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Divide and convert: a decoupled mechanism for hair cell regeneration in the zebrafish inner ear
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Loss of hearing and balance in humans presents a massive and increasing global health burden.
In humans and other mammals, dysfunction of the auditory and vestibular systems is often caused by the
death of mechanosensory hair cells in the inner ear, which adult mammals have a limited ability to
regenerate. In contrast, non-mammalian vertebrates including zebrafish can robustly regenerate
functional hair cells throughout life. Zebrafish hair cell regeneration has been studied extensively in the
lateral line, an external sensory system with hair cells and associated supporting cells that are analogous
to cells of the inner ear. In comparison, the zebrafish inner ear has been understudied, despite being a
highly tractable and regenerative model system that is highly conserved with the inner ear of other
vertebrates. The work presented in this dissertation aims to characterize cell types in the zebrafish inner
ear and determine when and how zebrafish inner ear hair cells are regenerated. First, single-cell RNA
sequencing was used to describe multiple hair and supporting cell subtypes in the zebrafish inner ear,
and fluorescent in situ hybridization was used to validate the identities of these cell types in vivo. Addition
during growth and regeneration of both hair cell subtypes was then quantified during the larval phase of
growth. Finally, by using a marker of cell division, the broad mechanism of regeneration was determined

to be a two-step, decoupled process in which supporting cells divide to produce hair cell precursors and,



independently, transdifferentiate into new hair cells. This work has substantially advanced the zebrafish
inner ear as a model system for studying hair cell regeneration that will be of immense value in the effort

to facilitate hearing and vestibular restoration in mammals.
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CHAPTER 1: INTRODUCTION

Hair cells are the mechanosensory cells of the inner ear that sense sound and head position. In
mammals, these vulnerable cells are susceptible to damage from a variety of insults including exposure
to ototoxic drugs, noise over-exposure, and age-related degeneration. Consequently, the incidence of
auditory and vestibular dysfunction increases with age, causing significant disability and decreased
quality of life and representing an increasing global health burden (Agrawal et al., 2013; GBD 2019 USA
Hearing Loss Collaborators et al., 2024; Cunningham and Tucci, 2017). Compared to other vertebrates,
mammals experience an outsized impact of vestibular and auditory system damage, due to our limited
ability to regenerate hair cells. Unlike mammals, non-mammalian vertebrates can robustly regenerate hair
cells throughout life. Aside from differences in regeneration potential, the inner ear is highly structurally
and functionally conserved across the vertebrate kingdom.

A major goal of the field of inner ear biology has been to understand how non-mammalian
vertebrates generate hair cells in the post-embryonic period, with the thought that these lessons could be
applied to therapeutic approaches for hair cell loss in humans. Hair cells can be added during initial
development and growth of sensory organs, by removal and replacement over time or ‘turnover’, and in
regeneration following tissue damage. Here, | will describe the evidence for hair cell addition in these
three contexts in the main vertebrate model systems in which they have been studied. Hair cell
regeneration has been studied in a wide variety of vertebrates including amphibians (Avallone et al.,
2008; Baird et al., 1996; Jones and Corwin, 1996; Taylor and Forge, 2005), but most recent work has
been focused on mammals, birds, and fishes. In this chapter | will first describe the anatomy and cellular
composition of the inner ear organs, then | will give an overview of hair cell addition and regeneration in
mammals, birds, and fishes with a focus on in vivo models. Finally, | will provide the rationale for the

zebrafish inner ear studies discussed in subsequent chapters.

1.1 Conserved anatomy and cell types of the inner ear

The general mechanism of action of hair cells is that mechanical deflection of stereocilia at the

apical end of the cell causes ion channels to open. This causes the cell to depolarize, sending an



electrical signal to the central nervous system via afferent neuron synapses on the basal side of the cell.
Within the inner ear, hair cells are organized in discrete sensory patches in stereotyped orientations that
allow them to sense sound and multiple types of head movement (Figure 2.1). The vestibular system
contains three semicircular canals of different orientations for sensing angular rotation of the head in
different directions. Hair cells in the semicircular canals are found in organs called cristae. Each canal has
an enlarged cavity called an ampulla where the crista is located, and hair cell stereocilia bundles protrude
from the ampulla into the fluid-filled canal. Rotation of the head results in inertial lag in the fluid of the
canals, causing deflection of the hair cell stereocilia and depolarization. The utricle and saccule are two
additional vestibular organs with sensory patches called maculae. These organs are overlaid by a
gelatinous matrix and one or more calcified ‘ear stones’ called otoconia (mammals, birds) or otoliths (fish).
Tilt, vibration, and gravitational pull on the head result in inertial lag of the otoconia or otolith, causing hair
cell bundles projecting into the matrix to deflect and the hair cell to depolarize. Some vertebrates have
additional macular organs. The lagena is a third otolith organ present in non-mammalian vertebrates that
functions in audition and balance and is thought to be the evolutionary precursor to the more specialized
auditory organ seen in birds and mammals (Gacek, 2009; Khorevin, 2008). Fish also have maculae
neglecta, patches of hair cells of likely auditory function that develop later in the larval stage and do not
have associated otoliths (Bever and Fekete, 2002; Corwin, 1983, 1981). Finally, mammals and birds have
a specialized auditory organ in which hair cells are stimulated by sound waves traveling down a long
membrane, resulting in tonotopic encoding of sound frequency. This structure is called the cochlea and
the sensory organ is called the organ of Corti in mammals or the basilar papilla (BP) in birds. Importantly,
fish do not have a similarly specialized auditory organ. Instead, the utricle, saccule, and lagena are all
capable of responding to sound (Favre-Bulle et al., 2020; Popper and Fay, 1993; Yao et al., 2016). Often
one of these organs plays a larger role in sound detection than the others, but which organ this is varies
across fish species (Ladich and Schulz-Mirbach, 2016).

Within hair cell sensory patches, hair cells can be subdivided into distinct morphological and
functional types. Amniote vestibular organs contain type | and type Il hair cells, which are organized in to
central and peripheral (cristae) or striolar and extrastriolar (maculae) regions (Desai et al., 2005b, 20053;

Fernandez and Goldberg, 1976; Jan et al., 2021; Scheibinger et al., 2022). Type | hair cells are identified
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by their flask-like shape and calyx-forming associated afferent neurons, while type Il hair cells which have
shorter cell bodies and bouton-forming associated afferents (Burns and Stone, 2017; Eatock and Songer,
2011; Wersall, 1956). Fish vestibular organs also have distinguishable striolar/extrastriolar and
central/peripheral regions (Bang et al., 2001; Chang et al., 1992; Haddon and Lewis, 1996; Jiang et al.,
2017; Liu et al., 2022; Platt, 1993; Shi et al., 2023; Tanimoto et al., 2022; Zhu et al., 2021). Fish do not
have hair cells with the morphological dimorphism of type | and Il hair cells, though there is some
evidence for calyx-like afferent terminals in the cristae of goldfish (Lanford and Popper, 1996). In the
cristae, all hair cells in an ampulla have the same polarity, while the macular organs display a line of
polarity reversal which allows for higher sensitivity to movement in multiple directions (Popper, 1977;
Tanimoto et al., 2022). Hair cell diversity in these forms as well as in stereocilia bundle height, physiology,
and afferent projections allow for sensitivity to multiple types of stimuli. For a more in-depth review on
vestibular system organization see (Baeza-Loya and Raible, 2023; Eatock and Songer, 2011). Amniote
auditory organs also display hair cell variability. In the chick BP, hair cells are taller towards the neural
side of the organ and shorter towards the abneural side (Rubel and Ryals, 1982; Tanaka and Smith,
1978). In the highly structured mammalian organ of Corti there is one row of inner hair cells juxtaposed
with three rows of outer hair cells. Importantly, some subtypes of hair cells are more susceptible to
ototoxin damage than others. Striolar hair cells and type | hair cells are more likely to die from
aminoglycoside exposure (Forge et al., 1993; Lindeman, 1969; Weisleder and Rubel, 1992; Yan et al.,
1997), as are outer hair cells in the organ of Corti (Schacht et al., 2012).

Hair cell production in vertebrates begins during embryogenesis. The developing organs are first
comprised of proneural cells. Notch signaling, among other signaling pathways, mediates lateral inhibition
that causes proneural cells to differentiate into hair or supporting cells (Atkinson et al., 2015; Daudet and
Zak, 2020). Supporting cells are critically important to the function of inner ear sensory organs. These are
glia-like cells that maintain ion balance in the surrounding endolymph, phagocytose dying hair cells, and
provide physical support to hair cells (Wan et al., 2013). Importantly, supporting cells represent a hair cell
precursor population in species that can generate hair cells during regrowth and turnover (Corwin and

Cotanche, 1988; Lin et al., 2011; Lopez-Schier and Hudspeth, 2006; Millimaki et al., 2010; Weisleder et



al., 1995). What mechanisms are involved in supporting cell replacement of hair cells is a major area of

research and a main motivating question for the work in this thesis.

1.2 Hair cell addition in commonly studied vertebrate systems
Mammals

In the mammalian cristae, developmental hair cell addition begins prenatally, with some
continued differentiation and maturation of the organ after birth (Anniko et al., 1979; Nordemar, 1983).
Continued proliferation in adulthood is not normally observed in crista support cells in the absence of hair
cell damage (Kinoshita et al., 2019). Utricle hair cells also begin to differentiate during gestation, but
many peripheral utricular cells continue to divide postpartum, and about half of the total hair cells in the
utricle are added in the two weeks after birth (Burns et al., 2012b). The utricle goes on to maintain some
ability to add new hair cells under homeostatic conditions. A low level of turnover occurs in the adult
mouse utricle (Bucks et al., 2017), and immature hair cells have been observed in older adult guinea pig
and human utricles (Forge et al., 1993; Lin and Forge, 1997; Taylor et al., 2015). The window for hair cell
addition in the cochlea is earlier and narrower than in the utricle, with terminal mitoses occurring in the
mouse between embryonic day 12 and 16 (Ruben, 1967) and differentiation of hair cells between
embryonic day 15-17 (Lim and Anniko, 1985; Sher, 1971). Organ of Corti cells remain post-mitotic
throughout the life of mammals; no hair cell turnover has been observed in this organ.

Though regeneration potential declines after birth in mammals, there is plasticity in the
mammalian auditory and vestibular organs in the late embryonic and early neonatal period. Multiple
inducible, genetically encoded methods of hair cell ablation in mice have been developed for studying hair
cell regeneration in mammals (Burns et al., 2012a; Golub et al., 2012). When hair cells are ablated in
postnatal day 0 (P0) neonates using a transgenic line in which CreER drives production of diphtheria
toxin fragment A (DTA) in hair cells, approximately 30% of utricle hair cells die within one to two days of
Cre recombination. Utricle supporting cell proliferation is subsequently extended by several days
postnatally. Hair cells are regenerated over six days post-ablation, with some arising from mitosis of

supporting cells and more arising from supporting cell transdifferentiation. If ablation is induced later, at



P5, regeneration is greatly diminished (Burns et al., 2012a). Another study of the neonatal utricle
identified a subset of Lgr5-expressing striolar supporting cells that proliferated in response to neomycin or
genetically induced hair cell death (Wang et al., 2015). This study used a Pou4f3-driven diphtheria toxin
receptor (DTR) transgenic mouse line (Golub et al., 2012) as opposed to the CreER-DTA mouse line. In
this case, when diphtheria toxin was administered at P1, hair cells were lost gradually until P15. Hair cell
numbers recovered significantly but not completely by P30. Both type | and Il hair cells were regenerated
by a combination of proliferation and transdifferentiation of supporting cells (Wang et al., 2015). Though
hair cells were regenerated and reinnervated, the extent to which function is recovered in the utricle after
postnatal hair cell ablation is not well understood.

In the perinatal organ of Corti, certain cells can be regenerated with retention of organ function.
When certain differentiated supporting cells are ablated in the neonatal mouse cochlea, they can be
regenerated over the course of a few days and the animals develop with normal hearing. If these cells are
ablated after the onset of hearing or if hair cells are also killed, no regeneration occurs (Mellado Lagarde
et al., 2014). When hair cells in the organ of Corti are ablated at PO either in the Pou4f3°™R system or
another CreER-DTA model, hair cells are regenerated by direct transdifferentiation of supporting cells
(Cox et al., 2014). A small number of new hair cells were also produced by supporting cells that reentered
the cell cycle. Though regenerated hair cells follow normal developmental maturation and express
markers of mature hair cells, only a fraction of the hair cells lost are replaced and most of those new hair
cells do not survive past P15 (Cox et al., 2014). The ability of support cells to transdifferentiate also
wanes quickly after birth. Support cells from P6 mice are unable to transdifferentiate and are
unresponsive to inhibition of notch signaling (Maass et al., 2015), which generally increases hair cell
differentiation. Several possible explanations for this precipitous decrease in regeneration potential have
been suggested, including structural (Burns and Corwin, 2014; Collado et al., 2011) and epigenetic (Jen
et al., 2019; Tao et al., 2021) changes that occur with organ maturation.

In adult mammals, regeneration is possible but limited in the vestibular organs and nonexistent in
the cochlea. In the utricle and cristae, supporting cells can proliferate following aminoglycoside toxicity
(Kinoshita et al., 2019; Lopez et al., 1998; Rubel et al., 1995; Warchol et al., 1993). When hair cells are

regenerated, a small number arise from supporting cells that divide in response to hair cell death, but the
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majority arise from direct transdifferentiation of supporting cells (Bucks et al., 2017; Kawamoto et al.,
2009). In the cristae, proliferation is sufficient to maintain support cell numbers during regeneration
(Kinoshita et al., 2019; Lopez et al., 1998), but in the utricle few supporting cells divide, resulting in an
overall decrease in their number (Golub et al., 2012). Regenerated type Il hair cells have active
mechanotransduction and are innervated but do not have mature bundle morphology (Golub et al., 2012).
For unknown reasons, only type Il hair cells are regenerated in the mammalian vestibular organs (Forge
et al., 1993; Kawamoto et al., 2009; Lopez et al., 1998). However, production of type | hair cells can be
achieved in the adult mouse by deleting Sox2, a transcription factor found in type Il hair cells (Stone et al.,
2021). In contrast to the vestibular organs, the organ of Corti loses potential for proliferation regeneration
shortly after birth (Cox et al., 2014; Maass et al., 2015; Roberson and Rubel, 1994; Sobkowicz et al.,
1997), and any subsequent hair cell death is permanent. Nevertheless, certain cells from the cochlea and
utricle when isolated and cultured regain the ability to proliferate and differentiate into cells that express
hair cell markers (Li et al., 2003; White et al., 2006), suggesting that in vivo proliferation could be
reinitiated with the right treatment or genetic manipulation. Altering the Notch signaling pathway in the
mammalian inner ear confers some extended flexibility to regenerate hair cells (Atkinson et al., 2014; Lin
et al., 2011; Liu et al., 2012; Sayyid et al., 2019; Staecker et al., 2007). However, there is evidence that
Notch signaling is not required to maintain post-embryonic organ patterning, suggesting that Notch
pathway inhibition may not be an effective means of promoting regeneration in cases of acquired hearing

loss (Maass et al., 2015).

Birds

The majority of developmental hair cell addition in the chicken utricle occurs between embryonic
day 7 and post-hatch day 16, with most of that addition occurring pre-hatch (Goodyear et al., 1999). After
this initial population expansion, hair cells continue to be produced via mitosis of support cells to replace
older hair cells (Jargensen, 1991; Jargensen and Mathiesen, 1988; Roberson et al., 1992; Stone et al.,
1999), with a rate of approximately 2% of hair cells turning over per day (Goodyear et al., 1999). Utricular
hair cells are estimated to have a half-life of 20-30 days (Goodyear et al., 1999; Kil et al., 1997). When

treated with proliferation markers, labeled support cell-type Il hair cell pairs are frequently observed,
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suggesting that support cells divide asymmetrically to produce new hair cells (Goodyear et al., 1999;
Jorgensen and Mathiesen, 1988; Roberson et al., 1992). These divisions are not terminal mitoses, as
indicated by the fact that support cells can be dual-labeled after application of two rounds of different
markers of proliferation (Jgrgensen and Mathiesen, 1988; Stone et al., 1999). In contrast to the utricle,
the chick BP undergoes a wave of terminal mitosis over the course of several days during development
(Katayama and Corwin, 1989), and hair cells are not added or removed by turnover later-on (Cruz et al.,
1987; Jorgensen and Mathiesen, 1988; Mason et al., 1995).

Robust regeneration occurs in the avian vestibular system. Proliferation of support cells is
elevated above normal levels in all vestibular epithelia in the chick inner ear following aminoglycoside
toxicity in chicks (Kil et al., 1997; Stone et al., 1999; Weisleder and Rubel, 1992). After cessation of
aminoglycoside treatment, type | hair cells were completely ablated in the vestibular organs, and type II
hair cell numbers were significantly decreased. By 2-3 weeks post-treatment, type Il hair cells were
present throughout the vestibular organs and few type | cells were observed, and by 8-9 weeks post-
treatment the number and patterning of type | and Il hair cells showed near complete recovery (Warchol
and Speck, 2007; Weisleder and Rubel, 1992). As type | hair cell numbers increase, the number of type |l
hair cells decreases in the absence of cell death, suggesting that some type Il hair cells further
differentiate into type | hair cells in the vestibular organs (Weisleder et al., 1995). Vestibular reflexes
return to normal following regeneration (Boyle et al., 2002; Dickman and Lim, 2004; Goode et al., 1999).

