998). How the ribbon synapses support such function is still not well
understood. In this study, we took advantage of two available mouse lines with genetic
manipulations that disrupt presynaptic scaffold protein Bassoon to different extent to
better differentiate ribbon-dependent effects. We propose that leaky expression of
Bassoon in IHCs of Bsn% mice supported better but still loose anchorage of synaptic
ribbons. Bsn? IHCs ribbon-occupied AZs had better preserved Ca?* channel clusters
compared to ribbonless AZs. Regarding IHC cell physiology, Bsn IHCs showed an
intermediate reduction of peak Ca?* currents and sustained exocytosis compared to that
of Bsn®B%5 |HCs. However, IHC fast exocytosis as well as single ANF responses showed
almost identical response properties in both mutants. If the ribbon-occupied synapses of
mature Bsn% (44%) or Bsn“F*#> (12%) mice were fully functional, we would expect a
subpopulation of ANFs with WT-like firing responses in both mutants and on average
better responses in Bsn® ANF. However, neither expectation was fulfilled. We conclude
that these remaining anchored ribbons in Bsn mutant IHCs are functionally inadequate
due to looser anchorage, or there was a ribbon-independent effect of the bassoon

disruption on synaptic function.

4.2.1 Ribbon-occupied vs. ribbonless synapses

At least two functions of synaptic ribbon have been suggested. First, the ribbon promotes
large complements of synaptic vesicles and Ca?* channels to maintain a sizable readily
releasable pool. Second, the ribbon might accelerate the refilling of vesicles after
depletion of the fast component of exocytosis. The differential level of ribbon loss in
Bsn“Ex#> and Bsn% allowed us to explicitly study the effect of ribbon loss on synaptic

phenotypes.

The deficit of ribbon anchorage in Bsn*®%> was firstly reported by Dick et al. (2003) in

photoreceptor ribbon synapses. They demonstrated the absence of attached ribbons
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throughout postnatal retinal development and argued for a role of Bassoon in
synaptogenesis. This is different from what we observed in IHCs. In Bsn“E*#5 |HCs, there
was a gradual decrease of ribbon-occupied synapses from 47% at onset of hearing to 22%
at 3 weeks of age (Frank, Rutherford et al. 2010) to 12% at 10 weeks of age (Khimich,
Nouvian et al. 2005). It is more likely that in Bsn®F**> IHCs, ribbons are initially present

at most active zones, but cannot be stabilized in the absence of Bassoon.

Bsn? IHCs maintained a higher fraction of ribbons (44%) throughout development. No
Bassoon protein was detected in the brain of Bsn® mice by western blot (Hallermann,
Fejtova et al. 2010). Our results of immunostaining showed weak bassoon
immunofluorescence at a few Bsn® synapses (Figure 3.7) and 3% bassoon mRNA in real-
time PCR experiments revealed a weak leaky expression of Bassoon, which might
support the long term anchorage of a fraction of ribbons. Alternatively, the 180 kD protein
fragment expressed in Bsn*®*%5 may interfere with long term stabilization of synaptic
ribbons by interfering protein interactions at AZs. This possibility is less plausible for
two reasons. First, the fragment does not localize to synapses (Altrock, tom Dieck et al.
2003, Frank, Rutherford et al. 2010). Second, a dominant negative effect of the fragment
is unlikely because Bsn“E**> heterozygous mice had normal IHC exocytosis and ANF

spike discharge rates as well as ABRs.

Despite the difference in the fraction of ribbon-occupied synapses, ribbon-occupied
synapses of both Bsn mutants showed abnormal but stronger Cay1.3 immunofluorescence
than ribbonless synapses (Figure 3.8) (Frank, Rutherford et al. 2010). Functionally, Bsn®
IHCs had lesser reduction of whole-cell Ca?* current than in Bsn“E#5 [HCs. Ribbon-
occupied synapses in both Bsn“B%3 and Bsn? IHCs also tend to have more membrane
proximate vesicles compared to that of ribbonless synapses, but still much smaller
compared to WT synapses (Frank, Rutherford et al. 2010). These results are consistent
with a role of synaptic ribbon in stabilizing presynaptic Cay1.3 channels and readily
releasable pool of vesicles. However, ribbons, due to the looser anchorage, failed to exert
the full power. As a consequence, both mutants showed similar fast exocytosis in vitro
and evoked spike rates when assessing the sound encoding at individual synapse level by
single unit recording from ANFs.
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4.2.2 Discrepancy between cell physiology and single unit results

