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Abstract 

Noise-induced hearing loss (NIHL) is a form of acquired hearing impairment, caused by exposure 

to loud noise, that damages the delicate inner ear structures, possibly including the neural 

connections between the Inner Hair Cells (IHCs) and Spiral Ganglion Neurons (SGNs). The 

symptoms of NIHL depend on the nature of exposure and may include difficulty hearing in noise, 

understanding speech, muffled speech, or tinnitus. In severe cases, the hearing loss can be 

profound and strongly affect the overall quality of life. Currently, there is no causative treatment 

and cure for NIHL. The different manifestations of synaptic pathologic changes and the 

underlying synaptic mechanisms are not yet well understood. Yet, such knowledge could guide 

development of novel therapies, which was in focus of my thesis.  

In my PhD project, I investigated the effects of noise exposure under volatile anesthesia using 

two levels of noise stimulation. I developed a new mouse model of noise-induced synaptopathy 

that is mild to moderate and involves partially delayed loss of ribbon synapses that develops in 

conditions of mild or no immediate loss of hearing sensitivity. Patch-clamp recordings from basal 

inner hair cells (IHCs) immediately post noise exposure showed a temporary increase in the 

efficiency of IHC exocytosis upon noise exposure causing a larger temporary hearing threshold 

shift. Two weeks after exposure, the hearing sensitivity was mildly increased for both noise 

intensities tested. Despite aprox. 20% loss or ribbon synapses in the IHCs of the basal cochlea, 

the whole-cell calcium current amplitudes and exocytosis were not affected. These findings 

indicate that acute noise exposure enhances IHCs exocytosis at the remaining ribbons or possibly 

extrasynaptically, which should be studied in more detail in the future. 

Furthermore, the use of the anesthetic isoflurane, which was previously shown to protect against 

noise-induced reduced hearing sensitivity, was discovered to provide partial, but not complete 

protection to ribbon synapses. However, my work further revealed that a moderate loss of ribbon 

synapses can still occur even in the presence of very mild immediate hearing threshold shift, 

previously not shown to permanently harm synapses. In conclusion, this study has provided new 

insights into the manifestations of noise-induced synaptopathy and established a new foundation 

for future research in this field, which could lead to the development of new therapies to protect 

auditory systems from damage caused by loud noise. 
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1. Introduction 

1.1 Physical characteristics of the sound 

Sound is a form of mechanical energy that is transmitted through longitudinal vibrations of 

various media, including air, which is the primary means of communication among humans, 

solids, through which low frequencies are predominantly transmitted, water, where certain 

species, such as whales, communicate through sound, and more. When this energy is transmitted 

through air, it creates fast fluctuations in air pressure, which can be recorded by a sound detector. 

The number of these fluctuations per second is referred to as the "sound frequency." The lower 

and upper limits of human hearing are typically considered to be around 20 and 20 kHz, 

respectively, with the greatest sensitivity between 1 and 5 kHz, as demonstrated by the 

audiogram or frequency curve for human hearing, Fig 1.1 (Geisler 1998). 

 

Figure 1.1 Sound pressure and frequency ranges in mice audiograms  

In mice, this range goes from 1 to 70 kHz (Taberner and Liberman, 2005). In the audiogram, the left axis 

represents the loudness of a stimulus, or in terms of physical characteristics, the sound pressure, and it 

scales from 0 to 120 dB SP, which stands for “decibel sound pressure level”. From Geisler 1998. 
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The formula for SPL is defined as the following: 

 

SPL = 20* log (pressure/20 µN/m2) 

 

Right around 120 dB SPL, sounds become painfully loud and highly damaging to human hearing. 

Gunshots and jet aircraft engines are examples.  

In auditory neuroscience, the sound stimulus is represented not only as a function of time but 

also as a function of sound frequency, the so-called “spectrum” or “frequency domain”. 

The Fourier Transform equation allows going from one representation to the other. 

Here are some very common basic auditory stimuli, Fig. 1.2: 

 

o Pure tone (or sine waves). In the time domain, the stimulus is represented as a sinusoidal 

waveform, in the frequency domain instead, it shows a unique sound frequency. 

o Square wave. This stimulus is equivalent to a series of sine waves. Adding up infinite pure 

tones will result in a perfect square wave.  

o Tone burst. It is a brief, single frequency tone that is transmitted for a very short duration, 

typically less than one second. In the frequency domain, the tone burst is represented as a 

sharp spike at the frequency of the tone, surrounded by a broader frequency spectrum. The 

spike in the frequency domain corresponds to the single frequency component of the tone 

burst in the time domain. The width of the spike depends on the duration of the tone burst, 

with longer tone bursts having a narrower spike. The surrounding spectrum represents any 

spectral components introduced by the system, such as noise or distortion. In general, the 

frequency domain representation of a tone burst is used to evaluate the frequency response 

of a system and to identify any frequency-dependent effects such as filtering or gain. 

o Click. It is a very sharp, impulsive sound that can be infinitesimally short. In this case, it will 

be a broad-spectrum sound containing all frequencies. The spectrum will be completely flat. 

o  Noise. It is a broadband sound, like the infinitesimally short clicks, with all frequencies. If all 

frequencies audible to the human ear have equal power, it is called white noise. Pink noise is 
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white noise but with reduced high frequencies. Brown noise lowers the higher frequencies 

even more.    

 

Besides the common basic sounds, there are also some more complex sounds. Music, for 

example. 

When a key on a piano keyboard is struck, it produces a multitude of frequencies that are 

perceived as a single note. The pressing of a key causes a hammer to strike a string, causing it to 

vibrate at various harmonically related frequencies. The lowest of these frequencies is known as 

the "fundamental frequency." Pitch, the attribute of auditory sensation that allows sounds to be 

ordered on a musical scale, is defined based on frequency. For a pure tone, the pitch is directly 

proportional to the frequency. However, for complex sounds with multiple harmonics and 

overtones, the pitch is strongly influenced by the fundamental frequency. In certain instruments, 

such as the guitar, the fundamental frequency may be weak. Nonetheless, the pitch remains 

relatively unchanged even if the fundamental frequency is removed, indicating that the ear has 

the ability to recognize and restore the fundamental frequency. 

Besides being important in frequency discrimination, pitch perception is also reported to play a 

crucial role in the ability to segregate sounds arriving from different locations; pitch 

discrimination is thus a key index of auditory perception often used in clinics (Oxenham et al., 

2008).  

Another auditory sensation is the timbre of a sound, defined as the relative volume or amplitude 

of various overtone partials. The timbre distinguishes different types of sound productions, such 

as piano or guitar.  The second type of complex sound is “speech sounds”. We use them when 

we say a word aloud and, if use them in the right order, they allow us to communicate with other 

people and understand each other. We can produce speech sounds thanks to complex 

anatomical structures. The air coming from the lungs goes through the trachea moving the vocal 

cords (more scientifically called glottis) back and forth, making them hit each other and open up. 

This movement will periodically interrupt and release the airflow. This opening and closing of the 

air through the glottis produces a very complicated waveform (Geisler 1998). Our highly efficient 



 
5 

 

auditory system allows for the rapid association of each speech sound spectrum with a specific 

vowel or consonant, enabling precise comprehension of complex words. 

 

 

 

 

 

 

 

 

 

 

                                  

 

 

 

 

Figure 1.2 Waveforms and Fourier analysis 

Some waveforms (left) and their respective Fourier analysis (right). (A) Sine wave. (B) Square wave (infinite 

time long, with line spectra which components are harmonically related. (C) Ramped sine wave. (D) Gated 

sine wave. (E) Click. (F) White noise. Adapted from Geisler 1998. 

                                 

1.2 Sound processing in the inner ear 

In order to hear, the ears must first capture sound waves and transmit them to the Organ of Corti, 

where they are translated into neural impulses and conveyed to the brain. The initial point of 

contact for sound waves is the outer part of the ear, known as the "pinna," which directs the 

waves into the auditory canal, also referred to as the "external auditory meatus." From there, 

the sound wave enters the middle ear, where it strikes the eardrum or "tympanic membrane," 

causing it to vibrate. This vibration is efficiently transferred to the three small bones known as 

the "malleus, incus, and stapes," with the stapes moving in a piston-like manner to send the 
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vibrations to the oval window and, subsequently, to the Cochlea. This is the inner ear, Fig. 1.3 

(Purves, 2004). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1.3 The human ear: anatomy and function  

The human ear is a complex organ that consists of three main parts: the cochlea, the semicircular canals, 

and the vestibule. The vestibule and semicircular canals contain sensory epithelia associated with balance 

while the cochlea contains an organ known as Corti's Organ which is responsible for hearing .. This 

schematic representation of how these components work together allows us to gain insight into how 

sound waves are detected by our bodies. Adapted from Purves et al., 2004. 

 

The Cochlea is a spiral three-chambered snail-like structure 10 mm wide within a bony matrix. In 

a cross-section of the cochlea, the uppermost chamber is called the “scala vestibuli”, at the base 

of which is where the oval window is situated. The lowermost chamber is called the “scala 

tympani”, at the base of which is where the oval window is located. Both the scala vestibuli and 

the scala tympani contain the perilymph, which is rich in Na+ ions. Between the two scalae is the 
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“scala media”, the house of the organ of Corti, which is referred to as the receptor organ of 

hearing. The scala media is filled with endolymph, which is unusual in ionic composition by being 

rich in K+ ions. The membranes separating the two fluid-filled systems are the “Reissner’s 

membrane”, on top, and the “basilar membrane”, on the bottom, Fig 1.4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Cross-sectional views of the cochlea: anatomy and components  

(a) A cross-sectional illustration of the entire cochlea showing the eighth cranial nerve leaving the cochlea 

and the cochlear ducts, (b) A cross-section of the cochlea that displays the fluid-filled chambers (scala 

vestibuli, scala media, and scala tympani) and the location of the organ of Corti, (c) The organ of Corti 

which includes the two types of sensory cells (IHCs and OHCs) and the supportive cells. From Pearson 

Education Inc., 2006. 
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The membrane are flexible and move in response to the vibrations traveling up the scala vestibuli. 

The movements of the membranes are then transferred back down to the scala tympani, 

reaching eventually the round window. This process keeps happening until the energy of this 

sound wave eventually causes the fluid to stop moving, and all the energy is dissipated.  

On the basilar membrane, in the scala media, is the Organ of Corti. The Organ of Corti, extends 

from the anterior part of the vestibule and coils for about two and a half turns around a bony 

pillar called the “modiolus”. 

As the basilar membrane vibrates, the Organ of Corti is stimulated, and the specialized cells 

within the Organ of Corti, known as "hair cells," convert the mechanical vibrations into electrical 

signals. These electrical signals, also referred to as receptor potentials, are then transmitted to 

the brain via the cochlear nerve. It is important to note that while hair cells generate electrical 

signals, they do not themselves send nerve impulses. Approximately 16.000 hair cells are within 

the human cochlea. There are two types of hair cells: the inner hair cells and the outer hair cells. 

Even though there are roughly three times as many outer hair cells as inner hair cells, it’s almost 

exclusively the inner hair cells that send acoustic information into the central nervous system. 

While the outer hair cells (OHCs) are closely covered by a structure called the "tectorial 

membrane," the stereocilia of the inner hair cells (IHCs) are not embedded in the tectorial 

membrane but are instead moved by the fluid in the cochlea. As the basilar membrane vibrates, 

the tiny clusters of hairs, known as stereocilia, situated on the apical portion of the cells are bent 

against the tectorial membrane, activating the hair cells. The filamentous structures connecting 

the tips of adjacent stereocilia are known as tip links, which play a crucial role in the 

mechanoelectrotransduction process. These structures are thought to amplify the forces 

generated by sound waves in the cochlea, in the area of the molecular sensors located at the top 

of the hair cell's stereocilia. The tip links are believed to act as gates that open ion channels in 

response to the mechanical stimuli, leading to the generation of electrical signals that are then 

transmitted to the auditory nerve fibers. 

The basilar membrane exhibits differential vibration along its length. Specific regions are 

selectively activated by different sound frequencies. Lower frequencies cause vibrations near the  
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Figure 1.5 Traveling waves in the cochlea: frequency coding and amplitude dependence. 

(A) Von Bekesy was the first to demonstrate the presence of traveling waves in the cochlea. The full lines 

illustrate the pattern of the cochlear portion's deflection at various points in time, as indicated by the 

numbers. The waves are confined within a static envelope, represented by the dotted lines. The stimulus 

frequency was 200Hz. From Von Bekesy, 1960. (B) The frequency amplitude of a traveling wave as it 

progresses along the length of the organ of Corti. The amplitude of the wave increases with the distance 

it travels through the cochlea and its maximum amplitude is dependent on its frequency. This 

arrangement plays a crucial role in frequency coding, as adapted from Purves et al., 2004. 
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apex of the cochlea, while higher frequencies generate vibrations closer to the base. This specific 

arrangement is referred to as “tonotopic organization.” (Fig. 1.5). 

The way the basilar membrane vibrates in response to sound is the key to understanding cochlear 

function. Specifically, the hair cells are located between the tectorial and basilar membranes and 

are stimulated by the shearing force between the two, caused by the pivot points of the two 

membranes. When a soundwave travels down the cochlea, the pivot point of the basilar 

membrane becomes displaced, and the tectorial membrane moves across the tops of the inner 

hair cells causing the stereocilia to bend. 

The ionic environment of the compartments plays a critical role in signal transduction,. The apical 

portion of the inner hair cells is bathed in high potassium solution and the base of the inner hair 

cells, instead, is bathed in low potassium solution. In between the stereocilia, there are channels 

able to respond to mechanical vibrations. When the stereocilia bend in the direction of the 

highest row of stereocilia, the mechanosensitive channels open allowing cations (mostly 

potassium) to flow into the cell leading to depolarization, Fig.1.6. This, in turn, opens calcium 

channels at the basal end of the cell. Ca2+ binds to specific proteins located at the basal part of 

the inner hair cell determining the fusion of the vesicles with the basolateral membrane. The 

release of the neurotransmitter glutamate will eventually stimulate the auditory nerve. 

Glutamate binds to the ionotropic glutamatergic receptors in the peripheral processes of the 

spiral ganglion neurons (SGNs), which results in the generation of action potentials. These 

propagate along the auditory pathway towards the brain.  

The electrochemical gradient for potassium drives potassium ions out of the hair cells at the 

basolateral membrane. This establishes that potassium flow through the cell is used for both 

depolarization (potassium ions flowing in the hair cell through stereocilia at the apex), and 

repolarization (potassium flowing out at the base of the inner hair cells). 

This crucial high potassium solution in the scala media and thus at the apical portion of the inner 

hair cells is maintained thanks to the stria vascularis, a multilayered epithilium situated at the 

outer edge of the organ of Corti and composed of cells specialized in secreting potassium in the 

endolymph, at a constant rate, Fig 1.6 (Rickheit et al., EMBO J, 2008) 
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The plasma membrane of the OHC lateral wall is tightly packed by the motoprotein prestin 

(Dallos, J Neurosci, 1992; Zhang et al., 2000; Dallos et al., Neuron, 2008).  In response to sound-

evoked oscillations in the OHC membrane voltage, this protein undergoes conformational 

changes which, in turn, shortens and elongates the length of the entire cell. This movement 

amplifies the vibration of the tectorial membrane, to which the outer hair cells are attached, 

resulting in an amplification of the signal transmission to the IHCs and finally auditory nerve. 

Therefore, the outer hair cells are known as the “cochlear amplifiers”.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6 Mechanism of hair cell activation in response to sound waves 

When sound waves impact a typical hair cell, the stereocilia bend towards the tallest stereocilia and 

activate the mechanotransduction channels (MET) at their tops. This opens the channels and lets calcium 

and potassium ions flow into the cell, creating a shift in membrane potential that triggers the opening of 

L-type voltage gated calcium channels on the cell's basolateral sides. The resulting influx of calcium raises 

the intracellular calcium levels, causing neurotransmitter release from the ribbon synapse's synaptic 

vesicles into the synaptic cleft and activating the afferent neurons. Adapted from Koleilat, 2019. 
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The importance of the protein Prestin comes from the fact that mutations in the gene coding for 

prestin can cause moderate to profound hearing impairment in humans (Liu et al., Hum Mol 

Genet, 2003), with the loss of electromotility estimated to account for approximately 45-60 dB 

threshold shift (Liberman et al., Nature, 2002; Liu et al., 2003), while additional hearing loss may 

be caused by concomitant loss of hair cells (Liu et al., 2003), Fig.1.7. 

Moreover, since the base of the cochlea is very tight, when a high-frequency pitch hits the base 

of the cochlea, the outer hair cells do not reverberate on the apex as much as they do on the 

base, and vice versa, when a low-frequency pitch hits the apex of the cochlea, the outer hair cells 

do not reverberate on the base as much as they do on the apex. In this way, the outer hair cells 

not only increase the amplitude of the signal but they also increase the frequency resolution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7 Outer hair cell electromotility and hearing sensitivity 

A simplified illustration of the outer hair cell (OHC) somatic electromotility and the mechanisms that 

enable prestin to circulate. Prestin drives the OHCs to contract and elongate in response to 

transmembrane potential changes, known as somatic electromotility. This electromotility is responsible 

for acute hearing sensitivity. Adapted from Parker 2022. 
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The tightness of the cochlear base and the widening of the cochlear spiral towards the apex 

create a spatial gradient of frequency selectivity. When a high-frequency pitch stimulates the 

base of the cochlea, the outer hair cells respond with a greater amplitude of movement than they 

do to the same pitch at the apex. Conversely, a low-frequency pitch that stimulates the apex 

produces a greater response amplitude in the outer hair cells there than at the base.  

 

 

 

  

                               

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8 Inner hair cell receptor potentials in response to sound stimulation 

(A) The intracellular receptor potentials of an inner hair cell were recorded in response to 80 dB SPL tones 

of different frequencies (indicated in Hz next to each trace). As the frequency increases, the receptor 

potential's AC component decreases relative to the DC component. Above 1 kHz, the DC component 

dominates the response. The scale bar at the top is for the frequencies between 100-900 Hz, while the 

bottom bar is for 1000-5000 Hz. The resting membrane potential of this inner hair cell was -37 mV. From 

Palmer and Russell, 1986. (B) Illustration of a receptor potential of an IHC during sound stimulation. From 

Dierich 2020. 
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This frequency-dependent response of the outer hair cells enhances both the amplitude and the 

frequency resolution of the cochlear response. This is crucial for the ability to distinguish between 

sounds of different frequencies, such as 500 and 550 Hz, and ultimately underlies our perception 

of the auditory world. 

 

1.3 Hair cell and auditory nerve response to sound 

The electrical response of hair cells to sound depends on the frequency of the sound. Fig. 1.8 

illustrates some noteworthy classic sharp electrode recordings obtained from inner hair cells of 

mice that were exposed to sound. When the frequency of the sound increases, the voltage 

change of the hair cells also increases. This demonstrates that at low-frequency sounds, hair cells 

can follow the sound stimulus with an AC (alternating current) depolarization.  

However, when the frequency of the sound increases even further like 1000 Hz, which is still a 

typical sound frequency for the auditory system to encounter, the hair cells follow this frequency 

response less faithfully compared to low-frequency sounds. Also, the hair cell potential does not 

return to baseline. Instead, there is a larger depolarized baseline shift. 

In short, above about 650 Hz, the hair cells will still show a sinusoidal voltage response, but they 

will also have a steady DC (direct current) component, in addition to the AC response, Fig.8. 

How does the auditory nerve respond to different sound frequencies? In Fig. 1.9, the responses 

of a single auditory nerve axon to a 250 Hz tone presented several times are shown. Most of the 

action potentials occur close to the peak of the sinusoidal sound waveform, t.i. they phase-lock 

with the sound. At higher-frequency sounds where hair cell voltage response no longer has an 

AC component, the timing of spiking of the auditory nerve becomes more random.  

 Clusters of action potentials that occur at the same phase in the sinusoidal response of sound 

are commonly referred to as "phase locking." This phenomenon can be observed in the auditory 

system, where every neuron's activity is typically described in terms of its auditory nerve tuning 

curve. This tuning curve provides a rough explanation of how a neuron responds to different 

frequencies and intensities of sound (see Fig. 1.10(A)). In general, when exposed to soft sounds, 

a neuron exhibits heightened sensitivity to a particular frequency. 
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Figure 1.9 Synchronization and phase-locking in auditory nerve fibers 

(A) 200 Hz stimulus waveform is displayed at the top and multiple traces of an auditory nerve fiber's 

response to the tone are overlaid. The spikes tend to cluster in a narrow portion of the waveform cycle, 

indicating synchronization. (B) This is a graph showing the highest level of phase-locking observed as a 

function of frequency in cat auditory nerve fibers. From Javel 1988. 

 

However, as the intensity of the sound increases, the neural response becomes less specific and 

responds to a broader range of frequencies. The auditory nerve tuning curve is typically 

represented by a V-shaped set of action potentials. Fig. 1.10(B) depicts a range of tuning curves 

from various neurons with distinct "characteristic frequencies." Each trough in the graph 

corresponds to the frequency at which the neuron is most sensitive, commonly referred to as its 

"best frequency." Notably, every neuron in the graph has a specific best frequency.  

The characteristic frequency is primarily determined by the location of the neurons and their 

associated hair cells along the basilar membrane. 

 

1.4 Inner hair cell ribbon synapses 

Cochlear hair cells contain specialized presynaptic organelles called the ribbons, Fig. 1.11. 
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Pre-synaptic ribbon synapses were first observed in retinal bipolar cells using transmission 

electron microscopy, as an electron-dense structures surrounded by synaptic vesicles (Eccles, 

1964; Burns and Augustine, 1995; De Camilli, 1995). Later they were found also in the hair cells 

in the vestibular system (Matthews and Fuchs, 2010; Moser and Vogl, 2016).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10 Auditory nerve fiber selectivity and frequency tuning curves 

(A) A frequency sweep was applied to measure the selectivity and sensitivity of an auditory nerve fiber, 

where action potentials were recorded as vertical ticks at a specific time point, representing a specific 

frequency in the sweep. The characteristic frequency (cf) is the frequency that elicits action potentials at 

the lowest intensity. As the intensity increases, action potentials are triggered by a broader range of 

frequencies. From Evans 1972. (B) The frequency tuning curves of auditory nerve fibers superimposed and 

aligned with their approximate relative points of innervations along the basilar membrane. From 

Salimpour 2006. 

 

Anatomically, the main component of the ribbons is the protein RIBEYE, whose functional role 

was explored in different studies using knock-out mice for this protein (Becker et al., 2018; Jean 
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et al., 2018a). These mice do not show the characteristic electron-dense structure, but only 

ribbonless vesicles that could partially compensate for the loss of the ribbons. Ca2+-dependent 

exocytosis in the IHCs in these Ribeye-KO mice was reduced for weak depolarizations and the 

broader spread of Ca2+ signals observed was consistent with the changes in Ca2+-channel 

clustering detected through super-resolution immunofluorescence microscopy. 

Also, activation of Ca2+ channels was shifted to more depolarized potentials, and both the 

spontaneous and sound-evoked firing rates of SGNs, as well as their compound action potential, 

were diminished. These findings collectively suggest that there is a disruption in the transmission 

of signals at the IHC-SGN synapses in the absence of ribbons (Jean et al., 2018a).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11 Neural activation via IHCs and neurotransmitter release 

An illustration depicts an inner hair cell with sound-responsive stereocilia. As previously explained, the 

influx of positively charged ions leads to depolarization and activation of vesicle release at the pre-synaptic 

active zones. This release results in the binding of neurotransmitter, usually glutamate, to post-synaptic 

receptors on spiral ganglion neuron boutons, initiating action potentials. From Rutherford 2021. 
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Ribbons are anchored to the plasma membrane indirectly via Bassoon (Khimich et al., 2005; Jing 

et al., 2013). This ubiquitous presynaptic protein is further important in organizing and 

maintaining Ca2 -channel clusters, and supporting vesicle replenishment (Frank et al., 2010).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.12 Proteins at the IHC ribbon synapse 

Schematic Representation of the main proteins at the IHC ribbon synapse. RIBEYE is a key protein in the 

ribbons of inner ear hair cells, but its absence in mice results in reduced exocytosis and impaired auditory 

nerve activation. The ribbons also contain specialized proteins such as otoferlin and bassoon, with 

otoferlin involved in exocytosis and bassoon playing a role in anchoring, organizing and supporting vesicle 

replenishment. Voltage-gated Ca2+-channel clusters are also present in the hair cells to enable 

neurotransmitter release, while vGLUT3 is the unique vesicular glutamate transporter responsible for 

loading glutamate into vesicles (adapted from Pangršič et al., 2012; Chapter 3, Wang 2019). 
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Synaptic machinery at the IHC ribbon synapse is partially unique (reviewed in Moser et al., 2018). 

Otoferlin is extremely important for the exocytosis of the vesicles (Roux et al., 2006), likely acting 

as a calcium sensor to trigger exocytosis (Michalski et al., 2017), Fig 1.12.  

It is also believed to be involved in vesicle replenishment, tethering of the vesicles around the 

ribbons, and clathrin-mediated endocytosis (Roux et al., 2006; Pangrsic et al., 2010; Reisinger et 

al., 2011; Duncker et al., 2013; Jung et al., 2015a; Vogl et al., 2016; Michalski et al., 2017). IHCs 

contain an unusual vesicular glutamate transporter, the vGLUT3, which loads glutamate into the 

synaptic vesicles (Seal et al., 2008). Beneath the ribbon, voltage-gated Ca2+-channels are 

organized in clusters (Brandt et al., Neef et al., 2018). Interestingly, contrary to most conventional 

synapses, the release of vesicles in the inner hair cells is independent of the SNARE proteins. 

(Nouvian et al., 2011).  

 

 

  

  

  

  

 

                                       

 

 

 

Figure 1.13 IHC ribbon synapses density in different species 

(A) The cochlear synaptic connections and tone-burst ABR audiograms of NMRI and C57BL/6 mice have 

been compared by plotting the distance from the cochlear apex to the tonotopic map of CBA mice (top 

axis 18). The NMRI mice are represented by red open circles, representing the number of synapses per 

inner hair cell (26 ears, ages P15-P20), and red filled circles representing the average ABR threshold with 

s.e.m. (ten ears from six mice). C57BL/6 mice are depicted by black open squares, indicating the number 

of synapses per inner hair cell (two ears, age P30), and black filled squares linked together, representing 
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the ABR threshold. The collective data set of both mouse strains is fitted with a continuous black line using 

a quadratic function. From Meyer et al., 2009.  (B) The normal density of auditory nerve fibers in the 

cochlear spiral is determined by analyzing data from various species including mice, rats, guinea pigs, 

chinchillas, rhesus monkeys, and adult and juvenile humans. The data for adult humans and other species 

come from confocal analysis of immunostained synapses in cochlear epithelial whole mounts, while data 

for cats come from a serial-section ultrastructural study. The difference in the data for low frequencies in 

the two sets of human data may be due to the presence of ANFs that form two synapses in the apical 

regions of the cochlea. From Liberman et al., 2017. 

 

The Ca2+-sensor sinaptotagmin1 is also missing at the IHC ribbon synapses. Studies have shown 

that on average there are approximately 15 different SGNs connecting to each IHC. Fig 1.13 (A) 

illustrates the ribbon synaptic density per inner hair cell (IHC) in mice, plotted as a function of its 

position along the basal membrane, as reported in the study conducted by Meyer et al. in 2009. 

Note that one pre-synaptic ribbon synapse communicates exclusively with one spiral ganglion 

neuron terminal, without branching (Rutherford et al., 2012; Wichmann and Moser, 2015; 

Pangrsic and Vogl, 2018). The ribbon synaptic density per IHC is correlated with the position of 

the cell along the tonotopic axis and can be described with a quadratic function (Meyer 2009). 

Interestingly, the shape of the synaptic density as a function of the position on the tonotopic axis 

is overlapping with that of the audiogram, suggesting that cochlear sensitivity correlates with the 

strength of the IHC innervation. In adult humans, the synaptic density is lower than in mice, on 

average 12 ribbon synapses per IHC and, instead, the cat seems to have the highest synaptic 

density among all the animals, on average 28 (Liberman et al., 2017). 

