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ABSTRACT OF DISSERTATION

DISORGANIZATION OF ACTIN WITHIN THE SHAFTS OF STEREOCILIA IS A
KEY DIFFERENCE BETWEEN TEMPORARY AND PERMANENT NOISE-
INDUCED HEARING LOSS (NIHL)

During sound stimulation, mechanosensory stereocilia of the auditory hair cell
pivot around their bases, where their actin cores become denser and form rootlets
protruding into the cuticular plate. It is believed that actin-based cuticular plate provides a
stable mechanical support for stereocilia, while rootles are responsible for their pivotal
flexibility and life-long resilience to mechanical stimuli. Not surprisingly, damage to the
stereocilia bundles is known as a hallmark of permanent noise-induced hearing loss
(NIHL). Yet, despite decades of NIHL studies, it is still unknown which ultrastructural
changes in the stereocilia bundles are evoked directly by mechanical overstimulation.

Here, we explored the changes in the actin cores of stereocilia, their rootlets, and
cuticular plates, immediately after noise exposures. We compared the effects of noise that
reliably generate either temporary (TTS) or permanent (PTS) shifts of hearing thresholds
in the adult C57BL/6 mice in the frequency region of 16-20 kHz. Samples from this region
of the organ of Corti were dissected from unexposed control and noise-exposed animals.
Then, the samples were high pressure frozen, freeze-substituted, and low-temperature
embedded for serial sectioning with focused ion-beam (FIB) and backscatter scanning
electron microscopy (FIB-SEM).

We found that noise exposure causes global disorganization of actin within the
stereocilia shafts and the cuticular plate, likely initiated by a global increase in intracellular
Ca?*, and expansion of the rootlet, possibly due to local mechanical breakage in the
connection between the rootlet and the surrounding cuticular plate. Disorganization of actin
within the cuticular plate occurred in both TTS and PTS while expansion of the rootlet
started to occur in TTS and became more prominent in PTS. The only pathology that was
consistently different between TTS and PTS was the disorganization of actin filaments (F-
actin) in the shaft of stereocilia, the region that is known to have minimal or no turnover in
mammalian auditory hair cells. We conclude that loss of F-actin integrity within stereocilia
shafts is a key determinant for PTS.
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CHAPTER 1.SOUND DETECTION IN THE INNER EAR

1.1 The pathway of sound to the inner ear

Sound pressure waves travel through the external ear, the auricle (also named as
pina), the ear canal, reaching the tympanic membrane in the middle ear (figure 1.1 A) (for
more details of these processes, see (Lehnhardt and Lehnhardt 2003)). These pressure
waves vibrate the tympanic membrane, which subsequently causes a displacement motion
of the physically associated bones (the ossicles): malleus, incus, and stapes (figure 1.1 A).
The movement of the latter transfers the wave pressure into the inner ear via its footplate
pushing onto the oval window of the cochlea (figure 1.1 A). Sound stimuli can be presented
with different intensities (loudness) in decibel sound pressure level (dB SPL) at given

frequencies (kHz).
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Figure 1.1 Structures of the mammalian ear.

(A) Incoming sound waves reach the cochlea in the inner ear. (B) Sagittal cross section
through the cochlear bone showing three fluid-filled scalae. The organ of Corti is located
between scala media and scala tympani. (C) The organ of Corti with its mechanosensory
cells, the inner and outer hair cells. Tectorial membrane is located above hair cells and
physically touches the outer hair cells. Afferent (green) and efferent (yellow) nerve fibers
innervate the sensory hair cells. Type I afferents group to form the auditory nerve going
towards the brain. A dashed rectangle with magnified insert marks the synaptic end of an
inner hair cell, where neurotransmitter release occurs. This synapse contains a unique
structure - synaptic ribbon. The figure is modified from (Frolenkov et al. 2004).



1.2 The cochlea

The cochlea is located inside the temporal bone. It is a key inner ear structure that
is responsible for auditory sensation. The cochlea is a fluid-filled bone casing with three
domains (figure 1.1 B): the scala vestibule and the scala tympani, which both are filled
with perilymph, and the scala media in middle is filled with endolymph (Marcus 1998).
Unlike the perilymph which resembles extracellular and cerebrospinal fluids, the
endolymph is special due to its high potassium [K], exactly like that inside the cell, which
is necessary for cochlear function (Harrison 1988; Marcus 1998). The endolymph
surrounds the mechanosensory organelles of hair cells at their apex (figure 1.1 B), and

therefore, maintaining its environment is essential for hearing.

1.3 The cochlear auditory hair cells: structure and mechanosensitive function
1.3.1 The organ of Corti: the inner and outer hair cells

The mammalian organ of Corti consists of thousands (15,000-30,000) of auditory
cells (Frolenkov et al. 2004): inner (IHCs) and outer (OHCs) hair cells, which either detect
or amplify the sound-induced vibrations, respectively. Hair cells are arranged in four rows:
one row of IHCs and three rows of OHCs (figure 1.1 C). The apical surface of each cell
has specialized microvilli projections known as stereocilia, which are the key
mechanonsensitive structures of the hair cell (figure 1.1 C and figure 1.2). In contrast to
the IHC’s stereocilia, which are stimulated by the sound-induced vibration of fluid within
the scala media, OHC’s stereocilia make physical contact with the tectorial membrane, a
collagenous-fibrous mixture covering the organ of Corti (Harrison 1988). The shear motion
between tectorial membrane and the OHC surface is essential for the mechanical

stimulation and the overall function of OHCs (figure 1.1 C).
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Figure 1.2 Scanning electron microscopy images of stereocilia bundles of the sensory
hair cells in the mammalian cochlea.

(A) An inner hair cell. (B) An outer hair cell. Cells (A) and (B) come from mice with early
postnatal ages, postnatal day (P) 10 and 8, respectively. Each hair cell has stereocilia
projections arranged in rows, making a stereocilia bundle. Extra microvilli-like projections
resorb throughout postnatal development, and a mature hair cell bundle has only three
stereocilia rows. Inner and outer hair cells can be distinguished by the differences in the
shape of their bundles. Images in the figure are from (Hadi and Frolenkov, unpublished).

Hair cells are arranged tonotopically along the length of the cochlea, and each cell
detects a specific frequency — the cells at the apex of the cochlea detect low frequencies,
while the cells at the base of the cochlea detect high frequencies. Since mechanical stiffness
of the basilar membrane is gradually increasing from apex to the base of the cochlea while
the mass of the organ of Corti is decreasing from apex to the base, each region of the organ
of Corti along the length of the cochlea has its own resonant frequency that increases from
apex to the base (Békésy 1960). Thus, the cochlea operates as a frequency analyzer (Békésy
1960). See basilar membrane in (figure 1.1 C).

In mammals, the size of the organ of Corti and frequency range of hearing could be
different. For example, the human’s organ of Corti size is 3.5 cm (Harrison 1988) and
detects 20-20,000 Hz (reviewed in (Reynolds et al. 2010)) while that of mouse is 7 mm
(Manley and Gummer 2017) and detects 1-100 kHz (reviewed in (Reynolds et al. 2010)).

Differences in the organ of Corti size among mammals is believed to contribute to
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determining their abilities to hear lower frequency sounds (Manley and Gummer 2017).
However, it is known that across all mammals, the shape cochlea seems to be highly
preserved (Harrison 1988). It is also worth mentioning that mammalian auditory hair cells
do not regenerate. Therefore, maintaining hair cells and protecting them from damage is
crucial for hearing.

1.3.1.1 Stereocilia bundles

Stereocilia bundles are hair-like actin structures that project from the apical surface
of the hair cells (figure 1.2 and figure 1.3 A). A mature hair cell has more than 50 stereocilia
forming a hair “bundle”, whereas during early postnatal development, the number of
stereocilia within the bundle is significantly higher (Hadi et al. 2020). Within a bundle,
stereocilia are positioned in three rows with a staircase-like shape due to differences in
lengths between the rows: first row stereocilia are the tallest, and third row stereocilia are
the shortest (figure 1.3 A). The tips of stereocilia within a row are connected to the side of
their neighboring stereocilia from the taller rows via small (~5 nm in diameter) filaments
known as tip-links (Pickles et al. 1984) (figure 1.3 A). Mature tip links are composed of
cadherin-23 and protocadehrin-15 (Kazmierczak et al. 2007) and are mechanically linked
to mechano-electrical transduction (MET) channels at their lower (protocadherin-15) ends
(Beurg et al. 2009) (figure 1.9 A). Only second and third row stereocilia have MET
channels at their tips (Beurg et al. 2009), and therefore are known as transducing stereocilia
(figure 1.3 A and figure 1.9 A). During acoustic stimulation, sound-induced vibrations
deflect the stereocilia, which pull on their tip-links to open the MET channels allowing for
influx of positive ions and depolarization of the cell (Fettiplace 2017) (figure 1.9 B).

In addition to their lengths, stereocilia rows also have different widths, where first

and second row stereocilia are equally thickest, and third row stereocilia are the thinnest
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(as quantified in my previous study (Hadi et al. 2020)). Interestingly, despite that the
heights of stereocilia bundles change tonotopically from base to apex (taller bundles detect
low frequency sounds, and the shorter ones detect high frequency sounds), all stereocilia
within one row of a hair bundle have equal dimensions, and these dimensions are also equal
to the stereocilia of the same row on the adjacent cell, indicating that hair cells are highly
precise in forming their stereocilia bundles during development (Vélez-Ortega and
Frolenkov 2019). Accordingly, since hair cells do not regenerate in mammals, it is not
surprising that any disruption to the shape of their stereocilia bundles is detrimental for

life-long hearing.
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actin Kl
/ core s Plastin-1
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tip- ) —
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]taper
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Figure 1.3 A hair cell has a bundle of stereocilia projections that are made of F-
actin.

(A) Rod-like stereocilia with parallel actin filaments inside, arranged in staircase-like rows
connected with tips links. Each stereocilium has a rootlet that anchors it at its base where
it pivots. This panel is adopted from (Kitajiri et al. 2010). (B) F-actin core of one
stereocilium with side-to-side actin filaments connected with crosslinkers. The most
common crosslinking proteins are espin, pastin-1, and fascin-2.

Within a bundle, each stereocilium is supported by up to thousands of parallel actin
filaments (F-actin) that are crosslinked (Tilney et al. 1980) with espin (Zheng et al. 2000),
plastin-1 (Taylor et al. 2015), and fascin-2 (Shin et al. 2010), (figure 1.3 B). These
crosslinker proteins maintain spacing distances between the filaments of ~ 12 nm (Kitajiri
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et al. 2010). The F-actin core becomes denser at the tapered base of a stereocilium forming
a rootlet, a structure that anchors the stereocilium into the surface of the cell (or the
cuticular plate) (Tilney et al. 1980), as shown in figure 1.3 A. Because of the crosslinking
within F-actin core, the shafts of stereocilia are thought to be highly rigid and mimic
straight rods that are mechanically flexible only at their bases (Tilney et al. 1980).
Moreover, because pivoting movements constantly occur at the base of stereocilia during
sound stimulation (Tilney et al. 1980), it is highly likely that the F-actin at these sites is
more susceptible to damage (breakage) during acoustic overstimulation, e.g. by damaging
noise (Belyantseva et al. 2009).

Every actin filament is a double helix of two filaments, and all of the filaments
supporting stereocilia have the exact polarity with barbed ends at the tips of stereocilia
(Tilney et al. 1980). This is the site where actin monomers are added at the stereocilia tips
(Schneider et al. 2002). In mammalian hair cells, the F-actin core is made of beta (p) actin
(from actb gene) and gamma (y) actin (from actglgene), the two known non-muscle actin
isoforms that are distinguished from each other by only four amino acids at their N-termini
(Perrin and Ervasti 2010). In mouse hair cells, it was shown that £ and y-actin have similar
distribution along the shafts of stereocilia, and hair cells need at least one of them to be
present for proper development of their stereocilia bundles (Perrin et al. 2010). Similarly,
conditional knock-out mutations of § or y-actin independently have been shown to cause
degeneration of adult stereocilia bundles and progressive hearing loss, suggesting that both
are essential for hair bundle maintenance (Perrin et al. 2010).

Within the past two decades, several labratories have explored F-actin turnover

within the shafts of stereocilia, and how they could keep their shapes and heights without



changing throughout the life span. Two decades ago, Kachar’s group suggested that F-actin
within the shafts of stereocilia is fully dynamic and treadmills (figure 1.4). This means
monomers are added at the barbed ends of F-actin at the tip of a stereocilium, and the whole
filament slides down to allow removal of actin monomers from the pointed ends at the base
(figure 1.4). Therefore, the stereocilium’s height remains the same (Schneider et al. 2002;
Rzadzinska et al. 2004). This idea was proposed based upon in-vitro gene-gun transfection
experiments in the neonatal mammalian organ of Corti, which involved tracing GFP-f-
actin starting from the stereociliary tips, and implied a complete exchange of the F-actin

core in two days (Schneider et al. 2002; Rzadzinska et al. 2004).
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Figure 1.4 Old model on F-actin treadmilling along the shaft of stereocilia.

A schematic representation drawn based on the idea by (Schneider et al. 2002; Rzadzinska
et al. 2004) suggesting actin monomers which are added at the tip of a stereocilium move
the filament downward to allow removal of actin monomers at the base of a stereocilium.
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This treadmilling model was later refuted by several studies which demonstrated

that the F-actin core is only dynamic at the tips of stereocilia (within a region of ~500 nm)



and is highly stable within their shafts (Zhang et al. 2012; Drummond et al. 2015;
Narayanan et al. 2015) (figure 1.5). Based on the new model, it is therefore speculated that
persistent heights of stereocilia are maintained by controlled activity of actin severing
proteins only at the tips of stereocilia (Narayanan et al. 2015). One example is gelsolin,
which is an actin severing and capping protein that is specifically found at the tips of

stereocilia and is essential for maintaining their lengths (Mburu et al. 2010).
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Figure 1.5 New model with F-actin stability within the shaft of stereocilia.
A schematic showing actin turnover only at the tips of stereocilia while the shaft remains
intact.

In conclusion, it is currently established that the F-actin core is extremely stable
with minimal or no turnover within the shafts of stereocilia (Zhang et al. 2012; Drummond
et al. 2015; Narayanan et al. 2015). Correspondingly, it is also presumed that F-actin
crosslinkers may not only contribute to the rigidity of the shafts but also to the normal
stability of their actin cytoskeleton (McGrath et al. 2017). However, despite that fascin-2

has been shown to have fast turnover (Roy and Perrin 2018), turnover of the other actin



crosslinkers espin and plastin-1 is still not known. Likewise, it is yet unknow whether there
are any potential differences in the turnover dynamics between B and y-actin within the
shaft of stereocilia. However, based on in-vitro observations, it was proposed that y-actin
has slower polymerization rate in the presence of Ca’>" compared to B-actin (Bergeron et al.
2010).

It is also not known whether F-actin within the shafts of stereocilia remains stable
after acoustic damage. Noise-exposure experiments in guinea pigs have demonstrated that
v-actin might be involved in repair since it was observed to be recruited to fill-in
mechanical breaks in F-actin anywhere within the shafts of injured stereocilia after noise
overstimulation (Belyantseva et al. 2009). Following studies in mice suggested that both 3
and y-actin might be involved in this repair, and Xin actin binding containing 2 (XIRP2)
seems to be essential for this as it brings actin monomers to the location of damage (Wagner
et al. 2023). However, these findings were observed only in the case of acoustic exposure
causing temporary NIHL (Wagner et al. 2023). It is yet unknown which damages to
stereocilia F-actin differentiate between temporary and permanent NIHLs.

