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ABSTRACT
Mechanosensory hair cells of the cochlea of the inner ear are the principal receptor cells of
hearing. As these cells cannot be replaced in mammals, developmental defects in, damage to,
and death of these cells leads to permanent hearing impairment and deafness. Therefore,
there is a need to develop biological approaches to protect hair cells from traumatic events
and to regenerate new hair cells to replace lost ones. One approach is to target the glial-like
supporting cells that surround hair cells. These cells have important roles in cellular stress
and repair responses of the auditory sensory epithelium. For example, they repair the
epithelial surface of the sensory epithelium after hair cell loss. In addition to this repair
response, structurally simple supporting cells of non-mammalian vertebrates can regenerate
hair cells. The more complex mammalian supporting cells fail to do this. Therefore, it has been
hypothetised that the rigid cytoskeleton of mammalian supporting cells limits their capacity
to regenerate hair cells. Perhaps through forced structural dedifferentiation of supporting
cells, hair cell regeneration and the recovery of lost hearing could be induced in mammals,
including humans. However, structural dedifferentiation of supporting cells may be
detrimental, as the complex cytoskeletal specialisations of supporting cells are believed to be
important for the correct functionality of the hearing organ. The cytoskeleton also plays a key
role in epithelial surface repair, a process that should not be disturbed. The molecular
regulation of the cytoskeletal development of supporting cells is largely unknown. Also, the
epithelial repair and cellular stress responses of auditory supporting cells remain to be
characterised in detail. Therefore, we lack vital information on how to therapeutically target
supporting cells and whether this can be achieved in a safe way that permits hair cell
protection or regeneration.
To provide insights into the themes described above, this thesis explores the structural
development and trauma-related functions of mammalian auditory supporting cells. A special
emphasis is given to Rho GTPases Cdc42 and RhoA, the well-known regulators of the actin
cytoskeleton. By establishing a conditional and inducible approach to inactivate genes of
interest in postnatal supporting cells, we demonstrate that Cdc42 regulates the maturation of
apical junctional domains of supporting cells. The Cdc42-depleted supporting cells cannot
efficiently repair the epithelium upon hair cell loss, which aggravates the sustained damage to
the sensory epithelium. Therefore, the proper development of the junctional domains of
supporting cells and efficient wound healing are essential for cell survival in the traumatised
sensory epithelium of hearing. While RhoA is dispensable for supporting cell development
and wound healing, we demonstrate a novel role for it in the maintenance of junctional myosin
II and apical domain integrity in embryonic outer hair cells.
With the help of serial block-face electron microscopy and immunohistochemical
methods, we reveal details on the epithelial repair responses of auditory supporting cells. For
example, auditory supporting cells act as tissue-resident phagocytes that engulf hair cell
debris. Additionally, the thick junctional domains of mature supporting cells do not readily
disassemble during epithelial surface repair. Because of this, the basolateral membranes of
supporting cells contribute to epithelial wound healing. Due to their exceptional stability, the
thick functional filamentous actin belts of postnatal supporting cells act as a multicellular

cytoskeletal scaffold that maintains the correct positioning and planar polarity of surviving
cells upon hair cell loss.
Lastly, by studying the transcription factor c-Jun – an effector of JNK signalling that is
believed to drive cell-intrinsic death processes of degenerating hair cells – with
immunohistochemical methods, we found that c-Jun is transiently activated in auditory
supporting cells upon noise- and ototoxic drug-induced stress. Based on this result, together
with the finding that genetic inhibition of this activation partially protects hair cells from noise
trauma, we postulate that JNK/c-Jun activation in non-sensory cells of the sensory organ of
hearing promotes hair cell death through paracrine effects. Hence, the known hair cell
protective effects of pharmacological inhibition of JNK signalling may be based on the
modulation of cellular stress responses of supporting cells.
As a conclusion, this work describes new insights into the development and cellular stressrelated functions of auditory supporting cells that should be taken into account when
designing future therapeutic approaches to protect and to restore hearing. Particularly, the
structure of supporting cells and the functionality of their wound healing response should not
be disturbed by attemps to induce hair cell regeneration. Therefore, pharmacological
protection of hair cells, for example by inhibiting JNK activation in non-sensory cells of the
cochlea, may be developed into clinically feasible approaches in the near future, while
induction of hair cell regeneration as a therapy against deafness still requires the untangling
of several difficult obstacles.

TIIVISTELMÄ
Sisäkorvan simpukan mekanosensoriset karvasolut ovat kuuloaistin keskeisin ärsykkeitä
vastaanottava reseptorisolutyyppi. Koska nisäkkäiden karvasolut eivät korvaudu uusilla,
karvasolujen kehitykselliset häiriöt, niihin kohdistuneet vauriot, sekä niiden kuolema johtaa
pysyviin kuulovaurioihin ja kuuroutumiseen. Tästä johtuen on olemassa suuri tarve kehittää
biologisia lähestymistapoja, joiden avulla karvasoluja voidaan suojella niitä vaurioittavilta
tekijöiltä ja muodostaa uusia karvasoluja menetettyjen tilalle. Yksi mahdollinen
lähestymistapa on karvasolujen vieressä sijaitsevien, gliasoluja muistuttavien, tukisolujen
hyödyntäminen. Nämä solut omaavat tärkeitä rooleja kuuloaistiepiteelin stressireaktioissa.
Ne esimerkiksi korjaavat kyseisen epiteelin pintarakenteen karvasolujen kuoleman
yhteydessä. Tämän korjausvasteen lisäksi ei-nisäkkäiden rakenteellisesti yksinkertaiset
tukisolut

voivat

uudelleenmuodostaa

karvasoluja.

Nisäkkäiden

rakenteellisesti

monimutkaisemmat tukisolut eivät tähän pysty. Nisäkkäiden tukisolujen monimutkaisen ja
jäykän tukirangan on ehdotettu estävän niiden kykyä uudelleenmuodostaa karvasoluja. Tästä
seuraten, karvasoluen uudelleenmuodostus ja kuulovaurioista parantuminen voisi kenties
onnistua

nisäkkäissä,

mukaan

lukien

ihmisissä,

pakottamalla

tukisolut

ottamaan

yksinkertaisemman rakenteen. Tukisolujen pakottaminen yksinkertaisempaan rakenteeseen
voi seuraamuksiltaan olla kuitenkin vahingollista, sillä niiden monimutkaisten tukirangan
erikoisrakenteiden uskotaan olevan tärkeitä kuuloaistiepiteelin normaalille toiminnalle.
Solujen tukiranka on myös keskeisessä roolissa epiteelin pinnan korjausvasteessa, jota ei tulisi
häiritä. Tukisolujen tukirangan molekyylitason säätelyn yksityiskohdat ovat suurimmalta osin
tuntemattomia. Tämän lisäksi kuuloaistiepiteelin tukisolujen korjausvasteden ja solutason
stressireaktioiden yksityiskohtia ei ole vielä tunnistettu. Toisin sanoen, meiltä puuttuu
tarvittava tietämys siitä, miten tukisoluja voidaan turvallisella tavalla hyödyntää
kuulovaurioiden ehkäisyssä ja hoidossa.
Tarjotakseen vastauksia yllä oleviin avoimiin kysymyksiin, tämä väitöskirja käsittelee
nisäkkäiden kuuloaistiepiteelin tukisolujen rakenteellista kehittymistä ja vauriovasteita.
Tutkimuksellista painoarvoa on erityisesti annettu solujen aktiinista koostuvaa tukirankaa
sääteleville Rho GTPaaseille Cdc42 ja RhoA. Karakterisoituamme ehdollisen ja indusoitavan
lähestymistavan hiljentää kiinnostuksen kohteena olevia geenejä syntymänjälkeisissä
tukisoluissa, osoitamme että Cdc42 ohjaa tukisolujen apikaalisten liitoskohtien kypsymistä.
Cdc42-hiljennetyt

tukisolut

eivät

pysty

tehokkaasti

korjaamaan

kuuloaistiepiteeliä

karvasolujen tuhoutuessa. Tämä pahentaa kuuloaistiepiteelin soluihin kohdistuvia vaurioita.
Täten, tukisolujen liitoskohtien normaali kehitys ja kyky korjata epiteelin pintaan
kohdistuneita vaurioita ovat oleellisen tärkeitä solujen selviytymiselle vaurioituneessa
kuuloaistiepiteelissä. RhoA osoittautui olevan tarpeeton tukisolujen kehitykselle ja niiden
vaurionkorjauskyvylle. Tätä vastoin, pystyimme osoittamaan RhoA:lle tärkeän roolin
kehittyvien ulkokarvasolujen liitoskohdissa sijaitsevan myosiini II:n ylläpidossa ja
liitoskohtien yhtenäisyydelle.
Hyödyntämällä
immunohistokemiallisia
vaurionkorjausvasteen

sarjallista

kappaleen

tekniikoita,
yksityiskohtia.

pinta-elektronimikroskopiaa

osoitamme
Esimerkiksi,

auditoristen
tukisolut

toimivat

ja

tukisolujen
paikallisina

syöjäsoluina jotka nielevät kuolleiden karvasolujen jäänteitä. Tämän lisäksi osoitamme, että
tukisolujen paksut liitoskohdat eivät pysty välittömästi purkautumaan epiteelin pinnan
korjauksen aikana. Tästä johtuen tukisolut hyödyntävät basolateraalisia solukalvojaan
epiteelin korjausprosessissa. Poikkeuksellisen vakautensa ansiosta tukisolujen paksut
aktiinifilamenteista koostuvat liitoskohtien vyöt toimivat usealle solulle yhteisenä
tukirakenteena, joka ylläpitää solujen oikeaa sijaintia ja polariteettia vaurioituneessa
kuuloaistiepiteelissä.
Tutkimalla transkriotiotekijä c-Junia – JNK signalointireitin efektoria, jonka uskotaan
ohjaavan rappeutuvien karvasolujen sisäsyntyisiä kuolemaan johtavia prosesseja –
immunohistologisin

keinoin,

me

havaitsimme

c-Junin

aktivoituvan

hetkellisesti

kuuloaistiepiteelin tukisoluissa melun ja ototoksisten lääkkeiden aiheuttaman solutason
stressin yhteydessä. Tähän tulokseen pohjautuen – sekä lisäksi perustuen tuloksiimme, jotka
osoittavat tämän aktivaation geneettisen estämisen osittain suojelevan karvasoluja
meluvaurioilta – oletamme kuuloaistiepiteelin ei-sensorisissa soluissa tapahtuvan JNK/c-Jun
aktivaation ohjaavan karvasolujen kuolemaa parakriinisten vaikutusten kautta. Täten, JNK
signalontireitin farmakologisen estämisen tunnettu karvasoluja suojaava vaikutus voi
perustua tukisoluissa tapahtuvaan solutason stressisignaloinnin muutoksiin.
Yhteenvetona sanottakoon, että tämä työ kuvaa uusia yksityiskohtia auditoristen
tukisolujen kehityksessä ja solutason stressiin liittyvissä vasteissa, jotka tulisi huomioida
suunniteltaessa tulevia terapeuttisia lähestymistapoja suojata kuuloa ja palauttaa menetetty
kuulokyky. Erityisesti tukisolujen rakennetta ja niiden vaurionkorjausvastetta ei tulisi häiritä
yritettäessä aikaansaada karvasolujen uudelleenmuodostuminen. Täten, karvasolujen
farmakologinen suojelu, esimerkiksi estämällä JNK aktivaatio sisäkorvan simpukan eisensorisissa soluissa, voi olla kliinisesti mahdollista lähitulevaisuudessa, kun taas
karvasolujen uudelleenmuodostuksen käyttäminen terapiakeinona kuurouteen vaatii vielä
usean vaikean esteen selvittämisen.

1 INTRODUCTION
Within the temporal bone of the skull lies the innermost part of the vertebrate ear, the inner
ear (Fig.1), which is responsible for the detection of balance and sound. A bony capsule, called
the osseous (bony) labyrinth, surrounds the inner ear. Fluid-filled cavities, collectively known
as the membraneous labyrinth, are situated within the osseous labyrinth. The membraneous
labyrinth contains several sensory organs that can be functionally divided into the vestibular
system, responsible for detecting linear and angular acceleration, and the auditory system,
responsible for detecting sound.

Figure 1. Anatomy of the ear. (A) Anatomy of the mammalian outer, middle, and inner ear. (B)
Anatomy of the inner ear. Sensory organs are shown in blue. (C) Transverse section through the cochlear
duct. The tectorial membrane is in orange. Abbreviations: ASD/LSD/PSD, anterior/lateral/posterior
semicircular duct; SAG, statoacoustic (VIII) ganglion; SGNs, spiral ganglion neurons; Sm, scala media.
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The vestibular part of the inner ear consists of three semicircular canals of the labyrinth, each
containing a crista ampullaris, and of the two sac-like structures, known as the sacculus and
the utriculus. These sac-like structures contain the otolith organs saccule and utricle. The
auditory part of the inner ear is formed by the cochlear duct of the cochlea (Fig.2). The fluid
space within the cochlear duct, known as the scala media, is filled with potassium (K+) rich
endolymph. The fluid spaces above and below the scala media, the scala vestibuli and the scala
tympani, are filled with perilymph. These perilymphatic spaces are connected at the tip (apex)
of the cochlea by a small opening, known as the helicotrema. When observed in a transverse
section, the scala media has a triangle-like shape, delineated by the Reissner’s membrane, the
lateral wall, and the basilar membrane. The sensory epithelium of hearing, the organ of Corti,
lies on the basilar membrane.

Figure 2. Hematoxylin-stained transverse paraffin-section of the mature mouse
(CBA/CA) medial cochlear duct. Abbreviations: bc, bony capsule; bm, basilar membrane; hp,
habenula perforata; ids, inner dental cells; is, inner sulcus; oc, organ of Corti; os, outer sulcus; rcs, root
cells; rm, Reissner’s membrane; sgns, spiral ganglion neurons; spl, spiral limbus; sl, spiral ligament; sp,
spiral prominence; sv, stria vascularis; tc, tunnel of Corti.

All sensory epithelia of the inner ear are formed by mechanosensory hair cells with supporting
cells lying in between. Together, these cells form a highly organised “chessboard-like” pattern.
Auditory hair cells are responsible for detecting waves of pressure changes in a medium. These
waves travel from the outer ear to the tympanic membrane (Fig.1/p.1; Fig.16/p.29) and are
transmitted as vibrations to the inner ear via the auditory ossicles (malleus, incus, and stapes)
of the air-filled middle ear and via the oval window. Through the oval window, the pressure
changes reach the liquid-filled membraneous labyrinth and induce the basilar membrane to
vibrate. On the vibrating basilar membrane, mechanosensory hair cells transform deflections
of their specialised apical domain into electrochemical signals. These signals are carried via
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neurons to the central nervous system (CNS), where a representation of the acoustic
environment forms: A sound is perceived.
Our capacity to interact with our surroundings relies on our ability to perceive it with the
help of our sensory organs. Unfortunately, the sensory receptor cells in these organs are
vulnerable to damage, and loss of their function leads to sensory deficits. In a letter to otologist
James Kerr Love (Keller and Kerr Love, 1933), the deaf-blind author Helen Keller wrote the
following:
“The problems of deafness are deeper and more complex, if not more important, than
those of blindness. Deafness is a much worse misfortune. For it means the loss of the
most vital stimulus — the sound of the voice that brings language, sets thoughts astir
and keeps us in the intellectual company of man.”
Her writing is a strong example of the impact of hearing loss on social, functional, and
emotional levels on individuals. Additionally, hearing loss has a negative economic impact on
the individual and societal level. Around the world, the burden of hearing loss is high. The
World Health Organization (WHO) estimates that 360 million people worldwide have
disabling hearing loss, referring to hearing loss greater than 40 dB SPL (sound pressure level)
in the better hearing ear (WHO, 2017). This makes hearing impairment the most common
human sensory deficit that cannot be easily treated. As the mean life expectancy has
continually risen in many countries, it is alarming that one third of individuals over 65 years
have disabling hearing loss (WHO, 2017). In addition to this, many individuals have mild
hearing loss or hearing difficulties in noisy environments that are not associated with
worsened hearing thresholds. Therefore, treating and preventing hearing loss is of high
importance in order to lower this burden (Olusanya et al., 2014).
Hearing loss can be caused by defects of the middle ear (conductive hearing loss), by
defects of the inner ear and and neurons of the auditory pathway (sensorineural hearing loss),
or by disorders of the CNS. These defects can be congenital (present since birth) or they may
be acquired during life for example as a result of trauma. While conductive hearing loss can
be treated relatively well for example with auditory ossicle prostheses (Luers and Hüttenbrink,
2016), sensorineural hearing loss is more challenging to treat. Defects in and damage to the
auditory hair cells cause a considerable portion of sensorineural hearing loss, and they are
irreversible in mammals. Hair cell loss may result from multiple different causes, which
include mutations in genes that are important for their development or maintenance,
exposure to ototoxic drugs or to loud noises, infections, accidental and surgical traumata, and
the effects of ageing. While cochlear and auditory brainstem implants, also said to be one of
the most significant advances in modern medicine, provide a way to treat severe hearing loss
(Vincent C, 2012; Yawn et al., 2015), they cannot provide the same sound coding capability as
the intact inner ear does. Moreover, people suffering from mild hearing loss or people who
have normal hearing threshold levels but have difficulties of hearing in noisy environments
cannot be treated efficiently with these implants.
A new hope for biological restoration of hearing arose when non-mammalian vertebrates
were found to be able to recover from noise-induced hearing loss: Their supporting cells
produce new hair cells that replace the lost ones (Cotanche DA, 1987a; Cruz et al., 1987;
Corwin and Cotanche, 1988; Ryals and Rubel, 1988). Great efforts are undertaken to
understand why mammalian supporting cells lack this “natural” ability to regenerate hair
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cells. The major goal of this line of research is to one day be able to manipulate mammalian
supporting cells to produce hair cells. We live in exciting times as this idea is no longer only a
futuristic plan: The first human clinical gene therapy trial using this approach is currently
ongoing, led by GenVec and Novartis (CGF166, ClinicalTrials.gov identifier NCT02132130).
In addition to hair cell regeneration, there are other ways in which research on auditory
supporting cells can contribute to treating hearing loss. Supporting cells have crucial
homeostatic roles during traumatic events. For example, they repair the epithelial surface of
the sensory epithelium after hair cell loss and are believed to contribute to phagocytosis
(engulfment and devourment) of hair cell debris (Raphael and Altschuler, 1991; Abrashkin et
al., 2006). Recent research findings have shown that supporting cells also play a role in
important cellular stress responses of the hearing organ (May et al., 2013). These supporting
cell-based stress responses may be modulated in novel ways to protect hair cells during
traumatic events. A majority of pharmacological interventions, including the current clinical
trial led by Auris Medical (Suckfuell et al., 2014; EudraCT Number: 2013-002077-21), aim to
limit cochlear damage by restricting either hair cell-intrinsic stress responses, programmed
cell death of hair cells, or inflammative processes. Last but not least, supporting cells maintain
the correct structure of the organ of Corti with their complex cytoskeletal specialisations. As
minuscule changes in their structure can induce hearing loss, it is likely that also the
supporting cells need to be regenerated/repaired in order to fully recover hearing function
(Jahan et al., 2015). Therefore, knowledge on how supporting cells develop their cytoskeletal
structures is essential for future regenerative therapies.
To provide insights into the themes described above, this thesis explores the structural
development and trauma-related functions of mammalian auditory supporting cells. Results
on the mechanisms and importance of the supporting cell-driven epithelial repair process are
presented. Special emphasis is on the roles of Rho GTPases Cdc42 and RhoA, the well-known
regulators of the cytoskeleton (Sonnemann and Bement, 2011; Pedersen and Brakebusch,
2012; Citi et al., 2014), during development and wound healing responses of supporting cells.
In addition, a novel cellular stress response of supporting cells is described. While the main
focus of this thesis is on supporting cells, structural development of hair cells is also discussed
in detail, because we found a new developmental role for RhoA in hair cells. The possibility to
modulate supporting cells in the hope of recovery or prevention of hearing loss is also
discussed.
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considered. To achieve this in the following literature review, the reader is first provided with
an overview of the evolutionary origin of the mammalian hearing organ. After this, a summary
of the early development of the hearing organ, followed by a detailed description of the
development and functionality of hair cells and supporting cells, is presented to the reader.
After these central themes, I review the mechanisms that contribute to damage and death of
hair cells. Subsequently, the occurring cellular stress responses and epithelial repair processes
that depend on auditory supporting cells are discussed. Finally, I review the current state of
research about the potential of supporting cells to serve as a platform for regenerative and
protective therapies against hearing loss, a theme that requires knowledge on all the topics
listed above. As the Rho GTPases Cdc42 and RhoA are of central interest in this thesis, their
in vivo functions are also covered by this literature review.

2.1

The evolutionary origin of the mammalian hearing organ

Mechanosensation is an ancient sensory process that grants organisms the ability to detect
external forces. Mechanosensation is often molecularly based on the function of
mechanoelectrical transducer (MET) channels. These channels are expressed by sensory
neurons or by specialised receptor cells that are innervated by the sensory neurons. These cells
provide us with the capability to perceive touch, balance, and sounds.
For centuries, the inner ear was considered to act solely as the organ of hearing. The inner
ear “vestibulum” was believed to detect sound intensity differences (Fritzsch et al., 2014). This
idea was challenged by Ménière who claimed that the inner ear was the origin of vertigo
(Ménière P, 1861ab). Finally in 1873–1874, three independent publications described how the
inner ear works as a balance organ (reviewed in Wiest G, 2015). In fact, the auditory system
appears to be a relatively recent innovation in evolution, having its origins in the ancestral
vestibular system (Fig.3/p.6; Köppl C, 2011).
Aquatic vertebrates have a group of sensory organs, called the lateral line system, that
detects pressure changes in the water with the help of hair cells. The “acoustico-lateralis”hypothesis proposes that the vertebrate inner ear developed from the lateral line system
(Mayser P, 1882; Lowenstein O, 1967). However, modern research results support the idea
that the vertebrate inner ear and the lateral line have co-evolved from an ancestral vestibular
organ through duplication and segregation (Wever EG, 1974; Duncan and Fritzsch, 2012).
Therefore, the auditory sensory epithelia may have evolved from vestibular epithelia, as
suggested by the “vestibular first”-hypothesis (Baird IL, 1974). Furthermore, the precursors
of hair cells may have evolved in the skin and later aggregated into the ancestral inner ear.
Therefore, the mechanoreceptor may be the earliest evolutionary link between the lateral line,
the inner ear, and even the mechanosensory cells of invertebrates, as suggested by the
“mechanosensory cell first”-hypothesis (Duncan and Fritzsch, 2012).
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The word “cochlea” derives from the Latin description of the snail-like form of the auditory
portion of the mammalian inner ear. Likewise, the organ of Corti within the cochlea is coiled.
The homologous sensory epithelia in birds and reptiles, called the basilar papilla, are shorter
and uncoiled. Before the ancestors of birds and mammals separated evolutionarily, they may
have had an auditory sensory epithelium, which evolved from the saccule. In mammals, this
epithelium is thought to have transformed into the coiled organ of Corti (Köppl C, 2011). From
this perspective, the mammalian hearing organ and cells within it have undergone drastic
evolutionary changes in its structure when compared to their non-mammalian counterparts.

Figure 3. Schematic representation of the evolution of the auditory organ. Primitive
mechanosensory cells aggregated and formed an ancestral inner ear, which gave rise to multiple different
sensory patches. These patches continued to morphologically evolve in different animals. The presented
structures are not in scale. This illustration is modified from the illustration presented by Basch and
colleagues (2016a). Abbreviations: SA, saccule; LR, lagenar recess; CD, cochlear duct.
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2.2

Considerations on the use of mice to study mammalian
hearing

As the structurally complex cochlea is unique to mammals, the development and function of
this organ is impossible to study using non-mammalian organisms in detail. However, even
among mammals, the exact design of the hearing system has evolved in different ways. When
comparing for example humans and mice, their inner ears are functionally and structurally
largely comparable, but this is not the case for the anatomy of their outer and middle ears. For
example, mice have a “microtype” ossicle system while humans have a “freely mobile” type
(Mason MJ, 2013). Mice also lack mastoid cells, a network of air cells of the temporal bone
(Treuting and Dintzis, 2012). Still, the inner ear of the mouse is a valuable model to study the
development and function of the mammalian hearing organ. Despite their largely overlapping
structures, some differences do exist between the inner ears of mammals, including length
differences (around 6 millimeters in mice, 30–35 millimeters in humans) and “tuning” of the
hearing organs for different frequency spectra (Treuting and Dintzis, 2012). We are referring
to sounds in terms of frequency (pitch, measured in Hz) and sound pressure level (SPL,
loudness, measured in dB SPL). While human hearing is generally sensitive for frequencies
between 20 Hz and 20 kHz, mice can hear up to 72 kHz (Viberg and Canlon, 2004; Müller et
al., 2005). Other mammals are routinely used in inner ear research and have their cochlea
tuned more closely to the frequency range of humans, but the modern transgenic mice lines
offer powerful approaches to study the development of the inner ear and the mechanisms of
hearing loss.
As is true for humans, not every mouse is the same. Individual variance in the genetic
background of a model organism is a challenge to researchers as it can complicate the
comparison of control and mutant animals. Inbred mouse strains have been generated to
minimise genetic variability as a solution to this problem. Unfortunately, there are great
differences in hearing capacity between these strains (Martin et al., 2007). In fact, multiple
mouse strains are not suitable for hearing research as they show accelerated age-related
hearing loss, often linked to degeneration of hair cells and of associated neurons. This might
partly relate to the fact that many mouse strains carry mutations in genes important for
hearing (Noben-Trauth and Johnson, 2009). For example, C57BL/6J mice carry mutations in
Cdh23 (Nemoto et al., 2004) that produces an important protein component of hair cells,
discussed in detail later (p.23). When studying noise-induced hearing loss, the situation
becomes even more complex. The same induced acoustic trauma can cause considerably
different outcomes in terms of cellular damage and hearing loss in both humans and
experimental animals (Cody and Robertson, 1983). Interestingly, some mouse strains are
resistant to acoustic trauma while others are highly susceptible for it (Turner et al., 2005).
Because of these differences, comparisons of the effects of acoustic trauma are not
straightforward between different mouse strains. One of the standard strains used in hearing
research, and also in this work, that retains normal hearing beyond one year of age is CBA/CaJ
(Wang et al., 2002). Still, even with strain-, age-, and gender-matched mice, large differences
in the effects of noise still occur between individuals (Maison and Liberman, 2000; Wang et
al., 2002). Therefore, careful analysis and sufficiently large test groups are needed for
meaningful research outcomes.
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Before reviewing the development of the mammalian hearing organ, the different timespan of
inner ear development between mice and humans should be considered. In mice, the
development of the inner ear starts during embryonic development day E8.5 (E0 is the
morning when a copulatory plug is found). In total, the embryonic development of mice lasts
around 19 days. After birth, the inner ear of mice continues to develop (P, postnatal day; P0 is
the day of birth). Their hearing function starts during the end of the second postnatal week,
around P12 (Mikaelian and Ruben, 1965). While the organ of Corti at this time point is
morphologically quite close to that of adults (Mikaelian and Ruben, 1965), fine-detailed
changes still take place in its cells (Etournay et al., 2010). Additionally, the synaptic
innervation of hair cells continues to mature over the first month of their postnatal life
(Liberman and Liberman, 2016). In contrast to mice, the human inner ear becomes functional
before birth: Inner ear development initiates at the fourth week of pregnancy and hearing
function starts around the twentieth week of pregnancy (Lim and Brichta, 2016). Therefore,
interpolating research results from early postnatal mouse cochleae to mature human cochleae
should be done with caution.

2.3

Early embryonic development of the hearing organ

For more than a century, developmental biologists have been studying the cellular
mechanisms of the way in which a piece of the ectoderm can morph into the complex inner
ear, a process that requires finely regulated morphogenetic changes. Cells of the organ of Corti
itself complete complex differentiation processes that eventually produce its checkerboardlike epithelial organisation. These cellular processes include cell proliferation, migration, cell
shape changes, and programmed cell death. As these steps are interconnected, the correct
completion of all them are critical for normal hearing function. With each developmental step,
cells generally commit to a specific cell fate and lose the potential to form other cell types
(Waddington CH, 1957). Some cells do not undergo this process of terminal differentiation 1
and retain the capability to produce other cell types. These cells are known as stem cells. Nonmammalian supporting cells can be thought to be tissue-resident stem cells as they can
produce hair cells. Since a unique developmental step potentially strips this stemness from
mammalian supporting cells, it is vital for future regeneration-based therapeutic
interventions to understand the development of the inner ear.

2.3.1

The otic placode forms the inner ear

Otic development begins in the preplacodal domain of the ectoderm, on both sides of the
developing hindbrain (Fig.4/p.9). At this site, inductive signals specify two otic placodes that
will give rise to the inner ears. These inductive signals include BMP (bone morphogenetic
protein), FGF (Fibroblast growth factor), Notch, and Wnt families (Ohyama et al., 2007;
Jayasena et al., 2008; Chen and Streit, 2013; Sai and Ladher, 2015). These signalling pathways

1Since

many terminally differentiated cell types can be manipulated to return to an undifferentiated state (Takahashi

and Yamanaka, 2006), “terminal differentiation” is not as irreversible as previously thought.
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regulate various different processes throughout inner ear development. The molecular
components of these pathways and their function is described later.
Around E8.5, an ectodermal thickening develops into the otic placode near the fifth
rhombomere. This thickening gives rise to the otic cup and subsequently to the otic vesicle,
also known as the otocyst, by E9.5 (Anniko and Wikström, 1984; Barald and Kelley, 2004).
The otocyst undergoes patterning along its three axes and transforms into the membraneous
labyrinth. Signalling pathways that direct this patterning include FGF, SHH (Sonic hedgehog),
and Wnt signalling (Barald and Kelley, 2004). The correct patterning of the dorsal-ventral axis
is particularly important for cochlear development, as the cochlea elongates from the ventral
pouch of the otocyst (Ruben RJ, 1967; Cantos et al., 2000; Brown et al., 2015). The mouse
cochlear duct elongates and coils during embryonic and early postnatal development until it
reaches approximately one and three quarters of turns in length (Sher AE, 1971; Kopecky et
al., 2012).

Figure 4. Early embryonic development of the inner ear. From E8.5, the otic placode
invaginates and forms first the otic pit which then forms the otocyst. The otocyst transforms from E9.5
onward into the inner ear. At E12.5, prosensory patches (blue) can be seen within the developing inner
ear. The neuroblasts and the SAG are shown in yellow. Abbreviations: ASD/LSD/PSD,
anterior/lateral/posterior semicircular duct; SAG, statoacoustic ganglion.

It is worth mentioning that between E9–E12.5, neuroblasts separate (delaminate) from the
otocyst and form the neurons of the statoacoustic (cochleovestibular) ganglion. A subset of
these neurons forms the spiral ganglion of the cochlear nerve. Spiral ganglion neurons are
bipolar neurons that innervate hair cells and transmit information from the inner ear to the
CNS (Bell et al., 2008; Delacroix and Malgrange, 2015). Additionally, neural crest cell
progenitors migrate into the otic placode and form Schwann cells of the spiral ganglion
(D’Amico-Martel and Noden, 1983) and intermediate cells of the stria vascularis (Steel and
Barkway, 1989), a compartment of the cochlea described in detail later (Fig.2/p.2; p.40).
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2.3.2

Multiple signalling pathways orchestrate prosensory domain
establishment in the cochlear duct

In the ventral outgrowth of the E11 otocyst, a group of cells expresses Sox2 (Sex determining
region Y-box 2) and the Notch signalling ligand Jag1 (Jagged1). These cells give rise to a Sox2positive prosensory domain of the organ of Corti (Fig.5; Kiernan et al., 2005a; Ohyama et al.,
2010). Sox2 is a transcription factor that is widely used as a marker of many types of stem cells
and neural progenitor cells (Sarlak and Vincent, 2016). In the inner ear, Sox2 is required for
prosensory domain formation (Kiernan et al., 2005a). Two non-sensory domains are located
next to the prosensory domain. The domain on the neural side, the greater epithelial ridge
(GER) or Kölliker’s organ, will develop into the inner sulcus. The Kölliger’s organ is a transient
structure formed by columnar cells that are suggested to participate in refining the innervation
of neighbouring inner hair cells by producing purinergic signalling-dependent spontaneous
activity (Dayaratne et al., 2015). These cells ultimately induce programmed cell death
(apoptosis) in a basal-to-apical cochlear coil gradient between P7–P14 so that the inner sulcus
can form (Hinojosa R, 1977; Kamiya et al., 2001; Takahashi et al., 2001; Peeters et al., 2015).
The domain on the abneural side of the prosensory domain, the lesser epithelial ridge (LER),
forms the outer sulcus (Fig.2/p.2).

Figure 5. Prosensory domain specification in the cochlear duct. The prosensory domain
morphs, guided for example by FGF and BMP signalling, into the greater (GER) and lesser (LER)
epithelial ridges, and into the developing organ of Corti. The inner pillar cell (IPC) is one of the first cell
types to be morphologically distinguishable (Thelen et al., 2009). Inner hair cells develop prior to outer
hair cells (dark blue). Supporting cells are shown in green. Abbreviations: GER, greater epithelial ridge;
IHC, inner hair cell; IPC, inner pillar cell; LER, lesser epithelial ridge; OHCs, outer hair cells; SAG,
statoacoustic ganglion; SCs, supporting cells; SGNs, spiral ganglion neurons.

Gradients of BMPs and FGFs guide the formation of the prosensory and nonsensory domains
(Ohyama et al., 2010; Groves and Fekete, 2012). Cells on the abneural side of the developing
cohlear duct express BMP4 (Morsli et al., 1998). BMPs belong to the TGFβ superfamily and
can act as secreted proteins (morphogens) that generate cellular responses in a graded manner
(Bier and De Robertis, 2015). The gradiently differing levels of BMP signalling specify sensory
and non-sensory regions of the cochlear duct (Ohyama et al., 2010). The importance of FGF
signalling for prosensory domain formation is demonstrated by results showing that the
inhibition of FGFR1 or FGF20 decreases the size of the prosensory domain (Pirvola et al.,
2002; Hayashi et al., 2008; Huh et al., 2012; 2015). The mammalian FGF family consist of
secreted proteins that bind to four signalling tyrosine kinase FGF receptors (FGFRs) that
activate multiple signal transduction pathways (Ornitz and Itoh, 2015).
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In addition to BMPs and FGFs, there are other factors that regulate the formation of the
prosensory domain. For example, cells on the neural side of the prosensory domain express
Jag1 (Ohyama et al., 2010). Notch signalling appears to control multiple aspects of the
prosensory domain development, for example its induction and/or maintenance, as well as
the proliferation of prosensory cells (Basch et al., 2016ab). Canonical Wnt signalling, mediated
by the nuclear translocation of β-catenin that stimulates the transcription of its target genes,
appears to promote prosensory cell identity and proliferation (Jacques et al., 2012a; Żak et al.,
2015). The molecular components of Notch- and Wnt signalling are discussed in detail later
in the context of cell fate determination and planar cell polarity establishment (p.12; p.17).

2.3.3

Progenitor cells of the organ of Corti exit the cell cycle and
differentiate in opposite spatiotemporal gradients

Three rows of outer hair cells and one row of inner hair cells run along the length of the
cochlear duct, with each hair cell surrounded by specific types of supporting cells. To form this
sophisticated pattern, strict control of proliferation and differentiation of cochlear progenitor
cells is necessary (Kopecky et al., 2013). After the prosensory domain is specified, progenitor
cells exit the cell cycle. In the organ of Corti, cells synchronously exit the cell cycle between
E12.5 and E14.5 in a gradient that proceeds from the apical cochlear coil to the base (Fig.6;
Ruben RJ, 1967). Upregulation of the cyclin-dependent kinase inhibitor p27 Kip1 (CDKN1B)
follows this gradient. p27Kip1 is essential for the cell cycle exit and cell survival, as its
inactivation leads to ectopic proliferation and death of the ectopic cells (Chen and Segil, 1999;
Löwenheim et al., 1999; Lee et al., 2006). In addition to p27Kip1, other cyclin-dependent kinase
inhibitors and members of the pocket protein family play a role in regulating this cell cycle
exit (Shimmang and Pirvola, 2013).

Figure 6. Cell cycle exit and differentiation gradient in the developing organ of Corti. While
the cell cycle exit starts at the apical coil, cellular differentiation starts at the basal coil. As the embryonic
development proceeds, the gradients of cell cycle exit (red) and cellular differentiation (blue) meet
(purple) and extend through the whole prosensory domain. Note that the cochlear duct continues to coil
at the same time.

While cell cycle exit and differentiation usually occur together, these events are uncoupled in
the organ of Corti. The first differentiating cells are visible near the cochlear base between E13
and E14. The “wave” of cell differentiation proceeds to the basal and apical ends of the organ
over the following four days (Sher AE, 1971; Lim and Anniko, 1985). On the molecular level,
one of the first signs that a progenitor cell is developing into a hair cell is the expression of the
bHLH (basic helix-loop-helix) transcription factor Atoh1 (atonal homolog 1, Math1). The start
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of its expression closely follows the differentiation gradient (Bermingham et al., 1999; Chen et
al., 2002). Therefore, cell cycle exit and differentiation occur in opposite temporal gradients
in the organ of Corti. However, the processes that regulate these opposing gradients are not
yet well understood. Regarding the spiral ganglion, it has been put forward that its
development may regulate the timing of hair cell differentiation (Matei et al., 2005).
Specifically, SHH expressed in the spiral ganglion appears to play a central role in the
regulation of hair cell differentiation (Liu et al., 2010; Bok et al., 2013; Tateya et al., 2013),
since the differentiation gradient of hair cells occurs prematurely and is reversed in the
absence of SHH signalling (Bok et al., 2013). In addition to the apico-basal axis, cellular
differentiation in the organ of Corti follows a medial to lateral gradient. The first hair cells to
be specified are the inner hair cells, while the outer hair cells of the third row are the last ones
(Lim and Anniko, 1985).

2.3.4

Determination of progenitor cell fates is mediated by Notch signalling

As research results done with regenerating sensory epithelia had already suggested (Corwin
and Cotanche, 1988; Ryals and Rubel, 1988) and cellular fate mapping studies have later
demonstrated (Fekete et al., 1998; Kil and Collazo, 2001; Jiang et al., 2013; Gu et al., 2016; Xu
et al., 2017), hair cells and supporting cells differentiate from a common progenitor cell type.
But how do these cells organise themselves into the specific mosaic of hair cells and supporting
cells? A conserved pathway that regulates cell fate decisions during development is Notch
signalling (Axelrod JD, 2010). After Notch signalling was demonstrated to regulate cellular
mosaic formation in Drosophila (fruit fly), it was suggested to have a similar function in the
sensory epithelia of the inner ear (Haddon et al., 1998; Adam et al., 1998). Indeed, multiple
following studies (Morrison et al., 1999; Brooker et al., 2006; Kiernan AE, 2013; Basch et al.,
2016b) have confirmed this hypothesis.
The mechanism behind the Notch-mediated cell mosaic formation is a contact-dependent
inhibition of cell fate decisions, known as lateral inhibition (Fig.7/p.13). The Notch receptor
in a cell is activated if its ligands Delta/Jagged, expressed by neighbouring cells, bind to it.
Ligand binding releases the Notch intracellular domain (NICD) through a gamma-secretase
mediated cleavage (Schroeter et al., 1998). The released NICD induces transcription of genes
of the Hes and Hey families. The products of these genes repress the transcription of proneural
genes and block the cell from adopting a primary cell fate (Kiernan AE, 2013). Mammals
possess several proneural gene families that encode bHLH transcription factors, including
Neurogenin, Neurogenic differentiation genes, and Mash families (Wilkinson et al., 2013).
Atoh1, a member of the neurogenic differentiation gene family, has attained a lot of attention
in the field of inner ear research, as Atoh1 has been suggested to be essential and sufficient to
initiate hair cell differentiation (Bermingham et al., 1999; Woods et al., 2004; Pan et al., 2011;
Kelly et al., 2012; Costa et al., 2017): Atoh1 misexpression triggers a supporting-cell-to-haircell-conversion in developing inner ear sensory epithelia (Zheng and Gao, 2000; Gubbels et
al., 2008; Liu et al., 2014). Additionally, improvement of hearing thresholds has been reported
to occur simultaneously to Atoh1 misexpression following acoustic trauma (Izumikawa et al.,
2005). Thus, hopes for using Atoh1 to form new hair cells as a therapy against hearing loss
have been raised. In fact, the ongoing clinical trial CGF166 (GenVec and Novartis;
NCT02132130) aims to convert supporting cells into hair cells with a viral vector-mediated
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gene transfer of Atoh1 to supporting cells. The feasibility of this approach is discussed in more
detail in the context of hair cell regeneration (p.75).

Figure 7. Notch-mediated lateral inhibition determines hair cell and supporting cell fates.
(A) The figure above shows how cells utilise Notch signalling to form cellular mosaics. (B) Notch is
activated in a cell by the corresponding membrane-bound ligands Delta/Jagged. This leads to release of
the Notch intracellular domain (NICD) which induces transcription of Hes and Hey factors. These factors
repress proneural genes, thereby blocking the cell from adopting the primary cell fate (hair cell fate in
the case of the organ of Corti). (C) The basilar papilla of the lizard A. carolinensis, presented here as a zstack of Apotome images, is a good example of a simple mosaic of two principal cell types. (D) Higher
magnification confocal image of the basilar papilla, fluorescently stained for filamentous actin with
phalloidin, shows how each hair cell (hc) is surrounded by supporting cells (sc). The specimen was a
generous gift by Di-Poi N, University of Helsinki. Abbreviations: hc, hair cell; sc, supporting cell; Factin, filamentous actin.

The formation of simple mosaics of cells, like that of the basilar papilla, can be explained
relatively well with the process of lateral inhibition. A cell in the Notch1 receptor-expressing
prosensory domain begins to express Serrate2 and Delta1 and differentiates into a hair cell.
As a consequence of Notch activation, the neighbouring cells express Hey and Hes genes,
which represses Atoh1: The neighbouring cell adopts the secondary cell fate and becomes a
supporting cell (Lanford et al., 1999; Zine et al., 2001; Li et al., 2008; Tateya et al., 2011). As
this process repeats itself along the cochlear duct, a regular mosaic of hair cells and supporting
cells is generated.
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2.3.5

The cochlear duct grows by convergent extension

When comparing vertebrate hearing organs, one of the unique features of the mammalian
hearing organ is its elongated snail-like shape. The developing cochlear duct grows by cellular
proliferation and by movement of cells (Chen et al., 2002). Between E14–E18.5, the organ of
Corti elongates up to four-fold without cell proliferation by a series of movements of its cells,
known as convergent extension (Fig.8; Chen et al., 2002; McKenzie et al., 2004; Wang et al.,
2005; Yamamoto et al., 2009; Driver et al., 2017). The term convergent extension refers to the
movements that lead to the lengthening of a group of cells along one axis (extension) while
shortening along the orthogonal axis (convergence). Rather than moving by crawling,
epithelial cells often rearrange themselves by modifying their apical cell-cell junctions (Bertet
et al., 2004).