Despite the lack of homeostatic proliferation and turnover, the adult avian BP can still regenerate
hair cells after noise and ototoxin-induced damage (Cotanche, 1987; Ryals and Rubel, 1988). Support
cell proliferation is re-initiated after hair cell death (Corwin and Cotanche, 1988; Girod et al., 1989; Ryals
and Rubel, 1988; Stone et al., 1999), as is proliferation of hyaline cells along the abneural edge of the
sensory epithelium (Girod et al., 1989). However, proliferation is not required for regeneration of some
hair cells (Adler and Raphael, 1996). Continuous infusion of the cell division marker BrdU during
regeneration in the chick ear has demonstrated that while the majority of regenerated hair cells are
produced by mitotic division and differentiation of support cells, the earliest wave of regenerated hair cells
is produced by direct transdifferentiation, or fate conversion without de-differentiation and division

(Roberson et al., 2004). Regeneration in the avian BP occurs over the span of days to weeks and results
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in correct reinnervation of new hair cells and recovery of hearing (Bermingham-McDonogh and Rubel,
2003; Sato et al., 2024). As in other model systems, single cell-RNA sequencing of avian hair and
supporting cells during regeneration is beginning to elucidate the underlying signaling pathways at work

(Benkafadar et al., 2021; Janesick and Heller, 2019; Matsunaga et al., 2023).

Fishes

Fish inner ear organs grow by adding new cells and expanding in area as the animal grows larger
throughout its life. Post-embryonic hair cell addition in the ear has been documented in a wide variety of
both cartilaginous and bony fishes, including sharks (Corwin, 1981), rays (Corwin, 1983), and teleost
fishes such as cichlids (Popper and Hoxter, 1984), goldfish (Platt, 1977), and zebrafish (Bang et al., 2001;
Haddon and Lewis, 1996). In the oscar, a cichlid species, hair cell number increases 34-fold in the
saccule as fish grow from 2 cm in length to 17 cm (Popper and Hoxter, 1984). Zebrafish experience a 10-
fold increase in hair cells between one month and one year of age (Bang et al., 2001; Higgs et al., 2002).
Proliferation of support cells continues across the macular organs into adulthood (Lombarte and Popper,
1994; Popper and Hoxter, 1984). A recent study used proliferation and apoptosis as proxies for hair cell
turnover and found low rates of both processes in adult zebrafish (Coffin et al., 2024). Regeneration
experiments have also looked at apoptosis in adult zebrafish and goldfish inner ears and show low levels
of cell death in undamaged otic organs (Jimenez et al., 2021; Smith et al., 2006). Together these results
suggest that adult inner ear hair cells may be long-lived, and that turnover does not occur at high rates in
the fish inner ear.

Regeneration of hair cells has historically been understudied in the fish inner ear. A handful of
studies have used noise exposure as a means of damaging hair cells. In one study, adult goldfish
exposed to loud noise for 48 hours showed temporary auditory threshold shifts and decreased hair cell
bundle density in the first two days post-exposure. By one-week post-exposure, auditory thresholds
recovered and bundle density showed partial recovery (Smith et al., 2006). A similar study in zebrafish
found that proliferation increased in the saccule following damage and recovery of hair cell bundle density
by 14 days post-exposure (Schuck and Smith, 2009). More recent work has shown that both the saccule

and lagena of zebrafish experience damage as a result of noise overexposure (Lau and Vasconcelos,
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2023). Fish inner ear hair cells are susceptible to aminoglycosides delivered by injection, which causes
death of striolar cells in the macular organs and auditory threshold shifts (Uribe et al., 2013; Yan et al.,
1997). After gentamicin injections in the oscar, approximately half of the hair bundles in the striola of the
utricle and lagena were lost, but hair cell bundle density returned to normal within days of cessation of
drug administration (Lombarte et al., 1993). Finally, laser ablation has been used to ablate hair cells in the
utricle of embryonic zebrafish. This study used lineage tracing to show that after ablation of a small
number of hair cells, support cells differentiate into new hair cells without dividing (Millimaki et al., 2010).

More recently, genetically encoded methods have been developed that allow for more effective
and widespread ablation of inner ear hair cells. Specifically, a DTR zebrafish line similar to that developed
in mice (Golub et al., 2012) has been used to ablate hair cells in the adult zebrafish maculae (Jimenez et
al., 2022, 2021). These transgenic fish express DTR under the regulation of the myo6b promoter, which is
expressed exclusively in hair cells. Administration of diphtheria toxin results in near complete hair cell loss
in the utricle and saccule over the course of five days, accompanied by a vestibular phenotype. After 10
days of recovery in the saccule and 13 days in the utricle, hair cell numbers recover to near-control levels.
This ablation paradigm has been used to conduct single-cell RNA sequencing of cells during hair cell
regeneration (Jimenez et al., 2022). This study and others in the future will help to clarify gene regulatory
networks and molecular mechanisms of hair cell regeneration in the fish inner ear.

In addition to inner ear hair cells, fish and amphibians have an external organ system called the
lateral line with hair and support cells that are analogous to those of the ear. Most existing work on hair
cell regeneration in fishes has been conducted in the zebrafish lateral line, which has been a powerful
model system due to its accessibility for genetic manipulation and imaging (Pickett and Raible, 2019;
Sheets et al., 2021). In neuromasts, the sensory organs of the lateral line, hair cells are added in pairs by
support cells that divide and symmetrically differentiate into daughter cells of opposing polarity (Lopez-
Schier and Hudspeth, 2006; Mackenzie and Raible, 2012; Romero-Carvajal et al., 2015; Wibowo et al.,
2011). Neuromast hair cells exhibit a high rate of turnover normally, with a half life of about one week
(Cruz et al., 2015). Lateral line hair cells can be easily ablated by incubating fish in ototoxins in the water
and regenerate within days (Harris et al., 2003). The source of new hair cells during lateral line

regeneration is also support cells, which have spatially and functionally distinct subtypes (Lush et al.,
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2019; Thomas and Raible, 2019). Neuromasts in the lateral line exhibit remarkable plasticity and
regenerative abilities and can regenerate at least 10 successive times without a decrease in regenerated
hair cell number (Cruz et al., 2015). Though the lateral line has been an extremely useful tool, it is
ultimately not as comparable to the ear of other vertebrates as the fish inner ear. This has prompted an

increasing focus on the zebrafish inner ear as a promising model system for regeneration.

1.3 Advancing the zebrafish inner ear as a model for hair cell regeneration

The mammalian and avian inner ears both have limitations as model organisms in terms of
accessibility and manipulability. Both reside within a bony skull, making injections, surgery, and in-vivo
imaging invasive and difficult. Currently, explants can only be cultured from very young, pre-hearing
animals and do not yet have good longevity. Though the zebrafish inner ear is farther removed
evolutionarily from the human ear, zebrafish provide many advantages as a model system. The genetic
toolkit available in zebrafish allows for relatively quick and inexpensive production of transgenic lines, and
the zebrafish inner ear is still highly conserved with that of other vertebrates. Furthermore, the ear of
zebrafish is located superficially, allowing for greater accessibility for injections and live imaging.
Zebrafish embryos are optically transparent, and pigment mutants can extend live imaging potential well
into the larval stage, when inner ear organs become functional. Our understanding of zebrafish hair cell
regeneration in the inner ear is limited compared to the wealth of information that has been generated
from lateral line studies. My thesis work focused on characterizing hair cell types and addition in the larval
zebrafish inner ear and understanding how the zebrafish ear compares to other model systems,
particularly the lateral line. Chapter 2 presents a collaboration using single-cell RNAseq analysis to
identify cell subtypes in the zebrafish inner ear and computationally compare them to cells of the lateral
line and mammalian ear. In Chapter 3, | take a quantitative approach to characterizing hair cell addition
during growth and regeneration in the zebrafish inner ear and identify a previously unrecognized
mechanism of hair cell regeneration. Finally, in Chapter 4 | summarize the impact of this work and

describe future avenues of potential research.
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2.1 Abstract

A major cause of human deafness and vestibular dysfunction is permanent loss of the
mechanosensory hair cells of the inner ear. In non-mammalian vertebrates such as zebrafish,
regeneration of missing hair cells can occur throughout life. While a comparative approach has the
potential to reveal the basis of such differential regenerative ability, the degree to which the inner ears of
fish and mammals share common hair cells and supporting cell types remains unresolved. Here we
perform single-cell RNA sequencing of the zebrafish inner ear at embryonic through adult stages to
catalog the diversity of hair cells and non-sensory supporting cells. We identify a putative progenitor
population for hair cells and supporting cells, as well as distinct hair and supporting cell types in the
maculae versus cristae. The hair cell and supporting cell types differ from those described for the lateral
line system, a distributed mechanosensory organ in zebrafish in which most studies of hair cell
regeneration have been conducted. In the maculae, we identify two subtypes of hair cells that share gene
expression with mammalian striolar or extrastriolar hair cells. In situ hybridization reveals that these hair
cell subtypes occupy distinct spatial domains within the three macular organs, the utricle, saccule, and
lagena, consistent with the reported distinct electrophysiological properties of hair cells within these
domains. These findings suggest that primitive specialization of spatially distinct striolar and extrastriolar
hair cells likely arose in the last common ancestor of fish and mammals. The similarities of inner ear cell
type composition between fish and mammals validate zebrafish as a relevant model for understanding

inner ear-specific hair cell function and regeneration.

2.2 Introduction

Mechanosensory hair cells of the inner ear are responsible for sensing sound and head position
in vertebrates. Hair cells are notoriously susceptible to damage from multiple types of insults, including
noise and ototoxic drug exposure. Studies of hair cell physiology in mammals are limited by the location
of the inner ear within the temporal bone, which precludes many targeted manipulations and in vivo
imaging beyond the neonatal stage. As a result, non-mammalian vertebrates with analogous, more easily

accessible hair cells have become useful models for studying hair cell development, death, and
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regeneration. Non-mammalian vertebrates such as birds and fish can regenerate hair cells of the auditory
and vestibular systems that are lost due to injury (Monroe et al., 2015; Stone and Cotanche, 2007). This
differs from mammals, where cochlear hair cell death leads to permanent hearing loss (Corwin and
Cotanche, 1988; Yamasoba and Kondo, 2006), and limited regeneration of vestibular hair cells results in
minimal recovery of function (Golub et al., 2012). Non-mammalian model systems of hair cell
regeneration have the potential to reveal conserved pathways that can be targeted to promote hair cell
survival and regeneration in humans. However, the extent of hair cell molecular homology across
vertebrates remains unclear.

Due to its accessibility for manipulation and imaging, the zebrafish lateral line system has been
widely used to study mechanisms of hair cell physiology (Pickett and Raible, 2019; Sheets et al., 2021).
The lateral line is an external sensory system that allows aquatic vertebrates to detect local movement of
water. Sensory organs of the lateral line, called neuromasts, contain hair cells and supporting cells that
share properties with those of the inner ear. However, relative to the lateral line, cells in the zebrafish
inner ear are likely more similar to their mammalian counterparts, raising the potential for it to be a more
comparable system in which to study hair cell function.

Zebrafish and mammals share several inner ear sensory organs. Three semicircular canals with
sensory end organs called cristae sense angular rotation of the head. Two additional sensory end organs
detect linear acceleration and gravity: the utricular and saccular macula each with an associated otolith
crystal (Figure 2.1). Fish lack a specific auditory structure such as the mammalian cochlea and instead
sense sound through the saccule, utricle, and a third otolith organ, the lagena. Although historically the
saccule and utricle were thought to be for vestibular function and the lagena analogous to the cochlea for
sound detection, there is now substantial evidence for all three otolith end organs being used for sound
detection with diverse specializations across fishes (Popper and Fay, 1993). Zebrafish exhibit behavioral
responses to sound frequencies between 100-1200 Hz (Bhandiwad et al., 2013; Zeddies and Fay, 2005),
and neural responses up to 4000 Hz (Poulsen et al., 2021). In larval zebrafish, both saccule and utricle
hair cells respond to vibration stimuli, with the utricle responding to relatively lower frequencies than the

saccule, as well as additive effects when both are stimulated (Favre-Bulle et al., 2020; Yao et al., 2016).
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Within the mammalian utricle and saccule, there are both morphological and spatial differences
between hair cells (Eatock and Songer, 2011; Lysakowski and Goldberg, 2004). Hair cells are broadly
classified by their morphology and innervation, with Type | hair cells having calyx synapses surrounding
the hair cell body and Type Il hair cells having bouton synapses. Both Type | and Type Il cells can be
found within the central region of the macular organs known as the striola and in the surrounding
extrastriolar zones. Although the role of spatial segregation into striolar versus extrastriolar zones has not
been fully elucidated, hair cells across these regions vary in morphology, electrophysiology, and synaptic
structure (Desai et al., 2005b; Li et al., 2008). The striola is characterized by hair cells with taller ciliary
bundles and encompasses a line of polarity reversal where hair cells change their stereocilia orientation
(Figure 2.1E). Whereas distinct Type | and Type Il hair cells, and in particular the calyx synapses typical
of Type | cells, have not been identified in fishes, spatial heterogeneity in the maculae, including those of
zebrafish, has been previously noted (Chang et al., 1992; Liu et al., 2022; Platt, 1993; Popper, 2000).
However, the homologies of cells at the cellular and molecular levels have remained unknown.

Recent single-cell and single-nucleus RNA-sequencing efforts have generated a wealth of
transcriptomic data from hair cells in several model systems, facilitating more direct comparison of cell
types and gene regulatory networks between species. Although single-cell transcriptomic data have
recently been published for the zebrafish inner ear (Jimenez et al., 2022; Qian et al., 2022), the diversity
of hair cell and supporting cell subtypes has not been thoroughly analyzed. In order to better understand
the diversification of cell types in the zebrafish inner ear, and their relationships to those in mammals,
here we perform single-cell and single-nucleus RNA sequencing of the zebrafish inner ear from
embryonic through adult stages. We find that hair and supporting cells from the zebrafish inner ear and
lateral line are transcriptionally distinct, and that hair and supporting cells differ between the cristae and
maculae. All of these distinct cell types are present during larval development and are maintained into
adulthood. In situ hybridization reveals that these hair cell subtypes occupy distinct spatial domains within
the utricle, saccule, and lagena, and computational comparison of hair cell types reveals homology with
striolar and extrastriolar hair cell types in mammals. These findings point to an origin of striolar and

extrastriolar hair cell types in at least the last common ancestor of fish and mammals.
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2.3 Results

Inner ear hair cells and supporting cells are distinct from those of the lateral line

To assess differences between inner ear and lateral line cells, we analyzed a subset of cells from
a large single-nucleus RNA-seq dataset of whole zebrafish at embryonic and larval stages (24-96 hours
post-fertilization (hpf)), which was prepared by single-nucleus combinatorial indexing and sequencing
(“sci-Seq”; (Saunders et al., 2023)). Within an initial dataset of 1.25 million cells from 1233 embryos
spanning 18 timepoints between 18 and 96 hours (see Saunders et al., 2022 for more detail), a total of
16,517 inner ear and lateral line cells were isolated, combined, and re-processed using Monocle 3 (Figure
2.2A-B). Initially, otic vesicle and lateral line cell clusters were identified by eya? expression (Sahly et al.,
1999) in combination with the following known marker genes. Inner ear nonsensory cells were identified
by expression of the transcription factor gene sox70 (Dutton et al., 2009) in combination with inner ear
supporting cell genes (stm, otog, otogl, ofomp, tecta, and oc90; Figure 2.2C) (Kalka et al., 2019; Petko et
al., 2008; Sodllner et al., 2003; Stooke-Vaughan et al., 2015). Lateral line nonsensory cells were identified
by expression of known markers fat1b, tfap2a, tnfsf10I3, lef1, cxcr4b, fgfria, and hmx3a (Figure 2.2D)
(Feng and Xu, 2010; Haas and Gilmour, 2006; Lee et al., 2016; McGraw et al., 2011; Steiner et al., 2014;
Thomas and Raible, 2019). We identified hair cells by expression of the pan-hair cell genes otofb, cdh23,
pcdh1ba, ushic, myo7aa, slc17a8, and cacnalda (Figure 2.2E) (Chatterjee et al., 2015; Ernest, 2000;
Obholzer et al., 2008; Phillips et al., 2004; Seiler et al., 2005; Sheets et al., 2012; Séllner et al., 2004). To
distinguish between inner ear and lateral line hair cells, we queried expression of previously described
markers for inner ear (gpx2, kifl, strc, and Ihfp/5a) and lateral line (strc1, Ihfpl5b, and s100t) (Erickson et
al., 2020; Erickson and Nicolson, 2015). Although many of these markers are at low abundance, these
populations are marked distinctly by strc and s700t (Figure 2.2F). We used Monocle3 to identify
differentially expressed genes (Supplementary File 1) and to generate modules of co-expressed genes
(Figure 2.2.81, Supplementary File 2).

Both hair cells and nonsensory supporting cells from the inner ear and lateral line formed distinct
clusters, with nonsensory cells from the two mechanosensory organs showing greater distinction than
hair cells (Figure 2.2B, Figure 2.2.S2A). To confirm the relative differences between inner ear and lateral

line hair cells and nonsensory cells, Partition-based Graph Abstraction (PAGA) analysis was used to
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measure the connectivity of clusters (Wolf et al., 2019). PAGA analysis revealed strong connectivity within
inner ear supporting cell clusters and within lateral line supporting cell clusters but little connectivity
between them (Figure 2.2.S2A, Supplementary File 3).

The inner ear nonsensory cluster includes structural cells forming the otic capsule, identified by
expression of the extracellular matrix protein-encoding genes collagen type 2 a1a (col2a1a) and matrilin 4
(matn4) (Xu et al., 2018), as well as sensory supporting cells expressing /fng (Figure 2.3D; Figure
2.2.S2B). Inner ear and lateral line supporting cells remain as distinct clusters even when structural
matn4+ cells are excluded from analysis (Figure 2.2.S2C). Thus, both hair cells and supporting cells have

distinct gene expression profiles between the inner ear and lateral line at embryonic and larval stages.

