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Abstract

Presbycusis is an age-related hearing loss affecting a significant portion of the ageing population over 65 years
old, leading to auditory difficulties and resulting in a decrease in autonomy. Many efforts are being made in the
characterization of new therapies, notably employing cochlear implants. This disease affects the peripheral level
of the auditory nervous system. However, little is known about how the auditory cortex adapts to this degener-
ation over time of hearing. The auditory cortex plays a critical role in auditory perception and is susceptible to
age-related changes that may contribute to the development and progression of presbycusis. This thesis aims to
investigate the effects of aging on the AC computation and its responses to auditory peripheral loss, providing
insights into the mechanisms underlying auditory processing and the impact of presbycusis on central auditory

function.

We investigated neuronal activity in C57BL/6 mice background (“C57”), known as a model of early age-related
hearing loss, due to a genetic deficit at the cochlear level, with the F1 hybrid of C57BL/6 and CBA/Ca backgrounds
(“Hybrid mice”) that does not exhibit such important hearing loss. We analysed the electrophysiological auditory
cortex activity to describe the neural computation along ageing and across cell-types during spontaneous and sound

stimuli.

Our findings revealed distinct activity patterns in the auditory cortex of Hybrid and C57 mice. From a young
age, differences were observed in both spontaneous firing and evoked-response activity, indicating that the recep-
tion of sound shapes the functionality of the auditory cortex. Interestingly, these changes were more pronounced
in inhibitory cell, suggesting their role in auditory reception and processing and highlighting the impact of presby-
cusis on these cell types. Furthermore, the relationship between spontaneous and evoked-response activity differed
between the two strains, with implications for information processing in the auditory cortex. In addition to the
electrophysiological parameters, we investigated the pupil dynamics as a measure of brain state during auditory
processing. The analysis of pupil responses provided insights into the modulation of brain states and their influence

on auditory perception and processing.
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Introduction

Throughout our lives, hearing undergoes signi cant changes and can be greatly affected by ageing (Jayakody
et al. 2018). The auditory system holds a vital role in comprehending and reacting to our surroundings daily. With
the global population ageing, age-related alterations are emerging as a prominent socio-economic concern that
requires attention. Apart from the decline in the range of audible frequencies (Gates & Mills 2005), age-related
hearing loss has a profound impact on individuals' lives and may even coexist with various neurodegenerative
disorders (Lin et al. 2011, Peelle et al. 2011, Jayakody et al. 2018, Livingston et al. 2017), or mental health
conditions (Lee et al. 2012, Jayakody et al. 2018, Wong et al. 2014).

Although age-related hearing loss is commonly described as a peripheral auditory impairment (Jayakody et al.
2018), few studies have explored the effects of this loss on auditory cortex activity (Fuksa et al. 2022, Gates &
Mills 2005). Considering the broad capacity of the auditory cortex to adapt and its plasticity properties (Fetoni
etal. 2015, Rauschecker 1999), we wanted to investigate how hearing loss shapes the activity in the auditory cortex
and how it affects its capabilities (Kotak et al. 2005, Xue et al. 2023, Bishop et al. 2022). Furthermore, with the
emergence of potential cortical probe therapies (Musk 2019, Beauchamp et al. 2020), we aimed to describe how
auditory cortex neurons are activated during age-related hearing loss.

More speci cally, our inquiries revolved around two main questions: How does the auditory cortex adjust
to peripheral impairment? And how does the auditory cortex change with ageing? To address these inquiries,
we conducted observations on age-related auditory cortical activity using two mouse models. The rst model,
the C57BL/6J mice strain, "C57”, has early age-related hearing loss resulting from a gene mutation that disrupts
the functioning of ear hair cell (Ohlemiller 2004). The second model, an F1 hybrid of C57BL/6 and CBA/Ca
backgrounds, the "Hybrid mice”, for whom the hearing de cit of C57 mice was restored, represents age-related
hearing loss unrelated to peripheral pathological conditions (Frisina et al. 2011, Lyngholm & Sakata 2019, Bowen

et al. 2020), where the overall ageing process affects hearing abilities.

In our study, we used electrophysiological data from silicon probes, which allowed us to monitor neural ac-
tivity from a large number of cell. We followed cell activity during silence, described as 'spontaneous activity,
hypothesizing that this measurement represents the functional activity and integrity of the auditory cortex. Sponta-
neous neural activity is often viewed as neural noise that imposes limitations on sensory performance. However, an
alternative hypothesis suggests that spontaneous ring carries information, and the distinction between these two
hypotheses becomes apparent when considering its effects on the stimuli reception (Harris & Thiele 2011, Meyer-
Baese et al. 2022, Eggermont 2015). Secondly, we investigated how the cell were active during the presentation
of natural sounds to observe how age affects evokes-response of complex sounds and how they were differently
encoded between the C57 and Hybrid mice. Finally, we compared spontaneous and evoked response activities to
explore how the responsiveness to sound is affected by spontaneous activity due to peripheral impairment.