1.3.1.2 Stereocilia rootlets

Rootlets are specialized structures that insert stereocilia into the surface of the cell,
the cuticular plate. This is the site where stereocilia pivot upon deflection by sound
(Karavitaki and Corey 2010). Based on classical transmission electron microscopy (TEM)
studies of hair cells in the alligator lizards (Tilney et al. 1980) and birds (Tilney et al. 1983),
it is believed that rootlets are just denser extensions of the actin filaments within stereocilia
shafts (Tilney et al. 1980) (figure 1.3 A). Recent reports in mammalian hair cells have
revealed that both  and y-actin are found within the rootlets (Furness et al. 2008), but it

has also been suggested that rootlets could be made of mostly of B-actin (Furness et al.
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2005). The maximum thickness of the rootlets is ~100 nm at the stereocilia pivots, and
their lengths “mirror” the staircase-like organization of stereocilia rows (Furness et al.
2008) (figure 1.3 A). Interestingly, hair cells build and position the rootlets in the cuticular
plate with extreme precision — with a few nanometers’ accuracy of the distances between
the rootlets. This distance (between the rows) determines the amount of tip link stretch
during bundle deflection upon sound stimulation.

Each rootlet is composed of an upper part, which protrudes to a maximum length
that is half of the stereocilium shaft, and a lower part that is deeply embedded into the
cuticular plate (Furness et al. 2008; Pacentine et al. 2020) (figure 1.6). The cuticular plate
represents a meshwork of F-actin (DeRosier and Tilney 1989; Furness et al. 2008).
Interestingly, although they have same F-actin, the molecular properties of the upper and
lower pats of the rootlets are not only different from the F-actin core within stereocilia
shafts but also are different from each other (Pacentine et al. 2020).

Unlike the F-actin core within the shaft of stereocilia that is highly crosslinked
(Tilney et al. 1980), there seem to be no “classical” actin crosslinkers within the rootlets of
mammalian hair cells. TRIO and F-actin binding protein (TRIOBP) is the only known actin
bundler in the rootlets that is crucial for hearing (Kitajiri et al. 2010). It is hypothesized
that, due to limited space between rootlet actin filaments which are about 8§ nm apart,
TRIOBP cannot physically localize between actin filaments within the rootlets. It was
proposed that TRIOBP wraps around actin filaments within the rootlets (Kitajiri et al.
2010) (Figure 1.6). Correspondingly, filaments free of crosslinkers are speculated to easily
slide relative to each other giving the rootlets and stereocilia pivots flexible dynamics

during sound stimulation (Kitajiri et al. 2010) (figure 1.8 B). While TRIOBP (isoform 4)
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is essential for rootlet formation and is present in the upper part of the rootlets and within
the shafts of stereocilia, TRIOBP (isoform 5) is required for proper morphology of the
rootlets and is present only in their lower part within the cuticular plate (Katsuno et al.
2019) (figure 1.6).

To provide long lasting support for stereocilia bundles, the lower part of the rootlet
is equipped with a special molecular complex to further enhance its stability within the
actin meshwork of the cuticular plate (Pacentine et al. 2020) (figure 1.6). Originally,
several TEM studies have characterized the structure of the lower part of the rootlet, which
seems to be surrounded by a puzzling “empty” space that is lighter in density than the rest
of the actin meshwork of the cuticular plate, presumably due to lacking or having less actin
(Tilney et al. 1980; DeRosier and Tilney 1989; Furness et al. 2008). Within this “empty”
space that has been described as “tube”-like (Liberman 1987), there seem to be ~3 nm
actin-free filaments coming out of the rootlets (Tilney et al. 1983), referred to as “whiskers”
(DeRosier and Tilney 1989) or radial fibrils (Pacentine et al. 2020). See these thin filaments
in figure 1.6.

Recently, several proteins forming the molecular machinery of the “tube” that
frames the lower rootlet have been identified (figure 1.6). Spectrin all and BII isoforms
have been reported to self-aggregate and make up rings around rootlet insertions and the
lower part of the rootlet within the cuticular plate (Liu et al. 2019) (figure 1.6). Knocking
out spectrin results into both abnormal stereocilia bundles and hair cell polarity in addition
to deafness (Liu et al. 2019). In their published work, Liu and colleagues suggest that
spectrin has some degree of elasticity which could make rootlets somewhat flexible during

bundle displacement (Liu et al. 2019). Given that rootlets lack crosslinkers and their actin
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filaments are speculated to slide relative to each other during sound stimulation (Kitajiri et
al. 2010), spectrin may provide an elastic link between the filaments, thereby making this
sliding elastic. Interestingly, after acoustic overstimulation, spectrin seems to be affected
and definition of its rings are lost in the noise damaged stereocilia bundles (Liu et al. 2019).

Similarly, ankyrin repeat domain protein (ANKRD24) is another key protein,
which has been recently proposed to physically interact with TRIOBP-5 as part of the
“tube” around the lower part of the rootlet within the cuticular plate and the stereocilia
insertion points (figure 1.6). Ankrd K°K© deletion affects localization of TRIOBP-5, and,
correspondingly, mutation of TRIOBP-5 completely disrupts normal ANKRD24
localization (Krey et al. 2022). Interestingly, EM imaging of hair cells from Ankrd KO0
mice (which have hearing impairments) demonstrate that their stereocilia bundles exhibit
hollow rootlets (Krey et al. 2022). Therefore, it is currently suggested that ANKRD24
restrains F-actin of the lower rootlet preventing their expansion within the cuticular plate
(Krey et al. 2022). So far, ANRKRD24 is the only currently known molecule that is
speculated to surround the rootlet immediately after TRIOBP-5 (figure 1.6). Perhaps,
ANRKR24 is one of the first components to connect the lower rootlet to the actin
meshwork and maintain it. Not surprisingly, Krey and colleagues have shown that hearing

thresholds in mice lacking ANKRD24 are more susceptible to noise exposure (Krey et al.

2022).
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Figure 1.6 Stereocilia rootlets have sophisticated molecular machinery.

A single stereocilium rootlet with TRIOBP (isoforms 4 and 5) shown. Other proteins which
make up the anchoring machinery of the lower rootlet within the cuticular plate are also
shown. Note F-actin of the rootlet is connected with the cuticular plate’s actin meshwork
via thin actin-free filaments. ANKRD24 was recently discovered to interact with TRIOBP
(isoform 5), and both are hypothesized to “wrap around” the lower part of the rootlet within
the cuticular plate (Krey et al. 2022).

It is important to note that nothing is known about the turnover of any of the above-
mentioned proteins. We also still do not currently understand how they could potentially
re-form if damaged or broken, for example, by acoustic trauma. Furthermore, actin
turnover within the rootlet itself is also not completely understood. One may hypothesize
that rootlets might be similar to stereocilia in F-actin dynamics since they are believed to
be extensions of the stereocilia’s F-actin cores. However, this hypothesis has not been

experimentally tested.

1.3.1.3 The cuticular plate

The cuticular plate is a bowl-like structure, which underlies the surface of the hair

cell and provides foundation for stereocilia (Pacentine et al. 2020) (figure 1.7). Although
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it makes up the upper portion of the hair cell body (with the approximate depth of 3 pm),
the cuticular plate lacks cellular organelles and is rather made of a gel-like mixture of F-
actin that is randomly distributed with nonunified polarity (DeRosier and Tilney 1989).
Recent studies in mammalian hair cells suggest that the cuticular plate is composed of -
actin and (perhaps more abundant) y-actin (Furness et al. 2005; Perrin et al. 2010).

Furthermore, immunofluorescence and immunogold labeling experiments reveal
that the cuticular plate also contains spectrin (Slepecky and Ulfendahl 1992; Furness et al.
2008; Liu et al. 2019), alpha-actinin (actin crosslinker) (Slepecky and Chamberlain 1985;
Slepecky and Ulfendahl 1992), the rootlet associated tropomyosin, fimbrin, and other key
proteins which are believed to contribute to proper structure of the actin meshwork and
support stereocilia bundles (Slepecky and Chamberlain 1985). Fimbrin is the same as
plastin-1, which is present in shaft of stereocilia in mammalian hair cells (Taylor et al.
2015). Interestingly, fimbrin seems to be highly expressed in the cuticular plate of OHCs
compared to IHCs, and therefore possibly contributing to even more sturdy cuticular plates
(Slepecky and Chamberlain 1985) in OHCs that are more susceptible to damage. XIRP2
(long isoform) has also been shown to be present in the cuticular plate (Scheffer et al.
2015).

Interestingly, at the edge of the cuticular plate, there is a narrow region lacking F-
actin, which defines the shape of the actin meshwork and isolate it from the hair cell’s
junctional region (consisting tight junction and adherent junctions) (Kachar et al. 1997)
(figure 1.7). EM studies in bullfrogs by Kachar and colleagues suggest that these regions
contain microtubules serving as tracks for vesicular trafficking within the hair cell (Kachar

et al. 1997) . At these locations, vesicles are usually endocytosed or exocytosed from the
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cell body, providing pathway for membrane protein trafficking to the stereocilia bundles
(figure 1.7). Not surprisingly, this vesicular machinery meets on the cytoplasmic site the
basal body, the microtubule structure of which the kinocilium develops from (Kachar et al.

1997; Pollock and McDermott 2015) (figurel.7).
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Figure 1.7 Hair cell apex contains the cuticular plate and the surrounding narrow
area of vesicular traffic.

The spaces around F-actin meshwork of the cuticular plate are shown. Vesicles use
microtubules to move in and out of the cell body. Main panel (left) is modified from
(Kachar et al. 1997). Dashed rectangle marks the kinocilium, shown in the panel insert
(right) that is modified from (Pollock and McDermott 2015). Kinocilium is found behind
1*' row stereocilia only (Tilney et al. 1992). The kinocilium is also a hair like projection
that looks like stereocilia but instead of F-actin, it is supported by microtubules (Pollock
and McDermott 2015). During development, the kinocilium forms before the stereocilia
bundles and establishes the hair cell polarity (Tilney et al. 1992), which is essential for
normal hearing. When the exact orientation and the staircase structure of the stereocilia
bundles are established, the kinocilium disappears (Tilney et al. 1992). In mammals,
immature stereocilia bundles have kinocilium at postnatal day (P) 0, which then later
retracts around ~P12 (Elkon et al. 2015) before all bundles become mature at P16-18
(Kaltenbach et al. 1994). To note, this is approximately the same time when mice start to
hear at ~P12 (Akil et al. 2016).

Currently, we still do not clearly understand actin turnover and remodeling within

the cuticular plate’s meshwork. However, some experiments suggest that F-actin in the
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cuticular plate is highly dynamic similar to the stereocilia tips (Zhang et al. 2012), and this
is very different from the lack of actin turnover in the shaft of stereocilia (Zhang et al. 2012;
Drummond et al. 2015; Narayanan et al. 2015).

1.3.1.4 How do stereocilia bend during acoustic stimulation?

Based on TEM visualization of F-actin within the shafts of stereocilia and the
arrangement of cross-linkers between these filaments in bird hair cells, it was previously
proposed that, upon acoustic stimulation, non-stretchable actin filaments slide against each
other within the shafts of stereocilia (Tilney et al. 1983) (figure 1.8 A). Since the identity
of the crosslinker molecules was not known at that time, it was assumed that the molecules
crosslinking F-actin would be flexible enough to tilt along with the filaments to
accommodate the change in orientation of the stereocilium upon stimulation (Tilney et al.
1983) (figure 1.8 A). However, following studies reveal the identity of some proteins in
the mammalian hair bundle, and how they are differently distributed between the shaft and
the base of stereocilia. It is now known that espin (Zheng et al. 2000), plastin-1(Taylor et
al. 2015), and fascin-2 (Shin et al. 2010) crosslink F-actin within shafts of stereocilia
making them rigid. These proteins are absent from the rootlet, which only have TRIOBP
that is assumed to wrap around the rootlets (Kitajiri et al. 2010). Therefore, Tilney’s model
was modified by the recent model proposed by Kitajri et al., which suggests that actin
filaments within the rigid stereociliary shafts do not slide relative each other, and this
sliding occurs only at the base of the stereocilia right at the rootlets because actin filaments
there lack “classical” cross-linkers (Kitajiri et al. 2010; Pacentine et al. 2020) (figure 1.8

B).

16



Classical model New model

Figure 1.8 Two different models demonstrating changes in F-actin upon stereocilia
deflection by sound.
(A) Illustration of actin filaments sliding within the shafts of stereocilia based on Tilney’s
model. (B) Sliding of actin filaments only at the rootlets based on Kitajiri’s model.

Based on cither of these models, if actin filaments within the stereocilia shafts were
somehow to forcefully bend, it is very likely that the crosslinker proteins between the
filaments would break. Indeed, breakage of crosslinker proteins have been previously

reported after noise overstimulation (Tilney et al. 1982).

1.3.1.5 Hair cell mechanotransduction and Ca%* homeostasis

In mammalian hair cells, the tips of transducing stereocilia (second and third row)
harbor MET channels (Beurg et al. 2009). The pore of these non-selective cation channels
consists of transmembrane channel-like protein 1 and 2 (TMC1/TMC2) (Kawashima et al.
2011; Kurima et al. 2015; Pan et al. 2018). The channels are mechanically connected to the
tip links between stereocilia rows (Pickles et al. 1984) (figure 1.9 A). Tip links are
composed of cadherin-23 and protocadehrin-15 (Kazmierczak et al. 2007). During sound

stimulation, deflection of stereocilia in the positive direction stretches the tip links and
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opens MET channels allowing for positive ions K*, Ca**, and Na" to enter the cell
(reviewed in (Fettiplace 2017)) (figure 1.9 B). Conversely, deflection of bundle in the
negative direction closes MET channels. However, at resting position of the bundle, a
certain number of MET channels remain open allowing for constant resting current. This
resting current has been found to be required for the stability of F-actin core of stereocilia
(Vélez-Ortega et al. 2017).

A B
Tip link

MET
channel

N

Figure 1.9 Stereocilia rows are connected via tip links which are associated with
MET channels at their lower part.

(A) Stereocilia bundle at rest has most of their MET channels closed. (B) Sound-induced
mechanical stimulation opens MET channels and results in influx of positive ions inside
the cell. In I[HCs, transduction-induced depolarization of the IHCs is essential for detection
of sound and signal transmission to the brain. In OHCs, depolarization of the OHCs
activates prestin, a protein on the plasma membrane of hair cell body, which is crucial for
OHC’s electromotility and sound amplification within the cochlea (reviewed in (Fettiplace
2017)). Figure panels are adopted from (Vélez-Ortega and Frolenkov 2019).

MET channels are highly permeable to Ca*" compared to other ions, and there are
known large differences in Ca** concentrations between the endolymph (20-40 uM) versus
that of the hair cell body (approximately 0.1uM) (Fettiplace and Nam 2019). Therefore,
while Ca®" is speculated to contribute to the MET dependent stability of F-actin in
stereocilia (Vélez-Ortega et al. 2017), large concentration of Ca** could be overwhelming

to the hair cell and detrimental to its viability (Fettiplace and Nam 2019). Indeed, OHCs at
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the base which detect high frequencies, are believed to be more prone to Ca** overload
because they have larger MET currents, compared to IHCs and OHCs at the apex of the
cochlea (Fettiplace and Nam 2019). To maintain proper levels of intracellular [Ca*"], hair
cells have unusually high density of Ca?>* ATPases known as PMCA1 (Dumont et al. 2001)
and PMCA?2 (Yamoah et al. 1998; Dumont et al. 2001) on the plasma membrane of their
cell body and stereocilia, respectively (figure 1.10). More specifically, the PMCA2a
isoform pumps are crucial for removing extra Ca® as soon as it enters the stereocilia
bundles, and thereby are vital for hearing (Dumont et al. 2001).

Inner Hair Cell Outer Hair Cell

MET channel MET channel

Afferent nerve

Sub-synaptic
© MET channel cisterna

® nAChR channel

© Ca®*channel

© CaATPase pump

Figure 1.10 Hair cells express different PMCA pumps to extrude Ca**,

PMCAZ2? is found in the shafts of stereocilia, and a stereocilia bundle could have up to
~2000 pumps/uM2 (Yamoabh et al. 1998; Dumont et al. 2001). As shown, OHCs stereocilia
shafts have a larger number of PMCA2 and a larger number of mitochondria below the
cuticular plate to further protect them. Besides MET channels, Ca’" may enter the cell via
voltage gated Ca®>" channels at the basolateral plasma membrane and through nicotinic

acetylcholine receptors at the base of the cell. The figure is adopted from (Fettiplace and
Nam 2019).