In vitro physiology data showed intermediate phenotypes in Bsn% IHCs in aspects of Ca?*
current, sustained exocytosis and vesicle replenishment, but not sound encoding in vivo.
This discrepancy is partly due to the experimental approaches. The in vitro cell
physiology experiments assess the behavior of a whole IHC, while single fiber recording
samples responses from the output of an individual synapse. The better preserved whole
cell Ca?* current in Bsn% compared to that in Bsn“E*#* IHCs does not necessarily mean
that there were more Cav1.3 channels at individual synapse to increase the number of
docked vesicles. There could be more extra-synaptic Ca?* channels in Bsn? IHCs. Indeed,
there was a tendency for a greater proportion of extrasynaptic Cavl.3
immunofluorescence in IHCs lacking bassoon in both mutants (Frank et al). Although
the number of membrane-proximal vesicles of ribbon-occupied synapses tended to be
slightly larger than that of ribbonless synapses in IHCs of both mutants, their number did
not reach WT levels (Frank, Rutherford et al. 2010).

Better vesicle replenishment in Bsn% mutant was only observed in vitro but not in vivo.
This could be partly explained by different experimental conditions. The recovery time
constant in vitro is about 140 ms for the fast and largest component of recovery (Moser
and Beutner 2000), which is much longer than that observed in vivo (47 ms, Figure 3.13).
Different temperatures between these two experiments may play a major role in such
discrepancy (in vitro: room temperature vs. in vivo: 35<C). The age of the mice used for
the two experiments also differ (in vitro: 3-4 weeks vs. in vivo: 5-11 weeks). However,
this unlikely made a major contribution because preliminary data showed no indication
of age-dependent changes in RRP recovery time course (data not shown). In addition, the
IHC membrane potential was held at -87 mV during the in vitro experiment. In contrast,
the receptor potential in vivo may be more depolarized and may lead to calcium-
dependent enhancement of vesicle replenishment to the synapses. Thus, the experimental

conditions in vitro might have favored the detection of subtle differences
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4.2.3 Direct consequences of Bassoon disruption on active zone function or effect

of looser ribbon anchorage?

At the individual synapse level, the mere presence or absence of a synaptic ribbon seems
not to improve the sound encoding in ANFs. This can be explained by (1) disruption of
Bassoon causes ribbon-independent perturbations of the active zone organization and
interfere with the synaptic transmission which may occlude a possible ribbon effect. (2)
The remaining ribbons are functionally inadequate to support normal function.

Bassoon is thought to not be directly involved vesicle exocytosis but rather to play a role
in synaptic vesicle clustering in conventional synapses of cultured hippocampus neurons
(Mukherjee, Yang et al. 2010) and vesicle replenishment in cerebellar mossy fiber to
granule cell synapses (Hallermann, Fejtova et al. 2010). In IHCs, a bassoon disruption
causes a reduction of synaptic Ca?* channels, membrane proximal vesicles and their
replenishment, while the unaltered EGTA sensitivity of exocytosis in Bsn mutant IHCs
suggested that the coupling of Ca?* influx and exocytosis is not strongly effected (Figure
3.9C). Moreover, Ca?* uncaging revealed normal exocytic responses arguing against a
negative effect on Ca?* dependent fusion. The quest of how much of this is due to direct
effects of bassoon deficiency or to the absence of the ribbon triggered this study. However,
we cannot provide a definitive answer, because the remaining ribbons in BGT inner hair
cells may not be fully functional. 3D imaging analysis of the center of mass distance
between ribbons and Cav1.3 or GluA2 receptor clusters revealed an enlarged distance in
mutant ribbon-occupied synapses. This result provides quantitative support to the notion
of a looser anchorage at ribbon-occupied synapses in BSN® IHCs. It is less unlikely that
the larger distance would reflect an increase size of synaptic ribbons or the presence of
multiple ribbons at many synapses in BSN' IHCs, as RIBEYE immunofluorescence
intensity for ribbon-occupied synapses in BSN% was not increased compared to that in

wild-type IHCs.

Given the fact that Bassoon locates at the base of photoreceptor ribbon synapses and a
synaptic ribbon anchorage deficit in Bsn mutants, it is more likely that Bassoon plays role
in ribbon anchorage. IHC ribbon synapses are tethered to presynaptic membrane by a
single arcuate density structure (Sobkowicz, Rose et al. 1982). The molecular

composition of this arcuate density is unknown, but Bassoon is a potential candidate. The
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direct physical interaction between Bassoon and RIBEYE makes it possible to perform
such function (tom Dieck, Altrock et al. 2005). Therefore, we favor the hypothesis that
upon genetic disruption of Basson, the anchorage of ribbons is looser at the ribbon-
occupied synapses of BSN® IHCs. An increased distance to the AZ could impair a
putative function of the ribbon in promoting a large number of Ca?* channels and docking
sites at the AZ and facilitating vesicle replenishment. This could come about due to the
reduced effect of ribbon-associated proteins with functions in scaffolding or regulation of

docking and priming.