 

1.5 Heterogeneity of SGN fibers 

Spiral Ganglion Neurons (SGNs) are bipolar neurons, located in the spiral ganglion. Two types of 

SGNs have been identified: SGNs type I neurons are myelinated. The “peripheral axon” of a type 

I SGN forms a synaptic contact with the IHC. Its “central axon” projects to the cochlear nucleus. 

SGNs type II are pseudounipolar and unmyelinated, and innervate the OHCs. One afferent type-

II fiber branches and contacts multiple OHCs, but each OHC is innervated exclusively by one type-

II fiber (Liberman, 1982; Spoendlin, 1969, 1972). 
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Figure 1.14 Synaptic connections and dynamic range in auditory nerve fibers 

These figures display the variance between high and low spontaneous discharge rate auditory nerve fibers 

and their synaptic placement in regards to the inner hair cell. (A) A light micrograph of the organ of Corti 

in conventional histological material stained with hematoxylin and eosin is shown, where the peripheral 

terminals of auditory nerve fibers in the inner hair cell area are not distinguishable. (B) A schematic 

illustration demonstrates that high and low spontaneous discharge rate fibers make synaptic connections 

on opposite sides of the inner hair cell. The changes in ribbon synapses in different areas around the IHC 

can be appreciated. The synapses located on the modiolar side appear to have a wider ribbon, but a 

smaller postsynaptic terminal. (C) The tuning curves demonstrate that high spontaneous discharge rate 

fibers have lower thresholds compared to low spontaneous discharge rate fibers. (D) When stimulated 

with tone bursts at the characteristic frequency, high spontaneous discharge rate fibers have a smaller 

dynamic range (represented by the grey box) compared to low spontaneous discharge rate fibers. The 

abbreviation dB SPL stands for decibels sound pressure level and OHC represents the outer hair cell. From 

Liberman 2017. 
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The nerve fibers of the type I SGNs are classified as: low-spontaneous rate fibers (LSR fibers), 

medium- (MSR), and high-spontaneous rate fibers (HSR fibers), (Liberman, 1982; Kiang et al., 

1965). In the absence of a stimulus, in the resting state, the first type of nerve fibers fires spikes 

at low frequency (< 0,5 spikes per second) compared to the third type, which can spike up to 100 

spikes per second. These different types of nerve fibers are in the cats well anatomically 

segregated with respect to where they attach to the IHC. 

The LSR and MSR fibers contact the IHCs at the modiolar/neural side (closer to the modiolus) and 

the HSR fibers at the pillar/abneural side (closer to the OHCs) of the IHC (Liberman, 1980; 

Merchan-Perez and Liberman, 1996; Tsuji and Liberman, 1997; Pangrsic et al., 2018). 

Interestingly, immunostaining studies have shown opposing gradients of the sizes of pre-synaptic 

ribbons and post-synaptic terminals within the same IHC. More specifically, larger ribbons on the 

modiolar side of the IHC basolateral membrane are associated with small AMPA receptor 

patches, and small ribbons on the pillar side are associated with large AMPA receptor patches 

(Liberman et al., 2011; Zhang et al., 2018). Although the same applies to the mouse cochlea, it is 

not as clear as in the cat cochlea (Ohn et al.). 

Electron microscopy studies have also shown that the LSR and MSR fibers innervating the 

modiolar face contain fewer mitochondria than the thick HSR fibers on the pillar face (Merchan-

Perez and Liberman, 1996). Intracellular single SGN labeling after single-unit recording in the cat 

with horseradish peroxidase, allowed to find out that HSR fibers typically have a larger diameter 

(1.18 µm on average) than LSR or MSR fibers (0.37 µm on average) (Liberman, 1982). 

Besides their anatomical differences, there are also three main functional differences between 

these nerves. The first difference is that the HSR fibers show a lower threshold for activation, 

compared to the LSR and MSR fibers. This means that the HSR fibers are more readily activated 

with responsive sound. The second difference is that the HSR fibers, as shown in Fig. 1.14, have 

a broader frequency range of activation compared to the LSR and MSR fibers, which respond to 

a more restricted frequency range. The third difference is that the HSR fibers have a smaller 

dynamic range compared to the LSR and MSR fibers before they saturate the response, as 

indicated by the slope of the discharge rate as a function of sound intensity. 
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Nowadays, it is thought that the differences in cochlear nerve threshold and in the spike rate at 

resting potentials might be mostly determined by the AMPA receptor expression gradient 

(Liberman et al., 2011), while the heterogeneity of the EPSC recorded from SGN terminals is 

mostly determined by the different ribbon size along the IHC basolateral membrane (Niwa et al., 

2021). Altogether, these biological properties suggest that the HSR fibers are needed for 

detecting low intensity sounds with high sensitivity, while the LSR and MSR fibers are well suited 

to support sound discrimination and hearing in the presence of background noise.  

 

Figure 1.15 Variations in ribbon synapses size around IHC 

The illustration depicts the changes in ribbon synapses in 

different areas around the IHC (Inner Hair Cell). The 

synapses located on the modiolar side appear to have a 

wider ribbon, but a smaller postsynaptic terminal. 

 

 

 

 

 

1.6 Ca2+ channel coupling 

In the IHCs, synaptic vesicular fusion is triggered by the opening of the voltage-gated L-type 

Cav1.3 Ca2+-channels, which are encoded by the CACNA1D gene (Platzer et al., 2000). Their short 

activation time constant (300 µs at 25°C) ensures a fast synaptic transmission and faithful 

responses to voltage fluctuations of the receptor potential (reviewed in Joiner and Lee, 2015). 

These channels are further characterized by a low voltage activation, between -65 and -55 mV, 

and a slow inactivation that, altogether, guarantees reliable responses to small membrane 

depolarizations, occurring at low-intensity sound, and sustained signaling at long depolarizations 

(Beutner et al., 2001; Koschak et al., 2001; Platzer et al., 2000; Spassova et al., 2004; Xu and 

Lipscombe, 2001, Johnson et al., 2008). These biophysical properties make L-type Cav1.3 channels 

ideal to meet the IHCs needs.  
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In mature IHCs, Cav1.3 channels appear clustered in a stripe located under the ribbon of each 

pre-synaptic active zone (Neef et al., 2018; Wong et al., 2014). These clusters are heterogeneous 

and as estimated may contain between 20 and 330 Cav1.3 channels (Neef et al., 2018), while in 

total of 1000 to 3000 channels in the entire basolateral membrane with less than 10% of them 

located extrasynaptically (Brandt et al., 2005; Graydon et al., 2011; Zampini et al., 2010), but 

newer estimates suggested that between 20 and 50% of the channels could be present 

extrasynaptically (Neef et al., 18). 

Besides the unique biophysical properties of the Ca2+-channels, also the spatiotemporal 

diffusion of the Ca2+-current at the level of single active zones in response to membrane 

depolarization plays a critical role in auditory signal transmission. According to the nanodomain 

hypothesis of exocytosis, only the Ca2+-channels located in close proximity to the vesicle release 

site (less than 100 nm) contribute to triggering the vesicle fusion, which typically means one or 

very few Ca2+-channels (Moser et al., 2006a; Neher, 1998). According to this hypothesis, the 

exocytosis at a given active zone is linearly dependent on the number of Ca2+-channels contained 

in that cluster, resulting thus in an apparent cooperativity close to 1. More recently, it has been 

shown that the distance between Ca2+-channels and synaptic vesicles does not exceed 17 nm 

(Pangrsic et al., 2015). This tight coupling is thought to play a crucial role in the sensitivity of the 

synaptic vesicles to the Ca2+ ions and, consequently, to the speed of the synaptic transmission 

(Eggermann et al., 2012; Jarsky et al., 2010; Matveev et al., 2011). A second hypothesis to explain 

how IHC synaptic vesicle fusion is controlled by Ca2+ ions comes from the idea that many 

channels with overlapping Ca2+ domains located at a distance longer than 100 nm from the 

vesicular Ca2+ sensor are employed in the fusion of a single vesicle. The exocytosis shows thus a 

non-linear dependence on the Ca2+-channels number, resulting in an apparent cooperativity 

higher than 4 (Eggermann et al., 2012; Jarsky et al., 2010; Matveev et al., 2011). According to this 

hypothesis, signal transmission has a reduced signal-to-noise ratio (Matveev et al., 2009, 2011).  

 

1.7 Hearing loss  

In the vast majority of cases, the source of the hearing loss originates from the ear itself. 

Normally, the outer ear gathers sounds from the environment and funnels them through to the 
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middle ear. But sometimes, sound cannot properly reach the inner ear. This happens when there 

is a build-up of wax in the ear canal, or of fluid in the middle ear (e.g. caused by an infection and 

consenquently inflammation of the middle ear as in otitis media). It can also occur as a 

consequence of damage or malformations of the middle ear ossicles or tympanic membrane, or 

other ear malformations (e.g. of the outer ear pinna) . This is called “conductive (or mechanical) 

hearing loss”. This type of hearing loss can, depending on the cause and severity, often be fixed 

with medicine or surgery, e.g. by middle ear prosthetics, tympanostomy tubes to enable fluid 

drainage etc.  

Another kind of hearing loss, and the most frequent, is called “sensorineural hearing loss” 

because it can include different types of hearing loss: 

 

• sensory, which happens when the cochlea does not work well or not at all; 

• neural, when the auditory nerve or other parts of the brain are affected; 

• sensory and neural, when a combination of sensory and neural hearing loss is present. 

 

The malfunction of the outer hair cells (OHCs), which amplify the mechanical oscillations of the 

basilar membrane and sharpen its tuning, can result in reduced hearing sensitivity and frequency 

discrimination. Complete loss of OHC function in rodent animal models can shift hearing 

thresholds by 40-60 dB SPL, leading to no or mild to moderate hearing loss. The loss of inner hair 

cell (IHC) function, on the other hand, can result in no or mild to profound hearing loss. The 

severity of hearing loss in either case depends on the extent and location of the hair cell 

dysfunction or loss, which can affect the whole or parts of the cochlea along the tonotopic axis. 

The treatment or management of sensorineural hearing loss (SNHL) depends on the source of 

the problem. If it is due to the loss or malfunction of the OHCs, hearing aids are typically used to 

amplify incoming sounds before they enter the ear canal. In cases of severe to profound hearing 

loss due to IHC dysfunction or loss, a cochlear implant can be placed in the cochlea to partially 

restore hearing. For children, auditory verbal therapy is used to aid in language development and 

communication skills. 
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SNHL can have genetic, toxic, or age-related causes, among others. Age-related and noise-

induced hearing loss are the most common, sharing similar molecular and clinical manifestations. 

High-frequency hair cells or IHC ribbon synapses in the basal region of the cochlea may die in 

these cases, resulting in a lack of clarity when listening to sounds or speech comprehension. 

"Upward spread of masking" may also occur, where background noise drowns out high-

frequency components important for speech comprehension. 

Unfortunately, there are currently no successful treatments available for age-related and noise-

induced hearing loss. However, noise-induced hearing loss can be prevented by wearing earplugs 

or avoiding acoustic overexposure. Pharmacological treatments are under investigation, and 

basic research investigating the cellular and molecular dynamics involved in the onset of these 

diseases can aid in the identification or development of efficient drugs.  

Common causes of SNHL can be either genetic factor, tumors on the auditory nerve, head 

trauma, toxic chemical exposure, and the most common, age-related (ARHL), and noise-induced 

(NIHL) (reviewed in Wong and Ryan, Front Aging Neurosci, 2015). The last two share several 

similar molecular and clinical manifestations (Kujawa and Liberman, 2006; Liberman and Kujawa, 

2017). Anatomically, either the hair cells or the IHC ribbon synapses in the high-frequency range, 

which corresponds to the basal region of the cochlea, end up dying. Clinically, this results in a 

lack of perceived clarity when listening to sounds or other people talking, and this happens 

because high frequencies encompass clarity in speech, and low frequencies encompass volume 

in speech instead (Vojtech et al., 2019). A defect in the high-frequency range results also in a 

phenomenon called “upward spread of masking”, which is the condition when the ability to hear 

the background noise (low frequency) is maintained, but it drowns out all of those high-frequency 

components important in speech comprehension (Klein et al., 1990; Oxenham and Plack, 1998). 

For these two types of SNHL, there are no successful treatments available yet. However, noise-

induced hearing loss can be prevented by wearing earplugs, for example, or avoiding acoustic 

overexposure. Pharmacological treatments are under investigation. Identifying or developing 

most efficient drugs can be importantly helped by basic research investigating the cellular and 

molecular dynamics involved in the onset of the diseases 
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1.7.1  Noise-induced hearing loss and the auditory pathway  

Traditionally, it was believed that the hair cells (in particular the OHCs) are the primary target of 

acoustic trauma and that the ribbon synapses and the SGNs degenerate as a consequence of the 

hair cell’s death. In the 1970s, the audiometric thresholds were used in different studies to 

explore the effects of acoustic exposure to noisy factories with the final aim to determine the 

limit that noise should not exceed to be considered safe (Wilmot, 1972). At the same time, also 

the effect of age was explored in adults showing symptoms of hearing loss. Based on the 

audiograms, both groups of people showed a threshold elevation, often called “notch” at high-

frequency range, between 4-8 kHz. In the case of the factory workers, it has been described that 

the extension of the threshold elevation was positively correlated with the intensity of noise they 

were exposed to, reaching a profound hearing loss even at low-frequency range (1-2 kHz) in those 

individuals exposed to noise levels at around 103 dBA (Zare et al., 2016). 

An intriguing similarity in the clinical manifestations between noise-induced hearing loss (NIHL) 

and age-related hearing loss (ARHL) has been observed (Kujawa and Liberman, 2006). In addition 

to showing threshold elevations in auditory brainstem responses (ABR), patients diagnosed with 

NIHL and those with ARHL reported similar symptoms, notably the inability to fully comprehend 

speech in a noisy environment. Histologically, extensive hair cell loss, primarily in high-frequency 

cochlear regions, was observed in temporal bones obtained from 150 patients across a broad 

range of ages (Bommakanti et al., 2020). 

Together with hair cells loss, degeneration of the auditory nerve fibers has been observed in post-

mortem temporal bone materials from adults as well (Makary et al., 2011; Heshmat et al., 2020). 

Johnsson LG shows that sensorineural degeneration after sound exposure resulted in an initial 

phase where the basal OHCs and IHCs would die, followed in time by a second phase where 

neural degeneration of the auditory nerve and its cell bodies in the cochlear nucleus occurred 

(Johnson, 1974). This cascade of events seemed to be happening also in the ARHL. 

An old study published in 1955, demonstrated for the first time that the auditory threshold 

measured from ABR responses does not sufficiently capture SGN loss, but is rather dependent 

on the numbers of functional IHCs and OHCs (Mackenzie and Wolfenden, 1955). The authors 

used cats as animal models. They performed craniotomy in these animals and selectively cut 
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parts of the auditory nerve to remove certain populations of SGNs, while maintaining the hair 

cell population intact.  

 

 

 

 

 

 

 

 

 

 

Figure 1.16 Impact of spiral ganglion neuron loss on auditory function in cats 

This figure explains the impact of spiral ganglion neuron loss on auditory function in cats after a 

craniotomy study. The researchers utilized cats as their test subjects for their study. They performed a 

surgical procedure known as craniotomy and selectively removed certain portions of the auditory nerve 

in order to eliminate specific populations of spiral ganglion neurons (SGNs). The hair cell population was 

kept intact during the procedure. The findings showed that as long as the hair cell number was preserved, 

the audiometric thresholds remained unchanged, regardless of the SGN loss. However, when the SGN loss 

reached 80-90% of the total neuronal population, the auditory brainstem response (ABR) thresholds 

began to shift towards higher-intensity sounds. The black area in the graphs represents the amount of 

SGN loss. From Mackenzie and Wolfenden, 1955. 

 

The result was that as long as the hair cell number is maintained, the audiometric thresholds are 

maintained as well, irrespective from the SGN loss. However, when the SGN loss reached 80 to 

90% of the entire neuronal population, the ABR thresholds started shifting to higher intensities. 

In the Fig. 1.16, the amount of SGN loss is indicated by the black area. 

The theory, which regards the hair cells as the primary target for acoustic trauma and neural 

degeneration as a secondary event, had been reinforced in several studies published in the early 

2000 where animals were exposed to loud noise (for example 116 dB SPL, “decibels Sound 
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Pressure Level”, at 4 kHz in Bohne and Harding, 2000; or from 94 dB to 116 dB SPL in Wang et al. 

2002)  for several days. In response to that, as expected, a “primary damage” corresponding to 

small focal losses of both OHCs and IHCs in the high-frequency region (4-8 kHz) was observed, 

Fig. 1.17 and 1.18.  

 

 

 

 

 

 

 

Figure 1.17 Hair cells loss: primary event 

24 hours after being exposed to a noise band at 116dB in the midbasal turn region around 22 kHz, there 

is a noticeable increase in swelling in the OHC nuclei (as indicated by the arrow in image B). This region in 

all chronic ears displays a total loss of OHCs (C). For comparison, a normal control cochlea in the same 

cochlear region (A) is also shown. The normal bundle of stereocilia can be seen in the control section 

(open arrow). The scale bar represents 25 µm. From Wang et al. 2002. 

 

 

 

 

 

 

 

 

Figure 1.18 Spiral Ganglion cell loss: secondary event 

A noticeable swelling of cells in the spiral ganglion (arrows in image B) was observed 24 hours after being 

subjected to a 112 dB sound exposure. Image A shows the typical appearance of the spiral ganglion in 

control ears for comparison. Both micrographs were taken from the upper basal turn. From Wang et al. 

2002. 
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The animals exposed for longer periods instead, showed a more diffuse cellular loss involving also 

lower-frequency regions, along with degeneration of adjacent myelinated fibers. 

After the introduction of a new approach of single-unit labeling technique to study the functional 

properties of the auditory nerve using horseradish peroxidase after measuring the tuning curve 

and spontaneous discharge, it became clear that noise can trigger the SGN type I terminals to 

swell within 24 hours post-exposure (Liberman 1982). 

The involvement of the SGN terminals acquired more attention when it has been shown that in 

the case of a temporary threshold shift (TTS) of the ABR, which means that after an initial 

threshold elevation following noise, they can recover to the original values showed before the 

exposure, the SGNs terminals showed a recovery of their shape after an initial swelling post-

noise, in absence of any hair cell damage. This study introduced for the first time a new player in 

the well-established noise-induced cascade of events: the IHCs-SGNs synapses (Kujawa and 

Liberman 2009). Apparently, the auditory nerve terminals could be affected, although 

temporarily, independently from the IHCs. 

 To fully understand how the IHCs-SGNs synapses behave after noise exposure, analyzing them 

using serial-section ultrastructural analysis was the path forward. However, this is extremely 

labor-intensive and time expensive. For this reason, unfortunately, the question of whether or 

not noise destroys IHCs-SGNs synapses on surviving IHCs has been set aside for a long time. In 

the study of Kujawa and Liberman (2009), the mice were exposed to 100 dB SPL noise for two 

hours (8-16 kHz) and both the cochlear functionality and the synapses between IHCs and SGNs 

were explored at different time points after the insult by the use of immunohistochemistry and 

confocal microscopy. The ABR thresholds appeared to shift immediately after the noise trauma, 

resulting in hearing loss. However, over the next eight weeks, ABR thresholds recovered 

completely. DPOAEs (Distortion Product of Oto-Acoustic Emissions) and CAPs (Compound Action 

Potentials), two audiometric recordings that measure the functionality of the OHCs and the 

auditory nerve fibers, respectively, also showed a transient shift, which recovered completely 

already two weeks after the noise trauma. At the synaptic level, one day after the noise exposure, 

a dramatic drop off of the ribbon synapses and their post-synaptic partners was observed (~50%), 

particularly at high cochlear regions, in line with the previous reports on both humans and animal 
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models (Kujawa and Liberman, 2009; Sebe et al., 2019; Kim et al., 2019; Liu et al., 2019; 

Valenzuela et al., 2020). Moreover, two weeks after the exposure, a slight loss of SGNs in the 

cochlear nucleus started appearing, which became even more evident after one year (Kujawa 

and Liberman, 2009; Liberman et al. 2015; Fernandez et al. 2015). This loss of auditory nerve 

synapses was seen also in other animal models, like monkeys, rats, chinchillas, and guinea pigs 

(Hu et al., 2000; Furman et al., 2013; Hickman et al., 2020). In the latter, however, a partial post-

exposure recovery of the synaptic immuno-signal was observed, which may represent, as 

reported by the authors, “transient down- and up-regulation of ribbon or receptor proteins 

rather than degeneration and regeneration of synaptic contacts” (reviewed by Hickox et al. 

2017).  

Other animal models of sensorineural hearing loss also show synaptopathy. Aging mice (2 years 

old) show ~50% of synaptic loss in the basal region of the cochlea preceding hair cell loss (Ruan 

et al. 2014; Liberman et al. 2015). A significant drop of synapses also appears after treatment 

with low doses of ototoxic drugs, with no audiometric threshold elevation or hair cell loss (Ruan 

et al. 2014). 

Since the synaptic loss does not affect the audiometric threshold until it exceeds ~80% 

(Schuknecht and Woellner 1955; Lobarinas et al. 2013), and since it in the past could not be easily 

seen by traditional cochlear histology, this permanent synaptopathy was termed “hidden hearing 

loss” (Schaette and McAlpine 2011). 

To understand if synaptopathy is also present in humans, temporal bones from aging adults were 

harvested 40 hours post-mortem, fixed, the cochleae dissected out and stained for SGN type I 

fibers, pre-synaptic ribbons, and IHCs (Viana et al 2015). As a result, the overall IHCs counts are 

preserved throughout the individuals examined except for the basal region, which shows a 

dramatic difference with the apical region. This is also the case for the SGN type I fibers and the 

pre-synaptic ribbons, which showed a significant decrease in density per IHC with a preference 

for the high-frequency region, in Fig. 1.19 (Viana et al 2015). 

The synaptic count’s drop-off was rather strictly correlated with age. The older the individual, the 

bigger the synaptic loss. This study demonstrates that:  

• IHCs in the basal regions are more vulnerable to age than those in the apical region;  
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• IHC synapses are more vulnerable than the IHC per se; 

• IHC synaptic loss is positively correlated with age;  

• Synaptopathy of IHCs-SGNs occurs in animals as well as in humans. 

 

The finding that the IHCs-SGNs synapses can degenerate much earlier in time compared to hair 

cells, gave rise to the hypothesis that synaptopathy might play an important role as an early 

indicator of auditory functional decline. This question was addressed by (Sergeyenko et al. 2013). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.19 Degeneration of peripheral axons in the cochlea 

The figure shows the degeneration of peripheral axons in the basal turn of the cochlear nerve, as seen 

through confocal image stacks of the osseous spiral lamina and organ of Corti in a 67-year-old female at 

1 and 8 kHz regions. A and B show pairs of images from different locations in the cochlea, with the 

maximum projection (xy) of the confocal z-stack stained for neurofilament (green) and an orthogonal slice 

(xz plane) through the image stack, indicated by a yellow dashed line (from Viana et al., 2015) . 

 

 

In that study, the authors exposed mice as young adults to moderate-intensity noise, producing 

either a slight but permanent threshold elevation in the ABR (PTS) or a temporary threshold shift 

(TTS), and then let them age for 2 years, to explore if the noise exposure could worsen the cellular 
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and synaptic loss observed frequently in aging mice. The result was that the noise-exposed mice 

showed ~50% loss of SGN terminals in the basal cochlea versus less than 5% in age-matched 

controls despite limited hair cell loss. These results confirmed that the synaptic count can be used 

as an early indicator of auditory functional decline. Single-unit recordings from auditory nerve 

fibers in 3-year-old gerbils revealed that the percentage of low spontaneous rate (LSR) fibers in 

the high-frequency region decreased by approximately 30%, while high spontaneous rate (HSR) 

fibers were unaffected (Heeringa et al., 2020). The loss of LSR fibers was also observed in animals 

exposed to noise or injected with ouabain, which selectively destroys auditory nerve fibers 

(Furman et al., 2013; Bourien et al., 2014; Kujawa and Liberman, 2019. 

Exposure to loud noise for two hours resulted in a 50% loss of pre-synaptic inner hair cell (IHC) 

ribbons and postsynaptic terminals in the basal region of the cochlea, with a preferential loss of 

synapses on the modiolar side, where LSR and medium spontaneous rate (MSR) fibers 

preferentially innervate IHCs (Kujawa and Liberman, 2015). These findings suggest that noise 

exposure may mostly damage LSR fibers (Lin et al., 2011; Furman et al., 2013). The functional 

consequences of auditory synaptopathy are multiple. Studies have shown that the ribbon survival 

is negatively correlated with the wave I amplitude of the ABR (Kujawa and Liberman, 2009; Lin et 

al., 2011). So the bigger the synaptic loss is, the lower the wave I amplitude will be. The auditory 

nerve fibers play a crucial role in encoding sound intensity or changes in sound intensity through 

two distinct strategies, namely rate coding and population coding. In rate coding, the higher the 

intensity of sound, the higher the rate of spiking in an individual auditory nerve fiber (ANF). In 

population coding, sounds with higher intensity recruit more ANFs. Clinically, the loss of some 

SGN fibers can result in difficulty with sound perception as the auditory nerve fibers are involved 

in intensity coding (Bharadwaj et al. 2014; Plack et al. 2014; Kujawa and Liberman 2015; Lesica 

2018). Synaptopathy also affects the temporal coding, which is the ability of the SGN fibers to 

follow quick changes of acoustic signals (Lopez-Poveda 2013; Bharadwaj et al. 2014). The activity 

of individual auditory nerve fibers from noise-exposed guinea pigs showed a bigger latency of the 

ABR wave I peak (reporting the synchronized activity of the ANFs) compared to fibers from non-

exposed animals, without recovery (Mehraei et al., 2016). Clinically, the effect of temporal coding 

defects results in difficulty with sound localization (Song et al 2016). As described above (section 
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1.5), the LSR fibers are believed to play a critical role in hearing in the presence of masking noise 

by virtue of their larger dynamic range. A loss of LSR fibers, particularly at high-frequency range, 

may cause a difficulty in speech discrimination, especially in noisy environments. 

 

1.7.2  Cellular mechanisms of noise-induced synaptopathy 

Studies have shown that infusing the cochlea with a glutamate agonist AMPA results in 

morphological changes in the SGN terminals, including the swelling, Fig. 1.20 (Ruel et al. 2007). 

The swelling of the SGN terminals was also observed upon exposure to loud noise (Puel et al., 

1998). It was suggested that noise exposure causes an excessive activation of hair cells, inducing 

a massive presynaptic release of glutamate that, in turn, over-activates post-synaptic AMPA 

receptors. This then leads to Ca2+ excitotoxicity and SGN terminals swelling (Pujol et al., 1985; 

Puel et al., 1998; Pujol et al., 1999; Ruel at al, 2005; Ruel et al. 2007).  

This hypothesis was supported by the study demonstrating that infusion of the inhibitors of 

glutamate release (Ruel et al., 2005) reduced or prevented noise-induced loss of ribbon synapses, 

and preserved the auditory metrics (ABR and CAP amplitudes). More recently, new studies came 

in support of the critical role of glutamate in noise-induced cochlear synaptopathy. For instance, 

it has been shown that mice deficient in the glutamate transporter expressed in the cochlea 

(GLAST-deficient mice) exhibit an exacerbation of the functional, cellular and synaptic alterations 

induced by acoustic overexposure, due to the increased accumulation of glutamate in the 

perilymph (Hakuba et al., 2000). Furthermore, mice deficient in the vesicular glutamate 

transporter (vglut3KO mice), thus unable to release glutamate and activate the SGN terminals, 

show no synaptic loss when exposed to noise (Kim et al., 2019), and finally, blocking post-synaptic 

Ca2+ permeable AMPA receptors, result in complete protection from noise-induced synaptic loss 

(Hu et al., 2020). All these results confirm the glutamate excitotoxicity as the underlying 

mechanism of noise-induced cochlear synaptopathy. 

 

Studies have shown that infusing the cochlea with a glutamate agonist AMPA results in 

morphological changes in the SGN terminals, including the swelling (Ruel et al. 2007). The 

swelling of the SGN terminals was also observed upon exposure to loud noise (Puel et al., 1998). 
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It was suggested that noise exposure causes an excessive activation of hair cells, inducing a 

massive presynaptic release of glutamate that, in turn, over-activates post-synaptic AMPA 

receptors. This then leads to Ca2+ excitotoxicity and SGN terminals swelling (Pujol et al., 1985; 

Puel et al., 1998; Pujol et al., 1999; Ruel at al, 2005; Ruel et al. 2007).  