Figure 8. Convergent extension movements of cells. Two rows of cells (blue and green) can
transform into a single row of cells by convergence and extension.

2.3.5.1

Planar cell polarity signalling, actomyosin contractility, and changes
in cell adhesion drive convergent extension

Cells generally move and change their shape by modulating actin and the contractility of
myosins. Actin polymerises and forms filamentous structures (filamentous actin, F-actin) that
form a major part of the backbone of a cell, the cytoskeleton. The contractile activity of
myosins is based on their ability to move along F-actin. In addition, the polymerisation and
depolymerisation of actin drives several cellular functions, which include endocytosis,
membrane protrusion formation, and cell motility (Pollard and Cooper, 2009).
The protrusive actin activity and actomyosin contractility that drives convergent extension
are often regulated by the core components of planar cell polarity (PCP) signalling
(Wallingford et al., 2000; Kim and Davidson, 2011). The PCP pathway is described in more
detail in the context of its role establishing the correct orientation of hair cells (p.18). Other
signalling pathways independent of the core PCP system can also regulate convergent
extension (Devenport D, 2016). For example, the Drosophila germ band extends
independently of PCP, while vertebrate neural plate intercalation depends on PCP signalling
and non-muscle myosin II (NMII) contractility (Zallen and Wieschaus, 2004; Nishimura et
al., 2012; Williams et al., 2014). NMII is an actin-binding protein that has actin cross-linking
and contractile functions. By sliding on junction-associated F-actin, NMII can apply tension
to junctions. This NMII-mediated junctional tension is reported to be critical for the
establishment, maintenance, and modification of junctions (Vicente-Manzanares et al.,
2009).
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In the chick neural plate, Rho associated coiled-coil kinase (ROCK) – one of the main effectors
of the Rho GTPase RhoA – directs the accumulation of myosin to cell-cell junctions
(Nishimura et al., 2012). In Xenopus (clawed frog), the Rho GTPase RhoA is thought to induce
actomyosin contractility and actin polymerisation under the guidance of PCP signalling
(Habas et al., 2001; Tanegashima et al., 2008). Similar processes appear to drive convergent
extension of the cochlear duct. Cochlear extension movements appear to be regulated by the
Wnt-PCP-pathway and ROCK/NMII-activity (Yamamoto et al., 2009; Driver et al., 2017).
However, it is still unknown whether RhoA regulates this process in cochlear cells. The
functionality of RhoA-ROCK-NMII signalling, together with the regulation of actin and
myosin dynamics, is described in detail later.
In addition to contractility, morphogenetic changes are driven by modulation of cellular
adhesion (Niessen et al., 2011). In the embryonic cochlear duct, E-cadherin is expressed by
the cells of the sensory domain, while N-cadherin is expressed by cells outside of this domain.
These different domains of cadherins, transmembrane proteins that form adherens junctions,
appear to play a role in cochlear convergent extension. For example, p120-catenin- and
Vangl2-mutant mice that fail to extend the organ of Corti have reduced amounts of cadherins
in the epithelium (Chacon-Heszele et al., 2012). Functions of cadherins in cell-cell contacts
are discussed in detail later (p.32).
Interestingly, disruption of core PCP genes that regulate the aligment of hair cells often
results in defective convergent extension (Curtin et al., 2003; Montcouquiol et al., 2003;
2006; Wang et al., 2005; Wang et al., 2006). Additionally, the theory has been put forward
that the amount of precursor cells may determine the length of the cochlear duct (Riccomagno
et al., 2002). However, this is challenged by other findings: Atoh1 knock-out mice that fail to
form hair cells and lose many non-sensory cells of the organ of Corti still have a near-normal
length cochlear duct (Pan et al., 2011). In contrast, Sox2 knock-out mice have a shortened
cochlear duct (Kiernan et al., 2005a), while inactivation of the Rho GTPase Rac1 in the inner
ear results in the shortening of the cochlear duct without producing additional hair cell rows
(Grimsley-Myers et al., 2009). Therefore, it is still not entirely clear how prosensory domain
formation, cell proliferation, differentiation, and convergent extension are linked together.

2.3.6

Development and structure of the organ of Corti

The mammalian hearing organ, the organ of Corti, is a pseudo-stratified sensory epithelium
named after the histologist who first described the cells that house the basilar membrane in
detail. His work included drawings of the single row of inner hair cells and three rows of outer
hair cells (Fig.9/p.16; Corti A, 1851). Von Kölliker (1851), who was the first to call the sensory
epithelium of hearing “the organ of Corti”, referred to the inner and outer pillar cells as the
rods of Corti and established the naming of the intervening fluid-filled space as the tunnel of
Corti. This was followed by papers by professors Deiters, Claudius, Hensen, Boettscher, and
Nuel who further decribed its anatomy. Still today, different supporting cell subtypes and the
fluid-filled compartments of the organ of Corti are named after these professors (reviewed by
Van de Water TR, 2012).
In the mature organ of Corti, inner hair cells are tightly surrounded by inner border cells
and inner phalangeal cells. This is in contrast to the outer hair cells that have their basolateral
membranes freely bathed by the perilymph (also called cortilymph) within the epithelium.
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Outer hair cells are separated at the epithelial surface from each other by apical phalangeal
processes of three rows of Deiters’ cells (Fig.17/p.33; Fig.19/p.36). The basal domain of outer
hair cells is docked in a cup-like structure on a Deiters’ cell soma (Fig.15/p.28). Deiters’ cells
are laterally lined by Hensen cells and Claudius’ cells (not depicted in Fig.9). Inner and outer
hair cell rows are separated from each other by inner and outer pillar cells. Notably, all the
lumenal spaces of this sensory epithelium, including the tunnel of Corti and the space of Nuel,
are linked. In addition to hair cells and supporting cells, long processes of neurons that
innervate hair cells are found in the organ of Corti (Fig.15/p.28; Raphael and Altschuler,
2003).

Figure 9. General structure of the organ of Corti. Schematic structure of the organ of Corti as
seen in transverse sections in the (A) E18 and (B) P20 organ of Corti. The Kölliger’s organ (kö)
degenerates and is replaced by inner border cells and inner phalangeal cells (ibc). (C) A hematoxylinstained paraffin section of the organ of Corti. Abbreviations: dcs, Deiters’ cells; hec, Hensen cell; ibc,
inner border cell/inner phalangeal cell; ihc, inner hair cell; ipc, inner pillar cell; kö, Kölliger’s organ;
ohcs, outer hair cells; opc, outer pillar cell.

2.3.7

Development, structure, and function of auditory hair cells

As Corti (1851) described, there are two principal hair cell types in the organ of Corti. While
they are structurally quite similar, they have distinct functions. Inner hair cells are the
principal receptor cells of hearing while outer hair cells have a special role as modulators of
the vibrational mechanics of the organ of Corti.

2.3.7.1

Regulation of Atoh1 expression and hair cell fate

The cellular complexity of the auditory sensory epithelium with multiple distinct cell types
cannot be explained simply through the previously described process of lateral inhibition2. For
example, the absence of Notch signalling does not force every supporting cell to develop into
a hair cell; Pillar cells remain (Kiernan et al., 2005ab; Brooker et al., 2006; Doetzlhofer et al.,
2009). Therefore, additional mechanisms in addition to lateral inhibition have to be involved
in precursor cell differentiation. Interestingly, the expression of Atoh1, often referred to as the

2For

the sake of not oversimplifying the structure of the basillar papilla, it has to be mentioned that the precise ratio

of hair cells and surrounding supporting cells also varies in different regions of the avian basilar papilla. This indicates
that additional levels of regulation of cellular differentiation are also needed in this epithelium (Goodyear et al., 1995;
Goodyear and Richardson, 1997).
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master regulator of hair cell development, starts prior to hair cell differentiation in a subset of
progenitor cells. These Atoh1-expressing progenitor cells can also produce supporting cells
(Yang et al., 2010; Cai et al., 2013; Driver et al., 2013). Therefore, it seems that developing hair
cells can revert to become supporting cells. It may be partly through this mechanism that the
precise patterning of the organ of Corti can form.
As some cells are able to express markers of hair cells, like for example myosin VIIa
(Myo7a, MyoVIIa; p.23), in the absence of Atoh1 (Pan et al., 2011), other factors than Atoh1
also participate in the initiation of hair cell development. Several factors have been identified
to be potential regulators of Atoh1, which include IDs (inhibitors of differentiation, Jones et
al., 2006), Sox2 (Dabdoub et al., 2008), Eya1 (Eyes absent homolog 1), and Six1 (Sineoculis
homeobox homolog 1) (Ahmed et al., 2012; Abdolazimi et al., 2016). Canonical Notch
signalling has been shown not to be required for the initiation of Atoh1 expression (Basch et
al., 2011). Wnt and Hedgehog (HH) signalling also regulate hair cell development (Driver et
al., 2008; Jacques et al., 2012a, Shi et al., 2014). Overall, the regulation of Atoh1 seems to be
complex. For example, HH signalling has been shown to be required for correct timing of
upregulation of Atoh1 by maintaining Hey1/2 expression, which, in turn, depends on
regulation of FGF signalling (Benito-Gonzalez and Doetzlhofer, 2014).

2.3.7.2

Transcription factors required for hair cell development and survival

Following Notch-mediated cell fate determination of hair cells and supporting cells, cell-type
specific differentiation processes are initiated. While Atoh1 is important for the specification
of hair cells, it is also required for hair cell differentiation and survival (Pan et al., 2012; Cai et
al., 2013). Various other transcription factors are also required for hair cell differentiation. For
example, hair cells require the transcription factor Pou4f3 (Pou 4 class homeobox 3, Brn3.1,
Brn3c; DFNA15 gene) for their survival (Erkman et al., 1996; Xiang et al., 1997; 1998;
Kirjavainen et al., 2008). Loss of Pou4f3 leads to hair cell loss, presumably because hair cells
fail to express the Pou4f3 effector Gfi1 (growth factor independent 1, Hertzano et al., 2004).
Gfi1 is a zinc finger transcription factor that can inhibit the expression of its targets but
context-dependently may also act as activator (Costa et al., 2017). It regulates the
differentiation and survival of various cell types, especially those of the hematopoietic system
(Zeng et al., 2004). Gfi1 expression initiates in developing hair cells of the organ of Corti from
E14.5 onward (Kirjavainen et al., 2008). Gfi1 is also expressed by macrophages of the inner
ear (Matern et al., 2017). Gfi1 inactivation leads to rapid death of developing auditory hair
cells as a basal-to-apical coil gradient. Outer hair cells die before inner hair cells. However,
Gfi1-depleted developing vestibular hair cells do not die during this time window despite the
fact that they normally express Gfi1. Yet, the morphologic development of these cells is
impaired (Wallis et al., 2003). The cell-biological reason why auditory hair cells die without
Gfi1 is unclear. Interestingly, the expression of the cyclin-dependent kinase inhibitor p57Kip2
is abolished from Gfi1 mutant outer hair cells (Kirjavainen et al., 2008).
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2.3.7.3

Lining up for listening: The planar cell polarity pathway directs the
structural polarisation of hair cells

After the early transcriptional programme is initiated in developing hair cells, they start to
express multiple proteins that are important for their morphological and functional
differentiation. One distinct feature of hair cell differentiation is the acquirement of their
polarised structure: Hair cells are well known for their uniform stereociliary bundle
orientation and for the fine structure of the bundle. Therefore, inner ear sensory epithelia are
a powerful platform to study vertebrate cell polarity development (Montcouquiol et al., 2003;
Wang et al., 2005).
The polarity between apical and basal domains of epithelial cells is known as apico-basal
polarity, while polarisation of their apical protrusions in the plane of the epithelial surface is
called planar cell polarity (PCP). In order to acquire planar polarity, a cell population must be
able to receive spatial information, establish a primary PCP axis, and induce structural
changes in cells (Rida and Chen, 2009). By segregating regulators of polarity, forming cell
junctions, directing vesicle transport, and changing the structure of their cytoskeleton, cells
acquire their polarised structure (Butler and Wallingford, 2017; Mazel T, 2017).
The non-canonical Wnt signalling pathway plays a central role in PCP signalling. In
contrast to the canonical Wnt pathway, vertebrate PCP signalling is independent of β-catenin
and regulates the cytoskeleton via other downstream effectors (Goodrich and Strutt, 2011).
The components of non-canonical Wnt signalling that participate in PCP establishment are
referred to as core PCP proteins (Montcouquiol et al., 2006; Seifert and Mlodzik, 2007). These
proteins include membrane-bound and cytosolic proteins, for example Frizzled, Celsr1
(Cadherin EGF LAG seven-pass G-type receptor 1), Dishevelled, and Vangl (Vang-like). They
are often located at cell-cell junctions or in their vicinity (Goodrich and Strutt, 2011).
After the initial description of PCP in other insects (Lawrence PA, 1969), it has been
further studied in detail in Drosophila. In actin-based pre-hairs of Drosophila wings, PCP is
regulated by the core PCP proteins (Wong and Adler, 1993; Carvajal-Gonzalez and Mlodzik,
2014). These core PCP proteins also regulate other cell polarity-linked processes, including
the orientation of vertebrate hair cells (Eddison et al., 2000). Core PCP components are
located asymmetrically near the cell-cell junctions of hair cells and supporting cells, and
mutations in them lead to defects in the structure of hair cells (Montcouquiol et al., 2003;
Curtin et al., 2003; Wang et al., 2006; Etheridge et al., 2008; Ulmer et al., 2017). Since
mispolarisation is often accompanied by defects in convergent extension, the core PCP
components regulate both convergent extension and PCP in the organ of Corti. Interestingly,
mutations in core PCP proteins do not disrupt the correct morphology of the stereociliary
bundles (Montcouquiol et al., 2006; Wang et al., 2006; Deans et al., 2007; Qian et al., 2007;
Etheridge et al., 2008). Thus, the molecular pathways regulating the establishment of hair cell
PCP and morphology of the stereociliary bundle differ from each other.
As the polarisation of the core PCP complexes relies on cell-cell communication, the
cellular organisation of the epithelium plays a central role in PCP regulation. Therefore,
misorganisation of the epithelium is accompanied by defects in planar polarity (Kiernan et al.,
2005ab; Grimsley-Myers et al., 2009; Tateya et al., 2011). However, spontaneous irregular
rows of outer hair cells and additional inner hair cells are also present normally in humans
(Retzius G, 1884; Glueckert et al., 2005; Rask-Andersen et al., 2017) and rodents (Fig.10).
These cells should neither be interpreted to be a sign of hair cell regeneration or increased
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proliferation of hair cells nor the possible accompanied misorientation of hair cells as a PCP
defect. Other observed supposedly PCP defects can be explained by sporadic loss or gain of
cells in the organ of Corti. For example, the ablation of developing pillar cells and Deiters’ cells
lead to misorientation of outer hair cells (Mellado Lagarde et al., 2013).

Figure 10. Spontaneous irregular rows of hair cells in a phalloidin-stained mature
CBA/CA mouse organ of Corti. Two rows of inner hair cells (ihcs) are marked with red arrows and
an extra fourth row of outer hair cells (ohcs) is marked with purple arrows. Abbreviations: F-actin,
filamentous actin.

Since mice with misoriented stereociliary bundles show hearing deficits (Montcouquiol et al.,
2003; Copley et al., 2013), the correct orientation of hair cells is required for normal hearing
function. The precise control of hair cell orientation may have been a critical evolutionary step
that allowed for the development of the organ of Corti (Sienknecht et al., 2014). However, the
requirement of this highly ordered structure for normal hearing also imposes a challenge: Has
the cytoarchitecture of the organ of Corti evolved to be too complex to be repaired? This topic
will be further discussed in the context of hair cell regeneration (p.75).

2.3.7.4

Kinocilium movements direct hair cell bundle polarity formation

The positioning of the above-mentioned Drosophila wing pre-hairs involves modulation of
actin polymerisation. The regulation of mammalian hair cell orientation, in turn, involves the
migration of a primary cilium, the kinocilium (Ezan and Montcouquiol, 2013). The apical
surface of developing hair cells is filled with numerous actin-based microvilli (Fig.11/p.21).
Between E15 and E16, the kinocilium and associated centrioles move from the center of the
apical surface to the abneural edge. Under the guidance of the kinocilium, microvilli elongate
and form the later observed stereocilia, connected to the kinocilium with multiple links.
Therefore, the orientation of the stereociliary bundle is determined by the movement of the
kinocilium (Jones and Chen, 2008). The kinocilium also moves inward from the abneural
edge, generating a microvilli-free abneural surface side. Eventually, microvilli disassemble
and only stereocilia remain. The amount of F-actin increases within the stereocilia as they
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mature. By the end of embryonic development, hair bundles of outer hair cells develop their
characteristic V-like shape and those of inner hair cells establish their more linear shape. A
staircase-like organisation with graded heights of stereocilia rows forms, the tallest ones being
next to the kinocilium. Finally, the kinocilium is removed from mature inner and outer hair
cells (McGrath et al., 2016). Refinement of the planar polarity of hair cells continues
postnatally together with other steps of their structural maturation (Copley et al., 2013).

2.3.7.5

The morphology of the stereociliary bundle is regulated by ciliary
proteins and G-protein signalling

Morphological development of the stereociliary bundle appears to be regulated by ciliary
proteins and G-protein signalling (Ross et al., 2005; Jagger et al., 2011; Sipe and Lu, 2011;
Tarchini et al., 2013; May-Simera et al., 2015; Sun et al., 2016; Okamoto et al., 2017). If the
kinocilium-stereocilium contact is lost, stereocilia develop abnormally. For example,
disruption of the ciliary protein Ift88 (Jones et al., 2008) and of the microtubule motor
subunit Kif3a (Sipe and Lu, 2011) leads to defects in the migration of the kinocilium and in
PCP. However, core PCP protein localisation is not disrupted in these cells (Ross et al., 2005;
Jones et al., 2008; Sipe and Lu, 2011). Core PCP signalling controls PCP on the level of the
whole epithelium (Ezan et al., 2013), presumably by establishing a neural-to-abneural polarity
axis. Shortly after this, the G-protein-dependent signalling has been found to be activated and
to control the migration of the kinocilium cell autonomously. At the cell junctions, the
aPKC/Par-3/Par-6b-polarity complex is located at the domain opposite of the Insc/LGN/Gαidomain (Fig.11). These domains play an important role in the planar polarisation of the hair
cell. Additionally, components of the Insc/LGN/Gαi-complex are located in the stereocilia tips
and regulate their elongation (Tarchini et al., 2016). Therefore, the regulation of PCP and of
stereocilia morphology appear to share common molecular mediators.
Below the kinocilium, the basal body works as organising centre for microtubules (Vertii
et al., 2016). Microtubules, consisting polymerised filaments of α- and β-tubulin monomers,
participate in the maintenance of cell shape and polarity. Other tubulin monomers also exist,
for example γ-tubulin that regulates the nucleation of microtubule filaments (Roostalu and
Surrey, 2017). Microtubules emanating from the kinocilium base become captured by the hair
cell cortex of the Gαi3/mPins-domain. The abneural displacement of the kinocilium may be a
result of the pulling of these microtubules (Tarchini et al., 2013). Of special interest for this
work are aPKC- and Par-proteins, effectors of the Rho GTPase Cdc42, which are located at the
medial domain. They are further discussed in the context of Rho GTPases (p.59).
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Figure 11. Planar polarisation of hair cells and kinocilium movement. (A) The figure shows
the main shape changes and the movement of ciliary structures in developing hair cells that culminate
in the formation of stereocilia. (B) Schema of the polarised surface structure of an outer hair cell and
surrounding supporting cells in the basal coil of the organ of Corti at E18. Structures and colour codes
are explained below figure C. (C) Confocal z-stack of the surface of the basal coil E18 organ of Corti. Factin is shown in green and acetylated tubulin in purple. Scale bar = 5 μm. Abbreviations: Acet. tub,
acetylated tubulin; F-actin, filamentous actin.

2.3.7.6

Stereocilia length and stability is based on modulation of the actin
cytoskeleton

Stereocilia are cylindrical apical protrusions of hair cells that form their MET apparatus. They
are packed hexagonically in three rows in the mirror-symmetrical bundle (Hudspeth AJ,
1989). Their F-actin core contains the ubiquitously expressed cytoplasmic β- and γ-actin
(Tilney et al., 1980). While these actin isoforms are dispensable for hair cell development, loss
of either isoform leads to stereocilia degeneration (Perrin et al., 2010). The length and stability
of the F-actin core is regulated for example by actin crosslinkers, capping proteins, and
myosins. The barbed ends of the F-actin core are located at the tips of the stereocilia. These
tips are specialised domains where several actin-binding proteins are located (McGrath et al.,
2017). The assembly and disassembly of the F-actin core is believed to regulate stereocilia
length. In vitro, an actin monomer that sticks to the barbed end will eventually detach from
the pointed end in a process known as actin treadmilling. Observations done with hair cell
explants transfected with GFP-β-actin suggested that the stereocilia actin core is renewed by
treadmilling (Schneider et al., 2002; Rzadzinska et al., 2004). However, new studies support
a “tip turnover” model, where actin turnover occurs within the stereocilia tips. F-actin in other
parts of the stereocilia appears to be static (Zhang et al., 2012; Drummond et al., 2015;
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Narayanan et al., 2015). Therefore, the F-actin core is exceptionally stable and may have an
impact on the repair processes of damaged stereocilia bundles (p.44).
As mentioned above, the F-actin in stereocilia is regulated by several different types of
actin-binding proteins. For example, Espin is an actin-bundling protein (Sekerková et al.,
2006) that, if mutated, causes hearing loss in humans (Naz et al., 2004) and stereocilia
degeneration in mice (Zheng, Sekerová et al., 2000). Myosin VI and VIIa are examples of
unconventional myosins that are of central importance for hair cells (Avraham et al., 1995;
Self et al., 1998): They function as motor proteins in transport along F-actin (Batters and
Veigel, 2016). Additionally, several mutations in myosin VI and myosin VIIa induce hearing
deficits in humans (Melchionda et al., 2001; Weil et al., 1995). In rodents, myosin VIdeficiency has been reported to lead to the loss of stereocilia-tapering, followed by the fusion
of stereocilia membranes (Avraham et al., 1995; Self et al., 1999). Mutations in myosin VIIa
also lead to stereocilia degeneration and deafness (Self et al., 1998).

2.3.7.7

Apical domains of stereocilia are structurally specialised for
mechanotransduction

It is fascinating that hair cells can be stimulated by vibrations that barely exceed the movement
produced by Brownian motion (Avan et al., 2013). How do these minuscule deflections of the
stereocilia lead to stimulation of a hair cell? To understand this, we have to introduce one
crucial domain of the stereocilia. The tips of stereocilia of the shorter rows are connected to
the taller stereocilia by tip links (Fig.12/p.23; Pickles et al., 1984). The tips of the longest row
of stereocilia of outer hair cells are embedded into the tectorial membrane, and therefore
couple the tectorial and basilar membranes together into a single vibrational system (Kimura
RS, 1966). As the stereocilia are pushed by the forces formed by sound waves, tension transfers
through the tip links. This mechanically gates ion channels in the tips of shorter stereocilia
(Hudspeth AJ, 1982; Beurg et al., 2009). Ions enter through these open channels and
depolarise the cell (Gillespie and Müller, 2009). As a result of their polarised structure, hair
cells have to be stimulated in a correct direction in order to induce membrane potential
changes (Lowenstein and Wersäll, 1959; Flock Å, 1965; Hudspeth and Corey, 1977). This
explains why the correct orientation and structure of hair bundles is critical for normal
hearing. How exactly the changes in hair cell membrane potential lead to sound information
transmission to the central nervous system will be discussed later (p.26).
The search for the subunits of the MET machinery, especially for the pore forming unit of
the MET channel, is currently still a major focus of research. The putative MET channel
components include TMC1 (transmembrane channel-like protein; Kawashima et al., 2011;
Kurima et al., 2002; 2015), LHFPL5 (TMHS; Longo-Guess et al., 2005; Xiong et al., 2012),
and TMIE (transmembrane inner ear, Zhao et al., 2014). Hair cells also express Piezo2
channels that are responsible for “anomalous currents” but not for the MET current. Piezo2driven anomalous currents have been suggested to play a role in development and traumatic
events of hair cells (Wu et al., 2017; Beurg and Fettiplace, 2017).
Interestingly, active extrusion of Ca2+ takes place in stereocilia via plasma membrane Ca2+
ATPases. This highly energy-demanding extrusion process is reported to be critical for hair
cell functionality (Yamoah et al., 1998; Dumont et al., 2001). For example, mutations in
PMCA2 result in deafness (Kozel et al., 1998). While intracellular Ca2+ appears to contribute
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to adaptation of MET current in non-mammalian species (Ricci and Fettiplace, 1998), whether
this is true for mammalian hair cells appears to be controversial (Peng et al., 2013; Corns et
al., 2014; Fettiplace R, 2017). Ca2+ also stabilises the interactions between the central
components of tip links. Through genome research, the components of tip links were
identified to be the products of genes mutated in Usher Syndrome Type I (USH1, deafblindness). For example, USH1 genes encode protocadherin-15 (Pcdh15) and cadherin-23
(Cdh23) that form the tip link of stereocilia (Zhao and Müller, 2015). Myosin VI and VIIa are
located at the upper tip link density (UTLD) and have been suggested to act as adaptation
motors (Kros et al., 2002; Marcotti et al., 2016). Interestingly, a working MET machinery
seems to be necessary for stereocilia maintenance, as loss of tip-link proteins or
pharmacological blockade of the MET current leads to both tip link disruption and stereocilia
shortening (Caberlotto et al., 2011; Vélez-Ortega et al., 2017).

Figure 12. Structure of stereocilia. (A) Transverse slice of a serial block-face electron microscopy
data set of a P21 outer hair cell showing stereocilia of three different rows. Stereocilia rootlets (rt) can be
seen embedded within the cuticular plate (cp). An actin-free site, the fonticulus (fo), exists in the
cuticular plate. Scale bar = 1 μm. (B) Actin filaments of stereocilia are shown in red, rootlets in brown
and the cuticular plate in purple. The structure of the tip link is shown on the right. (C) Upon stimulation,
tip links transmit tension across stereocilia and lead to MET channel opening and K+ influx. Adaptation
to the stimulus is believed to occur by molecular motor movement of the UTLD. Abrreviations: CDH23,
cadherin-23; cp, cuticular plate; fo, fonticulus; MET, mechanoelectrical transduction; MyoVIIa, myosin
VIIa; PCDF15, protocadherin-15; rt, rootlets; UTLD, upper tip link density.

23

LITERATURE REVIEW

2.3.7.8

Structure of the basal domain of stereocilia, the cuticular plate, and
the junctional circumference

During the development of stereocilia, their bases undergo tapering and form a lever-like
region that is linked to the hair cell surface. It contains proteins that are required for stereocilia
development and maintenance, for example myosin VI. Myosin VI participates in anchoring
the apical membrane to the underlying cytoskeleton, as its loss results in fusion of the
membranes of stereocilia (Self et al., 1999; Hertzano et al., 2008). F-actin continues through
the taper region as a rootlet and is embedded in a dense actin-spectrin network, called the
cuticular plate (Fig.12; Fig.13/p.25; Itoh M, 1982; Ylikoski et al., 1990). The cuticular plate is
generally believed to provide rigidity to the apical surface and hold the stereocilia in place
(Furness et al., 2008). An actin-free zone, the fonticulus, exists in the cuticular plate at the
location of the former kinocilium. Microtubules extend through the fonticulus to the base of
the cell (Steyger et al., 1989).
While the cuticular plate lies in close proximity to the junctional circumferential F-actin
belt, the region between these structures, known as the pericuticular necklace, is at least partly
free of F-actin and contains unconventional myosins and membrane vesicles (Hasson et al.,
1997). The pericuticular necklace is perhaps important for cellular cargo trafficking. Since the
cuticular plate is thought not to be directly connected to the circumferential belt, its movement
is suggested to contribute to mechanical adaptation (Kachar et al., 1997). However, in various
studies of mouse hair cells, the cuticular plate and the circumferential belt are continuous
structures and the pericuticular necklace is formed by furrows between these structures. Even
some stereocilia rootlets are embedded in the junctional complex, indicating that the cuticular
plate and the circumferential belt are physically not fully separated (Furness et al., 2008;
Fig.13 E,F).
Two models of cuticular plate development have been proposed: The first one states that
it may develop directly around the stereocilia rootlets by progressive accumulation of actin
(Self et al., 1998). The second theory proposes an intermediate step where the accumulating
actin first forms a disk-like structure and concomitantly a junctional ring-like structure that
then fuse together (Nishida et al., 1998). In outer hair cells, the cuticular plate continues to
mature after birth and increases in thickness (Szarama et al., 2012). In addition to this, the
circumferential junctional domain undergoes extensive modifications during later
development. Around E14.5, the hair cells have a pentagonal/hexagonal circumferential
shape, which then becomes ovoid (II, Fig.1). These junctional shape changes continue during
postnatal development and correlate with changes of NMII localisation (Etournay et al.,
2010). However, it is not clear whether the above-mentioned shape changes of hair cells occur
in a cell-intrinsic manner or if surrounding supporting cells contribute to it. Interestingly,
supporting cells have been suggested to use NMII contractility to orient developing hair cells
(Lee et al., 2012).
The spatial correlation of NMII localisation and junctional shape changes of hair cells is
not surprising, as the formation and stability of junctions are known to be regulated by
actomyosin activity (Takeichi M, 2014; Lecuit and Yap, 2015). For example, F-actin has an
important role in clustering E-cadherin (Wu et al., 2015) and actomyosin activity stabilises
these clusters (Ratheesh and Yap, 2012). NMII isoforms, NMIIA–C, each have distinct
expression patterns and both unique and overlapping functions. In addition to generating
contractility, NMII also has motor-independent functions that include actin bundling and
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protein scaffolding (Priya et al., 2015; 2017). The significance of NMII for the maintenance of
cell-cell juntions in vivo is well demonstrated by the outcome of NMIIA depletion in the mouse
intestinal epithelium, which results in mislocalisation of junctional proteins and in a
compromised epithelial barrier of the intestine (Naydenov et al., 2016). In the embryonic
organ of Corti, NMIIB and NMIIC form a punctate ring on the junctional belt of hair cells. It
is believed to function as a sarcomeric belt that provides apical tension to developing hair cells,
as pharmacological inhibition of NMII activity leads to apical surface enlargement in
embryonic hair cells (Ebrahim et al., 2013).

Figure 13. Development and structure of the cuticular plate. Single planes through SBEM
datasets showing stereocilia (A,D) and the cuticular plate (B,C,E,F) of E18 outer hair cells (shown in the
upper row) and P20 outer hair cells (shown in the middle row). In A’, the centriole below the kinocilium
can be seen. The stereocilia rootlets (r) are magnified in E’. Note that in E,F the pericuticular necklace
(pn) does not fully separate the cuticular plate from the junctional belt. The strong postnatal
accumulation of filamentous actin to the junctional belts of supporting cells is marked with b in F. (GJ) is a schematic representation of the development of the cuticular plate (purple) and stereocilia (red).
The cuticular plate may develop by accumulation of actin around stereocilia rootlets (H) or by
simultaneous formation of disk-like (dd) and junctional ring-like structure (jr) formation (I).
Abbreviations: ce, centriole; dc, Deiters’ cell; dd, disk-like domain; fo, fonticulus; kc, kinocilia; pn,
pericuticular necklace; jr, junctional ring-like domain; r, stereocilia rootlets. Scale bar = 2 μm.
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It seems that the development of the stereocilia bundle, the underlying cuticular plate, and the
surrounding junctional domain are highly interdependent processes. For example, the shape
of the circumferential junctional domain is also affected if the integrity of the stereocilia
bundle is compromised (Etournay et al., 2010). Additionally, the disruption of tip links also
leads to polarity defects, developmental defects in the cuticular plate, and stereocilia bundle
splitting (Kikkawa et al., 2008). Therefore, the observed impairment of one of these processes
in a given mutant model can be an indirect consequence of the disruption of one of the other
interdependent processes.

2.3.7.9

Inner hair cells, the primary receptors of hearing, and innervation of
the organ of Corti

The outer hair cells were originally thought to be the sensory receptor cells of hearing, perhaps
partly due to the fact that they are more numerous. However, the finding that only 5% of the
afferent innervation of the organ of Corti reaches them questioned this belief (Spoendlin H,
1967). We now know that inner hair cells that receive the 95% of the afferent innervation are
the primary auditory receptor cell type.
How does the depolarisation of inner hair cells lead to sound information transmission to
the auditory pathway? When ion flow through MET channels depolarises inner hair cells,
voltage-sensitive calcium (Ca2+) channels activate and generate an influx of Ca2+. This leads to
the release of the excitatory neurotransmitters from the presynaptic terminals in the basal
domain of the inner hair cell. These presynaptic terminals have a specialised ribbon structure
that is believed to allow untiring release of glutamate-filled vesicles (Moser and Vogl, 2016).
However, the ribbon itself is not required for the basic functionality of the synapse, as mice
lacking the central ribbon component RIBEYE have only slight impairment in inner hair cell
exocytosis and in their auditory brainstem response (ABR) thresholds. This rescue of
functionality appears to be due to the formation of ectopic multiple active zones in the
synapses, indicative of high structural and functional plasticity of these synapses (Jean P,
2018). Therefore, reinnervation of regenerated inner hair cells by ribbonless “immature”
synapses may be sufficient for basic hearing function.
Glutamate release from the presynaptic side of the ribbon synapses leads to the formation
of excitatory postsynaptic potentials in the postsynaptic afferent nerve fibers. These afferent
neurons transmit the sensory input from the organ of Corti to the auditory pathway of the
brain (Moser and Vogl, 2016). Inner hair cells form synapses with 6–20 afferent type I SGNs.
Each type I SGN is thought to contact only one inner hair cell. Single outer hair cells contact
few afferent fibers of type II SGNs. Each type II SGN innervates 3–10 outer hair cells. Efferent
innervation consists of non-myelinated lateral olivocochlear fibers forming axodendritic
synapses with type I SGNs and by myelinated medial olivocochlear fibers that innervate outer
hair cells. All of these nerve fibers that reach the organ of Corti are organised into distinct
radial and spiral bundles. Radial bundles are formed by peripheral SGN axons and
olivocochlear neuron axons. The inner spiral bundle consists of lateral olivocochlear fibers,
while the outer spiral bundle consists of the fibers of type II SGNs (Bulankina and Moser,
2012).
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Figure 14. Afferent innervation of inner hair cells. Presynaptic afferent terminals of the ribbon
synapses of inner hair cells contain RIBEYE (in blue, arrow), a protein produced by the gene Ctbp2 that
also produces a transcription factor (Schmitz et al., 2000) that is expressed by hair cells (blue in nuclei).
Hair cells are fluorescently immunostained for myosin VI (red). Abbreviations: ihcs, inner hair cells;
pcs, pillar cells; ohcs, outer hair cells. Scalebar = 5 μm.

2.3.7.10 Outer hair cells – Cells that rock the organ of Corti
First insights to the function of outer hair cells were revealed when Kemp observed sounds
generated by the inner ear itself. He suggested that outer hair cells might be generating these
“otoacoustic emissions” (Kemp DT, 1978). Now we know that it is indeed a motile response of
outer hair cells (Brownell WE, 1983) that generates these emissions (Avan et al., 2013).
Cochlear signal amplification is based on this active movement of outer hair cells. In this way,
outer hair cells act as the “cochlear amplifier” that modulates hearing sensitivity and
frequency selectivity (Reichenbach and Hudspeth, 2014). The motor for the above-mentioned
movement that contracts the outer hair cell is prestin. Prestin is located at the basolateral
membranes of outer hair cells (Fig.15; Kalinec et al., 1992; Zheng J, Shen W et al., 2000).
Notably, several non-mammalian species do not rely on prestin to generate hair cell motility.
For example, in birds and reptiles, hair cell motility has been reported in stereocilia (Manley
GA, 2001).
As mentioned above, outer hair cells are innervated primarily by efferent nerve fibers
(Spoendlin H, 1967). One of the roles of the efferent system of the organ of Corti may be the
protection of hair cells from desensitisation and damage during overstimulation (Sienknecht
et al., 2014). The afferent nerve fibers contacting outer hair cells are suggested to be a part of
a feedback loop that amplifies sensitivity and frequency discrimination (Thiers et al., 2008).
Type II afferents have also been proposed to be nociceptors of the cochlea that report outer
hair cell damage (Flores et al., 2015; Liu et al., 2015). However, there are other mechanisms
that induce noise avoidance. For example, the tympanic membrane is innervated by the
nociceptors of the trigeminal ganglion and is sensitive to noise (Saunders and Weider, 1985).
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Figure 15. Outer hair cells, their efferent innervation, and envelopment by the Deiters’ cell
cup. (A) Immunohistochemical staining against Prestin selectively labels outer hair cells (brown). (B)
Oblique slice through an SBEM data set shows the cell bodies of two outer hair cells that are anchored
to Deiters’ cells cups. Synaptic terminals are coloured blue and outer spiral bundles are coloured green.
(C) Confocal image of an immunofluorescently labeled organ of Corti. Efferent tunnel crossing fibres are
labeled by neurofilament heavy subunit antibody (red; Pirvola et al., 1991). Synapsin I antibody (green)
labels the efferent synaptic terminals on outer hair cells on the right side of the image. Phalloidin labels
the filamentous actin of pillar cells (white) in the middle of the image. Nuclei are labeled with DAPI
(blue). Abbreviations: cup, Deiters’ cell cup; dc1, 1st row Deiters’ cell; dc2, 2nd row Deiters’ cell; ihc, inner
hair cell; ipc, inner pillar cell; ohc, outer hair cell; ohcs, outer hair cells; opc, outer pillar cell.

2.3.7.11 Tonotopic differences in hair cells and in associated structures
The cochlea does not only convert the received pressure changes into neural impulses: It also
does the first step of sound analysis. Sounds with specific frequency induce basilar membrane
vibrations in restricted regions of the organ of Corti and stimulate specific inner hair cell
populations. In this way, sounds are separated into frequency bands before they are coded
into nerve activity (von Békésy G, 1960). As a result, a tonotopic gradient along the length of
the cochlear duct exists: Hair cells in the base of the cochlea respond to high frequency stimuli
and hair cells in the apex respond to low frequency stimuli (Fig.16/p.29).
The combination of the elongation of the cochlear duct, the development of tonotopically
changing properties of the basilar membrane and cells in it, and the acquirement of motile
activity of outer hair cells might have been the evolutionary events that permit us to hear wide
range of sound frequencies (von Békésy G, 1960; Hudspeth AJ, 1989; Fettiplace and Kim,
2014). For example, the basilar membrane and the tectorial membrane are thinner and
narrower at the basal coil than at the apical coil (Ehret G, 1978). The correct structure of these
features is crucial for normal hearing, as mutations in genes that produce components of the
tectorial membrane cause deafness (McGuirt et al., 1999; Legan et al., 2000). Hair cells also
show tonotopical variation for example in their length, in the height of their stereociliary
bundles (Wright A, 1984), and in their electrophysiological properties (Fettiplace and Fuchs,
1999). The morphology of supporting cells also varies along the apical-to-basal coil axis (Soons
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et al., 2015). How are these small differences formed along the cochlear duct? Their
development may be regulated by gradiental physical forces, signalling molecules, and
expressed transcription factors. For example, retinoid acid signalling and BMP gradients have
an effect on the morphology of hair cells along the chicken basilar papilla (Thiede et al., 2014;
Mann et al., 2014).

Figure 16. Function of the peripheral components of the auditory pathway. (1) High (red)
and low (blue) frequency vibrations of air move the tympanic membrane. (2) The ossicles of the middle
ear transmit the movement of the tympanic membrane to the oval window. (3) The movement of the
oval window induces pressure changes in the fluid of the cochlear duct that in turn induces vibrations
on the basilar membrane (black). The coiled cochlea is linear in the figure for visualisation purposes.
(4a) The high frequency vibrations stimulate inner hair cells at the basal coil of the cochlea and the
associated spiral ganglion neurons, while (4b) low frequency vibrations do the same kind of stimulation
at the more apical coils. (5) Stimulated spiral ganglion neurons send the obtained information about the
acoustic stimulus to be processed at higher levels of the auditory pathway. (6) The movement of the
round window permits the movement of fluid in the inner ear.

2.3.8

Development, structure, and function of auditory supporting cells

While hair cells are often the focus of inner ear research, the important roles of glial-like
supporting cells are increasingly appreciated and investigated. In fact, supporting cells are the
predominant cell type in the organ of Corti and they have several important homeostatic roles.
Homeostasis – the regulation of the external and internal environment of a cell – allows a cell
to adapt to changing conditions and to withstand stressors (Bernard C, 1878; Cannon WB,
1929). The homeostatic roles of supporting cells include structure maintenance, ion recycling
within the sensory epithelium, and production of trophic factors for SGNs (Monzack and
Cunningham, 2013).
Supporting cells form rigid apical junctional complexes that connect supporting cells and
their adjacent hair cells. Supporting cells also communicate directly with other supporting
cells via gap junctions (Gulley and Reese, 1976; Santos-Sacchi and Dallos, 1983). With the help
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of this gap junctional communication, supporting cells may recycle ions in the organ of Corti.
During cochlear development, supporting cells generate important accessory structures. For
example, cells of the GER and supporting cells of the organ of Corti secrete components of the
tectorial membrane (Lim DJ, 1987). Following traumatic injuries, supporting cells have
critical functions in epithelial repair processes and cellular stress responses: In nonmammalian vertebrates, supporting cells not only repair the epithelial surface, they also have
the remarkable capability to regenerate hair cells. In the following sections, the development
and functions of supporting cells are discussed in detail. Injury-induced processes are
separately discussed later.

2.3.8.1

Supporting cell development depends on hair cell development

When compared to hair cell development, the molecular regulation of supporting cell
differentiation is less well understood. As supporting cell differentiation depends partly on the
differentiation of hair cells, disrupted hair cell differentiation also leads to abnormalities in
supporting cell development (Cai et al., 2013). For example, Atoh1 knock-out mice that do not
develop hair cells also lack differentiated supporting cell subtypes (Woods et al., 2004).
Another good example of the dependence of supporting cell development on hair cells can be
seen after Atoh1 misexpression in the Kölliger’s organ. In addition to the formation of ectopic
hair cells, surrounding non-transfected cells are instructed by the ectopic hair cells to
differentiate into supporting cells (Mulvaney et al., 2015). Therefore, in order to understand
how supporting cells develop, one has to consider the regulation of hair cell development.