Future experiments are needed to better distinguish the scenarios. Emerging methods like
acute photoablation of synaptic ribbons (Snellman, Mehta et al. 2011) may help reveal
the role of remaining ribbons in BSN® IHCs. However, the small average number of
ribbon-occupied synapses, and low RRP size make this experiment very challenging.
Postsynaptic bouton imaging/patch could also be used for this purpose. But it is difficult
to apply this techniques on old mice after p14. The availability of more genetically
modified animals (Sheets, Trapani et al. 2011) made it possible to test function(s) of
ribbon-associated proteins. All those various approaches ultimately may help revealing

the functional roles of synaptic ribbons BSN IHCs.

4.2.4 Alternative possible functions of Bassoon in ribbon synapses and

conventional synapses

How does the disruption of Bassoon leads to disorganized active zone in both ribbon
types and conventional synapses is still unclear. The large molecular size of Bassoon has
hindered the study of its biochemical properties. However, studies of active zone
organization in normal and pathological conditions have provided us several potential
pathways underlying the abnormal phenotype. At conventional synapses, Bassoon might
have a role in normal synaptogenesis (Lanore, Blanchet et al. 2010) because recruitment
of Bassoon is one early step in the development of synapses (Zhai, Olias et al. 2000).
During early synaptogenesis, Bassoon, Piccolo and RIM containing transport vesicles
function as preassembled AZ precursor vesicles, carrying a set of AZ proteins to initialize
further development of AZs (Shapira, Zhai et al. 2003) and postsynaptic differentiation

(Friedman, Bresler et al. 2000). Precursors have also been reported in the assembly of
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photoreceptor ribbon synapse (Regus-Leidig, Tom Dieck et al. 2009). The transportation
of several cytomatrix proteins Bassoon, Piccolo, RIBEYE and RIM1 in precursor spheres
to the presynaptic sites precedes the appearance of other presynaptic proteins like Munc13,
CAST1, RIM2 and L-type Ca?* channels alphal subunits (Regus-Leidig, Tom Dieck et
al. 2009). The interaction of Bassoon with other cytomatrix proteins and early appearance
at presynaptic AZs suggest that Bassoon is involved in early steps of synaptogenesis.
Indeed, Bassoon mutation in photoreceptor leads to delayed transport of precursor spheres
and degradation of RIBEYE and Piccolo protein levels (Regus-Leidig, tom Dieck et al.
2010). Recently, Bassoon has been shown to be able to interact with E3 ubiquitin ligase
Siah1, through which involved in regulating presynaptic proteostasis (Waites, Leal-Ortiz
et al. 2013). In inner hair cells lacking functional Bassoon (Bsn*5*#3), an accumulation
of tubular and cisternal structures has been observed near the synapses (Khimich,
Nouvian et al. 2005). An interesting hypothesis is that the accumulation of these tubular
and cisternal structures may indicate the presence of abnormal presynaptic protein

recycling dynamics.

4.2.5 ANF sound coding deficit in Bsn mutants

A directly consequence of disorganized AZs by bassoon disruption in IHC ribbon
synapses is the reduction of spontaneous and evoked firing rates. The presence of
synapse-anchored ribbons in Bsn% mutant IHCs improved Ca?* channel clustering and
sustained exocytosis. However, the readily releasable pool size was equally disrupted
regardless of the presence or absence of synaptic ribbon, and release machinery was not
affected in the absence of functional bassoon and synaptic ribbon in mutant IHCs.
Computational models assuming a readily releasable pool to hold certain amount of
neurotransmitters, which is released and replenishment by diffusion process can
reproduce the reduction in vesicle fusion as well as account the reduction of firing rate in
vivo (Buran, Strenzke et al. 2010, Frank, Rutherford et al. 2010). Although so far only the
mean response across ANFs has been modeled, it faithfully reproduce the behavior of

fibers to suprathreshold tone bursts in Bsn mutants.