The mechanism by which glutamate excitotoxicity induces nerve terminal degeneration has been 

studied extensively. Studies have shown that excess glutamate leads to a sharp decline in 

adenosine triphosphate (ATP), resulting in a cascade of events that activates AMP-kinase, which 

mediates various reactions ultimately leading to apoptosis (Weisova´ et al., 2011).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.20 Micrographs of guinea pig cochlea after excitotoxic injury 

The following are micrographs taken from the cochlea of guinea pigs immediately after experiencing an 

excitotoxic injury, either from 200 microliters of AMPA or acoustic trauma, and they show the inner hair 

cell synaptic complex through transmission electron microscopy. In the images (A, B, and inset B), a 

significant swelling of all the afferent endings at the basal pole of the inner hair cell (IHC) can be seen 

(indicated by asterisks). This swelling causes mechanical distortions in the basal membrane of the IHC and 

sometimes in the nearby inner pillar (indicated by arrows in image B). When viewed at high magnification 

(inset B), the IHC-auditory nerve synapse appears as a normal presynaptic body surrounded by synaptic 

vesicles (indicated by arrowhead) facing a remaining portion of the postsynaptic membrane (indicated by 

small arrows). From Ruel et al., 2007. 

 



 
36 

 

This mechanism is also proposed to underlie inner hair cell (IHC) degeneration after exposure to 

loud noise. Traumatic noise induces transient cellular ATP depletion, activating p-AMP-kinase, 

which then activates Rho-family GTPase, ultimately leading to cellular apoptosis (Chen et al., 

2012). 

More recently, new studies came in support of the critical role of glutamate in noise-induced 

cochlear synaptopathy. Furthermore, mice deficient in the vesicular glutamate transporter 

(vglut3KO mice), thus unable to release glutamate and activate the SGN terminals, show no 

synaptic loss when exposed to noise (Kim et al., 2019), and finally, blocking post-synaptic Ca2+-

permeable AMPA receptors, result in complete protection from noise-induced synaptic loss (Hu 

et al., 2020). All these results confirm the glutamate excitotoxicity as the underlying mechanism 

of noise-induced cochlear synaptopathy. 

How can the glutamate excitotoxicity induce degeneration of the nerve terminals to degenerate? 

Studies have shown that excess glutamate leads to a sharp decline in ATP (adenosin-3-

phospahate), causing a cascade of events that activate AMP-Kinase and ultimately cause the cell 

to undergo apoptosis (Weisova´ et al., 2011). A similar mechanism was proposed as the 

underlying basis of IHC degeneration upon exposure to loud noise (Hill et al., 2016). Traumatic 

noise induces a transient cellular ATP depletion which activates p-AMP-Kinase, which in turn 

activates Rho-family GTPase that ultimately causes cellular apoptosis (Chen et al., 2012). After 

the finding of found a permanent increase in reactive oxygen species (ROS) and toxic free radicals 

like superoxide (O2.-), hydroxyl radical (OH.), or the peroxynitrite radical (ONOO .1-) in both the 

stria vascularis and outer hair cells (OHCs) (Yamane et al., 1995; Ohlemiller et al., 1999; Ohinata 

et al., 2000a; Nicotera et al., 1999; Nicotera et al., 2003; Sha and Schacht, 2017; Wu at al., 2020) 

following noise trauma, a number of studies emerged with the attempt to study in more detail 

the exact mechanisms of ROS leading to cell/synaptic loss. However, the lack of an in-vitro model 

for noise-induced hearing loss made it difficult to address this question. It is also et al., 2020). 

Despite these findings, it is not yet understood if the ROS are produced as a direct consequence 

of noise trauma or from damaged/dying cells. The development of an in-vitro model for noise-

induced hearing loss may allow to better address this question and further unravel could aid in 

unraveling the molecular pre- and post-synaptic mechanisms leading to the loss of the ribbons 
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and ribbon synapses and the possible involvement of actin filaments, molecular motors, 

proteasomes and autophagosomes in the processes of removal and degradation of synaptic 

elements. 

Nowadays, various techniques such as cell culture, proteomic analysis, optogenetics, and 

pharmacology are being used to study the cellular and molecular effects of acoustic 

overstimulation on the cochlea of various animal models, with the aim of developing methods 

for treatment or prevention. More recently, patch-clamp of single IHCs has been employed in a 

few studies to characterize the functional alterations of the IHC ribbon synapses following noise 

exposure. However, a major limitation of these studies is that patch-clamp was performed on 

apical IHCs, which are much more resistant to noise than basal IHCs. Performing single-cell 

electrophysiology recordings of basal IHCs would significantly contribute to adding new valuable 

information on the mystery of hidden hearing loss. 

 

1.7.3 Mouse models for the noise-induced loss of IHC ribbon synapses  

It is common knowledge that exposure to loud noises can cause permanent hearing loss. 

Research has shown that noise exposure can damage several structures in the middle and inner 

ear. Extremely high sound pressure levels, like those from explosions, can cause severe ear 

damage, including eardrum perforation and disruption of the inner ear's sensory cells. This 

trauma can detach the cells from their base, leading to their suspension within the inner ear fluids 

and immediate, permanent deafness (Kerr and Byrne, 1975; Hamernik et al. 1984). Hamernik et 

al. conducted a pioneering study to determine the anatomical correlates of damage in the 

cochlea caused by impulse noise stimuli of various intensities to simulate the effects of a gunshot 

or an explosion.  

Besides demonstrating that impulse noise exposure led to immediate and severe damage to the 

cochlea, such as the complete separation of the basilar membrane from the organ of Corti, the 

study revealed that the extent of the damage was associated with both the intensity and duration 

of the noise exposure. For example, exposure to high-intensity noise (170 dB peak SPL) resulted 

in more extensive damage to the cochlea than exposure to low-intensity noise (144 dB peak SPL). 

Several other anatomical correlates of noise-induced cochlear damage were identified, including 
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damage to the tectorial membrane and the stereocilia of the hair cells. The authors noted that 

the degree of hair cell damage was related to the intensity of the noise exposure, with higher 

intensity exposures resulting in more extensive damage to the stereocilia.  

At more moderate sound pressure levels and longer durations, such as those from a noisy factory 

(>85 dB SPL), a gradual degeneration of the IHCs, OHCs and SGNs, can occur. This degeneration 

causes permanent and progressive hearing loss with increasing exposure time because these 

sensory cells and neurons never regenerate (Clark et al. 1987). 

Aside from the anatomical and structural changes that occur in the cochlea following exposure 

to noise, functional changes can also be measured using techniques such as the Auditory 

Brainstem Response (ABR) and Distortion Product Otoacoustic Emissions (DPOAE). The ABR was 

first described in the early 1970s (Teas and Kiang, 1964), and became more widespread in the 

1980s with the development of better instrumentation and signal processing techniques. This 

technique has since been used to study a wide range of topics related to auditory function, 

including the effects of noise exposure, aging, and auditory neuropathy, among others. To 

measure ABR, subcutaneous needle electrodes are placed on the scalp. In an anesthetized 

animal, short tone bursts at varying frequencies are presented, and the resulting signals are 

averaged over several minutes. This allows the recording of the summed activity of the cochlear 

nerve fibers. The "threshold" is determined as the lowest sound pressure that produces an 

electrical response of a specified magnitude. While tone bursts are commonly used as sound 

stimuli to elicit ABR, other types of sound stimuli may also be used depending on the research 

question being addressed. For example, clicks, chirps, and pure tones may be used instead of or 

in addition to tone bursts to assess different aspects of hearing function or to evaluate the effects 

of different interventions on auditory processing. The choice of sound stimulus used in ABR 

testing depends on the research question being addressed, the animal species being studied, and 

the available resources. 

Otoacoustic emissions (OAEs) can be used to measure cochlear thresholds. OAEs are mechanical 

vibrations that are generated by the motion of hair cells in the cochlea in response to sound. 

These vibrations travel back to the ear canal and can be detected with a sensitive microphone. 

When two tones of different frequencies are simultaneously presented to the ear, they create a 



 
39 

 

third, distorted tone that can also be measured using a microphone in the ear canal (DPOAE). 

DPOAEs are a specific type of OAE, particularly useful in assessing hearing function, such as 

detecting small changes in hearing sensitivity over time or evaluating specific regions of the 

cochlea. 

Measuring both DPOAEs and ABRs allows a differential diagnosis at the site of an inner ear lesion. 

When the hair cells are damaged, both DPOAEs and ABRs are attenuated; if only the ABRs are 

attenuated, it suggests that there might be an issue with the auditory nerve or the IHCs 

responsible for transmitting sound information from the cochlea to the brainstem. The minimum 

sound pressure that is required to produce an electrical response of a certain magnitude can be 

considered as the "threshold". 

Before the introduction and widespread use of minimally invasive techniques for ABR recording, 

evoked responses to acoustic stimuli were often measured by recording the function of single 

auditory nerve fibers. This technique involves inserting a glass micropipette filled with a 

conductive solution into the cochlea of an anesthetized animal, such as a cat. The micropipette 

is positioned near a single auditory nerve fiber, and the electrical activity generated by the fiber 

in response to acoustic stimuli is recorded using an extracellular amplifier. 

The recording of single auditory nerve fiber function provides a detailed and precise measure of 

the physiological response to acoustic stimuli at the level of the individual nerve fiber. This 

technique has been used extensively in auditory neuroscience research to investigate the tuning 

properties and temporal processing abilities of auditory nerve fibers, as well as to study the 

effects of noise exposure, aging, and other factors on auditory function. 

Exposure to an intense noise stimulus can result in threshold elevation of the Auditory Nerve 

Fibers at their Characteristic Frequency (CF), which may persist for several weeks (Liberman and 

Beil, 1979; Liberman and Dodds, 1984b;). Any residual threshold shift is considered permanent. 

This condition is known as permanent threshold shift (PTS). As said, PTS occurs when the hair 

cells in the inner ear are damaged beyond repair. These sensory cells and neurons never 

regenerate, at least in the mammalian inner ear, and the hearing deficits that this degeneration 

causes are permanent and progressive with increasing exposure time. Numerous studies 
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conducted over several decades have consistently shown that PTS is closely related to the pattern 

of hair cell damage or loss in different regions of the cochlea.  

In their 1979 study, Liberman and Beil further investigated the relationship between hair cell 

condition and auditory nerve response in normal and noise-damaged cochleas. They found that 

noise exposure caused a reduction in the number of hair cells and a loss of synapses between 

hair cells and auditory nerve fibers. This loss of synapses was accompanied by a reduction in the 

amplitude of the compound action potential (CAP) of the auditory nerve. These findings 

suggested that noise-induced damage to the cochlea can result in a loss of synaptic connections 

between hair cells and auditory nerve fibers, leading to a reduction in the amplitude of the CAP. 

Few years later, Liberman and Dodds used single-neuron labeling techniques to investigate the 

effects of chronic cochlear pathology on the physiology of auditory nerve fibers in cats. These 

studies built upon the earlier work by Liberman and Kiang (Liberman and Kiang, 1978) and 

provided further physiological insights into the mechanisms underlying noise-induced hearing 

loss. Specifically, in their 1984a study, Liberman and Dodds labeled single auditory nerve fibers 

in cats that had been exposed to high-intensity noise and measured their spontaneous discharge 

rates (SDRs) over time. They found that noise exposure caused a reduction in SDRs, which 

persisted for several weeks after the noise exposure had ended. This reduction was most 

pronounced in fibers that were tuned to the frequency of the noise exposure.  

Similarly, in their 1984b study, Liberman and Dodds labeled single auditory nerve fibers in cats 

that had been exposed to high-intensity noise and measured their tuning properties over time. 

They found that noise exposure caused a shift in the tuning properties of auditory nerve fibers, 

with a reduction in tuning sharpness and an increase in tuning bandwidth. These changes were 

observed in both Type I and Type II auditory nerve fibers and were most pronounced in fibers 

that were tuned to the frequency of the noise exposure. The authors hypothesized that noise-

induced changes in tuning properties and spontaneous discharge rates of auditory nerve fibers 

could be attributed to damage to the stereocilia of the sensory hair cells and associated 

alterations in the mechanical properties of the cochlea, including the loss of synaptic connections 

between hair cells and auditory nerve fibers. 
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The research by Liberman and Dodds in 1984a and 1984b showed that the hair cell loss was 

mainly concentrated in the basal turn of the cochlea, responsible for processing high-frequency 

sounds, and that the severity of the damage was directly related to the intensity and duration of 

the noise exposure. The hair cell loss was observed at sound levels above 100 dB SPL, with the 

greatest damage occurring at higher sound levels and longer exposure durations. The authors 

explain the higher vulnerability of the hair cells in the basal turn of the cochlea to noise-induced 

damage because they experience greater mechanical stresses compared to hair cells in other 

regions of the cochlea. This is because the basilar membrane, which supports the hair cells, is 

narrower and stiffer in the basal turn, causing it to vibrate more strongly in response to high-

frequency sounds. Additionally, the hair cells in the basal turn have a higher metabolic demand 

and are therefore more susceptible to damage from metabolic disturbances caused by noise 

exposure. 

The loss of outer hair cells, which are responsible for amplifying the sound-induced vibration of 

the sensory epithelium, can lead to threshold shifts of up to 50 dB, while the damage to 

stereocilia, which are crucial for the hair cell's mechanoelectric transduction, is a common result 

of noise exposure and can cause significant and sometimes profound permanent threshold shifts 

(Dallos and Harris 1978; Robertson et al. 1980; Liberman and Dodds 1984). 

Additional irreversible damage resulting from PTS has been reported to occur at the level of type 

IV fibrocytes of the lateral wall in the basal half of the cochlea and the stria vascularis. Although 

this damage has been observed in other animal models of acoustic injury, it seems to occur only 

at exposure levels higher than those causing significant hair cell damage in the cat ear (Liberman 

and Kiang 1978). Wang et al. (2002) found significant strial shrinkage in midcochlear regions 

following all exposures, which worsened monotonically with exposure level. Ultrastructural 

analysis of the same cases revealed extensive degeneration of intermediate cells associated with 

this shrinkage and decreased staining intensity visible at the light microscopic level. This suggests 

that there may be some diminution in the endolymphatic potential. Acute and chronic changes 

in the endolymphatic potential have been documented after acoustic overexposure. If true, this 

chronic strial pathology is expected to contribute to threshold shift, given the consistent 
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correlation between reduction in endolymphatic potential and threshold elevation. Thus, some 

diminution in the endolymphatic potential would be anticipated (Syka et al., 1981; Sewell 1984).  

It has been well-documented that the degree of hearing threshold elevation following noise 

exposure can vary widely and, in some cases, may be completely reversible, with a return to pre-

exposure levels observed within a few days post-exposure (Miller et al. 1963). For example, acute 

threshold elevation of up to 50-60 dB measured immediately post-exposure has been shown to 

recover within 3-7 days. Despite the apparent severity of this temporary threshold shift (TTS), 

histological analysis has revealed no significant hair cell loss or stereocilia damage even at peak 

threshold shift, lending further support to the notion of a reversible effect. The nature of the 

most functionally important structural changes underlying temporary threshold shifts remains 

poorly understood, despite histological evidence indicating that hair cell loss and obvious 

stereocilia damage are not typically observed even at peak threshold shift, and that there may 

be only a reversible collapse of some of the supporting cells of the sensory epithelium or subtle 

submicroscopic damage to the rootlets anchoring the hair bundles into the tops of the hair cells. 

In Wang et al., 2002, the relevance of the 94 dB exposure level in the context of 

temporary/reversible threshold shift is discussed. The study found that this level of exposure led 

to a severe form of TTS, just at the border of full reversibility, with a 50 dB peak threshold shift 

at 24 hours post-exposure, recorded from ABRs, which recovered almost completely by two 

weeks post-exposure. This finding suggests that the severity of exposure is a critical factor in 

determining the extent of TTS. 

The study also identified several types of structural changes in the cochlea that contribute to the 

reversible components of noise-induced hearing loss, including collapse of the supporting cells in 

the organ of Corti, excitotoxic effects on neural elements, and strial edema. The severity of the 

exposure and the species involved play a crucial role in determining the type of damage 

observed. Among all these cellular and structural alterations, the collapse of the outer space of 

Nuel, associated with buckling of the arching portion of the Hensen cells and a decrease in the 

height of the organ of Corti, contributes significantly to temporary threshold shifts. The collapse 

of Nuel space and the height of the Hensen cells recover completely by 2 weeks only for the 94 

dB exposure (Wang et al., 2002). These changes in supporting cell architecture would be expected 
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to change cochlear micro-mechanics and thus cochlear sensitivity (Wang et al., 2002). The 

collapse of supporting cells in the organ of Corti is a critical contributor to reversible threshold 

shift, which has been observed in several animal models of noise-induced hearing loss 

(Nordmann et al. 2000; Flock et al. 1999). In contrast, the degree of swelling observed in the 

auditory fiber terminals was not found to be a significant factor in determining the magnitude of 

the TTS. Research has demonstrated that kainate-induced swelling of dendrites can recover in a 

manner similar to the restoration of ABR responses (Zheng et al., 1997), leading to the idea that 

the swelling of the auditory fibers could correlate with the threshold shift. However, in a study 

where excitotoxic effects were blocked pharmacologically, the extent of TTS was not altered 

(Puel et al., 1988).  

 

The effects of noise exposure on the auditory system have been extensively studied, with a focus 

on the time course of damage to the hair cells and cochlear nerve fibers. While hair cell loss can 

be detected within a day after exposure, classical studies have shown that cochlear nerve fiber 

loss is not observed until weeks or even months later (Johnsson 1974; Liberman and Kiang 1978; 

Bohne and Harding 2000). This time offset in the degenerative process has led researchers to 

conclude that hair cell damage is the primary effect of noise exposure, and that cochlear nerve 

fiber loss is a secondary effect that occurs due to the loss of trophic-factor support supplied by 

the hair cells. 

Traditionally, investigators have assessed neural loss in the cochlea by counting the cell bodies 

of the spiral ganglion cells, which are easy to see in routine histological material assessed with a 

light microscope. However, this method is not sensitive enough to detect subtle changes in the 

synapses between hair cells and cochlear nerve fibers (Liberman, 1980; Liberman, 1982b). 

Electron microscopy has been used to study the unmyelinated nerve terminals that make 

synaptic contact with the inner hair cells. In the 1980s, researchers using electron microscopes 

observed a significant swelling of the postsynaptic terminals of cochlear nerve fibers in ears that 

had temporary noise-induced threshold shift. (Liberman and Mulroy 1982; Robertson 1983). This 

swelling was found to be caused by glutamate excitotoxicity, as glutamate is the 

neurotransmitter at the hair cell synapses (Pujol and Puel, 1999; Matsubara et al. 1996). Given 
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that the temporary threshold shift observed in the ears was reversible, the swollen terminals 

were not apparent during post-exposure examinations conducted a few days later, and there was 

no indication of ganglion cell loss a few weeks post-exposure, leading researchers to believe that 

the neural damage incurred may be fully reversible through mechanisms such as recovery or 

regeneration. However, quantifying the synapses with an electron microscope presented a 

challenge, and as a result, the researchers were unable to carry out quantification. 

Recent studies have developed immunostaining techniques to quantify the synaptic contacts 

between hair cells and cochlear nerve terminals with a light microscope. By using antibodies 

against a major protein in the presynaptic ribbon and a subtype of glutamate receptor, synapses 

in normal ears and those exposed to traumatic noise were counted (Kujawa and Liberman, 2009). 

This method has shown that temporary hearing loss induced by loud noise exposure can damage 

approximately 50% of the synapses connecting IHCs to the SGNs throughout the affected regions 

of the cochlea. This synaptopathy occurs despite no loss of hair cells, and the synaptic loss does 

not recover, i.e., the nerve terminals do not regenerate. 

Interestingly, if the post-exposure survival time is extended for months to years, the spiral 

ganglion cells slowly degenerate despite no loss of hair cells. This phenomenon remained 

undetected for a long time due to the extreme slowness of the spiral ganglion cell loss. 

The discovery of synaptopathy and the loss of spiral ganglion cells has important implications for 

understanding the mechanisms of noise-induced hearing loss. It suggests that damage to the 

synapses between hair cells and cochlear nerve fibers may be a critical factor in the development 

of hearing loss, rather than the death of the nerve cells themselves. The prolonged and gradual 

nature of the spiral ganglion cell loss has played a significant role in masking the phenomenon 

and keeping it undetected for an extended duration. 

Thanks to the research conducted by Kujawa and Liberman in 2009, it has become evident that 

cochlear neurons are primarily targeted, with their peripheral synaptic connections being the 

most vulnerable elements. Furthermore, it has been established that cochlear nerve synapses 

can be destroyed even when hair cells remain intact. While the threshold shift remains a sensitive 

metric of underlying hair cell damage, it is relatively insensitive to the diffuse loss of inner hair 

cell synapses or the cochlear nerve fibers they stimulate. In fact, behavioral detection thresholds 
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for tones remain relatively unaffected until neural loss exceeds approximately 80-90% 

(Schuknecht and Woellner, 1955). This implies that cochlear synaptopathy can be prevalent in 

ears with intact hair cell populations and normal audiograms, which has been termed as "hidden" 

hearing loss by Schaette and McAlpine in 2011.  

The phenomenon has been observed in multiple mammalian species, including humans, and can 

be caused by various factors such as noise exposure, aging, and certain medications (Wang and 

Ren, 2012; Ruan et al., 2014; Viana et al., 2015; Rybalko et al., 2015; Singer et al., 2013). Further 

studies found that in aging mice, cochlear synaptopathy occurs before hair cell loss and threshold 

shift (Sergeyenko et al., 2013).  

 

In summary, the loss of inner hair cells due to high-level noise exposure, leading to PTS, can be 

observed within minutes to hours, whereas the loss of spiral ganglion cells is not seen for weeks 

to months (Spoendlin, 1971; Johnsson, 1974; Lawner et al., 1997). However, when the inner hair 

cells are missing, it can be challenging to observe the underlying synaptopathy, which refers to 

the loss of the ribbon synapses. This is where the mouse model of temporary threshold shift 

becomes essential. When animals are exposed to moderate intensity noise that causes a 

complete recovery of the ABR thresholds, swelling of the cochlear nerve terminals can be 

observed in the area of the inner hair cells within few hours after overexposure. This swelling 

never recovers or regenerates, resulting in a permanent loss of about 40-50% of the ribbon 

synapses (Kujawa and Liberman, 2009).  

 

1.7.4 First mouse model of TTS: a milestone in NIHL research 

In Kujawa and Liberman (2009) mice exposed to noise resulted in a significant loss of synaptic 

ribbons in the inner hair cells of the cochlea. Specifically, they found that after exposure to a 

noise level of 100 dB for two hours, there was a 50% reduction in the number of ribbons in the 

inner hair cells. This reduction was most pronounced in the inner hair cells located in the basal 

region of the cochlea, which are responsible for detecting high-frequency sounds.  

The pioneering work of Liberman and Kujawa has important implications for our understanding 

of NIHL. The loss of synaptic ribbons is thought to be a key contributor to the degradation of 
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sound quality and reduced ability to distinguish sounds associated with NIHL. By quantifying the 

loss of these structures, Liberman and Kujawa provided evidence that noise exposure can result 

in a significant permanent reduction in the number of ribbons in the inner hair cells of the 

cochlea, despite a complete recovery of the ABR thresholds when recorded two weeks after the 

noise exposure. Prior to this study, it was not clear whether synaptic ribbon loss was a feature of 

NIHL, and if so, to what extent. Although it was understood that NIHL can cause damage to the 

hair cells in the inner ear, it was not clear what specific structures within the hair cells were 

affected. Furthermore, using a pair of distinct antibodies (one was targeted against the major 

protein CtBP2 situated in the presynaptic ribbon on the hair cell side of each synapse, while the 

other was directed towards a subtype of glutamate receptor, GluR2/3, localized at the tip of the 

nerve terminal) the study showed that the loss of ribbons was most pronounced in the basal 

region of the cochlea, which is responsible for detecting high-frequency sounds. This is significant 

because high-frequency sounds are particularly important for speech perception, and their loss 

can result in communication difficulties for those with NIHL. 

Kujawa and Liberman (2009) used male mice of the CBA/CaJ strain for this study, exposing them 

at 16 weeks of age to an octave band of noise (8-16 kHz) at 100 dB SPL for 2 hours, and held 

without further treatment for various post-exposure times, while age-, strain-, and gender-

matched animals held identically, except for the exposure, served as controls. 

The authors used CBA/CaJ mice in this study because this particular strain of mice has been 

shown to exhibit excellent cochlear sensitivity and limited age-related elevation in cochlear 

thresholds. In other words, they have good hearing and do not experience the typical age-related 

hearing loss that is observed in many other strains of mice. 

Despite, no significant gender differences in thresholds were observed between female and male 

mice in this study, Han et al. (2022) found sex-based differences in susceptibility to NIHL, with 

male zebrafish showing a greater threshold shift than female zebrafish at some frequencies. In 

humans, Wang et al. (2021) found that the prevalence of NIHL was significantly higher in male 

workers (32.4%) than females workers (22.6%) and the severity of hearing loss was also greater 

in males than in females. Given that a potential reduced susceptibility to noise cannot be 
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completely ruled out for female mice, it may be prudent to select male mice when quantifying 

cellular and functional changes following noise exposure or during the aging process.  

Zheng, Johnson, and Erway, (1999) provide a comprehensive assessment of hearing function of 

80 different inbred strains of mice using ABR threshold analysis, which would help researchers to 

select appropriate mouse models for hearing research and improve our understanding of the 

genetic basis of hearing loss. To achieve this goal, the authors measured ABR thresholds in both 

young (4 week old) and aged (39 week old) mice from each of the 80 strains, at frequencies 

ranging from 4 kHz to 32 kHz. 

While CBA/J mice are vulnerable to otitis media and retinal degeneration, this mouse strain is 

often preferred as normal controls in hearing research due to its consistent low ABR thresholds, 

even at an older age of 39 weeks. Along with CBA/CaJ, several recently derived wild-derived 

inbred strains, including CASA/Rk, CAST/Ei, CE/J, CZECH II/Ei, MOLD/Rk, MOLF/Ei, MOLG/Dn, 

PERC/Ei, SF/CamEi, and SHR/GnEi, also exhibit low ABR thresholds. However, some inbred 

strains, when tested before 13 weeks of age, may have normal hearing but could potentially 

develop late onset or age-related hearing loss. 

Similarly, the C57BL/6J strain had normal ABR thresholds until being 33 week old however, by 

the time they reached 100 weeks, their ABR thresholds had risen to 60 dB above normal means. 

On the other hand, some inbred strains, such as BUB/BnJ and NOR/LtJ, show a severe hearing 

loss before 8 weeks of age. These strains are particularly useful for investigating congenital 

hearing loss and identifying the genes involved in hearing development.  