2.3.8.2

Notch and Wnt signalling regulate supporting cell development

As discussed above, Notch signalling inhibits precursor cells from differentiating into hair
cells by inducing Hes/Hey gene expression. Since inhibition of Notch- and Hes/Hey-activity
leads to hair cell overproduction in the expense of supporting cells, Notch signalling can be
thought to stabilise the supporting cell fate (Takebayashi et al., 2007; Hayashi et al., 2008).
Supporting this view, overactivation of Notch signalling in the differentiating cochlea results
in the development of supernumerary supporting cells, while its reduction leads to the loss of
Deiters’ cells (Savoy-Burke et al., 2014; Campbell et al., 2016). Supporting cell subtypes
develop by acquiring slightly different molecular identies. For example, they express different
combinations of Hes/Hey genes (Zheng JL, Shou J et al., 2000; Zine et al., 2001; Hayashi et
al., 2008; Li et al., 2008; Doetzlhofer et al., 2009; Hartman et al., 2009). Together with many
others, these factors direct the development of the different supporting cell subtypes.

2.3.8.3

The role of fibroblast growth factor signalling in supporting cell
development

Another factor that regulates the development of supporting cells is FGF signalling. Starting
at E16.5, the fibroblast growth factor receptor 3 (FGFR3) is upregulated in progenitor cells
that develop into pillar cells, outer hair cells, and Deiters’ cells (Peters et al., 1993; Pirvola et
al., 1995; Colvin et al., 1996; Mueller et al., 2002). Concomitantly, developing inner hair cells
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start to express the FGFR3-ligand FGF8 (Jacques et al., 2007). Deletion of FGFR3 or FGF8
disrupts pillar cell development, especially of their microtubule cytoskeleton. It also causes
the development of supernumerary outer hair cells (Colvin et al., 1996; Shim et al., 2005;
Hayashi et al., 2007; Jacques et al., 2007; Puligilla et al., 2007). If FGFR3 is overactivated,
overproduction of pillar cells occurs (Mueller et al., 2002; Shim et al., 2005; Jacques et al.,
2007). Therefore, FGF8 produced by inner hair cells may activate FGFR3 in progenitor cells
and direct them to develop into pillar cells. As previously mentioned, while other supporting
cells fail to form in the absence of Notch1, pillar cells still develop (Kiernan et al. 2005b;
Brooker et al., 2006). Interestingly, FGFs activate Hey2 in pillar cells, and the deletion of Hey2
along with inhibition of Notch signalling leads to a loss of pillar cells (Doetzlhofer et al., 2009).
In mice, FGFR3 is downregulated in hair cells but not in supporting cells of the organ of
Corti shortly after birth. Interestingly, FGFR3 is not expressed in vestibular hair cells or
supporting cells (Peters et al., 1993). The function of continuous FGFR3 expression in mature
auditory supporting cells is unknown, but it might maintain supporting cell identity, as is the
case in the developing avian basilar papilla (Jacques et al., 2012b).
How important is the correct development of supporting cells for hearing? In a mouse
model of Muenke syndrome (mutation FGFR3P244R), the organ of Corti has excessive pillar
cells and outer hair cells, but less Deiters’ cells (Mansour et al., 2009). In addition, Hes/Hey
mutations that induce hair cell overproduction result in hearing loss, presumably because of
cellular disorganisation (Tateya et al., 2011). As these mice have defects in hearing, the
development of correct supporting cell subtypes appears to be critical for normal hearing
function.

2.3.8.4

Transcription factors linked to supporting cell development

Several transcription factors that are first expressed in auditory progenitor cells are later
restricted to supporting cells. These include Sox2 (Kiernan et al., 2005a), Sox9 (Mak et al.,
2009), and Prox1 (Bermingham-McDonogh et al., 2006). Sox2 and Sox9 are well known as
cell fate regulators during the development of many tissues (Kiefer JC, 2007). The role of Sox2
appears to be complex in the cochlea as it is necessary for development of hair cells (Kiernan
et al., 2005a), but also for the later repression of Atoh1 (Dabdoub et al., 2008). While Prox1 is
downregulated in auditory supporting cells after the second postnatal week (BerminghamMcDonogh et al., 2006; Kirjavainen et al., 2008), Sox2 expression is maintained (Hume et al.,
2007). Sox9 has been reported to be expressed by adult utricular supporting cells (Loponen et
al., 2011). In adult supporting cells, the role of maintained expression of Sox2 and Sox9 is not
known.

2.3.8.5

Molecular markers of mature supporting cells

In addition to the transcription factors described above, proteins involved in K+ uptake, like
KCC4 (Boettger et al., 2002) and Kir4.1 (Hibino et al., 1997), as well as the glutamate aspartate
transporter (GLAST; Furness and Lawton, 2003; Glowatszki et al., 2006), the abjundant
microtubule cytoskeleton, and connexins have been used as markers of mature supporting
cells (Taylor et al., 2012). Other supporting cell markers also exist. During their early postnatal
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development, pillar cells express the p75 neurotrophin receptor p75NTR, a member of the
tumor necrosis factor receptor superfamily (von Bartheld et al., 1991; Gestwa et al., 1999).
However, the functional significance of p75 in pillar cells remains unidentified, as pillar cells
develop normally in p75 knock-out mice (Sato et al., 2006). CD44 antigen is a member of the
Cluster of differentiation (CD) antigens, which are classical immune cell markers. CD44 is a
transmembrane glycoprotein that is important for hematopoiesis and lymphocyte homing. It
is known to bind components of extracellular matrices and is widely used as a stem cell and
cancer stem cell marker (Senbanjo and Chellaiah, 2017). In the early postnatal organ of Corti,
pillar cells and Claudius cells express CD44. CD44 expression becomes then restricted to outer
pillar cells and by P24 it is not detected in them anymore. Interestingly, the role of CD44 in
the development of the organ of Corti appears to be minimal, as knock-out mice for CD44
develop a functional organ of Corti and normal hearing (Hertzano et al., 2010). Still, CD44
can be used as a membrane-associated marker of early postnatal pillar cells. An additional
example of a possible supporting cell marker is the transforming growth factor-beta-activated
kinase-1 (TAK1). However, its role in the inner ear is currently unknown (Parker et al., 2011).

2.3.8.6

The apical junctions of supporting cells are critical for the barrier
function of the reticular lamina

The capacity of cells to establish barriers between different tissue compartments is vital for
them to resist environmental changes and stressors. Maintenance of this barrier is especially
important in the organ of Corti, as leakage of the endolymph into the sensory epithelium is
believed to be highly detrimental (p.45). This epithelial barrier is formed by the apical
domains of supporting cells, together with those of hair cells, connected by a network of
intercellular junctions, known as the reticular lamina (Fig.17/p.33; Gulley and Reese, 1976).
Epithelial cells are apically joined together by tight junctions (zonula occludens). Adherens
junctions (zonula adherens) are located underneath the tight junctions and are usually
associated with an intracellular actomyosin matrix (Farquhar and Palade, 1963). Tight
junctions form a permeability barrier while adherens junctions serve an adhesive purpose.
Tight junctions consist for example of claudins and zonula occludens (ZO) proteins.
Transmembrane proteins like E-cadherin and Nectin are major components of adherens
junctions. They participate in the recruitment of catenins and of the cytoskeleton to the
junction-associated plasma membrane (Arnold et al., 2017).
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Figure 17. Morphology of the reticular lamina of the organ of Corti. (A) Single plane through
a SBEM data set showing a transverse section through the apical surface of the E18 and the (B) P21 organ
of Corti. While supporting cells and hair cells are closely packed in the embryonic organ of Corti, distinct
fluid-filled spaces develop within it during postnatal development. Note that electron-dense glycogen is
accumulated in the pillar cells at E18 prior to the development of the fluid-filled tunnel of Corti. The
apical surface of the inner pillar cell covers the knee-like junction between inner pillar cells and outer
pillar cells and reaches from inner hair cells to the first outer hair cell row. Large microtubule bundles
can be seen within the apical domains of pillar cells. (B’) As seen in the section through the apical
junctional domains of the reticular lamina, the apical domain of the outer pillar cell is situated between
outer hair cells of the first row and connected to an outer hair cell of the second row. Other outer hair
cells are surrounded by Deiters’ cells of three different rows. Note that the apical junctions and the
associated electron-dense F-actin belts of supporting cells are highly strengthened during their postnatal
development. The location of the image plane in B is marked with a red line in B’. Scale bar (in B’)= 5
μm. Abbreviations: d1–3, Deiters’ cells of rows 1–3; ihc, inner hair cell; ipc, inner pillar cell; ohc1–3,
outer hair cell of rows 1–3; opc, outer pillar cell; tc, tunnel of Corti.

The apical junctions of supporting cells are highly specialised. While typical tight and
adherens junctions consist of non-overlapping protein domains, the junctional domain
between outer hair cells and Deiters’ cells appears to be a partially hybrid domain (Nunes et
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al., 2006). In the developing organ of Corti, E-cadherin is located both at the basolateral
membranes of supporting cells and at the apical junctions. In the mature organ of Corti, Ecadherin is located exclusively at the apical junctions, most prominently between supporting
cells (Whitlon DS, 1993). Mammalian supporting cells strongly accumulate junctional Ecadherin and F-actin during their postnatal development (Burns et al., 2008; Collado et al.,
2011a).
The maintenance of apical cell-cell junctions of supporting cells is essential for normal
hearing function, as loss of or mutations in components of the reticular lamina, for example
Claudins and components of tricellular junctions, lead to hair cell loss in mice and to
nonsyndromic recessive deafness in humans (Wilcox et al., 2001; Riazuddin et al., 2006;
Nakano et al., 2009; Kitajiri et al., 2014; Morozko et al., 2015). The epithelial barrier loss in
the organ of Corti may also cause some of the detrimental effects of acoustic overstimulation
(Henderson D et al., 1994b; Zheng and Hu, 2012).

2.3.8.7

Apical junctions of supporting cells are associated with a prominent
F-actin belt

The importance of correct hair cell orientation and supporting cell structure for normal
hearing function may be the reason why mammalian supporting cells have developed a unique
cytoskeletal specialisation in order to maintain them throughout life: Their junctionassociated F-actin belts undergo exceptional thickening (Fig.18/p.35; Collado et al., 2011ab;
Burns et al., 2013; Burns and Corwin, 2014). In mice, the strengthening of the apical junctional
domains and of the F-actin belt of auditory supporting cells mainly occurs during the first two
postnatal weeks. While it is plausible that these rigid junctions are required for epithelial
structure maintenance, no direct function for the strengthening of the apical junctions has
been shown. It has been hypothesised that the thick F-actin belts limit supporting cells from
undergoing cell shape changes that are required for proliferation and hair cell regeneration
(p.75; Meyers and Corwin, 2007; Collado et al., 2011ab; Burns et al., 2008; 2013; Burns and
Corwin, 2014).
So far, not much is known about the cellular mechanisms that direct this F-actin belt
strengthening. It seems that the assembly of the F-actin belt proceeds without appropriate
contacts with neighbouring cells: When loss of inner hair cells and outer pillar cells occurs
during the development of bv/bv mice, inner pillar cells assemble abnormally prominent
actin-rich structures. Additionally, the termination of the assembly has been suggested to be
under negative feedback control, regulated by the completion of rigid-enough junctional
contacts (Tucker et al., 1999).
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Figure 18. Postnatal thickening of the F-actin belt of supporting cells. Single image planes at
the level of the reticular lamina from SBEM datasets shows the junctional domains and associated
structures of auditory supporting cells. (A) While F-actin belts of supporting cells are thin at E18
(arrow), (B) they are thick in supporting cells at P20. Note that the prominent microtubule bundles
within outer pillar cells (op) contact the actin-rich junctional domain facing outer hair cells of the second
row. Scale bar = 5 μm. Abbreviations: d1–3, Deiters’ cells of rows 1–3; ip, inner pillar cell; ohc1–3, outer
hair cell of rows 1–3; op, outer pillar cell.

2.3.8.8

The maturation of the microtubule cytoskeleton and the
morphological development of auditory supporting cells

Microtubules are especially prominent in supporting cells (Fig.19/p.36; Tucker et al., 1995).
These apicobasal microtubule bundles are attached to the F-actin belts. Each auditory
supporting cell forms two main microtubule arrays that are associated with three microtubuleorganising centres (MTOCs). The centrosomal array elongates from the apical surface region.
The remote arrays are located more basally in the cell (Tucker et al., 1998). These arrays are
exceptionally large: Their length is up to 40 μm and include up to 4500 microtubules (Tucker
et al., 1992; 1995; Henderson CG et al., 1994; 1995). Microtubule array formation is a postnatal
event in mouse supporting cells. Microtubule assembly and nucleation starts in the apical
centrosomal region, where two centrioles are located, around P1–P3 in inner pillar cells and
around P3–P6 in outer pillar cells. Nucleation still takes place in both cell types at P9. In
Deiters’ cells, the centrosomal array assembly occurs around P3 and the assembly of remote
array around P6 (Tucker et al., 1992, 1995; Henderson et al., 1995). Additionally, some apical
and basal ends of the microtubule bundles are docked to non-centrosomal MTOCs
(Henderson et al., 1995; Tucker et al., 1995). This happens through microtubule minus-end
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release and migration to new docking sites (Mogensen et al., 1997). When the microtubule
bundle ends arrive to their capturing sites, they become embedded in F-actin at adherens
junctions or at the basal lamina (Fig.19B; Tucker et al., 1995). As pillar cells develop, the
distance between inner hair cells and outer hair cells progressively increases as the apical
microtubule arrays of pillar cells elongate. Concomitantly with elongation of the microtubule
bundles, the previously linear pillar cells also broaden at their basal part (Ito et al., 1995).

Figure 19. The development of the morphology and the microtubule cytoskeleton of
supporting cells. (A) The immunohistological staining for β-tubulin at the top-left corner shows the
abundance of microtubule bundles in supporting cells at P18. (B) A top-view of a 3D modeled SBEM
dataset of a Deiters’ cells apical domain. Microtubule bundles (brown) are embedded in the F-actin belt
(red). Scalebar = 3 μm. (C) Schematic representations of the development of the cytoskeleton of Deiters’
cells, of outer pillar cells, and of inner pillar cells can be seen in this figure. The centrosomal microtubule
bundles are depicted in gray and the remote microtubule array is represented in brown. The F-actinrich docking sites are shown in red. The kinocilium is shown in yellow. Abbreviations: a, apical -; m,
medial -; p, phalangeal -; b, basal surfoskelosome; ph, phalangeal process.

When fully mature, inner pillar cells cover the epithelial surface between inner hair cells and
the first outer hair cell row. Microtubules anchored to the junction near the outer hair cell
travel all the way to the basal lamina (Fig.19A), forming a curve near the knee-like junction
that inner and outer pillar cells form. In both cell types, many microtubules are embedded in
this junctional site. Formation of this complex junction precedes the opening of the tunnel of
Corti. The apical surface of outer pillar cells is located between the outer hair cells of the first
row. The centrosomal microtubule bundle elongates from the junction that contacts an outer
hair cell of the second row at this surface site towards the base of the cell (Fig.17/p.33). Within
the epithelium, covered by the inner pillar cell, this microtubule bundle traverses to the kneelike junction. Another microtubule bundle connects the knee-like junction domain to the basal
lamina in outer pillar cells (Tucker et al., 1998). Additionally, microtubules in supporting cells
undergo post-translational modifications (Tannenbaum and Slepecky, 1997).
Deiters’ cells transform themselves from a simple linear shape into a complex cellular
morphology during their postnatal maturation. Their upper basolateral domain transforms
itself into a neck-like phalangeal process (Fig.19). This process relocates to the area between
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outer hair cell rows and undergoes dramatic tilting (II, Fig.1). While embryonic and early
postnatal outer hair cells are enveloped by Deiters’ cells, mature outer hair cells contact
Deiters’ cells only at the reticular lamina and at the base of their cell body (Ito et al., 1995). A
mature Deiters’ cell adjoins several outer hair cells with its apical junctions while a single outer
hair cell is docked to the Deiters’ cell body. This docking site is the medial surfoskelosome of
Deiters’ cells, also known as the Deiters’ cell cup (II, Fig.6). This F-actin-rich cup surrounds
the basal pole of an outer hair cell and the associated synapses (Fig.15B/p.28). As is the fact
for a majority of cytoskeletal structures of supporting cells, the morphology of the cup also
slightly differs between apical and basal coil Deiters’ cells, being more confined at the basal
coil (Kuhn and Vater, 1996). Because of the extreme tilting of the phalangeal processes of
Deiters’ cells, the docked outer hair cell is not connected apically to the same Deiters’ cell.
Therefore, a single Deiters’ cell adjoins usually five different outer hair cells. Like pillar cells,
Deiters’ cells show remarkable morphological plasticity upon loss or presence of
morphologically defective neighbouring cells. For example, in the chimeric prestin-knock-out
mouse, Deiters’ cells elongate to capture the abnormally short hair cells with their cup
(Cheatham et al., 2009). Deiters’ cells are abneurally bordered by Hensen’s cells.
Characteristic of Hensen’s cells are their cytoplasmic lipid droplets (Glueckert et al., 2005).
Interestingly, the role of the actin and the microtubule cytoskeleton of supporting cells may
not be limited to structural maintenance, as for example Deiters’ cells have been suggested to
modulate the electromotility of outer hair cells through mechanical coupling (Yu and Zhao,
2009).

2.3.8.9

The development of the fluid-filled spaces of the organ of Corti

Simultaneously to the cytoskeletal development of supporting cells and downregulation of Ecadherin from their basolateral membranes, lumenal spaces develop within the organ of Corti
(Whitlon DS, 1993). These perilymph-filled lumenal spaces are unique for the mammalian
hearing organ, as they are not found in the auditory sensory epithelia of birds or reptiles. When
the development of the fluid-spaces takes place, supporting cells acquire thin columnar-like
cell bodies. For example, the phalangeal processes of Deiters’ cells detach from outer hair cells
and make room for fluid-filled spaces from P6 onward (Ito et al., 1995). High cilia activity can
be seen in developing supporting cells, perhaps reflecting a secretory function (Ito et al., 1995).
Interestingly, pillar cells are filled with glycogen (Fig.20/p.38) that disappears after the
opening of the tunnel, suggesting their involvement in the process. First signs of the
developing tunnel of Corti can be seen in the basal cochlear coil between pillar cells around
P4, wherefrom the opening of the tunnel progresses in a basal-to-apical coil gradient. The
fluid-filled compartments within the organ of Corti are connected, a feature not evident in
single sections of the epithelium. Interconnected basolateral membranes of inner pillar cells
form the wall on the neural side of of this fluidic compartment while third row Deiters’ cells
and Hensens’ cells form the wall on the abneural side (Ito et al., 1995).
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Figure 20. Opening of the tunnel of Corti. Periodic acid Schiff (PAS) staining of the organ of Corti
on postnatal day 7 intensely labels supporting cells and the opening tunnel of Corti (arrow).
Abbreviations: dcs, Deiters’ cells; ihc, inner hair cell; ip, inner pillar cell; ohcs, outer hair cells; op, outer
pillar cells.

2.3.8.10 Neurotransmitter uptake by supporting cells
In the inner ear and in the CNS, uptake of released glutamate is necessary for cell survival,
since high extracellular glutamate concentrations are thought to be toxic to cells. Glutamate
metabolism is best understood in the CNS, where glial cells uptake glutamate via glutamate
transporters (Murphy-Royal et al., 2017). The neurotransmitter glutamate, the main afferent
neurotransmitter in the organ of Corti, is released from the inner hair cells and is internalised
by the nearest supporting cells, called the inner phalangeal cells, via the glutamate transporter
SLC1A3 (GLAST). In addition to the inner phalangeal cells, Deiters’ cells and cells of the spiral
limbus, as well as some cells of the lateral wall have been shown to express GLAST (Furness
and Lehre 1997; Glowatzki et al., 2006). The importance of glutamate uptake in the organ of
Corti is demonstrated by the fact that acoustic overstimulation of GLAST-deficient mice
causes accumulation of glutamate in the perilymph, which worsens the induced hearing loss
(Hakuba et al. 2000). Additionally, pharmacological evidence suggests that glutamate
excitotoxicity is detrimental in the inner ear (Puel et al., 1994; 1998; Ruel et al., 2005).

2.3.8.11 K+ recycling and gap-junction connectivity of supporting cells
In addition to their role as the structural backbone of the organ of Corti, supporting cells are
thought to be essential for the recycling of K+ ions. K+ ions that enter hair cells are excreted
through their basolateral KCNQ4 channels (Potassium voltage-gated channel subfamily KQT
member 4; Kubisch et al., 1999). Supporting cells remove this K+ and transport it towards the
stria vascularis via gap junctional coupling (Wangemann P, 2002ab). Gap junctions are
formed by connexin subunits and connect the cytoplasms of neighbouring cells and permit the
passage of molecules and ions between these cells. The cytoplasmic connection of supporting
cells has been shown using dye transfer studies (Jagger and Forge, 2006; Chang et al., 2008;
Taylor et al., 2012; Forge et al., 2013), electrophysiological studies (Santos-Sacchi and Dallos,
1983; Zhao and Santos-Sacchi, 2000; Lagostena et al., 2001; Glowatzki et al., 2006; Yu and
Zhao, 2009), and microscopic studies (Gulley and Reese, 1976; Nadol JB Jr, 1978; Forge et al.,
2003).
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Mutations in the gap-junction protein connexin 26 (Cx26), which is present in supporting
cells, accounts for nearly half of the cases of nonsyndromic hearing loss in humans (Wingard
and Zhao, 2015). In general, mutations in the components of gap junctions are believed to
impair K+ recycling, which leads to cell death in the organ of Corti (Kelsell et al., 1997; CohenSalmon et al., 2002). However, views and results on why mutations in gap junction
components lead to hearing loss are controversial (Jagger and Forge, 2015; Wingard and
Zhao, 2015). In addition to ion recycling, some signalling events between supporting cells
appear to occur via gap junctions. For example in the immature organ of Corti in vitro, ATPinduced Ca2+ waves traverse supporting cells upon damage and are thought to mediate wound
healing responses (Gale et al., 2004).
Deiters’ cells express the K+ channel subunit Kir4.1 (KCNJ10, ATP-sensitive inward
rectifier potassium channel 10; Marcus et al., 2002) and the K-Cl cotransporter KCC4. These
have been suggested to be necessary for the uptake and recycling of K+ (Boettger et al., 2002).
The importance of K+ recycling by supporting cells is also demonstrated by the hair cell loss
that occurs in Kir4.1 (Marcus et al., 2002) and KCC4 (Boettger et al., 2002) knock-out mice.
However, it is critical to note that gap junctions, KCC4, and Kir4.1 are also located in cells of
the lateral wall (Boettger et al., 2002; Forge et al., 2003; Rozengurt et al., 2003). The gap
junction system of the organ of Corti is believed to be connected to the gap junction system of
the lateral wall (Jagger and Forge, 2013). Therefore, K+ recycling can be potentially disturbed
at both sites in various mutant mice.

2.4

The structure and function of the lateral wall and the
stria vascularis

The functionality of the organ of Corti not only depends on the properties of its cells, but also
on the properties of an extracellular solution that bathes the epithelial surface, the endolymph,
and functionality of the cells that produce this solution. While extracellular solutions usually
contain low concentrations of K+, the endolymph contains 150 mM K+. This produces a +80
mV endocochlear potential (EP) with respect to the perilymph (von Békésy G, 1952), which
enhances the flow of K+ into hair cells. As both influx and efflux of K+ can occur in the direction
of an electrochemical gradient, hair cells are not required to invest much energy into this
process (Wangemann P, 2002ab).
The longitudinal flow hypothesis states that the endolymph is generated in the cochlea
and subsequently flows to and is absorbed by the endolymphatic sac (Guild SR, 1927).
However, the endolymph is believed to undergo radial flow. The radial flow hypothesis (Salt
et al., 1986; Salt and Thalmann, 1988) states that the endolymph is produced and recycled
within sections of the cochlea by secretory and absorptive processes, occurring for example in
the cells of the lateral wall.

2.4.1

Structure of the stria vascularis and generation of the
endocochlear potential

The stria vascularis of the cochlea is responsible for generating the EP (Tasaki and
Spyropoulos, 1958). The metabolic demand to generate the EP is believed to be high. To satisfy
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this demand, capillaries form a blood-labyrinth barrier in the stria vascularis and regulates for
example ion and energy homeostasis of the cochlea (Shi X, 2016). As the stria vascularis is
spatially isolated from the organ of Corti, vibrations of the capillaries generated by the blood
flow will not disturb the functionality of the organ of Corti (Wangemann P, 2002ab). The stria
vascularis consists of three layers of cells (Fig.21). The strial marginal cells separate
endolymph from the intrastrial fluid, while the basal cell layer forms a barrier between
interstrial fluid and the extracellular fluid. Strial intermediate cells, melanocyte-like cells, and
pericytes form the middle cell layer. The EP is generated by Kir4.1 channels of strial
intermediate cells (Takeuchi and Ando, 1999; Marcus et al., 2002). From the intrastrial space,
K+ is internalised by strial marginal cells and secreted into the endolymph (Wangemann P,
2006).

Figure 21. Potassium recycling in the cochlea and structure of the stria vascularis. The
potential potassium (K+) recycling route of the cochlea (Wangemann P, 2006) is marked with red
arrows. A white box marks an area of the stria vascularis that is illustrated on the right. Strial marginal
cells are shown in green, intermediate cells are shown in yellow, basal cells are shown in blue, the
capillary is shown in red, and fibrocytes of the spiral ligament are shown in gray.

In addition to Kir4.1, multiple different ion channels and transporters contribute to the
generation of the EP. For example, loop diuretics such as furosemide and bumetanide, which
are antagonists of the Na+K+2Cl- cotransporter (NKCC), suppress the EP (Brusilow SW, 1975;
Zdebik et al., 2009). The NKCC in the lateral wall is a type I cotransporter (NKCC1) and is
present in marginal cells and fibrocytes (Crouch et al., 1997). Genetic ablations and mutations
of ion transporters of the lateral wall show the important role of these proteins, as they result
in hearing impairment. For instance, the whole scala media collapses in mice that lack NKCC1
(Delpire et al., 1999). Because of their high importance for normal hearing, damage and
cellular stress to the cells of the K+ recycling pathway is thought to contribute to the
development of hearing loss. Potential sites of damage are for example the junctions of cells
of the stria vascularis. For example, the decrease in EP and the resulting deafness induced by
the disruption of claudin-11 is believed to be a consequence of leaky tight junctions of strial
basal cells (Gow et al., 2004). Additionally, systemically or locally applied lipopolysaccharides
(LPS) are believed to induce leakage in the epithelial barrier of the stria vascularis. This
component of the cell wall of gram-negative bacteria is often experimentally used to induce
inflammation responses. Since LPS worsens the pathological changes induced by a
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concomitant noise- or ototoxic drug-induced trauma, the maintenance of the epithelial
barriers in the stria vascularis should be considered when designing ways to protect hearing
(Guo et al., 1994; Kim and Kim, 1995; Oh et al., 2011; Hirose et al., 2014ab).

2.4.2

The transport route of K+ from the perilymph to the endolymph

Two different pathways for K+ transport from the perilymph toward the stria vascularis have
been suggested. The first one proposes that K+ flows towards the lateral wall in the perilymph
(Zidanic and Brownell, 1990). The other one suggests that K+ is taken in by supporting cells
and moved via their gap junction network towards the root cells of the lateral wall. The root
cells extend long cytoplasmic processes that are surrounded by numerous fibrocytes. Finally,
these fibrocytes are thought to deliver K + to the stria vascularis (Spicer and Schulte, 1996).
Interestingly, dye transfer studies indicate that outer and inner pillar cells are not coupled by
gap junctions, suggesting that the inner hair cell and outer hair cell sides of the epithelium
may be isolated compartments (Jagger and Forge, 2006). For the inner hair cell side of the
organ of Corti, K+ is possibly recycled by inner sulcus cells that are connected via gap junctions
with interdental cells (Spicer and Schulte, 1998). However, it is critical to note that the lack of
dye coupling is not a direct demonstration of the absence of intercellular ion recycling.

2.5

Pathways regulating hair cell death

Hair cells have long been believed to be the cell type of the inner ear that is most sensitive to
different kinds of traumatic insults, which include acoustic trauma, ototoxic drugs, infections,
surgical and accidental trauma, and the effects of ageing. There are three general outcomes of
cellular stress or trauma: A mild sublethal stress induces protective responses not only against
the inducing stressor but also against subsequent stressors for some time (Niu and Canlon,
2002). If the cell cannot cope with the amount of stress, it may initiate a controlled cellular
death process. The decision whether a cell induces programmed cell death (apoptosis) or
favours protective responses is dictated by proapoptotic and prosurvival signalling pathways,
as well as by the strength of the stressor. If the stress is sudden and severe, the cell may die in
an uncontrolled manner, known as necrotic cell death. Besides apoptosis and necrosis, an
atypical mode of hair cell death has been reported where basolateral membranes of hair cells
are vacuolated (Bohne et al., 2007). As the knowledge on the atypical mode of hair cell death
is limited, this chapter concentrates on apoptotic and necrotic hair cell death.

2.5.1

Hair cell apoptosis

Apoptosis is an active process that involves a series of events that destroy the cell (Kerr et al.,
1972). Pharmacological inhibition of the apoptotic caspase cascade protects hair cells from
cellular stress-induced death (Liu et al., 1998; Forge and Li, 2000; Cunningham et al., 2002;
Zheng et al., 2014). While cells may be protected by blocking apoptosis, apoptosis should not
be viewed only as a detrimental process. It is also believed to be a safe and controlled way for
cells to be removed from tissues without producing additional damage to neighbouring cells.
In addition to traumatic events, apoptosis occurs naturally in many tissues and controls
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turnover of cells and developmental processes. For example, inactivation of a central
molecular regulator of apoptosis, caspase 3, limits the normal developmental degeneration of
the GER (Takahashi et al., 2001). Since inhibition of the apoptotic cascade may limit normal
tissue homeostatic processes and render apoptosis to necrosis (Zheng et al., 2014), and since
the apoptosis-blocked cells may not be functional, other protective interventions are desired.
Activation of apoptosis occurs through external signals (extrinsic pathway) or by
intracellular stress (intrinsic pathway). When the activity of proapoptotic regulators is
stronger than that of antiapoptotic ones, apoptosis is initiated. Apoptotic regulators
themselves are controlled by post-translational mechanisms, for example by phosphorylation
and dephosphorylation, and by transcriptional regulation. The apoptotic cascade involves the
destruction of DNA by endonucleases. The “classic” apoptotic pathway is mediated by
caspases, proteases that exist in healthy cells in an inactive form called procaspases. Their
activation occurs upon the cleavage of their pro-domain, which is promoted by proapoptotic
signalling. Activated initiator caspases, in combination with other regulators, activate the
effector caspases. The effector caspases, for example caspase-3, activate enzymes that destroy
the cell (Elmore S, 2007).
As evidenced by TUNEL (Terminal deoxynucleotidyl transferase dUTP Nick-End
Labeling) staining and caspase-3 immunostaining, as well as by morphological signs of
apoptosis, some acoustically stressed hair cells die apoptotically (Hu et al., 2000; Yang et al.,
2004; Bohne et al., 2007). Morphological features of apoptosis include condensation of
nuclear chromatin, shrinkage of the nucleus (pyknosis) and its fragmentation, cell shrinkage,
membrane blebbing, and breakdown of the cell into “apoptotic bodies.” The apoptotic bodies
are phagocytosed by “professional” phagocytic cells and/or by neighbouring cells
(Arandjelovic and Ravichandran, 2015). During apoptosis, the integrity of the plasma
membrane is believed to be maintained, unlike in the case of necrosis. However, acoustically
and ototoxically stressed hair cells with early apoptotic nuclear morphology show signs of
membrane leakage (Hu BH, 2007; Monzack et al., 2015). In fact, one of the suggested adverse
effects of acoustic trauma to hair cells is membrane damage (Mulroy et al., 1998; Hu and
Zheng, 2008). Therefore, leakage of intracellular components of hair cells may occur despite
the initiation of apoptosis.

2.5.2

Hair cell necrosis

Necrosis – characterised by cellular swelling, rupture of the plasma membrane, and
uncontrolled release of the cell content – is generally regarded as uncontrolled and passive
way for cells to die, which can damage adjacent cells and provoke an inflammatory response.
Additionally, the repair responses of the epithelium may not be engaged fast enough if the
dying cell fails to alert the surrounding cells of its death (Rosenblatt et al., 2001). Hair cells
with swollen nuclei are generally believed to be dying by necrosis. After expansion of their cell
body, their rupture can be observed (Bohne et al., 2007). Interestingly, necrosis is not only an
involuntary mode of cell death, as it can also be actively induced by the dying cell. Active
necrosis is known as necroptosis and can be driven by receptor-interacting protein (RIP)
kinases. RIPs have been proposed to mediate noise- (Zheng et al., 2014) and gentamicin
ototoxicity-induced outer hair cell death (Park et al., 2012).
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A clear distinction between the active and passive modes of cell death is somewhat elusive.
Traumatic events to hair cells can activate both ways of cell death (Yang et al., 2004).
Additionally, apoptotic cells can convert to necrosis, for example if the apoptotic process is
interrupted, or if the phagocytosis of the apoptotic cell is delayed (secondary necrosis, Hu et
al., 2008; Taylor et al., 2008; Zheng et al., 2014). While several studies suggest that inhibition
of caspases can protect hair cells from traumatic events, inhibition of apoptosis/necrosis is
suggested to shift the prevalence of hair cell death in each case to the alternative pathway
(Zheng et al., 2014). Therefore, these pathways should not be viewed as isolated targetable
processes. Instead of trying to inhibit cell death processes, a more efficient approach in order
to protect hair cells might be inhibiting the detrimental cell signalling pathways that are
upstream of cell death processes or trying to minimise the effects of the stressor by mounting
protective cellular responses.

2.5.3

Does autophagy play a role in hair cell death?

Autophagy, or “self-eating”, has been recognised as a process that can promote cell death,
rather than just being a mechanism for recycling of damaged cell components (de Duve C,
1963; Jiang and Mizushima, 2014). Like in other tissues, autophagy seems to be important for
normal physiology and development of the inner ear. For example, it contributes to the
formation of the otoconia of balance organs in mice (Mariño et al., 2010), for clearing dying
cells from the chicken otocyst, and for normal cell cycle regulation in the otic epithelium
(Aburto et al., 2012). Relatively little is known about the role of autophagy in the mature inner
ear, especially in relation to inner ear trauma (Magariños et al., 2017). However, some studies
suggest that autophagy is activated in stressed hair cells (Taylor et al., 2008) and that it
protects hair cells from noise trauma (Yuan et al., 2015).

2.6

Noise-induced hearing loss

The severity of hearing loss and the frequency areas impaired in it depend on intensity,
duration, and pattern of noise exposure. The acquired hearing loss is usually at its worst
immediately after a noise exposure. Interestingly, not all noise-induced hearing loss is
permanent. After a moderate intensity noise exposure, only a temporary threshold shift (TTS)
occurs and hearing sensitivity recovers during the following weeks. With higher intensity,
hearing thresholds do not recover back to normal levels: A permanent threshold shift (PTS)
occurs. Acoustic overexposures are believed to produce threshold shifts by inducing
mechanical and metabolical stress in the cochlea, which will be discussed in the following
sections.

2.6.1

When protective and repair mechanisms fail, noise induces
hearing loss

While the cochlea is vulnerable to noise exposures, it does have several lines of defense against
them. Upon a high-level noise exposure, the acoustic middle ear reflex (Mukerji et al., 2010)
and the response of the medial olivocochlear (MOC) system are activated (Reiter and
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Liberman, 1995; Liberman and Guinan, 1998). The olivocochlear (OC) efferent innervation of
the mammalian inner ear consists of medial (MOC) and lateral (LOC) systems. MOC
activation induces shape changes in outer hair cells and may protect the inner ear from
acoustic trauma (Christopher Kirk and Smith, 2003). Efferents from the lateral superior olive
terminate on cochlear afferent terminals. LOC efferents can suppress auditory nerve activity,
perhaps by inducing inhibitory effects on the afferent terminal (Groff and Liberman, 2003).
This may have a protective role during noise exposure (Kujawa and Liberman, 1997; Niu and
Canlon, 2002; Darrow et al., 2007).
Interestingly, unmyelinated type II afferents have been suggested to report cochlear
damage by sensing adenosine triphosphate (ATP) released from the cells of the organ of Corti
(Liu et al., 2015). In fact, ATP is thought to play a central role in multiple protective and repair
responses of the inner ear. High concentrations of ATP have been measured in the endolymph
during noise exposure (Muñoz et al., 2001). ATP may bind to its receptors in the stria
vascularis and the Reissners’ membrane to modulate K+ recycling (Thorne et al., 2002).
Interestingly, noise-induced low-level TTSs have been suggested to be an ATP-mediated
protective effect that is based on modulation of P2RX2 ion channels on hair cells and cells of
the scala media (Housley et al., 2013; Yan et al., 2013). In addition to that, released ATP has
been reported to reduce the motile response of outer hair cells (Housley et al., 1999; Zhao et
al., 2005), and to modulate the repair responses of supporting cells (Lahne and Gale, 2008;
2010; Mann et al., 2009). Systemic effects, mediated for example by stress hormones and
inflammation, may also mediate some protective or detrimental responses in the inner ear, as
discussed later. Unfortunately, these responses cannot fully protect the cochlea from noise:
The cochlea sustains damage and hearing loss develops.

2.6.2

Recovery from temporary threshold shifts and repair of
stereocilia

The recovery from TTS has been linked to several repair and compensatory responses. These
responses include the repair of stereocilia and tip links (Zhao et al., 1996; Husbands et al.,
1999). As mammalian hair cells do not regenerate, they have to be able to maintain their
stereocilia bundle and the MET machinery over the lifespan of the organism. Understanding
the limits of the repair capabilities of these cells is therefore important in the context of
acoustic traumata and age-related hearing loss (presbyacusis).
After noise exposure, hair cell stereocilia can be splayed (Liberman and Beil, 1979). Tiplinks can be damaged by moderate acoustic overstimulation (Clark and Pickles, 1996) or by
calcium chelators in vitro. Remarkably, tip-links of immature hair cells can recover from
calcium chelation (Zhao et al., 1996; Jia et al., 2009; Ebert et al., 2010). Similarly, recovery
occurs after acoustic trauma in the avian basilar papilla (Husbands et al., 1999). When the
stereocilia are damaged more severely, for example when fusion or loss of stereocilia occurs
(as seen in elderly human temporal bones: Wright A, 1981; Wright et al., 1987), extensive
regeneration of the bundle would be required for functional recovery. Interestingly, the repair
of stereocilia seems to be possible in some occasions. Hair cells of the immature mouse organ
of Corti that have been damaged by a micropipette or by a laser (Sobkowicz et al., 1992; 1996),
and hair cells of early postnatal rat utricles or bullfrog saccules that are exposed to
aminoglycosides, can lose their apical structures without dying. The cell bodies of these hair
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cells remain within the sensory epithelium as “bundleless” hair cells until they form new apical
domains within one week after the initial injury (Zheng et al., 1999; Baird et al., 2000; Gale et
al., 2002).
Unfortunately, the above-mentioned repair capability of auditory hair cells appears to be
limited to immature mammalian hair cells and to non-mammalian hair cells, as there is no
convincing evidence for the existence of “bundleless” or re-emerging hair cells in the stressed
mature organ of Corti in vivo. Supporting this notion, stereocilia that are torn off from
neonatal mammalian auditory hair cells in vitro do not grow back within two weeks (Jia et al.,
2009). Furthermore, damaged apical domains of hair cells remain in the in the organ of Corti
for prolonged periods (Scholtz et al., 2001; Wang et al., 2002). Controversially, reports of
complete repair of stereocilia exist (Wang et al., 2011). The capability of mature auditory hair
cells repairing their tip-links and stereocilia in vivo is not well characterised, but the limited
amount of studies suggest that bundle renewal is highly limited.
In addition to stereocilia damage and loss of tip links, noise-induced TTS may be linked to
recovery from other types of mechanical hair cell damage (Liberman and Dodds, 1987),
uncoupling of outer hair cell stereocilia from the tectorial membrane (Nordmann et al., 2000),
collapse of supporting cells (Flock et al., 1999; Nordmann et al., 2000), and damage to the
stria vascularis (Santi and Duvall, 1978). In addition to mechanical stress, recovery from TTS
may be linked to metabolic stress, for example to excitotoxic effects of glutamate on afferent
synapses on inner hair cells (Spoendlin H, 1971; Puel et al., 1994; 1998; Ruel et al., 2005).

2.6.3

Noise-induced mechanical
threshold shifts

damage

linked

to

permanent

As previously mentioned, hair cell loss has classically been considered to be the main reason
for permanent sensorineural hearing loss. However, over 40 dB PTS can occur even when all
hair cells remain viable, indicating that hair cell loss cannot be the only cause of PTS
(Liberman and Dodds, 1984). The amount of damage to hair cell stereocilia is reported to
correlate with the amount of PTS (Robertson et al., 1980; Liberman and Dodds, 1984; 1987;
Clark and Pickles, 1996). In addition to stereocilia damage, moderate SPLs induce damage to
cell membranes (Mulroy et al., 1998; Hu and Zheng, 2008) and apical junctions (Zheng and
Hu, 2012). With extreme SPLs and blast-like injuries (impulse noise), the Reissner’s
membrane and basilar membrane can be disrupted and the organ of Corti can be splitted or
torn off (Covell WP, 1953; Bohne and Rabbitt, 1983; Hamernik et al., 1984; Saunders JC, Dear
SP et al., 1985; Henderson D et al., 1994; Wang et al., 2002). Subtler morphological changes
in supporting cells, for example the buckling of pillar cells, also occur after noise-induced
damage (Bohne et al., 2017; IV/Fig.4A,G). As the correct structure of supporting cells is
important for normal hearing, permanent changes in the supporting cell morphology may
contribute to PTS.
Some detrimental effects of acoustic overstimulation have been suggested to be caused by
epithelial barrier loss in the stria vascularis (Gow et al., 2004; Kitariji et al., 2004). Mechanical
damage to the reticular lamina may allow endolymph leakage into the organ of Corti, which is
believed to be highly detrimental to hair cells and to the innervating neurons (Voldrich L,
1979; Bohne and Rabbitt, 1983; Raphael and Altschuler, 1991; Henderson D et al., 1994b;
Zenner et al., 1994; Ahmad et al., 2003; Bohne et al., 2017). In areas with reticular lamina
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disruption, necrotic-like hair cells can be seen (Bohne et al., 2017), suggesting that endolymph
leakage promotes necrosis. The intactness and rigidness of junctions of the reticular lamina is
necessary to limit this kind of damage. For example, mutant mice lacking the adherens
junction component vezatin are more susceptible to noise exposures (Bahloul et al., 2009).
Therefore, maintenance of the epithelial barrier is required for cell survival in the organ of
Corti.