Single-cell RNA-seq reveals distinct hair cell and supporting cell populations in the juvenile and
adult inner ear of zebrafish

To identify distinct subtypes of inner ear hair cells and supporting cells from larval through adult
stages, we first re-analyzed single-cell RNA sequencing (scRNA-seq) datasets from larval stages (72 and
120 hpf) (Fabian et al., 2022), in which otic placode cells and their descendants were labeled with
Sox10:Cre to induce recombination of an ubiquitous ubb:LOXP-EGFP-STOP-LOXP-mCherry transgene
(Kague et al., 2012). We also performed additional scRNA-seq using these transgenic lines by dissecting
ears from juvenile (14 days post-fertilization (dpf)), and adult (12 months post-fertilization (mpf)) animals.
Following cell dissociation and fluorescence-activated cell sorting (FACS) to purify mCherry+ cells, we
constructed scRNA-seq libraries using 10x Chromium technology. For all datasets, hair cells and
supporting cells were identified for further analysis based on the expression of hair cell markers myo6b
and strc and supporting cell markers stm and Ifng; structural cells were removed from further analysis
based on expression of matn4 and col2a1a (Figure 2.3.S1). Using Seurat, we integrated this dataset with
the sci-Seq embryonic and larval dataset (36-96 hpf) (Figure 2.3A,B). The combined dataset comprises
3246 inner ear cells separated into 10 groups based on unsupervised clustering, with differentially
expressed genes for each cluster shown in Figure 2.3E and Supplementary File 4. We identified 6
clusters of hair cells based on shared expression of myo6b, strc, Ihfplba, and gfi1aa (Yu et al., 2020), a

nascent hair cell cluster based on expression of atoh7a (Millimaki et al., 2007)and the Notch ligand dla
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(Riley et al., 1999), and two clusters of supporting cells based on expression of Ifng and stm (Figure
2.3C,D, Figure 2.3.S2). An additional putative progenitor cluster (cluster 0), enriched for cells from
embryonic stages, is characterized by expression of genes such as fgfr2 (Rohs et al., 2013), fat7a (Down
et al., 2005), igsf3, and pard3bb (Figure 2.3.S3). Although these marker genes are differentially
expressed in the putative progenitor cluster, some of them (e.g. fat1a and pard3bb) retain a lower
expression level in supporting cell populations (Figure 2.3.S3F). This is further demonstrated by gene
modules of these clusters (Figure 2.3.S4, Supplementary File 5), where the progenitor signature module
genes (Module 1) are expressed in lower levels in the supporting cell clusters. This transcriptional
relatedness between progenitors and supporting cells may underlie the role of supporting cells as a

resident stem cell population during zebrafish hair cell regeneration.

Developmental trajectories in the inner ear

To understand potential lineage relationships between clusters, we performed pseudotime
trajectory analysis using Monocle3. We anchored the pseudotime projection at the putative progenitor cell
cluster. Analysis revealed two major trajectories toward hair cells and supporting cell clusters for both
maculae and cristae (Figure 2.4A,B, Figure 2.4.S1), with distinct patterns of gene expression along each
trajectory (Supplementary File 6). We find that average gene expression of the putative progenitor
(Cluster 0) markers follow two patterns: decreasing along both hair cell and supporting cell trajectories
(fgfr2 and igsf3) and decreasing only along the hair cell trajectory (fat1a and pard3bb) (Figure 2.4C,D,
Figure 2.4.S1B,C). The hair cell trajectory progresses first through a stage marked by expression of dla
and then atoh1a (Cluster 2, Figure 2.4E, Figure 2.4.S1D). Concurrent with decreasing expression of
nascent hair cell genes, we observe increasing expression of mature hair cell genes gfilaa and myo6b
(Figure 2.4F, Figure 2.4.S1E). Along the supporting cell trajectory we observed upregulation of supporting
cell-specific markers, including stm and Ifng (Figure 2.4G, Figure 2.4.S1F). These bifurcating lineage
trajectories from Cluster 0 (Figure 2.4A) to hair and supporting cell clusters are consistent with the
identification of Cluster 0 as a population of bipotent progenitors regulated by Notch signaling during early
development (Haddon et al., 1998; Riley et al., 1999). To localize these developmental stages in vivo, we

examined dla expression by in situ hybridization (Figure 2.4.S2). We find that dla is expressed in
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supporting cells adjacent to myo6:GFP hair cells in both cristae and maculae, consistent with peripheral

addition of new cells at the margins of the sensory patches.

Distinct supporting cell types in the cristae versus maculae

Supporting cells comprise two major clusters that can be distinguished by expression of tectb and
zpld1a among other genes (Figure 2.3C, see Supplementary File 7 for differentially expressed genes).
The tectb gene encodes Tectorin beta, a component of the tectorial membrane associated with cochlear
hair cells in mammals (Goodyear et al., 2017), and a component of otoliths in zebrafish (Kalka et al.,
2019). The zpld1a gene, encoding Zona-pellucida-like domain containing protein 1a, is expressed in the
cristae in fish (Dernedde et al., 2014; Yang et al., 2011) and mouse (Vijayakumar et al., 2019). Using
fluorescent in situ hybridization, we find that fectb is expressed in the macular organs but not cristae, and
zpld1a is expressed in cristae but not maculae (Figure 2.5C,D). Neither were detected in lateral line
neuromasts (Figure 2.5C,D), showing they are inner ear-specific genes. Both fectb and zpld1a are
expressed primarily in supporting cells, as they show little overlap in expression with the hair cell marker
myo6b:GFP, similar to expression of the supporting cell marker Ifng (Figure 2.5B-D, Figure 2.5.S1).

These results demonstrate the presence of distinct supporting cell subtypes for the maculae and cristae.

Distinct types of hair cells in the zebrafish inner ear

While inner ear and lateral line hair cells share many structural and functional features, we sought
to determine if these cells also have distinct molecular signatures. We compared published datasets of
lateral line hair cells (Baek et al., 2022; Kozak et al., 2020; Ohta et al., 2020) to our data, restricting
analysis to datasets generated by 10x Chromium preparation to avoid technical batch effects across
studies. Using Scanorama for alignments (Hie et al., 2019), hair cells from the inner ear and lateral line
form distinct clusters, with a number of differentially expressed genes (Figure 2.2.S3), including the
known markers for lateral line (s700f) and inner ear (strc) (Figure 2.2). This analysis suggests that inner
ear hair cells of the maculae and cristae are more similar to each other than to lateral line hair cells.

Within the maculae and cristae, we find that hair cells can be subdivided into two major groups

(clusters 1 and 3 versus cluster 4). These clusters are distinguished by differential expression of a
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number of genes including two calcium binding protein genes, cabp1b and cabp2b (Di Donato et al.,
2013) (Figure 2.3E). Hair cell cluster 5 has a mixed identity with co-expression of a number of genes
shared between these two groups, including cabp1b and cabp2b.

We next tested the in vivo expression of genes in each cluster using in situ hybridization,
choosing cabp1b and cabp2b as representative markers for each cluster (Figure 2.6A). In the larval
cristae, utricle, and saccule, cabp1b and cabp2b mark myo6b+ hair cells in largely non-overlapping zones
(Figure 2.6B-D). By adult stages, complementary domains of cabp7b+ and cabp2b+ hair cells become
clearly apparent (Figure 2.6E-K). In the adult utricle, a central crescent of cabp2b+; myo6b+ hair cells is
surrounded by a broad domain of cabp1b+; myo6b+ hair cells. In the saccule and lagena, a late
developing sensory organ, central cabp2b+; myo6b+ hair cells are surrounded by peripheral cabp1b+;
myo6b+ hair cells. We also find several genes that are specific for hair cells in the cristae, utricle, or
saccule (Figure 2.7A). These include the calcium binding protein gene cabp5b in the cristae, the
transcription factor skor2 in the utricle, and the deafness gene loxhd1b in the saccule (Figure 2.7B-D,
Figure 2.7.51).

The domain organization of hair cells in the adult macular organs resembles that of striolar and
extrastriolar hair cells in the mammalian utricle. We therefore examined expression of pvalb9, the
zebrafish ortholog of the mouse striolar hair cell marker Ocm (Hoffman et al., 2018; Jiang et al., 2017)
(Figure 2.8, Figure 2.8.S1). In the larval utricle, we observe near complete overlap of pvalb9 with cabp2b
(Figure 2.8B-D). In the adult utricle, there is substantial overlap of pvalb9 with cabp2b expression (except
for a thin strip of pvalb9+; cabp2b- cells), and little overlap with cabp1b expression (Figure 2.8F,G). In
addition, anti-Spectrin staining of hair bundles reveals a line of polarity reversal within the cabp2b+
domain of the utricle (Figure 2.8H,1), consistent with polarity reversal occurring within the striolar domains
of mammalian macular organs (Li et al., 2008). Cluster 1/3 (cabp1b+) and Cluster 4 (cabp2b+)
populations also differentially express genes related to stereocilia tip link and mechanotransduction
channel components (Figure 2.8.S2, Supplementary File 8) and various calcium and potassium channels
(Figure 2.8.S3, Supplementary File 8). We also note that the utricle marker skor2 labels primarily
extrastriolar hair cells within this end organ, with loxhd1b labeling striolar hair cells within the saccule.

These findings suggest that zebrafish Cluster 4 (cabp2b+) and Cluster 1/3 (cabp1b+) hair cells largely
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correspond to striolar and extrastriolar hair cells, respectively, with distinct mechanotransduction and

synaptic properties.

Global homology of striolar and extrastriolar hair cells between fish and mice

To further probe similarities between zebrafish Cluster 4 (cabp2b+) and Cluster 1/3 (cabp1b+)
hair cells versus striolar and extrastriolar hair cells in mammals, we utilized the Self-Assembling Manifold
mapping (SAMap) algorithm (Musser et al., 2021; Tarashansky et al., 2019) to compare cell types across
distant species. A strength of this algorithm is that it compares not only homologous gene pairs but also
close paralogs, which is especially useful considering the extensive paralog switching observed between
vertebrate clades (Postlethwait, 2007), as well as the extra round of genome duplication in the teleost
lineage leading to zebrafish. When comparing adult zebrafish maculae with the postnatal mouse utricle
(Jan et al., 2021), we find the highest alignment score between supporting cells (Figure 2.9A). Consistent
with the spatial domains revealed by our in situ gene expression analysis, we find that mouse striolar
Type | hair cells exclusively map to zebrafish Cluster 4 (cabp2b+) hair cells, and mouse extrastriolar Type
I and Type Il hair cells predominantly to zebrafish Cluster 1/3 (cabp1b+) hair cells. In contrast, zebrafish
lateral line hair cells (Lush et al., 2019) align exclusively to mouse extrastriolar and not striolar hair cells
(Figure 2.9.S1). The small degree of mapping of mouse extrastriolar Type | hair cells to zebrafish Cluster
4 (cabp2b+) hair cells suggests that zebrafish Cluster 4 (cabp2b+) hair cells may have more of a Type |
identity than Cluster 1/3 (cabp1b+) cells in general. Gene pairs driving the homology alignment include
striolar markers Ocm, Loxhd1, and Afp2b2 for zebrafish Cluster 4 (cabp2b+) hair cells, and mouse
extrastriolar markers Tmc1, Afoh1, and Jag2 for zebrafish Cluster 1/3 (cabp1b+) hair cells
(Supplementary File 9). Thus, zebrafish Cluster 4 (cabp2b+) macular hair cells are closely related to
striolar cells of the mouse utricle, with zebrafish lateral line and Cluster 1/3 (cabp 1b+) macular hair cells
more closely related to mouse extrastriolar hair cells.

A recent single-cell study revealed distinct central versus peripheral hair cell subpopulations in
postnatal mouse cristae, reminiscent of the striolar and extrastriolar populations in the maculae
(Wilkerson et al., 2021). As our zebrafish cristae hair cells also separate into distinct clusters, Cluster 9

(cabp1b+) and Cluster 8 (cabp2b+) (Figure 2.6A,B), we performed SAMap analysis between the crista
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cell populations of the two species to investigate cell type homology. Similar to what we observed for the
utricle, zebrafish centrally located Cluster 8 crista hair cells predominantly map to mouse central crista
hair cells, and zebrafish peripherally located Cluster 9 crista hair cells exclusively map to mouse
peripheral crista hair cells (Figure 2.9B, see Supplementary Files 10 and 11 for differentially expressed
genes in Cluster 8 and Cluster 9 hair cells and gene pairs driving homology). Conserved types of spatially

segregated HCs therefore exist in both the maculae and cristae of zebrafish and mouse.

2.4 Discussion

Our single-cell transcriptomic profiling of the embryonic to adult zebrafish inner ear reveals a
diversity of hair cell and supporting cell subtypes that differ from those of the lateral line. As much of our
knowledge about zebrafish hair cell regeneration comes from studies of the lateral line, understanding
similarities and differences between the lateral line and inner ear has the potential to uncover
mechanisms underlying the distinct regenerative capacity of inner ear hair cell subtypes. Recent tools to
systematically damage inner ear hair cells in zebrafish (Jimenez et al., 2021) should enable such types of
comparative studies.

We identify hair cells and supporting cells specific for maculae versus cristae, as well as two
spatially segregated types of zebrafish inner ear hair cells with similarities to mammalian striolar and
extrastriolar hair cells. These molecular signatures are conserved across larval and adult stages.
However, consistent with other recent work (Jimenez et al., 2022; Qian et al., 2022), we were not able to
resolve distinct clusters of hair cells or supporting cells corresponding to the distinct types of maculae: i.e.
utricle, saccule, and lagena.

The division of auditory and vestibular function across the otolith organs in zebrafish remains somewhat
unclear. The saccule is thought to act as the primary auditory organ of larval zebrafish, as the utricle is
not necessary for sound detection above low frequencies (Yao et al., 2016). In the zebrafish adult, excess
sound exposure can damage the saccule, while damage to the utricle is unknown (Schuck and Smith,
2009). Conversely, the utricle is critical for larval vestibular function, while input from the saccule is
unnecessary (Riley and Moorman, 2000). However, there is contrasting evidence for overlap in function

of both saccule and utricle for sound detection in larvae (Favre-Bulle et al., 2020; Poulsen et al., 2021).
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Currently we are not able to identify clearly distinct hair cell types in the utricle compared to the saccule
that might reflect functional differences; whether such genetic signatures exist remains an important
question that will require further in-depth analysis. It is interesting to note that mammalian vestibular end
organs are also capable of responding to high-frequency sound stimuli (reviewed in Curthoys, 2017),
suggesting that sound detection by hair cells may not be linked to a distinct end organ-specific molecular
signature.

Our study supports zebrafish possessing distinct types of striolar and extrastriolar hair cells in the
maculae and cristae, with molecular differences between these subtypes implying different physiological
properties. Zebrafish striolar and extrastriolar hair cell subtypes express distinct combinations of ion
channel genes and mechanotransduction components, consistent with previous reports of distinct current
profiles in central versus peripheral hair cells in the zebrafish utricle, saccule, and lagena (Haden et al.,
2013; Olt et al., 2014), as well as spatial differences in ciliary bundle morphology and synaptic innervation
in the larval zebrafish utricle (Liu et al., 2022). The distinct spatial distribution, channel expression, and
hair bundle morphologies in these hair cells resembles the known spatial, electrophysiological, and hair
bundle compositional differences seen in the striolar versus extrastriolar hair cells in the amniote
vestibular end organs (Holt et al., 2007; Kharkovets et al., 2000; Lapeyre et al., 1992; Meredith and
Rennie, 2016; Moravec and Peterson, 2004; Riisch et al., 1998; Xue and Peterson, 2006).

In each of the zebrafish end organs, striolar and extrastriolar hair cells can be defined by
differential expression of calcium binding proteins, in particular cabp1b versus cabp2b. As these calcium
binding proteins closely interact with synaptic calcium channels (Cui et al., 2007; Picher et al., 2017) with
potential functionally different consequences (Yang et al., 2018), their differential expression may confer
unique electrophysiological properties to each cell type. Mutations in human CABP2 associated with the
autosomal recessive locus DFNB93 result in hearing loss (Picher et al., 2017; Schrauwen et al., 2012),
underlining its functional importance. Even though we chose cabp1b and cabp2b as characteristic
markers for zebrafish extrastriolar and striolar regions, it is worth noting that Cabp2, but not Cabp1, is
expressed in all mouse postnatal utricular hair cells with differentially higher expression in the striola (Jan
et al., 2021). Of note, lateral line hair cells express higher levels of cabp2b than cabp1b (Lush et al.,

2019), despite our analysis suggesting that they are more closely related to extrastriolar hair cells. These
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observations emphasize the importance of examining global patterns of gene expression rather than
individual markers when assigning homology of cell types.

By contrast, we found no clear homology of zebrafish inner ear hair cells with mammalian Type |
and Type Il hair cells. The lack of molecular signatures corresponding to Type | hair cells is consistent
with previous reports that one of their major features, calyx synapses, are absent from fishes (Lysakowski
and Goldberg, 2004). These findings suggest that the diversification of inner ear hair cells into Type | and
Type Il cells emerged after the evolutionary split of ray-finned fishes from the lineage leading to
mammals.

We recognize that identifying cell type homology across tissues and species through molecular
analysis has several potential caveats. Although we have collected transcriptomic data from the zebrafish
inner ear from a wide range of developmental stages, we are limited by the fact that the publicly available
datasets for zebrafish lateral line and mouse utricle and cristae are restricted to immature stages. Thus,
cell maturity could be a confounder in our analyses. However, when we limited the comparison of lateral
line hair cells and postnatal mouse vestibular hair cells to 3-5 dpf inner ear hair cells, we see similar
alignments as when we used our 12 mpf data (Figure 2.9.S1). In addition, we collected fewer supporting
cells from adult zebrafish than expected, skewing cell type representation towards hair cells (Figure
2.3C). Thus, additional optimization may be needed to further interrogate the cell subtypes within
zebrafish inner ear supporting cell populations.

Nonetheless, our integrated dataset reveals distinct molecular characteristics of hair cells and
supporting cells in the zebrafish inner ear sensory organs, with conservation of these patterns from larval
stages to adults. Although not discussed in detail here, our data include additional cell populations of the
zebrafish inner ear that express extracellular matrix-associated genes important for otic capsule structure
and ion channel-associated genes associated with fluid regulation. These data form a resource that can
be further explored to inform molecular aspects of hair cell electrophysiology, mechanotransduction,
sound versus motion detection, maintenance of inner ear structure and ionic balance, and inner ear-

specific hair cell regeneration.