Efferent nerve

Hair cells utilize their mitochondria to uptake any remaining Ca>" before it reaches

further down into the hair cell body (Fettiplace and Nam 2019). Therefore, a number of
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them are strategically located below the cuticular plate (figure 1.10). Ca*" uniporter (MCU)
is known to be pivotal for the mitochondrial Ca*>" uptake (Baughman et al. 2011) at large
[Ca®*]i of ~ 10 uM (Fettiplace and Nam 2019).

Besides PMCAs and mitochondria, hair cells also could regulate their [Ca®'];
through buffering proteins and the uptake into endoplasmic reticulum (Fettiplace and Nam
2019). Published work by Hackney and colleagues reported calbindin, parvalbumin o and
B (also known as oncomodulin), and calretinin as examples of Ca’** buffering proteins
found in mammalian hair cells. Not surprisingly, the concentration of these buffering
proteins in OHCs seems to be 10 times larger than that of IHCs. Furthermore, the data also
show that concentration of these proteins may vary throughout postnatal development. For
example, parvalbumin § seems to be predominant in OHCs at later postnatal ages (around
the time of hearing) in contrast to calbindin which is predominant in the neonatal IHCs
(Hackney et al. 2005). This unusual Ca** buffering would suggest that Ca?" homeostasis is
crucial for hair cell function. Interestingly, shafts of stereocilia seem to be the compartment
with the least concentrations of Ca?* buffering proteins compared to the cuticular plate and
cell body (Hackney et al. 2005). This further emphasizes the necessity for PMCA2 pumps

in that region.

1.4 Auditory hair cell innervation

Both afferent and efferent nerve fibers innervate the auditory hair cells in the
mammalian organ of Corti (figure 1.1). There are two types of afferent nerve fibers, ~95%
of them are type I which innervate the IHCs (at the ratio of ~10-20 to one IHC), and 5%
are type Il which innervate OHCs (at the ratio of one to ~10 OHCs) (Fuchs and Glowatzki

2015; Fettiplace 2017). IHCs are primarily involved in the sound signal transmission to the
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brain. The type I nerve fibers are thick and myelinated (Fuchs and Glowatzki 2015),
thereby ensuring faster conduction velocity. In contrast, type II fibers are thin and
unmyelinated (Fuchs and Glowatzki 2015). The cell bodies of the afferent nerve fibers are
located in the spiral ganglion.

The postsynaptic terminals of afferent fibers have AMPA receptors which bind
glutamate that is released from that hair cell upon depolarization during sound stimulation
(Fuchs and Glowatzki 2015). Interestingly, hair cells have synaptic ribbons (figure 1.1).
These special structures hold clusters of readily releasable vesicles with glutamate, and
these vesicles released at the postsynaptic cleft through Ca®" dependent exocytosis, as Ca*"
enters the hair cell from the voltage gated Ca** channels at the base of the hair cell body
(Fuchs and Glowatzki 2015) (figure 1.10). Synaptic ribbons are uniquely suited for faster
rate of transmission and are present only in the auditory system.

In contrast to afferents, efferent fibers transmit neural feedback to hair cells.
Efferent fibers either directly innervate the OHCs or form synaptic connections with Type
I afferents innervating IHCs (Figure 1.1). Efferent nerve fibers release acetylcholine which
bind on nicotinic acetylcholine receptors on OHCs, thereby are believed to be involved in
dampening cochlear amplification during overstimulation and/or adjusting it to achieve
better signal detection in noise (reviewed in (Fettiplace 2017)). See these acetylcholine

receptors in figure 1.10.

1.5 The stria vascularis

One side of the scala media, right next to the organ of Corti, is confined by the stria
vascularis, which is attached to the lateral wall of the cochlea (figure 1.11). The stria

vascularis consists of the basal, intermediate, and marginal cells which contribute to its
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function (Kiernan et al. 2002) (figure 1.11). Known functions of the stria vascularis which
are essential for the hearing: 1) sustain oxygen and metabolic supply to the organ of Corti,
2) production of potassium rich endolymph, and 3) establishing endo-cochlear potential

(+100 mV) (Kiernan et al. 2002; Kazmierczak et al. 2015).
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Figure 1.11 The stria vascularis maintains endo-cochlear potential in the inner ear.
(A) Organ of Corti is surrounded by endolymph with rich potassium and high endo-
cochlear potential. (B) The stria vascularis consists of basal, intermediate, and marginal
cells. This figure is modified from (Kazmierczak et al. 2015).
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CHAPTER 2.ACOUSTIC OVERSTIMULATION AND NOISE-INDUCED
HEARING LOSS (NIHL)

2.1 NIHL prevalence and susceptibility

Acoustic trauma is the leading cause of hearing impairments after aging (Natarajan
et al. 2023). According to the Center for Disease Control and Prevention (CDC), “hearing
loss is the third most common chronic physical condition in the United States and is twice
as prevalent as diabetes or cancer.” (Reviewed in (CDC 2018)). It is defined as pathological
changes in hearing threshold 0-20 dB above the normal human hearing thresholds (WHO
2023). Current international statistics by the World Health Organization suggests that 5%
of the people around the globe have hearing dysfunction, and this percentage is speculated
to double (>700 million individuals) within the next 25 years (WHO 2023). Given the
increased usage of musical and electronic tools, teenagers make up a large number of those
impacted with greater than a billion being at risk (WHO 2023).

Hearing loss due to acoustic overstimulation can depend upon the amplitude and
length of exposure (Konings et al. 2009; Natarajan et al. 2023). For example, a high
intensity noise produced by a siren (120 dB SPL, sound pressure levels re 2x107° Pa) for
one minute generates NIHL whereas a milder intensity noise by a leaf blower (90 dB SPL)
may take up to two hours to cause hearing loss (CDC 2020). Additionally, exact parameters
of acoustic overstimulation may not produce the same type of hearing loss in those who
are exposed. These differences are believed to be determined by environmental and
biological mediators (Konings et al. 2009). Indeed, people with military or industrial
professions are known to be particularly susceptible due to the nature of their exposure (or
so-called occupational noise) (Natarajan et al. 2023). Correspondingly, the National
Institute for Occupational Safety and Health (NIOSH) have imposed restrictions on
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acoustic exposure higher than 85 dB for 8 hours during a workday (Natarajan et al. 2023).
Moreover, the modern generation’s exposure to loud entertainment surroundings or
utilization of headphones (or so-called recreational noise) has major consequences on
hearing (Konings et al. 2009; Natarajan et al. 2023).

Besides the environment, several genes have been identified in animal and human
subjects to underline susceptibility to NIHL (Konings et al. 2009; Natarajan et al. 2023).
In 2002, Kozel and colleagues performed a mouse study where they discovered that
heterozygous ablation of PMCA2, (previously discussed in Chapter 1), increases
vulnerability to hearing loss after loud exposure (Kozel et al. 2002). Other labratories have
also demonstrated mutations in genes that are known to be essential for reversing the
deleterious effects of reactive oxygen species (ROS) could compromise protection from
acoustic overstimulation (Konings et al. 2009). For instance, Ohlimiller’s group showed
that mutations in superoxide dismutase (Sodl) (Ohlemiller et al. 1999) or glutathione
peroxidase (Gpx 1) (Ohlemiller et al. 2000) in mice makes them more prone to hearing loss
after acoustic exposure.

Furthermore, published reviews by (Konings et al. 2009) and (Natarajan et al. 2023)
have additionally provided a list of other genes including heat shock protein (HSP70), heat
shock factor 1 (Hsf1), CJBI-4,6 (encoding connexins), SLC12A42, and KCNEI, KCNJ10,
KCNQI, and KCNQ4 genes encoding K™ channels that are essential for maintaining K*
concentration in the endolymph. Even though we are learning more information about the
possible causes, NIHL continues to escalate and will be more concerning as it increases

further in the next years.
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2.2  Types of NIHL

Acoustic trauma can produce temporary increase of hearing thresholds (TTS) that
is recoverable within two weeks after exposure, or permanent (PTS) when the hearing
thresholds do not recover even two weeks after noise exposure (Liberman 2016). For
decades, significant body of research was accumulated regarding pathological mechanisms

of noise-induced hearing loss.

2.3 Known mechanisms of NIHL
2.3.1 Auditory hair cell death

Hair cell death in the inner ear is a predominant pathology associated with NIHL,
ototoxicity (i.e. induced by aminoglycosides), and age-related hearing loss. In all these
pathologies, increased ROS and resultant apoptosis are believed to be key driving
phenomena (Furness 2015). Since mammalian hair cells do not regenerate, it has been
assumed that loss of the mechanosensitive hair cells (IHCs and OHCs) in the organ of Corti
is the primary reason for permanent NIHL after noise exposure (reviewed in (Harrison
1988; Fridberger et al. 1998)). Loss of hair cells have been postulated to be caused by
increases in [Ca”*]i due to prolonged mechanical stimulation during exposure (reviewed in
(Fridberger et al. 1998)). Indeed, studies have shown increases in [Ca*']i in OHCs
immediately after overstimulation in-vitro (Fridberger et al. 1998). Despite that such
changes might be temporary and associated with TTS (Fridberger et al. 1998), irreversible
increase in [Ca*"]i is believed to cause apoptosis, particularly in OHCs since they are more
prone to Ca** overload (Fridberger et al. 1998; Fettiplace and Nam 2019). Therefore, loss
of OHCs, especially at the high frequency regions, is a known condition in PTS (reviewed

in (Harrison 1988)).
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2.3.2 Stereocilia bundle damage

In contrast to the conventional wisdom which associates hair cell death with PTS,
classical studies by Liberman and colleagues have demonstrated that hair cells could
remain viable in PTS but rather have damaged stereocilia bundles in noise-exposed
mammalian cochleae (Liberman and Beil 1979; Liberman 1987). Because stereocilia have
rigid shafts due to actin crosslinkers and only bend at their bases during stimulation (Tilney
et al. 1980), their pivot points can be most vulnerable to breakage by overstimulation.
Indeed, electron microscopy (EM) studies in alligator lizards exposed to intense noise (105
dB SPL, 24h) identified prominent actin depolymerization at the base of the stereocilia that
was associated with increase in hearing thresholds (Tilney et al. 1982) (figure 2.1 A).
Moreover, experiments in cats exposed to intense noise (115 dB SPL, 2h) producing PTS,
reveal similar F-actin depolymerization at the base of stereocilia, fused or floppy stereocilia
and disruption (breakage) of their rootlets (Liberman 1987) (figure 2.1 B). All the PTS
associated ultrastructural pathologies to the stereocilia and rootlets were not recoverable,
as observed several months after exposure (Liberman 1987) and were not seen in TTS

(Liberman and Dodds 1987).
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PTS

Figure 2.1 Loud noise produces damage to actin structures within stereocilia
bundles.

(A) TEM images of noise-induced depolymerization of F-actin at the base of stereocilia in
a non-mammalian hair cell. This panel is reproduced from (Tilney et al. 1982). (B) TEM
images of stereocilia bundles in cats with permanent NIHL showing depolymerized F-actin
at their bases and further up within their shafts (left). F-actin within the lower rootlet seems
also depolymerized within the cuticular plate (right). These bundles were examined 63
days after noise exposure (Liberman 1987). Therefore, it is not known exactly when the
loss of actin within stereocilia or their rootlet occurred and what initiated this loss.
However, one may predict that breakage of rootlet at pivot point (right) is likely a
mechanical damage happening during noise exposure. Panel B is reproduced from
(Liberman 1987).

Unlike in PTS, noise-induced damage in TTS has been seen mostly in the hair cell
bodies or their synaptic innervation as temporary swelling of hair cells and their afferent
fibers (Liberman and Dodds 1987). Therefore, it was speculated that the pathological
changes in TTS do not involve stereocilia bundles themselves or their actin (Liberman and
Dodds 1987). One interesting phenomenon that is worth noting is that TTS hair cells
presented reduction in the length of the upper of part of the rootlets after noise exposure,
which was hypothesized to produce recoverable changes in the mechanical properties
(stiffness) of stereocilia (Liberman and Dodds 1987). The latter speculation is consistent

with the results from Saunders and Flock, who showed that stereocilia become less stiff
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after fluid-jet overstimulation in-vitro, and this effect was recoverable (Saunders and Flock
1986). Indeed, repetition of Saunder’s experiments in our lab have also validated the

findings of that study (Grossheim et al., unpublished).

2.3.3 Excitotoxicity and neural damage

Besides hair cells, several labratories have also investigated the effects of acoustic
exposure contributing to TTS or PTS on hair cell innervation, particularly Type I afferent
neurons, which innervate IHCs and transmit signals to the brain (previously discussed in
Chapter 1). Early studies in guinea pigs suggests that noise exposure producing temporary
shift in hearing thresholds causes swelling of the postsynaptic dendrites of the afferent
neural fibers within 20 minutes after exposure, which seems recoverable within 7 days post
exposure (Puel et al. 1998). Temporary swelling of the dendrites was hypothesized to be a
result of glutamate excitotoxicity due to increased glutamate release during noise
overstimulation (Puel et al. 1998). Indeed, Puel and colleagues have illustrated that
elevation in hearing thresholds and associated swelling of the dendrites after noise can be
mitigated with kynurenate, a glutamate antagonist (Puel et al. 1998). Other studies in mice
suggest that despite complete recovery of the auditory threshold shifts after noise leading
to TTS, resulting neural damage could involve permanent decrease in the number of IHC’s
pre-synaptic ribbons and postsynaptic afferent nerve fibers, and their detachment from the
IHCs within 3 days after exposure, particularly, at the higher frequency regions of the organ
of Corti (Kujawa and Liberman 2009). Permanent loss of afferent nerve fibers, presumably
their “retraction”, could ultimately contribute to spiral ganglion cell death, which could

occur years after exposure (Kujawa and Liberman 2009).
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2.3.4 Noise-induced metabolic changes

Researchers have also examined cellular and metabolic changes after acoustic
trauma in the lateral wall and stria vascularis, the structures that are essential for sustaining
oxygen supply to the organ of Corti and for the generation of the endo-cochlear potential
(EP) (Kiernan et al. 2002), (Previously discussed in Chapter 1). Indeed, decreased EP was
observed in mice within 3 hours after intense noise (110dB SPL, 2h), and was associated
with vascular or cellular defects and degeneration in the stria and lateral wall (Ohlemiller
and Gagnon 2007). Although the noise-induced abnormalities in the stria were temporary
in some mouse strains or permanent in others, the resulted decrease in EP seems to be
recoverable (Ohlemiller and Gagnon 2007). This suggests that damage to the stria may not
be a primary contributor to PTS. Similar studies in rats also report temporary vascular
constriction, irregular fluctuations or brief suspension of the blood flow, and red blood
cells aggregation in the lateral wall immediately after noise (Quirk and Seidman 1995).
Despite that, the vascular abnormalities were recoverable within 15 minutes after noise.
However, potential short-term ischemia after noise exposure is believed to impart
metabolic pathological outcomes in the inner ear (Quirk and Seidman 1995). Indeed, ROS
contributing to TTS or PTS have been observed within 1-2h after intense exposure
(Ohlemiller et al. 1999). Similarly, increased nitric oxide (NO) that is associated with TTS
(Chen et al. 2005) and superoxide anion radical (O*) (Yamane et al. 1995) in the stria
within minutes after exposure, seem to recover within hours to 1 week, respectively. Free
radicals are speculated to result from normal return of blood flow in hypoxic tissues after
exposure but can be possibly treated with scavenger therapies (Quirk and Seidman 1995;

Yamane et al. 1995; Chen et al. 2005).
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2.4 Limited efficacy of currently available treatments

As of today, there is no effective clinical treatment for NIHL (Natarajan et al. 2023).
A wide range of drugs with potential targets against ROS, apoptosis, inflammation, and
other noise-induced damaging changes have been used in both laboratory and clinic, and
yet have failed to provide solid answers on whether they are effective against NIHL (Kurabi
et al. 2017; Natarajan et al. 2023).