2.6.4

Noises induces metabolic stress in the cochlea

One possible mechanism of noise and ototoxin-induced hair cell loss is untolerable change in
metabolic activity. Multiple energy-dependent processes are important for the functionality of
the cochlea, for example for the formation of the EP. Due to its high metabolic demand, the
cochlea is believed to be sensitive to the generation of reactive oxygen species (ROS). While
oxygen is central for cellular respiration and cell functionality, over-oxidisation of cells is
harmful to them. Cellular defensive mechanisms against ROS include free radical scavengers,
enzymes that convert radicals into less toxic forms, and antioxidants. Despite these defensive
mechanisms, accumulative oxidative damage inevitably occurs. As oxidation appears to be a
universal mediator of cellular damage, the detrimental effects of ageing on cells have been
suggested to be a result of progressive oxidation (Free radical theory of ageing; Harman D,
1956). In fact, ROS overproduction is suggested to be a common damage-inducing mechanism
also in the inner ear (Henderson et al., 2006).
Noise exposures have been reported to increase the metabolic activity of the cochlea and
ROS production (Shi and Nuttall, 2003, Yamane et al., 1995; Ohlemiller et al., 1999;
Henderson et al., 2006). A main site of ROS production is thought to be the stria vascularis
(Böttger and Schacht, 2013). ROS activity has been suggested to continue for several days after
a strong noise exposure and to spread in a basal-to-apical coil gradient in the cochlea (Yamana
et al., 1995; Yamashita et al. 2004). For example, hair cells may be prone to ROS formation
due to their numerous mitochondria and low antioxidant content (Sha et al., 2001). The
importance of ROS as a damage mediator in the inner ear is unclear, as attempts to protect
the inner ear from oxidative stress with free radical scavengers have produced contradictory
results (Henderson et al., 2006; Böttger and Schacht, 2013).
If the increased metabolic activity can outrun the energy-producing capabilities of a cell,
all cellular processes will eventually fail. Interestingly, noise trauma has been suggested to
lead to a depletion of ATP from the inner ear, which in turn differentially activates Rho
GTPases, the well-known regulators of the actin cytoskeleton (Chen et al., 2012; p.59). The
site of this suggested ATP depletion within the inner ear remains unknown, as does the
contribution of Rho GTPase activation to hair cell death.
Another metabolic consequence of noise exposure is an increase in the intracellular
calcium concentration in hair cells (Fridberger et al., 1998). Uncontrolled calcium influx or its
release from intracellular storages may kill hair cells, as an increased calcium concentration is
a proapoptotic signal (La Rovere et al., 2016). Results showing that the blockade of L-type
(Heinrich et al., 1999) or T-type voltage-gated calcium channels (Shen et al., 2007) protect
against noise-induced hearing loss support the view that calcium plays a role in the
development of hearing loss. The function of calcium in cell death induction is interesting, as
it is also a central player in multiple non-death-related cellular functions. For example, hair
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cells have prominent intracellular calcium buffer systems that are required for normal
synaptic activity (Pangršič et al., 2015). Increased calcium levels in inner hair cells may also
lead to excess release of neurotransmitters, which is believed to induce damage to the synapses
of the innervating neurons.

2.6.4.1

“Benign” noise exposures induce auditory synaptopathy

Surprisingly, noise exposures previously believed to be “benign” have recently been shown to
cause irreversible loss of the afferent endings of SGNs in the absence of hair cell loss and PTS
(Kujawa and Liberman 2009; Lin et al. 2011). Almost half of the synapses of the inner hair
cells may be lost despite hearing thresholds fully recover. This effect is now known as
cochlear/auditory synaptopathy or “hidden hearing loss” (Kujawa and Liberman, 2006, 2009;
Furman et al., 2013). Retraction of these postsynaptic terminals occurs immediately after
noise exposure together with the formation of vacuoles around inner hair cells (Puel et al.,
1998; Wang et al., 2002, Kujawa and Liberman, 2009; Liberman et al., 2015). Attempts to
develop ways to protect (Sebe et al., 2017) and regenerate (Wan et al., 2014) these synaptic
connections have the potential to help people suffering from auditory synaptopathy
(Liberman and Kujawa 2017).
In vitro studies support the hypothesis that excess glutamate release from inner hair cells
leads to this synaptic loss (Wang and Green, 2011). This detrimental exposure of neurons to
high levels of excitatory neurotransmitters for prolonged periods of time is known as
excitotoxicity. It is generally thought to be induced by high amounts of intracellular Ca2+
(Lewerenz and Maher, 2015). High amounts of released glutamate may lead to uncontrolled
ion fluxes and damage at the postsynaptic structures (Puel et al., 1994; 1998; Le Prell et al.,
2004). The role of presynaptic and postsynaptic (Sebe et al., 2017) events in synapse loss in
the organ of Corti are yet to be characterised in detail. For example, excessive Ca2+ entering
the afferent terminal may underlie excitotoxic damage to synapses (Sebe et al., 2017). As
supporting cells surrounding inner hair cells are responsible for removing excessively released
glutamate, future protective interventions of the inner ear could be based on enhanced
glutamate scavenging by supporting cells.
As the SGNs send information from hair cells to the CNS, their long-term survival is
critical for the restoration of hearing. After hair cell loss, SGNs lose their axons and die. The
rate of SGN loss that follows hair cell loss varies depending on the initial type of trauma and
the animal model, but is generally slow (Spoendlin H, 1975; Nadol JB Jr, 1997; Wang et al.,
2002).

2.6.5

Tonotopical differences in the subjectivity of hair cells to trauma

Regardless of its origin, damage to cochlear hair cells often progresses in a base-to-apex
gradient and from outer hair cells to inner hair cells. The high vulnerability of basal cochlear
coil hair cells to trauma might relate to the structure of the basal coil (Wang et al., 2002).
However, the vulnerability differences between apical and basal coil hair cells appear to be
linked to intrinsic differences in cellular stress tolerance, for example to differential rate of
metabolic activity, as similar gradients occur in cultured organs of Corti that are challenged
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with ototoxins. The antioxidant defense systems of hair cells in the basal coil have been
suggested to be weaker than those in the apex (Sha et al., 2001).
For future therapeutic approaches, knowing the permissive time window for rescue, the
time frame following an insult during which the effects of cellular stress can still be limited, is
of high importance. In general, this time window after an acoustic trauma appears to be
limited. Fifteen minutes after a one-hour noise exposure, apoptotic and necrotic-like hair cells
can be seen in the mouse cochlea and several hair cells are already missing (Hu et al., 2002).
Sometimes, hair cell loss continues over extended periods of time. Small lesion areas have
been reported to expand for days after intense noise exposure (Hu et al., 2002; Yang et al.,
2004). Hair cell loss can continue up to one month after the exposure (Hamernik et al., 1984;
Bohne et al., 2017). While the reason for this spreading is unknown, it might be related to
failure of surviving hair cells to tolerate/repair the accumulated damage. It can also be related
to the incapability of the cochlea to normalize the occurring detrimental conditions.
Interestingly, prior noise exposures have been reported to worsen age-related hearing loss
(Kujawa and Liberman, 2006). Multiple TTS-inducing noise exposures also result in PTS
resembling that of presbyacusis (Wang and Ren, 2012). Therefore, presbyacusis may partly be
linked to cumulative damage.
While it seems intuitive that acoustic trauma would target hair cells that are located at
areas tuned to the traumatising stimuli, this is not the case. Narrowband noise exposures often
lead to two lesion foci: One near the region tuned to the noise frequencies and a second one
near the cochlear base (hook region; Fried et al., 1976; Liberman and Kiang, 1978; Ou et al.,
2000). The damage at the former site may be due to the local maximal noise-induced
vibrations. The lesion of the tuned region is usually half an octave above the noise band. This
“half-octave shift” may be a result of nonlinear cochlear mechanics. The maximally stimulated
region usually shifts towards the basal coil, if the intensity of the stimulus increases (Cody and
Johnstone, 1981). The hook damage focus formation, a process not yet understood, may be
linked to the high vulnerability of basal coil hair cells to cellular stress (Wang et al., 2002).
Exposure levels below 116 dB SPL at 8–16 kHz band cause hair cell loss only in the extreme
cochlear base, while stronger exposures induce damage to the reticular lamina near pillar cells
in the 8–16 kHz area. At 94/100 dB SPL exposures, stereocilia damage is restricted to the
basal coil, whereas at 106 dB, a damage focus is formed (Wang et al., 2002). 85/91 dB SPL
exposures of one hour with this paradigm cause TTSs without hair cell loss or the loss of
afferent synapses (Housley et al., 2013; Fernandez et al., 2015). Therefore, these “low”
exposure levels can potentially be used to assess noise-induced “non-lethal” cellular stress
responses of the organ of Corti.

2.6.6

Contribution of inflammation and the immune system to acoustic trauma

While immune responses are generally protective, they may in some cases be harmful. In fact,
a detrimental “sterile” immune response has been suggested to be activated in the acoustically
traumatised cochlea (Ma et al., 2000; Hirose et al., 2005; Rock et al., 2010). While the inner
ear has long been considered an immunologically restricted organ, we now know that this is
not the case as it can recruit immunocompetent cells and release cytokines (Fujioka et al.,
2014; Hirose et al., 2017). Immune response-related genes are upregulated in acoustically
challenged cochleae as early as six hours after the damage (Yang et al., 2016; Tan et al., 2016).
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For example, interleukin-6, tumor necrosis factor alpha, and nuclear factor kappa-light-chainenhancer of activated B cells (NFκB) are reported to be produced in the cochlea. Results on
the cell type that produces these factors and whether these factors are detrimental or beneficial
are controversial (Tahera et al., 2006a; Fujioka et al., 2006; Adams et al., 2009; Tan et al.,
2016). However, the main producers of cytokines seem to be the cells of the lateral wall.
Additionally, the endolymphatic sac is likely to contribute to the immune responses (Harris
and Ryan, 1995). Monocytes and macrophages enter the inner ear after ototoxic injuries and
mainly accumulate in the spiral ligament, in the spiral ganglion, and in the scala tympani
(Fredelius and Rask-Andersen, 1990; Hirose et al., 2005; Tornabene et al., 2006; Okano et
al., 2008; Sato et al., 2008; 2010). Because of space limitations, the cell types that infiltrate
the traumatised inner ear and the time course of their effects are not discussed further here.
The reader is referred to the reviews by Wood and Zuo (2017) and by Hirose and colleagues
(2017). However, the potential role of macrophages in the elimination of damaged hair cells
is discussed later.

2.6.7

Acoustic trauma targets the K+ recycling pathway and the blood
supply of the inner ear

While research on noise-induced hearing loss has mainly focused on hair cells, there is now
growing awareness that other cochlear cells are also affected by noise. As acoustic injuries
target multiple cellular systems of the inner ear – which include the organ of Corti, the SGNs,
the spiral ligament, the stria vascularis, the spiral limbus, and the vascular system – it is a
great challenge to study the fundamental cell biological reason why hearing loss develops.
While a comprehensive review of these pathological changes cannot be implemented in this
work, a selection of examples is given.
In general, acoustic stress targets the K+ recycling system at several different sites. As a
result, EP lowering, reduction in the endolymphatic K+ concentration, changes in the flow of
K+, and permanent loss of cells of this K+ recycling system may take place (Salt and Konishi,
1979; Wang et al., 2002; Hirose and Liberman, 2003; Hirose et al., 2005). The relationship
between damage to cells in the different compartments of the cochlea and hearing loss is not
yet well understood.
Besides affecting K+ recycling by producing damage, there are other ways in which noise
induces changes in K+ recycling. For example, hormonal changes linked to stress potentially
regulate K+ secretion (Wangemann et al., 2000). Noise has also been reported to induce
changes in cochlear blood flow (Thorne and Nuttall, 1987; Miller and Dengerink, 1988; Shi X,
2011; 2016). It still remains unclear how much changes in blood flow and possible induction
of ischemia contribute to pathological changes induced by noise (Shi X, 2011; 2016). However,
as carbon monoxide breathing during a noise exposure worsens the induced hearing loss,
steady oxygen supply appears to be important (Chen et al., 1999).
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2.7

The mechanisms of ototoxic drug-induced hearing loss

Hair cells can be experimentally destroyed in vivo and in vitro with ototoxic compounds.
Besides their use as important experimental method to kill hair cells and study the stress
responses of the inner ear, several drugs with clinical value unfortunately also possess ototoxic
activity. For example, the chemotherapeutic compound cisplatin has many adverse effects that
include ototoxicity (Karasawa and Steyger, 2015). The hydrated form of cisplatin is highly
reactive to targets within cells, one being DNA. Platinated DNA adducts for example inhibit
replication and transcription. In the inner ear, cisplatin targets not only hair cells, but also
multiple other cell types (van Ruijven et al., 2005).
In critical clinical instances, compounds with different ototoxic properties need to be used
despite the knowledge about their adverse effects. Additionally, they are sometimes
unfortunately administered carelessly to patients without considering their ototoxic effects
that have been known for decades. For example, the loop diuretic bumetadine and
aminoglycosides were coadministered in a study to newborn babies to treat hypoxic ischaemic
encephalopathy-induced seizures (Pressler et al., 2015ab). The trial had to be stopped because
of adverse reactions, which included hearing loss. Aminoglycosides and loop diuretics are
well-known ototoxins that have a synergistic, elevated ototoxic potential (West et al., 1973).
In this light, the observed hearing loss is not surprising. For this thesis, the ototoxic effects of
aminoglycosides and loop diuretics are of particular relevance and will therefore be discussed
next in more detail.

2.7.1

Aminoglycosides

While the value of aminoglycosides - including streptomycin, neomycin, gentamicin, and
kanamycin - as antibiotics is high, they have adverse effects like ototoxicity and nephrotoxicity
(Jiang et al., 2017). Although new antibiotics have emerged, aminoglycosides maintain a role
in the treatment of severe gram-negative bacterial infections. For example, people with cystic
fibrosis, colonised by Pseudomonas aeruginosa, often require aminoglycoside antibiotics
(Lanvers-Kaminsky et al., 2017).
The primary targets of aminoglycosides are generally considered to be hair cells. Early
signs of their toxic effects include the degeneration of hair cell stereocilia, followed by their
death (Ylikoski et al., 1974; Forge and Schacht, 2000). The severity of toxic effects occurs in a
basal-to-apical coil gradient both in vivo and in vitro. Additionally, outer hair cells of the first
row often die before those of the second and the third row, whereas inner hair cells are more
resistant than outer hair cells (Forge and Schacht, 2000). Aminoglycosides interfere with
bacterial ribosomes and inhibit protein synthesis. As mitochondrial ribosomes partly
resemble those of bacteria, aminoglycosides may impair cellular respiration. Hair cells are
particularly rich in mitochondria, which may be one of the reasons why they are especially
sensitive for aminoglycoside toxicity (Forge and Schacht, 2000). Another potential cellular
mechanism of aminoglycoside ototoxicity is intracellular calcium storage disruption (Matsui
et al., 2004).
Aminoglycosides are believed to enter the inner ear via the bloodstream within few
minutes after an injection (Tran Ba Huy et al., 1986), perhaps from the stria vascularis into
the endolymph (Wang and Steyger, 2009; Hahn et al., 2013). Concentrations in the inner ear
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are 1/10 of peak serum levels. However, while the half-life of aminoglycosides in serum is
about four hours, half-lives around two weeks have been observed for the inner ear. The halflife increases up to one month with multiple doses (Tran Ba Huy et al., 1986; Henley and
Schacht, 1988; Dulon et al., 1993). Interestingly, peak concentrations of different
aminoglycosides and the amount of damage induced by them do not entirely correlate (Rizzi
and Hirose, 2007).
Potential entrance mechanisms of aminoglycosides into hair cells include endocytotic
uptake (Hashino and Shero, 1995) and entry through the MET channel. For example,
dihydrostreptomycin has been observed to use the MET channel as an entry-only route
(Marcotti et al., 2005). Both endocytotic and non-endocytotic uptake mechanisms appear to
occur, at least in neuromast hair cells (Hailey et al., 2017; O’Sullivan et al., 2017). Interestingly,
aminoglycoside accumulation has been shown to depend on myosin VIIa (Richardson et al.,
1997). Aminoglycosides are also found inside other cell types, for example in supporting cells
and cells of the lateral wall (Imamura and Adams, 2003; Dai et al., 2006). The stria vascularis
is reported to lose marginal cells upon aminoglycoside exposures (Forge et al., 1987). The
accumulation of aminoglycosides into supporting cells is particularly interesting, as
gentamicin has been demonstrated to disrupt their gap junctional coupling (Todt et al., 1999).
By blocking this coupling, aminoglycosides can potentially disrupt K + recycling.
It is difficult to experimentally induce hair cell loss in vivo in mature mice with
aminoglycosides, because very high doses are needed. With high doses, the viability of the
animals is compromised. For example, high doses of kanamycin with twice daily injections for
14 days are required to induce hair cell loss in rats (Wu et al., 2001). Interestingly, drug-drug
interactions, especially with loop-diuretics, can potentiate the ototoxic effects of
aminoglycosides, as discussed below.

2.7.2

Loop diuretics

Loop diuretics (for example ethacrynic acid, bumetadine, and furosemide) are used clinically
to treat for example renal insufficiency, edema, and high blood pressure. In the inner ear, loop
diuretics induce temporary effects by reversibly blocking Na+-K+-2Cl- symporters, of which
NKCC1 is expressed by the cells of the stria vascularis (p.40). Because of this action, loop
diuretics can transiently depress the EP (Sewell WF, 1984). They may also cause permanent
hearing loss if administered in high doses and/or for long periods of time (Rybak LP, 1993;
Ikeda et al., 1997). However, loop diuretics potentiate hair cell damage when administered
together with aminoglycosides, even if the amount of either drug alone would not be harmful.
The reason for this combinatory effect is not well understood. One theory is that loop diuretics
may enhance the uptake of aminoglycosides into the cochlea, perhaps by slowing down their
clearance (Rybak LP, 1993). A combination of a single dose of aminoglycoside closely followed
by a single dose of a loop diuretic is known to cause very rapid hair cell loss both in humans
and in experimental animals (West et al., 1973; Taylor et al., 2008, Oesterle et al., 2008;
Oesterle and Campbell, 2009). This drug combination can be used purposefully to induce a
consistent, extensive outer hair cell loss in the mature mouse organ of Corti. In mice, the death
of outer hair cells occurs rapidly in a basal-to-apical coil gradient that reaches the apical coil
approximately within two days. Inner hair cells generally survive this ototoxic lesion (Taylor
et al., 2008; Oesterle et al., 2008).
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2.8

What does not kill you makes you stronger: Cellular
mechanisms of the protective sound preconditioning

As noise exposure damages the cochlea, the notion that a prior sound exposure can reduce the
risk of permanent hearing loss from later noise exposures may sound surprising. For example,
the cochlea becomes more resistant to the effects of noise during prolonged interrupted noise
exposures (Clark et al., 1987). Interestingly, exposures to sublethal stressors appear to be
protective against subsequent strong stressors in multiple different tissues. This phenomenon,
known as “preconditioning” (Li et al., 2017), has been shown to occur in the inner ears of
several mammalian species (Canlon et al., 1988; Ryan et al., 1994; Pukkila et al., 1997),
including humans (Miyakita et al., 1992).
Preconditioning the inner ear with low to moderate level noise protects it against a
subsequent more intense insult, as long as the interval between the noise exposures is not too
long. Generally, the interval has to be less than 24 hours (Canlon et al., 1988; Canlon and
Fransson, 1998; Yoshida and Liberman, 2000; Hamernik et al., 2003). However, some
protective effects have been reported to occur even after an interval of one week (Ryan et al.,
1994; Canlon and Fransson, 1998). The conditioning exposure can be as short as a few hours
(Pukkila et al., 1997). However, there is no protection if the traumatic noise exposure is given
immediately after the noise conditioning (Ryan et al., 1994). Therefore, the interval appears
to be important for the protective effect.
The mechanism behind the preconditioning or “toughening” effect is unresolved. Middleear muscles appear not to be involved in this effect (Henderson D et al., 1994a; Ryan et al.,
1994). Local changes in cochlear cells are one explanation, which may involve protective and
antiapoptotic signalling. For example, sound conditioning is reported to increase
antiapoptotic regulators, such as Bcl-2, heat shock proteins, and antioxidant enzymes and to
inhibit apoptosis in the acoustically traumatised cochlea (Jacono et al., 1998; Lim et al., 1993;
Niu et al., 2003; Harris et al., 2006). In the following sections, other suggested mechanisms
of the preconditioning effect are discussed.

2.8.1

Heat shock proteins protect hair cells from cellular stress

Another potential cellular change induced by sound preconditioning is the upregulation of
heat shock proteins (HSPs). HSPs are upregulated upon heat stress, ischemic injuries, and
acoustic trauma in the inner ear and are suggested to contribute to the protective effects of
sound-conditioning (Lim et al., 1993). Induction of HSPs is a highly conserved response to
cellular stress in many tissues. HSPs are chaperones that promote the correct folding and
trafficking of proteins. Stress-mediated HSP upregulation occurs via the activation of the heat
shock transcription factor 1 (Hsf1; Gomez-Pastor et al., 2017). Interestingly, mice that are
deficient for Hsf1 are more prone to noise-induced hearing loss (Sugahara et al., 2003;
Fairfield et al., 2005).
Among HSPs, HSP70 is the most highly conserved and the best studied stress-inducible
HSP. Heat shock leads to its upregulation in utricular hair cells and protects them against the
effects of aminoglycosides (Cunningham and Brandon, 2006; Taleb et al., 2008). As this
protective effect does not exist in HSP70-knock-out mice, HSP70 upregulation is believed to
be one of the protective responses of the inner ear (Taleb et al., 2008). Furthermore, utricles
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from mice that overexpress Hsp70 are protected against aminoglycoside-induced hair cell
death in vitro (Taleb et al., 2008) and in vivo (Taleb et al., 2009). Whole body and local
cochlear heat shock induces HSP70 expression that inhibits noise-induced hearing loss and
hair cell death in vivo (Yoshida et al., 1999; Sugahara et al., 2003; Roy et al., 2013). The
findings regarding the cell type where HSP70 upregulation takes place are contradicting: In
heat shocked utricles in vitro, HSP70 expression has been observed in supporting cells and
hair cells (Taleb et al., 2008). In other publications, hair cell specific expression has been
reported (Cunningham and Brandon, 2006), while in others a supporting cell specific
expression is described (May et al., 2013). In order to explain the hair cell protective effect,
supporting cells have been suggested to secrete HSP70 and protect hair cells via this
mechanism (May et al., 2013). In a study in which HSP70 was introduced to the organ of Corti
with viral vectors in the hope of protecting it from ototoxicity, no endogenous expression of
HSP70 in the organ of Corti was reported (Takada et al., 2015).
Pharmacological inducers of HSPs include geranylgeranylacetone and the triterpene
extract celastrol, both of which have been reported to induce HSP70 expression in the inner
ear and to protect hair cells against aminoglycosides (Mikuriya et al., 2005; Francis et al.,
2011). In other tissues, HSP70 inhibits some of the same cellular stress pathways that are
believed to mediate hair cell death. These pathways include the c-Jun N-terminal kinase
(JNK) signalling pathway (Pirvola et al., 2000; Francis et al., 2011). Therefore, the protective
effects of JNK inhibition, discussed in detail later, and HSP upregulation on hearing may share
common cellular targets and signalling pathways.

2.8.2

Contribution of systemic effects of stress to the preconditioning
effect

Similarly to mild noise exposures, low concentrations of ototoxic drugs protect the inner ear
from acoustic trauma (Oliveira et al., 2004). Therefore, the cellular stress responses induced
by noise and by ototoxic drugs might be similar. Additionally, protection against noise injury
also takes place in restraint stress (Wang and Liberman, 2002), in whole body heat shock
(Yoshida et al., 1999), in hypoxia (Gagnon et al., 2006), and in brain surgery (Kujawa and
Liberman, 1997). Therefore, preconditioning effects may be mediated by systemic effects.
These potential systemic signals include growth hormone signalling (Tahera et al., 2006b) and
signalling by the hypothalamic-pituitary-adrenal axis (Basappa et al., 2012). Sound
preconditioning has been reported to elevate corticosterone levels in the plasma and to
upregulate glucocorticoid receptors in the cochlea, which in turn protects the cochlea against
acoustic trauma (Tahera et al., 2007). However, as unilateral sound preconditioning offers
only unilateral protection against noise trauma, preconditioning effects cannot be completely
explained by systemic effects (Yamasoba et al., 1999).
Glucocorticoid signalling is of particular interest in the context of protecting the inner ear
from trauma, as glucocorticosteroids are often clinically used to treat hearing disorders, which
include acute injuries and sudden idiopathic sensorineural hearing loss (Lavigne et al., 2016).
Corticosteroid treatment is reported to offer protection against noise exposures and
aminoglycosides (Himeno et al., 2002; Takemura et al., 2004; Tahera et al., 2006ab).
However, the protective effects of corticosteroids against idiopathic sudden sensorineural
hearing loss are not consistent (Conlin and Parnes, 2007). The cellular mechanisms involved
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in corticosteroid-mediated protection are yet to be described in detail. For example, the
protective effect of glucocorticosteroids might be based on changes in ion homeostasis and
immune reactions of the inner ear (MacArthur et al., 2015).
In addition to these mechanisms, the protective effect of preconditioning could be based
on peroxisome proliferation in hair cells. The limited ability to mount this response upon noise
stimulation has been linked to vulnerability to noise trauma in Pejvakin-/- mice (Delmaghani
et al., 2015). However, a recent study showed that Pejvakin is not located at the peroxisomes
but at the stereociliary rootlets. In addition, Pejvakin (DFNB59) knock-out mice develop
morphological and functional defects before the onset of hearing (Kazmierczak et al., 2017).
This partially questions the notion that hypersensitivity to noise occurs due to peroxisomal
defects in Pejvakin-deficient mice (Delmaghani et al., 2015).

2.9

The JNK stress-activated kinase signalling pathway
regulates cellular responses to trauma

Stress signalling pathways enable cells to initiate adaptive responses that promote cell
survival. However, after a certain level of stressors is exceeded, stress signalling may activate
proapoptotic signalling cell-intrinsically or via paracrine signalling (Fulda et al., 2010). One
of the signalling pathways activated by cellular stress is the c-Jun N-terminal protein kinase
(JNK) signalling pathway. It consists of mitogen-activated kinases (MAPKs), highly conserved
serine/threonine protein kinases, which activate each other in series. MAPKs are activated by
phosphorylation by MAPK kinases (MAP2Ks). MAP2Ks are in turn activated by MAPK kinase
kinases (MAP3Ks) following various extracellular stimuli. It is important to note that in some
contexts, several kinases are shared between different MAPK pathways and crosstalk occurs.
Another actor that controls the activity of MAPKs by dephosphorylating them is protein
phosphatases. MAPK activation can also be modulated by interchanging their location from
the cytoplasm to the nucleus (Zeke et al., 2016).
Three major MAPK-pathways exist in mammals, namely ERK, JNK, and p38. These
pathways activate downstream kinases and transcription factors, and thereby mediate
multiple different cellular processes that include cell survival, proliferation, migration, and
apoptosis. The JNK-pathway is also known as the stress activated protein kinase (SAPK)
signalling pathway, as it is activated by various stressful stimuli. Three genes encode JNKs:
While Jnk1 and Jnk2 are ubiquitously expressed, Jnk3 is specifically expressed in the brain,
the testis, and the heart (Davis RJ, 2000). Each JNK can be expressed in several splice
variants. JNKs are typically activated by phosphorylation through MAP2Ks MKK4 and MKK7.
MKK4 is activated by MEKK1/4 ASK1/2 while MKK7 is activated by mixed lineage kinases
(MLKs). While MKK7 selectively targets JNKs, MKK4 can also phosphorylate p38 (Zeke et al.,
2016). The JNK-pathway includes several other MAP3Ks like TAK1, as shared use of kinases
can take place between different MAPK pathways. For more detailed information on
regulation and function of kinases of the JNK-pathway, please see the review by Zeke and
colleagues (2016).
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2.9.1

c-Jun is the archetypical target of JNK activation

JNKs phosphorylate a variety of downstream targets that include nuclear, mitochondrial, and
cytoplasmic substrates (Coffey ET, 2014). However, the most well-known target of JNK is the
transcription factor c-Jun, a product of the immediate early gene JUN. c-Jun belongs to the
Jun-protein family together with JunB and JunD. Stress signalling changes the
phosphorylation state of c-Jun. When phosphorylated at specific sites, c-Jun can dimerize
with JunB, JunD, or c-Fos. These homo- or heterodimers of the members of the Jun-family
and the Fos-family (c-Fos, Fra-1, Fra2, FosB), form the transcription factor activator protein1 complex (AP-1) that regulates diverse cellular functions (Shaulian E, 2010). The Jun family
transcription factors have an N-terminal transactivator domain with two phosphorylation
sites (serines 63 and 73 of c-Jun; S63 and S73), in addition to a second domain that also has
two phosphorylation sites (threonines 91 and 93). The activation of c-Jun requires
phosphorylation of these sites by JNKs, mainly on S63 and S73 (Hibi et al., 1993) but also on
threonines 91 and 93 (Morton et al., 2003). At the C-terminus of c-Jun, threonine 231 and
serines 243 and 249 can be phosphorylated by glycogen synthase kinase 3 (GSK-3). This
phosphorylation inhibits the DNA-binding capability of c-Jun (Boyle et al., 1991). c-Jun
phosphorylation by MAPKs is also reported to increase the half-life of the protein by limiting
its ubiquitination (Musti et al., 1997).

2.9.2

The role of JNK signalling as a regulator of cell death

The reputation of JNKs as mediators of detrimental effects is based on protective effects of
JNK inhibitors on neurons traumatised for example by excitotoxicity, neurotoxicity, and
ischemia (Yang et al., 1997; Kuan et al., 2003; Borsello et al., 2003; Hunot et al., 2004;
Pirianov et al., 2007). For example, neurons of JNK1- and JNK3-knock-out mice are partially
protected against kainic acid-induced neuronal degeneration (de Lemos et al., 2017). JNKmediated phosphorylation of c-Jun at S63 and S73 has been suggested to be a necessary step
for the apoptotic effects of c-Jun (Eilers et al., 2001). Because of this, phosphorylation of cJun has been used as an indicator of activated JNK/c-Jun-stress signalling and apoptosis
(Yang et al., 1997; Herdegen et al., 1998; Behrens et al., 1999; Brecht et al., 2005). Supporting
this view, the prevention of c-Jun phosphorylation by replacing S63 and S73 residues with
alanines (JunAA/AA) provides a protective effect against kainic acid-induced seizures in mice
(Behrens et al., 1999; Yang et al., 1997; Crocker et al., 2001). Interestingly, JNK/c-Jun
signalling has also been linked to cell survival. For example, deletion of JUN protects retinal
ganglion cells in glaucomatous neurodegeneration (Syc-Mazurek et al., 2017). However, JUN
gene deletion in striated muscles leads to progressive myocardial fibrosis and cardiomyocyte
apoptosis, induced by pressure overload (Windak et al., 2013). Thus, JNK signalling may drive
either cell survival or cell death, depending on the cellular context.

2.9.2.1

JNK/c-Jun signalling as a therapeutic target in the inner ear

Since decades, JNK signalling has been thought to be a promising therapeutic target for
preventing the degeneration of neural cells. Therefore, several inhibitors of JNK signalling
have been developed and tested in different cellular contexts (Bonny et al., 2005; Kumar et
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al., 2015; Koch et al., 2015). Multiple trauma studies have shown that inhibition of JNK
activity protects hair cells and hearing. For example, MLK inhibition with CEP-1347 protects
hair cells in vitro against aminoglycoside ototoxicity (Pirvola et al., 2000). Vestibular hair cells
are also protected against aminoglycoside-induced damage in vitro by the MAPK/JNK
inhibitor CEP-11004 (Matsui et al., 2004; Sugahara et al., 2006). In vivo, systemic delivery of
CEP-1347 protects hair cells and hearing function from acoustic trauma and ototoxic druginduced trauma (Pirvola et al., 2000; Ylikoski et al., 2002). D-JNKI-1 peptide (AM-111) is a
cell-permeable JNK inhibitor that has been reported to protect hair cells and hearing against
aminoglycoside ototoxicity, noise exposure, cochlear implant electrode insertion trauma, and
ischemic damage in vivo (Wang et al., 2003; 2007; Eshraghi et al., 2006b; 2007; 2010;
Coleman et al., 2007; Omotehara et al., 2011). AM111 is currently under investigation as a
potential therapeutic agent for acute sensorineural hearing loss (ClinicalTrials.gov identifiers
NCT02809118; NCT00802425; NCT02561091). Despite the fact that clinical trials are already
ongoing, the cellular mechanism, the exact signalling cascades, as well as the main target cell
type behind these protective effects of JNK inhibition still remain elusive. One of the
challenges is that many of the used inhibitors target multiple kinases and may have off-target
effects. MLK family members include dual leucine zipper kinase (DLK) as well as MLKs 1–3,
all of which are inhibited by CEP-1347 (Maroney et al., 2001; Bogoyevitch et al., 2010). In
addition to inhibiting JNK-mediated phosphorylation of different JNK substrates, AM111 also
inhibits MKK4 and MKK7 (Repici et al., 2009).
Where does the JNK response occur in the stressed cochlea? Different activation arrays
have been used to study MAPKs in the traumatised cochlea. However, they lack cell type- and
tissue-level specificity, as they are usually done from whole inner ears or from whole cochleae
(Kirkegaard et al., 2006; Jamesdaniel et al., 2011; Maeda et al., 2013). Phosphorylation of JNK
is reported to occur in gentamicin-treated vestibular hair cells in vivo (Ylikoski et al., 2002)
and in neomycin-exposed neonatal cochlear explants in vitro (Pirvola et al., 2000). An RNAsequencing study on early postnatal hair cells also indicates that JNK activation takes place
upon ototoxic stress (Tao and Segil, 2015). Interestingly, phosphorylation of JNK has been
reported to occur also in the lateral wall following acoustic overstimulation (Nagashima et al.,
2011), suggesting that multiple cell types of the cochlea activate JNK-signalling upon
traumatic events. Several studies have reported noise-induced upregulation of several
transcription factors and immediate early genes in the cochlea (Cho et al., 2004; Kirkegaard
et al., 2006). An increase in the expression of Fos and of AP-1 binding to DNA has been
reported in the guinea pig cochlea after acoustic trauma (Ogita et al., 2000; Cho et al., 2004).
Additionally, intense noise exposure is reported to increase AP-1 activity in the organ of Corti
and in the lateral wall immediately after noise exposure (Ogita et al., 2000; Matsunobu et al.,
2004). In guinea pigs exposed to 4 kHz band noise of 110 dB SPL for 1 or 5 hours respectively,
c-Fos expression was mainly found in supporting cells of the basal coils of the cochlea. As only
TTS occurred, the expression of c-Fos was considered to have a protective function (Shizuki
et al., 2002). In immature mice hair cells, activation of c-Jun occurs following aminoglycoside
exposure in vitro (Pirvola et al., 2000; Matsui et al., 2004; Francis et al., 2013). Recently, cJun has also been suggested to be S63 phosphorylated in supporting cells after 12 hours from
an electrode insertion trauma and shifts to hair cells within 24 hours (Eshraghi et al., 2010;
2013; 2015).
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Genetic evidence on the contribution of different components of the JNK signalling pathway
to the regulation of cochlear hair cell death is highly limited. Interestingly, some results
indicate that this pathway may have developmental roles in the inner ear. For example,
MAP3K1, which activates ERK, JNK, and p38 pathways, has been reported to be important
for the patterning of the organ of Corti and for hair cell survival (Parker et al., 2015; Yousaf et
al., 2015). Mice carrying a “goya” splice site mutation of MAP3K1 (MEKK1goya/goya) and mice
lacking the kinase domain of MAP3K1 (MEKK1tm1Yxia) appear to develop an extra row of
outer hair cells. Additionally, their outer hair cells seem to degenerate after development
(Parker et al., 2015; Yousaf et al., 2015). Mice that lack the kinase-domain of MAP3K4
(MEKK4K1361R) also exhibit significant hearing loss and have disturbances in cochlear
outgrowth and patterning (Haque et al., 2016).
Of all MLKs, only the effect of MLK3-inactivation has been reported: MLK3-inactivation
is unable to protect the inner ear against acoustic trauma or aminoglycosides (Polesskaya et
al., 2010). While knock-out mice for JNKs have been around for years, characterisation of
their inner ear development and possible protective effects against noise and ototoxin-induced
hair cell loss in these mice remains to be shown. However, few abstracts submitted to the
meeting of the Association for Research in Otolaryngology (ARO) have suggested that JNK1
might have protective roles while JNK2 may mediate the detrimental effects of noise trauma
and hair cell death (Ryan et al., 2013; Hardeman et al., 2015). However, these suggestions
should be taken with a pinch of salt, as they are not peer-reviewed and have not been published
since. Additionally, the effects of inactivating components of the AP1 complex are missing.
Overall, the inner ear research field still lacks comprehensive analyses of JNK/c-Jun
expression and activation in the traumatised mature cochlea in vivo. It is also unknown
whether MAPKs and their targets are regulated by transient phosphorylation or by de novo
synthesis. Understanding the temporal activation of this pathway is critical, as it determines
the permissive time window for protective interventions. Indeed, delayed treatments with
JNK inhibitors may even worsen the outcome of the initial trauma in other tissues (Murata et
al., 2012). It is not certain that all traumatic injuries activate cellular stress signalling pathways
in the same way. While JNK inhibition might protect against a specific injury type, it can
therefore worsen the effects of a different injury type. Indeed, AM111 potentiates the ototoxic
effect of cisplatin on outer hair cells in vivo (Wang et al., 2004). This demonstrates the need
to understand stress-induced JNK signalling in the inner ear in detail. Moreover, the potential
non-trauma-related functions of the JNK-pathway should be characterised and taken into
consideration in attemps to protect the inner ear from trauma.

2.9.3

Not only a bringer of death: JNK signalling in development and
physiology

While the JNK-signalling pathway has a strong reputation of being a cell death initiator,
multiple studies have demonstrated that it also participates in non-trauma-related
developmental and physiological processes. Among MKKs, MKK4 is important for liver
development and regeneration (Nishina et al., 1999; Watanabe et al., 2002; Wuestefeld et al.,
2013). MKK7 also plays a role in liver development (Wada et al., 2004), but it is moreover
involved in axon elongation and maintenance in neurons (Feltrin et al., 2012; Yamasaki et al.,
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2011; 2017). Together, these MKKs are important for embryonic development, as the
inactivation of both MKKs results in embryonic lethality around E10 (Watanabe et al., 2002).
JNKs also appear to be important for neural development (Kuan et al., 1999; Sabapathy
et al., 1999; Chang et al., 2003; Mohammad et al., 2016). While single JNK1/JNK2/JNK3
knock-out and JNK2/3 double knock-out mice are viable, JNK1/2 double-knock-out mice die
around E11.5. Neural tube closure does not occur in this knock-out mouse, a phenotype
suggested to be a consequence of defective apoptosis (Kuan et al., 1999). Other explanations
are also possible, as JNKs are known to regulate cell motility and morphogenesis of epithelial
organs, as discussed below. JNKs also play a role in axonal migration, maintenance, and
regeneration (Chang et al., 2003; Yoshimura et al., 2011; Ruff et al., 2012; Valakh et al., 2015;
Zhang et al., 2016). Several of the AP-1 transcription factors are required for the development
of bones, lenses, the liver, and the heart in mammals (Shaulian and Karin, 2002). For example,
c-Jun appears to be important for bone and joint development (Kan and Tabin, 2013).
Furthermore, c-Jun promotes programmed cell death in the chick wing buds (Suda et al.,
2014) and regulates eyelid closure (Geh et al., 2011). Loss of c-Jun or mutated c-Jun with S63
and S73 replaced by alanines (c-JunAA/AA) has been reported to impair the normal
proliferation of embryonic fibroblasts, as does the deletion of MKK7 (Wada et al., 2004).
JNKs have are also majorly involved in regulating metabolism. JNK1 and JNK2 have been
reported to regulate obesity-induced inflammation, insulin resistance, and metabolic
disorders (reviewed by Pal et al., 2016). For example, the JNK pathway is strongly activated
in liver, adipose tissue, and muscle during obesity. JNK1-knock-out mice are protected against
obesity and insulin resistance (Hirosumi et al., 2002).
Various studies suggest that JNK signalling regulates the cytoskeleton and morphogenetic
movements of cells. For example, JNK signalling is required to establish microtubule stability
of Xenopus gut epithelial cells (Dush et al., 2013). In Drosophila, mutations in multiple JNKpathway components lead to defects in dorsal closure, in morphogenesis, in thorax formation,
and in wound healing (Glise et al., 1995; Kockel et al., 1997; Jasper et al., 2001; Martin and
Parkhurst, 2004; Bosch et al., 2005; Lee et al., 2017). Likewise, JNK is required for closure of
the optic fissure, the eyelids, and the neural tube in mammals (Kuan et al., 1999; Weston et
al., 2003; 2004). Upon wound healing in Drosophila, the JNK signalling pathway is activated
at the leading-edge cells, as well as in cell rows behind them, and drives wound closure
(Martín-Blanco et al., 1998; Agnès et al., 1999; Jacinto et al., 2000; Rämet et al., 2002; Galko
and Krasnow, 2004; Kwon et al., 2010).
Like in other tissues, JNK signalling appears to have stress-independent functions in the
inner ear. For example, c-Jun has been reported to be expressed in the otic vesicle. The
expression of c-Jun and its S63 phosphorylation appears to occur in areas where apoptosis
takes place (Sanz et al., 1999). JNK-signalling has also been suggested to regulate wound
healing responses in the inner ear, as it is activated in cells surrounding laser-induced lesions
in the immature organ of Corti in vitro (Gale et al., 2004). Supporting this view, ablation of a
large area of cells of the avian utricle in vitro induces the phosphorylation of c-Jun in the cells
bordering the lesion site. Inhibition of JNK with SP600125 prevents the closure of these
wounds (Alvarado et al., 2011).