2.5 Materials and Methods
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Zebrafish lines

This study was performed in strict accordance with the recommendations in the Guide for the Care and
Use of Laboratory Animals of the National Institutes of Health. The Institutional Animal Care and Use
Committees of the University of Southern California (Protocol 20771) and University of Washington
(Protocol 2997-01) approved all animal experiments. Experiments were performed on zebrafish (Danio
rerio) of AB or mixed AB/Tubingen background. For adult stages, mixed sexes of animals were used for
constructing single-cell libraries, as well as RNAScope experiments. Published lines include
Tg(Mmu.Sox10-Mmu.Fos:Cre)?% (Kague et al., 2012); Tg(-3.5ubb:LOXP-EGFP-STOP-LOXP-

mCherry)®?79179 (Mosimann et al., 2011); and Tg(myosin 6b:GFP)"'¢ (Hailey et al., 2017).

In situ hybridization and RNAScope

Hybridization chain reaction in situ hybridizations (Molecular Instruments, HCR v3.0) were performed on 5
dpf myo6b:GFP larvae as directed for whole-mount zebrafish embryos and larvae (Choi et al., 2018,
2016). Briefly, embryos were treated with 1-phenyl 2-thiourea (PTU) beginning at 24 hpf. At 5 dpf, larvae
were fixed in 4% PFA overnight at 4°C. Larvae were washed with PBS and then stored in MeOH at -20°C
until use. Larvae were rehydrated using a gradation of MeOH and PBST washes, treated with proteinase
K for 25 min and post-fixed with 4% PFA for 20 min at room temperature. For the detection phase, larvae
were pre-hybridized with a probe hybridization buffer for 30 min at 37°C, then incubated with probes
overnight at 37°C. Larvae were washed with 5X SSCT to remove excess probes. For the amplification
stage, larvae were pre-incubated with an amplification buffer for 30 min at rt and incubated with hairpins
overnight in the dark at rt. Excess hair pins were removed by washing with 5X SSCT. Larvae were treated
with DAPI and stored at 4°C until imaging. All HCR in situ patterns were confirmed in at least 3
independent animals. Transcript sequences submitted to Molecular Instruments for probe generation are
listed in Supplementary File 12. The cabp1b probes were tested on 3 separate occasions and imaged in
at least 6 animals; cabp2b probes were tested on 5 separate occasions and imaged in at least 20
different animals; cabp5b probes were tested on 3 separate occasions and imaged in at least 9 different
animals; Ifng probes were tested on two separate occasions and imaged in at least 5 different animals;

loxhd1b probes were tested on two separate occasions and imaged in at least 7 animals; pvalb9 probes
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were tested on two separate occasions and imaged in at least 6 different animals; skor2 probes were
tested on two separate occasions and imaged in at least 6 different animals; tectb probes were tested on
4 separate occasions and imaged in at least 10 different animals; zpld1a probes were tested on 3

separate occasions and imaged in at least 9 different animals.

RNAScope samples were prepared by fixation in 4% paraformaldehyde either at room temperature for 2
hours or at 4 °C overnight. Adult (28-33mm) inner ears were dissected and dehydrated in methanol for
storage. RNAScope probes were synthesized by Advanced Cell Diagnostics (ACD): Channel 1 probe
myo6b (1045111-C1), Channel 2 probe pvalb9 (1174621-C2), and Channel 3 probes cabp1b (1137731-
C3) and cabp2b (1137741-C3). Whole inner ear tissues were processed through the RNAScope
Fluorescent Multiplex V2 Assay (ACD Cat. No. 323100) according to manufacturer’s protocols with the
ACD HybEZ Hybridization oven. cabp1b probe was tested on 4 separate occasions with 6 animals or 12
ears total; cabp2b probe was tested on 4 separate occasions with 7 animals or 14 ears total; pvalb9
probe was tested on 2 separate occasions with 6 animals or 12 ears total. myo6b probe was used with

each of the above probes.

Immunofluorescence staining

Immediately following the RNAScope protocol, samples were prepared for immunofluorescence staining
using mouse anti-B-Spectrin Il antibody (BD Bioscience Cat. No. 612562, RRID: AB_399853). Briefly,
RNAScope probed zebrafish ears were rehydrated in PBS for 5 min and rinsed in PBDTx (0.5 g bovine
serum albumin, 500 uL DMSO, 250 pL 20% Triton-X in 50 mL PBS, pH = 7.4) for 15 min at room
temperature. They were then blocked in 2% normal goat serum (NGS) in PBDTx for 3 hours at room
temperature, and incubated with 1:500 dilution of mouse anti-B-Spectrin Il antibody in PBDTx containing
2% NGS overnight at 4 °C. After 3 washes in PBDTx for 20 min each at room temperature, samples were
incubated with 1:1000 dilution of Alexa 647 goat-anti-mouse IgG1 secondary antibody (Invitrogen Cat.
No. A-21240, RRID: AB_2535809) for 5 hours at room temperature. They were then washed 2 times in
PBSTx (250 pL 20% Triton-X in 50 mL PBS) for 5 min each before imaging. Three animals or 6 ears total

were subjected to Spectrin detection on 2 separate occasions.
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Imaging

Confocal images of whole-mount RNAScope samples were captured on a Zeiss LSM800 microscope
(Zeiss, Oberkochen, Germany) using ZEN software. HCR-FISH imaging was performed on a Zeiss
LSM880 microscope (Zeiss, Oberkochen, Germany) with Airyscan capability. Whole larvae were mounted
between coverslips sealed with high vacuum silicone grease (Dow Corning) to prevent evaporation. Z-
stacks were taken through the ear at intervals of 1.23 um using a 10X objective or through individual inner
ear organs at an interval of 0.32 ym using a 20X objective. 3D Airyscan processing was performed at

standard strength settings using Zen Blue software.

Single-cell preparation and analysis

SCcRNA-seq library preparation and alignment

For 14 dpf animals (n=35), heads from converted Sox70:Cre; ubb:LOXP-EGFP-STOP-LOXP-mCherry
fish were decapitated at the level of the pectoral fin with eyes and brains removed. For 12 mpf animals
(n=6, 27-31mm), utricle, saccule, and lagena were extracted from converted Sox70:Cre; ubb:LOXP-
EGFP-STOP-LOXP-mCherry fish after brains and otolith crystals were removed. Dissected heads and
otic sensory patches were then incubated in fresh Ringer’s solution for 5—10 min, followed by mechanical
and enzymatic dissociation by pipetting every 5 min in protease solution (0.25% trypsin (Life
Technologies, 15090-046), 1 mM EDTA, and 400 mg/mL Collagenase D (Sigma, 11088882001) in PBS)
and incubated at 28.5 °C for 20—30 min or until full dissociation. Reaction was stopped by adding 6x stop
solution (6 mM CaCl2 and 30% fetal bovine serum (FBS) in PBS). Cells were pelleted (376 % g, 5 min,

4 °C) and resuspended in suspension media (1% FBS, 0.8 mM CacCl2, 50 U/mL penicillin, and

0.05 mg/mL streptomycin (Sigma-Aldrich, St. Louis, MO) in phenol red-free Leibovitz's L15 medium (Life
Technologies)) twice. Final volumes of 500 yL resuspended cells were placed on ice and fluorescence-
activated cell sorted (FACS) to isolate live cells that excluded the nuclear stain DAPI. For scRNAseq
library construction, barcoded single-cell cDNA libraries were synthesized using 10X Genomics
Chromium Single Cell 3' Library and Gel Bead Kit v.3.1 (14 dpf) or Single Cell Multiome ATAC + Gene

Expression kit (12 mpf, single library built with all three sensory patches combined prior to library
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preparation, ATAC data not shown) per the manufacturer’s instructions. Libraries were sequenced on
lllumina NextSeq or HiSeq machines at a depth of at least 1,000,000 reads per cell for each library.
Read2 was extended from 98 cycles, per the manufacturer’s instructions, to 126 cycles for higher
coverage. Cellranger v6.0.0 (10X Genomics) was used for alignment against GRCz11 (built with
GRCz11.fa and GRCz11.104.gtf) and gene-by-cell count matrices were generated with default

parameters.

Data processing of sScRNA-seq

Count matrices of inner ear and lateral line cells from embryonic and larval timepoints (18-96 hpf) were
analyzed using the R package Monocle3 (v1.0.0) (Cao et al., 2019). Matrices were processed using the
standard Monocle3 workflow (preprocess_cds, detect_genes, estimate_size_factors,
reduce_dimension(umap.min_dist = 0.2, umap.n_neighbors = 25L)). This cell data set was converted to a
Seurat object for integration with 10X Chromium sequencing data using SeuratWrappers. The count
matrices of scRNA-seq data (14 dpf and 12 mpf) were analyzed by R package Seurat (v4.1.0) (Hao et al.,
2021). Cells of neural crest origins were removed bioinformatically based on our previous study (Fabian
et al., 2022). The matrices were normalized (NormalizeData) and integrated with normalized scRNA-seq
data from the embryonic and larval time points according to package instruction (FindVariableFeatures,
SelectintegrationFeatures, FindIintegrationAnchors, IntegrateData; features = 3000). The integrated
matrices were then scaled (ScaleData) and dimensionally reduced to 30 principal components. The data
were then subjected to neighbor finding (FindNeighbors, k = 20) and clustering (FindClusters,

resolution = 0.5), and then visualized through UMAP with 30 principal components as input. After data
integration and processing, RNA raw counts from all matrices were normalized and scaled according to
package instructions to determine gene expression for all sequenced genes, as the integrated dataset

only contained selected features for data integration.

Mouse utricle scRNA-seq data (Jan et al., 2021) was downloaded from NCBI Gene Expression Omnibus
(GSE155966). The count matrix was analyzed by R package Seurat (v4.1.0). Matrices were normalized

(NormalizeData) and scaled for the top 2000 variable genes (FindVariableFeatures and ScaleData). The
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scaled matrices were dimensionally reduced to 15 principal components. The data were then subjected to
neighbor finding (FindNeighbors, k =20) and clustering (FindClusters, resolution = 1) and visualized
through UMAP with 15 principal components as input. Hair cells and supporting cells were
bioinformatically selected based on expression of hair cells and supporting cell markers Myo6 and Lfng,
respectively. Hair cells were further subcategorized into striola type | hair cells by co-expression of striola
marker Ocm and type | marker Spp, extrastriola type | hair cells by expression of Spp without Ocm, and

extrastriola type Il hair cells by expression of Anxa4 without Ocm.

Mouse crista scRNA-seq data (Wilkerson et al., 2021) was downloaded from NCBI Gene Expression
Omnibus (GSE168901). The count matrix was analyzed by R package Seurat (v4.1.0). Matrices were
normalized (NormalizeData) and scaled for the top 2000 variable genes (FindVariableFeatures and
ScaleData). The scaled matrices were dimensionally reduced to 15 principal components. The data were
then subjected to neighbor finding (FindNeighbors, k =20) and clustering (FindClusters, resolution = 1)
and visualized through UMAP with 15 principal components as input. Hair cells and supporting cells were
bioinformatically selected based on expression of hair cell and supporting cell markers Pou4f3 and
Sparcl1, respectively. Hair cells were further subcategorized into central hair cells by expression of Ocm

and peripheral hair cells by expression of Anxa4.

Pseudotime analysis

We used the R package Monocle3 (v1.0.1) to predict the pseudo temporal relationships within the
integrated scRNA-seq dataset of sensory patches from 36 hpf to 12 mpf. Cell paths were predicted by the
learn_graph function of Monocle3. We set the origin of the cell paths based on the enriched distribution of
36 to 48 hpf cells. Hair (all macular hair cells, clusters 0-5) and supporting (macular supporting cells
clusters 0 and 6) cell paths were selected separately (choose_cells) to plot hair cells and supporting cell

marker expression along pseudotime (plot_genes_in_pseudotime).

Differential gene expression
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We utilized presto package’s differential gene expression function to identify differentially expressed
genes among the different cell types. Wilcox rank sum test was performed by the function wilcox usc. We
then filtered for genes with log2 fold change greater than 0.5 and adjusted p-value less than 0.01. To
compare inner ear hair cells to lateral line hair cells, we used the following datasets from GEO: 6-7 dpf
lateral line hair cells (GSE144827, Kozak et al., 2020), 4 dpf lateral line hair cells (GSE152859, Ohta et
al., 2020), and 5 dpf lateral line hair cells and supporting cells (GSE196211, Baek et al., 2022). Hair cells
were selected from datasets by expression of otofb and integrated along with our 10x Chromium dataset
with Scanorama (Hie et al., 2019). Gene modules were computed in Monocle3 (v1.0.1) with a g-value

cutoff of 1 x e-50.

SAMap analysis for cell type homology

We used the python package SAMap (v1.0.2)(Tarashansky et al., 2019) to correlate gene expression
patterns and determine cell type homology between mouse utricle (GSE155966) (Jan et al., 2021) or
crista (GSE168901) (Wilkerson et al., 2021) hair cells and supporting cells and our 12 mpf zebrafish inner
ear scRNA-seq data. Zebrafish lateral line hair cell sc-RNA data (GSE123241)(Lush et al., 2019) was
integrated with our 12 mpf inner ear data using Seurat in order to compare to mice. First, a reciprocal
BLAST result of the mouse and zebrafish proteomes was obtained by performing blastp (protein-protein
BLAST, NCBI) in both directions using in-frame translated peptide sequences of zebrafish and mouse
transcriptome, available from Ensembl (Danio_rerio.GRCz11.pep.all.fa and
Mus_musculus.GRCm38.pep.all.fa). The generated maps were then used for the SAMap algorithm. Raw
count matrices of zebrafish and mouse scRNA-seq Seurat objects with annotated cell types were
converted to h5ad format using SeuratDisk package (v0.0.0.9020) and loaded into Python 3.8.3. Raw
data were then processed and integrated by SAMap. Mapping scores between cell types of different
species were then calculated by get_mapping_scores and visualized by sankey_plot. Gene pairs driving

cell type homology were identified by GenePairFinder.

Data availability
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Single-cell RNA seq datasets are available from the NCBI Gene Expression Omnibus with Gene Set

Accession number GSE211728.
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2.7 Figures
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Figure 2.1 Anatomy of zebrafish and mouse inner ears

A) lllustration of the lateral line system of a 5 dpf zebrafish. Blue circles represent individual neuromasts
located on the body of the fish. Boxed region indicates location of the ear. B) Enlarged diagram of the 5
dpf zebrafish ear showing cristae (red) and macular (blue) sensory organs. C,D) lllustrations of adult
zebrafish and_mouse inner ears showing homologous end organs in the semicircular canal crista
ampullaris (red) and macula otolith organs (blue). Light green and dark green represent unique end
organs of the lagena in zebrafish and cochlea in mice. E) lllustration of the mouse utricle showing striolar
and extrastriolar regions of the sensory organ. Arrows represent hair cell planar polarity within the
sensory organ and red dashed line represents the line of polarity reversal within the striola. ac: anterior

crista, c: cochlea, I: lagena, Ic: lateral crista, o: otolith, pc: posterior crista, s: saccule, u: utricle.
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Figure 2.2 Molecularly distinct cell types between the zebrafish inner ear and lateral line

Ear and lateral line cells were selected from a whole-embryo single-nucleus RNA-seq dataset from

animals between 18 and 96 hpf using known marker genes for hair cells and supporting cells. A-B) UMAP

projection of inner ear and lateral line cells grouped by A) developmental timepoint and B) broad cell type:

ear nonsensory SC (red), lateral line nonsensory SC (green), ear HC (blue), and lateral line HC (yellow).