To prevent hair cell damage leading to permanent NIHL, several investigators have
tried to use antioxidant drugs to possibly minimize the effects of ROS after acoustic
exposure. N-acetylcysteine (NAC) and D-methionine are examples of majorly known
amino-acid based antioxidants (free radical chelators) that have been tested over the past
two decades (Cheng et al. 2008; Kurabi et al. 2017; Natarajan et al. 2023). A study by
Kopke et al. in chinchillas exposed to several rifle-like impulse stimuli (155 dB SPL)
producing PTS revealed that NAC significantly decreased auditory hair cell death (both
IHCs and OHCs) as well as changes in hearing threshold by a maximum of 30 dB (Kopke
et al. 2005). In the following years, another study by the same group used different doses
of NAC, whether given orally or through intraperitoneal injection, in animals with noise-
induced PTS. This study has confirmed the success of NAC in reducing hearing threshold
by < 30 dB (approximately at maximum dose) (Bielefeld et al. 2007). Unfortunately,
human trials with NAC seem to be not as enncouraging even with temporary NIHL (Kurabi
et al. 2017; Natarajan et al. 2023). Similarly, experiments in guinea pigs exposed to
moderate noise leading to temporary NIHL demonstrated the benefits of D-methionine in
speeding up recovery and decreasing theshold shifts by about 10-13 dB (Cheng et al. 2008).
However, these results seem to be contradicted by clinical data involving more severe noise

conditions - for more details on this clinical study, see review by (Natarajan et al. 2023).
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A number of projects have also been focusing on preventing hair cell death by using
anti-apoptotic agents, which could interfere with key molecules associated with apoptotic
pathways or mitochondrial failure after noise exposure (reviewed by (Le Prell et al. 2007;
Kurabi et al. 2017)). Examples of these agents are Cyclosporin A, FK506, CEP-1347,
caspase inhibitors, and others. In most cases, these drugs seem to be beneficial in animals.
For example, one study has shown that cyclosporin A and FK506 decrease the noise-
induced changes in hearing threshold by 13-21 dB (Minami et al. 2004). Yet, we still do
not know whether anti-apoptotic agents would be practical in humans given the safety
concerns and the uncertainty regarding the route of administration and timing (Le Prell et
al. 2007).

Steroid drugs have been used against inflammatory responses resulting from
increased cytokines and aggravated immune cells like macrophages after noise exposure
(Xu et al. 2023). In fact, steroids seem to be the only clinically approved medication
currently prescribed to mitigate the effects of NIHL (Xu et al. 2023). Experiments in guinea
pigs exposed to intense noise (118 dB SPL, 5 hours) have demonstrated that trans-tympanic
treatment with dexamethasone through the round window decreases hair cell death and
associated changes in hearing thresholds by less than or equal to 30 dB (Shih et al. 2019).
Clinical experiments which used steroids alone or in combination with other drugs
reinforce that steroids could be useful, however the majority were performed in individuals
with TTS (for more details see (Natarajan et al. 2023)).

Overall, although many of the currently available treatments may show some
degree of protection, most of them typically decrease threshold shifts by no more than 20-

30 dB ((Minami et al. 2004; Kopke et al. 2005; Bielefeld et al. 2007; Cheng et al. 2008;
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Shih et al. 2019); see also data from studies revisited by (Le Prell et al. 2007)). This
suggests that perhaps there is another unknown component underlying residual NIHL that

1s left untreated.

2.5 Uknown mechanisms potentially involved in NIHL

Noise damage to the inner ear during TTS and PTS is a complex process, and the
pathophysiological mechanisms distinguishing these phenomena are poorly understood
even after decades of research. According to Liberman, damage to the stereocilia bundles
is the hallmark to permanent NIHL (Liberman and Beil 1979; Liberman 1987). Yet, clinical
efforts to prevent PTS have often focused on protecting hair cells from dying rather than
repairing their damaged stereocilia. Furthermore, in the studies by Liberman, the primary
mechanism/time course driving the ultrastructural damage to the stereocilia is not clear
because these hair cells were examined several months after exposure.

In this study, we explored the ultrastructural pathologies happening during noise
exposure, and which of them are associated with TTS or PTS. Using focused ion beam
scanning electron microscopy (FIB-SEM), we revealed that actin structures in the
stereocilia bundles exhibit two types of damage after exposure: local mechanical damage
in individual stereocilia and global actin disorganization within a hair cell. The most
fundamental conclusion of our study is that actin disorganization in the stereocilia shafts

during noise exposure determines the difference between TTS and PTS.
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CHAPTER 3.EXPERIMENTAL METHODS AND TECHNIQUES

3.1 Mouse model and cohorts

We used C57BL/6J mice (strain #000664, Jackson Laboratory) for experiments
performed in this study. First, several cohorts of young adult male and female mouse
littermates (postnatal days 25-26, P25-P26) were used for auditory brainstem responses
(ABRs) experiments. These animals survived until all longitudinal time points (days 0-14
after noise exposure) of the ABR study were completed. Based on this study, we
determined noise exposure protocols that reliably produce either TTS or PTS. Then, the
other cohorts of male and female littermates (P25-P27) were exposed to broadband noise
of different intensity and duration and euthanized immediately (within minutes) after noise
exposure. These noise-exposed animals were compared with the control non-exposed
groups to examine the short-term effects of acoustic trauma on their hair cell stereocilia
bundles. Hence, their cochleae were processed for analysis with high resolution confocal
microscopy or focused ion beam scanning electron microscopy (FIB-SEM).

All animal procedures were approved by the University of Kentucky Institutional

Animal Care and Use Committee (IACUC) (protocols #903M2005 and #2019-3414).

3.2 Auditory brainstem responses (ABRs) and noise exposures

We recorded ABRs to determine the noise amplitudes (intensities) and duration,
which would reliably generate temporary (TTS) or permanent (PTS) shifts in hearing
thresholds in a well-defined region of the cochlea. Male and female littermates were either
exposed to a high intensity noise of 110 dB SPL for 1 hour or a milder intensity noise of
100 dB SPL for 30 minutes. Other non-exposed animals served as controls. Prior to the

ABR experiment, we anesthetized the animals intraperitonially with tribromoethanol
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(avertin) (0.02g/ml) with the dosage of (22ul/g). Then, a mouse was placed about one inch
away facing a speaker with three subdermal electrodes, two inserted behind each left and
right ears and one under the scalp. We initially measured the ABR thresholds of the animal
prior to noise exposure. The evoked potentials in response to different intensity stimuli
were recorded at the frequencies: 8 kHz, 16 kHz, 20 kHz, and 32 kHz with Tucker Davis
Technologies ABR system and BioSig RP software, ver. 4.4.11. At high stimuli intensities,
the ABR responses were revealed by averaging neural activity to 500 presentations of the
same acoustic stimulus. To record reliable ABR waveform at the intensities close to the
threshold, more averaging was needed (up to 2000). The neural activity was high pass
filtered at 300 Hz and low pass filtered at 5 kHz. Simultaneously, electrocardiogram was
monitored through the same electrodes on an external digital oscilloscope (Rigol
DSI1052E).

After performing baseline ABR recordings, the animal was exposed to the noise of
high or mild intensities, and the hearing was re-evaluated on the same day (designated as
day 0), immediately after the end of noise exposure. Both unexposed and noise-exposed
animals were returned to the housing facility, and their hearing was re-evaluated again at
days 5 and 14 for TTS cohort or at day 14 only for PTS cohort. We determined that, in the
16-20 kHz region of the cochlea, exposure to white noise of 100 dB SPL for 30 minutes
reliably produced only TTS, while noise of 110 dB SPL for 1 hour generated prominent
PTS. Hearing thresholds are presented as mean+SE (dB SPL) for each of the control, TTS,
and PTS groups relative to time (days) for each frequency tested and plotted with OriginPro

2023.
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The other non-survival animal groups were exposed to the previously determined
noise intensities resulting in TTS or PTS and euthanized immediately after noise exposure.
Cochleae from these animals and their control non-exposed counterparts were extracted
and perfused with fixative through the oval window (within ~15 minutes post noise). These
cochleae were stored at 4°C for in parallel preparations for fluorescence or electron

microscopy.

3.3 Fluorescence confocal microscopy
3.3.1 Organ of Corti sample preparation

Control unexposed and noise exposed cochleae were dissected in Lebovitz 15
medium (Gibco), perfused gently through the oval window with 4% paraformaldehyde
(EMS, cat# 15710) and stored in 2 mL of this fixative overnight at 4°C. Next day, the
fixative was diluted in 1:4 with 1X PBS (Gibco), and the samples were stored at 4°C for
later microdissection. Then, we dissected the organ of Corti in 1X PBS using the place-
frequency map (Miiller et al. 2005) to obtain the region corresponding to 10-20 kHz, which
include the frequencies of interest (figure 4.1 C-D). Tectorial membrane was physically
removed by fine forceps, and samples were stored in 1 ml 1X PBS at 4°C. In the following
days, the organ of Corti samples were washed with fresh 1X PBS and stained with 1:100
Alexa Fluor 488™ bright green phalloidin (Invitrogen, cat# A12379) for 2 hours in the
dark at room temperature to stain actin structures. Organs of Corti samples were carefully
washed 5 times with 1X PBS and mounted on micro slides (VWR, cat# 48311-600) with
sapphire coverslips (Olympus, # 20200901) using ProLong™ Glass Antifade mounting
medium (Invitrogen, ref. P36980). Mounted samples were stored in the dark at room

temperature for imaging in the following 2-3 days, after the medium was completely cured.

35



3.3.2 Fluorescent imaging

We used the Olympus 100X oil objective (cat# APON100XHOTIRF) with 1.7
numerical aperture (NA) to resolve the small nano-sized stereocilia rootlet insertions. One
drop of series M oil medium with refractive index 1.7800 (Cargille Labratories, cat#
18151) was placed on the coverslip. Using Leica SP8 confocal microscope, we first located
the hair cells approximately in the middle of the region corresponding to 10-20 kHz. IHCs
were imaged with pinhole size of 0.20-0.30 Airy units with z-planes separated by 0.05 um
and covering the region starting from the brightly fluorescent stereocilia tips to the end of
the cuticular plate where actin was no longer present. Low magnification images were
obtained first to confirm the hair cell location along the length of the cochlea. All stacks
were collected at high magnification covering the region of interest with a maximum of 2

neighboring IHCs (~25 x 25 X 5 um, X Y Z correspondingly).

3.3.3 Data analysis

We used the “Object Stabilizer” tool in Huygens Professional software (ver. 22.10)
to align the z-planes of fluorescent stacks. Then, the stacks were rotated utilizing the
“Interactive Stack Rotation” tool under the Transform plugin in FIJI/Image J (ver.1.53t),
so that the cuticular plate was parallel to (facing) the screen view. A single plane below the
stereocilia pivot points was selected where almost all stereocilia disappeared while the
cuticular plate actin and rootlet insertions were fully visible. Then the stack was rotated in
X,Y,Z axis such that two opposing (front and back or right and left) edges of the cuticular
plate would be equally visible. Rotation of the cell was essential to ensure proper
measurement of the rootlet insertions at the proper angle. We systematically quantified the

distances of rootlet insertions from center to center between neighboring stereocilia within
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(intra) each of row 1 and row 2 or between (inter) row 1 and row 2. Two or three stereocilia
from each lateral side of the hair cell bundle were disregarded. Histogram of stereocilia
counts representing a particular distance, mean+SE distance (um), and statistical analysis
was performed with OriginPro 2023. In an independent series of experiments, we tested
whether the location along the cochlea would affect measurements of the distances between
rootlets. We examined the correlation between these rootlet distances and heights of

stereocilia, known to be dependent on cochlear position, and we found no correlation.

3.4 Focused ion beam scanning electron microscopy (FIB-SEM)
3.4.1 Significance and rationale of using the FIB-SEM technology

Here, we explore the effects of acoustic trauma on the actin-based structures of
auditory hair cells: the stereocilia, the rootlets, and the cuticular plate. In hair cells, even
1*' row stereocilia, the tallest and the most pronounced protrusions on the cell’s surface,
have a maximum thickness of ~350 nm (as previously quantified in my study (Hadi et al.
2020)). Imaging of the thinner stereocilia from shorter rows (100-150 nm in diameter) is
limited by the wavelength of light and could be done only with super-resolution for light
microscopy. Of course, none of the currently available optical techniques could resolve
organization of actin filaments within a stereocilium (spaced ~ 8 nm apart from each other).
Therefore, electron microscopy is essential for this study. In addition, actin filaments in the
shaft of stereocilia, rootlets, and the cuticular plate have unique ultrastructural morphology,
which is extremely hard to study with classical TEM and requires some sort of 3-D electron
microscopy.

Current technologies known for high resolution imaging and 3-D reconstruction are

focused ion beam and scanning electron microscopy (FIB-SEM), transmission electron
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microscopy (TEM) tomography, serial block face scanning electron microscopy (SBF-
SEM), and array tomography (Narayan and Subramaniam 2015). In the following
paragraphs, we present each technique and compare its major cons and pros with FIB-
SEM, the primary technique we chose to use in our study.

In the TEM tomography, a single section of the sample is placed on TEM grid and
imaged at different angles. These images can be used to reconstruct 3-D representation of
a particular structure of interest with sub-nanometer resolution (Narayan and Subramaniam
2015). However, the overall thickness of the section used for tomography must be still
relatively small, 200-300 nm (Haruta 2018; Peddie et al. 2022). Thicker sections not only
lead to issues of the beam not penetrating through the sample, but also inability to image
the full size of structures (Haruta 2018). Considering the approximate thickness of a single
stereocilium (~300 nm), a 200 nm tomography section will only cover half of the
stereocilium or one stereocilium from thinner shorter rows within a bundle. In addition,
according to Baumeister and colleagues, for adequate tomography results, it is necessary
to acquire several images with the least rotation decrements possible over the maximum
rotation range (180°) (Baumeister et al. 1999). However, they argue that this may not only
damage the sample due to the strength of the beam, but also would require re-adjustment
of alignment parameters every time the sample is rotated. Failure to do so results into
inconsistency and insufficient imaging details (Baumeister et al. 1999).

In SBF-SEM, a diamond knife, that is built-in within the microscope, is used to
slice ~50 nm sections through the sample block while the SEM beam images the block face
upon serial slicing (Haruta 2018). These sections are slightly thicker than those we use in

FIB-SEM (~20 nm). Strong knife artifacts are possible with SBF-SEM compared to FIB-
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SEM, which uses a gallium ion beam for milling instead (Narayan and Subramaniam
2015). Furthermore, in contrast to FIB-SEM where the sample could be positioned very
close to the pole piece, SBF-SEM sample cannot be as close due to possible physical
interference with the diamond knife. Imaging samples at a far distance decreases signal to
noise ratio, making high resolution imaging impossible.

The array tomography is a version of classical serial section TEM. Here, several
serial sections with the thickness of ~70 nm are placed on wafer, and each is imaged with
SEM (Haruta 2018). Similar to the known problems with classical TEM serial sectioning,
this technique needs careful handling and attention to details to prevent losing serial
sections, and thereby it is time and labor consuming.

In FIB-SEM (figure 3.1), a resin block containing the sample (i.e. organ of Corti)
is mounted on a FIB-SEM specimen holder. A focused ion beam (FIB) that is parallel to
the block face automatically mills through the sample at the z-step of 20 nm, while the
backscattered electron beam (SEM) images the sample after each milling step. With this
tool, not only that the samples can be positioned within ~2 mm distance from the pole
piece, but the beam can be adjusted to a small region within the sample, providing a
reasonable compromise between resolution and information obtained. In our case, we were
able to achieve 2 nm/pixel resolution with a reasonable volume through the whole hair cell
(approximate full z-size is 8um) or at least half a cell. This allowed us to re-construct z-
projections through several stereocilia and rootlets within a bundle and examine them in 3-
D.

Other benefits of using FIB-SEM discussed by (Narayan and Subramaniam 2015)

include: 1) reliability, since hundreds of consecutive sections are collected through
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automatic slicing with precise and equal z-thickness, ii) flexibility in changing imaging and
milling beam parameters to reduce beam damage, iii) several detectors appropriate for
imaging of a particular sample to prevent imaging artifacts.

lon beam
(milling)

20 n%
Electron beam

(imaging)

Figure 3.1 FIB-SEM imaging of hair cells.