Kujawa and Liberman (2009) used an octave band of noise with a frequency range of 8-16 kHz in 

their study because this frequency range is most damaging to the hair cells in the cochlea, which 

are responsible for detecting sound waves and converting them into electrical signals that the 

brain can interpret as sound. Previous research has shown that noise exposure within this 

frequency range can cause significant damage to the outer hair cells of the cochlea, leading to 

hearing loss (Cody and Johnstone, 1981; Liberman and Mulroy, 1982). This frequency range is 

also common in many occupational and recreational noise exposures, such as loud music and 

machinery, making it a relevant and important area of study for understanding the mechanisms 

of noise-induced hearing loss. The results of the study conducted by Cody and Johnstone showed 
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that exposure to an intense sound stimulus can cause a "half-octave shift" in the tuning of single 

neurons in the auditory system. The shift in tuning was most pronounced at high sound 

frequencies and was caused by a reduction in the tuning bandwidth of the neurons. Before 

exposure to the intense sound stimulus, the neurons showed a sharp tuning curve that 

responded to a narrow frequency range. After exposure to the stimulus, the tuning curve shifted 

downward in frequency by approximately half an octave, resulting in a broader tuning 

bandwidth. The authors propose that the shift in tuning was caused by the loss of outer hair cells 

in the cochlea, which can occur following exposure to intense sound stimuli. The outer hair cells 

are responsible for sharpening the tuning curves of the auditory neurons and for amplifying the 

sound signal. When the outer hair cells are damaged, the tuning curves become broader and the 

sensitivity of the neurons is reduced. However, Heinz and Young (2003) and Bruce et al. (2003) 

found evidence to support the idea that the shift was caused by changes in cochlear mechanics, 

rather than outer hair cell loss. In the second study, Bruce and colleagues used a computational 

model of the cochlea to simulate the effects of noise exposure on the tuning of auditory nerve 

fibers. They found that the model was able to reproduce the "half-octave shift" observed in 

physiological measurements of auditory nerve tuning following noise exposure, suggesting that 

the shift in tuning is caused by a change in the mechanical properties of the cochlea, specifically 

a change in the stiffness of the basilar membrane. This change in stiffness causes the tuning 

curves of the auditory nerve fibers to shift downward in frequency, resulting in the "half-octave 

shift" observed in physiological measurements. The exact mechanism behind the "half-octave 

shift" following noise exposure is still a topic of ongoing research and debate in the field of 

auditory neuroscience. A noise band of 8-16 kHz will have its major consequences in the cochlear 

region situated approximately half an octave higher, which corresponds to the frequency range 

of 16-32 kHz. The basilar membrane is wider and more flexible in this region, and the outer hair 

cells are densely packed, making it more susceptible to damage from noise exposure within this 

frequency range (Robles and Ruggero, 2001). Previous studies have provided evidence that 

exposing male mice to 8-16 kHz noise levels below 100 dB SPL for 2 hours can cause temporary 

threshold shift (TTS) without any visible cellular loss or damage (Wang et al., 2002). Additionally, 

Kujawa and Liberman (2006) found that mice exposed to 8-16 kHz noise at 100 dB SPL showed a 



 
49 

 

complete recovery of their auditory brainstem response thresholds within two weeks. Building 

upon these previous findings, Kujawa and Liberman (2009) developed the first mouse model of 

TTS in order to investigate noise-induced synaptopathy, also known as the "mouse model of 

hidden hearing loss".  

 

 

1.7.5 Therapeutic approaches for NIHL 

Noise-induced hearing loss (NIHL) is a growing public health problem that affects millions of 

people around the world. NIHL can be caused by exposure to loud noise, such as music played at 

high volumes or working in an environment with excessive sound levels. 

There are several therapeutic approaches that have been developed to address this condition, 

including pharmacological treatments, sound therapies, and surgical interventions (Sha and 

Shacht, 2017; Ahmed et al., 2022). 

The most common treatment for noise-induced synaptopathy is a combination of 

pharmacological and behavioral therapies. Pharmacological interventions involve the use of 

drugs to reduce inflammation and improve the health of the inner ear hair cells. Common drugs 

used in this context include corticosteroids, non-steroidal anti-inflammatory drugs (NSAIDs), 

antioxidants, and diuretics. These drugs can be administered either before (in experimental 

animals) or after noise exposure, and they may be effective in reducing the severity of hearing 

loss and other symptoms associated with the condition (Mutlu et al., 2018; Zloczower et al., 2020; 

Zloczower et al., 2022). Behavioral therapies, on the other hand, involve lifestyle changes such 

as reducing exposure to loud noises and wearing hearing protection. Sound therapies, such as 

the use of noise generators and other devices that produce white noise or other types of soothing 

sounds, can also be used to help reduce symptoms of noise-induced synaptopathy. These 

therapies work by providing a background noise that can mask the harmful sounds that are 

causing damage to the synapses. 

Surgical interventions for noise-induced synaptopathy are typically reserved for more severe 

cases and may include cochlear implantation or other types of surgical procedures that can help 

to restore hearing at least partially. In addition to these therapeutic approaches, it is also 
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important to take steps to prevent further damage from noise exposure. This can include wearing 

earplugs or other protective devices when working in loud environments, avoiding loud noises 

when possible, and taking breaks from loud noise exposure to give the synapses time to recover. 

Although medications exist that provide relief from symptoms associated with NIHL such as 

tinnitus or dizziness, none have yet been able to repair any damaged connections between IHCs 

and SGNs. 

The effects of noise trauma on the auditory system are profound and far-reaching. Research 

demonstrated that, depending on the exposure parameters, the synapses lost after exposure to 

noise may not recover over time, even after months, in animal models (Hickman, et al., 2020). 

Furthermore, as discussed above, the number of dying SGN bodies following a period of intense 

noise exposure increases with time; this effect is directly correlated with much earlier synaptic 

loss observed (Kujawa and Liberman, 2009). However, more recent studies exploring this 

phenomenon in guinea pigs showed that IHC ribbon synapses can partially regenerate after an 

acoustic insult, suggesting that the ability of IHC ribbon synapses to regenerate after an acoustic 

insult is species-dependent (Shi et al., 2013). Besides this ability to self-regenerate, promising 

results show that IHC ribbon synapses might respond well to some pharmacological approaches. 

To this purpose, it was shown that either infusion or overexpression of neurotrophin-3 supported 

regeneration of some of the ribbon synapses upon noise exposure insult (Sly et al., 2016; Suzuki 

et al., 2016). The research on the effects of neurotrophic factors on NIHL has the potential to 

provide a novel treatment for this type of hearing loss. If the effects of neurotrophic factors on 

NIHL can be replicated in humans, this could lead to a new and effective treatment for this 

condition. 

Other therapeutic molecules being developed by multiple companies target inflammation, 

oxidative stress, and apoptosis through a range of mechanisms (Yuan et al., 2015; Ho Pak et al., 

2020; Alvarado et al., 2020; Yang et al., 2020). Additionally, these companies are also working on 

developing therapeutic molecules to address other causes of hearing loss, including regrowing 

spiral ganglion neurons, restoring hair cells, reconnecting synapses, and implementing gene 

therapy using adeno-associated virus. While these therapeutic molecules may improve cochlear 
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implant outcomes, they are not intended to preserve residual hearing (Isherwood et al., 2022; 

Schilder et al., 2019). 

Recently, the discovery of a new compound, AC102, has opened up the possibility of stimulating 

neuronal regrowth and protecting neurons from injury. The molecule AC102, developed by 

AudioCure GmbH, entered a Phase I clinical trial in 2020, claiming to reduce apoptosis of outer 

hair cells after acute trauma and trigger the regeneration of both inner and outer hair cells as 

well as neurons. Although the exact composition of AC102 has not been made public, this drug 

is a derivative of the 9-methyl-ß-carboline, which has shown stimulatory, protective, 

regenerative, and anti-inflammatory effects on dopaminergic neurons in concentration-

dependent manner (Polanski et al., 2010). The company is looking to evaluate the potential of 

AC102 in addressing hearing loss, tinnitus, and trauma from cochlear implant electrode insertion 

as well NIHL. This compound has also been shown to protect neurons in different animal models 

of neurodegeneration (Wernicke et al., 2010).  
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2. Aim of the study 

Recent research has demonstrated that prolonged exposure to sound at moderate levels leads 

to a loss of synapses between the inner hair cells (IHCs) and spiral ganglion neurons (SGNs), which 

then causes neurodegeneration. This phenomenon has been described in terms of its functional 

consequences, but there remains much work yet to be done on understanding the underlying 

cellular mechanisms behind it. In order to gain greater insight into this process, further 

investigation needs to be conducted with an emphasis on gaining both molecular-level details as 

well as behavioral observations and functional characterizations from animal models noise 

exposed.  

With this study, I aimed to characterize synaptic changes upon noise exposure under volatile 

anesthesia and possibly understand the presynaptic mechanisms behind the loss of presynaptic 

ribbons and the auditory synapses. To accomplish this, I applied system physiology, cell 

physiology, immunohistochemistry and optical stimulation techniques using mouse models to 

probe the functional and structural changes in inner hair cells following noise trauma.  

Ultimately, the small chemical compound AC102 was tested on my mouse model of noise-

induced synaptopathy to explore its potential to prevent ribbon synaptic loss, SGNs degeneration 

and promote axonal regrowth. 
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3. Materials and Methods 

3.1. Chemicals and buffers 

• Modified Ringer’s solution (for noise-exposure cell physiology): 110 NaCl, 35 TEA-Cl, 2.8 KCl, 

1 MgCl2, 1 CsCl, 10 HEPES, 1.3 CaCl2, and 11.1 D-glucose (pH 7.2, 305 mOsm/l) 

• Modified Ringer’s solution (for ex-vivo optical stimulation): 126 NaCl, 20 TEA-Cl, 2.8 KCl, 1 

MgCl2, 1 CsCl, 10 HEPES, 1.3 CaCl2, and 11.1 D-glucose (pH 7.2, 305 mOsm/l) 

• Intracellular recording solution (for noise-exposure cell physiology): 130 Cs-gluconate, 10 

TEA-Cl, 10 4-AP, 10 HEPES, 1 MgCl2, a well as 300 mg/ml amphotericin B (pH 7.2, 290 mOsm/l) 

• Intracellular recording solution (for ex-vivo optical stimulation): 135 KCl, 10 HEPES, 1 MgCl2, 

as well as 300 mg/ml amphotericin B (pH 7.17, 290 mOsm/l) 

• PBS (Phosphate Buffer Saline): 137 mM NaCl, 10 mM Na2HPO4, 2.7 mM KCl, 2 mM KH2PO4 pH 

7.4.  

• GSDB (Blocking solution): goat serum, 0.3% Triton X-100, 240 mM PB, 4 mM NaCl  

• 4% Formaldehyde: Prepared from a 37% initial stock (Carl ROTH), and diluted to the final 

working concentration of 4% with PBS.  

• Mowiol Mounting Medium: 2.4 g Mowiol 4-88 (Carl ROTH) were dissolved into 6 g glycerol 

with the addition of 12 ml ddH2O. The solution was stirred for several hours at room 

temperature. Afterward, 0.2 M Tris pH 8.5 was added into the solution and heated for 1-2 h 

at 50°C. When Mowiol is dissolved, the solution was centrifuged at 500 x g for 15 min. Finally, 

2.5% DABCO (Carl ROTH) was added and the solution was aliquoted. 

• Amphotericin B, Streptomyces sp., cat. No. 171375, 100 mg was purchased from Calbiochem 

(Merck KGaA, Darmstadt, Germany). 

• Wash buffer: 20 mM PB, 0.3% Triton X-100, 450 mM NaCl. 

• Primary antibodies: mouse anti-CtBP2, IgG1, BD Biosciences, cat. No. 612044; rabbit anti-

Homer1, polyclonal, Synaptic Systems, cat. No. 160002; guinea pig anti-Parvalbumin-α, 

polyclonal, Synaptic Systems, cat. No. 195004. All antibodies were used at dilution of 1:200. 
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• Secondary antibodies: Goat anti-mouse 488 [IgG, IgA, IgM (H+L)] Invitrogen Cat No. A10667, 

Goat anti-chicken 568 [IgY (H+L)] Abcam Cat No. Ab175711, Goat anti-rabbit 633 [IgG (H+L)] 

Invitrogen Cat No. A21070. All antibodies were used at dilution of 1:200. 

 

3.2. Animals 

All animals were used in accordance with national animal care guidelines and were approved by 

the University Medical Center Göttingen board for animal welfare and the animal welfare office 

of the state of Lower Saxony.  Specifically, for the in-vivo acoustic noise exposure, C57BL6/J male 

mice at P21-28 and P35-42 were used. 

Recent studies demonstrated that female animals and humans show an increased resilience to 

NIHL compared to males, due to the protective effects of the estrogen-signaling pathways on 

modulating peripheral auditory physiology . Young adult 8-week-old male mice have been shown 

to be affected by acoustic overexposure. This PhD project planned to perform patch clamp of 

basal IHCs in noise-exposed and not exposed mice. Since patch clamp of 8-week-old mice would 

certainly add a further challenge to this project, it has been decided to use younger mice, 3- to 

4-week-old mice, where electrophysiology is relatively more accessible, and the auditory 

pathway is fully developed. 

For the ex-vivo optical stimulation experiments, we crossbred the Ai32 mouse line with the 

Vglut3-ires-Cre line to obtain expression of the construct specifically in the IHCs. The Ai32 mouse 

line (B6;129S- Gt(ROSA)26Sortm32(CAG-COP4*H134R/EYFP)Hze/J, Nagel et al., 2005; Nagel et al. 2003) 

contains floxed ChR2 with the H134R point mutation fused to EYFP. The Vglut3-ires-Cre was 

obtained by knocking in an ires-Cre cassette 3 bases downstream of the Vglut3 stop codon. In 

this way, Vglut3 and Cre recombinase genes are driven off a bicistronic mRNA. The Cre expression 

has been characterized by crossbreeding Vglut3-ires-Cre mouse line with a tdTomato reporter 

mouse line, and found its expression in the IHCs. By doing so, the Ai32-VC-KI mouse line was 

created. 
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3.3. Anesthesia 

Mice were anesthetized with isoflurane (5% for induction and 2% for maintenance).  

The induction was made in a box with a duration of 1-1.5 minutes, and afterward, the animals 

were transferred onto a custom-designed heating pad to keep the temperature constant. A mask 

was used to continue applying isoflurane at 2% for the entire duration of the experiment. 

During the experiment, ECG recordings were used to measure vital signs such as heart rate and 

respiration. This allowed us to assess the animal's physiological response in real-time and make 

any necessary adjustments during the experiment. Care was taken with the use of isoflurane 

since it has been shown not only to have a well-known depression of the cardiovascular system 

but also to rapidly and strongly affect the amplitude of neuronal signals. 

 

3.4. Acoustic overexposure 

The animals were exposed to an 8–16 kHz band noise, for 2 h at different sound pressure levels 

(SPL), from 92dB to 96dB, in a sound-exposure box. The noise waveform was created digitally 

using a TDT System III controlled by a custom-written Matlab routine that was driving speakers 

to generate 8–16 kHz noise at desired sound intensities, equalized across all frequencies.  

amplified through (?) and delivered by a loudspeaker (JBL 2402, calibrated using the above-

mentioned microphone) placed in front of the animal. The distance between the speaker and the 

animal’s head was kept constant in order to ensure the same intensity of noise exposure for all 

the animals. 
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An outline of the experimental paradigm is depicted below: 

 

Functional and morphological characterization of bIHCs ribbon synapses after noise exposure 

 

 

 

 

 

 

 

 

Testing the efficiency of AC102 treatment on the noise-induced 

 synaptopathy 

 

 

 

 

 

 

 

Figure 3.1 Schematic representation of the experimental design 

After 2 hours exposure to noise, two groups of mice were sacrificed at different time points and the 

cochlea was extracted for patch clamp and immunostaining analysis. In the case of testing the drug AC102, 

mice were injected with the compound via the round window of the cochlea and analyzed for synaptic 

count two weeks later. 
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3.5. Hearing tests 

After the induction of the anesthesia, the animals were placed onto a custom-designed heating 

pad that kept the body temperature at 37°C, and their mouth was inserted into the mask for 

maintenance of the anesthesia.  

Hearing was examined both before and after the noise exposure in the “acute group”, and also 

2 weeks after exposure in the “recovery” group. Non-exposed animals of the same age and 

gender were used as controls. Auditory Brainstem Responses (ABR) were evoked with tone 

bursts, presented by a JBL2402 speaker calibrated with a 1/4 inch Brüel and Kjr microphone 

(model 4939), at 8/12/16/24/32/44 kHz (10 ms plateau, 1 ms cos2 rise/fall, intensities provided 

as dB SPL root mean square) at 19 Hz in a free-field configuration, through a TDT III system 

(Tucker Davis Technologies) together controlled via MatLab. The thresholds were determined by 

recording the synchronous neural response along the auditory pathway to different sound 

intensities, given in 5 dB steps, starting from 30 dB up to 90 dB SPL (110 dB for the 44 kHz). Three 

ABR electrodes (needles) were placed under the skin of the mice at the vertex (the reference 

electrode), at the mastoid muscle (the active electrode), and near the tale (the ground electrode).  

For each measurement, the difference potential between mastoid and vertex was sampled 1.000 

times for 20 ms at 50 Hz, amplified 50.000 times and filtered from 400 to 4.000 Hz, to obtain two 

separate mean ABR traces. The lowest stimulus intensity that resulted in a reproducible 

waveform in the two traces was considered to represent the ABR threshold value. 

Following the ABR measurements, TDT III system was also used to generate and present stimuli 

to evoke and measure Distortion Product Otoacoustic Emissions (DPOAEs) to check the 

functionality of the Outer Hair Cells (OHCs). The two primary tones (frequency ratio f2/f1, 1.2; 

intensity f2 = intensity f1 + 10 dB with a f1 range of 10-60 dB) were delivered in the ear canal 

using a custom-made probe containing a MKE 2 microphone (Sennheiser, USA) and two MF-1 

speakers. 

The frequency combinations to produce otoacoustic emissions were the following: 

• f1: 6667, f2: 8000; 

• f1: 9444, f2: 11333; 

• f1: 13333, f2: 16000; 
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• f1: 18889, f2: 22667; 

• f1: 26667, f2: 32000; 

Signals were captured by the microphone (Sennheiser), then amplified and digitalized (DMX 6 

Fire, Terratec) and analyzed by Fast Fourier Transformation, and the thresholds were identified 

using a custom Matlab routine written by Prof. Dr. Nicola Strenzke. 

 

3.6. Frequency mapping 

The functional and anatomical effects of noise trauma on the IHCs were explored along the entire 

cochlea, at given frequency regions (8/16/24/32/44 kHz). To do this, subsections overviews of 

the Organ of Corti were initially acquired with a 10X air objective (Zeiss LSM 510 META confocal 

microscope equipped with a 488nm Argon Laser that excites corresponding fluorophores). Then, 

the images of the subsections were stitched together using a “pairwise stitching” plugin 

(Preibisch et al. 2009) of the ImageJ software obtaining, eventually, a frequency map of the whole 

mouse cochlea. This procedure has been performed by Annalena Reitmayer. 

  

 

Figure 3.2 Frequency map 

Blue lines follow the length of the cochlea along the IHCs. Red and green values represent the frequency 

values (in Hz) according to Müller et al. (2005). Hair cells and SGNs labeled with calretinin. 

 

 



 
59 

 

A custom-made Matlab routine was then used to measure the total length of the Organ of Corti 

by interpolating the manually determined points set along the IHCs in the overview image 

considering the pixel size determined by the microscope. The proportionate tonotopic map was 

then projected onto the overview image of the mouse cochlea (Müller et al. 2005). 

 

3.7. Dissection of the Organ of Corti   

The mice were sacrificed by decapitation under CO2 anesthesia and the scull was split in two 

parts. Each part was, then, immersed in a fresh Petri Dish with ice-cooled Modified Ringer’s 

solution containing (in mM): 126 NaCl, 20 TEA-Cl, 2.8 KCl, 1 MgCl2, 1 CsCl, 10 HEPES, 1.3 CaCl2, 

and 11.1 D-glucose (pH 7.2, 305 mOsm/l)  for the optical stimulation of ex-vivo apical coils, and 

110 NaCl, 35 TEA-Cl, 2.8 KCl, 1 MgCl2, 1 CsCl, 10 HEPES, 1.3 CaCl2, and 11.1 D-glucose (pH 7.2, 

305 mOsm/l) for cell physiology of inner hair cells (IHCs).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Dissected cochlea under brightfield microscopy 

An image of a dissected cochlea illustrating the isolated apical and basal turns, captured using brightfield 

microscopy. 

 

 



 
60 

 

Each hemisphere of the brain was then extracted from the scull and both the cochleae were 

carefully removed and placed in fresh solutions. At this point, the cochlea was opened using fine 

forceps either from the apex, to isolate the apical coil of the Organ of Corti, or from the base, to 

isolate the basal region of the Organ. 

The apical or basal coils were then transferred in a chamber for patch-clamp recordings mounted 

on the stage of either a Zeiss microscope equipped with a 60X water-immersion objective and a 

camera, perfused with the same extracellular solution used for dissection at a flow rate of 

approximately 0.5 ml/min., for cell-physiology, or an Olympus BX50WI microscope (Olympus, 

Hamburg, Germany) equipped with a 60X 60x/0.90 W LUMPlanFI water-immersion objective and 

a camera, perfused with the same extracellular solution used for dissection at a flow rate of 

approximately 0.5 ml/min., for the optical stimulation of apical coils. 

 

3.8. Single-IHC electrophysiology 

The patch-clamp setup was shielded by a Faraday cage and assembled on a hydraulic air table for 

vibration isolation (TMC, Peabody, USA). The pipette pressure and the bath level were 

continuously controlled by an external pump (Lorenz Messgerätebau GmbH) and a SM-5 

micromanipulator (Luigs-Neumann) was used to move the pipette. The acquisition of the image 

was performed with an IMAGO CCD video camera (TILL Photonics) controlled by the Vision 4.0 

software (TILL Photonics). 

To have electrical access to both the apical and basal IHCs, the tectorial membrane was initially 

removed, followed by the OHCs, the outer and inner pilar cells and, finally, by the phalangeal 

cells surrounding the IHCs, applying a gentle and mouth-controlled suction, using soda glass 

capillaries with decreasing tip diameters. Basal part of the cochlea is much more fragile and hair 

cells easily swell. Therefore, the removal of supporting tissue was performed very gently to not 

mechanically perturb the region of the IHCs. 

The pipette used for perforated-mode patch-clamp recordings were GB150-8P borosilicate glass 

capillaries (Science Products, Hofheim, Germany), pulled at a Sutter P-2000 laser pipette puller 

(Sutter Instrument Company, Novato, USA), having a resistance of 5-7 MΩ.  
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The pipette solution contained (in mM): 135 KCl, 10 HEPES, 1 MgCl2, as well as 300 mg/ml 

amphotericin B (pH 7.17, 290 mOsm/l) for the optical stimulation of ex-vivo apical coils, and 130 

Cs-gluconate, 10 TEA-Cl, 10 4-AP, 10 HEPES, 1 MgCl2, a well as 300 mg/ml amphotericin B (pH 

7.17, 290 mOsm/l) for cell physiology of inner hair cells (IHCs). The measurements were done via 

EPC-10 amplifiers controlled by Patchmaster software (HEKA Elektronik, Germany). 

Apical and basal IHCs were patch-clamped at room temperature (20-25◦C) in perforated-patch 

configuration as described previously (Moser and Beutner, 2000), at holding potential of -84 mV. 

Step depolarization potentials of 10 ms duration from the holding potential of -84 mV to +63 mV 

in 5 mV increments were used to measure the evoked Ca2+-current and obtain an IV curve. 

Membrane capacitance (Cm) was measured using a software-based method of a Lock-in amplifier 

(Patchmaster, HEKA) together with compensation of pipette and resting cell capacitances by the 

EPC-10 circuitries. The Lindau-Neher technique was used to measure the capacitance changes 

(Lindau and Neher,1988). All voltages were corrected for liquid junction potential offline (14 mV). 

Currents were leak-corrected using a p/10 protocol. Only recordings showing leak currents lower 

than 35 pA and series resistances lower than 35 MΩ were included in the final analysis.  

For the optical stimulation of ex-vivo apical coils, current-clamp configuration was used in 

addition to voltage-clamp to measure the voltage shift upon optical stimulation.  

 

The extraction of the apical turn of the Organ of Corti is a delicate process that requires precision 

and accuracy. In this experiment, I followed a set protocol to ensure successful retrieval. After 

sacrificing an animal, I used fine scissors to split both hemispheres of its brain and extracted each 

cochlea from their respective temporal lobes. To extract the apical turn, I had to break through 

the bone using fine forceps before gently widening it in order to expose the Organ. Once exposed, 

I carefully removed its stria vascularis before finally extracting and placing it into a chamber for 

patch-clamp measurements. Under the microscope, the Organ of Corti appears made by three 

different rows of OHCs, followed by a row of Outer Pillar Cells (OPCs), another row of Inner Pilar 

Cells (IPCs), up to the last row of IHCs. On its modiolar side, one can observe myelinated afferent 

axons belonging to Spiral Ganglion Neurons which give the tissue its soft texture and elasticity. 
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This unique feature makes subsequent procedures easier as it allows for more precise 

manipulation with minimal damage or disruption to surrounding structures. 

To have access to the IHCs, the OHCs, OPCs and IPCs need to be removed. For this purpose, a 

gentle suction is applied through glass capillaries with various tip diameters according to the size 

of the cells to remove. After exposing the IHCs row, a last step needs to be done before patching. 

The phalangeal cells, placed between two IHCs and wrapping them firmly for nutritional support, 

need to be gently removed. Now the inner hair cells are ready to be recorded with the patch-

clamp technique. 

Unfortunately, for the patch-clamp of the basal turn of the Organ of Corti, there are no records 

available. As such, I have decided to modify an existing technique developed originally for use on 

apical turns in order to reach my goal. To be able to expose the entire basal region of the Organ 

of Corti, I decide to open the soft cochlear bone from the oval window. When the stria vascularis 

became visible, it was carefully removed. Next, the basal turn was carefully dissected using fine 

forceps and placed under the microscope for subsequent cleaning procedures. Under the 

microscope, the whole mount appeared smaller in size than the apical coil. Using glass capillaries 

with the proper tip diameter, I proceeded to remove the OHCs and the OPCs. Particular care was 

adopted when removing the IPCs, without damaging the IHCs. After successfully removed the 

phalangeal cells, the bIHCs were ready for patch-clamp exploration. 

 

3.9. Capacitance recordings to measure pre-synaptic neurotransmitter release 

Capacitance is the ability of a device to store electric charges. It measures the build-up of charges 

across two plates. If there are positive charges on one side and negative charges on the other 

separated by a membrane, for example, that prevents the movement of the charges across the 

capacitor, it is possible to measure the total amount of charge stored, this value is the 

capacitance. If the surface of the capacitor increases, the measured capacitance increases as well. 

And vice-versa. Since the cellular membrane is an electrical insulator that separates opposing 

charges inside and outside the cell, this makes it a capacitor. Measuring the capacitance of a 

single IHC is a precise indicator of its size at a given time. When synaptic vesicles fuse with the 
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cell membrane to release neurotransmitters, a slight increase in the surface area can be 

measured. In this way, the pre-synaptic activity can be monitored.   

The elite technique to measure activity at the pre-synaptic ribbon synapses involves single-cell 

patch clamp recordings of IHCs. Applying a strong depolarizing current in the IHC through the 

patch pipette, typically a voltage step from ~ -80 mV to ~ -10 mV, induces voltage-gated Ca2+-

channels to open, which causes Ca2+ influx into the cell and, consequently, vesicle fusion. The 

Ca2+ current influx and the change of the cellular capacitance (Cm) in response to the 

depolarization can be simultaneously recorded. 

Varying the duration of the depolarization steps makes it possible to observe different kinetic 

components of exocytosis. Specifically, depolarizations below 20 ms of duration trigger a fast, 

saturating component of exocytosis, thought to represent the fusion of a restricted synaptic 

vesicle pool immediately available for release, called “readily releasable pool” (RRP). The 

estimated number of RRP vesicles is about 11 to 14. On the other side, depolarization longer than 

20 ms triggers a more linear component of exocytosis, thought to represent vesicle 

replenishment, located 20-50 nm away from the plasma membrane and composed of around 30 

to 60 vesicles (Beutner and Moser, 2001, 2001; Beutner et al., 2001; Pangrsic et al., 2010; 

Chakrabarti and Wichmann, 2019).   

This capacitance measurement technique can also be used to study certain mutations or 

treatments that might cause defects in neurotransmitter release.    

In the mouse IHCs ribbons vary in shape and size (100–400 nm), and typically appear to be ≤ 200 

nm in width (Moser et al., 2006). 

 

3.10. Optical stimulation 

The ChR2(H134R)-EYFP fusion protein operates as an unselective cation channel that rapidly 

activates excitable cells upon illumination with blue light (450-490 nm). Also, the presence of the 

fluorescent protein allows for clear visualization of the subcellular location of the 

channelrhodopsin.  
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The Ai32-VC-KI mouse line used in this work has the distinctive feature to express ChR2(H134R)-

EYFP fusion protein exclusively on the membrane of the IHCs, thus enabling them to be 

selectively stimulated by the appropriate laser wavelength (see above, section 3.2).  