Clusters in B) correspond to columns of following gene expression plots. Widely accepted marker genes

for C) inner ear nonsensory cells, D) lateral line nonsensory cells, and E) hair cells show enriched

expression in the corresponding clusters from B, confirming their identity. F) Expression of previously

identified marker genes for inner ear or lateral line hair cells was used to identify hair cell origin.
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Figure 2.2.81 Gene modules for embryonic to larval inner ear and lateral line dataset
Gene modules calculated in Monocle 3 for the embryonic to larval inner ear and lateral line dataset
displayed as A) a heatmap of module gene enrichment by cluster where red indicates higher enrichment
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and blue indicates de-enrichment and B) module expression across the UMAP for the dataset. Module

genes with statistical values are listed in Supplementary File 2.
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Figure 2.2.S2 Selection of otic sensory cells from snRNA-seq dataset

A) Clustering of 18 hpf to 96 hpf dataset to illustrate cell subtypes. PAGA analysis of this dataset shows
strong connectivity among ear nonsensory cells and among lateral line nonsensory cells, but weak
interconnectivity between these two groups. B) Feature plots show expression of the supporting cell
marker Ifng, and markers of structural otic cells matn4 and col2a1a. C) UMAP of sensory patch cells from
36-96hpf are-clustered without structural and early otic vesicle cells. PAGA analysis again shows strong
connectivity within hair cells and supporting cell groups andd weak connectivity between lateral line and

inner ear supporting cells. PAGA connectivity scores are listed in Supplementary File 1.
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Figure 2.2.83 Gene expression differences between lateral line and inner ear hair cells

A) UMAP of our 12 mpf hair cell dataset integrated by Scanorama with published lateral line hair cell

datasets. Lateral line hair cells cluster separately from inner ear hair cells. B) Differential gene expression

analysis identifies novel marker genes specific to either lateral line or inner ear hair cells.
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Figure 2.3 Cell subtypes in the zebrafish inner ear end organs

A-D) Integration and analysis of single-cell RNAseq data generated by sci-Seq (sci) or 10x Chromium

sequencing (10x) for inner ear hair cells and supporting cells from embryonic (sci), larval (sci,10x), and

adult (10x) stages. UMAP projection of cells are grouped by A) dataset of origin and B) timepoint. C)

Unsupervised clustering divides cells into 10 clusters that were grouped into 9 cell subtypes. D) Feature

plots showing hair cell marker myo6b, nascent hair cell marker dla, supporting cell marker Ifng, and
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putative progenitor marker fgfr2 expression in the integrated dataset. E) Differentially expressed genes

across the 10 cell clusters.
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Figure 2.3.81 scRNA-seq of 12 mpf zebrafish inner ear captures sensory hair cells and supporting
cells as well as non-sensory supporting cells
A) Clustering of 12 mpf dataset to illustrate cell types in the adult zebrafish inner ear. B-1) Feature plots of

12 mpf zebrafish scRNA-seq dataset alone showing expression of hair cell markers B) myo6b and C) strc,

pan-supporting cell marker D) stm, sensory supporting cell markers E) Ifng and F) hey1, and pan-otic

marker G) otomp, and non-sensory supporting cell markers H) matn4 and I) col2a1a.
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Figure 2.3.S2 Hair cell and supporting cell marker expression in the integrated scRNA-seq dataset
Feature plots of integrated zebrafish scRNA-seq datasets showing expression of nascent hair cell marker
A) atoh1a, inner ear hair cell markers B) strc, C) gfi1aa, and D) Ihfp/5a, and pan-supporting cell marker E)

stm.
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Figure 2.3.S3 Putative progenitor marker expression in individual progenitor and supporting cell
clusters

A) Combined and individual UMAP projections of putative bipotent progenitor cluster (cluster 0), macular
supporting cell cluster (cluster 6), and cristae supporting cell cluster (cluster 7) from the integrated
zebrafish inner ear dataset. B-E) Feature plots show expression of putative progenitor genes in the
integrated dataset, as well as in individual clusters of 0, 6, and 7. F) Violin plots showing differential gene
expression of fgfr2, igsf3, fat1a, and pard3bb among clusters 0, 6, and 7. Wilcoxon rank sum test, *: p <=

0.05, ***: p <= 1e-3, ****: p <= 1e-4.
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Figure 2.3.84 Gene modules for integrated inner ear sensory patch dataset

Gene modules calculated in Monocle 3 for the integrated inner ear sensory patch dataset displayed as A)
a heatmap of module gene enrichment by cluster where red indicates higher enrichment and blue
indicates de-enrichment and B) module expression across the UMAP for the dataset. Module genes with

statistical values are listed in Supplementary File 5.
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Figure 2.4 Pseudotime analysis reveals developmental trajectories in the zebrafish inner ear

A,B) Pseudotime analysis of macular cells showing simulated developmental trajectories of a putative

bipotent progenitor population into hair cell and supporting cell clusters. C,D) Changes in putative
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progenitor markers along C) hair cell and D) supporting cell trajectories. fat1a and pard3bb only decrease
along the hair cell trajectory, while fgfr2 and igsf3 decrease along both hair cell and supporting cell
trajectories. E) Transient expression of early hair cell genes dla and atoh1a along hair cell trajectories. F)
Increases in gene expression levels of gfitaa and myo6b along hair cell trajectories. G) Increases in stm

and Ifng along supporting cell trajectories.
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Figure 2.4.S1 Pseudotime analysis of cristae hair and supporting cells in the zebrafish inner ear
A) Pseudotime analysis showing simulated developmental trajectories of a putative bipotent progenitor
population into both cristae hair and supporting cell clusters. B,C) Changes in putative progenitor markers
along B) hair cell and C) supporting cell trajectories. fat1a and pard3bb only decrease along the hair cell
trajectory, while fgfr2 and igsf3 decrease along both hair cell and supporting cell trajectories. D) Transient
expression of early hair cell genes dla and atoh1a along hair cell trajectories. E) Increases in gene
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expression levels of gfilaa and myo6b along hair cell trajectories. F) Increases in stm and /fng along

supporting cell trajectories.
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myo6b dla

Figure 2.4.S2 dla labels putative hair cell progenitors in the cristae and maculae
HCR in situ hybridization of 5 dpf zebrafish. Maximum intensity projections of A) posterior crista (lateral
view), B) utricle (dorsal view), and C) saccule (lateral view) showing dla expression in a subset of support

cells (arrowheads) peripheral to myo6b+ hair cells. Scale bars = 10 pm.
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Figure 2.5 Distinct markers separate macula and crista supporting cells

A) Feature plots showing expression of macula supporting cell marker tectb and crista supporting cell
marker zpld1a. B-D) HCR in situ hybridization in myo6b:GFP transgenic animals. Each set of images
shown represents a projection of one z-stack split into cristae (lateral) and macula (medial) slices. Lateral
line neuromasts positioned over the ear are visible in lateral slices. Expression pattern for B) the pan-
supporting cell marker Ifng, C) macula-specific marker tectb, and D) crista-specific marker zp/d1a in 5 dpf
myo6b:GFP fish. Each set of images shown represents a projection of one z-stack split into cristae
(lateral) and macula (medial) slices. ac: anterior crista, Ic: lateral crista, nm: neuromast, pc: posterior

crista, u: utricle, s: saccule. Scale bars = 20 um.
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Figure 2.5.81 zpld1a and tectb are primarily expressed in supporting cells

HCR in situ hybridization of 5 dpf myo6b:GFP zebrafish. A-B) Confocal slices through A) anterior crista
and B) lateral crista (lateral view) show localization of cabp5b in hair cells and zp/ld71a in supporting cells.
C) Slice through utricle (dorsal view) shows cabp2b expression in hair cells and tectb expression primarily
in the surrounding supporting cells. D) Slices through saccule (lateral view) at the level of hair cell bodies
(top row) and supporting cell bodies (bottom row). cabp2b is primarily expressed in hair cells and ftectb is

primarily expressed in supporting cells. Scale bars = 10 pm.
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Figure 2.6 cabp1b+ and cabp2b+ label hair cells in distinct regions of sensory end organs

A) Feature plots showing differential expression of cabp1b and cabp2b among crista and macula hair
cells. B-D) HCR in situ projections of individual sensory patches from 5 dpf myo6:GFP fish showing
differential spatial expression patterns of cabp1b and cabp2b. B) cabp1b is expressed at the ends of the
cristae, while cabp2b is expressed centrally. Anterior crista is shown. C) In the utricle, cabp1b is
expressed medially and cabp2b is expressed laterally. D) In the saccule, cabp1b is expressed in
peripheral cells at the dorsal and ventral edges of the organ. cabp2b is expressed centrally. Scale bars
for HCR images = 10 um. E) Cartoon illustrations of the zebrafish utricle, saccule, and lagena, and the
expression patterns of cabp1b (yellow) and cabp2b (magenta) within each sensory patch. F-H) Whole
mount RNAScope confocal images of adult inner ear organs showing peripheral expression pattern of
cabp1b (n = 3) in the adult zebrafish F) utricle, G) saccule, and H) lagena. I-K) Whole mount RNAScope
confocal images showing central expression pattern of cabp2b (n = 4) in the adult zebrafish 1) utricle, J)

saccule, and K) lagena. Scale bars for RNAScope images = 25 um.
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Figure 2.7 Distinct markers separate macula and crista hair cells

A) Feature plots showing marker genes enriched in organ-specific subsets of inner ear hair cells: cabp5b,
skor2, and loxhd1b . B-D) HCR in situs in 5 dpf myo6b:GFP fish show expression of B) cabp5b in crista
but not macula hair cells, C) skor2 in the utricle only, and D) loxhd1b in the saccule, as well as lateral line
neuromast hair cells. Each set of images represents an orthogonal projection of one z-stack split into
cristae (lateral) and macular (medial) slices. ac: anterior crista, Ic: lateral crista, nm: neuromast, pc:

posterior crista, s: saccule, u: utricle. Scale bar = 20 pm.
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Figure 2.7.81 skor2 and loxhd1b label subsets of hair cells in utricle or saccule
HCR in situ hybridization of 5 dpf zebrafish. A) Maximum intensity projection of utricle (dorsal view)
showing skor2 expression in medially located hair cells. B) Maximum intensity projection of saccule

(lateral view) showing loxhd1b expression in a peripheral subset of hair cells. Scale bars = 10 pm.
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Figure 2.8. Zebrafish cabp2b+ domain shares features with the mouse striolar region

A) Feature plot shows enrichment for the striola marker pvalb9 in cabp2b-expressing striolar cells. B-D)
HCR in situs in 5 dpf myo6b:GFP fish shows pvalb9 and cabp2b co-expression in the utricle. Scale bar =
10 um. E) Cartoon illustration of overlapping expression of pvalb9 (white) and cabp2b (magenta) that
coincides with the line of hair cell polarity reversal. F,G) Whole-mount RNAScope confocal images of
adult zebrafish utricles showing expression of pvalb9 relative to F) cabp1b (n = 3) and G) cabp2b (n = 4).
Scale bar = 25 ym. H,l) Whole-mount RNAScope RNA and protein co-detection assay showing co-
localization of cabp2b expression (RNA) and the hair cell line of polarity reversal indicated by Spectrin
(protein) staining (n = 3). Scale bar = 25 ym. Arrows denote hair cell polarity and dotted line outlines line

of polarity reversal.
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Figure 2.8.S1 Striola marker pvalb9 is expressed in all inner ear sensory end organs
HCR in situ hybridization of 5 dpf zebrafish. A) Maximum intensity projection of saccule (lateral view)
shows pvalb9 expression in centrally located hair cells. B) Slice through the anterior crista shows pvalb9

expression in a subset of crista hair cells. Scale bars = 10 um.
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Figure 2.8.S2 Inner ear hair cell subtypes differentially express mechanosensory apparatus genes
Feature plots for mechanosensory transduction genes from the integrated zebrafish scRNA-seq dataset

of Figure 3.
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Figure 2.8.S3 Inner ear hair cell subtypes differentially express voltage-gated calcium and

potassium channel genes

Feature plots for ion channel genes from the integrated zebrafish scRNA-seq dataset of Figure 3.
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Figure 2.9 SAMap analysis reveals conserved gene expression patterns between mouse and

zebrafish hair cell types

A-B) Sankey plot showing the SAMap mapping scores (0-1) that indicate transcriptome relatedness

between A) mouse utricular and zebrafish macular single-cell clusters and B) mouse and zebrafish cristae

single-cell clusters. A mapping score of 0 indicates no evolutionary correlation in transcriptome while a

mapping score of 1 indicates perfect correlation. Correlations below 0.15 were not plotted.
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Figure 2.9.81 SAMap analysis of mouse utricle versus zebrafish macular and lateral line cells

A-B) Sankey plot showing the SAMap mapping scores (0-1) that indicate transcriptome relatedness

between mouse utricular and integrated zebrafish macular and lateral line single-cell clusters. A)

Zebrafish 12 mpf macular HCs integrated with 5 dpf lateral line HCs. B) Zebrafish 3-5 dpf macular HCs

integrated with 5 dpf lateral line HCs. A mapping score of 0 indicates no evolutionary correlation in

transcriptome, and a mapping score of 1 indicates perfect correlation. Correlations below 0.2 were not

plotted.
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CHAPTER 3: TRANSDIFFERENTIATION IS UNCOUPLED FROM PROGENITOR POOL EXPANSION

DURING HAIR CELL REGENERATION IN THE ZEBRAFISH INNER EAR

The contents of this chapter have been submitted to Development for publication with the following

authors:

Marielle O. Beaulieu: Conceptualization, Methodology, Validation, Investigation, Writing - original draft,
Writing — review and editing, Visualization, Funding acquisition

Eric D. Thomas: Methodology

David W. Raible: Conceptualization, Methodology, Writing — review and editing, Supervision, Funding

acquisition

3.1 Abstract

Death of mechanosensory hair cells in the inner ear is a common cause of auditory and vestibular
impairment in mammals, which have a limited ability to regrow these cells after damage. In contrast, non-
mammalian vertebrates including zebrafish can robustly regenerate hair cells following severe organ
damage. The zebrafish inner ear provides an understudied model system for understanding hair cell
regeneration in organs that are highly conserved with their mammalian counterparts. Here we
quantitatively examine hair cell addition during growth and regeneration of the larval zebrafish inner ear.
We used a genetically encoded ablation method to induce hair cell death and observed gradual
regeneration with correct spatial patterning over two weeks following ablation. Supporting cells, which
surround and are a source of new hair cells, divide in response to hair cell ablation, expanding the
possible progenitor pool. In parallel, nascent hair cells arise from direct transdifferentiation of progenitor
pool cells uncoupled from progenitor division. These findings reveal a previously unrecognized
mechanism of hair cell regeneration with implications for how hair cells may be encouraged to regenerate

in the mammalian ear.
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3.2 Introduction

The sensory organs of the inner ear that detect sound and head position are highly conserved
across the vertebrate kingdom. The potential to regenerate these organs, however, is not as widespread.
Hair cells, the mechanosensory cells of the inner ear, are particularly fragile and are vulnerable to death
caused by exposure to ototoxic drugs, injury, and age-related degeneration. While mammals can
regenerate hair cells at perinatal stages (Burns et al., 2012a; Mellado Lagarde et al., 2014; White et al.,
2006), this ability declines rapidly after birth (Burns et al., 2012b; Cox et al., 2014; Maass et al., 2015). By
adulthood, regeneration is limited in mammalian vestibular organs (Bucks et al., 2017; Forge et al., 1993;
Golub et al., 2012; Kawamoto et al., 2009) and completely lost in the auditory system (Oesterle et al.,
2008). As a result, hair cell death can lead to permanent auditory and vestibular deficits in humans. In
contrast, many other vertebrates, including fish, amphibians, and birds, can regenerate functional hair
cells throughout life (Avallone et al., 2008; Baird et al., 1996; Corwin and Cotanche, 1988; Cruz et al.,
2015, 1987; Harris et al., 2003; Jimenez et al., 2021; Jones and Corwin, 1996; Lombarte et al., 1993;
Ryals and Rubel, 1988; Smith et al., 2006; Taylor and Forge, 2005; Weisleder and Rubel, 1992).

Zebrafish are well-known for their regenerative potential and are commonly used to study hair cell
development, death, and regeneration (reviewed in Pickett and Raible, 2019; Sheets et al., 2021). In
addition to inner ear hair cells, fish and amphibians have analogous hair cells in an external sensory
system called the lateral line, which is used to detect changes in water flow for behaviors such as
schooling and predator evasion. Much of our current understanding of zebrafish hair cell function and
regeneration comes from studies of the lateral line, while zebrafish inner ear hair cells have been
relatively understudied. The zebrafish inner ear remains a promising model system for studying hair cell
regeneration due to its high level of conservation with the inner ear of mammals and the extensive
genetic and imaging tools available for zebrafish.

Zebrafish share several conserved inner ear organs with other vertebrates: three cristae, which
sense angular rotation of the head within the semicircular canals, and two otolith organs, or maculae: the
utricle and saccule (Fig. 3.1). In mammals, the utricle and saccule sense gravity and linear acceleration

while an additional structure, the cochlea, is highly specialized for hearing. Zebrafish do not have a
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cochlea; instead, auditory function is distributed across the macular organs, with the saccule likely playing
an outsized role (Breitzler et al., 2020; Schuck and Smith, 2009). Only the utricle is indispensable for
vestibular function (Riley and Moorman, 2000), but both macular organs have some capacity to respond
to both auditory and vestibular stimuli (Favre-Bulle et al., 2020; Popper and Fay, 1993; Yao et al., 2016).

Within specific vestibular sensory organs, hair cells can be divided into subtypes based on
differences in morphology, physiology, innervation, and gene expression. Mammalian and avian
vestibular organs have type | hair cells, which are flask-shaped and innervated by afferent neurons that
form calyces around hair cell bodies, and type Il hair cells, which have shorter bodies with long foot-like
basal projections that are innervated by bouton synapse-forming afferents (Burns and Stone, 2017;
Eatock and Songer, 2011). The maculae can be divided into a central striolar region and more peripheral
extrastriolar regions. Zebrafish have striolar and extrastriolar hair cells analogous to those of other
vertebrates (Chang et al., 1992; Jiang et al., 2017; Liu et al., 2022; Platt, 1993; Shi et al., 2023; Tanimoto
et al., 2022), but they do not have the equivalent morphological and innervation dimorphism of type I/ll
hair cells. The cristae are also organized into central and peripheral zones with molecularly distinct hair
cells (Bang et al., 2001; Haddon and Lewis, 1996; Shi et al., 2023; Zhu et al., 2021).

Hair cells are surrounded by and interspersed with supporting cells that perform many critical
roles during the life and death of hair cells (Wan et al., 2013), including acting as hair cell precursors
(Corwin and Cotanche, 1988; Lin et al., 2011; Lopez-Schier and Hudspeth, 2006; Millimaki et al., 2010;
Weisleder et al., 1995). The mechanism by which hair cells are regenerated differs by model system, with
a critical point of difference being whether precursors divide before giving rise to new hair cells. In the
lateral line, nascent hair cells are added in pairs as a result of symmetric division and differentiation of
supporting cells (Lopez-Schier and Hudspeth, 2006; Mackenzie and Raible, 2012; Romero-Carvajal et al.,
2015; Wibowo et al., 2011). When regeneration is observed in mature mammalian vestibular organs, hair
cells are added by direct transdifferentiation of supporting cells (Golub et al., 2012). A dual mechanism
has been observed in the auditory organ of birds, whereby hair cells are regenerated in an initial wave of
transdifferentiation followed by a later wave of asymmetric proliferation (Roberson et al., 2004, 1996).
Previous studies have demonstrated hair cell regeneration in the zebrafish inner ear (Jimenez et al.,

2021; Millimaki et al., 2010; Schuck and Smith, 2009), with evidence for both proliferative replacement
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and transdifferentiation, but definitive experiments are lacking. The transdifferentiation hypothesis is
supported by recent single cell and nucleus RNA-seq data, which suggest that the inner ear does not
have a clear mitotically cycling supporting cell population as is seen in the lateral line (Baek et al., 2022;
Lush et al., 2019) and instead show a substantial transition state population during regeneration which
shares gene expression aspects of both hair cells and supporting cells (Jimenez et al., 2022).