Organ of Corti sample is embedded within a resin block. A hair cell is sectioned with ion
beam at the z-step of 20 nm and imaged with electron beam. A stack of serial sections is
generated. All sections are aligned with software-based registration plugins for hair cell 3-
D reconstruction.

3.4.2 Organ of Corti sample preparations

Control unexposed and exposed cochleae were extracted in Lebovitz 15 medium
(Gibco) and carefully perfused through the oval window with 2.5% glutaraldehyde, 3%
paraformaldehyde in 0.1 sodium cacodylate buffer, pH 7.4 (EMS, cat# 19560)
supplemented with 1% tannic acid stain (EMS, cat# 21710). Cochleae were stored in 1 ml
of the tannic acid fixative overnight at 4°C. Then, cochleae were postfixed with the same
fixative without tannic acid to prevent precipitation and were stored in 1 ml of clear fixative
at 4°C. In the next days, organ of Corti samples were dissected in distilled water according

to the place-frequency map (Miiller et al. 2005) (figure 4.1 C-D). We did not use any
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calcium chelators such as EDTA to soften the bone of the adult cochleae because we have
previously observed deleterious effects of these chemicals on ultrastructural features
resolvable by EM. Following dissections, organs of Corti were stored in distilled water at
4°C. On later days, the samples were cryoprotected with graded glycerol series (EMS,
cat#16550) at the concentrations of 5%, 10%, 15%, 20%, 25% (at least 45-60 minute on
shaker per incubation), and a final 30% overnight incubation at room temperature.

Next day, we froze the samples with plunge freezing or high pressure freezing with
the Leica EM ICE. High pressure freezing ensures preservation of membranes within a
larger depth of the sample due to less ice crystallization. Then, organ of Corti samples were
placed in the Leica AFS2 freezing substitution machine and incubated in 1% uranyl acetate
(EMS, cat# 22400) and methanol solution at -90°C for 34 hours, replaced with clean
methanol for the next 11 hours at -45°C, and then washed and dehydrated with 100%
methanol (EMS, cat# 1850) for 24 hours. After that, we incubated the samples at graded
concentrations of the monostep HM-20 lowicryl resin (EMS, cat# 14345) or the monostep
K4M (polar) lowicryl (cat# 14335): 50, 75%, 100%, and then UV polymerized the lowicryl
resin into hard blocks. Additional 100% lowicryl washes (12-24 hours) ensured better
infiltration of the resin into the sample. Any residual methanol does affect curing of the
resin. Blocks were then thinned with Leica EM TRIM2 and mounted with epoxy on the
specimen pin holders (Ted Pella, cat# 16104). Each block was then sectioned using the
Leica UC7 ultramicrotome from the block-face side and from the top so that the distance
was within less than 50 pm away from the top surface. Samples were coated with 25 nm

platinum using a sputter coater (EMS150T ES). Organs of Corti imaged with FIB-SEM
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(Helios Nanolab Systems 660, FEI, OR) to obtain 20 nm serial sections of the hair cell

stereocilia bundles of control and noise-exposed hair cells.

3.4.3 FIB-SEM imaging

Samples were automatically sectioned with the ion beam and imaged with the
backscattered electron detector using “Slice and View” mode of the FEI Helios 660
Nanolab system. Raw FIB-SEM stacks typically contained several hundreds of images

with 4096x3536 pixels each and a voxel size of ~2x2x20 nm.

3.44 FIB-SEM image processing for data analysis

Serial sections within each FIB-SEM stack were aligned translationally with
“Linear Stack Alignment with SIFT” tool of the Registration plugin in FIJI. The initial
Gaussian blur value was adjusted to 4.00 pixels. Registered stacks were then scaled with
the correct nm/pixel size and voxel depth of 20 nm/pixel and filtered with median filter
(radius: 1 or 2 pixels). Brightness and contrast were adjusted to match the contrast among
the different stacks or images within a stack. To generate maximum intensity projections,
we generated sub-stacks of several slices through structures of interest, and the sub-stack
was then inverted and converted to a projection by the “Z-project” tool in FIJI. In some of
the figures’ images, these maximum intensity projections were re-inverted for transmission
EM (TEM-like) representation. All figures were constructed using Adobe Illustrator

(23.0.3) after converting all images from 16-bit to 8-bit.

3.4.5 Quantification of stereocilia with irregular actin

In each FIB-SEM stack from control non-exposed and noise exposed (TTS and

PTS) animals, we first counted the total number of imaged IHC stereocilia within a hair
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cell bundle. Then, we counted the number of stereocilia that have normal (organized) or
irregular (disorganized) F-actin in the same bundle, and the percentage of the latter was
calculate per IHC per animal (figure 4.2 D). Normal stereocilia were counted based on the
following criteria: large enough sectioned area with hints of striations or compact actin
with the appearance of non-patchy (uniform) density, and smooth plasma membrane.
Irregular stereocilia criteria: large enough sectioned area with fuzzy looking or patchy actin
with rough plasma membrane. For these quantifications, we only focused on taller 1% and
2™ row stereocilia because they have thicker shafts providing a relatively large surface area
to accurately characterize their actin filaments. We disregarded 3™ row stereocilia because

they are thin making it difficult to evaluate F-actin.

3.4.6 Fast Fourier Transform (FFT) analysis
To assess quantitatively F-actin organization in the shaft of the stereocilia, we
performed 2-D Fast Fourier Transform (FFT) analysis of manually drawn region of interest
covering the stereocilia shaft in available images containing longitudinal sections of [HC
stereocilia of the first and second rows. Standard FFT function of ImageJ2 (FI1JI) was used.
The resulting FFT images were examined for the presence of the peaks indicating

periodicity of the stereocilia actin core.

3.4.7 Quantification of dense actin structures within the shafts of stereocilia

Within each FIB-SEM stack of control non-exposed and noise exposed (TTS and
PTS) animals, we counted the total number of stereocilia within a cell per IHC bundle.
Then, we applied additional median filtering (radius: 3-5 pixels) for the stack to blur F-
actin within stereocilia shafts. This makes the abnormally dense “rootlet-like” actin
structures within the shafts of stereocilia more visible by decreasing the surrounding noisy
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signals. Then we searched through a particular stereocilium frame by frame to find the
section that shows the dense actin structures at their maximum thickness. Once finding that
frame, using F1JI, a transverse line was drawn from edge to edge, and the length of the line
was determined as the diameter of these aberrant structures. We did observe that the dense
actin structures have large variability in their thickness, and some were extremely thin
making it difficult to differentiate them from possible artifacts. Therefore, we set 25 nm
threshold as the minimum width of the structure that would be considered in our counts. If
a stereocilium exhibited multiple of these structures, as long as one of them passed the 25
nm threshold, that stereocilium was included in the counts. The percentage of stereocilia
exhibiting rootlet-like dense actin structures per cell in all control, TTS, and PTS animals
was calculated (see table 4.1 for details). The mean+ SE percentage per treatment group
was also plotted in bar graph with statistical analysis using OriginPro 2023 (figure 4.4 D).
Here we also analyzed only taller 1% and 2™ row stereocilia because their shafts are thick

enough for this sort of analysis.

3.4.8 Quantification of rootlet widths

Using maximum intensity projections in FI1JI, a longitudinal line was drawn on top
of the lower rootlet in such a way that it is parallel to the axis and the tilt of that rootlet.
Then, a second line was drawn perpendicularly to the longitudinal line, right at the point
where the lower rootlet meets the surface of the cell, the cuticular plate. This point was
determined as 0 nm. Then, we quantified the diameter of the rootlet from edge to edge by
descending 200 nm step size from the surface of the cell along its length. We obtained
measurements up to 1 micron. Because rootlet dimensions are proportional to that of their

stereocilia, 1% and 2™ row stereocilia rootlets were quantified because shorter 3™ row
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stereocilia rootlets are very thin and difficult to quantify. Mean+SE rootlet diameters (nm)
were calculated per row at a particular distance from the surface of the cell, and plotted

using OriginPro for control, TTS, and PTS groups. See figure 4.5 B and C.

3.4.9 Quantification of the cuticular plate non-uniformity

Using F1J1, single FIB-SEM planes (slices) of the cuticular plate were selected from
the approximated center of the cell and at lateral distances of 400 nm, 800 nm, and 1200
nm away from that center plane. Then, in each plane, a trace line was drawn to outline the
actin meshwork of the cuticular plate. The standard deviation (StDev), the maximum
(Imax), and the minimum (ImiN) intensity of the meshwork area(s) in that plane were
recorded. Then, the averages of the Imax and Imiv of the analyzed slices within a stack were
calculated. Non-uniformity of the actin meshwork within the cuticular plate in each plane
was calculated by the formula StDev/(Imax-ImiN). Data were plotted and statistical analysis

was performed with OriginPro 2023 as shown in figure 4.6 F.
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CHAPTER 4.RESULTS

4.1 Generating TTS or PTS in the middle frequency region of the cochlea

First, we wanted to identify noise intensities/durations that produce either TTS or
PTS in a well-defined region of the cochlea. We performed ABR assessments in mice that
were exposed to a broadband noise at high intensity (110 dB SPL, 1h) or moderate intensity
(100 dB SPL, 30 min) at the frequencies: 8 kHz, 16 kHz, 20 kHz, and 32 kHz.

At 8 kHz (figure 4.1 A), immediately after moderate noise exposure, mice exhibited
only 5 dB SPL shift in their average hearing thresholds compared to their pre-exposure
levels. Such a minimal increase seems to remain stable over the next two weeks but,
overall, was not significantly different from the control animals’ hearing thresholds, even
at 5- and 14-days post exposure. In contrast, the high intensity noise produced a
significantly larger (~50 dB SPL) threshold shift immediately after exposure. Yet, the
animals’ hearing recovered by two weeks after exposure. The low frequency (apical)
regions in the cochlea are known to be the least susceptible to noise, and therefore, in our
study, even the high intensity noise did not produce PTS (figure 4.1 B).

At 16 kHz and 20 kHz (figure 4.1 A), we observed that (100 dB SPL, 30 min) and
(110 dB SPL, 1h) reliably generated TTS and PTS, respectively. At 16 kHz, moderate
intensity noise (100 dB SPL, 30 min) produced a significant (53 dB SPL) increase in
thresholds immediately after exposure. This increase recovered by 5 days post exposure
and was not significantly different from control thresholds at both 5 and 14 days after
exposure (figure 4.1 A and B). In contrast, intense noise (110 dB SPL, 1h) produced
increase in hearing thresholds to more than 112 dB SPL immediately after exposure, which

then started to decrease but remained significantly higher than control levels by ~42 dB
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SPL at 2 weeks post exposure, suggesting non-recoverable hearing loss or PTS (figure 4.1
B). Similarly, for the 20 kHz, moderate noise caused significant threshold shift (51.5 dB
SPL) compared to that of pre-exposure levels, which also recovered within the next 5 days
and was not significantly different from the control group at 5- and 14-days post exposure
(figure 4.1 A and B). In contrast, intense noise produced significant change in auditory
thresholds to more than 112 dB SPL immediately after exposure. This hearing loss
decreased over the next 2 weeks, but hearing thresholds remained significantly elevated by
(~45 dB SPL) from control levels, suggesting PTS (figure 4.1 A and B).

At 32 kHz, both moderate and intense noise generated non-recoverable hearing
loss, i.e. PTS (figure 4.1 A). This is not surprising because high frequency regions within
the organ of Corti are known to be most susceptible to noise damage. Both types of noise
exposures caused significant changes in hearing thresholds, more than 100 dB SPL,
immediately after exposure. These changes remained significantly higher than their control
groups’ levels at 2 weeks post exposure, suggesting PTS (figure 4.1 B). Although threshold
shift in the “moderate noise” group showed some recovery 5 days post exposure, these
mice progressively lost their hearing later on to the levels observed immediately after
exposure (figure 4.1 A). Both mouse groups with the different noise types were compared
independently to their own control groups, and there was no statistical significance between
these control groups.

We conclude that we have identified the types of noise (intensity and duration),
which would consistently generate either TTS or PTS in the mid-cochlear region
corresponding to the frequencies of 16-20 kHz (figure 4.1 B). In this region, two weeks

post exposure, hearing thresholds of the “TTS group” are not significantly different from
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control groups while hearing thresholds of the “PTS group” are significantly higher (figure
4.1 B). Therefore, this is the region we focus on for the ultrastructural analysis of this study.
We did not consider 32 kHz since both noise intensities generated PTS, as clearly seen in
figure 4.1 B. Additionally, this region is highly susceptible for mechanical damage during

dissection making it unreliable to study or differentiate from potential effects of noise.
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Figure 4.1 Establishing parameters of the noise exposure to differentiate temporary
(TTS) and permanent (PTS) hearing losses in the mid-frequency (16-20 kHz) region
of the cochlea.

(A) Hearing thresholds in dB SPL (y-axis) assessed by the auditory brainstem responses
(ABRs) at 8, 16, 20, and 32 kHz before, immediately after, and 5 or 14 days (x-axis) after
noise exposure. Dashed vertical lines indicate timing of the noise exposure. There are four
mouse groups in each graph: high intensity noise of 110 dB SPL for 1 hour (PTS, filled
circles, red, n=3), moderate intensity noise of 100 dB SPL for 30 minutes (TTS, filled
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triangles, blue, n=4), and separate controls for PTS (open circles, black, n=3) and TTS
(open triangles, black, n=4). Males and females were combined in each group since we did
not observe sex differences. Solid horizontal line indicates the upper limit of the
stimulating hardware at 112 dB SPL. Hearing thresholds above this limit are indicated with
upward arrows. (B) ABR thresholds 2 weeks after noise exposure at all frequencies tested.
Note that, in the range of 16-20 kHz, TTS groups recovered completely while PTS group
still had elevated thresholds. Individual data points are shown plus SE of the mean.
Asterisks indicate statistical significance: *, p<0.01; **, p<0.001; ***, p<0.0001, Student’s
t-test. (C-D) Mouse cochlea 2D (C) and 3D (D) place-frequency maps reproduced from
(Miiller et al. 2005). Dark red solid lines mark the region between 10 and 20 kHz that we
aimed to dissect for sample preparation electron microscopy. Then, the most apical part of
this region was sectioned out during block preparation, and actual FIB-SEM imaging
started from the middle of dissected piece (~16 kHz) toward the base of the cochlea.

4.2 Noise-induced disorganization of F-actin in the shafts of IHC stereocilia

It was previously demonstrated that stereocilia bundle disorganization after
acoustic overstimulation is a hallmark pathology associated with PTS (Liberman and Beil
1979; Liberman 1987). Several months or years after noise exposure in mammals, shafts
of damaged auditory hair cell stereocilia exhibited loss of F-actin from their base
(Liberman 1987). Studies in alligator lizards also reported loss of F-actin besides breakage
of actin cross-linkers and formation of wavy filaments within the stereocilia shafts (Tilney
et al. 1982). However, it is still unclear which of these effects represent the direct effect of
acoustical overstimulation. To answer this question, here we explored the changes in
stereocilia F-actin immediately after noise exposure.

We have performed 20 nm FIB-SEM serial sections of stereocilia in the IHCs
located in the 16-20 kHz region of the cochlea in control mice and mice experiencing either
TTS or PTS (referred later on as “TTS” or “PTS” mice). In these sections, we compared
stereocilia from samples that were prepared in parallel during the same freezing round and
embedded in the same type of resin. In the panels illustrated in figure 4.2 A-C, we show

two different representations of the actin core within a stereocilium, single longitudinal
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(main images) and transverse (top inserts) sections. Within the stereocilia shafts of both
control and TTS IHCs (figure 4.2 A and B), we observed compact actin with hints of
striations indicating the presence of intact actin filaments. The F-actin cores seem to have
a smooth and even appearance and completely fill a sectioned area of the stereocilia in
frame. In contrast, in the PTS stereocilia shafts (figure 4.2 C), the actin cores are not
organized and seem to have a rough or “fuzzy” appearance suggesting that integrity of actin
filaments is likely to be affected. In PTS, actin cytoskeleton in the shafts of the stereocilia
looks less dense (figure 4.2 C), with lighter patches indicating loss of F-actin (figure 4.2
C, top insert), that is not seen in control and TTS (figure 4.2 A and B).