After dissectioning, the apical coil of the Organ of Corti was transferred in a recording chamber 

mounted on the stage of a Zeiss microscope (see section “Dissection of the Organ of Corti”) and 

perfused with the appropriate Modified Ringer’s extracellular solution. The dissected piece was 

first visualized in brightfield illumination imaged with an analog camera (Andor Zyla series 

camera, from Visitron System GmbH) and displayed on a computer using the VisiView® 

Microscopy Imaging Software. Then, the frequency region of interest (8-10 kHz) was selected 

according to the frequency map and stimulated with blue light (488 nm, maximum power rating 

at 200 mW, Visitron System-Laser Motorized System-MOT100). 

Optogenetic stimuli consisted of brief pulses (20ms) of blue laser with 2 different time intervals 

(70, 650ms) and total exposure durations (20, 30, 45, 60 minutes) at different laser intensities.  

 

3.11. Cochlear fixation, immunostaining, and synaptic count 

Immediately after the sacrifice of P21-28 and P35-42 exposed and unexposed mice, the cochleae 

were extracted from the temporal bones and small holes were made with fine forceps in the apex 

and the round window. Fixation was performed with 4% FA (freshly diluted in PBS), for 2 minutes. 

Next, additional holes were made in the middle and the backside of the cochlea followed by 

another 10 minutes of fixation on ice. To remove the fixative the cochleae were washed 3 times 

for 5 minutes each in PBS and decalcified in 0.12 M EDTA overnight. The next day the cochleae 

were washed again in a washing buffer containing 20 mM PB, 0.3% Triton X-100, 450 mM NaCl 3 

times for 5 minutes each. Permeabilization in 1% Triton X-100 in PBS was performed for 30 

minutes on ice before blocking with GSDB for 2 hours on ice. Next, the cochleae were incubated 

overnight with the primary antibodies (mCtBP2 for ribbons, chHomer1 for post-synaptic boutons, 

rbMyo6 for Hair Cells. For the details see the paragraph “Buffers” above). The next day, the 

cochleae were washed 3 times 5 minutes each in the washing buffer, fixated a third time in 

freshly-made 4% FA for 2 hours on ice, washed, dissected and the apical, middle and basal regions 

of the Organ of Corti were carefully isolated.  The microdissected pieces were then incubated 
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with the appropriate secondary antibodies overnight or over the weekend on ice in a light 

protective box with damp tissue inside to prevent over-drying (anti-m488, anti-ch568, anti-

rb647). Afterward, the cochleae were washed in the same way as described before, mounted on 

a microscope slide with Mowiol, and stored in the fridge. Usually, 10µl of Mowiol was used per 

each dissected piece. Confocal stacks of the cochlear regions corresponding to 8/16/24/32/44 

kHz were collected earliest 24 hours after mounting to ensure stability, on a laser-scanning Leica 

SP5, confocal microscope equipped with excitation lasers at 488nm, 561nm and 647nm, using a 

100x 1.4 NA oil immersion objective, avoiding saturation of the pixel intensity and sampled with 

a Z-step of 0.20 µm and pixel size of 80 nm in X and Y.  

The image stacks were imported in Imaris (Bitplane) where the built-in automated spot detection 

macro was used for the counting of the pre-synaptic ribbons, labeled with anti-CtBP2, and of the 

post-synaptic boutons, labeled with anti-Homer1. Juxtaposed pairs of ribbons and boutons were 

considered as synapses. The total number of ribbons, boutons and synapses per z-stack was then 

divided per the total number of IHCs, labeled with anti-Myo6, in the stack, so obtaining the 

cellular density.  

For the ex-vivo optical stimulation experiments, P15-18 mice have been sacrificed the cochleae 

were extracted from the temporal bones, the apical and basal regions of the Organ of Corti were 

isolated and transferred in a recording chamber for optical stimulation as described in the 

previous paragraph “Dissection of the Organ of Corti”. The control groups were left in the 

chamber, under perfusion with extracellular solution without receiving any optical stimulation. 

At the end of the optical stimulation, the dissected pieces were immediately fixed using 4%FA for 

20 minutes and washed 3 times for 10 minutes each in PBS at room temperature. The samples 

were then blocked for 1 hour in with GSDB and incubated overnight in the fridge with the same 

primary antibodies as above. The next day, the samples were washed 3 times for 10 minutes each 

in washing buffer and incubated with the same secondary antibodies mentioned before for 2 

hours at room temperature. Finally, the samples were washed and mounted in a microscope slide 

using Mowiol. The image acquisition was done in the same way as for the noise-exposure 

experiment. Ribbons, boutons and synapses were counted manually using the Image J cell 
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counter plugin. The total number of the puncta was then divided per the total number of IHCs to 

measure the cellular density. 

 

3.12. Surgical procedure for AC-102 injection in mice 

In contrast to the noise exposed groups, animals received carprofen (5 mg/kg) and 

buprenorphine (0.1 mg/kg) as a subcutaneous injection for analgesia once before surgery. 

Animals were anesthetized by inhalation of isoflurane (induction dose 5 vol % isoflurane/air, 

maintenance dose 0.6-2.5 vol % isoflurane/air). After exposing the animals to noise trauma (as 

described in xxx) and determining hearing by ABR and DPOAE, the surgery was performed 

microscopically under aseptic conditions. During and after surgery, the animal was placed on a 

heated plate (37°C) and the eyes were treated with Bepanthen® ophthalmic ointment to protect 

against dehydration. The inter-toe reflex was checked to ensure a sufficiently deep anesthesia. 

The round window was exposed by a retroauricular approach: First, retroauricular fur was shaved 

and the now exposed skin was disinfected with PVP-iodine and 70% alcohol. After a skin incision 

of about 1 cm, blunt dissection to the bulla (bony boundary of the middle ear) was performed, 

whereby obscuring structures (vessels, nerves, musculature) were not cut if possible, but bluntly 

displaced. The bulla was then opened so that there was a direct view onto the round window. 

AC-102 injection was performed by an extended microcapillary (opening diameter ~30 µm). The 

glass capillary was guided by means of a finely adjustable manipulator into the round window 

niche whereupon it was filled with the drug-containing thermosensitive gel (~1 µl). After the 

successfully completed surgery, DPOAE were measured again to rule out any major damage to 

the hearing caused by the procedure. The displaced tissue structures were repositioned and the 

wound was closed with 4 - 6 single button sutures. Finally, the wound area was disinfected again 

with PVP iodine. After surgery, the mouse was placed in a warm cage (37°C) for recovery and 

observed until awakening from anesthesia, after one hour, after 3-6 hours, and on the next day. 

On the day after surgery, carprofen (5 mg/kg) was administered subcutaneously once for 

analgesia. 
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3.13. Statistical analysis 

Data analysis was performed using MATLAB (Mathworks), Igor Pro (Wavemetrics), and ImageJ 

(NIH) software. Means and grand averages are expressed as ±SEM. Statistical analysis was 

performed using the Igor Pro. The Jarque–Bera and F test were used to determine whether the 

samples have normal distribution, and equal variance. These tests were then followed by two-

tailed Student’s t-test, or— when data were not normally distributed and/or variance was 

unequal between samples—the Mann–Whitney–Wilcoxon test for statistical comparisons 

between two samples.  
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4. Results 

4.1. Overview of findings  

My PhD project tested a novel mouse model of noise-induced auditory synaptopathy. In this 

model the IHCs ribbon loss is delayed and develops in the absence of any obvious damage to the 

OHCs. This is contrary to previous mouse models where the synaptic loss was observed 

immediately after exposure (Kujawa and Liberman, 2009; Lin et al.; 2011; Boero et al., 2020; Hu 

et al., 2020), and upon temporary threshold shift that recovered within a few days. While noise 

exposure in my model resulted in approximately 20% loss of ribbons and ribbon synapses in the 

high-frequency basal part of the cochlea as monitored two weeks after exposure, patch clamp 

recordings from basal IHCs revealed no difference in the overall synaptic physiology of the IHCs. 

This finding was surprising given the expectation that the amount of synaptic exocytosis should 

scale with the number of presynaptic ribbons (Meyer et al., 2010), but in line with the results 

recently observed in a different noise exposure model that probed the presynaptic function early 

(t.i. one day) after noise exposure (Boero et al., 2020). These results suggest compensatory 

presynaptic mechanisms that enhance IHC exocytosis at the remaining ribbon synapses or 

possibly extrasynaptically. Further investigation into this phenomenon could help elucidate 

potential protective strategies employed by cells when faced with environmental stressors such 

as loud noises or other forms of trauma, which can lead to ribbon loss in auditory systems.  

 

In my experiments, the mice were exposed to noise under gas anesthesia. While the exposure to 

noise levels, frequency range and duration was comparable to studies performing the exposure 

in awake and freely moving mice, the loss of ribbon synapses in our model was considerably 

smaller (Kujawa and Liberman, 2009). We attribute this effect to the actue protective effects of 

the anesthetic isoflurane, which has previously been shown to protect from permanent noise-

induced hearing thresholds shift (Kim et al., 2005), while the effect on the ribbon synapses has 

to my knowledge not been investigated yet. In the future, the mechanisms of the partial 

protection of the auditory synapses should be further investigated as well as the mechanisms of 

behind the partially delayed loss of synapses. 
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We used this mouse model of noise-induced synaptopathy to evaluate the ability of the small 

chemical compound AC102 in prevention of the auditory synaptic loss due to acoustic trauma. A 

cohort of mice was exposed to loud noise and then injected with AC102. Comparing the 

immunohistochemical samples of the organs of Corti immunostained for the IHC ribbon synapses 

revealed a partial protection (or recovery) of the synapses upon injection of AC102, suggesting 

its protective effects against noise-induced synaptopathy. Further tests using in-vitro whole-

mount apical coils from mouse cochlea showed that acute exposure to AC102 did not significantly 

alter the synaptic electrical properties of the IHCs, further tests of possible side effects should be 

tested in the future. 

The mouse line expressing ChR2 under the Vglut3 promoter was used to allow for selective 

stimulation of the inner hair cells in an ex-vivo model. The study attempted to find the optimal 

light-exposure conditions that would result in synaptic loss while avoiding cellular death. Despite 

numerous attempts, I was unable to find consistent and reproducible effects on the ribbon 

synapses. This lack of effect may be due to the difficulty in preserving glutamatergic signaling and 

afferent boutons during the ex vivo preparation process. Future studies should prioritize the 

preservation of afferent boutons and, if feasible, focus on testing the basal turn of the cochlea, 

which seems to be more susceptible to noise (activity)-induced damage as compared to the apical 

region of the organ of Corti used in the current study. 

 

In conclusion, with my new mouse model of noise-induced hearing loss as a foundation, I am 

hopeful for future progress toward understanding the complexities of delayed ribbon synaptic 

loss. 

 

4.2. Synaptic properties of the IHCs from the high-frequency basal cochlea 

The patch-clamp technique revolutionized electrophysiology by making it possible to measure 

currents through ion channels involved in the electrical signaling in excitable cells. Since its 

development in 1976 by Neher and Sakmann (Neher and Sakmann, 1976), the patch-clamp 

technique has been extensively used for single-cell electrophysiology recordings. Nowadays, 

patch-clamp remains the élite technique to describe the electrical properties of all excitable cells 
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(such as neurons, cardiomyocytes, inner and outer hair cells, etc.), their ion channel conductance 

and kinetic behavior. The InnerEarLab is one of the pioneers of patch-clamp recordings and 

membrane capacitance recordings from the rodent IHCs (Moser and Beutner, 2000, Beutner et 

al., 2001). However, so far, all but one study from the lab (Jean et al., 2020; gerbil cochlea) has 

investigated the synaptic physiology of the IHCs from the apical turn of the organ of Corti, and 

none so far investigated mouse basal IHCs. Also elsewhere in the world, there is to my knowledge 

one lab that can perform the patch-clamp recordings from the basal hair cells (Marcotti et al., 

2004; Martelletti et al., 2020). The most challenging task of my PhD work was thus to establish a 

proper technique to patch-clamp the IHCs located at the basal turn of the mouse organ of Corti.  

 

My initial recordings of bIHCs from p14 old mice using the patch-clamp technique in the 

perforated mode configuration showed significantly smaller amplitude of the depolarization-

evoked Ca2+ currents current when compared to the only reference we have in literature 

(Martelletti et al., 2020). However, the Ca2+ dependent exocytosis showed a good overlap 

between apical and basal IHCs, suggesting a significantly higher efficiency of exocytosis in the 

basal IHCs for short as well as long depolarization pulses. The calcium current amplitudes 

increased in the bIHC of 3.5-week-old animals. As compared to the earlier investigation time 

point, larger capacitance jumps were observed with the longest pulses, perhaps suggesting 

further maturation of the vesicle replenishment machinery.     

Interestingly, at high positive potentials, bIHCs show a smaller outward positive current than the 

aIHCs. One possibility is that this outward current is generated from the specific K+ channels 

called KNCQ4 channels. To rule out the involvement of these channels, I added the selective 

blocker XE-991 in the extracellular solution during both aIHC and bIHCs recordings. The drug did 

not appear to change the Ca2+ current in response to voltage depolarization.  

In line with Martelletti et al. (2020), the size of the basal cells, measured from the value of the 

membrane capacitance at the beginning of the recording, was significantly smaller compared to 

that of apical cells. This set of whole-cell perforated patch-clamp recordings demonstrates the  
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Figure 4.1 Ca2+ influx and exocytosis in basal and apical IHCs 

(A) Image of a dissected cochlea where the apical, middle and basal turns of the Organ of Corti are visible.  

(B) IV-relationship of the whole-cell Ca2+ - current in two-week-old basal IHCs and 3,5 week old basal IHCs 

show reduced current amplitudes compared to apical IHCs (p<0.05, t-test). The protocol, consisting of 10 

ms steps of 5 mV from -82 to +63 mV.  

(C) Cumulative exocytosis (exocytic ΔCm, top) and corresponding Ca2+-charge (QCa, bottom) of 2-week-

old bIHC, 3,5-week-old bIHCs  and 2-week-old aIHCs as a function of stimulus duration (from 2 to 100 ms 

to   Vm value activating the maximum Ca2+ current influx) shows a reduced QCa in the bIHCs and partially 

increased ΔCm (p<0,005, t-test). (Ci) Inset indicating exocytosis of short pulses. 

(D)  Relating ΔCm to the corresponding QCa indicates increased Ca2+ efficiency of exocytosis in bIHCs. (Di) 

Inset indicating efficiency of short pulses. 

(E)   Reduced c-slow value (which indicates the cellular size) in bIHCs compared to the aIHCs (p<0,05 t-

test). 

A 
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reliability and efficacy of my procedure for generating reliable recordings from young murine 

basal IHCs.  

My technique produces high quality data which can be used to further explore the properties 

and function of these cells. Furthermore, this approach could be extended to other cell types, 

such as basal OHCs. 

 

4.3. Mouse model of noise-induced synaptopathy 

The development of an experimental animal model for noise-induced auditory synaptopathy is 

an important step in understanding the effects of noise on synaptic hair cell physiology and 

hearing. This was done together with the clinician scientist David Oestreicher and the dentistry 

student Annalena Reitmeier. To assess cochlear functionality pre- and post-noise exposure, we 

combined two techniques: the recordings of the auditory brainstem response (ABRs) and the 

distortion product of otoacoustic emissions (DPOAEs). The ABRs are sound-evoked far field 

potentials generated by the neural circuits in the ascending auditory pathway, which can be 

recorded noninvasively using electrodes placed on the scalp (Jewett et al., 1970). ABR recordings 

can be used to assess the hearing sensitivity by measuring the ABR thresholds. Also, the first wave 

of the ABR, representing the summed activity of the cochlear nerve (Compound Action Potential), 

can be used to estimate the density (or rather, functionality) of the SGNs. The second technique, 

DPOAE, is used to assess the health of the OHCs. It measures the level of the distortion products 

generated by the OHCs when two tones of different frequencies are presented to the ear 

simultaneously.  

 To test the consequences of noise exposure on hearing, the mice in my study were subjected to 

an 8-16 kHz noise band at 92- or 96-dB SPL for 2 hours under gas anesthesia (see Materials and 

methods) and tested for hearing. The two intensities were chosen initially to test the effects of a 

noise trauma presumably causing a temporary (TTS) and a permanent threshold shift (PTS), 

respectively, which however upon our experiments turned out to both cause a slight PTS (see 

below).  Immediately following an exposure to 92- or 96-dB SPL noise-bands, the ABR analysis  
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Figure 4.2 ABR responses to tone bursts in noise-exposed mice 

(A)  ABR thresholds at different noise intensities, recorded both immediately and one day after noise 

exposure (p<0,05 at all frequencies for both 92 and 96db SPL, t-test), as well as 2 weeks after exposure 

(C, p<0,05 at 24 and 32 kHz for both 92 and 96db SPL, t-test), as compared to age-matched controls. To 

exclude possible unrelated errors (e.g. due to middle ear infections, developmental lag, or technical 

problems), all animals were tested at 3 weeks of age prior to any further experimental procedure (e.g. 

noise exposure). A group of animals did not undergo neither noise-exposure nor prolonged isoflurane 

exposure. In this group of animals the hearing was tested again at 5w of age, which further served to 

estimate the ABR threshold shift between the two control time points (see panel B). Note the permanent 

shift of ABR thresholds for frequencies 24-32 kHz for both noise exposure levels (C, D). 

(B)  ABR threshold shifts, as obtained from each animal, for both post noise exposure (top panel, p<0,05 

at 16-24-32 kHz for 96 db SPL, t-test) and 2 weeks after (D, p<0,05 at 24-32 kHz for 92 and 96db SPL, t-
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test). Note that only 96 dB SPL (red trace) shows a significant threshold shift for frequency >16 kHz when 

compared with isoflurane exposed control group (orange trace). Note that both noise intensities show a 

PTS (D). A slight threshold shift is also observed in the non-exposed animals recorded at 3 and 5 weeks of 

age, likely suggesting an effect of head growth on the ABR thresholds or possibly larger susceptibility to 

shorter isoflurane exposure (applied during hearing measurement). 

 

revealed a 20-40 dB increase in neural response thresholds at high (≥ 16kHz) frequencies 

compared to the age-matched control mice (Fig. 4.2 A, B), with slightly smaller elevations 

observed in DPOAEs (Fig. 4.3, A). 

Since prolonged exposure to isoflurane anesthesia can also cause an ABR thresholds shift 

(Santarelli et al., 2003; Stronks et al., 2010; Cederholm et al., 2012; Bielefeld et al., 2014), I 

estimated this shift in a cohort of animals that underwent a similar experimental procedure with  

the hearing tests before and after “exposure” and noise stimulation turned off during the 2-hour 

“exposure slot”. Unfortunately, the absolute ABR thresholds in these animals were unexpectedly 

and from unknown reasons partially elevated already at the beginning of the experiment and 

were thus not well comparable to other test groups. To assess the effect of isoflurane, I thus 

relied on comparison of the threshold shifts before and after the exposure within the same 

animals. The threshold shift caused by the isoflurane exposure was estimated at ~15-20 dB SPL 

(Fig. 4.2, B). Thus, only part of the threshold shift as observed by the exposure to 96dB-noise can 

be attributed to noise-evoked damage to the cochlear structure. In case of a 92-dB noise 

exposure, the ABR threshold shift was not significantly increased as compared to the shift caused 

by the isoflurane alone (Fig. 4.2, B). It is thus possible that the damaging effects of this “milder” 

noise are much smaller and hidden in the variability of the data, or alternatively, 92 dB exposure 

under isoflurane did not cause any significant immediate cochlear damage, measurable by the 

ABRs. Both, 92- and 96dB- noise exposure caused a ~20 dB shift in DPOAE thresholds, suggesting 

a partial defect of the OHCs (Fig. 4.3) as the effects of isoflurane on DPOAE thresholds were 

suggested as milder (Cederholm et al., Hear Res, 2012). 
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Figure 4.3 DPOAEs responses to tone bursts in noise-exposed mice 

(A)  DPOAEs show increases in thresholds for frequencies ≥ 16 kHz, for both noise intensities when 

recorded immediately after noise exposure (p<0,5 at 16-24-32 kHz, t-test). 2 weeks later (B), DPOAE 

thresholds show complete recovery, suggesting that the remaining ABR threshold shift is not due to OHC 

dysfunction. 

 

The pattern of cochlear damage observed in Fig. 4.2, which exhibits an upward spread with 

respect to the exposure spectrum, is characteristic of acoustic injury (Cody and Johnstone, 1981). 

This phenomenon can be explained by level-dependent nonlinearities in cochlear mechanics, as 

previously described by Robles and Ruggero (2001). 

Two weeks following noise exposure, ABR thresholds did not return to normal values for either 

of the two noise intensities used, indicating permanent damage to some cochlear structures (Fig. 

4.2). While an extensive anatomical exploration of the Organ of Corti was not performed, prior 

research by Wang et al. (2002) suggests that a noise exposure resulting in a PTS differs from that 

resulting in a TTS due to irreversible structural damage and hair cell loss, particularly at high noise 

intensities. Upon tone bursts of 44 kHz, a sizeable ABR wave was only detected at very high sound 

pressure levels, particularly at 5 weeks of age (thresholds of ~100 dB; see Fig. 4.2). Since our 
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recording system does not allow measurements above 110 dB SPL and such recordings may cause 

cochlear damage, we did not attempt to accurately determine a possible threshold shift at this 

frequency.  We next analyzed ABR wave I amplitudes, reporting the sound-evoked synchronized 

activity of the SGNs. Due to very small amplitudes of the ABR wave I amplitudes as evoked by 32- 

and 44-kHz tone bursts at 5 weeks of age, which was on the border of the noise of our recordings, 

we judged these data as unreliable to assess auditory synaptic loss (Fig. 4.4). 

 

Confocal imaging of the sensory epithelium was used to quantify the ribbon synapses connecting 

the IHCs to the SGNs (this work, including preparation, immunostaining, imaging, and analysis, 

was performed by the student of dentistry, Mrs. Annalena Reitmeier, and partially by a DNB 

master student Laura Schoch). 

Quantification of the auditory synapses was achieved by marking the presynaptic ribbons with 

an anti-CtBP2 antibody, the post-synaptic terminal with an anti-Homer 1 antibody, and the IHCs 

with an anti-Myosin VI (as shown in Figure 4.5). This allowed for a precise determination of 

synaptic density per each IHC. Confocal z-stacks (as shown in Fig. 4.5, A) were used to count 

synaptic ribbons in five cochlear regions, and the cochlear location was converted to cochlear 

frequency based on the mouse map by Taberner and Liberman (2005). In control ears, the mean 

counts showed a broad peak of around 19 ribbons/IHC in mid-cochlear regions, and slightly 

declining toward the apical and basal ends (as shown in Fig. 4.5, B). These values are consistent 

with previously reported data by Kujawa and Liberman (2009) and Kim et al., 2019. 

The use of Homer1/CtBP2 double-immunostaining revealed the typical association between the 

afferent SGN nerve terminals and hair cell synaptic ribbons. In control ears, nearly all IHC ribbons 

were observed to be connected with a SGN nerve terminal, provided they were adequately 

isolated to be resolved (as depicted in Fig. 4.5, A). In noise-exposed ears, there was no apparent 

loss of hair cells, either IHCs or OHCs, at any post-exposure time. However, a comprehensive 

examination of the OHC density has not been carried out. Within 2 hours after the noise trauma, 

there was no evident sign of synaptic loss in either the pre-synaptic or post-synaptic elements.  
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Figure 4.4 Wave I amplitude analysis in noise exposed mice 

(A)  Average absolute amplitudes of ABR wave I elicited by increasing SPLs tone burst of low frequency 

region (12 kHz). Amplitudes analyzed both immediately and 1 day after noise exposure. Note the effect 

of the noise trauma in decreasing the ABR wave I amplitudes (p<0,05, t-test). The amplitude analysis 

conducted two weeks after exposure to the noise (D), was deemed inconclusive due to excessive noise 

interference. (B) Amplitude analysis for high frequency region (32 kHz), showing significant reduction 

immediately after noise trauma, but not 1 day after (p<0,05, t-test). When repeated two weeks later (E), 

the data are inconclusive because of excessive noise interference. (C) Amplitude analysis at 44 kHz are 

inconclusive because of excessive noise interference, both at d0 and at D14 (F). 
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Figure 4.5 Quantification of ribbon synapses in the Organs of Corti of noise-exposed animals  

(A) Maximal projections of confocal Z sections of IHCs in the 32 kHz region, immunolabeled for Myo-VI (a 

marker of IHCs; blue), CtBP2 (a marker of ribbons and nuclei; red), and Homer1 (a marker of postsynaptic 

density; green) of control (top panel) and 92 dB SPL exposed (bottom panel) mice after 2 weeks from 

noise trauma. Scale bar 10µm. (B) Quantification of ribbons/IHC and synapses/IHC (D) at D0. Juxtaposed 

CtBP2 and Homer-1 spots are taken as ribbon synapses. The ribbon and synaptic density in noise exposed 

mice is comparable to that of non-exposed mice. Data at D1 show a trend towards reduction in both 

ribbons and synapses. While t-tests suggested a significant reduction, this did not withstand corrections 

for multiple comparisons. Due to variability, the number of experiments should be further increased. (C) 

Quantification of ribbons/IHC and synapses/IHC (E) at D14. Note a moderate but significant reduction in 

the number of ribbon and synapses at 24, 32 and 48 kHz frequency regions in noise exposed mice, 

irrespective of the noise intensity (p<0,05, t-test, post hoc Holm-Bonferroni correction). (D) Quantification 

of ribbons/IHC and synapses/IHC (D) at D0. Juxtaposed CtBP2 and Homer-1 spots are taken as ribbon 
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synapses. The ribbon and synaptic density in noise exposed mice is comparable to that of non-exposed 

mice. Preliminary data at D1 show a trend towards reduction in both ribbons and synapses, though this 

reduction is not statistically significant. (E) Quantification of ribbons/IHC and synapses/IHC (E) at D14. 

Note the mild but significant reduction in the number of ribbon and synapses at 32 and 48 kHz frequency 

regions in noise exposed mice, irrespective to the noise intensity (p<0,05, t-test).  

 

Degeneration of both presynaptic and postsynaptic elements in the IHC area was also observed 

one day after exposure, albeit the sample size was insufficient to draw a definitive conclusion. 

In the high-frequency (32-48 kHz) regions of the noise-exposed ears, the ribbon synapse density 

was observed to decrease to approximately 14/IHC two weeks after exposure. Conversely, in the 

lower-frequency (≤24 kHz) regions, no alterations in the ribbon synapse density were observed 

(Fig. 4.5, B). According to the results of other groups, the amplitude of the ABR wave I should 

approx. scale with the number of ribbon synapses (e.g. upon aging in Sergeyenko et al., 2013; see 

also CAP amplitudes in Jeffers et al., 2021). It would thus be expected that a ~20-25% loss of 

ribbon synapses as observed in this work, is accompanied by a similar reduction in the wave I 

amplitude, which however is not observed in our data (Fig. 4.4, E). While this discrepancy is hard 

to reconcile, it is possible that overall, very small ABR wave signals at high frequencies at the 

border of the recording noise, not supporting reliable analysis of the peak amplitudes, together 

with the variability, precluded observation of a small reduction in the ABR wave amplitudes. 

Finally, considering the limitations as described above, the tendency for reduction in the ABR 

growth functions was observed in some of the data obtained at D14 with 32- and 44-kHz 

stimulation (Fig. 4.4).   

In conclusion, the results indicate that exposure to 92- and 96-dB SPL noise-bands caused 

significant and permanent damage to cochlear structures, particularly in the high-frequency 

regions. Despite no apparent loss of hair cells, a reduction in synaptic density was observed, 

suggesting noise-induced damage to the ribbon synapses connecting IHCs to SGNs. 
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4.4. Ribbon synapse functionality after noise exposure reveals possible compensatory 

mechanisms to the delayed synaptic loss 

To gain more insights into the functional alteration occurring at the level of the ribbon synapses 

between the IHCs and the SGNs following noise trauma, I then performed perforated whole-cell 

patch clamp recordings on basal Inner Hair Cells from noise-exposed and control mice (at 

tonotopic position of approx. 40-50 kHz). This enabled me to accurately measure synaptic 

transmission and biophysical properties of the voltage-gated Ca2+channels in response to 

various depolarization durations and depolarization potentials, respectively, and observe how 

they change following exposure to acoustic trauma.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 IHC Ca2+ influx measured post-noise exposure and two weeks later.  