It has been shown that OHC and IHC lesions can produce different changes in the

discharge behavior of ANFs to sound stimuli. Damage of OHCs lead to an absence of

77



Discussions

compressive nonlinearity. The function of basilar membrane vibration and input sound
pressure levels will be shifted to higher SPLs and become linear. As a consequence, the
slope of rate-level function will be steeper, and the tuning curve tip will be broadened.
This is not observed in Bsn mutation. Normal DPOAE (Khimich, Nouvian et al. 2005)
confirmed the presence of normal mechanical amplification. Thus, the phenotype in
ANFs firing rate is mainly a result of IHC lesions. One interesting finding is that reduced
firing rate and shallow rate-level function can also be observed if IHCs are damaged by
acoustic trauma (Liberman and Dodds 1984) or ototoxic drugs, which compromises
cochlear transduction and lower the firing rate of ANFs, more specifically, the disruption
of presynaptic neurotransmission. Lesions in IHCs induced by ototoxic drugs can produce
a shallower rate-level function, similar to the observations we made in single fiber

recordings.

The sound encoding phenotypes might also reflect a change in efferent connection of
IHC-SGN synaptic complex. Lateral olivorcochlear efferent (LOC) fibers originating
from later superior olivary nucleus (LSO) neurons form Bassoon-containing synapses
with the postsynaptic boutons of SGNs below IHCs (Liberman, Dodds et al. 1990). It
remains unclear if efferent synaptic transmission is abnormal in Bsn mutant mice,
although we did not have indication of the contribution of efferent connections. The
functional role of efferent connections is not yet entirely clear: they probably modulate
the functional state of the postsynaptic bouton of SGN. In cat ANFs, the spontaneous rate
can be partly regulated by the efferent innervation (Guinan and Gifford 1988). It is
possible that part of the reduction in firing rate is from reduced efferent input. Further

experiments are needed to clarify the efferent function.
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4.3 Auditory nerve fiber responses in BLSW mice
4.3.1 Sound encoding phenotypes in BLSW cochlea

The normal hearing process requires proper function of a series of peripheral mechanisms
eventually leading to sound encoding. Consequently, mutations affecting any stage
between hair cells and SNGs, as well as a disruption of general cochlear morphology and
function, may potentially lead to SNHL. This is one reason why the genetic basis
underlying SNHL shows large heterogeneity. The present study shows that ANFs of
BLSW mice had abnormal tuning threshold and sharpness of tuning, which is consistent
with the previous finding of OHC dysfunction. Detailed analysis showed BLSW ANFs
have elevated spontaneous discharge activity compared with controls. At the level of
individual synapses, the IHC-afferent transmission was largely unaffected. P14-18 ANFs
of BLSW mice even showed significantly larger onset responses and a tendency for
shorter response latencies albeit the ~60% reduction in maximum IHC transduction
currents (Charizopoulou, Lelli et al. 2011). Those observations are consistent with the
hypothesis that the reduced maximum IHC transduction currents lead to greater
depolarization due to lack of large conductance K* current, therefore, compensate the
smaller transduction currents. However, a lack of functional large conductance voltage-
and Ca?* activated K* channels (BKca) has been shown to degrade precision of spike
timing (Oliver, Taberner et al. 2006). The preserved spike timing of BLSW ANFs
indicates that there might be other compensatory changes in IHCs, for example,
upregulation of Ca?* channels, which maintain the membrane time constant and precision
of spike timing. Indeed, cell physiology experiments indicated that BLSW IHCs have
larger Ca?* peak current, larger RRP and sustained exocytosis compared with control
IHCs.

The ANF sound encoding phenotypes confirmed the age-related hearing loss (ARHL)
phenotype in BLSW mice. Beside BLSW mice, other inbred mouse strains also exhibit
ARHL, with distinct onset time and pathological changes. For example, C57BL/6J mice
exhibit significant hearing loss for high frequencies already at 6 months, and low
frequency hearing loss at 12 months. CBA/J mice show minimal hearing loss by 18

months. The elevated ABR threshold is usually accompanied with degeneration of the

79



Discussions

organ of Corti or ANFs. Genetic linkage analysis identified heterogeneity in the locus
underlying ARHL in different mouse strains. It has been identified that the gene encoding
cadherin 23 (Cdh23) is underlying the SNHL in C57BL/6J mice. Cdh23 has been shown
to be one component of the tip link of stereocilia, and mutations of Cdh23 lead to hair
cell deficits. BLSW mice exhibit hearing loss much earlier than C57BL/6 mice, which

were used as controls for this study.