58

LITERATURE REVIEW

2.10 Rho GTPases and the cytoskeleton
Rho GTPases are an evolutionary conserved family of at least 20 small GTPases of the Ras
superfamily that regulate the cytoskeleton in various cellular contexts (Heasman and Ridley,
2008; Pedersen and Brakebusch, 2012). Most Rho GTPases cycle between an active, GTPbound state, and an inactive, GDP-bound state. A core G-domain is responsible for their
GTPase activity (Murali and Rajalingham, 2014). When bound to GTP, Rho GTPases activate
their effector proteins and induce local changes in cells, for example on their cytoskeleton and
junctions (Jaffe and Hall, 2005; Arnold et al., 2017).
Rho GTPase activity is dependent on the localisation and activity of their regulator
proteins. Rho GTPases are activated by guanine nucleotide exchange factors (GEFs). They are
inactivated by GTPase activating proteins (GAPs) and by Rho guanine nucleotide dissociation
inhibitors (GDIs). The effects of Rho activation in turn depend on which effectors are
expressed by the cell. Several of them mediate the effects of Rho GTPases on the actin
cytoskeleton, the most well-known target of Rho GTPases (Ridley and Hall, 1992), but also on
vesicle trafficking, microtubule dynamics, and JNK signalling (Fukata et al., 2002; Hall A,
2005; Croisé et al., 2014). As Rho GTPases regulate such a vast variety of cellular functions, it
is not surprising that they are essential for many stages of epithelial morphogenesis and
development.
Rho GTPase signalling is further complicated by the fact that multiple isoforms of Rho
GTPases exist. For example, while the three RhoA isoforms (RhoA, RhoB, and RhoC) share
several effectors, they have different roles in the regulation of the cytoskeleton (Ridley AJ,
2013). Rho GTPases are divided into eight sub-groups, the three most well known being Rac(Rac1, Rac2, Rac3, and RhoG), Rho- (RhoA, RhoB and RhoC), and Cdc42-proteins (Cdc42,
RhoJ, RhoQ) (Murali and Rajalingham, 2014). The most extensively studied, prototypical
members of the Rho family are RhoA (Ras homologous member A), Rac1 (ras related C3
botulinum toxin substrate 1), and Cdc42 (cell division cycle 42). These Rho GTPases regulate
for example the formation and maintenance of cell-cell junctions, wound healing, and PCP
signalling (Baek et al., 2010; Lapébie et al., 2011). Signalling feedback loops and crosstalk have
been reported to occur between Rho GTPases. For example, Rac and Rho are often reported
to function antagonistically. The antagonism between Rho and Cdc42 in turn has been
reported to control apical tension (Mack and Georgiou, 2014). In the following sections, the
regulatory roles of the prototypical Rho GTPases in cell polarity, cell shape and junction
formation are reviewed, mainly concentrating on studies involving gene inactivation studies.

2.10.1 Rac1 regulates cytoskeletal and junctional changes in cells
Rac1 is the most well studied member of the Rac subfamily of Rho GTPases. Rac1 can activate
the WASP-family (Wiskott-Aldrich syndrome protein) verprolin-homologous protein
(WAVE) complex. WAVE activation in turn activates Arp2/3, a protein complex that promotes
the nucleation of branched actin. Rac1 also regulates the p21-activated kinases (PAKs), which
phosphorylate various proteins, including myosin light chain kinase (MLCK) that promotes
cellular contractility (Citi et al., 2014). For example, by promoting the formation of
lamellopodia, Rac1 initiates the assembly of the primordial epithelial junctions and promotes
the accumulation of E-cadherin to these sites (Nakagawa et al., 2001). Rac1 has been reported
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to stabilise adherens junctions, for example by promoting WAVE-Arp2/3 actitivy (Fukata et
al., 2002). However, as is true for other Rho GTPases (Pedersen and Brakebusch, 2012),
activation of Rac1 can have different consequences on cell-cell adhesion depending on
experimental context and the studied tissue.
Rac1 is important for embryonic development, as germline deletion of Rac1 leads to
embryonic lethality. At E8.5, Rac1 depleted embryos have growth defects and lack axis
formation (Sugihara et al., 1998). Cell migration defects linked to misorganisation of F-actin
have been reported in their cells (Migeotte et al., 2010). Rac1-deletion before neural tube
closure in the ectodermal surface of the neural ridge leads to exencephaly (brain outside the
skull; Camerer et al., 2010). However, deletion of Rac1 in the forebrain from E9.5 onward
leads to microcephaly (small head), perhaps due to the decrease in proliferation of neural
progenitor cells (Chen et al., 2009; Leone et al., 2010). Rac1 also appears to be important for
axon guidance cues, as Rac1-deficient embryos have multiple axon projection defects (Chen et
al., 2007; Kassai et al., 2008; Vidaki et al., 2012). Rac1 also has roles in limb and bone
development. Inactivation of Rac1 in chondrocytes led to multiple defects, which include
growth retardation skeletal deformation due to dysregulation of multiple signalling pathways
(Wang et al., 2007; Suzuki et al., 2017). Rac1-deletion in the embryonic limb bud ectoderm
disrupts canonical Wnt signalling and leads to growth defects in the limb (Wu et al., 2008).
Conditional deletion of Rac1 in the limb bud mesenchyme led to skeletal defects and absence
of interdigital apoptosis (Suzuki et al., 2009). Interestingly, while for example Cdc42 has been
reported to be important for kidney development (see below), Rac1-deletion in podocytes does
not induce developmental defects (Scott et al., 2012). Mutual antagonism between Rac1 and
RhoA has been suggested to drive apical constriction in the lens pit, Rac1-inactivation in the
lens pit leading to excessive constriction (Chauhan et al., 2011).

2.10.2 Cdc42 is a central regulator of cell shape, polarity, and apical
junctions
Cdc42 is by far the most well-studied protein of the Cdc42 subfamily of Rho GTPases.
Members of this family direct filopodia formation (Nobes and Hall, 1995) and participate in
the regulation of cell polarity (Citi et al., 2014). Cdc42 also regulates a variety of other cellular
processes, which include cytoskeletal dynamics, cell motility, and wound healing. The main
effectors of Cdc42 are WASP, PAK, and Par proteins (partitioning-defective) (Citi et al., 2014).

2.10.2.1 Cdc42 and the Par-aPKC system regulates cell polarity
Cdc42 is most well known for regulating cell polarity. It participates in cell polarity
establishment together with the Partitioning defective complex (Par-complex; Par-3/Par6/aPKC; atypical protein kinase C, aPKCζ/λ) (Joberty et al., 2000; Ohno S, 2001; Mack and
Georgiou, 2014). The Par-aPKC system includes for example the serine/threonine protein
kinase aPKC, which regulates the polarisation of the microtubule network (EtienneManneville and Hall, 2003). Par-3 and Par-6 are PDZ-domain-containing scaffolding
proteins, which form a complex with aPKC. As a complex, they participate in the formation of
cell-cell junctions (Joberty et al., 2000, Johansson et al. 2000). For example, without the
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Cdc42-Par6 interaction, adherens junctions are not correctly formed in Drosophila embryos
(Hutterer et al., 2004). Two other complexes interact with the Par network, the apical Crumbs
complex and the basolateral Lgl/Scribble complex, and regulate apico-basal cell polarity
(Elsum et al., 2012).

2.10.2.2 Cdc42 regulates the formation of junction-associated actin and the
maturation of cell-cell contacts
While junctional defects induced by Cdc42-inactivation may be due to impaired cell polarity,
it is important to bear in mind that Cdc42 also regulates actin polymerisation, turnover of
actin, and actin-dependent processes like endocytosis. Misregulation of any of these processes
can impair junction formation (Georgiou et al., 2008). Downstream of Cdc42, the Arp2/3
complex and formins regulate the nucleation of actin (Mack and Georgiou, 2014). Arp2/3
promotes nucleation of branched actin while formins nucleate unbranched F-actin. In the
developing Drosophila notum, loss of Cdc42 or mutations in actin regulators like Arp2/3 lead
to the formation of junctional discontinuities (Georgiou et al., 2008). When initial cell-cell
junctions are formed by cultured epithelial cells, Cdc42 promotes the formation of branched
actin and cadherin interaction at junctions (Vasioukhin et al., 2000; Samarin and Nusrat,
2009). This actin network converts into linear F-actin-NMII-contractile arrays (Takeichi M,
2014; Ebrahim et al., 2013). Cultured keratinocytes lacking Cdc42 form only punctate
primordial cell contacts. These contacts do not mature into belt-like junctions, perhaps due to
a decreased activation of aPKC (Du et al., 2009). Likewise, in cultured human bronchial
epithelial cells, short inferfering RNA (siRNA)-targeting of Cdc42 disrupts the maturation of
primordial junctions. In these cells, ZO-1 and E-cadherin form only small nascent junctional
plaques (Wallace et al., 2010). Interestingly, tricellulin has been reported to regulate
junctional tension at tricellular contacts through Cdc42 and the Cdc42 GEF Tuba. Tricellulindepleted cells have an impaired F-actin cytoskeleton around tricellular contacts, producing an
uneven junctional domain (Oda et al., 2014).

2.10.2.3 Cdc42 participates in the formation and maintenance of cell polarity
and apical junctions
Many in vivo results support the view that mammalian Cdc42 plays a role in the
establishment, modification, and maintenance of cell polarity and apical junctions.
Additionally, impaired lumen formation has been reported to occur due to Cdc42-inactivation.
As these cellular processes depend on each other, it may be difficult to pinpoint the exact role
of Cdc42 in each case. Moreover, the importance of Cdc42 for these processes appears to be
highly cell type-specific (Wallace et al., 2010), as discussed below.
Cdc42 germ-line deletion is embryonically lethal before E5.5 (Chen et al., 2000). Cdc42null embryonic stem cells proliferate normally but have cytoskeletal defects (Chen et al.,
2000), which is proposed to indicate defective epithelial polarity and junction formation (Wu
et al., 2007). Epithelial cell-specific Cdc42-deficient mice die at birth due to difficulties in
respiration. At E14.5, their lungs have defective branching morphogenesis, which is linked to
defects in the actin cytoskeleton, intercellular junctions, and proliferation (Wan et al., 2013).
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Cdc42-deletion in the developing cortex leads to defects in cell divisions and cell fate
determination of progenitor cells. This was reported to be an effect induced by the loss of
apically located Par-complex and adherens junctions (Cappello et al., 2006, Garvalov et al.,
2007). A similar phenotype has been reported in the developing forebrain upon Cdc42inactivation (Chen et al., 2006). Cdc42-deletion in keratinocytes led to impaired hair
formation, growth issues, and hair follicle dysmorphogenesis. These changes were linked to
the loss of β-catenin, ZO-1, and occludin (Wu et al., 2006ab). Cdc42-deletion in kidney
podocytes leads to abnormal junction formation and renal failure (Scott et al., 2012). In the
developing mouse retina, a lack of Cdc42 results in impaired tissue organisation and its
degeneration (Heynen et al., 2013). In the Drosophila blastoderm, Cdc42 is required for apical
domain differentiation (Hutterer et al., 2004). Removal of Cdc42 in polarised Drosophila
epithelia causes defects in adherens junction organisation by altering endocytosis or
exocytosis (Georgiou et al., 2008; Harris and Tepass, 2008).

2.10.2.4 Cdc42 controls cell shape changes and lumen formation
Apical junctions and the associated actin cytoskeleton partly dictate the shape of epithelial
cells. Since Cdc42 regulates these cellular structures, it is not surprising that it is also involved
in cell shape regulation. In some cases, as in the C. elegans epidermis, Cdc42 is dispensable
for polarity and junctional maturation but is essential for cell shape changes (Zilberman et al.,
2017). In the Drosophila wing, Cdc42 promotes apicobasal elongation (Eaton et al., 1995),
whereas in the Drosophila notum, Cdc42 restricts apical constriction (Georgiou and Baum,
2010). Other studies also support a role for Cdc42 in restricting apical constriction, perhaps
by antagonising Rho-mediated junctional tension (Mack and Georgiou, 2014). For example,
in the Drosophila pupal eye, Cdc42 limits apical cell tension by antagonising the activity of
Rho (Warner and Longmore, 2009ab). Interestingly, antagonism between RhoA and Rac1 has
been reported during lens pit invagination (Chauhan et al., 2011). In lens placodal cells,
ablation of Cdc42 limits circumferential junction elongation (Muccioli et al., 2016).
In addition to regulating the shape of cells, Cdc42 regulates lumen formation in many
occasions. Cdc42-inactivation in mice hepatocytes induces cytoskeletal defects and an
enlargement of the canaliculi between the cells (van Hengel et al., 2008). Pancreatic deletion
of Cdc42 during development leads to impaired tubulogenesis (Kesavan et al., 2009). In
cultured epithelial cells, Cdc42 controls lumen formation together with Tuba (Bryant et al.,
2010, Qin et al., 2010). When Cdc42 is deleted from the mouse intestinal epithelium,
enterocyte cells develop large intracellular vacuoles. Apical junction defects, impaired
polarity, and defective intestinal permeability has also been reported (Sakamori et al., 2012;
Melendez et al., 2013). Cdc42-deletion in the ureteric bud leads to abnormal tubulogenesis,
which is linked to defects in cell polarity and in the cytoskeleton (Elias et al., 2015). Deletion
of Cdc42 also blocks endothelial cell tubulogenesis, presumably by limiting junctional
remodelling. As inactivation of RhoA led to vessel overexpansion, Cdc42 and RhoA were
suggested to have opposing roles in tubulogenesis (Barry et al., 2016).
Cdc42 appears to play important roles for example during the development of the skin,
the bones, and the neural crest. Deletion of Cdc42 in the limb bud mesenchyme leads to the
development of shorter limbs, skeletal abnormalities, and defective interdigital apoptosis
(Aizawa et al., 2012). Cdc42-deletion also disrupts postnatal cartilage development
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(Nagahama et al., 2016). While loss of RhoA in melanocytes does not induce observable
changes, loss of Cdc42 induces migration and cytokinetic defects (Woodham et al., 2017).
Moreover, deletion of Cdc42 in the murine neural crest induces craniofacial and cardiac
defects (Fuchs et al., 2009). These defects appear to be linked to aberrant actin regulation, cell
migration, and BMP signalling (Liu et al., 2013). Cranial neural crest cell-specific deletion of
Cdc42 leads for example to abnormal cranial calcification and formation of a cleft palate
(Oshima-Nakayama et al., 2016). Reduction of axonal tracts occurs in the CNS if Cdc42 is
conditionally deleted with Nestin-Cre (Garvalov et al., 2007) or hGFAP-Cre (human glial
fibrillary acidic protein; Yokota et al., 2010).

2.10.3 RhoA – regulator of actomyosin dynamics
All three members of the RhoA family of Rho GTPases regulate contractile actin structures.
Despite homology between these conserved isoforms (RhoA, RhoB, RhoC), they have unique
cellular roles. RhoA plays a key role in regulating the cytoskeleton and cellular events, such as
epithelial repair, migration, and morphogenesis (Clark et al., 2009; Pedersen and Brakebusch,
2012; Sonnemann and Bement, 2011; Martin and Goldstein, 2014). Main effectors of RhoA
include ROCK (Rho-associated kinase) and the formin mammalian diaphanous (mDia). RhoA
can bind to ROCKI and ROCKII, which activates LIM kinase, which in turn phosphorylates
cofilin. Phosphorylation of cofilin inhibits it from severing F-actin (Maekawa et al., 1999).
Activation of RhoA leads to the establishment of contractile actomyosin arrays and to
increased cellular contractility through actin-myosin interactions (Benink and Bement, 2005;
Sonnemann and Bement, 2011; Jackson et al., 2011; Chauhan et al., 2011; Grikscheit and
Grosse, 2016). Moreover, RhoA promotes actomyosin contractility by ROCK-mediated
inhibition of the myosin light chain phosphatase (MLCP) and by activation of MLCK. Both of
these events increase myosin light chain phosphorylation (Amano et al., 2010).
Studies where Rho proteins were inhibited with the bacterial exoenzyme C3 transferase
indicate that Rho inhibition disrupts adherens junction formation, one of the primary
observed events being the loss of junctional cadherins (Braga et al., 1997). However, the
inhibition of Rho proteins by this exoenzyme is rather unspecific. In human epithelial cells
depleted from RhoA, ZO-1 detaches from junctions (Nusrat et al., 1995). The phenotype of
RhoA-null mice has not been documented in detail, but they are known to be embryonically
lethal (Pedersen and Brakebusch, 2012). RhoA-inactivation with CAG-CreERT2 has been
reported to lead to hypoplasia and to embryonic lethality at E9.25 (Barry et al., 2016).
RhoA is required for the maintenance of apical domain structure and of cell migration, as
shown by conditional tissue-specific knock-out studies. In neural progenitor cells, RhoAdeletion results in degeneration of apical junctions. Additionally, increased proliferation of
neural progenitors occurs (Katayama et al., 2011). Deletion of RhoA in the developing spinal
cord neuroepithelium induces disintegration of adherens junctions (Herzog et al., 2011,
Katayama et al., 2012). In the developing cerebral cortex, conditional deletion of RhoA causes
the formation of a double cortex, perhaps due to neuronal migration defects (Cappello et al.,
2012). Likewise, loss of RhoA in the ventricular zone of the medial ganglionic eminence
produces interneuron migration defects (Katayama et al., 2013). As discussed above, RhoA
and Rac1/Cdc42 have been suggested to have opposing roles in morphogenetic events. For
example, mutual antagonism of Rac1 and RhoA has been suggested to regulate cell shape

63

LITERATURE REVIEW

changes and invagination of the developing mouse lens, with RhoA driving apical actomyosinbased constriction (Chauhan et al., 2011).
While RhoA is often claimed to be a master regulator of actomyosin dynamics, many cell
types develop normally even if RhoA is depleted from them. RhoA is dispensable for skin
development in vivo but required for migration of keratinocytes in vitro (Jackson et al., 2011).
Podocyte-specific deletion of RhoA has no effect on kidney development (Scott et al., 2012).
The absence of noticeable changes in the phenotype of tissue-specific RhoA-inactivated mice
may be explained by compensatory effects of other Rho GTPases, by cellular adaptations to
experimental manipulations (Cerikan et al., 2016), or by differential expression and
requirement of Rho GTPase effector proteins in various cell types.

2.10.4 Regulation of wound healing by the prototypical Rho GTPases
Wound healing maintains the epithelial barrier between the outside world and the inner
environment of the organism. Breaches in epithelial barriers occur continuously and need to
be repaired throughout the lifetime of a given organism. Single cells can die in the epithelium
and traumatic events can damage large groups of cells. For example, cells of the gut have a
high turnover rate and have to be removed on a regular basis (Blander JM, 2016). Wound
healing is also a necessary step to regain functionality of damaged epithelia. From single cells
undergoing apoptosis to large-scale multicellular wounds, similar cellular mechanisms drive
the wound repair process: Cells can migrate over the wounded area, close the gap by
assembling multicellular actomyosin contractile cables near their apical junctions (“actin
purse string”, Martin and Lewis, 1992), or initiate protrusive activity in cells that surround the
wound (Begnaud et al., 2016). These wound closure mechanisms appear to be evolutionary
ancient properties of epithelial cells that areare observed in numerous tissues and in different
species (Kamran et al., 2017).
As multiple studies indicate important roles for Rho GTPases during cell movement, cell
shape changes, junction remodelling, and cellular contractility, it is not unexpected that these
Rho GTPases are involved in epithelial wound healing, a process that often requires all of the
cellular functions described above (Sonnemann and Bement, 2011; Abreu-Blanco et al., 2014).
However, the requirement of Rho GTPases for wound healing differs between species, tissues,
and their developmental stage. In the avian wing bud, the purse string closure mechanism is
reported to require Rho but not Rac activity (Brock et al., 1996). In Drosophila embryos, an
actomyosin “purse-string” cable closes the wound and protrusive activity finally “zips” the
cells together (Wood et al., 2002). Here, the absence of Cdc42 slows down this wound healing
process and inhibits it from finishing (Verboon and Parkhurst, 2015). The final knitting
together of the junctions does not occur (Wood et al., 2002). During germ band retraction, an
epithelial hole is sealed by the morphogenetic event called the dorsal closure. The mechanism
of dorsal closure resembles that of wound healing. Epithelial cells at the leading edge assemble
an actin cable and membrane protrusions (Jacinto et al., 2000). Modulation of the activity of
Cdc42 disrupts the assembly of the actin-rich protrusions and leads to a failure in zipping
together of the wound (Jacinto et al., 2000). Modulation of Rho-activity in turn causes the
formation of the actin cable to fail (Magie et al., 1999; Harden et al., 1999; Jacinto et al., 2002).
In the wounded C. elegans skin, formation of the contractile cable requires Rho1-activity.
Interestingly, the wound closes faster than normally in the absence of Rho1 due to higher
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membrane protrusive activity (Xu et al., 2012). Cdc42 activity in turn is essential for actin
cable formation and wound closure (Xu et al., 2012).
As the C. elegans Rho1-depletion phenotype above also indicates, the purse string is not
the only possible closure mechanism. During epidermal wound healing in Drosophila larvae,
no actin cable is detected. Instead, these cells spread by using lamellipodial protrusions
(Martin P, 1997; Galko and Krasnow, 2004). Similarly, lamellopodial- or filopodial-like
membrane extensions allow adult Drosophila cells to close wounds (Rämet et al., 2002).
Madin-Darby Canine Kidney (MDCK) cells also utilise cell crawling to close wounded cell
sheets. Rho and Cdc42 are dispensable for this, while Rac1 is required for lamellipodia
formation (Fenteany et al., 2000). In some cases, even actomyosin contractility appears to be
dispensable for wound healing. For example, wound healing in C. elegans can take place by a
Cdc42-dependent actin ring that closes by actin polymerisation (Xu and Chisholm, 2014).
An additional mechanism of epithelial wound healing is the extrusion of apoptotic cells,
where a purse-string formed by surrounding cells pushes the apoptotic cell out from the
epithelium (Rosenblatt et al., 2001, Begnaud et al., 2017). The dying cell itself can also
contribute to its own extrusion process with contractile activity (Kuipers et al., 2014).
While a single wound healing mechanism may dominate in a given epithelium, several
mechanisms often take place at the same time. For example, cells of an intestinal epithelial
cell line utilise both actin cables and membrane protrusions during wound healing (Bement
et al., 1993). Therefore, it can be challenging to distinguish how much each process contributes
to the repair process (Begnaud et al., 2017). The possibility to use multiple different
mechanisms to close epithelial wounds guarantees that wound healing does not fail if one of
the processes fails. While there are differences between species and tissues, even the same cell
type may utilise a different wound healing mechanism depending on its developmental state.
For example, while embryonic epidermal cells use the contracting actin purse string to close
wounds, adult keratinocytes crawl to close the wound (Redd et al., 2004). Cell interactions
and the condition of the basement membrane have been suggested to dictate which wound
healing mechanism occurs (Kamran et al., 2017). Moreover, the progression of cytoskeletal
development may change the wound healing mechanism that a given cell uses. For example,
the structurally rigid auditory supporting cells may use a different closure mechanism than
their embryonic counterparts, as discussed later.
Calcium plays a central role as a signal in wound healing. Wounding of single cells
activates both Cdc42 and Rho, via a Ca2+ dependent signal (Benink and Bement, 2005). The
Ca2+ signal can also integrate single cell wounding into multicellular wound response by
diffusing between cells (Clark et al., 2009; Sonnemann and Bement, 2011). For example,
injuries in the C. elegans skin trigger a large increase in intracellular calcium that promotes
the actin-dependent processes of wound closure (Xu et al., 2012). In the Drosophila larva
epidermis, where Rac1, Cdc42, and Rho1 are each required for contractile actin cable
formation, these Rho GTPases have been suggested to act upstream of c-Jun N-terminal
kinase and to modulate actin dynamics (Baek et al., 2010). In Drosophila, many components
of the JNK signalling pathway are expressed in cells around wounded areas. Defective JNK
signalling in these cells limits wound healing (Rämet et al., 2002; Redd et al., 2004). In
vertebrates, JNK signalling has been shown to drive eyelid closure, a process that resembles
dorsal closure. Mice with an epithelium-specific knock-out of JUN are born with open eyes,
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suggesting that JNK/c-Jun signalling is also involved in eyelid closure in mammals (Zenz et
al., 2003).

2.10.5 Roles of prototypical Rho GTPases and their effectors during
inner ear development
Knowledge on the roles of Cdc42, Rac1, and RhoA during inner ear development and trauma
is still very limited and it is mainly based on pharmacological approaches. The involvement of
Rho GTPases during hair cell bundle morphogenesis has been suggested nearly two decades
ago (Kollmar R, 1999). At the point when this thesis work started, only the effects of Rac1deletion in the otic epithelium were known. Rac1 together with its downstream effector PAK
(p21-activated kinase) regulate planar cell polarity of hair cells. Rac1-inactivated otic epithelia
are severely shortened, disorganised, and have less cells in them. For example, hair cell
bundles are fragmented and misoriented (Grimsley-Myers et al., 2009). While Rac3inactivation does not induce observable changes in the inner ear, the simultaneous deletion of
Rac1 and Rac3 induces dramatic malformations in the membraneous labyrinth (GrimsleyMyers et al., 2012). Inhibitor studies suggest that RhoA/ROCK signalling regulates the motile
responses of outer hair cells (Kalinec et al., 2000; Zhang et al., 2003; Park and Kalinec, 2015).
In chicken otic placodes exposed to RhoA siRNA, progenitor cells have increased apical cellsurface areas (Sai et al., 2014).
Several studies have attempted to link Rho GTPase activation to trauma-related processes
of the inner ear. Following noise exposure, upregulation of Cdc42 has been reported to occur
in the avian basilar papilla (Gong et al., 1996). Furthermore, noise has been suggested to
activate Rho GTPase signalling pathways through ATP-depletion in the cochlea (Chen et al.,
2012). A follow-up study reported that ROCK2 is downregulated upon noise exposure in outer
hair cells and that this downregulation promotes detrimental effects of noise by modulating
the cytoskeleton (Han et al., 2015). Additionally, aminoglycoside exposure has been suggested
to disturb the actin cytoskeleton by modulating Rho GTPases in the inner ear (Jiang et al.,
2006). Inhibition of Rho GTPases with the broad Rho GTPase inhibitor toxin B has been
reported to protect immature hair cells from aminoglycoside toxicity in vitro. The authors
linked this effect to lower c-Jun phosphorylation levels in the dying hair cells (Bodmer et al.,
2002). Few pharmacological studies support the idea that supporting cell-mediated wound
healing requires ROCK-activity. Inhibition of ROCK slows down wound healing responses of
avian supporting cells (Bird et al., 2010). In adult bullfrog saccules in vitro, partially open
wounds exist in places where hair cells were lost in the presence of a ROCK inhibitor
(Hordichok and Steyger, 2007). Similarly, healing of large scale laser-induced wounds in
utricles in vitro is slowed down in the presence of ROCK inhibitor Y-27632 (Meyers and
Corwin, 2007). It is worth mentioning that some of the studies presented above are based on
unspecific pharmacological inhibition of Rho GTPases or their effectors, or on expression
studies done on the whole inner ear level. Therefore, these results need to be verified for
example with gene inactivation studies and with tissue-specific approaches.
Among the multiple effectors of Rho GTPases, mutations in the gene that produces
diaphanous-related formin mDia1 (DIAPH1) are behind autosomal dominant deafness
DFNA1 (Lynch et al., 1997). Constitutive activation of DIAPH1 is reported to underlie hearing
loss (Ueyama et al., 2016). Additionally, mutations in MYH9 that encode NMIIA may be
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responsible for human deafness in DFNA17 and in Fechtner syndrome (Heath et al., 2001;
Lalwani et al., 2000; 2008). Mutations in MYH14 encoding NMIIA are also associated with
hearing loss syndromes (Donaudy et al., 2004; Yang et al., 2005). Furthermore, NMII
isoforms contribute to cellular shape changes occurring in the developing organ of Corti
(Yamamoto et al., 2009; Ebrahim et al., 2013). A characterisation of the functions of RhoA in
the inner ear is of high interest, as both mDia1 and NMIIs are downstream effectors of RhoA
signalling (Kühn and Geyer, 2014; Newell-Litwa et al., 2015).

2.11 Cellular responses of supporting cells to hair cell
damage and death
When protective cellular mechanisms fail, hair cell loss takes place in the traumatised organ
of Corti. What follows after hair cell death depends largely on the activity of supporting cells
surrounding the degenerating hair cells. Their responses range from the initial repair of the
epithelium and clearance of the hair cell debris to formation of new hair cells in nonmammalian species.

2.11.1 Supporting cells mediate wound healing in the organ of Corti
If a dying hair cell left behind an open space, the functionality of the whole organ of Corti could
be compromised, since K+-rich endolymph could leak into the epithelium and induce damage.
However, no leakage is thought to occur, because a wound healing process repairs the surface
breaches. In the organ of Corti, wound healing refers to the process where supporting cells
repair the epithelial surface at the site of lost hair cells by spreading their apical domains and
by forming new supporting cell-supporting cell junctions (Watanuki et al., 1969; Forge A,
1985; Raphael and Altschuler, 1991ab; Leonova and Raphael, 1997). The surface sites where
supporting cells close the epithelium are also known as “scars”, as the newly formed junctions
prominently accumulate F-actin (Fig.22/p.68).

2.11.1.1 The maintenance of barrier integrity of the organ of Corti during
wound healing
During wound healing, the apical cell-cell junctions and the associated actin cytoskeleton of
supporting cells are remodeled (Forge A, 1985; Raphael and Altschuler, 1991ab; Leonova and
Raphael, 1997). Based on immunofluorescent stainings, it was suggested that scar formation
is mediated by the two supporting cells that are located in the same row as the lost hair cell
(Raphael and Altschuler, 1991ab). These cells appeared to form a new supporting cell-tosupporting cell junction beneath the cuticular plate of the dying hair cell while still
maintaining the original supporting cell-to-hair cell junctions. These results led to the
suggestion that supporting cells “strangle” or “decapitate” dying hair cells with basolateral
membrane extensions. By forming scars even before any surface breach occurs, supporting
cells could inhibit endolymph leakage (Raphael and Altschuler, 1991ab). If supporting cells do
decapitate stressed hair cells, these hair cells could, in theory, be rescued by inhibiting the
decapitation process. In favour of the idea that supporting cells strangle dying hair cells, the
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formed scars are located slightly more basally than the original junctions. Single TEM images
of the bullfrog saccule suggest that supporting cells extend protruding finger-like projections
into hair cell bodies below the cuticular plate during wound healing (Gale et al., 2002).
However, single images cannot indicate whether this process truly constricts the hair cell or
whether it consists of a multicellular purse string or of separate filopodia-like extensions.

Figure 22. Scar formation in organ of Corti after kanamycin and furosemide-mediated
ototoxicity. Phalloidin staining of filamentous actin demonstrates how the areas of lost outer hair cells
are closed by phalangeal scars formed by supporting cells (red arrow).

There is currently no direct evidence that supporting cells of the mature organ of Corti are
capable of actively strangling damaged hair cells. In fact, constriction of the pericuticular area
of stressed hair cells takes place even without any contact of surrounding supporting cells
(Forge A, 1985). It has also been reported that the pericuticular area of hair cells shrinks in
the adult mouse utricle as much as one hour prior to cell death induction (Monzack et al.,
2015). Therefore, it is possible that “strangling” of the degenerating hair cells is a cell intrinsic
process. Indeed, dying cells have been shown to contribute to their own removal with
constrictive activity (Kuipers et al., 2014).
To date, only few studies have reported open holes in the organ of Corti after hair cell loss
in vivo (Bohne et al., 1983; Fredelius et al., 1988; 1990), whereas this type of holes has not
been found in a great number of other studies. Recently, defective wound healing and holes in
the reticular lamina have been reported to occur when the transcription factor Brg1 is deleted
from hair cells (Jin et al., 2016). The authors conclude that defective hair cell development can
limit the wound healing response of supporting cells. However, close inspection of their data
suggests that the “large holes” delineated by ZO-1 are actually expanded apical domains of
pillar cells, and the “holes” observed with scanning electron microscopy appear to be
considerably smaller, perhaps artefactual, tears in apical membranes of hair cells. Therefore,
the conclusions made by the authors should be tested with higher resolution imaging.
While some tracer studies support the concept that the reticular lamina remains intact
during ototoxicity-induced hair cell loss (McDowell et al., 1989), others indicate that intense
noise exposures allow the endolymph to leak (Ahmad et al., 2003). Thus, it still remains
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unclear whether supporting cells can maintain the epithelial barrier fully intact during wound
healing.

2.11.1.2 Junctional changes of supporting cells during wound healing
While wound healing was originally reported to be driven by only two supporting cells
(Raphael and Altschuler 1991ab), it is now well established that all surrounding supporting
cells contribute to this process. When four supporting cells contribute to wound healing, the
resulting scar has a typical X-like shape. These scars mature in a way that the contact site
between two of the supporting cells lengthens. While this linear segment of the scar is often in
a medial-to-lateral orientation, it can also be oriented coaxially with the length of the organ of
Corti (Fig.22/p.68). These morphological changes occurring in the scar resemble those of
other epithelial junctions undergoing intercalation movements (Baum and Georgiou, 2011).
Sometimes up to five supporting cells surround a dying outer hair cell of the third row. In this
case, all of them contribute to wound healing and form a scar with a different shape (fourth
scar from the right in the cover image; scars in I/Fig.8N). Therefore, all supporting cells that
have a physical contact to the dying hair cell appear to contribute to wound healing. An
interesting exception to this is the inner pillar cell. When first row outer hair cells die, inner
pillar cells do not contribute to wound healing despite their shared junction with the dying
cell. Only two pillar cells and a single Deiters’ cell contribute to surface closure and form a
fairly linear scar (cover image; Fig.22/p.68; Forge et al., 2013). This suggests that the
junctional contact between the inner pillar cell and the outer hair cell cannot mediate
recruitment to wound healing or, perhaps, the recruitment is obstructed by some
morphological feature. A potential explanation for this phenomenon is that the inner pillar
cell has a limited amount of free basolateral membrane in the vicinity of the outer hair cell. As
the basolateral membrane is suggested to form scars (Raphael and Altschuler, 1991ab), inner
pillar cells may not be recruited to wound healing because their basolateral membranes are
located too far away from the lesion site.

2.11.1.3 Developing and mature supporting cells appear to utilise different
wound healing mechanisms
Several live cell imaging studies have shed some light on the possible supporting cell-driven
wound healing mechanism. A live cell imaging study done in the developing avian basilar
papilla in vitro indicates that supporting cells use a multicellular contractile actin purse string
to close wounds (Bird et al., 2010). Strikingly, there was no clear order of hair cell death,
wound healing, and phagocytosis of the hair cell body. This indicates that in the basilar papilla,
removal of hair cells and wound healing are not coordinated by a single precise cellular
programme. Experimental puncture wounds in utricles also heal via a multicellular actin
purse string (Meyers and Corwin, 2007). It is important to note that these experimental
wounds require supporting cell migration unlike wounds generated by hair cells loss in vivo.
However, a recent study shows that developing utricular supporting cells do form a contractile
actin purse string upon hair cell loss in vitro (Burns and Corwin, 2014). However, mature
utricular supporting cells do not form an observable purse string: scars seem to suddently
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appear at the epithelial surface (Burns and Corwin, 2014). The fact that utricular hair cells can
lose their apical domains several hours before any detectable actin structures are formed by
supporting cells in vitro (Burns and Corwin, 2014) is puzzling, as this would mean that the
epithelial barrier of the sensory epithelium could be lost for extended periods of time.
A potential explanation for the observation that scar formation greatly lags behind the
detachment of the apical hair cell domain is that wound healing by adult utricular supporting
cells involves a closure mechanism that does not incorporate detectable levels of actin during
its early phases. This mechanism could potentially involve lamellopodial or filopodial
protrusions of the basolateral membranes, as occurs in other cellular contexts. Another
possible explanation is that supporting cells behave differently in vitro than in vivo, for
example because of the differing composition of the extracellular solution. Another study done
with the adult mouse utricle in vitro indicates that the loss of hair cell membrane integrity
occurs prior to or together with the initiation of scar formation. The latency between
membrane integrity loss and scar formation was reported to be nearly one hour (Monzack et
al., 2015). In the developing chick utricle, the constrictive phase of scar formation lasted
around three minutes (Bird et al., 2010), while constrictions in the adult mouse utricle took
30 minutes or even longer (Monzack et al., 2015).

2.11.1.4 The mechanism of supporting cell-mediated wound healing might be
affected by postnatal strengthening of junctional domains
Why can developing supporting cells readily form a contractile purse string while adult
supporting cells cannot? One possible explanation is the great cytoskeletal differences
between developing and mature supporting cells. As discussed previously, the junctional Factin belts of supporting cells incorporate massive amounts of actin and thicken as they
mature. Perhaps because of this thickening, the apical actomyosin network cannot readily
disassemble and form a contractile multicellular ring. Supporting this explanation, the
turnover rate of actin is considerably lower in thick F-actin belts than in thin F-actin belts of
utricular supporting cells (Burns and Corwin, 2014). Interestingly, the junction-facing side of
the thick F-actin belts has a higher actin turnover rate than other areas, suggesting that these
sites are more plastic to change upon wound healing (Burns and Corwin, 2014).
There is currently no documentation about how readily the apical junctions at these sites
disassemble and contribute to scar formation. However, it is well known that the thick F-actin
belts are exceptionally stable during wound healing and can be seen within supporting cells
for several days after the neighbouring hair cells have died. With extended periods of recovery
time, the original F-actin belt is disassembled while the new supporting cell-supporting cell
junctions accumulate F-actin and become new areas of the F-actin belt (Raphael and
Altschuler, 1991). As the thick F-actin belts are less plastic during wound healing and they
potentially limit hair cell regeneration, it is intriguing why mammalian supporting cells
develop features that limit the epithelial repair processes. For the organ of Corti, junctional
stability might be more important than high plasticity of junctions. As the functionality of the
organ of Corti heavily relies on the correct cellular patterning of the epithelium, thick F-actin
belts of supporting cells may be required to inhibit cellular movements that render the
epithelium dysfunctional.
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2.11.1.5 Molecular regulation of supporting cell-mediated wound healing
If supporting cells were able to remove hair cells by apically strangling them, it would mean
that dying hair cells signal surrounding supporting cells to remove them prior to their
degeneration. In other systems, dying cells are suggested to signal neighbouring cells to
remove them from the epithelium in this manner (Rosenblatt et al., 2001). As hair cells with
sublethal damage are known to reside in the epithelium for extended periods of time, a certain
threshold has to exist before stressed hair cells give the wound healing initiating signal. This
signal could be contact-dependent, for example the expression of a membrane bound signal
molecule. A mechanical change like the loss of junctional tension between the hair cell and
supporting cell could also be the initiating signal. A third possibility is that the signal is indeed
diffusible, for example a molecule released from the dying hair cells or excessive ions entering
the epithelium through the compromised epithelial barrier. The signals that mediate the
wound healing in other tissues involve Ca2+ and ATP waves released from damaged cells,
externalisation of phosphatidylserine, and Ca 2+ influx into the epithelium through the
epithelial breach. Even simple contact-free space or membrane potential changes may act as
a signal for wound healing (Enyedi and Niethammer, 2015; Moe et al., 2015; Begnaud et al.,
2016). Interestingly, single-cell and multicellular wound responses appear to share similar
mechanisms and signalling molecules. Ca2+ release in single wounded cells can induce Ca2+
release in neighbouring cells, therefore integrating single and multicellular wound responses
(Sonnemann and Bement, 2011).
Supporting the idea that diffusible signals contribute to the regulation of supporting celldriven wound healing, the disruption of gap junctional coupling between supporting cells
leads to abnormal scar formation: instead of multicellular scars, single supporting cells appear
to repair the epithelial surface in Connexin30-deficient mice (Forge et al., 2013). In the avian
basilar papilla, the blockade of gap junctional coupling with meclofenamic acid (MFA) inhibits
the removal of the apical domain of dead hair cells (Jagger et al., 2014). Interestingly,
disrupted gap junctional communication is thought to limit the trauma-induced swelling of
the cell bodies of supporting cells (Forge et al., 2013; Jagger et al., 2014). This supporting cell
swelling, which partially closes the fluid-filled spaces within the organ of Corti, has been
reported to occur after noise and ototoxic trauma (Fredelius L, 1988; Flock et al., 1999; Ahmad
et al., 2003; Abrashkin et al., 2006; Taylor et al., 2012; Forge et al., 2013). The role of this
swelling response is unknown, but it has been suggested to be linked to the degeneration of
supporting cells (Forge et al., 2013).
What are the potential intracellular signals that regulate wound healing in the organ of
Corti? Intercellular waves of Ca2+ are initiated in supporting cells next to a damaged hair cell.
Ca2+ waves are regulated by ATP release and activation of P2Y4 receptors on supporting cells
(Piazza et al., 2007). In addition to the notion that gap junctional communication is important
for wound healing (Forge et al., 2013; Jagger et al., 2014), no molecular pathways have been
shown to regulate wound healing in the inner ear in vivo. Interestingly, JNK and ERK are
transiently phosphorylated in developing supporting cells surrounding damaged sites of the
organ of Corti in vitro, suggesting that they may regulate wound healing (Gale et al., 2004;
Lahne and Gale, 2008). Supporting this idea, the inhibition of JNK activation in vitro limits
the repair of large-scale scratch wounds in the avian utricle (Alvarado et al., 2011).
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2.11.2 Removal of dying and degenerated hair cell bodies
Hair cells may be removed from sensory epithelia by extrusion from the epithelium or by
phagocytosis within the epithelium (Forge A, 1985; Li et al., 1995). Phagocytosis of the hair
cell body can be mediated either by macrophages or by supporting cells (Hirose et al., 2005).
However, as hair cells can be lost within an hour of an acoustic trauma, the recruitment of
macrophages – a process that takes several days to peak (Hirose et al., 2005) – may be too
slow to be the main mechanism of hair cell debris clearance. Therefore, supporting cells seem
to be the main actors in hair cell debris clearance during acute phases of hair cell trauma.
In the developing avian basilar papilla, phagocytotic activity of supporting cells is well
documented in vitro: Within few hours after the loss off the hair cell apical domain, supporting
cells surround the dying hair cell body with actin-rich protrusive activity, a process also known
as phagosome formation (Bird et al., 2010). In mammalian vestibular organs, supporting cells
also phagocytose the apoptotic cell bodies of hair cells (Li et al., 1995; Forge and Li, 2000). In
the utricle, cell bodies of hair cells may remain within the basket-like phagosomes for several
hours (Monzack et al., 2015), which is longer than what is reported for the developing avian
utricle (Bird et al., 2010). Interestingly, phagosomes in the adult mouse utricle are reported
to include F-actin-rich processes that pierce the to-be-removed hair cell body (Bucks et al.,
2017). The authors of the study suspected that the actin spike might derive from a supporting
cell that has been signalled to “attack” the hair cell. However, as these actin-rich spikes or
“cytocauds” are also seen in normal-appearing utricular hair cells (Sobin et al., 1982, Taylor
et al., 2015), they might not be related to the process of hair cell removal.