To confirm whether the observed noise-induced changes of F-actin are happening
in PTS only, we used Fast Fourier transform (FFT) in FIB-SEM sections from control,
TTS, and PTS mice (figure 4.2 A-C, bottom insets). This mathematical procedure allows
us to evaluate the organization pattern of actin filaments within the shafts of stereocilia.
According to the FFT theory, if periodicity is present, i.e. actin filaments are organized in
a uniform repeated pattern, it is expected to observe the brightest point that is perpendicular
to the axis of the filaments (arrow heads in figure 4.2 A-B, bottom insets). The intensity
and amplitude of this brightest point correspond to the frequency (or number of
occurrences) of the organized pattern of F-actin. If periodicity is absent, i.e. there is no
organized re-occurring pattern of the F-actin, then a signal of brightest point does not exist
(its amplitude is 0). Based on this analysis, our FFT data reveals periodicity of F-actin in
the shafts of IHC stereocilia in control and TTS mice but not in PTS mice (arrow heads in
figure 4.2 A-C, bottom insets). This further suggests, actin organization is only present

within the shafts of stereocilia in control and TTS, but not in PTS.
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Additionally, our data also show that membranes of the stereocilia surrounding the
actin cores in control and TTS appear smooth and intact with no visible breaks, as shown
in figure 4.2 A and B. However, single sections of PTS stereocilia shafts demonstrate that
they exhibit less defined and wrinkled plasma membrane indicating that the anchors
between the membrane and the actin core could be disrupted after noise exposure (figure
4.2 C). To ensure that the PTS associated changes in the membrane are not artifacts of
embedding, we processed the other cohorts of mice using the same freeze-substitution
protocol but with the K4M polar resin, which is known for enhanced labeling of membrane
contained organelles. We observed similar wrinkling in the stereocilia plasma membranes
after noise exposure but only in PTS but not in control or TTS samples (Figure 4.3 A and
B).

Finally, we calculated the percentage of stereocilia with irregular (disorganized) F-
actin core per IHC in control, TTS, and PTS animals in all FIB-SEM stacks that show
longitudinal sections through stereocilia (figure 4.2 D). Our data show that in control and
TTS IHCs, there is no single stereocilium with the irregular actin cytoskeleton in its shaft.
In contrast, in PTS THCs, 90-100% of stereocilia within a cell have disorganized F-actin
cores (figure 4.2 D). Yet, there was one PTS THC where all stereocilia appeared normal,
with no single stereocilium with irregular F-actin within that cell (figure 4.2 D).We
conclude that: 1) noise produces irregularity of actin in the shafts of IHC stereocilia but we
see this phenomenon only in PTS; ii) irregularity of F-actin in the shafts seems to result
from some global changes in the actin within a hair cell because whenever we see it, we
see it in all stereocilia within that cell. It is possible that disorganization of actin

cytoskeleton within the shafts of stereocilia is due to disassembly or loss of F-actin, which
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we hypothesize to be initiated by Ca*>" induced severing after noise exposure (figure 4.2

E).

A

. - " Control & TTS PTS
# stereocilia | # stereocilia % stereocilia
with irregular | with normal with irregular JT:
actin actin actin .: i ,; '
Ty |
oy |
HG1 0 33 0 Ca* o Caz |l
|
Control IHC2 0 25 0 ~
oetoe): | HES 0 1 0
IHC4 = = = ns.
IHC1 0 14 ]
TTS
(N3 meey | 1HC2 0 17 0
IHC3 0 T 0
IHC1 32 0 100
IHC2 39 0 100
PTS
#o.mea | HES 0 31 0 R ! ’
IHC4 28 3 90.32 o |J o [5) @ e i
IHCS = = - Actin-severing proteins are inactive  Actin-severing proteins are active

? ?

Figure 4.2 Disruption of F-actin within the shafts of IHC stereocilia is produced by
noise causing PTS but not TTS.

(A-C) Single 20 nm longitudinal FIB-SEM section through stereocilia in IHCs from
control (A), TTS (B) and PTS (C) mouse organ of Corti samples that were processed in
parallel, in the same high pressure freezing freeze-substitution round and embedded in
parallel in HM20 lowicryl resin. Top inserts show more transverse sections through
neighboring stereocilia within the same cells. Fast Fourier transform revealed actin
filament periodicity within the shafts (areas outlined by dashed rectangles) in control and
TTS but not in PTS hair cells (bottom insets, arrowheads). Note in all FFT image insets,
there is an x-y coordinate. This determines the directionality that is perpendicular to the
periodic pattern. In contrast to the FFT shown in (C), FFT in (A-B) shows a bright signal
that extends far from the origin with the direction that is perpendicular to actin filaments
within the shafts of stereocilia in these longitudinal sections. The amplitude (how far that
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signal extends) corresponds to the frequency of the periodic pattern of F-actin. White
dashed circle in (A) shows a trace of that distance. (D) Percentage of stereocilia with
irregular actin among all 1 and 2" row stereocilia in available serial sections. Cells came
from three different animals per treatment group. For simplicity, different cells within a
treatment group are numbered. Two samples were embedded in a different resin (K4M),
which produced worse imaging contrast and, therefore, cannot be used to determine the
presence of organized actin filaments (labeled with “—). Statistical significance: ***,
p<0.001, Student’s t-test. Note that PTS noise produces “yes or no” effect on F-actin
filaments in nearly all individual stereocilia of a particular cell but not every hair cell is
affected. Green vs. red text indicates healthy vs. nonhealthy state of stereocilia,
respectively, which were scored by two independent observers. (E) A potential mechanism
of noise-induced F-actin disorganization in the stereocilia shaft. In control or TTS IHCs,
Ca”" entering through mechanotransduction channels is extruded from stereocilia by
abundant plasma membrane ATPases (left). During PTS overstimulation, we hypothesize
that Ca?* may reach cell body and activate actin-severing proteins that would disrupt F-
actin (right).
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Figure 4.3 Wrinkling of the stereocilia’s plasma membranes in PTS is not an artifact
of embedding resin.

(A-B) Single 20 nm sections of IHC stereocilia in PTS sample that was plunge-frozen and
freeze-substituted and embedded in the K4M resin. Black arrow heads point to sites of
membrane wrinkling that is not present in control samples.

4.3 Appearance of dense actin structures within the shafts of stereocilia in IHCs

Besides normal rootlets located at the pivot point of each stereocilium, serial
sections in control and noise FIB-SEM stacks revealed additional areas with abnormally
dense F-actin within the shaft of a stereocilium. In our study, we define these areas as

“rootlet-like” dense actin structures. To trace the “rootlet-like” dense structures, we
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constructed maximum intensity projections of stereocilia shafts in control, TTS, and PTS
IHC bundles (figure 4.4 A-C). In all these samples, we found some but not all stereocilia
exhibiting abnormally dense structures (specifically from row 1, figure 4.4 A-C, arrow
heads). A stereocilium could have as many as 2-3 of these structures. Sometimes, these
structures are thin and less prominent while in other case they resemble the thickness and
density of the rootlets. These structures are different from rootlets which are found at the
pivot point and continue to protrude into the shaft of a stereocilium and into the cuticular
plate (Furness et al. 2008; Pacentine et al. 2020), as clearly seen in figure 4.4 B. In contrast,
the abnormally dense actin structures seem to be disconnected from the rootlet and can be
either found near a pivot point or along mid or upper shaft of a particular stereocilium
(figure 4.4 A-C, arrows heads). Also, the upper part of the rootlet within stereocilia shafts
exhibiting the dense actin structures appears to be normal and intact with no hints of
thinning. This strongly suggests that these “rootlet-like” dense structures are not shattered
pieces from the real rootlets.

We were interested to explore whether the abnormal “rootlet-like” actin structures
would increase after mechanical damage due to noise overstimulation. We calculated the
percentage of stereocilia with these dense structures within a cell in control, TTS, and PTS
samples and found that all seem to have similar percentages (figure 4.4 D and table 4.1).
Additionally, in all control non-exposed and noise-exposed IHCs, we found that less than
50% of stereocilia within a cell have the dense actin structures inside their shafts.

We conclude that: 1) the “rootlet-like” dense actin structures in the shafts of IHCs
stereocilia are not produced by noise exposure because they are also present in control

IHCs, and ii) this phenomenon seems to be a result of local change in the F-actin within

55



the shaft of a particular stereocilium because we do not see it in every stereocilium within
a cell. We speculate that these structures might be developmental and could be generated
during normal formation of the stereocilia F-actin core. Alternatively, they could form due
to abnormal bundling of neighboring actin filaments by TRIOBP-4 present in the shafts of
stereocilia (Kitajiri et al. 2010) (figure 4.4, E). TRIOPB-4 is previously discussed in

Chapter 1.
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Figure 4.4 Shafts of stereocilia in IHCs exhibit dense rootlet-like actin structures.
(A-C) Maximum intensity projections (inverted to “TEM-like” images) of FIB-SEM serial
sections through stereocilia bundles in control (A), TTS (B), and PTS (C) IHCs from the
organ of Corti samples processed in parallel during the same round of freezing/freeze-
substitution/embedding. Actin-dense stereocilia rootlets (marked with “r’’) have an upper
part extended into the stereocilia shaft and a lower part inserted into the cuticular plate.
Arrowheads point to similar actin-dense structures but either appearing in close proximity
to rootlet or further at mid-shaft. (D) Average percentages of the 1 (tallest) and 2" row
stereocilia with “rootlet-like” dense actin structures in control (white), TTS (blue), and PTS
(red) groups (N=3 mice per group). Means+SE are shown, see Table 4.1 for detailed counts
per cell. One-way ANOVA shows no significance (p=0.95) among all control and noise
exposed groups. Brackets show results of the mean comparisons by Bonferroni test with
no significance (n.s.) (p>0.05) between the treatment groups (E) A potential mechanism
for formation of the dense F-actin patches within the shaft of a stereocilium. During non-
damaging sound stimulation, sliding of actin filaments is restricted to the rootlets (left).
During lifetime, excessive mechanical stimulation may break F-actin crosslinkers in
stereocilia shafts (middle), allowing TRIOPB-4 to “wrap” them into “rootlet-like” dense
structures. Apparently, formation of these, on first sight, aberrant structures does not affect
hair cell function since they were observed in the control, normal hearing mice.

57



Table 4.1 Detailed summary for the quantification of IHC stereocilia with “rootlet-like”
dense actin structures within their shafts.
Cells came from three different animals per group that were processed in three different

rounds of freezing. For simplicity, different cells within a treatment group are numbered.

T - # stereocilia % stereocilia
s with rootlet-like| with rootlet-like
of stereocilia
structures structures
IHC1 33 4 121
Control IHC2 25 12 48
(N=3, mice) IHC3 16 6 S7E
IHC4 11 5 45.5
IHCA 16 6 37.5
TTS
(N=3, mice) IHC2 17 6 35.3
IHCA 32 9 28.1
IHC2 39 12 30.8
PTS
(N=3, mice) IHC3 31 13 41.9
IHC4 19 9 47.4
IHC5 11 4 36.4

4.4 Noise exposure causes expansion of the rootlets in IHCs

Besides stereocilia, we also examined the noise-induced ultrastructural changes in
the rootlet, the other actin-based structure that anchors stereocilia and is required for
mechanosensation. Rootlets have precise shapes (i.e. lengths and diameters) (Furness et al.
2008), which are essential for mechanical stiffness of the bundle (Kitajiri et al. 2010;
Katsuno et al. 2019). However, rootlets can also be susceptible to damage by noise

overstimulation.
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We compared the morphology of the rootlets in the control, TTS, and PTS mice,
and found that after noise exposure, rootlets become expanded (figure 4.5 A). Maximum
intensity projections of several rootlets in a control IHC bundle show that 1% row stereocilia
rootlets are somewhat thick and may have gap (hollowness) within their core, a feature that
has been previously reported in other studies (Pacentine et al. 2020). Some of these rootlets
do not appear to maintain the same thickness along their lower axis, and they widen towards
their ends within the cuticular plate (figure 4.5 A, control). Rootlets of 2™ row stereocilia
are most consistent in length along their lower axis, and they become thinner or more
pointed towards their end within the cuticular plate (figure 4.5 A, control). In contrast,
after noise exposure in both TTS and PTS, 2™ row rootlets seem to become thicker due to
being expanded, hollow, or split towards the end (figure 4.5 A, TTS and PTS). Therefore,
we hypothesized that noise may expand the lower part of the rootlet within the cuticular
plate.

We obtained systematic measurements of the diameter of the 1% and 2™ row
stereocilia rootlet up to ~1 micron down within the cuticular plate in control, TTS, and PTS
groups (figure 4.5 B and C). We found that within ~600 nm down below the surface of the
cell (within the cuticular plate), 1% row rootlets have thick diameters that are similar in the
control and noise exposed stereocilia bundles (figure 4.5 C). Then, at 600 - 1000 nm
distance from the surface of the cell, rootlets become progressively wider, with clear large
variability towards the end, in all groups (figure 4.5 C). We conclude that there are no
differences in the thickness of row 1 rootlets between control and noise exposed samples.

In contrast, our measurements demonstrate that 2" row rootlets are less thick than

1 row rootlets. This is consistent with the previous knowledge that smaller row 2
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stereocilia have normally thinner rootlets compared to larger row 1 stereocilia (Furness et
al. 2008). According to our data, normal (control) row 2 rootlets become more pointed
towards the ends down into the cuticular plate (dependence on the distance is statistically
significant, p=0.018, two-way ANOVA) (figure 4.5 B). In the TTS condition, there is a
tendency for expansion of the rootlets after noise exposure. However, in PTS, the rootlet
expansion becomes prominent, and some rootlets become dramatically expanded after
noise exposure. The ones that were severely expanded or splayed, which we designate as
class II, were significantly thicker than control starting from -400 nm within the cuticular
plate. The rootlets that were not as severely expanded, designated as class I, still showed
significant statistical difference at -800 nm compared to control (figure 4.5 B). Both class
I and class II rootlets are shown in figure 4.5 B, bottom panel.

We conclude that noise exposure causes expansion of the IHC lower rootlet, which
somewhat seems to correlate with the intensity of noise exposure. Expansion of the rootlet
started to occur in TTS and became more significantly prominent in PTS. Noise exposure
causing PTS produces two types of rootlets depending on how severely they expand (or
splay). This suggests rootlet expansion during noise exposure could be caused by
mechanical breakage of the molecular complex that is essential for anchoring each rootlet
and making them more constricted within the cuticular plate (figure 4.5 D). Proteins

forming this molecular complex are previously discussed in Chapter 1.
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Figure 4.5 Noise exposure causes expansion of rootlets in IHCs.

(A) Maximum intensity projections of the serial sections through several rootlets of 1% and
2™ row stereocilia control (top), TTS (middle), and PTS (bottom) IHCs processed in
parallel. Number of slices per intensity projection ranged between 10-185 to cover rootlets
from the different rows. (B-C) Measurements of the row 2 and row 1 rootlet diameters
(mean+SE) at different distances from the surface of the cell (0 nm) down into the cuticular
plate in controls (grey solid lines, filled squares), TTS (blue solid lines, filled triangles),
and PTS (red solid line, filled circles or open circles) IHCs. Number of rootlets (N) per row
per treatment group ranged between 7-11 rootlets, which came from two different
independent experimental series. In panel (B) (top graph) there is a clear trend indicating
widening of the rootlets within the cuticular plate, with the tendency to increase with the
severity of noise exposure. Note that PTS rootlets separate into two classes depending on
severity of widening. A two-way ANOVA among the treatment groups of control, TTS,
and PTS class I rootlets indicates significant differences (p=0.00073). A two-way ANOVA
among control, TTS, and PTS class II rootlets also shows significant differences
(p<0.00001). Results of the mean comparisons by Student’s t-test, with asterisks which
indicate statistical significance, are shown on the plot, **, P<(0.01; ***p<0.001. The bottom
of panel (B) are maximum intensity projections (inverted to “TEM-like” images)
representing class I and class II rootlets in PTS. Both rootlets are shown also in panel (A)
PTS, but here, their z-projections contain smaller number of slices (3-16) to cover the
structure of these individual rootlets only and show their apparent widening. Red solid
arrows point to the site of thickening or splitting of the hollow rootlets towards their ends.
(D) A potential model of how noise exposure produces mechanical damage and widening
of the rootlets. The cartoon shows several essential proteins anchoring the rootlets to the
actin meshwork (grey lines) of the cuticular plate (left). Force generated by mechanical
overstimulation (red arrow) should increase relative sliding of the actin filaments within a
rootlet (middle). This sliding may break connections with anchoring molecules producing
“hollow” rootlets, such as that previously reported in mice lacking ANKRD24 (Krey et al.
2022) (right).