4.3.1.1 Age dependent ABR threshold changes

Previous ABR data show a high wave | amplitude at 2 weeks of age. However, the mean
ABR wave | amplitude of BLSW mice was comparable to that of C57BL/6 mice at 2
weeks of age in our study. At 3 weeks of age, the amplitude of BLSW mice is significantly
smaller than that at 2 weeks of age. Immunostaining did not show signs of synapse loss
between 2 and 3 weeks of age. Single fiber recordings revealed a threshold elevation
between 2 and 3 weeks of age but similar maximum discharge rates in response to
suprathreshold stimuli. Those results lead us to the hypothesis that a smaller number of
ANFs is recruited given the same level of sound stimuli, therefore leading to a smaller

ABR wave | amplitude of 3 week-old compared to that of 2 week-old BLSW mice

4.3.1.2 ANF sound encoding and hair cell transduction

It has previously been shown that BLSW IHCs and OHCs lack large conductance K*
currents at pl2. Consequently, a smaller transduction current can lead to a larger
depolarization. This would also predict an elevated resting membrane potential. The
observation that BLSW ANFs have higher mean spontaneous discharge rates compared
to control mice is consistent with this prediction. However, we cannot exclude the
possibility that there is a population of low spontaneous rate fibers, which fail to be
detected using 90-100 dB noise bursts due to the elevated hearing single fiber threshold.
This would lead to an overestimation of mean spontaneous discharge rate in BLSW ANFs.
On the other hand, the smaller maximum hair cell transduction currents lead to a much

smaller range of sound intensities that the hair cell can respond to, which can also cause
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steeper rate-level functions. However, the reduced transduction currents in BLSW IHCs
may still depolarize membrane potential to a level comparable to that in normal IHCs. At
pl4, BLSW ANFs discharged with a significantly larger onset rate compared to that of
control ANFs, which is consistent with the prediction of larger depolarization. Our in
vitro studies suggested that BLSW IHCs have larger maximum Ca?* currents, larger size
of RRP and sustained exocytosis. Larger maximum Ca?* currents might be due to more
Ca2* channels. It is possible that the enlarged RRP may be related to a homeostatic change

in IHCs given smaller transduction current and altered membrane potential.

Furthermore, BLSW ANFs can still encode amplitude modulation tones. The ability of
IHC membrane potential in encoding amplitude modulation is limited by the membrane
time constant. Normal IHCs exhibit large rapidly activating potassium currents (lxf),
which lower the membrane time constant to below 1 ms. The over 50% reduction in
potassium current in BLSW IHCs would lead to a higher membrane time constant,
therefore, a degraded ability to encode high frequency amplitude modulation. Indeed,
BLSW ANFs showed a tendency of degraded ability to encode amplitude modulation at
a frequency of 1 kHz without reaching significant (Figure 5.7). Ik has been shown to be
abolished in the absence of BK channels (Oliver, Taberner et al. 2006). Different from
BK channel knockout mice with nearly a complete absence of fast component of
potassium currents, BLSW IHCs have both fast and slow component, albeit with a much
reduced amplitude. Interestingly, the BK channels knockout IHCs have similar voltage
responses to current injection compared to BLSW IHCs. However, the ANF spike rates
were smaller in BK channels knockout in comparison with controls. The larger

depolarization of membrane potential did not lead to higher spike rate in vivo.

4.3.2 Mechanisms underlying GIPC3 mutation on cochlear functions

The molecular pathways that GIPC3 affecting the SNHL in BLSW mice remain unknown.
The PDZ domain of GIPC3 shares 71% and 66% sequence identity to GIPC1 and GIPC2,
respectively. The capability of GIPC protein family to bind multiple receptors in various
cellular signaling pathway suggests that GIPC3 could act as an adaptor protein. Currently,
little is known about the interacting partner of GIPC protein in vivo. However, GIPC

protein can interact with GAIP, a membrane-anchored GTPase activating protein for Gai3
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subunits, which locate to clathrin-coated vesicles in the Golgi region. Those results
implicate that GIPC may participate in sorting proteins for vesicular trafficking. Here,
possible pathways that GIPC3 which might participate in given the available

experimental data will be discussed.

4.3.2.1 Hair bundle development

Using mouse mutants have helped identifying important molecules involved in sound
transduction. This process requires proper structure and function of stereocilia. Currently,
several classes of molecules have been identified underlying the development and
function of the stereocilia bundles. One of the important molecule classes is myosins in
stereocilia. Mutation in different myosins lead to hearing as well as vestibular deficit. In
the spontaneously arisen mouse mutant shaker 2, mutations in myosin 15 lead to
abnormally short and irregular stereocilia bundle morphology (Probst, Fridell et al. 1998).
In another study, the mouse shaker-1 locus, which encodes myosin VIIA, was found to
be required for hair cell stereocilia bundle organization and has a role in the function of
cochlear hair cells (Self, Mahony et al. 1998). Those studies have revealed a complex
protein network involved in maintaining structure and function of stereocilia bundle
functions. BLSW mice show disoriented OHC bundles, less rigid and sparse IHC bundles
already at postnatal day 3. Abnormal OHC bundles are expected to lead to a mechanical
amplification deficit. This was indeed observed in single fiber responses, which showed
elevated thresholds, loss of sharp tuning and steep rate-level functions. Similar single
fiber property changes can also be observed in noise traumatized animals or after tha
application of ototoxic drugs. Therefore, it is likely that in BLSW mice, a mutation in
GIPC3 leads to bundle maturation deficits due to impaired transporting of key molecules

important for the maintenance of hair bundle morphology and function.