Existing evidence suggests that brain states have a signi cant impact on the auditory response to sound



Chapter 1. Introduction

(Matthew et al. 2015, Harris & Thiele 2011). Consequently, an aspect addressed in this thesis is understand-
ing how the activity of the auditory cortex is in uenced by levels of arousal. Therefore, the nal section of our
thesis is dedicated to exploring a methodology for representing brain states using pupil diameter as a measure of

brain states and how it correlates with the auditory cortex activity.

This introductory chapter will begin with a description of the auditory pathway, detailing the complex process
of sound encoding from the ear to the cortex. Subsequently, our focus will shift toward understanding the auditory
cortex, including an analysis of its structure and functional aspects. We will then explore the effects of ageing
on the auditory cortex focusing on the presbycusis. We will then, explore the brain states topic, and their link
to auditory cortex functionality. Finally, we will review the principles of neuronal electrophysiology, providing a
deeper understanding of the underlying mechanisms. current hypotheses regarding cortical neuronal networks, as

well as the various measurements and metrics used to study them.

1.1 The auditory system

Sound is a propagating disturbance of air molecules that can be described as a wave (Figure 1.1. A). When
a xylophone bar is struck, it induces an oscillatory movement of the surrounding air molecules, causing them to
alternate between rarefaction (low pressure) and compression (high pressure). A sound wave is characterised by its
frequency, which represents the number of rarefaction/compression cycles occurring over time, and its amplitude,
which indicates the intensity of each air movement. As the frequency increases, the pitch of the sound rises. The
auditory spectrum varies among species, ranging from 20 Hz to 20 kHz for humans and from 2 kHz to 100 kHz for
mice (Ekdale 2016). The amplitude of a sound determines the magnitude of air deformation, which is measured
using decibel levels (dB SPL) (Bizley 2017). Natural sounds consist of a combination of multiple frequencies and
harmonics. Hearing is a complex phenomenon that involves various components, including sound localisation,
onset/offset, decay (the rate at which the volume decreases after the initial peak), transitions between sounds (FM
sweeps), discrimination from background noise, and speech (Bizley 2017, Gage & Baars 2018, Kopp-Scheinp ug

et al. 2018). These features surround us at every moment, from infancy to old age.

1.1.1 The auditory pathway
1.1.1.1 The peripheral auditory system

The reception and transmission of air oscillations in the auditory system involve a remarkable sequence of events.
It begins with sound waves in the environment, which enter the ear canal and cause the tympanic membrane
(eardrum) to vibrate in response. This vibrations are then transmitted across the three tiny bones of the middle ear,
known as the ossicles (malleus, incus, and stapes). The nal bone in this chain, the stapes, interfaces with the oval
window, a membrane that separates the middle ear from the uid- lled cochlea in the inner ear. The movement of
the stapes against the oval window creates uid waves within the cochlear duct, which houses the sensory organ
for hearing, the organ of Corti. As the uid waves propagate through the cochlea, they cause the displacement
of specialized hair cell within the organ of Corti. This hair cell movement leads to the generation of electrical

signals, ultimately transmitting auditory information to the brain for processing and perception of sound (Pickles

2



Chapter 1. Introduction

2015) (Figure 1.1. BDE). The cochlea, situated in the inner ear, is the primary component of signal transduction
from physical vibration to electrical signals that can be processed by the brain (Brownell 1982). It is a 2.5-shell
structure lled with different liquids at varying concentrations. It comprises three uid- lled chambers, which

are separated by membranes. The scala media, positioned between the other two chambers (Figure 1.1. C),is a
complex structure delimited by the Reissner and Basilar membranes (Figure 1.1. D). The basilar membrane runs
along the length of the cochlea and supports the Organ of Corti, which houses the sensory cell known as hair cell
(Figure 1.1. CF). The Organ of Corti extends along the entire length of the basilar membrane and contains the hair
cell and stereocilia, where signal transduction occurs (Bahmer & Gupta 2018). The oscillations induced on the
basilar membrane cause the Organ of Corti to move up and down, coming into contact with the tectorial membrane,
which stretches the hair cell membrane and opens its channels. Due to the differences in ionic composition between
cochlear liquids, the ow of ions depolarises the cell, transducing mechanical information into an electrical signal
(Figure 1.1. C-F) (Casale et al. 2018). Hair cell are divided into two subgroups depending on their position on the
Organ of Corti: inner hair cell (IHC), which carry the majority of auditory information and have synaptic contacts
with approximately 20 auditory nerve cell, and outer hair cell (OHC), which, in contrast, have only one neuronal
contact and play a role in amplifying the oscillation of the cochlear region responding to a particular frequency
(Hudspeth 2013).