Here, we describe a mechanism of hair cell regeneration in the zebrafish inner ear in which
supporting cell proliferation in response to hair cell death is not directly coupled with the differentiation of
regenerating hair cells. First, we used transgenic zebrafish lines to determine the timecourse of hair cell
addition during larval zebrafish development. We found that hair cells are added at a linear rate
corresponding to fish growth and that few hair cells are removed due to hair cell turnover during this time.
Both hair cell subtypes of the cristae are added at equivalent rates, with some cells converting from
peripheral to central subtype over time, resulting in maintenance of organ patterning. When crista hair
cells are ablated, hair cell numbers recovered relatively slowly over the course of two weeks, and central-
type hair cells are produced at an increased rate, and proper organ patterning is ultimately recovered. We
provide evidence that most regenerating hair cells are formed by transdifferentiation. We find that ablation
causes an initial burst of supporting cell division, but new hair cells are not differentially derived from this
dividing population. Rather, hair cell numbers recover during regeneration due to a transient increase in

progenitor pool size.

3.3 Results

Zebrafish inner ear sensory patches grow constantly during the larval stage

Sensory patches in the fish inner ear add new hair cells continuously throughout the animal’s life
(Bang et al., 2001; Corwin, 1983, 1981; Higgs et al., 2003, 2002). To distinguish hair cell regeneration
from addition during growth, we first quantified the rate of hair cell addition under homeostatic conditions.
We examined the larval stage, during which the inner ear organs become functional and remain
superficial enough for imaging in intact fish. Variation in environmental factors greatly affect fish growth:
standard length (SL), a measurement from the snout tip to the caudal peduncle, becomes a better

indicator of developmental stage than time after 5 days post-fertilization (dpf) (Parichy et al., 2009). The
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larval stage begins at 72 hours post-fertilization and continues until 30-45 dpf when the fish are 11 mm
SL. The utricle is formed and functional by 4 dpf (Mo et al., 2010; Riley and Moorman, 2000), and
contains both striolar and extrastriolar type hair cells. The cristae do not become functional until later on
when the larvae are 8 mm SL, around 30 dpf (Beck et al., 2004), when the semicircular canals are large
enough to allow for adequate fluid flow to stimulate hair cells. The cristae, however, are formed by 5 dpf
and contain both central and peripheral hair cell subtypes (Bang et al., 2001; Haddon and Lewis, 1996;
Shi et al., 2023; Zhu et al., 2021).

To determine the baseline rate of hair cell addition in the zebrafish inner ear, we used a
Tg(myo6b:nls-Eos) (Cruz et al., 2015) transgenic zebrafish, which expresses the photoconvertible protein
Eos in hair cell nuclei. In both cristae and utricle, hair cells were added at a steady rate (Fig. 3.2A-C). In
anterior and lateral cristae, hair cells were added at a rate of 19.14 + 1.33 per mm SL and 20.30 + 1.26
per mm SL, respectively, with no significant difference between these rates (Fig. 3.2D). In the utricle, hair
cells were added at a rate of 49.96 + 4.3 per mm SL (Fig. 3.2E). Among the cristae, the lateral crista is
the earliest to form and is slightly larger than the anterior and posterior cristae at the beginning of the
larval stage. This size discrepancy is maintained over time, while the anterior and posterior cristae remain
similar in size (Figs 3.2D, 3.S1). Due to its similarity in size to the anterior crista and depth in larger fish,
the posterior crista was not a focus of subsequent experiments. These results indicate that hair cells are

added at a consistent rate in each of the sensory organs as larvae grow.

Little hair cell turnover occurs in the developing inner ear organs

Hair cells regularly turn over in the adult zebrafish lateral line, with a half-life of approximately one
week (Cruz et al., 2015). Studies from birds and mice suggest that the rate of turnover varies across
species (Bucks et al., 2017; Goodyear et al., 1999; Jgrgensen and Mathiesen, 1988; Kil et al., 1997). To
determine the rate of turnover in the zebrafish inner ear, we again used the Tg(myo6b:nis-Eos) line. Eos
exhibits an irreversible green to red photoconversion upon exposure to UV light. Larval fish were placed
under UV light for 10 minutes at 8 dpf (SL 4.0 — 4.5) and fixed and imaged either immediately after
photoconversion (Fig. 3.3A, D, G) or following one week of growth (Fig. 3.3B, E, H). Hair cells that are

added post-photoconversion can be identified by the absence of photoconverted Eos in their nuclei, while
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older cells retain the converted Eos signal. The anterior crista, lateral crista, and utricle showed no
significant decrease in photoconverted hair cell nuclei over the course of one week (Fig. 3.3C, F, I). This
experiment was repeated for the subsequent week of growth, from 14 to 21 dpf, with again no discernable
decrease in photoconverted hair cell number (Fig. 3.S2). Together, these results indicate that little to no

hair cell turnover occurs in the zebrafish inner ear organs during larval stages.

Two hair cell subtypes are added consistently during growth

We wanted to understand how the makeup of sensory organs changes as new hair cells are
added. By the larval stage, central and peripheral subtypes exist in the cristae, and striolar and
extrastriolar cells are present in the maculae (Qian et al., 2022; Shi et al., 2023; Smith et al., 2023, 2020;
Tanimoto et al., 2011). We previously identified marker genes for hair cell subtypes that can be used in
Hybridization Chain Reaction Fluorescence in situ Hybridization (HCR-FISH)(Choi et al., 2016; Shi et al.,
2023). Here, we used probes against cabp1b to label peripheral cells in the cristae. We photoconverted
Tg(myo6b:nlis-Eos) fish at 8 dpf and fixed fish at three subsequent timepoints for imaging: 2 days post-
photoconversion (dpp), 7 dpp, and 14 dpp. HCR-FISH was then performed with cabp1b probes to
distinguish subtypes of “new” (cyan) from “old” (magenta + cyan) hair cells (Fig 3.4A-C). During this
period there is a substantial increase in the number of new hair cells with little change in old hair cells (Fig
3.4D). Based on the spatial pattern of hair cell addition occurring around the perimeter, we hypothesized
that peripheral subtype hair cells would make up the majority of new hair cells. In fact, although cabp1b+
new hair cells were common at the peripheral poles of the crista, an almost equal percentage of new
central-type cabp1b- hair cells were added. This even split of new central and peripheral hair cells was
consistent at each timepoint examined (Fig 3.4A-C, E), indicating that both subtypes are added at
relatively constant rates. When examining the identity of old hair cells, we observed an increase in the
fraction of central to peripheral-type cells over time (Fig. 3.4A-C, E). This suggests that some hair cells
convert from peripheral identity to central identity as sensory patches grow larger, resulting in a consistent

overall ratio of central to peripheral cells.

Crista hair cells are regenerated in the week following ablation
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Unlike in the lateral line, hair cells in the inner ear are protected from ototoxic drugs administered
through the water, which are unable to diffuse into the ear. To overcome this limitation, we designed a
Tg(myo6b:TrpV1-mClover) transgenic line where the mammalian TRPV1 channel is expressed in target
cells (Chen et al., 2016). When exposed to its ligand capsaicin, opening of the mammalian TRPV1
channel results in cell death by cation influx. Endogenous zebrafish Trpv1 is unresponsive to capsaicin,
like other non-mammalian forms (Gau et al., 2013). Expressing mammalian TRPV1 under a hair cell
specific promoter and exposing the fish to capsaicin results in quick and effective hair cell death in the
cristae. We crossed the Tg(myo6b:TrpV1-mClover) line to the Tg(myo6b:nls-Eos) to better visualize hair
cell nuclei. Larvae were treated with 10 uM capsaicin for one hour at 8 dpf, immediately after which hair
cell debris was observed across all three cristae (Fig. 3.5A-B). By 3 hours post-treatment this debris had
been largely cleared (Fig. 3.5C). Though this method is highly efficient at killing crista hair cells, hair cell
death was inconsistent in the lateral line and was undetectable in the macular organs, likely as a result of
different expression levels due to the genetic landscape associated with the location of transgene
insertion. Therefore, we focused our subsequent regeneration experiments on the crista. Dose response
curves were performed at 5 dpf to determine the appropriate concentration of capsaicin for complete hair
cell ablation (Fig. 3.5D) and found that a 10 yM exposure was sufficient. In all subsequent experiments,
larvae were treated with 10 uM capsaicin in system water for one hour. Regeneration experiments were
performed in sibling Tg(myo6b:nis-Eos) fish in a nac/roy background with and without Tg(myo6b:TrpV1-
mClover). Due to the relative brightness of Eos, larvae could not be screened for mClover expression
under a fluorescent dissecting microscope, even after photoconversion. Instead, fish were screened for
dying hair cells immediately following capsaicin treatment; those with dying crista hair cells became the
ablated group and those without dying hair cells formed the control group.

To compare hair cell addition following ablation to growth, hair cells were photoconverted and in
some fish ablated at 8 dpf, and then fixed at subsequent timepoints to count hair cell nuclei (Fig. 3.6A). In
ablated anterior cristae, the number of new hair cells increased significantly compared to controls over
the course of two weeks post-treatment (Fig. 3.6B-C). Correspondingly, total hair cell number was
decreased after capsaicin treatment in ablated fish but slowly recovered to control levels by 14 days post-

ablation (dpa) (Fig. 3.6D). Similar results were obtained for the lateral crista (Fig. 3.S3). No body length
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difference was observed at any timepoint between control and ablated fish, suggesting that crista hair cell
ablation does not affect overall growth rates (Fig. 3.S4). The increased rate of hair cell addition and
eventual recovery of hair cell numbers in ablated crista suggest that a regenerative response occurs

alongside hair cell addition due to organ growth.

Hair cell identity is maintained during regeneration

We next determined whether hair cells regenerated with appropriate spatial identity. We again
used HCR probes against cabp7b to distinguish peripheral from central type regenerated hair cells. At 2
days post-ablation, newly added cabp1b+ and cabp1b- hair cells were present in control and ablated
conditions (Fig. 3.7A). In regenerating crista, the percentage of new hair cells of the cabp1b+ peripheral
type was significantly decreased compared to controls (Fig. 3.7B). This suggests that the proportion of
newly added central-type cells increases in the aftermath of hair cell ablation. To confirm this, we
repeated this experiment using HCR probes for scnblab, a marker of central crista hair cells (Fig. 3.S5A).
As expected, the proportion of new scnblab+ central-type cells was significantly increased compared to
controls (Fig. 3.S5B, C). To determine whether organ patterning returned to that of homeostatic
conditions following ablation, we probed for cabp1b in 14 dpa fish (Fig. 3.7C). At this timepoint, when total
crista hair cell number in ablated fish had returned to control levels, the overall ratio of central to
peripheral hair cells with their regular spatial patterning was also restored (Fig. 3.7D). Together, these
data suggest that a memory of organ patterning and corresponding hair cell identities are maintained in

cristae even after extensive hair cell loss.

Hair cells regenerate primarily by transdifferentiation

To determine whether proliferative mechanisms are used to regenerate hair cells in the zebrafish
inner ear, we applied EdU, a thymidine analog that incorporates into the DNA of dividing cells, resulting in
labeled daughter nuclei (Salic and Mitchison, 2008). We performed 24-hour EdU pulses in regenerating
fish for 0-1 dpa, from 3-4 dpa, and from 6-7 dpa (Fig. 3.8A). Photoconversion was performed just prior to
EdU treatment to identify hair cells added during the EdU pulse. At 1 dpa, EdU labeled hair cells in both

control and ablated conditions were rare, less than 1% (Table 1), suggesting that the vast majority of hair
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cells added immediately post-ablation do not arise from recently dividing progenitors. Due to the rarity of
EdU labeled hair cells in individual cristae, cell counts for the anterior and lateral cristae were combined
for these analyses. In both conditions, in cases where rare EdU+ hair cells were observed, they were
found paired with an EAU+ supporting cell (Fig. 3.S6), suggesting that a low level of asymmetric division
may occur. There was no change at either 4 or 7 dpa, with EdU-labeled hair cells still rare (Table 1),
indicating that a later wave of proliferative hair cell regeneration did not occur. We conclude that

transdifferentiation is the predominant mechanism by which hair cells are added to regenerating cristae.

Hair cell ablation leads to temporary expansion of a supporting cell progenitor pool

In contrast to hair cells, EdU-labeled supporting cells were common at 1 dpa, and significantly
more EdU-labeled supporting cells were present compared to controls (Fig. 3.8B-C). However, there was
no significant difference in the number of EdU-labeled supporting cells between control and ablated fish
at the 4 or 7 dpa timepoints. These results demonstrate that there is an initial wave of supporting cell
proliferation in response to hair cell damage that is not sustained at later periods.

To determine whether supporting cells that divide in response to hair cell ablation ultimately
become hair cells, we repeated the regeneration experiment with an EdU pulse during the first 24 hours
of regeneration and collected fish at 1, 4 or 7 dpa (Fig. 3.9A). Again, we observed a significant increase in
EdU labeled supporting cells 1 dpa compared to controls (Fig 3.S8), and rare labeled hair cells in both
control and ablated conditions (Table 1). EdU-labeled hair cells were increasingly common at the 4 and 7
dpa timepoints in both control and ablated fish (Fig. 3.9B, C, Table 1). By 7 dpa, significantly more EdU-
labeled hair cells were present in ablated crista (Fig. 3.9B, C), corresponding to the increase in supporting
cells labeled at 1 dpa. The total number of new hair cells also significantly increased in ablated compared
to control fish (Fig. 3.9D). When viewed as a percentage of all new hair cells, the fraction of EQU+ hair
cells is not significantly different between ablated and control conditions at any timepoint (Fig. 3.9E).
Therefore, supporting cells that divided in response to hair cell ablation are not more likely to differentiate
into hair cells. These results suggest that in the wake of hair cell ablation, supporting cells proliferate to
increase the progenitor pool, but that this proliferative response is uncoupled to the rate of hair cell

differentiation.
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3.4 Discussion

We describe a steady increase in hair cell number during the growth of inner ear sensory patches
during the larval phase of zebrafish development, an approximately month-long period after
embryogenesis is complete. We used photoconvertible nuclear-localized Eos to distinguish pre-existing
hair cells from newly added hair cells. We found that central and peripheral hair cell subtypes were added
at the edges of the organ in a stereotyped pattern based on their location. We document a phenotypic
switch of some older hair cells from peripheral to central subtype, resulting in conservation of spatial
patterning and an overall ratio that slightly favors central-type hair cells. We also found that the number of
photoconverted cells in cristae and utricle did not significantly decrease over time, suggesting that there is
little hair cell turnover during larval stages.

We provide several lines of evidence that the addition of crista hair cells after damage is more
than simply recovery by continued growth. We demonstrate, using photoconversion to parse the timing of
differentiation, that new hair cells are added at a faster rate after hair cell ablation than during growth. We
also found that compared to growth there was an increase in new hair cells of the central subtype, and as
a result the organ regenerates the appropriate ratio of subtypes for correct spatial patterning. Finally,
there is an increase in supporting cell proliferation in response to hair cell ablation, eventually resulting in
more EdU labeled hair cells than under control conditions. If proliferation and hair cell differentiation were
directly coupled, we would expect to see a disproportionate number of dividing support cells become new
hair cells. The lack of difference between the fraction of EdU labeled new hair cells in control and ablated
conditions indicates that the supporting cells dividing in response to ablation are not more likely than
others to differentiate into new hair cells. Indeed, our experiments suggest that during growth, supporting
cells convert to hair cells using mechanisms temporally uncoupled from cell division, and regenerating
hair cells are added through a similar process of transdifferentiation. We hypothesize that the primary
regenerative response to damage is to increase the pool of supporting cells available for differentiation
into hair cells, employing the same conversion mechanisms used in normal growth to add new hair cells.

Of particular note, the transient increase in supporting cell proliferation occurs before hair cell
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replacement, suggesting that the cue for this event is the damage or loss of hair cells rather than
depletion of supporting cells through transdifferentiation.

While our current work examines hair cell regeneration in the larval zebrafish cristae over the first
month of development, our findings are consistent with previous studies examining regeneration in the
zebrafish maculae. Lineage tracing in the embryonic utricle following laser ablation of hair cells provides
evidence that supporting cells directly transdifferentiate into nascent hair cells (Millimaki et al., 2010). In
the adult saccule, noise damage induces a burst support cell of proliferation that occurs 1-3 days post
sound exposure with regenerated hair cell bundles formed in the most damaged area of the organ over
approximately 10 days (Schuck and Smith, 2009), a timeline that is consistent with our findings in the
cristae. Single-cell RNA-sequencing data from regenerating maculae of adult zebrafish point to the
emergence of a transition-state population with qualities of both hair and supporting cells, which could
potentially represent actively transdifferentiating cells (Jimenez et al., 2022). Together these studies
support a model where damage induces hair cell regeneration through transdifferentiation and expansion
of supporting cells through proliferation.

Our findings in the zebrafish inner ear are markedly different from the mechanism of regeneration
observed in the zebrafish lateral line system. Following hair cell ablation by ototoxic drug exposure,
neuromasts show significant hair cell replacement after 24h and regenerate a full complement of hair
cells in just 72 hours (Ma et al., 2008), compared to a gradual replacement of hair cells that we observe in
the cristae over the course of two weeks. Lateral line hair cells are regenerated in pairs by symmetrically
dividing precursors (Lopez-Schier and Hudspeth, 2006; Mackenzie and Raible, 2012; Romero-Carvajal et
al., 2015; Wibowo et al., 2011), while we find those in the cristae are overwhelmingly added by
transdifferentiation. The rare examples of EdU-labeled hair cells we observed in the cristae were adjacent
to labeled supporting cells, suggesting asymmetric division of precursors. We speculate these differences
may reflect the need in the lateral line system to restore the integrity of organs exposed to the
environment on the surface of the fish, while regeneration in the inner ear occurs on top of extensive
growth and is needed to restore appropriate spatial patterning rather than organ integrity.