4.5 Noise exposure produces actin disorganization in IHC cuticular plates

We were interested to explore whether acoustic trauma impacts the cuticular plate,
which is also another actin-based compartment in the hair cell, where stereocilia and their
rootlets are embedded. Unlike stereocilia and rootlets that are supported by parallel and
unidirectional actin filaments, the cuticular plate is a gel-like mixture of random F-actin
and non-actin cytoskeletal proteins (DeRosier and Tilney 1989), refer to (Chapter 1). To
investigate whether noise exposure disrupts this structure, we examined single 20 nm

sections at different locations (z-frames) of the IHC cuticular plate with and without noise
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exposure (figure 4.6). In some cases, we were only able to capture sections in the middle
of the hair cell, as shown in figure 4.6 A and C, images 2-4 or B, images 1-6. In other cases,
we were fortunate to capture ends of the cuticular plates from both lateral sides of the hair
cell, as demonstrated in figure 4.6 D and E.

We observed that the actin meshwork within the cuticular plate has defined bowl-
like borders with distinct and highly visible “speckles”, which represent the random
arrangement of the F-actin (figure 4.6). This actin meshwork almost covers the entire
cuticular plate with the widest area in the middle of the cell, and progressively, gets smaller
towards the lateral ends of the cell. An exception to that is a small area that normally lacks
F-actin is where the speckles are absent. At this site, the kinocilium forms and vesicular
trafficking of the hair cell usually happens (Kachar et al. 1997; Pollock and McDermott
2015), refer to (Chapter 1). Interestingly, our data show that unlike in control hair cells
(figure 4.6 A), in both TTS and PTS (figure 4.6 B and C), this kinocilium region that is
free of actin appears to become larger during exposure. This strongly suggests that noise
causes loss of F-actin from the cuticular plate.

Furthermore, single FIB-SEM sections in the lateral ends of the cell show that the
control cuticular plate maintains its bowl-like structure even when it gets smaller towards
the end (figure 4.6 D, control). However, in PTS, we noticed formation of actin “islands”
that are dispersed and seem to be interrupted with vesicular tracks-like patterns lacking
actin (figure 4.6 E, PTS). This indicates that noise induces rearrangement of actin
cytoskeleton within the cuticular plate. Although we did not observe actin islands in TTS
(figure 4.6 B), the cuticular plates in both TTS and PTS groups seem to be shrinking from

both side edges (figure 4.6 B and C, fourth images).
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When we examined the non-uniformity of the actin structures within the remaining
meshwork of the cuticular plate, we also found changes there after noise exposure (figure
4.6 F). This analysis was performed by first outlining the areas which represent the electron
dense actin meshwork per single section along multiple z-frames of the cuticular plate in
each FIB-SEM stack. Then, the non-uniformity of the cuticular plate was calculated per
section as following: StDev/(Imax-Imiv), where StDev is the standard deviation of the
intensity of the actin meshwork area in a particular section while Imax and Imiv are the
average maximum and minimum intestines of the cuticular plate meshwork areas of all
sections within a stack, respectively. Based on this analysis, we have found that in both
TTS and PTS groups, there is a significant decrease in the non-uniformity within the
cuticular plate compared to control group. Decreased non-uniformity indicates
rearrangement and degradation of actin structures after exposure, and thereby making the
cuticular plate’s meshwork more uniform (i.e. homogenous), with even more gel-like
composition.

We conclude that acoustic trauma causes loss or rearrangement of actin within the
cuticular plate. This loss of F-actin could be due to Ca** induced depolymerization during

acoustic exposure.
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Figure 4.6 Noise induces loss of F-actin within the IHC cuticular plates.

Single FIB-SEM sections of the cuticular plates at different z-planes in control (A), TTS
(B), and PTS (C) IHCs. (D-E) Magnified images which correspond to single planes from
panel (A) of the control IHC (black borders), with normal cuticular plate, and PTS IHC
(red borders) with the cuticular plate consisting of prominent islands of F-actin. Red dashed
lines outlined F-actin meshwork of the cuticular plates in both panels (D) and (E). These
areas of interest were determined by tracing the bowl-shaped electron dense actin
meshwork containing “speckles” and lacking mitochondria and vesicles. (F) Quantification
of the non-uniformity of actin structures within the meshwork of the cuticular plate in
control (black open circles), TTS (blue filled triangles), and PTS (red filled circles). Each
data point represents quantification of individual FIB-SEM sections at the approximated
center of the cell and consecutive z-planes taken at 400 nm steps before and after the center
of the cell. Cells came from two different independent experimental series. One-way
ANOVA shows that there is a significant change (p=0.0017) in the non-uniformity within
the cuticular plate among the control and noise-exposed groups. Brackets represent results
of the mean comparisons by Bonferroni test indicating statistical significance between both
control and TTS or control and PTS, and no significance (n.s.) between TTS and PTS
(p>0.05); **, p<0.01.

4.6 Noise changes the positioning of stereocilia in the cuticular plates of IHCs

As discussed in Chapter 1, the stereocilia rows within a hair bundle are inserted into
the cuticular plate’s actin meshwork via rootlets with utmost accuracy. Here, we observed
noise-induced rearrangement of the cuticular plate’s actin meshwork in IHCs. Therefore,
we hypothesized that acoustic trauma would in turn alter the insertions of stereocilia.

We compared changes in the rootlet insertions between the control non exposed
and noise exposed IHC bundles. We used Alexa Fluor 488™ phalloidin to stain actin in
control, TTS, and PTS organs of Corti. Unfortunately, we were not able to detect
fluorescent labeling of the rootlets, possibly due to their compact structure preventing the
phalloidin from accessing F-actin. However, using high resolution confocal microscopy
with 1.7 NA 100X objective, special high refraction index immersion oil, and sapphire
coverslips, we resolved row 1 and 2 rootlet insertions. These nano-sized insertions
appeared as prominent holes within the cuticular plate. We measured the distances between

the “holes” within (intra) row 1 and row 2 in the control, TTS, and PTS IHCs (figure 4.7
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B). We observed that the average distance between the “holes” within row 1 does not
change in TTS, but significantly decreases in PTS compared to that of control. However,
the average distance between the “holes” within row 2 are similar in control, TTS, and PTS
IHCs, suggesting that they are not affected by noise. We also measured the distances
between rootlet “holes” of row 1 and row 2 stereocilia (figure 4.7 C). We found that this
distance significantly decreases in TTS, but does not change in PTS.

In summary, we conclude that noise exposure results into changes in the positioning
of stereocilia within the cuticular plate. This is consistent with the changes in the actin
meshwork of the cuticular plate after noise. It is likely that the noise-induced shrinkage or

rearrangement of actin within the cuticular plate brings the stereocilia closer together.
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Figure 4.7 Noise exposure alters the positioning of stereocilia insertions within the
cuticular plates in IHCs.

(A) Representative example of high-resolution confocal imaging of the stereocilia insertion
points in the adult wild type IHC. (B-C) Distance (mean+SE) between stereocilia insertion
points in the cuticular plate within stereocilia rows (B) and between 1% and 2" row
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stereocilia (C) in control (white), TTS (blue), and PTS (red) IHCs. Cartoon illustrations
explain how measurements were performed. Distances between neighboring stereocilia
insertion points were quantified by drawing a line in FIJI from center to center and
measuring the length of that line. Averaged values are plotted along with their standard
errors. There is a trend toward decreasing the distance between neighboring 1% row
stereocilia with the increase of severity of noise trauma, but the differences reached
significance only for PTS but not TTS (*, p<0.05, Student’s t-test). Distance between
stereocilia insertions in row 1 and row 2 decreased significantly in TTS but not in PTS (*,
p<0.05, Student’s t-test). (D) Histograms of inter-stereocilia distance counts for the data
show in (C). Number of cells: 6 (control), 8 (TTS), 6 (PTS).

4.7 Actin disorganization in the shafts of stereocilia is also a key distinction
between TTS and PTS in OHCs

Our data show that actin disorganization within stereocilia shafts in IHCs is the
major distinction between TTS and PTS. We hypothesize that this phenomenon could be
driven by a global mechanism within the cell, such as changes of intracellular Ca®"
concentration after noise exposure. To determine whether this is true also for OHCs, we
examined the short-term effects of noise exposure on the actin structures in the OHCs.
OHCs are known to be more sensitive to Ca?" overload (Fettiplace and Nam 2019).
Therefore, we compared FIB-SEM serial sections of the stereocilia, the rootlets, and the
cuticular plate actin compartments in OHCs in the control, TTS, and PTS conditions
(figures 4.8-10, respectively).

Single section of the cuticular plate in a control OHC shows that the actin
meshwork is more defined and denser than that in IHCs (figure 4.8 A). This is consistent
with the physiological function of OHCs in sound amplification - their stereocilia bundles
need to have sturdier mechanical support. The kinocilium and associated vesicular
trafficking site seems to be narrow and is distinctly visible by its prominent lighter density
due to the absence of actin in control OHCs (figure 4.8 A, white arrow). In contrast, in TTS
(figure 4.9 A, black arrow) and PTS (figure 4.10 A, black arrow), the kinocilium site that

is devoid of actin looks larger and seem to be filled with a greater number of vesicles and
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other non-actin material. These observations suggest that noise exposure produces
cytoskeletal changes within the cuticular plate and loss of its F-actin. It is important to
note that in one control OHC (figure 4.8 C), we noticed loss of actin from the cuticular
plate similar to that of TTS and PTS, although this cell was not exposed to noise. However,
the stereocilia bundle in that particular cell did not have an upright position and looked
severely bent at their pivots. It indicates the possibility of mechanical damage during
dissection since adult OHCs are more susceptible to mechanical damage.

Unlike in IHCs, we were not able to visualize actin filaments within the shafts of
stereocilia in OHCs. This is due to limited resolution of FIB-SEM and more dense packing
of F-actin in OHCs. Therefore, unfortunately, we were not able to characterize changes in
the regularity of actin within the shafts of stereocilia in OHCs after noise exposure.
However, maximum intensity projections of the stereocilia reveal that in both control and
TTS, all stereocilia within a cell maintain their rod shape appearance (figure 4.8 B and
figure 4.9 B, respectively). Interestingly, only in PTS, we observed that some stereocilia
are bent at their mid-shaft (figure 4.10 C, red arrow heads). We have not observed such
bending in TTS. This data is intriguing because it strongly suggests that noise exposure
causes disorganization (disassembly) of F-actin within the shafts of stereocilia in PTS but
not in TTS. It is worth mentioning that such bending could be easily detected even by
scanning electron microscopy. Based on more than a decade-long experience of our lab,
stereocilia with properly crosslinked parallel F-actin filaments never bend in wildtype
OHC:s that were not exposed to noise.

Finally, maximum intensity projections of the OHCs’ rootlets within the cuticular

plate reveal that OHCs’ stereocilia have long rootlets that are proportional to lengths of
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their stereocilia, as previously reported (Furness et al. 2008) and discussed in Chapter 1.
Therefore, the rootlets of the tallest 1% row stereocilia extend deepest within the cuticular
plate actin meshwork (figure 4.8 B). Surprisingly, we found several rootlets within a cell
that were over-elongated and extended beyond the actin meshwork of the cuticular plate in
all control (figure 4.8 D-E, arrow heads), TTS (figure 4.9 C-E, arrow heads), and PTS
(figure 4.10 D-H, arrow heads). The ends of these over-elongated rootlets seem to have
various morphologies as either normal (figure 4.10 D), split (figure 4.8 D, figure 4.9 D,
and figure 4.10 E), or bent (figure 4.9 E and figure 4.10 G). Interestingly, all these over-
elongated rootlets were in the 1% row stereocilia, close to the kinocilium site lacking actin.
We have not observed any in the 2™ row stereocilia. We cannot conclude that the rootlets
with atypical morphologies are produced by noise because we also see them in the control
cells.

Overall, from this OHCs data, we summarize that noise exposure also induces
rearrangement or changes in the actin cytoskeleton within the cuticular plate and the shafts
of stereocilia. However, like in the IHCs, presumable loss (depolymerization) of F-actin
from the stereocilia shafts during acoustic exposure in OHCs is the key determinant for

PTS.
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Control
A

Figure 4.8 Typical F-actin compartments in control OHCs.

(A) Single FIB-SEM section of the cuticular plate. Actin meshwork of the cuticular plate
is the bowl-shaped electron dense material that lacks mitochondria and vesicles. White
arrow indicates vesicular traffic through the normally narrow path around the site of the
retracted kinocilium. (B) A maximum intensity projection of straight rod-like stereocilia
(tallest 1% and shorter 2™ row are shown; 2™ row rootlets are proportionally shorter). (C)
A different neighboring cell from the same FIB-SEM block has a larger area that is empty
of F-actin (black arrow). (D-E) Maximum intensity projections showing examples of over-
elongated rootlet passing the cuticular plate F-actin meshwork (black arrowheads),
compared to adjacent normal rootlets (without arrowheads) shown in (D). All intensity
projections here are inverted for “TEM-like” image illustration. Scale bar in all images:
500 nm.
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Figure 4.9 F-actin compartments in the OHCs exposed to noise producing TTS.

(A) Single FIB-SEM section of the cuticular plate. The electron dense material of the
cuticular plate’s actin meshwork lacking mitochondria and vesicles is shown. The area
devoid of F-actin (black arrow) which is filled with vesicles becomes larger in TTS group
compared to control. (B) A maximum intensity projection of straight rod-like stereocilia.
(C-D) Maximum intensity projections showing examples of over-elongated rootlet passing
the cuticular plate meshwork (black arrowheads), compared to adjacent normal rootlets
(without arrowheads) shown in (E). All intensity projections in this figure are inverted for
“TEM-like” image illustration. Scale bar in all images: 500 nm.
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PTS

Figure 4.10 Disruption of F-actin within the shafts of stereocilia is a key pathology

in OHCs induced by noise producing PTS.

(A-B) Single FIB-SEM sections of the cuticular plate from two different neighboring cells
in the same FIB-SEM block. The area empty of F-actin becomes even larger after PTS
exposure suggesting significant loss of actin (black arrows). (C) A maximum intensity
projection of stereocilia shows striking bending of their shafts (red arrowheads). (D-H)
Maximum intensity projections of over-elongated rootlets (black arrow heads)
demonstrating that they are also present in PTS. In some cases, the over-elongated part of
a rootlet looks disconnected (H). All intensity projections in this figure are inverted for
“TEM-like” image illustration. Scale bar in all images: 500 nm.
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CHAPTER 5.DISCUSSION

This project identifies the noise-induced damage to the actin structures in the
mammalian hair cell bundles, immediately after exposure. We have found: 1)
disorganization of F-actin within the shafts of stereocilia in PTS but not control or TTS, ii)
mechanical damage to the rootlets that is initiated in TTS and became more pronounced in
PTS, and iii) noise-induced loss of actin from the cuticular plate in both TTS and PTS. We
speculate that presumable depolymerization of actin within the stereocilia shafts and the
cuticular plate is induced by global increase in [Ca*']i and subsequent activation of Ca**-
dependent proteins such as calpains or actin severing molecules. The key take-home

finding is that disorganization of F-actin within the shafts of stereocilia, immediately after

exposure, distinguishes between TTS and PTS.