One important class of protein involved in vesicular trafficking are Myosins, which
function as molecular motors. They produce movement alone the actin filament by
interacting with F-actin microfilaments using a conserved domain and hydrolyzing ATP.
Different classes of Myosins have distinct C-terminals. It has been hypothesized that the
unique C-terminus targets different Mysoin to distinct cargo and subcellular regions. The
similarity of GIPC3 PDZ domain with GIPC1 implicate that both protein may share
similar binding partners. Different C-terminal of GIPC1 and GIPC3 may bind to different
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types of Myosins to target cargo proteins to different cellular locations. It has been shown
that GIPC1 can interact with Myosin VI and the myosin VI-GIPC1 protein complex.
GIPC1 can regulate stereociliary bundles and cell polarization by involving in the
trafficking of Van Gogh-like 2 (Vangl2), which can mediate planar cell polarity signaling
(Giese, Ezan et al. 2012). Both reduction and overexpression of GIPC1 in HCs lead to
disrupted hair bundle morphology.

4.3.2.2 Potassium channel membrane trafficking

Another role of GIPC3 might be the trafficking of potassium channels to the membrane.
BLSW IHCs exhibit normal potassium currents at postnatal day 6. However, at p12/13,
both the amplitude of potassium current is much reduced compared with that of controls
(Charizopoulou, Lelli et al. 2011). Both fast component and slow component are still
present. Therefore, the reduced potassium currents might be due to a reduced number of
potassium channels, for example BK channels, on the IHC membrane. A direct
interaction of BK channels with GIPC3 has not bben described. Further biochemical and
morphological studies are needed to verify possible role of GIPC3 in BK channel

trafficking.
4.3.2.3 Exocytosis

Within IHCs GIPC3 is distributed similar to Vglut3 and Myosin VI (Charizopoulou, Lelli
et al. 2011), both of which are involved in synaptic transmission. The location of Myosin
VI near active zones overlaps with tubular structures that have been considered to be
endocytotic structure, suggesting a role of Myosin VI in synaptic vesicle recycling
(Heidrych, Zimmermann et al. 2009, Roux, Hosie et al. 2009). Our capacitance
measurements suggested larger Cav1.3 currents yet similar exocytosis efficacy. The
neurotransmission is minimally disturbed as single ANF responses have comparable
maximum discharge rates and and adaptation time courses. It is possible that the
remaining small amount of GIPC3 protein in BLSW IHCs is enough for performing
efficient vesicle recycling. However, when challenged with continuous stimulation, the
GIPC3 dependent protein/vesicle recycling might suffice to catch up with the
neurotransmitter release rate, and lead to a slower sustained neurotransmitter release

during long stimuli. Further work is needed to test this possibility.
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GIPC3 is not only expressed at IHCs but also in spiral ganglion neurons (Charizopoulou,
Lelli et al. 2011). No experimental data is currently available on the role of GIPC3 on
spiral ganglion neuron function. However, the BLSW exhibit autogenic seizures,
suggesting a more general disruption of higher brain function in this mouse line. The
mechanism of susceptibility is not well understood. Given the fact that the PDZ domain
of GIPC3 can potentially interact with wide range of different proteins, reduction of
GIPC3 protein level or loss of function might interfere with multiple cellular pathways.
Identifying the interaction partner of GIPC3 may ultimately help reveal important

molecules for HC transduction.
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4.4 Optogenetic stimulation of mouse cochlea

In the last part of the thesis, light-evoked responses of single ANF/cochlear nucleus
neuron were characterized in ChR2 transgenic mice and mice expressing the ChR2-
variant CatCh. This is the first study to demonstrate the utilization of optogenetics tools
in the cochlea. More specifically, this study focused on single unit response properties
upon optogenetic stimulation. Neurons in the region of auditory nerve, cochlear nucleus
as well as inferior colliculus fire optically driven spikes with different latencies and
precisions. To achieve specific stimulation of ANFs, ChR2-variant CatCh was expressed
in SGNs by virus-mediated transduction. The activation of auditory neurons was
confirmed in CatCh mice by demonstrating acoustically evoked responses of light
responsive neurons. In comparison with ChR2 transgenic mice, neurons in CatCh mice
showed optically evoked spikes with shorter latencies and better temporal precison.In
addition, neurons in CatCh mice required less laser energy to achieve excitation. Those
results are consistent with the previously reported ultra light-sensitive and fast neuronal

excitation properties of CatCh (Kleinlogel, Feldbauer et al. 2011).