(A) IV-relationship of the IHCs whole-cell Ca2+ current show comparable current amplitudes in exposed 

and unexposed mice. The black line represents IHCs from unexposed mice, while the red and blue lines 

represent IHCs from mice exposed to noise at 96 dB SPL and 92 dB SPL, respectively. (Ai), overlapping 

kinetics of inactivation after acute noise exposure. 

(B) IV-relationship recorded after two weeks show comparable Ca2+ current amplitudes between in noise 

exposed and unexposed mice. 
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Whenever possible, the same animals were used to assess the synaptic density as well as IHC 

synaptic physiology to obtain most comparable results. On the day of exposure, the Ca2+ current 

amplitudes seemed unaffected by the noise trauma for any of the two noise SPLs used (Fig. 4.7 

A). This data is consistent with the observation of no synaptic loss on the day of exposure (Fig 

4.7) and further suggests no obvious noise-induced effects on the biophysical properties of these 

channels (such as voltage-dependence of activation, kinetics of inactivation; see e.g. example 

current recording in Fig. 4.7, Ai).  

To monitor the kinetics of calcium-dependent exocytosis, I then applied a series of depolarization 

pulses of variable durations using the voltage that evoked the inward calcium currents with the 

largest amplitude, as assessed from the IVs (Fig. 4.7). As previously described (Beutner and 

Moser, 2001) depolarizations below 20ms of duration trigger a fast, saturating component of 

exocytosis, thought to represent the fusion of a restricted synaptic vesicle pool immediately 

available for release, called the “readily releasable pool” (RRP). On the other side, longer 

depolarizations trigger a more linear component of exocytosis, thought to represent the fusion 

of vesicles upon vesicle replenishment (Beutner and Moser, 2001, 2001; Beutner et al., 2001; 

Pangrsic et al., 2010; Chakrabarti and Wichmann, 2019).  The results of my membrane 

capacitance recordings, obtained within a few hours after exposure, suggest that, within the 

scope of our mouse model, acute noise trauma does not seem to grossly impact the fast or slow 

component of exocytosis nor the Ca2+ efficiency of exocytosis. Nevertheless, enhanced 

exocytosis, along with increased total Ca2+ influx, can be observed following exposure to 96 dB 

SPL for short and a trend for long depolarizations. Conversely, data upon exposure to 92 dB SPL 

exhibis a tendency towards decreased exocytosis and Ca2+ influx in response to all applied 

depolarization durations, although the differences are not statistically significant. Cumulatively, 

this data suggests no noise-evoked acute disruption of IHC ribbon synapses in our experimental 

conditions, on the contrary, the strongest stimulation tested even suggests slightly enhanced 

exocytosis, which is possibly due to temporarily disrupted control of presynaptic activity early. 
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Figure 4.7 IHC exocytosis in acute noise exposed mice 

(A) Cumulative IHCs exocytosis (exocytic ΔCm, top) and corresponding Ca2+-charge (QCa, bottom) of not 

exposed mice in black, 96 dB SPL exposed mice in red and 92 dB SPL exposed mice in blu as a function of 

stimulus duration (from 2 to 100 ms to -14 mV) unaltered in noise exposed mice at D0. Note the increased 

efficiency of Ca2+ current in triggering the exocytosis at 2, 5 and 10 ms depolarization durations for 96 dB 

SPL (Ai, p<0.05, t-test). (B) Cumulative exocytosis and corresponding Ca2+-charge are enhanced in noise 

exposed mice. (Bi) Efficiency of Ca2+ dependent exocytosis at brief depolarization durations. (C) 

Representative Ca2+ currents (top) and Cm changes (bottom) in IHCs in response to 100ms depolarizations. 
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Figure 4.8 IHC exocytosis measured two weeks after noise exposure 

(A) Cumulative IHCs exocytosis (exocytic ΔCm, top) and corresponding Ca2+-charge (QCa, bottom) of not 

exposed mice (in black), 96 dB SPL exposed mice (in red) and 92 dB SPL exposed mice (in blu)) as a function 

of stimulus duration (from 2 to 100 ms to -14 mV) unaltered in noise exposed mice at D14. (B) Cumulative 

exocytosis and corresponding Ca2+-charge recorded at D14 are unaltered in noise exposed mice. (C) 

Representative Ca2+ currents (top) and Cm changes (bottom) in IHCs in response to 100ms depolarizations. 

 

Surprisingly, two weeks following noise exposure, patch clamp recordings revealed no significant 

changes in ribbon synapse functionality, despite a moderate but significant decrease in synaptic 

density at high frequency tonotopic positions as identified by immunofluorescence (Fig. 4.6). This 

observation implies that the residual ribbon synapses might undergo compensatory mechanisms 
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to maintain the overall synaptic functionality. This is consistent with the data observed by Boero 

et al. (2021) where exposure to loud noise caused an increase in IHC exocytosis (but upon very 

different exposure parameters in the apical cochlea one day after exposure, see Discussion). At 

present it is not clear, if there are additional, ribbonless AZs, formed at the plasma membrane. 

To address this possibility, an additional staining, using a presynaptic marker for AZ protein 

bassoon and/or for calcium channels in combination with ribbon-specific markers could be used 

to identify possible formation of ribbonless AZs. Indeed, orphan CaV1.3 immunofluorescent spots 

Since isoflurane may affect the function of the voltage-gated calcium channels (Study et al., 1994; 

White et al., 2005; Hao et al., 2020), I tested whether this could convolute the patch-clamp results 

obtained upon noise exposure. For this, I conducted an additional set of patch-clamp recordings 

in the basal IHCs of mice exposed to isoflurane for the same duration as the noise-exposed mice. 

The results revealed no significant changes in the calcium current amplitudes or voltage-

dependence of activation in the presence or absence of prior prolonged exposure to isoflurane 

(Fig 4.10). 

While we observed no significant effect of isoflurane on the calcium currents approx.. 1 hour 

after the end of isoflurane exposure (comparable to our first recordings in the IHCs from the 

noise-exposed animals), which validates the use of non-exposed controls, this data does not 

suggest isoflurane has no acute effects on the IHC synaptic function. It is quite likely that the 

putative effect of the anesthetic has dissipated by the time the patch clamp experiment were 

initiated. Indeed, isoflurane is a volatile anesthetic that rapidly dissipates after exposure 

cessation. 1 hour after the end of isoflurane exposure (comparable to our first recordings in the 

IHCs from the noise-exposed animals), which validates our use of non-exposed controls, this data 

does not suggest isoflurane has no acute effects on the IHC synaptic function. Thus, to determine 

whether isoflurane anesthesia has a direct effect on calcium channel and ribbon synapse activity 

during noise exposure, it is necessary to record the electrical activity of IHCs during acute 

application of isoflurane. In the future, thus, in vitro recordings will need to be devised to safely 

apply isoflurane in the extracellular solution while monitoring the (synaptic) activity of the IHCs 

by patch clamp. 
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Figure 4.9 Isoflurane exposure does not affect calcium channel properties in basal inner hair cells 

(A) IV-relationship of the whole-cell Ca2+ - current in previously anesthetized mice and not. The evoked 

Ca2+ current amplitudes in response to step depolarization potentials recorded from mice exposed to 

isoflurane are comparable with from unexposed mice. The protocol, consisting of 10 ms steps of 5 mV 

from -82 to +63 mV.  

(B) Fractional activation of the whole-cell Ca2+-current derived from the IV-relationships in (A) was fitted 

to a Boltzmann function. The panel shows overlapping voltage-dependent Ca2+ channel activation in 

isoflurane exposed and not animals. 

 

Thus, to determine whether isoflurane anesthesia has a direct effect on ribbon synapse activity 

during noise exposure performed under anesthesia, it is necessary to record the electrical activity 

of IHCs during isoflurane exposure. In the future, in vitro recordings will need to be devised to 

safely apply isoflurane in the extracellular solution while monitoring the (synaptic) activity of the 

IHCs through the patch clamp pipette. 
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4.5. Assessing the efficacy of AC102 in protecting IHCs ribbon synapses following noise trauma 

The discovery of a new compound, AC102, has opened up the possibility of stimulating neuronal 

regrowth and protecting neurons from injury (Polanski et al., 2010; Wernicke et al., 2010; Keller 

et al., 2020). This compound is currently undergoing tests of possible therapeutic protection of 

hair cells, ribbon synapses and/or SGNs in animal models of hearing loss, including noise-trauma 

and sudden hearing loss models. As such, it is undergoing preclinical trials with promising initial 

results. In order to further explore this potential therapeutic option for noise-induced hearing 

loss I tested AC102 in my mouse model of noise-induced synaptopathy. The purpose was to 

determine its efficacy at preventing synaptic loss due to acoustic trauma as well as any potential 

side effects that may arise from its use or administration protocol. 

To ensure reliable results I planned on using a combination of hearing sensitivity measurements 

along with immunofluorescence staining which will allow us to detect changes within individual 

cells over time following administration of AC102. As indicated by the guidelines of the company, 

Dr. David Oestreicher injected the compound diluted in the termosensitive gel through the 

tympanic membrane to deposit it on the round window of mice previously exposed to 92 dB SPL 

noise. The injections were performed on the day of exposure, following the hearing tests upon 

noise trauma. In the future, later time points will be tested to assess the suitable maximal time 

window of putative therapeutic approach with this drug. As previously shown by the company, 

the compound can diffuse through the porous membrane of the round window into the inner 

ear. Two weeks after noise exposure and application of the medication, the ABR recordings were 

performed in all mice, followed by ribbon synapse staining for further analysis 

(immunohistochemistry experiments performed with the help of Mrs. Laura Schoch). 

The results revealed no significant difference between ABR thresholds in noise-exposed animals 

with or without treatment with the AC102. While this may suggest that the early application of 

AC102 can not protect against mild ABR threshold shift as observed in our noise-exposed control 

animals, possible surgery-evoked mechanical damage to the cochlear tissue in particular at the 

cochlear base can currently not be excluded. 
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Figure 4.10 Auditory brainstem responses to tone bursts in noise-exposed mice after administration of 

AC102 

(A) ABR thresholds of mice exposed to 92 dB SPL noise with (pink trace) or without treatment with the 

AC102 (blue), recorded at D14. According to these data, AC102 does not seem to ameliorate the 

permanent threshold shift at high frequency regions (32 kHz), however a possible mechanical damage 

during operational procedure can at present not be excluded). 

(B)  IHC ribbon density seems to recover well after administration of AC102 at 32 kHz, but not 44 kHz 

tonotopic region.  

(C)  The recovery of synapses (in this case, postsynaptic boutons) is not observed at any of the two noise-

affected frequencies. 

 

A caveat of the present experiments is that so far, the results of the AC102 application were 

compared to non-injected controls rather to controls with sham injections (t.i. the gel vehicle 

without the active compound). In the future, this along with further tests of AC102 should best 

be performed in the noise conditions that show higher degree of synaptopathy to ease the 

analysis and interpretation of data. 

Prior research has proposed that AC102 may exert its influence on post-synaptic compartments 

at the level of neuronal bodies, stimulating the transcription of crucial neurotrophic factors such 

as BDNFα (Wernicke et al., 2010). This mechanism could potentially account for the compound's 

observed neuronal regrowth and protective effects as observed in the animal model of Alzheimer 

(Polanski et al., 2010). In the context of the cochlea, it is postulated that AC102 could act on the 
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SGNs, promoting the expression of key transcription factors that may protect or regenerate 

synaptic terminals following noise trauma. Increased numbers of ribbons, on the other hand, may 

be related to direct protective or regenerative effects of the medication on the ribbons, or 

indirect effects through protection against postsynaptic loss. Since we observed a putative 

recovery of the synaptic ribbon numbers at the 32-kHz tonotopic region in the absence of a 

complete recovery of the respective postsynaptic elements, our data favors the former 

hypothesis of a direct protective or regenerative effect on the presynaptic ribbons. 

Finally, I conducted an in-vitro investigation to assess the acute impact of AC102 on IHC synaptic 

function. For these experiments, I selected to work with the apical region of the Organ of Corti 

due to technical ease of the patch-clamp recordings in comparison to basal IHCs. The compound 

was dissolved in an extracellular solution at concentrations previously estimated by the company 

to occur in the perilymph upon in vivo application on the round window, and whole-cell 

perforated patch clamp recordings were subsequently performed in these cells. 

The findings revealed that acute exposure to AC102 did not significantly alter the synaptic 

electrical properties of the IHCs, neither in terms of Ca2+ channel properties nor synaptic vesicle 

release. My data thus suggests no adverse acute effects of the drug on the IHC synaptic function. 

 

4.6. Optogenetic overstimulation of ex-vivo Organ of Corti  

Noise-induced synaptopathy is a condition that results from overexposure to loud noises and can 

lead to synaptic loss. The mechanism behind noise-induced synaptopathy begins with excessive 

stimulation of the hair cells. High intensity sounds cause greater depolarisation of the IHC plasma 

membrane, which in turn leads directly to excessive release of glutamate molecules, resulting in  

increased neural activity that can eventually determine excitotoxicity at the level of the SGN 

terminals and their subsequent loss (Puel at al., 1998; Kim et al., 2019; Hu et al.,2020). 

To gain a better understanding of the molecular processes involved, I proposed developing an in 

vitro mouse model using the Ai32VC-KI mouse line expressing channelrhodopsin 2 (ChR2) in the 

inner hair cells (IHCs), under the Vglut3 promoter (Fig. 4.13). 
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Figure 4.11 Acute exposure to AC102 did not significantly alter the IHCs synaptic functionality 

(A) IV-relationship of the whole-cell Ca2+ current in control IHCs (n=23 cells, N=15) and in presence of 

AC102 (n=24 cells, N=15) show comparable current amplitudes. The protocol, consisting of 10 ms steps of 

10 mV from -82 to +63 mV.  

(B) IHC peak Ca2+ currents at -14 mV are overlapping between control IHCs and perfused with AC102. 

(C) Cumulative IHCs exocytosis (exocytic ΔCm, top) and corresponding Ca2+-charge (QCa, bottom) of control 

IHCs (n=5-7 cells, N=3) and perfused with AC102 (n=4-5 cells, N=2) as a function of stimulus duration (from 

2 to 100 ms to -14 mV) are comparable.  

(D) Relating ΔCm to the corresponding QCa indicated comparable Ca2+ efficiency of exocytosis between 

control IHCs and after AC102 perfusion. 

(E) Cumulative IHCs exocytosis upon 20ms (reflecting the exocytosis of the RRP) and 100 ms (reflecting 

the replenishment of the synaptic vesicles) in control IHCs and after perfusion with AC102 shows 

comparable results. 

 

By illuminating with blue light at 488 nm, it should be possible to repetitively stimulate the IHCs 

and thus mimic a prolonged excessive stimulation during noise exposure. Such optogenetic 

overstimulation, if successful, could then be used as a tool for studying changes in ribbon synaptic 

density associated with acoustic overexposure. 

To test for possible effects of optogenetically-evoked overstimulation, I performed 

immunohistochemistry in combination with confocal microscopy to detect and visualize potential 

structural synaptic IHC alterations. The first results of my research provided evidence that the 

apical coils of the Organ of Corti show a longer survival rate than those in the basal region. Based 

on this, I decided to use this more robust region of the cochlea for optogenetic stimulation as it 

is likely to yield better and more reliable results. Furthermore, due to longer viability, there is a 

potential for further experimentation with different pharmacological interventions in the apical 

cochlear area, which could lead to new discoveries about the molecular processes involved in the 

noise-induced synaptopathy.  

Drawing upon this initial knowledge, optical stimulation of the apical turns was commenced. 

Initially, the specimens were exposed for a duration of 45 minutes, utilizing a light exposure time 

of 20 ms and an interpulse interval of 650ms. The selection of the time interval and the exposure 
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time was based on previously conducted research on the same mouse line by a different 

laboratory, demonstrating the complete repolarization of the inner hair cells (IHCs) following 

optical stimulation of the ChR2 within a time frame of less than 50 ms from the end of the optical 

stimulation, and that membrane depolarization achieved its peak approximately 20 ms after 

stimulation and subsequently began to gradually repolarize, suggesting the deactivation of the 

ChR2  (Chakrabarti et al., 2022).  

This information guided my decision to adopt an exposure time of 20 ms and an interpulse time 

interval of 70 ms for the optical stimulation of the samples in this experiment. The interpulse 

interval was determined by a technical constraint within our laser stimulation software, 

precluding further reduction of the time interval. Prior to commencing the exposure of the CRE+ 

mouse line to blue light, a group of CRE- mice lacking the expression of the ChR2-YFP construct 

were subjected to a 60-minute exposure to blue light at 80% laser power. No evidence of cellular 

phototoxicity was observed in these mice, thereby providing an essential experimental control.  

The findings in CRE+, ChR2-expressing mice revealed no alteration in the ribbon density 

subsequent to optical stimulation at any of the laser powers examined (Fig 4.14). Interestingly 

and unexpectedly, only a small fraction of the spiral ganglion neuron (SGN) terminals survived 

for an hour in our ex-vivo conditions. The survival of SGNs did not improve despite my several 

attempts to improve the conditions (e.g. different techniques of organ isolation/preparation, or 

different types of solutions). 
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Figure 4.12 ChR2-YFP positive IHCs in the Ai32-VC-KI mouse line 

(A) The Ai32 mouse line was crossbred with the Vglut3-ires-Cre line to obtain expression of the construct 

specifically in the IHCs. 

(B) Picture of the dissected cochlea showing the apical and basal regions (red dashed lines) used for the 

experiments.  

(C) Apical turn (top panel) and basal turn (bottom panel) of the Organ of Corti under the brightfield 

microscope.  

(D) Apical turn under spinning-disk microscope. X63 zoom. ChR2-YFP positive IHCs in green. 
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Figure 4.13 Optogenetic Stimulation of IHCs does not affect ribbon density in ex-vivo conditions 

(A) IHC ribbon (top panel) and post-synaptic terminals’ density (bottom panel) showing no alteration after 

optical stimulation in function of laser power. The stimulation parameters were as following: 20 ms 

exposure time; 650 ms interpulse time intervals; 45 min total exposure time. Note how only a small 

fraction of the SGN terminals survives in the ex-vivo preparation.  

(B) IHC ribbon density showing no alteration after optical stimulation following optical stimulation with 

80% of the laser power. The stimulation parameters were as following: 20 ms exposure time; 70 ms 

interpulse time intervals; 45 min total exposure time.  

(C) IHC ribbon density showing no alteration after optical stimulation following optical stimulation with 

80% and 100% of the laser power. The stimulation parameters were as following: 20 ms exposure time; 

70 ms interpulse time intervals; 60 min total exposure time.  

(D) CRE- mouse line exposed to 100% laser power doesn’t show significant ribbon loss after 60 min. 
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Figure 4.14 Confocal z sections show no ribbon IHC loss 

Maximal projections of confocal Z sections of non-stimulated (left panel) and stimulated IHCs (right panel) 

did not reveal any substantial loss of IHC ribbons following a 60-minute exposure to blue light at 80% laser 

power. This observation was made using CtBP2, a marker of ribbons and nuclei in red, and Homer1, a 

marker of postsynaptic density in green. Scale bar 10µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
95 

 

5. Discussion 

The primary objective of this project was to create a mouse model that could demonstrate a 

reliable and clear loss of ribbon synapses after exposure to noise trauma under anesthesia. We 

observed a mild but consistent delayed loss of ribbon synapses at the high frequency region, 

prompting us to employ this model for functional analysis.  

Drawing inspiration from the successful mouse model developed by Kujawa and Liberman (2009), 

see introduction section, I have decided to utilize their work as a foundational starting point for 

the development of a novel mouse model specific to the characteristics of my project. As 

reported by Zheng, Johnson, and Erway (1999), male C57bl/6J mice, in conjunction with the 

CBA/CaJ strain, have been identified as ideal models for investigating the effects of noise 

exposure on the cochlea due to their normal ABR thresholds at 33 weeks of age. In light of the 

technical challenges associated with single cell electrophysiology recording (patch clamp) from 

inner hair cells (IHCs) located in the basal region, particularly in cases where recordings must be 

performed immediately following noise exposure and again after a 2-week interval (when the 

effects were described to be permanent; Liberman et al., 2015), I have opted to begin noise 

exposure in weaned male animals at the age of 3-4 weeks as the experiments in older animals 

become progressively more challenging.   

There are several different noise exposure paradigms that have been used in animal studies to 

investigate the effects of noise on the auditory system. The use of an octave band of noise with 

a frequency range of 8-16 kHz has been widely employed in animal research to study the effects 

of noise exposure on the auditory system (Liberman and Kiang, 1978; Liberman and Mulroy, 

1982; Liberman and Dodds, 1984a; Liberman and Dodds, 1984b; Liberman and Kiang, 1984;  

Zheng, Johnson, and Erway, 1999; Kujawa and Liberman, 2006; Kujawa and Liberman, 2009; 

Kujawa et al, 2011; Kujawa and Liberman, 2015; Liberman et al, 2015; Suthakar and Liberman, 

2021). One of the advantages of using the 8-16 kHz octave band of noise in animal research is its 

specificity in targeting the high-frequency region of the cochlea, which is particularly vulnerable 

to noise-induced hearing loss (Cody and Johnstone, 1981; Liberman and Mulroy, 1982). Other 

noise paradigms such as continuous pure tone, intermittent noise, and white noise have also 

been employed. However, all of these paradigms have important limitations when studying the 
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effects of noise trauma on the Organ of Corti. Continuous pure tone exposure involves exposure 

to a single tone at a constant frequency and intensity over an extended period of time (Hakuba 

et al, 2000; Tan et al, 2007). While this paradigm can be useful for investigating the effects of 

specific frequency components on hearing, it may not accurately reflect real-world noise 

exposure patterns and, it may not account for the potential effects of noise exposure at multiple 

frequencies. Theopold's study (1978) uncovered a correlation between the frequency band of 

the noise and the extent of cochlear damage. Specifically, the study demonstrated that when the 

animals were exposed to an octave band of noise, the region of the cochlea that was damaged 

was significantly wider compared to the damage caused by a continuous pure tone noise.  

Intermittent noise exposure involves repeated episodes of noise exposure with periods of rest in 

between. While this paradigm can better mimic real-world noise exposure patterns, it can be 

more difficult to control and standardize the duration and intensity of each exposure episode, 

and it may not fully account for the cumulative effects of noise exposure over time. Intermittent 

noise exposure allows the auditory system to recover between noise phases, which may explain 

the reduced damage observed (Chen et al, 1998; Campo and Lataye, 1992; Clark et al., 1987; 

Clark and Bohne, 1992; Fredelius and Wersall, 1992; and Patuzzi, 1998). Campo and Lataye (1992) 

and Clark and Bohne (1992) have suggested that the recovery period may allow for restoration 

of the endolymph and normalization of the ionic environment in the inner ear, reducing the 

likelihood of damage to the hair cells. 

Finally, white noise exposure involves exposure to noise that contains equal power across all 

frequencies. Although this noise paradigm can offer a comprehensive and wide-ranging stimulus 

to evaluate hearing function across all frequencies, it may not precisely simulate real-life noise 

exposure patterns. Furthermore, it can be challenging to regulate the frequency composition of 

the noise.  

After conducting a comprehensive literature review and carefully considering my research 

objective to establish a mouse model of acoustic trauma that displays synaptopathy without 

cellular loss, I have determined that the 8-16 kHz noise band paradigm is the most suitable. This 

decision was further guided by the previous tests of the laboratory that failed to find a noise 
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paradigm evoking a clear (permanent) synaptopathy in the apical cochlea, which would have 

otherwise been much easier to assess by in vitro electrophysiology (see below).    

 

5.1 Functional comparison between apical and basal IHCs  

To create an effective animal model of noise-induced hearing loss, it is essential to understand 

the tonotopic distribution of vulnerability to noise in the cochlea. Observing synaptic damage in 

the apical cochlea has so far either failed (previous attempts in our lab), or demands very high 

levels of noise, causing very strong PTS (see Boero et al., 2021). Furthermore, in this study, the 

loss of ribbons was only temporary (Boero et al.; 2021). Testing the effects of hidden hearing loss 

(with no PTS) or in the presence of at most mild PTS, thus does not seem possible in that part of 

the cochlea, which is otherwise well accessible to in vitro electrophysiological investigation. The 

basal part of the cochlea, on the other hand, which processes high-frequency sounds, is 

reportedly most vulnerable to noise exposure. Thus, the majority of studies on noise-induced 

hearing loss and in particularly a hidden hearing loss, focused on noise paradigms that damage 

high frequency hearing. In the mice, thus, often a 8-16 kHz noise band is chosen (see e.g. Kujawa 

and Liberman, 2009; Liberman et al., 2015; Liu et al., 2019; Kim et al., 2019; Hu et al.2020). Noise 

exposure in this octave band is typically most synaptopathic for the tonotopic cochlear regions 

between 24 and 50 kHz (see e.g. Liberman et al., 2015). Any of these regions is not easily 

accessible to in vitro patch-clamp as during the excision these parts of the organ of Corti are 

extremely prone to mechanical damage. In my initial tests, I determined that the preservation of 

the tissue is better in the wholemount of the basal part of the cochlea, containing the tonotopical 

region around 40-50kHz, as compared to tonotopical regions towards the mid of the cochlea (e.g. 

24-32 kHz). I thus decided to focus my experiments in the 40-50kHz tonotopic region. Performing 

a patch clamp of IHCs in the basal region is challenging but crucial for investigating the functional 

and anatomical alterations of the ribbon synapses following noise exposure. Thus, the first and 

most challenging step of this project was to establish a protocol to successfully record ionic 

currents and monitor exocytosis in the basal IHCs.  

In my initial attempts to perform patch clamp recordings of basal inner hair cells (bIHCs), I used 

young mice aged 13-15 days. This approach was chosen due to the fact that at this developmental 
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stage, the cochlear bone is not as hard, making it easier to perform dissections of the basal region 

as compared to older mice (>p21), where dissections can become increasingly challenging. To 

establish a robust experimental baseline for my investigation, age-matched mice were 

euthanized and patch clamp recordings of apical inner hair cells (aIHCs) used as comparison. This 

approach was selected due to the established reliability of these recordings within our 

laboratory. Initial recordings of bIHCs showed significantly smaller depolarization-evoked Ca2+ 

current amplitudes as well as calcium charge transfer (QCa) when compared to the age-matched 

aIHCs. On the other side, Ca2+-dependent exocytosis appeared to overlap between apical and 

basal IHCs, suggesting a significantly higher efficiency of Ca2+ -triggered exocytosis at both short 

depolarization durations (<20 ms), which reflects the exocytosis of the RRP, and long (>20ms), 

which reflects the replenishment of the vesicles. In the bIHCs of slightly older,  p21-28, mice, the 

Ca2+ current amplitudes approached, but were still smaller as compared to the 2w-old apical 

IHCs, while the difference was no longer significant when inspecting the QCa. However, the Ca2+-

dependent exocytosis was significantly higher for longest pulses. These results suggest further 

increase in the efficiency of exocytosis upon long depolarizations in the bIHCs, which may be due 

to further development of the bIHC synaptic physiology and enhanced vesicle replenishment. 

This finding aligns with the research of Johnson et al. (2008) and Johnson et al. (2009), who 

studied the tonotopic variation in the Ca2+ dependence of neurotransmitter release and vesicle 

pool replenishment in gerbil ribbon synapses. The authors found that the Ca2+ efficiency of 

exocytosis improved in both apical and basal IHCs with maturation, with a more pronounced 

improvement in the basal IHCs. Johnson et al. (2008) suggested that vesicle pool refilling could 

become rate-limiting for vesicle release in adult IHCs, with high-frequency cells able to sustain 

greater release rates (Johnson et al. 2008).  

 

5.2 Noise trauma and its effect on auditory function  

The development and investigation of different animal models of noise trauma are important 

steps towards understanding the different manifestations of noise over-exposure, including the 

possible different impacts on IHC ribbon synapses. In this study, two groups of mice were exposed 

to an octave noise band (8-16kHz) for 2 hours at either 96 or 92 dB SPL. The hearing sensitivity 
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and cochlear amplification was measured before and after the exposure using ABR and DPOAE, 

respectively, while the animals were anesthetized with isoflurane (up to 2%).  