2.11.2.1 Cell extrusion is a rare or non-existent way of hair cell removal in the
organ of Corti
Hair cells can also be eliminated by extrusion from the sensory epithelium, a cell clearance
process common for other epithelia (Rosenblatt et al., 2001). Extrusion of hair cells is mainly
observed in the avian basilar papilla and in the mammalian vestibular epithelia (Li et al.,
1995). In fact, the clearance of apoptotic hair cells from the basilar papilla has been reported
to occur primarily via extrusion (Cotanche et al., 1987a; Cotanche and Dopyera, 1990; Marsh
et al., 1990). The completion of extrusion can take several days (Hirose et al., 2004, Mangiardi
et al., 2004). Extruding hair cells swell and bulge out from the epithelium generally as whole
cells (Hirose et al., 2004). Interestingly, hair cells have been observed to lose their membrane
integrity only after they are completely extruded from the epithelium (Mangiardi et al., 2004).
They appear to die apoptotically, as they often express cytoplasmic cytochrome c and activated
caspases (Mangiardi et al., 2004, Kaiser et al., 2008). The epithelial barrier seems to be
maintained during hair cell extrusion, as junctions between the extruding hair cell and
surrounding supporting cells remain intact. The junctional contacts are gradually lost during
the final detachment of the hair cell (Hirose et al., 2004). As far as the author of this thesis
knows, extrusion of hair cells of the organ of Corti has only been reported after 3,3’iminodipropionitrile poisoning (Seoane and Llorens, 2005). These supposedly extruding hair
cells closely resemble necrotic hair cells whose apical membrane may bulge outward. It might
be the rigid reticular lamina, the length of the hair cells, and the absence of basolateral
membrane contacts to supporting cells that limit dying hair cells from extruding from the
organ of Corti.
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2.11.2.2 Hair cell removal in the organ of Corti is likely to be mediated by
supporting cells
While the phagocytotic activity of supporting cells has been extensively studied in the basilar
papilla and in the utricle, the documentation of this process in the organ of Corti is fairly
limited. With the exception of their apical domain, hair cells are destroyed and cleared beneath
the epithelial surface. Based on immunofluorescent detection of prestin-positive debris that
appeared to be located within supporting cells, it has been suggested that supporting cells of
the organ of Corti are able to engulf and remove the remains of the cell bodies of apoptotic
hair cells (Abrashkin et al., 2006). How exactly the clearance of hair cell debris takes place in
the organ of Corti is an intriguing question, as outer hair cells are not fully surrounded by the
basolateral membranes of supporting cells. The unique architecture of the organ of Corti may
limit the phagocytotic capabilities of supporting cells, which may induce secondary necrosis.
The trauma-related swelling of the cell bodies of Deiters’ cells (Jagger and Forge, 2015) may
facilitate hair cell removal.
The molecular events that regulate hair cell removal are largely unknown. Interestingly,
mouse vestibular and avian supporting cells have a reduced capacity to form scars and to
remove the cell bodies of dying hair cells in cisplatin-treated mice when compared to those
stressed with aminoglycosides (Monzack et al., 2015; Slattery and Warchol, 2010). Whether
this effect is due to the ability of cisplatin to inhibit either the communication between the
dying hair cell and surrounding supporting cells or the execution of the wound healing process
is not known.

2.11.2.3 The role of monocytes and macrophages in the removal of dead hair
cells
Circulating monocytes and macrophages are recruited into the inner ear after acoustic injury,
after aminoglycoside ototoxicity, and after genetically-mediated hair cell ablation (Hirose et
al., 2005; Sato et al., 2010; Kaur et al., 2015ab). While vestibular hair cells can be engulfed by
macrophages, macrophage-mediated phagocytosis of hair cells in the injured cochlea appears
to be rare (Hirose et al., 2017). In cultured newborn organ of Corti explants, macrophages
have been observed to be located next to injured hair cells (Hirose et al., 2017). However, the
relevance of these observations to in vivo conditions is limited as the normal structural
barriers are absent in vitro. Additionally, the structure of the developing organ of Corti is
highly different from the adult one. In the mature cochlea in vivo, tissue macrophages are
mainly located in the lateral wall and in the spiral ganglion (Hirose et al., 2017), which they
seem to enter through blood vessels (Hirose et al., 2005). In normal and injured inner ears,
macrophages mainly remain within the perilymphatic compartments (Hirose et al., 2005) and
can rarely be found within the scala media, perhaps because of the high K+ concentration of
the endolymph. When hair cell injury occurs, macrophages migrate to the habenula perforata,
the area wherefrom the SGN afferent fibers enter the organ of Corti (Fig.2/p.2; Sato et al.,
2010). Macrophages also migrate to the surface below the basilar membrane (Hirose et al.,
2005). Interestingly, processes of macrophages have been reported to extend from the scala
tympani towards the organ of Corti through the basilar membrane. Thereby, they may
contribute to the removal of hair cell debris (Hirose et al, 2017).
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2.11.3 The degenerated organ of Corti may be replaced by a flattened
epithelium
It is important to note that while supporting cells largely maintain the structure of the organ
of Corti after hair cell loss, minor changes still occur. For example, pillar cells often appear to
be buckled after outer hair cell loss (Beagley HA, 1965; Bohne et al., 2017). Moreover, nuclei
of Deiters’ cells have been reported to shift closer to the basilar membrane. Interestingly,
buckling of outer pillar cells is suggested to be reversible (Bohne et al., 2017). Additionally,
even more dramatic structural changes may take place. For example, swelling supporting cells
may protrude into the space of Nuel and into the tunnel of Corti (Bohne et al., 2017).
Eventually, a complete replacement of the organ of Corti by a layer of squamous epithelial
cells may take place. This process is known as flat epithelium formation or organ of Corti
wipeout (Bohne BA, 1971). Flat epithelium formation has been documented with various
microscopic techniques and in multiple mammals, including humans (Lurie MH, 1942; Smith
et al., 1954; Bredberg G, 1968; Hamernik et al., 1984; Fredelius L, 1988; Ahmad et al., 2003).
Cells that replace the organ of Corti morphologically resemble Claudius' and inner sulcus cells
(Hawkins et al., 1943; Bohne BA, 1971; Fried et al., 1976; Ahmad et al., 2003).

Figure 23. A flat epithelium can replace the damaged organ of Corti. (A) 90 days after
administering kanamycin and furosemide to mice to wipe out outer hair cells (see methods for
description), inner hair cells and supporting cells are still found at the medial coil. (B) However, at the
basal coil of the same cochlea, a flat epithelium has replaced the organ of Corti. Abbreviations: dcs,
Deiters’ cells; hec, Hensen cell; ihc, inner hair cell; ip, inner pillar cell; op, outer pillar cell.

Morphological observations and studies with cell type specific markers, for example with
nestin, favour the idea that the flat epithelium is formed by supporting cells that are located
outside the organ of Corti (Raphael et al., 2007; Taylor et al., 2012; Watanage et al., 2012;
Oesterle 2013; Kersigo and Fritzsch, 2015). These cells may replace the local supporting cells
as they degenerate. Indeed, Deiters’ cells are reported to degenerate within the epithelium in
areas that appear to be transforming into a flat epithelium (Taylor et al., 2012). Regarding
nestin, an intermediate filament commonly expressed by neural progenitors, reports on which
cochlear cells express this protein are contradictory (Martone et al., 2014; Chow et al., 2015).
Interestingly, there is no clear border between the flat epithelium and the neighbouring
intact area of the organ of Corti (Taylor et al., 2012). Supporting cells may continue to
degenerate for months, as the flat epithelium has been reported to grow in size with increasing
postexposure time. Therefore, cells of the bordering area may represent a transitional state of
flat epithelium formation (Bohne et al., 2017). Only few mitotic cells have been observed in
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the flat epithelium, suggestive of proliferative capacity (Kim and Raphael, 2007). However,
the amount of these mitotic cells must be low, since they have not been found in other studies
(Bohne et al., 2017).
While flat epithelium formation can be seen as the dramatic endpoint of degeneration of
the organ of Corti, it is critical to point out that this does not occur by default. In fact, human
temporal bone studies demonstrate that supporting cells maintain the structure of the organ
of Corti for years after hair cell loss (Merchant and Nadol, 2010). It is unknown what dictates
whether the flat epithelium forms. Flat epithelium formation might be related to the severity
of the induced lesion and to supporting cells being damaged and lost. For example, when pillar
cells and Deiters’ cells are lost, Hensen cells take over the scar formation (Taylor et al., 2012;
Mellado Lagarde et al., 2013). For future regenerative therapies aiming at inducing supporting
cells to turn into hair cells, it is critical to know which supporting cells, if any, are present in
the traumatised organ of Corti.

2.11.4 Hair cell regeneration
Research with non-mammalian vertebrates, which included for example amphibians, sharks,
and zebrafish, revealed that new hair cells and supporting cells are formed at the borders of
their sensory epithelia as these vertebrates grow into adults (Lewis and Li, 1973; Corwin JT,
1981; Popper and Hoxter, 1984; Williams and Holder, 2000). Therefore, unlike previously
assumed, the production of hair cells is not limited to embryonic development in many nonmammalian vertebrates. The discovery that hair cell loss leads to cell proliferation and to the
production of replacement hair cells in the acoustically damaged or ototoxic drug-challenged
avian basilar papilla (Cotanche DA, 1987a; Cruz et al., 1987; Corwin and Cotanche, 1988; Ryals
and Rubel, 1988) launched broad interest to research the possibility of hair cell regeneration
in mammals. Within one week from the traumatic event, new hair cells and supporting cells
can be seen in the lesioned area of the basilar papilla (Cotanche et al., 1994). Both in young
and adult birds, hair cell regeneration usually leads to physiological and even behavioural
recovery of hearing within several weeks (Corwin and Cotanche, 1988; Ryals and Rubel 1988;
Tucci and Rubel 1990; Saunders et al., 1992; 1996). How are these replacement hair cells
generated?

2.11.4.1 Proliferative and nonproliferative modes of hair cell regeneration by
supporting cells
Supporting cells produce new hair cells in damaged non-mammalian sensory organs through
a proliferative or a nonproliferative programme. In damaged areas, supporting cells initiating
the proliferative programme become labeled by mitotic markers. This is followed by the
production of hair cells bearing this marker (Corwin and Cotanche 1988; Ryals and Rubel
1988; Cotanche et al., 1994). In addition to mitotic markers, live cell microscopy has shown
that supporting cells in the lateral line of salamanders divide and differentiate into new hair
cells (Balak et al., 1990). In the avian inner ear, supporting cells can also renew themselves by
dividing several times (Marean et al., 1993; Niemiec et al., 1994; Adler and Saunders, 1995;
Stone et al., 1999).
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While proliferation plays a role in avian hair cell regeneration, not all regenerated hair cells
are labeled with mitotic markers. This nonproliferative recovery programme of hair cells could
be due to repair of damaged hair cells (Gale et al., 2002) and/or direct transdifferentiation of
supporting cells into hair cells (Adler and Raphael, 1996; Jones and Corwin, 1996). It is
therefore important to keep in mind that the reappearance of immature stereocilia bundles is
not a direct sign of hair cell regeneration, as they may belong to hair cells that are repairing
their apical domains. As much as half of the regenerated hair cells may be formed by direct
supporting cell-to-hair cell transdifferentiation (Roberson et al., 2004). For example, hair cell
regeneration is not significantly blocked by mitotic inhibitors (Adler and Raphael, 1996). The
nonproliferative programme of hair cell regeneration is either initiated before the proliferative
programme or it is simply a faster process, as nonmitotically generated hair cells appear before
mitotically formed ones (Roberson et al., 2004).

Figure 24. Hair cell regeneration. After non-mammalian supporting cells have removed dead hair
cells, they can form new hair cells through a proliferative (upper right) or a nonproliferative programme
(lower right). Hair cells are shown in blue and supporting cells in green.

The regeneration of new avian hair cells is reported to be a quantitatively non-exact process,
as hair cells and supporting cells are overproduced and as much as half of the new cells are
subsequently removed (Girod et al., 1991; Janas et al., 1995; Jones and Corwin, 1996; Wilkins
et al., 1999). However, other authors report that the total amount of supporting cells remains
invariant throughout the regeneration process in the streptomycin-damaged post-hatch
chicken utricle (Scheibinger et al., 2018). Either way, major cell shape changes take place
within the regenerating sensory epithelia.

2.11.4.2 Morphological development of regenerated hair cells
Even when producing replacement hair cells, supporting cells maintain contact with the
epithelial surface. They also divide near the epithelial surface. (Raphael Y, 1992; Stone and
Cotanche 1994; Tsue et al., 1994; Duckert and Rubel, 1990; Stone and Rubel, 2000). After
division, differentiating hair cells form a transient protrusion that contacts the basal lamina
(Stone and Rubel, 2000). The stereocilia that can be seen on new hair cells four days after the
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traumatic event resemble immature ones (Cotanche DA, 1987a; Stone and Rubel, 2000). The
stereocilia bundles need to mature for three months until they develop their normal
appearance and orientation in young chicks (Duckert and Rubel, 1990). In adult birds,
however, the bundles still remain slightly disoriented after twenty weeks from the initial
trauma (Marean et al., 1993). Since regenerated hair cells are able to reorient themselves, they
must be able to obtain positional information. Interestingly, the expression of the core PCP
protein Vangl2 is maintained in avian utricular supporting cells upon ototoxic hair cell loss in
vitro and appears to give directional cues for the regenerated hair cells (Warchol and
Montcouquiol, 2010).
However, obtaining normal hair cell morphology and electrophysiological properties is
not enough for hearing restoration: Regenerated hair cells must become reinnervated by the
correct neurons. This is a challenge for future regenerative attemps in the mammalian cochlea.
In traumatised avian basilar papilla, the axons have been reported to remain near their
original position (Ofsie and Cotanche, 1996) and to form new synapses on regenerated hair
cells four days after acoustic trauma (Duckert and Rubel, 1993).

2.11.4.3 Impact of the cytoskeleton and cell shape of supporting cells on their
capacity to regenerate hair cells
In the postnatal mammalian cochlea and utricle, there is little or no detectable proliferation
of cells. However, isolated neonatal and postnatal (up to P14) supporting cells can self-renew
and regenerate hair cells in vitro under certain conditions (White et al., 2006; Oshima et al.,
2007; Sinkkonen et al., 2011). The capability of these cells to survive the isolation and the
culture conditions diminishes during the first postnatal weeks (Oshima et al., 2007). Thus, the
proliferative mechanisms present in the neonatal organ of Corti are inhibited as the cells
mature. Furthermore, the ability of supporting cells to change into hair cells, upon modulation
of specific signalling pathways, disappears during their maturation, as discussed in the
following sections. During the maturation of supporting cells, the profile of expressed
transcription factors changes and they develop a rigid cytoskeleton. As discussed before, the
“natural” capability of supporting cells to regenerate hair cells is non-existent in the mature
organ of Corti, where supporting cells are morphologically highly specialised. In contrast, nonmammalian supporting cells are morphologically less complex and are generally capable of
hair cell regeneration. Therefore, the regenerative plasticity of supporting cells may be limited
by their increasing level of structural specialisation.
The ability of supporting cells to spread in vitro has been reported to have an impact on
their capability to proliferate. For example, the spreading of the supporting cells coincides
with the start of proliferation in the avian basilar papilla (Corwin and Cotanche, 1988; Marsh
et al., 1990). In vitro, spreading utricular cells proliferate while tightly packed cells in the
centre of the organ do not (Warchol ME, 2002). Likewise, in mammalian utricular epithelia
in vitro, the extent of cell shape changes correlates with the probability of cell-cycle entry
(Meyers and Corwin, 2007; Collado et al., 2011).
The capability of supporting cells to change their cell shape is gradually lost postnatally as
they develop more rigid cytoskeletal structures (Meyers and Corwin, 2007). Especially the
thickening of the apical F-actin belts and strenghtening of junctional domains is thought to
limit their regenerative responses (Burns et al., 2008; Burns and Corwin, 2014). The presence
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of this junctional strengthening correlates with the limited hair cell regeneration capacity in
multiple vertebrate groups (Burns et al., 2013). This suggests that structural dedifferentiation
or modulation of the cytoskeleton of supporting cells could lead to increased proliferative
capacity. Unfortunately, radical forced changes in the cytoskeleton, for example actin
depolymerisation with cofilin overexpression in vitro (Burns and Corwin, 2014), can be
detrimental, as the cytoskeleton contributes to many important cellular processes. Therefore,
in-depth knowledge on the cytoskeletal differentiation of supporting cells is required if their
structural dedifferentiation without compromised cell viability is desired.
An intriguing question is why mammalian adult supporting cells have lost the capability
to regenerate hair cells. While it could be just an undesirable side effect of the development of
unique cytoskeletal specialisations, the absence of regenerative responses could also be a
protective mechanism. The exact structure of the organ of Corti might not be permissive for
hair cell regeneration, as cell shape changes associated with hair cell regeneration may impair
the correct positioning of surviving cells, inducing more harm than what would be repaired.
Therefore, the organ of Corti may have evolved to be structurally too complex to be repaired
through regenerative responses.

2.11.4.4 The potential of forced Atoh1 expression to direct supporting cell-tohair cell conversion
The local signals that promote supporting cells to regenerate hair cells are not yet fully
understood, but are likely to be associated with signals of hair cell stress or death. Hair cells
may express proteins that prevent adjacent supporting cells from dividing. Signals released by
the dying hair cell may also be responsible for activating the regenerative response. These
signals could be cell contact-dependent signals or diffusible signals. The lack of hair cell
regeneration can also be a consequence of intrinsic features of mature supporting cells that
make them non-responsive to these signals.
Identification of signalling pathways and molecules that direct hair cell regeneration is
currently an active area of research. This regeneration programme may follow similar
molecular events that occur during normal hair cell development. For example, Atoh1 is
upregulated in transdifferentiating supporting cells and in regenerated hair cells.
Interestingly, Atoh1 upregulation occurs in supporting cells in areas where hair cells
challenged by an ototoxic drug do not yet show signs of damage, suggesting that hair cell
regeneration is initiated by signals of hair cell stress (Cafaro et al., 2007).
The central importance of Atoh1 for hair cell regeneration is demonstrated by the fact that
forced expression of Atoh1 in vitro (Zheng and Gao, 2000; Woods et al. 2004) and in vivo
(Kawamoto et al., 2003; Izumikawa et al., 2005; Gubbels et al., 2008; Kelly et al., 2012; Liu et
al., 2012; Kraft et al., 2013; Atkinson et al., 2014; Liu et al., 2014) can convert embryonic,
neonatal, and juvenile supporting cells into hair cells. The first study that demonstrated this
effect showed that the ectopic expression of Atoh1 in vitro converts cells of the GER into hair
cells (Zheng and Gao, 2000). However, the capability of forced Atoh1 expression to induce
hair cell regeneration in the mature organ of Corti is controversial. Upon Atoh1
overexpression, mature cochlear supporting cells fail to convert into hair cells or partially
convert into immature hair cells (Kawamoto et al., 2003; Izumikawa et al., 2008, Kelly et al.,
2012; Liu et al., 2012a; Yang et al., 2012; Kraft et al., 2013; Liu et al., 2014). For example, they
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lack proper morphological development and electrophysiologic responses. Moreover, the
competency of Atoh1 to generate hair cells becomes progressively restricted during postnatal
maturation of mice before hearing onset (Kelly et al., 2012). Additionally, whether these
converted hair cells survive for longer time periods and become properly innervated remains
to be studied in detail.
Despite the controversy whether Atoh1 can induce hair cell regeneration, the clinical trial
CFG166 by Novartis and GenVec aims to use Atoh1 gene therapy to induce hair cell
regeneration in humans. The ongoing clinical trials are based on viral delivery of Atoh1,
controlled by a supporting cell specific glial fibrillary acidic protein (GFAP)-promoter. This
promoter might not be useful if the traumatised organ of Corti has been replaced with a flat
epithelium that is devoid of supporting cells. In addition to this, some studies indicate that
mature supporting cells do not express GFAP (Oesterle et al., 1990; Rio et al., 2002; Smeti et
al., 2011), which questions the supporting cell specificity of the viral delivery of Atoh1.
Additionally, Atoh1 cannot induce hair cell generation in cells of the flat epithelium
(Izumikawa et al., 2008).

2.11.4.5 Inhibition of Notch signalling converts developing supporting cells
into hair cells
As discussed earlier, mammalian auditory supporting cells express the Notch receptor and
Notch effectors that block Atoh1 from inducing hair cell differentiation. Reduction of Notch
signalling induces overproduction of hair cells in various mutant mice lines. In addition to
hair cell development, Notch signalling has been suggested to regulate hair cell regeneration,
for example by preventing avian supporting cells from overproducing hair cells (Stone and
Rubel, 1999; Daudet et al., 2009). Components of the Notch signalling pathway are also
expressed in the adult damaged mammalian cochlea. Some studies report an increase of Notch
activity after ototoxic trauma (Oesterle et al., 2008; Batts et al., 2009; Hartman et al., 2009).
Notch signalling can be blocked with DAPT, which prevents the final cleavage of the NICD
by gamma-secretases. Notch inhibitors induce supernumerary hair cell production in the
expense of supporting cells in the embryonic or in the neonatal organ of Corti and in the
mature utricle in vitro (Woods et al., 2004; Yamamoto et al. 2006; Korrapati et al., 2013;
Bramhall et al., 2014; Cox et al., 2014). In vivo studies have demonstrated that
pharmacological inhibition of Notch induces supporting cell-to-hair cell conversion. This is
reported to even improve hearing after cochlear damage (Batts et al., 2009, Hartman et al.,
2009; Mizutari et al., 2013; Tona et al., 2014). One study has reported an improvement in
hearing thresholds of 8 dB (Mizutari et al., 2013). Blocking the Notch1 receptor with an
antibody in vitro induces hair cell regeneration in neonatal mice but not in adults (Maass et
al., 2015). Since Notch inhibition has resulted in different outcomes, the efficacy of Notch
inhibition to regenerate cochlear hair cells in the mature cochlea in vivo remains to be tested
thoroughly. Additionally, the long-term survival, possible innervation, and functionality of
these cells need testing. Interestingly, Audion therapeutics has announced that it aims to
regenerate hair cells with Notch inhibitors in patients with hearing loss. The first phase of the
clinical study that explores the safety of the drug has recently started (ISRCTN59733689).
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2.11.4.6 Wnt signalling and Lgr5-expressing supporting cells play a role in
hair cell regeneration
In addition to Notch inhibition-induced hair cell formation, spontaneous proliferative and
nonproliferative regeneration of hair cells has been observed in the newborn mouse (Bramhall
et al., 2014; Cox et al., 2014). The amount of these regenerated hair cells can be increased by
inhibiting Notch signalling (Bramhall et al., 2014). This spontaneous regenerative response
does not occur after the early postnatal development of the cochlea (Cox et al., 2014). The
occurrence of this regenerative response has moreover been reported to correlate with
changes in Wnt signalling in the organ of Corti (Hu et al., 2016).
The R-spondin family of ligands binds to the leucine-rich repeat G-protein coupled
receptors (Lgrs) and regulate Wnt signalling. Lgr5 has been highly investigated in relation to
stem cells after it was recognised as a marker for intestinal stem cells (Barker et al., 2007). In
the neonatal organ of Corti, Lgr5 is expressed by inner pillar cells and by the third row of
Deiters’ cells (Jacques et al., 2012a). Axin2, a negative regulator of Wnt signalling, is expressed
by the tympanic border cells located underneath the organ of Corti (Chai et al., 2011; Jan et
al., 2013). Both Axin2- and Lgr5-positive cochlear cells can form hair cell-like cells in vitro
(Chai et al., 2012; Shi et al., 2012; Jan et al., 2013). Treating these Lgr5-positive cells with Wnt
agonists and Notch inhibitors or with β-catenin overexpression induces cell proliferation and
hair cell differentiation (Shi et al., 2012; 2013, Li et al., 2015). The amount of generated hair
cells by Wnt-activation can be increased with simultaneous Atoh1 overexpression (Kuo et al.,
2015). Most intriguingly, Lgr5-positive cells are responsible for the spontaneous hair cell
regeneration observed in the early postnatal cochlea (Bramhall et al., 2014; Cox et al., 2014;
Hu et al., 2016).
Unfortunately, hair cells formed by the above-mentioned manipulations appear to
ultimately degenerate (Cox et al., 2014). Additionally, while Lgr5-positive cells can be seen as
promising targets for regenerative interventions, Lgr5 is downregulated in mature supporting
cells. Perhaps due to this downregulation, the previously mentioned interventions do not
induce hair cell formation (Shi et al., 2013; Bramhall et al., 2014). Instead, combinations of
multiple factors are more likely to allow for hair cell formation in the adult organ of Corti (Kuo
et al., 2015; Walters et al., 2017).

2.11.4.7 FGF signalling and immune responses may regulate hair cell regeneration
Similar to mammals, FGFR3 is expressed in supporting cells of the avian basilar papilla. It is
downregulated after damage and is re-expressed after hair cell regeneration (BerminghamMcDonogh et al. 2001). Interestingly, FGFR3 has been reported to be upregulated in adult
mammalian supporting cells after noise damage (Pirvola et al., 1995). One intriguing
hypothesis is that FGFR3 maintains the supporting cell identity in the organ of Corti (p.31)
and perhaps blocks hair cell regeneration. Immune responses may also influence the
regeneration of hair cells, as macrophages and/or microglia are recruited to sites of damage
(Jones and Corwin, 1993; Warchol ME, 1999) and produce growth factors that are mitogenic.
However, macrophage depletion in vitro does not block avian hair cell regeneration (Warchol
et al., 2012).
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2.11.4.8 Does hair cell regeneration lead to full recovery of hearing function?
Although avian hair cells regenerate, it is not clear if a complete recovery of hearing function
is possible. Despite the recovery of hearing starting immediately after the initial damage, it
takes several months for maximal recovery to occur. Additionally, even when the hearing
thresholds recover, some permanent deficits have been reported to persist after three months
of recovery (reviewed by Ryals et al., 2013). For example, while distortion product otoacoustic
emission (DPOAE) amplitudes recover in chicks (Ipakchi et al., 2005) only partial recovery
occurs in adult chickens (Trautwein et al., 1996; Chen et al., 2001). Some of the residual
deficits may be related to the misoriented stereocilia bundles on the regenerated hair cells
(Hashino et al., 1992) or to structural abnormalities of the tectorial membrane. While the
lower layer of the avian tectorial membrane regenerates, the upper fibrous layer does not.
With multiple traumata, a multilayered tectorial membrane is formed that may vibrate
differently than its normal counterpart (Cotanche DA, 1987b.). Therefore, it is likely that full
recovery of the functionality of the organ of Corti may require the re-establishment of the links
between the tectorial membrane and the outer hair cell stereocilia. Additionally, the recovery
of hearing would require the perfect re-establishment of the innervation of the regenerated
hair cells, as discussed before.
It is important to keep in mind that the recovery of hearing thresholds does not indicate
that hearing has returned to “normal.” For example, budgerigars trained to label two different
contact calls fail to label them correctly when their hair cells are destroyed by kanamycininduced ototoxicity. The long time period needed for relearning the labeling suggests that the
calls do not sound familiar: Sounds seem to be heard differently before and after hair cell
regeneration (Dooling et al., 2006). Therefore, when hair cell regenerative therapies become
a reality in the human inner ear, the regained hearing ability may have to be retrained, as is
true for patients that regain their hearing with cochlear implants. Overall, to be a clinically
relevant treatment option, hair cell regeneration has to outperform, or be combined with,
electrical (Yawn et al., 2015) and future optogenetic cochlear implants (Hernandez et al., 2014;
Moser T, 2015) that directly stimulate SGNs. As a conclusion, maintenance and protection of
hearing is of high importance, as its restoration back to the normal state after traumatic events
is currently not feasible.
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3 AIMS OF THE THESIS
The lacking capacity of mammalian supporting cells to regenerate hair cells has been
hypothesised to be due to increased structural complexity and rigidness of the apical
junctional domains. This suggests that supporting cells could regain their lost regenerative
plasticity if subjected to structural dedifferentiation. Therefore, to be able to develop efficient
and safe regenerative therapies that aim to convert auditory supporting cells to hair cells, one

likely to require the concomitant generation of correct supporting cell subtypes that assist the
function of the new hair cells. Moreover, characterisation of these homeostatic functions of
supporting cells and of the requirement of their cytoskeletal specialisations for these processes
is vital to answer the question whether supporting cells can be efficiently used as a platform
for regenerative therapies in the inner ear. Additionally, in order to develop effective therapies
that aim at protecting hair cells from trauma, cellular stress responses of supporting cells and
other cochlear cells have to be understood on a cellular and molecular level.

3.1
1.

Methodological aims of the studies
To characterise the FGFR3-iCreERT2 mice as a genetic tool to drive Cre-mediated
recombination in postnatal auditory supporting cells.

2. To establish a workflow for applying serial block-face electron microscopy to study
the hearing organ on a subcellular level in three dimensions.
3. To develop an analytical method to spatially estimate the extent of hair cell loss and
the expression of proteins of interest in the whole organ of Corti from paraffin
sectioned cochleae.

3.2
1.

Specific research aims of the studies
To study the cytoskeletal maturation of the organ of Corti and the potential
involvement of Cdc42 and RhoA in this process.

2. To study the cellular mechanisms of epithelial repair processes of auditory supporting
cells and the possible roles of Cdc42 and RhoA in them.
3. To study the involvement of c-Jun in the cellular stress responses of the cochlea.

83

THESIS

maintenance. This knowledge is also vital for sustainable reproduction of hair cells, as it is
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has to understand the molecular regulation of their cytoskeletal development and
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4 MATERIALS AND METHODS
List of used methods and mouse lines

T2

Tamoxifen-induced iCre-ER -mediated recombination
Kanamycin and furosemide-induced ototoxic lesion
Acoustic trauma
ApopTag peroxidase in situ apoptosis detection
DNA extraction and PCR genotyping
Microdissection of the organ of Corti
Histochemical stainings on paraffin sections
Immunohistochemistry on paraffin sections
Immunofluorescent staining on wholemount specimens
In situ mRNA hybridisation
Resin-embedded surface preparations
Light microscopy (basic, DIC, confocal)
Light microscopy data analysis with ImageJ and Imaris
Serial block-face electron microscopy
Segmentation and 3D reconstruction (Amira and MIB)
Image editing with Photoshop
Illustration drawing with Illustrator
Cochleogram reconstruction from paraffin sections

Transgenic mouse lines
FGFR3-iCreERT2 (Young et al., 2010)
Ai14 (Madisen et al., 2010)
Cdc42 fl/fl (Wu et al., 2006)
RhoA fl/fl (Jackson et al., 2011)
Gfi1-GFP knock-in (Yücel et al., 2004)
JunAA/AA (Behrens et al., 1999)

Publication
I
x
x

II
x
x

x
x
x
x
x
x

x
x
x
x
x

III
x
x
x
x
x
x
x
x

IV
x
x

x
x
x
x
x
x
x

x
x
x
x
x
x
x

x
x
x
x
x
x

x
x
x
x
x
x

x
x
x
x
x
x

Publication
I
x
x
x

II
x

III

IV
x

x
x
x

x
x
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4.2

4.3

Riboprobes for radioactive in situ hybridisation
Riboprobe

Reference

FGFR3
Cdc42
RhoA

D. Ornitz
M. Götz
M. Götz

Publication
I
x
x

III

IV

X

Primary antibodies

Primary antibodies
Raised against
Acetylated tubulin
aPKC alpha/iota
β-tubulin
CD44
p-c-Jun S63
p-c-Jun S73
pan-c-Jun
cleaved caspase-3
Cyclin D1
E-cadherin
Espin
Ki-67
Myosin VI
Myosin VIIa
Myosin VIIa
NKCC1
Non-muscle myosin
IIB
Prestin
Prox1
RFP
Sox2
Sox2
Sox9
Spectrin (fodrin)
Synapsin I
Vangl2
ZO-1
OG 514 phalloidin
Rhodamine phalloidin
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II

Publication
Animal
mouse
rabbit
rabbit
rat
rabbit
rabbit
rabbit
rabbit
rabbit
rat
rabbit
rabbit
rabbit
rabbit
rabbit
rabbit

Origin/Reference
Sigma
Santa Cruz Biotechnology
Abcam
BD Biosciences
Cell Signalling Technology
Cell Signalling Technology
Cell Signalling Technology
Cell Signalling Technology
LabVision/ThermoScientific
Sigma
Zheng et al., 2000
LabVision/ThermoScientific
Hasson et al., 1997
Tama Hasson
Proteus Biosciences
Kurihara et al., 1999

rabbit
goat
goat
rabbit
rabbit
goat
rabbit
mouse
mouse
rabbit
mouse

Covance
Santa Cruz Biotechnology
R&D Systems
Rockland Immunochemicals
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Millipore
Ylikoski et al., 1992
BD Biosciences
Montcouguiol et al., 2006
Molecular Probes/Invitrogen

I

II

III

IV
x

x
x
x
x
x
x
x

x
x
x

x
x
x
x

x
x
x
x

x
x
x
x
x
x
x
x
x
x
x

x
x
x

x
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4.3.1

Dissection of the organ of Corti for light and electron microscopy

One of the biggest challenges to study the structurally fragile organ of Corti is the requirement
of fine microdissection in order to isolate it from its bony capsule. As mastering this
microdissection procedure has been essential for this thesis, it is presented in detail below.
For light microscopy, the organ of Corti can be isolated by using the following modified
protocol of the Eaton-Peabody Laboratories (Massachusetts Eye and Ear, Harvard Medical
School): The cochlea is decalcified overnight in 0.5 mM EDTA at +4°C on a shaker. On the
next day, after a bisecting cut through the now transparent cochlea with a large round-edged
scalpel in PBS, the organ of Corti can be isolated and divided into several parts with fine
tweezers and by using a small 30G injection needle as a “blade”. Depending on the cut angle,
the obtained number of pieces varies. A useful cut angle is shown in red in Figure 25B, which
yields four pieces of the organ of Corti. Bisecting the bony capsule between them with the
injection needle can separate these pieces. The needle can also be used to isolate the organ of
Corti from the spiral lamina (Fig.25J,K). The lateral wall has to be laid down against the
bottom of the used, PBS-filled, dissection plate. It can then be removed with a well-placed cut
of the scalpel. In this way, the organ of Corti will not tear. The Reissner’s membrane and the
tectorial membrane can be removed with fine tweezers. Due to their strongly coiled structure,
the lowest two pieces (3 and 4) might be needed to be cut in half so that they will not tear apart
when placing a cover glass on top of them during mounting. However, for the sample in figure
25C, this was not required. Before mounting the sample, regions of interest can be prescreened with a water immersion objective (Fig.25D). When needed, small spacers can be
inserted under the cover slip to prevent the unwanted flattening of stereocilia.
A majority of the used antibodies in this study also work in EDTA-treated samples.
Unfortunately, when working with protein epitopes that do not tolerate EDTA or when the
sample is being processed for electron microscopy, decalcification may destroy the sample.
Therefore, the organ of Corti can rip easily during dissection. In order to isolate a PFA-fixed
adult organ of Corti in this way, one can start by peeling off the apical-most bony capsule
(Fig.25E). This reveals the apical turn of the cochlear duct (Fig.25F). Due to its relatively easy
accessibility, the majority of electrophysiological studies of the mouse organ of Corti are
limited to this area. As the lateral wall is adherent to the bony capsule, they first have to be
separated by gently moving a single spike of the tweezers between them (Fig.25G). Thereby,
the organ of Corti will not rupture due to unwanted stretching of the epithelium during bone
removal. Now, the bony capsule that is located between the apical and medial cochlear coils
can carefully be removed in an apical-to-basal direction (Fig.25H). Next, the whole bony
capsule can be carefully removed. After the whole cochlear duct is exposed (Fig.25I) and cut
off (Fig.25J), the spiral lamina can be removed with a needle (Fig.25K). The cochlear duct
should be separated into several pieces that can remain flat during specimen mounting
(Fig.25L). Afterwards, the Reissners’ membrane, the lateral wall, and the tectorial membrane
can be removed in a similar way as is done in the case of EDTA-treated samples. Overall, to
obtain perfectly intact samples, this dissection process takes 0.5-1 hour per specimen.
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Figure 25. Dissection of the organ of Corti. (A) General anatomy of the inner ear observed under a
dissecting microscope. (B) A red line demonstrates the used cutting angle that separates the organ of Corti
into four pieces (1-4) inside an EDTA-treated cochlea. The cochlea in the picture is not EDTA-treated and
is therefore not transparent. The dotted line depicts the location of the organ of Corti. (C) DAPI-staining of
the four separated pieces of the organ of Corti. (D) Regions of interest can be pre-screened with water
immersion objectives before mounting. This is convenient for the selection of areas to be processed for
serial block-face electron microscopy. (E) Dissection of a PFA-fixed cochlea can be started from the apical
opening that is done during perilymphatic fixation of the cochlea. The sample can be kept in place by
holding it with tweezers from the vestibule (tweezers seen in the lower part of the image). (F-L) By following
the instructions written in the main text (section 4.3.1), the bony labyrinth can be carefully removed and
the organ of Corti can be isolated. The black arrow in G shows the area where the lateral wall and the bony
capsule can be separated with tweezers. The red web-like area seen in the cochlear duct is the stria
vascularis (red arrow in F,H,I) and the abneural gray area next to it is the lateral wall (green arrow in F,HK). When observed from below, the fibres of spiral ganglion neurons (yellow arrow in J,K) and the barely
visible organ of Corti (purple arrow in J,K) can be seen between the spiral lamina (blue arrow in J) and
the lateral wall (green arrow in J). Abbreviations: DIC, differential interference contrast; ihcs, inner hair
cells; ohcs, outer hair cells; pcs, pillar cells.
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4.3.2

Using Ai14-reporter
recombination

mice

to

characterise

Cre-mediated

We have utilised the Ai14-reporter mice to spatially document the extent of Cre-mediated
recombination in FGFR3-iCreERT2 mice. The Ai14-reporter mice express the red fluorescent
protein tdTomato upon Cre-mediated excision of a loxP-flanked STOP cassette (Madisen et
al., 2010). In our hands, the observed tdTomato fluorescence in Ai14-reporter mice reliably
reported Cre-mediated recombination in the organ of Corti, without inducing tdTomato
expression in the absence of tamoxifen (data not shown). An easy and non-invasive way to
identify mice pups where the Cre-mediated tdTomato expression is successfully induced (with
intraperitoneal tamoxifen injections between P2-P4) is to observe them under UV light a few
days after the injections: tdTomato fluorescence is clearly observable in their skin, for example
in the tip of their tail (data not shown).
While tdTomato is one of the brightest red-shifted fluorescent proteins (Shaner et al.,
2004; Madisen et al., 2010), we observed fast bleaching of tdTomato fluorescence in our
samples that were imaged with confocal microscopy. This is consistent with other studies that
report poor stability of native tdTomato protein during confocal microscopic imaging (Shaner
et al., 2008). Interestingly, the emission spectra of the tdTomato shifted towards lower
wavelengths upon bleaching, contaminating the detector channels used for example to detect
Alexa 488 (Fig.26/p88; Anttonen T, 2012). A similar “greening” effect is reported to occur
with DsRed, the predecessor of tdTomato (Marchant et al., 2001; Shaner et al., 2004;
Robinson et al., 2005; Subach and Verkhusha, 2012). Mechanistically, bleaching of the
mature, “red” form of DsRed enhances the emission of the immature “green” form through
reduction of fluorescence resonance energy transfer. Due to this “greening” phenomenon,
DsRed can be used to optically highlight live mammalian cells (Marchant et al., 2001). In sum,
this suggests that tdTomato could also be used as a photoswitchable optical highlighter.
Because of these features, confocal microscopic analysis of the expression of tdTomato
together with detecting cell specific markers with immunofluorescence proved to be difficult.
To circumvent these problems, immunohistochemical detection of the tdTomato protein was
done from paraffin-sectioned cochleae.
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Figure 26. tdTomato can emit fluorescence with an emission peak around 510 nm. (A) In
the organ of Corti of a P30 FGFR3-iCreERT2-Ai-14 mouse that was given daily intraperitoneal tamoxifen
injections between P2–4, supporting cells express tdTomato (red). Inner hair cells (ihcs) and outer hair
cells are immunolabeled with a Myosin VI antibody, detected with an Alexa 488 secondary antibody
(green). The orange-like colour of supporting cells (clearly seen in pillar cells, pcs) is due to tdtomato
fluorescence in the detector channel of Alexa 488 upon 488 nm laser excitation. This “green” emission
of tdTomato can be seen more clearly when comparing the separate channels used to detect tdTomato
(B) and Alexa 488 (C). Supporting cells that do not express tdTomato, including a single nonrecombined
pillar cell (purple arrow), are not seen in the Alexa 488 detection channel, indicating that this effect is
not due to tissue autofluorescence. (D) Emission spectra obtained with 561 nm laser excitation with a
lambda scan (SP5, DD 488/561, Leica) from a tdTomato expressing, PFA-fixed organ of Corti, not
labeled with other fluorochromes, is comparable to the emission spectra of the isolated tdTomato
(Shaner et al., 2004). With a second lambda scan with a 488 nm laser, a second more intense emission
peak is observable at 510 nm. This “greening” resembles closely what has been reported to occur for
dsRed (Marchant et al., 2001).

4.3.3

Serial block-face electron microscopy

To document fine-detailed changes in the structure of hair cells and supporting cells in three
dimensions, serial block-face electron microscopy (SBEM) was extensively utilised in this
thesis. SBEM proved to be a powerful method to study subcellular morphology of cells of the
organ of Corti from large-volume samples, which included on average ten outer hair cells of
each of the three rows and the surrounding supporting cells. The documentation of cellular
morphology in 3D with high resolution was vital for several findings of our studies. As several
of them were of “rare” cellular events, the possibility to sample large volumes with high
resolution with SBEM allowed for the documentation of “the needle in the haystack.” With the
used parameters (see Fig.27 for an example), the data acquisition itself took approximately
two days per sample. Selecting the areas of interest with the help of DIC optics was essential
to locate relevant cells to be studied. The most laborious part of the protocol is the
segmentation of cell volumes of interest from the datasets and their 3D presentation. Luckily,
the fluid-filled spaces of the organ of Corti greatly facilitate the segmentation process. The
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parameters selected for our studies allow for the segmentation of subcellular organelles, like
mitochondria. However, in order to be able to image samples with higher resolution, other
methods, like electron tomography, would be required. In addition to providing 3D models,
SBEM can be used to obtain transmission electron microscopy (TEM)-like single image planes
of the whole sampled volume in every possible orientation. Therefore, laborious sample
orienting and serial sectioning to obtain correctly oriented image planes of the area of interest
is not required in SBEM as opposed to TEM. To illustrate that our 3D models thruthfully
represent the actual biological structure, a TEM-like image of the 3D modelled specimen is
shown next to the 3D models in our publications. As an extensive protocol on serial blockface electron microscopy has been included in the publication II, a detailed explanation of the
methodological steps is not included here.

Figure 27. A representative dataset obtained with serial block-face electron microscopy
(SBEM). (A) Block-face view of the start and the (B) stop positions of the collected SBEM dataset.
Smaller inset within the figures shows the first and the last collected image of the dataset. (C) Voltexview of the collected dataset, including six inner hair cells. Abbreviations: ihcs, inner hair cells; ohcs,
outer hair cells; pcs, pillar cells.