Comparison of growth and regeneration in the inner ear of zebrafish to that in birds reveals both

similarities and differences. Regeneration of hair cells in avian auditory and vestibular systems occurs by
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both transdifferentiation and proliferative replacement. In the regenerating avian utricle, there is evidence
that hair cells are replaced both by asymmetric divisions and by transdifferentiation (Scheibinger et al.,
2022; Stone et al., 1999). When hair cells are regenerated in the auditory organ, the basilar papilla (BP),
they are initially added by wave of transdifferentiation that lasts for several days before a second phase of
proliferative hair cell regeneration begins (Roberson et al., 2004, 1996). To determine whether there is a
similar late wave of proliferation in the zebrafish cristae we administered pulses of EdU at timepoints
several days after ablation but did not observe any increase in EdU-labeled hair or supporting cells
compared to controls. Thus, in the zebrafish larval cristae there appears to be a single mechanism of
transdifferentiation for hair cell replacement. In the mature avian vestibule, there is significant hair cell
turnover with hair cells having an estimated half-life of about 20-30 days as they are removed and
replaced via asymmetric division (Goodyear et al., 1999; Jergensen and Mathiesen, 1988; Kil et al., 1997;
Weisleder and Rubel, 1992). We have observed no evidence for turnover in the zebrafish cristae during
larval stages but cannot rule out rare events or turnover at later stages. In the few cases where we
observed hair cells labeled by EdU, they were accompanied by with neighboring Edu-labeled supporting
cell, suggesting that a small amount of asymmetric division may also occur in the zebrafish inner ear.

Our findings show remarkable similarities to processes that occur in the mammalian vestibular
system (Burns et al., 2012a; Wang et al., 2015). When damage is induced in the utricle of neonatal mice,
new hair cells are initially generated by transdifferentiation of supporting cells, with an accompanying
wave of supporting cell proliferation detected by EdU incorporation. In the following weeks a fraction of
these EdU-labeled cells become new hair cells. However, the regenerative response is greatly diminished
after the first week postpartum. These regenerative events parallel processes that occur during the
normal postnatal growth of the mouse utricle, where approximately half of hair cells are added over the
three weeks after birth from supporting cells that last divided before birth (Burns et al., 2012b). In adult
mice, limited regeneration occurs by transdifferentiation of supporting cells with no detected proliferative
response for their replacement, and as a consequence an overall reduction in supporting cell numbers is
observed (Golub et al., 2012). Hair cell turnover, while detectable in the adult mouse utricle, is rare and

not associated with supporting cell proliferation (Bucks et al., 2017). Taken together these studies support
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the idea that there is uncoupled potential for both proliferative and transdifferentiation responses in the
mouse utricle that wane over time.

Our study establishes the zebrafish inner ear as a model for hair cell regeneration that parallels
processes that are functional for a limited period in mammals. A major difference between mammals and
zebrafish is that they lose their ability to regenerate in response to damage (Burns et al., 2012a; Cox et
al., 2014) even in response to exogenous factors such as altering Notch signaling or inducing Atoh1
expression (Lin et al., 2011; Liu et al., 2012; Maass et al., 2015). Whether mammals lose their ability to
regenerate due to epigenetic changes affecting chromatin accessibility (Tao et al., 2021), alterations in
cell cycle regulation (White et al., 2006), changes in tissue architecture (Burns and Corwin, 2014; Collado
et al., 2011) or a combination with other unknown factors remains an area of active study.

Zebrafish have a remarkable ability to regenerate many organs, including the heart, liver, kidney,
fin, retina, and central nervous system (reviewed in Marques et al., 2019), some of which show similarities
to the inner ear regeneration mechanism we describe here. In the zebrafish olfactory bulb, death of
sensory neurons by chemical exposure results in proliferation of the precursor pool during the first 24
hours following neuron death (Ma et al., 2018). Transdifferentiation has been observed during
regeneration of other zebrafish organ systems, particularly in response to severe organ damage. After
major damage to the liver, biliary epithelial cells proliferate and transdifferentiate into regenerated
hepatocytes (Choi et al., 2014). In the zebrafish pancreas, upon ablation of insulin-responsive p-cells,
some a-cells transdifferentiate into B-cells while others respond by proliferating, presumably to replace
converting a-cells (Ye et al., 2015). Other organs do not exhibit transdifferentiation but rely on a resident
population of multipotent cells that act in growth and regeneration. Like the in the ear and other organs,
zebrafish kidneys grow throughout life in proportion to fish size(Zhou et al., 2010). Some ototoxic drugs,
such as aminoglycoside antibiotics, also demonstrate nephrotoxicity. After injection of the aminoglycoside
gentamicin, adult zebrafish regenerate nephrons over the course of two weeks (Diep et al., 2011). In this
case, regeneration is facilitated by a resident stem cell population that acts both in adult nephrogenesis
as well as regeneration (Diep et al., 2011). In the adult zebrafish central nervous system, the
telencephalon contains radial glia that proliferate under homeostatic conditions (Rothenaigner et al.,

2011). These same glia respond to lesion injury with proliferation and give rise to neuroblasts that migrate
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to the site of injury where they differentiate into mature neurons (Kroehne et al., 2011). Our work indicates
that support cells of the inner ear may represent a similar resident facultative progenitor population that
can self-renew and generate hair cells during growth and regeneration. Whether inner ear support cells
are comprised of subpopulations with differential potential to give rise to hair cells remains an

unanswered question.

3.5 Methods

Fish maintenance

Experiments were conducted on larval zebrafish between 5dpf and approximately 45dpf (up to 11.0mm
SL). Larvae were raised in E3 embryo medium (14.97 mM NaCl, 500 mM KCL, 42 mM Na2HPO4, 150
mM KH2PO4, 1 mM CaCl2 dihydrate, 1 mM MgS0O4, 0.714 mM NaHCO3, pH 7.2) at 28.5°C and placed
on the nursery system at 5dpf. All transgenic fish lines were crossed into a nac/roy background (Lister et
al., 1999; Ren et al., 2002; White et al., 2008) to facilitate inner ear imaging. During experiments, larval
fish were returned to the nursery system between treatment and collection timepoints, except during EAU
incubation or when collected immediately after treatment. Zebrafish experiments and husbandry followed
standard protocols in accordance with University of Washington Institutional Animal Care and Use

Committee guidelines.

Photoconversion

Larvae were transferred to a 60 x 15mm petri dish and placed in a freezer box lined with aluminum foil.
An iLumen 8 UV flashlight (procured from Amazon) was affixed in the freezer box lid and positioned over
the dish. Larvae were exposed to UV light for 10 min before being returned to standard 100 x 15mm petri

dishes to await experimentation.

TrpV1 hair cell ablation
Capsaicin (Sigma-Aldrich, #M2028) was resuspended in DMSO and stored at -20°C until use. Dose-
response curves were performed on Tg(myo6b: TrpV1-mClover) in both *AB and Nac/Roy backgrounds.

There were no apparent differences in response to capsaicin treatment between fish of the two
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backgrounds. 10 yM capsaicin was determined to be an appropriate dose to effectively ablate cristae hair
cells when treated for 1 hour at 28.5°C. The brightness of Eos in the Tg(myo6b:nis-Eos) line prevents
normal fluorescent dissecting scope screening for Tg(myo6b:TrpV1-mClover), even after Eos has been
photoconverted. 8dpf Tg(myo6b:nis-Eos) siblings with and without Tg(myo6b: TrpV1-mClover) were
treated with 10 uM capsaicin for one hour at 28.5°C. Larvae were washed 3 x 5 minutes in system water.
Larvae were then screened for dying hair cells to indicate the presence (ablated) or absence (control) of
TrpV1-mClover. Ablated and control fish were separately returned to the nursery system to await

collection.

EdU treatment and visualization

Larvae were incubated in 500uM F-ara-EdU (Sigma, #T511293) for 24 hours at 28.5°C. Click-iT protocol
was modified from Salic and Mitchison, 2008. Briefly, larvae were fixed in 4% paraformaldehyde at 4°C
for 18-48 hours, depending on their size, then washed with PBS containing 0.1% Tween20 for 3 x 10
minutes. Larvae were permeabilized in 0.5% TritonX-100 in PBS for 30 minutes and washed 3 x 10
minutes with PBS alone. Reaction solution was prepared fresh each time: 2 mM CuSO4, 10 mM Alexa
Fluor 647 azide, and 20 mM sodium ascorbate in PBS. Fish were incubated in reaction solution for 1 hour
in the dark at room temperature, washed 3 x 20 minutes with PBS, and stored in the dark at 4°C until

imaging.

HCR FISH

Hybridization chain reaction in situ hybridizations (Molecular Instruments, HCR v3.0) were performed as
directed for whole-mount zebrafish embryos and larvae (Choi et al., 2018, 2016). Briefly, larvae were
fixed in 4% PFA at 4°C for 18-48 hours. Larvae were washed with PBS and transferred to MeOH to be
stored at -20°C until use. Larvae were rehydrated using a gradation of MeOH and PBST washes, treated
with proteinase K for 25 minutes and post-fixed with 4% PFA for 20 minutes at room temperature. For the
detection phase, larvae were pre-hybridized with a probe hybridization buffer for 30 minutes at 37 °C,
then incubated with probes overnight at 37°C. Larvae were washed with 5X SSCT to remove excess

probes. For the amplification stage, larvae were pre-incubated with an ampilification buffer for 30 minutes
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at room temperature and incubated with hairpins overnight in the dark at room temperature. Excess hair
pins were removed by washing with 5X SSCT. Larvae were transferred to storage buffer and kept in the

dark at 4°C until imaging.

Fixation and imaging preparation

Larvae were fixed in 4% paraformaldehyde at 4°C for 18-48 hours, depending on their size. Larvae were
washed 3 x 15 mins in PBS containing 0.1% Tween20 and transferred to storage buffer (PBS containing
0.2% Triton, 1% DMSO, 0.02% sodium azide, and 0.2% BSA). Samples were stored for no more than 3
weeks at 4°C before imaging. Fixed fish were mounted by first drawing a thin ring of vacuum grease on
the underside of a coverslip. One or more specimens were placed on their side in the center of the ring
along with 1-2 drops of PBS or other storage solution. A second coverslip was placed on top and gently
pushed down at the sides to create a seal around the samples to prevent evaporation and drifting while
imaging. Coverslip “sandwiches” were overlayed on a flat ruler under a dissecting microscope, and
standard length for each fish was measured, estimating to the nearest 0.25mm. Hair cells in the cristae
and utricle were counted in fixed, intact fish as much as possible. When larval fish grew beyond
approximately 8 mm, it became necessary to dissect the ear in order to image and perform accurate hair

cell counts.

Imaging

Images for development, turnover, and regeneration timeline experiments were captured on a Zeiss LSM-
880 with Airyscan 1.0 functionality. Z-stacks of inner ear organs were taken using a 20X/0.8 air objective
at intervals of 0.32 ym. Development, turnover, regeneration timeline, EAU, and HCR experimental
images were captured using a Zeiss LSM-980 with Airyscan 2.0. Z-stacks of inner ear organs were taken
using a 25X/0.8 water objective at intervals of 0.58 uym. Z-stacks of whole ears were taken using a
10X/0.45 air objective at intervals of 1.32 um. All Airyscan processing was performed at standard
strength using Zen Blue software (Zeiss, www.zeiss.com). Image processing and data analysis were

performed using Fiji (Schindelin et al., 2012).
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Statistical analysis
Power analyses were performed in G*Power (Faul et al., 2007) using preliminary data to determine
sample sizes. All other statistical analyses were performed in GraphPad Prism version 10.1.0 (GraphPad

Software, Boston, Massachusetts USA, www.graphpad.com).

Data availability

All data available upon request to corresponding author.
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3.7 Figures

superficial deep

Figure 3.1 Inner ear organs of the larval zebrafish

A) Maximum intensity projection image of Tg(myo6b:GFP) 5dpf larval zebrafish ear. GFP-labeled hair
cells are shown in cyan and DAPI-labeled nuclei are shown in grey. Dotted outlines delineate neuromast
and inner ear organ boundaries. Scale bar = 50 ym. B) Diagram of 5dpf larval zebrafish ear. Color
gradient indicates depth of organs where lighter colors indicate more superficial structures and darker
colors indicate deeper structures. Dotted outlines delineate neuromast and inner ear organ boundaries,
while color-filled areas indicate location of hair cells. ac = anterior crista, Ic = lateral crista, nm =

neuromast, o = otolith, pc = posterior crista, s = saccule, u = utricle.
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Figure 3.2 Addition of hair cells during larval zebrafish growth

A) Maximum intensity projections of Tg(myo6b:NLS-Eos) anterior crista hair cells at standard lengths 4.0
mm, 6.0 mm, 7.5 mm, and 10.25 mm. Scale bar = 10pm. B) Maximum intensity projections of lateral
crista hair cells at standard lengths 4.0 mm, 6.0 mm, 7.5 mm, and 10.0 mm. Scale bar = 10um. C)
Maximum intensity projections of utricle hair cells at standard lengths 4.25 mm, 6.0 mm, 7.5 mm, and
10.25 mm. Scale bar = 20pum. D) Quantification of hair cell number in the anterior and lateral cristae
across the larval stage of development. Anterior crista data points are represented by black circles (n =
35), while the lateral crista is represented by grey triangles (n = 47). Each data point represents one ear
from one fish. Anterior crista slope = 19.14 + 1.33 HC per mm SL, R? = 0.862. Lateral crista slope = 20.30
+1.26 HC per mm SL, R? = 0.853. Simple linear regression indicates no significant difference between
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these two slopes (p = 0.529). E) Quantification of utricle hair cell number across the larval stage (n = 34).

Linear regression of utricle hair cell number slope = 49.96 + 4.28 HC per mm SL, R? = 0.812.
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Figure 3.3 Little hair cell turnover occurs in the larval zebrafish ear

A-B) Representative maximum intensity projection images of Tg(myo6b:NLS-Eos) anterior cristae A)
immediately post-photoconversion at 8 days post-fertilization (dpf) or B) one week post-photoconversion
at 15 dpf. HC that were photoconverted retain photoconverted (magenta) Eos signal while new HC have
unconverted (cyan) Eos only. C) Quantification of anterior crista photoconverted hair cells at 8 and 15 dpf
(n =20 at 8 dpf, 20 at 15 dpf). D-F) Analogous results for the lateral crista (n = 20, 20) and G-I) for the
utricle (n = 29, 25). Unpaired t tests indicate no significant difference between the number of
photoconverted hair cells at these two timepoints (ant crista p = 0.125, lat crista p = 0.859, utricle p =

0.071). Scale bars = 10 ym. All data is presented as mean  s.d.
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Figure 3.4 Identification of inner ear hair cell subtypes during larval growth

A-C) Maximum intensity projection images of HCR-FISH probing for cabp1b expression in
Tg(myo6b:NLS-Eos) anterior cristae at A) 2 days post-photoconversion (dpp) (10 dpf, n = 14); B) 7 days
dpp (15 dpf, n = 12); and C) 14 dpp (22 dpf, n = 8). Old HC retain photoconverted (magenta) Eos signal
while new HC have unconverted (cyan) Eos only. Peripheral-type hair cells are labeled by the cabp1b
HCR probe (yellow). Dotted outline delineates central, cabp1b- region of the sensory patch. Scale bars =
10 ym. D) Increase in hair cell numbers over the course of the experiment. E) ratio of central (cabp1-) to
peripheral (cabp1b+) hair cells over time. The increased ratio for old cells suggests phenotypic

conversion from peripheral to central hair cell typeover time. All data is presented as mean * s.d.
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Figure 3.5 Trpv1-capsaicin hair cell ablation

A) Maximum intensity projection of a photoconverted 8dpf Tg(myo6b:NLS-Eos) larval inner ear one hour
after capsaicin treatment. B) Maximum intensity projection of a sibling Tg(myo6b:NLS-

Eos); Tg(myo6b:TrpV1-mClover) inner ear one hour after capsaicin treatment or C) four hours after
capsaicin treatment. Images show photoconverted (magenta) and unconverted (cyan) Eos signal with
and without DRAQ5-labeled nuclei. Dashed oval regions indicate anterior, lateral, and posterior cristae.
Dashed yellow box indicates magnified anterior cristae region shown in A’-C’. D) Dose-response curve for
hair cells following one hour of treatment with capsaicin at different concentrations. Control treatment
represents DMSO alone. Each data point represents the number of hair cells in combined anterior,

lateral, and posterior crista of one fish ear (n = 6-20). All data is presented as mean * s.d.
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Figure 3.6 Anterior crista hair cells regenerate during the two weeks following ablation
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A) Tg(myo6b:NLS-Eos) sibling larvae with or without Tg(myo6b:TrpV1-mClover) were photoconverted
and treated with capsaicin to ablate hair cells at 8dpf. Larvae were collected at five timepoints over the
following two weeks: 1 (n = 22 control, 25 ablated), 2 (n = 13, 20), 4 (n =19, 18), 7 (n =16, 13), or 14 (n =
18, 15) days-post ablation. B) Representative maximum intensity projections of anterior crista in control
and ablated fish at five timepoints following treatment. Nuclei of cells that survived capsaicin treatment
contain photoconverted Eos (magenta). Hair cells newly added after capsaicin treatment have nuclei with
only unconverted Eos (cyan). Scale bars = 10 ym. C) Quantification of new (cyan-only) hair cells in
ablated and control anterior crista. Two-way ANOVA variation across condition p < 0.0001; Sidak's
multiple comparisons post-hoc test for 7 dpa adjusted p-value = 0.0021, 14 dpa adjusted p-value <
0.0001. D) Quantification of total hair cells in ablated and control anterior crista. Two-way ANOVA
variation across condition p < 0.0001; Sidak's multiple comparisons post-hoc test for 1 dpa adjusted p-
value < 0.0001, 2 dpa adjusted p-value = 0.0006, 4 dpa adjusted p-value = 0.0015, 7 dpa adjusted p-

value = 0.0342. All data is presented as mean * s.d.
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Figure 3.7 Hair cell central-peripheral patterning is restored following ablation

A) Representative maximum intensity projections of anterior crista in control and ablated fish at 2 dpa with
cabp1b HCR-FISH. Photoconverted Eos (magenta) and cabp1b (yellow) channels are shown with and
without unconverted Eos (cyan). Dotted outline delineates central, cabp1b- region of the sensory patch.
B) Quantification of cabp1b+ new hair cells, shown as a percentage of all new (cyan-only) hair cells in
control (n = 18) and ablated (n = 16) anterior cristae. Unpaired t test p < 0.0001. C-D) Analogous data to
A-B for crista at 14 dpa (n = 18 control, 15 ablated). Unpaired t test p = 0.5226. Scale bars = 10 ym. All

data is presented as mean % s.d.
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Figure 3.8 Support cells proliferate in response to hair cell ablation