The stapes bone strikes the cochlear windows, a membrane-covered opening that separates the middle ear from
the inner ear, thereby amplifying sound vibrations. The pressure exerted on the liquid transmits the sound wave
along the basilar membrane. This membrane exhibits a gradient of rigidity from the point of articulation with the
stapes (the base) to the apex (the extremity of the spiral). Consequently, the force required to bend the membrane
is not uniform along the cochlea (Figure 1.1. F). High frequencies are encoded at the apex, while low frequencies
are encoded at the base. This spatial organization of frequency coding is referred to as the tonotopic map. This
organization is maintained throughout the auditory pathway (AP) until reaching the auditory cortex (AC) (Rhode
et al. 2010). The neurons that innervate the IHCs are bipolar, their cell bodies are located in the spiral ganglion,
and their processes extend into the cochlear nuclei. The auditory pathway involves the transmission of signals
through various stations, from the cochlear nucleus, superior olivary, lateral lemniscus, inferior colliculus, and
medial geniculate nucleus to the auditory cortex (Figure 1.2. A) (Bahmer & Gupta 2018). Each of these nuclei
plays a crucial role in transmitting auditory signals to the auditory cortex.

In mice, the cochlear nuclei are vital structures located within the medulla, a part of the brainstem (Figure 1.2.
A). These nuclei receive input from the auditory nerves, which carry auditory information from the cochlea. The
bres of the cochlear nerves bifurcate, with one branch connecting to the ventral cochlear nuclei (VCN) and the
other to the dorsal cochlear nuclei (DCN). The neurons within these nuclei exhibit a tonotopic organization, where
bres originating from the apex of the cochlea (representing low frequencies) are located on the nuclei borders,
while those from the base (representing high frequencies) penetrate deeper into the nuclei (Figure 1.2. C). This
tonotopic arrangement allows for the preservation of the frequency-to-location mapping observed in the cochlea,
forming bands of neurons with an isofrequency laminae structure (Haines & Mihailoff 2017).

The VCN are associated with inhibiting partially the contralateral pathway (Ingham et al. 2006, Oertel et al.
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2011), enabling the selectivity of sound localization. This mechanism helps in distinguishing sounds coming
from different directions. Apart from their role in auditory processing, the cochlear nuclei also contribute to the
protection of the middle ear against acoustic over-stimulation through the contraction of the middle ear muscles
(Oliver et al. 2003, Paul et al. 2019).

Figure 1.1: The transduction of the auditory signal.
(A) Schema of an auditory sound wave. (B) Representation of the ear compartments. Sounds enters the external ear
and vibrates the tympanic membrane, the vibration will be ampli ed via the three bones of the middle ear into the
cochlea Adapted from (Graven & Browne 2008) and (Zdebik et al. 2009) Schema of the cochlea organisation
(D) Representation of the various cochlear components involved in the auditory signal transduction. (E) Schematic
of the mechanical opening of channels in the hair cell. The movement of the basilar membrane induces the hit of
the hair cell on the tectorial membrane, allowing for the necessary ion ux required for the polarisation of the cell
and electrical transduction. (F) Representation of the tonotopic map and basilar membrane (BM) distortion along
the cochlea. The rigidity of the basilar membrane increases along the cochlea causing a harder distortion at the
apexAdapted from (Peng & Ricci 2011) and (Reichenbach & Hudspeth 2010)
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1.1.1.2 The superior olivary complex

The superior olivary complex (SOC) is located in the brainstem, speci cally in the pontine region. It plays a role
in auditory processing and sound localization (Grothe & Park 2000). Comprising a group of nuclei, the superior
olivary complex receives auditory information from both ears and integrates it to determine the direction and
distance of sound sources. Through a process called binaural processing, it compares the differences in sound
timing and intensity between the ears to create a three-dimensional representation of sound in space (Siveke et al.
2012). This information is then relayed to higher brain centres responsible for sound perception and interpretation.
The superior olivary complex is a remarkable example of the brain's intricate mechanisms for processing auditory
stimuli and enabling us to navigate our acoustic environment (Lopez-Poveda 2018, Haines & Mihailoff 2017).
Moreover, the SOC is described as the initial crucial step in the auditory analysis. Its functions include inducing
auditory re exes, alertness, and integration of auditory and visual cues (Haines & Mihailoff 2017). It has various
feedback connections within itself and descending bres to regulate peripheral processing and inputs (Grothe &
Park 2000). Through a lateral efferent system, it projects to the inner hair cell, releasing dopamine to protect them
from excitotoxicity. It also projects to the outer hair cell via the medial efferent system, although the exact role
of this connection is unknown, it is believed to be related to the contractile state (electromotility) of the OHC (He
1997).