4.3.4

Cochleogram reconstruction from paraffin sections

To be able to analyse the differential expression of proteins of interest along the tonotopical
axis of the organ of Corti from paraffin-sectioned cochleae, I developed a simple graphical way
to reconstruct “cochleograms” (III). A key step for this method is to cut all sampled cochleae
in the midmodiolar plane in the same orientation. By imaging every eight consecutive, 5-μmthick, hematoxylin stained paraffin section of an adult cochlea, I could spatially adjust them
into an image stack. From this stack, I manually segmented the organ of Corti and visualised
it in 3D with Amira (FEI) (Figure 28). Percentual distances from the base of the organ of Corti
to every originally sectioned plane of the organ of Corti were measured, and corresponding
frequency values were mapped with the Measure_Line ImageJ plugin (see III for details).
With these data, I could draw a 2D map of the coiled organ of Corti where each sectioned area
of this organ is displayed with the corresponding frequency value together with a grid, each
square representing a certain hair cell or supporting cell type. By marking the status of each
cell into the corresponding area on the cochleogram, side-by-side comparison of differences
between several sampled cochleae could be done. For visualisation purposes, the gained data
were redrawn into linear cytocochleograms.
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Figure 28. Segmented and 3D-modelled organ of Corti used for cochleogram drawing. (A)
A single paraffin section is shown together with the segmented and 3D-modelled organ of Corti (blue).
The contrast of the paraffin section has been modified to facilitate the segmentation process. The apical
opening used for the perilymphatic fixation is visible in the top of the cochlea. (B) 3D visualisation of the
organ of Corti.

While these cochleograms cannot document small differences in protein expression or in the
amount of lost cells within a confined area of the organ of Corti, it sufficiently documents
large-scale tonotopical differences along the organ of Corti. This is especially beneficial if the
used antibody only works reliably with paraffin-sectioned samples. Additionally, this method
allows for the analysis of accessory structures, like the stria vascularis, that can be
implemented into the cochleograms when necessary. To facilitate drawing of the
cochleograms, a graphical interface for cochleogram drawing has been developed (Herranen
A, personal communication).
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5 RESULTS AND DISCUSSION
5.1

FGFR3-iCreERT2;Ai14 reporter mice reveal the early
postnatal and late postnatal transcription patterns of
FGFR3 in the cochlea (I)

The expression of FGFR3 spreads in a basal-to-apical coil gradient starting around E15.5. By
birth, it is expressed by pillar cells, Deiters’ cells and outer hair cells in the entire sensory
epithelium (Hayashi et al., 2007; 2010). The existence of this basal-to-apical coil gradient is
supported by a follow-up study done with the FGFR3-iCreERT2 mice with tamoxifen
administration between E13.5–E14.5 (Kirjavainen et al., 2015). Nearly all pillar cells and
Deiters’ cells express tdTomato after tamoxifen injections between P2–P4 or P16–P18,
indicating that the FGFR3 promoter is active (and therefore FGFR3 is likely transcribed) in
these cells (I/Fig.1A–F). This is in line with previous in situ mRNA hybridisation studies that
show that FGFR3-mRNA is expressed in these supporting cell subtypes (Peters et al., 1993;
Pirvola et al., 1995). tdTomato is not detected in the cells of the sacculus (Fig.1A), supporting
the notion that they do not express FGFR3 (Peters et al., 1993).
The apical- and the basal-most outer hair cells may express FGFR3 during the first

early postnatal outer hair cells have been made with in situ mRNA hybridisation in the P0
mouse (Peters et al., 1993) and in the P5 rat (Pirvola et al., 1995). The previously observed
downregulation of FGFR3 from mature outer hair cells and its maintenance in supporting cells
(Pirvola et al., 1995) is validated by our findings that a majority of pillar cells and Deiters’ cells
but none of the outer hair cells express tdTomato in the FGFR3-iCreERT2;Ai14 mice with
tamoxifen injections done between P16–P18. As FGFR3 is expressed by the apical- and basalmost outer hair cells after birth but is subsequently downregulated in them, this
downregulation may proceed in a bidirectional gradient that starts in between the apical and
basal coil, presumably near the basal coil similar to other developmental steps like the
gradiental upregulation of Atoh1 in hair cell precursors (Bermingham et al., 1999; Chen et al.,
2002).
Partly similar observations have been reported by Cox and colleagues (2012). Puzzlingly,
the results obtained by this group on the dynamics of FGFR3 downregulation in outer hair
cells differ from our observations. While they observe approximately 70% of apical coil hair
cells being positive with P0–P1 injections, only a small percentage of them are positive with
P2–P3 injections. This is allegedly followed by an upregulation of FGFR3 in the apical-most
outer hair cells, as they observe approximately 15% tdTomato positive outer hair cells with
P6–P7 injections. In our hands, outer hair cells at the very tip of the cochlear duct and some
scattered ones in the lower apical coil are positive for tdTomato with P2–P4 injections (I,
Fig.1F). With injections between P0–P1, P2–3, and P6–7, Cox and colleagues do not observe
a statistically significant downregulation of FGFR3 in outer hair cells of the medial coil with
around 20% of them staying tdTomato-positive. We observed only scattered tdTomatopositive outer hair cells at the medial cochlear coil with P2–P4 injections. Our unpublished
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injections between P2–P4 (I, Fig.1A,C,D). Similar observations showing FGFR3 expression in
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observations (data not shown as indicated in I) of a higher number of recombined outer hair
cells in the lower coils of the cochlear duct with tamoxifen admininstration at P1 support the
idea that an early postnatal downregulation of FGFR3 does indeed take place in outer hair
cells of the medial and basal cochlear coils. Cox and colleagues (2012) report that low numbers
of Hensen cells are tdTomato positive. This contradicts our results showing that numerous
Hensen cells are tdTomato positive at the more basal coils with P2–P4 injections. The fact that
Cox and colleagues observe more positive outer hair cells but less positive Hensen cells than
we do cannot simply be explained by the differing amount of tamoxifen used per mouse body
weight (Cox et al., 2012, 75 μg/1 g; I, 50 μg/1 g). Further studies are required to characterise
the exact temporal pattern of FGFR3 downregulation in outer hair cells.
In addition to the organ of Corti, we observe wide expression of tdTomato in the bony
capsule with P2–P4 tamoxifen injections (I/Fig.IA), which is in accordance with previous in
situ mRNA hybridisation results (Peters et al., 1993). While it is not mentioned in our original
publication, few inner dental cells in the spiral limbus express tdTomato after P2–P4
tamoxifen injections (I/Fig.1A; Fig.29). Expression of FGFR3 in the spiral limbus has
previously been observed with in situ mRNA hybridisation (Pirvola et al., 1995). Additionally,
tympanic border cells below the the basilar membrane, especially those on the abneural side,
express tdTomato (Fig.29; I/Fig.1A,B,F). Interestingly, upregulation of FGFR3 in Hensen
cells, in tympanic border cells, and in the cells of the spiral limbus does not occur
simultaneously with the basal-to-apical coil gradient observed in the cells of the embryonic
organ of Corti, as no tdTomato expression is observed in the above-mentioned cell types that
reside outside the organ of Corti when tamoxifen is administered at E13.5–E14.5 (Kirjavainen
et al., 2015). The role of FGFR3 in these cells remains yet to be characterised.

Figure 29. tdTomato is expressed by early postnatal inner dental cells and inner border
cells in the FGFR3-iCreERT2;Ai14 mice. (A) Fluorescent and (B) immunohistochemical detection
of tdTomato shows that, in addition to pillar cells and Deiters’ cells, also inner dental cells (A,B) and
inner border cells (A) express tdTomato after P2–P4 tamoxifen injections in the FGFR3-iCreERT2;Ai14
mice. In figure A, tdTomato fluorescence is depicted in red and DAPI fluorescence in cyan.
Abbreviations: dcs, Deiters’ cell; ids, inner dental cells; ipc, inner pillar cell; pcs, pillar cells; tm, tectorial
membrane; TM, tamoxifen.

To conclude, the FGFR3-iCreERT2 mouse line can efficiently be used to induce Crerecombination in embryonic/postnatal supporting cells and outer hair cells by changing the
tamoxifen administration timepoint.
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5.1.1

Tracing of supporting cells fates during flat epithelium formation
with the FGFR3-iCreERT2;Ai14 reporter mice (I, unpublished)

To trace the cell fates of supporting cells after the ablation of outer hair cells with
intraperitoneal injections of kanamycin and furosemide (for injection details, see methods in
I), we induced this ototoxic trauma in FGFR3-iCreERT2;Ai14 mice at P20. These mice received
tamoxifen between P2–P4 (I) and P16–P18 respectively (unpublished data), which induces
tdTomato expression in pillar cells, Deiters’ cells, and in some Hensen cells (I), as discussed
above. With these reporter mice, we confirmed that the FGFR3-expressing supporting cells
that occupied the organ of Corti during the tamoxifen injections were still present 28 days
after outer hair cell loss (I).
In a small-scale unpublished follow-up study, we studied the fate of these tdTomatoexpressing supporting cells after an increased survival period of three months. While
supporting cells were still present in the medial coil in all studied mice (Fig.30A–F), in three
of the five studied FGFR3-iCreERT2;Ai14 mice, supporting cells were replaced in the basal
cochlear coil by a flat epithelium (Fig.30G–J). A transitional area where the organ of Corti was
transforming into the flat epithelium was noticeable between the medial and basal cochlear
coils (data not shown), confirming earlier reports (Taylor et al., 2012; Bohne et al., 2017). The
formed flat epithelium consists of a basilar membrane occupied by only few cells, as observed
in paraffin sections. While some of these cells are devoid of tdTomato (data not shown),
several

areas

of

the

flat

epithelium

are

covered

by

tdTomato-positive

cells.

Immunohistochemistry on the consecutive sections show that these flattened cells are often
KCC4-positive and/or have a prominent microtubule bundle, as is true for supporting cells of
the organ of Corti (Fig.30B,D,F,H,J). The tdTomato-negative cells of the flat epithelium are
likely to be cells of the inner sulcus, inner phalangeal cells, unrecombined Hensen cells, or
Claudius’ cells, as suggested by previous studies (Hawkins et al., 1943; Bohne BA, 1971; Fried
et al., 1976; Ahmad et al., 2003; Raphael et al., 2007; Taylor et al., 2012; Watanage et al., 2012;
Oesterle 2013; Kersigo and Fritzsch, 2015).
The above results show that some of the initial FGFR3-expressing supporting cells (pillar
cells, Deiters’ cells and Hensen cells) do exist in a cytoskeletally degenerated form in the flat
epithelium. Therefore, FGFR3-iCreERT2;Ai14 mice can be efficiently used to track the cellular
fate of supporting cells in the traumatised organ of Corti. Understanding the contribution of
different supporting cell subtypes to flat epithelium formation permits the design of biological
approaches to stimulate hair cell regeneration in the flat epithelium. Further studies,
preferably made with wholemounts of the cochleae of these reporter mice, are required to
describe the identity and the amount of the flattened tdTomato-positive supporting cells in
detail. Furthermore, a documentation of the radical cell shape changes that supporting cells
undergo during flat epithelium formation is of great interest, as flattening and spreading of
vestibular supporting cells in vitro has been reported to induce cell cycle re-entry (Meyers and
Corwin, 2007). However, as dividing cells have been observed in the flat epithelium only in
one single study (Kim and Raphael, 2007), the potential cell cycle re-entry is likely to be highly
limited.
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Figure 30. Supporting cells labeled with tdTomato in the FGFR3-iCreERT2;Ai14 mice with
P16–P18 tamoxifen injections contribute to flat epithelium formation. (A) At P110,
supporting cells of the untraumatised organ of Corti are tdTomato-positive and (B) inner phalangeal
cells and Deiters’ cells express KCC4. (C) In the medial coil of age-matched reporter mice, given
kanamycin and furosemide (KAFU) injection at P20, tdTomato-supporting cells are still present. (D)
KCC4 expression is maintained in inner phalangeal cells and in Deiters’ cells. (E) Hematoxylin-staining
shows the maintained morphology of the organ of Corti. (F) Prominent microtubule bundles,
immunohistochemically stained with an anti-β-tubulin antibody, can be seen within supporting cells.
(G-J) In the basal cochlear coil, the organ of Corti is replaced by a flat epithelium. (H) Consecutive
paraffin sections show that these flattened cells also express KCC4 and (J) have prominent microtubule
bundles inside. Abbreviations: B-tub, β-tubulin; dcs, Deiters’ cells; hec, Hensen cell; ihc, inner hair cell;
ip, inner pillar cell; op, outer pillar cell; RFP, anti red fluorescent protein-antibody detection of
tdTomato. Scalebar (in J) = 5 μm.

5.2

Rho GTPases Cdc42 and RhoA regulate the maturation
of apical junctions in the developing organ of Corti

The classical members of Rho GTPases – Cdc42, Rac1, and RhoA – are well-known regulators
of cytoskeletal dynamics. While there is a wealth of studies on their functions in cultured cells,
much less is known about about them in vivo, especially in postnatal tissues (Heasman and
Ridley, 2008; Pedersen and Brakebusch, 2012). Their roles in the development and function
of the organ of Corti are largely unknown. To study whether Cdc42 and RhoA are required for
the postnatal cytoskeletal development of supporting cells (I, II, IV) or for embryonic
development of supporting cells and hair cells (Kirjavainen et al., 2015; IV), we inactivated
Cdc42 and RhoA in the organ of Corti by using the FGFR3-iCreERT2-mice breeded with mice
with floxed Cdc42 and RhoA. By giving tamoxifen to these mice, inactivation of the floxed
genes can be conditionally induced.
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5.2.1

Cdc42 is required for the postnatal elongation of apical junctional
domains of auditory supporting cells (I)

After verifying with radioactive in situ mRNA that the transcription of Cdc42 mRNA occurs in
auditory supporting cells (I/Fig.1K-L), we inactivated Cdc42 in supporting cells prior to their
postnatal maturation from P2 onward. In Cdc42-inactivated mice, the medial-to-lateral width
of the epithelial surface of the organ of Corti, the reticular lamina, is abnormally small when
analysed at P10 (I/Fig.2A-E). This was partly due to the failure of Deiters’ cells to elongate
their supporting cell-supporting cell apical junctions. However, their apical domains appear
to be intact and the thickening of their F-actin belts does take place, indicating that the
maintenance of apical junctional domains and the accumulation of junctional F-actin are not
impaired by Cdc42-inactivation. As the microtubule bundle elongation and anchoring to
MTOCs in Cdc42-inactivated supporting cells is comparable to their wildtype counterparts
(I/Fig. 2A,C; Fig.5I-N), Cdc42 is also dispensable for microtubule cytoskeleton development
in these cells.
Our above-mentioned findings resemble recent observations made in the C. elegans
epidermis, where Cdc42 is dispensable for polarity and the maturation of junctions but
important for cell shape changes (Zilberman et al., 2017). While the failure to elongate apical
junctions is discussed in the original article mainly in the context of Deiters’ cells, it is
important to note that also inner and outer pillar cells have defective elongation of their apical
junctions (I/Fig.2,3,5,6). Therefore, Cdc42 is required for the elongation of the apical
junctions of auditory supporting cells during postnatal development. Similar observations of
impaired junctional elongation after Cdc42-inactivation have been reported in the lens
placodal cells (Muccioli et al., 2016). Additionally, the role of Cdc42 as a restrictor of apical
constriction (Warner and Longmore, 2009ab; Mack and Georgiou, 2014) fits our
observations. However, the mutual antagonism between Cdc42 and RhoA in the regulation of
apical constriction (Mack and Georgiou, 2014) does not occur in supporting cells, as RhoAinactivation does not affect the size of their apical domains (IV), as discussed later. It remains
to be demonstrated in detail which of the downstream effectors of Cdc42 are driving this
junctional elongation in supporting cells.
As actomyosin forces from supporting cells have been suggested to affect the morphology
and orientation of hair cells during embryonic development (Lee et al., 2012), an interesting
observation in Cdc42 mutants (inactivation from P2 onwards) is that hair cells appear to
undergo normal postnatal development of their apical circumferential shape modifications
and maintain their orientation despite neighbouring Deiters’ cells having abnormally short
junctional domains. This implies that cell-intrinsic mechanisms regulate these concomitant
morphological changes in hair cells and supporting cells independently.
Sporadic inactivation of Cdc42 in postnatal developing supporting cells would provide an
answer to the open question whether Cdc42 needs to be inactivated in both cells that are
forming/elongating the junction to produce the observed defects in junctional maturation.
Additionally, the evaluation of the impact of the observed junctional changes in supporting
cells of Cdc42-mutant mice to their hearing function would provide knowledge on whether
minor structural changes can have a deep impact on the functionality of this mechanically
active sensory organ. If this was the case, when perfecting hair cell regeneration, the correct
and complex cellular mosaic of supporting cells should also be regenerated around them.
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Additionally, this would require an accurate positioning within few micrometers in the case of
apical junctions for full restoration of hearing function.

5.2.2

Cdc42 is required for the coalescence of primordial adherens
junctions into uniform junctions in pillar cells (I)

In addition to the defects in apical junction elongation in Cdc42-inactivated mice, we noticed
disturbances in the structure of the knee-like junction between outer pillar cells: The
formation of uniform junctions fails as small F-actin free gaps exist at this site (I/Fig.2F–G’).
Between these gaps, F-actin accumulates into abnormal, prominent plaques, suggesting that
the recruitment of F-actin to these sites was not impaired. Instead, the merging of primordial
junctional F-actin domains into a uniform circumferential F-actin belt may be the cause of
this phenotype. For example, Cdc42/Arp2/3-mediated actin branching or Cdc42/mDiamediated elongation of the junctional actin could result in the observed phenotype.
Additionally, impairment in the recruitment and the ligation of E-cadherin between the
junctional F-actin plaques could be the cause of abnormal junction formation, as less Ecadherin appears to be located at the junctional sites (I/Fig.2F’,G’).
The notion that Cdc42 directs the coalescence of circumferential F-actin into a uniform
junctional belt is supported by previous studies: The primordial adherens junctions fail to
mature and remain in the form of patchy adhesion sites also in other cell contexts (Du et al.,
2009; Wallace et al., 2010). However, the requirement of Cdc42 for this process appears to be
cell-type specific (Erasmus et al., 2009). This cell type specificity of the effect is also apparent
in our in vivo results, as pillar cells but not Deiters’ cells have defects in the coherence of the
junctions (I, Kirjavainen et al., 2015). Differences in the components of cytoskeletal structures
and differential expression of Cdc42-interacting proteins are just some of the possible
explanations for these cell-type specific differences.

5.2.3

Disrupted junctional maturation in Cdc42-inactivated pillar cells
leads to ectopic lumen formation (I)

At the discontinuities of the junctional F-actin belt in pillar cells, we found ectopic E-cadherin
lined lumens (I/Fig.2F–G’). While in the article it is discussed that these lumens form between
outer pillar cells, a close inspection of figures 2,3 and 5 (I) shows that they also form between
the junctions of inner and outer pillar cells. Therefore, Cdc42-inactivation inhibits primordial
junction maturation in inner and outer pillar cells. Equivalent lumens have been reported to
form upon hepatocyte-specific (van Hengel et al., 2008) and pancreatic-specific Cdc42inactivation (Kesavan et al., 2009). The formation of these ectopic lumens around pillar cells
coincides with the formation of the large lumenal spaces of the organ of Corti, like for example
the tunnel of Corti. However, it is not well understood how the tunnel of Corti forms between
supporting cells. One possibility is that supporting cells excrete fluids/molecules from their
basolateral membranes and thereby contribute to lumenal space formation. This would
explain why the ectopic lumens are prominent concomitantly with lumen formation and
diminish into small discontinuities of the junctional domain afterwards (I/Fig.5).
Contact-free basolateral membranes of developing early postnatal outer pillar cells are
lined by CD44, a cell surface glycoprotein (Hertzano et al., 2010). Interestingly, CD44 is also
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located at the membranes of the ectopic lumens (I/Fig.2H–O). While the mislocalisation of
CD44 could be caused for example by deficits in Cdc42-dependent vesicle trafficking or cell
polarity establishment (as suggested in the study), the failure to form uniform apical junctions
alone could leave ectopic basolateral-membrane domains where CD44 can freely accumulate.
If this is the case, the location and integrity of cellular contacts determine in which part of
supporting cells lumen formation takes place.
Cdc42 and its downstream effector atypical protein kinase C (aPKC) are important for
apical polarity and integrity of junctions in various cells, and therefore the inactivation of their
genes often leads to disturbed polarity together with junctional defects (Georgiou et al., 2008;
Du et al., 2009). In publication I, the location of aPKCλ/ι is reported to be more diffuse in
outer pillar cells (I/Fig.4) and is suggested to be a sign of defective apicobasal polarity.
However, the junctional delocalisation could also be due to defects in the structure of the
junctional domains, not in polarity. It is important to note that aPKCλ/ι is still located at this
domain and is not completely abolished. Additionally, this delocalisation is not apparent in
Deiters’ cells. One could also argue that the amount of aPKC at the apical domains is actually
more pronounced (I/Fig.4). As no major additional polarity defects are apparent in supporting
cells when Cdc42 is inactivated from E13 onwards and analysed after postnatal development
(Kirjavainen et al., 2015), this further supports the view that Cdc42 is not required for apicalbasal polarity establishment in late embryonic and postnatal supporting cells. Further studies
are required to elucidate whether impaired Cdc42-aPKCλ/ι signalling is behind the observed
phenotypes of supporting cells.
Whether the observed defects in supporting cells are due to disrupted apical-basal polarity
or due to disrupted junctional maturation depends on how one defines apical-basal polarity.
In epithelial cells, apicobasal polarity usually refers to the existence of a specialised apical
membrane and basolateral membranes that are physically separated by junctional complexes.
As the junctional domain is the physical barrier between the apical and basolateral domains,
loss of this barrier will lead to intermixing of these compartments. Interestingly, multiple
studies show that junctions are dispensable for apical-basal polarity, although they stabilise
the polarised state (Rodriguez-Boulan and Macara, 2014). While one could argue that
complete apicobasal polarity of epithelial cells also includes junctional maturation, the cell
already seems to be capable of distinguishing an apical domain from the basal domain if it can
initiate junction formation. For example, Cdc42 and aPKC are required for the maturation of
apical junctions but not for the initial establishment of primordial junctions in bronchial
epithelial cells (Wallace et al., 2010). As Cdc42-depleted supporting cells have clearly
established apicobasal polarity, the observed changes in Cdc42 mutants can be seen solely as
defects in junctional maturation.
As the development and integrity of junctional domains and the underlying F-actin
cytoskeleton are interdependent (Hartsock and Nelson, 2007), it is hard to speculate as to
whether the observed phenotypes in supporting cells result from defects in the F-actin
cytoskeleton or in adhesion protein recruitment/stability. Indeed, Cdc42 has been suggested
to participate in vesicular trafficking of junctional proteins to plasma membrane (Duncan and
Peifer, 2008). Interestingly, the discontinuous domains of the junctional F-actin do contain
an even lining of E-cadherin when analysed at P20 (I/Fig.2), arguing against major defects in
junctional protein recruitment. Therefore, the underlying cause of these observed defects
could be the deregulation of the junctional actin cytoskeleton.
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5.2.4

Cdc42 is not required for the maintenance of apical junctional
domains of postnatal auditory supporting cells

Inactivation of Cdc42 at P16–18 did not result in any changes in the cytoskeletal integrity of
supporting cells, when analysed at P25, arguing against the requirement of Cdc42 for
maintenance of apical junctions (I/Fig.8M,N). Additionally, the morphology of the P2–4
Cdc42-depleted medial-coil supporting cells was largely comparable to wildtype supporting
cells when analysed with paraffin sections at P51 (I/Fig. 5Q-T). The collapse of the basal coil
supporting cells (I/Fig. 5S,T) may be linked to impaired wound healing responses of the
supporting cells, which will be discussed in detail later. In a subsequent study of our
laboratory, Cdc42-inactivation was initiated in hair cells and supporting cells from E13
onwards. When analysed after their postnatal development, the only major observable change
in supporting cells was the same phenotype as observed with the postnatal inactivation
timepoint (Kirjavainen et al., 2015). These results strongly support the view that Cdc42 plays
a specific role in the postnatal refinement of junctional F-actin domains in supporting cells.

5.2.5

Cdc42-dependent postnatal development of the apical F-actin
cytoskeleton of supporting cells is required for structural
plasticity of the apical domains during wound healing (I,II)

As discussed above, the lack of apical junction elongation in Cdc42-inactivated supporting
cells suggests a limited junctional remodelling capability. In order to test this, we made use of
the fact that apical junctional domains of supporting cells have to be modified upon the loss
of neighbouring hair cells: Previous junctional domains that contacted the lost hair cell have
to be disassembled and new supporting cell-supporting cell junctions have to be formed and
subsequently strengthened. Therefore, if the shortened junctional domains of Cdc42-depleted
supporting cells cannot be remodelled, the formation of new junctional “scars” is impaired. In
order to study this, we used the ototoxic drugs kanamycin and furosemide to induce outer hair
cell death in the auditory sensory epithelium of Cdc42-mutant vs. control mice.
While wildtype supporting cells could form prominent junctional scars upon outer hair
cell loss, Cdc42-inactivated (P2 onwards) supporting cells did not form F-actin rich scars
following otoxic lesions (I/Fig.8A–H) or following ageing-related spontaneous loss of single
outer hair cells (I/Fig.8G–J). In some cases, a weak accumulation of F-actin (I/Fig.8E-F’) was
seen in the area of the lost outer hair cell, but never scars comparable to those of controls.
However, limited surface closure takes place, as weak ZO-1 staining is noticeable at some
wound sites (I/Fig.8K,L). Additionally, large, sometimes even complete, E-cadherin-positive
junctional domains were associated with the original F-actin belts in Cdc42-depleted
supporting cells (I/Fig.8E-F’), indicating that disassembly and reformation of junctional
domains is defective in these cells.
We verified our light microscopy-based findings with SBEM: Indeed, supporting cells fail
to repair the epithelial surface in Cdc42 mutants after the ototoxic result (II/Fig.9A,B). We
found several open wound sites in the organ of Corti that permit the endolymph to leak into
the epithelium. Supporting cell apical domains that surrounded these holes still had a dense
accumulation of junctional proteins around this area (II/Fig.9A), as seen with light
microscopy (I/Fig.8E–F’). At these sites, surviving outer hair cells were swollen or necrotically
exploded within the epithelium 1.5 days after the induction of the ototoxic lesion (II/Fig.9B–
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C). In control samples, hair cells degenerated apoptotically in a more controlled manner.
Moreover, the synaptic structures that innervated the lost outer hair cells were highly
degenerated in Cdc42 mutants while some of these synaptic endings were still observed in
control samples (II/Fig.9D,E). These observations demonstrate that a failure in wound
healing is highly detrimental to the residual cells of the damaged organ of Corti. Therefore,
future regenerative attempts should avoid breaking the important epithelial barrier formed by
the reticular lamina.
In sum, our results show that the Cdc42-dependent postnatal development of apical
junctional domains of supporting cells is required for subsequent wound healing capability of
these cells at adulthood. Therefore, Cdc42-inactivation appears to render apical junctional
domains of supporting cells into a state that is unresponsive for large scale remodelling
required for example during scar formation. Therefore, attempts to modulate the junctional
and cytoskeletal components of supporting cells can result in a drastic failure to repair the
epithelial surface by these cells, leading to degeneration of the whole epithelium.

5.2.6

Impaired wound healing response leads to flattening of the organ
of Corti (I)

After outer hair cell loss, supporting cells are normally able to maintain the morphology of the
organ of Corti as long as 28 days after lesion induction (I/Fig.7A–I). In Cdc42 mutants,
supporting cells fail to maintain their shape and the organ of Corti collapses within seven days
after the lesion. There were no indications of cellular dedifferentiation or cell cycle activation
in the supporting cells that failed to perform normal epithelial repair (Fig.9), indicating that
the observed flattening of supporting cells did not induce any additional proliferative capacity
in them. To conclude, impaired wound healing can promote the degeneration of the organ of
Corti into a flat epithelium.

5.2.7

RhoA is dispensable for the postnatal development of supporting
cells (IV)

After demonstrating that Cdc42 is required for cytoskeletal development of supporting cells
in a highly specific manner, we studied whether the Rho GTPase RhoA, known to regulate
cellular contractility in several cell types and tissues (p.63), also regulates cytoskeletal
development of supporting cells. As reported in other tissues (Pedersen and Brakebusch,
2012), ubiquitous low-level expression of RhoA was present in the cells of the cochlea, as
revealed with in situ mRNA hybridisation (data not shown, as indicated in IV). Early postnatal
inactivation of RhoA in supporting cells (P2 onwards) did not produce any noticeable
cytoskeletal changes in supporting cells when analysed at P20 and P50 (IV/Fig.4A–F),
indicating that RhoA is dispensable for development and maintenance of the cytoskeleton of
auditory supporting cells. This result is in line with the fact that RhoA is dispensable for the
development of other tissues (Jackson et al., 2011; Scott et al., 2012), further strengthening
the view that RhoA in not a universal master regulator of actomyosin contractility in
mammalian cells. However, further studies are required to clarify why the requirement of
RhoA for apical junction stability is highly cell-type specific. Our results on the role of RhoA
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in outer hair cells, as discussed in the following section, can potentially offer insights into this
question.

5.2.8

RhoA is required for the junctional myosin II stabilisation and
apical tension of embryonic outer hair cells

In order to test whether RhoA is required for the embryonic development of supporting cells
and hair cells, we inactivated RhoA from E13 onwards in supporting cells and in outer hair
cells. While this did not produce any observable defects in supporting cell development
(IV/Fig.5–8), the apical surface areas of outer hair cells increased (IV/Fig.5,6). Additionally,
the apical membranes of outer hair cells bulged outwards from the epithelium (IV/Fig.5,6,8).
Ultimately, the rounded hair cells extruded from the sensory epithelium, which is likely to be
followed by degeneration of these cells in the endolymph (Fig.5,6,8). The extrusion process
was independent of apoptosis and proliferation, as indicated by the absence of cleaved
caspase-3, non-apoptotic subcellular morphology, and the absence of Ki-67 (IV/Fig.5). Prior
to extrusion, the apical junctional domains of outer hair cells expanded (IV/Fig.6). This
expansion was followed by the widening of the otherwise normal-looking and polarised
developing stereocilia bundles. Since outer hair cells have correctly oriented stereociliary
bundles prior to extrusion (IV/Fig.6,8), and since the location of the core PCP protein Vangl2
in the organ of Corti was comparable to wildtype specimens (IV/Fig.6I–K’’), RhoA is
dispensable for PCP establishment in the embryonic organ of Corti.
As the expansion of the apical surface of outer hair cells progressed, the stereociliary
bundle split into multiple smaller “islands” of stereocilia (IV/Fig.5,6,8). The subapical actinspectrin network, the cuticular plate, develops in RhoA-inactivated outer hair cells and is
correctly associated with the apical functions in these cells. However, the cuticular plate
thinnens and bends upwards along the extrusion process, which is a strong indication of apical
tension loss (IV/Fig.8A–D). Therefore, splitting of the stereocilia bundle is likely to occur as a
result of stretching and rupture of the junction-associated cuticular plate (IV/Fig.8A–D),
where stereocilia are embedded in.
The apical microtubule network of outer hair cells and the migrating primary cilia regulate
PCP of hair cells (p.18). In RhoA mutants, this microtubule network radiates normally from
the vicinity of the primary cilia. This microtubule network is highly disorganised, but only in
conjunction with the extrusion process. However, the microtubule network does not
prominently delineate the junctional domains of outer hair cells, as shown by
immunohistochemical staining against acetylated tubulin (IV/Fig.6L–N’’). This indicates that
the anchoring of the tubulin network to the junctional domains may be defective in outer hair
cells. The junctional domains themselves are largely intact in RhoA-depleted outer hair cells,
as tight junction-associated protein ZO-1 and adherens junction protein E-cadherin are
located evenly at these junctions despite the apparent loss of tension (IV/Fig.6O–Q’’; Fig.7A–
B’). Only when outer hair cells are almost fully extruded, ZO-1 and E-cadherin are lost from
junctions (IV/Fig.7). This shows that the delocalisation of junctional proteins, reported to
occur in many RhoA-depleted cell types (Nusrat et al., 1995; Katayama et al., 2011, 2012;
Herzog et al., 2011), may not be the primary effect of RhoA-inactivation.
The sum of our above-mentioned observations strongly suggests that RhoA-inactivation
specifically impairs junctional tension maintenance in outer hair cells, which then leads to
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secondary degeneration of the stereocilia bundle. It is important to note that the severity of
apical tension loss occurs in an apical-to-basal coil gradient, the tension loss being most
prominent at the basal coil (IV/Fig.6E–G). This correlates with the known differentiation
gradient of hair cells. Therefore, RhoA appears to be critical for junctional tension
maintenance during a specific developmental step of hair cells. Interestingly, as embryonic
Cdc42-inactivation with FGFR3-iCreERT2 leads to misorientation of stereociliary bundles and
morphological disorganisation of outer hair cells mainly at the medial coil (Kirjavainen et al.,
2015), the process that Cdc42-inactivation impairs appears not to follow the differentiation
gradient of hair cells. Notably, conflicting evidence exists on the role of Cdc42 in hair cells:
Cdc42-inactivation with Atoh1-Cre has been reported to induce postnatal stereocilia
degeneration but no developmental defects (Ueyama et al., 2014). Therefore, further studies
are required to solve this controversy.
As NMII is known to stabilise junctions with actin bundling and contractile activity and is
a downstream effector of RhoA (p.15; Vicente-Manzanares et al., 2009), we next studied
whether the apparent tension loss could be caused by changes in NMII localisation. The
normal punctae localisation of NMIIB to the circumferential junctional domain of outer hair
cells is lost in RhoA-inactivated hair cells. In outer hair cells with enlarged apical surfaces,
NMIIB was delocalised from the vicinity of junctions to the cytoplasm. This delocalisation to
the cytoplasm became progressively stronger as the outer hair cells extruded from the
epithelium (IV/Fig.8G–J). Our results therefore indicate that RhoA is required for junctional
localisation of NMIIB that maintains crucial apical tension of developing outer hair cells. In
vitro studies with the pharmacological inhibition of NMII in the organ of Corti by Ebrahim
and colleagues (2013) support our in vivo observations.
The observation that RhoA-inactivation induces observable defects in the apical domain
development and stability of outer hair cells but not in neighbouring supporting cells is a
concrete example of the fact that RhoA is not a universal regulator of apical domain structure.
Additionally, as RhoA-inactivated outer hair cells have a correct orientation, RhoA is not
required for the NMII-dependent contractile activity of supporting cells that has been
suggested to reorient developing hair cells (Lee et al., 2012). The unique structure of outer hair
cell apical domains or the presence of specific RhoA-interacting proteins may be the cause of
apical tension loss in outer hair cells as opposed to supporting cells. Compensation by other
Rho GTPases may also explain the cell type specific effects of RhoA-inactivation. It might be
surprising that RhoA-inactivation does not interfere with the convergent extension of the
organ of Corti (IV/Fig.6A,B), a process that has been shown to be dependent on NMII and
ROCK activity (Yamamoto et al., 2009; Driver et al., 2017). Again, compensatory effects by
other Rho GTPases and differential requirement of RhoA for NMII-dependent processes could
explain this observation. Further studies, for example conditional knock-out studies of ROCK
and NMII isoforms, are required to establish a clear view on how RhoA-ROCK-NMIIsignalling regulates the convergent extension and apical domain rigidity of outer hair cells.

5.2.9

Rho GTPases Cdc42 and RhoA are not required for the
supporting cell-directed wound healing process (I,IV)

The molecular regulation of wound healing in the mammalian hearing organ is poorly
understood. To study whether Cdc42 or RhoA regulate the process of wound healing in
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supporting cells, we inactivated them in supporting cells with FGFR3-iCreERT2-mice with
P16–18 tamoxifen injections. These mice were subsequently challenged at P20 with an
ototoxic lesion with kanamycin and furosemide that kills outer hair cells within a few days in
a basal-to-apical coil gradient, as discussed previously. Surprisingly, neither of these Rho
GTPases proved to be required for wound healing, as supporting cells form stable actin-rich
junctional scars in places of lost outer hair cells, both in the Cdc42- and RhoA-inactivated
organ of Corti (I/Fig.8, IV/Fig.4). Additionally, RhoA is dispensable for phagocytotic removal
of hair cell debris by supporting cells (II), as this debris is efficiently cleared in RhoA mutants
(IV/Fig.H,J). The functions of these Rho GTPases may be compensated by other factors, like
other members of the Rho GTPase family. An alternative explanation is that the wound healing
process of the organ of Corti could radically differ from the “actomyosin purse string”dependent wound healing. This alternative wound healing mechanism might not require Rho
GTPases for efficient epithelial surface repair. The idea of an alternative closure mechanism
is supported for example by in vitro live cell imaging experiments in the vestibular organs
(Burns and Corwin, 2014) and by our morphological observations in the organ of Corti in vivo
(IV), which are further discussed below in the context of epithelial repair processes.
Our results showing that these Rho GTPases are not required for supporting cell-mediated
wound healing also indicate that they are dispensable for the remodelling of apical junctional
domains, for the formation of new junctions, and for the reinforcement of these junctions with
F-actin belts. This is rather surprising, since the formation of new junctions is thought to
involve similar cellular processes to the initial formation of apical junctions in the developing
organ of Corti. Therefore, it seems that these Rho GTPases are required for the formation and
maturation of apical junctional domains specifically during developmental phases.
Overall, our results are a clear demonstration of the fact that interpolating results on the
role of Rho GTPases from one cell type to another is challenging. Even slightly different
subtypes of cells, for example Deiters’ cells and outer pillar cells, utilise the same Rho GTPase
for different functions (I). The role of RhoA and Cdc42 in these cells depends also on whether
the cell is still developing or mature, as shown by the requirement of Cdc42 for junctional
maturation in developing supporting cells but not for junctional remodelling in mature
supporting cells (I,II). In sum, conditional and inducible inactivation models are compulsory
for understanding the in vivo roles of Rho GTPases in various cellular contexts.

5.3

5.3.1

Cellular mechanisms of epithelial repair processes of
auditory supporting cells and the impact of their
junctional rigidity on wound repair (I,II,IV)
Elimination of the apical domain of hair cells can occur prior to
cell body degeneration in the organ of Corti (I,II)

In the organ of Corti, degenerating hair cells have been suggested to be eliminated by
contractile activity of supporting cells that leads to “decapitation” of the hair cell underneath
the cuticular plate (p.67, Raphael and Altschuler, 1991ab): Immunofluorescent stainings
indicate that supporting cell-supporting cell junctions form beneath the hair cell’s cuticular
plate while the original apical supporting cell-hair cell junctions are present. However, it has
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not been reported whether the cell body of this hair cell still existed within the epithelium
(Raphael and Altschuler, 1991ab; Leonova and Raphael, 1997). I have documented only few
apical hair cell domains that have a new supporting cell-supporting cell junction below them
(IV/Fig.2A–C’’, unpublished results). In all these cases, the hair cell body and the nucleus were
not present anymore. Therefore, no claims about whether the decapitation takes place prior
to degeneration of the hair cell body can be made from these data. These results show that the
presence of the apical hair cell domain is not enough to indicate that the hair cell is alive.
Therefore, the intactness of their cell body has to be studied when estimating the viability of
hair cells, as was done in publication III.
In the multiple confocal microscopic and SBEM datasets used in this thesis work, I did not
observe actin-rich basolateral activity of supporting cells below the cuticular plates of hair cells
that would indicate that supporting cells actively “decapitate” hair cells prior to cell body
degeneration. This decapitation process might be extremely fast so that we simply failed to
capture the event. The otherpossibility is that scar formation takes place after the hair cell
degeneration, initiated for example by the local loss of apical rigidity. While some studies have
reported open wounds in the organ of Corti that support this idea (Bohne et al., 1983;
Fredelius et al., 1988; 1990; p.68), in agreement with multiple other studies, we have not
observed any open wounds in the wildtype organ of Corti. The fact that degenerated hair cells
can independently constrict themselves at their subcuticular area (II/Fig.3) raises the
question if supporting cells truly “decapitate” the hair cell or just close the epithelial surface
after the degeneration of the hair cell. As the organ of Corti is unique in the sense that lumenal
spaces separate outer hair cells from supporting cells, this independent constrictive event of
hair cells is hard to document in other sensory epithelia where supporting cells and hair cells
always share full contact.
Notably, using SBEM, we were able to document a hair cell body within the ototoxically
traumatised organ of Corti that lacked its apical domain. This outer hair cell, documented in
the kanamycin- and furosemide-damaged organ of Corti two days after lesion induction, was
still innervated, lacked major morphological signs of degenerative events, and was contacted
by the Deiters’ cell cup (II/Fig.5). While being a single reported event, this demonstrates that
hair cells of the organ of Corti can detach from the epithelial surface prior to degeneration of
the cell body in vivo. The fate of this bundleless hair cell was probably to degenerate within
the epithelium, as other Deiters’ cell cups in this area were filled with apoptotic debris,
possibly representing the remains of other hair cell bodies (II/Fig.5). With light microscopy, I
have documented one instant of an outer hair cell losing its apical domain prior to the
degeneration of its cell body (106dB noise trauma, see III). While the absence of detectable Factin at this surface site gives the impression of an open wound, surface closure is likely to
have taken place and the amount of accumulated F-actin is below detectable levels (Fig.30).
This demonstrates the requirement of electron microscopy in verifying the state of the
wounded surface.
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Figure 30. A bundleless outer hair cell is present after one hour 8–16 kHz 106 dB SPL
noise trauma. (A) The cuticular plate is missing from the reticular lamina. No scar is visible at this
site, presumably due to an undetectable level of F-actin at this site. (B) At the cell body level, the nucleus
belonging to the outer hair cell that has lost its apical domain is still present. The hair cell body (white
dotted line) has detached from the Deiters’ cell cup. The apical domains do not directly match the
underlying nuclei, as cell bodies of outer hair cells are slightly tilted. Ctpb2 marks the afferent synapses
within the cups.