4.4.1 Optogenetic stimulation of auditory neurons

Two different methods were used to achieve ChR2 expression in ANFs. In transgenic
mice, ChR2 expression was driven by Thy1.2 promoter. Selective expression of ChR2 in
different cells of the mouse nervous system has been reported (Arenkiel, Peca et al. 2007).
The ChR2 was found to be expressed throughout the spiral ganglion, the cochlear nucleus
and MNTB, but not in hair cells and supporting cells of the organ of Corti by
immunohistochemistry. Within the cochlea, ChR2 was restricted to the somata, peripheral
as well as central axons of most afferent neurons. Therefore, optogenetic activation of
afferent neurons can be attributed to afferent neurons but not hair cell stimulation. It is
not clear if spikes were generated on somata or peripheral neurites of afferent neurons.
Further patch clamp analysis of response properties of afferent neurons upon optogenetic
stimulus was hindered by late expression of ChR2 (after 3" postnatal weeks) and
challenging experiment to record from mature afferent neurons. AAV6-mediated
expression of CatCh resulted in restricted expression of CatCh in spiral ganglion neurons.

Unlike the transgenic ChR2 expression, there was a strong basoapical gradient for AAV6-
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mediated CatCh expression. Therefore, a laser fiber was inserted into the round window

to stimulate afferent neurons in the basal part of the organ of Corti.

Robust single unit activity could be evoked by illumination with blue light. It cannot be
excluded that in transgenic ChR2 mice, neurons other than afferent nerves being excited
by light. However, the observation of neurons in the region of ANFs, cochlear nucleus
and inferior colliculus confirmed the activation of auditory pathway. Similar optically
evoked spiking patterns were observed from neurons in CatCh mice. The response of
light-sensitive neurons to acoustic stimuli confirmed the activation of auditory neurons.
Mapping the frequency selectivity of the neurons indicated CFs around 10-16 kHz, which
is the middle turn of organ of Corti. Considering the basoapical gradient of CatCh
expression in the organ of Corti, the expression level at 10-16 kHz region might be
sufficient for activation.

Another method for optical stimulation of ANFs is to use infrared irradiation (Littlefield,
Vujanovic et al. 2010). Different from the transcochlear stimulation by cochleostomy and
round window insertion, they placed a laser fiber against round window membrane
without insertion. Successful stimulation of ANFs have been achieved by orienting the
laser fiber towards SGNs. Possible mechanisms by infrared laser excitation including a
transient increase in tissue temperature via energy absorption by water. The response
latency in their study is 2.5 ms to 4.0 ms, which is in the similar range of latencies of
ANF spiking evoked by optogenetic stimulation. A direct interaction of 473 nm laser light
with the tissue seems to be unlikely because no optically evoked potentials could be
recorded in animals without ChR2 expression. Although the stimulation rate in both cases
degraded at 100 Hz, small pulse rate may be sufficient for transmitting information for
speech. Further studies are needed to establish the maximum rate at which ANFs can

follow optogenetic stimulation.

4.4.2 Outlooks

This study provide new possibility to use optogenetics in auditory research and potentially
an alternative strategy for cochlear stimulation. The activation of auditory neurons by
blue light was first characterized. However, several questions need to be addressed for

the application of this technique. First, how and where are light-evoked spikes generated
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in the ANFs? Because ChR2 is expressed on both the neurites and cell body, illumination
of the whole neuron may activate multiple sites. It is possible that one of the node of
Ranvier where the highest ChR2 is expressed will dominate the pattern of evoked spikes.
Further modeling works and in vitro experiments are needed to address this question.
Another question is how the neuronal sensitivity to light related to the expression level of
ChR2 in SGNs. The activation of auditory neurons of CF about 10-16 kHz (Figure 6.3)
and basoapical gradient of CatCh expression along the organ of Corti suggested that
relatively low amount of ChR2 might be sufficient for optical stimulation. Future works
integrating morphological and physiological studies are needed to advance this emerging
field. Towards a clinical translation of optogenetic Cls, a safe method for transgenic ChR2
expression in human SGNs and the development of multichannel optical stimulation

technologies are still necessary.
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Summary

Afferent synapses between inner hair cells (IHCs) and spiral ganglion neurons in the
cochlea transfer sound information into a discrete spikes code. The spiking responses
provide us a window to directly observe the output of the cochlea. The availability of
mutant strains with genetic hearing impairment make mouse a valuable species to
investigate the molecular mechanisms of sound encoding in the cochlea. The main focus
of this work is to use the mouse as a model species to study the cochlear sound encoding
by recording single unit activities from auditory nerve fibers (ANFs) in vivo.