The ABR thresholds recorded immediately after the noise exposure showed varying degrees of 

change depending on the intensity of the noise (~40 dB vs ~20 dB SPL threshold shift upon 96- 

and 92dB-noise exposure, respectively). Prolonged exposure to isoflurane alone appeared to 

temporarily increase the thresholds by ~20 dB SPL. This suggests that only with the highest noise 

intensity paradigm used (96 dB SPL) part of the threshold increase could be safely attributed to 

noise trauma, while possible modest acute effects upon 92dB-exposure, if present, could not be 

separated from the effects of volatile anesthetic. The ABR W1 amplitude, which reflects the 

synchronous activity of the auditory nerve fibers, also displayed a considerable reduction in the 

96 dB SPL group of mice. Assessment of OHCs activity using DPOAE threshold and amplitude 

analyses, revealed a significant reduction in OHCs activity immediately after noise exposure. This 

decrease in OHCs activity suggests that exposure to both 96 and 92 dB SPL noise intensity of 96 

dB SPL had affected OHCs function. However, it is important to note that the combined effect of 

isoflurane anesthesia and noise exposure might have contributed to the observed changes in the 

OHC function. The control DPOAE experiments in mice exposed to isoflurane but not noise were 

unfortunately of too poor quality for reliable comparison. To distinguish between the possible 

effects of isoflurane and noise exposure, these control experiment thus need to be repeated in 

the future. Judged by the published data, the effects of isoflurane on DPOAE thresholds are less 

pronounced as compared to the effects on the ABR thresholds (Cederholm et al., 2012;).  

In a cohort of animals, the hearing tests were repeated two weeks after initial noise exposure, 

both noise-exposed groups of mice demonstrated evidence of mild PTS at high frequencies. IN 

addition, a moderate loss of ribbon synapses was detected in the high-frequency tonotopical 

regions two weeks after noise exposure, independent of the noise intensity. This loss seemed to 

be slightly delayed in comparison to other studies (e.g. Liberman, Kujawaa), as it was not 

observed immediately after noise exposure. Limited amount of data on D1 samples however may 

suggest that the loss of ribbon synapses is evident by approx. 24 hours after noise exposure. 

There are two critical aspects highlighted by these findings. 
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Firstly, as previously observed and suggested (Liberman and Dodds, 1984; Wang et al., 2002) the 

noise exposure typically damages cochlea at the tonotopic frequency regions above the 

frequencies of the applied noise band, typically starting an octave above the lower edge of the 

noise band (e.g. in our case, 8 kHz). In our model, at low-frequency regions (<16 kHz), no 

functional alterations of signal transduction were observed, consisted with an idea of such 

"octave shift". From 16 kHz onwards, the damaging  effect of noise exposure became visible in 

the ABR thresholds (with a trend at 16kHz, and a significant increase in the ABR threshold at 24 

and 32 kHz). Noise exposure can cause reversible and irreversible damage of the cochlear 

structures, for example a temporary threshold shift (TTS) or a permanent threshold shift (PTS), 

but also temporary stereociliary damage or synaptic damage with or without (partial) 

recovery/repair. A noise-induced PTS has been ascribed to anatomical alterations of stereocilia, 

perforation of the reticular lamina with the consequent mixture of perilymph and endolymph, 

decreased endocochlear potential, and cellular loss (Wang et al., 2002). A TTS, on the other hand, 

is believed to mainly reflect a temporary collapse of supporting cells (Wang et al., 2002).   

Secondly, in our experimental conditions, we could not evoke the so called hidden hearing loss, 

which has first been observed and described by Kujawa and Liberman (Kujawa and Liberman, 

2009) as a TTS with permament loss of a subpopulation of ribbon synapses. While exposure to 

either 92 or 96 dB noise caused a comparable loss of ribbon synapses as well as comparable 

minor PTS, lower SPL noise values not shown in this thesis but tested preliminary in the lab (90 

dB SPL), that results in no PTS did not result in a significant loss of ribbon synapses. This means 

that in our experimental conditions, a significant loss of ribbon synapses was only observed in 

the presence of at least a mild PTS. One possibility to explain the above observations could be 

the effect of isoflurane on auditory nerve fibers. Isoflurane was reported to reduce the 

excitability of SGNs (Cederholm et al., 2012), possibly attenuating an over-excitation during noise 

exposure. Since over-excitation of SGNs terminals during acoustic overexposure according to 

recent data seems essential for triggering presynaptic ribbon loss (Kim et al., 2019; Hu et al., 

2020), it is plausible to hypothesize that the same noise intensity that would induce TTS and 

consequently ribbon loss in awake animals may not be sufficient to overstimulate SGNs under 

isoflurane exposure, resulting in no ribbon loss with milder noise SPL levels. In this scenario, to 
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induce ribbon loss, the intensity of the noise needs to be increased, ultimately creating a PTS. In 

summary, this is essentially what our new mouse model demonstrates. A TTS specific for the 

frequency region of 16 kHz, for both 92 and 96 dB SPL, does not exhibit any ribbon loss. On the 

contrary, cochlear regions ≥24 kHz showing a PTS also display approx.. 20% ribbon loss. It is 

possible that noise of further increased SPLs (e.g. 100 dB SPL) might induce a larger PTS and a 

greater ribbon loss. However, caution should be exercised with higher intensity exposures, as 

hair cells might be lost, or the stereocilia heavily damaged, resulting in an early block of the MET 

already during noise exposure, which may potentially even lead to a situation that reduced hair 

cell activation and consequently “protects” ribbon synapses. Our model of of noise-evoked 

auditory synaptopathy is perhaps most interesting in the observation that even though 

protective effects of isoflurane are postulated, our results indicate that a moderate ribbon 

synapse loss can even be observed when little or no ABR threshold shift is evident immediately 

after noise exposure, as it in particularly the case with our 92 dB exposure. Auditory synaptopathy 

is typically observed in conditions that show at least 20, but more often 40 dB of initial ABR 

threshold shift immediately after noise exposure that typically is of transient nature and recovers 

within a few days (see e.g. Liberman and Kiang, 1978; Liberman and Dodds, 1984; Kujawa and 

Liberman, 2006; Kujawa and Liberman, 2009;Furman et al., 2013; Liberman and Kujawa, 2017; 

Fernandez et al., 2020). So far, I am not aware of a study that would demonstrate a loss of ribbon 

synapses can also occur with little to no obvious immediate threshold shift. While the 

interpretation of our threshold shift immediately noise exposure is complicated due to 

confounding effects of isoflurane and noise trauma, it is still likely that the ABR threshold shift, if 

present, is at most mild upon 92 dB exposure. Our data thus suggests that, at least in the presence 

of volatile anesthetic isoflurane, a small but significant noise-evoked ribbon synapse loss seems 

disconnected from an immediate ABR threshold shift. This observation is to my knowledge novel 

and should open a path for future investigations. One intriguing interpretation for this 

observation is that in conditions where the function of the OHCs and MET is well preserved during 

the entire duration of prolonged noise exposure, this may cause a relatively larger synaptic 

damage as the hair cells may remain in the “overexcited state” for prolonged period of time (as 

compared to an alternative situation where an early noise-evoked damage to stereocilia or the 
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OHCs may attenuate hair cell depolarization still during the noise exposure, effectively shortening 

the time of damaging hair cell and postsynaptic over-excitation) 

 

5.3 Mechanisms underlying IHCs ribbon loss in noise  

The amount of synaptic loss was comparable between the two different noise intensities used, 

and selective for the high frequency regions (>24 kHz). However, despite these results match 

with those from Kujawa and Liberman (2009), two important differences should be noted. The 

first is the amount of the synaptic loss, almost 20% percent in this study against the almost 50% 

observed by Kujawa and Liberman (2009). Secondly, the time course of the synaptic loss, two 

weeks after the noise exposure (or likely by D1) in this study against a few hours in the Kujawava 

and Liberman study (according to personal communication, approx.. 2 hours). Interestingly, this 

“fast” synaptic loss seems to occur in other studies where mice are exposed to moderate 

intensity noise that determines a TTS (Sebe et al., 2017; Kim et al., 2019; Hu et al., 2020; Boero 

et al., 2021). This suggest that any molecular mechanism underlying the death of the ribbon 

synapses would occur relatively fast, within few hours after the noise or even during the exposure 

itself. On the other hand, the present study shows a delayed ribbon synaptic loss, suggesting the 

involvement of possible different molecular mechanisms of those involved in the fast synaptic 

loss.  

Since three decades researchers tried to unravel the mechanism at the base of the synaptic 

neuropathy observable upon noise exposure. The predominant hypothesis sees glutamate as the 

main factor responsible of the synaptic loss. Glutamate is essential for normal auditory function, 

but excessive glutamate release can be neurotoxic and can lead to synaptic loss and neuronal 

death (Choi, 1988). Excessive glutamate release can occur in response to various types of stimuli, 

including noise exposure, ototoxic drugs, and other insults to the auditory system. The to be due 

to a combination of increased glutamate release from IHCs and reduced uptake of glutamate by 

glial cells (Kujawa and Liberman, 2009). A second line of evidence supporting the glutamate 

toxicity hypothesis is that blocking glutamate receptors with antagonists can prevent or reduce 

noise-induced hearing loss (Ruel et al., 2005; Sebe et al, 2010; Hu et al., 2020). For example, 

Riluzole, an FDA-approved drug used to treat amyotrophic lateral sclerosis, has been shown to 
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protect against noise-induced hearing loss by inhibiting glutamate release (Ruel et al., 2005). 

Other drugs that target glutamate receptors or glutamate transporters are also shown to be 

effective in preventing or reducing noise-induced hearing loss. For instance, Sebe et al. (2010) 

provides evidence for the presence of CP-AMPARs at the mature hair cell ribbon synapse in 

different species, including zebrafish, rat, and bullfrog. The researchers used a combination of in 

vivo electrophysiological and Ca2+ imaging approaches in zebrafish larvae to demonstrate that 

hair cell stimulation leads to robust Ca2+ influx into afferent terminals, and prolonged application 

of AMPA causes excitotoxicity and loss of afferent terminal responsiveness. Furthermore, 

blocking CP-AMPARs protects terminals from excitotoxic swelling (Sebe et al, 2010; Hu et al., 

2020). A third line of evidence is that cochlear perfusion of the AMPA/kainate antagonist, 

kynurenate, can protect against noise-induced swelling of cochlear nerve terminals contacting 

IHCs (Ruel et al., 2005). This swelling is thought to be due to excessive glutamate release and the 

resulting activation of glutamate receptors on the cochlear nerve terminals.  

Insults other than noise lend support to the glutamate toxicity hypothesis. For example, 

aminoglycoside antibiotics, which are commonly used to treat bacterial infections, can cause 

both hair cell loss and synaptic loss in the cochlea (Ruan et al., 2014; Oishi et al., 2015). Studies 

have shown that aminoglycosides can cause glutamate release and glutamate toxicity in the 

cochlea (Smith, 1999). Similarly, impulse noise exposure, which is characterized by short-

duration, high-intensity sound pulses, can also cause synaptic loss in the cochlea (Cho et al., 

2013). Excessive activation of ionotropic glutamate receptors, particularly the AMPA receptors, 

can lead to calcium influx into the postsynaptic neuron and the activation of downstream 

signaling pathways that can lead to synaptic loss and neuronal death (Lau and Tymianski, 2010). 

The calcium influx can activate proteases, such as calpains and caspases, which can cleave 

cytoskeletal and synaptic proteins and lead to synaptic loss (Fonseca et al., 2016). In addition, 

excessive activation of AMPA receptors can lead to the internalization of the receptors and the 

reduction in the number of functional receptors at the synapse (Cull-Candy et al., 2006). This 

reduction in functional receptors can lead to a decrease in synaptic strength and eventually to 

synaptic loss. While it is evident that noise trauma-induced synaptic loss requires glutamate 

release and subsequent over-activation of glutamatergic receptors, predominantly CP-AMPA 
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receptors, situated in the terminals of the Spiral Ganglion, the precise molecular mechanisms of 

ribbon loss remain uncharted.  

Ubiquitin-mediated proteolysis may be one potential candidate mechanism for the degradation 

of proteins. This process involves the tagging of a protein that requires degradation with a small 

protein known as ubiquitin, which is facilitated by a series of enzymes. This post-translational 

modification directs the protein to the proteasome, a complex of proteins that rapidly breaks 

down the protein through proteolysis (Voges et al., 1999). In vitro experiments measuring 

proteasomal activity have demonstrated that the proteasome can degrade proteins within a 

matter of minutes (Beckwith et al., 2013). This could potentially explain why synapse loss is 

observed immediately after the noise insult. Inhibition of ubiquitination in the Drosophila 

melanogaster neuromuscular junction has been linked to increased neuronal excitability (Martin 

et al., 2016), which suggests a possible role for ubiquitination in the regulation of IHC presynaptic 

activity. Additionally, it is possible that nitric oxide (NO), a signaling molecule, is involved in this 

process. NO is involved in various cellular processes, including the uncoupling of the gap junction 

system in Deiter's cells, the regulation of blood flow, and immune response (Green et al., 1990; 

Rörig and Sutor, 1996; Jiang et al., 2004). NO is also implicated in synaptic transmission, with 

neuronal NO-synthase linked to glutamate receptors, and activation of these receptors resulting 

in NO formation (Dawson et al., 1991). Following noise exposure, the concentration of NO in the 

cochlea has been shown to increase, inhibiting mitochondrial respiration (Shi et al., 2007). 

Studies on mice lacking NO-sensitive guanylate cyclase show that while their hearing function is 

normal, they exhibit less sensitivity to noise exposure, with lower elevation of auditory brainstem 

response thresholds, but similar elevation of distortion product otoacoustic emissions thresholds 

compared to wildtype animals. Moreover, these mice show lower ribbon loss than wildtype 

animals. Möhrle and colleagues reported that NO activates guanylate cyclases, inducing an 

elevation of cyclic guanosine monophosphate (cGMP) in IHCs but not in outer hair cells (OHCs) 

(Möhrle et al., 2017). These data suggest that NO affects IHC function, and its production is 

increased following intense activity associated with noise trauma. Furthermore, NO activates 

guanylate cyclases, producing cGMP, which acts as a second messenger to activate stress-related 

signaling cascades (Ma et al., 2015). 
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Another potential mechanism that may contribute to synapse loss in IHCs is oxidative stress. 

Reactive oxygen species (ROS) are generated in response to various stressors, including noise 

exposure, and can cause cellular damage by oxidizing lipids, proteins, and DNA (Le Prell et al., 

2007). ROS have been shown to cause degeneration of cochlear hair cells, including the loss of 

synapses (Ohlemiller et al., 1999). 

Contrary to the results showed on Kujawa and Liberman 2009, the mouse model used in this 

study shows a reliable synaptic loss only a later time point. The reasons must be attributable to 

the either the paradigm of noise exposed or the anesthesia. On one hand, it is plausible that 

increasing noise exposure intensity could lead to a more noticeable loss of ribbon synapses, 

potentially occurring immediately after exposure. On the other hand, it is also possible that the 

delayed loss of ribbon synapses is due to the protective effect of anesthesia, or perhaps a 

combination of both factors. It can be hypothesized that mild-intensity noise, causing a 

temporary shift in ABR/DPOAE thresholds by a few dB SPL (e.g., 10-15 dB SPL), combined with 

the protective effect of a volatile anesthetic like isoflurane, may activate stress-induced cellular 

signaling pathways (such as ROS, cGMP/PKG signaling, ubiquitination, etc.) that accumulate over 

hours or days, ultimately leading to the degradation of ribbon synapses. Additionally, if 

histological analysis is conducted at a later time point, such as one month after the noise trauma, 

it might reveal cellular loss as well. 

An alternative more intriguing hypothesis, arising from this investigation suggests that a mild 

noise exposure accompanied by pharmacological protection may trigger distinct molecular 

mechanisms leading to delayed ribbons loss, which differs from those proposed to explain 

immediate ribbons loss. 

 

5.4 Functional alteration of IHCs ribbon loss in noise  

To further investigate the functional alterations occurring at the level of ribbon synapses 

between the inner hair cells (IHCs) and the spiral ganglion neurons (SGNs) following noise trauma, 

whole-cell perforated patch clamp recordings on basal inner hair cells from noise-exposed and 

non-exposed mice were performed.  
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The results indicate that exposure to noise did not impact the biophysical properties of Ca2+ 

channels. Specifically, Ca2+ currents and voltage activation kinetics of Ca2+ channels remained 

unchanged after the noise trauma. Following the 96 dB SPL noise exposure, a significant increase 

of Ca2+ dependent exocytosis was detected on the day of exposure at 5, 10, and 100 ms 

depolarization duration. Importantly, despite the increase in exocytosis, there were no significant 

changes in Ca2+ influx, suggesting higher IHC efficiency of exocytosis. 

One possible explanation for the observed increase in exocytosis after noise exposure is related 

to potential mechanisms of synaptic plasticity. Several studies have provided anatomical 

evidence suggesting that synaptic rearrangements on sensory hair cells occur at different 

conditions, for example after noise exposure or in aging mice (Shresta et al., 2018; Stamataki et 

al., 2006; Jiang et al., 2015; Zachary and Fuchs, 2015; Jeng et al., 2021). In aging mice, despite 

showing degeneration of up to 50%, ribbon synaptic plasticity can be observed in the form of an 

increase in the size of the presynaptic ribbons, which is accompanied by a higher density of Ca2+ 

currents and sustained exocytotic responses, indicating a synaptic release potentiation (Peineau 

et al., 2021). Interestingly this synaptic release potentiation is observed also in mice noise 

exposed (Boero et al, 2021). The increase in the size of the presynaptic ribbons in aging mice is 

associated with larger Ca2+ microdomain amplitude and larger density of Ca2+ currents. 

Heterogeneity in the Ca2+ channels coupling and in their voltage activation was suggested to 

influence the properties of ANFs. Ribbons in the modiolar side were shown to activate at more 

negative potentials. However, no evidence of a voltage-shift in the voltage-dependence of Ca2+ 

channels with aging has been found. Instead, the increase in Ca2+ entry and stronger time-

inactivation of the Ca2+ currents may be responsible for the larger Ca2+ microdomains (Grant 

and Fuchs, 2008; Vincent et al., 2017). Also, a higher synaptic vesicles density at the active zone 

of the IHC ribbon synapses is associated with an increase in the size of presynaptic ribbons in 

aging mice, as indicated by an EM study (Stamataki et al., 2006). This higher synaptic vesicle 

density may account for the larger and more sustained exocytotic responses observed in IHCs 

from old C57BL/6J mice. Moreover, the greater capacity to sustain secondarily releasable pool 

(SRP) exocytosis in old IHCs with larger ribbons would reduce the level of firing adaptation of the 
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auditory fibers, which could explain the altered recovery from short-term adaptation in old 

C57BL/6J mice (Walton et al., 1995).  

Despite this study solely analyzing the cellular density of the ribbon synapses without examining 

their volume or shape, it is conceivable that the observed enhancement of CA2+ dependent 

exocytosis may be linked to an increase in the size of the ribbon synapse. This phenomenon could 

be attributed to plasticity on the ribbon synapses resulting from vesicle repositioning around Ca2+ 

channels following acute noise exposure. For instance, recent studies have demonstrated 

changes in the accumulation of intracellular membranes and synaptic vesicle counts in afferent 

synapses of inner hair cells following noise exposure (Bullen et al., 2019). Furthermore, mouse 

models exposed to noise have shown an increased number of available synaptic vesicles and 

associated increase in exocytosis events (Boero et al., 2021).  

Finally, these phenomena may be also underlined by changes in the vesicular Ca2+ sensors as a 

result of acoustic trauma, such as the possible effects on expression levels of otoferlin or 

synaptotagmin-IV (Beurg et al., 2010; Johnson et al., 2010).  

Surprisingly, two weeks after exposure, no significant alteration in the functionality of ribbon 

synapses was observed, despite a significant reduction in their density as revealed by 

immunofluorescence. The difference between the findings from the histology and physiology 

data suggests compensatory mechanisms in the noise-exposed IHCs. However, we can not 

exclude a more technical explanation that may account for this discrepancy. If all ribbons in an 

IHC are considered to function identically, the  loss of approx.. 20% of the ribbons, should result 

in a concomitant 20% decline of exocytosis, which may be lost in the cell-to-cell variability. It has 

to be noted; however, that while not yet entirely proven, the data by other labs suggested that 

noise preferentially “damages” large ribbons on the modiolar side of the IHC (Liberman et al., 

2015) presumably driving more exocytosis at larger presynaptic calcium clusters (Frank et al., 

2009; Ohn et al., 2016; Ozcete and Moser, 2020). Assuming that similar preference of ribbon 

damage occurs in our experimental model, theoretically larger than 20% effect on the exocytosis 

could be expected. While a detailed spatial analysis of the distribution of the remaining ribbons 

was currently not performed, it is still possible that the variability on our patch-clamp recordings 

from this delicate region of the cochlea is still too large to detect such differences, in particular, 
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if combined with the compensatory changes, as described above (e.g. increase of ribbon volume 

with possible increase in exocytosis). In terms of calcium currents, previous 

immunohistochemical studies demonstrated the presence of orphan calcium clusters (Kim et al., 

2019), presumably at the sites where the ribbon and the postsynaptic terminal were damaged 

and degraded. Thus, a loss of ribbons may not necessarily be associated with a loss of calcium 

channel clusters, still, calcium channels properties could be affected by noise or they may 

redistribute in the plasma membrane (including extrasynaptically). While we cannot distinguish 

between these possibilities, our calcium current analysis revealed no noise-evoked differences 

on the whole-cell level. To better address the questions of how the presynaptic calcium signaling 

and synaptic vesicle release changes in noise exposed IHCs, future experiments need to be 

performed at the level of the single AZs.    

It is worth to mention that a mild but detrimental effect of a prolonged exposure to volatile 

anesthetic sevoflurane, can induce neurotoxicity in the developing brain, and, as reported very 

recently (Li et al., 2022) in the developing cochlea as well. Indeed, it has been reported that 

multiple sevoflurane exposures during early development led to slightly elevated hearing 

thresholds across all frequency regions tested and a ~10% reduction in the number of ribbon 

synapses in the inner hair cells at 3 months of age. Additionally, the length of these ribbons was 

significantly decreased in sevoflurane-exposed mice. The authors proposed that sevoflurane 

exposure during the neonatal period could increase oxidative stress, causing damage to hair cells 

and their ribbon synapses. Previous research has also demonstrated that sevoflurane exposure 

can induce oxidative stress in the brain, potentially extending to the cochlea (Allaouchiche et al., 

2001; Piao et al., 2020; Xu and Qian, 2020). Another potential mechanism suggests that 

sevoflurane exposure might disrupt the balance between excitatory and inhibitory 

neurotransmitters in the cochlea, resulting in synaptic connectivity imbalances and reductions in 

hair cell ribbon synapses. Earlier studies have shown that sevoflurane exposure can alter 

neurotransmitter balance in the developing brain, which could similarly impact the cochlea (Li et 

al., 2020; Mapelli et al., 2021).  

There are, however, notable differences differences between my study and Li et al.'s (2022) 

research. Their study focused on young, immature animals, suggesting that repetitive (3x) 
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sevoflurane exposure could affect synaptic development. In contrast, our study involved animals 

with more matured ribbon synapses and different exposure parameters, using a similar 

anesthetic at lower concentrations. Moreover, Li et al. reported changes in Vhalf of Ca2+ channels 

two weeks after repetitive exposure, whereas our study did not find such changes immediately 

after prolonged exposure or in combination with noise exposure. 

The impact on ribbons and postsynaptic elements also varied between the study conducted by 

Li et al. (2022) and my own findings. Specifically, the effect on ribbons was found to be 

considerably milder in Li et al. (2022), resulting in only a 10% loss. Conversely, my data showed 

~20% losses on both pre- and postsynaptic sides when a combination of isoflurane and noise 

exposure was administered. 

It should be further noted that a separate set of experiments (not shown in my thesis) involving 

exposure to 90dB SPL (N=2-4, 4 for most frequency regions) at D14 showed no loss of ribbon 

synapses. These animals were subjected to comparable exposure to isoflurane, which did not 

result in loss of ribbon synapses when compared to our controls. 

Taken together, these findings indicate that the synaptopathy as observed in my study can not 

be attributed to isoflurane exposure. They further suggest that either the effects as observed by 

Li and colleagues (2022) are more critical in the period of cochlear development while older 

cochleae are less prone to such damage. Alternatively, the different levels of exposure, and 

different anesthetic may underlie the different outcomes. However, it is imperative to conduct 

additional controls in the future to clearly test the potential effects of isoflurane on ribbon 

synapses. Regardless of the outcome of these controls, the results will provide crucial insights 

into our understanding of the possible protective (e.g., against noise-evoked synaptopathy 

during surgical drilling) or damaging effects of prolonged/repetitive exposure to inhalation 

anesthetics. This understanding is not only relevant for animal research beyond the early 

developmental stage but also potentially to better understand the complex effects of inhalation 

anesthetics in humans.   
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5.5 Efficacy of AC102 in protecting IHCs ribbon synapses following noise  

AC102, a recently developed molecule by AudioCure GmbH, entered Phase I clinical trials in 2020 

with the hypothesis of reducing apoptosis of outer hair cells following acute trauma and 

promoting regeneration of both inner and outer hair cells, as well as neurons. While the exact 

composition and mechanism of action of AC102 remain undisclosed, patents filed by the 

company suggest that it is a 9-methyl-ß-carboline that has demonstrated stimulatory, protective, 

regenerative, and anti-inflammatory effects on dopaminergic neurons in previous studies 

(Polanski et al., 2010). AudioCure GmbH is evaluating the efficacy of AC102 in treating hearing 

loss, tinnitus, and trauma from cochlear implant electrode insertion, as well as its potential to 

protect neurons in animal models of neurodegeneration (Wernicke et al., 2010). The mechanism 

of action of the 9-methyl-beta-carboline is not fully understood, but it is thought to rely on 

modulating the activity of certain transcription factors. For example, one study found that 9-

methyl-beta-carboline increased the expression of brain-derived neurotrophic factor (BDNF) and 

nerve growth factor (NGF) in the hippocampus of rats, possibly by activating the transcription 

factor cyclic AMP response element-binding protein (CREB) (Wernicke et al., 2010).  

Based on the so far observed effects, AC102 may exert its effects pre- or post-synaptically by 

potentially offering protective effects against noise-evoked damage or by supporting 

regeneration upon synaptic damage. Our results support the hypothesis of putative benefitial 

effects of the drug upon noise exposure, however further experiments including vehicle controls, 

dose effects and different time points of drug application need to be tested and validated. We 

further tested whether AC102 has any adverse, direct acute effects on the IHC (synaptic) 

function. The results of my in vitro patch-clamp experiments have indicated that the AC102 does 

not affect the properties of Ca2+ -channels or Ca2+ dependent exocytosis in the presynaptic IHCs. 

 

5.6 Ex-vivo optical stimulation of IHCs  

One of the key mechanisms by which noise exposure damages the SGNs is through an increased 

release of the neurotransmitter glutamate from the IHCs (Mao and Chen, 2021; Boero et al., 

2021; Hu et al., 2020; Kim et al., 2019; Sebe et al., 2017; Hakuba et al., 2000). Excess glutamate 
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release may overstimulate SGNs, leading to hyperexcitability, damage, and ultimately cell death, 

causing hearing loss and other auditory impairments (Puel et al., 1998; Pujol and Puel., 1999).  

To investigate the molecular processes involved in noise-induced synaptopathy in more detail, I 

set to develop and test an in vitro mouse model of hair cell over-excitation by using the Ai32VC-

KI mouse line expressing channelrhodopsin 2 (ChR2) in the inner hair cells (IHCs). Blue light at 

488 nm was used to repetitively stimulate the IHCs, to mimick the prolonged continuous 

stimulation as expected in vivo upon noise exposure. The idea was that such optogenetic 

overstimulation, if achievable, could serve as an in vitro model of the auditory synaptopahty, 

where pre- and post-synaptic overstimulation may also be achieved in separation and in 

combination with pharmacological treatment of the putative molecular mechanisms involved in 

the loss of synapses, these could be tested in more detail. I opted to test the possibility of using 

acute organs of Corti for this purpose, as the culturing of the organs of Corti at the age when 

mice can hear is not yet feasible. To test whether prolonged optogenetic stimulation can evoke 

the loss of ribbon synapses in vitro, I used immunohistochemistry in combination with confocal 

microscopy. None of the light-exposure parameter combinations tested resulted in reliable and 

reproducible effects on ribbon synapses. 