The existence of bundleless hair cells in the mature organ of Corti is interesting, as similar
bundleless hair cells have been shown to exist, and in some cases to be able to grow a new
apical domain, in the developing organ of Corti and in vestibular organs after traumatic events
(Sobkowicz et al., 1992; 1996; 1997; Zheng et al., 1999; Baird et al., 2000; Gale et al., 2002).
However, only the developing organ of Corti, but not the mature one has the ability to regrow
bundleless hair cells. It is therefore tempting to speculate that the rigidity of apical junctions
of the reticular lamina in the mature organ of Corti (as opposed to the thinness in the
developing one) limits this “duck and cover” response. Moreover, as outer hair cells do not
have basolateral connections to surrounding supporting cells, they may be lacking structural
support in order to regrow a new apical domain.
The above-mentioned hypothesis of increased morphological complexity of the organ of
Corti limiting the “duck and cover” response of hair cells is supported by some of my
unpublished findings: Prior to the opening of the lumenal spaces within the organ of Corti and
the final thickening of the F-actin belts of supporting cells, multiple outer hair cells can be
found within the P6 organ of Corti in vitro in the presence of neomycin (observed in six
cultured cochleae, Fig.31). Intriguingly, these internalised hair cells have intact apical
domains with stereocilia bundles and non-apoptotic cellular morphology. Therefore, in the
early postnatal organ of Corti in vitro, supporting cells can seal the reticular lamina above
intact hair cells, as previously reported by Sobkowicz and colleagues (1992; 1996). Combined
with our observations of wound healing in the embryonic organ of Corti in vivo (IV, discussed
in detail later), this finding demonstrates that the wound healing mechanism in the organ of
Corti changes as the cytoskeletal development of supporting cells progresses. This observation
is also a good example why in vitro results on hair cell degeneration, especially those done
with embryonic or early postnatal specimens, are not valid for the mature organ of Corti in
vivo. This is further demonstrated by our results on the differences of c-Jun phosphorylation
between degenerating embryonic and mature outer hair cells, discussed in detail later.
Moreover, the internalised early postnatal hair cells can reappear at the epithelial surface in
vitro should be investigated, as this can be misinterpreted as a regenerative response.
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Figure 31. Ototoxically stressed P6 outer hair cells are internalised as a whole in the organ
of Corti in vitro. (A–F) Internalised outer hair cells (white asterisks) can be seen in organ of Corti
explants that have been cultured for one day in the presence of 100 μM neomycin. (A) In a full z-stack
through the epithelium, two internalised outer hair cells can be seen. Additionally, a separate cuticular
plate (c) can be found within the epithelium. (A’) A z-stack through the epithelial surface shows that
supporting cells have closed the reticular lamina. (A’’) A z-stack below the previous one shows the apical
domains of the two internalised outer hair cells. (B) Longitudinal view along the outer hair cell row shows
the two internalised, intact outer hair cells. Supporting cells are immunolabeled for Sox2 in purple. (C,D)
Two additional internalised outer hair cells in a second specimen. Note that the nuclei of two lost inner
hair cells are still located within the epithelium and that the surrounding supporting cells have formed
scars. (E) Sideview of the organ of Corti shows one of the internalised outer hair cells, seen in C,D. (F) A
low-magnification view of a longer area of a third specimen shows that the internalisation of outer hair
cells (intense green labelling) is not a rare event. Abbreviations: c, separated cuticular plate; dcs,
Deiters’ cells; ihc, inner hair cell; ohcs, outer hair cells.

In sum, we were able to show that hair cells may lose their apical domains prior to hair cell
body degeneration. However, the possible decapitation process is not induced in great advance
prior to hair cell degeneration, as no protruding activity near the subcuticular area is visible
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in supporting cells. Moreover, as hair cells constrict independently of supporting cell contacts,
the possible role of the hair cell in its own elimination should be considered. The presence of
bundleless hair cells in the mature organ of Corti indicates that there could be a similar
variation in the series of events that occur during wound healing in the developing basilar
papilla (Gale et al., 2002). More studies are needed to characterise in detail how wound
healing occurs in the cytoskeletally complex organ of Corti.

5.3.2

Rigid junctional domains of auditory supporting cells act as
multicellular scaffolds to maintain the correct cell patterning of
the organ of Corti upon hair cell loss (IV)

The loss of regenerative capacity of mammalian supporting cells has been suggested to be a
result of their increased junctional rigidity. Unlike non-vertebrate supporting cells, mature
mammalian supporting cells have thick junctional F-actin belts associated with abundant
accumulations of junctional proteins (p.75; Meyers and Corwin, 2007; Collado et al., 2011ab;
Burns et al., 2008; 2013; Burns and Corwin, 2014). While supporting cells may be
dedifferentiated in order to eliminate this potential cytoskeletal limit of regeneration, the
functional significance of the rigid junctional domains is still an open question. As they are
unique to mammalian supporting cells, they might represent an important evolutionary step
in the development of supporting cells that allowed for the development of the complex
structure of the organ of Corti.
When cells are lost in cytoskeletally simple epithelia, several rows of cells flanking the
initial wound site undergo cell shape changes during wound healing (Verboon and Parkhurst,
2015). As discussed earlier, the correct orientation of hair cells and the structure of supporting
cells are vital for normal hearing. Therefore, uncontrolled cell shape changes induced by the
loss of even a few hair cells could render the organ of Corti dysfunctional. This might be the
reason why supporting cells have acquired rigid apical junctional domains that inhibit these
detrimental cell shape changes. As the molecular machinery that regulates the development
of these domains is not yet known, they cannot be weakened/removed with pharmacological
or genetical methods to study their functional significance without endangering cellular
viability. As the adult organ of Corti in vitro quickly loses its normal shape due to cell
flattening, cell culture experiments are not optimal to study cell shape changes occurring
during wound healing. Moreover, the hair cell elimination process can involve full hair cell
internalisation in the early postnatal organ of Corti in vitro (Fig.31), a response not reported
to occur in the adult organ of Corti in vivo. Therefore, we decided to study this process in vivo
by using the Gfi1GFP/GFP mice. In these mutant mice, hair cells of the organ of Corti start to
develop and arrange into the correct cellular mosaic with supporting cells, but subsequently
die around birth in a basal-to-apical gradient (Wallis et al., 2003; p.17). As the strengthening
of the junctional domains of supporting cells is a postnatal developmental process, the
junctional domains of embryonic supporting cells are associated with thin F-actin belts.
Therefore, wound healing in the presence of thin F-actin belts can be studied in vivo with the
Gfi1GFP/GFP mice.
While supporting cells with thin F-actin belts are able to close the epithelial surface, they
undergo large-scale shape changes in their apical domain and lose their correct positions
(IV/Fig.1D–I’). Hair cells undergo apical constriction and their cell bodies degenerate within
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the sensory epithelium (IV/FIg.1E–G), as occurs in the traumatised mature organ of Corti in
vivo. Additionally, embryonic supporting cells could not enlarge their apical surface area,
while mature supporting cells with rigid junctional domains nearly doubled their surface area
upon hair cell loss (IV/Fig.1A,C,C’,I). As a result of supporting cells failing to resist cell shape
changes of their apical domain, the width of the epithelial surface dramatically decreases
(IV/Fig.1A–H) and the remaining hair cells are not positioned evenly in separate rows
(1/Fig.1G). The above results show that auditory supporting cells without rigid junctionassociated F-actin belts cannot maintain the correct cytoarchitecture of the organ of Corti
upon hair cell loss. Therefore, apical rigidity, unique for mammalian supporting cells, is
required to maintain the function of the surviving hair cells after traumatic events.
The requirement of thick F-actin belts for structural maintenance of the traumatised organ
of Corti is problematic for future regenerative therapies that aim to use supporting cells as a
platform to generate new hair cells. Supporting cells seem to need a dedifferentiation step in
order to regain their natural regeneration capability, which may involve the loss of their
specialised apical domain structure. This would endanger any residual hearing that is left in
the damaged hearing organ by allowing unwanted cellular movements. This is also true for
attempts to incorporate stem cells into the hearing organ by opening the apical junctions of
supporting cells, which may turn the organ of Corti more permissive for stem cells to enter
(Park et al., 2014). The feasibility of this approach is also limited by the fact that it predisposes
the organ of Corti to detrimental endolymph leakage. Therefore, hearing organs with only
partial hair cell loss are hard to be safely targeted with these therapeutic approaches. While
there is considerable optimism regarding the therapeutic potential of stem cell
transplantation, there are numerous obstacles, including engrafting cells into the region
where they are needed, their correct differentiation into functional desired cell types, and
reinnervation of new cells. All these aspects should take place without overt changes in the
structure of the organ of Corti, since structural changes lead to hearing loss.
For a full and stable functional recovery, regenerated hair cells should be correctly
oriented, functional, and reinnervated by the correct neurons. Last but not least, they should
have the correct subset of supporting cells surrounding them. Without mature supporting cells
maintaining the structure and homeostasis of the epithelium, the regenerated hair cells are
likely to be lost. This will also be a challenge when Deiters’ cell-to-hair cell transdifferentiation
will be possible in the mature organ of Corti after partial outer hair cell loss. Deiters’ cells are
organised in a “two-domain structure” indicating that their apical domain contacts up to four
outer hair cells and their basal domain contacts a fifth outer hair cell. This structure is the
reason why the transdifferentiation of a Deiters’ cell into a hair cell can simultaneously leave
an outer hair cell without the support of the Deiters’ cell cup and leave a site of the reticular
lamina without the correct Deiters’ cell apical domain. Therefore, the regeneration of a single
outer hair cell can endanger the viability and functionality of five other hair cells. As the
environment of inner hair cells is structurally much simpler than that of outer hair cells,
regeneration of inner hair cells might be more feasible than the regeneration of outer hair
cells.
To conclude, future regenerative therapies against hearing loss should aim at regenerating
not only new hair cells, but also the supporting cells around them. The reformation of a new
organ of Corti will be challenging, as its development is a complex and long process with
multiple critical steps. However, in the near future, the regeneration of a simpler sensory
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epithelium that would resemble the basilar papilla might be possible. It is likely that this kind
of sensory epithelium cannot provide the same fine-tuned sound coding capacity as the intact
organ of Corti, but it is an important first step towards the full regenerative restoration of the
organ of Corti.

5.3.3

The rigid apical junctional domains of supporting cells do not
readily dismantle and contribute to epithelial surface closure (IV)

In simple epithelial cells, their apical junctional domains together with the contractile
actomyosin network readily contribute to the closure of the epithelial surface (p.64). The
correlation with the strengthening of the apical junctional domains with the disappearance of
an observable “actin purse string” of vestibular supporting cells (Burns and Corwin, 2014)
suggests that rigid apical domains of supporting cells are less plastic upon wound healing.
Supporting the idea that rigid junctional domains of supporting cells do not readily contribute
to wound healing, we documented prominent plaques of junctional proteins still in contact
with the original F-actin belts of supporting cells despite new supporting cell-supporting cell
junctions (scars) having formed. These observations were done from confocal microscopic
datasets of kanamycin- and furosemide-challenged organs of Corti as ZO-1- and E-cadherinpositive plaques (IV/Fig.2A–D’’). In SBEM, similar plaques with equal electron-density with
the surrounding junctional domain are present (IV/Fig.2E–G). Some of these plaques that are
close to the F-actin belt form cytoplasmic vesicles, while others are attached to the cell
membrane and form grooves on the cell surface. These numerous areas of the junctional
domains that failed to detach/dismantle during the initial formation of the junctional scars
show that the junction-associated membranes of supporting cells cannot readily contribute to
wound healing. Therefore, the mechanism of the supporting cell-driven wound healing
response is affected by the high stability of the apical junctional domains.
This result raises a new question: Where does the membrane needed for surface closure
arrive, if the apical junctions do not readily move inward during wound healing? The
requirement for the new membrane is enormous, as supporting cells nearly double their apical
surface size during wound healing (IV/Fig.1). While cells might use intracellular membrane
compartments for this cause, the contact-free basolateral membranes can also be recruited to
wound healing (Sheetz MP, 2001). In our SBEM datasets, we found direct morphological
evidence that the basolateral membranes of supporting cells are recruited to wound healing
independently of previous junctional connections to the dying hair cell (IV/Fig.3). These
results, described below in detail, show that supporting cells do indeed utilise basolateral
membranes for wound healing, as suggested by previous studies (Raphael and Altschuler,
1991ab). Therefore, the wound healing mechanism of the mature organ of Corti differs from
the “actin purse string”-mechanism observed in simple epithelial cells. For example, when
documenting the cell shape changes of tdTomato-labelled supporting cells of FGFR3iCreERT2;Ai14 mice when hair cells are dye-filled and damaged in vitro, details of this wound
healing mechanism can be observed.
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5.3.4

The initiating signal of wound healing is diffusible, as basolateral
domains of distant supporting cells are recruited to wound
healing (IV)

The nature of the initiating signal for wound healing in the organ of Corti is currently
unknown. It could for example be a contact-dependent or a diffusible signal from the dying
hair cell to the surrounding supporting cells. Additionally, the possible breach in the epithelial
surface could also be the source for the initiation of surface repair. Moreover, these potential
sources of the signal are not mutually exclusive.
In organs of Corti analysed 1.5 days after an ototoxic lesion done with kanamycin and
furosemide, we noticed that supporting cells that do not share junctional contacts with the
dying hair cells can nevertheless contribute to closure of the epithelial surface with long
protrusions of their basolateral membrane. This was evident in light microscopy and in SBEM
datasets as ectopic ring-like junctional domains in between otherwise typical scars (IV/Fig.3).
Despite the fact that this response appears to be rare and transient, it demonstrates that
supporting cells can contribute to wound healing independently of any physical contact with
the dying hair cell. This response is also visible in the Cdc42-inactivated organ of Corti
(tamoxifen between P2–P4) where pillar cells and Deiters’ cells fail to repair the epithelial
surface: Hensen cells protrude into the organ of Corti and repair the epithelial breaches
(II/Fig.9C).
The above-mentioned observations imply that a diffusible signal has to exist in the organ
of Corti, which recruits the basolateral membranes of nearby supporting cells to epithelial
surface closure. Additionally, this shows that basolateral membranes of supporting cells can
indeed contribute to wound healing independently of their apical junctions. The unique
lumenal spaces of the organ of Corti might enable distant supporting cells to send these long
basolateral protrusions. In other sensory epithelia without lumenal spaces, it is highly unlikely
that distant supporting cells contribute to wound healing, because of the continuous
immediate relation of the basolateral membranes of surrounding supporting cells with hair
cells. Ca2+ and ATP released by the dying hair cell and ions leaking through the compromised
epithelial barrier are some of the potential candidates for this diffusible signal. Interestingly,
supporting cells deficient for proper gap junctional connections have problems in
coordinating the even contribution of supporting cells into the scar (Forge et al., 2013; Jagger
et al., 2014). This further supports the idea that diffusible signals between supporting cells
regulate wound healing in the organ of Corti.

5.3.5

The Deiters’ cell cup does not participate in the removal of hair
cells and degenerates after outer hair cell loss

As discussed before, macrophage recruitment to the organ of Corti is minimal or even nonexistent. Additionally, these cells accumulate in the inner ear several days after the trauma
(Hirose et al., 2005), while hair cell debris is cleared from the organ of Corti within few days
(Raphael and Altschuler, 1991ab; Abrashkin et al., 2006). This raises the question how hair
cell debris is removed from the organ of Corti. The degenerating hair cell bodies that remain
within the epithelium have been suggested to be phagocytosed by the underlying supporting
cells. This suggestion is based on prestin-immunostainings of the acoustically challenged
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organ of Corti, where prestin-positive debris is located between supporting cells (Abrashkin
et al., 2006).
To study how the remains of outer hair cells are removed from the organ of Corti, we
studied kanamycin and furosemide damaged organs of Corti with SBEM and with confocal
microscopy. We confirmed that NKCC1, a target of furosemide, is expressed by the cells of the
stria vascularis and not by cells of the organ of Corti (II/Fig.3B; Crouch et al., 1997; Sakaguchi
et al., 1998). Based on the results that supporting cells of the avian basilar papilla and
vestibular supporting cells phagocytose the cell bodies of hair cells (Li et al., 1995; Forge and
Li, 2000; Bird et al., 2010), we initially hypothesised that the Deiters’ cell cup (II/Fig.1C,E and
Fig. 15) plays a major role in hair cell removal, presumably by growing around the outer hair
cell and forming a “phagosome” (Bird et al., 2010) that engulfs the hair cell body.
The cell bodies of ototoxically stressed outer hair cells lose their cylindrical shape and
shrink, while their apical domain remains largely intact (II/Fig.3C–M). Shrinkage of the cell
body is prominent just below the cuticular plate. As this occurs without any physical contact
to surrounding supporting cells at this site, hair cell “decapitation” may be a cell-intrinsic
process (II/Fig.3J; Fig.4A–C). Interestingly, the mitochondria of outer hair cells are not
tethered to the basolateral membrane as in the non-traumatised organ of Corti (II/Fig.2;
Fig.3). Tubular structures connect some of the mitochondria to the basolateral membrane
(II/FIg.3E,F). As the degeneration of outer hair cells progresses, their cytoplasm and the
cellular organelles form electron-dense, shapeless blobs, as well as intracellular vacuoles
(II/Fig.3J,K). Surprisingly, the Deiters’ cell cup proved to be a highly passive structure during
wound healing. No indications of phagosome formation or phagocytosis of entire hair cell
bodies was seen. Ototoxically stressed hair cells either degenerate within the cup (II/Fig.5;
Fig.7) or detach from it (II/Fig. 3L; Fig.4; Fig.6). Detachment of outer hair cells from the
Deiters’ cell cup also occurs after acoustic trauma (III/Fig.4H). The Deiters’ cell cup
degenerates within a few days after the loss of the outer hair cell that was attached to it. During
this degeneration, the cup pushes the remaining synaptic structures out (II/Fig.6). The reason
why the Deiters’ cell cup does not participate in the removal of hair cells might relate to its
prominent F-actin-rich scaffold (II/Fig.7), which may physically limit phagocytosis. The rapid
loss of this “tripartite synaptic site” is an additional challenge for future regenerative
therapies. While the function of this domain is not entirely clear, it is likely to be important
for the prestin-dependent movement for outer hair cells, since the Deiters’ cell cup forms their
basal connection. Additionally, the cup physically sorts the synaptic contacts of outer hair cells
into a single large domain (II/Fig.6A; supplemental video 5). Therefore, the cup is likely to
give structural and homeostatic support for the synaptic area.

5.3.6

Supporting cells eliminate apoptotic remains of hair cells with
phagocytotic activity of their basolateral membrane domains (IIV)

Using 3D-modelling of SBEM data, we were able to show that Deiters’ cells phagocytose outer
hair cell debris (II/Fig.4, supplemental video 3). The phagocytotic activity was directed
towards smaller apoptotic bodies of hair cells. The largest and most direct evidence for the
phagocytotic activity was the degenerating hair cell nucleus within a Deiters’ cell (II/Fig.4,
supplemental video 3). Only with the help of 3D-analysis of EM data, we could show without
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doubt that this degenerating nucleus was fully engulfed by the Deiters’ cell. This phagocytotic
activity occurred via the basolateral membranes of Deiters’ cells that are free from complex
cytoskeletal structures. Interestingly, the basolateral membranes swelled in the ototoxically
traumatised organ of Corti, sometimes even closing the lumenal spaces within the organ of
Corti. This temporal swelling (II/Fig.4), reported after various ototoxic and noise trauma
(Fredelius 1988; Flock et al., 1999; Ahmad et al., 2003; Abrashkin et al., 2006; Taylor et al.,
2012; Forge et al., 2013) may aid the process of hair cell debris removal. However, we cannot
conclude that the purpose of this swelling response is solely to facilitate hair cell debris
removal. It can also be a result of ion buffering/recycling activity of supporting cells.
It is critical to note that the position of the dying hair cell partially dictates whether it can
be efficiently removed or not. Outer hair cells of the first row are not fully surrounded by
swelling Deiters’ cells. Thus, they appear to degenerate within the organ of Corti and leave
massive amounts of cellular debris in the tunnel. This debris can be found freely floating in
the tunnel several days after the initial trauma (II/Fig.4G; IV/Fig.4H,K). Ultimately, the
debris might be phagocytosed by Deiters’ cells or pillar cells when they come in contact with
their basolateral membranes.
As hair cell die, their apical domain remains above the sensory epithelium while their cell
bodies degenerate within the epithelium. It is believed that the hair cell apical domain
degenerates in the endolymph. However, the it is not known what happens to the debris of the
degenerated apical domain. In one SBEM sample of a kanamycin and furosemide-challenged
organ of Corti, a large electron-dense fragment can be seen within a Deiters’ cell. This
fragment is just above the epithelial surface and resemble a piece of a cuticular plate (Fig.32,
unpublished results). Therefore, it is possible that supporting cells also phagocytose hair cell
debris with their apical membrane surface. Further studies are required to verify this
suggestion.

Figure 32. Deiters’ cells may phagocytose the debris of the degenerated apical domain of
hair cells. (A) Within a Deiters’ cell (dc), a large piece of debris (arrow) can be seen 36 hours after
kanamycin and furosemide ototoxicity. (B) A side view shows that the debris is as electron-dense as the
cuticular plate of the outer hair cell (ohc). Scalebar = 2 μm.

To conclude, the mechanisms that contribute to the removal of hair cell bodies within different
auditory and vestibular organs appear to have distinct differences. This removal process,
which is executed by Deiters’ cells, has been shown to be much more passive in the organ of
Corti when compared to other sensory epithelia, and seems to be directed towards the
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apoptotic debris of hair cells and not towards intact hair cell bodies. It is critical to note that
the ability to phagocytotically remove dying cells is not unique to supporting cells. It seems to
be a universal response of epithelial cells (Monks et al., 2005), perhaps overshadowed by the
well-established role of macrophages in removing dead cells. One reasonable explanation for
the big differences between the observed hair cell removal processes in different sensory
epithelia is the unique lumenal spaces of the organ of Corti. These spaces separate outer hair
cells from the basolateral domains of supporting cells and may inhibit complex cell removal
processes from occuring. Additionally, the actin-rich cup-like domain of Deiters’ cells might
be too rigid to act as phagocytotic domain. Overall, these results show that the organ of Corti
possesses unique mechanisms of wound healing.

5.4

5.4.1

Acoustic and ototoxic trauma activates c-Jun mediated
cellular stress response in auditory supporting cells (III)
c-Jun is expressed in developing cells of the cochlea (III)

The potential to modulate stress-signalling pathways of the cochlea, especially the JNKsignalling pathway, in order to prevent trauma-induced hair cell death has been demonstrated
by several previous studies (Pirvola et al., 2000; p.55). While c-Jun has been strongly linked
to apoptotic death of neuronal cells in the past, recent findings support a much wider role for
c-Jun also in the development of tissues (p.57). Therefore, we decided to study whether c-Jun
potentially plays a developmental role in the inner ear.
c-Jun and its phosphorylated N-terminal serine 73 form were detected in several postnatal
developing cochlear cells with immunohistochemical stainings (III/Fig.1). At P0, scattered
cells of the lateral wall and tympanic border cells expressed c-Jun. At P6, Schwann cells and
cells of the GER express c-Jun. Prominent S73-phosphorylation and apoptotic cells were
detected in the cells of the GER, suggesting that c-Jun phosphorylation plays a role in the
developmental degeneration of the GER that enables the inner sulcus to develop (p.10;
Hinojosa R, 1977). This potential role of c-Jun, which resembles the “classic” role of JNK/cJun-signalling in programmed cell death (Sun et al., 2005), could be further studied in vitro
with JNK inhibitors. However, as the inner sulcus forms in JunAA/AA mice which cannot
phosphorylate c-Jun at S63 and S73 due to the replacement of these serines with alanines,
inhibition of the phosphorylation of c-Jun at these sites does not entirely limit the
degeneration of the GER (III/Fig.3E,F). In the annular ligament of the stapes, c-Jun was
espressed and S73-phosphorylated in proliferating, non-apoptotic cells (III/Fig.1). Therefore,
c-Jun may regulate the development of this ligament, which would be consistent with its
known role during embryonic bone and joint development (Kan and Tabin, 2013).
Interestingly, upregulation of c-Jun occurs in the supporting cells of the organ of Corti and in
the lateral wall around the time of hearing onset (P12; III/Fig.1E). As discussed in the original
publication, this may reflect a cellular response to the initiated ion recycling of the cochlea.
In addition to the published findings, c-Jun and c-JunS73 have also been reported to be
expressed in the inner ear during earlier developmental phases (Elomaa P, 2016). For
example, c-Jun is widely expressed in the developing E12 cochlear duct, concentrating later in
the vicinity of the sensory epithelium. Around birth, c-Jun is downregulated from the sensory
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epithelium. Expression and S73 phosphorylation of c-Jun also occurs in developing spiral
ganglion neurons and in Schwann cells. In sum, these results suggest that c-Jun is involved in
multiple developmental processes in the inner ear that should be further investigated.
Therefore, future knock-out studies that aim to elucidate the role of c-Jun in the traumatised
inner ear with conditional and inducible methods may be required.

5.4.2

Gfi1-depleted outer hair cells upregulate and S73-phosphorylate
c-Jun prior to their apoptotic degeneration (III, unpublished data)

In order to study whether c-Jun is S73-phosphorylated in embryonic hair cells that have been
deprived from a survival factor in vivo, we used the Gfi1GFP/GFP-knock-in mice (Yücel et al.,
2004). Gfi1-inactivation leads to auditory hair cell apoptosis shortly after the onset of their
differentiation (Wallis et al., 2003; Kirjavainen et al., 2008). Immunohistochemical and
immunofluorescent detection of c-Jun and its S73-phosphorylated form indicate that
degenerating outer hair cells activate c-Jun prior to their degeneration around birth
(III/Fig.2). Therefore, c-Jun activation may regulate cell death induction in embryonic hair
cells that are under stress from cell-intrinsic developmental defects. This partially resembles
the role of JNK/c-Jun-signalling in trophic factor withdrawal of immature neurons (Watson
et al., 1998). The above observation combined with the notion that c-Jun phosphorylation also
occurs in early postnatal outer hair cells stressed by neomycin in vitro (Pirvola et al., 2000)
suggests that the activation of c-Jun may be a general stress response. The lack of JNK/c-Jun
activation in embryonic supporting cells upon hair cell loss implies that it does not regulate
wound healing responses of the embryonic organ of Corti. Further studies, for example in vitro
with JNK inhibitors, or breeding Gfi1-knock-out mice to a JunAA/AA background, will show
whether c-Jun activation plays a detrimental role in the death of Gfi1-depleted outer hair cells.
However, the dissections will have to be performed with great care, as embryonic supporting
cells that – due to removal of too many cells from the abneural side of the organ of Corti or
due to accidental puncture wounds – flatten during culture conditions activate c-Jun (Fig.33,
see Laos et al., 2014 for culture conditions, n = 6 cochleae). This cell shape change-associated
activation of c-Jun, which may also occur after large-scale laser wounds and scratch wounds,
can potentially lead to misinterpretation of results if it is not taken into account.

Figure 33. Cell shape change-associated S73-phosphorylation of c-Jun occurs in
supporting cells in stretched/damaged areas of the organ of Corti. After one day in culture
conditions, supporting cells of neonatal explants that were stretched during dissection (left, middle) or
accidentally punctured with the dissection needle (right) express the S73-phosphorylated form of c-Jun
(p-c-Jun S73).

115

RESULTS AND DISCUSSION

5.4.3

Noise and ototoxic drug-induced trauma activates the c-Junmediated stress response in death-resistant cells of the organ of
Corti and the lateral wall (III)

In the inner ear, pharmacological inhibition of MLK and JNK-signalling has been shown to
protect hair cells from death (Pirvola et al., 2000; Ylikoski et al., 2002; Wang et al., 2003).
However, the cellular biological mechanism and the target cell of this effect are unknown. As
this information is vital for the development of efficient and safe ways to pharmacologically
modulate stress signalling to protect hair cells, we studied the activation pattern of this
signalling pathway in the noise- and ototoxic drug-challenged cochlea.
Under normal physiological conditions, several Deiters’ cells, pillar cells, and scattered
cells in the lateral wall express c-Jun (Fig.3A). S73-phosphorylation of c-Jun is detectable in
a small number of these cells (Fig.3B). In the 45–50 kHz region in CBA/Ca mice exposed for
one or four hours respectively to 8–16 kHz octave-band noise at 106 dB SPL, partial outer hair
cell loss, as well as degeneration occurs (III/Fig.4). Immediately after this noise exposure, cJun is prominently upregulated and phosphorylated in the organ of Corti and in the root cell
area of the lateral wall (III/Fig.3C–D’). After four hours of continuous noise, phosphorylation
of c-Jun diminishes in the root cell area while becoming prominent in the fibrocytes and in
the stria vascularis. 22 hours after the four-hour noise exposure, the phosphorylation status
of c-Jun is clearly diminished in the inner ear (III/Fig.3E–G’). This change of location in cJun activation follows the sequence of the suggested ion transport route from supporting cells
of the organ of Corti to the lateral wall (III/Fig.3H). Therefore, c-Jun activation may reflect a
stress response of this ion transport pathway against noise. The acuteness and transientness
of the c-Jun activation, together with the fact that the most significant loss of hair cells occurs
within one day from the initial acoustic trauma, suggests that the time window for therapeutic
intervention of this response is highly limited.
In the one-hour noise exposed organ of Corti in the 45 kHz area, upregulation and
phosphorylation of c-Jun occurs in inner hair cells, supporting cells surrounding inner hair
cells, pillar cells, Deiters’ cells, and in some Hensen cells (III/Fig.4A,B,F–G). This c-Jun
activation mainly occurs in the basal coils of the cochlear duct, known to be vulnerable for the
applied noise exposure (III/Fig.7; p.47; Wang et al., 2002). While c-Jun activation is silenced
in supporting cells that are located beneath inner hair cells after four hours of noise exposure,
it still persists in inner hair cells and in the other supporting cells (III/Fig.3C). Six hours after
this noise trauma, some inner hair cells and Deiters’ cells still contain phosphorylated c-Jun
(III/Fig.3D,H–K). We did not observe c-Jun activation in outer hair cells, the cell type that is
destroyed by the applied noise trauma. Therefore, c-Jun activation occurs in death-resistant
cells of the organ of Corti and reflects a stress response rather than the induction of cellintrinsic death pathways. This is supported by our results showing that kanamycin- and
furosemide-induced ototoxic lesion leads to widespread activation of the c-Jun stress response
in the organ of Corti and in the lateral wall, but not in damaged or dying outer hair cells (Fig.5).
As the employed ototoxic drugs induce c-Jun activation in the whole cochlear duct and result
in the loss of nearly all outer hair cells, while the noise-induced c-Jun activation and outer hair
cell loss occurs mainly in the basal coil, the activation of c-Jun may reflect a local stress
response within the inner ear. Future studies with different ototoxins and noise exposures
centered to different frequency spectra can confirm whether c-Jun activation always occurs in
the most damaged area of the organ of Corti.
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5.4.4

Noise-induced c-Jun activation in the inner ear requires a
functional organ of Corti

In order to study whether a fully functional organ of Corti is required for the c-Jun activation
to occur, adult Gfi1-depleted mice were subjected to a one hour 106 dB SPL noise exposure.
We showed that c-Jun activation does not occur in these mice that lack outer hair cells and a
well-developed organ of Corti. Thus, noise-induced activation of c-Jun requires a functional
organ of Corti, perhaps as an entry site for K+ through hair cells. This hypothesis needs to be
verified for example by studying noise-induced c-Jun activation in mice whose hair cells have
been destroyed during adulthood, which enables the organ of Corti to correctly develop prior
to hair cell degeneration.

5.4.5

Noise-induced c-Jun activation does not require outer hair cell loss

To test whether sublethal stress to hair cells can also activate the c-Jun stress response, we
investigated the phosphorylation status of c-Jun after an hour of 85 and 91 dB SPL noise
respectively, which destroys neither outer hair cells nor the afferent synaptic connections of
inner hair cells (Housley et al., 2013; Fernandez et al., 2015). While the 85 dB SPL exposure
induces minimal c-Jun activation, prominent activation occurs with the 91 dB SPL exposure
(III/Fig.6,7). Therefore, c-Jun activation is not only present when outer cells are damaged,
but also upon noise levels that do not destroy hair cells or afferent synaptic connections of
inner hair cells. To conclude, c-Jun phosphorylation can be utilised as a biomarker of cellular
stress, but not as a direct indicator of cell-intrinsic death pathway activation in the inner ear.
Further studies are required to explore which types of cellular stress, in addition to the applied
noise trauma models and ototoxins of this study, are able to activate the c-Jun stress response.

5.4.6

Sound preconditioning dampens the c-Jun stress response

Low-to-moderate noise exposure is known to protect hearing against a subsequent, more
intense noise exposure (p.52; Yoshida and Liberman, 2000). The mechanism of this effect is
still unknown. We hypothetised that the mechanism that leads to the rapid silencing of the cJun activation after noise exposure – for example protein degradation, dephosphorylation by
phosphatases, or protein downregulation – may still be active and limit the activation of c-Jun
during a second noise exposure. Following a preconditioning noise exposure of one hour, a 91
dB SPL and a 12-hour resting period, a second exposure to one and four-hour 106 dB SPL
noise exposure respectively was applied to mice. With this paradigm, preconditioning clearly
attenuated the activation of the c-Jun stress response (III/Fig.6,7). Therefore, sound
preconditioning dampens the stress-induced c-Jun phosphorylation in supporting cells. The
observed inhibition of c-Jun activation may therefore be a part of the protective mechanism
of acoustic preconditioning. While this effect may be mediated by cell-intrinsic changes in
supporting cells, the reduced ability to induce the c-Jun stress response during a second noise
exposure may also be a result of limited functionality of the stressed cochlea. For example,
temporal dysfunction of hair cells could potentially inhibit high amounts of K+ from entering
its recycling pathway and from activating the stress response. This possibility is supported by
our finding that activation of c-Jun does not occur in the acoustically stressed Gfi1-depleted
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inner ear that lacks a functional organ of Corti. It will be interesting to see whether the c-Jun
activation dampening effect of preconditioning is also abolished after longer intervals between
the exposures, concomitantly with the protective effect (Ryan et al., 1994).
Several different intrinsic changes in cochlear cells, for example the increased expression
of anti-apoptotic regulators (Jacono et al., 1998; Lim et al., 1993; Niu et al., 2003; Harris et
al., 2006), have been suggested to be at the core of the protective effect of preconditioning.
The upregulation of heat shock proteins is particularly interesting, as HSPs have been reported
to silence JNK/c-Jun-signalling in several cell types (Mosser et al., 1997). Additionally,
pharmacological upregulation of HSPs has been shown to inhibit JNK phosphorylation in
vestibular organs stressed by aminoglycosides in vitro (Francis et al., 2011). Therefore, there
may be a molecular link between the protective effects of HSP upregulation, JNK/c-Jun
inhibition, and preconditioning effects in the inner ear. In-depth characterisation of this
potential shared signalling pathway is of high interest, as it is a prominent target for future
protective therapies.
Interestingly, noise preconditioning results in upregulation and phosphorylation of c-Jun
in several outer hair cells within frequency areas where no outer hair cell loss takes place. The
upregulation of c-Jun in outer hair cells upon recurrent acoustic stress appears not to be a sign
of degeneration or induction of apoptosis (III/Fig.6–8). However, whether this response is
detrimental, protective, or neutral3 to outer hair cells remains yet to be answered by future
studies. Additionally, while our observation made with cochleograms suggests that outer hair
cells are protected by the c-Jun activation dampening-preconditioning (III/Fig.7), analysis of
whole-mount specimens and calculation of the exact amount of lost hair cells is required in
order to demonstrate this. Moreover, as normal hearing requires much more than just hair
cell survival, follow-up studies should include hearing measurements.

5.4.7

The inability to phosphorylate c-Jun partially protects outer hair
cells from acoustic trauma

We aimed at testing whether the genetic inhibition of c-Jun N-terminal-phosphorylation can
protect outer hair cells from acoustic trauma by exploring the survivability of outer hair cells
of JunAA/AA mice upon intense noise exposures. In these mice, serines 63 and 73 of c-Jun
are replaced by alanines, and therefore cannot be phosphorylated by JNKs. JunAA/AA and
Junwt/wt mice were exposed to noise for 6 hours at 110 and 115 dB SPL respectively, which
produced a large enough outer hair cell loss for quantification purposes. As the c-Jun S73specific antibody does not produce detectable staining in the inner ear of acoustically stressed
JunAA/AA-mice, the employed antibody is highly specific for the phosphorylation of c-Jun at
S73. The quantification of the amount of lost outer hair cells demonstrates that the genetic
inhibition of JNK/c-Jun activation offers protection against noise traumata (Fig.10). These
results are intriguing, as they are the first genetic evidence for the protective effects of JNK/c3Cellular

responses and involved factors are often classified by biologists to be harmful or protective

for the cell. However, biological responses of cells are not purely “black and white.” They can also be
dispensable for cell death/survival or have both detrimental and protective effects. For example, while
inflammation is protective in many cellular contexts, its overactivation is believed to be detrimental in
the traumatised inner ear (Wong and Ryan, 2016).
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Jun inhibition and further support the results of previous pharmacological studies. However,
our results suggest that the main target cell type of JNK inhibition is not the dying hair cells, as
previously thought, but it seems to be supporting cells and cells of the lateral wall that modulate
the survival of hair cells via cellular stress signalling pathways. This is in line with recent findings
that stress responses, for example the upregulation of HSPs, that occur in supporting cells have
a direct effect on the viability of hair cells (Francis and Cunningham, 2017).
In our specimens, no indications of limited scar formation or loss of supporting cells was
observed in the organ of Corti (Fig.10). This suggests that S63/S73-phosphorylation of c-Jun is
dispensable for wound healing responses and survivability of supporting cells. The fact that
JunAA/AA-mice do not have any prominent developmental defects of the inner ear suggests that
the limited ability to S63/S73-phosphorylate c-Jun can be largely compensated by other cellular
signalling mechanisms (Fig.10). Testing whether the hair cells of JunAA/AA mice are also
protected against ototoxic drugs will be important for future studies, as it will reveal whether
JNK/c-Jun-inhibition can be used to protect hair cells against different stressors. This may be
the case, since c-Jun is activated in the same cell types after kanamycin and furosemide
injections as with acoustic trauma. The importance of testing whether JNK/c-Jun activation
occurs in a different way following different stressors is well demonstrated by the fact that JNK
inhibition upon cisplatin ototoxicity leads to increased outer hair cell loss (Wang et al., 2004).
Therefore, the stress context has a dramatic effect on whether JNK-inhibition is beneficial or
deleterious.
Our study, which concentrates solely on the survival of hair cells, is limited by the fact that
it does not include the demonstration of a possible protection of the hearing function of
JunAA/AA mice. Follow-up studies including functional measurements of hearing are required
in order to elucidate the molecular events behind the protective effects of JNK/c-Jun inhibition.
The outcome of the conditional inactivation of JUN in mature supporting cells, for example with
FGFR3-iCreERT2-mice, will be interesting, as it will demonstrate whether the abolishment of cJun transcription, and thereby also its phosphorylation, will offer protection against noise
trauma. As c-Jun may also have phosphorylation-independent functions, inactivation of JUN
may also have detrimental effects. Moreover, if JUN-deletion in supporting cells is not
protective, this would indicate that the c-Jun activation in the cells of the lateral wall is the most
critical event for the protective effects of JNK inhibition. If so, cells of the lateral wall can be
genetically targeted with appropriate cell-specific Cre-lines.
Characterisation of potential upregulation and phosphorylation of other components of the
AP-1 complex, in the stressed inner ear will also provide answers to which binding partners of cJun contribute to the stress response. As the upregulation of c-Fos and increased AP-1 binding
to DNA have been reported in the organ of Corti and in the lateral wall following noise trauma
(Ogita et al., 2000; Matsunobu et al., 2004; Shizuki et al., 2002), it is tempting to speculate that
homodimers of c-Jun and c-Fos form a core unit of JNK-activation that leads to AP-1 complex
formation. After the c-Jun-interacting components have been identified, probing for the
protective effects of their inactivation upon acoustic trauma will pinpoint their essentiality for
the JNK/c-Jun stress response. Additionally, the central kinases that regulate the c-Jun
phosphorylation should be identified. As suitable knock-out mice are already available and
under investigation (p.57), we will hopefully obtain the required results to identify the important
kinases in the near future. The ideas presented above can constitute important future research
directions aiming at developing effective protective therapies for hearing.
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6 CONCLUDING REMARKS
The organ of Corti is a great – perhaps even unmatched – cell biological platform to study the
development and remodelling of the cytoskeleton of mammalian epithelial cells, as its polar
and fine-detailed structure permits in-depth analysis of even the most minor changes in length
of apical junctions. Additionally, specific cell populations of the inner ear can be targeted with
genetic methods, for example with FGFR3-iCreERT2-mice as demonstrated by this thesis
work, to study the role of the different proteins of interest during various developmental
events. By using this platform, we have demonstrated specific roles for the Rho GTPases
Cdc42 and RhoA during the maturation of junctional domains of mammalian neuroepithelial
cells.
The organ of Corti is not solely a research platform for basic research. The possibility to
microscopically observe the extent of damage and cell loss in the organ of Corti combined with
functional measurements of hair cells and hearing permit the evaluation of the induced
trauma on a level that is unfeasible in many other tissues. Additionally, different frequency
areas can be targeted with noise of varying intensity. The possibility to fine-tune the strength
of the stressor in this way is difficult to achieve in other tissue contexts. Moreover, local
application of drugs and viral vectors to the inner ear can be used to study the potential
neuroprotective effects of various compounds without overt systemic effects. Therefore, the
inner ear is a perfect model tissue to study cellular stress responses of neural cells.
Importantly, the inner ear is not merely a research “model” tissue, as obtained results can have
major implications for therapeutic approaches aiming either at protecting hearing from noiseand drug-induced damage, or at regenerating cells in order to re-establish hearing. This thesis

responses, our results show that supporting cells are central mediators of epithelial repair
processes of the organ of Corti, since they function for example as tissue-resident nonprofessional phagocytes. We have also elucidated the mechanisms and signalling events that
drive epithelial wound healing in the organ of Corti, and how the increasing cytoskeletal
complexity and rigidity influences this repair process.
These results also identify challenges for future hair cell regenerative therapies. For
example, supporting cells and their rigid apical junctional domains are essential for the
maintenance of correct cell positioning in the organ of Corti. Additionally, modulation of the
cytoskeleton of supporting cells can impair their wound healing capability, leading to drastic
detrimental consequences. Therefore, forced structural changes in supporting cells in the
hopes of stimulating their lost hair cell regenerative capacity can produce more harm than
restoring effects for hearing. Further, full restoration of hearing will require the concomitant
restoration of hair cells and supporting cells. Future studies will show how this can be
achieved.
While the full restoration of hearing lies in a more distant future, pharmacological
therapies against hearing loss may become a reality much sooner. However, this requires
further characterisation of the cellular stress responses occurring in the inner ear and of the
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In a nutshell, we added substantial aspects to the knowledge about the mechanisms of
wound healing and cellular stress responses in the inner ear. Regarding wound healing

CONCLUDING

work provides novel knowledge to all of these aspects.

CONCLUDING REMARKS

ways to pharmacologically inhibit their detrimental effects. Perhaps the most intriguing result
of this thesis is the demonstration that the JNK/c-Jun stress response, previously believed to
occur in stressed hair cells, occurs in supporting cells and in the cells of the lateral wall. This
broadens the therapeutically targetable cellular processes from hair cell-intrinsic cellular
death processes to cellular stress responses of other cochlear cell types. The fact that JNK/cJun activation in these cells mediates some of the detrimental effects of acoustic trauma causes
a need to rethink how the protective effects of JNK inhibition on hearing work. In sum, our
results emphasise the role of supporting cells in cellular stress-related responses of the inner
ear. Concretely, the future cell type-specific and molecular level findings about JNK/c-Jun
signalling will transform protective pharmacological therapies against hearing loss from
futuristic hopes into realistic treatment options.
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