A) Larvae were incubated in EAU for 24 hours immediately after hair cell ablation, at 3 dpa, or at 6 dpa
and collected at the end of the 24-hour incubation. B) Quantification of EdU-labeled support cells in the
anterior and lateral cristae combined in control and ablated fish incubated in EAU from 0-1 dpa (n = 13
control, 14 ablated), 3-4 dpa (n = 19, 12), or 6-7 dpa (n = 9, 7). Two-way ANOVA is significant across
condition p = 0.0021, Sidak's multiple comparisons post-hoc test 0-1 dpa adjusted p-value = 0.0004. All
data is presented as mean * s.d. C) Representative maximum intensity projections of anterior crista in
control and ablated fish incubated with EdU from 0-1 dpa with Eos-labeled hair cells in cyan and EdU-

labeled nuclei in yellow.
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Figure 3.9 EdU-labeling of hair cells over the week following ablation

A) Larvae were incubated in EdU for 24 hours after photoconversion and hair cell ablation and collected
either at the end of the incubation (1 dpa; n = 10 control, 7 ablated) or at4 (n = 14,8) or 7 (n = 9, 13) dpa.
B) Representative maximum intensity projections of anterior crista in control and ablated fish at 7 dpa.
White arrowheads indicate hair cells added since ablation with EdU signal (yellow), unconverted Eos
(cyan), and without photoconverted eos (magenta). Scale bars = 10 ym. C) Quantification of EdU+ hair
cells in the combined anterior and lateral cristae at each timepoint in control and ablated fish. Two-way
ANOVA is significant across condition p = 0.0050, Sidak's multiple comparisons post-hoc test 7 dpa

adjusted p-value = 0.0034. D) Quantification of new (cyan-only) hair cells at each timepoint in control and
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ablated fish. Two-way ANOVA is significant across condition p < 0.0001, Sidak's multiple comparisons
post-hoc test 1 dpa adjusted p-value = 0.0123, 4 dpa adjusted p-value <0.0001, 7 dpa adjusted p-value =
0.0010. E) EdU+ hair cells as a percentage of new hair cells. Two-way ANOVA with Sidak's multiple
comparisons post-hoc test is not significant across condition at any timepoint. All data is presented as

mean = s.d.
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Control Ablated
Fig. | Timepoint EdU+ HC New HC Edu % new HC N EdU+ HC New HC Edu % new HC N
0-1 dpa 0.23 (£ 0.48) - - 13 0.36 (+ 0.63) - - 14
8 3-4 dpa 0.32(+£0.48) | 13.26 (+5.51) 2.0 (£3.21) 19 0.42 (£ 1.16) | 16.25 (x5.33) | 1.75(+ 4.86) 12
6-7dpa | 0.33(x0.71) | 14.78 (+5.52) 1.80 (+ 3.61) 9 0.43 (+0.53) | 17.29 (+ 8.67) | 2.08 (+ 2.63) 7
1 dpa 0.10 (£ 0.32) 14.0 (£ 4.71) 0.40 (+ 1.26) 10 0.43 (£ 0.53) | 30.57 (+ 8.54) | 1.83(x2.30) 7
9 4 dpa 3.21(£1.85) | 29.36 (+9.25) 10.8 (+ 8.38) 14 533 (+£3.74) | 55.0 (+ 15.88) | 9.90 (+ 6.20) 9
7 dpa 7.56 (+4.07) |74.55 (+14.53)| 10.01 (+4.75) 9 12.08 (+ 4.35) | 93.23 (+ 11.60)| 12.90 (+4.26) | 13

Table 3.1 EdU+ hair cell averages with percent new hair cells for EAU experiments

Values shown are mean (+ s.d.) for combined anterior and lateral cristae.
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Figure 3.S1 The posterior crista is similar in size to the anterior crista
Hair cell counts from the anterior, lateral, and posterior cristae from the same set of fish. Each data point
represents one ear from one fish (n = 21). Linear regression of anterior crista slope 12.8 = + 1.59, R? =

0.773; lateral crista slope = 20.61 + 2.12, R2 = 0.832; posterior crista slope = 8.26 + 1.21, R? = 0.720.
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Figure 3.S2 Little hair cell turnover occurs in the third week post-fertilization

Quantification of anterior crista, lateral crista, and utricle photoconverted hair cells at 14 (n = 5 ant crista,
5 lat crista, 5 utricle) and 21 dpf (n = 5 ant crista, 4 lat crista, 3 utricle). Mann-Whitney tests indicate no
significant difference between the number of photoconverted hair cells at these two timepoints (ant crista

p = 0.095, lat crista p = 0.174, utricle p = 0.786). All data is presented as mean * s.d.
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Figure 3.S3 Lateral crista hair cells regenerate during the two weeks following ablation
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A) Tg(myo6b:NLS-Eos) sibling larvae with or without Tg(myo6b:TrpV1-mClover) were photoconverted
and treated with capsaicin to ablate hair cells at 8dpf. Larvae were collected at five timepoints over the
following two weeks: 1 (n = 22 control, 25 ablated), 2 (n = 20, 22), 4 (n =19, 17), 7 (n =16, 12),0or 14 (n =
18, 14) days post-ablation (dpa). Representative maximum intensity projections of lateral crista in control
and ablated fish at five timepoints following treatment. Nuclei of cells that survived capsaicin treatment
contain photoconverted Eos (magenta). Hair cells newly added after capsaicin treatment have nuclei with
only unconverted Eos (cyan). Scale bars = 10 ym. B) Quantification of new (cyan-only) hair cells in
ablated and control lateral crista. Two-way ANOVA variation across condition p < 0.0001; Sidak's multiple
comparisons post-hoc test for 7 dpa adjusted p-value < 0.0001, 14 dpa adjusted p-value < 0.0001. C)
Quantification of total hair cells in ablated and control anterior crista. Two-way ANOVA variation across
condition p < 0.0001; Sidak's multiple comparisons post-hoc test for 1 dpa adjusted p-value < 0.0001, 2

dpa adjusted p-value = 0.0051, 4 dpa adjusted p-value < 0.0001. All data is presented as mean % s.d.
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Figure 3.S4 Crista hair cell ablation does not affect larval growth
Standard length measurements across 1 (n = 23 control, 27 ablated), 2 (n = 13, 22), 4 (n=12,17), 7 (n =
15, 6), or 14 (n = 32, 16) dpa timepoints for ablated and control larvae. Two-way ANOVA with Sidak's

multiple comparisons post-hoc test indicates no significant differences across condition at any timepoint.
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Figure 3.S5 Central-type hair cells are preferentially added following hair cell ablation

A) Representative maximum intensity projections of the anterior crista of a Tg(myo6b:GFP) (cyan) 5 dpf
larvae treated with HCR cabp1b (magenta) and scnblab (yellow) probes to label peripheral- and central-
type hair cells, respectively. Dotted outline delineates central, cabp1b-;scnblab+ region of the sensory
patch. B) Representative maximum intensity projections of anterior crista in control and ablated fish at 2
dpa with scnblab HCR-FISH. Photoconverted Eos (magenta) and scnblab (yellow) channels are shown
with and without unconverted Eos (cyan). Dotted outline delineates central, scnblab+ region of the
sensory patch. Scale bars = 10 ym C) Quantification of scn5lab+ new hair cells, shown as a percentage
of all new (cyan-only) hair cells in control (n = 13) and ablated (n = 17) anterior cristae. Unpaired t test p =

0.0001.
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Figure 3.S6 EdU-labeled hair cell-supporting cell pairs are observed following hair cell ablation
Two examples of hair cell-supporting cell EdU+ pairs in ablated fish after 24h EdU incubation (1 dpa).

Arrows indicate pairs where both cells are labeled with EdU (yellow), but only one expresses the Eos

(cyan) hair cell marker. Scale bars =5 pm
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Figure 3.S7 EdU-labeling of supporting cells over the week following ablation

Larvae were incubated in EdU for 24 hours after photoconversion and hair cell ablation and collected
either at the end of the incubation (1 dpa; n = 10 control, 7 ablated) or at4 (n = 14, 8) or 7 (n = 9, 13) dpa.
Quantification of EdU+ supporting cells in the combined anterior and lateral cristae at each timepoint in
control and ablated fish. Two-way ANOVA is significant across condition p = 0.0069, Sidak's multiple

comparisons post-hoc test 1 dpa adjusted p-value = 0.0107. All data is presented as mean + s.d.
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CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS

The work presented herein has substantially advanced the zebrafish inner ear as a model system
for studying hair cell regeneration. Beyond characterizing regeneration of hair cells in the zebrafish ear, it
has also provided clarity on the relationship of the zebrafish inner ear to other commonly studied model
systems, including the zebrafish lateral line and the mammalian utricle.

In Chapter 2, | provided evidence for molecularly distinct hair and supporting cells of the zebrafish
inner ear that are present from embryogenesis to adult stages. By analyzing single-cell RNA seq data, |
and my co-first author Tuo Shi identified molecular markers for these distinct populations that can now be
used to identify cell types in vivo. Hair and supporting cell subtypes and progenitor cells of the inner ear
can be identified in tissues using the RNA FISH probes validated in this chapter. These markers and
other differentially expressed genes from our dataset can be used to make transgenic zebrafish lines that
label cell subtypes to facilitate experiments involving live imaging and fate mapping. In particular,
transgenic lines that are specific to inner ear supporting cells are currently lacking but could be generated
using highly expressed genes that we validated, such as zpld1a in the cristae and tectb in the maculae.

This chapter also presented computational comparisons of cells in the zebrafish inner ear with
cells of the lateral line and, separately, those of the mammalian inner ear. The comparison of zebrafish
hair cells between the lateral line and inner ear revealed that hair cells of the two systems can be
distinguished in single-cell RNA seq data even at embryonic and early larval timepoints, and that lateral
line hair cells are more similar in expression profile to extrastriolar hair cells in the ear. When comparing
zebrafish inner ear cells to those of the mouse, we found expected parallels between the expression
profiles of striolar and extrastriolar cells in the maculae and between central and peripheral cells in the
cristae of the two species. Computational comparison of ‘-omics’ data across species is a complex task
and developing appropriate methods of comparing large datasets from multiple species is an active area
of research. The data generated from this study adds to a growing repository of gene expression
information that can be publicly mined and used in future meta-analyses.

In Chapter 3, | presented in vivo studies characterizing hair cell addition and regeneration in the
larval zebrafish ear. | quantified hair cell addition over the course of the larval phase of development and

determined that little hair cell turnover occurs in the ear of zebrafish larvae. | demonstrated that both
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central and peripheral type hair cells are added to the periphery of the crista during development, and that
fate switching likely occurs in some hair cells to maintain organ patterning as the cristae grow. The
experiments this chapter provide evidence that hair cells are indeed regenerated to recover hair cell
numbers following damage in the zebrafish inner ear, rather than added through additional developmental
production. Hair cells are primarily regenerated by transdifferentiation, while reactive supporting cell
proliferation contributes to an equivalent pool of progenitors. This two-step regeneration mechanism is
remarkably different from regeneration in the lateral line, where hair cells are replaced by a hierarchy of
progenitor cell proliferation. Reexamining the literature, we found that regeneration experiments from the
neonatal mouse utricle are consistent with the uncoupled mechanism of regeneration we observed in the
zebrafish ear (Burns et al., 2012a; Wang et al., 2015). In both animal models, support cells proliferate but
regenerated hair cells show little incorporation of cell division markers, suggesting that the two steps are
independent. Future fate mapping, gene expression profiling, and other experiments in zebrafish and

mouse will help to determine the extent of similarity of these mechanisms.

4.1 Future directions

The results presented here, in combination with current work from others in the field, have
propelled forward the zebrafish inner ear as a model system by providing tools for the zebrafish
community. There are now two genetically-encoded methods of hair cell ablation — one that works well in
the cristae (Chapter 3) and one that works well in the maculae (Jimenez et al., 2021). There are an
increasing number of known differentially expressed genes with functional relevance (Smith et al., 2023,
2020). Single cell sequencing data from the zebrafish inner ear are also beginning to accumulate
(Jimenez et al., 2021; Qian et al., 2022; Shi et al., 2023), which can be accessed publicly and reanalyzed.
The zebrafish inner ear is now poised to be a highly useful model system in which to study auditory and

vestibular loss and regeneration.

Validation of the crista hair cell regeneration mechanism
In Chapter 3, | presented evidence for a temporally uncoupled mechanism for hair cell

regeneration in the zebrafish cristae wherein support cells proliferate and later transdifferentiate into hair
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cells. It will be necessary to further validate this mechanism and whether the two steps of this mechanism
are truly uncoupled. To test whether transdifferentiation can occur in the absence of support cell
proliferation, mitotic inhibitors could be introduced following hair cell ablation. Transdifferentiation of hair
cells in the central organ region in the presence of these inhibitors would bolster the argument that the
proliferation and transdifferentiation step of the mechanism are uncoupled from each other. This
approach has been used in other models to demonstrate that proliferation is not required for hair cell
regeneration (Adler and Raphael, 1996; Baird et al., 1996).

An approach to validating the transdifferentiation step of the mechanism could be to perform live
imaging using a transgenic line labeling hair cell precursors. sfrp1a is a predicted wnt ligand that labels a
multipotent quiescent progenitor cell population in the zebrafish lateral line (Thomas and Raible, 2019).
sfrp1ais also expressed in the zebrafish maculae and, to a lesser extent, the cristae, but currently
available single cell RNA sequencing data does not have the resolution to separate sfrp7a-expressing
otic cells as a clearly defined subtype. My preliminary experiments indicate that ablating sfrp7a+ cells in
the inner ear prevents hair cell regeneration, suggesting either that these cells are necessary for hair cell
survival or that they themselves are hair cell progenitors. Using fish with scatter-labeling of sfrp7a:NLS-
Eos, timelapse live imaging could be performed during regeneration which could validate the
transdifferentiation model proposed in Chapter 3.

Separating differentiation from transdifferentiation of hair cells in regenerating cristae is a difficult
problem that could potentially be addressed using single-cell RNA sequencing. By performing single-cell
RNA sequencing on developing and regenerating larval cristae using the Trpv1 hair cell ablation system,
it may be possible to distinguish the signaling pathways involved in regeneration from those at work in
development. There may be individual genes that act in regeneration but not development that could be
probed by HCR to identify regenerating cells within the tissue. This experiment would greatly benefit from
a transgenic line labeling all otic sensory patch cells, so that cell sorting could be used to concentrate
cells for sequencing. RNA velocity analysis of sequencing data from developing and regenerating ears
would further enhance our understanding of the cell fate changes occurring during these processes.
Performing any kind of single-cell sequencing experiment in the larval ear would circumvent difficulties of

working with adult tissue, such as dissociation of rigidly structured tissues.
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Spatial analysis of development and regeneration

The rapid hair cell addition during sensory organ growth in the zebrafish inner ear complicates
many analyses of hair cell regeneration. Being able to delineate the growing region of the organ and the
region in homeostasis would be immensely helpful in distinguishing growth and regeneration. Developing
an automated pipeline for analyzing cell position within a sensory organ would be one way to approach
this problem. This could be achieved using a similar method to that which has been developed to
segment 3D images of lateral line hair and support cells (Hewitt et al., 2024). This pipeline would require
high-resolution z-stacks of cristae with fluorescently labeled cells or nuclei and a method of rotating
and/or transforming the images to standardize the area of analysis. With a top-down view of a crista, it
may be possible to define a likely region of homeostasis that could be projected onto regenerating crista
to determine whether hair cells that appear post-ablation are in a ‘regeneration zone’ as compared to a
‘growth zone'.

Spatial analysis of regeneration could also potentially be used to identify hair cell precursors.
During regeneration, a subset of support cells divides to increase the progenitor pool. Whether there is
something inherently different about these cells from other supporting cells remains unknown. In the EdU
experiments in Chapter 3, we observed that support cells dividing in growing cristae appear mostly
around the periphery of the organ, whereas in regeneration more support cells divide that are centrally
located. Positional mapping of nucleus centroids could be used to determine whether these dividing cells
are, in fact, more likely to be centrally located in regenerating cristae. It is possible that these cells make
up a damage-activated subset of support cells. Unlike in the lateral line, sequencing studies have not had
the resolution to identify subtypes of supporting cells within individual otic sensory patches. In the mouse
utricle, a subset of supporting cells expressing Lgr5, a Wnt target gene, is damage-activated and able to
regenerate type | and Il hair cells (Wang et al., 2015). Combining transcriptional profiling with other
methods such as cell position or shape analysis may provide the higher resolution needed to identify
support cell subtypes. Regardless of whether support cell subtypes are identified in the inner ear, the
mechanisms that allow hair cells to acquire a positionally-appropriate identity will be an interesting and

important avenue of research.
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Comparison of macula and crista hair cell regeneration

Finally, it will be important to determine whether the mechanism of hair cell regeneration is similar
between the cristae and maculae. To perform this analysis, it would be helpful to have a method of hair
cell ablation that works in both types of organs. Whether the DTR method (Jimenez et al., 2021) of
zebrafish macula hair cell ablation works in the cristae and whether it works in the ear in larval fish has
not yet been published. We believe the restriction of effective ablation of hair cells to the cristae in our
TrpV1 ablation model could be due to the genetic landscape of the transgene insertion site. Thus, it may
be possible to develop a similar line where TrpV1 is inserted into a location that allows for more robust
expression in all hair cell organs, which would allow more direct comparison of the cristae and maculae.
In the mouse, the utricle is the most studied vestibular organ for hair cell regeneration, and cross-species
comparison would benefit from further study of the mechanism of regeneration in the zebrafish utricle.

Ultimately, untangling the mechanisms of hair cell regeneration in the zebrafish inner ear will
allow us to better understand why zebrafish are masters of regeneration and mammals are not. The
information gleaned from the zebrafish inner ear could provide fruitful strategies for increasing precursor
proliferation in the mammalian ear, a currently absent step in the regeneration of mammalian vestibular

organs.
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