The ribbon synapses' resistance to overstimulation of IHCs may possibly be explained by the low 

survival rate of the afferent fibers and boutons in my ex vivo preparations, as observed by the 

immunostaining of the synaptic boutons or afferent fibers. Despite efforts to better preserve 

postsynaptic spiral ganglion (SGN) boutons, only a fraction of afferent fibers and boutons seem 

to have survived in my ex vivo acute whole-mount organ of Corti preparations 1 hour after organ 

excision. Recent in vivo studies suggest that glutamatergic signaling and activation of 

postsynaptic glutamate receptors in the SGN boutons may be required for the induction of 

activity-dependent ribbon loss, potentially through retrograde signaling from postsynaptic 

boutons (Kim et al. 2019; Hu et al., 2020). It is thus possible that the lack of reliable loss of ribbons 

in our in vitro model was due to the lack of putative retrograde signals from the SGN boutons. If 

so, the mechanism of postsynaptic loss and associated activation os signaling cascade may differ 

in the case of mechanical damage (e.g. cutting of the SGN) and excitotoxicity. Indeed, in the old 
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studies using mechanical destruction of the auditory fibers no loss of ribbons was reported 

(Mackenzie and Wolfenden, 1955).  

To enhance the potential of this tool as an in vitro model of overstimulation-evoked auditory 

synaptopathy, it is essential to prioritize efforts towards improving the preservation of afferent 

boutons. This could lead to more accurate and reliable results in future studies. 

The apical region of the cochlea, which codes for low frequencies, has been reported to be less 

vulnerable to noise exposure compared to more basal regions that encode higher frequencies 

(see e.g. Boero et al.; relatively modest and reversible loss of ribbons was observed in the apical 

cochlea only upon very high levels, t.i. 120 dB SPL, of noise stimulation, causing considerable 

PTS). While this may be due to the mechanical properties of the cochlea, it is further possible 

that the apical IHCs are intrinsically less vulnerable to over-excitation, as well. Therefore, further 

experiments should be performed using the basal turn of the cochlea, where however the 

preservation of the tissue is significantly more challenging, to investigate the potential effects of 

overstimulation on ribbon synapses in this region. Another alternative to the use of acutely 

isolated organs, is the organotypic culture. While a better preservation of postsynaptic fibers may 

be achieved in the organotypic culture, a possible caveat with using the cultures is that these can 

so far only be generated from early postnatal and thus immature organ of Corti. While signs of 

maturation in the culture have been documented (e.g. Vogl et al), the validity of such approach 

would first need to undergo extensive testing, as well. Overall, the molecular mechanisms 

underlying noise-induced synaptopathy are still only partially understood and should be 

investsigated in the future also to identify potential therapeutic targets. It would be easiest to 

investigate the molecular pathways and the kinetics of the ribbon changes in vitro. Thus, the 

quest to develop the proper model for noise-evoked auditory synaptopathy continues. 

Additionally, the apical region of the cochlea, which codes for low frequencies, has been reported 

to be less vulnerable to noise exposure compared to more basal regions that encode higher 

frequencies. Therefore, further experiments should be performed using the basal turn of the 

cochlea, where the preservation of the tissue is more challenging, to investigate the potential 

effects of overstimulation on ribbon synapses in this region. Overall, these findings highlight the 
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need for more research to better understand the molecular mechanisms underlying noise-

induced synaptopathy and identify potential therapeutic targets for this condition. 

 

5.7 Impact of isoflurane anesthesia on hearing sensitivity  

A prolonged exposure to isoflurane anesthesia (for a duration equivalent to that of the noise-

exposed cohort), revealed an acute ABR threshold shift of approximately 20 dB SPL, indicating a 

discernible temporary impact of the anesthetic agent on auditory transmission. 

Previous studies have shown that isoflurane can induce auditory threshold shift in mice, guinea 

pigs and rats which is believed to originate from disrupted OHC amplification or auditory nerve 

transmission (Sheppard et al., 2018; Bielefeld, 2014; Cederholm et al., 2012; Ruebhausen et al., 

2012; Stronks et al., 2010). The molecular effects of isoflurane on OHCs, IHCs and auditory nerve 

are not fully understood, but several hypotheses have been proposed based on the available 

evidence (Cederholm et al., 2012; Ruebhausen et al., 2012). Isoflurane has been shown to have 

a dose-dependent suppressive effect on the ABR in rats, with higher doses and longer durations 

resulting in greater suppression, and its effects were greater than ketamine anesthesia (Bielefeld, 

2014; Cederholm et al., 2012; Ruebhausen et al., 2012; Stronks et al., 2010). Similarly, isoflurane 

anesthesia has a greater suppressive effect on DPOAEs (Sheppard et al., 2018); However, in a 

separate study by Cederholm et al. (2012), the initial DPOAE thresholds and growth functions 

were similar for both anesthetics. After 60 minutes, DPOAE thresholds increased for both groups, 

but the effect was significantly greater with ketamine anesthesia. The reported effects largely 

depend on the amount of anesthetic, low levels of isoflurane anesthesia may reportedly result in 

no significant threshold shift (Bourian lab), but may, as experienced during my PhD work, be hard 

to achieve in young mice as it does not seem compatible with sufficient depth of anesthesia to 

support undisturbed measurements. These effects are likely to be mediated by the modulation 

of multiple molecular targets in the auditory system, including ion channels, neurotransmitter 

receptors, intracellular signaling pathways, and gene expression. 

Clinical concentrations of volatile anesthetics like isoflurane have been found to inhibit voltage-

gated sodium channels, Nav, in isolated rat nerve terminals and neurons, dorsal root ganglion 

(DRG) neurons, hippocampal neurons, as well as in heterologously expressed mammalian Nav 
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subunits (Ouyang et al., 2003; Perouansky et al., 2004; Zhou et al., 2009; Sand et al., 2017). Patch-

clamp recordings of nerve terminals have shown that isoflurane reduces action potential 

amplitude and accelerates the inactivation of the sodium currents, leading to a reduction in the 

excitability of the nerve fibers and significantly effecting the transmitter release and hence the 

synaptic transmission (Perouansky et al., 2004; Wu et al., 2004; OuYang et al., 2005; Zhou et al., 

2009; Sand et al., 2017). Isoflurane inhibits multiple mammalian Na+ channel isoforms, including 

Nav1.2, Nav1.4, Nav1.6, Nav1.5, and Nav1.8 (Rehberg et al., 1995; Stadnickaet al., 1999; Shiraishi 

et al., 2004; OuYang et al., 2007; OuYang et al., 2009;  Herold et al. 2010; Purtell et al., 2015). 

Isoflurane suppresses Nav mainly by stabilization of inactivated state of Nav and delay recovery 

from steady-state inactivation (Zhou et al., 2019). Along with the transit components of the Nav 

current, clinically relevant concentrations of isoflurane also inhibit the persistent component of 

Nav currents in hippocampal pyramidal neurons. These results suggest that volatile anesthetics 

have the potential to directly modulate the intrinsic excitability of presynaptic neurons (Zhao et 

al., 2019). The Nav1.6 sodium channel is a voltage-gated ion channel that plays a critical role in 

the generation and propagation of action potentials in neurons. It is highly expressed in the 

central nervous system and has been shown to play a key role in synaptic transmission and 

plasticity. Recent studies have shown that Nav1.6 is also present in auditory nerve fibers, which 

are responsible for transmitting sound signals from the cochlea to the brain (Hossain, 2005; Kim 

and Rutherford, 2016; Quinn et al., 2021). The inhibition of Nav1.6 channels in auditory nerve 

fibers can lead to a reduction in the firing rate of auditory nerve fibers, as well as a decrease in 

the amplitude of the action potentials generated (Meredith et al., 2021). The reduction in firing 

rate of auditory nerve fibers can result in a decrease in the sensitivity of the auditory system to 

sound stimuli. This can manifest as an increase in ABR thresholds. Despite extensive 

understanding of the effects of isoflurane on Nav channels, there remains a dearth of knowledge 

regarding its impact on auditory nerve fibers and subsequent signal transmission.  

Other than binding to the Nav channels, isoflurane has been shown to modulate the activity of 

voltage-gated potassium channels in the nervous system (Steinberg et al., 2014; Zhou et al., 2015; 

Lazarenko et al., 2010). These channels play a critical role in the regulation of the membrane 

potential and the firing properties of the neurons, and their modulation by isoflurane can lead to 



 
115 

 

changes in the neuronal excitability and synaptic transmission. For example, a study by Berg-

Johnsen and Langmoen (1990) investigated the effects of isoflurane on the voltage-gated 

potassium channels in rat hippocampal neurons. The authors found that isoflurane increased the 

activity of the potassium channels, leading to a hyperpolarization of the membrane potential and 

a reduction in the neuronal excitability. The molecular mechanisms underlying the effects of 

isoflurane on potassium channels are not fully understood, but several studies have suggested 

that the drug may interact with specific domains or subunits of the channels (Barber et al., 2012). 

Spiral ganglion neurons (SGNs) express several types of potassium channels, which contribute to 

the regulation of their excitability and firing properties. One of the potassium channels expressed 

by SGNs is the Kv3.1 channel, which is a high-threshold, rapidly activating and inactivating 

channel (Kim et al., 2021). Kv3.1 channels are known to play a role in the generation of high-

frequency firing in SGNs, which is important for the encoding of sound information (Oak and Yi, 

2014). Another potassium channel expressed by SGNs is the Kv1.1 channel, which is a low-

threshold, slowly activating and inactivating channel. Kv1.1 channels are involved in the 

regulation of resting membrane potential and contribute to the control of SGN firing patterns 

(Smith et al., 2015; Reijntjes and Pyott, 2016). Enhancing the activity of Kv3.1 channels in SGNs 

would lead to an increase in their firing frequency and a more regular firing pattern. This is 

because Kv3.1 channels are responsible for repolarizing the neuron after an action potential, 

which allows the neuron to fire at high frequencies without entering a refractory period (Labro 

et al., 2015; Boddum et al, 2017). While the exact effects of isoflurane on the potassium channels 

of SGNs are not well understood, previous studies on other neurons, such as hippocampal 

neurons, have shown that isoflurane can cause hyperpolarization of the membrane potential and 

a reduction in neuronal excitability (Labro et al., 2015; Boddum et al, 2017). Therefore, it is 

hypothesized that similar effects may be expected in SGNs, although more research is needed to 

fully understand the specific effects of isoflurane on the Kv channels of these neurons. Given the 

existing evidence that isoflurane can induce membrane hyperpolarization and decrease neuronal 

excitability, it is plausible to speculate that these effects may contribute to an increase in the 

thresholds of ABR and DPOAE, as well as a reduction in their amplitudes. However, it is important 
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to acknowledge that this is still a hypothetical explanation and further studies would be needed 

to validate this hypothesis. 

In addition to their presence on the axonal membrane of auditory nerve fibers, K+ channels are 

also present in the hair cells of the inner ear, where they play a crucial role in the transduction of 

auditory signals. The resting membrane potential in hair cells is primarily determined by the 

activity of the KCNQ4 channels, which are the main type of K+ channels in the OHCs (Kubish et 

al., 1999). Along with KNCQ4 channels, OHCs express two other types of potassium channels, SK2 

and BK channels, located near the cholinergic synapse between the efferent olivocochlear fibers 

and the OHCs (Rohmann et al., 2015). These channels are Ca2+ dependent K+ channels, and their 

activation is triggered by the increase in cytoplasmic Ca2+ that occurs when the nAChR channels 

open in response to acetylcholine released by the efferent fibers (Rohmann et al., 2015). The 

increase in cytoplasmic Ca2+ activates the SK2 and BK channels, which in turn hyperpolarize the 

OHCs, reducing their sensitivity to sound stimuli (Rohmann et al., 2015).  

The presence of isoflurane, which has been shown to potentiate the conductance of Kv channels 

and increase their open probability, on the OHCs, would increase the conductance of all the K+ 

channels, including the KCNQ4 channel, SK2 channel, and BK channel, resulting in an increase in 

K+ efflux from the cell, leading to hyperpolarization of the membrane potential. This 

hyperpolarization would reduce the driving force for Ca2+ entry into the OHCs, resulting in a 

decrease in neurotransmitter release and a reduction in the sensitivity of the OHCs to sound 

stimuli. When the nAChRs on OHCs are activated by neurotransmitters released by the medial 

olivocochlear fibers, it results in an increase in intracellular Ca2+ levels (Fuchs, 2014; Rohmann 

et al., 2015). This increase in Ca2+ levels cause the BK and SK2 channels in the OHCs to become 

more conductive, leading to a greater efflux of K+ ions and subsequent hyperpolarization of the 

membrane potential (Fuchs, 2014; Rohmann et al., 2015). 

This hyperpolarization further reduces the sensitivity of the OHCs to sound stimuli, and at the 

same time, it also strengthens the inhibitory effect of the medial olivocochlear fibers on OHC 

activity. In other words, the activation of BK and SK2 channels by the Ca2+ ions amplify the 

negative feedback loop, leading to a decrease in the responsiveness of OHCs to sound (Kong et 

al., 2008; Wersinger et al., 2010; Fuchs, 2014; Rohmann et al., 2015). 
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The IHCs in the mammalian cochlea possess two types of voltage-dependent K+ channels, the 

(BK) Ca2+-activated K+ channels and the SK2 channels, and a small amount of KCNQ4 (Marcotti 

et al., 2004; Nam et al., 2015). These channels play a crucial role in regulating the excitability and 

neurotransmitter release of IHCs. The SK2 channels in IHCs are activated by an increase in 

intracellular Ca2+ levels, which occurs when the IHC is depolarized and Ca2+ ions enter the cell 

through voltage-gated calcium channels. Activation of SK2 channels leads to an outward flow of 

K+ ions, which hyperpolarizes the cell membrane (Marcotti et al., 2004). This reduces the amount 

of neurotransmitter released by the IHCs, leading to a decrease in the firing rate of the auditory 

nerve fibers and a decrease in the sensitivity of the auditory system (Marcotti et al., 2004). 

Similarly, the BK channels in IHCs are also activated by an increase in intracellular Ca2+ levels, but 

their activation leads to a more significant efflux of K+ ions due to their larger conductance (Pyott 

and Duncan, 2016). This results in a more profound hyperpolarization of the cell membrane and 

a larger reduction in the amount of neurotransmitter released by the IHCs. The activation of BK 

channels also plays a role in shaping the dynamics of the receptor potential and the MET current 

in IHCs, which can affect the firing rate and temporal coding of auditory nerve fibers (Oliver et 

al., 2003). 

The mechanisms by which isoflurane affects the function of IHCs are not fully understood, and 

there are currently no data available regarding modulation of the BK and SK2 channels by this 

anesthetic agent. Given that isoflurane has been shown to enhance the conductance of Kv 

channels, it follows that the exclusive dependence of SK2 channels on intracellular Ca2+ for 

activation is unlikely to be affected by this mechanism, while BK channels can be modulated by 

both voltage and Ca2+. Consequently, it is reasonable to propose that isoflurane may elevate the 

conductance of BK channels in IHCs, leading to membrane hyperpolarization. This effect on IHCs 

could reduce the release of neurotransmitters, which may have implications for hearing function. 

It is possible that the aforementioned increase in BK channel conductance in IHCs due to 

isoflurane administration could be a contributing factor to the observed reduction ABR 

amplitudes and increased thresholds. This effect on IHCs and subsequent reduction in 

neurotransmitter release could affect the fidelity of the neural signals transmitted to the brain, 

resulting in a decrease in auditory sensitivity.  
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Beside binding and modulating Nav and Kv channels, isoflurane has also been shown to affect 

Ca2+ channels (Merin, 1986). At the IHC synapse, Ca2+ enters via the Cav1.3 L-type voltage-

dependent Ca2+ channel and is responsible for triggering exocytosis (Pangrsic et al., 2018). 

Isoflurane has been shown to affect the activity of various types of calcium channels, including 

the L-type calcium channels (Study, 1994). Several studies have demonstrated that isoflurane can 

inhibit L-type calcium currents in various types of cells, including dorsal root ganglion (DRG) 

neurons, guinea pig ventricular myocytes, rabbit cardiac myocytes, and rat ventricular myocytes 

(Eskinder et al., 1991; Kameyama et al., 1999; Camara et al., 2001). In guinea pig ventricular 

myocytes, isoflurane inhibited L-type calcium currents in a concentration-dependent manner 

(Charlesworth et al., 1994). This effect was reversible upon washout of the anesthetic. One 

proposed mechanism by which isoflurane might affect Cav1.3 channels is by decreasing the 

channel opening and enhancing the rate for channel closing and inactivation (Harris et al., 2000; 

Camara et al., 2001). This effect has been observed in various types of neurons, including human 

neuronal cells and rat spinal cord motor neurons. Isoflurane has also been shown to reduce the 

peak amplitude of L-type CaV channels in neurons (Eskinder et al., 1991; Kameyama et al., 1999). 

In rat DRG neurons, isoflurane can inhibit L-type Cav currents through enhancing current 

inactivation and prolonging recovery time after inactivation (Eskinder et al., 1991; Kameyama et 

al., 1999). 

The available evidence suggests that isoflurane exposure can potentially impair the functioning 

of the auditory nerve by reducing the Ca2+ current entering into the IHCs through the L-type Cav 

1.3 channels, thereby compromising the ability of the auditory nerve to detect and respond to 

sound stimuli. This phenomenon is thought to occur due to the reduction in the number of 

synaptic vesicles released, resulting in a decrease in the activity of the auditory nerve.  

Exposure to high-intensity noise can cause damage to the auditory system by triggering an 

excessive release of neurotransmitters, leading to oxidative stress and cell death (Mao and Chen, 

2001; Le Prell et al., 2007). The hypothesis that isoflurane could reduce the activation of L-type 

Ca 1.3 channels, thereby protecting the synapses from overexcitation, is plausible.  
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The observed phenomenon of increased thresholds of ABR and reduction of suprathreshold 

Wave 1 amplitudes can potentially be explained by the inhibition of L-type Cav 1.3 channels 

following exposure to isoflurane, in conjunction with previously described effects.  

Post-synaptically, glutamate receptors are involved in the transmission of excitatory signals in 

the brain. Among these receptors, N-methyl-D-aspartate (NMDA) receptors play a critical role in 

synaptic plasticity (Hunt and Castillo, 2013). AMPA receptors are a subtype of ionotropic 

glutamate receptors that mediate fast excitatory neurotransmission in the central nervous 

system. They are composed of four subunits, GluA1-4, which can combine in various 

combinations to form the functional receptor complex (Jane, 2007). The cochlear afferent 

synapses between inner hair cells and auditory nerve fibers contain the AMPAR subunits GluA2, 

3, and 4 (Hu et al., 2020; Walia et al., 2021). Two different types of AMPA receptors can be 

distinguished based on the presence of the subunit GluA2: the GluA2-lacking AMPARs, that are 

Ca2+-permeable (CP-AMPARs), and the GluA2-containing AMPARs, that are Ca2+-impermeable 

(CI-AMPARs), (Hu et al., 2020). Recent studies have found that the CP-AMPARs can be 

antagonized to prevent trauma to ANF synapses without affecting baseline measurements of 

cochlear function (Hu et al., 2020; Walia et al., 2021). NMDA receptors are also found on the 

post-synaptic terminal’s membrane of the auditory afferents, but its function is not well 

described (Zhang-Hooks et al., 2016; Bing et al., 2015  

The function of both NMDA and AMPA receptors can be modulated by volatile anesthetics, as 

the isoflurane (Ogata et al., 2006; Alkire et al., 2008; Carino et al., 2012). Isoflurane has been 

shown to block NMDA-stimulated currents, potentially by interfering with NMDA receptor 

channel function (Yang et al., 1991; Ogata et al., 2006; Alkire et al., 2008;). Inhibition of AMPA 

receptor responses has been shown to reduce excitotoxicity and protect against neuronal 

damage (Guo and Ma, 2021). In one study, the application of isoflurane to cultured cortical 

neurons was found to reduce the toxicity of AMPA receptor agonists (Kimbro et al., 2000; Li et 

al., 2002). This reduction in excitotoxicity was correlated with a decrease in the amplitude of 

AMPA receptor-mediated currents, indicating that isoflurane may protect against excitotoxicity 

by inhibiting the function of AMPA receptors (Kimbro et al., 2000; Li et al., 2002). Isoflurane's 

neuroprotective effects have also been observed in vivo. Pretreatment with isoflurane in a rat 
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model of global ischemia reduced neuronal injury and improved neurological outcomes (Xiao et 

al., 2015). This effect was associated with a decrease in the expression of AMPA receptor subunits 

in the hippocampus, suggesting that isoflurane may reduce excitotoxicity by inhibiting the 

expression and/or function of AMPA receptors in vivo (Xiao et al., 2015). 

While acute inhibition of NMDA receptors is not expected to have immediate consequences on 

the activity of SGN terminals, because of their slow activation and deactivation kinetics, on the 

other hand, acute inhibition of AMPA receptors is expected to have significant effects on the 

firing rate or synchronization of SGNs. Inhibition of AMPA receptors by isoflurane is expected to 

decrease the amplitude of excitatory postsynaptic currents (EPSCs), resulting in a reduction of 

the firing rate and decreased synchronization of SGN fibers. This effect is likely to be more 

pronounced in high-frequency regions of the cochlea, where the firing rates of SGNs are highest. 

The ABR threshold shift and the reduction of the W1 amplitudes observed in isoflurane-

anesthetized mice are likely due to the effect of the anesthetic on the AMPA receptors rather 

than the NMDA receptors. 

Γ-aminobutyric acid (GABA) is the major inhibitory neurotransmitter in the central nervous 

system, where is primarily synthesized and released by specialized inhibitory interneurons 

located in the olivocochlear complex. In the cochlea, GABAergic transmission plays a critical role 

in regulating the excitability of the auditory nerve fibers and shaping their responses to sound 

stimuli (Maison et al., 2006). GABA acts on postsynaptic GABAa and GABAb receptors expressed 

on auditory nerve fibers, reducing their firing rate and increasing their temporal precision 

(Maison et al., 2006).  

As for the GABA receptors, also the nicotinic acetylcholine receptor (nAChR) inhibits the signal 

transmission (Maison et al., 2010). Activation of the nAChR by acetylcholine, which is released by 

the efferent neurons of the medial olivocochlear (MOC) pathway during exposure to intense 

sound, leads to the opening of the small conductance calcium-activated potassium channel (SK2) 

and the large conductance calcium-activated potassium channel (BK), which allow K+ ions to flow 

out of the OHCs. This efflux of K+ ions hyperpolarize the OHCs, leading to a decrease in their 

electromotility and associated amplification of sound. This mechanism is thought to be protective 

during acoustic overexposure (Maison et al., 2010; Fuchs and Lauer, 2019). 
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GABAa and GABAb receptors, together with nAChR receptors, are critical targets of general 

anesthetics, in particular for the volatile ones (Scheller et al., 1997; Topf et al., 2003; Jia et al., 

2008). Most effects of general anesthetics on GABAergic synaptic transmission are postsynaptic 

or extrasynaptic on GABA receptors compared to presynaptic glutamatergic transmission 

modulation. The effects of volatile anesthetics on GABA receptors are relatively complex, with 

most of them enhancing the amplitude and prolonging the duration of GABA-induced synaptic 

inhibition (Topf et al., 2003; Jia et al., 2008). In contrast, volatile anesthetics and ketamine have 

been identified as the most potent inhibitors of nAChRs at clinically relevant doses (Xu et al., 

2000; Yamashita et al., 2005). Isoflurane has been shown to inhibit the function of nAChRs 

through direct interaction with the receptor subunits and modulation of the surrounding lipid 

membrane (Minami et al., 1994).  

A prolonged exposure to isoflurane anesthesia, as observed in this study, may result in the 

potentiation of both the GABA- and nACh-mediated inhibition of auditory nerve activity and 

outer hair cell amplification, respectively. However, it is challenging to conclusively establish this 

mechanism as a potential cause for the observed increase in threshold of the ABR and distortion 

DPOAE.  

In conclusion, as detailed in this paragraph, isoflurane anesthesia can significantly impact signal 

transmission and transduction in the auditory system at various levels. These effects include 

hyperpolarization of outer and inner hair cells, reduced synaptic vesicle exocytosis at inner hair 

cell-spiral ganglion neuron synapses, and decreased activation of auditory nerve fibers. It is 

possible that other mechanisms may also be involved in the observed decrease in ABR amplitudes 

and threshold shift following exposure to isoflurane. 
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6. Conclusions and next  

I development of a novel mouse model of noise-induced synaptopathy through the use of 

moderate-level noise exposure under isoflurane anesthesia. Here, I aimed to characterize the 

presynaptic mechanisms behind ribbon loss and understand how noise overexposure causes this 

phenomenon. Through the use of system physiology, cell physiology, immunohistochemistry, 

and optical stimulation techniques in mouse models, we were able to gain deeper insights into 

the underlying mechanisms of ribbon loss due to acoustic overexposure.  

Two groups of mice were exposed to 92- and 96-dB SPL noise-bands for two hours their ABRs 

and DPOAEs analyzed immediately after exposure and two weeks later. The results showed a 

significant increase in neural response thresholds at high frequencies compared to age-matched 

control mice, with slightly smaller elevations observed in DPOAEs. However, when compared to 

the isoflurane-exposed group, the threshold elevation was approximately 20 dB and only 

observed for the 96 dB SPL paradigm. These findings suggest that isoflurane exposure can impact 

both ABR and DPOAE thresholds, with only the 96 dB SPL paradigm causing an obvious immediate 

cochlear damage. Hearing thresholds partially recovered (in 96-dB group), but a mild shift of 

hearing sensitivity was observed two weeks after exposure with either of the noise levels, 

suggesting mild permanent threshold shift not involving OHC damage.  

Confocal imaging of the sensory epithelium showed that in pre-exposure ears, nearly all IHC 

ribbons were observed to be connected with a nerve terminal, provided they were adequately 

isolated to be resolved. Immediately after the noise trauma, there was no evident sign of synaptic 

loss in either the pre-synaptic or post-synaptic elements. Two weeks after exposure, a moderate 

(~20%) reduction in the synaptic density in the high-frequency regions (>24 kHz) was observed in 

the noise-exposed ears for both of the noise intensities examined (92 dB SPL and 96 dBSPL). 

Degeneration of both presynaptic and postsynaptic elements in the IHC area was already 

indicated one day after exposure, albeit the sample size was insufficient to draw a definitive 

conclusion. 

Further investigations using whole-cell perforated patch clamp recordings on basal IHCs revealed 

that acute noise trauma did not cause gross changes in the biophysical properties of calcium 

channels or the fast and slow kinetics of exocytosis. However, enhanced exocytosis and increased 
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total calcium influx was observed in response to short and prolonged depolarization durations 

following exposure to 96 dB SPL, while exposure to 92 dB SPL exhibited a tendency towards 

decreased exocytosis and calcium influx in response to all applied depolarization durations. 

Interestingly, two weeks after noise exposure, patch clamp recordings revealed no substantial 

changes in ribbon synapse functionality despite a decrease in synaptic density observed through 

immunofluorescence. This observation suggests that the residual ribbon synapses might exhibit 

compensatory mechanisms or part of the vesicle release happens extrasynaptically, perhaps at 

ribbonless AZs or even outside AZs. Future investigations should explore higher noise intensities 

(> 100 dB SPL) to detect more pronounced functional alterations in electrophysiology 

experiments, which would increase our knowledge of the molecular mechanisms involved in 

hearing loss caused by noise trauma. Isoflurane appears to play a protective role in ribbon loss 

due to noise trauma, but further experiments are needed to determine its impact on ribbon 

synapse activity and its effect on response to noise exposure. Performing patch clamp recordings 

of voltage-dependent Ca2+ currents and exocytosis in IHCs that have been extracellularly 

perfused with isoflurane could provide valuable insights into the potential impact of isoflurane 

on ribbon synapse functionality during acoustic overstimulation. Finally, the application of a small 

chemical compound AC102 in the round window niche of noise-exposed animals supports the 

hypothesis that this drug may partially prevent noise-induced synaptopathy. In the future, the 

effective therapeutic time window for application of this drug needs to be further tested as well 

as the underlying mechanisms of the drug action in the damaged cochlea. 
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