First, developmental changes of ANF responses before and after hearing onset were
characterized as an introduction on how normal ANF responses mature during the early
postnatal age. Mouse inner ears undergo a series of developmental changes, but
previously nothing was known about single fiber response properties. In this chapter, the
response properties of ANFs before (p10-11) and after hearing onset (p14-15, p20-21)
were characterized for the first time. It was found that mice ANF responses during early
postnatal development share many properties observed in other mammalian species.
Spontaneous bursting activity from ANFs/cochlear nucleus neurons was observed before
hearing onset. The concurrent emergence of high spontaneous rate ANFs around hearing
onset and stronger presynaptic Ca* signaling and larger Cay1.3 channel complement was
first demonstrated. This observation leads to a hypothesis that presynaptic mechanisms
and, more specifically, Ca?>* channel organization and signaling, contribute to the
establishment of heterogeneity in the population of ANFs. After hearing onset, single
fiber responses gradually reach maturation from p14-15 to p20-21. The improvement of
tuning properties and frequency selectivity suggested an immature functioning of OHCs
in p14-15 mice. Rate-level functions indicated a possible immature IHCs function at p14-
15, which was consistent with longer response latencies and smaller maximum evoked
discharge rate in response to suprathreshold tone bursts at CF. Those results demonstrated
how single fiber recording allows us to gain important new insights into the development

of the cochlea.

To gain insight into the role of synaptic organization in cochlear and ANF function, mice

carrying targeted mutations of presynaptic scaffold protein Bassoon were analyzed. Inner
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hair cells (IHC) of mice that are deficient of the central portion of the presynaptic scaffold
protein Bassoon (BSNAEx#3) were previously shown to mostly lack synaptic ribbons and
to have a smaller readily releasable pool of synaptic vesicles and reduced exocytosis,
resulting in lower firing rates of ANFs. To distinguish better between the effects of the
Bassoon mutation and those of the loss of the synaptic ribbon, the BSNA¥*%3 phenotype
was compared with that of a newly generated gene trap mutant (BSN®), which has an
intermediate phenotype in terms of the fraction of ribbon occupied active zones,
presumably due to leaky expression of a small amount of Bassoon protein. The mean
distance between the remaining ribbons and the active zone was greater in BSN% than in
wildtype and the synaptic calcium channel clusters had reduced immunostaining
reactivity. The BSN IHCs showed a slightly less severe reduction of peak Ca?* currents
and sustained exocytosis compared to BSNAF*3. However, IHC fast exocytosis and
single unit responses of ANFs showed almost identical response properties between the
two mutants. These data suggest that it is not the physical presence or absence of a
synaptic ribbon but rather the disruption of presynaptic ultrastructure (e.g. abnormal
calcium channel clustering, looser ribbon anchorage) that mainly determines the synaptic

phenotype of Bassoon mutants.

Certain mouse strain suffer from sensorineuronal hearing loss. The ANF responses of
Black Swiss mice (BLSW) were characterized. BLSW mice have inherited early onset
hearing loss and susceptibility to audiogenic seizures. BLSW ANFs showed higher tuning
thresholds and broader frequency selectivity, indicating the presence of OHC lesions.
This observation is consistent with previous data. The unaffected suprathreshold
responses to tone bursts suggested that neurotransmission release dynamics is minimally
affected in BLSW IHCs. Interestingly, BLSW ANFs have elevated spontaneous
discharge activity. Previous results showed that a mutation in the Gipc3 gene is
underlying the BLSW phenotypes. The ANF sound encoding deficits in BLSW mice

suggest that Gipc3 is a key molecular player for normal IHC and OHC function.

Upon hearing loss due to HC dysfunction, the remaining ANFs can be electrically
stimulated to restore the sense of hearing. The number of useful frequency channels using
electrical stimulation is limited by the spread of current. Recently, optical stimulation
showed more selective activation of ANFs compared to electrical stimulation. Genetic

manipulation in mice makes it possible to express transgenes in certain cell types. ChR2
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and the ChR2-variant CatCh were expressed in spiral ganglion neurons (SGNs) and the
optical evoked responses were characterized. It was found that neurons in the auditory
pathway can be activated by optogenetic stimulation of mouse cochlea. Neurons
expressing CatCh responded to light with more precise spikes and shorter latencies
compared to ChR2 expressing neurons, which is consistent with the published channel

properties.
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