1.1.1.3 The inferior colliculus

The inferior colliculi are prominent structures located in the midbrain. They serve as important relay centres for
auditory information, receiving inputs from the lower auditory nuclei, including the superior olivary complex and
the cochlear nuclei (Paul et al. 2019); (Lee et al. 2015). The inferior colliculi play a crucial role in processing sound
localisation, intensity, and frequency. They integrate and analyse the incoming auditory signals, contributing to the
formation of auditory spatial maps and sound perception (Gruters & Groh 2012).

Moreover, the inferior colliculi are involved in the coordination of auditory re exes, such as the startle re-
sponse, by sending efferent projections to motor nuclei (Gruters & Groh 2012). These nuclei exhibit a tonotopic
organisation, where different frequency ranges are represented along their anatomical axis. The external cortices of
the inferior colliculus receive projections carrying low-frequency information, while the central nucleus receives
projections carrying high-frequency information (Paul et al. 2019, Lee et al. 2015).

The output from the inferior colliculi is then relayed to higher auditory centres, such as the medial genic-
ulate nucleus of the thalamus, for further processing and interpretation (Gruters & Groh 2012). They serve as
convergence sites for auditory information from various sources and integrate non-auditory features into auditory

processing, such as visual and somatosensory inputs (Bajo & King 2013).

1.1.1.4 The medial geniculate body of the thalamus

The medial geniculate body (MGB) is a structure located within the thalamus, which acts as a relay station for
transmitting sensory information between various brain regions and the cerebral cortex (Bartlett 2013). Speci -

cally, the MGB is involved in the processing of auditory information, receiving input from the inferior colliculus,
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and relaying it to the auditory cortex for further processing and interpretation of sound (Kandler et al. 2009). The
MGB is divided into several subregions, namely the ventral, dorsal, and medial divisions. The ventral division
primarily receives input from the central nucleus of the inferior colliculus and is responsible for perceiving sound
frequency and intensity. The dorsal division receives input from the dorsal nucleus of the inferior colliculus and
analyses sound localization and spatial aspects. The medial division is connected with the limbic system and may
contribute to emotional and memory-related aspects of auditory processing (Bartlett 2013, Lee 2013, Aizenberg
et al. 2019). Each region is characterized by distinct neuronal cell-types, connectivity patterns, and functionalities
(Bartlett 2013, Hackett, Barkat, O'Brien, Hensch & Polley 2011).

The ventral nucleus maintains the tonotopic map and projects predominantly to layer IV of the primary audi-
tory cortex (Lee 2013). It plays a crucial role in auditory processing, preserving the organization of neurons based
on their preferred frequencies. This nucleus receives input from the central nucleus of the inferior colliculus, en-
abling precise representation of sound frequencies in the auditory cortex. The dorsal division of the MGB, which
is non-tonotopic, differs from the ventral division in terms of its information source. Unlike the ventral division, it
does not receive input from the inferior colliculus. Instead, it receives input from layer 5 of the primary auditory
cortex, indicating a potential alternate trans thalamic pathway for information transfer (Lee 2013, Lee & Sherman
2012). The medial MGB is a multimodal nucleus, receiving information not only from the auditory pathway but
also from other sensory systems (Bartlett 2013). Subnuclear nuclei within the medial MGB have an important role
in the preprocessing of auditory information, including re ex auditory information and multisensory integration
(Bahmer & Gupta 2018).

1.1.2 The architecture of the AC

The auditory cortex is a complex network of neural structures located in the temporal lobe of the brain and is
responsible for processing and integrating auditory information received from the ear (Graven & Browne 2008).
The auditory cortex is organised hierarchically, with multiple areas that process auditory information at different
levels of complexity (Rothschild et al. 2010, Read et al. 2002, Rauschecker & Scott 2009). The primary auditory
cortex, also known as Al, is the rst cortical area to receive input from the thalamus and is thought to be respon-
sible for processing basic features of sound such as frequency, intensity, and duration (Graven & Browne 2008).
However, several studies suggest that the computation in Al is more speci ¢ than merely reporting auditory cues
(King et al. 2018, 2019). Beyond A1, multiple secondary and association areas process complex aspects of sound,
such as spatial location, pitch, timbre, and speech perception (Rauschecker & Scott 2009). These areas include the

posterior superior temporal gyrus, the superior temporal sulcus, and the middle temporal gyrus, among others.
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