5.1 Noise exposure causes disorganization of actin within the shafts of stereocilia

In this study, we show that noise results in disruption, presumably
depolymerization, of the F-actin core within the shafts of stereocilia in both IHCs and
OHCs in PTS but not in TTS. FIB-SEM images of the IHCs stereocilia shafts reveal
prominent disorganization in the packing of actin filaments (figure 4.2). Since these
phenomena seem to occur in all stereocilia within a cell, it must be regulated globally i.e.,
at the level of a cell but not an individual stereocilium. We speculate that noise-induced
depolymerization of F-actin core might be triggered by global change in intracellular
[Ca?"] within a cell, which is known to increase during hair cell bundle overstimulation
(Fridberger et al. 1998). The exact molecular mechanism requires further investigation.

It is known that unlike other actin compartments in hair cells, stereocilia have
specialized actin cytoskeleton within their shafts. Their F-actin core is a paracrystalline
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structure (Tilney et al. 1980) that is composed of parallel filaments that are rigid due to
crosslinking by espin (Zheng et al. 2000), plastin-1(Taylor et al. 2015), and fascin-2 (Shin
et al. 2010). Actin crosslinker/bundler espin binds F-actin at high affinity and is known to
be relatively insensitive to Ca?*, and therefore believed to protect F-actin from Ca*"
induced changes (Zheng et al. 2000). Furthermore, given their primary role in
mechanotransduction, stereocilia are distinct cellular compartments because they exhibit
special mechanisms for Ca®" extrusion. They lack mitochondria and have unusually high
density of Ca*" ATPase pumps, known as PMCA?2, specifically expressed along plasma
membrane of stereocilia shafts to ensure removing Ca®" upon entry through MET channels
during mechanical stimulation (Yamoah et al. 1998; Dumont et al. 2001; Fettiplace and
Nam 2019), (refer to figure 1.10 in Chapter 1). Therefore, we speculate that in TTS,
transient or slight increases in [Ca?']; within stereocilia could be tolerated by the PMCA2
Ca®" extrusion machinery and may not be sufficient to induce changes in the actin
cytoskeleton within the stereocilia shafts (figure 4.2 E , left). In contrast, in PTS, persistent
or extensive increase in [Ca®"]i may exceed the extrusion capacity of PMCAZ2. This initiates
increase of [Ca?"]i inside the cell, and thereby activates Ca**-dependent mechanisms of
cytoskeleton remodeling within a cell that include changes of F-actin in the stereocilia
shafts (figure 4.2 E, right). Correspondingly, irreversible changes (such as disruption) of
F-actin within the shafts of stereocilia are deleterious to the function of stereocilia and
result in PTS. This is not surprising because the F-actin core of mammalian hair cells is
known to be only dynamic at the tips of the stereocilia and is highly stable with minimal
or no turnover within the shafts (Zhang et al. 2012; Drummond et al. 2015; Narayanan et

al. 2015).
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It is important to mention that due to the limited resolution, unlike IHCs, we could
not resolve the packing of F-actin in OHCs. However, bending of the OHC stereocilia at
their mid-shaft in PTS (figure 4.10 C) is a sign of disorganization (depolymerization),
which we expect to be similar to that in IHCs. As previously mentioned, actin filaments
within stereocilia shafts are highly rigid, and therefore can only be bent if disassembled.
We also want to note that EM images by Liberman have previously illustrated that the
shafts of stereocilia exhibited patches that were empty of actin in PTS hair cells several
months after noise exposure (Liberman 1987), (refer to figure 2.1 B, left in Chapter 2).
Here, in our FIB-SEM experiments, we capture the short-term effects of noise and reveal
that the loss of actin, seen by Liberman, is likely preceded by disorganization of the actin
filaments, presumably their severing and disassembly during noise exposure (figure 4.2 C).
Indeed Ca**-dependent actin severing and capping proteins like gelsolin are known to be
present in stereocilia (Mburu et al. 2010), and are possibly activated upon overwhelming

increase in Ca?" in PTS (figure 4.2 E, right).

5.2 Noise causes loss (disorganization) of actin within the cuticular plate

We have observed disorganization/shrinkage of the actin meshwork within the
cuticular plate during noise exposure in IHCs and OHCs in both TTS and PTS. We
hypothesize that disruption of actin within the cuticular plate might represent an early
manifestation of the same Ca*'-dependent mechanisms that, upon larger Ca** load, result
in disorganization of F-actin within stereocilia. In this case, shrinkage of the cuticular actin
meshwork may be caused by activation of Ca**-dependent proteases such as calpains, of
which multiple isoforms (1-3) and (5-13) have been detected in adult hair cells (SHIELD

2012).
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Interestingly, unlike in stereocilia where only PTS produces disruption of actin
(figure 4.2 A-C), both TTS and PTS cause shrinkage of the actin within the cuticular plate
(figure 4.6 B and C). Moreover, this shrinkage seems to be worse in PTS than TTS as the
actin meshwork is severely interrupted by the formation of islands at the edges of the cell
in IHCs (figure 4.6 E). This is also not surprising because the stereocilia and the cuticular
plate compartments are fundamentally different on the structural and cellular basis.
Stereocilia project from the apical surface of the hair cell while the cuticular plate is a part
of the hair cell body. Unlike [Ca®']; control by PMCA?2 inside stereocilia (Yamoah et al.
1998; Dumont et al. 2001), the resting level of Ca®" within the cuticular plate is primarily
maintained by Ca®" buffers (Hackney et al. 2005) and PMCA1 (Dumont et al. 2001).
Therefore, differences in the levels of Ca** or any Ca®*-dependent events in the cuticular
plate versus that of stereocilia are expected. Additionally, unlike the F-actin core within
stereocilia, the gel-like actin meshwork of the cuticular plate forms randomly organized
filaments which lacks espin but exhibits spectrin (Slepecky and Ulfendahl 1992; Furness
et al. 2008; Liu et al. 2019) and alpha-actinin (Slepecky and Chamberlain 1985; Slepecky
and Ulfendahl 1992), refer to (Chapter 1). Both molecules are known to be classical
substrates for calpains that are highly sensitive to changes in Ca** (reviewed in (Lebart and
Benyamin 2006)). Therefore, disorganization of actin within the cuticular plate may require
smaller increase in [Ca*"]i compared to that in stereocilia. This is consistent with the fact
that although Ca?" may increase to a lesser degree in TTS than in PTS, it may be sufficient
to induce changes in the actin cytoskeleton. Indeed, the observed decrease in the structural
non-uniformity within the meshwork of the cuticular plate is happening in both TTS and

PTS (figure 4.6 F). Ca*>" induced degradation of actin and other cytoskeletal proteins, (for
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example by calpains), decreases the heterogenic composition of the cuticular plate, thereby
making it more homogenous in TTS and PTS.

Based on the data of our study, we have concluded that damage to the actin within
the cuticular plate could be repairable and is not the primary cause of PTS. This is
anticipated also because, unlike the shafts of stereocilia (Zhang et al. 2012; Drummond et
al. 2015; Narayanan et al. 2015), F-actin within the cuticular plate is as dynamic as that in

the tips of stereocilia (Zhang et al. 2012).

5.3 Appearance of dense actin structures within the shafts of stereocilia in IHCs

We observed “rootlet-like”, aberrant dense actin structures within the shafts of
stereocilia, which are not caused by noise exposure because they are equally present in the
control and noise exposed stereocilia (figure 4.4 A-D). This suggests that stereocilia
bundles can persist with these dense structures, and they do not seem to interfere with the
hair cell’s mechanosensitivity, as seen in the ABR assessments (figure 4.1 A, controls).
One possibility on how these dense structures form is that they might be inherent to the
stereocilia shafts. This means that they are locally generated during normal formation of
the actin paracrystalline throughout mammalian postnatal development. An alternative
possibility is that they are acquired by abnormal bundling of F-actin within the shafts of
stereocilia, likely due to local mechanical damage induced by normal acoustic stimulation
throughout life. If this is true, such mechanical damage does not alter hearing thresholds
implicating a negligible effect on the mechanical properties of the stereocilia.

The latter phenomenon seems plausible considering the previously proposed
models on the sliding of actin filaments during mechanical deflection of the stereocilia.

According to the classical model suggested by Tilney and colleagues, when stereocilia
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bend during sound-induced stimulation, parallel actin filaments within their shafts slide
against each other (Tilney et al. 1983). Based on Tilney’s idea, a second model recently
proposed by (Kitajiri et al. 2010) suggests that filaments within the shafts of stereocilia are
rigid and do not slide during deflection because they are crosslinked with espin (Zheng et
al. 2000), plastin 1 (Taylor et al. 2015), and fascin 2 (Shin et al. 2010). Instead, only at the
pivot point, actin filaments within the rootlet could freely shear against one another because
they lack crosslinkers but are wrapped around by TRIOBP (Kitajiri et al. 2010; Pacentine
et al. 2020). (See illustration of sliding filaments within the rootlets during normal
stimulation, figure 4.4 E, left). It is not surprising that during long term and excessive
mechanical deflection of the stereocilia throughout the lifespan, harsh sliding of the F-actin
within the rootlets could propagate up into filaments within the shaft forcing them to slide
(figure 4.4 E, middle). Consequently, sliding of the filaments could mechanically break
crosslinkers within the stereocilia shafts, and filaments free of crosslinkers could become
transiently spaced at variable distances (figure 4.4 E, right). As an attempt for repair,
adjacent filaments may be bundled TRIOBP-4 isoform that is present in stereocilia shafts
(Kitajiri et al. 2010), resulting into formation of dense structures that look like rootlets.
Indeed, it was previously demonstrated that free actin filaments are robustly bundled by
TRIOBP in-vitro (Kitajiri et al. 2010).

We note that formation of the abnormally dense actin structures within the shafts
of stereocilia appears to be different from the F-actin disorganization produced in PTS. At
least in both control and TTS stereocilia, in which we solely observe “rootlet-like” dense
structures (figure 4.4 A and B), signs of striations and/or compact actin are indicative of

intact filaments (figure 4.2 A and B). This evidence implies that the PTS associated
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disorganization of F-actin (figure 4.2 C), is caused by a different mechanism than potential
breakage of the crosslinkers due to noise overstimulation. Indeed, we do not observe traces
of filaments in the stereocilia with disorganized actin in PTS, strongly suggesting their
disassembly. Additionally, unlike the F-actin core within the shafts of stereocilia (Zhang
et al. 2012; Drummond et al. 2015; Narayanan et al. 2015), crosslinker proteins like facsin-
2 has been shown to have fast turnover (Roy and Perrin 2018), and therefore their

mechanical damage is likely reversable.

5.4 Expansion of the rootlets during noise exposure

In this study we show that noise exposure expands stereocilia rootlets - they become
thicker, hollow, or splayed, and their diameters become progressively larger going deeper
into the cuticular plate. Interestingly, these noise-induced rootlet changes are reminiscent
to hollow rootlets seen in the mutant (Ankrd24%°/°) mice lacking ankyrin-repeat protein
(ANKRD?24), an essential molecule for rootlet insertion and restraining their F-actin within
the cuticular plate (Krey et al. 2022). According to our data, lower rootlets of the 1% row
stereocilia seem to be thicker compared to other rows even in control hair cells,
independent of noise exposure. Their thickness becomes variable deeper within the
cuticular plate, again independent of noise exposure (figure 4.5 C). In contrast, lower
rootlets in the 2™ row stereocilia of control unexposed stereocilia get thinner deeper into
the cuticular plate. However, after noise, they start to widen in TTS, and their widening
becomes significantly pronounced in PTS (figure 4.5 B). Hence, this strongly suggests that
the noise exposure affects the molecular machinery that is mechanically connecting the

rootlet to the actin meshwork and restraining it within the cuticular plate.
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As previously discussed in Chapter 1, the lower part of the rootlet is embedded
within the cuticular plate to maintain a well-anchored upright stereocilia throughout life.
Within the cuticular plate’s actin meshwork, the rootlet is somewhat fully isolated by an
“empty” space that lacks actin (Tilney et al. 1980; DeRosier and Tilney 1989; Furness et
al. 2008), but contains a number of molecules forming a complex that is crucial for
anchoring the rootlet (Pacentine et al. 2020). Among them, rootlet bundler TRIOBP-5
(Katsuno et al. 2019) and spectrin, which makes up rings around the lower rootlets (Liu et
al. 2019), are the key proteins maintaining the rootlets (figure 4.5 D, left). Moreover, the
recently identified ANKRD24 physically interacts with TRIOBP-5, and the two of them
are hypothesized to encircle the lower rootlet and keep their shape within the cuticular plate
(Krey et al. 2022), (figure 4.5 D, left). Indeed, in the Triobp?e%-104ex%-10 mytant mice,
stereocilia bundles have abnormal rootlets (Katsuno et al. 2019). Similarly, Krey et al. have
recently found that in the Triobp?e<%-104ex-10 mutant hair cells, ANKRD24 seems to be
disappear, and in ankrd24%°%0 mutants, TRIOBP-5 is abnormally localized (Krey et al.
2022). This strongly indicates that all these proteins are critical for the presence of each
other as they work in concert for proper rootlet function and preventing their damage
during normal mechanical stimulation. However, during intense overstimulation, they can
also be susceptible to damage. Interestingly, mice lacking ANKRD24 not only have hollow
rootlets but are also more susceptible to noise exposure (Krey et al. 2022). Additionally,
definition of spectrin rings has been shown to be affected after intense noise exposure
causing PTS (Liu et al. 2019).

As previously mentioned, the current belief is that only actin filaments within the

rootlets slide relative to each other during sound stimulation (Kitajiri et al. 2010; Pacentine
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et al. 2020). However, in the case of acoustic overstimulation, harsh sliding of these
filaments could cause local mechanical breakage between the rootlet and the anchoring
complex which connects it to the cuticular plate meshwork. For example, physical
connection between ANKRD?24 and the rootlet-TRIOBP-5 structures may no longer be
intact after exposure, and hence restriction of F-actin of the lower rootlet within the
cuticular plate could be lost (figure 4.5 D, middle). Non-restricted filaments become further
apart forming hollow rootlets (figure 4.5 D, right), similar to that previously reported in
Ankrd24%9%0 mice (Krey et al. 2022). Likewise, intense sliding of F-actin within rootlets
may break their connection with the thin filaments which connect them to the actin
meshwork of the cuticular plate (figure 4.5 D, middle and right). Although it is not currently
known, we also speculate that if any of these molecules is somehow physically connected
to spectrin, it is likely that spectrin will also be damaged around the rootlets (figure 4.5 D,
middle and right).

Since damage to the rootlet seems to be mechanical, it is expected that some rootlets
are more severely affected after acoustic trauma. The evidence for this speculation can be
inferred from our observation of separate classes of damaged row 2 rootlets in PTS. Class
II rootlets are thicker compared to class I, due to their large splaying towards their ends
(Figure 4.5 B, bottom EM images). This strongly suggests that the severity of damage could

depend on the location and the degree of broken molecules after overstimulation.
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CHAPTER 6. CONCLUSION

The goal of this doctoral project is to identify the immediate (within minutes)
effects of acoustic exposure on the stereocilia bundles in the auditory hair cells. Key
summary findings of the work presented in this dissertation are:
¢ Disruption of F-actin core in the shafts stereocilia in PTS but not in TTS. This is an “all

or none” effect of noise within a cell. It is likely a consequence of global change within
the hair cell, such as Ca’"-dependent depolymerization of F-actin.

e Formation of the distinct “rootlet-like” actin structures within the shafts of stereocilia
not caused by noise exposure.

e Expansion (widening) of the lower rootlet within the cuticular plate, starting in TTS
and becoming more striking in PTS. This damage seems to be row-specific and variable
among effected rootlets. It is likely local, due to excessive sliding of the rootlet and
mechanical breakage of the molecules connecting it to the cuticular plate.

e Re-arrangement (depolymerization) of actin within the cuticular plate’s meshwork in
both TTS and PTS, altering positioning of stereocilia. Similar to the stereocilia,

possibly initiated by global increase in Ca>" but perhaps at a lower Ca** concentration.

The only noise-induced ultrastructural damage that consistently differs between TTS
and PTS, in both IHCs and OHCs, is the disorganization of F-actin in the shaft of
stereocilia. It does make sense that this damage is not repairable because the shaft of
stereocilia is the compartment where F-actin is known to be highly stable, with minimal or

no turnover.
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